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Amplified fragment length polymorphism (AFLP) DNA
fingerprinting is a firmly established molecular marker
technique, with broad applications in population genet-
ics, shallow phylogenetics, linkage mapping, parentage
analyses, and single-locus PCR marker development.
Technical advances have presented new opportunities
for data analysis, and recent studies have addressed
specific areas of the AFLP technique, including compari-
son to other genotyping methods, assessment of errors,
homoplasy, phylogenetic signal and appropriate analysis
techniques. Here we provide a synthesis of these areas
and explore new directions for the AFLP technique in the
genomic era, with the aim of providing a review that will
be applicable to all AFLP-based studies.

AFLP: an established molecular marker technique

The Amplified Fragment Length Polymorphism (AFLP)"
technique has come a long way since its publication in 1995
[1], including many technological advances in generating
and analysing AFLP data. AFLP has become the method of
choice for many studies on plants and, more recently, for
animals, fungi and bacteria [2], spanning numerous dis-
ciplines in genetics, evolution and ecology. The (predomi-
nantly) nuclear origin of AFLPs is attractive because
markers derived from the uniparentally inherited organel-
lar genomes (chloroplast and mitochondrial genomes)
might not be sufficiently variable, or even appropriate —
particularly in plants where processes such as hybridiz-
ation are important.

AFLPs are generated by complete restriction
endonuclease digestion of total genomic DNA, followed by
selective PCR amplification and electrophoresis of a subset
of the fragments (Box 1), resulting in a unique, reproducible
(Box 2) fingerprint (or profile) for each individual (see Glos-
sary) [3]. The markers that make up the fingerprint,
although often concentrated in centromeric regions [4,5],
are widely distributed throughout the genome, allowing an
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assessment of genome-wide variation. These anonymous
markers consist largely of non-coding DNA [6,7].

AFLP is useful in a wide range of applications including
linkage mapping [5,8,9], parentage analysis [10], measuring

Glossary

AFLP genotype: the genetic constitution of an individual inferred from an AFLP
fingerprint.

Allele: alternative form of a genetic locus. For a single marker (locus), plus and
null alleles, although different, are deemed to be homologous (i.e. possess a
common evolutionary origin). When the term ‘allele’ is used across different
markers (e.g. to refer to any visualized fragment), it should be clear that these
alleles will be derived from different loci, and therefore will be mostly non-
homologous.

Band or peak: an AFLP DNA fragment visualized in a fingerprint (a plus allele).
‘Band’ is usually applied to a fragment visualized using a gel-based system,
and ‘peak’ to a fragment visualized using a fluorescent system.

Character: a marker that is scored in multiple individuals and included in the
data matrix. For AFLP, there are two possible character states: ‘1’ (present in an
individual; plus allele) or ‘0" (absent in an individual; null allele).

Codominant marker: a marker that enables homozygous (AA) and hetero-
zygous (Aa) states to be distinguished. For many applications, particularly
in population genetics, codominant markers are more powerful than
dominant markers, enabling allele frequencies to be estimated, and require
smaller sample sizes to achieve equivalent analytical power. Codominant
markers include microsatellites and single nucleotide polymorphisms
(SNPs).

Dominant marker: a marker that is scored as a present (plus) or absent (null)
allele. Dominant markers cannot distinguish homozygous (AA) and hetero-
zygous (Aa) states — a band or peak is present in both cases. AFLPs, RAPDs and
ISSRs are mostly dominant markers.

Fingerprint or profile: the complete set of AFLP bands visualized for a given
sample. Here we consider ‘fingerprint’ and ‘profile’ as synonymous, but the
former is sometimes used in a more stringent sense — when the pattern of
bands uniquely identifies an individual.

Fragment: a single-stranded AFLP PCR product. Depending on size and strand,
not all fragments will be visualized as peaks or bands.

Locus (pl. loci): a specific region of the chromosome corresponding to the
position of a marker; also the DNA at that position.

Marker: an amplified locus that is identified in AFLP as bands or peaks of
equal fragment size across multiple samples. A marker must be poly-
morphic (i.e. show both plus and null alleles) to be informative. In the AFLP
fingerprint, a marker usually occupies a narrow ~1 bp window (bin), so that,
across all samples, visualized fragments of approximately equal mobility are
treated as homologous alleles derived from a single locus. Homoplasy
occurs when, by chance, non-homologous alleles of equal mobility fall into
the same bin and, therefore, are treated as a single marker. In some cases,
there can be two or more markers in a fingerprint that are derived from a
single locus (e.g. a variable microsatellite). Although these markers should
be treated as a single, codominant, marker, this is often not possible (see
main text).

Null allele: for a given marker, the inferred allele when the band is
absent.

Plus allele: an allele present as an amplified DNA fragment (band or peak).
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genetic diversity [11,12], identifying hybrids [13] and
cultivars [14], population genetics [15-17], reconstruction
of shallow phylogenies [18—20], population assignment [21],
and developing single-locus sequence-characterized ampli-
fied region (SCAR) markers [6,22-25]. But, even though
AFLP is an established and useful molecular marker
technique, how important will it be in the genomic era?

