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Abstract: We evaluated the effectiveness of three different treatment groups at managing apple shoot
blight, and the resulting canker incidence and canker length on wood caused by Erwinia amylovora.
Preventative foliar sprays or trunk injections of giant knotweed extract (Regalia), oxytetracycline
(Arbor-OTC or FireLine + Regulaid), or streptomycin (Agri-mycin/FireWall + Regulaid) were applied
to mature ‘Fuji’ trees. Regalia and oxytetracycline were ineffective at reducing shoot blight severity,
showing poor disease reductions of 18.2% and 24.3% compared to untreated controls across both years.
Streptomycin was effective at controlling shoot blight severity when applied as a spray application,
reducing necrosis by up to 93.9% across both years. Canker incidence was also poorly reduced
by Regalia and oxytetracycline with an average decrease of 33.3% and 52.4%, respectively. Again,
spray applications of streptomycin were most effective at reducing canker incidence (95.2%). When
present, canker length was best controlled by spray applications of streptomycin, showing an average
reduction of 95.7%. The effectiveness of Regalia and oxytetracycline was poor, reducing canker length
by only 30.4% and 43.5%, respectively. Trunk injections of Regalia were consistently less effective
than spray applications. Compared to their spray application counterpart, Regalia injections were, on
average, 12.5%, 26.3%, and 25.1% less effective at reducing shoot blight severity, canker incidence,
and canker length, respectively. Injected Arbor-OTC was more effective than spray applications of
oxytetracycline. On average, Arbor-OTC injections were up to 28.3%, 40.1%, and 30% more effective
at reducing shoot blight severity, canker incidence, and canker length compared to spray applications.
Overall, Regalia and oxytetracycline were not as effective as streptomycin at controlling fire blight.
The search for organic antibiotic alternatives for shoot blight and canker control continues, as cankers
are increasing in economic importance by causing bearing wood and young tree death.

Keywords: shoot blight; fire blight cankers; giant knotweed extract; antibiotics

1. Introduction

Fire blight, caused by the bacterial pathogen Erwinia amylovora, is one of the most
devastating diseases on pome fruit worldwide [1,2]. The bacteria are Gram-negative,
facultative anaerobes that move via flagella [3]. They can grow between 4 °C and 37 °C
and grow optimally at 28 °C but require at least 18 °C to cause blossom blight epidemics
in field conditions [4]. Infection typically occurs on flowers and shoots, which manifests
as blossom and shoot blight phases of the disease and can later progress into cankers
on perennial wood. Fire blight cankers are necrotized patches of bark that develop from
pathogen invasion of wood from an infection of flower or a shoot. Cankers harbor the
bacteria as they overwinter and serve as main reservoirs of inoculum for infections next
spring. Cells in cankers can transition into a viable, but non-culturable state, indicating
interaction with a host immune system [5-8]. In the spring, orange ooze droplets can form
on the canker, drawing insect vectors and becoming exposed to rain splash, that can spread
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the disease to flowers and shoots. The pathogen can also be spread by rain, wind, and
insects to new blossoms and shoots, causing new infections [1,9,10].

Losses and management costs from fire blight can exceed $100 million dollars annually
in the United States alone [11]. A 2000 epidemic of fire blight in Michigan resulted in a
$42 million dollar removal of approximately 400,000 apple trees [12]. A further $68 million
was lost in Washington and Oregon due to fire blight [13]. Beyond the United States, the
destruction of 42 ha of trees occurred in Morocco in 2006 and was ultimately insufficient
for the suppression of the disease in the area [14]. In Australia, during 1997, an estimated
$13 million in revenue was lost during an epidemic at the Royal Botanic Gardens, 80%
of which can be attributed to loss of trade [15]. Predictive models suggest that China,
the world leader in apple and pear production, could be the next hotspot of a fire blight
outbreak, with notable infections occurring only 200 km from the border [16].

