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THE INFLUENCE OF CULTURAL CONDITIONS
ON THE PRODUCTION OF DIPHTHERIA
TOXIN.

: A, F. WaTsox AND ELSIE LANGSTAFF.
- The Wellcome Physiological Research Laboratories, Beckenham, Kent.

I.—THE DEVELOPMENT OF CULTURAL METHODS FOR THE ROUTINE
PREPARATION OF DIPHTHERIA TOXIN AND TOXOID.

[

A FEW years ago Hartley and Hartley (1922) described a general
method for the preparation of diphtheria toxin and its results in their
'dB. They emphasised the importance of the production of
gatisfactory antigens in laboratories where the preparation of thera-
tiec sera is carried out on a large scale. Since these results were
blished certain advances in this field have been made and a
eral survey of the work is included in the three parts of this
The present part deals especially with the development of
thods although, in devising these, advantage has been taken of work
eribed in the second and third papers. These methods were made
sible by the use of the Ramon (1922) floceulation test for titrating
ture filtrates of C. diphtherice against antitoxin in witro. Over a
png period individual culture filirates were tested and two aspects of
mportance in routine production were soon evident. It was found
t the variation from filtrate to filtrate from the same medium
toclaved at pH = 80 (especially with media made by tryptic digestion
f musele) might be very great (infre, p. 394). In attempting to
e the cause of this variation, the importance of the heat stability
media became prominent. Although the ill effects of heat on media
2 been reported by many workers, the influence of autoclaving at
= 80 in eontributing to this variation had not been suspected by
us (infra, p. 405).
It was decided at the beginning of the work to carry out a detailed
avestigation of the construetion of medium by the tryptic digestion
nuscle, a process which Hartley (1922) adapted to the preparation
diphtheria toxin from Douglas’ (1914) original method. The media
d in this work and that in the following two papers were prepared
two modifications of enzyme digestion and by dissolving 2 per cent.
- commercial peptone X in beef-heart infusion.*

* The beef-heart infusion was prc]mn-:d by boiling muscle and water in the
'.E!hpm"lmn of 1 Ib. of minced muscle to 1 litre of water. The infusion was filtered,
per cent. peptone and 0°5 per cent. salt added and the pH adjusted to 8-0.  After
ing the medium, sterilisation, method of incculating ete. were carried out as
ﬁrﬂi,gestmediu
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384 A F WATSON AND E. LANGSTAFF

Preparation of medin.

The development of the methods for preparing digest media may
perhaps be made clear, if the technique which has been used for nearly
two years for the preparation of graded filtrates is first described in
detail. Two methods were employed.

The short period digestion (method 1.)—The digests were carried out in four
litre glass jars, Six hundred grms. of horse muscle, minced and freed from
fat and connecctive tissue, were placed in each jar and one litre of tap water
added. To destroy any antitryptic activity of the muscle and effect solution
of some nitrogenous material, the _']a,rs were given a preliminary steaming
until they reached a temperature of 80° C. To each jar was then added one
litre of 0°15 normal sodium carbonate. This lowers the temperature of the
jars and brings the pH of the contents within the zone §4-88. As soon as
the contents reached a temperature of 44°-45°, 40 c.c. of trypsin extract and
20 c.c. of chloroform were added to each jar, and the jars were placed in an
incubator at 35° C. The digestion was allowed to proceed for 2'5 hours with
occasional stirring, To each jar was then added 16 c.c. of concentrated
hydrochlorie acid, and the contents of the jars were bulked in a steam cauldron,
taken up to 100° C. and filtered. The pH of the warm acid filtrates was
adjusted to 80, the medium filtered again and allowed to remain in an alkaline

state in the cold room overnight. The adjustment of the pH of the atrid]_
medinm may be left till the following morming to avoid leaving it so long

i dulks

Ca

in the alkaline state. To ensure accurate volume adjustments from batch to

batch, the volume of bulked medium was made up proportionally each time

with glass-distilled water. ]

The long period digestion (method 2.)—The proportions of muscle, carbonate i
solution, trypsin etc. were the same as for method 1, which was closely followed
up to the time when the enzyme was added. Instead however of leaving the ].
enzyme to act for 25 hours at 35° C., the jars were kept at room temperature for

72 hours, lightly covered with pa.mhme.nt. paper; the contents of the jars were
stirred daily, after which the treatment with acid etc. was carried out as in
method 1.

The distribution of medium info containers,.—Following Hﬁ,rl}le}"s_.
technique, double Winchester quart bottles (eapacity 5 litres) previously
sterilised were used as containers, 1 litre of medium being placed
in each bottle. Great care was taken to plug the bottles with cotton
wool as loosely and uniformly as possible. Eighteen to thirty litres of
each batch were filled out in this way and the remainder was stnr&d,
after Seitz filtering into large bottles for use when its value was known
(see below).

The storilisution of the medium.—The most satisfactory method
used for large amounts of media was by filtering at pH = 80 through a
Seitaz filter press into the previously sterilised double Winchester quart
bottles. These were then steamed at 100° C. for ten minutes:
Alternatively the medium was autoclaved at ca. pH 4'0 and the pH of
the medium adjusted to 8:0 before Seitz filtering, after which no further
heat was applied (below, p. 406). At the beginning of the work, the
technigue of Hartley and Hartley (1922) was adopted and sterilisation
was effected by autoclaving. Steam was passed freely through the
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autoclave for one hour after which the pressure was raised slowly to 10
Ib. and maintained at this level for half an hour. This procedure was
abandoned as soon as ifs deleterious effeet on the medium was
established.
Chemvieal analysis of medium.—The following estimations were
carried out on a sample of the sterilised medium :—
(z) The pH was determined.
(b) Total nitrogen (T.N.) was estimated by Kjeldahl's method.
(¢) Amino nitrogen (V.S.N.) was determined by Van Slyke's
(1912) method.
(d) Proteose nitrogen was determined by Hedin's (1904) method.

Method of control.

One of the chief difficulties encountered in this particular field
of investigation is the wvariability of the media. There would
appear to be two groups of factors determining the final potency of
the culture filtrates. The primary factors are those concerned with
the actual production of the medium which involves the use of horse
muscle over which there is no practicable control. As soon as the
medium is made it has, for any one strain of C. diphtherie, a potential
toxin-producing value. This may be deleteriously affected by secondary
factors, e.g. by the heat which is applied during sterilisation, by the
type of bottle in which the medium is contained, by the temperature of
growth, by the ease of access of air to the culture during growth,
possibly by the amount of inoeulum which it receives initially and other
as yet unknown factors (below, pp. 384 ff). Tt frequently happened
during the preliminary study of the problem that a number of experi-
ments earried out with one consignment of muscle proved useless owing
to the control medium failing to give filtrates of any value. To overcome
this difficulty a method of control suggested by our colleague, Mr
A. T. Glenny, was adopted. In the absence of an absolute control,
a continuity of comparison was ensured by this means. The main
features of this control, used chiefly with digest media made by
method 2 and peptone media, are outlined below.

(@) Media.—Two volumes of medium were prepared every week on
two successive days from ome consignment of muscle. Enzyme
extractions were carried out from large batches of pancreas. Definite
days were allotted for the preparation and inoculation of media and
the “ harvesting ” of toxins.

The extracts were prepared in quantities of 50-60 litres by the method of
Cole and Onslow (1916) from fresh pig’s panereas, using absolute alcohol in
the early part of the work and later methylated spirit (which serves equally
well and is more economical). At room temperature or in the incubator the
extract usually reaches maximum potency after 48-72 hours. At lutuer
temperatures 4 days or more may be necessary. Considerable variation exists

in the chemical analyses and the proteclytic activity of the extracts from
batch to batch.
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() Mothod of growing cultures—The bottles containing the media
were placed in an incubator on definite shelves, the temperature of
each shelf being recorded twice daily. Bach batch of medium was
divided into five sub-batches, A —F (lutm reduced to three, A—(),
each sub-batch containing a minimum of six bottles, three per shelf.
Sub-batch A of the fifth medium was inoculated at the same time as
sub-bateh B of the fourth medium, sub-batch C of the third medium,
sub-batch D of the second medinm and sub-batch F of the first
medium, and so on. The bottles were inoculated from “ preliminary ”
double Winchester guart bottles containing 2-day old cultures of the
bacillus, a substrain 110 of the original Parl-Williams' strain (P. W. 8),
one culture being used for each shelf (i.e. isothermal inoculation) and
one loopful of film used for three bottles. The results of this
method of control are shown in tables I. and IL: its value lies in
the provision of a continuous eontrol and in making available for
experiment media of known potential value for toxin production.

