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Abstract: The soilborne pathogen Ralstonia solanacearum is the causal agent of bacterial wilt (BW),
a major disease of pepper (Capsicum annuum). The genetic basis of resistance to this disease in pepper
is not well known. This study aimed to identify BW resistance markers in pepper. Analysis of the
dynamics of bioluminescent R. solanacearum colonization in reciprocal grafts of a resistant (BVRC 1)
line and a susceptible (BVRC 25) line revealed that the resistant rootstock effectively suppressed the
spreading of bacteria into the scion. The two clear-cut phenotypic distributions of the disease severity
index in 440 F2 plants derived from BVRC 25 x BVRC 1 indicated that a major genetic factor as well
as a few minor factors that control BW resistance. By specific-locus amplified fragment sequencing
combined with bulked segregant analysis, two adjacent resistance-associated regions on chromosome
10 were identified. Quantitative trait (QTL) mapping revealed that these two regions belong to a
single QTL, gRRs-10.1. The marker ID10-194305124, which reached a maximum log-likelihood value
at 9.79 and accounted for 19.01% of the phenotypic variation, was located the closest to the QTL
peak. A cluster of five predicted R genes and three defense-related genes, which are located in close
proximity to the significant markers 1D10-194305124 or ID10-196208712, are important candidate
genes that may confer BW resistance in pepper.
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1. Introduction

The soilborne pathogen Ralstonia solanacearum is the causal agent of bacterial wilt (BW), a disease
that leads to severe global crop losses in the family Solanaceae [1-4]. The pathogen infects the host by
penetrating the root epidermis via natural openings or wounds, and crosses the cortex and endodermis
to finally reach the root xylem. In the xylem, it starts extensive colonization and spreads to the aerial
parts of the infected plant along the vascular system, thus blocking the water flux from root to shoot,
finally, causing severe wilt symptoms [3,5]. Diverse chemical and biological control strategies have
been applied to control this devastating disease, but have proved ineffective [6,7].

BW is widely prevalent in peppers across much of Asia [1,4,6-10]. Resistance breeding is
considered the best strategy for the management of this devastating soilborne disease [11]; however,
only a few pepper lines are resistant to BW. Resistant accessions identified in earlier studies were mainly
small-fruited types, such as L52341, Manganji, White Khandari, Plant C-1, and PM687 [12-15]. Recently,
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we found that the elite inbred pungent pepper line BVRC 1 is highly resistant to R. solanacearum
strain Rs-SY1. Bioluminescence and colony-forming unit scoring assays indicated that pathogen
multiplication is restricted within the roots, and spreading of the pathogen in the aerial stem is limited
in this line [1]. The identification of new resistant lines would broaden the genetic basis for the
development of pepper cultivars with improved disease resistance in future. Curiously, root and
collar colonization by R. solanacearum after root-dip inoculation is not prevented in BVRC 1, leading to
questions about the host—pathogen colonization dynamics in graft combinations of resistant and
susceptible peppers.

Genetic inheritance of BW resistance in pepper has been studied in progeny studies and by
quantitative trait locus (QTL) analysis. Resistance is generally quantitatively inherited and is controlled
by at least two genes in the sweet pepper cultivar Mie-Midori [16] and by two to five genes with
additive effects in the pepper line PM687 [13]. Resistance to R. solanacearum strain KP9547 in the
pepper line LS2342 reportedly is polygenic, and is linked to a major QTL named Bw1 on chromosome
1[17]. Diverse modes of gene interaction that depend on the virulence level of R. solanacearum isolates
have been reported in peppers, indicating the complexity of the inheritance of BW resistance [10].
Molecular genetic analysis of an F, population constructed from near-isogenic lines (Anugraha and Pusa
Jwala) revealed that BW resistance is recessive, and polymorphic AFLP marker (EcoACT + MseCAC)
bands (103, 117, and 161 bp) associated with the recessive resistant allele have been identified [18].
The tomato cultivar Hawaii 7996 has stable resistance to R. solanacearum, and is intensively used for
BW resistance QTL mapping. Two major QTLs, named Bwr-6 and Bwr-12, located on chromosomes
6 and 12, respectively, are reported to be closely associated with resistance to BW [19-22]. Recently,
using genome-wide SNP analysis, Kim et al. [23] indicated that Solyc12¢009690.1, encoding a putative
leucine-rich repeat (LRR) receptor-like protein, might be tightly linked to the major BW resistance QTL
Bwr-12 in tomato. Additionally, QTLs on chromosomes 3, 8, 10, and 11 were also reported and may be
important for field BW resistance in tomato [20].

QTL mapping is a critical approach for the genetic dissection of quantitative traits, and tightly
linked markers can be used in marker-assisted selection (MAS) in plant breeding. Traditionally,
QTL mapping involves the genotyping of a large number of individuals in segregating populations;
however, this is labor-intensive, time-consuming, and costly. Bulked segregant analysis (BSA) is a
simplified strategy to rapidly identify markers linked to target genes or QTLs, affecting a trait of interest
based on genotyping of only a pair of pooled DNA samples from two sets of individuals with distinct or
opposite extreme phenotypes [24]. Compared with traditional QTL mapping, BSA does not require the
laborious process of identifying the trait value of each individual, but requires only the identification of
individuals that exhibit opposite extreme phenotypes, and is less sensitive to occasional phenotyping
mistakes [25]. However, it is challenging to develop thousands of candidate molecular markers and
screen them in bulked pools to discover a small subset of markers for diagnosing the target phenotype.
Next-generation sequencing (NGS) has allowed for the development of new strategies to leverage the
advantages of BSA. Numerous methodologies and applications of high-throughput genotyping-assisted
BSA—including MutMAP, QTL-seq, and SHOREmap—for the detection of major QTLs for complex
plant traits or the physical locations of mutations have been reported [25-27]. Specific-locus amplified
fragment sequencing (SLAF-seq) is a strategy used to discover single-nucleotide polymorphisms (SNPs),
facilitated by reduced-representation genome sequencing and NGS technologies [28]. The combination
of SLAF-seq and BSA technologies (SLAF-BSA) has been successfully used for the identification of
major QTLs linked to specific traits in plant species [29-31]. For example, in pepper, SLAF-BSA has
been successfully used for the identification of major QTLs for first flower node [32], and resistance to
Phytophthora root rot [33] and cucumber mosaic virus [34].

Information on markers linked with BW resistance in pepper remains scant, limiting the use of
MAS in resistance breeding against this disease. Therefore, this study aimed to (1) monitor the bacterial
infection dynamics in reciprocal grafts of the resistant line BVRC 1 and the susceptible line BVRC 25
by using the bioluminescent R. solanacearum strain BL-Rs7; (2) use integrated SLAF-BSA strategies to
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rapidly identify regions associated with BW resistance; and (3) perform QTL mapping to verify the
regions associated with and identify markers linked to BW resistance in pepper.

2. Results

2.1. Visualization of Bioluminescent R. solanacearum Colonization of Grafted Plants

Grafting experiments revealed that the resistant line BVRC 1 had a good scion/rootstock
compatibility with the susceptible line BVRC 25. The average graft success rates of BVRC25/BVRC1
and BVRC1/BVRC25 were 90.2% and 85.9%, respectively. Typical disease development in the four
graft combinations after root-dip inoculation with the bioluminescent R. solanacearum strain BL-Rs7
is shown in Figure 1 and Figure S1. Strong luminescence signals were detected in the stems of the
BVRC 25/BVRC 25 plants at 5 days post inoculation (dpi) and increased gradually overtime, leading to
whole plant death within 10 dpi. Neither wilting nor luminescence signals were detected in 94.6%
of the stems of the BVRC 1/BVRC 1 plants from 5 to 30 dpi (Figure 1 and Figure S1). R. solanacearum
multiplication in the scions of BVRC 1/BVRC 25 grafted plants was conspicuously retarded until 9 dpi
when compared with that in BVRC 25/BVRC 25 plants, indicating that R. solanacearum multiplication
in the stem of BVRC 1 was limited, but not completely suppressed. Interestingly, the bioluminescence
intensity at the graft union of the BVRC 1/BVRC 25 seedlings was consistently lower than that in the
nearby rootstock and scion stems. More than 90.9% of the BVRC 25/BVRC 1 seedlings did not show
signs of wilting and showed no luminescence signal in the stems, and their mortality rate did not
significantly differ from that of BVRC 1 self-grafted plants (Figure S1). These results corroborated that
the resistant line BVRC 1 can be used as a rootstock to manage bacterial wilt in pepper.
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Figure 1. Real-time visualization of the bacterial infection dynamics in reciprocal grafts of a resistant
(BVRC 1) and a susceptible (BVRC 25) line after root-dip inoculation with the bioluminescent
R. solanacearum strain BL-Rs7. Scion/rootstock combinations are indicated. The red triangles indicate
the position of the graft union. Bioluminescence imaging of the infected plants was conducted using a
Berthold NightSHADE CCD camera. The color-coded bar displays the bioluminescence intensity scale.

2.2. BW Resistance Inheritance in the Pepper Line BVRC 1

The two parental lines, BVRC 1 and BVRC 25, clearly displayed differential reactions to root-dip
inoculation with R. solanacearum strain Rs-SY1. The resistant parent BVRC 1 had a low wilt rate
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(4.58%), disease severity index (DSI) (0.31), and area under the disease progress curve (AUDPC) (1.68)
when compared to the susceptible parent BVRC25 (100%, 3.98, and 42.92, respectively) (Table 1).
The mid-parent wilt rate (52.29%) was close to that of the non-segregating population (F;) (48.59%),
greater than that of the segregating population BC1P; (24.94%), and lower than that of the segregating
population BC; Ps (71.97%) (Table 1). Furthermore, wilting progressed conspicuously slower in dead F;
plants than in the susceptible parent, and the mean AUDPC value for dead F; plants (29.32 + 4.03) was
lower than that for the susceptible parent (42.92 + 1.84). These results suggested that BW resistance
in BVRC 1 might be partially or incompletely dominant. In the 440 plants of the F, population,
the number of plants with susceptibility symptoms increased with increasing dpi. There were two
clear-cut disease-response phenotypes in the F» population at 20 dpi: asymptomatic or death (Figure 2),
indicating that a major genetic factor as well as a few minor factors control BW resistance in BVRC 1.

Table 1. Disease evaluation design and the values of the wilt rate, DSI, and AUDPC for parents BVRC 25
and BVRC 1 and their progenies in response to root-dip inoculation with R. solanacearum strain Rs-SY1.

