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A mutant (uvr-1) ofBacillus subtilis that is deficient in excision of ultraviolet
(UV)-induced pyrimidine dimers from deoxyribonucleic acid (DNA) shows a
marked increase in ability to survive UV irradiation when plated on amino acid-
supplemented agar medium compared with its survival ability when plated on
nutrient agar. Since the extent of killing depends on the richness of the plating
medium, the effect is considered to be one of growth-dependent lethality. Irradi-
ated stationary phase uvr-1 cells, incubated in liquid medium lacking amino
acids required for growth, recover from this sensitivity to rich medium within 3
to 4 h after irradiation. Recovery is greatly reduced in the absence of glucose or
in the presence of NaCN, although it is not completely eliminated. Exponen-
tially growing cells have a limited ability to recover from sensitivity to rich
medium. Growth-dependent lethality can also occur in liquid medium. In nutri-
ent broth the ability of irradiated stationary-phase uvr-1 cells to form colonies on
defined agar medium decreases during postirradiation incubation, but treat-
ment with chloramphenicol inhibits the loss of colony-forming ability. Recovery
from sensitivity to rich media is inhibited by caffeine but not by 6-(p-hydroxy-
phenylazo)-uracil, an inhibitor of DNA replication. Alkaline sucrose gradient
profiles show that conditions allowing recovery also favor maintaining intact
DNA strands, whereas DNA strand breakage or degradation is associated with
loss of viability. Recovery from sensitivity to rich medium has not been observed
in the Uvr+ parent or in strains carrying the mutations uvs-42 (another defi-
ciency in dimer excision), recAl, or poUA59. A uvr-1 recAl mutant shows a
higher level of recovery than does the recAl single mutant, but a much lower
level than the uvr-1 single mutant. Apparently, both the uvr-1 defect and Rec+
and PolI+ functions are essential for recovery from sensitivity to rich medium.
For optimal recovery, growth immediately after irradiation must be delayed.
The process requires energy, apparently involves recombination, and probably
results in rejoining of DNA strands in which incision but not excision has
occurred.

A number of conditions have been observed
in which the sensitivity ofan organism to ultra-
violet (UV) irradiation is modified by subopti-
mal growth conditions. In liquid-holding recov-
ery, irradiated bacteria or yeast recover from
UV damage while being held in buffer before
plating (16, 24-26). UV-irradiated Escherichia
coli K-12 recover when incubated in or plated
on minimal medium (10, 11), E. coli 15 show at
least a transient restoration in any liquid me-
dium (3), and irradiated E. coli B plated on acid
agar medium survive better than if plated on
alkaline medium (30).

UV-irradiated cells of the B. subtilis strain
GSY1027 (uvr-1), which is deficient in excision
of pyrimidine dimers from deoxyribonucleic
acid (DNA), appear much more resistant to UV
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irradiation when plated on amino acid-supple-
mented minimal agar (SAA) medium than
when plated on nutrient agar (NA). This sur-
vival enhancement also occurs if irradiated
cells are incubated in liquid minimal medium
lacking required amino acids before being
plated on NA. Since the observed sensitivity to
UV irradiation depends on the richness of the
medium to which the cells are exposed immedi-
ately after irradiation, and since only station-
ary-phase cells are stable in liquid medium
after irradiation, there seems to be some proc-
ess that occurs slowly and which, given suffi-
cient time before growth resumes, allows the
cell to survive. This process will be referred to
as recovery from sensitivity to rich medium, or
simply as recovery.
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Recovery from sensitivity to rich medium oc-
curs only in uvr-1 mutants. Another Uvr- mu-
tation, uvs-42, does not allow recovery. Recov-
ery depends at least partially on RecA+ activity
and is inhibited by caffeine, so recombination
may be involved. Energy metabolism is essen-
tial for recovery, but protein synthesis is not. In
fact, inhibiting protein synthesis during incu-
bation in nutrient broth allows recovery to
progress despite the richness of the medium.
Sensitivity to rich medium appears to result
from a failure of recombinational repair, be-
cause more single-strand nicks are found in the
DNA of cells incubated in nutrient broth or in
the presence of caffeine than under conditions
favoring viability.

