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Abstract

Aim of study: Antimicrobial peptides and monoterpenes are safe compounds that have been used for control of many plant diseases. He-
rein, the effects of two recombinant antibacterial peptides (AMPs) were compared with two monoterpenes for control of Erwinia amylovora
directly or via induction of plant defense enzyme guaiacol peroxidase (GPOD).

Area of study. The experiments were performed at the Ferdowsi University of Mashhad (Iran).

Material and methods: The central composite design (CCD) method was used to study the effect of mixing the compounds and copper
compound (Nordox) in controlling the pathogen. The resistance level was studied on shoots of tolerant (‘Dargazi’) and semi-susceptible
(‘Spadona’) pear cultivars treated with the antibacterial compounds.

Main results: Thanatin and 1,8-cineole showed the highest and lowest antibacterial effects. All treatments reduced E. amylovora patho-
genicity on blossom. The CCD analysis revealed that the best reduction in colony number obtained by mixing Lfc, thanatin, thymol, 1,8-ci-
neole and Nordox at concentrations of 32, 16, 24, 250 and 250 pg/mL. Thymol and 1,8-cineole at 500 pg/mL decreased disease severity
significantly compared to that of AMPs. The level of GPOD enzyme in ‘Dargazi’ was higher than in ‘Spadona’. All treatments increased the
GPOD levels in both cultivars. Furthermore, resistance level and GPOD ratio were negatively correlated.

Research highlights: Antimicrobial peptides showed better effect on growth inhibition of E. amylovora than monoterpenes. Mixing of
these peptides and monoterpens at special dosage enhanced their antimicrobial efficacy against E. amylovora; that could represent a new
method in control of fire blight disease.
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resistance.

Abbreviations used: AMP (antibacterial peptides); CCD (central composite design); DAI (days after inoculation); DS (disease se-
verity); EO (essential oil); GPOD (guaiacol peroxidase); LB (Luria-Bertani); Lfc (lactoferricin); Lfp (lactoferrampin); MBC (minimum
bactericidal concentration); MIC (minimum inhibitory concentration); NA (nutrient agar); ROS (reactive oxygen species); RSM (response
surface methodology)

Authors’ contributions: Technical and material support: ST and PT. Performed the experiment and analyzed the data: MA. All authors
conceived and designed the experiment, wrote and approved the final manuscript.

Citation: Akhlaghi, M; Tarighi, S; Taheri, P (2020). Effect of antimicrobial peptides and monoterpenes on control of fire blight. Spanish
Journal of Agricultural Research, Volume 18, Issue 2, €1002 https://doi.org/10.5424/sjar/2020182-15629

Received: 20 Aug 2019. Accepted: 7 Apr 2020.

Copyright © 2020 INIA. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional (CC-by 4.0) License.

Funding agencies/institutions Project / Grant

3/39797

Ferdowsi University of Mashhad

Competing interests: The authors have declared that no competing interests exist.
Correspondence should be addressed to Saeed Tarighi: starighi@um.ac.ir

Introduction

The fire blight disease with the bacterial agent Erwinia
amylovora (Burrill) Winslow et al. (1920) is undoubtedly
one of the most vicious diseases of pome fruit trees world-
wide imposing heavy and irreparable damage each year
(Gusberti et al., 2015). This disease is the most destruc-

tive bacterial disease, particularly on pears and apples,
the two most economically important members of Ro-
saceae (Emeriewen et al., 2019). The main symptoms of
fire blight infection are burnt-like appearance of infected
tissues, bacterial ooze released from the infected tissues,
shepherd’s crook, wilting, and water soaked appearance
(Awais Khan et al., 2011). In the last two centuries, this
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pathogen has been spread globally and, consequently, E.
amylovora has been classified as a quarantine organism in
some countries, where it is subject to phytosanitary legis-
lation. Recently, it has been included in the top 10 plant
pathogenic bacteria (Mansfield et al., 2012; Piqué et al.,
2015). The regular use of chemicals poses a challenge to
the control of this disease, which can be performed by in-
tegrated management based on using copper compounds
and antibiotics (Cabrefiga & Montesinos, 2017). Appli-
cation of copper compounds during blooming has been
recommended for the disease control, but these chemicals
sometimes cause damage on blossoms and fruits (Stei-
ner, 2000; Karami-Osboo et al., 2010; Akhlaghi et al.,
2018). The use of antibiotics is prohibited in many coun-
tries due to the risk of developing resistance in the target
and non-target populations of bacteria (Iacobellis et al.,
2005). Nevertheless, developing new active compounds
with low phytotoxicity, decreased environmental effect
and broad spectrum of activity is still essential (Cabre-
figa & Montesinos, 2017). There are small peptides and
proteins in the nature that exhibit antimicrobial activity.
Antimicrobial peptides (AMPs) are emerging as a novel
class of compounds for preventing plant diseases (Cabre-
figa & Montesinos, 2017). AMPs are capable of being na-
tural antibiotics created by animals, plants, protozoa, fun-
gi, and bacteria (Biswaro et al., 2018). The antimicrobial
role of this group of compounds is well recognized and
their application in the agriculture has been discovered.
In recent years developments in the synthesis and scree-
ning of AMPs are crucial to the antimicrobial use of these
compounds (Marcos et al., 2008). The lack of AMPs in
natural resources, along with extraction and purification
costs, prompted scientists to use the recombinant DNA te-
chnology for achieving these valuable bio-products. Due
to advances in genetic engineering, the AMPs can be pro-
duced in a cost-effective manner compared to natural re-
sources and industrial biochemical production (Li, 2011).

