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INTRODUCTION 
 
Basic chromosomal reproduction required for the transmission of genetic 
information during cell division proceeds in participation of DNA polymerases 
that replicate DNA accurately and efficiently. Yet, every autonomous organism 
encodes several additional DNA polymerases. Biological functions of these 
DNA polymerases have been under intense investigation during the last decade.  

Genomic DNA of all living organisms is continuously exposed to DNA 
damaging agents, generated endogenously during normal cellular processes or 
originating from surrounding environment. Many DNA alterations are 
intolerable to replicative high-fidelity DNA polymerases impeding elongation 
of daughter-strand and leading to pause in replication. DNA polymerases 
unessential for basic replication generally lack error-correcting activity that 
results in low-fidelity DNA synthesis. This property together with more open 
structure of catalytic centre of these proteins enables to bypass a number of 
DNA lesions that are unsurpassable obstacles for replicative DNA polymerases. 
Consequently, translesion DNA synthesis performed by specialized DNA 
polymerases often results in changes in initial DNA sequence. Moreover, 
specialized DNA polymerases exhibit usually high level of inaccuracy also 
while replicating undamaged DNA template. To avoid harmful effects of 
specialized DNA polymerases on stability of genetic material, the DNA 
synthesis by particular enzymes is restricted to occur in emergency situations 
and is regulated at different levels from transcription initiation to access to 
replication. 

Expression of specialized DNA polymerases is induced in addition to DNA-
damage also by other stress conditions. For example, several environmental 
stresses including nutrient deprivation enhance genetic variability of bacteria, 
thereby facilitating adaptive evolution. There are several lines of evidences for 
contribution of specialized DNA polymerases to stress-induced mutagenesis of 
stationary phase bacterial populations. Involvement of different specialized 
DNA polymerases in mutagenic processes has been revealed for Escherichia 
coli stationary phase populations suffering from carbon-source limitation 
(Bjedov et al., 2003; Yeiser et al., 2000; McKenzie et al., 2001) as well as for 
populations of Bacillus subtilis starving for certain amino acids (Sung et al., 
2003). 

Pseudomonas genus represents one of the most diverse and ecologically 
widely distributed groups of bacteria. In addition to many environmental 
species it also includes an opportunistic human pathogen P. aeruginosa and a 
plant pathogen P. syringae. Extensive diversity and distribution of pseudo-
monads is indication of their efficient physiological and genetic adaptability. 
P. putida is a soil-bacterium present in very different soil and water habitats. 
Therefore, long periods of nutrient limitation are common situations for this 
bacterium to be faced with. After exhaustion of available energy sources, any 
mutation with beneficial value should be under selective pressure. Hence, 
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several mechanisms providing transient and moderate increase of mutation 
frequency in response to nutrient limitation have been described. 

Literature review of my thesis is focused on characterizing specialized 
bacterial DNA polymerases and their biological functions, including the 
involvement in stress-induced mutagenesis. Experimental part of the thesis is 
dedicated to the role of several specialized DNA polymerases in mutagenesis 
occurring in long term starving population of P. putida. 
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1. REVIEW OF LITERATURE 
 

1.1. Introduction 
 
DNA metabolism of a living cell comprises in addition to basal chromosomal 
replication, enabling cell division and transmission of genetic information, also 
many other processes, including translesion synthesis, DNA reparation and 
recombination, providing accurate and/or complete reproduction of genetic 
information. Although all these processes include DNA synthesis, DNA 
polymerases of specific properties are needed for particular processes.  

DNA polymerases are grouped into five families: A, B, C, X, and Y, based 
on their sequence homology and phylogenetic relationships. Among these, 
DNA polymerases of A, B, C, and Y families are present in bacteria. Basic 
bacterial chromosomal replication employs one or two C-family DNA 
polymerases for majority of DNA synthesis during genome reproduction, and 
an A-family polymerase assisting in lagging-strand synthesis. Escherichia coli 
pol II as the only bacterial B family DNA polymerase characterized so far is 
involved in replication restart downstream single-stranded DNA gap and in 
translesion synthesis across certain types of damaged nucleotides in template 
DNA. Bacterial Y family polymerases characterized by the lack of exo-
nucleolytic proofreading activity and a more open conformation of the active 
site if compared to other DNA polymerases, are able to bypass a wide variety of 
DNA lesions and/or contribute to spontaneous mutagenesis due to their intrinsic 
low fidelity. Additionally, Y family polymerases have been shown to be 
involved in cell cycle regulation. The expression of pol II and the two Y-family 
polymerases present in E. coli, pol IV and V, is induced by DNA damage, being 
thereby restricted to emergency situations and thus avoiding harmful effects of 
error-prone DNA synthesis. 

The role of different bacterial DNA polymerases in chromosomal repli-
cation, in translesion synthesis at different DNA alterations and in involvement 
in generation of genetic variability as a response to various stress conditions 
will be discussed below to hypothesize the biological relevance of such a 
diversity of DNA polymerases. 
 
 

1.2. Chromosomal replication 
 
Replication of bacterial circular chromosome occurs bidirectionally and 
continuously from the replication origin to the terminus. The chromosomal 
replication is accomplished by a multiprotein complex called replisome. The 
composition and mechanics of bacterial replication machinery have been mainly 
investigated in a bacterial model organism E. coli. Therefore, description of 
bacterial replisome herein is based on this particular bacterium. E. coli 
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replisome is composed of three basic components: DnaB, DnaG and DNA 
polymerase III holoenzyme (pol III HE). DnaB is a major replicative DNA 
helicase unwinding DNA duplex in front of the moving replication fork, 
whereas DnaG serves as a primase which interacts with the DnaB helicase and 
synthesizes short RNA molecules to prime the DNA chain elongation, catalyzed 
by pol III HE. Replication carried out by pol III HE is a complex dynamic 
process, which enables concurrent elongation of both daughter strands. The 
polymerases catalyzing leading- and lagging-strand synthesis are attached to 
each other in pol III HE. As the DNA chain can be extended only in 
5’→3’direction, replication of the leading strand is continuous. Meanwhile, 
extension of the lagging strand causes lagging-strand folding into a loop, and 
occurs discontinuously resulting in formation of 1–3 kb length RNA-primed 
nascent DNA pieces called Okazaki fragments after their discoverer. RNA 
primers of Okazaki fragments are later removed and resulting gaps are filled in 
by the DNA polymerase I (pol I). Nicks between adjacent DNA segments are 
sealed by DNA ligase (Johnson and O’Donnell, 2005; McHenry, 2003). 

Concurrent elongation of leading and lagging-strands assumes the presence 
of at least a couple of DNA polymerase cores (pol III core) in composition of 
the pol III HE complex, one β-clamp (processivity factor), for each pol III core 
located on primer-template DNA duplex, and a multisubunit clamp loader 
γ/DnaX complex. β-clamp is a ring-shaped homodimeric protein which 
encircles the DNA duplex and while attached to the pol III core enhances its 
processivity by holding the polymerase on the DNA (Stukenberg et al., 1991; 
Johnson and O’Donnell, 2005).The γ/DnaX clamp loader assembles the β-
clamp onto the DNA, but is also serving as a scaffold of the replisome by 
keeping pol III cores together and connecting pol III HE and DnaB helicase at 
the replication fork (McHenry, 2003). In Gram positive bacteria e.g. Bacillus 
subtilis and Streptococcus pyogenes, replisome is composed of two different C 
family polymerases for leading and lagging-strand synthesis (Dervyn et al., 
2001; also reviewed by McHenry, 2003). 

pol III core is a heterotrimer composed of α, ε and θ subunits. α subunit 
encoded by dnaE is responsible for DNA polymerase activity. ε (dnaQ, also 
known as dnaA or mutD) subunit possesses proofreading (3’→5’ exonuclease) 
activity and is responsible for the accuracy of DNA synthesis carried out by 
replicative DNA polymerase. The ε subunit is also important for the 
processivity of pol III HE by stimulating the interaction of the α subunit with 
the β-clamp (Johnson and O’Donnell, 2005; Studwell and O’Donnell, 1990; 
Lamers et al., 2006) whereas the θ subunit (holE) expresses no other known 
function but a slight stimulation of ε (Taft-Benz and Schaaper, 2004). As pol III 
has a relatively low affinity for primer-provided DNA, a high catalytic 
efficiency of replicative polymerase depends on interaction of the pol III α 
subunit with the β-clamp (Stukenberg et al., 1991, also reviewed in Johnson and 
O’Donnell, 2005). α subunit of pol III core interacts with the β-clamp through 
two β-clamp interaction motifs located in the end of C terminal part of α. 
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Region between these two β-clamp interaction motifs is also important for 
processivity of replicative polymerase (Lamers et al., 2006). In addition, 
interaction between the pol III core and the β-clamp is stimulated by ε 
(Studwell and O’Donnell, 1990; also reviewed in Johnson and O’Donnell, 
2005; Lamers et al., 2006). 

β-clamp, which is considered a key participant in switchingof the replication 
to translesion synthesis conducted by specialized DNA polymerases, is assumed 
to serve as a “tool belt”. It has been shown in vitro that the β-clamp is able to 
bind simultaneously two polymerases: the replicative and the specialized one. 
Moreover, switch from one polymerase to the other during the DNA synthesis 
does not inflict release of the replicative polymerase from the β-clamp (Indiani 
et al., 2005; also referred by Lehmann, 2006). These results support the 
hypothesis of sequential translesion synthesis during the DNA replication, 
according to which stall of replication fork causes coupling to a specialized 
DNA polymerase, enabling movement of the replication machinery after the 
bypass of the DNA lesion. Recently, more evidence has been received to 
support alternative hypothesis set up already in 1968 by Rupp and Howard-
Flanders (referred by Lehmann and Fuchs, 2006). According to their 
hypothesis, DNA lesions inflict replication restart downstream of DNA lesion, 
leaving single-stranded DNA gaps in between. Therefore, the gap processing 
and translesion synthesis may occur simultaneously with ongoing chromosomal 
replication (Heller and Marians, 2006; also referred by Lehmann and Fuchs, 
2006). Furthermore, a model has been proposed, according to which a 
specialized DNA polymerase, pol IV, mediates dissociation of the replicative 
polymerase from the primer-template DNA as well as from the β-clamp. The 
polymerase exchange is supposed to depend on two distinct interactions 
between pol IV and the β-clamp, and between pol IV and pol III (Furukohri et 
al., 2008; Uchida et al., 2008). There are also models concerning regression of 
replication fork, which facilitates translesion synthesis (Schlacher and 
Goodman, 2007) or permits the bypass of DNA damage without immediate 
replication over the lesion by using nascent lagging-strand as a template 
(Postow et al., 2001, also referred by Schlacher and Goodman, 2007). It is very 
likely that different models of translesion synthesis do not exclude each other 
and may concur in a living cell. Even if translesion synthesis does not occur in a 
sequential manner, the idea of β-clamp as a “tool belt” is still convenient to 
explain other models of translesion synthesis. For example, carrying a 
specialized DNA polymerase as a reserve tool for replicative machinery would 
predispose the translesion synthesis also in case of dissociation of the 
replicative DNA polymerase from the β-clamp, followed by replication restart 
downstream of DNA damage.  
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1.3. Bacterial specialized DNA polymerases 
 
Bacterial genomic DNA is continuously damaged by reacting with compounds 
present in normal intracellular environment, and it is also insulted by exogenous 
physical and chemical agents. Even though different repair systems such as base 
excision repair (BER), nucleotide excision repair (NER) and recombination 
repair eliminate most of the DNA lesions, there is still requirement for 
specialized DNA polymerases to operate in lesion bypass when replication fork 
encounters a damaged nucleotide in the template. The replicative high-fidelity 
DNA polymerase is haltered when confronted by certain types of damaged 
template bases. Therefore, temporary switch to some low-fidelity polymerase 
enables to resume the DNA replication. 

In addition, several lines of evidence indicate to contribution of specialized 
DNA polymerases in stress-induced mutagenesis. Due to relatively low fidelity 
of DNA synthesis carried out by these polymerases, induction of expression of 
specialized DNA polymerases and regulation of their access to DNA synthesis 
in response to different stress stimulus increase genetic diversity and therefore 
adaptability of bacterial population. 
 
 

1.3.1. Translesion synthesis 
 
The ability to replicate across a damaged nucleotide in the template DNA or 
incorporate a damaged nucleotide into the nascent DNA chain depends on the 
structure of particular DNA polymerase, the type of the lesion (nucleotide 
modification) and the context of adjacent DNA sequence. 

Although cocrystallization of bacterial replicative DNA polymerase III with 
different imperfect base pairs in its active center is not accomplished yet, there 
is much information available about some other high-fidelity DNA polymerases 
such as Bacillus stearothermophilus DNA polymerase I and bacteriophage T7 
polymerase (A family DNA polymerases) acting on translesion synthesis. The 
active site of high-fidelity DNA polymerases cannot tolerate base pairing much 
different from the canonical Watson-Crick ones resulting in transmission of 
primer terminus to the exonuclease subunit (Hogg et al., 2004; Hogg et al., 
2005). Therefore, it is presumable that similar progress of events takes place 
when any replicative DNA polymerase encounters certain types of DNA 
lesions. Transmission of primer terminus to the exonuclease subunit may 
promote dissociation of the replicative polymerase from the DNA giving an 
opportunity to a specialized DNA polymerase to replace the replicative one and 
take over the synthesis of the nascent daughter-strand. Sterically less restrictive 
active sites of specialized DNA polymerases (Ling et al., 2001; also reviewed 
by Yang, 2003) and the absence of exonucleolytic activity in case of Y-family 
polymerases allows formation of base pairs different from canonical ones 
(Goodman, 2002). Probability of gaining the access to primer-provided DNA 

4
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for specialized DNA polymerases is enhanced by the induction of expression of 
these particular DNA polymerases as a response to DNA damage known as 
SOS-response (Hanaoka, 2001; Goodman, 2002). Obstruction of replicative 
polymerase by DNA lesion is followed by the generation of single-stranded 
DNA which forms a nucleoprotein filament by interacting with RecA. The 
RecA-ssDNA nucleoprotein filament mediates autocatalytic proteolysis of 
transcriptional repressor LexA, thus increasing the expression of many proteins 
required in the case of DNA damage e. g. enzymes involved in DNA reparation 
pathways including recombinational enzymes, cell division inhibitors and 
specialized DNA polymerases. 

Several chemical agents which cause the DNA damage are generated during 
normal processes in a living cell, reactive oxygen species and alkylating agents 
serving as an example. Reactive oxygen and nitrogen species are also produced 
in during the host immune response stimulated by infection of pathogenic 
bacteria. In addition, the DNA damage can be inflicted by other exogenous 
sources like UV radiation and different chemical agents. 
 
