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   With the goal to develop management tools to mitigate the severity of shoot blight on pear caused by Erwinia amylovora and prevent fire blight canker development from infected shoots on pear tree wood, we evaluated five preventive treatments in inoculated experiments over 2-years. We focused on foliar spray and trunk injection applications of extract of giant knotweed, Reynoutria sachalinensis (RSE), as a plant resistance activator candidate and on comparisons to antibiotics. Five foliar applications of RSE (2.24 L/ha) on 6-year-old trees of cultivar ‘Bartlett’ resulted in 100% control of shoot blight severity and canker incidence in both years of evaluation. The RSE trunk injection in fall of the first year did not control the disease allowing 75% of shoot severity and 38.5% of canker incidence. The opposite happened in the second year, when we injected RSE in spring, providing 85.7% control of shoot blight severity and 89.8% control of canker incidence. Antibiotics oxytetracycline (OTC) and streptomycin (STM) did not provide consistent control in the second year in comparison to the first year. In the first year, both antibiotics, OTC (trunk injection and foliar spray) and STM were effective, providing 94.8%, 100% and 86.3% control of shoot blight, respectively. They also provided 100, 91 and 84% control of canker incidence, respectively. However, in the second they were not effective allowing 69 – 96% of shoot blight severity and 70 – 92% of canker incidence. Regardless of the inconsistency in the effectiveness of antibiotics, which are not recommended for shoot blight control due to risks of promoting antibiotic resistance, five preventive spray applications of RSE could be used on pear trees to prevent shoot blight and canker development. Thus, the RSE spray program we developed could serve as a valuable control tool that could help prevent sudden outbreaks of shoot blight during summer and pear tree death from fire blight cankers with no risk for pathogen resistance.
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   1. Introduction.

 Fire blight disease of pear is caused by the bacterium Erwinia amylovora (Burril; Winslow et al., 1920). It is one of the most important and enigmatic diseases of pome fruit with a wide range of hosts, including many pome fruit and ornamental plants like apple, pear, crabapple, mountain ash, shadbush, firethorn, Chaenomeles spp. and others (Van Der Zwet and Beer, 1999). The disease is more damaging on pears than apples, often leading to tree death in one season (Van Der Zwet and Beer, 1999). The life cycle of this disease is highly dependent on warm and wet conditions in spring (Steiner, 1989; Smith, 2000; Smith and Pusey, 2011; Turechek and Biggs, 2015). E. amylovora overwinters in fire blight cankers, which are necrotized patches of bark on perennial wood developed after previous year infections. In spring, the pathogen produces droplets of orange bacterial ooze that emerge on the canker. Ooze attracts vectors such as insects and birds but is also carried by wind, rain, contaminated pruning tools, and infected plant material to new infection sites (Van Der Zwet and Keil, 1979; Griffith et al., 2003; Paraschivu et al., 2021). After reaching the flower stigmas on pome fruit hosts, where it grows its populations, or surface of young shoots, rain or tissue injury facilitates infection, and the pathogen causes blossom and shoot blight. After E. amylovora invades wood tissues from infected flowers and shoots, new fire blight cankers develop on wood, thus repeating the life cycle (Aćimović et al., 2014a, Aćimović et al., 2019a). However, even though cankers have great importance in disease epidemiology, understanding the parts of E. amylovora life cycle on shoots and in fire blight cankers is still limited (Santander et al., 2022a).

 Among the wide-spread pear cultivars commonly planted in key production regions, there are no varieties entirely resistant to fire blight. The commercial varieties with the most desirable fruit texture and flavor generally display high susceptibility to infection and destruction by fire blight (Van Der Zwet and Beer, 1995; Montanari et al., 2016; Mertoğlu and Evrenososglu, 2017; Paraschivu et al., 2020). In recent work, ‘Bartlett’ was classified as highly susceptible cultivar to this disease (Santander et al., 2022a), with many other popular commercial pear cultivars like ‘Bosc’, ‘Comice’, and ‘D’Anjou’ being very susceptible to extremely susceptible to fire blight. Overall, bacterial diseases on tree fruit, including fire blight, are harder to control in comparison to fungal diseases. There are much fewer market available bactericides in comparison to fungicides for control of phytopathogenic fungi. In contrast to fungal plant diseases, to control a bacterial plant disease a combination of multiple control approaches and methods is necessary (Agrios, 2005). For example, control of fire blight usually involves planting resistant cultivars, spray application of copper bactericides, antibiotics, biological materials, activators of Systemic Acquire Resistance (SAR), shoot growth retardants, and mechanical removal of infected tree parts by pruning or whole tree removal (Johnson and Temple, 2013; Johnson and Temple, 2015; Wallis and Cox, 2019; Aćimović et al., 2021; Philion and Joubert, 2021).

