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Infection by Erwinia amylovora, the causal agent of fire blight (FB) disease, induces in apple and pear
host plants, the generation of reactive oxygen species (ROS). We analyzed at molecular level, the link
between ROS production and susceptibility to bacterial infection. Gene expression time course showed
that expression of chloroplast, mitochondrial and nuclear genes, whose transcription is redox-
dependent, was down regulated or suppressed in tolerant cultivar, Harrow Sweet, in comparison with
susceptible cultivar, Williams. Monitoring of oxidative burst by localization of hydrogen peroxide
showed that oxidative burst was triggered faster in tolerant cultivar in response to infection. These
results suggest that transcription of some redox-dependent genes of cytoplasmic organelles and
nucleus, in the two cultivars, is regulated faster in the tolerant cultivar than in the susceptible one.
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INTRODUCTION

Erwinia amylovora in both compatible and incompatible
interactions secretes three types of effector proteins:
HrpN, HrpN/W and DspA/E (Bogdanove et al., 1998; Kim
and Beer, 1998; Wei et al., 1992). HrpN inhibits electron
transport chain (ETC) of mitochondria and triggers an

oxidative stress in its incompatible interaction with
tobacco cells (Xie and Chen, 2000). Venisse et al. (2001,
2002) also demonstrated the role of oxidative stress in
compatible interactions of E. amylovora with susceptible
hosts. Moreover, plant cells have a second ETC in their
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chloroplasts that in many aspects are similar to the ETC
of mitochondria. There is biochemical evidence indicating
the role of chloroplast ETC in oxidative burst of plant-
pathogen interactions (Abdollahi and Ghahremani, 2011),
and likewise Samuilov et al. (2002) proved that mitochon-
dria and chloroplast are required in programmed cell
death (PCD) of guard cells in pea leaves. They showed
that illumination stimulated the CN-induced destruction of
guard cells that contain both mitochondria and chloro-
plasts, but not of epidermal cells that contain mitochon-
dria only.

Transcription in of cytoplasmic organelle genomes is
dominantly under control of oxidative-reductive (redox)
state. The role of redox state of chloroplasts on transcrip-
tion of chloroplast and nuclear photosynthetic genes are
well documented (Danon, 2002; Oswald et al., 2001;
Pfannschmidt et al., 2001; Surpin et al., 2002). Trebitsh
et al. (2000) showed a role for chloroplast thioredoxin in
redox signaling and light-regulated translation of the psbA
gene through disulfide bridge of RNA-binding complex
and binding to 5 region of psbA mRNA. Recent studies
have identified two distinct RNA polymerases in chloro-
plasts; one out of two is an eubacteria-like multi-subunit
type, with core components encoded by chloroplast
genes (plastid encoded RNA polymerase-PEP enzyme)
(Maliga, 1998). The major PEP core is surrounded by
sigma-like transcription factors (SLFs). SLFs properties
can be reversibly altered by phospho/dephosphorylation
of a kinase (Baginsky et al., 1999), named plastid trans-
cription kinase (PTK) (Baginsky et al.,, 1997). PTK
phosphorylation of SLFs that is under control of redox
state of chloroplasts leads to decrease transcription of
chloroplast genes (Baginsky et al., 1999). In addition,
there is evidence indicating that redox controls the trans-
cription rate in the genome of mitochondria through acti-
vity of DNA-topoisomerase | (Konstantinov et al., 2001).
Konstantinov and Tarasenko (1999) showed that redox
poise of mitochondria controls the activity of DNA-topo-
isomerase | via the reduction/oxidation of a critical disul-
fide bridge. Venisse et al. (2001, 2002) demonstrated that
E. amylovora invades host tissues by production of
reactive oxygen species (ROS). Oxidative stress leads to
a more oxidizing cell redox potential and consequently
switches on or turns off some pathways, or transcription
and translation of genetic information. Plant cells can
distinguish different degrees of oxidant exposure (Cooper
et al., 2002), and intensity of oxidative stress can control
molecular events in the host cells.

To date, however, the biochemical evidences are not
supported by molecular evidences on expression of
mitocondrial and chloroplast genes whose regulation is
redox-dependent, and nuclear genes encoding for chloro-
phyll synthesis, therefore still remain unclear whether the
biochemical differences observed between tolerant and
susceptible pear cultivars are regulated at gene expres-
sion level.

The aim of this study was to compare specific molecu-
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lar events in a susceptible and a tolerant pear cultivar in
responses to infection by E. amylovora. Our results pro-
vide useful hints to analyze the mechanisms leading to
susceptibility and resistance in pears to fire blight, and
develop more appropriate strategies to reduce damage
caused by activation of host defense mechanisms.