Global climate change beckons in an age of warmer, wetter climate patterns. Since
1900, global surface temperatures have increased 1.1 °C, in part due to an increase in global
greenhouse gas emissions. At just a 2 °C increase from 1900 conditions, the Intergovern-
mental Panel on Climate Change predicts at least a 30% increase in wettest day precipitation
in key apple growing countries like China and upwards of 5 °C increases for the hottest
days of the year [17]. We predict that global climate change will yield warmer and wetter
springs and summers, which may lead to increasing outbreaks of fire blight and other plant
pathogens [18-21]. We already face difficulties in the management of fire blight due to
a lack of new, effective compounds on the market that are not antibiotics, coupled with
few resistant cultivars that are time consuming and difficult to develop [22]. With warmer
temperatures on the horizon and fire blight epidemics predicted to increase, the need for
novel management strategies is now greater than ever.

A particularly alarming problem for apple and pear growers in the last 20 years is
the abrupt occurrence of shoot blight during late spring or summer [23,24]. These shoot
infections, originating from the last year’s cankers or current-year flower infections, lead to
the death of young trees due to the development of girdling cankers on the wood of central
leader and/or rootstock. In mature trees, fire blight cankers can girdle and kill bearing
limbs or harbor the pathogen over the winter, allowing new infections in the following
growing seasons. Shoot blight and canker phases of fire blight disease have increased in
importance due to the introduction of high-density apple orchards with short fruit-bearing
branches and small tree sizes [25]. These horticultural traits exacerbate the deadly impact
of fire blight and require the development of new effective materials, spray programs,
and strategies for preventive and post-infection management options in high-density
orchards [26].

Historically, streptomycin and oxytetracycline have been used in the control of fire
blight, but as resistant E. amylovora populations have emerged, new effective chemistries
and biocontrol materials are in high demand [27]. Current management practices focus
on preventative copper and antibiotic sprays, coupled with canopy management with
prohexadione—calcium or pruning removal and other cultural practices that prevent the
establishment of E. amylovora in orchards [11,23,26,28]. However, antibiotics and copper
are often ineffective once the pathogen reaches the host xylem or cortical parenchyma [29].
In recent years, the development of materials that activate systemic resistance in plants
has been of interest as an alternative to traditional pesticides. These materials, often
referred to as systemic acquired resistance activators, or SARs, trigger a broad-spectrum
immune response in their hosts [30]. Under normal conditions, a pathogen may elicit
pattern-triggered or effector-triggered immune responses in plants during their infection
period [31]. Successful infection requires the suppression of these host responses by the
pathogen, but with the application of SAR activator materials, immune responses can be
triggered before the pathogen can suppress the response. Trunk injections of SARs have
been shown to be effective at controlling shoot and blossom blight in apple. Injections
of potassium phosphites reduced shoot blight incidence by 70.8% and led to a significant
reduction in blossom blight control of 25.1% on average and reduced incidence similarly
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to injected streptomycin [32]. However, injected SARs did not perform consistently in a
year with a high infection pressure and have not reached the control levels of 92% to 99%
expected with the spray application of antibiotics.

In the 1980s, a foliar spray developed from the extract of Reynotria sachalinensis (giant
knotweed) became available under the name Milsana and was tested in the 1990s for
efficacy against some fungal diseases such as Sphaerotheca fuliginea and Botrytis cinerea [33].
In 2009, the product was reformulated and marketed under the name Regalia and was
labeled for foliar spray applications to control a wide range of fungal and bacterial diseases.
Regalia relies on anthraquinones, a class of organic compounds based on the anthraquinone
structure, which consists of three fused benzene rings forming a quinone derivative [34,35].
Emodin, an anthraquinone found in Regalia, has been suggested to play a role in the
disruption of bacterial cell walls, and act as an inhibitor of the electron transport chain
by disrupting interactions between ubiquinone and cytochrome b [36,37]. As a class,
anthraquinones have been shown to be effective against a suite of Gram-negative bacteria,
although their exact mode of action varies among derivatives, with some derivatives having
multiple modes of action [38]. Regalia has also been suggested to trigger the SAR pathways
to induce host resistance, but this view is contested by recent transcriptomic studies that
show trehalose, an important signal molecule in plant microbe interactions, decreased in
expression after the application of Regalia [39,40]. Despite the debate on Regalia’s mode of
action, the compound shows promise in the control of fire blight on pome fruit [24].

