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Abstract: Hormone signaling plays a pivotal role in plant-microbe interactions. There are three
major phytohormones in plant defense: salicylic acid (SA), jasmonic acid (JA), and ethylene (ET). The
activation and trade-off of signaling between these three hormones likely determines the strength
of plant defense in response to pathogens. Here, we describe the allocation of hormonal signaling
in Brassica napus against the fungal pathogen Leptosphaeria maculans. Three B. napus genotypes
(Westar, Surpass400, and 01-23-2-1) were inoculated with two L. maculans isolates (H75 8-1 and
H77 7-2), subsequently exhibiting three levels of resistance: susceptible, intermediate, and resistant.
Quantitative analyses suggest that the early activation of some SA-responsive genes, including
WRKY70 and NPR1, contribute to an effective defense against L. maculans. The co-expression among
factors responding to SA/ET/JA was also observed in the late stage of infection. The results of
conjugated SA measurement also support that early SA activation plays a crucial role in durable
resistance. Our results demonstrate the relationship between the onset patterns of certain hormone
regulators and the effectiveness of the defense of B. napus against L. maculans.

Keywords: Leptosphaeria maculans; Brassica napus; hormone signaling; gene expression; salicylic acid
(SA); jasmonic acid (JA); ethylene (ET); defense

1. Introduction

Plant hormones (or phytohormones) refer to a group of small biomolecules that flow
throughout the plant body and play various roles in the physiological processes and signal
transduction. Plant defense, as one of these biological processes, involves the co-operation
of multiple hormones [1,2]. Among these hormones, salicylic acid (SA), jasmonic acid (JA),
and ethylene (ET) are considered to play major roles [1]. Conventional theory from previous
studies (in Arabidopsis) suggested that the signals from SA and ET/JA have antagonistic
relationships to each other. SA is more effective in defending against biotrophic and hemi-
biotrophic pathogens, while ET/JA signaling is more capable of resisting necrotrophic
pathogens and herbivorous insects [1,3].

Each hormone has certain responsive factors and signaling pathways, where the
responsive pathways of different hormones also have different potential connections,
building up an integrated and systemic signaling network in order to cope with various
challenges [1-3]. WRKY70 encodes a transcription factor that lies on the node between
SA and JA signaling; the up-regulation of WRKY70 activates SA signaling and suppresses
JA signaling [4]. In Arabidopsis thaliana, Coronatine-Insensitive 1 (COI1) has been found to
regulate JA signaling in root growth, plant defense, and senescence [5]. Ethylene Insensitive
3 (EIN3) encodes a nucleus-localized transcription factor that positively regulates ET
signaling [6]. Hormonal pathways eventually induce responsive downstream proteins that
have anti-microbial activities. For instance, Pathogenesis-Related Protein 1 (PR1) proteins
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(encoded by PRI genes) are the responsive factors of SA signaling [2], while another PR
gene—Pathogenesis-Related Protein 4 (PR4)—is activated by ET/JA signaling [7].

B. napus has two types of in vivo resistance to L. maculans: qualitative and quantita-
tive [8]. Qualitative resistance is triggered by the interaction between the Avr proteins of
the pathogen (AvrLm for L. maculans) and R proteins from the host (RIm for B. napus). This
type of interaction is also called an incompatible interaction (resistance), while an interac-
tion without the Avr—R protein interaction is called a compatible interaction (susceptible).
Incompatible interactions trigger a series of rapid and localized host signaling cascades
named hypersensitive response (HR), which includes reactive oxygen species (ROS) pro-
duction, programmed cell death (PCD), and systemic acquired resistance (SAR) [8,9].

Previous studies have suggested that compatible and incompatible interactions may
have similar molecular signaling network profiles, including hormonal secretion and signal-
ing. In the Arabidopsis thaliana—Pseudomonas syringae pathosystem, the expression profiles
between compatible and incompatible interactions are similar; however, some genes in
the incompatible interaction are activated earlier than in the compatible interaction, which
makes the incompatible interaction more robust [10,11]. By studying the pathosystem
between Arabidopsis thaliana and Alternaria brassicicola/Pseudomonas syringae pv. tomato
DC3000, it has been shown that the R-protein resistance activates the hormone-regulated
factors that are able to defend against both biotrophs and necrotrophs [11]. Moreover,
studies of the gene-for-gene interaction in the B. napus—-L. maculans pathosystem have also
observed the early induction of SA/JA responsive factors, indicating the importance of
those genes in the incompatible interaction [12,13]. Plants have developed a huge network
of hormonal signaling pathways to cope with pathogenic invasion. Among plant hormones,
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are the three major phytohormones
released in response to plant pathogens [2,3,14]. Therefore, investigating the signaling
and interactions among these three hormones becomes necessary to understand the three
selected B. napus genotypes responded differently to L. maculans.

In this study, we selected three B. napus genotypes to be inoculated with two L. maculans
isolates, such that the host cotyledons were able to produce three typical disease severities:
susceptible, intermediate, and resistant phenotypes. The goal of this research is to find
the connection between the B. napus defense and the hormonal signaling, we aimed to
find which types of the hormonal regulation (in quantity and onset patterns) are optimal
for B. napus to understand distinct ways of regulation of the hormonal signaling among
the three levels of interaction (i.e., susceptible, intermediate, and resistant). The expres-
sion levels of several genes, which are crucial for hormonal-responsive defense, were
analyzed in the aspects of both quantity and onset pattern; those analyses help to explain
the relationship between hormone signaling and disease severity/host resistance.

2. Results
2.1. Distinct Levels of Disease Severities from the B. napus Cotyledons with Different
Inoculation Pairs

To obtain B. napus cotyledons with various levels of disease severity, three B. napus
genotypes (Westar, Surpass400, and 01-23-2-1) were selected for inoculation with two
L. maculans isolates (HCRT75 8-1 and HCRT77 7-2; the term “HCRT” will be shortened
to “H” for the rest of the article). For the selected B. napus cultivars, Westar, which has
no Rlm genes, was regarded as a typical example for susceptible phenotypes, Surpass400
(BLMR1/LepR3 and BLMR2/LepR2) as intermediate and resistant phenotypes, and 01-
23-2-1 (RIm7) as resistant phenotypes. Isolate H75 8-1 exhibited a compatible interaction
(susceptible) with Westar, an intermediate incompatible interaction (intermediate resistant)
with Surpass400, and an incompatible interaction (resistant) with 01-23-2-1 (Figure 1), while
isolate H77 7-2 exhibited a resistant phenotype with Surpass400 (Figure 1) and the same
phenotypes as H75 8-1 with Westar and 01-23-2-1. Westar had a compatible interaction,
as it had no Rlm genes, while the intermediate resistance for Surpass400 inoculated with
H75 8-1 was due to the interaction between AvrLepR2 and BLMR2/LepR2 (Surpass400:
BLMR1/LepR3 and BLMR2/LepR2) [15]. The incompatible interaction between Surpass400
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and H77 7-2 was triggered by the interaction between LepR3/BLMRI and AvrLm1, as
both Rim1 and LepR3/BLMR1 recognize AvrLm]1 [16,17], while the resistance from 01-23-
2-1 against HCRT75 8-1/HCRT77 7-2 was caused by the recognition of AvrLm7 by Rlm7
in 01-23-2-1.
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Figure 1. Lesion development on six pairs of B. napus cotyledons inoculated with L. maculans isolate: Westar—HCRT75
8-1/HCRT 77 7-2, Surpass400—HCRT?75 8-1/HCRT77 7-2, and 01-23-2-1—HCRT75 8-1/HCRT 77 7-2 at 3,5, 7,9, and 11
days post-inoculation (dpi).

