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Although DNA microarrays are currently the standard tool for genome-wide expression analysis, their application is limited to

organisms for which the complete genome sequence or large collections of known transcript sequences are available. Here, we

describe a protocol for cDNA-AFLP, an AFLP-based transcript profiling method that allows genome-wide expression analysis in

any species without the need for prior sequence knowledge. In essence, the cDNA-AFLP method involves reverse transcription of

mRNA into double-stranded cDNA, followed by restriction digestion, ligation of specific adapters and fractionation of this mixture

of cDNA fragments into smaller subsets by selective PCR amplification. The resulting cDNA-AFLP fragments are separated on

high-resolution gels, and visualization of cDNA-AFLP fingerprints is described using either a conventional autoradiography platform

or an automated LI-COR system. Observed differences in band intensities between samples provide a good measure of the relative

differences in the gene expression levels. Identification of differentially expressed genes can be accomplished by purifying

cDNA-AFLP fragments from sequence gels and subsequent sequencing. This method has found widespread use as an attractive

technology for gene discovery on the basis of fragment detection and for temporal quantitative gene expression analysis.

The protocol can be completed in 3–4 d.

INTRODUCTION
cDNA-AFLP is a gel-based transcript profiling method to
generate quantitative gene expression level data for any organism
on a genome-wide scale. The method has found widespread
use as one of the most robust, sensitive and attractive technologies
for gene discovery on the basis of fragment detection1–4. cDNA-
AFLP has also been applied for temporal quantitative gene expres-
sion analysis5–10 and for generating quantitative gene expression
phenotypes for expression quantitative trait loci mapping11,12,
particularly in organisms that lack the gen(om)e sequences
necessary for development of transcript profiling DNA chips or
microarrays.

The most advantageous feature of cDNA-AFLP is that no prior
sequence information is required. This feature characterizes the
technology as an open system compared with closed expression
systems relying on prior availability of gene sequences, such as
DNA chips. Although hybridization to DNA chips is currently a
very attractive method for high-throughput gene expression ana-
lysis, and the throughput of data production that can be reached
with this technology is difficult to match with any other currently
used transcript analysis method, their use is restricted to species for
which the genomic sequence or extensive expressed sequence tag
(EST) libraries are available. Other significant advantages of cDNA-
AFLP over DNA chips and microarrays are the relatively low start-
up costs and its high specificity, which enables expression profiling
of highly homologous genes13, such as members of gene families.
Cross-hybridization of highly homologous genes may pose a
problem using DNA chips, despite the use of highly discriminative
oligonucleotide probes.

Another category of transcript analysis technologies is repre-
sented by serial analysis of gene expression technology14 and
massive parallel signature sequencing technology15. These technolo-
gies generate small (10–30 bp) sequence tags for the majority of

transcripts in a particular cell or tissue type. Comparing the
abundance of these tags among multiple samples provides relative
expression level data digitally. Although they do not suffer
from cross-hybridization, one limitation of these methods is
that the small size of the sequence tags requires availability of
EST or genome sequences for gene annotation and/or for subse-
quent independent validation of expression level variation
using sequence-based detection methods such as quantitative
real-time PCR.

cDNA-AFLP also has a major advantage over Differential Dis-
play16, another gel-based method to analyze mRNA populations,
which is the systematic display of cDNA fragments, as each selective
primer combination (PC) displays a different subset of cDNAs. The
selective PCR-amplification step of cDNA-AFLP using PCs with
variable numbers of selective nucleotides yields reproducible, sharp
and discrete banding patterns and offers the flexibility to perform
transcript profiling at variable detection sensitivities. These features
of the method allow levels of rare transcripts to be measured with
great accuracy and enable the construction of comprehensive EST
databases by sequencing transcript-derived fragments (TDFs)17.

The cDNA-AFLP technique also has a number of limitations.
Identification of interesting differentially expressed genes requires
purifying resulting TDFs from gels followed by amplification and
subsequent (cloning and) sequencing. This procedure is time
consuming, labor intensive and not very amenable to automation.
In addition, when the tags are of insufficient length to characterize
the interesting transcript functionally, identification of the corre-
sponding full-length cDNAs might be required.

cDNA-AFLP is carried out according to the principle of AFLP
(Amplified Fragment Length Polymorphism)18,19. The AFLP techni-
que is based on the restriction digestion of DNA templates followed
by the ligation of adapters to restriction fragments and the selective
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PCR amplification of subsets of these frag-
ments using selective AFLP primers. The
common parts of these primers correspond
to the adapter and restriction enzyme recog-
nition sequences, and their selectivity arises
from one or more additional bases at the 3¢-
end extending into the restriction fragments,
called the selective nucleotides. These selec-
tive nucleotides ensure that only a subset of
restriction fragments is amplified to a detecta-
ble level, that is, those fragments in which
the nucleotides flanking the restriction site
match the primer extensions.

Similarly, the original cDNA-AFLP
method20 involves the reverse transcription
of mRNA into double-stranded cDNA,
followed by the generation of a complex
mixture of TDFs by restriction enzyme
digestion and ligation of specific adapters,
selective PCR amplification and finally the
visualization of the TDFs on high-resolu-
tion (sequence) gels. In recent years, several
variants of the cDNA-AFLP method have
been published13,21–23, including a cDNA-
AFLP method that adapts the original
technique such that the number of AFLP
fragments per transcribed gene is reduced
to a single sequence tag by selecting the 3¢-terminal restriction
fragment of each transcript before selective amplification22. In this
protocol, we concentrate on this alternative method, which we will
refer to as the ‘one-gene–one-tag’ variant (in comparison to the
‘one-gene–multiple-tag’ nature of the original cDNA-AFLP meth-
od). Applying the ‘one-gene–one-tag’ cDNA-AFLP method offers a
few advantages over the original approach: (i) only one TDF is
generated per transcript, which increases transcriptome coverage
efficiency (i.e., the fraction of the transcriptome covered given a
certain amount of resources spent/different PCs used in the
experiment) and, hence, results in a decrease of the total number
of fragments that need to be analyzed by gel electrophoresis,
significantly decreasing the workload; (ii) the use of BstYI/MseI
as restriction enzyme combination (EC) results in a higher average
fragment length than the use of two four-cutter restriction
enzymes, which increases the ability to proceed toward full-length
cDNA isolation; (iii) the TDFs are derived from the 3¢-end,
which is less sensitive to variation owing to incomplete reverse
transcription of mRNA into double-stranded cDNA, decreasing the
need for full-length cDNA templates to obtain reproducible/
comparable transcript profiling data across samples. This ‘one-
gene–one-tag’ variant has already found use for cDNA-AFLP
analysis in a number of species, such as dog10, tobacco5,7,9 and
Arabidopsis thaliana6,11. Conversely, advantages of the ‘one-gene–
multiple-tag’ cDNA-AFLP protocol are that (i) the generated
TDFs will cover higher proportions of the coding region, which
enhances functional annotation of the transcripts; (ii) on average
two to three TDFs per transcript are generated, which enables the
estimation of mean expression values of genes on the basis of
multiple TDFs and thereby may result in a more accurate estimate
of gene expression levels; and (iii) higher transcriptome coverage
can be obtained, provided sufficient resources are available to allow

more PCs to be run to analyze the entire set of differentially
expressed TDFs.

The ‘one-gene–one-tag’ cDNA-AFLP protocol described here
involves the following steps, which are all illustrated in Figure 1
(except the isolation of total RNA and post-detection purification
of TDFs for sequencing): (i) synthesis of a library of double-
stranded cDNA fragments from mRNA template, using a biotiny-
lated oligo-dT primer; (ii) a first digestion of the cDNA fragments
with the restriction enzyme BstYI; (iii) selection of a single TDF per
transcript by recovering the 3¢-terminus of each cDNA through
biotin binding to streptavidin beads; (iv) a second digestion with
MseI restriction enzyme; (v) ligation of adapters to the BstYI and
MseI fragment ends to generate PCR templates; (vi) a first reduc-
tion of the template mixture complexity by pre-amplification of
specific subsets of TDFs with either BstYI+T or a BstYI+C primer
in combination with an MseI primer with no selective nucleotides;
(vii) selective amplification of all TDF fractions consecutively,
to provide a genome-wide screen for differentially expressed
genes (as an example, BstYI+T and BstYI+C primers with one
selective nucleotide, in combination with MseI primers with
two selective nucleotides, result in 2 � 4 � 42 ¼ 128 TDF fractions
to be amplified; usually, the BstYI primers are labeled to allow
detection of the resulting TDFs); and (viii) electrophoretic analysis
of the amplification products on standard denaturing polyacryla-
mide gels.

