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Summary

Erwinia amylovora is the most frequently found necrogenic bacterium on apple (Malus
domestica Borkh.) trees, which causes progressive necrosis and blight of host plants. Rapid
spread of bacteria through the host tissue can lead to the loss of entire trees in one grow-
ing season. In this work, the aim is to investigate long-lasting biochemical responses in
leaves of two apple cultivars (Enterprise and Golden delicious). Several histochemical (poly-
phenols, suberin and callose) and biochemical parameters (total polyphenols, superoxide
dismutase – SOD, ascorbate peroxidase – APX and guaiacol peroxidase – GPOD) were
screened 60 days after Erwinia inoculation in order to find their potential correlation with
plant resistance mechanisms to the pathogen attack. Differential susceptibility to the path-
ogen attack observed between the investigated cultivars was in accordance with previous
studies that characterized Enterprise as less susceptible and Golden delicious as more sus-
ceptible cultivar. Infected leaves of Golden delicious expressed symptoms seen as large
brown areas at the abaxial side mostly placed at the leaf margin and necrosis also found
peripherally, while damage in Enterprise leaves was observed as small brown spots and
sporadic leaf edge necrosis. Increased SOD and GPOD activities combined with decreased
polyphenol content as well as wide cuticle suberization in cultivar Enterprise should be
considered as reliable biochemical parameters characterizing its ability to develop certain
resistance to the pathogen infection. Furthermore, the absence of callose deposition in lea-
ves of Enterprise confirmed our findings that thick suberized cuticle is likely the main de-
fense mechanism that enables long-term efficient protection of apple leaves against biotic
stress caused by Erwinia attack.

Key words: antioxidative enzymes, apple, callose, Erwinia amylovora, pathogen resistance,
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Introduction

Erwinia amylovora is the first bacterium identified as
a plant pathogen which causes fire blight in the species

of Rosaceae family, primarily in apple and pear. It is a
Gram-negative bacterium belonging to the family Ente-
robacteriaceae. This necrogenic bacterium provokes pro-
gressive necrosis in aerial parts of susceptible plants.
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Fire blight symptoms vary depending on the host plant
and climate conditions. Symptoms are initiated by water
soaking, followed by wilting and rapid necrosis seen as
scorched blackened parts of infected tissue (1). A rapid
spreading of bacteria in susceptible host under optimal
climate conditions can cause the loss of entire trees in a
single growing season. The main sites of E. amylovora in-
fection are blossoms and wounds. Blossom infection
starts in the stigma with insects or raindrops as vectors.
Rainfall washes bacteria into the nectar, which is rich
with nutrients for bacterial growth. Since nectaries are
noncutinised, bacteria have direct access to the underly-
ing tissue and vascular system. Accumulation of bacte-
ria in xylem blocks the water flow to distal parts of the
plant causing death of those parts (2). Bacteria are able
to survive the winter in cankers produced by deposition
of cork layers around the infected tissues, which repre-
sents the host’s attempt to limit the spread of the infec-
tion (1).

The control of E. amylovora spreading is difficult be-
cause it can survive as an endophyte or epiphyte, not
only in infected plants, but also in symptomless plants
or plant parts. Often, the source of infection is the root-
stock highly susceptible to E. amylovora, which has been
used for grafting of healthy or symptomless material. The
bacterium was found as epiphyte or endophyte on symp-
tomless fruit but there was no evidence of dissemination
of E. amylovora by fruit (3). Leaf surfaces can be colo-
nized by bacteria arriving from earlier blossom infections
or active cankers but without any damage if bacteria re-
main on the surface. In case of invading bacteria into
the leaf tissue, infected leaves showed either necrotic
patches starting from the margin of the leaf blade or
blackening of the petiole and leaf midrib depending on
the way the infection took place (4).

One of the first defense responses to the bacterial
infection is rapid generation of excess reactive oxygen
species (ROS), such as superoxide anion, hydrogen per-
oxide and hydroxyl radical (5). ROS have direct antimi-
crobial activities which reduce pathogen viability. On
the other hand, the enhanced ROS production can also
lead to oxidative damage of pigments, proteins, nucleic
acids and lipids (6). Plants have developed efficient pro-
tective mechanisms against oxidative stress which uti-
lize enzymatic and non-enzymatic components in order
to scavenge ROS excess. The main enzymatic compo-
nents involved in the response to pathogen attack are
peroxidases (ascorbate peroxidase – APX and guaiacol
peroxidase – GPOD), superoxide dismutase (SOD) and
catalase (CAT), while phenolic compound accumulation
represents one of the main non-enzymatic components
of response.