Preliminary studies into the efficacy of Regalia on apple trees showed that at an
11.2 L/ha rate of application, shoot blight incidence could be reduced by 36% on average
on mature ‘Honeycrisp” cultivar [39]. A 35.7% control of shoot blight was also observed
when Regalia was applied via trunk injection at a total volume of 76.8 fl 0z/A [39]. In a
recent study, five preventative spray applications of Regalia reduced canker incidence on
pear by 100% compared to untreated controls. A fall trunk injection application of Regalia
was not effective by allowing 38.5% canker incidence on wood but when injected in spring
it achieved 89.8% control of canker incidence. This reduction was comparable to FireLine
(oxytetracycline) and FireWall (streptomycin) spray applications, which provided 100% and
84.2% control of canker incidence, respectively [24]. Results from previous spray programs
and trunk injection trials have guided us to develop an optimal application program for
Regalia on apple trees as a method of controlling shoot blight and the resulting cankers.

We developed an application program of Regalia on 27-year-old (year 1) and 28-year-
old Fuji apple trees (year 2) that decreases application rates but increases the number
of applications. This concept is in line with a strategy that the frequent activation of
immune responses is needed by plant extract or SAR materials to achieve the desired effect.
Finally, our program focuses on spring applications of Regalia, which were shown by
Borba et al. [24] to be more effective than fall applications on pear at reducing shoot blight
and canker phases of fire blight. Our program’s efficacy was evaluated over two years (2022
and 2023) and compared to streptomycin and oxytetracycline antibiotics. We hypothesized
that our previously designed spray application programs of Regalia on pear [24] would
yield satisfactory control of shoot blight severity, canker incidence, and canker length
on apple.

2. Materials and Methods
2.1. Bacterial Strain and Inoculum Prepartation

Inoculum was prepared using the E. amylovora strain Ea273, which was grown overnight
in Luria-Bertani broth using a shaker incubator set at 28 °C [41]. Field inoculation so-
lutions were prepared by diluting Ea273 liquid culture in water to a concentration of
2 x 108 CFU/mL using a micropipette. Concentrations were determined using a DEN-1
McFarland Densitometer (Grant Instruments, Shepreth, Royston UK) and McFarland Stan-
dard calibration set 0.5-0.4 (Pro-Lab Diagnostics, Georgetown, TX, USA). Same-day colony
plate counts were used to confirm the concentrations of the field inoculation solutions. In
2022, colony plate counts confirmed that trees were inoculated with 6.5 x 108 CFU/mL
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and in 2023 plate counts confirmed that trees were inoculated with 1.46 x 10° CFU/mL.
These concentrations are consistent with common ranges for the shoot blight severity and
canker incidence control evaluations that we or others have used before [23,42].

2.2. Plant Material and Shoot Inoculations

Orchard experiments were performed at Virginia Tech’s Alson H. Smith Jr. Agricultural
Research and Extension Center in Winchester VA, USA (N 39°6'40”, W 78°16/49"), in 2022
and 2023. In both years, inoculations were conducted on 27- and 28-year-old ‘Fuji BC-2’
M.9 trees (year 1 and year 2, respectively) planted 6.1 m between rows and 2 m between
trees in a row. On 2 May 2022, and 25 April 2023, after applied treatments in Table 1, stems
were inoculated with 40 UL of prepared Ea273 solution (2 x 10% CFU/mL in distilled water)
into a sleeve cut made by a scalpel into the stem using a micropipette. A total of 10 shoots
were inoculated per tree across 4 trees per treatment for a total of 40 shoots inoculated per
treatment. Ea273 solution was kept on ice until inoculation. Tree location was randomly
selected from a block of 64 trees. A buffer of one tree was present on each side of a tree in a
row, but not across rows.

