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A Biologist’s View of the Drosophila Genome Annotation
Assessment Project
Michael Ashburner1

Department of Genetics, University of Cambridge, Cambridge, England; European Molecular Biology Laboratory (EMBL) European
Bioinformatics Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge, UK

Large-scale genomic sequencing
projects are acts of faith—the faith that
given a sequence of many millions of
As, Ts, Gs, and Cs, we have the analyti-
cal tools to make sense of it. This faith
can only be justified if the results of se-
quence analysis are tested continually
against reality. The Genome Annota-
tion Assessment Project (GASP) experi-
ment, which took place in May, 1999,
was one such test (see, in this issue, Bir-
ney and Durbin 2000; Gaasterland et al.
2000; Henikoff and Henikoff 2000;
Krogh 2000; Ohler 2000; Parra et al.
2000; Reese et al. 2000a,b; Salamov and
Solovyev 2000). GASP compared the in-
terpretation of a 2.9-Mb sequence made
by a mix of computation and human
analysis done over a period of 2 years
(Ashburner et al. 1999) with those done
by wholly computational procedures
carried out over a period of 6 weeks. In-
terestingly, GASP was an experiment
within an experiment. The overt experi-
ment was to assess the performance of a
number of different analytical tools; the
covert experiment was to assess how
such an assessment could be done.

Computation Analysis in Conjunction
with Experimental Analysis

The 2.9-Mb test sequence, determined
by the Berkeley Drosophila Genome
Project (BDGP), is known as the Adh re-
gion of the genome of Drosophila mela-
nogaster, named after the gene encoding
the enzyme alcohol dehydrogenase
about which the region is centered. Ash-
burner and colleagues (e.g., Woodruff
and Ashburner 1979a,b) had begun
studying the Adh gene of D. melanogaster

in the late 1970s; at the time it was the
only gene in Drosophila for which one
could select both loss-of-function muta-
tions (by their survival on unsaturated
alcohols) and reversions to wild type (by
their survival on ethanol). The work on
the Adh gene gradually recruited genes
in its neighborhood and, over a period
of some 20 years, produced as detailed a
picture of the structure of this region as
possible by classical genetics. Although
one can never be certain about such
matters, the extensive nature of the
work suggested that we had identified,
and mapped, all of the genes in this re-
gion that gave a detectable phenotype
when mutant. The number of genes was
73, of which 53 were known to be essen-
tial for viability. In addition to >1000
mutations, we had also induced and
mapped well over 500 chromosome ab-
errations. The Adh region represents
∼1.5% of the genome of D. melanogaster:
These genetic studies and some hobby
sequencing made Adh the best known
region of the genome. It was for this rea-
son that the BDGP considered that its
analysis would be a valuable test of the
longer-term strategy of sequencing and
annotating the entire genome of this fly.

The objective of this annotation
procedure was twofold: to describe the
structure of all of the genes (and other
sequence features such as transposable
elements) correctly in the DNA and to
infer their functions. Because many of
the genes were known previously, either
(or both) from their mutations and se-
quence, one priority had to be the iden-
tification of each on the genomic se-
quence itself. For those genes that had
been sequenced before this project, that
was (reasonably) easy; for those that had
not, P-element insertions, which were

mapped both genetically and on the ge-
nomic sequence, proved to be invalu-
able, although not infallible in identify-
ing genes. P elements preferentially in-
sert in the 58 noncoding regions of
genes. A P element located between a
pair of divergently transcribed genes
may mutate one or both, and only ge-
netic experiments can distinguish be-
tween these possibilities. This identifies
one of the major features of the initial
Adh region annotation, which distin-
guishes it from all of the GASP experi-
ments and from most other large-scale
genome annotation experiments: The
original annotation involved, over a pe-
riod of ∼2 years, an intense collabora-
tion among those doing the computa-
tional analysis (largely in Berkeley), ge-
neticists in Cambridge, and many other
experimentalists in the Drosophila com-
munity. Following are two examples of
this collaboration, to illustrate a very
important principle.

