
JOURNAL OF BACTERIOLOGY, Oct. 1975, p. 225-231
Copyright i 1975 American Society for Microbiology

Vol. 124, No. 1
Printed in U.S.A.

Indirect Selection of Bacterial Plasmids Lacking Identifiable
Phenotypic Properties

PETER J. KRETSCHMER,* ANNIE C. Y. CHANG, AND STANLEY N. COHEN
Department of Medicine, Stanford University School of Medicine, Stanford, California 94305

Received for publication 11 June 1975

A procedure is described that uses an indicator plasmid (pSC201) to identify
cells in a bacterial population that have been co-transformed with a second
plasmid lacking detectable phenotypic properties. Under appropriate conditions
of indirect selection, between 50 and 85% of transformants carrying the indicator
plasmid also contain the nonselected plasmid. A temperature-sensitive mutation
in the replication functions of the indicator plasmid enables its elimination from
doubly transformed bacteria. Using this procedure, we have isolated bacteria
that carry only the small cryptic plasmid, P15A, of the Escherichia coli strain 15.
This genetic element, which contains only 2,300 nucleotide pairs, is thus capable
of functioning as a replicon independently of the two larger plasmids normally
associated with it in E. coli 15 strains (Ikeda, Inuzuka, and Tomizawa, 1970).

Although it has been estimated that 50% of
all naturally occurring strains of Enterobac-
teriacae may contain extrachromosomal repli-
cons (9), studies have been restricted largely to
those plasmids that express easily selectable or
identifiable properties such as antibiotic resist-
ance, colicin immunity, or conjugal fertility.
Extrachromosomal elements that lack identifia-
ble traits have been called "cryptic plasmids";
although some of these, such as the cryptic
plasmid of Salmonella typhimurium LT2, are
large enough to contain more than 200 genes
(25), the only evidence of their genetic expres-
sion is a capacity for autonomous replication in
bacterial cells. In part, the paucity of informa-
tion about such plasmids is a consequence of the
inability to introduce them experimentally into
mutant bacterial strains suitable for particular
genetic investigations and to propagate them
separately from other plasmids that may coexist
with them in their natural host.
This communication describes the novel use

of a plasmid deoxynucleic acid (DNA) transfor-
mation procedure (5) to introduce replicons that
lack selectable genetic properties into bacteria.
The principle of indirect selection applied in
these experiments was suggested during earlier
investigations (4) involving co-transformation
of Escherichia coli by two separate plasmid
DNA species; in those studies, it was observed
(unpublished data) that concurrent transforma-
tion of a bacterial cell population by a selected
and an unselected plasmid occurred at a higher
frequency than would be expected from the

frequency of independent transformation by the
two separate plasmids. Our subsequent investi-
gations, which are reported here, have shown
that particular cells in a CaCl2-treated bacterial
population become preferentially competent for
transformation by plasmid DNA. Thus, a se-
lectable plasmid can be used as an indicator or
probe to identify cells that have also acquired a
second plasmid, which otherwise would be non-
selectable.
The current experiments have also employed

the plasmid DNA transformation procedure for
isolation of an indicator plasmid that is temper-
ature sensitive (ts) in a replication function
(Rep) which allows it. to be eliminated easily
from doubly transformed cells. The method
used for the isolation of ts replication mutants
(i.e., transformation of bacteria with mutagen-
ized plasmid DNA) allows the cloning of single
molecules of plasmid DNA, and thus is suitable
for rapid isolation of a wide variety of recessive
mutants of multicopy plasmids that previously
could not be easily obtained. Together, the
mutagenized ts indicator plasmid and the
indirect selection procedure enable the propaga-
tion in an appropriate bacterial host of any
transformable E. coli plasmid replicon lacking
selectable phenotypic properties. They have
been used here to isolate biologically the small
cryptic plasmid (6) from E. coli strain 15, and to
demonstrate that this minicircular genetic ele-
ment, which contains only 2,300 nucleotide base
pairs, carries the functions required for it to
exist as an autonomous replicon.
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MATERIALS AND METHODS

