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ABSTRACT
Many AFLP studies include relatively unrelated genotypes that contribute noise to data sets instead of

signal. We developed: (1) estimates of expected AFLP similarities between unrelated genotypes, (2)
significance tests for AFLP similarities, enabling the detection of unrelated genotypes, and (3) weighted
similarity coefficients, including band position information. Detection of unrelated genotypes and use of
weighted similarity coefficients will make the analysis of AFLP data sets more informative and more reliable.
Test statistics and weighted coefficients were developed for total numbers of shared bands and for Dice,
Jaccard, Nei and Li, and simple matching (dis)similarity coefficients. Theoretical and in silico AFLP
fragment length distributions (FLDs) were examined as a basis for the tests. The in silico AFLP FLD based
on the Arabidopsis thaliana genome sequence was the most appropriate for angiosperms. The G � C content
of the selective nucleotides in the in silico AFLP procedure significantly influenced the FLD. Therefore,
separate test statistics were calculated for AFLP procedures with high, average, and low G � C contents
in the selective nucleotides. The test statistics are generally applicable for angiosperms with a G � C
content of �35–40%, but represent conservative estimates for genotypes with higher G � C contents. For
the latter, test statistics based on a rice genome sequence are more appropriate.

AFLP is a DNA fingerprinting technique developed ficient, is used as a measure for genetic or phenetic
by Keygene N.V. (Vos et al. 1995). The technique relationship. Various coefficients have been developed

consist of four steps: (1) digestion of DNA with two to quantify (dis)similarity, mainly differing in the
restriction enzymes, (2) ligation of double-stranded oli- weighting of comigrating relative to noncomigrating
gonucleotide adapters to the restriction fragments, (3) fragments (see, e.g., Nei and Li 1979; Rohlf 1993).
selective PCR amplification of the ligated fragments with The assumption that all comigrating fragments are
specific PCR primers that have selective nucleotides at identical is an oversimplification of the actual situation
their 3� end, and (4) separation of the amplified frag- (Vekemans et al. 2002). In reality, a certain fraction of
ments on a denaturing polyacrylamide gel. On this gel, fragments will be comigrating by chance only, while
the fragments are separated by their length. Inclusion having distinct sequences. Because these fragments will
of a base-pair ladder enables determination of the exact be scored as identical, their presence leads to an overes-
length of each fragment. timation of the similarity among genotypes. The pres-

In recent years, AFLPs have become a popular tool ence of nonidentical fragments comigrating across ge-
for relationship studies (Mueller and LaReesa notypes was demonstrated in actual data sets of Solanum
Wolfenbarger 1999). In these studies, the AFLPs are tuberosum (Rouppe van der Voort et al. 1997), Cardui-
scored as dominant anonymous markers. Dominant nae thistles (O’Hanlon and Peakall 2000), and Hord-
scoring of AFLPs means that each fragment is scored eum species (El-Rabey et al. 2002). The presence of
as either present or absent and that the fragments are nonidentical fragments comigrating within genotypes
assumed to occur independently of each other. Scoring was demonstrated in Beta (Hansen et al. 1999) and
as anonymous markers means that the fragments are Glycine max (Meksem et al. 2001). The proportion of
recognized only by their length, while their sequence comigrating nonidentical fragments ranged from at
is unknown. Fragments of the same length, which are least 10% within genotypes or among closely related
comigrating on a gel, are assumed to be identical. The genotypes (Rouppe van der Voort et al. 1997; Hansen
fraction of fragments comigrating across genotypes, ex- et al. 1999; Meksem et al. 2001) to 100% for pairs of
pressed in some way by a similarity or dissimilarity coef- genotypes from more distantly related taxa (O’Hanlon

and Peakall 2000). Given the proportions of comigrat-
ing nonidentical bands, a serious overestimation of pair-
wise similarities among genotypes can be expected. In-1Corresponding author: Plant Research International B.V., 6700 AA,

Wageningen, The Netherlands. E-mail: wim.koopman@wur.nl deed, Karp et al. (1996) noted that the occurrence of
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nonidentical comigrating AFLP fragments may pose se- The use of empirical data involves the risk of introduc-
ing methodological error into the calculations resultingrious problems for the application of AFLPs in relation-

ship studies, but the issue was largely ignored in litera- from the AFLP procedure itself. Such errors may in-
clude, e.g., biases in fragment amplification or in scoringture thereafter.

In this study, we quantify the occurrence of nonidenti- of bands. Theoretically derived or in silico-generated
FLDs do not have this drawback.cal comigrating AFLP fragments for AFLP procedures

with restriction enzymes EcoRI/MseI. The estimates are Theoretical distributions may be preferred over in
silico distributions, because they are exactly formulated,used to (1) determine the expected numbers of comi-

grating nonidentical bands and (2) develop significance using explicit assumptions and parameter settings. In
this article, we examine the length distribution for AFLPtests for AFLP similarities. As a basis for the significance

tests we determine and evaluate theoretical AFLP frag- fragments proposed by Innan et al. (1999) as a theoreti-
cal basis on which to estimate the proportion of non-ment length distributions based on Innan et al. (1999)

and in silico AFLP fragment length distributions (FLDs) identical bands comigrating across genotypes. To our
knowledge, no alternative AFLP FLD has been pro-based on the complete Arabidopsis thaliana (L.) Heynh.

genome sequence (Arabidopsis Genome Initiative posed yet.
Use of in silico AFLP FLDs has the drawback that the2000). Using the A. thaliana (hereafter, Arabidopsis)

FLD, we estimate the probability distribution of the distribution itself has to be estimated from the available
genome data. Therefore, it is inherently subject to un-number of nonidentical AFLP bands comigrating across

genotypes. From this distribution, we determine expec- certainty because of estimation error and limited by the
availability and representativeness of the genome data.tations and 95 and 99% critical values for band numbers

and (dis)similarity coefficients Dice, Jaccard, Nei and However, in silico AFLP data also have two major advan-
tages. First, the AFLP fragments represent an actualLi, and simple matching (Nei and Li 1979; Rohlf 1993).

The critical values can be used to test the significance genome. Thus, their distribution is not subject to as-
sumptions that underlie theoretical models. Second,of a given pairwise similarity among angiosperm geno-

types. If desired, genotypes that do not contribute sig- when the procedure is performed properly, no frag-
ments will be lost due to methodological errors, and allnificant relationship information can be removed from

a data set. Determination of the expected numbers of possible fragments will be represented in the AFLP data
set. Here, we examine an in silico FLD based on thecomigrating nonidentical bands also yielded informa-

tion on the underlying band length distribution proba- genome sequence of the model plant Arabidopsis as an
alternative to the theoretical distribution of Innan et al.bilities. However, the usual similarities calculated using

the Dice, Jaccard, Nei and Li, and simple matching (1999). All statistical procedures were performed in SAS
Release 8.00 (SAS Institute, Cary, NC).coefficients ignore this information, assuming identical

probabilities for all bands. As an alternative, we propose Theoretical AFLP fragment length distributions:
Innan et al. (1999) describe AFLP FLDs for EcoRI andsimilarity coefficients that weight the AFLP bands ac-

cording to their band length distribution probabilities. MseI restriction enzymes under the assumption of (1)
a random nucleotide sequence under the Jukes andIt is expected that the use of the significance tests and

weighted similarities will make the analysis of AFLP data Cantor model [equal base frequencies C � A � T �
G � 0.25, and all substitutions equally likely (Jukes andsets more informative and more reliable.
Cantor 1969)]; (2) nucleotide changes as sole cause
of changes in DNA sequence; and (3) a haploid genome.

METHODS AND RESULTS
They showed that both EcoRI/EcoRI and EcoRI/MseI frag-
ments follow the same truncated geometric distributionGeneral strategy: The number of nonidentical AFLP

bands comigrating across genotypes depends on the G(L) � ((1 � A)AL�Lmin)/(1 � ALmax�Lmin�1), in which L
number of bands scored for each genotype, the number is the length of the AFLP fragments, Lmin and Lmax are

the minimum and maximum possible lengths of theof possible band lengths for the genotypes (i.e., the
number of discrete band positions possible within a fragments considered, and A � (1 � probability of for-

mation of new EcoRI site)(1 � probability of formationselected scoring range), and the length distribution of
the AFLP fragments. Note that one AFLP band may of new MseI site). The probability of formation of a

restriction site equals the multiplied relative frequenciescontain multiple fragments (discussed later). In empiri-
cal data sets, the number of possible band positions and of the individual nucleotides required for such a site

(GAATTC for EcoRI, TTAA for MseI). Under the assump-the number of bands for each genotype are known; only
the FLD remains to be determined. The distribution tion of equal frequencies of occurrence for all four

nucleotides as made by Innan et al. (1999), A � (1 �can be obtained in several ways, e.g., (1) derived from
AFLP band data in empirical data sets, (2) calculated 0.256)(1 � 0.254).

