Taylor &Francis
Redox Report
Communications in Free Radical Research

ISSN: 1351-0002 (Print) 1743-2928 (Online) Journal homepage: http://www.tandfonline.com/loi/yrer20

Redox-related metabolites and gene expression
modulated by sugar in sunflower leaves:
Similarities with Sunflower chlorotic mottle virus-
induced symptom

Marianela Rodriguez, Nacira Mufioz, Sergio Lenardon & Ramiro Lascano

To cite this article: Marianela Rodriguez, Nacira Mufioz, Sergio Lenardon & Ramiro Lascano
(2013) Redox-related metabolites and gene expression modulated by sugar in sunflower leaves:
Similarities with Sunflower chlorotic mottle virus-induced symptom, Redox Report, 18:1, 27-35,
DOI: 10.1179/1351000212Y.0000000035

To link to this article: https://doi.org/10.1179/1351000212Y.0000000035

ﬁ Published online: 19 Jul 2013.

N
[:J/ Submit your article to this journal &

||I| Article views: 103

@ Citing articles: 3 View citing articles &

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=yrer20


http://www.tandfonline.com/action/journalInformation?journalCode=yrer20
http://www.tandfonline.com/loi/yrer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1179/1351000212Y.0000000035
https://doi.org/10.1179/1351000212Y.0000000035
http://www.tandfonline.com/action/authorSubmission?journalCode=yrer20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=yrer20&show=instructions
http://www.tandfonline.com/doi/citedby/10.1179/1351000212Y.0000000035#tabModule
http://www.tandfonline.com/doi/citedby/10.1179/1351000212Y.0000000035#tabModule

Research article

Redox-related metabolites and gene
expression modulated by sugar in sunflower
leaves: Similarities with Sunflower chlorotic
mottle virus-induced symptom*

Marianela Rodriguez?, Nacira Muioz*2, Sergio Lenardon3, Ramiro Lascano2

'Instituto de Fisiologia y Recursos Genéticos Vegetales (IFRGV), Centro de Investigaciones Agropecuarias
(CIAP), Instituto Nacional de Tecnologia Agropecuaria (INTA), Camino a 60 Cuadras Km 52, X5020 ICA, Cérdoba,
Argentina, “Catedra de Fisiologia Vegetal. FCEFyN. Universidad Nacional de Cérdoba, Argentina, *Instituto de
Patologia Vegetal (IPAVE), CIAP- INTA, Camino a 60 Cuadras Km 52, X5020 ICA, Cérdoba, Argentina

Sugars are part of an integrated redox system, since they are key regulators of respiration and
photosynthesis, and therefore of the levels of reducing power, ATP and ROS. These elements are major
determinants of the cellular redox state, which is involved in the perception and regulation of many
endogenous and environmental stimuli. Our previous findings suggested that early sugar increase
produced during compatible Sunflower chlorotic mottle virus (SUCMoV) infection might modulate chlorotic
symptom development through redox state alteration in sunflower. The purpose of this work was to
characterize redox-related metabolites and gene expression changes associated with high sugar
availability and symptom development induced by SuCMoV. The results show that sugar caused an
increase in glutathione, ascorbate, pyridine nucleotides, and ATP. In addition, higher sugar availability
reduced hydrogen peroxide and ®PSII. This finding suggests that high sugar availability would be
associated with cellular redox alteration and photoinhibitory process. The expression of the genes
analyzed was also strongly affected by sugar, such as the down-regulation of psbA and up-regulation of
psbO and cp29. The expression level of cytoplasmic (apx-1 and gr)- and chloroplastic (Fe-sod)-targeted
genes was also significantly enhanced in sugar-treated leaves. Therefore, all these responses suggest
that sugars induce chloroplastic redox state alteration with photoinhibition process that could be
contributing to chlorotic symptom development during SuCMoV infection.

