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ABSTRACT We have constructed a molecular linkage map of chili pepper (Capsicum spp.) in an interspecific (C.
annuumcv. TF68 x C. chinense cv. Habanero) F2 population of 107 plants with 150 RFLP and 430 AFLP markers.
The resulting linkage map consists of 11 large (206 - 60.3 cM) and 5 small (32.6 - 10.3 cM) linkage groups cover-
ing 1,320 cM with an average map distance between framework markers of 7.5 cM. Most (80%) of the RFLP mark-

ers were pepper-derived clones and these markers were evenly distributed across the genome. By using 30 primer
combinations, 444 AFLP markers were generated in the F2 population. The majority of the AFLP markers clustered
in each linkage group, although Pstl/Msel markers were more evenly distributed than Eco Rl/Msel markers within

the linkage groups. Genes for biosynthesis of carotenoids and capsaicinoids were mapped on our linkage map. This

map will provide the basis of studying secondary metabolites in pepper.
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Introduction

Pepper fruits are consumed as food additives for
their unique color, pungency, and aroma in many
regions of the world, particularly in Asia and South and
Central America. Five species of Capsicum peppers,
including C. annuum, C. chinense, C. baccatum, C.
Srutescens and C. pubescens, are cultivated in different
parts of the world. Among them C. annuum is most
widely grown in both Asia and worldwide (Pickersgill
1997). It includes most of the Mexican chile peppers,
most of the hot peppers of Africa and Asia, and various
cultivars of sweet peppers grown in temperate regions of
Europe and North America.

During the last decade, the construction of molecu-
lar linkage map has become an essential tool for plant
molecular genetics and breeding research. Despite the
pepper genome research is being conducted by only a
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small number of research groups worldwide, develop-
ment of a linkage map in Capsicum has been greatly
aided by use of tomato-derived RFLP probes. All of pub-
lished genetic maps of Capsicum so far have been based
on either interspecific populations (Tanksley et al. 1988;
Prince et al. 1993) or intraspecific populations (Lefebvre
et al. 1997) with the use of tomato-derived RFLP probes.
Recently, Livingstone et al. (1999) published another
pepper genetic map containing nearly a thousand DNA
markers. Nevertheless, the linkage map is only moder-
ately saturated and many markers were distinctly clus-
tered. Prince et al. (1993) suggested that sparsely
mapped genomic regions may correspond to regions of
the pepper genome which have diverged more rapidly
from tomato, so are not detectable with tomato probes.
Therefore, current pepper genetic maps still need to be
completed using pepper-derived probes for comprehen-
sive understanding of pepper genome structure.

Here we report the construction of a molecular link-
age map of pepper using mainly pepper-derived probes
based on a population of 107 interspecific F2 individu-
als. If a certain gene-specific probe shows complete link-
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age with the fruit color locus, it could serve as an impor-
tant candidate controlling the level of carotenoid content
in fruit color. In addition, quantitative analysis of
carotenoids in the ripe fruits of red pepper by HPLC and
QTL analysis would provide a relatively accurate
description of the relationship between the candidate
genes and the carotenoid contents.

Material and Methods

Mapping population

Pepper accessions C. annuum cv. TF68 and C. chi-
nense cv. Habanero, both available for public scientists,
were obtained from Hung-Nong Seed Company. ‘TF68’ is
a Southern Asian type cultivar bearing long, slim, red,
and nonpungent fruits. ‘Habanero’ is originated from
Southern America and bears campanulate, orange-col-
ored, and is very well known for its extremely pungent
and aromatic flavors. An Fa population of 107 plants
was constructed by selfing an F1 hybrid (TF68 as the
female parent and Habanero as the male parent} to
serve as the mapping population (Nahm et al. 1997). We
have been conducting a genome research of hot pepper
since 1996 as a comprehensive group effort (Kim B. D.
et al. 1997; Kim S. H. et al. 1997).

