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Abstract
Mechanisms of mutation upregulated by stress responses have been described in several organisms from bacteria to human. 
These mechanisms might accelerate genetic change specifically when cells are maladapted to their environment. Stress-
induced mutation mechanisms differ in their genetic requirements from mutation in growing cells, occurring by different 
mechanisms in different assay systems, but having in common a requirement for the induction of stress-responses. Here, we 
review progress in two areas relevant to stress-response-dependent mutagenic DNA break repair mechanisms in Escherichia 
coli. First, we review evidence that relates mutation to transcription. This connection might allow mutagenesis in transcribed 
regions, including those relevant to any stress being experienced, opening the possibility that mutations could be targeted to 
regions where mutation might be advantageous under conditions of a specific stress. We review the mechanisms by which 
replication initiated by transcription can lead to mutation. Second, we review recent findings that, although stress-induced 
mutation does not require exogenous DNA-damaging agents, it does require the presence of damaged bases in DNA. For 
starved E. coli, endogenous oxygen radicals cause these altered bases. We postulate that damaged bases stall the replisome, 
which, we suggest, is required for DNA-polymerase exchange, allowing the action of low-fidelity DNA polymerases that 
promote mutation.
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Introduction

Stress-induced mutagenesis encompasses the mechanisms 
of transient genomic instability up-regulated by stress-
responses. Stress-response regulation suggests that these 

mechanisms accelerate evolution in organisms that are 
ill adapted to their environment, that is, that are stressed. 
Stress-induced mutation mechanisms are found throughout 
biology, varying, in detail, between organisms but having 
in common the requirement for activation of one or more 
stress-responses which promotes transient hypermutation 
[reviewed by (Fitzgerald et al. 2017)].

Mutagenic break repair (MBR) includes two molecular 
mechanisms of stress-induced mutation in Escherichia coli, 
both of which have been elaborated in detail [reviewed by 
(Fitzgerald et al. 2017)]. A compendium of work on stress-
induced mutation demonstrates detailed mechanisms that 
upregulate mutation transiently, causing bursts of genome 
instability, a departure from early neo-Darwinian assump-
tions (Mayr 1985) of constant, gradual mutation rates, and 
evolution [reviewed by (Fitzgerald et al. 2017)]. Of particu-
lar importance is the finding of similar mechanisms in other 
assays and other organisms (Fitzgerald et al. 2017; Castro-
Cerritos et al. 2017), most notably the chromosomal Tet 
assay in E. coli discussed below. Here, we review and dis-
cuss two aspects of stress-induced MBR mechanisms in E. 
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coli:, their dependence on DNA breaks stimulated by tran-
scription, and thus the possibility that mutation is targeted 
to genomic regions where it is needed, and the finding that 
spontaneous mutation in non-growing cells happens only 
when there are damaged bases in the DNA.

Assays for stress‑inducible mutagenic break 
repair

In the Lac assay (Cairns and Foster 1991), reversion of a 
lac + 1 basepair frameshift mutation happens over days of 
starvation, regulated by at least three stress responses. The 
reversions are of two types: − 1 basepair indels (“point 
mutations”) that restore reading frame, and amplification of 
the leaky lac allele to multiple copies (Hastings et al. 2000). 
Thus, the Lac assay monitors two of the major processes of 
genome evolution: change in DNA sequence and change in 
chromosome structure. Transposon movement, which occurs 
in response to environmental stimuli in E. coli (Schnetz et al. 
1987; Hall 1998; Haniford 2006; Kim et al. 2016), is not 
monitored in the mutation assays discussed here.

The point mutagenesis (base-substitution and indel) 
mechanism requires DNA double-strand breaks (DSBs) and 
the enzymes of DSB repair by homologous recombination 
(Harris et al. 1994, 1996; Foster et al. 1996; Ponder et al. 
2005) It also requires low-fidelity DNA polymerases and the 
activity of stress-response regulators, the RpoS (σS) general 
stress-response (Layton and Foster 2003; Lombardo et al. 
2004), and the SOS DNA damage response (McKenzie et al. 
2000) [reviewed by (Fitzgerald et al. 2017)]. Mutation at 
lac also requires the RpoE (σE) unfolded protein response, 
apparently for the generation of some spontaneous DSBs 
(Gibson et al. 2010).

Chromosomal rearrangement, measured by amplification 
of the lac region, is seen as a tandem array of sequences 
joined by microhomology of about 3–15 base pairs, too short 
for homologous recombination (Hastings et al. 2000, 2004; 
Slack et al. 2006). Amplification is postulated to involve the 
initial duplication formation by non-homologous recombina-
tion, followed by expansion to multiple copies by unequal 
crossing-over (Slack et al. 2006). Amplification requires 
DSBs (Ponder et al. 2005; Slack et al. 2006; Wimberly et al. 
2013) and most of the same proteins as point mutagenesis 
(Slack et al. 2006), except that it does not require the SOS 
DNA-damage response or the SOS-upregulated DNA poly-
merase IV (McKenzie et al. 2001); but, unlike point muta-
tion, amplification requires DNA polymerase I (Slack et al. 
2006). Both point mutagenesis and amplification are mecha-
nisms of mutagenic break repair (MBR) (Rosenberg et al. 
2012; Rogers et al. 2015; Fitzgerald et al. 2017).

