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Abstract
The appearance over many days of Lac+ frameshift mutations in Escherichia coli strain FC40
incubated on lactose selection plates is a classic example of apparent “adaptive” mutation in an
episomal gene. We show that endogenously overproduced carotenoids reduce adaptive mutation
under selective conditions by a factor of around two. Carotenoids are known to scavenge singlet
oxygen suggesting that the accumulation of oxidative base damage may be an integral part of the
adaptive mutation phenomenon. If so, the lesion cannot be 7,8-dihydro-8-oxoguanine since adaptive
mutation in FC40 is unaffected by mutM and mutY mutations. If active oxygen species such as singlet
oxygen are involved in adaptive mutation then they should also induce frameshift mutations in FC40
under non-selective conditions. We show that such mutations can be induced under non-selective
conditions by protoporphyrin photosensitisation and that this photodynamic induction is reduced by
a factor of just over two when endogenous carotenoids are present. We argue that the involvement
of oxidative damage would in no way be inconsistent with current understanding of the mechanism
of adaptive mutation and the role of DNA polymerases.
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1. Introduction
In 1988 John Cairns and co-workers [1] described an experimental system in which bacteria,
when plated under conditions where their growth was severely restricted by a single defective
nutritional gene, mutated over several days to a phenotype that was able to grow. There are
now many examples of this phenomenon. In some instances these late appearing colonies are
actually slow growing mutants present in the culture at the time of plating. In many instances,
however, the mutants can be shown to have arisen on the plate and it is characteristic that they
do so at a rate far higher than would be expected from the amount of DNA replication that
occurs (for review see [2]). Growth restriction is usually effected in such experiments by
deprivation of a required amino acid or by supplying a sugar that cannot be metabolised.
Because mutants at loci other than those that would allow growth have generally not been
observed (but see later) the phenomenon has become loosely known as “adaptive” mutation,
although other terms such as selection-induced mutation, stationary phase mutation, or
starvation-associated mutation have also been employed.
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The most widely studied model for adaptive mutation is Escherichia coli strain FC40 which
contains an F′ bearing a lacI gene with a +1 frameshift mutation that is spectacularly mutable
under selective conditions on lactose plates [3]. In contrast to other systems that have been
studied, the mutations on the episome (almost all of which are single base deletions) arise only
in strains that are proficient for RecA function, for genetic recombination, and for sexual
conjugation (although actual conjugation is apparently not essential) [3–8]. In this system it
has also been shown the specificity of “adaptive” mutation is not absolute and that mutations
may also arise at genes not under selection [9,10].

It has generally been assumed that the mutations initially arise as misincorporations by one or
other of the cell’s DNA polymerases. Studies with an allele of dnaE which gives rise to a DNA
polymerase III with greater than normal fidelity showed that it also conferred a decrease in the
rate of adaptive mutation, suggesting that Pol III was responsible for many of the initial
mutation events [11,12]. The fact that adaptive mutation in FC40 is recA-dependent might, of
course, indicate the involvement of polymerases under SOS control. Recent work has indicated
that adaptive mutation in FC40 is indeed under SOS control [13]. Of the three polymerases
under SOS control, Pol V (UmuD′,C) can be excluded as essential since bacteria unable to
process UmuD to its active form show normal adaptive mutation [3] and a deletion of
umuD,C also has little effect [13]. Pol II is also not essential since bacteria carrying a deletion
of polB show an enhanced rate of adaptive mutation [14]. Indeed, this result suggests that when
it is present Pol II competes with the mutation-generating polymerase(s) and is more accurate
than them. There remains Pol IV, the product of the dinB gene, and recent work indicates an
involvement of this polymerase in adaptive mutation in FC40 (H. Ohmori and P.L. Foster,
unpublished observations).

