
Abstract The purple color of the foliage, flower and im-
mature fruit of pepper (Capsicum spp.) is a result of the
accumulation of anthocyanin pigments in these tissues.
The expression of anthocyanins is controlled by the in-
completely dominant gene A. We have mapped A to pep-
per chromosome 10 in a Capsicum annuum (5226) ×
Capsicum chinense (PI 159234) F2 population to a ge-
nomic region that also controls anthocyanin expression
in two other Solanaceous species, tomato and potato,
suggesting that variation for tissue-specific expression of
anthocyanin pigments in these plants is controlled by an
orthologous gene(s). We mapped an additional locus, Fc,
for the purple anther filament in an F2 population from a
cross of IL 579, a C. chinense introgression line and its
recurrent parent 100/63, to the same position as A, sug-
gesting that the two loci are allelic. The two anthocyanin
loci were linked to a major quantitative trait locus,
fs10.1, for fruit-shape index (ratio of fruit length to fruit
width), that also segregated in the F2 populations. This
finding verified the observation of Peterson in 1959 of
linkage between fruit color and fruit-shape genes in a
cross between round and elongated-fruited parents. The
linkage relationship in pepper resembles similar linkage
in potato, in which anthocyanin and tuber-shape genes
were found linked to each other in a cross of round and
elongated-tuber parents. It is therefore possible that the
shape pattern of distinct organs such as fruit and tuber in
pepper and potato is controlled by a similar gene(s).
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Introduction

Anthocyanins are flavonoid compounds responsible for a
range of colors in a variety of plant organs such as fruit,
flower, stem and leaf. In pepper (Capsicum spp.), some
lines have a purple color in the immature fruit, flower
and foliage. The organ distribution of the purple color
varies among genotypes from plants with colored fruit,
flowers, stems and leaves, to plants with only few col-
ored flower organs such as the filament or the anther. In
addition to the qualitative variation in the presence and
distribution of anthocyanins, there is quantitative varia-
tion in the intensity of the purple color among geno-
types. For example, some genotypes such as Capsicum
frutescens BG 2816 have light purple immature fruit,
while others such as Capsicum annuum 5226 used in this
study have very dark purple fruit.

The presence of anthocyanin in pepper organs is con-
trolled by the incompletely dominant A locus (Daskalov
and Poulos 1994). A second locus, MoA, was character-
ized as a modifier of A, i.e., it intensifies the purple color
in the presence of A (Daskalov and Poulos 1994). The
inheritance of pepper flower color was studied by Odland
(1960) in crosses that differed for color of the petal, an-
ther, filament and style. He concluded that flower color
is conditioned by three genes S, W, and A.

The map locations of pepper anthocyanin genes are
unknown, although some linkage information exists
from previous studies. Peterson (1959) reported linkage
of 6.5 cM between A and the O locus conditioning round
fruit shape in C. annuum. Pochard (1977) localized sev-
eral morphological mutations in pepper by trisomic anal-
ysis. The MoA locus was localized to the trisomic BR
which was subsequently identified as chromosome 11 by
sharing linkage with L that confers resistance to TMV
(Lefebvre et al. 1997; Ben Chaim et al. 2001). The A
gene was assigned to the trisomic Rouge (RO); however,
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unlike other trisomic lines that were aligned with the
pepper genetic and molecular map (Lefebvre et al.
1997), the chromosome identification of the RO trisomic
is unknown. The gene fc controlling anther-filament col-
or was found to co-segregate with the RFLP marker CD5
by Prince et al. (1993); CD5 was subsequently assigned
to pepper chromosome 10 by Livingstone et al. (1999).

We recently performed genetic and molecular analys-
es of fruit shape in pepper and mapped several quantita-
tive trait loci (QTLs) controlling fruit shape in different
Capsicum species (Ben Chaim et al. 2001, 2002; Rao et
al. 2003). The objectives of the present study were: (1)
to localize the genes that control the presence of antho-
cyanins in various plant organs on the genetic linkage
map of pepper, (2) to determine their allelic relation-
ships, and (3) to examine the linkage between these
genes and fruit-shape QTLs.