MATERIALS AND METHODS
Bacterial strains. The strains used are listed in

Table 1. GSY1027, FB56, GSY1025, and GSY1063
were prepared by transformation or transduction of
GSY1026 and are essentially isogenic.
Growth of bacteria. Cells were grown to station-

ary phase at 370C in modified (4) Spizizen salts (SM)
containing 0.5% glucose, 0.05% acid-hydrolyzed ca-
sein (CAA) (Difco) or, for SAA medium, the syn-
thetic amino acid mixture described below for SAA
agar, and 50 ,ig of required amino acids per ml. For
exponentially growing cells, a stationary-phase cul-
ture was diluted in the same medium and grown to a
titer of 1.5 x 108 to 2.5 x 108/ml.

Irradiation and incubation of bacteria. Cells
were centrifuged, washed with ice-cold SM + 0.5%
glucose (SMG), and for most experiments resus-
pended in SMG at a Klett reading (no. 42 filter) of
100 (1.5 x 108 to 2.5 x 108 colony-forming units
[CFU]/ml). They were irradiated with two 15-W ger-
micidal lamps (General Electric) as previously de-
scribed (14).

In dose-response experiments, samples were di-
luted with SSC (0.15 M NaCl plus 0.015 M sodium
citrate, pH 7.0) and plated either on Difco NA or on
the SAA agar described previously (5), modified by
substituting 1.0% Calbiochem granulated agar for
1.5% agar (Difco). The amino acid supplement con-
sisted of L-asparagine (25 mg/liter), L-glutamic acid
(25 mg/liter), L-proline (6 mg/liter), L-alanine (4 mg/
liter), L-valine (2.8 mg/liter), L-phenylalanine (2.4

TABLE 1. Bacterial strains studied
Strain Reference/
designa- Genotype snoucetion
GSY1026 trpC2 metB4 21)
GSY1027 trpC2 metB4 uvr-1 21)
FB56 trpC2 metB4 sfr uvs-42 B50-X GSY1026
GSY1025 trpC2 metB4 recAl (21)
GSY1063 trpC2 uvr-1 recAl (20)
FB50 trpC2 met sfr thyA thyB uvs- (23)

42
FB52 trpC2 met sfr uvs-42 recAl GSY1025-X FB50
HA160 his leu metB polA59 (19)

mg/liter) and L-tyrosine (2.4 mg/liter), and L-cys-
teine HCl (0.8 mg/liter).

In most experiments on the time course of recov-
ery in SMG, 1- to 2-ml samples of irradiated and
unirradiated cells were transferred to warm culture
tubes and shaken at 370C. Samples were taken at
intervals and plated on NA plates.

In the experiments involving nutrient broth and
chloramphenicol, cells were irradiated in SMG at a
Klett reading of 200. Samples (1 ml) were diluted
with 1 ml of either SMG, double-strength nutrient
broth (Difco), or double-strength nutrient broth con-
taining 100 jig chloramphenicol per ml (Sigma).
These cultures were then incubated at 370C, sam-
pled, and plated on NA or SAA agar plates. In other
experiments, concentrated irradiated cells were
similarly diluted twofold in SMG containing caf-
feine (Sigma) or 6-(p-hydroxyphenylazo)-uracil
(HPUra) (kindly furnished by B. L. Langley, Impe-
rial Chemical Co.) at twice the desired concentra-
tion.

Alkaline sucrose gradient centrifugation. Cells
were prepared as described above, except that the
growth medium contained 30 ,ug of 2'-deoxyadeno-
sine per ml and 20 ,uCi of [methyl-3H]thymidine
(Amersham, 50 Ci/mmol) per ml. After 10 min or 3 h
of postirradiation incubation under the indicated
conditions, samples were diluted with an equal vol-
ume of buffer containing 0.04 M tris(hydroxy-
methyl)aminomethane and 0.06 M ethylenedia-
minetetraacetate (EDTA) at pH 8.1. The cells were
centrifuged and resuspended in the same buffer at
half the concentration containing 0.3 mg of egg
white lysozyme per ml (Sigma). After 3 to 4 min of
incubation at 370C, 50 ,lp of cell suspensions was
layered onto 5-ml gradients of 5 to 20% sucrose con-
taining 0.5 M NaCl, 0.2 N NaOH, and 1.0mM EDTA
(28), as well as a 0. 1-ml lysing layer of 0.5 M NaCl,
0.2 N NaOH, and 1.0 mM EDTA. Gradients were
centrifuged for 90 min at 28,000 rpm at 20°C in the
SW50.1 rotor, using a Beckman L5-50 ultracentri-
fuge. Fractions were collected on strips of Whatman
no. 17 chromatography paper, which were then
soaked successively in 5% trichloroacetic acid and
95% ethanol, dried, and counted by liquid scintilla-
tion spectrometry.

