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Sunflower seedlings subjected to 120 mM NaCl stress exhibit high total peroxidase activity, differential expression of
its isoforms and accumulation of lipid hydroperoxides. This coincides with high specific activity of phospholipid
hydroperoxide glutathione peroxidase (PHGPX) in the 10,000g supernatant from the homogenates of 2-6 d old
seedling cotyledons. An upregulation of PHGPX activity by NaCl is evident from Western blot analysis. Confocal laser
scanning microscopic (CLSM) analysis of sections of cotyledons incubated with anti-GPX4 (PHGPX) antibody highlights
an enhanced cytosolic accumulation of PHGPX, particularly around the secretory canals. Present work, thus, highlights
sensing of NaCl stress in sunflower seedlings in relation with lipid hydroperoxide accumulation and its scavenging

through an upregulation of PHGPX activity in the cotyledons.

Reactive oxygen species (ROS) are produced as byproducts of
metabolic pathways in different cellular compartments.' At mod-
erate concentrations, ROS act as signaling mediators for various
cellular responses or they may prove to be toxic at high concen-
trations in a cell.?> A sudden increase in ROS concentration,
referred as “oxidative burst," leads to oxidative stress in the cells.”
Detoxification of ROS is essential for the protection of plant cells
against oxidative damage.4 An important enzymatic system
responsible for protecting cells against oxidative damage is gluta-
thione peroxidase (GPX; EC 1.11.1.9)° which catalyzes the
reduction of hydrogen peroxide, organic hydroperoxides or lipid
hydroperoxides to water and corresponding alcohol using
reduced glutathione (GSH) as a reductant.

At least 5 GPX isozymes have been identified among mam-
mals.®” Out of these, phospholipid hydroperoxide glutathione
peroxidase (PHGPX or GPX4) is the principal enzymatic defense
against oxidative destruction of biomembranes. Due to relatively
high activities of ascorbate peroxidase and catalase in plants, it
was earlier thought that PHGPX is either absent in plants or its
presence is probably not physiologically important. Role of plant
PHGPX has so far remained largely unexplored. Investigations
on their possible induction under a wide range of abiotic and
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biotic stresses is likely to highlight their specific role in ROS scav-
enging, such as the removal of lipid hydroperoxides.

Lipid peroxidation of cell membranes is a natural metabolic
process under normal (aerobic) conditions and is also an effect of
oxidative stress caused by ROS in the cells. Lipid hydroperoxides
are toxic compounds formed as a result of attack of hydroxyl radi-
cals and singlet oxygen on the methylene groups of polyunsatu-
rated fatty acids in the membranes, and they cause a decrease in
membrane fluidity, increase the leakiness of membranes and dam-
age membrane proteins, thereby inactivating receptors, enzymes,
and ion channels. PHGPX is a major candidate for scavenging cel-
lular lipid hydroperoxides. Under stress conditions, H,O, con-
centration increases drastically, leading to an increase in the
activity of antioxidative enzymes (APX, CAT) involved in its scav-
enging.” Activity of these enzymes, however, becomes insufficient
to eliminate all the H,O; and so, the excess of H,O, undergoes
Fenton reaction with Fe*™, leading to the formation of lipid
hydroperoxides. Thus, PHGPX becomes active to reduce these
lipid hydroperoxides and protect the cell from oxidative damage.

