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A B S T R A C T

Pathogen recognition is linked to the perception of microbe/pathogen-associated molecular patterns triggering a
specific and transient accumulation of reactive oxygen species (ROS) at the pathogen attack site. The apoplastic
oxidative “burst” generated at the pathogen attack site depends on the ROS-generator systems including en-
zymes such as plasma membrane NADP (H) oxidases, cell wall peroxidases and lipoxygenase. ROS are cytotoxic
molecules that inhibit invading pathogens or signalling molecules that control the local and systemic induction
of defence genes. Post-translational modifications induced by ROS are considered as a potential signalling
mechanism that can modify protein structure and/or function, localisation and cellular stability. Thus, this
review focuses on how ROS are essential molecules regulating the function of proteins involved in the plant
response to a pathogen attack through post-translational modifications.

1. Introduction

Reactive oxygen species (ROS) are continually produced in plant
and animal cells under stressful and non-stressful conditions. These
molecules are highly reactive with cellular components such as DNA,
lipids and proteins, and they can cause serious cellular damage.
Nevertheless, cells have adapted to survive through the highly reactive
nature of ROS, and even utilize these small molecules as powerful cues
to control cellular protein homeostasis, plant development, hormonal
signalling and immune responses (Hakmaoui et al., 2012; Moreau et al.,
2010; Torres, 2010).

One early reaction in the induction of plant defence response has
been associated with the recognition of certain molecules derived by
pathogens known as elicitors or microbe/pathogen-associated mole-
cular patterns (MAMPs/PAMPs) (Segonzac and Zipfel, 2011; Camejo
et al., 2016; Kadota et al., 2015). Upon elicitor recognition, several
transduction signals are activated, leading to the development of sev-
eral events, including ROS accumulation, at the pathogen attack site.
Rapid and transient ROS accumulation at the infection site is known as
oxidative “burst”, a common feature of plant response. Superoxide
anion (O2

•-), hydrogen peroxide (H2O2) and the hydroxyl radical (•OH)
are the principal ROS accumulated during a pathogen attack, and can
act as toxic molecules with strong oxidant power, promoting the

oxidative destruction of cells (Floryszak-Wieczorek and Arasimowicz-
Jelonek, 2016; Mittler et al., 2017).

Post-translational modifications (PTMs) are considered as chemical
alterations of protein structure that can modify their activity, localisa-
tion, stability and protein-protein interactions. In plants, more than 300
types of PTMs have been identified, including the addition of simple
chemical groups such as a phosphate, acetyl, methyl, nitrosyl, carbonyl
or hydroxyl groups, more complex groups such as AMP, ADP-ribose,
sugars, or lipids, and small polypeptides such as ubiquitin or ubiquitin-
like proteins (Camejo et al., 2013, 2015a; López-Vidal et al., 2016;
Ruiz-Mayet al., 2018). H2O2-dependent oxidative PTMs are chemical
modifications on sulfur atoms in cysteine (Cys) and methionine (Met)
residues, but only some of them are targets for oxidative PTMs in ROS-
sensitive proteins (Withers and Dong, 2017; Waszczak et al., 2018).
Accumulating evidence indicates that ROS largely signal through oxi-
dation of Cys and Met residues (PTMs), providing strong spatial and
temporal control of protein conformation, localization and function.

One of the recognised reversible redox-based PTMs is the oxidation
of a Cys thiol group to a sulfenic acid (Cys-SOH) through the chemical
reaction called sulfenylation (Roos and Messens, 2011). Sulfenylation
has been intensively studied, and it acts as redox sensor involved in
signal transduction pathways (Waszczak et al., 2014). ROS can also
attack Met residue, leading to the formation of reversible Met sulfoxide
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(MetSO). In contrast with sulfenylation, methionylation has received
little attention, and only a few examples of functional consequences of
this modification have been described in plants (Drazic and Winter,
2014; Waszczak et al., 2018). Thus, a fine and specific regulation of
both Cys and Met oxidation may be related to the biological role of
some proteins to guarantee the survival, adaptation, tolerance or re-
sistance of living beings.

A considerable number of PTMs, most notably phosphorylation,
ubiquitination, sulfenylation and methionylation, have been reviewed
(see Adachi and Yoshioka, 2015; Yoshioka et al., 2015; Zhou et al.,
2014; Withers and Dong, 2017). However, an important issue is the
search to highlight discoveries that have demonstrated how the ROS
and their impact on target proteins trigger the plant immune response.

2. ROS accumulation defines plant-pathogen interaction

Particularly, H2O2 is considered as an oxidative stress-signalling
molecule because of its relatively long half-life and its size, which en-
able it to oxidize biomolecules outside the generation site and even in
neighboring cells. However, in plant cells, little is known about how
exactly changes in ROS levels can lead to a final oxidative stress re-
sponse or whether they are necessary for the progression of various
response mechanisms including plant immune response.