 Pear production world-wide has been in decline for decades due to severe economic impacts and difficulties in management of fire blight and pear psylla (Psylla pyri Linnaeus) (Bonn and van der Zwet, 2000; Gaaliche et al., 2018). Fire blight can kill whole pear and young apple trees in one growing season (Breth, 2008). This disease has the potential to decimate an entire orchard rapidly (Norelli, 2003; Aćimović and Meredith, 2017). The economic losses from fire blight in the United States (U.S.) are estimated to exceed over $100 million annually (Wallis and Cox, 2020). For example, fire blight epidemic in southwest Michigan in 2000 led to over 220,000 dead trees, which accounted for $42 million in economic losses (Longstroth, 2001). An epidemic in 2016 in northern New York resulted in over $16 million in losses on apples (Aćimović et al., 2021). These devastating fire blight outbreaks are becoming more common in the past decade, which could be explained by global climate change (Coakley et al., 1999; Frumhoff et al., 2007; Hayhoe et al., 2007; Melillo et al., 2014). High temperatures, frequent rainfall events, or much earlier season infections than usual can lead to more damaging epidemics (Eastburn et al., 2011). Changes in the frequency and intensity of extreme weather events, such as flooding, high average temperature, and atmospheric carbon dioxide heighten plant susceptibility to pathogens (Dossa et al., 2015). These conditions can either improve or create conditions for developing and disseminating plant pathogenic organisms (Bebber, 2015).

 Commercial pear production in the U.S. is concentrated in the Pacific Northwest, led by three states, Washington, Oregon, and California. In 2019, these three states were responsible for producing 512,540 tons of fresh pears, equivalent to $238,454 million in value, and in 2021 had an increase of over 9.7% (562,470 tons), equal to $321,562 million in value (USDA NASS, 2022). During the seasons of 2021 and 2022, the U.S. exported 156,134 million pounds of fresh pears, equivalent to $108,774 million (USDA ERS, 2022). Pears are the second most planted pome fruit in the U.S., encompassing around 45,000 A, with 75% of that production in the Pacific Northwest and a value of up to $457.1 million annually. In recent decades, high-density plantings have increased acreage for apple and pear orchards (Mass, 2008; Elkins et al., 2008). High-density orchards have many economic benefits compared to low-density orchards, including higher yields, quicker return on investments, more efficient utilization of pesticide and labor inputs, and improved fruit quality (Norelli et al., 2003). However, the combination of the costs of implementing a high-density orchard and the high susceptibility of pears to the fire blight can result in significant financial damage after a fire blight epidemic. For example, in Washington, just in 2017, pome fruit growers removed 194 acres of pear and 300 acres of apple due to fire blight favored by warm and wet spring (DuPont 2021, personal communication). The costs of removal varied from $27 to $864 per acre. Fire blight remains the top concern for growers nationally, with control costs increasing to $500 per acre per year (FPPCR - Fresh & Processed Pear Committee Research, 2021; NY ARDP, 2021; VARP - Virginia Apple Research Committee, 2021; WTFRC, 2021a). For the last 5 years, Washington Tree Fruit Research Commission (WTFRC, 2021b), Fresh & Processed Pear Committee Research (FPPCR) and Virginia Apple Research Program (VARP - Virginia Apple Research Committee, 2021) have listed the following areas as the top research priorities for industry groups in their annual request for research proposals: Fire blight, apple: 1. Build program options for growers (focus on entire season and weather events), 2. Product efficacy testing of new materials and developing SOPs for optimized efficacy (especially focusing on shoot blight control, getting to the end of the season, orchard sanitation, and new materials), 3. Management of resistance to antibiotics; Fire blight, pear: Alternative products for mid-season control and/or reduced preharvest intervals for existing products - infections becoming more chronic than occasional, need organic control options that don’t russet fruit (FPPCR - Fresh & Processed Pear Committee Research, 2021).

 Nowadays, the synthetic compounds for control of fire blight are limited and the management is difficult due to the occurrence of E. amylovora strains resistant to streptomycin (McGhee and Sundin, 2011; Tancos et al., 2016a; Wallis et al., 2021). Kasugamycin (Kasumin 2L, EPA Reg. No. 66330-404, UPL Ltd. Mumbai, India) is used in few locations in the U.S.A. where streptomycin resistance in E. amylovora is reported. To control shoot blight and reduce fire blight cankers on apple trees, the plant growth regulator (PGR) prohexadione-calcium (PCA, Apogee, EPA Reg. No. 7969-188, BASF Corporation, Ludwigshafen, Germany; Kudos, EPA Reg. No. 62097-41-82917 Fine Americas Inc, Walnut Creek, CA) and the systemic acquired resistance (SAR) activator such as acibenzolar-S-methyl (ASM, Actigard, Syngenta, Basel, Switzerland) can be used (Aćimović et al., 2021). PCA inhibits the late steps of gibberellin biosynthesis, and by reducing the shoot growth and thickening the cell walls in cortical parenchyma, it reduces the incidence and severity of shoot blight (McGrath et al., 2009). SAR activators induce plant immunity synthetic pathways and result in a myriad of synthesized and accumulated defensive compounds, including antimicrobial proteins, that help the plant suppress the disease (Hammerschmidt, 2007; Aćimović and Meredith, 2017).

