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Several bioinformatics methods have recently been developed that
exploit the genomic context of genes to predict functions for the
encoded proteins. These approaches analyze gene fusion1,2, gene
neighborhood (that is, the assembly of genes in putative operons3,4),
and the co-occurrence of genes across genomes5 to predict ‘functional
associations’ for a given protein—for example, physical interaction
partners or members of the same biochemical pathway (see Box 1).
Numerous modifications and combinations of the original
approaches have been published (e.g., see refs. 6–12 and references
therein). In addition to genomic context methods that require no
information other than sets of open reading frames from completely
sequenced genomes, other data types such as protein structures, DNA-
regulatory elements, or experimental results from DNA microarrays
and physical interaction screens have been used recently for protein
interaction prediction (for selected reviews, see refs. 13–21; see 
also Box 1).

Despite the number of approaches—and regardless of the power of
homology-based function prediction22–24—a considerable amount of
the proteins present in databases remain uncharacterized. For
instance, the well-curated COG (clusters of orthologous groups) data-
base25 contains around 10,000 prokaryotic proteins in almost 1,000
orthologous groups that still lack functional assignments.

Several groups, including ours, have been searching for additional
functional signals in genomic context that can be exploited to extend
or complement previous methods for protein function prediction. For
example, anticorrelating occurrences of genes across genomes have
been used to identify instances where a known enzyme may have been
displaced by a novel, functionally equivalent protein26.

Here, we propose a new approach that exploits the conservation of
divergently (bidirectionally) transcribed gene pairs. The method is
complementary to the existing gene neighborhood method, which
focuses on clusters of genes found in putative operons (that is, genes
transcribed in a common orientation, or codirectionally). It is gener-
ally accepted that genes within an operon are almost always function-
ally associated27,28. However, a few experimental case studies report
functional relationships also for adjacent, divergently transcribed
genes29–31, which are presumably linked by overlapping promoter
regions29,32. Bidirectional gene organization may be advantageous, as
it provides a means of transcriptional coregulation distinct from oper-
ons. Moreover, although divergently transcribed genes were described
in prokaryotes more than 30 years ago (see ref. 31 and references
therein), bidirectional gene organization has never been studied sys-
tematically in the light of protein function prediction.

Conservation of gene orientation in prokaryotes
Generally, evolutionary conservation is a good indicator of functional
relevance, as it allows biologically relevant signals to be discerned from
background noise3,4,33,34. In prokaryotes, codirectional gene neigh-
bors are well conserved because of the prevalent operons of function-
ally related genes. However, as has been noted previously35,36, the
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A N A LY S I S

organization of divergently transcribed gene pairs (DT-pairs) is also
widely conserved among prokaryotes, whereas convergently tran-
scribed pairs are rapidly lost in evolution (Fig. 1). As shown in Figure
1, DT-pairs have often been maintained over several of the main
Eubacterial (or Archaeal) branches (e.g., they are retained in both
Gram-positive and Gram-negative bacteria).

To systematically assess the extent and significance of DT-pair 
conservation, we evaluated the presence of gene pairs across the 101
completely sequenced prokaryotic genomes currently included in the
STRING (search tool for the retrieval of interacting genes/proteins)
database12. Closely related species were grouped into 47 evolutionary
clades12, within which repeated observations were considered as no
more informative than single observations. We define a conserved 
gene pair as a pair of neighboring protein-coding genes having corre-
sponding adjacent orthologs with the same gene orientation in a
genome from another clade. Correspondingly, more widely conserved
pairs have orthologs in more than one independent clade. Groups of
orthologous proteins were obtained from the STRING12 server. The

orthologous groups include clusters originally obtained from the COG
database25, which were subsequently expanded and extended to accom-
modate more recently sequenced species12. (A more detailed explana-
tion of methods is available in the Supplementary Notes online.)

More than 5,000 DT-pairs are conserved across evolutionarily dis-
tant clades, much more than would be expected at random (Fig. 2a).
Depending on the level of conservation, the enrichment of DT-pairs
over convergently transcribed pairs is more than 100-fold. This trans-
lates into a large number of conserved DT-pairs in any given species,
most of which are probably functionally relevant.

