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Abstract: A highly aggressive strain (CMN14-5-1) of Clavibacter nebraskensis bacteria, which causes
Goss’s wilt in corn, induced severe symptoms in a susceptible corn line (CO447), resulting in water-
soaked lesions followed by necrosis within a few days. A tolerant line (CO450) inoculated with the
same strain exhibited only mild symptoms such as chlorosis, freckling, and necrosis that did not
progress after the first six days following infection. Both lesion length and disease severity were
measured using the area under the disease progression curve (AUDPC), and significant differences
were found between treatments. We analyzed the expression of key genes related to plant defense
in both corn lines challenged with the CMN14-5-1 strain. Allene oxide synthase (ZmAOS), a gene
responsible for the production of jasmonic acid (JA), was induced in the CO447 line in response
to CMN14-5-1. Following inoculation with CMN14-5-1, the CO450 line demonstrated a higher
expression of salicylic acid (SA)-related genes, ZmPAL and ZmPR-1, compared to the CO447 line. In
the CO450 line, four genes related to programmed cell death (PCD) were upregulated: respiratory
burst oxidase homolog protein D (ZmrbohD), polyphenol oxidase (ZmPPO1), ras-related protein
7 (ZmRab7), and peptidyl-prolyl cis-trans isomerase (ZmPPI). The differential gene expression in
response to CMN14-5-1 between the two corn lines provided an indication that SA and PCD are
involved in the regulation of corn defense responses against Goss’s wilt disease, whereas JA may be
contributing to disease susceptibility.
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1. Introduction

Routinely in the top three most-produced crops globally, corn is an increasingly important
cash crop in Canada, with the country contributing 1.2% of the globe’s overall production [1].
With the increased demand for corn and corn products, there is an increased demand for more
corn acres. This leads to tighter corn rotations and an increase in the incidence of corn diseases
such as Goss’s wilt, which is triggered by the bacterial pathogen Clavibacter nebraskensis (Cn) [2].
This highly damaging Gram-positive bacterium grows as orange-colored colonies in agar
culture media [3,4] and is part of a super-group of bacteria within the genus Clavibacter that
infect a variety of other crops [3,5-7]. Goss’s wilt has reached every state in the U.S. corn belt
and every Canadian province with a significant corn production, and it has been on the rise
since the adoption of glyphosate as the main method of weed control instead of conventional
tillage [2,8-11]. Depending on where Cn enters the plant, it can cause either corn wilt or
blight [8,9,12,13]. The bacterium primarily resides in the harvest residues of previous corn
crops and enters new plants via wounds and roots [8,14]. The most common symptoms are
dark green water-soaked lesions that dry out and form scorched-looking lesions over time
with disease progression and wind currents [8,14-16]. In severe cases, yield reductions as
high as 50% have been reported. Since there is no known effective chemical control for Cr,
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producers rely on tillage, clean farm equipment, and primarily good corn genetics [9,14,17-21].
Controlling alternative hosts such as Seteria viridis (green foxtail) may also reduce the Cn
transmission to and infection of corn plants [17,22].

Given that the manipulation of Gram-positive bacteria is difficult, there is a lack of
sufficient information about the functional genetic makeup of Cn [23]. Cn can colonize
corn tissues using a type Il secretion system to transfer virulence factors such as proteases,
cellulases, chitanases, and 3-1,4-xylanases [4,24,25]. Additionally, few details are available
about the mechanisms that Cn employs to invade corn tissues or how to counteract the
disease progression of Goss’s wilt. The hypersensitive response (HR) is a prompt cell
reaction to foreign attacking organisms and is achieved by activating molecular systems that
end disease progression [26,27]. Programmed cell death (PCD) refers to the process of rapid
cell death that occurs at the infection site and is considered a component of HR. In theory,
PCD should prevent the progression of disease since there is no more live tissue around the
pathogen to infect. Nitric oxide and reactive oxygen species (ROS) are key elements of PCD,
as they can kill the infected plant cells [27,28]. The plant NADPH/respiratory burst oxidase
D (RbohD) gene is a key player in the generation of ROS, such as hydrogen peroxide (H,O,)
and superoxide, that kill the cells at the infection site. RbohD was upregulated in corn at the
site of infection by Cn, suggesting a potential role in corn defense against this bacterium [28].
Different approaches, including an expression quantitative trait locus (QTL) analysis and
the transcription profiling of resistant and susceptible corn genotypes, revealed complex
molecular plant-pathogen interactions, including shifts not only in the expression of genes
linked to defense responses mediated by salicylic acid (SA) and jasmonic acid (JA) but also
in the oxidative status of infected tissues [29,30].

For SA, we tested two genes, ZmPAL and ZmPR-1, which are known to play important
roles in the SA defense pathway against biotrophic pathogens. For PCD, we tested NADPH
oxidase gene RbohD, a crucial mediator in ROS production, as well as polyphenol oxidase
(PPO1), ZmRab7, and ZmPPI. For JA, we assayed the transcript levels of six selected genes:
ZmAOS, ZmAOC1, ZmLox9, ZmJaz12, ZmMYC7, and ZMERF147. Oxylipins, including JA,
are lipid-derived signaling molecules that participate in a wide variety of developmental
processes and play roles in mediating defense responses to biotic and abiotic stress in
plants [31]. The oxylipin biosynthesis begins with the oxidation of polyunsaturated fatty
acids to form fatty acid hydroperoxides via enzymatic peroxidation catalyzed by lipoxy-
genases (LOXs) [32]. In maize, six genes are predicted to encode 13-lipoxygenases (LOX7,
LOX8, LOX9, LOX10, LOX11, and LOX13), and seven genes encode 9-lipoxygenases (LOX1,
LOX2, LOX3, LOX4, LOX5, LOX6, and LOX12), which convert 18:3 «-linolenic acid and
18:2 x-linoleic acid to 10-oxo-11-phytodienoic acid (10-OPDA) and 10-oxo-11-phytoenoic
acid (10-OPEA), respectively [33]. Upon oxygenation by a 13-lipoxygenase, an allene oxide
is formed by allene oxide synthase (AOS) and is subsequently cyclized by an allene oxide
cyclase (AOC) to OPDA [34]. The expression of key biosynthetic marker genes of the
JA signaling pathway, LOX2, LOX3, AOCI (allene oxide cyclase), and AOS, in ZmGLP1
(a Germin-like Protein from Maize)-overexpressing Arabidopsis was strongly induced
after PstDC3000 and Sclerotinia sclerotiorum infection [35]. ZmLOX9 was selected based
on previous studies that showed that LOX9, belonging to the 13-lipoxygenases family,
plays an important role in defense against Bipolaris maydis, which is responsible for causing
southern leaf blight in corn and is also involved in JA biosynthetic pathways [36,37]. Jaz
(Jasmonate ZIM-domain) family proteins serve as transcriptional repressors of the JA sig-
naling pathway, preventing the plant from being overwhelmed by the overactivation of the
pathway, which causes unintended plant damage [38—42]. ZmMYC?7 is a putative MYC2
ortholog that plays a crucial role in protecting maize against Fusarium graminearum via the
JA signaling pathway. ZmMYC7 was found to bind to G-box cis-elements in the ZmERF147
promoter in vitro and activate its transcription. However, this activation was impeded by
two other proteins, ZmJAZ11 and ZmJAZ12 [43].