  Aćimović et al. (2019b; 2021) showed that a high rate of PCA (247 mg/liter) applied 2 to 3 days after shoot infection reduced shoot blight severity on mature apple trees by 89.5 and 69.5%. Further, the same rate prevented E. amylovora invasion of wood from shoots (100% control), thus preventing cankers from developing on wood (Aćimović et al., 2019b; Aćimović et al., 2021). However, there are no spray materials that could provide a similar effect of reducing shoot blight and preventing cankers on pear trees. It has been reported that PCA can negatively affect pear fruit bearing by reducing fruit size on ‘Bartlett’ and return bloom on ‘Bosc’ (Smit et al., 2005; Elfving, Sugar, and Mielke, loc. cit Good Fruit Grower, 2013). Studies have shown that PCA application can increase the fruit set in apples and reduce average individual fruit weight (Sugar et al., 2004; Greene, 2008). PCA is not used in pear orchards in the US due to these side effects, including more post-harvest shoot growth flushes and lack of further research. Previously, we have shown that two early spring applications of extract of giant knotweed, Reynoutria sachalinensis (Regalia, EPA Reg. No. 84059-3, Marrone Bio Innovations, Davis, CA, U.S.A.), with a cumulative rate of 11.2 L/ha, provided 36% control of shoot blight incidence on mature apple trees of cultivar ‘Honeycrisp’ (Aćimović and Meredith, 2017). R. sachalinensis extract probably activates SAR in the host, which leads to disease reduction. However, the full potential of this extract and SAR candidate is unexplored but promising for conventional and organic apple and pear production. If effective, R. sachalinensis extract could aid in prevention of sudden outbreaks of shoot blight, which lead to development of cankers.

 With the gap of no synthetic or natural compounds similar to PCA that can be used in pear for shoot blight and canker management, the objective of this study was to determine if the preventive applications of R. sachalinensis extract can reduce pear shoot blight severity and prevent the resulting canker development on pear wood, repeating the success we had on apple (Aćimović and Meredith, 2017). Our goals were to deliver the total cumulative rate of 11.2 L/ha in 5 consecutive spray applications of 2.24 L/ha on pear in spring and prove the consistency of the effects by evaluating for two years. Additionally, we wanted to compare the effect of R. sachalinensis extract to antibiotics, even though they are not recommended for managing shoot blight in commercial orchards due to higher risks of antibiotic resistance from summer applications. We hypothesized that a reduction in shoot blight severity by Regalia will slow down or stop E. amylovora invasion via shoots and thus reduce or prevent the initiation of fire blight cankers on wood. We aimed to develop a new spray program for use in conventional and organic pear production that could provide a similar effect as PCA on apple shoots and cankers and become a tool for pear fruit growers to combat shoot blight and prevent tree death from cankers.

 
  2. Material and methods.

  2.1. Bacterial strain and inoculum preparation.

 The inoculations were performed using the American E. amylovora strain Ea273 grown overnight in Luria–Bertani broth (Bertani, 1951) using a shaker incubator set at 28°C. We prepared the inoculum in 10 mM phosphate buffered saline (PBS) solution, pH 7.4, adjusting cell suspensions to approximately 2 x 108 CFU/ml using a DEN-1 McFarland Densitometer (Grant Instruments, Shepreth, Royston, UK) and McFarland Standard calibration set 0.5-0.4 (Pro-Lab Diagnostics, Round Rock, TX, U.S.A.). Colony plate counts were performed to confirm the suspension concentrations. In 2019, colony plate counts established that we used 1.94 x 108 CFU/ml for inoculation on May 26. In 2022, colony plate counts validated that on May 11, we inoculated with a suspension concentration of 2.97 × 109 CFU/ml. Both concentrations are within the common range used for shoot blight control and canker incidence evaluations (Johnson and Temple, 2016; Aćimović et al., 2021).

 
  2.2. Plant material and shoot inoculations.

 Pear orchard experiments were performed at Cornell University’s Hudson Valley Research Laboratory in Highland, NY, U.S.A., in 2019 (N41° 45 ‘ 1.594’’, W73° 58 ‘ 3.941’’) and at Virginia Tech’s Alson H. Smith Jr. Agricultural Research and Extension Center in Winchester, VA, U.S.A, in 2022 (N 39° 6’ 40”, W 78° 16’ 49”). In 2019 we used a block of 6-year-old trees of Pyrus communis cultivar ‘Bartlett’, planted with 2 m between trees and 4.5 m between rows. In 2022 we used a block of 6-year-old trees of P. communis, also cultivar ‘Bartlett’, which we planted at 3 m between trees and 5 m between rows. The soil fertilization schedule in Highland, NY, was as follows: on May 8, 2016, 40 lbs. of nitrogen, phosphorus, and potassium (NPK) 15-0-30 with B was applied to the block delivering 41.9 kg N/ha, on April 25, 2017, 50 lbs. NPK 15-0-30 with B was applied to the block, delivering 52.3 kg N/ha on May 9, 2018, 50 lbs. NPK 15-0-30 with B was applied to the block, delivering 52.3 kg N/ha, on April 16, 2019, 40 lbs. of a mixture of fertilizers yielding NPK 25-3-3 (no B) was applied to the block, delivering 69.8 kg N/ha. In Winchester, pear trees were planted in early March 2022 and were not fertilized.

