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Preface

Oxygen (O,) appeared in significant amounts in the Earth’s atmosphere over 2.2
billion years ago, largely due to the evolution of photosynthesis by cyanobacteria
(Halliwell 2006). The O, molecule is a free radical, as it has two impaired electrons
that have the same spin quantum number. This spin restriction makes O, prefer to
accept its electrons one at a time, leading to the generation of the so-called reactive
oxygen species (ROS). The chemical nature of these species dictates that they can
create damage in cells. This has contributed to the creation of the “oxidative stress”
concept; in this view, ROS are unavoidable toxic products of O, metabolism and
aerobic organisms have evolved antioxidant defences to protect against this toxic-
ity (Halliwell 1981; Fridovich 1998). Indeed, even in present-day plants, which
are full of antioxidants, much of the protein synthetic activity of chloroplasts is
used to replace oxidatively damaged D1 and other proteins (Halliwell 2006). Yet,
the use of the “oxidative stress” term implies that ROS exert their effects through
indiscriminate widespread inactivation of cellular functions. In this context, ROS
must not be able to react with lipids, proteins or nucleic acids in order to avoid any
damage to vital cellular components.

However, genetic evidence has suggested that, in planta, purely physicochemi-
cal damage may be more limited than previously thought (Foyer and Noctor 2005).
Thus, the concept of “oxidative stress”, which implies a state to be avoided, was re-
evaluated and the term “oxidative signaling” was created (Foyer and Noctor 2005).
This means that ROS production, which was originally considered as an exclusively
harmful process, is also an important component of the signaling network that
plants use for their development and for responding to environmental challenges.
The evolution of efficient antioxidant systems has most likely enabled plant cells
to overcome ROS toxicity and to use these reactive species as signal transducers
(Mittler 2006).

Results obtained during the last decade have highlighted the role of ROS as sig-
nals in plants, and it is now widely accepted that ROS are key regulators of plant
metabolism, morphology, and development. The role of ROS as signals for gene
expression has been evidenced (Desikan et al. 2001; Vanderauwera et al. 2005),
and it is now known that ROS modulate the activity of key signaling compounds
such as MAP kinases (Rentel et al. 2004). Furthermore, ROS can induce protein
modifications, and thiol changes have been suggested as a widespread mechanism
by which ROS might affect the activity and function of proteins (Cooper et al. 2002).
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The identification of ROS-generating enzymes has demonstrated that plant cells
can initiate ROS production for the purpose of signaling, and that the spatio-
temporal characteristics of this production are likely to play an important role in
the transduction of ROS signals (Mittler 2006). It is now obvious that sophisticated
processes regulate these characteristics, which lead to the generation of inter-
compartmental gradients, at least of hydrogen peroxide (H,0,). Transport of H,0,
through vesicle trafficking (Leshem et al. 2006) is most probably an important
component of this process. Moreover, the facilitated diffusion of H,0, across mem-
branes through specific aquaporins (Bienert et al. 2007) appears to play a crucial
role in the establishment of such H,O, gradients. On the other hand, it appears
that oxidation of target molecules by ROS is a part of how plants perceive and
respond to environmental and developmental triggers (Foyer and Noctor 2005).
Among the processes where ROS involvement has been evidenced, one can first
cite the plant pathogen defense. During this process, ROS are produced by plant
cells via plasma membrane-bound NADPH-oxidases, cell wall-bound peroxidases
and amine oxidases in the apoplast (Bolwell 1999; Grant and Loake 2000). ROS
production leads to programmed cell death (Bolwell 1999) and orchestrates the
plant hypersensitive disease resistance response (Levine et al. 1994). Moreover, it
has been shown that H,O, can mediate the systemic expression of defense-related
genes (Orozco-Cardenas et al. 2001). ROS appear to also play an important role in
plant development and functioning. They are essential signals in stomatal closure
in response to abscisic acid and elicitors (Pei et al. 2000). They are involved in root
hair growth (Foreman et al. 2003) and auxin signaling and gravitropism (Joo et al.
2001). ROS induce the expression of genes encoding proteins required for peroxi-
some biogenesis (L6pez-Huertas et al. 2000). Moreover, it has recently been shown
that DELLAs proteins regulate plant growth and defense processes by modulating
the levels of ROS (Achard et al. 2008).

The volume of research into the roles of ROS in plants is currently growing.
Thus, the purpose of this book is to present recent advances in this field. The consti-
tutive chapters are mainly arranged around four topics: (1) the generation of ROS,
their network signalling, including the retrograde signalling from the chloroplast
to the nucleus and the cross-talk with hormone signaling, (2) the signaling role of
ROS produced in some sub-cellular compartments, (3) the role of ROS in plant
growth, development, functioning and stress acclimation, and (4) their role in biotic
and abiotic interactions. In thanking the authors for their contributions, we are con-
vinced that the forthcoming years will bring new exciting insights into this field.
Unravelling the sensing and transduction of ROS, including the post-translational
regulation, the modulation of their concentration at subcellular level, and the inter-
action networks with the reactive nitrogen species, as well as their possible role in
epigenetic processes, will shed new light on ROS action in plants.

Granada, April 2009 Luis A. del Rio
Sophia-Antipolis, April 2009 Alain Puppo
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Reactive Oxygen-Generating NADPH
Oxidases in Plants

Robert Fluhr

Abstract Reactive oxygens produced by the integral membrane protein NADPH
oxidase (NOX) function in defense, development, and redox-dependent signaling.
They share common structural features and are evolutionarily of ancient origin and
thus ubiquitous in eukaryotes. In plants, NOX are part of a multigene family and
are implicated in diverse events including innate immunity and development. Due
to the fact that reactive oxygens are toxic, and in many cases short-lived, the activ-
ity of these oxidases is tightly regulated both temporally and spatially. The recent
elucidation of domains for activation by calcium and Rac binding in NOX as well
as its positioning on membrane lipid rafts sketches a fascinating picture of its functional
dynamics. This review draws upon comparative structure—function relationships
between plant and animal NOXs to portray novel aspects of their biology.

1 Diversity of the NADPH Oxidase Superfamily Basic
Structure and Evolutionary Aspects

Reactive oxygen species (ROS) produced by NADPH oxidase (NOX) have been
shown to play many critical roles in signaling and development in plants, including
plant defense response, cell death, abiotic stress, stomatal closure, and root hair
development (Foreman et al. 2003; Jones et al. 2007; Kwak et al. 2003; Torres et al.
2002; Yoshioka et al. 2003). Yet ROS species can be cytotoxic and mutagenic and
for their proper function in signaling their production must be carefully controlled.
The NOXs are part of a large superfamily that arose early in evolution before animal/
plant divergence. Plant NOXs are called RBOH (respiratory burst oxidase homologs).
Arabidopsis contains ten homologues that comprise a distinct phylogenetic clade

R. Fluhr

Department of Plant Sciences, Weizmann Institute of Science, P.O.B. 26, Rehovot,
76100 Israel

e-mail: robert.fluhr @weizmann.ac.il

L.A. del Rio and A. Puppo (eds.), Reactive Oxygen Species in Plant Signaling, 1
Signaling and Communication in Plants, DOI 10.1007/978-3-642-00390-5_1,
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Fig. 1 Select family members of the NADPH oxidase (NOX) superfamily. The NOX/RBOH
domain contains six transmembrane helices that are found in the core NOX2 structure and are
found in all members of the NOX family. The NOX1-5 and DUOX1,2 are human proteins where
NOX5 contains EF-hands and DUOX1,2 an additional peroxidase domain. Plant RBOH NOX
homologues contain the NOX2 core and two additional EF hands

among the NOX-related genes (Sagi and Fluhr 2006). Plant RBOH are related in a
structural sense to human NOX (Fig. 1) which presents a convenient paradigm for
developing our understanding of RBOH biology.

In humans, there are five different NOX structural types. NOX1-3 contains the
basic NOX domain and needs interaction with accessory proteins to be fully active.
For example, NOX2, one of the best studied oxidases of this family, is prominent
in phagocyte biology forming a complex called phox (gp91°h*, phagocyte NOX).
It requires p22°** to form the flavocytochrome heterodimer b, and additional
regulatory subunits p67°Phx, p47Phx p4(rhex and the small GTPase Rac (Bedard and
Krause 2007; Lambeth 2004). In contrast, the closely related NOX4 associates in
epithelial cells with p22Ph* to produce large amounts of ROS constitutively and
does not require accessory subunits or GTPase Rac for this activity (Martyn et al.
2006). Other structurally diverse human forms are NOXS and DUOX1 and DUOX2
(Fig. 1). NOXS has a N-terminal extension with EF-hand containing calcium-binding
domains, while the DUOX members are characterized by a N-terminal peroxidase
domain (Banfi et al. 2001; Edens et al. 2001).

Interestingly, not all animal species contain the full NOX complement found in
humans, for example rat and mouse lack NOXS having apparently lost it during
their evolution. Simpler eukaryotes like yeast completely lack NOX homologues
(Kawahara et al. 2007). At least three classes of NOX homologues, in a highly
divergent form, are prevalent in fungi where they are thought to participate in
sexual development, cellular differentiation, and appressorial formation (Aguirre
et al. 2005; Giesbert et al. 2008; Takemoto et al. 2007) or play a role in fungal-host
pathogenicity (Giesbert et al. 2008; Segmuller et al. 2008). Specialized NOX types
continue to evolve in animals. NOX3, structurally related to NOX2, is a recent
NOX derivative found only in mammals and birds. It is localized to the vestibular
and cochlear sensory epithelia and spiral ganglions (Banfi et al. 2004a) apparently
necessary for the formation of mineralized structures that are important for gravity
perception in those organisms (Paffenholz et al. 2004).
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2 RBOH Multi Gene Family

The presence of large gene families in organisms is usually an indication that each
gene has specificity in its function together with a varying degree of functional
overlap. Inspection of digital northern activities in Arabidopsis gathered from
recent Affymetrix microarray slides reflects a high level of gene specialization
(Table 1) (Zimmermann et al. 2004, 2005) The tissue-specific division of RBOH
transcript distribution falls into three basic classes; expression throughout the plant
(AtrbohD and F), in the roots (Atrboh A-G, I), and in a pollen-specific manner
(AtrbohH and J). The tissue-specific expression is reflected in the phylogenetic
distribution in which H and J form a small sub-clade (Sagi and Fluhr 2006). The
most common abiotic inducers of Atrboh transcript accumulation include conditions

Table 1 Tissue specificity and response activities of atrboh transcripts

RBOH AGI Localization® Induction characteristics®

A At5g07390 Root, elongation zone Hypoxia/salt stress, genotoxic, nitrogen
starvation, fad2 mutant. Repressed: in
oxt6 (redox gene regulator)

B At1g09090 Root, elongation zone Anoxia, hypoxia, methyl jasmonate,
UV-B, elevated in rbohC mutant.
Repressed: ABA, cold, zeatin
cycloheximide, myb 50, leaf] mutant,
repressed by miR164b, oxt6

C At5g51060 Root, elongation zone Most highly expressed transcript of the
RBOH class. B. cinerea, P. syringae:
Agrobacterium, ozone. Repressed:
cycloheximide, HZOZ, 6-benzyl adenine

D At5g47910  All plant parts, less in roots ~ Cycloheximide, anoxia, H,O,, chitin,
ozone, AgNO,, methyl jasmonate,
max4 (inhibits shoot branching), F.
occidentalis, P. infestens, P, syringae.
Repressed: ABA, high CO,, fls2-17

E Atl1g19230 Cell suspension, root, seeds Agrobacterium, nitrogen starvation,,
miR156b genotoxic. Repressed: senes-

cence, miR172a, oxt6

F Atlg64060 All plant parts Agrobacterium, brassinolide. Repressed:
isoxaben, mpk4 (constitutive SAR)

G At4g25090 Root, elongation zone Low nitrogen, salicylic acid, glucose
sucrose miR172a. Repressed: myb61.2

H At5g60010  Stamens, pollen Repressed oxt6

1 At4g11230 Roots, elongation zone Anoxia, cycloheximide, norflurazone,
HSP90. Repressed: sfr6.4, oxt6

J At3g45810 Stamens, pollen Upregulated in rhd2 background, sfr6.1.

Repressed: in camtal-2, oxt6

*Based on 3,110 microarray database compiled in Genevestigator V3. Results shown are significantly
higher than background (p < 0.06). Experiments are summarized in https://www.genevestigator.ethz.
ch. (Zimmermann et al. 2005)

"Induction of more than twofold or where indicated repressed by 1/2-fold and above 200 in the
relative signal value.
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of anoxia/hypoxia and nitrogen stress where AtrbohC and F are also induced by a
variety of biotic stress. AtrbohC was specifically identified as playing a role in root
hair development (Foreman et al. 2003), while AtrbohD is the major constitutively
active form and AtrbohF is a biotic stress induced form (Torres et al. 2002). Both
AtrbohD and F contribute to innate immune defense and ABA dependent guard cell
opening, but only AtrbohF appears to be important in ABA-dependent root shortening
(Kwak et al. 2003; Torres et al. 2002). Inspection of the transcriptional behavior of
the RBOH family shows that these genes are in some cases regulated in concert.
Thus, many of the RBOH family in Arabidopsis (6/10, Table 1) are suppressed in the
oxt6 mutant background (oxidative stress tolerant) that displays reduced sensitivity
to a catalase inhibitor 3-amino-1, 2, 4-triazole (AT) and buthionine S,R-sulfoximine
(BSO), an inhibitor of glutathione synthesis. The oxf6 mutation involves inactivation
of the specificity factor in the processing of transcript cleavage and polyadenylation
(Zhang et al. 2008). Transcriptional profiling of oxt6 mutants detected elevated
constitutive upregulated expression of a subset of genes that encode proteins con-
taining thioredoxin- and glutaredoxin-related domains that represent alternative
ROS-scavenging pathways. Thus, it is of note that oxt6 represses, in a reciprocal
manner, members of the RBOH family, i.e., that are potential sources of ROS, and
points to a common control mechanism for those genes.

3 Structurally Conserved Aspects of NOXs

Membrane proteins are notoriously difficult to crystallize and so far no crystal-
based structure of a NOX is available. Thus, our functional understanding of its
structure is based on decoding sequence motifs, analysis of the effects of mutations,
and biochemical studies. The core NOX-like domain is characterized by six trans-
membrane helices that support two heme groups bound to conserved histidines as
shown in Fig. 2. The C-terminal contains topologically distinct hydrophilic domains
for NADPH and FAD. The NADPH interaction sites have been identified in human
NOX2 by competition of the photoaffinity ligand 2 azido-NADPH by NADPH
(Segal et al. 1992). The amino acid sequences have further been identified by direct
comparison to the NADPH-binding domains of spinach ferrodoxin NADPH reduct-
ase as established by crystal structure (Rotrosen et al. 1992). A comparison of these
motifs in relation to AtrbohD sequence is shown in Fig. 3.

Other important domains can be discerned by identifying those mutations in human
NOX2 that confer dysfunction and are also conserved in the RBOH sequence. The
classic examples have been gleaned from mutations that cause chronic granuloma-
tous disease (CGD), a genetic immune disorder caused by point mutations in
NOX2. People with CGD are susceptible to ingress of exotic microorganism not
usually encountered in people with normal immune systems, e.g., Aspergillus
growth. The recurrent infections can cause tumor-like masses called granulomas.
Some of the point mutations are conserved throughout all NOX types and cause
instability of the polypeptide or its inactivity. In this manner, localization of the
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Fig. 2 Diagram of AtrbohD membrane localization. The conversion of NADPH to NADP will
result in vectoral transfer of electrons with the participation of FAD and heme to an oxygen acceptor
yielding superoxides. The core NOX-like domain is characterized by six transmembrane helices
labeled I-VI. The two heme groups bound to conserved histidines that are present in helices I1I
and V. The predicted “cytoplasmic side” contains binding cavities for FAD and the NADPH
substrate. The presence of EF-hands and a putative Rac ineteracting site are depicted in the
N-terminal region. Putative amino acid locations for transmembrane spanning approximations are
based on the inspection of TMpred — Prediction of Transmembrane Regions and Orientation
(http://www.ch.embnet.org/software/TMPRED_form.html) of the AtrbohD sequence and were
further modified by manual alignment comparison to NOX2 and NOX5 sequence (Kawahara et al.
2007). P indicates putative phosphorylated amino acids and Rac indicates Rac/Rop small GTPases
putative binding as discussed in the text

FAD binding region was predicted from studies using plasma membranes from a
CGD patient with a point mutation at His-338. In that case, the NOX2 showed low
FAD content in the plasma membrane and failed to produce superoxide (Yoshida
et al. 1998). His-338 is located in the conserved amino acid motif ***HPFT of human
NOX2 which differs from the region suggested previously (Rotrosen et al. 1992).
The equivalent conserved motif in AtrbohD is °HPFS. In human gp91°"*, mutants
that are unable to reduce oxygen still retain diaphorase activity as measured by the
reduction of iodonitrotetrazolium violet by NADPH (Cross et al. 1995).

Electrons from reduced FAD are transferred to two asymmetrical hemes that are
ligated to histidine residues found in the transmembrane domains III and V. The exact
positions of the histidines were established by alignment of gp91°"* to the yeast
iron reductase. Yeast and plant iron reductases function to reduce exogenous ferric
ions before their uptake. Both membrane proteins show a great deal of homology to
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Gene NADP NADP Adenine ring C-4 atom of
pyrophoshate ribose Nicotinamide
FNR 1'MLGTGTGIAPF | 23 | »*’FLGVP | 28 | **"SREQTNEKGEKMYIQ | 22 | *’°YMCG
NOX2 4% VGAGIGVTPF | 25 | *?YWLCR | 57 | ***GLKQ----KTLYGR | 21 | ***FLCG
AtrbohD | "'LVGLGIGATPM | 29 | **YwvT | 72 | **°GTRVK—SHFAKP 32 | *®*FyCG

Fig. 3 Spacing of NADPH interacting domains in AtrbohD compared to NOX2 and spinach fer-
rodoxin NADPH reductase (FNR) as defined by crystallography of FNR. The amino acid position
is indicated at the start of each subdomain. The number of amino acids between each subdomain
is indicated

other animal NOXs. The histidines in the yeast iron reductase were sequentially
mutated and the resultant heme spectral activity monitored to reveal which
mutations disrupted heme ligation capability (Finegold et al. 1996). Based on this
work, the conserved AtrbohD histidines that serve as ligands for the hemes can be
identified as follows: the cytoplasmic-proximal heme is ligated to histidines H459
and H561 and the outer heme ligation is to histidine H473 and H574 (Fig. 2).
Incorporation of heme is also an important checkpoint in NOX biosynthesis.
Indeed, blocking heme synthesis by application of succinyl acetone completely
inhibited heterodimer formation of p22phox and gp65 which together form the core
human NOX (DeLeo et al. 2000). Thus, it appears that insertion of the heme group
is necessary for stabilization of the gp65 precomplex. The animal NOX2 oxidases
are highly glycosylated indicating their passage through the Golgi, although the
inhibition of glycolysation by application of tunicamycin does not affect the forma-
tion of stable heterodimer (DeLeo et al. 2000).

Additional domains of importance for the function of NOX2 that are highly
conserved include: H209R, a conserved histidine binding residue (AtrbohD, 473);
G389E, situated between the FAD and NADPH domains (AtrbohD, G713); and
L420P (AtrbohD, L755) and W516R (AtrbohD, 869) that are in the NADPH
domain. In comparison to the human NOX2, the NOXS5 and RBOH proteins have
shorter A and E extracellular loops (between transmembrane domains I and II and
V and VI, respectively), as well as variable insertions between the FAD and
NADPH domains (Fig. 2) (Kawahara et al. 2007). These conserved structural features
are invaluable orientation guides that facilitate the transfer of structure-function
relationships within the NOX superfamily.

4 Chemical Highlights of Superoxide Formation

Our knowledge of plant NOX chemistry is garnered from studies conducted in the
animal NOX family (Bedard and Krause 2007; Vignais 2002). NOXs are trans-
membrane redox chain proteins that connect the electron donor, nicotinamide
adenine dinucleotide phosphate (NADPH), on the cytosolic side of the membrane
with the electron acceptor, oxygen, on the outer side of the membrane (Fig. 2).
NADPH transfers two electrons (1.1) that culminates in the reduction of two oxy-
gen molecules (1.2).
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NADPH- > NADP" +H" +2¢” (1.1

NADPH +20, - > NADP* +20; +H* (1.2)

In the first step, electrons are transferred from NADPH to FAD by a two-electron
transfer. Reduced FAD is then reoxidized in sequential single-electron transfers to
the iron center of the inner heme. Oxidase activity is lost when the FAD is
removed, e.g., by solubilization in detergents, but can be restored when FAD is
added back (Light et al. 1981). Since the iron of the heme can only accept one
electron at a time, the inner heme must donate its electron to the outer heme before
the second electron can be accepted from the now partially reduced flavin, FADH.
Low-potential flavoproteins may redox cycle as one-electron carriers. In that case,
the oxidized form of FAD would cycle between the semi-quinone form (FADH:)
and the fully reduced form (FADH,). This scenario would require dimerization of
two NOXs for functional NOX activity (Mayhew et al. 1996; Vignais 2002).
Transfer of the electron from the inner heme to the outer heme is actually against
the measured electromotive force between these two groups; hence, to create an
energetically favorable state, oxygen must be bound to the outer heme to accept
the electron. The transfer of the electron from the heme group to oxygen is not
well understood. EPR studies indicate that all iron coordination sites are normally
occupied, a situation that would not leave room for oxygen binding (Fujii et al.
1995; Isogai et al. 1995). However, upon addition of arachidonic acid, an activator
of gp91rtex, a different EPR signal indicative of a pentacoordinated configuration
of the heme ion was obtained, suggesting that under conditions of stimulation the
heme group may direly interact with oxygen (Doussiere etal. 1996). Conformational
changes in the NOX are anticipated to be important for switching the molecule
from an inactive to an active form. In its active form, the phagocyte NOX is an
electron transfer chain that results from a biological assembly of cytosolic regulatory
factors (p67°", p47°"*, p40P**, and Rac) on the membrane cytochrome b,
formed by two subunits: gp91P* and p22P** (Cross and Segal 2004; Nauseef
2004). It is assumed that initiation of electron flow is the consequence of a
conformational change in gp91°™* induced by its interaction with p67°** (Mizrahi
et al. 2006). Mechanisms that bring about conformational changes in the NOX
structure are a recurrent theme in its regulation, e.g., during activation of NOX5
and Atrboh by calcium as will be discussed below.

5 NOX Inhibitors

Ongoing oxidative basal metabolism, photosynthesis and many enzymatic activities
produce ROS. Thus, specific inhibitors have been sought with the ability to identify
the contribution of NOX activity to the redox milieu. However, at present, no specific
NOX inhibitors exist, although the most commonly used NOX inhibitor, iodonium-
derivative diphenylene iodonium (DPI), has great utility if its limitations are taken
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into account. Human neutrophil NOX is not inhibited by DPI pretreatment in the
absence of an activating stimulus. It is likely that a reduced redox center in
the oxidase could serve as electron donor to DPI to form a DPI radical. Inhibition
occurs after direct phenylation of the redox cofactor or of other reactive groups
in the area (Odonnell et al. 1993). Consistent with this, adducts were formed
between photoreduced flavin and the inhibitor DPI. Furthermore, in pig neutrophil
membranes, the quantity of recoverable intact flavin was greatly diminished when
NADPH was present indicating that the flavin may be the site of DPI activation.
However, it has been shown that iodonium compounds decrease the absorbance of the
heme Soret peak in neutrophil membranes incubated with NADPH. The decrease was
correlated with the loss of oxidase activity (Doussiere et al. 1999). Thus, the heme
groups may be a secondary site of DPI action. Importantly, as suggested by the
mechanism of action, DPI is a nonspecific inhibitor of many different electron
transporters. It inhibits not only all the NOX isoforms, but also nitric oxide synthase
(Stuehr et al. 1991), plant molybdenum-cofactor flavin-containing enzymes, xanthine
dehydrogenase (XDH) (Yesbergenova et al. 2005), xanthine oxidase, mitochondrial
complex I (Hutchinson et al. 2007), and cytochrome P-450 reductase (Zhukov and
Ingelman-Sundberg 1999). The use of multiple inhibitors is thus necessary to get
an indication of the relative contribution of NOXSs to a particular milieu of reactive
oxygen production (Yesbergenova et al. 2005).

6 Calcium-Binding Domains in RBOH Proteins

The canonical EF-hand consists of two alpha helices positioned roughly perpen-
dicular to one another and linked by a short loop region of about 12 amino acids.
The loop structure of the EF-hand binds calcium ions with residues positioned at 1,
3,5,7,9,and 12 (X, Y, Z, -X, -Y, -Z). The positive calcium ion is complexed by
charge interaction through negatively charged oxygen-containing side chains, such
as aspartate and glutamate, that appear invariantly in the twelfth position and
provide two oxygens for calcium binding (bidentate ligand). The sixth residue is
invariantly a glycine that facilitates conformational bending requirements of the
backbone. The remaining residues are typically hydrophobic and support a hydro-
phobic core that stabilizes the two helices.

All RBOH contain two EF-hand motifs where the EF-hand located closest to the
N-terminal motif tends to be canonical. Atrbohl is exceptional, lacking canonical
EF-hands in both structures (Fig. 4). The second EF-hand motif in all Atrboh is
non-canonical lacking the invariant aspartate or glutamate at position 12 (-Z) as
illustrated in Fig 4 (Kawahara et al. 2007). AtrbohF was shown to bind calcium
(Keller et al. 1998) and calcium was shown to activate partially purified plant
membrane fractions (Sagi and Fluhr 2001). Further insight into the binding properties
of RBOH was obtained by examining a recombinant polypeptide of 83 amino acid
size of the N-terminal region of AtrbohD. Calcium-dependent conformational changes
were followed by fluorescence spectroscopy taking advantage of the presence of
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EF-1 EF-II'

X Y 2-Y-X -3 X Y Z2-Y-X -3
AtrbohA ?**DKDSDGRLNEAE 32 DPYHYGYIMIEN
AtrbohB '**DKNLDGRITGDE 32 DRDNLGYIELHN
AtrbohC ?*DKDADGRLTEDE 32 DPDNIGYIMLES
AtrbohD ?**DKDEDGRVTEEE 32 DPDNAGFIMIEN
AtrbohE ?*'DSNEDGKITREE 32 DPENFGYIELWQ
AtrbohF ?"’DKNEDGRITEEE 32 DPERLGYIELWQ
AtrbohG '*’DKDSDGRLTEDE 32 DPDHMGYIMMES
AtrbohH ?°®*DKNGDGKLTEEE 32 DPDHKGYIEMWQ
AtrbohI ?*°CYQLSSNLVKHI 32 APDGLYSQYIEL
AtrbohJ ?'*DKDGDGKLTEEE 32 DPNEQGYIEMWQ

* * ~

Fig. 4 Atrboh EF-hand motif alignment in Atrboh genes. The sequences are deduced by com-
parison to canonical EF-hand domains and the NOXS sequence. The positions of critical calcium
binding amino acids are indicated by X,¥,Z-Y-X and -Z, and the amino acid position and spacing
between domains are indicated. The invariant glycine at position 6 is indicated by * and the non-
canonical -Z residue in the second EF-hand is indicated by *

resident tyrosine residues as indicators of such changes (Ogasawara et al. 2008).
The results showed that a level of 0.1 mM of calcium induced 50% of the observable
conformational change. Considering that cellular calcium levels are orders of magni-
tude lower, the EF hands in this context (i.e., a short polypeptide) indicate only
moderate sensitivity to calcium. When the non-canonical asparagine in the second
EF-hand at the twelfth position was mutated to the acidic amino acid (N321E), a
higher affinity to calcium was obtained indicating a difference in the affinity of
each domain for calcium. However, when the EF-hands are examined in the context
of the complete polypeptide, i.e., in a human cell line transfected with the full
AtrbohD, a higher sensitivity to calcium was obtained. Indeed, in those cell lines,
an interesting synergistic activation in the presence of the phosphatase inhibitor,
calyculin A, and the calcium ionophore, ionomycin, was observed. Calyculin A
leads to a higher phosphorylation state of the polypeptide. As the level of cellular
calcium under these conditions was measured at 10”7 M this indicates a higher
affinity to calcium due to either the phosphorylation of the protein, or that EF hands
in the context of the full protein bind calcium more efficiently.

The NOXS prototype could provide an important paradigm for understanding
plant RBOH biology. NOXS5 contains three canonical EF-hands whilst the fourth at
the N-terminus is non-canonical. In a cell-free system, its activity is entirely
dependent on calcium (Banfi et al. 2004b). Flow dialysis experiments established
binding for all four sites with a tenfold difference in affinity assigned to the non-
canonical structure. Interestingly, when tyrosine fluorescence was used to measure
conformational change, such change occurred when both the N and C terminal
fragments were together, indicating the necessity of their interaction. The researchers
took advantage of the fact that a single cysteine was present in the alpha helical
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region flanking EF-IIT and noted that its titratable reduction by DTNB was accelerated
in the presence of calcium, suggesting a more accessible conformation in that state.
Indeed, when TNS, a hydrophobic probe, was used to measure the degree of hydro-
phobic exposure in the polypeptide, a large increase in its interaction was observed
after calcium addition. Changes in hydrophobicity were further established by
showing calcium-dependent binding of the protein melittin (Banfi et al. 2004b).
Melittin, a 26 amino acid peptide, makes up 50% of the dry weight of bee venom;
its hydrophobicity acts to destroy the victims blood cells by breaking up their
membranes. Melittin was shown to form a complex with the NOX5 N-terminal
fragment only in the presence of calcium. The calcium-dependent formation of a
hydrophobic core is reminiscent of calcium binding to calmodulin that results in
exposure of a deep hydrophobic cavity essential for recognition of calmodulin
target protein. Interestingly, the binding of melittin was shown to inhibit NOXS5
ROS production implying that the N-terminal region could interact with the ‘business
end’ of NOXS. Indeed, recombinant N-terminal fragment could be shown to bind
in a calcium-dependent manner to recombinant C-terminal containing the FAD and
NADPH domains (Banfi et al. 2004b). Thus, the amino terminus of NOXS5 operates
in a manner analogous to calmodulin by promoting interaction with the C-terminal
domain which then facilitates electron delivery and ROS production. The C-terminus
of NOX5 was shown to contain a canonical calmodulin binding site of the so-called
1-14 CaMBD subclass that contains bulky hydrophobic residues in positions 1, 5,
and 8 with a basic residue in position 13 (Fig. 5). This domain interacts with the
N-terminal region and appears to increase the sensitivity of NOXS enzymatic activity
to calcium (Tirone and Cox 2007). Inspection of the RBOH plant sequences reveals
that only Atrbohl sequence fills these criteria. Interestingly, only Atrbohl completely
lacks canonical EF-hands sequence in its N-terminus, which may indicate alternative
modes of regulation for this protein.

cevesece.li5..8...13. ... .[NADPH
NOX5-  “’WSKVFQKVAAEKKGK-VQVFFCG
AtrbohA- WRSVFKRIAVNHPKTRVGVFYCG
AtrbohB- WRSVFKHVAVNHVNQRVGVFYCG
AtrbohC- WRNVYKRIAMDHPNTKVGVFYCG
AtrbohD- WRQVYKKIAVQHPGKRIGVFYCG
AtrbohE- WKEVFSSIARKHPNSTVGVFYCG
AtrbohF- WKKVLTKLSSKHCNARIGVFYCG
AtrbohG- WKNVYKQIAMDHPGANVGVFYCG
AtrbohI- WKKVLSKISTKHRNARIGVFYCG
AtrbohJ- WRKVFSELSNKHETSRIGVFYCG

Fig. 5 Putative calmodulin binding motifs in human NOX5 and Atrboh genes. Evidence for
calmodulin binding in NOXS is presented in the text and putative homologous regions are indi-
cated for Atrboh genes. The sequence of AtrboH lacks homology to the other Atrboh in this region
and is not included
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7 Phosphorylation of RBOH Potentiates Calcium Responses

The relatively high levels of calcium required to activate NOXS raised the question
of its physiological relevance. To address this, COS-7 cells that do not normally
experience elevated calcium levels, were transformed by NOXS5 and examined for
activity (Jagnandan et al. 2007). In this case, the addition of 12-myristate 13-acetate
(PMA) was necessary to activate ROS production. The activity was greatly potenti-
ated by the addition of ionomycin in a calcium-dependent manner. PMA was shown
to induce phosphorylation of NOXS. A cluster of potential PKC substrate residues
was identified at S486, S490, T494, and S498 all localized to the FAD domain
region. Site-specific mutagenesis to alanine was carried out, and PMA activation
and potentiation of the response to calcium was examined. While S486A showed
no effect, mutagenesis of the other potential sites showed additive inhibition of the
response. Indeed, mutations of T494E/S498E produced a phosphomimetic response
in the absence of PMA. Interestingly, at the equivalent NOX5 T494 position, a
conserved serine is present in AtrbohB, D, and F.

Arabidopsis leaves with functional FLS2 receptor rapidly produce ROS in
response to the application of flagellin elicitor, flg22 (Gomez-Gomez et al. 1999).
In a proteomic phosphorylation study, amino acid sites were recovered that show
differential phosphorylation after xylanase or flg22 application these include;
SGAFpSGPLGRPK, *ILpSQMLSQK, and ' TSpSAAIHALK and indicate potential
RBOH regulatory sites (Benschop et al. 2007). Inspection of the data in supplementary
Table IIT (Benschop et al. 2007) reveals that at least in the case of xylanase treatment,
an additional peptide ®"PPpTAGKpS showed differential phosphorylation. This peptide
serine is at a conserved position similar to NOX5 T494. Whether it serves the same
function in Atrboh is unknown. The sites in AtrbohD, S343 and S347, were confirmed
to undergo phosphorylation after treatment with flg22 elicitor (Nuhse et al. 2007).
These sites are conserved in several other Atrboh members and are indicated in Fig 2.
Importantly, when they were mutated to alanine and transformed into the AtrbohD
mutant, the leaf strips no longer responded to flg22 (Nuhse et al. 2007). None of
these sites overlap with the phosphorylation site found for NOXS5. Thus, AtrbohD
has been shown to undergo elicitor-augmented phosphorylation at conserved and
unique sites that contribute to its activity.

Kinases that may be directly responsible for RBOH regulation have been identified
in potato. Using an anti-phosphopeptide antibody, Ser-82 and Ser-97, that are present
in the N terminus of potato StrbohB, were identified as potential phosphorylation
sites and Ser-82 was phosphorylated by pathogen signals in planta (Kobayashi
et al. 2007). Two calcium-dependent protein kinases, StCDPK4 and StCDPKS,
were shown to specifically phosphorylate these serines in a calcium-dependent
manner. Significantly, in N. benthamiana the over-expression of the constitutively
active mutant of StCDPKS5 phosphorylated Ser-82 of StrbohB and induced ROS
accumulation that depended on the presence of the homologous gene NbrbohB.
In leaves where NbrbohB expression was abrogated, the loss of function could be
complemented by expression of wild-type potato StrbohB but not by a mutant
(S82A/S97A). These results suggest that calcium-dependent protein kinases are
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conserved and responsible for phosphorylation of the StrbohB N-terminal
region and that this activity can regulate the oxidative burst. The positions of
these residues fall on conserved serines present in Atrboh (S127 and S148) that
have not been shown to be phosphorylated after elicitor treatment (above). The
lack of identity in phosphorylated residues may be a result of comparison of non-
orthologous genes or indicate inter-specific differences. However, in both
Arabidopsis and potato, it seems evident that phosphorylation of the N-terminus
serves to potentiate RBOH activity.

8 Small G Proteins Interact with RBOH

Full activity of human Nox1, -2, and -3 requires the direct action of a Rac GTPase.
A Rac interaction site was discovered in human NOX2 juxtaposed to the first
NADPH interacting site within amino acids 419—430 of NOX2 (Fig. 3) (Kao et al.
2008). Human NOXS5 does not show a requirement for Rac and all the amino acids
that are critical for Rac interaction in NOX2 are absent. It is therefore unlikely that
this region is used for this purpose in plant RBOH. Rac/Rop small GTPases are
prevalent in the plant kingdom and are part of multigene families (11 in Arabidopsps;
9 inrice) (Gu et al. 2004; Wong et al. 2007). OsRacl, which is located in the plasma
membrane, is involved in Osrboh-dependent ROS production and cell death initiation
during defense signaling (Kawasaki et al. 1999; Ono et al. 2001). Indeed, constitu-
tively active and dominant negative forms of the small GTP-binding protein were
shown to directly modulate ROS production. Furthermore, ROS scavengers such as
metallothionein were reciprocally downregulated by Rac showing that OsRacl
plays a critical role in regulating the cellular redox milieu (Wong et al. 2004).
The constitutively active (CA) form of OsRac2 and OsRac7, but not the dominant
negative (DN) form, interacted with four different rice and two potato RBOH
N-terminal fragments (Wong et al. 2007). Furthermore, transient agroinfiltration of
N. benthamiana leaves produced ROS when the CA form was used. More evidence
for the involvement of small GTPases in RBOH upregulation was provided by the
phosphatidic acid-dependent induction of ROS in Arabidopsis cells (Park et al.
2004). In contrast to the results that Rac plays a positive role in RBOH induction,
tobacco cells transformed with sense constructs of Ntrac5 or the constitutive active
GTP form, Ntrac5V 15, showed a decrease in the production of ROS after elicitation
with cryptogein (Morel et al. 2004). Hence, Ntrac5 could be considered as a negative
regulator of NtrbohD. Taken together, there is compelling evidence that Rac modu-
lates RBOH and we may expect to find that different Rac types either induce or
inhibit RBOH activity.

In animal NOX 1, 2, and 4, Rac binding was localized to the NADPH interacting
region. In contrast, in rice, both N-terminal EF-hands were essential for Rac
interaction and the full two hybrid interaction was obtained only when a considerable
length of N-terminal region was used. In vitro examination showed that OsrbohB
(residues 138-313) binds the GTP-binding form of OsRacl (in the presence GMPPCP
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a nonhydrolyzable Rac substrate), apparently the binding of Rac to Osrboh is very
sensitive to the character of its bound cofactor. In a fluorescent resonance energy
transfer (FRET) system in which both interacting partners were fused to different
fluochromes on the same polyprotein, a strong FRET signal was obtained with the
CA but not DN OsRACI form. When calcium was added, this FRET signal
decreased suggesting a negative interaction between calcium and OsRac binding
(Wong et al. 2007). The authors therefore suggested a scenario in which calcium, at
low levels, indirectly activates RBOH through CDPK phosphorylation, subsequently
producing a conformational status that induces Rac binding and RBOH activation.
Finally, continued cellular calcium buildup would disrupt Rac binding and return
RBOH binding to a quiescent state. This scenario is seemingly in conflict with other
evidence presented above, including direct activation of human NOXS5 by calcium
(Banfi et al. 2004b), the fact that calcium serves as a direct positive activator for
partially purified tobacco membranes (Sagi and Fluhr 2001), and that in a heterologous
expression system recombinant AtrbohD is activated by calcium (Ogasawara et al.
2008). It is thus likely that both calcium and Rac are positive — although mutually
exclusive — activators permitting multiple inputs to impact on RBOH activity.

9 Membrane Microdomain Milieu of RBOH

Cellular fractionation of plant tissue indicates that RBOH proteins are found in
plasmalemma membrane (Sagi and Fluhr 2001; Simon-Plas et al. 2002). However,
the plasmalemma is not a uniform entity. Thus, NtrbohD was found to be enriched
in tobacco BY2 cells on chemically distinct membrane microdomains called lipid
rafts (Mongrand et al. 2004). Such rafts form a distinct lipid phase within the
membrane and can be isolated due to their insolubility in nonionic detergents, e.g.
Triton X-100. Plant lipid rafts are similar to animal lipid rafts and include a four- to
fivefold enrichment of sterols and sphingolipids as their major components but are
depleted for phospholipids (Borner et al. 2005; Grennan 2007). An exhaustive
survey of tobacco BY2 cells identified 145 proteins in the detergent resistant
membrane (DRM) fraction (Morel et al. 2006). This work confirmed that NtrbohD
was present in lipid rafts as well as its possible regulator, the small G protein Rac5.
Other proteins associated with hypersensitive response and pathogen resistance,
such as HIN9, HIN18, and members of the gene family HIR, were also detected
(Nadimpalli et al. 2000; Takahashi et al. 2004). In contrast, in an analysis of the
Medicago root plasma membrane, RBOH was not detected, instead a slew of redox-
generating proteins were recovered which could fill the role of ROS generation in
root tissue (Lefebvre et al. 2007). Lipid rafts seem to be the focus of particular
cellular events, i.e., while transport proteins are under-represented, others, like
proteins that coordinate signaling, are enriched, including cellular trafficking, cell
wall metabolism, and RBOH.

The localization of RBOH into lipid rafts can have far-meaning ramifications
in RBOH biology. This can be discerned from following the dynamic changes in
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positioning of human NOX in membranes during its activation. In general, the
NOX proteins are resistant to solubilization in Triton X-100. Following phagocyte
activation, cholesterol-enriched microdomains act to recruit and/or to organize
the cytosolic NOX factors in the assembly of the active NOX (Vilhardt and van
Deurs 2004). Kinetic analysis of the activation of NOX in neutrophils implies that
the onset, but not the maximal rate, of enzyme activity is determined by its presence
on lipid rafts (Shao et al. 2003). However, different NOXs or cell types may alter
the microdomain localization. Thus, NOX4 is highly expressed in cardiovascular
tissue and ROS is implicated in cardiovascular diseases, including hypertension
(Ellmark et al. 2005). The D1-like receptor agonist, fenoldopam, used for hypertension
treatment dispersed NOX subunits of human renal proximal tubule (hRPT) cells
that are found within lipid rafts and resulted in the reduction of ROS production,
suggesting a novel mode of action for this drug. In contrast, cholesterol depletion
caused the translocation of NOX subunits out of the lipid rafts and increased meas-
urable ROS. Thus, in human renal proximal tubule cells, lipid rafts maintain NOX
in a quiescent state suggesting that NOX micro-localization is important for its
regulation (Han et al. 2008). In contrast, in endothelial cells, the activation by
TNF-a stimulates lipid raft clustering of NOX2 components. This is important, as
NOX2 positioning facilitates endothelial cell migration in the process of tissue
healing (Ikeda et al. 2005; Ushio-Fukai 2006). In this context, caveolae invaginations
of the plasma membrane of endothelial cells recruit NOX1 under unstimulated
conditions and undergo activation by further recruitment of Racl after stimulation.
The dynamic properties of lipid rafts that contribute to NOX activation have important
ramifications for understanding RBOH biology.

10 Extracellular and Intracellular Localization
of NOX and RBOH

Spatial, temporal, and quantitative components of ROS appearance dictate its
biological significance during signaling. Therefore, the localization of NOX activity
is crucial for its function. Cellular fractionation of plant tissue indicates that RBOH
proteins are found in the plasmalemma membrane (Sagi and Fluhr 2001; Simon-
Plas et al. 2002). Furthermore, recombinant GFP polypeptides of potato StrbohA
and StrbohB localized to onion peel plasmalemma membranes during transient
transformation (Kobayashi et al. 2006). The distribution on the membrane can be
asymmetric. For example, RBOH activity in AtrbohC-dependent ROS signaling in
root hair growth is distributed mainly to the tip (Carol et al. 2005; Foreman et al.
2003), and in RBOH involvement in xylem differentiation to one particular cell side
(Barcelo 2005).

When situated on the plasmalemma, RBOH enzymatic activity would mediate
the vectoral transfer of electrons to produce short-lived superoxides extracellularly.
The locally produced signals do not propagate more then a few cell lengths from its
source (Allan and Fluhr 1997). While extracellular functions for such ROS are
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evident (e.g. cell wall cross-linking) it is likely that the ROS signals generated by
RBOH are processed intracellularly (Sagi et al. 2004; Sagi and Fluhr 20006).
The relationship between externally produced superoxide product to modulation of
the intracellular ROS signal are fundamental questions that remain to be answered.
Given the importance of membrane topology in ROS production and subsequent
redox signaling a thorough understanding of where O, is converted to H,O, is neces-
sary. For example, the superoxide product is membrane impermeable in animals due
to its negative charge in ambient conditions of pH (pKa of superoxide is 4.8, e.g.
blood pH is 7.4). However, under conditions of exceptionally low pH, the superoxide
can be protonated and as such has been shown to be capable of crossing a yeast
membrane (Wallace et al. 2004). In plants, the physiological range of extracellular
pH is 5; in this case 16% of the superoxide would be in the membrane permeable
hydroperoxyl (HO,*) form. Thus, the external pH status could moderate the com-
partmentalization of superoxides produced by RBOH outside the membrane. Once
having entered, the cytoplasmic SOD would convert the incoming superoxide to
hydrogen peroxide. This scenario does not seem to provide efficient use of the NOX
product. Alternatively, the superoxide could be converted extracellularly by an
unknown SOD and the resultant product, H,O,, would then be freely permeable (Fig.
6). Evidence in support of the presence of extracellular SOD was found in secreted
tobacco nectar that contains large amounts of hydrogen peroxide. The hydrogen
peroxide is supplied in-part by the tandem action of RBOH and an extracellular
germin-like superoxide dismutase protein called Nectarin I (Carter and Thornburg
2004). Other extracellular SOD activities are known, including a high isoelectric
point-SOD isoform (hipI-SOD) that has been identified in the secondary cell wall of
Zinnia elegans and pine (Karlsson et al. 2005; Karpinska et al. 2001).

Evidence from human NOX biology shows that they are not situated solely in the
outer membrane; indeed, NADPH subunits have been identified in diverse intracel-
lular locations. Within the cell, NOXS, the form most structurally related to RBOH, was
detected in detergent-resistant microdomains of the endoplasmic reticulum. Generally,
a strong perinuclear staining, including an extensive network of branching tubules that
are reminiscent of localization to the endoplasmic reticulum as well as the plasma
membrane, was observed. In the case of NOXS over-expressing cells, it is difficult to
distinguish between ER retention due to NOXS over-expression and a true ER locali-
zation. (Jagnandan et al. 2007; Serrander et al. 2007).

The phagocyte-NOX2 expressed in endothelial cells differs from the neutrophil
enzyme in that it exhibits activity even in the absence of agonist stimulation. When
the subcellular location of oxidase subunits and activity were followed, 50% of the
total activity and protein were found by fractionation to be in a ‘low g’ nuclear
fraction (Li and Shah 2002). These results indicate that, in contrast to the neutrophil
enzyme, a substantial proportion of the NOX of unstimulated endothelial cells
exists as a preassembled intracellular complex associated with the cytoskeleton.
The use of GFP-labeled recombinant proteins has provided additional visible support
for internal, i.e., endoplasmic reticulum, localization for active NOXs particularly
in the nuclear and ER regions (Ambasta et al. 2004; Li and Shah 2002; Martyn et al.
2006; Van Buul et al. 2005).
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Fig. 6 Mode of RBOH activity. RBOH is shown situated on the plasmallema (a) or on a vesicle
(b). In each case, the superoxide signal must diffuse into the intracellular space to induce redox-
dependent signaling. RBOH interacts with calcium ions by binding through the EF hands as well
as with Rac by binding within the N-terminal region. CDPK-like kinases phosphorylate the
N-terminal region or together with other kinases at other regions, leading to potentiation of RBOH
activity. The superoxide product will dismutate spontaneously to H,O, or diffuse through the
membrane via an anionic channel or diffuse through the membrane in a protonated form. Within
the cell, the ROS product facilitates cellular signaling

Endocytosis is associated with downregulation of receptor-mediated signaling at
the plasma membrane. However, it can also play an important role in the specificity
and amplification of membrane-initiated receptor signals (Sorkin and von Zastrow
2002). NOXs are known to be internalized during activation by endocytosis. For
example, H,O,-mediated redox change is a key mediator in IL-1p3 and TNF-o acti-
vation of NF-xB. The source of H,O, was found to be provided by NOX2 that is
situated in activated endosomes formed after stimulation by IL-1f (Li et al. 2006).
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In this scenario, the local increases in HZO2 facilitates the redox-dependent association
of TRAF6 with the receptor complex on ligand-activated endosomes, leading to
activation of downstream IKK kinases and ultimately of NF-kB. Seemingly, upon
membrane invagination, topologically the NOXs would produce superoxides that
tend to be trapped in such endosomes. However, in mammary epithelial tumor cells
that produce superoxides in their endosomes, an anion channel was found to play a
role in endosome superoxide transport, thus providing an avenue for superoxide
escape. In addition, activated endosomes recruited human SOD1 suggesting the
rapid generation of H,0O, from exiting dismutating O, at the endosomal surface
(Mumbengegwi et al. 2008). It remains to be seen if such scenarios for ROS mem-
brane translocation and efficient superoxide processing are prevalent elsewhere.

Only indirect evidence exists in plants for internalization of RBOH. Cryptogein,
a proteinaceous elicitor, produced by the pathogenic fungus Phytophthora cryptogea,
induces a hypersensitive response in tobacco (Binet et al. 2001; Ricci et al. 1989). An
unidentified plasma membrane receptor leads to a cascade of events, including
calcium influx, potassium and chloride efflux, cytosolic acidification, and plasma
membrane depolarization that lead to RBOH activation (Bourque et al. 1999; Pugin
et al. 1997; Simon-Plas et al. 2002). The production of apoplastic ROS in the oxidative
defense-related burst promoted by cryptogein and other pathogens is biphasic: a
rapid and transient production of ROS, which occurs within minutes of the perception
of pathogens, and a second much later phase of ROS production within hours,
which is specific to hypersensitive response-inducing pathogens (Grant and Loake
2000). The use of Amplex Red reagents, that can report real-time H,0, accumula-
tion in tobacco BY-2 cell populations, showed an internal signal for H,O, that
developed more rapidly than the external apoplastic signal. Thus, the ROS signal
was actually initiated within the cells (Ashtamker et al. 2007). Furthermore, the
fluorescent probe for HZOZ, 2'7'-dichlorofluorescin diacetate (DCF), showed signal
development first in the nuclear region and only after a short delay in the cell
periphery. Those results are consistent with ROS originating at intracellular sites.
Indeed, subcellular accumulation of ROS was evident in the cytoplasm, endoplas-
mic reticulum (ER), and the nuclear region, implying diverse localization for
tobacco RBOH (Ashtamker et al. 2007). These results are consistent with the obser-
vation that cryptogein-stimulated clathrin-mediated endocytosis in BY-2 cells was
correlated with ROS production (Leborgne-Castel et al. 2008). Similarly, in
Arabidopsis roots, RBOH-dependent hydrogen peroxide is produced during salt
stress. During salt stress, ROS-loaded vesicles were noted to undergo trafficking to
the central vacuole (Leshem et al. 2006).

11 Conclusion

NOXs are tethered to perform multiple signaling tasks. Some of what we have
learned about the exquisite temporal and spatial control is depicted in Fig. 6. RBOH
is localized to dynamic lipid rafts in the plasmalemma membrane and likely also
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in different cell types or special physiological conditions on the endomembrane
system. There is evidence that the initial activation of RBOH is via a calcium signal.
RBOH binds to the calcium ions with EF hands domains located in the N-terminal
region which can also interact with Rac. As calcium and Rac bind to the same
region, they may be mutually exclusive; however, it is likely that they are both
positive activators of RBOH activity. In NOXS, the N-terminal region was shown
to interact with the C-terminus in a calcium-dependent manner; it remains to be
seen if this is true for RBOH. CDPK-like activities phosphorylate the N-terminal
region of RBOH. Either alone or together with additional kinases, other sites are
phosphorylated in an elicitor-dependent manner. In addition, Rac interaction
domains are present and, together with phosphorylation, lead to potentiation of
RBOH activity. It is likely that a cellular phosphatase activity serves to negatively
moderate this potentiation. Once produced, the superoxide product can diffuse
through the membrane in a protonated form or dismutate extracellulary to H,0,
which would then diffuse through the membrane. Alternatively, the superoxide may
be transferred via an anionic channel as was found to be the case in mammary
epithelial endosomes.

The unique ephemeral properties of superoxides and their rapid permutation to
hydrogen peroxide enable them to play a role in influencing local redox responses.
Recent elucidation of the structure function relationships of plant RBOH as sum-
marized above are impressive first steps in understanding the biology of RBOH.
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Integration of ROS and Hormone Signaling

Izumi C. Mori, Yoshiyuki Murata, and Misugi Uraji

Abstract Plant hormones are major determinants of regulation of development and
stress response of plants. Hormone signal networks are integrated in order to render
an appropriate response to internal and external stimuli. Recently, emerging evidence
suggests the role of reactive oxygen species (ROS) in hormone signal integration proc-
esses. In this chapter, we review the involvement of ROS in plant hormone responses
and discuss the function of ROS in hormone signal integration in plant cells.

1 Auxin

1.1 Oxidative Degradation of Auxin, ROS Generation,
and Cell Wall Loosening

Classically, it was reported that the auxin, indole-3-acetic acid (IAA), was degraded
by spontaneous oxidation with hydrogen peroxide (H,0,), and thus H,O, negatively
affects auxin signaling by decreasing the concentration of auxin in root tissue (Omran
1977). Later, many papers have been published demonstrating that auxin is oxidized
by molecular oxygen (O,), but not H,O,, in a reaction catalyzed by peroxidases
(POX) (Nakajima and Yamazaki 1979; Savitsky et al. 1999). Degradation of auxin by
POX-mediated oxidation may sound a mode of negative regulation of auxin by
decreasing concentration of auxin in tissue. Paradoxically, recent studies suggest that
the degradation of IAA by cell wall-associated POX is rather a mechanism that
induces elongation and gravitropism of roots, elongation of coleoptile, and hypotheti-
cally, phototropism (Joo et al. 2001; Schopfer 2001; Liszkay et al. 2004).
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Auxin induces cell elongation via hydroxyl radical (OHe)-mediated cell wall loosening
(Schweikert et al. 2000; Schopfer 2001); that is, cell elongation is thought to be a
consequence of cell wall loosening. OHe nonspecifically cleaves cell wall polysac-
charides resulting in cell wall loosening, suggested by the inhibitory effect of OHe
scavengers on coleoptile elongation (Schopfer 2001). OHe immediately reacts with
most organic compounds in the proximity of the production site due to its extreme
reactivity. In cell walls, OHe can be formed from H,O, by the Haber-Weiss reaction. It
has also been shown that H,0, and superoxide anion (O,*") scavengers inhibit coleoptile
elongation of maize (Schopfer 2001), indicating serial generation of multiple ROS.

Many reports, mainly of interest in chemistry as well as biology, have shown that
IAA reacts with dioxygen (O,) catalyzed by peroxidase (POX) resulting in production
of O~ (Smith et al. 1982; Kawano 2003). Generated O,*" is readily transformed to
H,0, by areaction called dismutation or disproportionation, spontaneously or catalyzed
by superoxide dismutase (SOD).

During [AA-induced ROS-dependent cell elongation, OHe can easily be pro-
duced from H,0, and in turn cleave polymer in cell walls. The peroxidase, which
is involved in this process, is hypothesized to be located in the cell wall. It was
shown in the production of OHe and the presence of POX in the maize root elongation
zone (Liszkay et al. 2004). The results also showed that the inhibitors of NADPH
oxidase (NOX) affect elongation, indicating the contribution of NOX as well as cell
POX. Since the NOX inhibitor used in the study, diphenylene iodinium (DPI), as
the authors noticed, can also inhibit other redox enzymes, the involvement of NOX
remains to be further examined.

Studies reported that auxin induced ROS production in root gravitropism (Joo
et al. 2001) and in coleoptile elongation (Schopfer 2001) of maize. The root grav-
itropism study showed asymmetric ROS generation upon gravi-stimulus at specific
areas, whereas induction of ROS by salicylic acid in the root showed no specific
localization (Joo et al. 2001).

As mentioned above, auxin induces a series of ROS in the root elongation zone
(Schopfer 2001). Joo et al. (2005) showed an elevation of the H,O, level in maize
root upon auxin and gravi-stimulation. Interestingly, inhibitors of phosphatidyli-
nositol 3-kinase (PI3-K), LY294002 and wortmannin suppressed auxin and gravi-
stimuli-induced ROS accumulation in maize root (Joo et al. 2005), indicating the
involvement of phospholipid metabolism in upstream of ROS generation. It should
be noticed that PI3-K is reported to function in the activation of NOX in mammalian
leucocytes (Ellson et al. 2006) and ABA-induced ROS generation in guard cells
(Park et al. 2003) as discussed in Sect. 2.2.1.

1.2 ROS Generation by Cell Wall-Associated Peroxidases,
a Hypothesis

Kawano (2003) proposed the model that includes a parallel IAA signal pathway
leading to elongation growth (Fig. 1). Besides the signaling pathway mediated by
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Fig. 1 A hypothetical model of parallel auxin signal pathways leading to elongation growth
(modified from Kawano 2003). Indole-3-acetic acid (IAA) is received intracellularly and extracel-
lullarly. IAA binds to the auxin receptor, F-box protein, that consists of ubiquitine ligase E3,
SCF™®, The downstream IAA/Aux transcription regulators are controlled by the ubiquitin ligase-
mediated protein degradation leading to expression regulation of auxin-inducible genes. Possibly
parallel to the gene expression pathway, plasma membrane associated H*-pump is activated result-
ing in cell wall acidification. Extracellular IAA is oxidized by cell wall peroxidase reacting with
dioxygen (O,) and produces superoxide (O,*7). H,0, is formed from O~ catalyzed by plasma
membrane associated superoxide dismutase (SOD), followed by hydroxyl radical (OHe) forma-
tion in the presence of metals. OHe cleaves cell wall polysaccharide to loosen cell walls. ROS
activates the universal ROS/Ca*" signal cassette (Mori and Schroeder 2004; Demidchik et al.
2007) that might modify the intracellular signaling pathway with Ca** signaling

the F-box auxin receptor, the SCF™® that induces gene expression through AUX/
IAA transcription factors (Dharmasiri et al. 2005; Kepinski and Leyser 2005) (note
that when Kawano’s model was proposed in 2003, the auxin receptor, SCF™ had
not yet been reported), the peroxidase-mediated reaction produces O, coupled
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with the IAA breakdown in the cell wall. The O,*~ or H,O, generated possibly elicit
cellular Ca** signaling through plasma membrane Ca®*-permeable channels, as
proposed in guard cells, that affects intracellular Ca?* signaling. Parallel to this,
OHe cleaves polysaccharides, hence loosens the cell wall (Kawano 2003).