In the Lac assay, starvation on lactose is both the stressor 
and selects the Lac+ mutant readout, making it possible that 

selection is part of the mechanism. This potential ambiguity 
was overcome by use of an alternative assay that measures 
reversion during starvation of a frameshift mutation in a tetA 
gene required for tetracycline resistance (Ponder et al. 2005; 
Shee et al. 2011). In the Tet assay, cells are starved, rescued 
from starvation, and only then are exposed to tetracycline, 
so that selection for resistance has no role in the mutation 
mechanism. Mutation in the Tet assay also requires DSBs, 
which are provided by a site-specific endonuclease (I-SceI), 
DSB repair by the enzymes of homologous recombination, 
the RpoS and SOS stress response regulators, and up-regu-
lation of error-prone DNA polymerases (Ponder et al. 2005; 
Shee et al. 2011). In addition, MBR measured in the Tet 
assay, and in a chromosomal assay for base substitutions, 
accounts for about half of spontaneous mutation in starved 
cells with no I-SceI endonuclease, in which it results from 
spontaneous DSBs (Shee et al. 2011).

The Tet assay is used either with the tetA gene in an F’ 
plasmid (Ponder et al. 2005) or in the E. coli chromosome 
in plasmid-free cells (Shee et al. 2011), both of which report 
stress-response dependent MBR. The generality of stress-
induced mutation is also demonstrated by findings of simi-
lar mechanisms in other organisms, including human cancer 
cells [reviewed by (Fitzgerald et al. 2017)].

Is stress‑induced mutation targeted?

Although early studies raised the possibility that what we 
now know to be stress-induced MBR might occur only in 
genes the functions of which were selected [discussed by 
(Stahl 1988, 1990)], this idea was retired by the demon-
stration that many unselected mutations occur throughout 
the genome in a sub-population of starved cells (Torkelson 
et al. 1997; Gonzalez et al. 2008). However, it might have 
been premature to conclude that mutations fall irrespective 
of where they are needed. First, there is evidence that not all 
Lac+ revertants belong to the hypermutating sub-population 
(Rosche and Foster 1999). Second, evidence is emerging of 
transcriptional promotion of MBR, and one would suppose 
that genes required to counter a stress would be preferen-
tially transcribed under conditions of that stress. This was 
first described in assays that measured reversion to prototro-
phy that appeared to target genes for amino-acid synthesis 
during starvation for the amino acids (Hall 1990; Reimers 
et al. 2004). Third, the many mechanisms by which tran-
scription affects mutation in other conditions, assays and 
organisms has been reviewed (Jinks-Robertson and Bhag-
wat 2014). Fourth, transcriptional R-loops are precursors 
to DSBs in MBR in the Lac assay (Wimberly et al. 2013).

An R-loop is a three-stranded structure in which RNA 
displaces one strand of DNA, base-pairing with its comple-
ment. R-loops can be formed by incorporation of a transcript 
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into DNA behind the RNA polymerase (RNAP, Fig. 1a–c). 
R-loops can initiate DNA synthesis without the involvement 
of a replication origin (Kogoma 1997) (Fig. 1d). R-loops 
in an F’ plasmid are proposed to form an adventitious rep-
lication fork that encounters a single-stranded DNA nick 
formed by the plasmid transfer endonuclease (Wimberly 
et al. 2013) (Fig. 1d, e). When a replication fork encounters 
a nick, the fork breaks (Kuzminov 2001) producing one DSB 
end (Fig. 1e), and this might provide a source of the DSBs 
required for MBR in the Lac assay (Wimberly et al. 2013).

Repair of DSBs in the E. coli chromosome focuses muta-
tions to the vicinity of the DSB, most mutation falling within 

about five kilobase pairs of the break, declining exponen-
tially to about 60 kb from the break on either side (Shee et al. 
2012). Hence, we postulate that there might be a pathway 
whereby attempted transcription under starvation condi-
tions leads to abortion of transcription and R-loop forma-
tion. This, in turn, leads to DSB formation via adventitious 
R-loop-mediated replication (Kogoma 1997) encountering 
a nicked template (Kuzminov 2001). Thus, repair of the bro-
ken replication fork by break-induced replication (BIR) can 
lead to mutation in the vicinity of the aborted transcription, 
and hence in a region where transcription was induced under 
conditions of stress (Wimberly et al. 2013). This mechanism 
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Fig. 1   A proposed mechanism of mutagenesis targeted to transcribed 
regions. The possible mechanism by which transcription leads to BIR 
was described by (Wimberly et  al. 2013). a Normally, ribosomes 
(orange balls) prevent the transcript (blue line) from being incor-
porated into supercoiled DNA (black line) behind the transcription 
complex. b When the transcript is not protected by ribosomes the 
transcript can be taken up by the supercoiled DNA behind the tran-
scription complex (Masse and Drolet 1999). c Mfd protein removes 
the RNA polymerase (RNAP) (Park et al. 2002), allowing a complete 
R-loop to form. d The R-loop primes a unidirectional replication fork 
(Kogoma 1997). e When the replication fork encounters a single-
strand nick in a template strand, the DNA arm breaks off the fork 
(Kuzminov 1995, 2001). f Replication is restarted by break-induced 
replication (BIR) by 5′ resection at the broken end and, g invasion 
of the sister molecule by the 3′ end (Hastings et  al. 2009b), initiat-
ing a replication fork that is subject to high frequency point muta-
tion (Deem et al. 2011), and template switching (Smith et al. 2007). 