Keywords: Compatible plant-virus interaction, Gene expression, Reactive oxygen species, Redox-related metabolites, Redox state, SuCMoV, Sugar,
Sunflower

Introduction

Soluble sugars, which are commonly defined as mono-
and disaccharides, play a major role in the structure
and function of all living cells. Sugars are involved in
many metabolic and signaling pathways in plants.
Both glucose and sucrose are recognized as pivotal
integrating regulatory molecules that control gene
expression related to plant metabolism, stress resist-
ance, growth and development.! Notably, sugars
play a key role in the repression of photosynthesis.”
During plant-pathogen interactions, the down-

*In this study, NAD(P) is used for total pools of reduced and oxidized forms
or where the distinction between the two forms is unnecessary. NAD(P)" is
used to make specific reference to the oxidized forms.
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regulation of photosynthesis and the simultaneous
increased demand for assimilates very often lead to a
transition of source tissue into sink tissue. In addition,
sugar signals may contribute to immune responses
against pathogens.®> In a previous report we demon-
strated that compatible sunflower—Sunflower chlorotic
mottle virus (SuCMoV) interaction induces early
sugar increases that significantly reduce quantum
efficiency of PSII photochemistry (photoinhibition)
and photosynthesis-related protein levels (D1 and
RubisCO), which were correlated with chlorotic
symptom development.4

As mentioned above, soluble sugars and viral
infection impaired the photosynthetic and respiratory
electron transport, resulting in an increased gener-
ation of reactive oxygen species (ROS), such as
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singlet oxygen ('0,), superoxide radical (O37),
hydrogen peroxide (H,O,), and hydroxyl radical
(OH"®).> ROS production is a common response of
plants to stress conditions. Chloroplasts, mitochon-
dria, and peroxisomes are the main source of ROS
in plants.® In addition; the NADPH oxidase
complex is a major source of apoplastic ROS.” The
NADPH oxidase complex is responsible for early
ROS generation in plant-pathogen interactions.
Interestingly, a previous work of our group reported
a decrease of NADPH oxidase activity both over the
course of SuCMoV infection and in healthy leaves
treated with glucose and sucrose.* Likewise, both
soluble sugars and SuUCMoV infection induced anti-
oxidant system activity, which scavenged oxidative
signals involved in triggering defense reactions
in incompatible plant-pathogen interactions.®
Accordingly, the relationship between sugar and
ROS signaling has been reported,”'? in which
sugars contribute to the non-enzymatic antioxidant
synthesis or could be directly acting as antioxidant
in plants.'’

The relationships among photosynthetic metab-
olism, sugars, ROS production, and degradation are
particularly relevant to the plant and also major deter-
minants of cellular redox state.'*'* Growing evidence
suggests a model for redox homeostasis in which the
ROS-antioxidant interaction acts as a metabolic inter-
face for signals derived from metabolism and the
environment. These signals are particularly important
in defense responses and cross-tolerance phenomena,
enabling a general acclimation of plants to stress
conditions.'>'¢

The aim of this work was to determine whether
high-soluble sugar availability is associated with
redox-related metabolites and transcript changes
related to symptom development induced by
SuCMoV. This study provides relevant physiological
and molecular data about key redox determinants,
such as hydrogen peroxide, ascorbate, glutathione,
pyridine nucleotides and ATP, together with the
expression of genes related to photosynthetic, respirat-
ory, and antioxidant system in sugar-treated sunflower
leaves.

Materials and methods

Plant material

Sunflower (Helianthus annuus L.) line L2 seeds were
provided by Advanta Semillas SAIC (Balcarce,
Argentina). Seeds were sown in pots with sterile soil
and grown in a chamber under controlled conditions
of 250 umol photons m ™ ?s~' light with a 16-hour
light/8-hour dark cycle at 25°C and 65% relative
humidity for 2 weeks. The second pair of leaves was
excised at the vegetative stages V1-V2!” and placed
in Petri dishes either with water (C) or with 200 mM
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sugar solutions: glucose (Gluc), sucrose (Suc), or
sorbitol (Sor) during 24 hours.

Total soluble sugars and starch

Extracts were obtained following Guan and Janes'®:
2 g of frozen tissue were ground in 2 ml of buffer
containing 50 mM HEPES-KOH (pH 8.3), 2mM
EDTA, 2mM EGTA, 1 mM MgCl,, | mM MnCl,
and 2 mM DTT (dithiothreitol). The extract was cen-
trifuged at 15 000 rpm at 42°C for 15 minutes and the
supernatant was used for soluble sugar determination.
Total soluble sugars were measured with anthrone'”
using sucrose as standard. Starch was determined in
the pellet by measuring reducing sugars released
after hydrolysis with a-amyloglucosidase,”® using
glucose as a standard.

