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INTRODUCTION.

The thesis has been divided into three sections.
Section I describes a convenient method for estimating
the viable count of a bacterial population, which was
evolved during the course of the work; Section II deals
with the death rates of the commoner milk micro-organisms
when subjected to desiccation, and Section III with the
growth of pure cultures of these organisms in milk. The
work that was underteken first was that described in
Section ITI. It was originally intended to investigate
the behaviour of bacteria in pure culture in milk and
then to deal with mixed cultures and their mutual effects,
under the same conditions. The results obtained
indicated however, that the problem was more complex
than had been anticipated and that a large amount of
work with pure cultures would be necessary before the
problem of mutual influences could be explored
satisfactorily. On the advice of Dr. T. Gibson it was
decided that this could not be overtaken in the time
that was available and this problem was therefore
abandoned in favour of the work described in Section II

on the desiccation of micro-organisms.
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A CONVENLIENT METHOD IFOR DETERNMINING THE VIABLE COUNT OF

A BACTERIAL POPULATION BY MEANS OF COLONIES DEVELOPING

IN STRIPS OF AGAR IN TUBES

Studies in the multiplication and rates of death of
bacteria recuire a simple but accurate method for determining
the viable count. The plate count is the standard method
most often employéd in such enumerative work,.owing to the
reliable results it is known to yield. When dealing with a
large number of replicates it does, hbwever, become rather
cumberéome as 1t necessitates a large stock ofPetri dishes,
much medium and considerable incubator space. The labour
involved in washing and sterilization and the cost of
replacements must also be considered. Modifications of the
plating method have been suggested from time to time with a
view to reduecing the amount of materials and labour involved
without impairing the accuracy of the count.

One of the earliest modifications wag the roll tube
method introduced by Esmafoh (1) and later investigated on
a quantitative basis by Wilson (2). It considerably reduces the
amount of glass ware and medium reouired and lessens risk of con:

«tamination. In addition Wilson (2) claims that colonies
developing within roll tube cultures are more easily
counted than in plates.

The/
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The method however, has not been used extensively
probably owing to the dexterity and practice required in
rolling the tubes. Inoculation and rolling of the tubes can
best be carrisd out by separate workers, but even when this
is possible considerable prectice appears to be necessary
to produce evenly distributed filus of agar free from wrinkles.
Various mechanical devices have been suggested, for instance
(3) (4) (5), but it is not always convenient to introduce such
specialised apparatus in all laboratories and at best, the
process 1s slow and laborious,

Various surface counting methods are also in use at
present. Those described by Snyder (6) and Crone (7) do not
appear to economise in time or materials énd necessitate the
preparation of dried plates some time before use. Miles and
Misra (8) recently described a method in which measured drops
of the suspension are seeded on dried agar plates by means of
dropping pipettes. This method has met with considerable
favour and has been investigated in detail by Reed and Reed (9)
using pum cultures of bacteria. Campbell and Konowalchuk (10)
found it satisfactory for counts of raw milk. It is less
laborious. and a little more accurate than the plate count and

can/
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can be used with opacue as well as transparent media. It
however, recuires a certain number of Petri dishes and a
constant supply of calibrated dropping pipetteé.' The main
disadvantage appears to be in the preparation of the dried
plates, which process must be carefﬁlly adjusted to ensure
complete absorption of the drops in 15-20 minutes.

In an endeavour to find a simple method by which
colony counts might be made, inoculation of small quantities of
agar in test-tubes followed by sloping to form thin strips of
agar, was tried. This gave promising results.

EXPERTMENTAL

Preliminary trials were carried out to determine the
most suitable guantity end concentration of agar to use in
each tube and the best methods of mixing sand of forming the
agar strips.

The technioue finally adopted was as follows:
6 X % in. test-tubes are used, each contasining 15 - 2 ml.
(estimated spproximately when tubing) of 2% nutrient agar.  The
agar is melted and held in a water bath at 45°C for %=1 hr.,
before it is inoculated. This allows the condensation water
to run down the tube and be incorporated in the agar again,
thus lessening the emount of moisture appearing at the foot
of the tubes during incubation. The presence of muchmoisture
encourages the development of spreading growth, especially
if the count is high.

A 1 ml. pipette graduvated in 0°01 ml. is used

to deliver inoculum into each/




each tube.

The agar and inoculum are mixed by rotating the
tube & times and the tube is then laid on the bench with the
stoppered snd slightly raised to prevent agar from reaching
the cottomn wool plug. This produces a layer of agar 3-4
in. long. If necessary the tube is slightly tilted when
it is being laid down to ensure that the agar flows evenly
over the glass. The colonies that develop are counted
with greater ease when the strip of agar is of good length.
The agar solidifies rapidly and when the tubes are cool
they are set upright in racks and placed in the incubator.

Statistical analysis of method.

Experiments were carrvied out to provide material for
& statistical analysis, using a suspension of the spores

of Bacillus megatheriuil which was stable and gave reproducible

results throughout a period of 3 years.

Experiment I

This experiment was designed to compare the counts
obtained in tubes with those obtained by the standard method
in which 1 ml. quantities of spore suspension were mixed
with approximately 10 ml. of nutrient agar in Petri dishes.

Six workers each inoculated 120 tubes and 10 plates;
each worker used one pipette for the inoculation of both
tubes/
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tubes and plates. In order to detect any differences
due to pipetting 0+l ml.quantities, the 120 tube
inoculations were divided into three groups:
(a) 40 tubes inoculated with consecutive 0°1l ml.amounts;
(b) 40 tubes inoculated with alternate 0°l ml. amounts,
i.e. 1 st., 3rd., S5th., 7th., and 9th.,
0°1 ml amounts;
(c) 40 tubes inoculated with the 1lst and 6th 0°1 ml.
amouhts.from each pipetteful.
In (b) and (c) the unused quantities were discarded
into a steriie tube.
Both tubes and plates were kept in order of inoculation
so that it was possible tocomrrelate Lhe counts with the
0°1 ml. quantities measﬁred.
Results.
The colony counts obtained by each method are shown
in table 1. The total values obtained by each worker for

all tubes and plates are as follows:

Worker Total tube Counts. Total plates counts.
1. =~ iy L9 3,026.
2 3,503 3,122
B 3, 539 2,955.
&. 3,602 3,028.
S 3,501 2,964.
6. 3,491 P A

Total for all
workers 21,355 18,222,

There appears to be good agreement in all cases.

The/ k



Table 1. Individual colony counts obtained by six workers
after inoculation of 720 tubes and 60 plates.
Count from
Worker Counts from tubes plates

Group a Group b Group ¢
30 30 25 33 21 19 298
29 42 23 35 21 35 317

| 28 47 | 30 29 31 32 291

; 28 27 37 25 31 24 291

i 25 30 36 45 34 25 324

. 1. 35 32 30 32 37 24 335

: 29 29 34 28 22 30 318

31 40 27 30 24 37 314
27 31 43 34 22 27 283
46 3Q 35 36 32 37 e55
24 34 30 35 46 29
30 19 25 34 27 56

; e 35 29 28 23 39

. 33 38 30 32 36 43

| 34 6 47 40 36 23
23 31 28 27 33 28
28 28 23 23 24 o

| 27 33 31 41 33 K9]

; 38 38 29 35 31 32

| 36 36 Sl 38 32 31
31 19 28 36 33 21 08
32 29 24 27 27 42 293
26 40 39 28 30 23 292

2 e 22 28 25 30 33 25 268

31 43 23 28 15 37 273
27 3Q 27 0 25 12 281
29 37 30 33 38 20 284
33 24 29 27 31 29 523
29 26 31 2l 32 0 290
25 36 20 54 20 38 310
41 37 20 29 26 37
32 35 32 28 36 37
36 24 33 26 37 32
27 29 33 26 26 28
28 36 37 0 22 33
28 i 30 32 37 32
21 30 36 35 31 39
33 26 25 31 34 27
2% 30 27 31 28 31

41 36| 27 30 39 17 i el
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Table 1 (Continued)

Count from

| Worker Count from tubes plates.
Group a Group b Group ¢
27 35 34 30 29 28 358
o7 29 30 14 35 25 310
29 27 21 28 31 22 263
32 26 21 36 23 22 331
26 32 a5 31 33 38
28 28 29 31 51 34 266
34 23 29 19 34 27 02
29 36 35 25 25 41 289
34 28 37 37 28 33
28 37 27 27 29 36 279
L 32 23 L3 8 34 24 29 283
O 37 21 23 31 39 33 274
| 27 36 28 41 30 33
. 28 Q 29 38 29 2 E
; 27 2Q 33 28 33 40
j 36 33 21 34 36 31
| 34 38 27 36 2D 27
g 31 25 39 28 40 25
23 26 24 26 30 36
28 33 24 3l 30 25
49 32 29 33 26 40 328
26 26 43 29 27 29 351
20 25 19 . 27 33 37 297
30 27 34 54 21 39 317
29 32 38 23 32 24 301
24 36 23 41 40 28 338
4. 16 8 17 40 26 32 311
29 36 41 16 38 40 325
40 26 36 26 31 32 266
36 45 39 31 37 33 294
33 28 % S 43 43 29
16 34 34 32 29 36
23 38 27 43 0 40
38 35 3Q 4Q 24 2%
25 3Q 43 25 29 20
20 24 32 39 30 26
Se 31 2 1Y 34 28
31 35 30 41 34 28
o 37 34 34 31 26
52 35 29 32 33 17