MATERIALS AND METHODS
Bacterial strain, plant materials and infection

E. amylovora Ea273 was obtained from American Type Culture
Collection (ATCC No. 49946). Pathogenicity of this bacterium was
tested by inoculating in vitro shoots of Williams cultivar, through
surgical removal of apices by a sterile scalpel, previously soaked in
the bacterial suspension. Optimum concentration of inoculum and
in vitro propagation of plant materials have been previously
described (Abdollahi et al., 2004).

Five to six cm long in vitro grown shoots of two pear cultivars,
Williams (susceptible) and Harrow Sweet (tolerant), were inoculated
by adding 100 pl of a bacterial suspension (OD = 2 at Aspo, in
phosphate buffer pH = 7) to the surface of growth medium in 10
replications. All shoots were transferred to 16 h light photoperiod at
23 + 1°C. Evolution of necrosis was compared in dark and constant
light conditions (using cool white florescent lamps at 40 umol m?2s™
photon flux) after basal inoculation of the shoots.

Detection of H,O, by DAB staining method

H,O, generation in the inoculated and control shoots of each
cultivar was localized, using 3,3’-diaminobenzidine (DAB)-HCI
(Sigma-Aldrich, Italy) as described by Thordal-Christensen et al.
(1997). The shoot axes was catted in in 5-mm-long pieces, in three
replications, which were soaked in an acidic water solution (pH =
3.8) containing 1 mg/ml DAB and 0.1% (v/v) Triton and incubated at
30°C (120 rpm) for 6 h. Samples were catted lengthwise and H;0-
traces were detected under stereomicroscope by red, purple and
brown colors of the stem tissues. Data were expressed in percen-
tage of produced H,O.

Plant DNA and mRNA extraction

One-week-etiolated shoots of plant materials were used for DNA
extraction in three replications by modified Sul and Korban (1996)
method and quantified at Azs. Plant mMRNAs were extracted from
0.1 g of plant materials in three replications by QuickPrepTM Micro
mRNA purification kit (Amersham Pharmacia Biotech, lItaly). This
was done after the acidification of the medium indicated adequate
activity of bacteria but before the appearance of necrotic symptoms
of disease (Figure 1A). mRNAs were extracted from plant materials
at least 3 h after beginning the light photoperiod, and dissolved in
10 pl diethyl pyrocarbonate (DEPC) treated water and quantified at
Age0.

cDNA were synthesized, using 115 M-MuLV Reverse Transcrip-
tase (Amersham Pharmacia Biotech, Italy). Each cDNA synthesis
reaction was performed by using 100 ng mRNA, 0.5 ug of pd(T)12-
18 as primer for the first strand cDNA synthesis in a total volume of
50 pl. cDNA synthesis was carried out at 42°C for 30 min, followed
by deactivation of M-MuLV Reverse Transcriptase at 95°C for 5
min. Absence of DNA in the mRNA solutions was verified by follo-
wing the expression of elF1-a housekeeping gene (elongation
factor) that on its genomic tested fragment has a 100 bp intron. All
PCR reactions were conducted in the presence of 10 ng cDNA or
100 ng DNA, 1 uM of each forward and reverse primers (Table 1),
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Figure 1. Progress of necrosis in the basal inoculated shoots to determine appropriate
time for mMRNA extraction (A), and localization of H,O, generation in the stem tissues of
the basal inoculated shoots of pear cvs. Williams (susceptible) and Harrow Sweet
(tolerant) triggered by attack of E. amylovora (B).

0.75 mM MgCly, 2.5 pM dNTP, 1X PCR buffer and 1 unit Tag-DNA
polymerase (Amersham Pharmacia Biotech, Italy). The PCR
products were separated and visualized on 1% (w/v) agarose-
ethidium bromide gel.

Designing of primers and DNA sequencing

DNA sequences of candidate genes were aligned by Multalin
software (Corpet, 1988) and the primers were designed on the most
conserved regions of the sequences. Partial sequences of chloro-
plast genes psbA, psbB, psbC and psbD (on DNA) and mitochon-
drial gene nad4 (on cDNA) were sequenced to verify their identity
and deposited in Gene Bank (Table 1).

Expression of candidate nuclear,

mitochondrial genes

chloroplast and

The gene expression studies were done in two gene groups, the

housekeeping and redox-dependent-transcription genes (Table 1).
Expressions of genes were studied at least in two replications,
through PCR-amplification, by using cDNA as templates. PCR pro-
files were adjusted by using genomic DNA to obtain a single ampli-
con with expected length, except the actin gene.

