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Abstract Acibenzolar-S-methyl (ASM), a plant activa-
tor known to induce plant resistance, has been used as
foliar sprays to manage several plant diseases including
bacterial spot on tomato caused by four distinct
Xanthomonas species. This study aimed to investigate
the effects of soil application rates of ASM on bacterial
spot of tomato and the expression levels of the two
pathogenesis-related (PR) genes, PRIa and PRIb, in
leaf tissues. Tomato seedlings were leaf-applied with
ASM at 18.8 mg/l corresponding to the labeled rate,
soil-applied with ASM at 0.84 and 10 mg/l, and sprayed
with water served as an untreated control. The soil
application of ASM at 10 mg/l consistently reduced
the final disease severity and disease progress compared
to the untreated control in four growth chamber exper-
iments, whereas the soil application of ASM at 0.84 mg/
1 and foliar spray of ASM significantly reduced the final
disease severity and area under disease progress curve
(AUDPC) in three out of the four experiments. The
expression levels of PR/a and PR1b in the leaf tissues
were significantly induced by both soil and foliar appli-
cations of ASM. In addition, field trial results suggested
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that the soil applications of ASM at 10 mg/l markedly
reduced disease progress compared to the control and
copper standard. Although the control efficiency of soil
applications of ASM depends on rates used, this study
suggests that ASM can be used as soil applications to
induce tomato resistance against bacterial spot.
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Introduction

Bacterial spot is a destructive disease of tomato (Sola-
num lycopersicum) caused by at least four taxonomi-
cally distinct xanthomonads including Xanthomonas
euvesicatoria (T1), X. vesicatoria (T2), X. perforans
(T3 and T4), and X. gardneri (T2) (Jones et al. 2004,
2005; Stall et al. 2009). The use of pesticides is a
common strategy for controlling this disease. Although
copper-based bactericides are heavily utilized (Jones
et al. 1991), copper bactericides mixed with an ethyl-
ene bisdithiocarbamate (EBDC) compound such as
manzeb or mancozeb is necessary to suppress copper-
resistant strains of Xanthomonas (Marco and Stall
1983; Pernezny et al. 2008). However, this combina-
tion may result in phytotoxicity, reduce yield, and has
limited efficacy when environmental conditions are
conducive to disease progress (Roberts et al. 2008).
The antibiotics streptomycin and kasugamycin have
been investigated to control bacterial spot on tomato,
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but resistance to the antibiotics may develop in
Xanthomonas spp. (Stall et al. 2009; Woodcock et al.
1991). Although the use of pesticides is generally
effective to control bacterial spot of tomato, consumers
may prefer pesticide-free products. It is necessary to
explore alternative environment-friendly strategies for
managing bacterial spot on tomato.

Acibenzolar-S-methyl (ASM, Actigard® or Bion®,
Syngenta Crop Protection, Inc., Greensboro, NC) is a
plant activator inducing systemic acquired resistance
(SAR) to confer protection against a broad spectrum
of plant pathogens (Huang et al. 2012; Meller Harel
et al. 2014; Takeshita et al. 2013; Tally et al. 1999).
Although ASM has no anti-microbial activity, it in-
duces host plant resistance by activating an up-
regulation of pathogenesis-related (PR) gene expression
that is thought to contribute to disease resistance
(Durrant and Dong 2004; Francis et al. 2009). The
expression level of the acidic PR-/ gene (PRla) has
been used as a marker of SAR, whereas ethylene (ET)-
mediated responses can be evaluated using the basic
PR-1 marker gene (PR1b) (Block et al. 2005; Tornero
etal. 1997; van Loon et al. 2006). Previous studies have
shed light on the two genes activated by ASM as foliar
sprays (Herman et al. 2007, 2008). However, it is not
well known whether soil applications of ASM can also
induce the expression of the two genes in tomato
against bacterial spot.

