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HIS paper records the results of a number of experiments in
which Staphylocoecus pyogenes was submitted to the action of
penicillin, discusses the effect of penicillin on bacteria, advances

a hypothesis to explain why such an apparently active bactericidal sub-
stance frequently fails to sterilise suspensions of susceptible miero-
organisms and makes suggestions for improvement in penicillin therapy.

PART L
The Killing of Staphylococci by Penicillin.

ExperiMeENT 1.—To 4 c.cs. of broth in a tube were added 1 c.c. of a solution of
penicillin containing 1 unit per c.c., and 1 loopful of a broth culture of Staph pyogenes.
The broth, which was quite clear after inoculation, was incubated for 24 hours;
it was then found to have remained clear. To determine whether this result was due to
the killing of the staphylococei. which had been added (bactericidal action) or to in-
hibition of their growth (bacteriostatic action), 1 loopful of the broth was spread on an
agar slope both before and after it had been incubated. On the first slope there were
present, after incubation, several hundred colonies of staphylococei while, on the
second, there was no growth. The first slope showed that the amount of penicillin
earried to the agar with the loop was too small to prevent the growth of staphylococei.
The second slope proved that 1[5 of a unit of penicillin per c.c. of broth kills staphy-
lococci.

Bacteriologists who still believe the oft-repeated statement that
penicillin is baeteriostatic but not bactericidal are recommended to repeat
this simple experiment and to demonstrate it to their medical and sur-
gical friends. If it is argued that what happens in broth may not
happen in body fluids, the experiment may be repeated using serum in
place of broth: the result will be the same.

ExPERIMENT 2.—The object of this experiment was to determine the rate at which
different concentrations of penicillin kill staphylococei.

Dilutions of penicillin were made in 5.0 c.c. volumes of broth in tubes. Each tube
was inoculated with 1 loopful of a 1 : 60 dilution of a broth culture of Staph. pyogenes
and the tubes were incubated. One loopful of each was spread on an agar slope immedi«
ately after inoculation and further slopes were similarly inoculated at intervals of
3 hours up to 12 hours and also at 24 hours.
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TABLE 1.
(EXPERIMENT 2)

Number of colonies growing on agar from 1 loopful of broth (5 c.cs.) incubated for
various times with penicillin and Staph. pyogenes.

Time (hours)

Tube Penicillin

No. (unit per c.c.) 0 3 6 9 12 24
1 1/4 43 22 1 0 0 0
2 1/8 63 44 1 0 0 0
3 1/16 66 61 16 2 1 0
4 1/32 56 | 61 | 01 | +4i+++[+++
5 1/64 44 | 56 | 104 | +H|+++|+4++
8 1/128 79 | 120 | +4|+++H|++HH4H+
7 1/256 54 | 83 | A4 tldd+F++H|[F++
8 0 7 1105 | At

+ + == large number of discrete colonies.
+ + + = confluent growth.

There is no difference in the killing time of  and 4 unit per c.c. but
with 1/16 unit per c.c. the time required to reduce a population of 66
per loop to 0 is longer. .

The results might be taken to show that penicillin, in conecentrations
too low to kill (e.g., in tubes 4 and 5), has a bacteriostatic effect; this
is possibly true, but an alternative theory deserves consideration. In a
bacterial population each of the very large number of individuals pre-
sent has its particular degree of susceptibility to penicillin. The more
susceptible are killed rapidly or by low concentrations, the less suseep-
tible slowly or only by high concentrations. At concentrations of 1/32
and 1/64 unit per c.c., two processes may be occurring simultaneously,.
viz., dying of the more susceptible individuals and multiplication of the
less, The combination of the two is capable, by yielding practically
identical living counts at various intervals, of simulating bacteriostasis.

Another factor must also be considered. Broth at 37°C., is destructive
of penicillin. The rate of destruction, which varies with different
batches of broth even when these are prepared in the same way, is much
slower than in serum, but cannot be completely ignored. In tube 4, 1/32
unit per c.c. was just insufficient to kill the staphylococei. At 3 hours
it still seemed to have a chance of success, but by 6 hours it had obviously
failed. During this time its strength had been decreasing, If it had
been maintained at 1/32 unit per e.c. it might just have sueceeded.

ExpPeRIMENT 3.—Tubes of broth (volume § c.cs.) conteining more closely spaced
docreasing concentrations of penicillin (1, 2/3, 1/2, 1/3, 1/4, 1/6, etc., unit per c.c.)
wero inoculated each with 1 loopful of a broth culture of Staph. pyogenes, After 24
hours’ incubation, 1 loopful of each was spread on agar. All agars up to and including
the one inoculated with the broth containing 1/24 unit per c.c. were devoid of growth

after incubation. That inoculated with the broth containing 1/32 unit per c.c; and
later tubes in the series gave extensive growth.

ExpERIMENT 4.—Thirty tubes of broth (8 c.c. volumes) were prepared. Ten con-
tained 1/20 unit of penicillin per ¢.c., ten 1/25 unit per ¢.c., and ten 1/30 unit per c.c.
All were inoculated with 400,000 Staph. pyogenes per c.c. After 4 days’ incubation,
none of the tubes containing 1/20 unit per c.c. gave growth on agar from 1 loopful.
Of the ten tubes containing 1/25 unit per c.c., 3 gave growth on agar from 1 loop inocu-
lation, 7 did not, Every one of the 10 containing 1/30 unit per c.c. gave growth on
agars inoculated with 1 loopful.
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ExperIMENT 5.—This experiment compared the killing effect of concentrations
of 2 units and 1/10 unit of penicillin per c.c. in 8 c.cs. of broth.