Although polymerase infidelity seems likely to account for many of the errors, there are other
possible sources. We have previously shown that in some other systems adaptive mutation
appears to be due to oxidative DNA lesions (for review see [15]). Because there is evidence
that exposure of both single- and double-stranded M13 DNA to singlet oxygen can lead to the
generation of single base deletions when the DNA is transfected into cells [16,17] it was
suggested [15] that DNA damage caused by oxidative species might also have a role in
“adaptive” mutation in the FC40 system. The fact that deletion of polB, the gene for DNA
polymerase II, confers a mutator phenotype for “adaptive” mutation is suggestive because
DNA polymerase II has an important role in the repair of oxidative DNA damage [14].
Carotenoids are potent scavengers of active oxidative species, particularly singlet oxygen
[18] (A. Eisenstark, personal communication). In an auxotrophic strain carrying a mutY
mutation, where the target lesions are known to be oxidised bases, it was shown that expression
of intracellular carotenoids reduced the rate of adaptive mutation by a factor of about two
[19]. We have therefore, examined whether the rate of “adaptive” mutation in FC40 is altered
when there is endogenous production of carotenoid scavengers.

2. Materials and methods
2.1. Bacterial strains and plasmids

The scavenger strain, FC29, and the strain undergoing “adaptive” mutation, FC40, have been
described [3]. FC29 is rifampicin-sensitive and carries an F′ with a deletion allele of lacZ, FC40
has an F′ with a lacI–lacZ fusion with a +1 base-pair frameshift mutation (lacI33) in the lacI
coding sequence [20]. Both strains carry a chromosomal deletion of the lac operon. Derivatives
of FC40 used in this work are shown in Table 1. Absence of rpoS-dependent catalase activity
was confirmed after 8 days incubation on L-agar plates by dropping hydrogen peroxide solution
on to individual colonies (cf. [21]). Strains containing hemH1 (zbb-3055::Tn10) overexpress
protoporphyrin IX. Plasmid pPL376 is a derivative of pBR322 containing six genes necessary
for carotenoid biosynthesis originally cloned from Erwinia herbicola via cos-mid vector
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pHC79 [23]. The genes are upregulated by rpoS in stationary phase, and bacteria carrying the
plasmid give bright yellow colonies after two days incubation. Plasmid pART53 is a derivative
of pPL376 that does not express carotenoids and which has lost approximately a kilobase of
DNA presumably including promoter sequences for the carotenoid genes. All manipulations
used standard techniques [24].

2.2. Experimental protocols
For experiments under lactose selection conditions, bacteria were grown for 24 h at 37°C in
glycerol salts medium plus ampicillin (100 μg/ml) in the case of strains containing plasmids.
Scavenger bacteria (FC29) were centrifuged and resuspended in one tenth volume of phage
buffer. An initial optical density reading on a 1/20 dilution gave an estimate of the number of
bacteria and at least 109 were plated on lactose selection plates. Test bacteria (FC40 and its
derivatives) were centrifuged and resuspended in the same volume of phage buffer. Following
an optical density determination an estimated 108 bacteria were plated on lactose selection
plates along with the scavenger bacteria. Viable counts were made of all bacterial suspensions
so that the number of bacteria plated was known more exactly. Inoculated plates were incubated
at 37°C and the number of Lac+ mutants was scored daily for 7 days. Mutant colonies appearing
after day 2 were taken to have arisen on the plate. Scavenger bacteria were also plated alone
to ensure that they remained non-revertible. In early experiments mutant colonies were picked
off and checked for rifampicin resistance to ensure that they had arisen in the test strain and
not the scavenger strain. To allow for small differences in the number of test bacteria plated,
mutant counts were normalised per 108 bacteria plated, as shown by the viable counts.

In parallel with the mutation plates, 104 FC40 bacteria were plated along with at least 109

scavenger bacteria and incubated at 37°C. At intervals the bacteria were washed off plates with
10 ml phage buffer and the number of viable test bacteria determined on rifampicin plates on
which the scavenger bacteria cannot grow. This enabled the accurate determination of the
number of viable bacteria per plate over the course of the experiment without the problems
caused by the presence of small undetected Lac+ colonies when higher FC40 plating densities
were used.

