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Abstract

High fidelity replicative DNA polymerases can be blocked during DNA replication by various base damages, which
represents a potentially lethal event.Escherichia colipossesses three DNA polymerases, PolII, PolIV and PolV, that can
continue replication over such lesions in template DNA, thus allowing for cell survival. Genes coding for these enzymes,
polB, dinB, andumuCDrespectively, belong to the stress-inducible SOS regulon. We have analyzed the patterns of nucleotide
sequence variability of genes encoding for three SOS polymerases fromE. colinatural isolates in order to identify the nature of
selective forces that determine their evolution. The frequency of inferred inter-strain recombination events, and the frequency
of synonymous and non-synonymous base substitutions within these genes do not deviate significantly from those observed
for the control group composed of 2 genes coding for DNA polymerases PolI and PolIII and 10 metabolic genes. This
suggests that the loci coding for SOS polymerases are subject to selective pressure for the maintenance of their function and
specificity. The fact that genes coding for translesion-synthesis (TLS) polymerases, particularlydinB andumuChomologs,
have been conserved during evolution and the present analysis suggest that their activity is essential for the cellular survival
and fitness.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The functional integrity of genetic information
is constantly threatened by the intrinsic instability
of DNA as well as by damages inflicted by the re-
active intermediates of cellular metabolism and by

∗ Corresponding author. Tel.:+33-1-40-61-53-25;
fax: +33-1-40-61-53-22.
E-mail address:matic@necker.fr (I. Matic).

environmental agents. All living organisms possess
numerous DNA repair pathways which have evolved
to assure survival and maintain mutation rates as
low as possible. Some of DNA repair systems have
been remarkably conserved throughout evolution[1].
For example, a new family of DNA polymerases (Y)
has been recently identified in prokaryotes, archea
and eukaryotes, based on the strong homology with
Escherichia coli proteins [2]. The common char-
acteristic of these enzymes is that they can bypass
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DNA lesions that block chain elongation by replica-
tive DNA polymerases. Hence, their designation as
translesion-synthesis (TLS) polymerases. These pro-
teins are so different from the five previously iden-
tified polymerase families, that their functions have
been identified only in recent years, althoughE. coli
genes coding for these proteins and some of their
phenotypes have been known for decades[3].

E. coli possesses two DNA polymerases belonging
to Y-family: PolIV and PolV, each processing a differ-
ent type of DNA damage[4,5]. Genes coding for these
two polymerases,umuCDanddinB, respectively, be-
long to the SOS regulon. In addition, anotherE. coli
DNA polymerase, PolII (belonging to the B-family of
polymerases), has also the capacity to participate in
the bypass of some lesions[4–6]. PolII is encoded by
polB gene, which is also a part of the SOS regulon.
E. coli SOS system, composed of at least 40 genes
of which the majority code for DNA repair functions
[7,8], is induced by a wide variety of cellular stresses
that damage DNA and/or block DNA replication (for
review see[3]). All those stresses have one common
characteristic; they all increase intracellular concen-
tration of single-stranded DNA. The contact with
single-stranded DNA activates co-protease activity of
the RecA protein, which promotes the self-cleavage
of the LexA protein, i.e. the SOS repressor, thus in-
ducing the SOS response. When DNA lesions are
repaired and replication restored, SOS functions are
again repressed.

Therefore, unlike replicative polymerases, these
three DNA polymerases are expected to be required
only punctually, when bacterial cells are stressed by
DNA damage. It is difficult to estimate how often this
is happening in nature. It is not known to what extent
these enzymes are important in the maintenance of
genomic integrity of their hosts because they are also
required for mutagenesis. It is not clear why bacteria
possess several TLS polymerases which have poor
fidelity, while possessing DNA repair pathways that
can efficiently remove non-coding lesions from DNA
in error-free fashion (e.g. recombination, base and
nucleotide excision repair). For example,Deinococ-
cus radioduransis extremely resistant to the lethal
and mutagenic effects of many physical and chemical
DNA damaging agents inspite of the apparent absence
of genes coding for SOS polymerases[9,10]. Finally,
it is not known whether SOS polymerases have fixed

functions or whether they are fast evolving enzymes
adapting to the wide diversity of DNA lesions that
bacteria encounter in nature.