Lactoferricin (Lfc) and lactoferrampin (Lfp) are two
AMPs, which are the primary components of lactoferrin
in milk. Lactoferrin is known as iron-binding glycoprotein
with 80-kDa molecular weight; it has several biological
activities, such as defense against pathogens, regulating
the iron uptake, controlling the immune system, and pro-
moting cellular growth (Fukuta ef al., 2012). It has been
shown that the antimicrobial effect of Lfc+Lfp is more
potent than that of Lfp or Lfc alone (Wang et al., 2016).
The thanatin peptide is also derived from the spined sol-
dier bug (Podisus maculiventris S.) insect that possesses
antimicrobial properties. Thanatin contains two amino
acids, including two cysteine residues, forming a disulfi-
de bridge (Mandard et al., 1998). It is the first inducible
insect peptide having diverse activities against bacteria
and fungi at various concentrations (Mamarabadi et al.,
2018). Former research attempted to develop new antimi-
crobial agent paving the way for identifying peptides with
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activity against some plant pathogenic bacteria, including
Erwinia amylovora, Pseudomonas syringae pv. syringae
(van Hall) and Xanthomonas axonopodis pv. vesicatoria
(Doidge) (Cabrefiga & Montesinos, 2017).

In addition to the antimicrobial influence of AMPs for
bacterial control, other alternative ways like applying ac-
tive ingredients in essential oils (EOs) have been propo-
sed as well. Currently, there is a new trend to look for
antimicrobial compounds from medicinal plants. These
sources may include EOs and plant extracts. An important
feature of EOs and their active ingredients are hydropho-
bicity enabling them to partition with the lipids present
in the cell membrane of bacteria making them more per-
meable by unsettling the cell structures (Chouhan et al.,
2017). In general, more phenolic compounds in the EO
lead to higher antimicrobial properties. Thymol is a we-
1I-known component of many EOs. A greater quantity of
this monoterpene is found in Lamiaceae plants, including
Thymus spp., Monarda spp., and Origanum spp. (Salehi
et al., 2017). Thymol and carvacrol are similar in terms
of construction, but they differ in terms of the position of
the hydroxyl group of the phenolic ring. Eucalyptol, also
known as 1.8-cineole, is a monoterpene found in the EOs
of some herbs such as eucalyptus, daphne, cardamom, ro-
semary, and sage (Brown et al., 2017). This compound
has antioxidant, antimicrobial and anti-inflammatory pro-
perties and its antimicrobial effects on gram negative and
gram positive bacteria have been shown (Hassanzadeh,
2005; Ji et al., 2005).

Fire blight disease severity ranges from widespread
damage on a highly susceptible host to limited symptoms,
or the lack of symptoms on a resistant host (Viljevac et
al., 2009). The symptom severity is a result of different
plant resistance levels that could be associated with the
histochemical and/or biochemical variations such as ac-
cumulation of reactive oxygen species (ROS) and acti-
vity of antioxidative enzymes (Viljevac et al., 2009). It
is believed that ROS accumulation is one of the first de-
fense responses to the bacterial infection (Mittler, 2002;
Viljevac et al., 2009). Several kinds of ROS such as su-
peroxide anion, hydrogen peroxide, and hydroxyl radical
have direct antimicrobial activities, which lead to decrea-
sed pathogen viability. However, the improved ROS pro-
duction could also result in the oxidative damage of pig-
ments, proteins, nucleic acids and lipids (Mandal et al.,
2008; Viljevac et al., 2009).

Host plants have developed effective protective me-
chanisms against oxidative stress using enzymatic and
non-enzymatic antioxidants for balancing ROS levels.
The main enzymatic antioxidants involved in response
to pathogen attack are peroxidases (ascorbate peroxidase
and guaiacol peroxidase (GPOD)), superoxide dismuta-
se and catalase. Considering the potential antimicrobial
effects of the above-mentioned compounds, the present
study seeks to examine the inhibitory effects of these
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compounds against E. amylovora. In this study, antibac-
terial effects of two recombinant antimicrobial peptides
(Lfc+Lfp and thanatin) and two monoterpenes (thymol
and 1,8-cineole) against E. amylovora were investiga-
ted. Many studies have explored diverse aspects of these
compounds on human microorganisms. But scant atten-
tion has been paid to the effects of these compounds on
plant pathogens. In addition, the level of GPOD enzyme
changes in two pear cultivars, tolerant ‘Dargazi’ and se-
mi-susceptible ‘Spadona’, under treatment with four anti-
bacterial compounds was assayed.

Material and methods
Bacterial strain and culture conditions

The highly virulent E. amylovora isolate used in this
study was obtained from the microbial collection of the
Dept. of Plant Prot., Ferdowsi Univ. Mashhad, Iran. This
strain was isolated from a garden of pear trees in Mashhad,
Khorasan-Razavi province, Iran (Akhlaghi et al., 2018).
When it was needed, fresh bacterial culture was prepared
in Luria-Bertani (LB) broth medium (Liofilchem, Tera-
mo, Italy, 25 g/L) overnight at 28 °C. The concentration
of bacterial cells was adjusted to an optical density (OD)
of 0.2 (108 CFU/mL) at 600 nm on LB broth (Bellemann
et al., 1994).

