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Erwinia amylovora and E. pyrifoliae are the causative
agents of destructive diseases in both apple and pear
trees viz. fire blight and black shoot blight, respectively.
Since the introduction of fire blight in Korea in 2015,
the occurrence of both pathogens has been indepen-
dently reported. The co-incidence of these diseases is
highly probable given the co-existence of their patho-
genic bacteria in the same trees or orchards in a city/
district. Hence, this study evaluated whether both dis-
eases occurred in neighboring orchards and whether
they occurred together in a single orchard. The compe-
tition and virulence of the two pathogens was compared
using growth rates in vitro and in planta. Importantly, E
amylovora showed significantly higher colony numbers
than E. pyrifoliae when they were co-cultured in liquid
media and co-inoculated into immature apple fruits
and seedlings. In a comparison of the usage of major
carbon sources, which are abundant in immature
apple fruits and seedlings, E. amylovora also showed
better growth rates than E. pyrifoliae. In virulence as-
says, including motility and a hypersensitive response
(HR), E. amylovora demonstrated a larger diameter
of travel from the inoculation site than E. pyrifoliae in
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both swarming and swimming motilities. E. amylovora
elicited a HR in tobacco leaves when diluted from 1:1 to
1:16 but E. pyrifoliae does not elicit a HR when diluted
at 1:16. Therefore, E. amylovora was concluded to have
a greater competitive fitness than E. pyrifoliae.

Keywords : apple, black shoot blight, competition, fire
blight, pear

In Korea, Erwinia amylovora, the causal agent of fire blight
in the family Rosaceae, was first reported in apple and
pear trees in 2015 (Myung et al., 2016; Park et al., 2016).
Subsequently, fire blight was detected between 2015 and
2017 in 43, 17, and 33 orchards covering 42.9, 15.1, and
22.7 ha, respectively. In 2018, the incidence increased to
67 orchards over 48.2 ha and then exponentially increased
to 188, 744, and 618 orchards covering 131.5, 394.4, and
294.3 ha, respectively, between 2019 and 2021. The gov-
ernment attempted to intensively control fire blight since its
first incidence by eradication so as to prevent its dispersal
to new apple and pear orchards (Park et al., 2017) but this
control strategy obviously was not effective.

E. pyrifoliae is a domestic pathogen which is the caus-
ative agent of black shoot blight in Asian pears in Korea
(Kim et al., 1999; Shrestha et al., 2003). It was also re-
ported to infect some apple cultivars by means of artificial
inoculation in an experimental orchard (Kim et al., 2001).
The symptoms of black shoot blight on leaves and shoots
are very similar to those of fire blight, where necrotic strips
on the veins of leaves spread to shoots resulting in necrosis
of subsequent tissues, such as flowers and immature fruits.
Because of the similar symptoms and morphological and
biochemical characteristics of fire and black shoot blight
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in the early stages, several governors and researchers mis-
construed the detection of fire blight in Korea at that time.
However, experiments including phylogenetic analyses
using 16S-23S intergenic transcribed spacer regions, plas-
mid profiles, and detection using species-specific primer
sets have revealed that the black shoot blight and fire blight
pathogens are different (Jock and Geider, 2004; Maxson-
Stein et al., 2003; McGhee et al., 2002; Shrestha et al.,
2007). The black shoot blight pathogen was finally identi-
fied as a novel species, E. pyrifoliae, based on name of its
host, Pyrus pyrifolia (Kim et al., 1999; Rhim et al., 1999).
Although Kim et al. (2001) and Lehman et al. (2008) re-
ported that black shoot blight and its pathogen, E. pyrifo-
liae, were extensively found between 1995 and 1998 and
were not produced or detected from 1999 to the 2000s,
black shoot blight was present during that period.

