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trols, suggesting the presence of discontinuities or gaps in newly synthe-
sized DNA as a consequence of DNA replication proceeding past unexcised
pyrimidine dimers (Figure 2A, 2B). When E. coli uvrA6 was exposed to UV
and incubated for a short time in the dark, the molecular weight of newly
synthesized DNA was similar to that of unirradiated controls (Rupp and
Howard-Flanders, 1968). This was not observed with E. coli recAl3 (Smith
and Meun, 1970) which suggested that REC  mutants could be deficient in a
second mechanism of DNA dark repair which operates after the replication of
unexcised pyrimidine dimers. Howard-Flanders et al. (1968) proposed that
this repair could result from a process involving recombination between
parental and daughter DNA strands to ultimately provide an intact genome
(Figure 2C, 2D, 2E). A deficiency in this recombinational repair mechanism
(Rupp et al., 1970, 1971) could then account for the abnormal radiation
sensitivity of REC mutants, which are unimpaired in excision repair capa-
bility (Howard-Flanders and Boyce, 1966). Recombination-deficient mutants
of E. coli map primarily at three different, but closely linked, loci
(xecA, recB, and recC; Willetts and Mount, 1969) as described in Table 1.

The recB and recC genes are believed to control the synthesis of ATP-

dependent exo- and endonucleases (Buttin and Wright, 1968; Barbour and
Clark, 1970). The recA gene appears to govern the action of the recB and
recC nucleases (Smith, 1971) since recA mutants exhibit large-scale DNA
degradation following exposure to UV, and this degradation can be prevented

by an additional mutation at either the recB or recC locus (Willetts and

Clark, 1969). Another class of mutants, originally described as X-ray sen-
sitive (EXR ; Mattern, Zwenk, and ROrsch, 1966; Rorsch et al., 1967), have

been shown to exhibit impaired recombinational ability (Witkin, 1969a,



Figure 2. A model which illustrates the recombinational repair of DNA
(taken from Howard-Flanders et al., 1968).

Exposure of DNA to UV results in the production of pyrimidine
dimers in parental DNA strands (dots on heavy lines, A); if not
excised, the presence of these dimers results in the production
of single strand gaps in the newly synthesized daughter strands
(1ight lines, B). Base complementarity between parental and
daughter strands allows for a series of recombinational events
which can result in the reconstruction of double stranded DNA
hybrids which either contain no dimers (C) or contain dimers
opposite an intact region of DNA, which can serve as a template
for repair replication in the excision repair process (C, D, E).
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1969b). The similarity of REC and EXR mutants (Table 1) has brought
forth the suggestion that EXR-‘mutants are probably also deficient in
recombinational repair (Witkin, 1967, 1969a, 1969b).

Thus far, photoenzymatic repair has been shown to be active only on UV-
induced pyrimidine dimers (Smith and Hanawalt, 1969; Setlow, 1966). This
specificity is understandable in the context of the environmental condi-
tions under which it would be expected to operate. Excision and recombina-
tional repair, on the other hand, have been well characterized and differ-
entiated on the basis of their ability to repair lesions induced in DNA by
a wide variety of agents (Smith, 1971; Strauss, 1968; Witkin, 1969b), sﬁg-
gesting that DNA dark repair contributes to the general maintenance of cel-

lular DNA (Strauss, 1968). A deficiency in excision repair, for example,

is generally not associated with increased sensitivity to X-radiation or
nitrosoguanidine, while both characteristics are observed in recombination-
deficient mutants (Witkin, 1969a). Mutants deficient in excision repair
exhibit an increased sensitivity to mitomycin C, as do REC mutants. Of
the two mutant types, however, REC mutants have been shown to be more sen-
sitive to mitomycin C than HCR mutants (Hertman, 1969). Mutants deficient
in recombinational repair are either partially or totally resistant to UV
mutagenesis, while excision-deficient cells exhibit increased UV mutability
(Witkin, 1969a, 1969c). 1In addition, mutants deficient in either excision
or recombinational repair have been shown to produce significant numbers of
non-viable cells (spontaneous lethal sectoring; Haefner, 1968) which fur-
ther supports the role of DNA dark repair in the general maintenance of

cells.
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The subjects of excision and recombinational repair have been sum-

marized in several recent reviews (Howard-Flanders, 1968; Smith, 1971;

Strauss, 1968; Witkin, 1969b).

The current understanding of these dark

repair mechanisms is briefly summarized and compared with photoenzymatic

repair in Table 2.

Table 2.

A comparative summary of light and dark DNA repair

Type of repair

Mode of action

Specificity

Photoenzymatic
repair

Excision repair

Recombinational
repair

light activated enzymatic

repair of pyrimidine dimers,

either before or after they
pass the DNA replication
"fork."

enzymatic dark repair,
excision of DNA lesions
prior to DNA replication
followed by resynthesis of
excised region using oppo-
site strand as a template.

enzymatic dark repair of
single strand gaps such as
those produced by replica-
tion of DNA past unexcised
pyrimidine dimers®, repair
involves recombination
between DNA strands to
provide an intact double
strand molecule.

only repairs UV-induced
pyrimidine dimers.

repairs lesions produced
by a wide variety of
agents including UV, MC,
etc.

repairs lesions produced
by a wide variety of
agents (often different
from those repaired by
excision repair) including
UV and ionizing radiation,
NG, etc.

a
Also termed post-replication repair, for this reason.
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MATERTALS AND METHODS

Media

Brain Heart Infusion (BHI, Difco, Detroit, Mich.) and Trypticase Soy
Broth (TSB, BBL, Cockeysville, Md.) were the commercially prepared media
used in this study. Additional media included: P and D broth (Pattee and
Baldwin, 1962), agar (1.5%) and soft agar (0.35%), and the bacteriophage
suspension medium of Weigle, Meselson, and Paigen (1959) which consisted of
0.006 M tris-(hydroxymethyl)-aminomethane (Tris) buffer at pH 7.4 + 0.0246%
MgSO4-7H20 + 0.47% NaCl + 0.005% gelatin. The synthetic medium used is
described in Table 3 and is a modificatiom of the S broth of Kloos and
Pattee (1965a).

