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Abstract This paper introduces a novel sampling

method for obtaining core collections, entitled genetic

distance sampling. The method incorporates informa-

tion about distances between individual accessions into

a random sampling procedure. A basic feature of the

method is that automatically larger samples are ob-

tained if accessions are further apart and smaller

samples if accessions are closer together. Genetic dis-

tance sampling can be used in conjunction with pre-

defined stratifications of the accessions. Sample sizes

are determined automatically; they depend on the

distances between accessions within strata. The meth-

od is applied to the collection of cultivated lettuce of

the Centre for Genetic Resources, the Netherlands. In

this paper, genetic distances between accessions are

obtained using AFLP marker data. However, genetic

distance sampling can be applied using any measure of

genetic distance between accessions. Some properties

of genetic distance sampling are discussed.

Introduction

Gene banks have been founded with the aim to con-

serve the genetic diversity of crop species. This diver-

sity forms the raw material of plant breeding. If

possible, genetic diversity, also referred to as germ-

plasm, is conserved in the form of accessions: batches

of seed sampled from wild populations, traditional

landraces, modern cultivars, genetic stock or other re-

search material.

Many gene banks currently face problems caused by

the large sizes of collections, and the resulting costs of

maintaining these collections. This may endanger the

long-term conservation of the collections. In addition,

excessive collection sizes may hinder the accessibility

by the users of genetic diversity, such as plant breeders

(van Hintum et al. 2000). The concept of core collec-

tions was introduced by Frankel (1984). A core col-

lection is a collection of limited size with the aim to

represent the genetic diversity (or spectrum) of the

whole collection (Brown 1995). From this definition of

a core collection it follows that it should be avoided

that not only identical accessions but also similar (or

near-identical) accessions become part of a core col-

lection.

Several methods have been introduced for sampling

accessions from a gene bank collection to form a core

collection. These methods include simple random

sampling and stratified random sampling, but also

more sophisticated methods. Schoen and Brown (1993,

1995) describe a method (referred to as M strategy) by

which entries of the core collection are selected by

minimizing the overall probability that an allele pres-

ent in the gene bank collection is not retained in the

core collection. The computer program MSTRAT
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(Gouesnard et al. 2001) performs a generalized form of

the M strategy. In the case a gene bank collection has

been or can be divided in clearly distinct groups,

stratified random sampling should be the method of

choice (Brown 1989). With regard to stratified random

sampling sample sizes may be obtained using the con-

stant, the proportional or the logarithmic proportional

method (Brown 1989). Brown (1989) provides a

genetical justification for using the logarithmic pro-

portional method. In the above, stratification does not

involve information about the diversity between and

within strata. Schoen and Brown (1993, 1995) describe

a method (referred to as H strategy) by which sample

sizes are obtained by maximizing the expected number

of alleles retained in the core collection. Marita et al.

(2000) describe an algorithm to identify accessions that

are maximally diverse. A method for determining

sample sizes based on genetic distances was introduced

by Franco et al. (2005). Still, a major drawback of

random sampling is that it cannot prevent that similar

(or even identical) accessions are sampled from a gene

bank collection.

Recently, molecular genetic markers have been used

to characterize gene bank collections (Bretting and

Widrlechner 1995; van Hintum and van Treuren 2002).

Molecular genetic marker data can be used to calculate

distances between accessions. These distances can be

used to determine whether accessions are identical or

similar. However, if accessions are identical or similar

the problem remains which of the accessions should be

chosen as entries of the core collection. If no additional

information is available to support the choice of spe-

cific accessions, a form of random sampling should be

retained in order to sample entries of the core collec-

tion. In this paper, a novel method called genetic dis-

tance sampling will be introduced.

Genetic distance sampling combines random sam-

pling with information about genetic distances. The

basic idea of the method is to start by sampling one

accession at random and by discarding all accessions

within a given distance to the sampled accession. This

distance will be referred to as sampling radius. The

process is continued by randomly sampling an acces-

sion from the remaining accessions and by discarding

again all accessions within a given distance to the

sampled accession. This process is continued until the

set of remaining accessions is empty. If the sampling

radius is set equal to 0, only duplicates with regard to

the marker information will be removed. A major ef-

fect of genetic distance sampling is that clusters of

accessions are automatically represented by one

accession, or perhaps a few depending on the distances

within the clusters. The method automatically adapts

sample sizes depending on the genetic distances within

clusters.

