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Summary

The sequencing of the human genome is well underway. Technology has ad-
vanced, such that the total genomic sequence is possible, along with an extensive
catalogue of genes via comprehensive cDNA libraries. With the recent completion
of the Saccharomyces cerevisiae sequencing project and the imminent comple-
tion of that of Caenorhabditis elegans, the most frequently asked question is how
much can sequence data alone tell us? The answer is that that a DNA sequence
taken in isolation from a single organism reveals very little. The vast majority of
DNA in most organisms is noncoding. Protein coding sequences or genes cannot
function as isolated units without interaction with noncoding DNA and neighboring
genes. This genomic environment is specific to each organism. In order to
understand this we need to look at similar genes in different organisms, to
determine how function and position has changed over the course of evolution. By
understanding evolutionary processes we can gain a greater insight into what
makes a gene and the wider processes of genetics and inheritance. Comparative
genomics (with model organisms), once the poor relation of the human genome
project, is starting to provide the key to unlock the DNA code. BioEssays
1999;21:121–130. r 1999 John Wiley & Sons, Inc.

The human genome project (HGP) represents a massive
input of finance and expertise in a world-wide collaboration
between hundreds of laboratories. The human genome com-
prises approximately 3,000 Megabases (Mb) of DNA, of
which only 3% represents coding sequence. Estimates for the
number of genes in the human genome vary widely between
60 and 100,000.(1) Even the complete sequence will not
reveal the true answer, as most genes are ‘‘unknown.’’ The
primary focus of the HGP is on genes and particularly those
known to cause disease as these fuel the funding. Many
diseases, however, are not simple single gene protein-coding
defects and often involve a function of control cf. cancer. In
order to make sense of all the data generated, extensive work
is required on model organisms.

Comparative mapping provides data on gene neighbors
and gene environment. Ancient evolutionary conserved seg-
ments indicate regions of DNA where conservation of linkage
has important implications for gene control. Alteration in gene
function can be correlated to positional changes within the
genome and the immediate genic environment. Experimental
data on polygenic inheritance for traits such as fat distribution
and hypertension is only possible in controlled breeding
experiments of model organisms. Comparative mapping data
enables the transfer of these results to humans with important
consequences for health management. Many genes in hu-
man will only be identified by computer programs. Whether
these are true genes and clues to function will only be
apparent in comparison with orthologs in model organisms
where experimental data, often in the form of mutation
studies, is available. Analysis of gene function , and indeed,
the definition of gene function, will, again, be lead by model
organisms using techniques such as mutation screens, re-
porter gene assays, and transgenics. Humans, as experimen-
tal models have severe limitations!
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The aim of this review is to discuss these particular areas
of comparative genomics. A certain emphasis will be on yeast
and C. elegans as these organisms have, respectively, been
totally or nearly completely sequenced. The results already
show that sequence alone is not enough. The progression of
the study of these organisms into functional genomics is
providing high-throughput methodology, which may be trans-
ferred to more complex systems.

Comparative mapping

Linkage, synteny, and gene order
When a new vertebrate model organism is proposed, the
initial aim is to construct a genetic or physical map using
coding sequences or anonymous markers to produce an
overall landmark map of the genome. With this, genes can be
accurately mapped and the order compared with humans,
other vertebrates, and indeed other organisms. Once such a
map is constructed, results of mapping experiments can then
be translated from one organism to another. This provides
information on potential candidate disease genes, patterns of
inheritance, particularly of multigenic traits, and also a picture
of the immediate environment of individual genes. By study-
ing the interrelationships of neighboring genes and how they
are inherited in different organisms, information is gained on
how genes interact and may provide clues to how current
gene rearrangements interact in humans, for example in
cancers. What we would ultimately like to know for each
organism is which genes are on which chromosomes, in what
order, and how these results compare with other organisms.

Whilst high density gene maps exist for yeast, C. elegans,
and an increasing number of bacteria, this is certainly not true
of the vertebrates, except for human and mouse. Many
organisms have only rudimentary microsatellite maps or very
fragmentary gene mapping data and this will probably remain
the case in the foreseeable future due to fiscal constraints.
Indeed one could argue whether whole-scale full-depth ge-
nome analysis on many different organisms is worthwhile, or
whether it is more efficient to concentrate effort on certain
regions.

