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REVIEW

Around the Genomes: The Drosophila
Genome Project

Gerald M. Rubin’

Drosophila Genome Center, Department of Molecular and Cell Biology, University of California at
Berkeley; and Howard Hughes Medical Institute, Berkeley, California 94720-3200

The Drosophila melanogaster genome is 165 Mb,
with ~120 Mb of this being euchromatic. The ge-
nome is organized in four chromosome pairs (Fig.
1A) and is estimated to contain 10,000-12,000
genes (G. Rubin and G. Miklos, unpubl.). The
Drosophila research community—both through
the efforts of “genome projects” and of individ-
ual investigators—has accumulated a vast
amount of data on the genetic and molecular or-
ganization of the Drosophila genome as well as on
the structure, expression, and function of indi-
vidual genes. In this review 1 will attempt to sum-
marize the current state of genome research in
Drosophila. The groups whose work is being sum-
marized are listed in Table 1.

The Origins of Genome Research in Drosophila

Drosophila has been a leading organism for ge-
nome research for >80 years. The concept that
recombination frequencies could be used to order
genes on a linear map was first demonstrated,
and the first genetic maps were constructed, us-
ing Drosophila in 1913 (Sturtevant 1913). Since
that time, Drosophila has remained the metazoan
with the most accurate and complete genetic
map. The first physical maps, that is, maps that
relate genetic functions to physical locations on
chromosomes, were the Bridges polytene chro-
mosome maps that although made nearly 60
years ago (Bridges 1937), had a resolution
of £ 100 kb. The polytene chromosome maps
have allowed hundreds of genes to be placed in
small physical intervals by classic cytogenetic
methods. In the early 1970s when recombinant
DNA methods were developed, Drosophila was
the only organism with a physical map of its ge-
nome. This map, together with the sensitive and
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precise mapping that could be accomplished by
in situ hybridization to polytene chromosomes
(Pardue et al. 1970), enabled a number of pio-
neering studies to be carried out in the Hogness
laboratory in the mid-1970s. Among these were
the first chromosomal mappings of cloned
unique and dispersed repetitive DNA segments
(Wensink et al. 1974; Rubin et al. 1976) and the
development of procedures for screening clones
by colony hybridization, for assembling large
chromosomal contigs, and for positional cloning
(Grunstein and Hogness 1975; Bender et al.
1979). Dozens of Drosophila genes that had been
identified by mutations with interesting develop-
mental or physiological phenotypes were posi-
tionally cloned in the early 1980s.

Physical Maps

The physical map based on the polytene chromo-
somes, while invaluable in providing an unam-
biguously correct reference map, is a cytogenetic
map and thus cannot meet the needs of the re-
search community for a clone-based map. The
first systematic attempts to make clone-based
physical maps of entire Drosophila genome were
the yeast artificial chromosome (YAC)-based
maps of the Hartl and Duncan groups and the
cosmid-based maps of the European Drosophila
Mapping Consortium (EDMC). In 1992, the Ber-
keley Drosophila Genome Project (BDGP) began
construction of a P1-based sequence-tagged site
(STS)-content map. These maps are all cross-
referenced to one another through the polytene
chromosome map; moreover, the EDMC and
BDGP maps contain additional cross-references
through STSs.

YAC-based Maps
The YAC maps were constructed by carrying out
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Figure 1 Drosophila chromosomes. (A) Meta-
phase chromosomes. (B) A portion of a polytene
chromosome showing a 4-Mb region from the tip of
chromosome arm 3L. The average band visible in
polytene chromosome preparations contains ~25
kb of DNA. The line indicates the signal obtained by
in situ hybridization of an 80-kb P1 clone.

in situ hybridization to polytene chromosomes
with individual YACs. The Hartl group (Garza et
al. 1989; Ajioka et al. 1991) mapped 1193 YAC
clones with an average insert size of 207 kb, and
the Duncan group (Cai et al. 1994) mapped 855
euchromatic YACs with an average size of 211 kb.
Together, these YAC maps cover ~90% of the eu-
chromatic genome for the autosomes and ~80%
for the X; however, overlaps between YACs have
not been confirmed by molecular methods. The
distribution of clones appears to be essentially
random over most of the euchromatic genome;
however, there are a few regions for which no or
very few YAC clones were recovered.

