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Occurrence of various types of penicillinase plasmid
among 'hospital' staphylococci
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SYNOPSIS The type of penicillinase plasmid carried by penicillin-resistant cultures of Staphylococcus
aureus isolated from eight London hospitals has been determined.
Among 'endemic' hospital staphylococci, cultures resistant to mercury salts and producing large

amounts of A-type penicillinase, a high proportion of which is extracellular, are most common.
C-type penicillinase is rarely associated with resistance to mercury salts.
The majority of strains resistant to penicillin and at least one other antibiotic carried the a-

plasmid.
Possible reasons for the prevalence of the a-plasmid among endemic hospital staphylococci are

discussed.

In most strains of Staphylococcus aureus the genes
which determine the synthesis of penicillinase are
carried on an extrachromosomal particle or plasmid
(Novick, 1963; Richmond, 1965a). Three naturally
occurring varieties of the staphylococcal penicillinase
molecule can be distinguished by their reaction with
a specific anti-penicillinase serum (Richmond, 1965b)
and the penicillinase plasmids of Staph. aureus have
been classified into three main groups on this basis
(Novick and Richmond, 1965; Richmond, 1965a).
Further types of plasmid can be recognized by the
presence in the same plasmid of other genetic
markers. A total of 10 plasmid types (Table T) has
been identified, using as criteria the presence or
absence of erythromycin resistance (Novick and
Richmond, 1965), resistance to mercuric chloride
(Richmond and John, 1964), and the proportion of
the penicillinase which is liberated into the medium
during the exponential growth (Richmond, 1965a).
The type of penicillinase plasmid carried by staphy-
lococcal strains may have some bearing on their
distribution in nature. Most strains able to persist in
the hospital environment (the so-called 'hospital'
staphylococci) synthesize large amounts of penicillin-
ase, and are resistant to mercuric chloride and to at
least one antibiotic other than penicillin (Richmond,
Parker, Jevons, and John, 1964). We decided, there-
fore, to examine a collection of strains of Staph.
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aureus isolated from hospital patients and to try to
assess the relevance of the plasmid type to the ability
to survive in the hospital.
The immunological B-type of penicillinase (carried

by plasmid 8) seems to be confined to staphylococci
of phage group II (Richmond, 1965b). Although
these strains frequently cause sporadic infection in
the general population, they rarely spread in hospitals.
We therefore confined our attention in the present
investigation to the producers of A-type and C-type
penicillinase.

METHODS AND MATERIALS

STRAINS Each year, eight hospitals in the London area
submit approximately 100 cultures of Staphylococcus
aureus consecutively isolated from septic lesions to the
Cross-Infection Reference Laboratory. Those strains,
which are represented three or more times within 100
cultures submitted in this way, are considered to be
'endemic', but those which occur only once are said to be
'sporadic'. These criteria give a more reliable identifica-
tion of 'endemic' than of 'sporadic' strains since, for
example, the single appearance of a strain towards the
end of a series of 100 cultures might be the first example
of a strain subsequently to become 'endemic'.
For the present investigation, only those strains isolated

during 1963 which were lysed by at least one of the phages
of groups I or III and which were resistant to penicillin are
considered. Within these limits, one representative ofeach
endemic strain from each of the eight hospitals, and a
culture of every sporadic strain from four of the hospitals,
were studied.
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Two further cultures will be discussed, since they carry
rare types of penicillinase plasmid. They are strain 258
(Hashimoto, Kono, and Mitsuhashi, 1964; Novick and
Richmond, 1965; Richmond, 1965a), which carries the
y-plasmid; and strain 147 (Segalove, 1947; Richmond,
1965a and b), which carries the ,-plasmid. Strain 258 was
obtained from a lesion recently, but strain 147 was isola-
ted from a food poisoning outbreak at Nashville in the
United States in 1933, long before penicillin was used
therapeutically (Segalove, 1947). Neither of them is
included in the Tables.

PENICILLINASE ESTIMATIONS The estimations were of
quantity, degree of extracellularity, and immunological
type.