Table 1 (Continued)

Counts from
Jorker Counts from tubes plates
Group a Group b Group ¢
41 54 36 24 34 41
19 31 S1 32 27 20 310
23 26 34 39 26 40 3519
5] 27 33 33 32 29 28
29 33 28 27 39 33 299
25 34 36 42 28 27 ‘ 288
25 20 30 29 2 - 8O 319
18 42 395 24 32 29 271
29 25 A 28 29 29 273
35 36 28 31 29 29 292
: 288
1.7 22 45 38 31 39 3095
39 26 26 37 2% 29
28 26 395 29 29 40
25 28 38 21l 30 31
39 24 29 38 28 26
28 29 34 30 20 18
29 17 0 31 32 295
0 31 22 29 34 ST
ee 23 34 25 31 41
36 - 29 32 24 29 26
26 37 25 28 32 31
28 36 34 30 37 25 321
37 30 45 34 28 26 299
6 26 34 24 38 29 29 301
28 31 2% - 28 18 54 303
24 29 3l 39 18 39 307
29 29 24 30 32 43 322
24 22 31 22 38 o4 264
16 30 33 30 26 27 524
27 32 32 32 24 22 335
331
27 41 22 27 46 36
21 20 26 29 33 26
26 395 31 23 295 29
29 40 27 23 36 26
24 30 34 30 41 27
19 24 27 37 2 31
14 13 24 33 30 37
28 27 32 31 29 29
18 29 33 33 395 28
31 29 24 29 27 24
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The total tube counts are slightly greater than the total
plate counts which would appear to show that the cultural
conditions for the development of colonies in tubes are
quite as favourable as those in plates.
The following figures give the mean counts for

plates and tubes (X10, since in this case bhe inoculum was

01 ml.).
dorker Plates Tubes.
T 30247 .5 312°045+4
5 288+8%4.7 299+ 2157
3. 295+5%9.6 208%245+0
4. 302+8-8+7 309 +6%6.7
5. 296°4%5°4 296°7%5-1
6. 312°7E5.2 2902 9%4°8
A1l workers 29985249 301-1t2-2

In calculating these figures the eleven tube counts
below 10 were omitted since the tubes were found on reinocul-
ation, to contain an inhibitory substance which prevented
growth. I

The counts do not differ significantly.

The results of the tube counts were subjected to an
analysis of variance (Table 2.) in order to ascertain the
accuracy of the experimental technique. The variance ratio

calculated/




TABLE 2.

Analysis of veriance of Experiment I.

| Method of |Factors Degrees of  Sum of | Mean | Variance
' inoculation|involved f;gedom Souares | souare ratio
'Position of
[0<1 ml. |
| amounts |
| Consecutive in the 9 880-0 978 2:77 ®w ®m
' pipette
| 0:1ml. | (P)
5 amounts fIntraction '
: of workers = 45 1,504-6 334 0-95
; & positions . j
| (WX P) | i
 Pipettefuls
| (Pp) 18 820+3 4546 1-29
| | | |
| Alternate | P | 4 188.9 47°2 1-34 ;
1l ml. AWXP | 20 855.3 44-3 1-25 {
amounts Pp : 42 900-2 21-4 0-61 !
' 1st and 6th P 1 82°8 82-8 2.35
| 021 ml. | W XP 5 348+0 696 1-97
amounts Pp 114 4,395°0 386 1-09
i |
- Combined Worke?s) 5 4370 874 2+48 m
W
results i Metho%s) 2 137+ 68-5 1-94 |
M f
Intraction 10 4017 40-2 1-14 ;
(WX M) | -
Error 433 15,277°6 35-3
Total 708 26,228.5

o: 3

1

significant at the 5% level

”

n

" 1%

n
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calculated from the combined results of the six workers
indicated a significant difference bstween workers at the
5% level, which may have been due to inexperience with the
method. No significant difference was found between the
various pipettefuls measured or between the three methods of
inoculation, but the comnsecutive 0°1 ml inoculh. showed
a significant difference at the 1% level when the results for
all workers were combined, though this did not show when the
. results were examined geparately for each worker. The
discrepancy with the consecutive 0+l ml amounts &ppeared to
be due mainly to the last 0°1 ml. delivered by each pipette,
which in most cases gave a higher mean count than the
remainder, as is shown by the following figures:

Consecutive 0°1 ml

lnoculae=ssn Mean count.
1. 51 *25
2e ; 28°+92
3. 2979
4. 29.79
Oe 29°+58
6. 28°1%7
7. 26°46
B 30°08
9. 27-+88
10. 3588

The/
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The higher count may have been due to the slowness
of delivery of the pipette which was obvious with the last
0°1 ml guantity, or to the difficulty in seeing the
gPacuatidn - mark which came within the test-tube. This
source of error could be avolded by ignoring the last 01 ml
quantity. The seventh 0°*]l ml quantity appears to be some-
what smaller than the others though the divergence is not so
marked as with the tenth. The checking of the pipettes by

~weighing the guantities delivered gave not explanation of
any difference in the seventh position.

The value of X% for tube counts calculated by
dividing the error sum of squaresof the analysis of variance DY
the mean count for all tubes was 507°+4 with 433 degrees of
frecdom. This is significantly large at the 1% level.
Further examination revealed, however, that this high value
was almost entirely due to the variasble counts obtained
by one worker, for which there may have been some specilal
rsason. ihen the results for this worker were omitted the
value of X2 was 388.4 which with 363 degrces of freddom
is not significant. Therée is thus no indication that the
counts obtained from tubes deviate significantly from the
expected Poisson distribution. A given anumber of tubes did
not howevef, give as reliable a result as the same number of
plates, the coefficient of variation for plates being 7+3.

and £ or tubes 19°9%, This was thought to be due to the

number/
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number of colonies counted in plates heving been larger
than in tubes, so & second experiment was designed to show
the influence of colony numbers.

Experiment II.

In this experiment two dilutions i &pore
suspension were used, one calculated to give a ccunt ten
times that of the other. Two workers each inocculated
12 pletes with 1 ml quantities of the higher dilution and
- 120 tﬁbes with each dilution, using consecutive 0°*1 ml
amounts of dnoculuine . The aumber of colonies develop-
ing on a plate should therefore be the same as the number
developing in a tube inoculated with the lower dilution
and thus permit a comparison of the two methods at the same
level of count. The colony counts are given in table 3.

For the same mean count (Table 4) there was ﬁo
significant difference between the plate method and the
tube method. The means found by the two workers are in
good agreement. The observed coefficients of variation
agree welltgzeir expected walues. In only one case,
namely that of workeri,with low dilution tubes, is the

observed coefficient o¢f variation greater than or eppreci-

ably/




Colony counts.

TABLE 3

obtained from plates, and from tubes inoculated

with two dilutions of the spore suspension.

Worker

Counts from tubes

[ Counis from
: D

ates

High dilution | Low dilution
|
3 6 |57 76 78
i) 4 10 S 65 86
6 9 7i i 7l 76 63
3 10 4 | 79 87 81
7 10 6 90 80 76
3 7 9 73 91 87
7 8 6 76 75 86
4 12 8 59 77 59
7 1.8 6 84 64 67
3 7 7 66 76 72
9 6 9 79 85 70
7 6 9 68 60 76
3 e} 4 65 87 50
12 9 il 69 64 88
9 9 2l 80 82 68
4 10 7 72 70 75
7 8 ik 72 83 68
6 3 6 66 63 80
8 7 5 65 69 47
6 5 9 yiib 57 66
6 5 9 86 93 . 68
7 9 5 82 8l 93
10 6 10 91 85 56
4 -9 10 73 80 83
8 8 3 84 69 76
10 3 181 5 8 76 85 67
10 12 8 79 75 65
2) 6 7 73 7S 86
8 i3]¢ 16 93 86 79
9 11 6 56 78 57
5 10 8 7 88 91
8 7 Ik 73 101 68
9 9 10 77 80 il
13 9 8 20 72 78
7 5] 8 T 87 59
74 7 12 82 67 82
9 7 6 75 66 7%
5 2 4 80 81 70
8 8 4 72 7] 79
8 10 8 7 90 71

75
65
68
78
90
69
9l
67
74
69
78
79




TABLE 3. (Contd.)

‘ Counts from tubes [ Counts from |
Worker ; e , plates i
| High dilution low dilution |
. 12 7 67 66 59 76
| B 3 7 82 79 80 | 79
| 10 7oy [ R SwE Do 73
I 5 5 6 75 72 76 | 69
2. | 8 9 3 68 61 72 84
14 7 8 68 75 87 75
L 7 9 7 71 59 . 72 72
4 5 7 70 93 60 71
8 5 5 79 68 69 75
5 10 3 68 67 53 79
65
8 L 61 76 54 97
2 9 11 63 75 62
10 6 6 78 78 67
5 6 6 60 59 68
| 8 6 7 80 73 93
.8 4 6 77 69 69
| 5 4 3 73 74 57
e 7 6 72 65 91
| 4 4 10 71 70 73
| 13 11 5 65 80 64
11 3 9 77 78 70
8 11 8 78 84 58
7 9 10 69 75 ]
7 8 13 82 78 70
| 9 IR L 85 7300 71
| 5 13 9 79 56 78
11 .6 1t 62 76 74
5 6 5 80 87 64
6 10 7 76 70 78
7 8 8 67 76 86
8 15 6 70 68 62
7 11 11 72 g4 71
5 9 3 76 58 79
9 9 12 69 67 68
10 8 7 70 68 75
| 8 10 7 88 74 83
8 9 7 68 58 70
7 6 5 74 85 69
8 8 4 69 79 68
10 i 10 73 g9 71

L e e —— =



TABLE 4.