One technique which rapidly demonstrates gross genomic
rearrangements is that of painting different organisms’ chro-
mosomes with human whole chromosome paints (ZOO-
FISH) (Fig. 1).(2) Conserved blocks of DNA have been shown
in species as distantly related as humans and fin whales.(2)

Work by Wienberg et al.(3) has demonstrated that in mammals
there are several ancestral conserved blocks. The smallest
human chromosome, 21, is preserved intact, albeit translo-
cated, in gibbons, macaques, and in African green monkeys.
In tree shrew, cat, pig, and mouse, however, it is linked to a
chromosome 3 fragment, implying that the chromosome
21–3 linkage may be ancestral for mammals. This technique
shows an instance of gross chromosomal conservation within

placental mammals, at a resolution of approximately 7 Mb
and is an effective way of demonstrating evolutionary related-
ness. The utility of this technique is that it can spotlight
genomic regions within mammals whose integrity has been
maintained during evolution by selective pressure and there-
fore may be of particular interest to molecular biologists
studying gene control. It does not, however, provide any
detailed information on gene order.

This is only possible at the gene mapping or sequencing
level. The initiative on cattle genomics provides some interest-
ing results. The current marker density of most cattle and pig
maps is 2.5–5 cM.(4) Both the bovine and porcine maps show
fewer and larger blocks of synteny with humans than mouse
and human (47–56(4) compared with 120(5)), but the linear
gene order within these is often rearranged.(6) It is argued that
the higher number of genomic rearrangements in mouse may
be due to a more rapid rate of evolution in the rodents. Further
studies on a wider range of organisms will be required to
examine relative rates of evolutionary change and its signifi-
cance on gene environments. Across a larger evolutionary
timescale, there is limited evidence of conserved synteny
between humans and fish, for example, five genes spanning

Figure 1. Orang-utan chromosomes hybridized with a hu-
man chromosome 2 paint. Two pairs of homologues are
painted. The chromosomes were stained with DAPI and the
paints labelled with Cy3-dUTP. The images (PICT format,
Adobe Photoshop) were taken through a b/w CCD camera
and images merged using the programme Smart Capture VP
(Digital Scientific, Cambridge). Picture courtesy of J. Wein-
berg, University of Cambridge.
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most of human chromosome 2 are included in zebrafish
linkage group 9.(5)

With a view to improving comparative mammalian maps
and standardizing the output, a list of 321 reference anchor
loci were proposed by O’Brien and colleagues(7) in 1993.
These are coding sequences which have been mapped in
humans and an unequivocal linkage order established. They
were chosen to provide a relatively even coverage over all
chromosomes. Comparative analysis of these sequences
has established a bank of universal primer pairs (to enable
PCR of each sequence in many different organisms). These
have been termed Comparative Anchor Sequence Tags
(CATS).(8) Another method, which has proved its utility in
gene sampling is the technique of sample sequencing or
cosmid skimming (Elgar, in press). In this, random sequence
fragments are generated from cosmids, a subset of which,
when analyzed, gives an accurate global picture of the gene
content within that cosmid. This is a relatively quick and
inexpensive way of highlighting genomic regions of interest
and does not rely on cross-species PCR or hybridization.

Such comparative mapping at the gross level is providing
an increasingly detailed picture of the fixation of chromo-
somal rearrangements during vertebrate evolution. The study
of many different organisms will enable us to determine
whether these are random or that conservation of certain
chromosomal segments reflects functional constraints on
genomic organization. Chromosome painting , in particular,
but also CATS and cosmid skimming, can rapidly identify
these areas and tag them for more intensive research
resulting in more efficient channelling of resources.

Polygenic inheritance
Comparative mapping at the simplest level examines the
arrangement of either one or a few genes in different
organisms. Many human diseases, however, and indeed,
normal traits (size, height, etc.) are determined by the subtle
interaction of numerous genes. This type of inheritance has
several terms: multigenic, complex genes, polygenes, quanti-
tative trait loci (QTLs), and economic trail loci (ETLs, in
livestock). Because the human population has no controlled
matings, it is virtually impossible to study these systems
efficiently and this is where model organisms, cattle, and rats,
in particular can feature.

Rats have been subjected to inbreeding for a substantial
number of years. They have been developed as models for a
number of human diseases including hypertension, arthritis,
diabetes, renal disease, cancer, and seizures.(9) These, until
recently, were mainly used for physiological research, but the
sophisticated methodology of quantitative phenotype mea-
surements has now been teamed with genetics to study such
examples of polygenic inheritance.(10) The Goto-kakizaki rat
is one of the best characterized models for noninsulin
dependent diabetes mellitus (NIDDM). Work by Galli et al.(11)

involving crosses of this particular strain, has identified three
major loci in the rat, which have been shown to be involved in
glucose metabolism and also two other loci affecting body
weight which directly affect the development of NIDDM and
establish a strong genetic basis for this disease. In another
example, matings made between the stroke-prone, spontane-
ously hypertensive rat, and the stroke-resistant, spontane-
ously hypertensive rat(12) have identified three loci involved in
stoke susceptibility. The constitution of the strains involved in
the crosses has also enabled the researchers to begin
dissecting the complex relationship between hypertension
and stroke occurrence.

