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Erwinia amylovora is a plant pathogen that causes fire
blight on apples and pears. Bacteriophages, which are
viruses that selectively infect specific species of bacteria
and are harmless to animal cells, have been considered
as biological control agents for the prevention of bacte-
rial pathogens. In this study, we aimed to use bacterio-
phages that infect E. amylovora as biocontrol agents
against fire blight. We isolated bacteriophages Fifi044
and Fifi318 infecting E. amylovora, and characterized
their morphology, plaque form, and genetic diversity to
use as cocktails for disease control. The stabilities of the
two phages were investigated at various temperatures
and pH values and under sunlight, and long-term stor-
age experiment was conducted for a year. To evaluate
whether the two phages were suitable for use in cocktail
form, growth curves of E. amylovora were prepared
after treating the bacterial cells with single phages and
a phage cocktail. In addition, a disease control test was
conducted using immature apples and in vitro cultured
apple plantlets to determine the biocontrol effects of
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the phage cocktail. The two phages were morphologi-
cally and genetically different, and highly stable up to
50°C and pH value from 4 to 10. The phages showed
synergistic effect when used as a cocktail in the inhibi-
tion of host bacterial growth and the disease control.
This study demonstrated that the potential of the phage
cocktail as a biocontrol agent for commercial use.

Keywords : bacteriophage, biological control agent, fire
blight disease, phage cocktail

Erwinia amylovora, a Gram-negative bacterium belonging
to the family Erwiniaceae, affects a wide range of host spe-
cies within the family Rosaceae and is the causative agent
of fire blight disease, which is a major global threat to com-
mercial apple and pear production. The symptoms of fire
blight, which are blackened and disintegrated tissues, were
first observed in the United States in the 1780s, and the
disease continues to spread worldwide (Denning, 1794). In
Korea, it was first reported from a pear orchard in Anseong
in 2015 (Park et al., 2016). Since 2015, when fire blight
was first reported from 47 orchards, the infected areas have
expanded, and the number of orchards affected by the dis-
ease has constantly increased (Lee et al., 2022). In particu-
lar, the disease affected 774 more orchards in 2020 owing
to unusual weather conditions, including frequent rainfall
and high humidity and temperature, in the spring and the
negligence of workers (Lee et al., 2022). It suggests that
the disease can recur if the environmental conditions are
appropriate. Therefore, development of effective measures
to control this disease is necessary.

In the absence of disease-resistant cultivars, antibiotics
have become the best option for bacterial disease control in
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many pathological systems because they provide the most
effective means of reducing bacterial populations and lim-
iting disease outbreaks (Sundin and Wang, 2018). Strep-
tomycin has been used extensively in the United States for
more than 50 years to control fire blight outbreaks caused
by E. amylovora. However, streptomycin-resistant isolates
of E. amylovora were identified in pear orchards in Califor-
nia in 1971 (Miller and Schroth, 1972) and in Washington
and Oregon in 1972 (Coyier and Covey, 1975). Moreover,
reports of streptomycin-resistance have raised concerns
about the sustainability of this antibiotic in the management
of fire blight (Tancos et al., 2016). In addition, chemical
agents such as copper compounds are not suitable for sus-
tainable agriculture because of the environmental pollution
caused by metal accumulation in the soil. Therefore, devel-
opment of alternatives such as biocontrol agents, which can
replace antibiotics and chemical agents without causing
environmental problems, is necessary.

Bacteriophages are a type of viruses that infect bacteria
and are widely present in nature wherever bacteria exist
(Dion et al., 2020). As bacteriophages are generally be-
lieved to be environmentally safe and harmless to humans,
animals, and plants, they are considered promising alterna-
tives to antibiotics (Sillankorva et al., 2012). Clinical tri-
als for bacteriophage therapy were approved by the Food
and Drug Administration (FDA) in 2019 (Voelker, 2019).
Moreover, various studies have been conducted on the ap-
plication of phages in bacterial plant disease control (Fla-
herty et al., 2001; Gill and Abedon, 2003; Gill et al., 2003;
Stefani et al., 2021). At OmniLytics in the United States,
there are several commercial products named AgriPhage,
comprising with phage cocktails that infect pathogens caus-
ing diseases in tomatoes, citrus, apples, pears, nuts, and
stone fruits (OmniLytics, 2024).

