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ABSTRACT

A novel DNA fingerprinting technique called AFLP is
described. The AFLP technique is based on the
selective PCR amplification of restriction fragments
from a total digest of genomic DNA. The technique
involves three steps: (i) restriction of the DNA and
ligation of oligonucleotide adapters, (ii) selective
amplification of sets of restriction fragments, and (iii)
gel analysis of the amplified fragments. PCR amplifica-
tion of restriction fragments is achieved by using the
adapter and restriction site sequence as target sites for
primer annealing. The selective amplification is
achieved by the use of primers that extend into the
restriction fragments, amplifying only those fragments
in which the primer extensions match the nucleotides
flanking the restriction sites. Using this method, sets
of restriction fragments may be visualized by PCR
without knowledge of nucleotide sequence. The
method allows the specific co-amplification of high
numbers of restriction fragments. The number of
fragments that can be analyzed simultaneously, how-
ever, is dependent on the resolution of the detection
system. Typically 50-100 restriction fragments are
amplified and detected on denaturing polyacrylamide
gels. The AFLP technique provides a novel and very
powerful DNA fingerprinting technique for DNAs of any
origin or complexity.

INTRODUCTION

DNA fingerprinting involves the display of a set of DNA
fragments from a specific DNA sample. A variety of DNA
fingerprinting techniques is presently available (1-11), most of
which use PCR for detection of fragments. The choice of which
fingerprinting technique to use, is dependent on the application
e.g. DNA typing, DNA marker mapping and the organism under
investigation e.g. prokaryotes, plants, animals, humans. Ideally,
a fingerprinting technique should require no prior investments in
terms of sequence analysis, primer synthesis or characterization
ofDNA probes. A number of fingerprinting methods which meet
these requirements have been developed over the past few years,
including random amplified polymorphicDNA (RAPD; 8), DNA
amplification fingerprinting (DAF; 9) and arbitrarily primedPCR
(AP-PCR; 10,11). These methods are all based on the amplifica-
tion of random genomic DNA fragments by arbitrarily selected

PCR primers. DNA fragment patterns may be generated of any
DNA without prior sequence knowledge. The patterns generated
depend on the sequence of the PCR primers and the nature of the
template DNA. PCR is performed at low annealing temperatures
to allow the primers to anneal to multiple loci on the DNA. DNA
fragments are generated when primer binding sites are within a
distance that allows amplification. In principle, a single primer is
sufficient for generating band patterns. These new PCR based
fingerprinting methods have the major disadvantage that they are
very sensitive to the reaction conditions, DNA quality and PCR
temperature profiles (12-16), which limits their application.
This paper describes a new technique for DNA fingerprinting,

named AFLP. The AFLP technique is based on the detection of
genomic restriction fragments by PCR amplification, and can be
used for DNAs of any origin or complexity. Fingerprints are
produced without prior sequence knowledge using a limited set
of generic primers. The number of fragments detected in a single
reaction can be 'tuned' by selection of specific primer sets. The
AFLP technique is robust and reliable because stringent reaction
conditions are used for primer annealing: the reliability of the
RFLP technique (17,18) is combined with the power of the PCR
technique (19-21). This paper describes several features of the
AFLP technique and illustrates how the technique can best be
used in fingerprinting of genomic DNAs.

MATERIALS AND METHODS

DNAs, enzymes and materials

Lambda DNA was purchased from Pharmacia (Pharmacia LKB
Biotechnology AB, Uppsala, Sweden). Autographa californica
Nuclear Polyhedrosis Virus DNA (AcNPV) was a kind gift from
Dr Just Vlak, Department of Virology, Agricultural University of
Wageningen, The Netherlands, and was isolated as described
previously (22). AcinetobacterDNA was a kind gift from Dr Paul
Jansen, Department of Microbiology, University of Gent, Bel-
gium, and was isolated from strain LMG 10554 according to the
procedure of Pitcher et al. (23). Yeast DNA was isolated from
strain AB1380 as described by Green and Olson with minor
modifications (24). Tomato DNA (culture variety [cv] Money-
maker, obtained from Dr Maarten Koomneef, University of
Wageningen, The Netherlands), Arabidopsis DNA (Recombi-
nant Inbred Line 240, obtained from Dr Caroline Dean, John
Innes Center, Norwich, UK), maize DNA (strain B73, obtained
from Dr Mario Motto, Instituto Sperimentale per La, Bergamo,
Italy), cucumber DNA (cv Primera, obtained from De Ruiter
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Seeds C.V., Bleiswijk, The Netherlands), barley DNA (cv Ingrid,
obtained from Dr Paul Schulze-Lefert, University of Aachen,
Germany), lettuce DNA (cv Calmar, obtained from Dr Richard
Michelmore, UC Davis, Davis, CA, USA) and brassicaDNA (oil
seed rape, cv Major, obtained from Dr Thomas Osborn,
University ofWisconsin, Madison, WI, USA) were isolated using
a modified CTAB procedure described by Stewart and Via (25).
Human DNA was prepared as described by Miller etal. (26) from
a 100 ml blood sample of Mrs Marjo Bleeker, one of the
co-authors of this paper. All restriction enzymes were purchased
from Pharmacia (Pharmacia LKB Biotechnology AB, Uppsala,
Sweden), except for the restriction enzyme MseI, which was
purchased from New England Biolabs Inc. (Beverly, MA, USA).
T4 DNA ligase and T4 polynucleotide kinase were also obtained
from Pharmacia (Pharmacia LKB Biotechnology AB, Uppsala,
Sweden). All PCR reagents and consumables were obtained from
Perkin Elmer Corp. (Norwalk, CT, USA). All radioactive
reagents were purchased from Amersham (Amersham Interna-
tional plc, Little Chalfont, Buckinghamshire, UK) or Isotopchim
(Isotopchim SA, Ganagobie, France).