An initial inoculum of 200,000 Staph. pyogenes per c.c. fell to 6 and 10 colonies per
loopful in the 2 and 1/10 unit tubes respectively in 14 hours, and to 0 in both tubes in
16 hours. When the inoculum was 25 millions per c.c., the colonies per loopful were
fewer in the 2 unit tube than in the 1/10 unit tube in 12 hours although both were
uncountable. In 24 hours the agar count of the 2 unit tube was 0 and of the 1/10 unit
tube 5.

Sampling by platinum loop is simple and economical, but the more
usual method of colony counting in agar plates inoculated with 1 e.c.
of the fluid or of decimal dilutions of it gives information not afforded
by the loop method.

ExPERIMENT 6.—Plate counts were performed in this oxperiment in which 50 c.c.
volumes of broth were used.
TABLE II.
(EXPERIMENT 6)

Number of Staph. pyogenes per c.c. swviving contact with
penicillin in broth for various times.

Time) Penicillin
(hours - -
1 unit per c.c. 1/8 unit per c.c.
0 55,000 ‘ 55,000
3 3,600 17,000
6 22 300
9 4 57
12 2 2
24 0 0

Killing was, at first, more rapid in the higher concentration, but sterility in 1 e.c.
volumes was attained in 24 hours in both,

The experiments recorded, which are supported by many others essen-
tially similar, justify the conclusion that, when the number of staphy-
lococei is moderate (not exceeding half a million per c.c.), the rate of
killing is very little affected by the concentration of penicillin provided
that the amount does not, throughout the period of the experiment, fall
below a minimum which is about 1/10 unit per ec.c. With lower con-

~centrations the rate of killing is slower, and with still.lower killing does
not oceur.

ExpeRIMENT 7.—Dilutions of & broth culture of Staph. pyogenes were prepared in
broth, the volume in each tube being 5 c.cs. and the concentration of penicillin 1 unit
per c.c. The broths were sampled daily, & loopful of each being spread on an agar slope.
Sterility in 1 loopful was attained in the tube containing 25 million staphylococei per
e.c. in 18 hours, in the 50 million tube in 40 hours, in the 100 million tube in 64 hours,
but in the tube containing 200 million per c.c. it was not until incubation had been
prolonged for 184 hours that 1 loop sterility was reached. It should, however, be'
realised that in this last tube the penicillin was, during the period of incubation, decrea-
sing in strength. Sterility would probably have been attained earlier if the concen-
tration of penicillin had been maintained constant at 1 unit per c.c.

The foregoing experiments prove conclusively that penicillin kills
staphylococei. Some workers who admit that penicillin is lethal argue
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that this is true only of concentrations impracticable of achievement in
the human body.

Penicillin intended for treatment is usually assayed by the plate and
eylinder method, while the amount in the serum of a patient is estimated
by some modification of the slide cell technigue. As the available
literature did not correlate the two methods, several attempts were made
to establish such a correlation. The results were not absolutely constant
owing mainly, it is believed, to differences in the rate of destruction of
penicillin by different samples of serum. When 10 per cent. normal
serum in saline was used as diluent and readings were made after 18
hours’ incubation, complete inhibition of growth of Staph. pyogenes was
always given by serum containing 1 unit per c.c. in a dilution of 1:8,
almost always jn a dilution of 1:16, and very rarely in a dilution of 1:32,
at which dilution there was usually either partial or no inhibition. In
practical work it may be taken, without grave error, that complete in-
hibition in a dilution of 1 in 16 corresponds to 1 unit per e.c. in the
serum, in a dilution of 1 in 8 to } unit per c.c., in a dilution of 1 in 4 to
1 unit per c.c. and so on. Such levels have often been observed in the
sera of patients undergoing treatment with penicillin and the experi-
ments recorded have shown many examples of the killing effect of peni-
cillin in concentrations of 1/8 unit, 1/16 unit or even less per c.c.

We must, therefore, abandon the idea that penicillin in the human
body merely prevents the muitiplication of staphylococei and that their
destruction is effected by polymorphonuclear leucocytes. This is un-
doubtedly the main, if not the only, mode of action of the sulphuna-
mides in concentrations attainable in the body, but penicillin differs from
the sulphonamides in that it, unaided by either cellular or humoral
immunity, kills the invading bacteria.

PART II.
Sterilisation by Penicillin.

When it was realised that penicillin was capable of killing large
numbers of staphylococei, no diffieulty was foreseen in sterilising, that
is killing all the bacteria in, any given volume of broth to which had
been added staphylocoeci and an adequate amount of penieillin.

Sampling either by spreading loopfuls on agar or by plating 1 e.c.
volumes in agar, is not a satisfactory method of judging the sterility of a
volume of broth, as a negative result cannot be taken to imply more than
the absence of living bacteria in the volume examined. The addition of
penicillinase affords a method of stopping the action of penicillin in
broth when desired, and of permitting the unrestrained growth of any
bacteria which have survived up to the time of the addition.