Most media, bacterial strains, and plasmids used
in this study have been described previously (2-5).
The ampicillin (Ap) resistance plasmid RSF1030 (5.5
x 106 daltons) was obtained from S. Falkow (11), the
plasmid R6K was obtained from R. C. Clowes (18),
and the E. coli TAU-bar strain from A. Ganesan (10).
Mutagenesis of an E. coli C600 strain carrying the
pSC105 plasmid (4) was accomplished using N-
methyl-N-nitro-N-nitrosoguanidine at a concentra-
tion of 100 ug/ml as described by Miller (20). This
treatment produced 1% mutation of the strain to the
galactose phenotype (as determined on MacConkey
galactose plates [Difcol) and resulted in 40% survival
of bacteria. The procedures employed for bacterial
growth in L broth (24), isolation of covalently closed
circular (CCC) plasmid DNA by detergent lysis and
dye-buoyant density centrifugation (26, 27), trans-
formation of E. coli by plasmids (5), isolation and use

of the EcoRI restriction endonuclease (3, 8) and the E.
coli DNA ligase (4), analysis of endonuclease-gen-
erated DNA fragments by electrophoresis in 0.8%
agarose gels (3, 12, 23), and sucrose gradient centrifu-
gation of plasmid DNA (26, 27) have been described.
The E. coli DNA ligase was generously provided by
S. Panasenko, P. Modrich, and I. R. Lehman (21).

3H-labeled CCC DNA (containing the P15A, P15B,
and P15C plasmids [13]) of E. coli TAU-bar was

obtained from stationary-phase cells grown in mini-
mal glucose-Casamino Acids medium (7), containing
15 Ag of uracil per ml, 3 ug of thymine per ml, 250 ug of
deoxyadenosine per ml, and 8 MiCi of [8H ]thymidine
per ml. Total CCC DNA was isolated by detergent
lysis and dye-buoyant density centrifugation (26, 27),
and the P15A cryptic DNA was purified from this
CCC DNA by preparative sucrose gradient centrifuga-
tion (SW41 rotor, 5 h, 39,000 rpm).

RESULTS

Isolation of ts replication mutant as an

indicator plasmid. The pSC 105 plasmid,
which was previously constructed in vitro by
linking a kanamycin (Km) resistance fragment
of a large plasmid to the tetracycline (Tc)
resistance plasmid pSC101 (2,4) was mutagen-
ized with N-methyl-N-nitro-N-nitrasoguani-
dine. After 30-min of treatment with N-methyl-
N-nitro-N-nitrosoguanidine at 32 C, the muta-
genized culture was sedimented, washed twice
with an equal volume of sodium potassium
phosphate buffer (0.1 M, pH 7.0), and used to
inoculate 250 ml of L broth. Bacteria were

grown for 16 h at 32 C to stationary phase; from
these cells, CCC pSC105 plasmid DNA was

isolated and used to transform E. coli cells at a

concentration of 0.5 Mg of DNA per 5 x 109
calcium chloride-treated bacteria. After the
42 C heat-pulse DNA uptake step of the trans-
formation procedure (5), the mix was diluted
10-fold into L broth and incubated for 2 h at

32 C. Aliquots (0.1 ml) of cultures diluted to
yield approximately 102 transformants per plate
were spread on nutrient agar plates containing
both Tc (20 gg/ml) and Km (20 ,g/ml) and
incubated at 32 C.

After sufficient incubation to allow the ap-
pearance of small colonies (approximately 16
h), the culture plates were shifted to a 45 C oven
where they were incubated for an additional 24
h to permit enlargement of any colonies capable
of growth at this temperature. Each colony that
remained small was toothpicked onto two
Tc-Km plates; one plate was incubated at 32 C
and the other at 45 C to test for temperature
sensitivity of growth in the presence of antibiot-
ics. Single colony isolates of ts clones were
tested for temperature sensitivity of resistance
to each antibiotic, and those showing concurrent
temperature sensitivity to both of them were
considered to be putative ts replication mu-
tants. However, all single colony isolates of
clones showing any ts characteristics were tooth-
picked from 32 C plates onto nutrient agar
plates lacking antibiotics and grown at 45 C for
24 h. Bacteria from the edge of the resulting
colonies were purified at 32 C on nutrient agar
plates (no antibiotics) and tested for the ability
to grow on each antibiotic at this temperature.
The conversion of initially antibiotic-resistant
colonies to drug sensitivity by growth of the
clone at 45 C in the absence of the drugs was
taken as a further indication of a ts defect in
plasmid replication.
Of 5,500 transformed clones examined, 1,000

