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Abstract

As a consequence of a sessile lifestyle, plants are continuously exposed to changing environmental conditions and
often life-threatening stresses caused by exposure to excessive light, extremes of temperature, limiting nutrient or
water availability, and pathogen/insect attack. The flexible coordination of plant growth and development is neces-
sary to optimize vigour and fithess in a changing environment through rapid and appropriate responses to such
stresses. The concept that reactive oxygen species (ROS) are versatile signalling molecules in plants that contribute
to stress acclimation is well established. This review provides an overview of our current knowledge of how ROS pro-
duction and signalling are integrated with the action of auxin, brassinosteroids, gibberellins, abscisic acid, ethylene,
strigolactones, salicylic acid, and jasmonic acid in the coordinate regulation of plant growth and stress tolerance.
We consider the local and systemic crosstalk between ROS and hormonal signalling pathways and identify multiple
points of reciprocal control, as well as providing insights into the integration nodes that involve Ca%*-dependent pro-
cesses and mitogen-activated protein kinase phosphorylation cascades.

Key words: Calcium, glutathione, hydrogen peroxide, mitogen-activated protein kinase, redox signalling, RESPIRATORY BURST
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Introduction

Aerobic metabolism has embraced the generation and effec-
tive utilization of reactive oxygen species (ROS) in a plethora
of metabolic pathways and functions. ROS such as O, and
H,0,, and also possibly OH" in cell compartments such as
the cell wall are generated by metabolism. Photosynthesis is
the major producer of singlet oxygen, O, and H,O, in the
chloroplasts. Through photorespiration, photosynthetic car-
bon metabolism also supports a high flux of H,O, production
in the peroxisomes, particularly in C; plants. Mitochondrial
electron transport also produces O, and H,0,. Although

these oxidants are rapidly removed by the antioxidant sys-
tems in these organelles, an accumulation of H,O, is often
observed in chloroplasts and mitochondria in plants exposed
to abiotic and biotic stresses (Foyer and Noctor, 2003).
Moreover, any kind of physical, chemical, or metabolic
shock activates the plasma-membrane-bound NADPH oxi-
dases and apoplastic peroxidases, leading to an oxidative
burst. For example, the pathogen-induced oxidative burst
in the apoplast/cell-wall compartment is particularly well
documented (Laloi et al., 2004). ROS accumulation in plants
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exposed to stress is a linchpin of the plant stress response,
leading to changes in gene expression that allow acclimation
to stress. However, excessive accumulation will trigger geneti-
cally programmed cell suicide pathways (Foyer and Noctor,
2005). A complex antioxidants network has evolved in plant
cells to scavenge ROS and so regulate their levels according
to the requirements of cell signalling. Plants accumulate large
amounts of low-molecular-weight antioxidant metabolites
such as ascorbate, glutathione, and tocopherol, and they have
a large network of enzymatic antioxidants such as superoxide
dismutases, ascorbate peroxidases, catalases, glutaredoxins
(GRXs), and peroxiredoxins (Mittler ez al., 2004). The evo-
lution of this complex oxidant (ROS)/antioxidant network
allows a flexible control of cellular ROS levels. In this way,
ROS can be generated as powerful oxidative signals with anti-
oxidants either limiting the lifetime of the signal or in the case
of thiol antioxidants propagating ROS signals within plant
cells. The ability to harness the chemical reactivity of ROS so
that they can act as powerful signalling molecules is a com-
mon feature of aerobic organisms, including plants, which
have mastered the ability to control ROS during evolution in
order to confer a high degree of adaptability in response to
changing environmental conditions.

Many plant hormones generate ROS as part of the mecha-
nism that regulates plant growth and development. Moreover,
regulated ROS production as an intrinsic regulator of cell-
cycle progression in plants has been suggested to occur in a
similar manner to that in animal cells (Vivancos et al., 2010).
It is likely that there is spatial and temporal regulation of
ROS production and accumulation during the plant devel-
opment programme and stress response, but the specificity
of such responses remains poorly documented. Molecular
genetics approaches have shown that a block in ROS produc-
tion by plasma membrane-bound NADPH oxidases leads to
impaired root hair formation (Foreman et al., 2003), altered
shoot branching (Sagi et al, 2004) and decreased stress
resistance (Marino et al., 2012). It is perhaps not surprising,
therefore, that the accumulation of ROS in different cellular
compartments can cause opposing physiological responses
(Dat et al., 2000; Foyer and Noctor, 2000). By analogy to
another secondary messenger, Ca>*, the spatial and tempo-
ral regulation of ROS dynamics encodes specificity, allow-
ing proteins undergoing thiol redox regulation in specific
compartments to simultaneously detoxify and sense ROS,
and to transduce the signal in order to activate downstream
transcriptional regulation (Dietz, 2008; Mittler ez al., 2011).
The regulation of master regulator of disease resistance
NONEXPRESSOR OF PATHOGENESIS-RELATED
PROTEINSI1 (NPR1) is a classic example of this type of
regulation, in which specifically regulated changes in cellular
redox status lead to regulation of gene expression and con-
sequently a physiological response to pathogen attack (Mou
et al., 2003). In recent years, more and more redox regulators
of plant development and stress tolerance have been identi-
fied including glutathione, GRXs, glutathione reductases
(GRs), and thioredoxins (TRXs), and similar redox-active
proteins (Ndamukong er al, 2007; Bashandy et al, 2010;
Yu et al., 2013). While the precise mechanisms that facilitate

ROS/redox regulation of plant growth and stress tolerance
remain to be elucidated, an increasing body of evidence sup-
ports the concept that ROS are critical second messengers in
hormone signalling that co-ordinately regulate plant develop-
ment and stress tolerance (Table 1).

There is now a substantial body of literature concerning the
mechanisms by which hormones regulate plant development
and stress tolerance. Intrinsic to this regulation is the hor-
mone-dependent activation of ROS production, often through
the activation of NADPH oxidases, which are encoded by
RESPIRATORY BURST OXIDASE HOMOLOG (RBOH)
genes in plant genomes (Sagi and Fluhr, 2006). While the spe-
cific roles of ROS in hormone-mediated regulation of plant
development and stress tolerance remain to be characterized,
the following discussion seeks to provide a critical appraisal
of the current literature and personal perspectives concern-
ing the integration and crosstalk between ROS and hormone
signalling pathways.

Auxin

Auxin, which plays a fundamental role in plant growth and
development, is transported through the plants by both pas-
sive and active mechanisms. Polar auxin transport establishes
an auxin gradient across tissues to create centres of accumula-
tion called auxin maxima, which determine polar cell growth
and morphogenesis (Grunewald and Friml, 2010). This is
achieved by the differential localization of PIN-FORMED
(PIN) proteins in cell membranes. PIN proteins are rate-
limiting auxin efflux transporters. Conversely, AUXIN
RESISTANT 1 (AUX1) plays a key role in mediating auxin
import (Benjamins and Scheres, 2008). The key aspect of PIN
and AUX protein functions is their polar localization in the
plasma membranes, which is feedback regulated by auxin
(Sauer et al., 2006).

The action of auxin in the regulation of plant growth and
development is closely associated with ROS. Auxin-induced
ROS are directly involved in cell-wall loosening and play a
role in cell elongation (Schopfer, 2001b). Overexpression
of the cell-wall-localized enzyme ascorbate oxidase results
in increased oxidation of the apoplast and mimics auxin-
mediated effects on plant growth (Pignocchi er al, 2003).
Auxin-induced ROS production and associated changes in
the cellular redox state act as signals in auxin-mediated devel-
opmental processes. Asymmetric ROS accumulation medi-
ates auxin-regulated root gravitropism (Joo ez al., 2001). Low
NADPH oxidase activity in RBOH antisense tomato plants
results in a highly branched phenotype, a determinate growth
habit, and fasciated reproductive organs that are reminiscent
of altered auxin homeostasis (Sagi er al., 2004). Moreover,
the increased cellular oxidation state associated with auxin
maxima is thought to arrest the cell cycle in the quiescent cen-
tre (QC), which is important for the maintenance of the root
meristem (Jiang ez al., 2003; Heyman et al., 2013). Cellular
redox status is an intrinsic regulator of the plant cell cycle
(Vernoux et al., 2000; Vivancos et al., 2010). Moreover, low
activities of GR in the plastids of root cells leading to an
accumulation of glutathione disulphide (GSSG) caused a
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Table 1. Hormonal regulation of ROS and physiological functions
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Hormones ROS sources Regulator of ROS production

Physiological functions of ROS References

Auxin NADPH oxidase Rho-like GTPase; FERONIA

BR NADPH oxidase Ca?*; cGMP; MAP kinase

GA NADPH oxidase? DELLA

ABA NADPH oxidase; chloroplast; PP2Cs; OST1; PA; MAP kinase
mitochondria;

ET NADPH oxidase; peroxidase = MKK97?; EIN2/3/4

SL NADPH oxidase? MAX27?; FHY3

SA Chloroplast; mitochondria; Redox status of chloroplast; MAP
peroxidase kinase

JA NADPH oxidase MAP kinase

Cell elongation; QC quiescence; root
gravitropism; shoot branching

Duan et al. (2010); Foreman et al. (2003);
Jiang et al. (2003); Joo et al. (2001); Sagi
et al. (2004); Schopfer et al. (2001b)

Nie et al. (2013); Jiang et al. (2012b);
Kwezi et al. (2007); Xia et al. (2009, 2014);
Zhao et al. (2013); Zhou et al. (2014)
Achard et al. (2006, 2008); Bethke and
Jones (2001); Fath et al. (2001); Leymarie
et al. (2012); Liu et al. (2010); Navarro

et al. (2008); Schopfer et al. (2001a)

He et al. (2012); Jiao et al. (2013);

Kwak et al. (2003); Mustilli et al. (2002);
Sirichandra et al. (2009); Xing et al.
(2008); Zhang et al. (2006); Y.Y. Zhang

et al. (2009); Zhou et al. (2014)

Bouchez et al. (2007); Desikan et al.
(2006); He et al. (2011); Jiang et al.
(2012a, 2013); Mersmann et al. (2010);
Muhlenbock et al. (2007); Overmyer et al.
(2000); Shin and Schachtman (2004);
Steffens and Sauter (2009); Yoo et al.
(2008)

Bonneau et al. (2013); Bu et al. (2014);
Ha et al. (2014); Ouyang et al. (2011);
Stirberg et al. (2012)

Chen et al. (1998); Chamnongpol et al.
(1998); Han et al. (2013a, b); Liu et al.
(2007); Miura et al. (2013); Muhlenbock
et al. (2008); Khokon et al. (2011)
Orozco-Cardenas and Ryan (1999, 2001);
Kandoth et al. (2007)

Cell elongation; photosynthesis;
stress tolerance; stomatal closure or
opening

Seed germination; root growth;
stress tolerance; disease resistance

Stomatal closure; seed dormancy;
root growth; stress tolerance

Stomatal closure; salinity and nutrient
stress tolerance; disease resistance;
PCD

Shoot branching; lateral root
development; nutrient deficiency
response; stress tolerance
Disease resistance

Wound response; insect resistance

loss of QC identity and root meristem integrity (Yu et al.,
2013), a response that can partly be explained by disruption
of auxin signalling. Such findings raise important questions
concerning the role of the redox gradient between QC cells
and the surrounding stem-cell initials. Cell division in the QC
is activated via ERF115, a member of the ethylene response
factor family of transcription factors (Heyman ez al., 2013).
It seems likely that QC cells are activated by a stress-induced
shift in the redox gradient between the QC and adjacent stem-
cell initials. Interestingly, the balance between proliferation
and differentiation in the root meristem and elongation zones
appears to be controlled by the equilibrium between O, and
H,0, accumulation in the root tip, which could involve short-
range cell-cell communication (Tsukagoshi ez al., 2010).
Although auxin-mediated processes are closely associ-
ated with ROS, the mechanism underlying auxin-induced
ROS production is still obscure. RAC/ROPs, a plant-specific
family of Rho-like small GTPases, are mediators for auxin-
regulated gene expression, auxin signalling, and polar auxin
transport (Wu et al., 2011). Auxin can activate RAC/ROPs
and determined the spatially regulated formation of RAC/
ROP patches (Tao et al., 2002; Fischer et al., 2006), whereas
RAC/ROPs relay the auxin signal to control cytoskeletal
organization, vesicle trafficking, and feedback auxin polar

transport (Xu et al., 2010; Chen et al., 2012; Lin et al., 2012).
Recently, the FERONIA receptor-like kinase has been shown
to be essential for the activation of RAC/ROPs and is an
upstream regulator of auxin- and NADPH oxidase-depend-
ent ROS accumulation in roots (Duan et al, 2010). While
the mechanisms of regulation of NADPH oxidase by RAC/
ROPs during development are still lacking, a study on ROS-
mediated defence responses in rice showed that RAC inter-
acts with an EF-hand motif containing N-terminal region of
NADPH oxidase in a Ca’*-dependent manner (Wong et al.,
2007). These studies implicate RAC/ROPs as direct regula-
tors of NADPH oxidase during auxin-mediated developmen-
tal processes.

When plants are exposed to environmental stresses, ROS
can attenuate auxin signalling, leading to altered plant growth
and acclimation (Potters et al., 2007). The tirl/afb mutants
that are impaired in auxin perception display enhanced toler-
ance to oxidative stress (Iglesias ez al., 2010), which indicates
that inhibition of auxin-regulated growth and development is
an adaptive strategy that enables plants to withstand stressful
environments. The stress-induced accumulation of ROS may
alter auxin signalling through oxidative inactivation or deg-
radation of auxin, and also by the decreased expression of
genes involved in auxin signalling and polar auxin transport
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(Blomster ef al., 2011; Peer et al., 2013). Specific mitogen-
activated protein kinase (MAPK) cascades such as ANP1-
MPK3/6 and MEKK1-MPK4 participate in ROS-mediated
downregulation of auxin signalling (Kovtun ez al., 2000;
Nakagami ez al., 2006). In addition, the regulation of auxin
signalling by ROS could also involve glutathione homeostasis
(Bashandy ez al., 2010).

However, it is important to note that, in certain situations,
auxin is a positive regulator of stress tolerance. The expres-
sion of genes involved in Trp-dependent auxin biosynthesis
is induced by oxidative stress (Woodward and Bartel, 2005).
Catalase-deficient mutants show altered auxin signalling in
a light-dependent manner, as well as enhanced biotic stress
tolerance (Han ez al., 2013a, b). Moreover, transcripts for the
auxin UDP-glucosyltransferases are strongly upregulated
in catalase-deficient mutants under photorespiratory condi-
tions. The ecotopic expression of UDP-glucosyltransferases
led to increased levels of indole-3-butyric acid, together with
perturbations in indole-3-acetic acid homeostasis, leading to
enhanced drought tolerance (Tognetti ez al., 2010). Although
the mechanisms of the auxin-dependent protective response
are not clear, auxin appears to promote stress tolerance by
regulating the abundance of photosynthetic components
and chloroplast structure (Tognetti ez al., 2012). However, as
yet, no auxin-regulated components that adjust chloroplast
processes in response to environmental stresses have been
identified.

