
Summary We evaluated concordance of AFLP and
RAPD markers for estimating genetic distances of 47
pepper inbred lines belonging to five varietal types. It
enabled us to see the efficiency of these markers for
identification, estimation of distances between varieties
and variety discrimination. Genetic distance and multidi-
mensional scaling results showed a general agreement
between AFLP and RAPD markers. Based on pattern
scores, dendrograms were produced by the UPGMA
method. Phenetic trees based on molecular data were
consistent with the classification of variety group. The
precision of the estimation of the genetic distance was
given. The molecular genetic distances were correlated
with distances based on a set of discriminating agronom-
ic traits measured for identification and distinctiveness
tests. The relationship between molecular and morpho-
logical distances appeared to be triangular. These results
and their implications in the cultivar protection purposes
of pepper hybrids are discussed.
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Introduction

Estimation of genetic distances between varieties of a
cultivated crop is of interest in cultivar registration and
protection. A newly released cultivar must be distinct
from all previously released cultivars to be either listed

eligible for protection. Cultivar identification and dis-
tinctiveness in pepper is based on morphological and
disease resistance criteria. New techniques for DNA pro-
filing are also powerful tools for cultivar identification.
Their use for distinctiveness purposes has been discussed
by the UPOV (Union pour la Protection des Obtentions
Végétales) but not recommended for the moment due to
the danger in reducing the minimum distances between
registered varieties.

In parallel to the distinctiveness test, seed company,
associations such as ASSINSEL, and official authorities
charged with the examination of varieties have proposed
evaluating quantitatively the genetic relationship between
cultivars in order to obtain tools for determining the es-
sential derivation rights between closely related cultivars
[The 1991 Act of the UPOV Convention, chapter 5, Arti-
cle 14(5)]. Phenotypic descriptors do not always allow
the quantification of the genotypic difference or similari-
ty between cultivars as do genetic distances based on
DNA polymorphism. Soller and Beckmann (1983) pro-
posed using molecular markers as an additional tool for
varietal description. DNA markers have the advantage of
being independent of environmental effects and providing
direct information on the genome of each individual.

Most of the present-day cultivars of pepper are F1 hy-
brids of Capsicum annuum L. species. In Europe, the
Mediterranean areas and North America, these are main-
ly large-fruited types. The genetic diversity among and
within Capsicum species has been investigated in several
studies using morphological, cytogenetical and molecu-
lar markers such as isozymes, 1-dimensional and 2-
dimensional PAGE seed proteins, restriction fragment
length polymorphism (RFLP), random amplified poly-
morphic DNA (RAPD) and amplified fragment length
polymorphism (AFLP) (McLeod et al. 1983; Panda et al.
1986; Pickersgill 1988; Loaiza-Figueroa et al., 1989;
Conicella et al. 1990; Livneh et al. 1990; Lefebvre et al.
1993; Posch et al. 1994, Prince et al. 1992, 1995;
Rodriguez et al. 1999). Isozyme variability has been
found to be very low in C. annuum species. Studies with
RFLP markers detected a lot of polymorphism between
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small-fruited and large-fruited cultivars, but these were
ineffective in discriminating large-fruited pepper inbred
lines; cultivated large-fruited peppers possess little ge-
netic diversity, particularly the hybrid varieties. Paran et
al. (1998) and Ballester and de Vicente (1998) evaluated
the relative effectiveness of polymerase chain reaction
(PCR)-based markers to detect polymorphism among
closely related sweet pepper cultivars. These markers
need low quantities of DNA, and the protocols are rapid-
ly carried out and easily automated. These authors con-
cluded that despite their frequently dominant inheritance,
PCR-based markers could be efficient in the routine as-
sessment of F1 hybrid seed purity. Nevertheless, there is
no information available regarding the suitability of
PCR-based markers to analyse genetic distances among
closely related large-fruited pepper inbred lines that are
agronomically well-characterised and currently being
employed in breeding programmes of pepper.

The aim of the study presented here was to evaluate
the potential of phenotypic and PCR-based DNA mark-
ers in analysing the relationships among closely related
pepper inbred lines used as the parents of European and
North American commercial F1 hybrids. We calculated a
genetic distance index (GDI) and studied the relation-
ships between GDI estimated with molecular markers
and a genetic distance based on morphological traits.
The effectiveness of RAPD and AFLP markers for esti-
mating GDI was compared.