Previous studies have shown the efficacy of ASM as
foliar sprays for bacterial spot control (Huang et al.
2012; Louws et al. 2001; Obradovic et al. 2004, 2005),
but it is not well known whether soil applications of
ASM is also effective for control of bacterial spot on
tomato. In different pathosystems, soil drenches of ASM
have been demonstrated to achieve a control efficacy
similar to or better than foliar sprays (Barretti et al. 2010;
Francis et al. 2009; Johnson and Temple 2016). More-
over, soil applications via irrigation drip tubes may be an
casier way to apply ASM while saving application costs
for growers. In order to determine whether soil applica-
tions of ASM for control of bacterial spot is possible,
four growth chamber experiments and two field trials
were conducted to investigate the effects of soil appli-
cation rates of ASM on bacterial spot of tomato and the
expression levels of PRIa and PRIb in tomato leaves.
Here we report that soil applications of ASM can acti-
vate the up-regulation of the two gene expression, and
the soil application of ASM at 10 mg/1 results in the best
control efficacy.
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Materials and methods
Inoculum preparation

Inoculum was prepared by growing X. perforans strain
T4 (T4) on glucose-nutrient agar plates for 3 d at 28°C,
flooded with 10 mM MgSOy, and adjusted to 10° CFU
ml 'for inoculations. In order to increase foliar infec-
tion, Silwet L-77 (Helena Chemical Co., Collierville,
TN) was added to the inoculum to a final concentration
of 0.025% (vol/vol).

Effects of soil applied ASM on bacterial spot in growth
chamber studies

Tomato seeds of the cultivar ‘Florida 47 (Seminis
Vegetable Seeds, Inc., St. Louis, MO) susceptible to
bacterial spot were soaked in 1% (v/v) sodium hypo-
chlorite (NaOCI) for 2 min for surface sterilization, and
then washed three times with sterilized water. The
sterilized seeds were sowed in seed trays with a com-
mercial growth medium (Fafard Custom Mix, Aga-
wam, MA). Seedlings at the cotyledon stage were re-
moved from the growth medium at two weeks after
sowing, their roots were washed, and the seedlings
were transplanted in 250 ml-styrene cups each filled
with 230 g of quartz sand for experiments 1-3 and of a
field soil classified as Myakka fine sand (sandy, sili-
ceous, hyperthermic Aeric Alaquods) for experiment 4.
Each styrene cup consisted of one tomato seedling. The
tomato plants in the cups were fertigated with 10 ml of
the Hoagland’s nutrient solution (Hoagland and Arnon
1950) three times a week after transplanting. The seed-
lings were placed in a growth chamber held at 28 °C
with a 12-h light photoperiod.

After transplanting, the seedlings were treated with
or without ASM for three consecutive weeks before
inoculation. There were four treatments: (i) non-
treated control; (ii) a weekly 20 ml soil application of
ASM at a rate of 0.84 mg/l (Actigard SOWG; 50% a.i.;
Syngenta Crop Protection) for each plant; (iii) a weekly
20 ml soil application of ASM at 10 mg/1 for each plant;
and (iv) a weekly foliar application of ASM at 18.8 mg/
1 corresponding to the labeled rate. Foliar applications
were made until runoff using a hand-held sprayer, while
soil applications were made directly to the soil sur-
rounding the base of the plant. There were eighteen
replicates per treatment arranged in a completely ran-
domized design within the growth chamber. After ASM
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treatments for the three consecutive weeks, these toma-
to plants were inoculated with a suspension (10° CFU
ml ") of T4 using a hand-trigger sprayer onto the upper
and lower leaf surfaces of each plant, and the inoculated
plants were then placed in the growth chamber in which
a high relative humidity was maintained using an ultra-
sonic humidifier.

