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Abstract: Chili pepper (Capsicum annuum) is an important fruit and spice used globally, but its yield
is seriously threatened by anthracnose. Capsicum baccatum is particularly valuable as it carries advan-
tageous disease resistance genes. However, most of the genes remain to be identified. In this study,
we identified the C. baccatum-specific gene CbCN, which encodes a truncated nucleotide-binding and
leucine-rich repeat protein in the anthracnose resistant chili pepper variety PBC80. The transcription
of CbCN was greater in PBC80 than it was in the susceptible variety An-S after Colletotrichum acutatum
inoculation. In order to investigate the biological function of CbCN, we generated transgenic tobacco
lines constitutively expressing CbCN. Notably, CbCN-overexpressing transgenic plants exhibited
enhanced resistance to C. acutatum compared to wild-type plants. Moreover, the expression of
pathogenesis-related (PR) genes was remarkably increased in a CbCN-overexpressing tobacco plants.
In order to confirm these results in chili pepper, we silenced the CbCN gene using the virus-induced
gene silencing system. The anthracnose resistance and expressions of PR1, PR2, and NPR1 were
significantly reduced in CbCN-silenced chili peppers after C. acutatum inoculations. These results
indicate that CbCN enhances the innate immunity against anthracnose caused by C. acutatum by
regulating defense response genes.

Keywords: anthracnose resistance; Capsicum baccatum; Colletotrichum acutatum; Nicotiana benthamiana;
nucleotide-binding and leucine-rich repeat

1. Introduction

New breeding technologies comprising genomics approaches have been considered
to be the primary method for screening for novel genes. Indeed, in consideration of the
information in the genome sequence and the development of genome engineering tech-
nologies, genomics techniques such as genome-wide comparative analysis, quantitative
trait locus (QTL), and map-based cloning constitute rapid and efficient methods for iden-
tifying valuable novel genes. Previous studies on the genome sequence of chili pepper
(Capsicum annuum) revealed that the plant pathogen resistance (R) genes belonged to the
nucleotide-binding and leucine-rich repeat (NLR) family are significantly expanded and
diversified in the genome compared to closely related species [1]. In addition, in-depth
genome-wide comparison showed that long terminal repeat retrotransposons dramatically
elevated the numbers of NLR genes in chili pepper plants [2]. The NLR protein family
regulates the immune response against invading pathogens in plants and animals [3–5].
Most R genes encode NLR receptors, which directly recognize pathogen effectors by the
decoy domain [6]. This NLR-mediated effector triggered immunity commonly results in
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a hypersensitive response characterized by a burst of reactive oxygen species and pro-
grammed cell death associated with disease resistance in the infected region [7–9]. It also
causes a secondary resistance response known as systemic acquired resistance (SAR), which
is a mechanism of induced defense that confers long-lasting protection against a broad
spectrum of pathogens [10].

The NLR family is one of the most variable gene families in plant genomes [11]. Plant
NLRs are classified in two groups based on their N-terminal domains: toll/interleukin-
1 receptor (TIR) domain containing NLRs (TNLs), coiled-coil (CC) domain containing
NLRs (CNLs), and resistance to powdery mildew 8 (RPW8)-type CNLs (RNLs) [12]. NLRs
also display a central nucleotide-binding site (NBS), which is also called NB-ARC, and
a C-terminal leucine-rich repeat (LRR) domain [13]. In addition to these typical NLRs,
atypical truncated NLRs lacking the LRR domain, namely TIR-NBS (TN) and CC-NBS
(CN), are found in higher plant genomes [14,15]. Previous studies have demonstrated a
biological function of TNs in Arabidopsis. For example, resistance to Leptosphaeria maculans
3 (RLM3), which encodes a TN protein, enhances the resistance to several necrotrophic
fungi [16]. The truncated TN protein Arabidopsis chilling sensitive 1 (CHS1) plays a role
in plant growth and cell death under chilling stress [17]. TN2 interacts with a subunit
of the exocyst complex EXO70B1 and activates defense responses and cell death in the
exo70B1 mutant [18]. TN13 identified as an interaction partner of importin-α3/modifier
of SNC1, 6 (MOS6) is required for basal resistance to the Pseudomonas syringae pv. tomato
strain DC3000 [19]. The TIR-NB-LRR immune receptor suppressor of CHS1, 2, 3 (SOC3)
interacts with CHS1 or TN2 and the SCF complex to regulate innate immunity [20,21].
Recently, the singleton TN, dangerous mix 10 (DM10), was reported to cause severe hybrid
necrosis, which is typically induced by a conflict between divergent alleles of immunity
genes coming from different parental accessions [22]. Although these data implicate their
involvement in innate immunity, the roles of truncated NLRs, especially CN proteins,
remain to be elucidated [23].