The ‘one-gene–one-tag’ variant is identical to the original cDNA-
AFLP procedure throughout the entire protocol, except step (iii)
(above) which is not undertaken in the original method. TDF
detection is described using either conventional gel electrophoresis,
radiolabeled primers and autoradiography or using LI-COR auto-
mated DNA sequencers and infrared dye (IRD) detection techno-
logy. Both procedures require the same preparation of template
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Figure 1 | Outline of

the ‘one-gene–one-tag’

complementary DNA-

amplified fragment

length polymorphism

(cDNA-AFLP) procedure

using the BstYI/MseI

restriction enzyme

combination (EC): (1)

mRNA is converted into

double-stranded cDNA

using a biotinylated

(represented by a blue

circle) oligo-dT primer.

Red and blue arrows

represent BstYI and

MseI restriction enzyme

sites, respectively; (2)

first digestion with

BstYI; (3) recovery of

the 3¢ termini of the

cDNA by binding of biotin to streptavidin-coated beads, resulting in a single transcript-derived fragment

(TDF) per transcript; (4) second digestion with MseI; (5) ligation of the double-stranded BstYI (red)- and

MseI (blue)-specific adapters to the TDF ends to generate PCR templates; (6) reduction of the template

mixture complexity by selective pre-amplification of specific subsets of TDFs, using either the BstYI + C

or the BstYI + T primer in combination with an MseI primer with no selective nucleotides; (7) final

selective amplification of subsets of TDFs using BstYI + T/C and MseI primers, each with either one or

two selective nucleotides (represented by N), with the BstYI primer being labeled to allow subsequent

detection of the TDF; and (8) electrophoretic size fractionation and display on denaturing polyacrylamide

gels of the BstYI/MseI TDFs.

CN/TN

NN

5′ 3′AAAAAAAAAAA
TTTTTTTTTTT

C/T

(1) cDNA synthesis

(2) First restriction digestion

(3) 3′ end capturing

(4) Second restriction digestion

(5) Adapter ligation

(6) Preamplification

(7) Selective amplification

(8) Gel electrophoresis
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fragments, except in the final amplification step, where IRD-labeled
primers can be substituted for radioactively labeled primers as
appropriate.

Experimental design
Preparation and quality assessment of total RNA. Isolation of
intact RNA as well as comparable quantities of total RNA prepara-
tions between samples is essential for cDNA-AFLP analysis. A
minimum of 2 mg of total RNA is recommended for template
preparation. The most common method to assess the integrity of
total RNA is to run an aliquot of the RNA sample on a 1%
denaturing agarose gel with ethidium bromide (EtBr). Intact total
RNA will have sharp, clear 28S and 18S rRNA bands (eukaryotic
samples). The 28S rRNA band should be approximately twice as
intense as the 18S rRNA band. This 2:1 ratio is a good indication
that the RNA is intact. Completely degraded RNA will appear as a
very low molecular weight smear. Inclusion of RNA size markers on
the gel allows RNA bands or low molecular weight smears to be
sized and serves as a good control to ensure the gel was run
properly. A drawback of using agarose gels to assess the integrity of
the RNA is the amount of RNA required for visualization. Gene-
rally, at least 200 ng of RNA must be loaded on an agarose gel to be
visualized with EtBr. Alternative nucleic acid stains, such as SYBR
Safe DNA stain, offer a significant increase in sensitivity compared
with the traditional EtBr stain in agarose gels.

The Agilent 2100 Bioanalyzer (Agilent Technologies) offers an
alternative to traditional gel-based analysis of RNA samples that
integrates quantification and integrity and purity assessment in one
quick and simple assay. When used in combination with the RNA
6000 LabChip, as little as 1 ml of 10 ng ml–1 RNA template is
required per analysis. The concentration of an RNA sample also can
be checked by the use of UV spectrophotometry. RNA absorbs UV
light and has an absorption maximum at approximately 260 nm.
Using a 1-cm light path, the extinction coefficient for nucleotides at
this wavelength is 20. Based on this extinction coefficient, the
absorbance at 260 nm (A260) in a 1-cm quartz cuvette of 40 mg ml–1

solution of single-stranded RNA is equal to 1. Hence, the concen-
tration of RNA in the sample can be calculated as follows: RNA
concentration (mg ml–1) ¼ A260 � dilution factor � 40 mg RNA per
ml. In contrast to nucleic acids, proteins have a UV absorption
maximum of 280 nm. The absorbance of a RNA sample at 280 nm
(A280) gives an estimate of the protein contamination of the sample.
Thus, the A260/A280 ratio is a measure of the purity of a RNA
sample; it should be between 1.85 and 2.00. The absorbance of an
RNA sample at 230 nm (A230) gives an estimate of the remnants of
Tris, EDTA and other buffer salts in the sample; the A260/A230 ratio
should preferably be higher than 2. The Nanodrop ND-1000 UV-
Vis Spectrophotometer offers many benefits over other traditional
spectrophotometers. It is designed for small samples (1–2 ml), the
need for dilutions is eliminated (up to 3,700 ng ml–1 without
dilution) and the measurement is made in less than 10 s.

Choice of restriction enzymes. If no sequence data are available,
it is advisable to perform cDNA-AFLP analysis using either a
common EC such as BstYI/MseI andTaq/MseI or an EC successfully
used in cDNA-AFLP analyses in related species. If genomic or
cDNA sequence data are available, the selection of appropriate
restriction enzymes and their combinations for cDNA-AFLP ana-
lysis can be optimized by performing in silico analysis24–26 so that as

many transcripts as possible can be profiled with a given amount of
resources. The selection of the appropriate ECs is determined by the
following considerations:

� The distribution of the lengths of the TDFs generated: TDFs
should be of sufficient length to fit within the length range
detectable by gel electrophoresis (typically between 100 and
500 bp).

� The proportion of coding sequence tagged: TDFs should be
derived, at least partially, from the coding region, to facilitate the
functional characterization of the transcripts once the TDFs are
purified and sequenced.

� The average redundancy: this defines the number of restriction
fragments that fit within the indicated length range and that are
derived from the same transcript. An acceptable redundancy
enables on average two to three fragments per transcript. In case
of the ‘one-gene–one-tag’ approach, the redundancy equals 1.

� The percentage of the transcriptome covered: this is the major
determinant in the selection of the most appropriate EC(s) for
cDNA-AFLP analysis. Restriction enzymes that cut frequently in
the cDNA are recommended as these enzymes target a large
subset of the mRNAs. Enzymes with 4-base recognition sites
often provide the highest cDNA coverage but produce relatively
short tags. In contrast, 5- and 6-base cutters generate more
informative tags, but often less than half of all cDNAs are
covered.

The enzyme TaqI in combination with MseI or AseI is often
found to be the most appropriate combination for cDNA-AFLP
analysis in yeast13 and plants8,20,27,28. For plant species, however,
other ECs than the commonly used TaqI/MseI (such as NlaIII/
Csp6I in A. thaliana17; BstYI/MseI in tobacco5,7,9, A. thaliana6 and
Brassica juncea29; Sau3AI/NcoI in barley30; and ApoI/MseI in
tomato31) are found to cover a substantial amount of cDNAs and
to produce informative tags. In cDNA-AFLP transcript profiling
experiments in animal species such as horse1 and dog10, the
restriction enzyme MseI was combined with EcoRI and BstYI,
respectively. In bacteria (Azospirillum brasilense32, Cuprivavidus
metallidurans33 and Xanthomonas campestris34) the EC of PstI/
TaqI is often used.

