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Recently, a number of techniques have been proposed that
use completely sequenced genomes for the function prediction
of individual proteins encoded therein. They use the fusion of
genes, their conserved location in operons or merely their co-
occurrence in genomes to predict the existence of functional
interactions between the proteins they encode. This type of
information complements functional features that are predicted
by classical homology-based search techniques. 
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Introduction 
The sequencing of complete genomes has created the
possibility to not only analyze a protein’s role within the
context in which it occurs, but also predict protein func-
tion from the genomic context of its genes. Here, we
review three formalizations of the usage of genomic con-
text in the prediction of gene function. They all use
co-localization of genes on the genome, but vary in the
physical proximity that is required, using either the
fusion of genes [1•,2•], the local neighborhood of
genes [3•,4•] or merely the presence of genes in the same
genome [5•,6•]. All methods depend on the comparison
of multiple genomes to increase the selectivity of their
predictions; the number of genomes that are required
increases with a decrease in the constraints on the physi-
cal proximity of the genes. In contrast to classical
homology-based function prediction, methods based on
genomic context do not directly predict the function of
gene products, but rather the existence of functional
interactions between gene products. 

Types of genomic context
Gene fusion
During evolution, genes can fuse with each other into a larg-
er, ‘composite’ gene or fall apart (gene fission) into smaller,
‘component’ genes. The observation that two genes also
occur in parallel as a larger composite gene (also called
‘Rosetta stone sequence’) is an indication that they are func-
tionally related and can thus be used to predict a functional
relation between them [1•,2•]. The single occurrence of a
composite gene in one genome is regarded as sufficient to
infer a functional interaction between its components in
other genomes. As one might expect, the large majority of
composite genes result from gene fusion [7]. The process of
gene fission occurs mainly in thermophiles [7]. 

Local gene neighborhood
In bacteria and archaea and, incidentally, in eukary-
otes [8], genes are transcribed into polycistronic mRNAs
encoding co-regulated and functionally related genes.
This concept has been used in numerous cases in which
gaps in metabolic pathways could be filled by hypothet-
ical genes encoded in the operon for that pathway
(e.g. [9]). In computational genomics, operon structure is
inferred from the conserved physical proximity of genes
in phylogenetically distant genomes (small subunit ribo-
somal RNA identity <88% [10]). Such conservation has
been measured in two ways: via the conservation of pairs
of genes as neighbors in all the genomes com-
pared [3•,11,12] and via the co-localization of genes in
potential operons in at least two of the genomes com-
pared [13]. The latter does not specifically measure
conservation; it thereby dramatically increases the num-
ber of genes for which functional relations can be
predicted [13]. 

Note that it is not a requirement that the genes for which
a functional relation is predicted are located in an operon
in the specific genome that is being studied. As is the case
in gene fusion, one can infer a functional relation from
their physical proximity in other genomes. This provides
an opportunity to predict also functional relations among
genes from species with little or no operon structure, such
as eukaryotes, at least to the extent that such species have
orthologs in prokaryotes. 

Co-occurrence of genes in genomes 
The co-occurrence of genes in genomes [5•,6•] (also called
‘phylogenetic profiles’ or ‘phylogenetic signatures’ [14]) is
the most general form of genomic context. The idea is that
genes that are functionally related tend to occur together
in the same genome, irrespective of their relative location
in that genome, or be absent together. Conceptually, this
method is the most powerful, as it is not obvious that all
proteins that functionally interact have genes that are
either fused or located in operons with each other.
Methodologically, however, it appears to be the most cum-
bersome, as the signal-to-noise ratio per genome is very
small and accurate comparisons of large numbers of
genomes are required. 

Types of functional interaction
As the function of a protein is not a well-defined concept
that can be described at many levels [15], the issue of
what constitutes a functional interaction between pro-
teins is probably even harder to tackle. In analyses of
gene context, the types of functional interaction are gen-
erally divided into physical interaction, metabolic and
regulatory pathways, and biological process, which
includes functional interactions not caught by the first
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two types. The types of interactions that have been
reported depend on the database that is used to 
measure them, like WIT (metabolic pathways;
http://wit.mcs.anl.gov/) [16] or DIP (physically interact-
ing proteins; http://dip.doe-mbi.ucla.edu) [17].
Systematic ‘manual’ analysis of the functional relations
among proteins has only been done for limited sets of
proteins [2•,3•]. A quantification of which type of
genomic context correlates with which type of function-
al interaction has not been reported. 

