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Map-based positional cloning of Drosophila melanogaster
genes is hampered by both the time-consuming, error-prone
nature of traditional methods for genetic mapping and the diffi-
culties in aligning the genetic and cytological maps with the
genome sequence. The identification of sequence polymor-
phisms in the Drosophila genome will make it possible to map
mutations directly to the genome sequence with high accuracy
and resolution. Here we report the identification of 7,223 single-

sequence polymorphisms define a map of 787 autosomal
marker loci with a resolution of 114 kb. We have established
PCR product-length polymorphism (PLP) or restriction frag-
ment-length polymorphism (RFLP) assays for 215 of these mark-
ers. We demonstrate the use of this map by delimiting two
mutations to intervals of 169 kb and 307 kb, respectively. Using
a local high-density SNP map, we also mapped a third mutation
to a resolution of approximately 2 kb, sufficient to localize the

mutation within a single gene. These methods should accelerate
the rate of positional cloning in Drosophila.

nucleotide polymorphisms (SNPs) and 1,392 insertions/deletions
(InDels) in common laboratory strains of Drosophila. These
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Fig. 1 Classes and distribution of sequence polymorphisms in the Drosophila genome. a, Number of sequence polymorphisms identified in pairwise comparisons of
FRT and EP strains and the Release 2 genome sequence. The total number of polymorphisms identified, the number of markers these polymorphisms define and the
average number of base pairs per polymorphism are indicated for each (arrows) and any (center) pair of strains. b, Class distribution of 7,190 biallelic SNPs. In our
sample, transversions slightly (1.08x) but significantly (P=0.0007) outnumbered transitions. Other surveys of sequence polymorphisms in Drosophila have reported a
slight bias in favor of transitions>&23, Among transversions, AT polymorphisms are markedly overrepresented (1.50%, P<0.00001) and CG polymorphisms underrep-
resented (0.69%, P<0.00001). POLYBAYES reported three different nucleotides for another 33 SNPs. ¢, Size distribution of 1,392 InDels. The largest InDel identified
was 169 bp. d, Polymorphism density and recombination rates across the major autosomes. Polymorphism densities (circles) were calculated in 2-Mb intervals across
each arm, and fitted with a third-order polynomial (black line). We calculated recombination rates by fitting a third-order polynomial (gray line) to a plot of genetic
distance versus physical distance between adjacent cytological letter divisions across each arm. This plot was in turn derived from tables provided by FlyBase that link
each cytological division to the genetic (flybase.bio.indiana.edu/maps/Ik/cytotable.txt) and physical (flybase.bio.indiana.edu/maps/Ilk/genome-cyto-seq-map/) maps.
e, Scatterplot of polymorphism density versus recombination rate in 2-Mb intervals across the four major autosomal arms. Polymorphism density increases with the
rate of recombination?’”. The null hypothesis (that the slope of the regression line is zero) is rejected with high probability (P=0.00008).
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A dense map of sequence poly-
morphisms is a valuable
resource for mapping human
disease loci! and experimentally
induced mutations in model
organisms>~°, For genetic map-
ping in model organisms, SNPs
and InDels offer several key
advantages over conventional
genetic markers: (i) they are
highly abundant (ii) they exist in
only two codominant variants
and (iii) in most cases, they are
phenotypically neutral.

To enable genetic mapping with
SNP markers, it is first necessary
to establish a map of sequence
polymorphisms between the
strain used for mutagenesis and
a divergent strain that can be
used to generate recombinants
for mapping. If laboratory
strains are largely isogenic, as is
the case in Caenorhabditis ele-
gans, a sufficiently divergent
natural isolate must be used for
mapping purposes. A polymor-
phism map can then be con-
structed simply by carrying out
light shotgun sequencing of this

strain and aligning these
sequences to the genome
sequence of the laboratory

strain®. The difficulty in this case
is that the genetic background of
the new isolate is poorly defined
and does not include any visible
genetic markers to assist in the
recovery of recombinants?. Ide-
ally, well-defined laboratory
strains would themselves have
sufficient nucleotide diversity
for mapping purposes, as we
show here to be the case for
Drosophila. This poses the chal-
lenge of constructing a map of
polymorphisms between two
strains, neither of which may
correspond to the reference
genome.