Primer design and preparation. The primer design and prepara-
tion for cDNA-AFLP analysis is identical to that for AFLP analy-
sis19. In brief, for selective PCR amplification of subsets of TDFs,
primers are used that correspond to the core and the enzyme-
specific sequence of the adapter, and to the remnant sequence of the
restriction site (see Fig. 2). In addition, they have one or a number
of additional bases at the 3¢-end extending into the TDFs, called the
selective nucleotides. AFLP primers are named ‘+0’ when they have
no selective bases (only the core and enzyme-specific sequence),
‘+1’ when they have a single selective base, ‘+2’ when they have two
selective bases, and so on. The optimal number of selective
nucleotides and, hence, the number of PCRs required to screen
the majority of expressed genes is determined by the cutter
frequency of the restriction enzymes and the aim of the transcript
profiling experiment. Specifically, screening for scarcely expressed
genes is facilitated by increasing the level of fractionation by the use
of AFLP amplification primers with more selective nucleotides.
However, a higher level of fractionation also increases the total
number of PCRs to be carried out and, hence, the workload to
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cover the transcriptome fully. In contrast, if
the aim of the experiment is to cover as
many expressed transcripts as possible with
a given amount of resources, the level of
fractionation can be lowered. Again, if no
gene sequence is available, it is advisable to
perform cDNA-AFLP analysis using PCs
successfully used in cDNA-AFLP analyses
in related species or to determine selective
bases based on the genomic GC content of
the species. In contrast, if gene sequence
information is available, selection of appro-
priate selective PCs can be optimized by
performing in silico simulations25,35.

Choice of radioactive versus fluorescent
detection systems. Detection of TDFs
using IRD or fluorescent dye detection
technology offers several advantages over
conventional detection using radiolabeled
primers and autoradiography: the use of
radioactivity is eliminated, the cost of
dye-labeled primers is less than the cost of
corresponding amounts of radionucleotides
for radiolabeling primers, and images are obtained in several
hours rather than 1–3 d. Alternatively, when no autoradiography
or fluorescent dye detection technology is available, silver staining
of the DNA in the polyacrylamide gels can be used to visualize the
cDNA-AFLP amplification products36.

Quantification of band intensities. Although differentially
expressed genes can be readily recognized by visual inspection of
the band intensities, gel image analysis software such as AFLP
QuantarPro (Keygene products N.V.) can be used to quantify band
intensities in different samples. Subsequently, relative quantitative
differences in gene expression can be calculated from the band
intensities. These data can be analyzed further in much the same
manner as microarray data—for example, by analysis of variance11

and/or clustering the transcripts on the basis of their expression

profiles5–7,9. In the case of silver staining, differentially expressed
genes are directly visualized, but the band resolution might be too
low to measure the relative quantitative differences accurately.

Gene identification. Finally, identification of interesting differen-
tially expressed genes can be accomplished by purifying resulting
TDFs from gels followed by PCR amplification and subsequent
(cloning and) sequencing. cDNA-AFLP analysis with LI-COR
automated DNA sequencers and IRD detection technology, how-
ever, uses a separate IR detection system such as the Odyssey
InfraRed Imaging System to scan the gel, which allows accurate
band purification from the gels for subsequent sequencing. If
sequence tags are of insufficient length to characterize the transcript
of interest functionally, identification of the corresponding full-
length cDNAs might also be required.

MATERIALS
REAGENTS
.SYBR Safe DNA stain in DMSO solution (Invitrogen, cat. no. S33102)
! CAUTION DMSO is irritating to eyes and skin. Avoid contact with the eyes.
Wear suitable protective clothing.

.RNA 6000 Nano LabChip kit (Agilent Technologies, cat. no. 5065-4476)

.RNA 6000 ladder (Ambion, cat. no. 7152)

.EtBr (Merck, cat. no. 1.11608.0030) ! CAUTION Harmful; possible risk of
irreversible effects. Wear suitable protective clothing and gloves.

.Tris (Biosolve Ltd., cat. no. 20092391) ! CAUTION Irritating to eyes and skin.
Wear suitable protective clothing. Avoid contact with skin and eyes; do not
breathe dust.

.EDTA disodium salt (dihydrate; Mr ¼ 372.2 g mol–1; Duchefa biochemie,
cat. no. E0511.1000) ! CAUTION Irritating to eyes. Avoid contact with the
eyes. Wear suitable protective clothing.

.Diethylpyrocarbonate (DEPC; Sigma, cat. no. D5758) ! CAUTION Harmful if
swallowed, irritating to the eyes, the respiratory system and the skin. Avoid
contact with the eyes. Wear suitable protective clothing.

.DTT (Immunosource, cat. no. 502A) ! CAUTION Harmful by inhalation,
in contact with skin and if swallowed. Irritating to eyes, respiratory
system and skin. Do not breathe dust. Wear suitable protective clothing.

.dNTP sets (dATP, dCTP, dGTP and dTTP), 100 mM solutions, 4 � 25 mmol
(GE Healthcare, cat. no. 27-2035-01)

.SuperScript II RNase H reverse transcriptase with 5� first strand buffer
(Invitrogen, cat. no. 18064-022)

.Escherichia coli ligase with 10� second strand buffer (USB, cat. no. 70020Y)

.DNA polymerase I (Invitrogen, cat. no. 18010-017)

.Ribonuclease H (USB, cat. no. 70054Y)

.NAD (Roche Diagnostics, cat. no. 127 965) (see REAGENT SETUP)

.Nucleospin Extract II kit containing buffers NT, NT3, NE and NucleoSpin
Extract II columns (Macherey–Nagel, cat. no. 740609.50) m CRITICAL
A variety of kits are available to purify cDNA and alternatives can be used.

.BstYI (New England BioLabs, cat. no. R0523S)

.Dynabeads M-280 streptavidin (Dynal, cat. no. 112-06D)

.Triton X-100 (Sigma, cat. no. 93443)

.MseI (New England BioLabs, cat. no. R0525S)

.Acetic acid (HAc; Merck, cat. no. 1.00062.1000) ! CAUTION Corrosive;
flammable; causes severe burns. Do not breathe vapor. Wear suitable
protective clothing, gloves and eye/face protection.

.Magnesium acetate (MgAc; Merck, cat. no. 1.05819.0250) (see REAGENT
SETUP)
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Figure 2 | Schematic

for adapter and primer

design for the rare

cutter, BstYI, and the

two frequent cutters

MseI and TaqI. Adapters

consist of a core

sequence (black) and an

enzyme-specific

sequence (red).

The enzyme-specific

sequence allows the

ligation of the adapters

to the resulting

restriction fragments

(green) without

restoring the original

restriction sites. In this way, ligated adapters create a target site for the amplified fragment length

polymorphism (AFLP) primers in the subsequent amplification reactions. For this purpose, primer design

matches the core (black), the enzyme-specific (red) and the restriction-site remnant (green) sequence.

Primers may have one or a number of additional bases at the 3¢-end extending into the restriction

fragments, called the selective nucleotides (represented by N, in blue). AFLP primers are named ‘+0’ when

they have no selective bases (only the core, enzyme-specific and restriction-site remnant sequence), ‘+1’

when they have a single selective base, ‘+2’ when they have two selective bases, and so on. Adapters and

primers for other restriction enzymes are similar to these but have enzyme-specific parts corresponding to

the respective enzymes.

