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A chemically defined medium has been developed for isolation of amino
acid-requiring mutants of Staphylococcus aureus strain 8325, and for use as a
selective medium in transformation assays. Variables affecting transformation of
both plasmid and chromosomal markers have been studied. The optimal pH and
temperature for transformation are 6.75 to 7.0 and 30 C, respectively. Ca ions are
required for transformation, and only cells lysogenic for the phage ¢11 can be
transformed. Superinfection of competent cells with ¢11 does not increase the
transformation frequency. Maximal number of transformants is obtained after 20
min of contact between cells and deoxyribonucleic acid. The transformation
frequencies for the plasmid marker erythromycin resistance (ero) and the
chromosomal markers trp, thy, and cyt are of the same order of magnitude,
whereas the frequency for the chromosomal marker tyr is approximately one

Vol. 118, No. 1
Printed in US.A.

order of magnitude lower.

Transformation in Staphylococcus has been
described (7, 8), and transfection has been used
to determine the requirements for competence
in this species (19, 20). Competence is generally
defined as the ability of a bacterial strain to
take up Dbiologically active deoxyribonucleic
acid (DNA) and undergo transformation. The
competent state not only requires genetic infor-
mation for expression of this ability, but special
physiological conditions must also be prevailing
to obtain high frequency of transformation (21,
22). The present study is concerned with the
genetic and physiological factors which influ-
ence transformability of Staphylococcus aureus
strain 8325 and different derivatives of this
strain. A defined synthetic medium has been
developed and used for isolation of amino acid-
requiring mutants and as a selective medium in
transformation experiments.

MATERIALS AND METHODS

Bacterial strains and phages. The S. aureus
strains used are listed in Table 1. Phage ¢11 was
propagated on strain 8325-4 or strain 8325-4 thy in
Trypticase soy broth (BBL, Cockeysville, Md.). The
phages were pelleted at 107,000 x g for 120 min and
suspended in nutrient broth (Difco) to give 10'?
plaque-forming units per ml. Trypticase soy agar
(TSA) and Trypticase soy broth (TSB) with 0.5% agar
were used as bottom and soft agar, respectively, in the
phage assay (20). Strain 8325-4 was used as indicator
strain for phage titration.
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Media. The composition of the synthetic minimal
medium (AAM) is presented in Table 2. This medium
was used for isolation of amino acid-requiring mu-
tants and for selection of prototrophic transformants.
In transformation experiments with pyrimidine and
tryptophan-requiring mutants, we also used a casein-
hydrolysate medium (CHM) as described earlier (8),
except that L-arginine and L-proline were omitted.

Erythromycin-resistant transformants were se-
lected on TSA medium with erythromycin at 5 ug/ml
as described earlier (7). TSA medium or TSA medium
with added pyrimidines at a final concentration of 5
ug/ml was used for determination of viable counts.

Transformation procedure. In our standard pro-
cedure for transformation, the recipient cells were
grown on TSA plates and pyrimidine-requiring mu-
tants were grown on TSA plates with added pyrimi-
dine. Both cultures grew at 37 C overnight and then
were suspended in TSB medium to an optical density
at 524 nm (ODy,,) of 0.100, which equals 5 x 107
colony-forming units (CFU) per milliliter. The cell
suspension was then diluted 10 times in TSB medium
and incubated on a rotary shaker at 37 C. Maximal
competence is reached after 1.5 to 2 h of growth
(somewhat dependent on the strain used; see Fig. 1
and 2). The competent cells were washed once in 0.15
M NaCl and then suspended in 0.1 M tris(hydroxy-
methyl)aminomethane (Tris)-maleate buffer (pH
7.0) containing 0.1 M CaCl, at a cell density of
approximately 10° CFU/ml.

In the transformation experiments, 0.9 ml of this
cell suspension was mixed with 0.1 ml of DNA
solution to give saturating concentration of DNA, i.e.,
10 ug/ml (8). After incubation at 30 C for 20 min, the
cells were centrifuged and suspended in 1 ml of TSB
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TaBLE 1. Strains of Staphylococcus aureus used

J. BACTERIOL.

Lysogeny . .
Strain Characteristics Stra}r:oonlzfaalned Reference
¢ll ¢12 ¢13 :

8325 + + + | Wild type M. Richmond

8325 nuc + + + | Mutant of 8325 lacking extracellular | Our laboratory 20
nuclease activity

8325-4 - - — | Wild type; 8325 cured of prophages | R. Novick 12
¢ll, ¢12, ¢13

8325-4 + - ~ | Strain 8325-4 lysogenized with phage | Our laboratory 20
¢ll

8325-4 - + — | Strain 8325-4 lysogenized with phage | R. Novick 12
¢12

8325-4 — - + | Strain 8325-4 lysogenized with phage | R. Novick 12
¢13

8325(PI,45) + + + | Wild type harboring the penicillinase | M. Richmond
plasmid PI,,,

