
 

Molecular Ecology (2005) 

 

14

 

, 2899–2914 doi: 10.1111/j.1365-294X.2005.02655.x

© 2005 Blackwell Publishing Ltd

 

Blackwell Publishing, Ltd.

 

INVITED REVIEW

 

Ten years of AFLP in ecology and evolution: 
why so few animals?

 

STAFFAN BENSCH and MIKAEL ÅKESSON

 

Department of Animal Ecology, Ecology Building, Lund University, S-223 62 Lund, Sweden 

 

Abstract

Researchers in the field of molecular ecology and evolution require versatile and low-cost
genetic typing methods. The AFLP (amplified fragment length polymorphism) method
was introduced 10 years ago and shows many features that fulfil these requirements. With
good quality genomic DNA at hand, it is relatively easy to generate anonymous multilocus
DNA profiles in most species and the start-up time before data can be generated is often
less than a week. Built-in dynamic, yet simple modifications make it possible to find a
protocol suitable to the genome size of the species and to screen thousands of loci in
hundreds of individuals for a relatively low cost. Until now, the method has primarily been
applied in studies of plants, bacteria and fungi, with a strong bias towards economically
important cultivated species and their pests. In this review we identify a number of
research areas in the study of wild species of animals where the AFLP method, presently
very much underused, should be a very valuable tool. These aspects include classical
problems such as studies of population genetic structure and phylogenetic reconstructions,
and also new challenges such as finding markers for genes governing adaptations in wild
populations and modifications of the protocol that makes it possible to measure expression
variation of multiple genes (cDNA-AFLP) and the distribution of DNA methylation. We
hope this review will help molecular ecologists to identify when AFLP is likely to be
superior to other more established methods, such as microsatellites, SNP (single nucleotide
polymorphism) analyses and multigene DNA sequencing.
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Introduction

 

The AFLP (amplified fragment length polymorphism)
method (Vos 

 

et al

 

. 1995) has been heavily employed in
research of plants, fungi and bacteria. The overwhelming
majority of these studies have focused on crop species or
otherwise economically important organisms. In contrast,
relatively few studies have been done in animals, with a
similar focus on domesticated and model species. These
taxonomic and species biases suggest that there are other
suitable genetic methods available for studies of wild
animals. Alternatively, it could be that barriers for

information flow between research fields, such as the
tendency for plant and animal researchers to work in
different buildings and publish in different journals, may
have hampered the spread of the AFLP method to studies
of wild animal species. If this is the case, AFLP might
have been severely underused relative its potential in the
research field of animal molecular ecology.

Before full genome sequencing of individuals will be
feasible for population studies, researchers have to approxi-
mate the genome-wide variation based on information
from a limited number of loci. Microsatellites, multigene
DNA sequencing and SNPs provide high quality genetic
information, but have the disadvantage of long start-up
times and high costs of typing that will restrict the use of
these markers to < 50 loci in most studies. The advantages
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of AFLP are that it requires comparatively short start-up
time in most species and that numerous (> 1000) loci can be
studied at moderate costs. The major disadvantage is,
however, that the per-locus type of genetic information
obtained by AFLP is relatively poor. Presence or absence
of a DNA fragment can be detected at a given locus, but
in most studies, it is impossible to separate between
dominant homozygous (1/1) and heterozygous (1/0)
genotypes.

Before starting a project, researchers should take into
account some of the criteria as defined by Mariette 

 

et al

 

.
(2002), in particular considering the trade-off between
using (i) numerous but less informative markers randomly
distributed within the genome (AFLP) or (ii) a few highly
informative markers (microsatellites, DNA sequencing or
SNPs).

The purpose of this review is to validate the AFLP
method, compared to other commonly employed genetic
methods to study animals and plants in the wild
(Table 1). In doing so, we identify eight research topics
within the field of molecular ecology and evaluate the
usefulness and disadvantages of the AFLP method. These
research topics span from the lowest level of genetic dif-
ferentiation (identification of individuals and parentage)
to reconstruction of species phylogenies. We also evalu-
ate classical topics of population genetics, such genetic
diversity within populations, population genetic struc-
ture and studies of hybrid zones. Because the AFLP
method allows studying a relatively large number of loci,
we discuss its usefulness to find genetic markers for
adaptive traits and genetic mapping, research fields that
until recently have been limited to genetic model organ-
isms. In focus of our review are studies of wild animals
but since most AFLP studies so far have been done in
plants, fungi and bacteria, we will take many nonanimal
examples to highlight our points. We finally introduce
three recent extensions of the AFLP protocol that allow
for studies of variation in microsatellites, cDNA and
DNA methylation.

 

Background to AFLP

 

Generating and interpreting data

 

The AFLP method was originally outlined and evaluated
in detail in the study by Vos 

 

et al

 

. (1995). We will not repeat
the protocol in this review, as there are many good sources
of information on how to get started with AFLP (Blears

 

et al

 

. 1998; Mueller & Wolfenbarger 1999) but a brief
summary is given in Fig. 1 and in Box 1. Here we also highlight
some common technical problems often encountered. The
AFLP is a very versatile toolbox and the original protocol
can easily be modified in several ways to make it opti-
mized to the species and problem in focus. In Box 2 we provide
suggestions on important modifications that can help to
amplify a suitable number of bands in the focal species.

The AFLP method produces bands (DNA frag-
ments) that are separated based on differences in length
using polyacrylamide gel electrophoresis (Fig. 1) or more
recently sequencing robots. A band of a certain length
represents a presence allele (scored 1) at such an AFLP
locus. Individuals not having a band of that length instead
have an absence allele (scored 0). The presence and absence
character of the data cannot provide complete genotypic
information for diploid organisms. This is because indi-
viduals with the band can either have two (1/1) or one (1/0)
copy of the allele. Polymorphic (within the sample of
study) AFLP loci are example of dominant genetic markers,
and for each AFLP locus individuals with a band (the
presence allele) are either homozygous (1/1) or hetero-
zygous (1/0) and those without the band homozygous
for the absence allele (0/0). Most population genetic
analyses based on AFLP data assume that the absent
allele really is absent from the data. This would happen
if there was a base substitution (relative the present allele)
in the sequence corresponding to the restriction sites for
the enzymes (e.g. 6 bp for 

 

Eco

 

RI and 4 bp for 

 

Mse

 

I) or in the
sequence corresponding to the additional bases in the
preamplification (1 bp + 1 bp) and selective (2 bp + 2 bp)