E. amylovora originated from North America (Bonn and
van der Zwet, 2000); E. pyrifoliae is native to Korea (Kim
et al., 1999) and has not been detected elsewhere, except in
strawberries in the Netherlands (Marcel and Maria, 2015).
Fire blight and black shoot blight can therefore not be pro-
duced simultaneously in apple and pear trees in same re-
gion, indicating that two pathogens possibly cannot co-exist
in nature. However, since the introduction of fire blight to
Korea in 2015, both fire blight and black shoot blight have
been detected in apple and pear orchards in Korea. This
has occurred in exceptional cases in five cities/districts in
three provinces and 13 cities/districts in five provinces in
2020 and 2021 where both diseases have been detected at
least once in different orchards in same year or before/after
a disease event. Recently, this has become more frequent.
The original premise that both diseases are not produced
in same area is likely inaccurate. This raises the possibility
that both diseases will inevitably be detected on one tree
of apples or pears in one orchard in Korea, which portends
enormous industrial and economical losses. Therefore, the
competitive fitness of the two pathogens needs to be evalu-
ated. Thus, in this study, the characteristics of £. amylovora
and E. pyrifoliae were compared in terms of growth rate,
motility, carbon utilization, hypersensitive response (HR),
and pathogenicity in immature apple fruits and seedlings.

Materials and Methods

E. amylovora and E. pyrifoliae strains and growth con-
ditions. Wild type E. amylovora TS3128 (Kang et al.,
2021) and E. pyrifoliae Epl (Kim et al., 1999) used in this
study were isolated from infected pears from Anseong and
Chuncheon, Korea, in 2015 and 1996, respectively. For the
experiments investigating the competitive fitness between

the strains, a plasmid, pBAV1K-T5-gfp (Bryksin and Mat-
sumura, 2010) or pW208, which harbored a kanamycin (50
pg/ml) or tetracycline (10 pg/ml) resistant gene, was trans-
formed into TS3128 or Epl, respectively, generating Ea-
Km"® or Ep-Tc*.

Comparison of in vitro growth between the two patho-
gens. To compare growth between wild type strains (E.
amylovora and E. pyrifoliae) and the antibiotic-resistant
strains, both strains were inoculated into 30 ml of mannitol
glutamate yeast extract (MGY) broth with or without the
corresponding antibiotics at an optical density (O.D.) at
600, of 0.001 (1.2 x 10° colony forming units [cfu]/ml)
and then incubated at 28°C for 48 h. The O.D.q,m values
were measured at 12 h intervals. For analysis of the co-
culture growth rates of the two pathogens, 15 ml of MGY
broth that was inoculated at O.D.y,,, = 0.001 with each
strain was mixed together in 30 ml and incubated at 28°C
for 48 h. An amount of 100 pl that was diluted 10* to 10°-
fold was plated on MGY medium supplemented with the
corresponding antibiotic at 12 h intervals. Cfu/ml were
counted after incubation at 28°C for 24 h. The experiment
was performed twice.

Comparison of in planta growth between the two patho-
gens. Two kinds of plant material were used for competi-
tion between E. amylovora and E. pyrifoliae. Immature
apple fruit (Malus domestica cv. Fuji) were sterilized with
70% ethanol and punctured using a no. 1 cork bore (di-
ameter 0.5 cm, depth 1 cm). An amount of 100 pl of the
bacterial suspension (O.D.g.m = 0.001) of each antibiotic-
resistant strain or a 100 pl mixture of a 1:1 ratio of the two
pathogens was inoculated into the hole and incubated at
28°C for 15 days. At 0, 1, 2,4, 6, 10, 13, and 15 days post
inoculation (dpi), a 1 cm” portion was taken using a no.
4 cork bore and macerated in 10 mM MgCl, buffer. An
amount of 100 pl of the suspension was plated on MGY
medium supplemented with kanamycin or tetracycline for
co-incubation with Ea-Km® or Ep-Tc®, respectively, and
incubated at 28°C for 2 days, and the bacteria that grew on
the plates were counted as cfu/ml.

Four-week-old seedlings of two apple rootstocks (M9
and M26) were inoculated by dipping in the individual or
mixed bacterial suspension (O.D.y,, = 0.001) for 30 s and
were incubated at 28°C for 10 days. Bacterial growth was
measured at 0 and 10 dpi by grinding the whole seedlings
in 10 mM MgCl, buffer, and plating 10-fold dilutions in
duplicate on MGY medium supplemented with the cor-
responding antibiotics. Plated MGY media were incubated
at 28°C for 2 days and colonies were counted as cfu/ml.
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In planta experiments were conducted twice with two im-
mature apple fruits and seedlings. The experiment was per-
formed twice.

