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To identify the gene underlying a human genetic disorder can be difficult and time-consuming. Typically,
positional data delimit a chromosomal region that contains between 20 and 200 genes. The choice then
lies between sequencing large numbers of genes, or setting priorities by combining positional data with
available expression and phenotype data, contained in different internet databases. This process of
examining positional candidates for possible functional clues may be performed in many different ways,
depending on the investigator’s knowledge and experience. Here, we report on a new tool called the
GeneSeeker, which gathers and combines positional data and expression/phenotypic data in an
automated way from nine different web-based databases. This results in a quick overview of interesting
candidate genes in the region of interest. The GeneSeeker system is built in a modular fashion allowing
for easy addition or removal of databases if required. Databases are searched directly through the web,
which obviates the need for data warehousing. In order to evaluate the GeneSeeker tool, we analysed
syndromes with known genesis. For each of 10 syndromes the GeneSeeker programme generated a
shortlist that contained a significantly reduced number of candidate genes from the critical region, yet
still contained the causative gene. On average, a list of 163 genes based on position alone was reduced to
a more manageable list of 22 genes based on position and expression or phenotype information. We are
currently expanding the tool by adding other databases. The GeneSeeker is available via the web-
interface (http://www.cmbi.kun.nl/GeneSeeker/).
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Introduction
Positional cloning and candidate gene analysis are

commonly used as complementary strategies for the identi-

fication of genes involved in human genetic disorders. With

the recent completion of the human genome draft

sequence a comprehensive list of positional candidate genes

can often be obtained. For many diseases the critical inter-

val will be between 0.5 and 10 cM, with the number of

genes anywhere between 5 and 300. Prioritising these genes

for mutation analysis is the logical next step. This requires

that the researcher collects information from various

sources on expression patterns, biological function, animal

models, related human diseases and other relevant data.

Clearly, researchers differ widely in their ability to retrieve

relevant information that is stored in a growing number

of separate (and often unlinked) on-line databases. More-

over, this process tends to be very time-consuming, and

many hours may go into collecting and sorting the relevant

information. Integrating information from the databases inReceived 1 July 2002; revised 1 October 2002; accepted 9 October 2002
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an automatic way would allow researchers to get a quick

snapshot overview of their particular candidate region.

Here we report on a new bioinformatics tool, which gath-

ers both positional as well as expression/phenotypic data in

an automated way from nine different databases and then

combines this information using Boolean operators. This

results in a quick overview of candidate genes in the genet-

ic region of interest. The GeneSeeker system is built in a

modular fashion, making it easy to maintain and expand.

A further advantage is that there is no need for data ware-

housing or updating because the databases are searched

directly through the web.

In its present form, the GeneSeeker tool uses the Genome

Database (GDB)1 and the Online Mendelian Inheritance in

Man (OMIM (URL: http://www.ncbi.nlm.nih.gov/omim/))

to obtain human mapping data. Genetic localisations speci-

fied by the user are also translated with the aid of an

‘Oxford-grid’, to search the appropriate mouse databases

(eg the Mouse Genome Database (MGD)2. The key tissues

affected by the genetic disorder are used to query phenoty-

pic or expression related databases, including the OMIM

phenotype fields, Swissprot,3 and Medline (National Library

of Medicine, Bethesda, USA) for data on human phenotypes

and the Gene Expression Database (GXD),4 the Transgenic/

Targeted Mutation Database (TBASE),5 and the Mouse Locus

Catalog (MLC)2 for gene expression patterns and pheno-

types in mice. A general overview of the data flow within

the programme is given in Figure 1.

Materials and methods
The GeneSeeker interface

The homepage of the GeneSeeker (http://www.cmbi.kun.nl/

GeneSeeker/) allows the user to specify the genetic mapping

information. This can be a chromosome, a chromosome

arm, or a range (eg 7p15-7p14). If necessary, a combination

of genetic localisations can be entered (eg 4p16-4p14 or

4q31-4q35). Gene expression or phenotypic information

can be entered in a separate box, in which the user specifies

the tissue names where either direct RNA expression or

phenotypic expression of the candidate gene is expected.