Table 1 Usefulness of AFLP for some typical research questions in molecular ecology compared with some common alternative methods
(5 excellent, 1 poor). The scoring is an attempt to judge both the quality and quantity of data that can be generated within a standard research
program on a wild nonmodel organism for which no genetic markers are yet available
 

 

Research question AFLP Allozymes Microsatellites
Multigene 
sequencing SNPs

Parentage analyses 3 2 5 1 3
Genome-wide genetic diversity 4 2 4 3 3
Population genetic structure 5 3 4 3 3
Identification of hybrids and backcrosses 5 1 4 3 3
QTLs 4 1 4 2 3
Phylogenetic reconstructions (shallow) 4 1 3 3 3
Phylogenetic reconstructions (deep) 1 1 1 5 1
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amplification (Fig. 1). However, other types of mutations
may result in a DNA fragment of a different length and
hence a band at a different position in the gel. In this way
two alleles at the same AFLP locus will mistakenly be
scored as presence alleles at two different AFLP loci. Indel
variation (insertions or deletions) between the primers, e.g.
if the primers are spanning a polymorphic microsatellite
region (e.g. Wong 

 

et al

 

. 2001), may result in many such spu-
rious AFLP loci. Also, a substitution that creates a new cut
site for any of the two restriction sites between the primers
may make the absent allele for one AFLP locus to be
scored as a presence allele at another AFLP locus. Because
AFLP gels are typically complex containing many poly-
morphic sites, it is rarely possible to find the alternative
allele, unless segregation analyses of family data are con-
ducted. Such alternative presence alleles are not independ-

ent and thus violate an important assumption in analyses
of population structure and estimates of population
genetic diversity. The introduced bias is however assumed
to be negligible as long as AFLP-length codominance is
rare (< 10%) and a large number of informative bands
(> 100) have been studied (Parsons & Shaw 2001).
Another problem is size homoplasy, i.e. that bands of the
same length are not homologous and thus representing
two or more different AFLP loci, and this is of particular
concern in studies of genetic diversity and phylogenetic
reconstructions (O’Hanlon & Peakall 2000; Vekemans

 

et al

 

. 2002). Size homplasy has been found to increase with
the density of amplified fragments and decrease with the
length of the amplified fragments (Vekemans 

 

et al

 

. 2002).
A simple protocol to detect size homoplasies has been
developed by O’Hanlon & Peakall (2000).

Fig. 1 AFLP is a clever combination of two older methods, RFLP and RAPD. (1) As with RFLP, genomic DNA is digested with restriction
enzymes, in this case EcoRI (sites marked blue) and MseI (red). (2) Synthetically made short fragments of DNA (adaptors; pink for EcoRI
and black for MseI) that have ‘sticky ends’ to the cut sites opened by the enzymes, are ligated (glued) to the thousands of anonymous DNA
fragments. The adaptors used in the original protocol are designed in such a way that once ligated to the sticky ends of the fragments, the
sequence is changed and no longer recognized by the restriction enzymes. Hence, restriction and ligation reactions can be run together. (3
and 4) Arbitrarily selected primers (similar to RAPD) used in PCRs will reduce the complexity in two steps. In the preamplification step,
only fragments exhibiting the chosen bases inside the fragments will be amplified resulting in a reduction of fragment numbers by 1/16
(1/4 × 1/4) and these can be visualized as a smear when run on an ordinary agarose gel. In the selective amplification, a small aliquot of
the preamplified fragments is used in a second PCR with two primers that extends additionally two bases inwards. This further reduces
the number of fragments by 1/256 (1/4 × 1/4 × 1/4 × 1/4) with typical experiment showing about 100 different fragments. The fragments
are then size separated and normally visualized by labelling the E-primer with a fluorescing dye.
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Box 1 Principals and common problems 
 in the protocol

 

The basic protocol starts with digestion of genomic
DNA with two different restriction enzymes, a six-
cutter (

 

Eco

 

RI; 5

 

′

 

-G

 

↓

 

AATTC-3

 

′

 

) and a four-cutter (

 

Mse

 

I;
5

 

′

 

-T

 

↓

 

TAA-3

 

′

 

), to generate hundreds of thousands of
anonymous DNA fragments. The two restriction enzymes
produce different sticky ends to which adapters (short
DNA fragments with sticky ends corresponding to
the cuttings of the enzymes) are ligated. A first PCR
(preamplification) includes two primers corresponding
to the sequence of the adaptor and the enzyme plus one
additional base. If T was chosen as the additional
base at the 

 

Eco

 

RI adaptor, we can call this primer E

 

T

 

.
Similarly, if C was chosen as the additional base at the

 

Mse

 

I adaptor, we can call this primer M

 

C

 

. A small
fraction of the preamplification reaction is then used in
a second (selective) PCR using two primers that extend
additionally two bases inwards on each side, e.g. E

 

TCA

 

and M

 

CGT

 

. The E-primer in the selective amplification is
labelled, traditionally with a radioactive isotope (e.g.

 

33

 

P), but more commonly nowadays with various dyes
(e.g. fluorescein, FAM), dependent on the available
detection system. Because the restriction-ligation step
results in three types of fragments (i.e. 

 

Eco

 

RI-

 

Eco

 

RI,

 

Eco

 

RI-

 

Mse

 

I and 

 

Mse

 

I-

 

Mse

 

I), the labelling of the E-
primer (the ‘rare-cutter’) has the advantage that
fragments amplified only by the M-primer will not
be visualized. The DNA fragments produced in the
selective PCR can be separated by length, either using
manual polyacrylamide sequencing gels or DNA sequen-
cing robots. Vos 

 

et al

 

. (1995) provide many good reasons
why one should stick to the original protocol rather than
exploring different enzymes and adaptors (but see Box 2).

There are several commercial AFLP kits available in
the market, but ordering the reagents directly can save
substantial costs. The AFLP adaptors are just ordinary
oligonucleotides (primers) that are added together in a
tube where they become double stranded if correctly
designed. For the digestion step, it is essential to use a
buffer that works well for both restriction enzymes.
We use ‘10

 

×

 

 TA-buffer’ (Epicentre) which works nicely
with both 

 

Eco

 

RI and 

 

Tru

 

I (a less costly isoschizomer of

 

Mse

 

I). An important quality control is to run a portion of
the preamplification product on an agarose gel (Fig. 1).
Successful samples should show a smear centred around
200 bp and the intensity of this smear should be similar
across samples. A potential problem could arise if some
bands do not amplify or resolve consistently across
batches and gel runs. If populations are analysed in

batches this could then lead to estimates of significant
population structure just resulting from a methodo-
logical bias. This problem is avoided if samples are ana-
lysed in a randomized order in relation to the groups
and populations that are compared. Repeated analyses
of re-extracted DNA from the same individuals are also
important quality controls.