Brassinosteroids

Brassinosteroids (BRs) function in conjunction with auxin to
enhance growth and regulate gene expression in a synergis-
tic manner (Nemhauser ez al., 2004). BRs have now become
established as important regulators of a wide range of pro-
cesses, such as cell division and cell elongation, vascular dif-
ferentiation, photomorphogenesis, photosynthesis, and stress
tolerance (Haubrick and Assmann, 2006). BR binding to
the specific receptor BRASSINOSTEROID INSENSITIVE
1 (BRI1) induces a phosphorylation cascade, which inac-
tivates BRASSINOSTEROID INSENSITIVE2 (BIN2),
a negative regulator of BR signalling (Kim ez al, 2009).
BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-
SUPPRESSOR 1 (BES1) are key regulators of BR-mediated
transcriptional responses. Conversely, BIN2 and protein
phosphatase 2A (PP2A) modulate the phosphorylation state
and hence activity of the BZR1 and BESI proteins.

In addition to BZR1- and BES1-mediated regulation of
gene transcription, BR also initiate a metabolic signalling
pathway, in which Ca®" and ROS can act as second messen-
gers. Stimulus-specific guard-cell Ca** oscillations and sto-
matal movements are altered in partially BR-insensitive det3
mutants (Allen ez al., 2000). It has recently been shown that
BR induces a receptor-dependent increase in cytosolic Ca**,
which can be blocked by genetic mutation or chemical inhibi-
tion of the cyclic guanosine monophosphate (cGMP)-gated
Ca?* channel (Zhao et al., 2013). However, the mechanism
by which BR regulates Ca** fluxes is unknown and the nature

of the interplay between Ca*" signalling and BRI1-mediated
phosphorylation cascades remains to be determined. cGMP
produced by a putative guanylyl cyclase domain in BRI
(Kwezi et al., 2007) may play a role in the BR-induced cyto-
solic Ca®* increase (Zhao et al., 2013).

Ca*" regulates NADPH oxidase-dependent ROS produc-
tion by binding directly to the EF-hand motif in the N ter-
minus of RBOH protein (Ogasawara ez al., 2008) and/or
by regulating the Ca**-dependent protein kinase (CDPK),
which induces the phosphorylation of RBOH (Kobayashi
et al., 2007). The regulation of Ca’* signal by BR implies
that BR can induce ROS production through Ca** signalling.
Interestingly, BR was shown recently to enhance auxin sig-
nalling through regulation of the cytoskeleton and by con-
trol of polar PIN2 localization (Lanza et al., 2012). Since
ROP-GTPases have been shown to regulate cytoskeleton and
PIN2 localization (Xu et al., 2010; Lin et al., 2012) and are
involved in the regulation of NADPH oxidases (Wong et al.,
2007; Duan et al., 2010), it is also likely that BR activates
ROP proteins and the activated ROPs then regulate NADPH
oxidase. Consistent with the role of BR in the regulation
of cytoskeleton and ROS, BR induces expression of a gene
encoding MAP65-1a, a microtubule-associated protein,
which interacts with a MAPK and is involved in regulating
the expression of NADPH oxidase genes (Zhu et al., 2013). It
is possible that MAPK cascades control ROS production in
BR-mediated responses (A. Zhang et al., 2010). BR induces
MPK3/6 signalling by alleviating BIN2-mediated inhibition
of the MAPK module (Kim ez al., 2012). Loss of MKK4
function resulted in reduced BR signalling and an inhibition
of cell proliferation in rice (Duan et al., 2014). These results
suggest that ROS form an integration node for the BR sig-
nalling pathway with other developmental and/or hormonal
signalling pathways.

NADPH oxidase activity is correlated with endogenous
BR levels in cucumber (Xia et al., 2009). Moreover, NADPH
oxidase-mediated ROS production plays an important role in
regulating gene expression (Xia ez al., 2009). BR also regulates
the activities of the thiol-modulated enzymes of the Calvin
cycle (Yu et al., 2004; Jiang et al., 2012b). Low BR levels trig-
ger transient ROS production in epidermal strips, followed
by a change in cellular redox state and stomatal opening. In
contrast, high BR levels induce prolonged ROS accumula-
tion, which leads to a stress response involving abscisic acid
(ABA) biosynthesis and stomatal closure (Xia et al., 2014).
Overexpression of the BR biosynthetic gene CYP8541 in
tomato led to phenotypic epinasty, which is related to altered
ROS levels (unpublished data). BR-induced ROS production
and ABA biosynthesis (Xia ef al., 2009, 2014), together with
BR-induced feedback repression of BR biosynthetic genes
(Bancos et al., 2002), may provide a mechanism for maintain-
ing balanced BR signalling.

BR is considered to regulate tolerance to a wide range of
abiotic and biotic stresses in plants, but the mechanisms under-
lying BR-induced stress tolerance are not known. Mutants
in BR biosynthesis and signalling show the morphological
and developmental changes that complicate the analysis of
stress response phenotypes (Kagale er «l., 2007). Hence, the
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precise functions of BR in plant stress responses remains to
be elucidated. Brassinazole (BRZ) is a specific inhibitor of BR
biosynthesis that decreases endogenous BR levels in plants.
BRZ-dependent inhibition of BR accumulation has provided
evidence that BR signalling is an essential part of the plant
stress response (Xia et al., 2009). BR signalling was enhanced in
plants subjected to heat stress or endoplasmic reticulum stress
induced by the inhibition of protein glycosylation (Che e al.,
2010). In addition, constitutive activation of BR signalling in
the besI-D mutant resulted in enhanced stress tolerance, pro-
viding further evidence that BR coordinately regulates plant
growth and stress responses (Che er al., 2010). Target genes
for BZR1/BESI signalling have been identified, but there is
as yet no evidence to suggest that these pathways are involved
in BR-mediated stress tolerance (Sun ez al., 2010). BR signal-
ling pathways share common components with other develop-
mental and defence pathways. For example, BRI1-associated
receptor kinase 1 (BAK1) is a critical regulator of plant basal
immunity and plant cell death programmes as well as BR sig-
nalling (Chinchilla ez al., 2007; Kemmerling ez al., 2007). The
role of BRIl-mediated regulation of BAKI in plant stress
tolerance remains controversial. Different models have been
proposed to explain how BRI1 might compete with defence
pathways for BAK1, leading to negative regulation of plant
defence pathways (Albrecht ez al., 2012). Alternatively, BRI1
may co-regulate stress signalling by facilitating BAK 1 phospho-
rylation, thereby increasing plant defence responses (Belkhadir
et al., 2012). It is probable that BR regulates plant stress tol-
erance at multiple levels. Using virus-induced gene silencing
together with pharmacological approaches, we demonstrated
that NADPH oxidases mediate BR-induced ROS production,
which plays a critical role in BR-regulated stress tolerance
(Xia et al, 2009; Nie et al., 2013). Moreover, BR-mediated
stress tolerance is dependent on ABA biosynthesis, and ROS
production was shown to be upstream of BR-induced ABA
accumulation (Zhou et al., 2014). Taken together, these results
demonstrate that NADPH oxidase-dependent ROS produc-
tion is a convergence point of BR-mediated developmental
and stress response pathway (Fig. 1). A BR-regulated balance
of growth and stress tolerance facilitates appropriate growth
responses to changing environmental conditions.

Gibberellins

Gibberellins (GAs) are key regulators of plant growth and
development. The identification and characterization of
mutants with altered height and sensitivity to GAs led to the
establishment of the pathway of GA synthesis and signalling
(Daviere and Achard, 2013). More recently, GAs were shown
to function via the regulation of DELLA proteins, which
are negative regulators of GA signalling. Binding of GAs
to the receptor GA INSENSITIVE DWARF1 (GID1) leads
to the formation of the GA-GID1-DELLA complex, ena-
bling the release of transcription factors from DELLA-
mediated suppression. In addition, DELLA proteins are
targeted for destruction by the proteasome in the presence of
GA via ubiquitination by a SCF (Skp1-Cullin—F-box) com-
plex that is specified by SLEEPY1 (SLY1).
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Fig. 1. (A) A model that integrates the current mechanism of BRI1-
dependent plant growth, BR-induced ROS signalling that regulates stress
tolerance, and BAK1-mediated plant basal immunity. BR binding to its
receptor, BRI1, induces a phosphorylation cascade, which inactivates
GSK3-like kinase BIN2, the negative regulator of BR signalling that
mediates phosphorylation and inactivation of BZR1/2. Meanwhile, the
guanylyl cyclase domain in BRI1 produces a second messenger, cGMP,
which activates a cytosolic Ca?* influx. Ca®* binds to the EF-hand motif in
the N terminus of RBOH and induces production of ROS. BAK1 mediates
production of Ca?* and ROS signals, which trigger a downstream
defence response. BR activation of BRI1 seems to antagonistically or
synergistically regulate BAK1-mediated defence signalling, which depends
on the developmental stage and/or BR homeostasis. BZR1/2-mediated
transcriptional regulation together with ROS- and BAK1-mediated
signalling regulate BR-dependent plant growth, defence, and stress
tolerance. (B) Model for the concentration-dependent BR-mediated plant
growth and stress response. BR activation of BRI1 leads to the production
of ROS through RBOH. However, the spatial/temporal changes of ROS
differ at low and high BR levels. A low level of BR induces a transient
production of ROS, which stimulate the GSH/TRX-dependent thiol
reducing system, and finally leads to a reduced cellular redox status,
which acts as a signal to regulate photosynthesis and other growth-
related response. In contrast, a high level of BR induces a prolonged
accumulation of ROS, which induce a MAPK phosphorylation cascade.

In this case, ROS and MAPK form a positive amplification loop, which is
potentially involved in the biosynthesis of ABA, the critical signal in the
regulation of stomatal closure and stress tolerance.
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DELLA proteins are central regulators of plant growth
and stress responses that allow integration of environmental
signals with developmental programmes (Achard ez al., 2006,
2008; Navarro et al., 2008; Yang et al., 2012). GA signalling
mediates stress tolerance through the control of cellular redox
homeostasis. DELLA proteins appear to regulate ROS levels
by controlling the expression of a subset of antioxidant genes.
DELLA-mediated enhancement of ROS scavenging capacity
promotes survival under abiotic stress conditions (Achard
et al., 2008). The increased abundance of DELLA proteins
as a result of GA deficiency leads to reduced levels of ROS
in roots, shorter root lengths, and a decreased sensitivity of
root growth to diphenyleneiodonium (DPI), an inhibitor of
NADPH oxidase (Achard et al., 2008). In contrast, DELLA
deficiency enhances root ROS accumulation and root growth.

ROS are also involved in GA signalling during seed ger-
mination. Cereal grain aleurone cells, which secrete hydro-
lytic enzymes for the remobilization of endosperm reserves
during germination in order to support the growth of the
embryo, undergo a form of ROS-mediated programmed cell
death (PCD) (Fath ef al., 2001). PCD is a developmental pro-
gramme that is indispensable for plant development, as well as
being an important strategy in plant responses to biotic and
abiotic stresses. GA induces upregulation of a-amylase and
ROS-mediated PCD in aleurone cells in barley (Fath ez al.,
2001). GA sensitizes the aleurone cells to ROS and hence
PCD by suppression of ROS scavenging genes (Bethke and
Jones, 2001). ROS generation may also be increased during
the germination of dicotyledonous seeds as a result of activa-
tion of NADPH oxidases (Schopfer ef al., 2001a; Leymarie
et al., 2012). Germination in the dark was accompanied by a
significant increase in DPI-sensitive ROS production in the
embryo and seed coat in radish (Schopfer et al., 2001a). The
addition of DPI significantly inhibited seed germination in
Arabidopsis, whereas freshly harvested seeds of rbohD knock-
out mutants that are defective in NADPH oxidase were found
to be in a state of deep dormancy (Leymarie ez al., 2012).
In non-dormant seeds, ROS accumulation is temporally and
spatially regulated in a manner that appears to be under strict
developmental control (Schopfer er al, 2001a; Leymarie
et al.,2012). While the role of GA signalling in the regulation
of localized ROS production during germination remains to
be clarified, GA biosynthesis and signalling are known to be
enhanced by ROS during germination (Liu ez a/., 2010; Bahin
et al., 2011; Leymarie et al., 2012). These findings suggest a
complex crosstalk between ROS and GA signalling in differ-
ent cell types during the initiation and organization of early
seedling development.

DELLA proteins increase the susceptibility of plants to
the hemi-biotrophic pathogen Pseudomonas syringae by sup-
pression of salicylic acid (SA)-mediated pathways. In con-
trast, DELLA proteins increase tolerance to necrotrophic
pathogens such as Alternaria brassicicola by enhancing jas-
monic acid (JA) signalling pathways in a CORONATINE
INSENSITIVE 1 (COIl)-dependent manner (Navarro
et al., 2008). Recent studies have shown that DELLA pro-
teins enhance JA signalling by inhibitory interactions with
JASMONATE-ZIM DOMAIN (JAZ) proteins, which

function as negative regulators of JA signalling (Yang et al.,
2012). The pathogen-induced oxidative burst is associated with
resistance to biotrophic pathogens. Conversely, ROS accu-
mulation has a negative effect on resistance to necrotrophic
pathogens (Yoshioka ez al., 2009). As with GA-mediated abi-
otic stress tolerance, the differential regulation of resistance
to biotrophic and necrotrophic pathogens by GA signalling
might be achieved by changes in ROS homeostasis. Recently,
light-dependent nitric oxide (NO) accumulation was shown
to play a role in the stabilization of DELLA proteins during
photomorphogenesis (Lozano-Juste and Ledén, 2011). NO
can stimulate antioxidant production and so inhibit ROS-
mediated PCD in GA-treated aleurone cells (Beligni et al.,
2002). As in most stress situations, it is likely that there is con-
siderable crosstalk between ROS and NO signalling pathways
during interactions with GA.

Abscisic acid

ABA is a stress hormone that plays a general role in promot-
ing dormancy, such as inhibition of seed germination and
root development, as well as being a key regulator of plant
responses to abiotic stresses (Xiong et al., 2002). While the
pathway of ABA biosynthesis is well established, the mecha-
nisms of ABA perception and signalling have proved to be
more elusive due to the extraordinary complexity of the net-
work, which involves a large number of components. ABA
is perceived by the Pyrabactin Resistance Protein (PYR) or
PYR-Like proteins (PYR1/PYLs) (Fujii et al, 2009; Park
et al, 2009). ABA binding to the PYRI/PYL receptor
complex leads to suppression of protein phosphatase 2Cs
(PP2Cs), which inhibit the positive regulator of the ABA
response sucrose non-fermentingl (SNF1)-related protein
kinase 2 family (SnRK2s), and then facilitates downstream
ABA signalling.