Significant efforts to decipher Crn—corn interactions have been made in order to develop
better control strategies and prevent outbreaks. In this article, we aim to determine the role of
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SA and PCD defense-related genes in corn—Cn interactions. Our results indicate potential roles
for the SA pathway and PCD in corn defense against the bacterial pathogen Cn, whereas the JA
pathway showed little involvement in the successful reduction of Goss’s wilt disease in corn.

2. Results
2.1. Pathogenicity

To understand how corn plants respond to Goss’s wilt at the molecular level, corn
lines that are tolerant (CO450) and susceptible (CO447) to Goss’s wilt were inoculated
with CMN14-5-1. Relative to the uninoculated corn plants and Cn-inoculated CO450
corn lines, lesions in the CO447 lines spread rapidly parallel to the leaf veins (Figure 1A).
Figure 1B shows the total AUDPC in CO450 and CO447 plants inoculated with CMN14-5-1.
No AUDPC was calculated for the control wounded and unwounded plants because the
lesions from the initial wounded areas did not progress. The inoculated CO450 and CO447
plants showed a strong significant difference. The CO450 corn line had a significantly lower
total AUDPC than CO447 at the end of the experiment, whereas no difference was observed
between the wounded controls in both tested lines. The disease severity increased over
time in the corn lines both tolerant and susceptible to CMN14-5-1. Figure 1C shows a clear
difference in both inoculated corn lines in which the disease severity levels were strongly
induced in the susceptible CO447 in comparison with the tolerant CO450.
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Figure 1. Increased disease resistance to C. nebraskensis (CMN14-5-1) in the tolerant CO450 corn
line. (A) Phenotype of the tested corn plants at 14 dpi (days post inoculation). Wounded susceptible
CO447 and tolerant CO450 plants were pretreated with either the phosphate buffer (PPB; control) or
CMN14-5-1 (a highly aggressive Cn strain). Control and inoculated leaves were treated with 20 uL of
buffer or bacterial suspension, respectively. Arrows point to the inoculation site. (B) The AUDPC
for lesion lengths was calculated in control and inoculated CO447 and CO450 corn lines. Lesion size
was measured on CO450 and CO447 leaves from day 2 to day 10 after inoculation with CMN14-5-1.
Asterisks denote significant differences, * p < 0.05. (C) Progression of disease severity in CO447 and
CO450 lines from 2 to 10 dpi was calculated using a disease severity scale of 0-5. The values represent
the AUDPC values mean of 6 biological replicates and standard error was represented over time.

2.2. Plant Defense against Goss’s Wilt Is Not Enhanced via the Jasmonic Acid Pathway

The enhanced disease resistance of the CO450 (tolerant) corn plants against the ag-
gressive strain, CMN14-5-1, led us to further research to assay the transcript levels of genes
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related to plant defense using a reverse transcriptase qPCR. Treatment with CMIN14-5-1
caused a 13.7-fold increase in ZmAOS expression in CO447 and a minor increase (2.9-fold)
in CO450 at 2 dpi compared with 0 dpi (Figure 2A). Additionally, the ZmAOS expression
in CO447 (susceptible) increased by 10.8-fold in comparison with CO450 at 2 dpi. On the
other hand, treatment with CMN14-5-1 did not cause any significant changes in ZmAOC1
(Figure 2B), and ZmLOX9 (Figure 2C) in the CO450 lines. In addition, the transcript levels
of ZmAOC1 (Figure 2B) were repressed in CO447 lines at 2 dpi. In contrast, ZmLOX9
(Figure 2C) showed an induction of 0.9-fold (2.5 times) in CO447 at 2 dpi compared to
0 dpi. Treatment with CMN14-5-1 led to a 1.6-fold (7 times) increase in the transcript
abundance of ZmJaz12 in CO450 at 2 dpi compared with 0 dpi but did not lead to an
increase in this gene’s transcripts in CO447 (Figure 2D). Furthermore, ZmMYC7 (Figure 2E),
and ZMERF147 (Figure 2F) were significantly downregulated in CO447 and CO450 lines at
2 dpi compared to 0 dpi.
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Figure 2. Induced resistance against Goss’s wilt disease in corn plants is not associated with the
JA-dependent pathway. RT-qPCR analysis showing the transcript levels of the JA-regulated genes
ZmAQOS (A), ZmAOCI (B), ZmLox9 (C), ZmJaz12 (D), ZmMYC7 (E), and ZMERF147 (F) in response to
CMN14-5-1 of CO447 and CO450 corn lines. Leaves were sampled at 0 h and 48 h after treatments.
Reference genes were Elongation Factor 1 (EF1a) for (A,C,D) and Actin for (B,E,F). The results are
representative of three biological replicates. The error bars represent the standard error. Asterisks
denote significant differences; * p < 0.05.

2.3. SA and PCD Regulate Goss’s Wilt Disease Resistance

The plant hormone SA is a key player in plant defense. To further study the corre-
lation between the disease resistance and genes associated with the defense mechanisms
to CMN14-5-1, we measured the expression levels of Phenylalanine ammonia-lyase (PAL),
which is a key gene for pathogen-induced SA accumulation in plants, and the SA-responsive
marker genes pathogenesis-related proteins-1 (PR-1) in both tested corn lines. According
to our data, the expression levels of ZmPAL and ZmPR-1 were strongly induced at 2 dpi
in the tolerant CO450 line, with a 1.6-fold (2.6 times) and 7.8-fold (2.1 times) enhancement,
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respectively, when compared to the susceptible CO447 line (Figure 3A,B). Inoculation with
Cn did not induce high enough levels of ZmPAL and caused an increase of ZmPR-1 (6.1-fold;
7.3 times) in CO447 at 2 dpi in comparison with 0 dpi, whereas pathogen infection in the
CO450 tolerant line induced significantly higher levels of ZmPAL (2-fold; 4.4 times) and
ZmPR-1 (13.7-fold; 11.4 times) in the CO450 tolerant line at 2 dpi in comparison with 0 dpi
(Figure 3A,B). Figure 3C shows the higher gene induction of respiratory burst oxidase D
(ZmRbohD) within the tolerant CO450 line compared to the susceptible CO447 line at 0 and
2 dpi, as the differences between the two lines were 37 and 14 times, respectively. Although
CMN14-5-1 inoculation induced significantly higher levels of polyphenol oxidase (ZmPPO1)
at 2 dpi in both the susceptible CO447 (2.2 times) and tolerant CO450 (2.6 times) corn lines,
there were significant variations in ZmPPO1 expression levels between the two tested corn
lines at 0 and 2 dpi in which the tolerant CO450 line showed a change of 3.4 and 4 times
over the susceptible CO447 line, respectively (Figure 3D). We also assayed the ZmRab7
gene in the corn lines both tolerant and susceptible to CMN14-5-1. At 0 and 2 dpi, the
transcript abundance of the ZmRab7 gene in the tolerant CO450 line was roughly two times
higher than that in the susceptible CO447 line (Figure 3E). Figure 3F displays the response
of the peptidyl-prolyl cis-trans isomerase (ZmPPI) gene in the tested corn plants inoculated
with CMN14-5-1. At 0 and 2 dpi, the tolerant CO450 line displayed levels of ZmPPI gene
expression that were 4.3 and 11.1 times higher than the susceptible line of corn (Figure 4A).
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Figure 3. SA and PCD regulate disease resistance in corn plants in response to C. nebraskensis. Real
time RT-qPCR analysis showing the transcript levels of the SA-regulated genes ZmPAL (A), ZmPR-1
(B), and the PCD marker genes ZmRBOHD (C), ZmPPO1 (D), ZmRab7 (E), and ZmPPI (F) in response
to CMN14-5-1 of the CO447 and CO450 corn lines measured. Leaves were sampled at 0 h and 48 h
after treatments. Reference gene was the Elongation Factor 1 (EF1a). The results are representative of
three biological replicates. The error bars represent the standard error. Asterisks denote significant
differences, * p < 0.05.
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Figure 4. SA and H,O, confer partial disease resistance to C. nebraskensis (CMN14-5-1) in the
susceptible CO447 corn line. (A-D) Phenotype of the tested corn plants. Wounded tolerant CO450
(A) and susceptible CO447 (B). Plants were pretreated with either the PPB buffer (control) or the
aggressive CMN14-5-1. Control leaves were treated with 20 uL of buffer, and inoculated leaves were
inoculated with the bacterial suspension. Arrows point to the inoculation site. Local defense response
in the susceptible CO447 plants pretreated with SA (C) or HyO, (D) (500 uM each). The tested plants
were inoculated with CMN14-5-1 48 h after local treatments. (E) The AUDPC for lesion lengths was
calculated for control and inoculated CO447 plants pretreated with SA or Hy,O,. (F) Disease severity
progression in CO447 plants pretreated with SA or Hy,O,. The values are the average of the AUDPC
values for 12 biological replicates at 7 and 14 days after inoculation, based on a disease severity scale
of 0 to 6. The error bars represent the standard error. Asterisks denote significant differences of the
treated inoculated CO447 plants relative to the inoculated CO447 plants; * p < 0.05.
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2.4. Exogenous Application of SA and H,O, Confers Partial Disease Resistance
against CMN14-5-1