For photodynamic induction of mutations in CM1461, bacteria were grown overnight in M9
salts medium containing glycerol (0.4% v/v) and thiamine (5 μg/ml w/v) and sub-cultured into
10 ml L-broth. Ampicillin was present in liquid cultures when bacteria carried pPL376. After
4–5 h, when the culture was entering stationary phase, the bacteria were centrifuged and
resuspended in 10 ml phage buffer [25]. The suspension was transferred to a plastic petri dish
and exposed at a distance of 11 cm from two Osram Liteguard 40 W warm light fluorescent
tubes placed 10 cm apart. At intervals 0.2 ml samples were removed and plated on five lactose
selection plates (composed of minimal salts [26] plus lactose (filter sterilised, 0.2% w/v)
thiamine (5 μg/ml) and Difco Bacto agar (1.5% w/v)). After 2 days at 37°C in a darkened
incubator most pre-existing mutants had formed visible colonies. At this stage plates were
transferred to the bench and covered with foil to exclude light since it had been found that the
rate of adaptive mutation was lower at this temperature. This was despite the eventual
appearance of a visible lawn due to growth on contaminating nutrients in the absence of
scavenger bacteria. Over the next 3 days a few slower-growing pre-existing mutants appeared
together with most of the mutants induced by exposure to light. In parallel, aliquots of the
irradiated suspension were diluted and plated on to L-agar plates to determine the associated
lethality. Colonies were counted after 24 h. The difference between the nominal mutation
frequencies per survivor of exposed versus unexposed samples was taken to be the induced
mutation frequency.

Sensitivity to 254 nm UV light was determined by exposing bacteria suspended in buffer to a
Philips 6 W TUV lamp and plating on L-agar.
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3. Results
3.1. Effect of carotenoids on adaptive mutation

If active oxygen species are involved in mutation under selection conditions in FC40 then
carotenoids should scavenge them and reduce the rate of adaptive mutation. Endogenous
production of carotenoids was achieved by introducing plasmid pPL376 into FC40. Plasmid
pPL376 is a derivative of pBR322 containing six genes from Erwinia herbicola necessary for
carotenoid biosynthesis, under the control of the stationary phase transcription factor sigma
[23]. E. coli strains in which these genes are expressed have bright yellow colonies [19]. We
found that the rate of appearance of Lac+ mutants on selection plates was reduced in
FC40pPL376 to less than half of that found with FC40 itself (Fig. 1a).

Because we had previously found that the survival of bacteria under conditions of amino acid
starvation can be reduced if they carry a high copy number plasmid [27] it seemed possible
that an effect of pPL376 on viability might explain the difference in Fig. 1a. In parallel with
the mutation plates, 104 test bacteria were plated along with at least 109 scavenger bacteria and
incubated at 37°C. At intervals the bacteria were washed off plates with 10 ml phage buffer
and the number of viable test bacteria determined on rifampicin plates on which the scavenger
bacteria cannot grow. This enabled the accurate determination of the number of viable bacteria
per plate over the course of the experiment without the problems caused by the presence of
small undetected Lac+ colonies when higher plating densities were used. No difference was
seen between FC40 and FC40pPL376, with both strains the number of viable cells increased
to a similar extent during the incubation despite the presence of an excess of scavenger bacteria.
After 4 days the number of FC40 bacteria had increased by a factor of 3.24 ± 0.73, and the
number of FC40pPL376 by 3.92 ± 1.5. The reduction in number of Lac+ mutants cannot
therefore, be attributed to a reduced number of viable bacteria on the plate.