As shown in Figure 1, the emergence of distinct phenotypes among six sets of host—
pathogen combinations did not appear until 5 dpi. From 5 dpi, Westar started to develop
lesions at the inoculation sites, while brownish lesions emerged on Surpass400 and 01-23-2-
1 cotyledons; in the case of both H75 8-1 and H77 7-2, the HR phenotype (brownish lesions)
appeared at 5 dpi. To show the development of lesions in a numerical way, the lesion
area was measured for each genotype-isolate pair from 3 to 14 dpi. As the phenotypes
from all inoculation pairs emerged at 5 dpi, the lesion size at 3 dpi was set as zero. As
shown in Figure 2, Westar—H75 8-1 displayed a rapid development of lesions from 7 dpi
and the cotyledons collapsed at 11 dpi, due to the massive fungal colonization. Both
Surpass400-H77 7-2 and 01-23-2-1-H75 8-1/-H77 7-2 had slowly increasing lesion areas
(Figures 1 and 2). Surpass400-H75 8-1 displayed the gradual development of HR necrotic
lesions (brownish lesions) and reached a large size at 11 dpi; however, the plant was still
viable and exhibited HR phenotype, this is called the intermediate resistance [15,16].
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Figure 2. Changes in lesion size (mmz) from 3 to 14 dpi in Westar-H75 8-1 (blue curve), Surpass400-H75 8-1, (red curve),
Surpass400-H77 7-2 (light green curve), and 01-23-2-1-H75 8-1 (purple curve). The lesion sizes were calculated as the

average from the cotyledons of 20 plants (each genotype at each time point).

2.2. Fungal Development of L. maculans Isolates from Compatible, Intermediate, and
Incompatible Interactions

The presentation of microscopic views of infected cotyledons started at 5 dpi, when
the hyphal development (compatible) and necrotic lesions (incompatible) were visible
in the microscope (Figure 3). Li et al. (2008) [18] demonstrated hyphal development in
intercellular spaces at 5 dpi. At 7 dpi, the three types of severity exhibited distinct patterns
of fungal development on the host tissues. On the leaves of oilseeds, L. maculans is a
fungus that starts its growth as a biotrophic pathogen; after several days of infection, the
fungus reaches its necrotrophic stage and fruiting bodies (pycnidia) are formed [19]. As
shown in Figure 3, isolates H75 8-1 and H77 7-2 initiated the necrotrophic stage at 7 dpi
on susceptible Westar and intermediate Surpass400 (infected by H75 8-1 only), growing
pycnidia on the cotyledon tissues on the same day; meanwhile, Surpass400-H77 7-2 and
01-23-2-1-H75 8-1/-H77 7-2 showed few to no pycnidia at the same time point, as the
fungal cells on those cotyledons were still in the biotrophic stage (i.e., hyphae only).

For susceptible cotyledons (Westar-H75 8-1/-H77 7-2), the formation of pycnidia
occurred at 7 dpi and became dominant at 11 dpi, while 01-23-2-1 did not have any
pycnidia, and few hyphae emerged at 7 dpi and 11 dpi after inoculation with H75 8-1 or
H77 7-2. For the intermediate Surpass400-H75 8-1 cotyledons, the symptoms lay between
susceptible and incompatible interaction phenotypes, the production of pycnidia was,
somehow, restricted within the region of necrotic lesions.

To sum up, the different B. napus genotypes exhibited distinct responses towards
L. maculans isolates. For susceptible responses (Westar—-H75 8-1/-H77 7-2), apparent hyphal
development started at 5 dpi, and the fungus transited to necrotrophic stage at 7 dpi,
with the formation of pycnidia; subsequent development was the enhancement of what
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happened at 7 dpi. Nevertheless, Surpass400 and 01-23-2-1, as more resistant genotypes,
displayed delayed fungal development compared with Westar, with the intermediate
response from Surpass400-H75 8-1 exhibiting limited pycnidia formation, and 01-23-2-1
had little hyphal development throughout the timeline of observation.

Surpassd00 H77 7-2 01-23-2-1 H75 8-1 01-23-2-1H77 7-2

Figure 3. Fungal growth and development on the cotyledons of B. napus cv. Westar, Surpass400, and 01-23-2-1 inoculated

with L. maculans isolates H75 8-1/H77 7-2, as shown by trypan blue staining. Hyphae (red arrows) started to grow on the
cotyledon tissue at 5 dpi. The compatible (Westar-H75 8-1/-H77 7-2) and intermediate incompatible (Surpass400-H75 8-1)
interactions allowed for the formation of pycnidia (black hollow arrows) at 7 dpi and the fungal tissues formed pycnidia at
only 11 dpi. The incompatible interactions (Surpass400-H77 7-2 and 01-23-2-1-H75 8-1/-H77 7-2) did not have pycnidia
and only few hyphae grew up to 7 dpi and 11 dpi. The images were taken at 100x magnification.

2.3. Gene Expression Analysis in Hormone Signaling

The characterization of hormonal signals pathways started with quantitative analyses
of the genes responsible for the biosynthesis of the three phytohormones (SA, JA, and ET).
To achieve this goal, three hormonal biosynthetic genes were chosen: ICS1, AOS, and ACO1.
ICS1 encodes an enzyme called isochorismate synthase 1, which is involved in salicylic
acid biosynthesis [20]. AOS encodes an enzyme called allene oxide synthase, which is
an enzyme involved in the JA biosynthetic pathway and the octadecanoid pathway [21].
ACO1 encodes an enzyme called 1-aminocyclopropane-1-carboxylate oxidase 1, which is
involved in ethylene biosynthesis in different situations [22]. We analyzed the expression
of these three biosynthetic genes in both L. maculans-inoculated (H75 8-1 and H77 7-2)
and water-inoculated cotyledons at multiple time points after inoculation. The expression
levels of the genes from water-inoculated cotyledons were normalized to the level of “1”, in
order to find the differential expression levels between control and inoculated cotyledons
at each time point, which indicated how the hormonal signals were modulated, when
encountering fungal infection. By analyzing the three genes (ICS1, AOS, and ACO1) with
regard to the production of SA, JA, and ET, the temporal pattern of biosynthesis-related
genes was found to be distinct to the cotyledons among three genotypes.