8325(P1,,,) thy + + + | Thymine-requiring mutant of| Our laboratory 8
8325(PI,;,)

8325-4(Pl,;,) thy - - - | Thymine-requiring mutant of 8325-| Our laboratory
4(Pl,s,)

8325-4(Pl,5,) thy + - — | Strain 8325-4(PI,,,) thy lysogenized| Our laboratory
with ¢11

8325 cyt-1 + + + | Cytidine- or uracil-requiring mutant| Our laboratory 8
of 8325

8325 cyt-1, trp-1 + + + | Tryptophane-requiring mutant of| Ourlaboratory
8325 cyt-1

8325 cyt-1, trp-1, tyr-1 + + + | Tyrosine-requiring mutant of 8325/ Our laboratory
cyt-1, trp-1

*M. Richmond, Department of Bacteriology, University of Bristol, Bristol BS8 ITD, England, and R.
Novick, Public Health Research Institute of the City of New York, New York, have kindly supplied some of the

strains used in this study.

before being plated on appropriate media. The plates
were incubated at 37 C for 48 h and the colonies were
counted.

The controls in the experiments included: (i) plat-
ing of the recipient culture without DNA treatment,
(ii) sterility control of DNA, and (iii) treatment of the
DNA with deoxyribonuclease (DNase; 50 ug/ml in the
presence of 5 mM MgCl,) for 10 min before the
addition of cells.

Preparation of DNA. Transforming DNA was
prepared by phenol extraction of lysostaphin-lysed
cells as described earlier (8).

Isolation of auxotrophic mutants. The mutants
8325 cyt-1, try-1 and 8325 cyt-1, try-1, tyr-1 were iso-
lated after mutagenic treatment of strain 8325 cyt-1
and 8325 cyt-1, try-1, respectively, with 1-methyl-3-
nitro-1-nitrosoguanidine (NTG; 4) and enrichment
by the penicillin method (6). After treatment with
NTG, phenotypic expression was allowed for 20 h in
AAM medium supplemented with the. respective
amino acid. After being washed in 0.15 M NaCl, the
cells were suspended in AAM medium to an OD,,, of
0.100, which equals 5 x 10”7 CFU/ml. After growth for
one generation, penicillin G was added to a final
concentration of 15 U/ml. After 2 to 3 h, when the
culture started to lyse, the cells were harvested,
washed in 0.15 M NaCl, and plated at appropriate
dilution on amino acid-supplemented AAM agar.

After 48 h at 37 C, colonies were picked with sterile
toothpicks to trays with small wells containing 0.15 M
NaCl, and point-inoculated on AAM plates and on
AAM plates with the respective amino acid added.
Colonies that did not grow on the AAM plates were
isolated, and the amino acid requirement was tested a
second time.

RESULTS

Synthetic minimal medium. To be able to
isolate amino acid-requiring mutants of strain
8325, we investigated the basal amino acid
requirement of this strain. Several authors (1, 9,
11) have reported on various salt solutions for
culturing S. aureus. The salt mixture reported
in Table 2 supported the best growth in media
containing amino acids, glucose, and vitamins.
Starting with a mixture of 20 amino acids, the
number of amino acids necessary for growth in a
liquid medium was reduced to a minimum of 3
(L-cystine, L-arginine, and L-proline). However,
growth was slow and the lag period was 24 to 48
h. The addition of L-glutamic acid, L-valine,
L-leucine, and L-phenylalanine was necessary to
obtain acceptable growth rates and short lag



VoL. 118, 1974

TaBLE 2. Composition of the synthetic minimal
medium (AAM)°

Ingredients An{%‘&‘;ﬁ’er
Salts:
KCl 3.0g
NaCl 95¢g
MgSO,-7H,0 13g
(NH.),SO. 4.0 g
CaCl,-2H,0? 22 mg
KH,PO,* 140 mg
FeSO,-7TH,0¢ 6 mg
MnSO, -4H,0° 10 mg
Citric acid® 6 mg
Tris 12.1g
Carbon source:
Glucose® 5g
Amino acids:
L-Arginine 125 mg
L-Proline 200 mg
L-Glutamic acid 250 mg
L-Valine 150 mg
L-Threonine 150 mg
L-Phenylalanine 150 mg
L-Leucine 150 mg
L-Cystine® 80 mg
Vitamins:
Biotin® 0.1 mg
Thiamin® 2 mg
Nicotinic acid® 2 mg
Calcium pantothenate® 2 mg

2 When a solid medium was required, 15 g of agar
(Difco) per ml was added and the pH was adjusted to
7.9 with 4 M HCI before autoclaving. When L-trypto-
phan or L-tyrosine is required, these amino acids are
added after autoclaving to a final concentration of 200
mg/1000 ml. When uracil or thymine is required,
these pyrimidines are added after autoclaving to a
final concentration of 5 mg/1000 ml.

