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A strong lethal interaction was observed between various monochromatic
wavelengths (254, 334, 365, and 405 nm) in the repair-proficient E. coli K-12 strain
AB 1157, except in the case of preexposure to 405-nm radiation which resulted in
a protection against the inactivation resulting from subsequent exposure to 365-
or 254-nm radiations. The results may be tentatively explained by assuming two
classes of DNA lesions and two classes of damage to repair (reversible and
irreversible) whose proportions vary according to wavelength.

The bactericidal action of near-UV radiation
at various monochromatic wavelengths is now
well documented (for a recent review, see 13).
Because radiation at these long wavelengths sen-
sitizes repair-proficient bacteria to a wide spec-
trum of DNA-damaging agents (for a recent
review of synergism and antagonism, see refer-
ence 9a), including far UV, ionizing radiation,
and heat and alkylating agents, it may be pre-
dicted that lethal interactions would be observed
between radiations within the near-UV range.
Indirect evidence for the occurrence of such
phenomena in Salmonella typhimurium rec mu-
tants appeared from the work of Mackay et al.
(5), and experimental control data from experi-
ments with monochromatic wavelength radia-
tions have provided direct evidence that such
phenomena also occur in wild-type Escherichia
coli strains (6, 13).
A study of the interactions between radiations

of different wavelengths may help in under-
standing the mechanism of action of the individ-
ual wavelengths on bacteria. In addition, there
is some evidence that there may exist an inter-
action between different regions of the UV spec-
trum in the induction of cutaneous damage (9a,
14, 15) and even for induction of skin tumors (1,
12; P. D. Forbes, Program and Abstr. 1st Annu.
Meet. Am. Soc. Photobiol., 1973, p. 136), al-
though the latter phenomena in particular can-
not be said to be clearly established (P. D.
Forbes, personal communication). However, we
decided to test the various wavelengths of radia-
tion which had previously shown interesting re-
sults in bacteria (see above) and to examine
possible interactions in more detail. The follow-
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ing work illustrates that although the existence
of such phenomena is in no doubt, their expla-
nation must await a more profound knowledge
of the action of the individual wavelengths.
A description of the preparation of suspen-

sions of the repair-proficient strain Escherichia
coli K-12 AB 1157 (described by Howard-Flan-
ders and Boyce [2]) from minimal medium-
grown exponential-phase cultures appears else-
where (9). Viability assays, irradiations at mon-
ochromatic wavelengths, and dosimetry were
also performed as previously described (9). Cell
suspensions were irradiated at 0°C in a Pyrex-
jacketed cuvette (334, 365, and 405 nm) or at
room temperature in a petri dish (254 nm). In
the sequential irradiation experiments, the in-
terval between the irradiations was always less
than 5 min. Cell populations were exposed to a
dose of radiation selected from the shoulder
region at that wavelength. The patterns of in-
activation of cell populations at a single wave-
length (control curves in each figure) remained
unchanged after holding the freshly harvested
cells on ice for up to 3 h (the longest irradiation
time used in these experiments).

Previous studies concerning the interaction
between near-UV radiation and mild heat (9)
and near-UV radiation and methyl methane sul-
fonate (I. S. Correia and R. M. Tyrrell, Photo-
chem., Photobiol., in press) have indicated that
the dose needed to remove the large shoulder on
the near-UV survival curve can be quantitatively
correlated with the ability of each wavelength
(334, 365, and 405 nm) to sensitize to the other
two DNA-damaging agents. These results sup-
port a model for near-UV inactivation involving
the accumulation of dose-dependent damage to
repair systems (8, 9, 9a, 11, 13, 13a). Additional
data concerning the lethal interaction between

437



438 NOTES

near-UV and other agents in repair-deficient
strains support the proposed model (8, 9a, 13a).
From Fig. 1, it is clear that essentially nonlethal
doses of 334- and 365-nm radiation (see also
control curves in Fig. 3 and 4) are able to sensi-
tize wild-type cells to far-UV (254-nm) radiation.
The 365-nm:254-nm lethal interaction has been
reported previously in both B/r (11) and wild-
type K-12 strains (13a). Preexposure to a dose
of 405-nm radiation which eliminates more than
half the shoulder from the 405-nm survival curve
itself (see Fig. 5) and which strongly sensitizes
cells to both mild heat and methyl methane
sulfonate actually protects the cell population
against the lethal effects of radiation at 254 nm.
From Fig. 2, it can be seen that this protection
is dose dependent and reaches a peak at a 405-
nm dose of 3 x 106 J m-2.
The remainder of the figures (Fig. 3-5) illus-

trate the lethal interactions observed when the
various possible combinations of 334-, 365-, and
405-nm radiations are tested. Except where a
protection is seen (Fig. 4), the final slopes of
control and dually irradiated cell survival curves
are always close to parallel (Fig. 3-5). These
results suggest that the three wavelengths in-
duce a common type of sublethal damage which
according to the model would be damage to
DNA repair systems. It should be noted that
pre-irradiation of starved log-phase cells at 334
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FIG. 1. Inactivation of E. coli K-12 AB 1157 by

254-nm radiation afterpretreatment with: control (no
pretreatment) (0); 2.5 x 106 J m-2 at 405 nm, 72%
survival (A); 1.5 x J m-2 at 334 nm, 90% survival
(0); 1.0 x 106 J m-2 at 365 nm, 50% survival (U).
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FIG. 2. Inactivation of E. cq/i K-12 AB 1157 after

pretreatment with a series ofdoses at 405 nm: control
(U); 106 J m-2, 77%o survival (0); 2 x 106 J m-2, 70%o
survival (A); 3 x 106 J m-2, 60%1o survival (-); 4 x 106
J m-2, 50% survival (0).

