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Abstract

Present work focuses on tissue and concentration-dependent effect of nitric oxide (NO) on
the modulation of cytosolic peroxidase (POD; EC 1.11.1.7) activity in 2-day old etiolated
sunflower (Helianthus annuus L.) seedlings. Exogenously supplied NO (in the form of
sodium nitroprusside [SNP] or diethylenetriamine NONOate [DETA]; 125 to 500 uM) results
in noteworthy enhancement in seedling growth in a concentration dependent manner irre-
spective of salt-stress and differentially affects POD activity in 2-day old seedling cotyle-
dons. Elevated NO availability leads to an increase in the specific activity of POD in a
concentration-dependent manner within 48 hrs as a rapid signaling response. Purification of
POD protein using immunoprecipitation technique has shown that cotyledons derived from
salt stressed seedlings exhibit a higher extent of tyrosine nitration of POD as compared to
the control seedlings. Out of the four tyrosine residues found in the amino acid sequence of
POD, the one at position 100 has been predicted to undergo nitration. Thus, a probable NO-
POD crosstalk is evident in sunflower seedling cotyledons accompanying salt stress.

Introduction

Salt stress is known to cause a reduction in seed germination response, disturbance in ion
uptake, alterations in gaseous exchange, and destruction of the photosynthetic machinery,
thereby causing decreased photosynthetic yield in plants [1]. Sunflower is a moderately salt-
tolerant crop [2]. Different environmental factors, including salinity, greatly influence the
growth of sunflower plants and yield of seeds [3]. The hyperionic and hyperosmotic effects of
salinity experienced by plants leads to membrane disorganization, increase in the levels of
reactive oxygen species (ROS), and metabolic toxicity [4]. Salt stress induces oxidative stress
which results in generation of reactive oxygen species (ROS), such as hydroxyl radical (OH),
superoxide anion (O,"), singlet oxygen ('O,) and hydrogen peroxide (H,0,). ROS scavenging
is one of the common defense responses against abiotic stresses [5]. Plants are equipped with
an elaborate ROS scavenging network, composed of both non-enzymatic and enzymatic
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mechanisms, for regulating intracellular ROS levels [6]. The most common targets of antioxi-
dant enzymes under salt stress are O, "and H,O,. The role of H,O,-detoxifying enzymes is to
impose a tight control on its cellular concentrations rather than to remove it completely [7].
Peroxidases (POD, EC 1.11.1.7) are heme-containing oxidoreductases which catalyze the
reduction of hydrogen peroxide by oxidizing a wide variety of electron donor substrates,
including phenols, aromatic amines, auxins, fatty acids, liginin precursors and secondary
metabolites [8]. Several peroxidase isozymes, differing in their molecular mass as well as cata-
Iytic properties, occur in different plant species [9]. The diversity of processes catalyzed by
PODs as well as the large number of genes encoding POD suggests a possible functional spe-
cialization for each isoform [10]. PODs occur in three forms in plants namely soluble, cova-
lently bound and ionically bound. The soluble forms are largely found in the cell cytoplasm
while the ionic and covalently bound forms are associated with cell wall and some cell organ-
elles. PODs are also classified as acidic or basic according to their isoelectric points [11]. Most
peroxidases follow the reaction scheme as shown in Fig 1.

The three-step reaction cycle catalyzed by PODs involves a two-electron oxidation of the
ferric enzyme (resting state) by H,0, to form Fe** = O (Compound I). This is followed by two
subsequent reduction reactions in which many electron donor substrates, mainly of phenolic
nature, get oxidized themselves leading to the formation of Fe*"-OH (compound II) and
finally the enzyme is converted back to its ferric form [12]. The enzyme nomenclature accord-
ing to International Union of Biochemistry and Molecular Biology has listed around 15 differ-
ent types of peroxidases out of which 5 are found in plants. They are: catalases (EC 1.11.1.6),
peroxidases (EC 1.11.1.7), also called as class III peroxidases or guaiacol peroxidases or
secreted peroxidases, glutathione peroxidases (EC 1.11.1.9), ascorbate peroxidases (EC
1.11.1.11) and peroxiredoxins (EC 1.11.1.15). Generally, most plants exhibit enhanced peroxi-
dase activity upon exposure to oxidative and abiotic stresses. The upregulation of POD activity
in response to salinity has been observed in numerous plants [13].

Nitric oxide (NO) is a bioactive, gaseous free radical which plays critical roles as a diffusible
intracellular signaling molecule. NO is known to regulate various physiological and develop-
mental processes in plants, including seed germination [14], induction of lateral roots [15],
flowering [16], adventitious root formation [17], and hormonal responses [18]. High reactivity
of NO radical induces different post-translational modifications in a wide range of proteins,
lipids and nucleic acids, thereby affecting their structure and functions [19]. NO reacts with
thiol or heme-containing proteins, thus altering their functions and/or structure [20]. It may
bind to Cys residues, iron or heme centres or tyrosine residues in proteins thereby altering
their structure and function [19]. Most of the biological regulatory properties of NO are gov-
erned by its intrinsic instability, lipophilicity, and high affinity towards iron, thus making it a
very good agent for both signal transduction and defense responses [6]. NO plays a protective
role in plants by regulating the level and toxicity of ROS. There are possibly two mechanisms

AH, is a reducing substrate

Hgoz“ H,0 AH, -AH ‘AH A+H,0

Native enzyme

Compound I Compound 11 Native enzyme

Fig 1. The reaction mechanism of plant peroxidases.

https://doi.org/10.1371/journal.pone.0197132.g001
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by which NO counteracts oxidative stress. First, NO directly scavenges ROS, such as O,--, to
form peroxynitrite (ONOO-). Secondly, NO might also function as a signaling molecule in the
cascade of events thereby altering gene expression [21]. NO has been reported to exert protec-
tive effect in response to drought stress [22], osmotic stress [23], salt stress [24, 25, 26], high
temperature stress [24], and heavy metal stress [21, 27, 28].

Present work focuses on NO-mediated modulation of class III peroxidases or secretory/
cytosolic peroxidases in 2-day old sunflower seedling cotyledons. Although quite a few reports
on NO actions in plants using various NO donors (SNP, SNAP, GSNO) are available, the
effects of these compounds can, however, differ depending on the nature and concentration of
the NO donor used. Moreover, saturating doses of NO provided to plants through exogenous
application of NO donors, cannot always justify their actual physiological roles. Depleting the
plant tissue of its endogenous NO by the application of NO quencher (commonly cPTIO) is
another way to understand the physiological relevance of endogenous NO in various responses
[29]. Moreover, both abiotic stress and NO can evoke differential responses in roots and in
terms of long distance sensing of stress to aerial plant parts. Further, these differences vary
according to concentration and nature of NO donor used. Recent investigations carried out in
the author’s laboratory have shown the modulation of various antioxidative enzymes, such as
glutathione reductase, superoxide dismutase and heme oxygenase by nitric oxide accompa-
nying long distance sensing of salt stress in sunflower seedling cotyledons [30, 31, 20]. Keeping
in mind a critical role of H,0, accumulation as a component of ROS signaling in response to
salt stress, present investigations provide new information on the regulatory role of cytosolic
peroxidase (POD) in ameliorating salt stress through the modulation of enzyme activity and
POD protein abundance. Furthermore, our findings provide new evidence for clear and differ-
ential impact of salt stress on NO-POD crosstalk in terms of abundance of enzyme, its activity
and its modulation in terms of long distance sensing of salt stress. The work further provides
evidence for concentration-dependence of the biochemical response due to NO through appli-
cation of variable doses of two NO donors (SNP, DETA), NO scavenger (cPTIO) and putative
inhibitor of arginine-dependent enzyme NO biosynthesis (aminoguanidine).