Period of growth, film formation, efe.

Film formation was usually complete in 24 hours, and after about:
7 days’ growth was luxuriant particularly with the enzyme digests
where festoons and heavy deposits were characteristic. Experimentally,
it was found that digest medium reached its maximum at the end of
10 days. With peptone media the growth period was limited to F
7 days (Hartley and Hartley, 1922). Before removing from the |
incubator, a smear was made and examined for purity.

The sterilisation of cultures.

The cultures were killed after growth during the early part of }
work with 05 per cent. pure phenol. Later, when the deleterious
effect of phenol was realised (see Moloney and Weld (1925), Glenny, |
Pope, Waddington and Wallace (1926)), toluol was used if toxin ';4
required. When it was desired to produce toxeid by the action of
formaldehyde according to the method of Glenny and Siidmersen
(1921) and Glenny and Hopkins (1923), the technique of Ramon was
adopted and 05 per cent. of neutralised formalin (02 per cent.
formaldehyde) was added directly to the culture. By this means
detoxication of the phenol-free antigen was ecommenced and could be
continued by subsequent incubation of the filtrates.

The determination of the “strength” of eulture filtrates.

All “normal” filtrates (ie. those phenolised or toluolised filtrates
with pH of more than 7-0 and those formalised filtrates of pH more
than 6-0) were tested for potency (Lf units * per c.c.) by the method of
Ramon (1922) as elaborated by Glenny and Okell (1924) and Glenny

* The Lf dose is timt amount of filtrate which is equivalent to one unit r.;-f antitoxi
by the flocculation test (Glenny and Okell, 1824).

:
i
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and Wallace (1925). Samples were normally tested over a range of
2-24 units at two unit intervals, but differences of half a unit were
on occasion estimated. A selective method of bulking filtrates
according to their LE values was adopted. By this means large
volumes of graded filirates could be obtained for immunising and
experimental purposes. The lower grade filtrates were concentrated
by the method of Watson and Wallace (1924).

1 General results.

Table I. shows a typical sowing. Initial and final, and maximum
and minimum temperatures during growth were recorded for each
shelf. The four routine broths consisted of sub-batches of media
made from two consignments of musele (method 2). The experimental
broths included two auntoclaved modifications of one of the filtered
control broths (CEE 8) and one commercial peptone broth. The ill
effects of over-autoclaving media at pH 80 are seen (below, p. 405)
as well as the general index of the bottle variations, especially with
the autoclaved broth (below, p. 398).

Tasre I.

Method of contiol.

Typical sowings of experimental broths with four routine controls fo ensure
continuity of comparison.

Routine control broths {methoed ). J Experimental Liroths.
— | = e Bl T S
CESD). | CE®C). | CETE. | CEE&aL | B.20s7. | B.soc2. | B. 26
' Over- | 2 per eont.

Antoclaved | Antoclaved Auurclm:*r.cl. E;Lrlit;al ault:ggm'mllnmm“m paptons

brovh. | - broth. broth broth. broti.
65 | 5] i I %57 Y | L
|' 85 | 85 85 85 85 | &5
|
¢ | | i 1 i |
+ Temperatare. | pH. | Lf i;uH. LL i;JH- | Tf | #H. | L. r;-H.i L. | yH. | Lf | pH. | LI
— - .I — PE— L ]
202 G4 4 | &8 | 10 | 52 d s ] i 821 4 79| 10
220 841 64| 4 | 88| 12 | 81 4 130 | 14| ... | ..o, |eon=) ... | 73 i
tam. |
297 fi4 o | 83| 10 | 82 | - R | e er CON-| L | TR 12
| I tam. |
350 60| 4 |85 (12| ... | ... |®2| 24 |88 14 |82| 2 |¥0|12
| [ | |
319 830 E'I:I| 4 | 83| 10 con- ... 82|16 |88 |16 (82| 4 |79 8|
| tam. | i |
287 con-| ... |88 8 |econ.| ... [82 |12 82|12 |82| 4 |79 10
tam. tam. |
305 e | ek e L S| s P (] 8
I 1
2041 299 T | B'Ei 107 il eoEElRl R 71 2
284 ‘ 3-1‘ e | e llBiol] 26 Je0] & [l72] 4
A2
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Table TI. shows the classification of results from eight typical
preparations of filtered digest medium made by method 2. Similar
records have been obtained from nearly two hundred batches of
medium representing the analysis of results from about four thousand
individual filtrates. These records have indicated the relative
importance of several factors involved in routine production of
toxin.

(i) From horizontal readings, the influence of sowing a medium
at different times is shown. Change of inoculum and slight
temperature differences during growth would seem to have
little effect. The definite gradation in value from higher to
lower obtained with many batches would point to some
deterioration of medium after storage over the period tested
(not exceeding 6 weeks).

(ii) From vertical readings, comparisons between batches of media
made from the same consignment of muscle on different
days, also between batches of media prepared from different
consignments of muscle, are possible. Although the technique
was never consciously changed, the value of media made at
different times from the same muscle batch varied. This
may of course be due to bacterial interference during
digestion rather than to the personal factor. The differences
between meat batches are also emphasised and shown more
markedly in chart 1.

(iii) From diagonal readings, we may see differences in media sown
at the same time, every condition possible being the same
for each bateh, so that here the relative values of the media
may be compared. Consecutive sowings show little variation
in this relative order and these combined give a definite
index to the value of the media.

TasLe II.

Method of control,

Classtfication of results for eight batehes of media (method 2) sown in
sub-batches on diffevent oceasions.

— — —

| | Average Lf value par c.e.

| Harvesting | of filtrates.  Sub-batehes. Sowlng | wodtum | Muscle | Trepsin | TO%l

|t it e T sab.baton, | Mamber. | bateh. | bateh. | Nmgems ]

Ll e 1e | -
| Il il s , =
12.10.25 | 13 | 14 |12 | 8 2,10 25 16 77 94 | 255
12.10.25 8| 4 4| 2 2.10.25 47 77 04 24-1
19.10.25 | il s 2| 2| 91025 48 78 04 | 9211
19.1025 | 11 (12 |11 | ... | ... | 9.10.25 ) 49 78 94 | 253
26.10.25 | 12 | 10 81 8| .. | 161025 50 | 79 94 19-3
| 263025 (12 | 15 | ¥ | ... | 18.10.25 51 i M 246
211.25 [ 18| 16 | 15 | 15 | ... | 23.10.25 52 | 80 a4 191
2.11.25 | 20 | | 14 | 14 | ... | 28.10.95 | 53 80 94 | 265
. |
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380 A. F. WATSON AND E. LANGSTAFF

To summarise, it would appear that all these factors are definitely
subsidiary to the constitution of the medium in determining its value
for toxin produection.

Results from the wuse of these digest and peplone media.—Both
methods 1 and 2 are capable of giving high value filirates although
over a long period of time wvariation is found to exist both in the
analyses and in their toxin-inducing properties. Chart I gives the
variability of congecutive batches of media prepared from different
consignments of muscle. Series A were made by method 1, the media
being sterilised by auntoclaving; during this period the method of
control described had not been adopted. Series B were prepared by
method 2, the media being sterilised by Seitz filtration followed by a
short steaming ; in this case the method of control was used. A series
of similar curves are included for consecutive batches of peptone
media (series C).

The chief feature of the chart is the variability in the nitrogen
analyses and in the potency of the culture filtrates. The average value
of the peptone filtrates is lower than that from the digest media. The

Tasre III.