Effects of soil applied ASM on bacterial spot under field
conditions

Two field trials were conducted under field conditions at
the Gulf Coast Research and Education Center
(GCREC) to evaluate the effect of soil-applied ASM
on bacteria spot on tomato cv. SecuriTY 28. Tomato
production guidelines established by the University of
Florida/IFAS were followed for land preparation, fertil-
ization, irrigation, weed management, and insect control
(Olson and Santos 2010). There were five treatments: (i)
non-treated control sprayed with water only; (ii) weekly
soil application of ASM at a rate of 0.84 mg/1 (Actigard
S0WG); (iii) weekly soil application of ASM at a rate of
10 mg/l; and (iv) weekly foliar application of ASM at a
rate of 17.5 g/ha; and (v) weekly foliar application of a
standard copper program including copper hydroxide
(815 g a.i/ha; Kocide 3000) plus an EBDC fungicide
(420 g a.i./ha; Penncozeb 75 DF). The treatments were
arranged in a randomized complete block design with
six replicates for each treatment. Each plot was 6.4 m
long with 14 plants at 46-cm spacing. A total of 6 and 8
weekly applications starting 4 weeks after transplanting
were made per season in field trials 1 and 2, respectively.
Foliar applications of treatments (i), (iv), and (v) were
made with a CO,-powered backpack sprayer adjusted to
deliver 561 to 842 l/ha at 275 kPa depending on plant
size. Soil ASM applications used a CO, injection man-
ifold to deliver each treatment in 2 1 of water to each plot
using the drip irrigation tape. A valve was inserted at the
end of each drip tape to separate plots, and treatment
applications were followed by an additional 1.2 1 of
water to rinse the drip tape. The tomato plants were
inoculated with a suspension (10° CFU ml ") of T4
using a backpack sprayer at 7 weeks after transplanting.

Disease rating
In growth chamber studies, each plant was rated at 0, 5,

7, and 10 days after inoculation using the Horsfall-
Barratt scale (Horsfall and Barratt 1945) to evaluate the

percentage of foliage infected by bacterial spot. For field
trials, the center ten plants within each plot were rated
weekly using the Horsfall-Barratt scale to determine the
percentage of canopy exhibiting symptoms of bacterial
spot. Estimates of disease severity were converted to
mid-percentages prior to statistical analysis. The area
under disease progress curve (AUDPC) was calculated
as previously described (Shaner and Finney 1977).

Tissue collection and RNA extraction

Four leaves were collected from each plant at 0, 5, and
10 days after inoculation in growth chamber experi-
ments 1 and 2. Three plants were sampled for each
treatment at each sampling time. The leaves from each
plant were pooled, flash-frozen in liquid nitrogen imme-
diately after collection, and stored at —80°C. RNA was
extracted using Qiagen RNeasy Mini Kit (Qiagen Inc.,
Valencia, CA) and further DNase treated with Turbo
DNA-free (Ambion Inc., Austin, TX). RNA was quan-
tified with a NanoDrop UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, MA) and
checked for degradation by electrophoresis on a 1.2%
agarose formaldehyde gel.

Analysis of gene expression using quantitative real-time
PCR

Approximately 1 pg of total RNA was used to generate
first-strand cDNA using iScript cDNA synthesis kit (Bio-
Rad Laboratories, Hercules, CA) according to the manu-
facturer’s instructions. RNA samples treated without re-
verse transcriptase served as controls to check for DNA
contamination. Eight candidate reference genes (RGs)
were selected to evaluate their expression stability after
inoculation with X. perforans (Table 1), whereas PRIa
and PR1b were used as respective SA- and ET-mediated
response markers. Except those for GAPDH previously
described by Mascia et al. (2010), real time PCR primers
(Table 1) were designed using Primer Express 3.0 soft-
ware (Applied Biosystems, Foster City, CA).
Quantitative PCR reactions were performed using the
Bio-Rad CFX96 Real-Time PCR Systems (Bio-Rad
Laboratories) and utilized SsoFast EvaGreen Supermix
(Bio-Rad Laboratories). A total volume of 20 pl of the
PCR reaction mixture consisted of following compo-
nents (final concentration): 1x EvaGreen Supermix
(Bio-Rad), 0.5 uM forward and reverse primers, 1 pl
ofthe synthesized cDNA, and PCR-grade water to make
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Table 1 Gene-specific primers used in quantitative real-time polymerase chain reactions