Materials and methods

Plant material

IL 579 is one of a series of introgression lines developed from a
cross between the recurrent parent 100/63 (a C. annuum bell-type
inbred line obtained from Dr. Chen Shifriss, The Volcani Institute,
Israel) and the donor parent Capsicum chinense PI 152225
(Tanyolac and Paran, unpublished). By marker-assisted selection,
this cross was used to construct a set of near-isogenic lines (BC3S2
NILs) containing one or two introgressions from C. chinense in an
otherwise uniform genetic background. An F2 population of 195
plants resulting from a cross between IL 579 and 100/63 was used
to map the purple filament and fruit-shape genes.

A second F2 population of 100 plants was constructed from an
inter-specific cross of C. annuum 5226 × C. chinense PI 159234.
Line 5226 (obtained from Dr. Chen Shifriss, The Volcani Institute,
Israel) has small round purple fruit (Fig. 1) as well as purple flow-
ers, stem and foliage. PI 159234 has elongated green fruit, green
stem and foliage, and white flowers.

Trait measurements

The F2 population from the cross of 100/63 × IL 579 and the two
parents (20 plants each) were grown in the open field in Qiryat
Gat during the summer of 2001. Growing practices were described
by Ben Chaim et al. (2001). The color of the filament was record-
ed visually as purple or white from three flowers per plant. Fruit
length, width and shape (ratio of length to width) were measured
from three mature fruits as described by Ben Chaim et al. (2001).

The F2 population from the cross of 5226 × PI 159234 as well
as the two parents were grown in the greenhouse in The Volcani
Institute during the winter of 2001/2002. Although the F2 plants
segregated for purple color in their fruit, flower, stem and foliage,
we chose to score the putative A locus by visually assessing the
presence or absence of color only in the stem and in the flower
petals because the scoring of these tissues allowed the clearest dis-
tinction between the presence and absence of purple color. Be-
cause some F2 plants did not set fruits because of male sterility, we
pollinated 3–5 flowers in each plant to ensure full development of
the fruit. We measured fruit length, width and shape twice from
three fruits per plant in December 2001, and again in April 2002
after the plants were trimmed and allowed to set fruit a second
time.

Mapping, QTL and data analyses

Procedures for RFLP analysis and genetic mapping were de-
scribed by Ben Chaim et al. (2001). Genetic maps were construct-
ed by using MAPMAKER software (Lander et al. 1987). Map dis-
tances were computed using the Kosambi mapping function. Inter-
val and single-marker QTL analyses were performed by QGENE
software (Nelson 1997). The experimental-wise significance lev-
els for interval analysis (LOD ≥ 2.4 and LOD ≥ 2.8 for 100/63 ×
IL 579 and 5226 × PI 159234 populations, respectively) were cal-
culated by doing 1,000 permutations at P < 0.01. The degree of
dominance (D/A) of the alleles of codominant loci was calculated
with the software program QGENE. Student's t test (P ≤ 0.01) was
used to contrast the means of IL 579 and 100/63 for the measured
traits by JMP v.3 software (SAS Institute, 1994). The percent dif-
ference between the two lines was calculated by subtracting the
mean of IL 579 from the mean of 100/63, dividing by the mean of
100/63 and multiplying by 100.

Results

The phenotype of introgression line IL 579, which has a
single 16 cM introgression in chromosome 10, first sug-
gested to us that chromosome 10 may harbor a gene(s)
controlling anthocyanin pigmentation in pepper. IL 579
has a purple anther filament, similar to the donor parent
PI 152225, and unlike the white filaments of its recurrent
parent 100/63. The F1 from the cross 100/63 × IL 579
also had purple filaments, indicating a dominant inherit-
ance pattern for this trait. The segregation of the purple
filament in the F2 fitted a 3:1 ratio for a single dominant
gene (chi square = 2.5, 0.1 < P < 0.25). Prince et al.
(1993) assigned the symbol Fc to the gene controlling
the filament-color trait. 

