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Abstract
Vanillin (VAN) and cinnamaldehyde (CIN) are dietary antimutagens that effectively inhibit both
induced and spontaneous mutations. We have shown previously that VAN and CIN reduced the
spontaneous mutant frequency in Salmonella TA104 (hisG428, rfa, ΔuvrB, pKM101) by
approximately 50% and that both compounds significantly reduced mutations at GC sites but not at
AT sites. Previous studies have suggested that VAN and CIN may reduce mutations in bacterial
model systems by modulating DNA repair pathways, particularly by enhancing recombinational
repair. To further explore the basis for inhibition of spontaneous mutation by VAN and CIN, we have
determined the effects of these compounds on survival and mutant frequency in five Escherichia
coli strains derived from the wild-type strain NR9102 with different DNA repair backgrounds. At
nontoxic doses, both VAN and CIN significantly reduced mutant frequency in the wild-type strain
NR9102, in the nucleotide excision repair-deficient strain NR11634 (uvrB), and in the
recombination-proficient but SOS-deficient strain NR11475 (recA430). In contrast, in the
recombination-deficient and SOS-deficient strain NR11317 (recA56), both VAN and CIN not only
failed to inhibit the spontaneous mutant frequency but actually increased the mutant frequency. In
the mismatch repair-defective strain NR9319 (mutL), only CIN was antimutagenic. Our results show
that the antimutagenicity of VAN and CIN against spontaneous mutation required the RecA
recombination function but was independent of the SOS and nucleotide excision repair pathways.
Thus, we propose the counterintuitive notion that these antimutagens actually produce a type of DNA
damage that elicits recombinational repair (but not mismatch, SOS, or nucleotide excision repair),
which then repairs not only the damage induced by VAN and CIN but also other DNA damage—
resulting in an antimutagenic effect on spontaneous mutation.
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1. Introduction
Vanillin (VAN) and cinnamaldehyde (CIN) are natural food flavorings that inhibit mutations
induced by chemical and physical mutagens in bacterial test systems [1–5] and mammalian
cell culture [6,7]. Both VAN and CIN inhibited micronuclei formation in V79 cells treated
with heterocyclic amines [8] and reduced chromosome aberrations in CHO cells exposed to
UV-light and X-rays [9]. In addition, VAN and CIN reduced the frequency of spontaneous
mutations in Salmonella TA98 and TA104 [10–12].

VAN and CIN have been described as bioantimutagens, a term coined by Kada to describe
agents that inhibit mutagenesis by modulating cellular processes of DNA replication and repair
[13]. In addition to antimutagenic effects observed in WP2s strains of E. coli, CIN also
increased survival of cells exposed to 4-nitroquinoline-1-oxide. This survival-enhancing effect
was dependent on recA gene function [1]. Likewise, co-treatment with VAN increased survival
in UV-exposed cells except in recA strains [4]. In addition, recombination between plasmids
was enhanced with VAN treatment [4]. In Drosophila, VAN modestly inhibited mutations
induced by mitomycin C but dramatically increased recombination in mitomycin C-treated
flies [14]. Co-treatment with VAN and either ethyl methanesulfonate (EMS) or bleomycin also
produced a synergistic effect on recombination in Drosophila [15]. Observations of the
recombinogenic effects of VAN, together with the requirement of recA gene function for the
survival-enhancing effects of VAN and CIN, have lead to the hypothesis that VAN and CIN
may inhibit mutagenesis by increasing repair of DNA damage through the recombinational
repair pathway [4].

In previous work examining the effects of VAN and CIN on spontaneous mutations in
Salmonella TA104, we showed that both compounds significantly reduced mutations at GC
sites but not AT sites and that the antimutagenic effect was dependent on the presence of the
pKM101 plasmid in homologues of TA104 [12]. To further elucidate the role of DNA repair
pathways on antimutagenesis by VAN and CIN, we have investigated the effects of these
compounds on spontaneous mutation in five strains of E. coli that have defects in different
DNA repair pathways, including nucleotide excision repair (NR11634), mismatch repair
(NR9139), and recombinational repair (NR11317). To investigate whether VAN or CIN
reduces spontaneous mutations by inhibiting the error-prone SOS pathway, we tested these
compounds in strains that were deficient in SOS response but retained recombination function
(NR11475) or were deficient in both SOS response and recombination (NR11317).

