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REVIEW 

Perspectives: Sequence Data Base Searching in 
the Era of Large-scale Genomic Sequencing 

Randall  F. Smi th  1 

Human Genome Center, Department of Molecular and Human Genetics, Baylor College of Medicine, 
Houston, Texas 77030 USA 

Large-scale sequencing of human and model organism genomes will have a profound impact on our ability to 
use sequence data base searching to predict the biochemical functions of sequences of interest. Despite the 
great value of more sequences in the data bases, a huge increase in data base size will also have adverse 
effects on data base searches. Upcoming problems will include {1} greatly increased search times, {2} an 
increase in background noise of high-scoring but biologically irrelevant matches, {3~ inaccurate coding region 
prediction, leading to problems in protein data base searching, and (4} limited first-pass sequence annotation, 
making it difficult to determine the biological relevance of data base hits. Improved data base annotation 
tools and construction of smaller data bases of representative and highly-annotated sequences for first-pass 
analyses will be essential to deal with the impending flood of new genomic sequence. 

Before 199S, the size of GenBank doubled about 
every 21 months. During 199S, however, the data 
base nearly doubled in size in one year alone, 
growing from 230 Mb in December 1994 to 426 
Mb in December 199S. This growth is primarily 
the result of major sequencing initiatives that 
have expanded during the last year, including 
the Merck-Washington University (St. Louis, 
MO) expressed sequence tag (EST) project (which 
alone has added nearly 100 Mb of human cDNA 
sequence in 199S) and the expansion of several 
whole-genome sequencing efforts. The latter in- 
cludes the recently completed sequencing of sev- 
eral bacterial genomes (including the 1.8-Mb 
Haemophilus influenzae and the 0.58-Mb My- 
coplasma genitalium genomes), the completion 
of the 14-Mb yeast (Saccharomyces cerevisiae) 
genome, rapid progress on the sequencing of 
the 100-Mb genome of Caenorhabditis elegans, 
and expanding work on the sequence of the 
165-Mb Drosophila genome (see Gibbs 1995). 
The proposed plan to sequence completely the 
3000-Mb human genome during the next 5-7 
years (Collins and Galas 1993) alone will pro- 
duce a six-fold increase in the current size of 
GenBank. 

1present address: $mithKline Beecham Pharmaceuticals, R&D 
Bioinformatics Research Group, King of Prussia, Pennsylvania 
19406. E-MAIL Randall F Smith@sbphrd.com; FAX (610) 270- 
5580. 

Benefits of Increased Gene Diversity 

The rapid expansion of large-scale genomic se- 
quencing efforts will have both a positive and a 
negative impact on our ability to use sequence 
data base searches to predict the biochemical 
functions of sequences of interests. On the posi- 
tive side, large-scale genomic sequencing will 
identify new gene families and increase the size 
and diversity of families identified previously. 
With larger numbers of diverse homologs in the 
data bases (both within and between species), it 
will be much easier to identify new family mem- 
bers when conducting standard sequence data 
base searches. 

An increase in the size and diversity of gene 
families will also facilitate the identification of 
diagnostic sequence motifs (fingerprints) for 
gene and protein functional domains. Conserved 
sites and regions identified in multiple sequence 
alignments of family members, for example, can 
be used to construct new sequence patterns, such 
as those currently identified in the PROSITE, 
BLOCKS, and PRINTS data bases (Attwood et al. 
1996; Bairoch et al. 1996; Pietrokovski et al. 
1996). Such patterns can be used in turn to en- 
hance the identification of functional domains 
in distantly related homologs (e.g., Henikoff and 
Henikoff 1994; Koonin et al. 1994; Tatusov et al. 
1994; Smith and King 199S). 

The greatest increase in gene diversity will 
come from sequencing the genomes of phyloge- 
netically diverse organisms from different king- 
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doms or phyla. Therefore, it is encouraging that 
the sequencing of the genomes of a wide variety 
of organisms (e.g., archaebacteria, eubacteria, 
yeast, C. elegans, Drosophila, and humans) is al- 
ready under way. 

man > FASTA > BLAST (Pearson 1995). Given this 
tradeoff, further efforts to use parallel computing 
to improve the search speeds of most sensitive 
search methods currently available should be a 
high priority in future work. 