® Sterilized by filtration and added separately after
autoclaving.

¢ Sterilized by filtration and added separately after
autoclaving as a solution containing 100 mg of
MnSO,-4H,0, 60 mg of FeSO,-7H,0, and 60 mg of
citric acid per 100 ml.

periods in liquid medium. When agar was
added to the minimal medium, L-threonine had
to be included to obtain plating efficiencies of
the same order of magnitude as on TSA plates,
although this amino acid did not affect growth
in liquid medium. Table 3 shows the generation
time in TSB medium as compared to the AAM
medium for different derivatives of strain 8325.
Plating efficiencies on AAM agar and CHM
agar, expressed as percentage of the number of
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CFU on TSA plates, are also presented. The
percentages presented in Table 3 are from
dilutions giving about 100 CFU on a TSA plate.
The plating efficiency on the AAM medium is,
however, enhanced slightly when the number of
colonies per plate is increased.

Isolation and characterization of amino
acid-requiring mutants. Four - tryptophan-
requiring mutants were isolated in two different
experiments after NTG treatment of strain 8325
cyt-1. L-Tryptophan was nonlimiting at a final
concentration of 1.5 to 2 ug/ml. The mutant
with the lowest frequency of reversion (8325
cyt-1, try-1) was used in transformation experi-
ments and mutagenized further with NTG.
From these experiments, one tyrosine-requiring
mutant was isolated and characterized further.
L-Tyrosine was nonlimiting at a final concentra-
tion of 2 ug/ml in liquid AAM medium.

Competence curve. The high extracellular
nuclease activity, which is characteristic for S.
aureus, has been considered the main obstruc-
tion in transformation in this species (14). To
investigate whether extracellular nuclease af-
fects transformation, we isolated a mutant of
strain 8325, defective in production of extracel-
lular nuclease (20). The growth and develop-
ment of competence of the wild-type 8325 and
the mutant 8325 nuc are shown in Fig. 1.
Growth was started at an OD;,, 0of 0.010 (ca. 5 x
10® CFU/ml) as described above. Samples were
withdrawn at intervals and concentrated to
approximately 10° CFU/ml before DNA was
added. The donor strain was 8325 (Pl,s,), and
erythromycin-resistant transformants were se-
lected. The nuc mutant has a lower growth rate
than the wild type. Both strains have a marked
competence maximum close to the doubling of
the number of CFU. The competence of the wild
type then gradually decreases, whereas the
mutant shows two additional competence max-
ima in the early exponential growth phase. The
production of extracellular nuclease was fol-
lowed during growth both for the wild type and
mutant (20). The mutant does not produce
measurable extracellular nuclease during the
active growth cycle, whereas, for the wild type,
nuclease activity can be detected in the growth
medium just after the competence maximum is
passed. Since erythromycin resistance is a plas-
mid-coded marker, the growth and competence
curves were also established for a chromosomal
marker by using a thymine-requiring mutant of
strain 8325(PI,,,) as recipient and strain
8325(Pl,s,) as donor (Fig. 2). A comparison of
Fig. 1A and 2 reveal no significant differences in
the competence pattern. It should be empha-
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TaBLE 3. Growth rates and plating efficiencies on complex and defined media for different strains of S. aureus
Generation time in liquid medium (min) Plating efficiency
Strain (CFU on CHM (CFU on AAM
TSB® AAM?® plates)/(CFU on TSA | plates)/(CFU on TSA
plates) x 100 plates) x 100
8325 70 220 100 77
8325-4 65 195 98 85
8325(P1,5) 90 150 100 64
8325(Pl,5,) thy 80 150 81 55
8325 cyt-1 60 150 96 88
8325 cyt-1, trp-1 75 180 91 45
8325 cyt-1, trp-1, tyr-1 75 210 81 45

aTSB, Trypticase soy broth. For thymine- and cytidine-requiring mutants, the respective pyrimidine was

added to the medium.