2. Materials and methods
2.1. Chemicals and media

Vanillin (VAN) and cinnamaldehyde (CIN) (Sigma–Aldrich, Milwaukee, WI) were dissolved
in dimethyl sulfoxide (DMSO, Burdick and Jackson, Muskegon, MI) and evaluated for survival
and antimutagenesis using a modified version of the standard plate incorporation assay [16] in
the absence of S-9 mix.

Media used were Vogel–Bonner Medium E (VBME) agar plates containing 0.2% glucose and
phenyl-β-D-galactopyranoside (P-gal) agar plates (1 × VB salts, 750 μg/ml P-gal, and 1 μg/ml
thiamine). Overnight cultures of E. coli strains were grown in LB medium.

2.2. Bacterial strains
The E. coli strains used in this work, listed in Table 1, are derived from parental strain NR9102
[ara, thi, Δpro-lac)X111, F’prolac (F′128-27)], which contains an F′prolac episome carrying
two silent base substitution mutations in the lacI gene [17]. Mutations in the lacI gene resulting
in constitutive expression of the lac genes can be readily detected on media containing phenyl-
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β-D-galactopyranoside (P-gal) as a sole source of carbon [18]. NR9139 (mutL::Tn5) lacks
mismatch repair (MMR) function due to a mutation in the mutL gene [19].

The nucleotide repair-deficient (NER−) strain NR11634 harbors a point mutation in the uvrB
gene (uvrB5) rather than the large deletion in the region of the uvrB and bio genes found in
Salmonella TA98, TA100, and TA104 [20]. NR11634 is a gal+ revertant of NR10234
(galK2), which has been described [21], and was tested for UV sensitivity.

NR11475, which carries the recA430 allele, is defective in SOS activity due to an inability to
cleave the UmuD protein, but retains homologous recombination functions [22]. NR11475
(recA430) was created in a three-step procedure. First, strain KA796 [ara, thi, Δ(pro-lac)]
[23] was transduced to become ΔrecA, srl::Tn10 using strain PF1711 as a P1 donor, selecting
for tetracycline resistance and testing for UV-sensitivity, yielding NR11476. This strain was
then transduced to become recA430, srl+ using strain PF1712 as a P1 donor, selecting for
growth on MM-sorbitol medium and scoring for increased UV resistance. PF1711 and PF1712
were kind gifts from P. Foster (Indiana University). Finally, F′128-27 [17] was introduced by
conjugation, selecting for proline-proficiency, yielding NF11475.

NR11317 (recA56) lacks both SOS and recombination functions. NR11317 (recA56) was, like
NR11475, constructed from KA796. The recA56, srl::Tn10 combination was introduced by
P1 transduction using strain UTH2 as P1 donor [24], followed by introduction of F′128-27 as
above.

2.3. Antimutagenesis and survival assays
For evaluation of survival, overnight cultures grown in LB medium, diluted 106-fold to yield
approximately 200 cells/100 μl, were added to 2 ml of top agar along with varying
concentrations of VAN or CIN and poured onto VBME agar plates. For evaluation of
antimutagenesis, 100 μl of undiluted overnight cultures (~108 cells) were added to 2 ml of
molten top agar along with appropriate concentrations of VAN or CIN, vortexed, and poured
onto P-gal agar plates. Both VBME and P-gal plates were incubated for 72 h at 37 °C. Survival
and antimutagenesis with VAN and CIN were tested in two independent cultures for each
strain, with each dose plated in triplicate. Thus, for each strain, effects on antimutagene-sis and
survival were monitored using a total of six plates at each concentration of VAN and CIN.
Mutant and surviving colonies were counted using an automatic plate counter (AccuCount
1000, Biologics, Manassas, VA). Effects of VAN and CIN on mutant colonies were reported
as mutant frequencies (MF), i.e., the number of mutant colonies/108 surviving colonies.