The average vesults obfained with consecutive batches of digest media
(methods 1 and 2) and from peptone medis,

No. | pytal ¥ mgrms. | ., Amino ¥. | No. of .,l}l'}t f::’:'.. P"m"t’.ﬁﬁlfnmf‘“ Hiﬁhm
t I_:a.t::t}fms. per 10 o, ° Total M. filtrates. I|I1?rutm:. unitti |.|:'VI‘ELII-|; I.Lh:{r :.I:‘
|
: Method 1.—Series A. (sterilisation by autoclaving).
| 25 Max. 366 673 G638 87 | 25-30 2'6 |27 units,
| Aver. 204 280 Spial 20-25 139
1 Min. 204 1871 iy ]| o 16-20 34
| . 1216 180
! . _ 812 206
i ! 6-8 124
| - | - <6 201
|
I Method 2. —Series B, (sterilisation by filtration).
2 | Max 451 | .. | 265 | 100 | 3035 11 |s2units
| Aver. 321 25-30 26
Min. 21-2 20-25 106
! ; i 16-20 280
| ' 12-16 2175
- , 8-12 249
| | | 68 7%
| | | <6 &8
Peptone media.—Series C. (sterilisation by filtration).
23 Max. 469 287 | 100 | Bb-30 ... 17 units.
‘ Aver. 3535 ' | 2025 ..
| Min. 221 | 16-20 3-8
| | 1216 1876
| 8-12  36-3
6=-8 139
| | ‘ ‘ | <6 274
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former while showing greater nitrogen variations in the media exhibit
less variations in the average value of the filtrates.

Table ITL. gives the average results obtained with the media dealt
with in the chart. Here again the superiority of the digest methods is
emphasised. The highest value obtained for any filtrates was thirty-
two Lf units per c.c. (method 2). The highest value filtrate obtained
by method 1 was examined in detail and found to contain 22 Lr doses,
22 Lo doses, 18 L4 doses, 1700 guinea-piz fatal doses and 27 Lf units
per c.c. The value of these digest methods (especially method 2) for
the preparation of very potent filtrates can therefore be appreciated.

The development of a medivm adapled to the requirements of a
particular substrain of P. W. 8.

Evidence has shown that the constitution of the medium is of
primary importance and these digest methods would seem to offer
a means of developing a medinm particularly suited to any one strain
after acclimatisation. It is unlikely that media constructed by the
two methods described would give equally good results with other
substrains of P'W. 8. For instance, five of these substrains were
eollected from different laboratories in Europe and America and given
gight consecutive subeulturings on digest medium. The culture
filtrates from the eighth subculturing were tested for pH and L value
in the usual way. Table IV. gives the results which are typical of
several experiments carried out on the same lines. The growth of
the organisms and the pH and Lf value of the filtrates varied widely
and in no case was the Lf value so high as with our substrain 110.

TasLe IV.

Torin production by substrains of P. W. 8 from different laboratories
after acclimatisation on one type af digest medium.

Formalised filtratos
Hubgtrain SOnred. | Growth I -
of P.W. 8. { % ' Average LT
[ | ik | ks par e,
79 1 T e 60 3
TR0 2 44 | @ 70 i
103 3 + + + 2 (i) 12
108 o [ (TR 0
111 H! [ b 2 60 0
110 Routine + + + | &8 i1 18
| strain | | |
|

With this fact in mind, the present methods were developed with
substrain 110 which at the commencement of the work was giving
filtrates of little or no value with any type of medium. Investigation

A3
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of the conditions during digestion ete. revealed those factors most
suitable to vary in attempting to adapt the method to any one sub.
strain. Experiment showed that variation of any of the condifions of
digest, e.g. ratio and pH of components, type of container, temperature
and time of digestion, markedly affected the value of the medium
obtained. It was found best to keep empirical factors such as
quantities of components, containers etc. constant, while the more
easily controlled conditions of temperature and time could be varied.
Thus to establish method 1 a number of batches of muscle were
digested at 35° C., under exactly the same conditions with one batch
of enzyme, samples being removed from 1 to 8 hours at half-hourly
intervals. Similarly, to establish method 2 a number of batches of
musele were digested at room temperature under exactly similar
conditions with one batch of trypsin extract and samples were taken
at 24-hour intervals during 4 days. In both cases, the fractions were
converted into media and tested for growth and toxin production after
acelimatisation with the 110 substrain of P.W.8. The results of this
procedure are illustrated in table V., the data from which were userd
to establish method 2.

TasLE V.

The value of bateles of media made by prolonged digestion of diflerent
mauscle batehes at room temperatuve for varying time periods.

Period of No. of | ]:"D;E'i'-l'!llf-ﬁ-i;ﬁl:}f Dorousg g ATkmEny WU L LT
dignstion. bateles, | ﬂtllr::,“tﬁ] pos |__ K
<5 2025, | =240 13-16. | 8-1%. -8 <0
e e e — - - 1 i [R— 1
{l hours : 4 | bl : i} 10 85
< i !. 70 | 4 bl RS- s LA
[ | | |
i o s 12 % ‘ 85 4 o [ ] 16 20 54
L e 15* 80 02| 1 34 | 20 15 | 208
s ey 7 | 100 | 13 8 | & 7 | 25
| |

* It soon became evident that these two poriods were giving the best rosults. A larger number of
mugele batehes were therefors investigated to determine the hetter point to stop the digestion,

Correlated with the different chemical composition of the fractions
there was a variation in their value for foxin production. The 72
and 96 hour digests gave the best results, and the more convenient
shorter digestion was taken as a suitable basis for the construction of
media. By a similar technique, the conditions of method 1 (2'5 hours
digest at 35° C.) had been determined for the same substrain. In this
way, by carrying out preliminary experiments with several muscle
batches (muscle being an uncontrollable factor) it would appear
possible to establish a method for the preparation of media especially
adapted to the requirements of a particular substrain of P.W. 8.

R ]
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Bacterial interference during digestion.

It has been mentioned above that volumes of medium made from
one muscle batch on subsequent days frequently wvaried. Bacterial
growth during digestion may have contributed to this variation, since
the use of preservatives and frequent stirring did not entirely suppress
the growth of @robic and anwmrobie organisms. Attempts were
therefore made to digest under sterile conditions. Mixtures of water
and muscle were steamed on three successive days or autoclaved either
in the alkaline or acid state (in the latter case sterile alkali was added
to raise the pH before digestion) and digested with trypsin extract
previously filtered through a Berkefeld candle, a process which does
not markedly affect its activity (Cunningham, 1918). Although this
technique was laborious, it was found possible to effect digestion under
perfectly sterile conditions, and the resulting media showed lower
variability.

Table VI. gives one example where the muscle, water and carbonate
were sterilised by steaming on three successive days: filtered trypsin
was added aseptically and media prepared at the end of three days,
after showing the absence of ansrobic and wrobic organisms. Both

TasrLe VI

Analyses and toxin production on media made by bacteria-free sterile
tryptic digestion.

DBateh number i Nitrogen mgrms. 10 c.e. Lfunits m';:tf‘ of tiltrate.
Kumber. - ! e = - e e
Musclo, Tryspin. ! T.H. I VAN {I:H‘t::ﬂ 1. i 2 | 8.
-— a ——— - - — — - __: | pr——— I - | — s
B.2141, .| 90 o6 |05 | 74 | ne | &8 | 20| 8
| | i
B. 21414 51 80 a4 | 386 | &0 ‘ 98 12 10

the chemical analyses of the media and the potency of the culture
filtrates were similar. [t would seem that if bacterial growth during
digestion could be excluded in the large scale production, the variability
~ of the media from one batch of musele would be lessened.

The variation from culture fo culture on one medium.

The fact that after filling out the same bateh of medium into
similarly shaped containers, sterilising by autoclaving at pIH 80 and
inoculating from one culture, variations existed from bottle to bottle
was emphasised when individual filtrates were tested. The difficulty
has been overcome in the present methods by grouping the tested
filtrates according to their Lf values before bulking and using for
immunising purposes. Some of the possible causes of this type of
variability are examined below (p. 398).
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STUMMARY OF PART I

1. The variability of three routine methods for the preparation of
diphtheria toxin has been studied.

2. A method of continuous control for use in this type of work is
described.

3. Evidence is given to suggest that the composition of the medium
is of primary importance in determining the value of the culture
filtrates.