. a Experimental Design for Disease Evaluation Assays Resistance Components
Generations
Test x Block x Plants No. of Plants Inoculation Time DSI® Wilt Rate (%) © AUDPC ¢
68 Summer of 2016 3.98 +0.04
Ps 3x1x20-25 Autumn of 2016 100 4292 +1.84
Summer of 2017
66 Summer of 2016 0.31 +0.24
Py 3x1x15-25 Autumn of 2016 4.58 +£3.95 1.68 +1.28
Summer of 2017
68 Summer of 2016 1.76 £ 0.17
Fy (9Ps X d'P;) 3x1x15-25 Autumn of 2016 48.59 +5.38 14.56 + 3.08
Summer of 2017
BC;Ps 1x1x31 31 Summer of 2017 271 71.97 23.08
BC, P, 1x1x33 33 Summer of 2017 0.86 2494 7.2
Fy 1x1x440 440 Autumn of 2016 1.88 47.78 18.36

2 Ps and P are the susceptible parent line BVRC 25 and resistant parent line BVRC 1, respectively. ¢ and d'represent
female and male parent, respectively. P The disease severity index (DSI) was calculated at 20 days after root-dip
inoculation based on a 0 to 4 rating scale as follows: DSI = }(disease score X number of plants with each disease
score)/total number of plants. ¢ Wilting was defined as DSI at 20 dpi of >2. 9 The area under the disease progress
curve (AUDPC) was calculated from scores (0—4) evaluated at 7, 10, 15, and 20 dpi.

250 -
200 -
150 -

100 -

No. of Plants

50 -

Disease severity score

Figure 2. Histograms of the disease severity scores (ranging from 0 = asymptomatic to 4 = dead) of
the F2 population (n = 440) in response to root-dip inoculation with R. solanacearum strain Rs-SY1 at
20 days post-inoculation.

2.3. Association Analysis Based on Euclidean Distance (ED) and SNP Index

SLAF-seq of the two parents and the resistant (R and susceptible (S pools yielded approximately
82.34 million raw reads. After filtering, 79.14 million clean reads were retained (Table 52). The average
percentage of reads with a Q30 score was 92.89%, indicating that most reads were of high quality.
An average of 97.59% of the clean reads from each of the four SLAF libraries could be mapped to the
CM334 reference genome (Table 52). Cluster analysis identified 376 860 SLAFs that were distributed
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evenly over the chromosomes of the reference genome (Table S3; Figure S2). The average SLAF-seq
depth was 23.20-fold in the BVRC 1 library, 26.46-fold in the BVRC 25 library, 63.76-fold in the R-pool
library, and 67.06-fold in the S-pool library (Table S2). In total, 1,073,404 SNPs were identified using
the GATK and SAMtools software [35,36]. The number of SNPs on each chromosome ranged from
42,077 on chromosome 8 to 147,987 on chromosome 9 (Table S3). After filtering, 161,389 polymorphic
SNPs between the two DNA bulks were retained as useful markers for association analysis to identify
candidate regions associated with BW resistance in pepper, using ED [37] and SNP index [26] methods.
For the ED method, the marker—trait association threshold was set to 0.17, and several small candidate
regions related to BW resistance were detected on chromosome 10 (Figure 3A). As the resistance
response to BW might be partially dominant inheritance, the upper limit A(SNP index) value of the
trait-associated SLAF is expected to be less than 0.5. Using Loess regression fitting (see Materials and
Methods), the A(SNP index) threshold value for correlation between the R- and S-pools was set at 0.33,
and numerous small candidate regions were identified in the similar regions of chromosome 10 as
those identified by the ED method (Figure 3B). Finally, two large candidate regions on chromosome 10,
including the intervals 56,910,000-69,110,000 and 111,090,000-183,670,000 (Table 2), which covered all
the candidate regions from the two association methods, were considered to be potentially associated
with BW resistance.
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Figure 3. Identification of genetic region(s) significantly associated with resistance to R. solanacearum
strain Rs-SY1 in pepper (C. annuum) using combined specific-locus amplified fragment sequencing
(SLAF-seq) and bulked segregant analysis (BSA). (A) Euclidean distance (ED)-based association results.
The x-axis represents the 12 pepper chromosomes, and the y-axis represents the association values
based on the ED at each SNP location. The red dashed line represents the association threshold.
Higher association values based on the ED indicate a stronger association between the SNPs and
bacterial wilt resistance. (B) SNP index graphs of the R- and S-pools, and the A(SNP index). The x-
and y-axes indicate the 12 pepper chromosomes and the SNP index, respectively. The red dashed line
represents the association threshold.
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Table 2. Common bacterial wilt (BW) resistance-associated regions were estimated based on the SNP
index and by Euclidean distance analysis.

Chr ID Start Position (bp)  End Position (bp)  Interval Size (Mb)
Pepper.v.1.55 Chr10 56,910,000 69,110,000 ~12.20
Pepper.v.1.55 Chr10 111,090,000 183,670,000 ~72.58

2.4. Construction of a Genetic Linkage Map of Chromosome 10

To confirm the BW resistance-associated regions identified by SLAF-BSA, 46 markers showing
polymorphism between the parent lines and evenly distributed on chromosome 10, including 30 InDel
and 16 SNP markers (Table S1), were genotyped in the 440 plants of the F, population. The linkage
map had a total length of 133.3 cm, with an average intermarker distance of 2.6 cm (Table S1).
SNP10-64571038 was positioned the closest to the right border of the first association region (56 910
000-69 110 000), and ID10-117045647 was located the closest to the left border of the second association
region (111,090,000-183,670,000). The physical distance between SNP-64571038 and 1D10-117045647
was ~52.47 Mb based on the reference genome CM334, but the genetic distance in the linkage map
was only ~1.3 cm. The ordering of some markers on the linkage map were not the same as their
physical orders on reference genome. For example, maker ID10-61856194 developed in the first
associated region was mapped between the makers ID10-134713789 and 1D10-142883512, which were
both physically distributed in the second associated region (Figure S3 and Table S1). We inferred that a
part of associated SLAFs from first associated region may be assigned to the second associated region.
Therefore, these two adjacent regions may form one QTL.

2.5. Confirmation of the BW Resistance-Associated Regions by QTL Mapping

Composite interval mapping (CIM) was used to identify BW resistance QTL(s) based on four
resistance components, including DSI at 10, 15, and 20 dpi, and the AUDPC values (Figure 4).
A significant QTL with a log-likelihood (LOD) score of more than 3.0 was detected on chromosome
10 as early as 10 dpi. QTL mapping based on the DSI value at 15 dpi revealed a large regional and
significant QTL region that covered the two associated regions identified by SLAF-BSA. Based on the
DSI at 20 dpi, the QTL reached a maximum plateau LOD score of 9.79 and accounted for 19.01% of the
phenotypic variation. The significant QTLs involved in each resistance component were mapped to
similar genome regions. Although the position of the QTL peak varied, the intervals overlapped for
DSI at 15 and 20 dpi, and AUDPC, and this QTL was considered the major QTL for BW resistance
in the pepper line BVRC 1 (Figure 4). The overlapping QTL region (designated “qRRs-10.1") was
mapped at 63.6-72.3 cm—an interval of 8.7 cm—between two InDel markers (ID10-178408813 and
ID10-196208712) that were physically located in the region of 178.4-196.2 Mb (~17.8 Mb) on chromosome
10. Genetic mapping information of the QTL regional markers is provided in Table 3. Seven InDel
markers were located within the major QTL qRRs-10.1, and ID10-194305124 was the closest to the QTL
peak. Moreover, based on significant marker effects in the F, population, ID10-194305124 showed
the strongest correlation with R. solanacearum resistance when compared with the other markers,
as F, plants harboring the resistance allele of ID-194305124 showed the lowest mean AUDPC (6.36),
and those harboring the susceptibility allele showed the highest AUDPC (35.52) (Table 3). The additive
effect of the associated markers indicated that the BW resistance-increasing allele was contributed by
the resistant parent BVRC1. The DR was 0.2-0.8 for all seven significant markers, indicating partial
dominance of gRRs-10.1. Using the package R/qtl, it was verified that only one significant QTL peak
existed on chromosome 10, and markers ID10-194305124 and ID10-196208712 were located the closest
to the QTL peak (Figure S4). Thus, SLAF-BSA combined with QTL mapping identified a major BW
resistance QTL, gRRs-10.1, on chromosome 10 of the pepper line BVRC 1.
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Figure 4. Quantitative trait locus (QTL) mapping for the identification and validation of R. solanacearum
resistance QTL gRRs-10.1 on pepper chromosome 10. An average 1000 permutation threshold (maximum
log-likelihood = 3.0) is indicated by the dotted line. The above QTL graph was the original graph
generated by WinQTL cartographer with the following modification. A QTL involved in each resistance
component (DSI at 15 and 20 dpi, and AUDPC) was mapped to an overlap region, indicated with the
gray bar. The approximate positions of the two resistance-associated regions identified by SLAF-BSA
are indicated by the yellow bars. The bar below the QTL graph represents the genetic linkage map
constructed with 46 InDel and SNP markers on chromosome 10. InDel markers within the resistance
QTL gRRs-10.1 are shown. The five predicted resistance (R) genes and three defense-related genes are
shown in red and green, respectively.

Table 3. Genetic mapping information of markers within the gRRs-10.1 QTL region mapped at 20 dpi
with R. solanacearum strain Rs-SY1.

