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Abstract
Capsicum species including six main culti-
vated species, C. annuum, C. frutescens, C.
chinense, C. baccatum, C. pubescens, and C.
assamicum, commonly known as chili pep-
pers, are economically important crops in the
world. Peppers are used as fresh vegetables,
spices, pigments, and medical supplies. Over
the four decades, a number of molecular
marker techniques have been developed to
analyze variations on DNA sequences of the
genome in biological organisms. For plant
breeding, molecular markers can substantially
improve selection efficiency and reduce breed-
ing time compared to conventional breeding.
Genetic linkage mapping is an important basic
tool for localizing gene(s) that are associated
with important horticultural traits, marker-
assisted selection, comparative mapping,
physical mapping, and map-based cloning of
the gene of interest. Recently, genetic linkage
mapping has become easier owing to the
advent of next-generation sequencing technol-
ogy and its various applicative technologies.
Here in this chapter, we reviewed the devel-
opment and evolution of molecular markers
and genetic maps of Capsicum spp. in which
pepper researchers are interested.

5.1 Introduction

Molecular markers, which can be classified into
biochemical and DNA markers, indicate a visible
phenotype or fragment of DNA that is associated
with a certain location within the genome
(Kumar 1999). Of them, DNA marker is the most
important marker because it is the most widely
used. The well-known techniques for DNA
markers include restriction fragment length
polymorphisms (RFLPs; Botstein et al. 1980),
random amplified polymorphic DNAs (RAPDs;
Williams et al. 1990), cleaved amplified poly-
morphic sequences (CAPSs; Akopyanz et al.
1992), sequence-characterized amplified regions
(SCARs; Paran and Michelmore 1993), amplified
fragment length polymorphisms (AFLPs; Vos
et al. 1995), simple sequence repeats (SSRs;
Hearne et al. 1992), and single-nucleotide poly-
morphisms (SNPs; Wang et al. 1998). DNA
markers can be applied in construction of genetic
linkage maps, comparative mapping analysis,
understanding germplasm relationships, tagging
economically important genes, marker-assisted
selection (MAS; Mohan et al. 1997; Ribaut and
Hoisington 1998), and map-based cloning of
genes (Kumar 1999). Several articles are well
reviewed on molecular markers (Mohan et al.
1997; Kumar 1999; Kesawat and Das 2009;
Jiang 2013).

Genetic mapping is an important method
for positioning genes of interest in genome as
well as identifying quantitative trait loci (QTLs)
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responsible for natural phenotypic variation (Xu
et al. 2017). Recently, rapid genome-wide SNP
detection techniques using next-generation
sequencing (NGS; Shendure and Ji 2008),
including genotyping-by-sequencing (GBS;
Huang et al. 2009), restriction site-associated
DNA sequencing (RAD-seq; Baird et al. 2008),
and specific-locus amplified fragment sequencing
(SLAF-seq; Sun et al. 2013), shortened the time
required for genetic map construction.

In this chapter, I will review the development
and evolution of various molecular marker
techniques, their use for Capsicum researches,
development of the interspecific and intraspecific
genetic maps of Capsicum spp., and their appli-
cation to QTL detection and marker-assisted
backcrossing (MABC).

5.2 Development and Evolution
of Markers in Capsicum Species

5.2.1 Biochemical Marker

Biochemical markers, also known as protein
markers or isozyme markers, can be examined by
protein electrophoresis to identify the alleles
producing isozymes (Kumar 1999). The most
commonly used biochemical markers are iso-
zymes which are variant forms of the same
enzyme (Vodenicharova 1989). Isozyme markers
reveal differences in the amino acid sequence and
function as codominant markers. However, their
use is limited due to their limited number and
various posttranslational modifications.

Three isozyme markers, Gpi-2, Idh-1,
and Pgm-2, were mapped on an interspecific
genetic map of Capsicum annuum ‘NuMex
RNaky’ � Capsicum chinense ‘PI159234,’ and
two isozyme markers, Idh-1 and Pgm, were used
to compare the genetic maps between pepper and
tomato (Livingstone et al. 1999). The isozyme
marker Mnr-1 corresponding to the first region of
the menadione reductase (1.6.99.2) was mapped
on an intraspecific genetic map of C. annuum
‘Perennial’ � ‘Yolo Wonder’ (Lefebvre et al.
2002).

5.2.2 DNA Marker

DNA markers, which are based on the difference
of DNA sequences, can be classified into two
categories, hybridization-based and polymerase
chain reaction (PCR)-based markers, depending
on the method to detect polymorphisms (Kumar
1999). Hybridization-based markers include
restriction fragment length polymorphism (RFLP;
Botstein et al. 1980) and variable number of tan-
dem repeats (VNTRs; Nakamura et al. 1987) that
generally use probes and Southern blot analysis.
PCR-based markers can be more classified into
random and specific, depending on the type of
primer used. Random PCR-based markers include
random amplified polymorphic DNA (RAPD;
Williams et al. 1990), arbitrarily primed
PCR (AP-PCR; Welsh and McClelland 1990),
DNAamplificationfingerprinting (DAF;Caetano-
Anollés et al. 1991), inter-simple sequence repeats
(ISSRs;Gupta et al. 1994; Zietkiewicz et al. 1994),
and amplified fragment length polymorphism
(AFLP; Vos et al. 1995). Specific PCR-based
markers include simple sequence repeat (SSR;
Hearne et al. 1992), cleaved amplified polymor-
phic sequence (CAPS; Akopyanz et al. 1992;
Konieczny and Ausubel 1993; Lyamichev et al.
1993), sequence-characterized amplified region
(SCAR; Paran and Michelmore 1993), and
single-nucleotide polymorphism (SNP; Wang
et al. 1998). The characteristics of these markers
are given in Table 5.1.

5.2.2.1 Restriction Fragment Length
Polymorphism (RFLP)

RFLP analysis follows next steps: DNA extrac-
tion, restriction enzyme digestion, agarose gel
electrophoresis, Southern blotting, hybridization
with radioactive probes such as random genomic
clones and cDNA clones, and autoradiography
(Botstein et al. 1980). RFLP reveals the differ-
ences of fragment length hybridized with probes,
which are resulted from the presence or the
absence of a cleavage site and insertion or dele-
tion of DNA sequences within a fragment (Bot-
stein et al. 1980). The major strength of RFLP
markers is their high reproducibility, codominant
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inheritance, and good transferability which can
allow synteny studies (Kesawat and Das 2009).

A total of 85 RFLP markers were developed
using tomato cDNA probes and mapped by using
46 F2 individuals derived from the F1 of C.
annuum ‘CA50’ and C. chinense ‘CA4’ to
compare the genetic maps between pepper and
tomato (Tanksley et al. 1988). A total of 192
molecular markers including RFLPs and iso-
zymes were used for constructing an interspecific
pepper genetic map (Prince et al. 1993). A total
of 85 markers including RFLP and RAPD cov-
ered approximately 820 cM of the integrated
pepper linkage map (Lefebvre et al. 1995). Using
pepper-derived probes, total 150 RFLP markers
were developed and positioned on an inter-
specific F2 linkage map of C. annuum ‘TF68’
C. chinense ‘Habanero’ (Kang et al. 2001). To
analyze yield-related quantitative trait loci
(QTLs) in pepper, 92 RFLP markers were used,
resulting in detection of a total of 58 QTLs (Rao
et al. 2003). To detect QTLs associated with
Phytophthora capsici resistance, a RFLP-based
linkage map was constructed using 100 F2 indi-
viduals from a cross between C. annuum
‘CM334’ and C. annuum ‘Chilsungcho’ and
bacterial artificial chromosome (BAC)-derived
markers were developed from RFLP linked to the
resistant trait (Kim et al. 2008c).

5.2.2.2 Minisatellites: Variable Number
of Tandem Repeat (VNTR)

VNTR analysis is almost the same with RFLP
analysis except using probes with minisatellite
sequences (Kumar 1999). The polymorphism of
VNTR is due to the differences in the number of
repeats (Nakamura et al. 1987). No VNTR
markers were used for the Capsicum studies.

5.2.2.3 Random Amplified
Polymorphic DNA (RAPD)

Multiple arbitrary amplicon profiling (MAAP)
techniques include random amplified polymor-
phic DNA (RAPD; Williams et al. 1990), arbi-
trary primed PCR (AP-PCR; Welsh and
McClelland 1990), and DNA amplification fin-
gerprinting (DAF; Caetano-Anollés et al. 1991),
which are random PCR markers (Kumar 1999).

RAPD markers use generally 10 bp synthetic
primers of random sequence, while AP-PCR uses
longer arbitrary primers than RAPDs and DAF
uses shorter 5–8 bp primers to generate a larger
number of fragments (Kesawat and Das 2009).

An integrated linkage map of pepper, includ-
ing RFLP and RAPD markers, was constructed
by alignment of three intraspecific linkage maps
(C. annuum, Lefebvre et al. 1995). Screening
with 400 RAPD primers along with bulked seg-
regant analysis (BSA; Michelmore et al. 1991)
allowed the identification of three QTLs for
capsaicinoid content in Capsicum (Blum et al.
2003). A total of 122 RAPD markers were used
for constructing an intraspecific linkage map of
C. annuum (Sugita et al. 2005).

5.2.2.4 Inter-simple Sequence Repeat
(ISSR)

ISSR, which uses microsatellites as primers,
involves amplification of DNA segments present
at a close distance in between two identical
microsatellite repeat regions oriented in opposite
directions (Gupta et al. 1994; Zietkiewicz et al.
1994). The primers can be either unanchored or
more usually anchored at 3′ or 5′ end with 1–4
degenerate bases extended into the flanking
sequence (Reddy et al. 2002). ISSRs have higher
reproducibility due to the use of longer primers
(16–25 bp) as compared to RAPD primers
(10 bp, Reddy et al. 2002).