Domesticated cattle have been selected for hundreds of
years. Many of the important breeds have extensive historical
records which show that they can often be traced back to a
very small number of individuals. Modern reproductive tech-
niques, in particular artificial insemination, mean that hun-
dreds of offspring can be sired by a single male. For example,
the nucleotide diversity in American Holstein Friesians is
approximately three times lower than that typically measured
in the human population. These pedigrees provide an excel-
lent basis for examining QTLs. Whilst some economically
important traits, such as milk yield, may not seem to be
applicable to humans, others such as fat deposition may
provide interesting clues to obesity.(4) Determining the QTLs
for these traits via crossing of different strains can identify
particular chromosomal regions involved in this. For example,
fatness and growth has been shown to be associated with pig
chromosome 4. Further investigation of these chromosomal
regions should identify genes which contribute to the complex
trait. Demonstration of conserved linkage in identified QTL
regions may give insights into conditions such as human
obesity, arthritis, and hypertension and allow potential candi-
date genes in human to be cloned and studied.

Another method of studying large genomic regions, which
has recently been developed and may prove more sensitive,
employs in vivo gene libraries(13) (these are panels of trans-
genic mice containing large pieces of DNA in artificial vec-
tors). It has been shown that yeast artificial chromosomes
(YACs) can be micro-injected into mice and transmitted via
the germline.(14) The method makes use of the fact that during
the handling for microinjection, fragmentation of the YAC can
occur, often resulting in a panel of mice containing random
YAC fragments, in addition to animals also containing the full
length YAC. These mice can then be used for fine mapping of
traits associated with the larger region covered by the YAC.

The technique has been used to study human trisomy
chromosome 21, in particular the associated learning difficul-
ties.(13) Mice trisomic for chromosome 16, part of which is
syntenic with human 21q22.2, also show the phenotypic
features of Down’s syndrome. Human YACs from 21q22.2
were microinjected into mice and their phenotype scrutinised.
The YAC fragmentation enabled the interval associated with
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learning difficulties to be narrowed to 180 kb and a new
human gene DYRK was isolated. The Drosophila homologue
of DYRK, the gene midbrain, had been previously isolated.
This had been shown to be involved in brain development and
memory,(15) but had not been identified or mapped in humans.

These examples show that whilst the phenotypic similarity
between rats, mice, Friesians etc., and humans may be
slight, the use of these other organisms provides a method of
studying the effects of many genes upon a biological pheno-
type. This enables the dissection of individual genes and an
assessment of their relative contributions. The success of
these techniques lies with the ability to cross refer gene data
between species. Hence, a prerequisite to this work is the
development of comparative gene maps and a knowledge of
gene order in each organism, as described previously.

Comparative gene and EST databases, identification
of orthologues, and conserved functional domains
All the genome projects are generating huge amounts of
data, in what are often viewed, by researchers, as very
separate areas. Some of this is in the form of finished
sequence either of single genes or genomic regions, others in
the form of ESTs (expressed sequence tags). The number of
cDNA libraries and also EST data is continually increasing
and represent a vast mine of information. Unfortunately most
of the related database entries are not annotated. Until
recently most searches against EST databases tended to be
par hazard, but now, since most of the data is available in the
public domain, comparative databases, and search engines
are being constructed to exploit this information. This has led
to the increasing use of cross-referencing and has provided
some valuable comparative insights into gene structure and
expression. Two such databases which specifically target
computational comparative analyses: XREFdb and DRES.