® Synthetic minimal medium (Table 2) with appropriate additions when used for auxotrophic mutants.
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Fi6. 1. Development of competence for (A) S.
aureus wild-type (8325) and for (B) S. aureus 8325 nuc
grown in TSB medium. Growth was started at an
ODy,, of 0.010, corresponding to 5 x 10° CFU/ml.
Donor strain: 8325(Pl,,). Symbols: O, growth; @,
number of erythromycin-resistant transformants per
10® CFU of the recipients.

sized that we have at present no information on
the gross structure of the staphylococcal ge-
nome, but we assume that the thymine locus is
chromosomal.
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F16. 2. Development of competence for S. aureus
8325(Pl,4s) thy grown in TSB medium plus thymine
(5 ug/ml). Growth was started at an ODy,, of 0.010,
corresponding to 5 x 10° CFU/ml. Donor strain:
8325(Pl,4) thy*t. Symbols: O, growth; @, number of
thy* transformants per 10® CFU of the recipients.

Effect of pH on transformation. Figure 3
shows the number of transformants as a func-
tion of pH of the buffer used in the transforma-
tion experiments. The recipient cells
[8325(PI,,5) thy] were washed in 0.15 M NaCl
and suspended in Tris-maleate buffer (at vari-
ous pH values) containing 0.1 M CaCl,. After 20
min of contact between cells and DNA, the
mixtures were divided into two samples. One
sample was centrifuged directly. The other
sample was treated with DNase (final concen-
tration 50 pg/ml in presence of 10-* M MgCl,)
for 10 min at 30 C and then centrifuged. Before
being plated on CHM medium, the cells from
both samples were suspended to equal volumes
in TSB broth. The maximal number of trans-
formants was obtained at pH 6.75 to 7.0. The
lower curve of the figure shows that treatment of
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Fi1G. 3. Effect of pH of the transformation buffer on
the number of transformants (thy* per 10® recipient
CFU). Donor strain: 8325(Pl,s,) thy*. The competent
cells (8325(Pl,s,) thy) were mixed with DNA at differ-
ent pH in Tris-maleate buffer containing 0.1 M CaCl,.
After 20 min of contact between cells and DNA at 30
C, the cells were centrifuged for 10 min at 4 C and
either suspended in TSB medium before plating
(upper curve) or treated with DNase (50 ug/ml in the
presence of 10-° M MgCl,) for 10 min, centrifuged,
and then resuspended in TSB medium before plating
(lower curve).

the transformation mixture with DNase before
plating results in a decreased number of trans-
formants. The reduction in number of trans-
formants after DNase treatment varies between
30 and 70% in different experiments. Plating of
cells directly after the addition of DNA gives no
transformants. Thus, adsorption of DNA can-
not occur on the agar surface, but transport of
already adsorbed DNA continues after plating.
Effect of divalent ions. Transformation in
Tris-maleate buffer occurred only if one of the
divalent cations Mg?*, Ba2*, or Ca?* was pres-
ent. The frequency of transformation obtained
with Mg?* and Ba?* as competence-promoting
ions was 10% of that with Ca?*. The optimal
concentration of Ca?* was 0.1 M if the cells were
plated directly from the transformation mixture
(Fig. 4, lower curve). Centrifugation of the
transformation mixture at 4 C for 10 min and
suspension of the cells in TSB before plating
resulted in an increased number of transform-
ants and a broader effective concentration range
of Ca?* (Fig. 4, upper curve). The cations Fe?*
and Fe®* could not promote transformation.
Temperature optimum. Competent cells of
strain 8325(PI,,,) thy were incubated for 20 min
at different temperatures with DNA in 0.1 M
Tris-maleate buffer (pH 7.0) containing 0.1 M
CaCl,. When cells were plated on agar medium
directly from the transformation mixture, the
optimal temperature for transformation was 27
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to 30 C (Fig. 5, lower curve). Centrifugation of
the transformation mixture at 4 C for 10 min
and suspension in TSB or 0.15 M NaCl before
plating resulted in an increased number of
transformants with a plateau in the tempera-
ture range from 4 to 27 C (Fig. 5, upper curve).

Duration of DNA exposure. Competent
cells of strain 8325(PI,;s) thy and DNA were
mixed and samples were removed at intervals.
The samples were plated directly on CHM agar.
Transformation reached a maximal level after
20 min of exposure to DNA (Fig. 6). A plateau
was also reached in 20 min when the cells were
treated with DNase prior to plating (not
shown).