For example, the phenotype of Hand-Foot-Uterus

Syndrome6 can be translated into the expression terms

‘limb or genital’. Advanced options include a thesaurus,7

which can be used to include alternatives and hence broad-

en the expression search term. In case of ‘limb or genital’

use of the thesaurus will result in ‘upper limb’ or arm or

limb or joint or ‘lower limb’ or ‘hip joint’ or toes or digit

or ‘male genital’ or testes or testis or ‘Sertoli cells’ or ‘female

genital’ or ovaries or ovary or uterus or vagina’.

A number of refinement options have been implemen-

ted, such as the possibility to exclude databases, to

exclude housekeeping or user-specified genes, to change

the maximum distance for the Oxford-grid (used in

Human-to-Mouse map translation, see below), and to put

multiple searches in a batch list.

Databases used

The GeneSeeker searches three types of databases: genetic

localisation, gene expression, and phenotypic databases.

GDB and MIMMAP (a reformatted version of the OMIM

gene mapping information) are searched for genes in a

specified chromosome location in humans, while MGD is

queried for mouse genes in the homologous regions. From

the gene expression and phenotypic databases GXD, SWIS-

SPROT, TrEMBL, MLC, OMIM, TBASE and Medline, all the

genes are extracted which match the given expression

terms. Database web addresses are given in Table 1.

Gene naming

Different databases cause the data retrieved to be in differ-

ent output formats. In contrast, communication between

programme processes, logical combination and analysis of

the data obtained require a uniform nomenclature. To

circumvent this problem a list of synonyms was created

using the gene-name information stored in SWISSPROT in

combination with GDB’s ‘alias’ information. This synonym

list is updated weekly, and its use should remove a number

of potential naming problems. As an exception, the gene-

naming process in TBASE is highly variable and this could

not always be neutralised by the use of these lists.

Extraction of genes from the databases

Human gene names are selected upon the fact that they

must consist of one or more capital letters and/or numbers

in the databases. Mouse genes begin with a capital letter,

followed by one or more lowercase letters or numbers.

The id-numbers of the genes in the databases are taken as

a unique identifier. In cases where mouse databases are used

(TBASE/MGD/GXD), the mouse gene names are translated

into human gene names, using a list obtained from GXD.

The obtained gene names are compared with the synonym

list, obtained from SWISSPROT. If a synonym exists, this

then replaces the gene name. The gene names are reported

to the GeneSeeker programme together with an URL-

encoded link (Uniform Resource Locator) to the entry.

Databases containing locus information

The MIMMAP and GDB databases are searched for all genes

between two human genetic locations, including any over-

lapping genes.

In order to be able to search mouse gene localisation

databases, human genetic localisations are converted to

mouse localisations by an ‘Oxford-grid’ as supplied by the

MGD.2 Mouse genes are searched positionally rather than

on similarity, since the goal is to find extra genes. The input

for the ‘Oxford-grid’ is a human chromosome number with

a band range (eg 7p15-p21). This location is then translated

into mouse chromosomes with a chromosomal range in

cM. Two locations are taken as one range if they are closer

to each other than specified in the maximum distance. If

not, they are returned as two separate regions. Each region
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is returned with a standard extension of 5 cM, so as not to

miss any genes located on the region boundaries. The

output from the ‘Oxford-grid’ contains mouse chromo-

somes with their cM-range and is reported back to the

GeneSeeker main programme. This range is subsequently

used to query MGD for homologous mouse genes.

Databases containing gene expression or phenotype

information

For all genes expressed in a certain tissue type or associated

with a phenotypic feature involving a specified tissue or

organ the description and comment lines, matching

‘human’ are extracted from the SWISSPROT, SWISSNEW,

TrEMBL, and TrEMBLNEW databases. The gene names are

selected from the gene-name field.