Antibacterial compounds

The recombinant chimeric peptide quaternary Lfc+Lfp
was constructed by camel Lfc and Lfp (Tanhaeian et al.,
2018). Lfc+Lfp and thanatin peptides were obtained from
Dept. of Biotechnol. Plant Breed., Fac. Agr., Ferdowsi
Univ. of Mashhad, Iran. The Lfc+Lfp peptide production
platform was the human embryonic kidney 293 cells. Cells
were transformed with a vector (pcDNA™3.1(+)) con-
taining a secret signal and a recombinant chimer coding
sequence. The thanatin peptide was transformed from a
Pichia pastoris yeast with a pPICZa vector containing the
sequence of thanatin (Tanhaeian, 2018). Thymol crystal
(5-methyl-2-(propan-2-yl) phenol) was purchased from
Merck (Darmstadt, Germany) company (=99.5 % purity).
Also, 1.8-cineole (1,3,3-trimethyl-2-oxabicyclo [2.2.2]
octane) was purchased from Sigma-Aldrich (Brussels,
Belgium). Each compound was sterilized using millipore
filter (0.22 pm) (Mirzaei-Najafgholi et al., 2017).

Disk diffusion assay

Fresh culture of the bacterium in LB broth medium
with a concentration of 10¥ CFU/mL was distributed on
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the surface of nutrient agar (NA) (Quelab, Montreal,
Canada, 22 g/L) medium. After 15 min, 10 uL of each
compound in final concentration of 250, 500, 1000,
1500 pg/mL were loaded over sterile blank paper discs
(6 mm). Subsequently, plates were incubated at 28 °C
for 48 h and the diameters of bacterial growth inhibi-
tion zones around the discs were measured. The expe-
riments were performed in triplicate (Sokovic & Van
Griensven, 2006).

Determination of minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentra-
tion (MBC)

MIC and MBC for each compounds were determi-
ned in 96-well plates containing NA medium as des-
cribed previously (Mirzaei-Najafgholi et al., 2017).
These assays were carried out in triplicate in three
independent experiments.

In vitro flower inoculation assay

Pear flowers (Pyrus communis cv. ‘Spadona’) at
balloon stage (a day before opening) were transferred
into a sterile 10% sucrose solution. Fresh culture at
the concentration of 107 to 10® bacteria was made
overnight in a sterile 0.05 M Na/KPi buffer containing
0.03% Tween 20 (pH=7). Four microliters of bacte-
rial suspension was placed on the cup (hypanthium)
of each flower. The bacteria were sprayed after 4 h of
treatment with the antibacterial compounds at the MIC
concentration. Na/KPi buffer treatment (without bac-
teria) in hypanthium and water spray (negative con-
trol) and Na/KPi buffer treatment (with bacteria) and
water spray (positive control) were used. The flower
was incubated at 24 to 26 °C with a humidity of 80%.
After 4 days, disease symptoms were investigated on
the flowers) Fischer et al., 2012). Four types of marks
were used for grading: A, flowers were healthy and
without color change; B, color change in hypanthium
and darkening of the tissue; C, tissue and color degra-
dation in the hypanthium, style and filament; and D,
blackened whole flower, ooze production, spreading
symptoms to pedicle (Lelliott & Stead, 1987;
Gerami et al., 2013).

Experimental design and optimization for mixing
the compounds
In this study, response surface methodology (RSM)

was used to optimize mixing of the antimicrobial com-
pounds with the copper compound (Nordox cuprous
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oxide (Cu20)). The RSM is an advantageous method to
investigate the impact of several variables on the res-
ponses by changing them concurrently and performing a
restricted number of tests. No studies employing the ex-
perimental design and optimization modeling approach
for mixing the AMPs, monoterpene and copper com-
pounds have been reported in the literature, so far. The
central composite design (CCD) is an effective design
for sequential experimentation letting a sensible amount
of information to test the lack of fit while excluding a re-
markably large number of design points. The CCD me-
thod was used to determine the mixing ratio of different
antibacterial compounds. Therefore, 43 mixing states
of the four antibacterial compounds were obtained with
Nordox. Subsequently, concentrations (1/2 MIC, MIC,
3/2 MIC) of Lfc+Lfp 16, 32 and 47 pg/mL, thanatin and
thymol 8, 16, and 24 pg/mL, 1,8-cineole 125, 250 and
375 ug/mL, Nordox 250, 500 and 750 pg/mL were pre-
pared. The mixing method of the tested materials was
used in the LB broth medium in the microplate. For this
purpose, the concentrations were prepared and mixed
in equal volumes (30 pL) in the LB broth and 10 pL
of bacteria were added to each well with the concen-
tration of 108 CFU/mL. After 24 h, 100 pL of bacterial
cultures (concentration of 10 CFU/mL) was distributed
on the surface of NA medium. The number of colonies
grown after incubation (24 h) was counted (Demirel
& Kayan, 2012).