BstYI-adapter

5′-CTCGTAGACTGCGTAGT GATCYGAC-internal sequence-3′
3′-CATCTGACGCATCA-CTAG RCTG-internal sequence-5′

Taq I-adapter

5′-CTCGTAGACTGCGTACA CGAGAC-internal sequence-3′
3′-CATCTGACGCATGT-GCTCTG-internal sequence-5′

MseI-adapter

5′-GACGATGAGTCCTGAG TAAGAC-internal sequence-3′
3′-TACTCAGGACTC-ATTCTG-internal sequence-5′

MseI-primer 5′-GATGAGTCCTGAGTAANNN-3′

Taq I-primer 5′-GTAGACTGCGTACACGANNN-3′

BstYI+C-primer 5′-GACTGCGTAGTGATCCNNN-3′

Bst YI+T-primer 5′-GACTGCGTAGTGATCTNNN-3′
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.Potassium acetate (KAc; Merck, cat. no. 1.04820.1000) (see REAGENT
SETUP)

.Sodium acetate (NaAc; Merck, cat. no. 1.06268.250)

.Sodium hydroxide (NaOH)

.BSA (New England BioLabs, cat. no. B9001S)

.Biotinylated oligo-dT25 primer (Invitrogen)

.MseI-F (Invitrogen) 5¢-GACGATGAGTCCTGAG-3¢

.MseI-R (Invitrogen) 5¢-TACTCAGGACTCAT-3¢

.BstYI-F (Invitrogen) 5¢-CTCGTAGACTGCGTAGT-3¢

.BstYI-R (Invitrogen) 5¢-GATCACTACGCAGTCTAC-3¢

.T4 DNA ligase (Invitrogen, cat. no. 15224-017)

.T4 buffer 10� (see REAGENT SETUP)

.ATP 100 mM solutions, 25 mmol (GE Healthcare, cat. no. 27-2056-01)

.Hydrochloric acid (HCl; Merck, cat. no. 1.00317.1000) ! CAUTION
Corrosive; causes burns. Irritating to respiratory system. Wear suitable
protective clothing, gloves and eye/face protection.

.Selective MseI primers (Invitrogen) 5¢-GATGAGTCCTGAGTAAN1-3¢, where
N represents the selective nucleotides

.Selective BstYI primers (Invitrogen) 5¢-GACTGCGTAGTGATC(C/T)N1-2-3¢,
where N represents the selective nucleotides (see REAGENT SETUP)

.Infrared dye 700 (IRD700)–labeled selective BstYI primers for product
detection using an automated LI-COR system (Biolegio)

.AmpliTaq DNA polymerase (Applied Biosystems, cat. no. N8080153)

.AmpliTaq Gold DNA polymerase with 10� PCR buffer and magnesium
chloride (MgCl2) (Applied Biosystems, cat. no. N8080245)

.MgCl2 (Merck, cat. no. 8.14733.0100) (see REAGENT SETUP)

.Ethanol

.STEX (see REAGENT SETUP)

.[g-33P]ATP (GE Healthcare, cat. no. BF1000-8MCI) ! CAUTION May cause
cancer. May cause heritable genetic damage. Also harmful by contact with
skin and if swallowed. Avoid exposure—obtain special instruction before use.
Wear suitable protective clothing.

.T4 polynucleotide kinase (New England Biolabs, cat. no. M0201S)

.Spermidine-3HCl (Sigma-Aldrich, cat. no. S2501) ! CAUTION Very toxic by
inhalation. Irritating to the eyes and to the skin. Wear suitable protective
clothing, gloves and eye/face protection.

.Formamide (Sigma-Aldrich, cat. no. 47670) (for formamide loading
dye see REAGENT SETUP) ! CAUTION May cause cancer. May cause
harm to the unborn child. May cause long-term adverse effects in the
aquatic environment. Avoid exposure—obtain special instruction
before use.

.RL buffer (see REAGENT SETUP)

.Bromophenol blue (Merck, cat. no. 1.08122.0005) ! CAUTION Irritating to
eyes; avoid contact with skin. Wear suitable protective clothing.

.Xylene cyanol (Merck, cat. no. 1.10590.0005)

.Glycerol (Merck, cat. no. 1.04094.1000)

.3-Methacryloxypropyltrimethoxysilane (Bind-Silane; Serva, cat. no.
28739.01) (see REAGENT SETUP) ! CAUTION Irritating to eyes, respiratory
system and skin. Wear suitable protective clothing.

.Acrylamide/bisacrylamide (AabAA) 19:1; ready-made 40% mix solution
(Biosolve LTD, cat. no. 01352335) ! CAUTION May cause cancer. May cause
heritable genetic damage. Harmful by inhalation and in contact with skin.
Also toxic if swallowed. Irritating to eyes and skin. Avoid exposure—obtain
special instruction before use. Wear suitable protective clothing.

.Maxam 10� (see REAGENT SETUP)

.Urea (USB, cat. no. 75826)

.Agarose gel (see REAGENT SETUP)

.Boric acid (Merck, cat. no. 1.00165.1000)

.Ammonium persulfate (APS; Sigma-Aldrich, cat. no. A9164) (see REAGENT
SETUP) ! CAUTION Oxidizing; harmful if swallowed. Toxic in contact with
skin. Very toxic by inhalation. Irritating to eyes, may cause sensitization by
inhalation and skin contact. Do not breathe dust. Avoid contact with skin.
Wear suitable gloves.

.N,N,N¢,N¢-tetramethylethane-1,2-diamine (TEMED; Merck, cat. no.
1.10732.0100) ! CAUTION Highly flammable, corrosive, harmful by
inhalation and if swallowed. Causes burns. Wear suitable protective clothing,
gloves and eye/face protection. m CRITICAL Store in the dark and keep bottle
closed.

.AG501 X8 mixed bed resin (BioRad, cat. no. 142-6424)

.Long Ranger stock solution 50% (Cambrex Bio Science Rockland Inc.,
cat. no. 50611E) (see REAGENT SETUP) ! CAUTION May cause cancer.

May cause heritable genetic damage. Harmful by inhalation and in contact
with skin. Also toxic if swallowed. Irritating to eyes and skin. Avoid
exposure—obtain special instruction before use. Wear suitable protective
clothing.

.Ultrapure 10� (Tris-borate-EDTA) TBE buffer (1.0 M Tris, 0.9 M boric acid,
0.01 M EDTA) (Invitrogen, cat. no. 15581-044)

.Running buffer (see REAGENT SETUP)

.Tris-acetate-EDTA (TAE) running buffer (see REAGENT SETUP)

.6� Loading dye (see REAGENT SETUP)

.Polyacrylamide gel solution (see REAGENT SETUP)

.SmartLadder SF (Eurogentec, cat. no. MW-1800-04)

.TOPO TA cloning kit for sequencing (Invitrogen, cat. no. K4575-J10)

.50–700 bp LI-COR sizing standard (LI-COR, cat. no. 4200-60 700)

.Repel-Silane ES (GE Healthcare, cat. no. 17-1332-01); 2% ready-made
solution of dimethyldichlorosilane dissolved in octamethylcyclo-octosilane
! CAUTION Possible risk of impaired fertility. May cause long-term adverse
effects in the aquatic environment. Wear suitable protective clothing and
gloves.

EQUIPMENT
.Agilent 2100 Bioanalyzer system (Agilent Technologies, Foster City, CA)
.Magnets for isolation of Dynabeads (MPC-9600, 120-06D or MPC-S,

120-20D; Dynal)
. ICycler thermal cycler (BioRad)
.Thermomixer comfort (Eppendorf)
.Centrifuge 5417C (Eppendorf)
.SequiGenGT 38 � 50 cm2 gel apparatus (BioRad)
.Glass plates (BioRad)
.PowerPac 3000 (BioRad)
.LI-COR Long Read-IR2 4200 (LI-COR Biosciences)
.Gel apparatus set (25 cm) (LI-COR Biosciences)
.Whatman pure cellulose blotting sheets (3 MM Chr), 35 � 43 cm2

(Schleicher & Schuell BioScience, cat. no. 3030-347)
.Heto Dry GD-I (Heto Lab Equipment, Denmark; manufactured by Hoefer

Scientific instruments)
. Imaging plates (Fuji or GE-Healthcare)
.Phosphorimager analysis system (Fuji Bas-2000, Fuji or GE-Healthcare 445

