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Essentiality, not expressiveness,
drives gene-strand bias in bacteria
Eduardo P C Rocha1,2 & Antoine Danchin1,3

Preferential positioning of bacterial genes in the leading strand
was thought to result from selection to avoid high head-on
collision rates between DNA and RNA polymerases. Here we
show, however, that in Bacillus subtilis and Escherichia coli,
essentiality (the transcript product), not expressiveness (the
collision rate), selectively drives the biased gene distribution.

Replication and transcription occur simultaneously on the same DNA
molecule. DNA polymerases (DNAPs) in E. coli proceed 10–20 times
faster than RNA polymerases (RNAPs), and both head-on and co-ori-
ented collisions often occur in replicating bacteria1,2. In co-oriented
collisions (genes in the leading strand), DNAP tends to slow down
until transcription is completed, and replication then resumes its nor-
mal pace. In head-on collisions (genes in the lagging strand), replica-
tion stalls, RNAP is displaced and transcription is aborted2. It has been
proposed that highly expressed genes are preferentially positioned in
the leading strand to allow faster DNA replication and lower transcript
losses1. This is systematically observed for rDNA and ribosomal pro-
teins in bacterial genomes3. But several lines of evidence are challeng-
ing this view4. First, there is no obvious correlation between bacterial
growth rates and gene-strand bias. Second, gene-strand bias depends
on the composition of DNAP, with bacteria having two dedicated
DNAPs showing much stronger biases.

Here, we analyzed the B. subtilis gene distribution relative to gene
essentiality and expression level. Essentiality was determined from
extensive gene inactivation data5. Ribosomal proteins were used to
build a codon adaptation index (CAI), which we applied to all genes
in the genome6. We regarded the 10% of genes with highest CAI val-
ues as highly expressed (variation of this
threshold resulted in no significant changes;
Supplementary Fig. 1 and Supplementary
Table 1 online). Notably, the frequency of
essential genes in the leading strand of B.
subtilis (94%) is higher than the frequency
of highly expressed genes (78%). Classifying
the genes into four categories according to
expressiveness and essentiality, we discov-
ered that essentiality is the primary determi-
nant of gene-strand bias (Fig. 1a and Table
1). Furthermore, when essentiality was
taken into account, gene-strand bias was
independent of the gene expression level

(Table 1). We tested whether this bias could be a simple conse-
quence of related genes clustering in operons. Because an exhaustive
list of B. subtilis operons was unavailable, we built one using infor-
mation on gene orientation and rho-independent transcription ter-
minators7 (Supplementary Table 2 online). Among such putative
operons containing at least one essential gene, 92% are in the lead-
ing strand (compared with 65% for operons containing at least one
non-essential highly expressed gene). This suggests an operon needs
to contain only one essential gene to be preferentially positioned in
the leading strand.

We then extended our analysis to the PEC database of E. coli essen-
tial genes, which classifies 60% of the genes according to essentiality
using bibliographic information. Less accurate but still reliable, this
information led to the same conclusion: the distribution of essential
genes in the chromosome is highly biased, whereas the contribution
of expression levels, when controlled for essentiality, is not signifi-
cant (Table 1 and Fig. 1b). The availability of gene expression data in
E. coli substantiated the choice of CAI as a valid index of high expres-
sion. Of the 97 most highly expressed genes8, the leading strand con-
tains 62% of non-essential and 97% of essential genes. Furthermore,
of the 10% of genes most expressed in rich medium9, 64% of the 216
non-essential and 90% of the 85 essential genes are located in the
leading strand. The latter data set corresponds to fast growth condi-
tions. This confirms that essentiality, not expression level, is the basis
of gene-strand bias.

If essentiality drives gene-strand bias and gene-strand bias is caused
by collisions between polymerases, then the deleterious nature of colli-
sions depends on the function of genes being transcribed, not on the
rate of collisions. Some expression is still required to explain gene-
strand bias through DNAP and RNAP collisions, but essential genes
are, by definition, expressed in replicating bacteria. Given our results,
the emphasis of the model must then shift from the rate of expression,
which would distinguish highly expressed genes, to the effect of such
collisions on the transcript, which would distinguish according to gene
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Figure 1 Distribution of genes between the leading (dark gray) and the lagging (light gray) strands of the
genome of B. subtilis (a) and E. coli (b). H, highly expressed; NH, non-highly expressed; E, essential;
NE, non-essential.
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function. This cannot be explained solely by the differential availabil-
ity of the corresponding essential proteins or RNAs. Even if all head-on
clashes between polymerases resulted in transcription abortion, this
would still result in a small reduction of transcript availability for pro-
tein synthesis. For example, in fast-replicating E. coli, 70 RNAPs simul-
taneously transcribe each of the seven rRNA operons, so there is
potential for 490 collisions. This represents only ∼ 2% of the total num-
ber of rRNAs per cell10. If a large number of head-on collisions lead to
aborted transcripts, a substantial proportion of these will translate
into truncated proteins. This can happen either by saturation of
tmRNAs, which rescue stalled ribosomes, or because ribosome drop-
off prevents tmRNAs from acting. Truncated peptides are usually non-
functional, but if they belong to multi-subunit complexes, they often
produce dominant-negative phenotypes11. This is deleterious because
inactive complexes of essential proteins are a waste of resources and
disrupt essential functions required for the cell’s organization. In the
case of genes encoding components of the ribosome, DNAP or RNAP,
this may even lead to error catastrophe.

These results identify an unexpected role for essentiality in the orga-
nization of the bacterial chromosome. Rearrangements resulting in
strand switch of essential genes may explain the existence of chromo-
somal inversions that lead to lethality without apparently disrupting
important genes12,13. How genomes lacking gene-strand bias deal with
these problems is not known. The phage T4, which lacks well defined
leading strands, has evolved mechanisms to solve head-on collisions14.
In Saccharomyces cerevisiae, head-on collisions are also a problem15,
but eukaryotes have different DNAPs and multiple facultative origins
of replication, complicating the in silico analysis of this problem.

URLs. The PEC database of E. coli essential genes can be found at
http://www.shigen.nig.ac.jp/ecoli/pec/. The list of B. subtilis essential genes can
be found at http://bacillus.genome.ad.jp.

Note: Supplementary information is available on the Nature Genetics website.
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Table 1  Number of genes and statistical tests

Number of genes Percentage of genes lead Statistical tests

Genome E NE EH ENH NEH NENH E > NE NEH > NENH ENH > NEH

B. subtilis 277 3,813 96% 93% 71% 72% P < 0.001 NS P < 0.001

E. coli 206 2,204 80% 71% 57% 56% P < 0.001 NS P < 0.01

Genes were classed into two dichotomous classes: H, highly expressed, and NH, non-highly expressed; E, essential, and NE, non-essential. As an example, NEH >
NENH tests the hypothesis that among non-essential genes (NE), the highly expressed genes (H) are more biased than the others (NH). Tests are regarded as non-
significant (NS) for P > 0.1.
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