Chlorophyll fluorescence parameters

Quantum efficiency of PSII photochemistry under
artificial light conditions (®PSII) was measured
according to Rodriguez et al.*

Hydrogen peroxide

Hydrogen peroxide was estimated in leaf extracts,
according to Guilbault er al?' including a blank
with catalase (EC 1.11.1.6) for each sample. Frozen
leaf samples were ground to a fine powder with
liquid nitrogen and homogenized 1/10 (w/v) in
50 mM potassium phosphate buffer (pH 7.5), contain-
ing | mM EDTA and 1% polyvinylpolypyrrolidone
(PVPP). Homogenates were centrifuged at 16 000 x g
at 4°C for 25 minutes and the supernatant was used
to determine protein and hydrogen peroxide
concentrations.

Glutathione and ascorbate content

Leaf samples were prepared for glutathione and ascor-
bate analyses by homogenizing 100 mg leaf material
(fresh weight) in 1 ml of cold 3% trichloroacetic acid
and 100 mg PVPP. The homogenate was centrifuged
at 10 000 x g at 4°C for 15 minutes and the super-
natant was collected for analyses of glutathione and
ascorbate.

Reduced glutathione content was determined spec-
trophotometrically at 405 nm in acid-soluble extracts
according to Anderson et al.** with modifications.
Briefly, the samples were neutralized with 200 mM
potassium phosphate buffer (pH 7.0) and incubated
with 10 mM 5,5'-dithio-bis(2-nitrobenzoic acid) for
15 minutes. Total glutathione content was determined
in neutralized samples after reduction of oxidized
glutathione (GSSG) with 1 U of wheat glutathione
reductase (Sigma Chemical Company, St. Louis, USA),
I mM EDTA, 3 mM MgCl,, and 150 mM NADPH.

Total ascorbate content was determined according
to Gillespie and Ainsworth®® with modifications.
The reaction mixture for total ascorbate contained a
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50-pl aliquot of the supernatant, 25 pl of 150 mM
phosphate buffer (pH 7.4) containing 5 mM EDTA,
and 25 ul of 10 mM DTT; samples were incubated at
room temperature for 10 minutes. After that, the mix
was incubated for 60 minutes with 25 ul of 0.5%
N-ethylmaleimide (NEM), 16.6% orthophosphoric
acid (H;POy), 1.33% a-a'bipyridyl, and 50 pl of 0.5%
FeCl; at 37°C. The samples were measured at
525 nm in ELISA MRX II. Reduced ascorbic acid
content was determined using the same protocol,
except for the addition of NEM and DTT.

Pyridine nucleotide content

Pyridine nucleotides were assayed by spectrophoto-
metric plate reader method described by Queval and
Noctor.'®

ATP content

ATP concentration was determined according to
Rodriguez et al.** using an ENLITEN® ATP Assay
System Bioluminescence Detection kit (Promega,
Madison, WI).

Total protein content

Soluble proteins were estimated according to
Bradford.”® Bovine serum albumin was used as stan-
dard for the calibration curves.

RNA extraction

Leaf samples subjected to different treatments were
homogenized in cold mortar with trizol (1/10 w/v),
mixed for 1 minute and incubated at room tempera-
ture for 5 minutes. Then, 0.2 ml of chloroform per
ml of trizol was added and incubated at room tempera-
ture for 3 minutes. After incubation, the samples were
centrifuged at 14 000 rpm at 4°C for 15 minutes. The
aqueous phase was transferred to clean tubes and 1
volume of isopropanol was added, incubated at
room temperature for 10 minutes and centrifuged at
14 000 rpm at 4°C for 15 minutes. The precipitate
was washed with 70% ethanol and centrifuged again
at 14 000 rpm at 4°C for 15 minutes. The precipitate
was dried, resuspended in diethylpyrocarbonate
water and its concentration was quantified in
NanoDrop spectrophotometer ND-1000 (NanoDrop
Technologies, Thermo Scientific, Wilmington, USA).
Purified RNA was treated with DNase I (Invitrogen)
to remove any contaminating genomic DNA, accord-
ing to the manufacturer’s instruction.

