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A series of studies were performed on a Staphylococcus aureus strain thought
to contain a pencillinase plasmid integrated into the host chromosome. Reas-
sociation kinetics analysis of whole-cell deoxyribonucleic acid (DNA) in the
presence of pure radioactive plasmid DNA revealed that plasmid-specific
sequences were present at about 1 copy per chromosome equivalent as compared
to 3.6 copies for the same plasmid in its autonomous state. Consistent with this
observation was the finding that penicillinase activity was lower for the former
strain than for the latter. It was shown further that the plasmid-specific
sequences cosedimented on neutral sucrose gradients with fragments of whole-
cell DNA many times larger than the plasmid. These two findings were taken as
strongly confirmatory of the integrated state. Analysis of whole-cell ribonucleic
acid for the presence of plasmid-specific messengers revealed that these were
present in approximately the amounts expected on the basis of the DNA study.

For bacterial species such as Escherichia coli
and Bacillus subtilis, which have chromosomes
that are genetically and physically well defined,
the status of other genetic elements in relation
to the chromosome can be readily established
by genetic or physical means. For species such
as Staphylococcus aureus, however, which have
at present very poorly defined genomes, it is
much more difficult to establish the status of
apparently nonchromosomal genetic elements.
This general problem has been dealt with in
some detail previously (3); here we are con-
cerned with establishing whether or not a par-
ticular plasmid is integrated into the chromo-
some. Since the chromosome itself has not been
characterized-indeed, it is not even certain
that there is a single chromosome in S. au-
reus-we have used as an operational criterion
for plasmid integration linear insertion into a
larger replicon. In this situation the larger
nucleic acid performs the replication function
for the plasmid.

In previous studies (8, 11) we have used a
less direct criterion for integration, namely, ina-
bility to isolate physically identifiable plasmid
deoxyribonucleic acid (DNA) species from cel-
lular lysates. By this criterion, coupled with
genetic evidence consistent with integration, we
have identified two different situations suggest-
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ing integration of apparently intact staphylo-
coccal penicillinase plasmids into the chromo-
some. In one of these, the integration took place
during a transductional cross involving joint
selection for two incompatible plasmids in a
rec- host (11). In the other, integration was
detected after selection for thermostable revert-
ants of a thermosensitive replication-defective
plasmid (8).

In this report we describe experiments in
which the technique ofDNA-DNA reassociation
kinetics was used to detect plasmid-specific
sequences in cellular DNA preparations isolated
from the former of these strains. This DNA was
fractionated by size to show that these se-
quences were associated with DNA molecules
many times larger than the plasmid. Moreover,
the sequences were present in the amount
expected for approximately one plasmid copy
per genome equivalent.

MATERIALS AND METHODS
Organisms. These experiments were carried out

with three S. aureus strains: RN1500, carrying the
integrated plasmid pRN3150 whose genotype is pI258
penI443 asa-33 eroB18 inc- (11); RN685, carrying
plasmid pRN3064, which is the autonomously repli-
cating ancestor of pRN3150; and RN2222, a diplasmid
strain carrying two compatible penicillinase plas-
mids, pRN3025 and pRN2003 (6).
Media and culture conditions. Cultures were

grown in CY broth or in MN medium (4) at 37 C.
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Penicillinase determination. Penicillinase activ-
ity of whole CY cultures was estimated by the
microiodimetric method (2).

Preparation of DNA. Total cellular DNA and
"P-labeled plasmid DNA were isolated as previously
described (6), as was 'H-labeled open-circular plasmid
DNA (C. Ruby and R. P. Novick, Proc. Natl. Acad.
Sci. U.S.A., in press). High-molecular-weight S.
aureus DNA was prepared by acetone-alcohol extrac-
tion of whole cells followed by lysostaphin-sarkosyl
lysis (6) and treatment with ribonuclease (100 Ag/ml,
2 h at 55 C) followed by Pronase (1 mg/ml, 2 h at
55 C). Lysates prepared in this manner were used
without further manipulation as sources of high-
molecular-weight DNA for preparative neutral su-
crose gradient analysis.

Reassociation kinetics. The increase in reassocia-
tion rate of a known amount of fragmented .2p
labeled plasmid DNA was used to detect and quanti-
tate plasmid sequences present in preparations of
total cellular DNAs as previously described (6, 9).
However, cellular nucleic acid was fragmented in 0.3
M NaOH at 100 C for an additional 10 min (a total of
20 min) to insure sufficient degradation of the inte-
grated plasmid. It has been observed (M. Rush, unpub-
lished data) that this additional fragmentation results
in about 1.5-fold overestimates in calculations of plas-
mid copies per cell when nonintegrated (independent)
plasmids are examined. Data were plotted according
to the equation:

If= Kct + 1
2

where t is the time of incubation under reannealing
conditions, c. is the total concentration of plasmid
DNA (both labeled and unlabeled) expressed either as
total phosphate or micrograms of DNA, f,J is the
fraction of plasmid DNA which is still single stranded
at time t, and K is an overall second-order rate
constant expressing the reassociation of the various
fragments of the plasmid genome.