Kawano (2003) also pointed out the similarity of the peroxidase (POX)-mediated
salicylic acid (SA)-induced stomatal closure model (Mori et al. 2001) to the IAA-
POX associated ROS production mechanism. The modified Mori’s model (Kawano
2003) predicts the interaction of POX-mediated SA and chitooligosaccharide, and
NOX-mediated ABA and peptide elicitor ROS signaling pathways. A recent study
also suggests the contribution of NOX in MeJA signaling (Suhita et al. 2004). This
model is constructed to explain the signal integration system in guard cells, but not
for cell elongation. The physiological significance of SA or chitooligosaccharide-
induced ROS generation in cell wall loosening, as proposed for IAA response,
remains to be clarified. However, hypothetically POX-mediated O,*~ production
coupled with following H,O, and OHe production could be a common mechanism
in several ROS-dependent plant cell signaling.

2 Abscisic Acid

Abscisic acid (ABA) is a plant hormone that primarily mediates the induction of plant
tolerance to a range of abiotic stresses and regulates growth and development, such as
the closure of stomata upon drought stress, induction of a series of stress responsive
genes, delay of vegetative growth, and promotion of seed maturation (Giraudat 1995,
Finkelstein et al. 2008). While not all the details of the involvement of ROS in ABA-
relating physiology are known, in this section a few examples are described, i.e., the
ABA-induced stomatal closure and the induction of ROS-scavenging gene expression.
The function of ABA in the inhibition of germination is discussed in Sect. 2.5.

2.1 ABA-induced ROS Generation in Guard Cells

Plants control stomatal aperture to optimize the balance of water loss and carbon
dioxide uptake in response to environmental stresses. Abscisic acid is the drought-
responsive plant hormone that induces stomatal closure. Turgor pressure of guard
cells that surround stomatal pore is the motive force of stomatal movement.
Abscisic acid changes the electrophysiological characteristics of ion transporters,
such as H*-pump, inward-, and outward-K* channels, anion channels, Ca?* channels,
and hypothetically water channels, so that guard cells lose turgor pressure. It was
reported that hydrogen peroxide activates plasma membrane Ca?*-permeable channels
(Pei et al. 2000; Kohler et al. 2003), which is involved in creating Ca?" signature
(Allen et al. 2000, 2001). Kwak et al. (2003) demonstrated that the NOX catalytic
subunits, AtrbohD and AtrbohF were involved in the ABA-induced ROS generation.
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Plant NOX reduces O, using the reduction potential of NADPH or NADH, result-
ing in extracellular formation of superoxide anion (O,*"). Accumulation of H,0O, in
the cytosol was proved by the H,O,-specific fluorescent dye, H,DCF (Pei et al.
2000; Zhang et al. 2001). However, it is not yet clear how the generation of extra-
cellular O,*" leads to an H,O, increase in the cytosol. At the same time, most prob-
ably OHe is formed from H,O, by Fenton or Haber-Weiss reactions. It is known that
Ca?* channel activation might be a next downstream event after ROS generation
(Murata et al. 2001). We will discuss the role of ROS to activate plasma membrane
Ca?*-permeable channels in the Sect. 2.4.1.

The mechanism of NOX activation in ABA signaling is not clarified. In mam-
malian neutrophil cells, NOX consists of a protein complex formed by such as two
membrane-bound elements (gp91P* and p22rher), three cytosolic regulatory
components (p67°ex, p47eterand p40rher), and the Rac2 small G protein (Babior
2004). Binding of phosphatidylinositol-3-phosphatase (PI3P) to a NOX subunit,
p40rhex is essential for the activation (Ellson et al. 2006). Unlike mammalian cells,
the plant genome lacks regulatory components of NOX including p40#h** (see Chap.
1). However, interestingly, a pharmacological study showed that phosphatidylinositol
3-kinase (PI3-K) and PI3P are involved in an ABA-induced stomatal closure in
Vicia faba (Jung et al. 2002). PI3-K inhibitors, wortmannin and LY294002, inhibit
ABA-induced ROS accumulation and stomatal closure (Park et al. 2003), suggesting
a function for PI3P and PI3K in the ABA signaling upstream of ROS production.

Genetic analyses of ABA signaling using Arabidopsis mutants revealed that
protein phosphorylation and dephosphorylation is associated upstream of ROS
generation. ABA-induced ROS generation in guard cells is impaired in open sto-
mata 1 (ostl) protein kinase and abscisic acid insensitive 1 (abil) protein phos-
phatase 2C mutants (Murata et al. 2001; Mustilli et al. 2002). However, the details
of the signal pathway that leads to the activation of NOX and accumulation of ROS
are still unclear. The interaction of methyl jasmonate and ABA signaling in guard
cells is discussed in Sect. 2.4.1.

2.2 Induction of Antioxidant Enzymes by ABA in Response
to Abiotic Stress

ABA is involved in drought resistance of plants. Recent reports indicate that ROS
elevation occurs in the extracellular space of ABA-treated maize leaves. The
ROS-dependent ABA signal pathway induces the gene expression and activity of
ROS-scavenging enzymes, such as superoxide dismutase (SOD), chloroplastic
and cytosolic ascorbate peroxidases (APXs), and chloroplastic and cytosolic
glutathione reductase (GR) (Hu et al. 2005, 2006, 2007). Using CeCl,-staining,
it was shown that ABA induces H,O, accumulation exclusively in the intercellular
space (cell wall) (Hu et al. 2005, 2006). The inhibition of the ABA-induced
elevation of antioxidant enzyme activity by the NOX inhibitor, DPI, and ROS
scavengers, Tiron and dimethylthiourea, indicates roles of NOX-dependent
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ROS production in ABA-induced antioxidant defense response (Hu et al.
2005). In the ABA-deficient maize mutant vp5, water stress did not induce
H,0, accumulation, suggesting a physiological significance of the upregulation of
antioxidant enzymes in ABA-dependent drought response of maize.

As we will discuss in gibberellin-induced aleurone cell death in the following
section, ABA prevents the downregulation of the antioxidation system in aleurone
cells (Sect. 2.5). Those results imply the common function of ABA to induce the
upregulation of antioxidant enzymes in several aspects of ABA responses.

3 Methyl Jasmonate, Salicylic Acid, and Ethylene

3.1 Methyl Jasmonate and Jasmonate

Methyl jasmonate (MeJA) is a volatile plant hormone that mediates various plant
defense responses (Liechti and Farmer 2002; Turner et al. 2002). Signal interaction
between MeJA and ABA is discussed in Sect. 2.4.1. The interactions of jasmonate
(JA), a MeJA-relating hormone, and SA and ethylene signaling are discussed in
Sects. 2.3.2 and 2.3.3.

JA induces H,O, accumulation and cell death at very high concentrations (>50
uM). At lower concentrations, JA induces PR-proteins expression and nitric oxide
(NO) generation. Low concentrations of JA apparently do not induce ROS.
JA-induced NO production counteracts the SA response. The physiological signifi-
cance of JA-induced ROS production and its role in signal integration is still
controversial.

3.2 Salicylic Acid

3.2.1 Systemic Acquired Resistance

Salicylic acid (SA) induces systemic acquired resistance (SAR) and hypersensitive
response cell death in response to pathogen attack (Loake and Grant 2007). H,O, was
suggested to be a second messenger of SA in SAR induction (Chen and Klessig 1991;
Chen et al. 1993a, b). In tobacco, the SA-binding protein was identified as catalase
(Chen et al. 1993a, b). SA inhibited catalase activity in vitro and induced H,O, gen-
eration in tobacco tissue (Chen et al. 1993b). H,O, induced the expression of patho-
genesis-related (PR) proteins that is a consequence of SAR (Chen et al. 1993b). These
observations led to the hypothesis, that H,O, accumulation is a second messenger
for induction of SAR. Later reports disagreed with this hypothesis, showing
that H,O, was not accumulated during the induction of SAR in TMV-infected
tobacco (Neuenschwander et al. 1995; Ryals et al. 1995). The expression of
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bacterial salicylate hydroxylase, which artificially cancels SA accumulation in the
tissue, demonstrated that the HZOZ-induced PR protein accumulation is SA-dependent,
suggesting thatSA actsdownstream of H,0, generation (Bietal. 1995; Neuenschwander
et al. 1995). The inhibition of catalase activity in the tissue after a challenge of pathogen
was not observed (Bi et al. 1995; Summermatter et al. 1995).

3.2.2 SA-induced Cell Death

Significant numbers of studies have shown that SA induces ROS in plants (Chen et
al. 1993b; Rao et al. 2000). SA induces oxidative damage, such as lipid peroxidation
and protein oxidation (Rao et al. 1997), and the expression of the glutathione
S-transferase gene at relatively low concentration (Chen and Singh 1999). At relatively
high concentration, SA induces SOD gene expression and represses CAT, APX, and
POX genes expression (Rao et al. 1997), suggesting the involvement of SA in
reduction/oxidation regulation of the cells under biotic stressed conditions. As
discussed above, SA induces a HZO2 increase, and meanwhile HZO2 induces
SA accumulation. To understand the relationship of the H,O -induced rise of the
SA concentration and the SA-induced elevation of H,O, concentration in cell
signaling, further investigations are necessary.

The elevation of the ROS level is hypothesized to be an executor of the PCD in
gibberellin (GA)-response of aleurone cells. High concentrations of SA induce
hyper-responsive cell death and antioxidant enzyme downregulation similar to GA
(Delaney et al. 1994). Hypothetically, suppression of antioxidant gene expression
by SA can act as the cell death executor as well as GA. Future comparative studies
of hormone-induced cell death will shed light on a common function and mecha-
nism of downregulation of antioxidant genes.

3.2.3 Similarity of Mechanisms of ROS Accumulation by SA and Auxin

It was demonstrated that SA-induced Ca** elevation involves ROS production in
tobacco suspension culture (Kawano and Muto 2000). SA induces stomatal closure
to prevent pathogen invasion through the aperture (Manthe et al. 1992; Lee 1998;
Mori et al. 2001). Mori et al. (2001) demonstrated that ROS scavengers, catalase
and Tiron, and a peroxidase inhibitor, salicylhydroxamic acid, inhibited SA-induced
stomatal closure suggesting possible involvement of the POX-mediated SA signal-
ing model in stomatal closure. Interaction of cell wall-associated POX-mediated
and NOX-mediated ROS generation in stomata is discussed in Sect. 2.4.2.

SA radical, that is formed by reaction of SA with the compound II reaction
intermediate of peroxidase, spontaneously reacts with O, resulting in O~ produc-
tion (Durner and Klessig 1995; Rao et al. 1997; Kawano 2003). The involvement
of compound II suggests that SA is oxidized by H,0,, but not by O,. Contrary to
SA, IAAis oxidized by O, to produce O,*~ (Nakajima and Yamazaki 1979; Savitsky
et al. 1999). Those two proposed hormone-induced O,*~ production systems likely
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use cell wall-associated POXs, indicating partly shared signal pathways by the two
hormones. It should be noticed that both SA and IAA signal cannot be explained
solely by ROS production. There might be parallel signal paths. To clarify the
mechanism of SA-induced ROS accumulation may need further investigation, since
some other mechanisms might function in the process, such as downregulation of
scavenger enzymes, direct inhibition of CAT and POX at very high concentrations,
and NOX-mediated mechanisms.

3.3 Ethylene

Ethylene is a gaseous plant hormone that is involved in many important physiological
processes including stress-induced programmed cell death. Roles of ROS in
hormone-induced cell death processes were mentioned in Sects. 2.3.2 and 2.5 in
respect to SA and GA, respectively. Relationship of ethylene and programmed cell
death (PCD) has been well studied, but the detailed function of ROS in the ethylene-
induced PCD is relatively unclear. Ethylene and ROS are reported to coregulate
PCD (Overmyer et al. 2000; Rao et al. 2002). Overmyer et al. (2000) showed that
ozone treatment induced the formation of lesions, expression of ethylene synthesiz-
ing enzyme and an increment of ethylene concentration. Further, application of the
precursor of ethylene, 1-aminocyclopropane-1-carboxylic acid (ACC), enhanced
ozone-induced cell damage. ACC did not apparently enhance the damage in the
ethylene insensitive mutant, ein2. The ROS generation mechanism is suggested to
be NOX according to the observation of the partial inhibition by DPI on ozone-
induced lesion formation. As discussed in Sect. 2.4.1, the sole result of DPI is not
enough to predict a ROS generation mechanism. A function for mitochondria in the
ROS-dependent PCD process was also suggested (Lam et al. 2001).

Jasmonic acid (JA) is known to halt expansion of ethylene-induced PCD lesion
(containment of lesion) (Overmyer et al. 2003). JA also shows antagonistic action to
SA-induced ROS-dependent cell death through NO production. In aleurone cell,
ABA counteracts GA-induced PCD (Fath et al. 2002). While signaling mechanisms
of ROS induction and PCD in ethylene are not fully understood, analogy to cell death
in SA and GA responses suggests a relationship between the downregulation of anti-
oxidant gene expression and the counteraction of NO in ethylene-induced PCD.

4 Hormone Signal Integration in Guard Cells

4.1 Signal Integration in Guard Cells, Methyl Jasmonate,
and Abscisic Acid

It has been reported that cytosolic free Ca** concentration ([Caz*]cy[), nitric oxide
(NO) and reactive oxygen species (ROS) function as second messengers in

ABA-induced stomatal closure. ABA induces repetitive elevation of [Ca2*]m in
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guard cells (McAinsh et al. 1996; Allen et al. 1999). Ca** is mobilized from extra-
cellular space via plasma membrane Ca’*-permeable channels and internal Ca*
storage (Schroeder and Hagiwara 1990; McAinsh et al. 1996; Pei et al. 2000).

Genetic and pharmacological approaches revealed that ABA induces an
increase of ROS produced by plasma membrane NOX (Pei et al. 2000; Murata et
al. 2001; Kwak et al. 2003). NOX produce O,*", most likely in extracellular space
(Sumimoto 2008; see Chap. 1). Observation using a membrane-permeable H,O,-
sensitive fluorescent indicator, HZDCF-DA, showed that guard cells accumulate
intracellular HZO2 in response to ABA (Pei et al. 2000; Zhang et al. 2001),
suggesting successive production of H,0O, after NOX-mediated O,*~ generation.
Since O,*~ and its protonated form, HO,e readily react with lipids and proteins,
O,*” and HO,* may not enter the cell through the plasma membrane. H,O, might
be formed extracellularly from O, and enter into the cell probably through
aquaporins (Henzler and Steudle 2000; Bienert et al. 2007), to increase the HZO2
level in the cytosol of guard cells.

A whole-cell patch-clamp experiment demonstrated that application of H,0,
activated plasma membrane Ca’-permeable channels in guard cell protoplasts of
Vicia faba and Arabidopsis, which suggests a tandem interaction of two second
messengers, ROS and [Caz*]cy[ elevations in ABA signaling (Pei et al. 2000; Kohler
et al. 2003). However, it is not yet clear if other ROS, Ozf, and/or OHe are involved
in the activation of Ca**-permeable channels of guard cells. Two molecules of O,
and/or its protonated form, HO,s, react to form H,O, and O, spontaneously or
enzymatically via superoxide dismutase (SOD). The Haber—Weiss—Fenton reaction
produces OHe from H,0O,. Thus, the actual chemical species among ROS that acti-
vate the Ca** channels is still controversial.

It might be noticed that OHe activates similar plasma membrane Ca**-permeable
channels in the elongation zone of Arabidopsis roots (Demidchik et al. 2003).
Interestingly, it is suggested that two distinguishable Ca**-permeable channels,
which were activated by either OHe or H,O,, coexist in the epidermis of the root
elongation zone (Demidchik et al. 2007). The similarity of Ca*" channels in tip
growth of root hair, germination of algal spore, cell elongation of root, and turgor
regulation of guard cells is discussed elsewhere (Mori and Schroeder 2004). On the
other hand, OHe immediately reacts with target molecules in the proximity of the
production site and thus is rather a reaction intermediate than signal transducer, as
discussed by Mori and Schroeder (2004). The ABA-insensitive Arabidopsis
mutants, gca2 and abi2-1, exhibited impairment of ROS activation of the plasma
membrane Ca**-permeable channels (Pei et al. 2000; Murata et al. 2001), providing
genetic evidence for a central role of the activation of the Ca? channels in ROS-
dependent ABA signaling in guard cells (Fig. 2).

Methyl jasmonate (MeJA) induces stomatal closure mediated by ROS-dependent
signaling pathway as well as ABA (Gehring et al. 1997; Suhita et al. 2003, 2004).
MelJA is a derivative of jasmonic acid (JA), which is involved in plant growth, devel-
opment, and defense, and is accumulated in plant when it is exposed to wounding,
pathogen infection, water deficit (Creelman and Mullet 1997), and ozone exposure
(Rao et al. 2000). MeJA and ABA signal pathways are transduced separately
upstream of ROS generation and become integrated at the level of ROS generation
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Fig. 2 Possible signal transduction networks for stomatal closure induced by ABA, MeJA, SA,
and elicitors. ABA and MeJA increase the ROS level in guard cells via NAD(P)H oxidase (NOX)
pathway that was preceded with cytoplasmic alkalization. Peptide elicitor also increases ROS level
through NAD(P)H oxidase pathway. The upstream of cytoplasmic alkalinization is distinguishable
in abil-1, ostl-2, coil, and jarl-1 mutants. NOX, which function in ABA, MeJA, and peptide
elicitor in guard cells were identified by the inhibitor, diphenylene iodinium (DPI), and loss-of-
function mutant of atrbohD and atrbohF. Contrary to the NOX pathway, salicylic acid (SA) and
chitosaccharide signal are transduced via cell wall peroxidase pathway that is inhibited by a per-
oxidase inhibitor, salicyl hydroxamate (SHAM). The following signaling pathway, hypothetically,
shares ROS generation, plasma membrane Ca**-permeable channel activation, and control of a
series of ion transporters that contribute to turgor and stomatal aperture regulation

in the pathway (Fig. 2). MeJA, like ABA, induce the signal path in guard cells,
including elevation of ROS, activation of plasma membrane Ca**-permeable channels,
activation of S-type anion channels, and stomatal closure. Recent studies showed
that activation of the plasma membrane Ca®*-permeable channels and S-type anion
chanenls by MeJA treatment of patched protoplast was mediated by ROS generation
(Suhita et al. 2004; Munemasa et al. 2007). The jasmonate insensitive Arabidopsis
mutants, jarl-1 (Suhita et al. 2004) and coil (Munemasa et al. 2007) lack the ability
to close stomata in response to MeJA, whereas these mutants possess responsiveness
to ABA. Elevation of ROS, activation of plasma membrane Ca?*-permeable and
S-type anion channels induced by MeJA were not observed in coil mutant
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(Munemasa et al. 2007). Meanwhile, MeJA did not increase ROS levels in jarl-1
guard cells (Suhita et al. 2004). On the other hand, ost/-2 guard cells are responsive
to MeJA in stomatal closure and ROS accumulation, but insensitive to ABA (Suhita
et al. 2004). These observations indicate a function of ROS production in MeJA
signaling like that in ABA signaling (Fig. 2).

It was shown that ABA- and MeJA-induced ROS generation in guard cells were
catalyzed by NOX (Kwak et al. 2003). There are 6-10 genes encoding the NOX
catalytic subunit in the Arabidopsis genome. Among those genes, the double gene
disruption mutant of atrbohD and atrbohF demonstrated impairment of ABA-
induced stomatal closure and plasma membrane Ca**-permeable channel activation
(Kwak et al. 2003). Elevation of ROS level induced by ABA in guard cells was also
impaired in the atrbohD atrbohF double mutant. It was shown that MeJA-induced
ROS elevation in guard cells was also impaired in the atrbohD atrbohF double
mutant, indicating that signaling pathways of two hormones share the ROS produc-
tion and the downstream process, and signals are integrated upstream of ROS
generation (Suhita et al. 2004; Saito et al. 2008) (Fig. 2).

4.2 ROS Signal in Other Stimuli in Guard Cells

ROS generation is reported to mediate many stomatal closing signals. In guard cells
of tomato and Commelina, oligogalacturonic acid and chitosan, which function as
an elicitor, induce ROS accumulation and stomatal closure (Lee et al. 1999).
Salicylic acid also induces extracellular generation of O,*” leading to stomatal clo-
sure (Mori et al. 2001). Kliisener et al. (2002) demonstrated that ROS activation of
the plasma membrane Ca?*-permeable channels is involved in elicitor-induced sto-
matal closure as well as in ABA and MeJA.

5 Gibberellin and Abscisic Acid in Seed Gemination

Many plant hormones such as auxin, gibberellin (GA), cytokinin, and brasinolide
regulate elongation and division of plant cells, hence determine architecture of
plants. Involvement of ROS in auxin signaling has already been mentioned above
(Sect. 2.1). In this section, ROS production in GA response is described.
Historically, GA was found to function in internodal elongation. Gibberellin was
initially isolated and identified as the toxin that caused “Bakanae” (foolish seed-
ling) disease of rice (Tamura 1990). Infection of Bakanae fungus, Gibberella
fujikuroi, renders overdose of GA resulting in excessive internode elongation, pale
yellow leaves, and low crop yield. However, as far as we know, a function for ROS
in the GA-induced internodal elongation has not been demonstrated. This section
focuses on GA-induced seed germination and counteraction of ABA.
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5.1 ROS Production in Programmed Cell Death of Aleurone
Cells

In response to GA, aleurone cells execute programmed cell death (PCD) following
the excretion of amylases and proteases for providing necessary energy source and
nutrients to the germinating embryos in cereal seeds. PCD of aleurone cells during
germination is not specific to cereal seeds, but common in monocotyledons and
dicotyledons (Fath et al. 2001; Bethke et al. 2007). It should be noted that induc-
tion of amylase secretion from aleurone cells is not regulated by ROS generation,
but by PCD.

ROS are thought to function as cell death executers during germination (Fath et al.
2002). Fath et al. (2002) demonstrated that GA downregulates catalase (CAT), ascor-
bate peroxidase (APX), and superoxide dismutase (SOD) gene expression, resulting
in elevation of ROS level leading to PCD of aleurone cells. In other words, moder-
ately high levels of CAT, APX, and SOD maintain the ROS level not so high as to
initiate PCD. However, once GA initiates suppression of gene expression of antioxi-
dant enzymes, ROS level in tissue increases and in turn oxidizes proteins, DNA, and
lipids, and ends up with cell death. A study using chemical ROS scavengers, ROS
generated in the embryo and seed coat of radish was reported to consist of, at least,
O,*, H,0,, and OHe (Schopfer 2001; Schopfer et al. 2002). Fath et al. (2002) hypoth-
esized that beta-oxidation in the glyoxysome is a major ROS source in barley aleu-
rone cells. On the other hand, Schopfer et al. (2001) based on pharmacological
evidence suggested a model consisting of a cascade of two mechanisms of ROS
metabolism, i.e., plasma membrane-associated NOX and cell wall-POX.

5.2 Antagonistic Action of Abscisic and Nitric Oxide Against
Gibberellic Acid

Antagonistic to GA, ABA sustains the level of CAT, APX, and SOD in aleurone
cells and, hence, prevents or delays PCD (Fath et al. 2002). The detail of signal
transduction process of ABA in aleurone cells is not well understood. Thus, the
signaling pathway, which leads to cancellation of GA-induced gene suppression by
ABA is unrevealed. ABA and GA signals may not be integrated at the level of
second messengers, but rather at the level of gene expression in ROS metabolism-
relating (antioxidant) enzymes. In the previous Sect. 2.5.1, we mentioned possible
candidates of ROS source in GA signaling in aleurone cells. Two models have been
proposed for the ROS accumulation in germinating seeds, i.e., downregulation of
scavenging enzymes and the cascade of NOX/peroxidase (Schopfer 2001; Fath
et al. 2002). Both mechanisms might contribute to the ROS accumulation process.
The contribution ratio can be variable species to species.

Nitric oxide (NO) also functions to counteract GA in PCD of aleurone cells
(Beligni et al. 2002; Bethke et al. 2007). In guard cells, ABA induces NO production
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that precedes stomatal closure (Desikan et al. 2002; Bright et al. 2006; Munemasa
et al. 2007). In analogy between aleurone cells and guard cells, one can hypoth-
esize that ABA induces NO accumulation during suppression of the GA-induced
PCD by ABA. However, the NO induction by ABA in aleurone cells has not been
demonstrated. NO and ABA might regulate GA action independently.

A series of studies by Jones and colleagues suggests that an interaction between
ABA and GA occurs at least through gene expression of CAT, APX, and SOD in
the process of PCD of alleurone cells (Fath et al. 2001, 2002; Beligni et al. 2002;
Bethke et al. 2007). Apparent evidence suggested that amylase excretion from
aleurone cells is inhibited by ABA as well as by PCD, but not by NO (Beligni et al.
2002; Bethke et al. 2007). This indicates that NO is not an adequate factor in ABA
signaling in aleurone cells, unlike guard cells.

6 Cytokinin
6.1 Oxidative Degradation of Cytokinine

Cytokinins function in many aspects in plant development; however, the ROS gen-
eration in response to cytokinin and the involvement of ROS in cytokinin signaling
has not been well assessed. Here, we briefly review the degradation of cytokinin by
O, and O,.

Intracellular signaling processes play a central role in signal integration of plant
hormones. Besides cellular signaling, hormone signal network can also be achieved
indirectly through catabolism of plant hormones. Oxidative degradation of cytoki-
nin occurs by reaction with either molecular oxygen (O,) or O,*". It was reported
that endogenous zeatin riboside was oxidized to form adenine by spontaneous reaction
with O,*” in soybean seeds (Gidrol et al. 1994). Cytokinins are also enzymatically
catabolized by the dual functional cytokinin oxidase/dehydrogenase reacting with
O,, not with O,*~ (Kopecny et al. 2005). ABA and MeJA are reported to induce the
generation of O~ catalyzed by NOX in guard cells (Kwak et al. 2003; Suhita et al.
2004). SA is also reported to elicit production of O, catalyzed by cell wall POX.
Upon a pathogen-response, SA induces a two-phase ROS generation. The latter
ROS generation is associated with hyperresponse leading to necrotic cell death
(Delaney et al. 1994). Gidrol et al. (1994) suggested that environmental stresses
induce ROS accumulation and in turn degrade cytokinin in seed tissue. ABA,
MelJA, and SA, as well as other ROS-inducing stimuli, might hypothetically down-
regulate cytokinin signal via the O,*"-mediated degradation mechanism. Interaction
of ABA/MeJA/SA and cytokinin through ROS in a single cell type is yet to be
examined to elucidate the function of ROS in cytokinin, and interaction between
cytokinin and other hormone signals. As mentioned in the previous section, IAA
also generates ROS via a POX-catalyzed mechanism. Cytokinin and auxin counter-
act in lateral root formation. However, it remains unclear that interaction of auxin and
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cytokinin via degradation of cytokinin with ROS evoked by IAA. The involvement
of ROS generation in lateral root formation that depends on auxin function is still
unclear.

7 Conclusion

The importance of ROS accumulation signals in hormone response is unambiguous.
The involvement of ROS accumulation in hormone signal integration is highly fea-
sible. However, solid evidence of the signal integration process is still lacking. It is
shown that methyl jasmonate (MeJA) and abscisic acid (ABA) signaling pathways
use the same NOX for ROS production in Arabidopsis guard cells. Studies using
some hormone insensitive mutants revealed that MeJA and ABA signaling share
signal events downstream of ROS production. Salicylic acid, ethylene, and gibberel-
lin induce ROS accumulation that is associated with cell death, in which downregu-
lation of antioxidant enzyme expression may be involved. Auxin and salicylic acid
induce ROS accumulation through cell wall peroxidases. Auxin-induced ROS pro-
duction leads to cell wall loosening. SA induces cell death and stomatal closure, and
probably boosts PR-protein induction. No evidence has yet been shown concerning
possible roles of ROS in brassinolide signaling. The existence of intracellular ROS
receptors in hormone signaling is still unclear. The identification of ROS receptors
would further clarify the role of ROS generation in hormone signal integration.
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Reactive Oxygen Species in Growth
and Development

Elizabeth Bell, Seiji Takeda, and Liam Dolan

Abstract The spatial control of cell growth is a central process in plant development.
Reactive oxygen species (ROS) are important regulators of cell and organ growth
and are thought to operate by controlling the extensibility of the cell wall and
modulating intracellular signalling processes. By increasing elasticity of the wall
they promote growth, and by cross-linking polymers they increase rigidity and
repress growth. ROS produced by NADPH oxidase proteins are also important
regulators of tip growth in root hairs and pollen tubes, where they not only control
wall rigidity but also control cell signalling events involving calcium and MAP
kinases cascades. Models for the roles of ROS in the control of cell growth during
development have been proposed and are reviewed here.

1 Introduction

Reactive oxygen species (ROS) have a signalling role during plant development,
and play an important function in the regulation growth through their various
effects on cell wall elasticity. While their signalling roles in a variety of biological
processes, such as the response to pathogen attack, have been well documented,
their role in development is less well understood. In this chapter, we will describe
the developmental processes in which ROS have been implicated. As the best
characterised developmental role for ROS is in the regulation of polarised
growth of root hairs and pollen tubes, the major focus of this review will be the role
of ROS in tip growth.
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2 ROS are Involved in Polarised Cell Growth

During the development of plants, the growth of cells is polarised; more growth
occurs on some surfaces of the cell than others. For example, the expansion of an
elongating cell in the cortex of a stem or root is said to be polar because more
expansion occurs along its sides than at its ends. Furthermore, the polarity of a cell
may change during development. For example, the early stages of Arabidopsis
trichome (leaf hair) development involve the elongation of a spike-like cellular
projection by an extremely polarised form of growth. Once this axis reaches a certain
length, new sites of expansion are initiated which form branches. The initiation of
these new axes of polarity in the trichome can be considered to be symmetry break-
ing events, where the original polarity of growth is changed to another. In this sec-
tion, we will review the role of ROS in the control of polar growth in root hair cells
and pollen tubes, in which growth takes place at a single site in the cell. While these
are extreme examples of cell polarity, it is likely that the general principles control-
ling the polarity of growth are the same for all cells.

2.1 Tip Growing Cells Accumulate ROS at the Tip

Root hairs and pollen tubes grow by a highly polarised form of cell expansion
called tip growth, where new growth occurs at a single site within the cell. Root
hairs are long tubular projections that emerge from the surface epidermal cells of
the root and increase the surface area of the root for nutrient and water uptake.
They also help to anchor the plant in the soil (Fig. 1). Hair growth is sensitive to
environmental conditions such as nutrient availability (reviewed in Lépez-Bucio
et al. 2003). Pollen tubes are also long tubular projections, but grow from germi-
nated pollen grains and transport the male gametophyte from the surface of the
stigma where the pollen germinates to the female gametophyte where fertilisation
occurs.

Root hairs and pollen tubes produce ROS at the growing tip, and these ROS
have been shown to be necessary for growth (Foreman et al. 2003; Potocky et al.
2007). The root hairs of the root hair defective 2 (rhd2) mutant of Arabidopsis do
not accumulate ROS at the hair tip and fail to develop past the initiation stage (Fig.
1). The small root hair bulges that do form burst more readily than wild-type root
hairs, and interestingly are phenocopied by treatment of wild-type root hairs with
ROS scavengers (Dunand et al. 2007; Jones et al. 2007; Macpherson et al. 2008).
This suggests that the cell walls of the rhd2 mutant are altered in structure and
unable to resist turgor pressure once hair initiation has occurred. Furthermore, it has
also been shown that root hair ROS accumulation oscillates during growth, and that
this is accompanied by oscillations in pH and growth rate (Monshausen et al. 2007).
Together, these observations indicate that ROS are required for root hair
development.
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Fig. 1 Arabidopsis root hairs. (a) Wild-type and (b) rhd2 mutant (Scale bars, 200 pm)

2.2 ROS are Produced by RBOH Proteins

RHD?2 encodes an Arabidopsis thaliana respiratory burst oxidase homolog
(AtrbohC) that is essential for root hair tip growth (Foreman et al. 2003). Members
of this family of plasma membrane NADPH oxidases (NOX) (plant NADPH oxi-
dases are called RBOH for respiratory burst oxidase homologues) are similar to
gp91Px the glycosylated transmembrane subunit of the mammalian NOX cyto-
chrome (Torres et al. 1998; see Chap. 1). NOX proteins oxidise NADPH, and
transfer electrons to the apoplastic space where they are donated to oxygen mole-
cules to form superoxide (O,*7). O,*7is the source from which other ROS such as
H,0, and OHe are derived (reviewed in Bedard et al. 2007; see Chap. 1).

Plant RBOH proteins consist of two cytosolic domains connected by six
transmembrane domains. The amino-terminal domains contain two Ca®*-binding
EF hand motifs, and multiple putative phosphorylation sites (Nuhse et al. 2004;
Kobayashi et al. 2007). The carboxy-terminal domain consists of FAD- and
NADPH-binding catalytic domains (Fig. 2). The Arabidopsis genome encodes ten
RBOH genes (AtrbohA-J). Unlike the mammalian homologues, plant RBOH contain
a 300 amino acid N-terminal extension that includes two putative EF hands (Keller
et al. 1998; Torres et al. 1998; see Chap. 1). This suggests that calcium may be an
important regulator of RHD2/AtrbohC activity during root hair growth.
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Fig. 2 Predicted structure of RBOH protein. RBOH proteins consist of a cytosolic amino-terminal
region including Ca®*-binding EF hand motifs and phosphorylation sites, six transmembrane
including two heme (Fe) groups and catalytic carboxy-terminal domain containing FAD- and
NADPH-binding domains. RBOH proteins generate superoxide outside the cell from molecular
oxygen by transferring an electron from the oxidation of NADPH inside the cell (see Chap. 1).

2.3 RHD2/AtrbohC is Regulated by Calcium
and Phosphorylation

Recent findings with RBOH proteins involved in the responses to plant pathogens
have uncovered how RBOH proteins are activated to produce ROS. Potato StrbohB
is directly phosphorylated in a Ca**-dependent manner by StCDPK4 and StCDPK5
calcium-dependent protein kinases (Kobayashi et al. 2007). AtrbohD, a RBOH
protein in Arabidopsis thaliana, has been shown to undergo a conformational
change upon Ca?* binding and phosphorylation of its amino-terminal domains,
triggering an increase in ROS production (Ogasawara et al. 2008). It has also been
shown that the rice small GTPase OsRacl directly binds to the amino-terminus of
a rice RBOH protein in a calcium-dependent manner and triggers a stimulation of
ROS production (Wong et al. 2007).

RHD?2 has also been found to be regulated by calcium. Point mutations in the
EF-hand motifs resulted in root hair growth defects, and phoshorylation sites within
RHD2 have shown to be directly phosphorylated in a Ca®* dependent manner. Point
mutations within the phosphophorylation sites or the EF-hands also disrupted ROS
production in vitro (Takeda et al. 2008). These data suggest that RHD2 ROS
production is controlled positively by direct binding of Ca* to the EF-hand motifs
and Ca*-dependent phosphorylation (which may be mediated by Ca®*-dependent
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protein kinases). This dual regulation mechanism suggests that the control of RHD2
activity is a complex process and responds to a variety of internal and external stimuli.

ROS are known to stimulate the activity of the hyperpolarisation-activated
calcium channels (HACCs) and induce the Ca?* flux from outside the cell into the
cytosol (Very and Davies 2000), generating the tip-focussed Ca?* gradient that is
essential for root hair tip growth (Wymer et al. 1997). Recently, depolarisation-
activated calcium channels (DACC) have also been characterised at the apex of root
hairs and are thought to increase the voltage range for Ca*" uptake by root hairs
(Miedema et al. 2008). The tip-focussed Ca** gradient is disrupted in the rhd2
mutant and exogenous application of OHe has been found to increase cytoplasmic
Ca? accumulation (Foreman et al. 2003), suggesting that RHD2-derived ROS may
activate calcium channels at the hair tip causing influx of the Ca?* into the cell and
the generation of a tip-high Ca?* gradient.

Based on these findings, it seems logical that RHD2, ROS, and Ca** work in
concert to establish a positive feedback mechanism at the tip of growing hairs
that serves to maintain tip growth (Fig. 3). At the tip, RHD2 enzymatic activity is
regulated by Ca*-binding and direct phosphorylation to control O,* production.
The resulting O,*” can then be converted into other ROS that may loosen the wall

Cellwall
modification

RHD2/AtrbohC

Fig. 3 A positive feedback mechanism at the root hair apex maintains tip growth. RHD2/
AtrbohC, ROS and Ca** generate a positive feedback loop which maintains growth at the root hair
tip. RHD2/AtrbohC produces ROS outside a cell, which in turn activates calcium channels on the
plasma membrane to induce Ca* influx into the cell. Ca** directly binds the EF-hand motif of
RHD?2 to activate the ROS production. RHD2/AtrbohC is also activated by Ca**-dependent
phosphorylation, which may be controlled by Ca*-dependent protein kinase (CDPK). This
feedback loop is restricted to the hair tip by the control of RHD2 localisation and maintains the
local growth to the hair tip.
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at the tip (see below), allowing rapid growth, and activate the calcium channels
at the tip. This influx of Ca®* in turn may further activate RHD2 to produce more
ROS at the tip. This positive feedback regulation together with control of RHD2
spatial localisation to the tip (see below) may be the central system to maintain
the growth at the tip. It remains to be established how this positive feedback
mechanism is negatively regulated.

Pollen specific NOX genes have been identified in Nicotiana (NtNOX) and
Arabidopsis (AtrbohJ and AtrbohH), and phylogenetic analysis suggests that they
form a distinct sub-family of NOX genes (Potocky et al. 2007). Transfection of
Nicotiana pollen tubes with antisense NtNOX oligonucleotides inhibits pollen tube
growth and decreases ROS accumulation at the pollen tube tip (Potocky et al.
2007). As pollen tubes and root hairs both develop tip-high Ca** gradients and
accumulate ROS at their tips, it is likely that similar positive feedback mechanisms
of NOX regulation exist both cell types.

2.4 RHD?2 Protein Accumulates at the Site
of ROS Production and Growth

Consistent with its role in promoting cell growth, the RHD2 gene is expressed in
all epidermal cells of the elongation zone of the root, but becomes restricted to the
trichoblasts before hair outgrowth occurs. RHD?2 expression ceases around the time
root hair growth stops; no transcripts (or protein) are found in non-growing older root
hairs. It can be concluded therefore that RHD2 is expressed in growing cells, and its
expression in hair cells is required for cell elongation. Expression of RHD2 has also
been shown to be upregulated by potassium, nitrogen and phosphorous deficiency (Shin
et al. 2005). Since these environmental factors modulate root hair growth, it suggests
that this environmental control may involve the regulation of RHD2 transcription.

During wild-type root hair development, ROS accumulates at the site of growth.
This suggests that the sites of ROS accumulation determine the places in the cell
where growth occurs. Consistent with this view is the observation that exogenous
application of OHe to rhd2 mutant root hairs results in the formation of a spherical
outgrowth which lacks polarity (Foreman et al. 2003). Restriction of ROS production
to the tip of the root hair may, therefore, account for the spatial restriction of growth
during wild-type root hair development. If localisation of ROS production
determines where growth occurs in root hairs, we would predict that the ROS
generating enzyme might be located at these growth sites. Transgenic plants
expressing green fluorescent protein (GFP)-tagged RHD2 protein showed that
RHD? is indeed restricted to the tip of elongating hairs (Takeda et al. 2008). RHD2
protein remains at the hair tip until elongation ceases.

RHD?2, like other plant RBOH proteins, has six predicted trans-membrane
domains, and RHD2 membrane-localisation has also been shown to be dependent
on endomembrane vesicle trafficking which is disrupted by the inhibitor brefeldin
A (BFA) (Nebenfuhr et al. 2002). RHD?2 is, therefore, located at the root hair tip,
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and this localisation is dependent on the activity of vesicle trafficking in the
endomembrane system.

A further mechanism controlling spatial distribution of ROS within a root hair
cell has been suggested from analysis of the Arabidopsis suprecentipedel (scnl)
mutant. The scn/ mutant root produces multiple bulges within one root hair cell.
In these cells, Ozf was found to accumulate at the sites of these ectopic bulges, and
the rhd2 mutation was shown to suppress the formation of these multiple bulges
(Carol et al. 2005). This suggests that ectopic RHD2 activity is required for the
formation of these extra growth bulges in the scnl/ mutant. This is supported by
the observation that GFP:RHD2 was found in these ectopic root hair bulges in the
scnl mutant (Takeda et al. 2008). These data suggest that SCN1 controls the spatial
localisation of RHD?2, and thus the sites at which ROS accumulates during root hair
tip growth. SCNI encodes a Rho GTPase dissociation inhibitor (RhoGDI). Rho
GTPase dissociation inhibitors inactivate Rho GTPases by maintaining them in
their GDP-bound inactivate state (Carol et al. 2005). The Arabidopsis genome
encodes 11 such Rho GTPases which are called ROP (Rho in plants) GTPases in
plants (Yang 2002). Over-expression of ROP2 results in the development of defective
branching root hairs, confirming a role for a RhoGDI-ROP interaction in the
control of hair growth (Jones et al. 2002). Furthermore, ROP2 has been found to
localise to the tip of growing hairs and this localisation is aberrant in the scnl
mutant background (Carol et al. 2005), suggesting that ROP2 localisation is
dependent of SCN1 function. Taken together, the localisation of RHD2 to the growing
tip of the root hair is dependent on Rho GDI-ROP signalling.

ROP proteins play a number of roles during cellular development including the
regulation of microfilament organisation. Actin microfilament orientation is disrupted
in the abnormal root hairs that result from ROP2 over-expression (Jones et al. 2002).
This suggests that one function of ROP GTPases is to organise microfilaments during
hair growth and that RHD2 localisation in the root hair cells is dependent on microfila-
ments. This view is supported by the observation that RHD?2 localisation is defective
in hairs in which microfilament organisation is disrupted (Takeda et al. 2008).

2.5 The Targets of ROS-Regulation in Polarised Growth
Have Not Been Identified

It is likely that ROS regulates many processes in the cell, and we are only beginning to
discover what these processes are. As mentioned above there is evidence that ROS
activate calcium channels in the tip of the root hair and these allow the influx of
calcium into the cytoplasm at the tip of the cell. This causes a tip-high calcium
gradient to form that is required for root hair growth. There is also evidence that
ROS controls other cellular processes.

RHD2-derived ROS may modify the structure or physical characteristics of the
root hair cell wall. ROS can in some instances cause strengthening through
cross-linking and in other cases causing weakening though the scission of cell wall
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hemicellulose polymers. For example OHe have been implicated in the cleavage of cell
wall polysaccharides (Fry 1998) and cell wall loosening in living tissues (Schopfer
2001; Liszkay et al. 2004). It has also been suggested that the ROS involved in cell
wall loosening are derived from NOX enzymes (Liszkay et al. 2003). In contrast, it
is generally accepted that cell expansion by cell wall loosening and turgor pressure
is followed by cell wall cross-linking and stiffening (Hohl et al. 1995). Cell wall
stiffening is attributed to H,0, in maize coleoptiles (Hohl et al. 1995) and in the
lignification of xylem vessels (Ros Barcel6 2005). Again, as different ROS can have
distinct roles in cell growth, it is important to regulate the spatial production of ROS
and to maintain a balance between different forms of ROS during cell growth.

It has been suggested that at least part of the rhd2 root hair phenotype results
from a cell wall defect (Monshausen et al. 2007; Macpherson et al. 2008). Around
30% of rhd2 mutant root hairs rupture at the transition between initiation and tip
growth. This lysis occurs rarely in wild-type. It is possible that a lack of ROS at the
root hair tips of rhd2 mutants causes a weakening of the cell wall. Similarly, it was
found that by increasing the pH of the growth media, rhd2-1 was able to form wild-type
root hairs, suggesting that lack of cell wall rigidity in rhd2 can be compensated for with
higher pH (Monshausen et al. 2007). Alternatively, the ROS may be acting to increase
the softening of the cell wall and protecting the root hairs against the hypo-osmotic
shock that causes the root hairs to burst. As different ROS have conflicting functions
in cell wall biochemistry, the balance between the different species may be critical.
As the higher pH was shown to restore the tip-focussed calcium gradient, the
phenotypic rescue could also be attributed to an activation of calcium channels.

It is likely that ROS produced at the tips of root hairs may control growth by
modulating a variety of signal transduction pathways. For example, the Arabidopsis
OXIDATIVE SIGNAL INDUCIBLE 1 (OXII) gene, which encodes a serine/threonine
protein kinase, is induced in response to exogenous ROS treatment. The oxi/ mutant
has slightly shorter root hairs than wild-type, suggesting that OXI1 is a target of
ROS that is important for root hair growth. OXI1 activates two Arabidopsis MAP
kinases (MPK3 and MPK®6) (Rentel et al. 2004), indicating that ROS modulates a
MAP kinase cascade that controls root hair growth.

By comparing the root transcriptome of wild-type and rhd2 mutants, a catalogue
of genes that may act downstream of RHD2 during root hair growth has been
identified (Jones et al. 2006). Although many of these genes may be involved in
root hair development independently of ROS, others might be the direct targets
of ROS-regulation during root hair growth. Detailed analysis of gene expression
in response to ROS in root hairs will be helpful in our understanding of the ROS
network during plant cell growth.

2.6 ROS in Diffuse Growth

Most plant cells expand by a form of polarised growth called diffuse or intercalary
growth. In diffuse growth, cell expansion takes place at all cell surfaces and
involves ROS production. Repression of RBOH enzymes in different plant species
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has suggested that the control of ROS production is important for diffuse growth.
Antisense experiments with RBOH in tomato suggested ROS are involved in
the growth of a variety of different cell types. Tomato lines with reduced RBOH
expression displayed leaf and flower abnormalities suggesting that there is a general
defect in the regulation of cell growth. Interestingly, the developmental defects
were accompanied by ectopic expression of homeotic MADS box genes (Sagi et al.
2004). The distribution of ROS in growing maize has suggested that ROS may have
functions in leaf growth and development. Higher concentrations of ROS were
detected in the expansion zone of the leaf, and leaf expansion was inhibited by
diphenyleneiodonium (DPI), suggesting a flavin-containing enzyme such as a NOX
enzyme could be responsible for the ROS production and growth (Rodriguez et al.
2002). Maize coleoptiles treated with auxin display accelerated elongation, and this
is accompanied by higher levels of ROS. Auxin-elicited elongation is reduced in the
DPI-treated coleoptiles, again suggesting the involvement of NOX enzymes
(Schopfer et al. 2002). These different observations together suggest that ROS is
involved in cell and organ growth during development.

3 ROS in Developmentally Programmed Cell Death

There is evidence that ROS play a role in the control of programmed cell death
(PCD) during development. PCD occurs at different times during the life of the
plant and is exemplified by the death of xylem vessel element cells during their
development. H,O, is produced on the plasma membrane of differentiating xylem
parenchyma cells where it diffuses to the lignifying xylem (Ros Barcelé 2005)
presumably before the final stages of PCD. The precise role of H,O, in the PCD
process remains to be determined. The aleurone layer is a secretory tissue in cereal
grains that undergoes a hormonally-regulated PCD following germination. The PCD
of barley aleurone cells has also been shown to involve ROS production (Bethke
and Jones 2001). PCD has been shown to play a role in embryogenesis (Filonova
et al. 2002), gametogenesis (Wang et al. 1999) and inhibition of incompatible pollen
on the stigma of self-incompatible plant species (Thomas and Franklin-Tong 2004).
While developmentally controlled PCD has been shown to involve ROS production,
the precise role of these species remains to be determined. It is possible that they
act in a similar fashion to those ROS that are involved in the PCD that occurs in
response to pathogen infection.

4 Concluding Remarks

The tight regulation of ROS production both spatially and temporally contributes
to the variety of cell and organ shapes in plants. NOX enzymes have been shown to
control localised production of ROS and, therefore, play an important role in polarised
cell growth. NOX activity is controlled by ROP GTPases, calcium ions and
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phosphorylation, and these are well-characterised signalling components in plant
responses to exogenous stimuli. It seems likely, therefore, that NOX activity could be
regulated in response to external signals from the environment. Understanding the role
of ROS in the growth of different cells types and during developmentally controlled
PCD will shed light on an important mechanism directing plant development.
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ROS Signalling in Stomata

Jasmine Pham and Radhika Desikan

Abstract ROS are now well established to act as signalling molecules in stomatal
guard cells. Generation of ROS occurs in guard cells via specific enzymes; the most
studied enzymatic source being the NADPH oxidase components RBOH, which
are involved in both abiotic and biotic stresses. Hormones such as abscisic acid,
salicylic acid, ethylene, auxin and cytokinin affect ROS-mediated responses in
stomata. Biotic stresses such as virulent bacteria and fungi are also known to affect
stomatal movements, and ROS are likely to play a role. Regulation of ROS production
and action also occurs at various levels, including antioxidant activities, as well as
ROS-sensitive proteins, such as kinases and phosphatases, which transduce ROS to
effect stomatal closure. Data are slowly emerging on ROS regulation of ion chan-
nels in stomata. A complex integration of signalling pathways mediated via ROS
makes guard cells an attractive tool to study ROS signal transduction.

1 Introduction

1.1 The Importance of Stomata

In order for photosynthesis to occur, access to CO, in the atmosphere is required.
This access is provided through stomata, pores that are formed between two guard
cells in the leaf epidermis, with opening and closure of the stomata controlled by
the turgidity of these two cells (Blatt 2000). The need to balance water loss via
transpiration with that of photosynthetic activity requires the ability to adjust sto-
matal apertures (i.e., open and close stomata) and to sense environmental changes.
This ability is afforded by the two highly specialised guard cells surrounding the
stomatal pore. The sensitivity of stomata to various stimuli, such as light, drought
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stress and pathogen attack, and the obvious detrimental effect that defects in sto-
mata would have on plant health indicate the importance of stomata to plant physi-
ology. The complexity of the signalling pathways/networks controlling stomatal
movements reflects the diversity of stimuli to which guard cells respond. This,
coupled with the easily quantifiable response of stomata to stimuli (i.e., changes in
stomatal aperture), has resulted in the popularity of guard cells as systems for
studying plant cell signalling (Schroeder et al. 2001).

Reactive oxygen species (ROS) are reactive molecules of oxygen resulting from
the incomplete reduction of molecular oxygen. They include superoxide, hydrogen
peroxide, singlet oxygen and hydroxyl radical; being the most stable, hydrogen perox-
ide (H,0,) is the most well-studied molecule. Although traditionally known as being
deleterious to living cells at high concentrations, it is well established now that ROS
at low levels within cells act as important second messengers mediating signalling and
defence responses to a number of stimuli. This has been extensively studied in various
plant systems over the last couple of decades (Apel and Hirt 2004). ROS are produced
by plant cells in response to a number of stimuli, including hormones, reduced water
availability, extreme temperatures, altered light quality, air pollutants and patho-
gens, as well as developmental signals such as gravitropism (Desikan et al. 2005b).
Guard cells therefore offer an attractive system to study sensing and integration of
various signals via ROS leading to a single response, stomatal closure. This focussed
chapter covers various situations where guard cells produce ROS leading to regulation
of stomatal movements, via multiple signalling pathways.

1.2 Mechanisms of Stomatal Opening and Closure

The mechanisms by which plants control stomatal apertures have been well studied,
involving the control of guard cell turgor and cellular volume, with increased guard
cell turgor leading to stomatal opening and decreased turgor leading to stomatal
closure. This control of stomatal aperture occurs through regulation of ion movements
across the guard cell plasma membrane. Stomatal opening is initiated by activation of
plasma membrane proton (H*)-pumps which extrude H*, causing hyperpolarisation of
the plasma membrane and extracellular acidification/ cytosolic alkalisation, leading
to uptake of K* (through inward-rectifying K* channels, K*, ) and CI- ions (Blatt
2000; Schroeder et al. 2001). This increase in ionic content consequently leads to
increased guard cell turgor and stomatal opening. In the case of stomatal closure,
plasma membrane H*-pumps are inhibited, and efflux of CI- ions driven by slow and
sustained (S)-type and rapid (R)-type anion channels activated by Ca?* causes mem-
brane depolarisation. This depolarisation inhibits K* and activates outward rectify-
ing K* channels (K*, ) leading to loss of guard cell turgor and stomatal closure (Blatt
2000; Schroeder et al. 2001). Ca* also plays a role in stomatal movements, and its
role in stomatal closure mediated by the plant hormone abscisic acid has been well
studied (Blatt 2000; Schroeder et al. 2001). How ROS will act on these components
to mediate opening and closing will be addressed later.
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2 Sources of ROS

There are several sources of ROS in plant cells, with constitutive levels being produced
through the normal metabolic processes occurring in chloroplasts, mitochondria
and peroxisomes (Neill et al. 2002; Desikan et al. 2005b). In addition to constitutive
levels of ROS, plants also possess enzymes which specifically produce ROS as
signalling molecules in response to stimuli. Such enzymes include NADPH oxidase
(NOX), a ROS generating enzyme which has been well studied.

Chloroplasts are known to produce ROS as a by-product of photosynthesis and
recently, it has been suggested that chloroplasts in guard cells may act as a source
of ROS for signalling purposes, since the photosynthetic capacity of guard cell
chloroplasts is thought to be minimal (Wang and Song 2008). In support of this,
ROS production in response to ozone (discussed in Sect. 4.3.2), is first seen in
guard cell chloroplasts which then triggers ROS production in the guard cell plasma
membrane by NOX (Joo et al. 2005).

In Arabidopsis, ten NOX subunit genes, AtrbohA-J (Arabidopsis respiratory
burst oxidase homologs), were identified as homologs of the mammalian NOX gene
gp917*, with each gene expressed in a tissue-specific manner (Torres et al. 1998;
Kwak et al. 2003; Sagi and Fluhr 2006). Of these ten genes, AtrbohD and AtrbohF
were found to be expressed in guard cells and have been shown to play key roles in
guard cell signalling (Kwak et al. 2003). AtrbohF was shown by Keller et al. (1998)
to be plasma membrane bound, and all the Atrboh sequences have plasma membrane
localisation motifs (Torres et al. 1998). AtrbohD and AtrbohF have since been
shown to be involved in plant defences against pathogen attack (Torres et al. 2002)
and hormone-regulated stomatal closure discussed later (Kwak et al. 2003).

In addition to NOX, peroxidases, xanthine oxidase, oxalate oxidase and amine
oxidase can also act as sources of ROS in plant cells (del Rio et al. 2002; Mittler
2002; Desikan et al. 2005b). Peroxidases are found in the cell wall and have been
implicated in SA-mediated stomatal closure (Mori et al. 2001) and ROS production
in response to pathogen challenge (Bolwell et al. 2002), although the identity of the
peroxidase substrate(s) remains elusive (Bolwell et al. 2002). Xanthine oxidase is
found in peroxisomes where they produce superoxide radicals and oxidise xanthine
and hypoxanthine to uric acid (del Rio et al. 2002).

Examples where different stimuli utilise these sources to generate ROS in
stomatal guard cells are detailed below.

3 ROS Production in Response to Stimuli

As ROS production is enhanced in response to many stresses, it is perhaps not
surprising to find evidence of ROS acting as ‘cellular indicators of stress’ as
integral signalling components in response to both abiotic and biotic stresses
(Mittler 2002).
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3.1 Involvement of ROS in Plant Hormone Signalling

McAinsh et al. (1996) were the first to show ROS cause stomatal closure and
inhibits stomatal opening in Commelina communis through increases in cytosolic
free calcium ([Caz"]cyl) levels. Whilst low concentrations of ROS induced reversible
effects in stomata via calcium, higher concentrations led to irreversible changes
independent of calcium, resulting in loss of membrane integrity and viability.
There have been no further reports on the effect of ROS on guard cell viability;
however, concentrations of ROS are technically very difficult to estimate accurately
and therefore a range of concentrations need to be used with every system testing
exogenous ROS effects.

As the plant hormone abscisic acid (ABA) plays a key role in controlling stomatal
movements during drought stress, much work has focused on ABA signalling in
guard cells. Pei et al. (2000) were the first to demonstrate that ABA induces H,O,
production in guard cells leading to stomatal closure. Kwak et al. (2003) further
showed that the two NOX subunit genes AtrbohD and AtrbohF are both involved in
ABA mediated stomatal closure. Although the atrbohD single mutant was not
affected, the atrbohD/F double mutant was more impaired in ABA-mediated
stomatal closure than the atrbohF single mutant, suggesting partial redundancy in
function. The atrbohD/F double mutant showed reduced stomatal closure and ROS
production in response to ABA, compared to wild-type plants. Exogenous application
of H,0, restored stomatal closure, thus linking ROS production by NOX to ABA-
mediated stomatal closure. H,O, produced by NOX has also been implicated in
ABA-mediated stomatal closure in Vicia faba, suggesting the ABA signalling pathway
is similar between different plant species (Zhang et al. 2001).

In addition to H,0,, nitric oxide (NO), another plant signalling molecule which
like H,0O, is involved in many signalling pathways in response to various stimuli, is
also involved in ABA-mediated stomatal closure and acts downstream of H,O,
(Bright et al 2006). Here, ABA-induced H,O, production via AtrbohD/F was
required for NO synthesis leading to stomatal closure (Bright et al. 2006). As well
as being involved in ABA-mediated stomatal closure, ROS also play a role in ABA
inhibition of stomatal opening (a process distinct from stomatal closure) with
exogenous application of H,O, inhibiting stomatal opening (Mishra et al. 2006;
Yan et al. 2007). However, the mechanisms of this process are not known.

Although ABA-induced stomatal closure is impaired in the atrbohD/F
mutant, it is not abolished (Kwak et al. 2003), suggesting other sources of H,0,
may contribute to ABA signalling. Indeed, a recent study suggests the apoplast-
located copper amine oxidase also contributes to ABA-induced H,O, production
in Vicia faba guard cells independent of and in addition to NOX (An et al. 2008).
ABA treatment induced the activation of a copper amine oxidase which, via its
degradation of putrescine to H,O,, caused increases in cytosolic calcium leading
to stomatal closure.

Ethylene has also been shown to induce stomatal closure in Arabidopsis via
H,0, production by AtrbohF (Desikan et al. 2006). Until this publication, there was
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no evidence suggesting that ethylene causes stomatal closure in plants. Desikan et al.
showed that ethylene, perceived by the ethylene receptor ETR1, induced H,O,
synthesis via AtrbohF (not AtrbohD), leading to stomatal closure. Intriguingly,
it appears that ethylene, in the presence of ABA, does not cause stomatal closure in
entire leaves (Desikan et al. 2006; Tanaka et al. 2005). Distinction between unique
Rboh genes for specific stimulus-dependent ROS synthesis reflects specificity and
tight regulation of ROS synthesis and action in guard cells.

In addition to ABA and ethylene-mediated stomatal closure, salicylic acid (SA),
a plant hormone well known for its role in plant systemic acquired resistance (Feys
and Parker 2000), also induces stomatal closure via ROS production in V. faba
(Mori et al. 2001). In contrast to ABA-mediated stomatal closure, a cell wall-bound
peroxidase, possibly guaiacol peroxidase (GPX), is the source of SA-induced
ROS production and not plasma membrane-bound NOX (Mori et al. 2001).
This suggests a division of labour between the different ROS generating enzymes
with stimulus-specific sources of ROS allowing for fine-tuning of the plant
responses and the ability to respond appropriately to distinct and multiple stimuli.
However, SA-mediated stomatal closure was also found to require extracellular
Ca?* (although increases in [Caz*]cy[ levels in response to SA was not shown),
suggesting that the ABA and SA pathways may converge downstream of ROS
production (Mori et al. 2001).