To demonstrate that the effect of the plasmid was due to the synthesis of carotenoids we
generated plasmid pART53 by deleting around a kilobase of DNA presumably including
promoter sequences. Strain FC40 carrying pART53 was not yellow and showed an adaptive
mutation response similar to FC40 and clearly different from FC40pPL376 (Fig. 1b). The
residual growth of both strains was similar; the viable count of FC40pPL376 had increased by
a factor of 3.9 ± 0.7 and of FC40pART53 by a factor of 4.05 ± 0.69 by day 4.

A further control experiment using only pPL376 was possible because the carotenoid
synthesising genes are under the control of the stationary phase sigma factor produced by the
rpoS gene. Strains carrying rpoS mutations fail to induce a large number of genes involved in
survival and cell turnover under starvation conditions (for review see [28]). An rpoS mutation
was introduced into FC40 (to give CM1423) and into FC40pPL376 (to give CM1424). The
latter strain was not yellow indicating that the carotenoid synthesising genes were not
significantly expressed. As might be expected, both strains showed less residual growth on
lactose plates (an increase in viable count of around two-fold over 6 days) and this was reflected
in a reduced rate of adaptive mutation per plate compared to FC40. There was, however, no
significant difference in the rate of adaptive mutation between the two strains (Fig. 1c),
consistent with the effect of pPL376 in FC40 being attributable to synthesis of carotenoids and
not to any other property of the plasmid.

The most obvious property of carotenoids to account for their effect is their ability to scavenge
oxidative species. Nevertheless in principle some other unknown property affecting mutation
expression might have been responsible for the lowering of the rate of adaptive mutation.
Results from experiments which measure the mutation rate under non-selective conditions
indicate that an effect on mutation expression is unlikely. Classical fluctuation experiments
were carried out in which the bacteria were grown for 24 h in glycerol-thiamine-minimal

Bridges et al. Page 4

Mutat Res. Author manuscript; available in PMC 2010 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



medium and then plated on lactose plates for estimation of the number of lac+ mutants in each
tube able to give rise to colonies in 2 days. Genes whose expression is controlled by rpoS
become induced as the culture passes from the late logarithmic to the early stationary phase of
growth. At the time of plating the carotenoid synthesising genes were induced as indicated by
the yellow colour of the culture. In three experiments the mutation rates were estimated by the
method of Lea and Coulson [29] to be 6.48 × 10−9 for FC40 and 6.41 × 10−9 for FC40pPL376.
The presence of the carotenoids therefore, did not detectably influence either the expression
of mutations under these non-selective conditions or the mutation rate during the last two or
three cell cycles when carotenoids were present.

3.2. Induction of Lac+ mutants by oxidative damage
So far we have evidence consistent with a proportion of the mutations that emerge under lactose
selection conditions being a consequence of oxidative damage. We next sought to establish
whether lactose utilising mutants in FC40 could be induced by singlet oxygen, the species
chiefly scavenged by carotenoids. Preliminary attempts to generate singlet oxygen
photodynamically were unsuccessful since the concentrations of exogenous photosensitiser
that were thought (on the basis of experiments with extracellular DNA and phages) to be needed
to generate singlet oxygen were toxic to the cells. We therefore, engineered the endogenous
production of the photosensitiser protoporphyrin by transducing in the hemH1 mutation [30]
which specifies a defect in ferrochelatase (EC 4.99.1.1), the enzyme that inserts iron into
protoporphyrin IX to make heme. The bacteria accumulate endogenous protoporphyrin and
become hypersensitive to light due to the photodynamic generation of active oxygen species
including singlet oxygen [31].

Demonstrating the induction of mutants in FC40 by any possible mutagen, including active
oxygen species produced by photodynamic action, is not straightforward since FC40
derivatives can utilise contaminants in lactose selection plates and growth continues at a slow
rate after plating. This has the advantage that there should be no impediment to the expression
of any induced mutations but magnifies the propensity of this strain for continuously giving
rise to Lac+ mutants when incubated on lactose selection plates (i.e. the phenomenon of
“adaptive” mutation). Leaky growth is controlled in conventional “adaptive” mutation
experiments by incorporating an excess of scavenger bacteria, but we feared that this might
inhibit the expression of newly-induced mutations. We had, however, observed that the
phenomenon of adaptive mutation is less marked at lower temperatures and we utilised this
property to minimise the number of spontaneous (“adaptive”) mutants relative to any that might
be induced. After exposing to light and allowing 2 days incubation in the dark at 37° for any
induced mutations to become expressed, plates were placed on the bench (at around 25°) in
the dark to allow newly expressed mutants to grow into visible colonies.