Chili pepper is a primary economic crop used as vegetable food, spice, and traditional
medicine in the world [24–26] and products of it are severely threated by anthracnose
which can cause product losses of up to 80% [27]. Capsicum baccatum contains a lot of
valuable genes for pepper plant breeding [28,29]. In particular, the C. baccatum resistant
variety PBC80 showed disease resistance to the three main Colletotrichum species causing
pepper anthracnose: C. acutatum, C. capsici, and C. gloeosporioides [30]. The resistance genes
originating from variety PBC80 have therefore been the focus of much attention toward
their identification and characterization.

Previously, we generated the BC1F2 population by the interspecific crossing of C.
annuum ‘SP26’ x C. baccatum ‘PBC80’. BC1F2 population showed enhanced anthracnose
resistance to Colletotrichum acutatum and Colletotrichum capsici [31]. A composite interval
mapping (CIM) analysis revealed main-effect QTLs for anthracnose resistance in a BC1F2
population and significant QTLs for resistance to C. acutatum located on chromosome
12 [31]. In this study, we cloned the candidate genes located on chromosome 12 from
the C. baccatum variety PBC80 and identified CbCN, which is the C. baccatum-specific
truncated NLR gene, by using a genome-wide comparative analysis. We took an integrated
approach combining molecular and genetic tools to decipher CbCN’s biological function.
Our findings revealed that CbCN is involved in innate immunity against anthracnose and
regulates the expression of immune response genes.

2. Results
2.1. Identification of Truncated NLR Protein Specific of C. baccatum in the PBC80 Variety

Our previous CIM analyses found the minor and major QTLs, CcR12.1 and CcR12.2,
located on chromosome 12 for resistance to C. acutatum [31]. Since C. baccatum contains a
number of valuable genes for plant breeding, we performed a genomic analysis to find
C. baccatum-specific NLR genes of the target region of two QTLs (Figure 1A). As a result,
we identified the five C. baccatum-specific genes encoding NLR protein located on CcR12.1
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and CcR12.2 (data not shown). In order to explore the function, we cloned the candidate
genes from the resistant chili pepper variety PBC80. The cDNA sequence of one of them
contained 1527 bp encoding a 508 aa protein lacking two asparagine residues (position 217
and 218) compared to the sequence of reference genome (PHT28388). The InterPro protein
sequence analysis and classification software tool identified a RX-like CC domain spanning
residues 2–122 and a NBS domain formed by residues 157–394 (Figure 1B). In contrast to
typical NLR proteins, the identified protein presented only CC and NBS domains, while
the LRR domain was absent (Figure 1C).

2.2. Upregulation of CbCN Transcription by C. acutatum

Next, we characterized the identified protein CbCN. Most NLRs are assumed to be
cytoplasmic proteins as they contain no signal peptide or transmembrane region [32].
Consistently, CbCN lacked a signal peptide or transmembrane region. In order to examine
the subcellular localization of CbCN in plants, we expressed N-terminal and C-terminal
YFP-conjugated CbCN in chili pepper protoplasts. CbCN signals were predominantly
observed in the cytosol (Figure 2A). In order to determine whether CbCN was involved
in the disease response against anthracnose, we monitored the expression of CbCN by
RT-qPCR after C. acutatum inoculation. The transcription level of CbCN was remarkably
increased in both the susceptible variety An-S and the resistant variety PBC80 after C.
acutatum inoculation (Figure 2B). Moreover, the expression of CbCN was dramatically
higher in PBC80 than that in An-S (Figure 2B).

