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Keywords: response to a local CMV strain of Thailand (CMV,g,0). The current study identified the
Capsicum annuum, genomic regions which control CMV resistance in ‘CA2106’ via a high-density genetic
g':';’:::r mosaic virus (CMV), map constructed using single-nucleotide polymorphism (SNP) markers obtained through
Discase resistance, the DArTseq technology. A double haploid mapping population was developed from a
QTL cross between ‘CAS00’ and ‘CA2106’ as susceptible and resistant parents, respectively.

The genetic analysis revealed that CMV resistance in ‘CA2106’ is inherited quantitatively.
In total, 2,398 SNP markers were mapped across the 12 pepper chromosomes covering a
genetic distance of 1,310.18 cM with a mean marker distance of 0.56 cM between adjacent
markers. This map was used to identify genetic regions associated with quantitative trait
loci (QTLs) for CMV resistance using a restricted multiple-QTL model. Two novel QTLs
(Q14 and Q1B.2), conferring resistance to the local CMV,,g,, strain were identified on
chromosome 1, explaining 19.1% and 20.1% of the phenotypic variance, respectively.
Three QTLs (Q1B.1, Q6 and Q12) were located on chromosomes 1, 6 and 12, respectively.
These findings will be helpful for developing closely linked markers to CMV resistance and
facilitating the improvement of resistance to CMV in pepper.
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Introduction

Cucumber mosaic virus (CMV) is a member of the
Cucumovirus genus and belongs to the Bromoviridae family,
which is one of the five most important viruses infecting
vegetable crops worldwide (Palukaitis et al., 1992). CMV has
the largest host range, with over 1,200 plant species and 80
aphid species being reported as susceptible hosts (Palukaitis
and Garcia-Arenal, 2003). In pepper (Capsicum sp.), CMV can
cause a wide range of symptoms including mosaic, mottling,
yellow discoloration, leaf deformation, shoe stringing or leaf
narrowing and fruit lesions, thereby markedly decreasing
marketable yields (Palukaitis et al., 1992; Kapoor et al., 2018).
Since CMV has a broad host range and many insect vectors,
it cannot be completely controlled by chemicals. The most
common method of control is the use of disease-resistant
plants, which provides several advantages such as being the
most economic, environmental-friendly and efficient long-term
method (Yao et al., 2013).

A few decades ago, CMV resistance sources were identified
from several accessions of Capsicum species. Most studies
showed partial resistance control by multiple genes in different
resistant sources such as C. annuum ‘Perennial’ (Caranta et
al., 1997; Lapidot et al., 1997; Grube et al., 2000), C. annuum
‘Vania’ (Caranta et al., 2002) C. annuum ‘Sapporo-oonaga’ and
‘Nanbu-oonaga’ (Suzuki et al., 2003) C. frutescens ‘BG2814-
6’ (Grube et al., 2000), C. frutescens ‘1LS1839-2-4" and C.
baccatum ‘P1439381-1-3" (Suzuki et al., 2003; Kang et al.,
2010). These accessions have shown diverse mechanisms of
resistance, including the inhibition of viral replication, cell-to-
cell movement and long-distance movement of viral particles.
Nevertheless, breeding for polygenic resistance is problematic
because of the varying response across different environmental
conditions and CMYV isolates. However, a few reports have
shown the resistance source was controlled by a single gene
such as a dominant gene in C. annuum ‘Bukang’ (Kang et al., 2010)
or a recessive gene in C. annuum ‘Lam32’ (Choi et al., 2018).

C. annuum ‘CA2106’ was derived from a pepper collection
at the Tropical Vegetable Research Center (TVRC), Kasetsart
University, Kamphaeng Saen campus, Nakhon Pathom,
Thailand and comprises a valuable genetic source that has
exhibited a resistance response to the CMV Thailand isolate
named CMVy,,, (Patarapuwadol et al., 2010). The objective
of the current study was to construct the genetic linkage map
using single-nucleotide polymorphism (SNP) markers through
the DArTseq approach and to identify the quantitative trait loci
(QTLs) for CMV resistance in C. annuum ‘CA2106’. The

disease resistance genes in pepper ‘CA2106’ should be useful
for developing molecular marker-assisted selection in pepper
breeding programs.