In XREFdb, genes from model organisms are compared
with genes mutated in human disease.(16) Initially, to estimate
how frequently human disease gene homologues could be
expected to be found in model organisms, 84 positionally
cloned human genes were searched against the protein
databases of M. musculus, D. melanogaster, C. elegans, S.
cerevisiae and E. coli. Ninety-three percent of these human
genes have matches of moderate significance in one or more
model organisms and 81% of these show matches in mouse
even though only 3% of mouse genes are in GenBank.
Excluding mouse, at least half of the human genes have a
highly statistically significant match with the other organisms,
with another 30% exhibiting moderate significance.(16) The
developers of XREFdb expect approximately two thirds of
human disease genes to have detectable homologues in
model organisms. Having established the validity of the
cross-reference utility, XREFdb has expanded into a sophisti-
cated search engine. It allows systematic searching of the
EST databases to identify novel EST sequences that are

highly related to genes cloned and sequenced in model
organisms. These genes then become candidate disease
genes and are mapped to mouse and human chromosomes.
These are then cross-referenced with mammalian disease
phenotypes. Any structural and functional information on the
model organism gene, along with positional information can
therefore aid in the identification of genes mutated in human
disease states. For example, Ataxia telangiectasia (AT), a
human autosomal recessive disorder, which is characterised
by hypersensitivity to ionising radiation, has two functionally
overlapping yeast homologues : MEC1 and TEL1 genes. The
study of these genes in yeast indicates that they are involved
in a DNA damage checkpoint pathway and provides research-
ers with an entry into the mechanism of the disorder in
humans.(17)

A more organism-specific cross referenced database is
DRES(18) (Drosophila-Related Expressed Sequences). Dro-
sophila represents a vast collection of mutant phenotypes (so
far, approximately 11,000 genetic loci and 38,000 alleles have
been identified), a significant number of which have been
sequenced. All this information has been deposited in Fly-
Base. Regular systematic searches are carried out using all
D. melanogaster protein entries as query sequences against
dbEST.(18) This allows the systematic identification of human
genes similar to genes involved in generation of mutant
phenotypes in Drosophila. These can then provide candidate
genes for human diseases, with the additional advantage of
having not only sequence information, but also phenotype
and functional studies from Drosophila. The aim of the DRES
project is to map these newly discovered Drosophila/human
candidate genes using radiation hybrid panels and also to
study the gene expression patterns using in situ hybridization
onto mouse tissue sections. This last feature is of great
importance as there have been shown to be some differences
between the function of Drosophila and human genes, which
initially appeared to be homologues. For example EYA1, the
human homologue of the Drosophila eyes absent, when
mutated, causes symptoms including hearing impairment
and renal disorders.(19) In Drosophila, the gene is required for
survival and differentiation of the eye progenitor cells. This
difference could be due to evolutionary modification or alter-
ation of function either within the protein itself or the control
regions. Comparative analysis, therefore, is not solely about
conserved gene structure and function, but also about under-
standing why very similar genes act in different ways.

Not all human genes will have orthologues in other
organisms and obviously the further the evolutionary dis-
tance, the less likely this will be. Computational cross-
referencing reveals that only C. elegans and organisms more
closely related to humans will contain apparent orthologues
for the majority of disease genes. In contrast, yeast, and
bacteria orthologues have been found for only a few of the
disease genes. In these organisms, paralogues of vertebrate
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protein families exist, which contain well documented domain
rearrangements.(20) These rearrangements are the rule rather
than the exception. Comparative analysis of domain struc-
tures, even between human and E. coli can still provide
information on gene function. Many positionally cloned genes
encode large multidomain proteins, some of which contain
putative enyzmatic domains of unknown function. Motif detec-
tion and structural modelling using bacterial genes(20) has
revealed putative functional sites that previously escaped
detection with standard approaches. Three domains with
homology to a nuclease, a 3’–5’ proofreading exonuclease
and a helicase were identified in Werner Syndrome (a
disease associated with features of premature aging) indicat-
ing that the protein may be involved in DNA repair and
processing.(20)

These two databases/ search engines and related pro-
grammes, even though recently established, show the utility
of cross-referencing protein and EST data from human and
model organisms. They also demonstrate methods for estab-
lishing the validity of such matches and lead the way to future
analysis. At present, the momentum for cross-referencing
comes from yeast, C. elegans and Drosophila, simply be-
cause of the huge amount of information available for these
species (both mutant phenotypes and associated sequence
data). Of particular interest in mammalian genetics, for the
future, will be the zebrafish mutation programme. The ze-
brafish (Danio rerio) has been developed as an embryological
model.(21) It has the same basic architecture as other verte-
brate embryos and its embryos are transparent, hence
allowing easy study at all stages of development. Even
mutations which arrest before live birth can be examined
under the dissecting microscope. Saturation mutation pro-
grammes have been implemented in Zebrafish(22) and a
linkage map assembled.(23) The next stage will be the posi-
tional cloning of these mutant genes and one hopes, a
comprehensive database/ search engine established along
the lines of XREFdb and DRES, which should prove a
powerful tool for the analysis of vertebrate embryological
development.