Physical interaction
Physical interaction between proteins appears to be espe-
cially dominant if the gene order is conserved among all
the species compared [3•,12]. Also, within a set of func-
tionally interacting genes, such as those encoding the
proteins in the tryptophan operon, the strongest con-
served aspect is that trpA and trpB, which encode
physically interacting proteins, are neighbors on the
genome. The arrangement of the other genes within this
set, even if they are together in one operon, varies
(Figure 1). The conservation of the relative order of the
transcription of pairs of genes (e.g. trpA and trpB) has led
to speculation that the physical interaction might start
during or immediately after translation [3•]. This can,
however, only be part of the explanation; in the relatively
well-conserved ribosomal protein operons, for example,
the conserved gene pairs do not separate the small and
large subunits.

Metabolic pathways 
In order to predict functional interactions among a set of
genes, for example, in predicting a metabolic pathway,
one has to show that all the genes in the set are coupled
to each other, either directly or indirectly, but not to any

other genes. One example of how gene neighborhood
predicts the complete set of genes involved in a path-
way is illustrated by the tryptophan synthesis pathway
(Figure 1). Similarly, the genes in the purine synthesis
pathway could be detected by correlations in gene
neighborhood [4•], albeit with one ‘false positive’, a reg-
ulatory gene. At the moment, using gene fusion alone
does not reveal the complete tryptophan synthesis path-
way, but instead reveals three subpathways. Similarly,
the purine and shikimate biosynthesis pathways have
been shown to be reflected in gene fusion events [1•],
but not to the extent that all the genes could be linked
to each other. An increase in the number of sequenced
genomes might solve this, but it is not inconceivable
that the specific constraints on the function of proteins
(e.g. the interaction of TrpA with TrpB) might prevent
their genes from fusing with any other genes. The co-
occurrence of genes cannot, as of yet, distinguish
between various amino acid synthesis pathways [6•], but
again this might be a matter of increasing the number of
sequenced genomes. Notice, however, that the distribu-
tion of the tryptophan biosynthesis genes shows
variation among published genomes; trpD and trpE are
absent from Chlamydia trachomatis [18], even though the
other genes are present. The degree to which pathways
can be detected by analysis of genomic context depends
on their variation among species, which, in turn, appears
to be a function of their linearity and interconnected-
ness with other pathways. A pathway such as glycolysis
is ‘well-connected’ and can, so far, only partly be detect-
ed by gene neighborhood [4•]. Finally, of the genes
coding for the eight enzymes of the citric acid cycle,
which displays a large amount of variation among the
sequenced prokaryotes, only two occur repeatedly in a
single operon [19•]. 

Figure 1

Operon organization and fusion of genes
(trpA–G) involved in tryptophan synthesis in
published genomes. The small open reading
frames (ORFs) (dark gray) are not conserved
with tryptophan genes in one operon. Fusion
is depicted by the absence of an intergenic
region, vertical lines indicate separate
operons. (Gene names are based on
Pyrococcus abyssi, in which all the genes are
separate and in one operon.) The arrows at
the bottom give a schematic representation of
the tryptophan synthesis pathway, with the
genes coding for the enzymes that catalyze
the steps.
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Sensitivity and selectivity 
Homology versus orthology 
The transfer of protein function is more reliable when it is
done between orthologs, rather than between sequences
that are merely homologs of each other. However, although
the presence of large databases of orthologous proteins,
such as COG (http://www.ncbi.nlm.nih.gov/COG/) [20•],
might suggest otherwise, to predict the presence of a path-
way in a species, orthology prediction has to be done
manually [19•]. Methods that rely on homology, rather than
orthology [1•,6•] have the advantage that they cover a larg-
er set of proteins, although the selectivity of the
predictions is lower [2•]. The analysis of gene fusion of
homologous proteins (‘domain fusion’ [1•]) borders on the
analysis of the co-occurrence of domains in proteins, which
can be done using databases like SMART
(http://bork.embl-heidelberg.de) [21] and PFAM
(http://www.sanger.ac.uk/Software/Pfam/) [22].