Box 1. Overview of the AFLP technique: fluorescent AFLPs
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How do AFLPs compare to other genotyping methods?
The three most common techniques for multilocus genomic
fingerprinting are AFLP, random amplified polymorphic
DNAs (RAPDs), and inter simple sequence repeats
(ISSRs). They are PCR-based techniques that use primers
to amplify previously uncharacterized DNA fragments
and, therefore, can be used on organisms for which there

Because of its high throughput and high data quality, capillary
electrophoresis of fluorescently labelled AFLPs is gradually replacing
gel-based systems. However, a survey of recent papers indicates that
this gel to capillary transition is slow, probably because of limited
funding (set-up costs can be high), access to equipment, know-how,
and occasionally purpose (e.g. silver-stained gels are better for
isolating and cloning individual fragments).

In Step 1in Figure |, genomic DNA is digested with a pair of restriction
endonucleases (usually EcoR | and Mse I), producing three species of
DNA fragments (i.e. Eco-Eco, Eco-Mse, and Mse-Mse). In Step 2,
double-stranded EcoR | (Eco) and Mse | (Mse) linkers (synthetic DNA
adapters) with complementary sticky ends are ligated to the restriction
fragments. (Steps 1 and 2 can be performed in the same reaction.) In
Step 3, the pre-selective amplification, a subset of all the fragments is
amplified, using primers that are complementary to the linker
sequences with the addition of one nucleotide (A, G, C or T) at the 3’
end of the primer (usually Eco+A and Mse+C). These ‘pre-amp’ primers
will only prime DNA synthesis of fragments with bases flanking the
restriction sites that are complementary to the selective nucleotides of
the primers, thus reducing the number of fragments to ~1/16 of the
initial amount. In Step 4, the number of fragments is further reduced —
to a suitable number to be visualized by electrophoresis — by a second

round of PCR (selective amplification), in which the PCR primers have
an additional two selective bases (e.g. Eco+ATA and Mse+CAC). The
Eco+3 primer is labelled with a fluorescent dye (a ‘fluorophore’), so that
all strands synthesized from this primer are fluorescently labelled (i.e.
one strand from Eco-Mse fragments, both strands from Eco-Eco
fragments). Alternative subsets of loci can be amplified by using
combinations of primers with different selective bases.

For each individual, different Eco+3 selective primers can be
labelled with different fluorophores, enabling the products from
different primer combinations to be pooled for capillary electrophor-
esis (Figure ll). This process is often incorrectly termed ‘multiplexing’,
but the more accurate ‘poolplexing’ is preferred. The capillary
instrument detects fragments present in the spectrum of each
fluorophore, producing an electronic profile of relative fluorescence
units (RFU) versus fragment size (usually 50-500 bp). Polymorphisms,
which are observed as peaks present in some samples and absent in
others, are caused by the gain or loss of a restriction site, a change
(e.g. SNP) in the selective primer binding site, or a length
polymorphism (e.g. indel or variable microsatellite) between the
restriction sites [1,3,81]. Profiles from multiple individuals are aligned
and scored (see Box 3) based on the presence (1) or absence (0) of a
peak, producing a binary data matrix.
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Box 1 cont'd.
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is no a priori sequence information [26]. These three
techniques vary with respect to data quality, genetic varia-
bility and discriminatory power [5,14,22,27,28]. All three
techniques show similar patterns of genetic distance and
informativeness [12,16,28], particularly for autogamous
crops and inbred lines [27]. Nevertheless, in many studies
AFLPs outperform ISSRs and RAPDs in their high repro-
ducibility (Box 2), robustness, informativeness, and fewer
reported reaction artefacts [14,16,22,27-30].

AFLPs, which like RAPDs and ISSRs are dominant
marker systems, can be an attractive alternative to codo-
minant markers such as microsatellites (or simple
sequence repeats, SSRs) and single nucleotide polymorph-
isms (SNPs) [2,10,16,21,26,29,31]. Microsatellites typically
comprise a few (5—20) highly informative multiallelic loci
with high discriminating capacity. By contrast, dominant
marker systems such as AFLP have numerous, genome-
wide di-allelic loci that are individually less informative
but derive their statistical power from their sheer number
[11,16,21,32]. Both types of marker systems are commonly
used for linkage analysis [4] and for measuring population
genetic structure and diversity [17]. The few explicit com-
parisons of the relative utility of microsatellites and AFLPs
in plants (summarized in Ref. [17]) show that the two
systems give congruent results when a sufficiently large
number of microsatellite loci are analysed (e.g. 18 micro-
satellite loci in the study of the fern Athyrium distentifo-
lium). In these studies [17], the large number of AFLP
fragments generated mean that AFLPs can out-perform
microsatellites for discriminating taxa and populations
[17,21], although comparisons are difficult when only a
few microsatellite loci have been used [17,21,29]. Other
variables, such as homoplasy, genomic heterogeneity and
population heterogeneity can shift the boundary at which a
given number of AFLPs becomes more informative than a
given number of microsatellite markers [11,33].

Although the AFLP technique is ideal in many cases, its
use should be preceded by careful consideration of factors
that determine which marker system is most appropriate
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for a particular research project. These considerations fall
under three broad categories.