As a next step, we tested whether the application of synthetic SA or HyO, could induce
disease resistance in the susceptible cultivar CO447 by spraying the corn plants 48 h before
inoculation. Interestingly, both SA and HyO, were able to confer partial resistance in CO447
against the aggressive strain CMN14-5-1 compared with the untreated inoculated plants
(Figure 4A-C). The AUDPC values for both lesion length and disease severity in SA- and
H,O,-treated CO447 corn plants in response to CMN14-5-1 were significantly lower than
those in untreated CO447 corn plants. The AUDPC values for lesion length were 1.66 and
1.5 times lower for SA- and H;O,-treated CO447 plants, respectively, than for untreated
plants (Figure 4E). Furthermore, the AUDPC values for leaf disease severity were 1.54 and
1.62 times lower for SA- and HyO,-treated CO447 plants, respectively, in comparison to the
untreated CO447 plants (Figure 4F).

3. Discussion

This study illustrates that corn resistance against Goss’s wilt disease is promoted
through SA and programmed cell death. Significant differences were shown between
the two tested corn lines, CO447 and CO450, in response to the highly aggressive Cn
bacterial strain CMN14-5-1. The disease severity was higher in the susceptible CO447
line in comparison with the tolerant CO450 line, and this was represented by the highly
significant difference in the length of lesions. To better understand the involvement of
corn defense genes against Cn, we conducted gene expression experiments using qRT-PCR
analysis to compare the relative expression of uninoculated and inoculated corn lines.

Given that most plant defenses are associated with either JA or SA signaling pathways,
we tested well-studied marker genes for each pathway. To test if the defense responses
induced in the CO450 line were associated with the JA signaling pathway, we assayed six
genes that are known to be part of JA biosynthesis and signaling defense pathways. JA
has been shown to respond to both biotic and abiotic stresses [44]. Thus, we analyzed the
expression levels of ZmAOS (Figure 2A), ZmAOC1 (Figure 2B), ZmLox9 (Figure 2C), ZmJaz12
(Figure 2D), ZmMYC7 (Figure 2E), and ZmERF147 (Figure 2F). The susceptible CO447 line
had a higher-fold increase in ZmAQS transcript abundance than the resistant CO450 line.
Additionally, inoculation with Cn caused a prominent induction in the expression of
Zm]Jaz12, the JA transcriptional repressor gene, in CO450 compared with CO447. There
was also no significant induction of ZmAOCI and ZmLOX9 in the tolerant CO450 line.
In addition, a significant repression in the transcript levels of ZmMYC7 and ZMERF147
was found in both tested corn lines. Together, these results suggest that disease resistance
against CMN14-5-1 was independent of the JA defense signaling pathway.

The other important signaling molecule is SA, which has key regulatory functions
in plant defense and plant development [45—47]. We tested two genes known to play
important roles in the SA defense pathway against biotrophic pathogens, ZmPAL and
ZmPR-1. CMN14-5-1 induced the expression levels of ZmPAL and ZmPR-1 at a higher
rate in CO450 compared to the CO447 plants. Generally, a reduction in PAL activity
makes plants more vulnerable to disease because SA accumulation is reduced and systemic
acquired resistance is abolished [47]. Both PAL and SA contribute to corn defense against
the sugarcane mosaic virus infection [47]. It has also been reported that PR-1 genes have
the capacity to inhibit PCD within the initial lesion caused by Pseudomonas syringae pv.
tabaci and eventually cause plant death after the pathogen is contained by PCD [48].
In addition, previous studies have demonstrated that PR-1 genes possess antibacterial
properties effective against both Gram-positive and Gram-negative bacteria [49]. This data
prompted us to investigate PCD-related genes. Following pathogen colonization, ROS
can either strengthen the cross-linking of the plant cell walls or promote the oxidative
burst to effectively collapse the invaded plant tissues, resulting in limiting the disease
spread within the plant [28,50-53]. ROS production is closely linked to PCD in response
to biotic stresses [28]. ROS are produced in animals and plants by the NADPH oxidase
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family of enzymes [54]. Plant NADPH oxidases are commonly referred to as respiratory
burst oxidases (Rboh) due to their closest functional similarity to mammalian NADPH
oxidases [55]. NADPH oxidase/RbohD is a crucial mediator in ROS production and the
activation of PCD in many plants [28,50,52,56,57]. Therefore, we tested RbohD, which is a
NADPH oxidase involved in ROS production and PCD activation [57]. We also quantified
polyphenol oxidase (PPO1), which plays a key role in plant defense by using molecular
oxygen to convert ortho-diphenols into ortho-quinones. The ortho-quinones are part of the
browning reaction correlated with tissue damage, which has been suggested to restrict
pathogen progression as a small HR [51,58,59]. The induction of PPO1 gene expression in
tomato plants has been reported to trigger resistance against P. syringae pv. tomato [59]. Since
Rab7 plays a critical role in regulating ROS scavengers to protect plants from mainly abiotic
stresses and in the conversion of phagosomes into lysosomes, which deactivate potentially
toxic secretions in response to pathogen infection [60-62], we assayed Rab7. The induced
expression levels of Rab7 in wheat plants in response to Pucinia striiformis f. sp. Tritici had
suggested the regulatory role of Rab7 following pathogen colonization to prevent disease
spread [61]. Furthermore, we tested the peptidyl-prolyl cis-trans isomerase (PPI) gene,
which has been reported to play various roles in plants, including protein folding, stress
response, plant development, and redox reaction regulation [63]. When a pathogen attacks
a plant, it triggers the HR response, which relies heavily on the ROS that are produced
through redox reactions. These reactions must be tightly controlled to protect the plant
from additional damage resulting from excess ROS. In order to limit the harmful impact
caused by ROS, plants activate the PPI gene. Moreover, the PPI gene is expressed at a
relatively higher level than that of the control treatment, and the early induction of RbohD
transcripts during the infection might indicate that the RbohD gene is regulated by the
PPI gene [63]. The PPI and Rab7 genes are strongly linked to RbohD downregulation by
producing ROS scavengers that eliminate the harmful impacts of excess ROS, protecting
plants from further damage [60,62—-64]. Our findings revealed an increase in the transcript
abundance of ZmRbohD, ZmPPO1, ZmRab7, and ZmPPI at 0 and 2 dpi time points in
CO450 compared to CO447, implying a critical role for PCD-related genes in inducing plant
defense against Goss’s wilt disease. Together, these results strongly imply that SA and PCD
are essential in regulating defense responses against Goss’s wilt disease in corn.