SI, GE-Healthcare)
REAGENT SETUP
DEPC–water Add 100 ml DEPC to 100 ml water. Let stand overnight at room
temperature (20–22 1C) and autoclave.
Tris-buffers [1 M Tris–HCl (pH 8.0), 1 M Tris–HCl (pH 7.5) and 1 M
Tris–HAc (pH 7.5)] Dissolve 12.1 g Tris in approximately 80 ml water.
Add concentrated HCl or acetic acid (depending on the buffer) a little at
a time to reach desired pH. Finally, add water to 100 ml and autoclave.
m CRITICAL Make sure buffer is at room temperature before making final
pH adjustments, as the pH of Tris-buffers changes with increasing
temperature. Store up to 6 months at room temperature.
0.5 M EDTA (pH 8.0) Dissolve approximately 9 g NaOH in 400 ml water. Add
93.05 g EDTA and stir under low heat on stir plate until dissolved. m CRITICAL
EDTA does not dissolve at pH less than 7.0. Add NaOH pellets to reach pH 8.0.
Add water to 500 ml and autoclave. Store up to 6 months at room temperature.
NAD (10 mM) Dissolve 0.066 g in 10 ml water. Store up to 6 months at �20 1C.
BstYI adapter (5 pmol ml–1) 2.5 ml BstYI-F (100 mM), 2.5 ml BstYI-R (100 mM),
45 ml H2O. Store up to 6 months at �20 1C.
MseI adapter (50 pmol ml–1) 25 ml MseI-F (100 mM), 25 ml MseI-R (100 mM).
Store up to 6 months at �20 1C.
1 M MgAc Dissolve 2.145 g MgAc in water. Add water to 10 ml. Filter-sterilize.
Store up to 6 months at room temperature.
4 M Kac Dissolve 3.926 g KAc in water. Add water to 10 ml. m CRITICAL Store
up to 6 months at �20 1C.
1 M MgCl2 Dissolve 2.033 g MgCl2 in water. Add water to 10 ml. Filter sterilize.
Store up to 6 months at room temperature.
RL buffer 103 Mix 1 ml 1 M Tris–HAc (pH 7.5) with 1 ml 1 M MgAc, 1.25 ml
4 M KAc, 0.077 g DTT, 50 ng ml–1 BSA (optional). Add water to 10 ml.
m CRITICAL Store in aliquots (up to 2 ml) and store up to 6 months at �20 1C.
23 STEX Mix 40 ml NaCl (5 M) with 2 ml 1 M Tris–HCl (pH 8.0), 400 ml
0.5 M EDTA (pH 8.0), 2 ml TritonX-100. Add water to 100 ml. Store up to
6 months at room temperature.
T10E0.1 buffer Mix 1 ml 1 M Tris–HCl (pH 8.0) with 20 ml 0.5 M EDTA
(pH 8.0). Add water to 100 ml. Store up to 6 months at room temperature.
T4 buffer 103 Mix 2.5 ml 1 M Tris–HCl (pH 7.5) with 1 ml 1 M MgCl2,
0.077 g DTT and 0.013 g spermidine (3HCl form). Add water to 10 ml.
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m CRITICAL Store in aliquots at –20 1C for a longer period. Store in aliquots
(up to 2 ml) and store up to 6 months at �20 1C.

Bind-Silane solution Add 30 ml acetic acid and 30 ml Bind-Silane to 10 ml
ethanol. m CRITICAL The Bind-Silane solution must be freshly made immedia-
tely before use.

Maxam 103 Dissolve 309 g boric acid and 605 g Tris in water and adjust to a
final volume of 5 l. Store up to 6 months at room temperature.
Running buffer for LI-COR Dilute Ultrapure 10� TBE buffer tenfold with
water. The running buffer for LI-COR must be freshly made.
103 TAE running buffer for agarose gels Dissolve 48.4 g Tris in 250 ml water
and add 11.4 ml acetic acid and 20 ml 0.5 M EDTA (pH 8.0). Adjust to a final
volume of 1 l. Store up to 6 months at room temperature.
1% Agarose gel Add 1 g agarose to 100 ml 0.5� TAE running buffer. Heat in a
microwave oven until completely melted. Most commonly, EtBr is added to the
gel (final concentration 0.5 mg ml–1) at this point to facilitate visualization of
DNA after electrophoresis. After cooling the solution to approximately 60 1C, it
is poured into a casting tray containing a sample comb and allowed to solidify at
room temperature.
4.5% Denaturing polyacrylamide gel solution 103 Mix 450 g urea and
112.5 ml AAbAA 19:1 40% stock solution. Add water to a final volume of
700 ml. Stir the solution at 60 1C and filter. Add 100 ml Maxam 10� and 4 ml

0.5 M EDTA (pH 8.0). Add water to a final volume of 1,000 ml. m CRITICAL
Store the gel solution at 4 1C in the dark for up to 30 d.
6% Long Ranger gel solution (7 M urea/1.23 TBE) Mix 3 ml Long Ranger
stock solution (50%), 10.5 g urea, 3 ml UltraPure 10� TBE buffer and 11 ml
water. m CRITICAL Do not prepare and store pre-mix solutions made from
50% Long Ranger gel solution.
APS 10% Dissolve 1 g APS in water and adjust to a final volume of 10 ml.
m CRITICAL The APS solution must be freshly made.
Formamide loading dye for radioactive gels Mix 98 ml formamide, 2 ml
0.5 M EDTA (pH 8.0), 0.06 g bromophenol blue and 0.06 g xylene cyanol.
m CRITICAL Store at –20 1C for up to 6 months.
Formamide loading dye for LI-COR gels Mix 30 g AG50 1 X8 mixed bed
resin, 480 ml formamide, 20 ml 0.5 M EDTA (pH 7.5). Stir for 20 min. Add
40 mg bromophenol blue, mix and filter. m CRITICAL Store at �20 1C for
up to 6 months.
63 Loading dye for agarose gel Dissolve 0.025 g xylene cyanol in 5 ml of
water. Add 3 ml glycerol and adjust to a final volume of 10 ml with water.
m CRITICAL Store at 4 1C in the dark or at –20 1C for up to 6 months.
Radiolabeled selective BstYI primers See Box 1 of ref. 19.

EQUIPMENT SETUP
Casting gels; see Box 2 of ref. 19.

PROCEDURE
Double-stranded cDNA synthesis � TIMING Approximately 4 h 30 min
1| For each sample, incubate 20 ml total RNA (approximately 2.0 mg) for 2 h at 42 1C with 20 ml of first strand cDNA synthesis
mix (see Table 1).
m CRITICAL STEP Make sure to work RNase-free and keep the RNA on ice all the time.

2| Add 120 ml second strand cDNA synthesis mix (see Table 1) to this reaction mixture and incubate for 1 h at 12 1C, followed
by 1 h at 22 1C.
’ PAUSE POINT The reaction mixture can be stored for up to 1 year at –20 1C.

Purification of the cDNA using the Nucleospin Extract II kit � TIMING Approximately 30 min
3| Mix 320 ml of buffer NT with 160 ml of second strand reaction mixture.
! CAUTION Buffer NT is harmful by inhalation, in contact with skin and if swallowed.

4| Place a NucleoSpin Extract II column into a 2-ml Nucleospin collecting tube and load the sample.

5| Centrifuge for 1 min at 11,000g. Discard flow-through and place the NucleoSpin Extract II column back into the collecting tube.
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TABLE 1 | First and second strand complementary DNA (cDNA) synthesis mixes for double-stranded cDNA synthesis.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

First strand complementary DNA (cDNA) synthesis mix
Oligo dT25 bio (700 ng ml–1) 10 50 70 100
5� first strand buffer 80 400 560 800
dNTP mix (10 mM) 20 100 140 200
Superscript II (200 U ml–1) 10 50 70 100
DTT (0.1 M) 40 200 280 400
DEPC–water 40 200 280 400
Final volume 200 1,000 1,400 2,000

Second strand cDNA synthesis mix
10� second strand buffer 160 800 1,120 1,600
dNTP mix (10 mM) 30 150 210 300
DTT (0.1M) 60 300 420 600
Escherichia coli ligase (10 U ml–1) 15 75 105 150
Ribonuclease H (5 U ml–1) 3.2 16 22.4 32
NAD (10 mM) 16 80 112 160
DNA polymerase I (10 U ml–1) 50 250 350 500
Water 865.8 4,329.0 6,060.6 8,658
Final volume 1,200 6,000 8,400 12,000
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6| Add 600 ml buffer NT3.