Cosmid-based Maps

The overall approach being used by the EDMC to
construct a cosmid-based map consists of produc-
ing individual contig maps each representing a
single chromosomal division (~1 Mb), that are
then complemented by the inclusion of STS
markers, generated from the ends of the inserts of
mapped cosmids (Siden-Kiamos et al. 1990). In
brief, an arrayed cosmid library is screened with a
probe generated by microdissection of polytene
chromosomes, and the DNA from positive clones
is fingerprinted. After computer-assisted ordering
of overlapping cosmids into contigs, a represen-
tative set of cosmids from each contig are
mapped by in situ hybridization to polytene
chromosomes to verify the integrity of the contig
and the map localization. STS markers are then
produced from the end of the inserts of selected
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cosmids, with the goal being the production of
an STS map with markers spaced, on average, ev-
ery 35-40 kb. However, the STSs themselves are
not used in the construction of the map. Integra-
tion of the map with the genetic map is achieved
by hybridization of cloned genes to the arrayed
cosmids or by the information provided by the
STS markers.

The map of the X chromosome is the most
advanced, covering ~62% of the euchromatic
portion of the chromosome and ~560 STS mark-
ers (Madueno et al. 1995). Maps of the autosomes
are anticipated to reach similar coverage within
the next few months. Roughly 1300 STS markers
with an average length of 400 bp have been de-
termined by cosmid end sequencing. Eight per-
cent of these STSs have been found to represent
either known Drosophila genes or P1 clones and
STS markers from the BDGP (providing links to
other existing maps), whereas 3% of the STS
markers have strong similarities to genes from
other organisms, identifying the Drosophila
homologs.

A cosmid-based mapping effort focused on
the small fourth chromosome is being carried out
at the University of Alberta, Canada. The euchro-
matic region of this chromosome contains ~70
genes distributed over ~1.2 Mb of DNA. Interest-
ingly, the interspersion pattern of the repeated
DNA component of this region is unlike most
Drosophila gene-rich regions and resembles more
closely the short period interspersion class of re-
peats found in mammalian DNA. The Alberta
group is using a technique they call cross-
scteening that relies on an array of pair-wise
cross-hybridization tests performed on a single
blot to determine clone overlaps rapidly and that
may be particularly well-suited to mapping re-
peat-rich DNA (J. Locke, G. Rairdan, H. McDer-
mid, D. Nash, D. Pilgrim, J. Bell, K. Roy, and R.
Hodgetts, in prep.).

Pl-based Maps

The BDGP is constructing a map based on P1
clones using a combination of in situ hybridiza-
tion (Fig. 1B) and STS content mapping. The first
step was the generation of a framework map
based on polytene chromosome in situ hybrid-
ization of 2467 P1 clones, with an average insert
size of 80 kb (Smoller et al. 1991; Hartl et al.
1994). This map provides ~70% coverage of the
euchromatic genome. The second step of map
construction uses STS markers designed from the
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Table 1.

Drosophila Research Groups

Group

Senior members

Major funding

Contacts source(s)

Berkeley Drosophila
Genome Project
(BDGP)

DGC

LBNL

HHMI
European Drosophila

Mapping Consortium
(EDMC)

Karpen
University of Alberta,

Canada

McGill University,
Canada

Duncan

FlyBase

Drosophila Genome
Center (DGC)

Lawrence Berkeley
National Laboratory,
Human Genome
Center (LBNL)

Howard Hughes Medical
Institute (HHMI)

G. Rubin and S. Lewis
(UC Berkeley)

A. Spradling (Carnegie
Institute of
Washington)

M. Palazzolo and C.
Martin (LBNL)

D. Hartl (Harvard) until
7/95. 1. Kiss (Szeged,
Hungary) is'a
collaborator on the
gene disruption
project.

M. Narla, M. Palazzolo,
C. Martin, J. Jaklevic,
and F. Eeckman

G. Rubin and A.
Spradling

M. Ashburner
(Cambridge)

D. Glover and R.
Saunders (Dundee)

J. Modolell, CSIC
(Madrid)

F. Kafatos, EMBL
(Heidelberg)

K. Louis, B. Savakis, and
l. Siden-Kiamos, IMBB
(Heraklion)

G. Karpen, Salk Institute
(La Jolla)

J. Locke, A. Ahmed, ].
Bell, H. McDermid, D.
Nash, D. Pilgrim, K.
Roy, and R. Hodgetts

P. Lasko and B. Suter

I. Duncan (Washington
University)

W. Gelbart (Harvard); M.
Ashburner (Cambridge,
UK); T. Kaufman and
K. Mathhews (Indiana
University)

NCHGR
Department of
Energy (DOE)