 

1.3.1.1. Oxidative lesions 
 
Reactive oxygen species (ROS) are generated endogenously as by-products of 
normal aerobic metabolism, therefore being a major source of spontaneous 
damage to proteins, lipids, carbohydrates, and nucleic acids. In addition, 
pathogenic bacteria are confronted with exogenous ROS, produced by the host 
defense system. Among all primary reactive oxygen species such as superoxide 
radical (•O2

–), hydrogen peroxide (H2O2) and hydroxyl radical (•OH), •OH is 
the most reactive one oxidizing almost every type of organic molecules. Due to 
its extremely high reactivity, •OH can diffuse only one or two molecular 
diameters at most before reacting with some cellular compound. Hence, to 
oxidize nucleotides in the composition of DNA, •OH has to be generated at 
immediate proximity of it.  

Main source of oxidative DNA damage is thought to be •OH produced in 
Fenton reaction between H2O2 and Fe2+ (Fig. 1A). •O2

– has been shown to be 
involved in generation of both components of the Fenton reaction. H2O2 is 
generated in spontaneously occurring dismutation reaction of •O2

– (Fig. 1B) or 
catalyzed by superoxide dismutases. Also, Fe2+ is liberated by •O2

– from iron-
sulfur clusters. In addition, superoxide anion can also liberate Fe3+ from ferritin 
and reduce it to Fe2+ (Friedberg et al., 2006).  
 

A.  Fe2+ + H2O2 → Fe3+ + •OH + –OH  
B.  2.O2

– + 2H+ → O2 + e3+ + H2O2  

Fig. 1. A. Generation of hydroxyl radical in Fenton reaction. B. Generation of hydrogen 
peroxide in superoxide radical dismutation reaction. 
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During innate immune response of the host against a pathogen invasion, H2O2, 
•O2

– and nitric oxide (NO•) are produced by macrophages and neutrophils as 
cytotoxic agents. •O2

– reacts with NO• to form peroxynitrite (ONOO–) (Fig. 2), 
another extremely reactive oxidant of organic molecules, which differently from 
•OH is able to diffuse further in the cell (Burney, Caulfield, Niles Wishnok and 
Tannenbaum, 1999). 
 
 

·O2
− + NO· → ONOO− 

Fig. 2. Superoxide radical reacting with nitric oxide leads to the generation of 
peroxynitrite. 
  
Hydroxyl radicals and peroxynitrite damage nitrogenous bases of DNA and 
deoxyribose sugar units in the DNA backbone, resulting in single-strand breaks. 
Although over 80 different types of the DNA base damage are known to be 
produced by ROS (Bjelland and Seeberg, 2003), the biologically most 
significant base lesion seems to be 8-oxoguanine (8-oxoG) (Fig. 3). Therefore, 
several repair pathways have been evolved to avoid generation of mutations in 
the translesion synthesis across the 8-oxoG of the template DNA. Mutagenicity 
triggered by of the incorporation of oxidatively damaged deoxynucleoside 
triphosphates, such as 8-oxo-dGTP and 2-oxo-dATP into the DNA, has been 
observed as well (Friedberg et al., 2006). 
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Fig. 3. Oxidatively damaged guanine and adenosine compared with appropriate 
undamaged nucleotides. 
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Incorporation of dCTP opposite to the template 8-oxoG distorts the template 
strand, whereas at the incorporation of dATP, Hoogsteen pair (which resembles 
a cognate base pair) is constituted, and therefore evades the proofreading. Thus, 
incorporation of dATP opposite to 8-oxoG is favored by high-fidelity and most 
specialized DNA polymerases resulting in generation of G:C to T:A 
transversions (Brieba et al., 2004; Hsu et al., 2004; also referred by Hogg et al., 
2005). Presumably, similar distortion in the DNA backbone takes place when 
oxidized guanine is incorporated into the nascent DNA-chain opposite to C. 
Thus it has been observed that both E. coli replicative DNA polymerase pol III 
(Kamiya and Kasai, 2000) and also the Y-family polymerase pol IV (Yamada et 
al., 2006) incorporate 8-oxo-dGTP opposite to A, thereby promoting A:T to 
C:G transversions. Incorporation of 2-oxo-dATP into the daughter-strand is 
shown to be mutagenic as well. In case of both, replicative pol III and 
specialized pol IV, 2-oxo-dATP is preferentially inserted opposite to G, giving 
rise to G:C to T:A mutations (Kamiya and Kasai, 2000; Yamada et al., 2006). 
While 8-oxoG does not promote occurrence of frameshift mutations, it has been 
observed that other unspecified oxidative lesions trigger –1 and –2 frameshift 
mutations in SOS-inducible polymerases-dependent reaction. Dependent on the 
sequence context, participation of pol V together with pol IV or pol II in this 
process is needed (Wagner and Fuchs, 1997; Wagner et al, 2002).  

8-oxoG is unstable due to its low redox potential and its susceptibility to 
further oxidation (Burney et al., 1999; also reviewed by Neeley et al., 2007). 
Oxidation of 8-oxoG by peroxynitrite (ONOO–) induces formation of DNA 
lesions like guanidinohydantoin, spiroiminodihydantoin, oxaluric acid and urea 
(Fig. 4). ONOO– also oxidizes G nucleotide giving rise to 5-guanidino-4-
nitroimidasole (Fig. 4) (Neeley and Essigmann, 2006).  
 

N NH2N

N
NH

O

dR

O

H

HH

Gh

N NH2N

N
NH

NO2

dR
H

Ni

N

NH2

NH

N
HN

O

dR

O
O

Sp

N

dR
H

HN

O O

O

OH

Oa

NH2

dR

HN

O

Ua  
 
Fig. 4. 8-oxoG (7,8-dihydro-8-oxoguanine) oxidation products: Gh – guanidino-
hydantoin, Sp – spiroiminodihydantoin, Oa – oxaluric acid, Ua – urea; and Ni – 5-
guanidino-4-nitroimidasole, a product of guanine oxidation by peroxynitrite. 
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In E. coli cells, the oxidation products of 8-oxoG and 5-guanidino-4-nitro-
imidasole are mainly bypassed at translesion synthesis by pol V in an error-
prone manner, generating a variety of base substitution mutations, depending on 
the nature of the particular lesion. Although simultaneous action of pol V, IV 
and II has been shown to be important for translesion synthesis over 8-oxoG 
further oxidation products as well. The modest effect on translesion synthesis 
across some of 8-oxoG oxidation products was observed also in pol II- and pol 
IV-deficient strains. Differently from further oxidation products of 8-oxoG, 5-
guanidino-4-nitroimidasole can be exceeded by pol II instead of pol V as well. 
In this case it occurs in error-free manner (Neeley et al., 2007).  
 
  

1.3.1.2. DNA lesions caused by chemical agents other than ROS 
 
Studies about DNA synthesis at lesions inflicted by chemical agents in E. coli 
have shown, that selection of certain specialized polymerase for the lesion 
bypass depends on the type of DNA damage and the adjacent sequence context, 
whereas the outcome of translesion synthesis, error-prone or not, mostly 
depends on the DNA polymerase involved. 

In addition to the aforementioned mechanisms by which reactive oxygen 
species generate the DNA damage by attacking deoxynucleotides directly, the 
oxidative stress may trigger occurrence of DNA lesions indirectly as well. As 
pointed out earlier, oxygen radicals attack a variety of cellular macromolecules, 
whereas oxidation of nucleic acids is probably less significant for the survival 
of a bacterial cell compared to the oxidative damage of other cellular 
compounds. Peroxidation of polyunsaturated fatty acid residues of 
phospholipids in membranes may lead to the formation of reactive compounds, 
such as epoxides and aldehydes, which cause a variety of mutagenic exocyclic 
DNA lesions including propano-, etheno-, and malondialdehyde adducts and 
even DNA-protein cross-links (Marnett, 2000; also reviewed in Friedberg et al., 
2006; Uchida et al., 1998). Among the DNA lesions inflicted by lipid 
peroxidation only the translesion synthesis across 3,N4-ethenocytosine (εC) and 
N2-dG adducts has been investigated up to date. 
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Fig. 5. εC (3,N4-ethenocytosine) compared with undamaged cytosine and several N2-G 
(N2-guanine) adducts: N2-furfuryl-G (N2-furfuryl-guanine), N2-CE-G (N2-carboxyethyl-
guanine), closed and open forms of γ-HO-G (γ-hydroxypropano-guanine), and DNA-
peptide cross-link generated in further reaction of γ-HO-G. 
 
 
3,N4-ethenocytosine (εC) (Fig. 5) has been proved to be strongly genotoxic but 
only weakly mutagenic in E. coli (Marnett, 2000). Studies about the translesion 
synthesis at εC revealed, that pol II bypasses such type of DNA damage 
efficiently, but in an error-prone manner, favoring the insertion of dATP 
opposite to εC, thereby resulting in C:G to T:A transitions. However, this event 
seems to be quite rare under ordinary conditions, whereas replication across εC 
adduct occurs infrequently but mostly accurately in wild type E. coli cells and is 
proposed to be accomplished in most cases by the replicative DNA polymerase 
(Al Mamun and Humayun, 2006). 

Similarly to 8-oxoG, N2-G adducts are supposed to be frequent 
endogenously generated DNA lesions in a living cell (Marnett, 2002; Chung et 
al., 1999), therefore serving as a continuous subjects to cope with during 
chromosomal replication. In addition to lipid peroxidation byproducts, N2-G 
adducts are also generated by reactive carbonyl species like methylglyoxal 
(MG) (Yuan et al., 2008), a common byproduct of glycolysis pathway being 
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produced in nonenzymatic fragmentation of triose phosphates as glyce-
raldehyde-3-phosphate and dihydroxyacetone phosphate (Thornalley, 1996). 
Recently, the E. coli pol IV was shown to perform accurate DNA synthesis at 
N2-G adducts like N2-furfuryl-G induced by nitrofurazone (NFZ) (Jarosz et al, 
2006), N2-carboxyethyl-G induced by MG (Yuan et al., 2008), and γ-hydro-
xypropano-guanine (γ-HO-G). pol IV-dependent accurate DNA synthesis also 
occurs across the DNA-peptide cross-links generated in further reaction of γ-
HO-G with amines in the composition of peptides and proteins (Minko et al., 
2008; Kurtz and Lloyd, 2003) (Fig. 5). Furthermore, pol IV exhibits increased 
proficiency at N2-G adducts compared to undamaged G. The ability to catalyze 
the accurate translesion synthesis over N2-G adducts depends on a single 
aromatic amino acid phenylalanine or tyrosine residue at particular position 
conserved among all orthologues of pol IV. These observations indicate that 
physiological role of pol IV and its orthologues is to perform accurate 
replication across ubiquitous N2-G adducts that are severe obstacles to other 
DNA polymerases, especially for the replicative one (Jarosz et al, 2006). The 
notion that pol IV-deficient Pseudomonas aeruginosa is sensitive to N2-G 
adducts, induced by NFZ and 4-nitroquinoline 1-oxide (4-NQO), also supports 
the consideration about the physical role of pol IV (Sanders et al., 2006). 

Significant source of endogenous DNA damaging agents is nitrosation of 
amines e.g. amino acids, peptides and polyamines abundant in living cells 
leading to the formation of alkylating agents. Alkylating agents are able to 
directly attack nitrogenous bases of the DNA nucleotides by introducing methyl 
or ethyl groups to any available nitrogen or oxygen atom (Sedgwick, 1997; 
Taverna and Sedgwick, 1996; Nieminuszczy and Grzesiuk, 2007). Spontaneous 
generation of endogenous alkylating agents is increased in stationary phase cells 
of E. coli, elevating therefore the occurrence of base substitution mutations 
(Mackay et al., 1994; Taverna and Sedgwick, 1996). In case of E. coli, 
considerable amount of exogenous alkylating agents is also present in their 
natural habitat, the gastrointestinal tract of warm-blooded animals (Lijinsky, 
1999; de Kok and van Maanen, 2000). 

To reveal biological function of somewhat enigmatic specialized DNA 
polymerase, pol IV, Bjedov et al. (2007) have compared the mutation frequency 
in the absence of pol IV in genetic backgrounds in which certain types of DNA 
lesions were induced by elimination of different DNA repair systems. It turned 
out that pol IV had no effect on generation of mutations induced by oxidative 
DNA damage, abasic sites and bulky DNA adducts, whereas it participated in 
error-free processing of the DNA damage that accumulates in E. coli defective 
in 3-methyl adenine-DNA glycosylases. The absence of 3-methyl adenine-DNA 
glycosylases causes accumulation of cytotoxic alkyl-lesions such as 3-
methyladenine and 3-methylguanine (Wyatt et al., 1999) (Fig. 6). Therefore, the 
accurate bypass of cytotoxic alkyl-lesions is proposed to be one of major 
biological roles of pol IV (Bjedov et al., 2007). 
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Fig. 6. Alkylatively damaged guanine and adenosine compared with appropriate 
undamaged nucleotides. 
 
 
Subsequently described studies on the involvement of specialized DNA poly-
merases in generation of certain types of mutations due to bypassing DNA 
lesions generated by several different chemical agents, demonstrate a notable 
diversity but also overlap of the action of particular polymerases. 

Translesion synthesis past N-2-acetylaminofluorene guanine (AAF-G) 
adduct was shown to be accomplished by pol II and pol V. In vivo experiments 
demonstrated that the translesion synthesis at AAF-G adduct in case of 
sequence context GCGC has absolute requirement for pol II to generate 2-bp 
deletions (Napolitano et al., 2000) while –2 frameshift mutagenesis in case of 
GCGCGC context exhibits functional redundancy for specialized polymerases 
and therefore can be carried out both by pol II or pol V (Wagner et al., 2002). In 
GCGC context, the pol V-dependent bypass of AAF-G adduct results in –1 
frameshift mutation or occurs in an error-free manner (Napolitano et al., 2000). 
The ability to bypass AAF-G adduct has been ascribed also to DnaE of B. 
subtilis, a member of C-family polymerases. DnaE preferentially exceeds   
AAF-G by a slippage mechanism thereby resulting in generation of –1 or –2 bp 
deletions depending on particular sequence context (Le Chatelier et al., 2004). 
Bypass over benzo(a)pyrene (BaP) adduct requires the presence of both pol V 
and pol IV within the same process, leading to creation of 1-bp deletions or 
being accomplished in an error-free manner (Napolitano et al., 2000). 

Involvement of either pol IV or pol V (or its homologues encoded by samAB 
or mucAB) in mutagenesis induced by a large set of different chemical 
mutagens was observed in different Salmonella typhimurium tester strains 
(Kokubo et al., 2005; Matsui et al., 2006). The specificity of lesion bypass by 
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pol IV and pol V homologues was shown to be partially overlapping. For 
instance, derivatives of BaP inflicted –2 frameshifts in pol IV-dependent 
manner were also bypassed by pol V homologues resulting in base substitution 
mutations. Yet, many structurally unrelated compounds such as 1-nitropyrene, 
aflatoxin B1 and acridine orange could give rise to –2 frameshifts in the 
presence of pol V homologue. An alkylating agent ENNG (N-ethyl-N’-nitro-N-
nitrosoguanine) was shown to induce both pol IV- or pol V-dependent base 
substitution mutations and also 1- or 2-bp deletions, which shows that at 
translesion synthesis across this particular DNA lesion both polymerases can 
produce all three types of mutations (Kokubo et al., 2005; Matsui et al., 2006).  