2.3. Enhanced Disease Resistance to C. acutatum in CbCN-Overexpressing Tobacco Plants

In order to investigate the biological function of CbCN in plants, we generated trans-
genic tobacco plants (Nicotiana benthamiana) constitutively expressing CbCN (CbCNOX). The
presence of the CbCN transgene was verified using RT-PCR (Supplementary Figure S1).
In order to assess the involvement of CbCN in innate immunity against anthracnose, we
analyzed the CbCNOX phenotype after C. acutatum inoculation. The CbCNOX leaves were
more resistant to C. acutatum than the leaves of wild-type plants (Figure 3A). For accurate
quantitative analysis, we measured the lesion area using the ImageJ software and con-
firmed that the susceptibility to C. acutatum was reduced in CbCNOX (Figure 3A). In order
to examine whether CbCN specifically responds to C. acutatum, we inoculated CbCNOX

plants with other Colletotrichum species such as Colletotrichum capsici. Unlike C. acutatum
inoculation, CbCNOX plants showed the similar phenotype with wild-type plants after C.
capsici inoculation (Figure 3B).

Next, we monitored the expression levels of genes related to innate immunity in
CbCNOX and wild-type plants. The RT-qPCR assay indicated that the transcription levels of
pathogenesis-related (PR) genes NbPR1 and NbPR2 were remarkably increased in CbCNOX

(Figure 3C).

2.4. Attenuation of the Resistance to C. acutatum in Chili Pepper by CbCN Gene Silencing

Since PR1 and PR2 genes were upregulated by CbCN in tobacco, we examined whether
these genes were associated with resistance to anthracnose in chili pepper varieties. The
expression levels of PR1 and PR2 were significantly increased in An-S and PBC80 12 h after
C. acutatum inoculation (Supplementary Figure S2). PR1 expression was consistently higher
in PBC80 than it was in An-S from 12 h to 48 h after disease induction (Supplementary
Figure S2A). However, PR2 expression level was consistently higher in PBC80 than it was
in An-S from 24 h to 48 h after C. acutatum inoculation (Supplementary Figure S2B). These
results suggest that a differential expression of PR1 and PR2 was involved in the innate
immunity against anthracnose in chili pepper varieties.
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Figure 1. Consensus sequences of the atypical NLR protein CbCN. (A) Schematic representation of identification of the
CbCN gene by genomic analysis. (B) Amino-acid sequences of CbCN cloned from PBC80. The 508 amino-acid sequences of
the CbCN protein were analyzed and conserved domains were predicted using the InterPro program. The red line indicates
the CC domain and the blue line indicates the NBS domain. (C) Schematic representation of a typical NLR and CbCN
protein. The numbers correspond to the amino acids of the CbCN protein.
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Figure 2. Analysis of CbCN subcellular localization and gene expression. (A) Subcellular localization of CbCN. N-terminal 
and C-terminal YFP-conjugated CbCN were transfected into chili pepper protoplasts and incubated for 12 h. Images were 
taken with a confocal microscope after the incubation. RFP marks the chlorophyll. Scale bar: 10 mm. (B) Expression anal-
ysis of CbCN after C. acutatum inoculation for the indicated times using RT-qPCR. Actin served as a control. Values repre-
sent means ± SDs. Asterisks indicate values significantly different from An-S at 0 h and between pepper varieties within 
same timepoint (* p < 0.05 and ** p < 0.01). All experiments were repeated at least three times and they generated similar 
results. 