RESULTS
Although the survival of many strains ofBa-

cillus subtilis was somewhat higher after UV
irradiation when the cells were plated on de-
fined agar medium than on NA, the survival of
stationary-phase cells of uvr-1 mutants was rel-
atively much greater on defined medium (Fig.
1). At UV doses resulting in 1% survival on NA,
the survivals on defined agar medium of
GSY1026 (Uvr+) and FB56 (uvs-42) are 7.6 and
5.8%, respectively, whereas that of GSY1027
(uvr-1) is 22%. As shown below, this effect ap-
pears to be a result of recovery during the lag
phase.
The liquid culture medium used to grow cells

before irradiation contained CAA, whereas the
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amino acid supplement in the plh
lacked a number of amino acids
CAA. This means that plating cells
fined medium results in temporary
for several amino acids, until the
repressed biosynthetic pathways b(
active again. To test the hypothesis
tional step-down allows recovery fro
ity to rich medium, irradiated cells 4
(uvr-1) previously grown in media
either CAA or SAA (i) were plated
incubated at 37°C or at room temp
(ii) were plated on minimal agar sul
with SAA, 0.05% CAA, or a com
CAA, SAA, and 50 ,tg each of aden
dine, and uracil per ml. The result
in Table 2 imply that nutritional

1.0
GSY1026 FB56
*(Uvrv)(vs -42)

1-3

10 .,.,1l l

0

0
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FIG. 1. Effect of plating medium on
UV-irradiated cells. Stationary-phase cc
irradiated and plated on NA (0) or on
medium (@).

ates (SAA) plays a minor role in reducing the observed
present in sensitivity to UV irradiation (line 1, cells

5 on the de- grown in CAA compared with cells grown in
starvation SAA). Evaluation of Student's t test for the
previously difference between values ofDo gave P > 0.35.
ecome fully The richness ofthe agar medium is more impor-
that nutri- tant, since CAA-grown cells plated on CAA
m sensitiv- agar (line 2) are more sensitive than SAA-
of GSY1027 grown cells plated on SAA agar (line 1, P <
containing 0.025) or CAA-grown cells plated on SAA agar
on NA and (line 1, P < 0.05). In a nutritional step-up, the
erature, or richness of the agar medium also appears to be
pplemented more significant than the quantitative differ-
bination of ence between the media. As shown in line 2,
mine, thymi- cells grown in CAA were not significantly more
s presented resistant to UV (P > 0.2) when plated on CAA
step-down (with no nutritional shift) than SAA-grown

cells plated on CAA, and the liquid medium
had no effect on sensitivity of cells plated on NA

GSY1027 (line 4). Maximum sensitivity can also be
(uvr-"1J achieved using a defined medium (compare

lines 3 and 4). Since survival is independent of
temperature on NA plates (lines 4 and 5), the
recovery process must be coordinated with

\. growth in a different way than the tempera-
ture-dependent phenomena observed in X-irra-
diated E. coli by Stapleton et al. (29) or heat-
induced reversal of filamentation in E. coli B
after UV irradiation (1).
Amino acid starvation of irradiated uvr-1

cells in liquid medium should also allow the
recovery processes to occur. Figure 2 shows that
when UV-irradiated cells of GSY1027 (uvr-1)
are incubated in SMG, their ability to survive
plating on NA increases approximately 50-fold
in 3 to 4 h. It is also evident from Fig. 2 that
maximal recovery in liquid requires glucose. In