Fire blight disease severity varies from extensive da-
mage on a highly susceptible host to limited symptoms,
or lack of symptoms on a resistant host. Our hypothesis
is that the severity of symptoms is a consequence of dif-
ferent plant resistance capacity that could be revealed as
changes in histochemistry and/or some biochemical pa-
rameters such as different activities of antioxidative en-
zymes or total polyphenol content. In this work, the aim
is to investigate long-lasting biochemical responses in
leaves of two apple cultivars after E. amylovora inocula-
tion in order to find reliable biochemical parameters that

could be correlated with pathogen resistance mecha-
nisms.

Materials and Methods

Plant material

Field experiments were performed on six-year-old
trees of two apple cultivars (Golden delicious and Enter-
prise) grafted on rootstock MM-106. Plants were grown
in the experimental orchard of the Agricultural Institute
Osijek, Croatia. The experiment was designed as a ran-
dom block in 4 repetitions with a total of 8 plants of
each cultivar.

Bacteria and inoculation procedures

Artificial infection of apple cultivars was performed
with two isolates of E. amylovora (OS 5 and OS 6). These
isolates originated from the same orchard (Agricultural
Institute Osijek, Croatia) where sampling of plant mate-
rial was done. It was reported that the used isolates be-
long to the Mediterranean group Pt2 (7). Inoculum was
prepared by overnight culture of the isolates in nutrient
broth at 28 °C with constant shaking. Isolates were
pooled together and diluted with sterile distilled water
to the final concentration of 3.9·105 CFU/mL. Inocula-
tion was performed by spraying one branch per tree
with the prepared bacterial suspension during the flow-
ering period (stage F-F2 according to Baggiolini et al.
(8)). Leaves used for biochemical and histochemical ana-
lyses were collected from the sprayed branch 60 days af-
ter the inoculation was done.

Enzyme extractions

For enzyme extraction, five replicates were taken
from the control and infected leaves. Each sample con-
sisted of 6 leaves. After the removal of the main veins
and the addition of polyvinylpyrrolidone (PVP), leaf tis-
sue was macerated into fine powder with liquid nitro-
gen using pestle and mortar. About 0.2 g of leaf powder
were extracted with 1 mL of 100 mM potassium phos-
phate buffer, pH=7.0. After centrifugation for 15 min at
18 000´g and 4 °C, the supernatant was taken for super-
oxide dismutase and guaiacol peroxidase assays. Appro-
ximately 0.2 g of leaf powder were extracted with 1 mL
of 100 mM potassium phosphate buffer, pH=7.0, with 5
mM sodium ascorbate and 1 mM EDTA, and centrifu-
ged for 15 min at 18 000´g and 4 °C. The supernatant
was taken for ascorbate peroxidase assay.

Measurements of enzyme activities

Determination of guaiacol peroxidase (GPOD; EC
1.11.1.7) activity was done according to Siegel and Gals-
ton (9). Guaiacol peroxidase activity was determined by
monitoring the increase in absorbance at 470 nm over 2
min. The enzymatic reaction was initiated by the addi-
tion of 100 mL of protein extract to 900 mL of reaction
mixture. Reaction mixture consisted of 5 mM guaiacol
and 5 mM hydrogen peroxide in 0.2 M phosphate buffer
(pH=5.8). The enzyme activity was expressed as DA470/
(min·g fresh mass).
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Ascorbate peroxidase (APX; EC 1.11.1.11) activity was
determined according to Nakano and Asada (10) by
monitoring the decrease in the absorbance at 290 nm
over 2 min. The enzymatic reaction was started by add-
ing 10 mL of 12 mM H2O2 in 990 mL of the reaction mix-
ture. The reaction mixture consisted of 50 mM potas-
sium phosphate buffer (pH=7.0) with 0.1 mM EDTA, 50
mM ascorbic acid and 100 mL of protein extract. The en-
zyme activity was expressed as DA290/(min·g fresh mass).

The activity of superoxide dismutase (SOD; EC
1.15.1.1) was assayed by measuring its ability to inhibit
the photochemical reduction of nitroblue tetrazolium
(NBT) as described by Giannopolitis and Ries (11). Each
sample consisted of 910 mL of reaction mixture, 80 mL of
diluted enzyme with 50 mM potassium phosphate buffer
(pH=7.8) and 10 mL of 1 mM riboflavin. The reaction
mixture contained 50 mM potassium phosphate buffer
(pH=7.8), 13 mM methionin, 75 mM NBT and 0.1 mM
EDTA. The absorbance was measured at 560 nm. One
unit of SOD activity was defined as the amount of en-
zyme required to cause 50 % inhibition of the NBT re-
duction rate.