NADPH oxidase-dependent ROS production in guard
cells plays an important role in ABA-mediated stomatal
closure (Kwak et al., 2003). ABA-induced ROS production
can activate Ca>* channels and induce increases in cytosolic
Ca’" in guard cells, and so mediate ABA-induced stomatal
closure (Pei et al., 2000; Kwak ez al., 2003). Nitrate reduc-
tase-mediated NO production acts downstream of H,O, in
ABA-induced stomatal closure (Bright ez al, 2006). OPEN
STOMATA 1 (OST1) is a member of the SnRK2 family that
acts upstream of ROS signalling to mediate ABA-induced
stomatal closure (Mustilli er al., 2002). OST1 is considered
to regulate ROS generation through a direct interaction and
phosphorylation of the NADPH oxidase subunit of RBOHF
in Arabidopsis (Sirichandra et al., 2009). In turn, OST1 is
regulated by PP2C proteins (Vlad ez al., 2009). NADPH oxi-
dase may be regulated directly by the core ABA signalling
module PYR-PP2C-SnRK?2. The second messenger phos-
phatidic acid, which is produced by phospholipase D (PLD)
could also play a role in the regulation of NADPH oxidase
activity during ABA-mediated responses in guard cells.
Phosphatidic acid binds to and activates NADPH oxidases
(Y.Y. Zhang et al., 2009). Moreover, PLDal deficiency results
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in lower ROS accumulation and decreased stomatal closure
in response to ABA.

In addition to the roles in ABA-induced stomatal closure,
ROS production is also critical for ABA-mediated stress tol-
erance of seedlings. Water stress or ABA treatment triggers
ROS accumulation in maize, together with increased expres-
sion of genes encoding antioxidant enzymes and higher
antioxidant enzyme activities (Jiang and Zhang, 2002).
Conversely, ROS scavengers completely block ABA-induced
increases in antioxidant activities (Zhang ez al., 2006). Several
lines of evidence show that NADPH oxidase plays a role in
ABA-induced ROS accumulation (Jiang and Zhang, 2003;
Zhang et al, 2006). Our recent results in tomato suggest
that ABA can induce ROS accumulation in chloroplasts
(Zhou et al., 2014). However, the DPI-dependent inhibition
of NADPH oxidase in tomato or silencing of RBOHI only
partially blocked ABA-induced ROS accumulation and asso-
ciated increases in antioxidant enzymes (Zhou et al., 2014).
These findings suggest that regulation of photosynthetic elec-
tron transport and/or carbon metabolism in the chloroplasts
plays a role in ABA-induced ROS production and in the stress
response. During the ABA-mediated stress response, MAPK
cascades may act both upstream and downstream of ROS
production (Zhang et al., 2006; Xing et al., 2008), possibly
because MAPK and NADPH oxidase activities form a posi-
tive feedback loop. However, there is still no strong evidence
showing the direct regulation of NADPH oxidase activity
by MAPK.

In contrast to the situation in seedlings, ABA decreased
ROS accumulation in imbibed seeds, particularly in the
embryo (Ye et al., 2012), leading to inhibition of seed germi-
nation. This observation may be explained at least in part by
increases in antioxidant enzyme activities (Fath ez al., 2001).
H,0, was shown to mediate upregulation of ABA catabo-
lism during imbibition in Arabidopsis seed (Liu et al., 2010).
In barley seeds, however, H,O, suppressed the expression
and activity of an ABA-responsive protein kinase (PKABA)
(Ishibashi et al., 2012). PKABA regulates the expression of a
GA-regulated Myb transcription factor (GAmyb), which is
a regulator of the expression of a-amylase (Ishibashi ez al.,
2012). Therefore, H,O, may act as a signal that antagonizes
ABA signalling during seed imbibitions. Subsequently, ABA-
mediated inhibition of primary root growth is associated
with the activation of NADPH oxidases and ROS accumu-
lation (Jiao et al, 2013). Interestingly, ROS homeostasis in
Arabidopsis can be affected by the ROS produced at both the
plasma membrane and in the organelles. Mitochondria ROS
accumulation resulting from impaired splicing of complex
I genes impinges on the ABA signalling, leading to a reduced
auxin response and inhibition of primary root growth (He
et al., 2012). ABA may arrest lateral root growth by a simi-
lar mechanism. The inhibition of lateral root growth by salt
stress is dependent on an endodermis-specific ABA signalling
pathway (Duan et al., 2013). The endodermal cells may play
a role in sensing sodium ions (Duan ez al., 2013), whereas the
NADPH oxidase subunits, RBOHD and -F, are involved in
maintaining homeostasis of Na™ and K* ions in plants (Ma
etal., 2012). It is likely that NADPH oxidase-dependent ROS
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production is involved in ABA-mediated arrest of lateral root
growth. Compared with the lateral roots, primary root growth
is much less sensitive to ABA-mediated inhibition (Duan
et al., 2013). In addition, ABA is required in certain situa-
tions to maintain root growth (Spollen ez al., 2000; H. Zhang
et al., 2010). These findings illustrate the complexity of ROS/
ABA interactions in the regulation of root architecture, par-
ticularly under stress conditions.

Ethylene

Ethylene (ET) is essential for the regulation of growth, senes-
cence, and stress responses (Lin ez al., 2009). Autocatalytic
and feedback mechanisms control ET production through
differential transcriptional and/or post-transcriptional reg-
ulation of I-aminocyclopropane 1-carboxylate synthase
(ACS). In addition, ET stabilizes the activities of some
ACS forms through regulation of the protein phosphoryla-
tion state by MPK6 (Liu and Zhang, 2004) or by effects on
proteasome-mediated degradation through the ETHYLENE
OVERPRODUCER (ETO)/ETO-like protein (Wang et al.,
2004). The ET receptor (ETR) forms a high-molecular-weight
complex with CONSTITUTIVE TRIPLE RESPONSE
1 (CTR1), a Raf-like MAPKKK, and ETHYLENE
INSENSITIVE 2 (EIN2), which is a critical positive regula-
tor of ET signalling. ET promotes conformational changes in
this complex that lead to the release and activation of EIN2,
which then regulates the activity of EIN3 and downstream
ET responses (Lin ef al., 2009).

Accumulating evidence suggests that ROS mediate a vari-
ety of ET-induced responses in plants. ET induces stomatal
closure via H,O, produced by RbohF in Arabidopsis (Desikan
et al., 2006). Moreover, ET mediates UV-B-induced stomatal
closure through peroxidase-dependent H,O, production in
Vicia faba (He et al., 2011). In addition, ETR1- and EIN2-
mediated signalling is required for flagellin-induced RBOH D-
dependent ROS accumulation, which is essential for stomatal
closure and associated immunity against bacterial pathogens
(Mersmann et al., 2010). Both exogenous sources of ET and
endogenous increases in ET in efo/ mutants have antago-
nistic effects on ABA-induced pathways of stomatal closure
(Tanaka et «l, 2005). Similarly, ET mediates the effects of
ozone, leading to the suppression of stomatal closure during
drought stresses (Wilkinson and Davies, 2009). It is likely that
spatial-temporal changes in ROS production and accumula-
tion dictate the specificity of these responses allowing differ-
ent signalling transduction pathways to operate according to
perceived environmental triggers and the physiological status
of the plants.

Molecular genetics approaches have provided evidence
indicating that ET and NADPH oxidases act in sequence
to regulate the responses of Arabidopsis to salinity stress.
Forward-genetics screens have identified mutants such as
soil-salinity sensitivel-1 (sssl-1) and soil salinity tolerantl-1
(sst1-1) that have altered sensitivity to salinity (Jiang et al.,
2012a, 2013). Further analysis showed that sss/-7 is a novel
mutant in an AtZRBOHF allele (Jiang et al., 2012a). SSS1-1 is
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expressed in the root vascular tissue and is involved in reduc-
ing Na* influx in the root stelar region, where it operates
to restrict the transport of Na* from the root to the shoot
through the xylem-based transpiration stream (Jiang et al.,
2013). Crucially, sst/-1 1s a loss-of-function allele of ETOI
(Jiang et al, 2013). The sstI-1 mutant had higher ET lev-
els, which are thought to confer salinity tolerance through
improved Na*/K* homeostasis, which is partially dependent
on AtRBOHF activity. The salinity tolerance conferred by
sst1-1 is also associated with the induction of high-affinity K*
transporter (Jiang et al., 2013). H,O, acts downstream of ET,
mediating the regulation of transcriptional and morphologi-
cal changes in roots deprived of K* (Shin and Schachtman,
2004). Salt stress impairs the Na*/K* homeostasis in a man-
ner that may lead to a physiological deficiency in K*. These
findings suggest that H,O,-mediated ET signalling is a con-
served mechanism of response to salinity and K*-deficiency
stresses.

The mechanisms by which ET enhances and regulates
ROS production remain to be established. It is known that
ET inhibits CTR1 function leading to the activation of
the MKK9-MPK3/6 signalling cascade (Yoo er al., 2008).
Moreover, MPK6 phosphorylates ETHYLENE RESPONSE
FACTORG6 (ERF6), which mediates the transcriptional
regulation of ROS-responsive genes (Wang et al, 2013).
ET-induced MAPK cascades may regulate ROS production
by transcriptional regulation of RBOH genes. When plants
are exposed to environmental stimuli, ET and ROS may
form an amplification loop that mediates cell death. Screens
for mutants with altered sensitivity to ozone have identi-
fied radical-induced cell deathl (rcdl), which shows transient
spreading lesions in response to ozone fumigation (Overmyer
et al., 2000). O, and ET accumulation precede cell death in
redl mutants, whereas the block in the ET signalling path-
way in ein2 mutants or redl/ein2 double mutants substan-
tially decreased O," production and cell death in response to
ozone. Similarly, the lesion mimic mutant vascular associated
deathl-1 (vadl-1), which exhibits the light-dependent appear-
ance of propagative hypersensitive response-like lesions
along the vascular system, showed an enhanced expression of
genes associated with ET synthesis and signalling after light
and pathogen treatments (Bouchez et al., 2007). The vadl-
1 mutant exhibits high levels of ROS accumulation through
activation of AtRBOHD. However, crosses of the vadl-I1
mutant with the ET-insensitive mutants drastically reduced
expression of the AtRBOHD gene and cell death. These
results demonstrate that ET potentiates the accumulation of
ROS and that ET and ROS together regulate cell death dur-
ing plant stress responses.

ET and ROS are central regulators of aerenchyma and
adventitious root development, which involves PCD, during
flooding and water logging in order to facilitate an increased
supply of oxygen to the roots. ET treatment induces PCD
in the epidermal cells immediately above the adventitious
roots in the stem nodes of rice (Steffens and Sauter, 2009).
The ET-dependent regulation of PCD in the epidermal cells
is partially dependent on ROS production. Moreover, ROS
can amplify the ET signalling cascade through the regulated

expression of ETOI-like and similar genes associated with ET
biosynthesis. The mechanisms controlling runaway cell death
triggered by high light stress, as well as aerenchyma forma-
tion triggered by hypoxia, are genetically linked (Mithlenbock
et al., 2007). The formation of lysigenous aerenchyma is
negatively regulated by the plant defence regulator LESION
SIMULATING DISEASE!1 (LSD1) in Arabidopsis, whereas
ET and ROS act downstream of LSDI1 to regulate develop-
ment of lysigenous aerenchyma. The induction of aeren-
chyma formation in hypocotyls is accelerated when plants are
exposed to high light, suggesting that a ROS/ET-mediated
systemic signal originating in leaves is also involved in the
development of lysigenous aerenchyma (Miihlenbock ez al.,
2007).

Strigolactones

Strigolactones (SLs) are a group of carotenoid-derived hor-
mones that are involved in regulation of shoot and root archi-
tecture, allowing a plasticity of growth responses to changing
environmental conditions (Gomez-Roldan ez «l, 2008;
Umehara er al, 2008; Kapulnik et al., 2011; Ruyter-Spira
et al., 2011). SLs are produced primarily in roots. They act
as long-distance signals that inhibit axillary bud outgrowth
by triggering the expression of BRANCHEDI (BRC1), which
is a class II TCP transcription factor regulating dormancy
(Aguilar-Martinez et al., 2007). SLs also regulate bud growth
indirectly through crosstalk with auxin. SLs dampen polar
auxin transport by increasing the rate of removal of the
PINT1 protein from the plasma membrane (Shinohara ez al.,
2013). Conversely, auxin positively regulates the synthesis of
SLs by activating the expression of genes encoding enzymes
of the biosynthetic pathway (Hayward et al., 2009). Current
concepts suggest that auxin and SLs function together in a
dynamic feedback loop.

MAX2 is an F-box protein that is required for SL signal-
ling (Nelson et al, 2011). The max2 Arabidopsis mutants
show enhanced shoot and root branching. A mutation
in FHY3 in the max2 mutant background suppresses the
shoot-branching phenotype (Stirnberg e al., 2012). FHY3
is a transposase-related transcription factor that is involved
in the response to far-red light (Lin ez al., 2007). This find-
ing suggests that FHY3 is a convergence point for light- and
SL-mediated signalling pathways. FHY3 has a wide range
of targets for binding including the RBOH genes (Ouyang
et al., 2011). Increased expression of RBOH genes arising
from inactivation of FHY3 may be responsible for the sup-
pression of the branching phenotype in both the wild-type
and max2 backgrounds. This hypothesis is consistent with the
role of the RBOH genes in the control of shoot branching as
observed in transgenic tomato plants with antisense RBOH
expression that showed increased shoot branching (Sagi
et al., 2004). In addition to the control of root and shoot
branching, SLs play a role in the control of leaf senescence
and stress tolerance that is dependent on MAX2 signalling
(Bu et al., 2014; Ha et al., 2014). The max2 mutants show an
increased sensitivity to drought and salt stress associated with
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an impaired ABA response that includes effects on stomatal
closure and the expression of stress-responsive genes. If we
accept that ROS are second messengers of ABA signalling,
then it is possible to suggest that RBOH proteins are involved
in SL-dependent regulation of shoot and root branching and
also in stress responses.

Whereas SLs negatively regulate lateral root formation
under optimal growth conditions, they positively regulate
lateral root production in conditions of nutrient deprivation
(Ruyter-Spira et al, 2011). These differential effects might
be explained by changes in auxin sensitivity to SLs resulting
from SL-dependent regulation of the expression of the auxin
receptor gene TIRI (Mayzlish-Gati ez al., 2012). SL levels in
the roots of plants suffering from phosphate limitation can be
increased by as much as 100 000-fold (Yoneyama et al., 2012).
The nutrient deprivation response is also associated with ROS
production (Shin and Schachtman, 2004). Nutrient depriva-
tion induces the activation of NADPH oxidases together with
the coordinate expression of genes involved in SL biosynthe-
sis in roots (Bonneau ez al., 2013). However, little is known
about the relationship between SLs and ROS production and
about the root response to nutrient deprivation stresses.

