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Abstract An early event of the incompatible plant—
pathogen interactions is an oxidative burst. On one hand,
the ROS generated during oxidative burst is advantageous.
ROS can serve as secondary messengers mediating defence
gene activation and establishment of additional defences.
On the other hand, the concentration of ROS must be
carefully regulated to avoid undesired cellular cytotoxicity.
The major water soluble, low molecular weight antioxi-
dant, ascorbic acid plays a crucial role in ROS balancing
(scavenging). The regulation of ascorbate level, therefore,
can be an important point of the fine-tuning of ROS level
during the early phase of plant—pathogen interaction. To
evaluate how this interaction affects the biosynthesis, the
recycling, and the level of ascorbate, we challenged Ara-
bidopsis thaliana cells with two different harpin proteins
(HrpZ,, and HrpWy,). HrpZy,, and HrpW,, treatments
caused a well-defined ROS peak. The expression of the
alternative oxidase (AOX1a) and vtc5, one of the paralog
genes that encode the rate limiting enzyme of ascorbate
biosynthesis, followed the elevation of ROS. Similarly, the
activity of ascorbate peroxidase and galactono-1,4-lactone
dehydrogenase (EC 1.3.2.3) (GLDH), the enzyme cata-
lysing the ultimate, mitochondria coupled step of ascorbate
biosynthesis and the level of ascorbate and glutathione also
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followed the elevation of ROS due to harpin treatment. The
enhanced expression of AOXla, the elevated activity of
GLDH, and the increased level of ascorbate and glu-
tathione all can contribute to the mitigation or absence of
programmed cell death. Finally, a new function, the fine-
tuning of redox balance during plant—pathogen interaction,
can be proposed to vtc5.
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Introduction

An early event of the incompatible plant—pathogen inter-
actions is an oxidative burst (Torres 2010). The activation
of plasma membrane-localized NADPH-oxidases (Mur
et al. 2008), cell wall peroxidases (Bindschedler et al.
2006; Choi et al. 2007), and apoplastic amine, diamine, and
polyamine oxidases (Allan and Fluhr 1997) is involved in
the increase of reactive oxygen species (ROS). Different
subcellular organelles, such as the mitochondria (Garmier
et al. 2007; Cvetkovska and Vanlerberghe 2013), chloro-
plasts, and peroxisomes (Karpinski et al. 2003; Camejo
et al. 2016), also take part in the generation of ROS. This
oxidative burst response in incompatible interactions con-
sists of two distinct phases (Baker et al. 1991; Keppler
1989). The nonspecific phase I occurs directly after the
addition of either compatible or incompatible pathogens;
however, phase II is a relatively long-lasting response. It
occurs 1.5-3 h after inoculation and it seems to be limited
only to incompatible pathogens (Baker and Orlandi 1995).

On one hand, the ROS generated during oxidative burst
are advantageous. The extremely reactive species, such as
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the hydroxyl radical, can kill the pathogen in a direct way
(Chen and Schopfer 1999). They can also take part in the
construction of physical barriers (Bradley et al. 1992;
Hiickelhoven 2007). ROS can behave as secondary mes-
sengers mediating defence gene activation and initiate of
additional defences through the redox control of tran-
scription factors and establish the interaction with other
signalling pathways, such as phosphorylation cascades
(Kovtun et al. 2000; Mou et al. 2003; Kuzniak 2010). ROS
can also generate jasmonate-type signalling cyclic oxylip-
ins (Montillet et al. 2005) and phytoalexins, secondary
metabolites to arrest pathogen growth (Thoma et al. 2003).
Last but not least, ROS are also associated with the
hypersensitive response (HR), a form of programmed cell
death localized at the site of pathogen attack that can
contribute to prevent the growth of pathogens (Mur et al.
2008). HR has an important role in the development of a
plant immune response and it is often associated with the
systemic acquired resistance (SAR) (Feys and Parker
2000). Harpins are type-three secretion system delivered
proteins from Gram-negative plant pathogen bacteria.
During the plant—pathogen interaction, these proteins are
secreted into the intercellular space of plant tissue and
trigger a HR in nonhost plants (Reboutier et al. 2007).
Looking to the other side of the coin, it can be realized that
the concentration of ROS must be carefully regulated to
avoid undesirable cytotoxicity (Grant and Loake 2000). For
the signalling role of ROS, nontoxic levels must be
maintained by the fine-tuning of ROS production and ROS-
scavenging pathways (Mittler et al. 2004).

The plant antioxidant system has both enzymatic and
low molecular weight elements. The major water soluble,
low molecular weight antioxidant, ascorbic acid plays a
crucial role in the majority of ROS balancing (scavenging)
complex antioxidant processes (Szarka et al. 2012).
Ascorbate can directly reduce superoxide, singlet oxygen,
and hydroxyl radicals, and it is also a substrate for ascor-
bate peroxidase (APX) that catalyses the conversion of
hydrogen peroxide to water. Furthermore, the ascorbate—
glutathione cycle is present in the cytosol, chloroplasts,
mitochondria, apoplast, and peroxisomes (Chew et al.
2003; Szarka et al. 2012, 2013; Szarka 2013). Therefore, it
is not surprising that low level of ascorbate equally reduces
growth and increases susceptibility to a range of abiotic
stresses (Szarka et al. 2012). Sensitivity to ozone and other
abiotic stresses, such as freezing and UV-B irradiation,
could be observed in the ascorbate-deficient vtcl mutant
Arabidopsis (Conklin et al. 1996). However, vtcl and vtc2
mutation and the accompanying ascorbate deficiency
resulted in increased level of salicylic acid and transcript
levels of genes encoding pathogen-related (PR) proteins,
increased resistance to virulent pathogens, elevated per-
oxidase activity, and PR gene transcript level, and,
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furthermore, the accumulation of the phytoalexin cama-
lexin (Barth et al. 2004; Pavet et al. 2005; Colville and
Smirnoff 2008; Kliebenstein 2004). All these results sug-
gest that ascorbate deficiency augments plant biotic
defence cascades leading to greater disease resistance.
During plant—pathogen reactions, the activities and levels
of the ROS detoxifying enzymes APX and catalase are
suppressed by salicylic acid and NO (Klessig et al. 2000).
The suppression of ROS detoxifying mechanisms is crucial
for the onset of HR (Apel and Hirt 2004). All these
observations underline the importance of the coordinated
production of ROS and downregulation of ROS-scaveng-
ing mechanisms. Furthermore, ascorbate and glutathione
are also signal-transducing molecules (Foyer and Noctor
2011).

The regulation of the level of ascorbate, therefore, must
be one of the most important elements of the fine-tuning of
ROS level during plant—pathogen interaction. Interestingly,
nothing is known about the regulation of key elements of
ascorbate biosynthesis, such as vtc2 and vtc5 (Dowdle
et al. 2007; Szarka et al. 2012), and GLDH (Szarka et al.
2013), or recycling (members of the ascorbate—glutathione
cycle) during plant—pathogen interaction. To evaluate how
this interaction affects the biosynthesis, the recycling, and
the level of ascorbate, we challenged Arabidopsis thaliana
cells with two different harpin proteins (HrpZ,, and
HrpWy,) from Pseudomonas syringae pv tomato DC3000.

HrpZ and HrpW belong to the early described harpins of
Pseudomonas syringae pv tomato DC3000 (Charkowski
et al. 1998; Preston et al. 1995). HrpZ proteins from vari-
ous Pseudomonas syringae pathovars bind lipids and form
ion-conducting pores in liposomes and synthetic membrane
bilayers (Lee et al. 2001). HrpZ also binds to plant plasma
membrane originated vesicles, it inserts into the membrane,
causing vesicle disruption (Haapalainen et al. 2011). HrpZ
induces a strong hypersensitive response in tobacco leading
to necrotic lesions (Haapalainen et al. 2012). HrpW con-
sists of two domains. The N-terminal forms a harpin
domain and the C-terminal is homologous to a PL3 pectate
lyase (Coutinho and Henrissat 1999). The pectate lyase
domain binds to calcium pectate beads, but enzymatic
activity does not associate with it (Charkowski et al. 1998).
Only the N-terminal harpin domain shows exogenous HR
elicitation (Charkowski et al. 1998); however, HrpW
homology is less strongly conserved in the harpin domain
than in the pectate lyase domain (Chang et al. 2004). Both
HrpZ and HrpW are conserved harpins of Pseudomonas
syringae pathovars. Their expression rapidly increases on
the induction of hrp—hrc genes (Ferreira et al. 2006; Lin-
deberg et al. 2006). Since both HrpZ and HrpW induce a
large transient oxidative burst (Reboutier et al. 2007,
Krause and Durner 2004), we used these two different
bacterial harpin proteins (HrpZ,,, and HrpWy) to study
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how this interaction affects the biosynthesis, the recycling,
and the level of ascorbate.

Materials and methods
Materials

Murashige and Skoog medium, 2,4-dichlorophenoxyacetic
acid (2,4-D), kinetin, 2-(N-morpholino)ethanesulfonic acid
(MES), triphenil-tetrazolium chloride (TTC), xylenol
orange, EDTA, 4-morpholinepropanesulfonic  acid
(MOPS), Polyvinylpyrrolidone (PVP-40), reduced and
oxidized glutathione, hydroxylamine, sulphanilamide, o-
naphthylamine, dehydroascorbate, and ampicillin were
obtained from Sigma-Aldrich. Monochlorobimane (mBCl)
and ProBond Purification System were purchased from
Invitrogen. The Amicon Ultra 30 K Centrifugal Filter
Units were purchased from Merck. L-galactono-1,4-lactone
was from Carbosynth Ltd., UK. IPTG was obtained from
Fermentas, cytochrome ¢ came from Fluka, and ascorbic
acid was bought from Riedel-de Héen. All other chemicals
were of analytical or HPLC grade, and were purchased
from Reanal, Hungary. Pierce Coomassie (Bradford) Pro-
tein Assay Kit, GeneJET Plant RNA Purification Kit, and
RevertAid First-Strand cDNA Synthesis Kit were obtained
from Thermo Scientific; SensiFAST SYBR No-ROX Kit
came from Bioline.