Mean counts in plates and tubes and the observed and expected
coefficients of variation.

iError
Mean count [Vari- Coefficient of
[tance variation
Observed | Expected
|
' Plates Worker 1 | 7525 t2.46 72.75| 11-3% | 11<5%
(12 per :
worker) n 2 76-2512.37 | 67:66 10.8 11-4
Tubes,
low Ly il 74.99%¥0-89 9434 13+0 11+6
dilution
(120 per " 2 72:08t0-75 66°87| 113 11-8
worker )
Tubes,
high o 1 7.-77t0-24 | 6°69 333 35°9
dilution
(120 per ;S 2 7.62L0-24 6:63 338 36°2

worker )

e e e



ably different from expectation.

The tube counts were subjected to an analysis of
variance (table 5). This shows no significant difference
between counts foom different 0°1l ml. cuantities or from
different pipettefuls.

The value of X% for all the.tube counts was
484+3, with 476 degrees of freedom. The counts therefore
do not appear to deviate significently from the expected

Poéson distribution.
‘ . expeTimenl
This 9%%69%&%}95 indicetes that one tube

g

inoculated with a 0°*l ml quantity can replace one plate
inoculated with a 1 ml cuantity, provided the resulting
mean colony counts lie at the same level.

DISCUSSION

The inoculation of agar in tubes in the manner
described above 1s simple and enables many replicate counts to
be made with littie expenditure of time, labour or materials.
The methbd is comparable with that of the roll-tube
but is simpler in practice since it dispenses with the
handling necessary for roll-tubes and with the use of
special equipment. Colonies developing within strips
of agar are counted more easily than those in roll-tubes.

The method also compares favéurably with surface/



TABLE 5.

Analysis of wvariesnce of Experiment II.
| Degrees ] ”
| Dilu~ Factors of Worker 1. worker 2. i
| stion involved [freedom 1 |
| f Sum of ' Mean fSum of | Mean ;
' Sovares Souare| Squares | Sauare |
positions| 9 941:8 104-65 |1,071.7  [119:08 |
| Low | pipettes | 11 521-4 (47. 40 [1,561-9  [141.99 |
error 99  6,620-0 66°87 |9,339°4 | 94-34 |
! .
| Total 119  8,083-2 | 11,9750 |
positions 9 7953 8:837 | 69-80 | 7.786
|High |pipettes | 11 94.17| 8:561 | 7067 6+425
| error 99 | 656-67| 6:633| 663.00 | 6697
Total 119 83037 | | 803.47

=l 5
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surface counting methods (6) (7) (8), where pleates
must be prepared beforehand and dried and where consider-
able amounts of medium often are required (6) (7).
There are, however, Several points which require
consideration.

(a) Concentration of agar. The accuracy of the count

is reduced if the agar slips within the tubes during
incubation. This trouble can be avoided by using a
suitable concentration of agar. With the media and
incubetion temperatures used throughout all my work 2%
nutrient agar gave a sufficiently large margin of safety
without exerting on inhibitory action on bacterial

growth. Incubationtemperatures up to and including

37°C. were used. The basic medium used was 2% powdered
agar, 0°5% peptone, 0-5% lemco, and 0-254 yeastrd, with
the addition of 0°5% sugar for specific organsims. The
method also was used successfully with the mannitol
yeastrel agar and the nitogen-free mannitol agar described
on p. 4 of part Il. No difficuvlty wa s

apparent in the counting of colonies developing in Wilson's
milk agar (I1), despite its opague nature. Two percent

agar is easily handled during filtration and tubing but it

may/
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may have to be altered to suit special conditions such
as the use of richer media, different brands of agar
(eg- New Zealand agar) or a warmer climate. At
temperatures above 37°C. it may be feasible to incubate
the tubes in a horizontal position.
(b) Glassware. The quantity of agar in each test-tube
is small; consequently it becomes necéss&ry to ensure
perfect cleanliness of the tubes as any trace of a
substance inhibitory to bacterial growth might still be
-present in sufficient concentration to reduce the count or
delay the appearance of colonies (see experiment 1.) Any
counts showing an undully large variation therefore should
be regarded with suspicion.

(c) Inoculation. It has generally been accepted that the

sampling error is apt to befome very large when small
quantities (less than 1 ml.) are measured. In a1l
measurements this error must exist but the results obtained
in these axperimenﬁs suggest that it need not be large.
Assuming normal care, the error introduced by the measure-
ment of 0*1l ml. using @ 1 ml. pipette is cancelled out

by other errors that are inherent in any plating method.
Snyder (6) compared different mBthods of inoculation and
measurement and found that 0°1l ml. delivered ffom a

capillary/
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capillary dropping pipette was more accurate than 0°1 ml
from a 1 ml pipette,,but concluded that there is no
appreciable contripution from the pipetting error unless
the total error(waress—the—totsl—errey)of the method is
very small. One method recommended by Snyder has since been
studied in more detail by Crome (7). Counts obtained by
spreading 0-1 ml inocula, measured by a capillary pipette
or a lml. graduated pipette, over the surface of previousgly
prepared plates, are shown to conform within the limits of
experimental error to a Poisson distribution and the total
count from all the plates agrees well with that obtained
from a corresponding number o f roll-tube cultures. No
large error therefore, appears to have been introduced in
the measurement of 0°+1 ml inocula. Miles and Mispa (8)
used a capillary pipette for the see@ing of 0*Q2 ml drops
on agar plates. Greater accuracy of measurement of the
inoculum could undoubtedly be achieved by the use of
calibrated dropping pipettes but for the inoculation of
tubes the 1 ml. pipette is easier to handle and provided
the last 0°*1 ml quantity is not used, there seems
little disadvantage in its use. Pipettes with good points
and having a suitable rate of delivery were used in our
experiments and were checked by weighing the successive
01l ml emounts delivered. Those not graduated to the
tip|were selected, but the blow-out type of pipette can
also be used provided the last 0*l ml amount is discarded.

Statistical/
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Statisticsl analysis shows that there is no grest errgr

introduced by msasuring consecutive 0+-1 ml. amounts and

i8]

hat the results obltalned will follow the expected Polsson

(d) Counting of colonies. Colonies developing within the
Lol i\ -

agar can be counted by using the latera; illuminetion box
used for coubting colonies in Petri dishes (see figl).
The lower groove B. should be slightly notched close to
the glass (e). in order to support the base of the tube;
fhe opposite groove A. should be elongeted to accommodate
the upper part of the tube (B). In this way the tube is '
held in position and can be rotated slishtly i1If reouired.

As with the plate count, the coefficient of
on (table 4) rises rapidly &s the mean count decreases
eg. with a8 mean count of 7208 the coefficient of

variation is 11:3% and with a mean count of 7°62 it is

33+8%. This indicates that the number of colocnies should
be as large as possible without introducing any error. due
to overcrowding. K It is suggested that the number of colonies *;
counted in a tube should Xie between 30 and 300. The

maximum will depend on the type of colony that is being

counted/
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counted. Counts of 250-300 have been made quite readily
and as many as 400 with small streptocé%al colonies. .
The surface seeded drop counts recommended by Miles and
Misra appears to be of a more limited range, the maximum
count quoted being 100. Five fold dilutions can be used
if required to obtain a convenient count, but in all the
work undertaken this was found to be @hecessary.

Miscellaneous Factors.

(L) Organisms splashed on to the glass of the tube
during the mizing of the inoculum withhhe agar, and
those developing at the top of the slope where the agar
film is apt to be thin, were detected easily without any
magnification.

(2) The agar sfrip doss not dry up undully during
normal periods of iigﬂﬁigiléa.

(3) The surface area in proportion to the amount

of medium is approximately the same in tubes and in plates.

Application of the method.

The agar strip msthod wus used extensively through-
out the work described in the remainder of this thesis.
It has proved satisfactory with pure cultures of the
following microrganisms:

Bacillus subtilis./
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Bacillus subtilis.

Bacillus megstherium.

Coliform organisms.
Pseudomonss sp.

Alcalirceres viscosus.

cO
Microgeus sp.
Streptococcus sSv.
Corynebacterium sp.
Aotinomycetes sp.
Yeasts.
Azotobacter.
Rhizobium.

0idiuym lactis.

With Bacillus subtilis the spreading growths

did not interfere with counting to a greater degree than
they did in the usual plating method. With bacteria such
as Azotobacter and Rhizobium that form mucoid colonies
which tend to flow,‘prolonged incubetion periods should be
avoided. No trouble however, waes exverienced with
incubetion veriods necessary to give gatisfactory counts
eg. 2-3 days at 300C. Moulds that produce rapldly spread-

ing growths may prove troublesome. With Oidium lactis

counts of up to.120 colonies per tube were obtained after
24 hr. at 30°C. The range of coumt will probably be
found/




A
found to be lower with moulds than with bacteria and .
short incubation veriods will probably be essential.