smaller colonies were toothpicked to Tc-Km
plates at 32 and 45 C. Of 16 colonies showing ts
growth characteristics on antibiotic medium,
six were temperature sensitive for only Tc
resistance (tsTcR) and eight were tsKmR. Two
were temperature sensitive for both Tc and Km
resistance, and the resistance properties of these
clones were lost by growth at 45 C. One of these
bacterial clones was designated SC331, and the
putative ts Rep mutant plasmid it carried
(which had been derived from the pSC 105
plasmid) was called pSC205.
The pSC 105 plasmid contains two EcoRI

endonuclease-generated fragments, the larger of
which corresponds to the pSC101 plasmid (4).
The second fragment, which carries Km resist-
ance, has not been found capable of autonomous
replication (Chang and Cohen, unpublished
data, and V. Hershfield, personal communica-
tion). The replicator fragment of the ts Rep
pSC205 plasmid was isolated by EcoRI diges-
tion of pSC205 DNA. The digested DNA was
diluted 10-fold to a concentration of 6.0 gg/ml to
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INDIRECT SELECTION OF BACTERIAL PLASMIDS 227

reduce intermolecular hydrogen bonding of the
nuclease-generated fragments and treated with
the E. coli ligase. The resulting mixture was
used to transform E. coli strain C600 for Tc
resistance at 32 C. Twenty Tc-resistant, Km-
sensitive transformants were isolated, and all
were found to have the ts Rep phenotype that
had been observed for the pSC205 plasmid. The
plasmid isolated from one of these transformant
bacterial clones (designated SC332) was called
pSC201. The plasmid DNA of pSC201 and
pSC205 had molecular properties indistinguish-
able from the pSC101 and pSC105 plasmids,
respectively, as determined by sucrose gradient
analysis and agarose gel electrophoresis (results
not shown).
The rate of loss of the ts Rep pSC201 and

pSC205 plasmids from E. coli at 45 C is shown
in Fig. 1. For both plasmids, the number of
antibiotic-resistant bacteria equalled the total
number of cells for approximately four genera-
tions; presumably, this initial period of stability
of resistance represents the time required to
dilute out the approximately six to eight copies
(our laboratory, unpublished data) of the plas-
mids initially present in each bacterial cell.
Once these multiple copies had segregated,
inhibition of plasmid replication at 45 C was
indicated by a rapid decrease in the frequency
of antibiotic resistance cells. However, the slope
of the segregation curve in this period was less
steep than the theoretical segregation curve for
a plasmid that is totally inhibited in its replica-
tion (see also reference 15).
Genetic and molecular evidence for se-