Plant material

Arabidopsis thaliana (ecotype Columbia) suspension cells
were grown in culture medium containing 0.44%
MS + Gamborg (Sigma-Aldrich); 3% Sucrose; 0.24 pg/ml
2,4-dichlorophenoxyacetic acid; 0.014 pg/ml Kinetin;
4 mM PBS (K,HPO,, KH,PO,); pH 5.8 in a rotary shaker
(120 rpm) at 22 °C, in the dark. The cells were subcultured
weekly by a tenfold dilution.

Harpin production

The harpin producing Escherichia coli cells (Kvitko et al.
2007) were grown in 21 Erlenmeyer flasks containing
500 ml LB-Amp medium (1% Bacto Tryptone; 0.5% Bacto
Yeast-Extract; 0.5% NaCl; 50 pg/ml Ampicillin) in a
rotary shaker (180 rpm) at 37 °C. The bacteria were
incubated to an optical density at 600 nm (ODgq) of ca.
0.5. To induce harpin production, IPTG was added to a
final concentration of 1 mM and the cultures were incu-
bated for an additional 4 h at 32 °C. The cells were har-
vested (5300g for 10 min at 4 °C) and the pellets were
stored at —20 °C until protein purification.

Harpin purification

The pellets were defrosted and suspended in 8 ml Guani-
dinium Lysis Buffer (6 M Guanidine-HCl; 500 mM NacCl,
20 mM Naz;PO,, pH 7.8); then, the suspension was soni-
cated on ice for 6 x 10 s. The lysate was centrifuged
(5300g 10 min) and the supernatant was gently harvested.

Harpin proteins were purified from the supernatant
under hybrid conditions using Invitrogen ProBond Purifi-
cation System, as described in the user manual. After elu-
tion, the buffer was changed to S5 mM 2-(N-
morpholino)ethanesulfonic acid (MES) (pH 5.8) using
Merck Millipore Amicon Ultra-2 ml 30 K (Kvitko et al.
2007). Purified harpins were stored at —20 °C until use.

The quality of the proteins was verified by SDS-PAGE,
and the concentrations were determined by Pierce Coo-
massie (Bradford) Protein Assay Kit, using BSA solution
(bovine serum albumin) as standards.

Harpin treatments

The experiments were conducted on 4-day-old A. thaliana
cultures. The required volume of harpin preparation was
added to the culture, while the control cells were treated
with the same volume of 5 mM MES (pH 5.8) buffer. At
the indicated time points, 10 ml of Arabidopsis cells were
harvested by vacuum filtration and frozen in liquid nitrogen
(Desikan et al. 2001).

Cell viability assay

Cell viability was determined by the slightly modified
triphenil-tetrazolium chloride (TTC) reduction assay (Cas-
tro-concha et al. 2006). Briefly, 20 mg of TTC was dissolved
in 1 ml 50 mM phosphate buffer (pH 7.5) and stored until
use in the dark at 4 °C. A known amount of freshly vacuum
filtrated Arabidopsis cells were transferred to a microfuge
tube. Cells were washed with 50 mM phosphate buffer (pH
7.5) and re-suspended in 980 pl of the same buffer and
supplemented with TTC stock solution to a final concentra-
tion of 1.25 mM. This mixture was incubated for 3 h in the
dark. After the incubation, it was centrifuged (16,000g,
2 min), the supernatant was discarded, and 1.2 ml of ethanol
was added to solubilize the formed formazan salts. After 8 h
of incubation, the cells were centrifuged (16,000g, 2 min),
and the absorbance of the supernatant was measured at
485 nm. Cell viability was normalized to the freshly har-
vested, vacuum filtrated cell weight.

Hydrogen peroxide determination

Hydrogen peroxide production was followed by xylenol
orange assay (Wolff 1994). The reagent was prepared as
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the following: 1 ml of solution A (25 mM FeSO,, 25 mM
(NH4)»SOy4, and 2.5 M H,SO,) was added to 100 ml of
solution B (125 pM xylenol orange and 100 mM sorbitol).
Because of their instability, the solutions were freshly
prepared just before the assays (Bindschedler et al. 2001).

At different time points, 1 ml of A. thaliana suspension
was withdrawn and centrifuged at 16,000xg for 1 min.
50 pl of the supernatant was added immediately to 950 pl
xylenol orange reagent (1 ml solution A 4+ 100 ml solution
B), and the samples were incubated for 45 min at room
temperature. The absorbance of the reaction mixture was
measured at 560 nm against a blank, containing cell culture
medium. The assay was calibrated using H,O, standards.
To ensure that the absorbance increase was caused by H,O,
formation, samples supplemented with 10 U catalase were
also measured (Bindschedler et al. 2006).

Assay for superoxide anion

The detection of superoxide anion was carried out as
described by Unger et al. (2005).

The method detects superoxide by the oxidation of
hydroxylamine to nitrite. Briefly, at the indicated time
points, 135 pl of A. thaliana suspension cells were with-
drawn and incubated with 135 pl Na-phosphate buffer
(50 mM, pH 7.8) and 30 pl hydroxylamine (10 mM) in the
dark. After 45 min, the samples were centrifuged at
16,000x g for 2 min and 100 pl of the supernatant was
transferred to a 96-well microtiter plate. To detect the
nitrite content of the samples, 100 pl sulphanilamide
(17 mM in 30% acetic acid) and 100 pl o-naphthylamine
(7 mM in water) were added to each sample, and the
absorbance was measured at 540 nm. The calibration
curves were established for 0-100 pM NO, .

From the reaction: 205 + H" + NH,OH — H,.
0O, + H,O + NO, ™, the concentration of O; was calcu-
lated according to the following
equation 2[O5 ] = [NO,]. To verify that nitrite produc-
tion was due to superoxide generated by the cells, a reac-
tion mixture without hydroxylamine was used (Wu and
Von Tiedemann 2001).

Isolation of mitochondria and GLDH activity
measurement

Following the harpin treatment ca., 100 g of Arabidopsis
cells were harvested by vacuum filtration and the cells were
disrupted using a grinder. Mitochondria were isolated by
differential centrifugation and Percoll density gradient
centrifugation as described by Zsigmond et al. (2011).
L-galactono-1,4-lactone dehydrogenase (GLDH) activity
was measured photometrically. The assay relies on the L-
galactono-1,4-lactone dependent reduction of cytochrome c
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at room temperature. The reaction mixture consisted of
cytochrome c¢ (1.5 mg/ml), L-galactono-1,4-lactone
(11.4 mM) and isolated mitochondria in 0.4 M mannitol,
10 mM MOPS, and 1 mM EGTA (pH 7.2), in a final
volume of 1 ml. The reduction of cytochrome c was
monitored by measuring the increase of absorbance at
550 nm. Under these conditions, the absorbance increase
was proportional to the enzyme activity and was linear with
respect to time for an initial period of 2 min (Oba et al.
1994; Zsigmond et al. 2011).

Gene expression analysis

RNA was isolated from the frozen Arabidopsis cells by
GeneJET Plant RNA Purification Kit. First-strand cDNA
synthesis for RT-PCR was done by Thermo Scientific
RevertAid  First-Strand c¢DNA Synthesis Kit, using
Oligo(dT)g primer.

Real-time PCR was conducted with each primer pair
listed below (Table 1), employing the following protocol:
95 °C/3 min, 30 cycles of 95 °C/30 s, and 60 °C/30 s by
Thermo Scientific PikoReal real-time PCR system, using
SensiFAST SYBR No-ROX Kit. The mitosis protein YLS8
was used as housekeeping gene (Remans et al. 2008).

Ascorbate—glutathione cycle assays

Freshly harvested, vacuum filtrated A. thaliana cells were
frozen in liquid nitrogen and homogenized by mortar and
pestle. The frozen powder was dissolved in 1 ml of
extraction buffer [SO0 mM MES pH 6; 2 mM CaCly;
40 mM KCI; 1 mM ascorbate (freshly added)], and cen-
trifuged (48,000x g for 20 min. at 4 °C). Activities of all
enzymes of the cycle were measured from the supernatant.

Ascorbate peroxidase (APX) activities were measured by
following the oxidation of ascorbate at 290 nm using an
extinction coefficient of 2.8 mM ™' cm™" in the presence of
1.5 mM ascorbate. The reaction was initiated by the addition
of 0.1 M H,0, to the reaction mixture (50 mM potassium-
phosphate, pH 7). The nonspecific ascorbate oxidation was
also measured as blank using the same conditions without
adding cell lysate extract (Nakano and Asada 1981).

