
Abstract When genetic diversity among organisms was
measured with molecular markers, the question of 
genome coverage was currently stressed out. In order to
check if well-distributed, mapped AFLP markers were
more efficient in assessing varietal identification of car-
rot accessions than randomly chosen markers, nine
closely related genotypes were analysed. A software was
developed to realise 1,000 random choices of 20 to 70
mapped or unmapped markers, offering numerous 
genome coverages. We statistically showed that taking
into account marker position does not provide a better
estimation of genetic distances. Moreover, in the case of
carrot, we concluded that 60 AFLP markers offer the
best compromise between the level of precision and 
minimal expense.
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Introduction

Molecular markers have been employed for numerous
studies such as phylogeny analysis, genetic diversity
studies, mapping and varietal identification. However,
these analyses are often both time consuming and expen-
sive. Hence, the development of alternative strategies,
allowing high precision with minimal cost and time 
requirements, is explored. For carrot, the model plant of

the present study, RAPDs (Grzebelus et al. 1997; Briard
et al. 2000b), microsatellites (Niemann et al. 1997; 
Briard et al. 2000b), ISSRs (Briard et al. 2000b) and 
AFLPs (Le Clerc et al. 2000; Shim and Jorgensen 2000)
have been successfully used for carrot accession identifi-
cation. In order to analyse a large number of accessions,
we proposed to develop analytical procedures giving a
maximum amount of information with minimal expense.
We focused on the AFLP technique which allows the 
detection of a high number of markers with few experi-
ments and is known to provide widely distributed mark-
ers on the genome. In a previous study (Le Clerc et al.
2000), the efficiency of using a reduced number of
mapped markers was compared with the efficiency of 
using more markers obtained at random. From the results
obtained with different sets of markers, offering better or
worse distribution of markers across the genome, we
showed that mapped markers were not more informative
than unmapped markers; their efficiency being depen-
dent only on the number of markers investigated. These
results disagreed with Lombard (2000) who showed that
a more precise estimation of genetic distances between
rapeseed varieties was obtained by taking into account
the position of the AFLP markers on the linkage map. In
contrast, we agreed with Virk et al. (2000) whose results
on 56 rice accessions showed that the marker distribution
on the genome had no significant impact on diversity
measurement. Futher studies are required to favour either
conclusion. Therefore, in order to validate our previous
study, we first analysed another set of accessions, more
closely related, i.e. more difficult to identify, than in our
previous study. Our results, being based on the analysis
of only three subsets of markers offering different ge-
nome coverages, we then compared a very high number
of subsets with both mapped and unmapped markers.
Different sizes of data sets were also compared.
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Materials and methods

Plant material

Nine accessions were analysed: one three way hybrid ‘ACD’; one
F1 hybrid, ‘AC’; and three inbred lines ‘A’, ‘Cf’ and ‘D’. As
shown in Fig. 1, these accessions are very closely related. Four
other inbred lines were included in the study. The accessions ‘1’
and ‘3’ were selected from the same initial population whereas 
accessions ‘4’ and ‘5’ had different origins. All of the nine acces-
sions were ‘Nantes’ type. 

For each accession, four or five individuals were analysed 
separately.

DNA extraction and AFLP protocol

DNA extraction from freeze-dried leaves and root slices, and the
AFLP protocol, were as previously described by Briard et al.
(2000a). For selective amplification, 15 primer combinations
(EcoRI-primer and MseI-primer) were used. After electrophoresis,
silver staining was performed for a maximum of 2 h. Acrylamide
gels were dried overnight at room temperature. Only non-ambigu-
ous and polymorphic bands were scored as present (1) or absent
(0).

Marker sampling

Ninety five markers were added (83 AFLPs, 8 ISSRs and 4 Resis-
tance Gene Analog markers) to the previous map; initially 
constructed from 188 individuals with 78 markers (Le Clerc et al.
2000). Mapping data was computer-analysed with the ‘Mapmaker’
program, version 3.0 (Lander et al. 1987). Together with 147 un-
mapped markers, they resulted in a reference set of 249 scored
markers. Some software was developed with Excel in order to
generate 1,000 random subsets of 20, 30, 40, 50, 60 and 70 mark-
ers from 102 mapped and from 102 unmapped markers. It was
also used to calculate IAS values (see below) and the similarity
matrices. For each of them, a Sokal and Michener similarity ma-
trix was calculated (Sokal and Michener 1958). In addition to their
double presence, this index also takes into account the double 
absence of a marker between two individuals as recommended for
intraspecific analyses (Briard et al. 2000c).