Oilseeds, such as sunflower, exhibit an abundance of intracel-
lular biomembranes, principally oil body membranes, whose sys-
tematic  proteolytic degradation is prerequisite for the
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Figure 1. Analysis of peroxidase (POD) activity in total soluble protein (10,000g supernatant) from
dark-grown sunflower seedling cotyledons grown in the absence or presence of 120 mM NaCl. (A)
Spectrophotometric determination of specific activity of POD. NaCl'stress induced changes in enzyme
activity were analyzed by one-way ANOVA using SPSS 22.0 and were found to be statistically signifi-
cant (***P < 0.001) in comparison to control [(-)NaCl]. Bars represent SE (n = 3). (B) Zymographic
detection of POD isoforms. (C) Western blot analysis of POD using anti-peroxidase antibody.

salt stress. After analyzing cytosolic per-
oxidase activity in relation with NaCl
stress at the 3 developmental stages of
seedlings, main focus of this work has
been to monitor qualitative, quantita-
tive and spatial analysis of PHGPX in
the cotyledons. Analysis of cotyledons
from 2 day-old etiolated seedlings high-
lights the signaling of NaCl stress from
roots to cotyledons and accumulation of
lipid hydroperoxides formed in cells as a
result of salinity stress.

POD activity is maximum in 4-day-
old seedling cotyledons. A peak of POD
activity is evident in cotyledons of 4-
day-old seedling, both in the absence or
presence of 120 mM NaCl and it is
marginally lowered in seedlings sub-
jected to NaCl stress (Fig. 1A). A
95 kDa POD isoform is maximally
intense in 4-day-old seedling cotyledons
(both in control and in presence of
NaCl) and in 6-day-old seedling cotyle-
dons (control) (Fig. 1B). Western blot
analysis using anti-peroxidase antibody,
however, shows 3 isoforms of POD at
36, 40 and 52 kDa, which exhibit
quantitative differences in their expres-
sion with respect to development. A
gradual decline in the activity of all 3
isoforms is evident with the passage of
seedling development. Their expression
is affected by NaCl stress at all the stages
of development and gets differentially
reduced at later stages of seedling devel-
opment in response to NaCl stress. No
new isoforms are expressed in response
to NaCl stress. Thus, all the POD iso-
forms

contribute to the observed

differences.

The lipid hydroperoxide (LHPO)
content increased by 40% with the pas-
sage of seedling development (Fig. 2A).
The differences were, however, not so
significant in the absence or presence of
NaCl stress. PHGPX activity was high-
est in 2-day-old sunflower seedling coty-
ledons subjected to 120 mM NaCl
stress (Fig. 2B and C). The enzyme
activity exhibited a 50% increase in
response to NaCl stress in 4-day-old

mobilization of triacylglycerides in their matrix through lipase
action.®” Sensing of salt stress by seedlings is likely to affect oil
body mobilization through lipid peroxidation of the oil body
membranes. Present investigations focus on the modulation of
PHGPX activity in sunflower seedling cotyledons in response to
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seedling cotyledons although the activity remained lower than
that observed in 2-day-old respective samples. An enhancement
of PHGPX activity in response to NaClstress with respect to
controls at the respective stages of development implies increased
detoxification of lipid hydroperoxides formed as a result of NaCl
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Figure 2. Analysis of phospholipid hydro-
peroxide glutathione peroxidase (PHGPX)
activity in total soluble protein (10,0009
supernatant) from dark-grown sunflower
seedling cotyledons grown in the absence
or presence of 120 mM NaCl. (A) Quantifi-
cation of lipid hydroperoxide content using
PeroxiDetect Kit (Sigma-Aldrich Chemicals
Pvt. Ltd., USA). Changes in lipid hydroper-
oxide content were found to be statistically
significant (**P < 0.01, ***P < 0.001), as
analyzed by one-way ANOVA using SPSS
22.0. Bars represent SE (n = 3). (B) Spectro-
photometric determination of specific
activity of PHGPX. NaClstress induced
changes in enzyme activity, were analyzed
by one-way ANOVA using SPSS 22.0 and
were found to be statistically significant
(*P < 0.05, **P < 0.01, ***P < 0.001) in
comparison to control [(-)NaCl]. Bars repre-
sent SE (n = 3). (C) Western blot analysis of
PHGPX using anti-GPX4 (PHGPX) antibody.

