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Strains of the filamentous cyanobacteria Anabaena spp. were capable of very efficient photoreactivation of
UV irradiation-induced damage to DNA. Cells were resistant to several hundred joules of UV irradiation per
square meter under conditions that allowed photoreactivation, and they also photoreactivated UV-damaged
cyanophage efficiently. Reactivation of UV-irradiated cyanophage (Weigle reactivation) also occurred; UV
irradiation of host cells greatly enhanced the plaque-forming ability of irradiated phage under nonphoto-
reactivating conditions. Postirradiation incubation of the host cells under conditions that allowed photoreac-
tivation abolished the ability of the cells to perform Weigle reactivation of cyanophage N-1. Mitomycin C also
induced Weigle reactivation of cyanophage N-1, but nalidixic acid did not. The inducible repair system (defined
as the ability to perform Weigle reactivation of cyanophages) was relatively slow and inefficient compared with
photoreactivation.

The ability to repair damage to DNA appears to be almost
universal among living organisms. In most organisms that
have been studied in detail, there are multiple pathways that
are involved in the repair of DNA lesions; some pathways
are specific for certain types of lesions, whereas other
pathways are more general and may involve DNA replica-
tion and recombination. Virtually all organisms studied have
some type of excision repair, and many organisms, including
man, can photoreactivate UV light-induced pyrimidine di-
mers (13, 32). Inducible SOS repair, which is error-prone,
has been described in many gram-negative bacteria (31); in a
few gram-positive organisms, including Bacillus subtilis (40,
41); and in some eucaryotes (8, 13). DNA repair has been
studied most extensively in Escherichia coli, which has
several repair pathways, including photoreactivation, exci-
sion repair, recombination-dependent repair, and SOS repair
(31, 32). The SOS response begins with activation of the
RecA protein to a protease that cleaves the LexA repressor,
which normally prevents transcription of the many genes
under the control of the SOS pathway (18, 32). The SOS
pathway is induced in response to various DNA-damaging
agents, including UV light and mitomycin C, and is also
induced by inhibition of DNA replication by agents such as
nalidixic acid (32). Some of the responses of the cell to
induction of the SOS pathway include reactivation of UV-
irradiated bacteriophage (Weigle reactivation), mutagenesis
of UV-irradiated cellular or phage DNA, repair of double-
strand breaks in the DNA, alleviation of restriction, and
induction of repair pathways that allow long patch excision
repair (19, 31, 32, 37).
DNA repair has been studied in several strains of

cyanobacteria. Photoreactivation ofUV light-damaged DNA
occurs in Agmenellum quadruplicatum (30), Anacystis nidu-
lans (3, 29). Gleocapsa alpicola (Synechocystis sp. strain
PCC 6308) (21, 22). Plectonema boryanum (24, 35), and
Anabaena doliolum (27). Photoreactivation of UV-irradiated
infecting cyanophage has also been demonstrated (4, 26, 39).
There is evidence for excision repair in cyanobacteria.
Repair of Synechocystis sp. strain PCC 6308 occurs under
conditions that do not allow photoreactivation (36), and
dimer excision occurs under both photoreactivating and
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nonphotoreactivating conditions (21). Under conditions that
prevent photoreactivation dimer excision is accompanied by
DNA degradation, and that degradation is inhibited by
excision repair inhibitors (22). In several strains of
cyanobacteria, sensitivity to UV irradiation increases in the
presence of caffeine or acriflavine, both of which are known
to prevent excision repair in other bacteria (3, 27, 36). The
evidence for UV-inducible DNA repair in cyanobacteria is
indirect. The sensitivity of A. nidulans to UV irradiation
increases when the cells are treated with chloramphenicol
prior to irradiation (5). Exposure of Synechocystis sp. strain
PCC 6308 to a sublethal dose ofUV light results in decreased
DNA degradation after a subsequent challenge dose, and
this decrease is abolished by protein synthesis inhibitors
administered between the exposures to UV light (22). If the
DNA degradation is attributable to excision repair, then the
decrease in degradation implies that another repair pathway
is operational and that it requires protein synthesis (22). In
E. coli decreased DNA degradation is seen under similar
conditions, and that decrease in degradation requires the
RecA protein (20, 25). Geoghegan and Houghton (11) have
recently reported the isolation of a gene that complements
the UV-sensitive phenotype of an E. coli recA mutant.