Two general approaches to con-
structing such a map may be
considered. One strategy would
be to carry out light shotgun
sequencing of one strain, align
this to the reference genome and
then genotype the second strain
for any polymorphisms thus
identified. ~ An  alternative
approach is to directly amplify
and resequence specific loci
from each of the two strains of
interest. A mathematical analy-
sis of this problem (see Methods
and Web Note A) indicates that
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Fig. 2 Polymorphism map of FRT versus EP strains. The locations of 495 SNP marker loci that discriminate between FRT
and EP strains are shown. For each arm, the right scale shows the approximate extent of each cytological division,
whereas the left scale indicates the precise location (in Mb) of each marker on one of the ten contigs of at least 1 Mb in
Release 2 of the Drosophila genome sequence. The locations of the proximal FRT and distal EP insertions are shown.
Arrowheads indicate markers for which PLP assays have been established. Restriction endonucleases for verified RFLP-
SNPs are also indicated. The exact location and allelic variants for each polymorphism, including additional polymor-
phisms between these strains and the Release 2 genome sequence, are listed in Web Tables A-D.
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the directed approach is more likely to be preferable if polymor- insertions, they have not been preselected for any mutant pheno-
phisms are abundant; the shotgun approach, if they are rare. type!?. Fourth, flies carrying both a proximal FRT and a distal EP

In Drosophila, polymorphisms are sufficiently abundant to insertion on the same chromosome arm can readily be identified,
favor the directed approach. Indeed, sequence-tagged sites gen- greatly facilitating the recovery of a set of recombination events
erated during the Drosophila genome project” have recently been  spanning almost an entire chromosome arm. We selected paired
resequenced from several different wildtype strains and natural FRT and EP strains for each of the four major autosomal arms.
isolates to construct a map of 474 SNP marker loci>®. We aimed The X chromosome was omitted from this analysis, as it is less
to construct a similar map for useful laboratory strains, also frequently included in mutagenesis screens involving genetic
using the directed approach. One additional advantage of this mosaics. Recombination is exceedingly rare on the small fourth
strategy is that it allows different strains to be selected for differ- chromosome, and so it too was excluded.
ent genomic regions. We therefore selected a set of paired strains ~ We amplified and sequenced PCR products approximately
for each chromosome arm: one strain carrying an FRT insertion? 1 kb in size from each pair of FRT and EP homozygotes. We
at the base of the arm, and a corresponding strain carrying an designed primers to amplify nonrepetitive, noncoding regions
insertion of an EP element!? at the tip. Our choice was based on  spaced at regular intervals across each autosomal arm. We then
the following criteria. First, because of their usefulness in gener- screened for polymorphisms in sequences from the two strains
ating genetic mosaics, the FRT strains are frequently used as using POLYBAYES'® and limited visual inspection. We screened
parental strains in large scale mutagenesis screens''7!%. Second, a total of 821 pairs of PCR products. Of these, 787 (95.9%) con-
traditional methods are particularly inadequate for mapping tained at least one sequence polymorphism and thus define a set
mutations that can be detected only in genetic mosaics, for which ~ of marker loci useful for genetic mapping experiments (Fig. 1a).
few visible markers are available and transheterozygous comple- These marker loci are evenly distributed across each of the four
mentation tests are impossible. Third, the EP elements carry a major autosomal arms, with an average resolution of 1 marker
dominant whitet marker and, unlike many other transposon every 114 kb. The largest gap is 578 kb. We identified a total of
8,615 polymorphisms (Web
Tables A-D): 7,223 SNPs
(83.8%; Fig. 1b) and 1,392
InDels (16.2%; Fig. 1c¢).