In this study, we aimed to use bacteriophages that infect
E. amylovora as biocontrol agents against fire blight. We
selected two bacteriophages, Fifi044 and Fifi318, out of
nine bacteriophages reported in a previous study based on
their characteristics and host range for E. amylovora (Park
et al., 2022). Both phages were identified to be members
of Myoviridae, although analysis of the phylogenetic tree
constructed using whole-genome sequences revealed that
the phages were genetically different. Stability tests under
diverse conditions and long-term storage tests were con-
ducted to assess the feasibility of using the phages as bio-
control agents. The effectiveness of the phage cocktail was
confirmed in vitro by analyzing growth curves of E. amy-
lovora incubated with single phages and phage cocktails
with different multiplicities of infection (MOIs). Addition-

ally, a disease control test was conducted with the phage
cocktail using immature apples and in vitro cultured apple
plantlets.

Materials and Methods

Bacterial strain and growth conditions. In this study,
E. amylovora strain YKB14808, isolated from a pear or-
chard in Seoun-myeon, Anseong-si, in 2019, was used to
propagate phages and confirm the formation of plaques.
The bacteria were stored in tryptic soy broth (TSB; Difco,
Franklin Lakes, NJ, USA) media supplemented with 15%
glycerol at —80°C. The bacteria were cultured on tryptic
soy agar (Difco) medium and incubated at 28°C for 18 h.
Subsequently, the bacterial cells from a single colony were
cultured in 10 ml of TSB medium in a shaking incubator
at 150 rpm and 28°C for 16 h, and the culture was used for
further analysis.

Preparation of bacteriophages. The bacterial cells were
cultured overnight, and then, the bacterial cells and bacte-
riophages were co-cultured (MOI, 0.001) in nutrient broth
(NB; Difco) by incubating at 28°C for 18 h at 150 rpm.
The liquid culture was centrifuged at 10,000 xg for 10
min at 4°C, and the bacterial cells and other debris were
removed by vacuum filtering the supernatant using a 500
ml Corning vacuum filter/storage bottle system (0.22 pm
pore size, Corning Incorporated, Corning, NY, USA). To
precipitate the phages, 1/5 volume of polyethylene glycol/
NacCl solution (20% w/v PEG 8000; 2.5 M NaCl) was
added to the filtrate, and the solution was stored at 4°C for
24 h. Subsequently, the filtrate was centrifuged at 10,000
xg for 30 min, and the phage pellet was resuspended in SM
(sodium chloride—magnesium sulfate) buffer (50 mM Tris-
HCI, pH 7.5; 10 mM NaCl; 10 mM MgSO,). The phage
titer was measured using the double-layer agar method, as
previously described (Bae et al., 2012). The phage stock
was stored at 4°C, and the SM buffer was replaced with
sterile distilled water (SDW) when necessary, by ultrafil-
tration (Centricon, PL-70, 30,000 Da NMWL, Millipore,
Billerica, MA, USA). High-quality pure phage particles
were collected using CsCl-based purification. The phage
lysates were centrifuged in CsCl buoyant density gradient
at 78,500 xg and 4°C for 2 h using an ultracentrifuge (Sor-
vall WX100, Sorvall Surespin-630 rotor, Thermo Fisher
Scientific, Waltham, MA, USA). The tubes were punctured
with a 20-gauge needle, and the white band obtained after
ultracentrifugation, which comprised the phage particles,
was collected.
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Transmission electron microscopy. The morphology of
bacteriophages Fifi044 and Fifi318 was determined by
transmission electron microscopy (TEM; LEO 912AB,
LEO Electron Microscopy Inc., Thornwood, NY, USA).
The phage stock purified using CsCl gradient ultracentrifu-
gation was used for TEM analysis. Five microliters of the
phage stock were loaded onto carbon-coated copper grids
and negatively stained with 2% aqueous uranyl acetate (pH
4.0). The phages were examined using a TEM system (LEO
912 AB transmission electron microscope, Carl Zeiss, Wet-
zlar, Germany) at 80-kV accelerating voltage.