BIR might proceed in three different ways, with evidence for each of 
them: h The Holliday junction might be cleaved by resolvase so that 
a normal non-mutagenic replication fork is formed and mutation is 
limited (Mayle et al. 2015), or i the replication bubble migrates with 
both leading and lagging strand synthesis pulling a Holliday junc-
tion (Xia et al. 2016), resulting in conservative distribution of old and 
new DNA strands (Motamedi et  al. 1999) with loss of the direction 
of mismatch repair by old DNA strands, giving increased mutation 
(Kuzminov 1995), or j the D-loop migrates with lagging-strand syn-
thesis delayed so that the nascent leading strand becomes the lagging-
strand template, resulting in conservative segregation of strands and 
high mutation rate because there are no mismatches and so no oppor-
tunity for mismatch repair (Malkova and Ira 2013; Saini et al. 2013). 
The red x represents a DNA polymerase error. Dashed lines represent 
BIR DNA synthesis. RNAP: RNA polymerase. Half arrows indicate 
3′ ends. Orange bodies represent ribosomes
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is illustrated in Fig. 1, based on mechanisms described in 
(Wimberly et al. 2013).

Mechanisms of BIR mutagenesis

BIR is a highly mutagenic mechanism in yeast (Smith 
et al. 2007; Deem et al. 2011). It is of interest that a rep-
lication fork proposed to be initiated by an R-loop appears 
not to have the mutagenic properties associated with BIR, 
in that an R-loop (and so replication) is not sufficient for 
mutagenesis; mutagenesis requires the R-loop plus a nick 
that becomes a DSB, which is then repaired (Wimberly et al. 
2013). Perhaps the difference between replication and BIR 
is that BIR involves D-loop formation, which can lead to 
conservative DNA segregation of old and new DNA strands 
(Motamedi et al. 1999; Donnianni and Symington 2013; 
Malkova and Ira 2013; Saini et al. 2013; Wilson et al. 2013; 
Roumelioti et al. 2016) (Fig. 1i,j).

BIR in yeast initially involves the use of alternative pol-
ymerases (Deem et al. 2011) prone to making replication 
errors. Many of these errors are presumably removed by 
mismatch repair. However, BIR structures might limit the 
efficiency of mismatch repair. BIR could result in three dif-
ferent outcomes as illustrated in Fig. 1h–j. First, the Holliday 
junction shown in Fig. 1g might be cleaved by a resolvase, 
allowing formation of a conventional replication fork, with 
semiconservative distribution of old and new DNA strands 
that might not generate hypermutation (Fig. 1h). The evi-
dence for this is that the yeast resolvase Mus81 limits the 
length of mutation resulting from BIR during mitosis (Mayle 
et al. 2015). The length of mutagenesis is also limited by 
an oncoming replication fork (Mayle et al. 2015). Second, 
the D-loop might migrate with the replication fork as a rep-
lication bubble that pulls a Holliday junction (Motamedi 
et al. 1999; Hastings et al. 2009a; Saini et al. 2013; Xia et al. 
2016) as shown in Fig. 1i. This migration proceeds possibly 
to the telomere in yeast (Saini et al. 2013) and is shown to 
reach the replication terminus in E. coli, megabases away 
from the DSB at which it was initiated (Xia et al. 2016). The 
mutagenicity of this mode of BIR has been postulated to 
result in E. coli from the loss of direction of mismatch repair 
by the distinction between old and new DNA that results 
from conservative distribution of new material behind the 
migrating D-loop bubble (Kuzminov 1995). However, in E. 
coli, the mutagenesis does not continue from a DSB all the 
way to the chromosomal replication terminus as this view 
would predict. Mutation induced by double-strand breaks 
extends for about 1 megabase from the double-strand cut 
(Shee et al. 2012), while the Holliday junction thought to 
be part of a D-loop can be found at the replication terminus 
more than two megabases from the double-strand cut (Xia 
et al. 2016). This suggests that BIR might be discontinuous, 

requiring intermittent restarting that involves the use of 
alternative DNA polymerases of low fidelity, as BIR initia-
tion does in yeast (Deem et al. 2011).

A third possibility, illustrated in Fig. 1j, is that during 
BIR, lagging strand replication is delayed until the D-loop 
has advanced. In yeast, this can leave up to 30 kb of single-
stranded DNA (Saini et al. 2013). This might cause the nas-
cent leading strand to become the template for lagging strand 
synthesis, thus fixing errors made on the leading strand 
because there is no longer the possibility of mismatch repair 
(Malkova and Ira 2013). It is also likely that long lengths of 
single-stranded DNA will be subject to high mutation rates 
because no complementary strand is present to provide a 
template for repair of damaged bases (Roberts et al. 2012).