Effect of lysogeny on competence. In a
recent paper on transfection in S. aureus, it was
shown that development of competence requires
that the cells are lysogenic for phage ¢11 (20).
Table 4 shows that lysogeny with the same
phage is necessary also for. development of
competence for uptake of plasmid and chromo-
somal DNA. The wild-type strain 8325 is lyso-
genic for phages ¢11, ¢12, and ¢13. When this
strain is cured of the prophages (strain 8325-4),
it also loses the ability to express competence.
Lysogenization of the cured strain with phage
¢11 re-established the competence. Phages ¢12

- -
[=] [

107 TRANSFORMANTS (thy*) /10° CFU

01 0.2 03 0.4
CALCIUM CONCENTRATION (M)

Fi16. 4. Effect of the concentration of CaCl, on the
number of transformants (thy* per 10° recipient
CFU). Donor strain: 8325(Pl,s,) thy*. Competent
cells [8325(Pl,s,) thy ) were suspended in Tris-maleate
buffer (pH 7.0) containing different concentrations of
CaCl, before DNA was added. After 20 min of contact
between cells and DNA, the cells were plated directly
(lower curve) or centrifuged and suspended in TSB
medium before plating (upper curve).
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and ¢13 have no competence-inducing capacity.

In two experiments, ¢11 phages at a multi-
plicity of infection of 1 were added to cells of
strain 8325-4 thy suspended in transformation
buffer with DNA from the donor strain
8325(PI,ss). Phage ¢11 was propagated on the
recipient strain. After 20 and 40 min of incuba-
tion at 30 C, samples were removed and cen-
trifuged at 4 C for 10 min. The cells were
suspended in 0.15 M NaCl and plated on CHM
plates. A few transformants were obtained
(Table 5). The transformants were reisolated on
TSA plates and then tested for sensitivity for
phage ¢11. All transformants were immune to
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102 TRANSFORMANTS (thy*) /108 cFu

10 20 30
TEMPERATURE (C)

Fi16. 5. Effect of temperature on the number of
transformants (thy* per 10°® recipient CFU). Donor
strain: 8325(Pl,;,) thy*. Competent cells [8325(Pl,s,)
thy] were suspended in Tris-maleate buffer (pH 7.0)
containing 0.1 M CaCl, and incubated for 10 min at
different temperatures for temperature equilibration
before DNA was added. After 20 min of contact
between cells and DNA, the cells were plated directly
from the transformation mixtures (@) or centrifuged
for 10 min at 4 C and suspended in TSB medium (O)
or 0.15 M NaCl (A) before plating.
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phage ¢11, which indicates that competence
has been expressed in some of the cells which
have been lysogenized during simultaneous ex-
posure to phages and DNA. The frequency of
lysogenization in the reported experiments was
1.4 x 107

Effect of superinfection with phage ¢11 on
transformation frequency. Since superinfec-
tion of competent cells of strain 8325-4(¢11) at
high multiplicities increased the frequency of
transfection (20), we also tested the effect of
superinfection on the transformation. The addi-
tion of phage ¢11 to the transformation mixture
did not increase the transformation frequency
(Table 6).

Effect of centrifugation of the transforma-
tion mixture. Centrifugation of the transforma-
tion mixture before plating results in an in-
crease of the number of transformants by a

w
T

~
T

-
T

102 TRANSFORMANTS (thy’)/w‘ CFU

10 20 30 40 50 60
TIME (MINUTES)

Fi1c. 6. Effect of DNA exposure time on the num-
ber of transformants. Competent cells of strain
8325(Pl,ss) thy were mixed with DNA, and samples
were removed at different times for assay of the
number of transformants. Donor strain: 8325(Pl,,)
thy*.

TABLE 4. Requirement of lysogeny for competence induction

Lysogeny Transformants/10°
Recipient strain Donor strain recipient CFU

ol1 12 613 ero” thy*
8325 + + + 8325(PI,,,) 4.3 x 10?
8325-4 + - - 8325(PI:53) 5.5 x 102
8325-4 - + - 8325(PI,;,) <3
8325-4 - - + 8325(Pl,;,) <3
8325-4 - - - 8325(PI,55) <3
8325-4(Pl,5,) thy - - 8325(PI,;s) 18°
8325-4(Pl,;,) thy + - - 8325(P1,44) 6 x 102

¢ Erythromycin resistance.
® Equal to frequency of spontaneous reversion.
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factor of 2 to 3 (Fig. 4 and 5). A 20-fold dilution
of the transformation mixture in fresh buffer
before centrifugation eliminates the enhance-
ment caused by centrifugation. The addition of
DNA at the same concentration as in the
original incubation mixture restored the effect
of centrifugation. Irrespective of whether TSB
broth, 0.15 M NaCl, or fresh transformation
buffer was used for resuspension after centrifu-
gation, the same increase was observed (Fig. 5),
whereas resuspension in the supernatant of the
original transformation mixture reduced the
enhancement twofold.