2.4. Statistical analyses
We conducted a separate analysis for each strain of E. coli with each compound, 10 analyses
in all. Each analysis used data from the duplicate experimental runs involving the two
independent overnight cultures, and each run included a survival arm and a mutant-yield arm.
Counts of mutants/plate or survivors/plate for each analysis were modeled using generalized
linear mixed models with Poisson error distribution and its canonical link function (logarithm).
Thus, our analysis was a mixed-effects analysis of variance for Poisson-distributed data. The
mean response for each plate was modeled as depending on the dose of the compound and the
arm. We needed a mixed-effects analysis of variance, rather than a simpler fixed-effects one,
to accommodate multiple sources of extra-Poisson variation, such as the run-to-run variation
in MF that several lacI strains derived from KA796 had exhibited previously [25]. Our mixed-
effects analysis allowed for extra-Poisson variation due to differing response levels between
independent cultures within each arm (random effect for run × arm), between the precise shape
of the dose trajectory in a given arm between independent cultures (random effect for run ×
arm × dose), and between replicate plates (residual). Thus, our analysis explicitly accounted
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for relevant sources of variation when assessing MF associated with increasing doses of these
compounds.

The statistical model is illustrated in Fig. 1A for VAN treatment in NR9102 (wild type). In
this case, survival remains unaffected for all doses. On the other hand, the mutant frequency
clearly decreases at higher doses of VAN. As a general rule, if a decrease in mutants/108

survivors (mutant-yield arm) begins at doses lower than those at which there is any decrease
in the survivors/plate (survival arm), then we conclude that the compound is antimutagenic. In
contrast, if the trajectories in both arms simply parallel each other, we conclude that the
compound is not antimutagenic in that strain. Thus, a statistical test for an antimutagenic effect
in the models is a test for an arm × dose interaction.

In addition to a single overall test for arm × dose interaction in each analysis, the overall statistic
was partitioned into a series of one-degree-of-freedom interaction statistics to find the lowest
dose at which the arm × dose interaction was evident. The first one-degree-of-freedom statistic
tested whether the change in response between the second dose level and the first differed
across arms; the second statistic tested whether the change in response between the third dose
level and the average of the lowest two dose levels differed across arms, and so on. The final
test in the series examined whether the change in response between the highest dose level and
the average of all the lower dose levels differed between arms.

The statistical contrasts involved in constructing this series of tests are orthogonal so that the
one-degree-of-freedom tests partition the overall test of interaction into independent aspects.
Likewise, contrasts were constructed within either the survival arm or the antimutagenesis arm
to infer the lowest dose at which the mean response dropped off significantly and to estimate
the magnitude of the decrease as a proportion of the baseline response (average response among
the lower doses). All statistical analyses were carried out using SAS software (SAS Institute,
Cary, NC). In particular, we fitted the generalized linear mixed models with the GLIMMIX
macro <http://support.sas.com/ctx/samples/index.jsp?sid=536>.

3. Results
To investigate the antimutagenic effects of VAN and CIN in E. coli, we used the lacI forward-
mutation system, in which the mutational target is the lacI gene, which encodes the repressor
of the lac operon. lacI mutants, lacking a functional repressor, can be detected based on their
constitutive expression of the lac operon. Because the sugar analog P-gal is a substrate for the
lac enzymes but not an inducer of the operon, such lacI mutants can be isolated and scored by
their ability to form colonies on plates containing P-gal as the sole carbon source [18]. Because
the entire lacI gene is the target, a large variety of mutations at many sites throughout the gene
can be detected, making it a suitable target for investigation of mutational processes in E.
coli, including spontaneous mutagenesis [17,25,26].

In the present case, we examined the effect of VAN and CIN on the frequency of spontaneous
lacI mutants using a plate-incorporation assay. We plated aliquots of overnight cultures of E.
coli on P-gal plates using soft top agar containing various concentrations of the two chemicals
and determined the effect of VAN or CIN on the number of lacI mutants. This method is similar
to the plate-incorporation assays used in the Salmonella (Ames) assay, which we used
previously to detect antimutagenic effects of VAN and CIN [12]. In parallel, we also
determined the effect of the chemicals on the survival of the strains (see Section 2). We showed
in our study in Salmonella [12] that VAN and CIN did not cause growth inhibition. Although
we did not reassess this issue in E. coli, we have assumed that reductions in survival by VAN
and CIN observed in the present study were not due to growth inhibition.
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The results are presented in Figs. 1–5, and Tables 2 and 3 provide summaries of all the data,
including the highest non-toxic dose for each of the strains. We note that the data presented in
Figs. 1–5 are plotted on a natural log scale. In Tables 2 and 3, the colony counts for survival,
mutant yield, and mutant frequency for the highest nontoxic doses are compared to averages
of all lower doses in each strain to reflect the statistical analysis. Confidence intervals for
mutant frequency values are included. The numbers of colonies on selective and nonselective
plates are presented in Appendices A and B.