http://fruitfly.berkeley.edu/

HHMI

http://fruitfly.berkeley.edu/  NCHGR

http://genome.lbl.gov/ DOE

HHMI

Fondation
Schlumberger
(Paris); MRC (UK)
European
Community
Fundacion
Ramon Areces

inga@nefelh.imbb.forth.gr

gary_karpen@gm.salk.edu NCHGR
rhodgett@pop.srv.ualberta.ca Canadian Genome
Analysis and
Technology
Program
Canadian Genome
Analysis and
Technology
Program
NCHGR

Paul_Lasko@maclan.mcgill.ca

Duncan@biodec.wustl.edu

NCHGR
MRC (UK)

http://morgan.harvard.edu/
flybase.bio.indiana.edu
http://www.embl-ebi.ac.uk
[flybase/
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ends of genomic inserts of individual P1 clones
from the framework map. By direct sequencing of
the vector/insert junctions of P1 genomic clones,
two STS markers per clone can be generated that
are separated by the length of the insert, ~80 kb.
More than 2300 such Pl-end-derived STSs have
been mapped to date. When the pair of markers is
mapped to the library, the resulting contigs ex-
tend bidirectionally from the mapping clone and
cover, on average, 200 kb of the genome. This
average contig size exceeds that provided by ran-
dom or single-end mapping strategies. Further-
more, computer simulations indicate the number
of markers required to assign all clones in the
library to contigs will be minimized by using this
so-called double-end clone-limited approach
(Palazzolo et al. 1991).

This phase has been completed; nearly all of
the 2300 euchromatic P1 clones in the frame-
work map have been assigned to contigs. As of
October 1995, 649 contigs cover the genome
with an STS localized every 50 kb, on average (W.
Kimmerly, K. Stultz, S. Lewis, K. Lewis, V. Lustre,
R. Romero, J. Benke, D. Sun, G. Shirley, C. Mar-
tin, and M. Palazzolo, in prep.). The BDGP esti-
mates that ~10% of the euchromatic genome re-
mains unmapped. The position and approximate
size of these gaps are known because all contigs
have been localized on the polytene chromo-
some map. Clones not yet assigned to contigs
(2200 of the 9216 clones in the five-hit P1 map-
ping library) are currently being used as a source
of STS markers that will fill in the bulk of the final
10% of the euchromatic genome. Individual
clones are selected, mapped by in situ hybridiza-
tion, and used to generate STSs. This phase of the
project should be completed during 1996, at
which point coverage is expected to be ~98%.
Moreover, many of the remaining gaps in the
map are likely to be caused by overlaps that have
not yet been detected rather than by uncloned
regions. Subsequent efforts will focus on contig
closure, first by screening a larger 10-hit library
with contig end probes. This project has provided
a critical test of the utility of the P1 cloning sys-
tem and will result in the first whole genome to
be mapped based on a library constructed with
large inserts in a vector that is maintained in Es-
cherichia coli as a single-copy plasmid.

To provide a more direct link between the
physical map and the genetic map, the organized
set of P1 clones in this physical map are being
used as a substrate for further STS content map-
ping in which the STS sources are derived from
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markers that are also mapped genetically, includ-
ing individual genes that have been cloned and
sequenced by the research community (350 STSs
mapped) and the sites of insertion of P-elements
that disrupt essential genes (270 STSs mapped).