To discover how to annotate ge-
nomic sequence, the BDGP first ana-
lyzed the sequence of one 83-kb P1
clone. This clone (DS02740) is particu-
larly gene rich and included several
genes that had at that time already been
sequenced by Drosophila researchers.
However, it also included several genes
that were not known but that were
predicted by the computational tools
then used—Genefinder and similarity
matches using BLAST tools. Were these
predictions real? The difficulty is that no
computational experiment can validate
them. However, there are two classes of
validating experiments that would con-
vince a biologist: The first is genetic—
mapping a phenotypically characterized
mutation to a predicted gene; the sec-
ond is molecular—isolate and sequence
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a full-length cDNA for the prediction.
This would convince most people of
the reality of the prediction. The more
hard-nosed biologist might demand evi-
dence that the cDNA is actually trans-
lated into protein. In fact the BDGP vali-
dated their methods by isolating and se-
quencing cDNAs for all newly predicted
genes on this P1 clone. That gave rea-
sonable confidence that the computa-
tional methods being used were not re-
turning fantasies.

The second example is rather more
parochial, but it illustrates just how dif-
ficult annotation can be, even in a very
well-studied chromosome region. In P1
clone DS01523, Genefinder had pre-
dicted the existence of two coding re-
gions just over 5 kb apart; that these
were exons of one gene was indicated by
both an EST sequence and BLAST
matches of both sequences to the same
targets. These BLAST matches indicated
that the gene encoded a DYRK-family ki-
nase. In addition to the identification of
the presence of this predicted DYRK-like
gene, we had three genetically charac-
terized P elements, all associated with a
subtle phenotype; the mutant flies were
impaired in their ability to smell benz-
aldehyde (the first of these had been dis-
covered and characterized previously
(Anolt et al. 1996)). The question was,
Which gene (or genes) did these muta-
tions effect? One of these mutations
mapped >35 kb, 58 to the DYRK-like
gene; two others mapped >65 kb, 58 to
this gene. The latter two mapped closer
to the next characterized gene, wing blis-
ter, encoding a laminin a-chain, than to
the DYRK-like gene. To show that the
DYRK gene is responsible for the olfac-
tory phenotype required a combination
of genetic analyses of all available P ele-
ments (done by R. Anholt) and the iso-
lation and sequencing of a new cDNA
(done in Berkeley). The latter showed
that one of these P elements is inserted
in a computationally undetected 58

exon, some 35 kb upstream of the pre-
dicted coding exons. In the absence of
the genetic information, there would
have been no reason to suspect that the
structure of the DYRK gene was any
more complex than indicated by the
prediction programs.

A View of the GASP Results

Many of the results of the GASP experi-
ment were unsurprising, including the
inability of any ab initio method to pre-
dict 58- and 38-untranslated exons, the
tendency of ab initio and even homol-
ogy-based methods to artificially join or
split genes (the former being a particular
problem when genes are tandemly du-
plicated), and the inability of any ab ini-
tio method to cope with overlapping
genes (which are surprisingly common
in Drosophila). What was unexpected, at
least to me, was the problem that some
programs had with EST data. As Reese et
al. (2000a) point out in their summary
of GASP, the alignment of EST and ge-
nomic sequences is not a solved prob-
lem. Another lesson—one that we had
learned during the original annota-
tion—comes from the work to build the
std1 dataset; both EST and cDNA se-
quences can be misleading. As essential
for annotation as they are, such se-
quences must always be evaluated for er-
rors. They may be incorrect for one of
several reasons: they may be genomic
DNA contaminants, they may be primed
off an internal genomic poly(A) se-
quence, or they may reflect abnormal or
intermediate splice forms of a pre-
mRNA.