Pencillinase was obtained by filtering through a Seitz filter a broth
culture of one of the coliform bacilli isolated by Harper (1943).
Sufficient of the filtrate, which was usually diluted with broth for use,
was added to a tube or bottle to neutralise at least five times the amount
of penicillin which had originally been present. Culture was continued
for at least three days after the addition of penicillinase, and broths
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showing turbidity were recorded as positive. In doubtful cases, films
and sub-cultures were made to ascertain if the turbidity was due to the
presence of staphylocoeei,

ExPErRIMENT 8.—S8ix bottles of broth containing, in a total volume of 50 c.cs., 1,
}, or } unit of penicillin per c.c. and either 50,000 or 5,000 staphylococei per ¢.c. were
incubated. Samples were removed for testing every three hours for twenty four hours.
A loopful was spread on agar and 0-5 c.c. was added to broth containing penicillinase.

TABLE III.
(EXPERIMENT 8)

Progression towards sterility as judged by three methods in 50 c.c. volumes of broth
containing Staph. pyogenes and penicillin.

BOTTLE A B C D E F
Staphylococei per c.e. ... 50,060 | 50,000 50;000 , 5,000 | 5,000 | 5,000
Penicillin (unit per c.c.) 1 3 4 1 3

Sterility in 1 loop, attained at

¢hours) 9 9 9 (] 9 12
Sterility in 0-5 c.c. attained at not at | not at
(hours) . 21 21 21 15 15 15

Number of tubes + out of 5 con-
taining 1 c.c. amounts to
which penicillinase was added
at 24 hours 0 2 3 0 0 1

Number of tubes 4 out of 8 con
taining 5 c.c. amounts to
which penicillinase was added
at 24 hours 0 6 8 0 1 1

Table IIT shows when sterility in one loop and in 0-5 e.c. was attained.
At the end of 24 hours the residue (45 e.cs.) in each bottle was dispersed
into 13 tubes, 1 e.c. volumes in 5 and 5 ¢.¢c volumes in 8. Penicillinase
was added to these tubes which were incubated. The number showing
turbidity is given in the table.

In this experiment, 1 unit per e.c. of penicillin sterilised 45 c.cs. of
broth containing 50,000 staphylococei per e.c. in 24 hours. Lower con-
centrations failed to achieve sterility. The number of survivors was
greater with low concentrations of penicillin than with high and with
high densities of bacteria than with low.

ExPERIMENT 9.—In this experiment, the volume tested was fixed at 6 e.cs. and the
time of action of penicillin at 48 hours. Four concentrations of penicillin and 8 densities
of staphylococci were tested, three tubes being used for each combination. Incubation
was continued for 3 days after the addition of penicillinase.

The results given in Table IV show the value of high eoncentrations
of penicillin, particularly when dealing with high densities of staphy-
lococei. Attention is called to the occasional irregular and unexpected
results (e.g., F, 1 unit per c.c.; G, $ unit per ¢.c.; and F, 1 unit per c.c.).
These are such a recurring feature of all similar experiments, when every
effort has been made to avoid errors in the dosage of penicillin and
staphylocoeci, that they cannot, as might at first be suggested, be due
to careless work or bad technique.
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TABLE 1IV.
(EXPERIMENT 9)

Three tubes each containing 6 c.cs. of broth with penicillin and Staph. pyogenes
tested for the presence of surviving cocci after 48 hours’ incubation.

‘Number of tubes (out of 3) positive

Series A B C D e | F G H

Staphylococei per 5 25 1 500,000 {250,000 {125,060 | 50,000 | 25,000
c.c. million | million| million

Penicillin

(unit per c.c.)

WOOD
-0 o0
D et D s
DOWT
SOOQ

o Pt
[XELER
Wwwo
WD

ExpERIMENT 10.—This experiment was similar to experiment 9 but covered a
rvestricted range of densities of staphylococei. Five tubes, each containing 6 c.cs.
were used for each combination. The period of action of penicillin was 44 hours. The
results are given in Table V.

TABLE V.
(ExpeRrIMENT 10)

Five tubes, each containing 6 c.cs. of broth with penicillin and Staph. pyogenes,
tested for the presence of surviving cocci after 48 hours’ incubation.

Number of tubes (out of 5) positive
!

Series A B C D

W
[ &2
o

Staphylococei (millions per c.c.) 10

Penicillin (unit per c.c.)
1

ol
L 1O
OO ~D
[=R=N=g)
OO QO

Although the same strain of staphylococcus was used as in experiment
9, sterility was much more commonly attained in this experiment. It
was found more difficult to attain sterility when the number of staphy-
lococei was high. Irregular results again occurred. It is highly im-
probable that either } or } unit per c.c. is more effective than 1 or }
unit per e.c., or that it is easier to sterilise 2 million staphyloeocei per
¢.c. than 1 million.