Methyl jasmonate (or jasmonic acid, JA) has also been shown to induce stomatal
closure via ROS (Suhita et al. 2004). The atrbohD/F mutant did not display
JA-induced ROS synthesis or stomatal closure, implying that RBOH is again
involved in JA-induced ROS production. The JA-insensitive mutant jar/-1 also did
not show stomatal closure in response to JA, although they did respond to ABA.
Convergence of JA and ABA signalling occurred at various intersecting nodes —
calcium influx, pH changes, ROS production and K*  channels. These data provided
strong evidence for JA as an important stress signal in stomatal guard cells.

As discussed so far, ABA, ethylene, JA and SA mediate stomatal closure via
increased ROS production. It is perhaps not surprising, therefore, to find the process
of stomatal opening by the plant hormones cytokinin and auxin involves the opposite.
Cytokinin and auxin are involved in plant growth and development but can also
stimulate stomatal opening, and recently the mechanism by which they do so has been
elucidated. Although both hormones prevented dark-induced stomatal closure by
inhibiting H,O, production, only cytokinin could reopen dark-closed stomata,
coinciding with reduction in the level of H,O, which had accumulated under dark
conditions (Song et al. 2006). In addition, stomatal closure and intracellular guard cell
dichlorofluorescein fluorescence in response to exogenous H,O, was inhibited by
cytokinin, but not auxin, suggesting that cytokinin initiates scavenging of H,O,,
acting after ROS production, whereas auxin may act to suppress the production of
ROS (Song et al. 2006). Interestingly, Tanaka et al. (2006) reported cytokinin and
auxin inhibited ABA-mediated stomatal closure via ethylene. It is apparent that
much is still to be learnt about the role of H,0, in hormone signalling cross-talk in
stomata and the physiological relevance of this.
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3.2 Abiotic Stimuli

Under field conditions, plants encounter many environmental stresses and stimuli such
as light/dark, drought, UV radiation, ozone and elevated CO, levels. Such stresses and
stimuli have been shown to induce ROS production and modify stomatal behaviour.

As mentioned earlier, stomata play a vital role in photosynthesis, allowing
gaseous exchange to occur at the leaf surface. The need for CO, for photosyn-
thesis must be balanced with the need to conserve water, which is lost by tran-
spiration through the stomata. Stomata therefore are stimulated to open in the
light (when photosynthesis can occur) and close in the dark. Under field condi-
tions, conflicting stimuli often occur, such as drought stress under light condi-
tions: how do stomata respond in this case? Blue light is a component of natural
light and is known to stimulate stomatal opening via the action of a plasma
membrane H*-ATPase (which is activated by phosphorylation of its C-terminus,
mediated by an unidentified protein kinase) that drives the accumulation of K*
within the guard cell, leading to stomatal opening (Schroeder et al 2001). This
blue light opening, however, can be inhibited by ABA, the levels of which
increase during drought stress, reducing water loss by decreasing stomatal aper-
ture (Leung and Giraudat 1998). Both H,O, and NO have been shown to act
downstream of ABA in inhibiting blue light stomatal opening by preventing the
phosphorylation, and therefore activation, of the blue light dependent H*-ATPase
(Zhang et al. 2004, 2007). In this way, the ABA signal can override blue light
stimulus to control stomatal behaviour. The production of ROS in ABA signal-
ling was discussed earlier.

In the case of CO,, the behaviour of stomata seemingly depends on the concentrations
of CO, present, as low levels of CO, seem to increase stomatal opening whereas high
levels result in stomatal closure, the reason for this being unclear (Kolla et al. 2007).
In Arabidopsis, stomatal closure in response to high CO, levels (using bicarbonate
as the source of CO,) was found to require H,O, generated by AtrbohD/F as with
ABA-induced stomatal closure (Kolla et al. 2007). However, in the case of CO,-
induced stomatal closure, the level of H,O, was lower and accumulation was more
prolonged compared to that initiated by ABA, thereby leading to a lesser effect of
CO, on stomatal closure (Kolla et al 2007). In addition, the mechanism by which
H,0, mediates CO,-induced stomatal closure does not seem to involve cytoplasmic
alkalisation as seen with ABA, but does trigger increases in cytosoplasmic free calcium,
underlining the subtleties and versatility of ROS signalling in initiating specific
downstream events in response to different stimuli (Vavasseur and Raghavendra
2005; Kolla et al. 2007).

The atmospheric pollutant ozone (O,) is known to cause cellular damage to
plants, linked to a biphasic oxidative burst, similar to that seen in response to pathogen
challenge (Joo et al. 2005). In Arabidopsis, this ROS production was found to
depend on chloroplastic generation of ROS in guard cells and propagation of the signal
to adjacent epidermal cells through activation of AtrbohD and AtrbohF (Joo et al.
2005). O, also reduces CO, uptake by plants, as exposure to O, was found to inhibit
K* channels, leading to stomatal closure (Torsethaugen et al. 1999). The inhibitory
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affect of O, on stomatal aperture is likely to be via ROS signalling, given that
ozone-sensitive anion channels are also sensitive to ROS (Vahisalu et al. 2008).

As well as blue light, UV-B radiation is also found in natural sunlight and
can have damaging effects on plant metabolism and physiology (Jansen and van
der Noort 2000). In addition, UV-B radiation affects stomatal behaviour, causing
both opening and closing dependent on the metabolic state of the guard cells
(Jansen and van der Noort 2000). In the case of stomatal closure to UV-B in V. faba,
both H,0, and NO were required for this response, suggesting cross-talk between
H,O, and NO signalling pathways and possibly a signalling amplification loop
since the presence of one induces the production of the other (He et al. 2005).
Although the exogenous application of catalase was shown to significantly reduce
UV-B-induced H,0, production (He et al. 2005), the source of ROS in UV-B-induced
stomatal closure has not been identified.

H,0, is also involved in stomatal closure in response to darkness. The early events
leading to closure (inactivation of light-induced proton pumps, increased cytosolic
pH and efflux of K*) in response to H,0O, is similar to that seen with ABA-induced
stomatal closure (Desikan et al 2004). Since H,O, acts downstream of ABA in
drought-induced stomatal closure, and treatment with the inhibitors diphenylene
iodonium (DPI, an inhibitor of NOX), catalase and N-acetyl cysteine (NAC, an
antioxidant) affected dark-induced HZO2 production and stomatal closure, it is
possible that ABA-and dark-induced stomatal closure converge at the point of H,0,
(Desikan et al. 2004).

3.3 Biotic Stimuli

Plants are known to respond to pathogens and elicitors by production of an
‘oxidative burst’ early on in the interaction as part of the plant immune response.
This oxidative burst not only acts as an antimicrobial agent against the invading
pathogen, but also acts as a source of signalling molecule for initiation of plant
defences. These defences include regulation of gene expression, leading to the
hypersensitive response, whereby localised programmed cell death occurs, resulting
in limitation of pathogen growth.

One of the earlier reports to show ROS are generated from distinct sources in
response to different stimuli is that of Allan and Fluhr (1997). Using the fluorescent
probe dichlorodihydrofluorescein, stimuli-specific sources of H,O, in tobacco cells
were identified: whereas cryptogein, a fungal elicitor, stimulated ROS production
from an intracellular source (guard cell chloroplast), amines (such as putrescine)
triggered ROS production in the apoplast. Further investigation by the authors using
enzymatic and chemical inhibitors of ROS synthesis indicated that cryptogein
induced ROS production by a flavin-containing oxidase and amines stimulated ROS
production by a peroxidase or amine oxidase-type enzyme. It has since been shown
that the ROS generating enzymes NOX (a flavin-containing enzyme) and copper
amine oxidase are involved in ROS production in response to cryptogein and putre-
cine (in tobacco BY-2 cells) respectively (Kadota et al. 2004; An et al. 2008).
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Previously, stomata were thought of as ‘passive ports of entry’ to the leaf interior
for bacteria. However, a recent report by Melotto et al. (2006) suggests that this is
not the case, but that Arabidopsis actively close stomata in response to the presence
of bacteria and bacterial elicitors (flg22, the active peptide of bacterial flagellin,
and lipopolysaccharide (LPS) found in outer cell walls of gram negative bacteria).
Further investigation by Melotto et al. (2006) revealed a link between ABA, the
downstream kinase OST1 and NO production by nitric oxide synthase. As H,O, is
also known to act downstream of ABA in mediating stomatal closure (Pei et al.
2000), it would be interesting to see whether HZO2 is also involved in stomatal
defences against pathogens.

An earlier report by Lee et al. (1999) indicates this may be the case, at least
in some plant—fungi interactions, where stomata are utilised as an entry point by
the fungus. Here, they found stomata of tomato (Lycopersicon esculentum L.) and
Commelina communis L. produced H,O, and closed in response to oligogalacturonic
acid (OGA), a breakdown product of the plant cell wall, and to chitosan, a component
of the fungal cell wall. In addition to causing stomatal closure, OGA also inhibited
stomatal opening. Further investigation revealed a requirement for H,O,, as
addition of catalase or ascorbic acid coincided with suppression of stomatal
responses to these elicitors. Although this study looked at the reaction of stomata to
a molecule commonly produced during plant—fungi interactions (i.e. OGA) and to a
common component of the fungal cell wall (i.e. chitosan), the response of stomata
to actual fungal infection was not investigated here.

Manipulation of stomata by the necrotrophic fungus Sclerotina sclerotium
was investigated by Guimardes and Stotz (2004), who found that the fungus
induced stomatal opening, through which fungal hyphae could emerge onto the
leaf surface. This ability to manipulate stomatal aperture was dependent on the
virulence factor oxalic acid, which inhibited ABA-mediated stomatal closure,
possibly through interference of H,O, production downstream of ABA (Guimarées
and Stotz 2004). In addition to ABA-induced ROS production, AtrbohD and
AtrbohF are also required for the oxidative burst in response to pathogens (Torres
et al. 2002). Since oxalic acid has previously been shown to inhibit elicitor-induced
H,0O, production (Cessna et al. 2000), it is possible that it does so by inhibiting
NOX, preventing ROS production and therefore stomatal closure during the
plant-pathogen interaction.

Preliminary data in our laboratory indicate that ROS are produced in stomatal
guard cells in response to the Arabidopsis virulent bacterium Pseudomonas syrin-
gae pv. tomato DC3000 (Desikan, personal communication). However, it is also
possible that ROS generated in epidermal or mesophyll cells in response to patho-
gen attack acts as a mobile signal leading to the stomatal response (see Sect. 4.4.3).
Nevertheless, the similarity in stomatal closure being overcome by both virulent
bacteria (Melotto et al. 2006) and fungi (Guimaraes and Stotz 2004) suggest that
ROS will play a role in this dynamic process. It is important to note that ROS not
only cause stomatal closure, but also inhibit stomatal opening (Desikan et al.2004;
Mishra et al. 2006; Yan et al. 2007). This area of stomatal biology in response
to pathogen attack remains an exciting area of further research, with many
questions to be answered.
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4 Regulators of ROS Synthesis and Action

4.1 Upstream Regulators of ROS Synthesis

In Arabidopsis, the OST1 (Open Stomatal) Ser/Thr protein kinase [previously named
SRK2E, encoding for an SNF1-related protein kinase (SnRK)] was the first protein
kinase identified as being involved in ABA-signalling during a screen for mutants
defective in drought stress-induced stomatal closure (Mustilli et al. 2002; Yoshida et al.
2002). OST1 is expressed in guard cells and the vascular system and its expression and
kinase activity is upregulated and activated, respectively, by ABA (Mustilli et al. 2002).
Stomata of the loss-of-function ost/ mutants are specifically impaired in ABA-mediated
stomatal closure and inhibition of stomatal opening, resulting in excess water loss
through transpiration and a ‘wilty’ phenotype under mild drought stress, suggesting that
OST1 acts as a positive regulator of ABA signalling (Mustilli et al. 2002; Yoshida
et al. 2002). ost/ mutants are defective in ABA-induced ROS production and application
of exogenous H,O, restored stomatal closure in response to ABA, suggesting that
OSTI links ABA perception to ROS production. It is likely that OST1 regulates
ATRBOH-mediated ROS production in response to ABA, although this is yet to be
demonstrated (Mustilli et al. 2002). The C-terminal of OST1 was found to contain
two functional domains, domains I and II (Yoshida et al. 2006). Whereas domain I
is not involved in ABA activation of OST1, domain II is required for OST1 function
in ABA signalling by interaction with ABI1 (ABA-Insensitive 1), a type-2C protein
phosphatase (PP2C) known to negatively regulate ABA-mediated stomatal closure
(Yoshida et al. 2006). ABI1 is also known to regulate ABA-induced ROS production
(Murata et al. 2001). Therefore, it is possible that ABI1 regulation of OST1 function
in turn mediates ROS production in response to ABA.

ROS production in response to both ABA and JA were shown to require cytoplas-
mic alkalinisation (Suhita et al. 2004). Kinetics of ABA and JA-induced pH changes
and ROS accumulation in guard cells showed that pH changes (alkalinisation of the
cytoplasm) precede that of ROS generation. Intriguingly, whilst ABA did not induce
ROS or stomatal closure in ost/ mutants, JA did; however, JA did not induce ROS
or stomatal closure in the jari-1 mutant, whereas ABA did (Suhita et al. 2004). These
data indicate a clear divergence in early upstream regulation of ROS production in
response to either ABA or JA. Heterotrimeric G proteins also play an important role
in regulating ROS generation in response to ozone (Joo et al. 2005). Whereas both
the Go. and G} subunits are required for the first oxidative burst originating from a
chloroplastic location, the second burst originating from multiple sources (including
ATRBOH) requires only the Ga subunit (Joo et al. 2005).

4.2 Downstream Regulators of ROS Action

As mentioned earlier, one of the factors that determine stomatal aperture size is
the concentration of ions in guard cells. There is evidence to suggest that ROS
play a role in regulating ABA (or non-ABA)-induced ion changes in guard cells.
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To further investigate the role of ROS in ABA signalling, Kwak et al. (2003)
investigated activation of plasma membrane Ca**-permeable (I_) channels. H,O,
has been shown to mediate ABA signalling by activating I  channels, through which
Ca* is released into the cytoplasm, triggering stomatal closure (Pei et al. 2000).
Kwak et al. (2003) found a significantly smaller proportion of atrbohD/F guard cells
displaying ABA-induced increases in [Ca?*] o than wild-type guard cells. Moreover,
activation of I by exogenous H,O, was not affected in atrbohD/F guard cells,
suggesting that ATRBOH is the source of H,O, activating calcium channels in ABA
signalling (Kwak et al. 2003).

A study by Kohler et al. (2003) suggests that H,O, may not act the same way as
ABA during stomatal closure, but may operate via an alternative signalling pathway.
Using voltage-clamp experiments, they found that K* channels of Vicia faba
guard cells responded differently to ABA and H,O,: whereas ABA depressed the
activity of K* channels in a reversible manner, H,O, irreversibly depressed the
activities of both K*, and K*  channels in guard cells bathed in H,O, at concentra-
tion ranges of 1- 50 uM. It suggests that H,O, induced from different stimuli could
act on K* . channels, unlike ABA-induced HZOZ. However, the possibility that
exogenously applied H,0, may not act in the same way as H,O, produced/released
within the guard cell cannot be ruled out. The authors suggest that, rather than act-
ing as a critical component of the ABA pathway, H,O, signalling converges with
that of ABA at the point of Ca?* activation. The identity of the K* channels regu-
lated by H,O, in response to ABA is not yet known, although it is known that
JA-induced stomatal closure via ROS is affected in the K*  channel mutant gork/
(Suhita et al. 2004). Supporting these observations, guard cells of the Arabidopsis
de-etiolated 3 (det3) mutant, a V-ATPase mutant, is disrupted in stomatal closure
and [Caz*]cy[ oscillation in response to H,O, but not to ABA, again suggesting the
existence of stimulus-specific signalling pathways (Allen et al. 2000).

As outlined above (Sect. 4.1.2), stomatal closure is driven by the efflux of CI~
through S- and R-type anion channels, which subsequently activates the efflux of
K* ions and results in loss of guard cell turgor. However, until recently, the mem-
brane protein(s) controlling the activity of anion channels was unknown. It has
since been shown that SLACI (slow anion channel-associated /) encodes a putative
membrane protein that modulates S-type anion channel activity (Negi et al. 2008;
Vahisalu et al. 2008). Mutants in this gene are defective in S-type channel currents
and in stomatal response to 03, COZ, light/dark transitions, HZOZ, NO, Ca* and
ABA (Vahisalu et al. 2008), making it an attractive target for manipulating water
loss. However whether H,O, acts directly on these ion channels or regulates their
function via other signalling cascades is not known.

Along with ABI1, another PP2C, ABI2, is also a negative regulator of ABA
signalling but acts downstream of ROS production. Whereas the abil-1 mutant
is disrupted only in ABA-mediated ROS synthesis leading to stomatal closure,
the abi2-1 mutant was also impaired in H,O,-induced stomatal closure and
activation of I_ channels, but not H,0, production in response to ABA (Murata
et al. 2001).

In addition to the protein phosphatases ABI1 and ABI2, the MAP kinase MPK3
was found to be involved in ABA-inhibition of stomatal closure and required for
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H,0,-induced stomatal closure as well as inhibition of opening (Gudesblat et al.
2006). MPK3 silenced plants showed wild-type levels of H,O, synthesis in response
to ABA, suggesting that MPK3 acts downstream of H,0, (and ABA) leading to
stomatal closure (Gudesblat et al. 2006).

The ethylene receptor ETRI involved in H,O, signalling is a two-component
hybrid histidine kinase that has both sensing and transducing functions important in
plant signalling and response to stimuli (Grefen and Harter 2004). The ETR1 recep-
tor is expressed in guard cells and contains three domains: an N-terminal signal
input domain, a transmitter domain and a C-terminal receiver domain. Perception of
stimulus by the input domain initiates a set of phosphotransfer events that begins at
a conserved His residue within the histidine kinase domain. The phosphoryl group
is then transmitted to a conserved Asp residue within the receiver domain that is
subsequently transferred to a conserved Asp residue of a response regulator that
transduces the signal into a cellular response (Hwang et al. 2002; Grefen and Harter
2004; Desikan et al. 2005a). Work by Desikan et al. (2005a) demonstrated that the
Cys-65 residue of the ETR1 N-terminal domain is essential for H,0,-induced sto-
matal closure in Arabidopsis as stomata of the etr/-I mutant (containing a Cys-
65Tyr mutation) were insensitive to H,O,. The etr/-1 mutant is also defective in
ethylene-induced stomatal closure (Desikan et al. 2005a). etr-3, on the other hand,
which has a Ala-31Val point mutation, is not impaired in H,O,-induced responses
implying that the Cys65 is required for H,O, responses (Desikan et al. 2005a).
Interestingly, the histidine kinase activity of ETR1 is not required for response to
H,0O,, although downstream response regulators such as ARR2 are required for
H,0,-induced stomatal closure (Desikan et al. 2006). Mechanisms by which H,O, is
sensed and transduced via the two component system need to be studied in detail.

4.3 Compartmentalisation of ROS Production and Action

As mentioned earlier, H,0, is produced by distinct enzymes in discrete locations
within guard cells. For example, RBOH is plasma membrane localised, peroxidases
are located in the cell wall/apoplast and xanthine oxidase in peroxisomes. Proteins
acting downstream of ROS are located in the cytoplasm (ABI1/2), nucleus (MAPKS),
endoplasmic reticulum (ETR1) and plasma membrane (SLAC1, K* channels, Ca*
channels). Clearly, a careful co-ordination of ROS synthesis and action is required
between these compartments to effect the required physiological response.

H,O, may also act as an intercellular signalling molecule itself diffusing from
cell to cell. Allan and Fluhr (1997) found that exposure of epidermal cells to white
light not only increased ROS production in these cells, but also increased production
in nearby stomatal guard cells which had not been exposed to the light. Since guard
cells have no symplastic connection to surrounding epidermal cells, H,O, may be
acting as an intercellular signalling molecule by moving from cell to cell via the
apoplast and by crossing the plasma membrane. However, it has also been shown
that ozone-induced chloroplastic ROS is required for propagating the ROS signal
in epidermal cells but not guard cells (Joo et al. 2005). Interestingly, a recent study
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provided evidence for diffusion of H,O, across cellular membranes through two
Arabidopsis aquaporins encoded for by the TIP1;1 and TIP1;2 genes (Biernet et al.
2007). However, these conclusions were derived from results obtained from assays
performed in yeast cells; whether these aquaporins perform the same function in
plant cells remains to be seen. It would also be interesting to see whether mutants
in these genes are affected in ROS signalling.

4.4 ROS Scavenging

Thus far, we have discussed the importance of ROS production in guard cell signalling,
but it is becoming apparent that ROS scavengers, in addition to their general function
in detoxification of ROS, are also involved in fine-tuning and controlling ROS
signalling (Mittler 2002). ROS signalling therefore involves a critical balance between
production and compartmentalisation of ROS, ROS-scavenging activity, the type of
scavenging molecules/antioxidants and enzymes present and the cellular redox state.

Superoxide dismutase (SOD) initiates ROS scavenging by dismutating superoxide
(0,*7) to H,0,. H,0, is then detoxified by the activities of catalase (CAT), ascorbate
peroxidase (APX) and glutathione peroxidase (GPX), which requires reduced
ascorbate (Asc) and glutathione (GSH) as the reducing agents (Mittler 2002; Apel and
Hirt 2004). The pools of Asc and GSH required by APX and GPX are maintained
by the actions of GSH reductase (GR), monodehydroascorbate reductase (MDAR)
and dehydroascorbate reductase (DHAR) (Mittler 2002; Apel and Hirt 2004).
Deficiency in ROS scavenging and disruption of cellular redox state affects both
cellular levels of ROS and physiological responses controlled by ROS.

Asc is one of the most abundant antioxidants in plants, suggesting it may also
play an important role in ROS signalling in guard cells in addition to its scavenging
role. A study by Chen and Gallie (2004) found that both H,O, and the redox state
of Asc are diurnally regulated in tobacco: the highest levels of H,O, were seen dur-
ing mid-afternoon (correlating with stomatal closure) and were low during early
morning, late afternoon and throughout the evening, inversely correlating with the
Asc redox state, suggesting a link between the two. Stomata of knockout mutants
of the APX1 gene were unresponsive to shifts from dark to light periods, and leaves
of these plants contained higher levels of H,O, than wild-type plants, further sup-
porting the link between APX and Asc with control of stomatal behaviour (Pnueli et
al. 2003). Further investigation revealed that the Asc redox state controls stomatal
responses: overexpression of DHAR (which causes an increase in the Asc redox
state) results in reduced H,O, production and stomatal closure in response to exog-
enous ABA and H,O, (Chen and Gallie 2004). Since overexpression of DHAR
increases the levels of DHA available for conversion to Asc rather than the levels
of Asc per se, it suggests that it is the Asc redox state itself (i.e. the balance between
Asc and DHA) that is important for stomatal responses (Chen and Gallie 2004).

In Arabidopsis, the glutathione peroxidase ATGPX3 is strongly expressed in guard
cells and the atgpx3 mutant is less sensitive to ABA and H,O,, suggesting that
ATGPX3 may be the link between H,O, and signalling events occurring downstream
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Fig. 1 ROS signalling in stomatal guard cells. Current understanding of the signalling mecha-
nisms by which ROS are generated in response to multiple stimuli, leading to regulation of various
cell signalling processes is shown. For details, see text

of ABA in the stomatal closure response (Miao et al. 2006). In yeast two-hybrid and
GST pull-down assays, ATGPX3 was found to interact with and reduce the activity of
both ABI1 and ABI2 thereby reducing negative regulation of ABA signalling, leading
to stomatal closure (Miao et al. 2006). H,O, was also found to modify the redox states
of both ATGPX3 and ABI2 (to which ATGPX3 bound most strongly), and H,O,- and
ABA-induced Ca?* currents were disrupted in argpx3 mutants. This suggests that
ATGPX3 may detect and transduce the H,O, signal via interaction with ABI2 to bring
about initiation of Ca®* currents leading to stomatal closure (Miao et al. 2006).

5 Conclusions and Further Remarks

From 12 years ago, when ROS were first demonstrated to act in stomatal guard
cells (McAinsh et al. 1996), we have come a long way in researching ROS signal-
ling in stomata. Figure 1 summarises our current knowledge of ROS signalling in



68 J. Pham and R. Desikan

stomatal guard cells. Multiple stimuli have been shown to induce ROS generation
in guard cells via more than one mechanism. In addition, the antioxidant activities
in guard cells are also proving to be an important facet of redox signalling in sto-
mata. A number of potential candidates have been identified that not only regulate
ROS generation but also regulate ROS signal transduction and propagation, indi-
cating that a tight control of production/removal and action of ROS in distinct
locations is essential for a unique response, stomatal opening/closing. However,
this field is not only just unmasking important phenomena but also posing further
questions. For example, how stomatal guard cells are able to distinguish between
different stimuli to activate unique ROS generating and responding pathways
remains unknown. It is also not known whether there are guard cell-specific com-
ponents that are involved in ROS signalling, or whether the components identified
thus far are also involved in ROS-mediated responses in other cell types. Integrating
multiple signals via ROS in stomata will be an exciting area to pursue. In particular,
how stomatal guard cells help plants adapt towards stresses will be important to
understand in the present global climate change scenario. Identification of key
targets in ROS signalling that are conserved between plant species will be vital
towards breeding and developing stress-tolerant plants. The use of modelling tools
to map out and predict changes at the cellular level in response to the environment
will no doubt make significant advances in the coming years.
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Reactive Oxygen Species in Plant Cell Walls

Alfonso Ros Barcel6 and Laura V. Gomez Ros

Abstract Plant cell walls are dynamic structures composed of polysaccharides,
phenolics, and proteins. The plant cell wall is important not only for maintaining
cell shape, but it also responds to endogenous and environmental clues through
the release of signaling molecules, such as H,O,, which may act following autocrine
and paracrine pathways. However, the primary function of reactive oxygen species
(ROS) production in the plant cell wall is to modify cell wall components by processes
of cell wall stiffening/softening, which, in the last intance, control plant growth and
morphogenesis. Four possible enzymatic machineries could explain how this H,0O,
is produced: NADPH oxidases (NOX), peroxidases, poly(di)amine oxidases, and
oxalate oxidases, but most of the molecular evidence, particularly in epidermal,
vascular, and suberizing tissues, supports the exclusive participation of NOX in this
process. Given the limited efficacy of the ROS-scavenging systems in plant cell
walls, it may be concluded that ROS accumulation in the cell walls of these tissues
is only the static image of their high redox state and large oxidative metabolism.

1 Introduction

Plant cell walls are dynamic structures composed of polysaccharides, phenolics,
and proteins. The cell wall is not only important for maintaining cell shape and
rigidity, but also responds to endogenous (hormonal) and environmental clues
through the release of signaling molecules, such as H,O, [the only biotic reactive
oxygen species (ROS) that may be transported long distances such as the thickness
of a plant cell], and oligosaccharins, which may act following autocrine and
paracrine pathways (Brownlee 2002). In fact, extracellular H,O, itself is capable
of bursting transcriptional responses during various developmental processes
(Neill et al. 2002), the possible proteins involved in H,O, perception having been
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Fig. 1 Overview of primary and secondary cell walls in vascular tissues of Lupinus albus. CI
Cambial initial cell, F fibre, V vessel, PCW primary cell wall, SCW secondary cell wall. Bar 3 um

tentatively identified (Pitzschke and Hirt 2006; Hancock et al. 2006). Plants contain
two types of cell wall: the primary wall, formed at the cell plate during division,
controls and facilitates cell growth, while the secondary cell wall, produced during
the later phase of development of vascular tissues (Fig. 1), confers mechanical
strength to the aerial organs of the plant.

However, the primary function of ROS production in the plant cell wall is probably
the modification of cell wall components, thereby making a major contribution to
the mechanics of the plant cell and the control of plant growth and morphogenesis
(Cosgrove 2005). Since ROS (G6émez Ros et al. 2006) and reactive nitrogen species
(RNS) (Gabaldén et al. 2005) are simultaneously produced in the plant cell wall, it
is then possible that NOs, a free radical itself, may react with O,*~ to form the highly
reactive peroxynitrite anion, ONOO-, and subsequent cellular effects may then be
induced by ONOO . In this context, ONOO™ may be regarded as a substrate of
plant peroxidases (Floris et al. 1993), supplanting in some aspects the action of
ROS (Neill et al. 2002). The main themes of the present chapter are: (1) the
ROS-dependent metabolic reactions that modify plant cell wall polymers, (2) how
ROS are produced and how their levels are regulated at the plant cell wall, (3) the
existence of enzymes that could feasibly catalyze such reactions, and (4) a critical
evaluation of the evidence that such reactions actually happen in vivo. We focus our
attention on ROS generation in epidermal and vascular cell walls during plant
growth and development. ROS generation in cell walls of plant exposed to both biotic
(see Chap. 9) and abiotic stresses (see Chaps. 11, 13 and 14) is treated elsewhere.
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2 Plant Cell Wall Composition

Plant cell walls are mainly composed of polysaccharides, cationic ions, smaller
proportions of glycoproteins and, in some specialized cell-types, several hydrophobic
substances such as lignin, suberin, and cutin. Cell wall polysaccharides fall into
three main categories (Fry 2004a): pectins, hemicelluloses, and cellulose. Pectins and
hemicelluloses are components of the cell wall matrix, within which is embedded the
cellulosic microfibril skeletal. Pectins are partly methyl-esterified galacturonate-rich
acidic polysaccharides (galacturonan), which may be free or linked to rhamnoga-
lacturonans (RG) I and II. Major hemicelluloses are the xylans (arabinoxylans,
glucuronoarabinoxylans, etc.) and the xyloglucans, which interact through hydrogen
bonds with cellulose. Cellulose is composed of neutral, B-(1—4)-linked D-glucose
chains, hydrogen-bonded together to form microfibrils. The composition of secondary
plant cell walls is, in outline, very similar to that of the primary plant cell wall, but
greatly varies in the proportion of the individual components. Secondary plant cell
walls are especially enriched in cellulosic materials and lack, or practically lack,
pectins (Ros Barcelo 1997).

Plant cell wall proteins are encoded by multigene families and make up
approximately 10% of the cell wall weight (Jamet et al. 2006). They are classified
as structural or enzymatic, the latter group being responsible for the dynamic
nature of the cell wall. Despite the central role of apoplastic proteins in most
processes that control growth and development (Cosgrove 2005), the apoplast
proteome is less characterized than that of other sub-cellular compartments, and
so the understanding of cell wall physiology is still very limited. A priori, the
annotation of the Arabidopsis genome shows that about 17% of the genome
(i.e. 5,000 genes) encodes proteins with a predicted signal peptide that targets them
to the secretory pathway (Jamet et al. 2006), although the function of most of
them remains unknown.

Despite the gaps in the knowledge of most cell wall proteins, structural proteins
are the major glycoproteins present in the primary plant cell wall, and these fall into
two main categories (Jamet et al. 2006): hydroxyproline (Hyp)-rich glycoproteins
(HRGP) and proline-rich proteins (PRP). HRGP may be classified into extensins
and arabinogalactan proteins (AGP). Extensins are cell wall structural HRGP which
showed numerous Ser-Hyp, motifs, whereas AGP are cell wall highly glycosylated
HRGP that contain repetitive motifs such as (Ser, Thr, Ala)-Hyp-(Ser, Thr, Ala) or
(Ser, Thr, Ala)-Hyp-Hyp. PRP are ill-defined structural cell wall proteins rich in
Pro residues.

Besides structural proteins, there is a vast array of cell wall enzymes involved in
polysaccharide cell wall metabolism, and enzymes of an oxidoreductase nature,
such as peroxidases, lacases, poly(di)amine oxidases (PDAOs), oxalate oxidases
(OXOs), and superoxide dismutases (SODs), which are the main enzymes that
consume or generate ROS in the plant cell wall.
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3  Why Plant Cell Walls Need Generating ROS
for Growth and Development?

Most of the polysaccharides and structural glycoproteins of the plant cell wall
are released to the apoplast as water-soluble macromolecules. However, in the
apoplastic space, these molecules are assembled by means of cross-links to form a
three-dimensional and insoluble network (the plant cell wall), which is essential if
a structurally competent material is to be formed that holds together in an aqueous
environment. Some of the cross-links involved are noncovalent while others are
covalent (Fry 2004a). Covalent cross-links are few in number but individually strong.
For example, some polysaccharide chains may be cross-linked by the oxidative
coupling of ferulic acid side-chains (Ralph et al. 2004a); some glycoproteins
are cross-linked through the oxidative coupling of tyrosine residues (Fry 2004b),
and lignin is covalently attached to certain polysaccharides through benzyl ether
bridges to form lignin—carbohydrate complexes (Ralph et al. 2004b).

Our understanding of plant cell wall cross-links, and therefore of the wall
architecture, is far from complete. However, the enzyme-catalyzed formation of the
covalent cross-links described above requires ROS, and this constitutes the major
fate for all the cell wall-located enzymes of an oxido-reductase nature, enzymes
which are the responsible for all the irreversible cell wall stiffening reactions.

4 Cell Wall Stiffening

Irreversible process of cell wall stiffening may be dependent or independent from
the cell type. Thus, extensin and ferulic acid cross-linking may constitute temporal and
transitory events within the general program of development of any plant cell, while
lignification and suberization are terminal processes of determinate, and highly differ-
entiated, plant cells capable of forming secondary cell walls. In the case of lignification,
this process is restricted to water-conducting vascular cells and their neighboring
fibres (Ros Barcel6 1997), while suberization is restricted to the cell wall of epidermal
tissues of underground plant parts (roots, stolons, and tubers), the endodermis, and
the cells of bark tissues (cork and periderm) (Bernards et al. 2004). In either case,
lignification and suberization have the hallmark of being highly tissue/cell specific.
Indeed, cells that ultimately become suberized or lignified either derive from
specific progenitor cells in meristems or arise from the vascular cambium, respectively.

4.1 Extensin Cross-Linking

Extensins are the most studied family of HRGPs. The polypeptide backbone of extensins
contains many repeats of the structural Ser(Hyp), , motif. These structural motifs are
often flanked by short sequences rich in Tyr, Lys, Val, and His, the Val-Tyr-Lys motifs
being the sites for extensin cross-linking (Fry 2004b). Extensins are secreted into the
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apoplast as soluble monomers where the positively charged Lys and the protonated His
residues interact ionically with the negatively charged uronic acids of pectins. The
formation of the insoluble extensin network is a well-characterized peroxidase-
mediated and H,O,-dependent process which, it has been proposed, involves the
coupling of extensin Tyr residues to form isodityrosine linkages, and larger Tyr
oligomers, such as di-isodityrosine or pulcherosine (Fry 2004b).

4.2 Ferulic Acid Cross-Linking

Ferulic acid is ester-bonded to cell wall polysaccharides (Ralph et al. 2004a). In dicots,
nonreducing terminal arabinose (Ara) and galactose residues of pectic polysaccharides
are feruloylated, while in monocots feruloylation is mainly restricted to the O-5
position of some Ara residues of arabinoxylans (Fry 2004a). Feruloyl residues can
form covalent bonds with each other by oxidative coupling. This process only
occurs in the presence of peroxidase and H,O,, and it has been speculated (Ralph
et al. 2004a) that the resulting dehydrodiferuloyl residue (5,5'-dehydrodiferulate)
forms a cross-link between the polysaccharides to which it is esterified.

In addition to the first-discovered dimer, 5,5'-dehydrodiferulate, several of its
isomers have been obtained by alkaline hydrolysis of plant cell wall polysaccharides;
and several specific trimers and tetramers have now been characterized (Ralph et al.
2004a). Depending on the linkage formed (intra- or inter-polysaccharide), up to
four polysaccharide chains could potentially be cross-linked by a tetramer of ferulic
acid, which suggests that these peroxidase-mediated oxidatively generated oligomers
of ferulate may play an important role in determining cell wall assembly.

4.3 Lignification

Lignins are three-dimensional, amorphous, heteropolymers which result from the
oxidative coupling of three p-hydroxycinnamyl alcohols (monolignols), p-coumaryl,
coniferyl, and sinapyl alcohols, in a H,O,-dependent reaction mediated by peroxidases,
enzymes which generate the corresponding free radicals from the three monolignols
(Ros Barcel6 1997). The regio- and stereospecificity of the cross-coupling
reaction of monolignol radicals produces a hydrophobic heteropolymer composed
of p-hydroxyphenyl, guaiacyl, and syringyl units, respectively. Both the chemistry and
biochemistry of the lignification have been recently revised (Ralph et al. 2004b), as well
as the nature of the peroxidase responsible for this process (Ros Barcel6 et al. 2007).

4.4 Suberization

Both lignification and suberization involve the formation of a three-dimensional
poly(phenolic) matrix initially within the carbohydrate matrix of the primary cell
wall. In addition to this phenolic component, suberized cells develop a distinct
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poly(aliphatic) layer described (Bernards et al. 2004) as a polyester connected through
primary ester bonds between the major aliphatic components (o,w-dioic acids and
o-hydroxyalkanoic acids), in close association with p-hydroxycinnamic acids, such
as p-coumaric, caffeic, and ferulic acids, which constitute the cell wall-bound
poly(phenolic) domain (PPD). The macromolecular assembly of potato PPD occurs
via a H,0,-dependent peroxidase-mediated free radical coupling process (Bernards
et al. 2004), analogous to the process of lignin formation from monolignols, but
this enzyme shows a marked substrate preference for p-hydroxycinnamates
(i.e., ferulic acid and derivatives).

5 Cell Wall Softening

Not all the H,0,-dependent oxidoreductase reactions that occur in the plant cell
wall lead to processes of cell wall stiffening. It has been proposed (Fry 1998) that
wall polysaccharides may be subjected in vivo to non-enzymatic scission mediated
by hydroxyl radicals (OHe) resulting in cell wall softening. Wall polysaccharides
are readily cleaved by OHe radicals in vitro (Fry 1998) and OHe can be generated
from H,0, in the cell walls by a Fenton reaction, which requires a reduced transition
metal ion, Cu* being 60 times more effective than Fe?*:

Cu*+H,0, — Cu** +OHe*+OH"

Endogenous OH" has also proposed to be produced by wall peroxidases (Liszkay
et al. 2003) from O~ and H,0O, through a Haber-Weiss-type reaction:

0,+ +Felll - O, +Fell
20,+ +2H" - H,0, +0,
Fell + H,0, — Felll+OH++OH"

where Felll is ferriperoxidase, the native form of the enzyme, and Fell is
ferroperoxidase, the reduced form of the enzyme. Although OHe is exceedingly
reactive, its production can be controlled, e.g., by the correct sitting of Cu* atoms
relative to wall polysaccharide molecules. Once produced at a particular site within
the cell wall, an OHe radical would rarely diffuse more than 1 nm before reacting
with polysaccharides, which is about 1% of the thickness of a typical plant cell wall.
Thus, if produced at the right time and right place within the wall, OHe could be
very precisely targeted to cause xyloglucan scission (Schopfer 2001). How this
might be achieved has yet to be determined. Indeed, evidence for OHe-induced
polysaccharide splitting in growing cell walls might be obtained by finding the
predicted products of OHe action on either pectins or xyloglucans. Evidence for such
products has been found in softening fruit, but not in growing cells (Cosgrove 2005).
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All these results support that, in growing cells, O,*/H,O, directly or indirectly
(as sources of OHe) may also promote cell wall softening reactions. In any case, the
dichotomy of ROS production, especially as regards the fate of H,0,, O,*", and OHe,
for cell wall stiffening/softening reactions, is apparently far from being completely

understood (Passardi et al. 2004).

6 ROS Generation in Plant Cell Walls During Development is
a Cell/Tissue-Specific Event with a Marked Topographic
Localization

The monitoring of ROS generation/accumulation in plant cell walls during devel-
opment by means of histochemical and cytochemical methods revealed that H,O,/
O,* production/accumulation during development is mainly restricted to epidermal
and vascular tissues, constituting therefore a cell/tissue-specific event (Schopfer 1994;
Liu et al. 1995; Ros Barcelo 1998a; Cérdoba-Pedregosa et al. 2003). This observation
agrees with the fact that in epidermal and vascular tissues most of the ROS-dependent
reactions for cell wall stiffening/softening take place (see Sects. 4 and 5), and con-
sequently ROS accumulation in cell walls of these tissues (Fig. 2) is only the static
image of their high redox state and large oxidative metabolism.

The fine structural (topographic) localization of H,O, production in epidermal
and vascular cells may be followed using CeCl,. Ce** penetrates the tissues, albeit
slowly, and reacts directly with H,O, to form insoluble deposits of Ce** perhydroxide
(CeO,>nH,0). The reflectance properties imparted to these deposits by the
electron-dense Ce** makes them easily detectable in plant tissues by both electron
and epi-polarization microscopy (Liu et al. 1995; Ros Barceld 2005).

Fig. 2 Histochemical localization of lignins by means the phloroglucinol (a) and the Wiesner
(b) reactions, and of H,0, using 3,3',5,5'-tramethylbenzidine (¢) in stems of Zinnia elegans, showing
the accumulation of H,O, in non-lignifying epidermal (arrowheads) and lignifying vascular
(arrows) tissues. Bars 150 um
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6.1 Epidermal Cells

The use of the CeCl, technique revealed that, at the level of epidermal cell walls,
sites for H,O, production are mainly located on the external face of the plasma
membrane (Fig. 3), at the level of cell corners and the thin radial cell walls. This
observation supports the role of NADPH oxidases (NOX) in this process, although
the fate of this fine topographic localization is unknown. Besides, sites for H,0O,
production may be seen in both growing and stop-growing epidermal cells (Fig. 3),
which now emphasizes the poorly understood dichotomy of ROS production for
cell wall stiffening/softening processes.

6.2 Vascular Cells

H,0O, production in vascular cells is a strongly regulated developmental process,
which shows a burst at the precise moment at which xylem cell wall lignification
begins (Ros Barcel6 et al. 2002). At this early developmental stage, when only
differentiating xylem vessels have begun to lignify, electron dense deposits are
mainly observed in the apoplastic space of differentiating (living) thin-walled
xylem cells (Ros Barcel6 2005). Such H,O,-dependent electron dense deposits are

a oy d
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Fig. 3 Sequence (a-c) of local growth phenomena (arrows) in the epidermis of Z. elegans stems
and cytochemical localization of H,O, (d, e) using the CeCl, technique at the external face of the
plasma membrane of the growing (1) and stop-growing (2) epidermal cells illustrated in (b). Control
(f) in the presence of ascorbic acid. Bars 25 um (a-c), 2 um (d) and 1 pm (e,f)
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also observed at the outer face at the plasma membrane of xylem parenchyma cells
adjacent to differentiating thick-walled xylem cells (Ros Barcel6 2005). These
observations suggest that, in vascular tissues, non-lignifying xylem parenchyma
cells may transitorily be the source of the H,O, necessary for the polymerization of
cinnamyl alcohols in the secondary cell wall of differentiating xylem vessels,
suggesting a certain degree of cell-to-cell cooperation during lignin biosynthesis,
which has been elegantly confirmed by confocal laser scanning microscopy using
cultured tracheary elements (Gémez-Ros et al. 2006).

In the case of differentiating xylem vessels (Czaninski et al. 1993; Ros Barcel6
2005), the reaction in the apoplast is generally so intense that it is impossible to
determine whether the middle lamella, or the plasma membrane, is the precise site
for H,0, production. Caution should be exercised, however, in interpreting the
presence of electron dense deposits in the middle lamella, since the ionic radius of
Ce* (0.925 A) is close to that of Ca?* (0.940 A), its charge/radius ratio being
twofold higher. In fact, soluble pectins are precipitated by Ce**/Ce** ions (Fig. 4),
and this observation would easily explain the presence of electron-dense Ce**
deposits in the pectin-rich layer of the middle lamella.
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7 Sources of ROS in Cell Walls

As discussed in Sect. 6, H,O, is constitutively produced by plant cells at the level
of the cell wall and outer plasma membrane surface of epidermal and vascular tissues.
However, the real molecular mechanism of H,O, production at the plant cell surface
is still unknown. Thus, although during recent years plant biologists have made
great efforts to resolve the paradigm of the mechanism of H,O, production at the
plasma membrane/cell wall interface, the present knowledge of this enzymatic
mechanism is fragmentary and not easily understood.

Four possible mechanisms have been proposed to explain how this H,O, is
produced: one is located at the level of the external face of the plasma membrane,
and is mediated by NOX, and three are located at the level of the cell wall matrix,
which would involve the action of peroxidases, PDAOs, and OXOs. Unlike PDAOs
and OXOs, which directly generate H,0,, both NOX and peroxidases catalyze the
initial formation of O, which later dismutates to H,0,. The peroxidase-mediated
O, production may be distinguished from that catalyzed by NOX by the different
k,, values for O, and the different sensitivities of the two enzymes to inhibitors such
as cyanide, azide, and diphenylene iodonium (DPI) (Bolwell et al. 1998). However,
caution should be exercised in the use of these inhibitors (Frahry and Schopfer
1998; Ros Barcel6 1998b; Ros Barcelé and Ferrer 1999).

7.1 NADPH Oxidases

As suggested from the topography of H,O, production obtained from electron
microscope studies (Fig. 3), epidermal and vascular cells very probably generate
extracellular O,*/H,O, via a plasma membrane-localized NOX. This enzyme cata-
lyzes the formation of O,*~ from O,, using cytosolic NADPH as an electron donor
(see Chap. 1), at the external face of the plasma membrane:

20, +NADPH — 20, *~ +NADP' +H"

In Arabidopsis (Foreman et al. 2003; see Chap. 5), cell wall softening (loosening)
and plant cell growth stimulated by ROS is apparently mediated by a Rop GTPase-
regulated NOX (encoded by AtrbohC), which results in O,*~ production at active
growing cells (Foreman et al. 2003). Likewise, suberization is an H,O,-dependent
peroxidase-mediated process, in which the H,O, necessary for the peroxidative
oxidation of phenolics also comes from a DPI-sensitive NOX-like enzyme (Razem and
Bernards 2003; Bernards et al. 2004), similarly to that occurring during lignification
(Ros Barcel6 1998c¢). In fact, a potato NOX homolog (StrbohA) has recently been
implicated (Kumar et al. 2007) in the generation of H,O, during suberization.

H,0O,-generation is a cognate characteristic of all the lignifying xylem cells
(Czaninski et al. 1993; Olson and Varner 1993; Ros Barcel6 1998a; Weir et al. 2005),
and may be over-stimulated by cadmium toxicity (Rodriguez-Serrano et al. 2006).
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H,O, production by the xylem is thought to be catalyzed by a DPI-sensitive NOX-like
enzyme (Ogawa et al. 1997; Ros Barcel6 1998c, 1999; Karlsson et al. 2005), which
generates O,*". This O,*” in then dismutated to H,O, by a tissue-specific CuZn-SOD
(Ogawa et al. 1997; Karlsson et al. 2005; Srivastava et al. 2007) or, alternatively, by
a Mn-SOD (Corpas et al. 2000).

Evidence for the presence of a NOX-like enzyme in the xylem also comes from
the observation that a Rac small GTPase, identified as a component of the NOX
complex (Wong et al. 2007), is preferentially and asymmetrically accumulated in
xylem parenchyma cells and tracheary element precursor cells (Nakanomyo et al.
2002), which, as has been described in Sect. 6.2, are the main sites for 02-‘/H2O2
production (Ros Barcelé 2005). Rac small GTPases are known as molecular
switches that regulate cellular processes by transducing signals in the GTP-bound
form (Wong et al. 2007). Their identification as putative components and regulatory
proteins of the NOX complex in the lignifying xylem fit well with the observation
that O,*/H,O, production by the xylem is a highly regulated and orchestrated
event (Fig. 5), in which calmodulin (sensitive to R-24571), phospholipase C
(sensitive to neomycin sulfate) and protein kinase (sensitive to staurosporine) are
key components in its regulation (Ros Barcelé 1999). This strict metabolic regulation
of O,*/H,0, production suggests the participation of a metabolic cascade involving

Peroxidase

Fig. 5 Proposed scheme for the regulation of the NADPH-oxidase-like enzyme of the xylem by
Ca*/calmodulin, phospholipase C, and protein kinases on the basis of the sensitivity of H,0,/
0, production to R-24571, neomycin sulfate, and staurosporine, respectively
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Ca*/calmodulin, inositol 1,4,5-triphosphate (IP,) and protein phosphorylation.
The metabolic cascade appears to act as the joint gateway for coordinating both
the morphological and the biochemical processes which occur during xylem
differentiation/lignification, since inhibitors of phospholipase C also inhibit
tracheary element formation (Zhang et al. 2002).

Microarray analyses of gene expression during the trans-differentiation of Zinnia
mesophyll cells into tracheary elements (Demura et al. 2002) have allowed the
determination of a specific mRNA coding for a putative respiratory burst oxidase
homolog (RBOH) (NOX). In fact, a differentially expressed cDNA (AU289770)
showed a strong homology with the AfrbohE gene, which is also differentially expressed
during the frans-differentiation of Arabidopsis mesophyll cells into tracheary elements
(Kubo et al. 2005), making them the most obvious candidates for the generation of
HZO2 in vascular tissues. The AtrbohE gene, however, clusters outside the two main
groups in which all the known plant RBOH cluster (Yoshioka et al. 2001), including
the StrbohA implicated in the generation of H,O, during suberization.

7.2 Peroxidases

The key function of plant peroxidases is the single one-electron oxidation of several
substrates of phenolic nature at the expense of H,O, yielding diffusible phenoxy
radicals (Re):

2RH+H,0, — 2R *+2H,0

However, and paradoxically, peroxidases may transitorily generate O,*/H,0,
(Ros Barcel6 2000; Passardi et al. 2004). This mechanism is restricted to the O,*/H,0O,
generating step of peroxidases during their catalytic cycle, which is represented by
the decay of Compound III (CII) into Felll, the native form of the enzyme. This
cycle begins in the absence of H,O, but in the presence of a reductant capable of
reducing Felll to Fell [E° (Felll/Fell) = —271 mV at pH 7.0] (Yamazaki and Yokota
1973). Fell has a high affinity for O, (k= 5.8 x 10* M™' s7'), and this reaction leads
to the formation of CIII:

Fell+ 0, — CIIL

Three different mechanisms for the decay of CIII to Felll have been proposed
(see Ros Barcelé 2000, and references cited therein), but only one involves the
dissociation of CIII (k = 8.2 x 10~* s™'): CIIl — FellI + O,*~. However, this reaction
appears more properly to be displaced towards the formation of CIII (k = 3.0 x 107
M s7): Felll + O,»~ — CIII, and it is unlikely that it contributes noticeably to a
net O~ generation. Nevertheless, the slow decay of CIII may initiate a complex
catalytic cycle (Yamazaki and Yokota 1973) which can be broken down into in
the following Eqs.:
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2CII — 2Felll+20,+ (k=82x10"s")

20, +2H" - H,0,+0, (k=18x10'M"'s™)
Felll+H,0, — CI+H,0 (k=10"M"s™)
CII+CI+H* - Felll+CII+0, (k=10*M"'s™)
CII+CII+H* — 2Felll+0, + H,0 (k=3.0x10*M's™)

where CI (compound I) and CII (compound II) constitute intermediates of the
catalytic (peroxidative) cycle of the enzyme, and which leads to the complete Colll
auto-decomposition:

4ACHI+4H" — 4Felll+30, +2H,0

From these eqs., it is apparent that the decay of CIII would in no case contribute
to a noticeable net O,*/H,O, production. However, due to the fact that CI and CII
are continuously generated and broken down during this oxidase/peroxidase cycle,
the introduction in the bulk of the reaction of a phenolic compound (RH) acting as
substrate of CI and CII:

ClI+RH — Felll +R*+H,O0

would result in the oxidation of the phenolic to its corresponding radical (Re),
which would then undergo polymerization reactions. This is what occurs when a lignin
precursor (e.g., coniferyl alcohol) (Ferrer et al. 1990) or soluble cell wall proteins
(Wojtaszek et al. 1997) are introduced in the bulk of the oxidase/peroxidase reaction.

7.3 Poly(di)amine Oxidases

DAO catalyses the oxidative deamination of the diamine putrescine (Put),
producing the corresponding 4-aminobutirylaldehyde, which spontaneously
cyclizes to A '-pyrroline, ammonia, and H,O,. PAO preferentially cleaves the
aminopropyl side-chains at secondary amino groups of polyamine substrates, such
as spermidine or spermine, producing H,0,, 1,3-diaminopropane, and A'-pyrroline
or A '-(3-aminopropyl)-pyrroline, respectively (Smith 1985). Polyamines inhibit
the NOX-mediated O,*~ generation (Papadakis and Roubelakis-Angelakis 2005),
and PDAOs are cell wall-located enzymes (Smith 1985), both histochemical and
immunolocalization studies having demonstrated the presence of these enzymes in
xylem tissues (Angelini and Federico 1989; Moller and McPherson 1998). However,
since the carbon skeletons of the products of PDAO action [1,3-diaminopropane,
A '-pyrroline, and A'-(3-aminopropyl)-pyrroline] cannot be recycled directly to the
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initial H,O,-generating polyamines (Sebela et al. 2001), these enzymes are generally
considered to be involved in the terminal catabolism of polyamines. In fact, the
biosynthesis of diamines (e.g., Put) is a highly expensive process:

2HNO, + 4CO, + 19NADPH + 19H* — NH,~CH,-CH,~CH,~CH,-NH,
+ 14H,0 + 19NADP*

and therefore it makes no sense for plant cells to manufacture costly poly(di)
amines to generate H O, in the cell wall, when they may directly and economically
perform this task by means of NOX, through the direct and univalent reduction of O,.

7.4 Oxalate Oxidases

OXOs are cell wall-located enzymes that can produce H,O, in plants. They release
CO, and H,O, from O, and oxalic acid (OA), which is generally present in low
levels in plant cell walls:

HOOC - COOH + 0, - 2CO, +H,0,

This enzyme was first isolated and characterized from monocots (Lane 1994).
Wheat OXO, also known as germin, is the best-characterized member of the cupin
family (Bernier and Berna 2001). Germin-like proteins (GLPs) have been isolated
from both monocots and dicotyledonous, but only in monocots and pine have
germins shown OXO activity (Bernier and Berna 2001). Various studies on the
highly conserved family of GLPs revealed that GLPs may play certain roles in plant
development (Bernier and Berna 2001), but the exact biological significance of the
H,0, production by OXOs during this process remains unknown.

8 H,O, as Autocrine and Paracrine Signal

When relatively large amounts of H,O, are generated in the apoplast, and it is
exceeded the low cell wall antioxidant capacity, such as occurs in epidermal and
vascular tissues (Sect. 6), H,O, would rapidly move into the cell or through the
apoplastic space of cells of the same tissue, and subsequently act as an intracellular
and intercellular messenger (Neill et al. 2002; see also Chaps. 2—-6), be sensed and
metabolized. Thus, HZO2 can function as a mobile signal, but whether HZO2 is the
sole signal or is part of a multiple systemic response remains to be determined.
Simulating ROS production at the plant cell wall by the exogenous supply of
H,0, influences the expression of a large number of genes (Kim et al. 2005), which
suggests that plant cells have evolved strategies to utilize cell wall ROS as biological
signals and that cell wall ROS control several genetic developmental programs
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(Neill et al. 2002). Changes in transcriptional activity may be achieved through
the oxidation of components of signalling pathways that subsequently activate
transcription factors (TFs) or by modifying a redox-sensitive TF directly. The effects
of ROS on components of the mitogen-activated protein kinase (MAPK) cascade
may result in the indirect activation of TFs, and the activation of the MAPK cascade
may be initiated by redox-controlled protein Tyr phosphatases (see Chap. 2).

H,0, modulates the expression of a vast array of genes, including those encoding
antioxidant enzymes and modulators of H,0, production. A microarray study (Kim
et al. 2005) showed that the expression of 9% of genes of Arabidopsis was altered
in H,O,-treated seedlings. As would be expected, genes encoding antioxidant enzymes
[ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), monodehy-
droascorbate radical reductase (MDAR)], oxidases such as ascorbate oxidases
(AAO), enzymes of the lignin biosynthetic pathway [phenylalanine ammonia lyase,
p-hydroxycinnamoyl CoA reductases (CCRs), and ferulate-5-hydroxylases],
and RBOH proteins, were upregulated. One of the upregulated Atrboh genes was
AtrbohC the RBOH involved in cell wall softening reactions (Foreman et al. 2003).
As also expected, some of the downregulated genes corresponded to proteins
involved in cell wall softening, such as expansins.

However, within the same multigenic family, members were found which were
downregulated, while others were upregulated (Kim et al. 2005). This was the case for
peroxidases, laccases, enzymes of the lignin biosynthetic pathway (caffeoyl-CoA
O-methyl-transferases and caffeic acid O-methyl-transferases and CCRs), putative
plasma membrane ABC monolignol transporters, extensins, and proteins involved
in cell wall softening, such as xyloglucan-endo-trans-glycosylases, but also genes
encoding proteins that are potentially involved in signalling, such as TFs of the
MYB and WRKY family (Kim et al. 2005), all of which illustrates the complexity
of the H O, -regulated signalling pathways. Although H,O,-responsive promoters
have been identified (Neill et al. 2002), specific H,O,-regulatory DNA sequences
(cis-elements) and their cognate TFs have not yet been isolated and characterized.

9 ROS Homeostasis in Cell Walls

Non-enzymatic plant antioxidants include the major cellular redox buffers, ascorbic
acid (AA) and glutathione (GSH), but only for AA does evidence exist concerning its
presence in cell walls (Vanacker et al. 1998). In fact, although most of the cellular
AA pool is localized within the cytoplasm, up to 5% is transported across the plasma
membrane and into the apoplast, where it constitutes the major sink for ROS
(Apel and Hirt 2004). AA is chemically oxidized to monodehydroascorbate radical
(MDHAR), which dismutates into AA and dehydroascorbate (DHA). A high AA to
DHA ratio ([AA]/[AA + DHAY]) is essential for ROS scavenging in plant cell walls.
In fact, AA interferes with the peroxidase-mediated oxidation of phenolics by
reducing phenolic radicals back to the original phenolics, thereby scavenging H,0,
(Takahama 1993; de Gara 2004). It seems that, to allow cell wall stiffening reactions,
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apoplastic AA would first need to be completely oxidized to DHA, as has been
confirmed in several studies (de Gara 2004; Ros Barcel? et al. 2006).