A total of 17 ISSR markers were used for
differentiating the four disputed chili pepper
samples (Kumar et al. 2001). Five ISSR primers
amplified 204 reproducible bands of which 139
were polymorphic and they were used for
assessing the genetic relation to 13 C. annuum
cultivars (Patel et al. 2011). Eight ISSR primers
were used for analyzing genetic variability in six
Capsicum species (Thul et al. 2012). A total of
219 ISSR clear and reproducible fragments
generated with 13 ISSR primers were used to
evaluate the effects of in vitro culture on genetic
variation in Habanero pepper (C. chinense Jacq.;
Bello-Bello et al. 2014). Using eight ISSR
anchored primers, a total of 38 bands were
obtained for assessment of inter- and intraspecific
differentiation in two Serrano and two Jalapeno

88 J. Lee



cultivars of C. annuum and one cultivar of
Capsicum pubescens (Ibarra-Torres et al. 2015).
Total 85 ISSR markers were used to construct a
genetic map of Capsicum baccatum (Moulin
et al. 2015).

5.2.2.5 Amplified Fragment Length
Polymorphism (AFLP)

The AFLP technique is based on the selective
PCR amplification of restriction fragments from
a total digested genomic DNA (Vos et al. 1995).
AFLP analysis follows next steps: DNA extrac-
tion, double digestion with two different restric-
tion enzymes (generally EcoRI and MseI),
adaptor ligation, pre-selective amplification,
selective amplification, polyacrylamide gel elec-
trophoresis (PAGE), and silver staining (Vos
et al. 1995; Blears et al. 1998). The banding
profiles result from variations in the restriction
sites or in the intervening regions (Kesawat and
Das 2009).

A total of 430 AFLP markers were used to
construct a linkage map of pepper in an inter-
specific F1 population derived from a cross
between C. annuum ‘TF68’ and C. chinense
‘Habanero’ (Kang et al. 2001). A genetic linkage
map of the sweet pepper was constructed by 382
AFLP markers in an intraspecific doubled hap-
loid (DH) population (Sugita et al. 2005). A total
of 175 AFLP markers were used for identifying
QTLs associated with anthracnose resistance in
an intraspecific F2 population of a cross between
C. baccatum var. pendulum and C. baccatum
‘Golden-aji’ (Kim et al. 2010). Using an intro-
gression BC1F2 population made by interspecific
crosses between C. annuum ‘SP26’ and C. bac-
catum ‘PBC81,’ a total of 197 AFLP markers
were developed to identify QTLs for resistance to
anthracnose caused by Colletotrichum scovillei
and C. dematium (Lee et al. 2010b).

5.2.2.6 Simple Sequence Repeat (SSR)
Microsatellites are known as simple sequence
repeat (SSR; Hearne et al. 1992), short tandem
repeat (STR), and simple sequence length poly-
morphism (SSLP) and are the smallest class of
simple repetitive DNA sequences (1–6 bp)
(Kesawat and Das 2009). SSR markers result

from variations on the number of tandem repeats
of microsatellites (Hearne et al. 1992). Specific
primers (generally 20–25 bp) in the flanking
regions of microsatellite can be designed to
amplify the microsatellite by PCR (Kesawat and
Das 2009). SSR markers can be developed from
genomic or genic microsatellite sequences.
Expressed sequence tag-SSR (EST-SSR) mark-
ers can be easily developed by data mining for
SSRs in EST databases (Kantety et al. 2002).
Genomic SSRs are more polymorphic compared
to genic SSRs (EST-SSRs) and are superior to
fingerprinting or varietal identification studies,
while genic SSRs are useful for assessment of
functional diversity (Varshney et al. 2005).

Forty-six SSR markers were first placed on an
interspecific linkage map of C. annuum ‘TF68’
and C. chinense ‘Habanero’ (Lee et al. 2004). In
the same population, a total of 150 EST-SSRs
were developed through in silico analysis of
10,232 non-redundant EST sequences (Yi et al.
2006). By sequencing 1873 clones derived from
the genomic DNA libraries of C. annuum
‘Manganji,’ 106 new SSR markers were devel-
oped and mapped on an intraspecific linkage map
of C. annuum ‘Manganji’ � ‘Tongari’ (Mina-
miyama et al. 2006). In an intraspecific genetic
map of C. annuum ‘YCM334’ and ‘Tean,’ 101
EST-SSR markers were located after screening
of total 1667 EST-SSR markers (Truong et al.
2010). Total 151 SSR markers were used to
construct an intraspecific linkage map of
C. annuum ‘California Wonder’ and ‘LS2341’
(Mimura et al. 2012). To construct a high-density
linkage map of C. annuum, 1736 genomic SSR
markers and 1344 EST-SSR markers were
developed from 6528 clones and 13,003
sequences, respectively (Sugita et al. 2013). To
map QTLs affecting the initiation of flower pri-
mordia in pepper, 95 SSR markers were vali-
dated and integrated into a genetic map of C.
annuum ‘BA3’ and Capsicum frutescens
‘YNXML’ (Tan et al. 2015). A total of 113,500
in silico unique SSR loci were identified in
nuclear genome of pepper using a homemade
bioinformatics workflow, and as a preliminary
study, 65 SSR markers were validated among a
wide collection of 21 Capsicum genotypes
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(Cheng et al. 2016b). To map QTLs for fruit
length, 400 SSR markers were surveyed, but
only 28 markers were mapped in an F2 popula-
tion derived from a cross of C. annuum ‘FL201’
and Capsicum galapagoense ‘TC07245’ (Arjun
et al. 2018).

5.2.2.7 Cleaved Amplified Polymorphic
Sequences (CAPSs)

CAPS analysis, referred to as PCR-restriction
fragment length polymorphism (PCR-RFLP),
follows next steps: PCR using specific 20–25 bp
primers, digestion of the PCR products with a
restriction enzyme, and agarose gel elec-
trophoresis of the digested products (Akopyanz
et al. 1992; Konieczny and Ausubel 1993; Lya-
michev et al. 1993). The DNA fragment length
polymorphisms of CAPS result from variation in
the occurrence of restriction sites (Kesawat and
Das 2009). Advantages of CAPS include the
requirement of only low quantities of template
DNA (50–100 ng per reaction) for PCR, the
codominance of alleles, the high reproducibility,
and easier procedure compared to RFLP due to
no requiring Southern blot hybridization and
radioactive detection steps (Kesawat and Das
2009). A derived cleaved amplified polymorphic
sequence (dCAPS) marker is a modified method
of CAPS technique where mismatches in a PCR
primer are used to create a polymorphism based
on the target mutation (Neff et al. 1998).

A CAPS marker was converted from the
AFLP marker E41/M49-645 linked to the Pvr4
resistance gene in C. annuum (Caranta et al.
1999). A CAPS marker SCAC568 was developed
from the OPAC10593 RAPD marker linked to
Tsw gene to assist selection of TSWV resistance
in pepper (Moury et al. 2000). Three CAPS
markers, Pvr1-S, pvr1-R1, and pvr1-R2, were
developed to discriminate between Pvr1+, pvr1,
pvr11, and pvr12 alleles in Capsicum spp. (Yeam
et al. 2005). The Rf locus was mapped by using
eight AFLP markers, and of them, the AFRF8
marker was successfully converted to a CAPS
marker AFLP8CAPS which was closest to Rf
with a genetic distance of 1.8 cM (Kim et al.
2006). A CAPS marker PR-CAPS for partial
restoration (pr) locus was developed from the

AFLP marker E-AGC/M-GCA112 estimated at
about 1.8 cM in genetic distance (Lee et al.
2008). Two CAPS markers, PmsM1-CAPS and
PmsM2-CAPS, linked to the ms1 gene on pepper
chromosome 5 were developed (Lee et al. 2010a,
2011a). Two CAPS markers, GMSK-CAPS and
GMS3-CAPS, were identified to cosegregate
with the msk and ms3 genes, respectively (Lee
et al. 2010c, d). A major QTL CaR12.2 for the
resistance was found in an introgression BC1F2
population made by interspecific crosses between
C. annuum ‘SP26’ (susceptible) and C. baccatum
‘PBC81’ (resistant), and the CaR12.2M1-CAPS
marker closely linked to the major QTL CaR12.2
was developed (Lee et al. 2010b, 2011b). The
M3-CAPS marker tightly linked to the major
QTL Phyto.5.2 for resistance to Phytophthora
root rot was developed using two segregating
F2 populations from a cross of ‘Subicho’ �
‘CM334’ and self-pollination of a commercial
cultivar ‘Dokyacheongcheong’ (Lee et al.
2012b). A set of allele-specific markers of
L locus, including L2-CAPS and L0nu-CAPS
markers, was developed using five pepper dif-
ferential hosts including C. annuum ‘ECW’
(L0/L0), C. annuum ‘Tisana’ (L1/L1), C. annuum
‘CM334’ (L2/L2), C. chinense ‘PI159236’
(L3/L3), and Capsicum chacoense ‘PI260429’
(L4/L4) (Lee et al. 2012a). A codominant CAPS
marker, CL000081-0555, located 1.13 cM away
from the Me1 gene, was developed using an F2
population of a cross between C. annuum
‘AZN-1’ (susceptible line) and ‘PM217’ (resis-
tant inbred line derived from ‘PI201234’; Uncu
et al. 2015). Recently, a CAPS marker
16,830-CAPS, tightly linked to the Me1 gene,
was developed through a fine mapping approach
and the CA09g16830 gene was identified as a
candidate gene for Me1 (Wang et al. 2018).

5.2.2.8 Sequence-Characterized
Amplified Region (SCAR)

SCARs are PCR-based markers that are identi-
fied by PCR amplification of genomic DNA with
a pair of specific primers (Paran and Michelmore
1993). SCARs can be classified into two types,
dominant and codominant, depending on inheri-
tance pattern: Dominant SCARs result from the
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presence or the absence of amplification of the
band; codominant SCARs result from the length
polymorphisms caused by insertion or deletion
(Paran and Michelmore 1993). SCARs have
higher reproducibility compared to RAPD due to
the use of longer primers (22–24 bp) designed
for specific amplification of a particular locus
(Kesawat and Das 2009).