nm (6) or stationary-phase cells at 365 nm (13)
led to very much larger lethal interactions with
405-nm radiation than those reported here.
The interpretation of the results is compli-

cated by the observation that populations irra-
diated at 405 nm were protected against subse-
quent exposure to both 254-nm radiation (Fig. 1
and 2) and 365-nm radiation (Fig. 4). Further-
more, in the case of the 365-nm:405-nm interac-
tion, the sequence of radiation treatment is crit-
ical because a protection (Fig. 4) or a sensitiza-
tion (Fig. 5) was observed depending on whether
the 405- or 365-nm radiation pretreatment was
given first. However, these results are consistent
with a model (8) which proposes that DNA
lesions fall into two broad categories depending
upon whether or not they rapidly become irre-
versible ("stabilized") in the absence of effective
repair (an idea strongly supported by recent
results in this laboratory with bacteriophage,
manuscript in preparation). In addition, we sug-
gest that the sublethal damage to repair that
occurs may include a rapidly reversible compo-
nent whose proportion varies with wavelength
and whose level is high after irradiation at 405
nm.
The lesions induced at 254 nm (predominantly

pyrimidine dimers) almost certainly fall into a
class of lesions which do not rapidly become
irreversible in the absence of repair. Both at 334
and 365 nm, a sufficient component of the dam-
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FIG. 3. Inactivation of E. coli K-12 AB 1157 by
334-nm radiation after pretreatment with: control
(0); 1.5 x 106 J m-2 at 405 nm, 80% survival (A); 1.0
X 106 J m-2 at 365 nm, 50% survival (0).

age to repair was only slowly lost or was nonre-
versible so that a significant lethal interaction
with 254-nm radiation was observed (Fig. 1).
The effect was much less marked than the syn-
ergistic interaction between near-UV and mild
heat or methyl methane sulfonate (see above).
Although 405-nm radiation probably damages
repair systems (9, 9a), no 405-nm sensitization to
254-nm inactivation occurred, possibly because
the damage to repair is reversed before it be-
comes critical. Furthermore a dose-dependent
photoprotective effect is superimposed on the
overall interactions (Fig. 1 and 2).
Pretreatment with 405-nm radiation was not

able to protect against the damage caused by
334-nm radiation (Fig. 3), suggesting that the
damage induced by 334-nm radiation may be
predominantly of the rapidly stabilized type so
that even reversal of a considerable portion of
the repair damaging effect at 405 nm does not
prevent a lethal interaction.
Approximately equal numbers of both pyrim-

idine dimers (7) and single-strand breaks (10)
were induced by radiation at a wavelength of
365 nm. However, photoprotection against di-
mer damage does not seem a likely explanation
of the 405-nm:365-nm interaction because sev-

eral other studies have indicated that the dimer
is not an important lethal event in wild-type
strains after irradiation at 365 nm (13). The
positive interaction obtained when the treat-
ment order is reversed (i.e., 365 nm:405 nm; Fig.

0oo
365nm

D Pro -expoure dow \
10-3 -' Cotrol

* 2.5 x l06JW2 at 405am
o l.S XPofj05 2 at 334a

0-4
SXi S L.OXIO6 1.5006 2.0Oxe

UV DOSE ( 365 nm) Jm-2
FIG. 4. Inactivation of E. coli K-12 AB 1157 by

365-nm radiation after pretreatment with: control
(A); 1.5 x i10J m-2 at 405 nm, 75% survival(m); 2.5
X 1.X1J m-2 at 405 nm, 65% survival (5);1.5 x 205J
m-2 at 334 nm, 90% survival (0).
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FIG. 5. Inactivation of E. coli K-12 AB 1157 by
405-nm radiation after pretreatment with: control
(A); 1.0 X 1O06 J m-2 at 365 nm, 50% survival (0); 1.5
x l0o J m-2 at 334 nm, 90% survival (0).
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5) suggests that some component of the damage
caused by 405-nm radiation, possibly damage to
repair, is rapidly reversible, even in cold buffer,
between irradiation at 405 nm and the second
treatment. By the proposed model, 365-nm ra-
diation would induce a certain proportion of as
yet unrecognized lesions which only slowly be-
come irreversible in the absence of repair.
Near-UV photoprotection is not normally ob-

served in wild-type K-12 strains at least after
treatment with 334-nm radiation (4). Further-
more, evidence from action spectra (3) indicated
that although strong photoprotection against
254-nm damage in E. coli B was observed by
pre-irradiation at 334 nm, there was negligible
photoprotection by 405 nm. The photoprotec-
tion against 254-nm damage (Fig. 1 and 2) and
365-nm damage (Fig. 4) seen in the wild-type
strain after pretreatment at 405 nm may be
either the tail end of the action spectra for a
photoprotection similar to that obtained by pre-
vious workers (because the 405-nm doses em-
ployed are extremely large) or else a newly de-
scribed phenomenon, as yet not understood.

Despite the complication in interpretation
caused by the photoprotective effect at 405 nm,
these results appear to support previous data
that indicate that wavelengths in the range of
340 to 405 nm lead to a class of sublethal damage
to DNA repair systems. We further suggest that
these may be subdivided into reversible and
nonreversible types whose relative proportions
vary with the wavelength employed. Sufficient
non- or slowly reversible damage to repair may
occur at all wavelengths to cause a lethal inter-
action when one of the radiations employed
induces rapidly stabilized lesions.
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