
Characterization of AFLP markers in damselflies:
prevalence of codominant markers and
implications for population genetic applications

A. Wong, M.R. Forbes, and M.L. Smith

Abstract: Amplified fragment length polymorphism (AFLP) analysis is becoming increasingly popular as a method for
generating molecular markers for population genetic applications. For practical considerations, it is generally assumed
in population studies that AFLPs segregate as dominant markers, i.e., that present and absent are the only possible
states of a given locus. We tested the assumption of dominance in natural populations of the damselflyNehalennia
irene (Hagen) (Odonata: Coenagrionidae). Electro-blotted AFLP products from 21 samples were probed with individual
markers. Eleven markers were analyzed, of which two were monomorphic and nine were polymorphic. Only two of the
polymorphic markers behaved in a strictly dominant manner. The remaining seven polymorphic markers displayed vari-
ous degrees of codominance, with 2–10 visible alleles in the sample. Of the three markers displaying the highest de-
gree of variability, two contained microsatellite repeat tracts. Our results suggest that the assumption of dominance is
unfounded. As a result, AFLP analysis may be unsuitable for estimating several important population genetic parame-
ters, including genetic diversity.
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Résumé: L’analyse AFLP (polymorphisme de longueur des fragments amplifiés) s’avère de plus en plus populaire
comme approche pour générer des marqueurs moléculaires en vue de l’étude de la génétique des populations. En raison
de considérations pratiques, il est généralement pris pour acquis dans l’étude des populations que les AFLP sont des
marqueurs dominants, c’est-à-dire que la présence et l’absence sont les deux allèles possibles pour un locus. Les au-
teurs ont vérifié la prémisse de la dominance au sein de populations naturelles de la libelluleNehalennia irene(Hagen)
(Odonata : Coenagrionidae). Des produits AFLP provenant de 21 échantillons ont été transférés sur membrane et hybri-
dés avec des sondes correspondant à des marqueurs individuels. Onze marqueurs, parmi lesquels deux étaient mono-
morphes et neuf étaient polymorphes, ont été analysés ainsi. Seuls deux des marqueurs polymorphes ont montré un
comportement qui pourrait être qualifié de strictement dominant. Les sept autres marqueurs polymorphes ont montré de
la codominance à divers degrés, de 2–10 allèles étant détectés au sein de l’échantillon. Des trois marqueurs montrant la
plus grande variabilité, deux contenaient des microsatellites. Ces résultats suggèrent que la prémisse voulant que ces
marqueurs sont dominants n’est pas fondée. Ainsi, l’analyse AFLP pourrait s’avérer impropre à l’estimation de plu-
sieurs paramètres en génétique des populations dont la diversité génétique.

Mots clés: AFLP génétique des populations, marqueurs dominants, microsatellite, insecte, libellule.

[Traduit par la Rédaction] Wong et al. 684

Introduction

An increasingly popular technique for generating molecu-
lar markers involves the use of amplified fragment length
polymorphisms (AFLPs) (Vos et al. 1995). AFLP markers
have been used in mapping plant genomes (e.g., barley,
Becker et al. 1995; tomato, Saliba-Colombani et al. 2000),
chromosome landing (Cnops et al. 1996), and positional
cloning (Simons et al. 1998). More recently, AFLP markers
have been used for population genetic studies in a wide vari-

ety of taxa, including bacteria (Jiang et al. 2000), insects
(Yan et al. 1999), plants (Barker et al. 1999), and fungi
(Arenal et al. 1999).

The technique is potentially useful in population genetic
studies, because single AFLP reactions can yield large num-
bers of highly reproducible genetic markers from a small
amount of starting material. Generating AFLP markers is a
multistep process, beginning with endonuclease digestion of
genomic DNA. Typically, two enzymes are used: a “rare” (6-
bp recognition site) cutter, such asEcoRI or PstI, and a “fre-
quent” (4-bp recognition site) cutter, such asMseI. Universal
linkers are then ligated to the restriction fragments, which
are subsequently amplified using PCR primers complemen-
tary to both the linkers and the restriction sites. The number
of fragments amplified is reduced by extending the PCR
primers up to 3 “selective” nucleotides 3′ to the restriction
site. Thus, several types of polymorphism are, in principle,
detectable by analysis of AFLPs. Base substitutions, dele-
tions, and insertions at the restriction sites or within the se-
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lective bases will result in the loss of a PCR fragment.
Polymorphisms generated in this manner should behave in a
dominant fashion, i.e., the presence or absence of a band
should be the only two states for a given marker. Addi-
tionally, insertions or deletions internal to the restriction sites
and selective bases will generate length polymorphisms that
should behave in a codominant manner, so that different-sized
amplicons, or alleles, are detectable upon gel electrophoresis.