The fruit of IL 579 was narrower than that of 100/63,
while the lengths of both fruits were similar (Fig. 1, 
Table 1), resulting in a 48% increase of fruit-shape index
for IL 579 compared to 100/63. Fruit shape was highly
correlated with both fruit length and fruit width in the F2
population (r = 0.67 and –0.81, respectively). Interval
and single-marker QTL mapping analyses of fruit length,
fruit width and fruit shape revealed a significant associa-
tion between all the markers and intervals within the in-
trogression for fruit width and fruit shape, but not for
fruit length (Fig. 2B). TG63 was mapped 3 cM away
from Fc and had the most significant association with
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Table 1 Means, standard errors (SE), significance level and per-
centage of control of three traits for the introgression line IL 579
and its isogenic control 100/63

Trait Parent Mean SE P valuea % From 
control

Fruit length (mm) 100/63 140.7 3.8 NS –
IL 579 141.1 4.2

Fruit width (mm) 100/63 87.2 2.1 <0.0001 –32.2
IL 579 59.1 2.2

Fruit shape (index) 100/63 1.61 0.07 <0.0001 47.8
IL 579 2.38 0.07

a NS = not significant



fruit width and shape, explaining 45% and 30% of 
the phenotypic variation of these traits, respectively 
(Table 3). The gene action of this fruit-shape QTL,
which we have designated fs10.1, was determined to be
partly additive (D/A = 0.3). 

In order to determine whether the Fc locus is allelic to
the gene(s) that controls purple color in other plant or-
gans, and to determine whether the same region of chro-

mosome 10 has an effect on fruit shape in another genet-
ic background, we evaluated a second C. annuum × C.
chinense cross between line 5226 and PI 159234. The F1
from this cross had purple organs similar to 5226, al-
though the intensity of the purple color was decreased
compared to 5226, indicating incomplete dominance for
anthocyanin pigmentation in this cross. The segregation
of the purple color in the F2 progeny in the flower and in
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Fig. 1 Fruits of the parents
and F1 used in this study

Fig. 2A–C Linkage maps
of chromosome 10 and interval
QTL analyses for fruit length,
fruit weight and fruit shape. 
A Map of chromosome 10
in the 100/63 × PI 152225 BC1
cross used to develop IL 579. 
B Map and QTL analysis of IL
579. Markers common
to the two maps are highlighted
in bold type. C Map and QTL
analysis in the F2 population
of 5226 × PI 159234 in 2001

Table 2 Correlation coeffi-
cients for fruit shape, fruit
length and fruit width in the
5226 × PI 159234 cross

Trait Fruit shape Fruit shape Fruit width Fruit width Fruit length 
2002 2001 2001 2002 2001

Fruit shape 2001 0.88
Fruit width 2001 –0.47 –0.52
Fruit width 2002 –0.67 –0.56 0.69
Fruit length 2001 0.77 0.87 –0.11 –0.31
Fruit length 2002 0.91 0.81 –0.26 –0.39 0.84



the stem was identical, indicating that a single locus (A)
(or two tightly linked loci) determines the presence 
of anthocyanin in these tissues. The segregation of 
pigmentation deviated significantly (chi square = 27.1, P
< 0.001) from the expected 3:1 ratio for a single domi-
nant gene, as did all the RFLP markers in the region be-
cause of skewed segregation against the homozygous
class of the 5226 alleles. A mapped 5 cM away from
TG63 in a similar position to where Fc mapped in the
100/63 × IL 579 cross.