Genetic Composite Interval Mapping Results Mean AUDPC of Three Genotypic Classes in F, Plants &

a
InDel Markers Distance (cM)

LOD? R2(%)¢ A4 D¢ DRf B:B A:A A:B
1D10-178408813 63.6 7.47 1365  0.81 —021 052 7.30 33.80 16.87
1D10-182178715 64.9 8.12 1400 086 —020 0.46 7.69 33.97 17.71
1D10-185236974 66.8 8.37 1782 094 -017 037 7.12 35.00 17.60
1D10-186260160 66.5 8.37 1782 0.87 —021 047 7.04 3491 17.74
ID10-190060186 66.6 8.38 1782 087 -021 047 7.12 34.91 17.74
1D10-194305124 71.0 9.93 1901 097 -010 021 6.36 35.52 18.05
1D10-196208712 72.3 3.59 1841 073 -013 035 7.45 35.55 17.85

@ Markers were named based on the physical positions in reference genome CM334 (v.1.55). ® LOD, log-likelihood.
¢ R? (%), percentage of variation explained by each maker. ¢ A, value of the additive effect of each maker. ¢ D,
value of the dominance effect of each marker. A negative sign indicates that the increasing resistance of the QTL
alleles was contributed by the resistant parent. f2|d/al, dominance ratio (DR), with a and d being the additive
and dominance estimates, respectively. DR < 0.2 (additive), 0.2 < DR < 0.8 (partially dominant), 0.8 < DR < 1.2
(dominant), DR >1.2 (overdominant). & AUDPC, area under the disease progress curve. Lower mean AUDPC was
associated with greater plant disease. B:B, allele of resistant line BVRC 1; A:A, allele of susceptible line BVRC25; A:B,
heterozygous genotype.
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2.6. Annotated Resistance-Related Genes and SNPs within the gRRs-10.1 Locus

In total, 54 genes were predicted to be closer than +2 Mb from the highest significant maker
ID10-194305124 (Table S4). Among these, five genes (CA10g12570, CA10g12800, CA10g13010,
CA10g13020, and CA10g13030) were predicted to be putative disease resistance (R) genes.
To characterize the metabolic pathways these 54 predicted genes are involved in, functional classification
was conducted based on Gene Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses. Based on GO term enrichment analysis, two genes (CA10g12960 and
CA10g12980) were assigned to “defense response” (GO: 0006952). KEGG analysis identified one gene
(CA10g12520) involved in “plant—pathogen interaction” (ko: 04626). CA10g12960 and CA10g12980
are upregulated late in response to Hyaloperonospora parasitica (LURP) genes. CA10g12520 is a
pathogenesis-related protein (PR-1) (Table 4 and Table S4). These three defense-related genes have
been verified to be involved in plant—pathogen interactions [38,39]. Therefore, these eight resistance
and defense-related genes are possibly important candidate genes for gRRs-10.1.

Alignment of the resequencing reads of BVRC 1 and BVRC 25 against CM334 identified 4840
SNPs among the regions of the 54 predicted genes, 221 of which were non-synonymous, stop-gained,
or stop-lost SNPs located in the coding regions of 44 of the predicted genes (Table S5). One to eight
non-synonymous SNPs were identified in the coding regions of each of the three R genes (CA10g13010,
CA10g13020, and CA10g13030) and the two defense-related genes (CA10g12960 and CA10g12980)
(Table 4 and Table S5).

Table 4. Resistance and defense-related genes identified within the major QTL, gRRs-10.1.

Gene ID Functional Annotation Database ? No. of Non-Synonymous in

Coding Region
. . NR; Swiss-Prot; KEGG:
CA10g12520 Pathogenesis-related protein (PR-1) plant-pathogen interaction; 0
CA10g12570 Tospovirus resistance protein E CM334 (v.1.55); COG; Swiss-Prot 0
CA10g12800 Putative disease resistance protein CM334 (v.1.55); Pfam; Swiss-Prot 0
CA10g12960 protein LURP-one-related 15-like CM334 (v.1.55); N, Swiss-Prot; Pfam; 2
GO: defense response;
CA10g12980 protein LURP-one-related 15-like CM334 (v.1.55); N, Swiss Prot; Pfam, 1
GO: defense response;
CA10g13010 Disease resistance protein BS2 CM334 (v.1.55); NR 8
CA10g13020 Disease resistance protein BS2 CM334 (v.1.55); Pfam; Swiss-Prot 7
CA10g13030 NBS-coding resistance gene analog CM334 (v.1.55); NR 5

2 NR, NCBInonredundant protein database; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

3. Discussion

3.1. BVRC 1 Is a Good Rootstock for BW Resistance

Grafting is widely applied in pepper production to improve plant vigor and yield and to provide
resistance to soilborne pathogens and nematodes [40,41]. Our previous study on the dynamics of
R. solanacearum colonization in planta revealed that bacterial populations in the root and collar of
the resistant line BVRC 1 were smaller than those in the susceptible line BVRC 25 [1]. To further
dissect rootstock control of BW resistance in BVRC 1, disease establishment was monitored and,
simultaneously, the in planta bacterial infection dynamics were evaluated in reciprocal grafts of BVRC
1 and BVRC 25, as well as in self-grafted plants. By tracking bacterial invasion in the graft tissues
of BVRC 1/BVRC 25, it was verified that R. solanacearum can cross the graft union (~2 cm up the
cotyledons) from the rootstock to the scions; however, wilt onset was delayed compared to that in
BVRC 25/BVRC 25 plants. More than 90.9% of BVRC 25/BVRC 1 plants did not show bioluminescence
signals or wilting until flowering, indicating that the grafting onto the resistant BVRC 1 rootstock
effectively suppressed the spreading of R. solanacearum into the scion. Our previous [1] and current
studies revealed that BW resistance in BVRC 1 is associated with the restriction of R. solanacearum
multiplication in the roots and lower stem. In vascular wilt diseases, resistance is generally considered
to be a state in which pathogen growth in the aerial parts is substantially limited, although the pathogen
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is not prevented from infecting the roots [1,42—44]. In line with our results, analysis of the systemic
spreading of R. solanacearum in Medicago truncatula revealed that in a resistant line, the bacterial load
was reduced in the aerial tissues, but not the root tissues, suggesting that the hypocotyls and lower
stem may be critical zones for suppressing bacterial growth [42,44]. Therefore, grafting of the resistance
rootstock of BVRC 1 above the cotyledon and keeping the graft union away from the soil line might
contribute to BW resistance in grafted plants.

3.2. Like Most BW-Resistant Pepper Lines, BVRC 1 Has Partially Dominant Resistance

Genetic analysis of BW resistance and the identification of resistance genes are important in pepper
breeding. Several sources of genetic resistance to BW have been identified in pepper to date. However,
the genetic basis of BW resistance in these pepper lines remains elusive and is even controversial as
different sources have different inheritance mechanisms [10,12-16,18]. In this study, comparison of
the DSI values of F;, BC1Ps, and BC;P; with those of the parents indicated that BW resistance is a
partially dominant trait (Table 1). Similarly, in previous studies, the disease severity in F; was similar
to or less than the mean mid-parent value [10,16], indicating that BW resistance in pepper generally is
partially dominant. Conversely, Thakur et al. [18] studied the inheritance of BW resistance in an F,
population derived from two pepper near-isogenic lines, Pusa Jwala and Anugraha, which differ only
in BW resistance, and found that the resistance was governed by homozygous recessive gene action.
These discrepancies may be due to various factors, such as the use of different breeding lines, isolates,
and the criteria used for scoring.

3.3. qRRs-10.1 Is a Partially Dominant Major Resistance QTL on Chromosome 10 of the Pepper Line BVRC 1

The phenotypic distributions for DSI and AUDPC were continuous, with a bimodal trend in
the F, population, indicating that a major genetic factor as well as a few minor factors control BW
resistance in BVRC 1 (Figure 2). BSA can used to analyze quantitative traits that are controlled by a few
major genes [45]. Thus, SLAF-BSA was utilized to rapidly identify candidate regions harboring QTLs
for BW resistance. Only two adjacent associated regions (Table 2) were identified on chromosome 10,
using both ED [37] and the SNP index [26]. The credibility of the first associated region was questionable
because the marker ID10-61856194 derived from the first associated region was mapped in the second
associated region based on the genetic linkage map. Additionally, QTL mapping revealed that only
one significant QTL peak was identified near the second associated region (Figure 4). Therefore,
these two regions may belong to a single QTL. QTL mapping showed that a common QTL, gRRs-10.1,
identified based on four resistance components, was delimited between the markers ID10-178408813
and ID10-196208712, within ~17.8 Mb. The DR values of the significant markers within the QTL
and the DSI values for F;, BC1Ps, and BC1P; compared with those of the parental lines indicated the
partial dominance of the resistance phenotype for qRRs-10.1 (Tables 1 and 3). ID10-194305124 had
the highest LOD score and phenotypic variation R? among markers at the gRRs-10.1 locus (Table 3),
demonstrating its potential use for MAS of BW resistance with BVRC 1 as the resistant donor parent.
The major BW resistance QTL qRRs-10.1 identified in the present study differs from those identified in
previous studies that suggested the existence of disease resistance loci on chromosomes 1 and 11 [17,18].
This can be explained by the use of different parents, isolates, inoculation methods, scoring methods,
and population types. Although a major QTL on chromosome 10 was rapidly identified and verified
using SLAF-BSA combined with QTL mapping, we did not find any additional resistance-associated
regions in other chromosomes. This may be because BSA is not useful for mapping minor QTLs [46].
Currently, 162 F; recombinant inbred lines from a cross between BVRC 25 and BVRC 1 are being used
to fine map qRRs-10.1 and identify additional loci linked to BW resistance.

3.4. qRRs-10.1 Candidate Genes

A growing number of R genes have been cloned and characterized. Most of them encode a
predicted protein with an LRR domain and other conserved domains, such as a nucleotide-binding
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(NB) site [47-49]. Two R. solanacearum resistance genes have been identified in Arabidopsis thaliana
through map-based cloning: ERECTA, encoding an LRR receptor-like kinase involved in polygenic
resistance [50], and RRS1-R, encoding a typical TIR-NB-LRR protein with a WRKY domain involved in
monogenic resistance and tolerance [51,52]. The RRSI-R gene and other adjacent NB-LRR gene RPS4
function as a dual resistance gene system to prevent infection by three distinct pathogens, namely
R. solanacearum, Pseudomonas syringae, and Colletotrichum higginsianum [53,54]. The RPS4/RRS1-R
complex recognizes type III effector (T3E) PopP2 from R. solanacearum via interaction with the RRS1-R
WRKY domain, resulting in the activation of subsequent immunity [55,56]. In M. truncatula, the R
locus MtQRRS1 contains a cluster of seven R genes and may act through intralocus interactions to
promote resistance to R. solanacearum [42]. Therefore, we aimed to identify R genes located close to the
most significant marker ID10-194305124, which had the highest LOD score in the gRRs-10.1 locus. Five
putative R genes (CA10g12570, CA10g12800, CA10g13010, CA10g13020, and CA10g13030), delimited
to the region 193.4-196.3 Mb (~2.9 Mb) were verified to have either an NB-ARC or an LRR domain
based on sequence alignment against the NR and Swiss-Prot databases (Table S4). Among these,
CA10g12570 and CA10g12800 were physically located very closely to the marker 1D10-194305124.
Additionally, three tandemly arrayed genes, CA10g13010, CA10g13020, and CA10g13030, were located
in the physical interval of 196,298,696-196,301,165 bp, which is only ~2 Mb and ~90 Kb away from the
significant markers ID10-194305124 and ID10-196208712, respectively.