In population genetic studies, it is often assumed that
AFLP markers are exclusively dominant because of practical
considerations. For example, over 100 fragments may be
generated in a single reaction, and it is virtually impossible
to determine which fragments in different individuals repre-
sent alleles of the same AFLP locus without extensive segre-
gation or hybridization analysis. Further assumptions are
also required for genetic analysis when controlled crosses
are not feasible (Apostol et al. 1996; Yan et al. 1999). For
example, it is assumed that each marker segregates in a
Mendelian manner and that the genotype at each locus is in
Hardy–Weinberg equilibrium. Furthermore, fragments of the
same size are considered to be identical within and among
populations, as are recessive alleles (indicated by a lack of
PCR product at a given gel position). This last assumption is
particularly questionable. The absence of a fragment at a gel
position might result from a number of different events, in-
cluding base substitution, insertion, or deletion at the primer
annealing sites.

There is growing evidence that AFLPs are not exclusively
dominant. Several mapping studies have detected
codominant AFLP markers by segregation analysis
(Maheswaran et al. 1997; Alonso-Blanco et al. 1998; Saliba-
Colombani et al. 2000). Furthermore, hybridization studies
in asparagus (Reamon-Büttner et al. 1999) and potato
(Meksem et al. 1995) suggest that some AFLP fragments
represent dispersed repetitive sequences. Since length
polymorphisms appear to be common in repetitive sequences
(Jeffreys et al. 1988), it is possible that such AFLP locicould
be represented by multiple alleles in a population sample.

If codominance is common among AFLP markers, the use
of AFLPs in population genetic studies could be compro-
mised. Nevertheless, to our knowledge, no studies have
attempted to directly ascertain the nature of the poly-
morphisms detected by AFLP. In this study, we undertook a
molecular characterization of AFLP markers generated from
natural populations of the damselflyNehalennia irene
(Hagen). By Southern analysis, we determined whether each
of 11 randomly selected AFLP fragments behaved in a dom-
inant or codominant manner. Nearly 80% of polymorphic
markers were not dominant, with 2–10 different fragment
sizes detectable at each locus. These results imply that
AFLP analysis may give biased estimates of several popula-
tion genetic parameters. Furthermore, our results place re-
strictions on viable methods for estimating genetic distances
between populations using AFLP markers. Finally, we dem-
onstrate that AFLP markers may be useful for generating
highly variable codominant microsatellite markers.

Materials and methods

Sample collection, DNA extraction, and AFLP analysis
Adult N. irenewere collected from mid-May to late June 1999

at Indian Lake Bight, near Chaffey’s Locks, Ont., Canada. This
population was originally characterized and described by Forbes et
al. (1995). Samples were killed and stored in 100% ethanol until
DNA extraction.

DNA was extracted by a modified version of the CTAB
(cetyldimethylethylammonium bromide) method described by
Reineke et al. (1998). First, abdomens were removed, to avoid con-
taminating DNA from gut parasites and (or) sperm. Head and tho-
rax were subsequently vacuum-dried and ground to a fine powder
using a sterile applicator stick. The powder was resuspended in
400 µL of extraction buffer (0.1 M Tris (pH 8.0), 10 mM EDTA,
2% SDS, 0.2 mg/mL proteinase K), and the suspension incubated
for 1 h at58°C. NaCl and CTAB (Sigma, Oakville, Ont.) were then
added to final concentrations of 1 M and 1%, respectively, and the
mixture was incubated for 10 min at 65°C. Following chloroform –
isoamyl alcohol (24:1) extraction, DNA was ethanol-precipitated
and resuspended in TE (10 mM Tris, 1 mM EDTA, pH 8.0).

AFLP analysis was performed using the AFLP Small Genome
Primer Kit (Life Technologies, Burlington, Ont.). Reactions were
carried out as described in Vos et al. (1995), using the primer set
E-TG/M-CAC. T4 polynucleotide kinase (New England Biolabs,
Mississauga, Ont.) was used to end-label the primer E-TG with [γ-
33P]dCTP (Amersham, Oakville, Ont.). Reaction products were re-
solved by 8% denaturing PAGE (polyacrylamide gel electrophore-
sis) and visualized by autoradiography. AFLP fragments were
scored within ±0.5 mm as present or absent.