Monodehydroascorbate reductase (MDHAR) activity
was assayed by the rate of decrease in absorbance at
340 nm because of the oxidation of NADH content of the
reaction buffer (50 mM HEPES, 0.25 mM ascorbate,
0.25 mM NADH, pH 7.6). The substrate (MDHA) was
generated by 2.5 U/ml ascorbate-oxidase (EC 1.10.3.3),
added to each sample. The nonspecific NADH oxidation
was also measured as blank using the same conditions
without adding ascorbate-oxidase. The extinction coeffi-
cient used was 6.22 mM~' cm™! (Nakano and Asada
1981).
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Table 1 List of primers that

were used for real-time PCR Gene

Sequences

References

quantification YLS8

fw: 5-TTA CTG TTT CGG TTG TTC TCC ATT T-3

Remans et al. (2008)

rv: 5'-CAC TGA ATC ATG TTC GAA GCA AGT-3'

AOXla

fw: 5-CCG ATT TGT TCT TCC AGA GG-3'

Rasmusson et al. (2004)

rv: 5-GCG CTC TCT CGT ACC ATT TC-3'

GLDH

fw: 5'-CCC AGT GGA TGC ATA CAA CAA-3

Designed by our group

rv: 5'-GTG GTG GAG ACT GGG AAG AG-3'

VTC2

fw: 5-CAA TGT TAG TCC GAT AGA GTA TGG-3’'

Zhang et al. (2009)

rv: 5-TGT AAC CGA GTC TGA AGT ATG G-3’

VTCS

fw: 5-AAT GTG AGT CCG ATT GAG TAT GG-3'

Zhang et al. (2009)

rv: 5-AGT AAG CCT GAA AGT GAA GAT GG-3'

Dehydroascorbate reductase (DHAR) activity was
determined by monitoring the rate of ascorbate formation
at 265 nm using an extinction coefficient of 14 mM™" -
cm . The reaction buffer consisted of 50 mM HEPES (pH
7), 0.1 mM EDTA, 25 mM GSH, and 1.2 mM dehy-
droascorbate. The nonspecific ascorbate formation was also
measured as blank using the same conditions without
adding cell lysate extract (Stahl et al. 1983).

Glutathione reductase (GR) activity was determined by
measuring the decrease in absorbance at 340 nm due to
NADPH oxidation. The reaction was initiated by adding
1 mM of GSSG to the reaction buffer (50 mM HEPES,
0.5 mM EDTA, 0.25 mM NADPH, pH 8). The nonspecific
NADPH oxidation was also measured as blank, using the
same conditions without adding GSSG. The extinction
coefficient used for the calculations was 6.22 mM ™' cm™'
(Mannervik 2001).

Antioxidant determination

A known amount of freshly harvested, vacuum filtrated
plant cells were homogenized on ice in 5% acetic acid for
ascorbate determination or in 5% SSA (sulphosalicylic
acid) for glutathione determination by Potter—Elvehjem
homogenizer. The lysate was centrifuged (48,000g,
20 min, 4 °C) and the supernatant was gently harvested.

Ascorbate and dehydroascorbate levels were determined
by reverse phase HPLC as described by (Balogh and
Szarka 2016). For dehydroascorbate determination, 100 pl
of the supernatant was mixed with 10 pl 50 mM DTT to
reduce the dehydroascorbate content of the sample. The
analyses were carried out using Thermo Finnigan Surveyor
HPLC equipped with Teknokroma Mediterranea Seal8
(C18) 5 um 15 x 0.46 column.

Determination of GSH content of the samples was per-
formed as described earlier in (Zsigmond et al. 2011). The
pH of 100 pl supernatant was adjusted to 7.8 by the
addition of 12 pl 4 M TEA (triethanolamine). The GSH
content of the solution was derivatized with 1 mM

monochlorobimane (mBCl). The mBCl reacts specifically
with thiol groups producing a highly fluorescent thioether.
Separation of derivatized GSH was performed on a
Teknokroma Nucleosil 100 C-18 column with 5 um beads
and dimensions of 4.6 x 250 mm, using Waters 2690
HPLC, followed by fluorescent detection (Waters 2475).

Both ascorbate and GSH content were normalized to the
freshly harvested, vacuum filtrated cell weight, which was
used for the Potter—Elvehjem homogenization.

Other methods

Protein concentration was determined using the BioRad
protein assay solution with bovine serum albumin as a
standard, according to the manufacturer’s instructions. All
data are expressed as means £ S.D. Statistical analyses
(Student’s t test) were performed with SPSS version 13.0.1
(SPSS Inc, Chicago, IL).

Results

HrpZ,, and hrpW,, provoked oxidative burst
in Arabidopsis cells

In the first set of experiments, Arabidopsis cells were treated
by two different harpin proteins from P. syringae pv. tomato
DC3000 (HrpZy,, HrpW o), and then, the viability of the
cells and the level of ROS generated due to the treatment
were followed. Neither of the harpins had any influence to
the viability of the cells in the applied concentration
(150 nM) even at longer incubation times (6 or 24 h)
(Fig. 1). At the same time, a well-defined oxidative burst
could be observed. The generation rate of superoxide anion
increased to 0.44 nmol/g FW/min (320% increase) and
0.54 nmol/g FW/min (412% increase) after 30 min of
HrpZ,, and HrpW p, treatments, respectively (Fig. 2, panel
a). The level of H,0, increased to 6.5 pM (189% increase)
and 8.5 uM (225% increase) after 60 min of HrpZ,, and
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—e—Control
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120% —a—HrpWpto 150nM
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Fig. 1 Effect of HrpW,,, and HrpZ,, treatment on cell viability of
Arabidopsis suspension cells. Arabidopsis suspension cells were
treated with harpin at 150 nM final concentration. At indicated time
points, cell viability was estimated by TTC reduction assay as
described in Materials and methods. The cell viability of the samples,
those were collected from every cell culture before any treatment, was
regarded as 100%. Value represents mean £ SD from three indepen-
dent harpin treatments

HrpW,, treatment, respectively (Fig. 2, panel b). Following
these peak values, the level of ROS descended to the control
120 min after the addition of harpins. It seems that the
generation of superoxide anion is prior to the generation of
hydrogen peroxide (Fig. 2, panel a, b). Although it is logical,
since the action of superoxide dismutase resulted in the
generation of H,O,. however, it should also be noted that the
superoxide detection assay requires a 45 min incubation of
the cells in the reaction mixture that allows the measurement
of superoxide anion amount generated through the whole
incubation period. This way, the acquired data rather repre-
sent a time interval than a well-defined time point. As it could
be expected the elevation of ROS accompanied by the ele-
vation of the mRNA level of the oxidative stress marker
AOXIla (Fig. 3) (Polidoros et al. 2009). The time course of
AOX1a expression followed that of the generation of ROS
(Figs. 2, 3). All these observations suggest that our attempt
to cause an oxidative burst in Arabidopsis cell culture by
harpin treatment was successful.

The effect of harpin treatment on ascorbate
biosynthesis

GDP-L-galactose phosphorylase is encoded by vtc2 and its
paralogue vtc5. It catalyses the committed step of ascorbate
biosynthesis (Dowdle et al. 2007; Urzica et al. 2012). This
step is also considered to be the rate limiting, primarily
regulated step of the pathway (Dowdle et al. 2007; Urzica
et al. 2012). Thus, in the second turn of our experiments,
the effect of harpin treatment was investigated on the
expression of both genes. Interestingly, the expression of
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the two genes was differentially affected by the harpins.
The mRNA level of vtc2 did not show any difference on
the treatment (Fig. 4, panel a). However, the expression of
vtc 5 started to increase after 60 min of elicitor treatment
and reached its peak value at 90 min with 435-535%
expression levels, and then, it descended (Fig. 4, panel b).
Significant differences could not be observed between the
effects of the two different harpin proteins (Fig. 4).
Although it is not likely that galactono-1,4-lactone
dehydrogenase (GLDH) is the rate limiting step of ascor-
bate biosynthesis (Szarka et al. 2013), but its activity is
regulated by the respiratory electron flow (Millar et al.
2003) and this must be speeded up in harpin-induced
oxidative burst (Vidal et al. 2007). Thus, both the expres-
sion and the activity of GLDH were investigated.
According to our assumption, the expression of GLDH did
not change due to harpin treatment (Fig. 4, panel c), but its
activity followed the level of ROS and AOXla (Fig. 5).

The effect of harpin treatment on ascorbate
recycling

The recycling of the oxidized forms of ascorbate is as
important in the regulation of its level as its biosynthesis,
and thus the effect of harpin treatments on the activities of
the enzymes of ascorbate—glutathione cycle was also
studied. The activity of APX and monodehydroascorbate
reductase (MDHAR) was enhanced by HrpZ,, treatment.
Both of them reached their maximal value after 90 min and
then descended (Fig. 6, panel a, b). However, HrpZ,,, did
not have any effect on dehydroascorbate reductase
(DHAR) and glutathione reductase (GR) activities (Fig. 6,
panel ¢, d). Similarly, HrpW, had no notable effect on
any enzyme of the cycle (Fig. 6).

The effect of harpin treatment on the levels
of ascorbate and glutathione

The summary of all above-investigated pathways is realized
in the level of ascorbate in plant cells. Thus, finally, the level
of ascorbate was also determined both in harpin-treated and
nontreated plant cells. Both harpin treatment caused the
elevation of ascorbate content by 35-50%. However, the
time courses showed a little difference in the case of the two
different harpin proteins. The total ascorbate content of
HrpZ,.treated plant cells reached a local maximum at
30 min and then dropped back to the level of control at
60 min; finally, it was elevated again at 90 and 120 min
(Fig. 7, panel a). The total ascorbate content of HrpW,. .
treated plant cells showed a 30 min delay compared to the
HrpZ,, treated with a local maximum value at 60 min
(Fig. 7, panel a). Both at 90 and 120 min of incubation time,
both HrpZ,.,- and HrpW ., treated cells showed increased
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Fig. 2 Effect of HrpW,,, and 0,7 - A *
HrpZ,,, treatment on ROS
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Arabidopsis suspension cells.