The suitability of the method for the examination
of mixed populétions remains to be tested in detail. It
has been used successfully for counts of a number of

milk and water samples.
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SUNLARY.

An estimate of a viasble population can be
obtained from colonies developing in strips of agar
in tubes.

A 1 ml. graduzsted pipette is used to deliver 0-l
ml of inoculgggéﬂ into tubes conteaining 1°5 - 2 ml
of nutrient agar. The tubes are éloped to give

thin strips of agar and are incubated upright in racks.

With the medium used 2% ager was found to prevent

2

slipping of the strips within the -tubes during

i

incubation.

The results were subjected to statistical analysis
which showed that the error introduced by the messure-
ment of Ol ml. as Opéosed to 1 ml., is cancelled
out by the other inaccuracles of any plating method.
The accuracy of the pipettes should be checked and
the last 0+l ml should be discarded, since this tends
to give a highér count than the other nine 0°1 ml.
guentities.

Accurate counts mey be obtained from tubes
contalning 30-300 colonies.

This method gives an estimate of a visble
population which does not differ significantly from

thet/




=19

that cbteinzd by plates inoculated with 1 mkl,

cuentities, provided the level of the colony count

s the same.

.

The method evolved allows many replicate
counts to be made with little expenditure of time,
labour or materials. In this respect it compsres

favourably with any other vlating technicues,
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THE BACTERTCIDAL EFFECT O0F DESLCCATION.
LS Smbd L

——

It is well known that 2 larsge proportion of the

. -

bacteria found in milk are derived from dairy utensils.

L)

Contamination from this source csn be reduced by the

processes of sterilisation and drying. The resistence of

bacteria to heat and chemical disinfectants has been

extensively investigeted in the past and these treatments
are now recognised processes on the farm and in industry.
Resistanpe-to desiceation however, has received little
attention.

Dryine is known to be capable of preventing
bacterial growth but to be comparstively inefficent as a
means of killine bacteria. A considerable amount of informetion
is now avallable concerning factors that promote the survival

of bacteria when they ere dried, but. 1little is known sbout .

the death rates of different species when they are dried in
air aﬁd stored at ordinary atmospheric humidities. The
work to be discussed was undertaken with the object of obtain- |
ing a better understanding of the lethal effects of desiccation
under natural conditions. The fin dings of the investigation

were expected to have application in relation to dehydrated

foods and tc the treatment of dairy utensils and other

industrial/




ermuipment.

ITITERATURE.

Many workers have studied desiccation as a means
of preserving bacterial cultures in a viable condition without
frecuent subculture. This work is reviewed adecuately by
Morton & Pulaski (1) and the more important contributions
are sunmarised by Stamp (2). Most of the methods in use
are based on either the drying of liguid bacterisl suspensions
over a dehydratipg agent such as P205 or the freezing of
suspensions immedistely before and during the drying process.
Throuchout all this work however, there is remarkably little
guantitative data provided and very few attempts to study
the course of death.

The death of bacteries as the result of any
unfavourable environmental condition is generally acknowledged
to be proportional to the number of living cells present, in
contragt to that of hiszher orgaenisms which eonforms *to the
S-shaped curve associated with s rendom distribution of the
death rate. The logarithmic order of death of bacteria
was Tirst noted by Madsen end Nymen (3) in an experiment on

the destruction of spores of B.anthracis by mercuric chloride

and by Chick (4) with B.typhosum exposed to heat. Since

these/
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these early experiments the reality of the logarithmic course
of death has gained considerable support and attempts to
explain it have bee&tzggnly on a compardson with the
monomolecular type of chemical resction. However a number
of workers have obtained survivor curves of a sigmoid
nature, either sagginébelow or bulging above the straight line.
These have been attributed either to an inherent'variation
in the resistance of the cells or to the effect of cell
aggregation. The opposing theories have been discussed in
detail in reviews by Rahn (5), Buchanan and Fulmer (6) and
Watkins and Winslow (7).

Rahn (5)suymmarised a1l 1known experiments dealing
with bacterial death and found that in nearly fifty percent
of the experiments the intial number of bacteria was not
given. The results therefore, could not be used to
prove the logarithmic order of death since it is in the early
part of the curve that abnormalities are likely to occur. This
criticism applies to the eafly experiments on the drying of
bacteria, by Paul (8) and Paul, Birstein and Reuss (9). These
workers dried cultures of staphylococci on garnets and kept thmi
in test tubes under varying conditions in order to determine

the rate of death of the bacteria. They claimed to have observ-

ed a logarithmic/
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logarithmic decrease in count.

More recently Buchbinder and Phelps (10) investigated
the death of streptococci settling from the air of an
experimental chamber and found it to be logarithmic. A
similar type of death was noted by Campbell Renton (11) with

freeze dried cultures of the cholera vibrio and by Heller

(12) with freeze dried cultures of Streptoccus pf%enes

and Escherichia coli. Heller examined his cultures over a

period of 90 days but suggested that the logarithmic death

rate may not have continued until all the organisms were

dead. Ficker (13), noted a decrease in death rate over lomg
periods of storage and attributed this to the protective

action of the medium within its deeper layers. Rahn (14)
revealed a similar decrease in death rate in the work of

Supplee and Ashbough (15) on the survival of the microflora

of milk powder after storage for several months. However,

he explained the break in the curve obtained by plotting

their figures against time, és due to the mixed flora of the
milk powder and consecuently to the presence of spores

or of species showing a resistance above the average. _
Factors influencing the death rate of bacteria on desiccation. ;

The following principles appear to influence the \
death rates of dry bacteria, independent of the method of

desiccation employed/



enployed.

1. Rate of Drying. Rapld drying generally is accepted as less

-

destructive than a slow process. Kitasato (16, Germeno (17)
(18) and Ficker (19) observed that when organisms were dried

rapdily in a desiccator they survived longer than when dried

Jd.

in ordinary room sir. These results were confirmed by
Rogers (20) who obtained a hiszh recovery from milk cultures
subjected to rapid spray drying and by Otten (21) who varied
the rate of vacuum drying over conc. HgSO4.  Stamp (2), in

a comparison of & slow drying process over P205 in vacug

with two rapid fre=ze drying processes, found that the latter
were more destructive. However, his observations were based

on the drying of one organism only, namely Chromobacterium

prodigiosug. He suggested that some particularly sensitive

bacteria might only be dried satisfactorily by a lyophilization
method and that the higher survivel rates obtained by

drying over P205 might be accounted for by growth during the
drying process.

2. Nature of surfoce on which drving occurs. A variety of

substances have been investigated such as silk threzds (Kitasato
(lG)L zarnets (Paul (8)); glass (Heim, (22, 23, 24) Brown

(25) ); f£ilter peper (Hammer (26); Brown (25)); paper money
(Dold and ChenYI - hsiang (27); Keifer (28)); cotton

(Miller and Scha2d (29); Chester (50)) and wood (Miller and

Schad (29))/




—26-
Schad (29)). These investigations appear to indicate that

a porous surface affords a greater degree of protection than

a smooth one. Por instence, Pscudomonas campestris was

found by Harding and Prucha (31) to live for at 1emét a year

on dried seeds of cebbage but for only 10 days when dried on

glass. Miller and Schad (29) however, obtained living cells

of menim -ococei after 10 days on glass beads in contrast to
to 8 d=ys on cotton or wood.

Rahn (14) 'wentionms: that drying on metal surfaces
or on glass contalning free alkali is especially destructive.
3. MNMedium. The composition of the medium in which the
becteria are dried has an important effect on the death rate.
Soil apnears to pasess certain protective gualities and these
have been ubtilised in the preservation of cultures by Lipman
and Burgess (32), Giltner and Langworthy (33), Berthel (34) and
Greene and Fred (35). Giltner and Lengworthy (33) found
thet hacteria. could be preserved for a longer period in a
rich clay soil than in sand. They claim that this is not
entirely due to the retention of hygroscopic molisture by clay

as the solution extrscted from such a soll z2lso exerts a

protective/




. protective influencs.
The protective properties of soil may be due to its
colloidal nasture since most colloidal substances appear to

inecrease the survival ratss of bacteria suspended in them

during dryinsz. They heve been found to afford considerable

protectlon in drying from the linuid state over various
dehydrating agents (Ficker (13); Otten (21, 38); Stark and

Hemington (37); Stawp (2); Weiser and Hennum (38)) and in
freeze drying experiments (Rogers (20); Heller (12); Naylor
end Smith (39); Stamp (2); Weiser and Hennum (38)). Heller

(12) determined the death rate of fresze dried cultures of

Strevtococcus pvogenes in a number of colloidal materials.
The death rates decreamsed in the following order: aluminium
nydroxide, starch, gum tragacenth, gastric mucin and peptone.

Thus, the least hydrophilic of the colloids used afforded. the

(i

lowest degree of protection. The results can also be cor-

decreasing gold num-

v

related with Zsigmondy's gold number
bers are accompanic® by decreasing values for nercentage
reduttion per day.