Comparison of metabolism between the two pathogens.
Metabolic activities of E. amylovora TS3128 and E. pyrifo-
liae Ep1 on 95 substrates were compared using a BIOLOG
GN2 MicroPlate (BIOLOG Inc., Hayward, CA, USA) fol-
lowing the manufacturer’s protocol. Activities elicited by
bacteria on substrates were monitored by naked eye, with
color changes to violet, pale violet, or no color change indi-
cating positive, variable, or negative reactions, respectively.

To analyze the major sugars in immature apple fruits and
seedlings, immature fruits and seedlings were mixed with
80% methanol (1:1 ratio) and water (1:75 ratio), respec-
tively, and mixtures were ground using a mixer (HMF-
32608, Hanil Elec. Co., Seoul, Korea). Ground mixtures
were centrifuged at 4,000 rpm for 10 min and supernatants
were filtered using Whatman ashless filter paper (90 mm
diameter; Merck KGaA, Darmstadt, Germany). Filtrates
were evaporated using a nitrogen concentrator and diluted
10 times with water and were purified with a Sep-Pak C18
cartridge. High performance liquid chromatography (Wa-
ters, Milford, MA, USA) was conducted using a Sugar Pak
I column (10 pum, 6.5 mm % 300 mm) with 200 pl injec-
tion volume and water as eluent at a flow rate of 0.5 ml/
min, with temperature of the column and detector at 90°C
and 35°C, respectively. Contents of sucrose, glucose, and
fructose were calculated using the standard curve to obtain
areas under the curve.

The growth rates of E. amylovora TS3128 and E. pyri-
foliae Epl were tested using three major carbon sources
that are abundant in immature apple fruits and seedlings.
Bacterial suspensions (O.D.gum, = 0.1, 3.1 x 10% cfu/ml)
of the two pathogens were individually inoculated into
liquid minimal medium (1 g NH,H,PO,, 0.2 g KCl, 0.2
g MgS0,-7H,0, 1 g/l peptone) supplemented with 0.1%,
0.5%, 1.0%, 1.5%, and 2.0% each of sucrose, glucose, and
fructose at a final concentration of O.D.¢,, = 0.005 (4 %
10° cfu/ml) and incubated at 28°C for 72 h. Growth rates
were calculated using O.D.q,, at 12 intervals measured
with a spectrophotometer (DU730, Beckman Coulter Inc.,
Krefeld, Germany). All experiments were performed twice.

Comparison of motility and HR between the two
pathogens. Motilities were tested using swimming and
swarming assays. Each bacterial suspension was prepared
in 10 mM MgCl, buffer at a concentration (O.D.ggnm = 0.1)
from grown overnight in MGY medium. A 5 pl suspension
was spot-inoculated onto the left and right sides of a 0.3%

agarose medium for swimming (Berry et al., 2009) or an
agar plate for swarming (Wang et al., 2010) as described
previously, and also spot-inoculated symmetrically on the
left and right using TS3128 and Epl, respectively. The di-
ameters traveled from the inoculation site were measured
using analog calipers after incubation at 28°C for 3 days.
The experiment was performed twice.

Five-week-old tobacco plants (Nicotiana tabacum cv.
Samsun) in a growth chamber were used for infiltration of
each bacterial suspension (diluted to 1:1, 1:2, 1:4, 1:8, and
1:16 of O.D.gppnm = 0.1), which was prepared in 10 mM
MgCl, buffer from grown overnight in MGY medium.
Infiltrations were conducted into the third to sixth oldest
leaves using a blunt syringe with these diluted bacterial
suspensions. Inoculated plants were maintained at 28°C
for 12 h then monitored at 2-h intervals for water-soak and
necrosis to indicate HR development and photography.

Statistical analysis. Two replicates of the experiments
were conducted for the determination of growth rate in
liquid media and plant materials, usage of carbon sources,
and motility tests. Data were analyzed using analysis of
variance (ANOVA), and the means were compared using
Duncan's least significant difference test at significance
levels of P < 0.01. The analysis was performed using SAS
software (ver. 9.2, SAS Institute Inc., Cary, NC, USA).