  

Figure 2. Analysis of CbCN subcellular localization and gene expression. (A) Subcellular localization of CbCN. N-terminal
and C-terminal YFP-conjugated CbCN were transfected into chili pepper protoplasts and incubated for 12 h. Images were
taken with a confocal microscope after the incubation. RFP marks the chlorophyll. Scale bar: 10 mm. (B) Expression analysis
of CbCN after C. acutatum inoculation for the indicated times using RT-qPCR. Actin served as a control. Values represent
means ± SDs. Asterisks indicate values significantly different from An-S at 0 h and between pepper varieties within same
timepoint (* p < 0.05 and ** p < 0.01). All experiments were repeated at least three times and they generated similar results.

We investigated CbCN-mediated anthracnose resistance in chili pepper using the VIGS
system to knock down the CbCN gene. The transcription of CbCN was reduced successfully
as illustrated by RT-qPCR (Supplementary Figure S3A). We assessed the phenotype of
CbCN-silenced plants inoculated with C. acutatum for 6 days. The susceptibility to C.
acutatum increased significantly in CbCN-silenced chili pepper plants (Figure 4A). An
image-based quantitative analysis indicated that the susceptibility to C. acutatum was more
than 2.5-fold greater in the chili pepper fruits knocked down for CbCN than it was in the
wild-type fruits (Figure 4B). However, CbCN-silencing did not affect the disease resistance
to C. capsici in pepper fruit (Supplementary Figure S3B).

In order to determine whether CbCN upregulated PR genes in chili pepper, we
performed RT-qPCR in CbCN-silenced chili pepper fruits inoculated with C. acutatum. The
expressions of PR1 and PR2 were significantly decreased in CbCN-silenced chili peppers
compared to that in wild-type fruits (Figure 4C). Moreover, nonexpressor of pathogenesis-
related genes 1 (NPR1) transcription was downregulated significantly in CbCN-silenced
chili pepper compared to that in wild-type plants (Figure 4D).
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Figure 3. Anthracnose resistance of CbCN-expressing tobacco (Nicotiana benthamiana) plants to C. 
acutatum. (A,B) Anthracnose disease resistance assays of CbCN-overexpressing transgenic plants. 
Four-week-old CbCNOX and wild-type plants were inoculated with C. acutatum (A) and C. capsici 
(B) for the disease resistance assays, respectively. Images were captured at 6 days after inoculation 
and quantitative measurements of the disease area were obtained using the image-based plant 
disease phenotyping method. Values are expressed as means ± SDs. Asterisks indicate values sta-
tistically different from those of controls (* p < 0.05). (C) Analysis of the expression of NbPR1 and 
NbPR2 in CbCNOX plants using RT-qPCR. NbActin served as a control. Values are expressed as 
means ± SDs. Asterisks indicate values statistically different from those of controls (** p < 0.01). All 
experiments were repeated at least three times and they generated similar results. 

Figure 3. Anthracnose resistance of CbCN-expressing tobacco (Nicotiana benthamiana) plants to C. acutatum. (A,B) Anthrac-
nose disease resistance assays of CbCN-overexpressing transgenic plants. Four-week-old CbCNOX and wild-type plants
were inoculated with C. acutatum (A) and C. capsici (B) for the disease resistance assays, respectively. Images were captured
at 6 days after inoculation and quantitative measurements of the disease area were obtained using the image-based plant
disease phenotyping method. Values are expressed as means ± SDs. Asterisks indicate values statistically different from
those of controls (* p < 0.05). (C) Analysis of the expression of NbPR1 and NbPR2 in CbCNOX plants using RT-qPCR. NbActin
served as a control. Values are expressed as means ± SDs. Asterisks indicate values statistically different from those of
controls (** p < 0.01). All experiments were repeated at least three times and they generated similar results.