Table 1. Preventive spray and trunk-injection treatments for shoot blight and canker management
evaluated in 2022 and 2023. Treatments included 5% extract of giant knotweed R. sachalinensis
(Regalia, EPA Reg. No. 84059-3) and two antibiotics, streptomycin (FireWall, EPA Reg. No. 80990-4)
and oxytetracycline (Arbor-OTC, EPA Reg. No. 74578-7; FireLine, EPA Reg. No. 80990-6) to reduce
shoot blight severity and the incidence of fire blight cankers on perennial wood of apple cultivar ‘Fuji’.

4 Spray Materials, Active Ingredient Number of Applications Growth Stage of Growth Stage of
Percent, and Application Type and Rate Application in 20221 Application in 2023 2
o — 2 x5.6L/ha . .
1 Regalia 5%—Trunk Injection (50% water solution) Green tip Green tip
Green tip, tight cluster, ~ Green tip, tight cluster,
2 Regalia 5%—Spray Application 5% 22L/ha pink bud, petal fall, pink bud, petal fall,
first cover first cover
Arbor-OTC 36.7%—Trunk 1x 0.'31 8/2.54 cm of trunk . .
3 . diameter (10% water Green tip Green Tip
Injection .
solution)
4 FireLine 17% + Regulald—Spray 2 x 1.1kg/ha +0.25 L/100 L Bloc?m, 24 h.before Bloc?m, 24 h.before
Application inoculation inoculation
5 FireWall 17% + Regulald—Spray 2 x 1.1kg/ha+ 025 L/100 L Blos)m, 24 hlbefore Blos)m, 24 h‘before
Application inoculation inoculation
6 Untreated Control - - -

11n 2022, green tip occurred on 3/22, tight cluster on 4/5, pink bud on 4/13, bloom on 4/25, petal fall on 4/30,
and first cover on 5/10. 2 In 2023, green tip occurred on 3/23, tight cluster on 4/2, pink bud on 4/6, bloom on
4/12, petal fall on 4/17, and first cover on 4/27.

2.3. Experimental Design, Treatments, and Application Timing

Spray treatments (Table 1) were applied to the orchard dilute to drip (3741 L/ha)
using a tractor-carried handgun sprayer (Pak-Blast 4 x 25-gal sprayer, 250 PSI, Rear’s
Manufacturing, Coburg, OR, USA) to secure good coverage. Trunk injection treatments
were conducted using a Quik-jet microinjection system (Arborjet Inc. Woburn, MA, USA)
operating with hand-generated hydraulic pressure to deliver the low volumes of pesticide
solution for injection, enabling faster application times. We drilled four cardinally oriented
injection ports per tree (N, S, E, W), positioned at 10-15 cm above the ground line, 25.4 mm
deep into the xylem tissue and 9.53 mm in diameter, with a cordless 1500 rpm drill (DeWalt
Industrial Tool Co., Baltimore, MD, USA) [43]. Each port was sealed with an Arborplug®
no. 4 (Arborjet Inc., Woburn, MA, USA), using a screwdriver-like plug set tool and a
hammer, with the plug top surface located just below the bark level to allow port closure
with cambium in the future. The tree trunk diameter-specific volumes of Arbor-OCT 10%
solution in water (treatment #3, Table 1) were equally divided among four injection ports.
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In short, if the tree trunk diameter at 10-15 cm height from the ground line was 6.9 inches,
the total injected volume per tree was 21.39 mL, with each of four injection ports receiving
5.3 mL of Arbor-OTC solution (3.1 mL of solution delivers 0.31 g for each 2.54 cm of
trunk diameter).

A Regalia 50% solution volume in water of 4.84 mL per tree (treatment #1, Table 1)
was equally divided into 1.21 mL and delivered into each of four injection ports per tree,
delivering 2.42 mL of Regalia per tree or 0.605 mL of Regalia per injection port. This amount
was injected twice on the same day, approximately 40 min apart, as per Table 1.

Maintenance sprays were conducted in the block prior to and after the inoculation in
order to suppress the growth of unwanted pathogens and insects that may interfere with
results. The maintenance sprays for both years are as follows.

