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and increase in antioxidant enzyme activities before chlorotic symptom appearance in sunflower leaves.
The aim of this study was to determine if chlorotic symptom development induced by SuCMoV infection
is accompanied by changes in different redox-related metabolites and transcripts. Symptom develop-
ment was analyzed in the second pair of leaves (systemic infection) at different post-inoculation times:
before symptom appearance (BS, 4 dpi), and at an early (ES, 7 dpi) and later stage (LS, 12 dpi) of symptom
Redox state expression. The results showed that the virus reaches the second pair of leaves at 4 dpi. A positive corre-
Symptom development lation between chlorotic symptom and number of viral copies was also observed. Changes in hydrogen
SuCMoV peroxide, glutathione, pyridine nucleotides and ATP content were observed since symptom appearance
Sunflower (ES, 7 dpi). The expression of some of the genes analyzed was also strongly affected by SuCMoV infec-
tion. Specifically, down-regulation of both chloroplast-encoded genes and chloroplast-targeted genes:
psbA, rbcS, CulZn sod, Fe sod, phosphoglycolate phosphatase, psbO, psaH and fnr was present, whereas the
expression of cytoplasmic-targeted genes, apx1, and Cu/Zn sod was up-regulated. Mitochondrial Mn sod
decreased at BS stage and aox decreased only at ES stage. Peroxisomal catalase (cat-2) was lower at BS and
LS stages. All these results suggest that SuCMoV infection induces progressive changes in determinants
of redox homeostasis associated with chlorotic symptom development.

© 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Sunflower chlorotic mottle virus (SuCMoV) is a member of the
genus Potyvirus; it is located in the cell cytoplasm and causes sys-
temic infections in sunflower plants, leading to chlorotic mottling
and severe growth reductions and yield losses [1]. Systemic infec-
tion in plants relies on complex molecular interactions between
the invading virus and the host plant [2,3]. Accumulation of viral
proteins is commonly associated with some consequences for host
gene expression and metabolism as well as alterations in plant
growth and development; all of those consequences are important
components of symptom development [3].

In a previous report we showed that chlorotic symptom devel-
opment during compatible sunflower-SuCMoV interaction was
correlated with early sugar increases and these increases sig-
nificantly reduced quantum efficiency of PSII photochemistry
(photoinhibition) and photosynthesis related protein levels (D1
and RubisCO), reduced apoplastic ROS production and increased
antioxidant enzyme activities (SOD; APX; GR) [4]. Chloroplasts are
generally the plant cell organelles most sensitive to viral infection
and one of the cellular compartments in which the down-regulated
genes are over-repressed during compatible plant-virus interac-
tion [5]. All these responses, which are related to photoinhibion,
chlorosis and redox changes, are characteristic of natural senes-
cence process [6,7].

Viral infection induces modification in electron transport as
a result of an impaired photosynthetic and respiratory activity,
and may generate reactive oxygen species (ROS), such as sin-
glet oxygen ('0;), superoxide radical (0,°*~), hydrogen peroxide
(H203), and hydroxyl radical (OH*) [8]. Chloroplasts, mitochon-
dria and peroxisomes are the main sources of ROS in plants [9].
In addition, the NADPH oxidase complex is a major source of
apoplastic ROS [10]. The NADPH oxidase complex is responsible for
early ROS generation in plant-pathogen interactions and exhibits
monophasic or biphasic patterns in compatible and incompatible
interactions, respectively [11]. Arias et al. [12] demonstrated that
the sunflower-SuCMoV compatible interaction has a monophasic
pattern response of apoplastic ROS generation. Subsequent work of
our group indicated that NADPH oxidase activity decreased over the
course of infection [4]. Likewise, SuCMoV infection induced antiox-
idant enzyme activity; this activity was suggested to stop signals
generated by ROS increments, which may be involved in trigger-
ing defense reactions that otherwise would have contributed to
prevent the systemic spread of the virus [12]. Distinct responses
of antioxidant system in compatible plant-virus interactions have
been reported [12-14]. The defense system in various subcellu-
lar compartments forms an integrated network with extensive
crosstalk that could be triggered by ROS [15]. The dual role of ROS,
as toxic or signaling molecules, is determined by the rates and
subcellular location of ROS generation and degradation [15]. The
increasingly refined identification of marker transcripts induced by
different ROS provides useful tools for distinguishing the operations
of different ROS signaling pathways under various stress conditions
[16].