To examine the influence of nucleotide frequenciesusing theoretical FLDs, and (3) determined in silico, if
representative genome sequence data (preferably entire on the AFLP FLD, we calculated distributions for various

ratios of A � T vs. G � C. A literature survey revealedgenomes) are available.
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validation (SAS PROC INSIGHT) resulted in an unsatis-
factory smoothing level and a spline oscillating around
the one chosen by eye. The smoothing spline and the
relative frequency distribution of the in silico AFLP frag-
ments are depicted in Figure 2. Fragment lengths range
from 32 to 1024 bp.

To compare the in silico AFLP FLD with the theoreti-
cal distribution of Innan et al. (1999), we calculated a
theoretical distribution using the nucleotide frequen-
cies from the Arabidopsis genome sequence (G � C �
0.18 and A � T � 0.32 for all five chromosomes). Figure
2 shows a clear difference between the theoretical and
the in silico FLD. Compared to the theoretical distribu-

Figure 1.—Theoretical AFLP FLDs based on Innan et al. tion, the in silico distribution shows a lack of smaller
(1999) for a genome with 35% G � C (A), 40% G � C (B), bands (�179 bp) and an excess of larger bands (�17945% G � C (C), and 50% G � C (D), respectively. The uniform

bp). The difference may originate in the nucleotidedistribution (E; equal probability for all fragments) is given
sequence model employed by Innan et al. (1999), whichas a reference.
was probably too simple to adequately describe the Ara-
bidopsis in silico FLD (see discussion). Given the limita-
tions of the theoretical model and the fact that, in con-that the G � C contents of the majority of plants ranged

between 35 and 50% (see, e.g., Marie and Brown 1993; trast, the Arabidopsis in silico FLD reflects an actual
genome sequence, we consider the Arabidopsis distribu-Barow and Meister 2002). However, various plant

groups showed different G � C contents. The average tion to be the more accurate basis for our significance
tests for AFLP similarities.G � C content was 37% for gymnosperms, 40% for

dicotyledons, 41% for ferns, 44% for monocotyledons, The in silico AFLP FLD was generated without selective
nucleotides to obtain the highest possible number ofand 45% for algae. Viscum album possibly occupies a

special position with only 30% G � C (Nagl and Stein AFLP fragments. In practice, however, selective nucleo-
tides are always employed in AFLP procedures on plants.1989), although Marie and Brown (1993) reported

39% G � C. We covered the G � C range by calculating To test the influence of selective nucleotides on the
AFLP FLD, we performed additional in silico AFLP runsseparate AFLP FLDs for 35, 40, 45, and 50% G � C.

The nucleotide frequencies of A in the formula of with three �1/�1 selective nucleotide combinations:
A/C (the most commonly used single-nucleotide combi-Innan et al. (1999) were adjusted accordingly, with equal

splitting of percentages over A � T and G � C nucleo- nation), T/A (the nucleotides with the highest fre-
quency in the Arabidopsis genome), and C/G (the nu-tides. For easy comparison with empirical data sets, all

fragment and band lengths that are reported in this cleotides with the lowest frequency in the Arabidopsis
genome). A two-sample Kolmogorov-Smirnov test (SASarticle include adapter sequences.

Figure 1 depicts the AFLP FLDs for 35–50% G � PROC NPAR1WAY) showed a significant influence of
T/A (P � 0.002) and C/G (P � 0.001) selective nucleo-C. The distributions show that the probability that a

fragment will occur decreases with increasing fragment tides on the FLD. The distribution for selective nucleo-
tides A/C did not differ significantly from that withoutlength for all G � C contents. The shape of the distribu-

tion is also influenced by the base composition: low G � selective nucleotides (P � 0.62). Figure 2 illustrates the
influence of selective nucleotides on the in silico AFLPC contents yield relatively high frequencies of smaller

fragments, while high G � C contents yield relatively FLD. The use of T/A selective nucleotides results in an
overrepresentation of shorter fragments (�107 bp) andhigh frequencies of longer fragments. The uniform dis-

tribution (all fragment lengths equally likely) is given an underrepresentation of longer fragments (�107 bp).
The use of C/G selective nucleotides results in an over-as a reference.

Arabidopsis in silico AFLP fragment length distribu- representation of longer fragments (�107 bp) and an
underrepresentation of shorter fragments (�107 bp).tions: Sequence data of the entire Arabidopsis genome

sequence were obtained from The Institute for Genomic The difference indicates that selection of AFLP frag-
ments using selective nucleotides is not a random pro-Research through the web site at http://www.tigr.org.

The Arabidopsis in silico AFLP was performed using the cess (see discussion).
Each fragment in an AFLP profile contains a discreterestriction enzyme sequences of EcoRI/MseI without any

selective nucleotides. The probability distribution of the number of nucleotides. If properly measured, the
length of a fragment equals this number of nucleotides.fragment lengths was estimated by fitting a cubic smooth-

ing spline and rescaling properly, using SAS PROC IML. Given the discrete nature of the AFLP fragment lengths,
the AFLP FLDs are discrete distributions. In Figures 2The smoothing parameter of the spline (200.000) was

chosen by eye. The more objective approach of cross- and 4, however, the AFLP FLDs appear as continuous
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Figure 2.—Relative frequency distri-
bution of fragments resulting from in
silico AFLP on the Arabidopsis genome
sequence without selective nucleotides
(frequencies for each length class are
denoted by dots). (A) Smoothed FLD
resulting from in silico AFLP on the Ara-
bidopsis genome sequence without se-
lective nucleotides (note that this distri-
bution is not significantly different from
a distribution with A/C selective nucleo-
tides). (B) Smoothed FLD resulting from
in silico AFLP on the Arabidopsis ge-
nome sequence with T/A selective nu-
cleotides. (C) Smoothed FLD resulting
from in silico AFLP on the Arabidopsis
genome sequence with C/G selective nu-
cleotides. (D) Theoretical AFLP FLD
based on Innan et al. (1999) for a ge-
nome with 36% G � C. Fragment lengths
range from 32 to 1024 bp.

distributions, because the large number of possible comigrating across genotypes may contain both identi-
lengths makes it impossible to visualize the actual dis- cal and nonidentical fragments, while nonidentical
creteness. For the in silico AFLPs without selective nucle- bands comigrating across genotypes each may contain
otides, Figures 2 and 4 show both the smoothed discrete multiple nonidentical fragments. The phenomenon of
FLDs (line A in Figure 2; lines A and B in Figure 4) and nonidentical comigrating fragments (both within and
the nonsmoothed discrete FLDs (probability in each across genotypes) is known as size homoplasy (Veke-
length class depicted by a dot). All statistical procedures mans et al. 2002). In most relationship studies this size
in this study are based on the discrete smoothed distri- homoplasy is ignored, and only the presence or absence
butions. As a consequence, band lengths used as input of AFLP bands is recorded. As a result, the similarities
for the statistical tests developed in our study should be calculated in these studies are based on AFLP band
discrete (i.e., integer) values. similarities rather than on AFLP fragment similarities.