Based on our experience in various organisms, AFLP
appears more sensitive to DNA quality and the presence
of residual inhibitors in the DNA extract than standard
PCR-based applications. For example, the distribution
of the range of amplified fragments (normally 40–400 bp)
may shift towards shorter fragments if the DNA tem-
plate is partially degraded. Presence of inhibitors may
result in incomplete digestion of the template DNA and
cause amplification of DNA fragments representing
nongenetic polymorphisms. Some species are reported
to have 

 

Eco

 

RI specific inhibitors and thus require a
modified AFLP protocol.

Variation in DNA concentration seems less critical
than variation in DNA quality. In the first step of the
protocol, which involves the digestion and ligation of
adaptors, we normally do not see any differences in
the success or in strength of amplification by using
samples having 50–500 ng of DNA (in 20-

 

µ

 

L reactions).
Failed AFLP reactions typically show few bands of
which few are very strong (under-amplified) or many
more bands than the typical individual. That latter
could be a result of incomplete restriction-ligation reac-
tion or contamination. Such patterns are often repeatable
across primer combinations and can normally be un-
ambiguously removed before statistical analyses. Analyses
based on new DNA extractions from such samples can
often solve these problems. Blank (no template con-
trols) samples normally produce three or four bands,
probably resulting from primer–dimers and inter-
actions between adaptors. The error rate, based on repeated
tests on new extracts from the same individuals, has
been estimated to be between 1.9% and 2.5% (Busch

 

et al

 

. 2000; Miller 

 

et al

 

. 2002; Mock 

 

et al

 

. 2002). This
might cause problems for parental analyses and
when identifying individual genotypes, as one has to
accept one or a few mismatches when assigning parents
or genotypes, hence increasing the risk of erroneous
assignments.

A basic assumption of the AFLP protocol is that the
amplified DNA fragments are randomly distributed
in the genome. A few studies have however, found
fragments to cluster near centromeres (Young 

 

et al

 

. 1999;
Lindner 

 

et al

 

. 2000), which have consequences for genetic
mapping studies.
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To make more out of the data, it has been shown that
with the use of a special software, it might be possible to
score AFLP data for codominance (Piepho & Koch 2000;
Jansen 

 

et al

 

. 2001). This procedure assumes that strong
bands are indicating homozygous (1/1) individuals and
weaker bands, about 50% in strength of the homozygote
band, indicating heterozygous (1/0) individuals. These
methods have been applied successfully especially in
genetic mapping studies (Castiglioni 

 

et al

 

. 1998; Herbergs

 

et al

 

. 1999; Van Haeringen 

 

et al

 

. 2001). Note however that
there is an overlap between the band intensities (Jansen

 

et al

 

. 2001) and unless family data are available to confirm
a Mendelian inheritance pattern, we do not recommend
employing codominance scoring of AFLP data.

 

History of application

 

In the study by Vos 

 

et al

 

. (1995) the method was evaluated
by using organisms with genomes widely differing in
complexity (bacteria, yeast, plants and humans) demon-
strating its broad applicability. Plant researchers rapidly

embraced the AFLP method (Fig. 2a), especially for geno-
mic studies of crop species. Of all plant studies using AFLP
up to 2003 (

 

n

 

 = 1223), 72% were conducted on crop species
or other species of economic importance. Most studies of
fungi involve parasitic species that are pathogens affecting
crop production. Typically these studies of plant and fungi
have used AFLP to determine the genetic architecture of
economically important traits such as productivity (e.g.
Sari-Gorla 

 

et al

 

. 1999; Barbosa 

 

et al

 

. 2003), disease resistance
(e.g. Bai 

 

et al

 

. 1999; Ridout & Donini 1999), but also to infer
the history of domestication (Allaby & Brown 2003).
Studies of bacteria (

 

n

 

 = 222) involve identifications of strains
and lineages, as well as reconstructions of phylogenies
(e.g. Duim 

 

et al

 

. 2000; Jonas 

 

et al

 

. 2004).
Animal researchers did not follow the rapid and wide

acceptance of the AFLP technique as it was in studies of
plants. All together, there are only 115 studies of mam-
mals, birds, fish and insects (Fig. 2b), of which 33%
involved domesticated species. It is notable that there is
only one AFLP study in 

 

Drosophila

 

 (Luckinbill & Golenberg
2002) despite the wide use of 

 

Drosophila

 

 in genetic research.

 

Box 2 Strategies and modifications

 

Before embarking on AFLP, it is however worth
checking some of the variant AFLP protocols (Lindstedt

 

et al

 

. 2000; van der Wurff 

 

et al

 

. 2000; James 

 

et al

 

. 2003)
that might be more suitable for the genome size of the
study organism, the laboratory facilities and economic
resources. By replacing the 

 

Eco

 

RI enzyme (and corres-
ponding adaptor) with a four-cutter enzyme (e.g. 

 

Taq

 

I)
will for example increase the number of amplifiable
fragments with approximately one order of magnitude.
In many species however, a problem is rather to reduce
than to increase the number of amplified fragments in
order to produce easily scored gels. Extending the selec-
tive primers by an additional fourth base could then
be useful, in combination with increasing the anneal-
ing temperature to maintain the target specificity.
Another alternative worth considering is to replace
one of the AFLP primers with a primer anchored in a
retrotransposable element (van Tienderen 

 

et al

 

. 2002), a
method called SSAP (sequence-specific amplification
polymorphism). Rather than amplifying randomly
from the genome as is done with standard AFLP, such a
protocol will reveal the distribution of retro-elements and
genetic variation in their surroundings.

