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Background: One of the main sunflower diseases is the white mold Sclerotinia sclerotiorum. The oxalic acid (OA), which
is one of the main pathogenicity factors of this fungus, beside the direct toxicity on the host, has other functions such as the
disruption of the cell wall and chelating out the calcium ions.

Objectives: Regarding the importance of this disease, it is important to study the reactions of the plant against OA which is
a nonspecific toxin of many other necrotrophic fungi.

Materials and Methods: In this study, two susceptible and moderately resistant sunflower lines were inoculated with OA
and samples at the first leaf stage were collected within the intervals of 2, 6, 12 and 24 hours post inoculation. The expression
of five genes related to tricarboxylic acid cycle, including citrate synthase, fumarase, iso-citrate lyase, malate synthase and
malate dehydrogenase was studied under OA treatment.

Results: Two hours after the inoculation, no significant change was observed in the expression of the five studied genes in
the moderately resistant line. The iso-citrate lyase gene, which is related to glyoxylate cycle (a variation of the tricarboxylic
acid cycle), showed no change in the moderately resistant line; however, it showed an increase in the susceptible line. The
increase in fumarase gene expression in moderately resistant line was higher than the susceptible line. The result showed the
activation of glyoxylate cycle and destruction of fatty acids in the susceptible line.

Conclusions: Activation of glyoxylate cycle indicated induction of senescent symptoms by OA in susceptible line.
Increasing in H,O, leads to oxidative burst and cell death. Cell death has an apparent benefit for development and growth
of necrotrophic pathogens in the plant cells. The study of resistance mechanisms in response to the pathogen is useful for
breeding programs to provide lines with higher resistance to this pathogen.

Keywords: Gene expression; Helianthus annuus; oxalic acid; Sclerotinia sclerotiorum.

1. Background
The sunflower, Helianthus annuus L. is one of the
main sources of edible vegetable oil and has health
benefits as well. All parts of sunflower have been used
in Iran’s ancient medicine and Chinese medicine, such
as its seeds and pulp, leaves, flower and roots (1).
Also, sunflower seeds are one of the main sources of
minerals, vitamins, and antioxidants which are used in
human and animal food (2).

Sclerotinia sclerotiorum is one of the most devastating
and universal plant pathogen (3). S. sclerotiorum attacks
over 400 plant species worldwide including soybean

(Glycine max), sunflower (Helianthus annuus) and
canola (Brassica napus), peanut (Arachis hypogaea),
tobacco (Nicotiana Tabacum), beans (Phaseolus
vulgaris), watermelon (Citrullus lanatus) and alfalfa
(Medicago sativa) (4, 5). In Iran, this necrotrophic
pathogen has been reported in commercial crops
canola, strawberry (Fragaria * ananassa), chickpea
(Cicer arietinum) in Dezfol, sunflower in Mazandaran,
Kordestan and Azerbaijan, lettuce (Lactuca sativa)
in Ahwaz and Andimeshk, tomato (Solanum
lycopersicum) and eggplant (Solanum melongena) in
Zanjan and mulberry (Morus alba) in Gilan province
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(6). Therefore, one of the main sunflower diseases
is white mold Sclerotinia sclerotiorum. The host’s
pathology systems (pathosystem) is usually studied by
proteomics and transcriptomics techniques as well as
conventional analytical methods such as GC-MS and
LC-MS and HPLC (7).

Oxalic acid (OA) which is the main pathogenicity
factor of fungus, besides a direct toxicity on the host,
has other functions such as interfering in pH signaling,
increasing the activity of enzymes destroying plant’s
cell wall, increasing proteinase activity, destroying
the cell wall, chelating calcium ions, increasing
shikimate dehydrogenase activity, stimulating endo-
polygalacturonase activity and preventing the diphenol
oxidase activity (8-11). OA also binds with calcium
ions in infected plant tissues in order to protect growing
hypha from toxic concentrations of calcium in plant cells
(12) and is known to suppress plant polygalacturonase-
inhibiting proteins (11), polyphenol oxidases activities
(13) and antioxidant enzymes (14). OA has also two
opposing roles, it can suppress oxidative burst in the
early stages of infection and subsequently trigger
reactive oxygen species (ROS) and programmed cell
death (PCD) in plant tissues (7).