SA and HyO, treatments induce disease resistance and systemic acquired resistance
in plants [65-68]. SA confers disease resistance against the downy mildew pathogen,
Peronosclerospora maydis, by promoting the expression levels of PR-1 and PR-5 genes [69].
It has also been shown that SA triggers PR genes in rice and barley [70,71]. Additionally,
the synthetic chemical analogue of SA, Benzothiadiazole (BTH), was shown to activate an
enhanced resistance in wheat to powdery mildew caused by Erisyphe graminis, the leaf-
rust-causing Puccinia recondita, and Septoria leaf spot. Magnaporthe grisea, the bacterium
that causes rice blast, was also reported to be controlled by the BTH treatment of rice
seedlings [72]. Consistent with these results, the exogenous application of SA or H,O, was
able to restore partial disease resistance in the susceptible CO447 plants against CMN14-5-1.
These results suggest that SA and H,O;, in combination with other important components,
likely act in an additive manner to induce disease resistance against Goss’s wilt.

4. Materials and Methods
4.1. Plant Material

The corn (Zea mays L.) lines utilized in this research, namely, CO447 and CO450, were
provided by Dr. Lana Reid from Agriculture and Agri-Food Canada located in Ottawa,
Ontario. These inbred lines do not have common parental ancestry. Dr. Reid requested
that Dr. Daayf’s lab test the two lines in the field, and the results showed that CO447 was
susceptible to Cn infection while the other was tolerant [73]. The plants were grown in a
controlled environment with a 16/8 h light/dark cycle and a temperature of 22/18 °C for
the day/night cycle.
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4.2. Chemical Treatments

SA (Sigma; Steinheim, Germany; cat. no. 247588) and H,O, (Sigma; St. Louis, MO
63103, USA; cat. no. 216763) treatments were carried out using 500 pM solutions. SA
was made ready for use by diluting it in water. The H,O,, which was available as a 30%
solution, was also diluted in water. Each of the dilutions was freshly made. Treatments
were carried out by spraying solutions on three- to four-week-old maize plants 48 h prior
to bacterial inoculation.

4.3. Bacterial Isolation, Preparation of Inoculum, and Leaf Inoculation

The highly aggressive CMIN14-5-1 [13] was grown for 2-3 days at 23 °C in a nutri-
ent broth yeast medium (NBY) containing 8 g/L nutrient broth (Becton, Dickinson and
Company; Sparks, MD 21152, USA; cat. no. DF0003178), 2 g/L yeast extract (Becton,
Dickinson and Company; Sparks, MD 21152, USA; cat. no. B11929), 15 g/L agar (Becton,
Dickinson and Company; Sparks, MD 21152, USA; cat. no. DF0812179), 2 g/L K,HPO,4
(Fisher; Ottawa, Canada; cat. no. P288-500), 0.5 g/L KH,PO, (Fisher; NJ 07410, USA;
cat. no. P-284, CAS-7778-77-0), 5 g/L glucose (Sigma; St. Louis, MO 63103, USA; cat.
no. G8270), and 0.246 g/L MgSO,-7H,0 (Fisher; New Jersey 07410, USA; cat. no. M-67,
CAS-7487-88-9) [74]. The inoculum consisted of bacterial cells that were mixed with a
phosphate buffer solution containing 10 mM of both monobasic potassium phosphate and
dibasic potassium phosphate at pH 6.7. The bacterial culture concentration was measured
and then adjusted to 1 x 107 CFU/mL for the inoculation process [15].

Maize plants were mechanically wounded at the V5 leaf stage using a disposable
syringe plunger covered with a 5 mm sandpaper disc. The third, fourth, and fifth leaves
were wounded on both sides of the midrib [13]. The control plants had 20 uL of phosphate
buffer solution applied to their wounds, while the inoculated plants received 20 uL of
CMN14-5-1 inoculum. For the two types of corn tested, three different treatments were
used in the experiment. The first treatment was an unwounded control, while the second
treatment involved wounding the corn leaves and then treating them with a phosphate
buffer. The third treatment also involved wounding the leaves, but this time they were
treated with CMN14-5-1. The phosphate buffer did not have any negative effects on the
control treatments. Experiments were carried out in three biological replicates, with each
replicate consisting of six plants. After being treated, the plants were kept in a mist chamber
overnight with 100% relative humidity before being moved to a growth room for a period
of 10 days.

4.4. Measurement of Lesion Length, Disease Severity Rating, and Sampling

Treatments and time intervals were assigned to each inbred corn line. This experiment
had six time intervals: 0 (15 min after inoculation), 2, 4, 6, 8, and 10 dpi. Three different
treatments were used, including: (1) no wound (control); (2) wound with PPB (control); and
(3) wound with CMN14-5-1. The size of the lesion was measured in both directions from
the infection site at each specific time point. For each replicate, the AUDPC was calculated
using the mean of six biological replicates comprising six subsamples. The disease severity
index was used to assess disease severity with the following scale: 0, the only lesion is
the initial wound; 1, chlorosis or reddening only; 2, chlorosis or reddening accompanied
by freckling and approximately 10% necrosis; 3, chlorosis or reddening accompanied by
freckling and approximately 11-25% necrosis or wilting; 4, 26-50% necrosis; 5, 51-75%
necrosis; and 6, 76-100% necrosis [13]. Leaf segments that contained the entire inoculation
site plus the diseased area were excised and analyzed at 0 (15 min post inoculation) and
2 dpi for transcript analysis.

4.5. Measurement of Transcript Levels

TRI Reagent (Invitrogen; Vilnius, Lithuania; cat. no. AM9738) was used to extract
the total RNA, which was then treated with DNase I (ThermoFisher Scientific; Vilnius,
Lithuania; cat. no. EN0521) and reverse-transcribed into cDNA using the RevertAid First
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Strand cDNA Synthesis Kit (ThermoFisher Scientific; Vilnius, Lithuania; cat. no. K1622).
Supplementary Table S1 lists all the primers used in gene expression studies. The 2~4A¢T
method was used to quantify the relative gene expression [75], with actin serving as the
reference gene.

4.6. Statistical Analysis

Statistical analyses for the experiments in Figures 1-3 were carried out using the PROC
MIXED function of Statistical Analysis Software (SAS) (Release 9.1 for Windows; SAS
Institute, Cary, NC, USA). The Tukey test (x = 0.05) was used to compare treatment means
for the experiments in Figure 4. Each experiment was repeated three times, with six plants
in each replicate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12071475/s1, Table S1: Real time RT-PCR primer sequences.

