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Single Nucleotide Polymorphism Markers
for Genetic Mapping in Drosophila melanogaster

Roger A. Hoskins,'-** Alexander C. Phan,> Mohammed Naeemuddin,’
Felipa A. Mapa,? David A. Ruddy,? Jessica ]. Ryan,? Lynn M. Young,? Trent Wells,’

Casey Kopczynski,? and Michael C. Ellis*>

"Genome Sciences Department, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA; 2Exelixis, Inc.,

South San Francisco, California 94083-0511, USA

For nearly a century, genetic analysis in Drosophila melanogaster has been a powerful tool for analyzing gene
function, yet Drosophila lacks the molecular genetic mapping tools that recently have revolutionized human,
mouse, and plant genetics. Here, we describe the systematic characterization of a dense set of molecular markers
in Drosophila by using a sequence tagged site-based physical map of the genome. We identify 474 biallelic
markers in standard laboratory strains of Drosophila that span the genome. Most of these markers are single
nucleotide polymorphisms and sequences for these variants are provided in an accessible format. The average
density of the new markers is one per 225 kb on the autosomes and one per megabase on the X chromosome.
We include in this survey a set of P-element strains that provide additional use for high-resolution mapping. We
show one application of the new markers in a simple set of crosses to map a mutation in the hedgehog gene to an
interval of <1 Mb. This new map resource significantly increases the efficiency and resolution of recombination
mapping and will be of immediate value to the Drosophila research community.

The development of genome-based tools for genetic
mapping has made possible increasingly sophisticated
genetic studies in many eukaryotes and has contrib-
uted to rapid increases in the rate of discovery of new
genes and gene functions. In particular, dense maps of
polymorphic markers are in use in humans (Wang et
al. 1998; Cargill et al. 1999) and mice (Lindblad-Toh et
al. 2000), and currently are being developed in many
other vertebrates. Similar resources have been de-
ployed in well-studied and genetically powerful model
organisms, including Saccharomyces cerevisiae (Win-
zeler et al. 1998), Arabidopsis thaliana (Cho et al. 1999),
and Caenorhabditis elegans (Koch et al. 2000). It is clear
that a dense map of molecular markers is now an im-
portant tool for genetic analyses in any organism.
Traditional strategies for meiotic recombination
mapping in Drosophila melanogaster rely on a chromo-
some carrying multiple dominant or recessive marker
mutations with visible phenotypes. These visible phe-
notypes are often laborious to score and may interfere
with the phenotype of the mutant of interest. Most
importantly, because mutations with easily scored, vi-
able phenotypes are relatively infrequent, the mapping
resolution available using this approach is limited. A
much higher degree of interstrain variation is available
at the molecular level, and modern methods for scor-
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ing molecular variants offer the advantages of high
throughput and automated scoring (Landegren et al.
1998). In addition, the alleles of such markers are co-
dominant and usually phenotypically neutral. Al-
though microsatellites exist in Drosophila, they occur
infrequently and show relatively low rates of polymor-
phism (Schug et al. 1997). By far the most common
types of molecular variation are single nucleotide poly-
morphisms and insertion/deletion polymorphisms,
hereafter collectively referred to as single nucleotide
polymorphisms (SNPs). The interstrain level of se-
quence polymorphism in Drosophila is relatively high
(Begun and Aquadro 1993; Moriyama and Powell 1996).
Thus, sufficient variation exists in Drosophila to develop a
high-density map. Recently, a set of 69 SNP markers in a
collection of strains used for quantitative trait loci (QTL)
mapping purposes was described (Teeter et al. 2000).
We describe here the systematic discovery of a set
of genome-wide SNP markers in a collection of com-
monly used laboratory strains of Drosophila, and we
provide the sequences of these markers in an accessible
format that allows immediate use by the research com-
munity. We also show the use of this resource by map-
ping a mutation in the hedgehog gene to a small interval.