Arabidopsis suspension cells 0,5 -

were treated with HrpW,,, and
HrpZ,, at 150 nM final
concentration. At indicated time
points, samples were taken and
the generation of superoxide
anion was followed by the
oxidation of hydroxylamine to
nitrite, the H,O, content was
determined by xylenol orange
assay as described in “Materials
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total ascorbate contents (Fig. 7, panel a). The redox state of
the ascorbate pool was also affected by the harpin treatment.
Only a minor shift to the more oxidative side (approx. 4%)
was caused by the HrpZg, treatment (Fig. 7, panel b).
However, a bit more marked oxidative shift (approx. 10% at
90 min) could be observed after the addition of HrpWp,
(Fig. 7, panel a). This later one recovered to the redox state of
HrpZ,,-treated cells. The fluctuation of the redox state of the
control samples was within 1%.

Similar to the ascorbate content, an elevated level of
glutathione could be observed in the harpin-treated plant
cells (Fig. 8, panel a). Both HrpZ,,, and HrpW,,, treatment
caused a nonsignificant, but notable enhancement of cel-
lular glutathione content with a maximum at 90 min.
Similar to the time course pattern of ascorbate, the GSH

40 60 80 100 120 140
Treatment time [min]

content of HrpZ,-treated cells increased 30 min earlier
than that of the HrpW-treated cells (Fig. 8). However,
there was no decrease (local maximum) in the glutathione
content of HrpZ,-treated cells (Figs. 7, panel a vs 8, panel
a). The glutathione level decreased only at the end of the
investigated period (at 120 min) in both harpin-treated cell
cultures. Furthermore, the redox state of glutathione was
not influenced by either harpin treatments (Fig. 8, panel b).

Discussion
One of the earliest responses and typical hallmarks of

plant—pathogen interaction is the induction of extreme ROS
generation, the so-called oxidative burst (Apel and Hirt

@ Springer
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Fig. 3 Relative mRNA level of AOXla in harpin-treated and
nontreated Arabidopsis suspension cells. Arabidopsis suspension
cells were treated with HrpW,, and HrpZ,, at 150 nM final
concentration. At indicated time point, samples were taken and total
RNA was extracted from them. The quantitative RT-PCR was carried
on using specific primers designed from the coding sequences of
AOXla, and mitosis protein YLS8 (as control) genes. For each
sample, the transcript levels were normalized with those of mitosis
protein YLS8. Data are expressed as means £ SD from three
independent harpin treatments. (Asterisk) Significant difference with
respect to control (P < 0.01)

2004; Camejo et al. 2016). It can be observed after the
contact of plant cells and pathogen-derived elicitors, such
as harpin proteins (Krause and Durner 2004; Reboutier
et al. 2007). ROS play dual role in the plant—pathogen
interaction. On one hand, they can serve as secondary
messengers mediating defence gene activation (Camejo

vtc2
160% 600% -
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OHrpZpto 150nM m Control
= 140% 1 Qupwpto 150nM = 500% OHrpZpto 150nM
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Fig. 4 Relative mRNA level of vtc2, vtc5, and gldh in harpin-treated
and nontreated Arabidopsis suspension cells. Arabidopsis suspension
cells were treated with HrpW,, and HrpZ,, at 150 nM final
concentration. At indicated time points, samples were taken and total
RNA was extracted from them. The quantitative RT-PCR was carried
on using specific primers designed from the coding sequences of vtc2,
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Treatment time [min]

et al. 2016), interact with phosphorylation cascades (Kov-
tun et al. 2000; Mou et al. 2003), and generate secondary
metabolites to arrest pathogen (Thoma et al. 2003); fur-
thermore, they have a role in the induction of HR, that is
associated with systemic acquired resistance (Feys and
Parker 2000). On the other hand, the overproduction of
ROS is definitively toxic to the plant cell itself (Apel and
Hirt 2004). Two other observations underline the impor-
tance of the fine-tuning of oxidant—antioxidant balance: (1)
a threshold exposure time of cells to H,O, was required to
initiate irreversibly those processes leading to cell death.
This ‘presentation time’ or exposure time was approx. 60
min (Desikan et al. 1998). (2) The removal of ROS during
pathogen or elicitor challenge undoubtedly reduced the rate
of HR (Desikan et al. 1998; Levine et al. 1994). Further-
more, the ascorbate biosynthesis-deficient (low ascorbic
acid) mutant vtc1-1 and vtc2-1 A. thaliana plants both have
increased resistance to infection by virulent pathogens
(Barth et al. 2004; Pavet et al. 2005).

Since ascorbate is the major water soluble antioxidant in
plant cells (Szarka et al. 2012), it must play key role in this
oxidant—antioxidant fine-tuning during the early phase of
plant—pathogen interaction. On the contrary of this well-
established assumption, no full description (biosynthesis
and recycling) of the regulation of ascorbate level during
elicitor induced oxidative burst in plant cells has been done
up to date.

To fill this scientific gap, the main regulatory points of
biosynthesis (vtc2, vtcS, and GLDH), recycling (ascorbate—
glutathione cycle), and the level of ascorbate was moni-
tored in A. thaliana cells due to two different harpin
(HrpZ,, and HrpW,,) treatments. Since the first 60 min of
the treatment are critical (Apel and Hirt 2004; Desikan
et al. 1996, 1998), we focused to the events of the first

vteS gldh
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80%
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vte5, gldh, and mitosis protein YLSS8 (as control) genes. For each
sample, the transcript levels were normalized with those of mitosis
protein  YLS8. Data are expressed as means = SD from three
independent harpin treatments. (Asterisk) Significant difference with
respect to control (P < 0.01)
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Fig. 5 Effect of harpin treatments on the activity of L-galactono-1,4-
lactone dehydrogenase in Arabidopsis suspension cells. Arabidopsis
suspension cells were treated with HrpW,, and HrpZ,, at 150 nM
final concentration. At indicated time points, samples were taken. The
L-galactono-1,4-lactone dehydrogenase (GLDH) activities were

120 min. According to the results of Desikan et al.
(1996, 1998) and Reboutier et al. (2007), a well-defined
ROS peak could be observed 60 min after the HrpZ,, and
HrpW,,, treatments (Fig. 2, panel a, b). The level of ROS
was fallen down with similar pattern in all cases (Fig. 2,
Desikan et al. 1996; Reboutier et al. 2007). Enhanced cell
death could not be observed in our experiments (Fig. 1).
Contrarily, Desikan et al. (1996, 1998) and Reboutier et al.
(2007) find a moderate (16-20%) decrease in the cell
viability due to harpin treatments. Although the later study
used higher (200 nM) harpin concentration (Reboutier
et al. 2007) that could cause, the slight difference observed
in the cell viability.

The mitochondrial electron transfer chain in plant cells
includes an alternative oxidase (AOX) that directly couples
the oxidation of ubiquinol to the reduction of oxygen to
water (Vanlerberghe 2013). It does not have proton
pumping activity and its activity bypasses the proton
pumping complex III and IV hence decreasing the gener-
ation of O, and NO. Not surprisingly, the induction of
AOXla was described in harpin-induced oxidative burst
more than a decade ago (Krause and Durner 2004). Indeed,
the enhanced generation of ROS was well followed by the
increase of the mRNA level of AOX1a in our experiments
(Figs. 2, 3). Although AOX expression responds strongly
to bacterial infection (Vidal et al. 2007; Lacomme and
Roby 1999; Simons 1999; Amirsadeghi et al. 2007; Sun
et al. 2012), it is hard to clearly define the relationship
between the changes of AOX amount and activity, the type

determined from freshly purified mitochondria from harpin-treated
and nontreated A. thaliana suspension cells as described in “Materials
and methods”. Data are expressed as means £ SD from three
independent harpin treatments. (Asterisk) Significant difference with
respect to wild type (P < 0.01)

of bacterial interaction (compatible or incompatible), and
downstream responses, such as the HR or changes in
defence gene expression (Vanlerberghe 2013). In the
experiments of Cvetkovska and Vanlerberghe (2012), the
inoculation of Nicotiana tabacum with Pseudomonas syr-
ingae incompatible pv. maculicola resulted in a rapid and
sustained burst of superoxide, no change in the amount of
AOX, and significant rate of HR. However, inoculation
with incompatible pv. phaseolicola resulted in elevated
AOX, no O, burst, and no HR. Later, an O, burst could
be generated in AOX knockdown plants due to pv.
phaseolicola infection by the same group (Cvetkovska and
Vanlerberghe 2013). The same AOX knockdown plants
infected with pv. maculicola showed a delayed O, burst
that resulted in a delayed HR. In the light of these results,
the lack of cell death (HR) in our case may be explained by
the induction of AOX1a (Fig. 3). It cannot be ruled out that
the harpin-induced cell death (HR) described by Reboutier
et al. (2007) and Desikan et al. (1998) at least partially
evolved in the lack of AOX induction. Unfortunately, the
AOX expression was not investigated in these studies.