The tricarboxylic acid cycle (TCA) intervenes in
energy production. This cycle is known also as Krebs
or citric acid cycle. The TCA cycle, besides generating
energy, provides the precursors required for amino
acids and NADH generation, which are used in many
other chemical reactions. Since the defense process in
the plant is an energy consuming process, the increase
in enzyme expression in Krebs cycle helps the plant to
generate energy (16). So, it seems it is necessary to study
it in pathogen-host interaction. Given that Sclerotinia
is a necrotrophic pathogen with a wide host range (7),
it is important to investigate the early responses of
sunflower to oxalic acid, the main pathogenicity factor
of pathogen.

2. Objectives

In the present study, we survey the responses of two
moderately resistant (AC 4122) and susceptible (Satl)
sunflower lines to oxalic acid elicitor and the changes
in five enzymes (citrate synthase, fumarase, iso-citrate
lyase, malate synthase and malate dehydrogenase)
expression which intervene in tricarboxylic acid cycle
in the first stages of inoculation was studied, as well.

3. Materials and Methods

3.1. Preparing Synthetic Oxalic Acid
The sclerotia of Sclerotinia sclerotiorum collected
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directly from the stems of infected plants grown on
a sunflower field (Karaj, Iran). They were germinated
and grown on potato dextrose agar at 25 °C (17).
Discs of 1 cm? of Sclerotinia hyphae grown in PDA
sterile medium was cut by using a sterile scalpel and
then were transferred to Erlenmeyer flasks with 1000
mL of Czapek-Dox liquid medium at 28 °C. After four
weeks, when the fungus formed sclerotia, the fungus
mycelia were separated from the liquid medium by a
sterile cloth and passed through a filter 0.22 um (8).
Then, 30 puL of the solution was injected into HPLC
column by Hamilton syringe. High performance
liquid chromatography analysis was performed on
the Agilent Eclipse XBD-C18 column (4.6 by 250
mm) with ultraviolet detection at 240 nm (18). For
a quantitative analysis of OA in the liquid medium,
the standard curves of OA were plotted and oxalic
acid (OA) concentration was determined (18). A
stock of 1 mM of OA (Sigma-Aldrich Chemical Co.,
Germany) was prepared and then diluted equally to
the concentration of OA in fungal culture filtrate (40
mM). It was sterilized for 20 minutes in the autoclave
at 121 °C and under 1 atmosphere pressure. Its pH was
adjusted using dense NaOH and HCI on 3.7 and used
for inoculation (9).

3.2. Plant Material, Inoculation, and Sampling of
Susceptible and Moderately Resistant Sunflower Lines
Moderately resistant (AC 4122) and susceptible (Satl)
lines of sunflower have been germinated in a totally
random plan in a /2 MS (Murashige and Skoog, (Sigma
Chemical Co., St Louis, MO, USA) medium containing
vitamins (thiamine, nicotinic acid and pyridoxine,
(Sigma Chemical Co., St Louis, MO, USA) with three
replicates (9). AC 4122 and Satl lines were developed at
the University of Udine, Italy (19). The stem of ten-day
old seedling at the first leaf stage were gently scratched
by using a sterile micropipette (14) and treated with 20
mL 40 Mm of OA, pH 3.7. The samples were collected
at 2, 6, 12 and 24 hours post inoculation (hpi). Controls
were inoculated by sterile water.

3.3. RNA Extraction and cDNA Synthesis

RNA was extracted using RNeasy Plant Mini Kit
(Qiagen, CA, USA) (14). After the extraction of
mRNA, its quality and quantity were measured by
the spectrophotometer (Nano drop) and agarose
gel electrophoresis method. First strand ¢cDNA was
synthesized using Thermo kit (00168871) (15). In order
to confirm the cDNA synthesis, the PCR reaction was
performed using GAPDH gene.

