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We constructed a bacterial artificial chromosome (BAC)- based physical map of 
chromosomes 2 and 3 of Drosophila melanogaster, which constitute 81% of the 
genome. Sequence tagged site (STS) content, restriction fingerprinting, and 
polytene chromosome in situ hybridization approaches were integrated to 
produce a map spanning the euchromatin. Three of five remaining gaps are in 
repeat-rich regions near the centromeres. A tiling path of clones spanning this 
map and STS maps of chromosomes X and 4 was sequenced to low coverage; 
the maps and tiling path sequence were used to support and verify the whole- 
genome sequence assembly, and tiling path BACs were used as templates in 
sequence finishing. 

The fruit fly Drosophila melanogaster is a prin- 
cipal model organism in metazoan genetics and 
molecular biology. Here, we describe a BAC- 
based physical map of chromosomes 2 and 3 
constructed as part of the effort to determine the 
D. melanogaster genome sequence (I). There 
are five chromosomes (X,2, 3, 4, and Y), and 
the second and third together account for -97 
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Mb of the -120-Mb euchromatic portion of the 
genome. Several clone-based physical maps 
have been described previously. Low-resolu- 
tion yeast artificial chromosome maps of the 
genome have been produced by polytene chro- 
mosome in situ hybridization (2), and cosrnid 
maps of regions of the X chromosome have 
been made by STS content and fingerprint map- 
ping (3). The most complete previous mar, is 
A - \ ,  

the map by 10mmeriy et aL GIso 
See (j)],constructed by polymerase chain reac- 
tiowbased STS content mapping and polytene 
c~romosomein hybridization,onchroma-

and 39 it comprises 348 sets of contig-
uously overlapping clones (contigs), each with 
at least two STS markers. 

The contiguity of the P 1 map was limited by 
the shallow genome coverage of the library 
(about sixfold) and the relatively small insert 
size of the clones (80 kb), BAC vectors can 
aXommodate larger inserts, so we created a 
BAC map using the P1 map as a starting point. 
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We constructed a BAC library (RPCI-98) from 
an isogenic y'; cn' bwl spl strain (6). High-
molecular-weight (HMW) DNA was prepared 
from adults (7), partially digested with Eco RI 
and Eco RI methylase, size fractionated, and 
cloned into the pBACe3.6 vector (8). The li- 
brary consists of 17,540 recombinant clones 
with an average insert size of 163 kb and rep- 
resents -24-fold coverage of the euchromatic 
portion of the genome (9). 

We hybridized radioactively labeled oli- 
gonucleotide probes made from STS markers 
selected from the P1 map to colony arrays 
representing the RPCI-98 library (10); 1226 
markers from the P1 map are included in the 
BAC map, at an average spacing of 80 kb. 
Because these markers had been previously 
localized, the data for each of the four chro- 
mosome arms (2L, 2R, 3L, and 3R) could be 
assembled separately, and this reduced the 
complexity of the assembly process. 

To join the initial contigs together, new 
markers were added to the map in multiple 
iterations of STS design, hybridization, and data 
assembly. The new markers included 690 de- 
signed from BAC end sequences (I), 5 designed 
from genornic sequences, and 2 designed from 
coding sequences of known genes. Potential 
markers with substantial sequence similarity to 
more than one location in the genome were 
rejected. These were identified by scanning da- 
tabases of known repeats and scanning for in- 
stances of the sequence in multiple, nonoverlap- 
ping BAC and P1 clones. In the latter stages of 
the project, restriction fingerprints (see descrip- 
tion below) were used in STS design to identify 
BACs that extended farthest into the map gaps. 
The map presented here includes 1923 markers 
at an average spacing of 50 kb. 

STS content data were assembled by chro- 
mosome arm in the program SEGMAP v3.49 
(11) and manually edited. Cytological data as-
sociated with markers from the P1 map were 
used to identify false joins in the BAC map. 
These were due to markers that hybridized to 
multiple sites in the genome and were resolved 
by removing the markers from the map. Mark- 
ers that had been mapped to the wrong chro- 
mosome arm in the P1 map were identified by 
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their failure to incorporate into assemblies and 
were moved. The quality of the hybridization 
data resulted in a map with a high degree of 
internal consistency (12). The accuracy of the 
map has been confirmed by selecting a com- 
plete tiling path of clones and sequencing them 
to low coverage (I). 

The STS content map (5,113) has five gaps 
outside of the centromeric heterochromatin, 
which is not represented in large-insert clone 
libraries. Three gaps are near the centro- 
meres, and we have been unable to identify 
unique probes to close them. In an attempt to 

close the gaps at 57B4 and 64C5 (Figs. 1 and 
2B), we screened an alternative BAC library 
(14), but no spanning clones were identified. 
The apparent absence of BACs covering 
these two gaps may reflect random fluctua- 
tions in the distribution of clones, an absence 
of appropriate restriction sites, or sequences 
that cannot be cloned in the BAC vector. 
None of the five gaps, was spanned by clones 
in the whole-genome shotgun sequence as- 
sembly (I). 