AFLP fragments and AFLP bands: Similarities in For significance tests to be readily applicable in such
AFLP patterns result from fragments that are comigrat- relationship studies, the test statistics should be derived
ing across genotypes, and two types of such fragments from the numbers and positions of nonidentical bands
can be distinguished: first, fragments that share the comigrating across genotypes. To account for the size
same sequence and originate from the same loci (comi- homoplasy, however, information on the numbers and
grating identical fragments; these fragments reflect the positions of nonidentical fragments comigrating across
genetic similarity among genotypes); and second, frag- genotypes should be included as well. We constructed
ments having different sequences, originating from dif- a series of significance tests that meet both demands.
ferent loci (comigrating nonidentical fragments; these To our knowledge, there is no straightforward analytical
fragments comigrate by chance only, and do not reflect procedure to calculate the relationship between the
genetic similarity). Genotypes that are too distantly re- numbers of AFLP fragments and numbers of AFLP
lated for the AFLP technique to detect any relationship bands. Therefore, we estimated this relationship using
information (called “unrelated” hereafter) share only Monte Carlo simulations.
the second type of fragments. Therefore, an estimate Significance tests for pairwise AFLP band similarities:
of the number of nonidentical fragments comigrating The significance tests for pairwise AFLP band similari-
across genotypes is an estimate of the lower boundary ties were developed in three steps. In the first step,
for fragment similarity to indicate relationship. We use probability distributions, P, of the numbers of noniden-
this number to derive test statistics for significance tests tical bands comigrating across genotypes were deter-
on pairwise AFLP similarities between genotypes. mined. In the second step, from P the expectation,

In an ideal situation, each AFLP band consists of only standard deviation, and approximate critical values (95
one AFLP fragment, enabling a one-to-one translation and 99%) of numbers of nonidentical bands comigrat-
of AFLP fragments into AFLP bands. In that case, test ing across genotypes were determined. In the third step,
statistics for significance tests can be based directly on the same quantities were determined for four widely
the numbers of nonidentical fragments comigrating employed (dis)similarity coefficients.
across genotypes. In practice, however, an AFLP band

1. For each pairwise comparison, two independentoften contains multiple fragments that are comigrating
within the same genotype. As a result, identical bands AFLP band patterns were generated with the appro-
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priate numbers of bands (e.g., 50 and 60). The band c � d). Nei and Li � (1 � Dice). To make our tests
patterns were generated by randomly drawing frag- readily applicable in relationship studies employing
ments from the smoothed Arabidopsis AFLP FLD. the above coefficients, we used the numbers of non-
Note that the fragments are drawn only from the identical bands comigrating across genotypes to get
part of the Arabidopsis AFLP FLD corresponding to (dis)similarity values. The recalculations involved
the scoring range of interest (e.g., 50–500 bp). The two steps. First, probability distributions for all four
numbers of fragments needed for each band pattern coefficients were calculated, on the basis of the prob-
were often higher than the numbers of bands in the ability distribution of the number of comigrating
patterns, because some of the fragments ended up bands, P. Next, expected values and approximate
in the same bands. The difference between the num- critical values (95 and 99%) were determined from
bers of fragments and the numbers of bands indicates these distributions as described previously.
the amount of size homoplasy in the band pattern

The entire procedure has been incorporated in the(see also Nonidentical AFLP fragments comigrating within
computer program AFLSIM, which can be downloadedgenotypes).
from http://www.dpw.wur.nl/biosys/AFLSIM_UK.html.To determine the number of fragments to be

drawn from the AFLP FLD in an unbiased way, we The program can be used to test the significance of
repeatedly drew a fragment count from a uniform AFLP similarities in empirical data sets with scoring
distribution. Next, a number of fragments equal to ranges between 34 and 1024 bp (related to the limits
the fragment count was drawn from the smoothed of the Arabidopsis AFLP FLD). The minimum number
Arabidopsis FLD, and the resulting number of AFLP of AFLP bands per genotype should be 1, and the maxi-
bands was determined. The procedure was repeated mum equals half the number of band positions available
until the appropriate numbers of bands (e.g., 50 and within the employed scoring range. Band lengths should
60) were reached in both AFLP patterns. For these be input as discrete (i.e., integer) values. As an example,
numbers of bands, the number of bands comigrating Figure 3 and Table 1 show results for the widely em-
across both AFLP patterns was determined and re- ployed scoring range 50–500 bp and an AFLP procedure
corded. The entire procedure was repeated 1,000,000 with A/C selective nucleotides. Figure 3 shows the rela-
times, and the probability distribution P was esti- tionship between the number of bands scored in each
mated from the scores of all 1,000,000 replications. of two genotypes and the expected number of bands

2. In the second step, expected numbers of nonidenti- shared. Table 1 gives an overview of the test statistics.
cal bands comigrating across genotypes (i.e., ex- The expected (dis)similarities in the table indicate the
pected numbers of bands comigrating by chance), level of (dis)similarity expected in unrelated genotypes.
standard deviation, and approximate critical values Pairwise (dis)similarities exceeding the critical values
(95 and 99%) were determined from the probability indicate significant phenetic or genetic similarity.
distribution P. Because the variables under study are For the calculations in Table 1, we assumed that all
discrete, exact 95 and 99% critical values could not band positions available in the scoring range were pres-
be calculated. Instead, approximate values were de-

ent in the data set. As a result, a relatively large propor-
termined by interpolation.

tion of the band positions showed 0/0 matches (i.e., no3. In most relationship studies, similarity among geno-
band present in either of the genotypes compared).types is reported using (dis)similarity coefficients
Because 0/0 matches are counted as similarity in therather than numbers of comigrating bands. These
simple matching coefficient, this causes a relatively highcoefficients somehow express the proportion of co-
minimum simple matching value (Table 1, bottom, col-migrating relative to noncomigrating bands. A litera-
umn 10). The number of 0/0 matches does not influ-ture survey showed that the majority of studies em-
ence the Dice, Nei and Li, and Jaccard similarity. Conse-ployed Dice similarity (Dice 1945) or Nei and Li
quently, the theoretical minimum value of thesedistance (Nei and Li 1979), while Jaccard (Jaccard
coefficients is always 0, regardless of the number of1908) and simple matching (Sokal and Sneath
0/0 matches in the data set.1963) similarity are also widely employed. For a given

The maximum possible (dis)similarity values (givenpair of genotypes, let xi � 0 when no AFLP band is
the observed band numbers; see Table 1) illustrate anpresent at position i in genotype 1, and xi � 1 when
often overlooked peculiarity of Dice, Jaccard, Nei andan AFLP band is present at position i in genotype 1.
Li, and simple matching pairwise (dis)similarities: theyLikewise, yi � 0 or 1 for genotype 2. For a scoring
can be unity (or 0 in the case of Nei and Li distance)range 1–N, let si � 1 when a certain band position
only when AFLP band numbers in both genotypes areis scored a data set and si � 0 when a band position
identical. Table 1 shows that the maximum possibleis not scored. Let a � �N

i�1xiyisi, b � �N
i�1xi(1 � yi)si ,

similarity rapidly decreases with increasing differencec � �N
i�1(1 � xi)yisi, and d � �N

i�1(1 � xi)(1 � yi)si.
in band number between genotypes. Comparison withThen Dice � 2a/(2a � b � c), Jaccard � a/(a �

b � c), and simple matching � (a � d)/(a � b � the critical values corresponding to the unequal band
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the number of bands scored, the number of discrete
band positions available within the scoring range, and
the AFLP FLD. Table 2 illustrates the size homoplasy
for a wide series of scoring ranges and band numbers.
The table shows that the amount of size homoplasy
increases with increasing numbers of bands and with
decreasing scoring range. In empirical data sets, the
occurrence of multiple fragments in AFLP bands has
already been demonstrated for Beta and G. max (Han-
sen et al. 1999; Meksem et al. 2001).

Weighted similarity coefficients including band posi-
tion information: In the previous sections, a procedure
was developed to test the significance of AFLP-based
similarities. The procedure can be used to test similari-
ties that were calculated according to various well-known
similarity coefficients. The relationship between band
length and band presence is incorporated in the tests
using the Arabidopsis AFLP FLD. However, this relation-
ship is not accounted for in the similarity coefficients
themselves, since all bands are equally weighted in the
existing coefficients.