Perception of PAMPs by plants via pattern recognition receptors
(PRRS) triggers ROS production through activation of enzymes such as
NADPH oxidases and peroxidases, leading to PAMP-triggered immunity
(PTI)-dependent basal defences that stop invading pathogens. The
apoplastic oxidative “burst” generated at an pathogen attack site may
be sufficiently cytotoxic to kill pathogens or it can act as signalling
molecules, triggering plant immune and cell death responses (Park
et al., 2013; Torres, 2010; Jwa and Hwang, 2017). The accumulation of
ROS during plant defence is biphasic, with a low-amplitude and tran-
sient first phase, followed by a second phase with a substantial and
prolonged accumulation of ROS (Fig. 1). The first phase of ROS accu-
mulation is associated with infection of plants by either virulent (vr) or
avirulent (avr) pathogens, and is likely independent of de novo synth-
esis of ROS-generating enzymes (see Torres et al., 2006; Kadota et al.,
2015). The second phase of ROS accumulation, however, is associated
only with infection of avr pathogens and is an induced response de-
pendent on the increased transcription of mRNA encoding ROS-gen-
erating enzymes. The ROS accumulation during the second phase pre-
cedes the HR and cell death that often accompanies successful pathogen
recognition, leading to incompatible interaction.

Thus, transient and rapid ROS accumulation as well as the induction
of specific cell death are biochemical events activated during the ne-
crotrophic interaction between tomato-Botrytis cinerea pathogen
(Pietrowska et al., 2015). The authors observed two different types of

tomato cell death, depending on the susceptibility of the cells to the vr
B. cinerea pathogen. Cells with necrotic nuclei dominated in susceptible
tomato cells, whereas vacuolar death prevailed in less susceptible cells
(Pietrowska et al., 2015). In Arabidopsis an early H2O2 accumulation
accompanied by higher expression of AtRbohD and AtRbohF was ob-
served in resistant ecotypes (Columbia-0, Col-0; and Rubezhnoe-1, Rbz-
1) infected with necrotrophic fungus Sclerotinia sclerotiorum, although it
was not detected in extremely susceptible ecotype (Shahdara, Sha) in
the early stages of the infection (Perchepied et al., 2010). Expression of
AtRbohD and AtRbohF genes were generally higher in the Rbz-1 re-
sistant ecotype compared with the Sha susceptible ecotype.

New insights show how the steady-state levels of ROS are altered in
potato leaves after infection with the hemibiotroph Phytophthora in-
festans (Floryszak-Wieczorek and Arasimowicz-Jelonek, 2016). Using
an avirulent strain of P. infestans and potato (P. infestans-potato avr),
ROS accumulation and NO generation together with the activation of a
battery of SA-dependent defence genes, led to the establishment of the
HR successfully arresting the pathogen invasion. In contrast, vrP. in-
festans-potato system induced a reduction in the production of ROS and
also NO, which may be crucial in the delayed up-regulation of PR-1 and
PR-3 genes and compromised resistance to the hemibiotrophic pa-
thogen (Floryszak-Wieczorek and Arasimowicz-Jelonek, 2016). Recent
studies have revealed that the S-(hydroxymethyl)- glutathione dehy-
drogenase gene in Magnaporthe oryzae, MoSFA1 is involved in NO me-
tabolism and the virulence of pathogen in the course of penetration or
the biotrophic phase during plant-pathogen interaction (Oryzae sativa
cv. CO-39-M. oryzae) (Zhang et al., 2015). Additionally, the authors
demonstrated with barley leaf that MoSFA1 deletion mutants exhibited
a stronger accumulation of H2O2, a lower infection rate, a delay in the
growth of the hyphae during the penetration phase and expansion from
cell to cell. Similar studies carried out in rice plant demonstrated that
during the Oryza sativa- M. oryzae interaction the oxidative “burst”
generated in infection cell is an essential event for triggering the plant
defences (Marroquin-Guzman et al., 2017). Inhibiting or quenching
host ROS during infection suppressed innate immunity response and
allowed the growth and development of fungus in infected rice cells. M.
oryzae NMO2 gene was identified as essential for maintaining redox
balance and suppressing the first line of plant defences against micro-
bial pathogens. The loss of M. oryzae NMO2 restricted the invasive
hyphal growth, increased the formation of granular deposits and caused
a host oxidative “burst” that triggered innate immunity, resulting in
multi-BIC (biotrophic interfacial complex) development and impaired
biotrophic growth (Marroquin-Guzman et al., 2017). These results
dissect the fine-tuned molecular and cellular interplay between host
and pathogen and identify some key points which govern the plant
immune response and fungal development in the context of the host cell
environment.