RESULTS

Survey of Interstrain Polymorphism

We first evaluated several Drosophila strains for levels
of sequence polymorphism. Many strains are in use in
the Drosophila research community, and there are no
widely used standard mapping strains. We therefore
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selected a few strains with the aim of identifying
strains highly polymorphic relative to each other. The
polymorphism rate in Drosophila varies among specific
strain pairs, with the greatest variation observed be-
tween East African and other populations (Begun and
Aquadro 1993). Therefore, strain selection might sig-
nificantly affect the rate of SNP discovery. We also
wanted to use a series of strains containing single
mapped P-element insertions for fine-scale mapping
(Cutforth and Rubin 1994; Spradling et al. 1995). Thus,
another important consideration in our strain selec-
tion was the level of sequence polymorphism relative
to these P-element strains.

Using genomic DNA from six wild-type strains
(Barcelona, Capetown, Hikone, Pyrenees, w;is02;iso3,
and a P-element containing strain) as templates, we
compared sequences from 24 third chromosome se-
quence tagged sites (STSs) from the P1-based physical
map of the genome (Kimmerly et al. 1996). The results
shown in Table 1 indicate that the rate of sequence
variation between any two strains ranges from 2.1 per
kilobase (1 polymorphism/476 bp) to 5.2 per kilobase
(1 polymorphism/192 bp, Table 1A), in agreement
with previous studies. Although the rate of sequence
polymorphism varies depending on the strains com-
pared, much of the observed polymorphism occurs in
local clusters, a single STS containing as many as five
SNPs. For purposes of genetic mapping, one needs only

a single polymorphism per point in the genome. Thus,
for the purposes of this study, a better measure of the
interstrain polymorphism rate is the percentage of STSs
that contain at least one SNP (Table 1B). Although the
absolute polymorphism rate observed varies nearly 2.5-
fold, from 2.1 differences/kb to 5.2 differences/kb, the
percentage of polymorphic STSs varies less than two-
fold, from 33% to 63%. In addition, the polymorphism
rates relative to the P-element containing strain vary
less, ranging from 33% to 50%. Because we observed a
largely random distribution of sequence variation and
similar levels of relative polymorphism among pair-
wise sets of strains, we chose to focus our genome-wide
discovery efforts on three commonly used strains-
Canton S, Oregon R, and w; iso2; iso3. We also selected
a series of 17 strains that contain single P-element in-
sertions at evenly spaced intervals across the genome.

Genome-Wide SNP Discovery

We set out to identify a set of SNP markers spanning
the genome, with a goal of identifying at least one SNP
every 500 kb. We used mapped STSs as a source of
genomic sequences (Kimmerly et al. 1996). At the time
this project was initiated, these STSs were the only
mapped sequence elements with a genome-wide distri-
bution of the required density. The cytological map
positions of STSs were inferred from the P1 clones from
which they were derived. We chose STSs evenly distrib-

Table 1. Analysis of Sequence Variation among Six Wild-Type Drosophila Strains

A. Total number of
differences per kilobase

B. Relative percentage of STSs
with polymorphisms

o
w
{0
BEP ? BEP
fe o
IS0 | 2.5 = IS0
o
BAR | 45 | 37 = BAR
x
CAP | 43|35 | 31 S CAP
o
HIK | 2931|5248 x HIK
PYR | 35| 2135|4541 - PYR

o
LL)
m
(o]
]
o
38% =
o
50% | 46% &
ES
42% | 38% | 50% =
o
33% | 38% | 54% | 50% &
50% | 42% | 42% | 63% | 50% | -

Twenty-four STSs from the third chromosome were sequenced in the following strains: w;iso2;iso3 (ISO),
Barcelona (BAR), Capetown (CAP), Hikone (HIK), Pyrenees (PYR), and a P-element strain (BEP). The total
amount of sequence examined was 5.16 kb. Data are represented as (A) total number of polymorphisms per
kilobase, and (B) percentage of STSs containing polymorphisms.
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uted across each cytological division for screening. We
took two approaches to polymorphism identification.
First, a set of 1016 STSs was amplified from isogenized
versions of Canton S and Oregon R and then se-
quenced to identify candidate polymorphisms. Sec-
ond, a partially overlapping set of 01050 STSs was
screened for polymorphisms between w;iso2;iso3 and
the 17 P-element strains by using denaturing high per-
formance liquid chromatography (DHPLC; Underhill
et al. 1997). DHPLC is a simple and robust screening
tool and is also useful for genotyping SNPs in recom-
bination mapping experiments (see Fig. 2 below; Spiegel-
man et al. 2000). Polymorphisms identified via DHPLC
were verified and characterized by DNA sequencing.

