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Abstract: Antibiotics are widely used in fire blight management programs, yet there are no studies that demonstrate the evaluation of their efficacy in Mexico. Therefore, the present study was conducted to investigate the effects of the active ingredients in five commercial products (Kasumin® 2L, Agrygent Plus®, Agricultural Terramycin®, Agrimicin® 100, and Actigard®) on fire blight suppression, and fruit yield and quality of apple (Malus domestica Borkh.) cv. Golden Glory. The experiment was conducted in a commercial orchard using a completely randomized block design, with six treatments: (1) Oxytetracycline [Ox], 110 mg L−1; (2) Kasugamycin [Kas], 4.7 mL L−1; (3) Oxytetracycline + Gentamicin [Ox + Gen], 48 mg L−1 + 12 mg L−1; (4) Streptomycin + Oxytetracycline [Str + Ox], 90 mg L−1 + 9 mg L−1; (5) Acibenzolar-S-methyl [ASM], 70 mg L−1; and (6) Control, only water, with four replications, and three 11-year-old trees as an experimental unit. Variables of infection including flowers, shoots and fruits, yield and fruit quality were evaluated. All treatments suppressed infection in flowers, shoots, and fruits. ASM provided the highest levels of reduction of flower and shoot infection, while Kas had the least effect on the reduction of infection in these variables. The Ox + Gen treatment had the greatest suppression of fruit infection, and the best results on fruit yield and quality, followed by Ox and ASM. This is the first study conducted to evaluate the efficacy of the active ingredients of five commercial products used for the management of fire blight in apple trees in Mexico.
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1  Introduction

Apple production has been increasing over recent years. Worldwide, more than 89 million tons are produced. China is the largest apple producer in the world with a production volume over 44 million tons [1]. In Mexico, apple production during 2019 was 714,203 tons, with a production value greater than 6,500 million pesos. The state of Chihuahua is one of the primary apple producers with 594,710 tons and a production value above 5,500 million pesos, equivalent to 84.6% of national production value. The municipality of Cuauhtémoc stands out among the primary producing municipalities, where this research was performed [2]. However, the productivity of this crop is affected by various diseases, including fire blight, caused by Erwinia amylovora (Burril), one of the most important diseases.

Erwinia amylovora is a facultative anaerobic gram-negative bacterium, with a doubling time of 20 min, and has peritrichous flagella. The growth and development of the bacterium is favored by the presence of high relative humidity, temperatures above 15.5°C, heavy soils with acidic pH, susceptibility of varieties and rootstocks, nutritional imbalances, and the presence of insect disease vectors. The symptomatology of fire blight in flower clusters shows a rapid brown wilting and, in the shoots and twigs, this wilting occurs in a descending direction, forming a “shepherd’s crook”-like structure. Blighted fruits turn brown to black and become covered with droplets of whitish tan-colored abundant bacterial ooze in the presence of high relative humidity (70%) and temperatures above 26°C [3,4].

Fire blight causes high economic losses, especially in apple orchards in many fruit-growing areas worldwide. In 1998, Greece reported the destruction of 50% of infected trees over a period of 8 years; in 1991, the USA recorded losses of USD $3.8 million; in 1997, Italy lost 500,000 trees; in 2000, Switzerland lost € 4.11 million [5]. During 2004, in Chihuahua, Mexico, losses of up to 30% of apple production occurred; an investment of 22% of production costs was estimated for fire blight management [6]. Fire blight is also present in most Central and Northern European countries, in the Mediterranean region [7] and in the Middle East [8].

In countries where fire blight occurs, several methods for its management have been reported [9], with antibiotics being the most used [10]. Effective control of fire blight can be achieved by bactericide sprays prior to infection, or upon arrival of the pathogen to the flowers. However, these products are inefficient when E. amylovora enters its endophytic phase [11]. The inappropriate use of antibiotics has caused resistance to appear in E. amylovora, limiting control of fire blight [12]. Moreover, in Mexico there are no studies focused on the evaluation of the effectiveness of commercial products based on antibiotics and non-antibiotics on the suppression of fire blight, including Kasumin® 2L (I.A., Kasugamycin) and the non-antibiotic Actigard® (A.I., Acibenzolar-S-methyl), which were recently included in the management of this disease. Therefore, the present study was carried out to investigate the effects of the active ingredients of five commercial products (Kasumin® 2L, Agrygent Plus®, Agricultural Terramycin®, Agrimicin® 100 and Actigard®) on the suppression of fire blight on tree fruit yield and quality of apple (Malus domestica Borkh.) cv. Golden Glory.