Determination of polyphenol content

Fine powder obtained by maceration of leaf tissue
in liquid nitrogen without PVP was used for the extrac-
tion of polyphenols. The extraction of polyphenols was
done with 95 % EtOH at –20 °C for 72 h and homo-
genates were centrifuged at 10 000´g and 4 °C for 10 min.
The polyphenol content was determined according to
Randhir and Shetty (12) by measuring absorbance at 540
nm.

Histochemical analysis

Fresh hand-made leaf sections were used for histo-
chemical detection of suberin and callose. Suberin was
stained with the alcoholic Sudan III reagent, while the
presence of callose was established with 0.05 % aniline
blue in HEPES buffer, pH=9.25, under UV light (13). Leaf
tissue was cut in small pieces and fixed for 24 h in 1 %
glutaraldehyde in 0.05 M phosphate buffer, pH=6.8. Then,
specimens were dehydrated in a series of alcohols (two
changes in each) and embedded in methacrylate resin
(Historesin, Leica, Germany). Semi-thin sections, 3 mm
thick, were stained with 0.05 % toluidine blue 0 in ben-
zoate buffer, pH=4.4, for polyphenol detection (14). The
sections were analyzed using light and fluorescent mi-
croscope (Carl Zeiss Jena, Germany). Photographs were
made using Panasonic DMC-LS80 camera, USA.

Statistical analysis

Data were analyzed by one-way analysis of variance
(ANOVA), N=5 for every leaf type. The mean values were
compared using the least significant difference (LSD) test.
Differences were considered significant at p�0.05. All sta-
tistical analyses were done with Statistica 7.1. software
(StatSoft, Inc. 2005, USA).

Results and Discussion

Investigated cultivars revealed different levels of
sensitivity to artificial inoculation with E. amylovora.
This was in accordance with previous reports (15,16)

where cultivar Enterprise was reported to be less suscep-
tible, while cultivar Golden delicious was described as
more susceptible. Infected leaves expressed symptoms
seen as large brown areas at the abaxial side mostly
placed at the leaf margin and necrosis also found pe-
ripherally (Fig. 1). Described symptoms were totally ab-
sent from control leaves of cultivar Enterprise (Fig. 1a),
while infected leaves of the same cultivar had only small
brown spots and few necrotic areas (Fig. 1b). Symptoms
were more pronounced in cultivar Golden delicious (Figs.
1c and d), where control leaves expressed a certain level
of injury as well. Since Golden delicious is a second ap-
ple cultivar in Croatia concerning the production quan-
tity and cultivation area, known to be fire blight suscep-
tible, it was chosen as a control cultivar in our study
and compared to the cultivar Enterprise, reported to be
considerably less susceptible to E. amylovora infection. In
accordance with previous reports (15,16), these two ap-
ple cultivars revealed different levels of sensitivity to ar-
tificial inoculation with E. amylovora. Disease symptoms
were totally absent from control leaves of cultivar Enter-
prise (Fig. 1a), while infected leaves of the same cultivar
had only small brown spots and few necrotic areas (Fig.
1b). In contrast, infected Golden delicious leaves dis-
played large brown areas on the abaxial side, mostly
along the leaf margin, as well as necrosis found periph-
erally (Fig. 1d), and even control leaves expressed a cer-
tain level of injury (Fig. 1c). This is not surprising, be-
cause control leaves can be indirectly affected by the
bacterial toxin amylovoran, which causes aggregation of
cytoplasm and organelle disorganization of mesophyll
cells (17).
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Fig. 1. Control (a, c) and infected (b, d) leaves of cvs. Enterprise
(a, b) and Golden delicious (c, d). Infected leaves expressed
symptoms seen as brown spots (white arrows) at the abaxial
side of the leaf as well as necrosis on the leaf edge (black ar-
rows)



The first line of defense against pathogen attack in
vascular plants is cuticle on the surface of the plant
body. It consists of a polymer matrix called cutin sur-
rounded and overlaid with wax. Frequently, the cuticle
is also embedded with suberin, which further contrib-
utes to reducing water loss and uncontrolled transport
of dissolved ions and gases, provides an outer barrier
protecting the organ from pathogens (18). Usually, the
thickness of the cuticle was considered the most impor-
tant structural feature that distinguishes pathogen resis-
tant plant species, cultivars or lines from the susceptible
ones (19). Histological and histochemical characteriza-
tion of cuticles in the leaves of two apple cultivars un-
der investigation is shown in Fig. 2. Cultivar Enterprise
(A, B, E and F) was characterized by a thick suberized
cuticle in both control (A and E) and infected (B and F)
leaves, while the cuticle of cultivar Golden delicious (C,
D, G and H) was much thinner and less suberized in
control (C and G) and infected (D and H) leaves. The
thick suberized cuticle that was observed in leaves of
cultivar Enterprise (Fig. 2) may be an important resis-
tance mechanism against Erwinia attack. Staining tissue
sections with phloroglucinol-HCl in order to check the
lignin presence in the epidermal cell walls appeared
negative in all cultivars (photos not shown), indicating
that lignin was absent.