(1) Biological

Including the amount of genetic variability (if known),
taxonomic breadth (e.g. inter-specific, intra-specific), gen-
ome size, occurrence of hybridization, and ploidy [17].

(2) Research questions

Including the application of the technique (e.g. linkage
mapping, population genetics, phylogenetics) [16,26,32],
whether codominant markers are required, the need for
cross-study comparisons, and the life-expectancy of the
research project (i.e. cost—benefit analysis of different
marker systems through time; AFLPs can be better in
the short-term, microsatellites better in the long-term)
[17,21,31].

(3) Available resources

Including the quality and quantity of available tissue,
previously established genetic resources [e.g. linkage maps,
markers established in the same or closely related taxa,
sequence data, expressed sequence tag (EST) libraries], and
logistics (e.g. available funding, technical difficulty, access to
training, and laboratory facilities) [2,16,17,29].

The AFLP technique can be ideal in the following
situations [2,3,26,32]:
When there is no a priori sequence information.
For intra-specific studies.
When genomic heterogeneity is high (i.e. when it is
necessary to amplify many loci to ascertain an accurate
measure of genomic diversity, e.g. outcrossing species).
When genetic variability is low (i.e. when it is necessary
to amplify many loci to locate the few that are
polymorphic, e.g. crop species).
e In polyploids.
e When hybridization is occurring.
e For the rapid generation of data.
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Box 2. Setting up and implementing an AFLP study
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Commercial AFLP kits or DIY?

Commercial AFLP kits (usually from Applied Biosystems or Invitro-
gen) offer the advantages of convenience and some level of technical
support. However, assembling your own set of reagents can reduce
the consumables cost by 50%, and is suitable for larger projects and
more experienced users [2]. Protocols are readily available on the
Web and in the literature (e.g. Refs [2,82]; see: http://awcmee.mas-
sey.ac.nz/aflp/AFLP_Protocol.pdf).

DNA

Successful AFLP digests require ~100-1000 ng high molecular weight
DNA (i.e. not obviously degraded) that is free of contaminants (e.g.
inhibitory compounds and non-target DNA) that could otherwise
interfere with the digestion, ligation and amplification steps
[1,2,28,56,81]. Commercial DNA extraction kits (e.g. Qiagen DNeasy)
can give better quality DNA than some other methods [56].
Researchers should not use DNA samples obtained from different
extraction methods because the method can affect the resulting AFLP
profile [56]. Use of degraded and/or smaller quantities of DNA (such
as that often obtained from herbarium material) can result in poor
quality profiles with low reproducibility [2]. Whole genome amplifica-
tion (WGA) techniques have the potential to enable AFLP fingerprint-
ing in situations where previously insufficient quantities of tissue
were available (e.g. herbarium material or small individuals [83]).

Choice of restriction enzymes

The restriction enzymes EcoR | (a six base cutter) and Mse | (a four
base cutter) are used in most AFLP studies (but see Refs [1,28,81]),
yielding fragments in an appropriate size range for amplification and
electrophoresis. Alternatives to Mse | include Tag | (which can
produce better quality results [2,82]) and Tru | (a cheaper isoschizo-
mer of Mse |) [2]. Pst |, the most common alternative to EcoR |, is
methylation-sensitive, and although it might be appropriate for
differential gene expression and some mapping applications [73], it
can have undesirable effects for most other applications of the
technique (i.e. when differences in gene expression between samples
could affect the AFLP profiles).

Choice of selective primers - length, composition and screening
The number of selective nucleotides on the selective primers should
be increased with increasing genome size so that the number of
fragments is high enough to maximize resolution but low enough to
minimize homoplasy. This ranges from Eco+2-Mse+3 primers for
small genomes to Eco+4-Mse+4 for larger genomes [70,81]. Previous
AFLP studies on related taxa or those with similar genome sizes
provide the best guide for appropriate length selective primers (see
http://www.rbgkew.org.uk/cval/homepage.html).

The ‘quality’ of AFLP profiles varies widely between selective
primer combinations partly because of the base composition of the
selective primers [2]. Therefore it is necessary to screen potential
combinations on a small number of samples (~10) before embarking
on the full project [81]. High-quality profiles have well-separated
peaks, a high signal-to-noise ratio, a lack of shoulder or stutter peaks,
fragments distributed throughout the available size range, and clear
polymorphisms. In a screen of 32 primer combinations assessed
(subjectively) using these criteria, we found 20% of primer combina-
tions produced profiles suitable for high-throughput genotyping. If a
fluorescent system is used, it will normally only be economical to
screen different unlabelled primers (e.g. Mse+3) and, therefore, the
selective bases of the fluorescent primers (e.g. Eco+3) will need to be
decided a priori (usually based on a literature survey of successful
fluorescent primers).

® When high quality DNA is available.
Where there are no suitable established markers.
Where there is access to the appropriate facilities
(preferably including a capillary electrophoresis instru-
ment).
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The number of primer combinations required depends on the
application and biological question. It should be determined by
measuring the proportional increase in resolving power and decrease
in error with the accumulation of data from each additional primer
combination [84].