2  Materials and Methods

2.1 Experiment Site

The experiment site was located in the municipality of Cuauhtémoc, Chihuahua, Mexico (28°26’17” N and 106°55’15.20” W; 2,063 m.a.s.l.) [13]. The research was carried out during the 2019 growing season on 11-year-old apple trees (Malus domestica Borkh.) cv. Golden Glory, grafted on a rootstock franco, with a planting density of 833 trees per hectare in the orchard “FM Hermanos” (40 ha). This orchard has a history record of fire blight for at least five consecutive years prior to this study. Thus, infections of blossoms, fruits and young shoots under natural conditions relied on the endogenous pathogen spread within the orchard.

2.2 Experimental Design

A completely randomized block design was used for field trials, with six treatments, four replications, and three 11-year-old trees per experimental unit. Each tree was marked, by designating two branches for measurement from the East and West directions. All blocks were distributed over almost half of the orchard surface to cover more microclimate conditions. Table 1 presents the definition of treatments and concentrations. All concentrations of active ingredients were calculated according to the recommended dose of the commercial products.
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2.3 Treatment Application

The spraying of treatments was performed according to the results of floral infection and the risk levels provided by the Maryblight and Cougarblight prediction models. Floral infection was determined daily throughout the flowering period according to the stigma printing method proposed by Thomson et al. [14]. Prior to stigma printing, a four-hectare lot was marked within the commercial orchard, and floral phenology was monitored (Fig. 1) to determine the optimal time to start sampling. Using this information, floral infection measurements began on April 03 and ended on April 30. Inside the orchard, an agroclimatic station programmed with the Maryblight and Cougarblight risk models was installed, which have been widely used to predict the risk of fire blight appearance in apple and pear trees [15]. The applications were made when the floral infection levels were equal to or greater than 5% and the Maryblight and Cougarblight models reported high levels of disease risk; these conditions matched on April 08 and 14, 2019.

[image: images]

Figure 1: Apple tree flowering phenology. Closed bunch (A), pink tip (B), pink button (C), open king flower (D), full bloom (E) and petal drop (F). Elaboration with own images

2.4 Measurement of Infection in Flowers, Shoots, and Fruits

The percentage of infected flowers was determined using the stigma printing method [14], with a Cycloheximide-Crystal Violet Tergitol (CCT) medium [16,17], which has a good level of selectivity. The medium contains sucrose and sorbitol as carbon sources, as well as anionic tergitol, thallium nitrate, cycloheximide and crystal violet as inhibitors of other bacteria and fungi. The monitoring of flower infection was carried out five days after each treatment application (April 08 and 14). A total of 108 flowers were sampled per treatment (9 flowers per CCT plate), which were emasculated to perform the stigma printing. The CCT plates were transferred to the laboratory at 4°C and incubated for 24 h at 28 ± 1°C. After incubation, the plates were analyzed using a stereoscope (Nikon brand, model SMZ745T). Morphological identification of E. amylovora was performed in the stigma printing spaces for each flower. The print spaces for the presence of E. amylovora were counted and the infection percentage was determined based on the total number of flowers sampled by treatment and repetition according to Manulis et al. [18]. Fruit and shoot infection were determined 35 days after the last treatment application. The evaluation was performed on each treatment repetition. The number of infected shoots and fruits was counted, and the infection percentage was determined based on the total number of shoots and fruits in each treatment replication.

2.5 Yield Determination

According to Melvin [19], yield per hectare estimates the efficiency of both bearing surface per tree and land surface. In our study, yield from each treatment replication was calculated as follows: three 11-year-old trees were used as experimental units in each treatment replication (four replications). Each tree was marked, by designating two branches for measurement in the East and West directions. The average number of fruits, and the average fruit weight were obtained from each branch. The average of branches in the three trees was also calculated. The yield per tree was calculated as follows:


TY=(ANFB)(AFWB)(ANBT)
(1)

where,

TY = tree yield (kg)

ANFB = average number of fruits per branch

AFWB = average fruit weight per branch

ANBT = average number of branches per tree

Yield in tons ha−1 was calculated as follows:


Y=(TY)(TD)/1000
(2)

where,

Y = yield in tons ha−1

TD = tree density ha−1

2.6 Fruit Quality

At the end of the growing cycle, fruit samples were collected from each treatment repetition. Six representative fruits were collected. A total of 864 fruits were evaluated for the determination of the fruit quality parameters following Musacchi et al. [20], with modifications. Color was determined using the color scale: 1) green; 2) slightly green; 3) transition between green to yellow; 4) yellow. This variable was expressed in percentage units. Diameter was measured with a vernier (Truper brand, Stainless Steel) in the equatorial zone of the fruit and was expressed in cm. Firmness was measured with a penetrometer (Effe-Gi brand, model 327) from 0 to 28 lb in2, using a punch diameter of 11.3 mm, taking two readings on opposite sides of the circumference. The total soluble solids content was read with a refractometer (Atago brand) from 0 to 32 °Brix. Malic acid content (%) was determined by titration, where ten mL of juice were collected, 3 drops of phenolphthalein indicator were added, and then titrated with a 0.1 N NaOH solution. The malic acid content was calculated as follows [20]:


Malic acid=((N∗V∗Meg )/v)∗100
(3)

where,

N = Normality of NaOH

V = Volume (mL) of NaOH used

Meg = Milliequivalent gram (0.067) of malic acid

v = Sample volume (10 mL)

The sugar-acidity ratio parameter was obtained by dividing the total soluble solids content by the malic acid percentage.

2.7 Statistical Analysis

Statistical data analysis was conducted using the InfoStat Software package [21], performing analyses of variance (ANOVAs) and comparisons of means using Fisher’s Least Significant Difference (LSD) test with a significance level of α = 0.05, n = 4.

3  Results and Discussion

3.1 Flower Infection

Significant differences were observed among treatments (P < 0.05). The ASM treatment significantly (P< 0.05) prevented floral infection. The treatments Ox, Ox + Gen and Str + Ox reduced floral infection by 60%. In contrast, Kas only inhibited floral infection by 5% (Fig. 2). DuPont [22] mentions that prior to antibiotic application, copper applications should be made during the pre-flowering stage to reduce bacterial inoculum concentration. The author also mentions that the best results for reducing the disease are obtained when antibiotics are administered 24 h before flowering. If infections occur during flowering, antibiotics should be applied as soon as possible within 24 h after the infections, making it necessary to repeat antibiotic applications for prolonged periods with short application intervals. However, in our research only two applications were made (April 08 and 14), according to the prediction models and the results of floral infection, dates on which a higher percentage of floral infection was recorded, as well as higher risk levels according to the Maryblight and Cougarblight models. Smith et al. [23] and Pusey et al. [24] reported that these models project risk for the next three days, based on temperature, relative humidity, and the predicted bacterial population. Most antibiotics only protect open flowers to defend new flowers as they open in warm weather. New applications must be made within a few days of the risk period recorded by the models or shortly before rain or heavy dew occurs. Adaskaveg et al. [25] also reported that Kasugamycin and Streptomycin can be applied up to 12 h after a rain or presence of strong mists in the orchard, but their efficacy is reduced, since both antibiotics only have activity against bacteria that are outside the floral cup. ASM is a product that mimics pathogen-host interaction capable of inducing Systemic Acquired Resistance (SAR) in plants, allowing control of various plant diseases by inducing the synthesis of PR proteins, which give the plant greater resistance to microbial infections [26]. Maxson et al. [27] reported a significant reduction of fire blight in apple trees with Acibenzolar-S-methyl at concentrations of 150 and 300 mg L−1, while in this study ASM prevented floral infection with a concentration of 75 mg L−1.
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Figure 2: Percentage inhibition of flower infection in apple trees (Malus domestica Borkh.) cv. Golden Glory 6 days after each application. Means with the same letter on the shaded bars are statistically similar (P > 0.05) according to the LSD fisher test. ASM = Acibenzolar-S-methyl, Ox = Oxytetracycline, Ox + Gen = Oxytetracycline + Gentamicin, Str + Ox = Streptomycin + Oxytetracycline, Kas = Kasugamycin