Enzymatic ROS-scavenging mechanisms in plants include SOD, APX, glutathione
peroxidase (GPX) and catalase, but evidence of their presence in cell walls exists
only in the case of SOD and, to a lesser extent, of APX (Apel and Hirt 2004). SODs
act as the first line of defense against ROS, dismutating O,*” to H,0,. APX can
subsequently detoxify H,O, at the expense of AA. To be effective in ROS scavenging,
APXs require an AA and GSH regeneration system, the AA-GSH cycle (Foyer and
Halliwell 1976). However, there is no conclusive evidence supporting the presence of
the AA-GSH cycle in plant cell walls (Herndndez et al. 2001; Apel and Hirt 2004).

In spite of this, different plasma membrane-associated carrier systems for AA and
DHA translocation have been reported in several plant species (Horemans et al. 2000):
DHA may be transported into the cytosol through the plasma membrane by a specific
carrier that preferentially translocates DHA in exchange for the reduced form (AA),
ensuring a continuous flux of reducing power to the cell wall (Horemans et al. 2000).
Little is known about these plasma membrane AA transport systems, but it is known
that they are too slow to maintain a highly reduced extracellular AA pool in situations
of high ROS production (Horemans et al. 2000). It has also been speculated that AA
may also be regenerated in the plant cell wall by the driving of a plasma membrane
electron transport chain. In fact, plasma membranes contain an AA-dependent
cytochrome b, , which is reduced on one face by cytosolic AA and oxidized on the
other by MDHAR, generating AA in the plant cell wall (Horemans et al. 2000).

However, due to the limited distribution of APXs in plant cell walls (de Gara 2004),
there is increasing evidence that the levels of cell wall-located AA are mainly controlled
by AAO (Pignocchi et al. 2003), a situation that is extrapolable to lignifying tissues
(Ros Barcel6 et al. 2006). AAO is a widely distributed cell wall-localized enzyme,
which regulates the redox status of AA in the apoplast since it oxidizes AA to
MDHAR, with the concomitant reduction of O, to H,O (Pignocchi and Foyer 2003).
AAO belongs to the enzyme family of “the blue copper oxidases,” which also includes
plant laccases. AAO has a high degree of homology with laccase (Pignocchi and
Foyer 2003), but although there seem to be several important differences between
the two enzyme groups, no work has so far been published comparing the substrate
specificities of laccases and AAO, which is especially important since both enzyme
groups very probably exhibit overlapping substrate specificities.

If the redox status of the extracellular AA pool is regulated by AAOs (Pignocchi
et al. 2003), this enzyme could be considered the first step in the AA degradation
pathway in the apoplast (Green and Fry 2005), since DHA is unstable in aqueous
solutions, and rapidly decays to 2,3-diketo-L-gulonate (DKG) (Green and Fry 2005).
In fact, in the apoplast of cultured rose cells, DHA is degraded via several intermediates
to OX and L-threonate, through a series of reactions that possibly generate H,0,
(Green and Fry 2005; Kérkonen and Fry 2006). Furthermore, OX, one of the end
products in the AA degradation pathway of the apoplast, could generate H,0, by
the action of OXOs. Such an AA degradation pathway of the apoplast leading to
L-threonate and CO2 could confer some sense to lacasses/AAOs and OXOs, which
are poorly understood enzymes in relation to their function (de Tullio et al. 2004;
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Bernier and Berna 2001), and which are strongly upregulated during secondary cell
wall formation and lignification (Demura et al. 2002; Kubo et al. 2005). In addition,
regulation of the extracellular AA pool by AAOs would provoke an on/off transition
of the redox state of the apoplast from a highly reducing state in undifferentiated
cells to a highly oxidizing state in differentiating/differentiated cells, which is
required not only for most of the terminal cell wall stiffening reactions, but also for
vascular differentiation (de Pinto and de Gara 2004; Henmi et al. 2005).

10 Conclusion

The primary function of ROS production in the plant cell wall of epidermal, vascular,
and suberizing tissues is modification of the cell wall components, through processes
of cell wall softening/stiffening, which, in the last instance, trace the fine profiles
of plant cell growth and morphogenesis. However, this produces a dichotomy in
ROS production, especially as regards the fate of H,0,, O,*, and OHe in cell wall
stiffening/softening reactions, which is far from being completely understood. Although
four possible mechanisms have been proposed to explain how this H,O, is produced
in the plant cell wall, there is only certain creditable evidence (molecular and logistic)
supporting the participation of NADPH oxidases in this process. There is also
increasing substantiation that the redox buffering capacity of the apoplast is regulated
by AAOs. Such regulation of the extracellular AA pool by AAOs would provoke
an on/off transition of the redox state of the apoplast, from a highly reducing state
in undifferentiated cells to a highly oxidizing state in differentiating/differentiated
cells, which is required not only for most of the biochemical processes leading to
cell wall stiffening reactions, such as suberization and lignification, but also for
inducing cytological processes such as vascular differentiation.
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Peroxisomes as a Cellular Source
of ROS Signal Molecules

Luis A. del Rio, Luisa M. Sandalio, Francisco J. Corpas,
Maria C. Romero-Puertas, and José M. Palma

Abstract Peroxisomes are subcellular organelles with an essentially oxidative
type of metabolism and devoid of DNA, and are probably the major sites of
intracellular H,O, production. Like mitochondria and chloroplasts, peroxisomes
also produce superoxide radicals (O,*") and there are, at least, two sites of superoxide
generation: one in the organelle matrix, the generating system being xanthine
oxidase, and another site in the peroxisomal membranes dependent on NAD(P)H.
In peroxisomal membranes, three integral polypeptides (PMPs) have been shown
to generate O,* radicals. Besides catalase, several antioxidative enzymes have been
demonstrated in plant peroxisomes, including different superoxide dismutases, the
enzymes of the ascorbate—glutathione cycle plus ascorbate and glutathione, and
three NADP-dependent dehydrogenases. The presence of nitric oxide synthase
(NOS) activity and its reaction product, nitric oxide (NO), has been demonstrated
in plant peroxisomes. These organelles have a ROS-mediated cellular function in
leaf senescence and in stress situations induced by xenobiotics and heavy metals,
and can have an important role in plant cells as a source of signal molecules like
O, radicals, H,0,, NO and S-nitrosoglutathione (GSNO).
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1 Introduction

Peroxisomes are subcellular organelles bounded by a single membrane and devoid
of DNA that contain as basic enzymatic constituents catalase and hydrogen peroxide
(H,0,)-producing flavin oxidases, and occur in almost all eukaryotic cells (Huang
et al. 1983; Fahimi and Sies 1987; Baker and Graham 2002). At the beginning of
the 1960s, when these organelles were first isolated and characterized from
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mammalian tissues (De Duve and Baudhuin 1966), it was thought that their main
function was the removal by catalase of toxic hydrogen peroxide generated by
different oxidases. However, at present it is known that peroxisomes are involved
in a range of important cellular functions in almost all eukaryotic cells (Minorsky
2002; Baker and Graham 2002; del Rio et al. 2002a, 2003, 2006; Igamberdiev and
Lea 2002; Titorenko and Rachubinski 2004; Corpas et al. 2009). Table 1 shows
different functions that have been described so far for peroxisomes in plant cells.
Apart from these functions, plant peroxisomes also play a role in the degradation
of branched amino acids and the production of the compatible osmosolute Gly
betaine (Reumann et al. 2004). Moreover, evidence is emerging for the existence of
regulatory proteins in peroxisomes, like heat shock proteins, kinases, and phos-
phatases (Hayashi and Nishimura 2006; Reumann et al. 2007).

The peroxisome of plant cells is a highly dynamic compartment that is dependent
upon the actin cytoskeleton, not microtubules, for its subcellular distribution and
movements (Mano et al. 2002; Hashimoto et al. 2005). In plants, there are several types
of peroxisomes which are specialized in certain metabolic functions. Glyoxysomes
are specialized peroxisomes, occurring in the storage tissue of oilseeds, that contain
the fatty acid B-oxidation and all the glyoxylate cycle enzymes to convert the seed
reserve lipids into sugars which are used for germination and plant growth (Huang
et al. 1983; Baker and Graham 2002). Leaf peroxisomes are specialized peroxisomes
present in photosynthetic tissues that carry out the major reactions of photorespiration
(Tolbert et al. 1987; Douce and Heldt 2000). Another type of specialized peroxisomes
are root-nodule peroxisomes from certain tropical legumes, in which the synthesis
of allantoin, the major metabolite for nitrogen transport within these plants, is carried
out (Schubert 1986). In more recent years, by transcriptomic analysis of 286
peroxisomal genes present in the Arabidopsis genome, cotyledonary peroxisomes
were proposed as a new class of peroxisomes (Arai et al. 2008).

A characteristic property of peroxisomes is their oxidative type of metabolism
and metabolic plasticity, because their enzymatic content can vary depending on the
organism, cell/tissue-type and environmental conditions (Fahimi and Sies 1987;
Van den Bosch et al. 1992; Baker and Graham 2002). An example of the inducible

Table 1 Main functions described for peroxisomes in plant cells

Function Reference

Photorespiration Tolbert et al. (1987); Douce and Heldt (2000)

-Oxidation of fatty acids Huang et al. (1983); Baker and Graham (2002)

Glyoxylate cycle Huang et al. (1983); Baker and Graham (2002)

Metabolism of ureides Schubert (1986); Baker and Graham (2002)

Metabolism of ROS and RNS del Rio et al. (2002a, 2006)

Biosynthesis of phytohormones Reumann et al. (2007); Nyathi and Baker (2006)
(auxin, jasmonic acid, salicylic acid)

Oxidative reactions of senescence del Rio et al. (1998)

Photomorphogenesis Desai and Hu (2008)

Sulfite detoxification Hinsch et al. (2006)

Defense against pathogens Koh et al. (2005); Kuzniak and Sktodowska (2005)
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nature of peroxisomal metabolism is the light-induced transition of glyoxysomes,
the specialized peroxisomes of oilseeds, to leaf-type peroxisomes (Huang et al.
1983; Mullen and Trelease 1996). During the senescence of leaves, the reverse process
is observed, whereby leaf peroxisomes are converted into glyoxysomes (Vicentini
and Matile 1993; Nishimura et al. 1996; del Rio et al. 1998). These metabolic
transitions are also observed in plants under conditions of abiotic stress by cadmium
where this heavy metal causes leaf peroxisomes to adopt a glyoxysome-type
metabolism (McCarthy et al. 2001).

Peroxisome proliferation and the induction of some peroxisomal B-oxidation
enzymes was first documented in the livers of rats exposed to a variety of xenobiotics
and subsequently found in other mammalian species (Reddy et al. 1982). In plants,
the cellular population of peroxisomes can proliferate during senescence and under
different stress conditions produced by xenobiotics, ozone, cadmium, HZO2 (del Rio
etal. 1998, 2002a, b; Romero-Puertas et al. 1999; Nila et al. 2006; Castillo et al. 2008),
and by light (Desai and Hu 2008). Peroxisome proliferator-activated receptor (PPAR),
the transcription factor involved in peroxisomal proliferation and induction of peroxi-
somal fatty acid B-oxidation in animal tissues, was recently expressed in tobacco plants.
In the transgenic plants obtained, PPARa from frog (Xenopus laevis) was functional
and its expression in tobacco led to changes in general lipid metabolism and induced
the proliferation of peroxisomes, as reported in animal tissues (Nila et al. 2006).

In the last two decades, different experimental evidence has been obtained
indicating the existence of cellular functions for plant peroxisomes related to
reactive oxygen species. In this chapter, the production of ROS, the different
antioxidant systems, the generation of nitric oxide and the function of peroxisomes
in oxidative stress will be analyzed in the context of a new cellular function for
peroxisomes as a source of ROS signal molecules.

2 Production of Reactive Oxygen Species in Peroxisomes

In plant cells, as in most eukaryotic organisms, peroxisomes are probably the major
sites of intracellular H,O, production, as a result of their essentially oxidative type
of metabolism. The main metabolic processes responsible for the generation of
H,0, in different types of peroxisomes are the photorespiratory glycolate oxidase
reaction, the B-oxidation of fatty acids, the enzymatic reaction of flavin oxidases,
and the disproportionation or dismutation of superoxide radicals (Baker and
Graham 2002; del Rio et al. 2002a; Foyer and Noctor 2003).

In plants, the production of reactive oxygen species (ROS) has been demonstrated
mainly in chloroplasts, mitochondria, plasma membrane, and the apoplastic space
(Bolwell 1999; Mittler 2002; Halliwell and Gutteridge 2007). But during the
last decade, it has been demonstrated that peroxisomes, like mitochondria and
chloroplasts, also produce superoxide radicals (O,*”) as a consequence of their
normal metabolism. In peroxisomes from pea leaves and watermelon cotyledons,
both biochemical and electron spin resonance spectroscopy (ESR) methods showed
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the existence of, at least, two sites of Ozf generation: one in the organelle matrix, in
which the generating systems was identified as xanthine oxidase (XOD), and another
site in the peroxisomal membranes dependent on NAD(P)H (Sandalio et al. 1988; del
Rio et al. 1989, 2002a). Xanthine oxidase catalyses the oxidation of xanthine and
hypoxanthine to uric acid and is a well-known producer of superoxide radicals
(Fridovich 1995). Very recently, the peroxisomal xanthine oxidase from pea leaves
has been characterized and the presence of this enzyme in peroxisomes has been
confirmed by immunogold electron microscopy (Corpas et al. 2008). It is known
that the conversion of xanthine dehydrogenase (XDH) into the O,*~ producing xan-
thine oxidase (XOD) can be carried out irreversibly by a proteolytic cleavage (Palma
et al. 2002). Experiments of incubation of peroxisomal matrices from pea leaves with
microbial xanthine oxidoreductase indicated that peroxisomal endoproteases (EPs)
could carry out the irreversible conversion of XDH into the superoxide-generating
XOD (Distefano et al. 1999). This result indicates that peroxisomal EPs could take
part in a regulated modification of proteins which do not necessarily imply their
complete degradation.

The other site of O,*~ production is the peroxisomal membrane, where a small
electron transport chain appears to be involved. This is composed of a flavoprotein
NADH:ferricyanide reductase of about 32 kDa and a cytochrome b (Bowditch and
Donaldson 1990). The integral peroxisomal membrane polypeptides (PMPs) of pea leaf
peroxisomes were identified by SDS-PAGE and three of these membrane polypeptides
with molecular masses of 18, 29, and 32 kDa have been characterized and demon-
strated to be responsible for O, generation (L6pez-Huertas et al. 1997, 1999).
The main producer of superoxide radicals in the peroxisomal membrane was the 18-kDa
PMP, which was proposed to be a cytochrome b (Lépez-Huertas et al. 1997). While
the 18- and 32-kDa PMPs use NADH as electron donor for Ozf production, the 29-kDa
PMP was clearly dependent on NADPH, and was able to reduce cytochrome ¢ with
NADPH as electron donor (Lépez-Huertas et al. 1999; del Rio et al. 2002a). On the
basis of its biochemical and immunochemical properties, the PMP32 very probably
corresponds to the monodehydroascorbate reductase (MDAR) (L6pez-Huertas et al.
1999) whose activity was previously detected in pea leaf peroxisomal membranes
(Jiménez et al. 1997). The third O,*-generating polypeptide, PMP29, could be
related to the peroxisomal NADPH:cytochrome P450 (L6pez-Huertas et al. 1999).

3 Antioxidant Systems in Peroxisomes

3.1 Superoxide Dismutases

Besides catalase, a complex battery of antioxidative systems has been demonstrated
in plant peroxisomes. These include different superoxide dismutases (SODs) a family
of metalloenzymes that catalyze the disproportionation of O,*~ radicals into H,O, and
O,, and protect cells against the toxic effects of superoxide radicals produced in
different cellular loci (Fridovich 1995; Halliwell and Gutteridge 2007). SODs are
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distributed mainly in chloroplasts, cytoplasm, mitochondria, apoplast, and nuclei
(Ogawa et al. 1996; Alscher et al. 2002; Corpas et al. 2006a; Rodriguez-Serrano
et al. 2007), but the presence of SOD in peroxisomes was demonstrated for the first
time in plant tissues, using immunoelectron microscopy and cell biology methods
(del Rio et al. 1983; Sandalio et al. 1987). Since then, the occurrence of SODs in
plant peroxisomes has been reported in, at least, ten different plant species including
pea, watermelon, carnation, castor bean, sunflower, cacumber, cotton, tomato, olive,
and pepper (del Rio et al. 2002a; Mateos et al. 2003). Results obtained concerning
the presence of SOD in plant peroxisomes were extended years later to human and
animal peroxisomes (see del Rio et al. 2002a). Three SODs of peroxisomal origin
have been purified and characterized, a CuZn-SOD and a Mn-SOD from water-
melon cotyledons and a Mn-SOD from pea leaves (Bueno et al. 1995; Palma et al.
1998; Rodriguez-Serrano et al. 2007). However, the genes encoding the peroxiso-
mal SODs have not yet been characterized.

3.2 Ascorbate—Glutathione Cycle

The ascorbate—glutathione cycle, also called Foyer—Halliwell-Asada cycle, is a way
used by plant cells to dispose of H,O, particularly in cellular compartments where
no catalase is present (Halliwell and Gutteridge 2007; Noctor and Foyer 1998).
This cycle occurs in chloroplasts, cytoplasm, and mitochondria (Noctor and Foyer
1998), but has also been demonstrated in peroxisomes. The four enzymes of the
cycle, ascorbate peroxidase (APX), monodehydroascorbate reductase (MDAR),
dehydroascorbate reductase (DAR), and glutathione reductase (GR), were present
in peroxisomes purified from pea leaves (Jiménez et al. 1997) and years later were also
found in peroxisomes from tomato leaves and roots (Mittova et al. 2004; Kuzniak and
Sklodowska 2005). Likewise, in intact peroxisomes, the presence of reduced ascor-
bate and glutathione and their oxidized forms was demonstrated by HPLC analysis
(Jiménez et al. 1997). The intraperoxisomal distribution of the ascorbate—glutathione
cycle was studied in pea leaves, and DHAR and GR were found in the soluble fraction
of peroxisomes, whereas APX activity was bound to the cytosolic side of the per-
oxisomal membrane (Jiménez et al. 1997). The peroxisomal GR of pea leaves has
been recently purified and characterized (Romero-Puertas et al. 2000).

MDAR was localized in both the membrane and matrix of these organelles
(Lopez-Huertas et al. 1999; Leterrier et al. 2005), and in pea and Arabidopsis, the
peroxisomal MDAR was found to contain a PTS type 1 (Leterrier et al. 2005;
Lisenbee et al. 2005). It has been proposed that the trans-membrane protein MDAR
can oxidize NADH on the matrix side of the peroxisomal membrane and transfer
the reducing equivalents as electrons to the acceptor MDA on the cytoplasmic side
of the membrane (Bowditch and Donaldson 1990). In this process, O, could also act
as an electron acceptor, with the concomitant formation of O, radicals (Lopez-Huertas
et al. 1999). The presence of APX and MDAR in leaf peroxisomal membranes could
serve to reoxidize endogenous NADH to maintain a constant supply of NAD* for
peroxisomal metabolism but could also have a protective role against H,O, leaking
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from peroxisomes. H,0, can easily permeate the peroxisomal membrane, but APX
would degrade leaking H,0,, as well as the H,O, that is being continuously formed
by dismutation of the O, generated in the NAD(P)H-dependent electron transport
system of the peroxisomal membrane, and MDAR would regenerate the reduced
form of ascorbate to be used by APX (Lépez-Huertas et al. 1999; del Rio et al.
2002a). This membrane scavenging of H,O, could prevent an increase in the
cytoplasmic concentration of this metabolite, particularly under certain plant stress
situations, when the level of H,O, produced in peroxisomes can be substantially

increased (del Rio et al. 1996).

3.3 NADP-Dependent Dehydrogenases

Different studies carried out in recent years have shown that the NADPH-generating
dehydrogenases have an important function in the mechanism of protection against
oxidative stress of bacteria, yeast, and mammalian and plant cells (Martini and
Ursini 1996; Lee et al. 2002; Valderrama et al. 2006). In plant cells, NADPH has
an important role in the protection systems against oxidative stress due to its
involvement in the ascorbate—glutathione cycle and water-water cycle (Noctor and
Foyer 1998; Asada 2006). This evidence has supported the notion of NADP-
dependent dehydrogenases as antioxidative enzymes which can be included in the
group of catalase, SOD, APX and GR/peroxidase (Corpas et al. 1999).

In isolated plant peroxisomes, the presence of three NADP-dehydrogenases has
been demonstrated, including glucose-6-phosphate dehydrogenase (G6PDH),
6-phosphogluconate dehydrogenase (6PGDH), and isocitrate dehydrogenase
(ICDH) (Corpas et al. 1999; Valderrama et al. 2006). The presence in peroxisomes
of these dehydrogenases implies that these organelles have the capacity to reduce
NADP* to NADPH for its reutilization in their metabolism. NADPH is necessary
for the function of the NADPH:cytochrome P450 reductase, whose presence has been
detected in membranes of plant peroxisomes (Baker and Graham 2002). NADPH is
also required for the GR activity of the ascorbate—glutathione cycle which recycles
reduced glutathione (GSH) from its oxidized form (GSSG) to be used for the scav-
enging of H,O, in the cycle (Noctor and Foyer 1998). NADPH has been reported to
protect catalase from oxidative damage (Kirkman et al. 1999) and is also necessary
for the peroxisomal NO-producing activity, nitric oxide synthase (NOS) (Corpas et al.
2004a), as well as for the reduction of double bonds of unsaturated fatty acids by
2,4-dienoyl-CoA reductase (Reumann et al. 2007).

3.4 Peroxiredoxins

Peroxiredoxins (Prxs) are a family of thiol-specific antioxidant enzymes, also known
as thioredoxin-dependent peroxidases, which are present in bacteria, yeasts, plants,
and mammals (Dietz 2003). The antioxidative functions of Prxs consists in the



Peroxisomes as a Cellular Source of ROS Signal Molecules 101

reduction and, therefore detoxification, of HZOZ, peroxynitrite and different organic
hydroperoxides (Dietz 2003; Wood et al. 2003). Although Prxs are mainly present in
the cytoplasm, they also occur in mitochondria, chloroplasts, and nuclei (Dietz 2003).
Using immunogold electron microscopy, a putative Prx with an atypical molecular
mass of 60 kDa was localized in the matrix of pea leaf peroxisomes (Corpas et al.
2003), and in mammalian cells a Prx (Prx V) was also localized in these organelles
(Seo et al. 2000). Further research is necessary to characterize this putative peroxiso-
mal Prx. The localization of Prxs in peroxisomes would supply these organelles with
an additional antioxidant enzyme system to control the peroxisomal level of H,0, and
also to remove peroxynitrite that could be formed in peroxisomes (see Sect. 4).

4 Nitric Oxide and Nitric Oxide Synthase
Activity in Peroxisomes

In plants, nitric oxide (NO) can be produced by non-enzymatic systems and by
enzymatic sources, mainly including nitrate reductase and L-arginine-dependent nitric
oxide synthase-like activities (Rockel et al. 2002; del Rio et al. 2004; Corpas et al.
2006b; Neill et al. 2008). The enzyme nitric oxide synthase (NOS; EC 1.14.13.39)
catalyzes the oxygen- and NADPH-dependent oxidation of L-arginine to NO and
citrulline in a complex reaction requiring FAD, FMN, tetrahydrobiopterin (BH,),
calmodulin, and calcium (Alderton et al. 2001). At present, there is abundant
biochemical evidence showing the presence of L-arginine-dependent NOS activity
in different plant species under physiological and stress conditions (Corpas et al.
2006b, 2007; Valderrama et al. 2006). The occurrence of this NO-producing activity
in isolated peroxisomes was first demonstrated in plant tissues, in leaves of pea plants
(Barroso et al. 1999; Corpas et al. 2004a). In olive leaves, pea leaves, and sunflower
cotyledons, the occurrence of the enzyme in the matrix of peroxisomes was also
demonstrated by immunocytochemistry (Barroso et al. 1999; Corpas et al. 2004b) and
was ratified by laser confocal immunofluorescence microscopy (Corpas et al. 2004a).
Following the localization of NOS activity in plant peroxisomes, the presence of NOS
in animal peroxisomes (in hepatocytes) was also reported (Loughran et al. 2005).

The occurrence of nitric oxide as an endogenous metabolite in peroxisomes
purified from pea leaves was demonstrated by fluorometric analysis, and by
electron paramagnetic resonance (EPR) spectroscopy with the spin trap Fe(MGD),
(Corpas et al. 2004a). However, the identification of the gene(s) encoding the
enzyme responsible for the NOS activity in plants remains to be achieved (Zemojtel
et al. 2006; Neill et al. 2008).

The generation of NO and O,*” in peroxisomes suggests the possible formation
of the powerful oxidant peroxynitrite (ONOO") in these organelles by reaction
between both free radicals (Halliwell and Gutteridge 2007). This would be another
reason to explain the presence of peroxiredoxin in leaf peroxisomes (see Sect. 3.3.4),
since these thiol-dependent peroxidases can reduce and detoxify peroxynitrite,
apart from H,O, and different organic hydroperoxides (Wood et al. 2003).
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5 Function of Peroxisomes in Oxidative Stress

In most biotic and abiotic stress conditions an overproduction of ROS has been
demonstrated, and these species are thought to be responsible for the oxidative damage
associated with plant stress (Dat et al. 2000; Mittler 2002; Mgller et al. 2007).
Conditions which induce the generation of ROS in plants mainly include pathogen
infection, exposure to high light intensities, drought and salt stress, high- and
low-temperature exposure, heavy metals, UV radiation, air pollutants, and physical and
mechanical wounding (Dat et al. 2000; Mittler 2002; Desikan et al. 2001). In plants
under normal physiological conditions, the production by peroxisomes of the ROS
H,0, and O,*" should be conveniently controlled by catalase and ascorbate peroxidase,
and SOD, respectively, which are present in peroxisomes. But the risk of serious
damage can arise when, under stress conditions, the peroxisomal generation of ROS
is increased and the protective antioxidative systems of the organelle are depressed.

In leaf peroxisomes from pea plants subjected to stress conditions by xenobiotics,
like the hypolipidemic drug clofibrate (ethyl-a-p-chlorophenoxyisobutyrate) and
the herbicide 2,4-D (2,4-dichlorophenoxyacetic acid), an oxidative stress mechanism
mediated by ROS was demonstrated to be involved (Palma et al. 1991; del Rio et al.
2002b). Clofibrate also induced a proliferation of the peroxisomal population in
leaves of pea, tobacco, and Arabidopsis plants (Palma et al. 1991; Nila et al. 2006;
Castillo et al. 2008), a similar effect to that previously described in rodents by
Reddy et al. (1982). In pea leaves sprayed with the herbicide 2,4-D, transcriptome
analysis showed an induction of transcripts of the peroxisomal enzyme monodehy-
droascorbate reductase (MDAR 1) (Leterrier et al. 2005).

Peroxisomes appear to have a ROS-mediated function in the oxidative reactions
characteristic of senescence. The senescence-induced changes in the reactive oxygen
metabolism of peroxisomes are mainly characterized by the disappearance of catalase
activity and an overproduction of O,*~ and H,O, and a strong decrease of APX and
MDAR activities (del Rio et al. 1998). Since O,*~ radicals under physiological
conditions quicky dismutate into H,O, and O,, the final result of senescence is a
build-up in leaf peroxisomes of the more stable metabolite H,O,, which can diffuse
into the cytoplasm. This represents a serious situation not only for peroxisomes but
also for other cell organelles such as mitochondria, nuclei, and chloroplasts, due
to the possible generation of the strongly oxidizing hydroxyl radicals (OHe) by the
metal-catalyzed reaction of H,O, with O,* (Halliwell and Gutteridge 2007; Fridovich
1995). On the other hand, the endogenous proteases of peroxisomes are induced by
senescence (Distefano et al. 1999) and they probably participate in the important
metabolic changes that take place in these organelles as a result of senescence
(McCarthy et al. 2001; Palma et al. 2002).

In the toxicity produced in pea plants by heavy metals, like cadmium and copper,
leaf peroxisomes are also involved. In peroxisomes from Cu-tolerant plants, higher
activities of the antioxidative enzymes Mn-SOD and catalase were found compared
with Cu-sensitive plants (Palma et al. 1987). This suggests that Cu-tolerant plants
could have evolved protection mechanisms against the peroxisomal generation of
O,*"-dependent toxic species. In leaf peroxisomes from pea plants treated with
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cadmium, an enhancement of the H202 concentration and the oxidative modification
of some endogenous proteins was observed, which was parallel to a slight increase of
the peroxisomal population of leaves (Romero-Puertas et al. 1999, 2002). Peroxisomes
responded to cadmium toxicity by increasing the activity of antioxidative enzymes
involved in the ascorbate—glutathione cycle and the NADP-dehydrogenases located in
these organelles. Cadmium also increased the activity of the endogenous proteases
and glyoxylate cycle enzymes, malate synthase and isocitrate lyase. The activity
enhancement of these two enzymes suggests that Cd induces senescence symptoms
in peroxisomes and, probably, a metabolic transition of leaf peroxisomes into
glyoxysomes, with a participation of the peroxisomal proteases in all these Cd-induced
metabolic changes (McCarthy et al. 2001; Palma et al. 2002).

In tobacco plants with 10% of wild-type catalase activity, stress by H,O, showed
that catalase was essential for maintaining the redox balance during oxidative stress
(Willekens et al. 1997). In transformed Arabidopsis plants, a model was proposed
whereby different stresses that generate H,O, as a signaling molecule result in
peroxisome proliferation by the upregulation of peroxisome biogenesis genes
(PEX). This model establishes that the peroxisome proliferation by H,0, might be
a common mechanism of protection against oxidative stress, by making use of the
antioxidants of peroxisomes (Lopez-Huertas et al. 2000).

A ROS-dependent participation of plant peroxisomes in fungal infection has
been proposed in tomato plants (Kuzniak and Sklodowska 2005). But peroxisomes
could also have an important function in defense mechanisms conferring resistance
to pathogen attack. It has been reported that the infection of Arabidopsis by oomycete
pathogens promotes a redistribution of the Golgi bodies and peroxisomes that become
preferentially localized at the infection site (Hardham 2007). In the Arabidopsis
response to compatible fungal infections, epidermal peroxisomes appear to have a
role in removing ROS generated at penetrating sites (Koh et al. 2005).

6 Peroxisomes as a Source of ROS and RNS
Signal Molecules

Considering the superoxide radical generating systems and diverse antioxidants
of peroxisomes, as well as the presence of L-arginine-dependent nitric oxide
synthase (NOS) activity in these organelles, a model has been designed that
shows that peroxisomes can release signal molecules, such as H,0,, O,*, NO and
S-nitrosoglutathione (GSNO), to the cytoplasm (Fig. 1). Nitric oxide produced by
the enzymatic reaction of NOS can react with superoxide radicals generated in the
peroxisomal matrix by xanthine oxidase (XOD) to form the powerful oxidant
peroxynitrite (ONOQO"), which can regulate the conversion of xanthine dehydrogenase
into the superoxide-generating XOD (Sakuma et al. 1997).

Under normal physiological conditions, the production by peroxisomes of the
ROS H,0, and O,*~ should be adequately controlled by catalase and ascorbate
peroxidase, and SOD, respectively, which are present in peroxisomes. However,
catalase is known to be inactivated by light and different stresses (Schifer and
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Fig. 1 Hypothetical model of the function of peroxisomes in the generation of the signal molecules
H,0,, O,, NO, and GSNO (modified from del Rio et al. 2006). MDAR monodehydroascorbate
reductase (PMP32), Cyt b a b-type cytochrome (PMP18), GSH reduced glutathione, GSNO
S-nitrosoglutathione, NOS nitric oxide synthase, PMP peroxisomal membrane polypeptide, SOD

superoxide dismutase, XOD xanthine oxidase, L-Arg L-arginine. Broken arrows indicate signaling

Feirabend 2000), and in these conditions an increase in the peroxisomal generation
of H,0, and O,* can occur (del Rio et al. 1996). An example of the accumulation
of H,0, in peroxisomes from plants treated with CdCl, is shown in Fig. 2. Narrow
bands of cerium precipitates, due to H,O,, were observed in the membrane of
peroxisomes in those sites in close contact with chloroplasts and tonoplast, suggesting
a release of H O, into these cell compartments (Romero-Puertas et al. 2004).

Superoxide radicals are known to inhibit catalase activity (Fridovich 1995), and
NO and peroxynitrite inhibit catalase and APX activity, the two major H,O-
scavenging enzymes of plant peroxisomes (Clark et al. 2000). In addition, in animal
cells an enhanced synthesis of nitric oxide was found to increase the peroxisomal
H,0,-producing B-oxidation. Taken together, these data indicate that if, under any
type of plant biotic and/or abiotic stress an induction of the peroxisomal production
of O,*~ and NO radicals takes place, this can lead to the inhibition of catalase and
APX activities, and possibly to an increase in the H,O, level from the enhanced fatty
acid B-oxidation. This breakdown of the peroxisomal antioxidant defenses would
originate an overproduction of H,O, in peroxisomes, leading to cellular oxidative
damage and possibly cell death.
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Fig. 2 Localization of H,0, accumulation in leaf peroxisomes from Cd-treated plants. Pea plants
were grown with 50 uM CdCl,, and H,0, was detected cytochemically by its reaction with CeCl,
to produce electron-dense deposits of cerium perhydroxides. (a) Cell from control plants. (b) Cell
from Cd-treated plants. In (b) the leaf tissue was treated with 1 mM aminotriazole, a catalase
inhibitor, before CeCl, staining. Ch Chloroplast, P peroxisome, M mitochondrion, V vacuole.
Arrows indicate CeCl, precipitates. Bars 1 pm (Romero-Puertas et al. 2004. Copyright 2004
Wiley-Blackwell Publishing)

Nevertheless, the rate of ROS and NO generation in plant cells can have an
ambivalent effect. While a high cellular production of these active molecules
can bring about extensive oxidative damage (Halliwell and Gutteridge 2007), low
levels of NO and ROS, like H,O, and O,*, are involved as signal molecules in
many physiological processes, including the hypersensitive response to pathogens,
growth, and development (Delledonne et al. 2001; Klessig et al. 2000; Desikan et al.
2001; del Rio et al. 2002a; Neill et al. 2002; Gapper and Dolan 2006; see Chap. 4).
Hydrogen peroxide has been described as a diffusible transduction signal in
plant-pathogen interactions, response to wounding, stomatal closure, osmotic
stress, and excess light stress, where H,O, led to the induction of genes encoding
different cellular protectants (Neill et al. 2002; del Rio et al. 2002a; Mullineaux et al.
2006; Van Breusegem et al. 2008; see Chap. 4).

On the other hand, NO in the presence of O, can react with reduced glutathione
(GSH), also present in peroxisomes (Jiménez et al. 1997), to form the reactive
nitrogen species S-nitrosoglutathione (GSNO), a powerful inducer of defense genes
that could function as a long-distance signal molecule, transporting glutathione-
bound NO throughout the plant (Durner et al. 1998; Klessig et al. 2000). In this
mechanism, leaf peroxisomes could participate through the endogenous production
of GSNO which could diffuse to the cytoplasm. Accordingly, peroxisomes should
be considered as cellular compartments with the capacity to generate and release
into the cytoplasm important signal molecules such as O,*, H,O,, NO, and GSNO,
which could contribute to a more integrated communication among cell compartments and
tissues (Corpas et al. 2001). The idea that peroxisomes could be a cellular source
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of ROS (del Rio and Donaldson 1995; del Rio et al. 1996; Pastori and del Rio 1997,
Corpas et al. 2001) and RNS signal molecules (Corpas et al. 2001) was extended
years later to other molecules synthesized in these organelles. In plants, peroxisomes
are the only site for B-oxidation of fatty acids, and several signaling molecules
derived from B-oxidation, which are generated in peroxisomes, have been suggested
as possible signaling molecules. These mainly include jasmonic acid and its derivatives
(methyl jasmonate, Z-jasmonate, and tuberonic acid), salicylic acid, and probably
TAA (Nyathi and Baker 2006).

7 Conclusion

The existence of a reactive oxygen metabolism in plant peroxisomes and the
presence in these organelles of a complex battery of antioxidative enzymes and
the NO-generating activity nitric oxide synthase, demonstrate the importance of
these organelles in cellular oxidative metabolism. The new enzymatic proteins
recently found in plant peroxisomes show the role of these organelles as a pool of
metabolites shared with other organelles, which supports the idea postulated two
decades ago by Tolbert et al. (1987) on the effect of peroxisomal metabolism on
metabolic pathways in other cell compartments.

Plant peroxisomes have a ROS- and RNS-mediated metabolic function in leaf
senescence and in certain types of abiotic stress. For many years, mitochondria and
chloroplasts have been considered almost exclusively responsible for the intracellular
oxidative damage induced by different stresses, and the possible contribution of
peroxisomes has been systematically neglected. However, peroxisomes can have a
dual role, as oxidative stress-generators, and as indicators or sensors of plant stress
and senescence by releasing ROS (O~ and H,0,) and RNS (NO and GSNO) signaling
molecules to the cytoplasm to participate in transduction pathways, which can trigger
specific changes in defense gene expression. This signal molecule-producing function
of plant peroxisomes is still more significant, from a physiological viewpoint,
considering that the cellular population of these oxidative organelles can proliferate
in plants during senescence and under different stress conditions. The cloning of the
genes of peroxisomal ROS metabolism enzymes, and the characterization of mutants
that are defective in stress responses, will throw more light on the cellular function
of peroxisomes as a source of signaling molecules. It seems reasonable to think that a
ROS and RNS signal molecule-producing function similar to that postulated for plant
peroxisomes could also be performed by human, animal, and fungal peroxisomes.
This would represent another example in modern biology where results initially
obtained with plant cells were later found in animal cells.
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Reactive Oxygen Species in Plant—Pathogen
Interactions

G. Paul Bolwell and Arsalan Daudi

Abstract Reactive oxygen species (ROS), superoxide, hydrogen peroxide and
nitric oxide are produced at all levels of resistance reactions in plants. In basal
resistance, they are linked to papilla formation and the assembly of barriers. In the
hypersensitive response, they may be linked to programmed cell death, and in
systemic acquired resistance, they interact with salicylate in signalling. Despite
this importance, there is still a need to dissect the identities, activation and relative
contributions of the ROS generating systems. Progress, however, is being made in
identifying the molecular targets at the transcriptional, protein and cellular structure
levels that are regulated by ROS in coordinating resistance responses.

1 Introduction

Plants have evolved sophisticated surveillance and defence systems triggered by
recognition of pathogen- or microbial-associated molecular patterns (PAMPs or
MAMPs). These are in combat with the microbial arsenal of effector proteins,
which include suppressors of the defence response. Pathogens use diverse strategies
to gain access to plant tissues. Bacteria commonly enter through stomata or
wounds, whereas fungi extend their hyphae which either directly penetrate the
epidermis or differentiate to form specialised nutrient exchange structures such as
haustoria. The resultant cellular manifestations of resistant or susceptible interactions
are the result of complex dynamic molecular and biochemical changes with checks
and balances that determine the extent of ingress, which the plant attempts to
prevent at many levels. The resistance response has now been dissected into several
tiers or levels of pre-existing and/or activated defences all of which appear to
involve the production of reactive oxygen species (ROS) (Chisholm et al. 2006;

G.P. Bolwell (0<) and A. Daudi

School of Biological Sciences, Royal Holloway, University of London,
Egham, Surrey, TW20 0EX, UK

e-mail: p.bolwell@rhul.ac.uk

L.A. del Rio and A. Puppo (eds.), Reactive Oxygen Species in Plant Signaling, 113
Signaling and Communication in Plants, DOI 10.1007/978-3-642-00390-5_7,
© Springer-Verlag Berlin Heidelberg 2009



114 G.P. Bolwell and A. Daudi

Jones and Dangl 2006; He et al. 2007). Indeed, some of these responses are highly
conserved across all eukaryotic phyla leading to the concept of innate immunity.
However, in addition to these innate mechanisms, which form part of basal resistance,
it is clear that reactive oxygen species are also involved at the later levels of the
hypersensitive response and systemic acquired resistance (Torres et al. 2006).
The main ROS that have received attention are superoxide, hydrogen peroxide and
nitric oxide, and it is now realised they function not only in establishment of defence
mechanisms, but also signalling by synergistic interaction between themselves and
other signalling molecules such as salicylic acid. Counteracting the successful tiers
of surveillance and response the successful pathogens have evolved suppression
and detoxification strategies which include responses to ROS production.

2 Dissecting the Role of ROS in Molecular
Plant-Pathogen Interactions

The plasma membranes of plant cells contain extracellular surface pattern-recognition
receptors (PRRs), which are able to detect signals from invading pathogens (MAMPs)
and elicit basal resistance. This leads to several early responses such as MAP kinase
signalling cascades, transcriptional induction of defence genes, rapid microbursts
of ROS and callose deposition to strengthen the cell wall at sites of infection as a
result of complex cellular remodelling (Chisholm et al. 2006; Nurnberger et al.
2004). A well-studied example of such basal resistance is the response to the bacterial
protein flagellin and its conserved 22 amino acid peptide flg22 (Gomez-Gomez and
Boller 2002; Zipfel et al. 2004) mediated through the Arabidopsis receptor FLS2.
FLS2 is a plasma membrane receptor-like kinase which consists of a leucine-rich-repeat
(LRR) domain and a serine—threonine kinase domain. Mutant plants that lack the
FLS2 protein have been shown to be insensitive to flagellin (Gomez-Gomez and
Boller 2000; Zipfel et al. 2004). As a result of such molecular recognition and the
resultant signal transduction, complex cellular and sub-cellular remodelling occurs
at the interface of microbial penetration and host plant (Schulze-Lefert 2004). This
includes the thickening of host cell walls and the deposition of polymers such as
the 3-1,3 glucan, callose, to form cell wall appositions (papillae) in the paramural
space, the extracellular zone between the cell wall and the plasma membrane.
The cellular remodelling described above is usually accompanied by the co-localised
accumulation of proteins, phenolics and ROS such as hydrogen peroxide, superoxide
and nitric oxide. Cell wall remodelling is linked with the rapid disassembly and
subsequent reassembly of the cytoskeleton at fungal entry sites followed by dynamic
secretory events (Bhat et al. 2005).

The hypersensitive response (HR) is also accompanied by a localised increase
in the accumulation of ROS at sites of infection and is further characterised
by rapid cell death at the site of infection (Hammond-Kosack and Jones 1996).
The HR is dependent on the activation of R genes and numerous examples have been
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characterised in several different plant species against important microbial pathogens
(Hammond-Kosack and Parker 2003; van’t Slot and Knogge 2002). An abundant
class of plant R genes encode intracellular nucleotide-binding/leucine-rich repeat
(NB-LRR) proteins with variable N-terminal domains (Dangl and Jones 2001;
Meyers et al. 2005). Plant NB-LRR proteins have evolved to recognise avr products
of pathogens (He et al. 2007). As the receptors have structural homologues in animals,
this is further evidence for the conservation of fundamental disease resistance
mechanisms through the evolution of all species (Chisholm et al. 2006; Hammond-
Kosack and Parker 2003; Jones and Dangl 2006; Nurnberger and Lipka 2005).

Systemic acquired resistance (SAR) is a mechanism of induced resistance in
plants that provides them with extended temporal and spatial protection against a
wide range of microbes. SAR can be achieved against pathogens, which need not
be the same as those responsible for the initial challenge. SAR is associated with
the increase in expression levels of several well characterised defence-related or
pathogenesis-related (PR) genes (Durrant and Dong 2004). Reactive oxygen species
appear to be involved in the establishment of systemic defences in conjunction with
salicylic acid. It appears that ROS mediates systemic responses through interaction
with NPR1, which regulates the expression of PR genes by interactions with leucine
zipper protein transcription factors (Kanzaki et al. 2003).

The extent to which pathogen susceptibility is dependent upon the levels of ROS
produced has long been debated, stimulated by the observation that many can still
grow in high (mM) concentrations of H,O,. Nevertheless, pathogen strategies may
include detoxification of ROS and signal transduction pathways for their detection
appear conserved (Aguirre et al., 2005). This leads to activation of their antioxidant
enzymes such as superoxide dismutase and catalase (Zhang et al. 2004; Unger
et al. 2005). Most work, however, has been devoted to the suppression of various
levels of the whole defence response including ROS production (Chisholm et al.
2006; Jones and Dangl 2006; He et al. 2007), and the complexities of these
processes are beyond the present review. Broadly, however, the plant MAMPs
recognition systems at the surface which are linked to the basal response can be
overcome by successful pathogens delivering multiple virulence factors acting
as suppressors. Some cultivars have then evolved internal surveillance resistance
proteins to counteract these virulence factors leading to the HR. In turn, some
bacteria have acquired virulence effectors to block this tier of immunity. At all
levels, successful pathogens can potentially suppress ROS production as a component
of basal resistance, HR or SAR.

3 Upstream Signalling Leading to ROS Production

Elicitors of the oxidative burst include bacterial peptides, such as flg22 derived
from flagellin, other bacterial- and fungal-derived peptides, which are often
cysteine—rich, or microbial enzymes such as xylanases. Predominantly carbohydrate
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elicitors of the burst include bacterial LPS, chitin oligomers, -1-3 glucans and
oligogalacturonides. Partially purified elicitor preparations from the microbial
extracellular matrix are also conveniently used in these studies. Following such
MAMPS interaction with the appropriate receptor, a number of well-defined and
conserved events occur in all species examined, of which an increase in cytosolic
Ca*, directly measured often within seconds of elicitation, is thought to be a
primary signal essential for the subsequent downstream events (Chandra and Low
1997). This increase in cytoplasmic calcium was required for the production of
ROS in Arabidopsis leaf cells (Grant et al. 2000a). Beside this early calcium influx
into the cytosolic compartment, a rapid efflux of K* and CI~ and extracellular
alkalinisation of elicited cell cultures has also been observed (Fellbrich et al. 2000).
Although these events can be detected in planta, detailed analysis is facilitated in
elicitor-treated cell culture models. Both transcriptional analysis of flagellin- and
chitin-treated suspension-cultured cells (Navarro et al. 2004; Ramonell et al. 2002)
and proteomic analysis of cells treated with an elicitor preparation from the maize
pathogen F. moniliforme (Chivasa et al. 2006) have shown the applicability of
modelling responses in this way in Arabidopsis, where profiles are similar to those
found in planta in response to pathogen attack. These studies with cell cultures have
begun to link each of these early events with the activation of the individual ROS
production systems. Amongst many such examples, work in two elicitation systems,
French bean (Phaseolus vulgaris) cells treated with an elicitor from Colletotrichum
lindemuthianum and Arabidopsis cells treated with an elicitor from Fusarium
oxysporum showed, using modulators, the dependence of H,O, generation upon
cAMP, G proteins and Ca** and K* fluxes (Bindschedler et al. 2001; Bolwell et al.
1999, 2002; Davies et al. 2006). cAMP may directly act on cyclic-nucleotide gated
channels (Clough et al. 2000) and induce an increase in [Caz*]cy‘ and alkalinisation
of the medium. Also, in elicited Arabidopsis cells, NO has been shown to be produced
much earlier than H,O, and ¢cGMP appears to be required for the induction of
NO-dependent progranned cell death PCD (Clarke et al. 2000).

A secretory component may also be necessary for apoplastic generation of H,O,
(Bolwell et al. 1999; Davies et al. 2006). Use of inhibitors of the secretory system
such as monensin, brefeldin A and NEM shows differential inhibition of ROS
production (Davies et al. 2006). The potent inhibitory effect of monensin and NEM,
together with the lack of effect of brefeldin A, can be interpreted as an involvement
of post-Golgi vesicles only in the apoplastic oxidative burst. Notwithstanding, the
secretory system has been shown to be responsible for many of the aspects of
overall resistance (Schulze-Lefert 2004). In the context of the oxidative burst, this
could involve unloading of substrates emanating from vesicles or larger organelles such
as peroxisomes. There is both structural and genetic evidence for such involvement.
Rearrangement and directed secretion of vesicles and organelles to sites of pathogen
adhesion and/or attempted penetration has been observed in several systems leading
to papilla formation (Bestwick et al. 1998; Brown et al. 1998; Freytag et al. 1994,
Kobayashi et al. 1997; McLusky et al. 1999; Schmelzer 2002) including Arabidopsis
(Soylu et al. 2005). Hydrogen peroxide is localised to these sites (Bestwick et al.
1998; Brown et al. 1998).
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4 Sources of ROS

Following the recognition of an oxidative burst in the plant defence response
against pathogen attack, the earliest studies concentrated upon the biochemistry of
production of ROS including hydrogen peroxide and superoxide (Bolwell and
Wojtaszek 1997; Lamb and Dixon 1997). Subsequently it was recognised that various
plants, including the model plant Arabidopsis, exhibit different oxidative burst phases
with an early production of ROS in both compatible and incompatible interactions
and a later burst shown only in R-gene-mediated resistance responses (Apel and
Hirt 2004; Grant and Loake 2000). It is also now established that the major sources of
ROS can be plasma membrane-localised NADPH/NADH oxidase (NOX)-dependent
which can generate superoxide or cell wall-localised peroxidase-dependent which
can generate hydrogen peroxide directly or both sources (Bolwell 1999). Although
these systems have been found in many species, it should not be forgotten that there
may be other contributing sources of superoxide and hydrogen peroxide such as
“leaky” oxidative and photosynthetic electron transport, discussed elsewhere in this
volume, which could occur in defence. There are also specialised substrate-dependent
sources such as oxalate oxidase confined to particular species. Depending upon the
host and pathogen species involved, it is important to dissect the relative contribution
of these sources especially plasma membrane NOX or cell wall peroxidases in relation to
the production and role of superoxide and H,O, in basal resistance and in the hyper-
sensitive response (HR). Several lines of evidence from various plant species now suggest
that the sources of ROS are different during non-host (basal) resistance and during
the HR, but also that these sources may interact with each other. The apoplastic oxidative
burst during basal resistance is likely to be peroxidase-dependent at least in Arabidopsis
(Bindschedler et al. 2006; Soylu et al. 2005). It now appears that an earlier source
of ROS may serve to activate NOX during the HR (Torres et al. 2005). By deduction,
this source could be from the basal resistance response. Genetic evidence and use
of inhibitors in Arabidopsis thaliana plants have provided data that would comply with
such a model but there is no direct evidence as yet, since compromising the peroxidase-
dependent apoplastic oxidative burst also affects the HR and it may be different in
other species such as Nicotiana spp. The other major reactive oxygen species, nitric
oxide, has a major role in the HR but may also participate in papilla formation and
possibly systemic acquired resistance (Mur et al. 2006; Neill et al. 2008).

4.1 NADPH Oxidase and Superoxide

NADPH oxidases (NOX), also referred to as respiratory burst oxidases (RBOH), have
been implicated in biotic interactions in a number of plants especially Arabidopsis
and solanaceous species (Torres and Dangl 2005). They were first identified by the
susceptibility of the ROS production in plants to inhibition by diphenylene iodonium
(DPI) and confirmed in those cases where its Ki for ROS production was below 2
puM DPI. Detailed discussion of their biochemistry, domain structure and activation
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is presented in Chapter 1 of this volume. Activation is especially relevant here and is
probably dependent upon the upstream Ca?* influx. In Arabidopsis, this leads to
phosphorylation on elicitation (Benschop et al. 2007; Nuhse et al. 2007) synergistically
with Ca?* binding to EF hands inducing a conformational change and activation of
the AtrBOHD (Ogasawara et al. 2008). Recent work in potato suggests CDPKs are
responsible for the phosphorylation at Ser82 in StrBOHD (Kobayashi et al. 2007).
An additional level of regulation is interaction with plant Rac2 homologues which
may be positive or negative (Torres et al. 2006).

Genetic approaches have revealed considerable insight into their role in biotic
interactions. For example, AtrbohD and AtrbohF genes were identified as required
for the production of a full oxidative burst in response to avirulent strains of the
bacterial and oomycete pathogens Pseudomona syringae and Hyaloperonospora
parasitica, respectively (Torres et al. 2002). This was also shown for NtrbohD in
elicited tobacco cells (Simon-Plas et al. 2002). However, neither the atrbohD
or atbrohF mutants, either singly or doubly, were more susceptible to either
P. syringae or H.parasitica. More recently, an IsdI-atrbohD-atrbohF triple mutant
has been constructed in which the Isd! (lesions simulating disease) mutation
exhibits spreading lesions. Since this phenotype was found to be enhanced in the
triple mutant, it was concluded that the role of NOX is to limit the spread of a
salicylic acid-elicited cell death programme in cells surrounding an infection site
(Torres et al. 2005). It was also concluded that the NOX need activation by an
independent source of ROS to generate their own oxidative burst. The source of that
ROS is likely to be generated during the basal response and this interpretation
placed the NOX as having a function mainly in the HR. While a major role of NOX
in resistance is therefore questionable in Arabidopsis, resistance of Nicotiana
benthamiana to Phytophthora infestans was compromised by VIGS of NbrbohA
and NbrbohB (Yoshioka et al. 2003). Therefore, the contribution of the various ROS
producing systems to resistance has a different balance between species and also
depends upon their synergistic action and signalling functions at the three tiers of
plant—pathogen interaction.

4.2 Peroxidase and Hydrogen Peroxide

There are many cellular superoxide-generating systems besides NOX such as
leakage from electron transport systems and xanthine oxidase, all of which form
superoxide by the one electron reduction of molecular oxygen. However, there are
also several ways in which haem proteins and even free haem can form hydrogen
peroxide directly from iron-superoxide adducts without the intervention of superoxide
dismutase. This reaction is inhibited strongly by the cytochrome inhibitors
potassium cyanide and sodium azide, but is also sensitive to diphenylene iodonium
(DPI) although not to the same extent as the NOX. Although DPI has been claimed
to be a specific inhibitor of NOX, a concentration higher than 7 uM would also inhibit
haem-generated ROS. However, this differential sensitivity allows distinguishing
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peroxidase-dependent processes since NOX, being a flavoprotein, is insensitive
to azide and cyanide.

With respect to the biochemistry of H,O, generation by peroxidase, the reaction is
favoured at high pH in the presence of a number of reductants and the reaction has
been most studied on the model peroxidase horse radish peroxidase (Bolwell et al.
1995, 1999; Frahry and Schopfer 1998; Pichorner et al. 1992). When extended to
the apoplastic oxidative burst in elicitor-treated French bean cells, this model reaction
has been placed into the context of a three component system involving a cationic
cell wall peroxidase, the release of a reductant and/or a substrate, and pH change
which gives rise to relative extracellular alkalinisation (Bolwell et al. 2002). The pH
change is dependent upon K* efflux. The search for a substrate has remained elusive
although there are many that are active with horse radish peroxidase. In addition to
the model substrate cysteine (Bolwell et al. 2002; Pichorner et al. 1992), some
C,compounds are active including glycine, glyoxylate and glycollate. Others such
as fatty acids above C,, in length promote dismutation of superoxide from peroxidase
without their oxidation (Bolwell et al. 1999). Appearance of metabolites in the cell
wall following elicitation include the fatty acids palmitate and stearate and the tri- and
di-carboxylic acids, malate, citrate and succinate in French bean cells (Bolwell et al.
1999, 2002), but the apparent absence of C, compounds may be due to technical
limitations as these are difficult to derivatise and detect. The same carboxylic acids also
appear during the oxidative burst in Arabidopsis together with malonate and fumarate
(Butt, Finch, Davies and Bolwell, unpublished data). Since these are indicators of
peroxisomal as well as mitochondrial metabolism it may be that peroxisomes are
unloaded into the wall as well as secretory vesicles (Lipka et al. 2005). These
compounds may also indicate metabolism related to the provision of substrates for
H,0O, generation, although the precise identity of these is still unknown.

Arabidopsis thaliana suspension-cultured cells also show an azide-sensitive but
diphenylene iodonium-insensitive apoplastic oxidative burst that generates H,O, in
response to a Fusarium oxysporum cell wall preparation (Bindschedler et al. 2006;
Bolwell et al. 2002; Davies et al. 2006). In addition, use of inhibitors has indicated
the existence of the peroxidase-dependent burst in planta (Grant et al. 2000a), and
this needs to be reconciled with previous observations that indicate that NOX play
akey role in the oxidative burst (Grant et al. 2000b; Torres et al. 2002). Subsequently,
a structural study investigated the response of Arabidopsis to either mutant or aviru-
lent P. syringae phaseolicola using cerium chloride to study the accumulation of
H,0, at reaction sites (Soylu et al. 2005). The strongest H,O, response was found
during the HR activated by avirulent strains and other mutant strains. Accumulation
of H,0, during the HR, but not during cell wall alterations, was strongly suppressed
by inhibition of NOX with DPI. However, the differential effect of DPI suggests an
alternative source of H,0, to modify the plant cell wall in basal resistance. In addition,
a peroxidase rather than a NOX has been identified as the generator in suspension-
cultured cells of Arabidopsis in response to hypo-osmotic stress (Rouet et al.
2006). While such studies establish the biochemical mechanism and potential
for a peroxidase-dependent system in Arabidopsis as well, rigorous analysis of its
importance requires genetic proof.
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Transgenic Arabidopsis plants expressing an anti-sense cDNA encoding a
French bean type III peroxidase (FBP1) (Blee et al. 2001) exhibited an impaired
oxidative burst in response to avirulent strains of P. syringae as shown by a lack
of diaminobenzidine detectable ROS at the cellular level in the leaf and cerium
hydroperoxide staining in cell wall appositions at the subcellular level. Moreover
FBP1 antisense plants were more susceptible than wild-type plants to both fungal and
bacterial pathogens (Bindschedler et al. 2006; Bolwell et al. 2002). Transcriptional
profiling and RT-PCR analysis showed that the antisense FBP] transgenic plants had
reduced levels of specific peroxidase-encoding mRNAs that encode two class III
peroxidases, At3g39110 (AtPrx33) and At3g49120 (AtPrx34), with a high degree
of homology to FBP1. These data indicate that peroxidases play a significant role
in generating H,O, during the Arabidopsis defence response and in conferring
resistance to a wide range of pathogens (Bindschedler et al. 2006). An alternative
strategy lending support for the importance of hydrogen peroxide generation
by peroxidase in resistant responses has come from over-expression of an extracellular
peroxidase from Capsicum in Arabidopsis leading to enhanced disease resistance
accompanied by cell death, cyanide-sensitive but DPI-insensitive H,O, accumulation
and PR gene induction (Choi et al. 2007). Therefore an alternative source of ROS
to that from NOX is involved in basal (non-host) resistance as suggested from
knockout and inhibitor data in Arabidopsis.