Fig. 1. Schematic representation of the
generation of reactive oxygen species
(ROS) induced by virulent or avirulent
pathogens. Biphasic accumulation of ROS,
with a low-amplitude and transient first
phase, followed by a second phase with a
substantial and prolonged accumulation is
induced by avirulent pathogens. NADPH
oxidase (RBOH) and peroxidases (class III
POx) are enzymes responsible for the apo-
plastic ROS generation.
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Given the importance of symbiotic interaction between legumes-
Rhizobium bacteria promoting the ROS and NO accumulation in early
stages of the interaction, we discuss here representative studies carried
out by Damiani et al. (2016). ROS and NO accumulation during sym-
biotic interaction led to specific and essential events that modified and
impaired the development of the symbiotic association. The authors
observed that the decrease of ROS level prevented root hair curling and
infection threads formation, while the NO led to delayed nodule for-
mation. In root hairs, NADPH oxidase was identified as the main source
of ROS generation and it may be strongly linked to hair tip growth
(Damiani et al., 2016). Additionally, the early steps of the legumes-
Rhizobium interaction were also characterized by: a) the production of
bacterial Nod factors; b) the reorientation of root-hair tip growth; c) the
formation of an infection thread in the root hair; d) the induction of cell
division in inner cortical cells of the root, leading to a nodule pri-
mordium formation. The wealth of evidence has served to conclude that
the participation of ROS and NO in the symbiotic interaction, the in-
duction of the early nodulin gene expression, and the repression of
plant defence are key events that favor symbiosis (Damiani et al.,
2016).

2.1. Post-translational modifications (PTMs)

PTMs are known as chemical alterations that occur after protein
synthesis and can change their conformation, activity, subcellular lo-
calization and interaction with other proteins (protein-protein interac-
tions). PTMs are considered as transient and rapid alterations that plant
cells use to adjust their immune response according to the type pa-
thogen infection.

Most proteins present in animal and plant cells contain sulfur atoms
in Cys and Met residues, but only some are primary targets for H2O2-
dependent oxidative PTMs of ROS-sensitive proteins (Withers and
Dong, 2017; Waszczak et al., 2018). This fine control and protein-spe-
cific regulation controlling their spatial localisation and protein struc-
ture and/or function may be related to the biological role of some
proteins to guarantee the survival, adaptation, tolerance or resistance of
living beings. Hydrogen peroxide is capable of directly oxidizing the
two sulfur-containing amino acids, Cys and Met. Oxidation of Cys in
particular has been intensively studied, and it is known that its different
oxidation states can affect various proteins (Waszczak et al., 2014). Met
oxidation, in contrast, has received little attention, and only a few ex-
amples of functional consequences of this modification have been de-
scribed in plants (Drazic and Winter, 2014; Waszczak et al., 2018). The
catalytic and structural role of Met residues is still not clear because any
other hydrophobic residues, such as Ile, Leu, Phe, and Val can often
replace Met residue (Rao et al., 2013; Rao et al., 2015). Thus, oxidation
and subsequent reduction of Met residues may have a separate, distinct,
and more specific regulatory potential.

2.2. Oxidative PTMs of Cys residues

One of the recognised reversible redox-based PTMs is the oxidation
of a thiol group (Cys-SH) to a sulfenic acid (Cys-SOH) through the
chemical reaction known as sulfenylation (Fig. 2). Sulfenylation pro-
moted by ROS do not always occur in all Cys residues or at the same
rates in an individual protein. The reactivity of Cys residues towards
ROS is correlated with the pKa of a specific Cys and, therefore, with the
balance between the thiol (SH) and the thiolate anion (S–) state of these
residues (Roos and Messens, 2011; Roos et al., 2013). Sulfenic acids
readily react with other thiols of the same protein to form in-
tramolecular disulfide bonds, or with thiols from other proteins to form
intermolecular disulphide bonds (Cys-S-S-Cys) (Fig. 2). Sulfenic acid
can also react with small low-molecular-weight thiols (LMW thiols) to
form mixed disulfide bonds. Alternatively, the sulfenic acid reacts with
a backbone amide nitrogen of adjacent residues to form a sulfenamide,
or condenses with another sulfenic acid to form a thiosulfinate (Akter

et al., 2015). These oxidative thiol modifications are fully reversible,
and their reduction is catalyzed by LMW thiols or by members of the
glutaredoxin (Grx) or thioredoxin (Trx) system using NADPH as redu-
cing power (Martí et al., 2009; Meyer et al., 2008). Grxs and Trxs are
selective toward their target proteins and their reactivity depend the
cell redox status determined by the availability of reducing equivalents,
glutathione (GSH) and reduced ferredoxin or NADPH (Schürmann and
Buchanan, 2008). However, in the presence of severe oxidative stress,
overoxidation of the sulfenic acid to irreversible sulfinic or sulfonic acid
can take place (Fig. 2). Exceptionally, a mitochondrial ATP-dependent
sulfiredox is able to reduce back the sulfinic form of atypical mi-
tochondrial peroxiredoxin (Prx) together with Trx (Iglesias-Baena et al.,
2011 Lázaro et al., 2013).