Cloning of AFLP markers
Randomly selected AFLP markers were cloned into pCR2.1

(Invitrogen, Carlsbad, Calif.). Clones bearing inserts of 200–500
bp were then subjected to PCR using the AFLP primers33P-E-
TG/M-CAC and resolved by 8% denaturing PAGE, to verify that
they bore at least one E-TG end and therefore represented
visualizable AFLP markers.

Southern blotting and hybridization
AFLP products were resolved by 8% denaturing PAGE and

electroblotted onto Hybond-N+ membranes (Amersham) at 200
mA for 30 min using a Trans-Blot cell (Bio-Rad, Mississauga,
Ont.). Membranes were then dried, oven-baked, and UV-fixed be-
fore hybridization. 32P-labeled probes of single cloned AFLP
markers were synthesized by random-primer labeling for use in
DNA–DNA hybridization as described in Sambrook et al. (1989).
Probe hybridization to AFLP products was visualized by auto-
radiography.

Heterozygosity at codominant hybridization loci was calculated
as the observed frequency of heterozygotes in the sample.
Heterozygosity for dominant markers was estimated according to
Lynch and Milligan (1994), assuming that the dominant and reces-
sive alleles occurred in Hardy–Weinberg equilibrium. As such, the
frequency,q, of the recessive (absent) allele was estimated using
the equation

[1] q(i) = x i( ){1 – Var[x(i)]/8[x(i)]2} –1

where x(i) is the observed frequency of null homozygotes at a
given locusi, and Var[x(i)] = x(i)[1 – x(i)]/N, whereN is the sam-
ple size. Heterozygosity,H(i), at locusi was then estimated as

[2] H(i) = 2q(i)[1 – q(i)] + 2Var[q(i)]

where Var[q(i)] = [1 – x(i)]/(4N).

Sequencing and analysis of internal variation
Both strands of cloned AFLP fragments were sequenced with a

LI-COR 4200L automated sequencer (Lincoln, Nebr.) at Canadian
Molecular Research Services (Ottawa, Ont.). PCR primers internal
to the AFLP restriction sites were then designed based on the se-
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quence, and used to amplify genomic DNA from individual
damselflies. Table 1 gives the primer sequences and PCR anneal-
ing temperatures for each primer set. One microlitre of amplifica-
tion product was then used as a template for a PCR reaction using
33P end-labeled forward primer, according to the following proto-
col: 5 cycles of 94°C for 30s, 56°C for 30s, and 72°C for 60s; fol-
lowed by 5 cycles of 62°C for 1 min and 76°C for 1 min. The
products of this reaction were mixed with a nondenaturing loading
buffer (40% sucrose, 0.25% xylene cyanol, 0.25% bromophenol
blue) and resolved by 6% nondenaturing PAGE, for 18–22 h at
200 V. These samples were not denatured and chilled prior to elec-
trophoresis, to avoid confusion caused by the formation of hetero-
duplex molecules. After electrophoresis, the gel was dried and the
products visualized by autoradiography.

Each individual was scored for genotype. Heterozygosity was
calculated as the observed proportion of heterozygotes in the popu-
lation sample. A beta-release version of DNAType (R. Chakraborty
and D. Stivers, personal communication) was used to estimate the
frequency of null alleles at each PCR locus.

Results

AFLP reactions and cloning of AFLP products
AFLP analysis of 45 damselflies yielded 120 reaction

products that could be scored in the size range of approxi-
mately 100–500 bases. Approximately 60 of these fragments
were polymorphic in more than 5% of the samples. Random
AFLP fragments from a single individual were cloned into
pCR2.1. EcoRI digestion and agarose-gel electrophoresis
showed that insert sizes for these clones ranged from 100 to
1200 bp. Clones with inserts of between 200 and 500 bp
were subjected to PCR with AFLP primers33P-E-TG/M-
CAC, followed by denaturing PAGE and autoradiography
(Fig. 1). Labeled fragments evident from autoradiographs in-
dicated the presence of at least one E-TG end; these cloned
fragments were selected for further study, since they would
be visible during AFLP analysis. Interestingly, two or more
distinct bands were visible for most of the clones following
PCR amplification. Generally, the upper band migrated as
expected based on sequence length, while the lower band,
which was often less well defined, migrated to a position ex-
pected for a fragment 20–100 bases smaller (Fig. 1). Clon-
ing and sequencing of the two bands for one clone showed
them to be identical in sequence (data not shown), ruling out
PCR replication errors as a possible cause of this phenomenon.

