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1 | INTRODUCTION

Abstract

The gram-positive bacterial species Clavibacter capsici causes necrosis and canker in
pepper plants. Genomic and functional analyses of C. capsici type strain PFOO8 have
shown that multiple virulence genes exist in its two plasmids. We aimed to identify
the key determinants that control the virulence of C. capsici. Pepper leaves inoculated
with 54 natural isolates exhibited significant variation in the necrosis. Six isolates
showed very low virulence, but their population titres in plants were not significantly
different from those of the highly virulent isolates. All six isolates lacked the pCM1.
plasmid that carries chpG, which has been shown to be required for virulence and
encodes a putative serine protease, but two of them, isolates 1,106 and 1,207, had
the intact chpG elsewhere in the genome. Genomic analysis of these two isolates
revealed that chpG was located in the pCM2_._ plasmid, and two highly homologous
regions were present next to the chpG locus. The chpG expression in isolate 1,106
was not induced in plants. Introduction of chpG of the PFO08 strain into the six low-
virulence isolates restored their virulence to that of PFO08. Our findings indicate
that there are at least three different variant groups of C. capsici and that the plas-
mid composition and the chpG gene are critical for determining the virulence level.
Moreover, our findings also indicate that the virulence level of C. capsici does not

directly correlate with bacterial titres in plants.
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wilting and stunting in alfalfa; and C. tessellarius causes bacterial mo-
saic in wheat (Holtsmark et al., 2008; Tambong, 2017; Li et al., 2018).

Clavibacter species are gram-positive plant pathogens that belong to
phylum Actinobacteria (Eichenlaub and Gartemann, 2011). The genus
Clavibacter includes six species: C. capsici causes necrosis, wilting,
and bacterial canker in pepper; C. michiganensis causes wilting and
bacterial canker in tomato; C. sepedonicus causes ring rot in potato;
C. nebraskensis causes wilting and blight in maize; C. insidiosus causes

The genomic structures and plasmid composition of these
Clavibacter species have been elucidated. C. michiganensis NCPPB382
carries one chromosome and two plasmids, pCM1. and pCM2_ ,
and a 120-kb pathogenicity island (PAl) in the chromosome has many
important virulence genes required for effective colonization during

infection in tomato plants (Gartemann et al., 2008). Similarly, C. capsici
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type strain PFOO8 carries one chromosome and two plasmids, pCM
and pCM2.._ (Oh et al., 2016). However, C. capsici PFO08 lacks PAI,
but carries a part of the C. michiganensis PAI region in both plasmids
(Hwang et al., 2018). At least five virulence genes in the PAI region of
C. michiganensis have been found in pCM1__and pCM2__ of C. capsici.
pCM_ deletion by plasmid curing in C. capsici resulted in significantly
reduced virulence compared with the virulence of the wild-type strain
(Hwang et al., 2018). The introduction of pCM1_ -borne chpG, encod-
ing a putative serine protease, into the pCM1 -cured strain of C. cap-
sici PFO08 restored its virulence in pepper, indicating that chpG is an
important virulence gene in C. capsici for infection. In C. michiganensis,
the celA gene, which encodes a cellulase and is located in pCM1_, is
the most important virulence factor during infection in tomato plants
(Jahr et al., 2000), and this gene ortholog is present in C. sepedonicus,
but is missing in C. capsici and C. nebraskensis (Ahmad et al., 2015). The
importance of celA for virulence was also confirmed by the overex-
pression of celA genes in C. capsici. C. capsici carrying celA of C. michi-
ganensis or its ortholog of C. sepedonicus could cause wilting in tomato
plants (Hwang et al., 2019).

Because the frequency of damage caused by Clavibacter species
is reportedly high, the diversity of Clavibacter field isolates is being
actively studied. C. michiganensis causes one of the most destructive
tomato diseases in the world, including in the United States, therefore
field isolates have been isolated and analysed from diverse geographic
areas in the United States, Turkey, France, and Belgium (Jacques et al.,
2012; Zaluga et al., 2013; Sen et al., 2018). Many studies have re-
ported the natural variants of C. michiganensis in the United States,
mainly in New York and California. Genomic profiles of the Californian
isolates showed that celA in pCM1  and pelA, encoding a pectate
lyase, in the chromosomes are essential for virulence, but there was
one pathogenic isolate found in New York that lacked celA (Tancos
et al., 2015; Thapa et al., 2017). Characterization and comparison
of C. nebraskensis, including pathogenic and nonpathogenic isolates,
isolated from maize fields in lowa (United States) revealed that there
was no direct correlation between sequence polymorphisms observed
in putative virulence genes and the ability of disease development in
maize (Ahmad et al., 2015). Natural isolates of C. capsici in Korea were
reported in terms of morphological characteristics (Lee et al., 1999),
but there is no evidence on the genetic diversity of C. capsici.