2.2.1. Oxidative PTMs of Cys residues controlling cellular redox-state
Sulfenylation of proteins under oxidative stress has been demon-

strated in animal, yeast, E. coli and in plant systems (Svoboda et al.,
2012; Waszczak et al., 2014; Yuan et al., 2017). In Arabidopsis cell
suspensions exposed to oxidative stress 66 proteins susceptible to sul-
fenylation were identified, of which 19 were identified as protein de-
gradation, 13 as proteins involving the transduction and signal per-
ception, 7 as RNA-binding translation proteins and 7 as redox proteins.
Additionally, 6 proteins related with the primary metabolism were
identified as well as 5 related with the amino acid metabolism, 5 pro-
teins related with protein transport and 4 with hormone homeostasis
(Waszczak et al., 2014). The authors demonstrated that the Dehy-
droascorbate Reductase 2 protein was regulated through a sulfenic
acid-dependent switch, leading to S-glutathionylation, which could
avoid the over oxidation of the protein and, in consequence, its func-
tional inactivation.

Recent studies in Arabidopsis plants have demonstrated that bio-
trophic (Pseudomonas syringae pv. tomato DC3000)-pathogen-induced
salicylic acid (SA) accumulation inhibited auxin and jasmonic acid (JA)
biosynthesis by inhibiting CATALASE 2 (CAT 2) activity (Yuan et al.,
2017). The authors proposed that the CAT 2 orchestrates the auxin
biosynthesis controlling the sulfenylation of the tryptophan synthetase
b subunit 1, a key protein in the auxin biosynthetic precursor trypto-
phan. Whereas, the absence of CAT 2 activity does not allow the direct
interaction of the JA biosynthetic enzymes Acyl co-enzyme A oxidase 2
and Acyl co-enzyme A oxidase 3 (Yuan et al., 2017).

Fig. 3 shows a general scheme of the functional regulation of some
proteins such as NADPH oxidase and peroxidases by PTMs involving in
the oxidative “burst” and cellular redox balance generated during plant-
pathogen interaction. NADPH oxidase together with class III perox-
idases are the main enzymatic systems involved in the early ROS gen-
eration activated by pathogens, with plasma membrane and apoplastic
space being actively involved in the oxidative “burst” (Camejo et al.,
2016). Yun et al. (2011) demonstrated the regulation of oxidative
“burst” by S-nitrosylation of NADPH oxidase and its impact on HR. The
authors observed that the NADPH oxidase activity decreased in plants
with high SNO concentration, suggesting that it is a target of S-ni-
trosylation and that this modification affects the protein function. To
further our understanding, these authors demonstrated that AtRBOHD
recombinant is S-nitrosylated at Cys 890 residue when treated with S-
nitrosoglutathione (GSNO) or Cys-NO and, in consequence, its ability to
synthesize reactive oxygen intermediates was eliminated. To explore
the biological significance of the PTMs during plant-pathogen, the
NADPH oxidase activity was tested in mutant atrbohD plants expressing
either a wild-type AtRBOHD transgene or the Cys890Ala derivative
after P. syringae pv. tomato DC300 avrB infection. The main results
indicated that the ROS accumulation increased in the AtRBOHD Cy-
s890Ala line in comparison with the wild type, so facilitating the plant
cell death and development of HR (Yun et al., 2011). In this case, S-
nitrosylation of the AtRBOHD directly controls the cellular ROS
homeostasis and indirectly modulates plant cell death induced by HR.
However, specific phosphorylation of NADPH oxidase (RBOHD) by the
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PRR-associated kinase BIK1 has been proposed to be essential for
PAMP-triggered ROS production (Kadota et al., 2014).

Yang et al. (2015), demonstrated that cytosolic ascorbate perox-
idase (APX1), carried out the ROS balance, is regulated by S-ni-
trosylation at Cys-32 and Cys-49 residues. S-nitrosylation of APX1 at
Cys-32 residue regulated its activity positively and, in consequence,
increased resistance to oxidative stress (Fig. 3). Additionally, they de-
monstrated that Arabidopsis plant treated with flagellin elicitor peptide
(flg22), a molecule derived from bacterial flagellin, increased the S-
nitrosylation levels of APX1 indicating that PTM regulation of APX1 at
Cys-32 is functionally important for redox homeostasis during immune
responses (Yang et al., 2015). Regulation of APX by NO has been de-
monstrated in pea plant under salt stress (Begara-Morales et al., 2014).
In contrast, APX-B recombinant protein (unicellular red alga Galdieria.
partita APX-B) is a target protein of oxidation and glutathionylation at
Cys-25 residue, a residue equivalent to Cys-32 of Arabidopsis APX1 and
pea cytosolic APX, and both modifications provoked a rapid inactiva-
tion of the APX activity (Kitajima et al., 2008).