Counting false positives 
In the absence of a quantitative model for the evolution of
genomes and the functional relations among proteins, the
quality of the prediction of functional interaction is gener-
ally established by counting the fraction of false positives,
that is, gene pairs in which the function of each of the
genes is known, but the genes do not have a described
functional relation. Such an estimate is always a maximum;
the relations might exist, but have not been discovered yet
or they might not have been caught by the databases of
functional relations used. For example, linking ribosomal
proteins to proteins involved in DNA replication would, in
general, be regarded as a false positive; there is, however,
some experimental evidence that some ribosomal proteins
play a (regulatory) role in DNA replication (Figure 2).
Nevertheless, even though they can only be regarded as
maxima, the reported fractions of false positives are very
high, often reaching levels of 30% or higher [2•,23•]. Only

the strict conservation of gene order in multiple genomes
reported low fractions of false positives [3•,12] 

Quantitative coverage 
We compared the three types of context for their coverage
of the Escherichia coli genome (Figure 3), including only
orthologous relations. Quantitatively, the usage of local
neighborhood appears to be the most powerful method,
although the cut-off for what is considered to be a signifi-
cant pattern of co-occurrence is arguably subjective. 

Variation of functional interactions 
The transfer of functional interactions between genes from
one genome to another assumes that those interactions do
not change. This assumption is not always correct. To give
one example, the iron–sulfur subunit of fumarate reduc-
tase is, in Methanobacterium thermoautotrophicum, fused to a
heterodisulfide reductase that oxidizes coenzyme M and
coenzyme B, providing the electrons for the reduction of
fumarate [24]. On the basis of this fusion, these proteins
have been predicted to interact in E. coli, where they occur
as separate genes [2•]. This is unlikely, however, as the
electrons for the reduction of fumarate in E. coli are
derived from quinol in the membrane, rather than from
coenzyme M and coenzyme B, which appear to be absent
from this species. In a species more closely related to the
methanogens, Sulfolobus acidocaldarius, the heterodisulfide
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Figure 2

The unexpected conservation of proteins involved in translation and
proteins involved in DNA replication in one operon. The gene for
single stranded DNA binding protein (ssb) and dnaB occur in
conjunction with ribosomal proteins rpsF, rpsR and rplI. Prima facie,
there is no functional relation between ssb and dnaB, which are
mainly involved in DNA replication, and ribosomal proteins. However,
rpsF has been shown to be a supressor of a heat-sensitive mutation in
priB, which codes for RNA primase [36], with which the ribosomal
genes occur in E. coli and H. influenzae, indicating that rpsF is
involved in (regulating) DNA replication.
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Figure 3

Coverage and overlap of the three types of genomic context for the
genes of the E. coli genome and its orthologs in other genomes. For
gene ‘fusion’, a single occurrence of a ‘composite protein’ or ‘Rosetta
stone sequence’ was regarded significant. For ‘operon’, the co-
localization of two genes within one potential operon in at least two
genomes was considered significant, including the situation in which
they were fused in one of the genomes, but not the other. For ‘co-
occurrence’, only proteins with a nonphylogenetic pattern of
occurrence were considered: that is, they were not specific for either
E. coli, or for E. coli and H. influenzae, or for E. coli, H. influenzae and
R. prowazekii, or for E. coli, H. influenzae, R. prowazekii and H. pylori,
or for the bacteria among the set of genomes published up to January
1st 2000. Furthermore, genes were required to minimally occur five
times and maximally 20 times (in 25 genomes) for their pattern of co-
occurrence to be regarded significant. Orthology was determined
using the pairwise, mutual best-hit approach, with an E-value cut-off of
0.01 [5•]. The numbers in the figure are the numbers of E. coli genes
for which a specific type of genomic context could be detected.
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reductase occurs in the same operon as an ortholog of
fumarate reductase, with which it has the same functional
interaction as in M. thermoautotrophicum, although the
direction of the reaction is reversed [25]. Fumarate reduc-
tase occurs fused to or in an operon with heterodisulfide
reductase in some archaea and with membrane-binding
subunits in one operon in bacteria. In both cases, there is a
functional interaction between the proteins in terms of
electron transfer. This illustrates that gene context reflects
the evolution of functional interactions and can thus be
used to delineate the evolution of pathways [10]. 