The AFLP marker data used in this study were

generated in a much larger project aimed at charac-

terizing the entire lettuce collection of the Centre for

Genetic Resources, the Netherlands (CGN) with

molecular markers (van Hintum 2003).

Materials and methods

Data

A detailed description of the plant material, the DNA

extraction techniques and the AFLP analysis can be

found in Jansen et al. (2006). In this study, 1,287

accessions of Lactuca sativa from the CGN collection

are used. The CGN collection of L. sativa has been

divided into seven lettuce types: butterhead (repre-

sented by 668 accessions), cos (187), crisp (203), cutting

(138), latin (54), stalk (27) and oilseed (6). Each

accession is represented by a single series of binary

observations on 149 polymorphic AFLP markers. For

all accessions included in this study at least 90% of the

marker observations are present. The AFLP observa-

tions on any pair of accessions can be represented by

means of a 3 · 3 contingency table (Table 1).

Genetic distance sampling

Genetic distance

The genetic distance between two accessions used in

this paper, can be written as

D ¼ n01 þ n10

n00 þ n01 þ n10 þ n11
:

The quantity 1 – D is known as the simple matching

coefficient. An alternative, simple measure of genetic

distance is obtained by replacing the simple matching

coefficient with Jaccard’s similarity coefficient. A

general treatment of distance measures is given by

Gower (1971). A comparison of distance measures for

Table 1 Summary of observations on two accessions

Number of individuals Accession 2

No band Band Missing

Accession 1 No band n00 n01 n0u

Band n10 n11 n1u

Missing nu0 nu1 nuu
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genetic distance sampling goes beyond the scope of this

paper.

Genetic distance sampling

The starting point is a list of all accessions A1. Dis-

tances between accessions are assumed to be known.

Accessions that will be assigned to the core are sam-

pled one at a time.

The first entry of the core is sampled at random from

A1, and is called E1. Accessions with a distance to E1

smaller than the selection radius r are discarded from

the list of accessions A1; the new list of accessions is

called A2. The accessions that have been discarded are

put in a list called D1. The second entry of the core is

sampled at random from A2, and is called E2. Acces-

sions with a distance to E2 smaller than the selection

radius r are discarded from the list of accessions A2; the

new list of accessions is called A3. The accessions that

have been discarded are put in a list called D2. This

process is repeated until the list of accessions becomes

empty.

The above-described procedure leads to a list of

entries of the core, E1, E2,...,ES, in which S is the size of

the core. The size of the core S depends mainly on the

sampling radius r. Due to the nature of the sampling

procedure the value of S and the composition of the

final core collections will usually vary if the sampling

procedure is repeated. The procedure also leads to a

list of lists of accessions D1, D2,...,DS, which contain

accessions within a distance r to E1, E2,...,ES, respec-

tively.

Stratified genetic distance sampling

Accessions may have been grouped into accessions of a

different nature, e.g. accessions from different geo-

graphical regions may have been put in different

groups. A stratification of accessions can be taken care

of by adding an extra restriction to the distance

restriction. The elements of Ds should not only be

within a distance r from Es, they should also be of the

same stratum as Es(s = 1, 2,...,S). In this way, more

than one stratification can be applied simultaneously,

e.g. a two-way classification of accessions. Application

of genetic distance sampling ensures that in the core

each stratum is represented by at least one accession.

The actual numbers of individuals that are sampled for

different groups depend on the genetic distances within

those groups. Genetic distance sampling will auto-

matically sample more individuals from groups with

larger within-group distances than from groups with

smaller within-group distances.

Computations

Computations have been carried out using the statis-

tical package Genstat (Genstat Committee 2005) and

special purpose programmes written in C (Kernighan

and Ritchie 1988).