3.4. Real-time PCR
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For Real-time PCR reaction, the synthesized cDNA of
control samples and treated samples were processed
by Roche master mix kit (03515869001) IR Fast Start
DNA Master plus SYGR Green Light Cycler and the
experiment was conducted in two technical repetitions
using a Corbet apparatus. The master of Real-time PCR
reaction included enzyme, buffer and dye SYBR green.
Ct of genes was calculated using Rotor gene software
and relative gene expression was evaluated according
to AACt formula (20). GAPDH was the housekeeping
gene. The primers used for each gene and housekeeping
gene are listed in Table 1.

3.5. Protein Extraction

Protein extraction was done using Liang et al, (21)
method with some modifications. At first, one gram of
the stem tissue was powdered using liquid nitrogen in a
mortar and pestle and transferred to 2 mL microtubes.
Microtubes were filled with cold 10% Trichloroacetic
acid/acetone (w/v) containing 0/07% (w/v) DTT
(Dithiothreitol, (Sigma Chemical Co., St Louis, MO,
USA). The samples were vortex and kept at -20 °C
overnight. Then, they were centrifuged for 20 minutes
at 18,000 xg, 4 °C.

The supernatant discarded and cold acetone
containing 0/07% (w/v) DTT was added to the pellet
and it was washed four times. The pellet was dried
completely and the proteins were solubilized in 400
uL rehydration/sample buffer (8§ M urea, 2 M thiourea,
4% CHAPS and ampholite 3-10). The pellet was
vortex vigorously for 1 hour at room temperature. The
microtubes were centrifuged for 30 minutes at 18,000
xg, 15 °C. The supernatant was transferred to a new

microtube and kept at -80 °C until electrophoresis.
The protein concentration was determined by Bradford
method (9).

3.6. Two-dimensional Electrophoresis

In the first dimension, IPG (Immobilized pH gradient)
gel strips with 18 cm length and pH range between 3 and
10 (Bio-Rad) were used. IPG strips were rehydrated
with rehydration buffer (8 M urea, 2 M thiourea,
50 mM DTT, 4% CHAPS and 0.2% ampholyte) for
16 hours. Then, the strips were transferred to iso-
electrofocusing Amersham GE Healthcare Ettan
IPGphor. The second dimension was 12% acrylamide
gel. The strips were equilibrated in equilibration
buffer (6 M urea, 4% SDS, 30% glycerol, Tris buffer
0.5 M, pH 8.8, 5% iodoacetamide and 1% DTT). The
electrophoresis was done on a constant voltage of 100
volts. The gels were stained by Coomassie Brilliant
Blue R250 (23).

3.7. Gel Electrophoresis Analysis

Spots were detected by Melanie software 6.02
(GeneBio, Geneva, Switzerland) in the treated and
control samples. Then, the protein spots with 1.5 times
fold change (p<0.05) were excised and identified by the
Mass spectrometer (MALDI-TOF/TOF) (24). In this
study, two spots have been described related to our real
time results.

3.8. Lipid Peroxidation

Lipid peroxidation was measured by estimation of the
malondialdehyde (MDA) content according to the
method of Heath and Packer (25) with slight modification.

Table 1. Primer sequences used for real-time PCR analysis.

Gene Forward (5 to 3 Reverse (5to 3)
Actin GCTAACAGGGAAAAGATGACTC ACTGGCATAAAGAGAAAGCACG
Malate
dehydrogenase ATTCACCACCACCAGGCT TTCTGGAATCTGCCATAG
Citrate synthase CTGATCCAAGATATATGTGC GCTTTATGAAGTTGTGCCTC
Fumarase AGGGAAGAAAGAGATACC GTATCGGTGGGCCCCG
Isocitrate lyase GTTGATATGGTACTTGGTG CGCTTTAGGGGTAGTAGTC
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MDA content has a direct relationship with the amount
of oxidative damage to lipids. One hundred mg of stem
tissues were homogenized in 1 mL of 0.1% trichloroacetic
acid. The homogenate was centrifuged at 10,000 xg
for 5 min. For 500 pL of the supernatant, 2 mL of 20%
trichloroacetic acid containing 0.5% thiobarbituric acid
(Sigma Chemical Co., St Louis, MO, USA) was added.
The mixture was placed into a hot water bath at 95 °C
for 30 min and then cooled quickly on the ice bath. The
mixture was centrifuged at 10,000 xg for 20 min. The
absorbance of the supernatant was measured at 532 and
600 nm. The non-specific absorbance at 600 nm was
subtracted from the value of 532 nm. MDA concentration
was calculated using the extinction coefficient of MDA
at 155 mM.cm™.