Materials and methods

Plant material

Five private seed companies supplied a total of 36 inbred lines (Ta-
ble 1), the parents of 19 pepper F1 hybrids. For reasons of confidenti-
ality, inbred lines were coded. The relationships between them were
unknown. These inbred lines belong to three main sweet pepper
varietal types: the long type (coded E), the half-long type (coded D)
and the blocky type. The blocky types were further subdivided into
three subgroups according to their geographic origin: the North
American (US) (coded A), the Dutch (NL) (coded B), and the Italian
(IT) (coded C) blocky type. Six ancestral inbred varieties, frequently
used as progenitors of the present varietal types, were also included
in this work. We added 5 small-fruited inbred lines frequently used
in breeding programmes as sources of disease resistance traits.
INRA’s inbred lines (coded 37–47) were selfed in insect-proof cages
to eliminate outcrossing. Individuals within inbred lines supplied by
private seed companies were assumed to be homozygous.

Phenotypic descriptions

The 47 inbred lines were grown in experimental glasshouses of
GEVES (in the south-east of France). They were planted in three
complete independent randomised blocks. Each block was composed
of a single plot of 6 individuals per inbred line. A total of 41 agro-
nomic traits were measured in each plot (Table 2). These traits are the
ones usually recommended by UPOV (Union pour la Protection des
Obtentions Variétales) for assessing distintiveness, uniformity and
stability criteria, and are used by national authorities. Three traits
were assessed qualitatively, 22 by means of a discrete scale and 16 on
a continuous quantitative scale. Depending on the trait, measurements
were made on 15 fruits sampled in each block, or on the 6 plants of
each block, or evaluated on the whole block, as indicated in Table 2.
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Table 1 Descriptions of pepper inbred lines

Number Code Type

1 A1 US blocky
2 A2 US blocky
3 A3 US blocky
4 A4 US blocky
5 A5 US blocky
6 A6 US blocky
7 A7 US blocky
8 A8 US blocky
9 B9 NL blocky

10 B10 NL/IT blocky
11 B11 NL/US blocky
12 B12 NL blocky
13 B13 NL/IT blocky
14 B14 NL blocky
15 C15 IT/US blocky
16 C16 IT blocky / long
17 C17 IT blocky
18 C18 IT blocky
19 C19 IT blocky/half-long
20 C20 IT blocky
21 C21 IT blocky
22 D22 Half-long
23 D23 Half-long
24 D24 Half-long
25 D25 Half-long
26 D26 Half-long
27 D27 Half-long/blocky
28 E28 Long
29 E29 Long
30 E30 Long
31 E31 Long
32 E32 Long/half-long
33 E33 Long/half-long
34 E34 Long/half-long/US blocky
35 E35 Long
36 M51 Half-long / IT blocky
37 Yolo Wondera US blocky
38 Florida VR2a US blocky
39 Novia NL blocky
40 Vaniaa Half-long
41 Lamua Long
42 Valencia Largo de Rheusa Long
43 CM334a Inbred chilli
44 Perenniala Inbred chilli
45 H3a Inbred chilli
46 PM687a Inbred chilli
47 SC81a Inbred chilli

a Inbred lines supplied by INRA: 37–42, ancestral inbred varieties;
43–47, small-fruited inbred lines

DNA analyses

Total DNA was extracted from young leaves as described by
Caranta et al. (1996) for both RAPD and AFLP analyses. RAPD
analyses were performed, as described by Lefebvre et al. (1995),
by BIOCEM (Angers, France), a private consulting company. A
total of 136 10-mer primers were used (Operon Technologies, Ala-
meda, Calif.). Among them, 46 primers are known to generate 75
RAPD markers well-dispersed throughout the pepper map
(Lefebvre et al. 1997).

AFLP reactions were performed, as described by Vos et al.
(1995), with EcoRI+3 and MseI+3 primer combinations (PC). The
EcoRI primers end-labelled with [33P]-ATP allowed visualisation
of the selectively amplified products on autoradiograms. A total of
ten PC was used.
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Table 2 List of morphological traits