Fig. 2a shows a representative experiment with the protoporphyrin-containing strain CM1461
in which the number of mutants appearing on plates initially loaded with a similar number of
bacteria and exposed to light for various periods of time is shown with increasing number of
days incubation. At day 2 the mutants that are visible are largely those that were pre-existing
in the culture at the time the experiment was begun. From day 3 onwards “adaptive” mutants
began to appear, but there were always more mutants on plates loaded with bacteria that had
been exposed to light and the difference was still increasing at day 5. While some slower-
growing mutants induced by light almost certainly fail to appear in 5 days, beyond this time
the number of spontaneous mutants becomes too great for reliable counting. Light was not
mutagenic to the parental strain FC40 under the same conditions. In three experiments the data
for exposed and unexposed bacteria were so close that they could not be clearly displayed
graphically; data from a representative experiment are shown instead in tabular form (Table
2).
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In Fig. 2b the difference between the number of mutants on plates with light-exposed bacteria
and the number on plates of unexposed bacteria is plotted for CM1461 as a function of time
of incubation. We have taken the difference between the exposed and unexposed counts on
day 5 as being the number of induced mutants, albeit an underestimate. Fig. 3 shows results
from three experiments with CM1461 in which the data are shown as induced mutant
frequencies per 108 viable bacteria plated as a function of time of illumination. The data clearly
demonstrate that exposure to light induces Lac+ mutations in CM1461, the hemH1 derivative
of FC40.

In other systems where damage caused by active oxygen species has been implicated, including
that mediated by endogenous porphyrins, it has been found that intracellular carotenoids can
reduce the effect [19,32,33]. Plasmid pPL376, conferring the ability to synthesise carotenoids
was therefore, introduced into CM1461. It can be seen from Fig. 3 that exposure to light also
increases the number of Lac+ mutants appearing in strain CM1461pPL376 but to a lesser extent
than in CM1461; the effectiveness of light was reduced by more than a factor of two in the
presence of carotenoids expressed by pPL376. The mean reduction calculated for all points
was by 55.4 ± 7.4%.

To eliminate the trivial explanation that the carotenoids were physically shielding the DNA by
absorbing incident light, we examined their effect with 254 nm UV light. At this wavelength
absorption by carotenoids is comparable to that at around 400 nm, which is the active part of
the spectrum for the photodynamic action of protoporphyrin IX. At 254 nm however, the
phototoxicity is mediated not by active oxygen species but by photoproducts formed directly
in the DNA. There was no protective effect of pPL376 carotenoids against the lethal action of
254 nm UV (Fig. 4). Thus, we can conclude that active oxygen species such as
photodynamically produced singlet oxygen can indeed generate reversions to Lac+ in strain
FC40 and that their effect can be blocked by endogenous carotenoids.

3.3. Effect of DNA repair mutations on adaptive mutation
In other adaptive mutation systems mutations have been attributed to the accumulation of 7,8-
dihydro-8-oxoguanine (8-oxoG), a lesion produced in DNA by active oxygen species [22].
Derivatives of FC40 were constructed with mutations in the mutY and mutM genes whose
products are involved in the response to 8-oxoG. These strains proved to be indistinguishable
from FC40 in the rate at which Lac+ mutants appeared on selective plates (Fig. 5). There is
thus, no evidence that 8-oxoG is involved in adaptive mutation in FC40.