Another regulation point by PTMs are Prxs, antioxidant enzymes
involved in multiple cellular functions such as peroxidases, molecular
chaperone, enzyme activator, protein binding partner, transnitrosylases
and redox sensor (Dietz et al., 2006; Lázaro et al., 2013). They have
emerged as important factors in the ROS metabolism in redox-depen-
dent signalling events (Rhee et al., 2012). Arabidopsis peroxiredoxin
(PrxIIE) has been proposed as the key protein regulating the ONOO-
concentration in cells during plant-P. syringae avrB pathogen interaction
(Romero-Puertas et al., 2008). NO was capable of inhibiting the per-
oxidase and ONOO- reductase activities of PrxIIE by S-nitrosylation, so
amplifying the deleterious effects of ONOO- and caused a drastic

increase of ROS accumulation after biotic stress (Fig. 3). Recent studies
have demonstrated that Solanum tuberosum-P. infestans (avr) model
system exhibited a transient accumulation of ONOO- correlated in time
with the nitrosative and oxidative “burst” detected 6 h after infesting
with avirulent-pathogen (Arasimowicz-Jelonek et al., 2015). In the
susceptible potato genotype, the ONOO- over-accumulation was related
to enhanced levels of protein tyrosine nitration, while in the resistant
potato genotype these changes were not observed. The biological role of
ONOO- in resistance was tested when the susceptible genotype was
previously treated with ONOO- followed by inoculation with P. in-
festans. Susceptible genotype treated with ONOO− showed an increase
in the pathogen resistance controlling the pathogen colonization and
up-regulation of the key defence markers such as PR-1 gene
(Arasimowicz-Jelonek et al., 2015). In this sense, it was proposed that
the specific and fine regulation of NO and ROS generation in sites of
pathogen infection could generate a sufficient threshold of ONOO-
triggering defence responses (Arasimowicz-Jelonek et al., 2015).

The functional switch from peroxidase activity to transnitrosylase
activity of the recombinant pea mitochondrial PrxIIF was induced by S-
nitrosylation with NO donors (GSNO and SNP). S-nitrosylation of PrxIIF
provoked changes in the protein conformation, in the oligomerization
pattern and its cellular function under nitrosative stress conditions
(Camejo et al., 2015b). Recent studies have demonstrated that both pea
recombinant proteins, chloroplast 2CysPrx and mitochondrial PrxIIF,
are S-glutathionylated by oxidized glutathione (GSSG) (Calderón et al.,
2017). S-glutathionylation on Cys174 of the 2CysPrx and on Cys59 and
Cys84 of the PrxIIF provoked a conformational change and a decrease
in the peroxidase activity of both proteins (Calderón et al., 2017).
Additionally, the authors observed that pea recombinant sulfiredoxin

Fig. 2. Schematic representation of redox
state of proteins. ROS can interact with thiol
groups of proteins to produce a sulfenic acid
(Cys-SOH). Sulfenic acids can readily react
with nearby thiols of the same protein to form
intramolecular disulfide bonds (Cys-S-S-Cys),
or with thiols from other proteins or small
low-molecular-weight thiols to form mixed
disulfide bonds. Sulfenic acids can also react
with a backbone amide nitrogen of adjacent
residues to form a sulfenamide or condense
with another sulfenic acid to form a thio-
sulfinate. Reversible modifications like S-
glutathionylation occur when the sulfenic
forms react with free glutathione in cell
(GSH). These oxidative thiol modifications

are fully reversible, and their reduction is catalyzed by LMW thiols or by members of the glutaredoxin (Grx) or thioredoxin (Trx) system in the presence of a reducing
power, such as NADPH. Overoxidation of thiols to irreversible sulfinic or sulfonic acid can occur.

Fig. 3. Schematic representation of func-
tional regulation of proteins involving in
the oxidative “burst” and cellular redox-
state. S-nitrosylation of Arabidopsis
NADPHD oxidase (AtRBOHD-S-NO) in-
hibited oxidase activity, while its phos-
phorylation (AtRBOHD-O-P) is essential for
ROS production. S-nitrosylation of
Arabidopsis and pea cytosolic ascorbate
peroxidase 1 (APX1-S-NO) positively regu-
lated its activity while, S-nitrosylation of G.
partita cytosolic ascorbate peroxidase-B
(APX-B) inhibited the peroxidase activity. S-
nitrosylation of Arabidopsis peroxiredoxin
IIE (PrxIIE-S-NO) inhibit the peroxidase and
ONOO- reductase activities.

D. Camejo, et al. Plant Physiology and Biochemistry 144 (2019) 110–117

113



was able to deglutathionylate pea 2-CysPrx but not pea PrxIIF.
In summary, the results presented in this section demonstrate that

oxidative “burst” and cellular redox balance during plant-pathogen
interaction is controlled by PTMs of target proteins involved directly or
indirectly in the ROS generation, determining the cellular redox state,
which is strictly related with cellular protein function, the induction of
defence genes and events linked to hypersensitive response (Fig. 3).