As shown in Figure 4, the activation of ICS1 and AOS from Surpass400 and 01-23-2-1
were earlier than in Westar; for Surpass400, the earliest timepoint of significantly higher
expression of ICS1 and AOS started at 5 and 3 dpi, respectively; however, Westar had lower
expression of these two genes at the same timepoints. For 01-23-2-1 cotyledons, all three
biosynthetic genes showed earlier expression, as early as 1 dpi. ICS1 in 01-23-2-1 (both
inoculated by H75 8-1 and H77 7-2) showed higher levels of expression at all early time
points (i.e., 1, 3, and 5 dpi). Surpass400 — H75 8-1 and 01-23-2-1 displayed late up-regulation
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of ACO1 (i.e., 7 and 11 dpi) whilst Westar did not have apparent activation throughout
infection. Altogether, the intermediate and resistant genotypes have distinct transcriptional
programming compared with the susceptible one, featured by the early activation of SA/JA
biosynthetic marker genes ICS1 and AOSI.

2.4. The Potential Relationship between Hormonal Biosynthesis and the Regulatory Patterns of
Hormonal Signals throughout the B. napus and L. maculans Interaction

Surpass400-H75 8-1 and 01-23-2-1 had earlier induction of NPR1 and WRKY70, com-
pared with Westar. For NPR1, Surpass400 (H75 8-1) and 01-23-2-1 had pronounced expres-
sion from 5 dpi; while, for Westar, this pattern did not occur until 7 dpi. For the downstream
factor WRKY70, Surpass400 and 01-23-2-1 genotypes displayed similar trends, suggesting
that the intermediate and resistant cotyledons had earlier SA-related responses (Figure 5).
Surprisingly, Surpass400 and 01-23-2-1 also had early activation of ET/JA responsive factor
WRKY33: both of them induced this gene at 1 dpi, and 01-23-2-1 also had high expression
at 3 dpi. Moreover, Surpass400 and 01-23-2-1 also tended to have stronger expressions of
EIN3 than Westar at 3 and 5 dpi; 01-23-2-1 showed high expression of this gene at 1 dpi. In
Westar cotyledons (inoculated by both H75 8-1 and H77 7-2), the defense genes started to
induce at 7 dpi and reached high levels at 11 dpi. For Westar cotyledons, 7 and 11 dpi are
the timepoints when the fungus formed pycnidia and transited into the necrotrophic stage,
respectively. The lesions on the infected tissues quickly developed (as shown in Figure 1);
therefore, the high levels of defense genes reflected the non-HR-related responses against
this deteriorating situation.
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Figure 4. Gene expression in hormonal biosynthesis (ICS1, AOS, and ACO1): the levels of the bars are
the expression levels from the inoculated cotyledons (inoculated by H75 8-1 and H77 7-2), compared
to the cotyledons inoculated with water (assuming that the expression of each studied gene in the
cotyledons inoculated with water is 1). Error bars represent standard error of the mean. For time
point, different lowercase letters suggest the significant differences among mean values (Fisher’s
least significant difference; p < 0.05). The results are based on three replicates in three independent
experiments (A-C).
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Surpass400 and 01-23-2-1 started to induce high expression of PR1, PR2, and PR4
at 5 dpi, while, for Westar (H75 8-1), the massive induction of PR4 started at 11 dpi
(Figure 6). WRKY?70, as an SA regulator, positively regulates the expression of pathogenesis-
related 1 (PR1) proteins [2]. It seems that the studied transcription factors had somewhat
synchronization with the studied PR genes; as such, both Surpass400 and 01-23-2-1 showed
the activation of regulators (WRKY70 and WRKY33) and PR genes (PR1, 2, and 4) at
5 dpi. On the other hand, there were also discrepancies between transcription factors and
downstream PR genes. For example, 01-23-2-1 did not show the high induction of WRKY33
at7 and 11 dpi, but PR4 was still very high at the same time points. These results reflect the
potential influences of upstream signaling upon the downstream proteins in plant defense;
besides, there may have been other factors affecting the expression of downstream proteins.

As free SA can be toxic for the living plant, SA signaling induces electrolyte leakage,
oxidative burst, and cell death [5,23,24]. As shown in Figure 7, in the intermediate and
resistant cotyledons from Surpass400 and 01-23-2-1 genotypes, the presence of bound SA
was detected as early as 3 dpi; while it was not detected in the two Westar sample pairs
(H75 8-1 and H77 7-2). However, Westar showed later accumulation of SA (at 11 dpi), at
which point its levels exceeded those in Surpass400 and 01-23-2-1 cotyledons at the same
time point.
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Figure 5. Gene expression in regulation of hormonal signals (NPR1, WRKY70, WRKY33, and EIN3):
the levels of the bars are the expression levels in the inoculated cotyledons (inoculated by H75 8-1
and H77 7-2), compared to the cotyledons inoculated with water (assuming that the expression of
each studied gene in the cotyledons inoculated with water is 1). Error bars represent standard error
of the mean. For time point, different lowercase letters suggest the significant differences among
mean values (Fisher’s least significant difference; p < 0.05). The results are based on three replicates
in three independent experiments (A-D).
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Figure 6. Gene expression of downstream proteins from hormonal signaling (PR1, PR2, and PR4).
The levels of the bars are the expression levels from the inoculated cotyledons (inoculated by H75 8-1
and H77 7-2), compared to the cotyledons inoculated with water (assuming that the expression of
each studied gene in the cotyledons inoculated with water is 1). Error bars represent standard error
of the mean. For time point, different lowercase letters suggest the significant differences among
mean values (Fisher’s least significant difference; p < 0.05). The results are based on three replicates
in three independent experiments (A-C).
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Figure 7. Amount of bound salicylic acid (ng/g of dry weight (DW)) in Westar/Surpass400/01-23-2-1 inoculated with
isolates H75 8-1/H77 7-2 at 3, 7, and 11 dpi. Conjugated salicylic acids were hydrolyzed by HCI first, in order to free SA for
measurement by HPLC-fluorescence. Error bars represent standard error of the mean. For time point, different lowercase

Bound SA pg/g of DW
Bound SA pg/g of DW
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letters suggest the significant differences among mean values (Fisher’s least significant difference; p < 0.05). The results are
based on three replicates in three independent experiments.

3. Discussion

Certain hormonal-related factors displayed earlier activation from in intermediate and
resistant cases, while susceptible B. napus possessed distinct onset patterns of hormonal
signal responses. The study suggested that the timing of gene activation might be important
to trigger the effective hindrance of fungal growth and development; this type of signal
transduction seems to be correlated with the manipulation of fungal development by
the host.

3.1. The Fungal Development of L. maculans Was Hindered Due to the Host Resistance

According to a study of the susceptible adult leaves of B. napus (cv. Westar), the
intercellular development of fungal hyphae was observed from the microscope as early as
5 dpi, massive hyphal development throughout the mesophyll was initiated at 7 dpi, and
finally, pycnidia were produced on the dead tissues after 11 or 12 dpi [18].