Previous studies have identified R genes acting in tandem [53,57-60]. In pepper, potyvirus
resistance locus Pvr4 and tomato spotted wilt virus resistance locus Tsw are located in the same locus at
the end of chromosome 10. Eight genes encoding CC-NBS-LRR proteins are clustered within the Pvr4
locus in C. annuum CM334, whereas 14 NBS-LRR genes have been predicted within the Tsw locus in C.
chinense PI159236. Sequence alignment of the NBS genes in the Pur4/Tsw cluster revealed that eight
CC-NBS-LRR genes in CM334 showed co-orthology with 14 NBS-LRR genes of P1159236 [60]. In the
present study, two (CA10g13010 and CA10g13020) of the three tandem R genes were predicted as the
disease resistance gene Bs2. Bs2 belongs to the NBS-LRR family [61] and produces a hypersensitive
response when it recognizes its cognate AvrBs2 protein, an effector protein that is highly conserved
among Xanthomonas spp. [62]. Recently, Kunwar et al. [63] evaluated transgenic tomato expressing
elongation factor tu receptor (EFR) from A. thaliana and/or Bs2 from pepper for the management of
BW and bacterial spot. Expression of EFR or BsZ/EFR in susceptible tomato significantly reduced
the disease severity of BW and bacterial spot, demonstrating the potential of using Bs2/EFR for field
management of these diseases. EFR is an important component of pathogen-associated molecular
pattern (PAMP)-triggered immunity and plays an important role in plant defense by recognizing
conserved PAMPs in microbes [64]. We identified one defense-related gene, CA10g12520, encoding
PR-1, involved in “plant-pathogen interaction” (ko: 04626), which includes PAMP-triggered immunity.
Furthermore, two LURP genes, CA10g12960 and CA10g12960, involved in “defense response” (GO:
0006952) were identified. Knoth and Eulgem [39] found that LURP1 is required for full basal defense to
Hyaloperonospora parasitica and resistance to this pathogen mediated by the R proteins RPP4 and RPP5.

In a sequence comparison of coding regions between the parents, non-synonymous variations
were identified in five candidate genes, but not CA10g12520, CA10g12570, and CA10g12800 (Table S5).
We cannot rule out that differential expression of these three genes between resistant and susceptible
lines may underlie difference in gene activity for BW resistance. Future research is required to
genetically and functionally validate the resistance mechanisms of these seven strong candidate genes
for the control of R. solanacearum in pepper.

4. Materials and Methods

4.1. Grafting Experiments

Two inbred pepper lines (C. annuum), BVRC 25 and BVRC 1, sourced from the Beijing Vegetable
Research Center (Beijing, China), were used in the grafting experiments. BVRC 1 is highly resistant
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to BW, whereas BVRC 25 is highly susceptible [1]. Pepper seeds were sown in 72-cell plug trays
(54 cm x 28 cm X 5.5 cm; Taizhou Longji Yuanyi Cailiao, Zhejiang, China) containing a mixture of peat
and vermiculite (2:1) sterilized in an autoclave (ALP, Tokyo, Japan) for 30 min. Plants were grown
in a greenhouse at 28/25 °C (day/night) under a 14 h photoperiod and were fertilized weekly with
Poly-Feed (1 g/L) (Haifa Chemicals, Haifa Bay, Israel). All four possible scion/rootstock combinations,
i.e, BVRC 1/BVRC 1, BVRC 25/BVRC 25, BVRC 1/BVRC 25, and BVRC 25/BVRC 1, were included
in the grafting experiments. Seedlings in the four-expanded-leaf stage were grafted approximately
2 cm up the cotyledon using a steep angle cut, and the graft union was secured with grafting
clips. The grafted seedlings were incubated in a mist chamber with a high humidity of 80-90% at
28/25 °C (day/night) under a 14 h photoperiod for two weeks to heal. Then, successfully grafted
seedlings of each combination were transferred to a greenhouse that is used only for BW disease
evaluation. Three independent replicates, each with 8-10 grafted seedlings of each grafting combination,
were prepared for use in subsequent experiments.

4.2. Inoculum Preparation and Inoculation

To evaluate bacterial infection dynamics in planta in real time, we previously generated a
bioluminescent R. solanacearum strain, BL-Rs7, using the vector pXX3 carrying the luxCDABE
gene [1]. The luminescence intensity was strongly correlated with the bacterial population in planta
(R? = 0.88). Inoculums preparation and root-dipping were carried out as previously described [1],
with minor modifications. BL-Rs7 was streaked on Kelman’s triphenyl tetrazolium chloride agar
medium and the plate was incubated at 28 °C for 60 h [65]. Mucoid, egg-shaped R. solanacearum
colonies with pink-reddish centers were selected and cultured on NBY nutrient agar plates at
28 °C for 60 h. Bacterial suspensions were prepared in sterile distilled water and adjusted to
ODggo = 0.10 (~1 x 108 CFU/mL). The plants were carefully removed from the 72-cell flats, and the
roots were rinsed in running water. The plants were inoculated by directly dipping the roots in the
BL-Rs7 suspension for 10 min. For real-time imaging, the inoculated plants were transplanted into
pots (8 cm x 8 cm, diameter X height) filled with sterilized perlite, and watered with 0.1x Hoagland’s
nutrient solution (Hoagland and Arnon 1950) [66]. Pots were arranged in a growth chamber (28/25 °C
(day/night), 14 h photoperiod).

4.3. Bioluminescence Imaging

Plant colonization by BL-Rs7 was determined by bioluminescence imaging using a Berthold
NightSHADE CCD camera, model LB985 (Berthold Technologies GmbH & Co. KG, Bad Wildbad,
Germany). Bioluminescence images were acquired as described previously [1,67]. The imaging
parameters of the sensitivity/resolution setup were 4 X 4 binning and a 5 min delay in the dark imaging
chamber prior to an incremental exposure time of 180 s. After imaging, the plants were replanted into
the pots and placed in the growth chamber. Root-inoculated seedlings were imaged at 5, 7, 9, 10, 11, 15,
and 30 dpi to monitor the movement of bacteria. The bioluminescence signal in planta was quantified
using indiGo software, and the light intensity was displayed in counts per second.

4.4. Genetic Population Construction

A cross was made between BVRC 25 (female parent, Ps) and BVRC 1 (pollen donor, P;) to create
an F; generation. An F; individual was self-pollinated and backcrossed to the parental lines to obtain
the progenies F,, BC1Ps, and BC1P;. All crosses were made by controlled hand pollination in the
greenhouse at the Beijing Vegetable Research Center. The six progenies, including P, Py, Fq, F», BC; P,
and BC;P;, were used to test BW resistance inheritance. The experimental design for disease evaluation
assays of the six progenies is presented in Table 1.
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4.5. Inoculation and Disease Evaluation

The R. solanacearum phylotype I strain Rs-SY1 isolated from pepper in China [1] was used in this
study. Plant culture and inoculation were carried out as described above, with minor modifications.
Seedlings at the six-expanded-leaf stage were root-dip inoculated with strain Rs-SY1 at 1 x 108 CFU/mL
for 10 min. The inoculated plants were planted into individual 10 cm X 10 cm (diameter X height) pots
containing sterilized peat and vermiculite. The pots were arranged in the greenhouse used for BW
disease evaluation only. The temperature ranged from 25 to 30 °C (08:00 to 20:00) and 20 to 25 °C (20:00
to 08:00). Water and fertilizer were provided as needed. Once the susceptible parent began to exhibit
disease symptoms (typically, 7 dpi), all plants were scored for disease severity.

At 7,10, 15, and 20 dpi, the disease severity of each plant was scored as follows: 0 = asymptomatic;
1 = minor symptoms with less than 20% wilted leaves; 2 = moderate symptoms with 20-50% wilted
leaves; 3 = severe symptoms with 50-80% wilted leaves; 4 = dead plant, 80-100% wilted leaves
(Figure 5). The DSI was calculated as follows:

DSI = Z(disease score X NDP)/N 1)

where NDP is the total number of plants with the specified disease score, and N is the total number
of plants. The area under the disease progress curve (AUDPC) was calculated using the agricolae R
package [68] based on the assessed plant disease score. The disease response was based on the disease
score at 20 dpi; a plant with a DSI of <2 was considered healthy, and wilting was defined as a DSI of >2.

0 = asymptomatic 1 = minor wilting 2 = moderate wilting 3 = severe wilting 4 = plant death

Figure 5. Disease severity of bacterial wilt in pepper.

4.6. DNA Extraction

Young leaves were collected from Ps, P, Fj, and 440 F, plants at the four-expanded-leaf
stage. Genomic DNA was extracted by the cetyltrimethylammonium bromide—chloroform method,
as described by Fulton et al. [69], with minor modifications. DNA integrity was evaluated by 1.5%
(w/v) agarose gel electrophoresis, and the concentration was determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Final DNA concentrations were
adjusted to 150 ng/uL with a total DNA amount of at least 25 pg/plant.

4.7. SLAF Library Construction and Sequencing

Two DNA pools were constructed for SLAF-seq analysis, namely, an R-pool (resistant to BW) and
an S-pool (susceptible to BW). The pools were generated by mixing equal amounts of DNA extracted
from 29 resistant (DSI = 0 at 20 dpi) F, individuals and 29 of the most susceptible (DSI = 4 at 7 dpi)
F, individuals. Genomic DNA from both parents and the two DNA pools was digested with the
restriction enzyme Haelll (New England BioLabs, Ipswich, MA, USA). A single-nucleotide A overhang
was added to the digested fragments using the Klenow DNA polymerase fragment (New England
Biolabs, Ipswich, MA, USA) and dATP at 37 °C. Then, polyacrylamide gel electrophoresis-purified
duplex tag-labeled sequencing adapters [70] were ligated to the A-tailed DNA with T4 DNA ligase
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(New England BioLabs, Ipswich, MA, USA). The reaction products were pooled and purified using
QIAquick spin columns (Qiagen, Hilden, Germany). The purified products were electrophoresed on a
2% agarose gel, and fragments with sizes of 414-514 bp were collected as SLAFs and purified using a
gel extraction kit (Qiagen, Hilden, Germany). The purified SLAFs were sequenced on a HiSeq 2500
platform (Illumina, San Diego, CA, USA) at Biomarker Technologies Corporation in Beijing, China
(http://www.biomarker.com.cn).