-T,-, the absence of glucose, recovery occurs at a
5 10 15 lower rate and after a lag of about 2 h. Incuba-

tion for longer than 4 h without glucose did not
survival of appreciably increase the number of survivors,

ells were UV so recovery is limited in extent as well as in
defined agar rate by the absence of an energy source. Incu-

bation in SMG plus 0.1 M NaCN resulted in

TABLE 2. Effect ofplating conditions on UV sensitivitya

D. + o* (J/m2) for cells grown in:
Line no. Plating condition

CAA SAA

1 SAA 5.22 ± 0.74 5.43 ± 1.34
2 CAA 3.49 + 0.56 4.96 ± 0.58
3 CAA + SAA + ATUb 2.2
4 NA (37°C) 2.0 ± 0.12 2.2
5 NA (20°C) 2.1

a Cells of GSY1027 were grown to stationary phase in medium supplemented with either SAA or 0.05%
CAA. Washed cells were irradiated and plated on NA or defined agar with the indicated supplements. Do is
the fluence required for a 63% reduction in survival on the exponential portion of the fluence-response
curve. Determinations for which standard deviations are given were made in triplicate.

b ATU, Adenine, thymidine, uracil.
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FIG. 2. Requirement for glucose for recovery of

GSY1027 (uvr-1). Irradiated stationary-phase or ex-

ponentially growing cells were incubated in SM with
or without 0.5% glucose and plated on NA at the
indicated times. The UV fluence was 15 J/m2. Open
symbols, SMG; closed circles, Sm only; 0 and *, sta-
tionary-phase cells; A, exponentially growing cells.

recovery kinetics essentially identical to those
with SM alone (not shown).

Exponentially growing cells have greatly re-

duced ability to recover in SMG (Fig. 2). Dur-
ing the first hour of incubation the level of re-

covery is similar to that of stationary-phase
cells, but thereafter the log-phase cells show
no further recovery. Thus, it appears that re-
covery requires a prior nongrowing condition.

If recovery from sensitivity to rich media de-
pends on failure or inhibition of growth, then
incubation of cells in nutrient broth immedi-
ately after irradiation should mimic the effect
of plating on NA and decrease the potential to
survive on defined agar medium. Figure 3
shows the results of such an experiment. Dur-
ing a 4-h incubation in SMG, survival on NA
increased 20-fold with about a doubling in sur-

vival on SAA agar (Fig. 3a). However, in nutri-
ent broth there was a eightfold drop in survival
of the same cells on SAA agar and an increase

of about 2.5-fold in titer on NA (Fig. 3b), an
increase which probably includes growth of the
survivors. Protein synthesis is involved in the
loss of viability on defined agar medium, be-
cause addition of 50 ,g of chloramphenicol per

ml to the nutrient broth prevented the death of
the cells initially surviving on defined agar

(Fig. 3c).
Recovery from sensitivity to NA by cells in

nutrient broth plus chloramphenicol was

slightly greater than in nutrient broth alone,
but considerably reduced compared with the
recovery by cells incubated in SMG. Table 3
shows that adding chloramphenicol' to SMG
also reduces recovery. Since amino acid starva-
tion does not prevent protein synthesis but

0

0 2 4 0 2 4
TIME (hr)

c

O 2 4

FIG. 3. (a-c) Effects of nutrient broth and chlor-
amphenicol on recovery of irradiated stationary-
phase cells of GSY1027 (uvr-1) in liquid and on
defined agar medium. (a) Cells incubated in SMG;
(b) cells incubated in nutrient broth; (c) cells incu-
bated in nutrient broth + 50 pg of chloramphenicol
per ml. Open symbols, plated on NA. Closed sym-
bols, plated on defined agar medium. (0, *) unirra-
diated cells; (A, A) 15 J/m2.

TABiE 3. Effect of chloramphenicol on recovery in
SMGa

CFU/ml (x 106)
Time (h) SMG + chlor- SMG +

SMG amphenicol HPUra

0 0.163 0.165 0.164
2 2.39 1.24 3.92
4 12.75 3.80 13.05

a Stationary-phase cells of GSY1027 were irradi-
ated with 15 J ofUV per in2, incubated in SMG or SMG
plus 50 pug of chloramphenicol per ml, and plated on
NA plates at the times indicated. The cell titer was
about 2.5 x 108 colony-forming units per ml before
irradiation.