Antibiotics used in the preparation of selective media were: novobio-
cin (novobiocin sodium, The Upjohn Co., Kalamazoo, Mich.), tetracycline
(tetracycline HCl, The Upjohn Co., Kalamazoo, Mich.), erythromycin (eryth-
romycin lactobionate, Abbott Laboratories, North Chicago, Ill.), penicillin
(penicillin G potassium, Nutritional Biochemicals Corp., Cleveland, Ohio),
and mitomycin C (MC, Sigma Chemical Corp., St. Louis, Mo.). Stock solu-
tions of antibiotics were prepared at a concentration of 10,000 pg/ml of
deionized HZO’ with the exception of penicillin and mitomycin C which were
prepared at concentrations of 10,000 I.U./ml and 1,000 pg/ml, respectively.
Antibiotic solutions were filter-sterilized and stored in 3 to 5-ml volumes
at -10 C. N-methyl-N'-nitro-N-nitrosoguanidine (NG, K and K Laboratories,
Plainview, N.Y.) was dissolved in citrate buffer (0.85% trisodium citrate,

pH 5.0), filter sterilized, and used immediately.
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Table 3. Composition of S agar (modified from the S
broth of Kloos and Pattee, 1965a)

Constituent Amount/liter
glucosea 4.0 g
KoHPO,, 7.0 g
(M) 2504 1.0 g
MgS0y, - 7Hy0 0.1 g

L-glutamic acid
L-serine
L-methionine
L-tyrosine
L-alanine
L-lysine-HCl
L-threonine

-
w o
o O
[N o)
=}
a9

]
(4]

L-phenylalanine mg
L-histidine mg
glycine

L-tryptophan mg
L-isoleucine .0 mg

L-aspartic acid
L-leucine

NMNoOOWwOWHULNDNPWOLO WL
COO0OO0O0OO0ODDOOOOO0OOOW

mg
L-proline mg
L-valine mg
L-cystine .0 mg
niacin 1.0 mg
thiamin 1.0 mg
calcium pantothenate 10.0 mg
P & D broth 1.0 ml
special agar (Difco) 15.0 g

¥sterile glucose was added aseptically to autoclaved and cooled medium.
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Bacterial Strains

The mutants described in this study were derived from Staphylococcus

aureus strain 112 (Pattee and Baldwin, 1962). Donor strains for transduc-

tion experiments were: S. aureus U9(pase, tet, ol, nov) [Pattee and

Baldwin, 1961], which produces penicillinase (pase marker), and is resis-
tant to novobiocin (nov marker), tetracycline (tet marker), and oleandomy-
cin (ol marker); and S. aureus Ps80, which has a pase marker located on the
bacterial chromosome (Ashehov, 1966). For the transduction of plasmid-
linked pase genes, donor strain 112(PIIl47) was constructed by transducing
the penicillinase plasmid PII147 (Novick, 1969) into strain 112 using bac-
teriophage 80w grown on §. aureus strain 8325(P11147); phage 80w and the
donor strain were kindly supplied by Dr. J. W. Zyskind. All cultures were

maintained at 4 C on BHI agar slants.

Bacteriophages and Transductions

Bacteriophage 80 was used for transduction and phage inactivation
experiments. Bacteriophages 29, 52A, 79, 83, 80, and 81 were used for
phage typing. These phages, the procedures used for their maintenance,
propagation, and titration, as well as the phage typing procedure, have
been previously éEScribEd (Pattee and Baldwin, 1961).

In transduction experiments, the selection of EEZF’ EEEF’ and gl?
transductants was performed using BHI agar containing 10 pg of novobiocin/
ml, 5 pg of tetracycline/ml, or 25 pg of erythromycin/ml (Pattee and
Baldwin, 1962). These markers were transduced according to the method of
Kloos and Pattee (1965b), except that CaCl2 (final concentration = 10-3 M)

was included in the transduction suspension. After shaking the transduc-
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tion suspension at 37 C for 30 min, the cells were harvested by centrifuga-
tion, resuspended in 1.0 ml of P and D broth, and appropriate dilutions
were spread onto selective media.

Fpr the transduction of the pase marker, CaCl2 was not used, and the
experimental procedure was further modified by the addition of 1 ml of
10“2 M trisodium citrate, pH 7, to the transduction suspension after 30 min.
‘The cells were then harvested by centrifugation and resuspended in 1.0 ml
of 10-2 M trisodium citrate. When transductions were performed with donor
strain S§. aureus 112(P11147), the pase transductants were directly selected
on BHI agar containing 0.12 I.U. of penicillin/ml + 10-2 M trisodium
citrate; these plates were incubated at 37 C and examined after 24 hours.
When transductions were performed using donor strain S. aureus Ps80, the
pase transductants were recovered by delayed selection which was accom-
plished by a modification of the agar transfer technique (Pattee and
Baldwin, 1962); cells from the transduction suspension were spread on
vlayers of BHI agar (10 ml, pre-dried and warmed to 43 C, contained in
100 mm diameter petri dishes). After inoculation, the agar layers were
incubated for two hours at 43 C and then transferred, inoculated side up,
to plates of BHI agar containing 0.12 I.U. of penicillin/mi. These plates
were incubated at 43 C for 24 hours, after which the number of pase trans-

ductants was recorded,

Ultraviolet Irradiation of Bacteria and Bacteriophage
Ultraviolet (UV) irradiations were performed in a wooden enclosure
housing a 15 watt germicidal lamp (Champion Gl5T8) and equipped with a man-

uvally operated shutter. Samples to be irradiated were placed in the bottom
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half of a sterile petri dish and shaken on a lateral shaking platform which
operated continuously (78 3-cm strokes/min) throughout UV exposure. The
radiation dose-rate was controlled by positioning the UV lamp either 34 or
90 cm above the samples to be irradiated. Dose rates were measured by a
Blak-Ray UV meter equipped with a J-225 short wavelength sensor (Ultra-
Violet Products, Inc., San Gabriel, Calif.).

Cultures to be irradiated were prepared by inoculating the appropriate
strain into 250-ml nephelometer flasks containing 75 ml of BHI. The flasks
were incubated at 37 C with shaking (116 revolutions/min) in a Model 2156
water bath shaker (Warner-Chillcot Laboratories, Richmond, California), and

cell growth was monitored by optical density at 540 nm (0.D. ) using a

540
Spectronic 20 colorimeter (Bausch and Lomb, Rochester, N.Y.). Exponen-

tially growing cells (0.D. = 0.5) were harvested by centrifugation,

540 '
washed three times, and resuspended in 10 ml of ice-cold saline (0.5% NaCl).
In order to disrupt cellular aggregates which prevail in broth cultures of
S. aureus, the cell suspension was held in an ice bath and treated for 45
seconds with the needle probe of a Biosonik II ultrasonic generator
(Bronwill Scientific Co., Rochester, N.Y.) operating at 50% output; primar-
ily unicellular populations were so obtained. The suspension was diluted
in cold saline to a titer of ca. 107 cells/ml as determined by a Petroff-
llauser counting chamber and phase contrast microscopy. A 30-ml volume of
the cell suspension was transferred to the bottom half of a sterile petri
plate (100 mm diameté;) and placed in the irradiation enclosure. TFor inac-
tivation curves, 0.5-ml aliquots of the cell suspension were removed at
intervals, diluted, and spread on BHI agar plates to determine the number

of viable cells. To quantatively compare the inactivation rates of vari-
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ous mutants, D37 values were computed from the inactivation curves; the 037
value is the UV dose nceded to reduce survival on the exponential part of
the curve to 377 (Smith and Hanawalt, 1969).