 In 2019 and 2022, we inoculated shoots by a stem cut inoculation method on May 26 and May 11, respectively, as per Santander et al. (2019; 2022a; 2022b) by delivering 40 μL of E. amylovora suspension in PBS per shoot, adjusted to 2 x 108 CFU/ml using the micropipette. The inoculum suspension was cooled on ice until the inoculation. A total of 10 selected shoots pear each pear tree in each treatment were inoculated. In 2019, we inoculated 15 trees, three replicates for each treatment plus three untreated replicates were also inoculated, serving as a control. In 2022 we inoculated 20 trees, four replicates for each treatment, plus four untreated tree replicates were also inoculated, serving as a control. The three and four tree replicates used as untreated controls for 2019 and 2022, respectively, were inoculated in the same way as in treatments 1 to 5 but did not receive any chemicals. 

 
  2.3. Experimental design, treatments, and application timing.

 An orchard experiment with spray treatments of Regalia (extract of R. sachalinensis), FireLine (oxytetracycline), FireWall (streptomycin), and one untreated control was conducted ( Table 1 ). Also, we included two trunk injection treatments of Regalia and Arbor-OTC (oxytetracycline) to explore improving efficacy of Regalia’s as a candidate activator of Systemic Acquired Resistance. Injections were applied using a Quik-jet microinjection system (Arborjet Inc., Woburn, MA) operating at hand-generated hydraulic pressure to deliver low volumes of liquid into the tree trunk, thus enabling faster application times (Aćimović, 2014). The treatments were applied between swollen bud and fruit set growth stages, but before the inoculation with E. amylovora. Due to cold weather conditions in early spring 2022 suppressing floral bud development and the abrupt switch to warm weather in mid-spring ( Supplement Figure 1 ), Regalia spray application at white bud stage in treatment number 3 was not conducted because the transition from green cluster to bloom was in less than 24 h due to high air temperatures. To consistently deliver the same cumulative rate of Regalia in treatment 3 (11.2 L/ha) in both experiment years, the fifth spray application of Regalia in treatment 3 was performed at the stage fruit set II and as the only application after shoot inoculation in 2022 ( Table 1 ). In the 2019 experiment, Regalia trunk injections were performed on October 10, 2018, while for the 2022 experiment, they were conducted at bud burst in 2022. All the spray treatments were spray applied dilute to drip (935.4 L/ha) using a tractor-carrier sprayer with a brass handgun (Pak-Tank 4 × 25-gal tanks, 250 PSI, Rear’s Manufacturing, Coburg, OR) to secure good coverage with the spray solution.

  Table 1 | Preventive spray and trunk-injection treatments for fire blight management evaluated in 2019 and 2022 with 5% extract of giant knotweed, R. sachalinensis (Regalia; EPA Reg. No. 84059-3), and two antibiotics, streptomycin (FireWall) and oxytetracycline (ArborOTC, FireLine) to reduce shoot blight severity and initiation of fire blight cankers on perennial wood of pear cultivar ‘Bartlett’. 

 

 
  2.4. Measurement of shoot blight severity, canker incidence, and canker severity.

 For each inoculated shoot, we calculated shoot blight severity percent by multiplying the ratio of necrotic shoot length, i.e., fire blight lesion length (cm), to the total shoot length (cm), by 100. Fire blight canker incidence, resulting from E. amylovora invasion of bark on perennial wood from the infected shoots, was calculated as the percentage of cankers that developed on wood after shoot inoculations in relation to the total number of inoculated shoots. For each canker developed on perennial pear wood from inoculated shoots, we measured canker severity, i.e., canker length (cm). In 2019 we rated the shoot blight severity (%), canker incidence (%), and canker length (in centimeters) only on June 23. In 2022, we measured the shoot blight severity, canker incidence, and canker length on the same or from the same shoots on May 31, July 1, and August 1, 2022. Mean shoot blight severity percent, mean percent of initiated cankers on perennial pear wood (canker incidence), and mean canker length were calculated from 10 shoot replicates and expressed per each replicate tree. Mean shoot blight severity, mean canker incidence percent, and mean canker length for each treatment were calculated from the three (2019) and four (2022) replicate tree means.