Fluorophores

Fluorescent labelling has dramatically increased the output of AFLP
fingerprinting by enabling poolplexing of differently labelled products
(up to four, plus a size standard for Applied Biosystems’ Genetic
Analysers). Choice of fluorophores is largely determined by the
available electrophoresis system (gel or capillary) and software
because potentially significant problems can occur with non-
recommended dyes, including weak fluorescence and interference
between emission spectra (spectral ‘bleed-through’) and absorption
spectra of poolplexed fluorophores. Even with recommended set-ups
there will be differential amplitude of emission between fluorophores,
which can be compensated for by empirically determining the
optimum pooling ratio.

Duplication, randomization and reproducibility

Although AFLPs are highly reproducible [3,85,86], replicate or
duplicate AFLP profiles — preferably from separate DNA extractions
of a single individual — should be generated for at least 5-10% of all
samples. These should represent all treatments (e.g. DNA extraction
method, position on plate or gel and time stored in refrigerator) [87].
This is crucially important for AFLP because replicates are the only
objective measure of quality (unlike DNA sequencing, where correct
nucleotides can be determined with a high degree of confidence). The
same subset of samples should be included as positive controls in
every electrophoresis ‘run’ to ensure between-run reproducibility,
and to act as anchor points to detect errors in sample order (e.g.
mistakes in plate orientation). To enable any positional biases to be
identified, sample order should be randomized (e.g. order should not
reflect evolutionary relationships or DNA extraction method). Sam-
ples should be anonymously labelled to prevent any investigator-
associated scoring biases. To ensure reproducibility, it is essential to
standardize the method and maintain consistency for the duration of
the study. In addition to the factors already mentioned, factors such
as fluorescent dyes, size standard, laboratory equipment and capillary
instrument can affect reproducibility and comparability of AFLP
profiles. For example, it is advisable not to change fluorophores
mid-project, because different fluorophores have different emission
properties, which might make the resulting data incomparable.

Error rates in AFLP data

Quantifying genotyping error rates is an essential component of an
AFLP study. Because it is usually not possible to know the ‘true’
genotype of an individual, error rates cannot be assessed directly but
instead must be estimated using replicates [87]. Using replicates, the
error rate per locus has been estimated at between 2-5% for AFLP
[3,85], but unfortunately this is not explicitly calculated in most
empirical studies [87]. There are multiple causes of genotyping errors
in AFLPs [59,85,87], including the technical aspects of generating the
profiles (e.g. PCR stutter, non-specific amplification), subjectivity or
human error in (mis)reading the profiles, and differences in peak
mobility and intensity in the fingerprint profiles. Although these errors
might not bias the results of the analysis [85], they cause a reduction in
the signal-to-noise ratio and hence a loss of resolving power. Several
strategies have been proposed to reduce errors in AFLPs [85,87] (see
Box 3), and some software has been developed for finding and
removing errors from AFLP data [86] (see Table 3 in Ref. [87]).

Appropriate analysis techniques for AFLP data

Linkage mapping

AFLP data can be linked with other sources of data,
including RAPDs, restriction fragment length polymorph-
isms (RFLPs), and microsatellites to produce linkage
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maps in established mapping populations (such as potato,
barley, rice and Arabidopsis [4]; reviewed in Ref. [30]).
AFLP characters that do not deviate from expected 1:1
segregation ratios in a chi-square test are then analysed
with specialized software [e.g. MapMaker [34], JoinMap
(see http://www joinmap.nl/)] for linkage analysis. The
AFLP data are often complementary to the other data
sources, and the resulting linkage maps are better
resolved. In some cases, accurate AFLP-derived linkage
maps for non-model species can be produced using genetic
resources from related model species [8,35].

Population-based methods

Most other data analysis methods for dominant multilocus
markers including AFLPs can be roughly separated into two
main groups [36,37]. The first are population-based, and use
a comparison of allele frequencies to partition genetic diver-
sity. Calculating allele frequencies (i.e. heterozygosity) from
dominant markers is difficult because the presence of a band
(or peak) can indicate either the homozygous condition (i.e.
with two plus alleles) or the heterozygous condition (i.e. one
plus allele and one null allele); therefore the frequency of the
null allele must be estimated. This can be accomplished by
using a Bayesian approach [38,39], or the inbreeding coeffi-
cient and the square root of the frequency of the null homo-
zygote (if Hardy—Weinberg Equilibrium (HWE) is assumed)
[40]. For outcrossing species, whose allele frequencies
usually do not violate HWE, both of these approaches can
yield good estimates of average heterozygosity [38], whereas
for species such as self-fertilizing plants, the Bayesian
approach (which does not assume HWE) appears to be
superior [39]. Other recently developed methods have the
potential to improve estimates of genetic diversity by not
assuming HWE [41], enabling estimates via a modelling
approach in species where the inbreeding coefficient is
unknown (e.g. tropical trees [33]), and incorporating uncer-
tainty about the magnitude ofinbreedinginto estimates [42].