Preparation of RNA. Total ribonucleic acid
(RNA), in some cases pulse labeled for 3 min with
[3H]uridine (10 uCi/ml; New England Nuclear), was
isolated from S. aureus strains as previously described
(12).
DNA-RNA hybridization. DNA-RNA hybridiza-

tion experiments were performed on nitrocellulose
filters by the procedure of Gillespie and Spiegelman
(1) as previously described (12). When nonlabeled
RNA was used to compete with a specific ['H]RNA
preparation for binding sites on nitrocellulose-
immobilized DNA, the DNA-containing filters were
incubated with cold RNA for 19 to 20 h at 66 C and
washed with 2 x SSC (1 x SSC is 0.15 M NaCl plus
0.015 M trisodium citrate) before addition of the
labeled RNA at a concentration known to be just
saturating for the DNA bound to the filters in the
absence of cold RNA.

RESULTS
Detection and quantitation of plasmid

DNA in S. aureus strain RN1500. The pres-

ence of plasmid DNA sequences in S. aureus
strain RN1500 was confirmed by measuring the
effect of cellular DNA isolated from this strain
on the reassociation rate of a 2P-labeled plas-
mid (pRN3064) probe. The results of a typical
experiment are shown in Fig. 1, which also
includes data obtained for the diplasmid strain
RN2222. Results for the latter strain, previously.
reported to contain about 24 plasmid copies
per cell (6), have been included in this fig-
ure to demonstrate the ability of this tech-
nique to detect both large and small quantities
of plasmid DNA sequences. The calculated
amounts of plasmid DNA were converted into
units of plasmid copies per chromosome equiva-
lent using a value of 2 x 109 daltons for the
molecular mass of the S. aureus chromosome.
This value has been determined as the 32P-sen-
sitive target of this organism (R. Novick, un-
published data). The plasmid multiplicities
obtained were 1.1 copies per chromosome equiv-
alent for strain RN1500 and 12 for strain
RN2222. Since these values are slight overesti-
mates (see above), less than 1% of the total
DNA in strain RN1500 consists of the plasmid
genome (molecular weight, 18.6 x 10. [5D, and
no more than one copy per chromosomal DNA
equivalent is present. In light of this result,
failure to detect either closed-circular, open-cir-
cular, or linear forms of this plasmid in cellular
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FIG. 1. Reassociation kinetics analyses of total cel-
lular DNAs isolated from S. aureus strains RN1500
and RN2222. Solutions containing known amounts of
unlabeled, denatured, fragmented, total cellular
DNAs were examined by measuring the rate of
reassociation of an added "2P-labeled plasmid
(pRN3064) probe at 68 C. Reaction mixtures con-
tained about 0.18 ug of probe DNA plus either 10.6 Ag
of RN1500 DNA (A), 6 ,gg of RN2222 DNA (0), or no
additional unlabeled material (0). The amounts of
unlabeled plasmid calculated to be present in the
RN1500 and RN2222 DNA samples were 0.11 Mg and
0.65 Mg, respectively.
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lysates (8, 11) strongly suggests an integrated
state, a situation that has been confirmed by
identification of plasmid DNA sequences in
large pieces of chromosomal DNA.
Association of plasmid DNA sequences

with chromosomal DNA. A 0.3-ml portion of a
crude strain RN1500 lysate was mixed with 0.05
ml (3 gg/ml, 13,500 counts/min per Ag) of
'H-labeled open-circular plasmid DNA (molec-
ular weight, 18.6 x 10') and then layered on a
12-ml 5 to 20% neutral sucrose gradient. This
was centrifuged for 90 min at 20 C at 41,000 rpm
in a Spinco 41 Ti rotor and then fractionated
dropwise. Absorbance at 260 nm was read for
each sample, and an aliquot was removed for
determination of radioactivity. Selected sam-
ples were then pooled, dialyzed, and analyzed
for their effects on the reassociation rate of a
purified "P-labeled pRN3064 DNA probe.
These data were then used to calculate the
concentration of plasmid-specific sequences in
each pool. Figure 2 summarizes the results. As
can be seen, there were significant amounts of
plasmid-specific DNA in the regions corre-
sponding to both the absorbance and 'H-labeled
sedimentation marker peaks. The plasmid DNA
sequences in the absorbance peak fractions
accounted for about 1% of the total DNA
present in those fractions, whereas the amount
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present in the marker peak region accounted for
about 60% of the plasmid DNA added. More-
over, the quantity of plasmid DNA detected in
the latter pooled fractions by reassociation ki-
netics agreed with the amount calculated to be
present from the total 'H radioactivity and the
original specific activity of marker DNA. Note
that the absorbance peak has a nominal sedi-
mentation coefficient of 66S, corresponding to
an average molecular weight of well over 108.