Both VAN and CIN were antimutagenic against spontaneous mutations in the wild-type strain
NR9102, significantly reducing the calculated MF by 51% and 30%, respectively, at the highest
nontoxic concentrations tested (Fig. 1A, Table 2, Fig. 1B, Table 3, for p-values in all strains,
see Figs. 1–4). Likewise, in the nucleotide excision repair-deficient (NER−) strain NR11634,
both VAN and CIN effectively inhibited spontaneous mutations. At 40 μmol/plate, VAN
reduced the MF by 23% without any cytotoxicity (Fig. 2A, Table 2), whereas CIN at 20 μmol/
plate dramatically reduced the MF by 96% with 79% survival. Although this strain was
somewhat sensitive to cell killing at 20 μmol/plate, survival in NR11634 was still considerably
higher at this dose than in any of the other strains tested.

To examine the role of the SOS repair pathway in antimutagenesis by VAN and CIN, we first
tested these chemicals in NR11475 (recA430), which is deficient in SOS activity but is
recombination proficient [22]. Both VAN and CIN were antimutagenic in this strain, reducing
the MF by 35 and 42%, respectively (Fig. 3, Tables 2 and 3). Interestingly CIN was a more
effective antimutagen at the same doses in this strain than in the wild-type strain NR9102. At
10 μmol/plate, CIN decreased the MF by 30% in NR9102 compared to a 42% decrease in
NR11475. As in the NER− strain NR11634, CIN at 20 μmol/plate had a dramatic effect on the
MF in NR11475, reducing mutations by nearly 99%. However, survival was reduced by 40%
at this dose, which we considered a toxic.

In contrast, no antimutagenic effects were observed in the recA56 strain NR11317, which is
defective in both SOS and recombination functions [24]. In fact, both chemicals were
mutagenic in this strain, producing increases in the MF. At 40 μmol/plate, VAN increased the
MF by 61%, and CIN at 10 μmol/plate increased the MF by 62% (Fig. 4, Tables 2 and 3). In
addition, CIN was cytotoxic at this dose, reducing survival by 38%. Thus, when comparing
the results in the recA430 and recA56 strains, it appears that the antimutagenic effects of VAN
and CIN were dependent on the recA recombination function but independent of the recA SOS
function.

We tested VAN and CIN in the mismatch-repair-(MMR-) defective strain NR9319 to examine
whether MMR plays a role in the antimutagenic effects of these chemicals. Only CIN proved
antimutagenic in this strain, reducing the MF by 36% at 10 μmol/plate (Fig. 5B, Table 3). In
contrast, VAN at 40 μmol/plate was not significantly antimutagenic or mutagenic, increasing
the MF by only 8% (Fig. 5A, Table 2). At higher VAN doses, however, MF in NR9139
increased dramatically, with a two-fold increase at 60 μmol/plate, and a 28-fold increase at 80
μmol/plate (Appendix A).

To examine whether the apparent antimutagenic effects of VAN and CIN might be due to
differences in cytotoxicity on VBME versus P-gal plates, a reconstruction experiment was
conducted with the wild-type strain NR9102. Briefly, several independently isolated lacI−
mutants of NR9102 were purified on P-gal plates, grown in liquid culture for 16 h, and diluted
106-fold to yield approximately 200 cells/100 μl. Then 100 μl of this dilution were plated with
varying concentrations of VAN or CIN on either P-gal or VBME plates, and the plates were
incubated for 72 h at 37 °C. In parallel, cultures of NR9102 were plated with VAN or CIN on
P-gal plates to reproduce the antimutagenic effects described above. Although there was a
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slightly reduced survival of pre-established lacI− mutants on P-gal versus VBME plates at 60
μmol of VAN/plate and 15 μmol of CIN/plate, this effect did not account for the clear reduction
in the MF observed for NR9102 cultures (results not shown). Thus, the antimutagenic effect
observed in NR9102, NR11634, and NR11475 was not likely due to differential cytotox-icity
of VAN or CIN on selective P-gal plates versus the nonselective VBME plates.

4. Discussion
Both VAN and CIN were antimutagenic for spontaneous mutation in the wild-type strain
NR9102. At the highest nontoxic doses tested, VAN produced a more dramatic effect than
CIN, reducing the MF by 51%, compared to a 30% reduction by CIN (Tables 2 and 3). In the
NER− strain NR11634, both VAN and CIN were antimutagenic. However, in this strain, the
inhibitory effect of CIN was much more dramatic, reducing the MF by nearly 96% at 20 μmol/
plate, a dose that was cytotoxic in all other strains tested. The basis for enhanced survival with
CIN at this dose in the absence of NER is not known.