Phylogenetic methods

The second group of data analysis methods are
individual-based and assess genetic relationships among
the sampled individuals. The discovery that numerous
AFLP datasets contain phylogenetic signal [43,44], has
recently led to use of AFLP data in phylogenetic recon-
struction, particularly for groups of closely related organ-
isms, such as recent species radiations [15,22,43,45,46],
ring species [47], and crops and their wild progenitors
[48,49]. Intra- and interspecific phylogenetic studies of
plants [46,50,51] (as well as other organisms [15,28,30,
44]) are becoming increasingly common. Because AFLP
markers are sampled throughout the genome, they are
likely to uncover rare genetic differences in groups with
low sequence variation [44], and have been shown to result
in well-resolved trees that are consistent with independent
data [22,43,52].

For phylogenetic methods, the binary AFLP matrix
(Box 3) is analysed directly, or converted into a distance
matrix using dissimilarity measures [37,53,54]. Then, this
matrix is subjected to statistical analysis (e.g. principal
coordinate analysis [17,47]; analysis of molecular variance,
AMOVA [12,51]), and/or tree-building algorithms, including

www.sciencedirect.com

TRENDS in Plant Science Vol.12 No.3

distance-based methods (e.g. neighbour joining [52,55],
UPGMA [19,56]) and character-based methods (e.g. parsi-
mony [46,48], Bayesian analysis [45,50]). Robustness of
trees based on AFLP data are often assessed by calculating
bootstrap support values (e.g. Refs [18,43,45]), using and
comparing multiple analysis methods (e.g. Refs [18,45,
46,50,51]), and assessing congruence with results from
other data sources (e.g. Refs [15,43,55]). Because some
dissimilarity measures only take into account shared pre-
sences (e.g. Jaccard, Dice, Nei and Li distances), it has been
argued [7,54] that they are more appropriate for AFLP data
than those that also incorporate shared absences (e.g. Eucli-
dean distance, simple match coefficient); shared absences
(null alleles) are particularly susceptible to homoplasy
because of the multiple, independent ways in which a frag-
ment can be lost [22,53,54]. Others have far more negative
views, suggesting that all the above dissimilarity measures
are unsuitable for phylogenetic analysis on most multilocus
dominant marker datasets [53], or indeed that all tree-
building analyses are inappropriate for AFLP data [36,
53]. However, some empirical studies that have examined
the tree-like properties of AFLP datasets have been far more
encouraging [20,43,49].

The main problem with all tree-building analyses is
that, because of homoplasy, measures of genetic dissim-
ilarity between taxa might not be additive and, therefore,
they cannot be expected to recover the correct topological
relationships. For example, non-homology of shared frag-
ments [52,57], independent losses of a fragment (shared
absences) [36,44], the largely dominant nature of markers
[53], the presence of ancestral polymorphism [18], and the
fact that high similarity between two individuals does not
necessarily reflect shared ancestry [22,53], can all contrib-
ute to this problem. However, this situation is not unique to
AFLP data given that distance- and character-based
analyses of DNA sequence data are also plagued by homo-
plasy and an inability to appropriately correct for multiple
substitutions. Instead of avoiding tree-building with AFLP
data, splits graph methods (NeighborNet, split decompo-
sition, and consensus and super networks) can be used to
detect non-additivity of data and help explore and inter-
pret conflicting signal [49].

Importantly, combining AFLP data with DNA sequence
data can result in more robust phylogenies, possibly
because of the complementary effect of the different data-
sets that provide resolution at different depths of the tree
[18,43,46] as well as the increase in the total number of
characters available for phylogenetic analysis. It is not yet
known precisely where, in terms of genetic divergence, the
signal-to-noise ratio becomes too low for AFLP data to be
informative, although it appears generally accepted that
this line is taxonomically somewhere between intraspecific
[8,28,37] and intrageneric [19,22,43] comparisons. To this
end, some authors have attempted to quantify how infor-
mative AFLPs are for phylogenetic purposes by comparing
them to internal transcribed spacer (ITS) sequence data
[43], and by developing significance tests to identify and
discard AFLP profiles that are too divergent to be analysed
together [58]. More studies using simulations (e.g. Ref.
[54]), theoretical models (e.g. Ref. [53]) and new phyloge-
netic tools such as splits graph methods (e.g. Ref. [49]) are
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Box 3. Data scoring - a crucial step
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The generation of a binary (0,1) matrix from raw AFLP data is a
challenging process; difficulties include determining which fragments
observed in multiple taxa are truly homologous (and therefore should
comprise a single character) [58], intensity thresholds above which
fragments are scored as ‘present’, and the treatment of artefactual
shoulder peaks associated with larger peaks [87]. The challenge in
scoring AFLPs is to maximize the signal-to-error ratio by optimizing
parameters such as peak height thresholds (the intensity above which
a peak is scored), bin widths and positions (the size range in which all
peaks are considered homologous and thus a single character), and
the minimum fragment size that is scored.

Figure | shows two common sources of genotyping error in scoring
AFLP data — variation in fragment intensity and mobility (see also Ref.
[85]). In Figure la, if the upper intensity threshold (dashed line) is
used, peak A; in taxon 1 is scored as present and A, in taxon 2 as
absent. Although the threshold can be lowered (short dashed line) to
include A,, this causes the same problem to now occur with peaks B;
and B,, where B, is scored as absent and B, as present [81]. In Figure
Ib, peaks differ in size by 0.8 bp. The positioning of the bins (1 bp
wide) dictates whether these peaks are split into separate characters
(yellow) or grouped into a single character (blue).