Author Contributions: Conceptualization, M.E.-S. and ED.; methodology, A.S. (Alexander Shumi-
lak), A.S. (Atta Soliman) and M.E.-S.; data analysis, M.E.-S., A.S. (Alexander Shumilak) and A.S. (Atta
Soliman); resources, FD.; data curation, M.E.-S.; writing—original draft preparation, M.E.-S. and A.S.
(Alexander Shumilak); writing—review and editing, F.D., M.E.-S. and ].T.T.; funding acquisition, F.D.
and J.T.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants to FE.D. from the Manitoba Corn Growers Associa-
tion (Manitoba Crop Alliance) and the Manitoba Growing Innovation-Capacity and Knowledge
Development-program. The contribution of ].T.T. was funded by Agriculture and Agri-Food Canada
through project # J-000409.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy concerns and connections to
other ongoing studies.

Acknowledgments: We thank Lana Reid for providing the corn lines used in this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Staller, J.E. Maize Cobs and Cultures: History of Zea mays L.; Springer: Berlin/Heidelberg, Germany, 2010.

2. Eggenberger, S.; Diaz-Arias, M.M.; Gougherty, A.V.; Nutter, EW., Jr.; Sernett, J.; Robertson, A.E. Dissemination of Goss’s wilt
of corn and epiphytic Clavibacter michiganensis subsp. nebraskensis from inoculum point sources. Plant Dis. 2016, 100, 686—-695.
[CrossRef] [PubMed]

3.  Tambong, ].T. Comparative genomics of Clavibacter michiganensis subspecies, pathogens of important agricultural crops. PLoS
ONE 2017, 12, €0172295. [CrossRef] [PubMed]

4. Hu, Y;Ren,],;Peng, Z; Umana, A.A,; Le, H; Danilova, T.; Fu, ].; Wang, H.; Robertson, A.; Hulbert, S.H. Analysis of Extreme
Phenotype Bulk Copy Number Variation (XP-CNV) Identified the Association of rpl with Resistance to Goss’s Wilt of Maize.
Front. Plant Sci. 2018, 9, 110. [CrossRef] [PubMed]

5. Eichenlaub, R.; Gartemann, K.-H. The Clavibacter michiganensis subspecies: Molecular investigation of gram-positive bacterial
plant pathogens. Annu. Rev. Phytopathol. 2011, 49, 445-464. [CrossRef]

6. Gonzalez, A],; Trapiello, E. Clavibacter michiganensis subsp. phaseoli subsp. nov., pathogenic in bean. Int. J. Syst. Evol. Microbiol.
2014, 64, 1752-1755. [CrossRef]

7. Li, X,; Tambong, J.; Yuan, K.X.; Chen, W.; Xu, H.; Lévesque, C.A.; De Boer, S.H. Re-classification of Clavibacter michiganensis
subspecies on the basis of whole-genome and multi-locus sequence analyses. Int. ]. Syst. Evol. Microbiol. 2018, 68, 234. [CrossRef]

8. Wysong, D.; Doupnik, B., Jr.; Lane, L. Goss’s wilt and corn lethal necrosis: Can they become a major problem? [Corn Belt, in
the United States, bacterial wilt and blight, virus disease]. In Proceedings of the Annual Corn and Sorghum Industry Research
Conference American Seed Trade Association, Corn and Sorghum Division, Corn and Sorghum Research Conference, Chicago,
1L, USA, 1982.

9.  Rocheford, T.; Gardner, C.; Vidaver, A. Genetic studies of resistance in maize (Zea mays L.) to Goss’s bacterial wilt and blight
(Clavibacter michiganense ssp. nebraskense). J. Hered. 1989, 80, 351-356. [CrossRef]

10. Jackson, T.A.; Harveson, R.M.; Vidaver, A.K. Reemergence of Goss’s wilt and blight of corn to the central high plains. Plant Health
Prog. 2007, 8, 44. [CrossRef]

11.  McNally, R.R.; Ishimaru, C.A.; Malvick, D.K. PCR-mediated detection and quantification of the Goss’s wilt pathogen Clavibacter

michiganensis subsp. nebraskensis via a novel gene target. Phytopathology 2016, 106, 1465-1472. [CrossRef]


https://www.mdpi.com/article/10.3390/plants12071475/s1
https://www.mdpi.com/article/10.3390/plants12071475/s1
http://doi.org/10.1094/PDIS-04-15-0486-RE
http://www.ncbi.nlm.nih.gov/pubmed/30688625
http://doi.org/10.1371/journal.pone.0172295
http://www.ncbi.nlm.nih.gov/pubmed/28319117
http://doi.org/10.3389/fpls.2018.00110
http://www.ncbi.nlm.nih.gov/pubmed/29479358
http://doi.org/10.1146/annurev-phyto-072910-095258
http://doi.org/10.1099/ijs.0.058099-0
http://doi.org/10.1099/ijsem.0.002492
http://doi.org/10.1093/oxfordjournals.jhered.a110873
http://doi.org/10.1094/PHP-2007-0919-01-BR
http://doi.org/10.1094/PHYTO-05-16-0190-R

Plants 2023, 12, 1475 11 0f 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mallowa, 5.0.; Mbofung, G.Y.; Eggenberger, S.K.; Den Adel, R.L.; Scheiding, S.R.; Robertson, A.E. Infection of maize by Clavibacter
michiganensis subsp. nebraskensis does not require severe wounding. Plant Dis. 2016, 100, 724-731. [CrossRef]

Soliman, A.; Gulden, RH.; Tambong, ].T.; Bajracharya, P.; Adam, L.R.; Xu, R.; Cott, M.; Daayf, F. Developed and validated
inoculation and disease assessment methods for Goss’s bacterial wilt and leaf blight disease of corn. Crop Prot. 2018, 112, 159-167.
[CrossRef]

Pataky, J. Influence of host resistance and growth stage at the time of inoculation on Stewart’s wilt and Goss’s wilt development
and sweet corn hybrid yield. Plant Dis. 1989, 73, 339-345.

Agarkova, 1.V,; Lambrecht, PA.; Vidaver, A. Genetic diversity and population structure of Clavibacter michiganensis subsp.
nebraskensis. Can. J. Microbiol. 2011, 57, 366-374. [CrossRef]

Tambong, ].T; Xu, R.; Adam, Z.; Cott, M.; Rose, K.; Reid, L.M.; Daayf, F; Briere, S.; Bilodeau, G.]J. Draft genome sequence of
Clavibacter michiganensis subsp. nebraskensis Strain DOAB 397, isolated from an infected field corn plant in Manitoba, Canada.
Genome Announc. 2015, 3, e00715-e00768. [CrossRef]

Langemeier, C.B.; Jackson-Ziems, T.A.; Kruger, G.R. Four common Setaria species are alternative hosts for Clavibacter michiganensis
subsp. nebraskensis, causal agent of Goss’s bacterial wilt and blight of corn. Plant Health Prog. 2014, 15, 57-60. [CrossRef]

Mehl, K.M. Goss’s wilt and leaf blight of corn: Chemical control, residue management and resistance. Master’s Thesis, University
of lllinois Urbana-Champaign, Champaign, IL, USA, 2015. Available online: http://hdl.handle.net/2142 /88985 (accessed on
27 January 2023).