For 2022: 4/6/2022 Inspire Super 0.88 L/ha + Manzate Pro-Stick 3.36 kg/ha + Assail
0.28 kg/ha; 4/21/2022 Inspire Super 0.88 L/ha + Manzate Pro-Stick 3.36 kg/ha + Sonoma
0.7 kg/ha; 5/4/2022 Inspire Super 0.88 L/ha + Manzate + Indar 0.56 kg/ha; 5/17 /2022
Inspire Super 0.88 L/ha + Indar 0.56 kg/ha + Manzate 3.36 kg/ha + Diazinon 0.93 L/ha.

For 2023: 3/17/2023 Dormant cover spray with Biocover o0il 56.1 L/ha; 3/30/2023
Avaunt 0.42 kg/ha + Vangaurd 0.35 kg/ha + Manzate Pro-Stick 3.36 kg/ha; 4/26/2023
Assail 0.56 kg/ha + Manzate Pro-Stick 3.36 kg /ha + Sonoma 20EW 0.28 kg /ha; 5/26/2023
Movento + Manzate Pro-Stick + Trionic 4SC + Aprovia + Altacor 0.31 kg/ha; 5/31/2023
Movento 0.66 L/ha + Altacor 0.28 kg/ha + Regulaid 0.125 mL/100 L; 6/13/2023 Captan
3.36 kg/ha + Topsin M 0.84 kg/ha + Aprovia 0.40 L/ha + Beseige 0.88 L/ha + Ethephon
1 pt/100; 6/29/2023 Captan 3.36 kg/ha + Omega 1.0 L/ha + Besiege 0.58 L/ha + Ethephon
1 pt/100; 7/11/2023 Diazinon 1.0 mL/100 L + Ziram 6.73 kg/ha.

2.4. Measurement of Shoot Blight Severity, Canker Incidence, and Canker Severity

For each inoculated shoot, shoot blight severity percentage was calculated by mul-
tiplying the ratio of the necrotic shoot length (cm) to the total shoot length (cm) by 100.
Canker incidence was a result of the development of E. amylovora infections on perennial
wood after the pathogen successfully traveled down the inoculated shoot and reached the
wood. Incidence percentage was calculated by dividing the number of cankers developed
on wood by the total number of shoots inoculated on a per tree basis. This number was
multiplied by 100 to obtain a canker incidence rating. Canker length was measured on
all cankers that were observed on perennial wood that originated from inoculated shoots.
Shoot blight severity, canker incidence, and canker length were observed on 5/31/22,
7/2/22,and 8/2/22 in 2022. In 2023, measurements were taken on 5/24/23, 6/24/23, and
7/24/23.

Mean shoot blight severity percentage, mean percentage of canker incidence, and
mean canker length were calculated from 10 replicates and expressed for each replicate tree.
The average shoot blight severity percentage, percentage of canker incidence, and canker
length were calculated by averaging the four tree replicates per treatment. In total, each
value per treatment represents data from 40 inoculated shoots that were measured.

2.5. Statistical Analysis

Treatment, time, and the interaction of treatment and time were considered fixed
factors. The response variables analyzed by repeated measurements on the tree, as the
experimental unit, were shoot blight severity (percentage), fire blight canker incidence
(percentage), and canker length (centimeters). Random variables were the error associated
with the tree, as an experimental unit, and the error associated with the time measurements
taken on each tree. Data on shoot blight severity, canker incidence, and length were
analyzed using the MIXED procedure in SAS Studio on Demand for Academics (SAS
Institute, Cary, NC, USA).
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2.5.1. Data Transformation

Shoot blight severity data from 2022 were square root-transformed to normalize the
distribution of residuals and the main effects of treatment and time were analyzed using
repeated measures best adjusted to a heterogeneous autoregressive covariance structure of
the first order (p < 0.05). The shoot blight severity data from 2023 were arcsine-transformed
to normalize the distribution of residuals and equalize their variances and the main effects of
treatment and time were analyzed using repeated measures best adjusted to an unstructured
covariance structure (p < 0.05). Treatment and time effects on shoot blight severity did not
interact in both 2022 and 2023.