VAN and CIN had similar antimutagenic effects in NR11475 (reca430), which lacks SOS
activity but retains recombination function. Both chemicals reduced the MF by approximately
40%. In the absence of recombination function in NR11317 (recA56), not only did VAN and
CIN fail to inhibit spontaneous mutagenesis, both compounds were in fact mutagenic,
increasing the MF by approximately 61 and 62%, respectively.

In the MMR− strain NR9319 (mutL), VAN and CIN had opposite effects. VAN was slightly
mutagenic at 40 μmol/plate, and this effect was more pronounced at higher doses with a 28-
fold increase in MF at 80 μmol/plate, due mainly to cytotoxicity (Appendix A). In contrast,
CIN was antimutagenic in NR9319, reducing the MF even more effectively than in the wild-
type strain. This suggests that the mechanism by which VAN and CIN reduce the spontaneous
MF in wild-type strains differs with respect to the requirement of these compounds for
mismatch repair.

Spontaneous mutations in E. coli occur at a low rate, ~10−10 mutations per base pair per
generation [27]. Although a lower rate (~10−11 mutations per base pair per generation) is
estimated for humans [27], spontaneous mutations may play a causal role in human diseases,
e.g., cancer and birth defects [28]. Among the sources of spontaneous mutation are replication
errors, which occur occasionally despite normal proofreading functions and mismatch
correction, and various other types of unrepaired DNA damage, including depurination,
deamination of cytosine and 5-methyl cytosine, and exposure to endogenous alkylating agents
and reactive oxygen species [17]. Unrepaired single-strand lesions, including apurinic/
apyrimidinic (AP) sites, 8-oxoguanine, thymine glycol, and 3-methyl adenine, can lead to
collapse or stalling of a replication fork. The resulting nicks and gaps in DNA can lead to the
formation of double strand breaks (DSBs), which are estimated to occur spontaneously in
mammalian cells at a rate of 50 DSBs/cell/cell cycle or 1 DSB/108 base pairs/cell cycle [29].
In bacteria, repair of DNA damage, including DSBs, which results in stalled or collapsed
replication forks, is mediated by the RecA protein in conjunction with either the RecBCD or
RecFOR pathways [30].

Our results demonstrate that VAN and CIN are antimutagenic, even in the absence of NER or
SOS activity. Interestingly, both compounds were mutagenic in the recombination-deficient
strain NR11317, suggesting that VAN and CIN may induce some type of DNA damage that
is repaired primarily by recombinational repair. Although the nature of the DNA damage
induced by VAN and CIN in bacteria is unknown, studies in mammalian cells suggest several
types of possible damage.
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CIN may damage DNA indirectly by binding to intracellular thiol groups in proteins and to
glutathione. Weibel et al. [31] showed that CIN forms protein conjugates by binding almost
exclusively to thiol groups within cysteine residues. Ka et al. [32] demonstrated that treatment
with CIN rapidly depleted intracellular glutathione and protein thiol levels in human HL-60
leukemia cells. At the same concentration, CIN also increased reactive oxygen species (ROS)
levels and induced apoptosis in this cell line. The authors hypothesized that depletion of
intracellular glutathione levels results in increased ROS levels that, in turn, alter the cellular
redox status and mitochondrial membrane potential. The subsequent release of cytochrome c
activates the pro-apoptotic proteins caspase-9 and caspase-3 and thereby induces apoptosis.
This result is supported by similar work in V79 cells demonstrating glutathione depletion and
oxidative damage after CIN exposure [33]. In addition to oxidant effects, CIN induced DNA
damage in mammalian cells as measured by the comet assay [33,34]. We also found that CIN
increased DNA migration in the comet assay in human HepG2 hepatocellular carcinoma and
HCT116 colon cancer cell lines (unpublished data). The nature of this CIN-induced DNA
damage is unknown.