Sequencing. Bacteriophage DNA was extracted using a
Norgen Phage DNA isolation kit (Norgen Biotek Corp.,
Ontario, Canada) according to the manufacturer’s instruc-
tions. Purified phage DNA was sequenced using a PacBio
RS 1II sequencing system at Macrogen, Seoul, Korea. The
complete dataset, including the genome information of the
newly isolated phages and previously reported E. amylovo-
ra phages, was subjected to state-of-the-art genome-based
analysis using the Virus Classification and Tree Building
Online Resource (VICTOR; freely available at https://vic-
tor.dsmz.de).

Stability test of bacteriophages. To examine the stability
of the bacteriophages at different temperatures and pH lev-
els, the phages were treated under the specified conditions
for 1 h. SM buffers with pH ranging from 4 to 11 were pre-
pared by adjusting the pH with 1 M HCI and 1 M NaOH.
The titer of the phages was measured by dotting serially
diluted phage suspensions onto media that were overlaid
with the host bacteria.

The stability of the phages in the presence of ultravio-
let (UV) light was tested using a large-area illumination
source (100 mW/cm’, Oriel Sol1A Class ABB Solar Simu-
lator, Newport, Yongin, Korea) that could emit light whose
spectrum was similar to the solar spectrum. The phage
solution (2.5 ml) was added to a 24-well cell culture plate.
A transparent quartz plate was placed on the 24-well plate,
the plate was irradiated with light for 6 h, and samples were
collected every hour to confirm phage activity.

Long-term stability tests of the phages were performed
at different temperatures (—80, 4, 27, and 37°C). The initial
phage titer was adjusted to 10° pfu/ml using SM buffer,
and the phage titer was measured approximately every 30
days for 200 days. To prevent physical damage of phage
particles because of the crystallization of water, 15% of
glycerol was added to the samples stored at —80°C. Phage
activity was measured using the double-layer agar method.

Growth curves. The persistence of infection with Fifi044
and Fifi318 was evaluated using E. amylovora strain
YKB14808. Bacterial cells cultured overnight in TSB me-
dium were re-inoculated into fresh TSB medium at 1/100th
of the volume and incubated at 27°C with shaking at 150
rpm until the optical density at 600 nm (ODy, ,,) reached
0.5 (approximately 1 x 10% cfu/ml). The bacterial suspen-
sion was centrifuged at 6,000 xg for 3 min, and the pellet
was washed twice with SDW and resuspended in SDW.
The bacterial suspension was inoculated into NB medium
(Difco) at 1/1,000 of the volume and divided into 180 pl
aliquots in a 96-well plate. Serially diluted phage suspen-
sions (20 pl) were added to the 96-well plate to prepare
samples with different MOIs (0.01, 1, and 100). The ODy,
m vValue was monitored for 24 h at 1 h intervals using a mi-
croplate reader (Hidex, Turku, Finland).

Biocontrol effect of phages in plants. To confirm the
inhibitory effect of the bacteriophages on E. amylovora,
a disease control test was conducted using E. amylovora
strain YKB14808 that infected immature apples and in vi-
tro cultured apple plantlets. E. amylovora YKB14808 cells
were cultured in TSB overnight and then re-inoculated into
fresh TSB and incubated at 28°C with shaking at 150 rpm
until an ODy, .., value of 0.5 was obtained. The bacterial
culture was centrifuged at 6,000 xg for 3 min, and the pel-
let was washed with SDW and resuspended in the same
volume of SDW. The bacterial suspension was used for the
disease control tests.

To prepare the pathogen inoculum for the disease control
tests conducted using immature apples, the prepared bacte-
rial suspension was diluted 10 times with SDW (approxi-
mately 107 cfu/ml). Immature apples (Malus pumila var.
dulcissima) were sterilized with 70% ethanol. The apples
were pierced using a cork borer to create small holes of di-
ameter 5 mm. The immature apples were placed on a plant
culture dish (100 mm diameter; SPL Life Sciences, Po-
chen, Korea) that was covered with tissue paper. To main-
tain humidity, 5 ml SDW was added to the plant culture
dishes. Subsequently, 20 pl of the disease control agents,
namely, phages (10° pfu/ml), phage cocktail (10’ pfu/ml),
antibiotic agent (Buramycin, 50 pg/ml; Farm Hannong,
Seoul, Korea), and biological agent (AgriPhage-Fire blight,
10° pfu/ml; Kyungnong, Seoul, Korea), were dropped into
the holes made in the apples, and then, the apples were in-
oculated with 10 pl of the pathogen. The inoculated apples
were incubated at 27°C for seven days, and disease sever-
ity was assessed according to the criteria mentioned in
Supplementary Fig. 1. The total numbers of the plants used
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Table 1. The effect of Fifi044, Fifi318, and phage cocktail to control Erwinia amylovora in immature apples