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. This
interface modulates the appropriate induction of acclimation pro-
cesses or, alternatively, the execution of cell death programs [17].
Together with ROS, ascorbate, glutathione, sugars, ATP and pyridine
nucleotide (NAD(P)) are major determinants of the intracellu-
lar redox state, which influence gene expression associated with
biotic and abiotic stress responses to maximize defense [18-20]. In
addition, recent findings indicate that pathogen-induced changes
in the cellular redox environment are sensed by reactive cys-
teine residues of key regulatory proteins [21]. Moreover, the

importance of the endogenous plant glutathione has been increas-
ingly recognized in plant-pathogen interactions due to its
contribution to various signaling and defense mechanisms [22 and
references therein]. Likewise, pyridine nucleotides are also key
playersin signaling through ROS since they are crucial in the regula-
tion of both ROS-producing and ROS-scavenging systems in plants
[15,18,19].

There is limited information on the physiological and molecular
changes induced during compatible sunflower-SuCMoV interac-
tion. Our previous characterization showed early sugar increases
and photoinhibition induced by SuCMoV infection. Considering
the theoretical context mentioned, we hypothesized that early
responses of sugar increases and photoinhibition induced by
SuCMoV infection would provoke changes in different redox-
related metabolites and gene expression, which are associated with
chlorotic symptom development.

The aim of this study was to assess changes in key redox
determinants, such as hydrogen peroxide, ascorbate, glutathione
and pyridine nucleotides, together with the expression of genes
related to photosynthetic, respiratory and antioxidant systems,
in the three-stage kinetics of infection during chlorotic symptom
development.

2. Material and methods
2.1. 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 cultivated in a growth chamber under
controlled 250 pmol photonsm~2 s~ light with 16 h photoperiod
at 25°C and 65% humidity. The common strain of SuCMoV [23]
was maintained in Nicotiana occidentalis L. and symptomatic leaves
were freeze-dried and kept at —20°C. Sunflower plants at the vege-
tative stages V1-V2 [24] were rub-inoculated on the upper surfaces
of the first pair of leaves with an infected leaf homogenate (1:5 w/v
in 0.05M NayHPOQy, pH 7.5) using 600-mesh carborundum as abra-
sive. Control plants were mock-inoculated with buffer and abrasive.
To evaluate systemically infected leaves, samples were always
taken from the second pair of leaves 4 days post-inoculation (dpi)
(before symptom expression, BS), 7 dpi (early symptom expression,
ES), and 12 dpi (late symptom expression, LS).

2.2. Total chlorophyll content

The amount of chlorophyll in leaves was estimated using a hand-
held SPAD CLO1 meter (Hansatech Instruments, Pentney King’s
Lynn, UK). This provides a unitless index ranging from 0 to 100 that
is proportional to leaf chlorophyll content [25]. The second pair of
leaves was divided into three parts (base, middle and tip). Average
SPAD readings were calculated from four measurements.

2.3. SuCMoV accumulation

A real-time quantitative RT-PCR assay, based on SYBR Green
[26], was developed to detect and quantify SuCMoV.

A specific SuUCMoV nucleotide sequence (132bp) of the cap-
sid protein (CP) gene amplified by RT-PCR, consisting of the
target region for the real-time primers, was inserted into TOPO-
TA 2.1 (Invitrogen, Carlsbad, CA) and cloned into Escherichia coli
DH5a. Transformants were selected by ampicillin resistance. The
plasmid was purified and used as target for standard curves.
Conversion of microgram of single stranded DNA to picomole
was performed considering the average molecular weight of a
ribonucleotide (340 Da) and the number of bases of the transcript
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(Nb). The following mathematical formula was applied: pmol of
ssDNA=mg (of ssDNA) x (10% pg/mg) x (1 pmol/340 pg) x (1/Nb).
Avogadro constant (Avogadro, 1811) was used to estimate the
number of transcripts (6.023 x 1023 molecules/mol). Number of
transcripts was calculated per 2 pl, which was the volume used
as template in each quantitative real-time RT-PCR. Ten-fold serial
dilutions of the transcripts (from 1 x 108 to 1 x 103) were employed
to generate the standard curve.