The concentration of recipient cells was also
varied while the DNA concentration was kept
constant (40 ug/ml). There is a maximum in
transformation frequency at 6 x 10° recipient
CFU/ml (Table 7). The enhancement of trans-
formation by centrifugation in the presence of

TaBLE 5. Competence induction by simultaneous
addition of ¢11 phages and DNA from strain
8325(Pl ) to cells of strain 8325-4 thy*®

Incu- | No.of .
D o bation | transfor- Viable
etermination . count
time | mants (CFU/ml)
(min) | (thy*/ml)
Cells without DNA and 20 <3 3.5 x 10°
@11 40 <3 3.2 x 10
Cells + ¢11 (MOI = 1) 20 <3 8 x 107
40 <3 1.5 x 10®
Cells + DNA 20 <3 1.2 x 10®
40 <3 2.2 x 10
Cells + 911 (MOI = 1) | 20 60 9 x 107
+ DNA 40 30 8 x 107
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DNA may thus depend on a higher collision
frequency between the cells and DNA during
centrifugation. These results suggest also that
the cells do release a factor into the transforma-
tion buffer, which results in a reduction of the
number of transformants when the cell concen-
tration is increased.

Transformation of amino acid-requiring
mutants. Table 8 presents transformation data
for different amino acid-requiring mutants. All
strains and characters were transformed at
frequencies significantly different from the
spontaneous reversion frequencies. In all experi-
ments, the tyrosine locus was transformed at a
lower frequency than the other markers studied.
This is not due to low competence of the triple
mutant, since the tryptophane marker was
transformed at the same efficiency to both the
double and the triple mutants. The lower num-
ber of transformants on AAM plates than on
CHM plates is explained by differences in
plating efficiencies (Table 3). In all experi-
ments, the number of viable recipient bacteria

TasBLE 7. Influence of recipient cell concentration on
the transformation frequency®

No. of thy* transformants/10*
No. of recipients recipient CFU
(CFU/ml)
+DNA -DNA
3.5 x 10° 28 17
1.7 x 10° 102 Not tested
6 x 10 334 <3
2.5 x 10® 184 <3
1.1 x 10® 126 <3
4 x 107 150 <3
3 x 107 13 <3
2 x 107 3 <3

% Recipient cells were grown under the standard
conditions for competence induction. ¢11 phages
propagated on 8325-4 thy were added at multiplicity
of infection (MOI) of 1 to cells in transformation
buffer containing DNA (40 ug/ml). After 20 and 40
min of incubation at 30 C, samples were plated on
CHM plates for selection of thy* transformants and
on TSA plates with thymine for determination of
viable count.

2 Donor DNA was prepared from strain 8325(PI,,,).
Recipient cells of strain 8325(Pl,,,) thy were grown
under standard conditions for competence induction.
Cells were suspended and serially diluted in transfor-
mation buffer. DNA was added (final concentration
40 ug/ml), and after 20 min of incubation at 30 C
samples were plated on CHM plates for selection of
thy* transformants and on TSA plates with added
thymine for determination of viable count.

TaBLE 6. Effect of superinfection with ¢11 on transformation frequency

- . . Multiplicity of No. of transfor- Viable count Transformation
Recipient strain Donor strain infection mants (ero” %/ml) (CFU/ml) frequency
8325-4(¢11) 8325(Pl ;) 0 1.9 x 10° 6.5 x 10°® 2.9 x 10-°
8325-4(¢11) 8325(P1,s,) 0.1 2.3 x 10 6.5 x 10°® 3.5 x10°°
8325-4(¢11) 8325(Pl,,,) 1.0 7.0 x 10? 6.0 x 10° 1.2 x 10-¢
8325-4(¢11) 8325(P1,4,) 10 1.3 x 10® 3.3 x 10° 3.9x10-°

2 Erythromycin resistance.
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(CFU) was determined after plating on TSA
with the necessary additions.

Transformation of plasmid markers. The
plasmid markers erythromycin (ero) and cad-
mium (cad) resistance were used as selective
markers to demonstrate transformation of plas-
mid markers. Donor DNA was isolated from
strain 8325(PI,55) by phenol extraction of crude
lysates. The number of transformants was, in an
average of five experiments, approximately 100
times lower when selected for cadmium resist-
ance than for erythromycin resistance as re-
ported previously (7). When selection was for
ero resistance, the transformants received, as a
rule, only the ero marker, whereas the cad®
transformants carried most of the resistance
markers of the donor plasmid. The reasons for
these differences have been discussed (7).

The kinetics of transformation of the drug-
sensitive strain of S. aureus 8325 to erythromy-
cin resistance by DNA from strain 8325(PI,,,) is
shown in Fig. 7. After 20 min of incubation at
30 C, the transformation mixture was plated on
TSA plates. The plates were incubated at 37 C
and overlaid at different times with 3 ml of soft
agar containing erythromycin to give a final
concentration of 1 ug/ml of agar medium. The
number of recipient bacteria exhibiting erythro-
mycin resistance increases more than 1,000-fold
during subsequent incubation on antibiotic-free
plates and reaches a maximum in 75 min.