Materials and Methods
Plant materials

Two pepper cultivars, ‘CA500° and ‘CA2106°, were used
as parents to produce the F, hybrid and were acquired from
the TVRC. ‘CAS500’ is a CMV-susceptible cultivar, while the
‘CA2106’ cultivar has good resistance to CMV with a specific
response for the Thai strain (CMV,g,,). In total, 101 double
haploid (DH) lines were derived from anther culture of the F,
hybrid (CA500 x CA2106). The 101 DH lines and parental
lines were analyzed for mapping populations and CMV
resistance. DH lines are valuable material and an optimum
population for QTL mapping because they are homozygous
in nature and this allows for replicated trials across years and
locations (Collard et al., 2005).

Cucumber mosaic virus inoculation

The CMV g, strain was used as a virus source for
mechanical inoculation. The virus was propagated and
maintained in tobacco plants which were provided by Asst Prof.
Dr Sujin Patarapuwadol (Kasetsart University, Thailand). The
inoculation was performed in four different periods, January—
February 2017, February—March 2017, January—February 2018
and February—March 2018, assigned as the 1%, 2", 3" and 4
inoculations, respectively. The mechanical inoculation was
done on pepper seedlings aged 30 d. Nine pepper seedlings
for each line (CA500, CA2106, F, hybrid and 101 DH lines)
were used for CMV inoculation and disease assessment
and two healthy peppers without inoculation were maintained
as a control. The inoculum of CMV,g,, was prepared from
the symptomatic leaves of tobacco. An amount (1 g) of
infected leaves was homogenized in 10 mL of 0.05 M
phosphate buffer (pH 7.0) containing 2% sodium sulfite
(Na,SO;). The pepper plants were rub-inoculated with sap extract
including carborundum. The inoculated plants were kept
insect-free in a mesh greenhouse under natural sunlight. Basic
statistics, correlation coefficients and histograms of frequency
were calculated for disease indices using the R Studio Team
(2015) software and the R software package (R Core Team,
2015).



656 K. Petchaboon et al. / Agr. Nat. Resour: 55 (2021) 654-663

Detection of virus using indirect plate-trapped antigen enzyme-
linked immunosorbent assay

The indirect plate-trapped antigen enzyme-linked
immunosorbent assay (PTA-ELISA) test was used to determine
the concentration of virus at 4 wk of plant inoculation in the
1#-3" experiments, following the method of Clark and Adams
(1977) with modification. Eight inoculated plants from each
line were used in PTA-ELISA reading. Leaves samples were
collected from the top, middle and bottom positions of the
inoculated plant and were combined into one sample of each
plant for ELISA reading for three trials of inoculation. ELISA
reading was not performed for the 4 trial due to technical
problems, so only visual scoring was performed.

Samples were measured at an absorbance of 405 nm in an
ELISA reader (Multiskan EX; LabSystems; Vantaa, Finland)
and disease incidence was calculated using: Disease incidence
(%) = (Number of infected plants) / (Total plants) x 100.
The score system for the percentage of disease incidence was:
<20% =1, 21-30% =2, 31-50% = 3 and > 50% = 4.

Visual observation for disease and severity indices

Severity of infected pepper plants was determined by the
visual observation in all four (1¥—4%) inoculations. The symptom
index was based on the severity of the mosaic and leaf distortion
on a scale of 0—4, where: 0 = no symptoms; 1 = mild mosaic,
no leaf distortion; 2 = strong mosaic, mild leaf distortion;
3 = severe mosaic and distortion, mild stunting; and 4 =
severe mosaic, distortion, stunted plants (Monma and Sakata,
1977). The disease indices (DI) were based on the formula:
DI = [(>Number of plants in the symptom index X Symptom
index) / (4 x Total number of plants)] x 100 (Yao et al., 2013).
Additionally, the severity index was calculated using the formula:
Severity index = ), (Symptom index x Number of plants
with each symptom index) / Total number of plants. Visual
observation for disease in the four trials was used to assess for the
symptoms at days 7, 14, 21, 30, 37 and 44 after inoculation (DAI).