Data on the percentage of canker incidence in 2022 were square root-transformed to
normalize the distribution of residuals, and the main effects of treatment and time effects
were analyzed using repeated measures best adjusted to a heterogeneous autoregressive
covariance structure of the first order (p < 0.05). Data on the percentage of canker incidence
in 2023 were arcsine-transformed to normalize the distribution of residuals and equalize
their variances and main effects were analyzed using repeated measures best adjusted
to an unstructured covariance structure (p < 0.05). Data on canker length from 2022
were used untransformed and main effects were analyzed using repeated measures best
adjusted to an unstructured covariance structure (p < 0.05). Data on canker length from
2023 were square root-transformed to normalize the distribution of residuals and the main
effects of treatment and time were analyzed using repeated measures best adjusted to an
unstructured covariance structure (p < 0.05).

2.5.2. Treatment Comparisons

All pairwise comparisons of spray programs were performed using the PDIFF option
of LSMEANS, and means separation was completed by hand-drawing lines connecting
the means of similar spray programs and assigning letters according to these lines. The
separation of means was performed by hand-drawing lines connecting the means of similar
spray programs and assigning letters according to these lines.

3. Results
3.1. Reduction in Shoot Blight Severity

In 2022, shoot blight reached an average of 72.6% severity on untreated control.
Shoot blight was the lowest on average after two preventative spray applications of
FireWall + Regulaid, reaching only 4.2% severity (Figure 1a). Other control options were
inconsistent (Arbor-OTC) or ineffective (Regalia) at successfully reducing shoot blight to
an acceptable level.

Across both years, only FireWall + Regulaid consistently controlled shoot blight at a
high level, 93.9% in 2022 and 81.4% in 2023. Regalia trunk injection and spray applications
were not effective at reducing shoot blight when compared to untreated control. FireLine
+ Regulaid also showed no significant reduction in shoot blight severity when compared
to the untreated control. In 2022, Arbor-OTC did show a significant reduction of 37.6% in
shoot blight compared to untreated control, but shoot blight severity still reached 43.1% on
average in August (Figure 1a).

In 2023, shoot blight was less severe on untreated control trees (55.9% on average)
(Figure 2a). FireWall + Regulaid was the most effective treatment at reducing shoot blight,
allowing an average of only 10.4% shoot blight in August (Figure 2a). Once again, Regalia
sprays and trunk injections were not significantly different from untreated control at
reducing shoot blight severity. This time, Arbor-OTC was not effective (severity of 40.7%)
when compared to untreated control at reducing shoot blight severity.
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Figure 1. Shoot blight severity, canker incidence, and canker length in 2022. Error bars represent the
standard error of the mean. (a) Shoot blight severity results show the average ratio of necrosis to
shoot length measured at three time points spaced one month apart across 4 replicates. (b) Percentage
of canker incidence results show the average occurrence of cankers measured at three time points
spaced one month apart across 4 replicates. (c) Canker length results show the average length of
cankers measured at three time points spaced one month apart across 4 replicates. Treatment lines
followed by different letters within each graph are significantly different (t-tests, p < 0.05).
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Figure 2. Shoot blight severity, canker incidence, and canker length in 2023 after preventive spray
and trunk injection treatments. Error bars represent the standard error of the mean. (a) Shoot blight
severity results show the average ratio of necrosis to shoot length measured at three time points

spaced one month apart across 4 replicates. (b) The percentage of canker incidence results show

the average occurrence of cankers measured at three time points spaced one month apart across

4 replicates. (c) Canker length results show the average length of cankers measured at three time

points spaced one month apart across 4 replicates. Treatment lines followed by different letters within

each graph are significantly different (f tests, p < 0.05).
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3.2. Reduction in Canker Incidence on Perennial Wood

In 2022, canker incidence in untreated control trees was 64.3% on average. Regalia
showed no significant reduction in canker incidence when applied as a spray application
(incidence of 56.6%) or through trunk injection (incidence of 64.5%) when compared to
untreated control. Canker incidence was significantly reduced by 47.4% with Arbor-OTC
and by 94.4% with FireWall + Regulaid (incidence of 3.6%) (Figure 1b). FireLine + Regulaid
was also ineffective at reducing canker incidence compared to untreated control (incidence
of 56.5%).