Mehl, K.; Weems, J.; Ames, K.; Bradley, C. Evaluation of foliar-applied copper hydroxide and citric acid for control of Goss’s wilt
and leaf blight of corn. Can. |. Plant Pathol. 2015, 37, 160-164. [CrossRef]

Harding, M.W.; Jindal, K.; Tambong, J.T.; Daayf, F; Howard, R.J.; Derksen, H.; Reid, L.M.; Tenuta, A.U.; Feng, J. Goss’s bacterial
wilt and leaf blight of corn in Canada-disease update. Can. J. Plant Pathol. 2018, 40, 471-480. [CrossRef]

Cooper, ].S.; Rice, B.R.; Shenstone, E.M.; Lipka, A.E.; Jamann, TM. Genome-Wide Analysis and Prediction of Resistance to Goss’s
Wilt in Maize. Plant Genome 2019, 12, 180045. [CrossRef]

Ikley, ].T.; Wise, K.A.; Johnson, W.G. Annual Ryegrass (Lolium multiflorum), Johnsongrass (Sorghum halepense), and Large Crabgrass
(Digitaria sanguinalis) are alternative hosts for Clavibacter michiganensis subsp. nebraskensis, causal agent of goss’s wilt of corn.
Weed Sci. 2015, 63, 901-909. [CrossRef]

Xu, X.; Miller, S.A.; Baysal-Gurel, F.; Gartemann, K.-H.; Eichenlaub, R.; Rajashekara, G. Bioluminescence imaging of Clavibacter
michiganensis subsp. michiganensis infection of tomato seeds and plants. Appl. Environ. Microbiol. 2010, 76, 3978-3988. [CrossRef]
Mbofung, G.C.; Sernett, J.; Horner, H.T.; Robertson, A.E. Comparison of susceptible and resistant maize hybrids to colonization
by Clavibacter michiganensis subsp. nebraskensis. Plant Dis. 2016, 100, 711-717. [CrossRef] [PubMed]

Soliman, A.; Rampitsch, C.; Tambong, ].T.; Daayf, F. Secretome Analysis of Clavibacter nebraskensis Strains Treated with Natural
Xylem Sap In Vitro Predicts Involvement of Glycosyl Hydrolases and Proteases in Bacterial Aggressiveness. Proteomes 2021, 9, 1.
[CrossRef] [PubMed]

Stintzi, A.; Heitz, T.; Prasad, V.; Wiedemann-Merdinoglu, S.; Kauffmann, S.; Geoffroy, P.; Legrand, M.; Fritig, B. Plant “pathogenesis-
related proteins and their role in defense against pathogens. Biochimie 1993, 75, 687-706. [CrossRef] [PubMed]

Omelichkina, Y.V.; Boyarkina, S.; Shafikova, T. Effector-activated immune responses in potato and tobacco cell cultures caused by
phytopathogen Clavibacter michiganensis ssp. sepedonicus. Russ. . Plant Physiol. 2017, 64, 423-430. [CrossRef]

Owusu, V,; Mira, M.; Soliman, A.; Adam, L.; Daayf, F; Hill, R.; Stasolla, C. Suppression of the maize phytoglobin ZmPgbl.
1 promotes plant tolerance against Clavibacter nebraskensis. Planta 2019, 250, 1803-1818. [CrossRef]

Meyer, J.; Berger, D.K.; Christensen, S.A.; Murray, S.L. RN A-Seq analysis of resistant and susceptible sub-tropical maize lines
reveals a role for kauralexins in resistance to grey leaf spot disease, caused by Cercospora zeina. BMC Plant Biol. 2017, 17, 197.
[CrossRef]

Christie, N.; Myburg, A.A ; Joubert, F; Murray, S.L.; Carstens, M.; Lin, Y.C.; Meyer, J.; Crampton, B.G.; Christensen, S.A.; Ntuli, J.F.
Systems genetics reveals a transcriptional network associated with susceptibility in the maize—grey leaf spot pathosystem. Plant J.
2017, 89, 746-763. [CrossRef]

Wasternack, C.; Hause, B. Jasmonates: Biosynthesis, perception, signal transduction and action in plant stress response, growth
and development. An update to the 2007 review in Annals of Botany. Ann. Bot. 2013, 111, 1021-1058. [CrossRef]
Demmig-Adams, B.; Cohu, C.M.; Amiard, V.; van Zadelhoff, G.; Veldink, G.A.; Muller, O.; Adams, WW,, III. Emerging trade-offs—
impact of photoprotectants (PsbS, xanthophylls, and vitamin E) on oxylipins as regulators of development and defense. New
Phytol. 2013, 197, 720-729. [CrossRef]

Woldemariam, M.G.; Ahern, K; Jander, G.; Tzin, V. A role for 9-lipoxygenases in maize defense against insect herbivory. Plant
Signal. Behav. 2018, 13, 4709-4723. [CrossRef]

Stenzel, I.; Otto, M.; Delker, C.; Kirmse, N.; Schmidt, D.; Miersch, O.; Hause, B.; Wasternack, C. ALLENE OXIDE CYCLASE
(AOC) gene family members of Arabidopsis thaliana: Tissue-and organ-specific promoter activities and in vivo heteromerization. J.
Exp. Bot. 2012, 63, 6125-6138. [CrossRef]

Mao, L.; Ge, L,; Ye, X.; Xu, L.; Si, W,; Ding, T. ZmGLP1, a Germin-like Protein from Maize, Plays an Important Role in the
Regulation of Pathogen Resistance. Int. . Mol. Sci. 2022, 23, 14316. [CrossRef]


http://doi.org/10.1094/PDIS-08-15-0923-RE
http://doi.org/10.1016/j.cropro.2018.05.022
http://doi.org/10.1139/w11-016
http://doi.org/10.1128/genomeA.00768-15
http://doi.org/10.1094/PHP-RS-12-0160
http://hdl.handle.net/2142/88985
http://doi.org/10.1080/07060661.2015.1012741
http://doi.org/10.1080/07060661.2018.1506502
http://doi.org/10.3835/plantgenome2018.06.0045
http://doi.org/10.1614/WS-D-15-00028.1
http://doi.org/10.1128/AEM.00493-10
http://doi.org/10.1094/PDIS-04-15-0448-RE
http://www.ncbi.nlm.nih.gov/pubmed/30688623
http://doi.org/10.3390/proteomes9010001
http://www.ncbi.nlm.nih.gov/pubmed/33435483
http://doi.org/10.1016/0300-9084(93)90100-7
http://www.ncbi.nlm.nih.gov/pubmed/8286442
http://doi.org/10.1134/S1021443717020091
http://doi.org/10.1007/s00425-019-03263-7
http://doi.org/10.1186/s12870-017-1137-9
http://doi.org/10.1111/tpj.13419
http://doi.org/10.1093/aob/mct067
http://doi.org/10.1111/nph.12100
http://doi.org/10.1080/15592324.2017.1422462
http://doi.org/10.1093/jxb/ers261
http://doi.org/10.3390/ijms232214316

Plants 2023, 12, 1475 12 0f 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Christensen, S.A.; Huffaker, A.; Kaplan, F; Sims, ].; Ziemann, S.; Doehlemann, G.; Ji, L.; Schmitz, R.].; Kolomiets, M.V.; Alborn, H.T.
Maize death acids, 9-lipoxygenase—derived cyclopente (a) nones, display activity as cytotoxic phytoalexins and transcriptional
mediators. Proc. Natl. Acad. Sci. USA 2015, 112, 11407-11412. [CrossRef]