A SCAR marker SCUBC191432 linked to the
Pvr4 locus was developed using segregating
progenies obtained by crossing a homozygous
resistant (‘Serrano Criollo de Morelos-334’) with
a homozygous susceptible (‘Yolo Wonder’)
(Arnedo-Andrés et al. 2002). Three SCAR
markers, PMFR11269, PMFR11283, and
PMFR21200, positioned at a distance of 4.0 cM
from the L3 locus, were converted from two
RAPD markers, E18272 and E18286, which were
developed by applying the bulked segregant
analysis (BSA) method to two DH populations,
K9-DH and K9/AC-DH, derived from F1 hybrid
‘K9’ that harbors the L3 gene derived from
‘PI159236’ (Sugita et al. 2004). Two markers,
atp6-SCAR and coxII SCAR, have been devel-
oped to identify the CMS cytoplasm (Kim and
Kim 2005). The D4 SCAR marker for the
detection of Phyto.5.2 and a major QTL for
resistance to P. capsici were developed (Quirin
et al. 2005). A SCAR marker L4SC340, which
mapped 1.8 cM from the L4 locus, was devel-
oped from an AFLP marker L4-c, which was
identified by applying BSA-AFLP method to a
near-isogenic BC4F2 population generated by
using C. chacoense ‘PI260429’ (carrying the L4

allele) as a resistant parent (Kim et al. 2008a).
The presence of a third haplotype (Rfls7701) of the
sequence linked to the Rf gene was reported, and
two codominant SCAR markers CaRf-M1 and
CaRf-M2 were developed for discriminating
between RflsA, RflsB, and Rfls7701 (Min et al.
2008b). A codominant SCAR marker AFRF4
linked to the Rf locus with a genetic distance of
0.1 cM was developed (Min et al. 2009).
A newly developed Rf-linked marker
BAC13T7-SCAR was developed from the
sequence of a tomato BAC clone containing
three genes which are homologous to petunia Rf
gene encoding a pentatricopeptide repeat

(PPR) protein (Jo et al. 2010). A codominant
SCAR marker PR-Bs3 was developed by
designing primers to amplify the InDel region of
Bs3 and bs3 promoters (Römer et al. 2010).
A major QTL CcR9 for the resistance of
‘PBC81’ to Colletotrichum truncatum was
identified, and the CcR9M1-SCAR marker clo-
sely linked to the QTL CcR9 was developed (Lee
et al. 2010b, 2011b). A marker SCAR_P2 linked
to the ms8 locus on the lower arm of the pepper
chromosome 4 was identified (Bartoszewski
et al. 2012). A set of allele-specific markers of
L locus, including L1-SCAR, L3-SCAR,
L4-SCAR, and L0c-SCAR markers, was devel-
oped (Lee et al. 2012a). A codominant SCAR
marker SA133_4 linked to the QTL P5 for
Phytophthora resistance was developed (Truong
et al. 2013). The SCAR_PM54 marker was
identified to be fully consistent with artificial
nematode (Meloidogyne incognita race 2) test-
ing, correctly predicting resistant (‘PM687’,
‘PM217,’ and ‘Carolina Cayenne’) and suscep-
tible (‘Yolo Wonder B,’ ‘California Wonder
300,’ and ‘CM331’) genotypes (Pinar et al.
2016). Two markers SCAR-InDel and
SSR-HpmsE032 associated with resistance to C.
scovillei were validated in two C. annuum
anthracnose-resistant introgression lines, PR1
derived from ‘PBC932’ and PR2 derived from
‘PBC80,’ showing the selection efficiency of
77% when both markers were used together
(Suwor et al. 2017). Recently, a novel powdery
mildew resistance locus, PMR1, was identified
on pepper chromosome 4 using two populations
consisting of 102 ‘VK515’ F2:3 families and 80
‘PM Singang’ F2 plants, and one SCAR marker
(ZL1_1826) was developed to cosegregate with
the PMR1 locus (Jo et al. 2017).

5.2.2.9 Single-Nucleotide
Polymorphism (SNP) and
Insertion/Deletion (InDel)

A single-nucleotide polymorphism (SNP) is a
single-nucleotide difference between two DNA
sequences or individuals (Wang et al. 1998), and
an insertion/deletion (InDel) refers to an insertion
or deletion of bases in the genome of an organism
(Bhattramakki et al. 2002; Weber et al. 2002).
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SNPs and InDels are highly abundant and
distributed throughout the genome in plants
(Kesawat and Das 2009). They are very useful
tool for genetic mapping, marker-assisted
breeding, and map-based cloning (Rafalski
2002; Kesawat and Das 2009). Over the past two
decades, a number of different SNP genotyping
methods have been developed. Various SNP
genotyping assays can be classified by a combi-
nation of one of the sample preparation tech-
niques (allele-specific hybridization, primer
extension, oligonucleotide ligation, and nuclease
cleavage) and one of the analysis techniques
(gel separation, array, mass spectrometry, and
plate reader; Gut 2001). The well-known SNP
genotyping methods include TaqMan assay
(Livak 1999), allele-specific PCR (AS-PCR)
with universal energy-transfer-labeled primers
(Myakishev et al. 2001), and high-resolution
melting (HRM) analysis (Wittwer et al. 2003;
Liew et al. 2004).

TaqMan assay, also known as 5′ nuclease
assay, can be used to discriminate alleles that
differ from a single-nucleotide substitution, using
a fluorogenic probe consisting of an oligonu-
cleotide labeled with both a fluorescent reporter
dye (generally FAM or TET) and a quencher dye
(Livak 1999). Amplification of the probe-specific
product causes cleavage of the probe, generating
an increase in specific reporter fluorescence
(Livak 1999). However, the biggest problem of
this method is production cost of the specific
probe required for each TaqMan assay.

AS-PCR with universal energy-transfer-
labeled primers was developed for high-
throughput SNP genotyping (Myakishev et al.
2001). The technique involves PCR amplifica-
tion with two different tailed allele-specific pri-
mers that contain priming sites for universal
energy-transfer-labeled primers. This method can
solve the problem of TaqMan assay by using the
same universal primers for all analyses (Myaki-
shev et al. 2001). SNP-type assay (Wang et al.
2009) and kompetitive allele-specific PCR
(KASP; Semagn et al. 2014) for SNP genotyping
adopt this method and can be applied to
high-throughput SNP genotyping analysis.

HRM analysis, a method that allows detecting
polymorphism in double-stranded DNA by
comparing profiles of melting curves, can be
used for genotyping SNP, SSR, and InDel
markers (Liew et al. 2004; Simko 2016). HRM
markers are faster, simpler, and less expensive
than other marker systems requiring gel separa-
tion or labeled probes because it is directly ana-
lyzed within a closed tube with the addition of
fluorescent dyes such as LCGreen® Plus, SYTO®

9, EvaGreen®, LCGreenTM I, or SYBR® Green I
before PCR amplification (Wittwer 2009).

A total of 40 SNP markers using AS-PCR
analysis were developed for cultivar identifica-
tion in Capsicum (Jung et al. 2010). To develop a
SNP-based genetic map in an F2 population
derived from a cross of C. annuum ‘NB1’ �
C. chinense ‘Jolokia,’ 116 SNP markers using
HRM analysis were developed from SNPs
identified from next-generation resequencing of
parents (Lee et al. 2013). To construct an
EST-based linkage map in the F2 population
(C. annuum ‘NuMex RNaky’ � C. chinense
‘PI159234’), 48 EST-based SNPs markers were
developed (Park et al. 2014). To develop an
InDel-based linkage map of hot pepper
(C. annuum), 251 InDel markers were developed
(Li et al. 2015). To construct a SNP-based
genetic linkage map of C. baccatum, a total of
395 HRM markers were developed based on
SNPs identified by comparing genome sequences
generated through next-generation resequencing
of the parents, C. baccatum ‘Golden-aji’ and
‘PI594137’ (Lee et al. 2016).

5.2.2.10 High-Throughput SNP
Genotyping Systems

Next-generation sequencing (NGS) technologies,
including 454, Solexa, SOLiD, Polonator, and
HeliScope, have had a great influence on bio-
logical studies by enabling faster and less
expensive analysis of genomes and transcrip-
tomes (Shendure and Ji 2008). NGS technologies
have made it easy to detect genetic variations
including SNPs and InDels and to develop
DNA-based molecular markers in plant genetics
and breeding (Varshney et al. 2009). Indeed,
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SNP markers are increasingly becoming the
go-to marker system because SNPs can be
identified so easily through NGS technologies
(Ganal et al. 2009; Kumar et al. 2012).

High-throughput SNP genotyping systems,
including Illumina Infinium iSelect HD array
(International HapMap Consortium 2005), Affy-
metrix Axiom array (International HapMap
Consortium 2005), Douglas Array Tape (www.
douglasscientific.com), Fluidigm dynamic arrays
(Wang et al. 2009), restriction enzyme-based
genotyping-by-sequencing (GBS; Huang et al.
2009), and amplicon sequencing (Bybee et al.
2011), are very useful for plant breeding
(Thomson 2014).

Fluidigm dynamic arrays, a flexible,
PCR-based SNP genotyping platform, include
three formats for nanofluidic integrated fluid
circuits (IFCs): 96 samples � 96 SNPs, 48
samples � 48 SNPs, and 192 samples � 24
SNPs (Wang et al. 2009). A 48.48 dynamic array
yields 2304 data points with 48 samples and 48
markers, and 96.96 and 192.24 dynamic arrays
yield 9216 and 4608 data points, respectively
(Wang et al. 2009; Thomson 2014). The dynamic
arrays can be used with three types of assays:
TaqMan, KASP, or SNP-type assays (Wang
et al. 2009; Thomson 2014).

Genotyping-by-sequencing (GBS), a
genome-wide genotyping method that enables a
rapid and inexpensive analysis of the whole
genome using a multiplexed NGS technology,
can be applied to various areas of plant genetics
and breeding, including SNP discovery,
high-density genetic mapping, QTL analysis,
genome-wide association studies (GWASs),
genomic selection (GS), and low-cost genomics-
assisted breeding (GAB) (Deschamps et al. 2012;
Poland and Rife 2012). Representative GBS
methods include various following protocols:
restriction association DNA sequencing
(RAD-seq; Baird et al. 2008), genotyping-
by-sequencing (GBS; Huang et al. 2009), mul-
tiplex shotgun genotyping (MSG; Andolfatto
et al. 2011), double-digested RAD-seq (Peterson
et al. 2012), double-digested GBS (Poland et al.
2012), sequence-based genotyping (SBG;

Truong et al. 2012), restriction enzyme sequence
comparative analysis (Monson-Miller et al.
2012), ion torrent GBS (Mascher et al. 2013),
restriction fragment sequencing (REST-seq;
Stolle and Moritz 2013), and specific-locus
amplified fragment sequencing (SLAF-seq; Sun
et al. 2013) (Kim et al. 2016).