Plasmids in plant-pathogenic bacteria are important virulence
gene carriers that facilitate host infection. A tumour-inducing plas-
mid in Agrobacterium tumefaciens, called the Ti plasmid, causes crown
gall in many plants (Gordon and Christie, 2014). Pseudomonas syrin-
gae pv. phaseolicola possesses a plasmid-borne PAI region for viru-
lence in beans (Jackson et al., 1999). Clavibacter species are known
to have virulence-related plasmids (Eichenlaub and Gartemann, 2011).
Artificial curing of virulence plasmid(s) in either C. michiganensis or
C. capsici causes significant reduction of virulence (Jahr et al., 2000;
Hwang et al., 2018). In C. michiganensis and C. capsici, the ability of a
pathogenic isolate to be converted into a nonvirulent or low-virulence
variant depends on the presence/absence of plasmid(s), suggesting the
evolutionary role of plasmid(s) in virulence in host plants (Vivian et al.,
2001; Thapa et al., 2017).
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In this study, we used 54 natural isolates of C. capsici from in-
fected pepper plants and determined their virulence. Natural varia-
tions in the virulence of these isolates allowed us to find the major
determinants required for their virulence. We found three variants
of C. capsici natural isolates based on the composition of the two
plasmids and the genomic position of chpG. We also found a direct
correlation between the level of virulence and the composition of
the two plasmids and the presence of chpG in C. capsici isolates.

2 | RESULTS

2.1 | Natural variation in the virulence of C. capsici
isolates in pepper

Fifty-four C. capsici natural isolates were isolated from pepper plants
in Korea, and their identity was confirmed by PCR with a species-
specific primer set and DNA sequencing (Table S1) (Hwang et al.,
2018). Their virulence was determined by checking their ability to
cause necrosis in pepper leaves. C. capsici PFO08, showing full viru-
lence (severe necrosis) in the infected leaves, and its pCM1_ -lacking
strain, PFOO8ApCM1_, showing reduced virulence (very mild ne-
crosis), were the controls (Hwang et al., 2018). In this assay, the 54
isolates were categorized into three groups: a highly virulent group
with PFO08 and 12 isolates, a moderately virulent group with 36 iso-
lates, and a low-virulence group with 6 isolates and PFOO8ApCM1.
strains (Figure 1a and Table S2). Six isolates categorized as low-viru-
lence isolates (1,065, 1,101, 1,106, 1,207, 1,905, and 2,093) showed
less than 2.5 on the disease severity index, which was similar to that
shown by PFOO8ApCM1... These findings indicate that C. capsici
isolates have natural variation in their ability to cause necrosis in
pepper leaves.

To further compare the virulence level of six low-virulence iso-
lates with that of C. capsici PFO08, these isolates were inoculated
next to each other in the same pepper leaves. In this assay, another
highly virulent isolate, 1,003, was included. All six isolates showed
less than 40% of the disease severity of the PFOO8 and 1,003 iso-
lates, which means similar levels as in PFOO8ApCM1. (Figure 1b,c).
When the pepper plant stems were inoculated with highly virulent
PFOO08 and 1,003, typical bacterial canker developed at the inocu-
lation sites. However, the cankers at the inoculation sites of the six
low-virulence isolates were significantly smaller than those of the
highly virulent isolates (Figure S1). Regardless of the virulence level,
all the isolates showed orange colonies (Figure S2). These findings
indicate that low-virulence isolates have poor ability to cause necro-
sis in leaves and cankers in the stems.

Consistent with the findings of previous studies (Hwang et al.,
2018), pepper leaves inoculated with low-virulence isolates con-
tained similar titres and/or only slightly lower titres of bacteria than
those inoculated with highly virulent isolates (Figure 1d). The bacte-
rial growth of low-virulence isolates in artificial media was examined.
Interestingly, their growth was significantly delayed, and titres were

lower than those of the highly virulent isolates, but their growth was
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FIGURE 1 Virulence of the natural variants of Clavibacter capsici. (a) Disease severity of C. capsici isolates in comparison to the previously
type strain PFOO8 and its pCM1 -lacking derivative (ApCM1.. ). (b) Representatives of necrotic symptoms on the infected leaves with
low-virulence isolates. All inoculated leaves were photographed at 7 days after inoculation (dai). (c) Quantification of the disease severity

in pepper leaves infected with low-virulence isolates. Disease severity was expressed as a percentage compared to strain PFO08-infected
leaves. C. capsici PFO08 and natural isolate 1,003, and mock treatment with MgCl, were used as positive and negative controls, respectively.
Six leaves from three independent plants were used per treatment. Bars indicate SE. Different letters indicate statistically significant
differences in disease severity, which was analysed by a nonparametric Kruskal-Wallis test with Dunnett's multiple comparisons (p < .05). (d)
Bacterial growth of C. capsici isolates in pepper plants. The bacterial growth was measured at 3 and 5 dai. Bars indicate SD. All experiments
were repeated three times and similar results were obtained. (e) Growth curves of low-virulence C. capsici isolates and a pCM1_ -lacking
strain (ApCM1. ) on media. Optical density at 600 nm (OD,,,) was measured from O to 50 hr. The different letters in (d) and (e) indicate
statistically significant differences as determined by Duncan's multiple range test (p < .05)
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similar to that of PFOO8ApCM1, (Figure 1e). These results imply
that lower virulence is not strongly correlated with lower titre of

bacterial cells in the pepper leaves.