Topology prediction of effector proteins of E. amylovora

The amino acid sequences of the effector proteins of E. amylovora
(Accession of hrpN, hrpW and dspA/E, Q01099, AAF63402 and
AAC62315, respectively) were obtained from NCBI database.
Putative secondary structures of HrpN, HrpW and DspA/E proteins
were predicted by GOR3 (Gibrat et al., 1987), GOR4 (Garnier et al.,
1996), HNN (Guermeur, 1997), SOPM (Geourjon and Deléage,
1994) and SOPMA (Geourjon and Deléage, 1995) Internet
software. Putative transmembrane a-helices in these proteins were
predicted, using TMHMM (Moller et al., 2001), DAS (Cserzo et al.,
1997), HMMTOP (Tusnady and Simon, 1998) and TMpred
(Hofmann and Stoffel, 1993) programs.
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Table 1. Sequences of primer used for amplification of genomic DNA and study of expression of different chloroplastic, mitochondrial and nuclear genes in the interaction between
pear genotypes and E. amylovora.
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Bases from . Fragment ; Ta
Gene Gene product start codop?  Timer Forward length (MRNA) Primer reverse ¢0)
_ psbA D1 in PSII 243 5-GAAAACCGTCTTTACATTGG-3 942 5-GTTGTGAGGATTACGTTCAT-3' 48
G psoB PS Il 47 kDa protein 9 5-CCTTGGTATCGTGTTCATAC-3" 601 5-CAATATGATGAGARGCTGTTC-3 48
S psbC PS Il 44 kDa protein 3 5-GAAACGCTCTTTAATGGAAC-3' 641 5-ACACTAACAATCCAHCCTTC-3' 48
5 psbD D2 in PSII 300 5_GATTTTACTCGTTGGTGTCA-3 752 5.GTTTCCACGKGGTARAACCTC-3 48
S 23SrRNA 23S ribosomal RNA 410 5 TGTGAATCAGCAAGGACCAC-3' 386 5-TAACCACAACTCATCCGCTG-3' 55
atp ATPase subunit 1 728 5 TCCGCGATAATGGAATGCAC-3 384 5-AAGCCGACGTTAATAGCAGG-3' 55
nad NADH | dehydrogenase 5-CACTTCTACTAGGAGTAGCC-3 266 5-CGGATCTGACAATACCATACC-3' 55
©
= nad3 pADH  defydrogenase 5.CCAATAGTTCGACCTATCCAG-3' 207 5.CATAGAGAGATCCAATCGTC-3' 55
C
(@]
§ nad4 NADH  denydrogenase 212 5-CCTTCGATGGCTTCCTTATG-3 324 5. CTGATATGCTGCCTTGATCT-3' 55
S 26SrRNA 268 ribosomal RNA 1305-2201  5-AACCATGTCGAAGGAACTCG-3 301 5-TTACACCATTCGTGCAGGTC-3' 55
elF1-a Elongation factor 1 608 5 ATTGTGGTCATTGGYCAYGT-3' 707 5-CCAATCTTGTAYACATCCTG-3' 55
act actin 163 5-ACNGGNATGGTNAAGGCTGG-3' 594 5-GTCNCKNACAATTTCCCGCTC-3' 55
7] . .
B cab pCr*gtoeriﬂphy” alb binding 5-ATGGCTDCYKCHACWATGGC-3' 659 5-CCATTCTTRAKCTCCTTYACC-3' 48
o
2 18S/RNA  18S ribosomal RNA 2641-2654  5-GTGCTCAAAGCAAGCCTACG -3 760 5-CGATCAGATACCGTCCTAGT -3 55

? mRNA shows the housekeeping genes in nucleus, mitochondria and chloroplasts.

Cytoplasmic organelles targeting analysis of E.
amylovora effector proteins

Two programs, Predotar (Somanchi and Mayfield, 1999)
and TargetP (Emanuelsson et al., 2000) were used to
predict the existence of cytoplasmic and mitochondrial
presequences in effector proteins of E. amylovora. In addi-
tion, all known presequences of mitochondrial protein
import presequences, listed by Whelan and Glaser (1997),
were aligned manually and their homologies were com-
pared with effector proteins of E. amylovora by Multalin
Internet software (Corpet, 1988). The amphipathicity of
putative a-helices were predicted by PepTool software.

RESULTS and DISCUSSION

Hydrogen peroxide accumulation in infected
shoots

Monitoring of oxidative burst, by histochemical
detection of hydrogen peroxide using DAB-
staining, indicated that infection induced an
increase in H,O, in the shoots of both cultivars,
although time-course profiles were quite different
(Figure 1A). In Harrow Sweet cultivar, cells res-
ponded with a rapid generation of H,O, 4 h after

inoculation and H,O, level reached the highest
value after 28 h. In contrast, in Williams shoots
the production of H,O, was delayed up to 15 h
and extended over the entire length of the shoots
28 h after inoculation.

It is worth noting that in both cultivars, evident
symptoms of necrosis appear several hours after
the H,O, level reached the highest value, but the
time of onset of these symptoms was cultivar
dependent and was delayed in Harrow Sweet
cultivar (Figure 1B).
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Figure 2. Expression of different mitochondrial genes, in control and inoculated shoots, of pear cvs. Harrow Sweet and

Williams.