3.2 Shoot Infection (%)

The ASM treatment showed the highest inhibition of shoot infection. The treatments Ox + Gen and Str + Ox resulted in a reduction of shoot infection by 78.4% and 74.4%, respectively. The treatments Ox and Kas only inhibited the infection by 50% and 45%, respectively (Fig. 3). Results from ASM were similar to those reported by Maxson et al. [27], who achieved a lower incidence of fire blight in Jonathan and Fuji apple cultivars treated with 75 and 150 mg L−1 of ASM. The action of ASM is related to its mechanism of action [28]. Kunz et al. [29] mention that ASM induces systemic acquired resistance in the plant and provides better control of the disease. Bastas [30] remarks that ASM is a broad spectrum and long-lasting product, providing greater plant protection against pathogen attack, but it must be applied a few weeks before infections occur to allow the plant to activate its defense mechanisms in advance. The results of shoot infection inhibition shown by the combination of Ox + Gen and Str + Ox were similar to those reported by Palacio et al. [31], who mention that when antibiotics are applied in mixtures, they have a synergistic effect on the suppression of E. amylovora, inhibiting its multiplication by up to 50% in pear trees, apple trees and ornamental plants. The results obtained by Kas were different from those described by Adaskaveg et al. [25], who, in a similar study, reported that Kasugamycin reduced the disease by up to 95%.
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Figure 3: Percentage inhibition of shoot infection in apple trees (Malus domestica Borkh.) cv. Golden Glory 35 days after the last application. Means with the same letter on the shaded bars are statistically similar (P > 0.05) according to the LSD Fisher test. ASM = Acibenzolar-S-methyl, Ox = Oxytetracycline, Ox + Gen = Oxytetracycline + Gentamicin, Str + Ox = Streptomycin + Oxytetracycline, Kas = Kasugamycin

3.3 Fruit Infection (%)

The Ox + Gen treatment had the highest (P < 0.05) inhibition of fruit infection with a suppression of 82.4%, followed by Ox and Kas with levels of fruit infection suppression over 50%, while ASM and Str + Ox presented the lowest levels of suppression of fruit infection (Fig. 4). The results from Ox + Gen agree with those reported by McManus et al. [32], who mention that in field tests of the Agrygent Plus product, whose active ingredients are Oxytetracycline and Gentamicin, results showed a suppression of fire blight above 95%. This product is one of the most used in Mexico for fire blight management programs. The efficiency of the Kas treatment was different from that reported by Adaskaveg et al. [25], who in a comparative study on the management of fire blight in pear (Pyrus communis L.) cv. Bartlett, found that Kasugamycin reduced the disease by up to 95%, when doses of 3.5 to 18.3 mL L−1 were used. The variation in the efficiency of Kasugamycin in the suppression of E. amylovora is because this antibiotic does not penetrate the nectaries, the site of infection by the bacteria. Therefore, good suppression of the bacteria is not achieved once they penetrate these flower organs [33].
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Figure 4: Percentage of inhibition of fruit infection in apple trees (Malus domestica Borkh.) cv. Golden Glory 35 days after the last application. Means with the same letter on the shaded bars are statistically similar (P > 0.05) according to the LSD fisher test. ASM = Acibenzolar-S-methyl, Ox = Oxytetracycline, Ox + Gen = Oxytetracycline + Gentamicin, Str + Ox = Streptomycin + Oxytetracycline, Kas = Kasugamycin

3.4 Yield (tons ha−1)

All treatments were significantly (P < 0.05) superior to the control, with a range in yield from 25.81 to 46.78 tons ha−1, averages higher than that reported in Mexico (12.59 tons ha−1), and that for the state of Chihuahua (18.71 tons ha−1) [2]. The Ox + Gen treatment presented the highest production values with an average of 46.78 tons ha−1, followed by the treatments Ox, ASM, Str + Ox, and Kas, which were statistically similar with values of 37.11, 34.37, 32.62, and 25.81 tons ha−1, respectively (Fig. 5). The results of Ox + Gen agree with those reported by Aldwinckle et al. [34] and Forster et al. [35], who observed a direct effect from the use of antibiotics on increases in crop yield. In our study, all treatments were superior to the control, which also had an important effect in the reduction of the disease, resulting in greater fruit set, fruit development, and higher production, as mentioned by Blazek et al. [36], who indicate that crop yield depends on disease management, since diseases significantly reduce crop production.
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Figure 5: Effect of chemical treatments on yield (tons ha−1) in apple (Malus domestica Borkh.) cv. Golden Glory. Means with the same letter on the shaded bars are statistically similar (P > 0.05) according to the LSD fisher test. ASM = Acibenzolar-S-methyl, Ox = Oxytetracycline, Ox + Gen = Oxytetracycline + Gentamicin, Str + Ox = Streptomycin + Oxytetracycline, Kas = Kasugamycin