These techniques can be used in Capsicum
spp. due to reports of whole-genome sequences
of C. annuum ‘CM334’ (Kim et al. 2014),
‘Zunla-1’ (Qin et al. 2014), C. annuum var.
glabriusculum ‘Chiltepin’ (Qin et al. 2014),
C. chinense ‘PI159236’ (Kim et al. 2014, 2017b),
and C. baccatum ‘PBC81’ (Kim et al. 2017b).

For marker-assisted backcrossing (MABC) in
Capsicum, 412 SNPs evenly distributed on each
chromosome were used to develop locus-specific
markers for the Fluidigm® EP1TM genotyping
system as a high-throughput SNP genotyping
method (Kang et al. 2014). GBS analysis was
used to detect QTLs conferring resistance to the
cucumber mosaic virus P1 (CMVP1) strain in
pepper (Eun et al. 2016). An ultra-high-density
bin map containing 2578 bins was constructed to
identify QTLs for horticultural traits in
C. annuum through next-generation resequenc-
ing analysis (Han et al. 2016). With an Illumina
Infinium iSelect SNP array (pepper CapSNP15K
array), a high-density interspecific genetic
map containing 5569 SNPs was constructed to
analyze genetic diversity of 339 pepper
elite/landrace lines (Cheng et al. 2016a). The
PepperSNP16K array, which simultaneously
genotyped 16,405 SNPs, was developed using
the pepper haplotype map (HapMap) completed
through resequencing of inbred lines
(Hulse-Kemp et al. 2016). A total of 20
SNP-type assays for Fluidigm dynamic array,
which were associated with several disease
resistances and high capsaicinoid content, were
developed for marker-assisted selection
(MAS) of chili pepper (Kim et al. 2017a).
Whole-genome resequencing and GBS were
used for high-resolution mapping of QTLs con-
trolling capsaicinoid content in Capsicum
spp. (Han et al. 2018). A high-density genetic
map containing 12,727 SNP markers was
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constructed to identify QTLs for cucumber
mosaic virus resistance in pepper using
SLAF-seq (Li et al. 2018).

5.3 Genetic Maps in Capsicum
Species

5.3.1 Interspecific Genetic Linkage
Maps

Interspecific genetic linkage maps of Capsicum
spp. were constructed using crosses including
C. annuum � C. chinense, C. annuum �
C. frutescens, and C. annuum � C. baccatum
(Table 5.2). These maps are overviewed in
Table 5.2.

5.3.1.1 Capsicum annuum � Capsicum
chinense

The first pepper genetic linkage map was con-
structed by using 84 RFLP markers based on a
common set of cDNA clones and selected
single-copy genomic clones and by using 46
individuals derived from a cross between C.
annuum ‘Doux des Landes (CA50)’ and C. chi-
nense ‘CA4’ (Tanksley et al. 1988). A molecular
genetic map of pepper covering 720 cM was
constructed in an interspecific F2 population with
a total of 192 RFLP and isozyme markers (Prince
et al. 1993). A genetic map of pepper consisting
of 13 linkage groups that cover a total of
1245.7 cM was created from an interspecific F2
population (C. annuum ‘NuMex RNaky’ �
C. chinense ‘PI159234’; Livingstone et al. 1999).
The SNU pepper genetic map, consisting of 16
linkage groups and covering 1320 cM, was
constructed in an interspecific F2 population
(C. annuum ‘TF68’ � C. chinense ‘Habanero’)
with 150 RFLP and 430 AFLP markers (Kang
et al. 2001). The SNU2 pepper map with 333
markers (46 SSR and 287 RFLP) in 15 linkage
groups covering 1761.5 cM was generated in the
same population with the SNU map (Lee et al.
2004). The SNU3 pepper map, forming 14
linkage groups and spanning 2201.5 cM, was

constructed by adding 139 SSR markers based
on expressed sequence tags (ESTs) (Yi et al.
2006). A SNP-based genetic map of pepper was
developed in an F2 population derived from a
cross of C. annuum ‘NB1’ � C. chinense
‘Jolokia’ by using 116 SNP (HRM) markers
generated from next-generation resequencing of
parents (Lee et al. 2013). An EST-based linkage
map of pepper (the AC2 map) was constructed in
the AC99 F2 population (C. annuum ‘NuMex
RNaky’ � C. chinense ‘PI159234’) by using a
total of 512 markers, comprising 214
intron-based polymorphic markers (IBPs), 143
conserved ortholog sets (COSIIs), 48 EST-SNPs
(eSNPs), and 107 previously reported markers
(Park et al. 2014). QTL mapping for capsaicinoid
content was conducted in an interspecific popu-
lation of 85 RILs derived from C. annuum
‘TF68’ � C. chinense ‘Habanero’ through a
genotyping-by-sequencing (GBS) analysis (Han
et al. 2018).

5.3.1.2 Capsicum annuum � Capsicum
frutescens

A pepper genetic map was constructed for iden-
tifying yield-related QTLs using 248 BC2 plants
derived from a cross between C. annuum ‘Maor’
and C. frutescens ‘BG2816’ (Rao et al. 2003). In
the same population, QTLs for capsaicinoid
content were analyzed (Blum et al. 2003). An
interspecific genetic map (C. annuum ‘BA3’ �
C. frutescens ‘YNXML’) containing 129 InDel
and 95 SSR markers was constructed for map-
ping the QTLs affecting the initiation of flower
primordia (Tan et al. 2015). A linkage map with
5546 markers separated into 1361 bins on 12
linkage groups representing 1392.3 cM was
produced using an interspecific population cre-
ated between C. frutescens ‘Tabasco’ and
C. annuum ‘P4’ and using the PepperSNP16K
Infinium array (Hulse-Kemp et al. 2016).
A high-density interspecific SNP genetic map of
pepper was constructed in 297 F2 individuals of
C. annuum � C. frutescens using an Illumina
Infinium iSelect SNP array (pepper CapSNP15K
array) (Cheng et al. 2016a).
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5.3.1.3 Capsicum annuum � Capsicum
baccatum

An introgression BC1F2 population was gener-
ated by interspecific crosses between C. annuum
‘SP26’ (susceptible) and C. baccatum ‘PBC81’

(resistant) for QTL mapping analyses of
anthracnose resistance, and the introgression map
consisting of 13 linkage groups with a total of
218 markers (197 AFLPs and 21 SSRs), covering
325 cM, was constructed (Lee et al. 2010b).

Table 5.2 Overview of the interspecific genetic linkage maps of Capsicum spp.

Interspecific
cross

Parents Population
size and
typea

Number and type of
markersb

Number
of
linkage
groups

Total
map
length
(cM)

References

C. annuum �
C. chinense

‘CA50’ � ‘CA4’ 46 F2 84 RFLPs 19 229 Tanksley
et al. (1988)

‘CA50’ � ‘CA4’ 46 F2 192 RFLPs and
isozymes

19 720 Prince et al.
(1993)

‘NuMex
RNaky’ � ‘PI159234’

75 F2 350 AFLPs, 303
RFLPs, 17 RAPDs,
2 isozymes

13 1246 Livingstone
et al. (1999)

‘TF68’ � ‘Habanero’ 107 F2 150 RFLPs, 430
AFLPs

16 1320 Kang et al.
(2001)

‘TF68’ � ‘Habanero’ 107 F2 46 SSRs, 287
RFLPs

15 1762 Lee et al.
(2004)

‘TF68’ � ‘Habanero’ 107 F2 139 EST-SSRs 14 2202 Yi et al.
(2006)

‘NB1’ � ‘Jolokia’ 96 F2 116 HRMs 12 1168 Lee et al.
(2013)

‘NuMex
RNaky’ � ‘PI159234’

75 F2 214 IBPs, 143
COSIIs, 48 eSNPs,
107 other markers

12 2336 Park et al.
(2014)

‘TF68’ � ‘Habanero’ 85 RILs 1089 bins (GBS) 12 1127 Han et al.
(2018)

C. annuum �
C. frutescens

‘Maor’ � ‘BG2816’ 248 BC2 92 RFLPs 12 1100 Rao et al.
(2003)

‘BA3’ � ‘YNXML’ 154 and
147 F2

129 InDels, 95
SSRs

13 1250 Tan et al.
(2015)

‘P4’ � ‘Tabasco’ 90 F2 1361 bins (array) 12 1392 Hulse-Kemp
et al. (2016)

‘BA3’ � ‘YNXML’ 297 F2 3826 bins (array) 12 1629 Cheng et al.
(2016a)

C. annuum �
C. baccatum

‘SP26’ � ‘PBC81’ 87 BC1F2 197 AFLPs, 21
SSRs

13 325 Lee et al.
(2010b)

aRILs recombinant inbred lines
bRFLPs restriction fragment length polymorphisms, AFLPs amplified fragment length polymorphisms, RAPDs random
amplified polymorphic DNAs, SSRs simple sequence repeats, EST-SSRs expressed sequence tag-SSRs, HRMs
high-resolution melting markers, IBPs intron-based polymorphic markers, COSIIs conserved ortholog sets II, eSNPs
EST-SNPs, GBS genotyping-by-sequencing, InDels insertion/deletion markers, array Illumina Infinium iSelect SNP
array
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5.3.2 Intraspecific Genetic Linkage
Maps

Intraspecific genetic linkage maps of Capsicum
spp. have been reported in two species,
C. annuum and C. baccatum (Table 5.3). The
overview of these maps is given in Table 5.3.