In 2023, canker incidence in untreated control at 52.5% was just 18.4% lower compared
to 2022. Only FireWall + Regulaid was successful at reducing canker incidence by 95.2%
compared to untreated control, allowing only 2.5% canker incidence. Regalia spray applica-
tions, Regalia trunk injection, Arbor-OTC, and FireLine + Regulaid were all ineffective at
reducing canker incidence when compared to untreated control. They allowed 35%, 47.5%,
27.5%, and 25% canker incidence, respectively (Figure 2b).

Across both years, Regalia was ineffective at reducing canker incidence. Arbor-OTC
showed inconsistent results, with mild control in 2022 and no control in 2023. FireWall + Regulaid
showed good control in both years. FireLine + Regulaid failed to control canker incidence
across both years.

3.3. Reduction in Canker Length

In 2022, untreated control reached a canker length of 7.4 cm on average. FireWall
+ Regulaid showed the best control of canker length, reaching only 0.4 cm in length on
average. Regalia trunk injections showed no canker length control, reaching cankers
8.0 cm in size. Regalia spray treatments, FireLine + Regulaid, and Arbor-OTC also showed
poor control of canker length, with average growth reaching 6.0 cm, 6.1 cm, and 4.3 cm,
respectively. Results in 2023 showed similar trends, with untreated control reaching an
average length of 6.9 cm. Again, FireWall + Regulaid showed the best control allowing only
0.3 cm of canker size development on average. Regalia spray treatments, trunk injections,
FireLine + Regulaid, and Arbor-OTC showed no control of canker length, allowing growths
of 4.8 cm, 6.1 cm, 3.9 cm, and 4.6 cm, respectively, which were not significantly different
from untreated control.

3.4. Comparison of Trunk Injection and Spray Applications

Trunk injections overall were not seen to be statistically any more or less effective than
spray applications. Numerical differences do suggest that trunk injections of Regalia were
less effective at reducing the severity of fire blight infections. Shoot blight severity was up
to 12.7% more severe with trunk injections of Regalia than with the spray applications. Sim-
ilarly, canker incidence and canker length increased by up to 26.3% and 25.1%, respectively.
Arbor-OTC trunk injections were numerically more effective, but not significantly different
from spray applications of oxytetracycline (FireLine). Spray applications of this antibiotic
had higher shoot blight severity by up to 39.4%, canker incidence by up to 67.2% and canker
length by up to 42.9% when compared to trunk injection applications of oxytetracycline
(Arbor-OTC).

4. Discussion

Streptomycin in a mixture with a penetrating surfactant was highly effective at con-
trolling shoot blight severity and cankers in both years. Streptomycin has been used widely
by growers to control blossom blight, but its high efficacy in the prevention of canker devel-
opment from the infected shoots has not been shown before. Due to streptomycin-resistant
strains of E. amylovora which have emerged in several states of the USA, this antibiotic is not
recommended for shoot blight control [44]. Recent studies, however, highlight that strepto-
mycin may induce viable but nonculturable cells (VBNC) in laboratory-grown strains of
E. amylovora, allowing them to persist after initial applications. Subsequent treatments of
streptomycin or oxytetracycline did not reduce the counts of VBNC in solution, but copper
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was able to kill these cells when applied 3 days after initial streptomycin treatments [45].
Though these findings have not been applied to a field study, they suggest that strepto-
mycin alone should not be used to control endemic populations of E. amylovora, such as
those present in cankers.