4.3 Nitric Oxide

NO has been implicated in contributing to increased disease resistance against
pathogenic microbes (Neill et al. 2003). A majority of detection studies have identi-
fied NO accumulation primarily in gene-for-gene interactions leading to the HR
and the localised accumulation of ROS with the consequent increased expression
of several defence-related genes (Delledonne et al. 1998; Romero-Puertas et al.
2004). However strong bursts of NO are also observed in the response to general
MAMPs during basal resistance upstream or simultaneously to H,O, production in
a number of systems (Foissner et al. 2000; Lamotte et al. 2004). Studies of NO
accumulation under these processes induced by general MAMPs such as LPS from
bacterial cell walls led to the discovery of a putative nitric oxide synthase (NOS)
gene in plants (Guo et al. 2003; Zeidler et al. 2004) which was not homologous to
the mammalian NOS genes. However, further analysis revealed that AtNOS!I did
not exhibit direct NOS activity and was renamed Arabidopsis NOS Associated]1
(AtNOAI) (Zemoijtel et al. 2006). The NOS (or NOA) gene, however, does not
appear to be the only source of NO in plants. Two lines of evidence suggested
that NO could be generated in planta by reduction of nitrite mediated by NADPH-
dependent nitrate reductase (NR). However, this source has so far been implicated
in developmental processes rather than the defence response (Desikan et al. 2002;
Bethke et al. 2007).
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4.4 Oxalate Oxidase and Other Specialised Sources

Other ROS generating sources such as oxalate oxidase and amine oxidase have also
received some attention. Oxalate is produced as a toxin by some pathogens, most
conspicuously by Sclerotinia sclerotiorum, during the infection process. Oxalate
oxidases or germins are members of the cupin superfamily and are involved in
cereal defence responses to invasion by fungal pathogens (Dunwell et al. 2004;
Svedruzic et al. 2005). This is an example of specialisation as they are not found in
dicotyledonous plants. However, they have been shown to be effective in conferring
resistance even when transferred into dicots. In addition to direct action of hydrogen
peroxide on the pathogen and in the construction of cell wall appositions, they also
metabolise oxalate which can act as an inhibitor of the HR. Apoplastic copper- or
flavin-dependent amine oxidases also have the potential to produce H,0, directly
from polyamines, possibly contributing to ROS production in Cicer and Nicotiana
interactions with some pathogens (Cona et al. 2006).

4.5 Lipid Peroxides and Oxylipin Production

The production of oxylipins are intimately related to ROS production particularly
during herbivory or wounding (Farmer et al. 2003; Balbi and Devoto 2008).
Technically, these are oxygenated fatty acids and, of course, some of the intermediates
are very reactive and have been classified as reactive electrophile species (RES)
rather than ROS. However, the extent to which they are directly involved in basal
resistance is not clear, and most attention has been paid to their role in late resistance
events. Together with jasmonates, these are potential signalling molecules interacting
with ROS, SA and/or ethylene (Balbi and Devoto 2008). In this context, following
elicitation of French bean cells with an elicitor from Colletotrichum, there was no
production of oxylipins during the period of the oxidative burst (Bolwell et al. 2002)
although, in planta, cis-3-hexenol and trans-2-hexanal were produced commencing
around 12-15 h following inoculation of bean leaves with Pseudomonas syringae
(Croftetal. 1993). Recently, over-expression of hydroperoxide lyase in Arabidopsis,
which produces hexenols, was shown to improve resistance against Botrytis cinerea,
possibly through direct fungicidal action (Kishimoto et al. 2008).

5 ROS and Molecular Targets

Considerable effort has gone into identifying the immediate consequences of ROS
production in response to elicitor treatment or pathogen interaction. Experimentally,
however, it is not always easy to determine whether ROS involvement occurs as a
cause or consequence and, furthermore, exogenous application of ROS cannot
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duplicate subtle aspects of temporal and spatial localisation seen in the defence
response. Some attempts to locally direct artificial ROS generating systems
has allowed better control and, combined with the data from knocking out and
over-expressing established endogenous generators, has allowed progress in
understanding targets for ROS action.

5.1 Papilla Formation

The formation of cell wall appositions, papillae requiring reorganisation of the
cytoskeleton and delivery of vesicles and other cell organelles such as peroxisomes,
is a characteristic feature of non-host or basal resistance. Papillae consist of callose,
cross-linked proteins and phenolics (Brown et al. 1998; McLusky et al. 1999) and
hydrogen peroxide is detectable by cerium chloride during their formation (Brown
et al. 1998; Soylu et al. 2005). Aspects of this, such as protein immobilisation, are
H,0,-dependent (Bradley et al. 1995; Wojtaszek et al. 1995, 1997). Some of the proteins
immobilised have anti-microbial function (Bindschedler et al. 2006). The role of
callose, however, is complex since depletion of callose from papillae in plants
lacking the callose synthase gene gs/5 marginally enhanced the penetration of the
grass powdery mildew fungus Blumeria graminis on the non-host Arabidopsis.
Paradoxically, the absence of callose in papillae or haustorial complexes correlated
with the effective growth cessation of several normally virulent powdery mildew
species and of Peronospora parasitica (Jacobs et al. 2003).

Studies of a series of penetration mutants compromised in papilla formation
allowing inappropriate ingress by barley powdery mildew in Arabidopsis have
aided identification of genes and organelles required. These, based around mlo
resistance initially in barley and subsequently in Arabidopsis, show that it does not
involve the signalling molecules ethylene, jasmonic acid or salicylic acid, but
requires a syntaxin, glycosyl hydrolase and ABC transporter which code for penli,
pen 2 and pen3 mutants, respectively (Consonni et al. 2006). PEN1 was found to
encode plasma membrane syntaxin-121 involved in vesicle trafficking (Assaad et al.
2004; Collins et al. 2003). In a non-host interaction between Arabidopsis and
Colletotrichum, the plant cells responded by the formation of PMR4/GSL5-dependent
papillary callose (Shimada et al. 2006). In this interaction, Arabidopsis PEN1
syntaxin controls timely accumulation of papillary callose, but is functionally
dispensable for effective pre-invasion (penetration) resistance in non-host interactions.
The identity of PEN2, a peroxisomal-localised glycosidase and PEN3, a membrane-
bound ABC transporter, also indirectly implicate the participation of endomembrane
vesicles and peroxisomes in papilla formation (Lipka et al. 2005). The indication
that peroxisomes act as a component of an inducible pre-invasion resistance
mechanism, and that a glycosyl hydrolase is a crucial component, could also mean
they are involved in provision of metabolites (Lipka et al. 2005). Inhibitor studies
in elicitor-treated plant cells also implicate such events in the peroxidase-dependent
apoplastic burst. The PEN1 syntaxin represents one of 24 sequence-related family
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members in the Arabidopsis genome which code for soluble N-ethylmaleimide
(NEM)-sensitive factor adaptor protein receptors (Collins et al. 2003), and NEM
is an effective blocker of the oxidative burst in elicitor-treated Arabidopsis cells
(Davies et al. 2006).

Although required for protein cross-linking and phenolic polymerisation in the
formation of barriers, the level of dependence of papilla formation on ROS signal-
ling is obscure. Preliminary data do, however, suggest callose deposition is addi-
tionally dependent upon ROS. Callose production in the response of Arabidopsis
seedlings to flg22 is compromised in the presence of inhibitors of the peroxidase-
dependent burst and also in the peroxidase-downregulated lines (Bolwell and
Ausubel, unpublished data). Peroxidase-dependent hydrogen peroxide production
has clear potential to be a central component in orchestrating papilla formation.

5.2 Transcription

There have been a large number of studies of gene expression in response to pathogen
attack, and the accumulated array data can be inspected in the publicly accessible
databases such as Genevestigator. Upstream signalling requires some involvement
of ROS. Exogenous application of H,O, to Arabidopsis leaf cells shows that it
signals through AtMPK3 and AtMPK6 (Kovtun et al. 2000). The same MAPKs
are required for innate immunity signalling as part of a completely identified
signalling pathway in response to flagellin with MEKK1, MKK4/MKKS upstream and
WRKY22/WRKY29 transcription factors downstream and leading to transcriptional
activation (Asai et al. 2002). Others have also attempted to dissect out the contributions
of ROS to regulation of gene expression by direct H,O, application exogenously
(Desikan et al. 2001). Approximately 1% of the Arabidopsis transcriptome was
found to be regulated by H,O,. Upregulated genes included pall, gst6, a heat shock
protein, a zinc finger protein, calmodulin and an ethylene-responsive transcrip-
tion factor. However, of particular interest was the syntaxin that was upregulated in
terms of its importance in papilla formation. These types of experiments, however, may
be limited by the lack of localised application and the high levels of hydrogen per-
oxide needed to elicit a response. However, specific differences in the response of
wild-type and lines deficient in individual antioxidant enzymes to exogenously
applied oxidative stress-causing agents were also observed, and could be analysed
to determine transcription dependent upon hydrogen peroxide and superoxide
(Gadjev et al. 2006). Marker genes upregulated relatively in all treatments included
a defensin, a TIR-class protein and three proteins of unknown function. Those that
could be specifically attributed to H,O, induction were L-Asp oxidase family pro-
tein, xyloglucan endotransglycosylase, a Proline-rich family protein, a 2-oxogluta-
rate-dependant dioxygenase and two unknown proteins. Yet more alternative
methods of inducing oxidative stress have been used, and detailed analysis of their
effects on the transcriptome and metabolome (Baxter et al. 2007) has drawn analo-
gies to the superoxide and hydrogen peroxide stimulon of yeast. Responses include
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the suppression of the TCA cycle and an upregulation of oxidative pentose
phosphate pathway and increased synthesis of NADPH. General amino acid metabolism
and polyamine synthesis were also suppressed. Similar approaches have been used
to dissect differentially expressed NO-responsive genes and promoters in plants
and cell cultures, and were somewhat dependent upon the mode of NO application.
However, a core subset of 28 genes was upregulated. These include protein kinases
and transcription factors as well as GSTs and peroxidases (Palmieri et al. 2008).

Another approach is to analyse the knockout lines for ROS generating systems such
as NOX and apoplastic peroxidases, since there may also be pleiotropic effects on
gene expression in uninfected plants that reduce pre-existing mechanisms of resistance
and compromise their ability to recognise and respond to pathogen attack. There has
been some analysis of changes in transcription in an AtrbohD mutant background
(Davletova et al. 2005) which shows modification of catalase and ascorbate peroxidase
expression. Analysis of the array data from the peroxidase downregulated lines
(Bindschedler et al. 2006) indicates how changes in background gene expression
could explain the increased susceptibility of the fbp/ antisense lines. This analysis
identified 25 upregulated and 68 downregulated genes besides the endogenous
peroxidase, At3g49120, in uninfected tissue. Notable downregulated genes include
those in signal transduction such as a TIR1, those in papilla formation, including
syntaxin and the PR proteins, PR4, PRS, PDF1. Clearly, the heterologous expression
of FBP1, known to be present in papillae in French bean (Brown et al. 1998), in
Arabidopsis compromises the normal expression of genes involved in basal immunity
and possibly the ability to mount an HR. One hypothesis to understand this hyper-
susceptibility is that a low level of apoplastic ROS production is required to pre-prime
basal resistance gene expression.

5.3 Proteins and Proteomes

In addition to immobilisation of the proline- and hyroxyproline-rich proteins during
the apoplastic oxidative burst (Bradley et al. 1992; Wojtaszek et al. 1995, 1997), the
induction of a number of extracellular defence proteins has long been documented
before the advent of the ability to analyse global proteomes. These include the
extracellular PR proteins such as chitinases, glucanases and thaumatin-like proteins
(van Loon et al. 2006). More recently, proteomics has been applied to plant—pathogen
interactions (Jones et al. 2006a), elicited cell cultures (Chivasa et al. 2006), to
document global changes and to post-translational modifications (PTM) such as
phosphorylation (Jones et al. 2006b; Benschop et al. 2007; Nuhse et al. 2007;
Sugiyama et al. 2008) or during oxidative and nitrositive stress in plants (Lindermayr
et al. 2005). Phosphorylation is linked to some of the most immediate downstream
events following PAMPs recognition. Significant targets for phosphorylation in terms
of the oxidative burst(s) and cell wall modifications are AtrBOHD, syntaxin, kinesins
involved in vesicle transport, AtCDPK1, PEN3 and several HRGPs (Benschop
et al. 2007). Recent technological advances in global/large-scale proteome and
phospho-proteome analyses have significantly increased the coverage of identified
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proteins and shown that approximately 10% of phosphorylated proteins are implicated
in signal transduction and responses to biotic stress (Sugiyama et al. 2008).

There is reasonable correspondence between elicitor-treated cell cultures (Chivasa
et al. 2006) and leaf tissue responding to MAMPs inoculation in Arabidopsis
(Jones et al. 2006a, b) with respect to notable global changes in the proteome.
These include increases in antioxidant enzymes and decreases in primary metabolism
enzymes and molecular chaperones in both cases. Changes in the extracellular matrix
in response to elicitor treatment, other than immobilisation have also been documented
in maize where the appearance of cytosolic heat shock proteins and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in the wall may be related to exocytotic events
(Chivasa et al. 2006). GAPDH has been shown to be a specific target for inactivation
by hydrogen peroxide (Hancock et al. 2005). Alcohol dehydrogenase (ADH),
S-adenosyl-methione (SAM) synthase and glutamine synthase are also direct targets
for protein oxidation by H,0,. More recently, quantitative proteomics has been applied
to analyse responses to ROS application in whole Arabidopsis plants (Bindschedler
et al. 2008). Changes in the protein profile of intercellular washing fluid were
observed, and two glyceraldehyde-3-P-dehydrogenase isoforms, a glucan-f3-1,3-
glucosidase (PR2), a secretory peroxidase (P71), two glutathione-S-transferases and
a putative chitinase (PR3) were significantly upregulated after the H,O, treatment.

Other protein modifications arise from the nitration of tyrosine by peroxinitrate
(ONOQ") arising from the reaction of superoxide (O,”) and NO (Marla et al. 1997).
This process is cytotoxic (Szabo et al. 1996) and can regulate NO signalling during
plant immune reactions (Delledonne et al. 2001). NO is also highly reactive itself
in its several different states such as NO, NO~ (nitroxyl ion) and NO* (nitrosonium
ion) and can react with cysteine residues on proteins (Mur et al. 2006). NO/cGMP
signalling was shown to lead to this S-nitrosylation of more than 100 candidate
proteins of which the targets, GAPDH, SAM-synthase, metacaspase and possible
K* channels may be of significance to the defence response (Palmieri et al. 2008).
S-nitrosylation was also shown activate the GTP binding protein p21ras or inactivate
the protein kinase JNK1 (Mur et al. 2006). The correspondence of many of these
targets to more than one ROS suggests major roles in regulating the gross responses
such as PCD (Hong et al. 2008)

5.4 Programmed Cell Death (PCD)

PCD is a major component of the HR and has been intricately linked with
micro-bursts of ROS particularly NO (Mur et al. 2008). Understanding of PCD in
plants has benefited from comparison with mammalian apoptosis where it is
characterised by DNA cleavage along with nuclear and cytoplasmic shrinking
resulting in overall loss of cell integrity (Mur et al. 2006, 2008). NO is implicated
through binding to the haem group of cytochrome causing the release of superoxide
which in turn causes the production of ONOOQO-. Peroxynitrite induces disruption of
the mitochondria, which in turn promotes cytochrome c release, caspase activation
and, consequently, apoptosis (Mur et al. 2006). PCD in plants is similarly
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characterised by the disruption of the mitochondria, consequent calcium influxes,
the formation of permeability transition pores and the release of cytochrome c
along with oxidative stress (Lam et al. 2001; Tiwari et al. 2002). However, analogous
caspases are not present in the known plant genomes and proteomes, but there is
evidence for caspase-like activity in plants, mediated potentially by paracaspases/
metacaspases (Uren et al. 2000) or other proteases with caspase-like activity, such as
serine-dependent instead of cysteine-dependent proteases, referred to as saspases
(Chichkova et al. 2004).

6 Downstream Signalling

It is apparent that the accumulation of ROS in response to pathogen attack via
localised micro-bursts or sustained release contributes to a complex regulatory
network of multiple signalling cascades which prime the plant against disease (Mur
et al. 2006; Torres et al. 2006). Salicylic acid (SA) is a well-established player in
disease resistance signalling in both local and systemic responses and was shown
to accumulate locally around pathogen breach sites (Enyedi et al. 1992). Futhermore,
the accumulation of H,O, after the application of SA was demonstrated, which
showed that SA itself was not a strong enough signal to account for enhanced defence
responses, but instead interacted with other downstream components including
ROS (Shirasu et al. 1997). It has also been shown that not only does SA accumulation
lead to a burst of ROS production, but also a reduction in ROS-scavenging enzymes
which in turn leads to the same effect of increased ROS in response to pathogen
invasion (Torres et al. 2006). Additional complexities arise through other studies
which show that in lesion mimic mutants (Isd/), which exhibit sustained spreading
of HR, SA and ROS, appear to antagonise each other during cell death spread
(Torres et al. 2005). These often contrasting examples of crosstalk between SA and
ROS highlight the different avenues of complex signalling that appear to be occurring
downstream of ROS production and merit careful dissection in the future. More
recently, applications of SA together with jasmonic acid were shown to elicit the
generation of apoplastic ROS when these signals have been considered to be antagonists
(Mur et al. 2006). Other emerging predominantly transcriptional data suggest that
SAR is also mediated by jasmonates (Truman et al. 2007).

There is also evidence for the interaction of ROS and ethylene. Large-scale gene
expression analysis revealed that ethylene-responsive elements and other genes
involved in ethylene signalling were upregulated by the exogenous application of
H,O, (Desikan et al. 2001). Ethylene is known to induce programmed cell death
and fruit or flower senescence, and there is also evidence for the accumulation of
H,0, in response to ethylene in tomatoes (de Jong et al. 2002). More recent genetic
work revealed that the ethylene receptor ETR1 was implicated in H,0, signalling
during the regulation of stomatal closure (Desikan et al. 2005). The etr/ loss of function
mutants were shown to be disrupted in H,O, signalling in both plants and yeast.
Additional experiments also highlighted the interplay between ROS and ethylene
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signalling in Arabidopsis resistance against cauliflower mosaic virus. This work
interestingly showed that both ethylene and ROS were implicated in a SAR response
against the virus, but SA levels had little role to play in this particular system (Love
et al. 2005).

Calcium signalling is also known to occur downstream of ROS production
besides the essential role of Ca?* influx for initial ROS accumulation (Blume et al.
2000; Grant et al. 2000b). ROS production is also required for later additional calcium
fluxes in the cell following elicitation. Rapid calcium influx occurs in soybean cells
when treated with hydrogen peroxide which leads to programmed cell death
(Levine et al. 1996). The fact that ROS production can induce downstream calcium
signalling further indicates the complex interplay between ROS signalling and
other second messengers.
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ROS in the Legume-Rhizobium Symbiosis

Karine Mandon, Nicolas Pauly, Alexandre Boscari, Renaud Brouquisse,
Pierre Frendo, Bruce Demple, and Alain Puppo

Abstract Plants appear to generate reactive oxygen species (ROS) as signaling
molecules to control various fundamental processes. With this background, this
review aims to highlight the involvement of ROS, and their possible interactions
with nitric oxide (NO) and glutathione (GSH) in the symbiosis between rhizobia
and leguminous plants. This compatible interaction, which is very important for
sustainable agriculture, leads to the formation of a novel organ capable of fixing
atmospheric nitrogen. ROS are involved in the early steps of the symbiotic interaction:
their presence is essential for the development of optimal symbiosis and points to a
signaling role for ROS during the symbiotic process. ROS may also regulate nodule
function by interacting with NO.

1 Introduction

The symbiotic association between the roots of leguminous plants and soil rhizobia
results in the development of specific organs, called nodules, whose primary function
is nitrogen fixation. Nodule formation involves extensive recognition by both
partners, which leads to the appearance of a newly created organ in which the bacteria
differentiate into bacteroids able to reduce atmospheric nitrogen. This process
involves both plant—microbe interactions in order to allow an organized journey of
the bacteria though the plant and cell division and differentiation processes leading
to the development of the nodule meristem. Nodules are subsequently colonized
by bacteria released from infection threads formed upon infection (Long 2001;
Oldroyd and Downie 2008).
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In plants, reactive oxygen species (ROS) are unavoidable by-products of
biochemical pathways such as oxidative phosphorylation and photosynthesis. As a
result, plants have evolved enzymatic and non-enzymatic antioxidant mechanisms
to eliminate ROS and avoid oxidative injury (Apel and Hirt 2004). On the other
hand, it is now generally accepted that ROS can play a signaling role in various
cellular mechanisms (Neill et al. 2002). Indeed, accumulating experimental evidence
shows that ROS are key players in fundamental processes such as cellular growth
(Foreman et al. 2003), stomatal closure (Pei et al. 2000), and the regulation of gene
expression (Neill et al. 2002; Vranova et al. 2002). Moreover, ROS are involved in
the plant defence against pathogens (Apel and Hirt 2004).

There is increasing evidence that ROS play an important role in legume-rhizobia
symbiosis (Pauly et al. 2006). Indeed, the symbiotic interaction involves infection as
well as developmental processes, and ROS are involved in both. ROS are important
regulators of the hypersensitive response, a well-known process in plant pathogenesis.
One should note that 90% of the infection threads initially formed in Medicago are
aborted, which is caused by a hypersensitive-like response (Vasse et al. 1993; Penmetsa
and Cook 1997). On the other hand, ROS involvement in plant developmental proc-
esses has been demonstrated (Foreman et al. 2003), which suggests that nodule orga-
nogenesis may also be dependant on ROS. Within this framework, the role of ROS in
the legume—Rhizobium symbiosis will be addressed, considering first the initial steps
of the symbiotic interaction and then the situation in functioning nodules. In addition,
because (1) crosstalk between ROS and NO occurs in plant-microbe interactions
(Zago et al. 2006; Zaninotto et al. 2006) and (2) growing evidence suggests a model
in which ROS and glutathione (y-glutamylcysteine-glycine, GSH) interact to regulate
redox homeostasis and antioxidant signaling (Foyer and Noctor 2005), the roles of this
reactive nitrogen species and of the major thiol antioxidant will also be considered.

2 ROS and the Early Steps of the Interaction

The involvement of ROS in the establishment of the legume-Rhizobium symbiosis
has been delineated. In the early stages of the symbiotic interaction, oxidation of the
dye nitroblue tetrazolium (NBT) can be detected in infection threads, indicating that
superoxide anion (O,") is produced during the infection process (Santos et al. 2001;
Ramu et al. 2002). Moreover, this production was not observed when Medicago
truncatula plants were inoculated with a Sinorhizobium meliloti nodD1ABC mutant,
unable to produce Nod factors (NF), suggesting an NF role in the oxidative burst
(Ramu et al. 2002). In the semiaquatic legume Sesbania rostrata, the formation of
cortical infection pockets depends on a NF and was shown to be associated with
localized cell death and the production of large amounts of hydrogen peroxide
(H,0,) (D’Haeze et al. 2003). Moreover, experiments with ROS inhibitors and a
HZO2 scavenger showed that, in lateral root base nodulation of S. rostrata, ROS
were required for the initiation of nodule primordia (D’Haeze et al. 2003). Recently,
the generation of ROS in the cortical cells of M. truncatula roots after inoculation
with S. meliloti was observed in vivo, using the 2',7'-dichlorofluorescein probe
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(Peleg-Grossman et al. 2007). Moreover, the use of diphenyleneiodonium (DPI),
which inhibits flavoproteins such as the gp91phox catalytic subunit of NADPH
oxidase, abolished ROS production. This result suggests the possible involvement of
M. truncatula NADPH oxidase homologues in such ROS production (Peleg-Grossman
et al. 2007). The DPI treatment also suppressed root hair curling and infection thread
formation, which further underscores ROS involvement in the early steps of symbiotic
interactions (Peleg-Grossman et al. 2007).

However, the situation may be different in the very earliest steps of the symbiotic
interaction, where the production of H,O, appears to be inhibited by the NF (Shaw
and Long 2003; Lohar et al. 2007); in the same way, a S. meliloti nodC- mutant,
defective in NF biosynthesis, showed an increase in HZO2 accumulation (Bueno et al.
2001). The compatible interaction between M. sativa and S. meliloti is linked, at least
in part, with increased antioxidant defence (particularly catalase and lipoxygenase)
during the preinfection period (Bueno et al. 2001). More recently, the role of ROS
in root hair deformation in the M. truncatula—S. meliloti symbiosis has been shown
(Lohar et al. 2007). Exogenous application of ROS prevented root hair swelling
and branching induced by NF. Transient treatment of roots with DPI mimicked NF
treatment and resulted in root hair branching in the absence of NF. The results
suggest a role for the transient lowering of ROS accumulation in governing NF-induced
root hair deformation in legumes (Lohar et al. 2007).

Rhizobia appear to have an efficient antioxidant defence, in that ROS have not
been detected in the microorganisms progressing within the threads (Santos et al.
2001; Rubio et al. 2004). Indeed, S. meliloti possesses two superoxide dismutases
that convert O, to O, and H,O, (Santos et al. 2000; Hérouart et al. 2002) and three
heme b-containing catalases, which are able to scavenge H,O, (Hérouart et al.
1996; Ardissone et al. 2004). Bacterial catalases appear to play an important role in
the nodule formation process as the double katB/katC and katA/katC mutants of
S. meliloti are strongly impaired in nodule formation (Jamet et al. 2003). These
observations suggest that maintaining the H,O, steady-state level below some
maximum value is necessary for optimal nodulation. On the other hand, a S. meliloti
mutant overexpressing the constitutive catalase KatB (katB**) and displaying an
intracellular H,O, concentration below that of the wild-type strain, exhibited a
delayed nodulation phenotype (Jamet et al. 2007). This effect was associated with
the formation of abnormal infection threads. These last results clearly indicate that
the presence of H,0, is essential for optimal symbiosis development and point to a
signaling role for ROS during the symbiotic process. A comparative transcriptomic
study between the wild-type strain and the katB** mutant is currently in progress in
the authors’ laboratory.

In addition to the catalases, S. meliloti genome analysis suggests that this bacterium
contains three thiol peroxidase genes: the alkyl hydroperoxide reductase ahpC-like
gene and two organic hydroperoxide resistance ohr-like genes, named ohrl and
ohr2. Both types of enzymes display biochemically equivalent functions and catalyze
the reduction of organic peroxides to the corresponding less toxic organic alcohols.
Moreover, AhpC might use H,0, in addition to alkyl hydroperoxide as a substrate
(Seaver and Imlay 2001). The expression patterns of the three genes differ, reflecting
possible distinct physiological roles both in the free-living and the symbiotic states.
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It must be noted that the ohrl gene was shown to be actively transcribed during all
steps of nodule development, while ohr2 was poorly expressed (Mandon, unpublished
results). Other non-enzymatic scavengers such as glutathione (see below) or other
enzymatic systems might account for the antioxidant machinery of rhizobia. In R. etli,
for example, a microaerobiosis-induced peroxiredoxin (PrxS) that is also expressed
during the symbiotic interaction is involved, in conjunction with the catalase katG, in
the maintenance of the redox balance during the nitrogen fixation process
(Dombrecht et al. 2005). Furthermore, it has been demonstrated that the levels of
peroxiredoxins are decreased during nodule development and are redox-regulated
during nodule senescence (Groten et al. 2006).

The question of the origin of ROS formation during rhizobial infection and
nodule organogenesis is still unanswered. As mentioned above, the formation of
superoxide radicals in the infection threads (Santos et al. 2001), and the correlation
during the early steps of the M. truncatula—S. meliloti symbiosis between decreased
expression of two putative NADPH oxidase genes and the decreased flux of ROS
(Lohar et al. 2007), favor the hypothesis of this type of enzyme involvement. Other
possible sources of H,O, are cell wall peroxidases, germin-like oxalate oxidases,
and diamine oxidases (Wisniewski et al. 2000). Indeed, a germin-like oxidase from
Pisum sativum has been characterized (PsGERI1). This protein has superoxide
dismutase activity and is associated with nodules (Gucciardo et al. 2007). Recently,
a gene encoding a functional class III plant peroxidase (Srprx1) was shown to be
transiently upregulated during nodulation in the tropical legume S. rostrata (Den
Herder et al. 2007). Srprx1 expression was not induced after wounding or pathogen
attack, consistent with the peroxidase being a symbiosis-specific isoform. On the
other hand, the possible involvement of nodule peroxisomes in this process should be
taken into account. In any case, it would be of interest to analyze the consequences
for symbiosis of modifying plant ROS-producing activities.

As mentioned above, ROS interaction with GSH is a key modulating factor
of the redox homeostasis and signaling; GSH is not a passive bystander in this
crosstalk, but rather functions as a key signaling compound (Foyer and Noctor 2005).
Moreover, it must be noted that one of the specificities of leguminous plants is the
production of a GSH homolog, homoglutathione (y-glutamylcysteine-[3-alanine, hGSH)
(Frendo et al. 1999; Matamoros et al. 1999b, 2003a). This specificity is linked to
the presence of a new enzyme, homoglutathione synthetase (h\GSHS), which uses
[-alanine as a substrate, whereas glutathione synthetase (GSHS) uses glycine
exclusively. hGSHS has been suggested to derive from GSHS by gene duplication
(Frendo et al. 2001); hGSH is thought to have similar roles to GSH. To examine
the importance of (h)GSH during nodule formation, the concentration of these
tripeptides were lowered using buthionine sulfoximine, a specific inhibitor of (h)
GSH synthesis, and transgenic roots expressing antisense transcripts for GSHS and
hGSHS. Both approaches resulted in significantly diminished numbers of nodules on
the plants, supporting an important role of (h)GSH during nodule development
(Frendo et al. 2005). Deficiency in (h)GSH did not change the number of infection
events or the expression of Rhizobium-induced Peroxidase 1, which demonstrates
that the lower number of nodules was not linked to a nonspecific general stress
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process as observed during ethylene treatment (Oldroyd et al. 2001). In contrast,
a strong diminution of the number of nodule meristems, correlated with the lower
expression of the early-nodulin genes Mtenodl2 and Mtenod40, was observed in
(h)GSH-depleted plants. GSH therefore plays a role in the nodule meristem formation.
Interestingly, this inhibition of nodule formation is correlated to a diminution in the
number of lateral roots, strongly suggesting that (h)GSH deficiency generally impairs
meristem initiation. Thus, (h)GSH emerges as an essential factor involved in nodule
development. This result is consistent with the data obtained in Arabidopsis, in which
GSH plays a crucial role in cell cycle regulation and root apical meristem functioning
(Sanchez-Fernandez et al. 1997; Vernoux et al. 2000). In order to define the modulation
of gene expression by (h)GSH deficiency, a transcriptomic analysis was performed
on M. truncatula plants inoculated with S. meliloti using the cDNA-amplified
fragment length polymorphism (AFLP) technology. The expression pattern of 6,149
genes was studied during the first 4 days after inoculation. Of these, 181 were
identified as differentially regulated between control and (h)GSH-deficient plants.
This transcriptomic analysis showed the lower expression of genes involved in
meristem formation and the accumulation of transcripts corresponding to defence
genes in (h)GSH-deficient plants (Pucciariello et al., submitted). These results
suggest that (h)GSH and more generally the redox state may be involved in both
bacterial recognition and meristem formation during the nodulation process. The roles
of the genes regulated during the (h)GSH deficiency needs to be investigated to
clarify their involvement in the nodulation process.

The interaction between legumes and Rhizobia involves stressful conditions for
the bacteria with the production of ROS and the potential conditions of nutritional
and osmotic stress present in the infection thread. A Rhizobium tropici mutant
strain bearing a single Tn5-luxAB insertion in a gene with high similarity to the
Escherichia coli gshB gene (encoding glutathione synthetase) was hypersensitive to
osmotic or oxidative stress (Riccillo et al. 2000). We therefore tested whether the
bacterial GSH pool plays a role in the interaction between M. truncatula and
S. meliloti. In silico analysis of the bacterial genome identified the likely gshA and
gshB genes responsible for GSH synthesis in Rhizobia. The deduced amino acid
sequence of the ORF SMc00825 was about 75% identical to putative gshA genes
encoding Rhizobiales y-glutamyl-cysteine synthetase (YECS) and about 55% identical
to plant YECS. Interestingly, the sequences of gshA from y-proteobacteria (E. coli)
and a-proteobacteria (S. meliloti) fall into two distinct groups (Copley and Dhillon
2002). The latter group consists primarily of o-proteobacteria such as S. meliloti,
Mesorhizobium loti, and Agrobacterium tumefaciens, and flowering plants such as
A. thaliana, M. truncatula and Glycine max. Similarly, the putative translational
product of ORF SMc00419 (named gshBI) had 85% identity to the predicted product
of the gshB gene encoding GSHS in Rhizobium tropici. In the S. meliloti genome,
the ORF SMb21586 (named gshB2) is also proposed as a putative GSHS but displays
only 35% identity to R. tropici GshB protein.

In order to validate the identity of the S. meliloti genes involved in GSH
synthesis, and to investigate the importance of GSH in the transition from bacterial
free-living growth to the interaction with the host plant, defects in YECS or GSHS
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(SmgshA and SmgshB1, respectively) were engineered into the wild-type S. meliloti
strain Rm1021. The SmgshA mutant strain lacked GSH and was unable to grow without
exogenously added GSH or functional complementation of gshsA. The SmgshB1
mutant strain accumulated the dipeptide intermediate YEC showing that gshBI
encodes a GSHS. The result also indicates that the gshsB2-encoded protein is not
the major GSHS during normal growth; indeed, the SmgshB1 strain grew normally.
These results are significantly different from those observed in E. coli. Indeed,
E. coli gshA mutant strain devoid of glutathione not only grows normally but also
shows normal resistance to HZOZ, cumene hydroperoxide, heat, or ionizing radiation
(Greenberg and Demple 1986). The S. meliloti results are more similar to those
observed in Saccharomyces cerevisae, in which is a gshA deletion is lethal (Grant
et al. 1996). The thiol redox system involves on the one hand GSH, GSH reductase
and glutaredoxins, while the NADH/NADPH-coupled thioredoxin reductases and
thioredoxins share a similar architecture in E. coli and in yeast (Toledano et al.
2007). Although these pathways are functionally redundant in E. coli, that does not
appear to be the case in yeast (Toledano et al. 2007). The different influence of
GSH deficiency on cell growth observed between S. meliloti and E. coli may arise
from a divergent evolutionarily role of the two branches of the thiol redox system
in these two bacteria genera as observed for yeast and E. coli.

The nodulation efficiency of the SmgshA and SmgshB1 strains was tested during the
interaction with alfalfa. Under our experimental procedures we found no evidence
that the mutant SmgshA was able to induce nodules on M. sativa. Since the growth
of SmgshA was severely affected, it seems logical to expect that its nodulation ability
will also be negatively affected. The emergence of nodules on M. sativa following
inoculation with mutant strain SmgshB was delayed in comparison to wt Rm1021,
although final nodule number was unaffected. The delay observed in nodule formation
could be connected with the strong upregulation of catalase expression observed in
the SmgshB1 mutant. As already mentioned, modification of catalase activity
modified the nodulation efficiency.

3 ROS and the Functioning Nodule

A prolonged production of ROS occurs in the later stages of the nodulation process.
H,0O, production was detected in ultrathin sections of mature 6-week-old nodules as
an electron-dense precipitate stained with cerium chloride (Santos et al. 2001; Rubio
et al. 2004). Intense cerium labeling was also observed in the cell walls of infecting
cells and in some infection threads around bacteria. The highly reducing environment
needed for nitrogen fixation may lead to ROS formation, in that many electron
donors (e.g., ferredoxin, uricase, and hydrogenase) are susceptible to auto-oxidation
resulting in superoxide formation (Dalton et al. 1991). Oxyleghemoglobin, which is
present at a high concentration in nodules, can also produce superoxide, which
disproportionates to hydrogen peroxide (Puppo et al. 1991). Indeed, the reduction
of leghemoglobin concentration in transgenic plants leads to a strong diminution of
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ROS formation in nodules (Gunther et al. 2007). The production of ROS together
with the high levels of transition metals (Becana and Klucas 1992) present in the
nodule may lead to the generation of highly oxidizing species such as hydroxyl radicals,
which reacts with all the main cellular components (Moller et al. 2007). Under
these circumstances, a strong antioxidant defence may be crucial for efficient nodule
metabolism (Matamoros et al. 2003b). The significantly higher level of (h)GSH
observed in root nodule compared to noninoculated roots suggests a potential role
for these molecules in the nitrogen-fixing symbiotic interaction. Moreover, the
concentration of (h)GSH is three- to fourfold higher in actively nitrogen-fixing
nodules than in ineffective ones (Dalton et al. 1993). The correlation between nitrogen
fixation efficiency and the (h)GSH pool is also true in legumes under abiotic stresses
such as dark stress (Gogorcena et al. 1997; Matamoros et al. 1999a) or treatment
with nitrate (Escurado et al. 1996; Matamoros et al. 1999a), during which oxidative
stress seems to be involved in nodule senescence. Finally, this relationship is further
observed during natural nodule senescence (Evans et al. 1999; Loscos et al. 2008).
However, the connection between nodule metabolism and (h)GSH content has
never been verified by testing nitrogen fixation in transgenic or mutant plants with
varying (h)GSH content.

GSH also appears to play an important role at the microsymbiont level. Indeed,
the nitrogen-fixing capacity of nodules containing the SmgshB 1 mutant was only 75%
of that for wild-type bacteria. Microscopic analysis of nodule structure correlates
the decrease in nitrogen fixation efficiency with an abnormal nodule structure that
suggests early senescence of the bacteroid (Harrison et al. 2005). Thus, GSH in
S. meliloti plays a crucial role in the nitrogen-fixing activity during symbiosis. Multiple
hypotheses may explain the severe phenotype of SmgshB1 bacteria. The connection
observed between GSH and the enzymatic antioxidant defence may imply that a
severe oxidative stress is associated with nitrogen deficiency. However, multiple thiol
redox targets may also be affected by GSH deficiency via the glutaredoxin system.
In this framework, multiple thioredoxin mutants have altered nitrogen fixation activity
(Loferer et al. 1993; Vargas et al. 1994; Castro-Sowinski et al. 2007). An overall
genetic dissection of the thiol redox system would be welcome to resolve data on
the importance of this regulatory pathway in S. meliloti.

NO production in functioning nodules may largely interfere with the ROS
signaling described above. NO also appears to control primary and adventitious
root organogenesis, a developmental process that shares common features with
nodule formation, including the involvement of auxins (Correa-Aragunde et al.
2004; Lanteri et al. 2006). Indeed, recent advances point out that NO and auxin
may be involved in controlling indeterminate nodule formation (Pii et al. 2007).
Data from Shimoda et al. (2005) suggest that rapid and transient NO production,
detected with the cell-permeable NO sensing probe 4,5 diaminofluorescein diacetate
(DAF-2DA), occurs in Lotus japonicus roots inoculated with Mesorizobium loti
(Shimoda et al. 2005). In M. truncatula the presence of NO during early stages of
symbiosis remains unclear; however, its production in mature nodules has been clearly
demonstrated. Direct detection of NO using the DAF-2DA probe was undertaken
using confocal microscopy in M. truncatula/S. meliloti nodules (Baudouin et al. 2006).
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The NO staining was localized in the bacteroid-containing cells of the fixing
zone and was impaired by the NO scavenger carboxyPTIO. These data corroborate
previous studies on soybean nodules in which the presence of NO complexed with
leghemoglobin was detected in soybean nodules using electron paramagnetic
resonance (Mathieu et al. 1998; Herold and Puppo 2005).

In the microsymbionts, a low level of free NO compatible with nitrogenase
activity could act as a signal during the low oxygen response of the nitrogen-fixing
cells. NO can regulate specific bacterial transcription factors such as NnrR, which
controls denitrification gene expression (Mesa et al. 2003). This activation would
involve the FixLJ pathway, which is activated by low oxygen concentrations and
can readily fix NO (David et al. 1988; McGongile et al. 2000). Interestingly, several
NO-induced genes are controlled by FixLLJ under microaerobic conditions (Bobik
et al. 2006). Thus, the identity of the FixLJ-dependent gene-regulating signal in
planta may be suggested: low oxygen concentration, NO or both. On the plant side,
a series of genes related to the plant response to hypoxia was recently identified in
a screen for M. truncatula genes induced upon NO treatment (Ferrarini et al. 2008).
As these hypoxia-related genes are also regulated in nitrogen-fixing L. japonicus
nodules (Colebatch et al. 2004), one may extend to both symbiotic partners the
hypothesis of NO regulating the low-oxygen response. In this context, nodulation
affects the transcription of genes involved in sucrose metabolism, glycolysis,
dicarboxylic acid metabolism and nitrogen assimilation (Gyorgyey et al. 2000;
Colebatch et al. 2004; El Yahyaoui et al. 2004; Tesfaye et al. 2006). Many of these genes
[a sucrose transporter, sucrose synthase (Susy), phosphofructokinase, glyceraldehyde
dehydrogenase (GaPDH), isocitrate dehydrogenase, malate dehydrogenase (MDH),
glutamine synthetase (GS), asparagine synthetase, and alanine amino transferase]
are regulated by NO during the M. truncatula—S. meliloti symbiosis (Ferrarini et al.
2008). Taken together, the data suggest that NO may act as a “metabolic switch”
from aerobic conditions to microaerophilic ones, for both partners. In addition to
the regulation of gene expression, NO controls the activity of numerous proteins
through the S-nitrosylation of their Cys residues (Mannick and Schonhoff 2002).
A recent proteomic analysis showed that, among the 100 S-nitrosylated proteins
identified in A. thaliana, several of these are involved in carbon metabolism
(Susy, GaPDH, phosphoglycerate kinase, phosphoenolpyruvate carboxylase,
pyruvate kinase, MDH...) or nitrogen metabolism (GS, glutamate dehydrogenase)
(Lindermayr et al. 2005). The in silico analysis of the Arabidopsis genome showed
that hexokinase and AS are likely candidates for S-nitrosylation (Huber and Hardin
2004). At the enzymatic level, the NO-dependent modulation of the activity of most
of these enzymes in extracts of M. truncatula roots and nodules (Brouquisse,
unpublished) suggests that these enzymes might be controlled by S-nitrosylation in
vivo. Thus, NO could regulate carbon and nitrogen metabolism at both the
transcriptional and the post-translational level in symbiotic nodules. The identification
of the NO-generating system(s) in nodules will greatly help in deciphering the role
of this reactive species during the symbiotic process.

Finally, ROS involvement in nodule senescence process has been suggested
(Alesandrini et al. 2003; Rubio et al. 2004), and a model in which ROS and antioxidants
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interact with hormones such as abscissic acid in orchestrating nodule senescence
has been proposed (Groten et al. 2005; Puppo et al. 2005). Nodules have high levels
of the redox buffers glutathione and ascorbate, which are important in nodule
senescence. These metabolites decline with nitrogen fixation as the nodule ages,
but the resultant decrease in redox buffering capacity does not necessarily lead to
enhanced ROS (Puppo et al. 2005).

4 Conclusion

It appears that ROS play important roles in the establishment and functioning of the
symbiotic nodule. A better definition of the spatio-temporal characteristics of ROS
production is needed to define precisely their subtle signaling action in the symbiotic
process. Moreover, modulating the ROS-producing system(s) will allow identification
of the ROS target genes and will provide information on the nature of the processes
regulated by ROS in both partners during symbiosis. ROS may also induce post-
translational modifications, and the identification of the nodule “peroxidome” will
be very useful to obtain valuable information on the role of ROS at the protein level.

Last but not least, the identification of common H,O,, NO, and GSH targets

(including the identification of the nodule “nitrosylome” and “glutathionylome”)
will provide new insight in the regulatory networks operating during the symbiotic
interaction. In that symbiosis is a good model for infectious and developmental
processes, this information will be of interest for the plant biologists in general.
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Hydrogen Peroxide-Responsive Genes
in Stress Acclimation and Cell Death

Sandy Vanderauwera, Frank A. Hoeberichts, and Frank Van Breusegem

Abstract Reactive oxygen species (ROS) are key signalling molecules that regulate
growth and development and coordinate responses to biotic and abiotic stresses.
ROS homeostasis is controlled through a complex network of ROS production and
scavenging enzymes. Recently, the first genes involved in ROS perception and signal
transduction have been identified and, currently, we are facing the challenge to
uncover the other players within the ROS regulatory gene network. The specificity
of ensuing cellular responses depends on the type of ROS and their subcellular
production sites. Various experimental systems, including catalase-deficient plants,
in combination with genome-wide expression studies demonstrated that increased
hydrogen peroxide (H,0,) levels significantly affect the transcriptome of plants and
are capable of launching both defence responses and cell death events. A comparative
analysis between H,O,-induced transcriptional changes and those provoked by
different environmental stresses, not only consolidated a prominent role for H,0O,
signalling in stress acclimation, but also allowed the identification of new candidate
regulatory genes within the plant’s abiotic stress response.

1 Dual Face of Reactive Oxygen Species

Reactive oxygen species (ROS) are partially reduced or activated derivatives of
oxygen that are formed during normal cell metabolism in different subcellular
compartments. Adverse environmental conditions lead to an increased production
of ROS, resulting in oxidative stress. At higher concentrations, ROS cause oxidative
injuries by reacting with different cellular components, including DNA, proteins
and lipids, and become toxic to the cell. In order to avoid ROS-dependent cellular
damage, a fine-tuned balance between ROS production and scavenging is essential.
In Arabidopsis thaliana, this balance is governed by a complex network that comprises
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at least 152 genes encoding both ROS-producing and ROS-scavenging enzymes
(Mittler et al. 2004). The different components of the antioxidant system are
diversified in their scavenging capacity not only in terms of specificity and affinity
towards the different ROS species, but also by their distinct subcellular location in
the vicinity of the ROS production sites. Peroxisomes, chloroplasts and mitochondria
are organelles with highly oxidising metabolic activities or with intense rates of electron
flow and are, hence, major sources of ROS production in plant cells. Therefore, it is
not surprising that these subcellular compartments contain various ROS-scavenging
enzymes (Mittler et al. 2004). The tight regulation of ROS homeostasis also creates
a baseline on which ROS spikes can signal in different cellular processes. Although
the underlying signalling function of ROS has long been masked by the inherent
toxic nature of these oxidants, their triggering ability during various developmental
processes and environmental stress responses is now widely recognised (Foyer and
Noctor 2005; Torres and Dangl 2005; Gapper and Dolan 2006; Mullineaux et al. 2006;
Fig. 1). ROS with documented signalling functions include hydrogen peroxide
(H,0,), singlet oxygen ('O,), hydroxyl radical (OHe), and superoxide anion radical
(O,*7). How ROS and ROS-derived signals are perceived, integrated and transduced to
eventually control a broad range of biological processes remains largely elusive. ROS
might interact selectively with specific target molecules that thereby sense and translate
increased ROS levels into a transcriptional response (Apel and Hirt 2004). Intensity,
duration and subcellular localisation of ROS production are likely crucial in the cellular
and intracellular transduction of the ROS signals (Bailey-Serres and Mittler 2006).

2 ROS Perception and Signal Transduction

Increased ROS levels in different subcellular compartments can result in changes
in nuclear gene expression, indicating a ROS-dependent intraorganellar signalling
(Vanderauwera et al. 2005; Rhoads et al. 2006; Koussevitzky et al. 2007). Recently,

Environmental
stress

‘ Growth

Scavenging _' ROS ‘ Signal ‘ gzﬁtﬂggmem

mechanisms
'High T (A)biotic stress response

Oxidative
cell injury

Fig. 1 The dual face of ROS. Unfavourable environmental conditions result in excessive ROS
production that leads to oxidative cell injuries at high concentrations. To prevent ROS-dependent
cellular damage, plants have a broad range of antioxidant mechanisms at their disposal to use ROS
simultaneously as a signal within various biological processes, such as growth and development,
defence responses to biotic and abiotic stimuli and programmed cell death
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the first genes involved in ROS perception and signal transduction have been identified
(Rentel et al. 2004; Kaminaka et al. 2006; Lee et al. 2007), but it remains a challenge
to identify other players in the gene regulatory networks and to unravel their mode
of action in ROS signal perception and transduction.

One likely mechanism for cells to perceive the presence of ROS is through
ROS-dependent protein modifications. The oxidising nature of H,0, and O, allows
the direct modification of thiol groups in proteins, although other amino acids, such
as tyrosine, tryptophan and histidine, may be oxidised as well. Oxidation of cysteine
(Cys) residues might lead to disulphide bridging and subsequent conformational
changes or, alternatively, to a variable degree of oxidation that depends on the
residue’s redox potential and the intracellular redox state (Hancock et al. 2006).
The alteration of key Cys residues of transcription factors provides a direct and
powerful means to influence nuclear gene expression. For example, in Escherichia
coli, the transcription factor OxyR is activated by H,0, (Zheng et al. 1998), whereas
in Saccharomyces cerevisiae, oxidation of YAP1 following oxidative stress results in
its nuclear accumulation and subsequent activation of antioxidant gene expression
(Delaunay et al. 2000). In plants, redox regulation has been reported for the nonex-
pressor of pathogenesis-related 1 (NPR1) and the leucine zipper transcription factor
TGAL1 that are both important mediators of systemic acquired resistance during
plant-pathogen interactions. Reduction of key Cys residues in these proteins relo-
cates NPR1 to the nucleus and modulates the DNA-binding activity of the NPR1/
TGAL1 protein complex, thereby decisively affecting downstream gene expression
(Després et al. 2003; Mou et al. 2003). The activity of the transcription factor Rap2.4a
that controls plastid antioxidant gene expression is also redox regulated. Rap2.4a is
activated by a dithiol/disulphide transition of regulatory Cys residues and subsequent
changes in the quaternary structure (Shaikhali et al. 2008).

Transcriptional modifications may also require more upstream sensing and
transduction of ROS and ROS-derived signals. In yeast, histidine kinases (HKs) of
two-component signalling systems have been reported to function as sensors of
oxidative stress (Singh 2000). In Arabidopsis, the HK of the ethylene receptor ETR1
appears to be essential for H,O, perception leading to stomatal closure. Mutation of
a Cys residue in the N-terminal region of ETR1 disrupted the H,O, perception and
diminished the stomatal closure in response to H,O,, indicating that this thiol group
is important for H,O, signalling. As the kinase domain of ETR1 was not required
for H,0, signalling, the H,0O,-provoked signalling through ETR1 was seemingly
unrelated to its well-described role as an ethylene receptor (Desikan et al. 2005).
In addition, the Arabidopsis HKS plays a crucial role in mediating H,O,-dependent
processes in stomatal guard cells that are induced by both environmental and
hormonal signals (Desikan et al. 2008).

A mitogen-activated protein kinase (MAPK) cascade and several protein
phosphatases are involved in relaying H,O, signals in Arabidopsis. Both ANP1, a
MAPK kinase kinase, and OXI1, a serine/threonine protein kinase, are important for
H202 sensing and the activation of a MAPK cascade (Kovtun et al. 2000; Rentel et al.
2004). H,O, also strongly activates the nucleotide diphosphate kinase 2 (NDPK?2)
that specifically interacts with MPK3 and MPKG®, thereby regulating the cellular
redox state (Moon et al. 2003). MPK6 can also be activated via H,O,-mediated
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inhibition of the protein tyrosine phosphatase PTP1 (Gupta and Luan 2003), indicating
that protein phosphatases might act as negative regulators of ROS-induced MAPK
pathways (Schweighofer et al. 2004).

Taken together, these studies give a glimpse of the complex signalling network
that underlies the cellular response to elevated levels of ROS and, more particularly,
H,0,. However, specific signalling effects have also been reported for singlet
oxygen and superoxide anion, involving the two closely related chloroplastic
proteins EXECUTER1 and EXECUTER?2, and LESION SIMULATING DISEASE 1
(LSD1), respectively (Mateo et al. 2004; Wagner et al. 2004; Kaminaka et al.
2006; Lee et al. 2007).

3 ROS-Dependent Gene Expression

The integrated cellular response to oxidative stress is particularly suited for a
genomic approach: ROS levels can be modulated relatively easily in an organism
by exposing it to increased dosages of oxidants or by depleting or perturbing its
antioxidant capacities (Table 1). Genome-wide expression tools provided the means
to assess the overall effect of ROS signalling on gene expression in different organisms.
Transcriptomic and proteomic surveys in bacterial, yeast and mammalian cell lines
have provided significant insights into the cellular responses towards oxidative
stress (Causton et al. 2001; Mostertz et al. 2004; Murray et al. 2004; Vandenbroucke
et al. 2008). In plants, the first report on a genome-wide expression analysis was
provided by Desikan et al. (2001). Using a cDNA microarray, at least 113 and 62
transcripts were shown to be induced and repressed, respectively, in Arabidopsis
cell suspensions treated with a specific dose of H,O,. A substantial number of these
genes were predicted to function within the defence response, cell signalling,
transcription and cell death. In tobacco (Nicotiana tabacum), a combination of
differential display and cDNA macroarray analysis identified 53 transcripts involved
in stress acclimation responses (Vranova et al. 2002). The two experimental set-ups
relied on the exogenous addition of H,O, and a superoxide generator, respec-
tively. An alternative approach to modulate ROS levels in planta is through the use of
loss-of-function mutants in specific antioxidant genes. The cDNA-amplified frag-
ment length polymorphism (AFLP) technology revealed that more than 700 tran-
scripts were differentially expressed upon increase of photorespiratory H,O,
(Vandenabeele et al. 2003). Later, the advent of different microarray platforms that
covered the majority of the annotated Arabidopsis genes allowed the assessment
of the transcriptome of available mutants and transgenic plants perturbed in the
antioxidant gene network (op den Camp et al. 2003; Rizhsky et al. 2003; Davletova
et al. 2005a; Umbach et al. 2005; Vanderauwera et al. 2005) (Table 1). These surveys
provided not only detailed inventories of ROS-dependent gene expression in plants,
but also evidence for the specific signalling capacities of different ROS that allow
them to act efficiently in various developmental processes and environmental stress
responses. A meta-analysis of oxidative stress-responsive transcripts in Arabidopsis
revealed both common and specific responses towards the different ROS signals
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(Gadjev et al. 2006). Besides several hallmark transcripts of the general oxidative
stress response, new candidate regulatory transcripts that could orchestrate specific
transcriptomic signatures were detected as well as antagonistic effects triggered by
the different ROS. Anthocyanin biosynthesis transcripts were induced in Cu/Zn
superoxide dismutase (SOD) knockdown plants, while their induction during high-light
(HL) exposure was compromised in catalase-deficient plants (Gadjev et al. 2006).
This inverse correlation between the effect of O,*~ and H,O, on anthocyanin
accumulation clearly demonstrates specific signalling capacities of particular ROS.

4 Photorespiratory H,O,-Dependent Gene Expression

Photorespiration is the process by which ribulose-1,5-bisphosphate carboxylase uses
oxygen to oxygenate ribulose-1,5-biphosphate instead of carboxylating carbon diox-
ide (CO,). This oxygenation results in two glycolates that are subsequently trans-
ported from the chloroplast to the peroxisomes and catalysed by glycolate oxidase,
yielding H,O,. Photorespiration occurs at high rates in the leaves of C, plants
(Noctor et al. 2002), most probably acts as an alternative electron sink, and increases
under adverse environmental conditions that, either limit the CO2 availability (for
instance, through sustained stomatal closure during drought stress) or increase the
light energy influx. The considerable energy used in photorespiratory carbon— and
nitrogen-recycling lowers the quantum yield of photosynthesis, thereby utilising
light less efficiently in CO, fixation. This effect could be physiologically advanta-
geous because it reduces the probability of photoinhibition during abiotic stresses
and, thereby, attenuates ROS production in the chloroplasts. A complementary func-
tion of increased photorespiratory flux during abiotic stress follows from the
increased H,0, production in the peroxisomes: photorespiratory H,O, production
was estimated to account for approximately 70% of the total H,O, formed at any
given irradiance intensity (Noctor et al. 2002). Increased levels of photorespiratory
H,0, are counteracted by peroxisomal catalases that are tetrameric heme-containing
enzymes converting H,O, into oxygen and water. Catalases are the principal peroxi-
somal H,O,-scavenging enzymes and are an important sink for photorespiratory
HZO2 (Dat et al. 2001; Noctor et al. 2002; Mateo et al. 2004). Perturbation of catalase
activities, by mutation or gene silencing, results in decreased H,O, scavenging dur-
ing HL irradiation or low CO, availability in different C, plants. These catalase-
deficient plants were more sensitive to a variety of environmental stresses, such as
chilling, ozone and salt stress (Kendall et al. 1983; Willekens et al. 1997,
Vandenabeele et al. 2004), and revealed that photorespiratory H,O, is able to trigger
both local and systemic defence responses and activate a cell death programme that
shares several features with programmed cell death. Cell death occurred both in the
mesophyll and palisade parenchyma and spatially correlated with increased levels of
HZO2 (Chamnongpol et al. 1998; Dat et al. 2003; Vandenabeele et al. 2004).

The importance of peroxisomal H,O, scavenging by catalase was also corroborated
in catalase-deficient Arabidopsis plants. Transgenic lines, containing antisense or
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RNAI constructs that target the catalase 2 gene (CAT2), were more sensitive to HL
irradiation and ozone, and subsequently provoked cell death (Fig. 2a). Both the
timing and extent of cell death were inversely correlated to the residual catalase

Fig. 2 Photorespiratory H,0,-induced transcriptional changes and cell death in catalase-deficient
plants upon HL irradiation. (a) Control and catalase-deficient plants exposed to HL for 23 h.
Leaves of catalase-deficient plants developed cell death after 8 h of HL, while in the control plants
no cell death was visible even after 23 h of HL. (b) Scatter plots representing temporal expression
changes in catalase-deficient versus control plants during a HL time course (0, 3, 8 and 23 h).
Genes that fall above or below the diagonal are at least twofold upregulated (red) or downregu-
lated (blue), respectively. Samples were analysed with Affymetrix MAS5.0 software and the
Silicon Genetics GeneSpring version 5.1



Hydrogen Peroxide-Responsive Genes in Stress Acclimation and Cell Death 157

activity (Vandenabeele et al. 2004). To validate the photorespiratory nature of
the elevated H,O, levels in HL-treated catalase-deficient plants, plants were
exposed to HL under ambient air conditions (400 ppm, 21% O,) and under high
CO, levels (1,500 ppm, 21% O,). As expected, leaf cell death could be prevented
in a CO,-enriched environment (Vandenabeele et al. 2004).

Recently, Arabidopsis cat2 knockout mutants were used to define the photoperiod
as an additional regulatory factor of H,O,-induced cell death and defence gene
expression. By growing car2 at different daylengths in ambient air, H,O,-induced
lesion development was found to depend on long days. Unexpectedly, perturbed
intracellular redox state and oxidative signalling pathway induction were more
prominent in short days than in long days, as evidenced by the glutathione status and
the induction of defence genes and oxidative stress-responsive transcripts. These data
indicated that photoperiod is a critical determinant in the acclimation versus cell
death decision during stress (Queval et al. 2007). In a second work, the cat2 mutant
uncovered a new crosstalk between oxidative stress, cation homeostasis and ethylene
signalling. While investigating the effects of catalase deficiency on cation homeostasis,
cat2 plants appeared to be more tolerant to lithium, as a result of lithium-induced
insensitivity to the inhibitory ethylene and reduced capability for ethylene production.
The accumulation of H,O, during stress responses was postulated to alleviate the
negative effects of excess ethylene generated (Bueso et al. 2007).