AFLP primers and adapters

All oligonucleotides were made on a Biotronic Synostat D
DNA-synthesizer (Eppendorf Gmbh, Maintal, Germany) or Mil-
ligen Expedite 8909 DNA-synthesizer (Mllipore Corp. Bedford,
MA, USA). The quality of the crude oligonucleotides was
detmined by end-labeling with polynucleotide kinase and
[y.32P]ATP and subsequent electrophoresis on 18% denatring
polyacrylamide gels (27). Oligonucleotides were generally used as
adapters and primers for AFLP analysis without further purification.
AFLP adapters consist of a core sequence and an enzyme-spe-

cific sequence (28). The structure of the EcoRI-adapter is:

5-CTCGTAGACTGCGTACC
CATCTGACGCATGGTTAA-5

The structure of the MseI-adapter is:

5-GACGATGAGTCCTGAG
TACTCAGGACTCAT-5

Adapters for other 'rare cutter' enzymes were identical to the
EcoRI-adapter with the exception that cohesive ends were used,
which are compatible with these other enzymes. The TaqI-adapter
was identical to the MseI-adapter with the exception that a
cohesive end was used compatible with TaqI.
AFLP primers consist of three parts, a core sequence, an enzyme

specific sequence (ENZ) and a selective extension (EXT) (28).
This is illustrated below for EcoRI- and MseI-primers with three
selective nucleotides (selective nucleotides shown as NNN):

CORE ENZ
EcoRI 5-GACTGCGTACC AATTC
MseI 5-GATGAGTCCTGAG TAA

EXT
NNN-3
NNN-3

AFLP-primers for other 'rare cutter' enzymes were similar to the

EcoRI-primers, and TaqI-primers were similar to the MseI-
primers, but have enzyme-specific parts corresponding to the

respective enzymes.

Moditiation ofDNA and tenplate preparation

The protocol below describes the generation of templates for
AFLP reactions using the enzyme combination EcoRiIMseI.
DNA templates with other restriction enzymes were pr d
using essentially the same protocol, except for the use ofdifferent
restriction enzymes and corresponding double-stranded adapters.
Genomic DNA (0.5 ,g) was incubated-for 1 hat37°C with5 U

EcoRI and 5 U MseI in 40 gl 10 mM Tris-HAc pH 7.5, 10 mM
MgAc, 50 mM KAc, 5 mM DTT, 50 ng/jl BSA. Next, 10 Al of
a solution containing 5 pMol EcoRI-adapters, 50 pMol MseI-
adapters, 1 UT4 DNA-ligase, 1 mMATP in 10mMTris-HAcpH
7.5, 10 mM MgAc, 50mM KAc, 5 mM DTT, 50 ng/l BSA w-as
added, and the incubation was continued for 3 h at 370C.
Adapters were prepared by adding equimioar amiunts of both
strands; adapters were not phosphorylatbd. After ligation, the
reaction mixture was diluted to 500 gl witI 10 mnMTris-HCl, 0.1I
mM EDTA pH 8.0, and stored at -20'C.