5.3.2.1 Capsicum annuum
The first functional detailed map of pepper,
containing 100 known-function gene markers
and 9 loci of agronomic interest (L, pvr2, Pvr4,
C, up, Tsw, Me3, Bs3, and y), was generated
using three intraspecific populations including
two DH populations of ‘H3’ � ‘Vania’ and
‘Perennial’ � ‘Yolo Wonder’ and one F2 popu-
lation of ‘Yolo Wonder’ � ‘CM334’ (Lefebvre
et al. 2002). A genetic linkage map of the sweet
pepper using an intraspecific DH population,
consisting of 382 AFLP, 122 RAPD, 3 RFLP, 7
SCAR, and 4 CAPS markers, was constructed by
AFLP using the high-efficiency genome scanning
(HEGS) system and RAPD (Sugita et al. 2005).
An SSR-based linkage map of C. annuum,
including 106 new SSR markers distributed
across 13 linkage groups and covering 1042 cM,
was constructed in an intraspecific DH popula-
tion derived from ‘Manganji’ � ‘Tongari’
(Minamiyama et al. 2006). A RFLP-based pep-
per linkage map, consisting of 202 RFLPs, 6
WRKYs, and 1 SSR and covering 1482.3 cM,
was constructed to detect QTL associated with
P. capsici resistance using 100 F2 individuals
from a cross between ‘CM334’ (resistant) and
‘Chilsungcho’ (susceptible) (Kim et al. 2008c).
In the same population, 60 WRKY-based and 71
reverse random amplified microsatellite poly-
morphism (rRAMP)-based markers were devel-
oped and added (Kim et al. 2008b; Min et al.
2008a). A saturated intraspecific genetic map of
pepper, containing 281 AFLPs, 101 EST-SSRs,
37 consensus SSRs, and 1 CAPS, was generated
for studying QTLs associated with Phytophthora
root rot resistance using a population of 126 F8
RILs derived from a cross between ‘YCM334’
(resistant) and ‘Tean’ (susceptible) (Truong et al.
2010). The first SSR-based intraspecific genetic
map of C. annuum, containing 151 SSRs, 90

AFLPs, 10 CAPSs, and 2 STSs and spanning
1336 cM, was constructed using a DH popula-
tion derived from a cross between ‘California
Wonder’ and ‘LS2341’ (Mimura et al. 2012).
An SSR-based high-density linkage map of
C. annuum, consisting of 597 SSR markers and
covering 2028 cM, was developed by using DH
lines derived from an intraspecific cross of
‘K9-11’ � ‘MZC-180’ (Sugita et al. 2013). The
first InDel-based linkage map of hot pepper
(BB-InDel map), containing 251 InDel markers
and covering 1178 cM, was made using an F2
population derived from the intraspecific cross
‘BA3’ � ‘B702’ through whole-genome rese-
quencing of two parents (Li et al. 2015). An
ultra-high-density bin map of C. annuum, con-
taining 2578 bins and spanning 1372 cM, was
developed for QTL mapping of horticultural
traits using 120 RILs derived from a cross
between ‘Perennial’ and ‘Dempsey’ (Han et al.
2016). A high-density genetic map of C. annuum,
containing 12,727 markers on 12 chromosomes
and spanning 1785 cM, was constructed using
195 F2 individuals derived from a cross between
‘BJ0747’ (resistant) and ‘XJ0630’ (susceptible) to
identify QTLs for CMV resistance using
SLAF-seq (Li et al. 2018).

5.3.2.2 Capsicum baccatum
An intraspecific genetic map of C. baccatum,
containing 52 SSRs, 175 AFLPs, and 100
SRAPs, and covering 1896 cM, was developed
using 126 F2 plants derived from a cross
between ‘Cbp’ (resistant) and ‘Golden-aji’
(susceptible) to identify QTLs associated with
anthracnose resistance (Kim et al. 2010). A ref-
erence map of C. baccatum based on 42 SSRs,
85 ISSRs, and 56 RAPDs, consisting of 16
linkage groups and covering 2547 cM, was
constructed using 203 F2 individuals originated
from a cross of ‘UENF1616’ and ‘UENF1732’
(Moulin et al. 2015). A SNP-based genetic
linkage map of C. baccatum, containing 395
HRM markers and covering 1056.2 cM, was
generated using an F2 population from a cross
between ‘Golden-aji’ and ‘PI594137’ and was
compared to C. annuum reference physical map
(Lee et al. 2016).
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5.3.3 Integrated Genetic Linkage
Maps

The first integrated linkage map of C. annuum,
including mainly RFLP and RAPD markers, was
constructed by alignment of three intraspecific
linkage maps generated by segregating DH pro-
genies (Lefebvre et al. 1995). An integrated
genetic linkage map of pepper, consisting of
1528 AFLP, 440 RFLP, 288 RAPD, several
known gene sequences, isozymes, and morpho-
logical markers and covering 1832 cM, was
generated by using pooled data from six indi-
vidual maps (Paran et al. 2004). An integrated
pepper map, containing 169 SSR, 354 RFLP, 23
STS from BAC end sequences, 6 STS
from RFLP, 152 AFLP, 51 WRKY, and 99
rRAMP markers on 12 chromosomes, was con-
structed using four genetic maps of two inter-
specific (C. annuum ‘TF68’ � C. chinense
‘Habanero’) and two intraspecific (C. annuum
‘CM334’ � ‘Chilsungcho’) populations (Lee
et al. 2009).

5.3.4 Comparative Mapping Between
Solanaceous Crops

The first RFLP-based pepper linkage map was
compared to the RFLP-based tomato map, sug-
gesting that gene repertoire is conserved but gene
order is not (Tanksley et al. 1988). Comparison
of the pepper, tomato, and potato genetic maps
revealed a total of 30 breaks as part of 5
translocations, 10 paracentric inversions, 2 peri-
centric inversions, and 4 disassociations or
associations of genomic regions (Livingstone
et al. 1999). Disease resistance genes (R genes)
and R gene homologues were compared between
three solanaceous crops including tomato, potato,
and pepper (Grube et al. 2000). Pepper genome
was compared to tomato genome using a total of
299 orthologous markers including 263 con-
served ortholog set II (COSII) markers, sug-
gesting that the two genomes have become
differentiated by a minimum number of 19
inversions and 6 translocations, as well as
numerous putative single gene transpositions but

share 35 conserved syntenic segments within
which gene/marker order is well preserved (Wu
et al. 2009). In addition, the genome of cultivated
C. annuum and wild C. annuum (as well as
C. chinense, C. frutescens) was found to differ by
a reciprocal translocation between chromosomes
1 and 8 (Wu et al. 2009). Comparative mapping
studies were performed in tomato, potato, egg-
plant, pepper, and diploid Nicotiana species
(Nicotiana tomentosiformis and Nicotiana
acuminata) using COSII markers, providing the
first broad overview of chromosomal evolution
in the family Solanaceae (Wu and Tanksley
2010). The eggplant/pepper syntenic map con-
firmed 10 translocations and 8 inversions already
detected, and a set of 151 pepper QTL were
located as well as 212 eggplant QTL, including
76 major QTLs (phenotypic variance explained,
PVE � 10%) affecting key agronomic traits
(Rinaldi et al. 2016). Recently, two high-quality
de novo genomes (C. baccatum ‘PBC81’ and C.
chinense ‘PI159236’) and an improved reference
genome (C. annuum ‘CM334’) were reported,
showing dynamic genome rearrangements
involving translocations among chromosomes 3,
5, and 9 between C. baccatum and the two other
peppers and suggesting the process of speciation
and evolution of the Capsicum species (Kim
et al. 2017b).

5.3.5 Marker-Assisted Backcrossing

Marker-assisted backcrossing (MABC) is a new
breeding approach that can substantially reduce
breeding time and cost by using highly poly-
morphic markers with known positions in each
chromosome (Frisch et al. 1999; Herzog and
Frisch 2011). A total of 412 SNP markers were
developed from EST sequences generated by
large-scale transcriptome sequencing of eight
accessions (C. annuum ‘Jeju,’ ‘LAM32,’ ‘Tean,’
‘CM334,’ ‘Yuwolcho,’ ‘PI201234,’ and
‘YCM334’ and C. chinense ‘SNU-001’) using
the Illumina Genome Analyzer IIx platform to
facilitate MABC in hot pepper (Kang et al.
2014). Moreover, by analyzing the SNP makers
via a high-throughput SNP genotyping system
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(Fluidigm® EP1TM system), a genetic linkage
map of C. frutescens ‘BG2814-6’ � C. annuum
‘NuMex RNaky’ was constructed and a genetic
diversity of 27 Capsicum accessions was tested
(Kang et al. 2014).

5.4 Future Prospects

Various molecular marker techniques and many
genetic linkage maps can be used to develop the
trait-linked markers or gene-based markers as
well as to identify a gene or QTLs for important
horticultural traits including male sterility
(CMS and GMS), various disease resistances
(anthracnose, powdery mildew, phytophthora,
bacterial wilt, bacterial spot, CMV, TSWV,
PMMoV, PepMoV, and nematode), and fruit
traits (color, shape, size, capsaicinoid content,
carotenoid content, and sugar content). To date, a
few function-known pepper genes including Bs2,
pvr1 (pvr2), pun1, Bs3, pAMT, L, Pvr4, Tsw, and
ms1 were only identified through map-based
cloning or candidate gene approach. Recent
genome-wide genotyping technologies such as
GBS, Rad-seq, and SLAF-seq will accelerate
development of whole-genome genetic maps
and trait-linked DNA markers and identification
of genes controlling important horticultural traits.