The Problem of Increasing Search Times 

The most obvious negative impact of a huge in- 
crease in data base size will be to dramatically 
lengthen data base search times, because for all 
the current popular sequence data base search 
tools (e.g., BLAST, FASTA), the time it takes to 
conduct a full search is directly proportional to 
the sum of the lengths of all of the sequences in 
the data base. Fortunately, raw computer speeds 
have also been doubling every 1-2 years and, by 
all accounts, this trend is expected to continue 
for the foreseeable future. This alone should 
mainta in  search times at roughly the present 
rate. In addition, advances in parallel computing, 
including combin ing  networked workstations 
into virtual parallel machines, should increase 
search speeds greatly. For example, a number  of 
groups, including those at the Oak Ridge Na- 
tional Laboratories, the Lawrence Berkeley Labo- 
ratory, and the Pittsburgh Supercomputing Cen- 
ter, have been using the PVM (Parallel Virtual 
Machine) software package (Geist et al. 1994) to 
run data base search programs in parallel on col- 
lections of networked workstations (Shah et al. 
1994; Zorn et al. 1994; Ropelewski et al. 1995). 

Search Speed vs. Thoroughness Tradeoffs 

Deve lopmen t  of inheren t ly  faster data base 
search tools will also most likely continue. How- 
ever, it is typical of general search problems in 
computer  science that  there is a trade-off be- 
tween search speed and search thoroughness, so 
that further increases in speed come at the ex- 
pense of a loss in either search sensitivity (the 
ability to detect true positive matches) or search 
specificity (the ability to reject false-positive 
matches). This is seen, for example, in the three 
most commonly used sequence data base search 
methods (BLAST, FASTA, and Smith-Waterman 
algorithm; Smith and Waterman 1981; Pearson 
1989; Altschul et al. 1990) where in terms of 
speed, BLAST > FASTA >> S m i t h - W a t e r m a n ,  
whereas for search performance, Smith-Water- 

Distributing Search Services 

Unfortunately, we have recently entered into a 
transition phase where the recent rapid increase 
in data base size has impacted search perfor- 
mance for the average researcher. More and more 
researchers have been turning to centralized re- 
sources to conduct sequence data base searches 
[e.g., the National Center for Biotechnology In- 
formation's (NCBI) BLAST Network Server; Ben- 
son et al. 1996]. As a consequence, the perfor- 
mance of these servers has been worsening. In 
addition, the recent rapid increase in worldwide 
Internet network traffic has also had a negative 
impact on performance, especially between con- 
tinents. One remedial approach to the combined 
problems of overloaded networks and centralized 
servers would be to distribute the search loads 
across several geographically distant servers. To 
do this, methods to automatically distribute and 
update sequence data bases over the Internet  
need to be put into place to support any site 
wishing to establish a public (or private) search 
server. The Genome Sequence Database (GSDB), 
for example, currently supports a data base rep- 
lication system for installing and automatically 
maintaining its relational data base at remote 
sites (GSDB "satellities;" see http:/ /www.ncgr.  
org/gsdb/gsdb.html). Other data bases need to 
follow suit. 

As large-scale human  and model-organism 
genomic sequencing progresses, however, indi- 
vidual researchers may be sequencing fewer and 
fewer genes themselves, and therefore thus fewer 
and fewer data base searches would need to be 
conducted by individuals. In the medium-to- 
long term, relatively more searches will be con- 
ducted "in-house" by the large-scale sequence 
producers or by centralized groups responsible 
for annota t ing  new genomic sequence. These 
groups presumably will have much better com- 
putational resources than the average researcher. 
Hopefully this trend, in combination with in- 
creased use of parallel comput ing to improve 
search speeds, will take us past the short-term 
bottleneck that we have been experiencing re- 
cently in decreasing search performance. 
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The Problem of Increasing Background Noise: 
The Larger the Data Base, the Higher the 
Score Required for a Statistically Significant 
Match 

According to the theory of score probabilities 
used in the BLAST program, the minimal match 
score required for a specified level of statistical 
significance is proportional to the natural loga- 
rithm of the data base size (Altschul et al. 1990; 
Karlin et al. 1990; Altschul 1990). Therefore, a 
lO-fold increase in data base size would result in 
a 2.3-fold increase in the minimal score required 
for a statistically significant match. However, the 
degree of similarity between homologous se- 
quences, as reflected in match scores, is not a 
function of data base size. Therefore, as the size of 
the data base increases, a large number of ran- 
dom matches may actually get higher scores than 
distantly related sequences, obscuring biologi- 
cally meaningful similarities. 