Sequence data from a total of 01500 STSs from
these two discovery approaches were assembled into a
single data set. We identified polymorphisms both by
visual inspection and automatically as high-quality
discrepancies by using Phred quality scores in the
Phrap assembly viewer Consed (Gordon et al. 1998).
Table 2 displays the sequences of 109 STSs for which
sequence was derived from all strains used in the ge-
nome-wide survey. In addition, we aligned each con-
sensus STS sequence to the Release 1 version of the
Drosophila genome sequence to identify the allele in
the y;en bw sp strain (Adams et al. 2000). These data
define 279 polymorphisms, of which 225 are single
nucleotide substitutions, 17 are small insertion/
deletions, 8 are dinucleotide substitutions, and 29 are
more complex substitutions. Among the single nucleo-
tide substitutions, transitions outnumber transversions
by 55% to 45%, and 22% of these substitutions occur
at CpG dinucleotides. These data are similar to those
observed in human and mouse genomes and may be
evidence that similar mutagenic mechanisms are at
work in Drosophila (Moriyama and Powell 1996), de-
spite the fact that there is no deficit of CpG dinucleo-
tides and little evidence for cytosine methylation that
explains the bias seen in vertebrate genomes (Hacia et
al. 1999). Note that the STSs analyzed here represent
randomly sampled genomic sequence, so this analysis
does not take into account effects of coding versus
noncoding sequence. Approximately 40% of these
SNPs create restriction site polymorphisms and thus
are accessible to scoring by a simple restriction diges-
tion (Table 2). In addition to the sequences provided in
Table 2, the sequences for 365 STSs that define an ad-
ditional [750 polymorphisms in pairwise subsets of the
strains are available at http://www.fruitfly.org.

The chromosome-wide distribution of the poly-
morphisms identified in this study is represented in
Figure 1. The distribution is relatively even across the
genome, with an average density of one SNP marker
per 225 kb on the autosomes and one per megabase on
the X chromosome. The lower density of SNPs discov-
ered on the X chromosome is due primarily to a lower
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density of available STSs. The region flanking the cen-
tromere of chromosome 3, including cytological divi-
sions 77 through 83, contains far fewer polymor-
phisms per kilobase than the rest of the genome. All
available STSs in this region were screened in the
w;is02;is03/P-element strain comparison, and addi-
tional comparison of nearly 100 kb of sequence re-
vealed a lack of polymorphism between these strains
(data not shown). This observation is consistent with
previous studies indicating that levels of sequence
polymorphism correlate with recombination rates in
Drosophila (Begun and Aquadro 1992; Charlesworth
1996). However, we do not observe a similar reduction
of variation near the centromere of chromosome 2.

Mapping with SNPs
Having identified a sufficiently dense set of SNPs, we
designed a simple strategy to use these markers for
mapping single gene mutations (Fig. 2). This strategy
requires two to four generations and informative as-
says for 10-20 SNPs. In the first step, the mutation of
interest is mapped relative to six markers that span the
chromosome at 8-10 Mb intervals (Fig. 2A), by using
96 unselected, chromosome-wide recombinants. These
markers can be SNPs, transposon insertions, or visible
markers. Once the interval in which the mutation lies
is defined, SNPs are tested on the appropriate recom-
binants to further refine the position of the gene (Fig.
2B,C). Using this strategy, we mapped two indepen-
dent recessive lethal mutations isolated in a screen for
suppressors of a human p21 overexpression pheno-
type. These mutations were placed between the STSs
Dm1601 and Dm1655 on chromosome 3, an interval
of <1 Mb (Fig. 2C) and subsequently were shown to be
alleles of the hedgehog gene (Tabata and Kornberg 1994).
To achieve the high-resolution mapping suitable
for positional cloning, we have used the P-element
strains listed in Table 2 in a strategy to select many
white (—) recombinants in a small region (Cutforth
and Rubin 1994; Spradling et al. 1995; see Discussion).