2.2 | Molecular characterization and geography of
low-virulence C. capsici

To examine whether the virulence level is correlated with the pres-
ence of two plasmids, pCM1._ and pCM2_, all isolates were first
confirmed by PCR using specific primer sets targeted to the plasmid-
backbone genes, rep and parA (Hwang et al., 2018). Out of the 54 iso-
lates, 48 carried both plasmids, while the six low-virulence isolates
only carried pCM2, like the PFOO8ApCM1._ strain (Figure 2a and
Table S2). Thus, there was a direct correlation between the presence
of pCM1__and the level of virulence of C. capsici.

The presence of the major virulence genes located in both plas-
mids was investigated. To this end, chpE and chpG as pCM1-specific
virulence genes, and chpC and pat-1 as pCM2_ -specific virulence
genes were selected. All four genes encode putative serine prote-
ases. Additionally, a cellulase gene, celB, located in the chromosome
was also investigated. All the isolates had celB, but lacked the other
cellulase gene, celA, which was absent from C. capsici (Figure 2a,
Table S2). chpC and pat-1 in pCM2__ were consistently detected in
all the isolates, and chpE in pCM1 was only detected in isolates car-
rying pCM1._. However, chpG in pCM1._ was detected not only in
pCM1_ -carrying isolates PFO08, 1,003, and 1985, but also in two
out of the six pCM1_ -lacking isolates, 1,106 and 1,207 (Figure 2a
and Table S2). The presence of chpG in the two pCM1_ -lacking iso-
lates was confirmed again by Southern blot hybridization by using
chpG from PFOO8 as a probe (Figure 2b). chpG from the two isolates
1,106 and 1,207 was cloned and sequenced. We found that chpG
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existed in these isolates in an intact form, and their open reading
frames (ORFs) showed 100% identity at the amino acid level to ChpG
of PFOO8 (Figure S3), although it is still unclear where chpG is located
in these isolates. These results indicate that one of major virulence
genes, chpG, is located in another genomic region in the two pC-
M1, -lacking isolates and this relocation may affect the virulence.

The geographical location of the C. capsici isolates was mapped.
This analysis showed that all the pCM1_ -lacking isolates were iso-
lated from the north-western regions of the Korean peninsula over
2 years and most of them originated from the same region where
some isolates carrying both plasmids were isolated (Figure 2c and
Table S2). Moreover, in one region, all three types were isolated.
These results suggest the occurrence of more natural variants of
C. capsici in certain regions of South Korea.

2.3 | Genome analysis of C. capsici 1,101 and 1,106

To determine the overall genome structures and the location of
chpG, we sequenced and analysed the whole genomes of two repre-
sentative C. capsici isolates: 1,101 only carrying pCM2._and 1,106
with pCM2._and chpG. The genomic sequences of the two isolates
were compared with those of C. capsici PFOO8 (GenBank acces-
sion nos. CP012573.1, CP012574.1, and CP012575.1), CFBP7576
(GenBank assembly ID GCA_002151115.1), and C. michiganen-
sis LMG7333 (GenBank assembly ID GCA_002240575.1) as an
outgroup. Genome sequences of 1,101 (GenBank accession nos.
CP048049 and CP048050) and 1,106 (GenBank accession nos.
CP048047 and CP048048) had comparable similarity to that of
PF008, and 1,101 was found to be more similar to PFO08 than 1,106
containing chpG (Figure 3a and Table S3). In the genome comparison
of pCM2._ between PFO08 and newly sequenced isolates, the DNA
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FIGURE 3 Genomic analysis of Clavibacter capsici isolates 1,106 and 1,101 and comparison with PFO08. (a) Phylogenetic tree showing
the relationship of four C. capsici isolates and one C. michiganensis isolate based on OrthoANI values. (b) Venn diagram representing the
pan-genomic landscape of three C. capsici isolates and one C. michiganensis isolate. The numbers in the Venn diagram indicate the number of
strain-specific coding sequences (CDSs) that were shared among the indicated genomes. (c) A comparison of the plasmids between C. capsici
PFOO8 and natural isolates 1,106 and 1,101. Areas shaded in blue indicate highly conserved pCM2__ regions between PFO08 and 1,106.
Areas shaded in red indicate highly conserved regions between pCM1._ of PFO08 and pCM2_ of PFO08 and 1,106. (d) Comparative studies
of the virulence region containing chpG. Red boxes correspond to the conserved region between pCM1.._ of PFO08 and pCM2._ of 1,106.
Dark and light grey boxes correspond to the conserved region between pCM1.. of PFO08 and pCM2._ of natural isolates 1,106 and 1,207,
defined as areas where the average identity is >99%. Detailed information for each open reading frame in this figure is given in Figure S4