In the case of the Westar—H75 8-1/-H77 7-2 cotyledons, fungal development followed
the regular lifecycle of hemi-biotrophic fungus, in which the fungus starts its biotrophic
stage from 7 dpi by spreading hyphae, in order to absorb nutrients from the living tissues.
Then, it shifted into the necrotrophic stage by producing pycnidia. On the other hand, the
incompatible interactions in 01-23-2-1 and Surpass400 restricted the growth and slowed
the development of the fungus. One of the associated mechanisms is to induce regional
cell death, which creates necrotic lesions on the tissues; this mechanism causes inhibitive
growth conditions for biotrophic pathogens, which need living tissues to exploit nutri-
ents [25,26]. On the other hand, Surpass400 and 01-23-2-1 displayed some inconsistency in
the further development of necrotic lesions, suggesting unequal intrinsic signaling among
the different forms of incompatible interactions. The Surpass400-H75 8-1 combination trig-
gered the gene-for-gene interaction between AvrLmS/AvrLepR2 and RImS/BLMR?2, while
that in Surpass400-H77 7-2 was between AvrLm1 and LepR3/BLMRI, and those in 01-23-
2-1-H75 8-1/-H77 7-2 were between AvrLm 4-7 and RIm7 [17,27]. These different types of
incompatible interactions may have caused distinct defense signaling network patterns.
Therefore, some different onset patterns among the three interactions (i.e., Surpass400-H77
7-2 and 01-23-2-1-H75 8-1/-H77 7-2) may have been due to the different mechanisms
of AvrLm-RIm interactions and/or the subsequent signaling cascades. Surpass400 was
remarkable, due to the presence of identified R genes LepR3/BLMR1 and BLMR2/LepR?2,
associated with these two genes [15,16,28]. AvrLmS/AvrLepR2 was considered as an inde-
pendent AvrLm gene, conferring HR by interacting with RImS [28,29], and the intermediate
R genes in Surpass400 (LepR3/BLMR1 and RimS/BLMR2/LepR2) worked co-operatively
with major Rlm genes, but also functioned independently of those major genes [16,28].
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3.2. Fine-Tuning of Hormonal Signals in B. napus Is Able to Resist to L. maculans by Controlling
Its Developmental Stages

As there was no apparent hyphal development in all six inoculation pairs before 5 dpi,
the differential expression of some of the genes at 1, 3, and 5 dpi implicated that the three
genotypes possessed unequal priming response strengths, which were linked to the ability
of early sensing of fungal invasion and the anticipated release of defense signals. Studies
have revealed that the intrinsic signaling before the emergence of symptoms determines
further trends of the host-microbe interaction [12,26]. During the biotrophic stage of
L. maculans, small secreted proteins (SSPs), including AvrLm proteins, are released into
the intercellular space and cytoplasm. The recognition of L. maculans AvrLm proteins by
B. napus Rlm proteins is able to trigger early defense responses [12,26].

During plant defense, the biosynthesis of each of the hormones triggers their respon-
sive transcription factors to activate the downstream genes responsible for curtailing the
spread of the disease. Hormonal transcription factors are more downstream proteins,
following the activation of MAPKs and biosynthetic enzymes. These factors are triggered
by the hormone molecules and impact the expression of some anti-microbial elements, in
order to effectively stop further invasion of the pathogens.

3.3. The Early Activation of SA-Related Factors (from 1 to 7 dpi) Was One of the Common Features
of the Intermediate and Resistant Cotyledons

Generally, Surpass400 and 01-23-2-1 had SA-responsive factors (ICS1, NPR1, WRKY70,
PR1, and PR2) expression higher than that in mock inoculations before 7 dpi, while Westar
activated the same set of genes at 11 dpi. SA- and JA-related factors play pivotal roles in
plant defense, including HR. NON-EXPRESSOR OF PR1 (NPR1) lies on the node between
SA-and JA-dependent defensive signaling, ET modulated the role of NPR1 to buffer SA and
JA signaling, NPR1 positively regulated SA-related defense and negatively regulated JA-
related defense, and ET controlled NPR1 by its responsive factor ETHYLENE-INSENSITIVE
PROTEIN 2 (EIN2). NPR1 may also be involved in the full-scale expression of one WRKY
gene, WRKY70, the over-expression of constitutive resistance to some disease by constitu-
tive SA defensive signals, while suppression of WRKY70 showed increased JA-dependent
signals. WRKY70 encodes a transcription factor that positively regulates SA-related signal-
ing; the over-expression of WRKY70 also triggers the constitutive expression of PRI [22].
Ethylene-Insensitive 3 (EIN3) encodes an ethylene-responsive transcription factor; constant
ET signaling has been observed as a result of the over-expression of EIN3 [30].

Becker et al. (2017) [12] also observed the early induction of ICS1 and PR1 at 3 dpiin the
case of incompatible interaction (AvrLepR1-LepR1), indicating that the early activation of
those genes correlates with effective resistance. PR1 was found to be one of the components
and activators of SAR [5]. SAR has defense activity in planta, which is triggered by the
primary infection; plant cells secrete mobile substances throughout the plant body in order
to prevent secondary infection from the pathogens. Those molecules include many defense-
related molecules/proteins, such as PR1 proteins and beta-glucanase (PR2) [31]. PR2 (also
known as BGL2) encodes an enzyme called beta-1,3-glucanase, which is also up-regulated
following SA accumulation [32]. The PR4, also known as Helvin-Like Protein, HEL protein
is regulated by ET-/JA-responsive transcription factors [2]; the PR4 protein is a chitinase
that is able to degrade fungal cell walls [14]. The activation of PR4 indicated the induction
of the ET/JA signaling pathways, which are usually responsible for the defense against
necrotrophic pathogens [1].

As the fungal development of L. maculans (as a hemi-biotroph) initially starts with
the biotrophic stage, in this study, around 7 dpi was the transitive time point between
biotrophic and necrotrophic phases when colonizing the susceptible B. napus genotype
(Figure 1). The early activation of SA-responsive factors in Surpass400 and 01-23-2-1
suggested that resistant B. napus genotypes are able to effectively slow down the lifecycle
of the pathogen and the associated SAR reinforced the defense throughout the plant
body; therefore, these two genotypes were able to hinder the fungal development during
biotrophic stage. However, the susceptible genotype Westar, after 7 dpi, started to induce
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hormonal-related defense genes, as the other two genotypes did from 1 to 5 dpi. The late
activation of defense genes might be due to the massive colonization during necrotrophic
stage, at this stage, the host was barely able to stop the infection, since the amount of fungal
load (mycelia) was too large.

Moreover, bound SA measurement also reflected the priming of SA activation, in
agreement with the qPCR results (Figures 4 and 5). Usually, SA is synthesized in the
chloroplast and transported to the cytosol, where some SA molecules are transformed into
bound versions and the inactive bound SA molecules are subsequently displaced in the
vacuole for inactive storage [5]. Salicylic acid glucoside (SAG) is one of the derivatives
of conjugated salicylic acid (glucolysated form). SAG becomes a slow inducer of SAR
and a storage molecule to form free SA. Both SA and SAG play roles in abiotic/biotic
stresses, but SAG is a safer and slower agent for oxidative burst and Ca?* leakage [24].
In Brassica napus, infection by Verticillium longisporum caused the accumulation of SA
and SAG from the xylem sap [33]. Stored SAG is able to release SA by hydrolysis to
induce oxidative burst and Ca?* leakage for disease resistance [24,33]. SA/SAG also
activates SAR and SA-responsive signaling factors, such as PR1, which play roles in plant
defense [13,24,34]. A previous study suggested the connection between SA level and
programmed cell death/ROS production [35]. The early induction of conjugated SA in
Surpass400 and 01-23-2-1 suggested that early SA storage might slowly induce free SA
to trigger defense responses, such as oxidative burst and cell death, by which the plant
cells are able to stop the fungal cells during their initial development. On the other hand,
Westar showed the accumulation of bound SA at 11 dpi. Similar to the late activation of
SA/JA factors, the susceptible Westar genotype could not recognize the presence of fungus
at the early stage and trigger SA-responsive signals in a timely manner. It was not until the
fungus had reached its necrotrophic stage that the increase in SA storage/accumulation
was initiated. The accumulation of stored SA seemed to synchronize with SA-related
transcription factors in all three genotypes, suggesting that a large section of SA and its
responsive signals came from the hydrolysis of stored (i.e., inactive) SA.

