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The laboratory mouse is the premier model system for studies of
mammalian development due to the powerful classical genetic
analysis1 possible (see also the Jackson Laboratory web site,
http://www.jax.org/) and the ever-expanding collection of mol-
ecular tools2,3. To enhance the utility of the mouse system, we
initiated a program to generate a large database of expressed
sequence tags (ESTs) that can provide rapid access to genes4–16.
Of particular significance was the possibility that cDNA libraries
could be prepared from very early stages of development, a sit-
uation unrealized in human EST projects7,12. We report here the
development of a comprehensive database of ESTs for the
mouse. The project, initiated in March 1996, has focused on 5´
end sequences from directionally cloned, oligo-dT primed cDNA
libraries. As of 23 October 1998, 352,040 sequences had been
generated, annotated and deposited in dbEST, where they com-
prised 93% of the total ESTs available for mouse. EST data are
versatile and have been applied to gene identification17, com-
parative sequence analysis18,19, comparative gene mapping and
candidate disease gene identification20, genome sequence
annotation21,22, microarray development23 and the develop-
ment of gene-based map resources24.

Our aims were to maximize gene discovery and to provide a
broad overview of genes expressed throughout development. To
these ends, more than one-half (178,500) of submitted ESTs were
from 15 normalized libraries, which feature reduced redun-
dancy25, and more than one-third (124,679) were from 26 early-
stage libraries (Table 1). Libraries from nine organs (heart, kidney,
liver, lung, lymph node, placenta, spleen, thymus, uterus), smooth
and striated muscle, blood cells, epithelial tissue, regions of the
intestine, endocrine tissue, sex glands and whole embryos were
sequenced. To increase the likelihood that ESTs would fall in
regions of the cDNA coding for protein, most sequencing was per-
formed from the 5´ end, but some 3´ ESTs were generated either
intentionally, as for the Sugano libraries (Table 1), or indirectly, as
a consequence of EST length exceeding cDNA insert size.
Sequences from each library were monitored to assess library con-
tent, complexity and overall suitability for further sequencing. Not
all libraries sequenced with the same success: sequence failures
were categorized as technical, in which some aspect of the DNA
purification or sequencing protocol was at fault, or non-technical,
which encompassed sequences that were mitochondrial or bacter-

ial in origin or were from non-recombinant clones. Libraries
exhibiting higher frequencies of non-technical failures were con-
sidered low quality and were not sampled extensively. To assess
library complexity, all ESTs from a library were compared rou-
tinely with each other (‘clustering’). A high fraction of unique ESTs
was taken as an indication of the increased complexity of the
library; these were targeted preferentially for extensive sequencing.

ESTs are single-pass unedited sequences; hence, sequence data
quality is of utmost importance. To measure the accuracy of the
trimmed EST data, the automatic base calls generated by PHRED
(refs 26,27) were compared with mouse coding sequences avail-
able from a database maintained at the National Center for
Biotechnology Information (referred to here as the mouse
mRNA set; G. Schuler, pers. comm.). Discrepancies and their
positions in the ESTs were identified and categorized as base sub-
stitutions, deletions or insertions (Fig. 1). Discrepancies were not
examined individually; thus, sequence polymorphisms, alterna-
tive splicing events or errors in the mouse coding sequences,
although not resulting from faulty EST base calls, would be
included in this analysis. Base substitutions were found most fre-
quently, appearing at approximately twice the rate of insertions
or deletions. All three types of discrepancies were most prevalent
in the initial base pairs and showed decreasing frequencies as a
function of EST length. These levels of accuracy, which represent
increases over those previously reported12, did not inhibit our
analysis of ESTs by BLAST or other programs.