4.8. SLAF-seq Data Analysis

SLAFs grouping and genotyping were carried out as described previously [28]. Briefly,
after filtering out the low-quality reads (quality score <30e), the clean SLAF pair-end reads were
clustered based on sequence similarity using BLAST (tilesize = 10, stepsize = 5). The pair-end clean
reads were mapped onto the C. annuum cv. CM334 reference genome (v.1.55; ftp://ftp.solgenomics.net/
genomes/Capsicum_annuum/C.annuum_cvCM334/assemblies/) using the Burrows—Wheeler alignment
tool with default parameters [71]. SNPs were detected using the GATK software [35] per the user
guide (https://www.broadinstitute.org/gatk/guide/best-practices.php). To ensure the accuracy of the
SNPs identified using GATK, SAMtools software was also used to detect SNPs [36]. SNPs that were
detected by both GATK and SAMtools were selected for further analysis. Prior to association analysis,
the SNPs were filtered using the following criteria: SNPs with multiple alleles, SNPs with a sequencing
depth of less than 4x in each pool or parent, SNPs with the same genotypes among pools, and SNPs
with recessive alleles that were not inherited from parents with recessive genotypes in the pools
were all filtered out. Ultimately, a collection of high-quality SNP markers was obtained for use in
association analysis.

4.9. Association Mapping Analysis

Association mapping was performed using both the Euclidean distance (ED) [37] and the SNP
index algorithm [26]. The ED between the allele frequencies at each SNP in the R- and S-pools was
calculated as in Hill et al. [37], using the equation

ED = \/(Amut - Awt)2 + (Cmut - th)Z + (Gmut - th)2 + (Tmut - th)zl (2)

where each letter (A, C, G, T) indicates the frequency of the corresponding DNA nucleotide. The ED
values were squared to decrease the effects of noise and increase the effects of large EDs. Data were
then fitted using LOESS regression, and the threshold for the significance of marker—trait associations
was set at median + 35D of the LOESS-fitted values [37]. The genome regions at which the LOESS-fitted
values exceeded the threshold were designated as candidate regions associated with resistance to BW
in pepper.

Association analysis method based on the SNP index allows finding significant differences in
genotype frequency between the pools, indicated by A(SNP index) [26]. In this SLAF-seq project,
M stands for BVRC 25 (BW-susceptible parent) and P stands for BVRC 1 (BW-resistant parent), and aa
denotes the genotype of the BW-susceptible parent, and ac denotes the genotype of the BW-resistant
parent. The SNP index indicates the proportion of reads with SNPs that are different from the reference
sequence. The A(SNP index) was calculated as follows:

SNP index (aa) = Maa/(Paa + Maa), 3)
SNP index (ac) = Mac/(Pac + Mac), 4)
A(SNP index) = SNP index (aa) - SNP index (ac), 5)

where Maa indicates the depth of the aa population derived from M; Paa indicates the depth of the aa
population derived from P; Mac indicates the depth of the ac population derived from M; Pac indicates
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the depth of the ac population derived from P. A(SNP index) = 1 if the bulked DNA comprise only the
parent BVRC 1; A(SNP index) = —1 if it comprised only the parent BVRC 25; A(SNP index) = 0 if the
bulked DNA has the same SNP index as both parents in the genome region. The average SNP index was
plotted against the position of each sliding window (4 Mb) in the CM334 genome. The A(SNP index)
data were then fitted using LOESS regression, and the threshold for the significance of marker-trait
associations was set at 1% of the largest Loess-fitted values [26]. The regions for which A(SNP index)
values exceeded the threshold were considered candidate regions (potential QTLs) associated with
resistance to BW. Finally, ED, SNP index, and ASNP index values were plotted, and the intersections
between candidate regions identified using the ED and SNP index methods were designated as final
candidate BW resistance associated regions.

4.10. Insertion/Deletion (InDel) and SNP Marker Development

The regions associated with resistance to BW identified by SLAF-BSA were verified by polymorphic
SNP and InDel marker-based traditional QTL analysis. To widely characterize the sequence
polymorphisms between the parents and within the candidate regions, we subjected the two parental
lines to whole-genome resequencing with an average depth of ~31.65 on the Illumina X Ten platform
at Shanghai Majorbio Bio-Pharm Technology (Shanghai, China).

The raw reads were filtered using Trimmomatic [71]. The clean reads were mapped to the reference
genome CM334 version 1.55 using Burrows—Wheeler alignment software [72], and InDels and SNPs
were identified using the GATK program [35] per the user guide (https://www.broadinstitute.org/gatk/
guide/best-practices.php).

Primers for the markers were designed with Primer 5.0 software (http://www.PromerBiosoft.com),
and were named based on the physical positions of pepper reference genome CM334 (v.1.55).
The markers were initially evaluated in the parental lines to find clear polymorphisms, and the
polymorphic markers were genotyped in the 440 individuals of the F, mapping population.
The polymorphic InDel and SNP primers used for QTL mapping are listed in supplementary Table S1.

4.11. Genotyping of the Population

PCR analysis of InDels was carried out in 10 pL reactions containing 1 uL of DNA (15 ng/uL), 0.5 uL
each of the forward and reverse primers (10 pM), 3 uL of ddH,0O, and 5 pL of GoTaq Green Master Mix
(Promega, Madison, WI, USA). The thermal cycling conditions were as follows: initial denaturation at
94 °C for 3 min, 38 cycles of denaturation at 94 °C for 30 s, annealing at 52 °C for 30 s, and extension at
72 °C for 30 s, and a final extension at 72 °C for 5 min. For each InDel marker with a small variant
sequence (6-10 bp), the PCR products were separated on 6% nondenaturing polyacrylamide gels at
150 V for 1 h. After silver staining, the gel was observed with a film illuminator for band analysis.
For each InDel marker with a large variant sequence (21-65 bp), the PCR products were separated on 4%
agarose gels, stained with ethidium bromide, and photographed using a GIAS-4400 gel documentation
system (Beony Science and Technology, Beijing, China). For each SNP, two allele-specific forward
primers and one common reverse primer were used for genotyping with kompetitive allele-specific PCR
(KASPar) assays as described by Su et al. [73]. KASPar assays were carried out using 1 pLreactions in
1536-well microplates (KBS-0751-001, KBioscience, Hoddesdon, UK), 12 nM of each of the allele-specific
forward primers, 30 nM of the reverse primer, and 4 ng of genomic DNA. PCRs were run in a GenePro
thermal cycler (Hydrocycler, Hoddesdon, UK) using the following cycling conditions: 15 min at 94 °C,
10 touchdown cycles of 20 s at 94 °C and 60 s at 65-57 °C (reduction of 0.8 °C/cycle), and 26—42 cycles
of 20 s at 94 °C and 60 s at 57 °C. Fluorescence was detected using an omega FLUOstar scanner
(BMG Labtech, Ortenberg, Germany), and the data were analyzed using KlusterCaller 1.1 software
(KBioscience, Hoddesdon, UK). Detailed instructions can be downloaded at www.kbioscience.co.uk.
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4.12. Linkage Map Construction and QTL Mapping

The genetic map was constructed using MAPMAKER/EXP v. 3.0 [74]. The genotyping data and
disease severity values (DSl and AUDPC) for the 440 F, plants were used for the QTL analysis. CIM [75]
was used to identify QTL-related markers, using WinQTLCart 2.5 software [76]. To obtain more
accurate results, LOD score of 3.0 was used as the threshold for testing the significance of the QTL peaks
with 1 000 permutations and a significance level of p < 0.05. The phenotypic variance explained by each
marker was calculated as an R? value using single marker analysis. The software package R/qtl [77]
was also used to verify the QTLs. The dominance ratio (DR) was estimated from the CIM analysis
results. DR = 2|d/a| [78,79], where a and d are the additive and dominance estimates, respectively. DR is
used to describe the gene effect: DR < 0.2, additive; 0.2 < DR < 0.8, partially dominant; 0.8 < DR < 1.2,
dominant; DR > 1.2, overdominant.

4.13. Annotation of the Predicted Genes and Sequence Variants in the QTL Region

The predicted genes closer than +2 Mb from the highest significant marker were identified
based on the annotation of the pepper CM334 reference genome (v. 1.55) [80]. Putative functions
of the predicted genes were further annotated based on sequence alignment with the NCBI
nonredundant protein database (NR, ftp://ftp.ncbi.nih.gov/blast/db/), SwissProt (http://www.uniprot.
org/), Pfam (http://pfam.xfam.org/), Gene Ontology (GO, http://www.geneontology.org/) [81], Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) [82], and Clusters of
Orthologous Groups of proteins (COG, http://www.ncbi.nlm.nih.gov/COG/) [83] databases by BLAST,
with default parameters. Sequence variants in the target QTL were identified by comparison of the
resequencing data of the parents against the pepper genome of CM334 (v.1.55), as described above.
The localizations and coding effects of SNPs closed to the predicted genes were annotated using SnpEff
software (http://snpeff.sourceforge net/SnpEff manual. html) [84].

5. Conclusions

Analysis of the dynamics of bioluminescent R. solanacearum colonization in reciprocal grafts
revealed that the resistant BVRC 1 rootstock effectively suppressed the spreading of bacteria into the
scion, indicating that BVRC 1 is a good rootstock for the management of BW in pepper. SLAF-BSA
combined with QTL mapping identified a major BW resistance QTL, jRRs-10.1, on chromosome 10 of
the pepper line BVRC 1. We found five predicted R genes and three defense-related genes to be strong
candidate genes for JRRs-10.1 that are potentially involved in BW resistance. All of them are located
in close proximity to the significant marker 1D10-194305124 or ID10-196208712. Therefore, these two
adjacent InDel markers could be useful for tracing down resistance alleles of the eight candidate genes,
and for MAS of BW resistance in pepper.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/23/
5887/s1.
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Abbreviations

QTL quantitative trait locus

SNP single-nucleotide polymorphism

InDel insertion/deletion

SLAF specific-locus amplified fragment

BSA bulked segregant analysis

ED Euclidean distance

BW bacterial wilt

CIM composite interval mapping

DSI disease severity index

dpi days post-inoculation

AUDPC area under the disease progress curve
LOD log-likelihood

NGS next-generation sequencing

DR dominance ratio

GO gene ontology

KEGG kyoto encyclopedia of genes and genomes
COG cluster of orthologous groups of proteins
KASPar kompetitive allele-specific PCR

LRR leucine-rich repeat

NB nucleotide binding

PAMP pathogen-associated molecular pattern
MAS marker-assisted selection

References

1.  Du, HS,; Chen, B,; Zhang, X.F,; Zhang, F.L.; Miller, S.A.; Rajashekara, G.; Xu, X.L.; Geng, S.S. Evaluation of

10.