Heller (12) also determined the death rate of bacteria

dried in various erystazlline materials. The rate of death DR
was greater then in colloidal menstruums and varied consider-

ably/
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greatest when these baclteris were dried in distilled water

or saline and were least in glucose or sucrose. Xylose,

trytophane =nd salicin provided intermediaste degrses of
vrotection. Heller therefore concluded that a decrease

in the death rate éan be brought ebout by drying in
erystalline menstruums of a soluble nature zad in ones

which the organisms are capable of dissimilating under normal
growth conditions.

Naylor and Smith (39) 2lso found that certain
inorganic compounds promoted the survival of dried bacteria.
In freeze drying experiments the inelusion in the medium of a
commercisl yeast extract "marmite™ was found to be beneficial.
The sctive constituents of the marmite eppeered to be certain
ammonium salts. An optimum concentrastion of 0.5% NH4Cl
added to the medium %o be dried resulted in subsbtantial
incresses in the pereéentaze survival. Naylor and Smith also
suzgested that NaCl possesses protective nroperties but to
a lesser degree than NH4Cl.

Ascorbic acid (Naylor and Smith (39); Stamp (2))

and cysteine and thiouresa (Naqur and Smith (39) ) also pro-

mote/ ,
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mote the survival of dried bacterisa. These substances

] S o © . 3
pogess reducing propervies and it hes been suggested that they

counteract the harmful process of oxidation (Stemp (2) ).

1]
[}]

{

Proay and Hemmons (40) obtained a higher percentage

survival when bacteria were dried inBroth than‘ﬁhen saline
was used as the suspending medium. This was found both .with
culfures dried at room temperature and with freeze dried
cultures. g

4. Gases. Oxidation eppears to be largely responsible for

the death of dried bacterial cells. Paul, Birstein and Reuss
(9) found thet the rate of decrease in viable count of
staphylococel was approximately proportional to the saouare root
of the oxyzen concentration with which they were in contact.

Rogers (20), Neylor and Smish (39) and Proojigand Hemmons

(40) compared the death rate of bacteris when stored in various

gases and found that oxygen had the greatest lethal effect.
Other gases such as nitrogen (Rogers (20); Naylor

end Smith (39); Proom and Hemmoﬁs (40) ), hydrogen end cerbon

dioxide (Rogers (20) ) appear to be less destructive thanloxygen

but to induce a hizher death’ rete than when storage 1s carried

out in vacue.

5. Humidity. Rogers (20) end Proom and Hemmons (40) found that

the survival of dried cultures was reduced in the presence of

traces/
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traces of moisture.

In contr=gt, Stamp (2) in his comparison of dryine
over Pgls with lyophilizstion, sugcests that the zreater
percentage survivael in the former case may be linked with
the slightly higher moisture conbtent of the resulting dises
of dried materiel. Growth during the slower vprocess or
protection by the medium seem to be more likely explanations.

Dunklin end Puck (41) found that if orgenisms were
dried in 0-5% saline the highest mortality rate on storage
was obtained at 50% relative humidity. Storage humidities
apneared to show no merked differences if the orgenisms were
dried in salt-free media. Watts (42) reports the maximum

survival of dried milk culbures of Strentococcus acalactiae

at 15-25% R.H. This finding has recently been supported
by Higeinbottom (43) who obtained the optimal survival of
the flora of spray dried milk at humidities in the range of
5-20%. Above 70% R.H. there was a rapdi reduction in
numbers during the first few days, followed by the growth of
meulds, hid biehaig darticularly the spore-forming bacilli.
The microfMewys. of the powders stored at lower humidities,

however, appeared to be composed mainly of streptococci

and/
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?pd micrococcl suggesting that spore-formers die out
rapidly in milk powders of low moisture content. This is
an unexpected observation in view of the recormised resist-
ance of bacterial gpores to wnfavourable agents.

6. Temperature of storage. Dried cultures may be preserved

for long periods in a refrigerator or ice box but the time of
survival is reduced as the tempereture of storage is raised
(Ficker (13); Kirstein (44); Peaul (8); Rogers (20);
Buchbinder and Phelps'(IO); Miller and Schad (29); Weisar:
and Hennum (38); Proom and Hemmons (40)).

7. Light. Naylor and Smit tBQ) eand Chester (30) suggest
that dried cultures should be stored in the dark but appear to
offier no decisiﬁe experimental evidence in support of the |
suggestion. @rskov (45) showed thet sunlight had = deleterious
effect on_actinomycetes dried on paper. The only other
relevant dnvestigations appear to have been carried out with
meningococei.  Elser and Huntoon (46) and Miller and Schad

(47) both found that dried cultures of these bacteria dgied
rapdily when exposed to sunlight or diffuse daylight, The
information however, appears to be of a specialised nature

and may not be applicable to all dried bacteria.

8. Age of-bacterielcnl;.. Youns cells are generelly believed

to be more suscepiible to an unfavourable environment than

mature/




The relationship between stage of growth
and resistance to desiccation has not been fully investigated
and much confusion appears to heve arisen owing to a
failure to define accurately the stages at which young and
meture cells may be obtained. Ficker (19) found that a
48-hour culture of the cholera wvibrio was more resistant %o
drying than a 24-hour culture. Incubastion for longer
than two days however, again produced less resistant cells.
Thé f@ults of Kitasato and Berckholtz , cuoted by Giltner
and Lengworthy (33), showed spnroximately the same resistance
in cultures of the cholera vibrio from 1 to 5 deys old.
Cultures older than 5 days showed a marked decrease in

o

resistance. Naylor and Smith (39) worked with cultures of

Serratia marcescens &t the end of the logarithmic phase

of growth, in order to obtain a maximum resisfance to drying.
A1l these results indicete a reletively high degree of
resistance in cells ofamature state of growth. Both younger
and older cells are of a less resistant nesture. The

- results of Proom and Hemmons (4) would appesr to contradict

such an observation as they suggest an increasing sensitivity

with age. A 7-hour culture of Shigella dysenterise was

mores/
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more resistant than those incubated for 23 hours, 72 hours
‘or 6 days. In this case, however, the authors may have
been comparing cells in a mature state of growth (7 hours)
with those in the phase of decline and not codls in a young or
mature condition.

9. Bacterial mass. There appears to be little decisive

evidence on the effect of the density of the cell suspension
to be dried. Campbell Renton (11) noted very little
difference in the proportion of cholera vibrios recovered
when drying three suspensions of differing concentrations.

In contrast Stamps(2) results with Streptococcus pﬁ%enes,

Pasteurella pestis and Salmonella typhimurium show a general

tendency for the percentage survival to rise with a
diminution in cell concentration.

Variations in the rate of death of specific bacteria.

Some bacteria possess morphological characters
such as spores or capsules, which render them particularly
resistant to unfavourable environments. Apart from this,
however, there appears to be a considerable variation in
the resistance of species.

In the literature dealing with desiccation it is
perhaps surprising to find little referenee to comparative
work on bacterial species. Some fariations in resistence

however/
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however, have been reported in work on vacuum drying from
the liguid state, freeze drying and drying in the atmosphere.
- e e e o eyt e 1 = p 15 pro— 3
mong the most resistent speclies are the corynebacteria

robisher et a2l (49); Stamp (2)), streptococei (Stark

and Herrington (37), Heller (12). Frobisher st al (49),
Stamp (2) ) and stephylococei (Stark and Herrington (37);

Wells and Stone (50); Frobisher et al (49); Proom and

Hemmons (40) ). Esch coli (Stark and Herrington (37); Wells
and Stone (50); Heller (12); Proom and Hemmons (40) ),

4

nal organisms (Wells and Stone (50);

c
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Frobisher et al (49) ) =and Shigella (Proom and Hemmons (403} )

are far more suscepti®le but not so sensitive as species of
Neisseria and Vibrio (Stamp (2); Proom and Hemmons (40) ) or
Fusiformis (Stamp (2) ). A veriety of other species are

dealt with by Frobisher et sl (49), Proom and Hemmons (40)

=

and Stamp (2), but it is difficult to detect any order of
resistance in their ressults.

Sterk and Herrington (37) tested the resistance

of seven organisms to rapid vasuum Jrying over PsOs and
Callg. They were,; in order of d&eemeasing resistsnce,

Streptococcus paracitrgyorus and Str. lactis,

Saccharomyces cerevisise, Staphylococcus sureus and

Staph albus, Esch coli and lLactobacillus acidophilus.

Buchbinder/
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Buchbinder & Phelps (10) compered the death rate of
three streptococcal groups when allowed to settle from the
alr of an experimental chamber. GroupA streptococcl appear
to be more resistant than GroupB P—hemolytic strains and
considerably more resistant than thed\ -hemolytic tyves.
Stamp (2) obtained = considerable varistion in

resistance with different strains of the same species, namely.

Salmonella typhi, but did not investigate the matter in

greater detsil.




=50

EXPERTMENTAL METHODS USED THROUGEOUT THE WORK.

Previous investigations (discussed in the foregoing
reﬁiew of literature) have shown that the rate at which
micrq—organisms die in the dry state is very largely
dependent on the conditions under which desiccation is carried
out. This lnowledge has led to the development of freeze
drying methods now commonly used in the preservetion of
large collections of bacterial cultures. The aim of the
work, ©o be described, however, was to study the lethal action
of drying under natural conditions and to provide information
applicable in the déirying and other associeted industries.
Thus, 1t was necessary tc evolve a method of laboratory drying
in which the organisms would be exposed neither to destruct-
ively high temperatures nor to freezing and during which they
would be in contact with atmospheric oxygen. A method based
on the evavoration of moisture under reduced pressure was
adopted.