Material and methods
Plant growth and treatments

For germination, sunflower seeds (Helianthus annuus L. cv., KBSH 53) procured from Univer-
sity of Agricultural Sciences, Bangalore were washed with a liquid detergent and kept in run-
ning tap water for 1 hr. Seeds were sterilized using 0.005% mercuric chloride, washed and
imbibed in distilled water for 2 hrs. Seeds were then spread on two layers of germination paper
layered in plastic trays and irrigated with half-strength Hoagland nutrient medium. For pro-
viding salt stress conditions, Hoagland solution was supplemented with 120 mM NaCl based
on earlier published work with regard to optimization of seedling growth under varying NaCl
concentrations [25]. Seeds were germinated in dark at 25+2°C. In order to examine the effect
of nitric oxide on peroxidase (POD) activity, Hoagland medium was supplemented with dif-
ferent concentrations (125, 250 and 500 uM) of sodium nitroprusside (SNP; NO donor),
diethylenetriamine NONOate (DETA; NO donor), aminoguanidine (inhibitor of arginine-
dependent NO biosynthesis) and 2- (4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO; NO scavenger). The respective treatments were provided to seedlings
in the nutrient medium, after the emergence of radical in the absence or presence of 120 mM
NaCl. Cotyledons from 2d old sunflower seedlings showing uniform growth patterns were col-
lected for various biochemical analyses and stored at -80°C until further use. It was decided to
carry out all analyses on 2d old seedling cotyledons only, in order to focus on rapid signaling
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events taking place within 48 hrs of sensing of salt stress. For control SNP treatments, seedlings
were also raised in the presence of exhausted SNP solutions (SNP exposed to light).

Estimation of peroxidase (POD) activity

Peroxidase (POD) activity was estimated using the following protocol with minor modifica-
tion [32]. Cotyledons, frozen with liquid nitrogen, were ground to fine powder using a pestle
and mortar and dispersed in 50 mM sodium acetate buffer (pH 4.0) (1:2 w/v). The homoge-
nates thus obtained were centrifuged at 10,000 g for 20 min at 4°C. Protein was quantified
using Bradford assay [33] and 600 pL aliquot containing 25 pg protein was added to a 2.4 mL
of substrate solution (0.6 mM o-dianisidine, 8.8 mM H,0, in 50 mM sodium phosphate
buffer, pH-6) to make the final volume to 3 mL. Change in absorbance was recorded at 460
nm for 5 min at an interval of 1 min each. Substrate solution without protein served as blank.
Enzyme activity was expressed as specific activity of POD as moles.min".ug™" protein. For
zymographic detection of POD activity, protein extracted and quantified as described above
was constituted in Laemelli buffer without SDS. Twenty-five microgram protein from each
sample was loaded for one dimensional separation of polypeptides on a 12% vertical native
polyacrylamide gel at 4°C (conditions: 75V for 20 minutes, 150 V for 2 h) using Miniprotean
Tetra Cell (Biorad, USA). Gel with resolved bands was then incubated in 0.2 M sodium acetate
buffer (pH 5.0) containing 1.3 mM benzidine and 1.3 mM H,O, until the development of
brown bands representing POD activity.

Western blot detection of peroxidase (POD) isoforms

POD isoforms were detected by western blot according to the following protocol [9]. Briefly,
cotyledons were ground to a fine powder with liquid nitrogen and homogenized in grinding
medium containing 0.1 M Tris-HCI, 0.4 M sucrose, 10 mM KCI, 1 mM MgCl,, 1 mM EDTA
and 1 mM PMSF (pH-7.5). The homogenates were centrifuged at 10,000 g for 20 min at 4°C
to obtain total soluble protein (TSP). Twenty-five micrograms of each protein sample were
loaded for one dimensional separation using 10% SDS vertical polyacrylamide gel in MiniPro-
tean Tetra Cell (Biorad, USA) (conditions: 75V for 20 minutes, 150 V for 2 h). Gel with
resolved bands was removed and washed in transfer buffer at 4°C for 15 min. Proteins were
transferred to nitrocellulose (NC) membrane at a current of 400 mA for 1 h at 4°C. Subse-
quently the blot was incubated in blocking buffer [7% BSA, 0.2% Tween 20 in PBS, pH 7.4] for
2 hrs at room temperature, followed by overnight incubation at 4°C on an orbital shaker with
anti-peroxidase antibody produced in rabbit (cat no. P7899 obtained from Sigma-Aldrich
Chemicals Pvt. Ltd., USA) in a dilution of 1:2000 prepared in blocking buffer. Membrane was
subsequently washed thrice in wash buffer (0.2% Tween-20 in PBS pH 7.4) for 5 min each and
incubated on an orbital shaker in secondary antibody (anti- rabbit IgG conjugated to alkaline
phosphatase antibody obtained from Sigma-Aldrich Chemicals Pvt. Ltd., USA) dispersed in
1:2500 ratio in wash buffer for 1 hr at room temperature. Finally, the membrane was washed
thrice in wash buffer for 5 min each and developed using freshly prepared BCIP/NBT.

Immunoprecipitation of peroxidase (POD) using Dynabeads Protein G
and anti-POD antibody