Percentage of tested plant tissue culture according to the severity of symptoms

Mean value of

Symptom index (No. of apples in each symptom index/Total number of apples in treatment group) pathogenic
0 1 2 3 4 5 symptoms
Water treatment 1.32 15.79 15.79 36.84 26.32 3.96 2.83
(1/76) (12/76) (12/76) (28/76) (20/76) (3/76)
Antibiotic agent 100.00 0.00 0.00 0.00 0.00 0.00 0.00%**
(Buramycin) (58/58) (0/58) (0/58) (0/58) (0/58) (0/58)
Biological agent 10.77 35.38 23.08 16.92 4.62 9.23 1.97#%*
(AgriPhage-Fire bligt) (7/65) (23/65) (15/65) (11/65) (3/65) (6/65)
Fifi044 2432 14.86 12.16 21.62 12.16 14.86 2.27*
(18/74) (11/74) (9/74) (16/74) (9/74) (11/74)
Fifi318 12.33 12.33 15.07 17.81 27.40 15.07 2.81
(9/73) (9/73) (11/73) (13/73) (20/73) (11/73)
Phage cocktail 29.33 16.00 13.33 29.33 9.33 2.67 | 8]
(22/75) (12/75) (10/75) (22/75) (7/75) (2/75) '

Data are presented as percentages, while the numbers in parentheses represent the values used to calculate these percentages.
*P < 0.05, ***P < 0.001; P-values were from the Wilcoxon rank-sum test of disease index data between control (water treatment) and other

treatment.

in each treatment are shown in Table 1.

To prepare the pathogen inoculum for conducting dis-
ease control tests using in vitro cultured apple plantlets (M9
cultivar), the prepared bacterial suspension was diluted
1,000-fold using SDW (approximately 10° cfu/ml). Sub-
sequently, 1 ml suspensions of the disease control agents,
namely, phages (10° pfu/ml), phage cocktail (10° pfu/ml),
antibiotic agent (Buramycin, 50 pg/ml), and AgriPhage-
Fire blight (10® pfu/ml), were sprayed on the plantlets; after
2 h, the plantlets were spray-inoculated with 1 ml suspen-
sions of the pathogen. The plantlets were incubated at 25°C
for 2 weeks, and disease severity was assessed according
to the criteria mentioned in Supplementary Fig. 2. The total
numbers of the plants used in each treatment are shown in
Table 2.

Statistical analysis. Since the group size was small,
Kruskal-Wallis test was used for statistical analyses using
the R software (version 4.1.3, R Foundation for Statistical
Computing, Vienna, Austria). Bonferroni-Dunn test was
used to determine which groups had statistically significant
differences. To compare the disease severity obtained for
the water treatment with those obtained for the other treat-
ments, the Wilcoxon rank-sum test was conducted using R.
The significance level was set at P < 0.05.

Results and Discussion

Characterization of the morphology and genomics of
phages. In a previous study, nine E. amylovora-specific

phages were isolated from apple and pear orchards where
fire blight was observed in 2020 (Park et al., 2022). Of
the nine phages, two phages, Fifi044 and Fifi318, were
selected to test the synergistic effects of the phage cocktail
since the two phages showed different characteristics in-
cluding plaque morphologies, restriction fragment length
polymorphism patterns, and host range (Park et al., 2022).
Additionally, the two phages supplemented their infectivity
against some E. amylovora strains each other.

To identify the phages, morphological and genomic
characteristics was investigated. TEM analysis revealed
that both phages were composed of a head and a contractile
tail, which suggested that the phages belonged to Myo-
viridae (Fig. 1). However, morphological differences were
observed between these two phages. Phage Fifi044 had a
head diameter of 65 nm and a tail length of 134 + 10 nm. In
contrast, phage Fifi318 had a head diameter of 72 nm and a
tail length of 116 + 10 nm. Since the size of the phages re-
mained constant within the TEM images, and since phage
Fifi318 exhibited a larger head and phage Fifi044 displayed
a longer tail, the two phages were morphologically distinct.