Results

Relationship between sample size and selection

radius

Initially, no distinction was made between the seven

lettuce types. Figure 1 shows the relationship between

the size of the core obtained using genetic distance

sampling, and the selection radius r. Figure 1 shows

that only small differences in sample size occur be-

tween runs with the same value of the selection radius.

By setting r to 0, it was found that only 1,117 distinct

‘AFLP profiles’ (87%) are present in the collection of

1,283 accessions of cultivated lettuce, using 149 poly-

morphic markers.

Comparison of genetic distance sampling with

stratified random sampling

As an example, Table 2 shows core sizes obtained with

genetic distance sampling and with stratified random
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Fig. 1 Relationship between the sample size (as percentage of
the entire collection) and the selection radius r for stratified
genetic distance sampling as obtained for the lettuce data. The
solid curve shows the average core size of 1,000 runs of stratified
genetic distance sampling. Dashes indicate minimum and
maximum core sizes
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sampling with a total sample size of 128 (10% of the

entire collection). For stratified random sampling the

proportionality rule and logarithmic proportionality

rule are used. Major differences occur between the

methods. First, genetic distance sampling and stratified

random sampling according to the proportionality rule

are considered. For the large groups, butterhead and

crisp, genetic distance sampling produces core sizes

which are smaller than those obtained with stratified

random sampling. For the other lettuce groups, genetic

distance sampling produces cores with are larger than

those obtained with stratified random sampling using

the proportionality rule.

Compared to genetic distance sampling and strati-

fied random sampling according to the proportionality

rule, stratified random sampling using the logarithmic

proportionality rule assigns comparatively large core

sizes to the lettuce types with a small number of

accessions in the collection (latin, stalk and oilseed).

Sampling within groups: stratified genetic distance

sampling

It is also possible to carry out sampling individuals

within lettuce types. Table 2 shows example results of

stratified genetic distance sampling. In this case, strat-

ified genetic distance sampling produces a larger core

than simple genetic distance sampling. This is due to

the overlap between lettuce types and the additional

restriction that sampled accessions and associated dis-

carded accessions should be of the same lettuce type.

In Fig. 2, the sampled proportions of accessions for the

seven lettuce types have been plotted against the cor-

responding average distances between accessions

within lettuce types. In Fig. 2, the value of r was set to

0.125, which provides total sample sizes that are on

average slightly smaller than 10% of the entire col-

lection. Figure 2 shows that within the range of values

the sampling proportions are approximately linear with

the average distances between accessions within let-

tuce types.

Band frequencies

For (stratified) random sampling procedures, the band

frequencies of AFLP markers in the sample are unbi-

ased estimates of the band frequencies of AFLP

Table 2 An example of core sizes obtained using genetic distance sampling with selection radius 0.108, using stratified random
sampling (proportional and logarithmic strategy) and using stratified genetic distance sampling with selection radius 0.108

Type Collection Number of accessions in core

Number of
accessions

Genetic distance
sampling, r = 0.108
(example)

Stratified
random
sampling (P)

Stratified
random
sampling (L)

Stratified genetic
distance sampling,
r = 0.108 (example)

Butterhead 668 30 66 27 32
Cos 187 36 19 22 43
Crisp 203 15 20 22 21
Cutting 138 31 14 20 41
Latin 54 8 5 17 17
Stalk 27 6 3 14 9
Oilseed 6 2 1 6 3
Total 1,283 128 128 128 166

For the stratified random sampling approaches, the total number of accessions in the core was set to 10% of the total number of
accessions in the entire collection
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Fig. 2 Average percentages of sampled accessions for the seven
lettuce types obtained using stratified genetic distance sampling
(r set to 0.125) plotted against average distances between
accessions within lettuce types in the entire collection. Average
percentages of sampled accessions are based on 1,000 samples.
Dashes indicate minimum and maximum percentages of sampled
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markers in the entire collection. For random sampling

procedures, all accessions that have not been sampled

in the current round of sampling have a probability

equal to 1 divided by the remaining number of acces-

sions of being sampled in the next round. However, for

genetic distance sampling all accessions that have not

been sampled until the current round of sampling have

either probability 0 of being sampled in the next round

of sampling (i.e. if they are within a distance r of an

individual sampled already) or a probability equal to 1

divided by the remaining number of accessions of

being sampled in the next round of sampling. As a

consequence, genetic distance sampling may provide

biased estimates of the band frequencies of the AFLP

markers.