lective loss of the pSC201 replicon at 45 C.
An E. coli C600 clone containing a plasmid
(pSC 102) which carries resistance to Km,
neomycin, and sulfonamides (4) was trans-
formed to Tc resistance with pSC201 DNA at
32 C. Bacteria of the resulting clone, which
contained both the pSC102 and pSC201 repli-
cons, were grown to log phase and diluted to 10O
cells/ml in L broth lacking antibiotics. The cells
were grown to late stationary phase (5 x 10'
cells/ml) at 32 or 45 C, and both cultures were
assayed at 32 C for total cell count on nutrient
plates, Km resistance (specified by the pSC102
plasmid) and Tc resistance (specified by the
pSC201 plasmid). All cells grown at 32 C were
resistant to both Km and Tc, but whereas all
cells from the 45 C culture were Km resistant,
only 0.05% of cells expressed Tc resistance,
suggesting that preferential loss of the pSC201
plasmid occurred at 45 C. One colony was
selected from each 32 and 45 C nutrient agar
assay plate and was grown overnight in L broth
in the presence of [IH Ithymidine. Plasmid DNA
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FIG. 1. Segregation kinetics ofpSC205 and pSC201
plasmids. E. coli C600 transformant clones SC331 and
SC332 containing the pSC205 and pSC201 plamids,
respectively, were incubated for 16 h in the presence
of 20 ug each of Tc and Km per ml for pSC205, and 20
,ug of Tc per ml for pSC201. These cultures were
diluted 1:20 into L broth, and grown for 2 h at 32 C,
and then each was diluted at zero time to approxi-
mately 104 cells/ml into two flasks containing 5 ml L
broth prewarmed at 32 and 45 C. Samples (0.1 ml)
from each flask were assayed at 2-h intervals for total
cells (on nutrient agar plates) and for antibiotic-
resistant cells (on Tc-Km plates for pSC205, and on
Tc plates for pSC201). Results are plotted as per-
centage of antibiotic-resistant cells versus time. The
percentage of resistant cells in cultures incubated at
32 C remained essentially constant (95 to 100%), and
individual points are not shown above. The genera-
tion time of cells incubated at 32 C was 37 min, and
was 28 min for the cells incubated at 45 C. Symbols:
A, SC331 at 45 C; 0, SC332 at 45 C; *, theoretical
segregation curve if replication is completely inhib-
ited at 45 C. This curve was determined by consider-
ing a 50% decrease in the proportion of cells contain-
ing plasmid resistance markers per generation time
(28 min). To avoid confusion with the actual data,
this curve is displaced to the right of the measured
curves.

extracted from these cells was analyzed on
neutral sucrose gradients (Fig. 2). As seen in
this figure, the colony from the 32 C culture
contained two DNA peaks having sedimenta-
tion properties characteristic of CCC DNA of
the pSC201 (26S) and pSC102 (37S) plasmids,
whereas the DNA of the 45 C colony showed
only a single peak characteristic of the pSC102
plasmid.

Indirect selection using the pSC201 indica-
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FIG. 2. Molecular evidence for selective loss of
pSC201 plasmid at 45 C. E. coli C600 cells containing
pSC201 and pSC102 were incubated overnight in L
broth at 32 and 45 C and assayed on nutrient agar
plates. A single colony from each 32 and 45 C
nutrient agar assay plate was inoculated into 250 ml
of L broth containing 3 gCi of [3H]thymidine per
ml. After 16 h of incubation at 32 C, cells were

harvested and lysed with Brij detergent, and CCC
DNA of the cleared lysate was isolated by cesium
chloride-ethidium bromide centrifugation as indicated
in Materials and Methods, applied to a 5-mI linear
5 to 20%o sucrose gradient, and centrifuged at
40,000 rpm for 100 min at 20 C in a Beckman SW50.1
rotor. A 10-,ul volume of "C-labeled ColD DNA
(21.5S, D. J. Kopecko, personal communication) was

added to each gradient. Upper CCC DNA (30 jl)
originating from 32 C assay plate; lower CCC DNA
(50 ,u) originating from 45 C assay plate.

tor plasmid. Experimental conditions suitable
for indirect selection were determined using the
Tc resistance plasmid pSC201 and the Ap
resistance plasmid RSF1030. Mixtures of these
two DNA species in various ratios were used
to transform CaCl2-treated E. coli C600 cells,
but only Tc resistance was used in the selection
of transformants at 32 C. Tc-resistant trans-
formants were examined for the frequency of
concurrent acquisition of resistance to Ap and
for the temperature sensitivity of each resist-
ance by inoculating the clones onto plates

containing either Ap or Tc and incubating both
types of plates at 32 and 45 C. As shown in
Table 1, when molar ratios of pSC201 to
RSF1030 were 10-3 or less, more than half of the
Tc-resistant transformants also acouired the Ap
resistance of the RSF1030 plasmid. The doubly
transformed cells showed resistance to Ap at
both 32 and 45 C, but the resistance to Tc was
expressed at only 32 C. Additional indirect
selection experiments carried out with the plas-
mids pSC102 (17 x 101 daltons) (4) and R6K
(26 x 106 daltons) (11) (Table 2) demonstrated
the effectiveness of the procedure for replicons
other than the RSF1030 plasmid.