Also, genes that occur in the same operon can be related in a
very species-specific manner; for example, genes of the gly-
colysis pathway are co-regulated or occur in an operon with
genes involved in translation [26,27]. Conservation of physi-
cal proximity is thus required, not only to find operons, but
also to ensure that the functional relation is not species-spe-
cific. Even then, however, ‘false positives’ can appear, like
the location of dnaE (DNA polymerase III) in an operon with
pfk and pyk, which code for enzymes in the glycolysis path-
way, in two genomes [4•]. The abundance of neighborhood
information allows one to rate the functional relatedness of
two genes on the basis of how often they occur in each other’s
neighborhood in phylogenetically distant genomes [4•]. 

The co-occurrence of genes exploits the conservation of
functional relations among genes to the fullest and will not
give predictions at all for functional relations among genes
that change in evolution, unless it is only applied to a sub-
set of the genomes. Indeed, for this method, genomic
divergence appears to be the strongest requirement, as
there is a strong phylogenetic signal in the number of
genes genomes share [28,29]. Although such ‘taxon-specif-
ic’ genes might fall into separate functional classes or only
one, there is no a priori expectation that they do. 

Combining various types of context —
information from homology 
Although quantitative trends can be discriminated in which
types of functional relation seem to correlate with types of
genomic context (M Huynen, unpublished data), these are
not so strong that one can, on the basis of context alone, pre-
dict with any reliability what type of functional interaction
exists between two proteins, except in the case of conserved
gene order among multiple genomes. In general, the combi-
nation of context analysis with homology-based function
prediction appears to be very useful, as the latter predicts
the molecular function of proteins. Thus, combining con-
text analysis with homology searches one might be able to
predict both the pathway in which an enzyme operates and
its molecular function [19•,30]. Various types of context
analysis can also be combined with each other to increase
the reliability of the predictions and to test the validity of
the assumptions of either method [23•]. For example, the
extent to which adjacent genes are coexpressed in a species
like Saccharomyces cerevisiae can be assessed by comparisons
with expression data [31]. Information about coexpression

can also be derived from a comparison of promotor
sequences, leading to interesting new predictions of a possi-
ble functional interaction between heat-shock genes and
histone genes in archaea [32•]. 

Conclusions 
Methods that predict functional interactions between genes
on the basis of their genomic context can not only lead to the
discovery of new functional relations, such as physical inter-
actions and being active in the same metabolic pathway, but
can also lead to an objective definition and demarcation of
cellular processes. In the absence of a statistical model for the
evolution of genomes and functional relations, heuristic
methods that incorporate reliability scores for the different
types of genomic context will have to be developed to
reduce the fraction of false positives. Quantitatively, local
gene neighborhood appears to be the most powerful type of
information, but its role is restricted to proteins that have
orthologs in bacteria and archaea. The combination of vari-
ous context-based predictions of functional relations with
each other and with other types of information, like homolo-
gy searches, provides the most valuable information. The
total number of papers that review these methods (eight) —
[10,15,33,34], two papers in this issue and two others to

appear soon (S Teichmann, personal communication;
E Koonin, personal communication) — already outnumbers
the total number of predictions that were shown to be correct
(one) [6•,35] (although it is hard to disprove a functional
interaction), but it is the latter that will finally decide on the
value of these methods to experimental genomics. 

Update
We have introduced a web server to facilitate the search for
the conservation of the local neighborhood of genes:
STRING (Search Tool for Recurring Instances of
Neighboring Genes). It detects for a given query gene
whether it repeatedly occurs with certain other genes in
potential operons (http://www.Bork.EMBL-Heidelberg.DE/
STRING/).
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