Taken together, these results indicated that CbCN is required to upregulate defense
genes such as PR1, PR2, and NPR1 in chili pepper.
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image-based plant disease phenotyping method (B). Values are expressed as means ± SDs. Asterisks indicate values sta-
tistically different from mock without VIGS and between present or absent of VIGS within C. acutatum inoculation (* p < 
0.05 and ** p < 0.01). (C,D) Expression analysis of defense-response genes. Transcriptional levels of the SAR marker genes 
PR1 and PR2 (C) and SAR master regulator NPR1 (D) were measured in CbCN-silenced chili pepper fruits after 6 days of 
C. acutatum inoculation using RT-qPCR. Actin served as a control. Values are expressed as means ± SDs. Asterisks indicate 
values statistically different from those of controls (** p < 0.01). (E) A working model of CbCN involvement in innate 

Figure 4. Anthracnose susceptibility and gene expression analysis in CbCN-silenced chili pepper fruits after C. acutatum
inoculation. (A,B) Pathogen susceptibility assays of VIGS-mediated CbCN-silenced chili pepper fruits after C. acutatum
inoculation. Chili pepper fruits of CbCN-silenced and wild-type plants were inoculated with C. acutatum or mock treatments.
Images were captured after 6 days (A) and quantitative measurements of the disease area were obtained using the image-
based plant disease phenotyping method (B). Values are expressed as means ± SDs. Asterisks indicate values statistically
different from mock without VIGS and between present or absent of VIGS within C. acutatum inoculation (* p < 0.05 and
** p < 0.01). (C,D) Expression analysis of defense-response genes. Transcriptional levels of the SAR marker genes PR1 and
PR2 (C) and SAR master regulator NPR1 (D) were measured in CbCN-silenced chili pepper fruits after 6 days of C. acutatum
inoculation using RT-qPCR. Actin served as a control. Values are expressed as means ± SDs. Asterisks indicate values
statistically different from those of controls (** p < 0.01). (E) A working model of CbCN involvement in innate immunity
against C. acutatum. The solid arrows indicate the role of CbCN verified in this study. The dashed line indicates hypothetical
a process. All experiments were repeated at least three times and they generated similar results.

3. Discussion

Chili pepper is a crop of crucial economic significance worldwide and anthracnose
is one of the most important chili pepper disease. Previous genomic studies suggested
that the NLR family is a central regulator of anthracnose resistance in chili pepper [1,2].
However, the NLR genes and their mechanisms of action in anthracnose resistance are
largely unknown in chili peppers. Genomics approach were efficient to screen valuable
genes in chili pepper. Therefore, we used genome-wide comparative analysis and identified
CbCN in chromosome 12 of the resistant C. baccatum variety PBC80 as one of the candidate
genes involved in anthracnose resistance to C. acutatum (Figure 1A).

Notably, unlike canonical NLRs, CbCN protein contained only the CC and NBS
domains (Figure 1B,C). Transcriptome analyses have indicated that NLR genes were
upregulated upon pathogen infection [33,34]. Moreover, NLR genes upregulated by
specific pathogens were commonly associated with the innate immunity induced by
those pathogens [35,36]. Therefore, the significant upregulation of CbCN mediated by
C. acutatum in PBC80 suggested a role for CbCN in anthracnose resistance (Figure 2C).
The NLR-mediated disease resistance is typically associated with a hypersensitive re-
sponse and basal defenses. Similarly to typical NLRs, NLRs lacking the LRR domain
were demonstrated to play a role in the recognition of effectors and the amplification
of immune response [15]. Therefore, we generated CbCN-expressing tobacco (Nicotiana
benthamiana) plants and analyzed the influence of CbCN on the innate immunity against
anthracnose induced by C. acutatum. CbCNOX exhibited enhanced disease resistance to C.
acutatum compared to that of wild-type plants (Figure 3A,B). The SAR-associated genes
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PR1 and PR2 were significantly induced in CbCNOX (Figure 3C). These results were con-
firmed in chili pepper using VIGS-mediated knockdown plants. In contrast to CbCNOX

plants, CbCN-silenced chili peppers had an increased susceptibility toward C. acutatum
(Figure 4A,B) and the expression levels of SAR genes such as PR1, PR2, and NPR1 de-
creased compared to those present in wild-type chili peppers (Figure 4C,D). These results
suggest a potential mechanism of action of CbCN, which acts by regulating the expression
of genes involved in the SAR pathway (Figure 4E).