stress. Lowest PHGPX activity was evi-
dent in 6-day-old seedling cotyledons
which correlates with elevated LHPO
content. CLSM analysis revealed high-
est expression of PHGPX in the cytosol
of the specialized epidermal cells enclos-
ing the secretory canal in the neighbor-
hood of wvascular strands (Fig. 3).
Significant differences highlighted the
differential and elevated expression of
PHGPX in response to NaCl stress.
Present observations indicate maxima
detoxifying action of PHGPX in the
early stages of seedling growth i.e., 2-
day-old seedling cotyledons, thus
highlighting early signaling role of this
enzyme in response to NaCl stress.
Analysis of GPXs in the plant king-
dom started with the cloning of the first
GPX cDNA from the leaves of wild
tobacco  (Nicotiana  sylvestris), which
showed homology to animal, selenium-
dependent, PHGPX.'” Since then,
more than 100 cDNAs encoding GPX
proteins exhibiting high sequence simi-
larity to animal GPXs have been iso-
lated, cloned and characterized from
various plant species."' ™ Most GPX
genes isolated from plants so far have
highest sequence homology to animal
phospholipid hydroperoxide glutathi-
one peroxidase (PHGPX). Cit-SAP
was the first naturally isolated PHGPX
protein, partially purified from salt-
adapted citrus cells.** Phospholipid
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Figure 3. Localization of phospholipid
hydroperoxide glutathione peroxidase
(PHGPX) by CLSM imaging using anti-
GPX4 (PHGPX) antibody. (A) Visible
image of 7 wm thick transverse sections
of cotyledon from 2 d-old etiolated seed-
lings. Fluorescence micrographs of coty-
ledon transverse sections in the absence
of anti-GPX4 (PHGPX) antibody (B), in
the presence of anti-GPX4 (PHGPX) anti-
body in cotyledons from (—) NaCl seed-
ling (C) and cotyledons from (+) NaCl
seedlings (D); » indicates secretory
canal. (E) Quantification of fluorescence
from the indicated zone. Magnification:
200x.

hydroperoxide glutathione peroxidase
(PHGPX, EC 1.11.1.12), a member
of GPX family, is a monomer of 20—
25 kDa and is involved in direct
reduction of phospholipid hydroper-
oxides and complex hydroperoxy lip-
ids.”*> Earlier investigations have also
shown that plant PHGPXs exhibit
lower enzymatic activities than their
animal counterparts because they con-
tain Cys at the putative catalytic site
rather than the selenocysteine, typical
of animal GPXs.'''826%7 Yeast and
plant GPXs could be part of an alter-
native pathway that scavenges perox-
ides, especially phospholipid
hydroperoxides.” GPX proteins (Gpx-
1, Gpx-2) from Synechocystis PCC
6803 utilize NADPH instead of gluta-
thione (GSH) as a reductant.”® In
addition, there have been reports on
GPX isoenzymes that can utilize both
GSH and thioredoxin (Trx) as reduc-
ing agents in yeast,”” sunflower and
tomato.”” Investigations in Arabidop-
sis® and Chinese cabbage]8 have
revealed that GPX utilizes thioredoxin
as the sole electron donor for the
reduction of hydroperoxides.

The response of antioxidative
enzymes to salinity stress differs
depending on the species, tissues, and
subcellular localization.’** Differen-
tial expression of POD isoforms is evi-
dent in sunflower seedling cotyledons
with reference to age and absence or
presence of NaCl stress (present
work). PHGPX has also been reported
to play a role in H,O, scavenging, sig-
naling events and photoprotection in
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some other plant systems.”>** PHGPX cDNA:s isolated from dif-
ferent plants is induced by salinity, heavy metal toxicity and
infection with bacterial or viral pathogens. Isolation and charac-
terization of PHGPX gene from rice has also been reported.>*>°
Present findings highlight a role of PHGPX in combating hydro-
peroxide production as an early signaling response in 2-day-old
seedlings.