Map construction

Genome mapping by RFLP and AFLP analysis were
followed as previously desribed (Kang et al. 2000)

Results and Discussions

RFLP analysis

Out of the 550 pepper DNA clones assayed, the
number of probes, which revealed RFLPs with at least
one restriction enzyme, was 256 (46%). When tomato
clones were assayed, 61 out of 108 clones (56%) showed
polymorphism. Of the 317 polymorphic clones, only 153
were usable for RFLP linkage analysis because half of
the markers that showed polymorphism on survey fil-
ters could not be scored clearly for Fz individuals. A total
of 43 markers (31.4%) out of 153 markers were deviated

from the normally expected Fo ratio of 1:2:1 or 3:1. Of
the 147 markers segregating 1:2:1, 22 markers were
skewed toward the C. annuum allele, 15 markers toward
the C. chinense allele, and 3 markers toward the het-
erozygote. One marker, PCD2-171, did not show skew-
ness towards any allele, in other words, it showed an
abnormal 1:1:1 segregation ratio. Among the remaining
6 dominant markers (PCD2-66, DC-114, DCA478,
CAN17, RDNASS, and RDNA25S), two markers (DC-114
and RDNAbs) showed segregation distortion toward C.
chinense.

AFLP analysis

Variations of AFLP patterns between the two lines
were analyzed. The number of bands generated by the
different EcoRI/Msel primer combinations revealed a
large range of variation, from 23 bands for E8M14
(+ACT/+CCC) to 118 for EIM4 (+AAC/+CAT), with an
average of 70. In contrast, the number of amplified frag-
ments with Pstl/Msel primers ranged between 15 for
P8M10 (+GCG/+CGC) and 70 for P2M1 (+GGT/+CAA)
with a mean of 40. The number of amplified bands of
each primer was dependent on the sequences of selec-
tive nucleotides. The primers having +NAA, +NAT, +NTA,
and +NTT (M1, M4, M5, M8, E15, E16) selective
sequences amplified more bands than other primers.
When polymorphism rates were compared, EcoRl/Msel
primer combinations showed much a higher polymor-
phism rate than Pstl/Msel primer combinations, with
an average of 59.8% and 49%, respectively.

EcoRl/Msel primer combinations generated about 2
times more scorable AFLP markers than Pstl/Msel
primer combinations. The average number of scorable
markers per primer combinations was 17.7 in
EcoRI/Msel combinations and 10.4 in Pstl/Msel combi-
nations. Although many detectable polymorphic frag-
ments were observed, many of them were difficult to
score, owing to the dense and sometimes overlapping
banding patterns. Of 444 AFLP markers, 232 (52.2%)
were B/D (dominant markers contributed by female
parent), and 212 (48.8%) were A/C (dominant markers
contributed by male parent).

The usefulness and applicability of AFLP markers in
genetic linkage mapping was evaluated by examining all
444 markers with X° test for goodness of fit. This statis-
tical analysis revealed that 129 markers (29%), 82 and



47 for EcoRl/Msel and Pstl/Msel, respectively, deviated
from the expected Mendelian segregation ratio.

The linkage map

A total of 597 markers (444 AFLP and 153 RFLP
markers) were used for linkage map construction. Out
of the total 597 markers, 585 were placed in 16 groups
using LOD score of 3.0 and maximum recombination
value of 0.25 (Figure 1). Within each linkage group
markers that can be ordered at 3.0 LOD or above were
used as framework markers. As a result, 177 out of 597
markers were positioned as framework markers. The
current map contains 150 RFLP and 430 AFLP markers.
The resulting linkage map is consisted of 11 large (206 -
60.3 c¢M) and 5 small (32.6 - 10.3 cM) linkage groups
covering 1,320 cM with an average map distance
between framework markers of 7.5 cM.