 
  2.5. Statistical analysis.

 The treatment was considered a fixed factor. The response variables analyzed by the ANOVA on the tree as the experimental unit were shoot blight severity (as a percentage), fire blight canker incidence (as a percentage), and canker length (in centimeters). Random variables were the error associated with the tree as an experimental unit. For the 2022 data set, the ANOVA test was conducted separately for each time point for consistency of data presentation and easier comparison to the 2019 data set (P < 0.05). All data were analyzed using the MIXED procedure in SAS ver. 9.4 (SAS Institute, Cary, NC, U.S.A.).

  2.5.1. Data transformation.

 Prior to final treatment analysis, raw data were tested for normal distribution of residuals (Shapiro-Wilk test; normal probability plot of the residuals) and equal variances of residuals (Levene’s test; box plot of residual variances, residual vs. predicted plot), which are necessary to fulfil the assumptions of ANOVA (F-test).

 Shoot blight severity data in 2019 were used untransformed, as all the assumptions of ANOVA were fulfilled, including the normal distribution of residuals and equal variances of residuals. Shoot blight severity data from the first time point in 2022 were arcsine-transformed to equalize the variances of residuals, thus fulfilling all the assumptions of ANOVA. The 2022 data on shoot blight severity from the second time point were arcsine-transformed to normalize the distribution of residuals, thus fulfilling all the assumptions of ANOVA. The 2022 data on shoot blight severity from the third time point were analyzed untransformed as the original data had equal variances and normal distribution of residuals (Aćimović et al., 2021).

 The 2019 data on canker incidence were square root-transformed to equalize the variances of residuals, thus fulfilling all the assumptions of ANOVA. The 2022 data on canker incidence from the first time point were log-transformed to equalize the variances of residuals, thus fulfilling all the assumptions of ANOVA. The 2022 data on canker incidence from the second time point were square root-transformed to equalize the variances of residuals, thus fulfilling all the assumptions of ANOVA. The 2022 data on canker incidence from the third time point were arcsine-transformed to normalize the distribution of residuals thus fulfilling all the assumptions of ANOVA.

 The canker length data from 2019 were square root-transformed to normalize the distribution of residuals thus fulfilling all the assumptions of ANOVA. The 2022 data on canker length from the first time point were log-transformed to equalize the variances of residuals thus fulfilling all the assumptions of ANOVA. The 2022 data on canker length from the second time point were log-transformed to normalize the distribution of residuals thus fulfilling all the assumptions of ANOVA. The 2022 data on canker length from the third time point log-transformed to normalize the distribution of residuals thus fulfilling all the assumptions of ANOVA.

 
  2.5.2. Treatment comparisons.

 All pairwise comparisons of treatments were performed using the LSD post-hoc test (p < 0.05) to determine the significant differences between the treatments. Means separation for one-time point in 2019 and for each time point separately in 2022 were conducted by hand-drawing lines connecting the means of similar spray treatments and assigning letters according to these lines. In 2019, each treatment mean consisted of three replicate trees, with each replicate tree mean consisting of 10 shoots per tree, and each mean shown in the form of a histogram. In 2022, each treatment mean consisted of four replicate trees, with each tree replicate mean consisting of 10 shoots per tree, and each mean shown in a form of a histogram. Error bars in the histograms represent the standard error of the mean calculated from the original raw data.

 
 
 
  3. Results.

  3.1. Reduction/prevention of shoot blight severity.

 Shoot blight severity of the inoculated untreated control trees from both years (treatment 6) reached 80.9 and 92.4%, respectively ( Figures 1 ,  2 ). In both experiment years, five spray applications of Regalia (treatment 2) consistently provided 100% control of shoot blight severity in comparison to the untreated control (treatment 6). Thus, the high cumulative rate of Regalia spray application of 11.2 L/ha provided the best season-long prevention of shoot blight severity, at 100% on average ( Figures 1 ,  2 ). In 2019, Arbor-OTC trunk injection, FireLine, and FireWall spray applications (treatment 3, 4 and 5) provided 94.8%, 100%, and 86.3% shoot blight severity control, respectively, in comparison to the untreated control ( Figure 1 ). In 2022, the same antibiotic treatments did not control shoot blight severity, as they did not significantly differ from the inoculated untreated control ( Figure 2 ). FireWall only numerically reduced severity by 25.5%. In 2019, trunk injection of Regalia did not control the disease allowing 75% of shoot blight severity, while in 2022, it provided 85.7% control of shoot blight severity.

  

 Figure 1 | Shoot blight severity (Tukey test, p<0.05) and canker incidence (LSD test, p<0.05) on June 23 on pear cultivar ‘Bartlett’ after preventive spray and trunk injection treatments in 2019. Application rates are shown in  Table 1 . Shoots were inoculated on May 26 at 2.5- to 5-cm shoot size with E. amylovora (1.94 x 108 CFU/ml). Treatment bars of the same pattern followed by different letters are significantly different. Each mean consisted of three trees, with each tree mean consisting of 10 shoots per tree. Error bars represent the standard error of the mean. 