2.3. Oxidative PTMs of Met residues

The attack of ROS on Met residues (Met-S-CH3) leads to the for-
mation of Met sulfoxide (Met-S-SO-CH3,Met-R-SO-CH3),which can be
further irreversibly oxidized to Met sulfone (Met-SO2-CH3) (Fig. 4). The
oxidation of Met to methionine sulfoxide (MetSO) can cause changes in
the physicochemical properties of the whole protein, which, in turn,
can affect the stability and/or the activity of the oxidized protein
(Jacques et al., 2015; Lee et al., 2014). Subsequently, the MetSO can be
reduced by two distinct isozymes methionine sulfoxide reductases
(MSRA and MSRB), which exhibit stereo selectivity toward S- and R-
isomers of MetSO (Met-R-SO or Met-S-SO) (Tarrago et al., 2009). Dif-
ferential affinity by substrate has been described for both MSRA and
MSRB enzymes, while MSRAs generally reduce both the peptide-bound
MetSO and the free form efficiently. MSRBs are generally more efficient
in reducing the peptide-bound form, except for some isoforms in plants
(Le et al., 2013; see Rey and Tarrago, 2018). As part of the catalytic
cycle, MSRs utilize Trx as the electron donor and their reactivity is
determined by the availability of reducing equivalents, such as NADPH
(Fig. 4).

2.3.1. Oxidative PTMs of Met residues functions as redox signalling
The biological significance of the MetSO remains largely un-

characterized, but a lot of evidence suggests that cyclic oxidation of Met
is emerging as a mechanism by which proteins perceive oxidative stress
and function in redox signalling (Rey and Tarrago, 2018). For example,
in animals, the reversible oxidation of Met residue by ROS has been
identified in Ca2+ regulatory proteins of heart cells and it functions as a
switch that modulates signals and regulates apoptosis (Erickson et al.,
2008). Met oxidation can also affect protein function indirectly by
coupling oxidative signals to protein phosphorylation-depho-
sphorylation. A specific Met oxidation was reported that modulates the
activities of calcineurin, a protein phosphatase, as well as Ca2+/cal-
modulin-dependent protein kinase II (CaMKII) (Carruthers et al., 2008;
Erickson et al., 2008). Other studies have shown the susceptibility of
calmodulin (CaM) to Met oxidation in different conformations (Snijder
et al., 2011). The authors demonstrated that the oxidation of Met 144
and 145 affected structural integrity and inhibited CaM-CaMKII inter-
action (Snijder et al., 2011). In contrast, oxidation of Met 71, 72 and
145 or of methionines in the C-terminal lobe Met 109, 124 and 145
affected specific functions of protein. Thus, oxidation on specific Met
residues in CaM is tightly linked to its function and conformation,
which has direct implications for calcium/CaM-CaMKII related

signalling (Snijder et al., 2011).
Although reversible Met oxidation is generally considered as an

inevitable damage caused by oxidative stress, experimental evidence
indicates it may be a mechanism to couple oxidative signals to changes
in the function of the proteins during stress conditions (Hung et al.,
2013; Veredas et al., 2017). It has been shown that the actin is a protein
susceptible to PTM by oxidation in its conserved Met 44 residue and it
alters the actin's polymerization activity (Hung et al., 2013). Recently,
the crosstalk between Met oxidation and phosphorylation has been
addressed within the human proteome, observing that nearly 98% of
the proteins containing oxidized Met were phosphoproteins (Veredas
et al., 2017). The authors demonstrated also that the oxidation of Met
located within phosphorylation motifs is a highly selective process
among stress-related proteins, supporting the idea that crosstalk be-
tween Met oxidation and phosphorylation is part of the cellular defence
against oxidative stress. The authors observed a high overlap between
proteins containing MetSO and those exhibiting PTMs such as phos-
phorylation, ubiquitination and acetylation (Veredas et al., 2017).

In plant cells, the methionine oxidation has been described under
stress and non-stress conditions. Accordingly, a proteomic study of A.
thaliana demonstrated that 403 proteins were susceptible to methionine
oxidation under oxidative stress, with the peroxisomal and chloroplast
proteins being the most abundant proteins (Jacques et al., 2015). The
comparative proteomic analysis between wild type and cat 2-2
knockout plant showed that 51 proteins were significantly more oxi-
dized in cat 2-2 knockout plants in comparison to wild type genotype,
after 3 h of high light stress (Jacques et al., 2015). Other studies have
demonstrated the activation of the hypochlorite-responsive transcrip-
tion factor by Met oxidation to MetSO, have been related with an in-
crease of the viability of E. coli cells upon HOCl stress (Drazic et al.,
2013).

In plants, the common occurrence of Met adjacent to Ser/Thr/Tyr
residues and the frequent occurrence of MetSO near O-phosphorylation-
sites suggests that crosstalk between these two PTMs is widespread
(Rao et al., 2015). Hardin et al. (2009), who demonstrated that when a
Met residue functioned as a hydrophobic recognition element within a
phosphorylation motif, its oxidation inhibited peptide phosphorylation
of recombinant calcium-dependent protein kinases, carried out a re-
presentative study. Additionally, the in vitro inhibition of human ade-
nosine 3':5′-monophosphate-dependent protein kinase was also de-
monstrated (Hardin et al., 2009). This mechanism was also assayed on
Arabidopsis leaf nitrate reductase, which was a candidate protein for
this mechanism because the Met538 functions as a hydrophobic re-
cognition site for phosphorylation Ser 534 and the oxidation of Met538
residue can inhibit phosphorylation of Ser 534 residue. Consistent with
these results, it has been shown that the oxidation of Met residues
within the phosphorylation motif of pyruvate dehydrogenase also in-
hibits the phosphorylation of nearby sites, suggesting that reversible
methionine oxidation might serve as a rheostat to control the phos-
phorylation of proximal phospho-acceptors (Miernyk et al., 2009).
Other studies have shown that a papaya MSRB1 (PaMsrB1) interacts