Disease severity on tolerant and semi-susceptible
pear cultivars treated with compounds

Two-year-old pear (Pyrus communis) trees cv. ‘Spa-
dona’ and ’Dargazi’ were used for greenhouse experi-
ments. These cultivars were obtained from Horticultu-
ral Science Research Institute (HSRI), Karaj, Iran. All
tests were done on pears in the active growth phase
of terminal shoots. The trees were kept to grow in se-
parate pots in a greenhouse at 22 to 25 °C under hu-
midity and natural photoperiod. Pear seedlings used in
this assay included plants sprayed with distilled water
and inoculated with E. amylovora by placing 50 pL of
the bacterial suspension on the shoots using a syringe
(10 CFU/mL) (zero time). Plants were sprayed with
antibacterial compounds (24 h before inoculation) in
the 125, 250 and 500 pg/mL concentration and ino-
culated with the pathogen. Disease severity (DS) was
monitored 16 days after inoculation and the symptoms
were recorded. Total shoot and lesion lengths were me-
asured for each shoot. Shoot susceptibility to fire blight
was computed as follows: DS=(Length of blighted
shoot/Total shoot length) x 100. The experiment was
carried out with three replications (Bell et al., 2004;
Ozrenk et al., 2011).
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Activity of guaiacol peroxidase in two pear culti-
vars

The experiment was performed as described by Sklo-
dowska et al. (2011) with some modifications. Two-year-
old pear (cvs. ‘Spadona’ and ’Dargazi’) seedlings were
obtained from HSRI, Karaj, Iran. The growth conditions
of seedlings and inoculations were similar to those of the
previous stage. Pear seedlings used in this assay include:
control plants sprayed with distilled water, plants spra-
yed with distilled water and shoots were punctured by a
needle connected to a syringe containing the bacterial sus-
pension (10® CFU/mL), at the axil of the third leaf below
the shoot tip (zero time). Plants sprayed with antibacterial
compounds (24 h before inoculation) in the 500 pg/mL
concentration and inoculated with E. amylovora. Guaia-
col peroxidase activity was measured at 0, 1, 3, 5 and 7
days after inoculation.

Collection and preparation of leaf samples as well as
determination of GPOD activity and protein content were
done as described earlier (Kar & Mishra, 1976; Viljevac
et al., 2009). To extract the enzyme, three replicates were
obtained from the control and infected leaves. Each sam-
ple included one leaf. After removing the main veins and
adding polyvinyl pyrrolidone, leaf tissue was macerated
into fine powder with liquid nitrogen using the pestle and
mortar. Leaf powder (500 mg) was extracted with 3 mL of
100 mM potassium phosphate buffer, pH=6.8. After cen-
trifugation for 15 min at 15000 g and 4 °C, the superna-
tant was taken for the GPOD assays.

Determination of the GPOD (EC 1.11.1.7) activity was
done as described by Plewa et al. (1991) and Zhang et
al. (2009). The GPOD activity was calculated by obser-
ving the increased absorbance at 470 nm over 2 min. The
GPOD activity was measured using the guaiacol precur-
sor and measuring tetraguaiacol absorption rate. In this
method, the complex reaction consisted of 1.4 mL of 50
mM phosphate buffer (pH=7), 800 uL of guaiacol 2%,
0.5 mL of 1% hydrogen peroxide and 200 pL of the ex-
tracted solution.

Statistical analysis

The ANOVA test was conducted on a factorial experi-
ment based on a completely randomized design with three
replications. After ensuring the normal distribution of the
data, ANOVA was performed using SPSS (V22.0). The
means were compared using the Duncan’s multiple rang
test at 5% probability level. The charts were drawn by Ex-
cel 2016. To correlate the disease severity and GPOD ac-
tivity levels and avoid any possible errors, the ratios were
calculated between values obtained for control and treated
plants. The Pearson correlation coefficient between the
data obtained from the GPOD activity assay and disease
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severity was calculated using SPSS (V22.0) software du-
ring three days.

Results

Screening antibacterial activity of various com-
pounds against E. amylovora

The results of analyzing the antibacterial effects of
AMPs and monoterpene compounds suggest their poten-
tial antibacterial effect against E. amylovora (Table 1).
Regarding the inhibition zone diameter, thanatin peptide
had the highest antibacterial activity at 1500 pg/mL
against E. amylovora with 16.17 mm inhibition zone. The
Lfc peptide and thymol with 12.67 and 12.33 mm diame-
ter inhibition zones were placed in subsequent positions.
The lowest inhibition was observed for the 1,8-cineole
compound, where the mean diameter of inhibition hole
was 8.67 mm (similar to the Nordox). AMPs had less an-
tibacterial effect than thymol at concentrations of 250
and 500 pg/mL. Improved antibacterial properties of
compounds were directly related to the increased

concentrations. According to the results of antibacterial
activity screening, the AMPs had stronger antimicrobial
effect than that of monoterpene compounds.

Determination of MIC and MBC

Microplate dilution is an accurate and sensitive me-
thod for determining the antimicrobial effects of various
compounds. The MIC results revealed that thanatin and
thymol at concentration of 15.62 pg/mL restricted the
growth of E. amylovora and the MBC was 31.5 pug/mL.
The highest levels of MIC were obtained for Nordox and
1,8-cineole at 250 pug/mL and 500 pg/mL, respectively.
The highest amount of MBC was obtained at 1000 pg/mL
for the Nordox as a copper compound (Table 2).