Indirect selection of the P15A cryptic plas-
mid. E. coli strain 15 carries at least three
distinct plasmids. The P15A cryptic plasmid
present in this strain is the smallest extrachro-
mosomal replicon yet identified, having a mo-
lecular weight of 1.5 x 101 (6, 13). A larger
cryptic plasmid, P15C (13), and a third plasmid
which specifies restriction and modification
functions (11) are also present. A major purpose
of the present experiments was the isolation of
the small cryptic plasmid of E. coli strain 15 for
further study. Because this bacterial strain also
expresses a chromosomally directed type A
restriction and modification system (1), an r-
mutant of E. coli strain C600 (3) was used as a
recipient in our transformation experiments
with the P15A plasmid.

Indirect selection for the P15A plasmid was
carried out in a manner similar to that de-
scribed above for the RSF1030, pSC102, and
R6K plasmids. The molar ratio of pSC201 DNA
to P15A DNA was 4 x 10-1. Nine randomly
chosen Tc-resistant transformant clones were
purified on Tc plates (two streakings) and the
plasmid DNA was isolated and examined by
agarose gel electrophoresis. Six of the nine
clones contained the small cryptic plasmid, as
well as the pSC201 plasmid, while the remain-
ing three clones carried only the indicator
pSC201 replicon. An electrophoresis pattern for
a clone of each type is shown in Fig. 3.
A purified colony of a clone carrying both

plasmids was grown to stationary phase at 32 or
45 C in L broth and the contents of each flask
were assayed on nutrient and Tc agar plates at
32 C. As expected, equal numbers of colonies
from the 32 C flask were observed on both kinds
of plates, but only 0.1% of the total colonies
from the 45 C flask were Tc resistant. Two
colonies from the nutrient agar plates, one
originating from the 32 C flask and one from the
45 C flask, were randomly chosen and their CCC
DNA was examined by centrifugation in neutral
sucrose gradients (Fig. 4). As can be seen in this
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TAmZ 1. Use of pSC201 plasmid for indirect selection of bacteria transformed by RSF1030 plasmid DNAa

DNA (igg) per 5 x 10' cells Approx molar ratio" % Indirect selectionc

RSF1030 pSC201 (pSC2O1RSF1O3O) Expt 1 Expt 2 Expt 3

5 x 10-1 5 x 101 1 2.7 (74)d 10(88)
5 x 10-1 5 x 10-2 10- 3.3 (61) 6.3 (94)
5 x 10-1 5 x 10-' 10-2 20 (60) 32 (63)
5 x 10-1 5 x 10-' 10-3 53 (32) 39 (61) 85 (64)
5 x 10-1 5 x 10- 10-4 56 (34) 39 (53) 68 (117)
5 x 101 5 x 10 10-1f 50 (22)

1.0 1 x 10-' 10-' 71 (7) 66(24)

'Transformation frequencies observed were: pSC201 (5 x 10'/;&g of DNA), RSF1030 (5 x 10'/gg of DNA).
Molecular weights: pSC201, 5.8 x 10' (shown in text to be equivalent to pSC101 (21); RSF1030, 5.5 x 10'

(11).
cPercentage of indirect selection indicates the percentage of TcR transformants (at 32 C) that had also

acquired the Ap resistance of the RSF1030 plasmid.
dParentheses indicate number of transformant colonies tested for each percentage shown.

TABi 2. Indirect selectionfor plasmidspSC102and
R6K

Plasmid Mol wt Approx molar % Indirect
data ratio" selection"

pSC102 17 3 x 10-2 24 (63)
3 x 103 37 (26)
10-3 32 (151)

R6K 26 2 x 10' 28(35)

aMolecular weights used to calculate molar ratios
(with respect to pSC201) were: pSC201, 5.8 x 10' (see
Table 1); pSC102, 17 x 10' (4); R6K, 26 x 10' (18).