In contrast to the possible oxidant damage induced by CIN, there is evidence that VAN has
antioxidant activity. VAN effectively inhibited lipid peroxidation [35–37], scavenged free
radicals [38,39], and reduced the number of DNA single-strand breaks induced by singlet
oxygen [40]. In addition to these antioxidant effects, VAN has been shown to inhibit
mutagenicity induced by a variety of chemical and physical agents [1–3,8,9]. However, VAN
has been reported [41] to increase the Hprt mutant frequency in V79 cells exposed to EMS.
Co-treatment with VAN also had a synergistic effect on recombination on MMC- and EMS-
exposed Drosophila in the SMART assay [14,15]. O-vanillin, a compound related structurally
to VAN, induced DNA damage as detected by the comet assay [42]. As with CIN, we found
increases in DNA migration in HCT116 cells after 4-h exposures to nontoxic concentrations
of VAN (unpublished data). Collectively, these findings suggest that, in addition to antioxidant
activity, VAN also may induce some type of DNA damage that enhances recombinational
repair.

In summary, we found that VAN and CIN were effective antimutagens against spontaneous
mutation in the wild-type strain NR9102 of E. coli and that this antimutagenic effect was
independent of both the SOS and NER pathways. Given the DNA damage induced in
mammalian cells by CIN and VAN as detected by the comet assay and the mutagenic effect
of these compounds in the recombination-defective E. coli strain NR11317, we propose the
following model to explain the antimutagenic effects of VAN and CIN. VAN and CIN induce
some type(s) of DNA damage, either by direct interaction with DNA or indirectly through
modulating intracellular protein or glutathione levels, which elicits recombinational repair.
This activation of recombinational repair permits repair not only of VAN- or CIN-induced
damage but also of other DNA lesions, thus reducing the frequency of spontaneous mutation.
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Appendix A
Mutant yield and survival in E. coli strains plated in the presence of VAN.

Strain Dose (μmol/
plate)

Mutants, Aa Mutants, Ba Mutant yield (mean)b Survival, Aa Survival, Ba Survival (mean)b

NR9102 (wt) 0 458.19 237.69 330.01 295.07 308.76 301.84
20 457.73 198.16 301.17 268.22 256.23 262.15
30 413.10 123.92 226.26 265.69 271.29 268.48
40 365.02 150.93 234.72 271.42 264.19 267.78
50 240.35 83.78 141.90 257.01 256.51 256.76
60 196.59 58.45 107.20 264.76 267.24 266.00

NR11634
(uvrB)

0 630.13 356.72 474.11 383.09 121.11 215.40

20 625.85 331.65 455.59 378.19 135.62 226.48
25 634.38 330.62 457.97 367.75 156.05 239.56
30 529.73 323.79 414.15 391.33 119.33 216.10
35 541.28 315.89 413.50 389.15 140.17 233.55
40 454.94 278.24 355.79 396.07 142.84 237.86

NR11475
(recA430)

0 943.72 488.59 679.04 358.98 347.27 353.07

20 890.46 482.73 655.63 321.23 303.53 312.25
25 765.56 430.25 573.92 330.31 306.56 318.21
30 826.32 383.09 562.63 320.81 304.45 312.52
35 772.67 250.64 440.07 331.58 306.75 318.92
40 520.95 236.70 351.16 333.02 330.66 331.84

NR11317
(recA56)

0 18.17 39.33 26.73 50.83 314.02 126.34

20 27.92 39.37 33.15 52.28 361.46 137.47
25 28.48 34.59 31.39 58.59 367.24 146.69
30 28.73 39.02 33.48 50.01 318.34 126.18
35 31.08 39.92 35.23 50.57 381.61 138.92
40 37.23 54.93 45.22 47.45 311.14 121.51

NR9319
(mutL)

0 4521.28 4513.01 4517.15 340.98 964.26 573.41

20 5073.04 4773.98 4921.24 338.66 1039.27 593.26
30 4991.86 5226.46 5107.81 319.54 1018.56 570.50
40 5210.38 5013.11 5110.79 311.16 1010.54 560.75
60 6160.81 5561.39 5853.43 166.97 608.95 318.86
80 5155.92 4413.12 4770.08 5.31 89.59 21.82

a
Unadjusted geometric mean of mutants/plate or survivors/plate from three replicate plates.

b
Unadjusted geometric mean of mutants/plate or survivors/plate from six plates (two independent cultures).

Appendix B
Mutant yield and survival in E. coli strains plated in the presence of CIN.