Library quality contributes substantially to the success of an
EST project. As a measure of quality, we estimated the frequen-
cies of inverted cDNA inserts by comparing ESTs with the mouse
mRNA set. We identified 53,303 matches, which represented 84%
of the sequences in the mouse mRNA set. Most matches (94%)
were to the correct strand, although 6% matched the comple-
ment (wrong) strand. For two-thirds of the wrong-strand
matches (4% of total matches), at least two ESTs mapped to the
same position on the wrong strand, suggesting the match
resulted from non-random events during library construction.
Some fraction of these ‘verified’ wrong-strand matches may
identify overlapping transcription units, although this was not
tested. Thus, only 2% of the matches were wrong-strand single
occurrences, possibly resulting from failures in directional
cloning or human error.
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Table 1 • Summary of ESTs generated and submitted to dbEST

Library Submitted Attempted Fraction
submitted

Soares mouse embryo NbME13.514.5 35,541 46,908 0.758
Soares mouse mammary gland NbMMG 32,058 39,837 0.805
Soares 2NbMT 23,452 29,409 0.797
Soares mouse p3NMF19.5 21,648 27,785 0.779
Stratagene mouse skin (#937313) 15,553 20,773 0.749
Knowles-Solter mouse 2 cell 13,133 18,690 0.703
Barstead mouse myotubes MPLRB5 12,392 15,194 0.816
Soares mouse lymph  node NbMLN 11,196 14,916 0.751
Knowles-Solter mouse blastocyst B1 10,896 17,339 0.628
Soares mouse 3NbMS 10,513 13,028 0.807
Soares mouse 3NME125 10,429 12,844 0.812
Stratagene mouse heart (#937316) 9,215 12,068 0.764
Barstead mouse irradiated colon MPLRB7 9,131 12,407 0.736
Soares mouse NML 8,971 10,966 0.818
Soares mouse NbMH 7,490 8,844 0.847
Stratagene mouse T cell 937311 7,134 9,501 0.751
Barstead MPLRB1 6,734 8,907 0.756
Beddington mouse embryonic region 6,424 10,458 0.614
Barstead mouse pooled jejunums MPLRB4 5,994 7,689 0.78
Soares mouse mammary gland NMLMG 5,889 7,249 0.812
Soares mouse placenta 4NbMP 13.514.5 5,398 9,319 0.579
Stratagene mouse macrophage (#937306) 5,107 6,444 0.793
Sugano mouse liver mlia 4,986 6,116 0.815
Life Tech mouse brain 4,828 6,482 0.745
Stratagene mouse diaphragm #937303 4,790 6,316 0.758
Barstead mouse proximal colon MPLRB6 4,402 5,810 0.758
Stratagene mouse testis (#937308) 4,048 5,455 0.742
Stratagene mouse lung 937302 3,659 4,543 0.805
Sugano mouse embryo mewa 3,434 4,582 0.749
Soares mouse uterus NMPu 3,301 4,434 0.744
Stratagene mouse melanoma (#937312) 3,182 4,085 0.779
Stratagene mouse embryonic carcinoma (#937317) 2,923 4,018 0.727
Life Tech mouse embryo 13.5 dpc 10666014 2,876 3,897 0.738
Sugano mouse kidney mkia 2,657 3,336 0.796
Guay-Woodford-Beier mouse kidney day 7 2,631 3,262 0.807
Stratagene mouse kidney (#937315) 2,419 3,479 0.695
Ko mouse embryo 11.5 dpc 2,208 2,664 0.829
Knowles-Solter mouse blastocyst B3 2,203 3,446 0.639
Barstead stromal cell line MPLRB8 1,789 2,087 0.857
Life Tech mouse embryo 8.5 dpc 10664019 1,734 2,367 0.733
Guay-Woodford-Beier mouse kidney day 0 1,728 2,202 0.785
Life Tech mouse embryo 15.5 dpc 10667012 1,425 2,046 0.696
Barstead bowel MPLRB9 1,187 1,558 0.762
Soares mouse hypothalamus NMHy 1,173 1,436 0.817
Stratagene mouse embryonic carcinoma RA (#937318)1161 1,161 1,532 0.758
Life Tech mouse embryo 10.5 dpc 10665016 1,084 1,536 0.706
Soares mouse embryonic stem cell NMES 869 1,144 0.76
Soares mouse urogenital ridge NMUR 572 740 0.773
Knowles-Solter mouse embryonic stem cell 568 761 0.746
Knowles-Solter mouse E6 5d whole embryo 461 768 0.6
Barstead mouse heart MPLRB3 419 735 0.57
Barstead mouse lung MPLRB2 409 1,406 0.291
Knowles-Solter mouse unfertilized egg 338 857 0.394
Barstead mouse testis MPLRB11 306 762 0.402
Knowles-Solter mouse inner cell mass 139 672 0.207
Knowles-Solter mouse 11.5 day limb bud 91 763 0.119
Knowles-Solter mouse 7.5 dpc primitive streak 84 380 0.221
Knowles-Solter mouse 8 cell 79 406 0.195
Barstead mouse spleen MPLRB10 46 738 0.062
Barstead mouse brain MPRB12 25 382 0.065