A phylogenetic tree was constructed based on the whole-
genome sequences of 41 phages infecting Erwinia, includ-
ing Fifi044 and Fifi318, to analyze the genetic differences
between the phages (Fig. 2). Fifi044 was similar to pEa
SNUABM 27 (accession no. MW349138), which was iso-
lated from the Republic of Korea. Fifi318 was in the same
group as phiEa21-4 (accession no. EU710883), vB EamM
SunLIRen (accession no. MH426725), and phiEal04 (ac-
cession no. FQ482083), which were isolated from the
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Fig. 1. Transmission electron micrographs of Erwinia phages Fifi044 (A) and Fifi318 (B). The microscope was operated at 80-kV. Scale
bars = 100 nm.
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Fig. 2. Whole-genome based phylogenetic analysis of 41 Myoviridae bacteriophages infecting Erwinia amylovora. The genome sequences of
39 phages were obtained from GenBank database, and their names and accession numbers were stated in the figure. The tree was generated
using VICTOR software for phages (prokaryotic viruses). The numbers above the branches represent Genome-BLAST Distance Phylogeny
(GBDP) pseudo-bootstrap support values based on the conduction of replications. The origin countries of phages were indicated using different
colors (United States, navy; Canada, green; Switzerland, yellow; South Korea, red; Belarus, gray; Latvia, black).
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United States and Canada, respectively (Fig. 2). When
the similarity of genome sequences was assessed through
alignment using BLAST on the National Center for Bio-
technology Information platform, the genome of Fifi044
exhibited high similarity to pEa SNUABM 27 (coverage,
96%; identity, 9.10%). In contrast, it did not align with the
genome sequences of Fifi318 and phiEa21-4. The genome
of Fifi318 exhibited high similarity to phiEa21-4 (coverage,
100%; identity, 98.49%), vB EamM SunLIRen (coverage,
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identity, 98.14%). These results demonstrated that there
are differences in the genetic characteristics between phage
Fifi044 and Fifi318. To be used as a phage cocktail, the
phages should be able to affect the target pathogen over as
wide a range as possible and complement the infectivity
of the host through different infection mechanisms (Ker-
ing et al., 2019). Therefore, these two phages, which show
differences in various characteristics and complement each
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bars indicate that the mean values differ significantly by Kruskal-Wallis test with Bonferroni-Dunn post hoc test at P < 0.05.
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other in host range, have the potential to be used as a phage
cocktail for disease control.

Stability of phages under various conditions. Investigat-
ing several stability factors of phages is important in de-
termining the effectiveness of phages as biocontrol agents,
such as treatment method, timing, environmental condi-
tions (pH, temperature, and UV light), and accessibility to
target bacteria (Hudson et al., 2005; Ly-Chatain, 2014).
The stabilities of the two phages at various temperatures,
pH levels, and UV light were examined to evaluate their
potential applications in the field (Fig. 3). Both phages
were treated at four different temperatures (30, 40, 50, and
60°C). The phages were stable at 30, 40, and 50°C, but

Kim et al.

lost their infective activity at 60°C within an hour (Fig. 3A
and B). Although there are some phages that are highly
stable in extremely high-temperature environments (Lin
et al., 2011; Wagner et al., 2018), this may be the result
of co-evolution of phages that infect bacteria that grow in
particularly high-temperature environments, and is not a
general situation. Not only E. amylovora phages but also
most phages that infect other bacteria drastically lost their
infective activity at temperature above 60°C (Park et al.,
2018; Rahimi-Midani et al., 2018).