Recently another unexpected example of transcriptional 
control of genomic change was reported (Hull et al. 2017). 
It concerns expansion from a few copies of a gene to many 
copies as is postulated for amplification at the lac locus. 
In yeast, many strains have several tandem copies of the 
CUP1 locus which, when highly expressed, bestows resist-
ance to high concentrations of copper. This expansion (and 
contraction) happens by unequal crossing-over, also known 
as non-allelic homologous recombination (NAHR). The 
authors show that in the genetic context of CUP1, induction 
of the bidirectional promoter near a known replication fork 
stalling-site leads to gene copy number alteration (CNA). 
Further, the transcriptionally induced CNA is dependent on 
acetylation of histone H3 lysine 56, a mark known to reduce 
the processivity and synthesis fidelity of restarted replication 
forks following stalling and collapse. When BIR is initiated 
in a region in which there are multiple copies of a sequence, 
the template switching associated with the first few kb of 
BIR (Smith et al. 2007) might cause synthesis to restart on 
a copy of the sequence that is not in a position allelic to 
the copy where the break occurred, thus changing the copy 
number either up or down. Although these copy-number 
changes were not shown to involve stress responses, this 
mechanism adds an exciting extension to our knowledge of 
how the environment can regulate genomic change in adap-
tive and, hence, evolutionarily important ways.

Mutagenic break repair requires base 
damage in DNA

Translesion synthesis (TLS) DNA polymerases insert 
nucleotides opposite damaged DNA bases (“lesions”) and/
or extend synthesis from primers with lesion:undamaged-
base mismatches. They allow DNA replication to proceed 
while leaving the damaged base(s) in the DNA. Their abil-
ity to bypass lesions is achieved by active sites that permit 
distorted DNA, and by their lack of intrinsic proofreading 
ability (Kobayashi et al. 2002; Kokoska et al. 2002), which 



773Current Genetics (2018) 64:769–776	

1 3

make TLS polymerases inaccurate during replication of 
undamaged DNA. It is, therefore, not surprising that over-
production of TLS polymerases is highly mutagenic (Kim 
et al. 1997; Wagner et al. 1999).

Overproduction of TLS polymerases is a critical compo-
nent of stress-induced MBR in E. coli. DNA polymerase IV 
is up-regulated transcriptionally tenfold by induction of the 
SOS DNA-damage response (Kim et al. 2001), and twofold 
by activation of the RpoS general stress response (Layton 
and Foster 2003), and this over-expression is required for 
mutagenesis (McKenzie et al. 2001; Galhardo et al. 2009) 
and explains most of the role of the SOS response in MBR 
(Galhardo et al. 2009).

Because overproduction of TLS polymerases is muta-
genic, overexpression during stress-induced mutagenesis 
seemed to be a sufficient explanation for the TLS polymer-
ase-dependent mutation in stressed cells. However, while 
studying the mutational roles of proteins that attach to DNA 
in E. coli, we found correlations between mutagenesis and 
the presence of reactive oxygen species (ROS) (Moore et al. 
2015). Specifically, H-NS, a global gene regulator (repres-
sor), is required for MBR via its repression of SodB, an 
antioxidant enzyme that reduces levels of superoxide. We 
showed that the requirement for H-NS is completely sup-
pressed by deletion of sodB although the sodB deletion itself 
does not have a mutator phenotype (Moore et al. 2015). 
Thus, H-NS positively regulates ROS level and mutagenesis. 
Second, Dps, a stationary-phase nucleoid structural protein, 
which also sequesters iron, hydrogen peroxide and hydroxyl 
radicals from damaging macromolecules (Zhao et al. 2002; 
Bellapadrona et al. 2010), is a repressor of MBR (Moore 
et al. 2015). We showed that the elevated mutation in a dps 
deletion strain is suppressed by constitutive expression of the 
OxyR regulon (Moore et al. 2017), which encodes alkylhy-
droperoxidase and a catalase that remove hydrogen peroxide 
from cells. Thus Dps negatively regulates ROS levels and 
mutagenesis. Positive and negative regulation of ROS and 
mutation in parallel suggested that mutation rate is regulated 
by regulation of ROS, and that stress-response control of 
ROS levels might be a mechanism by which stress responses 
regulate mutation.

At present, we know that the SOS response upregulates 
mutation by its transcriptional upregulation of Pol IV (Gal-
hardo et al. 2009); the σE membrane stress response regula-
tor promotes MBR by promoting some spontaneous DNA 
breaks (Gibson et al. 2010); the Hfq RNA chaperone pro-
motes MBR by down-regulating mismatch repair via small 
RNAs (Kavita et al. 2017); but how the RpoS general stress 
response promotes mutation is unknown, except that if the 
RpoS transcriptional activator is supplied in unstressed cells, 
DNA break repair then becomes mutagenic using Pol IV 
(Ponder et al. 2005; Shee et al. 2011). This means that stress 

itself is not needed for mutagenesis, the RpoS response is 
sufficient without a stressor inducing it.

Following up on these findings we demonstrated that 
stress-induced mutation in E. coli happens only when there 
are damaged bases in the DNA (Moore et al. 2017). These 
damaged bases stem predominantly from oxidation by ROS 
of deoxyguanosine triphosphate in the nucleotide pool. 
Chemical scavenging of ROS and overexpression of ROS 
scavenging enzymes both produce large reductions in the 
levels of stress-induced mutation. ROS do not affect stress-
induced mutation via protein damage, induction of DNA 
double-strand breaks, induction of the RpoS and SOS stress 
responses or SOS error-prone DNA polymerase IV, or sat-
uration of mismatch repair capacity (Moore et al. 2017). 
Surprisingly, mutation is greatly reduced by overexpression 
of mutM, encoding 8-oxo-guanine (8-oxo-dG) DNA gly-
cosylase that excises 8-oxo-dG from DNA (Michaels et al. 
1992; Tajiri et al. 1995). Thus, the 8-oxo-dG has to remain 
in DNA for mutation to occur. We showed that this pro-
motion of MBR mutagenesis is not specific to oxidatively 
damaged bases, but can be substituted by lesions induced 
by ultraviolet irradiation or by the alkylating agent methyl 
methanesulphonate. Thus, MBR requires base lesions in the 
DNA, not specifically oxidized bases.