4. The development of methods for the preparation of a roufine
medium by the tryptic digestion of muscle, especially adapted to any
one substrain of the P. W. 8 strain of (. diphtherice, is described,
Media made by such methods show very high toxin-indueing properties.

11.—THE VARIATIONS FROM CULTURE TO CULTURE OF (. DIPHTHERLE ON
THE SAME MEDIUM, MORE ESPECIALLY WITH REGARD TO TOXIN
PRODUCTION,

It is a well-known fact amongst workers in the field of bacterio-
logical research that, after taking precautions to fill out equal amounts
of medium into similarly shaped culture flasks of the same size,
sterilising by autoclaving in the same way and inoculating with the
same number of organisms of a specific toxigenic culture, variations
may occur both in the rate of growth and amount of bacillary bodies
produced and also in the potencies of the culture ﬁl?ﬁe& after the
same time period. The causes of this variation are but little understood
and the difficulty has been overcome by many investigators by taking
the average result of the growth of more than one culture to settle any
point. Thus Walbum (1922) when investigating the formation of the
toxin of C. diphtherie states, “ In spite of absolutely similar treatment,
the development and toxin formation in the different flasks may not be
the same: in sampling I have taken at least four flasks and mixed
them, then filtered the total contents (2800 c.c.). By such a procedure,
sources of error are eliminated as the uniformity of the curves shows.”
Much of the work on the elaboration of bacterial toxins has been done
by this type of technique, primarily because of this variation from
filtrate to filtrate of the same medinum and also because until recently
the only methods of testing involved the use of animals and were too
tedious to apply to the individual filtrates constituting one large
experiment. Impetus in the last few years has been given to work in
this field of research by the discovery of Ramon (1922) of an easy
and rapid method of testing the potency of diphtheria toxin against
antitoxin in witro. Advantage has been taken of this method to test
individual culture filtrates during the routine production of toxin over
a long period and data from nearly ten thousand separate tests have
been accumulated. At a very early stage in the work it became
evident that this particular type of variation from culture to culture

B s o il ot
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eould on occasion be very marked. The extent of this variability and
some of the contributing causes are here examined.

The media used were those described above :—tryptic digest media, methods
1 and 2, and peptone media. Most of the media had been previously tested
for toxin production by the methods deseribed and the possibility of carrying
out experiments with media of no value for toxin production was therefore
avoided. Care was taken to bulk the media before filling out into culture
bottles, to plug them loosely and uniformly, and where groups were being
compared to inoeunlate from the same culture on to the experimental media
which were maintained in izothermal positions during growth. The substrain
1107 of P.W. 8 was used throughout.

The variation from culture to culture on the same medium is, in
our experience, more marked in media made by the tryptic digestion
of musele than in other types although the average strength of the
culture filtrates from the former is relatively high. As examples we
give two extreme cases of variation that were encountered with these
types of media before the method of continuous control was adopted.
In each case one large volume of medium was mixed, adjusted to
pH 80 and then filled out into double Winchester quart bottles, one
litre in each, and the bottles autoclaved together.

Case I. Thirty-four bottles of medium prepared by method 1,
adjusted to pH 80 and autoclaved at the same time, were placed in
the incubator as close together as possible. They were inoculated
with the substrain 110 and left for 10 days. The temperatures of the
cultures were taken at the end of growth (* harvesting temperatures”),
Owing to slight variations in the temperature of the incubator, these
“harvesting temperatures ” were not exactly the true temperatures of
growth. At the end of growth, the cultures were treated with
05 per cent. pure phenol, filtered after 24 hours and the filtrates tested
for pH and potency (Lf units per c.e.). Table VIL shows the results
obtained. Of the 34 filtrates, 17 had an average value of 24 units per
e.c. while 13 had a value of less than 2 units per c.e. The extreme
values were 27 and less than 2 units. Only one filtrate contained
27 units per c.c.

TaerLe VII.

“dn extreme case of variation in pH and Lf value from bottle to bottle in
one bateh of medium prepaved by method 1 (sterilised by awtoclaving at
pH §0).

Filtrates. | Lif units por c.c.
Number of botties Trm]‘.ﬁm!.ur:: af
£ cultures
of medinm (1565). s ' 3 5 - il ——rT i e time of harvesting.
#H. A ;TUEL" | Max. Average, Min.
HE! [ 77 to 84 17 27 24 18 58" to 35°
72 to 77 1 110 [ 2 i B
<72 T SR < S e ae* ,, 87"
. . i

A4
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(fase II. Eighteen hottles of medium prepared by method 2 and

adjusted to pH 80 were autoclaved together and placed in the

incubator. They were inoculated in three sub-batches using the
method of control described (above p. 385) d.c. every possible factor
being rigorously confrolled. In all bottles except one, the culture
filtrates were acid at the end of growth and contained no appreciable
Lf units (4 or less units per c.c.). In the exceptional bottle the pH
was 8'0 and the filtrate contained 19 units per c.c.

TaprLe VIIL

An extreme case of variation in pH and Lf values from bottle to bottle in
one bateh of medivin prepaved by method 2 (sterilised by autoclaving
at pH 80).

pH. L{ units par ¢.c.
Medium. | Filtrates. | Shelf. L I Sl bwbok:
PTG S T, S| TS TR TR ==
; 1. 2, 8 1. R (B
|
AT e v, | (<SR [N, P — !
CESH (1) 3 A A A 4 2
" [2) 3 A A A
T {3] 3 ..I'\. ..!'..'l .E“L i En | 4
EL) E"J 2 A &0 A . i9 4
o {5) 2 A A A 2
5 (6) 2 A A A 2
PG = .A= l‘i ET"!’J. R S
P /’_,-'-"'_

The normal variations with media autoclaved at pH = 8°0.

The results given above illustrate extreme cases of variation. A
general impression of the normal variations will be obfained from a
scrutiny of some of the tables given already and will perhaps be made
more clear from table IX.

Using the method of control described, a batch of digest medium made
by method 2 and a batch of peptone medlum were investigated over a permd
of some weeks, The following data are included in table IX, :—

{1.) The arrangement of the cultures in the incubator.
(ii.) The maximum and minimum temperatures during growth for each
shelf of the incubator.

(iii.) The pH and Lf value of the individual culture filtrates at the end

of growth. The cultures were treated with 0°5 per cent. phenol in

il

il

i

ol

N T .

g

!-

all cases except the A and B sub-batches of the peptone media:

formalin (0°5 per cent.) was added to these and the pH was cor-
respondingly lower.

(iv.) The extent of the “bottle variation” of the filtrates (last mlumu}”.

Although the growth and pH of the cultures at the end of growth

were approximately the same for individual filtrates from the same

medium, the in vitre measurements of the potency showed variable

results. Thus as with the digest medium, although the mean value
was 12-14 units per e.c., three filtrates contained only 2 units per c.c.
and one filtrate 18 units per c.e. In the case of the peptone

medium, the mean value was 8-10 units per c.c. although three
filtrates contained 4 units per c.c. and one 12 units per c.c.
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Tasre IX.
A, Media made by tryptic digestion of horse muscle (method 2),
(Total N. 34°7 mgrms. per c.c., of which 246 per cent. was amino N).