Little is known about DNA repair in the heterocyst-
forming filamentous cyanobacteria. Cyanophages have been
isolated that infect several strains of Anabaena spp. (15);
therefore, we attempted to quantitate DNA repair in several
strains of Anabaena spp. by measuring the reactivation of
UV-damaged cyanophage. We report here that these strains
of Anabaena spp. are capable of very efficient photoreacti-
vation and Weigle reactivation of cyanophages. The latter
ability provided evidence for a DNA repair pathway that
could be induced by either UV light or mitomycin C.

MATERIALS AND METHODS
Strains and growth conditions. Anabaena sp. strain PCC

7120 (ATCC 27893), Anabaena variabilis ATCC 29413,
Anabaena sp. strain M-131 (University of Tokyo), and A.
variabilis sp. strain PCC 7118 (ATCC 27892) were grown
either in an eightfold dilution of the medium of Allen and
Arnon (2) supplemented with 2.5 mM KNO3 and 2.5 mM
NaNO3 (AA/8 plus nitrate) or on BG-11 medium (28) solid-
ified with 1% Bacto-Agar (Difco Laboratories, Detroit,
Mich.) purified by the method of Braun and Wood (6).
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FIG. 1. UV light-induced inactivation and photoreactivation of
cyanobacteria. Very short filaments of cyanobacterial cells were

exposed to the indicated doses of UV light, diluted, and plated prior
to exposure to photoreactivating (white light) or nonphotoreactivat-
ing (yellow light) conditions. Anabaena sp. strain PCC 7120 was
exposed to white (e) or yellow (O) light; A. variabilis ATCC 29413
was also exposed to white (0) or yellow (0) light.

Cultures were grown in 50-mi volumes in 125-ml flasks with
shaking at 100 rpm at 32°C under white lights at approxi-
mately 50 microeinsteins m-2 s-1. In experiments in which it
was necessary to prevent photoreactivation, all manipula-
tions and incubations were done under yellow lights
(Sylvania model F20T12/GO). The generation time of these
strains was about 24 h under the conditions described here
and was the same for equal fluences of white or yellow light.
Cyanophages N-1 (1), A-1(L) (16), and AN-10 (15) were

propagated separately on each cyanobacterial strain by the
plate lysate technique by using cyanophage buffer (15) to
elute phage.

Survival after UV-irradiation. Two-week-old cultures of
cyanobacteria were fragmented by bath cavitation (38) into
filaments of two to four cells and then were washed and
suspended in AA/8 plus nitrate at a concentration of 4 x 106
to 6 x 106 CFU ml-'. Cells (5 ml) or phage (1 ml) in a
100-mm-diameter sterile plastic petri dish were exposed,
with constant stirring, to shortwave UV irradiation (Sylvania
germicidal lamp model G30T8) for times ranging from 10 s to
20 min (25 to 3,000 J m-2). Appropriately diluted samples of
UV-irradiated cells were spread on BG-11 agar plates.
Irradiated phage were diluted such that 100 to 200 PFU were
mixed with 5 ml of the appropriate host cells (at 2 x 107 to 3
x 107 cells ml-') and 5 ml of molten BG-11 agar and poured
into sterile petri dishes. Plates were incubated at 32°C under
white (photoreactivating) or yellow (nonphotoreactivating)
lights. Colonies were counted after 7 to 10 days, and plaques
were counted after 3 to 5 days. Data are the average of at
least three experiments.

Weigle reactivation. Phage exposed to various doses of UV
irradiation as described above were used to infect unirradi-
ated and UV-irradiated host cells at the doses indicated in
the figures. Conditions for plating and incubation were as
described above, except that all plates were incubated under
yellow lights. Weigle reactivation was measured as the ratio

of the titer of irradiated phage on irradiated host cells to the
titer of the same phage on unirradiated host cells. Data are
the average of at least three experiments.

Nalidixic acid or mitomycin C treatments. Nalidixic acid
was added to washed cells at a final concentration of 50 ,g
ml-,; mitomycin C was added at a final concentration of 0.5
or 1.0 ,ug ml-'. After 6 h at 32°C (under yellow light for
nalidixic acid-treated cells, and in darkness for mitomycin
C-treated cells), cells were washed three times in AA/8 plus
nitrate and resuspended in the same medium. Cells were
infected with N-1 that had been exposed to various doses of
UV light and were plated and incubated as described for
Weigle reactivation. Data are the average of at least three
experiments.