References

Akopyanz N, Bukanov NO, Westblom TU, Berg DE
(1992) PCR-based RFLP analysis of DNA sequence
diversity in the gastric pathogen Helicobacter pylori.
Nucl Acids Res 20:6221–6225

Andolfatto P, Davison D, Erezyilmaz D, Hu TT, Mast J
et al (2011) Multiplexed shotgun genotyping for rapid
and efficient genetic mapping. Genome Res 21:610–
617

Arjun K, Dhaliwal MS, Jindal SK, Fakrudin B (2018)
Mapping of fruit length related QTLs in interspecific
cross (Capsicum annuum L. � Capsicum galapa-
goense Hunz.) of chilli. Breed Sci 68:219–226

Arnedo-Andrés MS, Gil-Ortega R, Luis-Arteaga M,
Hormaza JI (2002) Development of RAPD and SCAR
markers linked to the Pvr4 locus for resistance to PVY
in pepper (Capsicum annuum L.). Theor Appl Genet
105:1067–1074

Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL
et al (2008) Rapid SNP discovery and genetic
mapping using sequenced RAD markers. PLoS ONE
3:e3376

Bartoszewski G, Waszczak C, Gawroński P, Stępień I,
Bolibok-Bragoszewska H et al (2012) Mapping of the
ms8 male sterility gene in sweet pepper (Capsicum
annuum L.) on the chromosome P4 using PCR-based
markers useful for breeding programmes. Euphytica
186:453–461

Bello-Bello J, Iglesias-Andreu LG, Avilés-Viňas SA,
Gómez-Uc E, Canto-Flick A et al (2014) Somaclonal
variation in Habanero pepper (Capsicum chinense
Jacq.) as assessed ISSR molecular markers. HortS-
cience 49:481–485

Bhattramakki D, Dolan M, Hanafey M, Wineland R,
Vaske D et al (2002) Insertion-deletion polymor-
phisms in 3’ regions of maize genes occur frequently
and can be used as highly informative genetic
markers. Plant Mol Biol 48:539–547

Blears MJ, De Grandis SA, Lee H, Trevors JT (1998)
Amplified fragment length polymorphism (AFLP): a
review of the procedure and its applications. J Ind
Microbiol Biotechnol 21:99–114

Blum E, Mazourek M, O’Connell M, Curry J, Thorup T
et al (2003) Molecular mapping of capsaicinoid
biosynthesis genes and quantitative trait loci analysis
for capsaicinoid content in Capsicum. Theor Appl
Genet 108:79–86

Botstein B, White RL, Sholnick M, Davis RW (1980)
Construction of a genetic linkage map in man using
restriction fragment length polymorphisms. Amer J
Hum Genet 32:314–331

Bybee SM, Bracken-Grissom H, Haynes BD, Her-
mansen RA, Byers RL et al (2011) Targeted amplicon
sequencing (TAS): a scalable next-gen approach to
multilocus, multitaxa phylogenetics. Genome Biol
Evol 3:1312–1323

Caetano-Anollés G, Bassam BJ, Gresshoff PM (1991)
DNA amplification fingerprinting using very short
arbitrary oligonucleotide primers. Nat Biotechnol
9:553–557

Caranta C, Thabuis A, Palloix (1999) Development of a
CAPS marker for the Pvr4 locus: a tool for pyramid-
ing potyvirus resistance genes in pepper. Genome
42:1111–1116

Cheng J, Qin C, Tang X, Zhou H, Hu Y et al (2016a)
Development of a SNP array and its application to
genetic mapping and diversity assessment in pepper
(Capsicum spp.). Sci Rep 6:33293

Cheng J, Zhao Z, Li B, Qin C, Wu Z et al (2016b) A
comprehensive characterization of simple sequence
repeats in pepper genomes provides valuable
resources for marker development in Capsicum. Sci
Rep 6:18919

Deschamps S, Llaca V, May GD (2012) Genotyping-by-
sequencing in plants. Biology 1:460–483

Eun MH, Han JH, Yoon JB, Lee J (2016) QTL mapping
of resistance to the Cucumber mosaic virus P1 strain

5 Development and Evolution of Molecular Markers and Genetic … 99



in pepper using a genotyping-by-sequencing analysis.
Hort Environ Biotechnol 57:589–597

Frisch M, Bohn M, Melchinger AE (1999) Comparison of
selection strategies for marker-assisted backcrossing
of a gene. Crop Sci 39:1295–1301

Ganal MW, Altmann T, Röder MS (2009) SNP identifica-
tion in crop plants. Curr Opin Plant Biol 12:211–217

Grube RC, Radwanski ER, Jahn M (2000) Comparative
genetics of disease resistance within the solanaceae.
Genetics 155:873–887

Gupta M, Chyi YS, Romero-Severson J, Owen JL (1994)
Amplification of DNA markers from evolutionarily
diverse genomes using single primers of simple-
sequence repeats. Theor Appl Genet 89:998–1006

Gut IG (2001) Automation in genotyping of single
nucleotide polymorphisms. Hum Mut 17:475–492

Han K, Jeong HJ, Yang HB, Kang SM, Kwon JK et al
(2016) An ultra-high-density bin map facilitates
high-throughput QTL mapping of horticultural traits
in pepper (Capsicum annuum). DNA Res 23:81–91

Han K, Lee HY, Ro NY, Hur OS, Lee JH et al (2018)
QTL mapping and GWAS reveal candidate genes
controlling capsaicinoid content in Capsicum. Plant
Biotechnol J. https://doi.org/10.1111/pbi.12894

Hearne CM, Ghosh S, Todd JA (1992) Microsatellites for
linkage analysis of genetic traits. Trends Genet 8:
288–294

Herzog E, Frisch M (2011) Selection strategies for
marker-assisted backcrossing with high-throughput
marker systems. Theor Appl Genet 123:251–260

Huang X, Feng Q, Qian Q, Zhao Q, Wang L et al (2009)
High-throughput genotyping by whole-genome rese-
quencing. Genome Res 19:1068–1076

Hulse-Kemp AM, Ashrafi H, Plieske J, Lemm J, Stoffel K
et al (2016) A HapMap leads to a Capsicum annuum
SNP infinium array: a new tool for pepper breeding.
Hort Res 3:16036

Ibarra-Torres P, Valadez-Moctezuma E, Pérez-Grajales
M, Rodríguez-Campos J, Jaramillo-Flores ME (2015)
Inter- and intraspecific differentiation of Capsicum
annuum and Capsicum pubescens using ISSR and
SSR markers. Sci Hort 181:137–146

International HapMap Consortium (2005) A haplotype
map of the human genome. Nature 437:1299–1320

Jiang GL (2013) Molecular markers and marker-assisted
breeding in plants. In: Andersen SB (ed) Plant breed-
ing from laboratories to fields. Intech, pp 45–83

Jo YD, Kim YM, Park MN, Yoo JH, Park M et al (2010)
Development and evaluation of broadly applicable
markers for restorer-of-fertility in pepper. Mol Breed
25:187–201

Jo J, Venkatesh J, Han K, Lee HY, Choi GJ et al (2017)
Molecular mapping of PMR1, a novel locus conferring
resistance to powdery mildew in pepper (Capsicum
annuum). Front Plant Sci 8:2090

Jung JK, Park SW, Liu WY, Kang BC (2010) Discovery
of single nucleotide polymorphism in Capsicum and
SNP markers for cultivar identification. Euphytica
175:91–107

Kang BC, Nahm SH, Huh JH, Yoo HS, Yu JW et al
(2001) An interspecific (Capsicum annuum � C.
chinense) F2 linkage map in pepper using RFLP and
AFLP markers. Theor Appl Genet 102:531–539

Kang JH, Yang HB, Jeong HS, Choe P, Kwon JK et al
(2014) Single nucleotide polymorphism marker dis-
covery from transcriptome sequencing for
marker-assisted backcrossing in Capsicum. Korean J
Hort Sci Technol 32:535–543

Kantety RV, Rota ML, Matthews DE, Sorrells ME (2002)
Data mining for simple sequence repeats in expressed
sequence tags from barley, maize, rice, sorghum and
wheat. Plant Mol Biol 48:501–510

Kesawat MS, Das BK (2009) Molecular markers: it’s
application in crop improvement. J Crop Sci Biotech-
nol 12:169–181

Kim DH, Kim BD (2005) Development of SCAR markers
for early identification of cytoplasmic male sterility
genotype in chili pepper (Capsicum annuum L.). Mol
Cells 20:416–422

Kim DS, Kim DH, Yoo JH, Kim BD (2006) Cleaved
amplified polymorphic sequence and amplified frag-
ment length polymorphism markers linked to the
fertility restorer gene in chili pepper (Capsicum
annuum L.). Mol Cells 21:135–140

Kim HJ, Han JH, Yoo JH, Cho HJ, Kim BD (2008a)
Development of a sequence characteristic amplified
region marker linked to the L4 locus conferring broad
spectrum resistance to tobamoviruses in pepper plants.
Mol Cells 25:205–210

Kim HJ, Lee HR, Han JH, Yeom SI, Harn CH et al
(2008b) Marker production by PCR amplification with
primer pairs from conserved sequences of WRKY
genes in chili pepper. Mol Cells 25:196–204

Kim HJ, Nahm SH, Lee HR, Yoon GB, Kim KT et al
(2008c) BAC-derived markers converted from RFLP
linked to Phytophthora capsici resistance in pepper
(Capsicum annuum L.). Theor Appl Genet 118:15–27

Kim S, Kim KT, Kim DH, Yang EY, Cho MC et al
(2010) Identification of quantitative trait loci associ-
ated with anthracnose resistance in chili pepper
(Capsicum spp.). Korean J Hort Sci Technol
28:1014–1024

Kim S, Park M, Yeom SI, Kim YM, Lee JM et al (2014)
Genome sequence of the hot pepper provides insights
into the evolution of pungency in Capsicum species.
Nat Genet 46:270–279

Kim C, Guo H, Kong W, Chandnani R, Shuang LS et al
(2016) Application of genotyping by sequencing
technology to a variety of crop breeding programs.
Plant Sci 242:14–22

Kim H, Yoon JB, Lee J (2017a) Development of
Fluidigm SNP type genotyping assays for
marker-assisted breeding of chili pepper (Capsicum
annuum L.). Hort Sci Technol 35:465–479

Kim S, Park J, Yeom SI, Kim YM, Seo E et al (2017b)
New reference genome sequences of hot pepper reveal
the massive evolution of plant disease-resistance genes
by retroduplication. Genome Biol 18:210

100 J. Lee

http://dx.doi.org/10.1111/pbi.12894


Konieczny A, Ausubel FM (1993) A procedure for
mapping Arabidopsis mutations using co-dominant
ecotype-specific PCR-based markers. Plant J 4:
403–410

Kumar LS (1999) DNA markers in plant improvement: an
overview. Biotechnol Adv 17:143–182

Kumar LD, Kathirvel M, Rao GV, Nagaraju J (2001)
DNA profiling of disputed chilli samples (Capsicum
annuum) using ISSR-PCR and FISSR-PCR marker
assays. Forens Sci Intl 116:63–68