T;fmpamt.;lrn | pH. | Lf (units per e.e.). AR Mkt
ol : varlation.,
£ i Bottle. Sub-hatches, Bub-batches.
Max. ' Min. | AL B. . ' Iy F. A, B | I ¥, | Lf units Nmr;bq-'r
L | [T | ) T N TR P I [ per c.e. | of bottles.
. | i ‘J =
856 | 2907 | 1 |82 |82 |s8|82|s2]| 12|14 |10/ 18| 14
2 |82 82 8382 (82| 2101210 |12
. 3 (22 |8s|g8|82|82|12| 2 10| 12 | 124 2 3
899 (287 | 4 |82(82|88|82|s2|12|1a |12 | 16| 1a] & !
, 5 |82 82|88|82 82 14 118 |10 |14 [12| 44 5
| 6 |82[82 88/82/82| 8|12 8 14|26 1o 13
880 206 | 7 (8082 .. |s2(82| 2|12, |12|2a| M =
8 |80}88|.. |81|s2|NF|iz|.. 14|24 18 3
9 |80|82| .l |81|82|12 | ] (R e e (]
| | i I
Average per cent. variability (see table XIIL) = 338 per cent.
B. Media made from 2 per cent. peptone X in bullock's heart extract.
(Total N. 38°8 mgrms. per e.c., of which 174 per cent. was amino N),
el 1 | C. A. B. | C.
| |
| | ] |
36:0 | 300 1| e 74 B3 | 10| @& (i
2 73 73 88 L B
3| e c. 83 e, = 8 4 3
| 846 | 29-4 4 | 92 73 10 N0 (R g f.;
5 =1 | % 83 10 8 | & 10 o
(i} I (i | ikt &-3 10 (7] 4 12 1
841 | 287 | 7 | 72 74 10 4 .
| 8 72 7-8 8 i i
g | 72 73 10 4 -

Average per cent. variability = 67 per cent.

Media sown as sub-batches at weekly intervals,

NF = no flocculation with anti-toxin.

¢ = contaminated cultures.

A and B sub-batches of the peptone media were treated with formalin instead of phenol.

This experiment was carried out in the early spring months and at
this period of the year the temperatures of the incubator show
comparatively greater variations than at other periods owing fo
sympathetic response to relatively wide outside fluctuations: there
was for example a variation of as much as 6°C. on one shelf during
the course of the experiment. The average values of the filtrates on
each of the three shelves were approximately the same. This is in
accordance with the general impression received in the early part of
the work that, provided the temperature is 36°C. or below, slight
temperature differences scarcely affect the potencies of the filtrates.
Above 36° C., however, these differences become significant.
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Variations of the filtrates as shown by chemical analyses.

Correlated with the variations im the Lf values of the culture
filtrates from one medium, vaviations are found in the hydrogen ion
coneentration. In extreme cases the variation in pH may be marked
(see table VIIL). Differences can frequently be shown in such analyses
as amino nitrogen determinations. It has been shown by Watson and
Wallace (1924) that there is an inerease in this type of nitrogen
during growth of the bacilli. If a series of cultures be made similarly,
analyses of the filtrates after any one period often show small but
significant differences.

The factors contributing to this type of variation.

It has been shown that one batch of medium filled out into bottles
and inoculated with €. diphtherie may give culture filtrates containing
different amounts of toxin and may show pronounced differences in
hydrogen ion concentration and amino nitrogen after growth. Some
of the factors possibly eontributing to this type of “bottle variation”
may now be discussed.

(1) The chemical cleanliness of the culture flusks— While so little is
known of the influence of foreign substances en the growth and
metabolism of bacteria, it may be that the presence.of a minute amount
of some substance will produce a variation in the potency of the
filtrates from the same medium. An instance where a small amount
of potassium nitrate left in the culture flask inhibited toxin production
may be mentioned. A trace of soap will retard growth and toxin
production. Fat and grease are also to be avoided since they prevent
film formation. In addition to bacteriological sterility, the chemical
cleanliness of the culture flask is essential.

(ii.) Uneven heating effects during auwtoclaving.—In the preceding
paper, the method adopted for the routine sterilisation of media was by
filtering through a Seitz press followed by a short steaming, and it is
shown below (p. 406) that this technique usnally preserves the value
of the media, whereas sterilisation by autoclaving at pH 80 decreases
it. Autoclaving at pH 80 also seems to increase the variability from
filtrate to filtrate of cultures made from the medium. Thus in one
experiment, seven batches of digest media prepared by method 2 and
adjusted to pH 80 were each divided into two parts, one of which was
antoclaved and the other filtered and steamed. The highest and lowest
Lf values of the culture filtrates from each sub-bateh of autoclaved and
filtered medium were then determined, The difference between these
values as a percentage of the highest value was taken as the index
of “bottle variation” for the particular sub-batch. This is more
pronounced with the autoclaved than with the filtered media
(table X.). }
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TarLe X.

309

The contribution of the heat-of-autoclaving factor to the bottle variation

of jiltrates preparved by method 2.

— = -

Lf units per coc.
Number of bottles X Pereentage
Lastad. | variability. |
Highnst. | Liowest. |
Autoclaved. | Filtered. | Auntoclaved. | Filtered. | Auntoclaved, | Filtered. | A ntoclnved. Fi.l‘h:ﬂ:li.!l
| . |
5 5 5 | 93 | 8 20 47 g |
5 | 5 10 | 22 fi 18 40 18
fi I fi | 14 | 22 2 16 86 a7
e el R AR e 1 10 50 29
3 3 i 16 14 12 12 25 25
3 8 U ST 14 25 0
4 [} 10 14 | i} L | 40 43 '|
Average percentage variability . 45 b :

Table XI. shows results obtained with various batches of peptone

media (made by dissolving 2 per cent. of peptone X in beef heart
extract). Each volume of medium was divided into two sub-batches
and treated as before. In this series there is not such a large
difference between the wvariability of the autoclaved and filtered
media. This may perhaps be correlated with the fact that although
the digest media usually give higher toxin values than “peptone”
media, the relative effect of the heat of autoclaving on the latter is

less marked (below p. 407).

TagrLe XL

The contribution of the heat-of-autoclaving factor to the bottle variution

(X peptone media).

I 1
Lf units per e.c. '
Number of bottles i N ! Percentage
testad, variability.
| Highest, Laowest. ;
| == . [ | oo
Autoclaved, | Piltersd. | Autoelaved, | Filtersd. | Autoclaved. | Filtered. l autoelaved. | Filtered |
| |
5 4 13 16 10 12 25 0| 2n
(i} 8 7 7 4 | 43 41
18 g 8 12 4 i 50 [ b
12 12 10 14 i fi 40 | 86
15 12 16 17 8 12 & | 2¢
41 37

| | Average percentage variability .

This “ bottle variation” is then definitely increased, especially with
digest media, by autoclaving at pH 80. As soon as sterilisation in
this way was discontinued and other methods which requimc’! the
application of less heat adopted, smaller variations among individual
filtrates were found, although the complete elimination of variability
was by no means efiected. In investigating the other possible
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confributory factors media which had heen sterilised by filbration and
short steaming were used exclusively.

(iii.) Variations in the amount of inoculum. The routine adopted
during the present work has been to inoculate three bottles of medium
from one loopful of film. The number of organisms introduced into
each bottle has therefore been only approximately the same. Moloney
and Hanna (1921) found that medium inoculated with a large number
of organisms gave less toxin than the same medium inoculated with a
gmaller number. We have been unable up to the present to confirmn
this with the media under review and have been unable to show that
slight variations in the amount of inoculum exert very much influence
on the degree of bottle variation. For instance, bottles of medinm
inoculated with an equal number of drops of an emulsion of bacilli
showed a similar degree of wvariation to bottles inoculated with a
loopful of film. The inoeculum factor is probably of minor importance.

(iv.) The wvarying tightness of the plugs in the culture flasks.
Sierakowski and Zadjel (1924) have shown that hermetically sealed
cultures of B. coli, C. diphtherie, ete., irrespective of the original pH,
ultimately approximate to pH 68 and these results are attributed to
the retention in the eulture of carbon dioxide formed by the bacteria.
Under these conditions of acidity, the failure of the bacillus to elaborate
toxin can be appreciated (Bunker, 1919). Table XII -shows the results
of a series of experiments where the cultures were grown on media

prepared by the prolonged digestion of horse muscle and sterilised by

filtration (method 2), all the conditions being kept constant except the
type of plug in the culture flask. The following points emerged from
these experiments :—

1. “DBottle variation” was eliminated or reduced when the plugs
were all of the same sort.