ExpeEriMENT 11,—This experiment was carried out to determine the maximum
density of staphylococei which could be sterilised by penicillin acting for a limited time.
A broth culture of Staph. pyogenes was diluted with broth containing penicillin in
such a way as to obtain a series of tubes, each with 5 c.cs. total volume, containing
1 unit of penicillin per c.c., and the following densities of staphylococci-—120, 60,
30, 15, 7-5, 3-75, and 1-8 millions per c.c. After three days’ incubation, penicillinase
was added and incubation continued. The first two tubes gave growth but none of the
others. In this experiment, 5 c.cs. of broth containing a total of 150 million staphy-
lococei were sterilised by 1 unit per c.c. of penicillin acting for 3 days.



PENICILLIN AND STAPHYLOCOCCUS PYOGENES 559

The experiments in tubes had proved that it was possible, by the use
of penicillin, to sterilise large numbers of staphylococci in broth.

The possibility of sterilising larger volumes than had been used in the
tube experiments was next explored.

ExpERIMENT 12,—Three bottles, each containing 50 c.cs. of broth with § unit
per c.c. of penicillin and 50,000 Staph. pyogenes per c.c., were sterilised in 72
hours,

ExPERIMENT 13.—Two bottles, each containing 50 c.cs. of broth with 1 unit per
e.c. of penicillin and 200,000 Staph. pyogenes per c.c., were sterilised in 48 hours,

As the preliminary experiments were encouraging, experiments on a
larger scale were attempted.

ExPERIMENT 14.—Twenty bottles were used. Each contained 50 c.cs. of broth
with 1 million Staph. pyogenes per c.c. The initial concentration of penicillin in 10
was 1 unit per c.c. and in 10, } unit per c.c. Half the number with each concentration
had added to them daily sufficient penicillin to balance the loss which occurs in broth
at body temperature. A test of the penicillin content in two of the bottles, on the
last day of the experiment, showed that the strength of penicillin had, in this way,
been well maintained. One bottle from each series had penicillinase added to it daily.

TABLE VI
(EXPERIMENT 14)

Attempts to sterilise 50 c.cs. of broth, containing 1 million Staph. pyogenes per
¢.c., by different concentrations of penicillin acting for various times.

Series A B C D

Penicillin 1 1
(unit per c.c.) . .. ... | (Single (main. (Single (main-

dose) tained) dose) tained)
Time of action of penicillin (days)

1 + — + —
2 -+ + -— -+
3 — + -+ +
4 - + + +
5 + — — -

i

+

growth after addition of penicillinase,
no growth after addition of penicillinase.

I

Prolonged study of the results, which are given in Table VI, failed to
reveal any underlying law. Positive results are scattered indis-
criminately with no relation to the concentration of penicillin or the
duration of its aection.

ExpPerIMENT 15.—This experiment was planned to study the effect, in 50 c.ec.
volumes of broth in bottles, of variations in the density of staphylococei, the con-
centration of penicillin and its time of action.

Four sets of 7 bottles were used. The bottles in two sets contained 5 million staphy-
lococei per c.c. and those in the other two sets 200,000 per c.c. The concentrations
of penicillin were 1 unit per c.c. in one set of each density of staphylococei and } unit
per c.c. in the other.

Penicillinase was added to one bottle of each set after 1,-3 and 4 days’ incubation
and to 2 bottles of each set after 2 and 5 days’ incubation. Incubation was continued
for 4 days, when the readings shown in Table VII were recorded.
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TABLE VII.
(EXPERIMENT 15)

Result of the action of penicillin in two concentrations on two densities of Staph.
pyogenes in 50 c.cs. of broth for various times.

Series A B C
Staphylococei per c.c. o ..\ 5 millions { 5 millions | 200,000 200,000
Penicillin (unit per c.c.) . 1 1 1 3
Period of action (days)
1 + + + +
2 — + - +
2 + + - +
3 =+ - - +
4 + -+ -— +
5 — + -+ -
5 + -+ et +
+ = Growth.
— = Sterility.

This experiment shows the irregularities characteristic of the bacteri-
cidal action of penicillin on staphylococei. Divergent results are re-
corded for the duplicate bottles examined on the second and fifth days.
In only 9 of the 28 bottles was sterility attained.

The only deductions which can legitimately be made from these re-
sults are that sterility is more likely to be achieved by the action of 1
unit per c.c. than of } unit per c.c. and against 200,000 staphyloeocei per
e.c than against 5 million per c.c.

A number of experiments had suggested that it was more difficult to
attain sterility in bottles with 50 c.cs. of broth than in tubes with 10 ec.es.

In order to determine if this was so and, if it was, to investigate the
cause, several experiments were performed. Two variables—concentra-
tion of penicillin and duration of action—were eliminated by stabilising
the former at 1 unit per c.c. and the latter at 72 hours. It was realised
that the broth culture which formed the inoculum might also be a
variable, but attempts to stabilise it by always using a culture 18 to 20
hours old were not entirely successful, and it is certain that some cul-
tures yielded a higher rate of survivors than others.

It would be tedious to give full details of all the experiments and so -
the results of 5 have been given in a consolidated table (VIII). In all
these experiments, the broth containing penicillin was at air temperature
when inoculated. Despite slight difference in technique and the fact
that the experiments were performed on different days, it is believed that
the results given in the composite table are reasonably comparable.

Before considering the problems which the table presents, two obser-
vations of practical importance will be mentioned.