Reducing Data Base Redundancy 

Given this problem, any approach that would re- 
duce apparent data base size would be beneficial. 
Several nonredundant sequence data bases have 
already been developed (e.g., the OWL protein 
sequence data base, the NCBI's nonredundant 
protein and DNA data bases, The Institute of Ge- 
nome Research's Human Transcript data base; 
Gish 1992; Bleasby et al. 1994; Adams et al. 
1995), where identical or nearly identical se- 
quences are identified and only one example is 
used. An even further reduction in redundancy 
could be achieved by using only a single repre- 
sentative from each distinct sub-family within a 
gene or protein family. For example, the se- 
quence similarity ("neighbor") information pro- 
vided in the NCBI's Entrez data base (Benson et 
al. 1996) can be used to cluster sequences into 
families and sub-families (see, e.g., Worley et al. 
1995). Representative sequences can then be 
picked for inclusion into low-redundancy data 
bases for use with standard sequence data base 
search programs. 

Another very effective method of reducing 
data base size is to represent each family as a 
single multiple alignment or as sequence pat- 
terns, motifs, or profiles derived from multiple 
al ignments,  as described above. Specialized 
search programs can then be used to compare 
query sequences against such alignment and pat- 
tern data bases (e.g., BLOCK, PROFILE, Markov 
model, and PROSITE search tools; Gribskov et al. 
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1988; Fuchs 194; Krogh et al. 1994; Henikoff et al. 
1995). 

First-pass Searches of Smaller, Highly Annotated 
Data Bases 

Sorting through data base search results, espe- 
cially where large numbers of only very weak 
matches are observed, can be a daunting task 
given even the current size of the data bases. The 
increased size, complexity, and background noise 
associated with a 10- or lO0-fold increase in data 
base size would make this task exponentially 
more complicated. One approach that would 
greatly simplify sequence searching would be to 
conduct first-pass analyses using a representative 
data base where the functions and features of 
each sequence in the data base is known and 
clearly labeled. If there are no strong matches to 
any of the representative sequences, then a 
search of a more complete data base can be con- 
ducted. 

Constructing highly annotated data sets has 
been an ongoing major effort of a number of 
groups, including the PIR-International and 
SWISS-PROT protein sequence data bases (Bari- 
och and Apweiler 1996; George et al. 1996; also 
see other group reports in the recent data base 
issue of Nucleic Acids Res., Volume 24, number 1, 
1996). The PIR data base, for example, includes a 
large subset, where each sequence has been an- 
notated and classified into a protein superfamily 
(George et al. 1996). For the December 1995 re- 
lease of the PIR data base, 35,000 entries (of 
82,000 total) have been classified into 3700 su- 
perfamilies. When searching such data sets, 
knowing the function of each matched sequence 
greatly facilitates the analysis of similarity search 
results. Generating smaller representative data 
bases from such highly annotated data sets that 
are optimized for both protein and DNA se- 
quence searches should be another high priority 
in future work. 

The Problem of Coding Region Identification 
Advantages of Protein Sequence Data Base Searching 

As large-scale genomic sequencing scales up, the 
accuracy of protein-coding region prediction 
within newly sequenced genomic regions will be 
an important issue for sequence data base search- 
ing. The reason is that protein vs. protein se- 