To examine the stability of the two phages under dif-
ferent pH conditions, both phages were treated with SM
buffers whose pH ranged from 4 to 11 (Fig. 3C and D).
Both the phages were stable over a wide pH range (5-10).
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Fig. 4. Long-term storage tests of Fifi044 (A) and Fifi318 (B) at different temperatures. Colors ranged from black to white depending
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Kruskal-Wallis test with Bonferroni-Dunn post hoc test at P < 0.05.
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However, the titers of the two phages slightly decreased at
pH 4, especially for phage Fifi044. In contrast, at pH 11,
which represents a highly alkaline condition, phage Fifi318
entirely lost its infective activity, whereas the phage
Fifi044 tolerated in the condition. Nonetheless, both phages
showed a high degree of stability unless extreme conditions
were encountered with respect to temperature or pH.

UV irradiation can inactivate phage infectivity and
impede the potential application of phages as biocontrol
agents in the field (Born et al., 2015; Diston et al., 2012,
2014; Tyrrell, 1979). To confirm the stability of the phages
under sunlight, including the UV spectrum, the phages
were exposed to light of the same wavelength as that of the
solar spectrum for 6 h using a solar simulator (Fig. 3E and
F). Upon exposure to UV light for 6 h, the titer of phage
Fifi044 gradually decreased from 7.2 to 5.6 log pfu/ml. The
titer of phage Fifi318 also gradually decreased by log 1
point (10 times). The phage Fifi318 showed higher stability
compared to that of phage Fifi044. Although the titer of the
phages under UV light decreased in some degree, the phag-
es maintained their infectivity even after being exposed to
UV light for 6 h, which is comparable to the strongest level
in the natural environment. Furthermore, upon exposure to
environmental stressors such as UV light, phage particles
that survive and subsequently encounter their host bacteria
exhibit an increased likelihood of survival. Consequently,
the phages Fifi044 and Fifi318 may exhibit a prolonged
effect independent of the application timing within a day.
However, application during periods of reduced sunlight,
such as at sunset, is anticipated to enhance efficacy.

Long-term storage tests were performed at different
temperatures to evaluate phage stability during distribution
(Fig. 4). Both phages showed high stability at —80°C. In ad-
dition, the phages were stable at 4°C for 170 days, although
the titers of the phages decreased slightly after 200 days
(log pfu/ml values for Fifi044 and Fifi318 decreased by
approximately 0.2 and 0.3 points, respectively). However,
when the phages were stored at 27°C, the titers of both
phages gradually decreased by 2 points of the log values
after 200 days, which means that only 1% of the phages
survived after 200 days. The titer of phage Fifi044 stored
at 37°C decreased rapidly (more than 1 point of the log
value per month), and the samples could not form plaques
after 170 days. Moreover, the titer of phage Fifi318 stored
at 37°C also decreased rapidly, but the rate of decrease was
slower than that for phage Fifi044. In addition, the Fifi318
was detectable even after 200 days, although only 0.1% of
the phages survived. These results suggest that both phages
were stable for more than 6 months when stored at less

than 4°C without any adjuvant. There is bound to be a cer-
tain amount of time between phages being produced and
transported to consumers. Therefore, such tests that investi-
gate the stability of phages for a long period of time would

A 0.8-

@ Control
@ Fifio44
0.64 O Fifi318
O Phage cocktail
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Fig. 5. Lytic activity of two bacteriophages and phage cocktail
against Erwinia amylovora YKB14808. The growth curves of
E. amylovora mixed with phages in different multiplicities of
infection (MOI) were generated. MOI = 0.01 (A), MOI = 1 (B),
MOI = 100 (C). Gray circles represent Fifi044, light gray squares
represent Fifi318, and white circles represent phage cocktail. E.
amylovora cultured without phages (black circle) were used as a
control. Each experiment was performed three times with three
technical replications. The error bars represent standard devia-
tions.
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be a desirable example in phage research.

Lytic activity of phages. To examine the lytic activity and
infection persistence of the phages, the growth curves of
E. amylovora cells inoculated with the phages at different
MOIs (0.01, 1, and 100) were prepared (Fig. 5). In samples
inoculated with phage Fifi044, the bacteria began to grow
20 h after the inoculation, regardless of the MOI concentra-
tion. In contrast, in samples inoculated with phage Fifi318,
the bacteria began to grow 16 h after the inoculation, but
the growth was restricted when high concentrations of the
phage were inoculated (Fig. 5C). When E. amylovora cells
were inoculated with the phage cocktail, bacterial growth
was delayed by up to 23 h after the inoculation, and the
growth of the bacteria was insignificant until 24 h. Overall,
the phage cocktail showed better performance than single
phage treatments, and the phage cocktail at an MOI of 0.01
was sufficient for effective disease control. Since the phage
concentration of commercial products can be easily adjust-
ed without the purification of base phage stock, the lower
MOI of the product set in the product, the more efficient
the product productivity will be. In this study, 0.01 was the
lowest MOI value tested with the phage cocktail. However,
testing with MOI values lower than 0.01 is necessary to
determine the optimal and lowest effective MOI concentra-
tion.