sequence identity was 99.95% between pCM2_._ of PFO08 and that
of 1,101 with 100% of query coverage, whereas 1,106 had 99.89%
DNA sequence identity with 99% of query coverage. Based on the
comparison of the gene contents among these Clavibacter strains,
2,822 coding sequences (CDSs) were shared by PFO08 and 1,101,
and 64 and 6 CDSs were unique to PFO08 and 1,101, respectively,
while isolate 1,106 had 2,777 shared CDSs with 58 unique CDSs
compared with PFOO8 (Figure 3b). Moreover, 2,771 CDSs were
overlapping among three genomes of C. capsici, whereas 2,506 CDSs
were overlapping with C. michiganensis type strain LMG7333 as
the neighbouring strain, and 392 CDSs were specific to LMG7333.

These analyses reveal that the number of shared and unique CDSs
among the four strains reflects their phylogenetic relatedness.

We previously reported that in the pCM1__ region carrying the
five virulence genes of PFO08, the 3.7-kb region, including three pu-
tative virulence genes, was duplicated in pCM2_._(Hwang et al., 2018).
The pCM2._of 1,101 and 1,106 was almost identical to that of PFO08,
and there were two conserved regions in the pCM1._ of PFO08 with
pCM2.. of both 1,101 and 1,106. One was the 4.0-kb region carrying
the virulence genes ppaA, ppaB, and pelA in pCM2__ (blue region in
Figures 3c,d and S4), and the other was the 3.0-kb region harbour-

ing genes for putative recombinase, transposase, and ATP-binding
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protein (pink region in Figure 3d). The pCM2__ of 1,106 had a unique
3.8-kb region that contained four ORFs and showed 99% identity
with the conserved region in pCM1._ of PFO08 (Figures 3d and S4).
One of them was chpG. Based on the DNA sequences of 1,106, the
same 7.8-kb region of 1,207 (GenBank accession nos. CP048045 and
CP048046), which is another isolate carrying chpG (Figure 2), was
cloned and sequenced. Our results show that this region of 1,207 is
exactly matched with over 99.9% nucleotide identity to 1,106. chpG
was also present in the same locus of pCM2__ (Figure S5). These re-
sults confirm the presence of chpG in both 1,106 and 1,207 and indi-

cate that its genomic location might play a significant role in virulence.

2.4 | Expression profiles of the virulence genes in
two plasmids of C. capsici

The expression of the virulence genes in pCM2__ is affected by the
lack of pCM1 (Hwang et al., 2018). Therefore, the expression of the
virulence genes in pCM2., which are chpC, pat-1, ppaB2, and pelA1/
A3, was investigated by quantitative reverse transcription PCR (RT-
gPCR) in pepper leaves after inoculation with the representatives of
each group, PFO08 carrying two plasmids, 1,101 carrying only pC-
M2.., 1,106 carrying only pCM2._ and chpG, and PFO08ApCM1.
as a control. Moreover, the expression of two genes, chpE and chpG,

Molecular Plant Pathology @ WI LEYJﬂ

which were shown to be located in the pCM1.. of PFO08, was also
investigated. The expression of all the six genes was significantly in-
creased after inoculation with PFO08, and the expression of all the
tested genes, except ppaB1/B2, peaked at 36 hr after inoculation (hai)
and declined at 72 hai in the inoculated leaves (Figure 4). However, the
expression of the genes in 1,101 and 1,106 was not increased as much
as those of PFO08 at either 36 or 72 hai, under the same conditions,
like those in the PFOO8ApCM1., strain. Owing to the lack of chpE in
both 1,101 and 1,106, its expression was not detected. In the case of
chpG, no expression was detected in 1,101, but its expression was de-
tected in 1,106, but this expression did not increase at any time point
in the plants. When the expression of the six genes was investigated in
rich medium at 48 hai, the level was almost the same as that in PFO08
(Figure S6). These results suggest that the lack of pCM1__ suppresses
the ability to induce the expression of virulence genes in pCM2__ , even
chpG, in the pCM2__ of 1,106, but not their basal expression levels.

2.5 | Recovery of full virulence of low-virulence
C. capsici isolates by chpG overexpression

Previously, we showed that complementation of PFOO8ApCM1._
strain with FLAG-tagged chpG almost restored its full virulence
(Hwang et al., 2018). Therefore, we transformed FLAG-tagged