Salicylic acid

SA is a key signal in plant defences that is associated with the
perception of pathogens, either through pathogen-associated
molecular patterns (PAMPs) or through pathogen effectors.
SA is required for the initiation of PAMP-triggered immu-
nity or effector-triggered immunity. Both processes induce
molecular events leading to the expression of pathogen resist-
ance genes that involve SA synthesis, the production of ROS
and NO, and the activation of MAPK cascades, as well as an
increase in intracellular Ca** levels (Jones and Dangl, 2006).
It has been suggested that SA disturbs cellular redox homeo-
stasis by inhibiting catalase in the peroxisomes (Chen et al.,
1993) and the subsequent increase in ROS accumulation
activates thiol signalling pathways involving glutathione and
thioredoxin (Mou et al., 2003; Tada et al, 2008). However,
SA and ROS interactions are complicated. The demonstra-
tion that altered H,O, signalling initiated in catalase-deficient
mutants and transgenic plants stimulates synthesis of SA
together with the induced expression of pathogenesis-related
(PR) genes suggest that ROS also function upstream of SA
biosynthesis (Chamnongpol ez al., 1998; Han et al., 2013a).
Similarly, generation of ROS by the photosynthetic electron
transport chain or changes in the redox state of the plasto-
quinone pool also activate defence responses (Liu ez al., 2007,
Miihlenbock er al, 2008). Such observations suggest that
ROS and SA function together in a self-amplifying feedback
loop, in which ROS induce SA accumulation and SA subse-
quently enhances ROS accumulation.

NPR1 protein functions downstream of SA in the plant
defence response, sensing SA-induced cellular redox changes
and undergoing a change from an oligomeric state to the
monomeric form (Mou et al., 2003; Tada et al., 2008). The
redox-activated NPR1 translocates to the nucleus where it
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acts in concert with TGA transcription factors to regulate
the expression of PR genes. NPR1 is sequestered in the cyto-
plasm as an oligomer and S-nitrosylation of the protein facil-
itates its oligomerization, maintaining protein homeostasis
upon SA induction (Tada ez al. 2008).

Whereas PAMP-triggered immunity is the basal form
of plant immunity, effector-triggered immunity is an elic-
ited response that leads to a hypersensitive response, which
involves an accelerated and amplified interaction between SA
and ROS. Mutant such as Isd/ shows a runaway cell death
phenotype as a result of impaired control of cellular redox
status and/or SA-dependent regulation (Jabs er al, 1996).
The introduction of the superoxide-producing xanthine/xan-
thine oxidase (X/XO) system to the extracellular environment
mimics extracellular ROS generation following pathogen
perception, and initiates the runaway cell death phenotype in
Isdl. In contrast, runaway cell death is abolished in mutants
that are impaired in SA biosynthesis in the presence of the X/
XO system (Torres et al., 2005). Runaway cell death was not
observed in the rbohD knockout mutant in the presence of the
X/XO system or when supplied with an appropriate pathogen
trigger, but the rbohD/Isdl double mutant showed an acceler-
ated cell death phenotype (Torres et al., 2005). These findings
highlight the different roles of SA and NADPH oxidases in
the regulation of ROS related to the control of cell death in
plant defence responses. Whereas NADPH oxidase produces
ROS in the extracellular environment, SA induces changes
in metabolic ROS accumulation in chloroplasts, mitochon-
dria, and peroxisomes (Khokon et al., 2011). Accumulating
evidence suggests that the SA-mediated regulation of ROS
production is independent of NADPH oxidase action (Miura
et al., 2013), whereas ROS produced by NADPH oxidases
can trigger protective systems in situations where chloroplast
and/or mitochondrial ROS increase as a result of pathogen
attack (Pogany et al., 2009).

Jasmonic acid

JA and its derivatives are important regulators of wound and
environmental stress responses in higher plants. Mechanical
stress is sensed by stretch-activated Ca>* channels and also by
a variety of receptors, which initiate downstream signalling
through Rho-GTPases, NADPH oxidases, MAPK cascades,
and JA biosynthesis (Wolf ez al., 2012). Oligogalacturonides
produced during wounding induce JA biosynthesis through
the octadecanoid pathway (Doares ef al., 1995). In addition,
extracellular ATP has recently been shown to be a signal medi-
ating the wound response, leading to the induction of ROS
through NADPH oxidase activation and the induced expres-
sion of JA biosynthesis genes (Song et al., 2006). The produc-
tion of Ca?* and ROS, together with the activation of MAPK
cascades during the early phase of the wound response is
important in the regulation of JA biosynthesis. However,
the inhibition of ROS production (Orozco-Cardenas et al.,
2001) or silencing of MAPK genes (Kandoth ez al, 2007)
attenuated the expression of late wound-induced genes but
did not affect the expression of JA biosynthesis genes in

220z ¥snbny oz uo isenb Aq 6901£5/6£82/01/99/2101E/gX[/W0od dno olwepede//:sdpy Wwoly papeojumog



2848 | Xiaet al.

tomato. Furthermore, both cytoplasmic alkalization and
ROS accumulation are required for JA-induced stomatal clo-
sure (Suhita et al., 2004). While the functions of JA-induced
ROS remain controversial, it appears that very high JA lev-
els cause ROS accumulation and cell death. In contrast, low
JA concentrations induce the production of NO, which has
an antagonistic effect to H,O, on the activation of wound-
inducible defence genes (Orozco-Cardenas and Ryan, 2002).
It would appear, therefore, that the cellular response to JA is
distinct from the wound response and that JA acts in concert
with other signals, such as Ca**, ROS, oligogalacturonides,
and oxidized lipids, to regulate the wound response.

Systemic signalling pathways

Long-distance signalling is a concept that local exposure of
a plant to an environmental stimulus induces a physiologi-
cal and/or molecular response systemically in organs that
are not yet exposed to the stimulus (Heil and Ton, 2008).
Long-distance signalling provides a general mechanism for
the coordination of responses in different plant parts and
appears to be part of a more general sensing system for envi-
ronment and/or nutrient status (Forde, 2002; Davies et al.,
2005; Dempsey and Klessig, 2012).

Systemic acquired resistance (SAR) is a type of long-distance
signalling response following exposure to pathogens (Durrant
and Dong, 2004). Whereas SA is required for the establish-
ment of SAR, grafting experiments have shown that SA is not
a mobile signal (Vernooij et al., 1994). Putative phloem-mobile
systemic SAR signals include methyl salicylate, glycerol-3-phos-
phate, the lipid-transfer protein DIR1, and JA (Dempsey and
Klessig, 2012). ROS may also be involved in the long-distance
mediation of SAR responses (Alvarez et al., 1998). Recognition
of virulent pathogens triggers a localized oxidative burst and cell
death in the hypersensitive response, which after a short delay
is followed by a systemic oxidative burst and a micro-hypersen-
sitive response. Changes in the levels of ROS in the local and
systemic tissues are required for the expression of SAR. ROS
appear to mediate SAR by regulating de novo synthesis of SA in
systemic leaves. The local accumulation of BR, which functions
as an immobile hormone, induces a form of stress tolerance
that is independent of SA (Xia ez al., 2011). While BR-induced
systemic resistance appears to be somewhat different from the
classic SAR response, the inhibition of ROS accumulation in
BR-treated leaves abolished systemic responses.

Reciprocal grafting experiments in tomato have dem-
onstrated that, similar to SAR, local mechanical damage
induces systemic defence responses in undamaged tissues (Li
et al., 2002). JA signalling but not JA synthesis is required
for the initiation of a systemic wound response in the scion.
12-Oxophytodienoate reductase 3 (OPR3) catalyses the rate-
limiting step of the octadecanoid pathway of JA synthesis.
Wounding induces a rapid systemic signal in the leaves of
opr3 Arabidopsis mutants, showing that the presence of func-
tional JA synthesis in wounded leaves is not required for the
initiation of a systemic signal (Koo ez al., 2009). Since the
spr2 mutants that have been used in such studies are deficient

in all oxylipins derived from trienoic fatty acids, the precise
nature of the mobile signal is unknown. Signal(s) other than
JA are rapidly transmitted from the local stress perception
site to facilitate a systemic wound response (Koo ez al., 2009).

Wounding rapidly induces ROS accumulation in local
and systemic tissues (Orozco-Cardenas and Ryan, 1999).
RBOHD-dependent ROS production is required for rapid
systemic signalling triggered by various stresses including
wounding (Miller et al., 2009). Inhibitors of NADPH oxidase
block elicitor-induced JA synthesis in ginseng cell-suspension
cultures (Hu ez al., 2003). While ROS production in response
to wounding has been associated with the pathway of JA
synthesis and ROS act as second messengers of JA responses
following wounding (Orozco-Cardenas and Ryan, 1999;
Orozco-Cardenas et al., 2001), the relationship between ROS
accumulation and the activation of JA synthesis in systemic
tissues remains unclear. It is possible that, like the SA/ROS
signalling system, ROS and JA form a similar signal ampli-
fication loop. The propagation of waves of ROS signals may
be transmitted from cell to cell in order to facilitate long-dis-
tance transmission of ROS signals, which activate JA synthe-
sis in systemic tissues. Similarly, JA signalling could enhance
ROS levels and initiate wound responses in systemic tissues.

By analogy to the classic SAR response, a long-distance
signalling response called systemic acquired acclimation
(SAA) is considered to operate following perception of abi-
otic stresses. Currently, hormones such as ABA and ET are
widely considered to be mediators of long-distance signalling
in response to drought, nutrient deprivation, and submer-
gence stress (Forde, 2002; Davies et al., 2005; Jackson, 2008).
Root-sourced ABA, which is transported through xylem sap,
has long been considered a mobile signal to regulate sto-
matal closure in response to drought (Davies et al., 2005).
However, grafting experiments using wild-type and ABA-
deficient tomato indicated that the stomatal closure response
in the shoot is independent of the ABA biosynthesis capacity
in the stock during drought stress (Holbrook ez al., 2002).
Interestingly, the redox status of the plastoquinone pool and
ROS production via photorespiration and/or the Mehler
reaction is implicated in the initiation of SAA (Karpinski
et al., 1999; Fryer et al., 2003). Furthermore, ABA synthe-
sized in the vascular parenchyma induces a burst of ROS
accumulation in the apoplast, which facilitates retrograde
signalling from chloroplasts (Galvez-Valdivieso et al., 2009).
However, ABA accumulation in systemic tissues that are dis-
tant from the perceived heat stress is abolished in Arabidopsis
rbohD mutants (Suzuki ez al., 2013). It is likely that, as is the
case with SA- and JA-mediated systemic signalling, ABA
accumulation and signalling may participate in the cell-to-
cell propagation of ROS waves and participate in the positive
amplification loop that propagates SAA responses. The inter-
play between ROS and several plant hormones, including
SA, JA, and ABA, provides a more general mechanism for
systemic signalling responses (Fig. 2). The balance between
the different hormones in such responses will therefore deter-
mine the nature of the transcriptional signatures that facili-
tate appropriate responses to specific stresses.
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Fig. 2. A general model of systemic signalling. When local parts of a plant are exposed to specific stimuli, e.g. pathogen attack, wounding or high

light, the receptor activates Ca®* channels, which lead to a rise in concentration of Ca®* in the cytoplasm. Meanwhile, stresses cause damage to the

cell wall and/or membrane, which leads to the generation of small molecules such as phosphatidic acid (PA), oligogalacturonide (OG), and oxylipins.

The temporally and spatially regulated Ca?* together with Ca®*-dependent protein kinase (CDPK) activates RBOH, whereas the increase in extracellular
ROS in turn activates Ca®* channels. ROS produced by RBOH activate a MAPK phosphorylation cascade, which can form a positive amplification loop
with ROS. CDPK, MAPK, and the small molecules may work together to regulate the biosynthesis of hormones, which can initiate a second round of
production of Ca?* and ROS. The Ca?* and ROS signature, which contains stimuli/hormone-specific information, may trigger a similar signalling process
in neighbouring cells after crossing the plasma membrane. The ROS/Ca®*, hormone/small molecules, and kinase mutually regulate each other and form a
positive amplification loop. In this way, the stimulus-specific signal is propagated throughout the plants. The shoot meristem may sense the local changes
in the plant and regulate the performance of plant growth by regulating the polar transport of auxin. We hypothesize that interaction of ROS/Ca?* and
hormone/small molecules rather than a specific mobile chemical signal mediates the systemic signalling, whereas RBOH plays an important role in
amplifying the strength of signalling. The signalling loop induces Ca?* flux across the membrane and induces a hyper- or depolarization of the membrane,
which acts as an electrical signal. Physical signals, e.g. electrical or hydraulic signals, produced following the local stimuli dependently or independently of

the signalling loop are potentially involved in systemic signalling.

Crosstalk between hormone signalling
pathways

Literature evidence demonstrates that the interaction between
stress signalling pathways and developmental stimuli is not
linear but involves a complex network of interactions between
different hormone signalling pathways, with extensive meta-
bolic crosstalk and points of reciprocal control. The above
discussion has highlighted the roles of the different plant hor-
mones in ROS production and propagation of signals leading

to responses in gene expression. Moreover, temporal and spa-
tial changes in ROS accumulation serve as hubs for integration
of signals from different hormone pathways. For example, a
paradigm for this type of control is the hormone-mediated
changes in regulation of ROS production and processing in
the mediation of the antagonistic control of seed germina-
tion by GA and ABA. In this situation, GA promotes ROS
accumulation and sensitizes the aleurone cells to oxidant-
triggered PCD in barley grains, whereas ABA enhances the
antioxidant capacity and essentially desensitizes the aleurone

220z 1snbny oz uo isenb Aq 6907£G/6£82/0 L/99/2[01Me/qx[/wod dno-olwaepede//:sdiy Wwoly pepeojumo(



2850 | Xia et al.

cells to GA-induced oxidant production (Bethke and Jones,
2001; Fath et al., 2001; Schopfer et al., 2001a). ROS promote
the end of seed dormancy in Arabidopsis by inducing ABA
catabolism and suppressing ABA signalling (Liu ez al., 2010).
However, NADPH oxidase-mediated ROS accumulation in
the apoplast could also trigger germination through activa-
tion of GA signalling pathways (Leymarie ez al., 2012). The
extent of ROS accumulation seems to be a determinant of the
balance between GA and ABA signalling. However, our cur-
rent knowledge of the mechanistic details of the regulation
of ROS levels during seed germination is far from complete.
The action of DELLA proteins as repressors of GA signal-
ling pathways is also important in the crosstalk between GA
signalling and other pathways, and also for regulating the
levels of ROS during stress responses (Achard ez al., 2008).
The DELLA protein called RGL2 inhibits seed germination
by stimulating ABA synthesis and ABI5-mediated signalling
(Tyler et al., 2004; Piskurewicz et al., 2008). The RGL2 pro-
tein is degraded by the F-box protein called SLY1 following
GA treatment. Since RGL?2 is expressed at high levels in ger-
minating seeds (Tyler ez al., 2004), it is possible that repres-
sion of seed germination by ABA is persistent but that it is
overcome by the GA signal. In this way, ROS produced via
NADPH oxidases could mediate the regulation of DELLA
protein levels and act as secondary messengers following the
perception of an appropriate environmental stimulus that is
sensed by the seeds. Hence, ROS would serve to change the
existing balance between ABA and GA pathways in order to
promote seed germination.