We advanced the following hypothesis for the role of 
DNA damage in MBR (Moore et al. 2017): DNA polymer-
ases in the replisome are attached to the β-clamp (PCNA in 
eukaryotes). The β-clamp holds more than one DNA poly-
merase at a time, only one of which is in the active position 
(Indiani et al. 2005; Fujii and Fuchs 2007; Kath et al. 2014). 
When the replicative polymerase stalls, another DNA poly-
merase might, we suggested, come to occupy the active site 
on the β-clamp, and polymerase exchanges might continue 
until a processive polymerase is able to resume synthesis. 
One might expect that the relative abundance of DNA poly-
merases might influence which is able to win the active site. 
Thus, if error-prone DNA polymerases are upregulated, they 
would more often be active, and so there would be more 
polymerase errors. The finding that base lesions in DNA 
are required for MBR suggests that abundance is not suffi-
cient to allow an error-prone polymerase to become active. 
We suggest that it is also necessary to stall the highly pro-
cessive replicative polymerase, thus allowing DNA poly-
merase exchange on the β-clamp. An example of how base 
lesions might promote mutation is illustrated in Fig. 2. We 
do not know how broadly these ideas might apply, specifi-
cally whether base damage in DNA also promotes replica-
tion errors in growing cells, though most mutagenesis in 
growing E. coli cells is independent of DNA polymerase IV 
(McKenzie et al. 2001, 2003), the major mutagenic DNA 
polymerase of MBR (McKenzie et al. 2001; Ponder et al. 
2005; Galhardo et al. 2009; Shee et al. 2011).
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ROS are not merely damaging byproducts of oxidative 
metabolism. ROS also play roles in cell signaling via dif-
ferent redox targets, and ROS are required in the immune 
system and in stress responses that defend hosts from 

non-oxidative threats (Bogdan et al. 2000; Droge 2002; 
Valko et  al. 2007; Holmstrom and Finkel 2014; Horn 
et al. 2017). ROS also regulate normal blood cell differ-
entiation during development (Owusu-Ansah and Banerjee 
2009). Further, exogenously supplied ROS can act as ter-
minal electron acceptors for anoxically respiring bacteria, 
allowing their growth on non-fermentable carbon sources 
(Khademian and Imlay 2017). The apparent role of ROS 
in accelerated evolution described here might be another 
example of the co-opting of this metabolic byproduct for 
biological purposes. Conversely, this knowledge of the role 
of ROS in stress-inducible mutagenesis opens the possi-
bility of inhibiting evolution under conditions where it is 
disadvantageous to human health, as, for example, in the 
evolution of pathogen resistance to antibiotics and evasion 
of the immune system, or cancer progression and cell resist-
ance to chemotherapeutic agents (Rosenberg and Queitsch 
2014; Fitzgerald et al. 2017). The challenge now is to dis-
cover the source and regulation of ROS, and so to relate 
the physiology of stressed cells to the mechanisms targeting 
stress-induced mutagenesis in time, to times of stress, and 
in genomic space.
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00294-017-0722-7


775Current Genetics (2018) 64:769–776	

1 3

Donnianni RA, Symington LS (2013) Break-induced replication 
occurs by conservative DNA synthesis. Proc Natl Acad Sci USA 
110:13475–13480

Droge W (2002) Free radicals in the physiological control of cell func-
tion. Physiol Rev 82:47–95

Fitzgerald D, Hastings PJ, Rosenberg SM (2017) Stress-induced 
mutagenesis: implications for cancer and drug resistance. Annu 
Rev Cancer Biol 1:6.1–6.22

Foster PL, Trimarchi JM, Maurer RA (1996) Two enzymes, both 
of which process recombination intermediates, have opposite 
effects on adaptive mutation in Escherichia coli. Genetics 
142:25–37

Fujii S, Fuchs RP (2007) Interplay among replicative and specialized 
DNA polymerases determines failure or success of translesion 
synthesis pathways. J Mol Biol 372:883–893

Galhardo RS, Do R, Yamada M, Friedberg EC, Hastings PJ, Nohmi 
T, Rosenberg SM (2009) DinB upregulation is the sole role of 
the SOS response in stress-induced mutagenesis in Escherichia 
coli. Genetics 182:55–68

Gibson JL, Lombardo MJ, Thornton PC, Hu KH, Galhardo RS, Bea-
dle B, Habib A, Magner DB, Frost LS, Herman C, Hastings PJ, 
Rosenberg SM (2010) The sigma(E) stress response is required 
for stress-induced mutation and amplification in Escherichia 
coli. Mol Microbiol 77:415–430