[CJPF008 [ ApCM1c. [ 1101 [ 1106

FIGURE 4 Expression profiles of the
virulence genes in planta during infection
with the representatives of three types
of Clavibacter capsici isolates. Inoculated
leaves were harvested at 0, 36, and 72 hr
after inoculation (hai). Relative expression
of the target gene was measured based
on the expression of the housekeeping
gene gyrA by quantitative reverse
transcription PCR. Bars indicate SD. All
experiments were repeated three times,
and similar results were obtained. The
different letters indicate statistically
significant differences as determined by
Duncan's multiple range test (p < .05).
Asterisks in solid and dotted lines indicate
statistically significant difference in gene
expression between 0 and 36 hai and
between 36 and 72 hai in each strain,
respectively (p < .05)
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chpG into the low-virulence isolates and checked their ability to
cause necrosis in pepper leaves. The virulence of all the six natural
isolates was similar to that of PFO08 during infection (Figure 5a,b).
All six isolates that failed to cause severe canker in the stems were
able to cause very strong cankers owing to chpG overexpression
(Figure S7). The chpG-overexpressing PFO08ApCM1_, 1,101, and
1,106 strains grew similar to fully virulent PFOO8 (Figure S8). The
chpG expression in PFO0O8ApCM1., 1,101, and 1,106 was de-
termined by western blotting by using FLAG-tag antibodies. The
FLAG-specific antibody reacted with a 29 kDa protein, and the
protein level of all the strains was similar (Figure 5c). Moreover,
the transcript levels of the endogenous and/or exogenous chpG
gene were measured by RT-gPCR in the inoculated pepper plants.
The transcript levels of exogenous chpG were consistently similar
to that of PFO08 (Figure S9). These results further suggest that
chpG is a critical virulence gene and its genomic location is criti-
cal for its expression and ability to contribute to the virulence of

C. capsici in pepper.

(a) ApCM1c. 1067

2.6 | Minor effects of chpE on the virulence of
C. capsici 1,101 and 1,106

Another virulence gene, chpE, in the pCM1._ of PFO08, but absent
from 1,101 and 1,106, was previously shown to contribute to the viru-
lence of C. capsici (Hwang et al., 2018). We examined the effect of chpE
on the virulence of 1,101 and 1,106 in pepper and compared its effects
with that of chpG. Gene constructs carrying only chpE, only chpG, or
both, from PFOO8 were generated and transformed into 1,101. Their
virulence levels were evaluated at 7 days after inoculation (dai) in pep-
per leaves, and the wild-type PFO08 and PFOO8ApCM1... were used
as positive and negative controls. The isolate 1,101 itself or that car-
rying green fluorescent protein (GFP) showed only 40% of the disease
severity caused by the wild-type PFO08, which is similar to that of
PFO08APCM1__(Figure 6a,b). Isolate 1,101 carrying chpG or chpE/chpG
together rapidly caused necrosis, like the wild-type PFO08, while that
carrying only chpE showed an increase of approximately 20% in the

necrosis (Figure 6a,b). The bacterial titres of all the transformants were
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FIGURE 5 Effect of chpG expression in
low-virulence Clavibacter capsici isolates.
(a) Observation of symptom development
on the infected leaves with pCM1_ -
lacking C. capsici isolates and strains
complemented with chpG of PFO08. All
inoculated leaves were photographed at

7 days after inoculation. Mock, 10 mM
MgCl,; EV, empty vector-GFP. (b)
Quantification of the disease severity in

pepper leaves infected with each strain.
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FIGURE 6 Virulence of pCM1. -lacking Clavibacter capsici isolates 1,101, 1,106, and their complemented strains with chpE or chpG
from PFO08 on pepper leaves. (a) Necrotic disease symptoms on the infected leaves after infection with C. capsici isolate 1,101 and its
complemented strains. All inoculated leaves were photographed at 7 days after inoculation (dai). (b) Disease severity at 7 dai. (c) Necrotic
disease symptoms on the infected leaves after infection with C. capsici isolate 1,106 and its complemented strains. All inoculated leaves
were photographed at 7 dai. (d) Disease severity at 7 dai. C. capsici type strain PFOO8 was used as a positive control, and mock treatment
with 10 mM MgCl, and green fluorescent protein (GFP) were used as negative controls. Bars indicate SE. Different letters in (b) and (d)
indicate statistically significant differences in disease severity analysed by a nonparametric Kruskal-Wallis test with Dunnett's multiple
comparisons (p < .05). All experiments were repeated three times and similar results were obtained

measured at 3 and 5 dai, and their titres were not much different from
that of the wild-type PFO08 (Figure S10a), which was consistent with
that reported previously (Hwang et al., 2018).

Next 1,106 carrying chpE of PFO08 was generated, and its vir-
ulence was examined. The introduction of chpE increased approxi-
mately 20% of the disease severity (Figure 6c,d), like 1,101 carrying
chpE. The bacterial titres of all the transformants were measured at
3 and 5 dai, and their titres were not much different from that of the
wild-type PFO08 (Figure S10b), similar to the 1,101 transformants.
Overall, these results indicate that chpE overexpression only par-
tially contributes to the virulence of isolates 1,101 or 1,106.

3 | DISCUSSION

We found natural variations in the virulence of 54 C. capsici isolates.