For UV mutagenesis, 1.0-ml aliquots of the cell suspension were
removed and directly spread onto predried plates of S agar; these plates
were incubated upright for 72 hours at 37 C, and the number of mutants was
recorded.

Bacteriophage lysates to be irradiated wefé diluted in a 30-ml volume
of suspension medium (Weigle et al., 1959) to a final titer of ca. 1010
plaque-forming units (pfu)/ml.

All irradiations of cells and bacteriophages, and subseqﬁent assays
for viability or mutagenesis, were performed under subdued illumination to

avoid photoreactivation.

X-Irradiation of Bacteria
The preparation of cultures for X-irradiation was the same as that for
exposure to UV. Cell suspensions were adjusted to a titer of ca. 107
cells/ml of saline, and 10-ml volumes were placed in 16-mm screw-capped
test tubes and held in ice during irradiation. The X-ray unit was a
General Electric Maxitron 250, operating at 250 kVp and 30 milliamps. Cul-
tures were positioned 72 cm from the X-ray filament for irradiation. The
X-ray unit was used without filters and was calibrated with a Victoreen

Condenser R-Meter (Victoreen Instrument Co., Cleveland, Ohio). Following

irradiation, cells were diluted and spread on BHI agar plates to determine

the number of viable cells.
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Isolation of UV-Sensitive Mutants

The cells from an 18-hr BHI agar slant culture of S. aureus strain i12
were suspended in 5 ml of citrate buffer (0.85% trisodium citrate, pH5),
collected by centrifugation, and resuspended in citrate buffer containing
500 pg of NG per ml. After incubation at 37 C for 1 hr, the cells were
harvested by centrifugation and resuspended in 5 ml of BHI. A 1l-ml sample
of this suspension was added to 75 ml of BHI in a 250-ml nephelometer flask
and incubated with shaking at 37 C. When an approximate doubling in opti-
cal density occurred (final d.D.540 = 0.6), the cell suspension was diluted
and spread on BHI agar plates to yield about 70 colonies per plate.
Screening of these colonies for UV sensitivity was performed by a modifica-
tion of the procedure described by Setlow et al. (1968). Colonies growing
on the BHI agar plates were replicated onto two BHI agar plates: omne plate
then received a UV dose of 390 ergs/mmz, while the other was retained as a
control. Colonies unable to grow on the irradiated plate, while exhibiting
growth on the control, were picked and resuspended in saline. These sus-
pensions were spotted onto sections of BHI agar plates which then received
UV doses of 0, 210, and 390 ergs/mmz. Isolates which produced no growth at
the high UV dose and either no growth or extremely poor growth at the low

UV dose were selected for further study.

Determination of NG Sensitivity
Exponentially growing cultures of strain 112 and the UVS mutants were
prepared as described for UV irradiation except that, after sonic treatment,

the titer was adjusted to ca. 108 cells/ml of citrate buffer containing
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100 pg of NG/ml. This suspension was incubated at 37 C and samples were

withdrawn at 15-min intervals and assayed for viable cells on BHI agar.

Determination of MC Sensitivity

Cells to be tested for MC sensitivity were prepared as described for
UV irradiation except that the final cell titer was raised to ca. 108
cells/ml of saliné:l Tests for sensitivity to MC were then performed by two
separate procedures: (1) 0.1-ml aliquots of cell suspensions were spread
onto BHI agar containing MC at concentrations of 0.2, 0.4, 0.6, 0.8, 1.0,
and 1.2 pg/ml. The plates were incubated for 24 hours at 37 C and then
scored for the presence or absence of growth; (2) MC was added to 10 ml of
cell suspension (ca. 108 cells/ml) at a final concentration of 1 pg/ml.
The cells were then incubated at 37 C and samples were withdrawn at 10-min
intervals and assayed for viable cells on BHI agar.

Treatment of Cells with Sodium Dodecyl
Sulfate and Heat

Approximately 107 cells of either S. aureus strain Ps80 or 112(PIIl47)
were inoculated into 250-ml Erlenmeyer flasks containing 100 ml of TSB or
100 ml of TSB + sodium dodecyl sulfate (SDS, Nutritional Biochemicals Corp.,
Cleveland, Ohio) at a final concentration of 0.002% (Sonstein and Baldwin,
1972). The control flask was incubated at 37 C without shaking. The flask
containing SDS was held at 43 C without shaking. After incubation for 18
hr, samples from cach flask were diluted and spread onto BHI agar plates.
Following incubation at 37 C, colonies arising on the plates were repli-
cated to BHI agar containing penicillin (final concentration = 5.0 I1.U./ml),

and the number of penicillin-sensitive colonies was noted.
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RESULTS

Isolation of Mutants

After mutagenesis of S. aureus strain 112 with NG, 32 isolates were
obtained which gave presumptive evidence of increased UV sensitivity.
These isolates were spotted on sections of BHI agar plates and exposed to
210 and 390 ergs/mm2 of UV radiation; following this procedure, eight iso-
lates with UV sensitivities consistently greater than strain 112 were
retained for further study. The relationship of these mutants to strain
112 was established by their identical phage-typing patterns, which are in
general agreement with the phage type originally reported for strain 112 by
Pattee and Baldwin (1962). The growth rates of the mutants were similar to
strain 112, as determined by optical demnsity, and exponentially growing
cultures (0.D.

540 = 0.5) were always obtained after 90 min incubation in

BHI at 37 C.

UV Irradiation of Cells

Figure 3 presents the inactivation curves obtained when strain 112 and
the UVS mutants were exposed to UV radiation at a dose rate of 26 ergs/mmZ/
sec. Strain 112 characteristically exhibits a broad-shouldered inactiva-
tion curve and a D37 value of 56 ergs/mmz, as calculated from the exponen-
tial slope. At this dose rate, however, the UVS mutants were inactivated
too rapidly to be differentiated from one another (Figure 3). This prob-
lem was resolved by increasing the distance of the UV source to the cell
. sample from 34 to 90 cm, thereby reducing the dose rate to 4 ergs/mmz/sec.
At this reduced level of irradiation (Figure 4), all of the mutants exhib-

ited multiple-hit survival curves with the exception of UVS-1, which is



Figure 3. The inactivation of S. aureus strain 112 and eight ultraviolet-
sensitive (UVS) mutants by UV radiation at a dose of 26 ergs/
mm4/sec
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Figure 4. The inactivation of S. aureus strain 112 and eight ultraviolet-
sensitixe (UVS) mutants by UV radiation at a dose rate of 4
ergs/mm*“/sec
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clearly the most sensitive to UV radiation and is inactivated exponentially.