POD was purified from seedling cotyledons using Dynabeads Protein G Immunoprecipiation
kit (Invitrogen, USA), according to manufacturer’s instructions. The Dynabeads separated
from the solution were incubated with anti-POD antibody (P7899, Sigma-Aldrich Chemicals
Pvt. Ltd.) diluted in 200 pL antibody binding and washing buffer (provided in the kit) for 1 h
at room temperature (RT) with constant rotation. After incubation, the tubes were placed on
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magnet and supernatant was removed. The Dynabeads-antibody (Ab) complex so obtained
was further resuspended in 200 uL antibody binding and washing buffer to wash off unbound
antibody. To prevent co-elution of antibody, the Dynabeads were crosslinked with anti-POD
antibody using BS3 [bis(sulfosuccinimidyl)suberate] which is a crosslinking reagent. The Ab
coupled-Dynabeads were washed twice in 200 pL of conjugation buffer [20 mM sodium phos-
phate buffer containing 0.15 M NaCl (pH 7.0)]. The beads were then resuspended in 250 pL of
5 mM BS3 solution and incubated with rotation at RT for 30 min. 12.5 uL of quenching buffer
(1 M Tris-HCI, pH 7.5) was then added and the mixture was incubated again for 15 min at RT
with rotation. The beads were washed thrice with washing buffer (provided in the kit), placed
on the magnet and supernatant was discarded. The crosslinked Dyanbead-Ab complex was
subsequently resuspended in 1000 pL of antigen (POD protein) containing sample (10,000g
supernatant) and incubated for 2 h at RT under continuous rotation to allow antigen (Ag) to
bind to Dynabeads-Ab complex. The tube was then placed on magnet and supernatant was
removed. The Dynabead-Ab-Ag complex was washed thrice with 200 pL washing buffer and
finally the Dynabead-Ab-Ag complex resuspended in 100 uL washing buffer was transferred to
a fresh eppendorf tube to prevent co-elution of proteins bound to the wall of the tube. Finally,
POD was eluted by gently resuspending the beads complexed with antigen and antibody in

20 pL of elution buffer (provided in the kit). The beads were subsequently incubated at room
temperature for 5 min and then placed on the magnet. The supernatant (containing purified
POD) was removed and stored for further analysis (Fig 2).

Western blot detection of tyrosine nitration of peroxidase (POD) purified
by immunoprecipitation

Aliquot containing purified POD obtained by immunoprecipitation was loaded for one
dimensional separation on 10% SDS-PAGE using a Miniprotean Tetra Cell (Biorad, USA).
Electrophoresis was performed at 75V for 0.5 h, 100V for 0.5 h and 150V for 2 hrs. After elec-
trophoresis, the gel was removed from the cassette and washed in transfer buffer at 4°C for at
least 15 min. Protein was transferred onto PVDF membrane at a current of 400 mA applied
for 1 h. The membrane with transferred proteins was then incubated overnight at 4°C in
blocking buffer and further with anti-3NT antibody (1:1000 diluted in blocking buffer) for 2 h
at room temperature on an orbital shaker. Thereafter, the membrane was washed thrice in
wash buffer for 5 min each and incubated in secondary antibody (anti-rabbit IgG conjugated
to alkaline phosphatase, antibody) diluted 1:3000 in wash buffer for 1 h at room temperature.
Finally, the membrane was washed thrice in wash buffer for 5 min each and developed using
freshly prepared BCIP/NBT. Both, the primary and secondary antibodies were obtained from
Sigma-Aldrich Pvt Ltd (USA).

Statistical analysis

Statistical significance of treatment-induced changes in peroxidase (POD) activity were ana-
lyzed by one-way ANOVA using SPSS 22.0 in comparison with their respective controls. All
experiments were performed at least thrice.

Results

Exogenously supplied NO positively modulates seedling growth and also
significantly counters growth inhibition by NaCl stress

Exogenously supplied NO (in the form of SNP or DETA; 125 to 500 uM) resulted in notewor-
thy enhancement in seedling growth in a concentration dependent manner, both in control
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Fig 2. Schematic representation of immunoprecipitation protocol for protein purification.

https://doi.org/10.1371/journal.pone.0197132.g002

and salt-stressed seedlings (Fig 3). In order to further confirm the protective effect of NO on
seedling growth observed in the present work, sunflower seedlings were also grown in Hoag-
land medium supplemented with different concentrations (125 to 500 pM) of cPTIO (NO
scavenger) or aminoguanidine (inhibitor of putative NOS activity). Fresh weight data from a
previous publication from author’s laboratory demonstrates that SNP leads to an increase in
fresh weight of whole sunflower seedlings while application of aminoguanidine and ¢cPTIO
brings about a decrease in the fresh weight in a concentration dependent manner [34]. Exoge-
nously supplied NO donors (SNP and DETA) resulted in significant enhancement of hypo-
cotyl length. SNP and DETA led to 21.1% and 22.1% increase in hypocotyl length respectively,
in the presence of salt stress (Table 1). However, aminoguanidine and cPTIO decreased the

growth of hypocotyls (16% and 14% respectively) both in the absence or presence of 120 mM
NacCl (Fig 3).

Modulation of POD activity by NO in seedling cotyledons as a long-
distance response

Cotyledons derived from seedlings raised in variable concentrations (125-500 pM) of SNP or
DETA exhibited concentration-dependent increase in POD activity as well as a clear difference
in the sensitivity of the tissue to the available elevated concentrations of nitric oxide in NaCl
stressed seedlings than those derived from control (-NaCl) conditions (Fig 4). The increase in
POD activity in the presence of DETA (22.6% increase with respect to control) is, however,
much more significant in control seedlings (- NaCl condition). The use of two donors (SNP
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Fig 3. Changes in whole seedling growth and hypocotyl extension in response to varying concentrations (0 to
500 uM) of NO donors (SNP and DETA), an NO scavenger (cPTIO) and an inhibitor of arginine-dependent NO
biosynthesis (aminoguanidine) in 2-day old sunflower seedlings grown in the absence or presence of 120 mM NaCl.

https://doi.org/10.1371/journal.pone.0197132.9003
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Table 1. Effect of NO on hypocotyl length of 2-day old sunflower seedlings.

Treatment Concentration (uM) Percent change in hypocotyl length (%)*
Control (-NaCl) (+) NaCl

SNP 125 13.8% increase 14.21% increase
250 15.6% increase 17.1% increase
500 16.3% decrease 21.1% increase

DETA 125 13.4% increase 15% increase
250 14.1% increase 19.4% increase
500 16.2% increase 22.1% increase
cPTIO 125 11.5% decrease 10.9% increase
250 16.9% decrease 12.5% decrease
500 14.1% decrease 10.8% decrease
Aminoguanidine 125 11.5% decrease 11.1% decrease
250 11.9% decrease 14.1% decrease

500 12.7% decrease 16% decrease

* Percent change refers to change in hypocotyl length with respect to control (0 uM)

https://doi.org/10.1371/journal.pone.0197132.t001

and DETA) in the present work revealed similar changes in POD activity suggesting that the
observed increase in POD activity is mainly due to additional availability of nitric oxide to the
seedling cotyledons irrespective of salt stress. Exhausted SNP treatment (250 uM) however did
not bring about any significant changes in enzyme activity in sunflower seedling cotyledons.
These observations are consistent with the activity demonstrated zymographically as well.
Zymographic analysis of the 10,000g supernatant from the cotyledon homogenates clearly
showed the enhancing effect of SNP or DETA as NO donors on POD activity. The Western
blot analysis of POD isoform in seedling cotyledons revealed the expression of two bands of 40
and 36 kDa. It is thus evident that elevating NO availability to the cotyledons of sunflower
seedlings through an external source (SNP/DETA) leads to an increase in the specific activity
of POD in a concentration-dependent manner within 48 hrs as a rapid signaling response.

cPTIO, a well-known quencher of endogenous NO, significantly lowered POD activity at
250 uM (10.8% with respect to control) in the salt stress conditions (Fig 5). Furthermore,
Western blot analysis of POD in homogenates derived from seedling cotyledons raised in vari-
ous concentrations of cPTIO did not exhibit any major variation in control seedlings but it
lowered down amount of POD protein in a concentration-dependent manner in seedling coty-
ledons derived from salt stressed seedlings (Fig 5). Zymographic analysis revealed similar
trend as observed from the spectrophotometric data.