The same procedure is followed for the Medline database,

using an advanced Boolean search for all genes expressed in

a certain tissue type or sharing a phenotypic feature of a

syndrome in humans (query: ‘tissue and human[orgn] not

mouse[orgn] not rat[orgn]’). The human gene names are

selected by the fact that these begin with two capital letters,

followed by one or more capital letters or numbers.

Common abbreviations such as DNA, RNA, PCR, and others

are filtered out.

All genes expressed in a certain tissue type or with a

phenotypic feature of a syndrome are extracted from the

TBASE database using the ‘phenotype’ field and selecting

the mouse as the organism, from GXD and OMIM using

the ‘abstract’ field and ‘text’ field respectively, and from

the MLC database using the ‘phenotype’ field. The obtained

mouse gene names are translated into human gene names,

using a list obtained from MLC itself.

Test selection of human genetic disorders

To test the ability of the GeneSeeker programme to identify

candidate genes, eight syndromes with known genesis

where used. We also evaluated two syndromes whose

genesis at the time of the query had not yet been

published: Acro-Dermato-Ungual-Lacrimal-Tooth (ADULT)

syndrome8 and Noonan syndrome9,10 (Table 2). These two

examples presented an excellent opportunity to test the

system without the noise from direct pointers to the gene

in the databases used.

Querying the GeneSeeker

The setup of the GeneSeeker makes it possible to submit

queries in a number of ways. To benchmark the perfor-

mance, accuracy, and the flexibility of the system, the

same query was formulated in different ways. Each

syndrome mentioned in Table 2 was queried using primary

expression terms (Table 2) combined with the Boolean

operators and or or for all terms. For example Alagille

syndrome was formulated once as ‘liver and eye and heart’,

and also as ‘liver or eye or heart’. In addition, in some

queries the thesaurus/embryological terms were used. Thus,

‘eye’ became (eyes or eye or conjunctiva or cornea or lens or

optic nerve or retina or vitreous or ‘conjunctival sac’).

Evaluation

Each result is saved as a HTML file in a separate directory,

containing the output from the different databases analysed

by the GeneSeeker. The output of the analysis is presented

in four tables. (1) A list of human genes in the correct

genetic region and matching the specified expression

profile, (2) a list of mouse genes matching the syntenic

region(s) as well as the expression profile, but with no

matching human gene name, (3) a list of mouse genes

Figure 1 A general overview of the GeneSeeker programme.
The query entered by the user is pre-processed for Human and
Mouse databases and subsequently reformulated into the format
appropriate for each database. The database queries result in
lists of genes, which are combined by Boolean operators
according to the query as formulated by the user. The results
are presented in the four boxes at the foot of the figure.
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found in the syntenic region in mouse, for which the

homologous human gene is found to map outside the criti-

cal interval, and (4) a list of all the remaining human genes

that are present in the genetic interval, but which do not

match the expression profile. The data in the HTML files

was extracted and converted to a spreadsheet for further

analysis.

Results
The evaluation queries were performed in batch in June and

July 2001. The processing time of queries using both genet-

ic localisation and expression/phenotypic information

varied from 2 min for simple queries to 10 min for complex

queries. The number of hits per database for the genetic

localisation, expression/phenotypic and the combined

queries are presented in Figure 2a,b,c respectively. For the

genetic localisation query, no large differences were found

between the GDB and MIMMAP. The number of MGD hits

is relatively large for several regions. First, because this list

includes both mouse genes whose human homologues are

present in GDB as well as a smaller list of mouse genes

for which a human homologue could not be identified,

either directly or by applying the synonym list. In addition,

the conversion through the Oxford grids caused more genes

to be retrieved because of wider segment limits. Both Figure

2b and c show a very small contribution from TBASE

compared to the other queried databases. This likely reflects

the relatively small number of genes in TBASE as well as

inconsistent gene naming.

All the causative genes were found in the queries done

with only the genetic localisation data (Table 3). The aver-

age number of genes in a disease critical interval was 165.