The choice of experimental conditions was
limited b7 other considerations. The bscterial suspension
had to be dried rapldly in order to avoid multiplication of
the cells or possible changes in their resistance during the
process, but had to contain a sufficiently large number of
organisms to yleld accurste counts which would indicaste the
course of death. In order to obtain strictly comparable

results, it ves essential to store the dried films under constaxn

conditions/
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conditions of temperature and atmospheric humidity. The
standards chosen in each case were within the range of
normal atmospheric conditions.

The Apparatilse.

The followingz method wes adopted sfter some
preliminary investigetions. It was chosen with the
object of satisfylng all the ebove recuirements 2s nearly
as nossible.

One ml. cusntities of the suspension or culture

are dried in thoroughly clean 6 x £ in. tubes of pyrex

le

glass. These tubes were expected to pDrovide a relatively
inert surface. Rapid drying was achieved by means of the
gpparatus shown in figure 1.

Two 6 x € in. tubes (A) conteining the suspension
to be dried, are connected to = rotery vacuum pump by means
of & manifold (§) of % in bore. Each tube is fitted with
a rubber stopper (C), throuzh which passes two pieces of
nerrow bore glass tubing ( D & E). The shorter length (R)
is bent af right angles and connects the tube to the manifold
by means of a l-hole stoprer (). 1In order to promote the
rapid removel of water vapour Lh2e connections from A to the

pump are kept as short and wide as possible. The longer

length/
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length (E) terminates £ in. from the base of the tube and

is connected by means of pressure tubing (@) and a T-piece

(H) %o a piece of capillary tubing (I). hen the DUMp

is working the small stream of eir admitted through I

(510 ml. per min.) provides a low concentration of oxyzen in

A and at the same time it keeps the suspension thoroughly
mixed by a slight stirring action. Drying in complete absence
of air would eliminate one of the most imporvant lethal

factors involved. The incoming eir is filtered throush a

15 in. plug of cotton wool at K. The seme piece of capillary

ool

-

tubing was used throughout all the work end it alone controls
the flow of air into A. The diasmeter of the tubing E

is therefore of no great importance. The dismeter of the
tubing D is also immaterial since the moisture vapour is
carried off by means of the current of air created from I.

In selecting the piece of capillary tubing it was important
to realise that the degree of vacuvum and consequently the
rate of dryinz was dependent on its bore. The moist air
pumped ouh of the system is drawn through silica gel impregnated
with a cobalt salt and then through aluminium oxide, before
reaching the pump. This prevents the oil'in the pump from

becoming/
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becoming contaminated with moisture. The silica gel
was reactivated at intervals by drying in an air oven.

The tubes were immersed in a thermostatically
controlled water bath (M) kept at 40°C. and provided with
a stirrer (). This arranzement provides the energy
necessary to evaporate the water qguickly without exposing
the organisms to a temperature that would in itself be
harmful. Trials showed that the tempersture of the
bacterial suspension quickly comes to 27°C. when the pump
is working and as a result of the cooling effect of evapor=-
ation it remains at this level until a2llvisible moisture
disappears at the end of 12 min. The pumping was
continued for a further 8 min. end during this time owing to
the cooling effsct of the incoming air, the temperature
within the tube rises only slowly to 35°9C. In the
preliminary investigations a manifold was not used and the
tubes were then dried singly. All visible moisture evaporated
in the first 9 min. and pumping was continued for a further

min. This had the disadvantage of greatly increasing

h

the total amount of pumping recuired to dry = series of tubes
in any one experiment.

The pump reduces the pressure in the evacuated system

to/
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to anproy mately 60 min. Hg, The pressure was checked
by a mercury manometer &t the start of each drying in
order to guard against any leskage which would affect the
rate of desiccation and consequently the lethal ection
of the process (c.f. the review of literature).

Before the sterilisation of the 6 x & in. tubes
they were vlugged with cotton wool. The plugs were wrapped
in muslin so that fibres would not be left in the tube and
thus make it diff cult to obbain a good joint with the
rubber stopper. ATfter use the tubes were scrubbed with a
hot solution of washing soda =nd rinsed thoroughly in tep
water. This routine washing was supplemented et intervals
with thorough éleaning in a chromic-sulphuric acid mixture.
The parts E,C,D,F & K were assembled and wrapned in paper
for sterilisation. The stoppers C & F were lubricated

with sterile glyce®pl hefore connscting to the tubes and
manitold.
a rotary pump, air must be admitted

into the evecuated system so that oil in the pump is not

'._.
ci
oy
]
=
c+

sucked back. In order that this might be done
drawing unsterile =2ir into the tubes containing dried
bacteria, = tap provided with a narrow constricted opening

was used for slowly relezsing the vacuum. This tep was

o]

situsted close to the pump and connected directly to it by

a/




a short piece of glass tubing. In this way only air that

had passed bhrough the sterile cotton wool filter would znter
the dried tubes. Preliminary trisls were carried out to ensure
that this occured in practice.

The determination of the viable count.

Throughout the work described in this section the
density of mlero-organisms was estimated by the agsr S%rlp
mebthod described in Part I of the thesis. The speed with

viiieh tube 1n00h4L?ions cen be carried out made i1t possible

~ T

obbalin tripli cate
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exoending uvae

mix the bacterial suspension witl

are the dilutions and %o
gar beyond the customary

15 min. A1l dilutions were made in 0°1% gelatin.
The preparation of culbures to be dried.
It was necessary to establish a standard technique
vegetative cells before

for handling bacterisal spores and

¥

desiceation. The concentrated sus

distilled water, which was used thr
no deterioration in viasble count af
It was pared from 7-10 day cultu

bt oo B

pension of spores in

oughout the work, showed
ter storage for 3 ysars.
res on nubtrient agar by

repeated centrifuzation and washing, followed finally by

pasteurisation at 63°C. for 30 min.
suspended in glass distilled water

top/

The spores were finally
end stored in 1 oz screw-
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top vials which had been previously cleaned in a chromic-
sulphuric acid mixture, to remove all traces of nutrient
material. The concentration of the suspension was determined
by plating and it was then stored and diluted for use as
reculred.

Vegetative cells were grown in broth or other
sui table liouid media. The degree of turbidiy was used to
concenlrakion.

obtain an approximation of the cell orgarnisss. The composition

of the basic medium used, except with Azotobacter and Rhizobium

was 0-5% Evan's peptone.
0°5% Lemco.
0.25% Yeastrel.

Sugars were added when necesdary to meet any specific

growth recuirements. Azotobacter was grown iné:-
1% Mannitol.
0:01% KNOs3
0 '05?::5 KoHPO4
0-02% MgS04
0:01% Iron citrate.
and Rhizobium was grown in
0+5% Mannitol.
0:25% Peptone.
0:25% Yeastrel.
Aerobic and facultative anaerobeés other than the
streptococci, were grown in approximately 5 ml. cuantities

of broth in 100 ml. conical flasks. This shallow layer of
broth was expected to ensure an asdequate supply of oxygen for
rapid growth. Streptococel were incubated in 6 x 2 in.

tubes/
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tubes since they appear to prefer conditions of limited
aeration. (of Part III of thesis). Cultures activated by
freouent transfer were used as inocula and incubation was
carried out at either 22°C. or 300C. depending on the
optimum temperature for growth of the orgenism, until the
recuired degree of thebidity was attained. In most of the
preliminary work the cultures thus obtained were centrifuged
and the sediment was resuspended in an equal quantity of the
medium in which drying was to be carried out. It was
thought unnecessary to prolong the process by repeated
washing of the sediment.

PRELIMINARY STUDY OF EXPERIMENTAL METHODS.

l. A STUDY OF A METHOD OF DRYING A NUMBER OF SAVNPLES OF A
BACTERIAL SUSPENSION WITH A UNIFORM RESISTANCE TO DRYING.

In order to study the decrease in viable count of
dried micro-organisms over a period of time, it is necessary
to dry several 1 ml. quentities of each bacterial suspension.
This raised the problem of preserving the culture in a
uniform condition of resistance during the drying of a number
of replicate samples. Vegetative cells may undergo rapid
changes in resistance, especially during the early stages of
the growth cycle and an attempt to stabilise them was
made by storing at a low temperature.

The cultures were centrifuged and the sediment was

resuspended/
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resuspended in v'l% gelatin, = relatively in&r# but
sbluble med ium, znd held in a refrigerator at 5%,
Samples were withdrawn at intervals and subjected to
desiccation in order to determine any variastion in
resistance arising out of the treatment, Recovery was
carried out in 4 ml guantities of 0-1% gelatin at

40°¢, (see following section).

frials were carried out with Bacterium coli,
Micrococcus albus and a corynebacterium, with the results

shown in table 1.

bDec0li andii. albus both decreased in ability

to survive desiccation when stored at 5°C for 2 and 4 hours.
This was probably caused by some physiological effect of
low temperature storage on the cells, similar to that
observed by Hegarty and weeks (51) and Sherman and Naylor
(52), In view of the results this procedure was
abandoned.

Relatively stable cultufes were obtained in
all future experiments by incubating until the cells had
reached the end of the logerithmic phase of growth, nO

great variation in resistance was found to occur if such

cultures/



TABLE 1.