In vitro flower inoculation assay
Considering the effect of antimicrobial compounds

on pear flowers, all compounds were capable of slowing
down the disease progress compared to the control (Type

Table 1. Antimicrobial activity of antimicrobial peptides and monoterpene against Erwinia amylovora by paper disk

diffusion method

Inhibition zone (mm)®

No. Compounds
250 pg/mL 500 pg/mL 1000 pg/mL 1500 pg/mL
1 Lfc+Lfp 7.67£0.57b 8.33+0.57c 10.17+0.76b 12.67+0.57b
2 Thanatin 7.17+0.29¢ 9.50+0.50a 11.17+0.76a 16.17+0.76a
3 Thymol 9.00+0.00a 9.33£0.57ab 11.00£1.00ab 12.33+0.57b
4 1,8-Cineole 0.00+0.00d 0.00+0.00d 7.33+0.57¢ 8.67+0.57¢
5 Nordox 0.00+0.00d 0.00+0.00d 7.00+0.00d 8.67+0.57¢c

Lfc: lactoferricin. Lfp: lactoferrampin. ("Diameter of the zone of inhibition includes disk diameter (6 mm). The pre-
sented values are the means + standard deviation. The same letter indicates no statistical difference at p <0.05

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of antimicrobial peptides and monoterpene compounds against Erwinia amylovora

E. amylovora

No. Compounds
MIC (pg/mL) MBC (ng/mL)
1 Lfc 31.50 62.50
2 Thanatin 15.62 31.50
3 Thymol 15.62 31.50
4 1,8-Cineole 250.00 500.00
5 Nordox 500.00 1000.00
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D) as shown in Fig. 1. The lowest disease symptoms
were observed on the flowers treated with both of tha-
natin (type B) and thymol (type B). The highest level of
disease symptom was observed on flowers treated with
the 1,8-cineole (Type C). The results of this test suggested
that, unlike AMPs, the two monoterpene compounds used
in this study had phytotoxicity on flower petals (Table 3).

Optimization analysis for mixing the antibacte-
rial compounds

The results of mixing the antibacterial compounds
were compared using a completely randomized design
with the CCD method (Table 4). The results indicate that
all of the mixed ratios could reduce bacterial growth com-
pared to the control (medium contain bacteria: 237.3 co-
lony). The comparison results showed that the mixing ra-
tios of 32, 16, 24, 250 and 250 pg/mL for Lfc+Lfp,
thanatin, thymol, 1,8-cineole and Nordox (third row; 41
colonies) and mixing ratios of 32, 16, 16, 375 and 250 pg/
mL for Lfc+L{p, thanatin, thymol, 1,8-cineole and Nor-
dox (fifteenth row; 43 colonies) led to the maximum

reduction of bacterial colony number in NA (Table 4).
Other results also showed that the mixing ratio of 32, §,
16, 250 and 750 pg/mL, (seventeenth row, 104 colonies)
had the least effect on Lfc+Lfp, thanatin, thymol, 1,8-ci-
neole and Nordox respectively. The antibacterial effect of
AMPs and copper compound during mixing of all treat-
ments was more than monoterpenes (Table 4).

Effect of antimicrobial compounds on protecting
the shoots of pear cultivars against E. amylovora

The results of disease severity assay revealed that the
percentage of damage caused by E. amylovora on cv.
‘Dargazi’ (tolerant) (21.87%) was lower than in ‘Spado-
na’ (semi-susceptible) (58.85%). Application of all anti-
bacterial compounds tested on ‘Spadona’ and ‘Dargazi’
reduced the DS compared to the Nordox treatment and
control (Fig. 2). The results indicate that the Nordox was
not significantly different in reducing the DS in compari-
son with the control (water spray) in the three concentra-
tions tested. The results of DS and concentration showed
that in three concentrations (125, 250 and 500 pg/mL)

Figure 1. Effect of treating pear flowers with the antimicrobial peptides and monoterpene at MIC concentration
against Erwinia amylovora. Flowers treated with: a) distilled water (negative control); b) bacterial suspension (posi-
tive control); c) thanatin; d) thymol; e) Lfc+Lfp; and f) 1,8-cineole.
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Table 3. In vitro assays on the phytotoxicity of different antimicrobial peptides and monoterpe-
ne on the external parts of the bloom

Blossom phytotoxicity

No. Treatment
on petals on sepal and pedicle
1 Lfc+Lfp - -
2 Thanatin - -
3 Thymol + -
4 1,8-Cineole + -
5 Nordox W -

+: phytotoxic, -: no reaction, W: weak reaction

Table 4. Using central composite design to optimize the mixing ratio and the results of mixing antimicrobial peptides (lactoferricin,
thanatin) and monoterpene treatments (thymol, 1,8-cineole) at different concentrations (1/2 MIC, MIC, 3/2 MIC) with Nordox

No. Lfc Tha. Thy. Cin. Nor. CI:I(:)'I:;; No. Lfc  Tha. Thy. Cin. Nor. cltjl(()).n(i):‘s
1 32 8 16 125 500 70.70 24 32 24 16 250 750 68.00 ™=
2 32 24 24 250 500 66.30 °° 25 16 16 16 250 250 68.00 ™=
3 32 16 24 250 250 41.00" 26 47 16 16 375 500 80.00 1
4 32 8 8 250 500 71.00 27 47 16 16 250 250 71.30
5 47 16 24 250 500 74.00 28 32 8 16 250 250 74.30 ™
6 16 8 16 250 500 94.70 ¢ 29 32 24 16 375 500 64.00 ¢*
7 47 16 16 125 500 72.70 % 30 32 16 16 125 250 78.30
8 16 16 8 250 500 88.70 & 31 32 8 24 250 500 81.70
9 16 16 16 250 750 94.00 « 32 32 16 8 375 500 63.70 *
10 47 8 16 250 500 93.70« 33 16 24 16 250 500 87.30 ¢f
11 32 16 8 250 750 64.30 34 32 16 24 250 750 66.00 P
12 32 24 16 125 500 70.30 - 35 32 16 24 375 500 68.70
13 32 16 16 250 500 70.70 - 36 16 16 24 250 500 83.30 ¢
14 32 16 8 125 500 73.30 kn 37 32 16 16 250 500 69.30 '
15 32 16 16 375 250 43.00" 38 32 8 16 375 500 72.00 k¢
16 32 16 16 250 500 67.70 ™ 39 32 16 24 125 500 86.00 <"
17 32 8 16 250 750 104.00° 40 47 16 8 250 500 81.00 &'
18 32 24 16 250 250 73.30 kn 41 32 16 16 125 750 74.70
19 16 16 16 125 500 87.00 ¢ 42 32 16 8 250 250 49.00 "
20 32 24 8 250 500 67.70 ™ 43 47 24 16 250 500 75.00
21 32 16 16 375 750 57.30 ¢ 44 Culture medium (bacteria) 237.30¢
22 47 16 16 250 750 73.70 ke 45 Culture medium (alone) 0.00 ¥
23 16 16 16 375 500 81.70 1