3.4. Unconventional Signaling Transductions Were Observed from qPCR Results

There was also an unusual co-operation between SA and ET/JA signaling observed in
Surpass400-H75 8-1 and Westar-H75 8-1/H77 7-2 during the late stage of infection. Ac-
cording to the conventional hormonal signaling theory, SA and ET/JA have an antagonistic
relationship [1]; however, Sasek et al. (2012) [13] also observed the co-expression of both
SA- and ET-related genes in the case of incompatible interaction in the B. napus—L. maculans
pathosystem. The SA-/ET-/JA-related genes showed a gradual increase in expression
after the transitive time point [36], and the defense genes downstream of these three major
hormones coincided in induction from the transitive time point (7 dpi) to the necrotrophic
stage (11 dpi). Similar patterns have also been observed by Sasek et al. (2012) [13] and
Becker et al. (2017) [12]. It seems that the early recognition of AvrLm proteins by the
resistant genotypes caused the distinct onset patterns of certain genes between susceptible
and resistant backgrounds, such as the genes in hormone signaling (i.e., ICS1 and PR1) and
sulfur metabolism (i.e., APR genes).

This type of co-operation has been observed in other studies. Sasek et al. (2012) [13]
also found the earlier activation of SA and ET/JA factors after the inoculation of aviru-
lent L. maculans isolate. Genes such as WRKY70 (SA-responsive), ACS2 (ET-responsive),
and CHI (ET-/JA-responsive) were expressed in the case of resistant genotype (by incom-
patible interaction) before or at 7 dpi. Becker et al. (2017) [12] also observed the early
activation (3 dpi) of SA-/ET-/JA-responsive genes from the resistant B. napus genotype.
The co-expression of the factors from both SA/ET and JA aspects can be explained as
a balanced general defense signaling strategy. SA and ET have been found to promote
oxidative burst and lesion formation, while JA is able to reduce the effects of ROS-induced
cell senescence [37,38]. As both susceptible (Westar-H75 8-1/H77 7-2) and intermediate
(Surpass400-H75 8-1) cotyledons showed high induction of defense signaling around
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11 dpi, the plant body may trigger innate balancing mechanisms to prevent the detrimental
effects of excessive defense activities. Spoel et al. (2007) [11] postulated that the PCD in-
duced by avirulent pathogen may attract the necrotrophs, and the activation of JA signaling
is able to hinder the spread of necrotroph. From the situation of L. maculans infection, it is
possible that the fungus would transit to necrotrophic stage when dead cells are formed by
HR, the activation of JA may prevent the necrotrophic L. maculans among the dead tissues.

3.5. Two Isolates (HCRT75 8-1 and HCRT77 7-2) Induced Differential Patterns of Hormonal Gene
Expression in Incompatible Interactions

Both Surpass400-H77 7-2 (AvrLm1—BLMR1/LepR3) and 01-23-2-1-H75 8-1/-H77
7-2 (AvrLm4-7/Rlm?7) displayed total resistant phenotypes. The RT-qPCR results suggested
that distinct expression profiles were observed among those genotypes.

It is possible that different versions of gene-for-gene interactions (i.e., Avr-R pairs)
have distinct subsequent patterns of defense signaling cascades. In the gene-for-gene
interaction between Arabidopsis thaliana and Pseudomonas syringae, Century et al. (1995) [39]
found that RPS2-mediated resistance is largely repressed in ndrl mutant Arabidopsis
lines, while RPM1-mediated resistance was partially suppressed under the same mutant
background. Two Avr proteins reacting to one R protein also exert distinct defense signaling
responses: both AvrRpt2 and AvrRpm1 caused a defense response towards RPM1; however,
AvrRpt2 only resulted in a weak defense response, while AvrRpm1 was able to trigger the
typical HR phenotype. Even the different versions of gene-for-gene interactions may exert
different ways of signal transductions for some genes.

4. Materials and Methods
4.1. Plant Growth and Leptosphaeria maculans Isolates

Three Brassica napus genotypes Westar (no Rlm genes), Surpass400 (BLMR1/LepR3 and
BLMR2/RImS), and 01-23-2-1 (RIm?7)) were grown in Sunshine Professional Growing Mix
(SumGro Horticulture), with a cycle of 16 h of light (light intensity: 323 umol/S-m?, 22 °C)
and 8 h of night (16 °C) at 50-60% relative humidity. L. maculans isolates H75 8-1 (genotype:
avrLm1, AvrLm2, avrLm3, avrLm4, AvrLm]1-5, AvrLm7, AvrLm6, avrLm9, AvrLm11, avrLepR1
and AvrLepR2) and H77 7-2 (genotype: AvrLmi1, avrLm2, avrLm3, AvrLm4, AvrLm]1-5,
AvrLm7, AvrLm6, avrLm9, AvrLm11, avrLepR1, and avrLepR2) were cultured on V8 juice agar
medium (Campbell’s, Camden, NJ, USA) at room temperature in the light. The culturing
of isolates lasted for 10-14 days to produce pycnidiospores. Each culture was scraped and
washed by 2 mL of distilled water to collect pycnidiospores.

4.2. Cotyledon Inoculation

The harvested pycnidiospores were adjusted to a concentration of 2 x 107 spores/mL
for cotyledon inoculation tests.

The cotyledons of seven-day-old seedlings were punctured by a modified tweezer and
inoculated by 10 pL diluted inoculum. Each cotyledon lobe was punctured by a modified
tweezer; thus, there were four points of inoculation on each seedling canola cotyledon.

4.3. Lesion Size Quantification

The cotyledons from 3 to 14 days post-inoculation (dpi) were scanned, and the lesion
size was measured using the APS Assess 2.0 software (American Phytopathological Society,
Saint Paul, MN, USA, 2008).

4.4. Trypan Blue Staining

Cotyledons (5, 7, and 11 dpi) were cut into 1 x 1 cm? segments, immersed with 4 mL
of clearing solution A (acetic acid/ethanol = 1:3, v/v), and shaken at a low speed overnight.
Solution A was discarded, changed to clearing solution B (acetic acid /ethanol/glycerol
=1:5:1, v/v/v), and shaken at a low speed for at least 3 h. After the removal of clearing
solution B, the cotyledons were stained with 2 mL of staining solution (0.01% trypan blue
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in lactoglycerol; lactic acid/glycerol/dH,0O = 1:1:1, v/v/v) and shaken at a low speed
overnight. The staining solution was changed to 60% glycerol as washing solution with
low-speed shaking for at least 2 h. Finally, the washed cotyledon segments were ready
to observe on clean slides. The staining experiment followed the protocol of Chung et al.
(2006) [40].