Still, mutagenicity of a number of chemicals in generation of 2-bp deletions 
does not depend on the presence or absence of SOS-induced polymerases. 
Hence, it is presumed that the replicative DNA polymerase, pol III, may 
participate in mutagenesis as well. There is also evidence of prevention of 
chemically induced mutations by pol I, most obviously by reducing the access 
of Y-family polymerases to the replication complex at the lesion bypass 
(Kokubo et al., 2005; Matsui et al., 2006).  
 
 

1.3.1.3. Abasic sites 
 
Creation of an abasic site (apurinic or apyrimidinic sites – AP-sites) (Fig. 7) by 
loss of nitrogenous base in the DNA, followed by hydrolytic cleavage of the   
N-glycosylic bond is frequent event in a living cell and may occur either 
spontaneously, due to the action of alkylating agents, or enzymatically, by DNA 
glycosylases as a repair intermediate (Lhomme et al., 1999). Though the 
mechanisms of depurination and depyrimidation are the same, the pyrimidine 
nucleosides are more stable than purine nucleosides. Therefore, adenine and 
guanine bases are lost more frequently compared to cytosine and thymine bases 
(Friedberg et al., 2006). Besides the alkali-labile nature of AP-sites promoting 
the strand breakage, AP-sites are also prone to oxidative stress (Lhomme et al., 
1999; Friedberg et al., 2006). Oxidation of AP-sites has been recently shown to 
alter the translesion synthesis across the AP-site affecting the selection               
of incoming nucleoside triphosphates or the mode by which the lesion is 
bypassed.  

Abasic sites strongly block the DNA synthesis due to the lack of the 
template base to instruct nucleotide incorporation. Also, the lesion-flanking 
DNA strand in complex with the DNA polymerase has been shown to adopt a 
conformation distinct from that with undamaged DNA strand. The DNA 
synthesis by a high-fidelity DNA polymerase stalls at the nucleotide incorpo-
ration step, whereas translocation of the DNA after the incorporation is impeded 
thereby precluding the extension of the nascent DNA strand. The stall of DNA 
synthesis is then followed by transmission of primer terminus to exonucleolytic 
subunit (Hogg et al., 2004). 

6
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Fig. 7. AP-site (abasic site) and its oxidation products: C1’ (C1’-oxidized AP-site), C4’ 
(C4’-oxidized AP-site), and C2’ (C2’-oxidized AP-site). 
 

 
Although, abasic sites are obstacles to specialized DNA polymerases as well 
(Hogg et al., 2004), the more open conformation of an active site and the 
absence of exonucleolytic activity potentiate bypass of AP-sites by specialized 
polymerases. Studies of the crystal structure of an archaeal Y-family 
polymerase Dpo4 at the synthesis across abasic lesion revealed structural 
insights of mechanisms by which a lesion is bypassed, and also explicated the 
preference of a particular polymerase to generate –1 frameshifts (Ling et al., 
2004). The generation of 1-bp deletion occurs when the abasic site of template 
DNA strand loops out, whereas the base 5’ to the abasic lesion serves as a 
template to the incoming nucleotide, the phenomenon referred as the “5’ rule” 
(Fleck and Schär, 2004). In some cases the template realignment during primer 
extension was also observed leading to nucleotide location opposite to the 
abasic site or even generation of +1 frameshifts (Ling et al., 2004). 

In E. coli, which has two members of Y-family polymerases, the major 
biological significance in translesion synthesis across the abasic sites has 
previously been assigned rather to pol V than pol IV (Maor-Shoshani et al., 
2003). Unlike archeal polymerase Dpo4, which generates preferentially –1 
frameshifts when bypassing the AP-site, the pol V follows an “A-rule”, first 
postulated by Strauss, 1991 according to which the A nucleotide is most 
frequently inserted opposite the noninstructural site in a template chain (Strauss, 
1991; reviewed by Friedberg et al., 2006; Reuven et al., 1999; Tang et al., 
1999). The efficiency of translesion synthesis of pol V of E. coli across the 
abasic site was shown to be 10–100-fold higher than that of E. coli DNA 
polymerases I, II or III (Reuven et al., 1999; Tang et al., 1999). Latter studies 
by Kroeger et al., (2004), although mainly focused on translesion synthesis 
across further oxidation products of abasic sites, have shown that, at least in 
some sequence context, both pol II and pol IV are involved in the bypass of the 
unoxidized AP-sites at similar extent as pol V. However, instead of generating 
base substitutions, these polymerases produced –1 frameshift mutations 
(Kroeger et al., 2004a). The results of Kroeger et al. indicate that pol II and pol 
IV act in cooperation. Therefore we can assume that the nucleotide insertion 
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step is probably carried out by pol IV according to the “5’ rule”, similarly to 
archeal Dpo4, whereas pol II may participate at the extension step. A 
replicative, but error-prone DNA polymerase DnaE of Gram-positive bacteria 
Bacillus subtilis and Streptococcus pyogenes, proposed to be responsible for the 
lagging strand synthesis, was also shown to bypass AP-site preferably according 
to the “5' rule” (Dervyn et al., 2001; Le Chatelier et al., 2004; Bruck et al., 
2003).  

Whether the “5’ rule” or the “A-rule” is followed in translesion synthesis at 
abasic sites, depends on the structure of the little finger domain of the certain 
bypass polymerase (Fleck and Schär, 2004). 

The selection of particular polymerases to perform the translesion synthesis 
at an abasic site and the outcome of the process is strongly altered by further 
oxidative modifications of abasic sites, resulting in disobedience of the A-rule. 
To date, the involvement of distinct specialized DNA polymerases in muta-
genesis at translesion synthesis across different oxidized abasic site analogs 
including C1’-, C4’-, and C2’-oxidized abasic sites have been studied (Fig. 7). 

The manner of replication over C1’-oxidized AP-site (usually referred to as 
2’-deoxyribonolactone, L) was found to depend upon 5’ locating nucleotide of 
the template sequence. 5’-adjacent T or C both resulted in incorporation of          
A and G nucleotide opposite to L with almost similar frequency, while 5’-C, but 
not 5’-T enabled generation of –1 frameshifts as well. Incorporation of A 
opposite to L was strongly supported by pol V, whereas the generation of 1-bp 
deletions depended upon the presence of pol II and pol IV (Kroeger et al., 
2004a). C4’-oxidized abasic site (C4–AP) was shown to induce a significant 
level of 3-bp deletions, a rare type of mutations at translesion synthesis, 
whereas the presence of specialized polymerases pol II and pol IV was required 
for this process (Kroeger et al., 2004b). C2’-oxidized abasic site (C2–AP) 
produced single nucleotide deletions in concerted action of pol II and pol IV by 
dNTP-stabilized misalignment mechanism, similarly to unoxidized AP-site and 
probably L in some sequence context. If nucleotide incorporation opposite to 
C2–AP was carried through by pol II and pol IV, the inserted nucleotide was 
complementary to the template nucleotide, locating at 3’ but not at 5’ position 
to the lesion, presumably via primer looping out followed by the primer 
realignment (Kroeger et al., 2006). Nucleotide incorporation opposite the C2–
AP and C4–AP by pol V occurred according to the A-rule (Kroeger et al., 
2004b; Kroeger et al., 2006). 

In vitro studies have revealed that both E. coli specialized polymerases, pol 
IV and Pol V, possess AP-lyase activity catalyzing cleavage of the phospho-
diester backbone at 3’-side of an AP-site and removal of the 5’-deoxyribose 
phosphate. However, in vivo studies do not support relevance of either 
polymerase to repairing of the DNA damage (Shen et al., 2005; also reviewed 
by Jarosz et al., 2007).  

Another intriguing finding emerged from in vitro replication studies of an 
archeal Y-family polymerase Dpo4, while using an AP-site-containing template 
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sequence. The DNA synthesis accomplished by Dpo4 was accurate upstream of 
the lesion, yet after passing an abasic site, replication became error-prone, 
resulting in numerous diverse mutations downstream of the lesion (Fiala and 
Suo, 2007). The mechanism of switch of Dpo4 to error-prone synthesis after the 
bypass of a basic site is yet unknown.  
 
 

1.3.1.4. UV-induced DNA lesions 
 
The ultraviolet (UV) light, an electromagnetic radiation with a wavelength 
shorter than that of the visible light, but longer than of the X-rays, is divided to 
UVC (100–295 nm), UVB (295–320 nm), and UVA (320–400 nm) ranges 
(Friedberg et al., 2006). UVA induces production of free radicals, thereby 
inflicting indirect DNA damage, whereas UVC and UVB cause direct DNA 
damage. Although the ozone layer of the atmosphere absorbs most of the high 
frequency ultraviolet radiation, such as UVC and UVB, and thereby 98.7% of 
the UV radiation that reaches the Earth’s surface is UVA, there is still a high 
requirement for mechanisms to cope with direct DNA damage caused by high 
frequency UV. Thus, deficiency of one of the defence mechanisms e.g. 
nucleotide excision repair (NER) or particular specialized translesion synthesis 
polymerase leads to harsh consequences as seen in Xeroderma pigmentosum 
patients (Friedberg et al., 2006).  

Most frequent direct DNA lesions caused by UV radiation are cyclobutane 
pyrimidine dimers (CPD) and pyrimidine-pyrimidone (6–4) photoproducts [(6–
4) PP]. (6–4) PPs have been shown to be more mutagenic compared to CPDs 
whereas overall frequency of formation of (6–4) PPs is one third of that of 
CPDs (Svoboda et al., 1993; Friedberg et al., 2006). 

CPDs emerge as a result of formation of covalent linkages between the 
adjacent pyrimidines resulting in creation of a four-member ring structure 
accompanied by saturation of the pyrimidine 5,6-double bonds. Generation of a 
CPD between the two thymidines occurs at least four times more frequently 
than between the other combinations of pyrimidines (Fig. 8). 

 (6–4) PP adducts arise from generation of a linkage between the C6 position 
of the 5’ pyrimidine and the C4 position of the 3’ pyrimidine of the adjacent 
pyrimidine pair. Among the formation of (6–4) PP photoproducts, the most 
abundant ones are pyrimidine-pyrimidone pairs, composed of either thymidine 
and cytidine or two cytidines (Fig. 8) (Svoboda et al., 1993; Friedberg et al., 
2006). 
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Fig. 8. UV-induced DNA lesions: CPD (cyclobutane pyrimidine dimer) generated bet-
ween the two thymidines, and (6–4) PP (pyrimidine-pyrimidone (6–4) photoproducts) 
composed of thymidines. 
 
 
UV-induced DNA lesions are severe replication blocks, that effectively impede 
resumption of the DNA synthesis carried out by a replicative DNA polymerase, 
as asserted by high cytotoxic effect of the UV radiation. A vast majority of UV-
induced photoproducts are processed by NER and recombinational repair 
(Friedberg et al., 2006), still some specific situations require bypass of such 
lesions by translesion synthesis. In particular, two closely located UV-lesions 
on opposing strands of the DNA double-helix are troublesome subjects to repair 
(Svoboda et al., 1993), and replication across the lesion by a specialized DNA 
polymerase then becomes advantageous (Schlacher and Goodman, 2007). In E. 
coli, the translesion synthesis across UV-induced photoproducts is accomp-
lished efficiently by pol V, whereas the second Y-family DNA polymerase of 
E. coli, pol IV, is unable to copy CPDs or (6–4) PPs (Tang et al., 2000). 

In vitro and in vivo studies have revealed the manner of translesion bypass of 
CPDs and (6–4) PPs by pol V. At the translesion synthesis across the (6–4) PPs, 
pol V preferentially incorporates G, instead of A opposite to 3’-T of the 
template (6–4) PP constituted of two thymine residues [TT (6–4) PP] or a 
thymine-cytosine pair [TC (6–4) PP]. Therefore, pol V strongly induces UV 
radiation-dependently T to C transition mutations (Tang et al., 2000; LeClerc et 
al., 1991; Smith et al., 1996). At the same time, the bypass of CPDs occurs 
mainly by insertion of two A nucleotides opposite to the lesion, thereby 
possessing only a modest mutagenic effect (Smith et al., 1996). 

Whereas crystal structures of E. coli pol V in action of translesion synthesis 
across the UV-induced DNA lesions are not yet available, some predictions can 
be made according to the studies of a Y-family DNA polymerase Dpo4 of 
Sulfolobus solfataricus. Crystal structures of Dpo4 captured at nucleotide 

7
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incorporation as well as in vitro experiments, allow suggesting that Dpo4 
probably accommodates the whole thymine dimer. A hypothetical model of the 
lesion bypass supports skipping the first template base and replicating the 
second base, followed by switch of the incorporated adenine to pair with the 
thymine at first position. Thereafter, the polymerase would replicate again the 
second base, this time without the template translocation (Boudsocq et al., 
2001; Ling et al., 2001). 

Plant pathogenic bacteria inhabiting the phyllosphere are more exposed to 
UV radiation, compared to many other bacterial species. Therefore, any mecha-
nism enhancing resistance to UV would wield a beneficial value. Although 
many bacteria, including phyllosphere-colonizing species, do not carry pol V 
encoding genes in their genomes, several different plasmid-prone umuDC 
homologs have been characterized (Perry et al., 1985; Lodwick et al., 1990; 
Nohmi et al., 1991; Kulaeva et al., 1995; Sundin et al., 1996). rulAB genes, 
initially isolated from the plasmid pPSR1 of Pseudomonas syringae pv. 
syringae A2, a pathogen of ornamental pear trees (Sundin et al., 1996), have 
been shown to contribute to UV-B survival as well as to UV-induced 
mutagenesis in vivo (Kim and Sundin, 2000). 