& Percentage of indirect selection indicates the
proportion of Tc-resistant transformants that were
also Km resistant for pSC102 transformation, or Ap
and streptomycin resistant for R6K. The parentheses
indicate the number of colonies tested for calculation
of percentages. Transformants per microgram ofDNA
were: pSC201, (5 x 10'); pSC102, (3 x 10'); R6K, (2
x 104).

figure, the colony from the 32 C nutrient plate
contained two separate plasmid DNA species,
sedimenting at 26 S (pSC201, Fig. 2) and 17S
(P15A) (19), whereas the 45 C colony contained
only the 175 cryptic plasmid.

DISCUSSION
A major problem associated with the isolation

of mutants of multicopy plasmids has been that
any mutated DNA molecules must be segre-
gated from nonmutant copies present in the
same cell in order for phenotypic effects of the
mutation to be detected. In the case of plasmids
such as F, this may be achieved after a few
rounds of replication (14). However, in the case
of multicopy plasmids such as Col El, complex
experimental procedures may be required to
select mutant plasmids such as those having
temperature-sensitive replication properties

(17). Since the plasmid DNA transformation
procedure permits the cloning of individual
DNA molecules, it enables propagation of a line
of bacterial cells expressing a recessive plasmid
mutation initially present on a single plasmid
DNA molecule. Transformation of bacteria by
plasmid DNA isolated from mutagenized bacte-
ria also provides a method of ensuring that the
phenotypic property being assessed is a conse-
quence of a mutation in the plasmid, and not in
the chromosome.
The observations reported here indicate that

particular cells in a CaCl2-treated bacterial
population are preferentially competent for
transformation. These bacteria are likely to
acquire multiple plasmids, even when no selec-
tion is carried out for the phenotypic properties
of some of the species. In addition, these experi-
ments define a simple procedure that now
permits selection of any plasmid replicon capa-
ble of being transformed into relevent bacterial
cells. We have shown that the indirect selection
procedure is effective for both oligocopy (e.g.,
pSC102) and multicopy (e.g., R6K) plasmids,
and that it can be used for plasmids having sizes
that extend over at least a 5-fold range. By
using a low ratio of indicator plasmid DNA to
DNA of the plasmid being selected indirectly in
the transformation procedure, it is possible to
ensure that a very high percentage of bacterial
cells transformed by the indicator plasmid will
also acquire the second replicon. In various
experiments, DNA ratios of 10-i to 1O- were
successful in yielding a frequency of indirect
selection sufficiently high to permit convenient
detection of the indirectly selected plasmids by
examination of DNA from randomly chosen
bacterial clones that expressed the properties of
the indicator plasmid.
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FIG. 3. Agarose gel analysis of CCC DNA of Tc-

resistant transformants. Indirect selection for cells
containing the P15A plasmid was carried out as
described in the text. Nine Tc-resistant clones were
purified and used to inoculate 250 ml of L broth.
After overnight incubation at 32 C (stationary-phase
cells), the CCC DNA was isolated after lysis with 1%
Triton X (16) and dye-bouyant density centrifuga-
tion. The CCC DNA was analyzed by electrophoresis
in 0.8% agarose gels; three clones contained only
pSC201 plasmid DNA while six clones contained
P15A plasmid DNA in addition to the pSC201 plas-
mid species. (A) Agarose gel electrophoresis of CCC
DNA from a clone containing only pSC201 DNA; (B)
electrophoresis of CCC DNA from a clone containing
pSC201 and P15A plasmid species; (C) and (D)
represent gel electrophoresis of control DNA species,
pSC201 (C) and P15A (D).