4.5. Analysis of Bound Salicylic Acid (Bound SA)

The cotyledons at 3, 7, and 11 dpi were collected, lyophilized, and stored at —80 °C.
The SA content from bound SA was released by acidic (HCI) hydrolysis. The levels of
freed SA were measured by HPLC [33]. Both the control (water-inoculated) and inoculated
cotyledons were measured in 3 biological replicates (0.1 g dry mass for each).

4.6. Gene Expression Analysis

Frozen cotyledons (1, 3, 5, 7, and 11 dpi) were ground in liquid nitrogen with a
pestle and mortar. Total RNA was extracted with TRI reagent (Sigma-Aldrich, St. Louis,
MO, USA). Total RNA was purified by DNasel treatment with a recombinant DNasel
RNase-free kit (Millipore Sigma, Oakville, ON, Canada). Purified RNA (1 pg) was used to
synthesize cDNA using the GOScript Reverse Transcription System (Promega, Madison,
WI, USA). The cDNA stock solution was diluted to 100 ng/uL. Quantitative-PCR was
performed by loading 1 uL of cDNA (100 ng) into the 10 uL reaction system of the IQ™
SYBR® Green Supermix (BioRad, Hercules, CA, USA). Experiments were based on three
biological replicates.

The qPCR program used for all of the analyzed genes (except for ACO1) was 95 °C
for 3 min; followed by 39 cycles of 95 °C for 15 s and 60 °C for 20 s; followed by a melting
curve analysis.

As the qPCR for ACO1 using the program mentioned above showed low quality, the
qPCR program used for ACO1 was 95 °C for 3 min; followed by 39 cycles of 95 °C for 15 s,
55 °C for 1 min, and 72 °C for 1 min; followed by a melting curve analysis.

All gPCR primers are listed in Supplementary Table S1. The relative level of gene
expression was analyzed with the 2722CT method described by Livak and Schmittgen
(2001) [41]. Actin was used as a reference gene to normalize the expression of the tar-
get genes.

4.7. Statistical Analysis

Unless specified, the analyses of samples used at least three biological replicates. The
statistical analyses were performed using the Fisher’s least significant difference (LSD)
method with the SAS 9.4 software. The Fisher’s LSD was applied to lesion test, gene
expression, and bound SA measurement, in order to observe effectiveness of resistance in
three genotypes when inoculated with two isolates.

5. Conclusions

In conclusion, this study showed that the regulation of hormonal signaling is crucial
for plant defense in B. napus under the pressure of L. maculans. Different trade-off patterns
for some hormonal responsive factors led to distinct levels of severity. Among them,
SA-responsive factors were found to play pivotal roles in stronger resistance in B. napus,
in which early SA signaling and subsequent SAR, such as WRKY70 and PR1, possibly
play a central role in the defense against Brassica napus. Compared with the incompatible
interaction, the compatible interaction showed later activation of the SA-/JA-/ET-related
genes studied in this research, suggesting that the late activation of massive defense signals
may not rescue B. napus from L. maculans invasion. Again, it implicates the advantages of
priming of defense activities in B. napus from more resistant genotypes (i.e., Surpass400 and
01-23-2-1). The distinct onset patterns of the hormone-responsive genes between these two
types of interactions reflect the importance of early activation of essential defense genes to
stem the early hyphal development of L. maculans. For future directions, the connection
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between hormone signaling and other defense mechanisms is suggested, such as reactive
oxygen species (ROS) signaling and mitogen-activated protein kinase (MAPK) cascades.
The interaction between different hormonal signaling pathways should also be another
intriguing area to explore.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22094714/s1.

Author Contributions: Conceptualization, C.Y. and W.G.D.E,; methodology, C.Y.; validation, C.Y. and
W.G.D.E; formal analysis, C.Y.; investigation, C.Y.; resources, data curation, C.Y.; writing—original
draft preparation, C.Y.; writing—review and editing, C.Y. and W.G.D.E; supervision, WG.D.E;
project administration, W.G.D.F.; funding acquisition, W.G.D.E. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by NSERC (Discovery) and NSERC-CRD.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary materials, further inquiries can be directed to the corresponding author/s.

Acknowledgments: The authors wish to thank a NSERC Discovery grant and a NSERC-CRD grant
awarded to W.G.D. Fernando to carry out this work. We acknowledge the assistance of the Plant
Science greenhouse staff in assisting with watering and maintaining our experiments.

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

References

1.  Bari, R;Jones, ].D.G. Role of plant hormones in plant defence response. Plant Mol. Biol. 2009, 69, 473-488. [CrossRef]

2. Kunkel, B.N.; Brooks, D.M. Cross talk between signaling pathways in pathogen defense. Curr. Opin. Plant Biol. 2002, 5, 325-331.
[CrossRef]

3. Berens, M.L.; Berry, H.M.; Mine, A.; Argueso, C.T.; Tsuda, K. Evolution of hormone signaling networks in plant defense. Annu.
Rev. Phytopathol. 2017, 55, 401-425. [CrossRef]

4. Li,J;Brader, G.; Palva, E.T. The WRKY70 transcription factor: A node of convergence for jasmonate-mediated and salicylate-
mediated signals in plant defense. Plant Cell 2004, 16, 319-331. [CrossRef]

5. Vlot, A.C.;; Dempsey, D.A.; Klessig, D.F. Salicylic acid, a multifaceted hormone to combat disease. Annu. Rev. Phytopathol. 2009,
47,177-206. [CrossRef] [PubMed]

6. Benavente, L.M.; Alonso, ].M. Molecular mechanisms of ethylene signaling in Arabidopsis. Mol. Biosyst. 2006, 2, 165-173.
[CrossRef] [PubMed]

7. Norman-Setterblad, C.; Vidal, S.; Palva, E.T. Interacting signal pathways control defense gene expression in Arabidopsis in
response to cell wall-degrading enzymes from Erwinia carotovora. Mol. Plant Microbe Interact. 2000, 13, 430-438. [CrossRef]
[PubMed]

8. Agrios, G.N. Plant Pathology, 5th ed.; Elsevier Academic Press: Burlington, MA, USA, 2004; pp. 208-227.

9.  Knepper, C.; Day, B. From perception to activation: The molecular-genetic and biochemical landscape of disease resistance
signaling in plants. Arab. Book 2010, 8, e012. [CrossRef] [PubMed]

10. Tao, Y.; Xie, Z.; Chen, W.; Glazebrook, J.; Chang, H.-S.; Han, B.; Zhu, T.; Zou, G.; Katagiri, F. Quantitative nature of Arabidopsis
responses during compatible and incompatible interactions with the bacterial pathogen Pseudomonas syringae. Plant Cell 2003,
15, 317-330. [CrossRef] [PubMed]