Identification of novel genes and control sequences
The subject of comparative genomics, for most people,
immediately brings to mind the study of the comparison of
human disease genes with their homologues in model organ-
isms. Indeed, this is a major source of information for
understanding these conditions. The research into known
disease genes fuels funding, but, in fact, gives a false
impression of the task ahead for the human genome project.
The vast majority of genes are ‘‘unknown’’ or ‘‘novel’’ with no
known function. April 24th 1996 saw the official completion of
the S. cerevisiae genome sequencing project, but this was in
many ways, the true start point. Analysis reveals that yeast,
despite the comparative simplicity of its cells, still has 60% of

predicted genes designated as ‘‘unknown.’’(24) Even E. coli,
which represents the fundamental workings of the living cell,
has 4288 genes, over 40% of which have no known func-
tion.(25) Extrapolate this to the human genome and the
amount of work involved merely to identify all the genes is
enormous. This is without considering any analysis into the
understanding of function.

The figures listed above for ‘‘unknown’’ genes are based
on gene and exon prediction programs. It is probably true to
say that nonvertebrate genome projects, in particular those of
yeast and C. elegans, have led the way in developing such
programmes (26,27) and the subsequent exploitation of such
data. Prediction programmes are based on various param-
eters including codon usage, stop/start and splice sites and
by their nature have to be developed specifically for each
organism. Their success is varied, but the best programs
currently locate more than 80% of internal coding exons.(26)

The advantage of the yeast project is that predicted genes
can be easily analysed and the accuracy of the prediction
programmes absolutely measured. It also serves to highlight
potential oversights, for example, the difficulty in identifying
very small open reading frames.(28) The systematic identifica-
tion of these and the development of specialist prediction
programs will in turn improve human gene analysis. Compara-
tive analysis of genes and multiple gene families in different
organisms has been shown to improve the accuracy of splice
site identification.(29) This allows for a more accurate recon-
struction of protein structure of related gene families in
different organisms, a prerequisite to further computational
and experimental analysis. Predicted ORFs (open reading
frames), as discussed here, have the advantage that they can
be confirmed by cDNA analysis. Even if the prediction
programs are not 100% accurate, they can still indicate
potential regions of genomic DNA that warrant further investi-
gation.

The poor relations to coding DNA are the noncoding
regions. The analysis and prediction of the function of
noncoding DNA including eukaryotic promotors and 5’ and 3’
untranslated regions is far more complex and programmes to
effectively analyse these sequences are still in their in-
fancy.(30) In isolation it is difficult to identify such control
regions and a more systematic approach towards analysis of
large genomic regions is required. With the increasing se-
quence coverage of the human genome and comparative
sequencing in the mouse, the issue of conservation of
noncoding regions is beginning to be addressed. Work on the
T-cell receptor region in human and mouse revealed 71%
similarity across 100 kb of DNA.(31) As this region only
contains approximately 6% coding sequence, much of the
conservation lies in the noncoding regions. A more thorough
analysis of the human and mouse Bruton’s tyrosine kinase
(BTK) region (93 and 89 kb respectively) was carried out by
Oeltjen et al.(32) One-hundred forty-five noncoding segments
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were identified, representing 16% of the human sequence.
Four different clusters of potential transcription factor binding
sequences were identified and a conserved 3.5 kb region
flanking the first exon of the BTK gene was shown to
contribute to the cell lineage specific expression of BTK using
cell culture expression experiments.

The conservation of such noncoding DNA between human
and mouse and in particular the experimental demonstration
of control activity extremely interesting. However, mouse and
human are relatively closely related in evolutionary terms and
the number of conserved noncoding sequences often unman-
ageable. The analysis of noncoding DNA between more
distantly related species, such as man and chicken, or fish,
may prove more informative. A recent comparative study of
11p13 in human (encompassing WT-1, RCN-1, and PAX-6)
with the Japanese pufferfish (Fig. 2) revealed a number of
conserved noncoding motifs (Miles et al., submitted). The
1.5Mb region in human was contained within 100 Kb in the
pufferfish, gene order was identical and numerous con-

served elements were identified associated with the PAX-6
gene, including previously identified regulatory elements
such as a neuroretinal enhancer. These are being further
investigated and their role in gene regulation studied. With
such a large evolutionary divergence, conservation of such
sequences obviously has important implications for gene
control.