This number varied from 322 in the case of Tricho-Dento-

Osseous syndrome in 17q21.3-17q22, to only 49 in

Townes-Brocks syndrome located at 16q12.1.

Combining genetic localisation with expression/pheno-

type data was most successful if a Boolean or was used to

combine expression sites. In all 10 such cases, the causative

Table 1 Database URL’s. The number of entries is based on the query formulation used by the GeneSeeker to extract human/
mouse related information, and thus can differ from the total number of entries in the database

Data bank No. entries URL

Localisation databases
OXFORD 5652 http://www.informatics.jax.org/a

MIMMAP 7171 http://www.ncbi.nlm.nih.gov/omim/
MGD 24925 http://www.informatics.jax.org/
GDB 51917 http://www.gdb.org/gdb/

Expression and phenotype databases
SWISSPROT 5908 http://www.ebi.ac.uk/ebi_docs/swissprot_db/swisshome.html
SWISSNEW 5875 http://www.ebi.ac.uk/ebi_docs/swissprot_db/swisshome.html
SPTREMBL 23567 http://www.ebi.ac.uk/ebi_docs/swissprot_db/swisshome.html
REMTREMBL 19036 http://www.ebi.ac.uk/ebi_docs/swissprot_db/swisshome.html
TREMBLNEW 10394 http://www.ebi.ac.uk/ebi_docs/swissprot_db/swisshome.html
Medline 58978 http://www.ncbi.nlm.nih.gov/b

TBASE 6768 http://tbase.jax.org/b

GXD 24925 http://www.informatics.jax.org/
OMIM 13099 http://www3.ncbi.nlm.nih.gov/omim/
MLC 24925 http://www.informatics.jax.org/

Other database(s)
GeneCards 20417 http://bioinformatics.weizmann.ac.il/cards/
aAccessed after processing from the local mirror site: http://www.cmbi.kun.nl/srs/. bAccessed directly using this address. Remaining sites were
accessed using the local mirror site: http://www.cmbi.kun.nl/.

Table 2 Selected disorders

Syndrome (MIM#) Expression terms Genetic localisation

Acro-Dermato-Ungual-Lacrimal-Tooth Syndrome [103285] Limb/Hand/Teeth 3q27
Alagille Syndrome [118450] Liver/Eye/Heart 20p12
Hand-Foot-Uterus Syndrome [140000] Limb/Genital 7p15-7p14.2
Holt-Oram Syndrome [142900] Limb/Heart 12q24.1
Multiple Synostoses Syndrome 1 [186500] Ear/Joint 17q22
Noonan Syndrome [163950] Skeletal/Heart 12q24.1
Renal-Coloboma Syndrome [120330] Renal/Eye 10q24.3-10q25.1
Townes-Brocks Syndrome [107480] Limb/Ear 16q12.1
Tricho-Dento-Osseous Syndrome [190320] Ectoderm/Skeleton/Tooth 17q21.3-17q22
Ulnar-Mammary Syndrome [181450] Limb/Mammary 12q24.1
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gene was retrieved. Starting from an average number of 165

positional candidate genes (range 49 – 322), the number of

candidate genes that matched both location and expression

pattern was reduced to 22 (range 2 – 63). A match was also

obtained for both syndromes for which the gene had not

previously been identified as causing the disease. For

ADULT syndrome, a candidate gene list of 12 genes was

generated, reflecting a 10-fold reduction from 116 posi-

tional candidate genes. TP63, which was subsequently

been proven to be the causative gene for ADULT syndrome,

was present among these 12 selected genes.11

A similar result was obtained for Noonan syndrome.