To best characterize DT-pairs and their functional implications, we
turned to the most studied prokaryotic genome, Escherichia coli K12,
as a reference: 26% of all E. coli genes are part of DT-pairs, of which
more than a quarter are conserved in a distant clade (Fig. 2b). The lat-
ter fraction is expected to increase as more genomes are sequenced.
Currently, there are 6.5 times more conserved DT-pairs than con-
served convergently transcribed pairs in E. coli, and 12 times more
than expected at random. Conserved bidirectional gene orientation is
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Figure 1 Evolutionary conservation of the orientation of gene neighbors
across prokaryotic lineages. We show an updated version of figures
published when 32 prokaryotic genomes had already been sequenced35,36,
providing a first indication of the intriguing conservation of divergently
transcribed gene pairs (DT-pairs). Here, we compare 101 prokaryotic
genomes in a pairwise fashion. Each dot corresponds to a pair of species; 
we plot numbers of adjacent codirectionally (→ →), divergently (← →) and
convergently (→ ←) transcribed gene neighbors conserved across species
versus the phylogenetic distances of the species. Phylogenetic distances
were derived from genomic gene content50,51 (using SHOT51 version 2 with
default parameters). Evolutionary distances for several major lineage splits
are indicated together with approximate divergence times52–54. Although
codirectional pairs are most frequently conserved over major Eubacterial 
(or Archaeal) lineages, DT-pairs are also maintained in several instances. In
contrast, convergently transcribed gene pairs are rapidly lost in evolution;
they disappear almost entirely at a divergence time roughly corresponding 
to the split of Vibrio and Escherichia. Mya, million years ago.
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Figure 2  Conserved organization of DT-pairs. To assess the functional
relevance of the three types of organization of neighboring genes, we
evaluated the evolutionary conservation of relative gene orientation across
prokaryotic genomes. Although codirectional pairs (→ →) are most widely
conserved, pairs of divergently (← →) transcribed genes are more widely
conserved than convergently (→ ←) transcribed gene pairs. Even the last
type show some enrichment over random, although this can be most likely
explained by synteny due to common ancestry, rather than by selection.
Randomized counts were obtained by shuffling gene identities, keeping
intergenic distances and numbers of divergently, convergently and
codirectionally transcribed gene pairs unchanged. Randomization was
repeated 4,000 times. (a) Pairs of adjacent genes in any of the 101
completely sequenced prokaryotic genomes for which the relative gene
orientation has been conserved across evolutionary clades. Cumulative
counts are shown for varying degrees of conservation. (b) Cumulative counts
of conserved gene pairs observed in E. coli.
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A N A LY S I S

thus a frequently occurring phenomenon, involving a considerable
fraction of prokaryotic genes.

Conserved organization of DT-pairs predicts gene coregulation
The strong evolutionary conservation of DT-pairs implies biological
relevance—a plausible scenario is that, in analogy to operons, coregu-
lation is the driving force maintaining the bidirectional orientation.
We tested this hypothesis in E. coli by analyzing gene expression data
from 95 previously published DNA microarray experiments37, search-
ing systematically for coexpression of neighboring genes across a vari-
ety of experimental conditions. Unexpectedly, we found a general
signal of coexpression of neighbors independent of their orientation,
extending over large distances (see Box 2).

Nevertheless, the coexpression of conserved DT-pairs rises signifi-
cantly above this general background, strongly suggesting that coregu-
lation is an evolutionary constraint maintaining their relative
orientation (see Fig. 3, Supplementary Notes online; similar results
were obtained when limiting the analysis to replicated microarray
experiments, or to experiments from a single laboratory). Globally,

conserved E. coli DT-pairs are more strongly coexpressed than non-
conserved pairs or randomly chosen genes (both significant at the
0.001 level according to Kolmogorov-Smirnov tests). In contrast, for
convergently transcribed gene pairs, there is no measurable difference
in expression correlation between nonconserved pairs and the few
conserved pairs (Supplementary Notes online), as should be expected
if those pairs are only conserved by chance. A large fraction (87%) of
the E. coli DT-pairs conserved in distant clades is positively correlated
in expression—for 37%, the Pearson correlation coefficient exceeds
0.6, a threshold previously used to indicate functional association in
array experiments38. In general, more widely conserved DT-pairs show
significantly stronger expression correlation; pairs conserved across
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Figure 3 Correlated gene expression of adjacent divergently transcribed
E. coli genes. Expression data from 95 previously published DNA
microarrays available from SMD37 (downloaded on 2 September 2003) 
were mapped onto the E. coli genome. For each array the cyanine (Cy)3 and
Cy5 channels were individually normalized with the Qspline method, and
spatial biases corrected using a Gaussian smoother55. The distribution of
Pearson correlation coefficients is shown for 10,000 pairs of genes randomly
selected from the genome, for 572 divergently transcribed neighboring 
gene pairs (DT-pairs), for 148 DT-pairs with evolutionarily conserved gene
organization and for 58 DT-pairs conserved across several independent
clades. The dot clouds show the expression correlation for individual 
gene pairs for which expression data were available. Dots were randomly
positioned in y-axis direction to reduce the overlap. Above, probability
density curves estimated from the dot clouds using Gaussian kernel density
estimation are shown.
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Figure 4  Combining homology and context information for function
prediction. The enrichment of genes encoding transcriptional regulators
within conserved DT-pairs suggests that novel regulators controlling their
adjacent target genes may be discovered. By applying profile-based
homology searches, we found evidence for novel regulatory families—for
example, we predict that members of the orthologous group ‘KOG2969’
(obtained from STRING12) form a novel regulatory family involved in
regulation of bacterial ribosomal protein S2 (rpsU), as well as its orthologs 
in eukaryotic mitochondria (see main text). (a) Genes encoding prokaryotic
members of KOG2969 (red arrow symbols) are divergently oriented
neighbors of rpsU (green arrow symbols). (b) Unrooted phylogenetic tree 
of KOG2969 constructed using MRBAYES56 (see Supplementary Notes
online). (c) CLUSTALW57 sequence alignment of PFAM (protein families)
database23 domain ‘PF00440’ representing the TetR family, and the
corresponding homologous region of the members of KOG2969 (amino acid
sequences surrounded by colored boxed correspond to eukaryotic members
(orange box), or a-proteobacterial members (red box) of KOG2969).
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Box 1  Comparison of genomic context approaches