Aminoguanidine lowers down the specific activity of POD in a concentration-dependent
manner and there is a clear cut enhanced impact of aminoguanidine on lowering the enzyme
activity (23.6% with respect to control) in salt stressed seedling cotyledons (Fig 6). It is fur-
ther evident from Western blot analysis that lowering of POD activity due to aminoguani-
dine treatment is not correlated with the extent of expression of the relevant protein which
infact exhibits enhancement in salt-stressed seedling cotyledons as a result of aminoguani-
dine exposure.

Salt stressed seedling cotyledons exhibit enhanced tyrosine nitration

Whole tissue homogenate (10,000g supernatant) from seedling cotyledons was used for immu-
noprecipitation of POD using Dynabeads Protein G immunoprecipitation kit (Invitrogen,
USA) and co-incubating with anti-POD antibody (P7899, Sigma-Aldrich, USA). The purified
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https://doi.org/10.1371/journal.pone.0197132.9g004
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Fig 5. Effect of cPTIO (NO scavenger) on POD activity in cotyledons. 2d old sunflower seedlings were raised in the presence or absence of 120 mM
NaCl and Hoagland medium was also supplemented with different concentrations of cPTIO (125, 250 and 500 uM). (A) Estimation of specific activity
of POD. Inset represents relative change in POD activity (% of respective control). Changes in enzyme activity were analyzed by one-way ANOVA
using SPSS 22.0 and were found to be statistically significant (**p<0.01) in comparison to control. Vertical bars on mean values in A represent SE

(n = 3). (B) Zymographic detection of POD activity. (C) Western blot analysis of POD.

https://doi.org/10.1371/journal.pone.0197132.9005

POD so obtained, following elution, was analyzed for the extent of tyrosine nitration using
anti-nitrotyrosine antibody (AB58411, Sigma-Aldrich, USA). It is evident from Fig 7 that on
constant fresh weight basis, cotyledons derived from salt-stressed seedlings exhibited a higher
extent of tyrosine nitration of POD as compared to the one from control seedlings.
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Fig 6. Effect of aminoguanidine (NOS inhibitor) on POD activity in cotyledons from 2d old sunflower seedlings raised in the absence or presence
of 120 mM NaCl and supplemented with different concentrations of aminoguanidine (125, 250 and 500 uM). (A) Estimation of specific activity of
POD. Inset represents relative change in POD activity (% of respective control). Changes in enzyme activity were analyzed by one-way ANOVA using
SPSS 22.0 and were found to be statistically significant (***p<0.001) in comparison to control. Vertical bars on mean values in A represent SE (n = 3).
(B) Zymographic detection of POD activity. (C) Western blot analysis of POD.

https://doi.org/10.1371/journal.pone.0197132.9006

The amino acid sequence of Helianthus annuus L. class III peroxidase was obtained from
Peroxibase- the peroxidase database (HaPrx01_QIR8). A three-dimensional structure was
designed using SWISS-MODEL and PyMOL to show the four tyrosine residues at positions
100, 207, 251 and 281 (Table 2). Out of the four tyrosine residues found in the amino acid
sequence of POD, the one at position 100 was predicted to undergo nitration using GPS-YNO2
1.0 software (Fig 7).
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Fig 7. Tyrosine nitration of peroxidase (POD) in sunflower seedling cotyledons. (A) Western blot analysis showing
tyrosine nitration of POD using anti-nitrotyrosine antibody. (B) Three-dimensional structure of POD modelled using
Swissmodel and PyMol depicting four tyrosine residues at positions 100, 207, 251 and 281. (C) Sites of tyrosine nitration in
POD as predicted using GPS-YNO2 1.0.

https://doi.org/10.1371/journal.pone.0197132.9007
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Table 2. Tyrosine residues predicted to undergo tyrosine nitration.

Position
100
207
251
281

https://doi.org/10.1371/journal.pone.0197132.t002

Peptide Score Cut off Cluster
ANDGVVGYDVIDDAK 1.244 0 Cluster D
VRFRGRIYNSPLPID 0.328 0 Cluster A
PNTFDNNYFLNLRAS 0.14 0 Cluster C
ADSIVTEYADNPTTF 0.646 0 Cluster E
Discussion

Although quite a few earlier investigations have provided evidence for salt stress-induced
enhanced activity of POD, present work undertakes an intensive and systematic investigation
on POD modulation by NaCl stress in sunflower seedling cotyledons as a long-distance impact
and differential response of POD activity and POD protein accumulation to salt stress and
nitric oxide. Sunflower seedlings grown in the presence of salt (120 mM NaCl) exhibit inhibi-
tion of hypocotyl extension and primary root growth, thus leading to growth inhibition
(observations from previous works carried out in researcher’s laboratory) [25]. Sodium nitro-
prusside is an established NO donor and it shows a positive role in growth improvement in
control sunflower seedlings up to a concentration of 250 uM (present work). However, its role
in overcoming the effects of salt stress is further evident at 500 uM. Results obtained with the
use of SNP, however, need to be analyzed with caution keeping in view the fact that SNP also
releases cyanide and free iron in solution [29,6]. cPTIO exerts negative impact on seedling
growth, it being an established NO scavenger. The mechanism of action of cPTIO involves
oxidation of NO to NO,, thereby scavenging NO. However, under conditions of excessive
NO, cPTIO may facilitate the formation of N,O; due to enhanced oxidation of NO thereby
highlighting the concentration-dependent duality of cPTIO action [35]. Thus, the results
obtained using cPTIO as a NO scavenger need to be analyzed with due caution. Several studies
have shown the positive effect of NO on seedling growth and seed germination under different
types of abiotic stresses. Exogenous application of SNP significantly enhances seedling growth
under salinity stress in rice [24], cotton [36], chamomile [37] and cucumber [38]. These
reports, together with our findings on sunflower, suggest that NO is effective in reversing the
negative impact of NaCl on seedling growth. Role of nitric oxide in combating NaCl stress in
sunflower seedlings observed in the present work is further substantiated by the use of DETA,
a more reliable NO donor. NO release by DETA is unaffected by biological reactants. The first
order decomposition rate and high stability makes DETA a better source of NO generation
[39]. Present observations thus demonstrate that exogenously supplied NO (in the form of
DETA or SNP) results in enhanced seedling growth by promoting hypocotyl elongation in
sunflower seedlings.