Although we initially determined the appro-
priate experimental conditions for indirect se-
lection by use of a second plasmid that ex-
pressed phenotypic traits that could be identi-
fied in the transformed cells, the procedure is
suitable for the selection and biological isolation
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FIG. 4. Sucrose gradient analysis of CCC DNA of
colonies resulting from growth of a strain containing
pSC201 and P15A at 32 and 45 C. A doubly trans-
formed clone containing pSC201 and P15A was grown
for 16 h in L broth at 32 and 45 C and assayed on
nutrient agar plates (see text). Two colonies, one from
the 32 C and one from the 45 C nutrient plate, were
each inoculated into 250 ml of L broth containing 3
1sCi of [8H]thymidine per ml. After 16 h of growth at
32 C, the stationary-phase cells were harvested and
lysed with 1% Triton X (16), and CCC DNA was iso-
lated by dye-bouyant density centrifugation. The CCC
DNA was analyzed by centrifugation in a 5 to 20o
sucrose gradient in an SW50.1 rotor for 150 min at
39,000 rpm. A 10-Mu volume of "4C-labeled ColD DNA
(21.5S, D. J. Kopecko, personal communication) was
used as reference marker. Top curve (A) is CCC DNA
originating from a colony incubated at 32 C. Bottom
curve (B) is CCC DNA originating from a colony
incubated at 45 C.

of cryptic plasmids. The P15A cryptic plasmid
has been of special interest because it is the-
smallest segment of DNA known to be capable
of autonomous replication in E. coli (6). Be-
cause this extrachromosomal element coexists
with two other plasmids in its natural host
bacterial strain (13), it could not be determined
previously whether the plasmid, which can
contain enough genetic information to code for
only two to four proteins, requires genes residing
on the coexisting replicons for it to exist in the
plasmid state.

Purification of the P15A plasmid by indirect

J. BACTERIOL.
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INDIRECT SELECTION OF BACTERIAL PLASMIDS 231

selection, and propagation of a line of cells
carrying only this replicon, demonstrated that
this 2,300-nucleotide-long DNA segment is
competent for autonomous replication. The
ability to introduce the P15A plasmid into
particular mutant strains of E. coli by indirect
selection now permits elucidation of functional
interactions between this plasmid and the chro-
mosomal genes involved in bacterial DNA repli-
cation. It should also facilitate identification of
specific plasmid gene products involved in the
replication of extrachromosomal elements.

ACKNOWLEDGMENTS

We are grateful to K. Timmis for suggesting the choice of
P1SA minicircular DNA for the cryptic plasmid experiments,
and to E. Lederberg for helpful comments. These studies were
supported by Public Health Service research A108619 from
the National Institute of Allergy and In(ctious Diseases.
grant GB30581 from the National Science Foundation, and
grant VC-139 from the American Cancer Society.

LITERATURE CITED

1. Arber, W., and D. Wauters-Willems. 1970. Host specific-
ity of DNA produced by Escherichia coli. XII. The two
restriction and modification systems of strain 15T-.
Mol. Gen. Genet. 108:203-217.

2. Cohen, S. N., and A. C. Y. Chang. 1973. Recircularization
and autonomous replication of a sheared R-factor DNA
segment in Escherichia coli transformants. Proc. Natl.
Acad. Sci. U.S.A. 70:1293-1297.

3. Cohen, S. N., and A. C. Y. Chang. 1974. A method for
selective cloning of eukaryotic DNA fragments in
Escherichia coli by repeated transformation. Mol Gen.
Genet. 134:133-141.

4. Cohen, S. N., A. C. Y. Chang, H. W. Boyer, and R. B.
Helling. 1973. Construction of biologically functional
bacterial plasmids in vitro. Proc. Natl. Acad. Sci.
U.S.A. 70:3240-3244.

5. Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972.
Nonchromosomal antibiotic resistance in bacteria: ge-

netic transformation of Escherichia coli by R-factor
DNA. Proc. Natl. Acad. Sci. U.S.A. 69:2110-2114.

6. Cozzarelli, N. R., R. B. Kelly, and A. Kornberg. 1968. A
minute circular DNA from Escherichia coli 15. Proc.
Natl. Acad. Sci. U.S.A. 60:992-999.

7. Freifelder, D. R., and D. Freifelder. 1968. Studies on

Escherichia coli sex factors I. Specific labelling of F'lac
DNA. J. Mol. Biol. 32:15-23.

8. Green, P. J., M. D. Betlach, H. M. Goodman, and H. W.
Boyer. 1974. DNA replication and biosynthesis, p.
87-103. In R. B. Wickner (ed.), Methods in molecular
biology, vol. 9. Marcel Decker, Inc., New York.