In order to address these questions, we have per-
formed phylogenetic analysis of genes encoding all
five E. coli polymerases:polB, dinB andumuCgenes
coding for three SOS polymerases,polA coding for
PolI polymerase involved in gap-filling steps during
DNA replication and nucleotide excision repair[3],
and dnaE gene coding for alpha subunit of replica-
tive DNA polymerase III[11]. Our data suggest that
genes coding forE. coli SOS polymerases are under
selective constraints similar to those observed for the
housekeeping genes. Therefore, it may be concluded
that their activity and specificity are fixed, and that
they are very important for the survival and fitness of
E. coli cells in nature.

2. Material and methods

A set of 30 strains representative of the genetic di-
versity of theE. coli reference (ECOR) collection of
natural isolates[12] have been studied. PartialpolB
(977 bp),dnaE (985 bp),dinB (1010 bp), andumuC
(1230 bp) genes were amplified by the polymerase
chain reaction from the DNA of these strains and
sequenced without interim cloning as in[19]. Three
of these genes have been also sequenced from one
Escherichia fergusoniistrain, the closest species toE.
coli [13], which served as an outgroup for phyloge-
netic inference. Sequences of the primers used were as
follow: polB5′ TCAACGCCTGGTTTGCCAACTA,
polB5′bis TGGAAAAACTCAACGCCTGGT,polB3′
TCCAGTTCTAATGCGCTGGTCA, polB3′bis TG-
GTTGGCATCAGAAAACGGC, dnaE5′ ATGGAA-
TTTATCCAGTGGTCGA,dnaE5′ bis GTGGCCTA-
CGCGCTGAAAAT, dnaE3′ CTTTTTCTTACCCAT-
CGCACG,dinB5′ TTGAGAGGTGAGCAATGCGTA,
dinB5′bis TCATA/TCATGTG/TGATATGGACTG,
dinB3′ GTATACATCATAATCCCAGCAC, dinB3′bis
TACATCATAAC/TCCC/TAA/GCACCA, andumuC5′
CGCCCATTACCATCAGTAGTG,umuC3′ CCCTC-
AGTAAATCAGAACTTCG.

The sequences have been deposited in the Genbank
database under accession numbers: AF483912–
AF483939 forpolB; AF483940–AF483969 fordnaE;
AF483080–AF483106 fordinB; and AF483970–
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AF483998 forumuC. In addition, 30 partialpolA se-
quences (341 bp) originating from 30 ECOR strains
were acquired from GenBank[14] and included in
analysis.

Sequences were aligned using CLUSTAL[15] anal-
ysis from the Sequence NavigatorTM package. Phy-
logenetic trees were constructed by the parsimony
method with the heuristic search of PAUP*4.0[16]
using 100 random addition sequences. Character in-
congruence was measured between each polymerase
gene data set and a large data set representative of
the ECOR strain phylogeny[17] using the incongru-
ence length difference (ILD) test[18], as in[19]. In
this test, the null hypothesis of congruence is rejected
when theP-value is below the threshold of 0.05. Iter-
ative removal of single taxon or combination of taxa
were performed and the analysis repeated until the in-
congruence was no longer significant.

Transferred segments among sequenced genes for a
given strain were identified by a computer algorithm
based on aligned DNA sequences and the previously
established phylogeny as in[19]. The relative num-
ber of transfers (t′) [19] was calculated to take into
account the length of the sequenced region and the
number of sequenced strains, allowing comparison of
the numbers of transfers between genes.

Because a single nucleotide difference observed
between aligned sequences can be due to more than
one inferred substitution event, the percentage of
non-synonymous substitutions was calculated using
substitutions inferred onto the most parsimonious
tree. The percentage of non-synonymous substitu-
tions is the number of nucleotide changes leading to
non-synonymous substitutions in the most parsimo-
nious tree divided by the total number of substitutions
onto the most parsimonious tree.

Besides the above-mentioned phylogenetic ap-
proaches, we also analyzed sequences with methods
developed by population geneticist using the DnaSP
software package[20] (http://www.bio.ub.es/∼julio/
DnaSP32Inf.html). We estimatedθ (4Ne × µ, Ne be-
ing the effective population size andµ the mutation
rate) with and without recombination and computed
95% confidence intervals by coalescence simula-
tions. We performed Tajima[21] tests for natural
selection on studied DNA sequences. To compare
the non-synonymous and synonymous substitution
rates, for each gene, we calculated the mean of all

pair-wise sequences comparisonsKA andKS (without
the outgroup).