3.9. Statistical Analysis

The experiment was done in a completely random plan
with three replicates for each treatment. All data were
analyzed with ANOVA method followed by Duncan test
using the SPSS software (version 16). The difference
between the groups was considered significant when
the probability coefficient was less than 5% (p<0.05).

4. Results
The mRNA expression levels of TCA cycle genes,
malate dehydrogenase, citrate synthase, fumarase,
malate synthase and isocitrate lyase were analysed by
real-time PCR. The results of relative gene expression
and the comparison of the mean of relative gene
expression in both lines and sampling times has been
shown in Table 2 and Figures 1 A, B, C, D, and E.
After two hours of oxalic acid (OA) treatment, there
were no significant differences in the gene expression
of the treated moderately resistant line and the control
one, while in the susceptible line, the expression of
these genes including malate dehydrogenase, citrate
synthase, fumarase, malate synthase and isocitrate
lyase increased significantly in the treatments with OA.
In 6 hours post inoculation in the moderately resistant
line, expression of fumarase (EC 4.2.1.2) gene was
more than that in the susceptible line, while iso-citrate
lyase (EC 4.1.3.1) gene expression in the susceptible
line was more than that in the moderately resistant line.
In 12 hours post inoculation, fumarase gene expression
in moderately resistant line was more than that in
the susceptible line. In 24 hours post inoculation, the

Table 2. The relative gene expression during sampling times and the comparison of the means of relative gene

expression by Duncan test.

Sampling time

. Citrate Malate Iso-citrate Malate
(hours post Sunflower Line Fumarase .
. . synthase dehydrogenase lyase synthesis
inoculation)
Moderately resistant » » . a ~
2 (AC 4122) 0.88 1.42 1.84 0.91 0.43
Susceptible o . e @ e
2 (Sat) 1.85 4.37 4.52 3.19 3.19
Moderately resistant e “ e a a
6 (AC 4122) 1.94 2.26 2.59 1.53 1.78
6 Susceptible (Satl) 1.58 " 2.01 * 1.05 7.99 ** 27.08 *
Moderately resistant a - W L .
12 (AC 4122) 4.25 16.41 3.1 0.837 2.83
12 Susceptible (Satl) 2.74 272 3727 6.47 ** 26.47 =
Moderately resistant @ e a . i
24 (AC 4122) 2.25 243 37.7 2.52 1.51
24 Susceptible (Satl) 2.78 1.69 ™ 66.68 52.93 " 28.33 "

- no significant difference between control and treatment.
" significant difference between control and the treatment.

“ There are no significant differences between treatments that share the similar letter (p < 0.05).
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expression of malate dehydrogenase (EC 1.1.1.37) and
iso-citrate lyase genes were more pronounced in the
susceptible line. The differences in the iso-citrate lyase
gene expression between control and inoculated plants
disappeared in the moderately resistant in all sampling
times, whereas the expression of this gene was more
pronounced in the susceptible line.

B Citrate synthase

O Partial resistant Bl Susceptible

Induction
r

Sampling time (h)

D Malate synthase

OPartial resistant [ Suscapticle

Induction

12h 24h

Samplingtime (h)

Figure 1. Relative expression of malate
dehydrogenase (A), citrate synthase (B), fumarase
(C) malate synthase (D) and iso-citrate lyase
obtained by real time-PCR in susceptible (Satl)
and moderately resistant lines (AC 4122) during
2,6,12 and 24 hours post.