 

  

 Figure 2 | Shoot blight severity on pear cultivar ‘Bartlett’ after preventive spray and trunk injection treatments in 2022. Application rates are shown in  Table 1 . Shoots were inoculated on May 11 at 2.5- to 5-cm shoot size with E. amylovora (2.97 × 109 CFU/ml). Treatment bars of the same pattern followed by different letters are significantly different (LSD test, p<0.05). Each mean consisted of four trees, with each tree mean consisting of 10 shoots per tree. Error bars represent the standard error of the mean. 

 

 
  3.2. Reduction/prevention of canker incidence on perennial wood.

 Canker incidence in the inoculated untreated control (treatment 6) reached 46.7% and 92.6% in 2019 and 2022, respectively ( Figures 1 ,  3 ). In 2019 and 2022, five spray applications of Regalia (treatment 2) provided 100% control of canker incidence in comparison to the untreated control (treatment 6). The high cumulative rate of 11.2 L/ha of spray applied Regalia provided the best season-long prevention of canker development, at 100% on average ( Figures 1 ,  3 ). In 2019, Arbor-OTC trunk injection, FireLine, and Fire Wall spray applications (treatments 3, 4, and 5) provided 91%, 100%, and 84.2% control of canker incidence, respectively ( Figure 1 ). On August 1, 2022, the same antibiotic treatments did not repeat the efficacy from 2019 in control of canker incidence as they allowed 87.5%, 92.2% and 70.0% cankers to develop and did not differ from the inoculated untreated control ( Figure 3 ). In 2019, trunk injection of Regalia conducted in fall 2018 (treatment 1) did not prevent canker development by allowing 38.5% canker incidence on wood ( Figure 1 ). In contrast, on August 1, 2022, the same treatment 1, although injected in spring 2022, achieved 89.8% control of canker incidence ( Figure 3 ).

  

 Figure 3 | Canker incidence on perennial wood of pear cultivar ‘Bartlett’ from infected shoots after preventive spray and trunk injection treatments in 2022. Application rates are shown in  Table 1 . Shoots were inoculated on May 11 at 2.5- to 5-cm shoot size with E. amylovora (2.97 × 109 CFU/ml). Treatment lines followed by different letters are significantly different (LSD test, p<0.05). Each mean consisted of four trees, with each tree mean consisting of 10 shoots per tree. Error bars represent the standard error of the mean. 

 

 
  3.3. Reduction of canker length on perennial wood.

 Canker length in treatment 6 (inoculated untreated control) reached 2.0 cm in 2019 and 13.2 cm in 2022 ( Figures 4 ,  5 ). In 2019 and 2022, Regalia spray applications (treatment 2) prevented canker expansion on perennial pear wood (100%), respectively, but in 2019 the canker length did not statistically differ from treatment 6 (inoculated untreated control) ( Figures 4 ,  5 ). Similarly, FireLine spray applications in 2019 prevented canker expansion on pear wood but did not statistically differ from treatment 6 ( Figure 4 ). In 2022, antibiotic treatments 3, 4, and 5 did not prevent canker formation on perennial pear wood by allowing 15.6 cm, 24.4 cm, and 22 cm of canker length expansion. The noticeable numerical differences in canker length between Regalia spray applications (treatment 2) and inoculated untreated control (treatment 6) in 2019 ( Figure 4 ) were confirmed by the significant differences in 2022 ( Figure 5 ). Consistently across both years, numerically, the most ineffective treatment was Arbor-OTC trunk injection with canker length reaching 1.8 cm in 2019 and 15.6 cm in 2022.

  

 Figure 4 | Length of fire blight cankers on perennial wood of pear cultivar ‘Bartlett’ developing from inoculated shoots after preventive spray and trunk injection treatments in 2019. Application rates are shown in  Table 1 . Shoots were inoculated on May 26 at 2.5- to 5-cm shoot size with E. amylovora (1.94 x 108 CFU/ml). Treatment bars followed by different letters are significantly different (test, p<0.05). Each mean consisted of four trees, with each tree mean consisting of 10 shoots per tree. Error bars represent the standard error of the mean. 

 

  

 Figure 5 | Length of fire blight cankers on perennial wood of pear cultivar ‘Bartlett’ from inoculated shoots after preventive spray and trunk injection treatments in 2022. Application rates are shown in  Table 1 . Shoots were inoculated on May 11 at 2.5- to 5-cm shoot size with E. amylovora (2.97 × 109 CFU/ml). Treatment lines followed by different letters are significantly different (LSD test, p<0.05). Each mean consisted of four trees, with each tree mean consisting of 10 shoots per tree. Error bars represent the standard error of the mean. 