Disease rating

Disease rating was categorized by combining the data
of disease incidence and severity. Correspondingly, disease
severity was based on a scoring scale for the severity index
where: 0.0-1.0 =1, 1.1-2.0 = 2, 2.1-3.0 = 3 and > 3.0 = 4.
The final scoring derived from the sum of disease incidence and
disease severity data were applied for the disease-resistance
rating of the DH progenies into four groups: total score < 2.99

= resistant (R), 3—4.99 = moderately resistant (MR), 5-6.99 =
susceptible (S) and 7-8 = highly susceptible (HS).

DNA extraction and genotyping using Diversity Arrays
Technology (DArT) Pty Ltd -sequencing technology

Fresh, young leaf tissue around 5-10 g from seedlings aged
7—14 d was collected from the plant samples. The genomic DNA
was extracted using a modified CTAB mini-prep procedure
according to Fulton et al. (1995). DNA quantification was
performed using a NanoDrop-1000 spectrophotometer
(NanoDrop; Wilmington, DE, USA) and quality of DNA was
determined using 1% agarose gel electrophoresis. Finally, 20 pL
of 50 ng/uL genomic DNA of each sample was sent to Diversity
Arrays Technology Pty Ltd (Canberra, ACT, Australia)
for the generation of whole-genome genotyping (DArTseq).
The genotyping of each DNA sample can be generated
following the procedure described on the company website
(https://www.diversityarrays.com). The sequence of each clone
was aligned with C. annuum cv. CM334 as a reference genome
from the Sol Genomics Network (https://solgenomics.net).

Genetic linkage analysis and quantitative trait loci mapping

The data quality of the total SNP markers from the DArTSeq
polymorphism was evaluated based on the polymorphic
information content value (PIC) in the range 0.8—1. The
segregation ratios of the SNP markers in the population were
examined using x* analysis. SNP markers data with segregation
ratios that differed from the expected ratio of 1:1 at p < 0.05
were classified as segregation distortion markers and removed
as ambiguous SNP marker data. Then, the linkage map was
constructed using JoinMap version 4.1 (Van Ooijen, 2006) with
the Kosambi map function (Kosambi, 1944). Linkage groups
were called at the LOD score of 4.0. The final linkage map was
drawn graphically using the plotMap command from R/QTL
packages by RStudio Team (2015).

The genetic linkage map was integrated with four trials
of the CMV inoculation to identify and locate QTL positions
using the MapQTL 4.0 software (Van Ooijen et al., 2002). The
significant QTL was determined by the significant logarithm of
odds (LOD) score threshold corresponding to a chromosome-
wide p value of 0.05 (5%) by the test with 1,000 per mutations
based on each trial of phenotypic data. Interval mapping
(IM) was initially used to identify possible QTL markers.
Subsequently, the nearest markers at the highest LOD peak
of each putative QTL were used as cofactors for automatic
cofactor selection option at p < 0.02 and significant marker
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cofactors were used in restricted multiple-QTL model (rMQM)
analysis. A second round of rMQM mapping was analyzed
using cofactors for QTLs that were significant after the
first round of rMQM mapping. The only QTLs considered
significant were those having an LOD score higher than the
5% chromosome-wide LOD threshold in the second round
of rIMQM mapping. Visualization of the QTL locations was
performed using MapChart 3.32 (Voorrips, 2002). Single
marker analysis was included using Kruskal-Wallis-based one-
way analysis of variance to determine the putative QTL.

Results and Discussion

Variation of cucumber mosaic virus response in doubled
haploid population

In the 2017 measurement period, the resistant parent
‘CA2106’ had DI values of 38.89% and 33.33% in the 1% and
2" inoculations, respectively. In 2018, the values were lower
with a DI value of 25% for both the 3 and 4™ inoculation

trials. The ‘CA500°, susceptible parent demonstrated a stable
effect with DI values of 88.89% and 75% in the 1* and 2™
inoculations, respectively, whereas there were lower reactions
in the 3™ and 4" inoculations in 2018, with DI values of 50%
and 59.38%, respectively (Table 1). The inoculation was
performed in four different periods. The 1* inoculation period
was from January to February 2017 with minimum (Min T)
and maximum air temperature (Max T) of 20.8°C and 30.7°C,
respectively. The 2™ inoculation period was from February to
March 2017 (Min T= 23°C, Max T= 38°C), the 3" inoculation
period was from January to February 2018 (Min T=21°C, Max
T=30°C). Lastly, the 4" inoculation period was from February
to March 2018 (Min T= 22°C, Max T= 34°C). These results
indicated that the different air temperatures in 2017 and 2018
affected the disease development to differentiate the response
of genotypes. The different response could stem from several
factors during plant host-virus interaction such as plant growth
stage, temperature, virus replication, virus movement and RNA
silencing (Soler et al., 1998; Szittya et al., 2003; Chellappan
et al., 2005; Zitter and Murphy, 2009; Zhang et al., 2012).