Number Trait Type Number of Mean Variance Coefficients of
designated of measurements determinationb

to trait traita in each
block R2

I R2
b R2

Ib

1 Anthocyanin coloration of the hypocotyl 1 1 1.98 0.02 100.0* 0.0 –
2 Adult growth habit 2 1 3.68 2.10 88.3* 0.7 –
3 Main stem length (from cotyledons to the first 3 6 287.12 3604.88 82.9* 0.7* 5.1*

branching)
4 Leave number of the main stem 3 6 12.50 6.38 70.2* 0.0 5.3*
5 Anthocyanin coloration on nodes and stems 2 1 4.59 0.96 81.7* 1.7* –
6 Stem pilosity 2 1 3.34 1.97 89.8* 1.8* –
7 Leave habit 2 1 4.19 1.93 78.4* 1.8* –
8 Leaf blade length 3 6 185.43 1058.73 63.1* 1.0* 12.2*
9 Leaf blade width 3 6 96.23 396.44 66.3* 0.1 10.4*

10 Ratio length/width of the leaf blade 3 6 1.95 0.05 70.5* 1.2* 4.6*
11 Leaf blade shape 2 1 2.42 0.29 75.2* 0.3* –
12 Leaf blade size 2 1 5.01 1.46 84.3* 0.2 –
13 Leaf blade colour 2 1 4.88 3.71 92.0* 1.2* –
14 Curling leaves 2 1 4.97 2.19 80.0* 1.8* –
15 Attitude of peduncles (on young fruits) 2 1 1.66 0.43 87.4* 0.7 –
16 Fruit colour before maturity 2 1 2.00 3.33e-29 32.9 1.5 –
17 Fruit colour intensity before maturity 2 1 6.33 2.73 53.2* 3.3* –
18 Fruit length 3 15 119.02 1791.10 90.4* 0.1* 1.1*
19 Fruit diameter 3 15 91.01 662.65 98.7* 0.2* 1.1*
20 Ratio length/diameter of the fruit 3 15 1.48 0.62 92.1* 0.0 0.7*
21 Shape of the fruit longitudinal section 1 1 1.11 0.10 90.1* 0.3 –
22 Tendency at the trapezoidal shape of the fruit 2 1 4.24 7.25 88.9* 0.4 –
23 Shape of the fruit transversal section 2 15 2.16 0.24 26.9* 0.1 4.3*
24 Sinuosity of the pericarp 2 1 3.27 6.00 92.3* 0.6* –
25 Surface texture of the fruit 2 1 1.13 0.11 74.5* 1.1 –
26 Fruit colour at maturity 2 1 2.36 0.88 100.0* 0.0 –
27 Fruit colour intensity at maturity 2 1 5.14 1.11 68.3* 1.9 –
28 Fruit brightness 2 1 4.95 1.14 71.5* 2.0* –
29 Depth of the stalk cavity 2 15 2.81 1.03 44.1* 0.2* 4.8*
30 Shape of the fruit apex 2 1 6.17 1.51 87.8* 0.3 –
31 Depth of the fruit interlocularary grooves 2 1 5.39 4.36 82.1* 0.3 –
32 Cavity number per fruit 3 15 3.42 0.53 36.5* 0.0 3.1
33 Flesh thickness 3 15 6.98 3.94 84.0* 0.2* 1.4*
34 Peduncle length 3 15 47.22 175.84 75.3* 0.0 2.5*
35 Peduncle thickness 3 15 11.84 9.61 78.5* 0.2* 2.7*
36 Calix aspect 1 1 1.06 0.06 100.0* 0.0 –
37 Capsaicin in the placenta 2 1 1.14 0.21 97.7* 0.0 –
38 Number of days between sowing and 3 6 69.01 27.04 67.1* 0.0 7.1*

flowering
39 Fruit maturity in number of days relative to the 3 6 26.21 144.69 82.1* 0.4* 5.0*

earlier flowering plant
40 Fruit mean weight 3 15 255.70 11746.84 86.0* 0.6* 2.1*
41 Plant height 3 1 111.52 836.76 92.8* 0.3 –

* Significative at P<0.05
a 1, Qualitative trait; 2, semi-quantitative trait; 3, quantitative trait
b Phenotypic variance (in percentage) among inbred lines accounted for by: R2

I, the inbred effect; R2
b, the block effect; R2

Ib, the inbred
line×block interaction effect. –, Not calculated

For the RAPD and AFLP analyses, only clear and unambigu-
ous bands were visually scored as either present (1) or absent
(0) for all inbred lines, resulting in two binary data matrices.
Each band was interpreted as one allele. Bands with the same
mobility were assumed to be homologous (Rouppe van der Voort
et al. 1997). Each marker was treated as an independent unit
character.