J. BACTERIOL.
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merely limits the total amount of protein that
can be synthesized, it may be that to remain
viable the irradiated cells must be allowed to
carry out turnover of proteins, whereas recov-
ery requires only that they be prevented from
carrying out net protein synthesis.
Figure 4 shows the effect of incubating UV-

irradiated cells in SMG containing various con-
centrations of caffeine. Caffeine at a concentra-
tion of 1 mg/ml markedly inhibits recovery
without affecting survival of unirradiated cells.
Recovery can apparently be nearly completely
blocked by 1.5 or 2 mg of caffeine per ml; but
since unirradiated cells are killed at these
concentrations, it is impossible to determine
whether all of the inhibition of recovery is due
to intervention by caffeine in the recovery proc-
esses or whether cells that are especially sensi-
tive to rich medium are also more sensitive to
the lethal effects of caffeine. However, it seems
likely that a caffeine-sensitive step is essential
for recovery from sensitivity to rich medium.
Ganesan and Smith (12) have implicated

postreplication repair in minimal medium re-
covery of E. coli. The possibility that replica-
tion in GSY1027 (uvr-1) cells during incubation

I 4 .
- 0

. b 1

i08 A A1~~~~~

0
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TIME (hr)

FIG. 4. Inhibition of recovery of GSY1027 (uvr-1)
by caffeine in liquid. Stationary-phase cells were ir-
radiated in SMG and incubated in SMG containing
various concentrations ofcaffeine and plated on NA.
Symbols: 0, no caffeine; 0,1.0 mglml; from a differ-
ent experiment A, 1.5 mg/ml; A, 2.0 mglml. Upper
set ofcurves, unirradiated cells; lower set, irradiated
with 15 J ofUV perm2.

E
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5105-

in SMG was responsible for recovery from sen-
sitivity to rich medium was ruled out by includ-
ing in the SMG 0.3 mM HPUra, an inhibitor of
DNA replication (6, 7). There was no inhibition
of recovery by HPUra, so recovery could not
require prior replication of DNA (Table 3).

After UV irradiation of exponentially grow-
ing uvr-1 cells, single-strand breaks appear in
the DNA, but unlike the Uvr+ parent, this
strain is very slow to restore the nicked mole-
cules to high molecular weight (15). This raises
the possibility that in rich medium, DNA
strands are nicked more rapidly or repaired
more slowly than in SMG. Figure 5 shows that
in stationary-phase cells both the rate of nick-
ing and the extent of degradation of restoration
of DNA molecules are dependent on the me-
dium. Cells labeled with [3H]thymidine were
irradiated, lysed, and centrifuged on alkaline
sucrose gradients after 10 min or 3 h of incuba-
tion in SMG, SMG plus 1 mg of caffeine per ml,
nutrient broth, or nutrient broth plus 50 ,ug of
chloramphenicol per ml. The results shown in
Fig. 5 indicate that nicking was much more
rapid in nutrient broth than in SMG, and that
chloramphenicol initially inhibited nicking in
nutrient broth. After 3 h there was consider-
ably more high-molecular-weight DNA in cells
incubated in SMG than in cells incubated in

3-

0
x
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FIG. 5. (a-d) Alkaline sucrose gradient analysis
ofDNA from cells ofGSY1027 during recovery. Sta-
tionary-phase cells labeled with [3H]thymidine were
irradiated with 5 J ofUVper m2 and incubated as de-
scribed in the text. They were lysed on the gradients
and centrifuged as described in Materials and Meth-
ods. The direction of sedimentation is from right to
left. Symbols: 0, 10 min of incubation; 0, 3 h of
incubation. (a) SMG; (b) SMG + 1 mg ofcaffeine per
ml; (c) nutrient broth; (d) nutrient broth + 50 pg of
chloramphenicol per ml.
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SMG plus caffeine or in nutrient broth. In nu-

trient broth alone most of the DNA was de-
graded, but that degradation was inhibited by
chloramphenicol. It is not possible to conclude
from this experiment whether caffeine inhibits
rejoining of nicked strands or hastens the nick-
ing observed in SMG alone.