Table 1 Cucumber mosaic virus response based on disease index (DI) and disease resistance rating of double haploid (DH) population from a cross

between CA500 and CA2106

Disease rating

Inoculation Year Period Plant DI . Di.sease Severity Disea.se Total Dis.ease—
(% = SD) incidence index severity  score resistant
(1-4) (1-4) (2-8) rating
1 2017  Jan-Feb CA3500 (S) 88.89+0.53 4 3.56 4 8 HS
CA2106 (R) 38.89+0.53 4 1.56 2 6 S
F,(CA500 x CA2106) 50+0.0 4 2 2 6 S
DH population mean 48.26 3.67 1.9 2 5.67 S
DH population range 8.33-75 1-4 0.33-3 1-3 2-7 R-HS
2 2017  Feb-Mar CAS500 (S) 75+0.0 4 3 3 7 HS
CA2106 (R) 33.33+0.5 1 1.33 2 3 MR
F,(CA500 x CA2106) 41.67+0.5 1 1.67 2 3 MR
DH population mean 57.03 1.95 2.27 3 4.95 MR
DH population range 16.67-100 1-4 0.674 1-4 2-8 R-HS
3 2018  Jan-Feb CAS500 (S) 50+3.54 4 2 2 6 S
CA2106 (R) 254+0.87 3 1 1 4 MR
F,(CA500 x CA2106) 20+0.84 3 0.8 1 4 MR
DH population mean 46.02 3.40 1.84 2 5.4 S
DH population range 0-75 1-4 0-3 1-3 2-7 R-HS
4 2018  Feb-Mar CA3500 (S) 59.38+0.92 ND 2.38 3 ND ND
CA2106 (R) 2540.0 ND 1 1 ND ND
F,(CA500 x CA2106) 36.11+0.53 ND 1.44 2 ND ND
DH population mean 54.09 ND 2.16 3 ND ND
DH population range 25-80.56 ND 1-3.22 1-4 ND ND

R =resistant; MR = moderately resistant; S = susceptible; HS = highly susceptible; ND = no data.
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The frequency distributions of DI in the DH population
revealed continuous and normal distributions with a wide
range of variation (Fig. 1 and Table 1). The mean values of
the population for each trial showed that the data were close to
the mid-parent. In addition, most F, hybrids had intermediate
resistance, with DI values of 50%, 41.67%, 20% and 36.11%
for the 1%, 2", 3 and 4™ trials respectively. The data indicated
that the CMV resistance of the ‘CA2106’ line is partially
resistant and is controlled by many genes or quantitative
inheritance.

During virus transmission, air temperature affects the
efficiency of pathogen multiplication and the establishment
of infection in the host (Feil and Purcell, 2001). The effect of
temperature was reported by Chung et al. (2015) in Chinese
cabbage inoculated with turnip mosaic virus (TuMV). Their
results showed that the optimal temperature for symptom
expression of TuMV was 18-28°C and the accumulation of
virus coat protein was better in plants grown at 23-28°C based
on quantitative real-time polymerase chain reaction analysis.
Nevertheless, with TuMV, they reported that the appearance
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of symptoms was delayed at high temperature (33°C). Similar
results have been reported for other viruses, including potato
leafroll virus (Tamada and Harrison, 1981) and tomato bushy
stunt virus at elevated temperature (Jones et al., 1990), where
the researchers mentioned that extreme temperatures could
restrict viral replication and movement.