7| Centrifuge for 1 min at 11,000g.

8| Discard flow-through and place the NucleoSpin Extract II column back into the collecting tube.

9| Centrifuge for 2 min at 11,000g to remove buffer NT3 quantitatively.
m CRITICAL STEP Make sure the spin column does not come in contact with the flow-through while removing it from the centrifuge
and the collecting tube. Residual ethanol from buffer NT3 would inhibit subsequent reactions. In addition to centrifugation, total
removal can be achieved by incubation of NucleoSpin Extract II columns for 2–5 min at 70 1C before elution.

10| Place the NucleoSpin Extract II column into a clean 1.5-ml microcentrifuge tube.

11| Add 30 ml elution buffer NE.

12| Incubate at room temperature (20–22 1C) for 1 min to increase the yield of eluted DNA.

13| Centrifuge for 1 min at 11,000g.

14| Run 8 ml of the cDNA on a 1% (wt/vol) agarose gel in 1� TAE running buffer at 100 V for 10–15 min. Use SmartLadder SF as
molecular weight marker ranging from 100 to 1,000 bp. Use EtBr or alternative nucleic acid stains, such as SYBR Safe DNA stain,
to visualize the cDNA products. Substantial smearing in the range of 50–1,000 bp indicates a successful cDNA preparation.
’ PAUSE POINT The purified product can be stored for up to 1 year at –20 1C.
? TROUBLESHOOTING

PCR template preparation � TIMING Approximately 8 h 30 min
15| Incubate 20 ml cDNA (approximately 500 ng) with 20 ml of the first digestion mix (see Table 2) for 2 h at 60 1C and mix
gently.
m CRITICAL STEP This protocol describes the generation of templates for AFLP reactions using the restriction EC BstYI/MseI;
however, alternative restriction enzymes can be used as appropriate (see EXPERIMENTAL DESIGN).

16| To immobilize biotinylated 3¢-terminal cDNA fragments on streptavidin-coated Dynabeads, wash 10 ml Dynabeads with
100 ml 2� STEX per sample. Re-suspend the beads in 40 ml 2� STEX per sample.
m CRITICAL STEP It is very important to re-suspend the Dynabeads in the solution very well before the washing step. Wash
Dynabeads for maximum 7–8 samples in one tube.

17| Add 40 ml of re-suspended beads to each digested cDNA sample (from Step 15) to give a final volume of 80 ml.
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TABLE 2 | First and second digestion mix and ligation mix for PCR template preparation.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

First digestion mix
BstYI (10 U ml–1) 10 50 70 100
10� RL buffer 40 200 280 400
Water 150 750 1,050 1,500
Final volume 200 1,000 1,400 2,000

Second digestion mix
MseI (10 U ml–1) 10 50 70 100
10� RL buffer 40 200 280 400
Water 50 250 350 500
Final volume 100 500 700 1,000

Ligation mix
BstYI adapter (5 pmol ml–1) 10 50 70 100
MseI adapter (50 pmol ml–1) 10 50 70 100
10� RL buffer 10 50 70 100
T4 DNA ligase (1 U ml–1) 10 50 70 100
ATP (10 mM) 10 50 70 100
BstYI (10 U ml–1) 10 50 70 100
Water 40 200 280 400
Final volume 100 500 700 1,000
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18| Incubate the mixture at room temperature for 30 min with gentle agitation.

19| Collect the beads with the magnet, and remove supernatants with a pipette.

20| Release the beads from the magnet, add 100 ml 1� STEX and re-suspend beads again.

21| Transfer to a fresh tube.

22| Repeat Steps 19–21 four times.

23| Collect the beads with the magnet, remove STEX buffer with a pipette and re-suspend the beads in 30 ml T10E0.1 buffer and
transfer again to a fresh tube.

24| For the second digestion step, add 10 ml of the second digestion mix (see Table 2) to the 30 ml bead suspension obtained
in Step 23. Incubate for 2 h at 37 1C with gentle agitation to ensure that the beads are re-suspended.

25| Collect the beads using the magnet and transfer the supernatant, containing the liberated template fragments, to a fresh
tube for the adapter ligation reaction.

26| Add 10 ml ligation mix (see Table 2) to the supernatant (40 ml) and continue the incubation for another 3 h at 37 1C.

27| After ligation, dilute the reaction mixture to 100 ml with T10E0.1 buffer. This will serve now as template for the first
selective amplification reaction.
’ PAUSE POINT If necessary, the template can be stored for up to 1 year at –20 1C.

Pre-amplification � TIMING Approximately 3 h
28| Add 45 ml of the pre-amplification mix detailed in Table 3 (for a BstYI + C/T/MseI + 0 primer pair) to 5 ml of the template
prepared in Step 27.

29| Use the following PCR program:

Cycle number Denature Anneal Extend

1–25 94 1C, 30 s 56 1C, 1 min 72 1C, 1 min

30| Run 5 ml of the pre-amplification reaction product next to the SmartLadder SF as molecular weight marker on a
1% (wt/vol) agarose gel in 1� TAE running buffer at 100 V for 10–15 min. Use EtBr or SYBR Safe DNA stain to visualize the
cDNA products. Substantial smearing in the range of 50–500 bp indicates a successful pre-amplification PCR.
’ PAUSE POINT The reaction mixture can be stored for up to 1 year at –20 1C.
? TROUBLESHOOTING

31| Dilute the pre-amplification reaction product obtained in Step 29, 600-fold with T10E0.1 buffer. The diluted reaction products
serve as templates for the final selective amplification reactions using primers with one or two selective bases in one or both primers.

Selective amplification � TIMING Approximately 3 h
32| Selective amplification can be accomplished using either radiolabeled primers (option A; to allow subsequent detection
of TDFs using the conventional autoradiography platform) or fluorescently labeled primers (option B; to allow subsequent TDF
detection using an automated LI-COR platform).
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TABLE 3 | Pre-amplification mix for the pre-amplification step.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

BstYI + T/C primer (50 ng ml–1) 15 75 105 150
MseI + 0 primer (50 ng ml–1) 15 75 105 150
AmpliTaq (5 U ml–1) 2 10 14 20
10� PCR buffer 50 250 350 500
MgCl2 (25 mM) 50 250 350 500
dNTP mix (5 mM) 20 100 140 200
Water 298 1,490 2,086 2,980
Final volume 450 2,250 3,150 4,500
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(A) Selective amplification using radiolabeled primers
(i) Add 15 ml of the selective amplification mix in Table 4 to 5 ml of diluted pre-amplification reaction mixture obtained in

Step 31.
(ii) Use the following PCR program:

Cycle number Denature Anneal Extend

Hot start 94 1C, 10 min
1–13 94 1C, 30 s 65 1C, 30s (reduced each cycle by 0.7 1C) 72 1C, 1 min
14–36 94 1C, 30 s 56 1C, 30s 72 1C, 1 min

(B) Selective amplification using fluorescently labeled primers
(i) Add 15 ml of the selective amplification mix in Table 5 to 5 ml of diluted pre-amplification reaction mixture obtained in

Step 31.
(ii) With IRD-labeled primers, the selective PCR profile is modified slightly to increase the relative intensity of larger

fragments, and the following PCR program is used:

Cycle number Denature Anneal Extend

1–13 94 1C, 10 s 65 1C, 30s (reduced each cycle by 0.7 1C) 72 1C, 1 min
14–36 94 1C, 10 s 56 1C, 30s 72 1C, 1 min (extended 1 s per cycle)
37 72 1C, 2 min

Electrophoresis and detection
33| TDFs can be detected using either a conventional autoradiography platform (option A) or an automated LI-COR platform
(option B).
(A) TDF detection using conventional autoradiography platform � TIMING Approximately 2 h 30 min (electrophoresis)
+ 12–72 h (detection)

(i) Mix the selective amplification reaction products [from Step 32A(ii)] with an equal volume (20 ml) of formamide loading
dye. Mix carefully and store overnight at –20 1C.
’ PAUSE POINT The mixture can be stored for up to 2 weeks at –20 1C.
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TABLE 4 | Selective amplification mix for selective amplification using radiolabeled primers.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

[g-33P]-labeleda BstYI+T/C + Nb primer (10 ng ml–1) 5 25 35 50
MseI + Nb primer (5 ng ml–1) 60 300 420 600
AmpliTaq gold (5 U ml–1) 1.2 6 8 12
10� PCR buffer 20 100 140 200
MgCl2 (25 mM) 20 100 140 200
dNTP-mix (5 mM) 8 40 56 80
Water 35.8 179 250 358
Final volume 150 750 1,050 1,500
aProcedure for radiolabeling primers can be found in Box 1 of ref. 19. bN represents a number of selective nucleotides, either one or two, that may be added; see section ‘‘Experimental design’’ in INTRODUCTION for
details of primer design.