2. The most satisfactory plugs were loosely inserted cotton wool
or phenolised longeloth (finely meshed muslin).

3. The employment of tight parchment-covered cotton wool plugs
or rubber stoppers introduced a variation and toxin production
was markedly inhibited.

4. Removal of the carbon dioxide over the cultures by aeration

during growth from flasks with rubber stoppers resulted in
better growth and toxin produection.

Abt and Loiseau (1925) have demonstrated the production of CO,
during the growth of C. diphtheric on Martin’s broth. They estimated
that more than half of this is freed during growth and the remainder
in about equal quantities is dissolved in the medium or combined as
bicarbonates. There is probably a tendency for the mixture of carbon
dioxide and air over the culture to reach an equilibrium after a short
period of growth. When this equilibrium is attained in a stoppered
flask no further release of carbon dioxide from the culture can take

it i = i - i
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place. Under such circumstances the culture medinm remains acid
and contains little toxin. If however this equilibrium is disturbed
either artificially by the removal of carbon dioxide or by natural
diffusion methods (eg. by providing the flask with a loosely inserted
plug), then the retention of gas by the eulture is prevented and the
further production of toxin proceeds. Uniform plugging of the
culture flask is essential if the “bottle variation™ is to be reduced,
and for aceurate work it is possible that one layer of finely meshed
muslin maintained in position with a rubber band will effect this with
the least chance of variability.

(v.) Slight differences in the temperature of growth.—Much informa-
tion has been obtained during the course of the present work on the
influence of the temperature of growth on toxin production on these
types of media, and it has been found that in some temperature zones
very slight differences may affect the toxin production, whereas at
other temperatures such differences produce negligible effects. For
a period of some months during the study of two types of media
(methods 1 and 2) prepared by the tryptic digestion of musele the
actual temperatures of the cultures grown on the three shelves of the
incubator were taken at the end of growth (* harvesting temperatures ™),
Chart 11 series 1 represents diagrammatically the average value of culture
filtrates prepared from media made by method 1. The limits of the
“harvesting temperatures ” for each shelf during the experiment are
given. There is a somewhat steeper slope between the values for the
top and middle shelves than between the middle and bottom. A
considerable variation was introduced therefore by growing cultures on
these three shelves. As soon as this fact was realised the general
temperature of the incubator was lowered about 3° by adjustment of
the temperature capsule of the regulator. Chart I (series 2) shows
observations of a similar kind made during work on a second variation
of tryptic digest media (method 2) which were made after the use of
media made by method 1 had been discontinued. In this lower
temperature zone, the average values for the three shelves were similar
and no such differences as existed before the general temperature was
lowered could be traced.

While growth in isothermal positions is of importance if the “ bottle
variation ™ is to be eliminated, there is a wide zone below approximately
36° where filtrates of similar potency may be found after the same
period of growth. In a temperature zome embracing temperatures
immediately above and below this eritical temperature, differences in
the potency of the filtrates may be traced.

(vi.) The presence of wundetected contaminating organisms in the
cultures.—The variable morphology of diphtheria bacilli has long been
recognised. Yarisawa (1926) has recently discussed the coccoid form
of the bacillus which has frequently been found with the P.W. 8
strain used during the present work but no definite evidence that this

. A
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affects the toxin production has been obtained. Instances have been
found however where, of three cultures sown from the same “starter”
| bottle on the same medium, one or more have developed this “coceoid ”
form while the smears from the other eultures were normal. After
fone sub-culturing on Leeffler slopes these coceoid forms reswme the
| normal morphology of P.W. 8. The difficulty of reading such smears
is enhanced by these occurrences and the possibility of small
contaminating organisms being overlooked on mere mieroscopic

Series 1. Series 2.,

Bedia made by short digestlon A .
of muacle. (Metheod 1 ). :?d;:sz?ftEait;gzgzdlgc:tlﬂn

ji

Avermge LT
units per co.
- 15

L

Shelf 3 = 1 - b= 17
(38,7=36,5) (37 ,.2=34,.4) (35.7-22.B} [35.6=-52.58) (34.6-22.6) (34 ,0=30.4)

Harvéating Tempsraturéen,

Cnant I1. —Effect of temperature of growth of C. diphtherice on the efficiency of
media.

examination eannot be alfogether excluded. The techmique adopted
during the investigation of sowing all the media on one shelf from a
gingle culture (above p. 386) enabled the person reading the smears
to see at a glance the distribution of the contaminating organisms.
Any abnormal Ramon tests were immediately checked by re-submitting
the smear from the bottle to further examination. So many cases
have oecurred where, with preliminary care to ensure purity of culture,
variations were found in filtrates from cultures which microscopically
were identical that it would seem that only rarely can the variation
from bottle to bottle be attributed to the presence of undetected
eontaminating organisms.
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SUMMARY OF PART IIL

(1) Variations exist in the growth of the bacillus and in the
chemical analyses and potency of the filtrates when culture flasks
containing similar amounts of the same medium adjusted to pH 840
and autoclaved are inoculated with P.W. 8 strain of €. diphtheriee,

(2) These variations with some media may be considerable.
Extreme cases are reported where acid filtrates having practically no
floceulating value with antitoxin were found alongside alkaline filtrates
(pH 80) with a very high floceulating value.

(3) The factors contributing to this variability would seem to be
the heat and pH of autoclaving, the lack of uniformity in the plugs of
the culture flasks during growth, the temperature of growth and
possibly other undetermined factors.

[I[.—-THE EFFECT OF HEAT ON THE VALUE OF CULTURE MEDIA FOR
THE GROWTH AND TOXIN PRODUCTION OF (. DIPHTRERIE.

The effects of heat on media have been noted from time to time;
thus Norris (1918) concluded that the temperature of sterilisation of
the medium appeared to influence its nutritive value, a high tempemturah
being more detrimental than a low one. Foster and Randall (1921)
pointed out that autoclaving affects the pH of the broth t{lWﬂ.l‘dBl
acidity and that autoclaved broth undergoes a pH change on standmg s
Hartley and Hartley (1922) showed the ill effects of high temperature L‘-’
sterilisation on medium for the production of diphtheria toxin and!_»
Walbum (1922) concluded that the overheating of medium, especially
when alkaline, gave unsatisfactory results. Whitehead (1924) found
that antoclaving a tryptic digest of caseinogen delayed the gmwbh ﬂfj
the streptococcus. More recently, Benton and Leighton (1925) in an
investigation on the temperature attained by media during autoclave
sterilisation called attention to the fact that prolongation of exposure
is often more harmful than the intensity of the heat itself and
concluded that discrepancies frequently occur owing to irregular heat
penetration of material being auntoclaved. :

The media used during the course of the work were those described above.
The general techmnique for comparing the value of groups of media forming
one experiment may be given. Each group was composed of at least three
double Winchester quart bottles containing one litre of medium. The groups
were arranged in isothermal positions in the incubator and inoculated from
the same culture of the bacillus (substrain 110 of P. W. 8). The experiments
were controlled by the method of continuous control (above, p. 385). The
cultures were loosely plugged with cotton wool and grown for ten days in
tryptic digest media and seven days in peptone media. Frequent observations
of pellicle formation, appearance of film ete. were made during the period of
growth, at the end of which the eultures were treated with formalin (if toxoid
was required) or with phenol or toluol (if toxin was required). After twenty-
four hours a small sample of each culture filtrate was tested for pH and
specific principle (Lf units per c.c.) by the method of Ramon [1922) as elaborated
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y Glenny and Okell (1924) and Glenny and Wallace (1925). Tf estimation of
e amount of nitrogen in the bacterial bodies (Watson and Wallace, 1924)

required, the whole culture was filtered, washed with physiological saline
d subjected to a Kjeldahl determination.

The effect of autoclaving media at pH 80.

Following the technique of Hartley and Hartley (1922) media
were, during the preliminary part of the work, adjusted to pH 80 and
then autoclaved, steam being passed through the autoclave for one

Avarage LI unlts
par co. Culture
flltratas.