Disease resistance rating of double haploid progeny

The disease rating was based on the results of ELISA and
visual observation. The resistant parent showed a low degree
of disease incidence in the 2" inoculation; however, there were
increased levels of symptoms in the 1% and 3™ experiments
with scores of 4 and 3, respectively. The susceptible parent
had a score of 4 in all three experiments. All experiments
produced similar results with the resistant parents having less
CMYV severity than the susceptible parents. However, the DH
populations had variation in the severity index in the ranges
0.33-3, 0.67-4, 0-3, and 1-3.22 for the 1%, 2", 3t and 4"
inoculation trials, respectively (Table 1).
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Fig. 1 Frequency distribution of disease index in double haploid population for: (A) 1% inoculation at 37 d after inoculation (DAI); (B) 2™ inoculation at
30 DAL (C) 3% inoculation at 30 DAIL; (D) 4™ inoculation at 37 DAL, where bars represent density in each DI class set at 10% intervals, parental value and
F, indicated by blue, green and red arrows representing CA2106, F, and CA500, respectively, and blue curve indicates normal distribution
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The DH progenies were categorized into one of four
groups: resistant (R), moderately resistant (MR), susceptible
(S) and highly susceptible (HS), with the parents’ susceptibility
for all experiments summarized in a total score. There was
a wide range of variation in the CMV response among the DH
populations during the three experiments (Table 1 and Fig. 2).
High proportions of resistant groups (R and MR) were found
specifically in the 2™ experiment, whereas high proportions
of susceptible groups (S and HS) were found in the 1% and
3 jnoculations. In the 1% trial, 3 DH lines were identified as
resistant, 13 as moderately resistant, 73 as susceptible and 4 as
highly susceptible and there were 8, 26, 59 and 6 for R, MR,
S and HS, respectively, in the 3™ inoculation. These results
indicated that the pathogenicity of the CMV,q,, isolate could
be influenced by environmental conditions such as the air
temperature and humidity.

Quantitative trait loci analysis and genetic linkage map

In total, 2,398 SNP markers were assigned into 12 linkage
groups covering a genetic distance of 1,310.18 cM. The linkage
groups were rearranged to chromosomes according to their
order in the pepper genome and as inferred from C. annuum
cv. CM334 at the Sol Genomics Network (https://solgenomics.
net). The average marker distance was 0.56 ¢cM per marker
with a range of 0.47-0.71 cM, as shown in Table 2. The two
largest chromosomes (1 and 3) contained 276 and 343 markers,
respectively, with total distances of 165.56 ¢cM and 162.13 cM,
respectively. The smallest chromosome (8) consisted of 46
markers covering 30.86 cM. (Table 2 and Fig. 3). The genetic
map had a high level of saturation compared to the same DArT
genetic map in other studies, such as the genetic map of pea
with an average distance between markers of 1.49 ¢cM (Aznar-
Fernandez et al., 2020) and the map for rust resistance in
Pisum sativum having an average distance of 1.85 cM (Barilli
et al., 2018). Additionally, the current study used filtration of
the sequence error rate together with a reference genome to
exclude suspicious markers and prevent false positive results.
This genetic map was slightly dense with high quality markers
that were sufficient for conducting QTL of CMV resistance.

Identification of quantitative trait loci for cucumber mosaic

virus resistance

The identification of QTLs for CMV resistance was based
on the DI using visualization for each trial independently to
compare the phenotypic data with the genotypic data. The
QTLs associated with resistance to CM Vg, are summarized
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Fig. 2 Number of double haploid (DH) progenies for each disease
rating categorized by total scores for 1%, 2" and 3™ inoculations
obtained from disease incidence and severity index, where R = resistant,
MR = moderately resistant, S = susceptible and HS = highly susceptible

Table 2 Summary statistics of chromosome genetic linkage mapping

Chromosome Total Total distance distil\([:eer/an%:rker

markers (cM) (M)

1 276 165.562 0.60

2 155 80.847 0.52

3 343 162.132 0.47
4 182 92.266 0.51

5 188 108.08 0.58

6 170 92.345 0.55

7 251 123.91 0.50

8 46 30.858 0.69

9 227 112.026 0.50

10 197 105.492 0.54

11 192 115.453 0.60
12 171 121.209 0.71

Mean 200 109.18 0.56
Total 2,398.00 1,310.18 na

in Table 3 and Fig. 4. In total, five significant QTLs located
on chromosomes 1, 6 and 12 were identified. High LOD
scores with values of 4.57, 4.83 and 4.74 were found on Q/4,
QIB.2 and Q12, respectively, explaining 19.1%, 20.1% and
19.2%, respectively, of the phenotypic variation response to
1st 37DAI, 4™ 21DAI and 1% 44DALI, respectively. In the
QTLs, there was a small effect in Q/B.1 and Q6 consistently
detected in the three trials of inoculation. Q/B.1 responded to
the 1 inoculation trial and Q6 was a significant QTL for the 3™
inoculation trial. However, there were no QTLs detected in all
inoculation trials, as the LOD scores were above the threshold.