As reported in the literature, H,O, can generate a redox
poise in the organelles and affects the expression of
redox-depending genes in chloroplast and mitochondria
(Konstantinov and Tarasenko, 1999). We intended to test
whether ROS production stimulated by E. amylovora
infection affects the gene regulation of some organelles
and nuclear genes.

Expression of mitochondrial and chloroplast genes in
pear cultivars

In Harrow Sweet inoculated shoots, expression of mito-
chondrial atp?7 and nad? genes was gradually reduced
while expression of nad4 gene was completely suppres-
sed after 48 h (Figure 2). In contrast, in Williams shoots
no difference was observed in the expression of tested
genes in both inoculated and control shoots (Figure 2).
Transcription analysis of chloroplast genes (Figure 3)
indicated that expression of psbA gene was strictly linked
to the capacity of cultivars to tolerate the pathogen and
early production of H,O, (Figure 1); it resulted to dramatic
recrease, 13 h after inoculation, in Harrow Sweet shoots,
while it was slightly affected, 48 h after inoculation, in
Williams shoots. No difference in the transcript level of
psbB, psbC and psbD genes was detected in inoculated
and control shoots of both cultivars (Figure 3).

It has been shown that a discrete number of ESTs
involved in redox system and photosynthesis were modu-
lated in responses to E. amylovora invasion (Sarowar et
al., 2011; Baldo et al., 2010). Vrancken et al. (2013) sug-
gested that rapid increase of ROS is one of the earliest

plant responses to E. amylovora invasion. Observations
made in inoculated shoots of Harrow Sweet cultivar
where an early increasing of H,O, production occurred
few hours after inoculation, and down-regulation of psbA
expression was detected 13 h after inoculation, indicates
that a photo-production of H,O, occur in the infected tis-
sues. psbA gene encodes the protein D1 that plays a
pivotal role in photosystem Il (PSIl). Light-sensing net-
work and oxygen-evolving complex in PSIl have been
shown to be linked to plant defense against pathogen
infection (Genoud et al., 2002; Abbink et al., 2002). The
PSII plays an important role in preventing the accumulation
of ROS (Krieger-Liszkay, 2005) therefore to activate the
protective responses and to induce systemic acquired
resistance by ROS are needed to down-regulate PSII
activity (Fryer et al., 2003; Kulheim et al., 2002). Although
in apple young leaves, photosynthetic activity was
inhibited and chlorophyll florescence was changed by
ferredoxin (Fd) dependent way, prior to the development
of disease symptoms (Bonasera et al., 2006), however
an up-regulation of some photosynthetic genes have
been observed by Heyens and Valcke (2006) and Baldo
et al. (2010), in apple invaded tissues. Bonasera et al.
(2006) showed that pathogen effector DspE/A interacts
with precursor-ferridoxin in the cytoplasm, thereby pre-
venting its transfer into chloroplast, where it is usually
converted to ferredoxin (Fd) and it serves as an electron
carrier in photosystem | (PSI). Moreover, Singh et al.
(2010) suggested that FIBRILLIN4, which is associated
with photosystem Il, could also play a part in fire blight
infections, as the disease is more expressed in the knock-
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Figure 3. Expression of different chloroplast genes, in control and inoculated shoots, of pear cvs. Harrow Sweet

and Williams.

down mutant. Oxidation and reduction of glutathione
(GSH), described by Baginsky et al. (1999) can explain
changes in psbA transcription by the effects of oxygen
radicals, generated during infection by the pathogen. In
vivo, most of the chloroplast glutathione is in the reduced
GSH form that serves as a redox buffer and ROS sca-
venger. During oxidative stress of pathogen, the GSH
oxidizes and forms glutathione disulfide (GSSG) and the
chloroplast GSH:GSSG ratio decreases significantly, with
a transient increase of GSSG and concomitant decrease
in GSH redox state, resulting in decrease activity of PTK.
Lower PTK activity leads to lower phosphorylation of
SLFs in RNA-polymerase complex of chloroplasts and
decreases its activity for transcription of genes such as
psbA. In addition, expression of other photosynthetic
genes, psbC, psbB and psbD, were not suppressed like
the psbA gene, indicating different mechanism, which
control the transcription and reduce the redox sensibility
of these genes. These results are also in accordance with
Pfannschmidt et al. (1999), which showed that the redox
state of plastoquinone (PQ) effectively controls the redox
poise of chloroplasts and transcription of the psbA gene,
but transcription of other chloroplast genes were not
affected by the PQ redox state.

It is known that an increase in photosynthetic activity
usually induces the production of sugar and ATP that
might prevent in Malus the colonization by E. amylovora
by increasing host plant defense through the light sensing
signaling pathway and by activation of additional defense
related genes (Baldo et al.,, 2010). In our experiments,
pear plantlets of both cultivars are grown in medium with

a large amount of assimilate carbohydrate. This condition
makes easier to highlight the differences existing
between cultivars regarding fire blight susceptibility,
because a suitable amount of energy source is available
for both susceptible and tolerant cultivars shoots. In
shoots of susceptible Williams cultivar exposed to light,
necrotic symptoms of fire blight are delayed with respect
to those exposed to darkness, thus supporting a role in
the mechanisms of plant defense against pathogen
infection of the light signaling pathways.