The first of these (experiment 17) dealt with the number of cocci which
survived in 50 c.c. volumes of broth in which 250 million Staph. pyogenes
were acted upon by 1 unit per e.e. of penicillin for 72 hours. From each
bottle, 10 1 ec.c. volumes were transferred to separate tubes to which
penicillinase was added, as it also was to the residues in the bottles. The
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TABLE VIII.
(ExpPerIMENTS 16, 17, 18, 19, and 20)

Consolidated results of 5 experiments in which 1 unit of penicillin per c.c. acted
for 72 hours on 50 or 10 c.cs. of broth containing various numbers of Staph. pyogenes.

50 c.c. volumes 10 c.c. volumes
Total number of |
staphylococci added Density Number Density Number
(Staphylococci of 4 | — | % | (Staphylococci of + |~ %
per ¢.c.} tests -+ perc.c.) tests +
250 million 5 million 75 60| 6 | 92 25 milion 45 26 [ 19 | 60
50 million 1 million 20 16 | 4 | BO 5 million 20 3|17 15
10 million 200,000 15 1144 73 1 million 20 1119 b
2 million 40,000 10 51 5 | 50 200,000 10 0|10 0

number of tubes which developed turbidity enabled the total number of
survivors per 50 c.cs. to be caleulated.  The distribution of the total
numbers in the 55 bottles investigated is given in Table IX.

TABLE IX.
(ExpERIMENT 17)
Distribution in 55 tests of the estimated numbers of cocci which survived the action

of 1 unit per c.c. of penicillin on 250 million Staph. pyogenes in 50 c.cs. of broth for
72 hours.

Number of 1 ¢.c. Result in residue | Estimated number | Number of bottles
volumes -}- out of 10 (40 c.cs.) of of cocci per giving each
examined broth 50 c.cs. result

10 -+ ? 18

9 + 115447 5

8 + 80432 0

7 + 60424 1

6 + 46419 3

& + 35416 3

4 + 26413 5

3 -+ 18-4+10 7

2 + 114 8 1

1 -+ b+ 6 ki

0 + ? 1

0 e 0 4

55

The finding that the action of what is considered to be an adequate
coneentration of penicillin acting for an adequate time produced sterility
in only 7 per cent. of tests is mitigated by the discovery that, in 25
per cent. of tests less than 11 cocei, in 50 per cent. less than 35 cocei,
and in 67 per cent. less than 115 cocci, survived out of the 250 million
coeei originally present.

The second observation was made in experiments 16, 17, 18, and 19.
In previous experiments in which the action of penieillin was stopped by
the addition of penicillinase and the tubes or bottles were incubated, it
had been observed that not all which ultimately developed turbidity,
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indicating lack of sterility, did so after one day’s incubation. In some
cases turbidity was not observed until the second or, occasionally, the
third day. In most experiments, incubation was continued only for 3
or 4 days, when the results were recorded. The bottles used in these four
experiments had all originally contained 50 c.cs. of broth in which 1 unit
per c.c. of penicillin had acted for 72 hours on various numbers of
staphylocoeei. From some of them samples of 5 or 10 c.cs. had been
removed to enable the number of cocei which had survived to be esti-
mated. Penicillinase was added to the broth (50, 45 or 40 c.cs.) in the
bottles which were incubated for 14 days, those showing turbidity being
recorded daily. The results are given in Table X.

TABLE X.
(ExpeErIMENTS 16, 17, 18, 19)

Distribution of 101 bottles according to day on which turbidity was first observed
after destruction of penicillin by penicillinase.

Number of days of incubation after Number of bottles first observed
addition of penicillinase to be turbid on each day
1 64
2 29
3 4
4 1
5 1
6 1
7 0
8 0
9 : 1
10—14 | 0

101

Before considering these results it is necessary to point out that the
destruction of penicillin by penicillinase requires some hours for its
completion and also that, when & very few staphylocoeci commence to
grow in a large volume of broth, a considerable time is necessary before
the broth becomes definitely turbid. It is, therefore, probable that, in the
majority, if not in all, of the bottles in which turbidity was recorded as
being first observed on the second day, that is 48 hours after the addition
of the penicillinase, growth had already commenced at the end of 24
hours’ ineubation when they were first examined and recorded as show-
ing no turbidity.

Two important conclusions are to be drawn from-these observations.
The first is that, in most cases, growth commenced very soon after the
destruction of penicillin. This strongly suggests that, in these cases, the
penicillin had acted bacteriostatically and that it was its presence which
prevented the oecurrence of growth and not dormancy of the surviving
-coeci,

The second conelusion is that, in a few cases, there was considerable
delay before cocei, when freed from the restraining action of penieillin,
commenced to multiply. Such a period as 9 days before the develop-
ment of definite turbidity is the longest recorded, but instances of 6, 7
and 8 days were observed in experiments in tubes.
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These conclusions, which are regarded as very important, may be
summarised in this way :—

In broth which was not sterilised by penicillin, the majority of the
cocei multiplied very soon after the penicillin, which had held them in
check, was destroyed, but in some the cocei were in a dormant condition
and did not commence to multiply for more than a week.

We may now revert to the problems presented in Table VIII, whiech
may be set out thus :—

1. Why is the proportion of 50 ec.c. volumes which remain un-
sterilised by penicillin almost independent of the number of
staphylococei originally present?