In many bacterial species which do not carry pol V-encoding umuDC 
orthologs in their genomes, proteins encoded by another DNA damage-
inducible operon functionally replace the pol V in UV-mutagenesis and –
tolerance (Abella et al., 2004; Sanders et al., 2006; Erill et al., 2006). This 
particular DNA damage-inducible operon contains imuB and dnaE2 genes, 
encoding orthologs of DNA polymerases, while composition of other genes 
varies between different species. dnaE2 encodes a second copy of the catalytic 
subunit of replicative DNA polymerase pol III, whereas imuB encodes a Y-
family polymerase-like protein (Abella et al., 2007; Galhardo et al., 2005). In 
vivo experiments have revealed that imuAB-dnaE2 operon of Caulobacter 
crescentus is responsible for most of UV-induced mutations in the RNA 
polymerase β-subunit-encoding rpoB gene, resulting in resistance to rifampicin 
(Rif) (Galhardo et al., 2005). Though protein encoded by imuA of this particular 
operon exhibits some similarities to cell division inhibitor SulA and also to 
RecA/RadA recombinases, and was initially annotated as sulA (Weinel et al., 
2002), ImuA was shown not to be involved in cell division suppression 
(Galhardo et al., 2005). Since UV-induced mutagenesis is diminished in the 
absence of any of these three genes of this particular operon, apparently these 
proteins cooperate in the same pathway. Moreover, instead of G:C to A:T 
transition, which is most prominent UV-induced mutation in the rpoB context in 
E. coli (Garibyan et al., 2003), a high proportion of imuAB/dnaE2 dependent 
G:C to C:G transversions were observed in C. crescentus indicating different 
UV-lesion bypass mechanism compared to E. coli pol V (Galhardo et al., 2005). 
Similar DNA damage-inducible operon has also been identified in Pseudo-
monas putida. This operon contains the genes lexA2, sulA2, dinP and dnaE2 
that encode second copy of repressor LexA, a putative cell division inhibitor,  
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Y-family DNA polymerase similar to pol IV, and a protein similar to catalytic 
subunit of pol III, respectively (Abella et al., 2004). This operon is under the 
negative control of LexA2 repressor, which recognizes different DNA 
sequences than the LexA. Analogous operon of Pseudomonas aeruginosa, 
opportunistic human pathogen inflicting chronic infections of cystic fibrosis 
patients, contains sulA, dinP and dnaE genes, but not the lexA2. The dinP gene 
from this operon encodes a pol IV ortholog and the dnaE designates an ortholog 
of the dnaE2. Similarly to P. putida, this particular operon is SOS-inducible, 
but instead of LexA2, it is under negative control of LexA. UV-induced 
mutagenesis in P. aeruginosa is dependent on a DnaE2 ortholog and DNA 
polymerase I, encoded by polA (Sanders et al., 2006). 

Gram-positive bacterium Bacillus subtilis possesses two Y-family poly-
merases, YqjH (known also as PolY1) and YqjW (known also as PolY2). 
Expression of YqjW is SOS-inducible, whereas that of YqjH's is not (Duigou et 
al., 2004). Previous studies of monitoring the appearance of His+ revertants 
have demonstrated the involvement of both YqjH and YqjW in generation of 
UV-induced mutations, although the effect appeared to be rather modest (2–3 
fold) (Sung et al., 2003). Later, based on experiments observing generation of 
Rif-resistant mutants, YqjW has been established to have a major role in UV-
induced mutagenesis (Duigou et al., 2004). Surprisingly, YqjW did not require 
interaction with the β-clamp for UV-mutagenesis. Moreover, UV-induced 
mutagenesis was shown to depend upon an A-family DNA polymerase Pol I, 
whereas these two polymerases interact with each other and form ternary 
complex consisting of YqjW, Pol I and the β-clamp. Whereas the catalytic 
activity of Pol I is also required for YqjW-dependent UV-mutagenesis, pol I 
presumably acts at lesion bypass in targeting the YqjW to the template as well 
as extending the primer terminus following the YqjW action at insertion step 
(Duigou et al., 2005). 
 
 

1.3.2. Involvement of specialized DNA polymerases  
in stationary-phase mutagenesis  

 
Studies on the involvement of specialized DNA polymerases in translesion 
synthesis across various types of DNA damage enable to define the properties 
and biological functions of particular polymerases. However, these studies give 
little information about circumstances and environmental conditions which 
trigger such processes where the involvement of specialized polymerases is in 
practice feasible and/or needed. 

In addition to previously described DNA damaging chemical compounds 
and radiation which directly induce mutagenic events, several environmental 
stresses e.g. long-term nutritional deficiency, temperature shifts, and exposure 
to antibiotics have been shown to enhance genetic variability and therefore 
adaptive evolution of microorganisms. Among number of different functions, 
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error-prone DNA synthesis carried out by specialized DNA polymerases 
appears to be involved in increasing mutational frequency under stressful 
conditions. 
  
 

1.3.2.1. Mutagenesis in aging colony 
 
Structured environments of bacterial populations like biofilms, cellular aggre-
gates, and colonies possess several beneficial features compared to planktonic 
bacterial cultures. For example, increased infectivity and resistance to various 
antimicrobial agents is achieved under such conditions. Differences in muta-
tional processes between bacterial populations, living on solid surface compared 
to the populations in unstructured environments, have been found as well. 

In order to study the effect of structured environment on mutagenesis in 
starved bacteria, mutational frequency has been observed in aging E. coli 
colonies. Exponential growth of bacteria on solid rich medium during the 
colony formation is followed by exhaustion of nutrients leading to adaptive 
physiological changes. The mutation frequency in E. coli colonies aged for a 
week on rich agar medium was found to increase approximately 10-fold when 
compared to one-day-old colonies, whereas such increase in mutation frequency 
was not observed in aging liquid culture (Taddei et al., 1995; Bjedov et al., 
2003). In addition to the requirement for solid growth substrate, mutagenesis in 
aging colonies was shown to depend upon carbon source starvation and aerobic 
conditions (Bjedov et al., 2003). The phenomenon appears to be widespread 
since among a broad spectrum of natural (E. coli) isolates, including both 
commensal and pathogenic strains from various environments and hosts, most 
exhibited an increase in frequency of RifR mutants in aged colonies after 7 days 
of incubation (Bjedov et al., 2003). A negative correlation was recorded 
between high constitutive mutation frequency and high inducibility of 
mutations, with pathogenic isolates showing more often high constitutive 
mutation frequencies, while nonpathogenic isolates possessing generally high 
inducible mutation rate.  

Mutagenesis in aging colonies was first studied in laboratory strains of 
E. coli and was named ROSE mutagenesis for “Resting Organisms in a 
Structured Environment” (Taddei et al., 1995). To evaluate the mutation 
frequency, number of rifampicin resistant (RifR) mutants within the colonies 
was monitored. This particular method allows to estimate the frequency of 
mutations in rpoB gene that alter the amino acid sequence of RNA polymerase 
β subunit by interfering its interaction with rifampicin. Therefore mainly base 
substitutions are feasible to retain the functionality of the RNA polymerase. As 
laboratory strains may have become substantially diverse in comparison with 
their natural ancestors, mutagenesis in aging colonies was later investigated also 
in natural isolates, as mentioned above (Bjedov et al., 2003). Mutation 
frequency was estimated by appearance of RifR mutants and also by using 
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several lacZ reversion systems allowing to detect separately base substitutions 
and –1 and –2 frameshifts. The frequency of frameshift mutations in aging 
colonies was increased similarly to that of base substitutions. Genetic 
requirements for elevated mutation frequency in aging colonies of natural 
isolates were different from those observed in earlier studies, and were therefore 
referred as MAC for “Mutagenesis in Aging Colonies” (Bjedov et al., 2003). 
However, only one isolate that expressed a magnitude higher inducible mutation 
rate than the average was investigated for genetic requirements of elevated 
mutation frequency, and only 13% of all isolates exhibited that high induction 
of MAC. Thus genetic requirements for MAC may not be identical for all 
natural isolates. 

Main differences in genetic requirements for the increase of mutation 
frequency in aging colonies between the ROSE mutagenesis and MAC lie in 
dependence of SOS induction for ROSE. No increase in mutation rate in aged 
colonies was observed in either RecA-deficient or in non-cleavable repressor 
LexA backgrounds in case of ROSE. Further studies revealed that ROSE 
mutagenesis did not require pol V, but surprisingly, nucleotide excision repair 
(NER) appeared to be involved instead. ROSE was completely dependent on 
UvrB (component of NER pathway) and pol I which has been shown to perform 
DNA synthesis during NER.  

Although MAC does not depend directly on SOS induction, the functionality 
of some SOS regulon genes is still essential for elevated mutation frequency in 
MAC as well. Similarly to ROSE, RecA is needed for MAC. However, MAC is 
independent of LexA inactivation. Contrary to ROSE, MAC is independent 
either of NER enzymes or pol I, but is dependent on pol II, one of the SOS 
induced DNA polymerases.  

The main regulator which mediates the induction of general stress response 
during the entry of cells into stationary phase and under the conditions of 
nutrient limitation is RpoS, an alternative sigma subunit of RNA polymerase. 
Therefore it is not surprising that RpoS was shown to participate in MAC down-
regulating mismatch repair system (MMR), the key enzyme MutS. However, 
there is no data supporting the involvement of RpoS in ROSE mutagenesis.  

Despite of dissimilarities between genetic requirements for MAC and ROSE 
mutagenesis, in both cases the decline in energy resources (nutrient deprivation) 
is serving as a signal mediated by cyclic AMP (cAMP). cAMP was shown to be 
required for both ROSE mutagenesis and SOS induction. Although MAC does 
not depend on SOS induction, cAMP and cAMP receptor protein (CRP) are 
needed for MAC as well (Taddei et al, 1995; Bjedov et al., 2003).  
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1.3.2.2. Mutagenesis in a layer of cells on solid surface  
 
There are several test-systems that enable investigation of stationary phase 
mutagenesis in bacteria under non-lethal selective conditions such as starvation 
for a carbon source or a certain amino acid. Although the mechanisms of 
mutational processes in stationary-phase bacteria are very complex and depend 
on a number of factors, involvement of specialized DNA polymerases appears 
to be a general feature. 

Like many other processes, stationary phase mutagenesis has been most 
intensively studied in a bacterial model, E. coli. The generation of a majority of 
1-bp deletion mutations in E. coli population under carbon starvation, leading to 
the acquisition of lactose utilization ability, was shown to depend upon 
functionality of a Y-family polymerase pol IV (McKenzie et al., 2001a). 
Further investigations have revealed, that other factors facilitate directly or 
indirectly the DNA synthesis performed by pol IV, by increasing its expression 
or regulating its access to the DNA synthesis. 

Particular test-system used for investigation of molecular mechanisms of 
generation of pol IV-dependent frameshift mutations in E. coli stationary phase 
population is based on conjugative F' episome. Even in the absence of active 
conjugation, single-strand DNA nicks are continuously generated at conjugal 
origin, leading to the formation of double-strand breaks (DSB). Importantly, the 
occurrence of pol IV-dependent 1-bp deletions depends on formation of DSBs 
(Ponder et al., 2005). Proceeding recombinational repair of DSBs enables 
generation of 1-bp deletions during the DNA synthesis stage. Earlier studies 
have revealed that requirement for recombinational repair of DSBs for 
generation of Lac+ adaptive mutations accounts for dependence upon the RecA, 
RecBCD and RuvABC proteins (Cairns et al., 1991; Foster et al., 1996; Harris 
et al., 1994; Harris et al., 1996). Involvement of pol IV in DSB repair by 
homologous recombination is facilitated by stationary phase specific sigma 
factor RpoS which promotes a switch from high-fidelity DSBR to error-prone 
DSBR (Ponder et al., 2005), presumably mainly through upregulation of pol IV 
(Layton and Foster, 2003; Lombardo et al., 2004). As SOS DNA damage 
response is also required for the generation of Lac+ mutants. Its supposed role of 
SOS response in particular process is enhancement of the expression of pol IV 
by derepression of transcription of the pol IV gene (McKenzie et al., 2000, 
2001b). 

 In addition to stimulation of the transcription of pol IV-encoding gene 
dinB by RpoS and SOS response, there are more factors enhancing a cellular 
amount or activity of pol IV in stationary phase cells. For example, molecular 
chaperon GroE was shown to be required for pol IV-dependent mutagenesis, 
probably by preventing pol IV degradation (Layton and Foster, 2005). The 
expression of polyphosphate kinase (Ppk), which is responsible for the synthesis 
of polyphosphate (PolyP), is required for the activity of pol IV as well, but does 
not affect the cellular amount of pol IV (Stumpf and Foster, 2005). PolyP 
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accumulates in stationary phase cells and under conditions of nutritional 
depletion (Kuroda et al., 1997). As polyP mimics DNA, it is able to bind 
various DNA-binding proteins whereas in some cases polyP-binding serves a 
regulatory function (Kusano and Ishihama, 1997; also reviewed in Foster, 
2007). Recently, UmuD and RecA were shown to suppress generation of pol 
IV-dependent –1 frameshift mutations by concerted binding to pol IV, hence 
enclosing its active site (Godoy et al., 2007). It has been hypothesized that 
malfunctioning of MMR in a subpopulation of cells is an additional factor, 
facilitating the occurrence of Lac+ reversions under lactose selection. 
Specifically, a functional limitation of MMR enzyme MutL may magnify the 
effect of pol IV on generation of 1-bp deletions (Harris et al., 1997, 1999; also 
reviewed in Foster, 2007 and Galhardo et al., 2007). 

Studies about the involvement of DNA polymerases other than pol IV in 
occurrence of Lac reversions have revealed, that pol V does not participate in 
generation of Lac+ mutations in starved E. coli (Cairns et al., 1991; also referred 
McKenzie et al., 2000), whereas pol II exhibits rather a negative effect on 
appearance of these mutations, probably by competing with pol IV (Foster, 
2007). The rest of Lac+ revertants, which emerge independently from pol IV, 
are most likely produced by pol III (Foster, 2007; McKenzie et al., 2001b). 

Starvation induced mutagenesis has also been studied in a Gram-positive soil 
bacterium Bacillus subtilis which, due to its ability to form endospores, has 
been used as a simplified model to investigate cell differentiation. To 
investigate mutagenic processes in stationary phase B. subtilis, the appearance 
of prototrophic revertants within an auxotrophic population (auxotrophy for 
histidine, methionine or leucine) has been detected (Sung and Yasbin, 2002). 
The revertants accumulated on selective minimal medium lacking a certain 
required amino acid. Particular chromosomal reversions systems allow 
monitoring the occurrence of variuos base substitution mutations (Sung and 
Yasbin, 2002). 

Y-family polymerase YqjH, homologous to E. coli pol IV (Ohmori et al., 
2001) was found to be involved in stationary phase mutagenesis in B. subtilis, 
whereas YqjH was responsible for the generation of at least half of prototrophic 
revertants. The second Y-family polymerase of B. subtilis, YqjW, did not 
contribute to the generation of (His+) prototrophic revertants (Sung et al., 2003). 
However, differently from E. coli pol IV-dependent stationary phase muta-
genesis, the appearance of prototrophic mutants in B. subtilis was independent 
of SOS response and recombinational processes, since RecA functionality was 
not required for mutagenesis in particular tester strains (Sung and Yasbin, 
2002). 

Interestingly, amino acid starvation-induced mutagenesis in B. subtilis is at 
least partially mediated by transcriptional regulators ComA and ComK (Sung 
and Yasbin, 2002). Com factors are involved in starvation-induced spore 
formation and competence development for natural transformation by the DNA 
taken up from a surrounding environment. The role of Com factors in stationary 
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phase mutagenesis in a particular B. subtilis’ system is speculated to be 
analogous to that of RpoS and cAMP in E. coli F' episome-based system 
(Galhardo et al., 2007). 

Similarly to E. coli, it is presumed that a subpopulation of cells of B. subtilis 
population suffers from MMR limitation under amino acid starvation 
conditions, since generation of prototrophic revertants in stationary phase 
population is increased in MMR deficiency. Moreover, overexpression of the 
MMR key-enzyme MutS reduced mutation frequency in B. subtilis cells 
experiencing amino acid starvation, but not in a growing culture (Pedraza-Reyes 
and Yasbin, 2004). 