Strain Dose (μmol/
plate)

Mutants, Aa Mutants, Ba Mutant yield (mean)b Survival, Aa Survival, Ba Survival (mean)b
NR9102 0 479.11 231.60 333.11 264.41 265.51 264.96

3 504.19 216.01 330.01 258.71 264.90 261.79
5 497.77 238.18 344.33 236.52 259.18 247.59
10 306.89 155.30 218.31 243.50 238.98 241.23
20 2.41 4.64 3.34 23.26 35.27 28.64

NR11634 0 671.55 349.01 484.13 396.78 135.85 232.17
3 665.40 423.83 531.05 389.44 120.32 216.46
5 616.70 371.52 478.66 398.13 133.84 230.84
10 612.92 355.67 466.90 387.34 137.45 230.74
20 23.99 7.00 12.96 329.28 87.31 169.56

NR11475 0 871.29 492.77 655.25 307.88 290.68 299.16
3 953.86 473.87 672.31 319.03 310.32 314.65
5 922.21 473.84 661.04 312.92 289.65 301.06
10 342.35 343.29 342.82 306.84 279.10 292.64
20 7.11 3.73 5.15 184.28 173.51 178.82

NR11317 0 127.32 119.18 123.18 112.03 259.72 170.58
3 103.24 112.27 107.66 120.49 239.93 170.03
5 116.72 125.72 121.14 115.49 253.43 171.09
10 121.00 113.16 117.02 49.91 183.13 95.60
20 41.85 42.17 42.01 0.67 0.67 0.67

NR9319 0 6121.46 4707.27 5368.00 327.45 984.96 567.92
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Strain Dose (μmol/
plate)

Mutants, Aa Mutants, Ba Mutant yield (mean)b Survival, Aa Survival, Ba Survival (mean)b
3 5536.03 5186.12 5358.22 350.57 1031.62 601.38
5 6491.66 4709.50 5529.23 338.16 1041.50 593.46
10 3010.35 3532.95 3261.20 289.06 1012.23 540.92
20 5.67 0.00 2.83 66.42 351.67 152.83a

Geometric mean of mutants/plate or survivors/plate from three replicate plates.
b
Geometric mean of mutants/plate or survivors/plate from six plates (two independent cultures).
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Fig. 1.
Effects on survival and lacI mutant frequency of VAN (A) and CIN (B) in E. coli NR9102
(wild type). Single asterisks indicate VAN or CIN dose levels at which significant
antimutagenic effects were observed (p < 0.001 in all indicated cases). Double asterisks indicate
a toxic dose. Plotted are the natural log(ln) of the geometric means of surviving colonies per
plate (n = 6) and the ln of the geometric means of the mutant frequency.
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Fig. 2.
Effects on survival and mutant frequency of VAN (A) and CIN (B) in NER-deficient E. coli
NR11634 (uvrB); see legend to Fig. 1 for details.
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Fig. 3.
Effects on survival and mutant frequency of VAN (A) and CIN (B) in SOS-deficient E. coli
NR11475 (recA430); see legend to Fig. 1 for details. Asterisk indicates a statistically significant
antimutagenic effect (p < 0.001 for VAN at 40 μmol/plate; p < 0.05 for CIN at 10 μmol/plate).
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Fig. 4.
Effects on survival and mutant frequency of VAN (A) and CIN (B) in SOS-deficient and
recombination-deficient E. coli NR11317 (recA56); see legend to Fig. 1 for details. Asterisk
indicates a statistically significant mutagenic effect (p < 0.05 for CIN at 10 μmol/plate; p <
0.001 for CIN at 20 μmol/plate and VAN at 40 μmol/plate).
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Fig. 5.
Effects on survival and mutant frequency of VAN (A) and CIN (B) in MMR-deficient E.
coli NR9319 (mutL); see legend to Fig. 1 for details. Asterisk indicates a significant mutagenic
effect for VAN (p < 0.001 at 40 and 60 μmol/plate) and a significant antimutagenic effect for
CIN (p < 0.05 for CIN at 10 μmol/plate).
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Table 1
E. coli strains used in this study

Strain Relevant genotypea Phenotypeb Reference

NR 9102 wt Wild type [17]
NR11634 uvrB5 NER− This work
NR11475 recA430 SOS−, recombination+ This work
NR11317 recA56, srl::Tn10 SOS−, recombination− This work
NR9319 mutL::Tn5 MMR− [19]

a
All strains are also ara, thi, Δ(pro-lac), F′prolac (F′128-27); see Section 2.

b
NER: nucleotide excision repair; MMR: mismatch repair.
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