The same letter indicates no statistical difference at p <0.01
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Figure 2. Effect of antimicrobial peptides and monoterpene treatments on disease severity (DS)
at three concentrations (125, 250 and 500 pg/mL) on: a) ‘Spadona’ and b) ‘Dargazi’ cultivars

used in this assay, the maximum DS reduction was obser-
ved at concentrations of 500 pg/mL. The maximum re-
duction of DS on ‘Spadona’ was obtained using the 1,8-ci-
neole (16.05%) and thymol (18.88%) at concentrations of
500 pg/mL (Fig. 2). 1,8-cineole and thymol had a greater
role in reducing the percentage of necrosis on the shoot
and there was no statistically significant difference in the
in-vivo effect of two tested AMPs on this cultivar at 500
pg/mL. The maximum reduction of DS on cv. ‘Dargazi’
was obtained using the thymol (7.71%) and 1,8-cineole
(9.05%) at concentrations of 500 pg/mL (Fig. 2). There
was no statistically significant difference with the applica-
tion of 250 pug/mL concentrations of each treatment on
‘Dargazi’ except thymol. However, the differences be-
tween the effect of Lfc+L{p, thanatin and 1,8-cineole on
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‘Dargazi’ were not significant compared to Nordox treat-
ment. The least effect on reducing the DS was associated
with the application of the lowest concentrations (125 pg/
mL) of each compound, which was more pronounced for
AMPs, although they did not significantly differ. Other
results revealed the fact that there is a direct correlation
between concentration of antibacterial compounds and re-
duction in the percentage of shoot necrosis.

Guaiacol peroxidase activity in two pear cultivars
The results of GPOD activity assay showed that the

primary level of enzyme in ‘Dargazi’ (tolerant) was higher
than the enzyme level in ‘Spadona’ (semi-susceptible).
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Moreover, the GPOD activity pattern was not similar in
the two cultivars (Fig. 3). Generally, in ‘Dargazi’ the en-
zyme level showed an increasing trend up to 3 days af-
ter inoculation (DAI), and then decreased. In ‘Spadona’
an increasing trend was observed for the GPOD activity
at all five time points (Fig. 3). In ’Dargazi’, the control
treatment (water spray) showed a constant trend, while
the treatment with bacteria tested showed a rising trend
(up to 3 DAI, the enzyme level showed an increasing
trend, followed by a decreasing one). The GPOD activity
increased until 3 DAI, then showed a decreasing trend
until the 5 DAI, and the enzyme level increased again
until the 7" day (Fig. 3). In ‘Dargazi’ all antibacterial
compounds increased the level of GPOD over a period
of three days. The highest level of the enzyme was obtai-
ned by treatment with 1,8-cineole (Fig. 3d) and thymol
(Fig. 3¢). The rate of GPOD activity under Lfc+Lfp (Fig.
3a) and thanatin (Fig. 3b) treatments was lower than that
of the plants treated with 1,8-cineole and thymol. Howe-
ver, the enzyme level in the plants treated with thana-
tin was close to the bacterial treatment at 5 DAI, but in
case of Lfc+Lfp, a lower decrease in the level of enzyme
was observed at 5 DAI (Fig. 3). In ‘Spadona’ the con-
trol treatment (water spray) had a constant trend, while
treatment with bacteria showed an increasing trend un-
til 7 DAL In this cultivar, all antibacterial compounds
increased the level of GPOD for three to seven days.
The highest level of enzyme activity was observed in
the plants treated with 1,8-cineole (Fig 3d) and thymol
(Fig. 3c) over a period of 5 to 7 days. Like in ‘Darga-
zi’, the activity of GPOD enzyme in plants treated with
Lfc and thanatin was at the lowest level during the time
period investigated compared to 1,8-cineole and thymol
and did not show considerable differences with Nordox
and control (Fig. 3).

Discussion

Fire blight causes serious damage to pome fruit trees
in Iran and other countries, so it is necessary to com-
bat E. amylovora bacteria to increase yield. In addition
to antibiotics, copper compounds and other biological
controlling products have also been applied to control fire
blight; nevertheless, applying these materials is restricted
due to their unpredictable control effects and application
of copper compounds can lead to phytotoxicity (Patel et
al., 2017). On the other hand, it is difficult to assess the
effect of copper compounds on fire blight and the ineffecti-
veness of other chemical compounds in controlling the di-
sease due to the resistance or tolerance of microorganisms
(Al-Daoude et al., 2009; Ivanovié et al., 2016).