The influence of storage of bacteria at 5°C on their

resistance to desiccation.

' : Period of ' Count before | % survival |

| Species storage ; drying |

| (hours) | |

| 0 | 4,800,000 | 0.75

EB. coli. I B | 4,200,000 ; 0-31

| ; 4 | 7,100,000 . o-38

e . 10,000,000  9-96 |

1. albus ; 2 12,000,000 | 676 %

| ! 4 - 14,000,000 L 5e0B

| | 0 | 15,000,000 52-81

i Corynebacterium é 2 16,000,000 42-51

Sp .
4 16,000,000 5970
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cultures were kept on the bench, samples being withdrawn

centrifuged and diluted afresh for each period of drying.

II. THE RECOVERY OF VIABLE ORGANISMS DRIED ON A GLASS
SURPAGE, i !

(a) uhe resistance to desicecation of spores of wsacillus
subtilis.

At the outset of this work it was essential to
determine whether all cells surviving drying could be |
recovered, and counted as colonies on nutrient agar. Failure
to do so would cause é considerable error in the estimation of
the lethal action of the process. In all the literature
on drying this source of error appears to have been over-
looked and has probably led to a number of unjustified
conclus ions concerning the effect of the suspending medium
and the drying surface. 1+he unaccountable variation in
the percentage survival throughout a series of replicate
dryings obtained by Proom and Hemmons (40), may also be
caused by failure to recover all the viable organisms in
each case,

in order to estimate the degree of cell
recovery after drying, it was decided to carry out prelimin-
ary investigations with an organism completely resistant to

desiccationy



4B
.desiccation. A suspension of the spores of Bacillus
subtilis eappeared to fulfil this reruirement. Before
proceeding further however, it was essential to determine
whether these spores actually could withstand the method
of drying to be employed.

.The suspension was diluted in sterile tap water
to give a count of approximately 5,000,000 cells per ml.
and six 1 ml. ouyantities were dried a2t the pump. The
dried filmﬁ‘we?erecgnsﬁiﬁuﬁimnin 4 ml. guantities of
0:5% saline solution at 40°C and shaken for 30 sec. (see D 4.463
Vieble counts of the suspension before drying and of the
dried films on reconstitutiom were obtsined, one dried
sample being examined immediately on removing from the
pump and the remainder at intervsls throughout the
following seven days. The dried samples were stored in

screw=top jars, esch containing a shallow layer of a
saturated solution of celecium nitrate, held at 229C. this
vas caleulated to provide a relative humidity of 53% within
the jars (53). The spores were dried in tap water in

order to prevent them from germinating during the preparation

of the original dilutions or the early stages of drying at

the pump, when traces of moisture will still be present.
It is well knownthat bacterial spores undergo changes in morphology

within/
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within a very short period of time in the presence of
nutrient material as cen Be.demonstrmted by their
abllity to absorb agqueous dye solutions&at tlie same time

they decrease in their resistance to desiccation.

The vercentage recovery figures =re plotted in

fig. 2. Any deviations from a strzight line are within the
limi®t s of experimental error. - Spores of B. subtilis can
therefore be assumed to resist the desiccation employed and

can be used in gxperiments deslzned to distingulsh between
the recovery and survival of dried organisms.

It is noticeable that the percentace recovery is
exbremely low but this can only be accounted for by fallure
to resuspend all the éells aftef drying. Experiments
were therefore éerried out in =n attempt to increase this
figure by varying the mediuh in which the spores were
dried, the nature of the resuspending solution and the
amount of shaking during redispersal of the cells.

£

(b) The recovery of spores of B.subtilis after drying.

The conditions for recovering dried bacteria
were explored.

A suspension of spores of B. subtilis was

diluted to a convenient concentration in various media and
1 ml. quantities were dried immedistely. In this

experiment/
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experiment the tubes were dried sinegly (in absence of the

manifold) =2nd thus, were only attached to the pump for a

neriod of 15 min. each.

Media dried. . The medis selected for drying are

Distilled water was chosen as the simplest suspend;ng
fluid.

In order to simulate conditions likely to occur after
centrifugation of- organisms grown in liquid redia,

the spores were dried in both distilled water and

gelatin containing tr=zces of broth.

(#1i) Naylor and Smith (39) found that the addition of

(iv)

(v)

ammonium chloride to the suspending medium before
drying increased the percentace survival of Serratia

mnarcescens. Use of this salt alone therefore seemed

to merit further investigation.

Saline, was chosen in view of its frecuent use in
bacteri®mlogical work as a solution isotonic with
protoplasm.

The phosphate buffer, a M/15 solution of NagHPO4
KHoPO4 with a pH of 7+0, was expected to provide
information on the effect of a medium possessing
buffering properties and to be more soluble than an

organic/
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orzanic buffer medium. Proom and Hemmons (40) found
that a similar solubion increased the survival rate of .
vegetative cells.
(vi) Of the three more complex medis, 1% milk was chosen

owing to its practic=2l importance in the deairy

industry .
(vii) 0.1% zelatin was selected as = colloidsl substence

possessing approximately the zeme buffering capacity

as 1% milk but is more easily dissolved after drying.

6]

(viii) Broth was included with the object of Arying orgenism

directly in the medium in which they had been grown, thus
dispensing with the use of the centrifuge. It |
produces dried films of considerable sclubility. :

Recovery fluids. Various resuspending fluids were

examined, 4 ml cuantitie:z being used. In most cases the
recovery solutions were added =t 40°C. The dried milk films
were reconstituted at 50°C. since several workers (54, 55,
56) have shown th#t milk powder =ives its meximum viable
count when reconstituted at this tempersture. The films of

dried gelatin were reconstituted at 35°C and then hested

slowly to 40°C. in order to promote repid solution. Addition

of the recovery fluld at temperatures greater than 35°C.

produced/ oy
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i
of these results since insufficient data were collected on
which to base accurate comperisons. Several facts may
be noted, however, :

Firstly, the degree of recovery is influenced

largely by the medium in which the spores are dried.

-

Drying in 0°5% saline solution haes given the highest
rate of recovery. It was thought possible however, that

be damaged if

sensitive vegetative cells might 1 £ dried in =a
saline solution S0 this choleée vegs abandoned and saline

.

was only used in fubture as 2 resuspending fluid.
Milk, gelatin and broth all gave a higher degree
of recovery than distilled water. The three methods differ

considerably in their easse of solution, dried milk being far

moreinsoluble than either broth or gelatin. This
varistion in solubility is not reflected in the results,
particularly in those for gelatin and milk, so there would

appear to be some other limiting factor involved in the

TEeCOVery DProcess. Dryinz of spores in ammonium chloride 2ivespiys

approximately/




TABIE 2.

The recovery of Bacillus subtilis svores after drying.

‘ ‘| Period of Count before| %

| Medium dried Recovery fluid shaking drying per |recovery
_ ml. '
| distilled tap water  |. 20 sec. = 760,000 | 18
| water ; 2 min. | | 38
| f 4 min. | | 28
| !
distilled _ 1l min. 770,000 56
water | 760,000 |47
Na Cl ' 1l min.| 770,000 12
distilled | | 20 sec. | 15
| water + 1% tap water 2 min. | 970,000 25
| broth 4 min. | 19
1 0-5% NH,CL NH,C1 1 min. | 840,000 - 60
| 0+5% Na C1 Distilled 1 min.| 830,000 79
: water 920,000 72
| NaCl 1l min, 600,000 75
M/15 phosphate  phosphate 1 min. | 830,000 28
buffer - buffer %
) 5 sec. | } 25
1% milk tap water 30 sec. | 760,000 61
2 min.i 51
0-1% gelatin tap water 0 (mixed 36
by rotation) 50
20 sec. | 760,000
2 min. :58
0°1% gelatin
+ 1% broth tap water 20 sec. | 760,000 38
| 980,000 62
- broth NaCl 30 sec. | 910,000 67

1,100,000 | 68




o
epproximately the same recovery as drying in broth. The
inorganic phosphate buffer solution seems to be of little
value. Traces of broth in distilled water and gelatin hsve no
decisive effect as far as can be seaw from these results.

Gelatin end broth were selected for further investi-
gation as media to be dried.

It proved difficult to meke s choice among the
recovery flulds but 1t was finally decided to carry out
further investigations with gelatin and saline. Tap
water was regerded as unsatisfactory since when used to
reconstitute dried milk it left Brsces of nmilk on the
glass. This mey have been caused by the precipitation
of casein by the caleium ions present in the water.

(¢c) The effect of shseking on the percentasge recovery.

In teble 2. there appears to be some correlation
between the amount of shaking and percentage recovery. When
spores are dried in milk distilled water.and distilled water

and broth, the percentage recovery appears to rise with an

increase in the amount of shaking but finally to drop off sgain

when this is prolonzed. The decrease in recovery with
long shaking suggests a clumpling of the spores. A
similer effect is described by Cone and Ashworth (57). They

found/




found thet prolonged mechanical shaking of a reconstituted

-

solution of spray dried milk powder at room temperature
50°C with no =dditional mechenical shaking. This
result however, may he due to the veriation in the
temperature of reconstitution snd not to the amount of
shaking. Wilson (58) found that shaking led to the
disintegration of c¢lumps in whole milk or diluted milk
and hence an increase in count.