Figure 3.—Relationship between number of bands scored To make the existing similarity coefficients more in-
in each of two genotypes and the expected number of bands formative, we propose an adjustment of these coeffi-
shared. The lines depict whole numbers of expected shared cients by weighting the bands with the inverse proba-bands; the actual numbers are inserted in the lines at the

bilities of their occurrence in an AFLP profile. Thebottom and the right side of the plot. The plot corresponds
rationale behind this is that long bands have a smallerto a scoring range of 50–500 bp and an AFLP procedure with

A/C selective nucleotides. probability of occurring than short bands do, and there-
fore they have a larger probability of contributing reli-
able information to a data set. Consequently, long bands

numbers shows that such (dis)similarities, although low, should contribute more to the overall similarity values.
may still be significant. A proper weighting scheme can be derived from the

Nonidentical AFLP fragments comigrating within ge- Arabidopsis AFLP FLD. In the section on Arabidopsis in
notypes: When simulating band patterns for the proba- silico AFLP FLDs, we demonstrated that the Arabidopsis
bility distribution P, we were surprised by the high AFLP FLD is a reliable basis for describing the probabili-
amount of size homoplasy. The number of bands con- ties of occurrence of AFLP fragments and hence of
taining multiple fragments was much higher than we AFLP bands. Therefore, the inverse probabilities from
intuitively anticipated. However, the phenomenon that the Arabidopsis AFLP FLD are the logical basis for con-
a co-occurrence of events (in this case the appearance structing weighted similarity coefficients.
of two AFLP fragments of equal length) is more likely The weighted coefficients are constructed in two
than intuitively expected is well known in statistics and steps, analogous to the construction of the unweighted
commonly referred to as the birthday paradox. The coefficients. In the first step, weighted similarities are
paradox is often summarized as follows: in a group of calculated for numbers of bands shared between two
only 23 persons, the probability of at least one coincid- genotypes (aw), for numbers of bands unique to one of
ing birthday, assuming uniformly distributed birthdays the genotypes (bw and cw), and for band positions that
over all 365 days of the year, is already �0.5. are not occupied in either of the genotypes (dw). Again,

Translated to AFLP patterns for a scoring range of, for a given pair of genotypes, let xi � 0 when no AFLP
e.g., 50–500 bp (451 positions), this means that only 26 band is present at position i in genotype 1, and xi � 1
fragments are needed to have a probability �0.5 that when an AFLP band is present at position i in genotype
at least one AFLP band contains multiple fragments. In 1. Likewise, yi � 0 or 1 for genotype 2. For a scoring
reality, however, the probability distribution of fragment range 1–N, let si � 1 when a certain band position is
lengths is highly skewed instead of uniform (Figure 2), scored a data set, and si � 0 when a band position is
rendering even higher probabilities of fragments with not scored. Then, aw � N �N

i�1waixiyisi/�N
i�1wai, bw � N

identical lengths (Munford 1977). �N
i�1wbixi(1 � yi)si/�N

i�1wbi, cw � N �N
i�1wci(1 � xi)yisi/�N

i�1

Analogous to the situation for nonidentical AFLP wci, and dw � N �N
i�1wdi(1 � xi)(1 � yi)si/�N

i�1wdi ; with
bands comigrating across genotypes, the number of inverse weights w�1

ai � piqi, w�1
bi � pi(1 � qi), w�1

ci � (1 �
nonidentical AFLP fragments comigrating within a ge- pi)qi, and w�1

di � (1 � pi)(1 � qi); with pi the probability
that genotype 1 has a band at position i; and qi thenotype (i.e., the amount of size homoplasy) depends on
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TABLE 1

Test statistics for scoring range 50–500 bp and an AFLP procedure with A/C selective nucleotides

No. No.
bands scored Exp. bands 95% 99% Exp. Dice 95% 99% Max. Exp. Nei and Li 95% 99% Max.

10 10 0.39 � 0.60 1.06 1.89 0.039 � 0.060 0.106 0.189 1.000 0.961 � 0.060 0.894 0.811 0.000
10 20 0.78 � 0.83 1.89 2.81 0.052 � 0.056 0.126 0.187 0.667 0.948 � 0.056 0.874 0.813 0.333
10 30 1.16 � 1.00 2.61 3.56 0.058 � 0.050 0.131 0.178 0.500 0.942 � 0.050 0.869 0.822 0.500
10 40 1.54 � 1.12 3.02 3.99 0.062 � 0.045 0.121 0.160 0.400 0.938 � 0.045 0.879 0.840 0.600
10 50 1.91 � 1.22 3.67 4.72 0.064 � 0.041 0.122 0.157 0.333 0.936 � 0.041 0.878 0.843 0.667
10 60 2.27 � 1.30 4.03 5.09 0.065 � 0.037 0.115 0.145 0.286 0.935 � 0.037 0.885 0.855 0.714
10 70 2.63 � 1.37 4.61 5.70 0.066 � 0.034 0.115 0.142 0.250 0.934 � 0.034 0.885 0.858 0.750
10 80 2.98 � 1.43 4.93 5.97 0.066 � 0.032 0.110 0.133 0.222 0.934 � 0.032 0.890 0.867 0.778
10 90 3.32 � 1.47 5.41 6.53 0.066 � 0.029 0.108 0.131 0.200 0.934 � 0.029 0.892 0.869 0.800
10 100 3.66 � 1.50 5.77 6.84 0.067 � 0.027 0.105 0.124 0.182 0.933 � 0.027 0.895 0.876 0.818
10 110 3.98 � 1.52 6.02 7.10 0.066 � 0.025 0.100 0.118 0.167 0.934 � 0.025 0.900 0.882 0.833
10 120 4.31 � 1.55 6.47 7.55 0.066 � 0.024 0.100 0.116 0.154 0.934 � 0.024 0.900 0.884 0.846
20 20 1.55 � 1.15 3.16 4.21 0.078 � 0.058 0.158 0.211 1.000 0.922 � 0.058 0.842 0.789 0.000
20 30 2.31 � 1.38 4.32 5.55 0.092 � 0.055 0.173 0.222 0.800 0.908 � 0.055 0.827 0.778 0.200
20 40 3.06 � 1.55 5.34 6.65 0.102 � 0.052 0.178 0.222 0.667 0.898 � 0.052 0.822 0.778 0.333
20 50 3.80 � 1.69 6.28 7.67 0.108 � 0.048 0.179 0.219 0.571 0.892 � 0.048 0.821 0.781 0.429
20 60 4.52 � 1.81 7.13 8.62 0.113 � 0.045 0.178 0.215 0.500 0.887 � 0.045 0.822 0.785 0.500
20 70 5.23 � 1.90 7.96 9.49 0.116 � 0.042 0.177 0.211 0.444 0.884 � 0.042 0.823 0.789 0.556
20 80 5.93 � 1.98 8.81 10.30 0.119 � 0.040 0.176 0.206 0.400 0.881 � 0.040 0.824 0.794 0.600
20 90 6.61 � 2.04 9.61 10.99 0.120 � 0.037 0.175 0.200 0.364 0.880 � 0.037 0.825 0.800 0.636
20 100 7.28 � 2.09 10.32 11.81 0.121 � 0.035 0.172 0.197 0.333 0.879 � 0.035 0.828 0.803 0.667
20 110 7.93 � 2.12 10.96 12.53 0.122 � 0.033 0.169 0.193 0.308 0.878 � 0.033 0.831 0.807 0.692
20 120 8.56 � 2.15 11.69 13.11 0.122 � 0.031 0.167 0.187 0.286 0.878 � 0.031 0.833 0.813 0.714
30 30 3.45 � 1.65 5.86 7.20 0.115 � 0.055 0.195 0.240 1.000 0.885 � 0.055 0.805 0.760 0.000
30 40 4.56 � 1.86 7.32 8.80 0.130 � 0.053 0.209 0.251 0.857 0.870 � 0.053 0.791 0.749 0.143
30 50 5.66 � 2.03 8.69 10.22 0.141 � 0.051 0.217 0.256 0.750 0.859 � 0.051 0.783 0.744 0.250
30 60 6.73 � 2.17 9.92 11.62 0.150 � 0.048 0.220 0.258 0.667 0.850 � 0.048 0.780 0.742 0.333
30 70 7.79 � 2.28 11.16 12.86 0.156 � 0.046 0.223 0.257 0.600 0.844 � 0.046 0.777 0.743 0.400
30 80 8.83 � 2.37 12.36 14.04 0.161 � 0.043 0.225 0.255 0.545 0.839 � 0.043 0.775 0.745 0.455
30 90 9.85 � 2.45 13.51 15.25 0.164 � 0.041 0.225 0.254 0.500 0.836 � 0.041 0.775 0.746 0.500
30 100 10.84 � 2.51 14.58 16.36 0.167 � 0.039 0.224 0.252 0.462 0.833 � 0.039 0.776 0.748 0.538
30 110 11.82 � 2.55 15.62 17.41 0.169 � 0.036 0.223 0.249 0.429 0.831 � 0.036 0.777 0.751 0.571
30 120 12.77 � 2.59 16.61 18.41 0.170 � 0.034 0.221 0.245 0.400 0.830 � 0.034 0.779 0.755 0.600
40 40 6.04 � 2.10 9.14 10.79 0.151 � 0.052 0.228 0.270 1.000 0.849 � 0.052 0.772 0.730 0.000
40 50 7.49 � 2.29 10.89 12.68 0.166 � 0.051 0.242 0.282 0.889 0.834 � 0.051 0.758 0.718 0.111
40 60 8.91 � 2.45 12.61 14.43 0.178 � 0.049 0.252 0.289 0.800 0.822 � 0.049 0.748 0.711 0.200
40 70 10.32 � 2.58 14.17 16.00 0.188 � 0.047 0.258 0.291 0.727 0.812 � 0.047 0.742 0.709 0.273
40 80 11.70 � 2.69 15.74 17.70 0.195 � 0.045 0.262 0.295 0.667 0.805 � 0.045 0.738 0.705 0.333
40 90 13.05 � 2.77 17.20 19.16 0.201 � 0.043 0.265 0.295 0.615 0.799 � 0.043 0.735 0.705 0.385
40 100 14.37 � 2.84 18.65 20.67 0.205 � 0.041 0.266 0.295 0.571 0.795 � 0.041 0.734 0.705 0.429
40 110 15.66 � 2.90 19.96 21.96 0.209 � 0.039 0.266 0.293 0.533 0.791 � 0.039 0.734 0.707 0.467
40 120 16.92 � 2.93 21.32 23.34 0.211 � 0.037 0.266 0.292 0.500 0.789 � 0.037 0.734 0.708 0.500
50 50 9.29 � 2.50 13.00 14.88 0.186 � 0.050 0.260 0.298 1.000 0.814 � 0.050 0.740 0.702 0.000
50 60 11.06 � 2.67 15.05 17.00 0.201 � 0.049 0.274 0.309 0.909 0.799 � 0.049 0.726 0.691 0.091
50 70 12.81 � 2.82 17.01 19.03 0.214 � 0.047 0.284 0.317 0.833 0.786 � 0.047 0.716 0.683 0.167
50 80 14.52 � 2.94 18.93 21.02 0.223 � 0.045 0.291 0.323 0.769 0.777 � 0.045 0.709 0.677 0.231
50 90 16.19 � 3.04 20.78 22.92 0.231 � 0.043 0.297 0.327 0.714 0.769 � 0.043 0.703 0.673 0.286
50 100 17.84 � 3.12 22.56 24.75 0.238 � 0.042 0.301 0.330 0.667 0.762 � 0.042 0.699 0.670 0.333
50 110 19.44 � 3.18 24.25 26.48 0.243 � 0.040 0.303 0.331 0.625 0.757 � 0.040 0.697 0.669 0.375
50 120 21.02 � 3.23 25.87 28.06 0.247 � 0.038 0.304 0.330 0.588 0.753 � 0.038 0.696 0.670 0.412
60 60 13.18 � 2.87 17.54 19.63 0.220 � 0.048 0.292 0.327 1.000 0.780 � 0.048 0.708 0.673 0.000
60 70 15.26 � 3.02 19.83 21.97 0.235 � 0.046 0.305 0.338 0.923 0.765 � 0.046 0.695 0.662 0.077
60 80 17.29 � 3.15 22.04 24.33 0.247 � 0.045 0.315 0.348 0.857 0.753 � 0.045 0.685 0.652 0.143
60 90 19.30 � 3.26 24.25 26.58 0.257 � 0.044 0.323 0.354 0.800 0.743 � 0.044 0.677 0.646 0.200
60 100 21.26 � 3.35 26.34 28.70 0.266 � 0.042 0.329 0.359 0.750 0.734 � 0.042 0.671 0.641 0.250
60 110 23.18 � 3.41 28.36 30.75 0.273 � 0.040 0.334 0.362 0.706 0.727 � 0.040 0.666 0.638 0.294
60 120 25.05 � 3.47 30.31 32.71 0.278 � 0.039 0.337 0.363 0.667 0.722 � 0.039 0.663 0.637 0.333