AFLP reactions

Amplification reactions are described usmigDNA 1emiplati for
the enzyme combination EcoRlIMseI. A1 Mgerprints 'Witih
other enzyme combinations were performed wi appriate
pmes. .. ,. ..
AFMP reactions generally employed`iwot oligo d

primers, one corresponding to the EcoRI-ends and one correspon-
ding to the MseI-ends. One of two primers was radiacivWly
labeled, preferably the EcoRI-primer. Xe pi Wee ed
labeled using [y-33P]ATP and T4 polyucli kinase. The
labeling reactions were performed in 50 j4 25 mM Ts pH
7.5, 10mM MgCl2, 5 mM DTT, 0.5 mM 3HC g
500 ng oligonucleotide primer, 100 pCiy-33P]ATP And IOU T4
polynucleotide kinase. Twenty il PCRs wVere pertt ed conti
ing 5 ng labeled EcoRI-primer (0.5 p1 from t labeling recon
mixture), 30 ng MseI-primer, 5 p1 template-DNA, 0.4 U Taq
polymerase, 10 mM Tris-HCl pH 8.3, 15mM MgCl2, 50 mM
KCI, 0.2 mM of all four dNTPs.
The PCR conditions differed depending on; h namue o ffie

selecive extensions of fthe AFRP primers used for amplification.
AFLP rcions with primers having none or a single seltve
nucleotide were performed for 20 cycles with the following cycle
profile: a 30 s DNA denaturation step at 94°C, a 1 min annealing
step at 560C, and a 1 min extension step at 72°0C. AFLP retions
with pimes having two or tr selective nucleotides were
performed for 36 cycles with the following cycle profile: a 30 s
DNA denatation step at 940C, a 30 s annaling step (see below),
and a 1 min extension step at 72°C. The a g t ein
the first cycle was 65 0C, was subsequently reduced each cyle by
0.7°C for the next 12 cycles, an4 was contn edat 560C for the
remaining 23 cycles. Allampn lo e s weeperfo d in
a PE-9600 temocycler (Perldn Elmer Corp, Norw4, CT, USA).
AFLP fingerprinting of complex genomes *eneally involved

an amplification in two steps. The first ste thismfi
procedure, named preamplification, was med with two
AFLP primers having a single selective nucleotide as described
above, with the exception that 30 ng of both AFLP primers was
used, and that these primers were not radioactively labeled. After
this preamplification step, the reaction mixtures were diluted
10-fold with 10 mM Tris-HCl, 0.1 mM EDTA pH 8.0, and used
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amplification

Figure 1. Schematic representation of the AFLP technique. Top: EcoRI-MseI
restriction fragment with its 5' protuding ends. Center: the same fragment after
ligation of the EcoRI and MseI adapters. Bottom: both strands of the fragment
with their corresponding AFLP primers. The 3' end of the primers and their
recognition sequence in the EcoRI-MseI fragment are highlighted.

as templates for the second amplification reaction. The second
amplification reaction was performed as described above for
AFLP reactions with primers having longer selective extensions.

Gel analysis

Following amplification reaction products were mixed with an
equal volume (20 ,u) offormamide dye (98% formamide, 10mM
EDTA pH 8.0, and bromo phenol blue and xylene cyanol as
tracking dyes). The resulting mixtures were heated for 3 min at
900C, and then quickly cooled on ice. Each sample (2 gl) was
loaded on a5% denaturing (sequencing) polyacrylamide gel (27).
The gel matrix was prepared using 5% acrylamide, 0.25%
methylene bisacryl, 7.5 M urea in 50mM Tris/50mM Boric acid/I
mM EDTA. To 100 ml of gel solution 500 gl of 10% APS and 100
gl TEMED was added and gels were cast using a SequiGen 38 x
50 cm gel apparatus (BioRad Laboratories Inc., Hercules, CA,
USA). 100 mM Tris/100 mM Boric acid/2 mM EDTA was used
as running buffer. Electrophoresis was performed at constant
power, 110 W, for -2 h. After electrophoresis, gels were fixed for
30 min in 10% acetic acid dried on the glass plates and exposed
to Fuji phosphoimage screens for 16 h. Fingerprint patterns were
visualized using a Fuji BAS-2000 phosphoimage analysis system
(Fuji Photo Film Company Ltd, Japan).

RESULTS AND DISCUSSION

Principle of the method

The AFLP technique is based on the amplification of subsets of
genomic restriction fragments using PCR. DNA is cut with
restriction enzymes, and double-stranded (ds) adapters are ligated
to the ends of the DNA-fragments to generate template DNA for
amplification. The sequence of the adapters and the adjacent
restriction site serve as primer binding sites for subsequent
amplification of the restriction fragments (Fig. 1). Selective
nucleotides are included at the 3' ends of the PCR primers, which
therefore can only prime DNA synthesis from a subset of the
restriction sites. Only restriction fragments in which the nucleo-
tides flanking the restriction site match the selective nucleotides
will be amplified (Fig. 1).
The restriction fragments for amplification are generated by two