4. Discussion
The key observation in the present paper is that the rate of adaptive mutation in FC40 is reduced
by a factor of around two when the bacteria contain endogenous carotenoids. What is the most
likely explanation for this effect? There is now abundant evidence that one of the chief functions
of carotenoid pigments in living things is to protect against active oxygen species (for review
see [34]). The ability of carotenoids to quench singlet oxygen is well known [35–38] and
appears to be responsible for their protective action in bacteria [28]. On the basis of currently
available evidence, therefore, scavenging of singlet oxygen seems the most plausible
explanation of the effect of carotenoids in the present experiments and the data are consistent
with the hypothesis that oxidative species may be involved in the formation of adaptive
mutations in FC40.

The effect of endogenous carotenoids in decreasing the rate of episomal adaptive mutation in
FC40 is similar to that observed with chromosomal mutations from amino acid auxotrophy in
other strains [19] where it appears that oxidative DNA damage accumulation within the bacteria
is a major contributor to “adaptive” mutation [15,39]. Thus, strains lacking certain enzymes

Bridges et al. Page 6

Mutat Res. Author manuscript; available in PMC 2010 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(the products of the mutY and mutM genes) that deal with the presence of the miscoding base
7,8-dihydro-8-oxoguanine (8-oxoG) in DNA are mutators under starvation conditions and
overproduction of these enzymes leads to a reduction in the rate of “adaptive” mutation [22,
40]. Derivatives of FC40 carrying mutations in mutY and mutM did not, however, show a
mutator effect for adaptive mutation so that, in contrast to the chromosomal mutations to
prototrophy that have been studied, the hypothetical lesion responsible for the episomal
frameshift mutations in FC40 cannot be 8-oxoG or an 8-oxoG:adenine mismatched pair.

This is consistent with earlier work by van den Akker et al. who showed that when single-
stranded M13 DNA was damaged by singlet oxygen and transfected into E. coli the
predominant class of mutations generated in the lacZα gene comprised –G deletions and most
of these were in two mutational hotspots [17]. These authors concluded that singlet oxygen
gives rise to a guanine lesion probably without base-pairing ability (and therefore, not 8-oxoG)
that can be bypassed by DNA polymerase at the cost of a one-base deletion. A very similar
conclusion was reached by Wagner and Fuchs [41] working with double-stranded DNA
exposed to methylene blue and light which generates oxidative species including singlet
oxygen. They also showed that 8-oxoG site-specifically located in a plasmid was inefficient
in inducing frameshifts. There is thus, an unidentified lesion produced by oxidative species
including singlet oxygen that might also be responsible for the –G:C frameshift mutations that
arise in FC40 under lactose selection and that are prevented by the presence of carotenoids. It
might be a degradation product of guanine or even an abasic site. There is, for example,
independent evidence from an in vitro system that abasic sites can cause DNA polymerase III
to generate −1 frameshifts [42].

Singlet oxygen can be produced by enzymic reactions within the cell and by lipid peroxidation
(for review see [43–47]). It may also be produced by dismutation of superoxide [48]. In contrast
to oxidative free radicals, singlet oxygen probably reacts largely with guanine, and 8-oxoG is
a major, though not the only product [43,49]. If lesions generated by singlet oxygen and other
active oxidative species are involved in adaptive mutation, it follows that it should be possible
to induce Lac+ revertants in FC40 by treatments that generate such species. This expectation
was confirmed by the experiments shown in Figs. 3 and 4 where active oxygen species
including singlet oxygen were produced from endogenous protoporphyrin IX during exposure
to light.