Kumar S, Banks TW, Cloutier S (2012) SNP discovery
through next-generation sequencing and its applica-
tions. Int J Plant Genom. http://dx.doi.org/10.1155/
2012/831460

Lee JM, Nahm SH, Kim YM, Kim BD (2004) Charac-
terization and molecular genetic mapping of
microsatellite loci in pepper. Theor Appl Genet
108:619–627

Lee J, Yoon JB, Park HG (2008) A CAPS marker
associated with the partial restoration of cytoplasmic
male sterility in chili pepper (Capsicum annuum L.).
Mol Breed 21:95–104

Lee HR, Bae IH, Park SW, Kim HJ, Min WK et al (2009)
Construction of an integrated pepper map using RFLP,
SSR, CAPS, AFLP, WRKY, rRAMP, and BAC end
sequences. Mol Cells 27:21–37

Lee J, Han JH, An CG, Lee WP, Yoon JB (2010a) A
CAPS marker linked to a genic male-sterile gene in
the colored sweet pepper, ‘Paprika’ (Capsicum
annuum L.). Breed Sci 60:93–98

Lee J, Hong JH, Do JW, Yoon JB (2010b) Identification
of QTLs for resistance to anthracnose to two Col-
letotrichum species in pepper. J Crop Sci Biotechnol
13:227–233

Lee J, Lee WP, Han JH, Yoon JB (2010c) Development
of molecular marker linked to a genic male-sterile
gene, msk in chili pepper. Korean J Hortic Sci Technol
28:270–274

Lee J, Yoon JB, Han JH, Lee WP, Kim SH et al (2010d)
Three AFLP markers tightly linked to the genic male
sterility ms3 gene in chili pepper (Capsicum annuum
L.) and conversion to a CAPS marker. Euphytica
173:55–61

Lee J, Do JW, Han JH, An CG, Kweon OY et al (2011a)
Allelism and molecular marker tests for genic male
sterility in paprika cultivars. Korean J Hort Sci
Technol 29:130–134

Lee J, Do JW, Yoon JB (2011b) Development of STS
markers linked to the major QTLs for resistance to the
pepper anthracnose caused by Colletotrichum acuta-
tum and C. capsici. Hort Environ Biotechnol 52:
596–601

Lee J, Han JH, Yoon JB (2012a) A set of allele-specific
markers linked to L locus resistant to Tobamovirus in
Capsicum spp. Korean J Hort Sci Technol 30:286–293

Lee WP, Lee J, Han JH, Kang BC, Yoon JB (2012b)
Validity test for molecular markers associated with
resistance to Phytophthora root rot in chili pepper
(Capsicum annuum L.). Kor J Hort Sci Technol
30:64–72

Lee J, Park SJ, Do JW, Han JH, Choi D et al (2013)
Development of a genetic map of chili pepper using
single nucleotide polymorphism markers generated
from next generation resequencing of parents.
Korean J Hort Sci Technol 31:473–482

Lee YR, Yoon JB, Lee J (2016) A SNP-based genetic
linkage map of Capsicum baccatum and its compar-
ison to the Capsicum annuum reference physical
map. Mol Breed 36:61

Lefebvre V, Palloix A, Caranta C, Pochard E (1995)
Construction of an intraspecific integrated linkage map
of pepper using molecular markers and doubled-
haploid progenies. Genome 38:112–121

Lefebvre V, Pflieger S, Thabuis A, Caranta C, Blattes A
et al (2002) Towards the saturation of the pepper
linkage map by alignment of three intraspecific maps
including known-function genes. Genome 45:839–854

Li W, Cheng J, Wu Z, Qin C, Tan S et al (2015) An
InDel-based linkage map of hot pepper (Capsicum
annuum). Mol Breed 35:32

Li N, Yin Y, Wang F, Yao M (2018) Construction of a
high-density genetic map and identification of QTLs
for cucumber mosaic virus resistance in pepper
(Capsicum annuum L.) using specific length amplified
fragment sequencing (SLAF-seq). Breed Sci 68:
233–241

Liew M, Pryor R, Palais R, Meadows C, Erali M et al
(2004) Genotyping of single-nucleotide polymor-
phisms by high-resolution melting of small amplicons.
Clin Chem 50:1156–1164

Livak KJ (1999) Allelic discrimination using fluorogenic
probes and the 5’ nuclease assay. Genet Anal-Biomol
E 14:143–149

Livingstone KD, Lackney VK, Blauth JR, van Wijk R,
Jahn MK (1999) Genome mapping in Capsicum and
the evolution of genome structure in the Solanaceae.
Genetics 152:1183–1202

Lyamichev V, Brow MAD, Dahlberg JE (1993) Structure-
specific endonucleolytic cleavage of nucleic acids by
eubacterial DNA polymerases. Science 260:778–783

Mascher M, Wu S, St. Amand P, Stein N, Poland J (2013)
Application of genotyping-by-sequencing on semi-
conductor sequencing platforms: a comparison of
genetic and reference-based marker ordering in barley.
PLoS ONE 8:e76925

Michelmore RW, Paran I, Kesseli RV (1991) Identifica-
tion of markers linked to disease-resistance genes by
bulked segregant analysis: a rapid method to detect
markers in specific genomic regions by using segre-
gating populations. Proc Natl Acad Sci USA 88:9828–
9832

Mimura Y, Inoue T, Minamiyama Y, Kubo N (2012) An
SSR-based genetic map of pepper (Capsicum annuum
L.) serves as an anchor for the alignment of major
pepper maps. Breed Sci 62:93–98

Min WK, Han JH, Kang WH, Lee HR, Kim BD (2008a)
Reverse random amplified microsatellite polymor-
phism reveals enhanced polymorphisms in the 3’
end of simple sequence repeats in the pepper genome.
Mol Cells 26:250–257

5 Development and Evolution of Molecular Markers and Genetic … 101

http://dx.doi.org/10.1155/2012/831460
http://dx.doi.org/10.1155/2012/831460


Min WK, Lim H, Lee YP, Sung SK, Kim BD, Kim S
(2008b) Identification of a third haplotype of the
sequence linked to the restorer-of-fertility (Rf) gene
and its implications for male-sterility phenotypes in
peppers (Capsicum annuum L.). Mol Cells 25:20–29

Min WK, Kim S, Sung SK, Kim BD, Lee S (2009) Allelic
discrimination of the restorer-of-fertility gene and its
inheritance in peppers (Capsicum annuum L.). Theor
Appl Genet 119:1289–1299

Minamiyama Y, Tsuro M, Hirai M (2006) An SSR-based
linkage map of Capsicum annuum. Mol Breed
18:157–169

Mohan M, Nair S, Bhagwat A, Krishna TG, Yano M et al
(1997)Genomemapping,molecularmarkers andmarker-
assisted selection in crop plants. Mol Breed 3:87–103

Monson-Miller J, Sanchez-Mendez DC, Fass J, Henry IM,
Tai TH et al (2012) Reference genome-independent
assessment of mutation density using restriction
enzyme-phased sequencing. BMC Genom 13:72

Moulin MM, Rodrigues R, Ramos HCC, Bento CS, Sudré
CP et al (2015) Construction of an integrated genetic
map for Capsicum baccatum L. Genet Mol Res
14:6683–6694

Moury B, Pflieger S, Blattes A, Lefebvre V, Palloix A
(2000) A CAPS marker to assist selection of tomato
spotted wilt virus (TSWV) resistance in pepper.
Genome 43:137–142

Myakishev MV, Khripin Y, Hu S, Hamer DH (2001)
High-throughput SNP genotyping by allele-specific
PCR with universal energy-transfer-labeled primers.
Genome Res 11:163–169

Nakamura Y, Leppert M, O’Connell P, Wolff R, Holm T
et al (1987) Variable number of tandem repeat
(VNTR) markers for human gene mapping. Science
235:1616–1622

Neff MM, Neff JD, Chory J, Pepper AE (1998) dCAPS, a
simple technique for the genetic analysis of single
nucleotide polymorphisms: experimental applications
in Arabidopsis thaliana genetics. Plant J 14:387–392

Paran I, Michelmore RW (1993) Development of reliable
PCR-based markers linked to downy mildew resis-
tance genes in lettuce. Theor Appl Genet 85:985–993

Paran I, van der Voort JR, Lefebvre V, Jahn M, Landry L
et al (2004) An integrated genetic linkage map of
pepper (Capsicum spp.). Mol Breed 13:251–261

Park SW, Jung JK, Choi EA, Kwon JK, Kang JH et al
(2014) An EST-based linkage map reveals chromoso-
mal translocation in Capsicum. Mol Breed 34:963–975

Patel AS, Sasidharan N, Vala AG, Kumar V (2011)
Genetic relation in Capsicum annuum [L.] cultivars
through microsatellite markers: SSR and ISSR. Elec J
Plant Breed 2:67–76

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE
(2012) Double digest RADseq: an inexpensive
method for de novo SNP discovery and genotyping
in model and non-model species. PLoS ONE 7:e37135

Pinar H, Mutlu N, Ozaslandan A, Argun D, Keles D et al
(2016) Reliability assessment of molecular markers
linked to resistance genes against Meloidogyne spp. in

diverse peppers genotypes. Egypt J Biol Pest Con
26:515–521

Poland JA, Rife TW (2012) Genotyping-by-sequencing
for plant breeding and genetics. Plant Genome 5:92–
102

Poland JA, Brown PJ, Sorrells ME, Jannink JL (2012)
Development of high-density genetic maps for barley
and wheat using a novel two-enzyme genotyping-by-
sequencing approach. PLoS ONE 7:e32253

Prince JP, Pochard E, Tanksley SD (1993) Construction
of a molecular linkage map of pepper and a compar-
ison of synteny with tomato. Genome 36:404–417

Qin C, Yu C, Shen Y, Fang X, Chen L et al (2014)
Whole-genome sequencing of cultivated and wild
peppers provides insights into Capsicum domestica-
tion and specialization. Proc Nat Acad Sci USA
111:5135–5140