Nitric oxide has been shown to play a critical role in alleviating detrimental effects of abiotic
stress in various plants. Under stressful conditions, NO protects the plants from oxidative
damage by interacting with the antioxidant enzymes thereby modulating their activities [40].
Additionally, an interplay between NO and sulphur assimilation and also with plant growth
regulators such as, auxin, ethylene, cytokinin, helps in abiotic stress tolerance [41, 42]. In Bras-
sica juncea, exogenously supplied NO has been reported to protect the plant from inhibitory
effects of cadmium stress and salt stress by improving S-assimilation and production of gluta-
thione [26, 28].

The protective role of NO in alleviating oxidative damage by modulating POD activity has
been demonstrated in wheat [43] and chickpea [44] under cadmium stress; Cassia tora in
response to aluminium stress [45]; banana fruits [46] and cucumber seedlings [47] under
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chilling injury; bean leaves exposed to UV-B radiation [48]; wheat in response to nickel stress
[49]; chickpea, tomato, strawberry and cotton in response to salinity stress [50-53]; maize in
response to boron-induced oxidative damage [54]; wheat and mung bean leaf discs under high
temperature stress [55, 56] and in Malus rootstock under drought stress [57]. NO supplemen-
tation has also been shown to upregulate the activity of ascorbate peroxidase (APX) in sweet
potato (Ipomoea batata) coinciding with reduction or prevention of cell death triggered by
H,O0, [58]. Similarly, an increase in the activity of three APX isoforms by NO has been
observed in soybean root nodules [59]. In contrast with most of the above-stated earlier reports
which show NO-dependent modulation of POD activity using a specific concentration of NO
donor, the present work on sunflower highlights concentration dependence of NO impact and
it also distinguishes its effect on POD protein abundance and POD activity. Earlier reports
have also suggested that cPTIO treatment reverses the positive effects of SNP by lowering the
activities of antioxidant enzymes in chickpea [44], roots of Cassia tora [45] and sweet potato
[58]. The combined observations from the impact of SNP, DETA, ¢PTIO and aminoguanidine
in salt stressed sunflower seedling cotyledons indicate that nitric oxide (endogenous) positively
modulates POD activity in seedling cotyledons and the modulation of POD activity by NO is
not sensitized by the presence or absence of salt stress.

It is evident from the present series of experiments that NO is probably directly modulating
the activity of the active POD enzyme through its binding to specific sites. Various studies
have reported that NO can modulate the catalytic activity of peroxidase differently depending
on the plant species and severity of stress. NO has been shown to enhance POD activity by pro-
moting the formation of native enzyme from intermediate Compound II in the presence of
poor electron donors, such as guaiacol or catechol [60]. Evidence has also been provided to
support the possibility of reversible binding of NO to the heme prosthetic group of peroxidase
thereby inhibiting xylem POD activity in Zinnia elegans. NO has been suggested to bind to the
inactive form of peroxidase [61], thus withdrawing it from the catalytic cycle. It has also been
speculated that NO directly interacts with the iron atom in the heme moiety of POD, forming
an iron-nitroxy complex, thus reversibly inhibiting enzyme activity in tobacco [62].

The present study reveals that a probable NO-POD crosstalk exists in sunflower seedling
cotyledons. NO positively modulates POD activity but the mechanism by which NO regulates
POD activity remains to be investigated. Ascorbate peroxidase (APX) activity in plants has
already been shown to be influenced by various NO-mediated post-translational modifica-
tions. Tyrosine nitration of cytoplasmic APX has been reported in Arabidopsis [63]. In citrus
plants subjected to salt stress, cytoplasmic APX has been shown to get nitrated in roots [64]. S-
nitrosylation of APX has been reported as well. S-nitrosylation of cytosolic ascorbate peroxi-
dase (APX 1) at Cys32 residue leads to enhanced enzyme activity under conditions of oxidative
stress [65]. Additionally, a rapid decrease in cytosolic APX activity due to S-nitrosylation has
also been observed in tobacco Bright Yellow-2 cells undergoing programmed cell death [66].
Evidence for dual regulation of cytosolic APX has also been recently provided in pea showing
that S-nitrosylation at Cys 32 residue enhances APX activity in pea, while nitration at Tyr5
and Tyr235 residues by peroxynitrite leads to activity inhibition [67]. Present investigations
demonstrate enhanced tyrosine nitration of POD as a mechanism to increase enzyme activity
accompanying salt stress. Nevertheless, POD under investigation in the present work does
indicate that its nitration (and consequent effect on POD activity) is modulated differently
under control and salt-stressed conditions.

To sum up, present work correlates NO-POD interaction as a rapid long distance signaling
response which operates irrespective of salt stress. It demonstrates NO-dependent modulation
of POD protein abundance and activity. Role of NO in combating NaCl stress in sunflower
seedlings observed in the present work is further substantiated by the use of DETA (in addition
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to SNP), a more reliable NO donor. Peroxidases are heme-containing enzymes and are, there-
fore, one of the potential targets of NO action. This work further highlights concentration-
dependence of the impact of NO and distinguishes its effect on POD protein abundance and
specific activity of POD. The combined observations from the impact of SNP, DETA, cPTIO
and aminoguanidine in salt stressed seedling cotyledons indicate that nitric oxide (endoge-
nous) positively modulates POD activity and this NO-POD crosstalk is not sensitized by salt
stress. Finally, present investigations demonstrate enhanced tyrosine nitration of POD as a
probable mechanism to increase enzyme activity accompanying salt stress.
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(XLSX)

Author Contributions
Conceptualization: Satish C. Bhatla.
Methodology: Prachi Jain.
Supervision: Satish C. Bhatla.

Writing - original draft: Prachi Jain.

References

1.  Ahmad P, Kumar A, Ashraf M, Akram NA. Salt-induced changes in photosynthetic activity and oxidative
defense system of three cultivars of mustard (Brassica juncea L). Afr J Biotechnol. 2012; 11:2694—
2703

2. Ebrahimi R and Bhatla SC. Effect of sodium chloride levels on growth, water status, uptake, transport,
and accumulation pattern of sodium and chloride ions in young sunflower plants. Commun Soil Sci
Plant.2011; 42:815-831.

3. Katerji N, van Hoorn JW, Hamdy A, Karam F, Mastrorilli M. Effect of salinity on emergence and on water
stress and early seedling growth of sunflower and maize. Agr Water Manage. 1994; 26:81-91.

4. Hasegawa PM, Bressan RA, Zhu JK, Bohnert HJ. Plant cellular and molecular responses to high salin-
ity. Annu Rev Plant Phys. 2000; 51:463—499.