The FC40 system has had a high profile in the adaptive mutation story, but hitherto mechanistic
speculations have focused upon the requirements for conjugational competence and
recombination ability. It must be emphasised that there is nothing in the present results that is
inconsistent with these requirements or is in any way incompatible with current models (cf.
[4,7,10,50–54]). At the heart of all these models is the generation of mutations during
recombination-driven episomal DNA replication. In the present experiments significant cell
multiplication occurred during the 7 days incubation and it may be presumed that episomal
replication also occurred. There is also evidence for amplification of the episomal region
containing the lac gene in some cells under these conditions [54,55]. From other systems there
is indirect evidence that DNA turnover may be greater under starvation conditions than had
been earlier deduced from studies with exogenous label [56]. The question at issue is whether
the mutations that arise are solely those due to polymerase infidelity. The present data suggest
that there may also be a component due to spontaneous oxidative lesions accumulating in the
DNA during starvation which eventually encounter a replication fork where they may trigger
a slippage step resulting in the omission of one base in the newly synthesised strand. It would
not be surprising if the propensity of different polymerases to give rise to −1 frameshifts at
sites of damage were related to the probability of them doing the same at undamaged sites. The
local base sequence and the nature of the lesion may also influence whether such a slippage
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step is more or less likely to occur than stalling of the polymerase or insertion of an erroneous
base.

One consequence of polymerase stalling under starvation conditions might be that the DNA
would come apart in the region of the replication fork, effectively generating a double strand
break. Although double strand DNA breaks could in principle also be formed directly by
oxidative attack there is no evidence that they are a particularly common oxidative lesion.
Nevertheless one could speculate that oxidative lesions could also give rise to the double strand
DNA breaks that are an essential part of the models of Foster and Rosenberg and their
collaborators (loc.cit.).

In summary, the evidence presented suggests that adaptive mutation in FC40 may be similar
to stationary phase mutation in a number of other systems in that it includes a component due
to DNA damage (largely oxidative in nature) (cf. [15]). This is consistent with the recently
established involvement in adaptive mutation in FC40 of the DNA damage-inducible SOS
system [13] and the SOS-controlled DNA polymerase IV (H. Ohmori and P.L. Foster,
unpublished observations).
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Fig. 1.
Effect of endogenous carotenoids on the number of Lac+ mutants arising as a function of time
of incubation on selective agar. (a) FC40 (●) and FC40pPL376 (□); (b) FC40pPL376 (□) and
FC40pART53 (■); (c) CM1423 (rpoS) (□) and CM1424 (rpoS pPL376) (▲). FC40pPL376 is
the only strain expressing carotenoids. Means and standard errors of at least three experiments.
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Fig. 2.
Appearance of mutants on lactose selection plates in CM1461, a hemH1 derivative of FC40
overexpressing protoporphyrin IX, following exposure to fluorescent light for 0, 10, 20, 30, or
40 min. The first 2 days were at 37°C, the subsequent 3 days on the bench (approximately 25°
C). (a) Panel shows raw data from a representative experiment; (b) panel shows the number of
mutants on plates of exposed bacteria minus the number on plates of unexposed bacteria.
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Fig. 3.
Survival and induction of Lac+ mutants in CM1461 (circles), and a derivative containing
pPL376 (squares) as a function of time of exposure to fluorescent light. Mutation data adjusted
to 108 viable cells plated. Each point is the mean and standard error of three experiments.
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Fig. 4.
Survival of CM1461 and its carotenoid-containing derivative CM1464pPL376 following
exposure to 254 nm UV light. Cell density approximately 2 × 109 per ml (representative
experiment).
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Fig. 5.
Adaptive mutation in FC40 and derivatives carrying mutations in mutM (CM1443) or mutY
(CM1429). Means and standard errors of three experiments.
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Table 1

Derivatives of E. coli FC40 used in this work

Strain Parent Additional allele

CM1423 FC40 rpoS::Tn10 transduced from MT1rpoS [19]

CM1424 FC40pPL376 rpoS::Tn10 transduced from MT1rpoS [19]

CM1461 FC40 hemH1 (zbb-3055::Tn10) transduced from AW804 (B. Weiss)

CM1443 FC40 mutM::miniTn10 transduced from TT101 [22]

CM1429 FC40 mutY68::kanR transduced from CM1307 [22]
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