restriction enzymes, a rare cutter and a frequent cutter. The AFLP

11 Ilia Illb IVa IVb
A A B C D B C D C D E C D E
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Figure 2. AFLP fingerpfints of genomic DNAs of various complexities: X
DNA (panel I), AcNPV DNA (panel II), Acinetobacter DNA (panels Illa and
Illb) and yeast DNA (panels IVa and IVb). Letters A, B, C, D and E refer to
none, one, two, three and four selective bases in the AFLP primers respectively.
The primer combinations used were from left to right: I. EcoRI+0/Msel+O, II.
EcoRI+0/MseI+0, IIIa. EcoRI+OIMseI+A, EcoRI+CIMsel+A, EcoRI+C/Mse-
I+AT, llb. EcoRI+0/MseI+T, EcoRI+C/Msel+T, EcoRI+C/Msel+TA, IVa.
EcoRI+C/Msel+G, EcoRJ+C/MseI+GC, EcoRI+CAIMseI+GC, NVb. EcoRI+Cl
MseI+T, EcoRI+C/Msel+TA, EcoRI+CA/MseI+TA. (+0 indicates no selective
nucleotides, +A indicates selective nucleotide = A, etc). The molecular weight
size range of the fingerprints is 45-500 nucleotides.

procedure results in predominant amplification of those restriction
fragments, which have a rare cutter sequence on one end and a
frequent cutter sequence on the other end (this will be explained
below, see also Fig. 3). The rationale for using two restriction
enzymes is the following. (i) The frequent cutter will generate
small DNA fragments, which will amplify well and are in the
optimal size range for separation on denaturing gels (sequence
gels). (ii) The number of fragments to be amplified is reduced by
using the rare cutter, since only the rare cutter/frequent cutter
fragments are amplified. This limits the number of selective
nucleotides needed for selective amplification. (iii) The use of two
restriction enzymes makes it possible to label one strand of the ds
PCR products, which prevents the occurence of 'doublets' on the
gels due to unequal mobility of the two strands of the amnplified
fragments. (iv) Using two different restriction enzymes gives the
greatest flexibility in 'tuning' the number of fragments to be
amplified. (v) Large numbers of different fingerprints can be
generated by the various combinations of a low number of primers.

AFLP fingerprinting of simple genomes

The AFLP technique makes use of ds adapters ligated to the ends
of the restriction fragments to create target sites for primer
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Figure 3. Illustration of the principle of preferential amplification of
EcoRI-MseI fragments. AFLP fingerprints are shown of yeast DNA using
primer combinations with a single selective base for the EcoRI primers and two
selective bases for the MseI primer. Panels I, II, I and IV refer to the primer
combinations EcoRI+ClMseI+AC, EcoRl+C/MseI+CA, EcoRI+T/MseI+AG
and EcoRI+T/MseI+AT, respectively. Lanes A and B show standard AFLP
fingerprints with eitherthe EcoRI primers labeled (lanes A) orthe MseI primers
labeled (lanes B). In lanes C the MseI primers were labeled but the EcoRI
primers were omitted from the AFLP reaction. The molecular weight size range
of the fingerprints is from 80 to 500 nucleotides.

annealing in fragment amplification. A subset of the restriction
fragments is specifically amplified by the use of selective
nucleotides at the 3' ends of the AFLP primers. This principle was
demonstrated by fingerprinting of four different simple genomic
DNAs, varying in genome size from 48.5 to 16 000 kb. The
following genomic DNAs were selected and fingerprinted using
the enzyme combination EcoRllMseI: phage X DNA (48451 bp)
(29), AcNPV DNA (Autographa californica Nuclear Polyhedro-
sis Virus, 129 981 bp) (30), Acinetobacter DNA (estimated
genome size 3000 kb) (31) and yeast DNA (estimated genome

size 16 000 kb) (32) (Fig. 2).
For the DNAs of phage X and AcNPV, the complete nucleotide

sequence is known, and therefore all EcoRlIMseI fragments
could be exactly predicted. Indeed, all predicted fragments were

detected. Also for Acinetobacter and yeast DNA, the number of
fragments corresponded well with the genome sizes of these
organisms. Adding selective nucleotides to the AFLP primers
reduced the number of bands -4-fold with each additional selective
base. Furthermore, the addition of an extra selective nucleotde
always resulted in a fmgerprint, which was a subset of the original
fingerprint This indicates that the selective nucleotides are an

accurate and efficient way to select a specific set of restriction

fragments for amplification. The AFLP fingerprints showed that
large numbers of restriction fragments were amplified simulta-
neously, and that in principle the number of bands detected is
limited only by the power of the detection system, i.e. polyacryl-
amide gels. In general, the simultaneous amplification of DNA
fragments using specific primer sets for each PCR fragment
(multiplex PCR) appears to be rather troublesome (33-35). Our
results suggest that multi-fragment anplification is efficient
provided that all fragments use the same primer set for their
amplification. This implies that the differences in amplification
efficiency of DNA fragments in PCR (33-35), are mainly
primer-associated and not fiagment specific.
The ds adapters used for ligation to the restriction fragments are