Comparative analysis of genomes is the common denominator of all genomic context methods. Soon after the sequencing of the first
prokaryotic genomes, the potential of exploiting the genomic context of genes for evolutionary analysis and function prediction was realized
(e.g., refs. 58,59). The first generation of resulting protein interaction prediction methods (reviewed in refs. 60–63) is summarized in 
the upper panel of Figure 5 (the lower panel shows coverage and overlap of the methods at an accuracy level of 40%). These techniques
predict general functional associations for a given protein (e.g., with which other protein it interacts, or in which cellular pathway/process 
it is involved).

Many implementations with different flavors exist by now (e.g., see refs. 6–12) and conceptually distinct methods have been developed
that explore similar evolutionary signals (e.g., phylogenetic trees versus co-occurrence profiles, e.g., ref. 64). Nowadays, gene context
approaches are routinely used to predict protein functions in prokaryotes; they have identified numerous novel functions that were later
experimentally verified. These include physical interactions between proteins in signal transduction65,66 and DNA repair67, novel members
of metabolic pathways (e.g., ref. 68) and general cellular processes like iron-sulfur protein maturation69,70.

Recently, a new generation of genomic context methods has been put forth. Although these reveal fewer functional associations than 
the former, they allow more detailed predictions of protein function. As described in this article, the conserved organization of adjacent
divergently transcribed genes (Method IV) predicts functional associations between the genes, allowing precise statements about the type
of association, namely, transcriptional regulation.

Method V is based on the observation that anticorrelating occurrences of genes across genomes may indicate displacement of function-
ally equivalent genes61,71. Recent implementation of this technique led to the discovery of several analogous enzyme displacements in 
the thiamin biosynthesis pathway26. Thus, not merely involvement in a particular cellular process, but precise functional roles can be
predicted. Preliminary numbers from a global analysis (see Fig. 5) indicate that several novel gene displacements can be predicted in a
global study (data not shown).

Accuracy and coverage of genomic context methods depend on the species and functional system studied, but often also on implemen-
tation details. For instance, in the case of Method IV, conserved operon structures frequently extend from at least one side of a conserved
DT-pair, as indicated in Figure 5. As conserved operons strongly indicate functional association3,4, it is possible to predict links between 
all pairs of genes in conserved bidirectionally transcribed operon structures (not including those already found by Method I). Applying this
strategy (Method IV*) improves the coverage but lowers the prediction accuracy slightly compared with Method IV, in which only direct
neighbors are considered (see Supplementary Notes online for more details).

Figure 5  Different genomic context methods and their relative coverage. Method I analyzes the local gene neighborhood (evaluating gene presence in
conserved, putative operons3,4); Method II is based on gene co-occurrence (presence and absence) across genomes5; Method III identifies gene fusions1,2;
Method IV analyzes conserved DT-pairs (a variant thereof Method IV*, links all pairs of genes in conserved bidirectionally transcribed operons–excluding
associations predicted by Method I); and Method V detects functionally equivalent genes by analyzing anticorrelating gene occurrences26.
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A N A LY S I S

three or more clades have an expression correlation comparable to that
of genes in predicted E. coli operons (see Supplementary Notes online
for more details).

