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Abstract We exploited the newly developed amplified
fragment length polymorphism (AFLP) technique to
study the polymorphism, distribution and inheritance of
AFLP markers with a doubled haploid rice population
derived from ‘IR64’/‘Azucena’. Using only 20 pairs of
primer combinations, we detected 945 AFLP bands of
which 208 were polymorphic. All 208 AFLP markers
were mapped and distributed over all 12 chromosomes.
When these were compared with RFLP markers already
mapped in the population, we found the AFLP markers
to be highly polymorphic in rice and to follow Men-
delian segregation. As linkage map of rice can be gener-
ated rapidly with AFLP markers they will be very useful
for marker-assisted backcrossing.

Key words Genetic map + Marker-aided selection -
Oryza sativa -+ RFLP markers

Introduction

Rice is the most important crop in the world as it is the
major source of calories to more than 50% of the world
population. Advances in biotechnology will have great
impact in raising as well as stabilizing rice yield potential
in the near future. Moreover, rice is becoming a model
plant among cereal crops for molecular genetic studies
because of its relatively small genome size (4 x 10® bp)
(Arumuganathan and Earle 1991), comparatively easy
transformability (Hodges et al. 1991) and the collinear-
ity of its genes with those of other cereal crops (Kurata
et al. 1994; Moore et al. 1995).

Molecular markers are becoming an essential tool for
plant breeding (Tanksley et al. 1989; Rafalski and Tingey
1993). In addition to restriction fragment length poly-
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morphisms (RFLPs), which have been commonly used
for linkage analysis, a number of polymerase chain
reaction (PCR)-based markers such as random ampli-
fied polymorphic DNAs, (RAPDs) (Williams et al.
1990), sequence-tagged sites (STSs) (Olson et al. 1989)
and microsatellites (Litt and Luty 1989) have been devel-
oped. These PCR-based markers are technically simple
and require only a small amount of DNA but can be
time-consuming to generate if a large number of primers
are used. For crop improvement programs, plant
breeders require a marker technology which is technically
simple, cost- and time-effective, and which generates a
high level of polymorphism. Recently, a new technique
called amplified fragment length polymorphism (AFLP)
was developed by Vos et al. (1995). AFLP is a powerful,
reliable, stable and rapid assay with potential ap-
plicationin genome mapping (Thomas et al. 1995), DNA
fingerprinting and marker-assisted breeding (Vos et al.
1995). This PCR-based technique permits inspection of
polymorphism at a large number of loci within a very
short period of time and requires very small amounts of
DNA. The reproducibility of AFLPs is ensured by using
restriction site-specific adapters and adapter-specific
primers with a variable number of selective nucleotides
under stringent amplification conditions (Vos et al. 1995).
As a first step of exploiting the utility of AFLP in the
rice genome mapping program, and eventually for
marker-assisted breeding, we studied the polymorphism
and distribution of AFLP markers in the rice genome.
Here, we report the generation of an AFLP map with
208 markers derived from 20 primer combinations. We
also describe a modified protocol for generating distinct
AFLP bands by direct incorporation of [**P]-dCTP.

Materials and methods
Plant material and DNA isolation

A doubled-haploid population was developed from a cross between
indica variety TR64’ and japonica variety ‘Azucena’ (Guiderdoni
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et al. 1992). A linkage map was developed using 135 RFLP markers
covering all 12 chromosomes (Huang et al. 1994). A subset of 60 lines
with normal fertility was selected based on a 1:1 segregation of RFLP
data. Along with both parents, these lines were grown from bagged
seedsin a screenhouse, and genomic DNA was isolated from fresh leaf
tissue (Dellaporta et al. 1983).