15

Sub=bateh 178

Sub=bateh 2

fSub=batah 1/B

Period of growth in days.

0 3 ! g 12 15 1A
I i L L i L 1

Hant I1I.—The differences in toxin production on the same batch of medium autoclaved
apparently under the same conditions.

hour, the pressure raised slowly to 10 1b. and maintained at this
level for thirty minutes. An example of the magnitude of the
variation that may be infroduced by such a technigue when applied
to digest media was shown in an experiment designed primarily to
determine the period of maximum toxin production on medium made
by method 1. Three sub-batches 1/A, 1/B and 2 from cne large
volume of medinm were autoclaved separately. The hottles of 1/A
were removed immediately the autoelaving was completed. Batch 1/B
was then placed in the same autoclave, 2.6 the autoclave was warm at
the commencement. At the end of sterilisation the door of the
autoclave was opened but the bottles were left in overnight—the
eooling period being much longer than in the case of the first batch.
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Batch 2 was sterilised at the same time in a second autoclave under
the same conditions as the 1/A bateh. The growth of the baecillus on
the groups of medium for the same period was, to the eye, similar for
the three batches. The amounts of toxin however were quite different
for the three batches, as will be seen from chart III. The points on the
curves were obtained by taking the average value of at least five
filtrates for each point. It will be seen that the medium which had
been placed in the ecold autoclave and removed immediately the
sterilisation was completed gave the highest value filtrates, whereas by
leaving the medium in the autoclave overnight considerable damage
was done to its toxin-inducing properties. Further, the aufoclaving
of the medium under apparently the same conditions in different
autoclaves is no criterion that the value of the sub-batches will be the
same since sub-batch 2 was of different value from 1/A. Small
differences, therefore, in the amount of heat employed for the

sterilisation of media can in some way affect the metabolism of the
baeillus.

The sterilisation of media by filtration af pH 80

Of the various filtration methods that have been tried, the Seitz
press has given the best results for large volumes of media. These
filtrations should remove all baecilli, but in practice it is found advisable
to subject the bottles containing the media to free steam for tem
minutes at 100°C., after filtration. With this technique the bottles
usually remain quite sterile after prolonged incubation. Where it is
necessary to sterilise the medinm without any heat, a greater allowance
for contamination during the filtration must be made—usually about
50 per cent. of the bottles thus treated remain sterile after a week’s:
incubation. The difference in value between media sterilised by this
method and by autoclaving at pH 80 was then studied for a series of
broths made by seventy-two hours’ tryptic digestion of muscle at
room temperature (method 2). Eight different batches of media were
each divided into two parts before sterilisation. One part was
autoclaved as described 'above and the other part was filtered through
a Seitz press and steamed for ten minutes at 100°C. The value of the
media was then tested with P.W.8 strain in the usual way. The
results are shown in chart IV (series A). |

The cultures were grown in isothermal positions in the incubator and
after ten days were filtered individually and tested for Lf value. Each
poinb on the curve represents the average value of at least five of these
individual filtrates. The average Lf value jof the eight batches of
autoclaved media was nine units per cubic centimetre. That of
the filtered steamed media was sixteen units per cubic centimetre,
In one case the percentage increase in the value of the filtered
over the autoclaved medium was 120. That sterilisation by auto-
claving at pH 80 may also affect peptone media deleterionsly

:
:
{
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Ithough to a less extent than tryptic digest media is shown in
ries B, chart IV. One half of each batch was sterilised by autoclaving
nd the other half by filtration through the Seits press and steaming

before. 1In one exceptional case the autoclaved medium was better
han the filtered. 1t will be seen from the chart that the averawe
value of the digest media is of a higher order than that of the p-epnn;e

edia and that the difference between autoclaved and filtered digest
media is more pronounced than between similar types of peptone

Culture
Eltratea. Serles A Zapias B
L Tryptic digest medis Comzaprclal peptone
e medin
L
{ L
{
f
J
!
i
I-r I'-
J.'
i
5 STEETTT s Flltarad cAand aveampd madlus

Autoclaved medium,

Bodia Batches. J

ds 2 3 4 ] L] il B 9 10 11 12 1= 14
L i i L e | 1 i i il = | — - - | EEES—

e

Crant IV, —The relative values of culture media sterilised by («) filtration and
(b) autoclaving for the production of diphtheria toxin.

media. The average difference in the groups of autoclaved and filtered
digest media was seven units per cubic centimetre whereas similar
groups of peptone media gave an average four-unit difference. It may
be that the heat-labile substances are damaged during the preparation
of the commercial “ peptones” themselves to a greater extent than
those of the digest media. This would explain the relatively greater
heat stability of the peptone media and possibly contribute to their
lower average value for diphtheria toxin production.

Autoelaving may also increase the variability from filtrate to
filtrate of the same medium. HEven though a batch of medium is
sterilised in one autoclave at the same time the possibility of uneven
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heating effects must not be exeluded. Although this cannot he
demonstrated with every bateh of medium, cases have been
encountered during the course of the work. Five bottles of digest
medium from a large number of preparations were auntoclaved in fixe
parts of the same autoclave. They were then sown with C. diphtherie
from the same culture in isothermal positions in the incubator. Af
the end of ten days’ growth the cultures were carefully examined for

antitoxin. The results of four of these experiments are collected in
table XTII.

TasrLe XIIL

Variations in the toxin production of individual filtrates from bottles of culture

medinm sterelised together in different parvts of the same auntoclave.

= i M =

Avorage Lf units per e.c. after 10 days® growth.
Poaition in antoclave.
B. 2231, B. 2258, B. #m1. B. 2345,

A 2 11 14 a

B 10 12 17 10

C 8 14 17 f

I 1 13 10

F : i : 10 4 14 10

Percentage ** variability™* of o0 - 71 133 10
autoclaved group |

Percentage * variability ™ of 1046 | 105 0
control filtered group .
* “Variability " = (0 'M:-!n!:jih:;f.'m e

The variations from filtrate fto filtrate were greater in the
autoclaved media than the control group which were filtered, and
since all the other factors were kept constant this increased variability
could be attributed only to uneven heating effects during autoclaving.
If we accept this fact of the uneven distribution of heat in a large
loaded autoclave, the variations of the media aufoclaved at pH 810
can be understood. At this pH few media remain quite clear after
autoclaving and the precipitation which occurs no doubt contributes
to the variation.

The sterilisation of media at pH 80 by methods involving
inereasing amounts of heat.

The gradual destruction of the 'toxin-inducing powers of media
adjusted to pH 80 by inereasing heat as involved in different methods
of sterilisation is shown in table XTIV, |

There is a grading in the value of the filtrates, the over-autoclaved
media being of little or no wvalue. Heat may affect the growth-
promoting powers of the media as well as the toxin-inducing properties,
though this is not always the case. Growth-promoting “ substances”




DIPHTHERIA TOXIN

TasrLe XIV,

—

409

ust be clearly distinguished from foxin-inducing “substances,” and
is is well shown in some eases of broth antoclaved at high temperature
t pH 80 where growth may be almost normal and yet little or no
toxin can be detected in the culture filtrates.

he average Lf units per cubic centimetie of culture filtrates of C. diphtherim
prepaved from media sterilised by digerent methods involving gradually
increasing amounts of feat,

Lyigest medin, eptone medin.
Btorilisation. Mathod 1. I Mathod 2. Mathod 1. Metlod 2.
LI CEE 8. | B, &y, | B. 8932 BH 1. | L. 2280 B. 224{'.‘ L. 2258,
== |
| I
Candling ; 59 (26) | |
Seitz filtered . ; P 14 [ét} Bi2) | ... | 942) | 14(5)|6°5(3)
Seitz filtered and steamed Iﬂ[lﬁ} L S b 05
Steamed on three succes- | 2 (9#) | | 6 LI} 1 84(3) | .. 16 (5) [5°5(2)
sive oceasions | i |
Autoclaved 50 minutes at | 0 (58) [12(8) | NF(4) | 4 (4) [7-6(6) 0(3) | 14 (8) | 4(4)
lﬁ ihl | |
Autoclaved 60 minutes at | 0(13)| 4(9) NF(2)| 0(3) | ... j v |1008) | 163)
10 Ib.