3. Results and discussion

The nature of selective pressures acting on a given
bacterial gene can be deduced from the pattern of
its DNA sequences polymorphism. For example: (i)
The genes whose protein products are under strong
and permanent selection for conservation, like the
housekeeping genes, have very low non-synonymous
polymorphism and very low level of recombination
(horizontal transfers). (ii) Genes under diversifying
selection, like genes encoding surface antigens and
antibiotic resistance targets, have both a high level
of non-synonymous polymorphism and very high
level of recombination. (iii) Some genes may have
high level of recombination but low non-synonymous
polymorphism, for example, mismatch repair genes
[19]. Mismatch repair genes are under an alterna-
tive selection. Depending on the strength of selective
pressure, the functionality of the mismatch repair sys-
tem is selected or counter-selected. The alternation
of non-functional and functional mismatch repair is
facilitated by the restoration of mismatch repair pro-
ficiency through the reacquisition of functional genes
by horizontal gene transfer, resulting in mosaic gene
structure. (iv) Finally, genes coding for the functions
that are subject to weak or infrequent selection may
accumulate deleterious or inactivating mutations. For
example, reactivated crypticcel operons fromE. coli
natural isolates are temperature sensitive which sug-
gests that mutations have been accumulated while
operons were not under selection[22]. Furthermore,
it was found that crypticbgl operon is eliminated in
29% ofE. coli natural isolates as a result of deletions
[23]. In that case, the function can be restored only
through reacquisition of the functional alleles via hor-
izontal gene transfer. Consequently, such genes may
have high level of recombination.

With these premises, we tried to determine whether
genes coding for SOS polymerases can be assigned
to one of above-mentioned categories, hoping also to
get an insight in the nature of selective forces that
govern their evolution. We thus sequencedpolB, dinB
and umuCgenes, as well asdnaE gene, from a set
of 30 naturalE. coli isolates belonging to the ECOR

http://www.bio.ub.es/~julio/DnaSP32Inf.html
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collection. The sequences of ECOR strainpolA genes
used in this analysis were acquired from GenBank.
The control group ofE. colimetabolic genes was com-
posed of:aceK, crr, icd, gapA, mdh, trpA, pabB, putP,
trpB, andtrpC [17]. The strains chosen for this study
belong to allE. coli phylogenetic groups. Two main
questions have been addressed using these sequence
data: (1) Is there any evidence of recombination in
genes for SOS polymerases? (2) What are the rela-
tive levels and the nature of DNA sequence polymor-
phisms of these three genes?

3.1. Detection of recombination events

We looked for the hallmarks of recombination by
comparing phylogenies of each gene with the ECOR
strain phylogeny based on a whole genome data set
[17] as in [19] (Fig. 1). The incongruences between
gene and strain phylogenies suggest that horizontal
gene transfer has occurred in recent evolutionary past
[24,25]. According to the ILD test, significant char-
acter incongruences have been observed between the
data sets ofpolB, dnaE and dinB genes and whole
genome reference data set, while it was not significant
for umuCand polA genes (Table 1). Since ILD test
can discriminate between taxonomic incongruences,
which are the consequence of recombination and those
due to tree reconstruction artifacts, the observed in-
congruences are most likely the result of horizontal
gene transfer. To estimate the extent of incongruence
due to recombination, single strains or combinations
of strains were progressively removed, and the analy-
sis repeated, until the incongruence was no longer sig-
nificant. ForpolB, dinBanddnaE, 2, 10, and 3 strains,
respectively, have to be removed to raise theP-value
above the significance threshold (Table 1).

3.2. Quantification of recombination events

In order to compare the frequency of inferred re-
combination events in genes coding for 5E. coli
DNA polymerases with that observed in a set of 10
previously studiedE. coli metabolic genes[17], we
quantified recombination events using the previously
published method[19]. When the sequence of a gene
in a given strain contained more than three de novo
mutations compared to its inferred ancestral sequence,
and this, in more than three contiguous informative

positions, we searched a homologue of a gene frag-
ment defined by those mutations among the ancestral
and the existing DNA sequences belonging to differ-
ent phylogenetic groups. When such fragments were
found, we assumed that a single genetic exchange has
occurred, considering that a transfer event is more
likely than at least three independent homoplastic
mutations (mutations leading to similarity appeared
independently rather than inherited from a common
ancestor) exhibiting the same contradicting pattern in
at least three contiguous sites informative for parsi-
mony, which is a very unlikely scenario. This approach
allowed us to confirm that all the incongruences de-
tected by the ILD test in studied genes were results of
recombination events (Table 1andFig. 2a). Additional
recombination events were identified that were not
detected by the ILD test, probably due to insufficient
lengths of transferred stretches of DNA. For all recom-
bination events detected by this approach, the phyloge-
netic group of the donor strain was clearly identified.