Every year, approximately 2.5 million tons of pesti-
cides are used on crops worldwide to fight plant disea-
se (Koul et al., 2008; Ben Kaab et al., 2019). Natural
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products derived from plants and AMPs have no harm-
ful effects of chemical compounds on human health and
the environment. In addition to medical applications, the
AMPs can also be used in plant protection. The reduced
yield, quality, and safety of agricultural products caused
by plant diseases can be overcome using AMPs (Holas-
kova et al., 2015). Large amounts of high purity pepti-
des are required for basic research and clinical trials. In
comparison with the process of separation from natural
sources and chemical synthesis, the recombinant expres-
sion method suggests an effective and economic means
to produce peptide in high yield. In this regard, using re-
combinant AMPs (naturally occurring in camel milk and
insect), we showed that they have unique antibacterial
effect on E. amylovora.

To date, several studies have been performed on tha-
natin. For instance, the transgenic rice (Oryza sativa L.)
encoded thanatin peptide was resistant to blast disea-
se (Magnaporthe grisea M.E. Barr) in field evaluations
(Imamura et al., 2010). Other study reported that the
transgenic Arabidopsis thaliana encoded thanatin was
resistant to the phytopathogens (Wu et al., 2013). Great
antifungal activity of the AMP was observed at pg level
under both in vitro and in vivo conditions against five fun-
gal phytopathogens (Mamarabadi et al., 2018). Although
no comprehensive research has been conducted on the
anti E. amylovora role of thanatin, this study showed that
the peptide possesses high antimicrobial activity similar
to that of previous studies. The antimicrobial effect of Lfc
peptide on plant pathogenic bacteria has been evaluated
in Lfc of cow milk against Xanthomonas campestris pv.
phaseoli (Smith) Constantin et al., Ralstonia solanacea-
rum (Smith) Yabuuchi et al., and Pseudomonas syringae
pv. phaseolicola (van Hall) (Fukuta et al., 2012). Tan-
haeian et al. (2018) studied the effect of lactoferrin+lacto-
pharmin on 14 plant pathogenic bacteria, including F.
amylovora, and found that the MIC for the bacterium is
1.31 pg/mL. Compared to previous studies, the results of
this study showed that the MIC for the E. amylovora was
higher (62.5 pg/mL), which is probably due to the type of
E. amylovora isolate, which was highly virulent. Other
researchers reported that the antibacterial activity of a
recombinant chimeric peptide is significantly stronger
than its non-recombinant peptide (Bolscher et al., 2009;
Tang et al., 2012). The results of this study revealed that,
contrary to previous studies, thanatin (a non-recombi-
nant chimeric peptide) has more antibacterial properties
than the Lfc peptide (a recombinant chimeric peptide). It
seems that the role of the N-terminal tail of recombinant
peptides in antibacterial activities is more important
than the fusion of two peptides. Considering that peptide
is edible and has high durability (temperature resistan-
ce of 90 °C), the use of this peptide to control bacterial
pathogens can be considered as a new strategy in the
biological control.
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Figure 3. The results of the GPOD enzyme modification in ‘Dargazi’ and ‘Spadona’ cultivars treated with: Lfc+Lfp (a), thanatin (b),

thymol (c), 1,8-cineole (d), and Nordox (e)

As an alternative approach for preventing the spread of
plant diseases, it is possible to use natural compounds of
plants as a source of new pesticides (Yumlembam & Bor-
kar, 2014). Thymol is generally used as a general disinfec-
tant or additive in cosmetics, food industry, or medicine.
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In agriculture, the effect of thymol against microorganis-
ms and insects has been depicted (Calvet et al., 2001; Ji
et al., 2005). However, there are few studies about the use
of thymol in greenhouses and farms. Applying thymol as
a fumigant in laboratory and greenhouse conditions leads
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to a significant reduction in the population of Ralstonia
solanacearum bacteria in the soil (Ji et al., 2005). The
analysis of thymol effect in this study showed its antibac-
terial effect on E. amylovora, which is consistent with the
results of previous studies in the control of gram-negati-
ve and gram-positive bacteria (Hassanzadeh, 2005; Ji et
al., 2005). The study showed that thymol has potential
to control E. amylovora. However, further research is re-
quired to investigate the possibility of direct application
of thymol on flowers due to the sensitivity of tissue, the
possibility of damage to pollination process and forma-
tion of fruits.

The 1,8-cineole is used as a component of some aro-
matic plants such as coriander, oregano, rosemary, thyme
and ginger (Van Vuuren & Viljoen, 2007). The results of
this study, consistent with other studies, revealed the anti-
bacterial effects of 1,8-cineole against E. amylovora. The
antibacterial effect of 1,8-cineole on flowers and fruits
was lower than thymol, which is related to the structural
differences between the two compounds. Identical to thy-
mol, 1,8-cineole also had improved effects on reducing
the disease on the fruits compared to the blossom, and
showed a phytotoxicity rate lower than that of thymol.
Although reduction in disease symptoms on pear blos-
soms treated with 1,8-cineole was not clear (because of
the phytotoxicity of this compound on the blossoms), but
1,8-cineole inhibited the disease progress of E. amylovo-
ra on pear branches better than other tested compounds
when used at 500 pg/mL. In natural conditions, initial
infection of pear trees occurred by epiphytic populations
of E. amylovora that become established on the stigmas
of flowers. The pathogen spreads from stigmas to the hy-
panthium in surface moisture and invades through the
nectarthodes (Thomson, 1986). Therefore, application of
copper compounds or antibiotics either before or imme-
diately after the pathogen reaches to the pear flowers or
shoots would be very useful because of direct contact of
applied materials with the pathogen. Once E. amylovora
enters the host xylem or cortical parenchyma and spreads
in the endophytic phase of pathogenesis (Koczan et al.,
2009), external control methods become ineffective. Plant
resistance inducers and biological control agents are po-
tential alternatives to antibiotics and copper (Johnson &
Temple, 2013). The two tested AMPs, Lfc+Lfp and tha-
natin, reduced disease symptoms caused by E. amylovora
on pear flowers and did not show phytotoxicity, while the
two monoterpenes used in this study, specially 1,8-cineo-
le, showed high phytotoxicity. However, 1,8-cineole and
thymol reduced disease symptoms on branches. Therefo-
re, we suppose these compounds could be new alternati-
ves for management of fire blight disease in epiphytic or
endophytic growth phase of E. amylovora.