We detected sequence poly-
morphisms between FRT and
EP strains, on average, once
every 200 bp; and between
each of these strains and the
Release 2 genome sequence
once every 157 and 153 bp,
respectively (Fig. 1a). The den-
sity of polymorphisms is not
uniform across each arm, being
generally lower nearer the cen-
tromere and, to a lesser extent,
towards the telomere (Fig. 1d).
Polymorphism frequency thus
correlates with recombination
rate (Figs. 1d,e)'7, consistent
with the prediction that selec-
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Fig. 3 Genotypes of additional useful laboratory strains. We genotyped the indicated strains using PLP assays for 107 ratory strains of Dtosophﬂa’
InDels. Numbers indicate the marker name, followed by the polymorphism number within that marker. Green indicates sequence polymorphlsms are
the same allele as the corresponding FRT strain, red indicates the EP allele and yellow indicates two cases in whichanew  thys sufﬁciently abundant
product size was observed. Most FRT-versus-EP polymorphisms also discriminate other pairs of strains. These genotyped d id d t t
strains provide additional opportunities for generating and analyzing recombinants. For example, recombination ar.1 Wi eSPrea 0 supppr
events within specific chromosomal regions might be generated using the chromosomes carrying multiple recessive high-resolution genome-wide
markers. In some cases it may also be desirable to score genotypes by analyzing DNA prepared from balanced flies. genetic mapping.
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To facilitate mapping using the sequence polymorphisms we
identified, we next sought to establish a set of assays for rapidly
genotyping a subset of those polymorphisms that discriminate
between the FRT and EP strains (Fig. 2). We established PLP
assays for 110 of the 134 InDels of 7 or more base pairs (Fig. 2
and Web Table E). These PLP assays can be used to genotype 93
markers. We then examined all SNPs for restriction-site poly-
morphisms and identified 1,592 predicted RFLP-SNPs (46.6% of
all FRT-versus-EP SNPs). As most marker loci contain several
SNPs, nearly all markers (83.0%) can potentially be scored using
a restriction digest of PCR products. We have
verified 239 of these RFLP-SNPs by a restric-
tion digest of PCR products from FRT and a
EP homozygotes and FRT/EP heterozygotes
(Fig. 2 and Web Table F). These verified RFLP
assays can be used to genotype 162 markers.
Using either of these established PCR assays,
genotypes can be determined for 215 mark-
ers on the FRT-versus-EP map at an average
resolution of 419 kb.

The SNP map and PCR assays we have
established for the FRT and EP strains will be
useful immediately for mapping the many
mutations that have been induced on FRT
chromosomes in screens involving genetic
mosaics. If mutations induced on other c
genetic backgrounds are to be mapped using
these markers and assays, a sufficient number
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To assess the feasibility of mapping using these markers and
assays, we next sought to localize two mutations, 3L-H1135 and
3R-1256, that had been isolated in a mosaic screen for abnormal
patterns of neuronal connectivity in the adult visual system
(ref. 13 and T. Newsome, B. Asling, G. Gahmon, K.-A.S. and
B.J.D., unpublished data). These two mutations had been induced
by chemical mutagenesis on the FRT80B and FRT82B chromo-
somes, respectively. We first isolated sets of 45 and 94 recombi-
nants, respectively, between the proximal FRT and distal EP
insertions using an eye-specific source of FLP recombinase! so

b

1256

3R023
3R043
3R061
3R092
3R151
3R169
3R193
3R218

of these markers must also be polymorphic in 9

other pairs of strains. To assess this, we used

the PLP assays to genotype 107 InDels in sev- 3
eral additional strains: two wildtype strains, 4
two strains carrying multiple recessive mark- 10
ers and one ‘balancer’ strain for each auto-
some (Fig. 3). Eighty-two (76.6%) of these
InDels were indeed polymorphic between at 8
least one other pair of strains in addition to 12
the FRT and EP strains. Most of these mark- 1
ers and assays should therefore also be useful

for mapping mutations using different pairs

of strains. 8 8
= ]
T )
4 recs.
2
Fig. 4 Genetic mapping with SNP markers. a, Schematic 39
of the crossing strategy used to isolate a set of recombi- 1
nants spanning an entire chromosome arm. The aster- 38 recs.