In order to be able to compare the number of recom-
bination events in genes coding for SOS polymerases
with a control group of genes, we have calculated the
relative number of transfers, which corrects for the
number of strains and different length of sequenced
DNA for different genes as previously described[19].
The results clearly indicate that the frequency of re-
combination events is not significantly different (less
than three standard deviations from the mean for all
genes) for genes coding for SOS polymerases com-
pared to a control group of genes, composed ofdnaE,
polA and 10 metabolic genes (Table 1and Fig. 2a).
For comparison, using the same 10 metabolic genes
as a control, we have previously observed that mis-
match repair genes exhibit high level of recombination
as suggested by standard deviations of relative num-
bers of transfers ranging from 4.5 (mutH) to 11 (mutS)
[19]. Therefore, it can be concluded that recombina-
tion events were not selected in the evolution of genes
encoding SOS polymerases.

3.3. DNA sequence divergence

Relatively low frequency of recombination events
in studied genes rendered more accurate the estimates
of the DNA sequence divergence. InpolB, dinB, dnaE,
umuCand polA genes, we have observed that 20.0,
18.3, 11.2, 8.8 and 5.5% of nucleotides were variable,
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Fig. 1. Strict consensus phylogenetic trees ofpolA, polB, dnaE, dinB and umuC genes of 30E. coli strains belonging to A, B1, B2,
D and UG (ungrouped) lineages. Phylogenetic trees were constructed by the parsimony method with the heuristic search of PAUP*4.0.
Branch lengths are given under ACCTRAN optimization. Numbers above branches correspond to bootstrap proportions obtained from 1000
iterations, indicated when above 50%. Scale bar corresponds to one step. The trees were rooted onE. fergusonii(for polB, dnaEanddinB)
or on B2 group strains (forpolA andumuC) whenE. fergusoniisequences were not available. B2 group was used because it was shown to
be the most basal withinE. coli species phylogeny[17]. Colors denote the ECOR phylogenetic strain group as in[37]. The same topology
was found from a maximum likelihood approach (data not shown). Tree statistics and homoplasy measurements are given inTable 1.
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respectively (Table 1 and Fig. 2b). The comparison
with the metabolic genes showed thatpolB anddinB
genes have the highest level of DNA polymorphism,
dnaE and umuCgenes are close to the average ob-
served for the all genes, whereas the value forpolA
gene is very low (Fig. 2b). Nevertheless, the poly-
morphism ofpolB anddinB genes is not significantly
different from control genes since they are 2.0 and
1.7 standard deviations from the average of all genes.
Using a population genetics approach, we computed
θ (which gives an estimation of the mutation rate)
for all the genes and found similar results (data no
shown).

Among all substitutions, the fraction of non-synony-
mous substitutions inferred onto the most parsimo-
nious tree is 23, 9.7, 8.6, 8.3 and 5.5% forumuC,
polB, dinB, polA anddnaEgenes, respectively. These
values are not significantly different from those of
a set of 10 metabolic genes (Table 1 and Fig. 2c).
We also used population genetic approaches, which
take into account gene codon composition, in or-
der to study non-synonymous (KA) and synonymous
(KS) mutation rates. NeitherKA nor KS nor the ratio
KA/KS of SOS polymerase genes were significantly
different from control group (data not shown). Fur-
thermore, the results of Tajima test confirmed that the
patterns ofpolA, polB, dinB, dnaE and umuCgenes
nucleotide variations do not deviate significantly from
the patterns predicted by neutral theory (data not
shown).

However, when only genes coding for polymerases
were taken into account,umuC presented signifi-
cantly higherKA andKA/KS values. This suggest that
UmuC protein is subject to lower selective constraint
on amino-acid sequence than the other polymerases
such as PolA for which we found a high degree of
selective constraints as observed before[26]. This
diversity in UmuC does not reflect diversifying selec-
tion because the observed nucleotide polymorphism
is linked to the phylogeny with a diversification oc-
curring between the phylogenetic groups A, B1, D
and B2 (seeFig. 1 and ILD test inTable 1). A pos-
sible cause of this phenomenon could be that, since
UmuC acts with multiple protein partners (UmuD and
RecA; former being encoded by the same operon),
all partners have co-evolved in each phylum in or-
der to conserve specific protein–protein interactions
[27].
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Fig. 2. Patterns of DNA sequence polymorphism ofpolA, polB, dnaE, dinB and umuC genes. (A) Relative number of recombination
events is expressed in terms ofσ, the standard deviation from the mean calculated using following values:mdh, 0; gapA, 0; crr, 0; trpA,
4.9× 10−9; umuC, 5.1× 10−9; trpB, 9.0× 10−9; trpC, 1.4× 10−8; aceK, 2.7× 10−8; polB, 3.2× 10−8; dnaE, 3.4× 10−8; icd, 4.9× 10−8;
dinB, 4.9× 10−8; putP, 5.7× 10−8; papB, 5.9× 10−8; pabB, andpolA, 8.3× 10−8. (B) Variable nucleotide sites has been inferred on the
most parsimonious tree. (C) Number of non-synonymous nucleotide substitutions inferred on the most parsimonious tree.
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3.4. Codon usage