(continued)
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TABLE 1

(Continued)

No. No.
bands scored Exp. bands 95% 99% Exp. Dice 95% 99% Max. Exp. Nei and Li 95% 99% Max.

70 70 17.66 � 3.19 22.52 24.79 0.252 � 0.046 0.322 0.354 1.000 0.748 � 0.046 0.678 0.646 0.000
70 80 20.03 � 3.33 25.06 27.48 0.267 � 0.044 0.334 0.366 0.933 0.733 � 0.044 0.666 0.634 0.067
70 90 22.35 � 3.44 27.61 29.96 0.279 � 0.043 0.345 0.375 0.875 0.721 � 0.043 0.655 0.625 0.125
70 100 24.63 � 3.54 29.98 32.53 0.290 � 0.042 0.353 0.383 0.824 0.710 � 0.042 0.647 0.617 0.176
70 110 26.86 � 3.62 32.37 34.86 0.298 � 0.040 0.360 0.387 0.778 0.702 � 0.040 0.640 0.613 0.222
70 120 29.04 � 3.67 34.65 37.15 0.306 � 0.039 0.365 0.391 0.737 0.694 � 0.039 0.635 0.609 0.263
80 80 22.71 � 3.47 27.97 30.48 0.284 � 0.043 0.350 0.381 1.000 0.716 � 0.043 0.650 0.619 0.000
80 90 25.35 � 3.60 30.83 33.37 0.298 � 0.042 0.363 0.393 0.941 0.702 � 0.042 0.637 0.607 0.059
80 100 27.94 � 3.71 33.61 36.18 0.310 � 0.041 0.373 0.402 0.889 0.690 � 0.041 0.627 0.598 0.111
80 110 30.47 � 3.79 36.26 38.86 0.321 � 0.040 0.382 0.409 0.842 0.679 � 0.040 0.618 0.591 0.158
80 120 32.95 � 3.86 38.83 41.53 0.330 � 0.039 0.388 0.415 0.800 0.670 � 0.039 0.612 0.585 0.200
90 90 28.30 � 3.73 33.97 36.63 0.314 � 0.041 0.377 0.407 1.000 0.686 � 0.041 0.623 0.593 0.000
90 100 31.20 � 3.84 37.04 39.74 0.328 � 0.040 0.390 0.418 0.947 0.672 � 0.040 0.610 0.582 0.053
90 110 34.03 � 3.94 40.01 42.77 0.340 � 0.039 0.400 0.428 0.900 0.660 � 0.039 0.600 0.572 0.100
90 120 36.81 � 4.01 42.92 45.71 0.351 � 0.038 0.409 0.435 0.857 0.649 � 0.038 0.591 0.565 0.143

100 100 34.39 � 3.96 40.47 43.17 0.344 � 0.040 0.405 0.432 1.000 0.656 � 0.040 0.595 0.568 0.000
100 110 37.52 � 4.05 43.74 46.53 0.357 � 0.039 0.417 0.443 0.952 0.643 � 0.039 0.583 0.557 0.048
100 120 40.59 � 4.13 46.91 49.77 0.369 � 0.038 0.426 0.452 0.909 0.631 � 0.038 0.574 0.548 0.091
110 110 40.95 � 4.16 47.33 50.17 0.372 � 0.038 0.430 0.456 1.000 0.628 � 0.038 0.570 0.544 0.000
110 120 44.31 � 4.24 50.81 53.72 0.385 � 0.037 0.442 0.467 0.957 0.615 � 0.037 0.558 0.533 0.043
120 120 47.96 � 4.33 54.61 57.58 0.400 � 0.036 0.455 0.480 1.000 0.600 � 0.036 0.545 0.520 0.000

No. No.
bands scored Exp. Jaccard 95% 99% Max. Exp. SM 95% 99% Min. Max.