In the next turn of our experiments, the main regulatory
points of ascorbate biosynthesis, the expression of vtc2,
vtc5, and gldh was investigated. The expression of vtc2
was not affected by harpin treatments practically. Only the
HrpZ,, treatment caused a slight, barely significant ele-
vation of vtc2 at 90 min (Fig. 4, panel a). However, the
expression of vtc5 was strongly enhanced by both harpin
proteins (Fig. 4, panel b). The induction of vtc5 is strongly

@ Springer
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Fig. 6 Activity of the enzymes of the ascorbate—glutathione cycle in
harpin-treated and nontreated Arabidopsis suspension cells. Ara-
bidopsis suspension cells were treated with HrpW,, and HrpZ,, at
150 nM final concentration. At indicated time points, samples were
taken, and ascorbate peroxidase (a), monodehydroascorbate reductase
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Fig. 7 Effect of harpin treatments on the total ascorbate (a) content
and redox status (b) of Arabidopsis suspension cells. Arabidopsis
suspension cells were treated with HrpW, and HrpZ,, at 150 nM
final concentration. At indicated time points, samples were taken and

significant in the whole investigated period (except at
2 min) (Fig. 4, panel b). It reached its peak at 90 min with
a value of 435-535%. The two genes (vtc2 and vtcS) are
paralogs and encode the GDP-L-Gal phosphorylase. The
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(b), dehydroascorbate reductase (c), and glutathione reductase
(d) activities were determined as described in “Materials and
methods”. Data are expressed as mean £ SD from three independent
harpin treatments. (Asterisk) Significant difference with respect to
wild type (P < 0.05)
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the ascorbate and dehydroascorbate content of each sample was
determined by HPLC as described in “Materials and methods”. Data
are expressed means &+ SD from three independent harpin treatments.
(Asterisk) Significant difference with respect to control (P < 0.05)

enzyme catalyses the committed and mostly regulated step
of the major ascorbic acid biosynthetic (Smirnoff-Wheeler)
pathway. Both genes are expressed in almost all Ara-
bidopsis tissues and regulated by diurnal rhythm and light
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Fig. 8 Effect of harpin treatments on the glutathione (a) content and
redox status (b) of Arabidopsis suspension cells. Arabidopsis
suspension cells were treated with HrpW,, and HrpZ,, at 150 nM
final concentration. At indicated time points, samples were taken and

intensity (Dowdle et al. 2007). The expression level of vtc2
in mature leaves is generally 100 to 1000-fold higher than
that of vtcS5. The expression of vtc2 exceeded that of vtc5
in our nontreated Arabidopsis suspension cells too, though
its rate was only 4.27-fold higher. Although both vtc2-1
and vtc5-1 mutants lack vtc2 or vtc5 transcripts, vtc2-1
mutant can be characterized by only 20% ascorbate content
of the wild type, while vtc5 have about 80% ascorbate
content of the wild type (Conklin et al. 2000; Dowdle et al.
2007). Therefore, it is likely that vtc2 has a dominant
function in ascorbate biosynthesis, while vtc5 has a limited
role. Our results suggest that the paralogs are regulated
differentially, at least in harpin-induced oxidative burst.
The role of vtc5 might also be the fine-tuning of the redox
conditions in the plant—pathogen interaction. Necessarily, it
cannot be ruled out that it is a more general role for vtcS5.
This assumption is strengthened by the observation of Gao
et al. (2011) who find that the expression of vtc5 com-
pensated for the reduced vtc2 transcription levels in the
ascorbate-deficient mutant vtc2-1 in young Arabidopsis
seedlings.

The rate limiting role of GLDH in ascorbate biosyn-
thesis is not likely, since tobacco plants overexpressing
gldh did not have elevated ascorbate content (Imai et al.
2009), or silencing of GLDH in tomato did not reduce
ascorbate levels or its redox status, despite decreased
mRNA, protein levels, and enzyme activity (Alhagdow
et al. 2007). However, the expression of gldh in rice—
similar to the vtc2, vtc5 couple—exhibited light regulation,
and the promoter region of gldh contained a conserved
light-responsive cis-element-like GT1 box and a TGACG
motif (Fukunaga et al. 2010). Furthermore, the rate of
ascorbate synthesis is affected by the electron flow through
mitochondrial complex I (Millar et al. 2003) and this must
be accelerated in harpin-induced oxidative burst (Krause
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the GSH and GSSG content of each sample was determined by HPLC
as described in “Materials and methods”. Data are expressed
means = SD from three independent harpin treatments

and Durner 2004; Garmier et al. 2007; Cvetkovska and
Vanlerberghe 2013). Thus, the effect of harpin treatment
on the expression and activity of the sole mitochondrial
enzyme of the Smirnoff-Wheeler pathway, GLDH was also
investigated. As it could be expected, the expression of
gldh did not change due to harpin treatment (Fig. 4, panel
c¢), but its activity followed the level of ROS (rate of
oxidative burst) (Fig. 5). This phenomenon is not surpris-
ing, since it has been shown that GLDH is an integral
protein of the inner mitochondrial membrane (Bartoli et al.
2000) and that cytochrome cy is the electron acceptor for
the GLDH reaction. As a consequence of the absolute
requirement of the enzyme for oxidized cytochrome c as a
substrate, ascorbate production could be stimulated by
anything that reduces the electron flow through the cyto-
chrome c¢ pathway. The described increased expression and
activity of AOX (Cvetkovska and Vanlerberghe 2013;
Fig. 3) in turn resulted in reduced electron flow through the
cytochrome pathway that can result in more oxidized
cytochrome ¢ pool. The elevated activity of the mito-
chondrial ascorbate biosynthesizing enzyme can easily be
explained by these events.

The level of ascorbate is determined by its biosynthesis,
recycling (from the oxidized form DHA), and by the
ascorbate consuming reactions. Oxidized ascorbate can be
regenerated at the expense of glutathione or NADPH by the
enzymes of the ascorbate—glutathione cycle (Szarka 2013).
Thus, the effect of harpin treatment on the activity of all
four enzymes of the cycle was also investigated. The
HrpW,,, treatment had almost no effect on any enzyme of
the cycle (Fig. 6). Although the activity of both the APX
and the MDHAR was enhanced significantly by HrpZ,,
treatment, the elevation of MDHAR was only moderate.
Furthermore, HrpZ,, similar to the HrpW,, treatment did
not have any effect on the activity of the remaining
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enzymes (DHAR and GR) (Fig. 6). The time course of the
activity of APX and MDHAR followed the time course of
ROS (Figs. 2, 6, panel a, b), both enzymes reached their
maximal value after 90 min and then both descended.
Since APX has no role in the recycling of ascorbate (rather
in the elimination of H,O,) (Szarka et al. 2012), we can say
that harpin treatments had hardly any effect on the ascor-
bate—glutathione cycle. In accordance with this really
moderate response of the ascorbate—glutathione cycle,
HrpZ,, caused only a minor and HrpW,, a bit more
pronounced redox shift of ascorbate to the direction of
DHA (Fig. 7, panel b).

The enhanced activity of ascorbate biosynthesis raises
the question: Is it realized in the elevation of ascorbate
level? Is this elevation and the harpin treatment together
have any effect on the level and redox state of ascorbate?

Both HrpZ,,. and HrpW,,, treated cells showed increased
(35-50%) total ascorbate contents (Fig. 7, panel a). However,
the total ascorbate content of HrpW.treated plant cells
showed a 30 min delay in time compared to HrpZ,,, treated
with a local maximum value at 60 min (Fig. 7, panel a). This
so rapid response in ascorbate level (it elevated within
30-60 min) cannot be explained by the elevation of the
mRNA level of vtc5 (Fig. 4, panel b). The observed elevation
of GLDH activity (Fig. 5), however, can easily explain the
rapid elevation of ascorbate content. Since the activity of
GLDH and the synthesis of ascorbate are partly controlled by
the respiratory electron flux (Millar et al. 2003; Szarka et al.
2013; Cvetkovska and Vanlerberghe 2013), it can respond
quickly to the altered redox conditions and mitochondrial
electron flow caused by the oxidative burst.

Similar to the ascorbate content, an elevated level of
glutathione could also be observed in the harpin-treated
plant cells (Fig. 8). Since the activity of DHAR did not
elevated (Fig. 6, panel c), the glutathione requirement of
ascorbate—glutathione cycle cannot account for the ele-
vated level of glutathione. It may have a role in the elim-
ination of excess H,O, by the activity of GPXs (Levine
et al. 1994; Szarka et al. 2012).

In general, the earlier assessment can be strengthened
that ROS seems to orchestrate at least a part of the
responses to plant—pathogen interaction. Based on the
results, the following model can be hypothesized: The
expression of AOXla (Fig. 2), vtcS (Fig. 4, panel b), the
activity of APX (Fig. 6, panel a), and GLDH (Fig. 5), and,
finally, the level of ascorbate (Fig. 7, panel a) and glu-
tathione (Fig. 8) all follow the elevation of ROS due to
harpin (HrpZ,, HrpWp,) treatment. The enhanced
expression of AOXla (Fig. 2), the elevated activity of
GLDH (Fig. 5), and level of ascorbate (Fig. 7, panel a) and
glutathione (Fig. 8) all can contribute to the mitigation or
absence of programmed cell death (HR) (Fig. 1, Cvet-
kovska and Vanlerberghe 2012). At the same time, we can

@ Springer

propose a new function—beyond the compensation of vtc2
depletion (Gao et al. 2011)—to vtc5, the fine-tuning of
redox balance during plant—pathogen interaction. Since the
regulation of vtc5 is a black box at this moment, further
work is needed to verify this assumption.

Author contribution statement Adam Czobor and Péter
Hajdinak carried out the experiments, collected, and
organized data. Andras Szarka, corresponding author,
raised the hypothesis, designed and supervised the experi-
ments, and wrote the manuscript.

Acknowledgements We thank Dr. Alen Collmer for his generous
gift of the harpin-containing plasmids. A.C. and PH. thank Dr.
Veronika Deak to her support. This project is supported by the New
Hungary Development Plan (Project ID: TAMOP-4.2.1/B-09/1/
KMR-2010-0002). This work was financially supported by the
National Scientific Research Fund Grants (OTKA 105416) and
MedinProt Protein Excellence foundation.