3.5 Fruit Quality

Significant differences (P < 0.05) among treatments were shown in all quality parameters. The Ox + Gen treatment was superior to all remaining treatments regarding diameter, weight, firmness, soluble solids, and sugar acidity ratio, followed by Ox and ASM. The treatment Ox produced higher color scores and higher malic acid content (Table 2). Values obtained with Ox + Gen, Ox and ASM coincide with those reported by González et al. [37]. Diameter, weight, firmness, soluble solids content and sugar acidity ratio are the main parameters determining apple fruit quality [38,39]. Values of soluble solids obtained in this study agreed with those reported by Mratinić et al. [40] who found values for this variable between 12.55 °Brix and 19.24 °Brix. It is worth mentioning that other studies that focused on biochemical characteristics had lower values for sugar content [41,42] than those reported in this study. Our results agree with those reported by Nischwitz et al. [43], who mention that the effect of Agrygent Plus (Ox + Gen) on fruit quality is due to its active ingredients Gentamicin Sulfate and Oxytetracycline. Thus, it is the current marketed product with the highest efficacy on fire blight suppression during flowering, favoring a better set, development, and quality of apple fruit. Both firmness and soluble solids content are very important quality parameters for the acceptance of the varieties by consumers [44,45].
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4  Conclusions

All treatments suppressed fire blight infection in flowers, shoots, and fruits. ASM presented the best results in the suppression of fire blight in flowers and shoots, while Kas had the lowest values for all variables. Treatments based on Ox, Str and Gen alone or in combination, showed positive effects on inhibition of fruit infection, yield and fruit quality. The best results in the suppression of fruit infection, as well as in the production and quality of fruit were obtained using the Ox + Gen treatment. This is the first study that shows effects from the active ingredients of five of the commercial products with the greatest use in the management of fire blight on apple trees in Mexico. ASM could be an alternative to reducing the use of antibiotics, not only because of the suppression of fire blight on apple trees, but also because it does not induce resistance in the pathogen. However, more studies are needed to estimate the optimal application timing to allow the plant to activate its defense mechanisms before the disease begins. In addition, it would be better to conduct extensive field trials over several years to define the effectiveness of treatments under varying environmental conditions in the apple growing regions in Chihuahua, Mexico.
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Table 1: Definition of treatments and concentrations for the control of fire blight on fruit yield and quality of
apple (Malus domestica Borkh.) cv. Golden Glory

Treatments Commercial product TConcentration of
active igredient
Oxytetracycline (Ox) Agricultural Terramycin® 5% 110 mg L™
Kasugamycin (Kas) Kasumin® 2L 47mL L™
Oxytetracycline + Gentamicin (Ox + Gen)  Agrygent Plus® 48mg L '+16 mg L™
Streptomycin + Oxytetracycline (Str + Ox)  Agrimicin® 100 0OmgL'+9.0mg L™
Acibenzolar-S-methyl (ASM) Actigard® 50% WV 70 mg L™
Control Water 0.0

Note: TConcentrations of active ingredients were determined based on the recommended dose of the commercial products.
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Table 2: Effect of chemical treatments on quality parameters in apple (Malus domestica Borkh.) cv. Golden

Glory

Treatments Fruit quality parameters
Weight  Diameter Color Firmness Soluble solids Malic acid  Sugar-acidity
(2) (cm) (%)  (kg/em®)  (°Brix) (%) ratio

Control 138 cd* 66 ¢ 15b 17 ¢ 14 a 0.59 ¢ 215D

Ox 151 ab 69 ab 16 a 18 b 14 a 0.72 a 21.1Db

Kas 134 ¢ 62 d 14 b 17 c 13b 0.72 a 2090

Ox+Gen 156a 71 a 16 a 19 a 15 a 0.68 ab 21.6 a

Str + Ox 146 bc 68 bc 15b 17 ¢ 14 a 0.59 ¢ 239 a

ASM 149 ab 69 ab 15b 18 b 14 a 0.66 b 182 ¢

Note: *Means with the same letter per column are statistically similar (P> 0.05) according to the LSD fisher test (a = 0.05, n=4).
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