Data analyses

Analyses of variance of phenotypic data were performed with in-
bred line, block and inbred line×block interaction effects. Frac-
tions of the variation due to inbred line, to block and to inbred

line×block interaction effects were estimated by coefficients of de-
termination, R2

I, R2
b and R2

Ib, (except for traits with only 1 mea-
surement per block), respectively. 

A phenotypic Mahalanobis distance matrix (Mahalanobis
1936), based on 36 traits, was computed for each pair of inbred
lines. For calculating the Mahalanobis distance, we discarded
5 traits, denoted nos.1, 16, 26, 31, and 36 in Table 2, among the 41
initial ones, because the residual variance-covariance matrix was
not definitely-positive when using these traits. The mean effect µi
of each inbred line i was estimated by µ̂i as the additive inbred line
effect in the model inbred line+block, and the residual variance-
covariance matrix ΣE was estimated in the model with inbred
line×block interaction. The unbiased Mahalanobis distance d2 (i,i′)
between inbred lines i and i′ was computed as:



where p=36 is the number of traits and ni (respectively ni′) is the
number of degrees of freedom in the estimation µ̂i of µi (respec-
tively µi′). The reason for the correcting term p×(ni+ni′)/(ni×ni′) is
that (ni×ni′)/(ni+ni′)×d2(i,i′) follows a χ2 distribution with p de-
grees of freedom and a non-centrality parameter of (ni×ni′)/
(ni+ni′)×D2(i,i′). D2(i,i′)=(µi−µi′)Σ–1

E (µi−µi′) is the distance comput-
ed with the true value of the means µi and µi′. These expressions
are correct, as the number of repetitions used in the estimation of
ΣΕ is sufficiently great to consider that it is the true matrix. The
variance of d2(i,i′) is then computed as 2×p×(ni+ni′)2/(ni×ni′)2. In
this experiment, the value ni depends on the trait as shown in Ta-
ble 2. Neglecting the missing values, there are three categories of
traits: p1=19 traits with ni=n1=3 values (1 value per block×3
blocks), p2=7 traits with ni=n2=18 values (6 plants×3 blocks), and
p3=10 traits with ni=n3=45 values (15 fruits×3 blocks). We consid-
ered these three categories of traits as independent from one an-
other. The bias is therefore computed as 2×p1/n1+2×p2/n2+
2×p3/n3=13.89, and the variance as 4×p1/(n1)2+4×p2/(n2)2+
4×p3/(n3)2=8.55.

As each marker band was interpreted as one allele, the Nei’s
genetic distance Nei(i,i′) between the inbred lines i and i′ is:
Nei(i,i′)=−log(A/B(i)×B(i′))=−log(1−p(i,i′))     with     A=
pi(k,j)×pi′(k,j)  and  B(i)= p(i)(k,j)×pi(k,j)  (respectively
B(i′)). pi(k,j) is the frequency of the allele j at the locus k in the in-
dividual i. p(i,i′) is the percentage of bands differing between the
two inbred lines i and i′ (Nei 1973). When p(i,i′) is small, Nei(i,i′)
can be assimilated as p(i,i′). Supposing that all the bands are sam-
pled at random over the genome, an approximation of the sam-
pling variance of Nei(i,i′) is therefore Nei(i,i′)×(1−Nei(i,i′))/N,
where N is the number of bands considered in the analysis. The
Nei distances were constructed using the GENDIST procedure of the
PHYLIP phylogenetic analysis software package (Felsenstein 1993).
A dendrogram was constructed using the neighbour-joining meth-
od of Saitou and Nei (1987) contained in the NEIGHBOR procedure
of PHYLIP. The analysis was also made on 100 bootstrap re-sam-
pling of the data.

Binary molecular data matrices were also employed to perform
principal component analyses using the computer software SPLUS
(1993).

Marker frequencies were calculated for each molecular marker
among the five varietal types. Diagnostic markers were defined as
markers present in all inbred lines of one varietal type but absent
from all inbred lines of another varietal type.

Results

Agronomic traits

Block and/or inbred line×block interaction effects were
detected on 25 of the measured agronomic traits
(P<0.05). The inbred line effect was always important,
with environmental effects being of a very small magni-
tude when compared to the inbred line effect (Table 2).
Only the trait fruit colour before maturity (no. 16) had no
significant inbred line effect. Further analyses were per-
formed based on the residuals of the model with only the
block effect, i.e. on the phenotypic effect of the inbred
line. We considered the mean values for all 47 inbred
lines.