References

Alhagdow M, Mounet F, Gilbert L, Nunes-Nesi A, Garcia V, Just D,
Petit J, Beauvoit B, Fernie AR, Rothan C, Baldet P (2007)
Silencing of the mitochondrial ascorbate synthesizing enzyme -
galactono-1,4-lactone dehydrogenase affects plant and fruit
development in tomato. Plant Physiol 145:1408-1422. doi:10.
1104/pp.107.106500

Allan AC, Fluhr R (1997) Two distinct sources of elicited reactive
oxygen species in tobacco epidermal cells. Plant Cell Online
9:1559-1572. doi:10.1105/tpc.9.9.1559

Amirsadeghi S, Robson CA, Vanlerberghe GC (2007) The role of the
mitochondrion in plant responses to biotic stress. Physiol Plant
129:253-266. doi:10.1111/§.1399-3054.2006.00775.x

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Annu Rev Plant Biol
55:373-399. doi:10.1146/annurev.arplant.55.031903.141701

Baker CJ, Orlandi EW (1995) Active oxygen in plant pathogenesis.
Annu Rev Phytopathol 33:299-321. doi:10.1146/annurev.py.33.
090195.001503

Baker CJ, O’Neill NR, Keppler LD, Orlandi EW (1991) Early
responses during plant bacteria interaactions in tobacco cell
suspension. Phytopathology 81:1504-1507

Balogh T, Szarka A (2016) A comparative study: methods for the
determination of ascorbic acid in small and middle sized food
analytic laboratories. Acta Aliment 1-9. doi:10.1556/AAlim.
2015.0017

Barth C, Moeder W, Klessig DF, Conklin PL (2004) The timing of
senescence and response to pathogens is altered in the ascorbate-
deficient arabidopsis mutant vitamin c-1. Plant Physiol
134:1784-1792. doi:10.1104/pp.103.032185

Bartoli CG, Pastori GM, Foyer CH (2000) Ascorbate biosynthesis in
mitochondria is linked to the electron transport chain between
complexes III and IV. Plant Physiol 123:335-344

Bindschedler LV, Minibayeva F, Gardner SL, Gerrish C, Davies DR,
Bolwell GP (2001) Early signalling events in the apoplastic
oxidative burst in suspension cultured French bean cells involve
cAMP and Ca2+. New Phytol 151:185-194. doi: 10.1046/j.1469-
8137.2001.00170.x

Bindschedler LV, Dewdney J, Blee KA, Stone JM, Asai T, Plotnikov
J, Denoux C, Hayes T, Gerrish C, Davies DR, Ausubel FM,
Bolwell GP (2006) Peroxidase-dependent apoplastic oxidative


http://dx.doi.org/10.1104/pp.107.106500
http://dx.doi.org/10.1104/pp.107.106500
http://dx.doi.org/10.1105/tpc.9.9.1559
http://dx.doi.org/10.1111/j.1399-3054.2006.00775.x
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141701
http://dx.doi.org/10.1146/annurev.py.33.090195.001503
http://dx.doi.org/10.1146/annurev.py.33.090195.001503
http://dx.doi.org/10.1556/AAlim.2015.0017
http://dx.doi.org/10.1556/AAlim.2015.0017
http://dx.doi.org/10.1104/pp.103.032185
http://dx.doi.org/10.1046/j.1469-8137.2001.00170.x
http://dx.doi.org/10.1046/j.1469-8137.2001.00170.x

Acta Physiol Plant (2017) 39:62

Page 13 of 15 62

burst in Arabidopsis required for pathogen resistance. Plant J
47:851-863. doi:10.1111/j.1365-313X.2006.02837.x

Bradley DJ, Kjellbom P, Lamb CJ (1992) Elicitor- and wound-
induced oxidative cross-linking of a proline-rich plant cell wall
protein: a novel, rapid defense response. Cell 70(1):21-30

Camejo D, Guzman-Cedefio A, Moreno A (2016) Reactive oxygen
species, essential molecules, during plant—pathogen interactions.
Plant Physiol Biochem 103:10-23. doi:10.1016/j.plaphy.2016.
02.035

Castro-concha LA, Escobedo RM, Miranda-ham MDL (2006)
Measurement of cell viability in in vitro cultures. Methods
Mol Biol 318:71-76

Chang JH, Goel AK, Grant SR, Dangl JL (2004) Wake of the flood:
ascribing functions to the wave of type III effector proteins of
phytopathogenic bacteria. Curr Opin Microbiol 7:11-18. doi:10.
1016/j.mib.2003.12.006

Charkowski AO, Alfano JR, Preston G, Yuan J, He SY, Collmer A
(1998) The Pseudomonas syringae pv. tomato HrpW protein has
domains similar to harpins and pectate lyases and can elicit the
plant hypersensitive response and bind to pectate. J Bacteriol
180:5211-5217

Chen S, Schopfer P (1999) Hydroxyl-radical production in physio-
logical reactions. A novel function of peroxidase. Eur J Biochem
260:726-735. doi:10.1046/j.1432-1327.1999.00199.x

Chew O, Whelan J, Millar AH (2003) Molecular definition of the
ascorbate-glutathione cycle in arabidopsis mitochondria reveals
dual targeting of antioxidant defenses in plants. J Biol Chem
278:46869-46877. doi:10.1074/jbc.M307525200

Choi HW, Kim YJ, Lee SC, Hong JK, Hwang BK (2007) Hydrogen
peroxide generation by the pepper extracellular peroxidase
CaPO, activates local and systemic cell death and defense
response to bacterial pathogens. Plant Physiol 145:890-904.
doi:10.1104/pp.107.103325

Colville L, Smirnoff N (2008) Antioxidant status, peroxidase activity,
and PR protein transcript levels in ascorbate-deficient Arabidop-
sis thaliana vtc mutants. J Exp Bot 59:3857-3868. doi:10.1093/
jxb/ern229

Conklin PL, Williams EH, Last RL (1996) Environmental stress
sensitivity of an ascorbic acid-deficient Arabidopsis mutant. Proc
Natl Acad Sci USA. 93:9970-9974

Conklin PL, Saracco SA, Norris SR, Last RL (2000) Identification of
ascorbic acid-deficient Arabidopsis thaliana mutants. Genetics
154:847-856

Coutinho PM, Henrissat B (1999) Carbohydrate-active enzymes: an
integrated database approach. Recent Adv Carbohydr Bioeng
3-12. doi:10.1016/S0144-8617(00)00204-6

Cvetkovska M, Vanlerberghe GC (2012) Coordination of a mito-
chondrial superoxide burst during the hypersensitive response to
bacterial pathogen in Nicotiana tabacum. Plant Cell Environ
35:1121-1136. doi:10.1111/j.1365-3040.2011.02477.x

Cvetkovska M, Vanlerberghe GC (2013) Alternative oxidase impacts
the plant response to biotic stress by influencing the mitochon-
drial generation of reactive oxygen species. Plant Cell Environ
36:721-732. doi:10.1111/pce.12009

Desikan R, Hancock JT, Coffey MJ, Neill SJ (1996) Generation of
active oxygen in elicited cells of Arabidopsis thaliana is
mediated by a NADPH oxidase-like enzyme. FEBS Lett
382:213-217. doi:10.1016/0014-5793(96)00177-9

Desikan R, Reynolds A, Hancock JT, Neill SJ (1998) Harpin and
hydrogen peroxide both initiate programmed cell death but have
differential effects on defence gene expression in Arabidopsis
suspension cultures. Biochem J 330(Pt 1):115-120

Desikan R, Hancock JT, Ichimura K, Shinozaki K, Neill SJ (2001)
Harpin induces activation of the Arabidopsis mitogen-activated
protein kinases AtMPK4 and AtMPK6. Plant Physiol
126:1579-1587. doi:10.1104/pp.126.4.1579

Dowdle J, Ishikawa T, Gatzek S, Rolinski S, Smirnoff N (2007) Two
genes in Arabidopsis thaliana encoding GDP-L-galactose phos-
phorylase are required for ascorbate biosynthesis and seedling
viability. Plant J 52:673-689. doi:10.1111/j.1365-313X.2007.
03266.x

Ferreira AO, Myers CR, Gordon JS, Martin GB, Vencato M, Collmer
A, Wehling MD, Alfano JR, Moreno-Hagelsieb G, Lamboy WF,
DeClerck G, Schneider DJ, Cartinhour SW (2006) Whole-
genome expression profiling defines the HrpL regulon of
Pseudomonas syringae pv. tomato DC3000, allows de novo
reconstruction of the Hrp cis clement, and identifies novel
coregulated genes. Mol Plant Microbe Interact 19:1167-1179.
doi:10.1094/MPMI-19-1167

Feys BJ, Parker JE (2000) Interplay of signaling pathways in plant
disease resistance. Trends Genet 16:449—-455. doi:10.1016/
S0168-9525(00)02107-7

Foyer CH, Noctor G (2011) Ascorbate and glutathione: the heart of
the redox hub. Plant Physiol 155:2-18. doi:10.1104/pp.110.
167569

Fukunaga K, Fujikawa Y, Esaka M (2010) Light regulation of
ascorbic acid biosynthesis in rice via light responsive cis-
elements in genes encoding ascorbic acid biosynthetic enzymes.
Biosci Biotechnol Biochem 74:888-891. doi:10.1271/bbb.90929