TABLE 5 | Selective amplification mix for selective amplification using infrared dye 700 (IRD700)–labeled primers.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

Infrared dye 700 (IRD700)–labeled BstYI + T/C + Na primer (1 pmol ml–1) 8 40 56 80
MseI + Na primer (10 ng ml–1) 30 150 210 300
AmpliTaq (5 U ml–1) 2 10 14 20
10� PCR buffer 20 100 140 200
MgCl2 (25 mM) 24 120 168 240
dNTP-mix (5 mM) 8 40 56 80
Water 58 290 406 580
Final volume 150 750 1,050 1,500
aN represents a number of selective nucleotides, either one or two, that may be added; see section ‘‘Experimental design’’ in INTRODUCTION for details of primer design.
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(ii) Cast a 4.5% denaturing polyacrylamide gel (see Box 2 of ref. 19).
? TROUBLESHOOTING

(iii) Fill the upper buffer tank with 1� Maxam buffer. For the lower buffer tank dissolve 8.8 g NaAc in 400 ml 1� Maxam buffer.
This warrants no running off of smaller TDFs.

(iv) Pre-run the gel for 15 min at 100 W to warm up the gel to approximately 50–55 1C. This temperature is maintained
through electrophoresis.

(v) Denature the samples at 90 1C for 3 min and cool on ice.
(vi) Rinse the surface of the gel well with 1� TBE using a syringe and needle. Push sharkstooth combs carefully approximately

0.5 mm into the gel surface to create gel slots.
(vii) Load 1.6–2.0 ml sample depending on the comb used (48, 64 or 96 wells). Load the molecular weight marker preferably in

the first lane. If two or more PCs are run in parallel on one gel, load the molecular weight marker preferably in the lanes
preceding the first sample lanes.

(viii) Perform electrophoresis at constant power, 100 W, for approximately 150 min. A constant temperature of 50–55 1C
throughout the electrophoresis is favorable.

(ix) After electrophoresis, disassemble the gel apparatus and either place the gel on blotting paper, covered with plastic
(Saran), and dry for 1 h on a vacuum dryer at 75 1C or fix on the glass plate by soaking in 10% acetic acid for 30 min,
rinsing with water for 10 min and drying at elevated temperatures (55–60 1C) in a fume hood. Gels are marked to indicate
position before being further analyzed.
? TROUBLESHOOTING

(x) Autoradiograph the gel by exposing to a standard X-ray film for 2–3 d. Exposure times are reduced to 12 h using phosphor-
imaging technology.

(xi) Develop autoradiograph or visualize the fingerprint patterns using phosphorimager technology.
? TROUBLESHOOTING

(B) TDF detection using an automated LI�COR platform � TIMING Approximately 2 h 30 min
(i) Mix 6 ml of the second amplification reaction products [from Step 32B(ii)] with 3 ml of formamide loading dye. Mix

carefully and store overnight at –20 1C.
’ PAUSE POINT The mixture can be stored for up to 2 weeks at –20 1C.

(ii) Cast a 6% Long Ranger gel (see Box 2 of ref. 19).
? TROUBLESHOOTING

(iii) Fill buffer tanks with running buffer 1� TBE.
(iv) Pre-run the gel for 15 min at 45 W, 1,500 V, 40 mA and 45 1C to warm up the gel.
(v) Denature the samples at 95 1C for 3 min and cool on ice.
(vi) Rinse the surface of the gel well with 1� TBE using a syringe and needle. Push sharkstooth combs carefully approximately

0.5 mm into the gel surface to create the gel slots.
(vii) Load 0.5–1.0 ml of each sample. Loaded volume depends on the comb used (48, 64 or 96 wells). Load the molecular

weight marker preferably in the first lane. If two or more PCs are run in parallel on one gel, load the molecular weight
marker preferably in the lanes preceding the first sample lanes.

(viii) Perform electrophoresis at 45 W, 1,500 V, 40 mA and 45 1C for 150 min (run time) at scan-speed ‘moderate’. Digital images
are produced in real time by the sequencer. They are similar in appearance to the autoradiographs or phosphorimages
produced with the conventional radiolabeling/standard sequencing gel protocol.
? TROUBLESHOOTING
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TABLE 6 | Re-amplification mix for the re-amplification step.

Compound
Volume to add (ll) for number (X) of samples

X = 10 X = 50 X = 70 X = 100

BstYI + T/C + Na primer (10 ng ml–1) 5 25 35 50
MseI + Na primer (5 ng ml–1) 60 300 420 600
AmpliTaq (5 U ml–1) 1.2 6 8.4 12
10� PCR buffer 20 100 140 200
MgCl2 (25 mM) 20 100 140 200
dNTP-mix (5 mM) 8 40 56 80
Water 35.8 179 250.6 358
Final volume 150 750 1,050 1,500
aN represents a number of selective nucleotides, either one or two, that may be added.
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cDNA-AFLP fragment isolation,
re-amplification and sequencing

� TIMING Approximately 8 h (isolation
+ re-amplification of 96 fragments)
+ 4 h (sequencing)
34| Make a real-size print of the gel
image. Cut fragments of interest (i.e.,
differentially expressed bands) from the
polyacrylamide gel as follows, using
option A for gels dried on blotting paper
and option B for polyacrylamide gels
fixed on glass plates.
(A) Excising fragments from polyacryl-
amide gels dried on blotting paper

(i) Align the real-size print of the gel
image with the gel using the
positional marker.

(ii) Cut fragments of interest from the
polyacrylamide gel with a razor
blade.

(iii) Place cut fragments directly in
100 ml T10E0.1 buffer and incubate
for 60 min at room temperature.

(iv) Centrifuge for 5 min at 11,000g
to separate blotting paper vessels
from solution.

(B) Excising fragments from polyacryl-
amide gels fixed on glass plates

(i) Rehydrate the gel by placing
Whatman 3MM paper, cut to the
size of a gel and soaked with
water, on top of the gel.

(ii) Remove the Whatman 3MM paper
after 15 min of incubation.

(iii) Align a real-size print of the gel
image with the gel using the posi-
tional marker and remove the frag-
ments from the gel using a
disposable pipette tip.

(iv) Place cut fragments or pipette tip
holding fragment directly in 100 ml
T10E0.1 buffer and incubate for 60
min at room temperature.

35| Pipette solution to a fresh tube.

36| Add 15 ml of re-amplification mix
(see Table 6) to 5 ml of mixture
obtained in Step 35.
m CRITICAL STEP Selective primers are not labeled in this PCR step.

37| Use following PCR program:

Cycle number Denature Anneal Extend

1–13 94 1C, 30 s 65 1C, 30 s (reduced each cycle by 0.7 1C) 72 1C, 1 min
14–36 94 1C, 30 s 56 1C, 30s 72 1C, 1 min
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50 bp

100 bp

200 bp

300 bp

400 bp

500 bp

MWPC4

83218 ......