Gene name Gene GenBank Acc. Forward primer (5'-3") Reverse primer (5'-3")
symbol
Actin ACT BT013707 CTTCGAGTTGCTCCTGAGGAA CTCTCTGTTGGCCTTGGGATT
Cyclophilin CyP AK326854 ACCAGTGCTGGCAATTAATACTCTT CAGGATCGATGTCTCGAAACAA
(peptidyl-prolyl cis-trans isomerase)
Elongation factor 1-c EFla X53043 AAAGATGGTCAGACCCGTGAA GTTACAGCAGCAGATCATTTGCTT
Glyceraldehyde 3-phosphate GAPDH* U93208 ACCACAAATTGCCTTGCTCCCTTG ATCAACGGTCTTCTGAGTGGCTGT
dehydrogenase
Acidic pathogenesis-related PRla M69247 CGTTGTGAACCGCAAGATAGTCT CTCTTGTGAGGCCCAAAATTCACCCC
(PR)-1
Basic PR-1 PRIb M69248 TGTCTCATGGTATTAGCCATATTTCAC CATCGTTATGAACCGCAAGATAGT
(B-Tubulin TUB DQ205342 GTTTAGAAGGGTGAGTGAGCAGTTT  TCCTTCACCTGTGTACCAATGC
Ubiquitin 3 UBL X58253 TCCAGGACAAGGAAGGGATTC CGACCATCCTCAAGCTGCTT
Uridylate kinase UK AK322232 AGCAATTCAGGAAAATGGCAAT ATTCCAGTGACCAACTCAAAAGC
18§ rRNA 18§ X51576 GACTGTGAAACTGCGAATGG TGCATCCCTTCCAGAAGTC

 Primers for GAPDH were previously described by Mascia et al. (2010)

up the final volume. Three simultaneous amplifications
were performed for each sample to confirm technical
reproducibility of the results. A negative control sample
consisted of nuclease-free water substituted for the
DNA template. The manufacturer’s recommended uni-
versal thermal cycle protocol (Bio-Rad Laboratories)
was used for PCR amplification: An initial hot start of
30 s at 95°C was followed by 40 cycles of 95°C for 10 s
and 60°C for 10 s. Fluorescence emission was measured
at 60°C during the annealing and extension phase.
Threshold cycles were calculated using Bio-Rad CFX
Manager 3.0 software. Immediately after the final PCR
cycle, a melting curve analysis was conducted to vali-
date primer specificity.

Appropriate reference genes used for calculating the
relative gene expression of PR/a and PR1b were select-
ed using geNorm (Vandesompele et al. 2002). The pro-
gram determines an expression stability value (M) for
each reference gene as the average pairwise variation for
a particular gene with all the other reference genes tested
in all samples. The expression ratio of two ideal refer-
ence genes is identical in all samples, regardless of
treatments and experimental conditions. After genes with
the lowest expression stability are removed, a new M
value is calculated for each of the remaining reference
genes until only two genes remain. Normalization factors
were derived from the geometric mean of the expression
values of the two most stable reference genes. Relative
expression levels of PR/a and PRIb were calculated
according to the 222 method (Livak and Schmittgen
2001) normalized by using the most stable reference
genes of each experiment. Three biological replicates
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and three technical replicates were used for measuring
the relative expression levels of PR/a and PRIb.

Statistical analysis

Generalized linear mixed models employed in PROC
GLIMMIX of SAS (version 9.4; SAS Institute, Gary,
NC) were used to analyze the effect of treatments on
response variables. The log2 transformation of the rela-
tive gene expression level was performed before statis-
tical analysis (Yuan et al. 2006). The least squared
means (LSMEANS) statement of the GLIMMIX proce-
dure in SAS was used to compare treatment means at the
5% level of significance according to Fisher’s least
significant difference (Fisher’s LSD).

Results
Growth chamber studies

Foliar sprays of ASM did not consistently reduce disease
severity of bacterial spot on tomato in all the experiments
at 5 days after inoculation, but the two ASM soil appli-
cation treatments always statistically reduced disease
severity compared to the untreated control (data not
shown). Compared to the untreated control, soil and
foliar ASM applications significantly reduced the final
disease severity in experiments 1-3 (P < 0.0001,
Table 2). In experiment 4, the weekly soil application
of ASM at 10 mg/1 significantly reduced the final disease
severity in comparison with the untreated control by
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Table 2 Efficacy of applications of acibenzolar-S-methyl (ASM) as soil applications and foliar sprays compared with the untreated control
to manage bacterial spot on tomato over four growth chamber experiments