It has been reported that redox state of mitochondria
controls transcription of mitochondrial genome by
affecting the activity of DNA-topoisomerase |
(Konstantinov et al., 2001). Therefore, it is possible that
ROS generation, due to infection by the pathogen, alters
the redox poise of mitochondria and changes the
transcription rate of this organelle in the pear cells.
Activity of DNA-topoisomerase | opens supercoiled
mitochondrial DNA by introducing a transient single-
strand break in the duplex and acts in a number of
different DNA metabolisms, such as DNA replication,
transcription and repair (Champoux, 2001). Therefore, it
will be expected that any variation in redox poise of
mitochondria and activity of DNA topoisomerase |, could
alter the transcription of all mitochondrial genes similarly.
Our results showed that infection by the pathogen
suppressed expression of some mitochondrial genes and
concomitantly did not affect expression of 26S ribosomal-
RNA gene in the inoculated shoots of either cultivar. This
indicates a role for at least a second mechanism control-
ling the transcription rate of mitochondrial genes. Oxygen
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Figure 4. Expression of different nuclear genes in control and inoculated shoots of pear cvs. Harrow Sweet and Williams.

radicals generated in the mitochondria are very mobile
and diffuse rapidly elsewhere in the cytoplasm and orga-
nelles (Moller, 2001). Subsequently, production of ROS
by pathogen infection and penetration in the chloroplasts
alters redox state and expression of some redox-depen-
dent-transcription genes such as psbA in this organelle.

Expression of nuclear genes

Similar to the chloroplast genes, expression of nuclear
genes varied with the genotypes and gene kind (Figure
4). Results showed that expression of nuclear genes of
Williams cultivar were not affected by the infection, only
the expression of the cab gene was slightly reduced at 48
h from inoculation. In Harrow Sweet cultivar, two house-
keeping genes, elF1-a and 18S ribosomal-RNA, expres-
sed constantly up to 70 h in both control and inoculated
shoots, while expression of cab and act genes showed a
gradual reduction in the inoculated shoots (Figure 4). The
constant expression of elF-a and 78S ribosomal-RNA
showed that even after 70 h after inoculation, RNA-poly-
merase of the nucleus had not been deactivated by
pathogen infection.

Recent findings have confirmed the role of chloroplast
signaling on transcription of photosynthetic nuclear genes
(Somanchi and Mayfield, 1999). Several factors have
been proposed as signaling intermediates, like tetra-
pyrrole, sugars and redox state of chloroplasts (Surpin et
al., 2002). Oswald et al. (2001) demonstrated that trans-
cription of nuclear photosynthetic rbcS and cab genes are
under control of redox state of thioredoxin or glutathione
system in plant chloroplasts, although the nature of this

signaling is still unknown. In our work, the reduction of
cab gene in the inoculated shoots could be a conse-
quence of the chloroplast signaling to the nucleolus
through changes in the redox poise of thioredoxin or GSH
system of chloroplasts by oxidative stress of pathogen.

Topology prediction of effector
amylovora

proteins of E.

Xie and Chen (2000) showed that the effector proteins of
E. amylovora interact with tobacco cells affecting the
complex Il and/or IV of mitochondrial ETC. However, the
mechanism allowing these proteins to pass through
mitochondrial membranes are not known, yet. Most of the
proteins located in the chloroplasts and in the mitochon-
dria are encoded by nuclear genes and synthesised in
the cytoplasm. They are recognized through the signal
sequences present in the N-terminal region of protein and
transported through mechanisms of protein trafficking into
the appropriate organelles by participation of chaperones
(Glaser et al., 1998). In addition, mitochondria and chlo-
roplasts are believed to have evolved from prokaryotic
ancestors, and they still exhibit some functional simila-
rities to the bacteria. For instance, at least two out of four
protein transport systems in the chloroplasts and one
system in the mitochondria are homologous to the trans-
location system in the inner membrane of bacteria
(Moore et al., 1994; Schnell, 1998). It is possible that E.
amylovora produces effector proteins that target the
mitochondria through these protein trafficking systems
and affecting ETC of this organelle. Secondary structure
analysis of the effector proteins of E. amylovora individuate
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Table 2. Targeting prediction of E. amylovora effector proteins to the plant mitochondria and chloroplasts by Predotar (Small 2003)

and TargetP (Emanuelsson et al., 2000) software.