2. Why is it more difficult to sterilise a given number of staphy-
locoeci in 50 e.es. of broth than in 10 c.es.?

1t was obvious that the two problems were closely related and might,
indeed, be merely two aspects of the same problem.

It appeared that, in the case of 10 c.c. volumes, the main factor in
determining the number of survivors and hence the percentage of bottles
remaining unsterilised was the number of cocei introduced but that, in
the case of 50 c.c. volumes, this factor was overshadowed by others, the
nature of which could not even be guessed.

At first it was thought that the factor which decided the survival rate
was the density of coeci present, and that 50 c.es. of broth containing
a total of 250 million cocel should be as easily sterilised as 10 e.cs. of
broth containing a total of 50 million, sinee the density in each was
5 million per e.e. Table VIII shows a better (although by no means
good) agreement between 50 c.c. and 10 c.c. results when total numbers
are used as a basis of comparison, than when densities are compared,
and reflection showed that this should have been expected.

The time required to kill staphylococei depends (as experiments 5, 7,
and 8 showed) on their density, but if the coneentration of penicillin and
its time of action are adequate, as they are believed to have been in all
the experiments here considerd, densities may be ignored. The factor
which controls the success or failure of sterilisation should be the total
number of cocei present, as it actually is in the case of 10 c.e. volumes,
and would be in the case of 50 c.c. volumes if it were not for the intro-
duetion of complicating factors.

The frequent failure to sterilise broth containing moderately large
numbers of staphylococei cannot be due to the inability of penicillin to
cope with these numbers. As has been shown (Table IX) in the majority
of bottles containing 50 e.cs. of broth and a total of 250 million staphy-
locoeei, the survivors, which are responsible for lack of sterility, number
less than 100. If these cocei survived merely because the penicillin pre-
sent was insufficient to kill the last 100 organisms out of 250 million
originally present, sterility should always be produced with an inoculum
of 249 million, but is not, nor is it even when the inoculum is as small as
10 million. The survivors must, therefore, differ in some important
respect from those which sucecumb. The nature of this difference will
be dealt with in the next part of the paper.

On the question of the attainment of sterility we are now able to clarify
our ideas a little. The only hypothesis which is believed to explain the
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facts is this. In a population of staphylococei there are a few cocei—
rarely more than 1 in each million—which differ from the majority in
their resistance to peniecillin, so that they survive a concentration suffi-
cient, in the time used, to kill all the other cocei. If the inoculum is very
large, one or more of these cocei is certain to be present in it and
sterility will not be attained. As the size of the inoculum is reduced, the
proportion of non-sterile broths decreases until only an occasional one
fails to attain sterility. These special coeei, which I have called
‘ persisters ’, as this term does not imply acceptance of any theory of
why they survive as does the name  resister ”’, are distributed in a
random manner in a population of staphylocoecei. This explains the
apparently freakish distribution of positive and negative results in ex-
periments 14 and 15. A possible explanation of the relative lack of
success in sterilising a given number of staphylocoeei in 50 c.cs. as com-
pared with 10 e.cs. was thought to be the development of persisters in the
large volume but not in the small, and experiments designed to test this
theory and to investigate the factors operating were carried out. Many
experiments were performed and many culs-de-sac which it was hoped
might be avenues were explored before the theory received experimental
support and a factor was revealed. It would be neither profitable nor
creditable to deseribe these experiments which were embarked on hope-
fully and which now seem rather futile. Signposts which pointed the
way were afforded by differences in results obtained in identical pre-
parations in different types and sizes of vessels and also by the effect
of different positions in the incubator on the result. These suggested the
probability of temperature being a factor. Preliminary experiments
confirmed this but only the erucial experiments need be described.

ExpErIMENT 19.—Four sets, each of 10 bottles, containing 50 c.cs. of broth with
1 unit of penicillin per c.c., were used. The inoculum was, in each case, 50 million
Staph. pyogenes in broth at 37°. Bottles of set A were incubated before and after the
addition of penicillin and were removed from the incubator for the minimum time
required for their inoculation. Bottles of set B were kept at air temperature until
they had been inoculated with staphylococei, after which they were immediately
incubated. Bottles of sets C and D were kept at air temperature for 5 hours after in-
oculation. They differed only in that penicillin was added to bottles of set C at the
beginning of the 5 hours and to those of set D at the end. Immediately after set D
had received penicillin, the bottles of the two sets were transferred to a 37° water bath
for 15 minutes to warm their contents rapidly and then to the incubator without delay.

The experiment demonstrates eonvineingly the effect of temperature
on the produection of persisters. When staphylococei in warm broth are
added to warm broth containing penieillin, there are among them a
certain number of coeci destined to become persisters and to resist the
lethal action of penicillin. When they are added to cold broth contain-
ing penicillin, despite the immediate incubation of the bottle, fresh
persisters develop during the time required for the temperature of the
broth to rise from that of the air to 37°. In this experiment, the time
required for bottles of series B to warm must have been much shorter
than in previous experiments of this type, as most of the bottles in the
incubator were already at 37°, whereas, in other experiments, the incu-
bator was tightly packed with bottles all containing cold broth.