Gonzalez C, Hadany L, Ponder RG, Price M, Hastings PJ, Rosenberg 
SM (2008) Mutability and importance of a hypermutable cell 
subpopulation that produces stress-induced mutants in Escheri-
chia coli. PLoS Genet 4:e1000208

Hall BG (1990) Spontaneous point mutations that occur more often 
when advantageous than when neutral. Genetics 126:5–16

Hall BG (1998) Activation of the bgl operon by adaptive mutation. 
Mol Biol Evol 15:1–5

Haniford DB (2006) Transpososome dynamics and regulation in 
Tn10 transposition. Crit Rev Biochem Mol Biol 41:407–424

Harris RS, Longerich S, Rosenberg SM (1994) Recombination in 
adaptive mutation. Science 264:258–260

Harris RS, Ross KJ, Rosenberg SM (1996) Opposing roles of the hol-
liday junction processing systems of Escherichia coli in recom-
bination-dependent adaptive mutation. Genetics 142:681–691

Hastings PJ, Bull HJ, Klump JR, Rosenberg SM (2000) Adaptive 
amplification: an inducible chromosomal instability mechanism. 
Cell 103:723–731

Hastings PJ, Slack A, Petrosino JF, Rosenberg SM (2004) Adaptive 
amplification and point mutation are independent mechanisms: 
evidence for various stress-inducible mutation mechanisms. 
PLoS Biol 2:e399

Hastings PJ, Ira G, Lupski JR (2009a) A microhomology-mediated 
break-induced replication model for the origin of human copy 
number variation. PLoS Genet 5:e1000327

Hastings PJ, Lupski JR, Rosenberg SM, Ira G (2009b) Mechanisms 
of change in gene copy number. Nat Rev Genet 10:551–564

Heltzel JM, Maul RW, Wolff DW, Sutton MD (2012) Escherichia 
coli DNA polymerase IV (Pol IV), but not Pol II, dynami-
cally switches with a stalled Pol III* replicase. J Bacteriol 
194:3589–3600

Holmstrom KM, Finkel T (2014) Cellular mechanisms and physiologi-
cal consequences of redox-dependent signalling. Nat Rev Mol 
Cell Biol 15:411–421

Horn A, Van der Meulen JH, Defour A, Hogarth M, Sreetama SC, 
Reed A, Scheffer L, Chandel NS, Jaiswal JK (2017) Mitochondrial 
redox signaling enables repair of injured skeletal muscle cells. Sci 
Signal 10. https://doi.org/10.1126/scisignal.aaj1978

Hull RM, Cruz C, Jack CV, Houseley J (2017) Environmental change 
drives accelerated adaptation through stimulated copy number 
variation. PLoS Biol 15:e2001333

Indiani C, McInerney P, Georgescu R, Goodman MF, O’Donnell M 
(2005) A sliding-clamp toolbelt binds high- and low-fidelity DNA 
polymerases simultaneously. Mol Cell 19:805–815

Jinks-Robertson S, Bhagwat AS (2014) Transcription-associated 
mutagenesis. Annu Rev Genet 48:341–359

Kath JE, Jergic S, Heltzel JM, Jacob DT, Dixon NE, Sutton MD, 
Walker GC, Loparo JJ (2014) Polymerase exchange on single 
DNA molecules reveals processivity clamp control of translesion 
synthesis. Proc Natl Acad Sci USA 111:7647–7652

Kavita K, de Mets F, Gottesman S (2017) New aspects of RNA-based 
regulation by Hfq and its partner sRNAs. Curr Opin Microbiol 
42:53–61

Khademian M, Imlay JA (2017) Escherichia coli cytochrome c per-
oxidase is a respiratory oxidase that enables the use of hydrogen 
peroxide as a terminal electron acceptor. Proc Natl Acad Sci 
USA 114:E6922–E6931

Kim SR, Maenhaut-Michel G, Yamada M, Yamamoto Y, Matsui K, 
Sofuni T, Nohmi T, Ohmori H (1997) Multiple pathways for 
SOS-induced mutagenesis in Escherichia coli: an overexpres-
sion of dinB/dinP results in strongly enhancing mutagenesis in 
the absence of any exogenous treatment to damage DNA. Proc 
Natl Acad Sci USA 94:13792–13797

Kim SR, Matsui K, Yamada M, Gruz P, Nohmi T (2001) Roles of 
chromosomal and episomal dinB genes encoding DNA pol IV 
in targeted and untargeted mutagenesis in Escherichia coli. Mol 
Genet Genomics 266:207–215

Kim NH, Lee G, Sherer NA, Martini KM, Goldenfeld N, Kuhlman 
TE (2016) Real-time transposable element activity in individual 
live cells. Proc Natl Acad Sci USA 113:7278–7283

Kobayashi S, Valentine MR, Pham P, O’Donnell M, Goodman MF 
(2002) Fidelity of Escherichia coli DNA polymerase IV. Pref-
erential generation of small deletion mutations by dNTP-stabi-
lized misalignment. J Biol Chem 277:34198–34207

Kogoma T (1997) Stable DNA replication: interplay between DNA 
replication, homologous recombination, and transcription. 
Microbiol Mol Biol Rev 61:212–238

Kokoska RJ, Bebenek K, Boudsocq F, Woodgate R, Kunkel TA 
(2002) Low fidelity DNA synthesis by a Y family DNA poly-
merase due to misalignment in the active site. J Biol Chem 
277:19633–19638