DISCUSSION

The effects of lysogeny upon transfection and
transformation have been reported in several
bacterial species. Lysogenic streptococci cannot
be made highly competent, as measured by
irreversible DNA uptake (15); thus, in this
species transformation frequencies are de-
creased owing to lysogeny. Bacillus subtilis
lysogenic for bacteriophage $105 retains its
ability to be made competent (23). Transfection
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is hardly affected, but the frequency of transfor-
mation is drastically reduced (24). The differ-
ences in effects of lysogeny on transfection and
transformation could possibly depend on an
abnormality in a recombination system induced
by lysogeny with phage ¢105, and this defect
may discriminate between bacterial and phage
DNA. Peterson and Rutberg (16), on the other
hand, observed a decrease both in the frequency
of DNA-mediated transfection with bacterio-
phage ¢1 and transformation in B. subtilis 168
lysogenic for phage ¢105, results which were
interpreted to suggest that the cells were less
capable of assimilating the DNA. Setlow et al.
(17) reported on the relationship between trans-
formation and lysogeny with the phages HP1cl,
S2, and a defective phage of Haemophilus

>

u 20

Q

Oo o

> 1sf hd

-

[-]

s

o

5 10

<

z

o

o

[re

(7] 5r

z

<

[

-

o~

9_ 1 1 1 1
30 60 90 120

PHENOTYPIC EXPRESSION (MIN)

Fi16. 7. Kinetics of expression of erythromycin re-
sistance in transformed S. aureus 8325-4(¢11).
Competent cells of strain 8325-4(¢11) were exposed to
DNA from strain 8325(Pl,,,). After 20 min the cells
were plated on TSA. The plates were incubated at
37 C, and at different times soft agar containing
erythromycin was poured onto the plates. The final
concentration of erythromycin in the plates was 5
ug/ml.

TaBLE 8. Transformation of auxotrophic mutants by DNA from wild-type strain 8325(Pl,,,)

T}'apsformants per 10°® Spontaneous revertants per
Expt® no. Recipient strain Selected marker | TECiPient cells selected on 10° cells selected on

CHM® AAM< CHM AAM

1. 8325(Pl,,,) thy thy* 1,350 750 <1 <1

2. 8325 cyt-1 cytt 460 200 4.0 3.8

3. 8325 cyt-1, trp-1 trp* 400 320 2.1 1.4

4. 8325 cyt-1,trp-1, tyr-1 tyrt 38 2.0

5. 8325 cyt-1, trp-1 trp* Not tested 120 Not tested <1

6. 8325 cyt-1, trp-1, tyr-1 trpt Not tested 150 Not tested 7

¢ Separate DNA preparations were used in experiments 1 through 4 and 5 through 6, respectively.

® Casein-hydrolysate medium.
¢ Synthetic minimal medium (Table 2).
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influenzae. The presence of any of the pro-
phages did not appreciably alter transformation
frequencies in various rec* and rec- strains.
However, exposure of competent lysogens to
transforming DNA may induce phage, but only
in rec* strains, which are able to integrate
transforming DNA into their genome.

The absolute requirement of lysogeny for
phage ¢11 for competence induction in S.
aureus 8325 both for transfection (20) and
transformation (Table 4) may also constitute an
example of lysogenic conversion, but in this case
results in an increased permeability for mac-
romolecules. Since superinfection with phage
¢11 at high multiplicities markedly increased
the frequency of transfection (20), a helper
function of the phage directly at the cell enve-
lope may be involved. The transformation fre-
quency, however, is not affected significantly by
superinfection (Table 6). The difference be-
tween transfection and transformation in this
respect may depend upon the fact that superin-
fected cells allow phage propagation, which
results in cell lysis, and the cells cannot there-
fore score as transformants. Another possible
explanation to the enhancement of transfection
by superinfecting ¢11 phages which has not
been ruled out is marker rescue by incoming ¢11
DNA. Simultaneous incubation of nonlysogenic
and thus noncompetent cells of strain 8325-4 thy
with DNA and phage ¢11 in transformation
buffer results in competence induction and
transformation. All transformants were lyso-
genic for phage ¢11. The step controlled by the
¢11 genome in the transformation process is,
however, still unresolved.