ABA also antagonizes the action of BR, serving to dephos-
phorylate BZR1 and BESI and release the repression of the
GSK3-like kinase BIN2 (Kim ez al., 2009). ABA promotes
phosphorylation of BESI in the presence of BR through
activation of BIN2 (S. Zhang ez al., 2009). DELLA proteins
can interact directly with BZR1, inhibiting its transcrip-
tional activity and serving to restrain plant growth (Gallego-
Bartolomé et al., 2012). Upon exposure to abiotic stresses,
ABA signals stabilize DELLA proteins (Achard ez al., 2006).
It appears that ABA suppresses BR signalling at multiple lev-
els. ROS may also be important in the interplay between ABA
and BR signalling pathways through regulation of the action
of DELLA proteins that control ROS levels. ROS production
by NADPH oxidases plays a critical role in the BR-dependent
activation of ABA biosynthesis (Xia et al., 2014; Zhou et al.,
2014). The strength and duration of ABA induction depends
on the concentration of BR applied in such experiments.
DELLA proteins positive regulate ABA synthesis and so it
would be interesting to investigate whether DELLA proteins
are involved in BR-mediated regulation of ABA synthesis. If
this is the case, then BR-induced ROS accumulation could
serve to stabilize DELLA proteins, which in turn could sup-
press BR signalling. In this way, ROS levels may function in
the negative feedback regulation for BR signalling.

The concept that SA and JA signalling pathways can func-
tion in an antagonistic manner is well established in the litera-
ture, although the mechanisms that mediate such interactions
remain unresolved. The relationship between SA and JA sig-
nalling pathways is dependent on the relative concentrations

of each hormone. Low SA concentrations can also act syner-
gistically with JA in the regulated induction of defence genes,
such as PR-1 and PDFI.2, which are markers for SA and JA
signalling pathways, respectively (Mur et al., 2006). An antag-
onistic relationship between SA and JA signalling is observed
when these hormones are present at high concentrations, and
this often results in the establishment of an oxidative burst
and cell death (Mur et al, 2006). Thus, regulation of ROS
production may play a role in the interactions between SA
and JA signalling pathways. SA suppresses the JA-dependent
induction of defence genes, but only once JA signalling has
been established (Koornneef ez al., 2008). In this interaction,
SA induction could lead to a transient perturbation in cel-
lular redox homeostasis leading to thiol-dependent signalling
that regulates the expression of both JA- and SA-mediated
pathways (Han et al. 2013a, b). The addition of inhibitors
of glutathione synthesis after induction of the JA signalling
pathway prevents the antagonistic interactions between the
SA and JA signalling pathways. The glutaredoxin GRX480 is
important in the SA-dependent suppression of JA-responsive
genes (Ndamukong et al., 2007). Taken together, these find-
ings demonstrate that modulation of cellular redox homeo-
stasis and thiol signalling pathways play critical roles in
SA-JA crosstalk.

NPRI1 can function as a sensor of SA-mediated changes
in cellular redox homeostasis (Mou et al., 2003; Tada et al.,
2008). NPR1 is also required for the negative effect of SA on
the JA signalling pathways (Spoel et al., 2003). The intracel-
lular localization of NPR1, which determines its differential
interactions with other proteins, may contribute to the dynam-
ics of SA-JA interactions. The TGA2/5/6 factors are positive
regulators of PDFI.2 expression (Zander et al., 2010), whereas
MYC2, which is a major regulator of JA signalling, has a nega-
tive effect on PDFI.2 expression (Lorenzo et al., 2004). The
antagonistic effects of SA on the JA signalling pathways are
at least partly dependent on the opposing effects of the TGA
and MYC?2 transcription factors on the expression of PDFI.2.
It is still unclear whether NPR 1-mediated SA suppression of
JA-dependent defence genes involves competition for TGA fac-
tors that activate SA-dependent genes. However, following the
induction of ET synthesis during the abiotic stress response,
SA can suppress JA signalling in the absence of NPR1 (Leon-
Reyes et al., 2009). This finding is somewhat surprising given
that ET and JA can synergistically regulate the expression of
PDFI1.2. The regulation of ROS production and accumulation
is likely to be involved in the fine-tuning of the crosstalk of
the ET, SA, and JA signalling pathways. In conditions where
SA levels are high, ET may serve to trigger further increases
in ROS accumulation, which could influence the balance of
crosstalk between the different hormone-regulated pathways.

Perspectives

The above discussion has emphasized the central role of ROS
production and accumulation in plant hormone-mediated
signalling and action in response to developmental and envi-
ronmental stimuli. ROS signalling coupled to the action of
Ca’" signals and MAPK cascades form a flexible feedback
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loop that can serve to amplify the effects of hormonal signal-
ling (Fig. 3). The spatial and temporal accumulation of ROS
also has a strong impact on hormone synthesis, transport,
and localization, as well as signalling, and thereby impacts
on hormone-mediated growth and stress tolerance responses.

The mechanisms by which changes in ROS production and
the relative levels in different cellular compartments function to
control hormone-dependent processes are poorly understood.
Unlike the situation in yeast, where ROS sensing is mediated
by redox regulation of the Yapl transcription factor, the recep-
tor for ROS sensing mechanisms in plants are still unidentified.
However, glutathione, TRXs, and thiol-regulated proteins are
considered the most probable receptors and mediators of ROS
signalling, functioning in a compartment-specific manner.

The rapid, reversible, and flexible redox modification of pro-
teins is finely tuned by an intricate balance between ROS pro-
duction and scavenging. Many redox-sensitive proteins exist
in plants and each has the potential to fulfil a role in redox

Auxin BR ABA
ABP1
L 4 cGMP

ROS ROS\ (‘ ROS\
Ca?* Redox status MAPK Nitric oxide
Cell Growth and Stress Stomatal
elongation development tolerance closure

Fig. 3. A model for the involvement of ROS, redox, MAPK, and nitric
oxide (NO) (nitric oxide) in signalling of auxin, BR, and ABA. Auxin-binding
protein 1 (ABP1) is required for auxin-dependent activation of ROP-
GTPases, which mediate ROS production through regulating RBOH,
whereas RBOH-dependent ROS control cell elongation through the
activation of Ca®* channels. In addition, auxin-modulated ROS seems to
play a role in regulating the TRX- and GSH-dependent redox status, which
control plant growth and development potentially through regulating auxin
homeostasis. BR activation of BRI1 leads to a sequential generation of
second messengers: cGMP, Ca®*, and ROS. Depending on the level of
BR, different dynamics of ROS can induce a reduced redox status, which
is associated with growth and development, or can lead to activation

of MAPK cascades, which are involved in regulating stress tolerance.
When ABA is perceived by the receptor PYR or PYR-like proteins, the
phosphatase activity of PP2C is inhibited, leading to the release of OST1
from the suppression of PP2C. OST1 is required for the production of
ROS through phosphorylation and activation of RBOH. ABA-induced ROS
can form a positive feedback loop with MAPK, which regulates stress
tolerance. Meanwhile, NO acts downstream of ROS in mediating ABA-
induced stomatal closure.
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sensing and signal transduction. Redox regulation of integral
pathway proteins provides a rapid and simple mechanism for
the regulation of plant development and defence pathways.

There are many examples of redox regulation of proteins
involved in plant metabolism, such as the thiol-modulated
enzymes of carbon assimilation, metabolism, and transport.
Within the domain of plant development and stress tolerance,
the redox-mediated regulation of NPR1 leads to activation
of transcription factors regulating the expression of defence
genes. The redox regulation of NPR1 provides a classic exam-
ple of how changes in intracellular compartmentation can
be facilitated by redox regulation in order to elicit appropri-
ate defence responses. The ABA-mediated stomatal closure
is negatively regulated by NO through S-nitrosylation of the
OST]1 kinase (Wang et al., 2014). Heat-shock factors are also
potential targets of redox regulation. The application of redox
proteomics within the context of a physiologically relevant
background will help to identify potential redox-regulated
proteins that perform key functions in plant development and
environmental stress responses. However, further technical
advances are required in order to probe the cellular pool of
redox-regulated proteins for the full range of possible redox-
regulated modifications. Measurements of processes such as
protein glutathionylation remain technically challenging.

Whereas the concept that the plasma membrane NADPH
oxidases are important components of ROS signalling pathways
is firmly established in the literature, in many cases the exact
molecular mechanisms that regulate NADPH oxidase activity
are unknown. Similarly, it is unclear how NADPH oxidases are
regulated to achieve specificity in ROS signalling. At present,
only the RAC/ROP and CDPK proteins are known regulators
of NADPH oxidase activity, for example in auxin and pathogen
defence signalling. Similar mechanisms of direct NADPH oxi-
dase regulation may exist with regard to other hormone signal-
ling pathways. Alternatively, the activity of NADPH oxidases
may be modulated in response to the highly dynamic Ca** sig-
nal oscillations that occur in response to stress.

The literature evidence discussed above demonstrates that
dynamic spatial and temporal changes in ROS production and
accumulation transmit specific information that is decoded
by ROS-sensitive proteins in order to activate protein kinase
cascades that in turn orchestrate downstream transcriptional
responses. A new generation of improved in situ imaging tech-
niques that use ROS-responsive reporters is required to detect
the dynamics of spatial and temporal changes in ROS accu-
mulation. ROS produced by metabolism in different organelles
undoubtedly play important roles in the regulation of plant
development and stress tolerance. However, the hormone-
mediated regulation of plasma-membrane NADPH oxides
appears to be extraordinarily important in the hormone cross-
talk that underpins this control, as well as in systemic signal-
ling associated with plant stress responses.

The plant genome encodes a large number of membrane-
localized receptors and receptor-like kinases, many of which
are localized in the plasma membrane. The plasma membrane
is a hub of crosstalk between different signalling pathways.
Regulation of the cellular localization of NADPH oxidases
may be important in this integration. In pollen-tube tips, for
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example, these enzymes are localized preferentially in polar-
ized lipid microdomains. It is likely that interactions between
NADPH oxidases and other membrane proteins also serve
to modulate the specificity of ROS signalling. Clathrin- and
membrane microdomain-mediated pathways cooperatively
regulate endocytosis involving NADPH oxidases under stress
conditions, providing a further layer of complexity.

ROS production and associated redox processing are an
integral part of hormone regulation and function in the
control of plant development and stress tolerance. We have
only recently begun to understand the complex network of
interactions and mechanisms that facilitate crosstalk between
ROS and hormone signalling that underpin this control.
Much remains to be discovered, particularly regarding the
spatial-temporal regulation of ROS production as well as the
identification of the proteins that sense changes in ROS and
use this information to facilitate crosstalk between the differ-
ent hormone signalling pathways.

Acknowledgements

This work was supported by the State Key Program of National Natural
Science Foundation of China (31430076), the National Natural Science
Foundation of China (31272155, 31000905), and the Foundation for the
Author of National Excellent Doctoral Dissertation of PR China (201263).
The authors declare that they have no conflicts of interest in the research.

References

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz
T, Van Der Straeten D, Peng J, Harberd NP. 2006. Integration of plant
responses to environmentally activated phytohormonal signals. Science
311, 91-94.

Achard P, Renou JP, Berthomé R, Harberd NP, Genschik P. 2008.
Plant DELLASs restrain growth and promote survival of adversity by reducing
the levels of reactive oxygen species. Current Biology 18, 656-660.

Aguilar-Martinez JA, Poza-Carrion C, Cubas P. 2007. Arabidopsis
BRANCHED1 acts as an integrator of branching signals within axillary
buds. The Plant Cell 19, 458-472.

Albrecht C, Boutrot F, Segonzac C, Schwessinger B, Gimenez-
Ibanez S, Chinchilla D, Rathjen JP, De Vries SC, Zipfel C. 2012.
Brassinosteroids inhibit pathogen-associated molecular pattern-triggered
immune signaling independent of the receptor kinase BAK1. Proceedings
of the National Academy of Sciences, USA 109, 303-308.

Allen GJ, Chu SP, Schumacher K, Shimazaki CT, Vafeados D,
Kemper A, Hawke SD, Tallman G, Tsien RY, Harper JF. 2000.
Alteration of stimulus-specific guard cell calcium oscillations and stomatal
closing in Arabidopsis det3 mutant. Science 289, 2338-2342.

Alvarez MAE, Pennell Rl, Meijer PJ, Ishikawa A, Dixon RA, Lamb C.
1998. Reactive oxygen intermediates mediate a systemic signal network in
the establishment of plant immunity. Cell 92, 773-784.

Bahin E, Bailly C, Sotta B, Kranner |, Corbineau F, Leymarie J. 2011.
Crosstalk between reactive oxygen species and hormonal signalling pathways
regulates grain dormancy in barley. Plant, Cell & Environment 34, 980-993.

Bancos S, Nomura T, Sato T, Molnar G, Bishop GJ, Koncz C,
Yokota T, Nagy F, Szekeres M. 2002. Regulation of transcript levels
of the Arabidopsis cytochrome P450 genes involved in brassinosteroid
biosynthesis. Plant Physiology 130, 504-513.

Bashandy T, Guilleminot J, Vernoux T, Caparros-Ruiz D, Ljung

K, Meyer Y, Reichheld JP. 2010. Interplay between the NADP-linked
thioredoxin and glutathione systems in Arabidopsis auxin signaling. The
Plant Cell 22, 376-391.

Beligni MV, Fath A, Bethke PC, Lamattina L, Jones RL. 2002. Nitric
oxide acts as an antioxidant and delays programmed cell death in barley
aleurone layers. Plant Physiology 129, 1642-1650.

Belkhadir Y, Jaillais Y, Epple P, Balsemao-Pires E, Dangl JL, Chory
J. 2012. Brassinosteroids modulate the efficiency of plant immune
responses to microbe-associated molecular patterns. Proceedings of the
National Academy of Sciences, USA 109, 297-302.

Benjamins R, Scheres B. 2008. Auxin: the looping star in plant
development. Annual Review of Plant Biology 59, 443-465.

Bethke PC, Jones RL. 2001. Cell death of barley aleurone protoplasts is
mediated by reactive oxygen species. The Plant Journal 25, 19-29.