Results

Occurrences of fire blight and black shoot blight from
2016 to 2021. Since the first report of fire blight in Korea,
Korean governmental organizations, the Rural Develop-
ment Administration (RDA), Animal and Plant Quarantine
Agency (QIA), and plant pathologists at the University,
have regularly monitored fire blight and black shoot blight
four times a year nationwide, including orchards in which
it had and had not been detected in the previous year. Fire
blight was detected in only two cities (Anseong and Cheon-
an) from 2016 to 2017 but it had spread to six in 2018, and
then 10, 15, and 22 cities/districts in 2019, 2020, and 2021,
respectively (Table 1). Black shoot blight was detected
in four cities in 2016, five in 2017, one in 2018, three in
2019, 17 in 2020, and six cities/districts in 2021 (Table
1). Importantly, both fire blight and black shoot blight oc-
curred in 2020 in apple orchards in Yeoncheon, Anseong,
Pyeongchang, Chungju, and Eumseong in 2020; and in
apple or pear trees Wonju and Yeongju in 2021 (Table 1).
The pattern of detection of fire blight from 2016 to 2021
indicates that it most likely spread from the original cities/
districts in 2015 to the neighboring cities/districts (Fig.
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Table 1. Cities/districts in Korea with orchards in which fire blight and black shoot blight were detected in apple or pear trees from 2016

Choi et al.

t0 2021
. Cities/districts
Year Province
Fire blight Black shoot blight Both
2016  Gyeonggi-do Anseong Pocheon -
Chungcheongnam-do Cheonan - -
Gangwon-do - Chuncheon, Hongcheon, -
Hoengseong
2017 Gyeonggi-do Anseong Gwangju -
Chungcheongnam-do Cheonan - -
Gangwon-do - Chuncheon, Cheorwon, -
Hongcheon, Hoengseong
2018 Gyeonggi-do Anseong - -
Chungcheongnam-do Cheonan - -
Chungcheongbuk-do Chungju, Jecheon - -
Gangwon-do Wonju, Pyeongchang Hoengseong -
2019 Gyeonggi-do Anseong, Icheon, Paju, - -
Yeoncheon, Yongin
Chungcheongnam-do Cheonan - -
Chungcheongbuk-do Chungju, Eumseong, Jecheon - -
Gangwon-do Wonju Chuncheon, Hongcheon, -
Yanggu
2020  Gyeonggi-do Anseong, Gwangju, Icheon, Anseong, Pocheon, Anseong, Yeoncheon
Paju, Pyeongtaek, Yangju, Yangpyeong, Yeoncheon
Yeoncheon
Chungcheongnam-do Asan, Cheonan - -
Chungcheongbuk-do Chungju, Eumseong, Jecheon,  Chungju, Eumseong Chungju, Eumseong
Jincheon
Gangwon-do Pyeongchang Chuncheon, Cheorwon, Pyeongchang
Goseong, Hongcheon,
Hoengseong, Hwacheon,
Inje, Pyeongchang, Yanggu
Gyeongsangbuk-do Mungyeong, Yeongju -
Jeollabuk-do Tksan - -
2021 Gyeonggi-do Anseong, Icheon, Namyangju, = Gwangju, Pocheon, -
Paju, Pyeongtack, Yeoju, Yangpyeong
Yongin
Chungcheongnam-do Asan, Cheonan, Dangjin, - -
Yesan
Chungcheongbuk-do Chungju, Danyang, Eumseong, - -
Goesan, Jecheon, Jincheon
Gangwon-do Pyeongchang, Wonju, Chuncheon, Wonju Wonju
Yeongwol
Gyeongsangbuk-do Andong, Yeongju Yeongju Yeongju

1). Black shoot blight was limited to the northern parts of
Gyeonggi-do and Gangwon-do, except for recent detection
in Chungju, Yeongju, and Mungyeong (Fig. 1).

Competition of two pathogens in vitro and in planta.
The kanamycin or tetracycline-resistant strains exhibited

similar growth rates in comparison to the wild type TS3128
or Epl at 28°C for 48 h in MGY broth culture (Fig. 2A).
Therefore, each antibiotic-resistant strain was appropriated
for use in the experiments of competitive fitness. However,
when they were co-cultured, Ep-Tc® was shown to reduce
cfu (P < 0.005) compared to Ea-Km®, whereas individual
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2016

2016-2017

2016-2018

Fig. 1. Distribution of fire blight and black shoot blight among cities and districts in Korea (2016-2021). Colored cities/districts imply
accumulated production of diseases in each year. Red, gray, and yellow shading indicate cities/districts where fire blight, black shoot

blight, or both diseases were reported, respectively.

culture of each strain was had similar growth (Fig. 2B).