9. Gyles, C., M. So, and S. Falkow. 1974.The enterotoxin
plasmids of Escherichia coli. J. Infect. Dis. 130:40-49.

10. Hanawalt, P. C. 1963. Involvement of synthesis ofRNA in
thymineless death. Nature (London) 198:286.

11. Heffron, F., R. Sublett, R. W. Hedges, A. Jacob, and S.
Falkow. 1975. Origin of the TEM beta-lactamase gene

found on plasmids. J. Bacteriol. 122:250-256.
12. Helling, R. B., H. M. Goodman, and H. W. Boyer. 1974.

Analysis of endonuclease R-EcoRI fragments of DNA
from lambdoid bacteriophages and other viruses by
agarose-gel electrophoresis. J. Virol. 14:1235-1244.

13. Ikeda, H., M. Inuzuka, and J. Tomizawa. 1970. PI-like
plasmid in Escherichia coli 15. J. Mol. Biol.
50:457-470.

14. Jacob, F., S. Brenner, and F. Cuzin. 1963. On the
regulation of DNA replication in bacteria. Cold Spring
Harbor Symp. Quant. Biol. 28:329-348.

15. Johnston, L. H., and K. G. H. Dyke. 1971. Stability of
penicillinase plasmids in Staphylococcus aureus. J.
Bacteriol. 107:68-73.

16. Katz, L., D. T. Kingsbury, and D. R. Helinski. 1973.
Stimulation by cyclic adenosine monophosphate of
plasmid deoxyribonucleic acid replication and catabo-
lite repression of the plasmid deoxyribonucleic acid-
protein relaxation complex. J. Bacteriol. 114:577-591.

17. Kingsbury, D. T., and D. R. Helinski. 1973. Tempera-
ture-sensitive mutants for the replication of plasmids
in Escherichia coli. I. Isolation and specificity of host
and plasmid mutations. Genetics 74:17-31.

18. Kontomichalou, P., M. Mitani, and R. C. Clowes. 1970.
Circular R-factor molecules controlling penicillinase
synthesis, replicating in Escherichia coli under either
relaxed or stringent control. J. Bacteriol. 104:34-44.

19. Messing, J., W. L. Staudenbauer, and P. H. Hofschnei-
der. 1973. Endonuclease activity associated with the
DNA protein complex of minicircular DNA of Esche-
richia coli 15. Eur. J. Biochem. 36:39-44.

20. Miller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

21. Modrich, P., R. Anraku, and I. R. Lehman. 1973.
Deoxyribonucleic acid ligase. Isolation and physical
characterization of the homogenous enzyme from Esch-
erichia coli. J. Biol. Chem. 248:7495-7501.

22. Morrow, J. F., S. N. Cohen, A. C. Y. Chang, H. W. Boyer,
H. M. Goodman, and R. B. Helling. 1974. Replication
and transcription of eukaryotic DNA in Escherichia
coli. Proc. Natl. Acad. Sci. U.S.A. 71:1743-1747.

23. Sharp, P. A., B. Sugden, and S. Sambrook. 1973.
Detection of two restriction endonuclease activities in
Haemophilus parainfluenzae using analytical agarose-
ethidium bromide electrophoresis. Biochemistry
12:3055-3063.

24. Silver, R. P., and S. N. Cohen. 1972. Nonchromosomal
antibiotic resistance in bacteria. V. Isolation and
characterization of R factor mutants exhibiting tem-
perature-sensitive repression of fertility. J. Bacteriol.
110:1082-1088.

25. Spratt, B. G., R. J. Rowbury, and G. G. Meynell. 1973.
The plasmid of Salmonella typhimurium LT2. Mol.
Gen. Genet. 121:347-353.

26. Timmis, K., F. Cabello, and S. N. Cohen. 1974. Utiliza-
tion of two distinct modes of replication by a hybrid
plasmid constructed in vitro from separate replicons.
Proc. Natl. Acad. Sci. U.S.A. 71:4556-4560.

27. van Embden, J., and S. N. Cohen. 1973. Molecular and
genetic studies of an R factor system consisting of
independent transfer and drug resistance plasmids. J.
Bacteriol. 116:699-709.

VOL. 124., 1975