Discussion

Determining the locations of mutations in the genome
is a critical component of genetic analysis. We have
identified a set of 474 SNP markers spanning the Dro-
sophila genome and showed their use as a new and
powerful resource for genetic mapping. The density of
available SNPs is high, so the mapping resolution
achievable with SNPs is much greater than with tradi-
tional, phenotypic markers. With the example of the
mutations in hedgehog, we show the ease with which
mutations can be localized to intervals of 1 Mb, and
we routinely use this approach to map genes to inter-
vals of <500 kb. If the mutation is mapped relative to a
P-element insertion in the initial mapping, a chromo-
some that contains the P element linked to the muta-
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Figure 1 Distribution in the Drosophila genome of SNPs identified in this study. The euchro-
matic portion of the genome is represented by horizontal bars, with the extent of each cyto-
logical division representing the genomic extent as estimated by Sorsa (1988). The positions of
SNP markers identified in this study are represented by vertical hatch marks: SNPs for which
sequence has been determined in all strains are represented by red hatch marks; those that were
identified in pairwise subsets of strains are indicated by blue or green. The distribution is relatively
even throughout the genome, with the exception of cytological divisions 78-83 near the cen-
tromere of chromosome 3. Strain designations (e.g., Q1040) and a small downward arrow
indicate the positions of P elements useful for fine-scale mapping.

but relatively low-resolution
approach to mapping muta-
tions is complementation test-
ing with chromosomal defi-
ciencies, which sometimes can
be confounded by synthetic in-
teractions. Existing large collec-
tions of P-element insertion
mutants also can be used in
complementation tests with
new, unmapped mutations, an
approach that sometimes will
obviate the need for high-
resolution recombination map-
ping (Spradling et al. 1999).
However, the spectrum of
genes that can be recovered by
insertional mutagenesis is lim-
ited by insertion site biases.
Point mutations are useful for
many genetic analyses and are
recoverable only by chemical
mutagenesis. A combined ap-
proach that makes use of both
recombination mapping with
SNPs and analysis of transpo-
son insertions in candidate
genes is an efficient approach
to positional cloning.

Another advantage of SNPs
as markers is the ability to use
standardized and scalable
genotyping methods. We have
found DHPLC to be a useful
technology for SNP scoring, as

tion can be used for finer scale localization. For
instance, a useful approach is to generate many recom-
binants between the P[w +] elements shown in Table 2,
which can be selected easily using the white eye color
phenotype (Cutforth and Rubin 1994; Spradling et al.
1995). In a P[w +] interval of 00 Mb, 500 selected
recombinants result in one recombination event every
20 kb on average. Using this approach and a combina-
tion of the SNPs reported here and newly discovered
SNPs in a selected interval, we have localized a single
mutation to <25 kb, an interval in which DNA se-
quencing is a realistic method for identifying muta-
tions (D.A. Ruddy and M.C. Ellis, unpubl.).