The D,, values for the UVS mutants (Table 4) range from 2 érgs/mm2 for

37
UvVS-1 to 19 ergs/mm2 for UVS-8 and UVS-9.

Table 4. The D37 values for S. aureus strain 112 and eight
ultraviolet-sensitive (UVS) mutants exposed to UV radiation

Strain D37a (ergs/mmz)
112 56.0
Uvs-1 2.0
uvs-3 5.8
uvs-4 5.1
uvs-5 4.0
uvs-6 5.6
uvs-7 5.6
Uvs-8 19.0
uvs-9 19.0

*The D37 value is the UV dose required to reduce cell survival to 37%,
as calculated from the exponential slope of the inactivation curve (Smith
and Hanawalt, 1969).

UV Irradiation of Phage 80

Host~cell reactivation (HCR) is associated with the excision repair of
UV~-irradiated bacteriophage (Rupert and Harm, 1966), and the HCR™ phenotype
is characteristic of mutants deficient in excision repair. The ability of
the UVS mutants to repair UV-irradiated phage 80 was examined by determin-
ing viable phage titers after irradiation of the phage at a dose rate of
26 ergs/mmzlsec. The results from this experiment (Figure 5) indicate sim-

ilar survival curves for irradiated phage plated on strain 112 and mutants



Figure 5. The survival of UV-irradiated phage 80 when plated on S. aureus
strain 112 and eight ultraviolet-sensitive (UVS) mutants
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UVS-1 and UVS-8, suggesting that these two mutants are nearly normal in
their capability for excision repair. In contrast, the remaining six
mutants were unable to support efficient plaque formation unless the phage
was exposed only to a comparatively low UV dose. Plating efficieﬂcies of
unirradiated phage did not vary more than 20% among the mutants and strain

112.

X-Irradiation of Cells

While the inability to perform either excision repair or recombina-
tional repair is associated with an increased sensitivity to UV radiation
(Strauss, 1968), recombination-deficient mutants are uniquely sensitive to
X-irradiation (Kapp and Smith, 1970; Smith, 1971). Table 5 indicates the
results obtained when strain 112 and the UVS mutants were exposed to 59
kiloroentgens of X-radiation. Mutants UVS-3 through UVS-9 did not differ

Table 5. The percent survival of S. aureus strain 112

and eight ultraviolet-sensitive (UVS) mutants exposed
to X-radiation at a dose of 59 kiloroentgens

Strain Percent surviving cells
112 61.3
Uvs-1 1.3
uvs-3 79.6
uvs-4 73.0
UvS-5 54.6
Uvs-6 79.3
uvs-7 83.8
uvs-8 75.7

Uvs-9 69.7
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significantly from strain 112, which retained 61.3% viability following
X-irradiation. Conversely, mutant UVS-1l was uniquely X-ray sensitive and

retained only 1.3% viability following radiation exposure.

Inactivation of Cells by NG

Witkin (1969b) has reported that a deficiency in recombinational
repair is associated with an increased sensitivity to NG, while mutants
deficient in excision repair retain wild-type levels of NG resistance.
Figure 6 presents the inactivation curves obtained when exponentially grow-
ing cells of S. aurcus strain 112 and the UVS mutants were incubated in the
presence of 100 pg of NG/ml of citrate buffer. Of all the mutants, only
UVS-1 exhibited marked inactivation as cvidenced by a drop in viable cells
of four logarithms after incubation with NG for 1 hr. All of the other
mutants were similar to strain 112 in sustaining an approximate 50%
decrease in viable cells after exposure to NG for 1 hr. An unexpected
result was obtained when control experiments were performed to determine
whether trisodium citrate, low pH, or both had any effect on cellular via-
bility. The NG-resistant mutants and strain 112 suffered no decrease in
viable cells after incubation in citrate buffer for 1 hr. Conversely,
UVS-1 was inactivated by about 507% under these same conditions. Compara-
tively speaking, UVS-1l is as susceptible to inactivation by citrate buffer
as are the remaining mutants when incubated in citrate containing NG at a

concentration of 100 pg/ml.

Inactivation of Cells by MC
While a deficiency in either excision or recombinational repair

results in increased sensitivity to MC, Hertman (1969) has reported that



Figure 6. The inactivation of S. aureus strain 112 and eight ultraviolet-
sensitive (UVS) mutants by 100 pg of nitrosoguanidine (NG)/ml of
citrate buffer
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recombination-deficient mutants are more susceptible to inactivation by
this antibiotic. Table 6 comparcs the resistance of strain 112 and the UVS
mutants to various concentrations of~MC in BHI agar. All of the mutants
were more sensitive than strain 112 to MC; however, UVS-l1 and UVS-8 were
the most sensitive and both were inhibited‘by 0.2 pg of MC/ml.

During the course of this experiment, the ability of MC to inhibit
cell growth was extremecly dependent on the density of the inoculum; the
mutants were able to grow in the presence of incrcecased concentrations of MC
if more than 108 cells were inoculated onto a single plate. To overcome
this drawback and to obtain a more quantitative statement on MC sensitiwvity.
in the mutants, saline suspensions were prepared to contain 108 cells and
1 pg of MC/ml. At 10-min intervals; aliquots of the suspensions were with-
drawn and numbers of viable cells were determined. The results of this
experiment (Figure 7) support the data previously obtained (Table 6).
Mutant UVS-1 was the most sensitive to inactivation by MC and exhibited a
drop of three logarithms in viable cell numbers during the first 10 min of
incubation with the antibiotic. Mutant UVS-8 was slightly less sensitive
than UVS-1. A comparison of the inactivation curves in Figure 7 indicates
that during the first 10 min of incubation, the mutants were inactivated 2
to 580 times more rapidly than strain 112 (i.e. mutants UVS-9 and UVS-1,

respectively).



Figure 7. The inactivation of S. aureus strain 112 and eight ultraviolet-
sensitive (UVS) mutants by 1 pg of mitomycin C (MC)/ml of saline
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Table 6. The ability of S. aureus strain 112 and eight
ultraviolet-sensitive (UVS) mutants to growa on BHI
agar containing various concentrations of MC

Concentrations of MC (ug/ml)
Strain 0.0 0.2 0.4 0.6 0.8 1.0 1.2

112

uvs-1
Uvs-3
uvs-4
UvVS-5
UvsS-6
Uvs-7
uvs-8
uvs-9

+ + + + + + + + +

a+, growth; -, no growth.

Studies Concerning Genetic Recombination in Cells

Transduction of antibiotic resistance

While transformation has been recently demonstrated in a few strains of
S. aureus (Lindberg, Sjostrom, and Johansson, 1972; Nomura et al,, 1971),
transduction remains the only well established mechanism of genetic exchange
in this organism. To obtain a measurement of recombinational ability in the
UVS mutants, transduction frequencies were determined for the nov, tet, and

ol markers using phage 80 propagated on S. aureus U9(pase, tet, ol, mov).