Moreover, there was a direct correlation between the virulence level

and the composition of the two plasmids along with the presence
of chpG. Our previous reports showed that C. capsici type strain
PFOO08 carries two plasmids, pCM1._and pCM2_, and both plasmids
carry virulence genes, which are mostly present in the PAIl region of
C. michiganensis (Bae et al., 2015; Hwang et al., 2018). Moreover, the
artificial curing of pCM1._dramatically reduced virulence. However,
the artificial curing of another plasmid, pCM2_, failed. Based on
these findings, we hypothesized that pCM1__is dispensable for bac-
terial survival although it contains at least five important virulence
genes, including chpG. Our hypothesis was confirmed because six
isolates naturally lacking pCM1._were found, but all isolates carried
pCM2. . Similarly, natural variation in the plasmid composition was
also found in C. michiganensis in two different studies (Tancos et al.,
2015; Thapa et al., 2017). All C. michiganensis isolates in these cases
carried pCM1-like plasmids, while some isolates lacked pCM2_ -
like plasmids. These findings imply that pCM1._ may be essential,
but pCM2.._is dispensable in C. michiganensis, which is completely
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opposite to the findings in C. capsici shown in this study. Our study
shows that essential genes for survival are located in different plas-
mids in both pathogens.

chpG encodes a putative serine protease, is present in the pC-
M1.. of PFOO8, and is an important virulence gene in C. capsici
(Hwang et al., 2018). Two natural isolates, 1,106 and 1,207, lacking
pCM1., carried the intact chpG, and genomic analysis revealed that
chpGis located in pCM2.. . Consistent with the previous finding that
the expression of putative virulence genes in pCM2._was very low
in the pCM1_ -cured strain (Hwang et al., 2018), the transcript level
of chpG in 1,106 was not increased during infection. In addition to
the lack of pCM1_ -carrying virulence genes, the lack of increase in
the chpG expression in 1,106 can explain why this isolate showed
very low virulence. Ectopic expression of chpG from PFO08 as a plas-
mid form in all six low-virulence isolates, including 1,106, restored
their virulence to as much as that of isolates carrying both plasmids.
These data also show that chpG expression is critical for complete
virulence. The chpG homolog is present in the chromosomal PAI re-
gion of C. michiganensis, but a previous study showed that a chpG
single mutant produced by transposon insertion in this bacterium
still showed full virulence (Stork et al., 2008). These findings imply
that the function of chpG in the virulence of Clavibacter species may
be different. Chromosomal chpG of C. michiganensis and C. sepedon-
icus has previously been shown to induce a hypersensitive response
(HR) in Nicotiana species (Gartemann et al., 2008; Lu et al., 2015).
The above findings are yet to be elucidated in greater detail to inves-
tigate if ChpG has protease activity and, if so, whether this activity is
important for virulence or HR induction in plants.

Comparative genome analysis revealed almost identical DNA re-
gions next to chpG in the pCM1._ of PFO08 and pCM2._ of 1,106.
One of them is the 3.0-kb region containing genes encoding an ATP-
binding protein, transposase, and recombinase family protein. The
genome of PFOO8 contains putative insertion sequence (IS) ele-
ments and two intact transposases, which appear to be associated
with extensive genetic rearrangements such as relocation and/or in-
tegration of gene(s) or a specific region. A transposase in the 3.0 kb
region appears to be similar to that present in the IS1122 transposon
discovered in the pCl1 plasmid of C. insidiosus strain R1-1 (Lu et al.,
2018). The presence of IS elements in the plasmid of C. capsici is
probably related to the duplication or genetic rearrangement of cer-
tain DNA regions. Combined with this feature, the homologous re-
combination in the two identical DNA regions between pCM1._and
pCM2._ before the loss of pCM1._in 1,106 may serve as a mecha-
nism for relocation of the chpG locus from pCM1._to pCM2._. This
could be the reservoir of the key virulence gene, chpG, for C. capsici
population in the field.

We showed that there are three variants of C. capsici natural
isolates in terms of virulence, but not in terms of bacterial growth,
and variation in the virulence was determined by the presence of
pCM1.and the genomic position of chpG. However, all the variants
grew similarly in the plants. There is no direct correlation between
the virulence of Clavibacter and their ability to grow in the plants,

in contrast with the general phenomenon that high virulence is

associated with high bacterial titre (Thapa et al., 2017; Hwang et al.,
2018). In addition, highly virulent isolates carrying both plasmids
were present all over Korea, while the two types of low-virulence
isolates were present only in a limited area. Based on these findings,
we propose the relationships among the three variants in terms of
their virulence and lifestyles. The highly virulent strain of C. capsici
may have evolved by the acquisition of the two plasmids. Owing to
uncharacterized selection pressure, this strain may lose pCM1_ to
change its lifestyle for longer survival in host plants by not killing
them, like endophytic bacteria. Simultaneously, to preserve the key
virulence gene in the population, the genetic rearrangement through
unknown mechanism(s) like homologous recombination may occur
for relocating chpG into pCM2., which is needed for bacterial
growth and virulence, before the loss of pPCM1... Many studies have
shown the beneficial effects of endophytic bacteria in their hosts,
such as plant growth promotion or protection (Rosenblueth and
Martinez-Romero, 2006; Ryan et al., 2008). However, despite the
biodiversity of the Clavibacter endophytes, there is little research on
their positive effects, except that Clavibacter sp. strain Enf12 con-
fers plant growth and chilling tolerance in Chorispora bungeana (Ding
etal., 2011). The possible conversion of the lifestyles of plant-patho-
genic gram-positive bacteria in nature by acquisition or loss of plas-

mids can help us to understand their virulence mechanisms.