Although the paucity of molecular variation and
recombination events near the centromeres is cur-
rently a limitation for recombination mapping, new
techniques based on male-specific recombination for
mapping relative to P-element insertion sites may pro-
vide a solution (Chen et al. 1998). A commonly used
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itis a technically simple and ro-
bust technology that is inex-
pensive to operate and well suited to detection of het-
eroduplex DNA molecules derived from heterozygous
individuals. Assay technologies that do not require spe-
cialized instrumentation, such as PCR followed by re-
striction site polymorphism analysis, can be applied to
many of the polymorphisms identified in this study. This
approach has been shown to be effective for SNP map-
ping in C. elegans (S. Wicks, pers. comm.). A vast array of
technologies for genotyping SNPs has been developed, a
partial sampling of which includes systems based on
primer extension, oligonucleotide ligation, or nuclease
assays (Landegren et al. 1998), and various microarray
formats (Hirschhorn et al. 2000; Pastinen et al. 2000).
The set of SNPs described here can be used in map-
ping crosses involving any strain. For example, a mu-
tation in an unknown genetic background could be
mapped in two sets of crosses to any two of the iso-
genic strains described here, using SNP markers that
distinguish the two mapping strains. Because SNP
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Figure 2 Recombination mapping of a recessive lethal mutation by using SNP markers. Chromosomes (bars) and molecular markers
(vertical hatch marks) are shown. The mapping process occurs in two stages. (A) The mutation (asterisk) induced in the w;iso02;iso3
background (black bar) that has been mapped previously to a chromosome and balanced is mapped relative to a polymorphic mapping
strain (open bar). Single flies heterozygous for the mutation-carrying chromosome and the mapping chromosome are crossed to flies
homozygous for the parental w;iso2;iso3 strain to generate 96 recombinant flies. The four recombinant classes are represented. Each
recombinant fly strain is assayed for a low-density set of markers that span the chromosome. These markers can be of any type, including
SNPs or P-element insertions. We have typically tested six markers spaced at [10-Mb intervals on these 96 recombinants, for a total of
576 assays. Each recombinant also is assayed for presence or absence of the mutation by outcrossing. From the outcross data and initial
marker data on this set of 96 recombinants, the mutation can be assigned to an interval of 10-20 Mb. (B) A higher density set of SNPs
then is assayed on recombinants from A that break in the appropriate interval. An example of mapping a mutation in the hedgehog gene
is shown. SNP markers are indicated by the STSs from which they are derived. Two P elements (Q 1059 and Q 1058) that were used to
localize these mutations also are indicated. The chromosomal compositions of three recombinant (#6, #25, and #42) and two control (ISO
and HET) flies are represented. Asterisks indicate chromosomes that carry the mutation as defined by outcrossing. The SNP markers shown
were scored using DHPLC. The recombinants shown delimit the position of these mutations to between Dm1601 and Dm1655, a region
of 984 kb. Subsequent complementation testing showed that these mutations are alleles of the hedgehog gene, which lies between
Dm1601 and Dm1655. (C) DHPLC scoring of SNPs. PCR products were amplified from recombinants and analyzed under partially
denaturing conditions. Data are shown for Dm1655, a C/T dimorphism. Run time in minutes is shown on the X axis and ultraviolet
absorbance on the Y axis. Dm1655 was analyzed from the following strains: w;iso2;iso3 (ISO), a w;is02;is03/Q1059 heterozygote (HET),
and hedgehog recombinants 6 and 25 (#6 and #25). In this example, the sample from recombinant 25 shows a heteroduplex pattern and
therefore is scored as a heterozygote. (DHPLC) denaturing high performance liquid chromatography.
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markers are biallelic, essentially all SNPs will distin-
guish the unknown strain from one or the other map-
ping strain, so essentially all markers will be informa-
tive in one cross or the other. Furthermore, genotyping
assays can be used to identify a subset of the SNPs
presented here that differentiate two unknown strains.
However, the development of standardized Drosophila
mapping resources may benefit from the selection of
standardized strains and a standard set of SNPs that can
be scored using a widely available and easily accessible
scoring technology.

With the complete genomic sequence now avail-
able, we can look toward rapid developments in ge-
nomics-based approaches to biological problems in
Drosophila. For example, a higher density set of SNPs
could be developed to enable even higher resolution
mapping strategies. Additional large-scale SNP discov-
ery is now very straightforward using the reference
Drosophila genome sequence as a guide. SNPs will be
useful in other mapping applications, including char-
acterization of complex traits, QTL mapping, and loss-
of-heterozygosity approaches to defining deletion end
points. SNPs also may be useful as Drosophila strain
identifiers. Finally, SNPs may have use in genomic se-
quence-based screening approaches, whereby ran-
domly mutagenized chromosomes are screened for
molecular lesions (Bentley et al. 2000).

METHODS

Drosophila Strains

Wild-type Drosophila strains were obtained from the Bloom-
ington Stock Center. Canton S and Oregon R were obtained
from the laboratory of G.M. Rubin; single P-element insertion
strains were obtained from C. Goodman and G.M. Rubin and
were derived from an enhancer trap screen performed in their
laboratories. Canton S, Oregon R, and w;iso2;iso3 were made
isogenic for the indicated chromosomes (X, 2, or 3) according
to standard techniques, with the exception of Canton S and
Oregon R isogenic chromosome 2 stocks, which were ob-
tained from T. Laverty and G.M. Rubin. All P-element strains
and newly isogenized wild-type strains are available from the
Bloomington Stock Center.

Molecular Biology

Drosophila genomic DNA was isolated either from adult popu-
lations or single recombinant flies according to standard tech-
niques. STSs were amplified from genomic DNA preparations
using either standard or touchdown PCR (Don et al. 1991) to
facilitate amplification of most STSs under a single set of con-
ditions.