Quantity Penicillinase activity was measured by the
iodometric method of Perret (1954), as modified by
Novick (1962). One penicillinase unit = I -0j,mole benzyl-
penicillin destroyed per hour at 30°C. and pH 5 9. The
amount of penicillinase (enzyme units/mg. dry weight
bacteria) was determined after induction under standard
conditions, as described previously (Richmond et al.,
1964). A stock strain (524SC) was induced under the same
conditions in each experiment to check the variability of
induction from day to day. The quantitiy of enzyme
synthesized by the test strain is sometimes quoted as a
factor (F) calculated as follows (see Richmond et al.,
1964):

specific enzyme activity of test strain (units/mg. dry

F-
wt. organism)

specific enzyme activity of strain 524SC (units/mg.
dry wt. organism)

The average penicillinase content of a culture of strain
524SC, induced under standard conditions, was 240
units/mg. dry wt. bacteria over the course of these
experiments.

Degree of extracellularity A portion of a fully-
induced culture was centrifuged as 2,500 g for 10 min. and
the amount of penicillinase in the supematant was
estimated. The amount of extracellular penicillinase was
expressed as a percentage of the activity of the whole
culture, which had been determined separately.

Immunological type A portion (about 5 0 ml.) of a
fully-induced culture was centrifuged at 2,500 g for 10
min. and the amount of enzyme activity in the superna-
tant estimated. This supernatant was diluted in fresh CY
medium if necessary, and a portion containing 20 units
enzyme (in 0-2 to 1I0 ml.) was placed in each of two flasks.
Similar amounts of purified A-type penicillinase in a
second pair of flasks acted as standard. Sufficient anti-
exopenicillinase to give a full stimulation (see Richmond,

1963, 1965b for details of this phenomenon) was placed in
one of the standard and one of the test flasks, the other
pair of flasks acting as controls. All four flasks were
incubated at room temperature for 10 minutes to allow
the enzyme-antiserum reaction to be completed, and the
enzyme activity in each flask was assayed as described
previously (Richmond, 1963). A large increase in enzyme
activity (usually to about 80 units) in the presence of
antiserum is characteristic of A-type penicillinase; the
enzyme activity of C-type enzyme is not stimulated by
anti-A-type exopenicillinase serum, but B-type enzyme is
stimulated a maximum of one and a half times (Richmond
1965b).

CHARACTERIZATION OF STRAINS Phage typing was carried
out by the method of Blair and Williams (1961). Anti-
biotic resistance patterns were determined with an Oxoid
Multodisc containing the following quantities of anti-
biotics: benzylpenicillin, 1-5 units; streptomycin, 10 ztg.;
chloramphenicol, 10 ,ug.; tetracycline, 10 l.g.; erythro-
mycin, 10 ,ug.; novobiocin, 5 jig. Mercury resistance
(Moore, 1960) was investigated by the disc method of
Green (1962).

RESULTS

PLASMID TYPES Table I shows the types of penicillin-
ase plasmid found so far in Staphylococcus aureus
and the characters by which they are recognized. The
distinction between plasmids cx and 0, fi and -q, e and
r, and C and K, is based entirely on the proportion of
the penicillinase released into the culture medium
under standard conditions of induction. Although
the 'degree of extracellularity' is co-transducible with
penicillinase and therefore plasmid-borne (Rich-
mond, 1965a), the wide range of values found (from
5% to 60%) makes it difficult to use this parameter.
When the extracellularity of the enzyme is high (30
to 60%) or low (5 to 10%) there is no difficulty, but
some strains with intermediate values are isolated. In
the classification used here, an arbitrary value of 25%
is used as a boundary between 'high' and 'low'
extracellularity.

ENZYME PRODUCTION AND PLASMID TYPE Table II

shows the distribution of plasmid types among the 96
cultures examined. The results are set out in two
ways: first for single plasmids and then grouped so
as to neglect the character of 'extracellularity'. All
but one of the cultures belonged to one of five

TABLE I
CHARACTERISTICS OF THE TYPES OF PENICILLINASE PLASMID IDENTIFIED TO DATE IN PENICILLIN-RESISTANT Staphylo-

coccus aureus CULTURES
Plasmid type
Penicillinase type
Erythromycin resistance
Mercury resistance
Extracellularity (Y.)

a s y 8
A C A B

+ + + _
>2S <25 >25 >25

g C 17 0 , K
A C C A A C

>25 >25 >5++ _ _

>25 >25 >25 <25 <25 <25
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TABLE II
DISTRIBUTION OF PLASMID TYPES IN THE PRESENT SURVEY AND THE ASSOCIATION BETWEEN PLASMID TYPE AND QUANTITY OF

PENICILLINASE FORMED

Plasmid Type

a is y a cC 7 0 £

Plasmids Grouped in Pairs'

K 0/40 i/ih F/' ,/K

Total 96 36 0 0 0 14
F = > 0-6 45 28 0 0 0 4
F = <0-6 51 8 0 0 0 10
'Plasmids paired by neglecting the 'degree of extracellularity' character.