In contrast to other pepper maps reported that were
based on tomato-derived probes (Prince et al. 1993 and
Livingstone et al. 1999), the SNU map contained RFLP
markers evenly distributed within each linkage group,
likely due to the difference in the origins of RFLP probes.
Our map was mainly based on pepper-derived probes.

The AFLP markers were well distributed over the
linkage groups except for LG 8 and LG 10. Many of the
AFLP markers were clustered in one region of each link-
age group (LGs 2, 3, 5, 6, 7, 9, and 11). The Pstl/Msel
markers were more evenly distributed than the
EcoRl/Msel markers. There was significant clustering of
The middle of LG 1, between
PCD2-257 and PCD2-109, was skewed toward the C.
annuum allele. The upper middle of LG 2, between
PST172 and COMT, was skewed toward C. annuum
allele, and all of LG 6 was distorted in favor of C. chi-
nense allele. The middle of LG 9, between PST164 and
PST 175, was skewed toward the C. chinense allele. The
distorted regions corresponding to LGs 1, 2 and 6 were

skewed markers.

the same as those on the other pepper maps (Prince et
al. 1993; Livingstone et al. 1999).

Relationship between candidate genes and
Jruit color

The fruit color of the parents was either red or
orange. F1 plants bore the same red-colored fruits as
TF68. Out of 103 F2 plants, 78 had red color but 25 had
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orange color with a varying degree of intensity. This
ratio of 3:1 fit very well for Mendelian segregation o =
0.029) of a single locus determining the color with red
dominance over orange. This locus for fruit color was
assigned on the linkage group 7 after calculating the
recombination frequencies between the red and orange
color determining locus and other molecular markers
(Kang et al. 2000).

The genomic fragments of several genes related to
the carotenoid biosynthetic pathway, including FPS,
GGPS, PSY, PDS, LCYB, and CCS, were successfully
amplified by PCR in both TF68 and Habanero (data not
shown). And, there were no differences in size and inten-
sity in the amplified fragments of candidate genes
between TF68 and Habanero. The expected size of the
DNA fragments was obtained in the cases of GGPS,
LCYB and CCS. The size of the PSY genomic DNA frag-
ment was larger by about 1.4 kb than the expected
mRNA fragment, which implies that it contained
introns. The amplified fragments of the pepper FPS and
PDS were the partial genomic regions at the 3’ end.

The amplified fragments of candidate genes were
cloned and their identity was confirmed by sequencing.
They were used as gene-specific probes for Southern
blot analysis and showed polymorphism between par-
ents, which enabled us to convert them into RFLP mark-
ers and to locate them in the linkage map (Kang et al.
2000). The candidate genes, GPS, PDS, LCYB, CCS and
PSY were assigned on the linkage groups 7, 2, 10, 4,
and 7, respectively. FPS could not be located in the map
due to the absence of polymorphism. Likewise, zeaxan-
thin epoxidase and {-carotene desaturase could not be
located in the map, because they did not show any poly-
morphism in RFLP analysis. Lycopene epsilon cyclase
was not tested. In addition to these, transketolase 2,
B-carotene hydroxylase, and plastid fusion and/ or
translation factor were also cloned and positioned on
the linkage groups 1, 4, and 6, respectively.

Interestingly, one of the candidate genes, PSY,
revealed polymorphisms between parents and showed
complete linkage with the locus determining mature
fruit color {Figure 2). They were assigned together on the
same locus of linkage group 7. F2 individuals having
PSY alleles, either homozygous for TF68 genotype (AA)
or heterozygous for TF68 and Habanero (AC), all demon-
strated red fruit color. Segregation ratio for the PSY was
34: 44: 25 (¥ = 3.757™) for genotypes AA: AC: CC. It
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was also confirmed through progeny test with 53 Fs
individuals that plants bearing the red fruit possessed
TF68-derived PSY allele(s) and others with orange fruit
had Habanero- derived PSY only (data not shown).
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Figure 2. Carotenoid biosynthesis pathway.