Using ‘skeletal and heart’ as search terms, the number of

genes from chromosome band 12q24.1 was 174. This was

reduced to 10 in the candidate gene shortlist. Among this

final selection was the PTPN11 gene, which indeed causes

Noonan syndrome.10

Discussion
Human disease genes can sometimes be rapidly identified

by using information on RNA expression patterns or by

studying knockout phenotypes in mice. For instance

systematic screens for genes expressed in retina or inner

ear are currently being applied successfully in labs around

the world in order to identify genes for deafness or blind-

ness respectively.12 – 14 Similarly, direct comparison of

human and mouse phenotypes allowed for the rapid recog-

nition of ROR2 as the Robinow syndrome gene.15,16

A systematic approach to this conservation of pheno-

types has already been attempted and is presented in the

Dysmorphic Human-Mouse Homology Database

(DHMHD).17 Others have attempted to use cross-species

conservation with invertebrates to identify genes that

underlie human developmental syndromes and diseases.18

All this argues for a systematic bioinformatics approach

that includes all available information from public data-

bases to prioritise among positional candidate genes. In a

pilot experiment it was previously shown that it is possible

to use a bioinformatics approach to identify plausible

candidate genes for human multiple congenital anomaly

syndromes by systematically using data on murine gene

expression patterns.7

We have since developed this data mining approach

further to create a web-based tool that combines data on

genetic localisation from OMIM, GDB, and MGD with data

on gene expression from GXD and SWISSPROT/TrEMBL and

data on phenotypes in humans (OMIM, Medline) and mice

(MLC, TBASE). This approach mimics the steps currently

undertaken in most human genetics labs around the world

once a critical region for a genetic disease is identified. The

biggest advantage of the current automated approach is

that it provides combined data from nine databases in a

matter of minutes, rather than hours or days if individual

databases are queried one gene at a time. Genetic localisa-

tion and expression databases were used in almost equal

proportion. The number of hits per database varied greatly,

but all contributed to the final selection of candidate genes.

Of all databases, TBASE contributed the smallest number of

genes. This is partly due to the fact that gene names in

TBASE often do not conform to the nomenclature used in

OMIM or GDB. Moreover, TBASE presently contains infor-

mation on only a small number of genes.

The most successful search strategy with the GeneSeeker

was by using the thesaurus in combination with or Boolean

a

b

c

Figure 2 The average number of hits per database in the
candidate gene list of the GeneSeeker: (a) only the genetic
localisation query; (b) only expression/phenotypic query,
combining the search terms with a Boolean or; (c) genetic
localisation and expression/phenotypic information combined
with a Boolean. For the expression terms the thesaurus table is
used. The ranges indicate the standard deviation of the mean.
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operators. More restrictive strategies failed in a significant

proportion of cases, suggesting that the data in the data-

bases is still incomplete, and that inappropriate search

terms may have been used that failed to detect the presence

of the gene in one or more databases. Some of these failures

are to be expected as no single system has been adopted for

scoring expression patterns and phenotype across the

various databases. This situation is likely to improve consid-

erably over the next few years. First, the genomic databases

presently contain only draft versions of the genome with

many genes yet to be identified, and properly anno-

tated.19,20 In addition, efforts are currently underway to

set up more complete databases on gene expression and

on knockout phenotypes. As one example, a comprehensive

inventory of expressed mouse genes during development is

in progress.21 Adding such databases to combined data

mining strategies as presented here for the GeneSeeker

may further improve their performance. Given the simpli-

city of the approach that is incorporated in the

GeneSeeker tool, one might have expected that other simi-

lar applications might already exist. To the best of our

knowledge this is not the case. Specifically, no programme

appears to be available that evaluates gene expression or

phenotype information to aid with selection of positional

candidate genes.

It is encouraging that all 10 causative genes were found

for the human malformation syndromes with known

genesis, and that this was accompanied by an on average

10-fold reduction compared to using localisation data only.

We acknowledge that only prospective studies of syndromes

that have not yet been defined molecularly can establish

the true value of the bioinformatics tool described here.