Stationary phase mutagenesis in B. subtilis was observed to be a 
transcription-associated process. The generation of prototrophic revertants was 
reduced by deficiency in Mfd, a protein which removes stalled RNA poly-
merase and recruits nucleotide excision repair (NER) enzymes to actively 
transcribed regions of DNA, which in most circumstances overlap with the 
genes under selection (Ross et al., 2006). The role of Mfd in stationary phase 
mutagenesis is probably to endow error-prone DNA synthesis during the 
process of transcription-coupled repair (Foster, 2007).  

Although the involvement of polymerase I in appearance of prototrophic 
revertants has not been described to date, both the spontaneous and UV-induced 
mutagenesis carried out by YqjH and YqjW, respectively, require the pol I 
activity. Furthermore, both Y-family polymerases were shown to physically 
interact with pol I, suggesting functional coupling between the A- and Y-family 
polymerases in mutagenic or translesion synthesis in B. subtilis (Duigou et al., 
2005). 

Opportunistic pathogen Pseudomonas aeruginosa colonizes the respiratory 
track of cystic fibrosis patients forming biofilm communities. High oxidative 
stress in the biofilm, leading to the DNA damage and highly variable 
environment, facilitate evolvement of heterogeneous populations (Boles and 
Singh, 2008), contributing to the appearance of resisting mutants e.g. 
exopolysaccharide alginate overproducing mucoid variants among other genetic 
alterations. Alginate overproduction possesses many beneficial properties, like 
protection of bacterial cells from the host immune response (Mai et al., 1993; 
also referred in Moyano et al., 2007), and exhibiting a higher resistance to 
antibiotics (Ciofu et al., 2001). Hence, a positive selection favors the emergence 
of mucoid variants and chronic infection. Conversion to mucoidy in the lungs of 
CF patients occurs mainly by acquisition of mutations in the mucA gene, 
encoding for anti-sigma factor which represses the alginate production by 
sequestration of AlgT (also known as AlgU), an alternative sigma factor 
positively regulating transcription from the alginate biosynthetic operon 
(Mathee et al., 1997). MucA gene was shown to be inactivated as a result of 
base substitutions or frameshift mutations. Base substitutions lead to the 
formation of premature stop codon or other alterations. Frameshift mutations 
such as 1-bp deletions within homopolymeric sequences of five Gs are known 
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to be characteristic to pol IV-type bacterial DNA polymerases (Martin et al., 
1993; Moyano et al., 2007). Since the occurrence of mutations within the mucA 
gene was strongly reduced in pol IV-deficient background, (Moyano et al., 
2007) it is obvious that pol IV plays a significant role in the development of 
chronic infections in airways of CF patients. The deficiency of MMR system, 
another frequently-detected alteration in clinical isolates of P. aeruginosa 
present in chronic infections (Oliver et al., 2000, 2002; Hogardt et al., 2007), 
magnifies the mutagenic effect of pol IV even more (Moyano et al., 2007). 
 
 

1.3.2.3. Appearance of mutants with growth advantage  
in a stationary phase in liquid culture 

 
It has been observed that bacterial cells aged for at least ten days in liquid batch 
cultures are able to out-compete the cells from younger cultures when incubated 
in a co-culture (Zambrano et al., 1993; Finkel and Kolter, 1999; Smeulders et 
al., 1999). Hence, the competitive advantage of long-term stationary phase 
culture cells appeares to be defined by a genetic alterations and does not depend 
upon physiological adaptation to stationary phase environment (Zambrano et 
al., 1993). The genetic alterations leading to the expression of GASP (“Growth 
Advantage in Stationary Phase”) phenotype are connected mainly with 
increased ability to assimilate or catabolize one or several amino acids as a 
carbon source (Zinser and Kolter, 2004). The most prominent GASP mutations 
reduce the activity of an alternative stationary phase sigma factor RpoS. The 
other characterized genetic alterations concerning the GASP phenotype have 
been located to lrp and ybeJ-gltJKL locus, encoding leucine responsive protein 
Lrp and a high-affinity aspartate and glutamate transporter, respectively (Zinser 
and Kolter, 1999; 2000; Zinser et al., 2003; Zinser and Kolter, 2004). 

Due to the selective pressure acting upon many different loci, the ascertain-
ment of exact molecular mechanisms of generation of GASP mutations is 
complicated. Most obviously, several distinct molecular mechanisms are 
responsible for the appearance of GASP mutations, whereas the nature of 
mutations varies from point mutations up to large genomic rearrangements. 
Nevertheless, the involvement of specialized DNA polymerases is crucial for 
the generation of GASP mutants in E. coli, although the processes and pathways 
wherein those polymerases participate have remained unclear (Yeiser et al., 
2002). Strains deficient for any of the SOS-inducible DNA polymerases pol II, 
pol IV, or pol V, exhibit remarkable decrease in relative fitness when co-
cultured with wild-type strain. It leads to displacement of specialized DNA 
polymerase-deficient strains and population takeover by wild-type bacteria, 
whereas individually cultured SOS-inducible polymerase deficient populations 
show no alteration in viability compared to wild-type population in long-term 
stationary phase growth (Yeiser et al., 2002). When co-cultured with each other, 
every polymerase mutant strain possesses similar relative fitness which means 
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that virtually half of the times one polymerase-deficient strain out-competes the 
other from initially identical co-cultures and vice versa (Yeiser et al., 2002). 
The reduced ability of specialized DNA polymerase-deficient strains to express 
GASP phenotype is supposed to be inflicted by complications in replicating 
across certain DNA lesions and diminished genetic diversity on which the 
selection may act (Yeiser et al., 2002; Finkel, 2006). 
 
 

1.3.2.4. Antibiotic-induced mutagenesis 
 
Development of antibiotic resistant mutants of pathogenic bacteria is a serious 
problem in infection therapy, especially in case of chronic infections and 
immunocompromised patients. Therefore, the mechanisms by which the 
antibiotic resistance evolves are under intense investigation.  

Exposure of bacteria to antibiotics, like other stressful conditions described 
above, induces mutagenic processes which in turn increase the probability of 
resistance acquisition. The presence of several different types of antibiotics in 
bacterial growth environment, whether involved directly in DNA metabolism or 
not, eventually leads to increased expression of specialized DNA polymerases. 

The most prominent mechanism of up-regulation of specialized DNA 
polymerases due to the presence of antimicrobial agents appears to be the SOS 
response. So, the evolvement of ciprofloxacin-resistant E. coli mutants after the 
exposure to a particular antibiotic depends on activation of SOS response, 
whereby functionality of all three specialized DNA polymerases pol II, pol IV, 
and pol V is required (Cirz et al., 2005; Cirz and Romesberg, 2006). Cipro-
floxacin-induced mutagenesis requires, in addition to specialized polymerases, 
also RecA, RecBC and RuvABC proteins, all involved in double-strand break 
repair by homologous recombination (Cirz et al., 2005). Therefore, the 
presumed model for the generation of ciprofloxacin-induced mutations 
resembles in molecular mechanisms to the generation of Lac reversions 
described hereinbefore. Though, instead of double-strand break formation due 
to conjugal functions in case of Lac reversion mutations, ciprofloxacin induces 
double-strand breaks by inhibition of topoisomerase-DNA complex after the 
cleavage and before the ligation of DNA strands (Galhardo et al., 2007).  

Ciprofloxacin treatment inflicts SOS response-dependent upregulation of 
specialized DNA polymerases DnaE2 and ImuB in P. aeruginosa as well (Cirz 
et al., 2006). Located in same operon, the former encodes a C family DNA 
polymerase, known also as an error-prone DNA polymerase in other organisms, 
whereas the latter encodes a pol IV-type Y-family DNA polymerase. Some 
contrarieties have appeared in data available for transcription induction from 
pol IV-encoding dinB gene by ciprofloxacin in P. aeruginosa. Cirz et al. have 
observed ciprofloxacin-dependent, albeit SOS-induction independent, induction 
of pol IV, (Cirz et al., 2006), while Blazques et al. have not detected 
transcription induction from dinB by ciprofloxacin (Blázquez et al, 2006). The 
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latter observation is also supported by the results from global microarray studies 
of alterations in gene expression as a response to antibiotic treatment (Brazas 
and Hancock, 2005). Discrepancy in pol IV expression induction by 
ciprofloxacin is most probably derived from dissimilarities in experimental 
procedures applied by different authors. 

SOS response-dependent induction of expression of a specialized Y-family 
DNA polymerase, UmuC-type polymerase (SACOL1400), occurs in response 
to ciprofloxacin treatment also in Staphylococcus aureus, a Gram-positive 
pathogen associated with diverse serious infections. Although the second             
Y-family DNA polymerase of S. aureus is not SOS-regulated, a slight up-
regulation of pol IV (SACOL1955) by ciprofloxacin has also been observed 
(Cirz et al., 2007). 

The appearance of rifampicin resistant Mycobacterium tuberculosis mutants 
during the infection is observed to depend on functionality of a specialized 
DNA polymerase DnaE2 (Boshoff et al., 2003). Whereas UV-induced 
mutagenesis provided by DnaE2 in M. tuberculosis (and also in M. smegmatis) 
is a RecA-dependent (Boshoff et al., 2003), it is very likely that rifampicin 
treatment inflicts SOS response-dependent induction of specialized DNA 
polymerases similarly to ciprofloxacin in E. coli. SOS-induction-dependent 
evolvement of rifampicin resistant E. coli mutants was also observed in a mouse 
infection model in response to rifampicin treatment (Cirz et al., 2005). 

It is intriguing to note that SOS-induction is also generated as a response to 
the treatment of bacteria with a β-lactam antibiotic, an antimicrobial agent 
which interferes with cell wall synthesis by binding to penicillin binding 
proteins (PBPs) (Miller et al., 2004). Inactivation of PBP3 by β-lactams induces 
two-component signal transduction system-encoding operon dpiBA. In addition 
to transcription regulation, the response regulator DpiA also regulates the DNA 
replication by binding to the chromosomal replication origin and competing 
with replication proteins DnaA and DnaB, that leads to inhibition of replication 
and induction of SOS response (Miller et al., 2003). SOS response results in 
inhibition of cell division by SulA protein, thereby preventing the cell from 
harmful effects of β-lactam antibiotics, but also inflicting the induction of 
specialized DNA polymerases. However, the transcription from E. coli pol IV 
encoding dinB gene as well as pol IV-dependent increase in 1-bp frameshift 
mutations in E. coli FC40 system is induced by the exposure to β-lactam 
antibiotics in a SOS-independent manner as well (Perez-Capilla et al., 2005). 
The induction of expression of pol IV and increase in mutation frequency by     
β-lactam antibiotics is intrinsic also to P. aeruginosa (Blázquez et al., 2006). 
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2. RESULTS AND DISCUSSION 
 
 

2.1. Construction of the test systems  
for investigation of stationary phase mutagenesis  

in Pseudomonas putida (Ref. I) 
 
Study of the mechanisms of mutagenic processes as well as monitoring the 
occurrence of certain types of mutations, is restricted by availability and the 
nature of test systems. Depending on the test system employed, it is possible to 
detect either only single type of mutations or a broad range of changes 
simultaneously. Selection type of a particular mutagenesis assay defines the 
growth phase of bacterial population during which the mutagenic processes can 
be investigated. For example, presence of certain antibiotics in growth medium 
is lethal to bacteria, and therefore mutations generated only prior the selection 
are observed using the assay system based on the selection for resistance to 
antibiotics. At the same time, test systems based on either acquisition of carbon 
source utilization or appearance of prototrophic revertants within the 
auxotrophic population enable monitoring of the mutagenesis throughout long 
periods of starvation. 

A plasmid-based test system employed in the studies of mechanisms of 
stationary phase mutagenesis in P. putida in our laboratory earlier (Kasak et al., 
1997; Saumaa et al., 2002) permits observation of occurrence of several 
different types of mutations simultaneously, e. g. base substitutions, deletions, 
and insertions, but also larger DNA rearrangements such as transposition of an 
IS element and the transposon Tn4652. All these mutations allow generation of 
a functional promoter upstream of silent phenol degradation operon pheBA 
enabling utilization of phenol as a carbon source. In order to study the 
mechanisms of generation of different types of mutations separately, a set of 
novel test systems was constructed (Ref. I). These new assay systems are based 
on detection of reversion mutations (either framshift mutations or base 
substitutions) restoring functional phenol monooxygenase-encoding pheA 
sequence under the control of a constitutively expressed promoter on RSF1010-
derived plasmid. Tester plasmid pKTpheA56+A, which was constructed to 
monitor the appearance of 1-bp deletions, contains a single A nucleotide 
insertion within the ACC codon of the reporter gene pheA, encoding threonine 
at the position 56 (Thr-56) of the amino acid sequence of phenol mono-
oxygenase (Fig. 9; Ref. I, Fig. 1). Other test systems designed by the 
replacement of CTG codon for the leucine at the position 22 (Leu-22) of the 
amino acid sequence of PheA with the stop codons, TAG, TAA, or TGA 
(pKTpheA22TAG, pKTpheA22TAA, pKTpheA22TGA) allow the detection of 
different base substitution mutations (Fig. 9; Ref. I, Fig. 1 ).  
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TTCCTGTCG CAGGGCATTACC

pheAP

GATGATGGG AGCGCAACTGCTG

GATGATGGG AGCGCAACTGTGA pKTpheA22TGA
GATGATGGG AGCGCAACTGTAA pKTpheA22TAA
GATGATGGG AGCGCAACTGTA pKTpheA22TAGG

TTCCTGTCGA CCCAGGGCATT pKTpheA56+AA

original

original

 
 
Fig. 9. Assay systems allowing detection of 1-bp deletions (pKTpheA56+A) or different 
base substitutions (pKTpheA22TAG, pKTpheA22TAA, pKTpheA22TGA) in P. putida 
stationary phase cells. Regions containing introduced alterations are shown aside with 
original sequence of the phenol monooxygenase tester gene pheA. The transcription of 
the pheA gene is initiated from a constitutively expressed promoter, indicated by P. 
 
 
Observation and isolation of phenol-degrading Phe+ mutants using the assay 
systems described herein was performed under nonlethal selection on solid 
minimal medium containing phenol as a sole carbon source. Approximately 5 × 
108 to 1 × 109 tester plasmid-carrying cells of P. putida overnight grown culture 
are spread onto phenol minimal plates. Phe+ mutants emerging in the growing 
culture form visible colonies on phenol minimal plates by second day after the 
plating, whereas Phe+ colonies appearing on day 3 and later carry mutations 
generated under starvation conditions after the plating. These particular test 
systems enable to study mutagenic processes during at least 2 weeks of carbon 
source starvation. Mechanisms of stationary phase mutagenesis have mostly 
been investigated in experiments lasting less than 1 week. However, in natural 
environments, bacterial populations very likely face far longer periods of 
starvation. Our previously published results suggested that mutational processes 
in cells from different starvation periods are not entirely compatible (Saumaa et 
al., 2002). Therefore, in current study (Ref. I), the appearance of Phe+ mutants 
onto phenol minimal plates was monitored throughout a longer period of 
starvation for the carbon source. 