Gao Y, Badejo AA, Shibata H, Sawa Y, Maruta T, Shigeoka S, Page
M, Smirnoff N, Ishikawa T (2011) Expression analysis of the
VTC2 and VTCS genes encoding GDP-L-galactose phosphory-
lase, an enzyme involved in ascorbate biosynthesis, in Ara-
bidopsis thaliana. Biosci Biotechnol Biochem 75:1783-1788.
doi:10.1271/bbb.110320

Garmier M, Priault P, Vidal G, Driscoll S, Djebbar R, Boccara M,
Mathieu C, Foyer CH, De Paepe R (2007) Light and oxygen are
not required for harpin-induced cell death. J Biol Chem
282:37556-37566. doi:10.1074/jbc.M707226200

Grant JJ, Loake GJ (2000) Role of reactive oxygen intermediates and
cognate redox signaling in disease resistance. Plant Physiol
124:21-29

Haapalainen M, Engelhardt S, Kiifner I, Li C-M, Niirnberger T, Lee J,
Romantschuk M, Taira S (2011) Functional mapping of harpin
HrpZ of Pseudomonas syringae reveals the sites responsible for
protein oligomerization, lipid interactions and plant defence
induction. Mol Plant Pathol 12:151-166. doi:10.1111/j.1364-
3703.2010.00655.x

Haapalainen M, Dauphin A, Li C-M, Bailly G, Tran D, Briand J,
Bouteau F, Taira S (2012) HrpZ harpins from different
Pseudomonas syringae pathovars differ in molecular interactions
and in induction of anion channel responses in Arabidopsis
thaliana suspension cells. Plant Physiol Biochem PPB
51:168-174. doi:10.1016/j.plaphy.2011.10.022

Hiickelhoven R (2007) Cell wall-associated mechanisms of disease
resistance and  susceptibility. Annu Rev  Phytopathol
45:101-127. doi:10.1146/annurev.phyto.45.062806.094325

Imai T, Niwa M, Ban Y, Hirai M, Oba K, Moriguchi T (2009)
Importance of the l-galactonolactone pool for enhancing the
ascorbate content revealed by 1-galactonolactone dehydrogenase-
overexpressing tobacco plants. Plant Cell Tissue Organ Cult
96:105-112. doi:10.1007/s11240-008-9466-x

Karpinski S, Gabrys H, Mateo A, Karpinska B, Mullineaux PM
(2003) Light perception in plant disease defence signalling. Curr
Opin Plant Biol 6:390-396. doi:10.1016/S1369-5266(03)00061-
X

Keppler LD (1989) Active oxygen production during a bacteria-
induced hypersensitive reaction in tobacco suspension cells.
Phytopathology 79:974-978. doi:10.1094/Phyto-79-974

Klessig DF, Durner J, Noad R, Navarre DA, Wendehenne D, Kumar
D, Zhou JM, Shah J, Zhang S, Kachroo P, Trifa Y, Pontier D,
Lam E, Silva H (2000) Nitric oxide and salicylic acid signaling

@ Springer


http://dx.doi.org/10.1111/j.1365-313X.2006.02837.x
http://dx.doi.org/10.1016/j.plaphy.2016.02.035
http://dx.doi.org/10.1016/j.plaphy.2016.02.035
http://dx.doi.org/10.1016/j.mib.2003.12.006
http://dx.doi.org/10.1016/j.mib.2003.12.006
http://dx.doi.org/10.1046/j.1432-1327.1999.00199.x
http://dx.doi.org/10.1074/jbc.M307525200
http://dx.doi.org/10.1104/pp.107.103325
http://dx.doi.org/10.1093/jxb/ern229
http://dx.doi.org/10.1093/jxb/ern229
http://dx.doi.org/10.1016/S0144-8617(00)00204-6
http://dx.doi.org/10.1111/j.1365-3040.2011.02477.x
http://dx.doi.org/10.1111/pce.12009
http://dx.doi.org/10.1016/0014-5793(96)00177-9
http://dx.doi.org/10.1104/pp.126.4.1579
http://dx.doi.org/10.1111/j.1365-313X.2007.03266.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03266.x
http://dx.doi.org/10.1094/MPMI-19-1167
http://dx.doi.org/10.1016/S0168-9525(00)02107-7
http://dx.doi.org/10.1016/S0168-9525(00)02107-7
http://dx.doi.org/10.1104/pp.110.167569
http://dx.doi.org/10.1104/pp.110.167569
http://dx.doi.org/10.1271/bbb.90929
http://dx.doi.org/10.1271/bbb.110320
http://dx.doi.org/10.1074/jbc.M707226200
http://dx.doi.org/10.1111/j.1364-3703.2010.00655.x
http://dx.doi.org/10.1111/j.1364-3703.2010.00655.x
http://dx.doi.org/10.1016/j.plaphy.2011.10.022
http://dx.doi.org/10.1146/annurev.phyto.45.062806.094325
http://dx.doi.org/10.1007/s11240-008-9466-x
http://dx.doi.org/10.1016/S1369-5266(03)00061-X
http://dx.doi.org/10.1016/S1369-5266(03)00061-X
http://dx.doi.org/10.1094/Phyto-79-974

62 Page 14 of 15

Acta Physiol Plant (2017) 39:62

in plant defense. Proc Natl Acad Sci 97:8849-8855. doi:10.1073/
pnas.97.16.8849

Kliebenstein DJ (2004) Secondary metabolites and plant/environment
interactions: a view through Arabidopsis thaliana tinged glasses.
Plant Cell Environ. doi:10.1111/j.1365-3040.2004.01180.x

Kovtun Y, Chiu W-L, Tena G, Sheen J (2000) Functional analysis of
oxidative stress-activated mitogen-activated protein kinase cas-
cade in plants. Proc Natl Acad Sci 97:2940-2945. doi:10.1073/
pnas.97.6.2940

Krause M, Durner J (2004) Harpin inactivates mitochondria in
Arabidopsis suspension cells. Mol Plantmicrobe Interact MPMI
17:131-139

Kuzniak E (2010) The ascorbate—gluathione cycle and related redox
signals in plant—pathogen interactions. In: Anjum NA, Chan MT,
Umar S (eds) Ascorbate—glutathione pathway and stress toler-
ance in plants. Springer, Dordrecht, pp 115-136. doi:10.1007/
978-90-481-9404-9_4

Kvitko BH, Ramos AR, Morello JE, Oh H-S, Collmer A (2007)
Identification of harpins in Pseudomonas syringae pv. tomato
DC3000, which are functionally similar to HrpK1 in promoting
translocation of type III secretion system effectors. J Bacteriol
189:8059-8072. doi:10.1128/J1B.01146-07

Lacomme C, Roby D (1999) Identification of new early markers of
the hypersensitive response in Arabidopsis thaliana. FEBS Lett
459:149-153. doi:10.1016/S0014-5793(99)01233-8

Lee J, Klusener B, Tsiamis G, Stevens C, Neyt C, Tampakaki AP,
Panopoulos NJ, Noller J, Weiler EW, Cornelis GR, Mansfield
JW, Niirnberger T (2001) HrpZ(Psph) from the plant pathogen
Pseudomonas syringae pv. phaseolicola binds to lipid bilayers
and forms an ion-conducting pore in vitro. Proc Natl Acad Sci
USA 98:289-294. doi:10.1073/pnas.011265298

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H202 from the
oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 79:583-593

Lindeberg M, Cartinhour S, Myers CR, Schechter LM, Schneider DJ,
Collmer A (2006) Closing the circle on the discovery of genes
encoding Hrp regulon members and type III secretion system
effectors in the genomes of three model Pseudomonas syringae
strains. Mol Plant Microbe Interact 19:1151-1158. doi:10.1094/
MPMI-19-1151

Mannervik B (2001) Measurement of glutathione reductase activity.
Curr  Protoc Toxicol Chapter 7(Unit7):2. doi:10.1002/
0471140856.tx0702s00

Millar AH, Mittova V, Kiddle G, Heazlewood JL, Bartoli CG,
Theodoulou FL, Foyer CH (2003) Control of ascorbate synthesis
by respiration and its implications for stress responses. Plant
Physiol 1(133):443-447. doi:10.1104/pp.103.028399

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004)
Reactive oxygen gene network of plants. Trends Plant Sci
9:490-498. doi:10.1016/j.tplants.2004.08.009

Montillet J-L, Chamnongpol S, Rustérucci C, Dat J, van de Cotte B,
Agnel J-P, Battesti C, Inzé D, Van Breusegem F, Triantaphylides
C (2005) Fatty acid hydroperoxides and H,O; in the execution of
hypersensitive cell death in tobacco leaves. Plant Physiol
138:1516-1526. doi:10.1104/pp.105.059907

Mou Z, Fan W, Dong X (2003) Inducers of plant systemic acquired
resistance regulate NPR1 function through redox changes. Cell
113(7):935-944

Mur LAJ, Kenton P, Lloyd AJ, Ougham H, Prats E (2008) The
hypersensitive response; the centenary is upon us but how much
do we know? J Exp Bot 59:501-520. doi:10.1093/jxb/erm239

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol 22:867-880

Oba K, Fukui M, Imai Y, Iriyama S, Nogami K (1994) L-Galactono-
gamma-lactone  dehydrogenase:  partial  characterization,

@ Springer

induction of activity and role in the synthesis of ascorbic acid
in wounded white potato tuber tissue. Plant Cell Physiol
35:473-478

Pavet V, Olmos E, Kiddle G, Mowla S, Kumar S, Antoniw J, Alvarez
ME, Foyer CH (2005) Ascorbic acid deficiency activates cell
death and disease resistance responses in Arabidopsis. Plant
Physiol 139:1291-1303. doi:10.1104/pp.105.067686