ESTs submitted to dbEST 344,532 457,778 0.753
ESTs from early developmental stages 124,679 172,067 0.725
ESTs from normalized libraries 178,500 228,859 0.78
ESTs from Sugano libraries 11,077 14,034 0.789

Libraries representing early developmental stages are boxed, normalized libraries are in bold and the Sugano libraries are indicated by ital-
ics. The table is sorted by the number of ESTs submitted to dbEST, in descending order. The first column lists the names of the libraries. The
second column contains the number of ESTs submitted to dbEST from each library. The third column contains the number of sequences
attempted from each library. The final column provides the fraction of sequences submitted to dbEST. Summary statistics for sequences
submitted to the database are given at the bottom of the Table.
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We defined the regions of the mRNAs matched by ESTs and
found that in 19,920 (28%) cases, the EST match was localized
within 50 bp of the 5´ end of the mRNA on the correct strand.
These matches may identify full-length or near full-length
cDNAs. Late in the project, three oligo-dT−primed libraries
potentially enriched for full-length cDNAs (ref. 28) became
available. We obtained sequences from the 5´ and 3´ ends of
these clones and used these in comparisons with sequences in
the mouse mRNA set. Most matches for 5´ ESTs from all three
libraries localized within 50 bp of the 5´ end of the matching
mRNA (Fig. 2), in contrast to the matches from the larger set of
ESTs. The fraction of matching 5´ ESTs may be an underesti-
mate, because some mRNAs in the database probably do not
contain complete 5´ UTR. That the Sugano libraries were
enriched for full-length sequences and not just for 5´-biased
cDNAs was shown by examination of the location of the 3´
matches; most 3´ ESTs matched within 50 bases of the 3´ end of
mRNA sequence, (Fig. 2).

Our analysis indicated that, as expected, a large fraction of
the ESTs were derived from libraries containing incomplete-
length cDNAs. Although this complicated an estimation of
the number of genes represented by ESTs, the clustering of
related sequences reduced the complexity of the data set.
This was performed by comparing ESTs from each library
with a larger data set of ESTs. Of 294,835 ESTs analysed,
217,842 were grouped into 20,396 ‘families’, leaving 76,993
‘singletons’. We analysed the EST composition of the fami-
lies, and found 2,109 (10%) contained only ESTs from early-
stage libraries. An additional 2,229 (11%) contained ESTs
from either early-stage libraries or libraries in which the
source material was uncertain. Almost one-third (6,239) of
the families contained only ESTs from later-stage libraries.
An additional 29% (5,993) of the families contained only
ESTs from either later-stage libraries or libraries in which the
stage of the source material could not be determined. The
remaining 20% (3,799) of the families contained ESTs from
early, late and stage-uncertain libraries. The large number
of different EST families and singletons indicate a diverse

data set; hence, genes expressed at moderate to high levels
throughout development are probably well-represented.
Accurate enumeration of the number of genes represented
requires 3´ ESTs from oligo-dT primed libraries. We have
undertaken this activity, and anticipate generating up to
50,000 3´ ESTs in the next six months.

We examined the utility of the mouse ESTs in inter-species
gene identification. Using stringent criteria, we found that
81% of the sequences in a non-redundant human mRNA data-
base (G. Schuler, pers. comm.) were matched by at least one
mouse EST. In another assay, both human and mouse ESTs
were searched against 76.7 million base pairs of human
genomic sequence generated by the Human Genome Project.
Although 3.1% (2.38 Mb) of this sequence was matched by
either a human or mouse EST, more than 0.47% (360,000 bp)
were matched only by mouse ESTs. The mouse ESTs thus rep-
resent a rich new source of conserved sequences that can be
exploited for gene-finding purposes. The utility of ESTs are not
limited in this regard in mammals; a comparison of translated
mouse ESTs with a set of 1,517 proteins conserved between
yeast and Caenorhabditis elegans revealed that more than 92%
of conserved proteins were matched by a mouse sequence. The
mouse ESTs thus offer the possibility of identifying similar
sequences from organisms as distantly related as fungi and
nematodes, facilitating the use of these powerful experimental
systems in exploring the functions of potential homologues.