Data scoring is a crucial step but its associated problems are widely
recognized. Scoring is an area with a great deal of research potential,

and strategies to identify and limit errors are improving [63,81,85,87].
Capillary electrophoresis systems now enable precise estimates of
fragment mobility (size) and fluorescence amplitude, potentially
enabling fully automated scoring, which, in contrast to manual
scoring, is objective, repeatable and far less time consuming [87].
(Even with automated scoring, some manual checking might be
required to detect and discard low-quality profiles and individual
markers that are particularly vulnerable to scoring errors [81,85,87]).
With increasingly large datasets, automated scoring is often the only
feasible option but at present it cannot be completely implemented
owing to the limitations of the available software and a lack of
experimental and theoretical research on different scoring parameters
(Table 1). Most AFLP scoring software allows the control of several
parameters (e.g. bin width, amplitude threshold, minimum fragment
size). Use of optimized parameter settings significantly increases the
resolution and quality of the resulting data matrix by increasing the
number of characters and reducing homoplasy (e.g. Ref. [60]),
although these settings might need to be determined empirically for
each dataset (Barbara Holland, personal communication). Software
must be improved to make use of replicates to calibrate and assess
the quality of the data, and to integrate an automated method of
objectively and systematically choosing the optimal parameter
settings for data scoring.
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needed to stimulate novel analysis methods that move
beyond the standard frequency and phylogenetic analysis
methods outlined above.

Assessment of homoplasy in AFLP data
Homoplasy is a major issue in the analysis and
interpretation of AFLP data. It occurs when different
accessions are incorrectly scored (Box 3) as having a shared
character state as a result of either the co-migration of non-
homologous fragments (shared ‘1’ character state), or inde-
pendent losses of a fragment (shared ‘0’ character state).
Consequently, homoplasy results in an underestimation of
genetic diversity among samples and a loss of resolution in
the analyses [59,60]. However, testing the homology of
individual AFLP fragments via cloning and sequencing
is outside the scope of most studies [44] — even for a small
subset of the fragments generated.

A few studies, at both intra- and interspecific levels,
have estimated homoplasy in AFLP data by sequencing
AFLP fragments. In these studies all or nearly all
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sequenced fragments have been shown to be homologous
with high sequence identity (>99% [44]; >95% [8]), loca-
lized in the same areas on genetic maps [8], or identical to
fragments predicted by in silico analyses [61,62]. It has
also been shown that in interspecific studies of Echinacea
[57] and Hordeum [52], homology decreases and homoplasy
increases with increasing taxonomic rank, but because
taxonomic rank is not equivalent across groups, unless
homology is compared to evolutionary distance or genetic
divergence it is difficult to interpret the general relevance
of these results.

Two different groups independently published a simple
experiment that they claimed could quantify homoplasy in
AFLP datasets by comparing the banding pattern of an
Eco+3—Mse+3 primer pair (e.g. Mse+CAC) to those of the
four derived Eco+3-Mse+4 primer pairs (e.g. Mse+CACA,
+CACT, +CACC and +CACG). In a study of sugar beet, 87%
of the bands from profiles of an Eco+3-Mse+3 primer pair
showed the expected pattern of being found in only one of
the Eco+3-Mse+4 profiles [569]. The remaining 13% of
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bands were found in the profiles of more than one Eco+3—
Mse+4 primer pair, which the authors concluded was
largely because of size homoplasy. This method also
resulted in estimates of 0-5% homoplasy among species
of two thistle genera [63]. However, these figures represent
a maximum estimate of homoplasy in AFLP data because
problems of primer mispairing [1] and poor resolution of
bands on gels, which are inherent in the AFLP technique,
might also play a role.

Simulations are yet another way to quantify homoplasy:
one such study showed that 30% of the fragments ampli-
fied during the generation of AFLPs were not actually
detected — this masking was attributable to size homo-
plasy [60]. There also appears to be a negative relationship
between homoplasy and fragment size for the two plant
species under study (Phaseolus lunatus and Lolium
perenne) [60]. If nothing else, the experimental and theor-
etical studies described above have established that
homoplasy is a real component of AFLP datasets. The
quantification of homoplasy in many AFLP datasets both
experimentally and via simulation (e.g. Ref. [62]), as well
as identification of potential effects that homoplasy might
have on results, are key research directions that require
further study.