11.  Spoel, S.H.; Johnson, J.S.; Dong, X. Regulation of tradeoffs between plant defenses against pathogens with different lifestyles.
Proc. Natl. Acad. Sci. USA 2007, 104, 18842-18847. [CrossRef]

12.  Becker, M.G.; Zhang, X.; Walker, P.L.; Wan, J.C.; Millar, J.L.; Khan, D.; Granger, M.].; Cavers, ].D.; Chan, A.C.; Fernnado, D.W.G.;
et al. Transcriptome analysis of the Brassica napus—Leptosphaeria maculans pathosystem identifies receptor, signaling and structural
genes underlying plant resistance. Plant J. 2017, 90, 573-586. [CrossRef]

13. Sasek, V.; Novakova, M,; Jindfichova, B.; Boka, K.; Valentova, O.; Burketova, L. Recognition of avirulence gene AvrLml from
hemibiotrophic ascomycete Leptosphaeria maculans triggers salicyclic acid and ethylene signaling in Brassica napus. Mol. Plant
Microbe Interact. 2012, 25, 1238-1250. [CrossRef]

14. Borad, V.; Sriram, S. Pathogenesis-related proteins for the plant protection. Asian J. Exp. Sci. 2008, 22, 189-196.


https://www.mdpi.com/article/10.3390/ijms22094714/s1
https://www.mdpi.com/article/10.3390/ijms22094714/s1
http://doi.org/10.1007/s11103-008-9435-0
http://doi.org/10.1016/S1369-5266(02)00275-3
http://doi.org/10.1146/annurev-phyto-080516-035544
http://doi.org/10.1105/tpc.016980
http://doi.org/10.1146/annurev.phyto.050908.135202
http://www.ncbi.nlm.nih.gov/pubmed/19400653
http://doi.org/10.1039/b513874d
http://www.ncbi.nlm.nih.gov/pubmed/16880934
http://doi.org/10.1094/MPMI.2000.13.4.430
http://www.ncbi.nlm.nih.gov/pubmed/10755306
http://doi.org/10.1199/tab.0124
http://www.ncbi.nlm.nih.gov/pubmed/22303251
http://doi.org/10.1105/tpc.007591
http://www.ncbi.nlm.nih.gov/pubmed/12566575
http://doi.org/10.1073/pnas.0708139104
http://doi.org/10.1111/tpj.13514
http://doi.org/10.1094/MPMI-02-12-0033-R

Int. . Mol. Sci. 2021, 22, 4714 18 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Long, Y.; Wang, Z.; Sun, Z.; Fernando, D.W.G.; McVetty, P.B.E.; Li, G. Identification of two blackleg resistance genes and fine
mapping of one of these two genes in a Brassica napus canola cultivar ‘Surpass400’. Theor. Appl. Genet. 2011, 122, 1223-1231.
[CrossRef]

Dandena, H.B.; Zhang, Q.; Zhou, T.; Hirani, A.H.; Liu, Z.; Fernando, D.W.G.; Duncan, R.W.; Li, G. Analysis of quantitative adult
plant resistance to blackleg in Brassica napus. Mol. Breed. 2019, 39, 124. [CrossRef]

Larkan, N.J.; Lydiate, D.J.; Parkin, I.A.; Nelson, M.N.; Epp, D.J.; Cowling, W.A.; Rimmer, S.R.; Borhan, M.H. The Brassica napus
blackleg resistance gene LepR3 encodes a receptor-like protein triggered by the Leptosphaeria maculans effector AVRLM1. New
Phytol. 2013, 197, 595-605. [CrossRef] [PubMed]

Li, C.; Barker, S.J.; Gilchrist, D.G.; Lincoln, ].E.; Cowling, W.A. Leptosphaeria maculans elicits apoptosis coincident with leaf lesion
formation and hyphal advance in Brassica napus. Mol. Plant Microbe Interact. 2008, 21, 1143-1153. [CrossRef] [PubMed]
Hammond, K.E.; Lewis, B.G. The establishment of systemic infection in leaves of oilseed rape by Leptosphaeria maculans. Plant
Pathol. 1987, 36, 135-147. [CrossRef]

Wildermuth, M.C.; Dewdney, J.; Wu, G.; Ausubel, EM. Isochoirsmate synthease is required to synthesize salicylic acid for plant
defense. Nature 2001, 414, 562-565. [CrossRef]

Laudert, D.; Weiler, E.W. Allene oxide synthase: A major control point in Arabidopsis thaliana octadecanoid signaling. Plant J. 1998,
15, 675-684. [CrossRef]

Garcia, M.].; Lucena, C.; Romera, E]J.; Alcantara, E.; Perez-Vicente, R. Ethylene and nitric oxide involvement in the up-regulation
of key genes related to irion acquisition and homeostasis in Arabidopsis. J. Exp. Bot. 2010, 61, 3885-3899. [CrossRef]

Brodersen, P; Petersen, M.; Bjorn Nielsen, H.; Zhu, S.; Newman, M.A.; Shokat, K.M.; Rietz, S.; Parker, J.; Mundy, ]. Arabiodpsis
MAP kinase 4 regulates salicylic acid- and jasmonic acid/ethylene-dependent responses via EDS1 and PAD4. Plant J. 2006,
47,532-546. [CrossRef]

Kawano, T.; Tanaka, S.; Kadono, T.; Muto, S. Salicylic acid glucoside acts as a slow inducer of oxidative burst in tobacco suspension
culture. Z. Naturforsch. C 2004, 59, 684—-692. [CrossRef] [PubMed]

Coll, N.S.; Epple, P.; Dangl, J.L. Programmed cell death in the plant immune system. Cell Death Differ. 2011, 18, 1247-1256.
[CrossRef] [PubMed]

Stotz, H.U.; Mitrousia, G.K.; de Wit, PJ.G.M.; Fitt, B.D.L. Effector-triggered defence against apoplastic fungal pathogens. Trends
Plant Sci. 2014. [CrossRef] [PubMed]

Parlange, F; Daverdin, G.; Fudal, I.; Kuhn, M.-L.; Balesdent, M.-H.; Blaise, F.; Grezes-Besset, B.; Rouxel, T. Leptosphaeria maculans
avirulence gene AvrLm4-7 confers a dual recognition specificity by the RIm4 and RIm7 resistance genes of oilseed rape, and
circumvents RlIm4-mediated recognition through a single amino acid change. Mol. Microbiol. 2009, 71, 851-863. [CrossRef]
Neik, T.X.; Ghanbarnia, K.; Ollivier, B.; Scheben, A.; Severn-Ellis, A.; Larkan, N.J.; Haddadi, P.; Fernando, W.G.D.; Rouxel, T;
Batley, J.; et al. Two independent approaches converge to the cloning of a new Leptosphaeria maculans avirulence effector gene,
AvrLmS-Lep2. bioRxiv 2020. [CrossRef]