Thanks to the development of next-generation sequencing technologies, the NLR
repertoires can be easily confirmed from various species [12]. Therefore, genomic analysis
became the chosen method for identifying and characterizing NLR diversity. However,
despite the tremendous amount of genomic information, the identification of atypical
NLRs and their cellular function in disease resistance remains largely unexplored. It was
proposed that truncated NLRs cooperated with typical NLRs for the effector recognition
or downstream signaling. However, interaction pairs of typical and atypical NLRs have
been poorly characterized. In this study, we identified a novel truncated NLR specific
for C. baccatum and demonstrated that it enhanced the disease resistance by regulating
the expression of genes related to SAR. Thus, our findings provide valuable knowledge
required for one to understand how atypical NLRs transduce signals from Colletotrichum
species to downstream effectors. This will provide insight into chili pepper plant breeding.

4. Materials and Methods
4.1. Plant Material and Growth Condition

In this study, the pepper varieties An-S and PBC80 and tobacco Nicotiana benthamiana
(N. benthamiana) were used. They were sterilized in 70% ethanol for 1 min, followed by
5% sodium hypochlorite for 3 min, and then washed with sterilized distilled water. For
seed germination, the seeds were sown on a half-strength Murashige and Skoog (MS)
medium and incubated in a chamber with a 16 h light/8 h dark photoperiod at 28 ◦C.
Depending on the experiment, the aseptic seedlings were grown continually in the chamber
or transplanted into soil pots in a greenhouse with a 16 h light/8 h dark photoperiod at
28 ◦C.

4.2. Cloning of CbCN and the Conserved Domain Analysis

The full-length cDNA of CbCN (PHT28388) was cloned with the primers listed in
Supplementary Table S1 from PBC80 through polymerase chain reaction (PCR). The cloned
CbCN was inserted into the pDONR221 entry vector using Gateway BP Clonase II enzyme
(Invitrogen, USA) according to the manufacturer’s instructions. The InterPro software tool
was used to predict the conserved domains. Available online: https://www.ebi.ac.uk/
interpro (accessed on 4 May 2020).

4.3. Subcellular Localization in Chili Pepper Protoplasts

For subcellular localization, the cDNA of CbCN was introduced into the pEarley-
Gate101 and 104 vectors using Gateway LR Clonase II enzyme (Invitrogen, USA) according
to the manufacturer’s instructions. Protoplast isolation and polyethylene glycol (PEG)
transfection were performed as described previously [37], with some modification. Briefly,
the chili peppers were grown on a half-strength MS medium for 3–4 weeks. Primary leaves
were cut into small pieces and incubated overnight in an enzyme solution containing 1.2%
Cellulase RS (MBcell, Korea) and 0.3% Macerozyme R-10 (MBcell, Korea) in the dark for
12 h at 28 ◦C. The digested tissues were filtered gently through iron sieves and processed
using sucrose density gradient centrifugation with 22% (w/v) sucrose to form pellets free
of cell debris. A total of 40 µg of the desired DNA construct were mixed with 200 µL of
protoplasts (4–6 × 104) and PEG-mediated transfection was performed. The protoplasts
were incubated in a six-well plate for 12 h at 28 ◦C with light. Fluorescence signals were
detected using the Leica TCS SP8 confocal laser scanning microscope. All experiments

https://www.ebi.ac.uk/interpro
https://www.ebi.ac.uk/interpro
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were performed in a triplicate. Consistent results were obtained, and representative data
were presented.