Selection of primers is not critical for estimates of
genetic variation and population structure (Ogden &
Thorpe 2002), but maybe not randomly distributed in
the genome for some combinations (Campbell &

Bernatchez 2004). Gels with few bands are easier to
evaluate than gels with many bands and it is often
worth to invest some time to test a number of primer
combinations before choosing a few for large-scale
genotyping. Also, the more the bands, the less the
proportion of AFLP loci can be unambiguously
resolved because of size homoplasies (Vekemans 

 

et al

 

.
2002). We have found that the number of amplified
fragments can be partly adjusted by careful selection of
primer combinations. In the genome, the nucleotide
combination CG is more rare than other combinations
(Beutler 

 

et al

 

. 1989; Edwards 

 

et al

 

. 2002), due to an
inherit tendency for C before G to mutate to an A. In
birds, fishes and insects, we have found that CG in one
of the primers on average is reducing the number of
amplified fragments by at least 2/3 and with CG in both
by an additional 2/3. Selecting or avoiding primers con-
taining CG can then help to find combinations that
amplify a useful number of fragments. It has been sug-
gested that this increased mutation rate for C before
a G can be utilized in a modified AFLP protocol to
increase the proportion of polymorphic fragments
(Ajmone-Marsan 

 

et al

 

. 1997). This is supposed to be
accomplished by replacing the restriction enzyme 

 

Mse

 

I
with 

 

Taq

 

I, and because the latter enzyme is targeting
(5

 

′

 

-T

 

↓

 

CGA -3

 

′

 

), there should be more mutations at such
sites and preliminary data are suggesting a more than
twofold increase of polymorphic sites (Ajmone-Marsan

 

et al

 

. 1997).
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Similarly, there are only eight AFLP studies of humans. We
are interpreting this pattern such that the incitement of
using AFLP is declining with the overall knowledge of
the genome of the studied organism.

The nonrandom distribution of the AFLP method rela-
tive to organism group and research tradition merits some
thoughts. Around 1995, microsatellites were the prevailing
molecular markers used by animal researchers, despite
problems associated with isolation and transferability of
markers between species (Queller 

 

et al

 

. 1993). Similar to
many molecular methods used in molecular ecology, the
microsatellite technology was first developed for studies of
human genetics (Litt & Luty 1989; Weber & May 1989).
Although plant researchers also used microsatellites in
the early 1990s, the much simpler and less expensive RAPD
(random amplified polymorphic DNA) technique (Williams

 

et al

 

. 1990) rapidly became the method of choice (Ritland &
Ritland 2000). By being familiar with RAPD, plant researcher
learned that the disadvantage of dominant markers can

often be more than compensated for by the relative ease of
which large number of variable loci can be found and
typed, and for this, AFLP is much more powerful than
RAPD. Animal researchers might have been further
discouraged to start working with dominant markers due
to frequent reports on problems with repeatability with
RAPD (Peréz 

 

et al

 

. 1988). Ten years of much celebrated use
of the AFLP method (Fig. 2), many animal researchers still
seem sceptical. We hope this review will contribute to
changing this view.

 

Examples of AFLP applications in molecular 
ecology

 

Parentage analysis and individual genetic similarity

 

Because AFLP can be used to generate enough poly-
morphic markers to resolve very small individual differences
on the ‘DNA fingerprint’ level (Mueller & Wolfenbarger
1999), it should be suitable for individual identification,
estimation of pairwise relatedness and parentage analy-
sis, etc. There are still a limited number of studies that have
used AFLP for parentage analysis (Krauss 1999; Questiau

 

et al

 

. 1999) and relatedness (Madden 

 

et al

 

. 2004) in wild
populations. This is most probably due to a few limitations
of AFLP that makes it inferior to, e.g. microsatellites, both
when used for excluding parentage and assigning
parentage. The major limitation of AFLP is its dominant
nature. Thus the only scenario when a parent or (parent
pair) can be excluded is when both parents are homo-
zygous for the absence allele (0/0) and the offspring
shows a presence allele. It is thus not possible to exclude
individual parents when the other parent is unknown. The
other limitation of AFLP is its low level of polymorphism
(only two alleles per locus) compared to e.g. microsatellite
loci where frequently > 10 alleles can be observed. It may
thus be necessary with AFLP to find several hundred
polymorphic loci in a population while less than 10 highly
polymorphic microsatellites is enough in order to exclude
and assign parentage. However, it may be possible to
reduce the number of loci analysed. It has been shown
that with less than 100 loci, chosen on high polymorphism
(i.e. low to intermediate frequencies of presence allele
frequencies), it is possible to reach probabilities for exclud-
ing parentage that are comparable to that of 10 highly
polymorphic microsatellites (Gerber 

 

et al

 

. 2000). There are
today a couple of programs available for excluding and
assigning parentage with bi-allelic dominant marker infor-
mation (Jones & Ardren 2003); see Table 2.

AFLP has also been applied to estimate the degrees of
relatedness other than that of the first order (e.g. parent
and offspring). There is however, still some concern about
the low precision and/or high bias when using dominant
data for such estimates of pairwise relatedness (Lynch &

 

Fig. 2

 

Number of empirical studies using AFLP. The selection of
papers is based on a search in the ISI Web of Science for all entries
retrieved by the keyword ‘AFLP’. The search was performed on
2 June 2004 and the 2223 references were downloaded into the
program 

 

reference manager

 

 version 9.0. Each record was
broadly classified into taxonomic group and type of research by
browsing titles and abstracts. Only papers published before 2004
and that had used AFLP in empirical studies were included, i.e.
we excluded review articles and papers that discussed AFLP as a
potentially useful method in the future.
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Milligan 1994; Mueller & Wolfenbarger 1999). Recently,
this problem has been addressed and efforts have been
done to develop less-biased estimators of relatedness that
are more robust to sampling errors (Hardy 2003; Wang
2004). The success of these methods awaits testing in wild
populations.

 

Genetic diversity of species or populations

 

The level of genetic diversity may reveal information about
historical population sizes and structure (Kliman 

 

et al

 

.
2002; Sabeti 

 

et al

 

. 2002; Wang 

 

et al

 

. 2002; Sivasundar &
Hey 2003). For managing rare and threatened species,
knowledge of intraspecific genetic variation may help to
assess extinction risks and evolutionary potential in a
changing world (Hedrick 2001). Measuring intraspecific
genetic diversity is complicated by the fact that the pattern
of diversity may vary substantially across the genome
(Sachidanandam 

 

et al

 

. 2001) due to gene-specific variation
in mutation rates, recombination and mode of selection
(Lynch 2002; de Massy 2003; Luikart 

 

et al

 

. 2003). Ideally, we
want a measure of overall genetic diversity that easily can
be compared between studies. The traditional ways to
measure genetic diversity, e.g. as the average level of
heterozygosity at codominant markers, such as allozymes
or microsatellites, are problematic in this respect. The
mutation rate at the studied loci will affect the hetero-
zygosity estimate, and microsatellites are particularly
sensitive to this sort of bias. Even more important is that

these methods normally restrict the user to examine less
than a few dozen of loci, for most species corresponding to
less than one marker per chromosome.