not phosphorylated, which causes only one strand to be ligated to
the ends of the restriction fragments. Fragments were therefore
not amplified if the template DNAs were denatured prior to PCR
amplification (results not shown), excep,t when Taq polymerase
and dNTPs were present before denaturation. The filling-in of the
3' recessed ends by the Taq polymerase following the dissociation
of the non-ligated strands during the heating step seems a matter
of only seconds or less. Alternatively, fthe Taq polymerase may
immediately displace the non-ligated strands at low temperatures
in the process of assembling the reaction mixtures.
These results demonstrated that: (i) the AFLP technique

provides an efficient way to amplify large numbers of fragments
simultaneously, (ii) the amplified fragments are trictionrfg-
ments, (iii) the number of fragments'obtained increased as the
genome size increased and corresponded well with what was
theoretically expected, (iv) the selective nmcleotides at the ends of
the AFLP primers reduced the number of bands'prcisely as would
be expected.

Restriction of the genomic DNA with EcoRi and MseI will
result in three classes of restriction fagm'ets, MseIl-MseI
fragments, EcoRI-MseI fragments and EcoRI-EcoRI fragments.
The vast majority (>90%) are expected to be; MseI-MseI
fragments, the EcoRI-MseI fragments will be about twice the
number of EcoRI restriction sites and a small ntimber of the
fragments will be EcoRI-EcoRI fragments. In the previous
experiments the EcoRI primer was labeled and, therefore, only
the restriction fragments with an EcoRI site could be detected. To
investigate the amplification of the Msel-MseI fragments a set of
AFLP reactions on yeast DNA was perfonned with the MseI
primer labeled instead of the EcoRI'primer (Fig. 3): this is
expected to show the EcoRI-MseI fragments as well as the
MseI-MseI fragments.

Similar yeast fingerprints were obtained with either the EeoR
orMseI primer labeled (Fig. 3, compare lanes Aand H). However,
most of the bands showed a significant shiftwa mobility, due to the
fact that the other strand of the fragments was, detected. It was
surprising to find that almost no additional fragments, i.e.
MseI-MseI fragments, were defected upon labeling of the MseI
pnme in stead of the- EcoRI primer. Therfore, additional
reactions were performed to which only the MseI- primr was
added, which will tbeoretically only allow amplification of
Msel-MseI fragments (Fig. 3, C laies). Ideed, these reactions
showed amplification products not observed in the presence of
the EcoRl primrs. These observations imply-tht amplification
of the MseI-MseI fragments -is inefficient in the presence of the
EcoRI primer, i.e. that there is preferential amplification of
EcoRI-MseI fragments compared with the MseI-MseI fragments
in the AFLP reaction. This may be explained in two ways. (i) The
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Figure 4. Illustration of the selectivity ofAFLP primers. AFLP fingerprints are

shown of yeast DNA using primer combinations with one selective base for the
EcoRI primer and one (lanes A), two (lanes B), three (lanes C) and four (lanes
D) selective nucleotides respectively for the MseI primer. The primer

combinations used are EcoRI+A/MseI+CTCA (panel I), EcoRI+AlMse-
I+CTGC (panel H) and EcoRI+T/MseI+CTCA (panel III). The molecular
weight size range of the fingerprints is from 40 to 370 nucleotides.

MseI primer has a lower annealing temperature than the EcoRI
primer, making amplification of MseI-MseI fragments less
efficient compared with EcoRI-MseI fragments under the
conditions used. We have indeed observed stronger amplification
ofMseI-MseI fragments using longer or alternative MseI primers
and adapters. (ii) The MseI-MseI fragments have an inverted
repeat at the ends, due to the fact that they are amplified by a

single primer. Therefore, a stem-loop structure may be formed by
base-pairing of the ends of the fragments, which will compete

with primer annealing. This is also confirmed by the observation
that only larger fragments were amplified in AFLP reactions
when only the MseI primer was added. Formation of a stem-loop
structure will be more difficult in these larger fragments. We have
indeed demonstrated that amplification of large fragments (>1
kb) with a single primer is quite efficient (results not shown).

Careful primer design is crucial for succesful PCR amplifica-
tion. AFLP primers consist of three parts: the 5' part correspon-

ding to the adapter, the restriction site sequence and the 3'
selective nucleotides. Therefore, the design of AFLP primers is
mainly determined by the design of the adapters, which are

ligated to the restriction fragments. Various adapter designs were

tested (results not shown), all with good results provided that the
general rules for 'good PCR primer design' were followed
(36,37). A different adapter design will demand different PCR

conditions, and it is therefore important to select a specific design
for the adapters, and to optimize the conditions for this design. An
important feature of the AFLP primers is that all primers start with
a5' guanine (G) residue. We have found that a 5' G-residue in the
unlabeled primer is crucial to prevent the phenomenon of double
bands. The double bands appeared to result from incomplete
addition of an extra nucleotide to the synthetised strands (results
not shown). This terminal transferase activity of the Taq
polymerase is quite strong, and has been frequently reported
(38-40). We have also found that the 3' nucleotide additions were
influenced by the concentration of dNTPs, and that double bands
occur at low concentrations of dNTPs regardless of the 5'-residue
in the PCR primers (results not shown). We conclude from our
results that this terminal transferase activity is most strong
(almost 100% of the synthesized strands) when the 3' nucleotide
of the synthesized strand is a cytidine (C).