Heterochromatin

One of the most striking and enigmatic aspects of
genome organization in multicellular eukaryotes
is the division of chromosomes into euchromatic
and heterochromatic regions. Heterochromatin
is distinguished from euchromatin by its paucity
of genes, tightly compacted chromatin structure
throughout the cell cycle, unusual staining prop-
erties, replication late in S phase, and high con-
tent of repetitive sequences. In Drosophila, about
one-quarter of the genome is heterochromatic,
including the centric one-quarter of the X, sec-
ond, and third chromosomes, and most of the Y
and fourth chromosomes (Gatti and Pimpinelli
1992). Essential functional components are con-
tained within heterochromatic regions, includ-
ing centromeres, telomeres, tRNA genes, and 30-
50 protein-coding genes. Progress in understand-
ing the molecular structure and composition of
heterochromatin has been limited because much
of this DNA, in particular the simple sequence
satellite DNA, cannot be cloned stably in existing
cosmid, YAC, or P1 vectors. However, data ob-
tained while constructing the P1 framework map
suggest that the P1 library may contain a substan-
tial proportion of nonsatellite heterochromatic
sequences (Hartl et al. 1994).

Karpen and his collaborators have focused on
analyzing the structure and function of hetero-
chromatic regions of the Dpl1187 minichromo-
some, a deletion derivative of the X chromosome
that is only ~1.3 Mb in length (Karpen and Spra-
dling 1990). Recently, Dp1187 deletion deriva-
tives were generated by irradiation mutagenesis,
and their structures were determined from
pulsed-field gel electrophoresis (PFGE) and DNA
blot hybridization analyses. Minichromosome
derivatives with one break in the euchromatin
and one break in the heterochromatin provided
single-copy entry points for detailed pulse-field
restriction mapping of previously inaccessible re-
gions of centric heterochromatin. The map re-
vealed the presence of three large complex
“islands’” containing middle-repetitive and/or
single-copy sequences that are separated by inter-
island “seas” of satellite sequences (see Fig. 2; Le
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Figure 2 Molecular structure of Dp1187 centric heterochromatin. Sequences
to the left of the euchromatin/heterochromatin boundary (position 0 kb) in-
clude X-tip euchromatin (solid line) and the subtelomeric heterochromatin
(shaded box). The 1 Mb of centric heterochromatin is shown as a shaded box (0
to + 1000 kb). Solid boxes are the islands of complex DNA (Tahiti, Moorea, and
Bora Bora), which are digested with numerous restriction enzymes that recog-
nize 6-bp sites. Shaded boxes in the centric region are blocks that contain
predominantly satellite DNA repeats. The approximate locations for some sat-
ellites are indicated, where known (1.688 = 359 bp; 1.672 = AATAT). Shaded
bars within Bora Bora indicate the presence of satellite DNA that separate this
island into four or more mini-islands (X. Sun, J. Wahlstrom, and G.H. Karpen,
unpubl.). The locations of the centromere essential core and redundant flanking

duction-scale Drosophila ge-
nomic sequencing. A 2-yr
pilot project involving a se-
quencing team of seven in-
dividuals has just con-
cluded. During this time >2
Mb of genomic sequence
has been completed and de-
posited in the public data
bases. The regions se-
quenced include the Bitho-
rax (~350 kb; Martin et al.
1995) and Antennapedia
(-430 kb) homeotic gene
complexes, as well as ~1.5
Mb from the 34D-36A ge-
nomic region. Although
these regions have been

regions are indicated below.

et al. 1995). Pulsed-field DNA blot analysis dem-
onstrated that in general Drosophila heterochro-
matin is composed of alternating blocks of com-
plex DNA and simple satellite DNA, each hun-
dreds of kilobases in length. The blocks of
complex DNA themselves have considerable sub-
structure and contain many transposable ele-
ment insertions. The major conclusion from
these studies is that a surprising and significant
amount of substructure is present deep within
Drosophila centric heterochromatin.

The presence of repeated DNA has made mo-
lecular genetic analyses of higher eukaryotic cen-
tromeres and other heterochromatic inheritance
elements extremely difficult. Numerous molecu-
lar and cytologic studies have associated satellite
DNAs with centromeres in mammals, but the ex-
act function of satellite DNAs in mammalian in-
heritance is unclear in large part because the
transmission behavior of molecularly defined
components has not been assayed directly. Anal-
yses of the meiotic and mitotic transmission be-
havior of Dp1187 deletion derivatives have local-
ized sequences necessary for chromosome inher-
itance within the centric heterochromatin. The
essential core of the centromere is contained
within a 220-kb region that includes significant
amounts of complex DNA (see Fig. 2; Murphy
and Karpen 1995).