As reported by Franke and Schreiber (20), the final
step in biosynthesis of suberin involves linking aliphatic
polyester with polyaromatic domain (hydroxycinnamic
acids and derivates) synthesized in phenylpropanoid
pathway by apoplastic peroxidase enzymes. The pres-
ence of hydrogen peroxide is needed for oxidation of
such polyphenolic substrates by peroxidases (21). In or-
der to investigate the biochemical background of the ob-
served differences in leaf structure (Fig. 2) between the
studied cultivars, the concentration of total polyphenols
and GPOD activities were determined. The mean values
of total polyphenols in infected and control leaves of the
two investigated cultivars are shown in Fig. 3a. Control
leaves of cultivar Enterprise had 9.87 mg per g FM of
polyphenols, while the mean value in the infected leaves
of the same cultivar was significantly lower (7.59 mg
per g FM). In contrast, there were no significant differ-
ences observed in the polyphenol content between the

control and infected leaves of cultivar Golden delicious
(9.87 and 9.02 mg per g FM in control and infected
leaves, respectively). The values of GPOD activities were
shown to be increased in infected leaves compared to
control ones in both investigated cultivars (Fig. 3b). The
mean values of GPOD activities were as follows: 8.18 and
14.23 DA470/(min·g FM) in control and infected leaves of
Enterprise, respectively, and 9.66 and 12.54 DA470/(min·g
FM) in control and infected leaves of Golden delicious
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Fig. 2. In situ detection of polyphenols (A-D) and suberin (E-H)
in transversal cross-sections of control (A, C, E and G) and in-
fected (B, D, F and H) apple leaves. Cv. Enterprise (A, B, E and
F) was characterised by thick suberized cuticle (arrows), while
cuticle of cv. Golden delicious (C, D, G and H) was thinner and
less suberized. Scale bar=20 mm
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Fig. 3. The mean values of (a) total polyphenols and (b) GPOD activity in control (grey) and infected (white) leaves of cvs. Enterpri-
se and Golden delicious; *p<0.05, NS not significant, FM fresh mass. Bar indicates standard deviation



cultivar. It was shown that changes in GPOD activity re-
ported in response to environmental stresses (e.g. drought
stress) reflect modified cell wall biochemistry (22). Since
there was no significant difference between GPOD activ-
ities in infected leaves of Golden delicious and Enter-
prise cultivars (p>0.05), a decisive role of GPOD in cuti-
cle thickening is questionable. However, it should be
noted that cultivar Enterprise revealed much higher in-
duction of GPOD activity upon Erwinia infection (74 %)
than Golden delicious (30 %). This might be in accor-
dance with the assumption that the observed increase in
GPOD activity in cultivar Enterprise (Fig. 3b) is related
to suberin biosynthesis and cuticle thickening, which pro-
vides its lower sensitivity to Erwinia attack compared to
the leaves of Golden delicious. This, however, needs to
be further investigated by measuring GPOD activities in
intracellular washing fluid and/or in cell wall prepara-
tions.

Besides emphasized role in the secondary metabolic
modifications of the cell wall (e.g. suberization and ligni-
fication), GPOD enzymes play a role in the plethora of
plant physiological responses such as auxin catabolism
(23,24), heavy metal loads (25), wound healing (26), UVB
and ozone protection (27), pathogen defences (28) and
aging (29). Together with other antioxidative enzymes
(SOD, APX, CAT, etc.), GPOD enzymes are involved in
scavenging of the reactive oxygen species (ROS), such as
superoxide anions (O2