Table 3 indicates the number of variables for which
there is a significant difference between two varietal
types (P<0.05). As expected, the blocky types (A, B and
C) are very close but distinct. The US and the NL blocky
types are significatively different for variable no. 38

(number of days between sowing and flowering), the US
and the IT blocky types for variable no. 25 (surface tex-
ture of the fruit) and the NL and the IT blocky types for
variable no. 23 (shape of the fruit-transversal section).
They are distant from the half-long (D) and the long (E)
types. The half-long (D) types are close to the long (E)
types. They differ for the fruit length (no. 18), depth of
the stalk cavity (no. 29) and shape of the fruit apex (no.
30).

Randomly amplified polymorphic DNA

Analysis of 136 RAPD primers yielded 1,204 amplifica-
tion products (an average of 8–9 bands per primer) of
which 544 (corresponding to 130 primers) were poly-
morphic (45.2%) among the 47 inbred lines. An average
of 6 patterns was observed with each primer among the
47 inbred lines, with a maximum of 19 different patterns
revealed by Operon P11 primer. The 136 primers pro-
duced a total of 806 distinct patterns on the 47 inbred
lines. 142 patterns were unique, that is to say, they were
noticed in only one inbred line among the 36 parental
inbred lines of the hybrids. Consequently, 32 of the 36
parental inbred lines had at least 1 specific pattern. The
inbred line D22 had 17 specific patterns.

Amplified fragment length polymorphism

Analysis of 10 AFLP PC yielded 863 selectively ampli-
fied DNA fragments of which 378 were polymorphic
markers (43.8%) among the 47 inbred lines. Between 62
and 122 distinguishable bands were observed after selec-
tive amplification with each PC; 24–51 of these AFLP
bands were polymorphic among the 47 inbred lines. Ne-
glecting the markers for which 1 of the 47 inbred lines
had missing data, the 10 PC generated 327 distinct pat-
terns from the 47 inbred lines (calculated on 767 bands).
Between 28 and 45 patterns (45 with the E42-M55 PC)
were revealed per PC from the 47 inbred lines, with a
mean of 36 patterns per PC. 202, patterns were unique
that is to say, then were noticed in only one inbred line
among the 36 parental inbred lines of the hybrids. Con-
sequently, 36 parental inbred lines had at least 2 specific
patterns. Inbred lines C17, D25 and E33 had 9 specific
patterns; inbred line D22 had 8.
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Table 3 Number of variables (among the 41) for which two varie-
tal typesa are significatively different (P<0.05)

B C D E

A 1 1 9 14
B 1 10 16
C 8 15
D 3

a A, US blocky types; B, Dutch blocky types; C, Italian blocky
types; D, half-long types; E, long types

d i p n n n ni E i i i
2 1( , ) ( ˆ – ˆ ) ( ˆ – ˆ ) – ( ) / ( )–i' 'i' i ' i ' i '= ∑ × + ×µ µ µ µ



Distance matrices, dendrograms and principal
component analysis

Genetic distance indices (GDIs) and corresponding sam-
pling variances for each of the 47*46/2=1081 pairs of in-

bred lines were calculated from binary molecular data
matrices and from phenotypic data (Table 4). As expect-
ed, whatever the mean used to measure the GDI, the
small-fruited pepper inbred lines had a larger mean GDI
than the large-fruited ones. Modern large-fruited inbred
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Table 4 Range values of genetic distances between pepper inbred lines

Number of Phenotypic RAPDs AFLPs
inbred lines traits

Whole set of pepper inbred lines 47 480.30a 0.096 0.089
(nos.1–47) 3.45b 0.006 0.009

2906.00c 0.245 0.227
8.55d 0.96 10−4 1.02 10−4

. Ancestral and modern large-fruited inbred lines 42 202.00 0.075 0.068
(nos. 1–42) 3.45 0.006 0.009

688.70 0.123 0.131
8.55 0.78 10−4 0.82 10−4

.. Modern breeding inbred lines 36 205.10 0.075 0.065
(nos. 1–36) 12.60 0.006 0.009

600.70 0.123 0.131
8.55 0.78 10−4 0.79 10−4

... Blocky type (NL+IT+US) (A+B+C) 21 132.00 0.052 0.044
(nos. 1–21) 14.20 0.007 0.011