Fig. 4. Schematic representation of redox
state of proteins. ROS may interact with Met
residues (Met-S-CH3) leads to the formation of
Met sulfoxide (Met-S-SO-CH3, Met-R-SO-CH3

),
which can be further irreversibly oxidized to
Met sulfone (Met-SO2-CH3). MetSO can be
reduced by two distinct isozymes methionine
sulfoxide reductases (MSRA and MSRB).
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with the potyviral nuclear inclusion-a protease (NIaPro), which plays
many roles during infection of papaya ringspot virus (PRSV; genus
Potyvirus, family Potyviridae), and this interaction disrupts the import
of PaMSRB1 into the chloroplast (Gao et al., 2012).

Several studies report that during the plant-pathogen interaction the
MSRA and MSRB are involved in the virulence of bacterial pathogens. It
has been demonstrated that genes encoding the MSRA and MSRB en-
zymes exist in bacteria and both are involved in the virulence of bac-
terial pathogens (Sasindran et al., 2007). In this sense, it has been de-
monstrated that pathogens deficient in MSR have a reduced ability to
adhere to eukaryotic cells, to survive inside hosts and to resist in vitro
oxidative stress (Sasindran et al., 2007).

3. Oxidative PTMs controlling the defence signalling pathways

Pathogen infection often results in the accumulation of ROS, and
these molecules contribute to the local and systemic induction of de-
fence genes (Hakmaoui et al., 2012; Yoshioka et al., 2011; Agurla et al.,
2014).

Some of the best characterized defence signalling pathways regu-
lated by oxidation events are the induction of SA-dependent responses
and the regulation of two key regulators: the SA receptor NPR1 (non-
expresser of PR genes 1) and TGA transcription factors in Arabidopsis
thaliana. Redox state of NPR1 and TGA Cys residues defines the cellular
localisation, structure and function of the protein (Lindermayr et al.,
2010; Spoel et al., 2010; Tada et al., 2008). Arabidopsis NPR1 appears
as S-nitrosylated oligomers in the cytoplasm (Fig. 5). However, SA-
mediated redox changes that take place upon a pathogen attack pro-
voke a reduction in the disulphide bonds in the NPR1 protein catalyzed
by cytoplasmic Trxs (Trx-h3 and Trx-h5) (Tada et al., 2008). Reduced
NPR1 monomers are translocated to the nucleus to interact with the
oxidized TGA transcription factors triggering the target genes expres-
sion (Spoel et al., 2010; Tada et al., 2008). Previously, it had been
demonstrated that the interaction of both NPR1 and TGA transcription
factors is dependent on the SA-mediated redox changes that directly
affect the oxidation state of Cys residues of TGA transcription factors
(Despres et al., 2003). SA-mediated redox changes break intramolecular
disulphide bonds in TGA1 and TGA4, allowing these TGAs to form a
transcriptionally active complex with NPR1 in the nucleus (Despres
et al., 2003). Moreover, it has been demonstrated that the translocation
of NPR1 to the nucleus depends on the cytosol redox-state, which
suppresses pathogenesis-related gene expression (Peleg-Grossman et al.,
2010, 2012). Recent advances indicate that NO also regulates NPR1/
TGA1 system. S-nitrosylation and S-glutathionylation of TGA1 were

achieved after treatment with GSNO at Cys260 and Cys266, respec-
tively (Lindermayr et al., 2010). Interestingly, Trxh5 catalyzed the
denitrosylation of TGA1 during plant immune response (Kneeshaw
et al., 2014). This regulation by NO was suggested as a protection
mechanism for TGA1 from oxygen-mediated modifications, which im-
proves the DNA binding activity of TGA1 to the sequence- 1 (as-1)
element when NPR1 is translocated into nucleus (Fig. 5). S-nitrosylation
of NPR1, promoted by NO, leads to the translocation of NPR1 into the
nucleus, underlining an important role of NO as a redox regulator of the
NPR1/TGA1 system during Arabidopsis plant defence response
(Lindermayr et al., 2010). The results reveal high complexity in the
regulation of NPR1-TGA1 by NO and ROS, which needs further research
to clearly elucidate the exact mechanism involved in the plant im-
munity response.