The major function of plant PHGPXs appears to be the scav-
enging of phospholipid hydroperoxides, thereby protecting cell
membranes from peroxidative damage.”” Gene expression analy-
sis has shown an increase in the levels of PHGPX mRNA in sev-
eral plant species undergoing different biotic and abiotic stresses,
such as pathogen infections,'®'*3® high salt concentrations,*”**
exposure to heavy metals, “>*! mechanical stimulation,'® alumi-
num toxicity,42 seed germination,12 salt and osmotic stress, *> oxi-
dative stress,””> chilling stress.”> PHGPXs may play dual roles
as a redox transducer in addition to acting as a H,O, scavenger
under stress.”> Thus, PHGPX proteins may have different func-
tions in plant cells, with some isoforms functioning in signal
transduction pathway, while others are involved in catalyzing the
reduction of harmful products formed by ROS. A signal trans-
ducing role for a GPX has also been demonstrated in yeast* and
Arabidopsis.>® The effect of various signaling molecules (salicylic
acid, jasmonic acid, ABA, ethylene) and certain protein phospha-
tase inhibitors (cantharidin, endothall) on the expression of
PHGPX gene in rice seedling leaves has demonstrated an upregu-
lation of the mRNA levels.*> These data suggest the role of this
enzyme in the induction of defense mechanisms in plant cells
subjected to oxidative damage as a result of exposure to various
environmental stresses, by reducing the phospholipid hydroper-
oxides formed in the biomembranes as a result of oxidative stress.

To sum up, etiolated sunflower seedlings exhibit enhanced
total peroxidase (POD) activity and differential expression of its
isoforms in the 10,000g supernatant of cotyledons in response to
NaCl stress. Accumulation of lipid hydroperoxides coincides
with an upregulation of PHGPX activity as an early event. NaCl
stress elevates PHGPX activity in cotyledons all the more, at the
respective stages of seedling growth. Spatial distribution of
PHGPX also exhibits an overall elevated cytosolic distribution in
response to NaCl stress and its concentration in the cells lining
the secretory canals. A long distance sensing of NaCl stress in
terms of upregulation of PHGPX activity from seedling roots to
cotyledons is, thus proposed.

Seed germination, seedling growth and salt (120 mM) treat-
ment were undertaken according to earlier reports from the
author’s laboratory.*® Peroxidase (POD) activity was estimated
according to Alba et al,¥ with minor modifications. Protein
obtained from cotyledons by homogenizing in 50 mM sodium
acetate buffer (pH 4.0) and centrifugation at 10,000g was quanti-
fied by Bradford method®® and 25 pg protein was added to a
2.4 mL substrate solution (0.6 mM o-dianisidine, 8.8 mM
H,0,; in 50 mM sodium phosphate buffer, pH-6). Absorbance
was recorded at 460 nm for 5 min at an interval of 1 min.
Enzyme activity from spectrophotometric analysis was expressed
as specific activity of POD in Mol pg ™"
detection of peroxidase (POD) activity protein extracted and

min~". For zymographic
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quantified as described above was constituted in Lamelli buffer
without SDS. 25 ug protein was loaded for single dimension
separation (vertical gel) on a 12% native-PAGE at 4°C (condi-
tions: 75V for 0.5 h, 25 mA for 5 h) in Miniprotean Tetra Cell
(Biorad, USA). Gel was then incubated in 0.2 M sodium acetate
buffer (pH 5.0) containing 1.3 mM benzidine and 1.3 mM
H,O, till brown bands representing POD developed. Western
blot detection of peroxidase (POD) isoforms was done on nitro-
cellulose membrane at a current of 400 mA for 1 h at 4°C to
achieve complete transfer of proteins. Subsequently, the blot was
incubated for overnight at 4°C with a rabbit polyclonal antibody
against peroxidase (anti-peroxidase antibody obtained from
Sigma-Aldrich Chemicals Pvt. Litd.,, USA) in a dilution of
1:2000. Membrane was subsequently washed in wash buffer
(0.2% Tween-20 in PBS pH 7.4) and incubated in secondary
antibody (anti-rabbit IgG conjugated to alkaline phosphatase
antibody obtained from Sigma-Aldrich Chemicals Pvt. Ltd.,
USA) (1:2500 in wash buffer) for 1 h at RT. Finally, the mem-
brane was washed in wash buffer and developed using BCIP/
NBT (1 Sigma Fast tablet dissolved in 10 mL distilled water) for
10-30 min for detection of alkaline phosphatase activity.