In the experiments described so far, AFLP primers were used
with one or two selective 3' nucleotides. This low number of
selective nucleotides was shown to provide an effective way to
select the desired number of fragments for amplification. Next,
primers with longer 3' extensions were tested to determine the
maximum number of 3' selective nucleotides which would retain
high selectivity in AFLP reactions. For this purpose, fingerprints
were generated of yeast DNA using primers with up to four
selective nucleotides. A single EcoRI primer was selected with
one selective nucleotide and combined with four different MseI
primers with one, two, three or four selective nucleotides,
respectively. The MseI selective extensions were choosen in a
way that with each additional selective nucleotide a fingerprint
would be generated that is the subset of the preceding finger-
prints, e.g. extensions +C, +CT, +CTC, +CTCA. The appearance
of bands that do not occur in the preceding fingerprints is an
indication that fragments are amplified which do not correspond
to the sequence of the selective bases, and consequently that
selectivity is incomplete (Fig. 4).
The fingerprints shown in Figure 4 and the fingerprints from

previous experiments demonstrated that primer selectivity is
good for primers with one or two selective nucleotides. Selectiv-
ity is still acceptable with primers having three selective
nucleotides, but it is lost with the addition of the fourth nucleotide.
The loss of selectivity with primers having four selective bases is
illustrated by the amplification of numerous bands not detected
in the corresponding fingerprints with primers having three
selective bases (compare lanes D with lanes C). This indicates the
tolerance of mismatches in the amplification of the fragments
using AFLP primers with four-base extensions. It is most likely
that mismatches will be tolerated at the first selective base,
because this nucleotide is positioned most distant from the 3' end,
and because the selectivity of three-base selective extensions was
still adequate. Other researchers have also investigated the
selectivity of the 3' nucleotides of PCR primers (41,42). They
have found that mismatches were tolerated at both the 3' ultimate
and penultimate nucleotides of PCR primers, which is in conflict
with our findings. In other experiments, we have found that
primer selectivity is relative and also depends on the number of
fragments amplified in a single reaction, the PCR conditions and
the primer design (results not shown). We feel that some level of
mismatch amplification will always occur, but that the reaction
conditions can prevent these mismatch bands to reach the
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detection level. This, presumably, is the major difference with
previously reported experiments (41,42).

AFLP fingerprinting of complex genomes

Initial experiments with AFLP fingerprinting ofa number ofplant
and animal DNAs indicated that AFLP primers with at least three
selective nucleotides at both the EcoRI and MseI primer were
required to generate useful band patterns. Because primers with
three selective bases tolerate a low level of mismatch amplifica-
tion, a two-step amplification strategy was developed for AFLP
fingerprinting of complex DNAs. In the first step, named
preamplification, the genomic DNAs were amplified with AFLP
primers both having a single selective nucleotide. Next the PCR
products of the preamplification reaction were diluted and used
as template for the second AFLP reaction using primers both
having three selective nucleotides. We have compared this
amplification strategy with a direct amplification of complex
genomic DNAs without the use of the preamplification step. The
two-step amplification strategy resulted in two important differ-
ences compared with the direct AFLP amplification: (i) back-
ground 'smears' in the fingerprint patterns were reduced, and (ii)
fingerprints with particular primer combinations lacked one or
more bands compared with fingerprints generated without
preamplification. This is best explained assuming that the direct
amplification with AFLP primers having three selective nucleo-
tides resulted in a low level of mismatch amplification products,
which caused the background smears and gave discrete amplified
fragments corresponding to repeated restriction fragments. An
additional advantage of the two-step amplification strategy is that
it provides a virtually unlimited amount of template DNA for
AFLP reactions. Figure 5 shows a number of typical AFLP
fingerprints obtained with the two-step amplification strategy
using DNAs of three plant species, Arabidopsis thaliana, tomato
(Lycopersicon esculentum) and maize (Zea mays), and human
DNA. For Arabidopsis DNA primer combinations with a total of
five selective nucleotides were used, because ofthe small genome
of this plant species (145 Mb, 43). For tomato, maize and human
DNA, six selective nucleotides were used, three selective bases
for both the EcoRI and MseI-primer.
DNA fingerprinting methods based on amplification of ge-