2.4. ATP content

ATP concentration was determined by means of an ENLITEN®
ATP Assay System Bioluminescence Detection kit (Promega, Madi-
son, WI, USA). Extraction of ATP: frozen leaf samples (20 mg fresh
weight) were ground to a fine powder with liquid nitrogen and
homogenized, suspended in 0.2 ml of 2.5% trichloracetic acid (TCA).
Samples were centrifuged at 18,000 x gat 4 °C for 15 min. The sam-
ples were diluted 40 times with 0.1 M Tris acetate buffer (pH 7.75)
before assessment.

To quantify ATP, 50l of Enliten Luciferase/Luciferin (L/L)
medium (rL/L reagent, reconstitution buffer) was added to 10 .l
of sample and 90 pl of 0.1 M tris-Acetate buffer (pH 7.75) in the
microplate. The luminescence of this reaction was measured with
a Turner BioSystems Veritas™ Microplate Luminometer at 25°C
(Promega, Madison, WI, USA). A calibration curve was generated for
each luciferase assay by serial dilution of an ATP standard. To check
for ATP contamination, we used equal volumes of the component
to be tested and the rL/L Reagent.

2.5. Hydrogen peroxide

Hydrogen peroxide was estimated in leaf extracts, according to
Guilbault et al. [27], 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 potas-
sium phosphate buffer (pH 7.5), containing 1mM EDTA and 1%
PVPP (polyvinylpolypyrrolidone). Homogenates were centrifuged
at 16,000 x g at 4°C for 25 min and the supernatant was used to
determine protein and hydrogen peroxide concentrations.

2.6. Glutathione and ascorbate content

Leaf samples were prepared for glutathione and ascorbate anal-
yses by homogenizing 100 mg leaf material (fresh weight) in 1 ml
of cold 3% TCA and 100 mg PVPP. The homogenate was centrifuged
at 10,000 x g at 4°C for 15 min and the supernatant was collected
for analyses of glutathione and ascorbate.

Reduced glutathione content was determined spectropho-
tometrically at 405nm in acid-soluble extracts, according to
Anderson et al. [28] with modifications. The samples were neu-
tralized with potassium 200 mM phosphate buffer pH 7.0 and
incubated with 10 mM 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB)
during 15 min. Total glutathione content was determined in neu-
tralized samples after reduction of oxidized glutathione (GSSG)
with 1U of wheat glutathione reductase (Sigma Chemical Co.),
1 mM EDTA, 3 mM MgCl,, and 150 mM NADPH.

Total ascorbate content was determined according to Gillespie
and Ainsworth [29] with modifications. The reaction mixture for
total ascorbate contained a 50-p.1 aliquot of the supernatant, 25 .l
of 150 mM phosphate buffer (pH 7.4) containing 5mM EDTA, and
25 pl of 10 mM DTT; samples were incubated at room temperature
for 10 min. After that, the mix was incubated with 25 .l of 0.5% N-
ethylmaleimide (NEM), 16.6% orthophosphoric acid (H3PO4), 1.33%
a—a’bipyridyl and 50 pl of 0.5% FeCls at 37 °C for 60 min. The sam-
ples were measured at 525 nm in ELISA MRX II. Reduced ascorbic

acid content was determined by the same protocol without addi-
tion of NEM and DTT.

2.7. Pyridine nucleotides content

Pyridine nucleotides were assayed by spectrophotometric plate
reader method, as described by Queval and Noctor [30].

2.8. Total protein content

Soluble proteins were estimated according to Bradford [31].
Bovine serum albumin was used as standard for the calibration
curves.

2.9. RNA extraction

Leaf samples subjected to different treatments were homoge-
nized in cold mortar with trizol (1/10 plant tissue/phenol), mixed
for 1 min and incubated at room temperature for 5 min. Then, 0.2 ml
chloroform per ml of trizol was added and incubated at room tem-
perature for 3 min. After incubation, the samples were centrifuged
at 14,000 rpm at 4°C for 15min. The aqueous phase was trans-
ferred to clean tubes and 1 volume of isopropanol was added and
then incubated at room temperature for 10 min and centrifuged
at 14,000 rpm at 4°C for 15 min. The precipitate was washed with
70% ethanol and centrifuged again at 14,000 rpm at 4 °C for 15 min.
The precipitate was dried, resuspended in DEPC water and its
concentration was quantified in NanoDrop spectrophotometer ND-
1000 (NanoDrop Technologies, Inc.). Purified RNA was treated with
DNase I (Invitrogen) to remove any contaminating genomic DNA,
according to the manufacturer’s instruction.