Catalase loss-of-function mutants are an ideal in planta system to examine the
consequences of increased availability of endogenous H,O,, because perturbation
in H202 homeostasis can be sustained over time, no invasive techniques are needed,
and physiologically relevant levels of H,0, are obtained. Transcriptome analysis of
catalase-deficient plants demonstrated that perturbation of the H,O,-scavenging
capacity significantly affects nuclear gene expression after HL irradiation, altered
photoperiod or low CO2 levels (Vandenabeele et al. 2003, 2004; Vanderauwera et al.
2005; Queval et al. 2007) (Fig. 2b). By monitoring different time points after HL
exposure, the dynamics of the transcriptional response could be visualised, and early
expressed candidate receptor and signal transducing genes could be distinguished,
from later expressed effector genes, such as those involved in defence responses
and cell death (Vandenabeele et al. 2003, 2004; Vanderauwera et al. 2005).

Under non-stressed conditions, several stress-related genes, including glutathione
S-transferases, heat shock proteins and UDP-glycosyltransferases, were upregulated
in the catalase-deficient plants. Almost all the 51 induced transcripts, including a
WRKY (At5g24110) and a bHLH (At1g10585) transcription factor, also responded
highly to HL and to various other environmental stresses, such as wounding, heat,
salt and osmotic and genotoxic stress (Vanderauwera et al. 2005). Both bHLH and
WRKY transcription factors have been shown to be involved in abiotic stress
responses in plants (Eulgem et al. 2000; Wang et al. 2003; Lorenzo et al. 2004).
Therefore, these early responsive genes might be implicated in the primary cellular
stress responses mediated by increased levels of H,O,.

Exposure of both control and catalase-deficient plants to HL allowed HL- and
H,O,-responsive transcripts to be distinguished. Of the 906 transcripts that were
exclusively regulated by HL, 379 were upregulated and 527 were downregulated.



158 S. Vanderauwera et al.

In response to H,0,, 349 transcripts were induced and 88 were repressed in the
catalase-deficient plants (Vanderauwera et al. 2005).

The Hsp17.6 class of small heat shock proteins and the heat shock transcription
factors (HSFs) HsfA2, HsfB2b and HsfA7a were strongly responsive to photores-
piratory H,O,. A rapid induction of two other HSFs, HsfA4a and HsfA8, in response
to light stress has been reported in knockout ascorbate peroxidase 1 plants (Pnueli
et al. 2003). HsfA4a and HsfA8 were, however, not induced during HL stress in the
catalase-deficient plants, indicating that the induction of these HSFs is not part of a
general response to oxidative damage but rather the outcome of a response to increased
levels of specific ROS. HSFs also respond to many different biotic and abiotic stresses,
and HsfA2 has indeed been reported as a key regulator in response to heat, HL
and osmotic stress (Nishizawa et al. 2006; Ogawa et al. 2007). Recent studies in
yeast and mammalian cells provided considerable evidence for redox-dependent
regulation of HSFs (Kotak et al. 2007), further feeding the hypothesis that oxidative
stress-responsive HSFs might also function in plants as H,O, sensors involved in
the regulation of oxidative stress-responsive genes (Miller and Mittler 2006).

As mentioned above, oxidative stimuli provoke large-scale changes in the
transcriptome of plants. One approach to analyse this transcriptional response is to
identify co-regulated genes by making intersections with other related datasets or
by experimentally merging several perturbations and, thereby, trying to dissect the
transcriptional response into smaller functional entities (Ma and Bohnert 2008). By
combining a genetic (catalase deficiency) with an environmental (HL) perturbation,
a transcriptional regulon was identified that was strongly and rapidly induced by
HL in wild-type plants, but whose induction was impaired in catalase-deficient plants.
This cluster comprised the complete anthocyanin biosynthetic and regulatory pathway,
together with several genes of hitherto unknown function (Vanderauwera et al. 2005).
This molecular phenotype also correlated with the observed phenology of the
catalase-deficient plants under HL stress: wild-type plants accumulated significantly
more anthocyanins than catalase-deficient plants after exposure to HL. Because
anthocyanins have the ability to reduce the potential to oxidative damage via light
attenuation (Steyn et al. 2002), failure of anthocyanin accumulation in the catalase-
deficient plants might contribute to their increased sensitivity to HL irradiation
(Hoch et al. 2003). How H,0O, impinges negatively on this HL-induced anthocyanin
regulon remains currently elusive and is the subject of further investigations.

By assessing the expression of H,0,-induced transcripts within three important
environmental stresses (cold, heat and drought), an important intersection was revealed
that not only confirmed a prominent role for photorespiratory H,O,-dependent
signalling but also allowed the identification of new candidate regulatory genes
within the plant’s abiotic stress response (Vanderauwera et al. 2005). Among the 20
genes that were commonly induced by H,O, and at least two of the selected
stresses, two transcription factors, DREB2A and ZAT12, were identified. DREB2A
is known to be an important regulator of water- and heat-responsive gene expression
(Shinozaki and Yamaguchi-Shinozaki 2000; Sakuma et al. 2006a,b, 2006), whereas
ZAT12 is thought to be involved in cold and oxidative stress signalling (Rizhsky et al.
2004; Davletova et al. 2005b; Vogel et al. 2005). These examples illustrate the
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importance of the systematic perturbation of H,O,-regulated transcription factors
and subsequent functional analysis to unravel the hierarchical structure of the
network that governs the H,O, response in plants. Such an integrative survey of
transcriptional footprints and stress tolerance characteristics of new transgenic
plants and mutants will provide a view on how these different regulatory factors
interconnect with each other and what their role is in the mechanisms by which
ROS signals are integrated to eventually regulate specific biological processes.

5 Perspectives

Molecular phenotyping of different ROS-responsive mutants and transgenic plants
have resulted in comprehensive inventories of transcripts involved in production,
scavenging, perception and signal transduction of ROS. Not only was the signalling
role of ROS during various environmental cues validated, but a better view was also
gained on the shape of the complex regulatory network implicated in ROS signal
transduction. Next, a more detailed analysis is required to clarify the function of
each of these genes within the ROS signalling network. The most informative results
are expected from in-depth functional analyses of transgenic plants perturbed in
signal transducers and transcription factors, which will identify downstream targets
and organise the oxidative stress response into various transcriptional regulons.
Currently, microarrays are the most popular technology for large-scale expression
profiling because they allow the simultaneous detection of tens of thousands of
transcripts at a reasonable cost. Most microarrays used in today’s research are based
on spotted oligonucleotides that are designed to question the levels of individual
transcripts and standard sets covering various parts of the genome are available
(CATMA, ATHI1). The major limitation of such microarrays is that they rely on current
genome annotations, which precludes the identification of novel or very small
transcription units. Tiling arrays, on which the entire genome (including intergenic
regions) is represented by evenly spaced probes, provide a novel and unbiased means
of transcript identification (Rensink and Buell 2005). Tiling arrays will make it possible
to identify novel transcription units involved in H,0,-induced responses, including
antisense transcripts, small non-coding RNAs and previously unidentified genes
(Busch and Lohmann 2007; Gregory et al. 2008). Recent breakthroughs in sequencing
technologies have led to innovations, such as pyrosequencing (Margulies et al. 2005),
sequencing by synthesis (Steemers and Gunderson 2005), SOLiD sequencing by
oligonucleotide ligation (Cloonan et al. 2008) and true single molecule sequencing
(Harris et al. 2008). The unprecedented number of base pairs that can be read in one run
by high-throughput sequencers based on these techniques allows hypothesis-free,
quantitative analysis of the entire transcriptome. As a result, so-called digital gene
expression analysis will soon become an attractive alternative for microarrays.
Both tiling arrays and deep-sequencing approaches can be used to detect small
RNAs, a class of non-coding transcripts that have been shown to control different
aspects of plant development as well as plant stress responses (Sunkar et al. 2007).
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An interesting example is the upregulation of two Cu/ZnSOD genes that depended
on changes in the levels of miR398 (Sunkar et al. 2006). Hence, small RNAs
may prove to be yet another level in the regulatory networks that orchestrate
ROS-directed gene expression.

Integration of transcriptional networks with other “omics” disciplines, such as
proteomics and metabolomics will become increasingly important in the near
future. Such “poly-omics” approaches are well suited to analyse the consequences
of ROS-provoked changes at both the cellular tissue and whole plant levels, and,
for example, allow the comparison of the relative importance of transcriptional and
post-transcriptional regulation of the plant’s response to ROS. Eventually, this will
provide us with a holistic view on the networks involved in various ROS-mediated
plant processes.
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The ROS Signaling Network of Cells

Yael Harir and Ron Mittler

Abstract Reactive oxygen species (ROS) are toxic derivatives of atmospheric
oxygen used by plant cells to control many different biological processes, including
growth, development, and response to biotic and abiotic stimuli. Because of their
toxicity, as well as their important signaling role, the steady-state level of ROS in
cells is tightly regulated by a network of genes termed the “ROS gene network”.
In the flowering plant Arabidopsis thaliana, the ROS gene network includes more
than 150 genes that manage the level of ROS in cells. The ROS network is highly
dynamic and redundant, and encodes for ROS-scavenging as well as ROS-producing
proteins. Recent studies have unraveled some of the key players of the network and
shed light on some of the questions related to its mode of regulation, its protective
roles, and its modulation of signaling networks that control growth, development,
and stress response. In this chapter we will describe some of these findings.

1 Introduction

Ever since the introduction of molecular oxygen (O,) into the earth’s atmosphere
by O,-evolving photosynthetic organisms about 2.7 billion years ago, reactive oxygen
species (ROS) have been the unwelcome companions of aerobic life (Halliwell 2006;
Halliwell and Gutteridge 1999). In contrast to O,, these partially reduced or
activated derivatives of oxygen ('02, O,", H,0,, and HO¢) are highly reactive and
toxic, and can lead to the oxidative destruction of cells (Asada 2006; Asada and
Takahashi 1987). Consequently, the successful evolution of plants, as well as all
aerobic organisms, on the earth has been dependent upon the development of efficient
ROS-scavenging mechanism. These allow organisms to overcome ROS toxicity and
to use some of these toxic molecules as signal transduction molecules (Van Breusegem
et al. 2008; Mittler et al. 2004; Bailey-Serres and Mittler 2006). ROS, therefore,
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play a dual role in plants as both toxic compounds and key regulators of many
biological processes (Foyer and Noctor 2005; Apel and Hirt 2004; Mittler et al. 2004).
The use of ROS as signaling molecules by plant cells suggests that, during the
course of evolution, plants were able to achieve a high degree of control over ROS
toxicity and are now using ROS as signaling molecules. The delicate balance
between ROS production and scavenging that allows this duality in function to exist
in plants is thought to be orchestrated by a large network of genes termed the “ROS
gene network”, which includes more than 150 genes in the model plant Arabidopsis
thaliana, tightly regulating ROS production and scavenging (Mittler et al. 2004).

2 Production of ROS in Plants

Organelles with a highly oxidizing metabolic activity or with an intense rate of
electron flow, such as chloroplasts, mitochondria, and peroxisomes, are a major
source of ROS production in plant cells. Localized ROS production in these
organelles and in specific regions, e.g., apoplastic space, or apex of polarized cells,
may trigger different signaling cascades. Production of ROS by the Mehler reaction
and the antenna pigments in the chloroplasts is enhanced in plants by conditions
limiting CO2 fixation, such as drought, salt, and temperature stress, as well as by
the combination of these conditions with high-light stress (Miller et al. 2008). During
pathogenesis or wounding, ROS production is mainly apoplastic, whereas during
salt stress, ROS can also be produced from internalized membranes (endosomes)
by NADPH oxidase in a phosphatidyl inositol 3 kinase (PI3K)-dependent manner
(Leshem et al. 2006). In C3 plants, limiting CO, conditions can also activate
the photorespiratory pathway (del Rio et al. 2006). As part of this pathway, H,0,
is generated in peroxisomes by the enzymatic activity of glycolate oxidase.
In mitochondria, over-reduction of the electron transport chain is the main source of
O, production under specific stress conditions (Mgller 2001). Additional sources of ROS
in plant cells are the detoxifying reactions catalyzed by cytochromes in both the cyto-
plasm and the endoplasmic reticulum, as well as superoxide production by xanthine
oxidase in peroxisomes (Corpas et al. 2008; Mittler et al. 2004; Van Breusegem
et al. 2008).

Plasma membrane NADPH-dependent oxidases have been the subject of intense
investigation (Torres and Dangl 2005; Torres et al. 2006). They are thought to play
a key role in ROS signaling, and contain a multimeric flavocytochrome that forms
an electron transport chain capable of reducing O, to superoxide. In addition to
NADPH oxidases, pH-dependent cell wall peroxidases, germin-like oxalate oxidases
and amine oxidases have been proposed to generate ROS at the apoplast (Mittler
et al. 2004; Van Breusegem et al. 2008). Although much attention has been given to
NADPH oxidases, other ROS-producing mechanisms in the mitochondria, apoplast,
and peroxisomes are likely to play a role in ROS signaling in response to different stimuli
or developmental signals. For example, a newly identified extracellular peroxidase
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and two type III peroxidases play an active role in H,O, production and subsequent
cell death in the local and systemic responses to pathogen attack (Bindschedler
et al. 2006; Choi et al. 2007). Intriguingly, a previously unidentified nuclear source
of ROS production has been observed during elicitor treatment (Ashtamker et al.
2007). These reports add additional subcellular sources of ROS production in plant
cells, thereby upgrading the complexity of the ROS signaling network.

3 Scavenging of ROS in Plants

ROS-scavenging enzymes such as superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase (CAT), glutathione peroxidase (GPX), and peroxiredoxin (PrxR)
together with the antioxidants ascorbic acid and glutathione, provide cells with
highly efficient machinery for detoxifying O,” and H,O,. (Foyer and Noctor 2005;
Apel and Hirt 2004; Mittler et al. 2004). These mechanisms, together with the
sequestering of metal ions such as free iron by ferritin and other metal-binding
proteins, prevents the formation of the highly toxic HOe via the metal-dependent
Haber—Weiss or the Fenton reactions (Asada 2006; Asada and Takahashi 1987).
The cellular pools of the antioxidants ascorbic acid and glutathione are maintained
in their reduced state by a set of enzymes capable of using NAD(P)H to regenerate
oxidized glutathione or ascorbic acid (e.g., monodehydroascorbate reductase,
dehydroascorbate reductase, and glutathione reductase). In addition, monodehy-
droascorbate radicals can be reduced back into ascorbic acid via ferredoxin using
electrons diverted from the photosynthetic apparatus in the water—water cycle in
chloroplasts (Asada 2006). Scavenging of H,O, can also be mediated in plants by
“classical” plant peroxidases (class III) using a variety of reductants. Membranes
are highly susceptible to oxidative stress. In plant cells, they are protected by the
activity of specific phospholipid glutathione peroxidases and by a-tocopherol
(vitamin E), which is kept at its reduced state by the pool of reduced ascorbic acid.
Protection of cells against singlet oxygen is generally believed to be mediated by
carotenoids (Asada and Takahashi 1987).

The importance of peroxiredoxins, glutaredoxins, and thioredoxins as scavengers
of ROS has gained significant support in recent years (Cheng et al. 2006; Dos Santos
and Rey 2006). A novel function was recently assigned to the peroxiredoxin
PrxII E in detoxifying ONOO-, a potent oxidizing and nitrating species formed
in a diffusion-limited reaction between NO and O,”, suggesting a key role for
peroxiredoxins in mediating the crosstalk between NO and ROS (Romero-Puertas
et al. 2007; Hong et al. 2008; Wilson et al. 2008). Moreover, peroxiredoxins were
also reported to function as redox sensors, linking the redox signaling and ROS
networks of cells (Dietz 2008). These studies suggest integration of ROS, NO and
redox signaling in cells and provide an excellent platform for future studies that
will unravel the complexity of these networks. Insight into the crosstalk between
different ROS and ROS scavenging mechanisms was also gained from studies of
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double or triple mutants that lack key ROS-scavenging enzymes in different subcellular
locations (Giacomelli et al. 2007; Miller et al. 2007) and exploration of crosstalk
between distinct ROS such as singlet oxygen and H,O, (Laloi et al. 2007). These
studies not only expose the redundancy of the ROS-scavenging network, but also
suggest that different antioxidant enzymes and different ROS in the same, or dif-
ferent compartments, mediate signature signals that control chloroplast function
and plant response to various environmental stimuli.

4 ROS Signaling and its Modulation
by the ROS Gene Network

Plants constantly sense and assess the level of ROS in cells and reprogram their
enzymatic activities and gene expression to optimally respond and acclimate to the
changing conditions in their environment. ROS signaling is thought to be controlled
by two opposing processes of production and scavenging. At least three different
mechanisms were proposed for sensing of ROS in plant cells: (1) receptor proteins,
(2) redox-sensitive transcription factors, and (3) direct inhibition of phosphatases
by ROS (Mittler 2002; Mittler et al. 2004; Apel and Hirt 2004; Miller et al. 2008).
In addition, ROS can be sensed due to their effect on different metabolic pathways
and the state of oxidation or redox potential of specific cellular proteins. These
could be membrane-associated or soluble, and may be present in different cellular
compartments. Different developmental or environmental signals feed into the ROS
signaling network and perturb ROS homeostasis in a compartment-specific or even
a cell-specific manner. As described above, perturbed ROS levels are perceived by
different proteins, enzymes, or receptors, and modulate different developmental,
metabolic, and defense pathways. ROS production is mediated by different cellular
pathways, including respiration and photosynthesis, as well as by different proteins and
enzymes, e.g., NADPH oxidases, amine oxidases, and xanthine oxidase (Mittler et al.
2004). In contrast, ROS scavenging is mediated by different ROS-scavenging
enzymes and antioxidants that include ascorbate peroxidases, catalases, peroxiredoxins,
and superoxide dismutases (Mittler 2002; Mittler et al. 2004; Apel and Hirt 2004).
The intensity, duration, and localization of the different ROS signals in cells are
therefore determined by interplay between these two opposing forces, i.e., ROS
scavenging and ROS production, and the decoding of this signal will determine the
cellular response to the original cue, modulating different developmental, metabolic,
and/or defense pathways. The process described above requires a tight mode of
regulation and might involve amplification and/or feedback inhibition loops.
In addition to regulating the intensity and duration of the different ROS signals, the
ROS-scavenging pathways are also responsible for maintaining a low steady-state
“base line” of ROS on which the different signals can be registered.

It is possible that the use of ROS as versatile signaling molecules originated
from their proposed use to sense biotic or abiotc stress. Most forms of stress disrupt
the metabolic balance of cells, resulting in enhanced production of ROS. Simple
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organisms, such as bacteria or yeast, sense the enhanced production of ROS by
redox-sensitive transcription factors and other molecular sensors, activate different
ROS-defense pathways, and regulate their metabolic pathways to lower the production
rate of ROS (Mittler et al. 2004). This “basic cycle” of ROS metabolism maintains
a low steady-state level of ROS in cells. Variations on this pathway could have
originated during evolution and contributed to the use of ROS as signaling molecules
to control more specialized processes, such as plant growth and defense, hormonal
signaling, and development. For example, pathogen infection could alter plant
metabolism causing the accumulation of ROS due to suppression or activation of
different pathways (Mittler 2002). A specialized pathway used for pathogen sensing
via ROS could have evolved and resulted in the pathway we now know in which
the identification of a pathogen via a plant receptor will trigger an R gene-dependent
pathway that will result in the enhanced production of ROS by plasma membrane-
localized NADPH oxidases (Torres et al. 2006). This will result in a ROS signal that
will activate several different defense pathways. The activity of ROS-scavenging
enzymes is important in this case because these enzymes can modulate the ROS
signal and determine the intensity, duration or even the type of response (Mittler et al.
1999). Similarly, an abiotic stress such as osmotic stress will result in enhanced
ROS production due to altered metabolic balance (Miller et al. 2008; Mittler 2006).
A signaling pathway that senses and responds to osmotic stress was recently shown
to involve the activation of ROS production via NADPH oxidases and other
ROS-producing signals (Mittler 2002, 2006).

5 A Model for ROS Signaling Developed
from the Study of Plants Lacking Apx1

Mutants lacking cytosolic ascorbate peroxidase 1 (apx/) have been used in the past
several years to study ROS signaling in Arabidopsis. Using a time-course microarray
analysis comparing these plants to wild-types under conditions of moderate light
stress, we have identified several key regulators involved in ROS signaling in plants,
and using different mutants we studied several of these proteins, independently
assessing their role in ROS signaling and responses to abiotic stress conditions
(Rizhsky et al. 2004; Pnueli et al. 2003; Davletova et al. 2005a, b; Suzuki et al.
2005, 2008; Mittler et al. 2006; Ciftci-Yilmaz et al. 2007). Our analysis suggests
that cytosolic APX1 functions as a buffer to control the levels of ROS that reach
the nuclei and activate gene expression (Fig. 1). Thus, in the absence of APX1, the
expression of different light stress response transcripts such as that of the key
regulator Zat12 was facilitated (Davletova et al. 2005a).

Our model suggests that, in the absence of APX1, ROS that accumulates in the
cytosol is sensed by different redox-response transcription factors, such as heat shock
transcription factors (HsfA4a), and triggers a cascade of different transcription
factors that include members of the zinc finger protein Zat family (Zatl2, 10,
and 7) and members of the WRKY transcription factor family. Additional players
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Fig. 1 A hypothetical model showing the role of cytosolic ROS-scavenging systems in the regu-
lation of ROS signaling in plant cells. Different ROS signals originating from different organelles, or
at the plasma membrane, e.g., by NADPH oxidases, reach the nucleus and regulate gene expression.
Cytosolic ROS-scavenging systems such as cytosolic ascorbate peroxidase 1 (APX1) or cytosolic
peroxiredoxins (PrxR) act as buffers to attenuate these signals and control the amount of ROS that
reach the nucleus

in this pathway could include MBFlc that is a transcriptional coactivator and
NADPH oxidase (RbohD) that is likely to be involved in amplifying the ROS signal
(Rizhsky et al. 2004; Pnueli et al. 2003; Davletova et al. 2005a, b; Suzuki et al.
2005, 2008; Mittler et al. 2006; Ciftci-Yilmaz et al. 2007).

The model presented in Fig. 1 could be extended to include additional sources
of ROS such as mitochondria or apoplast that generate ROS in response to specific
stimuli, and include additional cytosolic ROS-scavenging mechanisms such as
preoxiredoxins, glutathione peroxidase, and thioredoxins. The ROS signal generated
in the different cellular compartments is hypothesized to reach the nuclei and acti-
vate gene expression in a process that will induce a response to the perceived
stimuli. In the presence of APX1, the levels of ROS that reach the nuclei will be
attenuated to generate the correct response, preventing, for example, misactivation
of cell death or any additional unwanted responses. Additional studies are underway
in our laboratory to study this model in more detail.
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6 Coordination of the ROS Network

The different scavenging and producing enzymes encoded by the ROS gene network
can be found in many different subcellular compartments. In addition, more than one
enzymatic activity per a specific ROS can usually be found in each of the different
compartments (Mittler et al. 2004). Because ROS such as H,O, can diffuse between
different cellular compartments (Bienert et al. 2007), ROS metabolism in a particular
compartment can effect or alter the ROS homeostasis/signaling of a neighboring
compartment or reach the nuclei and activate gene expression (Fig. 1). Transporters
for the antioxidants ascorbic acid and glutathione are likely to be central in deter-
mining the specific concentrations of these compounds and the redox potential in
the different cellular compartments. An anonymous player in the ROS signaling
network is the vacuole. Its ROS-scavenging and ROS-producing potentials are
unknown at present. It is possible that this organelle, because of its relatively large
cellular volume, plays an essential role in the control of ROS metabolism in plants.
Recent studies in Arabidopsis have suggested that the mode of coordination
between different components of the ROS removal network of plants is complex.
For example, the application of light stress to Arabidopsis resulted in the induction
of cytosolic and not chloroplastic ROS-defense enzymes (Mittler et al. 2004), even
though most ROS produced during light stress are thought to be generated in chloro-
plasts and/or peroxisomes. The cytosolic ROS-scavenging pathways were further
shown to be required for the protection of chloroplasts during light stress (Davletova
et al. 2005a). In a different study, a double mutant deficient in cytosolic ascorbate
peroxidase 1 and peroxisomal catalase 1 was found to be more tolerant to light
stress compared to wild-type or single mutants deficient in ascorbate peroxidase
1 or catalase 1 (Rizhsky et al. 2002). This finding was very surprising because it
suggested that different cellular pathways are activated in cells in response to
enhanced ROS production in the cytosol or peroxisomes. Activation of both the
cytosolic and peroxisomal pathways further results in the generation of a new signal
that is different from that activated by the two individual cytosolic or peroxisomal
signals. How ROS metabolism and signaling are coordinated between different
organelles in cells is largely unknown at present.

7 NADPH Okxidases, a Possible Link
Between Calcium and ROS Signaling

NADPH oxidases play a key role in ROS signaling and plant defense responses to
pathogen infection, abiotic stress and injury. They generate O,*~ by oxidizing
NADPH and transferring the electron to O,. They represent the plant homologs to
the mammalian phagocyte NADPH oxidase subunit gp91P™* (Torres and Dangl
2005). The Arabidopsis genome contains ten classical NADPH oxidase genes, all
of which contain a presumably cytosolic 300 amino-acid amino-terminal extension
with two EF-hands that binds Ca*" and at least one key phosphorylation site.
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It was recently shown that activation of the plasma membrane localized NADPH
oxidases involves phosphorylation of two N-terminal serines by a calcium-dependent
protein kinase (CDPK) as well as interaction with Rho-like GTPase (ROP). NADPH
oxidase phosphorylation as well as binding to calcium synergizes its activation, raising
the possibility that it may function as a calcium sensor (Ogasawara et al. 2008; Takeda
et al. 2008). The NADPH oxidase/ROP interaction is regulated by the binding of
calcium to two EF-hand motifs at the amino terminus of the oxidase (Wong et al. 2007).
The consequence of NADPH oxidase activation is localized production of O,*~, which
is rapidly converted to H,0,, presumably in the apoplastic space. The ROS signal
produced could reach the nuclei (Fig. 1), activating gene expression in response to
a given stimuli and generating a plant response to this stimuli. In root tips, a complex
interaction between calcium, pH, and ROS oscillation was recently reported to
control elongation (Monshausen et al. 2007; Van Breusegem et al. 2008).

8 Concluding Remarks

Although ROS were initially considered to be toxic byproducts of aerobic metabolism,
in recent years it became obvious that plants can cope with ROS toxicity to the
degree of using ROS as signal transduction molecules. ROS signaling was shown
to be involved in the regulation of basic biological processes and responses to biotic
and abiotic stimuli. ROS signaling and ROS toxicity are kept in check by the ROS
gene network of plants. This network includes ROS-scavenging and ROS-producing
enzymes that modulate the level of ROS in cells. Thus, the overall level of ROS
is always kept under control and ROS are allowed to accumulate and/or oscillate
for the purpose of signaling in a highly controlled manner (Mittler et al. 2004).
This process is achieved by a tightly controlled balance between ROS production
and ROS scavenging in the different cellular compartments. The interplay between
ROS scavenging and production in the different cellular compartments, therefore,
determines the intensity, duration, and localization of ROS signals, and the decoding
of these signals determine the plant’s response, or developmental and/or growth
adaptations. A complex relationship between divergent ROS signals from different
cell components can also result in cell reprogramming depending on the nature of
the signals and their origin.
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Reactive Oxygen Species and Signaling
in Cadmium Toxicity

Luisa M. Sandalio, Maria Rodriguez-Serrano, Luis A. del Rio,
and Maria C. Romero-Puertas

Abstract The toxicity of heavy metals in living organisms has become a major
focus of research in recent decades as a result of the increased environmental
pollution in industrial areas. Cadmium is one of the most dangerous heavy metals
due to its high mobility in plants. This metal produces malfunctions in membranes,
photosynthesis rate, and water-nutrient balance, and also causes oxidative damages.
By contrast with the enormous number of publications on the tolerance and
accumulation of cadmium in plants, there is a remarkable lack of knowledge on
the molecular mechanisms and signaling events underlying plant responses to Cd
toxicity, especially those involving reactive oxygen species (ROS). The dual role
of ROS in heavy metal toxicity as both oxidative damage inducers and signaling
molecules has been demonstrated in recent years and will be discussed in this
chapter. The contribution of oxidative damage to Cd toxicity and the mechanisms
involved in the cellular response to this metal, such as antioxidant regulation, protein
defenses, and the role of NO and hormones, will also be analyzed.

1 Introduction

The toxicity of heavy metals in plants, animals, and humans has become a major
area of toxicological research in recent decades. Heavy metals, such as Cd, Hg, Pb,
and Al, are important environmental pollutants, particularly in industrial areas, as a
result of anthropogenic activities, such as metal-working industries, cement factories,
smelting plants and refineries, waste incineration, traffic, and heating systems, while
Cd can also enter the soil through phosphate fertilizers (Sanita di Toppi and Gabbrielli
1999). In plants, heavy metals affect essential metabolic pathways by reducing growth
rates and even causing death. The toxicity of these metals can be explained by their
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chemical characteristics. Thus, heavy metals such as Cd, Hg, and Pb can affect the
activity of several enzymes by binding to SH groups or displacing metals from the
enzyme (Van Assche and Clijsters 1990).

Toxic metal ions uptaken by plant roots are potentially dangerous for human health
as their accumulation in crop plants is the principal route of toxic metal entry into the
food-chain. Cadmium is one of the most dangerous heavy metals due to its highly
mobile nature, the ease with which it is absorbed by plant roots, and the low concentra-
tions required to adversely affect the plant. This chapter will focus on Cd because it
has been one of the most widely studied metals in animals and plants during the last
two decades. Cd is not commonly found in earth and is mainly associated with Zn
(Sanita di Toppi and Gabbrielli 1999). Unpolluted soil solutions contain Cd concentra-
tions ranging from 0.04 to 0.32 uM, and soils containing 1 M can be regarded as
moderately polluted. In soils containing higher Cd concentrations, such as 35 uM, the
only plant species that can grow are the “hyperaccumulators”, mainly belonging to the
Thlaspi genera (Sanitd di Toppi and Gabbrielli 1999). This chapter provides an update
of the different mechanisms involved in Cd toxicity, with special emphasis on those
associated with oxidative stress and the regulation of plant responses to Cd.

2 Effect of Cadmium on Plant Metabolism

The toxic effects of Cd on several plant species have been reported by different
authors (Sanitd di Toppi and Gabbrielli 1999; Sandalio et al. 2001; Schutzendiibel
et al. 2001; Benavides et al. 2005), although the mechanisms involved in Cd toxicity
are not yet fully understood. Cd produces alterations in membrane functionality by
inducing changes in lipid composition (Ouariti et al. 1997; Herndndez and Cooke
1997) and by affecting the enzymatic activities associated with membranes such as
the H*-ATPase (Fodor et al. 1995). Photosynthesis is also sensitive to Cd, which
targets chlorophyll and enzymes involved in CO, fixation (Sandalio et al. 2001;
Herbette et al. 2006), and inhibits PSII photoactivation by binding to essential
Ca*? sites (Faller et al. 2005). The plant—water balance is also disturbed by Cd, and
the stomatal opening is inhibited (Poschenrieder et al. 1989; Sandalio et al. 2001;
Perfus-Barbeoch et al. 2002). Cd toxicity is associated with disturbances in the
uptake and distribution of macro- and micronutrients (Herndndez et al. 1998; Rogers
et al. 2000; Sandalio et al. 2001; Tsyganov et al. 2007) and, therefore, can compete
with other cations for protein and transporter binding sites (Clemens 2006). Cd uptake
takes place through the same plasma membrane transporters as those used for other
cations, such as K+, Ca?*, Mg?*, Fe?*, Mn**, or Cu? (Clemens 2006). Members of the
ZIP family of Fe and Zn transporters contribute to Mn and Cd uptake, and the Ca
channels are permeable to Cd ions (Clemens 2006). The Nramp family of metal
transporters, located in the vacuole membrane, is also potentially involved in the
Cd entry into plant cells (Clemens 2006). Cd leads to a reduction in Ca?* content
(Rivetta et al. 1997; Sandalio et al. 2001), which can then affect the activity of
calmodulin-dependent proteins (Rivetta et al. 1997; Rodriguez-Serrano et al. 2009).



Reactive Oxygen Species and Signaling in Cadmium Toxicity 177

A relationship between Cd tolerance and Ca?* homeostasis in a Cd-resistant pea
mutant (SGECd') has been observed (Tsyganov et al. 2007), and in radish and
Arabidopsis seedlings calcium has been reported to alleviate Cd toxicity by reduc-
ing Cd uptake (Rivetta et al. 1997; Suzuki 2005).

Plants have developed defense strategies to avoid metal toxicity through the
exudation by roots of metal-complexing agents (citrates and phytosiderophores) to
prevent entry of metals and also through the metal immobilization in pectic sites
and hystidyl groups in the cell wall (Sanitd di Toppi and Gabbrielli 1999; Clemens
2006). Once Cd has entered the cytosol, induction of specific peptides, called phyto-
chelatins (PCs), in order to complexate the metal, takes place. PC-Cd complexes are
transported into the vacuole, preventing the free circulation of Cd ions in the cytosol
(Cobett 2000). The isolation of an Arabidopsis cadl mutant, which is defective in PC
activity and hypersensitive to Cd, has demonstrated the significance of this mechanism
in the defense against Cd (Howden et al. 1995). Cd and other metals can be also
complexed by metallotioneins and nicotianamine (Sharma and Dietz 2006).

3 Plant Transcriptional Responses to Cadmium

By contrast with the large number of publications in the field of Cd toxicity, there
is a glaring lack of knowledge about the molecular mechanisms and signaling
events underlying plant transcriptional responses to Cd. In order to fill this gap,
a number of studies, involving both small-scale experiments and whole-genome
approaches, have been carried out in recent years. Some of these data suggest that
the regulation of gene expression in response to Cd is time-regulated rather than
dose-regulated (Herbette et al. 2006), and the genes regulated by Cd can be categorized
into different groups of proteins in terms of: signal transduction and transcriptional
regulation; metal transport; hydric balance; photosynthetic processes; cell wall
metabolism; cellular defenses, reactive oxygen species (ROS) detoxification and
repair; sulfate and GSH metabolism.

Numerous transcription factors from different families, such us WRKY, bZip,
and MYB (Herbette et al. 2006; Weber et al. 2006; Van de Mortel et al. 2008) and
genes involved in hormone signaling (Herbette et al. 2006; Minglin et al. 2005)
have also been shown to be regulated in response to Cd. In addition, several genes
associated with cellular detoxification and repair have been shown to be induced by
Cd treatment, especially chitinases and heat shock proteins (HSPs), regarded as a
second line of defense against metal stress (Metwally et al. 2003; Békésiova et al.
2008; Rodriguez-Serrano et al. 2009). Transgenic plants expressing fungal chiti-
nases actually show enhanced tolerance to metals (Dana et al. 2006), and chitinase
isoforms are differentially modified by different metals (Békésiova et al. 2008). HSPs
are upregulated by heat stress and act as molecular chaperones to enable protein to
be transported to organelles and to prevent protein aggregation (Ma et al. 2006).
Induction of HSPs by Cd toxicity has been observed in different plant species
(Sanitd di Toppi and Gabbrielli 1999; Rodriguez-Serrano et al. 2009) and may be
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regulated by H,O, overproduction since the transcription factors involved can act as
H,0, sensors (Mittler and Mittler 2006; Rodriguez-Serrano et al. 2009).

Some of the genes regulated by Cd are involved in Cd transport like AtPcrl,
(Song et al. 2004) and those belonging to the ABC family. AtPDRS is a Cd extrusion
pump, and AtOSA1 could be involved in the signal transduction pathway in response
to oxidative stress (Kim et al. 2007; Jasinski et al. 2008), while Cd binding proteins
like the Cdl19 could be involved in the maintenance of heavy metal homeostasis
and/or detoxification (Suzuki et al. 2002).

Although Cd is a bivalent cation unable to participate in redox reactions in the cell,
most transcriptome studies show upregulation of genes encoding proteins involved
in the defense against oxidative stress and ROS production. These results, which
are supported by a number of studies on the effect of Cd on different plant species
(Gallego et al. 1996; Sandalio et al. 2001; Romero-Puertas et al. 2002, 2004;
Schiitzendiibel and Polle 2002), suggest that oxidative stress is one of the primary
effects of Cd exposure. However, ROS, and particularly HZOZ, is a two-faced molecule,
as a large quantity of H,O, could lead to extensive oxidative damage, while low levels
of H,0, could be involved in signaling processes (del Rio et al. 2006; Mittler et al.
2004; Van Breusegem et al. 2008). The control of ROS production, enabling these
species to act as signaling molecules, seems to require a large gene network, which
in Arabidopsis plants is composed of at least 152 genes (Mittler et al. 2004).

4 Ogxidative Stress Induced by Cadmium

ROS occur as by-products of the normal aerobic metabolism, such as respiration
and photosynthesis, and their steady-state levels are determined by the interplay
between different ROS-producing and ROS-scavenging mechanisms. An excess of
ROS is dangerous mainly due to reactions with lipids, proteins, and nucleic acids
giving rise to lipid peroxidation, membrane leakage, enzyme inactivation, and DNA
breaks or mutations, which can produce severe damage to cell viability (Halliwell
and Gutteridge 2007). Cd has been found to increase the lipid peroxidation rate in
different plant species (Dixit et al. 2001; Sandalio et al. 2001; Schutzendiibel et al.
2001; Djebali et al. 2008) due to an increase in ROS production or the induction of
lipoxygenase activity (Skérzynska-Polit et al. 2006; Smeets et al. 2008). Oxidative
damage to proteins has also been observed in different plant species exposed to Cd ions
(Sandalio et al. 2001; Djebali et al. 2008; Paradiso et al. 2008), and some of the target
proteins of oxidative stress in pea leaves have been identified, and these include catalase
(CAT), glutathione reductase (GR), Rubisco and Mn-SOD (Romero-Puertas et al.
2004). Besides, an increase in proteolytic activity of leaves following Cd treatment
has been observed, as the oxidized proteins are more efficiently degraded (McCarthy
et al. 2001; Romero-Puertas et al. 2004). Similar results were obtained with Helianthus
annuss (Pena et al. 2006) and Solanum lycopersicum (Djebali et al. 2008), although
some contradictory results were reported concerning the activity of proteasome 20S
(Pena et al. 2006; Djebali et al. 2008). A proteomic study carried out on Arabidopsis
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thaliana cells has also reported an increase in several proteases after Cd treatment
(Sarry et al. 2006). The remobilization of oxidized proteins may be a protective
mechanism under stress conditions in order to prevent further damage to other
macromolecules and to facilitate the recycling of amino acids for protein biosynthesis.

4.1 Cadmium Effect on Non-Enzymatic Antioxidants

Depletion of glutathione appears to be the main mechanism in short-term heavy
metal toxicity because of its consumption in phytochelatins (PCs) production
(Schiitzendiibel and Polle 2002). The ability to maintain the GSH pool appears to
be very important in protecting against Cd. In this respect, a close correlation
between glutathione content and the tolerance index has been observed in ten pea
genotypes with different Cd sensitivity rates (Metwally et al. 2005). In Ni-tolerant
T. goesingese, a strong correlation between GSH, Cys and O-acetyl-L-serine content
and the resistance to both growth-inhibitory and oxidative stress induced by the
metal has also been reported (Freeman et al. 2004). However, the role of GSH in
Cd stress seems to be plant-specific since protection by high GSH content has not
been observed in all cases (Arisi et al. 2000). The induction of the sulfur metabolism
by Cd has been described and involves a coordinated transcriptional regulation of
genes for sulfate uptake and assimilation, as well as GSH and PCs biosynthesis
(Howarth et al. 2003; Nocito et al. 2006). Mutants deficient in O-acetylserine (thyol)
lyase (OASTL), an enzyme involved in Cys biosynthesis, actually showed greater
sensitivity to Cd, although this appears to be due to disturbances in H,O, homeostasis
rather than to a different chelation capability (Lépez-Martin et al. 2008).

Apart from GSH, ASC also plays an important role in protecting against oxidative
stress. Cd toxicity reduces ASC content in different plant species (Rodriguez-Serrano
et al. 2006; Romero-Puertas et al. 2007a; Paradiso et al. 2008), and the supply of
ASC precursors prevented both the accumulation of H,0, and lipid peroxides and
the changes observed in antioxidative enzymes in wheat plants treated with Cd
(Zhao et al. 2005; Paradiso et al. 2008). Vitamin E also contributes to the defense
against heavy metals. Enzymes involved in vitamin E biosynthesis are upregulated in
response to Cu and Cd in Arabidopsis plants, and vitamin E-deficient mutants (vtel)
showed enhanced oxidative stress and sensitivity to both metals (Collin et al. 2008).

4.2 Cadmium Effect on Enzymatic Antioxidants

There is an enormous amount of data on changes in the antioxidative enzyme activity
due to Cd stress, although results differ depending on the plant species, the age of
the plant, the period of treatment, metal concentration, and tissue or organ studied
(for review, see Sanitd di Toppi and Gabbrielli 1999; Schiitzendiibel and Polle
2002; Benavides et al. 2005). Despite these different responses, some common
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response patterns can be observed. Thus, low Cd concentrations and short treatment
periods generally produce an increase in antioxidative enzymes (Smeets et al.
2005), while longer periods of treatment induce a reduction in antioxidants
(Sandalio et al. 2001, Rodriguez-Serrano et al. 2006). SOD has been observed to
respond differently in the roots and leaves of pea plants following exposure to
different Cd concentrations, and it also varied depending on length of exposure
(Dicxit et al. 2001; Sandalio et al. 2001; Zhang et al. 2005; Rodriguez-Serrano et al.
2006). Pepper cultivars with different levels of sensitivity to Cd have also been
observed to respond differently to this heavy metal (Le6n et al. 2002). Analysis of
SOD isoforms in pea leaves has shown a dose-dependent reduction in SOD, with
the CuZn-SOD being the most sensitive isoform (Sandalio et al. 2001). Analysis
of transcript expression showed a reduction in steady-state levels mainly of
CuZn-SOD and, to a lesser extent, Mn-SOD, along with a reduction in both activity
and protein content (Romero-Puertas et al. 2007a). Transcript levels of chloroplastic
CuZn-SOD (CSD2) were also lower in Arabidopsis plants after Cd exposure, and
no significant differences were observed between Fe-SOD and Mn-SOD in leaves,
while an induction of both Fe-SOD and Mn-SOD isoforms was observed in roots
(Smeets et al. 2008). In Arabidopsis plants, CuZn-SOD regulation under oxidative
and heavy metal stress is mediated by microRNAs (miR398) (Sunkar et al. 2006).
CAT activity is reduced by Cd** ions in pea (Dixit et al. 2001; Rodriguez-Serrano
et al. 2006) and pine (Schiitzendiibel et al. 2001) roots, and also in pea leaves
(Sandalio et al. 2001), sunflower (Laspina et al. 2005), and Arabidopsis leaves
(Cho and Seo 2004), while the opposite effect was observed in radish roots (Vitéria
et al. 2001). Cd regulates CAT at both transcriptional and posttranscriptional level,
being mediated by light and H,O, (Rodriguez-Serrano et al. 2006; Azpilicueta et al.
2007; Romero-Puertas et al. 2004, 2007a).

The ascorbate (ASC)-glutathione (GSH) cycle is another important antioxidant
mechanism involved in H,0, detoxification. Fluctuations in ascorbate peroxidase
(APX) activity were observed in Pinus sylvestris roots depending on the period of
treatment (Schiitzendiibel et al. 2001). Most studies have shown an increase in GR
activity under Cd exposure depending on dosage and exposure time (Dixit et al.
2001; Smeets et al. 2005), while GR does not change significantly in pea leaves either
in terms of activity or mRNA expression (Romero-Puertas et al. 2007a). A reduction
in monodehydroascorbate reductase (MDAR) activity by Cd has been observed in
Pinus plants (Schiitzendiibel et al. 2001), although an increase in both activity
and transcript content was observed in pea leaves (Romero-Puertas et al. 2007a).
In Ceratophyllum demersum L. exposed to Cd, a reduction in MDAR and DAR
activities was observed (Aravind et al. 2005). Transcriptome analysis of most of the
antioxidative enzymes in the leaves of pea plants grown over a long period of time
with Cd suggested that Ca** channels, phosphorylation/dephosphorylation processes,
nitric oxide, cGMP, salicylic acid (SA), and H202 were involved in some steps
between the Cd signal and transcript expression of CuZn-SOD, CAT, and MDAR
(Romero-Puertas et al. 2007a). On the other hand, the contribution of thioredoxins and
peroxiredoxins to the defense against heavy metals has been reported in Arabidopsis
and Chlamydomonas (Lemaire et al. 1999; Finkemeier et al. 2005).
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In pepper plants with different levels of sensitivity to Cd, tolerance to this heavy
metal was more dependent on the availability of NADPH than on its antioxidant
capacity (Ledn et al. 2002). The activity of glucose 6-P dehydrogenase (G6PDH),
malic enzyme (ME), and NADP isocitrate dehydrogenase (NADP-ICDH) is stimulated
by Ni, Zn, and Cd (Van Assche and Clijsters 1990; Le6n et al. 2002).

Guayacol peroxidases are also affected by exposure to Cd, and the response
varies considerably depending on the plant species (Schiitzendiibel et al. 2001;
Sandalio et al. 2001; Leén et al. 2002). This activity is associated with cell wall
lignification, which is a well-documented response to metal stress (Sanita di Toppi
and Gabbrielli 1999).

4.3 Sources of ROS Production Under Cadmium Toxicity

The histochemical and subcellular location of ROS production during Cd stress
(Fig la—d) and the mechanisms involved in this process have been studied in
different plant species. In peroxisomes purified from pea leaves, a Cd-dependent
increase in the H,O, concentration was observed which was due to the activation of
glycolate oxidase (Romero-Puertas et al. 1999). In pea leaves, using a cytochemical
approach, it was demonstrated that Cd-dependent ROS production occurs in peroxi-
somes, in the outer mitochondrial membrane, and mainly in the plasma membrane,
where the NADPH oxidase is the main source of ROS (Romero-Puertas et al. 2004)
(Fig. 1c, d). H,0, was present in peroxisomes in locations in close contact with
other organelles, which suggests possible crosstalk with other cell compartments
(Romero-Puertas et al. 2004). In mitochondria, the Cd-dependent H,O, produced
could be due to an increased O,*” production at complex III of the electron transport

Fig. 1 Imaging of H,O, production in leaves of pea plants exposed to 50 um CdCl, using different
histochemical approaches. (a) H,0, was detected by staining whole leaves with 3,3'-diami-
nobenzidine (DAB) (Romero-Puertas et al. 2004). (b) Analysis of H,O, accumulation in leaf
cross-sections by confocal laser microscopy using 2',7'-dichlorofluorescin diacetate (DCF-DA)
staining. The green fluorescence is due to H,0, (Rodriguez-Serrano et al. 2006). (¢) and
(d) Cytochemical detecction of H,O, in epidermal and mesophyll cells, respectively, using CeCl,
(Romero-Puertas et al. 2004). Arrows indicate H,O, accumulation, S stomata, CW cell wall, V
vacuole, M mitochondrion, C chloroplast
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chain, as has been reported in animals treated with Cd (Wang et al. 2004). The role of
NADPH oxidase as the main source of ROS under Cd stress has also been demonstrated
in tobacco cell cultures (Olmos et al. 2003; Garnier et al. 2006; Horemans et al. 2007)
and alfalfa roots (Ortega-Villasante et al. 2005). In Arabidopsis plants, the analysis
of transcript levels of different NADPH oxidases showed a transient increase in the
expression of rbohF in response to Cd, while the expression of rbohC and rbohD
did not change (Horemans et al. 2007). In tobacco cell cultures, Cd induced cell
death, which was preceded by three successive waves of ROS. The first wave was due
to an NADPH oxidase followed by an accumulation of O, in mitochondria and fatty
acid hydroperoxides accumulation (Garnier et al. 2006). In addition, the Cd-induced
oxidative burst was regulated by Ca*2, phosphorylation/de-phosphorylation processes,
and calmodulin or calmodulin-related proteins (Olmos et al. 2003; Romero-Puertas
et al. 2004; Garnier et al. 2006).

4.4 Cadmium Effect on Nitric Oxide Production

The gaseous nitric oxide (NO) free radical is a common intracellular and intercellular
messenger with a broad spectrum of regulatory functions in many physiological
processes and responses to biotic and abiotic stresses by acting as a signaling
molecule (del Rio et al. 2006; Delledonne 2005; Wilson et al. 2007). NO can also
modulate the activity of certain proteins through the S-nitrosylation of cystein
residues (Lyndermayr et al. 2006; Romero-Puertas et al. 2007b, 2008).

Some studies of NO production during plant exposure to heavy metals have
reached opposed conclusions. In Hibiscus and Arabidopsis roots, Al was found to
reduce NOS activity and NO production (I11é5 et al. 2006; Tian et al. 2007), while
an increase in NO production was observed in Arabidopsis cell suspension cultures
(Arnaud et al. 2006) and Chlamydomonas reinhardtii (Zhang et al. 2008) treated
with iron and copper, respectively. However, in plants exposed to Cd, an increase
in NO production was observed in soybean cell cultures (Kopyra et al. 2006) and
pea roots (Bartha et al. 2005), while in pea leaves and roots, long exposure to Cd
produced a reduction in NO accumulation (Rodriguez-Serrano et al. 2006, 2009).
The reduction in the number of lateral roots of pea plants by Cd has been correlated
with the Cd-dependent reduction in NO accumulation. The discrepancies observed
in the results mentioned could be due to differences in Cd exposure times, with a
short Cd treatment period promoting an NO burst and a long treatment period
directly or indirectly inhibiting NO production.

Exogenously supplied NO has been demonstrated to attenuate heavy metal
toxicity (Kopyra and Gwozdz 2003; Hsu and Kao 2004; Yu et al. 2005; Wang and
Yang 2005; Laspina et al. 2005), probably due to its ability to act as antioxidant
scavenging ROS (Wang and Yang 2005; Rodriguez-Serrano et al. 2006; Singh et al.
2008) or by promoting increases in cytosolic Ca*" concentrations by regulating Ca?*
channels and transporters which might be involved in the signaling cascade that
regulates gene expression under stress conditions (Besson-Bard et al. 2008).
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5 Cadmium, ROS, and Hormones Balance

Salicylic acid (SA) acts as an important signaling element in plants with a wide and
divergent range of effects on plant response to pathogen attack and plant stress
acclimation (Loake and Grant 2007). In barley, soybean, and rice plants (Metwally
et al. 2003; Drazic and Mihailovic 2005; Guo et al. 2007), SA alleviates Cd-induced
growth inhibition and oxidative damage by mitigating the decline in antioxidant
defenses, such as CAT, POX, and by enhancing GSH and non-protein thiols (Guo
et al. 2007). Although the mechanism is not well understood, it has been suggested
that SA might induce H,O, signals involved in Cd tolerance, such as repair
processes or Cd binding and compartmentation (Metwally et al. 2003). An increase
in SA-dependent GSH was reported in the Thlaspi goesingense hyperaccumulator
through the activation of serine acetyltransferase (SAT) (Freeman et al. 2005). High
concentrations of SA are associated with tolerance to Ni in different species of
Thlaspi (Freeman et al. 2005), and in cucumber SA also alleviates the oxidative
stress induced by excess Mn by modifications of antioxidants and the transport of
Mn (Shi and Zhu 2008).

JA is an oxylipin which acts as a signaling compound in different defensive situ-
ations such as responses to pathogen and herbivore attack and abiotic stresses
(Devoto and Turner 2005). JA is produced from linolenic acid, and its generation
is associated with lipid peroxidation and oxidative stress (Mithofer et al. 2004;
Montillet et al 2004). JA content increases in response to heavy metals in different
plant species (Wang and Wu 2005; Rodriguez-Serrano et al. 2006, 2009), and in
Arabidopsis plants under Cd treatment, JA regulates genes involved in GSH and
phytochelatins synthesis (Xiang and Olivier 1998).

Ethylene (ET) plays a pleiotropic role in plant growth and development, and is
involved in a number of processes, including germination, senescence, and defense
responses (Guo and Ecker 2004). The Cd stimulation of ethylene biosynthesis
has been reported in different plant species (Sanita di Toppi and Gabbrielli 1999;
Rodriguez-Serrano et al. 2006). However, the molecular relationships between ethylene
biosynthesis and Cd stress have not yet been well established, although transcriptomic
studies in Arabidopsis plants have demonstrated Cd-dependent upregulation of ACC
oxidase and ACC synthase (Herbette et al. 2006). The ET signaling pathways seem
also be involved in the response to Cd because genes encoding the ethylene responsive
factors ERF2 and ERF5 were upregulated by Cd (Herbette et al. 2006).

6 Conclusion

On the basis of the results mentioned in this chapter, the different plant responses to
Cd and their regulation is summarized in Fig. 2. Cd promotes an increase in ROS
production in different cell compartments, which are possibly involved in cell wall
lignification in order to prevent Cd entry, and induce oxidative damages to lipids and
proteins. However, ROS can also act as signaling molecules by directly regulating the
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Fig. 2 Hypothetical model of ROS production in leaves and its role under long-term exposure of
plants to cadmium. Cadmium induces an increase in ROS production in different cell compartments
which can participate in cell wall lignification and oxidative processes with damage to lipids and
proteins. ROS can also act as signaling molecules directly regulating the defense response to the
metal or in conjunction with ET and JA. Red arrows mean reduction and blue arrows activation,
CaM calmodulin, cGMP guanosine -5'mono-phosphate, HSPs heat-shock proteins, JA jasmonic

acid, C H,, ethylene, NOS nitric oxide synthase, PRs pathogenesis related proteins

defensive response to the metal or through changes in the cell’s redox balance. In
this scenario, calcium could play an important role in both Cd toxicity and the regu-
lation of cell responses to the metal by activating/deactivating CaM-dependent pro-
teins (Rodriguez-Serrano et al. 2009). The Cd-dependent oxidative damage to membranes
induces the production of JA and ET which, in turn, could modulate the defensive
response in conjunction with ROS (Rodriguez-Serrano et al. 2009). The increased
levels of JA and ET, the reduction of NO accumulation under heavy metal stress, as
well as the oxidative processes and enhanced proteolytic activity associated with expo-
sure to Cd, suggest the induction of an accelerated senescence process (McCarthy et
al. 2001; Rodriguez-Serrano et al. 2006). Several genes responsive to heavy metal
stress are also induced during leaf senescence and pathogen attack (Obregén et al.
2001; Ouelhadj et al. 2006), which indicates an overlap in the regulatory mecha-
nisms underlying these processes, with ROS production being a common event in
these situations. Further studies will be necessary to understand the network
involved in plant defense against heavy metal stress and the role of ROS and NO in
regulating both ion homeostasis and cellular responses to heavy metals.

Acknowledgments This work was supported by the Ministry of Education and Science, Spain
(Grant BIO2005-03305) and Junta de Andalucia (project PO6-CVI-01820).