GENOME rESEARCH ~ 6 5 5 

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


SMITH 

quence searches are much more sensitive in de- 
tecting distantly related sequences than DNA vs. 
DNA sequence searches (Doolittle et al. 1986; 
Pearson 1996). This increased sensitivity is attrib- 
utable to two factors: (1) the triplet nucleotide 
code is degenerate; therefore, the amino acid se- 
quences of distantly related sequences are more 
similar than their respective DNA sequences, and 
(2) the use of amino acid scoring matrices such as 
the PAM and BLOSUM matrices (Dayhoff et al. 
1978; Henikoff  and Henikoff  1992) allows 
matches between structurally and functionally 
conserved amino acids to have positive scores 
rather than being treated as negative scoring mis- 
matches (Pearson 1996). Therefore, when one is 
analyzing a new gene sequence, if the coding re- 
gion is known (e.g., from a cDNA sequence), then 
the most informative search would be to use the 
translated amino acid sequence as the query 
against a protein sequence data base. If the cod- 
ing region of a sequence of interest is not known 
(e.g., genomic DNA, a 5'- or 3'-derived EST that 
may or may not contain coding sequence), then 
programs such a BLASTX can be used to search a 
six-frame translation of the query sequence 
against a protein sequence data base (Gish and 
States 1993; Altschul et al. 1994). 

Updating the Protein Sequence Data Bases from 
Genomic Sequences 

Given the importance of protein data base 
searching for gene function identification, it is a 
critical issue as to how the protein sequence data 
bases will be updated given large-scale genomic 
sequence submissions.  Current ly,  most  se- 
quences that enter the protein sequence data 
bases are translations of coding regions anno- 
tated by researchers submitting individual DNA 
sequences. Unfortunately, there are no current 
guidelines regarding how putative coding regions 
in DNA sequences submitted by genomic se- 
quencing projects are to be annotated. Most 
large-scale sequencing groups will likely annotate 
genomic sequences with coding regions and gene 
structures predicted using computational ap- 
proaches, as is currently being clone by the C. 
elegans sequencing groups (Berks 1995). How- 
ever, the accuracy of gene structure prediction 
programs is currently modest at best. Given inac- 
curacies in the predicted locations of donor and 
acceptor splice sites, the frequencies of (1) com- 
pletely missing exons, (2) wrong exons (predicted 
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exons not overlapping actual exons), and (3) pre- 
dicted exons that partially overlap actual exons 
result in predicted protein sequences that have 
on average only 52%-62% similarity to the true 
amino acid sequences of vertebrate genes, de- 
pending on the program (Burset and Guigo 
1996). The wholesale inclusion of predicted se- 
quences into the protein data bases would there- 
fore litter these data bases with inaccurately pre- 
dicted coding sequences, decreasing the effective- 
ness of protein sequence data base searching. 

Updating the protein sequence data bases 
with the translations of all open reading frames 
(ORFs) greater than some minimal length would 
prevent missed coding regions from being lost 
from the protein data bases. However, increased 
background noise as a result of the presence of 
large numbers of true noncoding ORFs, coupled 
with the inability to detect matches that cross 
splice junctions, would limit the value of this ap- 
proach. Another approach would be to forego 
searching protein sequence data bases altogether 
and use programs such as TBLASTN and TFASTA. 
These programs can be used to search a protein 
sequence query against a complete six-frame 
translation of a DNA sequence data base (see 
Altschul et al. 1994). However, similar to ORF 
searches, matches across splice junctions would 
be missed and background noise would be in- 
creased significantly because the effective data 
base size is six times the translated length of the 
DNA data base being searched. Using the 340-Mb 
NCBI nonredundant DNA data base, for example, 
(6 • 340 Mb/3)= 680 Mb, 12 times the size of 
the 57-Mb NCBI nonredundant protein sequence 
data base. For this reason, one should perform 
TBLASTN or TFASTA searches only if a standard 
BLASTP or FASTA search of a protein sequence 
data base yields no informative matches. 

Because all of the above approaches for up* 
dating protein sequence data bases using ge- 
nomic sequence data have serious drawbacks, a 
concerted effort to improve computational ap- 
proaches for predicting gene structure should be 
a high priority for future work, and/or large-scale 
sequencing of full-length cDNAs from a variety of 
cell and tissue types and developmental stages 
should be initiated. 

One addit ional advantage of generating 
high-quality protein sequence data would be that 
the protein data bases would not grow as quickly 
relative to the DNA sequence data bases. For ex- 
ample, whereas sequencing the 3000-Mb human 
genome will increase the size of GenBank sixfold 
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over its current size (500 Mb), the protein coding 
portion of the 80,000-100,000 genes present in 
the human genome will contribute roughly only 
100-200 Mb of sequence (at 1-2 kb of protein 
sequence per gene). This is only about two- to 
fourfold the size of the NCBI's nonredundant 
protein sequence data base (57 Mb from 202,000 
sequence entries). Also, because the model organ- 
isms being sequenced (e.g., bacteria, C. elegans, 
and Drosophila) only have 4,000-15,000 genes 
apiece, these sequencing projects will not in- 
crease the total number of protein sequences in 
the data bases significantly. 