2.10. Analysis of gene expression

Based on cDNA sequences from a sunflower EST cata-
logue (http://compbio.dfci.harvard.edu/tgi/tgipage.html), specific
primers were designed to determine the expression of 15 genes
(Supplementary Table 1) by real-time PCR.

2.11. qRT-PCR

DNA-free RNA (1-2.5 pg) was used 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 instruction. Primers used for qRT-PCR were designed using
AmplifX version 1.5.4 by Nicolas Jullien (http://ifrjr.nord.univ-
mrs.fr/AmplifX-Home-page) with the following criteria: melting
temperature of 61°C, PCR amplicon lengths between100 and
220bp, and yielding primer sequences with lengths of 20
nucleotides and guanine-cytosine contents between 40% and 60%.
The list of the primers used in this study is available in Supple-
mentary Table 1. qRT-PCR was performed in thermocycler iQ5 (Bio
Rad) with iQ SYBR Green Supermix (Bio Rad), according to the
manufacturer’s instruction. Values were normalized based on those
obtained from actin as housekeeping gene. Relative expression lev-
els were calculated by 2-2¢ method which is a variation of the
Livak and Schmittgen [32] method.

3. Results
3.1. Symptomatology and viral accumulation

Infected plants usually present individual, brilliant yellow
blotches that later coalesce, reducing and distorting leaf morphol-

ogy and producing plant stunting. In a previous study, we were
not able to determine the presence of virus in leaves before the
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Fig. 1. SuCMoV gqRT-PCR accumulation analysis (expressed as number of viral
copies/jg RNA) in systemic leaves from SuCMoV-inoculated plants at three stages
of SuCMoV infection. BS: before symptom expression (4 dpi), ES: early symptom
expression (7 dpi), LS: late symptom expression (12 dpi). Absolute values are given in
bracket. Results are means from three plants + SE of three independent experiments.

appearance of chlorotic symptoms using protein immunoblot anal-
ysis and end-time PCR in the second pair of leaves (systemically
infected leaves) [12]. This could be related to the low sensitivity of
the method and low virus concentration. To determine the day on
which SuCMoV was present in the second pair of leaves, we used
quantitative qRT-PCR analysis. Under our experimental condition,
SuCMoV reached the second pair of leaves at 4 dpi (BS stage) (Fig. 1).

Even though we found that in SuCMoV-inoculated plants in the
first pair of leaves the virus reached the second pair of leaves at
4 dpi, symptoms did not appear until 7dpi and total chlorophyll
content did not decrease until 12dpi in this pair of leaves [4].
To further characterize the effects of SuCMoV infection, chlorotic
symptom development was evaluated by measuring yellowing in
three parts of the systemically infected second pair of leaves (base,
middle and tip) with SPAD. The results showed that leaf chlorotic
symptom appeared at the leaf base and progressed to the tip. The
differences between control and infected plants began to be signif-
icant at 7 dpi in the leaf base, at 8dpi in the middle and at 12 dpi
in the tip (Fig. 2). These results clearly show the spatial and tem-
poral development of chlorotic symptom induced by SuCMoV. In
addition, symptom development was accompanied by a constant
increase of SuUCMoV genome copies (Figs. 1 and 2).

3.2. Redox-related metabolites: hydrogen peroxide,
non-enzymatic antioxidant, pyridine nucleotide and ATP changes
during SuCMoV infection

In a previous study we have demonstrated that SuCMoV induces
photoinhibition and changes in soluble sugar content, apoplastic
ROS and antioxidant system activities, which are determinants of
cellular redox state [4]. To further characterize the effects of SuC-
MoV infection on cellular redox state, the key compounds hydrogen
peroxide, ascorbate, glutathione, pyridine nucleotides and ATP
were measured.