RESULTS

Photoreactivation of UV-treated cyanobacteria. All cyano-
bacterial strains tested were capable of photoreactivation. A.
variabilis ATCC 29413 and Anabaena sp. strain PCC 7120
cells irradiated with UV light at a dose of 500 J m2 produced
about 100 times as many colonies under conditions that
allowed photoreactivation as they did under conditions that
did not (Fig. 1). Unirradiated cells grew equally well under
either condition. Similar results were obtained with A.
variabilis PCC 7118 (data not shown). Anabaena sp. strain
M-131 was more sensitive to UV light; under nonphotore-
activating conditions a dose of UV light of about 200 J m-2
was required to kill 50% of the cells of the aforementioned
strains of cyanobacteria, whereas 50% of the Anabaena sp.
strain M-131 cells were killed by a dose of UV light of less
than 100 J m-2 (data not shown).

Photoreactivation of cyanophage. Cyanophage N-1 was
inactivated by UV light. Survival of UV-treated phage was
stimulated 10- to 1,000-fold by incubation of infected A.
variabilis ATCC 29413 or Anabaena sp. strain PCC 7120
cells under conditions that allowed photoreactivation (Fig.
2). Similar inactivation and photoreactivation of N-1 was
seen in infected A. variabilis PCC 7118 and Anabaena sp.
strain M-131 cells (data not shown). The results were also
very similar for inactivation and photoreactivation of cya-
nophages AN-10 and A-1(L) in three of the cyanobacterial
hosts (A. variabilis ATCC 29413 is not a host for these
cyanophages [15]) (data not shown).

Weigle reactivation of cyanophage N-1. Weigle reactivation
is the enhancement of the plaque-forming ability of irradi-
ated phage by infection of an irradiated host versus that of an
unirradiated host (34). This enhancement is attributable to
the induction of a DNA repair pathway in the irradiated host
that can repair the UV damage present in infecting phage
and, hence, increase plaque-forming ability. In these exper-
iments, reactivation was measured as the titer of a UV-
irradiated suspension of cyanophage N-1 on irradiated host
cells divided by the titer of the same UV-irradiated phage on
unirradiated host cells. Reactivation of N-1 was maximal at
doses of UV light to the host cells of 360 J m-2 and was
evident at doses to Anabaena sp. strain PCC 7120 as low as
120 J m-2 (Fig. 3). Similar levels of reactivation of cyano-
phage N-1 in Anabaena sp. strain M-131 and of cyanophages
AN-10 and A-1(L) in Anabaena sp. strain PCC 7120 were
also observed (data not shown). The apparent greater reac-
tivation of N-1 in A. variabilis ATCC 29413 than in Ana-
baena sp. strain PCC 7120 was due to the fact that about a
fourfold-greater efficiency of plating of unirradiated N-1
occurred on irradiated A. variabilis ATCC 29413 cells than
occurred on unirradiated host cells (Table 1). This greater
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FIG. 2. UV light-induced inactivation and photoreactivation of
cyanophage N-1. Cyanophage N-1 was exposed to the indicated
doses of UV light, diluted, and plated on the indicated host strains
prior to exposure to photoreactivating (white light) or nonphotoreac-
tivating (yellow light) conditions. Infected host strain Anabaena sp.
strain PCC 7120 was exposed to white (0) or yellow (0) light;
infected host strain A. variabilis ATCC 29413 was also exposed to
white (U) or yellow (O) light.

efficiency did not occur in two other strains of Anabaena
spp. (Table 1). The mechanism for this enhanced plating
efficiency on irradiated host cells is not known. As has been
reported previously (9) the efficiency of adsorption of N-1 to
A. variabilis ATCC 29413 cells compared with that to
Anabaena sp. strain PCC 7120 cells was very low; however,
irradiation of the cells had no effect on adsorption of N-1 to
either strain (data not shown). Thus, the greatly enhanced
reactivation of irradiated N-1 on irradiated A. variabilis
ATCC 29413 cells represented the combined effects of
Weigle reactivation and increased plating efficiency of N-1
on irradiated versus on unirradiated cells of this strain.

In E. coli, the pyrimidine dimers that result from UV
irradiation are both the substrate for photoreactivation and
the inducer of SOS repair (31). Therefore, repair of the
dimers by photoreactivation should prevent Weigle reacti-
vation. Photoreactivation of irradiated Anabaena sp. strain
PCC 7120 cells for 24 h prior to infection with irradiated N-1
inhibited Weigle reactivation almost completely (Fig. 4),
suggesting that pyrimidine dimers may induce Weigle reac-
tivation of N-1.

Effects of mitomycin C and nalidixic acid on reactivation.
Mitomycin C and nalidixic acid induce the SOS response in
E. coli (31). Mitomycin C induced reactivation of N-1 in both
A. variabilis ATCC 29413 and Anabaena sp. strain PCC 7120
to about the same extent as did UV light (Table 2). However,
nalidixic acid had virtually no effect on reactivation of N-1 in
either strain (Table 2).