isk indicates a mutation initially present on the parental
FRT chromosome, and on all recombinant chromo-
somes for which the crossover has occurred distal (left)
to the mutation. b, In the presence of the eyFLP trans-
gene, eye-color mosaicism can be used to identify
recombinant chromosomes carrying both the FRT and
EP insertions. ¢, d, Mapping of the 3L-H1135 (c) and
3R-1256 (d) mutations. Mapping proceeded in three
stages. First, we obtained a low-resolution map posi-
tion by analyzing a random selection of 12 recombi-
nants (top panels). The left columns indicate the
recombinant number and the presence (green) or
absence (red) of the visual system connectivity defect.
The columns on the right show the results of PLP assays
used to genotype each of the indicated SNP markers
(green, FRT; red, EP). This initial stage placed each
mutation between a pair of markers separated by 1-3
Mb. We next screened all remaining recombinants for
informative crossover events that had occurred
between these two markers (middle panels). We also
scored one intervening marker for each mutation
(white, not determined). We then used these informa-
tive recombinants to obtain a high-resolution map posi-
tion (lower panels). In this final stage, we determined
SNP genotypes by DNA sequencing.
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that recombinants could be identified by their mosaicism for the
whitet  eye-color marker located on the EP element
(Fig. 4a,b). We then scored each recombinant for the connectivity
phenotype and determined marker genotypes by either PLP or
RFLP assays or by direct sequencing of PCR products. This analy-
sis placed the 3L-HI1135 and 3R-I256 mutations within
169-kb and 307-kb intervals, respectively (Fig. 4c,d). The region
containing 3L-H1135 also includes the gene misshapen, which has
previously been shown to function in photoreceptor axon
pathfinding'®. Complementation and phenotypic analysis identi-
fied the 3L-H1135 mutation as a new allele of misshapen, confirm-
ing the accuracy of this mapping strategy.

This mapping procedure proved to be extremely rapid. Once
the recombinant progeny had been generated and scored for the
connectivity defect, it took only two to three days to map each
mutation. The rate-limiting step in this procedure was the histo-
logical analysis of neuronal connectivity in each of the recombi-
nant progeny. Clearly, more visible phenotypes could be mapped
with even greater efficiency. In such cases it may also be desirable
to carry out PCR genotyping assays on DNA samples prepared
from several rather than individual recombinants. Although this
approach sacrifices the ability to localize a mutation unambigu-

ously between a specific pair of markers, it would allow an
approximate map location to be determined within just a few
hours of obtaining the recombinants.

With an average density of one sequence polymorphism every
150-200 bp, it should in principle be possible to map mutations
down to the sub-genic level. To assess the feasibility of such
high-resolution genetic mapping, we examined a third mutation
from the same connectivity screen, 2R-R971. Both the mosaic
visual system connectivity defect and homozygous lethality
associated with this mutation had previously been localized by
traditional methods to the cytological interval 59EF. We first
constructed a high-resolution SNP map within this interval,
comparing again the parental FRT and the distal EP chromo-
somes. To localize the 2R-R971 mutation on this map, we gener-
ated a set of 71 recombination events between the 2R-R971
mutation and a P{white*}insertion within the 59D-F region
(Fig. 5). Of 11 markers tested, 8 were found to discriminate
between the parental 2R-R971 and P{white*} chromosomes. We
scored these markers on the recombinant progeny, placing the
2R-R971 mutation within a 2-kb interval that includes the 3'
region of the dead ringer gene (dri; Fig. 5). Complementation,
phenotypic and sequence analyses confirmed that 2R-R971 is
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Fig. 5 High-resolution mapping. The inset in the upper right illustrates the strategy used to recover a set of recombinants between the 2R-R9717 mutation (aster-
isk) and a closely linked P{white*} insertion. Green indicates the FRT chromosome carrying the 2R-R971 mutation. Red indicates the P{white*} chromosome that
carries a wildtype allele at this locus (+). Black indicates the CyO balancer chromosome. The map shows nucleotide positions in the AE002575 contig, in Mb. Prox-
imal is to the left. Boxes indicate SNP genotypes determined for each recombinant (rows) at the indicated SNP marker (columns). All SNP genotypes shown here
were determined by sequence analysis (green, FRT; red, P{white*}; white, not determined). Of 71 recombination events, 24 occurred proximal to the 2R162
marker (not shown), 46 occurred in the 83-kb interval between 2R762 and 2R779 and one occurred distal to 2R779. The 2R-R971 mutation thus lies distal to
2R179 but probably less than 2 kb from it (given the average of one recombination event every 1.8 kb). Sequencing the entire gene dri from the 2R-R971 chro-
mosome revealed a 1,005-bp deletion, 661 bp distal to the 2R779 marker. No evidence of recombination hotspots could be detected at this resolution.
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indeed an allele of dri. The practical limit of SNP mapping is
thus likely to be imposed only by the density of identified SNPs,
rather than by a lack of available polymorphisms or the presence
of recombination hot spots.