10 10 0.021 � 0.033 0.056 0.105 1.000 0.957 � 0.003 0.960 0.964 0.956 1.000
10 20 0.028 � 0.030 0.068 0.104 0.500 0.937 � 0.004 0.942 0.946 0.933 0.978
10 30 0.031 � 0.027 0.070 0.098 0.333 0.916 � 0.004 0.923 0.927 0.911 0.956
10 40 0.032 � 0.024 0.064 0.087 0.250 0.896 � 0.005 0.903 0.907 0.889 0.933
10 50 0.033 � 0.022 0.065 0.085 0.200 0.875 � 0.005 0.883 0.888 0.867 0.911
10 60 0.034 � 0.020 0.061 0.078 0.167 0.855 � 0.006 0.863 0.867 0.845 0.889
10 70 0.034 � 0.018 0.061 0.077 0.143 0.834 � 0.006 0.843 0.848 0.823 0.867
10 80 0.035 � 0.017 0.058 0.071 0.125 0.814 � 0.006 0.822 0.827 0.800 0.845
10 90 0.035 � 0.016 0.057 0.070 0.111 0.793 � 0.007 0.802 0.807 0.778 0.823
10 100 0.035 � 0.015 0.055 0.066 0.100 0.772 � 0.007 0.782 0.786 0.756 0.800
10 110 0.035 � 0.014 0.053 0.063 0.091 0.752 � 0.007 0.761 0.765 0.734 0.778
10 120 0.034 � 0.013 0.052 0.062 0.083 0.731 � 0.007 0.740 0.745 0.712 0.756
20 20 0.041 � 0.032 0.086 0.118 1.000 0.918 � 0.005 0.925 0.930 0.911 1.000
20 30 0.049 � 0.031 0.095 0.125 0.667 0.899 � 0.006 0.908 0.914 0.889 0.978
20 40 0.055 � 0.029 0.098 0.125 0.500 0.881 � 0.007 0.891 0.896 0.867 0.956
20 50 0.058 � 0.027 0.099 0.123 0.400 0.862 � 0.008 0.873 0.879 0.845 0.933
20 60 0.061 � 0.026 0.098 0.121 0.333 0.843 � 0.008 0.854 0.861 0.823 0.911
20 70 0.062 � 0.024 0.097 0.118 0.286 0.824 � 0.008 0.836 0.843 0.800 0.889
20 80 0.063 � 0.022 0.097 0.115 0.250 0.805 � 0.009 0.817 0.824 0.778 0.867
20 90 0.064 � 0.021 0.096 0.111 0.222 0.785 � 0.009 0.799 0.805 0.756 0.845
20 100 0.065 � 0.020 0.094 0.109 0.200 0.766 � 0.009 0.780 0.786 0.734 0.823
20 110 0.065 � 0.019 0.092 0.107 0.182 0.747 � 0.009 0.760 0.767 0.712 0.800
20 120 0.065 � 0.017 0.091 0.103 0.167 0.728 � 0.010 0.741 0.748 0.690 0.778
30 30 0.062 � 0.031 0.108 0.136 1.000 0.882 � 0.007 0.893 0.899 0.867 1.000
30 40 0.071 � 0.031 0.117 0.144 0.750 0.865 � 0.008 0.877 0.884 0.845 0.978
30 50 0.077 � 0.030 0.122 0.147 0.600 0.848 � 0.009 0.861 0.868 0.823 0.956
30 60 0.082 � 0.028 0.124 0.148 0.500 0.830 � 0.010 0.844 0.852 0.800 0.933
30 70 0.085 � 0.027 0.126 0.148 0.429 0.813 � 0.010 0.828 0.835 0.778 0.911
30 80 0.088 � 0.026 0.127 0.146 0.375 0.795 � 0.011 0.811 0.818 0.756 0.889
30 90 0.090 � 0.024 0.127 0.146 0.333 0.778 � 0.011 0.794 0.802 0.734 0.867
30 100 0.091 � 0.023 0.126 0.144 0.300 0.760 � 0.011 0.776 0.784 0.712 0.845
30 110 0.093 � 0.022 0.126 0.142 0.273 0.742 � 0.011 0.759 0.767 0.690 0.823

(continued)
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TABLE 1

(Continued)

No. No.
bands scored Exp. Jaccard 95% 99% Max. Exp. SM 95% 99% Min. Max.

30 120 0.093 � 0.021 0.125 0.140 0.250 0.724 � 0.011 0.741 0.749 0.667 0.800
40 40 0.082 � 0.031 0.129 0.156 1.000 0.849 � 0.009 0.863 0.870 0.823 1.000
40 50 0.092 � 0.031 0.138 0.164 0.800 0.834 � 0.010 0.849 0.857 0.800 0.978
40 60 0.099 � 0.030 0.144 0.169 0.667 0.818 � 0.011 0.834 0.842 0.778 0.956
40 70 0.104 � 0.029 0.148 0.170 0.571 0.802 � 0.011 0.819 0.827 0.756 0.933
40 80 0.109 � 0.028 0.151 0.173 0.500 0.786 � 0.012 0.804 0.812 0.734 0.911
40 90 0.112 � 0.026 0.152 0.173 0.444 0.770 � 0.012 0.788 0.797 0.712 0.889
40 100 0.115 � 0.025 0.154 0.173 0.400 0.753 � 0.013 0.772 0.781 0.690 0.867
40 110 0.117 � 0.024 0.153 0.171 0.364 0.737 � 0.013 0.756 0.765 0.667 0.845
40 120 0.119 � 0.023 0.154 0.171 0.333 0.720 � 0.013 0.740 0.749 0.645 0.823
50 50 0.103 � 0.031 0.149 0.175 1.000 0.819 � 0.011 0.836 0.844 0.778 1.000
50 60 0.113 � 0.030 0.159 0.183 0.833 0.805 � 0.012 0.823 0.831 0.756 0.978
50 70 0.120 � 0.030 0.165 0.189 0.714 0.791 � 0.013 0.809 0.818 0.734 0.956
50 80 0.126 � 0.029 0.170 0.193 0.625 0.776 � 0.013 0.796 0.805 0.712 0.933
50 90 0.131 � 0.028 0.174 0.196 0.556 0.761 � 0.013 0.782 0.791 0.690 0.911
50 100 0.136 � 0.027 0.177 0.198 0.500 0.747 � 0.014 0.767 0.777 0.667 0.889
50 110 0.139 � 0.026 0.179 0.198 0.455 0.731 � 0.014 0.753 0.763 0.645 0.867
50 120 0.142 � 0.025 0.180 0.198 0.417 0.716 � 0.014 0.738 0.748 0.623 0.845
60 60 0.124 � 0.030 0.171 0.196 1.000 0.792 � 0.013 0.812 0.821 0.734 1.000
60 70 0.134 � 0.030 0.180 0.203 0.857 0.779 � 0.013 0.800 0.809 0.712 0.978
60 80 0.142 � 0.029 0.187 0.210 0.750 0.766 � 0.014 0.787 0.797 0.690 0.956
60 90 0.148 � 0.029 0.193 0.215 0.667 0.753 � 0.014 0.775 0.785 0.667 0.933
60 100 0.154 � 0.028 0.197 0.219 0.600 0.739 � 0.015 0.762 0.772 0.645 0.911
60 110 0.158 � 0.027 0.200 0.221 0.545 0.726 � 0.015 0.749 0.759 0.623 0.889
60 120 0.162 � 0.026 0.202 0.222 0.500 0.712 � 0.015 0.735 0.746 0.601 0.867
70 70 0.145 � 0.030 0.192 0.215 1.000 0.768 � 0.014 0.789 0.799 0.690 1.000
70 80 0.155 � 0.030 0.201 0.224 0.875 0.756 � 0.015 0.779 0.789 0.667 0.978
70 90 0.163 � 0.029 0.209 0.230 0.778 0.744 � 0.015 0.768 0.778 0.645 0.956
70 100 0.170 � 0.029 0.214 0.237 0.700 0.732 � 0.016 0.756 0.767 0.623 0.933
70 110 0.176 � 0.028 0.219 0.240 0.636 0.720 � 0.016 0.744 0.755 0.601 0.911
70 120 0.181 � 0.027 0.223 0.243 0.583 0.707 � 0.016 0.732 0.743 0.579 0.889
80 80 0.166 � 0.030 0.212 0.235 1.000 0.746 � 0.015 0.769 0.780 0.645 1.000
80 90 0.176 � 0.029 0.222 0.244 0.889 0.735 � 0.016 0.760 0.771 0.623 0.978
80 100 0.184 � 0.029 0.230 0.252 0.800 0.725 � 0.016 0.750 0.761 0.601 0.956
80 110 0.192 � 0.028 0.236 0.257 0.727 0.714 � 0.017 0.740 0.751 0.579 0.933
80 120 0.198 � 0.028 0.241 0.262 0.667 0.703 � 0.017 0.729 0.741 0.557 0.911
90 90 0.187 � 0.029 0.233 0.255 1.000 0.726 � 0.017 0.752 0.763 0.601 1.000
90 100 0.197 � 0.029 0.242 0.265 0.900 0.717 � 0.017 0.743 0.755 0.579 0.978
90 110 0.206 � 0.029 0.250 0.272 0.818 0.707 � 0.017 0.734 0.746 0.557 0.956
90 120 0.213 � 0.028 0.257 0.278 0.750 0.698 � 0.018 0.725 0.737 0.534 0.933