Van de Wouw, A.P,; Marcroft, S.J.; Barbetti, M.].; Hua, L.; Salisbury, P.A.; Gout, L.; Rouxel, T.; Howlett, B.J.; Balesdent, M.H. Dual
control of avirulence in Leptosphaeria maculans towards a Brassica napus cultivar with ‘sylvestris’—derived’ resistance suggests
involvement of two resistance genes. Plant Pathol. 2009, 58, 305-313. [CrossRef]

Adie, B.; Chico, ].M.; Rubio-Somoza, I.; Solano, R. Modulation of plant defenses by ethylene. ]. Plant Growth Regul. 2007,
26,160-177. [CrossRef]

Conrath, U. Systemic acquired resistance. Plant Signal. Behav. 2006, 1, 179-184. [CrossRef]

Thibaud, M.C.; Gineste, S.; Nussaume, L.; Robaglia, C. Sucrose increases pathogenesis-related PR-2 gene expression in Arabidopsis
thaliana through an SA-dependent but NPR1-independent signaling pathway. Plant Physiol. Biochem. 2004, 42, 81-88. [CrossRef]
[PubMed]

Ratzinger, A.; Riediger, N.; von Tiedemann, A.; Karlovsky, P. Salicylic acid and salicylic acid glucoside in xylem sap of Brassica
napus infected with Verticillium longisporum. J. Plant Res. 2009, 122, 571-579. [CrossRef]

Hennig, J.; Malamy, J.; Grynkiewicz, G.; Indulski, J.; Klessig, D.F. Interconversion of the salicylic acid signal and tis glucoside in
tobacco. Plant . 1993, 4, 593-600. [CrossRef]

Pogany, M.; von Rad, U.; Grun, S.; Dongo, A.; Pintye, A.; Simoneau, P.; Bahnweg, G.; Kiss, L.; Barna, B.; Durner, J. Dual
roles of reactive oxygen species and NADPH oxidase RBOHD in an Arabidopsis-Alternaria pathosystem. Plant Physiol. 2009,
151, 1459-1475. [CrossRef] [PubMed]

Novakovd, M,; Sasek, V,; Trd4, L.; Krutinovda, H.; Mongin, T.; Valentov4, O.; Balesden, M.H.; Rouxel, T.; Burketova, L. Leptosphaeria
maculans effector AvrLm4-7 affects salicylic acid (SA) and ethylene (ET) signaling and hydrogen peroxide (H202) accumulation
in Brassica napus. Mol. Plant Pathol. 2016, 17, 818-831. [CrossRef]

Overmyer, K.; Tuominen, H.; Ketunen, H.; Betz, C.; Langebartels, C.; Sandermann, H., Jr.; Kangasjarvi, ]. Ozone-sensitive
Arabidopsis rcdl mutant reveals opposite roles for ethylene and jasmonate signaling pathways in regulating superoxide-
dependent cell death. Plant Cell 2000, 12, 1849-1862. [CrossRef] [PubMed]

Rao, M.V,; Lee, H.-1,; Davis, K.R. Ozone-induced ethylene production is dependent on salicylic acid, and both salicylic acid and
ethylene act in concert to regulate ozone-induced cell death. Plant ]. 2002, 32, 447-456. [CrossRef]


http://doi.org/10.1007/s00122-010-1526-z
http://doi.org/10.1007/s11032-019-1035-y
http://doi.org/10.1111/nph.12043
http://www.ncbi.nlm.nih.gov/pubmed/23206118
http://doi.org/10.1094/MPMI-21-9-1143
http://www.ncbi.nlm.nih.gov/pubmed/18700819
http://doi.org/10.1111/j.1365-3059.1987.tb02213.x
http://doi.org/10.1038/35107108
http://doi.org/10.1046/j.1365-313x.1998.00245.x
http://doi.org/10.1093/jxb/erq203
http://doi.org/10.1111/j.1365-313X.2006.02806.x
http://doi.org/10.1515/znc-2004-9-1013
http://www.ncbi.nlm.nih.gov/pubmed/15540602
http://doi.org/10.1038/cdd.2011.37
http://www.ncbi.nlm.nih.gov/pubmed/21475301
http://doi.org/10.1016/j.tplants.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24856287
http://doi.org/10.1111/j.1365-2958.2008.06547.x
http://doi.org/10.1101/2020.10.02.322479
http://doi.org/10.1111/j.1365-3059.2008.01982.x
http://doi.org/10.1007/s00344-007-0012-6
http://doi.org/10.4161/psb.1.4.3221
http://doi.org/10.1016/j.plaphy.2003.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15061088
http://doi.org/10.1007/s10265-009-0237-5
http://doi.org/10.1046/j.1365-313X.1993.04040593.x
http://doi.org/10.1104/pp.109.141994
http://www.ncbi.nlm.nih.gov/pubmed/19726575
http://doi.org/10.1111/mpp.12332
http://doi.org/10.1105/tpc.12.10.1849
http://www.ncbi.nlm.nih.gov/pubmed/11041881
http://doi.org/10.1046/j.1365-313X.2002.01434.x

Int. . Mol. Sci. 2021, 22, 4714 19 of 19

39.

40.

41.

Century, K.S.; Holub, E.B.; Staskawicz, B.J. NDR1, a locus of Arabidopsis thaliana that is required for disease resistance to both a
bacterial and a fungal pathogen. Proc. Natl. Acad. Sci. USA 1995, 92, 6597-6601. [CrossRef]

Chung, C.-L.; Longfellow, ].M.; Walsh, E.K.; Kerdieh, Z.; Van Esbroeck, G.; Balint-Kurti, P.; Nelson, R.J. Resistance loci affecting
distinct stages of fungal pathogenesis: Use of introgression lines for QTL mapping and characterization in the maize—Setosphaeria
turcica pathosystem. BMC Plant Biol. 2010, 10, 1-25. [CrossRef]

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


http://doi.org/10.1073/pnas.92.14.6597
http://doi.org/10.1186/1471-2229-10-103
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Distinct Levels of Disease Severities from the B. napus Cotyledons with Different Inoculation Pairs 
	Fungal Development of L. maculans Isolates from Compatible, Intermediate, and Incompatible Interactions 
	Gene Expression Analysis in Hormone Signaling 
	The Potential Relationship between Hormonal Biosynthesis and the Regulatory Patterns of Hormonal Signals throughout the B. napus and L. maculans Interaction 

	Discussion 
	The Fungal Development of L. maculans Was Hindered Due to the Host Resistance 
	Fine-Tuning of Hormonal Signals in B. napus Is Able to Resist to L. maculans by Controlling Its Developmental Stages 
	The Early Activation of SA-Related Factors (from 1 to 7 dpi) Was One of the Common Features of the Intermediate and Resistant Cotyledons 
	Unconventional Signaling Transductions Were Observed from qPCR Results 
	Two Isolates (HCRT75 8-1 and HCRT77 7-2) Induced Differential Patterns of Hormonal Gene Expression in Incompatible Interactions 

	Materials and Methods 
	Plant Growth and Leptosphaeria maculans Isolates 
	Cotyledon Inoculation 
	Lesion Size Quantification 
	Trypan Blue Staining 
	Analysis of Bound Salicylic Acid (Bound SA) 
	Gene Expression Analysis 
	Statistical Analysis 

	Conclusions 
	References