In immature apple fruits, Ea-Km" demonstrated higher
growth than Ep-Tc® when individually inoculated. The
cfus between Ea-Km" and Ep-Tc® differed greatly at the
observed times when co-inoculated into one fruit (Fig. 3A).
In addition, Ea-Km" and Ep-Tc" had similar colony num-
bers with individual inoculation of both varieties of apple
seedlings. Colonies of Ep-Tc® were lower than those of Ea-
Km" when they were co-inoculated into seedlings regard-
less of the variety of apple (Fig. 3B and C). The symptoms
were developed 4-5 days post inoculation both immature
fruits and seedlings. These patterns were consistent in im-
mature apple fruits and seedlings.

Competition of two pathogens for major sugars in plant
materials. Of the 95 substrates in BIOLOG GN2 Micro-
Plate, utilization of most carbon and nitrogen sources were
exactly the same by both TS3128 and Epl. Several differ-
ences in metabolic activity in carbon sources including cel-
lobiose, gentiobiose, and salicin, and nitrogen sources such
as histidine, serine, and sodium butyrate were evident (Table
2).

Generally, the most abundant sugars in plant materials
such as immature apple fruits and seedlings are sucrose,
glucose, and fructose. These sugars are also known to be
the most important resources for bacterial growth. Fruc-
tose was the most plentiful sugar in immature apple fruits,
whereas glucose was the highest in apple seedlings, regard-
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Fig. 2. Effects of strain and co-culture on the growth rates of Erwinia amylovora TS3128 and E. pyrifoliae Epl in mannitol glutamate
yeast extract broth. (A) Growth rates of separately cultured wild type strains (Ea-TS3128 and Ep-1/96) and antibiotic-resistant strains
(Ea-Km" and Ep-Tc®). (B) Growth rates of antibiotic-resistant strains when separately cultured (Ea-Km"® and Ep-Tc*) or co-cultured (C_
Ea-Km"® and C_Ep-Tc®). Growth rates of Ea-Km" and Ep-Tc® differed significantly at every time point (P < 0.005, Duncan’s least sig-
nificant difference test). Values and error bars represent mean + standard deviation (n = 2).
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Fig. 3. In planta growth rates of antibiotic-resistant Erwinia amylovora TS3128 (Ea) and E. pyrifoliae Ep1 (Ep) in planta conditions. (A)
Growth rates of antibiotic-resistant strains when separately inoculated (Ea-Km® and Ep-Tc®) or co-inoculated (C_Ea-Km" and C_Ep-
Tc®) into immature apple fruits (Malus demestica cv. Fuji). (B, C) Density of antibiotic-resistant strains after 10 days when separately
inoculated (Ea-Km" and Ep-Tc®) or co-inoculated (C_Ea-Km"® and C_Ep-Tc®) onto apple seedlings (M9 and M26 rootstock). Density
of co-inoculated Ep-Tc® (C-Ep-Tc®) were consistently lower than those of Ea-Km"® (C_E-Km") on both immature fruits (P < 0.005) and
seedlings (P < 0.0001, Duncan’s least significant difference test). Values and error bars represent mean + standard deviation (n = 2).

less of the apple varieties tested in this study (Table 3). In- traveled a longer distance from the inoculation site than
terestingly, TS3128 had greater ability than Ep1 to use all Epl in both swimming and swarming assays. Both patho-
three sugars. Utilization was not shown to be different us- gens were able to swim further than swarm. Based on the

ing the BIOLOG GN2 MicroPlate (Fig. 4), indicating that similar diameter of TS3128 or Epl inoculated simultane-
the sugars were used as a sole carbon source with greater ously on the left and right sides, no antagonisms were ob-
ability by E. amylovora than E. pyrifoliae. served between TS3128 and Ep1 (Fig. 5).