Kuzminov A (1995) Collapse and repair of replication forks in Escheri-
chia coli. Mol Microbiol 16:373–384

Kuzminov A (2001) Single-strand interruptions in replicating chro-
mosomes cause double-strand breaks. Proc Natl Acad Sci USA 
98:8241–8246

Layton JC, Foster PL (2003) Error-prone DNA polymerase IV is con-
trolled by the stress-response sigma factor, RpoS, in Escherichia 
coli. Mol Microbiol 50:549–561

Lombardo MJ, Aponyi I, Rosenberg SM (2004) General stress response 
regulator RpoS in adaptive mutation and amplification in Escheri-
chia coli. Genetics 166:669–680

Malkova A, Ira G (2013) Break-induced replication: functions and 
molecular mechanism. Curr Opin Genet Dev 23:271–279

Markkanen E, Castrec B, Villani G, Hubscher U (2012) A switch 
between DNA polymerases delta and lambda promotes error-
free bypass of 8-oxo-G lesions. Proc Natl Acad Sci USA 
109:20401–20406

Masse E, Drolet M (1999) Relaxation of transcription-induced nega-
tive supercoiling is an essential function of Escherichia coli DNA 
topoisomerase I. J Biol Chem 274:16654–16658

Mayle R, Campbell IM, Beck CR, Yu Y, Wilson M, Shaw CA, Bjerg-
baek L, Lupski JR, Ira G (2015) Mus81 and converging forks 
limit the mutagenicity of replication fork breakage. Science 
349:742–747

Mayr E (1985) The growth of biological thought: diversity, evolution, 
and inheritance. Harvard University Press, Cambridge

https://doi.org/10.1126/scisignal.aaj1978


776	 Current Genetics (2018) 64:769–776

1 3

McKenzie GJ, Harris RS, Lee PL, Rosenberg SM (2000) The SOS 
response regulates adaptive mutation. Proc Natl Acad Sci USA 
97:6646–6651

McKenzie GJ, Lee PL, Lombardo MJ, Hastings PJ, Rosenberg SM 
(2001) SOS mutator DNA polymerase IV functions in adaptive 
mutation and not adaptive amplification. Mol Cell 7:571–579

McKenzie GJ, Magner DB, Lee PL, Rosenberg SM (2003) The dinB 
operon and spontaneous mutation in Escherichia coli. J Bacteriol 
185:3972–3977

Michaels ML, Tchou J, Grollman AP, Miller JH (1992) A repair 
system for 8-oxo-7,8-dihydrodeoxyguanine. Biochemistry 
31:10964–10968

Moore JM, Magnan D, Mojica AK, Bravo Núñez MA, Bates D, Rosen-
berg SM, Hastings PJ (2015) Roles of nucleoid-associated proteins 
in stress-induced mutagenic break repair in starving Escherichia 
coli.. Genetics 201:1349–1362

Moore JM, Correa R, Rosenberg SM, Hastings PJ (2017) Persistent 
damaged bases in DNA allow mutagenic break repair in Escheri-
chia coli. PLoS Genet 13:e1006733

Motamedi MR, Szigety SK, Rosenberg SM (1999) Double-strand-
break repair recombination in Escherichia coli: physical evi-
dence for a DNA replication mechanism in vivo. Genes Dev 
13:2889–2903

Owusu-Ansah E, Banerjee U (2009) Reactive oxygen species prime 
Drosophila haematopoietic progenitors for differentiation. Nature 
461:537–541

Park JS, Marr MT, Roberts JW (2002) E. coli transcription repair cou-
pling factor (Mfd protein) rescues arrested complexes by promot-
ing forward translocation. Cell 109:757–767

Ponder RG, Fonville NC, Rosenberg SM (2005) A switch from high-
fidelity to error-prone DNA double-strand break repair underlies 
stress-induced mutation. Mol Cell 19:791–804

Reimers JM, Schmidt KH, Longacre A, Reschke DK, Wright BE 
(2004) Increased transcription rates correlate with increased 
reversion rates in leuB and argH Escherichia coli auxotrophs. 
Microbiology 150:1457–1466

Roberts SA, Sterling J, Thompson C, Harris S, Mav D, Shah R, Klim-
czak LJ, Kryukov GV, Malc E, Mieczkowski PA, Resnick MA, 
Gordenin DA (2012) Clustered mutations in yeast and in human 
cancers can arise from damaged long single-strand DNA regions. 
Mol Cell 46:424–435

Rogers E, Correa R, Barreto B, Bravo Núñez MA, Minnick PJ, Vera 
Cruz D, Hastings PJ, Rosenberg SM (2015) Double-strand-break 
repair mutagenesis and stress. In: DeBrujin F (ed) Stress and envi-
ronmental control of gene expression in bacteria

Rosche WA, Foster PL (1999) The role of transient hypermutators in 
adaptive mutation in Escherichia coli. Proc Natl Acad Sci USA 
96:6862–6867

Rosenberg SM, Queitsch C (2014) Medicine. Combating evolution to 
fight disease. Science 343:1088–1089

Rosenberg SM, Shee C, Frisch RL, Hastings PJ (2012) Stress-induced 
mutation via DNA breaks in Escherichia coli: a molecular mech-
anism with implications for evolution and medicine. Bioessays 
34:885–892