New directions for AFLP

Innovative hypothesis testing using AFLP data

So, what does the future hold for the AFLP technique?
Novel uses of AFLP data to test evolutionary hypotheses
are continually being developed. In an exciting new devel-
opment for evolutionary studies, the use of AFLPs is
moving beyond standard inferences of relationships (e.g.
population and phylogenetic) toward assessing, for
example, the role of selection in shaping patterns of diver-
gence in wild populations in animals [64,65] and plants
[45,66,67]. For example, studies using a genomic scan
approach found a small percentage of AFLP characters
(<5%) had significantly high Fgr values (i.e. greater
genetic differentiation than expected under neutrality)
[64—66]. Importantly, these same ‘Fgr outlier’ characters
were found in comparisons involving different morphologi-
cal types across different locations. Because these high
levels of differentiation can only be explained by direc-
tional selection, these loci (or other linked loci) were impli-
cated in the process of adaptation, divergence and
ultimately speciation [64—66,68] —including the first plaus-
ible discovery of sympatric speciation in plants [66].
Further study of these outlier loci, together with morpho-
logical traits such as via quantitative trait loci (QTL)
mapping [65], might provide even more detailed infor-
mation regarding their number, location and relative effect
on divergence. AFLPs are a valuable tool for non-model
organisms in particular because the large number of char-
acters required for genomic scans and subsequent hypoth-
esis testing can be generated quickly.

Extraction of codominant data

AFLP fragments of the same size from different
individuals that show an obvious difference in intensity
can be codominant markers; intensity differences are pre-
dicted to be positively correlated with allelic copy number
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[9,69]. In other words, for a single character, diploid homo-
zygous individuals (AA) should have a more intense peak
than, and be distinguishable from, heterozygous individ-
uals (Aa), which only have one copy of the plus allele [9]. A
pair of fragments that differ in size by ~1-5 base pairs (bp)
can also be a codominant marker (i.e. a true ‘amplified
fragment length polymorphism’ caused by an indel or
microsatellite; sometimes called an allelic band pair)
[4,35]. Specialized algorithms and software packages are
capable of finding such markers and scoring them codomi-
nantly (Table 1). A subset of all the markers produced in an
AFLP profile might be codominant (generally 10-20%, but
as high as 75% in one study [7]) [4,35]. Codominant AFLP
scoring is currently limited to model and/or commercial
crop organisms [35], for which much genetic information
already exists that can be used for the accurate identifi-
cation of these characters. Codominant scoring will be an
incredibly powerful tool if it can be routinely performed in
non-model organisms and polyploids.

Polyploidy and genome size

Relative to diploids, polyploids generally produce higher
numbers of AFLP fragments [19,55,70] with highly com-
plex polymorphisms involving multiple loci and alleles,
which makes determination of allele dosages problematic
[4,14]. Similarly, organisms with large genomes, which can
contain large amounts of repetitive DNA and retrotran-
sposons, tend to have more fragments in their AFLP
profiles than those with smaller genomes, but also fre-
quently give rise to profiles with many low-intensity peaks
that are difficult to score [19,70] (Box 2). Polyploidy has
played a major role in the evolutionary history of many
plants and other organisms. Therefore, future research
should focus on better understanding how polyploidy
and genome size affect AFLP data generation and analysis,
experimentally testing if codominant scoring of AFLP data
is possible in polyploids, and creating new methodologies
for analysis of polyploid AFLP data, particularly when
individuals of different ploidy levels are (knowingly or
unknowingly) included in the same study (e.g. Ref. [55]).

In silico AFLP

The simulation of AFLP data and its use is another area
under development with great potential for planning an
AFLP study as well as a data exploration tool. In silico
AFLP aims to provide a means to plan the generation of
AFLP data for a given organism and choose the best
endonucleases and primers via ‘virtual AFLP’, reducing
the need for expensive and time-consuming trials in the
laboratory [62,71]. This is accomplished via a simulation of
the process that generates AFLPs (Box 1) on already-
sequenced genomes. The result is a ‘virtual gel’ of the
expected fragments and their size, their location in the
genome, and even their sequence.

In addition to their usefulness in designing an AFLP
experiment, in silico AFLPs also show great promise for
exploring AFLP data patterns, investigating phylogenetic
signal, and developing more comprehensive data analysis
and interpretation tools, such as the construction of
high-resolution linkage maps [61,62]. AFLP simulation
is currently limited to those organisms for which entire
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Table 1. AFLP scoring software
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(Keygene)® MegaBACE,
SpectruMedix
capillary
systems
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Abbreviations: SA, semi-automated.

2Programs differ in many other features besides those listed; users should fully research software options before committing to a program. All programs automatically create

a binary data matrix. Information current as at December 2006.
PFluorophores also need to be compatible with the electrophoresis system.
°Available from 2007.

%To be released from 2007 at a reduced price.

°Requires purchase of CEQ Genetic Analysis System or GenomelLab GeXP Genetic Analysis System.

fProfile changes cannot be saved.

genomes are available, and has only been performed in a
handful of studies (e.g. Refs [58,61]). In Arabidopsis, for
example, in silico AFLP has been used to quantify homo-
plasy in AFLP profiles [58] by identifying whether exper-
imentally determined sequences of a sample of AFLP
bands actually correspond to those predicted by in silico
methods [61].