Intravarietal similarity values (IAS)

For each of the 12,000 matrices, the intravarietal similarity values
(IAS) of each accession (mean distance between all pairs of one
accession) were also calculated. The mean IAS (MIAS) and stan-
dard deviation (SD) for 1,000 items were then calculated for each
subset size, from 20 markers (MIAS20) to 70 markers (MIAS70). This
was carried out with the mapped markers (e.g. MIAS20m) and the
unmapped markers (e.g. MIAS20nm).

Dendrograms

UPGMA dendrograms were constructed using Phylip software
(Felsenstein 1989). For the reference tree (R) obtained from the
249 markers, the significance of branching nodes was tested by
bootstrap re-sampling (100 samples) using the Seqboot program of
the Phylip software. The similarity matrix was calculated using an
Excel command carried out by Divaret (1999) and analysed using
the Phylip’s ‘Consense’ and ‘Drawtree’ programs.

Ten dendrograms with 70 markers and ten others with 60
markers were designed for both sets of mapped or unmapped
markers.

Df was calculated as the difference between IAS value 
obtained for the ‘ACD’ genotype with a set of markers and its ref-
erence IASACD249 calculated from a total of 249 markers. Five oth-

er dendrograms were also designed from five sets of 60 mapped
markers resulting in different IASACD values such as Df was: 3.20
< Df < 3.45; 3.45 < Df < 3.70; 3.70 < Df < 3.95; 3.95 < Df < 4.20
and Df > 4.20. For each of those five dendrograms, the existence
of the groupings considered as being solid from bootstrap values
(bootstrap >80%) was checked. The six characteristics checked
were: (1) all the genotypes were well identified, (2) the genotypes
‘Cf’, AC’, ‘A’ and ‘5’ were grouped together, (3) individual ‘1.3’
clustered with ‘1.4’, (4) ‘D’ clustered with ‘ACD’, (5) individual
‘3.1’ clustered with ‘3.3’ and ‘3.4’, and (6) the genotype ‘4’ was
kept apart.

Occurrence of low IASACD values

A total of 5,000 samplings of 70 markers was run from the 102
mapped markers. The corresponding 5,000 IASACD values were
calculated and put into order. The number of occurrences with
3.20 < Df < 3.45; 3.45 < Df < 3.70; 3.70 < Df < 3.95; 3.95 < Df <
4.20 and Df > 4.20 was counted. The same was applied to 5,000
samplings of 60 and 50 markers.

Results

By adding 95 markers, we obtained a more-saturated
map. Even if this map was not completely saturated, of-
fering a higher number of linkage groups than expected,
all the linkage groups were covered. One hundred and
seventy three markers were mapped on 15 linkage
groups of 5 to 17 markers, two groups of 4 markers, two
groups of 3 markers and 4 pairs of loci. Only 102 of
these mapped markers were used in the present analysis.
It was not always possible to score the other markers and
most of them were monomorphic within the present set
of genotypes.

On the reference dendrogram (R) made with the refer-
ence set of 249 markers (Fig. 2), all genotypes were well
identified, with one cluster corresponding to one geno-
type (bootstrap = 98% or 100%). The genotypes ‘A’,
‘Cf’, ‘AC’ and ‘5’ formed one large group (bootstrap =
96%), whereas genotype ‘D’ clustered with genotype
‘ACD’ (bootstrap = 100%). The genotype ‘4’ was sepa-
rate (bootstrap = 84%). 

Whatever the genotype, the value of intravarietal sim-
ilarity obtained with 249 markers (IAS249) was high (Ta-
ble 1). It varied from 86.7% for the three-way hybrid
‘ACD’ to 98.78% for the inbred line ‘A’. Similar means
of IAS values (MIAS) were obtained not only with the
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Fig. 1 Genealogy of the 3-way hybrid ACD. * Cf Male sterile
version of C, ** AC Female parent of ACD 3 ways hybrid



1,000 subsets of 70 markers but also with the 1,000 sub-
sets of 20 markers. The standard deviations (SDs) of 20
marker subsets were 3-times greater than the SDs calcu-
lated with 70 marker subsets. SD levels were very low
within the 1,000 subsets of 70 mapped or unmapped
markers. Whatever the number of markers analysed, the
lowest minimum IAS value (Min IAS) was obtained for
the genotype ‘ACD’ whereas the highest was obtained
for genotype ‘A’. For unmapped markers, the means of
IAS values (MIAS) were always greater than the MIAS
calculated with mapped markers and greater than IAS249. 

