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some 44 kb proximal to broad. This 350-bp
element is related to the 1.688 satellite repeat,
of which three dispersed subfamilies have
been described previously (/9). They are
scattered in units of 1 to 4 and are at sites
largely restricted to the X chromosome,
where it has been speculated that they have a
role in dosage compensation. The two inter-
nally repetitive 1.2-kb inverted repeats in re-
gion 2B are located precisely where they
could define the ends of the inverted repeat
band region suggested by Bridges and Offer-
mann some 60 years ago.

Our findings suggest that inverted repeats
of DNA can influence the architecture of
chromosomes even when they are widely
separated, in this case by 154 kb of sequences
that have no obvious repetitive structure
within them. Factors that influence the three-
dimensional organization of chromosomes
within the nucleus are poorly understood. We
suggest that some of them might be recog-
nized within the long-range sequence of the
DNA itself. Because sequence repeats of this
type are not uncommon within eukaroytic
genomes, this could be one general means
influencing the organization of chromosomal
domains.
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Collections of nonredundant, full-length complementary DNA (cDNA)
clones for each of the model organisms and humans will be important
resources for studies of gene structure and function. We describe a general
strategy for producing such collections and its implementation, which so
far has generated a set of cDNAs corresponding to over 40% of the genes
in the fruit fly Drosophila melanogaster.

Collections of full-length sequenced cDNAs
corresponding to each gene in an organism
are widely recognized to be of great utility
(1). They allow expression of the encoded
proteins in a variety of contexts, which facil-
itates comprehensive structural and function-
al studies. In addition, they allow the accurate
prediction of gene structures, particularly of

5" and 3’ untranslated regions (UTRs) that
are refractory to computational prediction
based on genomic DNA sequence alone. The
first steps in producing such a collection are
the generation of high-quality cDNA libraries
and the identification of a full-length clone,
or minimally a clone containing the full-
length open reading frame (ORF), for each

gene. Here we present a strategy that has so
far allowed us to obtain such clones for over
40% of all Drosophila genes. We also discuss
how clones corresponding to less highly ex-
pressed genes might be obtained.

Our approach is outlined in Fig. 1. We
first constructed oligo(dT)-primed cDNA li-
braries from high-quality RNA isolated from
a variety of developmental stages and tissues
using well-established methods (2) (Table 1).
We did not attempt to decrease the contribu-
tion of abundant mRNA s to these libraries by
normalization because such protocols are dif-
ficult to perform without compromising
cDNA length (3). We then generated ex-
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C Create libraries and sequence 5' ESTs )

)

Sequence 3' ends, size clones, and do quality
control for presence of polyA and dimerism
¥

Group 5' ESTs by sequence and select
the "longest clone"

Group 3' ends by sequence, eliminate
redundant clones and colony purify
]

( Drosophila Gene Collection Release 1.0 )

Fig. 1. Diagram of the process used to generate
the DGC. See text for details.

pressed sequence tags (ESTs) (4) from the 5’
ends of 80,000 cDNAs (5). A comparison
with the 13,600 genes predicted from the
genomic sequence indicates that these ESTs
represent 8900 different genes, 65% of all
Drosophila genes (6).

The use of 5’ ESTs allows us to evaluate
the quality of each library rapidly and to
identify the clone that extends farthest toward
the 5’ end of each gene. We assessed the
fraction of clones in each library likely to be
full length by aligning the 5’ EST sequences
derived from that library to the sequences of
a test set of clones. This test set consists of
the 9% of all Drosophila genes for which a
cDNA clone having the full-length ORF ex-
ists in GenBank (see Fig. 2). About 80% of
the clones that matched the test set contain
the full-length ORF; for 33%, the 5’ extent is
equal to or greater than the GenBank se-
quence (Table 1).

We then clustered the 5’ ESTs by se-
quence (7) and selected the one clone repre-
senting each gene that extends farthest 5'. We
estimate that by selecting the longest clone
for each gene, we increased the percentage of
clones containing the full ORF to greater than
95%. We next obtained the sequence of the 3’
ends of 9080 of the selected clones (8). We
performed two quality-control tests at this
point: First, we discarded clones for which a
polyadenylate [poly(A)] tail was not appar-
ent. Second, we aligned the 5’ and 3' se-
quences of each clone to the genomic DNA
sequence (9) and discarded clones for which
the two sequences were not in proximity.
This eliminated clones that contain two un-
related cDNAs coligated into the same clon-
ing vector, which occurred in about 5% of
clones, as well as clones for which a data
tracking error occurred such that the 5" and 3’
reads of that clone were not appropriately
associated in our database. We also deter-
mined the insert size of each clone (/0).