Genetic analysis has shown that for recovery
to be possible the irradiated cell must be uvr-1,

RecA+, PolI+. Figure 6a shows the responses of
GSY1026 (wild type for repair), FB56 (uvs-42),
and HA160 (polA59) compared with GSY1027
(uvr-1). Neither wild-type nor uvs-42 cells,
which are dimer-excision deficient, respond at
all to incubation in SMG, while PolI- cells show
a further loss of viability. In Fig. 6b, the re-

sponses of several other mutants are compared.
The recAl mutant GSY1025 does not exhibit a

significant amount of recovery. However,
GSY1063, a double mutant containing both
recA and uvr-1, does recover in SMG. In this
strain recovery is slower than in GSY1027 (uvr-
1), in keeping with the reduced, but not com-

pletely absent, recombination ability of recA
cells, but recovery is considerably faster than in
the recA strain. It is not addition of a Uvr-

0 2 4 0 2 4

TIME (hr)

FIG. 6. (a-b) Genetic requirements for recovery.
Stationary-phase cells of various mutants were irra-
diated at a concentration of 1 x 108 to 2 x 108 colony-
forming units per ml, incubated in SMG, and plated
on nutrient agar. The UV fluences were: (a) GSY1026
(wild type) (0), 150 J/m2; GSY1027 (uvr-1) (O) and
FB56 (uvs-42) (A), 15 J/m2; HA160 (poUA59) (A), 40
Jim2. (b) GSY1025 (recAl) (0), 60 JIm2; GSY1063
(uvr-1 recAl) (O), 2.4 J/m2; FB52 (uvs-42 recAl)
(A), 2.0 J/m2. The solid lines without data points are

for GSY1027 and FB56 (from part a).

mutation to a recA strain that allows recovery
to occur, since the double mutant FB52 (uvs-42
recAl) does not recover during incubation in
SMG. It is clear that the uvr-1 mutation is
essential to allow recovery, and RecA+ activity
is necessary for maximal recovery. DNA po-
lymerase I deficiency results in further death of
UV-irradiated cells during incubation in SMG,
probably by failure of another pathway since
the uvr-1 mutation is not involved.

DISCUSSION
The markedly reduced UV sensitivity of uvr-

1 cells plated on SAA agar compared with cells
plated on NA (Fig. 1) can be accounted for by a
recovery process that occurs before cell growth
resumes. Kinetic studies of recovery in liquid
medium show that recovery is maximal at 3 h
after irradiation (Fig. 2-4). At this time, the
number of cells forming colonies on NA is the
same as the number initially surviving on SAA
plates (Fig. 3a). This implies that a large frac-
tion of the UV damage is repaired in all of the
cells during the recovery period, even though at
the fluence chosen for kinetic studies only
about 5% of the cells survived after maximum
recovery occurred.

Recovery of irradiated uvr-1 cells of B. sub-
tilis from sensitivity to rich medium seems to
be different from recovery processes in E. coli.
It is not typical liquid-holding recovery, since
liquid-holding recovery in E. coli requires
Uvr+ activity and does not require an energy
source. E. coli K-12 derivatives must in addi-
tion be RecA- (10). The disappearance of photo-
reactivable lesions during liquid-holding recov-
ery (17) further implies that dimer excision is
necessary for liquid-holding recovery. In con-
trast, recovery in B. subtilis requires an energy
source, and in the strains studied recovery can
be observed only in strains carrying the uvr-1
mutation.
E. coli B exhibits markedly less sensitivity to

UV irradiation when plated on minimal media
than when plated on rich media (2, 18, 26), as
do either Rec- or Uvr- K-12 strains (10). In the
case of E. coli B, this appears to be because
filament formation is reduced on minimal agar
(1). K-12 recA strains, which carry out liquid-
holding recovery, probably carry out the same
process (excision repair before growth) on mini-
mal agar medium but not on complex agar (10).
K-12 Uvr- strains incubated in liquid minimal
medium or on minimal agar medium lose sensi-
tivity to complex media, but net protein synthe-
sis is required for this effect (10, 13).
The similarities and differences between