The region of Q1B (Q1B.1 and Q1B.2) had a large effect and
was located in the range 90.4-95.4 cM. This QTL explained
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Fig. 3 Genetic length and marker distribution of 12 pepper chromosomes
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genetic variation in the range 14.1-20.1%, corresponding to
the 1 and 4" inoculation trials. The other region (Q12) was
identified in chromosome 12 and was composed of marker
c12p2044 at a genetic distance of 104.2 cM. The QTL peak at
marker ¢12p2044 explained 19.2% of the phenotypic variance
corresponding to 1 44DAI with an LOD score of 4.74. This
result revealed that the separate analysis of the different scoring
dates and trials allowed investigation for further opportunities
for resistance variation.

CMYV resistance has been identified from several sources
using different CMV strains and evaluation methods. Almost
all of these studies have found partial inheritance controlled by
multiple loci located on different chromosomes (Grube et al.,
2000; Suzuki et al., 2003; Yao et al., 2013). Similarly, in the
current study, all five CMV-resistant QTLs against the local
isolate (CMVypg,0) in C. annuum ‘CA2106° were composed
of three major effect (Q14, Q1B.1, Q1B.2 and Q12) and one
minor effect (06) QTL. Two QTL regions (Q/A4 and QIB.2)
located on chromosome 1 had not been detected in previous
studies. Thus, the current research revealed that 0/4 and
Q1B.2 are novel QTLs specifically responsible for resistance
to the local strain of Thailand (CMV,yg,,). Additionally, the
Q1B region distributed near the position of the protein kinase
represented the R gene. Consequently, this position is a
pinpoint area that deserves further study for developing more
closely linked markers. The QTL detected on chromosome 12
explained about 19.2% of the phenotypic variation commonly
detected and represented the major effect QTL for resistance to
CMV from other sources. Caranta et al. (2002) identified the
major QTL on chromosome 12 (cmvi2.1) associated with the
partial restriction of CMV long-distance movement from the
pepper cultivar ‘Vania’. The next QTL on chromosome 12 was
detected in the resistant pepper cultivar ‘BJ0747° by Lietal. (2018).

The current study identified a minor effect QTL, Q6, which
had an LOD score near the threshold level. The detected
chromosomes in the current study were consistent with other
studies of CMV-resistant QTLs identified in different resistant
sources and viral strains. Chaim et al. (2001) identified the
CMV-resistant QTL c¢mv6.1 on chromosome 6, as the major
effect presented in the CMV-resistant breeding line 3990
(C. annuum var. Perennial). In addition, Min et al. (2014) detected
two recessive genes, cmr3E and cmr3L, that responded to
CMV,, in C. annuum ‘17339’ were located on chromosome 6.

Table 3 Quantitative trait loci related to cucumber mosaic virus disease in double haploid population from F,(CA500 x CA2106) in four inoculations

QTLs Chr Position Marker at QTL peak® Trait LOD LOD threshold® PVE Kwe
Q14 1 68.9 c1p229, c99p2545, c1p169 It 37DAI 4.57 2.1 19.1 Rk
QIB.1 1 90.4 clpl28 It 37DAI 3.36 2.1 14.5 -
QIB.2 1 95.4 c1p230, clp211, c1p233 1t 37DAI 3.28 2.1 14.1 HoAdd ok
QIB.2 1 95.4 c1p230, c1p211, c1p233 4" 21DAI 4.83 2 20.1 Rk
06 6 46.3 cop1146, c6p1019 34 30DAI 3.09 1.8 10.7 okl
Q12 12 104.2 c12p2044 1t 44DAI 4.74 1.9 19.2 ok

QTLs = quantitative trait loci; Chr = chromosome location; LOD = logarithm of the odds;

PVE = the percentage of the variance explained; KW = Kruskal-Wallis analysis;

DAI = day after inoculation
2 Peak QTL position on linkage group (LG) of maximum LOD (cM);