The competence pattern of the nuc mutant,
which produces no extracellular nuclease, is
more complex than that of the wild type (Fig.
1). The recurrent competence maxima of the
nuc mutant occur at short time intervals. Ex-
tracellular nuclease is detected in the medium
of the wild type just after the first competence
maximum is reached (20), which may explain
the decrease in competence late in the growth
curve. However, nuclease production is proba-
bly not the only factor regulating competence,
since competence of the mutant is also confined
to the early exponential growth phase, although
extracellular nuclease is lacking throughout the
growth curve in this mutant (20). It should be
emphasized that the nuc mutant is not free
from intracellular nuclease activity. Cosloy and
Qishi (3) recently reported on genetic transfor-
mation in CaCl,-treated Escherichia coli K-12
cells which lack adenosine triphosphate-
dependent DNase and exonuclease I. It is con-
ceivable that in the E. coli system the activities
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of these nucleases damage the incoming DNA
before it can participate in recombination. At
present, we cannot define in absolute terms the
physiological conditions necessary for induction
of competence in S. aureus, and no explanation
for the repeated competence maxima of the nuc
mutant can be offered. Since the growth rate of
the wild type is higher and the nuc mutant was
isolated after mutagenization with ni-
trosoguanidine, it is possible that the nuc mu-
tant is a double mutant. However, a similar
competence pattern with two early maxima has
been reported in Diplococcus pneumoniae (18).
In this system, maximum competence was dis-
placed to a higher cell concentration by adding
tryptic peptides of casein to the competence
medium. Hotchkiss (4) observed correlation
between transformability and cell division in a
partially synchronized pneumococcal culture
which he referred to as competence ‘“waves.”

Divalent cations, such as Sr?*, Ba?*, Ca?*, or
Mg?* are required for DNA uptake in Bacillus
subtilis (25) and Micrococcus lysodeikticus (5).
Treatment of recipient cells with CaCl, is also
necessary for uptake of DNA into E. coli as first
reported by Mandel and Higa (10) for transfec-
tion and, subsequently, applied for transforma-
tion in this organism (3, 13). The results from
our studies show that transformation in S.
aureus occurs in Tris-maleate buffer only if one
of the divalent cations Mg?*, Ba?*, or Ca?* is
present out of which Ca?* at a concentration of
0.1 to 0.2 M is most efficient (Fig. 4).

A contact period of 20 min between recipient
cells and DNA is optimal, but treatment of the
cells with DNase after attachment of DNA
reduces the number of transformants 30 to 70%.
The percentage varies in different experiments.
The DNase may reach and destruct DNA at-
tached to the cell surface and possibly also DNA
located in the periplasmic space.

There is a temperature optimum at 27 to 30 C
for assimilation of DNA when cells are plated
directly from the transformation mixture (Fig.
5, lower curve). Centrifugation of the transfor-
mation mixture at 4 C and suspension of the
cells in TSB medium or NaCl resulted in an
enhancement of the transformation frequency
irrespective of the temperature between 4 and
30 C (Fig. 5, upper curves). The enhanced
transformation frequency by centrifugation
probably depends on a higher frequency of
collision between cells and DNA during centrif-
ugation. This interpretation is supported by the
observation that a dilution of the transforma-
tion mixture eliminated the enhancement, but
the effect was restored by adding DNA to the
same concentration as in the original mixture
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before dilution. There is also an optimal cell
concentration around 6 x 10° cells per ml for
transformation (Table 7), which may suggest
that competent cells release a nuclease which
destructs donor DNA at high cell concentra-
tions.

To be able to isolate amino acid-requiring
mutants and study transformation of these
auxotrophic characters, we developed a defined
minimal medium (Table 2). Plating efficiencies
on the constructed AAM medium vary between
45 and 90% of those on a complex medium for
different strain derivatives of strain 8325. The
use of the AAM medium makes it. possible to
isolate and study pyrimidine-, purine-, vita-
min-, and amino acid-requiring mutants, which
is required for a more detailed analysis of the S.
aureus genome.

The transformation frequencies for chromo-
somal markers and the plasmid erythromycin
marker are of the same order of magnitude. The
number of transformants was approximately
100 times lower when cadmium resistance was
used for selection of transformants. The reasons
for this difference have been discussed (7).

Although we have managed to increase the
competence level significantly by refining the
conditions during the transformation proce-
dure, the low transformation frequencies of this
system are still a serious disadvantage for
genetic studies aiming at a map of the chromo-
some. However, the observation that compe-
tence induction requires lysogeny may suggest a
route to define conditions for a high level of
competence. Temperature-sensitive mutants of
phage ¢11 have now been isolated (J.-E.
Sjostrom and L. Philipson, manuscript in prep-
aration). Some of these mutants cannot express
competence at the nonpermissive temperature.
Genetic and biochemical studies of these mu-
tants may elucidate the mechanism of com-
petence induction by phage ¢11.
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