Blomster T, Salojarvi J, Sipari N, Brosché M, Ahlfors R, Keindnen
M, Overmyer K, Kangasjarvi J. 2011. Apoplastic reactive oxygen
species transiently decrease auxin signaling and cause stress-induced
morphogenic response in Arabidopsis. Plant Physiology 157, 1866-1883.

Bonneau L, Huguet S, Wipf D, Pauly N, Truong HN. 2013.

Combined phosphate and nitrogen limitation generates a nutrient stress
transcriptome favorable for arbuscular mycorrhizal symbiosis in Medicago
truncatula. New Phytologist 199, 188-202.

Bouchez O, Huard C, Lorrain S, Roby D, Balagué C. 2007. Ethylene is
one of the key elements for cell death and defense response control in the
Arabidopsis lesion mimic mutant vad1. Plant Physiology 145, 465-477.

Bright J, Desikan R, Hancock JT, Weir IS, Neill SJ. 2006. ABA-
induced NO generation and stomatal closure in Arabidopsis are dependent
on H,O, synthesis. The Plant Journal 45, 113-122.

Bu Q, Lv T, Shen H, Luong P, Wang J, Wang Z, Huang Z, Xiao L,
Engineer C, Kim TH. 2014. Regulation of drought tolerance by the F-box
protein MAX2 in Arabidopsis. Plant Physiology 164, 424-439.

Chamnongpol S, Willekens H, Moeder W, Langebartels C,
Sandermann H, Van Montagu M, Inzé D, Van Camp W. 1998.
Defense activation and enhanced pathogen tolerance induced by H,O, in
transgenic tobacco. Proceedings of the National Academy of Sciences,
USA 95, 5818-5823.

Che P, Bussell JD, Zhou W, Estavillo GM, Pogson BJ, Smith SM.
2010. Signaling from the endoplasmic reticulum activates brassinosteroid
signaling and promotes acclimation to stress in Arabidopsis. Science
Signaling 3, ra69.

Chen X, Naramoto S, Robert S, Tejos R, Lofke C, Lin D, Yang Z,
Friml J. 2012. ABP1 and ROP6 GTPase signaling regulate clathrin-
mediated endocytosis in Arabidopsis roots. Current Biology 22,
1326-1332.

Chen Z, Silva H, Klessig DF. 1993. Active oxygen species in the
induction of plant systemic acquired resistance by salicylic acid. Science
262, 1883-1886.

Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Niirnberger T,
Jones JD, Felix G, Boller T. 2007. A flagellin-induced complex of the
receptor FLS2 and BAK1 initiates plant defence. Nature 448, 497-500.

Dat J, Vandenabeele S, Vranova E, Van Montagu M, Inzé D,

Van Breusegem F. 2000. Dual action of the active oxygen species
during plant stress responses. Cellular and Molecular Life Sciences 57,
779-795.

Daviere JM, Achard P. 2013. Gibberellin signaling in plants. Development
140, 1147-1151.

Davies WJ, Kudoyarova G, Hartung W. 2005. Long-distance ABA
signalling and its relation to other signalling pathways in the detection of
soil drying and the mediation of the plant’s response to drought. Journal of
Plant Growth Regulation 24, 285-295.

Dempsey D, Klessig DF. 2012. SOS-too many signals for systemic
acquired resistance? Trends in Plant Science 17, 538-545.

Desikan R, Last K, Harrett-Williams R, Tagliavia C, Harter K, Hooley
R, Hancock JT, Neill SJ. 2006. Ethylene-induced stomatal closure in
Arabidopsis occurs via AtrbohF-mediated hydrogen peroxide synthesis.
The Plant Journal 47, 907-916.

Dietz KJ. 2008. Redox signal integration: from stimulus to networks and
genes. Physiologia Plantarum 133, 459-468.

Doares SH, Syrovets T, Weiler EW, Ryan CA. 1995.
Oligogalacturonides and chitosan activate plant defensive genes through
the octadecanoid pathway. Proceedings of the National Academy of
Sciences, USA 92, 4095-4098.

Duan L, Dietrich D, Ng CH, Chan PMY, Bhalerao R, Bennett MJ,
Dinneny JR. 2013. Endodermal ABA signaling promotes lateral root
quiescence during salt stress in Arabidopsis seedlings. The Plant Cell 25,
324-341.

220z 1snbny oz uo 1senb Aq 690£S/6€82/01/99/8191e/qX[/Wwoo dno olwepeoe//:sdyy woly pspeojumoq



Duan PG, Rao YC, Zeng DL, Yang YL, Xu R, Zhang BL, Dong GJ,
Qian Q, Li YH. 2014. SMALL GRAIN 1, which encodes a mitogen-
activated protein kinase kinase 4, influences grain size in rice. The Plant
Journal 77, 547-557.

Duan Q, Kita D, Li C, Cheung AY, Wu HM. 2010. FERONIA receptor-
like kinase regulates RHO GTPase signaling of root hair development.
Proceedings of the National Academy of Sciences, USA 107,
17821-17826.

Durrant WE, Dong X. 2004. Systemic acquired resistance. Annual
Review of Phytopathology 42, 185-209.

Fath A, Bethke PC, Jones RL. 2001. Enzymes that scavenge reactive
oxygen species are down-regulated prior to gibberellic acid-induced
programmed cell death in barley aleurone. Plant Physiology 126, 156—-166.

Fischer U, Ikeda Y, Ljung K, Serralbo O, Singh M, Heidstra R, Palme
K, Scheres B, Grebe M. 2006. Vectorial information for Arabidopsis
planar polarity is mediated by combined AUX1, EIN2, and GNOM activity.
Current Biology 16, 2143-2149.

Forde BG. 2002. The role of long-distance signalling in plant responses to
nitrate and other nutrients. Journal of Experimental Botany 53, 39-43.

Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H, Torres
MA, Linstead P, Costa S, Brownlee C, Jones JD. 2003. Reactive
oxygen species produced by NADPH oxidase regulate plant cell growth.
Nature 422, 442-446.

Foyer CH, Noctor G. 2000. Oxygen processing in photosynthesis:
regulation and signaling. New Phytologist 146, 359-388.

Foyer CH, Noctor G. 2003. Redox sensing and signalling associated
with reactive oxygen in chloroplasts, peroxisomes and mitochondria.
Physiologia Plantarum 119, 355-364.

Foyer CH, Noctor G. 2005. Oxidant and antioxidant signalling in plants: a
re-evaluation of the concept of oxidative stress in a physiological context.
Plant, Cell & Environment 28, 1056-1071.

Fryer MJ, Ball L, Oxborough K, Karpinski S, Mullineaux PM, Baker
NR. 2003. Control of Ascorbate Peroxidase 2 expression by hydrogen
peroxide and leaf water status during excess light stress reveals a
functional organisation of Arabidopsis leaves. The Plant Journal 33,
691-705.

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park S-Y,
Cutler SR, Sheen J, Rodriguez PL, Zhu JK. 2009. /n vitro reconstitution
of an abscisic acid signalling pathway. Nature 462, 660-664.

Gallego-Bartolomé J, Minguet EG, Grau-Enguix F, Abbas M,
Locascio A, Thomas SG, Alabadi D, Blazquez MA. 2012. Molecular
mechanism for the interaction between gibberellin and brassinosteroid
signaling pathways in Arabidopsis. Proceedings of the National Academy
of Sciences, USA 109, 13446-13451.

Galvez-Valdivieso G, Fryer MJ, Lawson T, Slattery K, Truman W,
Smirnoff N, Asami T, Davies WJ, Jones AM, Baker NR. 2009. The
high light response in Arabidopsis involves ABA signaling between vascular
and bundle sheath cells. The Plant Cell 21, 2143-2162.

Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pagés V, Dun EA,
Pillot J-P, Letisse F, Matusova R, Danoun S, Portais JC. 2008.
Strigolactone inhibition of shoot branching. Nature 455, 189-194.

Grunewald W, Friml J. 2010. The march of the PINs: developmental
plasticity by dynamic polar targeting in plant cells. EMBO Journal 29,
2700-2714.

Ha CV, Leyva-Gonzalez MA, Osakabe Y, et al. 2014. Positive
regulatory role of strigolactone in plant responses to drought and salt
stress. Proceedings of the National Academy of Sciences, USA 111,
851-856.

Han Y, Chaouch S, Mhamdi A, Queval G, Zechmann B, Noctor G.
2013a. Functional analysis of Arabidopsis mutants points to novel roles
for glutathione in coupling H,O, to activation of salicylic acid accumulation
and signaling. Antioxidants and Redox Signaling 18, 2106-2121.

Han Y, Mhamdi A, Chaouch S and Noctor G. 2013b. Regulation of
basal and oxidative stress-triggered jasmonic acid-related gene expression
by glutathione. Plant, Cell & Environment 36, 1135-1146.

Haubrick LL, Assmann SM. 2006. Brassinosteroids and plant function:
some clues, more puzzles. Plant, Cell & Environment 29, 446-457.
Hayward A, Stirnberg P, Beveridge C, Leyser O. 2009. Interactions
between auxin and strigolactone in shoot branching control. Plant
Physiology 161, 400-412.

Redox, stress response and plant development | 2853

He J, Duan Y, Hua D, Fan G, Wang L, Liu Y, Chen Z, Han L, Qu LJ,
Gong Z. 2012. DEXH box RNA helicase-mediated mitochondrial reactive
oxygen species production in Arabidopsis mediates crosstalk between
abscisic acid and auxin signaling. The Plant Cell 24, 1815-1833.

He J, Yue X, Wang R, Zhang Y. 2011. Ethylene mediates UV-B-induced
stomatal closure via peroxidase-dependent hydrogen peroxide synthesis in
Vicia faba L. Journal of Experimental Botany 62, 2657-2666.

Heil M, Ton J. 2008. Long-distance signalling in plant defence. Trends in
Plant Science 13, 264-272.

Heyman J, Cools T, Vandenbussche F, et al. 2013. ERF115 controls
root quiescent center cell division and stem cell replenishment. Science
342, 860-863.

Holbrook NM, Shashidhar VR, James RA, Munns R. 2002. Stomatal
control in tomato with ABA-deficient roots: response of grafted plants to
soil drying. Journal of Experimental Botany 53, 1503-1514.

Hu X, Neill S, Cai W, Tang Z. 2003. Hydrogen peroxide and jasmonic
acid mediate oligogalacturonic acid-induced saponin accumulation in
suspension-cultured cells of Panax ginseng. Physiologia Plantarum 118,
414-421.

Iglesias MJ, Terrile MC, Bartoli CG, D’Ippélito S, Casalongué CA.
2010. Auxin signaling participates in the adaptative response against
oxidative stress and salinity by interacting with redox metabolism in
Arabidopsis. Plant Molecular Biology 74, 215-222.

Ishibashi Y, Tawaratsumida T, Kondo K, Kasa S, Sakamoto M, Aoki
N, Zheng SH, Yuasa T, lwaya-Inoue M. 2012. Reactive oxygen species
are involved in gibberellin/abscisic acid signalling in barley aleurone cells.
Plant Physiology 168, 1705-1714.

Jabs T, Dietrich RA, Dangl JL. 1996. Initiation of runaway cell death
in an Arabidopsis mutant by extracellular superoxide. Science 273,
1853-1856.

Jackson MB. 2008. Ethylene-promoted elongation: an adaptation to
submergence stress. Annals of Botany 101, 229-248.

Jiang C, Belfield EJ, Cao Y, Smith JAC, Harberd NP. 2013. An
Arabidopsis soil-salinity-tolerance mutation confers ethylene-mediated
enhancement of sodium/potassium homeostasis. The Plant Cell 25,
3535-3552.

Jiang C, Belfield EJ, Mithani A, Visscher A, Ragoussis J, Mott R,
Smith JAC, Harberd NP. 2012a. ROS-mediated vascular homeostatic
control of root-to-shoot soil Na delivery in Arabidopsis. EMBO Journal 31,
4359-4370.

Jiang K, Meng YL, Feldman LJ. 2003. Quiescent center formation in
maize roots is associated with an auxin-regulated oxidizing environment.
Development 130, 1429-1438.

Jiang M, Zhang J. 2003. Cross-talk between calcium and reactive
oxygen species originated from NADPH oxidase in abscisic acid-induced
antioxidant defence in leaves of maize seedlings. Plant, Cell & Environment
26, 929-939.

Jiang MY, Zhang JH. 2002. Water stress-induced abscisic acid
accumulation triggers the increased generation of reactive oxygen species
and up-regulates the activities of antioxidant enzymes in maize leaves.
Journal of Experimental Botany 53, 2401-2410.

Jiang YP, Cheng F, Zhou YH, Xia XJ, Mao WH, Shi K, Chen Z, Yu
JQ. 2012b. Cellular glutathione redox homeostasis plays an important role
in the brassinosteroid-induced increase in CO, assimilation in Cucumis
sativus. New Phytologist 194, 932-943.

Jiao Y, Sun L, Song Y, Wang L, Liu L, Zhang L, Liu B, Li N, Miao

C, Hao F. 2013. AtrbohD and AtrbohF positively regulate abscisic
acid-inhibited primary root growth by affecting Ca®* signalling and auxin
response of roots in Arabidopsis. Journal of Experimental Botany 64,
4183-4192.

Jones JD, Dangl JL. 2006. The plant immune system. Nature 444,
323-329.

Joo JH, Bae YS, Lee JS. 2001. Role of auxin-induced reactive oxygen
species in root gravitropism. Plant Physiology 126, 1055-1060.

Kagale S, Divi UK, Krochko JE, Keller WA, Krishna P. 2007.
Brassinosteroid confers tolerance in Arabidopsis thaliana and Brassica
napus to a range of abiotic stresses. Planta 225, 353-364.

Kandoth PK, Ranf S, Pancholi SS, Jayanty S, Walla MD, Miller

W, Howe GA, Lincoln DE, Stratmann JW. 2007. Tomato MAPKs
LeMPK1, LeMPK2, and LeMPK3 function in the systemin-mediated

220z ¥snbny oz uo isenb Aq 6901£5/6£82/01/99/2101E/gX[/W0od dno olwepede//:sdpy Wwoly papeojumog



2854 | Xia et al.

defense response against herbivorous insects. Proceedings of the National
Academy of Sciences, USA 104, 12205-12210.

Kapulnik Y, Delaux PM, Resnick N, Mayzlish-Gati E, Wininger

S, Bhattacharya C, Séjalon-Delmas N, Combier JP, Bécard G,
Belausov E. 2011. Strigolactones affect lateral root formation and root-
hair elongation in Arabidopsis. Planta 233, 209-216.

Karpinski S, Reynolds H, Karpinska B, Wingsle G, Creissen G,
Mullineaux P. 1999. Systemic signaling and acclimation in response to
excess excitation energy in Arabidopsis. Science 284, 654-657.

Kemmerling B, Schwedt A, Rodriguez P, et al. 2007. The BRI1-
associated kinase 1, BAK1, has a brassinolide-independent role in plant
cell-death control. Current Biology 17, 1116-1122.