A better precision of IAS values was reached with a
higher number of markers, meaning that more markers

are analysed and the more reliable the measurement is.
This raises the question of optimal number. Are 70, 60 or
50 markers enough? The fact that all the 20 dendrograms
obtained with 70 markers were in accordance with the
reference dendrogram R suggests that 70 are enough.
Sometimes, some minor modifications might be ob-
served, only for nodes with bootstrap values inferior to
80%. With 60 markers, most of the 20 dendrograms were
also similar to the reference dendrogram. As expected
from its IASACD values (lowest IAS values), and genetic
data (three-way hybrids compared to inbred lines or F1
hybrids), the mistmatchings concerned the genotype
‘ACD’. Therefore, we focused our investigation on
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Fig. 2 Dendrogram (R) of nine carrot accessions based on UP-
GMA analysis of Sokal and Michener’s similarity matrix calculat-
ed from 249 AFLP markers. The values on the dendrogram gives
the stability of nodes estimated with a bootstrap procedure (only
values >80%)

Fig. 3 Dendrogram obtained from 60 AFLP markers with Df >
4.20 (Df: IASACD249-IASACD60)



IASACD values in the different subsets to determine the
threshold IAS value for a reliable identification. Indeed,
carrot cultivar identification seems easier when geno-
types have high IAS values (Briard et al. 2000b) and, if
reliable identification is obtained for a genotype with a
low IAS, it should be true for other genotypes with high-
er IAS values.

In the situation of five data sets, resulting in a range
of Df (the difference between IASACD and its reference
IASACD249), dendrograms were not always in accord with
the reference dendrogram R. When Df was lower than
3.70, dendrograms were in complete accord with the ref-
erence dendrogram. When Df was higher than 3.70 but

lower than 3.95, only the ‘ACD’ genotype became poor-
ly identified. For higher Df values, the dendrograms were
quite different from the reference dendrogram (e.g.
Fig. 3, with ‘ACD’ separated from ‘D’). 

Through 5,000 draws, the number of Df values higher
than 3.70% is 0 with 70 markers, 12 with 60 markers and
35 with 50 markers (Table 2). A Df difference higher
than 4.20% occurred twice and 24-times with 60 and 50
markers respectively. We never got a Df > 4.2% with 70
markers. 
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Table 1 Mean (M IAS), standard deviation (SD IAS) and mini-
mum values (Min IAS) of IAS (Intravarietal Similarity) obtained
with 1,000 samplings of 20 to 70 mapped (m) or unmapped (nm)

markers for the nine accessions ‘A’, ‘Cf’, ‘AC’, ‘ACD’, ‘1’, ‘D’, ‘3’,
‘4’ and ‘5’

Table 2 Number of IASACD val-
ues contained in different class-
es of Df. Df is the difference be-
tween IASACD calculated with 50,
60 or 70 markers and IASACD249
calculated with 249 markers

Item No. of markers A Cf AC ACD 1 D 3 4 5

IAS249 249 98.78 96.03 96.59 86.70 91.07 95.28 96.18 93.38 95.73
M IAS% 20nm 99.39 96.86 98.70 87.59 91.79 95.64 97.01 94.93 96.51

20m 98.75 94.18 95.00 87.55 89.09 95.30 95.85 91.73 95.05
30nm 99.37 96.97 98.80 87.62 91.58 95.74 97.06 95.04 96.41
30m 98.72 94.12 94.81 87.44 88.89 95.30 95.79 91.75 95.02
40nm 99.38 96.99 98.82 87.48 91.73 95.71 97.09 94.97 96.50
40m 98.77 94.05 94.91 87.41 89.06 95.40 95.94 91.87 94.99
50nm 99.34 96.93 98.77 87.63 91.70 95.75 97.11 94.92 96.41
50m 98.77 94.23 94.85 87.40 88.96 95.38 95.83 91.89 95.05
60nm 99.39 96.98 98.80 87.60 91.67 95.71 97.07 95.03 96.43
60m 98.75 94.11 94.82 87.41 89.02 95.36 95.81 91.83 94.94
70nm 99.38 96.90 98.77 87.60 91.75 95.72 97.06 94.97 96.45
70m 98.73 94.07 94.84 87.47 89.04 95.35 95.80 91.75 94.92