AFLP analysis

The AFLP protocol developed by Voset al. (1995) was followed, with
minor modifications. Genomic DNA (0.5 ug) was restricted with
5units of PstI and 5 units of Msel (New England Biolab) in a reaction
volume of 40 pl at 37°C for 5 h in restriction ligation buffer (10 mM
Tris-HAc, pH 7.5, 10 mM MgAc,, 50 mM KAc, SmM DTT and
0.005% BSA). After complete digestion, 10 pl of solution containing
5 pMol Pstl adapter, 50 pMol Msel adapter, 1 pl 10 mM ATP, 1 unit
T4 DNA ligase and 2 pl of the restriction ligation buffer was added to
the same tube, and incubation was continued at 37°C for 4 h. The
adapter sequences specific for both enzymes were synthesized accord-
ing to Zabeau and Vos (1993); they are as follows:

5-CTC GTAGACTGCGTACATGCA-%
3-CATCTGACGCATGT-%

Msel adapter: 5-GACGATGAGTCCTGAG-3
¥-TACTCAGGACTCAT-5

Pstl adapter:

The PCR preamplification of adapter-ligated restriction frag-
ments was performed to generate large quantities of PCR products
for subsequent selective amplification. The primers used for the
preamplification were PstI primer 5-CTC GTA GAC TGC GTA
CAT GCA-3 and Mse I primer 5-GAC GAT GAG TCC TGA GTA
A-3'. These preamplification primers were designed based on the
adapter sequence and restriction sites of PstI and Msel. No selective
nucleotide was added to the preamplification primers. The pre-
amplification reaction was performed in 25 pl of reaction mix com-
posed of 50 ng of Pst I primer, 50 ng of Msel primer, 5 ul of 1 mM
dNTPs, 2.5ul of 10 x PCR buffer (100 mM Tris-HCl, pH 8.3,
500mM KCl, 15 mM MgCL), 1 unit of Taq polymerase and 2 pl of
ligated DNA sample. The amplification profile was 30 cycles of 30s at
94°C, 30s at 60°C and 60s at 72°C followed by final extension at 72°C
for Smin. To confirm the successful preamplification, we elec-
trophoresed 4 ul of the PCR products for each sample on a 2%
agarose gel; a low-molecular-weight smear indicated the presence of
abundant preamplification products. The PCR product was then
diluted 20-fold with sterile water.

Selective amplification was conducted using two AFLP primers
specific for Pst1 and Msel adapters. Each primer contained three
selective nucleotides at the 3’ end. The core sequences of selective
amplification primers were from Zabeau and Vos (1993). Two Pstl
and ten Msel selective primers were synthesized.

PstI(Pl): 5-GACTGCGTACATGCAG CCA-¥
Pst1(P2): 5-GACTGCGTACATGCAG GTT-3¥
Msel (M1): ¥-GATGAGTCCTGAGTAA CAC-¥
Msel (M2): 5-GATGAGTCCTGAGTAA ACC-3'
Msel (M3): 5¥-GATGAGTCCTGAGTAA CCA-3’
Msel (M4): 5-GATGAGTCCTGAGTAA CAA-3'
Msel (M5): 5-GATGAGTCCTGAGTAA ACG-%¥
Msel (M6): 5-GATGAGTCCTGAGTAA CAG-¥
Msel (M7): ¥-GATGAGTCCTGAGTAA CAT-3'
Msel (M8): 5-GATGAGTCCTGAGTAA CGA-3'
Msel (M9): 5-GATGAGTCCTGAGTAA CGT-3’
Msel (M10): 5-GATGAGTCCTGAGTAA CCT-3

Twenty primer combinations could be derived from these 12
selective amplification primers. AFLP markers were generated in
seléctive amplification step with direct incorporation of alpha-*P-
dCTP. The 25 ul of PCR mix was composed of 5pl of diluted
preamplified template, 50 ng of Pst] primer, 50 ng of Msel primer,
0.2 mM each of JATP, dGTP,dTTP, 4.75 pl of 1 mM dCTP, 0.25 pl
of alpha-[**P]-dCTP (10 uCi/ul), 1 unit Tag DNA polymerase and
2.5l of 10 x PCR buffer. The selective amplification profile was 1

cycle of 30s at 94°C, 30s at 65°C, 60 at 72°C, followed by 10 cycles
with stepwise reduction of annealing temperature by 1°C to 56°C,
followed by 24 cycles at an annealing temperature of 56°C. All
amplification reactions were carried out in microtiter plates in a
Techne thermocycler.

The PCR products were mixed with an equal volume of forma-
mide dye (98% formamide, 10 mM EDTA, 0.005% each of xylene
cyanol and bromophenol blue) and were denatured for 3 min at 94°C
and then placed on ice. Two microliters of the mix was loaded onto a
6% denaturing polyacrylamide gel and electrophoresed in 1 x TBE
at 100 W for2 h. The gel was removed using a 3 MM Whatman filter
paper, dried for 2 h at 80°C and exposed to X-ray film for about 14h
depending on signal intensity.