Genomic Sequencing
Currently, the BDGP is the only group doing pro-

studied heavily, their se-

quences have led to unex-

pected observations; in the
Bithorax complex for example, a glucose trans-
porter gene was discovered in the midst of the
complex of homeotic genes.

Unlike most genome sequencing projects
that employ a shotgun sequencing strategy, the
BDGP is using a directed approach to DNA se-
quencing that has been developed and imple-
mented by the Palazzolo and Martin group at
Lawrence Berkeley National Laboratory (LBNL).
This strategy is diagramed in Figure 3. The ap-
proach offers a number of potential advantages:
it requires a reduced amount of sequencing; the
assembly can be performed in an automated fash-
ion; the assembly is based on redundant informa-
tion which facilitates the accuracy of the final
assembly; and the robust nature of the proce-
dures make them highly amenable to automa-
tion. The BDGP was awarded a 3-year grant from
the National Center for Human Genome Re-
search (NCHGR) in December 1995, which al-
lows for a fourfold increase over the next 18
months in funding devoted to production se-
quencing; technological advances and econo-
mies of scale should allow a substantially greater
relative increase in output. It is anticipated that
the 120-Mb euchromatic genome can be com-
pleted in 5-7 yr (depending on future funding
levels).

Biological Annotation of the Genomic

Sequence

A key use of the sequence information from the
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Figure 3 Directed sequencing strategy. The strategy has
the following four steps: (1) A P1-based physical map that
provides a set of minimally overlapping clones that repre-
sent the genome is generated using an STS content map-
ping strategy. (2) DNA from individual P1 clones is sheared
to an average size of 3 kb, subcloned into a plasmid vector,
and a set of minimally overlapping 3-kb subclones is iden-
tified. Initial approaches to generating this set of 3-kb sub-
clones involved the use of a PCR-based screening method to
identify minimally overlapping clones from three-
dimensional pools of 960 different clones. Recently, a strat-
egy developed by B. Kimmel (unpubl.) has been used in
which 192 unique subclones are selected and both ends are
then sequenced. The end-specific sequence information is
used to build contigs of 3-kb clones that are used as trans-
poson targets and sequenced completely. Subsequent
rounds of contig building and subclone sequencing are em-
ployed until the 80-kb insert of the P1 is contiguous. (3) v8
transposons are mobilized into the 3-kb target sequences by
appropriate bacterial matings. Each clone contains an inde-
pendent insertion, and the insertions in a set of clones are
mapped by PCR, using v element and vector primers. (4) A
minimal set of clones with transposons spaced every ~400
bp (V) are selected and sequenced to give the complete
double-stranded sequence of each 3-kb insert. Binding sites
for the sequencing primers are provided by sequences
present near the termini of the transposon.

canonical model organisms, such as Drosophila,
will be to help interpret the sequence of the hu-
man genome. Simply determining the DNA se-
quence of the genome would be sufficient for
comparison with the genomes of other species to
identify similarities between genes or protein do-
mains among species. But such similarities are
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inherently intellectually sterile, unless the bi-
ological functions of the genes have been es-
tablished for one or more of the species being
compared. If the model organism genome
projects are to be useful maximally in assign-
ing functions to human DNA sequences, they
will need to utilize the powerful tools for de-
termining gene function that are available to
them so that not only the sequences of the
genes, but also their biological functions, are
determined. Among the model organisms,
Drosophila is particularly well-suited for this
role. In terms of evolutionary conservation of
sequence similarity, Drosophila is the closest
of the invertebrate model organisms to hu-
mans (Sidow and Thomas 1994). Moreover,
in terms of morphologic, physiologic, and be-
havioral complexity, Drosophila is by far the
closest to humans of these model organisms,
yet its genome is not substantially bigger
than that of the least complex metazoans. Fi-
nally, the large Drosophila research commu-
nity—about one researcher per two genes—
has provided a wealth of information and un-
derstanding unusual in its depth and
intellectual breadth. Already, these workers
have characterized extensively ~1000, or
10%, of all Drosophila genes in terms of se-
quence, gene structure, expression pattern,
and biological function.