Genes coding for TLS polymerases belong to the
SOS regulon which is induced only in stressed bacte-
rial cells (for review see[3]). When the SOS system
is repressed in non-stressedE. coli cells, genes cod-
ing for SOS polymerases are expressed at very low
level or not at all. How often SOS system is induced
in bacterial cells and what is the level of SOS gene
expression in natural environments is unknown. In
order to learn more about selective pressures acting
on genes coding for SOS polymerases, we com-
pared codon adaptation index (CAI) of these three
genes with all other SOS genes[7,8], and with all
E. coli ORFs using database available for the se-
quenced genome of theE. coli MG1655 strain[28]
(ftp://ftp.pitt.edu/dept/biology/lawrence/). Bacterial
codon usage relates to the expression level and re-
flects the degree of selective constraint on the gene.
The comparison indicated that CAIs of genes coding
for TLS polymerases do not deviate significantly from
those of other SOS genes nor from those of averageE.
coli genes. Therefore, it can be concluded that genes
coding for SOS polymerases do not belong to the cat-
egory of highly expressed genes. Of all SOS genes,
only recAgene belongs to this category[29]. It is also
interesting to note that, according to base composition
and CAI pattern, none of studied genes have been ac-
quired inE. coli MG1655 genome through horizontal
gene transfer from a diverged bacterial species[28].

4. Conclusions

In this study, we have analyzed DNA sequences
of E. coli genes coding for TLS polymerases,polB,
dinB, andumuC, obtained from natural isolates with
intention to try to identify the evolutionary forces
involved in their evolution. The phylogenetic anal-
ysis of these genes indicates that there is low level
of recombination among genes from strains belong-
ing to different phylogenetic lineages. The frequency
of inferred recombination events observed for the
studied genes is not significantly different from that
of a control group composed ofpolA, dnaE and 10
metabolic genesFigs. 1 and 2b; Table 1). The patterns
of DNA sequence diversity established forpolB, dinB,
andumuCgenes, i.e. percentage of synonymous and

non-synonymous substitutions, are not different from
that observed for the control group of genes (Fig. 2a
and b; Table 1). Thus, our data suggest that the loci
coding for TLS polymerases inE. coli are subject to
functional constraints similar to those observed for
housekeeping genes, i.e. they seems to be essential
for the survival and fitness of bacterial cells. Further-
more, it may be concluded that PolII, PolIV and PolV
are polymerases with fixed specificities rather than
fast evolving enzymes in search of new specificities.

The ubiquity and evolutionary conservation of TLS
polymerases also support their biological relevance
[2]. The homologs of genes coding forE. coli TLS
polymerases have been identified in chromosomes
and in naturally occurring plasmids in different bacte-
rial species. It has been reported that the presence of
these genes, for exampleimpCAB(carried byShigella
flexneri plasmid) andmucABoperons (carried by R
plasmids) enhance survival of bacterial cells exposed
to UV irradiation [30,31]. Since some of those plas-
mids are virulence plasmids, it may be that presence
of genes coding for TLS polymerases contributes to
the robustness of pathogenic strains. Homologs of
genes coding forE. coli TLS polymerases have been
found also in archea and eukaryotes[2]. The inacti-
vation of mouse Rev3l gene (encoding the catalytic
subunit of the TLS polymerase�) causes embryonic
lethality [32]. Humans have at least seven members
of this superfamily of proteins. Individuals carrying
inactivated gene coding for polymerase� suffer from
the genetic disorder, xeroderma pigmentosum variant,
characterized by high cellular sensitivity to UV light
and hyper-mutability[33,34]. In the view of the diver-
sity of specific phenotypes of TLS polymerases[35],
it can be concluded that their activity is extremely
important for the cellular survival and fitness. Indeed,
it has been recently reported thatE. coli mutants lack-
ing one or more SOS polymerase suffer an important
fitness reduction when grown in competition with
wild-type strain under starvation conditions[36].
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