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Table 1 MICs (pg/ml) of penicillins and cephalosporin
for penicillinase-positive and penicillinase-negative strains
of Staph. aureus

Antibiotic Penicillinase-positive  Penicillinase negative
strains (44): strains (14):
mean (range) mean (range)

Methicillin 2-38 1-75
(1-0-5-0) (1-0-2-5)

Cloxacillin 0-28 0-24
(0-25-0-5) (0-1-0-25)

Flucloxacillin 0-25 0-23
(0-1-0-5) (0-1-0-25)

Nafcillin 0-38t 0-252
(0-25-0-5) (0-25-0-25)

Cephaloridine 0-071 0-039
(0-05-0-1) (0-025-0-1)

Cephalexin 1-84 1-64
(1-0-5-0) (1-0-5-0)

Cephradine 1-45 1-11
(1-0-2-0) (0-5-2:0)

Cephalothin 0-27 023
(0-25-0-5) (0-1-0-5)

Cephazolin 0-34 0-26
(0-25-0-5) (0-1-0-5)

115 only tested

of cephaloridine may be increased if a heavy
inoculum is used, this was investigated for 10
penicillinase-positive and six penicillinase-negative
cultures by placing drops of neat and serially diluted
(10-fold dilutions) cultures onto the surface of plates
containing varying levels of cephaloridine. With each
of the penicillinase-producing cultures a marked
inoculum effect was demonstrated. Indeed, five of
the cultures that produced penicillinase became 50
times more resistant when a neat culture was applied
to the agar rather than a single cell inoculum. In
contrast, no inoculum effect was demonstrated with
penicillinase-negative cultures.

SENSITIVITY OBTAINED BY DIFFUSION TESTING
Preliminary experiments indicated that the zones of
inhibition obtained in diffusion testing were variable,
and many factors contributed to this. Of particular
importance was the temporal relationship of the
application of antibiotics to the growth phase of the
culture. Thus, cultures in exponential phase when
first exposed to the drug gave smaller zones of
inhibition than those in stationary phase, particularly
if that culture produced penicillinase. The following
experiments were performed with a standardised
pre-incubation time of two hours at 37°C before
application of antibiotic to the wells in the agar. Two
hours’ incubation was selected because the difference
between the activity of the antibiotics under test was
markedly and reproducibly different between penicil-
linase-positive and -negative cultures. It was felt that
two hours was sufficient time for the culture to be
in early exponential phase and would resemble the

clinical situation in which an antibiotic is admin-
istered to a patient with a developing bacterial
infection. Pre-incubation beyond two hours gave
more marked differences but the zones were less
clearly defined and difficult to read.

ACTIVITIES OF METHICILLIN, CLOXACILLIN,
NAFCILLIN, AND FLUCLOXACILLIN AGAINST 50
PENICILLINASE-PRODUCING STAPHYLOCOCCI
IN DIFFUSION TESTING

Initially, 50 consecutively isolated strains were
examined; many of these produced low levels of
penicillinase. The activities of each strain were
expressed as relative to the activities of that of a
constant standard penicillinase-negative culture
(Table 2). There was considerable variation in the

Table 2 Relative activities of some semi-synthetic
penicillins to 50 consecutively isolated strains of Staph.
aureus. activities expressed as %, of the standard in
diffusion testing

Antibiotic Penicillinase-positive  Penicillinase-negative
strains (38) strains (12)
Mean  Range Mean  Range
Methicillin 78-1 38:0-200:0 762 21-0-122:0
Nafcillin 58-4 2-5-123-0 495 9-0- 90-0
Cloxacillin 39-2 4-83-141-0 71-6 12:0-141-0
Flucloxacillin 300 3-3- 760 886 5-4-330-0

sensitivity of these isolates to each of these anti-
biotics, although, in general, those strains that were
particularly active against one drug were also active
against the others. The relative resistance of the
drugs to penicillinase was in the following order:
methicillin (most resistant), nafcillin, cloxacillin, and
flucloxacillin (most vulnerable).

ACTIVITIES OF CEPHALOSPORINS AGAINST
PENICILLINASE-POSITIVE CULTURES
In preliminary experiments, the activities of
cephaloridine, cephazolin, cephalothin, cephalexin,
and cephradine were tested in a way similar to that
of the penicillins. Cephradine was the least vulner-
able to penicillinase and cephaloridine the most.
One surprising finding from these experiments was
that the antibiotics cephalexin and cephradine,
although structurally almost identical, had appar-
ently significant differences in their resistance
to penicillinase. This was confirmed as follows:
The activities of 60 strains, for which the MIC data
had been obtained, were each examined against
these antibiotics by diffusion testing. The activities
of the two drugs against 13 penicillinase-negative
strains from these cultures were, as expected, almost
identical; the mean relative activity of cephalexin
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was 1229 and that of cephradine 120% of the
standard (¢ = 0-13; » > 0-50). In contrast, there
were marked differences between the activities of the
47 penicillinase-positive cultures for cephradine
(89%) and cephalexin (41 %) relative to that of the
standard. Differences even greater than this could be
detected if the antibiotics were added to a culture in
mid-exponential phase.