Reactive Oxygen Species and Signaling in Cadmium Toxicity 185

References

Aravind P, Narasimha M, Prasad V (2005) Modulation of cadmium-induced oxidative stress in
Ceratophyllum demersum by zinc involves ascorbate-glutathione cycle and glutathione
metabolism. Plant Physiol Biochem 43:107-116

Arisi AC, Mocquo B, Lagriffiould A, Mench M, Foyer CH, Jouanin L (2000). Responses to cad-
mium in leaves of transformed poplars overexpressing glutamylcysteine synthase. Physiol
Plant 109:143-149

Arnaud N, Murgia I, Boucherez J, Briat JF, Cellier F, Gaymard F (2006) An iron-induced nitric
oxide burst preceedes ubiquitin-dependent protein degradation for Arabidopsis AtFer] ferritin
gene expression. J Biol Chem 281:23579-23588

Azpilicueta CE, Benavides MP, Tomaro ML, Gallego S (2007) Mechanism of CATA3 induction
by cadmium in sinflower leaves. Plant Physiol Biochem 45:589-595

Bartha B, Kolbert Z, Erdei L (2005) Nitric oxide production induced by heavy metals in Brassica
juncea L. Czern. and Pisum sativum L. Acta Biol Szeg 49:9-12

Békésiova B, Hraska S, Libantova J, Moravcikova J, Matussikova I (2008) Heavy-metal stress
induced accumulation of chitinase isoforms in plants. Mol Biol Rep 35:579-588

Benavides MP, Gallego SM, Tomaro M (2005) Cadmium toxicity in plants. Brazil J Plant Physiol
17:21-34

Besson-Bard A, Pugin A, Wendehenne D (2008) New insights into nitric oxide signaling in plants.
Ann Rev Plant Biol 59:21-39

Cho U, Seo N (2004) Oxidative stress in Arabidopsis thaliana exposed to cadmium is due to hydrogen
peroxide accumulation. Plant Sci 168:113-120

Clemens S (2006) Toxic metal accumulation, responses to exposure and mechanisms of tolerance
in plants. Biochimie 88:1707-1719

Cobett CS (2000) Phytochelatins and their roles in heavy metal detoxification. Plant Physiol
123:825-832

Collin V, Eymery F, Genty B, Rey P, Havaux M (2008) Vitamin E is essential for the tolerance of
Arabidopsis thaliana to metal-induced oxidative stress. Plant Cell Environ 31:244-257

Dana MM, Pintor-Toro JA, Cubero B (2006) Transgenic tobacco plants overexpressing chitinases
of fungal origin show enhanced resistance to biotic and abiotic stress agents. Plant Physiol
142:722-730

Delledonne M (2005) NO news is good news for plants. Curr Opin Plant Biol 8:390-396

Devoto A, Turner JG (2005) Jasmonate-regulated Arabidopsis stress signaling network. Physiol
Plant 123:161-172

Dixit V, Pandey V, Shymar R (2001). Differential antioxidative responses to cadmium in roots and
leaves of pea (Pisum sativum L. cv. Azad). J Exp Bot 52:1101-1109

Djebali W, Gallusci P, Polge C, Boulila L, Galtier N, Raymond P, Chaibi W, Brouquisse R (2008)
Modifications in endopeptidase and 20S proteasome expression and activities in cadmium
treated tomato (Solanum lycopersicum L.) plants. Planta 227:625-639

Drazic G, Mihailovic N (2005) Modification of cadmium toxicity in soybean seedlings by salicylic
acid. Plant Sci 168:511-517

Faller P, Kienzler K, Krieger-Liszkay A (2005) Mechanism of Cd** inhibits photoactivation
of photosyntem II by competitive binding to the essential Ca®* site. Biochim Biophys Acta
1706:158-164

Finkemeier I, Goodman M, Lamkemeyer P, Kandlbinder A, Sweetlove LJ, Dietz KJ (2005)
The mitochondrial type II peroxiredoxin F is essential for redox homeostasis and root growth
of Arabidopsis thaliana under stress. J Biol Chem 280:12168-12180

Fodor A, Szabé-Nagy A, Erdei 1 (1995) The effects of cadmium on the fluidity and H*-ATPase
activity of plasma membrane from sunflower and wheat roots. J Plant Physiol 147:87-92

Freeman JL, Persana MW, Nieman K, Albretch C, Peer W, Pickering 1J, Salt DE (2004) Increased
glutathione biosynthesis plays a role on nickel tolerance in Thlaspi nickel hyperaccumulators.
Plant Cell 16:2176-2191



186 L.M. Sandalio et al.

Freeman JL, Garcia D, Kim D, Hopf A, Salt DE (2005) Constitutively elevated salicylic acid
signals glutathione-mediated nickel tolerance in Thlaspi nickel hyperaccumulators. Plant
Physiol 137:1082-1091

Gallego SM, Benavides MO, Tomaro ML (1996) Effects of heavy-metal ion excess in sunflower
leaves: evidences for involvement of oxidative stress. Plant Sci 121:151-159

Garnier L, Simon-Plas F, Thuleau P, Agnel JP, Blein JP, Ranjeva R, Montillet JL (2006) Cadmium
affects tobacco cells by a series of three waves of reactive oxygen species that contribute to
cytotoxicity. Plant Cell Environ 29:1956-1969

Guo H, Ecker JR (2004) The ethylene signaling pathway: new insights. Curr Opin Plant Biol
7:40-49

Guo B, Liang YC, Zhu YG, Zhao FJ (2007) Role of salicylic acid in alleviating oxidative damage
in rice roots (Oryza sativa) subjected to cadmium stress. Environ Pollut 147:743-749

Halliwell B, Gutteridge JMC (2007) Free Radicals in Biology and Medicine, 4th edition. Oxford
University Press, London

Herbette S, Taconnat L, Hugouvieux V, Piette L, Magniette ML, Cuine S, Auroy P, Richaud P,
Forestier C, Bourguignon J, Renou JP, Vavasseur A, Leonhardt N (2006) Genome-wide
transcriptome profiling of the early cadmium response of Arabidopsis roots and shoots. Biochimie
88:1751-1765

Herndndez LE, Cooke DT (1997) Modification of the root plasma membrane lipid composition of
cadmium-treated Pisum sativum. J Exp Bot 48:1375-1381

Hernandez LE, Lozano-Todréguez E, Garate A, Carpena-Ruiz R (1998) Influence of cadmium on
the uptake, tissue accumulation and subcellular distribution of manganese in pea seedlings.
Plant Sci 132:139-151

Horemans N, Raeymaekers T, Van Beek K, Nowocin A, Blust R, Broos K, Cuypers A, Vangronsveld
J, Guisez Y (2007). Dehydroascorbate uptake is impaired in the early response of Arabidopsis
plant cell cultures to cadmium. J Exp Bot 16:4307-4317

Howarth JR, Dominguez-Solis JR, Gutiérrez-Alcald G, Wray JL, Romero LC, Gotor C (2003)
The serine acetyltransferase gene family in Arabidopsis thaliana and the regulation of its expression
by cadmium. Plant Mol Biol 51:589-598

Howden R, Goldsbrough PB, Andersen CS, Cobbett CS (1995) Cadmium-sensitive, cadl mutants
of Arabidopsis thaliana are phytochelatin deficient. Plant Physiol 107:1059-1066

Hsu YT, Kao CH (2004) Cadmium toxicity is reduced by nitric oxide in rice leaves. Plant Growth
Regul 42:227-238

111§ P, Schlicht M, Pavlovkin J, Lichtscheidl I, Baluska F, Ovecka M (2006) Aluminium toxicity
in plants: internalization of aluminium into cells of the transition zone in Arabidopsis roots
apices related to changes in plasma membrane potential, endosomal behavior, and nitric oxide
production. J Exp Bot 57:4201-4213

Jasinski M, Sudre D, Schansker G, Schellenberg M, Constant S, Martinoia E, Bovet L (2008)
AtOSA1, a member of the Abcl-like family, as a new factor in cadmium and oxidative stress
response. Plant Physiol 147:719-731

Kim DY, Bovet L, Maeshima M, Martinoia E, Lee Y (2007) The ABC transporter AtPDRS is a
cadmium extrusion pump conferring heavy metal resistance. Plant J 50:207-218

Kopyra M, Gwé6zdz EA (2003) Nitric oxide stimulates seed germination and counteracts the
inhibitory effect of heavy metals and salinity on root growth of Lupinus luteus. Plant Physiol
Biochem 41:1011-1017

Kopyra M, Stachin-Wilk M, Gw6zdz EA (2006) Effect of exogenous nitric oxide on the antioxidant
capacity of cadmium-treated soybean cell suspension. Acta Physiol Plant 28:525-536

Laspina NV, Groppa MD, Tomaro ML, Benavides MP (2005) Nitric oxide protects sunflower
leaves against Cd-induced oxidative stress. Plant Sci 169:323-330

Lemaire S, Keryer E, Stein M, Schepens I, Issakidis-Bourguet E, Gérard-Hirme C,
Miginiac-Maslow M, Jacquot JP (1999). Heavy-metal regulation of thioredoxin gene expression
in Chlamydomonas reinhardti. Plant Physiol 120:773-778

Lindermayr C, Saalbach G, Bahnweg G, Durner J (2006) Differential inhibition of
Arabidopsis methionine adenosyltransferases by protein S-nitrosylation. J Biol Chem 281:
4285-4291



Reactive Oxygen Species and Signaling in Cadmium Toxicity 187

Le6én AM, Palma JM, Corpas FJ, Gomez M, Romero-Puertas MC, Chatterjee D, Mateos RM,
del Rio LA, Sandalio LM (2002) Antioxidative enzymes in cultivars of pepper plants with
different sensitivity to cadmium. Plant Physiol Biochem 40:813-820

Loake G, Grant M (2007) Salicylic acid in plant defense - the players and protagonists. Curr Opin
Plant Biol 10:466—472

Lopez-Martin MC, Becana M, Romero LC, Gotor C (2008) Knocking out cytosolic cysteine
synthesis compromises the antioxidant capacity of the cytosol to maintain discrete concentrations
of hydrogen peroxide in Arabidopsis. Plant Physiol 147:562-572

Ma CH, Haslbeck M, Babujee L, Jahn O, Reumann S (2006) Identification and characterization
of a stress-inducible and a constitutive small heat-shock protein targeted to the matrix of plant
peroxisomes. Plant Physiol 141:47-60

McCarthy I, Romero-Puertas MC, Palma JM, Sandalio LM, Corpas FJ, Gémez M, del Rio LA
(2001) Cadmium induces senescence symptoms in leaf peroxisomes of pea plants. Plant Cell
Environ 24:1065-1073

Metwally A, Finkemeier I, Georgi M, Dietz KJ (2003). Salicylic acid alleviates the cadmium
toxicity in barley seedling. Plant Physiol 132:272-281

Metwally A, Safronova VI, Belimov AA, Dietz KJ (2005) Genotypic variation of the response to
cadmium toxicity in Pisum sativum. ] Exp Bot 56:167-178

Minglin L, Yuxiu Z, Tuanyao C (2005) Identification of genes up-regulated in response to Cd
exposure in Brassica juncea L. Gene 363:151-158

Mithofer A, Schulze B, Boland W (2004) Biotic and heavy metal stress response in plants:
evidence for common signals. FEBS Lett 566:1-5

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen gene network
of plants. Trends Plant Sci 9:490-498

Mittler G, Mittler R (2006) Could heat shock transcription factor function as hydrogen peroxide
sensor in plants? Ann Bot 98:279-288

Montillet JL, Cacas JL, Garnier L, Montané MH, Douki T, Bessoule JJ, Polkowska-Kowalczyk L,
Maciejewska U, Agnel JP, Vial A, Triantaphylides V (2004) The usptream oxylipin profile of
Arabidopsis thaliana: a tool to scan for oxidative stresses. Plant J 40:439-451

Nocito FF, Lancilli C, Crema B, Fourcroy P, Davidian JC, Sacchi GA (2006) Heavy metal stress
and sulfate uptake in maize roots. Plant Physiol 141:1138-1148

Obregén P, Marin R, Sanz A, Castresana C (2001) Activation of defense-related genes during senes-
cence: a correlation between gen expression and cellular damage. Plant Mol Biol 46:67-77

Olmos E, Martinez-Solano JR, Piqueras A, Hellin E (2003) Early steps in the oxidative burst
induced by cadmium in cultured tobacco cells (BY-2 line). J Exp Bot 54:291-301

Ortega-Villasante C, Rellan-Alvarez ZZ, Del Campo FF, Carpena-Ruiz RO, Hernandez LE
(2005) Cellular damage induced by cadmium and mercury in Medicago sativa. J Exp Bot
56:2239-2251

Ouariti O, Boussama N, Zarrouk M, Cherif A, Ghorbal MH (1997) Cadmium and copper-induced
changes in tomato membrane lipids. Phytochem 45:1343-1350

Ouelhadj A, Kuschk P, Humbeck K (2006) Heavy metal stress and leaf senescence induce the
barley gene HvC2d1 encoding a calcium-dependent novel C2 domain-like protein. New Phytol
170:261-273

Paradiso A, Berardino R, de Pinto MC, Sanita di Toppi L, Srotelli MM, Tommasi F, de Gara L
(2008) Increase in the ascorbate-glutathione metabolism as local and precocious systemic
responses induced by cadmium in durum wheat plants. Plant Cell Physiol 49:362-374

Pena LB, Pasquini LA, Tomaro ML, Gallego SM (2006) Proteolytic system in sunflower
(Helianthus annuus L.) leaves under cadmium stress. Plant Sci 171:531-537

Perfus-Barbeoch L, Leonhardt N, Vavasseur A, Forestier C (2002) Heavy metal toxicity: cadmium
permeates through calcium channels and disturbs the plant water status. Plant J 32:539-548

Poschenrieder C, Gunsé B, Barcel6 J (1989) Influence of cadmium on water relations, stomatal
resistance, and abscisic acid content in expanding bean leaves. Plant Physiol 90:1365-1371

del Rio LA, Sandalio LM, Corpas FJ, Palma JM, Barroso JB (2006). Reactive oxygen species and
reactive nitrogen species in peroxisomes. Production, scavenging and role in cell signaling.
Plant Physiol 141:330-335



188 L.M. Sandalio et al.

Rivetta A, Negrini N, Cocucci M (1997) Involvement of Ca**-calmodulin in Cd** toxicity during the
early phases of radish (Raphanus sativus L.) seed germination. Plant Cell Environ 20:600-608

Rodriguez-Serrano M, Romero-Puertas MC, Zabalza A, Corpas FJ, Gémez M, del Rio LA,
Sandalio, LM (2006) Cadmium effect on oxidative metabolism of pea (Pisum sativum L.)
roots. Imaging of reactive oxygen species and nitric oxide accumulation in vivo. Plant Cell
Environ 29:1532-1544

Rodriguez-Serrano M, Romero-Puertas MC, Pazmifio DM, Testillano PS, Risuefio MC, del Rio
LA, Sandalio LM (2009) Cellular Response of Pea Plants to Cadmium Toxicity: Cross Talk
between Reactive Oxygen Species, Nitric Oxide, and Calcium. Plant Physiol 150:229-243

Rogers EE, Eide DJ, Guerinot ML (2000) Altered selectivity in an Arabidopsis metal transporter.
Proc Natl Acad Sci USA 97:12356-12360

Romero-Puertas MC, McCarthy I, Sandalio LM, Palma JM, Corpas FJ, Gémez M, del Rio LA.
(1999) Cadmium toxicity and oxidative metabolism of pea leaf peroxisomes. Free Rad Res
31:525-S32

Romero-Puertas MC, Palma JM, Gémez M, del Rio LA, Sandalio LM (2002) Cadmium causes
the modification of proteins in pea plants. Plant Cell Environ 25:677-686

Romero-Puertas MC, Rodriguez-Serrano M, Corpas FJ, Gémez M, del Rio LA, Sandalio LM
(2004) Cadmium-induced subcellular accumulation of O,-~ and H,0, in pea leaves. Plant Cell
Environ 27:1122-1134

Romero-Puertas MC, Corpas FJ, Rodriguez-Serrano M, Gomez M, del Rio LA, Sandalio LM
(2007a) Differential expression and regulation of antioxidative enzymes by cadmium in pea
plants. J Plant Physiol 164:1346-1357

Romero-Puertas MC, Laxa M, Matte A, Zanninotto F, Finkemeier I, Jones AME, Perazzolli M,
Vandelle E, Dietz KJ, Delledonne M (2007b) S-nitrosylation of peroxiredoxin II E promotes
peroxynitrite-mediated tyrosine nitration. Plant Cell 19:4120-4130

Romero-Puertas MC, Campostrini N, Matte A, Righetti PG, Perazzolli M, Zolla L, Roepstorft P,
Delledonne M (2008) Proteomic analysis of S-nitrosylated proteins in Arabidopsis thaliana
undergoing hypersensitive response. Proteomics 8:1459-1469

Sandalio LM, Dalurzo HC, Gomez M, Romero-Puertas MC, del Rio LA (2001) Cadmium-induced
changes in the growth and oxidative metabolism of pea plants. J Exp Bot 52:2115-2126

Sanitd di Toppi L, Gabbrielli R (1999) Response to cadmium in higher plants. Environ Exp Bot
41:105-130

Sarry JE, Kuhn L, Ducruix C, Lafaye A, Junot C, Hugouvieux V, Jourdain A, Bastien O,Fievet J,
Vailhen D, Amekraz B, Moulin C, Ezan C, Garin J, Bourguignon J (2006) The early response
of Arabidopsis thaliana cells to cadmium exposure explored by protein and metabolite profiling
analysis. Proteomics 6:2180-2198

Schiitzendiibel A, Polle A (2002) Plant responses to abiotic stresses: heavy metals-induced oxidative
stress and protection by mycorrhization. J Exp Bot 53:1351-1365

Schiitzendiibel A, Schwanz P, Terchmann T, Gross K, Langenfeld-Heyger R, Godbold DL, Polle A
(2001) Cadmium-induced changes in antioxidative systems, hydrogen peroxide content, and
differentiation in scots pine roots. Plant Physiol 127:887-898

Sharma SS, Dietz KJ (2006) The significance of amino acids and amino acid-derived molecules
in plant responses and adaptation to heavy metal stress. J Exp Bot 57:711-726

Shi QH, Zhu ZJ (2008) Effects of exogenous salicylic acid on manganese toxicity, element
contents and antioxidative system in cucumber. Environ Exp Bot 63:1-3

Singh HP, Batish DR, Kaur G, Arora K, Kohli RK (2008) Nitric oxide (as sodium nitroprusside)
supplementation ameliorates Cd toxicity in hydroponically grown wheat roots. Environ Exp
Bot 63:158-167

Skorzynska-Polit E, Krupa Z (2006) Lipid peroxidation in cadmium-treated Phaseolus coccineus
plants. Arch Environ Contam Toxicol 50:482-487

Smeets K, Cuypers A, Lambrechts A, Semane B, Hoet P, Van Laere A, Vangronsveld J (2005).
Induction of oxidative stress and antioxidative mechanisms in Phaseolus vulgaris after Cd
application. Plant Physiol Biochem 43:437-444



Reactive Oxygen Species and Signaling in Cadmium Toxicity 189

Smeets K, Ruytinx J, Semane B, Van Belleghem F, Remans T, Van Saden S, Vanginsveld J,
Cuypers A (2008) Cadmium-induced transcriptional and enzymatic alterations related to
oxidative stress. Environ Exp Bot 63:1-8

Song WY, Martinoia E, Lee J, Kim D, Kim DY, Vogt E, Shim D, Choi KS, Hwang I, Lee Y (2004)
A novel family of cys-rich membrane proteins mediates cadmium resistance in Arabidopsis.
Plant Physiol 135:1027-1039

Sunkar R, Kapoot A, Zhu J-K (2006). Posttranscripctional induction of two Cu/Zn superoxide
dismutase genes in Arabidopsis is mediated by down-regulation of miT398 and important for
oxidative stress tolerance. Plant Cell 18:2051-2065

Suzuki N, Yamaguchi Y, Koizumi N, Sano H (2002) Functional characterization of a heavy metal
binding protein CdI19 from Arabidopsis. Plant J 32:165-173

Suzuki N (2005) Alleviation by calcium of cadmium-induced root growth inhibition in Arabidopsis
seedlings. Plant Biotechnol 22:19-25

Tian QY, Sun DH, Zhao MG, Zhang WH (2007) Inhibition of nitric oxide synthase (NOS)
underlies aluminium-induced inhibition of root elongation in Hibiscus moscheutos. New Phytol
174:322-331

Tsyganov VE, Belimov AA, Borisov AY, Safronova VI, Georgi M, Dietz KJ, Tikhonovich 1A
(2007) A chemically induced new pea (Pisum sativum) mutant SGECdt with increased tolerance
to, and accumulation of, cadmium. Annal Bot 99:227-237

Van Assche F, Clijsters H (1990) Effects of metals on enzyme activity in plants. Plant Cell Environ
13:195-206

Van Breusegem F, Bailey-Serres J, Mittler R (2008) Unraveling the tapestry of networks involving
reactive oxygen species in plants. Plant Physiol 147:978-984

Van de Mortel JE, Schat H, Moerland PD, Ver Loren van Themaat E, van der Ent S, Blankestijn H,
Ghandilyan A, Tsiatsiani S, Aarts MG (2008) Expression differences for genes involved in
lignin, glutathione and sulphate metabolism in response to cadmium in Arabidopsis thaliana and
the related Zn/Cd-hyperaccumulator Thlaspi caerulescens. Plant Cell Environ 31:301-324

Vitéria AP, Lea PJ, Azevedo RA (2001) Antioxidant enzymes responses to cadmium in radish
tissues. Phytochem 57:701-710

Wang Y, Fang J, Leonard SS, Rao KM (2004) Cadmium inhibits the electron transfer chain and
induces reactive oxygen species. Free Radic Biol Med 36:1434—-1443

Wang JW, Wu JY (2005) Nitric oxide is involved in methyl jasmonate-induced defense responses
and secondary metabolism activities of Taxus xells. Plant Cell Physiol 46:923-930

Wang YS, Yang ZM (2005) Nitric oxide reduces aluminum toxicity by preventing oxidative stress
in the roots of Cassia tora L. Plant Cell Physiol 46:1915-1923

Weber M, Trampczynska A, Clemens S (2006) Comparative transcriptome analysis of toxic
metal responses in Arabidopsis thaliana and the Cd(2+)-hypertolerant facultative metallophyte
Arabidopsis halleri. Plant Cell Environ 29:950-963

Wilson ID, Neill SJ, Hancock JT (2007) Nitric oxide synthesis and signaling in plants. Plant Cell
Environ 31:622-631

Xiang C, Oliver DJ (1998) Glutathione metabolic genes coordinately respond to heavy metals and
jasmonic acid in Arabidopsis. Plant Cell 10:1539-1550

Yu CC, Hung KT, Kao CH (2005) Nitricoxide reduces Cu toxicity and Cu-induced NH* accumu-
lation in rice leaves. J Plant Physiol 162:1319-1330

Zhang H, Jiang Y, He Z, Ma M (2005) Cadmium accumulation and oxidative burst in garlic
(Allium sativum). J Plant Physiol 162:977-984

Zhang LP, Mehta SK, Liu ZP, Yang ZM (2008) Copper-induced proline synthesis is associated
with nitric oxide generation in Chlamydomonas reinhardtii. Plant Cell Physiol. 49:411-419

Zhao Z, Cai Y, Zhu Y, Kneer R (2005) Cadmium-induced oxidative stress and protection by
l-galactono-1,4-lactone in winter wheat (Triticum aestivum L.). J Plant Nutr Soil Sci 168:1-5



Reactive Oxygen Species in Ozone Toxicity

Kirk Overmyer, Michael Wrzaczek, and Jaakko Kangasjirvi

Abstract The entry of ozone (O,) to the leaf intercellular airspace is followed by
its degradation to reactive oxygen species (ROS) and the induction of active ROS
production by the plant itself. Using genetic and genomic tools, some of the
components involved in plant O, responses have begun to be delineated. Mutant
screens and analyses in the model plant Arabidopsis thaliana have revealed a picture
of the O, response that is coming into focus in the form of recurring themes that
constitute a core O, response, which consists of a network of ROS and hormonal
interactions controlling the magnitude of O,-induced cell death.

1 Introduction

1.1 Ozone the Pollutant

In the upper stratosphere ozone (O,), the trimolecular allotrope of oxygen, protects life
on the earth from UV irradiation. In the troposphere, O, is a harmful atmospheric
pollutant and a potent phytotoxin. Of all the stresses discussed in this volume, O,
is perhaps unique in that the stressor itself is a reactive oxygen species (ROS). O, is a
potent oxidant and exerts its toxicity via the induction of oxidative stress.

1.2 0, Damage

There is great variation in the O, sensitivity of natural and cultivated plants, both
within and between species. In addition to the plant sensitivity, the nature of the O,
dose itself has implications for determining the mode of damage. Slightly elevated
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O, during long time periods (several days to weeks), so-called chronic O,, generally
does not cause visible damage but rather metabolic changes resulting in reduced
growth, altered resource allocation, and premature senescence. Acute O3 stress is
hallmarked by high O, concentrations lasting for short time periods (hours to a few
days). Acute O, episodes generally result in visible damage in sensitive plants. This
damage is usually in the form of lesions similar in phenotype to the hypersensitive
cell death triggered in pathogen resistance responses. In this chapter, we will
discuss primarily plant responses to acute ozone.

1.3 Site of Action

O, has little effect on the outer surfaces of plants and must traverse stomatal pores
to access its major sites of action in the apolastic space. Once inside the leaf, O,
rapidly reacts with components of the cell walls, cellular membranes and apoplastic
fluids. Upon these reactions, O, degrades into secondary ROS (Fig. 1) such as
superoxide (O,*"), hydrogen peroxide (H,O,), hydroxyl radical (*OH), and singlet
oxygen ('O,). These ROS then go on to further react in the apoplast and beyond.
Longer-lived ROS, in essence H,O,, which can diffuse through the plasma membrane
via certain types of aquaporins (Bienert et al. 2007), can transmit the oxidant potential

Stomatal

Cell
Death

Fig. 1 Balanced signals in O,-tolerant plants. Depicted are the ROS signaling networks active in
O, exposed O,-tolerant plants. Abbreviations: SA salicylic acid, JA jasmonic acid, ET ethylene,
ROS reactive oxygen species. Note that ROS are split into two pools; the ROS derived from O,
breakdown (upper) and the ROS actively produced by the plant (lower). The amplification loops
between SA, ethylene, and ROS are balanced and controlled by the antagonism of JA- and ROS-
scavenging by antioxidants. ROS-induced stomatal closure also limits the extent of primary ROS
production from O, breakdown. Only a few cells undergo cell death and no visible lesions are formed
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of O, into the cell. However, O, itself does not enter the cell. Thus, the apoplast
is con51dered the primary site of O, action. The exact mechanism of O, or ROS
perception in general remains unknown However, O, and O,-derived ROS have
been shown to oxidize proteins, membranes, and other components in and outside
of plant cells (Brosché et al. 2009).

14 0; the “Model Stress”

As discussed below, there are many similarities between O, responses, pathogen
responses, and other stress responses; O, can be seen as a 51gnahng mimic”, that
co-opts signaling pathways via the productlon of ROS, which are perceived by the
plant as signaling molecules. O, can be easily delivered noninvasively to a large
number of plants simultaneously. Such O, treatment induces ROS signaling pathways
in isolation to other complicating factors For example, it is possible to induce an
HR-like oxidative burst in the absence of bacteria, which manipulate defense
signaling pathways via effector proteins, or to induce ABA signaling in the absence
of the other physical effects associated with dehydration or osmotic shock. This
makes O, a convenient model for the study of ROS signaling, with implications for
and relevancy to a wide variety of ROS and stress signaling subspecialties.

2 O, Responses

2.1 The Oxidative Burst

Subsequent to the production of ROS from O, breakdown, these ROS further trigger
the plant itself to produce an oxidative burst (Fig. 1). The O,-induced oxidative
burst is a common response that has been found in every case under study and has
been demonstrated in a variety of species, including tobacco (Nicotiana tabacum),
Arabidopsis thaliana, tomato (Lycopersicon esculentum), Rumex species and Malva
sylversteris (Overmyer et al. 2000; Rao and Davis 1999; Schraudner et al. 1998;
Wohlgemuth et al. 2002).The O,-induced apoplastic oxidative burst is largely driven
by the plasma membrane NAD(P)H oxidase and cell wall peroxidases (Overmyer
et al. 2000; Pellinen et al. 1999; Rao and Davis 1999), although other ROS sources
are also likely involved. ROS production in other subcellular compartments has
been observed as well (Joo et al. 2004; Pellinen et al. 2002). The kinetics of the
oxidative burst depends on the sensitivity of the plants. As demonstrated in tobacco
and Arabidopsis, in sensitive plants, O3 induces a biphasic oxidative burst that
results in cell death, while in tolerant plants, a single burst of a lesser magnitude
has been observed (Joo et al. 2004; Schraudner et al. 1998). Consistent with the
wide variety of mechanisms determining their O, sensitivity or tolerance, considerable
variation in O,-induced ROS accumulation patterns, in terms of the ROS type and
its spatial distribution, has been seen in naturally occurring Arabidopsis ecotypes
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(Wohlgemuth et al. 2002) and mutants (Overmyer et al. 2000, 2008; Rao and Davis
1999). This also held true for tomato where multiple genotypes were studied side
by side (Wohlgemuth et al. 2002).

2.2 Cell Death

Similar to plant-pathogen interactions, the cell death induced by O, can be genetically
controlled and is a form of programmed cell death (PCD). In addition to the oxidative
burst, there are a large number of physical, molecular, and biochemical similarities
between O,-induced cell death and the hypersensitive response (HR), which is a
well-studied model of plant PCD. Beyond similarities to the HR, there are several
lines of evidence of O,-induced PCD. For example, in the rcdl mutant of Arabidopsis,
O,-induced cell death has been shown to require active metabolism and signaling.
This requirement was seen as reduced or delayed cell death upon application of
inhibitors of kinases, proteases, ATPases, transcription, and Ca*? influx (Overmyer
et al. 2005). In hybrid poplar (Populus maximowizii xPopulus trichocarpa), tobacco,
and Arabidopsis, characteristic biochemical and morphological features of PCD, such
as nuclear DNA fragmentation, nuclear shrinkage, chromatin condensation, membrane
blebbing, and the release of cytochrome C from mitochondria, have been documented
(Koch et al. 2000; Overmyer et al. 2005; Pasqualini et al. 2003). O, also induced protease
activities in tobacco (Pasqualini et al. 2003), and caspase-like and phenylmeth-
anesulphonyl fluoride (PMSF)-sensitive protease activities were required for O,
induced cell death in Arabidopsis (Overmyer et al. 2005).

However, there are multiple forms of cell death induced by O,. In some cases,
O, has been shown to kill plant cells via overwhelming oxidative damage (Koch et
al. 2000; Pell et al. 1997). In these cases, O, acted as a toxin that caused physical
damage and directly killed cells. This process has been termed necrotic cell death
and, in contrast to PCD, does not require active metabolism and signaling. Thus,
O, has multiple modes of action and can act as both an oxidative toxin and a signal
molecule. Interestingly, the appearance of PCD markers does not always correlate
with O, sensitivity, as seen in hybrid poplar (Koch et al. 2000), indicating that
sensitivity can be conditioned by both necrotic and programmed cell death
mechanisms. It has also been suggested that more than one mode of cell death can
occur even in the same plant (Overmyer et al. 2005; Pell et al. 1997).

2.3 Other Responses

O, induces transcriptional reprogramming of the plant cell. Much work has been
devoted to the study of O,-induced changes in gene expression both at the level of
single genes and transcript profiling experiments with microarrays tracking genome
level changes. This topic is beyond the scope of this chapter and has been covered
elsewhere; the reader is directed to Brosché et al. (2009) and Chap. 11 of this volume.
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Another of the well-studied O, responses is protein degradation. In potato
(Solanum tuberosum), O, 1nduced the selective degradation of certain proteins
(Eckardt and Pell 1994). Addmonally, the accumulation of a polyubiquitin tran-
script has been documented in O,-exposed pine (Pinus sylvestris; Wegener et al.
1997). Together, these results suggest a role for ubiquitin-directed, proteasome-
mediated protein degradation pathway in regulating O, responses.

Hydroxyl radicals produced from O,-lysis can 1n1tlate lipid peroxidation. Lipid
peroxidation products have indeed been observed during O, exposure in tobacco
(Schraudner et al. 1997). Such a massive change in membrane and lipid structures
is a rich source of potential signaling cues. Membrane structural changes may alter
membrane protein function. Linolenic acid lipid hydroxides are intermediates on
the jasmonic acid (JA) biosynthesis pathway. There is a long list of other potential
signaling molecules produced, including, but not limited to, hydroxy acids, alde-
hydes, malondialdehyde, and ethane (reviewed in Schraudner et al. 1997).

3 O, Perception and Signaling

The mechanism of O, perception, or ROS perception in general, in the apoplast
remains unknown, although some of the early events in the O, response have been
characterized. The earliest known 03-induced process is the activation of ion fluxes,
including calcium fluxes. O, induced a characteristic biphasic peak in calcium
(Clayton et al. 1999). Both phases of this signature were required for the induction
of glutathione-S-transferase, which was used as a gene expression marker. This calcium
response was very fast, occurring within seconds from the onset of exposure (Evans
et al. 2005). Calcium was also required for O,-induced cell death (Kadono et al. 2006;
Overmyer et al. 2005), suggesting 1nvolvement in multiple levels of the O, response.

Recent reports suggest that heterotrimeric G-proteins might be cntlcally involved
in mediating the effects of O, in plants (Booker et al. 2004; Joo et al. 2004). One
response to O, exposure in Arabidopsis is leaf curling. The heterotrimeric G-protein
alpha subunit was required for this response while vegetative damage was independent
of this G-protein complex (Booker et al. 2004). The alpha and beta subunits relate
to more specific parts of the O, response (Joo et al. 2004). The Go. mutant lacked
both peaks of the bi-modal ox1dat1ve burst while only the early peak was missing
in the GP3 mutant. These data indicate that the late component of the oxidative burst,
which is linked to tissue damage and intracellular signaling, requires only the
Ga-protein. The Go-protein mediates the activation of the membrane-bound NADPH
oxidases. However, the early peak, which arises primarily from the chloroplasts, is
dependent on signaling through the Gfy-complex.

In several plant species, including tobacco, Arabidopsis, and hybrid poplar,
exposure to O, has lead to a rapid activation of mitogen-activated protein kinases
(MAPKSs) (Ahlfors et al. 2004b; Hamel et al. 2005; Samuel et al. 2000). MAPKSs
are a family of protein kinases with well-defined roles in many aspects of plant life
(See Chap. 2, this volume). The classical MAPK cascade is composed of a MAP
kinase kinase kinase (MAP3K), a MAP kinase kinase (MAP2K) and a MAPK.
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The Arabidopsis MAPKs AtMPK3 and AtMPKG6 exhibited altered localization into
the nucleus upon O, exposure (Ahlfors et al. 2004b). Interestingly, this O,-dependent
MAPK activation and relocalization was independent of salicylic acid (SA) JA and
ethylene signaling. Activation of NtMPK4 in response to O, was required for JA
signaling and the regulation of the stomatal aperture in tobacco (Gomii et al. 2005).
Thus, MAPKSs are directly involved in determining O, tolerance also via the regulation
of the stomatal aperture.

While the activation of MAPKSs in response to O, appears to be a common
phenomenon, over-expression of the MAPK NtSIPK (Nicotiana tabacum salicylic
acid-induced protein kinase) in tobacco lead to O,-hypersensitivity and enhanced
ethylene formation while blocking O,-induced SA productlon (Samuel et al. 2005).
This sensitivity could be due to prolonged SIPK activation. MAPK activation by O,
was typically transient; a rapid activation, followed by a deactivation (Ahlfors et al
2004b). MAPK deactivation can be achieved by dephosphorylation by so-called
MAPkinase phosphatases (MKPs). A knockout of MKP2 leads to O,-hypersensitivity
(Lee and Ellis 2007). These studies demonstrate that while MAPKSs are activated
by O,, their deactivation is critical to O, tolerance as prolonged activation has
detrimental effects.

4 The Road to Ruin

4.1 Many Ways to Get There

As illustrated below, both forward genetic screens for 03-sensitive mutants and
reverse genetic analysis of mutants with knockout alleles of known genes have
contributed in complementary ways. As a result of this research, a picture of the O,
response is coming into focus in the form of recurring themes that constitute a core
network of O, responses. In other words, as new activation points are being discovered,
known signaling components are reappearing in different contexts. This presents a
view of the complexity of the response and illustrates that, within one plant, multiple
but converging processes determine O, sensitivity or tolerance. We have previously
proposed a model which accounts for the role of ROS, SA, ethylene, and JA in
controlling cell death (Fig. 1). This is a further development of the amplification loop
between ROS, SA, and cell death, termed the oxidative cell death cycle (Overmyer
et al. 2000, 2003). Figure 1 depicts the situation in tolerant plants during O, expo-
sure. O,-derived ROS accumulation is partly attenuated by antioxidants. The plant is
also protected from excessive O, influx by ROS-induced stomatal closure. ROS
induce ethylene, SA, and JA; theske hormone signals interact in a balanced response
resulting in a low level of cell death. This cell death involves only a few cells and
is microscopic, i.e., there are no visible lesions. On one side, ethylene and SA promote
ROS accumulation and cell death in a signal-amplifying feed forward loop. Counter
to this, JA antagonizes SA and ethylene action keeping ROS accumulation and
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cell death under control. This model is based on results gained mostly with mutants
of Arabidopsis. This work has identified several major areas that are driving current O,
research and begins to define a core cell death pathway common to all O,-induced
cell death and some of the peripheral pathways that interact with the core pathway.
We have further modified this model here to illustrate some of the mechanisms
known to result in the activation of O,-induced cell death via the oxidative cell
death cycle (Fig. 2). Figure 2 depicts four different situations, each discussed in
their respective sections below, where signaling imbalances have occurred, resulting
in O, sensitivity.

4.2 Antioxidants

The first O,-sensitive Arabidopsis mutant published was soz/ (sensitive to ozone 1),
which was subsequently renamed to vtc/ (vitamin C 1) when it was discovered that
the mutant was acorbate-deficient (Conklin et al. 1996). The VTCI gene encodes a
GDP-mannose pyrophosphorylase, which is required for plant ascorbate biosynthesis
(Conklin et al. 1999). This mutant underscores the importance of ascorbate and its
attendant antioxidant pathway in controlling ROS levels during O, exposure. Reduced
ascorbate levels in vtcl allow unregulated ROS accumulation to levels sufficient to
induce cell death (Fig. 2a). There are no data available on the hormone response
in vtcl or other antioxidant deficient plants under O3 stress. As their roles are not known,
the hormone pathways are depicted by a question mark in Fig. 2a. Ascorbate
mutants have also led to the definition of ascorbate’s role in pathogen stress and cell
death control (Smirnoff et al. 2001). Importantly, the further application of this
screen has led to the isolation of several ascorbate mutants (Conklin et al. 2000) and
the definition of the ascorbate biosynthesis pathway (Smirnoff et al. 2001). Such
work continues: recently, a screen for O, tolerance has identified a purple acid
phosphatase with phytase activity which, when activated, doubles the plant ascorbate
content and confers O, tolerance (Zhang et al. 2008). This work suggests the existence
of an alternate ascorbate pathway in plants. The role of ascorbate cycling in the O,
response was further underscored by the highly O, sensitive phenotype of dhar
(dehydroascorbate reductase) mutant plants (Yoshida et al. 20006).

4.3 Stomata

O, acts in the leaf apoplast and must enter via stomata, making stomatal aperture a
means of stress avoidance and the initial defense against O,. Plants exposed to O,
under conditions that drive stomatal opening, such as high humidity, exhibited
increased O, damage (Kangasjérvi et al. 1994). Conversely, factors which close
stomata, such as dehydration stress, exogenous ABA treatment, or increased CO2
concentrations, protected plants from O, (Fiscus et al. 2005; Kangasjirvi et al. 1994).
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Fig. 2 Signaling imbalances leading to O, sensitivity. Depiction of signaling changes in some of
the genotypes known to have increased O, damage. Abbreviations: SA salicylic acid, JA jasmonic
acid, ET ethylene. (a) Loss of antioxidant capacity, as in the vtc/ mutant, leads to increased ROS
levels and cell death. (b) Misregulated stomata, as in the slacI mutant, leads to increased O, flux,
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This has led to the concept of O3 flux, which has now been taken into account
in calculating the threshold dose for O, toxicity in environmental modeling
(Fiscus et al. 2005).

O3 induces stomatal closure and, while the mechanism controlling this is not
known, evidence points to a role for O,-derived ROS acting directly on stomata as
signaling intermediates to promote closure. Torsethaugen et al. (1999) demonstrated
that O, acted directly on stomata in bean (Vicia faba) and inhibited the guard cell
K* channels that mediate stomatal opening. Other evidence follows the recognized
roles of ROS as mediators of ABA signaling leading to stomatal closure (See
Chap. 6, this volume). In Arabidopsis, OS-induced stomatal closure occurred at 3 h
or earlier, while O,-induced ABA accumulation was not seen until 8 h, suggesting
ABA-independent closure (Kollist et al. 2007; Overmyer et al. 2008). Kollist et al.
(2007) have revealed a rapid O,-induced stomatal response using a novel apparatus
which can trace transpiration from individual untouched Arabidopsis rosettes.
The use of this device revealed a previously unnoticed very fast closure of stomata
occurring within 10 min of exposure. This response was dependent on ABI2 (ABA
INSENSITIVE 2), a class II protein phosphatase, suggesting that protein phospho-
rylation is involved in the rapid O,-induced stomatal closure.

O, sensitive mutants of Arabidopsis have also contributed significantly to the
understanding of fundamental stomatal function. The slacl (slow anion channel
associatedl) mutant, which has misregulated stomata (Overmyer et al. 2008; Vahisalu
et al. 2008) was originally isolated as (radical-induced cell death 3) rcd3 in an O,
sensitivity screen. Stomata in slac/ were constitutively more open and exhibited
delayed or incomplete closure in response to 03, light, COZ, humidity, ABA, nitric
oxide, calcium, and HZO2 (Vahisalu et al. 2008). The rcd3 mutant was renamed to
slacl when it was shown that the protein encoded was required for slow (S-type)
anion currents in guard cells. SLAC1 was the first component of this complex to
be identified; it encodes a plasma membrane localized protein with ten predicted
transmembrane domains and distant similarity to microbial dicarboxylate/malic
acid transporter proteins. Taken together, this suggests that SLACI itself is the ion
channel responsible for the S-type anion current and that SLAC1 may transport
malate. However, both of these possibilities remain to be proven formally.

Work with the slac! mutant suggests some of the signaling processes involved in
O, damage formation when stomata are misregulated. The inability to close stomata
early in O, exposure (Overmyer et al. 2008; Vahisalu et al. 2008) leads to an enhanced
level of ROS formation (Fig. 2b; Overmyer et al. 2008). As has been previously
suggested (Kangasjdrvi et al. 2005; Overmyer et al. 2008), damage caused by this

<

Fig. 2 (continued) which drives higher ROS accumulation. This triggers ET and SA accumula-
tion that amplify the pro-death signal; together, these factors result increased cell death. (c)
Ethylene overproducers, such as etol, have elevated levels of SA due to the promotion of SA
biosynthesis by ethylene; increased ET and SA promote ROS accumulation and cell death. (d) JA
insensitivity, as in the jar/ mutant, results in a loss of SA and ethylene antagonism and other
potential direct anti-cell death effects of JA; increased SA levels and ethylene signaling amplify
ROS and promote cell death
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enhanced early ROS burst likely drives the observed increased ethylene and SA accu-
mulation, which further amplify the ROS burst and promote cell death (Fig. 2b).

4.4 Salicylic Acid

Salicylic acid (SA) plays a prominent role in O,-induced defenses and cell death.
As an outgrowth of work pioneered in the field of plant pathogen interactions (See
Chap. 9, this volume), it has been established that SA and ROS each promote the
other’s formation, forming a feed-forward amplification loop. This process is also
active during most O, responses (Overmyer et al. 2003). O, induces the synthesis
of SA. The accumulation of SA became significantly increased at 5 h in Arabidopsis
(Overmyer et al. 2008; Overmyer et al. 2005). Genetic evidence of SA signaling at
earlier time points is seen in the SA dependent accumulation of superoxide and
changes in gene expression as early as 1 and 0.5 h, respectively (Rao and Davis
1999). Genetic experiments involving plants deficient either in SA accumulation or
SA signaling have established SA as a positive regulator of ROS accumulation, cell
death, and defenses in a variety of genetic backgrounds, including both O,-tolerant
and —sensitive mutants and ecotypes (Overmyer et al. 2003). Generally, impairing
SA signaling has reduced lesion formation in sensitive genotypes of tobacco and
Arabidopsis (Orvar et al. 1997; Overmyer et al. 2005; Rao and Davis 1999).
However, SA has a dual role: it is required for defense responses, and impairing SA
signaling also increased the sensitivity of tolerant genotypes by promoting necrotic
cell death (Rao and Davis 1999). As mentioned above, the three stress hormones
SA, JA, and ethylene interact with one another at multiple levels. Generally these
interactions are mutually antagonistic (Kangasjarvi et al. 2005; Overmyer et al.
2003); however, the nature of the interaction is dependent on the process and tissue
under study. Importantly, SA antagonizes JA at the level of biosynthesis and signaling
(Figs. 1 and 2). As is discussed below, SA has a role in the O, sensitivity of both
mutants affected in JA signaling and ethylene signaling.

4.5 Ethylene

Similar to SA, the primary role of ethylene during O, exposure is in promoting
damage. Ethylene is among the early responses of plants to O, exposure. A burst of
de novo synthesized ethylene is common in the O, response of all plant species and
genotypes. For example, the enzymatic machinery required for O,-induced ethylene
biosynthesis was rapidly induced in Arabidopsis and tomato (Moeder et al. 2002;
Vahala et al. 1998).The magnitude of this early ethylene burst is well correlated
with the level of damage that appears later in the O, exposure. The role of ethylene in
the O, response was demonstrated by manipulating ethylene biosynthesis or signaling
either chemically or genetically. Feeding plants 1-aminocyclopropane-I-carboxylic
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acid (ACC), the immediate precursor of ethylene, during O, or other ROS stress resulted
in increased ethylene production and enhanced levels of cell death (Overmyer et al.
2000). Treatment with the ethylene signaling inhibitor norbornadiene resulted in
attenuated O,-induced ROS accumulation and cell death (Overmyer et al. 2000).
Genetically these results are seen in the phenotypes of Arabidopsis ethylene signaling
mutants. Ethylene insensitive mutants, such as etr/ and ein2, are highly O, tolerant
(Overmyer et al. 2000; Tuominen et al. 2004), while ethylene-overproducing mutants,
such as the efol and eto3, are highly O3 sensitive (Rao et al. 2002). Also, birch trees
(Betula pendula), transgenically modified to express the dominant mutant Arabidopsis
etrl-1 ethylene receptor, exhibited reduced ethylene sensitivity and a reduction in
O,-induced damage (Vahala et al. 2003). Significantly, there is a positive feedback
between ROS accumulation and ethylene evolution (Fig. 2c); superoxide accu-
mulation was shown to be blocked by inhibitors of ethylene signaling (Overmyer et
al. 2000). The ethylene-overproducing Arabidopsis mutants are deficient in the
control of ethylene biosynthesis and lack feedback control mechanisms. These
mutants demonstrate a synergism between SA and ethylene signaling in controlling
cell death during the O, response. These mutants had elevated SA levels, which was
required for their full sensitivity to O, (Rao et al. 2002). This suggests that ethylene,
in addition to promoting ROS accumulation, also promotes SA accumulation,
which can further amplify the accumulation of ROS (Fig. 1). The signaling changes
of ethylene overproducing mutants, such as efo!, are depicted in Fig. 2¢c. Uncontrolled
ethylene biosynthesis results in elevated ethylene and SA levels. Together the
increased level of ethylene and SA promote ROS accumulation and cell death resulting
in O,-induced cell death driven by these two interacting rampant ROS signal ampli-
fication loops.

4.6 Jasmonic Acid

In contrast to SA and ethylene, the primary role of jasmonic acid (JA) during O,
exposure is protective. The idea for JA as a signal transducer in the O, response
came from observations of its induction of defense genes (Kangasjarvi et al. 1994)
and from the role of ROS production in wounding response, which was known to
involve JA (Orvar et al. 1997). The timing of O,-induced JA accumulation is also
consistent with a protective role. JA accumulation takes place late in the exposure
after damage has already occurred, in Arabidopsis at 5-6 h (Overmyer et al. 2005,
2008; Rao et al. 2000; Tuominen et al. 2004). The first evidence of JA protection
during O, exposure came from JA treatment studies. Pre-treatment with JA, or the
induction of JA production by wounding, reduced O, damage in tobacco and
Arabidopsis (Orvar et al. 1997; Overmyer et al. 2000; Rao et al. 2000). The O3
sensitivity of Arabidopsis mutants with compromised JA signaling provided genetic
confirmation of JA’s protective role. JA biosynthesis mutants, such as fad3/fad7/
fad8 (Rao et al. 2000), JA insensitive mutants such as jar/ (Overmyer et al. 2000;
Rao et al. 2000), as well as the mutant rcd/ and the ecotype Cvi-0, which both
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exhibit some degree of JA insensitivity at the level of gene expression (Ahlfors
et al. 2004a; Rao et al. 2000), were all sensitive to 03. This was also seen in a
JA-insensitive clone of hybrid poplar (Koch et al. 2000). Interestingly, not all JA
insensitive Arabidopsis mutants are O, sensitive; the jin/ mutant (Nickstadt et al.
2004), which was insensitive to JA in gene expression and in root growth assays on
JA plates, was not, however, O3 sensitive. This can be interpreted as branching in
the JA pathway. The JIN1 protein encodes the MYC transcription factor AtMYC2
and together with ethylene-response-factorl (ERF1) antagonistically regulates genes
involved in pathogen defense and in the JA-mediated systemic wound response
(Lorenzo et al. 2004). Thus, AtMYC2 and ERF1 might serve as an integration point
in JA signaling coordinating different JA responses. JA mutants also illustrate the
role of hormone interactions in the O, response (Fig. 2d). The loss of JA antagonism of
SA and ethylene result in SA hyperaccumulation (Rao et al. 2000) and increased
sensitivity to ethylene (Tuominen et al. 2004). The O, sensitivity of JA insensitive
mutants is driven by high SA content and signaling (Fig. 2d; Rao et al. 2000).
Furthermore, although ethylene does not accumulate to high levels, ethylene
hypersensitivity results in high ethylene signaling flux. Similar to efo mutants,
sensitivity is driven by uncontrolled ethylene, SA, and ROS signaling loops. Although
the signaling components are the same, the mechanism driving these loops, the loss
of JA antagonism, is unique.

5 The RCDI Gene and Family

The radical-induced cell death 1 (rcdl) mutant of Arabidopsis was isolated in
screens for plants with a HR-like lesion phenotype in response to O, (Overmyer et al.
2000) and paraquat tolerance (Fujibe et al. 2004). The RCD1 gene was also isolated
based on its ability to complement ROS sensitivity in the yeast strain WYT, deficient
in the transcription factor YAP1(Belles-Boix et al. 2000), and in a yeast screen for
interaction with SOS1, a plasma membrane Na*/H* antiporter involved in the
salt stress response (Katiyar-Agarwal et al. 2006). Loss of RCDI function has
pleiotrophic effects. Although rcdl was sensitive to O, and extracellular superoxide,
but not to H,O, or chloroplastic superoxide generated by paraquat treatment, ROS
sensitivity in redl is not the result of a decrease in the expression of antioxidant
genes. Additional phenotypes in rcdl include salt sensitivity (Katiyar-Agarwal et al.
20006), altered transcriptional response to ABA, JA, and ethylene, as well as
developmental phenotypes such as altered leaf morphology and early flowering
(Ahlfors et al. 2004a). The RCD1 protein is nuclear localized (Katiyar-Agarwal et al.
2006) and has been shown to interact with transcription factors (Belles-Boix et al.
2000), which suggests a mechanism for rcdl pleiotropism. However, under stress
conditions, RCD1 is also localized in the cytosol (Katiyar-Agarwal et al. 2006). O,
sensitivity in redl is a co-dominant trait; however, other phenotypes such as paraquat
tolerance are recessive. Interestingly, over-expression of RCD1 or redl in wild-type
plants conferred a Rcdl™ phenotype (Ahlfors et al. 2004a; Fujibe et al. 2006).
Decreased expression of RCDI might also contribute the higher O, sensitivity in
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the ecotype Ws-0 (Li et al. 2006). Together, these results suggest that a balanced
gene dosage is required for RCD1 function. RCD1 belongs to a family of six proteins
in Arabidopsis and contains a WWE-domain and a putative (ADP-ribosyl)transferase
domain. RCD1 alters the responses to several plant hormones, namely ethylene,
ABA, and JA, and thus could serve as an integration point between hormone signaling
and a coordinated O, response.

6 Nitric Oxide

Nitric oxide (NO) signaling in plants has recently gained much attention (Neill et al.
2008). Given the relationships between NO and ROS signaling, NO will surely play
an important role in the plant O, response. However, results supporting this are just
beginning to be published. NO production was induced quickly by O, in tobacco
(Ederli et al. 2006), with a burst of NO appearing at 1 h, peaking by 1.5 h and
returning to control levels by 2.5 h after exposure begun. In the mitochondria, O,
exposure led to a loss of cytochrome capacity and respiration and the induction of the
alternative oxidase (AOX). The induction of AOX was dependent of NO production
(Ederli et al. 2006). Significantly, another study showed that over-expression, but
not reduction, of AOX lead to O, sensitivity in tobacco (Pasqualini et al. 2007).
Intriguingly, the redl mutant has elevated levels of AOX expression (Overmyer et al.
2000). The roles of AOX and NO during O, exposure remain unclear; however,
further research in this area promises to contribute to our understanding of NO and
mitchochondrial biology.

7 Chloroplast Signaling

Although the role of the chloroplast has been explored extensively for chronic O,
response (Pell et al. 1997), this area has received less attention in the area of acute
O, response research. However, results from Arabidopsis mutant studies are giving
indications of an important role for chloroplasts. One such O,-sensitive mutant was
independently isolated in two different laboratories; the soz2/lcdl (sensitive to
ozone2llower cell densityl) mutant (Barth and Conklin 2003) and the rcd2 (radical
induced cell death2?) mutant (Overmyer et al. 2008). The rcd2 mutant has been
renamed to re-8, when it was found to be an allele of the classical mapping mutant
reticulata (re-1; Gonzalez-Bay6n et al. 2006). This mutant has a green variegated
appearance with normal-colored perivasular tissue and intervascular tissue that is
pale in color due to reduced cell density (Barth and Conklin 2003; Gonzalez-Bayon
et al. 2006; Overmyer et al. 2008). The ROS sensitivity and developmental phenotypes
in this mutant together provide a link between ROS signaling and leaf development.
The RETICULATA gene encodes a chloroplast-localized (Zybailov et al. 2008) pro-
tein of unknown function. Epistasis studies with reticulata indicate that RE func-
tions on a genetic pathway with phophoenopyruvate/phosphate translocatorl
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(PPT1; Gonzalez-Bayo6n et al. 2006; Streatfield et al. 1999). The ppt/ mutant, formerly
know as cuel (chlorophyll a/b binding protein underexpressedl), was isolated based
on its altered expression of nuclear chloroplast genes and is highly sensitive to oxidative
stress (Streatfield et al. 1999). This mutant was independently isolated in a NO screen
and was shown to be a NO overproducer (He et al. 2004). Taken together, this suggests
that RETICULATA participates in a pathway involving NO, which controls the
integration of stress, environmental, and developmental signals in the chloroplast.

Further evidence for chloroplast involvement in O, responses comes from the
pattern of ROS accumulation seen in G-protein studies. Joo et al. (2004) demonstrated
that ROS accumulation during O, exposure began in the chloroplasts of guard cells
before spreading to whole guard cells and then to surrounding tissues.

Interestingly, RCD1 may also be involved in chloroplast signaling. The RCD]
gene was identified as a high light-response upregulated gene (Bechtold et al. 2008).
Together with the paraquat tolerance of rcdl, this suggests possible involvement of
RCDI1 in signaling processes originating from the chloroplast.

8 Conclusions

O, research has benefited greatly from the use of the genetic model plant
Arabidopsis. We have begun to understand how the processes regulating O, entry
to the leaf intercellular airspace and how the subsequent signaling affects the several
downstream processes, which led to the induction-adaptive processes in O,-tolerant
plants, or cell death in O,-sensitive plants. The early apoplastic reactions followed
by hormonal signaling cascades have been elucidated to the degree where the inter-
actions between the processes can be understood and similarities with other proc-
esses have become visible. However, the perception of O,, and ROS in general, and
the role of chloroplastic processes in plant responses to O,, are still mostly unre-
solved. Understanding the integration of O,-induced responses with ROS signaling
and hormonal interactions can provide powerful tools for improving plant growth,
productivity, and product quality for the future plant production in changing climate.
The future challenge for plant-O, research is to identify the components involved
in O,/ROS perception and to elucidate crosstalk pathways to understand the interaction
mechanisms in the whole signal network.
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ROS and Plant Membrane Rafts

Francoise Simon-Plas and Sébastien Mongrand

Abstract Although excess reactive oxygen species (ROS) are toxic, physiological
concentrations of ROS may function as signaling molecules to mediate various
responses. However, given that ROS are diffusible and short-lived, localizing the
ROS signal at a precise subcellular location is essential for stimulation of specific
redox signaling. In animals, recent studies have indicated lipid microdomain
platforms or lipid rafts may be importantly implicated in redox signaling of a variety
of cells in response to agonists or stimuli (for a review, see Li and Gulbins 2007).
The plant plasma membrane (PM) is in charge of sensing the various environmental
modifications faced by the plant cell and triggering the appropriate physiological
responses. It thus exemplifies this requirement for an extremely fine-tuning of ROS
production in plants, which has been evidenced as a mediator in many different
biotic or abiotic stresses leading to significantly different responses. The spatial
compartmentalization of ROS-producing enzymes in specialized domains of the
plant PM could be one key element of such a regulation.

1 Evidence for Lateral Segregation of Plasma Membrane
Components in Cells, the Case of Membrane Rafts

1.1 Definition for Lipid Rafts and Estimation of their Size

None would doubt that membranes of living cells are laterally subcompartmented
and that this heterogeneity play major a role in cell biology. Nevertheless, charac-
terizing this heterogeneity has proven to be difficult. In plant cells, experimental
evidence provides clues on the existence of membrane domains of various size from
the large domain (ca. 10-20 pm) of auxin transporter proteins (Galweiler et al. 1998;

F. Simon-Plas and S. Mongrand (D<)

Laboratoire de Biogenese Membranaire, UMR 5200 CNRS-Université de Bordeaux,
146 rue Léo Saignat, 33076, Bordeaux, France

e-mail: sebastien.mongrand @biomemb.u-bordeaux2.fr

L.A. del Rio and A. Puppo (eds.), Reactive Oxygen Species in Plant Signaling, 209
Signaling and Communication in Plants, DOI 10.1007/978-3-642-00390-5_13,
© Springer-Verlag Berlin Heidelberg 2009



210 F. Simon-Plas and S. Mongrand

Swarup et al. 2001) to rather small domains of less than 1 pm evidenced in plasma
membrane (PM) domains of guard cell protoplasts, thought to act as perception site
for the phytohormone abscisic acid (ABA) (Yamazaki et al. 2003). The tips of pol-
len tubes (Kost et al. 1999) and root hairs (Takeda et al. 2008) are also good exam-
ples of domains segregating lipids and proteins essential for the cell polarized
growth. Another example of microdomains is given by the in vivo tagging strategy
of the K* channel KAT1 targeted to the PM within positionally stable microdo-
mains of ca. 0.5 um in diameter (Sutter et al. 2006).

As stated before, the biochemical or biophysical approaches to study these
membrane domains turned out to be tedious. Almost 20 years ago, the concept of
“lipid rafts” arose from various studies going from virus biology, sphingolipid sorting,
and membrane protein solubility to detergent and model membranes (see Powell
2006, for a historical perspective). The Keystone Symposium held in 2006 helped
to clarify current thinking in the raft field by providing a definition for lipid rafts.
First, although lipid-lipid interactions provide a driving force for the formation of
membrane domains, undoubtedly proteins also play a major role in contributing to
the genesis of these membrane microdomains. Hence, the term “lipid raft” was
abandoned in favor of “membrane rafts”. Second, membrane rafts are defined as
“small (10-200 nm), heterogeneous, highly dynamic, sterol-, and sphingolipid-enriched
domains that compartmentalize cellular processes. Small rafts can sometimes be
stabilized to form larger platforms through protein—protein and protein—lipid
interactions” (Pike 2006). We must emphasize that the size of rafts remains a subject
of intense debates (Jacobson et al. 2007).

In mammalian cells, the sizes of rafts have been estimated, by immunogold
labeling-electronic microscopy strategy, to be 25—70 nm in diameter (Prior et al. 2003).
The size of raft thus cannot be resolved in living cells by conventional light microscopy
(Glebov and Nichols 2004; Simons and Toomre 2000). Nevertheless, a punctuated
distribution of raft markers in mammalian cells is light-microscopically visible after
stimulation in various cell types (Gekara and Weiss 2004; Tanimura et al. 2003;
Triantafilou et al. 2004), suggesting a stimulus-dependent aggregation of rafts.

In yeast, large raft-based membrane domains, more likely raft clusters, can be
visualized in living cells (Malinska et al. 2003, 2004). In plant cells, up to now, only
indirect evidence was provided. For example, the hexose-proton symporter HUP1
of the green alga Chlorella kessleri shows a punctuated localization in the plane of
the PM. When expressed in yeast mutants lacking ergosterol and sphingolipids,
confocal images showed a homogenous distribution of HUP1-GFP within the PM
(Grossmann et al. 2006), a first experimental evidence of a lipid-dependant
segregation of a PM protein.