Treatment® Yr (%)* AUDPC®

Exp. 1 Exp. 2 Exp. 3 Exp. 4¢ Exp. 1 Exp. 2 Exp. 3 Exp. 4
Control 68.8 a° 39.0a 68.7 a 64.6 a 236 a 91.1a 310 a 237 a
0.84D 338 ¢ 18.5b 114c 59.0a I1lc 60.3 b 414 ¢ 211 a
10D 16.5d 7.54 ¢ 20.4 be 409b 61.0d 193¢ 82.6 bc 152b
18.8F 449 b 253b 264 b 555a 144 b 83.8 ab 103 b 218 a
P>F <0.0001 <0.0001 <0.0001 0.0037 <0.0001 <0.0001 <0.0001 0.0105

Y, = final disease severity evaluated at 10 days after inoculation and assessed as the percentage of foliage affected. The Horsfall-Barratt
scale was used for all ratings, but values were converted to mid-percentages prior to statistical analyses

® Area under the discase progress curves (AUDPC) was calculated using the formula: 3([(x; + x;.1)/2](t;-ti.1)) where X; is the rating at each
evaluation time and (t;-t;_;) is the time between evaluations

¢ Control = untreated control; 0.84D = weekly soil applications with ASM at 0.84 mg/l; 10D = weekly soil applications with ASM at 10 mg/1;
18.8F = weekly foliar applications with ASM at 18.8 mg/l. Tomato plants were applied weekly with the treatments for three consecutive
weeks before inoculation

41n experiments 1 to 3, tomato plants were grown in quartz sand, and those in experiment 4 were planted in a field soil classified as Myakka
fine sand (sandy, siliceous, hyperthermic Aeric Alaquods)

¢ Values with different letters in the same column are significantly different as denoted by the LSMEANS statement of the GLIMMIX

procedure in SAS v9.4 at the 5% level of significance according to Fisher’s least significant difference (Fisher’s LSD)

14.1%. No significant difference was detected between
the other ASM treatments and the untreated control
(Table 2). The soil application of ASM at rates as low
as 0.84 mg/l was statistically equivalent or even better in
reducing the final disease severity compared to the foliar
spray standard of ASM in experiments 1-3. However,
results of these four experiments suggested that the soil
application of ASM at 10 mg/l showed the best control
efficacy (65.9%) compared to the untreated control.

Although foliar applications of ASM significantly
reduced AUDPC compared to the untreated control in
experiments 1 and 3, the soil application of ASM at 0.84
and 10 mg/l significantly decreased AUDPC in three
and all of the four experiments, respectively. In general,
the two ASM soil treatments were statistically better at
reducing disease than the standard foliar applied ASM.
Again, the soil application of ASM at 10 mg/l was the
most effective treatment to significantly reduce disease
progress, showing an average reduction in AUDPC
across the four experiments of 65.9% compared to the
untreated control.

Field trials

Although in field trial 1 ASM treatments did not signif-
icantly reduce the final disease severity, in field trial 2

soil and foliar applied ASM treatments significantly
reduced the final disease severity compared to the stan-
dard program (Table 3). In comparison with the control
and copper standard, weekly soil applications of ASM at
arate of 10 mg/l and weekly foliar applications at a rate
of 17.5 g/ha markedly reduced disease progress in both
field trials 1 and 2. In contrast, soil applications of ASM
at the lower rate (0.84 mg/l) significantly reduced dis-
ease progress only in field trial 2 compared to the control
and standard.

Expression stability analysis of the reference genes

A ranking of the tested genes analyzed by geNorm was
shown on Fig. 1 according to the stability measure M
(average pairwise variation of each combination of can-
didate reference genes), from the most stable (lowest M
values) to the least stable (highest M values). All the M
values of the tested genes were below the acceptable
limit of 1.5 (Vandesompele et al. 2002). UBI and CyP
had the lowest M value (0.56) in experiment 1 (Fig. 1a),
but EFla and ACT showed the smallest M of 0.37 in
experiment 2 (Fig. 1b). Therefore, the expression values
of UBI and CyP were used to calculate normalization
factors in experiment 1, and those of EFl« and ACT
were used for experiment 2.
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Table 3 Effects of applications of acibenzolar-S-methyl (ASM) as soil applications and foliar sprays on bacterial spot on tomato in field

trials 1 and 2 under field conditions

Treatment® Yr (%)" AUDPC®
Field trial 1 Field trial 2 Field trial 1 Field trial 2