Analysis of gene function
Precisely what is meant by gene function? Ultimately it
means the full characterization of a gene. This is a complex
issue, comprising many different features, for example, the
expression profile and sub-cellular localisation of the protein
product (both in terms of tissue and organ specificity and also
developmental timescales), identification of control se-
quences, the phenotype of null and conditional alleles and the
gene’s interaction with neighbouring sequences, both coding
and noncoding. It is not possible to immediately ascribe such

Figure 2. Diagram showing comparative sequencing results between the Japanese pufferfish (Fugu rubripes) and man. Not only is
there conservation of gene structure and linkage, but also of noncoding regions. A: Scale representation of the human chromosome
11p13 region encompassing the Wt1, Rcn1, and Pax-6 genes with the equivalent genomic region in cosmids in Fugu. Colored boxes
indicate the positions of the three genes relative to each other in the two genomes. Genes in the reverse orientation are marked below
the sequence line. Fugu cosmid 151J19 has been completely sequenced and approximate positions of two overlapping Fugu cosmids
is indicated. The two overlapping cosmids have been sequence scanned. A NotI end clone (NE) (Genbank accession number
HSMFRAI) is marked and this lies 500 kb from the Wt1 gene in man. There is a homologous sequence to this clone on one of the Fugu
overlapping cosmids (ne). About 6 kb three prime of the Pax-6 gene in man there is an EST cluster (B) which has homologous sequence
in the Fugu cosmid that overlaps the three prime end of 151J19(b). B: Expanded cartoon of Fugu cosmid 151J19. 45.565kb of Fugu
genomic DNA are represented. Wt1 (blue) and Pax-6 (red) are transcribed in the forward direction whilst Rcn1 (green) is transcribed
from the reverse strand. Additional regions of DNA similarity between the human and Fugu regions is indicated by yellow boxes.
Diagram courtesy of G. Elgar, HGMP, Cambridge.
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information to every gene. Analysis of function, due to its
complex nature, is of necessity piecemeal, as each different
component of function requires a particular methodology.
With the complete sequencing of the yeast genome and that
C. elegans nearing completion, both projects are moving to
this second phase: characterization of genes and functional
studies. It is with these projects that methods will be devel-
oped which will aid in the elucidation of human gene function.
Two techniques, in particular which allow high throughput
analysis of gene expression are SAGE and DNA microarrays.

Automated analysis of expression levels
SAGE (serial analysis of gene expression) involves manipula-
tion of cDNA populations. Restriction enzyme digestion of the
3’ ends of cDNAs and addition of linker molecules produces a
15 bp SAGE tag which is characteristic for each particular
cDNA. These tags can be ligated, PCRed, and sequenced
very efficiently. Automated sequencing of concatenated tags
means that 1,000 tags can be run on each gel. Each tag can
then be used to search databases and identify the correspond-
ing gene. The number of times that each tag appears in the
sequence data can be used as a rough estimate of its
expression level in the starting cDNA library.

Work by Velculescu et al.(33) on yeast demonstrated how
informative this technique can be. Libraries were made from
log phase, S-phase arrested, and G2/M phase-arrested yeast
populations. 60,633 transcripts were identified, with the 30
most highly expressed genes concerned with energy metabo-
lism and protein synthesis. Three of these genes had not
previously been characterized. A large proportion (2684) of
genes corresponded to uncharacterised ORFs (open reading
frames) and approximately 160 of these were non-annotated
ORFs. Hence the method rapidly identified previously unchar-
acterised genes with respect to their expression patterns and
a point of reference was thereby, established for functional
studies. This study(33) also allowed individual yeast genes to
be positioned on each chromosome according to their open
reading frame. The abundance levels of each were logged,
producing a chromosome expression map cataloguing the
expression level of genes organised by their genomic posi-
tion. In yeast, a few genes are coregulated by divergent
promotors e.g., H3/H4 and SAGE has confirmed their concor-
dant expression. All telomeres, as expected showed re-
pressed expression. It should be possible to extend this
methodology to humans with the evaluation of only 10- to
20-fold more tags.32)

Microarrays promise a much higher throughput, but the
technology is limited to certain manufacturers. These arrays,
in particular, those developed by Affymatrix, however should
prove increasingly popular and are being developed for a
number of uses including, gene mapping, fingerprinting,

diagnostics, and sequencing.(34) To study expression levels,
synthetic oligonucleotides of 20 bases are bound to a 1.6 cm2

chip. These are then hybridized with mRNA populations and
hybridization detected fluorometrically. Initial experiments
defined the experimental parameters, such as probe redun-
dancy and sensitivity.(35) mRNAs can be detected at levels
between 1: 300,000 and 1: 100, with a resolution scan of 7.5
µm in 20 minutes. Current technology enables the bonding of
400,000 probes in 1.6 cm2. With 20 probe pairs per gene, that
all 40,000 genes currently represented in the EST databases
can be covered by four chips(35).