AFLP marker scoring and linkage analysis

Each polymorphic AFLP marker was identified by the primer pair
combination with the band number indicated as a suffix. The poly-
morphic bands were numbered serially in descending order of mo-
lecular weight. Only clear and unambiguous bands were scored.
Doublets were scored as single markers. Markers were scored for the
presence or absence of the corresponding band among the segrega-
ting doubled haploid population. Segregating bands were scored as
ecither 1 (‘TR64°) or 3 (‘Azucena’). All markers were tested for the
expected 1:1 segregation by the chi-square test at the P = 0.05 level.
The AFLP marker data set was combined with the RFLP data set
(Huang etal. 1994), and linkage analysis was performed using
MarMAKER (Lander et al. 1987) (version 2.0) with a Macintosh com-
puter. The data set consists of 48.6% ‘IR64’ alleles, 47.3% ‘Azucena’
alleles and 4.1% missing values. All pairs of linked markers were
identified using the Group command with LOD score 5.0 and
recombination fraction (RF) 0.40. Ordering of markers was done with
a LOD score of 4.0 and RF of 0.40. The R1pPLE command was used to
verify the order of the markers on each chromosome. Map units (cM)
were derived using the Kosambi function (Kosambi 1944).

Results

AFLP marker polymorphism in rice

The doubled haploid population of rice between the
cross ‘IR64’ x ‘Azucena’ was used to study the level of
polymorphism of AFLP markers in rice and their dis-
tribution along the rice genome in order to evaluate the
efficiency of this marker technology for use in marker-
assisted breeding. Because the RFLP map generated
from a subset of 60 lines was similar to the map based on
all 135 lines (Huang et al. 1994), this subset was con-
sidered to be representative of the population. The use of
a smaller but effective population can save time, labor
and resources. In this AFLP mapping, 20 available
primer combinations were used. AFLP markers were
produced for all pairs of primer combinations, and an
example is shown in Fig 1.

A survey of different primer combinations (Table 1)
indicated that for each primer combination the number
of visible bands ranged from 23 to 75 (mean of 47.3). The
range of polymorphic bands was from 4 to 21 (mean of
10.4). When all 20 primer combinations were taken into
account, 208 out of 945 bands were polymorphic (22 %),
which is considerably higher than that reported in bar-
ley (Becker et al. 1995). The level of polymorphism for
each of the primer combinations was quite variable,
ranging from 12.8% to 37.5%. A significant correlation



Fig. 1 Autoradiograph showing
AFLP markers derived from
the selective amplification
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primers P1 and M4. The first 2
lanes from the left are parents
‘IR64” and ‘Azucena’,
respectively; the remaining
lanes are doubled haploid lines
of the population
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(r =0.69) between the total number of bands and the
number of polymorphic bands was observed. A total of
22 codominant marker pairs was observed for all primer
combinations. Because of the modified protocol using
direct incorporation of alpha-[**P}-dCTP in the PCR
mix during the selective amplification step, a number of
doublets occurred and was determined for each primer
combination. Only 28 doublets out of 208 markers
(13.5%) were observed and scored as single markers
(Table 1).
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Segregation and distribution of AFLP markers

For the AFLP markers, the overall frequency of the
‘Azucena’ and ‘TR64’ alleles was 50.1 and 48.1 %, respect-
ively, fitting a 1:1 ratio. This ratio is the same as that of
RFLP markers segregating in the same population
(Huang et al. 1994). Of the 208 AFLP markers, 45
(21.6%) showed segregation distortion, whereas this
value was 20.4% for the RFLP markers in the 60
selected lines. Most of the distorted AFLP markers were
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located near the RFLP markers (Fig. 2). The AFLP
markers were derived almost equally from both parents
(102 from ‘IR64’ and 106 from ‘Azucena’) (Table 1).
The 208 AFLP markers and the RFLP markers
mapped previously (Huang et al. 1994) were combined
to construct a linkage map (Fig.2). All 208 AFLP
markers were mapped and distributed over all 12 chro-
mosomes (Table 2, Fig. 2). The addition of 208 markers
to the RFLP map showed no disturbance in the original
order of the RFLP markers (Huang et al. 1994) even
though all of the markers were used to obtain the best
order on the combined map. The correlation between
the chromosome length (centiMorgans, cM) and the
total number of markers on the combined map was