We constructed a fingerprint map from 
Eco RI digests of BACs to corroborate the 

1 

821 83 1 84 1 85 1 86 1 87 1 88 1 89 1901 91 1 92 1 93 1 94 1 95 1 96 1 97 198 1 99 11@l] TEL 

Fig. 1. BAC-based physical map of D. melanogaster chromosomes 2 and 3. A representation of the 
euchromatic portion of the four chromosome arms is shown, indicating regions covered by 
overlapping BAC clones (gray bars). The extent of coverage has been determined by polytene 
chromosome in situ hybridization of BACs (Fig. 2). The scale indicates cytological map position 
along the chromosomes (2L 21A1-40F7.2R 41A1-60F5.3L 61A1-80F9, and 3R 81F1-100F5), and 
the lengths of the numbered divisions represent their estimated relative physical lengths (23). 
Regions not represented by mapped BACs are indicated, as are the positions of the telomeres (TEL) 
and centromeres (CEN). 

Fig. 2. Polytene chro- A 2L 2R 

STS content assemblies, define the extent of 
clone overlaps, and provide a resource for 
ensuring that sequence assemblies accurately 
reflect the structure of the genome. Agarose 
gel-based restriction fingerprinting was car- 
ried out essentially as described by Marra et 
al. (15) on 10,253 random BACs representing 
-14-fold coverage of the genome. Finger- 
print data were collected in IMAGE v3.9d 
(16). Fingerprinting with Eco RI, the enzyme 
used to make the library, simplified map as- 
sembly because no vector-insert junction 
fragments were generated. 

Fingerprint data were assembled by 
means of the program FPC (fingerprinted 
contigs) v4.2 (1 7, 18); assemblies were edited 
manually to remove false joins, which were 
readily identified by means of the STS con- 
tent map. We optimized stringency settings 
for the FPC assembly algorithm by compar- 
ing fingerprint assemblies to known BAC 
locations, STS order, and Eco RI sites in the 
finished sequence of the 2.9-Mb Adh region 
(19). Settings were optimized to yield large 
contigs, which reduced the number of manu- 
ally directed merges required to achieve con- 
tiguity. We found lower stringency settings 
that reduced the number of contigs by 60% 
and resulted in <lo% additional false joins 
relative to high-stringency settings (20). 

The STS content map was used to divide 
the genome into segments, and restriction 
fingerprints of BACs within the segments 
were assembled and edited independently of 
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one another. This strategy permitted multiple 
operators to edit segments in parallel and 
reduced the complexity of each assembly. 
First, BACs on chromosome arm 3L were 
assembled as a single -24-Mb project; auto- 
mated assembly in FPC generated 153 con- 
tigs, and merges that were suggested by STS 
content data and confirmed by fingerprint 
data resulted in eight contigs. Next, chromo- 
some arms 2L, 2R, and 3R were divided into 
14 segments averaging 5 Mb in size. Auto- 
mated assembly of these segments resulted in 
225 contigs; fingerprint and STS content data 
were used to direct merges between contigs. 
We then merged the 5-Mb assemblies to yield 
a fingerprint map with 16 gaps relative to the 
STS content map. We collected directed fin- 
gerprints for 56 additional BACs selected 
from the STS content map, and these data 
closed four fingerprint gaps. The remaining 
12 gaps may be due to sparse BAC coverage, 
the distribution of Eco RI sites, or low STS 
marker density in these regions. The finger- 
print assemblies (21) corroborate the STS 
content assemblies, providing confidence in 
the integrated map. 

The polytene chromosomes constitute the 
unambiguous physical map of D. melano-
gaster (22, 23). To align the BAC map with 
the cytological map, we mapped BACs by in 
situ hybridization to polytene chromosomes. 
First, random BACs were hybridized to pro- 
vide anchor points throughout the genome; 
173 mapped to specific locations on chromo- 
somes 2 and 3. Next, an additional 547 BACs 
from the tiling path selected for sequencing 
were hybridized to provide finer alignment of 
the BAC map, the cytological map, and the 

Table 1. Estimated sizes of the euchromatic re- 
gions of chromosomes 2 and 3 that are not rep- 
resented in mapped BACs. For each region, the 
relative sizes (23) of the unrepresented polytene 
bands and the flanking represented bands were 
summed. The relative size totals were adjusted 
to  the known size of the euchromatic portion of 
the genome (7). These are overestimates, as 
some BACs at contig ends hybridize t o  dispersed 
repeats and the chromocenter and cannot be 
used in the calculation. The total unrepresented 
portion is 2.1% of the euchromatic portion of 
the two chromosomes. 

Unrepresented Size (kb) euchromatin 

4084 
4OC3-F7 
41A1-83 
41C3-C7 
5784 
64C5 
8083 
80D3-F9 
81F1-F6 
100F5 

Total 

genome sequence. These hybridized BACs 
represent -1.2-fold coverage of the euchro- 
matic portion of the two chromosomes (5). 