Effector Pred.otar TargetP Predicted

protein Cp a Mit b Location c¢cTP® mTPY SP® Other’ Location RC? location
score score

HrpN 0.012 0.133 Neither 0.210 0.134 0.026 0.522 -— 4 Neither

HrpW 0.029 0.062 Neither 0.469 0.094 0.040 0.465 C 5 Chloroplast

DspA/E 0.065 0.124 Neither 0.133 0.155 0.018 0.727 - 3 Neither

& °Chloroplasts targeting probability; ®4mitochondria targeting probability; °secretory pathway targeting probability; fany other location

targeting probability; °reliability class (RC=1 as the highest reliability).

Table 3. Evolution of fire blight necrosis in the basal
inoculated shoots of pear cv. Williams under continuous
dark and light conditions. Values represent the average
of two independent experiments + 2SE.

Hours after inoculation Light Dark

0 0.0 0.0

12 0.0 0.0

20 0.0 0.0

32 0.0 0.0

40 0.0 0.0

52 0.6 +0.5 25+2.1
60 1.3£1.0 6.3+5.3
72 8.1+5.1 15.0+4.4
80 250+45 64054
92 75.0+44 90.0£6.5
100 90.0+4.2 100.0+£0.0
108 100.0 £ 0.0 100.0 +0.0

9, 3 and 7 putative a-helices, in HrpN, HrpW and DspA/E
proteins, respectively, as predicted by five different soft-
ware (see materials and methods). However, only in the
HrpN protein a high significant and consistent putative
transmembrane helix motive, about 20 amino acids in
size, is present. HrpN is a potential effector candidate to
elicit either a hypersensitive reaction on non-host plants
or a pathogenic reaction on host plants. Therefore, the
presence of transmembrane alpha helix motive may
explain the role of HrpN in pathogenicity of E. amylovora.

Prediction of HrpN, HrpW and DspA/E targeting the
chloroplasts and mitochondria by Predotar software did
not identify any signal sequences in the N terminal region
(Table 2). However, the analyses run using TargetP soft-
ware predicted a possible HrpW chloroplast-target signal
sequence. Since it has been shown that the chloroplasts
are involved in PCD of guard cells in pea leaves (Samuilov
et al., 2002), it may be postulated that the effector pro-
teins of pathogen interact with photosystem I, probably
by down regulation of psbA gene, triggering an oxidative
stress of cells of infected plants. If this hypothesis is true,
we should expect a slower progress of the necrosis in
plants exposed to light than those exposed to dark
condition.

Delay of the progress of necrosis under light
conditions

Comparison between the evolution of necrosis in the
inoculated shoots of Williams cultivar in the dark and in
the light showed that necrosis progressed faster in the
dark (Table 3). This difference could not be caused by
the inhibitory effects of light on pathogen, but in the
absence of flux of electrons in the chloroplast ETC can
be due to the reduced capacity of plant to contrast the
pathogen. This event can be explained by the interaction
between HrpW and ETC of chloroplasts, which generates
oxidative stress. It means that under light condition,
HrpW interacts with chloroplast ETC, supporting mito-
chondria as a second source of ROS generation and
decreasing the invasion of pathogen. Experiments to
unravel the role of HrpW and chloroplast on the progress
of fire blight are in progress.

Conclusion

With this study, the relationship between the two events
are shown for the first time, but further researches need
to be carried out to identify the biological determinants
that generate the differences between tolerant Harrow
Sweet and susceptible Williams cultivars. In fact, the
causal relationship between ROS activity and down-regu-
lation of expression of redox-dependent nuclear, mito-
chondrial and chloroplast genes is not straightforward,
because plant resistance in general, and induced resis-
tance in particular, is an emergent property of a plant that
results from the combined action of multiple genetic,
biochemical, physiological and morphological traits that
interact with one another and that are expressed hetero-
geneously in space and time.

Conflict of Interests

The author(s) have not declared any conflict of interests.

REFERENCES

Abbink TEM, Peart JR, Mos TNM, Baulcombe DC, Bol JF, Linthorst
HJM (2002). Silencing of a gene encoding a protein component of the
oxygen evolving complex of Photosystem Il enhances virus
replication in plants. Virology 295: 307-319.



2848 Afr. J. Biotechnol.

Abdollahi H, Ghahremani Z (2011). The Role of Chloroplasts in the
Interaction between Erwinia amylovora and Host Plants. Acta Hortic.
896: 215-221.

Abdollahi H, Ruzzi M, Rugini E, Muleo R (2004). An in vitro system for
studying the interaction between Erwinia amylovora and pear (Pyrus
communis L.) genotypes. Plant Cell Tissue Organ Cult. 79: 203-212.

Baginsky S, Tiller K, Link G (1997). Transcription factor phosphorylation
by a protein kinase associated with chloroplast RNA polymerase from
mustard (Sinapis alba). Plant Mol. Biol. 34: 181-189.