Hydrogen peroxide content was measured in leaf extracts using
3-5dinitrosalicylic acid, according to Guilbaultet al.[27]. The levels
of hydrogen peroxide were significantly increased in SuCMoV-
infected leaves at ES and LS stages (Fig. 3). Reduced glutathione was
higher in infected leaves than in control; there was no effect on total
glutathione content (Fig. 4A). Furthermore, oxidized glutathione
was lower in infected leaves (Fig. 4A). Therefore, we observed an
increase in couple redox with symptom appearance (Fig. 4B). Inter-
estingly, the analysis of ascorbic acid content in infected leaves
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Fig. 2. Total chlorophyll content during the course of infection. Total chlorophyll
content was estimated in three parts of systemic leaves at the base, middle and
tip with SPAD from SuCMoV-inoculated (SuCMoV) and mock-inoculated (Control)
plants atdifferent times post SuCMoV inoculation. Symptom appearance is indicated
with a black arrow. Results are means from 12 plants + SE of three independent
experiments. Different letters indicate significant differences with controls (p < 0.05,
DGC).

revealed that no changes occurred during viral infection (data not
shown). NADH content was higher in infected leaves than in con-
trol since BS stage, whereas NAD* rose at ES and LS stages (Fig. 5A).
In addition, NADP* and NADPH increased only at LS stage (Fig. 6A).
However, pyridine nucleotides did not show any redox alteration
(Figs. 5 and 6B). ATP content only increased significantly at LS
(Fig. 7) and it was correlated with the maximum viral genome
copies obtained (Fig. 1).

3.3. Effects of SuCMoV infection on gene expression

Transcripts reduction of several chloroplast-targeted proteins
has been observed associated with potyvirus infections [33].In gen-
eral, sunflower plants infected with SuCMoV showed a significant
decrease in gene expression of psbO, psbA, psaH, fnr and rbcS, except
cp29. Likewise, the drop in gene expression levels was dependent
on plant-viral stage. The transcript levels of fnr and psaH decreased
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at all infection stages, whereas psbO, psbA and rbcS showed signif-
icant decreases only at LS stage (Fig. 8).

Fig. 9 shows transcript levels of antioxidant enzymes. At BS
stage we observed a significant increase in cytosolic apx-1 gene

0.7

111

expression, whereas mitochondrial Mn-sod and peroxisomal cat
showed a significant decrease. Likewise, during ES stage cyto-
solic apx-1 remained significantly high and a chloroplastic Fe-sod
increased, whereas chloroplastic Cu/Zn sod dropped notably. During
LS stage cytosolic apx-1 and Cu/Zn sod gene expression increased,
whereas the expression levels for all analyzed chloroplast genes
decreased.

In addition, transcriptional analysis of enzymes involved in
photorespiration showed a marked decrease in phosphoglycolate
phosphatase since the appearance of symptom, whereas glycolate
oxidase did not change. On the other hand, aox-1 transcription
showed a decrease only at ES stage.

4. Discussion

SuCMoV infection induces small chlorotic spots and yellow
blotches on sunflower leaves. According to the present results,
the virus reached the second pair of leaves (systemic infection) at
4 dpi, three days before symptoms appearance. We have recently
demonstrated that SuCMoV infection increased systemic soluble
sugar, photoinhibition, degradation of D1 protein and antioxidant
enzyme activities before chlorotic symptom appearance (BS,
4 dpi). All SuCMoV-induced effects were increased at ES (7 dpi) and
LS (12dpi) stages [4,12]. Accordingly, the early redox alteration
induced by SuCMoV infection might provoke further changes in
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different redox-related metabolites
chlorotic symptom development.

The major changes of the parameters analyzed were observed
since symptom appearance (ES), and remained at LS stage. Notice-
ably, the absence of significant differences in the redox-related
metabolites at BS stage could be related to a low SuCMoV concen-
tration in the leaf. A positive correlation among chlorotic symptom
development, redox-related changes and number of viral copies
was observed.

Glutathione and ascorbate are the major soluble non-enzymatic
ROS scavengers and are important multifunctional metabolites
in redox homeostasis, development and defense response [20].
Accordingly, reduced glutathione accumulation, without changes
in total glutathione, suggests that there is no de novo synthe-
sis of this compound during SuCMoV infection. The significant
increase in glutathione redox couple is supported by a reported
increase in glutathione reductase activity [4]. Exogenous reduced
glutathione is well known to act in a way similar to pathogen elic-
itors, activating the expression of defense-related genes, including
PATHOGENESIS-RELATED 1 (PR1). Moreover, accumulation of glu-
tathione and changes in its redox state are triggered by pathogen
infection [34,35], which could be related to the plant defense induc-
tion [21]. Glutathione is mainly located in chloroplasts, and highly
reduced glutathione content induces photoinhibition because it
increases the degree of quinone A (QA) reduction and consequently
decreases electron transport efficiency of PSII [36]. By contrast,
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Fig. 7. ATP content in systemic leaves from SuCMoV-inoculated (SuCMoV) and
mock-inoculated (Control) plants at three stages of SuCMoV infection. BS: before
symptom expression (4 dpi), ES: early symptom expression (7 dpi), LS: late symp-
tom expression (12 dpi). Results are means from 4 plants + SE of four independent
experiments. Different letters indicate significant differences with controls (p <0.05,
DGC).