Our results highlighted that Regalia sprays applied at high rates or applied as a
trunk injection were not as effective as antibiotics such as streptomycin. In both years
and at each time point, there was no significant reduction in shoot blight severity, canker
incidence, or canker length when trees were treated with Regalia. Our results on Regalia
are consistent with those found in A¢imovi¢ and Meredith [39] in showing that Regalia
showed little to no control of shoot blight incidence when applied as a spray application.
More frequent applications at a lower rate, delivering a cumulative rate of 11.2 L/ha, were
used in the current study compared to the 2017 study (3 x 4.68 L/haand 2 x 4.68 L/ha,
respectively) [39]. Yuan et al. [40] highlight the inability of Regalia to trigger an SAR in
apple through RNA sequencing of apple leaves. Compared to prohexadione—calcium
(Apogee, Kudos), Regalia fails to provide the upregulation of defense-related genes, which
suggests that its antimicrobial activity on apple is likely limited only to the anthraquinones
present in the mixture [38]. Therefore, differences between this study and the 2017 study
are likely due to differences in environmental conditions, rather than cultivar response or
application rates. Based on several years of data, we can conclude that Regalia alone is not
an effective method for controlling shoot blight and canker phases of fire blight disease
under high infection pressure conditions. Despite this, there may be a role for Regalia to
serve as a tank mixture for other anti-bacterials that may jointly be effective at controlling
fire blight.

Our study highlighted that Arbor-OTC had inconsistent results and showed some
reduction in shoot blight severity and canker incidence in 2022 but did not reduce canker
length. In 2023, Arbor-OTC was ineffective at controlling shoot blight severity and cankers.
In the past, trunk injections of oxytetracycline have been effective at controlling shoot blight
severity, controlling it by 82% and blossom blight incidence by 60.7% [26,32]. It is likely
that the past success of trunk-injected oxytetracycline is due to the age of the trees used
in the study. In the current study, our ‘Fuji’ trees were older (27 and 28 years) than the
14-year-old ‘Gala’ and 11-year old ‘Jonathan’ trees used in a 2015 study [26]. The older trees
may require more than four injection ports to adequately distribute oxytetracycline, which
could have led to poor disease reduction. We believe the difference between 2022 and 2023
that we observed could be explained by the previously described ultraviolet degradation
of oxytetracycline [46,47], rendering it less effective over time.

Finally, oxytetracycline applied as a foliar spray was not very effective at reducing fire
blight. Since it is bacteriostatic, oxytetracycline slows the rate of bacterial growth rather than
killing the pathogen outright, which allows it to prevent pathogen development if applied
preventatively [13,48-50]. Further studies suggest that strains of E. amylovora (strains 33-1,
32-10) are developing dual resistance to both oxytetracycline and streptomycin, further
stressing the need for the development of alternative control materials and practices [51].
In addition, oxytetracycline is a light sensitive material that had can degrade when exposed
to sufficient sunlight, reducing its longevity on the host and changing the application times
to optimal low-light conditions (early morning or evening) [46,47]. These factors make
oxytetracycline a decreasingly viable option for controlling fire blight outbreaks.

Managing the development of fire blight cankers is a critical step to prevent widespread
and ongoing losses in pome fruit orchards. E. amylovora populations in cankers can reach
up to 107 cells/g in warmer months but fall in population by 1-2 orders of magnitude
during colder months [7]. Larger and more frequent cankers throughout the orchard
provide a greater magnitude of inoculum for subsequent infection and give the pathogen
a higher chance of survival [7]. When cankers reach a sufficient size, they may girdle
the stem, or the rootstock of a tree, which can kill the branch of an older tree, or totally
destroy a young (1-9 years old) tree [52]. Effective pruning is a good way to keep fire blight
cankers in check, but the process is labor intensive [28]. Biorational materials that can
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decrease cankers per acre are key to developing a sustainable program for future fire blight
management strategies and reducing dependency on antibiotics and pruning labor costs.

Antibiotic resistance and the diminishing number of effective materials on the market
are a looming issue for traditional means of fire blight control. Through the investigation
of alternative management strategies, we can begin to develop a more comprehensive and
dynamic spray program for growers to manage resistance and extend the market longevity
of prominent antibiotics. We recognize that current management strategies rely heavily on
these antibiotics and there are few alternative measures to manage fire blight to the same
degree. In the future, we suspect these programs will continue to incorporate antibiotics,
but will hopefully be supplemented by SARs, enzymes, and other biological and biorational
control measures.
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