4 | EXPERIMENTAL PROCEDURES
4.1 | Bacterial strains

The 54 C. capsici natural isolates were isolated from infected pep-
per fields in diverse regions of South Korea (Table S1). The C. capsici
type strain PFOO8 was used as the control for virulence assays. For
inoculation, all isolates were incubated in King's B (KB) medium (20 g
protease peptone no. 3, 1.5 g K,HPO,, 6 ml of 1 M MgSO,, 16 ml of
50% glycerol per litre) at 26 °C for 24-48 hr.

4.2 | Plant growth conditions

Pepper plants (C. annuum 'Nockwang') were grown in sterile com-
mercial soil (Baroker, Seoul Bio Co., Ltd) in a growth chamber at
26 °C with a 14 hr:10 hr light:dark photoperiod at a light intensity of
80+ 10 pmol~m’2~s’1 and a relative humidity of 70%.

4.3 | PCR-based confirmation of plasmids and
virulence genes

The presence of plasmids and known virulence genes was confirmed
in all the natural isolates by PCR with specific primer sets that have
been previously described (Hwang et al., 2018). To verify the pres-
ence or absence of the two plasmids, plasmid-backbone genes, in-

cluding genes encoding replication protein or partitioning protein,
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were amplified from all the collected isolates. In addition, virulence
genes celA, celB, chpE, chpG, chpC, and pat-1, which are located in the
chromosome or the two plasmids of C. capsici and C. michiganensis,

were amplified by PCR.

4.4 | Southern blot hybridization

Genomic DNA was isolated from the bacterial cells by using the HiGene
Genomic DNA prep kit (BIOFACT), according to the manufacturer's in-
structions. Purified genomic DNA was digested with Xhol at 37 °C and
size-fractionated in 0.8% agarose gel. DNA was subsequently trans-
ferred to the nylon membrane by capillary blotting. As a probe, full-
length chpG gene was amplified by PCR and labelled with digoxygenin
(DIG)-dUTP. Hybridization with a biotin-labelled probe and detection
was performed according to the manufacturer's instructions for the
DIG Luminescent Detection Kit (Roche).

4.5 | Virulence assay in pepper

The natural isolates and mutant strains were grown in KB medium
for 2 days. The plants were then inoculated with the bacterial sus-
pension by either leaf infiltration or stem inoculation. For leaf infil-
tration, six- to eight-leaf stage pepper plants were infiltrated using
a syringe with 10 mM MgCl, (mock) or the bacterial suspension
(OD, = 0.1). Pepper plants were infected according to previously
reported methods (Hwang et al., 2018). In each assay, at least three
leaves were used and the experiment was repeated four times. The
disease severity of the inoculated pepper plants was recorded ac-
cording to their visual appearance at 7 dai using an index ranging
from O to 5: 0, no visible symptoms; 1, <5% leaf area affected; 2, 6%-
25% leaf area affected; 3, 26%-50% leaf area affected; 4, 51%-75%
leaf area affected; 5, >75% leaf area affected. If the average disease
index was below 2.5, the tested C. capsici isolates were considered
to be less virulent. For stem inoculation, 4-week-old pepper plants
were infiltrated by stabbing a pipette tip containing 10 pl of bacterial
suspension (OD,,, = 0.1) into the stem and placed in a growth room
at 26 °C.

To compare the virulence level, C. capsici PFOO8 was inoculated
into the right half of the leaves, and each isolate was inoculated into
the left half of the same leaves. At least eight leaves from three
different plants were used. Symptom development was monitored
visually at 7 dai by using the disease index and was recorded as a per-
centage of disease severity in left half-leaves infected with natural
isolates divided by those of the fully virulent strain PFO08 inoculated

into right half-leaves.

4.6 | C.capsici transformation

The gene constructs with chpE or chpG in a pK2-22 vector, which was

previously used for gene expression in C. michiganensis and C. capsici
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(Chalupowicz et al., 2012; Hwang et al., 2018), were transformed into
the selected natural isolates. Briefly, the intact chpE and chpG with the
native promoter and the terminator, flanked by Spel/Hindlll restric-
tion enzyme sites, were amplified by PCR from C. capsici PFO08 and
cloned into a pK2-22 vector via a conventional cloning method and
directional cloning of DNA fragments using the EZ-Fusion Cloning kit
(Enzynomics), respectively. Transformation was performed as previ-
ously described (Meletzus and Eichenlaub, 1991). Fresh bacterial cells
of the selected isolates of C. capsici were grown in KB broth at 26 °C for
24 hr and harvested by centrifugation, and the pelleted cells were re-
suspended in a protoplasting buffer containing 40 pg/ml of lysozyme.
After incubation, the competent cells were prepared by centrifugation
followed by serial washing. Electroporation was performed at a field
strength of 2.5 kV/cm with up to 5 pg plasmid DNA. Transformed cells
were cultured on KB medium with a neomycin (50 pug/ml) as a selecta-

ble marker.