Rate of repair of UV damage to cyanobacteria. Weigle
reactivation provided a convenient measure of the amount of
damage in UV- or mitomycin C-treated cells. Anabaena sp.
strain PCC 7120 cells, treated with either UV light or
mitomycin C, were incubated under either white or yellow
light, and at daily intervals after treatment the cells were
infected with unirradiated or irradiated N-1. This treatment
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FIG. 3. Weigle reactivation of cyanophage N-1. N-1, treated
with UV light at the doses indicated within the graph, was used to
infect cells irradiated at the doses indicated on the x axis of the
graph. Reactivation was measured as the titer of irradiated N-1 on
irradiated cells divided by the titer of the same phage on unirradiated
cells. (A) Host strain Anabaena sp. strain PCC 7120. (B) Host strain
A. variabilis ATCC 29413.

had little or no effect on unirradiated N-1 at any time (data
not shown). Both irradiated and mitomycin C-treated cells
showed Weigle reactivation shortly after the treatment, and
that reactivation decreased with time (Fig. 5). UV-irradiated
cells incubated under white light had little reactivating
activity by 24 h posttreatment; however, the same cells,
incubated under yellow light, required 72 h to repair the
UV-induced lesions that allowed Weigle reactivation. The
rate of loss of reactivation of N-1 in mitomycin C-treated

TABLE 1. Efficiency of plating of cyanophage N-1 on strains
of Anabaena spp.

Titera of phage on:

Strain Unirradiated Irradiated
cells celisb

A. variabilis ATCC 29413 3.5 x 106 1.2 x 107
Anabaena sp. strain PCC 7120 3.1 x 108 2.1 x 108
Anabaena sp. strain M-131 4.4 x 108 2.3 x 108

a Cells of the indicated strain were infected with diluted samples from a
single stock of cyanophage N-1 which had been propagated on A. variabilis
ATCC 29413.

b Cells were irradiated with UV light at a dose of 180 J m-2 as described in
Materials and Methods.
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FIG. 4. Reversal of Weigle reactivation of N-i by photoreacti-
vation of host cells. Anabaena sp. strain PCC 7120 cells were
irradiated at a dose of 240 J m-2 and then either immediately
infected with N-i irradiated at the doses indicated on the graph (e)
or allowed to incubate under white light for 24 h prior to infection
(0). All infected cells were subsequently inculbated under yellow
light prior to quantitation of plaques. Reactivation was measured as
described in the legend to Fig. 3.

cells was very similar for cells incubated under either white
or yellow light and was essentially the same as for irradiated
cells incubated under yellow light (Fig. 5). It appeared that
DNA damage induced by UV light was repaired with much
greater efficiency by photoreactivation than by the other
repair systems (including UV-inducible repair) of this orga-
nism. The rate of repair of mitomycin C-induced lesions
suggested that they were also repaired slowly by relatively
inefficient pathways.

DISCUSSION
All the Anabaena spp. strains tested could photoreactiv-

ate UV-induced damage efficiently, restoring viability to
nearly 100% at doses ofUV light up to about 150 J m-2. They
were much more sensitive to UV light inactivation under
conditions that allowed growth but that prevented photore-
activation (i.e., yellow light); however, in most of the strains
tested, survival was greater than 80% at a dose of 80 J m-2,

TABLE 2. Effect of mitomycin C, nalidixic acid, and UV light
on reactivation of cyanophage N-i

Host Treatment Reactivationa

A. variabilis ATCC None 1
29413 UV light (240 J m2) 37

Mitomycin C (1.0 ,ug ml-') 23
Nalidixic acid (50 ,ug ml-') 1

Anabaena sp. strain None 1
PCC 7120 UV light (360 J m2) 22

Mitomycin C (0.5 ,ug ml-') 25
Nalidixic acid (50 ,ug ml-') 1

a Reactivation was measured as the titer of UV-irradiated N-1 (240 J m-2)
on treated cells divided by the titer of the same irradiated phage on untreated
cells.
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FIG. 5. Rate of repair of UV-induced damage to Anabaena sp.

strain PCC 7120. Anabaena sp. strain PCC 7120 cells were irradiated
at a dose of 360 J m2 and were incubated under either white (0) or
yellow (0) light for the time indicated prior to infection with N-1
irradiated at a dose of 240 J m-2. In a similar experiment, cells of the
same strain were treated with mitomycin C (0.5 ,ug ml-') and were
incubated under either white (l) or yellow (U) light for the time
indicated prior to infection with N-1 irradiated as described above.
After infection, all cells were incubated under yellow light prior to
quantitation of plaques. Reactivation was measured as described in
the legend to Fig. 3.