We clustered the remaining clones on the

Berkeley Drosophila Genome Project, 2Howard
Hughes Medical Institute, and *Department of Molec-
ular and Cell Biology, University of California, Berke-
ley, CA 94720-3200, USA. “Berkeley Drosophila Ge-
nome Project, Lawrence Berkeley National Laborato-
ry, Berkeley, CA 94720, USA.
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Fig. 2. Estimating the 10000+
quality of the LD cDNA
library. 5’ ESTs derived
from LD library clones
were compared with
the 1213 sequenced
Drosophila cDNAs in
GenBank that are re-
ported to extend far-
ther 5’ than the start
of the ORF. When an
EST corresponded to
one of these 1213
genes, it was aligned
to its GenBank coun-
terpart with LALIGN
(73). Each dot repre-
sents the result of one
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GenBank clone and
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Relative position of 5' end of EST (in bp)

indicates the EST extends farther 5'. As reported

in Table 1, 33.6% of LD clones are as long as or longer than the corresponding GenBank clone. This
percentage is higher for clones under 4 kb and drops off markedly with increasing clone size,
although apparently full-length clones are seen up to 6.5 kb.

basis of their 3’ end sequences. This allowed
us to eliminate remaining duplicate clones;
such clones might escape detection in the 5’
end clustering if they so differ in length that
their 5’ ESTs do not overlap. In these cases,
the longer clone was retained.

These steps resulted in the generation of a
validated set of 5849 clones, estimated to rep-
resent 42% of all predicted Drosophila genes.
The average size of the cDNAs in this set is 2.2
kb (Table 1). These clones are now being col-
ony purified and arrayed to generate what we
call the Drosophila Gene Collection (DGC),
Release 1.0 (11). We are also selecting replace-
ments, if they exist in our EST collection, for
clones that failed to pass quality-control tests.
We anticipate that this selection of replace-
ments will increase our representation from
42% to over 50% of all genes.

We envision two complementary strate-
gies to isolate cDNAs representing the re-

maining genes. Because we want to deter-
mine the sequence of the 5’ and 3' UTRs, we
do not intend to simply amplify predicted
ORFs using reverse transcription polymerase
chain reaction (RT-PCR). Given funding, we
would propose to generate an additional
200,000 5" ESTs from both existing as well
as newly constructed libraries. Given the
availability of a highly annotated genome
sequence, we need only sequence 50 to 100
base pairs (bp) to obtain an unambiguous
alignment with the genome. We can then
computationally determine whether a partic-
ular EST is likely to derive from a clone
containing a complete ORF not represented
in our current DGC set. Promising clones
would then be sequenced from the 3’ end and
subjected to our other quality-control criteria.
We anticipate that 100-bp ESTs can be gen-
erated for a fraction of the cost of the 500-bp
ESTs used in our initial work and that

Table 1. Summary of construction of the Drosophila Gene Collection. RNA for the various libraries was
obtained from the following sources: LD, 0- to 22-hour embryos; GM, ovaries, stage 1 to 6 of oogenesis;
HL and GH, adult head; LP, mixed larval and early pupal stages; and SD, Schneider L2 cell line. Sequence
reads were quality trimmed before submission to GenBank essentially as described in (74); we estimate

the accuracy of the high-quality region to be better

than 99% and that of the additional bases included

in the total submission to be 97%. A list of the clones that make up the current DGC can be found at

www.fruitfly.org/DGC.
Library name LD GM HL GH LP SD Totals

Number of 5’ ESTs sequenced 32,714 6,201 2,981 21,212 8935 6,962 79,636
Average submitted length inbp 554 505 508 577 584 544 546
Average high-quality length inbp 457 408 405 478 488 448 447
Estimated percentage of clones 834 786 460 78.9 794 810 80.0

extending 5' of AUG
Percentage of clones longer than 336 369 217 357 334 405 345

the corresponding clone in the

GenBank test set
Number of 3’ ESTs sequenced 3,813 714 204 311 381 857 9,080
Number of clones selected for DGC 2,594 467 137 1,867 209 575 5849
Average size in kb of cDNAs in DGC 23 17 2.0 2.0 2.2 2.7 22
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200,000 additional ESTs will be sufficient to
bring our DGC set to 80% of all genes. The
remaining 20% of clones can be isolated by
library screening with PCR-based methods
(12); our existing libraries have an estimated
total complexity in excess of 5 million clones.

The approach we have demonstrated, as
well as the extensions outlined above, will
serve as a useful model for the generation of
similar clone sets in other organisms. Indeed,
some aspects of these ideas have already been
adopted by the Mammalian Gene Collection
project (7).
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