For six lettuce types, Fig. 3 shows the averages of

the band frequencies of the AFLP markers in the

sample obtained using 1,000 runs of stratified genetic

distance sampling versus the band frequencies of the

AFLP markers in the entire collection. For random

sampling procedures, the averages based on 1,000 runs

are very close to the line of equality (results not

shown). For stratified genetic distance sampling, the

averages deviate considerably from the line of equality,

in a systematic as well as in a random manner. The

dashed curve represents a third-degree polynomial,

which is forced through the points (0,0), (0.5,0.5) and

(1,1). The formula for this polynomial may be written

as y = x + a(1/2x – 3/2x2 + x3), in which y represents

the average band frequency in the sample and x rep-
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Fig. 3 Average band
frequencies of AFLP markers
in samples (y) obtained using
stratified genetic distance
sampling (r = 0.125) plotted
against the corresponding
band frequencies in the entire
collection (x). The averages
are based on 1,000 samples.
The solid lines represent the
line of equality. The dashed
curves represent the line
y = x + a(1/2x – 3/2x2 + x3).
Estimates of â for the
different lettuce types and the
corresponding standard errors
(s.e.) have been obtained
using linear regression (using
x as an offset variable)
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resents the band frequency in the entire collection. For

a = 0, the line of equality is obtained. For all lettuce

types, the value of a (values shown in Fig. 3) has been

found to be significantly greater than 0. As a conse-

quence, for AFLP markers with a band frequency close

to 0 (1) in the entire collection, the band frequency is

on average increased (decreased) in the sample.

The above results may also have major conse-

quences for the probability that an AFLP marker

which is polymorphic in the entire collection becomes

non-polymorphic in the sample. This probability will

be denoted by the acronym PLP (probability of loss of

polymorphism). Figure 4 shows the results of a com-

parison of stratified random sampling (L strategy) and

genetic distance sampling. It may be concluded from

Fig. 4 that for the crop types butterhead, cos, crisp and

cutting the values of PLP obtained for stratified genetic

distance sampling are in general much smaller than

corresponding values of PLP obtained for stratified

random sampling (L strategy). For lettuce types, latin

and stalk the advantage of stratified genetic distance

sampling over stratified random sampling (L strategy)

is much smaller.

Discussion

(Stratified) genetic distance sampling provides an effi-

cient procedure for incorporating distances between

accessions into a random sampling framework. It

avoids the tedious computations that are required by

optimization procedures and is intuitively clear. Ge-
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Fig. 4 Probability of loss of
polymorphism for stratified
genetic distance sampling
with r set to 0.125 plotted
against PLP for stratified
random sampling (L strategy;
sample sizes shown in
Table 2). Values have been
obtained using 1,000 samples
for each of the sampling
methods
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netic distance sampling still requires specially written

software. Distance information can be used in con-

junction with simple, random sampling. It can also be

incorporated into stratified, random sampling by putt-

ing a further restriction on accessions to be discarded

from sampling, namely that they should not only be

within the sampling radius of a sampled accession but

also of the same type (stratum) as the sampled acces-

sion. Other restrictions on the sampling would also be

possible, such as geographical restrictions. For exam-

ple, accessions can only be discarded if they have been

collected within a certain geographical distance from

the sampled accession they are genetically associated

with (Charmet and Balfourier 1995).

A major advantage of genetic distance sampling is

that a relatively small number of accessions are sam-

pled from groups that are homogeneous, and that a

relatively large number of accessions are sampled from

groups that are heterogeneous. The same idea is used

by Franco et al. (2005). Their D allocation determines

the size of the sample drawn from a cluster to be

proportional to the mean distance between individuals

within that cluster. Genetic distance sampling does not

require prior determination of clusters. This avoids

arbitrary decisions involved in clustering methods; for

example, decisions about how to define distances be-

tween groups.