Set C differed from set B only in that the bottles remained at air
temperature for 5 hours before being warmed to 37°. During this time
there was a considerable further inerease in the number of persisters.
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TABLE XI.
(EXPERIMENT 19)

Investigation of different factors involved in the sterilisation of 50 c.cs. of broth
containing 50 million Staph. pyogenes and 1 unit per c.c. penicillin.

Set A B C D
Volume of broth (c.cs.) 50 50 50 50
Total number of staphylococci adde
{millions) . o 50 50 50 50
‘Whether broth was hot (H) or cold (C)
when inoculated ... . H C C C
Whether penicillin (P) or staphy-
lococei (S) were added first o P P P
Interval between addition of P and 8
to broth . - 1 hr. 1 hr. 1 hr. —_—
Interval between addition of S and P
to broth . —_ S — 5 hrs.
Temperature at which broth kept )
during interval . 37° air air air
Interval between last addition and
incubation . . 0 0 5 hrs. [
Number of bottles -+ out of 10 used. 6 8 10 10
Bottle No. | T RIT R|T RIT R
10 — 1 0 — 1 b + 16 +
Number of tubes (T) 4 out of 210 + 12 4+ 10 + | B +
5 each containing 1 c.c. broth 310 + 10 — | 5 4+ 15 +
and result in residue (B) 4{0 — | 4 4+ 10 + | 5 +
{45 c.cs.) of broth. 510 — |0 4+ 18 + | 4 +
610 + | & + 13 + | b -+
710 + {5 + 1 4 + | b +
8|5 + |5 + |2 +15 +
910 — | 0 + | 4 + | 5 +
10 {5 + |2 + 1 4 4+ b +

Sets C and D contrasted the effect of the addition of penicillin before
and after a period of contact of staphylococei with cold broth. The
number of persisters is much larger in set D than in set C and it is
believed that this proves that it is the effect of eold broth, and not of
penicillin, which is responsible for the great production of new per-
sisters. Penicillin, indeed, seems to interfere with, but not completely to
prevent, the development of persisters.

It was thought probable that the effect of chilling on the persister rate
might explain the greater number of persisters developing from the
same inoculum in 50 c.es. than in 10 e.es., because the larger volume
requires a longer time in an incubator to reach 37° than the smaller
volume. The results in set C (Table XI) show that even a short time is
sufficient greatly to increase the number of persisters. The theory was
tested in the next experiment which was carried out on the same day
and with the same materials as experiment 19.

ExpPerIMENT 20.—Three ssts of 10 large bottles, each containing 50 c.cs. of broth,
and three sets of 10 small bottles, each containing 10 c.cs. of broth, were used. The
concentration of penicillin in each was 1 unit per ¢.c. and the time of action 72 hours.
To bottles of the first pair of sets (large and small bottles), were added 250 million
staphylococci, to those of the second pair of sets, 50 million, and to those of the third,
10 million. In every case the bottles were incubated before and after the addition of
penicillin and were removed from the incubator for the minimum time required to

enable the addition of cocci (the dilutions of which were prepared in warm broth)
to be made. So, every effort was made to prevent the cocci being chilled.
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TABLE XII.
{(ExPERIMENT 20)

Comparison of the effect of penicillin acting on Staph. pyogenes in 50 and in 10 c.c.
volumes of broth when the inoculated cocci are never chilled.

Set A B C D E F
Volume of broth (c.cs.) . 50 10 50 10 50 10
Total number of staphy-
lococei added (millions) | 250 250 50 60 10 10
Density (number per c.c.) 5 26 1 b 1/5 1
of staphylococei.. . million | million | million | million | million | million
Number of bottles -+ out of
10 used . 10 9 6 2 3 1

A comparison of the results (Table XII) with those of previous ex-
periments suggests that the broth culture used was particularly rich in
persisters, but, despite this, the main aim of the experiment was achieved.
As with experiments using the ordinary technique, the proportion of
10 c.c. volumes remaining unsterilised is roughly proportional to the
number of cocci introduced, especially if we attribute the one positive
bottle in set F to the operations of chance. The agreement between the
number of eocei introduced and the number of 50 c.c. volumes remaining
unsterilised is less good, but is much better than when the usual technique
was employed (Table VIII). In this experiment, the proportion of un-
sterilised 50 ec.c. volumes falls as the number of staphylocoeei introduced
falls although the relationship is not direct.

From these results it may be deduced that chilling is a very important,
but not the only, factor responsible for inducing the formation of per-
sisters. It is suggested that mere dilution is a factor, as it is in pro-
longing the lag phase of baecterial growth, and probability is given to
this suggestion by the higher rate of production of persisters in 50 c.c.
volumes than in 10 c.c volumes and, in the case of 50 e.c. volumes, with
small inocula than large,

We can now attempt to answer the two questions which we pro-
pounded. Lack of sterility is due to the presence of persisters. Some
of these are in the persister phase when inoculated, but this phase may
be induced in ordinary forms by their new environment. If the broth
into which they are introduced is cold, fresh persisters develop, the
numbers depending more on the duration of exposure to eold broth,
than to the number of cocei present. Since 10 e.c. volumes warm more
quickly in an incubator than 50 c.e. volumes, fewer persisters develop
as the result of exposure to cold in 10 c.c. tubes or bottles than in 50 c.c.
bottles, This is certainly not the only factor and it is suggested that
another is dilution or dispersal of the cocei in their new environment.
Other unknown factors may also be conecerned, but more important than
the revealing of these is the demonstration that failure to sterilise
staphylococei in broth with penieillin is due to the presence of persisters,
some of which were present in the inoculum, while some assumed that
state as the result of exposure to a new environment,

The next experiment was designed to test if the prolonged action of
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penicillin in high concentration could sterilise broth more heavily
inoculated with Staph. pyogenes.