Baginsky S, Tiller K, Pfannschmidt T, Link G (1999). PTK, the
chloroplast RNA polymerase-associated protein kinase from mustard
(Sinapis alba), mediates redox control of plastid in vitro transcription.
Plant Mol. Biol. 39: 1013-1023.

Baldo A, Norelli JI, Farrelldr RE, Bassett Cl, Aldwinckle HS, Malnoy M
(2010). Identification of genes differentially expressed during
interaction of resistant and susceptible apple cultivars (Malus x
domestica) with Erwinia amylovora. BMC Plant Biol. 10:1.

Bogdanove AJ, Bauer DW, Beer SV (1998). Erwinia amylovora secretes
DspE, a pathogenicity factor and functional AvrE homology, through
the Hrp (type Il secretion) pathway. J. Bacteriol. 180: 2244-2247.

Bonasera JM, Meng X, Beer SV, Owens T, Kim W-S (2006). Interaction
of DspE/A, a pathogenicity/avirulence protein of Erwinia amylovora,
with preferredoxin from apple and its relationship to photosynthetic
efficiency. Acta Hortic. 704: 473-477.

Champoux JJ (2001). DNA topoisomerases; structure, function, and
mechanism. Annu. Rev. Biochem. 70: 369-413.

Cooper CE, Patel RP, Brookes PS, Darley-Usmar VM (2002). Nano-
transducers in cellular redox signaling: modification of thiols by reac-
tive oxygen and nitrogen species. Trends Biochem. Sci. 27: 489-491.

Corpet F (1988). Multiple sequence alignment with hierarchical
clustering. NAR 16: 10881-90.

Cserzo M, Wallin E, Simon |, von Heijne G, Elofsson A (1997). Pre-
diction of transmembrane alpha-helices in prokaryotic membrane pro-
teins: the Dense Alignment Surface method. Protein Eng. 10:673-
676.

Danon A (2002). Redox reactions of regulatory proteins: do kinetics
promote specificity? Trends Biol. Sci. 27: 197-202.

Emanuelsson O, Nielsen H, Brunak S, von Heijne G (2000). Predicting
subcellular localisation of proteins based on their N-terminal amino
acid sequence. J. Mol. Biol. 300: 1005-1016.

Fryer MJ, Ball L, Oxborough K, Karpinski S, Mullineaux PM, Baker NR
(2003). Control of ascorbate peroxydase 2 expression by hydrogen
peroxide and leaf water status during excess light stress reveals a
functional organization of Arabidopsis leaves. Plant J. 33: 691-705.

Garnier J, Gibrat JF, Robson B (1996). GOR method for predicting
protein secondary structure from amino acid sequence. Meth.
Enzymol. 266: 540-553.

Genoud T, Buchala AJ, Chua NH, Métreaux JP (2002). Phytochrome
signaling modulates the SA-perspective pathway in Arabidopsis.
Plant J. 31: 87-95.

Geourjon C, Deléage G (1994). SOPM: a self-optimized method for
protein secondary structure prediction. Protein Eng. 7: 157-164.

Geourjon C, Deléage G (1995). SOPMA: significant improvement in
protein secondary structure prediction by consensus prediction from
multiple alignments. Cabios 11: 681-684.

Gibrat JF, Garnier J, Robson B (1987). Further developments of protein
secondary structure prediction using information theory. J. Mol. Biol.
198: 425-443.

Glaser E, Sjoling S, Tanudji M, Whelan J (1998). Mitochondrial protein
import in plants: signals, sorting, targeting, processing and regulation.
Plant Mol. Biol. 38: 311-338.

Guermeur Y (1997). Combinaison de classifieurs statistiques, applica-
tion a la prédiction de structure secondaire des protéines. Ph.D.
Thesis, University of Paris, France.

Heyens K, Valcke R (2006). Fluorescence imaging of infection pattern
of apple leaves with Erwinia amylovora. Acta Hortic. 704: 69-71.

Hofmann K, Stoffel W (1993). TMbase-A database of membrane
spanning proteins segments. Biol. Chem. Hoppe-Seyler 374: 166.

Kim JF, Beer SV (1998). HrpW of Erwinia amylovora, a new harpin that
contains a domain homologous to pectate lyases of a distinct class.
J. Bacteriol. 180: 5203-5210.

Konstantinov YM, Subota I, Tarasenko V, Grokhovsky S, Zhuze A

(2001). Maize mitochondrial DNA topoisomerase | is involved in
organelle RNA synthesis. Maize Genet. Coop Newsletter 75: 30-31.
Konstantinov YM, Tarasenko VI (1999). Changes of DNA-
topoisomerase | activity from maize mitochondria under the influence

of redox conditions. Maize Genet. Coop Newsletter 73: 39-40.

Krieger-Liszkay A (2005). Singlet oxygen production in photosynthesis.
J. Exp. Bot. 56: 337-346.

Kulheim C, Agren J, Jansson S (2002). Rapid regulation of light
harvesting and plant fitness in the field. Science 297: 91-93.