{ } shows the number of filtrates examined,
NF = no flocenlation with antitoxin.

The effect of autoclaving digest media ol different hydrogen ion
concentrations.

The heat stability of the growth-promoting and toxin-inducing
gubstances is affected to a marked extent by the hydrogen ion
eoncenfration of the media. Using animal tests Walbum (1922)
eoncluded that toxin formation is greatest in broth sterilised at pH 63
and subsequently made alkaline before inoculation. We have been
able to investigate this effect by a slightly different technique. Four
batehes of digest media were each divided into a series of sub-batches
and each sub-batch adjusted to a definite hydrogen ion concentration.
The sub-batches were then sterilised by autoclaving, in two the
minimum autoclaving to produce sterility being given (20 minutes at
115° C.) and in the others high temperature sterilisation (30 minutes at
126° C.) being employed. After autoclaving the pH was readjusted to
80 and the various sub-batches carefully filtered through a Seitz press
Jinto culture bottles which were incubated without further treatment.
JA proportion of the bottles were not sterile and these were discarded.
|The remainder were inoculated with P.W. 8 strain of C. diphtherie: and
{the results of the experiment are collected in table XV.
| These results throw light on several points. 1t is evident that the
acid and alkaline © precipitation” zomes of culture filirates (Watson
and Langstaff, 1926) are also normally a feature of media, heavy
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precipitates being formed at pH 40 to 50 and ea. 10:0. Further, the
bacillus ecan grow and elaborate toxin without the acid precipitate.
The hydrogen ion concentration at which digest media are most stabl
varies within narvow limits but usually within the zone 40 to 6:0. In

TasLe XV.

Growth and torin production on digest media adjusted to pH 80 after
sulbjecting to minimum and high temperature autoclave sterilisation at
virious hydrogen ton concentrations.

e oy Lf anits per | Analysia of typical lsothe .i'-
clipitate No. of (3 cujtura{mluuilud}.
pH of autoclaving. afbaranbo- | Altrabes. Growth. e e
claving. Av. | Max BuLerla] M.R.Ds.*

———

Grovr [.—Minimum temperature sterilisation: 20 minutes at 115° C.
(10 lb. pressure).

Series 60 A — MLETITS. e
50 . . | oA 4 +o e 120 | 14 160 [1/160,000| 12
G0 . : - e 4 |4+ k+ 130 14 1/200,000 | 14
Tl : ; [ ++4+ | 40 i 138 | 1/80.000 |
B : ; + I & + 4 4 50 i} 157 | 1/80,000
100 . o FE+ & +o44 | 00| 0 117 [1/300
Series 80 B—
a4 ; + + + + 4 +++++| 825 10 1/120,000| 10
50 . : o o e 2 4o | A b 1/70,000
g0 . - + 4 + + + 60 7 1/50,000
o . 2 4+ 00| 0 1/4,000 i}
80 . - + L] + 4+ 00 0 1/500 i]
10-0 4 7} + 4+ ok 00 | 21 1/200 Pl
Control (Seitz ﬁlter&& (-] ++++ | 87| 12 1/150,000| ..
at pH 8-0) '
Grove IL—High temperature sterilisation : 30 minutes at 126° C.
(20 Ib. pressure).
Harics 30— !
40 . . - o 4 i ol oI 88| 12 Gi .
ﬁ.ﬂ EEd 2 'F' + +‘ E.ﬁ ? e a4
80 . - : + 4 2 4 4+ 00 LI e
100 . + + 4 2 4 00 0 ;
Control (Seitz filtered s 3 e o 87 9 i
at pH 8-0)
Series 80 A—
40 . : 2 + 2 ++++ [180 | 14 i i
5’0 & - ams 4 +":‘+ 11‘5 12 e e
G40 : . 4 H] + 4+ 120 | 156 i il
g0 . ; : 4 4 +++ |M.F.| .. e
1040 . A+ 4 4 + 1 1 R i -3
Control (Seitz filtered 5 e Floq| o
at pH 80)
MN.IF, = Mo flocenlation with antitoxin.

* = The smallest amount of toxin which when introduced intracutaneously into
a guinea-pig causes a typical reaction.

this zone it is safe to antoclave many media even for periods of 30
minutes at as high a temperature as 126° C. without injury to either
gmwth-pl omoting or toxin-inducing substances : with greater alkalinity
there is usually destruction of some essential ﬂuhﬁtﬁnces and ab
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H 10°0 this may be severe. Peptone media show the same general
pehaviour but the results are not always so clear cut: the greatest
estruction however takes place at pH 100. Althongh the racemisation
f the protein or other food substance may to a great extent account
v this, it frequently happens that the precipitate produced in the
kaline zone (pH 80 to 10°0) will, if returned to the filtered autoclaved
edium, restore in part its growth-promoting and toxin-indueing
roperties, as the following experiment shows. Eight litres of peptone
edia were sterilised by steaming on three successive days at pH 100
nd the precipitate collected and suspended in 250 c.e. of water,
e pH was adjusted (with dilute acid) to pH 80 and approximately
quarter of this was then added to each of three of the six bottles
ontaining the precipitate-free medium (readjusted before Seitz filtering
pH 80). The results on growth and toxin production on these
edia are collected in table XVI.

Tapre XVI.

The precipitated growth-promoting and torin-inducing substances of
medium autoclaved at pH 1000,

Eerles 2504, A, E. | C.
Filtrate. Procipitate.froe Precipitate-fres Control.
madia. media 4 procipitate. | Auntorclaved pH 4-0.
Lf. units Lf. units LA units
Growih. PiT e Growtl. per e.e. Growth, r POF ¢,
4 N.F. + T i ++++ E 14
+ N.F. + + + 4 + 4 4+ 16
+ N.F. + + o+ 4 + 4+ + 14

- e ———— - —

N.F. = no flocculation with antitoxin,

The growth-promoting properties were to a large extent restored
d some toxin was found in solution. One of fhe constant
stituents of this precipitate seems to be inorgamic phosphate and
may be that the disturbance of the phosphate level is one of the
actors prejudicing the value of media auntoclaved at pH 10°0. This
wever will require confirmation. We have never encountered a
roth which did not suffer some injury from auntoclaving at pH 10°0
though the degree of injury varies with different media. Tt is
pparent that some destruction may be caused by autoclaving at any
H above 4 to 6 and it is difficult to reconcile with this the practice of
ome workers (eg. Abt and Loiseau, 1922) of disregarding this point
nless their particular type of medium is exceptional in its behaviour
n heating in the alkaline state.

These facts have all been determined for broths completed except
or sterilisation. The initial stages of media making also involve
weating and probably the most satisfactory culture media both for
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promoting growth and inducing toxin production can be made hy
limiting the amount and duration of heat at all stages including
sterilisation, and, where it is necessary to heat at all, ensuring that
the pH of the mixture is within the limits 4 to 6.

SUMMARY OF PART IIL

1. An important factor influencing the value of culture media fo
the growth and toxin production of €. diphtheric is the amount of heat
to which they have been subjected during preparation and sterilisati

2. The growth-promoting “substances” are to be distinguished
from the toxin-inducing “substances.”

and suffer some injury in many cases by moderate auntoclaving at any
In this zone they are more stable. At pH 80
the destruction is usually greater the more the medium is heated
during sterilisation: at high temperatures complete destruction may

zone above pH 4 to 6.

OCCIr.

4. The precipitate produced by heating media at pH 100 usually
possesses growth-promoting and toxin-inducing properties.
5. Equal quantities of the same medinm (pH 80) filled out intg
similarly shaped culture flasks and sterilised together in the same
autoclave may show different values for toxin production.
attributed to uneven penetration of heat in different parts of

same autoclave.

6. The toxin-inducing and the growth-promoting substances of
media adjusted to pH 80 are preserved if sterilisation is carried ouf
by filtration through a Seitz press followed by a short steaming,
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