 

 
 
  4. Discussion.

 We demonstrate in our study that preventive spray applications of Regalia reduced and prevented shoot blight severity, but more importantly Regalia also reduced and prevented fire blight canker development on perennial pear wood. Even though Regalia trunk injection in fall did not control the disease in the first experiment year, in the second experiment year, when it was injected in spring, it provided significant control of shoot blight severity and canker incidence. When fire blight cankers develop on the trunks, limbs, and rootstock, they can girdle the stem and kill branches, treetop, or whole mature or young trees in high-density pear orchards. Pear trees are much more susceptible to fire blight in comparison to apple trees (Santander et al., 2022a). Canker damage is much worse on young tree tissues of juvenile trees and cankers can serve as inoculum sources for future infections on mature trees. Therefore, we recommend through this study that five preventive spray applications of Regalia in spring are a potent option to reduce or prevent shoot blight onset and fire blight initiation on perennial pear wood.

 In both experiment years, five preventive spray applications of Regalia provided the best control of shoot blight severity and canker incidence with 100% control. The canker length data supported the best control with spray applied Regalia in both years, however, in the first experiment year, the canker length did not statistically differ from the inoculated untreated control. Regalia is recommended for suppressing fire blight on pome fruit from pre-bloom to the fruit development stages. However, this plant protection material is poorly investigated for shoot blight control on pear and provides no control of shoot blight on apple (Sundin and Outwater, 2021 personal communication) 1 . In control of blossom blight incidence, Regalia preventive spray applications with the rate of 2,338.5 ml/ha in a tank mix with other fire blight products reduced apple blossom blight by 88% (Marrone Bio Innovations, 2022a). For blossom blight control on apples, Regalia spray applications are recommended to start at 25% bloom and re-applied when models indicate a fire blight infection period, followed by a petal fall application of the rate ranging from 4,677-9,354 ml/ha in rotation or tank mix with other products for suppression of shoot blight (Marrone Bio Innovations, 2022b). On pear cultivar ‘Bartlett’, single application of Regalia at petal fall (4,677 ml/ha) after applications of Blossom Protect (EPA Reg. No. 86174-4) plus Buffer Protect (citric acid, disodium phosphate) at 70% bloom, followed by Stargus (EPA Reg. No.: 84059-28) at full bloom, provided 39% reduction of blossom blight but was not different from untreated control (Johnson and Temple, 2021) 2 . In another trial on pear ‘Bartlett’, a spray program of Regalia at white bud (4,677 ml/ha), followed by Blossom Protect plus Buffer Protect, followed by Jet-Ag (EPA Reg. No. 81803-6) at full bloom, and then with Regalia applied at petal fall (4,677 ml/ha), gave 88% blossom blight control (Johnson and Temple, 2021 personal communication). After Regalia at the rate of 2,338.5 ml/ha in mix with Actigard or without it was applied at white bud, petal fall, and 10 days after petal fall on pear cultivar ‘Comice’, in alternation with Jet-Ag and Stargus at 70-80% bloom and full bloom, provided 84% and 80% blossom blight control (KC and DeShields, 2021 personal communication) 3 . However, there was no shoot blight control in this trial as there were no significant differences in comparison to untreated control. In our current study, five preventive spray applications of Regalia before inoculation with E. amylovora, each at a rate of 2,245 ml/ha, and cumulatively providing 11,225 ml/ha, was adequate to control shoot blight severity and canker formation. Our results indicate that the evaluated number of spray applications per growing season in the previous studies is too low to achieve desired control of shoot blight and cankers incidence. It seems that Regalia must be applied more frequently to achieve desired effect. Future research on modes of action of Regalia should determine why shoot blight incidence is controlled well on pears and not on apples. Regalia showed that it is a good alternative material for preventive control of fire blight infections on pear shoots and is an excellent OMRI-approved material for use in organic orchards (Organic Materials Review Institute, https://www.omri.org/).

 Regalia trunk injection in spring significantly reduced shoot blight severity and fire blight canker development in the second experiment year with 85.7% and 90% control. This indicates that the trunk injection of this plant extract probably activated the SAR defense response in pear trees (Aćimović et al., 2015a). However, the injection in fall of the year preceding first experiment year was not effective, allowing 75% of shoot blight severity. One probable reason for this inconsistency between the two experimental years is that trunk injection in fall of 2018 was performed too far in time from the inoculation in May 2019. Regalia was probably degraded to inactive metabolites in the trunk or diluted to the non-effective levels and thus failed to control shoot blight (Aćimović et al., 2015a). In the second experiment year, high efficacy when the trunk injection was performed in spring indicated that Regalia was likely water soluble and thus had quickly translocated from the trunk into the shoots and was well distributed in the canopy (Aćimović, 2014; Aćimović et al., 2014b; Aćimović et al., 2016). Hence, it provided much better control of shoot blight and canker incidence as inoculation was done much closer in time to the injection.