A much larger fraction of the genome can easily be
screened with protocols generating dominant markers
(e.g. RAPD, AFLP). Although it is not possible to separate
heterozygotes (1/0) from homozygotes (1/1), the presence
and absence data can be converted to expected hetero-
zygosity by assuming Hardy–Weinberg equilibrium, to
generate estimates directly comparable to calculations
from codominant markers. In its simplest form, the frequency
of the absence allele (

 

q

 

) is obtained by taking the square
root of the frequency of individuals without the band
(0/0). Average expected population heterozygosity for the
AFLP locus is then 1 – 

 

q

 

2

 

 – (1 – 

 

q

 

)

 

2

 

. To avoid uncertainties
due to problems of estimating small values of 

 

q

 

, it has been
suggested that only loci with four or more homozygotes
for the absence allele (0/0) should be included in the ana-
lyses, or more formally, exclude loci having the presence
allele greater than 1 – 3/

 

n

 

 (Lynch & Milligan 1994). A few
studies have compared estimates of heterozygosity from
dominant markers with known levels of heterozygosity for
the investigated loci. Isabel 

 

et al. (1999) found that severely
biased estimates of heterozygosity became less biased
when applying the criteria suggested by Lynch & Milligan
(1994). In addition, Krauss (2000) found that adding loci
further improved the estimates of heterozygosity. One
method using Bayesian statistics to estimate the frequency
of the absence allele (q), has been shown to generate

Table 2 Programs for analysing AFLP data
 

 

Program name Applications Reference

binthere Scoring AFLPs from ABI files http://hcgs.unh.edu/protocol
/aflp/AFLPbinthere.html

Garnhart and Kocher, 
University of New Hampshire 

genographer Scoring AFLPs from ABI, 
CEQ and SCF files

http://hordeum.msu.montana.
edu/genographer/

Benham et al. 1999

aflpop Population assignment and 
identification of hybrids/backcrosses

http://www.bio.ulaval.
ca/index-alt.html

Duchesne & Bernatchez 2002

doh Population assignment http://www2.biology.ualberta.
ca/jbrzusto/Doh.php

Paetkau et al. 1995

arlequin Population structure http://lgb.unige.ch/arlequin/ Schneider et al. 2000
hickory Population structure http://darwin.eeb.uconn.

edu/hickory/hickory.html
Holsinger et al. 2002

structure Population structure, assignment 
and identification of hybrids

http://pritch.bsd.uchicago.
edu/software.html

Pritchard et al. 2000

probmax Parental analysis http://www.uoguelph.
ca/∼rdanzman/software/PROBMAX/

Danzmann 1997

famoz Parental analysis http://www.pierroton.inra.
fr/genetics/labo/Software/Famoz

Gerber et al. 2000

r Principal coordinates analysis http://www.bio.umontreal.
ca/Casgrain/en/labo/R/v4/index.html

Casgrain & Legendre, 
Université de Montréal 

aflp-surv Genetic diversity and 
population structure

http://www.ulb.ac.be/sciences/
lagev/aflp-surv.html

Vekemans 2002
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nearly unbiased estimates of heterozygosity (Zhivotovsky
1999).

The most precise way to estimate genetic variation is to
employ sequencing of DNA of multiple individuals for the
same locus. The numbers of variable sites between the
sequenced gene copies (per sequence length) are expressed
as nucleotide diversity (π), corresponding to the average
pairwise differences between two sequences in the data.
However, many loci must be sequenced in order to obtain
a representative estimate of nucleotide diversity at the
genome level. The suggestion that that AFLP polymor-
phism can be converted to nucleotide diversity (Innan et al.
1999; Borowsky 2001) is therefore very interesting, because
this would circumvent the problem of limited sampling of
loci. Only a few studies have used this approach (Grech
et al. 2002; Giang et al. 2003; Wang et al. 2004) and it remains
to be shown how accurate nucleotide diversity can be esti-
mated from AFLP, especially when the ratio of indel to that
of nucleotide substitution is unknown (Innan et al. 1999).

Population structure

On the top of the agenda for many molecular ecologists is
to study genetic structure of populations. In a recent
review about genetic structure in plants, Nybom (2004)
demonstrated that FST values (and FST analogues) obtained
from dominant markers (AFLP and RAPD) were overall
similar to estimates obtained from microsatellites and
allozymes. However, from simulated data it has been
shown that 4 to 10 times as many loci have to be used for
dominant compared with codominant markers in order to
achieve the same precision (Mariette et al. 2002). Some
useful programs for calculating FST analogous from AFLP
data are given in Table 2. In studies of wild animals,
obtained AFLP-based FST values have been found to be
both significantly higher (Mock et al. 2002; Whitehead et al.
2003) and lower (Yan et al. 1999) than estimates for
simultaneously investigated codominant markers. However,
the numbers of codominant markers used in these studies
were relatively few (< 10) and showed large differences in
the per-locus estimates of FST values, which put quite a lot
of measurement errors into these estimates.

Populations exchanging migrants at rates observable for
ecologists might have FST < 0.05, and to exclude such
values from panmictic situations (FST = 0) data from many
loci and individuals are required. AFLP should therefore
be very suitable for such situations, as exemplified by a few
studies of birds (Wang et al. 2004), fish (Whitehead et al.
2003; Campbell & Bernatchez 2004), insects (Miller et al.
2002; Svensson et al. 2004) and molluscs (Wilding et al. 2001)
revealing subtle but significant population structures.

In populations continuously distributed over a larger
area, where gene flow is mainly between nearby locations,
we expect to see a pattern of genetic isolation by distance

(Rousset 1997). However, single markers may behave quite
stochastically in terms of differentiation between sites,
even if gene flow is constant and continuous (Irwin 2002).
In a recent study of the greenish warbler Phylloscopus
trochiloides (Irwin et al. 2005), one of the prime examples of
a so-called ring species (Irwin et al. 2001), AFLP data dem-
onstrated a smooth pattern of isolation by distance around
the ring, in sharp contrast to the ragged pattern previously
seen in mitochondrial DNA (mtDNA).