Khokon M, Okuma E, Hossain MA, Munemasa S, Uraji M,
Nakamura Y, Mori IC, Murata Y. 2011. Involvement of extracellular
oxidative burst in salicylic acid-induced stomatal closure in Arabidopsis.
Plant, Cell & Environment 34, 434-443.

Kim TW, Guan S, Sun Y, Deng Z, Tang W, Shang JX, Sun Y,
Burlingame AL, Wang ZY. 2009. Brassinosteroid signal transduction
from cell-surface receptor kinases to nuclear transcription factors. Nature
Cell Biology 11, 1254-1260.

Kim TW, Michniewicz M, Bergmann DC, Wang ZY. 2012.
Brassinosteroid regulates stomatal development by GSK3-mediated
inhibition of a MAPK pathway. Nature 482, 419-422.

Kobayashi M, Ohura |, Kawakita K, Yokota N, Fujiwara M,
Shimamoto K, Doke N, Yoshioka H. 2007. Calcium-dependent protein
kinases regulate the production of reactive oxygen species by potato
NADPH oxidase. The Plant Cell 19, 1065-1080.

Koo AJ, Gao X, Daniel Jones A, Howe GA. 2009. A rapid wound signal
activates the systemic synthesis of bioactive jasmonates in Arabidopsis.
The Plant Journal 59, 974-986.

Koornneef A, Leon-Reyes A, Ritsema T, Verhage A, Den Otter
FC, Van Loon L, Pieterse CM. 2008. Kinetics of salicylate-mediated
suppression of jasmonate signaling reveal a role for redox modulation.
Plant Physiology 147, 1358-1368.

Kovtun Y, Chiu WL, Tena G, Sheen J. 2000. Functional analysis of
oxidative stress-activated mitogen-activated protein kinase cascade
in plants. Proceedings of the National Academy of Sciences, USA 97,
2940-2945.

Kwak JM, Mori IC, Pei ZM, Leonhardt N, Torres MA, Dangl JL,
Bloom RE, Bodde S, Jones JD, Schroeder JI. 2003. NADPH oxidase
AtrbohD and AtrbohF genes function in ROS-dependent ABA signaling in
Arabidopsis. EMBO Journal 22, 2623-2633.

Kwezi L, Meier S, Mungur L, Ruzvidzo O, Irving H, Gehring C. 2007.
The Arabidopsis thaliana brassinosteroid receptor (AtBRI1) contains a
domain that functions as a guanylyl cyclase in vitro. PLoS One 2, e449.

Laloi C, Apel K, Danon A. 2004. Reactive oxygen signalling: the latest
news. Current Opinion in Plant Biology 7, 323-328.

Lanza M, Garcia-Ponce B, Castrillo G, et al. 2012. Role of actin
cytoskeleton in brassinosteroid signaling and in its integration with the
auxin response in plants. Developmental Cell 22, 1275-1285.

Leon-Reyes A, Spoel SH, De Lange ES, Abe H, Kobayashi M,
Tsuda S, Millenaar FF, Welschen RA, Ritsema T, Pieterse CM. 2009.
Ethylene modulates the role of NONEXPRESSOR OF PATHOGENESIS-
RELATED GENEST in cross talk between salicylate and jasmonate
signaling. Plant Physiology 149, 1797-1809.

Leymarie J, Vitkauskaité G, Hoang HH, Gendreau E, Chazoule V,
Meimoun P, Corbineau F, EI-Maarouf-Bouteau H, Bailly C. 2012.
Role of reactive oxygen species in the regulation of Arabidopsis seed
dormancy. Plant and Cell Physiology 53, 96-106.

Li L, Li C, Lee Gl, Howe GA. 2002. Distinct roles for jasmonate synthesis
and action in the systemic wound response of tomato. Proceedings of the
National Academy of Sciences, USA 99, 6416-6421.

Lin D, Nagawa S, Chen J, Cao L, Chen X, Xu T, Li H, Dhonukshe P,
Yamamuro C, Friml J. 2012. A ROP GTPase-dependent auxin signaling
pathway regulates the subcellular distribution of PIN2 in Arabidopsis roots.
Current Biology 22, 1319-1325.

Lin R, Ding L, Casola C, Ripoll DR, Feschotte C, Wang H. 2007.
Transposase-derived transcription factors regulate light signaling in
Arabidopsis. Science 318, 1302-1305.

Lin Z, Zhong S, Grierson D. 2009. Recent advances in ethylene
research. Journal of Experimental Botany 60, 3311-3336.

Liu Y, Ren D, Pike S, Pallardy S, Gassmann W, Zhang S. 2007.
Chloroplast-generated reactive oxygen species are involved in
hypersensitive response-like cell death mediated by a mitogen-activated
protein kinase cascade. The Plant Journal 51, 941-954.

Liu Y, Ye N, Liu R, Chen M, Zhang J. 2010. H,0O, mediates the
regulation of ABA catabolism and GA biosynthesis in Arabidopsis seed
dormancy and germination. Journal of Experimental Botany 61, 2979-90.

Liu Y, Zhang S. 2004. Phosphorylation of 1-aminocyclopropane-1-
carboxylic acid synthase by MPKB, a stress-responsive mitogen-activated
protein kinase, induces ethylene biosynthesis in Arabidopsis. The Plant
Cell 16, 3386-3399.

Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R. 2004.
JASMONATE-INSENSITIVET encodes a MYC transcription factor essential
to discriminate between different jasmonate-regulated defense responses
in Arabidopsis. The Plant Cell 16, 1938-1950.

Lozano-Juste J, Ledn J. 2011. Nitric oxide regulates DELLA content
and PIF expression to promote photomorphogenesis in Arabidopsis. Plant
Physiology 156, 1410-1423.

Ma L, Zhang H, Sun L, Jiao Y, Zhang G, Miao C, Hao F. 2012. NADPH
oxidase AtrbohD and AtrbohF function in ROS-dependent regulation

of Na*/K* homeostasis in Arabidopsis under salt stress. Journal of
Experimental Botany 63, 305-317.

Marino D, Dunand C, Puppo A, Pauly N. 2012. A burst of plant NADPH
oxidases. Trends in Plant Science 17, 9—15.

Mayzlish-Gati E, De-Cuyper C, Goormachtig S, Beeckman T,
Vuylsteke M, Brewer PB, Beveridge CA, Yermiyahu U, Kaplan

Y, Enzer Y. 2012. Strigolactones are involved in root response to low
phosphate conditions in Arabidopsis. Plant Physiology 160, 1329-1341.

Mersmann S, Bourdais G, Rietz S, Robatzek S. 2010. Ethylene
signaling regulates accumulation of the FLS2 receptor and is required for
the oxidative burst contributing to plant immunity. Plant Physiology 154,
391-400.

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, Dangl
JL, Mittler R. 2009. The plant NADPH oxidase RBOHD mediates rapid
systemic signaling in response to diverse stimuli. Science Signaling 2, ra45.

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

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB,
Vandepoele K, Gollery M, Shulaev V, Van Breusegem F. 2011. ROS
signaling: the new wave? Trends in Plant Science 16, 300-309.

Miura K, Okamoto H, Okuma E, Shiba H, Kamada H, Hasegawa
PM, Murata Y. 2013. SIZ1 deficiency causes reduced stomatal aperture
and enhanced drought tolerance via controlling salicylic acid-induced
accumulation of reactive oxygen species in Arabidopsis. The Plant Journal
73, 91-104.

Mou Z, Fan W, Dong X. 2003. Inducers of plant systemic acquired
resistance regulate NPR1 function through redox changes. Cell 113,
935-944.

Miihlenbock P, Plaszczyca M, Plaszczyca M, Mellerowicz E,
Karpinski S. 2007. Lysigenous aerenchyma formation in Arabidopsis
is controlled by LESION SIMULATING DISEASET. The Plant Cell 19,
3819-3830.

Miihlenbock P, Szechynska-Hebda M, Ptaszczyca M, Baudo M,
Mateo A, Mullineaux PM, Parker JE, Karpinnska B, Karpinski S.
2008. Chloroplast signaling and LESION SIMULATING DISEASET regulate
crosstalk between light acclimation and immunity in Arabidopsis. The Plant
Cell 20, 2339-2356.

Mur LA, Kenton P, Atzorn R, Miersch O, Wasternack C. 2006. The
outcomes of concentration-specific interactions between salicylate and
jasmonate signaling include synergy, antagonism, and oxidative stress
leading to cell death. Plant Physiology 140, 249-262.

Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J. 2002.
Arabidopsis OST1 protein kinase mediates the regulation of stomatal
aperture by abscisic acid and acts upstream of reactive oxygen species
production. The Plant Cell 14, 3089-3099.

Nakagami H, Soukupova H, Schikora A, Zarsky V, Hirt H. 2006. A
mitogen-activated protein kinase kinase kinase mediates reactive oxygen
species homeostasis in Arabidopsis. Journal of Biological Chemistry 281,
38697-38704.

Navarro L, Bari R, Achard P, Lison P, Nemri A, Harberd NP, Jones
JD. 2008. DELLAs control plant immune responses by modulating the

220z ¥snbny oz uo isenb Aq 6901£5/6£82/01/99/2101E/gX[/W0od dno olwepede//:sdpy Wwoly papeojumog



balance of jasmonic acid and salicylic acid signaling. Current Biology 18,
650-655.

Ndamukong I, Abdallat AA, Thurow C, Fode B, Zander M, Weigel R,
Gatz C. 2007. SA-inducible Arabidopsis glutaredoxin interacts with TGA
factors and suppresses JA-responsive PDF1.2 transcription. The Plant
Journal 50, 128-139.

Nelson DC, Scaffidi A, Dun EA, Waters MT, Flematti GR, Dixon KW,
Beveridge CA, Ghisalberti EL, Smith SM. 2011. F-box protein MAX2
has dual roles in karrikin and strigolactone signaling in Arabidopsis thaliana.
Proceedings of the National Academy of Sciences, USA 108, 8897-8902.

Nemhauser JL, Mockler TC, Chory J. 2004. Interdependency of
brassinosteroid and auxin signaling in Arabidopsis. PLoS Biology 2, €258.

Nie WF, Wang MM, Xia XJ, Zhou YH, Shi K, Chen Z, Yu JQ. 2013.
Silencing of tomato RBOH1 and MPK2 abolishes brassinosteroid-induced
H,O, generation and stress tolerance. Plant, Cell & Environment 36,
789-803.

Ogasawara Y, Kaya H, Hiraoka G, Yumoto F, Kimura S, Kadota Y,
Hishinuma H, Senzaki E, Yamagoe S, Nagata K. 2008. Synergistic
activation of the Arabidopsis NADPH oxidase AtrbohD by Ca* and
phosphorylation. Journal of Biological Chemistry 283, 8885-8892.

Orozco-Cardenas M, Ryan CA. 1999. Hydrogen peroxide is

generated systemically in plant leaves by wounding and systemin via the
octadecanoid pathway. Proceedings of the National Academy of Sciences,
USA 96, 6553-6557.

Orozco-Cardenas ML, Narvaez-Vasquez J, Ryan CA. 2001. Hydrogen
peroxide acts as a second messenger for the induction of defense

genes in tomato plants in response to wounding, systemin, and methyl
jasmonate. The Plant Cell 13, 179-191.

Orozco-Cardenas ML, Ryan CA. 2002. Nitric oxide negatively
modulates wound signaling in tomato plants. Plant Physiology 130,
487-493.

Ouyang X, Li J, Li G, Li B, Chen B, Shen H, Huang X, Mo X, Wan X,
Lin R. 2011. Genome-wide binding site analysis of FAR-RED ELONGATED
HYPOCOTYLS reveals its novel function in Arabidopsis development. The
Plant Cell 23, 2514-2535.

Overmyer K, Tuominen H, Kettunen R, Betz C, Langebartels C,
Sandermann H, Kangasjarvi J. 2000. Ozone-sensitive Arabidopsis
red1 mutant reveals opposite roles for ethylene and jasmonate signaling
pathways in regulating superoxide-dependent cell death. The Plant Cell
12, 1849-1862.

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba
S, Santiago J, Rodrigues A, Tsz-fung FC. 2009. Abscisic acid inhibits
type 2C protein phosphatases via the PYR/PYL family of START proteins.
Science 324, 1068-1071.

Peer WA, Cheng Y, Murphy AS. 2013. Evidence of oxidative attenuation
of auxin signalling. Journal of Experimental Botany 64, 2629-2639.

Pei ZM, Murata Y, Benning G, Thomine S, Kliisener B, Allen GJ, Grill
E, Schroeder JI. 2000. Calcium channels activated by hydrogen peroxide
mediate abscisic acid signalling in guard cells. Nature 406, 731-734.

Pignocchi C, Fletcher JM, Wilkinson JE, Barnes JD, Foyer CH.
2008. The function of ascorbate oxidase in tobacco. Plant Physiology 132,
1631-1641.

Piskurewicz U, Jikumaru Y, Kinoshita N, Nambara E, Kamiya Y,
Lopez-Molina L. 2008. The gibberellic acid signaling repressor RGL2
inhibits Arabidopsis seed germination by stimulating abscisic acid
synthesis and ABI5 activity. The Plant Cell 20, 2729-2745.

Pogany M, von Rad U, Grun S, Dongo A, Pintye A, Simoneau P,
Bahnweg G, Kiss L, Barna B, Durner J. 2009. Dual roles of reactive
oxygen species and NADPH oxidase RBOHD in an Arabidopsis-Alternaria
pathosystem. Plant Physiology 151, 1459-1475.

Potters G, Pasternak TP, Guise Y, Palme KJ, Jansen MAK. 2007.
Stress-induced morphogenic responses: growing out of trouble? Trends in
Plant Science 12, 98-105.

Ruyter-Spira C, Kohlen W, Charnikhova T, van Zeijl A, van
Bezouwen L, de Ruijter N, Cardoso C, Lopez-Raez JA, Matusova R,
Bours R. 2011. Physiological effects of the synthetic strigolactone analog
GR24 on root system architecture in Arabidopsis: another belowground
role for strigolactones? Plant Physiology 155, 721-734.

Sagi M, Davydov O, Orazova S, Yesbergenova Z, Ophir R,
Stratmann JW, Fluhr R. 2004. Plant respiratory burst oxidase homologs

Redox, stress response and plant development | 2855

impinge on wound responsiveness and development in Lycopersicon
esculentum. The Plant Cell 16, 616-628.

Sagi M, Fluhr R. 2006. Production of reactive oxygen species by plant
NADPH oxidases. Plant Physiology 141, 336-340.

Sauer M, Balla J, Luschnig C, Wisniewska J, Reinohl V, Friml J,
Benkova E. 2006. Canalization of auxin flow by Aux/IAA-ARF-dependent
feedback regulation of PIN. Genes & Development 20, 2902-2911.