H,0, treatment increases oxidation of QA and electron transport
efficiency of PSII [36]. Previous results indicated that SuCMoV infec-
tion induces photoinhibition and degradation of D1 protein at BS
stage [4]; the present results indicate an increase in GSH content
at ES and LS stages that could be favoring photoinhibitory process.
Nevertheless, our results also show an important rise in hydrogen
peroxide content in SuCMoV infected leaves. Chloroplasts do not
seem to be the main source of intracellular hydrogen peroxide in
infected cells (unpublished data). These results are also supported
by a previous report indicating that SuCMoV induces SOD, APX and
GR activities, which are mainly located in the chloroplasts, and
that this phenomenon might be modulating the hydrogen peroxide
levelin this organelle [4,8]. Likewise, the possibility that an increase
in 0,1 might be occurring in the chloroplast between BS and ES
stages, which could be involved in the photoinhibition process,
cannot be ruled out [37].

Interestingly, ascorbate did not change in any of the three SuC-
MoV infection stages (data not shown), suggesting the action of
a highly efficient ascorbate regeneration system, which network
is more complex than mere scavenging within the cellular stress
response [17].

The ROS-antioxidant interaction and its subcellular location
determine the role of ROS and modulate the expression of the
antioxidant system genes [15,38]. In general, our results show that
the transcript levels of cytosolic antioxidant enzyme increased
during the compatible interaction, whereas the chloroplastic
antioxidant enzyme decreased mainly at LS stage. Cytosolic ascor-
bate peroxidase 1 (apx-1) showed enhanced expression since BS
stage. Similar responses have been reported in different compat-
ible plant-pathogen interactions [39,40] suggesting a key role for
this APX isoform. APX1 expression depends on the redox state of
the photosynthetic electron transport chain and the content of glu-
tathione [41,42]. Despite its cytosolic localization, APX1 is required
for the protection of chloroplasts against ROS [43]. In addition, cyto-
solic Cu/Zn sod was up-regulated, whereas chloroplastic Cu/Zn sod
was down-regulated at ES and LS stages.

The peroxisomes are another important intracellular source of
hydrogen peroxide [9]. Interestingly, the catalase mRNA down-
regulation observed at BS and LS is consistent with enzyme activity
observed in a previous report [4] and it might also contribute to an
increase in peroxisomal hydrogen peroxide. Transcripts for tobacco
CAT1 (equivalent to Arabidopsis CAT2) were found to be strongly
down-regulated in a biotic stress [44,45]. Peroxisomal hydrogen
peroxide could be also produced by photorespiration pathway.
Accordingly, we found that gene expression of phosphoglycolate
phosphatase decreased at ES and LS stages, whereas gene expression
of glycolate oxidase did not show any change.
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Fig. 8. Relative expression of genes related to photosynthesis in systemic leaves from SuCMoV-inoculated (SuCMoV) and mock-inoculated (Control) plants at three stages
of SuCMoV infection: BS: before symptom expression (4 dpi), ES: early symptom expression (7 dpi), LS: late symptom expression (12 dpi). Values were normalized based on
ACTIN as internal reference gene. Means of three independent biological experiments & SE are shown. Significant differences were calculated by Student’s t-test, and * and **

indicate significance at the 0.05 and 0.01 levels of confidence, respectively.

The excess of sugar induced by SuCMoV could be associated
with increased mitochondrial electron transport, respiratory rates,
ROS and ATP generation. Mitochondrial ROS are important play-
ers in pathogen symptom development [20]. Alternative oxidase
(AOX) activity control mitochondrial superoxide production. The
abundance of AOX transcripts, proteins and activity is increased
under different stress conditions, including responses to different
pathogen attacks [46]. However, our results showed a significant
decrease in AOX mRNA level at ES stage during SuCMoV infection.
Accordingly, tobacco cells with low AOX produced more ROS and
showed up-regulation of antioxidant defenses [47] similar to SuC-
MoV infection. On the other hand, the ATP content increased at LS
stage of SuCMoV infection, at which the respiration is increased and
the virus is actively replicated.