Assignments of individuals

Traditionally, genetic differentiation and isolation
between populations are studied by estimating population
structure parameters such as FST and gene flow. With
multiple genetic markers it is possible to investigate the
affinity of each genotype to presumed populations of
origin by employing assignment tests (Waser & Strobeck
1998). Several programs are suitable for population
assignments based on AFLP or other dominant markers
(Table 2) but population assignment studies based on
AFLP data are still few. Two notable examples involve
studies on long-distance dispersal between Pacific islands
in the great frigate bird Fregata minor (Dearborn et al. 2003)
and long-distance seed dispersal in an Australian shrub
Banksia hookeriana (He et al. 2004).

Migratory animals may be in vastly different areas dur-
ing the breeding and nonbreeding seasons, and during the
nonbreeding season individuals from different breeding
populations may co-occur in the same geographical area.
For many reasons, it is highly desirable to identify the level
of connectivity between breeding and nonbreeding areas
in such species, or how well populations are separated
along the migratory route (Webster et al. 2002). AFLP-
based genotyping holds a lot of potential in such studies,
but migratory species may however, show quite low levels
of spatial differentiation so researchers should be prepared
to use several hundreds of loci before successful assign-
ments can be done (Campbell et al. 2003). It has been dem-
onstrated that markers need not to be fixed in one or the
other population in order to be useful for such assign-
ments, but the larger the absolute difference in marker
frequencies and the closer the distribution is to the tails in
this probability interval, the higher the power of assignment
(Campbell et al. 2003).

Individual genotypes can also be expressed along axes
of multidimensional scaling by using principal coordinates
analysis (Legendre & Legendre 1998). The advantage of
this approach, relative assignments, is that it does not
require any prior information of putative source popula-
tions or genetic compositions of sampled populations
(Arens et al. 1998). The above-mentioned studies of green-
ish warblers (Irwin et al. 2005) and greater frigate birds
(Dearborn et al. 2003) have made use of this approach.
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Finding genes affecting phenotypes

Selection may shape phenotypic differences between
populations even in situations when they exchange
genetic material. However, alleles of neutral loci will
move more freely than loci linked to the genes contri-
buting to the population-specific phenotypes because
the latter may be selected against in the alternative popula-
tion (Luikart et al. 2003; Beamont & Balding 2004). A few
recent studies have taken this notice as a starting point
for finding genes that matter, or rather markers for such
genes, following a strategy called ‘genome scans’ (Stortz
2005).

Periwinkles of the species Littorina saxitilis have two dif-
ferent shell morphs. Thick-shelled individuals occur in the
lower shore that apparently give them protection against
crab predation, and thinner-shelled individuals with
greater foot area in wind- and wave-exposed shores where
the rate of crab predation is absent (Wilding et al. 2001). By
studying four pairs of parapatric populations (5 to 300 m
apart), FST was estimated for each of 306 AFLP loci, and the
result was compared with a distribution of simulated FST
values obtained from parameters of migration and muta-
tion in the data (Wilding et al. 2001). With this approach
Wilding et al. (2001) identified that about 5% of the loci
were under differential selection in the two morphs. A
striking result was also that a neighbour-joining tree based
on the full data set put the morphs in two different clusters,
but after removing the 15 loci identified to be under
selection, populations clustered by sampling site. Hence,
there were some common morph genes in the different
locations, which when removed, unravelled a phylo-
geographic pattern presumably shaped by isolation by
distance. A study on population divergence on the lake
whitefish Coregonus clupeaformis, comparing dwarf and
normal ecotypes, used a similar approach and found that
about 1.4% of loci might have been under directional
selection (Campbell & Bernatchez 2004).

A different approach was taken in a study involving two
closely related subspecies of willow warblers Phylloscopus
trochilus (Bensch et al. 2002a). AFLP was first used on a test
panel of 15 + 15 extreme phenotypes of the two subspecies.
Bands that showed large differences in frequencies were
then tested on a new test panel to confirm that the skewed
banding profile was not a statistical artefact, using a so-called
stepwise approach (van den Oord & Sullivan 2003). One
such fragment out of approximately 500 polymorphic
fragments was identified and after designing a specific
codominant typing protocol for this AFLP polymorphism,
its phylogeographic pattern suggested that the locus was
under divergent selection based on habitat. This approach,
by scanning for fixed or nearly fixed differences between
two sets of phenotypes, might be even more useful when
finding markers that identify hybrids and backcrosses,

because many fixed differences are likely to exist between
species (see next section).

Hybridization and hybrid zones

Many research questions require that hybrids and back-
crosses can be detected with confidence. From a conservation
perspective many small and often endangered populations
run the risk of being extinct or intermixed by closely
related introduced species (e.g. Haig et al. 2004). Animal
and plant breeders may be interested in identifying
hybrids since they may exhibit trait values of commercial
interest (Congiu et al. 2001). Additionally, there is today an
increasing interest in natural hybrid zones (Harrison 1993),
e.g. in order to shed light on the processes causing genetic
divergence between closely related populations (e.g. Shaw
et al. 1993).

AFLP has proven to be very useful when identifying
hybrid individuals (interspecific or intraspecific), even in
systems where microsatellites have failed to do so (Bensch
et al. 2002b). Once again, it is the possibility to generate
many polymorphic markers in a short time that makes
AFLP preferable for identifying hybrids. The most useful
markers for hybrid identification are those that show large
differences in allele frequency (i.e. high frequency of the
presence allele in one population and high frequency of
absence allele in the other population). Ideally, the poten-
tially hybridizing taxa are exhibiting a number of diagnostic
AFLP loci, with the different alleles being fixed in the two
populations. With such AFLP loci, a hybrid could be iden-
tified by the simultaneous presence of fixed alleles of both
parent populations. With less than 30 diagnostic AFLP loci
it is possible also to distinguish between F1, F2 and back-
cross hybrids (Miller 2000). However, with decreasing
level of divergence between two populations the probab-
ility to find such diagnostic bands becomes very small.
Another alternative is then to use AFLP loci that exhibit
differences in allele frequencies between potentially
hybridizing populations. Several studies have used the
latter method (although the data often also consist of fixed
species-specific loci) to unambiguously identify inter- and
intraspecific hybrid individuals with AFLP (Liu et al. 1998;
Congiu et al. 2001; Chauhan et al. 2004).