Our SNP map and PCR assays provide a means for fast, inex-
pensive and high-resolution genetic mapping using existing lab-
oratory strains of Drosophila. We have demonstrated both the
feasibility and accuracy of this method. In conjunction with the
many methods currently being developed for high-throughput
SNP genotyping!®, our SNP map should now allow high-
throughput, high-resolution genetic mapping in Drosophila.
Positional cloning should no longer be the rate-limiting step in
the forward genetic analysis of complex biological phenomena.

Methods

Drosophila stocks. The FRT and EP strains we selected are shown in Fig. 2.
We isogenized both sets of strains before constructing the SNP map. We
obtained Canton S, Oregon R and the strains with multiple recessive mark-
ers from the Bloomington Drosophila Stock Center. The CyO and TM6B
balancer chromosomes each carried a P{yellow*} insertion. The generation
of these strains and the isolation of the visual system connectivity mutants
2R-R971, 3L-H1135 and 3R-1256 were previously described!3.

Strategy for SNP identification. Consider the general problem of con-
structing a SNP map for two strains, A and B, given a reference genome, G.
One approach is to carry out light shotgun sequencing of A, align these
sequences to G and determine the genotype of B for any polymorphic site
thus identified. Alternatively, G might be used to design primers for the
amplification and sequencing of selected loci from both A and B, which
can then be directly compared. The cost per validated SNP for the shotgun
(S) and directed (D) approaches can be estimated (see Web Note A) by:

1 C,
S:)T (m +2(Cp+ca))
Cst2Cy
D:2( S(l—g_szBL) +Ca)

where:
C,=the cost of a sequencing reaction,
C,=the cost of a primer for PCR and sequencing,
C,=the cost of a genotyping assay (excluding primers),
Pxy=SNP frequency between strains X and Y,
L=read length,
r=repetitive fraction of the genome,
s=the success rate for genotyping assays using the original
pair of primers, and
f=the probabilty of any A versus G polymorphism also being an
A versus B polymorphism, given by the formula:

FF(+(pap—PBc)/Pac)/2-

We have calculated D and S for a wide range of values for these parameters.
Extreme values can be found under which, irrespective of polymorphism
frequency (p,p), either D is always less than S (such as a highly repetitive
genome (=1)) or S is always less than D (if genotyping assays are difficult
to design using the original primers (s=0), B is largely isogenic with G
(ppg=0) or primers and assays are much cheaper than sequencing reactions
(CP,Ca=O)). Over a broad range of realistic values, however, there is a cut-
off polymorphism frequency, above which D<S and below which S<D.
Specifically, for the FRT and EP Drosophila strains, we determined that the
directed approach is favorable if one is interested in any SNP or only RFLP-
SNPs, whereas the shotgun approach would be more useful if one were
interested only in larger (27 bp) InDels.

SNP identification. We searched for sequence polymorphisms in each of
the ten autosomal contigs in Release 2 of the Drosophila genome with a
length of at least 1 Mb (ref. 20 and Berkeley Drosophila Genome
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Project/Celera, 4 October 2000). Together, these contigs comprise
90,043 kb. We selected loci for amplification from noncoding and non-
repetitive regions evenly distributed across each contig. We defined non-
coding regions by the lack of any known or predicted open reading frame
and nonrepetitive regions by the presence of a single high-scoring BLAST
hit on the Release 2 genome sequence.

We carried out PCR amplification with genomic DNA prepared from
FRT or EP homozygotes, primers (0.4 uM), MgCl, (1.5 mM), dNTPs
(0.2 mM each) and Taq DNA polymerase (TaKaRa, 1.25 U). Cycle condi-
tions were 94 °C for 5 min, followed by 35 cycles at 94 °C for 30 s, 62 °C for
30 sand 72 °C for 2 min and a final extension at 72 °C for 7 min. We carried
out PCR analysis using either a GeneAmp 9700 (Perkin-Elmer) or Primus
HT (MWG Biotech). PCR products were treated with ExoSAP-IT (US Bio-
chemicals) to remove primers and excess nucleotides and sequenced on an
ABI377 or ABI3100 in two separate reactions, each using one of the PCR
primers as a sequencing primer.