100 100 0.208 � 0.029 0.254 0.275 1.000 0.709 � 0.018 0.736 0.748 0.557 1.000
100 110 0.218 � 0.029 0.263 0.285 0.909 0.701 � 0.018 0.728 0.741 0.534 0.978
100 120 0.227 � 0.028 0.271 0.292 0.833 0.692 � 0.018 0.720 0.733 0.512 0.956
110 110 0.229 � 0.029 0.274 0.295 1.000 0.694 � 0.018 0.722 0.735 0.512 1.000
110 120 0.239 � 0.028 0.284 0.305 0.917 0.687 � 0.019 0.715 0.728 0.490 0.978
120 120 0.250 � 0.028 0.295 0.316 1.000 0.681 � 0.019 0.710 0.723 0.468 1.000

Test statistics are based on the Arabidopsis in silico AFLP FLD, for AFLP data scored between 50 and 500 bp with A/C selective
nucleotides. (Top) Columns 1 and 2, band numbers scored in genotypes to be compared (rounded to tens); column 3, expected
number of nonidentical bands comigrating across genotypes with standard deviation; columns 4 and 5, 95 and 99% critical
values for expected number of nonidentical bands comigrating across genotypes; column 6, expected Dice similarity with standard
deviation; columns 7 and 8, 95 and 99% critical values for expected Dice similarity; column 9, maximum possible Dice similarity;
columns 10–13, same as columns 6–9, for Nei and Li dissimilarity. (Bottom) Columns 3–6, same as columns 6–9, top, for Jaccard
similarity; columns 7–11, same as columns 6–9, top, for simple matching similarity (with addition of minimum possible similarity).
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TABLE 2

Numbers of AFLP bands with average numbers of underlying AFLP fragments

Scoring range �50 Scoring range �100

Bands 50–400 50–500 50–600 50–700 100–400 100–500 100–600 100–700

10 10.3 10.2 10.2 10.2 10.3 10.2 10.2 10.2
20 21.0 20.9 20.8 20.8 21.0 20.8 20.8 20.7
30 32.2 32.0 31.9 31.8 32.3 31.9 31.8 31.7
40 44.1 43.6 43.4 43.2 44.1 43.5 43.2 43.0
50 56.5 55.7 55.3 55.1 56.6 55.5 55.0 54.7
60 69.6 68.4 67.8 67.5 69.8 68.1 67.4 66.9
70 83.5 81.7 80.9 80.5 83.7 81.4 80.2 79.6
80 98.1 95.7 94.6 93.9 98.5 95.2 93.6 92.8
90 113.6 110.4 108.8 108.0 114.2 109.7 107.6 106.5
100 130.1 125.9 123.8 122.7 131.0 125.0 122.3 120.8
110 147.7 142.1 139.5 138.1 144.0 138.1 135.6 133.8
120 166.4 159.3 156.0 154.2 158.2 153.2 150.7 148.3

Numbers of AFLP bands with average numbers of underlying AFLP fragments, for 12 different numbers of
bands and eight scoring ranges. Column 1, number of bands present in an AFLP profile. Columns 2–5, AFLP
scoring ranges starting with 50-bp fragments. Columns 6–9, AFLP scoring ranges starting with 100-bp fragments.

probability that genotype 2 has a band at position i. age of AFLP fragments missing from the Arabidopsis
AFLP FLD is much higher than the 8.5% of missingThe band probabilities are derived from the fragment

probabilities in the Arabidopsis in silico AFLP FLD ac- sequence. In a recent study, however, Peters et al.
(2001) found that Arabidopsis SacI/MseI in silico AFLPcording to pi � 1 � [1 � p(fragment at i)]N 1, and qi �

1 � [1 � p(fragment at i)]N 2, where N1 and N2 are fragments do not cluster around the centromeres, but
are evenly dispersed over the genome. They argued thatthe total numbers of fragments in the scoring range in

genotypes 1 and 2, respectively. The number of frag- the apparent overrepresentation of AFLP fragments in
genetic mapping studies must originate in a higher mu-ments N for each genotype depends on the scoring

range, the total number of bands within the scoring tation frequency in the (peri)centromeric regions
rather than in an actual overrepresentation of AFLPrange, and the fragment length distribution and was

determined by Monte Carlo simulation as described in fragments. Assuming that the findings of Peters et al.
(2001) are representative for AFLP fragments in gen-Significance tests for pairwise AFLP band similarities. In the

second step, weighted similarity coefficients are calcu- eral, the missing 8.5% of repeat regions in the Arabi-
dopsis genome sequence corresponds to 8.5% of miss-lated according to: weighted Dice � 2aw/(2aw � bw �

cw), weighted Jaccard � aw/(aw � bw � cw), and weighted ing AFLP fragments in the Arabidopsis AFLP FLD.
These missing regions contain mainly repeat sequences.simple matching � (aw � dw)/(aw � bw � cw � dw).

Weighted Nei and Li � (1 � weighted Dice). Estimating the influence of the missing repeats on the
Arabidopsis AFLP FLD is highly speculative, but oneThe Arabidopsis sequence as a model system: The

test statistics in this study are based on in silico AFLP could argue that their influence on the significance tests
may be only limited. Given the fact that the average sizeFLDs from the Arabidopsis genome sequence. This se-

quence is generally considered to be representative of of the individual repeat units is relatively small, the size
of AFLP fragments resulting from restriction sites in thethe genome of an angiosperm species (e.g., Arabidopsis

Genome Initiative 2000; Barnes 2002), and therefore repeat regions will also be small. The possible underrep-
resentation of small fragments will mainly influence thethe test statistics based on the Arabidopsis genome se-

quence should be valid for angiosperms in general. lower part of the Arabidopsis AFLP FLD. In most AFLP
studies, these smaller fragments are discarded. Conse-A limitation of the Arabidopsis sequence is that a

significant part is still missing. According to the Arabi- quently, they do not influence the results.
Specific features of the Arabidopsis genome that maydopsis Genome Initiative (2000), �8.5% of the ge-

nome has not yet been aligned (�10 of an estimated limit its general applicability as a model system for angio-
sperms are its small size (120 Mb) and its relatively low125 Mb). This 8.5% mainly consists of repeat sequences

in centromeric and rDNA regions. Genetic mapping G � C content (36%). We examined the representativity
of the Arabidopsis sequence using sequences of Oryzastudies in Arabidopsis (e.g., Alonso-Blanco et al. 1998)

showed a clustering of AFLP fragments around the cen- sativa L. Apart from sequences of Arabidopsis, se-
quences of O. sativa L. subspecies indica (Yu et al. 2002)tromeres, which could indicate that the actual percent-
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Figure 4.—Relative frequency distri-
bution of fragments resulting from in
silico AFLP without selective nucleotides
on the rice genome sequence (frequen-
cies for each length class are denoted by
dots). (A) Smoothed FLD resulting from
in silico AFLP without selective nucleo-
tides on the rice genome sequence. (B)
The smoothed FLD resulting from in sil-
ico AFLP without selective nucleotides
on the Arabidopsis genome sequence is
given as a reference. Fragment lengths
range from 32 to 1024 bp.

and japonica (Feng et al. 2002; Goff et al. 2002; Sasaki ied separately from that of G � C content until more
evolutionary distinct genome sequences with similar nu-et al. 2002) are the only complete angiosperm sequences

presently available. However, at the time of our study cleotide compositions become available.
Comparison of the test statistics for Arabidopsis andthe O. sativa sequences were still very fragmented. We

used sequences from chromosomes 3 (43.4% G � C) rice in the scoring range 50–500 bp (supplemental Ta-
ble 3, available at http://www.dpw.wur.nl/biosys/AFLand 10 (43.6% G � C) of O. sativa subsp. japonica (here-

after, rice), covering nearly complete chromosomes SIM_UK.html) showed that the expected number of
nonidentical bands comigrating across genotypes is oncontained in a limited number of BAC assemblies. Se-

quence data were obtained from the web site of The average 10% lower for rice. Although the numbers are
in the same order of magnitude, the difference betweenInstitute for Genomic Research at http://www.tigr.org.