F =
Specific enzyme activity (units/mg. dry wt. organisms) for test strain
Specific enzyme activity (units/mg. dry wt. organisms) for strain 524SC

plasmid types (of, E, (, t, and K). The most common
((x) consisted of organisms which formed A-type
penicillinase with a 'high' degree of extracellularity,
and were mercury-resistant. The next most common
(4) formed C-type penicillinase, also mainly extra-
cellularly, but were mercury-sensitive. Mercury
resistance was commonly associated with the forma-
tion of A-type penicillinase (types oX, E, and l; 36
out of 61 cultures) and was rare among those which
formed C-type penicillinase (types r, K, and -q; one
out of 35 cultures). All the mercury-resistant cultures
(types a and -q) had more than 25% of the enzyme
extracellular, and all but one of them formed A-type
penicillinase (type a).
Examination of the total amount of penicillinase

synthesized by members of the different plasmid
types again singles out the ox-plasmid (see Table II).
It is only in this plasmid that the strains making
large amounts of penicillinase (F > 0-6) outnumber
those making smaller amounts; but among the
mercury sensitive strains, whether they synthesize A-
or C-type penicillinase, there is also a tendency for
the production of large amounts of penicillinase to
be more often associated with 'high' extracellularity
(types E and () than with 'low' extracellularity (types t

and K).

ANTIBIOTIC RESISTANCE AND PLASMID TYPE AMONG

'ENDEMIC AND 'SPORADIC STRAINS Table III shows
the 96 test cultures classified according to their anti-

biotic resistance patterns and whether they are
'endemic' or 'sporadic' strains. Again the a-plasmid
is conspicuous, since 26 of 37 endemic strains carried
this plasmid, as did 35 of 43 multiple-resistant and 30
of 38 tetracycline-resistant strains. In this series, 10 of
36 strains carrying the a-plasmid were classified as
'sporadic'. However, nine out of 10 of them were
resistant to at least one antibiotic other than
penicillin, while seven of them had clearly similar
phage patterns to 'endemic' strains carrying the
ot-plasmid isolated in other hospitals. This suggests
that at least seven of these 10 strains did not differ
materially from the ones that had been classified as
'endemic' in this series.

It is clear, therefore, that strains carrying the
a-plasmid are by far the most common among
'hospital' staphylococci. All the other 'endemic'
strains (11 of 36) carried either one of the E/L or ;/K
pairs of plasmids; that is, they were mercury-
sensitive and synthesized either A-type (e/t) or C-type
(4/K) penicillinase. Of these 11 strains, eight were
multiple resistant and 10 liberated more than 25%
of their penicillinase into the growth medium; in
these respects, therefore, they were similar to strains
carrying an o-plasmid. Only one strain carrying a
plasmid of the flfv) pair (C-type, resistant to mercury)
was isolated among the 96 test strains in this series.

'RARE' PLASMIDS Apart from the 8-plasmid, which is
confined to strains of phage-group II, three others

TABLE III
THE ASSOCIATION BETWEEN PLASMID TYPE AND ANTIBIOTIC RESISTANCE PATTERNS AMONG 'ENDEMIC' AND 'SPORADIC

STAPHYLOCOCCI ISOLATED IN HOSPITALS

Plasmid Types Plasmids Grouped in Pairs'

a1 is y 8 E c 7? 0 i K a/@ is/1q c/t C/K

Total 96 36 0 0
'Endemic' 37 26 0 0
'Sporadic' 59 10 0 0
Multiple resistant 43 35 0 0
Resistant only to penicillin 53 1 0 0
Resistant to tetracycline 38 30 0 0
'Plasmids paired by neglecting the 'extracellularity' character.

No. of
Strains

29
11
18

0
0
00

11
1

10

5
0
5

36
28
8

25
5

200

34
11
23

No. of
Strains

0
0
0
0
0
0

14
5
9
2
12
2

29
5
24
3

26
3

0
1

01°
0

0
0
0
0
0
0

11
1

10
3
8
3

5
0
5
0
5
0

36
26
10
35

1
30

1

0

10

25
6
19
5

20
5

34
5

29
3

31
3
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(t,B y, and 0) were absent from the cultures examined
in this survey.