Lipid hydroperoxide content was measured using a PeroxiDe-
tect Kit (Sigma-Aldrich Chemicals Pvt. Ltd., USA). A standard
curve was generated using different concentrations of t-butyl
hydroperoxide (provided in the kit). Lipid soluble fraction was
isolated from tissue by chloroform-methanol extraction. This
was then incubated with the color reagent (provided in the kit)
for 30 mins at RT. Absorbance was recorded at 560 nm. Lipid
hydroperoxide levels were calculated from the standard curve and
expressed in nmoles. ml~'. PHGPX activity was estimated
according to Yang et al.*’ by detecting the oxidation of glutathi-
one in a coupled assay. Cotyledons (500 mg) from sunflower
seedlings grown in the absence or presence of NaCl (120 mM)
were homogenized in 1 mL of extraction buffer (50 mM Tris-
HCI, 0.4 M sucrose, 3 mM EDTA, 5 mM 2-mercaptoethanol,
I mM PMSF, pH-7.5). PHGPX activity was measured in
12,000g supernatant by monitoring the decrease in absorbance at
340 nm due to oxidation of NADPH in the presence of GSH
and GSH reductase. The reaction mixture contained 50 mM
Tris-HCl, pH-8.0, 0.1 mM EDTA, 15 mM GSH, 0.12% Tri-
ton X-100, 3 units of glutathione reductase (Sigma-Aldrich
Chemicals Pvt. Ltd., USA) and 0.25 mM NADPH. To this reac-
tion mixture, 50 pg protein was added and preincubated at RT
for 5-10 min. The reaction was then started by addition of
200 pM t-butyl hydroperoxide (Sigma-Aldrich Chemicals Pvt.
Ltd., USA). Rate of NADPH consumption was corrected for
hydroperoxide-independent, glutathione-independent and non-
enzymatic oxidation of NADPH. Enzyme activity was calculated
using an absorption coefficient of 6.22 mM™' cm™! for
NADPH. Western blot analysis of separated bands for PHGPX
was performed at a current of 400 mA for 1 h at 4°C. Subse-
quently the blot was incubated with a rabbit polyclonal antibody
against glutathione peroxidase 4 [anti-GPX4 (PHGPX) antibody
obtained from Abcam, UK] in a dilution of 1:1000 in blocking
buffer, for overnight at 4°C. The membrane was washed in wash
buffer (0.2% Tween-20 in PBS pH 7.4) and incubated in
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secondary antibody (anti-rabbit IgG conjugated to alkaline phos-
phatase antibody, Sigma-Aldrich Chemicals Pvt. Ltd., USA)
(1:2500 in wash buffer) for 1 h at RT followed by development
using BCIP/NBT (1 Sigma Fast tablet dissolved in 10 mL dis-

tilled water) for 10—30 min. Immunolocalization of PHGPX was
done by CLSM using wax sections (7 wm thick) of cotyledons

from 2 d old, dark-grown seedlings. Sections were incubated in

BlockAid solution (Invitrogen, USA) for 30 min. After blocking

and serial washings in PBS, the sections were incubated in anti-
rabbit polyclonal primary antibody against PHGPX [anti-GPX4
(PHGPX) antibody obtained from Abcam, UK] at a dilution of

1:200 for 2 h at RT. Subsequently, sections were washed in PBS
and incubated with Cy3-labeled anti-rabbit IgG (GE Life
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