To generate the rice FLD, we performed the in silico Arabidopsis and rice illustrates the need for more than
one model species. Given the fact that Arabidopsis andAFLP as described for Arabidopsis, without selective

nucleotides. Vector sequences and sequences of suspect rice cover most of the G � C range for angiosperms,
together they probably suffice as model species for theorigin were removed from the BAC assemblies prior to

in silico AFLP, using the National Center for Biotechnol- angiosperms in general. Therefore, we propose that the
tests statistics based on the Arabidopsis sequence beogy Information VecScreen web tool. The probability

distribution of the AFLP fragment lengths was estimated considered generally applicable for angiosperms with
G � C contents between �35 and 40% G � C, and testsby fitting a cubic smoothing spline as before. The

smoothing spline and the relative frequency distribution based on the rice sequence be considered generally
applicable for angiosperms with G � C contents be-of the rice in silico AFLP fragments are depicted in

Figure 4. Fragment sizes range from 32 to 1024 bp. tween �40 and 50%. For angiosperms with unknown
G � C content, the test statistics for the ArabidopsisThe Arabidopsis FLD without selective nucleotides

is included as a reference. A two-sample Kolmogorov- genome can be applied as a conservative test. Test statis-
tics based on a more complete rice genome sequenceSmirnov test showed that the rice FLD differs signifi-

cantly from the Arabidopsis FLDs with A/C, T/A, or will be developed at a later stage.
without selective nucleotides (P � 0.0001), but not from
that with C/G selective nucleotides (P � 0.09). The

DISCUSSION
most obvious reason for the difference is the high G �
C content of the rice sequences relative to those of Theoretical and in silico AFLP FLDs were examined

as a basis for significance tests for AFLP similarities.Arabidopsis. As predicted by the theoretical model of
Innan et al. (1999), the higher G � C content in rice Comparison of the theoretical AFLP FLD of Innan et

al. (1999) with a FLD based on in silico AFLP of theyields a more even FLD. Additionally, there may be
other genome differences between rice and Arabidopsis complete Arabidopsis genome sequence demonstrated

that the theoretical distribution is not representative ofthat influence the AFLP FLD. Most notably, these could
be differences related to the evolutionary distinct posi- that of an actual genome. This is not in accordance

with Vekemans et al. (2002), who concluded that thetion of Poaceae within the angiosperms (e.g., Montero
et al. 1990; Devos et al. 1999; Freeling 2001). However, theoretical distribution of Innan et al. (1999) was repre-

sentative of empirical distributions of Phaseolus lunatusthe influence of these additional factors cannot be stud-
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and Lolium perenne in a scoring range between 75 and cuts. The restriction site of MseI contains no G � C
nucleotides, and therefore this enzyme will preferably450 bp. The difference in conclusions may be explained

by (1) errors in the empirical data sets, resulting from cut in A � T-rich isochores. Given the preference of
the frequent-cutting MseI enzyme to cut in A � T-richthe AFLP procedure (discussed previously), and (2)

fragment numbers in the empirical data sets (801 and isochores, and the fact that the fragment size is inversely
proportional to the frequency of cuts, AFLP fragments1599, respectively) being too low to yield a representa-

tive FLD. The variation in the FLD resulting from the resulting from A �T-rich isochores will on average be
smaller than fragments resulting from other parts oflow numbers of fragments probably obscured systematic

differences between the theoretical and empirical distri- the genome. Because these fragments originate in A �
T-rich stretches of the genome, the fragments them-butions. In this study, the Arabidopsis in silico AFLP

FLDs are based on much larger numbers of fragments selves will contain relatively high proportions of A � T
nucleotides. Inversely, fragments resulting from G �(23,556 between 75 and 450 bp), enabling a more de-

tailed comparison. This new comparison demonstrated C-rich isochores will on average be longer and contain
relatively high proportions of G � C nucleotides (thea clear discrepancy between the theoretical and the in

silico distributions, indicating that theoretical distribu- relation between fraction G � C and fragment length
in the Arabidopsis in silico AFLP data is approximatelytions based on Innan et al. (1999) do not adequately

describe AFLP FLDs based on an actual genome. G � C � 0.34379 � 0.00012036 � length). Using T/A
selective nucleotides in the AFLP procedure will favorThe discrepancy between the theoretical and the in

silico distribution may be explained by two assumptions the shorter A � T-rich sequences over the longer G �
C-rich sequences, yielding an asymmetric AFLP FLDmade by Innan et al. (1999). The first is that of a random

nucleotide sequence under the Jukes and Cantor (1969) with mainly short sequences. Using C/G selective nucle-
otides will favor G � C-rich sequences, yielding a moremodel. In actual genomes the nucleotides are not ran-

domly distributed, but organized in distinct patterns even distribution of AFLP fragments over length classes.
The FLD resulting from an AFLP procedure with A/Cof dinucleotides and oligonucleotides (Nussinov 1981,

1991). At a larger scale, the genome is organized in selective nucleotides did not differ significantly from
the FLD generated without selective nucleotides, illus-isochores, showing large blocks of G � C-rich sequences

alternated by large blocks of more A � T-rich sequences trating that the selective nucleotides effect is avoided
when mixed A � T/G � C selective nucleotides are(Salinas et al. 1988; Matassi et al. 1989; Montero et al.

1990). Moreover, the Jukes and Cantor model assumes used.
On the basis of the Arabidopsis in silico AFLP FLDs,equal base frequencies and equal chances on substitu-

tion among all nucleotides, while in reality base frequen- the numbers of nonidentical bands comigrating across
genotypes were calculated as a basis for significance testscies are unequal and substitution rates vary. The second

assumption that may explain the deviation between the for AFLP similarities. Table 1 shows that the proportion
of nonidentical bands comigrating across genotypes in-theoretical and the in silico distribution is that of nucleo-

tide changes as the sole cause of changes in DNA se- creases with the number of bands scored per genotype.
When 10 bands are scored in each genotype and A/Cquence. Under this second assumption, processes such

as insertions and deletions are ignored. Obviously, this selective nucleotides are used, the proportion of comi-
grating nonidentical bands is �4%. For 30 bands, thisis a simplification of the dynamics in actual genomes,

as was already noted by Innan et al. (1999). Both assump- proportion is 12%, for 60 bands it is 22%, for 90 bands
it is 31%, and for 120 bands it is 40%. The increasetions introduce restrictions in the model of Innan et al.

(1999) that may be too limiting to allow for an adequate results from the fact that the probability for nonidentical
AFLP fragments to comigrate at the same position in-description of an AFLP FLD.

Our analysis of the Arabidopsis in silico AFLP FLD creases with increasing numbers of total fragments. Rel-
ative to the proportion of comigrating nonidenticaldemonstrated that the type of selective nucleotides in-

fluences the shape of the distribution. Use of only G � bands for A/C nucleotides, the proportions for T/A
selective nucleotides are somewhat higher (4, 13, 24,C nucleotides favors the selection of long fragments

over short ones, yielding a relatively even distribution 33, and 42%), while the proportions for C/G nucleo-
tides are somewhat lower (4, 10, 20, 29, and 37%).of fragments over length classes. Use of only A � T

nucleotides favors the selection of short fragments over However, all are in the same order of magnitude. The
differences for the various combinations of selectivelong ones, giving a more asymmetrical distribution. The

effect probably results from the isochore structure of nucleotides probably result from selection bias due to
the isochore structure of the genome and the use ofthe genome in combination with the nucleotide compo-

sition of the restriction enzymes. The enzymes employed different types of selective nucleotides, as discussed be-
fore.in this study are a frequent cutter (MseI) and a rare

cutter (EcoRI). Because MseI cuts are much more fre- The high numbers of nonidentical comigrating bands
apparent from Table 1 and supplemental Table 3 illus-quent than EcoRI cuts, the average AFLP fragment size

will be determined mainly by the frequency of MseI trate that overestimation of phenetic or genetic similari-
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Science 296: 92–100.
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