Reduction of transcripts of several chloroplast-targeted proteins
has been observed associated with potyvirus infections [33]. The
present study shows that SuCMoV infection also results in a marked
decrease in the expression of some photosynthesis-related genes
encoded in both nucleus and chloroplasts.

In particular, a down-regulation of rbcS and psbA gene expres-
sion at LS stage was observed. Transcriptional rbcS down-regulation
agrees with previous results showing decrease of the RuBisCO
protein levels at LS stage [4]. Moreover, there are many studies
reporting a clear reduction of rbcS transcript accumulation upon
pathogen infection [48]. Likewise, a D1 (PsbA) protein decrease
since BS stage was demonstrated by our work group [4]; how-
ever psbA transcript level did not show any change at this early
stage. It has been reported that loss of D1 protein during tobacco-
TMV (Tobacco Mosaic Virus) interaction was not associated with
psbA mRNA levels [49]. D1 is a protein with a high turnover rate,
and its levels in all higher plant chloroplasts depend on transcrip-
tional control, mRNA stability, and principally on the control at the
level of initiation and elongation of translation related to thiol redox
signaling [50].

Similarly, oxygen evolving complex (OEC) of PSII is one of the
main chloroplast targets in viral infection [48,51]; we showed a
decrease in psbO expression at LS stage. Interestingly, cp29 expres-
sion, a chlorophyll-binding protein of the outer antenna of PSII
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Fig. 9. Relative expression of antioxidant system in systemic leaves from SuCMoV-inoculated (SuCMoV) and mock-inoculated (Control) plants at three stages of SuCMoV
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significance at the 0.05 and 0.01 levels of confidence, respectively.

encoded in the nucleus, showed no change during SuCMoV infec-
tion.

The impact of viral infection on PSI has been poorly investi-
gated. PsaH and ferredoxin NADP+ oxidoreductase (FNR) showed
a down-regulation at all stages of viral infection. PsaH is a
peripheral protein involved in state transition, whereas FNR is
one of rate-limiting steps in the photosynthetic electron trans-
port. Plants deficient in state transitions or FNR activity were
found to have chloroplast redox alteration, reduced photosynthesis
rate, lower levels of total chlorophyll, and increased suscepti-
bility to photooxidative damage under growth-light conditions
[52,53]; these responses are similar to SuCMoV infection. FNR
catalyzed the electron transfer from two molecules of ferre-
doxin to one of NADP* [54]. Interestingly, we detected a NADPH
increase associated with the drop in fnr expression, suggest-
ing that alternative pathways of NADPH production, such as
oxidative pentose phosphate pathway (OPPP) and NADP-malic
enzyme (NADP-ME), which have been related to viral infection,
could be involved [55,56]. Furthermore, we observed pyri-
dine nucleotide content increases 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 like ascorbate, glutathione

and tioredoxin reduction [57]. Studies of mutants provide evi-
dence that changes in NAD(P) content can alter photosynthesis
and plant stress responses [58], and suggest that NAD(P) con-
tent could be a powerful modulator of metabolic integration
[58].

Based on previous and the present results, we suggest a kinetic
mechanistic model to explain chlorotic symptom development
induced during sunflower-SuCMoV compatible interaction. SuC-
MoV inoculated in the first pair of leaves induced only one
superoxide radical generation peak at 6 h post inoculation (hpi)
in the second pair of leaves, which is followed by an increase in
CAT (24 hpi) and SOD (48 hpi) activity [12]. SuCMoV reached the
second pair of leaves at 4dpi and induced sugar increase, photoin-
hibition, and increases in antioxidant enzyme activities, without
any chlorotic effect. These redox related processes increased with
chlorotic symptom appearance at 7 dpi (ES) and were even more
marked at 12dpi (LS), and it can be modulated by sugars [4].
Chlorotic symptom appearance is also accompanied by significant
changes in major redox-related metabolites, such as decrease in
apoplastic superoxide production and increase in: hydrogen per-
oxide, reduced glutathione and pyridine nucleotides. A shift in
the pattern expression of genes related to cellular redox state,
such as key genes related to antioxidant enzymes, photosynthe-
sis and respiration was also observed. Hence, we suggest that
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SuCMoV infection induces progressive changes in determinants of
redox homeostasis that could be associated with chlorotic symp-
tom development.
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