The relatively slower growth of the protein 
sequence data bases would therefore further ease 
the burden on increasing search times with in- 
creasing data base sizes. These estimates assume, 
however, that only one protein sequence per 
gene will be deposited in the data bases, and it is 
an open question as to the number of different 
low-level alternatively expressed products that 
might exist for an average gene in various cell 
and tissue types and at different times in devel- 
opment. Therefore, sometime in the future the 
sequences of alternatively expressed genes could 
significantly increase the number of sequences in 
the protein data bases. 

The Problem of Sequence Annotation 

Large-scale sequencing will require large-scale se- 
quence annotation, if the results of genomic se- 
quencing efforts are to be of maximal value to the 
community. Currently, researchers sequencing 
individual genes of interest spend a great deal of 
time and effort annotating their sequences with 
various features (e.g., mRNA and protein-coding 
regions, promoter regions, binding sites, and re- 
peats) before submission to the public data bases. 
For large-scale, very high-throughput sequenc- 
ing, however, first-pass sequence annotation will 
need to be mostly automated. Software systems 
for automated sequence annotation are currently 
being developed (e.g., BASS, GeneQuiz; Scharf et 
al. 1994; Adams et al. 1995; Casari et al. 1995). 
However, it is unlikely that automated systems 
will, anytime in the foreseeable future, provide 
the level of accuracy, detail, and biological con- 
tent and insight matched by researchers annotat- 
ing their own sequences of interest. 

Transitive Annotations 

Another potential problem with automated an- 
notation is that it may exacerbate what Steve La- 
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dunga in my group has called the problem of 
"transitive annotation." This problem is illus- 
trated as follows. A computer (or human) finds 
that a new sequence, A, is similar to a data base 
sequence, B, and assigns A the function of B. 
However, B may have had its function assigned 
from a previous automated search, where B was 
found to be similar to sequence C, and so on. 
Transitively assigning function to a series of 
closely related sequences would probably not be 
a serious issue. However, transitive annotation 
could produce misleading or totally incorrect as- 
signments in cases where one or more pairs of 
sequences in a long series are related only weakly. 
Always using a single reference data base for se- 
quence searching, where the features and func- 
tions of entries have been experimentally verified 
in as many cases as possible, would be one ap- 
proach to this problem. Certainly, it should al- 
ways be made clear in data base entries if a par- 
ticular annotation is derived from experimental 
evidence or inferred from sequence similarity re- 
sults. 

Allowing Third Parties w Annotate and Correct Data 
Base Entries 

One approach for improving sequence annota- 
tion is to build tools that allow researchers who 
are working with previously submitted sequences 
(third parties) to easily annotate sequences of in- 
terest. Currently, it is the general policy of the 
sequence data bases that only the original sub- 
mitter of a sequence is allowed to modify a data 
base entry. Such a policy is untenable given even 
our current state, where a large fraction of all se- 
quence generated in the world is produced by 
large-scale sequencing projects. Researchers who 
are carefully studying the biology of particular 
genes must be able to annotate sequence on 
which they are working, regardless of whether or 
not they generated the original sequence them- 
selves. For this reason, the GSDB is currently de- 
veloping tools to allow and facilitate third-party 
sequence annotation of data base entries (Cin- 
kosky et al. 1995; Keen et al. 1996). There are 
several thorny issues involved in allowing third- 
party annotation (e.g., Should annotations be 
viewed as a type of publication in order to pro- 
vide an incentive for researchers to put time and 
effort into annotating sequences? Should anno- 
tations be peer-reviewed? Should anybody "off- 
the-street" be allowed to annotate sequences?). 
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These issues need to be debated carefully before 
such third-party annotation systems are put into 
use. 