Results of 2-DE  (two-dimensional  gel
electrophoresis) gel (Table 3) showed that there were
no significant differences in the expression of malate
synthase and iso-citrate lyase in treated in moderately
resistant lines compared to the controls (Figs. 2 and 3),
whereas, the expression of these proteins increased in
susceptible line during sampling times.

Table 3. The differentially expressed proteins identified by MS/MS analysis in response to oxalic acid.

MW (kDa)-pI
Spot number NCBI Accession No. Protein name Mascot score
Observed Theoretical
1 AAKlI5147. ~ lsecitratelyase [lpomoea 145 17-5.9 12.1-8.9
batatas] (Sweet potato)
Malate synthase,
2 XP_004152519.1 glyoxysomal [ Cucumis 151 66-5.1 65-8.4

sativus|
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Real Time PCR

Figure 2. Two-dimensional gel electrophoresis (A) and melting curve of real-time PCR of malate dehydrogenase (B)
and iso-citrate lyase (C) genes in susceptible line treated with oxalic acid. Arrows show the identified protein spots.
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Figure 3. Close view of spot 2 in susceptible (Satl) line at 0 and 24 hpi (left panel) and its expression during the
sampling times in susceptible (Satl) and moderately resistant lines (AC 4122) (right panel) (A). Close view of spot | in
susceptible (Satl) line at 0 and 24 hpi (left panel) and its expression during the sampling times in susceptible (Satl) and
moderately resistant lines (AC 4122) (right panel) (B).
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Figure 4. Level of malondialdehyde content in the basal
stem of susceptible (Satl) and moderately resistant (AC
4122) lines inoculated by the oxalic acid.

MDA quantity in moderately resistant, susceptible
lines and the controls is shown in Figure 4. In susceptible
lines, significant increase in MDA occurred at 2 and 12
h post inoculation, while in moderately resistant lines,
there was no significant increase in MDA content.

5. Discussion

The expression of the enzymes related to photosynthesis,
Calvin cycle and TCA in microarray analysis and ESTs
inincompatible interactions between plant and pathogen
have been reported (26). The increase in enzymes
expression involved in Calvin cycle and other enzymes
in TCA cycle such as glutamine synthase and malate
dehydrogenase have been reported in Brassica napus-
Leptosphaeria maculans interaction in resistant lines at
48 hpi (27). TCA cycle has a key role in production
of fats, sterols and amino acids. From a-Ketoglutarate
in this cycle, proline which is a non-enzymatic anti-
oxidant, is produced. Proline is an amino acid that
functions in ROS elimination and prevents the cell
death induction induced by oxalic acid (OA) in tissues
(28, 29).

In the TCA cycle oxaloacetate is decarboxylated
to phosphoenolpyruvate which can then be used to
generate sucrose (hexose phosphate) in gluconeogenesis
pathway. Sucrose contributes in plant metabolism by
serving as the source of carbon and energy, it is also
known as a signal molecule which can induce plant
defense responses such as anthocyanins, a group of
flavonoid compounds (30, 31). Phosphoenolpyruvate
is one of the two starting materials for shikimic acid
pathway. Shikimic acid pathway is responsible for
producing aromatic amino acids such as Phenylalanine
(32, 33).