Roumelioti FM, Sotiriou SK, Katsini V, Chiourea M, Halazonetis TD, 
Gagos S (2016) Alternative lengthening of human telomeres is 
a conservative DNA replication process with features of break-
induced replication. EMBO Rep 17:1731–1737

Saini N, Ramakrishnan S, Elango R, Ayyar S, Zhang Y, Deem A, Ira 
G, Haber JE, Lobachev KS, Malkova A (2013) Migrating bubble 
during break-induced replication drives conservative DNA syn-
thesis. Nature 502:389–392

Schnetz K, Toloczyki C, Rak B (1987) Beta-glucoside (bgl) operon of 
Escherichia coli K-12: nucleotide sequence, genetic organization, 

and possible evolutionary relationship to regulatory components 
of two Bacillus subtilis genes. J Bacteriol 169:2579–2590

Shee C, Gibson JL, Darrow MC, Gonzales C, Rosenberg SM (2011) 
Impact of a stress-inducible switch to mutagenic repair of 
DNAbreaks on mutation in E. coli. Proc Natl Acad Sci USA 
108:13659–13664

Shee C, Gibson JL, Rosenberg SM (2012) Two mechanisms produce 
mutation hotspots at DNA breaks in Escherichia coli. Cell Rep 
2:714–721

Slack A, Thornton PC, Magner DB, Rosenberg SM, Hastings PJ (2006) 
On the mechanism of gene amplification induced under stress in 
Escherichia coli. PLoS Genet 2:e48

Smith CE, Llorente B, Symington LS (2007) Template switching dur-
ing break-induced replication. Nature 447:102–105

Stahl FW (1988) Bacterial genetics. A unicorn in the garden. Nature 
335:112–113

Stahl FW (1990) Genetics. If it smells like a unicorn. Nature 346:791
Szwajczak E, Fijalkowska IJ, Suski C (2017) The importance of 

an interaction network for proper DNA polymerase zeta het-
erotetramer activity. Curr Genet. https://doi.org/10.1007/
s00294-017-0789-1

Tajiri T, Maki H, Sekiguchi M (1995) Functional cooperation of MutT, 
MutM and MutY proteins in preventing mutations caused by 
spontaneous oxidation of guanine nucleotide in Escherichia coli. 
Mutat Res 336:257–267

Torkelson J, Harris RS, Lombardo MJ, Nagendran J, Thulin C, Rosen-
berg SM (1997) Genome-wide hypermutation in a subpopulation 
of stationary-phase cells underlies recombination-dependent adap-
tive mutation. EMBO J 16:3303–3311

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J (2007) 
Free radicals and antioxidants in normal physiological functions 
and human disease. Int J Biochem Cell Biol 39:44–84

Wagner J, Gruz P, Kim SR, Yamada M, Matsui K, Fuchs RP, Nohmi T 
(1999) The dinB gene encodes a novel E. coli DNA polymerase, 
DNA pol IV, involved in mutagenesis. Mol Cell 4:281–286

Wagner J, Fujii S, Gruz P, Nohmi T, Fuchs RP (2000) The beta clamp 
targets DNA polymerase IV to DNA and strongly increases its 
processivity. EMBO Rep 1:484–488

Wilson MA, Kwon Y, Xu Y, Chung WH, Chi P, Niu H, Mayle R, Chen 
X, Malkova A, Sung P, Ira G (2013) Pif1 helicase and Poldelta 
promote recombination-coupled DNA synthesis via bubble migra-
tion. Nature 502:393–396

Wimberly H, Shee C, Thornton PC, Sivaramakrishnan P, Rosenberg 
SM, Hastings PJ (2013) R-loops and nicks initiate DNA break-
age and genome instability in non-growing Escherichia coli. Nat 
Commun 4:2115

Xia J, Chen LT, Mei Q, Ma CH, Halliday JA, Lin HY, Magnan D, 
Pribis JP, Fitzgerald DM, Hamilton HM, Richters M, Nehring 
RB, Shen X, Li L, Bates D, Hastings PJ, Herman C, Jayaram M, 
Rosenberg SM (2016) Holliday junction trap shows how cel006Cs 
use recombination and a junction-guardian role of RecQ helicase. 
Sci Adv 2:e1601605

Yamada M, Shimizu M, Katafuchi A, Gruz P, Fujii S, Usui Y, Fuchs 
RP, Nohmi T (2012) Escherichia coli DNA polymerase III is 
responsible for the high level of spontaneous mutations in mutT 
strains. Mol Microbiol 86:1364–1375

Zhao G, Ceci P, Ilari A, Giangiacomo L, Laue TM, Chiancone E, 
Chasteen ND (2002) Iron and hydrogen peroxide detoxification 
properties of DNA-binding protein from starved cells. A ferri-
tin-like DNA-binding protein of Escherichia coli. J Biol Chem 
277:27689–27696

https://doi.org/10.1007/s00294-017-0789-1
https://doi.org/10.1007/s00294-017-0789-1

	Oxygen and RNA in stress-induced mutation
	Abstract
	Introduction
	Assays for stress-inducible mutagenic break repair
	Is stress-induced mutation targeted?
	Mechanisms of BIR mutagenesis
	Mutagenic break repair requires base damage in DNA
	Acknowledgements 
	References