Control 91.8 a4 89.1 ab 1279 a 864 a
ASM, soil (0.84 mg/l) 894 a 83.1 bc 1255 ab 746 b
ASM, soil (10 mg/l) 87.8 a 799 ¢ 1204 b 745 b
ASM, foliar (17.5 mg/1) 84.7 a 81.5¢ 1206 b 712 b
Standard 90.2 a 89.4 a 1259 a 850 a
P>F 0.0774 0.012 0.0209 0.0006

* Y= final disease severity evaluated at 35 days after inoculation and assessed as the percentage of canopy affected. The Horsfall-Barratt
scale was used for all ratings, but values were converted to mid-percentages prior to statistical analyses

® Area under the disease progress curves (AUDPC) was calculated using the formula: X([(x; + x.1)/2](t;-ti.;)) where X; is the rating at each

evaluation time and (t;-t; ;) is the time between evaluations

¢ Control = sprays with water only; 0.84D = weekly soil applications with ASM at 0.84 mg/l; 10D = weekly soil applications with ASM at
10 mg/1; 17.5F = weekly foliar applications with ASM at 17.5 g/ha; Standard = Kocide 3000 (815 g a.i./ha) + Penncozeb 75DF (420 g a.i./ha)

4Values with different letters in the same column are significantly different as denoted by the LSMEANS statement of the GLIMMIX
procedure in SAS v9.4 at the 5% level of significance according to Fisher’s least significant difference (Fisher’s LSD)

Induction of salicylic acid-mediated PRIa

PRIa, a known marker for salicylic acid-mediated re-
sponses and SAR in tomato, was induced after the soil
and foliar applications of ASM. At the time of inoculation,
PRIa expression was significantly greater for ASM ap-
plications than the untreated control in both experiments 1
and 2 (Fig. 2). After inoculation, PR/a expression de-
creased dramatically. In experiment 1, the soil application
of ASM at 10 mg/l and the foliar spray of ASM signifi-
cantly increased the expression of PR/a compared to the
untreated control at 10 days after inoculation. In experi-
ment 2, no significant difference in PR/a expression
between ASM treatments and the untreated control was
detected at 10 days after inoculation.

Induction of ethylene-mediated PRIb

The general trends of activation were similar between
PRI1a and PRI1b. As with PRIa expression, the expres-
sion levels of PRIb was significantly induced by both
soil and foliar applications of ASM (Fig. 3). There were
significant differences between ASM treatments and the
untreated control at the time of inoculation. However,
PRI1b expression decreased remarkably following the
inoculation. There were no significant difference in
PRIb expression between ASM treatments and the
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untreated control at 10 days after inoculation in experi-
ments 1 and 2.

Discussion

In this study, we demonstrated that weekly soil appli-
cation of ASM at 10 mg/1 consistently reduced the final
disease severity and disease progress compared to the
untreated control in all growth chamber studies, where-
as the soil application of ASM at 0.84 mg/l and foliar
spray of ASM significantly reduced the final disease
severity and AUDPC in three out of the four experi-
ments. The control efficiency of soil applied ASM at a
rate of 10 mg/l was comparable to that of foliar applied
ASM in the field trials, and these two ASM treatments
significantly reduced disease progress of bacteria spot
on tomato.

The efficacy of ASM as soil applications in reducing
bacterial spot on tomato is associated with induction of
expression levels of PRIa and PRIb. The most stable
reference genes were not identical for determining rela-
tive expression levels of PR/a and PRIb, but the ex-
pression levels of these two genes were significantly
induced by both soil and foliar applications of ASM.

This study confirms that soil applied ASM is as
efficacious for control of bacterial diseases as foliar-
applied ASM and copper bactericide standards,
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Fig. 1 Expression stability of the a 16
candidate reference genes in
tomato plants analyzed by
geNorm. Appropriate reference
genes are derived from ranking
gene pairs that have stable g
expression patterns relative to =
each other. Average expression E 121
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establishing the use of soil applied ASM for control of
bacterial spot on tomato. The efficacy of soil application
of ASM was previously established for control of citrus
canker (Graham and Myers 2011, 2013) and for control
of fire blight in pear and apple (Johnson and Temple
2016). In addition, ASM paints used in conjunction with
pruning could be used as a therapy for restoration of
health in field-grown pear and apple trees diseased with
fire blight (Johnson and Temple 2017). Although the
demonstration of efficacy of soil applied ASM is not
novel, the use of drip irrigation for ASM application is

«—— | east stable genes

Most stable genes  m——————p

an advance over soil drench application used in previous
studies. Drip application could considerably reduce the
labor and cost of application compared to foliar appli-
cation. Although SAR-inducers such as ASM used as
foliar sprays are effective for control of bacterial spot on
tomato (Huang et al. 2012), our study indicates that soil
applications of ASM not only induce the expression of
PR protein genes but also reduce the severity and dis-
ease progress of this disease.