However, a considerable number of human disease genes

have already been identified wholly or partly by virtue of

comparing their mutant murine phenotypes and expression

patterns. This by itself suggests that this approach can only

become more effective as more information becomes avail-

able for each human gene. The modular setup employed in

this first version of the GeneSeeker should allow easy

expansion by adding further databases to improve the

detection rate of disease genes. We are currently adding

the Unigene database22 and other EST database sources in

order to expand the available information on expression

patterns. SAGE (Serial Analysis of Gene Expression) data

can also be added in the future, thereby further improving

the sensitivity of the tool. Some text-based modules such as

Medline may become more effective by using MeSH (Medi-

cal Subject Heading) terms and context sensitive searches.

Additional features like a comparison of old and new

results, automatic selection of expression terms based on

the OMIM clinical synopsis, and the ability to use STS

marker data and physical coordinates rather than chromo-

some bands to specify genetic localisation are currently

under development.

In its current form, the GeneSeeker is mainly suited for

malformation syndromes in which the assumption can be

made that the disease gene has an aberrant or absent gene

expression in the affected tissues. For metabolic diseases

other strategies can be applied, for example incorporating

biochemical pathways such as the Kyoto Encyclopedia of

Genes and Genomes (KEGG).23 This can also be added to

future versions of the programme.

In spite of the obvious limitations of the system, even in

its present early stage of development the GeneSeeker

(version 2.0) offers researchers a useful tool to generate a

starting list of candidate genes involved in human genetic

disorders. The GeneSeeker site will be continuously updated

and curated by the Center for Molecular and Biomolecular

Informatics at Nijmegen University. The current setup of

the GeneSeeker relies on external databases. This means

that regular checks of web addresses and database structures

will be necessary to avoid losing individual databases. We

intend to provide such regular follow-up, and note that

the setting within a centre that provides support for more

than 70 databases already would seem to be ideal for this.

(Average downtime for these databases over the past 3 years

Table 3 Selectivity and reduction. All queries were performed using expanded thesaurus terms

Candidate gene
Localisation selectivity Expression selectivity selectivity

Syndrome Total or and or and

Acro-Dermato-Ungual-Lacrimal-Tooth Syndrome 1/116 1/2664 0/109 1/12 0/2
Alagille Syndrome 1/102 1/6435 1/420 1/17 1/3
Hand-Foot-Uterus Syndrome 1/148 1/4550 1/78 1/29 1/2
Holt-Oram Syndrome 1/154 1/4523 1/136 1/18 1/2
Multiple Synostoses Syndrome 1 1/273 1/846 0/102 1/10 0/5
Noonan Syndrome1 1/174 1/1090 1/349 1/21 1/12
Renal-Coloboma Syndrome 1/154 1/3774 1/504 1/33 1/7
Townes-Brocks Syndrome 1/49 1/1874 0/74 1/2 0/1
Tricho-Dento-Osseous Syndrome 1/322 1/3046 1/189 1/63 1/4
Ulnar-Mammary Syndrome 1/154 1/4523 0/136 1/18 0/2

The localisation selectivity represents the number of genes in the genetic region, whereas the expression selectivity reflects the number of genes
that match the expression terms specified by the user; the candidate selectivity is the combination of the two. The Boolean operators indicate
how the primary expression terms (Table 2) are combined. 1:This analysis was performed in October 2001.
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has been less than 0.5%.) Also, the current GeneSeeker

system has a number of advantages. Using external data-

bases means that we avoid data warehousing. Therefore,

all data are up to date and we would argue that in practice

WWW front-ends are more stable than their underlying

relational tables. In fact when changing the internals of

the database, database developers often try to keep the

WWW front-end unchanged. In conclusion, current devel-

opments in the availability of genomics data as well as

improving bioinformatics strategies support the notion that

data mining approaches as applied in the GeneSeeker may

become a useful adjunct to wet lab experiments in human

genetics.

Note added in proof
The programme described here has previously been

presented at scientific conferences and in abstracts as the

‘GeneMachine’.24 In order to avoid confusion with a

recently published programme,25 we henceforth shall use

the name GeneSeeker.
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