Useful modifications of the technique

Recent modifications of the AFLP technique have lead to
the development of other useful methodologies (discussed
in Ref. [2]). These include methods for the discovery and
development of microsatellite and SNP markers, cDNA-
AFLPs [72] and the use of methylation sensitive enzymes
[73] for studying gene expression, and domain-directed
profiling [74]. Of these, cDNA-AFLPs merit further discus-
sion because they can be used to understand the role of
gene expression in determining phenotype. Analysis of
quantitative variation in gene expression using cDNA-
AFLPs has recently been developed for QTL mapping in
Arabidopsts [75]. For non-model organisms, cDNA-AFLP
techniques, which require no prior sequence information,
are a valuable substitute for the microarray tools now
available for model organisms (e.g. Ref. [76]). In addition
to these modifications, AFLP has also been combined with
bacterial artificial chromosome (BAC) DNA pooling in a
high-throughput screening method that can result in inte-
grated genetic and physical genome maps (e.g. sorghum
[77]) and positional cloning of genes of interest (e.g. disease
resistance gene in potato [78]).

Will AFLPs be obsolete?
The genomic era has been heralded with massive advances
in whole genome sequencing and, although obtaining the
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first genome for a species can still be challenging, new
pyrosequencing techniques [79] have enabled re-sequen-
cing, at least, to become increasingly routine and relatively
cost effective. In addition, new large-scale genotyping
techniques, such as diversity arrays technology (DArT
[80]; see http:/www.diversityarrays.com/), have the poten-
tial to replace and surpass AFLP and other PCR-based
methods because of their ability to provide comprehensive
data from both the genome and transcriptome. In this vein,
there are still significant challenges for AFLP, including
the scoring of profiles (Box 3), unrealized potential in
software (Box 3), and a lack of data deposition databases
and standards for methods reporting (Box 4) that, unless
resolved soon, might result in a shift away from AFLPs in
many studies.

Although some authors might suggest that these new
platforms together with outstanding AFLP challenges
will cause AFLP fingerprinting to become obsolete (e.g.
Refs [26,32,68]), we predict multilocus fingerprinting
techniques in general will remain useful for the immedi-
ate future. First, many biologists work on species that are
low priorities for whole genome sequencing (e.g. non-
commercial species) and, therefore, techniques that
require no prior sequence information such as AFLP
are particularly attractive. Second, DNA sequencing
and assembly of complex, large, polyploid, and/or repeti-
tive genomes is still technically difficult. Third, genome
sequencing of hundreds or thousands of closely
related individuals is not yet economically feasible.
Fourth, the AFLP technique can be modified, or combined
with new and existing technologies, in useful ways. For
example, the Complexity Reduction of Polymorphic
Sequences (CRoPS) technique enables the rapid develop-
ment of SNP and microsatellite markers from pyrose-
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Box 4. Methods reporting and data deposition

The reporting of methods for AFLP fingerprinting presents several
challenges concerning what should be reported and what can be
omitted. The generation of AFLPs is affected by many variables (e.g.
various PCR parameters). Describing these in sufficient detail to
enable independent replication — although a tenet of scientific
practice — would require much more space than journals allow. In
general, published AFLP studies do not contain sufficient informa-
tion to reproduce the exact fingerprints. This might not be
problematic because research groups tend to work on a narrow
range of taxa and do not necessarily need to replicate the work of
others or add to existing datasets. The patterns of relatedness
between accessions can usually be reproduced with a small amount
of information (i.e. voucher information, restriction enzymes and
selective primers used). Description of these three variables, along
with labelling and detection methods, scoring parameters, and the
number and nature of replicates, should comprise the minimum
standards for methods reporting. The results should include, as a
minimum, the total number of loci (characters) analysed, percent
polymorphism, and some estimation of error and reproducibility.
There are many examples of good methods and results reporting
(e.g. Refs [17,20,45,51,65]).

Additional publication space should be dedicated to more detailed
descriptions of technical advances at the forefront of AFLP data
generation (i.e. areas that are being actively researched, such as
data scoring and appropriate analysis techniques (e.g. Ref. [81]).
Even these apparently obscure technical advances can now be
quickly and easily communicated to the scientific community via
full-text Web searches of academic literature (e.g. Google Scholar).
Improved communication of technical aspects of AFLP fingerprint-
ing could also be achieved with the deposition of data in a
centralized, publicly accessible database [17,22]. This would bring
together data on taxa studied, good and bad primer combinations,
levels of diversity and scoring parameters, benefiting researchers
planning an AFLP project. Deposition of binary datasets (and raw
data too) would increase accountability to the scientific community,
encourage new advances in the generation of AFLP data, and
stimulate research on appropriate scoring and analysis methods,
including improvements in software. As it is for nearly all DNA
sequencing studies, AFLP data deposition should be a requirement
for publishing in scientific journals. Similar issues concerning the
reporting of methods and deposition of data are being addressed in
other areas of biology (see Ref. [88] for review).

quenced AFLP fragments (see http://www.intl-pag.org/14/
abstracts/PAG14_W410.html). Given sufficient time, the
technical and financial hurdles of whole genome sequen-
cing and microarray technologies will be overcome but, in
the meantime, the AFLP technique offers a relatively fast
and inexpensive method for genotyping a large number of
individuals with a high degree of resolution and without
prior genetic information. Far from being ‘almost forgot-
ten’, AFLP is a highly useful and adaptable technique
and, if fostered by the parallel development of new
analysis methods, tests and simulations, will continue
to be at the forefront in answering important scientific
questions in a variety of disciplines for both model and
non-model organisms.
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