® Chromosome-wide LOD threshold determined using 1,000 permutations at p < 0.05;
¢ Significance levels: * <0.1; ** <0.05; *** <0.01; **** < (.005; ***** < (.001; ****** <(.0005; *******%<(.0001
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Fig. 4 Quantitative trait loci for cucumber mosaic virus resistance detected from double haploid population derived from F (CA500 x CA2106.), with four

significant QTLs shown as black, red, blue and pink bars and texts, corresponding to Q1A4, Q1B, Q6 and Q12, respectively

The disease resistance genes that lie within the QTL
regions were identified using the allele sequence of each
significant QTL by blasting the queries against C. annuum cv.
CM334. The matched sequence of C. annuum cv. CM334 was
used to identify the presence of candidate genes by blasting
using the public databases (NCBI). In total, four genes were
collocated in three regions containing QTLs. Two candidate
genes containing the kinase domain at genetic distances of
92.4 and 94.4 cM on chromosome 1 were present within the

Table 4 Candidate genes in or near area corresponding to significant markers

interval of Q1B. Additionally, the QTL region of 06 locates a
nematode resistant-like protein and a TMV resistance protein
on chromosome 6 (Table 4). The polymorphic SNPs between
parents were A/T, G/A, C/T, C/T, G/A and G/T for clpl28,
c1p230, c1p233, clp211, co6pl1146 and c6p1019, respectively,
including the sequence of DArT clone in each significant
marker are shown in Table 5. These SNPs could be good
candidates for use in marker-assisted selection or gene cloning
in the future.

Position in range of

Resistant genes in or near area of significant markers*

QTLs Chr .
putative QTL (cM) Gene/protein Position (cM)  Position (bp)
Q14 1 68.9 No match
QIB 1 90.4-95.4 Cysteine-rich receptor-like protein kinase 924 92,495,639
LRR receptor-like serine/threonine-protein kinase 94.4 69,580,840
Q06 6 46.3 Nematode resistance-like protein, TMV resistance protein N-like 26.1 205,519,960
Q12 12 104.2-113.7 No match

QTLs = quantitative trait loci; Chr = chromosome location; LRR = leucine-rich repeats;

TMV = tobacco mosaic virus
* based on the results from NCBI Blast search.
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Table 5 Single-nucleotide polymorphisms (SNPs) of parent, CAS00 (S) and CA2106 (R), with sequences of DArTseq clone in each significant marker in

QI1B.1, Q1B.2 and 06 regions

SNP between parent Sequence
QTLs Marker
CA500(S)  CA2106 (R)
TGCAGCTTGAACAGGATCTGGTGTAGTATATTCAAAAAAGGAAGTAATTTATATCAAA
0IB.I  clpl28 AA TT
CCGATAGTTCT
TGCAGCATTTAGAAATTTCTCAATGTCTCAAAAGGAGAAGACTCTTGAGGGACT
QIB2  clp230 GG AA
TGAGAAGGACCGCTG
1233 e - TGCAGCAGTCTCATTTTTTGTCTAGCTGCTGCCAAGAAGGAAAACTTGCTTTTA
op CATCTATATGTATAC
. e - TGCAGTTCAACAGCAGGATCTTCGGACGTGTGTGGCAGGGATTGTGATTGTAGGTAT
©’p GGATGACTGAGA
. 1146 oG A TGCAGATAGTCCAATAAAAAATTTGAGAGGAGGGAAAGGACCTCTCCTGGCT
0 P CGTGGATAGCATCTTGT
TGCAGATTTCTTGATAGACACTTCCAATAATAGGCTACCAATTATGATGACCAAT
c6p1019 GG TT

CATCTTACAGATCG

QTLs = quantitative trait loci; R = resistant; S = susceptible

In conclusion, the genetic linkage map of the double
haploid population derived from C. annuum ‘CAS500 and
‘CA2106’ was constructed using high-throughput DArTseq
genotyping technology. Two novel QTLs (Q/4 and Q1B.2)
localized on chromosome 1 which confers resistance to the
local strain of CMV in Thailand (CMV,g,,) Were identified.
Additionally, candidate genes were identified to the QTL
regions corresponding to disease-resistant genes and containing
the kinase domain representing the R gene within the interval
of Q1B (QIB.1 and QIB.2). Resistant DH lines are a valuable
source for improving CM V-resistant pepper using an identified
marker associated with the detected QTLs.
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