A difference or a strongly impaired ability to elicit HR in
Virulence factors of pathogens. In motility tests, TS3128 tobacco leaves between TS3128 and Ep1 was not observed.
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TS3128 and E. pyrifoliae Epl in BIOLOG GN2 MicroPlate

Resource E. amylovora TS3128  E. pyrifoliae Epl
D-Cellobiose A -
Gentiobiose + -
D-Salicin A -
L-Histidine - +
L-Serine - +
Sodium butyrate A -

*+ and A indicate positive and variable responses, respectively, due to
color changes to violet and pale violet after 24 h incubation at 28°C;

- indicates a negative response (no color change).

Table 3. Quantities of sucrose, glucose, and fructose in immature
apple fruits (Malus demestica cv. Fuji) and seedlings (M9 and

M26 rootstock) on a fresh-weight basis

Sample Type of sugar Quantity (mg/g)
Immature fruit Sucrose 528 +0.19
Glucose 6.94 +0.46
Fructose® 8.91+0.67
Seedling
M9 Sucrose 8.32+£0.08
Glucose® 2628 +1.14
Fructose 5.10+0.58
M26 Sucrose 5.84+041
Glucose® 17.53 +£0.38
Fructose 6.44 £0.37

“The most abundant sugar in immature apple fruits and seedlings.

In repeated assays, however, the 1:16 dilution of the origi-
nal suspension of Epl impaired the HR relative to TS3128
(Fig. 6). No difference 1:2, 1:4, and 1:8 bacterial dilutions
of TS3128 and Epl in five replications in the older, lower
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leaves and younger, upper leaves.

Discussion

Dispersal of fire blight likely originated from the first re-
ported sites, such as Anseong, Cheonan, and Jecheon, to
cities/districts in their vicinity, indicating that fire blight is
spread via biotic factors such as insects and human activi-
ties rather than abiotic factors. These possibilities were
explored in previous reports; E. amylovora can survive on
the surface of clothes, pruning shears, and rubber boots
for several days and up to 24 h, respectively (Choi et al.,
2019) and it can survive for longer periods than previously
found on the surface and interior of honeybees (Choi et al.,
2022). Therefore, biotic factors may have role importantly
in central regions of Korea for dissemination of fire blight.
In contrast, the occurrence of black shoot blight can be
restricted to the northern parts of Gyeonggi-do and Gang-
won-do. Lower than average temperatures in this region
than in the southern parts and other provinces is considered
the main reason, because E. pyrifoliae is more cold-tolerant
than E. amylovora, based on the higher growth rates of .
pyrifoliae than those of E. amylovora at 12-21°C (Shrestha
et al., 2005). However, production of black shoot blight oc-
curred towards the south where average temperatures are
higher than the original sites, suggesting that E. pyrifoliae
may adapt to high temperatures or frequent human activi-
ties such as hand-pruning and thinning may contribute to
its spread into new cities/districts. Thus, co-infection with
both diseases is likely to occur in the near future. As shown
in Table 1 and Fig. 1, co-incidence of fire blight and black
shoot blight has been detected from 2020 to the present.

C Sucrose (%)
2 -

TS3128 Ep1 TS3128

Ep1 TS3128 Ep1

Fig. 4. Utilization of sole carbon sources in minimal liquid media by Erwinia amylovora TS3128 (Ea) and E. pyrifoliae Epl (Ep). Media
was supplemented with each sugar (A, fructose; B, glucose; C, sucrose) at 0.1%, 0.5%, 1.0%, 1.5%, and 2%. The O.D. values of TS3128
and Epl differed significantly at 72 h post inoculation (P < 0.005, Duncan’s least significant difference test). Values and error bars repre-

sent mean =+ standard deviation (n = 2).



362 Choi et al.

TS3128 vs.TS3128 TS3128 vs. Ep1

Diameter (cm)
N

b
1
0_
Ep
4 A
As-
3
C
9]
22 b
€
8
[a)
1
0
Ep

Ep1vs. Ep1

Fig. 5. Motilities of Erwinia amylovora TS3128 (Ea) and E. pyrifoliae Epl (Ep). (A) Swarming motility comparison. (B) Swimming
motility comparison. Values and error bars indicate are the mean + standard deviation (n = 2) distances from plates with single strains.
The diameters of TS3128 and Epl differed significantly (P < 0.0001, Duncan’s least significant difference test). Center plates shown no

antagonism between two pathogens.