Murphree, C.; Kim, S.B.; Karre, S.; Samira, R.; Balint-Kurti, P. Use of virus-induced gene silencing to characterize genes involved
in modulating hypersensitive cell death in maize. Mol. Plant Pathol. 2020, 21, 1662-1676. [CrossRef]

Jiang, S.; Yao, J.; Ma, K.-W.; Zhou, H.; Song, J.; He, S.Y.; Ma, W. Bacterial effector activates jasmonate signaling by directly targeting
JAZ transcriptional repressors. PLoS Pathog. 2013, 9, e1003715. [CrossRef]

Ishiga, Y.; Ishiga, T.; Uppalapati, S.R.; Mysore, K.S. Jasmonate ZIM-domain (JAZ) protein regulates host and nonhost pathogen-
induced cell death in tomato and Nicotiana benthamiana. PLoS ONE 2013, 8, €75728. [CrossRef]

Lyons, R.; Manners, ].M.; Kazan, K. Jasmonate biosynthesis and signaling in monocots: A comparative overview. Plant Cell Rep.
2013, 32, 815-827. [CrossRef]

Sun, Q.; Wang, G.; Zhang, X.; Zhang, X.; Qiao, P,; Long, L.; Yuan, Y.; Cai, Y. Genome-wide identification of the TIFY gene family in
three cultivated Gossypium species and the expression of JAZ genes. Sci. Rep. 2017, 7, srep42418. [CrossRef]

Wang, Y.; Qiao, L.; Bai, ].; Wang, P.; Duan, W.; Yuan, S.; Yuan, G.; Zhang, F.; Zhang, L.; Zhao, C. Genome-wide characterization of
JASMONATE-ZIM DOMAIN transcription repressors in wheat (Triticum aestivum L.). Bmc Genom. 2017, 18, 1-19. [CrossRef]
Cao, H,; Zhang, K,; Li, W,; Pang, X.; Liu, P; Si, H.; Zang, ].; Xing, J.; Dong, ]. ZmMYC?7 directly regulates ZmERF147 to increase
maize resistance to Fusarium graminearum. Crop J. 2023, 11, 79-88. [CrossRef]

Hu, Y, Jiang, Y.; Han, X.; Wang, H.; Pan, J.; Yu, D. Jasmonate regulates leaf senescence and tolerance to cold stress: Crosstalk with
other phytohormones. J. Exp. Bot. 2017, 68, 1361-1369. [CrossRef] [PubMed]

Way, HM.; Kazan, K; Mitter, N.; Goulter, K.C.; Birch, R.G.; Manners, ]. M. Constitutive expression of a phenylalanine ammonia-
lyase gene from Stylosanthes humilis in transgenic tobacco leads to enhanced disease resistance but impaired plant growth.
Physiol. Mol. Plant Pathol. 2002, 60, 275-282. [CrossRef]

Zhang, C.; Wang, X.; Zhang, F.; Dong, L.; Wu, J.; Cheng, Q.; Qi, D.; Yan, X,; Jiang, L.; Fan, S. Phenylalanine ammonia-lyase2.
1 contributes to the soybean response towards Phytophthora sojae infection. Sci. Rep. 2017, 7, 1-13.

Yuan, W,; Jiang, T.; Du, K,; Chen, H.; Cao, Y,; Xie, J.; Li, M.; Carr, ].P.; Wu, B.; Fan, Z. Maize phenylalanine ammonia-lyases
contribute to resistance to Sugarcane mosaic virus infection, most likely through positive regulation of salicylic acid accumulation.
Mol. Plant Pathol. 2019, 20, 1365-1378. [CrossRef] [PubMed]

Lincoln, J.E.; Sanchez, ].P.; Zumstein, K.; Gilchrist, D.G. Plant and animal PR1 family members inhibit programmed cell death
and suppress bacterial pathogens in plant tissues. Mol. Plant Pathol. 2018, 19, 2111-2123. [CrossRef]

Ghorbel, M.; Zribi, I.; Missaoui, K.; Drira-Fakhfekh, M.; Azzouzi, B.; Brini, F. Differential regulation of the durum wheat
Pathogenesis-related protein (PR1) by Calmodulin TdCaM1. 3 protein. Mol. Biol. Rep. 2021, 48, 347-362. [CrossRef]

Sagi, M.; Davydov, O.; Orazova, S.; Yesbergenova, Z.; Ophir, R.; Stratmann, J.W.; Fluhr, R. Plant respiratory burst oxidase
homologs impinge on wound responsiveness and development in Lycopersicon esculentum. Plant Cell 2004, 16, 616-628. [CrossRef]
Bhonwong, A.; Stout, M.].; Attajarusit, J.; Tantasawat, P. Defensive role of tomato polyphenol oxidases against cotton bollworm
(Helicoverpa armigera) and beet armyworm (Spodoptera exigua). ]. Chem. Ecol. 2009, 35, 28-38. [CrossRef]

Yamauchi, T.; Yoshioka, M.; Fukazawa, A.; Mori, H.; Nishizawa, N.K.; Tsutsumi, N.; Yoshioka, H.; Nakazono, M. An NADPH
oxidase RBOH functions in rice roots during lysigenous aerenchyma formation under oxygen-deficient conditions. Plant Cell
2017, 29, 775-790. [CrossRef]

Otulak-Koziel, K.; Koziel, E.; Valverde, R.A. The respiratory burst oxidase homolog D (RbohD) cell and tissue distribution in
potato—potato virus Y (PVYNTN) hypersensitive and susceptible reactions. Int. J. Mol. Sci. 2019, 20, 2741. [CrossRef]

Sagi, M.; Fluhr, R. Production of reactive oxygen species by plant NADPH oxidases. Plant Physiol. 2006, 141, 336-340. [CrossRef]
Torres, M.A.; Dangl, J.L. Functions of the respiratory burst oxidase in biotic interactions, abiotic stress and development. Curr.
Opin. Plant Biol. 2005, 8, 397—-403. [CrossRef]

Kaur, G.; Pati, PK. Analysis of cis-acting regulatory elements of Respiratory burst oxidase homolog (Rboh) gene families in
Arabidopsis and rice provides clues for their diverse functions. Comput. Biol. Chem. 2016, 62, 104-118. [CrossRef]

Wang, W.; Chen, D.; Zhang, X.; Liu, D.; Cheng, Y.; Shen, F. Role of plant respiratory burst oxidase homologs in stress responses.
Free. Radic. Res. 2018, 52, 826-839. [CrossRef]

Tran, L.T.; Taylor, J.S.; Constabel, C.P. The polyphenol oxidase gene family in land plants: Lineage-specific duplication and
expansion. BMC Genom. 2012, 13, 395. [CrossRef]

Araji, S.; Grammer, T.A.; Gertzen, R.; Anderson, S.D.; Mikulic-Petkovsek, M.; Veberic, R.; Phu, M.L.; Solar, A.; Leslie, C.A,;
Dandekar, A.M. Novel roles for the polyphenol oxidase enzyme in secondary metabolism and the regulation of cell death in
walnut. Plant Physiol. 2014, 164, 1191-1203. [CrossRef]

Moshkov, I.; Novikova, G. Superfamily of plant monomeric GTP-binding proteins: 2. Rab proteins are the regulators of vesicles
trafficking and plant responses to stresses. Russ. . Plant Physiol. 2008, 55, 119-129. [CrossRef]