Molecular characterization of AFLP products
Southern hybridization of the 11 cloned markers to elec-

tro-blotted AFLP products from 21 individuals revealed the
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Locus Internal primer sequences Annealing temperature (°C)

a302-1 5′-ATTTACCATGATAAAAGTTCAC-3′ 58
5′-GAAGTAAGGAAGGGTAGAC-3′

a302-8 5′-AAGAGTGGGGAAGTGGGTTG-3′ 56
5′-CCTTCCCCTCACCACTGCG-3′

a503-7 5′-TTTCGTATCTACTCGAGGAC-3′ 62
5′-GGAAACCAATAGTAAATTCG-3′

Table 1. DNA sequences and annealing temperatures for PCR primers internal to AFLP primers.

Fig. 1. AFLP fragments from a single individual were cloned
into pCR2.1. Clones with inserts of between 200 and 500 bp
were subjected to PCR with AFLP primers33P-E-TG/M-CAC
and resolved by 8% denaturing PAGE followed by
autoradiography.

Fig 2. Southern hybridization of cloned AFLP fragments to
AFLP products revealed four classes of marker: monomorphic
(a), codominant (b), dominant (c), and dispersed repetitive ele-
ments (d).
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presence of four classes of amplified restriction fragment
(Fig. 2; Table 2). The first two classes of marker, mono-
morphic and dominant, are generally assumed to constitute
the majority of AFLP fragments. We defined monomorphic
fragments as those present in≥95% of samples, with only
one visible allele present in the population sample. Simi-
larly, dominant polymorphic fragments had only one visible
allele in the population sample, but were present in <95% of
the samples. Samples without a hybridization signal for
dominant markers were presumed to be homozygous null.

The two remaining classes of marker, codominant and re-
petitive, are generally given little consideration during AFLP
analysis. Codominant polymorphic markers had more than
one visible allele in the population sample, with, at most,
two alleles observed per individual. Different alleles were
clearly distinguishable, with an observed size range of up to
~10 bases between the smallest and largest bands. Some
codominant markers were represented in all individuals sam-
pled and were highly polymorphic in the population sample.
These loci, a503-7, a302-8, and a302-1 (see below), were
each represented by at least six alleles in the population
sample. Others (e.g., r2) were homozygous null for some in-
dividuals and, therefore, not completely codominant. Finally,
repetitive sequences (e.g., a302-1) showed multiple (>2) hy-
bridizing fragments across the entire size range of AFLP
products probed (100–500 bases) within each individual. We
interpreted the appearance of multiple hybridization signals
as evidence that these fragments contained sequences repre-

sented throughout the genome, such as dispersed repetitive
elements.

Contrary to assumptions normally made in AFLP analy-
sis, purely dominant markers accounted for a minority (two
out of nine) of the polymorphic markers analyzed by South-
ern hybridization. To assess the impact of polymorphic
codominant loci on estimates of population genetic parame-
ters, diversity (as heterozygosity,H(i)) at loci a302-8, a503-
7, and a302-1 was estimated in two different ways (Table 3).
First, as is appropriate for a codominant locus,H(i) was esti-
mated  as  the  observed  proportion  of  heterozygotes  in  the
population. Second, to reflectH(i) as it would be estimated
in AFLP analysis, each gel position was considered to be a
different locus. The recessive-allele frequency and diversity
at each such “locus” were estimated according to Lynch and
Milligan (1994), andH(i) across these loci was calculated as
the average of the individual diversities. For all three loci,
the assumption of dominance led to a gross underestimate of
H(i) (Table 3; 0.169 vs. 0.810 for a302-8; 0.184 vs. 0.632
for a503-7; and 0.198 vs. 0.350 for a302-1). We did not un-
dertake a similar analysis for codominant markers with mul-
tiple null homozygotes, as the derivation of formulae for
dealing with such markers is beyond the scope of this study.