nomic DNA fragments by random primers have been found to be
quite susceptible to the template DNA concentration (13,14).
DNA quantities may vary considerably between individual
samples isolated by standard DNA isolation procedures. Prefera-
bly, a DNA fingerprinting technique should be insensitive to
variations in DNA template concentration. Therefore, the sensitiv-
ity of the AFLP technique for the template DNA concentrations
was investigated.
AFLP fingerprints were performed using tomato DNA and the

enzyme combination EcoRIIMseI. Template DNA quantities
were varied from 2.5 pg to 25 ng. The standard two-step
amplification protocol was used, with the exception of an
extended preamplification step for the 2.5 and 25 pg DNA
template samples. In tomato 2.5 pg oftemplate DNA corresponds
to approximately four molecules of each DNA fragment at the
start of the AFLP reaction. AFLP fingerprint patterns were very
similar using template quantities that ranged 1000-fold, i.e. from
25 ng to 25 pg (Fig. 6). Fingerprints generated with only 2.5 pg
of template DNA were similar to the other fingerprints, although
bands varied significantly in intensity and some bands were absent.
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Figure 5. AFLP fingerprints of plant DNAs and humian. DNAs'. Each panel
shows thre EcoRI-MseI fingerpnints using three different primer combina-
tions. Human DNA fingerprints are displayed in panel IV, plant fingerprints are
displayed in panels I (Arabidopsis), II (tomato)-and m (maize), respectively.
Primer combinations are from left to right: 1. EcoRI+CAIMsel+CTT, 2.
EcoRI+CAIMse1+CAT, 3. EcoRI+CAIMseI+CTC, 4. EcoRl+ACCIMsel+CTT,
5. EcoRl+ACCIMse1+CTC, 6. EcoRI+ACC/MseI+CTA, 7. EcoRI+ACCIMse-
I+CAT, 8. EcoRI+AGG/MseI+CT1T, 9. EcoRI+AGGIMseI+CAA, 10.
EcoRI+CAC/Msel+CGA, 11. EcoRI+CAC/MseI+CAA, 12. E-coRI+CAG/Mse-
I+CGA. The molecular weight size range of the fingerprints is fr-om 45 to 500
nucleotides.

These results demonstrate that the AFLP procedure. is insensitive
to the template DNA concentration, although abberant fingerprints
will be observed at very high template dilutions giving only a few
template molecules at the start of the reaction. Most probably the
individual restriction fr-agments are not randomly distributed at
such low DNA concentrations explaining the observed differences
in band intensities. This hypothesis is supported by our finding that
comparison of a number of individual AFLP fingerprints obtained
with only 2.5 pg of template DNA showed high variation in the
intensity of the individual bands (results not shown).
A remarkable characteristic of the AFLP reaction is that

generally the labeled primer is completely constumed (the un-
labeled primer is in excess), and that thrfoethe amplification
reaction stops when the labeled primer is exhausted. We have also
found that further thermo cycling does not affect the band pattern
once the labeled primer is consumed (results not shown). This
characteristic is elegantly utilyzed in the AFLP protocol, which
uses an excess of PCR cycles, which will result in fingerprints of
equal intensity despite of variations in template concentration.
We have also noted that DNA fingerprints tend to be unreliable

if the template concentration was below a certain absolute
concentration (-1 pg), regardless of the complexity of the DNA
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Figure 6. Illustration of the effect of template DNA concentration on AFLP
fingerprinting. EcoRl-MseI fingerprints of tomato DNA are shown using two
primer combinations EcoRI+ACC/MseI+CAT (panel I) and EcoRI+ACC/Mse-
I+CTT (panel II). Five different DNA concentrations were used as AFLP
templates: 25 ng (lanes A), 2.5 ng (lanes B), 250 pg (lanes C), 25 pg (lanes D)
and 2.5 pg (lanes E). The molecular weight size range of the fingerprints is
40-370 nucleotides.

(results not shown). In the latter case, bands were observed which
were template independent and which were also present if no
DNA was added.
The use of other restriction enzyme combinations for AFLP

fingerprinting of complex genomes was also investigated (results
not shown). These enzyme combinations included EcoRI,
HindIll, PstI, BgllI, XbaI and Sse83871 (eight base cutter) in
combination with either MseI or TaqI. Fingerprints were gener-
ated on a variety of plant and animal DNAs. The use of Taql as
a four-base cutter in stead of MseI resulted in an unequal
distribution of the amplified fragments, which were mainly present
in the upper part of the gel. Most eukaryotic DNAs are AT-rich,
and as a result Msel (recognition sequence TTAA) will generally
produce much smaller restriction fragments compared with TaqI
(recognition sequence TCGA). MseI is therefore preferred for
AFLP fingerprinting because it cuts very frequently in most
eukaryotic genomes yielding fragments that are in the optimal size
range for both PCR amplification and separation on denaturing
polyacrylamide gels. Other rare cutter enzymes generally per-
formed equal to EcoRI in AFLP fingerprinting, and the number of
bands obtained reflected the cleavage frequency of the various
restriction enzymes. However, EcoRI is preferred because it is a
reliable (low cost) six-cutter enzyme, which limits problems
associated with partial restriction in AFLP fingerprinting (see
below).