 In the first experiment year, FireLine provided 100% control of shoot blight severity, however in the second experiment year, the same material did not control the disease allowing 95.6% of shoot blight severity. This could be due to the extremely high photosensitivity of oxytetracycline and its degradation (Slack et al., 2021). In high-density pear plantings where the goal is to maximize light interception and increase yield (Palmer, 2008), shoots are fully exposed to light. Due to high sunlight sensitivity of oxytetracycline, it should be applied in the evening to maximize the time when this material is effective (Slack et al., 2021). Prior studies on peach leaves showed that when oxytetracycline is exposed to full natural sunlight, its residue decreased rapidly in the absence of rain, declining on average by 43.8, 77.8, and 92.1% within 1, 2, and 4 days after application, respectively (Christiano et al., 2010). After seven days of application, oxytetracycline levels were near the detection limit (Christiano et al., 2010). These results could directly support the hypothesis that FireLine was not effective in the second experiment year due to the photodegradation of the active ingredient, indicating that on the days when the spray application was made in second experiment year (April 25, May 9, 2022), the solar radiation was likely a significant factor that influenced the results. NEWA weather data from an onsite weather station in Winchester, VA, showed that the sum of solar radiation from 25 April to May 15, 2022 was 10,029 Ly in comparison to Highland, NY, with 8,850 Ly from 25 April to May 15 in 2021, and 9,254 from 25 April to May 15 in 2022 (https://newa.cornell.edu/all-weather-data-query).

 In the first experiment year, FireWall provided 86.3% control of shoot blight severity, however, in the second experiment year, the same antibiotic did not control shoot blight severity. This inconsistency in effect could be due to similar, although lower streptomycin photosensitivity we hypothesized for oxytetracycline (Slack et al., 2021). Streptomycin is used for preventive control of blossom blight when fire blight prediction models indicate that flower infections can occur. It is not recommended for use when fire blight infections become visible and for control of shoot blight. The only exception are hail events when use of streptomycin is justified to prevent trauma blight infections through hail injuries (Aćimović and Meredith, 2017). Frequent post-symptom and shoot blight control applications of this antibiotic can lead to resistance of E. amylovora to streptomycin, which lead to control failures. Hence, materials with alternative modes of action like kasugamycin (Kasumin 2L, EPA Reg. No. 66330-404) or Aureobasidium pullulans DSM 14940 and DSM 14941 (Blossom Protect) are needed for controlling fire blight to offset these risks (McGhee and Sundin, 2011; Sundin et al., 2016; Johnson et al., 2022). Even though streptomycin is one of the most effective means of chemical control for fire blight, resistance risks raised concerns about its sustainability for fire blight management (Jones and Schnabel, 2000; Manulis et al., 2003; Russo et al., 2008; Tancos and Cox, 2016b).

 The Arbor-OTC trunk injection in spring provided 91% control of canker incidence in the first year, but the second year did not control the cankers allowing 87.5% incidence to develop. A previous study showed that trunk-injected oxytetracycline in apples provides 60% control of blossom blight incidence (Aćimović et al., 2015b). The reduction of shoot blight severity with this antibiotic was up to 82% (Aćimović et al., 2015a). Besides the high photosensitivity of oxytetracycline, another possible reason for efficacy inconsistency in the second experiment year was that the time between the trunk injection and the inoculation with E. amylovora was insufficient for translocation of oxytetracycline and its ample distribution into the canopy. The previous study supported that time between trunk injection and inoculation might be a limiting factor for oxytetracycline to achieve spatially uniform distribution in the tree’s canopy (Aćimović, 2014).

 In conclusion, we proved that Regalia can control shoot blight and fire blight cankers on pear with five preventive spray applications of 2,245 ml/ha. Our recommendation would be preventive use of Regalia as any post-symptom treatments would not result in the same control effect. Future research should evaluate if post-infection or post-symptom spray applications of Regalia could be combined with pruning removal of shoot blight and cankers to prevent further in-season fire blight infections. Even though Regalia trunk injection was inconsistent over the two years, we showed great potential of spring application to control shoot blight and cankers. More evaluations over several years are needed to confirm this effect of spring trunk injection. Trunk injection treatments could be a good option for preventive protection against fire blight in landscape Callery pears (Pyrus calleryana Decne.) and a good option for small organic or homeowner pear growers that manage a low number of trees. In these scenarios, Regalia could be alternated with a spray application of other inorganic or biocontrol products available for organic tree fruits. Streptomycin and oxytetracycline should be used only to prevent blossom blight infections. To maximize efficacy, they should be applied primarily before infections are predicted by the fire blight prediction models. Both antibiotics should be combined where resistance to streptomycin is known or replaced with kasugamycin. More research is necessary to explain why these antibiotics were inconsistent for shoot blight control in our two experiment years. It is possible that the time of the day when the applications were performed may have played the role in conjunction with photodegradation. It is recommended that antibiotics are applied to trees late in the afternoon or in the evening to secure their high efficacy by avoiding solar radiation and extending the time when these materials are effective (Slack et al., 2021).
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