»
—>

Fig.2 AFLP map of rice doubled haploid population derived from
cross between IR64’ and ‘Azucena’. The chromosomal locations of
the 208 AFLP markers were determined based on linkage to RFLP
markers already mapped in the same population (Huang et al. 1994).
The asterisks (*) after some AFLP and RFLP markers indicate that
the segregation of those markers deviated from the Mendelian ratio at
the P = 0.05 level. The markers in the boxes are REFLP markers. Map
distances in centiMorgans (cM) are given on the left

high (r =0.97). The map length of rice increased from
1811 c¢cM (Huang etal. 1994) to 3058 cM, and the
average distance between markers was reduced from
13.4 cM to 8.9 cM. The map expansion resulted from a

Table 1 Polymorphism, origin and distribution of AFLP markers in the cross TR64" x ‘Azucena’

Primer Visible Polymorphic  Origin of amplification Polymorphism Chromosomes Doublets Codominant
pair bands bands IR 64 Azucena (%) covered (no.) markers
(no.) (no.) (no.) (no.)
P1/M1 40 15 7 8 375 6 3 1
P1/M2 48 9 4 5 18.8 5 1 1
P1/M3 46 9 5 4 19.6 4 0 0
P1/M4 59 15 5 10 254 5 0 1
P1/M5 46 12 6 6 26.1 8 0 1
P1/M6 45 15 8 7 333 8 0 1
P1/M7 75 21 11 10 28.0 9 3 1
P1/M8 23 4 1 3 17.4 4 1 0
P1/M9 43 8 8 0 18.6 4 1 0
Pi/M10 62 16 9 7 25.8 8 0 3
P2/ M1 47 7 3 4 14.9 5 1 1
P2/M2 38 7 3 4 184 4 4 1
P2/M3 44 6 2 4 13.6 3 0 2
P2/M4 43 13 8 5 30.2 7 2 4
P2/M5 51 8 3 5 15.7 5 2 0
P2/M6 39 10 5 5 25.6 4 0 2
P2/M7 47 6 2 4 12.8 4 2 1
P2/M8 39 5 0 5 12.8 4 4 0
P2/M9 60 10 4 6 16.7 6 2 1
P2/M10 50 12 8 4 240 5 2 1
Total 945 208 102 106 - - 28 22
Mean 47.3 104 - - 21.8 - - -
Range 23-75 4-21 - - 12.8-37.5 - - -

Table 2 Comparison of combined AFLP/RFLP map with the RFLP map in the cross ‘IR64” x ‘Azucena’

Chromosome RFLP map Combined map RFLP markers AFLP markers Total no. Map length (cM)
length (cM) length (cM) (no.) (no.) of markers increased by AFLPs
1 222 387 14 34 48 165
2 168 295 13 23 36 127
3 279 394 16 30 46 115
4 163 306 13 16 29 143
5 146 232 1 19 30 86
6 156 173 11 6 17 17
7 170 257 13 14 27 87
8 79 241 7 16 23 162
9 117 153 10 6 16 36
10 63 148 6 9 15 85
11 142 246 12 16 28 104
12 106 226 9 19 28 120
Total 1811 3058 135 208 343 1247

* The two RFLP markers RG20 and RZ143 are included, which are now linked to RG978 due to placement of AFLP markers
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stretching of most of the chromosomes. The combined
AFLP/RFLP map was extended towards telomeric re-
gions in 9 chromosomes, which accounts for 251 ¢cM.
The AFLP markers filled a gap between RG20/RZ143
and RG978 on chromosome 8 (Huang et al. 1994),
which resulted in an increase in map length of 90 ¢cM
(Fig. 2).

The AFLP/RFLP map showed that many AFLP
markers were located adjacent to each other (Fig. 2).
There were 18 locations where more than 5 AFLP
markers were mapped closely together. The most typical
example is on chromosome 10. Half of the chromosome
was covered by AFLP markers while the other half
was covered by RFLP markers. We found very little
intermingling of AFLP and RFLP loci. The mapping
of these AFLP markers had a stretching effect which
was very pronounced on most of the chromosomes
(Fig. 2).