Penicillinase markers were transduced using phage 80 propagated on S. aureus
strain Ps80, which contains a chromosomal pase marker and S. aureus strain

112(PIII47) which possesses the penicillinase plasmid PII The transduc-

147°
tion frequencies obtained are indicated in Table 7. A few mutants exhibited

reduced transduction frequencies for several markers. The most important



Table 7. Transduction frequencies of antibiotic resistance markers in §. aureus
strain 112 and eight ultraviolet-sensitive (UVS) mutants
Frequency of transduction®
b b pase® pase®
Recipient nov ket ol (chromosomal) (plasmid)
112 8780 (100) 18650 (100) 5710 (100) 12,0 (100) 236 (100)
uvs-1 0( 0) 6990 ( 37) 626 ( 11) 0.0 ( 0O 70 ( 30)
uvs-3 7330 ( 84) 27850 (149) 6260 (110) 13.2 (110) 113 ( 48)
uvs-4 3560 ( 41) 3380 ( 18) 1605 ( 28) 0.0 ( 0) 38 ( 16)
uvs-5 9160 (105) 7225 ( 39) 6452 (113) 8.6 (72) 540 (229)
Uvs-6 11890 (137) 20950 (112) 6300 (110) 12.9 (107) 212 ( 90)
uvs-7 10290 (118) 37400 (201) 4560 ( 80) 12.9 (107) 378 (159)
Uvs-8 1340 ( 15) 22500 (121) 15410 (270) 3.2 ( 27) 236 (100)
uvs-9 2860 ( 33) 12000 ( 64) 3620 ( 63) 3.1 ( 26) 116 ( 49)

aExpressed as number of transductants per 109 plaque-forming units and not as absolute numbers

of colonies counted on a plate (see especially the frequencies obtained with the pase markers).

Num-

bers in parentheses are relative transduction frequencies calculated using the frequency of 112 as

100%.

bUsing phage 80 propagated on S. aur

eus U9(pase, tet, ol, nov).

eus Ps80.

cUsing phage 80 propagated on S. aur

-_—

eus 112(PII

dUsing phage 80 propagated on S. aur

1477

6¢
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observation, however, is the total inability of UVS-1 to serve as the
recipient of the nov marker from strain U9(pase, tet, ol, nov) or the chro-
mosomal pase marker from strain Ps80. Mutant UVS-4 was also unable to

express the pase marker from strain Ps80 (Table 7).

Estimation of non-viable fraction of cell populations

Significant numbers of non-viable cells have been reported in poéula-
tions of repair-deficient mutanté of E. coli (Haefner, 1965). Whether or
not this situation pertains to the UVS mutants of S. aureus is important in
the analysis of transduction experiments, since the transducing phage
absorbs equally well to viable and non-viable cells.

A qualitative experiment was designed to determine whether increased
numbers of non-viable cells were being produced by any of the UVS mutants
of S. aurcus. Exponentially growing cclls were harvested by centrifugation,
resuspended in saline, and sonicated to disrupt cellular aggregates.

Saline suspensions of each strain were examined by a Petroff-Hauser count-
ing chamber, and the total number of cells was recorded. Viable cell num-
bers were simultaneously determined on BHI agar. The difference between
these values, for a given strain, was expressed as a percentage of the
total cell count; this percentage is termed "counting disparity." The
counting disparity (Table 8) for strain 112 should represent: (1) the
error involved in using the Petroff-Hauscr counting chamber (i.e. + 10%;
Porter, 1946); (2) the error involved in determining the number of viable
cells (i.e. ¥ 207%; Breed and Dotterrer, 1916); and (3) the fraction of non-
viable cells normallf present in a population of strain 112. If crrors #1

and #2 remained relatively constant during manipulations with cach of the
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Table 8. An estimation of the fraction of non-viable cells
present in cellular populations of S. aureus 112 and
eight ultraviolet-sensitive (UVS) mutants '

Total cell Viable cell ’ Relative
count coun Counting non-

Strain (x 10%) (x 10%) disparity® viability
112 9.2 7.4 20 0
Uvs-1 3.6 1.2 67 47
Uvs-3 7.2 6.1 15 0
UvS-4 4.8 1.0 79 59
Uvs-5 9.6 6.3 34 14
Uvs-6 8.1 6.5 20
Uvs-7 9.2 6.5 29
Uvs-8 9.0 5.7 37 ' 17
uvs-9 10.2 3.8 63 43

a . . .
Counting disparity = (total cell count - viable cell count/total cell
count) X 100.

bRelative non-viability = counting disparity for each mutant - count-
ing disparity for strain 112. :

UVS mutants, one can suggest that increased non-viability in the mutants
may correspond to an increased counting disparity compared to strain 112.
Non-viability of a given mutant, relative to strain 112, may then be esti-
mated by subtracting the counting disparity of strain 112 from the counting
disparity of each mutant (Table 8). The combined error involved in deter-
mining counting disparity (i.e. ca. 30%) suggests that increased numbers of
non-viable cells are being produced by mutants whose relative non-viability
is greater than 30% (Table 8). This situation appears to pertain to

mutants UVS-1, UVS-4, and UVS-9.
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Elimination studies on markers

The chromosomal or extrachromosomal location of antibiotic resistance
markers in S. aureus has been of great interest in a number of recent stud-
ies (Berryhill, 1971; Bronson and Pattee, 1972; Novick, 1969; Novick and
Bouanchaud, 1971). Information from such studies is pertinent to transduc=~
tion experiments with recombination-deficient recipients (Table 7), since
chromosomal markers must be integrated into the chromosome of the recipient
cell for stable expression; extrachromosomal markers can function without
this recombinational event (Novick, 1969; Novick and Bouanchaud, 1971).

The chromosomal or extrachromosomal location of the nov, tet, and ol

markers in S. aureus U9(pase, tet, ol, nov) has not been determined

despite recent experiments involving ethidium bromide elimination and the
UV-inactivation kinetics of these markers (Berryhill, 1971). On the other
hand, S. aureus strain Ps80 has been shown to possess a chromosomal pase
marker (Ashehov, 1966), while the pase marker of penicillinase plasmid
PIIl47 is extrachromosomal in nature (Novick, 1969). The respective chro-
mosomal and extrachromosomal locations of these two pase markers were
reconfirmed in conjunction with the use of S. aureus Ps80 and 112(P11147)
as donor strains in the transduction experiment.