which kills 99.9% of E. coli B/r cells (14). These strains were
also more resistant to UV damage than is the unicellular
cyanobacterium Synechocystis sp. strain PCC 6308; only
about 1% of the latter cells survive a dose of 120 J m-2 (17).
In contrast, A. nidulans (29) and A. doliolum (27) are more
resistant to UV light than are the strains used in the present
study.
The cyanophage used in this study were sensitive to UV

irradiation; however, the host cells could photoreactivate
these phage very efficiently. At doses of 180 to 240 J m-2 to
cyanophage N-1, photoreactivation increased the number of
PFU by 100- to 1,000-fold. In addition to photoreactivation,
sttains ofAnabaena spp. could induce Weigle reactivation of
N-1 and of other cyanophages. In E. coli, Weigle reactiva-
tion is the result of induction, by UV light and by a variety
of other agents, of a repair pathway called SOS (10, 23). The
ability of these strains of Anabaena spp. to induce Weigle
reactivation of cyanophages is evidence that a UV-inducible
repair pathway also exists in these organisms. The levels of
Weigle reactivation of N-1 in Anabaena sp. strain PCC 7120
were significant; however, they were at least an order of
magnitude lower than the levels of photoreactivation of
phage treated with similar doses of UV light. The fact that
incubation of UV-irradiated cells under white light abolished
their ability to induce Weigle reactivation of N-1 suggests
that pyrimidine dimers were the inducing signal in UV-
irradiated cells. However, pyrimidine dimers were not nec-
essary for Weigle reactivation of N-1. Mitomycin C was
equally effective in causing Weigle reactivation, and incuba-
tion of cells under conditions that allowed photoreactivation
did not reverse the Weigle reactivation induced by mitomy-
cin C. Thus it appeared that, in Anabaena spp., as in E. coli
and in many other microorganisms, damage to DNA induced
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a repair pathway directly or indirectly. Nalidixic acid, which
induces the SOS pathway in recBC+ E. coli strains (7, 12),
did not cause Weigle reactivation of N-1 in two strains of
Anabaena spp.

Weigle reactivation of N-1 in A. variabilis ATCC 29413
was severalfold higher than in the other strains ofAnabaena
spp.; however, this increase was probably attributable to the
increased plating efficiency of N-1 (unirradiated) on irradi-
ated Anabaena spp. cells versus that on unirradiated cells of
the former strain. Cyanophage N-1 plated poorly on A.
variabilis ATCC 29413 compared with the other strains of
Anabaena spp., and we (unpublished data) and others (9)
have observed that N-1 adsorbs poorly to this strain. The
enhancement of plating efficiency by irradiation of A.
variabilis ATCC 29413 with UV light could not be explained
by better adsorption, and we have been unable to identify
the step in the infection process that was enhanced by UV
irradiation of the host. A similar phenomenon has been
reported in UV-irradiated monkey cells infected with simian
virus 40 and has been called "enhanced capacity" (8). If we
assume in the case of N-1 that the level of enhanced capacity
is similar for both irradiated and unirradiated phage, then the
Weigle reactivation of N-1 (total reactivation divided by
enhanced capacity) is similar in all the strains of Anabaena
spp. tested.
The repair pathway that was induced by UV light or

mitomycin C remained active for up to 72 h. UV-irradiated
cells that were incubated under conditions that allowed
photoreactivation lost inducible repair activity by about 24 h
after the initiation of photoreactivation. This loss suggests
that lesions caused by UV light or by mitomycin C were

repaired slowly by the inducible repair and "dark" repair
pathways of these organisms. Since removal of the dimers in
UV-irradiated cells by photoreactivation resulted in loss of
Weigle reactivation by 24 h, it is unlikely that in nonphoto-
reactivating cells an inducible, but relatively stable, repair
pathway persisted, allowing Weigle reactivation for up to 3
days. It appears more likely that the lesions themselves
remained. This suggests that, in the absence of photoreacti-
vation, even with a UV-inducible repair pathway, repair of
DNA damage was relatively inefficient in these strains. The
much greater efficiency of photoreactivation, as compared
with Weigle reactivation, of UV-damaged N-1 also supports
the idea that photoreactivation was the more active pathway
for repair of pyrimidine dimers. The function of the inducible
repair pathway is not known; however, it presumably aids in
repair of pyrimnidine dimers and functions in the repair of
other lesions that are not a substrate for the photoreactiva-
tion enzyme(s).
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