ACTIVITIES OF PENICILLINS AND CEPHALO-
SPORINS AGAINST 15 STRAINS OF Staph. aureus
PRODUCING HIGH LEVELS OF PENICILLINASE

Fifteen strains that produced high levels of penicil-
linase were then selected from another 50 cultures.
When tested against these strains, flucloxacillin was
found to be inactivated to a greater extent than the
other semisynthetic penicillins, and of the cephalo-
sporins cephaloridine was the most vulnerable, and
cephradine the least (Table 3). Combined data for

Table 3 Relative activities (as ; of standard sensitive
strain) of cephalosporins and penicillins for 15
penicillinase-positive strains of Staph. aureus

Antibiotic Mean Range

Cephaloridine 0-12 0-01- 0-2
Cephalexin 66 1-5 - 200
Cephradine 12:2 24 - 442
Cephalothin 26 06 - 69
Cephazolin 4-4 2:7- 89
Methicillin 484 209 -118-0
Nafcillin 425 17-0 - 87-0
Cloxacillin 122:1 28-8 -398-0
Flucloxacillin 129 42 - 295

the 38 strains previously examined, and the selected
15, indicated that flucloxacillin (mean activity 25 %)
was much more vulnerable to penicillinase than
either methicillin (69 %), nafcillin (54 %), or cloxacil-
lin (63%).

EVIDENCE THAT VARIATION IN ACTIVITY IS
DUE TO PRODUCTION OF PENICILLINASE

Three cultures of Staph. aureus that produced either
A, C, or D-type penicillinase (Rosdahl, 1973) were
treated (Lacey, 1971) with a mutagen, nitroso-
guanidine, and then plated on media containing
10-4M cadmium acetate. (This step was essential to
select plasmid-positive cells. Nitrosoguanidine treat-
ment produces loss of the entire penicillinase plasmid
at a frequency much greater than point mutations in
that plasmid; since each of the plasmids employed
carried the genes for cadmium-ion resistance, this
plating ensured the retention of each plasmid.) The
resultant colonies were replica-plated onto media
containing starch, and penicillinase-negative variants
were identified. These were examined for metal-ion
resistance; those derivatives that showed metal-ion
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resistance identical with the wild strain were con-
sidered to possess plasmids intact except for their
inability to cause the cells to synthesise penicillinase.
Each of these plasmids was then transduced into a
fresh clone of the corresponding original host cell.
Thus, three cultures were prepared that were
apparently identical except for variation in their
ability to produce penicillinase. These six cultures
were then tested for their resistance to penicillins
and cephalosporins. As expected, no variation in
MIC was seen between members of each pair, but
in diffusion testing greatly reduced zones were seen
around wells of most of the cephalosporins and also
flucloxacillin compared to their penicillinase-
negative counterparts.

The zones of both penicillinase-positive and
-negative cultures were similar to corresponding
types of strains described above. Thus, it appears
highly likely that it was the production of penicil-
linase itself that caused the reduction in zone sizes
in diffusion testing.

The reason for this reduction in zone size could
be due either to destruction of the antibiotic or to the
presence of the antibiotic acting as an inducer of
enzyme production during diffusion. Attempts to
demonstrate the latter have been unsuccessful.
Cultures were pre-incubated in subinhibitory con-
centrations of each drug singly before the diffusion
experiment was performed as before. No differences
were observed.

Discussion

These results indicate that, while the activity of any
one of the penicillinase-resistant penicillins or
cephalosporins is almost uniform against staphylo-
cocci if tested by MIC methods, it is extremely
variable in diffusion testing. This variation has been
demonstrated (most emphatically) by pre-incubation
(for two hours) of the seeded plate before application
of the drug. Evidence has been presented that this
variation is due to two main factors: (1) the pro-
duction of penicillinase by some cultures, and
(2) variation in the ability of the various antibiotics
to resist penicillinase.

The reason why MIC methodology gives uniform
results for any one of the drugs against a variety of
test cultures is that it fails to detect the production of
penicillinase, since that enzyme is readily lost from
the dormant cell.

We believe that, in general, the diffusion/pre-
incubation method of sensitivity testing relates more
closely to the clinical situation than MIC methods.
An exception to this may be the use of antibiotics
prophylactically. It is of extreme practical im-
portance to assess the correctness of laboratory
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methods in sensitivity testing, since consistently
different results are obtained, depending on which
method is used. Perhaps under ideal conditions the
method should be selected that represents most
closely the context of each individual prescription.
Thus, if an antibiotic is used prophylactically it
should be selected on the basis of expected MIC of
the predicted pathogens. In the treatment of
established infections, diffusion methods would be
preferable. Such refinement is obviously difficult to
achieve in a routine laboratory.

We believe, therefore, that the correct general
policy for testing the activity of these penicillins and
cephalosporins against staphylococci should be by
diffusion against actively growing inocula at 37°C.

Assuming that this method is valid, how do the
various drugs fare against penicillinase-producing
staphylococci? Of the penicillins tested, methicillin,
cloxacillin, and nafcillin were relatively resistant to
penicillinase, methicillin and cloxacillin being most
resistant, whereas flucloxacillin was much less
resistant (approximately 10 times more susceptible
than cloxacillin against some strains). While
flucloxacillin has an advantage over cloxacillin in
that higher blood levels are obtained after oral
administration, it seems to us unlikely that this
would counteract the increased susceptibility to
penicillinase. It is, however, hazardous to predict the
clinical outcome from such considerations, and more
clinical data than the two cases quoted by us would
be desirable. Meanwhile, in the absence of other
considerations (eg, cost) and of other clinical data,
we recommend the use of cloxacillin in these
circumstances.

Of the cephalosporins, the following order of

resistance to staphylococcal penicillinase has been
found: cephaloridine (the most vulnerable), cephazo-
lin, cephalothin, cephalexin, and cephradine (the
most stable). It is impossible to draw many specific
conclusions from this as these drugs differ in many
properties other than their resistance to penicillinase.
However, it would seem unwise to use cephaloridine
where a staphylococcal infection is suspected, and
cephradine is preferable to cephalexin and probably
also cephazolin and cephalothin where a staphylo-
coccal infection is a possibility.

This work was supported by a research grant from
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