11.

12.

13.

Ralstonia solanacearum infection dynamics in resistant and susceptible pepper lines using bioluminescence
imaging. Plant Dis. 2017, 101, 272-278. [CrossRef] [PubMed]

Hayward, A.C. Biology and epidemiology of bacterial wilt caused by Pseudomonas solanacearum. Annu. Rev.
Phytopathol. 1991, 29, 65-87. [CrossRef] [PubMed]

Peeters, N.; Guidot, A ; Vailleau, F.; Valls, M. Ralstonia solanacearum, a widespread bacterial plant pathogen in
the post-genomic era. Mol. Plant Pathol. 2013, 14, 651-662. [CrossRef] [PubMed]

Xu, J.; Pan, Z.C,; Prior, P; Xu, ].S.; Zhang, Z.; Zhang, H.; Zhang, L.Q.; He, L.Y.; Feng, J. Genetic diversity of
Ralstonia solanacearum strains from China. Eur. |. Plant Pathol. 2009, 125, 641-653. [CrossRef]

Genin, S.; Denny, T.P. Pathogenomics of the Ralstonia solanacearum species complex. Annu. Rev. Phytopathol.
2012, 50, 67-89. [CrossRef] [PubMed]

Huet, G. Breeding for resistances to Ralstonia solanacearum. Front. Plant Sci. 2014, 5, 715. [CrossRef]
Murakoshi, S.; Takahashi, M. Trials of some control of tomato bacterial wilt caused by Pseudomonas
solanacearum. Bull. Kanagawa Hortic. Exp. Stn. 1984, 31, 50-56.

Kim, B.S.; Cheung, J.D.; Cha, Y.S.; Hwang, H.S. Resistance to bacterial wilt of introduced peppers. Korean .
Plant Pathol. 1998, 14, 217-219.

Shekhawat, G.S.; Gadewar, A.V.; Chakrabarti, S.K. Spontaneous phenotypic reversion from afluidal to fluidal
state in strains of Pseudomonas solanacearum. Bact. Wilt Newsl. 1992, 8, 5-9.

Tran, N.H.; Kim, B.-S. Inheritance of resistance to bacterial wilt (Ralstonia solanacearum) in Pepper (Capsicum
annuum L.). Hortic. Environ. Biotechnol. 2010, 51, 431-439.

Naresh, P; Meenu, K.; Acharya, G.C.; Reddy, A.C.; Reddy, D.C.L. Genetics and molecular markers for
resistance to major soil borne pathogens in chilli (Capsicum annuum L.). Res. ]. Biotechnol. 2019, 14, 101-105.
Matsunaga, H.; Monma, S. Varietal differences in resistance to bacterial wilt in related species of Capsicum
annuum. Capsicum Eggplant Newsl. 1995, 14, 60-61.

Lafortune, D.; Beramis, M.; Daubeze, A.M.; Boissot, N.; Palloix, A. Partial resistance of pepper to bacterial
wilt is oligogenic and stable under tropical conditions. Plant Dis. 2005, 89, 501-506. [CrossRef] [PubMed]


http://dx.doi.org/10.1094/PDIS-05-16-0714-RE
http://www.ncbi.nlm.nih.gov/pubmed/30681918
http://dx.doi.org/10.1146/annurev.py.29.090191.000433
http://www.ncbi.nlm.nih.gov/pubmed/18479193
http://dx.doi.org/10.1111/mpp.12038
http://www.ncbi.nlm.nih.gov/pubmed/23718203
http://dx.doi.org/10.1007/s10658-009-9512-5
http://dx.doi.org/10.1146/annurev-phyto-081211-173000
http://www.ncbi.nlm.nih.gov/pubmed/22559068
http://dx.doi.org/10.3389/fpls.2014.00715
http://dx.doi.org/10.1094/PD-89-0501
http://www.ncbi.nlm.nih.gov/pubmed/30795429

Int. ]. Mol. Sci. 2019, 20, 5887 17 of 20

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mimura, Y.; Yoshikawa, M.; Hirai, M. Pepper accession LS2341 is highly resistant to Ralstonia solanacearum
strains from Japan. HortScience 2009, 44, 2038-2040. [CrossRef]

Tsuro, M.; Minamiyama, Y.; Hirai, M. QTL analysis for bacterial wilt resistance in Japanese pepper (Capsicum
annuum L.). Breed. Res. 2007, 9, 111-115.

Matsunaga, H.; Sato, T.; Monma, S. Inheritance of bacterial wilt resistance in the sweet pepper cv. Mie-Midori.
In Proceedings of the 10th Eucarpia Meeting on Genetics and Breeding of Capsicum and Eggplant, Avignon,
France, 7-11 September 1998; p. 172.

Mimura, Y.; Kageyama, T.; Minamiyama, Y.; Hirai, M. QTL analysis for resistance to Ralstonia solanacearum in
Capsicum accession LS2341. J. Jpn. Soc. Hortic. Sci. 2009, 78, 307-313. [CrossRef]

Thakur, PP; Mathew, D.; Nazeem, P.A.; Abida, PS.; Indira, P,; Girija, D.; Shylaja, M.R.; Valsala, A. Identification
of allele specific AFLP markers linked with bacterial wilt Ralstonia solanacearum (Smith) Yabuuchi et al.
resistance in hot peppers (Capsicum annuum L.). Physiol. Mol. Plant Pathol. 2014, 87, 19-24. [CrossRef]
Carmeille, A.; Caranta, C.; Dintinger, ].; Prior, P,; Luisetti, ].; Besse, P. Identification of QTLs for Ralstonia
solanacearum race 3-phylotype II resistance in tomato. Theor. Appl. Genet. 2006, 113, 110-121. [CrossRef]
Thoquet, P,; Olivier, J.; Sperisen, C.; Rogowsky, P.; Prior, P.; Anais, G.; Mangin, B.; Nazer, R.; Grimsley, N.
Polygenic resistance of tomato plants to bacterial wilt in the French West Indies. Mol. Plant Microbe Interact.
1996, 9, 837-842. [CrossRef]

Wang, ].E; Olivier, ].; Thoquet, P.; Mangin, B.; Sauviac, L.; Grimsley, N.H. Resistance of tomato line Hawaii7996
to Ralstonia solanacearum Pss4 in Taiwan is controlled mainly by a major strain-specific locus. Mol. Plant
Microbe Interact. 2000, 13, 6-13. [CrossRef]

Wang, J.F,; Ho, EL; Truong, H.T.H.; Huang, S.M.; Balatero, C.H.; Dittapongpitch, V.; Hidayati, N. Identification
of major QTLs associated with stable resistance of tomato cultivar “‘Hawaii 7996” to Ralstonia solanacearum.
Euphytica 2013, 190, 241-252. [CrossRef]

Kim, B.; Hwang, 1.S.; Lee, H.J.; Lee, ].M.; Seo, E.; Choi, D.; Oh, C.S. Identification of a molecular marker
tightly linked to bacterial wilt resistance in tomato by genome-wide SNP analysis. Theor. Appl. Genet. 2018,
131, 1017-1030. [CrossRef]

Michelmore, R.W.; Paran, I.; Kesseli, R.V. Identification of markers linked to disease-resistance genes by
bulked segregant analysis—A rapid method to detec markers in specific genomic regions by using segregating
populations. Proc. Natl. Acad. Sci. USA 1991, 88, 9828-9832. [CrossRef]

Schneeberger, K.; Ossowski, S.; Lanz, C.; Juul, T.; Petersen, A.H.; Nielsen, K.L.; Jorgensen, J.E.; Weigel, D.;
Andersen, S.U. SHOREmap: Simultaneous mapping and mutation identification by deep sequencing. Nat.
Methods 2009, 6, 550-551. [CrossRef]

Abe, A.; Kosugi, S.; Yoshida, K.; Natsume, S.; Takagi, H.; Kanzaki, H.; Matsumura, H.; Yoshida, K;
Mitsuoka, C.; Tamiru, M.; et al. Genome sequencing reveals agronomically important loci in rice using
MutMap. Nat. Biotechnol. 2012, 30, 174-178. [CrossRef]

Takagi, H.; Abe, A.; Yoshida, K.; Kosugi, S.; Natsume, S.; Mitsuoka, C.; Uemura, A.; Utsushi, H.; Tamiru, M.;
Takuno, S.; et al. QTL-seq: Rapid mapping of quantitative trait loci in rice by whole genome resequencing of
DNA from two bulked populations. Plant J. 2013, 74, 174-183. [CrossRef]

Sun, X; Liu, D.; Zhang, X.; Li, W,; Liu, H.; Hong, W.; Jiang, C.; Guan, N.; Ma, C.; Zeng, H.; et al. SLAF-seq: An
efficient method of large-scale de novo SNP discovery and genotyping using high-throughput sequencing.
PLoS ONE 2013, 8, €0058700. [CrossRef]

Geng, X,; Jiang, C.; Yang, J.; Wang, L.; Wu, X.; Wei, W. Rapid identification of candidate genes for seed weight
using the SLAF-Seq method in Brassica napus. PLoS ONE 2016, 11, e0147580. [CrossRef]

Xu, F; Sun, X,; Chen, Y.; Huang, Y.; Tong, C.; Bao, ]. Rapid identification of major QTLs associated with rice
grain weight and their utilization. PLoS ONE 2015, 10, e0122206. [CrossRef]

Xu, X; Ji, J.; Xu, Q.; Qi, X.; Weng, Y.; Chen, X. The major-effect quantitative trait locus CsARNG6.1 encodes an
AAA ATPase domain-containing protein that is associated with waterlogging stress tolerance by promoting
adventitious root formation. Plant J. 2018, 93, 917-930. [CrossRef]