Maliga P (1998). Two plastid RNA polymerases of higher plants: an
evolving story. Trends Plant Sci. 3: 4-6.

Moller IM (2001). Plant mitochondria and oxidative stress: electron
transport, NADPH turnover, and metabolism of reactive oxygen
species. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52: 561-591.

Moller S, Croning MDR, Apweiler R (2001). Evaluation of methods for
the prediction of membrane spanning regions. Bioinformatics 17:
646-653.

Moore AL, Wood CK, Watts FZ (1994). Protein import into plant
mitochondria. Annu. Rev. Plant Physiol. Plant Mol. Biol. 45: 545-575.

Oswald O, Martin T, Dominy PJ, Graham I|A (2001). Plastid redox state
and sugars: interactive regulators of nuclear-encoded photosynthetic
gene expression. Proc. Natl. Acad. Sci. USA. 98:2047-2052.

Pfannschmidt T, Allenb JF, Oelmullera R (2001). Principles of redox
control in photosynthesis gene expression. Physiol. Plant. 112: 1-9.

Pfannschmidt T, Nilsson A, Allen JF (1999). Photosynthetic control of
chloroplast gene expression. Nature 397: 625-628.

Samuilov VD, Lagunova EM, Dzyubinskaya EV, Izyumov DS,
Kiselevsky DB, Makarova YV (2002). Involvement of chloroplasts in
the programmed death of plant cells. Biochem. (Moscow) 67: 627-
634.

Sarowar S, Zhao Y, Soria-Guerra RE, Ali S, Zheng D, Wang D, Korban
SS (2011). Expression profiles of differentially regulated genes during
the early stages of apple flower infection with Erwinia amylovora. J.
Exp. Bot. 62: 4851-4861.

Schnell DJ (1998). Protein targeting to the thylakoid membrane. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 49: 97-126.

Singh DK, Maximova SN, Jensen PJ, Lehman BL, Ngugi HK, McNellis
TW (2010). FIBRILLIN4 is required for plastoglobule development
and stress resistance in apple and Arabidopsis. Plant Physiol. 154:
1281-1293.

Small | (2003). A prediction service for identifying putative N-terminal
targeting sequences. Unité de Recherche en Génomique Végétale
(URGV), INRA/CNRS/UEVE 2003; http://www.genoplante-
info.infobiogen.fr/predotar/.

Somanchi A, Mayfield SP (1999). Nuclear—chloroplast signaling. Curr.
Opin. Plant Biol. 2: 404-409.

Sul IW, Korban SS (1996). A highly efficient method for isolating
genomic DNA from plant tissues. Plant Tissue Cult. Biotechnol.
2:113-116.

Surpin M, Larkin RM, Chory J (2002). Signal transduction between the
chloroplast and the nucleus. Plant Cell 14(Suppl): S327-S338.

Thordal-Christensen H, Zhang Z, Wie Y, Collinge DB (1997).
Subcellular localization of H,O, in plants, accumulation in papillae
and hypersensitive response during the barley- powdery mildew
interaction. Plant J. 11: 1187-1194.

Trebitsh T, Levitan A, Sofer A, Danon A (2000). Translation of
chloroplast psbA mRNA is modulated in the light by counteracting
oxidizing and reducing activities. Mol. Cell Biol. 20: 1116-1123.

Tusnady GE, Simon | (1998). Principles governing amino acid
composition of integral membrane proteins: applications to topology
prediction. J. Mol. Biol. 283: 489-506.

Venisse JS, Guller G, Brisset MN (2001). Evidence for the involvement
of an oxidative stress in the initiation of infection of pear by Erwinia
amylovora. Plant Physiol. 125: 2164-2172.

Venisse JS, Malony M, Faize M, Paulin JP, Brisset MN (2002).
Modulation of defence responses of Malus spp. during compatible
and incompatible interactions with Erwinia amylovora. Mol. Plant
Micro. Interact. 15: 1204-1212.

Vrancken K, Holtappels M, Schoofs H, Deckers T, Treutter D, Valcke R
(2013). Erwinia amylovora affects the phenylpropanoid-flavonoid
pathway in mature leaves of Pyrus communis cv. Conference. Plant
Physiol. Biochem. 72: 134-144.



Abdollahi et al. 2849

Wei ZM, Laby RJ, Zumoff CH, Bauer DW, He SY, Collmer A, Beer SV Xie Z, Chen Z (2000). Harpin-induced hypersensitive cell death is
(1992). Harpin elicitor of the hypersensitive responses produced by associated with altered mitochondrial function in tobacco cells. Mol.
the plant pathogen Erwinia amylovora. Science 257: 85-88. Plant Micro. Interact. 13: 183-190.

Whelan J, Glaser E (1997). Protein import into plant mitochondria. Plant
Mol. Biol. 33: 771-89.