Sequence analysis of P. putida Phe+ mutants carrying the test system 
pKTpheA56+A which measures the reversion of +1 frameshifts revealed that 
majority of 1-bp deletions had occurred within the homopolymeric sequence 
CCC flanked to the inserted A nucleotide whereas only few mutants contained a 
deletion of inserted A. The 1-bp deletion at the CCC repeat restored the pheA 
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reading frame by replacing the ACC codon for Thr-56 with the AAC encoding 
asparagine (Asn).  

Approximately 100 Phe+ revertants isolated using the test systems carrying 
different stop codons instead of the codon for Leu-22 were all generated by base 
substitutions which eliminated the stop codon by replacing it with codons for 
several different amino acids (Table 1; Ref. I, Table 3). These results excluded 
the appearance of supressor mutations. In addition, in case of every revertant 
studied, Phe+ phenotype was conjugatively transferred to P. putida Phe- 
recipient. Since the Phe+ transconjugants carrying different mutant plasmids 
grew equally well on phenol minimal plates, amino acid Leu-22 of the PheA 
protein appeared to be replaceable with several other amino acids without 
changing the ability to utilize phenol compared to the wild-type enzyme. 
Analysis of Phe+ revertants generated due to base substitutions revealed diffe-
rent spectra of mutations depending on the sequence of stop codon used in the 
particular test system (Table 1; Ref. I, Table 3).  
 
Table 1. Base substitutions occurred in stop codons (TGA, TAA, TAG) within the pheA 
gene in Phe+ revertants emerged in starving cell population of P. putida. 

Targeta DNA change Occurrences Reversion amino acid change 
TGA T → C 13 (54%) CGA Arg 
 T → G 5 (21%) GGA Gly 
 G → T 4 (17%) TTA Leu 
 A → C 2 (8%) TGC Cys 
     
TAA T → C 38 (88%) CAA Gln 
 T → G 5 (12%) GAA Glu 
     
TAG T → C 44 (61%) CAG Gln 
 A → G 11 (15% TGG Trp 
 G → T 8 (11%) TAT Tyr 
 T → G 6 (8.5%) GAG Glu 
 G → C 1 (1.5%) TAC Tyr 
 A → T 1 (1.5%) TTG Leu 
 T → A 1 (1.5%) AAG Glu 

 

a In all cases the same codon, CTG for Leu 22, was altered in the wild type pheA sequence. 
 
 
The spectrum of alterations leading to the appearance of Phe+ mutants was most 
variable in case of the test system pKTpheA22TAG with seven different base 
substitutions represented. However, the dominant substitution in all three test 
systems appeared to be the T→C transition. 
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2.2. Pol IV is involved in generation  
of 1-bp deletion mutations in starving population  

of Pseudomonas putida (Ref. I) 
 
Exhaustion of nutrients from the growth medium leads to the growth reduction 
of the bacterial population i. e. it enters the stationary phase. Although the 
number of viable cells in the culture remains constant, stationary phase 
population appears to be a highly dynamic system in which mutants possessing 
growth-advantage arise and multiply at the expense of the previous population 
(Zambrano et al., 1993). Moreover, genetic variability has been shown to 
increase under the growth-restricting conditions. Specialized DNA polymerases 
contribute to increased mutation frequency under stressful conditions. 
Involvement of specialized DNA polymerases in stationary phase mutagenesis 
has been demonstrated in aging E. coli colonies (Bjedov et al., 2003) as well as 
in appearance of mutants exhibiting growth advantage in liquid E. coli culture 
(Yeiser et al., 2002). Appearance of most Lac+ reversions, generated due to           
1-bp deletion mutations permitting utilization of lactose as a carbon source in E. 
coli starving population, was demonstrated to depend on a Y-family DNA 
polymerase IV (McKenzie et al., 2001). YqjH, a homologue of E. coli pol IV 
was shown to contribute to the emergence of prototrophic revertants within an 
auxotrophic population of B. subtilis under amino acid starvation conditions 
(Sung et al., 2003). 

In order to study the involvement of a specialized DNA polymerase pol IV 
in stationary phase mutagenesis in P. putida, generation of Phe+ mutants in a 
population of pol IV-defective derivative of the wild-type strain PaW85 was 
monitored and compared with the parental strain, by using test systems 
described hereinbefore. Our results demonstrate that the occurrence of 1-bp 
deletions in P. putida cells starving for carbon source depends on the presence 
of functional pol IV since the frequency of appearance of Phe+ revertants in 
P. putida carrying the tester plasmid pKTpheA56A was decreased by up to 10 
times compared to the pol IV-proficient wild-type strain (Fig. 10A; Ref. I, Fig. 
2A). Viability of both strains under starvation conditions throughout the period 
of evaluation of stationary phase mutagenesis was comparable (Fig. 10B; Ref. I, 
Fig. 2B). Intriguingly, the generation of pol IV-dependent frameshifts increased 
significantly as carbon source limitation had lasted longer than one week, 
thereby indicating that induction of pol IV-dependent mutagenesis occurs under 
the long-term environmental stress. 
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A        B 

 
 
Fig. 10. A. Accumulation of Phe+ mutants as a result of generation of 1-bp deletions in 
test system pKTpheA56+A throughout the period of two weeks of carbon source 
starvation in population of P. putida wild-type strain PaW85 (WT), its pol IV-deficient 
(dinB) and RecA-deficient (recA) derivatives. Data for at least five parallel experiments 
are presented. Means ± standard deviations for 10 plates calculated per 109 cells are 
shown. B. Viability of P. putida wild-type strain PaW85 (WT) and its pol IV-deficient 
(dinB) and RecA-deficient (recA) derivatives on phenol minimal plates. Means ± 
standard deviations for at least five cultures are shown. 1.0E+09 indicates 109 viable 
cells.  
 
 
Chromosomal reversion systems employed in investigation of stationary phase 
mutagenesis in B. subtilis allow to estimate the occurrence of base substitution 
mutations. Involvement of a Pol IV homologue of B. subtilis YqjH in 
emergence of prototrophic revertants, shows the contribution of this particular 
DNA polymerase in generation of base substitutions in stationary phase cells 
(Sung et al., 2003). In contrast to that, no effect of pol IV was observed on 
generation of base substitution mutations in P. putida stationary phase cells: no 
difference between pol IV defective and wild-type strains was detected in 
frequency of appearance of Phe+ mutants in populations of starving cells 
carrying the above-described test systems which measure base substitutions 
(data not shown). 

Generation of pol IV-dependent base substitution mutations in E. coli 
overnight culture was shown under conditions of pol IV over-expression by 
monitoring the appearance of rifampicin (Rif)-resistant mutants and also by 
using a λ cII gene inactivation assay (Wagner and Nohmi, 2000). The 
acquisition of Rif-resistance is derived from alterations in amino acid sequence 
of the RNA polymerase β-subunit, which impede binding of rifampicin with the 
RNA polymerase. Mainly base substitution mutations occurring in the RNA 
polymerase β-subunit-encoding rpoB gene were responsible for the generation 
of Rif-resistance. Similarly to the results obtained by the others for E. coli, 
overproduction of pol IV in P. putida overnight grown cells increased the 
emergence of Rif-resistant mutants (Table 2; Ref. I, Table 2). Thus, the absence 
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of any effect of pol IV on generation of base substitutions under long-term 
starvation conditions in P. putida may be inflicted by differences in sequence 
context between the test systems used for the investigation of pol IV-dependent 
mutagenesis. Additionally, mutagenic processes involving the DNA synthesis 
by pol IV in actively dividing cells most likely differ from those occurring in 
stationary phase cells. 
 
 
Table 2. The effect of P. putida pol IV overexpression on generation of Rif-resistant 
mutants in growing cellsa. 

Strain dinB overexpression Controlb 

E. coli TG1 20.5 0.85 
P. putida PaW85 1.70 0.30 

 
a The frequency of mutation to RifR per 109 cells was calculated using the Lea-Coulson method of 
the median (Lea and Coulson, 1949; Rosche and Foster, 2000). The Mann-Whitney test (Sokal 
and Rohlf, 1981) for the effect of dinB overexpression gave significant P values: P < 0.001 for P. 
putida, and P < 0.0001 for E. coli. 
b Bacteria carried the same plasmid except of lacking the dinB gene. 
 
 
Several mechanisms have been shown to control mutagenic processes at 
different levels, starting from transcriptional repression of corresponding genes 
to posttranslational modifications, such as modulation of the functionality and 
access of the enzymes to DNA replication and repair maschinery. In addition to 
exposure to direct DNA damage-inflicting agents, other stresses (including 
nutrient limitation) also induce mutagenesis. For example, increase in mutation 
frequency in E. coli aging colonies is controlled by the SOS response and the 
catabolite repression system (Taddei et al., 1995; Bjedov et al., 2003). In case 
of one natural isolate, the dependence upon the alternative RNA polymerase 
sigma subunit RpoS was also observed (Bjedov et al., 2003). Additionally, the 
accumulation of prototrophic revertants in B. subtilis stationary phase 
population exhibited requirement for the activity of transcriptional regulators 
involved in starvation-induced development of spore formation and 
transformation competence (Sung and Yasbin, 2002). 

The pol IV-encoding gene dinB belongs to SOS regulon in E. coli, being 
therefore subject to DNA damage-dependent transcription induction (Courcelle 
et al., 2001; Goodman, 2002). SOS response was shown to occur also in static 
bacterial populations without the presence of external DNA damaging agents 
(Taddei et al., 1995). SOS response was also demonstrated to be required for 
the generation of pol IV-dependent stationary phase mutations (McKenzie et 
al., 2000, 2001). 

The promoter region of P. putida pol IV-encoding dinB gene contains a 
sequence similar to E. coli LexA binding consensus CTG-N10-CAG (Walker, 
1984; Wertman and Mount, 1985)(Fig. 11; Ref. I, Fig. 4B).  

11
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GAGCTGTTTCAAAGCTGGGTGCATGCGATACTAT TATGAATTTA TGCTGACGGTCGTCC CCTG CAG ATG

dinB
*

-35 -10

 
 
Fig. 11. Nucleotide sequence of P. putida dinB promoter region. Putative –35 and –10 
hexamers of the promoter are boxed, and the 5' end of the dinB mRNA is indicated by 
an asterisk. The potential LexA binding site is underlined whereas LexA binding 
consensus nucleotides are in boldface and cursive. The translation start site of the dinB 
gene is indicated by an arrow. 
 
 
This LexA binding consensus motif overlaps the –10 hexameric sequence of the 
dinB promoter by two nucleotides. Therefore we expected repression of this 
promoter by LexA and induction under different stressful conditions by DNA 
damage similarly to that observed in E. coli (Tang et al., 2000; Napolitano et 
al., 2000; McKenzie et al., 2000, 2001). However, despite the presence of 
putative LexA binding site within the dinB promoter region, addition of the 
DNA damage-inducing agent mitomycin C into the growth medium of bacteria 
had only a modest increasing effect (merely up to twofold) on the level of 
transcription from the dinB promoter (Fig. 12; Ref. I, Fig. 3).  
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Fig. 12. The effect of DNA damage on transcription from the dinB promoter in P. 
putida PaW85. The promoter was cloned upstream of the luciferase encoding reporter 
genes luxAB into the pKT240-derived tester-plasmid. Transcription from the dinB 
promoter was assayed by measuring the luciferase activity (relative light units/optical 
density units at 580 nm) in cells grown in the presence or absence of a DNA-damaging 
agent mitomycin C (2 µg/ml). 
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At the same time, transcription from the P. putida dinB promoter had similar 
induction level in E. coli as the E. coli dinB promoter (data not shown). Latter 
indicates that there is a stronger repression of pol IV-encoding gene in E. coli, 
probably caused by a higher affinity of the E. coli LexA repressor to its binding 
site in the P. putida dinB promoter, compared to that of P. putida LexA. 
Hypothesis of lower binding affinity of E. coli-like SOS box by P. putida LexA 
is supported by similar results of DNA damage-inducibility of pol V-encoding 
rulAB genes on the plasmid pWW0 (Ref. III). Indeed, the uninduced level of 
transcription from the dinB promoter was higher in P. putida than in E. coli. It 
is possible, that the higher basal level of expression of pol IV in P. putida would 
possess beneficial value facilitating adaptation and survival in constantly 
changing environment, characteristic to natural habitats of soil bacteria 
(compared to relatively stable natural environment of an enterobacterium E. 
coli). 

Besides functioning as a signal sensor and transducer molecule for SOS 
response, leading to stimulation of autoproteolysis of the LexA repressor, the 
involvement of RecA in mutational processes may also occur via recombi-
national repair of double-stranded DNA breaks (Ponder et al., 2005; He et al., 
2006; also reviewed in Galhardo et al., 2007). The generation of pol IV-
dependent 1-bp deletions in F´ episome-based Lac reversion system was 
observed to depend on double-stranded DNA break formation exhibiting also a 
requirement for RecA, RecBCD and RuvABC proteins (Ponder et al., 2005; 
Cairns et al., 1991; Foster et al., 1996; Harris et al., 1994; Harris et al., 1996). 
Recombinational repair of double-stranded DNA breaks enables the generation 
of mutations during the DNA synthesis step. 

In order to find out whether the occurrence of dinB-dependent stationary 
phase mutations is affected by the functionality of RecA in P. putida, 
generation of 1-bp deletions in a RecA defective strain was compared with 
respective frequency in the wild type. Our experiments showed that the rate of 
accumulation of –1 framshifts was comparable between the wild type P. putida 
and its RecA-deficient derivative (Fig. 10; Ref. I, Fig. 2). Hence, occurrence of 
pol IV-dependent mutations in P. putida stationary phase population observed 
in this study does not require the presence and functionality of RecA protein. 
Therefore, the requirement for SOS induction and also for recombinational 
double-strand break repair for the generation of pol IV-dependent 1-bp 
deletions within this particular system is excluded. Based on these results, one 
may hypothesize that the frequency of generation of pol IV-dependent 1-bp 
deletions in P. putida long-term-starved population may be increased as a result 
of pol IV-provided DNA repair synthesis initiated by DNA reparation 
pathway(s) other than recombinational repair. It is possible that the access of 
pol IV to DNA synthesis is controlled either by regulation of cellular amount of 
pol IV by some posttranscriptional/posttranslational mechanisms and/or by 
modification of the activity of this enzyme. Indeed, the regulation of cellular 
amount and activity of pol IV at several different levels has been described in 
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E. coli. For example, the pol IV-dependent mutagenesis in E. coli stationary 
phase cells has been shown to depend on a molecular chaperon GroE and a 
polyphosphate kinase Ppk. The effect of GroE on pol IV-dependent 
mutagenesis most probably lays in prevention of pol IV degradation, therefore 
increasing its cellular amount (Layton and Foster, 2005). Ppk responsible for 
synthesis of polyphosphate in stationary phase cells does not affect the cellular 
amount of pol IV but is required for its activity (Stumpf and Foster, 2005). pol 
II has been observed to exhibit a negative effect on the appearance of pol IV-
dependent Lac+ mutations in E. coli stationary phase population probably by 
competing with pol IV and limiting the mutational potential of pol IV in DSBR 
pathway (Foster, 2007). Additionally, UmuD and RecA were shown to suppress 
the –1 frameshift mutator activity of pol IV in E. coli by concerted binding with 
it, thus enclosing the relatively open active site of pol IV (Godoy et al., 2007). 
 