The most relevant results were obtained by Asai et al. (2008), who
found that NADPH oxidase and NO ASSOCIATED1 (NOA1) were keys in
the oxidative and nitrosative “burst”, respectively, elicited by INF1
elicitin during P. infestans-N. benthamiana interaction. The authors de-
monstrated that mitogen-activated protein kinase cascades, MEK2-
SIPK/NTF4 and MEK1-NTF6, regulated ROS and NO accumulation. In
this way, they identified that the ROS generation was induced by either
MEK1-NTF6 or MEK2-SIPK/NTF4, whereas NO generation was induced
only by conditional activation of MEK2-SIPK/NTF4, and not by MEK1-
NTF6. Conversely, INF1- and mitogen-activated protein kinase (MAPK)-
mediated ROS generation were eliminated by the silencing of RBOHB,
and this was related to decreased resistance to P. infestans, but not to
Colletotrichum orbiculare (Asai et al., 2008). Another MAP kinase has
been best characterized in plants, as exemplified by NtWIPK and NtSIPK
from tobacco (Liu et al., 2003), AtMAPK3, AtMAPK6 from Arabidopsis
(Meng et al., 2013), and LeMAPK1, LeMAPK2, and LeMAPK3 from to-
mato (Kandoth et al., 2007). Recent studies have demonstrated that
LeMAPK1, LeMAPK2, and LeMAPK3 play a critical role in disease re-
sistance, and mediate the NO-induced defence response against inter-
action between necrotrophs B. cinerea-tomato (Zheng et al., 2014).
Using the NO donor (sodium nitroprusside dehydrate, SNP) the authors
found increased resistance to necrotrophs B. cinerea via mechanisms
that, at least in part, were influenced by MAP kinase.

Experimental evidence has demonstrated that NO and reduced ROS
generation accumulation are also involved downstream from the Ca2+

signal transduction cascade elicited from the endogenous plant elicitor
peptides (Peps) during plant immune response (Ma et al., 2013). The
authors characterized the Pep immune response and identified new
molecular steps in the signal transduction cascade which are required
for Pep immune activation that limits invasion of a virulent bacterial

Fig. 5. Schematic representation of oxi-
dative and nitrosative PTMs controlling
the function and spatial localisation of
non-expresser of pathogen related gene 1
(NPR1) and the transcription factor
TGA1 involved in the pathogen-related
gene expression. Oxidized or S-ni-
trosylated oligomer NPR1 is localised in
cytoplasm. Salicylic acid-induced redox
changes provoke a reduction of disulphide
bonds of NPR1 catalyzed by thioredoxins
(Trxh3/h5) and the NPR1 monomerization.
NPR1 monomers translocate to the nucleus
to interact with S-nitrosylated TGA1, indu-
cing pathogen-related gene expression.
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pathogen in the plant. It has been documented that both hetero and
monomeric small G-proteins could trigger plant immune responses by
activating the MAPK signalling cascade (Vidhyasekaran, 2014). ROS
generation by activating NADPH oxidase, the activation of NO signal-
ling, the polyamines and phosphatidic acid biosynthesis and pro-
grammed cell death are events that also accompany the plant immune
response (Vidhyasekaran, 2014). Likewise, other studies have demon-
strated that NO production induced by the elicitin cryptogein (pro-
duced by the oomycete P. cryptogea) in tobacco cell suspensions is
partly under the control of a ROS-dependent pathway involving the
NADPH oxidase, NtRBOHD (Kulik et al., 2015).

Other metabolites, such as pipecolic acid (PiP) - a non-protein
amino acid produced from lysine catabolism - accumulates in local
infested tissues, undergoing a gene-for-gene recognition response, and
has been associated with systemic acquired resistance (SAR) (Návarová
et al., 2012). Recent studies have also demonstrated that PiP accumu-
lation upon infection induces SAR, increasing the accumulation of ROS,
NO, as well as azelaic acid and glycerol-3-phosphate (G3P) (Wang et al.,
2018). De novo synthesis of Pip in distal tissues was dependent on the
accumulation of SA and G3P in the distal tissues, suggesting that several
metabolites may be triggering the signalling cascade stimulating the
biosynthesis of the other metabolites depending on their levels and
their cellular localization (Wang et al., 2018).

4. Conclusions

There is a lot of evidence that ROS generation is an early event in
the plant defence response against pathogen attack. Oxidative “burst” is
involved in programmed cell death, hypersensitive response, defence
gene activation and hormonal signalling. The existing evidence in-
dicates that ROS largely signal through PTMs, providing strict spatial
and temporal control of protein conformation to fine-tune activity.
Biological significance of oxidation of Cys is particular related with
function and localization of the proteins. In contrast, the Met oxidation
has received little attention, so in plants it is still necessary to clarify the
biological significance of the oxidative PTMs. Considerable evidence
suggests that target proteins of oxidative modifications, such as sul-
foxidation or methionylation, are more likely to have a second PTM
when compared to other proteins that are not oxidized. Thus, ROS
generation is sometimes accompanied by NO synthesis and the crosstalk
between NO and ROS is of particular importance in plant-pathogen
interactions due to their contribution to the local and systemic induc-
tion of defence genes. Thus, the understanding of ROS and NO interplay
and the signalling functions of ROS driving PTMs can contribute to the
elucidation of the molecular and biochemical mechanisms governing
plan-pathogen interactions.
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