To further analyze the level and nature of variation present
in codominant and repetitive AFLP fragments, we designed
PCR primers internal to two codominant (a503-7 and a302-
8) and one repetitive (a302-1) marker. Size differences be-
tween PCR products from 20 individuals were detected by
nondenaturing PAGE (Fig. 3). All three markers were highly
polymorphic (Table 4). Heterozygosities of 0.65, 0.50, and
0.35 were observed for markers a302-8, a503-7, and a302-1,
respectively, indicating significant polymorphism at each
PCR locus. It is thus probable that the “repetitive” AFLP
fragment a302-1 appears as a codominant locus in AFLP
analysis. Relatively low frequencies of null alleles were ob-
served, ranging from 0.122 for a302-8 to 0.359 for a302-1,
suggesting that the primer sequences were conserved despite
the internal variability of the fragments.

© 2001 NRC Canada
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Marker Class
No. of visible alleles
(n = 21)

No. of null samples
(n = 21)

r11 Monomorphic 1 0
r33 Monomorphic 1 0
r10 Dominant 1 18
r14 Dominant 1 15
a302-8 Codominant 8 0
a503-7 Codominant 7 0
r1 Codominant 3 8
r31 Codominant 2 12
r12 Codominant 2 3
r2 Codominant 2 17
a302-1 Repetitive 6 0

Note: Monomorphic markers were present in≥95% of samples. Dominant markers hybridized to fragments at only one gel
position and were present in <95% of individuals. Codominant markers hybridized to fragments at more than one gel position, with
no more than two hybridizing fragments per individual. Repetitive markers hybridized to fragments at multiple locations, with more
than two hybridization signals per individual; the number of visible alleles at locus a302-1 is therefore based on PCR data with
internal primers and 20 individuals, as in Fig. 3.

Table 2. Characteristics of AFLP fragments, as shown by Southern hybridization of cloned AFLP fragments to
AFLP products.

Diversity calculated using

Marker
Dominant-locus
method

Codominant-locus
method

a302-8 0.169 0.810
a503-7 0.184 0.632
a302-1 0.198 0.350

Table 3. Differences in diversity estimates at AFLP loci using
codominant and dominant methods of analysis.
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Sequence analysis of markers a302-8 and a302-1
(GenBank accession Nos. AF397597 and AF379593, respec-
tively) showed that both contained microsatellite sequences.
Marker a302-8 contained an AG dinucleotide repeat of 34
bp, and a302-1 contained a CAT trinucleotide repeat of 21
bp. Microsatellite repeats are known to be unstable, with fre-
quent changes in the number of repeat units (Weber and
Wong 1993). To test the hypothesis that size variations at lo-
cus a302-8 result from microsatellite expansion and deletion,
we cloned and sequenced four size variants of a302-8
(GenBank accession Nos. AF379594–AF379597) and
observed that the number of AG repeats ranged from 8 to
17, accounting for all the size differences of these clones.
Fewer size variants were observed for the trinucleotide re-
peat marker a302-1 than for the dinucleotide repeat marker
a302-8, as expected from previous reports that mutation
rates decrease with respect to repeat-unit length
(Chakraborty et al. 1997). The locus with the largest number
of size variants was a503-7 (the GenBank accession Nos. for
the variants of a503-7 are AF379598–AF379601). Sequence
analysis, however, showed that this marker contained no ob-
vious repetitive sequences. Thus, it was of interest to deter-
mine the basis of the variability of this locus. Alignment of
four PCR alleles (Fig. 4) showed that polymorphism was
due to length differences, primarily localized to a 20-bp re-
gion in the middle of the fragment.

Discussion

Based on Southern analysis with 11 distinct AFLP frag-
ments and 21 individual damselflies, we could account for
34 of the ~120 (~28%) AFLP fragments generated in the
100- to 500-base size range in a population sample of 45 in-
dividuals. Purely dominant markers accounted for less than
25% of the nine polymorphic loci examined. The observed

proportion of codominant markers (>75%) greatly exceeded
the values detected by segregation analysis in genetic map-
ping studies with rice (10.6%; Maheswaran et al. 1997), to-
mato (17%; Saliba-Colombani et al. 2000), andArabidopsis
thaliana (19.2%; Alonso-Blanco et al. 1998). Since mapping
studies use relatively few individuals, the actual prevalence
of codominant markers is likely to be significantly higher in
population samples.