SD IAS% 20nm 0.88 2.41 1.30 3.71 3.18 2.51 2.07 2.78 2.27
20m 1.46 2.79 2.96 3.95 3.74 2.71 2.42 3.47 2.84
30nm 0.69 1.76 0.98 2.93 2.49 1.85 1.52 2.05 1.76
30m 1.12 2.06 2.26 2.98 2.86 2.15 1.88 2.69 2.02
40nm 0.55 1.39 0.81 2.31 2.04 1.51 1.27 1.62 1.41
40m 0.92 1.83 1.82 2.43 2.28 1.63 1.49 1.99 1.71
50nm 0.46 1.14 0.66 1.88 1.61 1.26 1.03 1.35 1.16
50m 0.77 1.46 1.46 1.93 1.92 1.35 1.22 1.81 1.37
60nm 0.38 0.97 0.55 1.60 1.29 1.05 0.85 1.14 0.97
60m 0.61 1.17 1.23 1.64 1.53 1.13 1.03 1.45 1.16
70nm 0.30 0.81 0.43 1.30 1.05 0.83 0.68 0.90 0.78
70m 0.49 0.94 1.00 1.31 1.25 0.93 0.83 1.13 0.96

Min IAS% 20nm 96.80 88.13 93.75 75.20 81.60 85.63 90.63 82.40 88.13
20m 93.60 84.38 85.00 76.00 76.80 86.88 88.13 78.40 85.00
30nm 97.87 90.83 95.83 78.13 83.47 89.17 91.25 88.27 90.83
30m 95.73 87.08 84.17 76.00 79.20 88.75 89.58 81.87 88.75
40nm 98.40 92.19 96.88 78.40 86.00 90.94 93.44 90.00 91.88
40m 96.80 88.75 89.38 77.20 82.40 90.31 91.25 86.00 89.38
50nm 98.72 93.75 97.50 80.80 86.88 92.00 94.00 90.72 92.75
50m 97.44 89.50 90.00 79.52 83.04 91.25 91.50 85.60 89.75
60nm 98.93 94.79 97.92 82.93 87.47 92.71 95.00 92.00 93.96
60m 97.87 90.63 91.67 82.40 84.00 92.08 92.92 86.67 91.38
70nm 99.09 95.54 98.21 83.09 89.26 93.75 95.71 92.69 94.82
70m 98.17 91.43 92.50 83.09 85.14 93.21 93.93 88.57 92.68

Df (%) 3.20–3.44 3.45–3.69 3.70–3.94 3.95–4.20 >4.20

50 markers 31 21 0 11 24
60 markers 12 7 5 5 2
70 markers 1 2 0 0 0



Discussion

The breeders and curators proper genetic resource man-
agement needs a reliable genotype identification. Precise
characterisation of all the accessions is required for both
evaluation of the genetic variability of the collection and
detection of the duplicates. For any molecular identifica-
tion technique, precision can be improved by increasing
the number of analysed markers. For genetic distance 
estimations, various studies have related the number of
markers to the level of precision (Tivang et al. 1994;
Barbosa-Neto et al. 1997; Guérardi et al. 1998; Divaret
1999). No optimal number suitable for all the species can
be proposed. This number has to be determined on a 
species basis. Numerous authors considered that this
number may also be related to genome coverage. It has
been claimed that genetic distance precision may in-
crease by working with well-distributed markers on the
genome. However, very few studies were carried out on
the topic (Tivang et al. 1994; Karp et al. 1996; Laurie et
al. 1997).

In a previous paper, we suggested that well-distributed
mapped markers were no more efficient than randomly
chosen ones (Le Clerc et al. 2000) in varietal identifica-
tion of carrot genotypes. This analysis was performed
with very few marker subsets. In the present study, using
a new more-saturated map and excell software, we 
analysed 12.000 genome coverages, with markers non-
equally distributed on the linkage groups and, therefore,
on the genome. We stated that, in this situation, if bad
distributions occur, for example the existence of fully
uncovered linkage groups, we should obtain them ran-
domly.