Discussion

The AFLP technique allows the detection of polymor-
phism in multiple loci, generating a vast number of
highly reproducible molecular markers within a short
period of time. In this study we used only 20 primer
combinations and were able to scan 945 loci to generate
208 AFLP markers in a doubled haploid population of
rice (Table 1). The efficiency of generating AFLP
markers appears to be much higher relative to RFLP
mapping in the same population (Huang et al. 1994),
while the speed at which they can be generated shows a
great potential for application in marker-assisted back-
cross breeding, where the aim of the breeders is to screen
hundreds of loci within a limited time frame. The judi-
cious selection of primer combinations that generate
high levels of polymorphism with markers well-distrib-
uted over the genome is the key. Such a selection is
possible: we observed that some primer combinations
produced as many as 21 polymorphic markers distrib-
uted over as many as 9 chromosomes (Table 1).

Linkage map construction with AFLP markers is
quite efficient and complementary to that based on
RFLPs. This can be corroborated in terms of speed of
generation of markers and also coverage of genomic
regions. In general, the regions covered by RFLPs are
also covered by AFLP markers. We believe that the few
regions not covered by AFLP markers at present will be
so with an increased number of primer combinations.
Furthermore, AFLP markers can cover areas lacking
RFLPs. This was demonstrated on chromosome 8§,
where previously unlinked regions were linked by
AFLP markers (Fig. 2).

All of the AFLP markers were unambiguously placed
on the chromosomes. A great majority of markers (78 %)
followed Mendelian segregation indicating that AFLP
markers are heritable and reliable for genetic analysis.
Furthermore, the segregation of AFLP markers was
found to be the same as that of RFLP markers (Fig. 2).

Comparison between RFLP and AFLP maps indicates
a random distribution of AFLP markers along the
genome except on chromosomes 6 and 9 where only a
few AFLP markers were placed in the present study.

In combining AFLP and RFLP markers, we gener-
ated a map of 3058 ¢cM, which is 1247 cM longer than the
map generated with RFLP markers alone (Huang et al.
1994). The extension of the map towards telomeric
region by AFLPs on many chromosomes and the filling
of a gap on chromosome 8 constituted about one-
quarter of the increased map distance. The remaining
three-quarters was due to a stretching effect, which was
pronounced on most of the chromosomes (Table 2).
Several causes can account for the stretching effect,
which has also been observed in other crops (Becker
et al. 1995). The small population size used in this study
may be one of the reasons, as it would offer comparative-
ly less genetic resolution. Moreover, the observation of
heterozygosity at a number of RFLP loci in the doubled
haploid population (unpublished data) might inflate the
recombination fractions to great extent, particularly in
the case of dominant markers like AFLP. The stretching
effect could also be due to AFLP markers targeting
different genomic regions than those already marked by
RFLPs as very few AFLPs are tightly linked to mapped
RFLPs (Fig. 2). However, further experiments are
needed to test this hypotheses. Distorted segregation for
some markers along the chromosome is another factor
for the map stretching. Lorieux et al. (1996) recently
showed that linkage map length can be reduced by 27%
if the frequency of distorted alleles is corrected for. In
this study, we placed all of the markers uniquely on the
genome with a high LOD score greater than 4.0. There-
fore, misplacement of AFLP markers on the rice chro-
mosome is small. One way to reduce the map distance is
by fixing the map length with anchor markers and then
placing remaining markers to the interval, as was done
by Causse et al. (1994).

Codominant loci are generally the most informative.
Most of the codominant amplification products were
very close to each other in molecular weight and are
readily identifiable. We identified 22 codominant loci,
the majority of which were distributed over chromo-
somes 1, 3 and 5. With the screening of an increased
number of primer combinations, more such loci will
be evident, which should be useful for gene mapping
studies.

To simplify the original AFLP protocol (Vos et al
1995), we labeled the AFLP fragments by direct incor-
poration of alpha-[**P]-dCTP in the PCR mix during
the selective amplification step instead of labeling the
primer. As expected, doublets (28/208) were observed
due to the unequal mobility of the two complementary
strands of the labeled amplified fragments on the de-
naturing gel (Table 1). These were easily identified and
scored as single markers. Therefore, generating AFLPs
by the direct incorporation of label is a simple and
efficient alternative protocol in rice and perhaps in other
cereal crop species as well.
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