12h

TS3128 Ep1

Fig. 6. Hypersensitive response of tobacco plants (Nicotiana
tabacum cv. Samsun) to diluted suspensions of Erwinia amylov-
ora TS3128 and E. pyrifoliae Ep1. Images illustrate the response
of tobacco leasves to 1:2, 1:4, 1:8, and 1:16 dilution of O.D.¢y um
= 0.1 bacterial suspensions after 12 h infiltration.

The distance of the closest orchards in which fire blight
and black shoot blight were detected 5.3 km in Pyeongchang

(37°21'23.5"N, 128°24'21.4"E and 37°23'33.3"N,
128°21'55.9"E), 13.4 km in Yeoncheon (38°1'27.5"N,
126°59'36.2"E and 38°7'16.4"N, 127°5'12.4"E), and in two
adjacent orchards in Chungju (37°8'50.6"N, 127°42"20.7"E
and 37°8'56.5"N, 127°42'26.1"E), with a different subdivi-
sion in Eumseong. In 2021, the closest distance between
fire blight and black shoot blight was 0.08 km and 1.2 km
in Wonju (37°9'41.7"N, 127°51"7.5"E and 37°9'47.7"N,
127°51'1.5"E) and Yeongju (37°0'28.9"N, 128°40'16.8"E
and 37°0"35.3"N, 128°39'26.2"E), respectively. However,
both diseases were detected in one orchard (36°57'59.3"N,
127°16'33.3"E) in Anseong, 2020, but fortunately, the in-
fected pear trees had different disease. Currently, therefore,
orchards with the simultaneous infection of both diseases
seem to be closer than was the case in the 2010s.

The high possibility of the co-existence or co-incidence
of both pathogens in Korea necessitates the determination
of physiologic and pathogenic properties. Since the 2008
study of Lehman et al. on the interaction between E. amy-
lovora and E. pyrifoliae, no more studies on site differenti-
ation for either pathogen have been conducted. In Lehman
et al. (2008), differentiation between E. amylovora and E.
pyrifoliae was based on smaller population sizes deduced
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by the relative growth performance index of E. pyrifoliae
and E. amylovora co-infected on Bartlett pear blossoms.
They optimized the quantitative analysis of the pathogens
using real-time polymerase chain reaction, and based the
difference on Ct values and standard curves constructed
with serially diluted bacterial suspensions. Thus, in the cur-
rent study, competition of pathogens was compared directly
by co-infection in liquid culture and expanded to plant ma-
terials such as immature apple fruits and seedlings. Clearly,
E. amylovora showed better competitive fitness than E.
pyrifoliae when they were co-cultured in liquid culture (Fig.
2B) and in planta immature fruits and seedlings (Fig. 3).
Both TS3128 and Epl strains have been isolated from pear
trees (Kang et al., 2021; Kim et al., 1999), but plant materi-
als such as immature apple fruits and seedlings were used
in planta in this study. Therefore, the different ability of the
two pathogens to grow on plant materials could be due to
the alternative host plant material; however, this hypothesis
is rejected because two pathogens show similar growth on
either plant material (Fig. 3).

Another explanation for the different competitive ability
of the two pathogens can also be the metabolism of nutri-
ent resources, including levan. However, there were no
differences in the utilization of major carbon and nitrogen
sources such as maltose, trehalose, sucrose, glucose, fruc-
tose, gluconate, pyruvate, and lactate based on the GN2
MicroPlate. In contrast, TS3128 showed higher growth
rates than Epl in the usage of sucrose, glucose, and fruc-
tose as a sole carbon source, ranging from 0.1% to 2.0% in
the liquid growth test (Fig. 4). The discrepancy in the utili-
zation of major sugars between the BIOLOG GN2 Micro-
Plate and liquid growth may be a result of the method: the
BIOLOG GN2 MicroPlate yields a metabolic fingerprint
using tetrazolium violet as a redox dye to colorimetrically
visualize the reaction. Thus, positive results shown by the
GN2 MicroPlate may be induced by two-fold differences
in O.D. values. This is important because the three kinds of
major sugars were abundant in immature apple fruits and
seedlings in the current study (Table 3). Similar abundance
of sucrose is seen in blossoms (Bieleski, 1969). The popu-
lation of Epl was smaller than TS3128 when inoculated
together in immature fruits and seedlings (Fig. 3), which
indicates that metabolic differences in the two pathogens
with respect to carbon sources may be the reason for their
different ability to colonize in/on host tissues.