ExPERIMENT 22,—Ten identical bottles each contained, in 50 c.cs. of broth, 2
units per c.c. of penicillin and 10 million Staph. pyogenes per c.c. The bottles were
incubated for 11 days when penicillinase was added, and incubation was continued
for a further 4 days. Growth of staphylococci occurred in 2 of the bottles ; 8 remained
sterile.

It is probable from this result that, by prolonging the time of action
of penicillin, the number of bottles, the contents of which become sterile,
can be increased, but even with such a long period as 11 days, 2 of the
10 hottles were not sterilised.

All the experiments so far recorded were carried out with Staph.
pyogenes, strain H. (N. C. T. C. No. 6571), the strain used in the Sehool
of Pathology, Oxford, for assaying penicillin. To determine if other
strains behaved in the same way, eight, all isolated from human lesions,
were examined.

It is sufficient to say that penicillin acted on these 8 strains as it did
on strain H. In concentrations as low as 1/16 unit per c.c., it was lethal
for all, but with them, as with strain H, complete sterility could not be
attained with any regularity, although the experiments left the impres-
sion that it was less difficult to sterilise these strains with penicillin than
strain H. In one experiment (No. 23), in which 4 strains were tested,
the volume of broth was 100 ec.cs., the concentration of penicillin } unit
per c.c. and the density of staphylococei 5 millions per e.c. In every
case complete sterility was attained in 45 hours,

Serum, a medium more closely resembling the body fluids than broth,
was used in tests of the action of penicillin on Staph. pyogenes.

ExPERIMENT 24.—Three bottles containing respectively 1, 4 and } unit of penicillin
per c.c. end 5 million staphylococei (strain H) per c.c. in a total volume of 50 c.cs.
of humsan serum were incubated for 46 hours. The contents of the bottle were dispersed
into tubes in 6 c.c. amounts. To these penicillinase was added, after which they
were incubated.

TABLE XII1,
(ExPERIMENT 24)
Number of tubes (5 ¢.cs.) positive out of 10 and number of cocei surviving out of

250 million present in 50 c¢.cs. of serum in which penicillin in various concentrations
had acted for 46 hours.

Bottle l A ‘ B Cc
Penicillin (unit per c.c) . .. .. 1 3 P
Number of tubes + out of 1 2 4 8
Estimated number of cocci surviving
per 50 c.cs. . . . . 2:2+1-6 51426 9-24.2:9

The number of tubes remaining unsterilised and the number of cocei which survived
increased as the concentration of penicillin was reduced.

The next experiment with serum as the culture medium was planned
to test if, despite the prolonged action of an adequate dose of penieillin,
staphylocoeei persisted as they did in broth.
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ExpERIMENT 25.—Four identical bottles each contained, in a total volume of 50
c.cs. of serum, 1 unit per c.c. of penicillin and 10 million Staph. pyogenes (H) per c.c.
To balance the destructive action of serum, the concentration of penicillin was main-
tained approximately constant by the addition, each morning and evening, of fresh
penicillin. Incubation was continued for three days, at the end of which time the
contents of each bottle were dispersed, in equal amounts, into 10 tubes which were
incubated for a further three days without any addition of penicillin. Penicillinase
was then added and the tubes were again incubated.

The ten tubes from each of two bottles remained sterile. One out of each of the

ten from the other two bottles gave a growth of staphylococci, 9 in each case remaining
sterile.

The many experiments recorded in this part of the paper have shown
that penicillin is capable of sterilising a suspension of Staph. pyogenes,
either in broth or in serum, but that, when the number of cocci present
is large, suceess is rarer than failure. I attribute this to the presence
of a special type of coceus to which I have given the name persister.
Persisters are not killed by a concentration of penicillin acting for a
sufficient time to kill the great majority of the coecei present.

(Continued in December issue.)

THE TREND IN TUBERCULOSIS.
By Josepr T. DaNIEL.

T is now almost a platitude to state that the mortality rate of tuber-
culosis has fallen steadily within the past fifty years. The follow-
ing figures are so well known that they hardly need reproducing,

yet their steady decline gives one a little hope for the future, hope
in an ultimate victory over a scourge that has ravaged mankind for
long ages past.

Death Rate Ten year periods ending
4,300 1842
3,500 1855
3,500 1865
3,000 1875
2,600 1885
2,200 1895
1,800 1903
1,600 1915
1,600 1925

950 1935

Deaths, per million living, from all forms of Tuberculosis.—(Registrar-General’s
Reports, 1842-1935.)

This decline is, of course, noted only in the European white races and
the people of North America. Amongst the coloured races, such as
those of India, the morbidity and mortality rates are still very high
and have changed but little. To what is this decline in mortality due,
and how may it be reduced still further, till tuberculosis becomes a
legend like the plague? Many reasons are given, such as, a steady
decline in the virulence of the causative organism, or a steady increase