Analysis of gene expression

Based on cDNA sequences from a sunflower EST cat-
alogue (http://compbio.dfci.harvard.edu/tgi/tgipage
.html), specific primers were designed to facilitate the
expression of 17 genes (Supplementary Table 1) by
real-time PCR.

Table 1 Soluble sugar and starch accumulation (pg.cm‘z) in
the second pair of sunflower leaves

C Gluc Suc

Soluble sugar 496112 68.80+12.6" 94.62+ 24"

(ng.cm ™)

Starch (pg.cmfz) 436062 18.62+259* 23.42+6.4"

Soluble sugar and starch accumulation (ug.cm™2) in the
second pair of leaves incubated for 24 hours with either water
(C) or 200 mM sugar solutions: glucose (Gluc) or sucrose
(Suc). Results are expressed as means +SE of four
independent experiments.

*Significant differences from control (P < 0.05, DGC).

gRT-PCR

DNA-free RNA (I to 2.5pg) was mixed with
oligo(dT) for first strand cDNA synthesis using the
Moloney murine leukemia virus reverse transcriptase
for RT-PCR (Promega), according to the manufac-
turer’s instructions. Primers for qRT-PCR were
designed using AmplifX version 1.5.4 by Nicolas
Jullien (http://ifrjr.nord.univ-mrs.fr/ AmplifX-Home-
page) using the following criteria: melting temperature
of 61°C, PCR amplicon lengths of 100-220 bp, and
yielding primer sequences with lengths of 20 nucleotides
and guanine-ytosine contents of 40% to 60%
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Figure 1 Effects of sugar treatment on ®PSIl. ®PSIl was
measured at the base (A) and tip (B) of sunflower healthy
leaves incubated for 4 days with either water (C) or 200 mM
sugar solutions: glucose (Gluc), sucrose (Suc) or sorbitol
(Sor). Results are expressed as mean + SE of four
independent experiments.
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(Supplementary Table 1). qRT-PCR was performed in
thermocycler 1Q5 (Bio Rad) with iQ SYBR Green
Supermix (Bio Rad) according to the manufacturer’s
instruction. Values were normalized based on those
obtained from water-incubated leaves and actin as
housekeeping gene. Relative expression levels were cal-
culated by the method of Livak and Schmittgen.?®

Statistics
Each measurement of H,0O,, ascorbate, glutathione,
NAD(P) and ATP was made with three to five leaves
obtained from different plants. Each biochemical assay
was replicated at least three times independently.
Statistical significance of mean differences was estimated
with a DGC test (multiple- comparisons method) using
Infostat (InfoStat/Profesional ver. 2007p, Grupo
InfoStat, Facultad de Ciencias Agropecuarias,
Universidad Nacional de Cérdoba, Argentina).
Relative gene expression levels were calculated using
method of Livak and Schmittgen®® (Figs. 2 and 8).
ACt values for all replicates in the control or treatment
groups were tested for statistical variation using para-
metric Student’s t-test. Our data indicated a normal
distribution with equal variance. Each measurement

Redox-related metabolites and gene expression modulated by sugar in sunflower leaves

of gene expression was made with a pool of three to
five leaves obtained from different plants.

Results

Sugar treatment: effect on photosynthesis

The second pair of leaves was detached from sunflower
plants and incubated with glucose (Glu) and sucrose
(Suc) for 24 hours; this procedure significantly
increased both soluble sugar and starch content with
respect to the water-incubated control leaves (Table 1).
Additionally, sugar treatments did not show any pheno-
type in the leaves (Supplementary Fig. 1).

The effect of sugar treatments on photosynthesis
was determined by photochemistry quantum effi-
ciency of photosystem II (®PSII) derived from chloro-
phyll fluorescence analysis. The ®PSII was measured
at the base and tip of sunflower healthy leaves incu-
bated either with water or sugar.

The results showed a significant decrease in ®PSII,
initially at the leaf base (24-hour post-incubation,
Fig. 1A), whereas decrease in the leaf tip was observed
later (3 days post-incubation, Fig. 1B).