 

2.3. Opposite effects of DNA polymerases DnaE2  
and ImuB encoded by LexA2-regulated multiple  
gene cassette in stationary phase mutagenesis  

of Pseudomonas putida (Ref. II) 
 
Several bacterial species lacking DNA polymerase V-encoding umuDC 
orthologs carry in their genomes a DNA damage-inducible multiple gene 
cassette. This multiple gene cassette encodes in most cases LexA-like repressor 
(LexA2), protein exhibiting some similarities to cell division inhibitor SulA and 
RecA/RadA recom enzyme similar to the catalytic subunit of replicative DNA 
polymerase (DnaE2) (Erill et al., 2006; Abella et al., 2004; Weinel et al., 2002). 
Transcription from the multiple gene cassette has shown to be regulated by its 
own-encoded LexA2 repressor which binds to cyanobacteria-like recognition 
sequence GTACN4GTGC different from the E. coli-like LexA binding 
consensus CTGTN8ACAG (Abella, et al., 2004). In a gamma proteobacterium 
P. aeruginosa, a beta proteobacterium Ralstonia solanacearum and many alpha 
proteobacteria species a three-gene cassette derivative of particular multiple 
gene cassette lacking a second LexA-encoding gene has been described (Erill et 
al., 2006; Abella et al., 2004). Phylogenetic analysis has revealed that the origin 
of particular gene cassette dates back to actinobacteria and has been dispersed 
across the bacterial domain through duplications, vertical inheritance, and 
lateral gene transfer (Erill et al., 2006). The absence of a second copy of LexA-
encoding gene within the given operon in some bacterial species does not 
exclude the DNA damage-inducibility of the particular multiple gene cluster, 
whereas in these organisms adoption of their primal LexA-binding site in the 
promoter region of the first gene of the operon has been occurred (Abella et al., 
2004). For example, the three-gene cassette imuA-imuB-dnaE2 of Caulobacter 
crescentus was shown to be DNA damage-inducible and negatively regulated 
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by C. crescentus LexA protein which is similar to E. coli LexA. In addition, the 
imuA-imuB-dnaE2 cassette was responsible for most UV-induced mutations in 
C. crescentus (Galhardo et al., 2005). The involvement of DnaE2 has been 
observed in DNA damage-induced mutagenesis in Mycobacterium tuberculosis 
as well (Boshoff et al., 2003). Furthermore, the contribution of DnaE2 has been 
observed also in development of M. tuberculosis drug resistant mutants 
(Boshoff et al., 2003). There are also data on dependence of UV-induced 
mutagenesis upon a DnaE2 homologue in Pseudomonas aeruginosa (Sanders et 
al., 2006). The presence of a DNA damage-inducible gene cassette in genomes 
of bacterial species which does not carry pol V-encoding umuDC orthologs 
indicates at least partially overlapping functional replacement of pol V by 
specialized DNA polymerases of multiple gene cassette at translesion DNA 
synthesis in these species. Involvement of particular specialized DNA 
polymerases in error-prone translesion synthesis together with DNA damage-
inducibility of the multiple gene cassette has given a reason for its designation 
as a “mutagenesis cassette”. 

Multiple gene cassette identified in P. putida genome encodes LexA-like 
repressor (lexA2), SulA (sulA2/imuA), Y-family DNA-polymerase similar to pol 
IV (dinP/imuB), and a protein similar to the alpha subunit of replicative DNA 
polymerase (dnaE2). Given operon has shown to be DNA damage-inducible 
and self-regulated by LexA2 (Abella et al., 2004). DNA damage-inducible 
DNA polymerases contribute to adaptive mutagenesis under stressful conditions 
including nutritional limitation (McKenzie et al., 2001; Bjedov et al., 2003; 
Yeiser et al., 2002). This raised the question about the role of this multiple gene 
cluster of DNA polymerases in mutagenic processes under long-term starvation 
of P. putida. 

In order to investigate the involvement of ImuB and DnaE2 in stationary 
phase mutagenesis, the appearance of Phe+ revertants in ImuB- and DnaE2 
defective P. putida strains was monitored. To study the mechanisms of 
occurrence of 1-bp deletions and base substitution mutations separately, the 
assay systems pKTpheA56+A and pKTpheA22TAG (described in Ref. I) were 
used, . Surprisingly, the absence of functional DnaE2 enhanced the appearance 
of base substitution mutations (up to threefold) in a starving P. putida 
population (Fig. 13A; Ref. II, Fig. 1A). Hence, in contrary to our expectation, 
DnaE2 does not elevate mutation frequency but rather acts as an antimutator in 
stationary-phase P. putida. This is in strict contrast to functions of DnaE2 
homologues in other organisms studied so far that possess under any 
circumstances an error-prone nature. Similar effect of DnaE2 deficiency was 
observed also in a growing P. putida culture. Additionally, negative effect of 
DnaE2 on the appearance of base substitutions in P. putida emerged also in the 
studies of UV-induced mutagenesis. DnaE2 deficiency resulted in about 
twofold increase in the frequency of appearance of Rif-resistant mutants 
compared to that of the parental strain after the exposure of bacteria to UV-
radiation (Fig. 14; Ref. II, Fig. 3). Hence, the anti-mutator effect of DnaE2 in 
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generation of base substitution mutations is not restricted to a particular 
plasmidial test system employed but appears to be more general. These results 
indicate that a reducing effect of P. putida DnaE2 on mutagenesis may lie in 
accurate DNA synthesis across certain DNA lesions including UV-induced 
DNA damage like cyclobutane pyrimidine dimers and pyrimidine-pyrimidone 
(6–4) photoproducts. DnaE2 may also impede the access of error-prone DNA 
polymerases to DNA synthesis on undamaged template during genome 
duplication or DNA repair synthesis.  
 
 A      B 

 
 
Fig. 13. The accumulation of Phe+ revertants on phenol minimal plates in P. putida 
wild-type strain PaW85 (WT), and its DnaE2-deficient (dnaE2) and ImuB-deficient 
(imuB) derivatives. The effect of DnaE2 and ImuB deficiency on generation of base 
substitution mutations (A) and 1-bp deletions (B). Data for at least five parallel 
experiments are presented. In all cases, means ± standard deviations for at least 10 
plates calculated per 1x109 cells are shown.  
 
 
The frequency of appearance of 1-bp deletions in a DnaE2-defective P. putida 
strain was comparable to that in the parental strain (Fig. 13B; Ref. II, Fig. 1B). 
Therefore, DnaE2 seems not to be involved either in generation of 1-bp 
frameshifts or prevention of the occurrence of this type of mutations in a long-
term starved P. putida population. 

At the same time, the deficiency of ImuB resulted in up to twofold lower 
frequency of generation of both base substitution mutations and 1-bp deletions 
in P. putida stationary phase population (Fig. 13; Ref. II, Fig. 1). In accordance 
with the results of stationary phase mutagenesis, the absence of functional ImuB 
reduced the UV-induced mutation frequency up to twofold (Fig. 14; Ref. II, Fig. 
3). Hence, ImuB contributes to generation of different type of mutations and 
several distinct mutagenic processes in P. putida. Predisposition of mutagenesis 
by ImuB in P. putida correlates with the effects ascribed to an ImuB homologue 
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in C. crescentus in which contribution to UV-mutagenesis was observed 
(Galhardo et al., 2005). Thus, the homologues of DNA polymerases encoded by 
a DNA damage-inducible multiple gene cassette in P. putida possess opposite 
effects on mutagenesis. 
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Fig. 14. The effect of DnaE2 and ImuB deficiency on UV-induced mutagenesis. The 
median value for frequency of Rif-resistant mutants per 109 UV-C-irradiated cells of P. 
putida wld-type strain PaW85 (WT), and its DnaE2-deficient (dnaE2) and ImuB-
deficient (imuB) derivatives is shown. Differences between the frequencies of 
occurrence of Rif-resistant mutations in DnaE2-deficient and ImuB-deficient strains 
relative to wild-type strain were statistically significant (P-values less than 0.05) at the 
95% confidence level based on the Mann-Whitney test (Sokal et al., 1981). 
 
 
However, the exact role of ImuB in mutagenic processes became an intriguing 
question after its amino acid sequence analysis and protein structure prediction. 
Based on predicted structure of ImuB, the functioning of this protein as a DNA 
polymerase is very unlikely. The active site including the palm domain of Y-
family DNA polymerases contains three conserved amino acid residues required 
for catalytic activity of all Y-family DNA polymerases studied so far. Crystal 
structure analysis of Y-family polymerase Dpo4 revealed the location of two 
aspartic acid residues at the positions 7 (D7) and 105 (D105), and a glutamic 
acid residue at the position 106 (E106) on adjacent β-strands 1 and 6 (Ling et 
al., 2001).  

Prediction of the protein structure by Modbase database generated a highly 
scored model for P. putida ImuB using the structure of Y-family polymerase 
Dpo4 as a template (Fig. 15; Ref. II, Supplementary data S3).  
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Fig. 15. The ImuB structure prediction. A ribbon diagram comparison of P. putida 
ImuB (amino acids 78–163) with S. solfataricus DNA polymerase IV Dpo4 (amino 
acids 1–10 and 78–166). ImuB structure was modeled in ModBase database (Pieper et 
al., 2004) using Dpo4 (PDB code 1jx4A) as a template (Ling et al., 2001). The β-
strands forming a palm domain are indicated in blue. The conserved residues D7, D105 
and E106 forming the catalytic center are indicated on Dpo4 structure. No amino acid 
identity exists between the ImuB and Dpo4 within first and 19th residues. Therefore the 
ImuB model was built without N-terminal residues. One of conserved residues of the 
catalytic center, D7, is located on β-strand 1, a region absent from the ImuB model. The 
predicted amino acid sequence of ImuB did not reveal any D residues at the N-terminus 
of this protein. Moreover, the other two conserved catalytic residues locating in the β-
strand 6 of Dpo4 are also absent from ImuB. 
 
 
As no amino acid identity was found within the first nineteen residues of P. 
putida ImuB and Dpo4, the β-strand 1 was excluded from the structure model of 
the ImuB protein. However, the predicted amino acid sequence of ImuB did not 
reveal the presence of any aspartic acid residues in N-terminus of the protein. 
Moreover, the other two conserved carboxylates locating on β-strands 6 in 
Dpo4 are also absent from ImuB. DNA polymerase activity of eukaryotic Y-
family DNA polymerase Rev1 is restricted to the ability to incorporate one or 
two molecules of dCMP irrespectively of the template nucleotide, being 
therefore often referred to as a dCMP transferase. Catalytic activity of Rev1 is 
required for the replicative bypass of AP-sites but the requirement for Rev1 in 
UV-induced mutagenesis does not depend on its catalytic activity (Friedberg et 
al., 2005). At the same time, in addition to binding with PCNA, a functional 
homolog of the bacterial β-clamp, the interaction between Rev1 and the other 
Y-family DNA polymerases has been observed (Guo et al., 2003; Tissier et al., 
2004; Ohashi et al., 2004). Therefore it has been proposed that the role of Rev1 
in translesion DNA synthesis lies in serving as a scaffold protein at blocked 
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replication forks coordinating the polymerase switching between the replicative 
machinery and insertion polymerases, or between an insertion polymerase and 
an extension polymerase (Friedberg et al., 2005; also reviewed in Lehmann, 
2006). The observed effect of ImuB on mutagenesis in P. putida in conjunction 
with the absence of catalytically essential residues in its active site indicates that 
ImuB may participate in polymerase traffic presumably by recruitment of 
specialized DNA polymerases, enabling their access to DNA synthesis. 
 
 

2.4. Plasmid-encoded pol V homologue contributes  
to growth advantage in stationary phase population  

of Pseudomonas putida (Ref. III) 
 
Harboring plasmids could have a beneficial value for bacteria in several 
different ways, depending on transient environmental conditions the bacterial 
population passing through. In their natural environment, bacteria are faced 
with various stresses, including nutritional limitation common for bacteria 
occupying water and soil habitats, but also temperature shifts, dehydration, and 
exposition to UV radiation most often experienced by bacteria colonizing the 
phyllosphere. Large low-copy-number plasmids carrying genes for catabolic 
pathways for the degradation of aromatic compounds permit environmental 
bacteria to extend their nutritional diversity. Many plasmids possess the ability 
to increase not only the survival but also the mutation frequency of their hosts 
exposed to UV-radiation due to the presence of genes exhibiting homology to 
E. coli umuDC genes encoding a specialized DNA polymerase pol V. However, 
the occasional undergo through growth inhibiting conditions due to exhaustion 
of available energy source resulting in entrance of bacterial populations to the 
stationary phase in their natural habitats is indispensable. Within starving 
bacterial populations, there is a strong selective pressure for acquisition of any 
mutation with selective advantage. Populations of stationary phase cells are 
highly dynamic while the fitter mutants with growth advantage (GASP mutants) 
emerge and constantly out-compete the previous population (Zambrano et al., 
1993; Smeulders et al., 1999; Finkel and Kolter, 1999). Specialized DNA 
polymerases contribute to the appearance of GASP mutants probably by 
enhancing generation of mutations the selection may act on (Yeiser et al., 
2002).  

The toluene degradation plasmid pWW0 of P. putida strain mt-2 (Williams 
and Murray, 1974) carries the DNA polymerase V (pol V) homologue-encoding 
genes that were initially designated as ruvAB in the pWW0 sequence annotation 
(Greated et al., 2002), but were renamed by us according to their function as 
rulAB. pWW0 confers resistance to reactive oxygen species (Yano et al., 1981). 
The presence of rulAB in composition of pWW0 led us to speculate that rulAB 
encoded pol V may contribute to pWW0-provided resistance to reactive oxygen 

13
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species. The accumulation of oxidative DNA damage has been proposed to be a 
major factor enabling generation of stationary phase mutations in bacteria 
(Bridges, 1998). Based on these data we supposed that besides enabling 
catabolism of aromatic compounds, pWW0 may enhance the probability of 
plasmid-harboring cells to acquire beneficial mutations in during starvation. 