Identification of Sequence Variants

The STSs used in this study were developed by the Berkeley
Drosophila Genome Project (BDGP; Kimmerly et al. 1996), and
were selected based on map position inferred from the P1
clones and contigs with which they are associated. STS se-
quences, primer sequences, and PCR conditions are available
on the BDGP Web site (http://www.fruitfly.org). STS se-
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quences were compared among different strains by using the
two approaches discussed below.

DNA sequencing

One thousand sixteen STSs were selected for sequencing in
the Canton S and Oregon R strains based on the following
criteria: primer annealing temperature of 58°C, PCR product
length of >180 bp, and reliable amplification in STS content
mapping experiments. STSs were PCR amplified with Ampli-
Taq Gold polymerase (Applied Biosystems) by using PCR con-
ditions described in individual STS reports available at http://
www.fruitfly.org. PCR products were treated with exonuclease
I and shrimp alkaline phosphatase to degrade primers and free
nucleotides (Werle et al. 1994). Treated products were se-
quenced using the PCR primers and BigDye terminator se-
quencing chemistry (Applied Biosystems) and analyzed on
ABI 377 sequencing machines. Sequences were assembled us-
ing the Phred /Phrap /Consed package (Ewing and Green
1998; Gordon et al. 1998; http://genome.washington.edu).
Candidate polymorphisms were detected both by inspection
of traces and by automated detection of high-quality se-
quence discrepancies in Consed. High-quality sequence was
obtained from 796 of the 1016 STSs, and 309 of these con-
tained at least one polymorphism. The sequences in Canton S
and Oregon R of 49 of these polymorphic STSs have been
reported previously (Teeter et al. 2000).

DHPLC

Approximately 1050 STSs between 180 and 200 bp in size
were selected and amplified by PCR from the P-element and
w; is02; is03 strains. Successful amplification was confirmed
by gel electrophoresis. For each STS, the products amplified
from the two strains were mixed in a 1:1 (v/v) ratio. The
mixed products were denatured for 5 min at 95°C and rean-
nealed slowly to create heteroduplex molecules. Presence or
absence of heterozygosity was analyzed using DHPLC (Oefner
and Underhill 1998) under the following conditions: Samples
were run on a metal-free HPLC system (Varian Chromatogra-
phy Systems) and fitted with a column capable of high-
resolution DNA separations; the Eclipse and Helix columns
(Varian Chromatography Systems) or the DNASep column
(Transgenomic, Inc.) were used. Chromatographic separations
were performed using a uniform gradient (1.8% acetonitrile/
min for DNAsep columns, 4%/min for other columns), and all
STSs were screened at 52°C, 54°C, 56°C, 58°C, and 60°C to de-
termine the optimum temperature for heteroduplex detection.
STSs positive for heterozygosity were DHPLC-analyzed in the
homozygous strains and sequenced to identify the variant base.

Sequences from both approaches were assembled using
Phred and Phrap and analyzed in Consed to generate the
sequences represented in Table 2 and at http://www.fruitfly.
org. All STSs containing SNPs were sequenced on both
strands; in some cases, this resulted in single-stranded cover-
age of SNPs near the ends of STSs. The SNPs listed in Table 2
were sequenced in the strains that contain the two flanking P
elements to identify those useful for fine-scale mapping.

Recombination Mapping

Alleles of the hedgehog gene were isolated in a screen for ethyl
methanesulfonate-induced mutants that suppress a p21 over-
expression phenotype. These mutations were induced in a
w;is02;iso3 strain, and balanced mutant stocks were estab-
lished over TM3 or TM6 by standard methods. The mutations
were localized initially by crossing to a mapping chromosome
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that contained six molecular polymorphisms at evenly spaced
intervals. By analyzing 96 random recombinants for both (1)
the allele at each marker, and (2) the presence or absence of
the mutant gene, the position of the mutation along the chro-
mosome can be established to within a 10-20-Mb interval of
the chromosome between the molecular markers. SNP mark-
ers in the appropriate interval were amplified from each re-
combinant and analyzed using DHPLC to generate the hap-
lotypes shown in Figure 2.
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