The fruits of PI 159234 and 5226 were similar in their
width but differed dramatically in their length, which re-
sulted in a more than a 400% increase in the fruit-shape
index for PI 159234 compared to 5226 (Fig. 1, Fig. 3).
The fruit-shape index of the F1 was intermediate to the
two parents. The bi-modal segregation of fruit shape in
the F2 indicated that a single major gene controls the trait
in this population. The distributions of fruit length and
width were normal, showing transgressive segregation of
fruit width. The fruit measurements in 2001 and in 2002
were very similar to each other (r = 0.84, 0.69 and 0.88
for length, width and shape, respectively, Table 2), con-
sistent with the high heritability of these traits in pepper
(Ben Chaim et al. 2000). Fruit shape in the F2 population
was highly correlated with fruit length, and to a lesser
extent negatively correlated with fruit width (Table 2). 

QTL analysis of the three traits in the F2 population
identified the A-Myb interval as containing a QTL for
fruit length and shape, while for fruit width, a QTL was
identified in the A-TG422 region (Fig. 2, Table 3). The A
locus explained up to 44% of the phenotypic variation of
fruit length and shape, while TG422 explained 36% of
the phenotypic variation for fruit width. 

Discussion

In this study we mapped two loci that control the pres-
ence of anthocyanin in pepper. The chromosome location
determined for Fc is similar to the map position previ-
ously reported in a different C. annuum × C. chinense
cross (Prince et al. 1993). The previous assignment of A
to the RO trisomic by Pochard (1977), allows us to con-
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Fig. 3 Frequency distributions of fruit length, fruit width and fruit
shape in the 5226 × PI 159234 F2 population in 2001. The means
of both parents and their F1 are indicated by lines

Table 3 QTLs detected in the segregating populations

Trait Cross Year Marker Meana AA Meanb aa Directionc P value R2 (%) LOD

Fruit length (mm) 5226 × PI 159234 2001 A 39.3 63.0 PI 159234 <0.0001 39 9.7
5226 × PI 159234 2002 A 34.9 59.1 PI 159234 <0.0001 44 11.2

Fruit width (mm) 100/63 × IL 579 2001 TG63 69.2 56.0 100/63 <0.0001 45 21.7
5226 × PI 159234 2001 TG422 36.7 23.5 5226 <0.0001 36 7.8
5226 × PI 159234 2002 A 25.1 20.3 5226 <0.0001 18 3.8

Fruit shape 100/63 × IL 579 2001 TG63 2.1 2.5 IL 579 <0.0001 30 13.0
5226 × PI 159234 2001 A 1.4 2.7 PI 159234 <0.0001 44 11.6
5226 × PI 159234 2002 A 1.4 3.1 PI 159234 <0.0001 43 10.8

a Mean homozygous class for 100/63 and 5226 alleles. The mean
for the dominant locus A was calculated for the AA/Aa class
b Mean homozygous class for the IL 579 and PI 159234 alleles

c Indicates the parent which contributes to the increase numeric
value of the trait



clude that RO corresponds to chromosome 10. The map
position of A was found to be identical with Fc, indicat-
ing that the two loci are allelic. Therefore, the differen-
tial accumulation of anthocyanin in various organs of the
pepper plant is most probably controlled by a series of
alleles at the same locus.

Pepper chromosome 10 is homologous (containing
the same markers) to chromosome 10 in two other Sola-
naceous species, tomato and potato, although a parecen-
tric inversion in the bottom part of chromosome 10 dif-
ferentiates tomato from pepper and potato (Livingstone
et al. 1999). In both tomato and potato, color mutations
were mapped to the same region that corresponds to the
A region in pepper. In tomato, the anthocyanin gainer
(ag) mutation was mapped to the bottom of chromosome
10 linked to TG 63 and CD5 (Tanksley et al. 1992). In
potato, the locus F that controls flower color was
mapped as linked to TG63 (Van Eck et al. 1993). The
common position of color genes in these Solanaceous
species indicates that similar morphological variation for
anthocyanin pigmentation in these species is controlled
by the same genes. A similar situation exists for color
genes associated with carotenoid biosynthesis in which
the same genes control fruit color variation in both pep-
per and tomato (Thorup et al. 2000).