Quirin EA, Ogundiwin EA, Prince JP, Mazourek M,
Briggs MO et al (2005) Development of sequence
characterized amplified region (SCAR) primers for the
detection of Phyto. 5.2, a major QTL for resistance to
Phytophthora capsici Leon. In pepper. Theor Appl
Genet 110:605–612

Rafalski A (2002) Applications of single nucleotide
polymorphisms in crop genetics. Curr Opin Plant Biol
5:94–100

Rao GU, Ben Chaim A, Borovsky Y, Paran I (2003)
Mapping of yield-related QTLs in pepper in an
interspecific cross of Capsicum annuum and C.
frutescens. Theor Appl Genet 106:1457–1466

Reddy MP, Sarla N, Siddiq EA (2002) Inter simple
sequence repeat (ISSR) polymorphism and its appli-
cation in plant breeding. Euphytica 128:9–17

Ribaut JM, Hoisington D (1998) Marker-assisted selec-
tion: new tools and strategies. Trends Plant Sci 3:
236–239

Rinaldi R, Deynze AV, Portis E, Rotino GL, Toppino L
et al (2016) New insights on eggplant/tomato/pepper
synteny and identification of eggplant and pepper
orthologous QTL. Front Plant Sci 7:1031

Römer P, Jordan T, Lahaye T (2010) Identification and
application of a DNA-based marker that is diagnostic
for the pepper (Capsicum annuum) bacterial spot
resistance gene Bs3. Plant Breed 129:737–740

Semagn K, Babu R, Hearne S, Olsen M (2014) Single
nucleotide polymorphism genotyping using Kompet-
itive Allele Specific PCR (KASP): overview of the
technology and its application in crop improvement.
Mol Breed 33:1–14

Shendure J, Ji H (2008) Next-generation DNA sequenc-
ing. Nat Biotechnol 26:1135–1145

Simko I (2016) High-resolution DNA melting analysis in
plant research. Trends Plant Sci 21:528–537

Stolle E, Moritz RFA (2013) RESTseq—efficient bench-
top population genomics with RESTriction Fragment
SEQuencing. PLoS ONE 8:e63960

Sugita T, Yamaguchi K, Sugimura Y, Nagata R, Yuji K
et al (2004) Development of SCAR markers linked to
L3 gene in Capsicum. Breed Sci 54:111–115

102 J. Lee



Sugita T, Kinoshita T, Kawano T, Yuji K, Yamaguchi K
et al (2005) Rapid construction of a linkage map using
high-efficiency genome scanning/AFLP and RAPD,
based on an intraspecific, doubled-haploid population
of Capsicum annuum. Breed Sci 55:287–295

Sugita T, Semi Y, Sawada H, Utoyama Y, Hosomi Y et al
(2013) Development of simple sequence repeat mark-
ers and construction of a high-density linkage map of
Capsicum annuum. Mol Breed 31:909–920

Sun X, Liu D, Zhang X, Li W, Liu H et al (2013)
SLAF-seq: an efficient method of large-scale de novo
SNP discovery and genotyping using high-throughput
sequencing. PLoS ONE 8:e58700

Suwor P, Sanitchon J, Thummabenjapone P, Kumar S,
Techawongstien S (2017) Inheritance analysis of
anthracnose resistance and marker-assisted selection
in introgression populations of chili (Capsicum
annuum L.). Sci Hort 220:20–26

Tan S, Cheng JW, Zhang L, Qin C, Nong DG et al (2015)
Construction of an interspecific genetic map based on
InDel and SSR for mapping the QTLs affecting the
initiation of flower primordia in pepper (Capsicum
spp.). PLoS ONE 10:e0119389

Tanksley SD, Bernatzky R, Lapitan NL, Prince JP (1988)
Conservation of gene repertoire but not gene order in
pepper and tomato. Proc Natl Acad Sci USA 85:6419–
6423

Thomson MJ (2014) High-throughput SNP genotyping to
accelerate crop improvement. Plant Breed Biotech
2:195–212

Thul ST, Darokar MP, Shasany AK, Khanuja SPS (2012)
Molecular profiling for genetic variability in Capsicum
species based on ISSR and RAPD markers. Mol
Biotechnol 51:137–147

Truong HTH, Kim KT, Kim S, Chae Y, Park JH et al
(2010) Comparative mapping of consensus SSR
markers in an intraspecific F8 recombinant inbred line
population in Capsicum. Hort Environ Biotechnol
51:193–206

Truong HT, Ramos AM, Yalcin F, de Ruiter M, van der
Poel HJA et al (2012) Sequence-based genotyping for
marker discovery and co-dominant scoring in germ-
plasm and populations. PLoS ONE 7:e37565

Truong HTH, Kim JH, Cho MC, Chae SY, Lee HE
(2013) Identification and development of molecular
markers linked to Phytophthora root rot resistance in
pepper (Capsicum annuum L.). Eur J Plant Pathol
135:289–297

Uncu AT, Celik I, Devran Z, Ozkaynak E, Frary A et al
(2015) Development of a SNP-based CAPS assay for
the Me1 gene conferring resistance to root knot
nematode in pepper. Euphytica 206:393–399

Varshney RK, Graner A, Sorrells ME (2005) Genic
microsatellite markers in plants: features and applica-
tions. Trends Biotechnol 23:48–55

Varshney RK, Nayak SN, May GD, Jackson SA (2009)
Next-generation sequencing technologies and their

implications for crop genetics and breeding. Trends
Biotechnol 27:522–530

Vodenicharova M (1989) Use of proteins as molecular-
genetic markers in plants. Genet Sel 22:269–277

Vos P, Hogers R, Bleeker M, Reijans M, van der Lee T
et al (1995) AFLP: a new technique for DNA
fingerprinting. Nucl Acids Res 23:4407–4414

Wang DG, Fan JB, Siao CH, Berno A, Young P et al
(1998) Large-scale identification, mapping, and geno-
typing of single-nucleotide polymorphisms in the
human genome. Science 280:1077–1082

Wang J, Lin M, Crenshaw A, Hutchinson A, Kicks B et al
(2009) High-throughput single nucleotide polymor-
phism genotyping using nanofluidic Dynamic Arrays.
BMC Genom 10:561

Wang X, Fazari A, Cao Y, Zhang Z, Palloix A et al
(2018) Fine mapping of the root-knot nematode
resistance gene Me1 in pepper (Capsicum annuum
L.) and development of markers tightly linked to Me1.
Mol Breed 38:39

Weber JL, David D, Heil J, Fan Y, Zhao C et al (2002)
Human diallelic insertion/deletion polymorphisms.
Amer J Hum Genet 71:854–862

Welsh J, McClelland (1990) Fingerprinting genomes
using PCR with arbitrary primers. Nucl Acids Res
18:7213–7218

Williams JGK, Kubelik AR, Livak KL, Rafalski JA,
Tingey SV (1990) DNA polymorphisms amplified by
arbitrary primers are useful as genetic markers. Nucl
Acids Res 18:6531–6535

Wittwer CT (2009) High-resolution DNA melting analysis:
advancements and limitations. Hum Mut 30:857–859

Wittwer CT, Reed GH, Gundry CN, Vandersteen JG,
Pryor RJ (2003) High-resolution genotyping by
amplicon melting analysis using LCGreen. Clin Chem
49:853–860

Wu F, Tanksley SD (2010) Chromosomal evolution in the
plant family Solanaceae. BMC Genom 11:182

Wu F, Eannetta NT, Xu Y, Durrett R, Mazourek M et al
(2009) A COSII genetic map of the pepper genome
provides a detailed picture of synteny with tomato and
new insights into recent chromosome evolution in the
genus Capsicum. Theor Appl Genet 118:1279–1293

Xu Y, Li P, Yang Z, Xu C (2017) Genetic mapping of
quantitative trait loci in crops. Crop J 5:175–184

Yeam I, Kang BC, Lindeman W, Frantz JD, Faber N et al
(2005) Allele-specific CAPS markers based on point
mutations in resistance alleles at the pvr1 locus encoding
eIF4E in Capsicum. Theor Appl Genet 112:178–186

Yi G, Lee JM, Lee S, Choi D, Kim BD (2006)
Exploitation of pepper EST-SSRs and an SSR-based
linkage map. Theor Appl Genet 114:113–130

Zietkiewicz E, Rafalski A, Labuda D (1994) Genome
fingerprinting by simple sequence repeat (SSR)-
anchored polymerase chain reaction amplification.
Genomics 20:176–183

5 Development and Evolution of Molecular Markers and Genetic … 103


	5 Development and Evolution of Molecular Markers and Genetic Maps in Capsicum Species
	Abstract
	5.1 Introduction
	5.2 Development and Evolution of Markers in Capsicum Species
	5.2.1 Biochemical Marker
	5.2.2 DNA Marker
	5.2.2.1 Restriction Fragment Length Polymorphism (RFLP)
	5.2.2.2 Minisatellites: Variable Number of Tandem Repeat (VNTR)
	5.2.2.3 Random Amplified Polymorphic DNA (RAPD)
	5.2.2.4 Inter-simple Sequence Repeat (ISSR)
	5.2.2.5 Amplified Fragment Length Polymorphism (AFLP)
	5.2.2.6 Simple Sequence Repeat (SSR)
	5.2.2.7 Cleaved Amplified Polymorphic Sequences (CAPSs)
	5.2.2.8 Sequence-Characterized Amplified Region (SCAR)
	5.2.2.9 Single-Nucleotide Polymorphism (SNP) and Insertion/Deletion (InDel)
	5.2.2.10 High-Throughput SNP Genotyping Systems


	5.3 Genetic Maps in Capsicum Species
	5.3.1 Interspecific Genetic Linkage Maps
	5.3.1.1 Capsicum annuum × Capsicum chinense
	5.3.1.2 Capsicum annuum × Capsicum frutescens
	5.3.1.3 Capsicum annuum × Capsicum baccatum

	5.3.2 Intraspecific Genetic Linkage Maps
	5.3.2.1 Capsicum annuum
	5.3.2.2 Capsicum baccatum

	5.3.3 Integrated Genetic Linkage Maps
	5.3.4 Comparative Mapping Between Solanaceous Crops
	5.3.5 Marker-Assisted Backcrossing

	5.4 Future Prospects
	References