The similarity between all the IAS mean values (from
MIAS20 to MIAS70) with their IAS249 reference can be 
explained by the high number of repetitions (1,000). To
assess the mapping efficiency, the standard deviation has
to be considered. Whatever the subset, the similarity 
between mapped and unmapped marker confirm that
markers distribution does not affect precision. Moreover,
the complete concordance of the reference dendrogram
with the 20 dendrograms constructed with either 70
mapped or unmapped markers validates this conclusion.
Therefore, we confirm that in the case of the carrot geno-
type analysis, mapped markers do not provide a more-
accurate estimation of genetic distances. Though, once
more, our results are respectively in accord with the 
results obtained in rice by Virk et al. (2000) and in oppo-
sition with those in rapeseed (Lombard 2000). Even if
some uncovered groups exist (as observed in our previ-
ous study) or if some chromosomal fragments (Virk et al.
2000) are missed, reliable identification is obtained.

Moreover, the efficiency of unmapped markers for
varietal identification of carrot cultivars is not only simi-
lar to the efficiency of mapped markers but maybe even
higher (MIASm always smaller to MIASnm). The IAS249,
being calculated from mapped and unmapped markers, is
obviously between both values. Virk et al. (2000) also
found that, depending on the degree of genetic relation-

ship between the parents of the initial cross used to gen-
erate the map, using mapped markers could also result in
a misleading pattern of diversity. However, in their data
sets another factor may interact: i.e. the number of poly-
morphic markers analysed, which logically decrease
with the distance separating the parents (data not given).
While this does not in any way invalidate their conclu-
sion, it would be interesting to clearly identify the role of
each factor (distance between the parents and the number
of markers) by using the same number of markers. In the
present study, the number of mapped and unmapped
markers is equal, and the distance between the parents is
relatively high. However, the two parents were even
more distant from the nine genotypes analysed as, 
respectively, of the Imperator type from the American
continent and of the Nantes type from France. This could
result in a slightly less-adapted set of markers. It would
be interesting to compare the present results with the 
efficiency of the same mapped markers for assessing the
diversity of other American imperator genotypes.

We previously showed that the quality of the markers
(mapped or unmapped) is not crucial, as opposed to their
number. Indeed, whether 70 markers or 60 markers were
used, Df was lower than 3.7% or occasionally higher
than 4.2%, respectively. Therefore, the threshold for 
mismatching of the dendrograms lies between the two
values. To determine this threshold, we studied five
dendrograms with different IASACD values in order to
obtain different Df values in this interval. To do so, we
used mapped markers, since, as previously shown, they
provide a higher Df. When Df was lower than 3.7%, the
results were fully reliable. When Df was higher than
3.95%, mismatchings were too important to consider the
results as accurate. Therefore, these two values can be
considered as two important thresholds. Only an appli-
cant will decide which one is the more adapted to his
current study, as explained below. Our last consideration
concerns the chance of obtaining a Df superior to the
above-mentioned threshold when working with 5,000
draws?

As shown in Table 2, the number of Df values higher
than 3.7% was inversely proportional to the number of
markers involved. With 60 markers, only 12 Df values
were higher than 3.7%, meaning that a 0.24% risk of not
obtaining a dendrogram fully similar to the reference
dendrogram exists. More precisely, we showed that for
4,988 dendrograms made from 5,000 draws, complete
accord with the reference dendrogram will be achieved;
for ten draws, we will get a dendrogram with minor vari-
ations and for two draws (0.04% risk), we will obtain a
dendrogram with more obvious differences (e.g. Fig. 3).
If we consider 50 markers, we take a 0.7% risk of being
superior to 3.7%. According to these results, in most of
the studies a total of 60 markers should be ample to
reach a high level of precision at minimal expense. How-
ever, the number of markers to be analysed will depend
on the level of precision required. In order to assess the
extent and level of genetic diversity in a collection, we
would recommend the use of 60 markers for a first anal-
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ysis. Then, for further analysis, the number of markers
should be increased if some genotypes are not well iden-
tified or if greater precision is required, such as the iden-
tification of duplicates. If total security is needed, as for
essential derivation evaluation, 70 markers will be used.

In conclusion, AFLP was highly efficient in assessing
the identification of closely related genotypes. With an
accurate estimation of intravarietal similarity values, 
we should be able to evaluate genetic distances and rela-
tionships between genotypes. Subsets of mapped or 
unmapped markers led to similar conclusions. In other
words, there is no advantage in using mapped markers
which require time-consuming and expensive prelimi-
nary work when no linkage map is available. Therefore
our future analyses will be conducted with unmapped
markers. A quantity of 60 markers is regarded as the 
optimal number for carrot-genotype identification, and
from this optimal number we will develop a procedure
to determine for each genotype the optimal number of
individuals to be analysed, depending on its genetic 
homogeneity.
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