Thef3-plasmid (see Table I) is carried by strain 147,
which was isolated in 1933, and no other strain has
yet been shown to carry it. Under standard condi-
tions of induction the strain liberates less than 10%
of its enzyme into the growth medium, and on these
grounds the plasmid probably differs from the
-9-plasmid which was present once among the 96 test
strains (see above). Whether or not the difference in
the degree of extracellularity of the enzyme is suffi-
cient to distinguish these two plasmids, the presence
on a plasmid of the A-type penicillinase without an
associated mercury resistance marker is clearly
uncommon.
The second type of 'rare' plasmid is the y-plasmid

present in strain 258 (Hashimoto et al., 1964). In
addition to the penicillinase and mercury resistance
genes, this plasmid also carries genes conferring
erythromycin resistance.

Strains, resistant to mercury, producing A-type
penicillinase with low extracellularity, i.e., with the
O plasmid, were absent from this survey, although
they do exist (Richmond, unpublished observation).

DISCUSSION

Although the penicillinase gene of Staph. aureus may
occasionally be carried on the chromosome (Ashe-
shov, 1966), our investigations indicate that this
occurs rarely, and there is reason to believe that, in
all or practically all of the cultures included in this
series, it formed part of the plasmid.
The frequency with which the x-plasmid is found

in this series of staphylococci suggests that it may be
associated with the ability of the staphylozoccal
strain carrying it to persist in the hospital environ-
ment and to cause lesions in those it infects. Among
the characters known to be carried by the o-plasmid,
penicillinase production may be important in this
connexion, but there is no reason to believe that the
A-type penicillinase (characteristic of the cx-plasmid)
is any more effective at destroying penicillin than the
C-type enzyme (Richmond, 1965b). Indeed, the
presence of the ;-plasmid in some of the endemic
strains is in accordance with the laboratory observa-
tion that the C-type enzyme is no less efficient than
the A-type at hydrolysing penicillin under physio-
logical conditions. Nor can 'mercury resistance'
(whatever this may imply in terms of the physiology
of the cells) be of outstanding importance, since 12
of 31 endemic strains in this series are mercury-
sensitive. One possibility is that some other un-
identified character is present on the o-plasmid, and
perhaps on certain of the E- and ;-plasmids. This
character could have one of many effects. For

example, it could be involved in the ability of the
organism to cause septic lesions. Alternatively it
might be one that allowed (or the absence ofone that
did not allow) the uptake into the cell of a second
plasmid carrying tetracycline resistance. Resistance
to tetracycline probably confers an important selec-
tive advantage upon staphylococci in British hospitals
at the present time. Any strain carrying a penicillin-
ase plasmid which blocked the uptake of another
plasmid carrying tetracycline resistance would stand
little chance of establishing itself in a hospital. The
blocking by one phage of the sensitivity of an
organism to a related phage suggests that a similar
phenomenon could occur among plasmids, but
preliminary experiments indicate that in four strains
carrying the E-plasmids the frequency of transduction
of tetracycline resistance into the strain is the same
for the penicillinase-producing strain as for its
derived penicillinase-negative variant. It seems un-
likely that any characters yet identified on the
ox-plasmid are the direct cause of the prevalence of
this plasmid among 'hospital' staphylococci.
The absence of the ,B-plasmid from the test series

suggests that it is now less common among staphylo-
cocci than formerly. It was found in one out of 11
penicillinase-producing cultures that had been
isolated before 1940, and has not been found since.
Even the --plasmid, which differs from the,B-plasmid
only in the degree of extracellularity of the enzyme,
was present in one strain out of the 96 examined in
this series. The possibility that thef- and vj-plasmids
might be characteristic of food poisoning strains,
and thus not common in the 96 strains selected for
this survey, seems unlikely from the results obtained
in a limited survey of 12 independent food poisoning
strains isolated in Britain (Dyke, unpublished
experiments).
The rarity of the y-plasmid, in which the penicillin-

ase, mercury, and erythromycin genes are closely
linked, may be attributed to some other factor.
Perhaps this is a 'young' plasmid whose distribution
will become more widespread as time goes on.
Certainly the prevalence of plasmids carrying several
closely linked antibiotic resistance markers in the
Enterobacteria (R factors) suggests it may be an
advantage to an organism to have all its resistance
markers together on a single extra-chromosomal
piece of desoxyribonucleic acid (Datta, 1965).
However, the linkage of the genes for penicillinase
production and erythromycin resistance is excep-
tional among erythromycin-resistant staphylococci
isolated in this country (Dyke and Richmond,
unpublished experiments).
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