491.70 0.101 0.087
8.55 0.56 10−4 0.54 10−4

US blocky type (A) 8 144.00 0.038 0.032
(nos. 1–8) 23.10 0.007 0.016

484.90 0.066 0.047
8.55 0.41 10−4 0.40 10−4

NL blocky type (B) 6 124.10 0.046 0.033
(nos. 9–14) 35.70 0.020 0.014

284.80 0.072 0.051
8.55 0.50 10−4 0.41 10−4

IT blocky typee (C) 7 131.90 0.069 0.064
(nos. 15–21) 52.40 0.040 0.037

255.30 0.094 0.087
8.55 0.72 10−4 0.78 10−4

... Half-long typee (D) 6 197.90 0.078 0.077
(nos. 22–27) 35.20 0.023 0.034

331.60 0.116 0.119
8.55 0.81 10−4 0.92 10−4

... Long type (E) 8 153.90 0.056 0.061
(nos. 28–35) 16.60 0.006 0.009

435.70 0.104 0.093
8.55 0.60 10−4 0.74 10−4

.. Ancestral inbred varieties 6 196.90 0.080 0.082
(nos. 37–42) 66.60 0.023 0.022

302.30 0.115 0.114
8.55 0.83 10−4 0.97 10−4

. Small-fruited inbred lines 5 1208.90 0.182 0.166
(nos. 43–47) 477.30 0.153 0.129

1781.20 0.212 0.203
8.55 1.69 10−4 1.79 10−4

a Mean genetic distance d Mean sampling variance
b Minimum (the most related inbred lines) e Breeders classified the inbred line M51 (no. 36) as a half-long or IT blocky inbred line
c Maximum (the most distant inbred lines)
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lines had a larger mean phenotypic distance than the an-
cestral ones, whereas the mean molecular distances of
these two groups were similar. Based on phenotypic,
RAPD and AFLP analyses, the half-long types were
more divergent than the blocky and long ones. But the
classification inside the blocky type differed between the
phenotypic and molecular analyses. The US blocky types
were the more divergent with respect to phenotypic data,
whereas the IT blocky types had the largest GDI with re-
spect to RAPD or AFLP data.

RAPD as well as AFLP data did not reveal any dupli-
cate inbred lines. The pair of inbred lines E29 and E32,
the most related inbred lines, differed for 7 RAPD prim-
ers and for 6 AFLP primer combinations. The RAPD da-
ta appeared more discriminating than the AFLP data, if
we considered only the band information instead of the
primer or PC information. RAPD distances were gener-
ally larger than AFLP distances, probably due to the
higher quantity of data obtained with the 136 RAPD
primers than with the 10 AFLP PC.

The ratio between the mean sampling standard devia-
tion for the whole set of inbred lines and the mean genet-
ic distance is √8.55/480.3=0.01 for the phenotypic traits,
√0.96·10−4/0.096=0.10 for the RAPD and √1.02·10−4/
0.089=0.11 for the AFLP. Estimation of the genetic dis-
tance is therefore more precise using phenotypes than us-
ing molecular markers. Nevertheless, it is not the same
genetic distance.

UPGMA clustering analysis was carried out in order
to represent graphically the genetic distances among
pepper inbred lines (Fig. 1). The resulting dendrograms
showed, as expected, that small-fruited pepper inbred
lines are very divergent from ancestral and modern
large-fruited inbred lines. All the dendrograms split pep-
per large-fruited inbred lines into two main groups. The
first group included all the blocky types (A, B and C) to-
gether with Yolo Wonder, Florida VR2 and Novi, the

three blocky representatives. The second one comprised
long types (E) together with Lamu, the long-type repre-
sentative. The half-long types (D) split up into the two
groups. The 41 phenotypic traits did not enable the three
blocky types to be classified, whereas AFLP markers al-
lowed us to distinguish the group of IT blocky types
from the NL and US blocky types. NL and US blocky
types are difficult to distinguish from each other what-
ever the molecular or phenotypic analyses used. To dis-
play the relationships among the pepper inbred lines in
terms of their position relative to coordinate axes, we
performed principal component analyses (data not
shown). In agreement with the results of the dendro-
grams, the half-long types were located in an intermedi-
ate position between the blocky types and the long types.
The NL blocky types were close to the US blocky type
cluster. The US and NL blocky types were less dispersed
than the IT ones, indicating a larger genetic variability
among the IT blocky types than among the US and NL
ones.