The genetics and biochemistry of anthocyanin biosyn-
thesis in plants has been well characterized in Antirrhi-
num, maize and petunia (reviewed by Mol et al. 1998).
Because the structural genes encoding the anthocyanin
biosynthesis enzymes are conserved between different
species, it is postulated that the variation in pigmentation
pattern is controlled mainly by genes that regulate 
the biosynthesis pathway (Quattrocchio et al. 1998).
Several anthocyanin regulatory genes have been isolated
in petunia e.g. an1, an2 and an11 (De Vetten et al. 1997;
Quattrocchio et al. 1999; Spelt et al. 2000), another
member of the Solanaceae. The future cloning of these
genes from pepper will allow us to determine whether
any of these genes correspond to the A locus in this 
species.

Peterson (1959) reported linkage of 6.5 cM between A
and O, the gene that controls round fruit shape in C.
annuum. We verified this linkage in a C. annuum × C.
chinense cross using round and elongated-fruited par-
ents. In the study of Peterson as well as in additional ear-
ly studies (Kaiser 1935; Khambanonda 1950), fruit shape
was found to be controlled by a single major gene. Our
recent molecular mapping studies support the existence
of major genes that control this trait in pepper. In the C.
annuum cross between blocky and elongated-fruited par-
ents reported by Ben Chaim et al. (2001), a single QTL,
fs3.1, was found to explain most (>60%) of the variation
for fruit shape. A minor fruit-shape QTL explaining 10%
of the phenotypic variation in the latter cross was also
detected on chromosome 10 in the approximate position
of fs10.1 found in the present study. In a second cross
between blocky and oval-fruited parents the same ge-
nomic region of fs3.1 had the most effect on fruit shape,
while no QTL effect was detected in the genomic region

of fs10.1 (Rao et al. 2003). The effect of fs3.1 was fur-
ther studied and verified in additional genetic back-
grounds by Ben Chaim et al. (2002).

In the present study we identified a second major
fruit-shape QTL in Capsicum that explained more than
40% of the phenotypic variation of this trait in the cross
between round and elongated-fruited parents. Because
we did not perform a genome-wide survey for the pres-
ence of additional fruit-shape QTLs in this cross, it is
possible that other minor QTLs that affect this trait exist.
Because fs3.1 was identified previously as the QTL with
the most effect on fruit shape in several pepper crosses,
we tested whether it has an effect on the cross of 5226 ×
PI 159234. The RFLP marker TG130, that is tightly
linked to fs3.1, detected polymorphism in this cross but
in the F2 population it was not significantly associated
with fruit shape (P = 0.06 and 0.02 in 2001 and 2002, 
respectively).

In tomato, fruit-shape QTLs have been detected on
several chromosomes (Grandillo et al. 1999); however,
the few loci that were determined as having a major ef-
fect on this trait were mapped to different chromo-
somes than the pepper fruit-shape QTLs: ovate mapped
to chromosome 2 (Ku et al. 2001) and sun mapped to
chromosome 7 (Van der Knaap and Tanksley (2001). A
possible orthology exits between tomato fs8.1 (Ku et al.
2000) and pepper fs8.1, although the paucity of com-
mon markers in the two species precludes a precise
comparison of this QTL (Ben Chaim et al. 2001). Inter-
estingly, the potato Ro gene that controls tuber shape
(round versus elongated) was found to be linked to tu-
ber skin color and the RFLP marker TG63 on chromo-
some 10 (Van Eck et al. 1994). This linkage between 
an anthocyanin pigmentation gene and a gene condi-
tioning a round tuber is exactly parallel to the linkage
reported in pepper in this study. It is, therefore, possible
that the shape pattern of distinct organs such as fruit
and tuber in pepper and potato is controlled by the
same gene(s). Comparative high-resolution mapping of
the fs10.1 and Ro regions in pepper and potato, and
eventual cloning of these genes, will clarify whether
they are orthologous.
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