Liu, E; Guo, J.; Bai, P,; Duan, Y.; Wang, X.; Cheng, Y.; Feng, H.; Huang, L.; Kang, Z. Wheat TaRab7 GTPase is part of the signaling
pathway in responses to stripe rust and abiotic stimuli. PLoS ONE 2012, 7, e37146. [CrossRef]

Sui, J.; Li, G.; Chen, G.; Zhao, C.; Kong, X.; Hou, X.; Qiao, L.; Wang, J. RNA-seq analysis reveals the role of a small GTP-binding
protein, Rab7, in regulating clathrin-mediated endocytosis and salinity-stress resistance in peanut. Plant Biotechnol. Rep. 2017,
11, 43-52. [CrossRef]


http://doi.org/10.1073/pnas.1511131112
http://doi.org/10.1111/mpp.12999
http://doi.org/10.1371/journal.ppat.1003715
http://doi.org/10.1371/journal.pone.0075728
http://doi.org/10.1007/s00299-013-1400-y
http://doi.org/10.1038/srep42418
http://doi.org/10.1186/s12864-017-3582-0
http://doi.org/10.1016/j.cj.2022.05.006
http://doi.org/10.1093/jxb/erx004
http://www.ncbi.nlm.nih.gov/pubmed/28201612
http://doi.org/10.1016/S0885-5765(02)90407-8
http://doi.org/10.1111/mpp.12817
http://www.ncbi.nlm.nih.gov/pubmed/31487111
http://doi.org/10.1111/mpp.12685
http://doi.org/10.1007/s11033-020-06053-7
http://doi.org/10.1105/tpc.019398
http://doi.org/10.1007/s10886-008-9571-7
http://doi.org/10.1105/tpc.16.00976
http://doi.org/10.3390/ijms20112741
http://doi.org/10.1104/pp.106.078089
http://doi.org/10.1016/j.pbi.2005.05.014
http://doi.org/10.1016/j.compbiolchem.2016.04.002
http://doi.org/10.1080/10715762.2018.1473572
http://doi.org/10.1186/1471-2164-13-395
http://doi.org/10.1104/pp.113.228593
http://doi.org/10.1134/S1021443708010159
http://doi.org/10.1371/journal.pone.0037146
http://doi.org/10.1007/s11816-017-0428-9

Plants 2023, 12, 1475 13 of 13

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kaur, G.; Singh, S.; Singh, H.; Chawla, M.; Dutta, T.; Kaur, H.; Bender, K.; Snedden, W.; Kapoor, S.; Pareek, A. Characterization of
peptidyl-prolyl cis-trans isomerase-and calmodulin-binding activity of a cytosolic Arabidopsis thaliana cyclophilin AtCyp19-3.
PLoS ONE 2015, 10, e0136692. [CrossRef] [PubMed]

Liu, Z.; Ma, P; Holtsmark, I.; Skaugen, M.; Eijsink, V.G.; Brurberg, M.B. New type of antimicrobial protein produced by the plant
pathogen Clavibacter michiganensis subsp. michiganensis. Appl. Environ. Microbiol. 2013, 79, 5721-5727. [CrossRef] [PubMed]
Ward, E.R.; Uknes, S.J.; Williams, S.C.; Dincher, S.S.; Wiederhold, D.L.; Alexander, D.C.; Ahl-Goy, P.; Metraux, J.-P; Ryals, J.A.
Coordinate gene activity in response to agents that induce systemic acquired resistance. Plant Cell 1991, 3, 1085-1094. [CrossRef]
Wang, C.; El-Shetehy, M.; Shine, M.; Yu, K.; Navarre, D.; Wendehenne, D.; Kachroo, A.; Kachroo, P. Free radicals mediate systemic
acquired resistance. Cell Rep. 2014, 7, 348-355. [CrossRef]

El-Shetehy, M.; Wang, C.; Shine, M.; Yu, K.; Kachroo, A.; Kachroo, P. Nitric oxide and reactive oxygen species are required for
systemic acquired resistance in plants. Plant Signal. Behav. 2015, 10, €998544. [CrossRef] [PubMed]

El-Shetehy, M.; Moradi, A.; Maceroni, M.; Reinhardt, D.; Petri-Fink, A.; Rothen-Rutishauser, B.; Mauch, F.; Schwab, F. Silica
nanoparticles enhance disease resistance in Arabidopsis plants. Nat. Nanotechnol. 2021, 16, 344-353. [CrossRef]

Morris, S.W.; Vernooij, B.; Titatarn, S.; Starrett, M.; Thomas, S.; Wiltse, C.C.; Frederiksen, R.A.; Bhandhufalck, A.; Hulbert, S.;
Uknes, S. Induced resistance responses in maize. Mol. Plant-Microbe Interact. 1998, 11, 643-658. [CrossRef]

Masuta, C.; Van den Bulcke, M.; Bauw, G.; Van Montagu, M.; Caplan, A.B. Differential effects of elicitors on the viability of rice
suspension cells. Plant Physiol. 1991, 97, 619-629. [CrossRef]

Vallélian-Bindschedler, L.; Métraux, J.-P.; Schweizer, P. Salicylic acid accumulation in barley is pathogen specific but not required
for defense-gene activation. Mol. Plant-Microbe Interact. 1998, 11, 702-705. [CrossRef]

Gorlach, J.; Volrath, S.; Knauf-Beiter, G.; Hengy, G.; Beckhove, U.; Kogel, K.-H.; Oostendorp, M.; Staub, T.; Ward, E.; Kessmann, H.
Benzothiadiazole, a novel class of inducers of systemic acquired resistance, activates gene expression and disease resistance in
wheat. Plant Cell 1996, 8, 629-643.

Jindal, K.K;; Zhu, X.; Tenuta, A ; Javed, N.; Daayf, F.; Reid, L.R. Maize inbreds for multiple resistance breeding against major
foliar, ear and stalk rot diseases. Maydica 2019, 64, 22.

Gross, D.C.; Vidaver, A. A selective medium for isolation of Corynebacterium nebraskense from soil and plant parts. Phytopathology
1979, 69, 82-87. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-8ACT method.
Methods 2001, 25, 402—408. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1371/journal.pone.0136692
http://www.ncbi.nlm.nih.gov/pubmed/26317213
http://doi.org/10.1128/AEM.01065-13
http://www.ncbi.nlm.nih.gov/pubmed/23851100
http://doi.org/10.2307/3869297
http://doi.org/10.1016/j.celrep.2014.03.032
http://doi.org/10.1080/15592324.2014.998544
http://www.ncbi.nlm.nih.gov/pubmed/26375184
http://doi.org/10.1038/s41565-020-00812-0
http://doi.org/10.1094/MPMI.1998.11.7.643
http://doi.org/10.1104/pp.97.2.619
http://doi.org/10.1094/MPMI.1998.11.7.702
http://doi.org/10.1094/Phyto-69-82
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Pathogenicity 
	Plant Defense against Goss’s Wilt Is Not Enhanced via the Jasmonic Acid Pathway 
	SA and PCD Regulate Goss’s Wilt Disease Resistance 
	Exogenous Application of SA and H2O2 Confers Partial Disease Resistance against CMN14-5-1 

	Discussion 
	Materials and Methods 
	Plant Material 
	Chemical Treatments 
	Bacterial Isolation, Preparation of Inoculum, and Leaf Inoculation 
	Measurement of Lesion Length, Disease Severity Rating, and Sampling 
	Measurement of Transcript Levels 
	Statistical Analysis 

	References