The sugar treatment also affected the expression of
photosynthetic genes. Glucose and sucrose treatments
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Figure 2 Photosynthesis-related gene expression from leaves incubated for 24 hours with either water or 200 mM sugar
solutions: glucose (Gluc), sucrose (Suc) and sorbitol (Sor). Values were normalized based on those obtained from leaves
incubated with water and actin as internal reference gene. Means of three independent biological experiments + SE are shown.
Significant differences were calculated by Student’s t-test. *Significance at the 0.05 level of confidence.
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Figure 3 Hydrogen peroxide accumulation in the second
pair of leaves incubated for 24 hours with either water (C) or
200 mM sugar solutions: glucose (Gluc), sucrose (Suc) and
sorbitol (Sor). Results are expressed as means + SE of 12
plants in three independent experiments. Different letters
indicate significant differences from controls (P < 0.05, DGC).

induced a down-regulation of pshA gene, whereas ¢p29
gene expression was up-regulated. Moreover, sun-
flower leaves treated with glucose showed a significant
increase in psbO gene expression, whereas osmotic
control (sorbitol 200 mM) did not show any changes
in gene expression (Fig. 2).

Redox-related metabolites: changes in hydrogen
peroxide, non-enzymatic antioxidant, pyridine
nucleotide and ATP in sugar treatments

Sugars and SuCMoV infection induce photoinhibition
and changes in apoplastic ROS and antioxidant
system activities, which are determinants of cellular
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redox state.* To further characterize sugar effects on
cellular redox state, the key compounds hydrogen per-
oxide, ascorbate, glutathione, pyridine nucleotides and
ATP were measured. Hydrogen peroxide levels were
significantly reduced by glucose and sucrose, but not
by sorbitol treatments (Fig. 3).

Reduced and total glutathione was higher in
glucose- and sucrose-treated leaves versus control
with water (Fig. 4A). Furthermore, oxidized gluta-
thione remained constant in all the treatments
(Fig. 4A). Therefore, a rise in the redox couple by
glucose and sucrose was observed (Fig. 4B).
Interestingly, the analysis of ascorbic acid content in
sugar-treated leaves revealed an increase in reduced
and oxidized ascorbate with respect to control
(Fig. 4C). However, no change in the redox couple
was observed in the treatment (Fig. 4D).

Increased content of NADH and NAD™ was
observed in sugar-treated leaves with respect to
control (Fig. 5A). In addition, NADPH also rose in
sugar treatment, but NADP* showed an increase
only in glucose and sucrose treatments (Fig. 6A).
However, the pyridine nucleotides (NAD(P)) did not
show redox alteration (Figs. 5 and 6B). Moreover,
ATP content increased significantly in glucose and
sucrose treatments (Fig. 7).

Effects of sugar on antioxidant gene expression
Transcript levels of antioxidant enzymes in sugar-
treated leaves versus control with water are shown in
Fig. 8. Glucose treatment showed significant increase
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Figure 4 Effect of sugar treatment on glutathione and ascorbate content in the second pair of leaves incubated for 24 hours with
either water (C) or 200 mM sugar solutions: glucose (Gluc), sucrose (Suc) and sorbitol (Sor). (A) Reduced glutathione (GSH grey
bars) and oxidized glutathione (GSSG black bars). (B) GSH. (GSH-+ GSSG) " ratio. (C) Reduced ascorbate (grey bars) and oxidized
ascorbate (black bars). (D) ascorbate. (total ascorbate)™ ratio. Results are means from 12 plants + SE of four independent
experiments. Different letters indicate significant differences from controls (P < 0.05, DGC).
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Figure 5 (A) NAD* and NADH content in the second pair of leaves incubated for 24 hours with either water (C) or 200 mM sugar
solutions: glucose (Gluc), sucrose (Suc) and sorbitol (Sor). NAD" (black bars) and NADH (grey bars). (B) NADH. (NADH+ NAD*)~"
ratio. Results are means from 12 plants + SE of four independent experiments. Different letters indicate significant differences

from controls (P < 0.05, DGC).
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Figure 6 (A) NADP* and NADPH content in the second pair of leaves incubated for 24 hours with either water (C) or 200 mM
sugar solutions: glucose (Gluc), sucrose (Suc) and sorbitol (Sor). NADP" (black bars) and NADPH (grey bars). (B) NADPH.
(NADPH+ NADP*)™" ratio. Results are means from 12 plants + SE of four independent experiments. Different letters indicate

significant differences from controls (P < 0.05, DGC).