In  phenylpropanoid pathway, phenylalanine

26

ammonia lyase convert L-phenylalanine to trans-
cinnamic acid, which is the necessary precursor for
synthesis of many compounds such as lignin, lignans,
flavonoids and phytoalexins (34-37). Therefore,
according to previous studies TCA cycle is at the center
of metabolism and production of many compounds
involving in defense responses. Transcriptomics and
genetics data demonstrated that elicitors of pathogen
evoke the expression of genes involved in carbohydrate
metabolism pathways suchas TCA cycle. The expression
of these genes impacts numerous defense responses
including PR genes expression and ROS generation
(38). Changes in the carbon/nitrogen balance have
been identified as a general plant response to pathogen
attack. Differential expressions of the enzyme-encoding
genes linked with TCA cycle have been observed
during plant-pathogen interaction (39). The TCA cycle
intermediates including citrate, malate, succinate and
fumarate increase significantly during the necrotrophic
phase of Magnaporthe grisea infection (40). Isocitrate
increased markedly during maize leaves colonization
by necrotrophic fungus Colletotrichum graminicola.
In C. graminicola infected leaves, expression of TCA
cycle enzyme also induced significantly, suggesting
that necrotrophic pathogens might commonly induce
carboxylate production through the TCA cycle. This can
provide plentiful supply of ATP to the plant tissues and
increases the activity of TCA cycle accompanied with
increasing the respiratory flux as a result of impaired
photosynthesis during necrotrophic growth (41).
Furthermore, upon the interaction between necrotrophic
fungal pathogen Cochliobolus miyabeanus and rice, the
protein abundance of enzymes involved in TCA cycle
is increased (42).

In this study, two hours post inoculation, the
expression of studied genes in the moderately resistant
lines had no significant differences from the controls,
which could be as a result of resistance of plants against
influence of OA at the early stage of inoculation. In
sunflowers, one of the well-known mechanisms of plant
responses to S. sclerotiorum is the accumulation of
phenolic compounds in plant cell walls and lignification
(43, 44). In our previous study, increased activity of
phenylalanine ammonia—lyase (PAL) which is one the
key enzymes in the biosynthesis of important phenolic
derivatives such as lignin, was very pronounced in
moderately resistant line AC 4122 inoculated by
Sclerotinia culture filtrate (45). Similar to phenolic
compounds and PAL, Shikimate dehydrogenase
(SKDH) (EC 1.1.1.25) is essential for aromatic amino
acid biosynthesis and subsequently lignin production.
Tahmasebi Enferadi et al., (9) reported that SKDH
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activity showed considerable increase in moderately
resistant and susceptible lines treated with synthetic
OA. Therefore, based on the previous studies, in
moderately resistant line cell wall might act as a
physical barrier against OA penetration into tissues and
prevented the activation of TCA cycle. However, the
influence was obvious in the susceptible line and two
hours post inoculation, the genes expression increased
significantly in OA treatments compared to the controls.
The expression of all five genes in the susceptible line
has been higher than that in the moderately resistant
line at 2 hpi, which shows OA penetration to the
susceptible line cells and its influence on TCA cycle. In
the moderately resistant line, at 6 hpi an increase in the
expression of the studied genes, except for iso-citrate
lyase and malate synthase, has been observed. Since
iso-citrate lyase and malate synthase had no changes
in the moderately resistant line during none of the
sampling times, it could be concluded that glyoxylate
cycle has not been activated. Therefore, it seems that
only TCA cycle has been activated in the moderately
resistant line. The higher expression of fumarase in
the moderately resistant line in comparison with the
susceptible line also confirms the more activity of TCA
cycle in this line. In the susceptible line, glyoxylate
cycle played roles in providing the energy, as well.
The expression of fumarase in moderately resistant
line and malate synthase in susceptible line might
lead to increase in malate content in plant tissues.
Gene expression profiles of two coffee genotypes,
susceptible and resistant to leaf miner (Leucoptera
coffella) indicated that the expression of isocitrate lyase
and fumarase genes decreased significantly in resistant
plants and therefore malate content decreased in those
leaves (46). Graham et al. (47) reported that gene
expression of malate synthase increased in senescing
leaves and petals of cucumber plants.