This could be connected with the fact that biological membranes are composed of
many types of lipids, including phospholipids, sphingolipids, and sterols. Numerous
studies performed with artificial membranes with a composition similar to PM sup-
ported the formation of domains enriched in sterols and sphingolipids, largely
excluding phospholipids (Niemela et al. 2007). The main forces enabling the forma-
tion of such domains would result from the ability of sphingolipids to associate with
each other. Cholesterol molecules tightly interact with sphingolipids by hydrogen
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bonding and serve as spacers to fill voids between sphingolipids (Simons and Ikonen
1997). This would lead to the formation of tightly packed subdomains, corre-
sponding to a “liquid ordered” phase, surrounded by the fluid phase of the membrane,
enriched in fatty acids with unsaturated acyl chains, and qualified as “liquid disordered”,
e.g., for plant lipids (Beck et al. 2007; Dufourc 2008).

1.2 Biochemical Characterization: Lipidomic and Proteomic
Approaches on Detergent Insoluble Membranes

A widely used feature of lipid rafts is their resistance to solubilization at low
temperature in mild nonionic detergents such as Triton X-100 (Brown and Rose
1992; Rietveld and Simons 1998). It can be explained by the high degree of acyl-chain
ordering, which prevents the diffusion of detergent molecules inside these domains.
Detergent-insoluble membranes (DIMs) are further purified by density gradient
centrifugation; raft-associated proteins are found floating in the low-density fraction
(top of the gradient) due to the lipids remaining attached to the proteins, while
the solubilized fluid phase is recovered in high-density fractions (see Fig. 1a).
The insoluble fractions are also called detergent-resistant membranes (DRM),
detergent-insoluble glycolipid-enriched microdomains (DIG), or glycolipid-enriched
membranes. For clarity, in this chapter, we choose the acronym DIM.

Do DIMs obtained by this procedure selectively recruit specific membrane
proteins, whereas others are excluded? It has to be noticed that, even widely used,
this procedure of DIM isolation raises a profound question: to what extent do these
DIMs correspond to microdomains present in vivo on the biological membrane?
There is no definite answer to that question. However, two types of arguments can
be put forward to justify the use of DIMs: (1) the lipid composition of DRMs is
similar to the one of domains formed spontaneously, in complex lipid mixtures; and
(2) in many studies, the association of proteins with DIMs has been correlated,
using imaging techniques, with their clustering on the PM of living cells (Jacobson
et al. 2007). It is important to note that compositionally distinct lipid microdomains
may coexist on the membrane. They can differ both in their resistance towards
different detergents and in the types of associated proteins (Roper et al. 2000).

In term of lipids, cholesterol, sphingomyelin, and glycosphingolipids are the
major lipids of DIM in mammalian cells (Rietveld and Simons 1998). In yeast,
these are ergosterol, inositolphosphoceramide, and its mannosylated derivatives
(Bagnat et al. 2000; Kubler et al. 1996). In plants cells, free phytosterols, sterol
conjugates and sphingolipids are found to be enriched in DIMs (Borner et al. 2005;
Lefebvre et al. 2007; Mongrand et al. 2004). Sphingolipids were mainly indirectly
measured by quantitation of LCB by HPLC (Borner et al. 2005; Lefebvre et al. 2007).
This measurement suggests that shingolipids in DIMs are mainly glucosylceramides
and glycosyl inositol phosphoceramide. Free sterols, but not steryl-conjugates, can be
depleted from plant PM vesicles by the cyclic oligosaccharide methyl-beta-cyclodextrin,
commonly used in animal cells to decrease cholesterol levels. After such treatment,
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Fig. 1 Biochemical purification of detergent-insoluble membranes (DIMs) by flotation on dis-
continous sucrose gradient. Western-blotting indicating that NtrbohD is mainly associated with
DIMs, in a sterol dependant manner. (a) Schematic representation of the centrifuge tube used for
DIM isolation. (b) PMs extracted from BY-2 cells, treated or not with methyl-f§ cyclodextrin 20
mM (—/+ cyclo) were solubilized with Triton X-100 at low temperature and centrifuged on a
sucrose gradient, as described in (a). An equal amount of proteins present in the fractions collected
were submitted to SDS-PAGE and blotted with an anti-NtrbohD antibody. Adapted with
permission from Roche et al. (2008)

leading to a reduction of 50% in the PM total free sterol, DIMs were no longer
extracted from PM, showing that phytosterols are key compounds for the formation
of plant PM microdomains (Roche et al. 2008).

In term of proteins, studies using mass spectrometry gave an extensive description
of Arabidopsis (Shahollari et al. 2004; Borner et al. 2005) and tobacco BY-2
cell PM DIM proteome (Morel et al. 2006). From a functional point of view, this
analysis indicated that if a primary function of the PM, such as transport, seems
under-represented in the raft fraction, others undergo a significant increase of their
relative importance, such as those involved in signaling and response to biotic and
abiotic stress, cellular trafficking, and cell wall metabolism. Recently, a similar
approach was performed on Medicago truncatula root PM rafts, in which a large
number of proteins (i.e., 270) have been identified. Interestingly, evidence was
given for the presence of a complete PM redox system in Medicago DIMs (see
below). All these studies suggest that raft domains are likely to constitute signaling
platforms involved in various physiological functions.

1.3 Role(s) for Membrane Rafts in Plant Cell

Several roles were attributed to membrane rafts in animal and yeast biology. Rafts
form platforms for lipid (Simons and Ikonen 1997) and protein sorting and trafficking
(Simons and van Meer 1988; Galbiati et al. 2001; Ikonen 2001) and cell signaling
(Dykstra et al. 2001; Field et al. 1997; Simons and Toomre 2000; Stauffer and
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Meyer, 1997). Membrane rafts also provide the cells with a mechanism for functional
and spatial control of exocytosis (Chamberlain et al. 2001) and are involved in
immune cell activation (Dykstra et al. 2001; Galbiati et al. 2001; Katagiri et al.
2001). Different models proposed that the small size of rafts in resting cells is
important to keep raft-associated proteins in an inactive state. Upon stimulation,
rafts may cluster to form a larger platform where functionally-related proteins can
interact (Simons and Toomre 2000).

In plants, rather little evidence suggests the role of rafts in cell biology processes,
some of them coming from plant—pathogen interaction. Recently, two studies
reported the pathogen—triggered focal accumulation of components of plant defence
pathway in the PM, a process reminiscent of lipid rafts (Assaad et al. 2004; Bhat
et al. 2005). It concerns the Arabidopsis syntaxin AtPENI1, originally identified in
a genetic screen for “non-host” resistance mutants (Collins et al. 2003), and the
barley homolog, HVROR?2, the heptahelical HYMLO; putative positive and negative
regulators of a basal defence pathway against powdery mildew attack and Cytb561-
containing protein, respectively (Bhat and Panstruga 2005). These authors showed
that fluorescently-tagged versions of these proteins were evenly distributed in the
PM in healthy leaf epidermal cells. When challenged with fungal pathogens, the
fluorescence accumulates at fungal pathogen entry sites. It defines a stable and
circular PM microdomain of approximately 3—10 um diameter, labeled by filipin, a
sterol dye, a result which strengthens the link between these proteins and raft domain
(Bhat and Panstruga 2005).

In the next section, we will discuss a hypothesis, already obtained through
experimental evidence, for the role of membrane rafts in regulating reactive oxygen
species (ROS) production in plant cells.

2 Membrane Localization of ROS-Producing Enzymes
and Compartmentalization of ROS Production

2.1 ROS-Producing Enzymes are Associated with DIMs

2.1.1 NADPH Oxidase (NtrbohD) in Tobacco Cells

Studies performed on different plant species showed that enzymes (named Rboh for
respiratory burst oxidase homologue), similar to the respiratory burst oxidase of
mammalian neutrophil cells, were an essential ROS-producing system during
plant-microorganism interaction (for a review see Chap. 1 of this volume). Cell
fractionation and membrane purification of plant tissue indicates that Rboh proteins
are localized in PM (Sagi and Fluhr 2001; Simon-Plas et al. 2002). In particular,
NtrbohD (for Nicotiana tabacum respiratory burst oxidase homolog, isoform D),
located on the PM, was shown to be responsible for the oxidative burst triggered by
the fungal elicitor cryptogein, since its downregulation by an antisense strategy on
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Table 1 Enzymes and regulators found in plant raft plasma membrane, putatively involved in
ROS formation

Plant specie/accession

Protein name number Reference
NADPH oxidase NtrbohD Nt, Q8RVIJ9 Mongrand et al. (2004);
Morel et al. (2005)
RACS Nt024142 Mongrand et al. (2004);
Morel et al. (2005)
NADH-ubiquinone oxidoreductase MtC00504_1 Lefebvre et al. (2006)
NADH-ubiquinone oxidoreductase MtC00519.2_1 Lefebvre et al. (2006)
NADH-ubiquinone oxidoreductase MtC00544_1 Lefebvre et al. (2006)
NADH-ubiquinone oxidoreductase MtC20003_1 Lefebvre et al. (2006)
L-Acorbate Oxidase MtC20240_1 Lefebvre et al. (2006)
Peroxidase precursor (haem peroxidase) AC123575_10.1 Lefebvre et al. (2006)
Cytochrome b561, domon domain AC147406_8.1 Lefebvre et al. (2006)
Domon domain AC126793_22.1 Lefebvre et al. (2006)
Germin; cupin region AC149038_25.1 Lefebvre et al. (2006)
Plastocyanin like MtD04199_1 Lefebvre et al. (2006)
Ubiquinol-cytochrome ¢ reductase MtC50199_1 Lefebvre et al. (2006)
Cytochrome bd ubiquinol oxidase MtD22966_1 Lefebvre et al. (2006)
(14 kDa-subunit)
1,4-Benzoquinone reductase MtC00067_1 Lefebvre et al. (2006)
Cytochrome p450, trans-cinnamate S36878 Lefebvre et al. (2006)
4-monooxygenase
Blue copper-binding protein, plastocyanin like MtC30578_1 Lefebvre et al. (2006)
Cytochrome cl AC138464_11.1 Lefebvre et al. (2006)

tobacco bright-yellow 2 (BY-2) cells completely abolished ROS production upon
challenging with this elicitor (Simon-Plas et al. 2002).

Studies performed on this model, using either immunological or mass spectrometry
experiments (see Table 1), revealed the presence of NtrbohD in DIMs of tobacco
BY-2 cells (Mongrand et al. 2004; Morel et al. 2006). Furthermore, it has been
confirmed that all the protein was associated with the DIM fraction, and that this
segregation was abolished by methyl-f-cyclodextrin, which indicates its sterol-
dependency (Fig. 1b).

2.1.2 Redox System Around a Cytochrome b, in Medicago Root?

In 2001, the ascorbate-reducible cytochrome b561 was found to be differentially
solubilized by Triton X-100 in different plant PMs (Berczi et al. 2001). The authors
speculated that the differential Triton X-100 solubility could be the consequence of
the formation of sterol-containing rafts in the Arabidopsis membrane (Berczi and
Horvath 2003). A few years later, biochemical characterization and extensive
proteomic analysis of DIMs from Medicago truncatula root PM not only allowed
the identification of a specific set of proteins common to other lipid rafts, but also
the presence of a putative redox system around a cytochrome b561 not previously
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identified in lipid rafts of either plants or animals (Lefebvre et al. 2007; for review,
see Furt et al. 2007) (see Table 1).

Cytb561 proteins belong to a family of proteins located in both PM and
endomembranes; one subclass of this family containing an extracellular domain
which is also found in dopamine B-monooxygenase N-terminal domain (DOMON).
Proteins found in Medicago DIMs contain both DOMON and Cytb561 domains.
In animals, Cytb561 proteins are able to transfer electrons across membranes from
an ascorbate to a dehydro-ascorbate to allow the biosynthesis of noradrenaline from
dopamine by dopamine 3-monooxygenase. In addition, there is increasing evidence
that Cytb561 proteins can act as ferric reductases, by reducing ferric ions (Ponting
2001; Berczi et al. 2007). Thus these proteins in M. truncatula are likely to be
involved in redox control by shuttling electrons across the PM. It must be noted that
its e~ acceptor is unknown.

On the apoplastic side, both ascorbate oxidase and class III heme peroxydase,
both identified in DIMs, could also be involved in the redox system. In good agreement,
strong illumination of watermelon to produce an excess of electron leads to a
coregulation of both ascorbate oxidase and Cytb561 proteins (Nanasato et al. 2005).
Class III heme peroxidase (PODs) could reduce hydrogen peroxide (involved in ROS
degradation). Alternatively, depending on the apoplastic redox conditions, PODs
could produce hydrogen peroxide (Mika et al. 2004) participating in ROS generation.
Such ROS accumulation could have several functions, and ROS production may
be a mean of controlling the potential symbiont (see Chap. 10 in this volume).
Indeed, Rhizobium mutants with impaired ROS detoxification machinery present
abnormal nodulation phenotypes (Pauly et al. 2006). On the plant side, it is involved
in signaling, as accumulation of ROS is dependent on Nod factors, signal molecules
secreted by Rhizobium.

The functional analysis of the PM cytochrome b, redox system found in
M. truncatula root DIM need to be substantiated for evaluating its role in the redox
balance, and also determining whether it is involved in the establishment of the
legume—Rhizobium symbiosis. Interestingly, the NADPH oxidase found in tobacco
BY2 cell PM DIM has not been found in M. truncatula roots. Therefore, PODs in
DIMs might be considered as other candidates, in addition to NADPH oxidase, to
participate in ROS production. This model presented in Furt et al. 2007, albeit
speculative, provides a good hypothesis for further studies.

2.2 ROS Production is Observed in Distinct
Areas of Plant PM

To determine both the dynamics and subcellular location of ROS accumulation in
cryptogein-elicited tobacco suspension cells and plants, cerium chloride, a capture
agent of H,O, widely employed in TEM studies in animal (Briggs et al. 1975;
Warren et al. 1989; Soares et al. 1994; Miura et al. 2003) and plant cells and tissues
(Bestwick et al. 1997; Pellinen et al. 1999), was used. As soon as 5 min after elicitation,
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Fig. 2 Electron microscope localization of H,0, accumulation triggered by cryptogein in BY-2
cells after staining by CeCl,. CeCl, precipitates w1th H,0, at reaction sites, forming electron-dense
cerium perhydroxides that are v1§uahzed as black §p0t§ (a) Experiment on nonelicited BY-2 cells:
PM is free from cerium precipitates (arrowhead). (b) Aliquots of BY-2 cells sampled 5 min after
the addition of 50 nM cryptogein. Patches (80 nm) of cerium perhydroxides are located along the
PM (arrows). CW Cell wall, pm plasma membrane

H,0, is clearly shown on the PM of cryptogein-elicited BY-2 cells with a maximum
of precipitates visualized on PM of cells sampled 15 min after elicitation (Fig. 2).
All along the time-course of the experiment (30 min), H,0, was only visualized on
the cell PM as distinct and local patches (Lherminier et al. 2009). This constitutes
one of the very first correlations between the association of a protein with particu-
lar domains of specific lipidic composition, and the detection of its biological activ-
ity on distinct areas of the PM. It also strengthens the validity of using DIMs as
biochemical counterparts of specialized domains present on the PM of living cells.
Furthermore, the size of these precipitates was around 80 nm, which is within the
size range (10-200 nm) generally admitted for lipid rafts.

Chemiluminescence experiments have failed to detect ROS accumulation in
BY-2 cells transformed with antisense constructs of the PM NtrbohD (Simon-Plas
et al. 2002). Consistently, these cells do not exhibit any precipitates of cerium on
the PM, which leads to the assumption that the patches along the PM represent the
accumulation of H,O, generated by the NADPH oxidase. The same technique allowed
the detection of hydrogen peroxide accumulation in cultured cells of Rubia tinctorum
challenged with a fungal elicitor, and revealed that H,O, generation occurred locally
along the PM (Boka et al. 2007). In the context of cell growth and development,
(Foreman et al 2003) reported that localized ROS production by NADPH oxidase
in the growing tip of cells is required for polarized hair growth. Deregulation of
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such a process leading to a broader distribution of ROS led to mislocalization of
root hair cells and ectopic hair formation sites (Carol et al. 2005).

These observations corroborate experimental evidence obtained in animal cells.
The use of scanning near-field optical microscopy, combined with the immunode-
tection of PM NADPH oxidase, produced high resolution imaging indicating the
occurrence of a clustered localization of these proteins on the PM of haematopoietic
stem cells (Frassanito et al. 2008). Similarly, in vascular smooth muscle cells, Nox1
colocalized with caveolin in punctuate patches on the PM, whereas Nox4 was observed
in particular intracellular sites (Hilenski et al. 2004). This differential localization in
separate signaling domains may support opposing functions and differential regulation
by growth factors and hormones. Conversely, an interesting study demonstrated that
ROS could promote raft formation in T lymphocytes (Lu and Cederbaum 2007).

Another interesting feature is the demonstration that the functionality of animal
NADPH oxidase depends on the presence of cholesterol, and that this effect is explained
by the recruitment of the different subunits of this oxidase in cholesterol-rich micro-
domains to assemble the active enzymatic complex (Vilhardt and van Deurs 2004).
This observation of microdomains acting as platforms gathering different proteins
involved in a redox signaling pathway fully supports the hypothesis developed above
concerning the “redox system” identified in Medicago truncatula roots.

Finally, both from experiments performed on animal and plant cells, NADPH
oxidases appear to be activated within discrete membrane compartments, thereby
facilitating localized ROS production. These findings provide insights into our under-
standing of the temporal and spatial organization of agonist stimulated ROS production
and activation of specific redox signaling pathways. It remains to be determined how
the subcellular localization and targeting of NADPH oxidases are regulated. Future
experiments should reveal the functional importance of localized ROS production,
and how its activity is controlled to produce ROS in a regulated manner.
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ROS in Retrograde Signalling
from the Chloroplast to the Nucleus

Philip M. Mullineaux

Abstract This chapter reviews the roles of reactive oxygen species (ROS), such
as singlet oxygen and hydrogen peroxide, in initiating and transducing retrograde
signals from the chloroplast to the nucleus in response to environmental cues.
Recent research is extensively cited that show ROS-directed retrograde signalling
triggering both programmed cell death and acclimation to changed conditions.
The implications for signal transduction are discussed in which ROS, by virtue
of their reactivity or due to cellular antioxidant systems, are contained within
chloroplasts, or under more extreme conditions, diffuse out to promote oxidative
damage in other subcellular compartments. Finally, a discussion on the imperatives
that will drive future ROS-related research in plants is provided that sets out why,
and perhaps how, such research must be translated into crop improvement strategies
for the benefit of global agriculture.

1 Introduction

This is one of many reviews on the subject of chloroplast-to-nucleus retrograde
signalling (hereafter referred to simply as retrograde signalling) in plants and the
author is acutely aware of the following sentiment: -“Given the number of recent
reviews written in this area of plastid-to-nucleus signalling, there is considerable
interest in these signalling pathways, yet very little is actually known” (Nott et al.
2006). Since these words were published, we are a little further forward, mainly due
to a major contribution from the authors of this statement (Koussevitzky et al.
2007), but not in all areas. The preponderance of reviews reflects the importance of
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this subject, since the communication between the chloroplast and the nucleus is
clearly essential for plant cell function and a detailed justification for reviewing this
subject need not be expounded here. For different perspectives on this subject, the
reader is referred to recent excellent reviews covering this subject (Nott et al. 2006;
Pesaresi et al. 2007; Pfannschmidt et al. 2009).

In an attempt to be different and perhaps to be more speculative, this chapter will
focus on one specific aspect of retrograde signalling, viz., how the signal exits the
chloroplast and how reactive oxygen species (ROS) can play a role in this process.
In this context, two mutually exclusive roles of ROS can be perceived: either the
initiation of a retrograde signalling pathway by ROS leading to the exit of a
non-ROS signal from the chloroplast (Mullineaux et al. 2006), or the exit of ROS
from the chloroplast to propagate the signal in the cytosol and beyond (Mullineaux
and Karpinski 2002; Baier and Dietz 2005; Pesaresi et al. 2007). These two roles
will hopefully become apparent to the reader when examples of actual or potential
retrograde signalling pathways are considered. Integrated into these mutually
exclusive signalling roles is the notion of containment (or not) of ROS at their site
of production as the means of distinguishing between two different outcomes —
either the death of the cell or acclimation leading to its survival. This may allow a
means of classifying the roles of ROS at two levels. First, the distinction can be
made between promotion by ROS of uncontrolled oxidative stress and when the
same species act as signalling molecules (Mullineaux et al. 2006). The outcome of
ROS-directed signalling provides a second level of distinction, in which ROS
signalling triggers either programmed cell death or acclimation of the cell to
adverse conditions. It should be emphasised that, at the level of the organism, the
programmed death of specific cells or tissues involving ROS is a normal part of
plant development or in mounting resistance to environmental challenges (Pennell
and Lamb 1997; Grant and Loake 2000; Bechtold et al. 2005). Only in extremis,
where cell death is triggered over much large areas of the plant, does this become
a problem, as in exposure to acute levels of ozone which inappropriately triggers an
extensive hypersensitive response (HR; Langebartels et al. 2002, Joo et al 2005) or
over-production of the ROS singlet oxygen ('O,) in the flul mutant (Op den Camp
et al. 2003; see Sect. 14.2.4.1).

Retrograde signalling in plants has been studied most extensively from damaged
chloroplasts and is beginning to be studied in situations where this mode of signalling
occurs as part of a plant’s normal response to a physiologically relevant environ-
mental cue. There are also examples that appear to fall between these neat categories,
mainly because there is little information on the physiological state of the chloroplast.
Thus, experimental systems range from studying retrograde signalling in bleaching, and
therefore dying, whole seedlings, through to cells which undergo cell death as part
of a protective mechanism for the whole organism. At the other end of this
spectrum of responses, retrograde signalling drives cellular adjustment to the new
conditions and consequent acclimation of the plant. Considering the aims of this
chapter, it is hoped that the role of ROS in each situation will be apparent or can be
pointed to as a potential involvement.
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2 Mechanisms of Retrograde Signalling from Damaged
Chloroplasts and the Involvement of ROS

In situations where chloroplasts malfunction, it is clearly important that this situa-
tion be communicated to the rest of the cell. Signal transduction from damaged
chloroplasts is the best defined retrograde signalling pathway in plants. This experi-
mental system is predicated on the observation that malfunctioning chloroplasts in
seedlings generally leads to downregulation in the expression of many genes coding
for components of the photosynthetic apparatus. Recent research has highlighted
three distinct pathways distinguished by whether these signalling pathways are
activated by disruptions to porphyrin biosynthesis, chloroplast gene expression, or
redox signals originating from photosynthetic linear electron flux (LEF). As will be
described briefly below, these three signalling pathways may be coordinately regu-
lated by two genes, GUNI and ABI4 (Koussevitzky et al. 2007). In addition, studies
on Arabidopsis mutants that accumulate 'O, in chloroplasts and promote oxidative
stress can be argued as signalling from compromised chloroplasts that elicit a
number of signalling pathways that lead to cell death (see Sect. 14.2.4).

2.1 The Mg-ProtolX Signalling Pathway:
a Brief Description

When compounds or mutants are used that promote inhibition of porphyrin biosyn-
thesis and accumulation of Mg-Protoporphyrin IX (Mg-ProtoIX) and its methyester
derivatives, a distinct retrograde signalling pathway is activated (Kittsteiner et al
1991; Susek et al 1993; Oster et al 1996; Strand et al 2003; Mochizuki et al 2001;
Nott et al; 2006; Koussevitzky et al. 2007). The cumulative evidence presented in
these papers strongly suggests that Mg-ProtolX accumulation specifically triggers
this signalling pathway. Genetic dissection of this signalling pathway has been
greatly facilitated by the isolation of so-called genomes uncoupled (gun) mutants
of Arabidopsis thaliana. These mutants were identified from an elegant screen of
norflurazon-treated photo-bleached seedlings in which there was a search for
higher levels of LIGHT-HARVESTING CHLOROPHYLL a/b-BINDING PROTEIN
gene (Lhc) expression than would occur in wild-type seedlings under these conditions
(Susek et al. 1993; Nott et al. 2006; Koussevitzky et al. 2007). Most of these mutant
loci (gun2 to gun5) encode plastid-localised enzyme subunits that are part of the
porphyrin biosynthetic pathway leading to chlorophyll or phytochromobilin (the
chromophore for phytochrome; Nott et al. 2006). All these mutants fail to accumulate
Mg-ProtoIX and therefore fail to repress the expression of nuclear photosynthetic
genes (Nott et al. 2006). Arguments have been made that Mg-ProtoIX could exit
the chloroplast and be the transducer of the signal (Strand et al. 2003; Nott et al.
2006). This may well be the case, reflecting a better established extra-plastidial role



224 P.M. Mullineaux

for Mg-ProtoIX in Chlamydomonas reinhardtii in which the induction of nuclear
photosynthetic genes and stress-protective genes occurs in cultures that undergo a
dark-to-light transition (Kropat et al. 1997, 2000).

The mutant gunl was characterised more recently (Koussevitzky et al. 2007),
and the GUNI gene was found to encode a plastid-localised pentatricopeptide
repeat (PPR)-containing protein. This family of proteins is involved in the matura-
tion, translation and turnover of messenger RNAs. However, GUNI contains a
second domain called a mutS-related (SMR) domain. This highly conserved domain
across the kingdoms may reflect an ability of GUN1 to bind DNA and thus GUN1
may be distinct from other PPR-proteins (Koussevitzky et al. 2007). Microarray
analysis comparing gun mutant and wild-type seedlings in the presence of norflu-
razon revealed an enrichment of differentially expressed genes whose promoters
contained a combined light and abscisic acid (ABA) regulated cis element. However,
testing of a range of ABA-deficient and -insensitive mutants for gun mutant pheno-
types was negative apart from mutants in ABI4, indicating that ABA signalling was
not involved in this retrograde signalling pathway (Koussevitzky et al. 2007). This
gene encodes an Apetala-2 (AP-2) class transcription factor which had previously
been implicated in sugar signalling (Rolland et al. 2006), which also promotes
downregulation of the expression of nuclear genes encoding components of photo-
synthesis (Oswald et al. 2001). Genetic analysis showed that GUN1 acts above ABI4
in the same signalling pathway, and that this GUN1/ABI4 combination co-ordinately
regulates the three signalling pathways identified to date. ABI4 was shown to bind
to the Lhc promoter and this transcription factor is known to act as a repressor
in ABA-, ethylene- and jasmonic acid (JA)-mediated signalling and is therefore
consistent with a role in the downregulation of nuclear photosynthetic genes
described here.

2.1.1 A Role for ROS in the Mg-ProtoIX Signalling Pathway?

Might there be a role for ROS, especially 'O,, in the Mg-ProtolIX signalling pathway in
norflurazon-treated photobleaching seedlings? Many porphyrin- and haem-containing
compounds are photodynamic compounds that generate 'O, in the presence of light (Duke
et al. 1991; Jimenez-Banzo et al. 2008). However, there is specificity of Mg-ProtoIX
in repressing light-induced nuclear gene expression in both Chlamydomonas
(Kropat et al. 1997) and Arabidopsis because closely related compounds, such as
protoporphyrin IX or protochlorophyllide, do not work in this system (Kropat et al.
1997; Strand et al. 2003). Light induction of HSP70 in Chlamydomonas requires
Mg-ProtolX, but addition of this compound to dark-grown cultures achieves the
same effect (Kropat et al. 1997). This rules out the possibility of light promoting
'O, production as part of the signalling process, and instead the role of light has
been suggested to promote the export of Mg-ProtoIX to the cytosol from the chlo-
roplast (Kropat et al. 1997). Therefore, it is unlikely that the required accumulation
of Mg-ProtoIX is linked to the production of 'O,. However, in the Arabidopsis
experimental system, the presence of light plus norflurazon will generate 'O,



ROS in Retrograde Signalling 225

(Thomas et al. 1998; Jung et al. 2000) and is an additional variable factor not
emphasised in these studies. Given the proposed role of 'O, in signalling (see Sect.
14.2.4), there would seem to be potential to explore this question further, especially
when one considers that GUNI/ABI4 may also regulate the expression of genes that
respond to photobleaching induced by exposure to intense light (see Sect. 14.2.3).

2.2 A Plastid Gene Expression-Dependent Signalling Pathway

The same GUNI/ABI4 genes also mediate the downregulation of nuclear photosyn-
thetic gene expression when seedlings are treated with inhibitors of chloroplast
translation such as lincomycin and chloramphenicol (Nott et al. 2006; Koussevitzky
et al. 2007). This plastid gene expression (PGE)-dependent pathway is light
independent, which was concluded from the observation that constitutively photo-
morphogenic mutants of pea and Arabidopsis grown in the dark accumulate Lhc
mRNA, which could be inhibited by treatment with lincomycin (Sullivan and Gray
1999). Unlike most gun mutants, seedlings harbouring mutant alleles of GUNI
show increased levels of Lhc mRNA when treated with lincomycin, arguing that
GUNI exerts control over this PGE-dependent pathway as well as the Mg-ProtoIX
pathway (Koussevitzky et al. 2007). The nature of the signal from chloroplasts that
reports disruption of translation remains elusive, but the data provided seem to rule
out a role for ROS. However, lincomycin treatment of leaves in the light can promote
'O, production in the chloroplast that causes oxidative damage to photosystem II
(PSII) reaction centres (Hideg et al. 2007). This observation might suggest that
there is some connectivity provided by 'O, in initiating these GUN1/ABI4-regulated
pathways in light-exposed plants.

2.3 A Photo-Oxidative Stress-Dependent Pathway: ROS
and Redox Signalling

The third pathway involving GUNI/ABI4 may well involve ROS at a number of
levels. In the studies reporting the convergent regulation of retrograde signalling by
GUNI/ABI4 (Koussevitzky et al. 2007), low light-grown seedlings were exposed to
>40-fold intense light over their growth light intensity. The consequent photob-
leaching of the seedlings was associated with a downregulation of Lhc expression
as well as the induction of the photo-oxidative stress inducible genes, Zat/0 and
Zat12 (Koussevitzky et al. 2007; Rossel et al. 2007; Davletova et al. 2005). In contrast,
in both gunl and abi4 mutants, these effects were at least partially reversed i.e. Lhc
expression was maintained for longer and the Zat genes were slower to be induced
in the mutants. Under these intense light conditions, chloroplasts will produce high
levels of ROS including 'O, superoxide anion radical (O,*"), hydrogen peroxide
(H,0,) and lipid (hydro)peroxides (Sofo et al. 2004; Flors et al. 2006; Karpinski
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et al. 1997; Havaux et al. 2006; Scarpecci et al. 2008) which could initiate signalling
(Levine et al. 1994; Karpinski et al. 1997, 1999; Jabs et al. 1996; Op den Camp
et al. 2003; Rusterucci et al. 2001; Fryer et al. 2003; Apel and Hirt 2004; Mateo et al.
2004; Joo et al. 2005; Gadjev et al. 2006; Chang et al. 2004; Sattler et al. 2006).
Under these extreme conditions, seedlings bleach and are unlikely to recover. From
damaged photobleaching chloroplasts, the secretion of stable ROS such as H,0,
and lipid peroxidation products could initiate a cell death programme. In this
respect, while ROS diffusing from chloroplasts could be regarded as a retrograde
signal (Mullineaux and Karpinski 2002; Baier and Dietz 2005; Nott et al. 2006;
Pfannschmidt et al. 2009), specificity is not an issue since this degree of oxidative
stress could be argued to elicit the same type of programmed cell death irrespective
of the source of ROS. Identical outcomes are observed when, for example, peroxisomal
catalase-deficient plants are exposed to moderately high light (Willekens et al.
1997; Vanderauwera et al. 2005) or when pathogen elicitors induce cell death
(Rusterérucci et al. 1999). However, while numerous ROS must be present in these
seedlings exposed to intense light, the role of the GUN1/ABI4 pathway in regulating
a ROS-associated signalling pathway is difficult to discern from the data currently
available (Koussevitzky et al. 2007), but it is hard to imagine that ROS are not involved.

2.4 Multiple Retrograde Signalling Initiated by 'O,

The production of 'O, in PSII reaction centres occurs under a very wide range of
light intensities, and its rapid accumulation upon sudden exposure of leaves to high
light or treatment with herbicide inhibitors of photosynthetic electron transport,
such as DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), promotes photoinhibition
(Fischer et al. 2002; Hideg et al. 2007; Fufezan et al. 2002; Flors et al. 2006).
Protection against oxidative damage to thylakoid membranes by 'O, is afforded by
both carotenoids and a-tocopherol (Havaux et al. 2005; Sattler et al. 2006). From a
signalling perspective, it is generally accepted that the reactivity and consequent in
vivo half-life of 'O, is so short (Halliwell and Gutteridge 1985) that some secondary
ROS would have to transduce the signal as a secondary messenger. In particular, the
(per)oxidation products of polyunsaturated fatty acids that would arise from the
reaction of 'O, with predominant fatty acids in the chloroplast such as a-linolenic
acid would be the likely candidates (Apel and Hirt 2004; Montillet et al. 2004). In turn,
further free radical catalysed reactions of a-linolenic acid generate cyclic oxylipins
(isoprostanes) which are potent inducers of nuclear gene expression (Thoma et al. 2003).
Recently, it has been shown that isoprostane-dependent signalling requires TGA class
B-Zip transcription factors (Mueller et al. 2008). Therefore, from general 'O -initiated
lipid peroxidation, a number of potential retrograde signalling pathways could be
activated in which lipid peroxides or their derivatives could act as the retrograde
signal from chloroplasts, although no specific molecule or process has been identified
that can achieve this.
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Recently, however, a contrary view has been offered, suggesting that 'O, may be
more stable in vivo than thought (Fischer et al 2007). In the cytosol as well as the
chloroplast of high light-exposed Chlamydomonas, 'O, was detected and has been
suggested to signal the induction of the antioxidant gene GPXH. This observation
needs to be verified, but it is known that fatty acid peroxide radicals can precipitate
autocatalytic cascades of further peroxidation that can generate more 'O, (Halliwell
and Gutteridge 1985; Flors et al. 2006). In other words, it may be that cytosol-
located 'O, did not originate directly from chloroplasts but was formed in the
cytosol from fatty acid peroxides that had been formed in thylakoid membranes and
then diffused from chloroplasts. This is potentially a retrograde signalling route,
since this process of 'O, to lipid peroxide back to 'O, in the chloroplast and then
the cytosol does trigger nuclear gene expression and warrants further investigation.

'O, can also be generated in the chloroplast by diphenyl ether herbicides that
inhibit protoporphyrinogen IX oxidase (Duke et al. 1991), the last common step for
chlorophyll and haem biosynthesis (Nott et al. 2006). The accumulation of this
potent photodynamic compound promotes 'O, accumulation, oxidative stress and
photobleaching. Again, the treatment with levels of herbicide which promotes
non-enzymatic lipid peroxidation can lead to changes in nuclear gene expression
(Jung and Black 2005).

2.4.1 'O, and the Overlap of Cell Death and Disease Resistance Pathways

That chloroplast-generated 'O, may initiate the activation of cell death-disease
resistance pathways has been reinforced comprehensively with work on the flul
mutant of Arabidopsis (Meskauskiene et al. 2001; Op den Camp et al. 2003; Apel
and Hirt 2004; Wagner et al. 2004; Gadjev et al. 2006; Przybyla et al. 2008). This
mutant is defective in the regulation of enzymes of the chlorophyll biosynthetic
pathway and consequently accumulates protochlorophyllide in the dark up to ten
times greater than wild-type plants (Przybyla et al 2008). The attraction of using
flul is that the timing of accumulation and the amount of 'O, can be controlled by
growing plants as seedlings or to maturity under a continuous 24 h photoperiod to
prevent accumulation of protochlorophyllide. Shifting such plants to one cycle of dark-
ness brings about accumulation of protochlorophyllide which upon re-introduction
of plants back to the light leads to production of 'O, (Meskauskiene et al. 2001).
Mutant fIul plants or seedlings treated in this way undergo bleaching which is the
end result of the 'O,-mediated activation of a genetically programmed cell death
response (Op den Camp et al. 2003; Wagner et al. 2004; Przybyla et al. 2008).
In contrast, flul etiolated seedlings grown heterotrophically produce four times more
protochlorophyllide than the same seedlings grown in 24 h light and then trans-
ferred to the dark (Przybyla et al. 2008). In this case, the photobleaching of the flu/
seedlings is due to massive oxidative stress caused by auto-catalysed lipid peroxi-
dation (Przybyla et al 2008).

In the genetically controlled 'O, initiated cell death response, enzyme-catalysed
lipid peroxidation via the activation of plastidial lipoxygenase is important (Op den Camp
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et al. 2003). One major product of enzyme-catalysed lipid peroxidation is
13-hydroperoxy octadecatrienoic acid, a biosynthetic precursor for jasmonic acid
(JA; Przybyla et al. 2008). JA is a well-studied stress responsive signalling molecule
(Devoto and Turner 2005; Balbi and Devoto 2008), and the stimulation of its
biosynthesis and signalling by 'O, means that this is one route in which this ROS
can stimulate a retrograde signalling pathway from the chloroplast to the nucleus.
However, despite clear evidence of interaction between JA- and lOz-mediated
signalling, the 'O,-induced cell death programme per se does not depend on JA
signalling (Przybyla et al. 2008). A similar situation exists for 'O, activation of salicylic
acid (SA)-mediated signalling; i.e., there is a clear connection but the SA pathway
is not required for 'O,-mediated cell death (Ochsenbein et al. 2006). The novel
nature of this signalling pathway is underscored by the identification of two genes,
EXECUTORI (EXEI) and EXE2, whose chloroplast-localised products are required
for the '0,-induced cell death (Wagner et al. 2004; Lee et al. 2007). Precisely how
EXE1 and EXE2 carry out their role in this signalling pathway is not clear and no
retrograde signal specific for this cell death pathway has yet been identified
(Pfannschmidt et al. 2009). However, it is clear that in flul at least, lO2 production
elicits a whole network of signalling pathways.

The elegant exploitation of flul has clearly demonstrated that 'O,-directed retro-
grade signalling pathways exist, but the question arises of how and under what
circumstance do these pathways operate in wild-type plants? Treatment of plants
with high light and/or DCMU evokes 'O, production (Fufezan et al. 2002; Flors et al.
2006), but genes whose expression was induced in flul producing 'O, were not
upregulated in DCMU-treated plants (Bechtold et al. 2008). This impression is
reinforced by an extensive meta-analysis of data from plants producing different
ROS, in which flul showed alterations in expression of a highly specific group of
genes (Gadjev et al. 2006). This has been argued to be because the production of
'O, in DCMU'high light-treated plants is in PSII reaction centres, whereas in flul
this will not be the site of 'O, production (Bechtold et al. 2008). However, this
potentially important difference between wild-type and flul may not be due to the
precise origin of 'O,, since accumulation of protochlorophyllide in flu/ has recently
been shown to be associated with thylakoid membranes (Przybyla et al. 2008) and
the photobleaching effects of low concentrations of DCMU are ameliorated in exel
null mutants (Wagner et al. 2004).

The observation that sub-lethal doses of diphenyl ether herbicides that generate
'O, can invoke SA-mediated pathogen resistance (Molina et al. 1999), mimicking
the situation in flul (Ochsenbein et al. 2006), might offer a clue to resolving this
conundrum. High light-exposed “sun” leaves have been suggested to depend more
on resistance signalling pathways mediated by the chloroplast than those in shade
(Bechtold et al. 2005). Might it be that 'O,-mediated retrograde signalling has an
important role in sun leaves when challenged with a pathogen and can use increased
'O, production to accelerate the induction of resistance? The role of ENGHANCED
DISEASE SUSCEPTIBILITY1 (EDS1), a gene that integrates ROS into SA-mediated
disease resistance pathways (Rusterérucci et al. 2001), in 'O,-mediated signalling
(Ochsenbein et al. 2006) does argue for the involvement of 'O, in disease resistance
in wild-type plants in their natural environment.
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2.5 Multiple Pathways for H,0,-Directed Signalling from
Chloroplasts

A number of scenarios can be described in which H,0O,, generated from enhanced
photoreduction of O, at photosystem I (PSI; Asada 1999) plays a central role in
chloroplast-to-nucleus signalling that activates responses ranging from acclimation
to cell death, and in which this stable ROS (Halliwell and Gutteridge 1985) can be
argued to be contained within the chloroplast and exert its signalling function there,
or to have been secreted from it and elicit signalling in the cytosol or beyond

(Mullineaux et al. 2006).

2.5.1 High Light-Induced Retrograde Signalling from Chloroplasts: H,0,
or Plastiquinone Redox State?

Prior to photobleaching, the exposure of seedlings to intense light as described in
Sect. 14.2.3 would, in addition to bringing about increased ROS production,
induce substantial over-reduction of LEF chain components as the amount of light
energy absorbed would rapidly exceed the capacity of photosynthetic metabolism
to use it (Karpinski et al. 1997, 1999; Ort and Baker 2002; Nott et al. 2006;
Pfannschmidt et al. 2009). Therefore, redox changes around LEF may initiate
signalling as well as, or in place of, ROS. Discriminating between these two
possibilities is important.

The redox state of plastoquinone (PQ) and other LEF chain components can also
be manipulated experimentally by using the LEF inhibitors DCMU and DBMIB
(2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone), which, among their other
effects, promote oxidation and reduction of the PQ pool, respectively (summarised
in Pfannschmidt et al. 2009). A similar effect can be achieved by exposing plants
to wavelengths of light which are preferentially absorbed by PSII or PSI and would
promote reduction and oxidation of the PQ pool, respectively (summarised in
Pfannschmidt et al. 2009). In these somewhat artificial experimental arrangements,
it has been argued that changes in the redox state of PQ initiates signalling leading
to changes in both plastid and nuclear gene expression (Escoubas et al. 1995;
Karpinski et al. 1997, 1999; Pfannshmidt et al. 1999; Oswald et al. 2001; Fey et al.
2005). These PQ-driven signalling pathways do not appear to involve ROS, sug-
gesting that PQ redox changes per se are indeed important in retrograde signalling
(Fey et al. 2005).

The role of PQ as an initiator of retrograde signalling was also initially sup-
ported by studies on the high light-mediated induction of ASCORBATE
PEROXIDASE?2 (APX2). Exposure of Arabidopsis leaves to ca. tenfold high light
increases the reduction state of Quinone A (Q,) consistent with a concomitant
increased redox state of PQ (Russell et al. 1995; Fryer et al. 2003). The same degree
of increased light intensity rapidly induces APX2 expression in the bundle sheath
cells of Arabidopsis leaves (Karpinski et al. 1997, 1999; Ball et al. 2004; Chang
et al. 2004; Nishizawa et al. 2006). By using DCMU, it has been established that
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there is a requirement for LEF for APX2 induction under high light conditions
(Karpinski et al. 1997, 1999; Rossel et al. 2002; Chang et al. 2004; Bechtold et al.
2008). Combined with observations that under growth light conditions DBMIB-
treated leaves show increased APX2 expression, this has been taken as evidence for
the importance of a PQ-mediated redox signal in regulating the expression of this
gene (Karpinski et al. 1997, 1999; Yabuta et al. 2004). However, there is a problem
when induction of APX2 expression in a range of high light intensities is measured
(Fryer et al. 2003). Both the speed and degree of APX2 induction are essentially
the same from 2.5- to 10-fold increased light intensities above growth PPFD.
For example, at a 2.5-fold increased light intensity, the redox state of the PQ pool in
bundle sheath cells was calculated to have changed by 4% compared with the growth
light conditions and yet the degree and speed of APX2 induction were hardly affected
(Fryer et al. 2003). This is because, under moderate increases in light intensity,
increased photochemical and non-photochemical quenching act to maintain a constant
rate of photosynthetic electron transport and consequently an unchanged redox
state of LEF components. This situation argues against PQ redox state being a
determinant of APX2 expression under all light regimes, especially since exposure
of leaves to light intensities that subsequently lead to photobleaching (and would
be associated with a strong increase in PQ redox state) actually blocks induction of
APX?2 expression in damaged sectors (Karpinski et al. 1999). Thus, under circum-
stances where both APX2 expression and the redox state of the PQ pool change, the
two processes may be unconnected. The alternative explanation for the requirement
for LEF for APX2 induction is that it reflects the role of LEF in the photoreduction
of O, at PSI (Asada 1999; Ort and Baker 2002), thus generating H,O, for signalling
(Fryer et al. 2003).

Notwithstanding the above conclusions, there is some evidence that LEF does
play an additional role in APX2 regulation which does not directly involve H,O,.
Infiltration of this ROS into leaves under ambient light conditions can partly
induce APX2 expression that can still be inhibited by DCMU (Karpinski et al.
1999), demonstrating a requirement for active photosynthesis in a situation where
H,0, has been supplied exogenously. These data could indicate that LEF is the
source of some other non-ROS signal, but this does not necessarily mean that PQ
redox state is the alternative explanation; other chloroplast localised functions
could be important (see Sects. 14.2.5.3 and 14.2.5.4). In summary, PQ redox state
may not be an important determinant of APX2 expression, although this does not
exclude it being a regulator of the expression of other genes, and there is some
evidence that APX2 is not typical of high light-induced genes in terms of its effectors
(Bechtold et al. 2008).

2.5.2 The Role of H,0, in the Induction of Systemic Acclimation
to High Light

When leaves on one side of an Arabidopsis rosette, covering up to 30% of its area,
are exposed to a >tenfold increase over growth light, it can be shown that unexposed
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leaves become more tolerant of a subsequent exposure to high light, implying the
establishment of systemic photo-acclimation, termed systemic acquired acclima-
tion (SAA; Karpinski et al. 1999; Rossel et al. 2007). It is not the intention to go
into details of the SAA phenomenon here; the reader is referred to the two previ-
ously cited papers and Ball et al. (2004). However, the accumulation of ROS in
chloroplasts may initiate this process and, with the levels of increased light used,
the photo-oxidative stress that would be elicited could mean that the leaching of this
ROS from the chloroplasts goes as far as exiting the cell and initiating long-range
signalling (Mullineaux and Karpinski 2002). The infiltration of bovine catalase into
intracellular spaces of detached leaves was used to inhibit high light induction of
APX2 expression and was taken as evidence that H,O, could be part of the systemic
signal (Karpinski et al. 1999). Since then, however, extracellular/plasma mem-
brane-sourced H,O, has been shown to be important for APX2 expression (Bechtold
et al. 2008), and the H,O, dismutated by catalase (Karpinski et al. 1999) almost
certainly did not originate from chloroplasts.

The >tenfold increased light intensities used to elicit SAA (Karpinski et al.
1999; Ball et al. 2004; Rossel et al. 2007) would promote a degree of irreversible
photo-inhibition (Russell et al. 1995) associated with increased production of 'O,
in PSII reaction centres (Flors et al. 2006). The possible retrograde signalling role
of lO2 is discussed above (see Sect. 14.2.4), but it is noticeable that, as with lOz-
overproducing plants, both exposed and distal leaves in SAA-elicited plants show
a preponderance of genes associated with responses to pathogens that are associ-
ated with cell death (Rossel et al. 2007). This implies that establishment of SAA in
partial exposure to excess light is akin to the induction of systemic acquired resist-
ance (SAR) to biotrophic pathogens (Bechtold et al. 2005). SAR and SAA share
many features in common, including the appearance of micro-HR-like lesions
(Zaier et al. 2004; Bechtold et al. 2005). Interestingly, Arabidopsis exposed to con-
ditions that promote photo-oxidative stress can show some degree of enhanced
resistance to a bacterial pathogen (Bechtold et al. 2005). This view is further sup-
ported by observations that, when HR is induced (which leads to SAR), there is a
strong inhibition of photosynthetic metabolism that brings about increased H,O,
production in chloroplasts that in turn activates a mitogen-activated protein (MAP)
kinase cascade associated with activation of a programmed cell death pathway
responsible for HR-associated lesions (Liu et al. 2007).

In summary, H,O, is implicated in initiating signalling under excess light conditions
that promote photo-oxidative stress, and in the establishment of HR. However, it is
not clear whether in these conditions the H,O, is secreted from chloroplasts to propagate
a signal or is contained at its site of production. In leaves exposed to lower increases
in light intensity, the situation is clearer and described in the next section.

2.5.3 H,0, and ABA-Mediated Retrograde Signalling

When Arabidopsis leaves are exposed to a three- to fivefold increase in light intensity,

bundle sheath cell chloroplasts accumulate HZOZ, but these cells do not suffer
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oxidative stress and consequent cell death. Rather, they induce antioxidant defence
gene expression, which is associated with increased photochemical and non-photo-
chemical quenching capacity in these cells (Fryer et al. 2003). Induction of antioxidant
defences may be associated with increased acclimation to the high light conditions
(Karpinski et al. 1999). Given the lack of evidence of cellular damage, it has been
proposed that, in such circumstances, HZO2 is contained within bundle sheath cell
chloroplasts by an extensive and subsequently enhanced cytosolic antioxidant
network (Mullineaux et al. 2006). Thus, in these circumstances, since any HZO2 that
does exit the chloroplast is effectively scavenged, the only way in which H,0O, could
engage in signalling would be to be transduced to a non-ROS signal in the chloro-
plast (Mullineaux et al. 2006). How this could be achieved is unknown, but in
this and the following section (Sect. 14.2.5.4), two potential signalling events
are described.

APX?2 and many other high light responsive genes can be induced by treatment
of leaves with ABA (Fryer et al. 2003; Rossel et al. 2006; Bechtold et al. 2008).
The ABA signalling mutants, abil-1 and abi2-1 (abi stands for ABA insensitive)
show hampered induction of APX2 expression under high light conditions (Fryer
et al. 2003), and the selection of a mutant, alx§-1, for constitutive expression of
APX?2 was revealed to have higher foliar levels of ABA (Rossel et al. 2006). This
dependency of high light responsive genes upon ABA suggest a model for a retro-
grade signalling route, since the ABA biosynthetic pathway is split such that the
first steps from the precursor xanthophyll carotenoid to the oxidative cleavage step
to produce xanthoxin occurs in the plastid, the xanthoxin is exported to the cytosol
where the remaining steps to ABA are completed (Nambara and Marion-Poll
2005; North et al. 2007). The possibility therefore exists that increased oxidising
conditions in the chloroplast stroma, brought about by increased H,O,, could
stimulate ABA biosynthesis in a manner similar to that for glutathione biosynthe-
sis (see Sect. 14.2.5.4) by targeting a key enzyme of the biosynthetic pathway. This
is a compelling hypothesis and some support is provided by the recent observation
that exposure of Arabidopsis to high light does bring about an increase in foliar
ABA content (Rossel et al. 2006), but the means whereby this increase occurs has
not been described.

2.5.4 Glutathione-Mediated Retrograde Signalling

In mutants with lowered levels of the thiol antioxidant reduced glutathione (GSH),
altered steady state levels of some stress-responsive genes have been observed
either prior to or during exposure to abiotic or biotic stress (Ball et al. 2004; Parisy
et al. 2007). These mutants harbour defective alleles of the gene GSHI, which
encodes the enzyme y-glutamylcysteine synthetase (y-ECS) that catalyses the first
of two reactions leading to the biosynthesis of GSH from its constituent amino
acids cysteine, glutamate and glycine (Mullineaux and Rausch 2005; Meyer and
Hell 2005). These mutant alleles are cadmium deficient2-1 (cad2-1; Cobbett et al.
1998), root meristemlessI-1 (rmli-1; Vernoux et al. 2000), regulator of APX2 1-1
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(raxi-1; Ball et al. 2004) and phytoalexin deficient2-1 (pad2-1; Parisy et al. 2007).
It is not the intention to go into the full details of the phenotypes, molecular char-
acterisation or all of the roles that GSH can play in cells, these have recently been
extensively reviewed (Mullineaux and Rausch 2005; Meyer and Hell 2005). In the
context of retrograde signalling, one key feature of glutathione biosynthesis is that
it has been recently established in Arabidopsis that the two-step pathway is split
between the plastid and the cytosol such that y-ECS is in the plastid and the enzyme
catalysing the second step of GSH biosynthesis, glutathione synthetase (GS), is
primarily located in the cytosol (Wachter et al. 2005; Pasternak et al. 2008). Since
GSH levels are responsive to environmental challenges such as exposure to high
light Muller-Moulé et al. 2003; Kopriva and Rennenberg 2004) and infection with
pathogens (Mou et al. 2003; Parisy et al. 2007), it follows that the changes in GSH
levels can carry a signal out of the chloroplast to induce a redox change in the
cytosol, to which regulatory proteins such as NPR1 could be responsive (Mou et al.
2003; Mullineaux and Rausch 2005). This scheme does not immediately invoke
ROS, especially since, in the one case where it has been examined, exposure of
raxI-1 to high light led to no greater photo-inhibition or accumulation of H,0, in
veinal tissue than occurred in wild-type plants and yet APX2 expression was sub-
stantially higher (Ball et al. 2004). This was taken as evidence of a redox- as
opposed to a ROS-mediated signal regulating APX2 expression (Ball et al. 2004).
However, it is possible that the rise in H,O, levels in bundle sheath chloroplasts
create the conditions that stimulate y-ECS activity, since, in vitro, the activity of the
recombinant enzyme is stimulated by oxidising conditions, most likely by forma-
tion of an intra-molecular disulphide bond (Jez et al. 2004). Therefore, in the context
of this article, H,0, by promoting oxidising conditions within the chloroplast could
play a role in strengthening or amplifying a retrograde redox signal.

3 The Future: Major Opportunities and Challenges

In late spring and early summer, the time of the year when this chapter was being
written, the English suburban garden this author often gazed on is a riot of fresh
greenery reflecting the accelerated growth rates of over-wintered plants as environ-
mental conditions become more benign. This vision of calm and beauty belies the
continual balancing act that comes with carrying out oxygenic photosynthesis in a
highly fluctuating environment. Even in a protected environment such as a garden,
the divide between growth and successful reproduction on the one hand, and accel-
erated senescence and premature death on the other hand, is a fine one. The proc-
esses that govern this highly dynamic situation revolve around the multiple roles of
ROS in every aspect of plants’ lives and are reflected in every chapter of this book.
However, the understanding of these processes is not some esoteric academic exer-
cise but is becoming increasingly urgent as part of the world-wide research effort
that is needed to increase global crop productivity in the face of a decline in available
arable land and associated environmental services, increased population size,
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urbanisation and the depredations of climate change (Morison et al. 2008). I am not
going to attempt to pick out specific technologies and predict these will have importance,
I will certainly be wrong. However, it is pertinent to ask what are the major
challenges and opportunities which will allow a community of researchers working
on the role of ROS in plants to move the subject on and begin to generate crop
germplasm of use to world agriculture.

The chapters described in this book cover the roles of ROS in initiating or perpetuating
signalling that elicit changes in growth and metabolism of plants in response to
changes in their abiotic environment, attack by pathogens and the establishment of
symbiotic associations, all of which involve wholesale changes in metabolism
governing every aspects of a plant’s life from photosynthesis to respiration and from
the turnover and synthesis of cell walls to hormones, to name but a few. For example,
in response to drought, because of their involvement in many signalling processes,
ROS are implicated in whole organism responses ranging from controlling the
changes in the turgor of guard cells to the stimulation of root growth.

The sheer range of cellular processes in which ROS are now implicated are
reflected in the great progress that has been made in understanding the underlying
molecular mechanisms that allow ROS to function in so many ways. Recent
endeavours in our field have revolved around describing, under many situations, the
many hundreds of genes that appear to be regulated by, or responsive to, ROS. This
ever-increasing volume of data generated using high throughput technologies such
as microarrays, and now massively parallel sequencing technology, has created a
set of new problems. How do we make sense of all these data? Notwithstanding the
valiant efforts using meta-analysis approaches (Gadjev et al. 2006), at the time of
writing we do not have any gene network models that are robust enough to with-
stand experimental analysis in several laboratories. There are glimmers of progress
though; common features are beginning to emerge such as the role of heat shock
transcription factors in high light responses (Davletova et al. 2005; Nishizawa et al.
2006). This suggests that we are not far off unified models appearing that describe
so-called local networks of genes, although how constellations of such networks
cooperate to produce a physiological response at the level of an organ, such as the
leaf, is some way off. To achieve these ends, the field is going to have to take a
so-called Systems Biology approach and go onto a more structured footing, which
allows the construction of in silico gene network models that guide re-iterative
targeted experimentation. To achieve this paradigm shift in research requires a
re-think of classical approaches, abandonment of cherished beliefs, a strong commitment
to multi-disciplinary interactions and access to expanded resources, such that one
laboratory can conduct such projects under one roof, or develop long-term
multi-centre collaborations. In a UK context, where this author resides, the norm in
plant science research will be multi-institutional collaborations, which will demand
new practices from participating laboratories. For example, such projects will have
to devise and manage the coordinated growing of plants under near-identical conditions,
agree and execute defined physiologically relevant changes in environmental
conditions (e.g. just what is “high light” defined as?) and carry out a common set
of physiological analyses. This is only the beginning. In addition, high throughput
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platforms to analyse the transcriptome, proteome and metabolome need to be
maintained and managed efficiently, and data analysis and bioinformatics pipelines
created that allow efficient production of testable network models. This unprecedented
level of organisation, especially for academic laboratories, must occur against a
backdrop where the different disciplines — physiologists, molecular biologists,
bio-informaticians and mathematicians — need to learn to communicate and understand
each others’ limitations and strengths. Therefore, the challenges are daunting to
produce functioning ROS-responsive network models that can be generated and
productively interrogated for an organ as complex as a leaf. Such models will ultimately
have to contain both temporal and spatial (tissue-specific) components and form the
basis for the development of the “virtual” plant, a project which has begun in the USA.

Given the progress that has been made in even the last 10 years in this specific
research area, the future suggests that one or more of us (or more likely our successors)
will succeed in overcoming these challenges, but despite the great achievements
these would be, the imperatives do not stop there. These activities with model
plants systems will have to be coupled, as they develop, to translational research
that can quickly take advantage of any gene or genes that might promote improved
crop performance. The development of Systems Biology-based model plant
research and exploitation of its outputs for crop improvement will have to occur in
parallel and involve dialogue with crop physiologists and agronomists (Morison et al.
2008). This is happening in one or two institutions, but is not universal. The times-
cales are likely to be too long for crop research to be attendant on the maturation
of Systems Biology in model plant research and, as has often formerly hap-
pened, be considered as an afterthought after academic success has been achieved.
Thus, the current situation must compel us to bring crop research into our ROS
research programmes even if they are not fully developed and are sure of immediate
delivery, because time is not on our side. Therefore, I see this as a future development
that is necessary if we are to continue to ask for publicly funded resources to continue
our research.

Finally, for all of these positive thoughts and the hope that our research field
engenders, this author cannot help wondering and worrying with the question — how
do we know we are focussing in the laboratory on the right genes and processes which
will be relevant to plants in their cropping or natural environments? The answer is we
do not know and we could be in for some (nasty?) surprises should we decide to
analyse the function of apparently key genes in even model species grown outside the
laboratory. What if our inducible genes in the laboratory are in effect constitutively
expressed in the natural environment? What if high levels of ROS are always present?
If we have focussed on the wrong genes, in a world increasingly desperate for
improvements in crop performance, will we be forgiven?
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