Individual sequence traces were called with PHRED 0.000925.c
(refs. 21,22). Sequences were then preclustered into 1-Mb genomic inter-
vals according to the initial PCR primer selection and pair-wise alignments
to the corresponding Release 2 genome sequence were prepared for POLY-
BAYES using CrossMatch (P. Green, unpublished data). We then multiply
re-aligned the sequences using the POLYBAYES 3.0 (release 2001-03-27)
anchored-alignment algorithm!®. We used the default parameters, except
that the paralog filtering was unnecessary because of the preselection of
unique regions and was therefore supressed. The Release 2 genome
sequence was assigned a PHRED score of 40.

We retained polymorphisms reported by POLYBAYES only if the
PHRED quality score of each variant nucleotide exceeded 20 and the Pgyp
value assigned by POLYBAYES exceeded 0.5 (corresponding to a PHRED
score of 33 in a pair-wise alignment). We also aligned and visually
inspected FRT and EP sequence traces using the SeqMan program (DNA-
Star). We used these alignments both to make minor adjustments to the
POLYBAYES alignment and for the detection of most InDels larger than
8 nt. We screened SNPs for the presence of recognition sites for a panel of
186 restriction endonucleases. A list of these enzymes is available at
http://www.imp.univie.ac.at/groups/dickson/dickson.html.

PCR primer design. We designed all PCR primers using Primer3 (White-
head Institute/MIT Center for Genome Research; http://www-
genome.wi.mit.edu). For SNP identification and PLP assays, we selected
primers with melting temperatures of 67-73 °C, maximum T, difference
of 1 °C, length of 20-30 nt, 20-80% GC content, maximum self-comple-
mentarity of 4.0 and maximum 3' self-complementarity of 1.0. Primers for
SNP identification were chosen to give a product of 1.0-1.3 kb. For PLP
assays, the product size was typically 130-230 bp (for InDels of up to
20 bp) or 200-500 bp (for larger InDels). Primers used for SNP identifica-
tion were also used for RFLP assays, although they are not necessarily the
optimal choice for distinguishing the alternative fragment sizes. All
oligonucleotides were synthesized by MWG Biotech.

PLP and RFLP assays. We prepared genomic DNA from either 20-50
flies in 1-ml reaction tubes or 1-2 flies in 96-well plates. For the former,
DNA was resuspended in 50 pl, of which 1-2 pl was used for PCR. For
preparation in the 96-well format, we manually crushed flies in 50 pl of
extraction buffer (10 mM Tris-Cl, 1 mM EDTA, 25 mM NaCl,
200 pg/ml Proteinase K) and incubated them at 37 °C for 30 min. We
then inactivated proteinase K by incubation at 95 °C for 5 min and used
1 pl for PCR. PCR conditions were identical to those described above,
except that the extension times were reduced to 1 min for PLP assays.
For these assays, we separated amplification products on 2.5% agarose
gels. For RFLP assays, we digested 5 pl PCR product with the appropri-
ate restriction enzyme in a 20-pl reaction and separated the resulting
fragments on a 1% agarose gel.

We selected a set of 274 predicted RFLP-SNPs for verification based on
the presence of a recognition site for a readily obtainable restriction
endonuclease. We confirmed experimentally 87% of these predicted RFLP-
SNPs. Negative results may be due to either the presence of multiple recog-
nition sites for the selected enzyme, similarities in the fragment sizes from
the two strains or a false prediction. We expect that, with optimal primer
design, RFLP assays could be designed for more than 90% of the predicted
RFLP-SNPs, allowing genotyping of 98% of those markers that contain at
least one RFLP-SNP (89% of all markers).
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High-resolution mapping of 2R-R971. We recovered recombinants
between the 2R-R971 mutation and one of four selected P{white*} inser-
tions in the 59DE region: [(2)k07136, 1(2)s4830, 1(2)k06908, or 1(2)k05606.
We identified recombinants by screening for chromosomes that lacked the
whitet marker but were viable in trans to 2R-J1609, an independent muta-
tion that has the same visual system connectivity defect, maps to 59DF and
fails to complement the lethality of 2R-R971. We recovered 71 recombi-
nants from approximately 30,000 progeny.

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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