Penicillinase activity. Inasmuch as the plas-
mid gene dosage was about 3.6 times less in
strain RN1500 ( < 1 copy per chromosome equiv-
alent) than in strain RN685 (3.6 copies per
chromosome equivalent [6]), it was expected
that there would be a corresponding difference
in the penicillinase activity of the two strains.
Accordingly, exponential CY cultures were as-
sayed for penicillinase activity and there was
indeed a significant difference in the expected
direction: whereas strain RN1500 had a specific
activity of 19 units/mg dry weight (2), RN685
had 48.
In vivo transcription of plasmid DNA in S.

aureus strain RN1500. To determine whether
or not plasmid integration affects plasmid tran-
scription, pulse-labeled [3H ]RNAs isolated
from strains carrying autonomous and inte-
grated plasmids were analyzed by means of
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FIG. 2. Distribution of plasmid-specific sequences in RN1500 DNA. A sample of a crude RN1500 lysate was

mixed with a sample of purified 'H-labeled open-circular pRN3064 DNA (sedimentation coefficient, 35S),
layered on a 12-ml 5 to 20% neutral sucrose gradient (containing 1 M NaCI and 0.05 M ethylenediaminetet-
raacetate, pH 7.0) and centrifuged for 90 min in a Spinco SW41 Ti rotor at 40,000 rpm at 20 C. Fractions (0.3 ml)
were collected from the bottom and sampled for radioactivity (0). Absorbance at 260 nm was also measured (0).
Fractions bounded by the indicated brackets were pooled, dialyzed, and analyzed by reassociation kinetics with
32P-labeled pRN3064 DNA as a probe. From the reassociation slopes, the concentrations (micrograms per
milliliter) of plasmid-specific sequences were calculated and are indicated above the brackets representing the
pooled fractions.
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DNA-RNA competition hybridization. Specifi-
cally, nonlabeled RNAs isolated from both S.
aureus strains RN1500 (integrated) and RN685
(autonomous) were independently examined for
their abilities to compete with pulse-labeled
['HIRNAs, isolated from the same strains, for
binding sites on immobilized plasmid DNA.
The results of these experiments (Fig. 3) indi-
cated that the integrated strain contained less
total plasmid-specific RNA than its independ-
ent relative and suggested that fewer plasmid
nucleotide sequences may have been tran-
scribed in the former strain.

DISCUSSION
In the absence of a well-characterized ge-

nome, the best that one can do to prove inser-
tion of a plasmid (or other element) into the
bacterial chromosome is to demonstrate associ-
ation of plasmid DNA with much larger cellular
DNA fragments, in a manner analogous to that
which has been successfully used to demon-
strate the integration of tumor virus genomes
into eukaryotic chromosomal DNA (7). This
proof of integration requires the resolution of
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FIG. 3. DNA-RNA competition hybridization. (A)
Effect of competition by nonlabeled RNA isolated
from S. aureus strains RN1500 (0) or RN685 (A) on
the hybridization between in vivo synthesized pulse-
labeled RN1500 ['H]RNA and RN685 plasmid DNA.
The amounts of ['HJRNA (16 x 106 counts/min) and
immobilized plasmid DNA (0.1 Ag) were kept con-
stant. (B) Effect of competition by nonlabeled RNAs
isolated from S. aureus strains RN1500 (0) or RN685
(A) on the hybridization between in vivo synthesized
pulse-labeled RN685 ['H]RNA and RN685 plasmid
DNA. The amounts of ['H]RNA (3.7 x 101 counts!
min) and immobilized plasmid DNA (0.2 ug) were
kept constant.

high-molecular-weight DNA, and the technique
adopted here was size fractionation by prepara-
tive neutral sucrose gradient sedimentation.
However, due to the high viscosity of these DNA
preparations, one must consider the danger of
physically trapping among the large DNA frag-
ments smaller molecules that are not linearly
associated. We sought to control for this possi-
bility by adding a small amount of radioactive
plasmid DNA to the bulk cellular DNA sample.
As shown in Fig. 2, this labeled DNA separated
rather cleanly from the unlabeled bulk DNA
during sedimentation, even though the latter
material moved as a narrow band which showed
considerable viscosity during dripping of the
gradient. We therefore feel that the plasmid
DNA sequences associated with large pieces of
chromosomal DNA are definitely linearly asso-
ciated and, although the data presented in this
communication do not verify a covalent linkage,
we consider it highly likely that such a bond
exists.

In keeping with the demonstration of integra-
tion is the finding that the integrated plasmid
has a very much lower multiplicity than a strain
carrying the same plasmid in its autonomous
state. In fact, the best estimate for multiplicity
of the integrated plasmid is one copy per
chromosome equivalent-presumably the mini-
mum possible value. This reduced multiplicity
is accompanied by a corresponding reduction in
the amount of penicillinase produced by the
strain and by the presence of fewer plasmid-
specific RNA transcripts. However, further
studies will be required to more carefully quan-
titate these effects. Such studies are important
since this is one of the few prokaryotic systems
where accurate measurements of gene dosage
and gene product are possible.

In conclusion, it should be mentioned that
the reassociation kinetics data presented in Fig.
1 for S. aureus strain RN1500 do not prove that
the entire plasmid genome has been integrated
(6, 9). Probes of purified, radioactively-labeled,
restriction nuclease plasmid DNA fragments
would have to be used to confirm this assump-
tion.
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