Several of the ab initio methods
used by GASP participants predict genes
that were not predicted by Ashburner et
al. (1999). It is important for an evalua-
tion of the GASP experiment to know
whether or not these predictions are
false positives. To this end the BDGP is
now systematically screening for cDNAs
for each of these newly predicted genes.
When these experiments are completed,
we will have a much more secure basis
for evaluating these GASP submissions. I
regard the issue of false positives and
false negatives as being the most serious
problem for exon and gene prediction
methods. The extent of this problem
was seen in GASP and, more recently, by
a comparison of two methods for gene
prediction used by Celera Genomics for
the Drosophila sequence (Adams et al.
2000): Genefinder and Genie pre-
dicted ∼17,500 and ∼13,000 genes re-
spectively. The reason why the problem

is serious is that false predictions are
very time consuming (and, hence, ex-
pensive) to refute; furthermore, such
refutation may be impossible in the for-
mal sense. Consider a prediction of a
gene by an ab initio method with no
supporting evidence. Extensive searches
for transcripts fail; nothing of similar se-
quence is found in the public universe
of sequences. Now consider that under
regular laboratory conditions only one-
fourth or so of the genes of Escherichia
coli are transcribed in log-phase growth,
and the severity of the problem is obvi-
ous to all—who can refute the hypoth-
esis that a gene is only transcribed in
four brain cells (two on each side) dur-
ing mating?

One obvious conclusion from GASP
is that several methods are better than
one. Having said that one must imme-
diately guard against the tyranny of the
majority, a prediction is not strength-
ened if it is made by more than one
method, unless the methods are inde-
pendent. Determining the indepen-
dence of methods may actually become
more difficult as prediction programs in-
corporate more information for their
tasks. A second conclusion is that the
task of managing predictions from sev-
eral different programs within an envi-
ronment that will allow sensible data
synthesis is very far from trivial. Stan-
dard output methods, such as GFF
(http://www.sanger.ac.uk/Software/
formats/GFF/), and visual tools that can
use these as input are essential, and
these visual tools must be accessible to
biologists.

Chromosomes are, of course, much
greater than the sum of their genes.
GASP concentrated on the prediction of
genes; only three groups looked at other
features—transcription start sites (Ohler
2000) and sequence repeats (Benson
1999; Gaasterland et al. 2000). One op-
portunity offered by the Drosophila se-
quence is to study sequence features re-
sponsible for the structure of the inter-
phase chromosome. The 2.9-Mb Adh
region covers 69 polytene chromosome
bands, and methods to analyze long se-
quences for characteristics that might
determine chromosome structure are ur-
gently needed.
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The annotation of genomic se-
quences has often been contentious; see,
for example, the rather bad-tempered ar-
guments about the use of the GlimmerM
program for the analysis of Plasmodium
sequences (Lawson et al. 2000; Pertea et
al. 2000) and the criticisms made of the
preliminary annotations of the Arabi-
dopsis genome (Pavy et al. 1999). There
should be competition between meth-
ods, but there needs to be both better
collaboration between those developing
these methods and between annotators
and “wet” experimentalists. This is cer-
tainly the major lesson I would take
away from this experience.

I hesitate to conclude that I have
better insight into the biology of the
Adh region as a consequence of GASP.
GASP has provided a number of predic-
tions that were missed by Ashburner et
al. (1999); in retrospect, I think that the
analysis by Ashburner et al. may have
been too conservative—indicated by the
fact that the gene density in the Adh re-
gion, as estimated by Ashburner et al.
(1999), is considerably lower than that
estimated for the genome as a whole by
Adams et al. (2000), that is, one gene in
13 kb vs. one gene in 9.5 kb. These new
predictions and variant models of genes

that had been predicted by Ashburner et
al. (1999) are being tested experimen-
tally. The most rapid way to do this is by
sequencing full-length cDNAs, selected
using primers designed against the pre-
dicted gene sequences.

Large genomic sequences can only
be analyzed computationally. The style
of annotation of Ashburner et al. (1999)
cannot scale to the whole genome, even
of an organism as small as Drosophila.
For this reason, it is very important that
independent assessments of annotation
methods be made. It is unlikely that a
blind experiment such as that done for
GASP can be repeated. This means that
assessment of annotation can only be
done by third parties and not by the de-
velopers of the programs themselves.
This may be very difficult to do if source
codes are not made available freely. The
free availability of well-documented se-
quence sets are also required, whose fea-
tures are reliably annotated as being pre-
dicted or experimentally determined.
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