Alternative uses for the DNA chip, along similar functional
lines, have been developed for the use of defining yeast
deletion mutants(36) and mapping complex probes.(37) Yeast
deletion strains are labelled with a unique 20 bp tag. These
strains are pooled and analyzed in parallel through selective
growth conditions. The level at which each strain survives
under given competitive growth conditions is determined by
the hybridization of the tags to high density oligonucleotide
(20 mer) arrays. This then enables the disrupted gene to be
defined in terms of its growth phenotype(36). More complex
probes e.g., Lambda clones can also be bound to these chips
and challenged with whole genomic chromosomal DNA for
high resolution mapping.(37) It is predicted that just one chip,
sized at 1 cm2, could produce a 0.5 Mb resolution map of
human chromosomes.

Subcellular localization
Yeast and C. elegans are easily manipulated in the labora-
tory. Their simple cell structure allows the precise cellular
sublocalization of gene products. Lac-Z reporter gene fusions
have been produced in both organisms. Expression of these
fusion genes is characterised by a blue coloration, either of
colonies (in yeast) or distinct cell populations in C. elegans
(Fig. 3).

This technique has been used in yeast to identify the
expression of genes related to cell cycle times and growth
conditions.(38) It has been estimated that 75% of genes are
active in the vegetative state. Subcellular localisation of these
genes is achieved using anti-b galactosidase antibodies.
Mini-transposons have been used to create mutants in
yeast,(39) allowing direct tests of function. The transposable
elements are then reduced in size by Cremediated site-
specific recombination to an element of less than 300 bp that
encodes several tandem copies of an epitope tag (b galacto-
sidase or fluorescent green protein) inserted in the encoded
protein. The protein can be localised within the yeast cells by
fluorometric detection. Correlations can then be made be-
tween the insertion position of the transposon with loss of
function. The subcellular position of the disrupted protein can
also be compared with the normal position, thus identifying
any differences in protein domains necessary for function and
localization.
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Two similar approaches, to functional analysis have been
tried in C. elegans; the lac-Z fusions(40) and in situ hybridiza-
tion of mRNA.(41) Results suggest that only 67% of genes are
amenable to reporter gene experiments and that in situ
localization on whole animals is more efficient and widely
applicable.(41) Both types of experiment, however, result in an
extensive catalogue of expression levels and cytological
localization of previously ‘‘unknown’’ genes, an essential
prerequisite to mutation analysis and further functional char-
acterization. Specific localization to cell populations within C.
elegans may well narrow the field of investigation of homo-
logues in other vertebrates. Such is the power of the reporter
gene technique, that a high through-put system is being
developed for mice.(42)

Comparative experimentation
Whilst gene sequences can be intensively analyzed via
computer programmes or cross-referenced, ultimately the
answers about function lie in experimentation. Whilst the
review contains many examples of comparative studies, the
following two cases exemplify the use of combined functional
studies. Whilst examining gene function in the organism of
origin is useful, cross-comparison with orthologs in different
species and complementation studies can often produce a
more complete picture of gene function. Often, the more
evolutionary distant model organisms, because of their ease
of manipulation, can provide clues to wider gene function in
humans. This is obviously only possible if they contain true
orthologs of human genes.

In yeast, the SPT4, SPT5, and SPT6 genes code for
nonhistone proteins believed to be required for normal chro-
matin structure and transcription. It is thought that they
function as a complex, perhaps to modify histones, assemble
nucleosomes, or modulate the interaction of nucleosomes
with either DNA or other proteins. Yeast is a good organism
for genetic studies, but its small size makes it difficult for
cytological work. A cDNA search in dbEST, identified a human
protein 42% identical to the yeast Spt4p protein (SUPT4H).(43)

When this human gene was expressed in yeast it partially
complemented every spt4 null mutation. The complementa-
tion was partial due to lower expression levels, but even so
the experiments indicated a conserved function. Expression
patterns were then studied in all human tissues due to the
poor cytological characterization in yeast. Higher resolution
cytological studies indicate that Spt4p has a nuclear location
with no sublocalization to specific nuclear structures. This
indicates that the gene has a more general role in the
fundamental processes of cell regulation and is now a
potential candidate gene for diseases caused by abnormal
transcription. In true comparative style, it has now been
physically mapped to human chromosome 17 and mouse
chromosome 11.(43)