Zhang, X.E; Wang, G.Y.; Chen, B.; Du, H.S.; Zhang, FL.; Zhang, H.Y,; Wang, Q.; Geng, S.S. Candidate genes
for first flower node identified in pepper using combined SLAF-seq and BSA. PLoS ONE 2018, 13, e0194071.
[CrossRef] [PubMed]


http://dx.doi.org/10.21273/HORTSCI.44.7.2038
http://dx.doi.org/10.2503/jjshs1.78.307
http://dx.doi.org/10.1016/j.pmpp.2014.05.001
http://dx.doi.org/10.1007/s00122-006-0277-3
http://dx.doi.org/10.1094/MPMI-9-0837
http://dx.doi.org/10.1094/MPMI.2000.13.1.6
http://dx.doi.org/10.1007/s10681-012-0830-x
http://dx.doi.org/10.1007/s00122-018-3054-1
http://dx.doi.org/10.1073/pnas.88.21.9828
http://dx.doi.org/10.1038/nmeth0809-550
http://dx.doi.org/10.1038/nbt.2095
http://dx.doi.org/10.1111/tpj.12105
http://dx.doi.org/10.1371/journal.pone.0058700
http://dx.doi.org/10.1371/journal.pone.0147580
http://dx.doi.org/10.1371/journal.pone.0122206
http://dx.doi.org/10.1111/tpj.13819
http://dx.doi.org/10.1371/journal.pone.0194071
http://www.ncbi.nlm.nih.gov/pubmed/29558466

Int. ]. Mol. Sci. 2019, 20, 5887 18 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Xu, X.; Chao, J.; Cheng, X.; Wang, R.; Sun, B.; Wang, H.; Luo, S.; Xu, X.; Wu, T.; Li, Y. Mapping of a novel
race specific resistance gene to Phytophthora root rot of pepper (Capsicum annuum) using bulked segregant
analysis combined with specific length amplified fragment sequencing strategy. PLoS ONE 2016, 11, e0151401.
[CrossRef] [PubMed]

Guo, G.; Wang, S; Liu, J.; Pan, B.; Diao, W.; Ge, W.; Gao, C.; Snyder, J.C. Rapid identification of QTLs
underlying resistance to cucumber mosaic virus in pepper (Capsicum frutescens). Theor. Appl. Genet. 2017,
130, 41-52. [CrossRef] [PubMed]

McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.;
Gabriel, S.; Daly, M.; et al. The genome analysis toolkit: A MapReduce framework for analyzing
next-generation DNA sequencing data. Genome Res. 2010, 20, 1297-1303. [CrossRef] [PubMed]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R;
1000 Genome Project Data Processing Subgroup. The sequence alignment/map format and SAMtools.
Bioinformatics 2009, 25, 2078-2079. [CrossRef] [PubMed]

Hill, J.T.; Demarest, B.L.; Bisgrove, B.W.; Gorsi, B.; Su, Y.C.; Yost, H.J. MMAPPR: Mutation mapping analysis
pipeline for pooled RNA-seq. Genome Res. 2013, 23, 687-697. [CrossRef] [PubMed]

Gomez-Gomez, L.; Boller, T. FLS2: An LRR receptor-like kinase involved in the perception of the bacterial
elicitor flagellin in Arabidopsis. Mol. Cell 2000, 5, 1003-1011. [CrossRef]

Knoth, C.; Eulgem, T. The oomycete response gene LURP1 is required for defense against Hyaloperonospora
parasitica in Arabidopsis thaliana. Plant J. 2008, 55, 53—64. [CrossRef]

Louws, EJ.; Rivard, C.L.; Kubota, C. Grafting fruiting vegetables to manage soilborne pathogens, foliar
pathogens, arthropods and weeds. Sci. Hortic. 2010, 127, 127-146. [CrossRef]

Rivard, C.L.; O’Connell, S.; Peet, M.M.; Welker, R.M.; Louws, EJ. Grafting tomato to manage bacterial wilt
caused by Ralstonia solanacearum in the Southeastern United States. Plant Dis. 2012, 96, 973-978. [CrossRef]
Ben, C.; Debelle, E; Berges, H.; Bellec, A ; Jardinaud, M.F,; Anson, P.; Huguet, T.; Gentzbittel, L.; Vailleau, F.
MtQRRS1, an R-locus required for Medicago truncatula quantitative resistance to Ralstonia solanacearum. New
Phytol. 2013, 199, 758-772. [CrossRef] [PubMed]

Eynck, C.; Koopmann, B.; Karlovsky, P.; von Tiedemann, A. Internal resistance in winter oilseed rape
inhibits systemic spread of the vascular pathogen Verticillium longisporum. Phytopathology 2009, 99, 802-811.
[CrossRef] [PubMed]

Vailleau, F.; Sartorel, E.; Jardinaud, M.F; Chardon, E; Genin, S.; Huguet, T.; Gentzbittel, L.; Petitprez, M.
Characterization of the interaction between the bacterial wilt pathogen Ralstonia solanacearum and the model
legume plant Medicago truncatula. Mol. Plant Microbe Interact. 2007, 20, 159-167. [CrossRef]

Korol, A.; Shirak, A.; Cnaani, A.; Hallerman, E.M. Detection and analysis of quantitative trait loci (QTL) for
economic traits in aquatic species. Aquac. Genome Technol. 2007, 31, 169.

Bent, A.F,; Mackey, D. Elicitors, effectors, and R genes: The new paradigm and a lifetime supply of questions.
Annu. Rev. Phytopathol. 2007, 45, 399-436. [CrossRef]

Jones, N.; Ougham, H.; Thomas, H.; Pasakinskiene, I. Markers and mapping revisited: Finding your gene.
New Phytol. 2009, 183, 935-966. [CrossRef]

Jones, ].D.G.; Dang], ].L. The plant immune system. Nature 2006, 444, 323-329. [CrossRef]

Godiard, L.; Sauviac, L.; Torii, K.U.; Grenon, O.; Mangin, B.; Grimsley, N.H.; Marco, Y. ERECTA, an LRR
receptor-like kinase protein controlling development pleiotropically affects resistance to bacterial wilt. Plant
J. 2003, 36, 353-365. [CrossRef]

Deslandes, L.; Olivier, J.; Theulieres, E; Hirsch, J.; Feng, D.X.; Bittner-Eddy, P.; Beynon, J.; Marco, Y. Resistance
to Ralstonia solanacearum in Arabidopsis thaliana is conferred by the recessive RRS1-R gene, a member of a
novel family of resistance genes. Proc. Natl. Acad. Sci. USA 2002, 99, 2404-2409. [CrossRef]

Van der Linden, L.; Bredenkamp, J.; Naidoo, S.; Fouche-Weich, J.; Denby, K.J.; Genin, S.; Marco, Y.; Berger, D.K.
Gene-for-gene tolerance to bacterial wilt in Arabidopsis. Mol. Plant Microbe Interact. 2013, 26, 398-406.
[CrossRef]

Narusaka, M.; Shirasu, K.; Noutoshi, Y.; Kubo, Y.; Shiraishi, T.; Iwabuchi, M.; Narusaka, Y. RRS1 and RPS4
provide a dual resistance-gene system against fungal and bacterial pathogens. Plant J. 2009, 60, 218-226.
[CrossRef] [PubMed]

Huh, S.U.; Cevik, V;; Ding, PT.; Duxbury, Z.; Ma, Y.; Tomlinson, L.; Sarris, P.F.; Jones, ].D.G. Protein-protein
interactions in the RPS4/RRS1 immune receptor complex. PLoS Pathog. 2017, 13, 22. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0151401
http://www.ncbi.nlm.nih.gov/pubmed/26992080
http://dx.doi.org/10.1007/s00122-016-2790-3
http://www.ncbi.nlm.nih.gov/pubmed/27650192
http://dx.doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1101/gr.146936.112
http://www.ncbi.nlm.nih.gov/pubmed/23299975
http://dx.doi.org/10.1016/S1097-2765(00)80265-8
http://dx.doi.org/10.1111/j.1365-313X.2008.03486.x
http://dx.doi.org/10.1016/j.scienta.2010.09.023
http://dx.doi.org/10.1094/PDIS-12-10-0877
http://dx.doi.org/10.1111/nph.12299
http://www.ncbi.nlm.nih.gov/pubmed/23638965
http://dx.doi.org/10.1094/PHYTO-99-7-0802
http://www.ncbi.nlm.nih.gov/pubmed/19522578
http://dx.doi.org/10.1094/MPMI-20-2-0159
http://dx.doi.org/10.1146/annurev.phyto.45.062806.094427
http://dx.doi.org/10.1111/j.1469-8137.2009.02933.x
http://dx.doi.org/10.1038/nature05286
http://dx.doi.org/10.1046/j.1365-313X.2003.01877.x
http://dx.doi.org/10.1073/pnas.032485099
http://dx.doi.org/10.1094/MPMI-07-12-0188-R
http://dx.doi.org/10.1111/j.1365-313X.2009.03949.x
http://www.ncbi.nlm.nih.gov/pubmed/19519800
http://dx.doi.org/10.1371/journal.ppat.1006376
http://www.ncbi.nlm.nih.gov/pubmed/28475615

Int. ]. Mol. Sci. 2019, 20, 5887 19 of 20

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ashikawa, I.; Hayashi, N.; Yamane, H.; Kanamori, H.; Wu, J.; Matsumoto, T.; Ono, K.; Yano, M. Two adjacent
nucleotide-binding site-leucine-rich repeat class genes are required to confer Pikm-specific rice blast resistance.
Genetics 2008, 180, 2267-2276. [CrossRef] [PubMed]

Le Roux, C.; Huet, G.; Jauneau, A.; Camborde, L.; Trémousaygue, D.; Kraut, A.; Zhou, B.; Levaillant, M.;
Adachi, H.; Yoshioka, H.; et al. A receptor pair with an integrated decoy converts pathogen disabling of
transcriptor factors to immunity. Cell 2015, 161, 1074-1088. [CrossRef] [PubMed]

Sarris, P.E; Duxbury, Z.; Huh, S.U.; Ma, Y,; Segonzac, C.; Sklenar, J.; Derbyshire, P.; Cevik, V.; Rallapalli, G.;
Saucet, S.B.; et al. A plant immune receptor detects pathogen effectors that target WRKY transcriptors. Cell
2015, 161, 1089-1100. [CrossRef] [PubMed]

Kang, Y.J.; Kim, K.H.; Shim, S.; Yoon, M.Y; Sun, S.; Kim, M.Y.; Van, K,; Lee, S.H. Genome-wide mapping
of NBS-LRR genes and their association with disease resistance in soybean. BMC Plant Biol. 2012, 12, 13.
[CrossRef] [PubMed]