4.4. Gene Expression Analysis

Reverse transcription PCR (RT-PCR) and quantitative real-time PCR (RT-qPCR) were
performed using SYBR Green Master Mix (Enzynomics, Korea) according to the manu-
facturer’s instructions. Briefly, cDNA synthesis was carried out using M-MLV reverse
transcriptase (Promega, USA) on RNA isolated from chili pepper and tobacco plants. The
cDNA was diluted 20-fold and PCR was performed using specific primers (Supplementary
Table S1). The RT-qPCR was conducted on the MyiQ Real-Time PCR System (Bio-Rad,
USA) under the following conditions: 40 cycles of denaturation at 95 ◦C for 10 s, annealing
at 58 ◦C for 15 s, and extension at 72 ◦C for 30 s. Gene expression was quantified using the
comparative Ct method. Actin was used as a calibration control to determine the expression
of genes. All experiments were carried out independently at least three times.

4.5. Generation of Transgenic Tobacco Plants

In order to generate tobacco transgenic lines, CbCN transferred to a pEarleyGate201
binary vector using Gateway LR Clonase II enzyme (Invitrogen, USA) according to the
manufacturer’s instructions. The recombinant construct was introduced into Agrobacterium
tumefaciens (A. tumefaciens) strain LBA4404 by electroporation. The positive colonies were
selected and cultured in YEP media supplemented with antibiotics. Agrobacterium-mediated
leaf disk transformation was performed to generate transgenic tobacco plants as previously
described [38]. The transformed plants were selected on MS plates supplemented with
hygromycin and continuously cultivated to obtain homozygous T3 lines. The transgenic
plants were verified by RT-PCR and two T3 lines were chosen for detailed analyses.

4.6. Virus-Induced Gene Silencing in Chili Pepper Plants

The virus-induced gene silencing (VIGS) target sequence was amplified using specific
primers (Supplementary Table S1) and inserted into the pTRV2 VIGS vector. The pTRV1
and pTRV2/CbCN were transformed into an A. tumefaciens GV3101 strain using a freeze–
thaw method. The cells containing the constructs were selected and used. VIGS was
performed as previously described [39] with slight modifications. Briefly, suspensions of
cells containing pTRV1 and pTRV2/CbCN were mixed at a 1:1 (v/v) ratio, precipitated
by centrifugation for 10 min at 3000 × g, and resuspended in the same volume of the
Agrobacterium infiltration buffer. The cells were infiltrated into chili pepper fruits and the
inoculated plants were grown in the dark at 18 ◦C in 60% relative humidity for 48 h. The
plants were then moved to the growth chamber with a 16 h light/8 h dark regime at 28 ◦C
and incubated for 6 days. All experiments were performed in a triplicate. Consistent results
were obtained, and representative data were presented.

4.7. Anthracnose Disease Resistance Assay

C. acutatum (KACC 40042) and C. capsici were cultured on petri dishes containing a
potato agar medium for 10 days at 28 ◦C. Fungal suspensions were collected using a scalpel
and passed through a cheesecloth. Their density was adjusted to 1 × 106 conidia/mL
using a hemocytometer. Anthracnose disease resistance was assayed using the pinning
method with a toothpick for tobacco leaves and by microinjection for the chili pepper fruits,
as previously described [40]. The inoculated plant tissues were incubated at 28 ◦C for
6 days. Quantitative measurements of the disease area were performed by image-based
plant disease phenotyping as previously described [41]. All experiments were performed
in a triplicate. Consistent results were obtained and representative data are presented.
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4.8. Statistical Analysis

All experiments were repeated at least three times and the data were analyzed by t-test
using GraphPad Prism 8.0 software. The asterisks indicate values statistically different
(* p < 0.05 and ** p < 0.01).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22147672/s1, Figure S1: Verification of CbCN-overexpression transgenic plant lines,
Figure S2: Expression analysis of PR1 and PR2 after C. acutatum inoculation, Figure S3. Analysis of
the CbCN-silencing efficiency and disease resistance to C. capsici in CbCN knockdown chili pepper
fruits, Table S1. List of primers used in this study.
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