The ESTs described here provide a broad overview of genes
expressed throughout the development of the laboratory
mouse, and lend themselves to a variety of applications. They
provide an enormous number of entry points into lines of
investigation that can be undertaken in parallel. By providing
rapid access to many mouse genes well in advance of large
quantities of mouse genome sequence, the ESTs have
enhanced the value of the mouse as a model for biology. As
increasing amounts of genome sequence become available,
ESTs will provide an indispensable tool for interpreting it. The
first step in identifying a mouse homologue can now be taken
using a computer.

Fig. 1 Sequence discrepancies between the mouse mRNA set and matching
ESTs plotted as a function of trimmed sequence length. Discrepancies were
categorized by type: substitutions are indicated in red, deletions in blue and
insertions in green. Coloured numbers on the ordinate refer to the discrep-
ancy rates at the beginning or end of the trimmed sequence.

Fig. 2 Sugano libraries are enriched for full-length cDNAs. Shown in red are
the percentages of ESTs matching within 50 bp of the 5´ end of an mRNA
sequence annotated as full length. Shown in green are the percentages of ESTs
matching within 50 bp of the 3´ end of an mRNA sequence annotated as full
length. MLIA, MEWA and MKIA denote the Sugano liver, embryo and kidney
libraries, respectively. EST indicates data from all other libraries.

© 1999 Nature America Inc. • http://genetics.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m



letter

194 nature genetics • volume 21 • february 1999

Methods
DNA purification and sequencing. Bacterial clones were plated, colonies
picked robotically and glycerol stocks constructed in 384-well format.
Clones were grown, DNA prepared and sequencing performed as
described12 (M.M. et al., manuscript submitted). Estimates of cDNA size
were not generated. As with our human EST project12, clones were arrayed
and distributed by the Lawrence Livermore National Laboratory-based
I.M.A.G.E. consortium29 to commercial distributors (see http://www-
bio.llnl.gov/bbrp/image/image.html for details) to provide the scientific
community with access to the clones.

Computational analysis. Our analysis was performed on a set of 295,053
mouse ESTs available as of 1 April 1998. Of these, 116,220 (39%) were from
libraries prepared from embryonic tissue, 172,714 (59%) were from
libraries prepared from later-stage tissues and 5,901 (2%) were from
sources difficult to classify. Before cluster analysis, sequence repeats were
masked using ‘repeatmasker’ with the −m option (A. Smit, pers. comm.).
Clustering was performed using BLASTN2 (http://blast.wustl.edu, W.
Gish, pers. comm.; S=300, gapS2=150, M=5, N=−11, R=11, Q=11, filter
seg) to compare all ESTs with each other. All similarities with P-values bet-
ter than 10–99 were evaluated to ensure they met the 97% identity and
match length (at least 50 bp) cutoffs. Only those ESTs with matches consis-
tent with their membership in a single cluster were considered. BLASTN2
(S=300, gapS2=150, M=5, N=−11, Q=11, R=11, B=5,000, V=5, filter seg)
was used to compare human ESTs with human mRNAs (6,444 sequences)
and mouse ESTs with mouse mRNAs (3,640 sequences). Before perform-
ing the comparisons, mammalian repeats found in the sequences were
masked using ‘repeatmasker’ (A. Smit, pers. comm.). To compare human
ESTs with mouse mRNAs and mouse ESTs with human mRNAs, S was
relaxed to 170 and N to −5. Cutoff P-value scores were 10–99 or 10–49 for
same-species or cross-species matches, respectively. Genomic sequences
(1,569) totaling 76.7 Mb were extracted from the High-Throughput-
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M=5, Q=11, R=11, filter seg, N=−11 for the human ESTs and N=−5 for the
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A complete set of 6,221 yeast proteins was compared with 13,747 worm
proteins (Wormpep13; ref. 30) using BLASTP2 (http://blast.wustl.edu; W.
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