The SDS elimination procedure of Sonstein and Baldwin (1971) was used
with an incubéfion temperature of 43 C; these techniques have been used
separately to preferentially eliminate extrachromosomal markers from cells
(Baldwin, Strickland, and Cox, 1969; May, Houghton, and Perret, 1964;
Sonstein and Baldwin, 1971). After trea;ing‘g. aureus Ps80 with SDS and
heat (Table 9), no spontaneous or induced penicillinase-negative colonies

were observed, thereby confirming the chromosomal location of the pase
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Table 9. The effect of sodium dodecyl sulfate (SDS) and an incu-
bation temperature of 43 C on the stability of penicillinase
genes in S. aureus strains Ps80 and 112(P11147)

Penicillinase-negative colonies

Strain Control % SDS + 43 C %
Ps80 0/1522 0 0/6042 0
112(PI1,, ) 2/1992 1 76/675% 11

qNumber of penicillinase-negative colonies/number of colonies examined.

marker in this strain. On the other hand, strain 112(P11147) lost the pase
marker spontaneously at a rate of 1%, and 117% of the colonies examined were
penicillin-sensitive after treatment with SDS and heat, thereby confirming

the presence of the plasmid-linked pase marker in strain 112(P11147).

Mutability of Cells by UV

Witkin (1969a, 1969b, 1969c) has reported that recombination-deficient
mutants of E. coli are not mutable by UV radiation, while mutants deficient
in excision repair exhibit increased mutability by UV. Strain 112 of
S. aureus is naturally dependent on exogenous arginine for growth. Follow-
ing exposure to UV, arginine-independent mutants are readily detected,
thereby suggesting a means for comparing UV mutability in the UVS mutants.

Cell suspensions of each strain received a UV dose sufficient to kill
90 to 99% of the population, and arginine-independent mutants were selected
on S agar (Table 3). Table 10 indicates the results of this experiment,
with values expressed as the number of arginine-independent mutants

recovered per 107 surviving cells. When compared to strain 112, mutants
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Table 10. The frequency of arginine-independent mutants
induced in S. aureus strain 112 and eight ultraviolet-
sensitive (UVS) mutants by exposure to UV radiation

UV dose ‘ Arginine-independent mutants’
Strain (ergs/mm") Spontaneous Induced
112 360 24 388
Uvs-1 12 0 0
UVS-3 40 66 2655
Uvs-4 40 111 36388
uvs-5 40 0 0
Uvs-6 40 8 3352
uvs-7 40 28 6640
UvsS-8 100 20 521
uvs-9 100 3 290

3per 107 surviving cells.

UVS-3, UVS-4, UVS-6, and UVS-7 exhibited increased mutability by UV. The
mutation frequencies of UVS-8 and UVS-9 were essentially the same as strain
112. No UV-induced mutants were obtained with either UVS-1l or UVS-5. All
of the strains grew well on S agar supplemented with arginine, however,
.thereby obviating the possibility that the non-mutability of UVS-1 and
UVS-5 is a reflection of poor growth on synthetic medium.

Several attempts were made to corroborate the non-mutability of UVS-1
and UVS-5 by examining UV mutability to streptomycin resistance. These
efforts failed, primarily because of problems resulting from the necessity
of recovering streptomycin-resistant mutants by delayed selection (Witkin

and Theil, 1960).
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DISCUSSION

The mutants which were isolated during this study exhibited UV sensi-
tivities ranging from 2.8 to 28 times that of strain 112. The criteria
used to further characterize these mutants included their ability to repair
irradiated bacteriophage 80, sensitivity to NG and MC, sensitivity to
X-irradiation, participation in the transduction of antibiotic resistance,
and mutability by UV radiation. A comparative summary of some of the
results obtained is presented in Table 1l.

The relationship between host-cell reactivation and excision repair is
complex and is directly influenced by any capability for DNA repair the
bacteriophage may possess. For this reason, the HCR characteristic is
associated with a cellular deficiency in excision repair (Rupert and Harm,
1966; Setlow, 1967; Boyle and Setlow, 1970), while mutants deficient in
excision repair may be HCRT with phages which can contribute to their own
repair (Ellison et al., 1960; Setlow and Carrier, 1968). This requires
that comparative studies of host-cell reactivation use the same bacterio-~
phage or phages which are closely related in terms of their repair capabil-
ities. When irradiated phage 80 was plated on most of the UVS mutants in
this study, the efficiency of plating was significantly lower than that
obtained with strain 112 (Figure 5). These mutants are HCR and are
clearly impaired in their ability to repair the DNA of irradiatcd phage 80.
This suggests that these HCR mutants arc UV sensitive as a consequence of
deficiencies in excision repair. The similar inactivation curves of phage
80 plated on UVS~1l, UVS-8, and strain 112 (Figure 5, Table 11) indicate

. + . . .
that these strains are HCR'. Two alternative repair deficiencies could



Table 11. A comparative summary of six characteristics in §. aureus strain 112
and eight ultraviolet-sensitive (UVS) mutants

Relative Relative Relative

uv a b X-ray c NG d MC e Relative UV
Strain sensitivity HCR sensitivity  sensitivity  sensitivity mutabilityf
112 1.0X + - - 1.0X 1.0X
uvs-1 28.0 + 581.8 0.0
Uvs-3 9.6 - - - 2.5 6.8
Uvs-4 11.0 - - - 8.6 93.8
uvs-5 14.0 - - - 5.8 0.0
Uvs-6 10.0 - - - 7.1 8.6
uvs-7 10.0 - - - 7.1 17.1
Uvs-8 2.8 - - 29.1 1.3
yvs-9 2.8 - - - 1.9 0.8

aD37 of strain 112 divided by D37 of each mutant (taken from Table 3).

b+, Host-cell reactivation equivalent to that of strain 112; -, host-cell reactivation signifi-
cantly lower than strain 112, Data from Figure 5.

c+, X-ray sensitivity significantly greater than strain 112; -, X-ray sensitivity equivalent to
that of strain 112, Data from Table 5.

d+, Nitrosoguanidine (NG) sensitivity significantly greater than that of strain 112; -, NG sen-
sitivity equivalent to strain 112. Data from Figure 6.

e s r ] . ) .
Data from Figure 7 calculated as the slope of the inactivation curve of each strain divided by
the slope of the inactivation curve of strain 112,

fThe number of UV-induced mutants for each strain divided by the number of UV-induced mutants
for strain 112, Data from Table 10,

9%
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account for the HCR*, UV-sensitive phenotype of UVS-1 and UVS-8: either

" these mutants may be deficient in excision repair at a step compensated for
by a repair mechanism of phage 80, or they may possess capabilities for
excision repair comparable to strain 112 and be UV sensitive as a result of
deficiencies in recombinational repair. Additional experiments were per-
formed to examine these possibilities.