in cytosolic apx-1 and gr and chloroplastic Fe-sod gene
expression. In addition, sunflower leaves treated with
sucrose exhibited a rise only in cytosolic apx-I gene
expression. Finally, sorbitol showed a significant
increase in cytosolic apx-1 with a decrease in chloro-
plastic Cu/Zn sod. In general, transcriptional analysis
of enzymes involved in photorespiration ( phosphogly-
colate phosphatase, go and cat-2) and mitochondrial
genes (Mn sod and alternative oxidase-1) did not
show changes in the treatment.

Discussion

Sugars are part of an integrated redox system, since
they are key regulators of respiration, photosynthesis,
and as a consequence, of reducing power, ATP and
ROS levels. These elements are major determinants
of the cellular redox state, which is involved in the per-
ception and regulation of many endogenous and
environmental stimuli. It has been suggested that
early sugar increase produced during compatible
SuCMoV interaction could be modulating chlorotic
symptom development in sunflower leaves through
redox state alteration.>*

The present results showed that 24 hours of sugar
treatments (200 mM glucose and sucrose) significantly
increased endogenous levels of soluble sugars and
starch, total and reduced glutathione, glutathione

Redox Report 2013 voL. 18 NO. 1

redox couple, total ascorbate, pyridine nucleotide,
and ATP contents, all of them associated with a
decrease in ®PSII and pshbA gene expression level.

As mentioned above, sunflower leaves treated with
sugars (sucrose and glucose) showed high concen-
tration of endogenous soluble sugars. Accordingly,
Lunn ez al.*’ showed a 27-fold increase in trehalose
6-phosphate (T6P) levels within 3 hours of sucrose
feeding. T6P levels may reflect the availability of
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Figure 7 ATP content in the second pair of leaves incubated
for 24 hours with either water (C) or 200 mM sugar solutions:
glucose (Gluc), sucrose (Suc) and sorbitol (Sor). Results are
means from 12 plants + SE of four independent experiments.
Different letters indicate significant differences from controls
(P <0.05, DGC).
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Figure 8 Antioxidant system gene expression from leaves incubated for 24 hours with either water or 200 mM sugar solutions:
glucose (Gluc), sucrose (Suc) and sorbitol (Sor). Values were normalized based on data obtained from water and actin gene as
internal reference. Means of three independent biological experiments + SE are shown. Significant differences were calculated
by Student’s t-test. *Significance at the 0.05 levels of confidence.

hexose phosphates, UDP-glucose, and sucrose,
because sucrose feeds into this pool. In addition,
high T6P resulted in accelerated senescence.
Schluepmann ez al.?® suggested that there may be a
link between T6P and sucrose non-fermenting-related
kinase-1 (SnRK1), which is a protein kinase involved
in plant energy signaling and in regulation of plant
metabolism.?° Recently, it has been reported that
T6P inhibits SnRK1.*! In agreement with the inhi-
bition of SnRK1 by T6P, plants with altered SnRK1
expression also had senescence phenotypes.*
Arabidopsis plants, in which both genes for the cataly-
tic a-subunit of SnRK1 were silenced, showed early
senescence under constant illumination.*? These find-
ings suggest that sunflower detached leaves treated
with sugar could have a T6P increase with SnRK1
inhibition, and this changes could be related with
accelerated senescence.

Likewise, high sugar availability showed a signifi-
cant decrease of hydrogen peroxide associated with
enhanced antioxidant system activity.* It was recently
proposed that higher concentrations of sugars,
especially the longer water-soluble oligo- and polysac-
charides, such as fructans, might both act as ROS sca-
vengers themselves and have indirect effects, i.e.,
fuelling of the antioxidant system.''>* Fructans

would accumulate in sugar-fed detached leaves and
they might act as signaling molecules as well.*® It
would be interesting to perform a rigorous quantifi-
cation of endogenous water-soluble carbohydrates,
which might provide very useful information.
Intriguingly, changes in fructan concentrations
showed a close correlation with changes in ascorbate
and GSH concentrations in immature wheat kernels,
strongly suggesting a connection with antioxidant
systems.'?