Repetitive sequences appear to be responsible for the vari-
ability of some codominant AFLP fragments, as repeat tracts
were found in two of three hypervariable markers. Repetitive
sequences are known to be highly polymorphic (Jeffreys et
al. 1988), with mutation rates of up to 0.0001 per generation
(Weber and Wong 1993). AFLP markers that incorporate
microsatellites should therefore be expected to display high
variability within a population. Importantly, alleles gener-
ated by microsatellite mutation would be expected to behave
in a codominant manner, since expansions or deletions at re-
peated sequences should occur independently of changes in
the AFLP restriction sites and selective nucleotides. Our re-
sults, as well as hybridization studies in asparagus (Reamon-
Büttner et al. 1999) and barley (Meksem et al. 1995), sug-
gest that repetitive sequences are relatively common in
AFLP markers. Polymorphic codominant loci should thus be
similarly well represented.

In our study, at least 2 of 11 randomly cloned markers
contained repetitive sequences (not all markers were se-
quenced). Other studies (Reamon-Büttner et al. 1999) have
detected an even higher incidence of repetitive sequences in
AFLP markers. Thus, microsatellite markers might be gener-
ated simply by screening polymorphic AFLP markers. Pre-
liminary investigations in our laboratory suggest that
markers generated in this manner are extremely useful for
population genetic studies (data not shown). Pearson and
Sinden (1996) reported that anomalous banding patterns
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Marker Marker type
Sequence
characteristics

No. of PCR
alleles (n = 20)

Estimated frequency
of null alleles Heterozygosity

a302–8 Codominant (AG) repeat 8 0.122 0.65
a503–7 Codominant None 9 0.247 0.50
a302–1 Repetitive (CAT) repeat 6 0.359 0.35

Note: PCR primers internal to markers a302-8, a503-7, and a302-1 were used to amplify genomic DNA from 20 individuals.33P-labeled products were
resolved by 6% nondenaturing PAGE and scored within ±0.5 mm. DNAType (R. Chakraborty and D. Stivers, personal communication) was used to
estimate the frequency of null alleles.

Table 4. Analysis of polymorphism internal to three AFLP markers.

Fig. 3. Analysis of polymorphisms internal to the AFLP primers.33P-labeled PCR primers internal to marker a302-1 were used to am-
plify genomic DNA from 20 individuals. The resulting products were resolved by 6% nondenaturing PAGE followed by
autoradiography.
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were observed during nondenaturing gel electrophoresis of
sequences containing trinucleotide repeat sequences, and at-
tributed the anomalous bands to slipped-strand structures
within the repeats. This observation might suggest a method
whereby AFLP markers containing repeat sequences could
be quickly identified. In our study, however, anomalous
banding patterns were also observed for sequences contain-
ing no microsatellites.

A general explanation for the variability of AFLP markers
might appeal to the genomic location of AFLP loci. Two
lines of evidence suggest that AFLPs primarily represent
noncoding sequences. First, mapping studies in oat (Jin et al.
2000) and barley (Becker et al. 1995) found that AFLP
marker clusters were rarely interspersed with RFLP (restric-
tion fragment length polymorphism) clusters. Rather, AFLP
markers tended to flank clusters of RFLPs. Interestingly, the
RFLP markers used in these studies were primarily derived
from cDNA libraries (Heun et al. 1991; O’Donoughue et al.
1995) and, thus, likely represented coding sequences. Con-
versely, in tomato, where RFLP markers were generated
from total genomic DNA, AFLPs and RFLPs were observed
to mingle (Saliba-Colombani et al. 2000). Second, AFLPs
have been observed to cluster around the centromeres in
A. thaliana(Alonso-Blanco et al. 1998) and tomato (Saliba-
Colombani et al. 2000). Although the genetic characteristics

of centromeres are only beginning to be analyzed (Lohe and
Hilliker 1995; Copenhaver et al. 1999), functional genes ap-
pear to be relatively rare near the centromeres. These obser-
vations suggest that coding sequences occur in discrete
chromosomal regions, and that polymorphic AFLPs tend to
fall outside of these regions.