It is also possible to get an estimate of the level of intro-
gression by estimating hybrid indices using the maximum
likelihood as a framework (Rieseberg et al. 1998; Rogers
et al. 2001). This method does not require loci to be dia-
gnostic. The hybrid index is a measure of the proportion of
alleles that is derived from one population rather than the
other (Barton & Gale 1993) and may be estimated for loci
separately or combined (individual hybrid index). The log
probability of each allele’s source population is calculated
by using the allele frequencies in the two source popula-
tions, where the most likely source population is the one
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in which alleles of the same state are more common
(Rogers et al. 2001).

Gene mapping and linkage

In the last decade, an increasing number of studies have
attempted to locate and characterize regions in the genome
that affect the expression of quantitative traits (Howell
et al. 1996; Kearsey & Farquhar 1998; Erickson et al. 2004).
This is an important step in the search for actions and
interactions of individual genes, as well as to develop
more accurate models for responses to selection and trait
evolution (Mitchell-Olds 1995; Rieseberg & Buerkle 2002;
Erickson et al. 2004). It is clear that such information also
would improve the efficiency and precision of animal and
plant breeding programs, contributing to the versatile
use of AFLP in genetic studies of economically important
organisms (Andersson 2001).

To localize genetic regions that code for quantitative
traits, so-called quantitative trait loci (QTL), it is essential
to have access to a linkage map. Linkage maps can also
provide insights into the evolutionary relationships between
organisms (Hawthorne & Via 2001; Peichel et al. 2001),
patterns of introgression (Ritland & Ritland 2000) and
genome-wide estimations of recombination rates
(Sakamoto et al. 2000).

A promising development in the use of linkage maps in
natural populations is also the integrated use of genome-
wide genetic architecture and patterns of genetic diversity
among populations (Rieseberg et al. 1999; Emelianov et al.
2004). This opens up for the possibility to target certain
regions in the genome that are subject to population diver-
gence. Combined with the knowledge about positions and
effect of identified QTL, this methodology may be a way to
spot specific QTL (and ultimately genes) that are subjected
to directional selection in nature (Rogers & Bernatchez
2005).

One of the first and perhaps most anticipated applica-
tion of AFLP was that it would provide fast and easy
developed markers that could be positioned throughout
the genome in any organism. AFLP has been used in the
construction of such linkage maps in various plant species
(e.g. Castiglioni et al. 1998; Lu et al. 1998), fungal species
(e.g. van der Lee et al. 1997; Jurgenson et al. 2002) and now
also many animal species (e.g. Herbergs et al. 1999; Van
Haeringen et al. 2001). AFLP, together with microsatellites,
is the most common marker used when developing new
linkage maps (Erickson et al. 2004). It has proven to be
especially suitable for enrichment of existing genetic maps
(e.g. Herbergs et al. 1999) and for producing high-resolution
local maps (Simons et al. 1997; Parker et al. 1998). AFLP are
preferable (before, e.g. microsatellites) because they allow
the researcher to produce many markers in a short time
that are distributed randomly across the whole genome.

The construction of linkage map involves the ordering of
loci and the estimation of the distance between them. To do
this we rely on observing the joint segregation of markers.
If two loci are located close to each other they tend to have
a correlated segregation pattern in the studied families,
and estimation of the distance between loci is based on the
frequency of recombination observed between the markers
(Lynch & Walsh 1998). To be able to observe recombination
events we need access to pedigree information, in the form of
constructed/bred pedigrees or naturally occurring pedigrees.

The dominant nature of AFLP (when screening gels
visually) poses a problem both when constructing the map
and associating the markers with QTL. The failure to
distinguish between homozygotes of the presence allele
(1/1) and heterozygotes (1/0) reduces the likelihood to
observe recombination events between AFLP loci. Since
the number of recombination events defines the map
distance between loci (Lynch & Walsh 1998) less variation
in recombination rate will be observed with dominantly
scored loci and consequently the power will be lower than
for a codominantly scored loci.

There have been several ways to deal with the problem
of dominance, apart from using statistical approaches to
account for the missing information (Jansen 1996) and
distinguishing heterozygotes (1/0) from homozygotes of
the presence allele (1/1) based on band intensities (see
above) (Jiang & Zeng 1997; Gessler & Xu 1999). One of the
simplest and most common ways to deal with domin-
ance in linkage mapping is to perform crosses where no
homozygotes for the presence allele exist among individuals
that are analysed for recombination. For example, when
crossing one parent that is a heterozygote (1/0) with
another that is a homozygote for the absence allele (0/0),
the progenies will be either heterozygotes or homozygotes
for the absence allele and segregate in a 1:1 fashion.
Another common way to deal with the comparatively low
power provided by dominant markers is to increase
sample sizes in order to cope with the decrease in power.
However, these solutions are feasible only when working
with easily bred and manipulated model organisms and
domesticated animals. For species in the wild, however,
sufficiently large sample sizes might be obtained in hybrid
zones, where naturally occurring recombinant individuals
(i.e. hybrids) might be frequent enough to allow construct-
ing linkage maps and mapping QTL (Hawthorne & Via
2001; Rieseberg & Buerkle 2002).

Species phylogenies

Mitochondrial DNA sequencing is still the standard for
resolving species phylogenies, although many recent
studies now also include data from one or more nuclear
genes. For species groups that have diverged recently
or radiated within a short time period from a common
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ancestor, random sorting of shared allele polymorphism
may however make the correlation between phylogenies
across loci relatively poor (Edwards & Beerli 2000; Nichols
2001). To resolve species trees in such situations require
data from a large number of independent genes. Although
DNA sequencing produces data of much higher quality
than AFLP, the latter allow data to be collected at > 100
times as many loci for the same cost. A major concern with
using dominant multilocus DNA profiles (as AFLP data)
for phylogenetic reconstructions is that bands of the same
length seen in two species may not be homologous. If such
artificial similarities are common they may contribute to
spurious phylogenetic relationships, and on average, this
should be more of a problem when the studied species
are distantly related (e.g. Bussell et al. 2005). On the other
hand, a problem when studying closely related taxa (e.g.
subspecies) is the existence of shared polymorphisms, that,
if taxa are represented by few individuals only, such
shared polymorphisms might be overlooked. Hence, we
recommend that at least five individuals of each taxon
should be analysed to account for shared polymorphisms.