Excess of self-regulatory transcription factors in DT-pairs
Conserved DT-pairs can provide more specific functional relation-
ships than just predicting coregulation. Within the set of conserved
DT-pairs, we observed a strong enrichment of pairs in which one gene
encodes a transcriptional regulator (R), and the other gene encodes
any other class of protein (X). This suggests that precise regulatory
interactions may be predicted from conserved DT-pairs. Considering
all prokaryotic genomes, over 71% of the DT-pairs conserved across at
least four clades are classified as RX (1,133 in total), a fraction rising to
100% for more widely conserved pairs. On the basis of shuffled
genomes, we conservatively estimate an RX enrichment of 1.8- to 6.5-
fold, depending on pair conservation (Supplementary Notes online).

In contrast, pairs classified as regulator-regulator pairs (RR) or pairs
where neither gene is a known transcriptional regulator (XX) are
strongly underrepresented and entirely absent among widely 
conserved pairs. Notably, a considerable fraction of characterized 

proteins encoded by DT-pairs classified as XX may in fact act as post-
transcriptional regulators: we found evidence for at least five such
cases among the 18 most widely conserved E. coli DT-pairs with XX
classification (Supplementary Notes online). Furthermore, for several
poorly characterized (‘hypothetical’) proteins classified as X, we found
homology to known transcriptional regulators (see e.g., Fig. 4).

To test whether transcriptional regulators encoded in conserved
DT-pairs tend to directly regulate the adjacent divergently transcribed
gene, we analyzed all 135 regulators of E. coli having at least one
known, annotated target gene39–41. Of the subset of 22 of these regula-
tors positioned within evolutionarily conserved DT-pairs, at least 13
have been described to regulate the respective adjacent gene (and
recent evidence supports one additional instance; see Supplementary
Notes online). Thus, nearly two-thirds of these regulators have already
been implicated in controlling the divergently transcribed gene—the
actual number is probably higher, as almost all of the remaining adja-
cent genes have no annotated regulator39–41 and genes may be con-
trolled by more than one regulatory protein39.

Interestingly, evolutionarily conserved DT-pairs are highly enrich-
ed in auto-regulatory transcription factors. Among the subset of
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Box 2  Genomic vicinity and gene coexpression in prokaryotes

It is well known that the expression of a prokaryotic gene is not
independent of its position in the genome. Because of the existence
of operons72—clusters of functionally related genes transcribed 
as a single mRNA—adjacent genes tend to be coexpressed if
transcribed in the same direction73. This effect was thought to 
be relatively short-range; the average operon length in E. coli is
approximately three genes74. Prokaryotic gene expression correlates
also with the distance to the origin of replication, as DNA close to
the origin may be present in higher copy number within the cell75.
This correlation, although weaker, should act over considerably
longer distances than the influence of operons.

Recently, a large number of microarray expression data sets
became available for prokaryotes37, allowing assessment of the
effects mentioned above by correlating gene expression with

position and orientation of genes. Surprisingly, when mapping
microarray expression data onto the genome sequence of E. coli
K12 (data were treated as in Fig. 3), we find striking correlations 
in expression between nearby loci (see Fig. 6). The correlation is
largely independent of relative gene orientation and can thus not be
fully explained by the existence of operons. Also, even genes that
are more than 100 kb apart show significant coexpression in excess
of what would be expected from the influence of the replication
origin (Fig. 6 and Supplementary Notes online). At short distances,
some of the observed correlation in expression may be due to
‘transcriptional read-through’73, that is, deferred termination of
transcription (cDNA-based microarrays cannot distinguish sense
from antisense transcription). However, this should primarily affect
convergently transcribed genes, having extremely short intergenic
distances. In contrast, divergently transcribed genes may be
affected by ‘read-through’ only if transcription initiates outside
the pair and proceeds erroneously through both genes.

Together with the recent observation of unexpectedly large
regions of coexpressed genes in the filamentous cyanobacterium
Anabaena sp.76, our results indicate the existence of a higher order
gene regulatory mechanism in many if not all prokaryotes—possibly
involving changes in DNA supercoiling77 or DNA compaction by
proteins, such as Fis, H-NS or HU78.
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Figure 6  Genomic vicinity indicates gene coexpression. Correlations in DNA
microarray expression were determined between all possible pairs of genes
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between genes. Distances are given in ‘transcriptional units’ (tu), that is, we
counted the number of operons or independently regulated genes positioned
between the genes in question (neighboring codirectional genes with a
distance of ≤40 bp were predicted to reside in the same E. coli operon28).
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A N A LY S I S

22 well-studied regulators, 17 have been annotated39–41 to regulate
their own biosynthesis (whereas less than half of the regulators not
divergently transcribed in E. coli are auto-regulatory39–41). When ana-
lyzing the literature with respect to the remaining five proteins, we
found three additional auto-regulators that have not been annotated
in regulatory databases yet—thus, most, if not all transcriptional regu-
lators encoded in conserved DT-pairs are auto-regulated
(Supplementary Notes online).