Hereditary multiple exotoses (EXT) is an autosomal domi-
nant bone disorder in humans. It is thought that three genes
are responsible (EXT1, EXT2, and EXT3) which may act as
tumor supressors. If the genes were only studied in verte-
brates, an exclusive role in bone growth would be hypoth-
esised. One of the genes, EXT2, has been subjected to
intensive analysis in humans and also transgenic knock-outs
created in mouse(44). However, database searches have
revealed at least two homologues in C. elegans and these
suggest EXT2 plays a broader role. Many C. elegans mutants
have been mapped to regions surrounding the two homo-
logues and several of these cause defects in cell migration
and differentiation in early development. Future functional
analyses of EXT2 by complementation experiments in C.

Figure 3. b-galactosidase expression studies in C. elegans.
Gene ZK637.13: Expression is first seen at late embryonic
stages in as yet unidentified cells (A). These are likely to be
hypodermal precursors however, as larval stages show expres-
sion in the hypodermal cells of the head (B). Reproduced from
the web: http://eatworms.swmed.edu/Worm_labs/Hope/.html/
zk637.html with permission from Ian Hope, University of
Leeds.
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elegans and gene disruption methods in C. elegans and
mouse may well confirm this(44).

Conclusions
The HGP, for many people, is focused on disease genes. The
associated hope that the total human sequence will provide
all the answers to medical and genetical problems is a false
one. The vast majority of DNA is noncoding and the vast
majority of genes remain ‘‘undiscovered.’’ The results from
the yeast and C. elegans projects indicate the enormity of the
task which lies ahead. Sequence data is the start; identifica-
tion of function and control is the next, much more complex,
phase. Such analyzes can only be determined experimen-
tally, for which different combinations of model organisms are
suitable. Ultimately gene function is organism specific and
transfer of comparative data to human may be subject to
limitations. However, as demonstrated in this review, compara-
tive genomics can provide important clues as to gene interac-
tion and function.
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Glossary

Conserved synteny: the syntenic association of two or more
homologous genes in two separate species regardless of
gene order or interspersing of noncontiguous asyntenic
segments between markers.(5)

Conserved segment: the syntenic association of two or more
homologous genes in two separate species that are
contiguous (not interrupted by different chromosome seg-
ments) in both species.(5)

Conserved order: demonstration that three or more homolo-
gous genes lie on one chromosome in the same order in
two separate species.(5)

Paralogous genes: genes within the same species de-
scended from the ancestral gene by duplication and
divergence in the course of evolution. They may be
arranged in clusters or distributed on different chromo-
somes, and the arrangement is usually conserved in a
wide range of vertebrates.(5)

Orthologous genes: homologous genes in different species
that are descended from the same gene in the nearest
common ancestor.(5)

Useful web addresses
For a more comprehensive list on genome databases and
comparative sites, see reference (5)

http:// www.ncbi.nlm.nih.gov/Disease_Genes/
Detailed analysis of protein sequences encoded by genes
involved in human diseases

http:// www.ncbi.nlm.nih.gov/XREFdb/
XREFdb home page

http:// www.ncbi.nlm.nih.gov/Bassett/Yeast/index.html
Best sequence similarity matches to date between position-
ally cloned human genes and S. Cerevisiae proteins

http://www.ncbi.nlm.nih.gov/Bassett/modelorgs/PosiClon-
New.html
sequence similarity between positionally cloned genes
mutated in human diseases and proteins in model organ-
isms

http:// www.ncbi.nlm.nih.gov/dbEST/dbEST_genes/
representation of positionally cloned human disease genes
by ESTs in dbEST

http://www.tigem.it/LOCAL/Drosophila/dros.html
Drosophila-Related Expressed Sequences (DRES) home
page

http://www3.ncbi.nlm.nih.gov/Homology/
Human : mouse homology

http://www.informatics.jax.org/homology.html
Mammalian homology query site

http://ratmap.gen.gu.se/
World consortium map, nomenclature and rat-mouse ho-
mologies

http://www.ri.bbsrc.ac.uk/genome_mapping.html
Comparative mapping in livestock

http:/www.ncbi.nlm.nih.gov/omim/
Online Mendelian inheritance in Man

http://www.ncbi.nlm.nih.gov/SCIENCE96/
Human gene map

http:// www.ncbi.nlm.nih.gov/Schuler/UniGene/
Unigene listings
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