The core size obtained by genetic distance sampling

depends on the selection radius r. Figure 1 shows that

very little variation about the relationship between the

core size S and the sampling radius r is present. As a

consequence, a value of r, for which S(r) � S0, in which

S0 is the required size of the core, can be obtained by

simple optimization techniques, or simply by increasing

(decreasing) the value of r if the core size becomes too

large (small).

Genetic distance sampling does not only determine

a core collection. Each accession not included in the

core is associated with an accession in the core, the

distance between the two accessions being smaller than

the sampling radius r. Due to the random nature of the

sampling procedure accessions not included in the core

are not necessarily associated with the nearest acces-

sion in the core. The outcome of the sampling proce-

dure can be further improved by determining for each

accession not included in the core the nearest accession

in the core (taking the stratification of the accessions

into account). The association of accessions in the

collection to an accession in the core may assist the

user of gene banks in finding alternatives for accessions

in the core collection, or in extrapolating knowledge

about accessions in the core to accessions in the col-

lection.

Instead of, or in addition to, the AFLP fingerprints

used in this paper, other of variables of a different

nature (qualitative and quantitative measurements)

can be integrated in a distance measure (Gower 1971).

This allows a more general applicability of genetic

distance sampling than to molecular marker data, en-

abling the creation of core collections based on very

basic characterization information in conjunction with

a stratification based on passport data.

Schoen and Brown (1993, 1995) proposed methods

(H strategy, M strategy) for obtaining core collections

of fixed size using optimization. In this case, these ap-

proaches tend to obtain samples of accessions for

which the band frequencies of AFLP markers are pu-

shed away from the boundaries 0 and 1. This appears

also the case with (stratified) genetic distance sampling,

but not with random sampling strategies.

So far, genetic distance sampling has only been ap-

plied using AFLP marker data obtained in a gene bank

collection of cultivated lettuce. Full-scale application

of genetic distance sampling would require successful

applications on data from several plant collections

using data of various types (marker data, phenotypic

data). A further study will include a comparison of

genetic distance sampling and (stratified) random

sampling and also a comparison various distance

measures. Cross-validation will be a useful tool for

investigating the efficiency of genetic distance sampling

with regard to capturing genetic variation. Successful

practical application of genetic distance sampling also

requires easily accessible computer software.
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Appendix

In order to provide a mathematical description of the

relationship between the average band frequencies of

AFLP markers in samples obtained using genetic dis-

tance sampling (y) and the corresponding band fre-

quencies in the entire collection (x) a third-order

polynomial was used:

y ¼ f ðxÞ ¼ ax3 þ bx2 þ cxþ d:

This function provides enough flexibility to describe

the relationship between y and x. Since the band

frequency of non-polymorphic AFLP markers remain

unchanged under any sampling procedure, f(0) = 0,

leading to d = 0, and f(1) = 1, leading to c = 1 – a – b.

As a consequence,
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f ðxÞ ¼ aðx3 � xÞ þ bðx2 � xÞ þ x: ð1Þ

Since the simple matching coefficient treats the

presence of bands in the same way as the absence of

bands, it follows that f(1/2) = 1/2, leading to b = –3/2 a.

As a consequence,

f ðxÞ ¼ a x3 � 3

2
x2 þ 1

2
x

� �
þ x: ð2Þ

In order to achieve that the function f(x) is non-

decreasing, the value of a should be smaller or equal to

4. If a is positive (negative), the slope of f(x) is greater

(smaller) than unity if x is either close to 0 or 1.

Using the least-squares criterion, the function

g(x) = f(x) – x can be fitted to the data by simple linear

regression with zero intercept. For the data used in this

study expression (1) did not provide a significantly

better fit to the data compared to expression (2).

Therefore, only results using expression (2) have been

presented. It would also be possible to use weighted

linear regression with weights proportional to 1/x(1 –

x). This would give more weight to points with x close

to 0 or 1 in comparison to points with x close to 1/2. For

the current data this leads to even larger estimates of a.
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