Recombinational repair was originally demonstrated in the repair of
single-strand gaps occurring in newly-synthesized DNA as a consequence of
DNA replication past pyrimidine dimers (Figure 2). It is not surprising,
therefore, that recombination-deficient mutants are uniquely sensitive to a
variety of physical and chemical agents which are known to produce single-
strand breaks in DNA.

While X-irradiation results in several types of cellular damage
(Szybalski, 1966), the predominant lesions are single and double-strand
breaks in DNA (Smith, 1971). Excision-deficient mutants are not increased
in sensitivity to X-irradiation when compared to wild-type strains, while
recombination-deficient mutants are much more sensitive to killing by
X-rays (Smith, 1971). As indicated in Table 5, only mutant UVS-1 was
increased in sensitivity to X-irradiation. The remaining mutants, includ-
ing UVS-8 which is HCR*, survived X-irradiation in a manner comparable to
strain 112 (Table 5, Table 11).

The data from X-irradiation can be directly compared to that for NG
sensitivity; NG is a monofunctional alkylating agent which is also known to
produce single-strand breaks in DNA (Olson and Baird, 1969), and recombina-
tion-deficient mutants are uniquely sensitive to NG (Witkin, 1969b). Fig-

ure 6 indicates that, as with X-irradiation, only mutant UVS-1 is rapidly
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inactivated by NG while the remaining mutants are as NG resistant as strain
112 (Table 11). These data suggest that the HCR mutants and UVS-8 may be
deficient in excision repair, while mutant UVS-1 appears to be recombina-
tion deficient.

Incubation of cells in the presence of mitomycin C results in an
in vivo reduction of the antibiotic to a bifunctional alkylating agent
(Strauss, 1968) which produces cross links between DNA strands (Iyer and
Szybalski, 1963, 1964). These lesions are acted upon either by excision or
recombinational repair, and mutants with a deficiency in either repair
mechanism are increased in sensitivity to MC (Witkin, 1969b, Hertman, 1969).
Hertman (1969) has shown, however, that a recombination deficiency is asso-
ciated with greater sensitivity to MC than a deficiency in excision repair.
The data in Figure 7 support the data presented in Table 6; both results
indicate that the HCR mutants of strain 112 are intermediate in their sen-
sitivity to MC. On the other hand, the two HCR* mutants, UVS-1 and UVS-8,
are by far the most sensitive to MC (Table 11). These data are consistent
with the previous indication of a deficiency in excision repair in thé HCR™
mutants and a deficiency in recombinational repair in UVS-l. The situation
is not as clear, however, with UVS-8 which resembles the HCR mutants in
‘response to X-irradiation and NG resistance but is clearly similar to UVS-1
in terms of host-cell reactivation and sensitivity to MC (Table 11).

In comparing Figure 4 with Figure 7, one observes a two-phase inacti-
vation curve for UVS-1 when exposed either to UV or MC. Inactivation
curves of this type have been reported for recombination-deficient mutants
of E. coli exposed to UV (Howard-Flanders and Boyce, 1966), and Radman

et al. (1970) have suggested that these inactivation kinetics may reflect
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the predominant role of recombinational repair at low UV doses, with the
increasing participation of excision repair as the cell sustains greater
damage. One can propose the same explanation for the UV and MC-inactiva-
tion curves of UVS-1; this is plausible considering the similar relative
sensitivities of excision and recombination-deficient mutants to UV and MC
(Hertman, 1969), which suggests that DNA dark repair mechanisms deal with
UV and MC-induced damage in a similar manner.

While there are a number of characteristics associated with mutants
deficient in recombinational repair, a point of central interest is the
reduced capacity of such mutants to participate in genetic recombination.
The complete transduction of a chromosomal marker is contingent upon its
integration into the chromosome of the recipient cell; whereas the trans-
duction of extrachromosomal DNA does not require such a recombinational
event (Novick, 1969; Novick and Bouanchaud, 1971). For this reason, the
frequency of transduction for chromosomal markers into recombination-
deficient recipients is greatly depressed or abolished (Willetts and Mount,
1969), compared to transduction frequencies for extrachromosomal markers
(Novick, 1969; Novick and Bouanchaud, 1971).

Five antibiotic-resistance markers were used in transduction experi-
ments with the UVS mutants (Table 7). The pase markers served as controls
for the experiment in the sense that the chromosomal location of the pase
marker in strain Ps80 (Ashehov, 1966) and the extrachromosomal pase marker

of penicillinase plasmid PII (Novick, 1969) have been well described and

147
were reconfirmed by elimination studies (Table 9). The nov, tet, and ol
markers of strain U9(pase, tet, ol, nov) have been extensively studied

(Berryhill, 1971; Bronson and Pattee, 1972) but have not been unequivocally
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categorized as either chromosomal or plasmid linked. While the frequency
of transduction for some markers varies with the recipient strain (Table 7),
it is importént to note that UVS-l is totally unable to act as a recipient
of the chromosomal pase marker while still expressing the penicillinase
plasmid. These results are consistent with all of the previous data which
indicate that UVS-l is deficient in recombinational repair. The nov marker
appears'to be chromosomal since it also is not transduced into UVS-1; the
tet and ol markers arc expressed which suggests that they are carried on a
plasmid. While mutant UVS-4 was also unable to express the chromosomal
pase marker (Table 7), this mutant has given no other indication of being
recombination deficient. In addition, UVS-4 is not similar to UVS-1l in the
transduction frequencies for the nov, tet, and ol markers. The fact that
UVS-4 has the lowest frequency of transduction for the penicillinase plas-
mid (Table 7) suggests that, rather than being recombination deficient,
this mutant is metabolically incapable of efficient penicillinase produc-
tion.
g

The data of Table 8 indicate that mutants UVS-1, UVS-4, and UVS-8 may
produce significantly increased numbers of non-viable cells. Since a trans-
ducing phage absorbs equally well to viable and non-viable cells, one can
suggest that the decreased transduction frequencies of these mutants (Table
7) may be partially due to the presence of non-viable cells in the transduc-
tion suspension. 1If this is the case, the available data (Table 7) suggest
that only mutants UVS-1 and UVS-8 are significantly reduced in their ability
to receive the chromosomal pase marker and the novobiocin-resistance marker;
both mutants are able to express the remaining markers including the peni-

cillinase plasmid (Table 7). These observations support the proposal that
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UVS-1 is deficient in recombinational repair and also suggest that UVS-8
may be partially deficient in recombinational repair, as is the case with
recB and recC mutants of E. coli (Willetts and Mount, 1969). This explana-
tion would also account for the fact that UVS-8 is HCK+ and yet highly sen-
sitive to MC (Table 11).