While the reference genes used to calculate the ex-
pression levels of PRIa and PRIb were different in
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Fig. 2 Expression pattern of the pathogenesis-related (PR)I/a
gene in the acibenzolar-S-methyl (ASM)-treated and -nontreated
leaf tissues of tomato plants following inoculation with
Xanthomonas perforans at 0, 5, and 10 days after inoculation.
Plants were treated with ASM as soil applications at 0.84 (0.84D)
and 10 (10D) mg/l and as foliar sprays at 18.8 mg/l (18.8F). a
Experiment 1 and (b) Experiment 2. Relative fold change was
calculated by calibrating data to the untreated control. Letters on
the bars in the same sampling time are significantly different as
denoted by the LSMEANS statement of the GLIMMIX procedure
in SAS v9.4 at the 5% level of significance according to Fisher’s
least significant difference (Fisher’s LSD)

experiments 1 and 2 probably due to disease severity
differences, the outcome was still the same showing
that soil applications of ASM remarkably induced the
two gene up-regulation. Soil applications of ASM in-
ducing a high and persistent up-regulation of PR gene
expression are not uncommon because ASM can be
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Days after inoculation

Fig. 3 Expression pattern of the pathogenesis-related (PR)Ib
gene in the acibenzolar-S-methyl (ASM)-treated and -nontreated
leaf tissues of tomato plants following inoculation with
Xanthomonas perforans at 0, 5, and 10 days after inoculation.
Plants were treated with ASM as soil applications at 0.84 (0.84D)
and 10 (10D) mg/l and as foliar sprays at 18.8 mg/l (18.8F). a
Experiment 1 and (b) Experiment 2. Relative fold change was
calculated by calibrating data to the untreated control. Letters on
the bars in the same sampling time are significantly different as
denoted by the LSMEANS statement of the GLIMMIX procedure
in SAS v9.4 at the 5% level of significance according to Fisher’s
least significant difference (Fisher’s LSD)

absorbed by roots and then translocated throughout
the plant (Francis et al. 2009; Meller Harel et al.
2014). Moreover, the acid metabolite of ASM, benzo
[1,2,3] thiadiazole-7-carboxylic acid (CGA210007),
can be formed within 2 h in tomato plants after ASM
application and degraded to undetectable levels at 72 h
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to activate induced resistance (Scarponi et al. 2001).
The stimulation of induced resistance by ASM, an
analogue of salicylic acid, likely results from a high
up-regulation of PR gene expression (Durrant and
Dong 2004; Francis et al. 2009) and the production of
PR proteins (Friedrich et al. 1996; Lawton et al. 1996).
In this study, ASM-treated plants showed a systematic
induction of both SAR- (PRla) and ET-regulated
(PRI1D) genes in agreement with previous studies
(Herman et al. 2007; Meller Harel et al. 2014). Signif-
icant reduction in disease severity and disease progress
of bacterial spot is likely related to increase in the
expression levels of PRI/a and PRIb induced by ASM
as soil and foliar applications before inoculation.