Schopfer P, Plachy C, Frahry G. 2001a. Release of reactive oxygen
intermediates (superoxide radicals, hydrogen peroxide, and hydroxyl
radicals) and peroxidase in germinating radish seeds controlled by light,
gibberellin, and abscisic acid. Plant Physiology 125, 1591-1602.

Schopfer P. 2001b. Hydroxyl radical-induced cell-wall loosening in vitro
and in vivo: implications for the control of elongation growth. The Plant
Journal 28, 679-688.

Shin R, Schachtman DP. 2004. Hydrogen peroxide mediates plant root
cell response to nutrient deprivation. Proceedings of the National Academy
of Sciences, USA 101, 8827-8832.

Shinohara N, Taylor C, Leyser O. 2013. Strigolactone can promote
or inhibit shoot branching by triggering rapid depletion of the auxin efflux
protein PIN1 from the plasma membrane. PLoS Biology 11, e1001474.

Sirichandra C, Gu D, Hu HC, Davanture M, Lee S, Djaoui M, Valot
B, Zivy M, Leung J, Merlot S. 2009. Phosphorylation of the Arabidopsis
AtrbohF NADPH oxidase by OST1 protein kinase. FEBS Letters 583,
2982-2986.

Song CJ, Steinebrunner I, Wang X, Stout SC, Roux SJ. 2006.
Extracellular ATP induces the accumulation of superoxide via NADPH
oxidases in Arabidopsis. Plant Physiology 140, 1222-1232.

Spoel SH, Koornneef A, Claessens SM, Korzelius JP, Van Pelt JA,
Mueller MJ, Buchala AJ, Métraux JP, Brown R, Kazan K. 2003.
NPR1 modulates cross-talk between salicylate-and jasmonate-dependent
defense pathways through a novel function in the cytosol. The Plant Cell
15, 760-770.

Spollen WG, LeNoble ME, Samuels TD, Bernstein N, Sharp RE.
2000. Abscisic acid accumulation maintains maize primary root elongation
at low water potentials by restricting ethylene production. Plant Physiology
122, 967-976.

Steffens B, Sauter M. 2009. Epidermal cell death in rice is confined
to cells with a distinct molecular identity and is mediated by ethylene

and H,0, through an autoamplified signal pathway. The Plant Cell 21,
184-196.

Stirnberg P, Zhao S, Williamson L, Ward S, Leyser O. 2012. FHY3
promotes shoot branching and stress tolerance in Arabidopsis in an AXR1-
dependent manner. The Plant Journal 71, 907-920.

Suhita D, Raghavendra AS, Kwak JM, Vavasseur A. 2004.
Cytoplasmic alkalization precedes reactive oxygen species production
during methyl jasmonate-and abscisic acid-induced stomatal closure.
Plant Physiology 134, 1536-1545.

Sun 'Y, Fan XY, Cao DM, et al. 2010. Integration of brassinosteroid signal
transduction with the transcription network for plant growth regulation in
Arabidopsis. Developmental Cell 19, 765-777.

Suzuki N, Miller G, Salazar C, Mondal HA, Shulaev E, Cortes DF,
Shuman JL, Luo X, Shah J, Schlauch K. 2013. Temporal-spatial
interaction between reactive oxygen species and abscisic acid regulates
rapid systemic acclimation in plants. The Plant Cell 25, 3553-3569.

Tada Y, Spoel SH, Pajerowska-Mukhtar K, Mou Z, Song J, Wang C,
Zuo J, Dong X. 2008. Plant immunity requires conformational charges of
NPR1 via S-nitrosylation and thioredoxins. Science 321, 952-956.

Tanaka Y, Sano T, Tamaoki M, Nakajima N, Kondo N, Hasezawa

S. 2005. Ethylene inhibits abscisic acid-induced stomatal closure in
Arabidopsis. Plant Physiology 138, 2337-2343.

Tao LZ, Cheung AY, Wu HM. 2002. Plant Rac-like GTPases are activated
by auxin and mediate auxin-responsive gene expression. The Plant Cell
14, 2745-2760.

Tognetti VB, Miihlenbock P, Van Breusegem F. 2012. Stress
homeostasis-the redox and auxin perspective. Plant, Cell & Environment
35, 321-333.

Tognetti VB, Van Aken O, Morreel K, Vandenbroucke K, Van De

Cotte B, De Clercq I, Chiwocha S, Fenske R, Prinsen E, Boerjan
W. 2010. Perturbation of indole-3-butyric acid homeostasis by the

220z ¥snbny oz uo isenb Aq 6901£5/6£82/01/99/2101E/gX[/W0od dno olwepede//:sdpy Wwoly papeojumog



2856 | Xia et al.

UDP-glucosyltransferase UGT74E2 modulates Arabidopsis architecture
and water stress tolerance. The Plant Cell 22, 2660-2679.

Torres MA, Jones JD, Dangl JL. 2005. Pathogen-induced, NADPH
oxidase-derived reactive oxygen intermediates suppress spread of cell
death in Arabidopsis thaliana. Nature Genetics 37, 1130-1134.

Tsukagoshi H, Busch W, Benfey PN. 2010. Transcriptional regulation of
ROS controls transition from proliferation to differentiation in the root. Cell
143, 606-616.

Tyler L, Thomas SG, Hu J, Dill A, Alonso JM, Ecker JR, Sun TP.
2004. DELLA proteins and gibberellin-regulated seed germination and
floral development in Arabidopsis. Plant Physiology 135, 1008-1019.

Umehara M, Hanada A, Yoshida S, Akiyama K, Arite T, Takeda-Kamiya
N, Magome H, Kamiya Y, Shirasu K, Yoneyama K. 2008. Inhibition of
shoot branching by new terpenoid plant hormones. Nature 4565, 195-200.

Vernooij B, Friedrich L, Morse A, Reist R, Kolditz-Jawhar R, Ward
E, Uknes S, Kessmann H, Ryals J. 1994. Salicylic acid is not the
translocated signal responsible for inducing systemic acquired resistance
but is required in signal transduction. The Plant Cell 6, 959-965.

Vernoux T, Wilson RC, Seeley KA, Reichheld JP, Muroy S, Brown S,
Maughan SC, Cobbett CS, Van Montagu M, Inzé D. 2000. The ROOT
MERISTEMLESS 1/CADMIUM SENSITIVE2 gene defines a glutathione-
dependent pathway involved in initiation and maintenance of cell division
during postembryonic root development. The Plant Cell 12, 97-109.

Vivancos PD, Dong Y, Ziegler K, Markovic J, Pallardé FV, Pellny
TK, Verrier PJ, Foyer CH. 2010. Recruitment of glutathione into the
nucleus during cell proliferation adjusts whole-cell redox homeostasis in
Arabidopsis thaliana and lowers the oxidative defence shield. The Plant
Journal 64, 825-838.

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert

N, Leung J, Rodriguez PL, Lauriére C, Merlot S. 2009. Protein
phosphatases 2C regulate the activation of the SNF1-related kinase OST1
by abscisic acid in Arabidopsis. The Plant Cell 21, 3170-3184.

Wang KLC, Yoshida H, Lurin C, Ecker JR. 2004. Regulation of ethylene
gas biosynthesis by the Arabidopsis ETO1 protein. Nature 428, 945-950.

Wang P, Du Y, Hou YJ, Zhao Y, Hsu CC, Yuan F, Zhua X, Tao WA,
Song CP, Zhu JK. 2014. Nitric oxide negatively regulates abscisic acid
signalling in guard cells by S-nitrosylation of OST1. Proceedings of the
National Academy of Sciences, USA 112, 613-618.

Wang PC, Du YY, Zhao XL, Miao YC, Song CP. 2013. The MPK6-
ERF6-ROS-responsive cis-acting element7/GCC box complex modulates
oxidative gene transcription and the oxidative response in Arabidopsis.
Plant Physiology 161, 1392—-1408.

Wilkinson S, Davies WJ. 2009. Ozone suppresses soil drying- and
abscisic acid (ABA)-induced stomatal closure via an ethylene-dependent
mechanism. Plant, Cell & Environment 32, 949-959.

Wolf S, Hématy K, Hofte H. 2012. Growth control and cell wall signaling
in plants. Annual Review of Plant Biology 63, 381-407.

Wong HL, Pinontoan R, Hayashi K, Tabata R, Yaeno T, Hasegawa
K, Kojima C, Yoshioka H, Iba K, Kawasaki T. 2007. Regulation of rice
NADPH oxidase by binding of Rac GTPase to its N-terminal extension.
The Plant Cell 19, 4022-4034.

Woodward AW, Bartel B. 2005. Auxin: regulation, action, and interaction.
Annals of Botany 95, 707-735.

Wu HM, Hazak O, Cheung AY, Yalovsky S. 2011. RAC/ROP GTPases
and auxin signaling. The Plant Cell 23, 1208-1218.

Xia XJ, Gao CJ, Song LX, Zhou YH, Shi K, Yu JQ. 2014. Role of H,0,
dynamics in brassinosteroid-induced stomatal closure and opening in
Solanum lycopersicum. Plant, Cell & Environment 37, 2036-2050.

Xia XJ, Wang YJ, Zhou YH, Tao Y, Mao WH, Shi K, Asami T, Chen
Z, Yu JQ. 2009. Reactive oxygen species are involved in brassinosteroid-
induced stress tolerance in cucumber. Plant Physiology 150, 801-814.
Xia XJ, Zhou YH, Ding J, Shi K, Asami T, Chen Z, Yu JQ. 2011.
Induction of systemic stress tolerance by brassinosteroid in Cucumis
sativus. New Phytologist 191, 706-720.

Xing Y, Jia W, Zhang J. 2008. AtIMKK1 mediates ABA-induced CAT1
expression and H,O, production via AtMPK8-coupled signaling in
Arabidopsis. The Plant Journal 54, 440-451.

Xiong L, Schumaker KS, Zhu JK. 2002. Cell signaling during cold,
drought, and salt stress. The Plant Cell 14, S165-S183.

Xu TD, Wen MZ, Nagawa S, Fu Y, Chen JG, Wu MJ, Perrot-
Rechenmann C, Friml J, Jones AM, Yang ZB. 2010. Cell surface- and
Rho GTPase-based auxin signalling controls cellular interdigitation in
Arabidopsis. Cell 143, 99-110.

Yang DL, Yao J, Mei CS, Tong XH, Zeng LJ, Li Q, Xiao LT, Sun TP,

Li J, Deng XW. 2012. Plant hormone jasmonate prioritizes defense over
growth by interfering with gibberellin signaling cascade. Proceedings of the
National Academy of Sciences, USA 109, 1192-1200.

Ye NH, Zhu GH, Liu YG, Zhang AY, Li YX, Liu R, Shi L, Jia LG, Zhang
JH. 2012. Ascorbic acid and reactive oxygen species are involved in the
inhibition of seed germination by abscisic acid in rice seeds. Journal of
Experimental Botany 63, 1809-1822.

Yoneyama K, Xie X, Kim HI, Kisugi T, Nomura T, Sekimoto H, Yokota
T, Yoneyama K. 2012. How do nitrogen and phosphorus deficiencies
affect strigolactone production and exudation? Planta 235, 1197-1207.

Yoo SD, Cho YH, Tena G, Xiong Y, Sheen J. 2008. Dual control of
nuclear EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nature 451,
789-795.

Yoshioka H, Asai S, Yoshioka M, Kobayashi M. 2009. Molecular
mechanisms of generation for nitric oxide and reactive oxygen species,
and role of the radical burst in plant immunity. Molecules and Cells 28,
321-329.

Yu JQ, Huang LF, Hu WH, Zhou YH, Mao WH, Ye SF, Nogués S.
2004. A role for brassinosteroids in the regulation of photosynthesis in
Cucumis sativus. Journal of Experimental Botany 55, 1135-1143.

Yu X, Pasternak T, Eiblmeier M, Ditengou F, Kochersperger P, Sun
J, Wang H, Rennenberg H, Teale W, Paponov I. 2013. Plastid-localized
Glutathione Reductase2-regulated glutathione redox status is essential

for Arabidopsis root apical meristem maintenance. The Plant Cell 25,
4451-4468.

Zander M, La Camera S, Lamotte O, Métraux JP, Gatz C. 2010.
Arabidopsis thaliana class-Il TGA transcription factors are essential
activators of jasmonic acid/ethylene-induced defense responses. The
Plant Journal 61, 200-210.

Zhang A, Jiang M, Zhang J, Tan M, Hu X. 2006. Mitogen-activated
protein kinase is involved in abscisic acid-induced antioxidant defense and
acts downstream of reactive oxygen species production in leaves of maize
plants. Plant Physiology 141, 475-487.

Zhang A, Zhang J, Ye NH, Cao JM, Tan MP, Zhang JH, Jiang MY.
2010. ZmMPKS5 is required for the NADPH oxidase-mediated self-
propagation of apoplastic H,O, in brassinosteroid-induced antioxidant
defence in leaves of maize. Journal of Experimental Botany 61,
4399-4411.

Zhang H, Han W, De Smet |, Talboys P, Loya R, Hassan A, Rong H,
Jirgens G, Paul Knox J, Wang MH. 2010. ABA promotes quiescence
of the quiescent centre and suppresses stem cell differentiation in the
Arabidopsis primary root meristem. The Plant Journal 64, 764-774.

Zhang S, Cai Z, Wang X. 2009. The primary signaling outputs of
brassinosteroids are regulated by abscisic acid signaling. Proceedings of
the National Academy of Sciences, USA 106, 4543-4548.

Zhang YY, Zhu HY, Zhang Q, Li MY, Yan M, Wang R, Wang LL, Welti
R, Zhang WH, Wang XM. 2009. Phospholipase Da1 and phosphatidic
acid regulate NADPH oxidase activity and production of reactive oxygen
species in ABA-mediated stomatal closure in Arabidopsis. The Plant Cell
21, 2357-2377.

Zhao Y, Qi Z, Berkowitz GA. 2013. Teaching an old hormone new
tricks: cytosolic Ca®* elevation involvement in plant brassinosteroid signal
transduction cascades. Plant Physiology 163, 555-565.

Zhou J, Wang J, Li X, Xia XJ, Zhou YH, Shi K, Chen Z, Yu JQ. 2014.
H,O, mediates the crosstalk of brassinosteroid and abscisic acid in tomato
responses to heat and oxidative stresses. Journal of Experimental Botany
65, 4371-4383.

Zhu Y, Zuo M, Liang Y, Jiang M, Zhang J, Scheller HV, Tan M,

Zhang A. 2013. MAPB5-1a positively regulates H,O, amplification and
enhances brassinosteroid-induced antioxidant defence in maize. Journal of
Experimental Botany 64, 3787-3802.

220z ¥snbny oz uo isenb Aq 6901£5/6£82/01/99/2101E/gX[/W0od dno olwepede//:sdpy Wwoly papeojumog