One AFLP and 4 RAPD markers were identified as
diagnostic markers (Table 5). They generally allowed
two varietal types to be distinguished, but no diagnostic
marker clearly identified only one varietal type; that is to
say, the marker would be systematically present in one
varietal type but totally absent in all other varietal types.
The RAPD marker AF14_3.00 is totally absent in all the
blocky types and totally present in all the long-type in-
bred lines, while the half-long types had an intermediate
frequency probably because of their pedigree. This
marker may be in linkage disequilibrium with a gene in-
fluencing the length of the fruit. Whereas the character-
isation of the long types seemed easy with the extreme
frequency diagnostic markers, the characterisation of the
blocky types was hampered by the fact that they includ-
ed three types, particularly the IT ones which often ex-
hibited intermediate frequencies. The long types and the
NL and US blocky types had opposite patterns for the 5
diagnostic markers. No reliable diagnostic marker was
identified between NL blocky types and US ones. Like-
wise, no reliable marker clearly allowed identification
between the half-long types and the IT blocky types.

Correlation between distance matrices

RAPD and AFLP GDIs were highly correlated (r=0.95,
P<0.001; Fig. 2a). The phenotypic distance matrix was
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Fig. 1 Associations among pepper inbred lines revealed by UP-
GMA clustering analysis on the basis of phenotypic (a), RAPD
(b) and AFLP (c) genetic distance values. Small-fruited pepper in-
bred lines were discarded from the phenotypic analysis (a) to ob-
serve more precisely the phenotypic variation between large-fruit-
ed pepper inbred lines. Numbers at the forks indicate the number
of times the group consisting of the varieties which are to the right
of that fork occurred among the trees, out of 100 trees. Only num-
bers above 50 are indicated. Note that C15, initially declared to be
an IT type by breeder partner, was phenotypically categorised later
as belonging to a US type when breeder partners visited the assay

▲

Table 5 Diagnostic markers
and their frequencies among
the varietal types

Marker Locus Varietal type Inside the blocky type
type

Blocky Half-long Long US NL IT

RAPD AF14_3.00 0.00 0.40 1.00 0.00 0.00 0.00
AFLP E38-M48_10 0.14 1.00 1.00 0.00 0.00 0.43
RAPD D11_0.95 0.19 0.83 1.00 0.00 0.00 0.57
RAPD AH09_1.05 0.82 0.00 0.00 1.00 1.00 0.57
RAPD D11_0.85 0.81 0.17 0.00 1.00 1.00 0.43



compared to a molecular genetic distance matrix based
on all molecular markers (Fig. 2b). A regression analysis
indicated a high correlation between molecular and phe-
notypic data in their ability to detect genetic relation-
ships between pepper inbred lines (r=0.62, P<0.001).
The relationship between molecular and phenotypic dis-
tances is clearly not linear but displays a “triangular”
shape, as Dillmann et al. (1997) and Burstin and Char-
cosset (1997) already demonstrated. Low-molecular-
marker distances were systematically associated with
low phenotypic distances. On the contrary, high-molecu-
lar-marker distances were associated either with low or
high phenotypic distances. Thus, the molecular marker
GDI was not exactly representative of the phenotypic
GDI. However, molecular markers did frequently allow
not phenotypically distinct cultivars to be distinguished.

Discussion and conclusion

Identification, description

Assessment of genetic variability between cultivars is of
interest not only for cultivar protection but also for prac-
tical applications such as conservation of genetic re-
sources and broadening the genetic basis of the varieties.
For genetic resource conservation, it is useful to know
whether 2 individuals phenotypically similar display a
similar gene combination. For breeding purposes, genet-
ic distances between 2 inbred lines help to predict their
ability to combine (Charcosset et al. 1998).

The analysis presented here assumed that the inbred
lines are perfectly homozygous. Replicates in a double-
blind protocol would allow this hypothesis to be evaluat-
ed, as performed by Dillmann et al. (1997). Discrepancy
between replications may come either from experimental
errors or from residual heterozygosity of inbred lines.
Hence, the residual errors as well as the sampling of the
markers throughout the genome and the number of mark-
ers were sources of variation for the estimation of
Nei(i,i′) from the molecular data. One can consider that
the standard deviation of experimental errors on the esti-
mated distance between 2 inbred lines is smaller that the
smallest molecular distance (0.006 with RAPD markers,
0.009 with AFLP).