Biocontrol effect of phages in plants. The phage cocktail
showed better suppression of E. amylovora than the single
phages in vitro. Therefore, to confirm the biocontrol effect

of the phage cocktail in vivo, disease control tests were
conducted using immature apples and in vitro cultured
apple plantlets (Tables 1 and 2). We conducted preliminary
experiments to analyze the appropriate pathogen concentra-
tion for the disease control test and determined that 10" and
10° cfu/ml of the pathogen were appropriate for immature
apples and plantlets, respectively. Streptomycin, which
is used as a control agent for fire blight disease, and a
AgriPhage-Fire blight composed of five phages were used
as the control of our phage cocktail. In immature apples,
treatment with phage Fifi044 alone and the phage cocktail
led to a significant level of disease suppression, whereas
treatment with phage Fifi318 alone did not suppress the
disease (Table 1). Although treatment with phage Fifi318
alone showed no disease control effect, the phage cocktail
treatment showed a superior control effect compared with
that of treatment with phage Fifi044 alone. This suggests
that the two phages exerted complementary effects when
used together, as expected. In addition, the disease control
effect of the phage cocktail was better than that of the exist-
ing AgriPhage-Fire blight.

In in vitro cultured apple plantlets, the phage cocktail
showed significant disease suppression effects, whereas
single phage treatments did not (Table 2). Interestingly, the
phage cocktail treatments showed a greater control effect
than the antibiotic treatments, and fewer plants showed
severe disease progression (index 4) when treated with the
phage cocktail than that with the antibiotic treatments. To
our knowledge, this is the first report of a phage cocktail
prepared in Korea whose effect has been verified in vitro

Table 2. The effect of Fifi044, Fifi318 and phage cocktail to control Erwinia amylovora in tissue culture plant (apple)

Percentage of tested plant tissue culture according to the severity of symptoms

Mean value of

Symptom index (No. of plants in each symptom index/Total number of plants in treatment group) pathogenic
0 1 2 3 4 symptoms
Water treatment 36.17 13.04 15.22 19.57 27.78 1.63
(17/46) (6/46) (7/46) (9/46) (7/46)
Antibiotic agent 58.33 22.92 8.33 4.17 6.25 0.77%*
(Buramycin) (28/48) (11/48) (4/48) (2/48) (3/48)
Biological agent 13.33 20.00 33.33 24.44 8.89 1.95
(AgriPhage-Fire bligt) (6/45) (9/45) (15/45) (11/45) (4/45)
Fifi044 49.12 21.05 8.77 19.30 1.75 1.04
(28/57) (12/57) (5/57) (11/57) (1/57)
Fifi318 48.15 5.56 7.41 27.78 11.11 1.48
(26/54) (3/54) (4/54) (15/54) (6/54)
Phage cocktail 64.91 12.28 12.28 8.77 1.75 0.70%*
(37/57) (7/57) (7/57) (5/57) (1/57)

Data are presented as percentages, while the numbers in parentheses represent the values used to calculate these percentages.
**P <(.01; P-values were from the Wilcoxon rank-sum test of disease index data between control (water treatment) and other treatment.
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using immature apples and tissue culture-generated plant-
lets.

In conclusion, the phage cocktail comprising phages
Fifi044 and Fifi318 showed significant disease control
effects, and we believe that an effective and stable biocon-
trol agent can be produced using this cocktail because it
showed great stability under diverse conditions. It is inter-
esting to note that the two phages showed a greater effect
when applied as a cocktail than when treated phage alone
not only in vitro but also in planta, but additional research
will be needed to determine why the two phages show a
synergistic effect. Additionally, the process of selection of
the members of the phage cocktail used in this study serves
as a good precedent for future studies.
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