One of the first studies to demonstrate the power of
AFLP to resolve complex species phylogenies was done
on a clade of Lake Malawi cichlids (Albertson et al. 1999).
Eleven selective primer combinations were used to generate
1205 polymorphic AFLP loci that enabled the researchers
to resolve the phylogeny with a remarkable precision,
giving strong support also for populations with diver-
gence times as recent as a few hundred years (Albertson
et al. 1999). In this study it was found that by increasing the
number of primer combinations from 4 to 11, the mean
bootstrap values changed from 75% to 90%, and a cumula-
tive plot suggested that additional primer combinations
could improve the resolution substantially. Other examples
where AFLP has been successfully used to resolve phylo-
genies include species boundaries among cryptic Hawaiian
crickets (Parsons & Shaw 2001) and in a species flock of
African electric fish (Sullivan et al. 2004).

The species complex of large Larus gulls contains about
20 taxa with distinct morphological and/or mitochondrial
haplotypes; however, it has not been possible to resolve the
phylogeny with the help of extensive mtDNA sequencing
(Liebers et al. 2004). Given the success of the AFLP tech-
nique in the above examples, some of which include taxa
not at all differentiated in mtDNA (Albertson et al. 1999),
one would presume that AFLP could be a useful approach.
In a study including multiple samples of individuals from
11 gull taxa, it was disappointing to find that most indi-
viduals from the same taxon (or sampling) did not cluster
together (de Knijff et al. 2001). Why the AFLP method
did so poorly in this case is not clear; however, it is
notable that a substantial proportion of the genetic
variance (23%) was due to differences between taxa (de
Knijff et al. 2001), suggesting that more powerful assignment

procedures (Campbell et al. 2003) might have provided
better resolution.

Useful extensions of the basic protocol

A brilliant virtue of the AFLP method is the ease by which
it can be modified to fit more specific questions, by simple
changes of restriction enzymes, adapters and primers.
We give three examples that span as different subjects
as screening and isolation of microsatellites, expression
studies of cDNA and variation in DNA methylation.

Microsatellites from AFLP

Microsatellite markers often exhibit high levels of poly-
morphism and are most often codominant. In order to
circumvent the time-consuming procedures often involved
when developing microsatellite markers, several attempts
have been made to amplify microsatellites in AFLP
experiments (Witsenboer et al. 1997; Albertini et al. 2003).
They all include the production of preamplified adapter-
ligated restriction fragments as described in Vos et al.
(1995) but the selective amplification is modified by the use
of a primer anchoring to a simple sequence repeat (SSR) or
two different adjoining SSRs (Witsenboer et al. 1997). These
techniques have been used to assess genetic diversity
(Roy et al. 2002) and for genetic mapping (Witsenboer et al.
1997; Albertini et al. 2003) or to identify and isolate SSRs
followed by converting them into sequence-specific
microsatellite markers (Yang et al. 2002). However, the
number of studies using these techniques is limited probably
partly due to the often complex banding pattern generated,
making it difficult to identify alleles.

cDNA-AFLP

In most organisms, only a smaller fraction of the
genome is made up of coding genes; however it is these
DNA segments together with a limited but yet impor-
tant fraction of the noncoding DNA (promoter regions
and other regulatory elements) that make the difference
between phenotypes (e.g. Knight 2004; Lockton & Gaut
2005). It has been shown that the level of gene expression
can be very different also in genetically very similar
organisms (Le Quere et al. 2004). The state-of-the-art
method to compare gene expression is based on the
microarray technique (Gibson 2002). This method is only
starting to become available in other than a few model
species and compared to methods normally used by
molecular ecologists, microarray is a very expensive
technique. It is thus interesting that many studies have
found cDNA-AFLP (Bachem et al. 1996, 1998) to be a
fast and robust alternative to explore variation in gene
expression between individuals and groups of phenotypes.
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Until now, the method has mainly been used in plants
(> 60 studies) (e.g. Simoes-Araujo et al. 2002; Dubos &
Plomion 2003). One of the few animal studies used
cDNA-AFLP to compare gene expression in two strains
of an endoparasitic wasp with different reproductive
strategies (Reineke et al. 2003). A handful of genes showed
up- or down-regulated expression levels in ovaries of the
two strains, patterns that were confirmed using Northern
blotting.

DNA methylation

Methylation of cytosine is a common epigenetic
modification of DNA in most eukaryotic organisms. The
methylation patterns of DNA are relatively stable over cell
generations, but can also be modified by intrinsic and
external influences (Holliday 1990). Variation in methyla-
tion has been found to influence, e.g. gene expression and
genomic imprinting (Doerfler 1983; Gonzalgo & Jones
1997). Patterns of DNA methylation can be retrieved by
a slight modification of the original AFLP protocol (Xu
et al. 2000). The method makes use of two isoschizomeric
restriction enzymes (i.e. they cut DNA at the same sequence
motif) with differential sensitivity to DNA methylation,
and by comparing different groups of phenotypes or
tissue, DNA methylation differences can be identified
and quantified. For example, methylation-sensitive AFLP
has been used to study vernalization in winter wheat
(Sherman & Talbert 2002) and ecotype differences in
Arabidopsis thaliana (Cervera et al. 2002). Whether pheno-
typic differences between populations of wild animals is
caused by differences in DNA methylation remains to be
studied.

Conclusions

The study of molecular ecology in many wild species is
today and in the near future hampered by the limited
availability of markers that deliver high quality and
quantity molecular data at a reasonable cost. Before full
genome sequencing of individuals will be feasible for
population studies we have to look for alternative
methods. We advise the use of AFLP because of its low
start-up time and cost-effective generation of data from
a large number of evenly distributed loci in the whole
genome. These features are very attractive especially
when estimating genetic diversity, studying population struc-
ture, finding loci in the genome that affects phenotypes
and when generating linkage maps. Moreover, the low
information content delivered for each AFLP locus, due
to the inability of discriminating between homozygotes for
the presence allele (1/1) and heterozygotes (1/0), can often
be compensated for by investigating more AFLP loci. This
means that AFLP also can compete with codominant

methods, which often require long start-up times, when
doing parentage analysis, studies of relatedness, assignments
of individuals to populations and attempts to detect hybrids
and backcrosses.

The AFLP protocol has also proved to be extremely
flexible, allowing for studies directed towards specific
research topics such as DNA methylation, transposable
elements and cDNA. To follow further refinement of AFLP
and other versatile molecular methods, we suggest that
rather than looking into genetic methods developed for
model species such as humans, Drosophila and Arabidopsis,
we should keep a steady eye on what is going on in the
studies of commercially important animals, plants, fungi
and bacteria. The economic importance of these species
will provide research resources that may spark the develop-
ment of new and more efficient methods for genotyping a
large array of species. This is exactly what we need for
genetic research in molecular ecology.
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