4.7 | Bacterial growth in vitro and in vivo

To measure the growth of C. capsici in vitro, each isolate was stand-
ardized to OD,, = 0.001. The growth of the cultures was measured
over a time course in KB broth at 26 °C at 150 rpm. Growth was
monitored by determining the OD,, using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific Inc.).

To determine the bacterial growth inside pepper plants, leaf discs
from the inoculated leaves of three different plants were collected
at 3 and 5 dai, rinsed with 70% (vol/vol) ethanol for surface steriliza-
tion, and then washed with distilled water prior to homogenization.
Homogenate samples were serially diluted and plated onto KB agar
for measuring the bacterial titres. The numbers of colony-forming
units (cfu) were determined after incubation for 48 hr at 26 °C.

4.8 | Whole-genome sequencing

Whole-genome sequencing of two C. capsici natural isolates, 1,101
and 1,106, was performed at ChunLab Inc. (Seoul, Korea) using the
PacBio RSII method, and their sequencing depths of coverage were
125x and 296x, respectively. Sequencing data were assembled with
PacBio SMRT Analysis v. 2.3.0 (Pacific Biosciences), and two contigs
from each were generated. Gene prediction and functional annota-
tion of the analysed genomes were performed using Prodigal v. 2.6.2
(Hyatt et al., 2010). To generate a phylogenetic tree and Venn diagram
for the numbers of orthologous CDSs, comparative genome analy-
sis was performed using the Comparative Genomics (CG) pipeline of
BIOIPLUG Apps (https:/www.bioiplug.com/apps, ChunLab Inc.). The
OrthoANI (Orthologous Average Nucleotide Identity) algorithm was
used to determine overall similarity values between natural isolates
and reference genomes downloaded from the NCBI genome database
(Lee et al., 2016). Based on OrthoANI analysis of C. capsici isolates
and C. michiganensis LMG7333, the phylogenetic tree was constructed
using the OrthoANI tool.
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4.9 | Gene expression measurement

To determine the expression level of the C. capsici virulence genes
during pathogen infection, six- to eight-leaf pepper plants were in-
oculated with the bacterial suspension (OD,, = 0.1). Samples were
collected at 0, 36, and 72 hr post-inoculation (hpi) and homogenized
in near-freezing conditions using liquid nitrogen. Total RNA of the
samples was extracted using RNAiso Plus (Takara Bio Inc.), according
to the manufacturer's instructions. The RNA samples were reverse
transcribed using the ReverTra Ace RT-gPCR Master Mix (Toyobo
Co., Ltd), and then amplified using THUNDERBIRD SYBR gPCR Mix
(Toyobo Co., Ltd). Gene-specific primer sets for each virulence gene
were used (Hwang et al., 2018). The expression levels of the target
genes relative to the housekeeping gene gyrA were analysed by

AACt)

the comparative C, (2 method. All experiments were repeated

three times.

4.10 | Western blotting

Total proteins were extracted from the bacterial strains contain-
ing C-terminal FLAG-tagged constructs. Bacteria were cultivated in
half-strength KB medium containing 0.4% carboxymethyl cellulose
(Sigma-Aldrich) at 26 °C for 2 days. The supernatant collected by
centrifugation was precipitated with 10% wt/vol of chilled trichlo-
roacetic acid/acetone at -20 °C for 2 hr. After centrifugation, pro-
tein precipitates were washed with ice-cold acetone, and protein
pellets were dried at room temperature. Proteins were resuspended
in 0.1 ml of sodium dodecyl sulphate (SDS) sample buffer (100 ml
of 1.5 M Tris [pH 6.8], 60 ml of 20% SDS, 300 ml glycerol, 150 ml
B-mercaptoethanol, 18 mg bromophenol blue per litre). Protein sam-
ples were fractionated on a 12% SDS-polyacrylamide gel and trans-
ferred onto a polyvinylidene difluoride membrane (Millipore). The
membrane was incubated with horseradish peroxidase-conjugated
a-FLAG antibody (A8592; Sigma-Aldrich) at a dilution of 1:2,000 for
1 hr at room temperature or overnight at 4 °C and then developed
using the Enhanced Chemiluminescence Plus western blotting de-
tection reagent (GE Healthcare).

4.11 | Statistical analysis

Disease severity data were statistically analysed by the nonparamet-
ric Kruskal-Wallis test with Dunnett's multiple comparisons (p < .05).
To analyse other results, Duncan's multiple range tests were per-
formed for comparisons between independent groups (p < .05). All

experiments were repeated at least three times.
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