Through the efforts of many laboratories
over the past 30 years, ~25% of the genome
has been subjected to saturation mutagenesis
experiments that attempt to identify all of the
genes that can mutate to an easily detectable
phenotype. These studies lead to an estimate
of 4000 for the number of genes whose func-
tions are essential for viability, or about one-
third of the total gene number. One of the
best characterized regions is the 1.8 Mb in
polytene divisions 34D-36A (Ashburner et al.
1990). The sequence of this region is nearing
completion by the BDGP, and an attempt is
being made to correlate open reading frames
and transcription units with genetic loci (see
Fig. 4). P. Lasko and B. Suter, at McGill Uni-
versity (Montreal, Canada), are extending the

work of the Wright laboratory (Stathakis et al.
1995) in the genetic and molecular analysis of a
similarly sized genomic segment comprising
polytene regions 37 and 38, and this will be an
early target for the BDGP sequencing efforts. The
detailed analysis of these regions—genomic se-
quence, transcript map, expression data, and mu-
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tational analysis—should provide a detailed view
of the genomic organization of typical euchro-
matic regions. Early attempts at such biological
annotation of genomic regions began in the
1980s and provided some of the first indications
that the number of transcription units would
greatly exceed the number of genes that could be
identified by mutational analysis (Bossy et al.
1984).

As part of its efforts to develop and apply
tools for large-scale functional analysis, the
BDGP has undertaken a novel gene disruption
project based on mutagenesis by transposable el-
ement insertion (Spradling et al. 1995). Transpos-
able elements provide a powerful tool for corre-
lating genetic and molecular information be-
cause they generate a simple, reproducible lesion
upon insertion that can be detected much more
easily than damage produced by other mutagens.
In D. melanogaster the P transposable element has
been particularly useful because it moves with
high frequency but can be controlled tightly by
limiting the availability of an element-encoded
transposase. The initial goal of the project is to
establish a large collection of Drosophila strains
that each contain a single genetically engineered
P transposable element insertion that mutates a
different gene, in a genome free of other P ele-
ments. Moreover, the inserted P elements in
BDGP lines carry enhancer traps that can be used
to acquire information efficiently about the ex-
pression pattern of disrupted genes. The strains
in the current collection disrupt 20%-25% of es-
sential genes, provide information on their ex-
pression patterns, and link the genetic, cytoge-
netic, and physical maps of the Drosophila ge-
nome at ~100-kb intervals.

Data Bases

There are two main data bases for Drosophila ge-
nome information: the FlyBase and the BDGP
data base. In addition there are numerous special-
ized data bases dealing with many aspects of
Drosophila anatomy, gene expression, and gene
function. A list of these other resources can be
found at http://www-leland.stanford.edu/~ger/
drosophila.html.

FlyBase is the central data base for Drosophila
genetic information. It captures information
from the literature, from the major genome
projects, and through bulk data provided by se-
quence and bibliographic data banks. The major
genomic data sets in FlyBase include genetic in-
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formation on genes, alleles, chromosomal aber-
rations, and transposons, as well as molecular in-
formation on contigs, chromosomal walks, tran-
scripts, and proteins. FlyBase data can be accessed
through the World Wide Web (http://
morgan.harvard.edu/ or http://www.embl
ebi.ac.uk/flybase/) or by gopher server (flybase.
bio.indiana.edu).

Data available from the BDGP home page
(http://fruitfly .berkeley.edu/) include data on the
P-element gene-disruption project and monthly
updates of the P1l-based physical map. A se-
quence display is under development that pre-
sents genomic sequence determined by the
BDGP, annotated with the results of homology
searches, gene prediction programs, and cDNA
sequence and expression analyses. A prototype of
this display is shown in Figure 4.

The BDGP and FlyBase have collaborated to
produce the “Encyclopaedia of Drosophila,” a
data base and graphical user interface that uses a
version of ACEDB (R. Durbin and J. Thierry-Mieg,
unpubl.) customized for Drosophila (S. Lewis and
C. Harmon, unpubl.) to present an integrated
view of much of the BDGP and FlyBase data. The
Encyclopaedia is available as a Macintosh-
compatible CD-ROM or by FTP in Macintosh or
UNIX versions.
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