Molecular GDIs were computed in this study on the
basis of band information instead of locus information.
A GDI calculated on band information may introduce a
bias since all the bands are not completely independent.
On the one hand, molecular GDI may be increased be-
cause of a redundancy of band information in the case of
allele bands of the same locus (Lefebvre et al. 1993) or
genetic linkage between molecular markers. The cluster-
ing of RAPD and AFLP markers is well-documented in
pepper (Lefebvre et al. 1995; unpublished data of our
laboratory, INRA-GAFL). On the other hand, it may be
lowered because of different alleles sharing the same
band mobility. Our molecular dataset was supposed to
reliably represent the pepper genome; markers were nu-
merous and some of them are known to be well-distrib-
uted throughout the pepper map. Nevertheless, we are
mapping new markers used in this study and we are de-
veloping a formula of GDI which takes the position of
the markers on the genetic map into consideration.

Variety discrimination

With respect two distinctiveness studies, the objective is
to perform routine studies on large datasets, with readily
interpretable molecular data. Repeatable standard proto-
cols and undisputed results are required. PCR-based
markers, particularly AFLP ones, are well-adapted for
this objective. The number of markers will depend on the
precision to be reached for the estimation of genetic dis-
tance since the precision of the estimate increases with
the square root of the number of markers. Above 100
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Fig. 2 Regression analysis to compare the genetic pairwise dis-
tances obtained from RAPD and AFLP (a) and from all the molec-
ular markers and phenotypic traits (b)



markers, the increase is low (Dillmann et al. 1997).
Likewise, as illustrated by the formula, the sampling
variance of Nei(i,i′) decreases as the number of markers
increases. The use of fingerprinting markers, like AFLP
ones, is effective in displaying numerous loci in a short
time and, consequently, in decreasing the sampling vari-
ance.

Relationship between molecular marker genetic distance
and distance based on morphological data

The triangular relationship between molecular and phe-
notypic distances is linked to the polygenic inheritance
of traits used to compute phenotypic distance. Burstin
and Charcosset (1997) demonstrated (1) that the magni-
tude of the correlation coefficient between phenotypic
and molecular distances depends on the association be-
tween marker loci and quantitative trait loci (QTLs); (2)
that the correlation necessarily decreases as the number
of loci involved in the variation of quantitative trait in-
creases. Poor associations between marker loci and
QTLs lead to a low correlation between distances.

The relationship between molecular distances and
phenotypic distances shows that inbred lines with differ-
ent phenotypes also differ with respect to markers. Thus,
the risk of discriminating between a candidate inbred
line close to a protected inbred line based on the pheno-
typic distinction study, but with a very low genome di-
vergence, is low. On the contrary, we cannot only use
molecular markers for such studies because a candidate
variety, by definition, must differ from protected ones on
the basis of phenotypic traits. However, molecular mark-
ers provide complementary information in cases of phe-
notypic similarity or proximity. Indeed, different gene
combinations originating from unrelated genetic resourc-
es may govern the same phenotype, whereas identical
marker genotypes necessarily display the same pheno-
type. Bar-Hen et al. (1995) proposed first to compare in-
bred lines at marker loci and declare them distinct if
their distance is above a predetermined threshold and
second, to compare the selected pair of inbred lines for
phenotypic traits. However, there is a very low probabili-
ty of distinguishing two near-isogenic lines in this way;
so a new inbred line with a very advantageous trait may
escape.

Grouping of varieties

Despite the low level of molecular polymorphism in C.
annuum genome (Lefebvre et al. 1993; Prince et al. 1995;
Paran et al. 1998; Rodriguez et al. 1999), PCR-based
DNA molecular markers have proved to be informative
enough to allow for representative varietal types of culti-
vated pepper to be distinguished. The classification ob-
tained with phenotypic traits and molecular markers is
consistent with the commercial classification of varieties.
Molecular markers provide additional information.

Genetic distance and essential derivation

Molecular genetic distances are useful for the question
of intellectual property protection, in particular for es-
sential derivation rights. Indeed, the molecular marker
GDI estimated from experimental data may be compared
to a minimum genetic distance above which 2 varieties
are declared independent (or not essentially derived).
The probability of declaring the molecular GDI above or
below the minimum distance threshold depends on the
sampling variance of the estimate, on the variance of ex-
perimental error and on the repartition of the markers on
the genetic map of the species (Lombard et al. 2000).
The use of evenly spaced markers with a known position
on a genetic map allows their genetic determinism to be
considered, which is more pertinent to calculate a molec-
ular marker GDI because it avoids redundancy. There-
fore, we advise preferentially using codominant markers
selected on the basis of their discriminating power in a
reference collection and computing the GDI using locus
information instead of band information.
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