–), hydrogen peroxide (H2O2), hy-
droxyl radicals (OH) or singlet oxygen (1O2) produced
during pathogen attack (30). Therefore, in this study the
activities of SOD and APX, the main antioxidative en-
zymes in green tissues, were investigated. The results of
APX assay are shown in Fig. 4a. Significantly decreased
APX activities were found in infected leaves of both in-
vestigated cultivars: values in Enterprise were 8.07 DA290/
/(min·g FM) in control and 4.95 DA290/(min·g FM) in in-
fected leaves, and 9.93 and 6.35 DA290/(min·g FM) in
control and infected leaves of Golden delicious, respec-
tively. Mean values of SOD activities in infected and
control leaves of the investigated cultivars are repre-
sented in Fig. 4b. The mean value of SOD activity in
control leaves of Enterprise was 48.72 U/g FM, while in
infected leaves this value increased (64.19 U/g FM). On
the contrary, the mean values of SOD activities signifi-

cantly decreased in infected leaves of Golden delicious
(34.53 U/g FM) in comparison with control leaves (58.63
U/g FM). Venisse et al. (31) provided evidence of the in-
volvement of an oxidative stress upon infection of pear
(Pyrus communis L.) with E. amylovora. They showed that
activities of APX and GPOD in leaves increased, which
indicates their involvement in defense response. Investi-
gation of the effects of Fusarium on tomato (Solanum
lycopersicum L.) root done by Mandal et al. (6) revealed
similar results including increased SOD activity as a key
enzyme involved in the elimination of superoxide an-
ions and production of hydrogen peroxide. Increased ac-
tivities of GPOD and SOD in Erwinia-infected leaves of
cultivar Enterprise that we report here (Figs. 3b and 4b)
are consistent with previously mentioned findings. How-
ever, the activities of APX decreased in infected leaves
of both investigated cultivars (Enterprise and Golden de-
licious) (Fig. 4a). Since APX is known as the main H2O2
scavenging enzyme in chloroplasts (32), the decrease in
its activity might be connected with oxidative damage
that would lead to chloroplast disorganization and deg-
radation of photosynthetic pigments, resulting in the ap-
pearance of brown spots on the Erwinia-infected leaves
that were revealed in the present investigation (Figs. 1b
and d). Also, the observed data on the changes in the
antioxidant enzyme activities corroborate the theory of
the hypersensitive response (HR), with which plants
cope with pathogen attack (33). HR is accompanied by
the production of ROS, namely H2O2 and also involves
salicylic acid (SA) and NO, which activate many plant
defense responses, including programmed cell death
(PCD). This increase in ROS abundance during HR is
achieved by SA and NO, which suppress the biosynthe-
sis and activity of APX (34) and CAT (35), the key H2O2
scavenging enzymes. Furthermore, the increase in H2O2
production in infected tissue of cultivar Enterprise was
achieved due to the increase in SOD activity (Fig. 4b).
These observations are in agreement with the general
idea of the role of antioxidant enzymes in the plant re-
sponse to pathogen attack.

Another quick response of plants to different biotic
and abiotic stresses that involve increase in plasma mem-
brane permeability influenced by ROS is callose (b-1�3
glucan) biosynthesis (17). In situ detection of callose in
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upper and lower leaf epidermis of the investigated ap-
ple cultivars is shown in Fig. 5. Since thick suberized cu-
ticle was sufficient to prevent penetration of bacteria in
the leaf of cultivar Enterprise, callose deposits were ab-
sent from the epidermal cell layer of both control and
infected leaves of cultivar Enterprise (Figs. 5a-d). In con-
trast, callose clusters were detected in the leaves of cul-
tivar Golden delicious (Figs. 5e-h) and were more abun-
dant in the infected leaves (G and H) compared to the
control (E and F).

Recently, DebRoy et al. (36) have shown that molec-
ular mechanisms of Erwinia pathogenesis on apple leaves
involve the suppression of callose deposition in the cell
wall, which greatly reduces the ability of leaves to resist
bacterial infection. Therefore, even the presence of callose
as early defense mechanism in leaves of Golden deli-
cious cultivar characterized by thin cuticle is not suffi-
cient to provide adequate protection against Erwinia at-
tack.

Conclusion

In conclusion, results of this study demonstrate a
difference in sensitivity of the investigated apple culti-
vars to Erwinia infection. Cultivar Enterprise exhibited
lesser damage than cultivar Golden delicious. Such dif-

ferent susceptibility to the pathogen attack could be at-
tributed to distinct structural and biochemical features
of the leaves. Increased SOD as well as considerably
thicker suberized cuticle that were observed in cultivar
Enterprise may be important parameters characterizing
the resistance of this cultivar to the pathogen infection.
Furthermore, the absence of callose deposition from
leaves of cultivar Enterprise supports our conclusion
that structural changes of the epidermal cell walls,
namely increased cuticle thickness and suberization, are
the main defense mechanisms that enable efficient pro-
tection of apple leaves against E. amylovora attack.
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