Another part of this study focused on applying the
RSM and finding an applicable approximating function
for the ratio of mixing antibacterial compounds (antimi-
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crobial peptides and monoterpene) with a copper com-
pound (Nordox) for finding the most effective antibacte-
rial MIC (1/2 MIC, MIC, 3/2 MIC) concentration. RSM
is a type of mathematical and statistical method to design
experiments, create models, assess the relative signifi-
cance of several independent variables, and determine
the optimum conditions for necessary responses (Zhang
& Zheng, 2009; Demirel & Kayan, 2012). The two most
common designs widely applied in RSM are the CCD and
the Box-Behnken design. The CCD is perfect for sequen-
tial experimentation paving the way for a sensible amount
of information to test lack of fit while excluding remar-
kably considerable number of design points (Somayajula
et al., 2011; Demirel & Kayan, 2012). In this study, the
mixing conditions of tested compounds were determined
using the CCD method. Using the mentioned statistical
method was better than other methods due to reduced
number of experiments and the simultaneous analysis of
the parameters. More studies have been done on the mi-
xing of antimicrobial compounds and toxins, antibiotics,
essential oils and plant extracts against various pathogens
(Langeveld et al., 2014). In another study, the synergis-
tic effects of piperacillin antibiotic with cinnamon essen-
tial oil and chloramphenicol antibiotic with oil of savory
were assayed against E. coli (Bassolé & Juliani, 2012).
However, the effects of mixing between new antimicro-
bials agents and copper compounds were not assayed and
discussion on comparing the antibiotic, essential oils and
plant extracts with poison was important. Various biotic
and abiotic stresses activate a series of reactions leading
to resistance in plants. Applying protective agents and
chemical activators of plant defense system for decrea-
sing the disease damage are novel methods favored by
researchers in recent years. Plants are capable of increa-
sing their resistance against plant pathogens agent. This
phenomenon is known as induced resistance activated by
some microorganisms, natural or artificial chemicals, or
by lesions. The GPOD activity assay in this study showed
that in tolerant and semi-susceptible cultivars, the GPOD
activity was significantly different. Ebadi et al. (2014)
found that in resistant cultivars such as ‘Dargazi’ and
‘Harrow Sweet’, the GPOD level reached to its maximum
level at 3 DAI But in the susceptible cultivars ‘Bartlett’
and ‘Mohhamdali’, the GPOD activity peaked later at 6
DAL, followed by a decreasing trend until 12 DAI, which
is in agreement with the results of the present study. It
seems that antioxidant activity (such as peroxidase and
catalase) in early days after inoculation of bacteria in re-
sistant pear cultivars causes a hypersensitive response. In
resistant cultivars, the hypersensitive response (which is
a mechanism, used by plants, to prevent the spread of in-
fection) is a local, defensive, and quick reaction leading
to the cell death in the infected area inhibiting the spread
of bacteria in the host tissue. As the results of this study
showed, the tested antibacterial compounds play a role in
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the induction of resistance, which is more evident in mo-
noterpene compounds. In susceptible or semi-susceptible
cultivars, the free radicals are very high after the bacterial
attack, but the defense system was unable to decompo-
se them due to the lower level of antioxidant enzymes
and the bacteria developed more rapidly inside the plant
(Ebadi et al., 2014). The use of antibacterial compounds,
especially monoterpenes, in this study showed that like
some natural and artificial chemical compounds, mono-
terpenes could play an important role in increasing the
antioxidant enzymes, such as GPOD. So far, the mecha-
nism of action of monoterpenes compounds and AMPs
in induction of resistance was not fully understood, but
it seems that they activate some of the defense related
mechanisms in plants.

The correlation coefficient is one of the most of-
ten used statistical tools for analyzing the associations
among the traits. Pearson's correlation coefficient is a
statistical method of quantifying the association, or “co-
herence”, between two variables. Therefore, it is a very
popular tool to analyze data many scientific disciplines
like biology (Soares et al., 2011). The results of this
study revealed that the GPOD enzyme has a negative
correlation with disease severity (-0.701, p=0.0001).
This study is the first report on the use of antibacte-
rial compounds, such as 1,8-cineole, thymol and two
AMPs (thanatin and Lfc) on blooms, fruits and seed-
lings of pear. In this study, for the first time, statistical
methods for mixing new antibacterial compounds with
common copper compounds were used to control fire
blight. It seems that the antibacterial compounds used
in this study, in addition to their antibacterial role, can
also play a role in activating defense responses in the
pear tree. If these materials provide a higher level of
protection against the fire blight pathogen before the
induction of resistance using their antimicrobial pro-
perties, the effective control of the disease will oc-
cur. The results of this research could be helpful for
applying novel alternative compounds in fire blight
disease management.
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