The in situ data indicate that BAC coverage 
extends nearly to the telomeres (Fig. 2A). It is 
more difficult to determine how far the map 
extends toward the centromeres (Fig. 2A); in 
pericentric regions, the morphology of hybrid- 
ized chromosomes is poorly preserved and dif- 
ficult to interpret. These regions include a sub- 
stantial amount of repetitive sequence, so BACs 
representing them often hybridize to multiple 
locations in the genome. However, each of the 
three small contigs near the centromeres (Fig. 
1) contains at least one BAC that hybrihes to 
a single cytological location. The in situ data 
also permit estimation of the sizes of the eu- 
chromatic regions not represented in mapped 
BACs (Fig. 2B and Table 1). The resolution of 
in situ hybridization varies across the genome 
because of differences in the DNA content of 
each polytene chromosome band (Fig. 2C), and 
the relative DNA content of each band has been 
measured by Sorsa (23). We estimate that the 
map covers >97.9% of the euchromatic portion 
of the two chromosomes (Table 1). 

The construction of this BAC map and the 
recently reported BAC maps of Arabidopsis 
thaliana, which has a genome size similar to 
that of D. melanogaster, illustrate how hy- 
bridization-based STS content mapping and 
agarose gel-based restriction fingerprint 
mapping can be productively integrated to 
produce contiguous clone-based physical 
maps of large genomic regions. The STS 
content map of the -130-Mb A. thaliana 
genome had 130 contigs (24), and the restric- 
tion fingerprint map had 169 contigs (25); 
integration of these data resulted in a BAC 
map with 14 gaps, excluding the centromeres 
(24). The D. melanogaster BAC map pre- 
sented here has five gaps, excluding the cen- 
tromeric heterochromatin. We found it effi- 
cient to use the STS content map to direct 
fingerprint assembly and did not attempt to 
construct an independent fingerprint map. In 
our experience, STS content mapping with 
oligonucleotide probes is more effective for 
achieving contiguous clone coverage, and 
agarose gel-based restriction fingerprint 
mapping is more useful for measuring the 
extent of clone overlaps and confirming that 
sequence assemblies reflect the structure of 
the genome. The differing utilities of the two 
techniques arise because STS content data 
have higher specificity for detecting clone 
overlaps, and restriction fingerprint data have 
higher resolution for measuring them. Our 
success in combining STS content and re- 
striction fingerprint data to produce an inte- 
grated, accurate, and essentially complete 
map argues for a similar approach for the 
human and mouse genomes. 

The physical map described here played 
three key roles in the generation of the D. 

melanogaster genome sequence described by 
Adams et al. (I). First, the map provided an 
independent benchmark for evaluating the ac- 
curacy of whole-genome shotgun sequence as-
semblies (26). Second, a tiling path of overlap- 
ping BAC and P1 clones spanning the map of 
chromosomes 2 and 3 was shotgun sequenced 
to at least onefold coverage, and these data were 
assembled with the whole-genome shotgun 
data to increase total sequence coverage from 
12- to 13.5-fold. These data also directly con- 
firm the accuracy of clone overlaps in the BAC 
map. Third, the BACs composing the tiling 
path were used as templates for gap closure in 
sequence finishing. In addition to these roles in 
sequence assembly and validation, the mapped 
BACs facilitate the subcloning of any region of 
the genome. 

BAC-based STS content maps of the X 
chromosome (27) and chromosome 4 (28) 
have been constructed by others. These maps 
will be integrated with the restriction finger- 
print data to complete a BAC-based physical 
map of the whole genome. The contiguity 
and depth of coverage of these maps have 
ensured that the complete sequence of the 
euchromatic portion of the D. melanogaster 
genome could be correctly assembled and 
finished to high accuracy. 
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Human immunodeficiency virus (HIV) enters cells in  vitro via CD4 and a 
coreceptor. Which of 15 known coreceptors are important i n  vivo is poorly 
defined but may be inferred from disease-modifying mutations, as for CCR5. 
Here two  single nucleotide polymorphisms are described in  Caucasians i n  
CX,CRl, an HIV coreceptor and leukocyte chemotacticladhesion receptor for 
the chemokine fractalkine. HIV-infected patients homozygous for CX3CR1-1249 
M280, a variant haplotype affecting two  amino acids (isoleucine-249 and 
methionine-280), progressed t o  AIDS more rapidly than those wi th  other hap- 
lotypes. Functional CX,CRl analysis showed that fractalkine binding is reduced 
among patients homozygous for this particular haplotype. Thus, CX3CR1-1249 
M280 is a recessive genetic risk factor in  HIVIAIDS. 

The risk of HIV infection and the rate of HIV variability remain poorly defined. Mutations 
disease progression are both highly variable in genes for HIV-1 coreceptors and their 
in populations, but factors responsible for this natural chemokine ligands have been shown 
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