5. Gill SS and Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in
crop plants. Plant Physiol Biochem. 2010; 48:909-930. https://doi.org/10.1016/j.plaphy.2010.08.016
PMID: 20870416

6. AroraD, Jain P, Singh N, Kaur H and Bhatla SC. Mechanisms of nitric oxide crosstalk with reactive oxy-
gen species scavenging enzymes during abiotic stress tolerance in plants. Free Radic Res. 2016; 50
(3):291-303. https://doi.org/10.3109/10715762.2015.1118473 PMID: 26554526

7. Willekens H, Chamnongpol S, Davey M, Schraudner M, Langebartels C, van Montagu M, et al. Cata-
lase is a sink for H,O, and is indispensable for stress defence in C3 plants. Embo J 1997; 16:4806—
4816. https://doi.org/10.1093/emboj/16.16.4806 PMID: 9305623

8. Jain P and Bhatla SC. Signaling role of phospholipid hydroperoxide glutathione peroxidase (PHGPX)
accompanying sensing of NaCl stress in etiolated sunflower seedling cotyledons. Plant Signal Behav.
2014; 9: e977746. https://doi.org/10.4161/15592324.2014.977746 PMID: 25517199

9. Chibbar RN and van Huystee RB. Characterization of peroxidase in plant cells. Plant Physiol. 1984;
75:956—958 PMID: 16663767

10. Cosio C and Dunand C. Specific functions of individual class Il peroxidase genes. J Exp Bot. 2009;
60:391-408. https://doi.org/10.1093/jxb/ern318 PMID: 19088338

11.  Welinder KG. Superfamily of plant, fungal and bacterial peroxidases. Curr Opin Struc Biol. 1992;
2:388-393.

12. de Montellano PRO. Catalytic mechanisms of heme peroxidases. In: Torres E, Ayala M, editors. Bioca-
talysis based on heme peroxidases. Berlin Heidelberg: Springer; 2010. p. 79-107.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197132 May 16,2018 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197132.s001
https://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
https://doi.org/10.3109/10715762.2015.1118473
http://www.ncbi.nlm.nih.gov/pubmed/26554526
https://doi.org/10.1093/emboj/16.16.4806
http://www.ncbi.nlm.nih.gov/pubmed/9305623
https://doi.org/10.4161/15592324.2014.977746
http://www.ncbi.nlm.nih.gov/pubmed/25517199
http://www.ncbi.nlm.nih.gov/pubmed/16663767
https://doi.org/10.1093/jxb/ern318
http://www.ncbi.nlm.nih.gov/pubmed/19088338
https://doi.org/10.1371/journal.pone.0197132

@° PLOS | ONE

Probable NO-POD crosstalk

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sreenivasulu N, Ramanjulu S, Ramachandra-Kini K, Prakash HS, Shekar-Shetty H, Savithri HS, et al.
Total peroxidase activity and peroxidase isoforms as modified by salt stress in two cultivars of fox-tail
millet with differential salt tolerance. Plant Sci. 1999; 141(1):1-9.

Beligni MV and Lamattina L. Nitric oxide stimulates seed germination and de-etiolation, and inhibits
hypocotyl elongation, three light-inducible responses in plants. Planta. 2000; 210:215-221. https://doi.
org/10.1007/PL00008128 PMID: 10664127

Creus CM, Graziano M, Casanovas EM, Pereyra MA, Simontacchi M, Puntarulo S, et al. Nitric oxide is
involved in the Azospirillum brasilense-induced lateral root formation in tomato. Planta. 2005; 221:297—
303. https://doi.org/10.1007/s00425-005-1523-7 PMID: 15824907

He Y, Tang RH, Hao Y, Stevens RD, Cook CW, Ahn SM, et al. Nitric oxide represses the Arabidopsis
floral transition. Science. 2004; 305:1968-1971. https://doi.org/10.1126/science.1098837 PMID:
15448272

Yadav S, David A, Bhatla SC. Nitric oxide modulates specific steps of auxin-induced adventitious root-
ing in sunflower. Plant Signal Behav2010; 5(10):1163-1166. https://doi.org/10.4161/psb.5.10.12159
PMID: 20948300

Zhou B, Guo Z, Xing J, Huang B. Nitric oxide is involved in abscisic acid-induced antioxidant activities in
Stylosanthes guianensis. J Exp Bot. 2005; 56:3223-3228. https://doi.org/10.1093/jxb/eri319 PMID:
16263901

Jain P and Bhatla SC. Molecular mechanisms accompanying nitric oxide signaling through tyrosine
nitration and S-nitrosylation of proteins in plants. Funct Plant Biol. 2017; 45(2) 70-82.

Singh N and Bhatla SC. Nitric oxide and iron modulate heme oxygenase activity as a long distance sig-
naling response to slat stress in sunflower seedling cotyledons. Nitric Oxide. 2016; 53:54—64. https://
doi.org/10.1016/j.niox.2016.01.003 PMID: 26778276

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

Garcia-Mata C and Lamattina L. Nitric oxide induces stomatal closure and enhances the adaptive plant
responses against drought stress. Plant Physiol. 2001; 126:1196—1204. PMID: 11457969

Tan J, Zhao H, Hong J, Han Y, Li H, Zhao W. Effects of exogenous nitric oxide on photosynthesis, anti-
oxidant capacity and proline accumulation in wheat seedlings subjected to osmotic stress. World J
Agric Sci. 2008; 4:307-313.

Uchida A, Jagendorf AT, Hibino T, Takabe T, Takabe T. Effects of hydrogen peroxide and nitric oxide
on both salt and heat stress tolerance in rice. Plant Sci. 2002; 163:515-523.

David A, Yadav S, Bhatla SC. Sodium chloride stress induces nitric oxide accumulation in root tips and
oil body surface accompanying slower oleosin degradation in sunflower seedlings. Physiol Plantarum.
2010; 140:342-354.

Fatma M, Masood A, Per TS, Khan NA. Nitric oxide alleviates salt stress inhibited photosynthetic perfor-
mance by interacting with sulfur assimilation in mustard. Front Plant Sci. 2016; 7:521. https://doi.org/
10.3389/fpls.2016.00521 PMID: 27200007

Xiong J, Fu G, Tao L, Zhu C. Roles of nitric oxide in alleviating heavy metal toxicity in plants. Arch Bio-
chem Biophys. 2010; 497:13-20. https://doi.org/10.1016/j.abb.2010.02.014 PMID: 20193657

Per TS, Masood A, Khan NA. Nitric oxide improves S-assimilation and GSH production to prevent inhib-
itory effects of cadmium stress on photosynthesis in mustard (Brassica juncea L.). Nitric oxide. 2017;
68:111-124. https://doi.org/10.1016/j.niox.2016.12.012 PMID: 28030779

Monzén GC, Pinedo M, Di Rienzo J, Novo-Uzal E, Pomar F, Lamattina L, et al. Nitric oxide is required
for determining root architecture and lignin composition in sunflower. Supporting evidence from microar-
ray analyses. Nitric oxide. 2014; 39:20-28. hitps://doi.org/10.1016/j.niox.2014.04.004 PMID:
24747108