Incomplete restriction of the DNA will cause problems in AFLP
fingerprinting, because partial fragments will be generated, which
will be detected by the AFLP procedure. When various DNA
samples are compared with AFLP fingerprinting, incomplete
restriction will result in the detection of differences in band
patterns, which do not reflect true DNA polymorphisms, i.e.
when one sample is partially restricted and the others are not.
Incomplete restriction will only become apparent when different
DNA samples of the same organism are compared. It is
characterised by the presence of additional bands in the lanes,
predominantly of higher molecular weight.

CONCLUSIONS

AFLP is a DNA fingerprinting technique that detects genomic
restriction fragments and resembles in that respect the RFLP
(restriction fragment length polymorphism) technique, with the
major difference that PCR amplification instead of Southern
hybridisation is used for detection of restriction fragments. The
resemblance with the RFLP technique was the basis to chose the
name AFLP. The name AFLP, however, should not be used as an
acronym, because the technique will display presence or absence
of restriction fragments rather than length differences.

In our initial AFLP protocols an additional purification step
was incorporated in the template preparation (28). Biotinylated
EcoRI-adapters were used for ligation, and subsequently the
biotinylated DNA fragments (EcoRI-MseI fragments and
EcoRI-EcoRI fragments) were substracted from the ligation
mixture using streptavidin beads (28,44). This step reduced the
complexity of the DNA template by removing all Msel-MseI
fragments, which proved to be important for generating high
quality fingerprints of complex DNAs. The protocol described in
this paper omits this purification step, because amplification
conditions are used which result in preferential amplification of
EcoRI-MseI fragments with respect to the MseI-MseI fragments
(Fig. 3). This is the result of careful adapter and primer design and
inherent characteristics of the AFLP amplification reaction.
The AFLP technique will generate fingerprints of any DNA

regardless of the origin or complexity, and in this paper we have
presented AFLP fingerprints of DNAs differing in genome size
as much as 100 000-fold. We have described that the number of
amplified fragments may be controlled by the cleavage frequency
of the rare cutter enzyme and the number of selective bases. In
addition the number of amplified bands may be controlled by the
nature of the selective bases; selective extensions with rare di- or
trinucleotides will result in the reduction of amplified fragments.
In general, there is an almost linear correlation between numbers
of amplified fragments and genome size. This linear correlation
is lost in the complex genomes of higher plants, which contain high
numbers of repeated sequences and, hence, multicopy restriction
fragments. Fingerprints of these complex DNAs consist predomi-
nantly of unique AFLP fragments, but are characterised by the
presence of small numbers of more intense repeated fragments.

In complex genomes the number of restriction fragments that
may be detected by the AFLP technique is virtually unlimited. A
single enzyme combination (a combination of a specific six-base
and four-base restriction enzyme) will already permit the
amplification of 100 OOOs of unique AFLP fragments, of which
generally 50-100 are selected for each AFLP reaction. Most
AFLP fragments correspond to unique positions on the genome,
and, hence, can be exploited as landmarks in genetic and physical

. ...
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maps, each fragment being characterized by its size and its
primers required for amplification. In addition, the AFLP
technique permits detection of restriction fragments in any
background or complexity, including pooled DNA samples and
cloned (and pooled) DNA segments. Therefore, the AFLP
technique is not simply a fingerprinting technique, it is an
enabling technology in genome research, because it can bridge
the gap between genetic and physical maps. First, the AFLP
technique is a very effective tool to reveal restriction fragment
polymorphisms. These fragment polymorphisms, i.e. AFLP
markers, can be used to construct high density genetic maps of
genomes or genome segments. In most organisms AFLP will
prove to be the most effective way to construct genetic DNA
marker maps compared to other existing marker technologies.
Secondly, the AFLP markers can be used to detect corresponding
genomic clones, e.g. yeast artificial chromosomes (YACs). This
is most effectively achieved by working with libraries, which are
pooled to allow for rapid PCR screening and subsequent clone
identification. An AFLP marker will detect a single correspon-
ding YAC clone in pools of as much as 100 YAC clones (M.
Zabeau, M. Kuiper and P. Vos., manuscript in preparation).
Finally, the AFLP technique may be used for fmgerprinting of
cloned DNA segments like cosmids, P1 clones, bacterial artificial
chromosomes (BACs) or YACs (results not shown). By simply
using no or few selective nucleotides, restriction fragment
fingerprints will be produced, which subsequently can be used to
line up individual clones and make contigs.
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