Witkin (1969a, 1969b, 1969c) has reported that a deficiency in exci-'
sion repair is associated with increased mutability by UV, whereas recombi-~
nation-deficient mutants are greatly reduced in UV mutability; this rela-
tionship is the most extreme in recA mutants of E. coli which are highly
recombination deficient and are non-mutable by UV. Witkin (1967) has pro-
posed that UV mutagenesis is the result of an inaccurate base pairing spec-
ificity which is inherent in recombinational repair; in this sense, the
terms UV-induced and recombination-induced mutations are synonymous. When
compared to strain 112, four of the HCR mutants (UVS-3, UVS-4, UVS-6, and
UVS-7) exhibited increased mutability (Table 10, Table 11), as expected of
mutants deficient in excision repair. Mutant UVS-1 was non-mutable by UV,
which supports the relationship between recombinational repair and UV
mutagenesis proposed by Witkin (1969a). An unexpected finding is the data
obtained with UVS-5 (Table 10). This mutant appears to be deficient only
in excision repair and is not reduced in its ability to participate in
genetic recombination (Table 7), yet it is non-mutable by UV. One explana-
tion for this observation may be that UVS-5 carries a mutational lesion,
independent of DNA repair, which does not allow UV mutability to arginine
independence; this question could be resolved by transducing the wild-type
capability for DNA repair into UVS-5 and subsequently analyzing this trans-

ductant for susceptibility to UV mutagenesis. This experiment has not been
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performed since repeated efforts have failed to provide a suitable means of
selecting for transductants which have acquired an increased capability for
DNA repair. Hill (1972) has proposed that UV sensitivity and a lack of UV
mutability in REC  mutants may not be a direct result of the recombinati&n
deficiency but, instead, may be due to abnormal DNA degradation which

results in a reduction of viable cell numbers below the level required to -
detect UV-induced mutations. Lemontt (1971a, 1971b) has isalated a series

of "reversionless" (rev) mutants of Saccharomyces cerevisiae which are UV .

sensitive and non-mutable by UV but are not recombination deficient. Hill,

Prakash, and Strauss (1972) have reported mutants of Bacillus subtilié-

which are also non-mutable by UV but which do not appear to be recombina-
tion deficient. These studies strongly suggest that non-mutability by UV
and recombination deficiency may occur independently; the data for UVS-5
(Table 10, Table 11) support this proposal. Mutant UVS-8 is HCR'T and UVS-9
is HCR (Table 11); both mutants exhibit levels of UV-mutability which do
not differ significantly from strain 112 (Table 10). 1In part, this may be
explained by the fact that UVS-8 and UVS-9 are the most UV resistant of the
UVS mutants (Figure 4, Table 11) and, therefore, possess a relatively
greater ability to deal with UV-induced lesions in DNA. On the other hand,
the similar UV mutability of these two mutants, despite their apparent
repair differences, supports the previous proposal concerning the lack of a
direct causc-and-effect relationship between UV mutability and recombina-
tional repair. Newcombe (1971) has pointed out past inconsistencies
resulting from attempts to assign a causative role in radiation mutagenesis
to DNA rcpair mechanisms. He points out, for example, that when no change

in X-ray mutability was noted in excision-deficient mutants, it was
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explained that the mutagenic lesions were not subject to excision repair;
on the other hand, a report of reduced mutability in excision-deficient
strains following y-irradiation led to the explanation that mutagenesis was
due to errors in excision repair; a third report linked a decrease in X-ray
mutability to REC mutants and suggested that such mutability was the result
of errors in recombinational repaif. In suggesting that such explanations
of opposing effects are suspect, Newcombe (1971) proposes that additional,
less understood, systems may prove to be more directly related to radiation
mutagenesis. The association between mutator effects and altered DNA poly-
merizing enzymes (Drake, 1969) suggests that continued research into the
nature and role of DNA polymerase may well bear out Newcombe's prediction
(Newcombe, 1971).

Table 12 summarizes the repair deficiencies of the UVS mutants of
8. aureus, as indicated by the data obtained in this study. On the basis
of all the criteria examined, UVS-1 is deficient in recombinational repair.
Mutants UVS-3 and UVS-4 are both HCR and deficient in excision repair.
Mutant UVS-5 is classified as both HCR and REV , according to the nomen-
clature of Lemontt (1971la), since it is non-mutable by UV radiation; the
other characteristics of UVS-5 clearly suggest a deficiency in excision
repair (Table 11, Table 12). The remaining mutants are HCR and deficient
in excision repair (Table 12) with the exception of UVS-8, which is HCR*.
Mutant UVS-8 is the most difficult to classify since it does not exhibit
any characteristics which clearly identify it as either excision deficient
or recombination deficient. The fact that UVS-8 is both highly sensitive
to MC (Table 11) and reduced in the capability to act as a recipient in the

transduction of chromosomal markers (Table 7) suggests that this mutant may
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Table 12, A summary of the proposed repair deficiencies
in eight ultraviolet-sensitive (UVS)
mutants of S. aureus

Mutant Phenotype Repair deficiency
uvs-1 REC recombinational repair
uvs-3 HCR™ excision repair

UvVs-4 HCR™ excision repair

Uvs-5 HCR , REV excision repair

Uvs-6 HCR™ excision repair

yvs-7 HCR™ : excision repair

yvs-8 REC™ recombinational repair
uvs-9 HCR ™ excision repair

be partially deficient 'in recombinational repair (Table 12). 1In the final
analysis, however, the fact that UVS-8 exhibits characteristics indicative
of both an excision and a recombination deficiency suggests that an
in-depth study of this mutant could provide additional insight into the
interrelationships between DNA dark repair mechanisms within cells.

In conclusion, the characteristics of the UV-sensitive mutants in this
study (Table 11, Table 12) indicate that S. aureus is capable of both exci-
sion and recombinational repair. Compared to E. coli, however, the charac-
teristics of some mutants (e.g. UVS-5, UVS-8) indicate that a fuller under-
standing of DNA dark repair will come from repair studies in a wide variety

of organisms.
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SUMMARY

Nitrosoguanidine (NG) mutagenesis of Staphylococcus aureus resulted in

the isolation of eight mutants exhibiting 2.8 to 28 times greater sensitiv-
ity to ultraviolet (UV) radiation. These mutants were further characterized
by their ability to repair UV-irradiated bacteriophage, sensitivity to
X-irradiation, sensitivity to NG and mitomycin C, ability to act as recip-
ients in the transduction of antibiotic resistance, and their susceptibil-
ity to UV mutagenesis. Based on the available data, six of these mutants
are reduced in their ability to perform host-cell reactivation (HCR), and
these mutants are presumed to be deficient in excision repair. The remain-
ing two mutants (UVS-1 and UVS-8) are HCR&. UVS-1 is clearly deficient in
recombinational repair. The repair deficiency of UVS-8 is uncertain; how-
ever, a slight deficiency in recombinational repair is suggested. The data
obtained support the proposal that non-mutability by UV is not a character-

istic exclusively associated with a deficiency in recombinational repair.
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