Arora D and Bhatla SC. Nitric oxide triggers a concentration-dependent differential modulation of super-
oxide dismutase (FeSOD and Cu/ZnSOD) activity in sunflower seedling roots and cotyledons as an
early and long distance signaling response to NaCl stress. Plant Signal Behav. 2015; 10(10):
e€1071758. https://doi.org/10.1080/15592324.2015.1071753 PMID: 26339977

Kaur H and Bhatla SC. Melatonin and nitric oxide modulate glutathione content and glutathione reduc-
tase activity in sunflower seedling cotyledons accompanying salt stress. Nitric Oxide. 2016; 59:42-53.
https://doi.org/10.1016/j.niox.2016.07.001 PMID: 27432590

Alba CM, De Forchetti SM, Quesada MA, Valpuesta V, Tigier HA. Localization and general properties
of developing peach seed coat and endosperm peroxidase isoenzymes. J Plant Growth Regul. 1998;
17:7-11.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72:248-254. PMID: 942051

PLOS ONE | https://doi.org/10.1371/journal.pone.0197132 May 16,2018 16/18


https://doi.org/10.1007/PL00008128
https://doi.org/10.1007/PL00008128
http://www.ncbi.nlm.nih.gov/pubmed/10664127
https://doi.org/10.1007/s00425-005-1523-7
http://www.ncbi.nlm.nih.gov/pubmed/15824907
https://doi.org/10.1126/science.1098837
http://www.ncbi.nlm.nih.gov/pubmed/15448272
https://doi.org/10.4161/psb.5.10.12159
http://www.ncbi.nlm.nih.gov/pubmed/20948300
https://doi.org/10.1093/jxb/eri319
http://www.ncbi.nlm.nih.gov/pubmed/16263901
https://doi.org/10.1016/j.niox.2016.01.003
https://doi.org/10.1016/j.niox.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26778276
http://www.ncbi.nlm.nih.gov/pubmed/11457969
https://doi.org/10.3389/fpls.2016.00521
https://doi.org/10.3389/fpls.2016.00521
http://www.ncbi.nlm.nih.gov/pubmed/27200007
https://doi.org/10.1016/j.abb.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20193657
https://doi.org/10.1016/j.niox.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28030779
https://doi.org/10.1016/j.niox.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24747108
https://doi.org/10.1080/15592324.2015.1071753
http://www.ncbi.nlm.nih.gov/pubmed/26339977
https://doi.org/10.1016/j.niox.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27432590
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1371/journal.pone.0197132

@° PLOS | ONE

Probable NO-POD crosstalk

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Arora D and Bhatla SC. Melatonin and nitric oxide regulate sunflower seedling growth under salt stress
accompanying differential expression of Cu/Zn SOD and Mn SOD. Free Radic Biol Med. 2017;
106:315-328. https://doi.org/10.1016/j.freeradbiomed.2017.02.042 PMID: 28254544

Planchet E and Kaiser WM. Nitric oxide (NO) detection by DAF fluorescence and chemiluminescence:
a comparison using abiotic and biotic NO sources. J Exp Bot. 2006; 57:3043-3055. https://doi.org/10.
1093/jxb/erl070 PMID: 16893978

Liu' S, Dong Y, Xu L, Kong J. Effects of foliar applications of nitric oxide and salicylic acid on salt-induced
changes in photosynthesis and antioxidative metabolism of cotton seedlings. Plant Growth Regul.
2014; 73:67-78.

Fazelian N, Nasibi F, Rezazadeh R. Comparison the effects of nitric oxide and spermidin pretreatment
on alleviation of salt stress in chamomile plant (Matricaria recutitaL.). J Stress Physiol Biochem. 2012;
8:214-223.

FanH, Guo S, Jiao Y, Zhang R, Li J. Effects of exogenous nitric oxide on growth, active oxygen species
metabolism, and photosynthetic characteristics in cucumber seedlings under NaCl stress. Front Agric
China. 2007; 1:308-314.

Feelisch M. The use of nitric oxide donors in pharmacological studies. Naunyn Schmiedebergs Arch
Pharmacol. 1998; 358:113—-122. PMID: 9721012

Shi Q, Ding F, Wang X, Wei M. Exogenous nitric oxide protects cucumber roots against oxidative stress
induced by salt stress. Plant Physiol Biochem. 2007; 45:542-550. https://doi.org/10.1016/j.plaphy.
2007.05.005 PMID: 17606379

Fatma M, Masood A, Per TS, Rasheed F, Khan NA. Interplay between nitric oxide and sulfur assimila-
tion in salt tolerance in plants. Crop J. 2016; 4:153-161.

Asgher M, Per TS, Masood A, Fatma M, Freschi L, Corpas FJ, et al. Nitric oxide signaling and its cross-
talk with other plant growth regulators in plant responses to abiotic stress. Environ Sci Pollut Res Int.
2017; 24:2273-2285. https://doi.org/10.1007/s11356-016-7947-8 PMID: 27812964

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

Kumari A, Sheokand S, Swaraj K. Nitric oxide induced alleviation of toxic effects of short term and long-
term Cd stress on growth, oxidative metabolism and Cd accumulation in Chickpea. Braz J Plant Physiol.
2010; 22:271-284

Wang YS and Yang ZM. Nitric oxide reduces aluminum toxicity by preventing oxidative stress in the
roots of Cassia tora L. Plant Cell Physiol 2005; 46:1915—-1923. https://doi.org/10.1093/pcp/pci202
PMID: 16179356

Wang Y, LuoZ,DuR, LiuY, Ying T, Mao L. Effect of nitric oxide on antioxidative response and proline
metabolism in banana during cold storage. J Agric Food Chem 2013; 61:8880-8887. https://doi.org/10.
1021/jf401447y PMID: 23952496

Liu X, Wang L, Liu L, Guo Y, Ren H. Alleviating effect of exogenous nitric oxide in cucumber seedling
against chilling stress. Afr J Biotechnol. 2011; 10:4380—4386.

Shi S, Wang G, Wang Y, Zhang L, Zhang L. Protective effect of nitric oxide against oxidative stress
under ultraviolet-B radiation. Nitric Oxide. 2005; 13:1-9. https://doi.org/10.1016/j.niox.2005.04.006
PMID: 15908241

Wang SH, Zhang H, Jiang SJ, Zhang L, He QY, He HQ. Effects of the nitric oxide donor sodium nitro-
prusside on antioxidant enzymes in wheat seedling roots under nickel stress. Russ J Plant Physiol.
2010; 57:833-839.

Sheokand S, Bhankar V, Sawhney V. Ameliorative effect of exogenous nitric oxide on oxidative metabo-
lism in NaCl treated chickpea plants. Braz J Plant Physiol. 2010; 22:81-90

Manai J, Kalai T, Gouia H, Corpas FJ. Exogenous nitric oxide (NO) ameliorates salinity-induced oxida-
tive stress in tomato (Solanum lycopersicum) plants. J Soil Sci Plant Nutr. 2014; 14:433—-446.