The evolvement of growth advantage in stationary phase conditions is 
detectable in competition experiments, since cells that acquire advantageous 
mutations will increase in their number relative to the rest of the population as 
the culture ages. In order to distinguish the cells from the aged culture from the 
younger ones, P. putida strains used in this study were labeled with different 
antibiotic resistance markers (resistance to kanamycin or tetracycline) by 
inserting the antibiotic resistance genes into the same chromosomal location 
(for details, see Ref. III Materials and Methods). Cells from an 8-day-old 
culture were inoculated as a numerical minority into a 1-day-old culture. The 
relative proportion of both subpopulations was determined during the next 30 
days by plating cells onto selective media containing appropriate antibiotics. 

The competition between aged and young subpopulations within following 
pairs was monitored: the wild type P. putida versus itself, a rulAB containing P. 
putida versus itself, and a rulAB containing P. putida versus the wild type. 
Representative examples of GASP competition profiles observed during co-
cultivation of different subpopulations are shown in Fig. 16 (Ref. III, Fig. 3). 
Results of the studies on the expression of GASP phenotype in mixed 
populations are summarized in Table 3 (Ref. III, Table 2).  

In all cases studied, the titer of aged cell-population increased in the 
beginning of the experiment, becoming equal to the number of cells of the 
younger subpopulation. Thereafter, the patterns of GASP takeovers diverged, 
expressing a strong dependence upon the presence or absence of rulAB genes in 
bacteria. The co-cultivation of aged and young subpopulations of the wild type 
strain revealed mild expression of the GASP phenotype i. e. a relative 
proportion of cells derived from aged cultures became increased about 5 to 10 
times, with a concomitant decrease of the younger subpopulation. Aged P. 
putida strain containing rulAB genes expressed mostly (in seven out of nine 
competition experiments) strong GASP phenotype, completely out-competing 
the young wild type strain, and in only few cases (in two experiments out of 
nine) a milder expression of GASP phenotype was observed. Moreover, young 
rulAB genes-containing cells were also able to completely or partially out-
compete the aged wild type subpopulations whereas in only two cases both 
subpopulations exhibited equal fitness. The competition between aged and 
young subpopulations of rulAB-carrying P. putida strain expressed a stronger 
GASP phenotype compared with the population dynamics of cocultivated aged 
and young wild type subpopulations. Hence, we can conclude that rulAB genes 
from the TOL plasmid pWW0 increase the probability of P. putida cells to 
accumulate beneficial mutations providing growth advantage in a stationary 
phase population. 



51 

0

2

4

6

8

10

0 5 10 15 20 25 30

Days

lo
g 

C
F

U
/m

l
population 1

population 2

A B

C D

0

2

4

6

8

10

0 5 10 15 20 25 30

Days

lo
g 

C
F

U
/m

l

population 1

population 2

0

2

4

6

8

10

0 5 10 15 20 25 30

Days

lo
g 

C
F

U
/m

l

population 1

population 2

0

2

4

6

8

10

0 5 10 15 20 25 30

Days

lo
g 

C
F

U
/m

l

population 1

population 2

 
 
Fig. 16. Representative examples of GASP competition profiles which appeared during 
co-cultivation of aged (population 2) and nonaged (population 1) sub-populations of P. 
putida. Aged subpopulation consists of cells derived from an 8-days-old culture 
whereas cells of the nonaged subpopulation are derived from 1-day-old culture. 
Population 2 was able to out-compete population 1 either completely (strong GASP 
phenotype, panel A) or partially (mild GASP phenotype, panel B), or displayed fitness 
equal to that of population 1 (equal GASP phenotype, panel C). In some cases, 
population 2 was either partially or completely out-competed by population 1 (no GASP 
phenotype, panel D). 
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Table 3. The effect of the presence of pWW0-derived rulAB genes on expression of 
GASP phenotype in P. putida. 
 
 Growth advantage in stationary phaseb 

Competing sub-
populationsa 

Cells from 8-day-old culture Cells from 1-day-old culture 
Strong Mild Equal None Strong Mild Equal None 

WT (8) + WT (1) 0 8 1 0 0 0 1 8 
rulAB (8) + WT (1) 7 2 0 0 0 0 0 9 
WT (8) + rulAB (1) 0 0 2 7 5 2 2 0 
rulAB (8) + rulAB (1) 2 5 0 2 2 0 0 7 

 
a Numbers 8 and 1 in parentheses indicate how many days sub-populations were grown separately 
in LB medium before starting the competition experiments with mixed populations. Cells from 8-
day-old cultures were mixed with 1-day-old cultures at ratio 1:1000 vol/vol.  
b Number of cases when particular sub-population expressed GASP phenotype in 9 parallel 
competition experiments if cells derived from 8-day-old and 1-day-old cultures co-evolved for 30 
days in stationary-phase cultures. Expression of GASP phenotype in 9 parallel competition 
experiments is shown separately for both cells either derived from aged (8-day-old) or non-aged 
(1-day-old) cultures. Representative examples of expression of strong, mild or equal GASP 
phenotype or lack of expression of GASP phenotype are illustrated in Fig. 16  
 
 
In all cases studied, the titer of aged cell-population increased in the beginning 
of the experiment, becoming equal to the number of cells of the younger 
subpopulation. Thereafter, the patterns of GASP takeovers diverged, expressing 
a strong dependence upon the presence or absence of rulAB genes in bacteria. 
The co-cultivation of aged and young subpopulations of the wild type strain 
revealed mild expression of the GASP phenotype i. e. a relative proportion of 
cells derived from aged cultures became increased about 5 to 10 times, with a 
concomitant decrease of the younger subpopulation. Aged P. putida strain 
containing rulAB genes expressed mostly (in seven out of nine competition 
experiments) strong GASP phenotype, completely out-competing the young 
wild type strain, and in only few cases (in two experiments out of nine) a milder 
expression of GASP phenotype was observed. Moreover, young rulAB genes-
containing cells were also able to completely or partially out-compete the aged 
wild type subpopulations whereas in only two cases both subpopulations 
exhibited equal fitness. The competition between aged and young 
subpopulations of rulAB-carrying P. putida strain expressed a stronger GASP 
phenotype compared with the population dynamics of cocultivated aged and 
young wild type subpopulations. Hence, we can conclude that rulAB genes from 
the TOL plasmid pWW0 increase the probability of P. putida cells to 
accumulate beneficial mutations providing growth advantage in a stationary 
phase population. 
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CONCLUSION 
 
Bacteria constitute ecologically most diverse and widespread domain of life 
inhabiting every environment one can imagine and exhibiting extremely 
efficient physiological and genetic adaptability. Generation of mutations is an 
important source of biological diversity and evolution. Several lines of evidence 
indicate that there is positive correlation between stressful growth-restrictive 
environmental conditions and genetic variability within bacterial populations. 
Among different processes, error-prone DNA synthesis by specialized DNA 
polymerases has been shown to contribute to stress-induced mutagenesis in 
stationary-phase bacteria. Thus, literature review of this thesis is focused on 
characterization of specialized DNA polymerases, their biological functions and 
involvement in stress-induced mutagenesis. 

Broad investigation of mutagenic processes using E. coli as a model 
bacterium has provided large quantities of information of medical as well as 
scientific value. However, cellular mechanisms of different bacteria are highly 
diverse. So, dissimilarities between different bacterial phyla have become evi-
dent even at the level of the mechanisms of basic cellular processes such as 
chromosomal replication. Therefore, one cannot make conclusions about 
mutagenic processes in bacteria considering only data on Escherichia coli. 
Recently, more attention has been payed to mutagenic processes in other 
bacterial species such as Bacillus subtilis, Mycobacterium tuberculosis, Caulo-
bacter crescentus and Pseudomonas aeruginosa.  

In my thesis I have described the involvement of specialized DNA poly-
merases in mutagenic processes in Pseudomonas putida. P. putida colonizes 
diverse soil and water habitats, being therefore continuously exposed to various 
environmental stresses.  

Long periods of nutrient limitation are the most common stress factor 
environmental bacteria have to face with. Investigation of mutagenic processes 
in different bacterial species under nutrient limitation conditions is limited by 
the availability of assay systems. We have constructed a set of novel test 
systems that allowing monitoring of 1-bp deletions and different base 
substitution mutations in P. putida separately throughout long-term period (at 
least 2 weeks) of carbon source starvation. From the experimental part of my 
work that is focused on the the role of P. putida specialized DNA polymerases 
in mutagenesis under carbon source starvation , the following conclusions can 
be drawn: 
1. Occurrence of 1-bp deletions in late stationary-phase cells of P. putida 

depends on the presence of a Y-family DNA polymerase IV. Thereat, the 
generation of pol IV-dependent frameshifts is significantly elevated as 
carbon source limitation proceeds more than one week which indicates that 
pol IV-dependent mutagenesis is induced under conditions of long-term 
environmental stress. 
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2. The DNA polymerase DnaE2, a homologue of α-subunit of replicative DNA 
polymerase III and an Y-family DNA polymerase ImuB of P. putida that is 
encoded by DNA damage-inducible multiple gene cassette, have opposite 
effects on mutagenesis. Similarly other bacteria carrying this particular gene 
cassette, ImuB contributes to the generation of both base substitution 
mutations and 1-bp deletions in P. putida stationary phase population. The 
P. putida DnaE2, on the contrary, has a reducing effect on the occurrence of 
base substitutions which is in strict contrast with previously studied DnaE2 
homologues of other organisms. 

 The sequence analysis and protein structure prediction of ImuB revealed that 
functioning of this particular protein as a DNA polymerase is very unlikely 
due to the absence of conserved essential residues of the catalytic center. 
Observed effect of ImuB on mutagenesis in P. putida in conjunction with the 
absence of essential catalytic residues in its active site indicates that ImuB 
may participate in polymerase traffic presumably by recruitment of 
specialized DNA polymerases enabling their access to the DNA synthesis. 

3. A DNA polymerase V homologue encoded by the rulAB genes of the 
toluene degradation plasmid pWW0 increases the probability of P. putida 
cells to accumulate beneficial mutations permitting to gain the growth 
advantage in stationary phase population. 
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SUMMARY IN ESTONIAN 
 

Spetsialiseerunud DNA polümeraaside  
roll Pseudomonas putida rakkudes toimuvates 

mutatsiooni protsessides 
 
Baktereid võib leida kõikjalt: mullast, veest, samuti ka kõikidest elus-
organimidest ja nende jäänustest. Bakteritele on üldiselt iseloomulik võime nii 
füsioloogiliselt kui ka geneetiliselt kiiresti muutunud keskkonnatingimustega 
kohaneda. Geneetilise adapteerumise ja evolutsioneerumise aluseks on erinevad 
mutatsiooniprotsessid. Ebasobivad, bakterite kasvu pärssivad keskkonna-
tingimused nagu näiteks antibiootiliste ja reaktiivsete hapniku- ning lämmas-
tikuühendite olemasolu kasvukeskkonnas, aga ka toitainete limitatsioon 
soodustavad mutatsioonide tekkimist.  

Mutatsioonide tekkes on oluline roll spetsialiseerunud DNA polümeraaside 
poolt läbiviidaval vigaderohkel DNA sünteesil. Käesoleva töö kirjanduse 
ülevaates kirjeldan erinevaid bakteriaalseid spetsialiseerunud DNA polümeraase 
ja nende funktsioone mutatsiooniprotsessides, sealhulgas ka stressi poolt 
indutseeritud mutageneesis. 

DNA polümeraaside osa mutatsiooniprotsessides on peamiselt kirjedatud 
Escherichia coli mudelil. Kuna bakterite domeen on kõige mitmekesisem 
eluslooduse domeenidest, on selge, et erinevusi bakteriliikide vahel esineb ka 
mutatsioonide tekkeprotsessides. Meie töögrupis uuritakse mutatsiooniprotsesse 
bakteris Pseudomonas putida. P. putida on mullabakter, mis asustab erinevaid 
vee ja pinnase keskkondi. Mullabakterite looduslikus elukeskkonnas on pikki 
perioode kestev toiteainete puudus tavaline. 

Pikaajalise süsinikunälja tingimustes viibivas bakteripopulatsioonis toimu-
vate mutatsiooniprotsesside uurimist takistab sageli sobivate testsüsteemide 
puudumine. Selle doktoritöö valmimise käigus oleme konstrueerinud komplekti 
uusi, fenooli süsinikuallikana kasutuselevõtul põhinevaid testsüsteeme, mis 
võimaldavad jälgida eraldi nii asendusmutatsioonide kui ka ühenukleotiidsete 
deletsioonide teket pseudomonaadide populatsioonis pikaajalise süsinikunälja 
tingimustes. 

Doktoritöös esitatud tulemused, mis käsitlevad erinevate spetsialiseerunud 
DNA polümeraaside osalust P. putida nälgivates rakkudes toimuvates mutat-
siooni protsessides, võib kokku võtta järgnevalt: 
 
1. P. putida rakkudes osaleb Y perekonna DNA polümeraas IV ühe-

nukleotiidsete deletsioonide tekkes. Ühenukleotiidsete deletsioonide teke 
toimub kasvavas P. putida populatsioonis ja esimese nälgimisnädala jooksul 
väga madala sagedusega. Alates teisest nädalast süsinikunälja tingimustes 
suureneb DNA polümeraas IV sõltuvate ühenukleotiidsete deletsioonide 
tekkesagedus olulisel määral. 
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2. Paljud väga erinevad bakteriliigid on omandanud lateraalse geeniülekande 
teel algselt aktinobakteritest pärineva geenikasseti, milles leiduvate geenide 
ekspressioon on DNA kahjustuste poolt indutseeritav. Kõnealune geeni-
kassett kodeerib kahte DNA polümeraasi: DnaE2 ja ImuB. DnaE2 on 
replikatiivse DNA polümeraas III α-subühiku homoloog. ImuB sarnaneb Y 
perekonda kuuluvatele DNA polümeraasidele. P. putida rakkudes omavad 
DnaE2 ja ImuB mutageneesile vastupidist efekti. Sarnaselt teistes bakteri-
liikides kirjeldatule soodustab ImuB P. putida statsionaarse faasi popu-
latsioonis nii asendusmutatsioonide kui ka ühenukleotiidsete deletsioonide 
teket. DnaE2 olemasolu aga, vastupidiselt kõigile senikirjeldatud DnaE2 
homoloogidele, vähendab P. putida rakkudes asendusmutatsioonide tekke-
sagedust. 

 ImuB aminohappelise järjestuse ja ennustatava valgustruktuuri analüüs 
näitas, et selle valgu funktsioneerimine DNA polümeraasina on väga eba-
tõenäoline, kuna selles puuduvad kõikides DNA polümeraasides konser-
veerunud katalüütlise aktiivtsentri moodustumiseks vajalikud aminohapped. 
Kuna aga ImuB mõjutab mutatsioonisagedust, võib oletada, et ImuB 
vahendab ja reguleerib teiste spetsialiseerunud DNA polümeraaside 
juurdepääsu DNA sünteesile. 

 
3. DNA polümeraas V homoloog, mis on kodeeritud tolueeni degradatsiooni 

võimaldavas plasmiidis pWW0 asuvate rulAB geenide poolt, suurendab 
statsionaarse faasi populatsioonis geneetiliselt enam kohastunud mutantide 
tekkesagedust. 
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