Glutathione and ascorbate are the major soluble
non-enzymatic ROS scavengers, with relatively stable
oxidized forms, which are recycled to the reduced
form by NADPH-dependent Asada-Halliwell cycle.
Although ascorbate, glutathione and pyridine nucleo-
tides are linked by redox flux and function together in
the metabolism of ROS, each may have specific roles
in providing information on cellular status.>*

Sunflower leaves treated with sugars showed a syn-
thesis increase or breakdown decrease in glutathione,
ascorbate and pyridine nucleotide pools. Changes in
ascorbate content may affect a number of pathways,
including thylakoid energy dissipation®® and synthesis
of phytohormones, such as gibberellins, abscisic acid,
ethylene and salicylic acid.*® The present results
showed a significant increase in total ascorbate
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content without changes in ascorbate redox state in
sunflower leaves incubated with sugar. However,
during SuCMoV infection, total ascorbate content
showed no changes. In addition, both sugars and
SuCMoV infection showed increased APX activity.*
These results suggest the action of a highly efficient
ascorbate regeneration system, whose network is
more complex than mere scavenging within the cellu-
lar stress response.’’

Sugar availability is related to glutathione biosyn-
thesis and glutathione redox state; these processes,
among others, are regulated by the availability of
glycine, ATP and reducing power.*® Likewise, the sig-
nificant increase in glutathione redox couple is sup-
ported by the increase in glutathione reductase
activity induced by both compatible sunflower—
SuCMoV interaction and sugar treatment, as pre-
viously demonstrated.*>*

Glutathione is mainly located in chloroplasts, and
highly reduced glutathione content induces photoinhi-
bition because it increases the degree of reduction of
quinone A (QA), decreasing electron transport effi-
ciency of PSIL.*’

Moreover, we found increases in pyridine nucleotide
content without redox changes during sunflower—
SuCMoV interaction.”* The pyridine nucleotides do
not function as redox buffers themselves, but regulate
the redox state of both electron transport carriers of
chloroplasts and mitochondria, and redox metabolites,
such as ascorbate, glutathione, and thioredoxin.**
Studies of mutants provide evidence that changes in
NAD(P) content can alter photosynthesis and plant
stress responses,*® and suggest that NAD(P) content
could be a powerful modulator of metabolic
integration.*’

The ROS-antioxidant interaction and its subcellu-
lar location determine the role of ROS and modulate
the defense responses and gene expression, including
those from the antioxidant system.*'*> The redox
state of the plastoquinone pool and ROS are the
main chloroplastic signal sources modulating the
acclimation responses to environmental conditions
that provoke excess excitation energy (EEE).***

Overall, our results showed that the transcript levels
of cytosolic antioxidant enzyme increased in sugar-
treated leaves similarly as during the compatible
sunflower-SuCMoV interaction, whereas the chloro-
plastic antioxidant enzyme decreased. Specifically,
one of the stress-related transcripts that showed
enhanced expression in response to high sugar avail-
ability was cytosolic apx-/. Both APX1 and APX2
are markers of acclimation response to EEE.**
Remarkably, sorbitol used as osmotic control
showed apx-1 increase without change in APX total
activity,* which provides evidence of the importance
of post-translational control in regulating enzyme
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activities. Additionally to cytosolic apx-1 increase,
exogenous glucose feeding showed enhanced cytosolic
gr and chloroplastic Fe-sod gene expression, suggesting
a link between ROS and sugar signaling.

Considering previous and current results, both high
sugar availability and SuCMoV infection induce
photoinhibition, degradation of D1 protein, a decrease
in psbA gene expression, an increase in GSH content
with glutathione redox alteration, and an increase in
NAD(P) and ATP* All these responses suggest that
sugars would induce chloroplastic redox state altera-
tion with over-reduction in QA pool and photoinhibi-
tion process that might be contributing to symptom
appearance during compatible sunflower—-SuCMoV
interaction.
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