Jamali B, Eshghi S, Kholdebarin B. Response of strawberry ‘Selva’ plants on foliar application of sodium
nitroprusside (nitric oxide donor) under saline conditions. J Horti Res. 2014; 22:139-150.

Dong YJ, Jinc SS, Liu S, Xu LL, Kong J. Effects of exogenous nitric oxide on growth of cotton seedlings
under NaCl stress. J Soil Sci Plant Nutr. 2014; 14:1-13.

Esim N and Atici O. Nitric oxide alleviates boron toxicity by reducing oxidative damage and growth inhi-
bition in maize seedlings (Zea maysL.). AustJ Crop Sci. 2013; 7:1085-1092.

Ruan H, Shen W, Ye M, Xu L. Protective effects of nitric oxide on salt stress-induced oxidative damage
to wheat ( Triticum aestivum L.) leaves. Chinese Sci Bull. 2002; 47:677—681.

Yang JD, Yun JY, Zhang TH, Zhao HL. Presoaking with nitric oxide donor SNP alleviates heat shock
damages in mung bean leaf discs. Bot Stud. 2006; 47:129—-136

PLOS ONE | https://doi.org/10.1371/journal.pone.0197132 May 16,2018 17/18


https://doi.org/10.1016/j.freeradbiomed.2017.02.042
http://www.ncbi.nlm.nih.gov/pubmed/28254544
https://doi.org/10.1093/jxb/erl070
https://doi.org/10.1093/jxb/erl070
http://www.ncbi.nlm.nih.gov/pubmed/16893978
http://www.ncbi.nlm.nih.gov/pubmed/9721012
https://doi.org/10.1016/j.plaphy.2007.05.005
https://doi.org/10.1016/j.plaphy.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17606379
https://doi.org/10.1007/s11356-016-7947-8
http://www.ncbi.nlm.nih.gov/pubmed/27812964
https://doi.org/10.1093/pcp/pci202
http://www.ncbi.nlm.nih.gov/pubmed/16179356
https://doi.org/10.1021/jf401447y
https://doi.org/10.1021/jf401447y
http://www.ncbi.nlm.nih.gov/pubmed/23952496
https://doi.org/10.1016/j.niox.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15908241
https://doi.org/10.1371/journal.pone.0197132

@° PLOS | ONE

Probable NO-POD crosstalk

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhang L, Li X, Li X, Wei Z, Han M, Zhang L, et al. Exogenous nitric oxide protects against drought-
induced oxidative stress in Malus rootstocks. Turk J Bot. 2016; 40:17-27

Kim YH, Jeong JC, Lee HS, Kwak SS. Responses of sweet potato peroxidases to sodium nitroprus-
side-mediated nitric oxide. J Plant Biochem Biotechnol. 2014; 23:440-443.

Keyster M, Klein A, Egbich |, Jacobs A, Ludidi N. Nitric oxide increases the enzymatic activity of three
ascorbate peroxidase isoforms in soybean root nodules. Plant Signal Behav. 2011; 6:956-961. https://
doi.org/10.4161/psb.6.7.14879 PMID: 21494099

Huang J, Sommers EM, Kim-Shapiro DB, King SB. Horseradish peroxidase catalyzed nitric oxide for-
mation from hydroxyurea. J Am Chem Soc. 2002; 124:3473-3480. PMID: 11916434

Ascenzi P, Brunori M, Coletta M, Desideri A. pH effects on the haem iron co-ordination state in the nitric
oxide and deoxy derivatives of ferrous horseradish peroxidase and cytochrome c peroxidase. Biochem
J. 1989; 258:473-478. PMID: 2539809

Clark D, Durner J, Navarre DA, Klessig DF. Nitric oxide inhibition of tobacco catalase and ascorbate
peroxidase. Mol Plant Microbe Interact. 2000; 13:1380-1384. https://doi.org/10.1094/MPMI.2000.13.
12.1380 PMID: 11106031

Lozano-Juste J, Colom-Moreno R, Leon J. In vivo protein tyrosine nitration in Arabidopsis thaliana. J
Exp Bot. 2011; 62:3501-3517. https://doi.org/10.1093/jxb/err042 PMID: 21378116

Tanou G, Filippou P, Belghazi M, Job D, Diamantidis G, Fotopoulos V, et al. Oxidative and nitrosative-
based signaling and associated post-translational modifications orchestrate the acclimation of citrus
plants to salinity stress. Plant J. 2012; 72:585-599. https://doi.org/10.1111/j.1365-313X.2012.05100.x
PMID: 22780834

YangH, Mu J, ChenL, Feng J, Hu J, LiL, et al. S-Nitrosylation positively regulates ascorbate peroxi-
dase activity during plant stress responses. Plant Physiol. 2015; 167:1604—1615. https://doi.org/10.
1104/pp.114.255216 PMID: 25667317

de Pinto MC, Locato V, Sgobba A, del Carmen Romero-Puertas M, Gadaleta C, Delledonne M, et al. S-
nitrosylation of ascorbate peroxidase is part of programmed cell death signaling in tobacco Bright Yel-
low-2 cells. Plant Physiol. 2013; 163:1766—1775. https://doi.org/10.1104/pp.113.222703 PMID:
24158396

Begara-Morales JC, Sanchez-Calvo B, Chaki M, Valderrama R, Mata-Pérez C, Lopez-Jaramillo J, et al.
Dual regulation of cytosolic ascorbate peroxidase (APX) by tyrosine nitration and S-nitrosylation. J Exp
Bot. 2014; 65:527-538. https://doi.org/10.1093/jxb/ert396 PMID: 24288182

PLOS ONE | https://doi.org/10.1371/journal.pone.0197132 May 16,2018 18/18


https://doi.org/10.4161/psb.6.7.14879
https://doi.org/10.4161/psb.6.7.14879
http://www.ncbi.nlm.nih.gov/pubmed/21494099
http://www.ncbi.nlm.nih.gov/pubmed/11916434
http://www.ncbi.nlm.nih.gov/pubmed/2539809
https://doi.org/10.1094/MPMI.2000.13.12.1380
https://doi.org/10.1094/MPMI.2000.13.12.1380
http://www.ncbi.nlm.nih.gov/pubmed/11106031
https://doi.org/10.1093/jxb/err042
http://www.ncbi.nlm.nih.gov/pubmed/21378116
https://doi.org/10.1111/j.1365-313X.2012.05100.x
http://www.ncbi.nlm.nih.gov/pubmed/22780834
https://doi.org/10.1104/pp.114.255216
https://doi.org/10.1104/pp.114.255216
http://www.ncbi.nlm.nih.gov/pubmed/25667317
https://doi.org/10.1104/pp.113.222703
http://www.ncbi.nlm.nih.gov/pubmed/24158396
https://doi.org/10.1093/jxb/ert396
http://www.ncbi.nlm.nih.gov/pubmed/24288182
https://doi.org/10.1371/journal.pone.0197132