Phytoene synthase might be the putative c2
locus

Hurtado-Hernandez and Smith (1985) reported that
there were three gene pairs involved in ripe fruit color
expression, and that there were eight colors in the Fa of
a cross between the normal red (y+cl+c2+) and white
(ycIc2) fruited peppers. According to them, the orange
color results from the highly reduced red pigment due to
the presence of the c2 factors that are in its recessive
genetic expression. Kormos and Kormos (1960} reported
that the recessive expressions, cl and c2, reduced the
pigmentation of y+ and y by the inhibition of 3-carotene.

When ¢2 was present the pigment reduction was
approximately 1/10, and with c¢2, only traces of pig-
ments of y+ and y were expressed.

Another candidate gene, CCS has been known to
determine red and yellow color in pepper fruit (Lefebvre
et al. 1998) and yellow color in pericarp is due to the
deletion of CCS. But primers designed to amplify this
genomic fragment successfully generated the same
expected length of CCS both in TF68 and Habanero.
Southern blot analysis revealed that CCS is present in
single copy in both parents. Also, CCS was located in
the linkage group 4 whereas the color determining locus
and phytoene synthase were both located in linkage
group 7. From these results it was concluded that the

‘gene determining mature fruit color for TF68 and

Habanero is not the y locus gene for ccs but the ¢2 locus
gene for psy.

In this study, orange Habanero fruit had about 1/6
the amount of total carotenoid pigment than TF68. Also,
the PSY was not linked to another candidate gene, CCS,
which implies that the PSY and CCS segregate indepen-
dently. This fact is also consistent with the results of the
above-mentioned study in which three fruit color loci
are known to be unlinked. Further genetic analysis with
cultivars with similar phenotypes should be done to
confirm that the PSY is responsible for determining red
and orange color.

With the aid of molecular markers, breeding of the
fruits of different colors will be accelerated since the PSY
and CCS specific markers make it possible to select red
pepper at the seedling stage without waiting until the
mature fruit stage. For example, trying to introgress red
color into yellow or orange-fruited pepper with strong
pungency such as Habanero will take less time since
these markers are very useful in selection of lines with

the desirable characters.
Map application

Most immediate application of the molecular linkage
map is to locate markers linked to genes of economic
and scientific interest on the map. About 110 phenotyp-
ic genes have been characterized in pepper (Daksalov
and Poulos 1994). Only 3 morphological traits (fc, up,
Mf) and 3 disease resistance traits have been placed on
the molecular linkage maps (Caranta et al. 1997;
Lefebvre et al. 1996; Murphy et al. 1998). With regard to
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Figure 3. Hybridization of the PSY probe to a Southern blot
containing DNA from parents and F: plants digested with
EcoRl. Upper and lower bands represent the PSY alleles
from TF68 and Habanero, respectively. The probe was an
EcoRI-digested, 1.5 kb genomic fragment of the PSY at the
5 end. M,0 //HindIlI size marker; A, TF68; C, Habanero; O,
orange; R, red.

fruit quality traits such as fruit color, pungency, and
nutritional value, little is known about their structural
and regulatory genes. Our map is particularly useful in
studying genes related to the biosynthetic pathways of
carotenoids and capsaicinoids. Since we used two pep-

per lines with different fruit colors (red and orange} and

pungency levels, we could obtain an Fs population seg--

regating fruit color and pungency.

Placing expressed cDNA clones (EST clones) for tis-
sue-specific expressed genes on a molecular linkage
map is an important tool for clarifying the organization
of the plant genome. Furthermore, the EST markers
make it possible for direct comparison of gene distribu-
tions among different plant genomes. Although we used
about 61 EST clones derived from the anther-specific
c¢DNAs of hot pepper, only 5 clones could be mapped on
this map. To obtain more detailed information we are
currently adding more EST clones of cDNAs derived not
only from anther but also from other tissues like fruits

and leaves.
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