Polidoros AN, Mylona PV, Arnholdt-Schmitt B (2009) Aox gene
structure, transcript variation and expression in plants. Physiol
Plant 137:342-353. doi:10.1111/j.1399-3054.2009.01284.x

Preston G, Huang HC, He SY, Collmer A (1995) The HrpZ proteins
of Pseudomonas syringae pvs. syringae, glycinea, and tomato
are encoded by an operon containing Yersinia ysc homologs and
elicit the hypersensitive response in tomato but not soybean. Mol
Plant Microbe Interact 8:717-732

Rasmusson AG, Soole KL, Elthon TE (2004) Alternative NAD(P)H
dehydrogenases of plant mitochondria. Annu Rev Plant Biol
55:23-39. doi:10.1146/annurev.arplant.55.031903.141720

Reboutier D, Frankart C, Briand J, Biligui B, Rona J-P, Haapalainen
M, Barny M-A, Bouteau F (2007) Antagonistic action of harpin
proteins: HrpWea from Erwinia amylovora suppresses HrpNea-
induced cell death in Arabidopsis thaliana. J Cell Sci
120:3271-3278. doi:10.1242/jcs.011098

Remans T, Smeets K, Opdenakker K, Mathijsen D, Vangronsveld J,
Cuypers A (2008) Normalisation of real-time RT-PCR gene
expression measurements in Arabidopsis thaliana exposed to
increased metal concentrations. Planta 227:1343-1349. doi:10.
1007/s00425-008-0706-4

Simons BH (1999) Enhanced expression and activation of the
alternative oxidase during infection of arabidopsis with Pseu-
domonas syringae pv tomato. Plant Physiol 120:529-538.
doi:10.1104/pp.120.2.529

Stahl RL, Liebes LF, Farber CM, Silber R (1983) A spectrophoto-
metric assay for dehydroascorbate reductase. Anal Biochem
131:341-344. doi:10.1016/0003-2697(83)90180-X

Sun A, Nie S, Xing D (2012) Nitric oxide-mediated maintenance of
redox homeostasis contributes to NPR1-dependent plant innate
immunity triggered by lipopolysaccharides. Plant Physiol
160:1081-1096. doi:10.1104/pp.112.201798

Szarka A (2013) Quantitative data on the contribution of GSH and
Complex II dependent ascorbate recycling in plant mitochondria.
Acta Physiol Plant 35:3245-3250. doi:10.1007/s11738-013-
1359-x

Szarka A, Tomasskovics B, Banhegyi G (2012) The ascorbate-
glutathione-a-tocopherol triad in abiotic stress response. Int J
Mol Sci 13:4458-4483. doi:10.3390/ijms 13044458

Szarka A, Banhegyi G, Asard H (2013) The inter-relationship of
ascorbate transport, metabolism and mitochondrial, plastidic
respiration. Antioxid Redox Signal 19:1036-1044. doi:10.1089/
ars.2012.5059

Thoma I, Loeffler C, Sinha AK, Gupta M, Krischke M, Steffan B,
Roitsch T, Mueller MJ (2003) Cyclopentenone isoprostanes
induced by reactive oxygen species trigger defense gene
activation and phytoalexin accumulation in plants. Plant J
34:363-375

Torres MA (2010) ROS in biotic interactions. Physiol Plant
138:414-429. doi:10.1111/§.1399-3054.2009.01326.x

Unger C, Kleta S, Jandl G, Tiedemann AV (2005) Suppression of the
defence-related oxidative burst in bean leaf tissue and bean
suspension cells by the necrotrophic pathogen Botrytis cinerea.
J Phytopathol 153:15-26. doi:10.1111/j.1439-0434.2004.00922.
X

Urzica EI, Adler LN, Page MD, Linster CL, Arbing MA, Casero D,
Pellegrini M, Merchant SS, Clarke SG (2012) Impact of
oxidative stress on ascorbate biosynthesis in Chlamydomonas
via regulation of the VTC2 gene encoding a GDP-L-galactose


http://dx.doi.org/10.1073/pnas.97.16.8849
http://dx.doi.org/10.1073/pnas.97.16.8849
http://dx.doi.org/10.1111/j.1365-3040.2004.01180.x
http://dx.doi.org/10.1073/pnas.97.6.2940
http://dx.doi.org/10.1073/pnas.97.6.2940
http://dx.doi.org/10.1007/978-90-481-9404-9_4
http://dx.doi.org/10.1007/978-90-481-9404-9_4
http://dx.doi.org/10.1128/JB.01146-07
http://dx.doi.org/10.1016/S0014-5793(99)01233-8
http://dx.doi.org/10.1073/pnas.011265298
http://dx.doi.org/10.1094/MPMI-19-1151
http://dx.doi.org/10.1094/MPMI-19-1151
http://dx.doi.org/10.1002/0471140856.tx0702s00
http://dx.doi.org/10.1002/0471140856.tx0702s00
http://dx.doi.org/10.1104/pp.103.028399
http://dx.doi.org/10.1016/j.tplants.2004.08.009
http://dx.doi.org/10.1104/pp.105.059907
http://dx.doi.org/10.1093/jxb/erm239
http://dx.doi.org/10.1104/pp.105.067686
http://dx.doi.org/10.1111/j.1399-3054.2009.01284.x
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141720
http://dx.doi.org/10.1242/jcs.011098
http://dx.doi.org/10.1007/s00425-008-0706-4
http://dx.doi.org/10.1007/s00425-008-0706-4
http://dx.doi.org/10.1104/pp.120.2.529
http://dx.doi.org/10.1016/0003-2697(83)90180-X
http://dx.doi.org/10.1104/pp.112.201798
http://dx.doi.org/10.1007/s11738-013-1359-x
http://dx.doi.org/10.1007/s11738-013-1359-x
http://dx.doi.org/10.3390/ijms13044458
http://dx.doi.org/10.1089/ars.2012.5059
http://dx.doi.org/10.1089/ars.2012.5059
http://dx.doi.org/10.1111/j.1399-3054.2009.01326.x
http://dx.doi.org/10.1111/j.1439-0434.2004.00922.x
http://dx.doi.org/10.1111/j.1439-0434.2004.00922.x

Acta Physiol Plant (2017) 39:62

Page 15 of 15 62

phosphorylase. J Biol Chem 287:14234-14245. doi:10.1074/jbc.
M112.341982

Vanlerberghe GC (2013) Alternative oxidase: a mitochondrial
respiratory pathway to maintain metabolic and signaling home-
ostasis during abiotic and biotic stress in plants. J Mol Sci, Int.
doi:10.3390/ijms 14046805

Vidal G, Ribas-Carbo M, Garmier M, Dubertret G, Rasmusson AG,
Mathieu C, Foyer CH, De Paepe R (2007) Lack of respiratory
chain complex I impairs alternative oxidase engagement and
modulates redox signaling during elicitor-induced cell death in
tobacco. Plant Cell 19:640-655. doi:10.1105/tpc.106.044461

Wolff SP (1994) Ferrous ion oxidation in presence of ferric ion
indicator xylenol orange for measurement of hydroperoxides.
Methods Enzymol 233:182-189. doi:10.1016/S0076-
6879(94)33021-2

Wu Y-X, Von Tiedemann A (2001) Physiological effects of
azoxystrobin and epoxiconazole on senescence and the oxidative
status of wheat. Pestic Biochem Physiol 71:1-10. doi:10.1006/
pest.2001.2561

Zhang W, Lorence A, Gruszewski HA, Chevone BI, Nessler CL
(2009) AMRI1, an Arabidopsis gene that coordinately and
negatively regulates the mannose/l-galactose ascorbic acid
biosynthetic pathway. Plant Physiol 150:942-950. doi:10.1104/
pp.109.138453

Zsigmond L, Tomasskovics B, Deak V, Rigé G, Szabados L,
Banhegyi G, Szarka A (2011) Enhanced activity of galactono-
1,4-lactone dehydrogenase and ascorbate-glutathione cycle in
mitochondria from complex III deficient Arabidopsis. Plant
Physiol Biochem 49:809-815. doi:10.1016/j.plaphy.2011.04.013

@ Springer


http://dx.doi.org/10.1074/jbc.M112.341982
http://dx.doi.org/10.1074/jbc.M112.341982
http://dx.doi.org/10.3390/ijms14046805
http://dx.doi.org/10.1105/tpc.106.044461
http://dx.doi.org/10.1016/S0076-6879(94)33021-2
http://dx.doi.org/10.1016/S0076-6879(94)33021-2
http://dx.doi.org/10.1006/pest.2001.2561
http://dx.doi.org/10.1006/pest.2001.2561
http://dx.doi.org/10.1104/pp.109.138453
http://dx.doi.org/10.1104/pp.109.138453
http://dx.doi.org/10.1016/j.plaphy.2011.04.013

	Rapid ascorbate response to bacterial elicitor treatment in Arabidopsis thaliana cells
	Abstract
	Introduction
	Materials and methods
	Materials
	Plant material
	Harpin production
	Harpin purification
	Harpin treatments
	Cell viability assay
	Hydrogen peroxide determination
	Assay for superoxide anion
	Isolation of mitochondria and GLDH activity measurement
	Gene expression analysis
	Ascorbate--glutathione cycle assays
	Antioxidant determination
	Other methods

	Results
	HrpZpto and hrpWpto provoked oxidative burst in Arabidopsis cells
	The effect of harpin treatment on ascorbate biosynthesis
	The effect of harpin treatment on ascorbate recycling
	The effect of harpin treatment on the levels of ascorbate and glutathione

	Discussion
	Acknowledgements
	References