Another factor seems to be amylovoran, which is a
heteropolymer consisting of galactose, glucose, and py-
ruvate (Nimtz et al., 1996). This was determined to be a
pathogenic factor according to the change to avirulence
in amylovoran-deficient mutants (Steinberger and Beer,

1988). Although the amount of amylovoran produced by
each pathogen was not quantified or compared, the higher
utilization of sucrose, glucose, and fructose in TS3128
may be related to the production of more of this pathogenic
factor in TS3128. Additionally, levan seems to be a factor
in the competition between the two pathogens. Levan is a
homopolymer of fructose and is synthesized following the
breakdown of sucrose by levansucrase, encoded by the /sc
gene (Gross et al., 1992). However, this gene is absent in .
pyrifoliae DSM 12163 (Smits et al., 2010a, 2010b), which
was isolated with Ep1 from the same host and geographical
site in 1996 but is present in TS3128. Therefore, TS3128
may be able to colonize in/on plant tissues using levansu-
crase, producing levan from sucrose that exist abundantly
in immature apple fruits and seedlings.

Although the genes encoding flagellar biosynthesis and
chemotaxis-related proteins in TS3128 and Epl were not
analyzed in the current study, E. amylovora CFBP 1430
and E. pyrifoliae DSM 12163" have two set of genes
encoding flagellar biosynthesis and chemotaxis-related
proteins (Smits et al., 2010a, 2010b). Furthermore, both
TS3128 and Epl have been routinely observed by several
researchers to have peritrichous flagella. This suggests that
E. amylovora TS3128 and E. pyrifoliae Epl in the current
study should have genes encoding flagellar biosynthesis
and chemotaxis-related proteins. Swarming and swim-
ming are defined as multicellular movement on a surface
and individual movement in liquid, respectively, but either
motility is powered by rotating helical flagella (Kearns,
2010). The smaller diameters of swimming or swarming in
Epl than TS3128 are inexplicable, but this does not elimi-
nate the possibility that genes encoding related flagellar
biosynthesis and chemotaxis may play a role in the differ-
ent motilities of the two pathogens. A greater motility in
TS3128 than Epl should therefore be correlated to stronger
competition in E. amylovora than E. pyrifoliae (Fig. 5).

The elicitation of the HR depends on the hypersensitive
reaction and pathogenicity (4rp) system during the early
infection times of the interactions between microbes and
plants (Alfano and Collmer, 2004). Similarity in the hrp re-
gion of E. pyrifoliae DSM 12163 and E. amylovora Ea321
has been reported (Oh et al., 2005), except for the absence
of ORF1 and ORF2 in DSM 12163" (Smits et al., 2010a).
However, both DSM 12163" and Ep1 had been reported
to elicit HR in tobacco leaves except in some avirulent
strains of E. pyrifoliae isolated from the thsame host (Jock
et al., 2003). Thus, the impaired HR of the diluted Ep1
suspension may not evoke differential virulence because
of the ability to induce different degrees of HR in E. amy-
lovora strains (Wang et al., 2010). The reduced HR of Epl
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compared to TS3128 at a 1:16 dilution of the suspension
(0.Dgyonm = 0.1) may be due to the absence of ORF1 and
ORF?2 or another unknown T3SS apparatus and effector
protein. Ep1 at diluted concentrations shows a clearly re-
duced HR compared to TS3128 (Fig. 6) and this difference
may be correlated to the greater competitive ability of .
amylovora over E. pyrifoliae.

In conclusion, the results indicate that E. amylovora
TS3128 demonstrates greater competitive fitness than E.
pyrifoliae Epl in terms of co-culture in liquid, co-inocu-
lation of immature apple fruits and seedlings, growth rate
using major carbon sources, motility, and HR. It is possible
that fire blight and black shoot blight can be detected in the
same region and their pathogens can exist simultaneously.
This information must inform treatment and prevention
protocol for both pathogens.
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