
This note describes the program EST_GENOME for aligning
spliced DNA to unspliced genomic DNA. It is written in
ANSI C and has been tested under Digital OSF3.2. The
source code and documentation are available from ftp://
www.sanger.ac.uk/ ftp/pub/ badger/est_genome.2.tar.Z.

The prediction of genes in uncharacterized genomic DNA
sequence is currently one of the main problems facing
sequence annotators. Methods based onde novoprediction,
e.g. searching for motifs like the splice-site consensus, or on
statistical properties such as biased codon usage, etc.
(Solovyevet al., 1994; Hebsgaardet al., 1996) have been
only partially successful, and investigators have often found
that the surest way of predicting a gene is by alignment with a
homologous protein sequence (Birneyet al., 1996; Gelfand
et al., 1996; Huang and Zhang, 1996), or a spliced gene
product [an expressed sequence tag (EST), mRNA or cDNA],
particularly now that a large number of ESTs are available
(Hillier et al., 1996).

Standard alignment tools are not ideal for finding the correct
alignment of a spliced product to genomic DNA, because of
the large introns which can occur in the genomic sequence and
because the programs ignore the conserved sequences found at
donor/acceptor splice sites (intron/exon boundaries). In addi-
tion, very large genomic DNA sequences can be hard to align
using quadratic-space dynamic programming because they
require too much memory.

The program EST_GENOME addresses this problem. It
allows large introns, can recognize splice sites and uses
limited memory. This combination of features makes a
powerful and useful tool. EST_GENOME is used routinely at
the Sanger Centre to help annotate human genomic sequence.
As it is slow compared with search methods like BLAST
(Altschul et al., 1990), we first screen genomic DNA against
dbEST using BLASTN. Any matching ESTs are realigned
using EST_GENOME.

The algorithm uses a modification of Smith and Waterman
(1981). The penalty structure used to score an alignment is as
follows (defaults are in parentheses). Aligned bases score
þmatch(1) or cost¹mismatch(1) as appropriate. An indel in

either sequence outside of an intron costs¹gap (2) (there is
no gap initiation cost), and an intron (gap of arbitrary length
in the genomic sequence only) costs¹intron (40), unless it
starts with GT and ends with AG (or CT and AC if the splicing
direction is reversed) when it costs¹splice(20). Thus, a gap of
length L costs L:gap in the spliced sequence and either
minfL:gap; introng or minfL:gap; spliceg in the genome.

The numerical difference betweenintron andspliceallows
some slack in marking intron end-points. Sometimes the
choice of boundaries which minimize indel and mismatch
costs does not coincide exactly with the splice consensus, but,
provided intron ¹ splice exceeds the extra mismatch/indel
costs incurred, the alignment will respect the proper
boundaries. If the alignment’s introns still do not start/end
with GT/AG (or CT/AC), then this may indicate errors in the
sequences. The default parameters generally work well except
that exons shorter thansplicemay be skipped. Intron penalties
should always be greater than the longest expected random
match (typically 10–15 bp) to avoid spurious matches.

The details of the algorithm are as follows. LetXði; jÞ be the
score of the best local similarity ending at basei in the spliced
sequence andj in the genomic sequence. LetBðiÞ be the score
of the best local alignment found so far that ends ati in the
spliced sequence. LetCðiÞ be the genome coordinate to which
BðiÞ refers. LetSðiÞ andGð jÞ be the nucleotides at positionsi
in the spliced andj in the genomic sequences, respectively.
Then we have:

Xði; jÞ ← max

Xði ¹ 1; jÞ ¹gap

Xði ¹ 1; j ¹ 1Þ þD

Xði; j ¹ 1Þ ¹gap
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D ← match if SðiÞ ¼ GðjÞ

¹mismatch otherwise

�

B ← BðiÞ ¹ splice if CðiÞ; j are a donor–acceptor pair

BðiÞ ¹ intron otherwise

�

ðBðiÞ;CðiÞÞ ← ðXði; jÞ; jÞ if Xði; jÞ > BðiÞ

ðBðiÞ;CðiÞÞ otherwise

�
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TheB term is the cost of the best local alignment ending with
an intron at i; j; so Xði; jÞ is the cost of the best overall
alignment ending ati; j. If the alignment path as well as the
score is required, then each timeBðiÞ changes the previous
pair ðBðiÞ;CðiÞÞ is pushed onto a stack in case it is required
during backtracking.

The program uses a linear-space divide-and-conquer
strategy (Myers and Miller, 1988; Huang, 1994) to limit
memory use:

1. A first-pass Smith–Waterman scan is done to find the
start and end of the maximal-scoring segments. Sub-
sequences corresponding to these segments are extracted.

2. If the product of the subsequences’ lengths is less than a
user-defined threshold, the segments are realigned using
the Needleman–Wunsch algorithm, which will give the
same result as the Smith–Waterman since they are
guaranteed to align end to end.

3. If the product exceeds the threshold, the alignment is
made recursively by splitting the spliced sequence in half
and finding the genome position which aligns with the
mid-point. This process is repeated until the product of
lengths is less than the threshold. The divided sequences
are aligned separately and then merged.

4. The genome sequence is searched against forward and
reverse strands of the spliced sequence, assuming a
forward gene splicing direction (i.e. GT/AG consensus).
Then the best-scoring orientation is realigned assuming
reverse splicing (CT/AC consensus). The overall best
alignment is reported.

EST_GENOME displays its results both as an alignment
and as a list of matching segments like those produced by
MSPcrunch (Sonnhammer and Durbin, 1994). The latter
format is easy to parse into other software. Figure 1 shows
the alignment EST_GENOME made between the 519 bp
EST yo13c02.s1 (Hillieret al., 1996) and the cosmid cNFG9
(33 760 bp) from human chromosome 16 (Higgs, 1997). The
program (i.e. all three comparisons) took 11 CPU s on a

Ditigal Alpha 255/233. The alignment contains two introns,
of lengths 404 and 898 bp, indicated by the <<< symbols. The
output truncates the intron sequences. Note that both introns
have CT/AG boundaries indicating that the direction of
splicing is reversed.
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Fig. 1. Example alignment produced by EST_GENOME. Introns are indicated by<<<<. The direction of gene splicing is reversed.