This study also suggests that the efficacy of soil
applied ASM in eliciting resistance to bacterial spot
depends on the concentration of the product applied.
Although soil applications of ASM can activate the
expression of PR/a and PRIb, the soil application of
ASM at 10 mg/] resulted in the best control efficacy.
Francis et al. (2009) demonstrated that a soil application
of ASM at 5 mg a.i. per plant is more effective than a
foliar spray for controlling citrus canker (Francis et al.
2009). Similarly, our growth chamber studies showed
that tomato plants soil-applied with ASM at 0.84 and
10 mg/l before inoculation performed better than the
foliar spray treatment with ASM at 18.8 mg/l. The soil
application of ASM at 10 mg/l showed a consistent and
efficient suppressiveness in all four growth chamber
studies and field trial 2, whereas the ASM drench at
0.84 mg/1 significantly reduced bacterial spot on tomato
in three out of the four growth chamber experiments.
This finding suggests that tomato resistance induced by
soil applications of ASM at the lower rate may not
consistently control bacterial spot. The dissipation rate
of ASM in soil presented as half-life values ranges from
0.2 to 14 days depending on soil types and experimental
conditions (Myresiotis et al. 2014). Soil applications
may provide a prolonged protection since its main me-
tabolite CGA210007, a plant defense activator, can
persist in soil up to 10 days after soil applications of
ASM (Myresiotis et al. 2014). After foliar applications
of ASM, however, CGA210007 persists in tomato
plants merely about 3 days (Scarponi et al. 2001). Since
our study did not analyze the dissipation rates of ASM
and CGA210007 in soil, further investigation is required
to determine the relationship between the persistence of
the two compounds in soil and disease control efficacy
via various soil application rates of ASM.

The effectiveness of soil applied ASM may be related
to the application frequency. In growth chamber studies,
ASM was not continually soil-applied after inoculation.
Apart from induced PR proteins preventing pathogen
progress, the expression of PR/a and PR1b decreased
markedly at 5 days after inoculation (about 7 days after
the last ASM application). Herman et al. (2007) dem-
onstrated that the expression levels of PR/a and PR1b
declined to baseline levels by 7 days after ASM appli-
cation, but reapplication of ASM resulted in the rapid
expression of PR-1 within 1-2 days. This gene expres-
sion pattern suggests that the soil application frequency
of ASM may affect the control efficacy. Therefore, it is
necessary to further evaluate whether reapplication of
ASM as soil applications after inoculation can achieve
more long-lived disease control activity.

A question that may be asked is why soil applications
of ASM at 10 mg/1 did not outperformed foliar sprays of
ASM in reducing the severity and disease progress of
bacterial spot on tomato in the field trials in contrast to
these results obtained from growth chamber studies. It is
possible that disease pressure was higher under field
conditions. For example, the final disease severity of
the control in the field trials was greater than 89.1%, but
that of the control in the growth chamber studies was
less than 64.6%. In addition, the rating times after inoc-
ulation were different between growth chamber experi-
ments and field trials. Another possibility is that rainfall
and irrigation might result in ASM leaching loss in the
coarse-textured soil (fine sand) of the two field trials
such that soil applications of ASM did not provide
sustained resistance to pathogen challenge. Because
ASM is relatively insoluble, soil texture and moisture
limit its movement in soil and availability for root up-
take. Sandy textured soils with low organic matter con-
tent are likely to be conducive for soil movement of
ASM. The low level of control in the field trial may be
accounted for by limitations of soil or delivery with drip
irrigation. Therefore, the soil application timing and
amount of ASM need to be adjusted according the
weather and soil type. Moreover, the environment, ge-
notype, and crop nutrition can influence expression of
induced resistance caused by plant activators in the field
(Walters et al. 2005). Although experimental conditions
vary between our growth chamber and field studies, soil
applications of ASM at a higher rate of 10 mg/l is
effective for controlling bacterial spot on tomato.

Although the copper-EDBC standard is generally
effective in control of bacterial spot on tomato,
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applications of copper may aggravate disease severity in
the field where copper-resistant strains are predominant
(Louws et al. 2001). Our field trials suggested that the
copper-EDBC standard were statistically ineffective
compared to the untreated control. In contrast, soil ap-
plications of ASM significantly reduced disease prog-
ress of bacterial spot on tomato. Induced resistance by
ASM against bacterial spot is generally effective to all
races and copper-resistant strains since SAR induced by
ASM is considered a broad-spectrum defense (Louws
et al. 2001). Taken together, our results suggest that
ASM can be used as soil applications to induce tomato
resistance against bacterial spot. It is necessary to further
determine disease control benefits via combining ASM
drenches and other products such as plant growth-
promoting rhizobacteria (PGPR) and other plant activa-
tors while promoting plant yield. Our study suggests
that ASM can be used as soil applications to induce
tomato resistance against bacterial spot.
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