Upregulation of the glyoxylate cycle genes including
iso-citrate lyase and malate synthase confirms the
activity of glyoxylate cycle in susceptible lines. The
glyoxylate cycle is activated by lipids catabolism for
acetyl CoA production along with H,O, production
and allows the cells to use simple carbon compounds
as carbon resource when there are no complex carbon
resources such as glucose (48). Activation of glyoxylate
cycle indicate induction of senescent symptoms by OA
in peroxisomes of susceptible line (48, 49). Increase in
H,0, leads to oxidative burst and cell death. Cell death
has an apparent benefit for development and growth
of necrotrophic pathogens in the plant cells. However,
in the moderately resistant line, TCA cycle continues
by an increase in fumarase activity and no destructive

Iran J Biotech. 2018;16(1):e1832

effects of fatty acids degradation has been occurred
during inoculation. Scheideler et al., (50) reported
that isocitrate lyase and oxalyl-CoA decarboxylase
transcripts were up-regulated in Arabidopsis thaliana-
Pseudomonas syringae pv. tomato interaction. They
reported these results as a novel observation in plant
defense responses. Oxidation of the fatty acids might be
used to generate energy during plant defense responses.
It has been shown that glyoxylate cycle enzymes such
as malate synthase and isocitrate lyase are synthesized
in senescing pumpkin cotyledons (51) and also
senescing leaves of rice and wheat (52). B-oxidation
and breakdown of lipid have also been demonstrated
in some of these cases. The expression of malate
synthase gene was upregulated in those tissues with
lipid breakdown and low level of sugar concentration.
Graham et al., (47) reported that malate synthase gene
expression increased markedly in detached and dark-
incubated leaves of cucumber. In the dark-incubated
leaves, photosynthesis was prevented, chlorophyll
and lipid were degraded more rapidly compared to the
detached and light-incubated leaves.

In our study, activation of glyoxylate cycle in
susceptible line could be as a consequence of lipid
peroxidation and prevention of photosynthesis in
necrotic tissues. S. sclerotiorum secrete OA in tissues,
which leads to the induction of cell death and disruption
of membrane integrity, as well (53). Besides the role
of lipids in energy production, it has a role in cell
membrane integrity. Structural changes of lipid could
modify the permeability and integrity of cell membrane.
Lipid peroxidation leads to MDA accumulation in plant
tissues (54). In the present study lipid peroxidation was
estimated by assessing the changes in MDA content.
This method is considered as a reliable marker for
oxidative stress (55). In the previous study increased
levels of MDA was reported in Capsicum annuum
fruits - Botrytis cinerea interaction (56). In the present
study, MDA content was elevated significantly in
susceptible lines compared to un-treated controls, while
no significant increases in the levels of MDA were
observed in the moderately resistant line comparing
controls. MDA accumulation in susceptible line could
be as a result of lipid peroxidation and oxidative stress
generated by OA treatment. Differential expression
of TCA cycle enzymes in susceptible and moderately
resistant lines could be due to differential respiratory
rate between the two lines.

The expression of malate dehydrogenase and citrate
synthase enzymes were similar in both lines except
at 2 hpi, which these two genes had no expression in
the moderately resistant line. The expression of these
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enzymes increased significantly in both moderately
resistant and susceptible lines which might lead to
increase in citrate content in both lines. However,
Peluffo et al, (57) confirmed that sunflower RHA801
(resistant) contained significantly higher levels of
citrate and isocitrate at 4 and 12 days after inoculation
with Sclerotinia sclerotiorum when compared with a
susceptible sunflower genotype (HAS89).

The resistance of sunflower to Sclerotinia
sclerotiorum has a polygenic mechanism and the role
of many genes and biochemical pathways have not
been obviously identified yet in plant resistance system
(58). The study of resistance mechanisms and genes
which change significantly in response to pathogens
can be useful for breeding of sunflower lines in order to
provide lines with higher resistance to this devastating
necrotrophic pathogen.

6. Conclusions

Activation of glyoxylate cycle in susceptible line
treated by oxalic acid (OA) indicates degradation
of fatty acid and induction of senescent symptoms.
Senescent symptoms related to oxidative stress which
is a benefit for development and growth of necrotrophic
pathogens in the plant cells. However, the successful
defense mechanism in taking over the pathogen attack
is involved with H,O, augmentation which leads to
oxidative burst and cell death. It’s apparent that cell
death is a benefit for development and growth of
necrotrophic pathogens in the plant cells of resistant
line.
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