PC3MW

3218...3218...321

PC1 PC2MW

Figure 3 | Complementary DNA-amplified fragment length polymorphism (cDNA-AFLP) fingerprint of two

Catharanthus roseus transgenic genotypes. Two genotypes are shown in lanes 1–4 and 5–8, respectively,

with hormone-treated (lanes 1, 2, 5 and 6) versus non-treated samples (lanes 3, 4, 7 and 8) analyzed

using four BstYI + 1/MseI + 2 primer combinations (PCs) (labeled PC1–4). Selective amplification was

performed using a [g-33P]ATP-labeled BstYI primer and fingerprints were visualized using phosphorimager

technology. A 10 bp molecular weight (MW) marker was included on the left, in the middle and on the

right of the gel image. Examples of differentially expressed TDFs are indicated by an arrow.
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38| Check re-amplification products by running 5 ml of the re-amplification reaction product next to the SmartLadder SF on a
1% (wt/vol) agarose gel in 1� TAE running buffer at 100 V for 10–15 min. Use EtBr or alternative nucleic acid stains, such as
SYBR Safe DNA stain, to visualize the cDNA products. A single clear band is indicative of a single amplified fragment.
? TROUBLESHOOTING

39| Sequence the obtained re-amplified fragment either directly or clone the fragment into a plasmid vector prior to sequencing
by use of, e.g., the TOPO TA Cloning Kit for Sequencing.

� TIMING
Steps 1 and 2, double-stranded cDNA synthesis: approximately 4 h 30 min
Steps 3–14, purification of the cDNA using the Nucleospin Extract II kit: approximately 30 min
Steps 15–27, PCR template preparation: approximately 8 h 30 min
Steps 28–31, pre-amplification: approximately 3 h
Step 32, selective amplification: approximately 3 h
Step 33A, TDF detection: approximately 2 h 30 min (electrophoresis) + 12–72 h (detection); 33B: approximately 2 h 30 min
Steps 34–39, cDNA-AFLP fragment isolation, re-amplification and sequencing: approximately 8 h (isolation and re-amplification
of 96 fragments) + approximately 4 h (sequencing)

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 7.
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TABLE 7 | Troubleshooting table.

Step Problem Possible cause Solution

14 No complementary DNA
(cDNA) obtained

RNA is not of sufficient quality
to allow synthesis

Check integrity of total RNA by running a small aliquot
of total RNA on a 1.2% agarose gel (see section
‘‘Experimental design’’ in INTRODUCTION). Retry
RNA extraction to get higher-quality RNA and work
RNAse-free

30 No pre-amplification product No immobilization of the
biotinylated 3¢-terminal
cDNA fragments on streptavidin-
coated Dynabeads

Check expiry date of the streptavidin-coated
Dynabeads

Collection time of beads
too short

Allow longer bead collection time

No template Check concentration of adapters and/or starting
amount
of cDNA and generate new template

Amplification failed Check amplification mix, concentration of primers and
repeat the amplification

33A(ii) and
33B(ii)

Air bubbles in the polymerized
gel

Glass plates were not sufficiently
clean(ed)

Clean glass plates thoroughly with soap. When
re-using glass plates, gel remnants might be present.
Remove gel remnants from glass plate when they are
still moist

33A(ii) and
33B(ii)

Polyacrylamide gel does not
polymerize well

Ammonium persulfate (APS)
lost activity

Always use freshly made APS solution

N,N,N¢,N¢-tetramethylethane-1,
2-diamine (TEMED) lost its
catalytic activity

Use TEMED within manufacturer’s recommended
expiration date. Store TEMED bottle closed and in dark

33A(ix) Gels stick to IPC upon
disassembly of the gel
cassette

Avoid any contact between Bind-Silane and IPC. Treat
the IPC thoroughly with Repel-Silane

33B(viii) Poor resolution of bands in
LI-COR-generated fingerprint

Bromophenol blue quenches
the infrared dye signal

Lower concentration of bromophenol blue in loading
dye or order new bromophenol blue
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ANTICIPATED RESULTS
Figures 3 and 4 provide typical
examples of a cDNA-AFLP gel image of
samples expression-profiled using the
present protocol and visualized using a
conventional autoradiography platform
(Fig. 3) and the automated LI-COR
platform (Fig. 4). Typically, 50–80 TDFs
are amplified and visualized in one
single lane, and fragment size ranges
from 50 to 500 bp, although a greater
size range can generally be visualized
and resolved with LI-COR automated
sequencers (Fig. 4) than with the
conventional sequencing gel
electrophoresis (Fig. 3). Digital images
from the LI-COR sequencer are similar
in appearance to the autoradiographs or
phosphorimages with the conventional
radiolabeling/standard sequencing
gel electrophoresis. In contrast to
conventional sequencing gels, all
the fragments loaded on automated
sequencers travel the same distance
from the well before passing through
the scan window. The bands
representing the smallest fragments are
therefore sharper and closer together
than those representing the largest
fragments on LI-COR gel images. The
TDFs on conventional sequencing gels
all spend the same amount of time in
the gel but do not travel the same
distance. Consequently, bands
representing the largest fragments
are sharper.

Figure 3 represents the cDNA-AFLP
fingerprint of two Catharanthus roseus
transgenic genotypes (sample lanes
1–4 and 5–8, respectively). Of each
transgenic genotype, two treated
samples (sample lanes 1, 2, 5 and 6) are
compared with two non-treated samples
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33A(xi) and
33B(viii)

No fingerprint No template Repeat dilution of pre-amplification reaction product
obtained in Step 29 and repeat amplification

Radiolabeling of primers failed Repeat labeling
Amplification failed Check amplification mix, concentration of primers and

repeat the amplification

38 Smearing or multiple banding
instead of a single
re-amplification product

Multiple fragments in a single
cut band

Purify PCR product from gel and re-amplify again

TABLE 7 | Troubleshooting table (continued).

Step Problem Possible cause Solution

EP

EP

EP

EP

SP

SP

MW

530 bp

1 2 3.... 51

500 bp

460 bp

400 bp

364 bp

350 bp

300 bp

255 bp

200 bp

145 bp

100 bp

Figure 4 | Electropherogram with representative examples of complementary DNA-amplified fragment

length polymorphism (cDNA-AFLP) sequence and expression polymorphisms (SPs and EPs). Forty-nine

Arabidopsis thaliana Recombinant Inbred (RI) lines were used, originating from the parental accessions

Landsberg erecta (Ler) and Cape Verde Islands (Cvi)11. Selective amplification was performed using an

infrared dye 700 (IRD700)–labeled BstYI + TT primer in combination with a MseI + TC primer. Digital

images of the fingerprints were obtained from the LI-COR automated sequencer. MW, 50–700 bp

LI-COR molecular weight marker; lane 1, Cvi parental line; lane 2, Ler parental line. The other lanes (3–51)

represent the 49 RI lines.
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(sample lanes 3, 4, 7 and 8) using four BstYI + 1/MseI + 2 PCs. Differentially expressed genes, indicated by an arrow, are
identified by TDF intensity differences between either transgenic genotypes or treatments. These TDF intensity differences
can be readily recognized either by eye or using gel image analysis software such as AFLP QuantarPro. Subsequently, relative
quantitative differences in gene expression can be calculated from the band intensities.

Figure 4 represents an electropherogram with representative examples of cDNA-AFLP sequence (SP) and expression
polymorphisms (EPs) segregating in a A. thaliana Recombinant Inbred (RI) line mapping population11, visualized using the
automated LI-COR platform. Forty-nine offspring samples were analyzed using the BstYI + TC/MseI + T PCs. SPs can be recog-
nized by the presence or absence of TDF bands, suggesting a genomic polymorphism, either a single-nucleotide polymorphism
in one or both restriction sites or immediately adjacent to them, or an insertion/deletion event in the transcribed sequence
of one of the two alleles, segregating in the offspring. In fact, these SPs can be considered a drawback of the cDNA-AFLP for
transcription studies across different genotypes because they result in missing observations in the dataset11. In the case of
EPs, TDFs are expressed in all samples and show clear qualitative or quantitative variation in expression levels across the
progeny analyzed. The expression profiling of all individuals in a segregating population makes it possible to treat the
expression profile of each gene as a quantitative trait. Combined with a genetic map, the quantitative trait locus mapping
methodology allows the dissection of the expression profile of a given gene into its underlying genetic components and
their genetic map position11.
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