Pilet-Nayel, M.L.; Prosperi, ].M.; Hamon, C.; Lesne, A.; Lecointe, R.; Le Goff, I.; Herve, M.; Deniot, G.;
Delalande, M.; Huguet, T.; et al. AERI, a major gene conferring resistance to Aphanomyces euteiches in
Medicago truncatula. Phytopathology 2009, 99, 203-208. [CrossRef] [PubMed]

Sinapidou, E.; Williams, K.; Nott, L.; Bahkt, S.; Tor, M.; Crute, L; Bittner-Eddy, P.; Beynon, J. Two TIR:NB:LRR
genes are required to specify resistance to Peronospora parasitica isolate Cala2 in Arabidopsis. Plant |. 2004, 38,
898-909. [CrossRef]

Kim, S.B.; Kang, W.H.; Hoang Ngoc, H.; Yeom, S.I; An, ].T,; Kim, S.; Kang, M.Y; Kim, H.J; Jo, YD.; Ha, Y,;
et al. Divergent evolution of multiple virus-resistance genes from a progenitor in Capsicum spp. New Phytol.
2017, 213, 886-899. [CrossRef]

Tai, T.H.; Dahlbeck, D.; Clark, E.T.; Gajiwala, P; Pasion, R.; Whalen, M.C.; Stall, R.E.; Staskawicz, B.J.
Expression of the Bs2 pepper gene confers resistance to bacterial spot disease in tomato. Proc. Natl. Acad. Sci.
USA 1999, 96, 14153-14158. [CrossRef]

Kearney, B.; Staskawicz, B.]. Widespread distribution and fitness contribution of Xanthomonas campestris
avirulence gene avrBs2. Nature 1990, 346, 385-386. [CrossRef] [PubMed]

Kunwar, S; Iriarte, F,; Fan, Q.; da Silva, E.E.; Ritchie, L.; Nghi Song, N.; Freeman, ].H.; Stall, R.E.; Jones, ].B.;
Minsavage, G.V.; et al. Transgenic expression of EFR and Bs2 genes for field management of bacterial wilt
and bacterial spot of tomato. Phytopathology 2018, 108, 1402-1411. [CrossRef] [PubMed]

Boutrot, F; Zipfel, C. Function, discovery, and exploitation of plant pattern recognition receptors for
broad-spectrum disease resistance. Annu. Rev. Phytopathol. 2017, 55, 257-286. [CrossRef] [PubMed]
Kelman, A. The relationship of pathogenicity of Pseudomonas solanacearum to colony appearance in a
tetrazolium medium. Phytopathology 1954, 44, 693—695.

Hoagland, D.R.; Arnon, D.I. The Water-Culture Method for Growing Plants without Soil; University of California,
College of Agriculture, Agricultural Experiment Station: Berkeley, CA, USA, 1950; Volume 347.

Xu, X.; Rajashekara, G.; Paul, P.A.; Miller, S.A. Colonization of tomato seedlings by bioluminescent Clavibacter
michiganensis subsp. michiganensis under different humidity regimes. Phytopathology 2012, 102, 177-184.
Agricolae: Statistical Procedures for Agricultural Research. Available online: https://CRAN.R-project.org/
package=agricolae (accessed on 4 April 2019).

Fulton, T.M.; Chunwongse, J.; Tanksley, S.D. Microprep protocol for extraction of DNA from tomato and
other herbaceous plants. Plant Mol. Biol. Rep. 1995, 13, 207-209. [CrossRef]

Kozich, J.J.; Westcott, S.L.; Baxter, N.T.; Highlander, S.K.; Schloss, P.D. Development of a dual-index
sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina
sequencing platform. Appl. Environ. Microbiol. 2013, 79, 5112-5120. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics
2009, 25, 1754-1760. [CrossRef]

Su, T.B.; Li, PR,; Yang, ].].; Sui, G.L.; Yu, Y.J.; Zhang, D.S.; Zhao, X.Y.; Wang, W.H.; Wen, C.L.; Yu, S.C,; et al.
Development of cost-effective single nucleotide polymorphism marker assays for genetic diversity analysis
in Brassica rapa. Mol. Breed. 2018, 38. [CrossRef]

Lander, E.S.; Green, P. Construction of multilocus genetic linkage maps in humans. Proc. Natl. Acad. Sci.
USA 1987, 84, 2363-2367. [CrossRef] [PubMed]


http://dx.doi.org/10.1534/genetics.108.095034
http://www.ncbi.nlm.nih.gov/pubmed/18940787
http://dx.doi.org/10.1016/j.cell.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/26000483
http://dx.doi.org/10.1016/j.cell.2015.04.024
http://www.ncbi.nlm.nih.gov/pubmed/26000484
http://dx.doi.org/10.1186/1471-2229-12-139
http://www.ncbi.nlm.nih.gov/pubmed/22877146
http://dx.doi.org/10.1094/PHYTO-99-2-0203
http://www.ncbi.nlm.nih.gov/pubmed/19159312
http://dx.doi.org/10.1111/j.1365-313X.2004.02099.x
http://dx.doi.org/10.1111/nph.14177
http://dx.doi.org/10.1073/pnas.96.24.14153
http://dx.doi.org/10.1038/346385a0
http://www.ncbi.nlm.nih.gov/pubmed/2374611
http://dx.doi.org/10.1094/PHYTO-12-17-0424-R
http://www.ncbi.nlm.nih.gov/pubmed/29923802
http://dx.doi.org/10.1146/annurev-phyto-080614-120106
http://www.ncbi.nlm.nih.gov/pubmed/28617654
https://CRAN.R-project.org/package=agricolae
https://CRAN.R-project.org/package=agricolae
http://dx.doi.org/10.1007/BF02670897
http://dx.doi.org/10.1128/AEM.01043-13
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btp324
http://dx.doi.org/10.1007/s11032-018-0795-0
http://dx.doi.org/10.1073/pnas.84.8.2363
http://www.ncbi.nlm.nih.gov/pubmed/3470801

Int. ]. Mol. Sci. 2019, 20, 5887 20 of 20

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

Zeng, Z.B. Precision mapping of quantitative trait loci. Genetics 1994, 136, 1457-1468. [PubMed]

Wang, S.; Basten, C.J.; Zeng, Z.B. Windows QTL Cartographer 2.5. Department of Statistics; North Carolina State
University: Raleigh, NC, USA, 2006.

Broman, KW.; Wu, H,; Sen, S.; Churchill, G.A. R/qtl: QTL mapping in experimental crosses. Bioinformatics
2003, 19, 889-890. [CrossRef] [PubMed]

Pernet, A.; Hoisington, D.; Franco, J.; Isnard, M.; Jewell, D.; Jiang, C.; Marchand, J.L.; Reynaud, B.;
Glaszmann, J.C.; de Leon, D.G. Genetic mapping of maize streak virus resistance from the Mascarene source.
L. Resistance in line D211 and stability against different virus clones. Theor. Appl. Genet. 1999, 99, 524-539.
[CrossRef] [PubMed]

Stuber, C.W.; Edwards, M.D.; Wendel, ].E. Molecular marker-facilitated investigations of quantitative trait
loci in maize. II. Factors influencing yield and its component traits. Crop Sci. 1987, 27, 639—-648. [CrossRef]
Kim, S.; Park, M.; Yeom, S.I.; Kim, Y.M.; Lee, ] M.; Lee, H.A.; Seo, E.; Choi, J.; Cheong, K.; Kim, K.T.; et al.
Genome sequence of the hot pepper provides insights into the evolution of pungency in Capsicum species.
Nat. Genet. 2014, 46, 270. [CrossRef]

Ashburner, M.; Ball, C.A; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, ].M.; Davis, A.P,; Dolinski, K;
Dwight, S.S.; Eppig, ].T.; et al. Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25-29.
[CrossRef]

Altschul, S.F; Madden, T.L.; Schaffer, A.A.; Zhang, ].H.; Zhang, Z.; Miller, W.; Lipman, D.]. Gapped BLAST
and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402.
[CrossRef]

Deng, Y.Y.; Li, ].Q.; Wu, S.E; Zhu, Y.P,; Chen, YYW.; He, F.C. Integrated nr database in protein annotation
system and its localization. Comput. Eng. 2006, 32, 71-72.

Cingolani, P; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.Y;; Ruden, D.M. A
program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the
genome of Drosophila melanogaster strain w(1118); iso-2; iso-3. Fly 2012, 6, 80-92. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/8013918
http://dx.doi.org/10.1093/bioinformatics/btg112
http://www.ncbi.nlm.nih.gov/pubmed/12724300
http://dx.doi.org/10.1007/s001220051266
http://www.ncbi.nlm.nih.gov/pubmed/22665187
http://dx.doi.org/10.2135/cropsci1987.0011183X002700040006x
http://dx.doi.org/10.1038/ng.2877
http://dx.doi.org/10.1038/75556
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.4161/fly.19695
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Visualization of Bioluminescent R. solanacearum Colonization of Grafted Plants 
	BW Resistance Inheritance in the Pepper Line BVRC 1 
	Association Analysis Based on Euclidean Distance (ED) and SNP Index 
	Construction of a Genetic Linkage Map of Chromosome 10 
	Confirmation of the BW Resistance-Associated Regions by QTL Mapping 
	Annotated Resistance-Related Genes and SNPs within the qRRs-10.1 Locus 

	Discussion 
	BVRC 1 Is a Good Rootstock for BW Resistance 
	Like Most BW-Resistant Pepper Lines, BVRC 1 Has Partially Dominant Resistance 
	qRRs-10.1 Is a Partially Dominant Major Resistance QTL on Chromosome 10 of the Pepper Line BVRC 1 
	qRRs-10.1 Candidate Genes 

	Materials and Methods 
	Grafting Experiments 
	Inoculum Preparation and Inoculation 
	Bioluminescence Imaging 
	Genetic Population Construction 
	Inoculation and Disease Evaluation 
	DNA Extraction 
	SLAF Library Construction and Sequencing 
	SLAF-seq Data Analysis 
	Association Mapping Analysis 
	Insertion/Deletion (InDel) and SNP Marker Development 
	Genotyping of the Population 
	Linkage Map Construction and QTL Mapping 
	Annotation of the Predicted Genes and Sequence Variants in the QTL Region 

	Conclusions 
	References