J. BACTERIOL.
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these phenomena and the recovery from sensi-
tivity to rich medium exhibited by B. subtilis
uvr-1 are summarized in Table 4. The marked
medium-dependent radiation response shown
by GSY1027 (uvr-1) has little in common with
the E. coli processes described above except
that for minimal medium recovery the cells
must be Rec+. However, minimal medium re-

covery appears to be a postreplicational repair
process (12), whereas there is little or no net
DNA synthesis in GSY1027 incubated in SMG
after irradiation (C. Hadden, unpublished ob-
servations), and inhibiting replication with
HPUra does not inhibit recovery (Table 3).
Unlike the uvs-42 mutant FB56, which does

hardly any incision at pyrimidine dimer sites,
GSY1027 (uvr-1) can carry out a limited
amount of incision (15). However, there is no

more release of dimers into acid-soluble mate-
rial by GSY1027 than by FB56 (C. Hadden,
manuscript in preparation), implying that di-
mer excision can be initiated by GSY1027 but
not completed in the normal manner.

Perhaps the recovery of viability ofirradiated
uvr-1 cells reflects a different type of excision
repair, dependent on the RecA gene product,
which is slow to be completed but which must
be completed before growth resumes; or per-
haps recovery reflects a prereplication recombi-
national repair taking place in cells with dupli-
cated chromosomes. (In B. subtilis 168 deriva-
tives, most of the stationary-phase cells contain
partially replicated chromosomes [31].) Recov-
ery in SMG containing HPUra implies that
replication is not required for recovery. Growth
before completion ofthe recovery process proba-
bly leads to degradation of DNA, especially in
nutrient broth, in which incision is more rapid.
In nutrient broth the defective prophage PBSX
might be induced (27). However, PBSX pack-
ages DNA molecules of about 1.2 x 107 daltons
(27), and the size of the DNA in the low-molecu-
lar-weight peak in Fig. 5c is about 107 daltons,
twice the size of single-stranded DNA from
PBSX. There is even more low-molecular-

weight DNA in the 3-h sample of Fig. 5d (nutri-
ent broth plus chloramphenicol), and chloram-
phenicol is reported to prevent induction of
PBSX (27). Therefore, it does not seem likely
that sensitivity to NA is a result of prophage
induction.
The amount of DNA recovered in the experi-

ment shown in Fig. 5 was lowest after 3 h of
incubation in nutrient broth (Fig. 5c). Thus,
the cause of death may be degradation at sites
of single-strand breaks, occurring because inci-
sion is faster than closure of the breaks by the
recovery process. This recovery then would be
masked by normal excision repair in the Uvr+
parent strain. Recovery would not be possible
without incision, which depends on the uvs-42
gene product. Because of the dependence of re-

covery on recA+ activity and the inhibition of
recovery by caffeine which also inhibits recom-
bination (22), it seems likely that recovery in-
volves recombination, specifically the class of
recombination defective in the recA mutant (8).
This suggests that dimers may persist during
recovery as they do during recombinational re-

pair in uvr cells of E. coli K-12 (9).
In summary, it appears that lack of the uvr-1

gene product initiates the sequence of events
leading to recovery of viability under nongrow-

ing conditions, probably after incision at pyrim-
idine dimer sites. Inability to complete dimer
excision blocks completion of normal excision
repair and shunts the damage into another re-

pair pathway, which is recombination depend-
ent. This pathway is relatively slow, and unre-

paired nicks are lethal ifgrowth resumes before
they are repaired. Maximum recovery requires
at least 3 h of delayed growth after a UV dose of
15 J/m2.
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TABLE 4. Requirements for recovery processes in E. coli and B. subtilis uvr-1

E. coli type
Process Property B. subtiiu

B K-12

Liquid-holding recovery Uvr+ character + +
Rec- character - +
Energy requirement - - +

Minimal medium recovery Uvr- character (retention + -a

of pyrimidine dimers)
Rec+ character + +
Protein synthesis +

a Scored as negative because the Uvr- strain FB56 (uvs-42) does not exhibit recovery.
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