Indeed, since eukaryotic genomes are thought to consist
largely of noncoding sequence, it may be expected that ran-
domly generated markers such as AFLPs would predomi-
nantly represent noncoding regions of the genome.
Moreover, none of the four markers sequenced in this study
aligned to coding regions in the sequence database of
Drosophila melanogaster, the organism most closely related
to N. irene for which there is significant DNA-sequence
data. The noncoding nature of AFLPs may provide a more
general explanation for their variability. Mutations in coding
sequences are expected to be generally deleterious, whereas
mutations in noncoding sequences tend to be neutral. Thus,
selection against polymorphism should be higher in coding
sequences than in noncoding sequences. A comparison of
polymorphism levels between genomic (27.8%) and cDNA
(15.8%) clones from barley (Heun et al. 1991) supports this
hypothesis. The tendency of AFLPs to map outside of cod-
ing regions would explain, to a large extent, the observed
range of variation at these loci.
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Fig. 4. Alignment of a region internal to AFLP fragment a503, the most polymorphic locus detected, reveals that different-sized frag-
ments at this locus result from insertion–deletion mutations that apparently are not associated with repeated sequences. Base substitu-
tions are indicated by shading and length differences in black. Sequences are from alleles 1279, 2434, 2431, and a503 in damselflies
127, 243, and 246.
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The observation that most polymorphic AFLPs are
codominant has important consequences for population ge-
netic applications. Conventional approaches to analyzing
AFLP data will underestimate the variability at each locus
and overestimate the number of loci analyzed, since each al-
lele will be taken as an independent locus. As demonstrated
by Lynch and Milligan (1994), several population genetic
parameters will consequently suffer bias. Allele frequencies
will be overestimated and within-population gene diversity
will be underestimated. The latter point is underscored by
our finding that diversity at hypervariable loci was underesti-
mated by between 40 and 80% using the Lynch and Milligan
(1994) method. Lynch and Milligan (1994) also showed that,
assuming equal marker frequencies, heterozygosity estimates
may be (2/n)th or less than the true value, wheren is the
number of markers at a locus. Thus, bias is expected to be
highest for hypervariable markers. Yan et al. (1999) com-
pared estimates of population genetic parameters between
AFLPs and RFLPs in populations of the yellow fever mos-
quito, to test the Hardy–Weinberg equilibrium assumption
for AFLP markers. Empirically, it was found that both
heterozygosity and population differentiation, measured us-
ing FST, were underestimated by AFLP. These results are in
accordance with the predictions made above. The authors
attributed the observed bias to incomplete genotypic infor-
mation at AFLP loci. Our findings similarly suggest that the
assumption of dominance in AFLP analysis would signifi-
cantly bias estimates of population genetic parameters.

During AFLP analysis, it is generally assumed that all in-
dividuals lacking a band at a particular gel position are iden-
tical in state at that locus. This assumption is clearly
unfounded, since an apparent null allele may arise in several
manners, either as a polymorphism in the restriction sites or
selective bases (creating a recessive allele) or as a length
variation (resulting in a codominant allele). Our observation
that codominant alleles are common at AFLP loci has impli-
cations for studies that use AFLP-based distance or similar-
ity matrices to differentiate populations. In calculating
distance or similarity values from binary AFLP data, it is
important to use a metric that does not assume identity be-
tween null alleles. Thus, metrics that exclude null values
from analyses, for example, Jaccard’s similarity coefficient,
are preferable to metrics that count null alleles as identical,
for example, Euclidean-distance or Roger’s similarity matri-
ces. Provided the appropriate similarity or difference mea-
sure is used, the codominance of AFLPs does not appear to
have a significant impact on population differentiation
(Sharma et al. 1996).

Our observations should not have serious consequences
for genetic mapping using AFLP markers. In mapping stud-
ies, it is possible to identify codominant markers on the ba-
sis of segregation data (Maheswaran et al. 1997; Alonso-
Blanco et al. 1998; Saliba-Colombani et al. 2000). Subse-
quent linkage analysis can, therefore, take account of
codominance as appropriate, either by disregarding
codominant loci altogether or by creating a linkage map us-
ing both dominant and codominant markers.

Contrary to standard assumptions, we have shown that
AFLP markers are rarely strictly dominant. Rather, multiple
length variants are present at many AFLP loci. Some of this
variation may be due to the presence of microsatellites in the

amplified fragments. More generally, AFLPs seem to be de-
rived from noncoding sequences, which are more prone to
mutation than are coding sequences. The codominant nature
of AFLP markers makes them unsuitable for estimating
many population genetic parameters, although they may still
be used for estimating population differentiation using ap-
propriate similarity or distance metrics.
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