Need for Improved Access to Information of 
Sequence Features and Functions 

For sequence data base searching, the accuracy 
and detail of sequence annotations are particu- 
larly important for the following reasons. Identi- 
fying the function of a newly sequenced gene by 
data base searching requires that two criteria be 
met: (1) Matches must be statistically significant 
(less probable than chance alone), and (2) the 
functions of the data base sequences matched in 
a search must be known--if  none of the data base 
sequences matched in a search has a known func- 
tion, then nothing can be inferred about the 
function of the query sequence. Even if the func- 
tions of matched sequences are known, inferring 
the funct ion of a query sequence from the 
matches is often a difficult task. This is because 
the functions of data base sequences are often 
not readily identifiable from the information 
provided in data base search results. The only in- 
formation on sequence features and functions 
provided by the most commonly used data base 
search tools is the sequence's title, and the title 
alone (e.g., "p20 protein") is often uninformative 
as to sequence's function. Therefore, not only is 
sequence annotation important for data base 
searching, but so is access to this information, as 
well as to any other types of information avail- 
able about sequences that may originate from 
other sources. For this reason, any method that 
improves access to information on the functions 
of sequences matched in a data base search would 
facilitate the analysis of data base search results. 

Fortunately, the emergence of the World- 
Wide Web (WWW) has provided a very useful 
approach for facilitating access to information 
about sequences. A large number of sequence 
data base search tools are now accessible through 
the Web, allowing additional information about 
sequences to be incorporated directly into data 
base search results. For example, search results 
returned by the NCBI's BLAST WWW Network 
Server (http://www.ncbi.nlm.nih.gov/BLAST), 
include imbedded hypertext links that provide 
direct access to GenBank reports for matched se- 
quences. BLAST search results returned by the 
Baylor College of Medicine's WWW BEAUTY 
server also includes information on the locations 
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of all annotated sites and domains within match- 
ing sequences, as well as hypertext links to Med- 
line literature abstracts for matched sequences 
(Worley et al. 1995; http://gc.bcm.tmc.edu:8088/ 
search-launcher/launcher.html). Progress on ex- 
tending links to other useful resources for infor- 
mation on sequences should also be made. For 
example, sequences from large-scale genomic se- 
quencing of model organisms are also being 
maintained in specialized species-specific data 
bases such as ACeDB (Durbin and Thierry Mieg 
1991; see h t tp : / /gdbwww.gdb.org /gdb/docs /  
genomic_l inks.html and h t tp : / /probe .na lus-  
da .gov:8000/acedocs/a l lace .html  for lists of 
model organism data bases). Sequences in these 
data bases are being actively annotated and cu- 
rated by individuals and groups working on these 
model systems, and new sequence-related infor- 
mation that is being added to these data bases 
could and should be made available to those con- 
ducting general sequence data base searches. 

The use of the WWW for integrating and vi- 
sualizing information on sequences matched in a 
data base search is just a first step in building the 
types of analysis tools that will be required in 
order to cope with the huge amount of data on 
sequences, their features, and functions that will 
be generated by large-scale genomic sequencing. 
Clearly, to maximize the information that will be 
discovered on the biology of sequences produced 
by all of the various genome programs, enhanced 
data base search tools need to be developed that 
will integrate and graphically display as much in- 
formation as possible about the features and 
functions of matched genomic and expressed se- 
quences, including, for example, promoter sites, 
exon/intron locations, alternate splice sites, func- 
tional domains and active sites, and genetic and 
physical map locations. 

Conclusions 

Changes to the current methods of sequence data 
base searching must be made to adequately ad- 
dress the impact of large-scale genomic sequenc- 
ing. The need for increased speed of sequence 
data base searches to compensate for large in- 
creases in data base size will be addressed through 
computational improvements, primarily in the 
use parallel hardware and distributed search serv- 
ers. However, it will be more important than ever 
to maximize the biological information available 
in the sequence data bases while at the same time 
minimizing data base size and complexity for 
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f i rs t -pass  ana lyses ,  if t h e  i n f o r m a t i v e n e s s  of  se- 

q u e n c e  da ta  base  s e a r c h i n g  is to  be  m a i n t a i n e d  or 

i m p r o v e d  d u r i n g  th i s  n e w  era of large-scale  ge- 

n o m i c  s e q u e n c i n g .  
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