Context-based function prediction using conserved DT-pairs
We use the described correlation for a novel gene context-based func-
tion prediction method, by requiring conservation of DT-pairs across
at least three clades to gain confidence (this level of conservation is
expected only if selected for). Specifically, we predict functional associ-
ations between bidirectionally oriented genes—including DT-pairs in
species other than E. coli, for which predictions are transferred back to
E. coli via orthology (a list with all conserved bidirectionally tran-
scribed gene pairs is available online at http://www.bork.embl.de/
Docu/Bidirectional_genes/). Altogether, 277 of such functional associ-
ations can be directly mapped to pairs of genes in the E. coli genome, a
number comparable to the gene fusion method1,2, which predicts 472
associations at the same level of conservation.

To quantify the accuracy of these predictions, pairs classified as RX
or XX were independently benchmarked using annotated transcrip-
tion regulatory interactions39–41 and the KEGG (Kyoto encyclopedia
of genes and genomes) database42. The lower limit for prediction
accuracy (determined using a framework reported earlier12; see
Supplementary Notes online) is 52% for RX and 34% for XX pairs,
thus comparable to that of conserved codirectional gene neighbors
(66%), and gene fusions (76%). The lower accuracy of our method is
largely due to an enrichment of transcriptional regulators in poorly
resolved orthologous groups43 containing two or more similar regula-
tors per species, which complicates transfer of function via orthology.
For well-resolved43 orthologous groups the accuracy for RX pairs
improves to 75% (Supplementary Notes online); the predictor thus
allows precise statements about the type and nature of the predicted
association.

This can be extended to de novo function predictions for ‘hypotheti-
cal’ proteins encoded within DT-pairs, provided that a hypothetical
protein can be classified as a transcriptional regulator by homology.
For example, the three prokaryotic members of the poorly character-
ized orthologous group ‘KOG2969’ contained in STRING12 are diver-
gently oriented neighbors of rpsU, the gene encoding bacterial or
mitochondrial ribosomal protein S2 (Fig. 4). Using PSI-BLAST44, we
detected homology with several members of the TetR family, a regula-
tory family previously described only in prokaryotes23. We predict that
KOG2969 represents a novel bacterial-type regulatory family involved
in regulating ribosome-associated genes in α-proteobacteria
(Caulobacter crescentus and the genus Rickettsia) as well as in mito-
chondria, which arose from this bacterial group45. Recent large-scale
experiments in yeast support a functional association between
KOG2969 and mitochondrial RpsU: Ylr201c (Fmp53) is localized in
the mitochondria46, gene deletion leads to growth defects on a nonfer-
mentable carbon source47 (indicating an important role in this
organelle) and its nuclear promoter is bound by the Abf1 transcription
factor48, which controls several ribosomal proteins49. We thus con-
clude that functional associations predicted by our method can be
transferred to other species, even across the domains of life.

Considering all DT-pairs conserved across at least three clades in
101 genomes, we can predict 288 pairwise associations between
orthologous groups12,25 corresponding to 2,658 pairs of genes, out of

which 63 associations between orthologous groups (671 between
genes) are also covered by previously established genomic context
approaches combined in STRING12 (using a score cutoff of 0.400).
The approach is thus complementary to the previous prediction meth-
ods based on gene fusion1,2, the presence of genes in operons3,4 and
co-occurrence of genes across species5 (see Box 1 and Fig. 5).

Conclusions
Genomic context methods are widely used and continue to be
improved; furthermore, new approaches are being reported (Box 1
and references therein). Novel experimental data enable the detection
of hitherto unknown signals; for example, global gene expression data
indicate the coregulation of adjacent genes in prokaryotes regardless of
relative orientation (Box 2 and Fig. 6). In this article, we show that
conserved bidirectionally transcribed gene neighbors (Figs. 1,2) are
particularly strongly coregulated (Fig. 3) and can be exploited to make
precise functional predictions. Namely, self-regulatory transcription
factors can be associated to their target genes or operons, enabling
hundreds of functional assignments.

As is the case for other genomic context methods, the number of
predictions should increase as more genomes become sequenced.
Furthermore, functional associations identified by the method can be
transferred to eukaryotic orthologs of prokaryotic gene pairs—allow-
ing (combined with homology searches) the characterization of hypo-
thetical proteins (Fig. 4).

Note: Supplementary information is available on the Nature Biotechnology website.
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