A further experiment was designed since the data
presented in table 2. are not sufficiently deftzilsd to be

conclusive, Triels were carried oub using the spore

suspension of Bacillus subtilis; Micrococcus albus an

)

=]

Jai

[

orcanismyg with a tendency to occur im clumps,

Bacterium coll a non-clumping organism. - Twelve 1 ml.

quantities of each bacterial suspension were dried 1In

i

broth s=nd reconstitubed in 4 ml. cuantities of distilled

o

water, 0+5% saline or a buffered saline solution of pH 7°0
consisting of 0°5% NaCl, 0757 KsHPO4 and 0.2/ KHgPO4.
Johnson and ZoBell (59) uwsed this buffered saline solution

when prepering a suspension of "individual spores of

Bacillus/
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Bacillus subbtilis?® so it was thought desirable to determine ;
whether it had any beneficial effect on the rats of

recovery in these experiments. Using

any one recovery

solution, duplicete tubes dried simultenecusly at the pump
were reconstituted with (a) 30 éec. shaking and (b) 3 min
sheking, by hand. The amplit.de and speed bf sheking was
approximately 1l ft. per sec. in all cases. The percentage
recovery flgures ere listed in table 3.
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TABLE 3.

The effect of shaking on the percentagce recovery of dried bacteria

Period of & 1
Organism. shaking % EAONSLF R
| aistillea | 6-5% saline
| water saline buffer
| [ . I
| B. subtilis 30 sec. i 8357 ! 71-68 72-85
| spore sus- , | 61-12 | 63-30 61l-31
tpension i @ : i :
| Zmin. | 69:°08 | 59.75 | 67-69
; | 22.753 | €0-58 | Yl-24
liicrococcus | 30 sec. 48-54 | 39.99 | 30°37
albus | 49°52 . 46-07 28-89
3 min. 6507 | 57.41 28+20
4745 | 4971 B34+45
- | 30 sec. | 2-331 C 4.109 1.816
' Bacterium | ' 0.7214 | 0-.9445 0.8037
! coli | :
3 min. 1-479 5.088 0-5535

073 0-6918 0.8399




and not !

in which the organisms are suspended during drying

the method ol reconstitution.

(d) The effect of varyine the suantitv of recovery fluid.
In the trials so Par desecribed 4 ml. cuvantities

of reconstituting fluid were used. The effect of varying
this cuantity wes 1nvestis sated by drying 1 ml c_Lt?;iti,Eies |
of the spore suspension in sterile tap weter and recon-
stitubing in volumes of 0°5% saline ranging from 2 to

20 ml. The percentage recovery figures are plotted in

fig. 3. The averasge degree of recovery is low, but compares
vith thet in Tig. 23 where drying wes else carried oubt in

tap water. Repeated trials with tap water at a later

date failed to give such low recovery, so it seemed probable ;

that the sample (sterilised in one bateh) used in these

earlier experiments contained some

The percentage recovery appears To
an incrsase in the amount of salin

-}

stitution, until a peak
Larger auantitie

complete mixinz of

and this factor may =2ccount for the rapid drop in the

curve bebween 8 amd20 ml.

The/

is reached

the suspension during

harmful substence.
increase rapidily with

e-employed for recon=-

in the region of 8 ml.
lifficult to ensure

the shaking process
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The results of this experimsnt are inconclusive
owing to the inexplicably low degree of recovery and in all
future work 4 ml. ocuantities of reconstituting fluid
were used. This avoided any change in technicue and gave
results strictly comparable with earlier work. Larger
quantities of recovery fluid (4-8 ml.) may cause the
resulting suspension to be too dilute for purposesof count-
ing when only a few viable organisms are present.

The beneficial effect of dilution during
reconstitution suggested the possibility of a variation in the
recovery depending on the concentration of cells in the
suspended dried. The experiments described in the following
section were therefore designed.

(e) The influence of cell concentration on the recovery

of organisms.

(i)  Bacterial spores. A preliminary experiment was cerried

out in which two dilutions of the spore suspension of B.
subtilis were examined. Samples.of each dilution were
dried in distilled water and in broth and were recovered in
4 ml. quantities of 0°:1% gelatin or 0:5% saline. The
following results were obtained:

IMedium dried Recovery fluid Count before dryins %

Recovery
Distilled water gelatin 760,000 47
7,800 67
Broth saline 1,080,000 68

913,000 7L
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In both cases the more concentrated suspension
gave a lower pervcentage recovery.

A second experiment was designed to investigate
this ouestion more fully. Four dilutions of the spore
suspension were dried in broth and reconstituted in saline,
duplicate tubes of each concentration being dried. A

'

suspension of the spores of Baecillus megatherium was also

examined, but owing to its dilute nature it wes only
practicable to dry two concentrations. The result of
both triesls are summarised in table 4 and fiz.4.

The recovery rate appeers to be largely dependent

on the density of the suspension dried. This is apparent

from a study of the results of B. subtilis. Those of B.

megatherium are insufficient to be decisive, but show the

same zeneral trend. If a variation of over 407 is
obtained when samples of a sitable suspension differing only
in their density, are dried under identical experimental
conditions, ,the possibility of a lerger error in experi=-
ments of this tyre cannot be isgnored. The adjustment of
the cell density at the outset of an experiment is
obviously of grest importance.

(ii) Vegetative cells. GCultures of Micrococcus albus and

Bacterium/




TABLE 4.

The effect of cell concentration on the recovery of spores.

. l
Organism 5 Original count % Tecovery 1
|
| 36,000,000 54°45 |
Spores of é 5666 |
4,930,000 6330
B, subtilis j 6368 |
| = |
: 50,300 7134 ;
7134 ;
480 94-61 |
92-92 i
Spores of
B. megatherium 3,330 1370
65:55
248+ 3 74.09
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Bacterium coli were dried at two concentrations. Owing

to the rapid destruction of ors ﬁnismé dvrine the nrocess
of drying eand in the early hours of the storage neriod,
it was considered unsatisfactory to base any comparison on
the recovery rate immedistely after drying. A number of
1 ml. samples of each culture were therefore, dried in
broth and reconstituted at intervals throughout 5 days,
using 0-5% saline as recovery fluid. The dried cultures
were stored at 53% relative humidity and 220C during this
period. Tigs.b and 6 show that the percentage recovery
is again influenced by the cell concentrstion. This
ariabtion observed bebtween the two concentrations could

easlly have sn mistaken for a variastion in resistance

I-b

of cells if similar results had not been obtained previously
with spores and if cultures at the same stege of growth had
not besn used.

The results obtained with B.coli are not so

decisive as these for M. albus and there is 2an unexpected

e

crossing of the lines at approximetely 12 hours afbter

drying. This can possibly be accounted for by the fact

that the samples of differing concentration were dried on

consecutive days =2nd thus, were drawn from different

transfers/
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transfers of
rise Lo some

The
3 hours with

up-of clumps

the bacterial culture. This may have given ‘
slizht veristion in the resistence of the cells.

increase in count obtained st approximat

M. albus was probasbly caused by the breaking

of cells. This is not unlikely to occur with

a clumping organism such as a micrococcus, Results suggest-
ing the disintegration of clumps during drying have been
obtained occesionally throuchout my work § %. A similar
effect is reported by Proom and Hermons (40) who obbtained

survivals of

pyosenes and

and Smith (39). appes:

1007 with cultures of Strevtococcus

Staphylococous auwreus dried in broth. Naylor

to have obtalined survivals in excess

of 100% with Serratia marcescens, but attribute this to an

inherent pleting error. Heller (12) provides microscopiecal
evidence on the effect of drying: cells of Strevtococcu

pyozenas. He exemined films in a Petroff-Hauser counting

chamber before and after fraezing and drying in 1% sucrose.

An incresse in the average total number of chains per ml.

and a decrease in the asversge number of cocci per chain was

apparent. Failure of the vigble count to show & :
corresponding increase was probably due to the dezth of a .ﬁ.
condiderzble number of cells during the process. Heller 3

(12)/
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;12) also examined the dried cultures over a period of
éO days storage and found that the viable count increased
eradually during the first 15 days. The total count
remained spproximately constant. He suggests that
cells damaged by the drying process may be able to
recover sufficiently to give rise to colonies .after a
period of time. It is difficult to see how such a recovery
could occur.

Very few workers seem to have considered the
importance of the concentration of the suspension to be
dried, possibly because they have been concerned mainly
with the problem of preservation. In such work it is
usuval to &rthighly concentrated suspensions in order to
obtain as large.a number of viable orzanisms as possible

in the dried material. Stamp (22) dried Streptococcus

pyogenes over PgOs and obtained an apparent survival of
58% when the meterial immediately sfter drying contained
9-7 x 106 viable organisms per mg of the dried film and

91% when it contained 1.2 z 10° orgenisms per mg.  Some

varistion was still obtained after storage for 2 and 4

years. He also nobted a similar effect with Pasteurella

Destis and Salmonella typhimurimm, but attributes all

three/
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three cases to an inersasssd survival rate with a

g rhl
LI

diminution in cell concentration. In view of the results
obtalined in my work however, it seems extremely likely

that the variation is mainly due to a failure to resuspend

all the cells after drying and not to the degree of
survival. Campbell Renton (11) failed-to obtain eny e
deeclisive difference in the percentage of viable organisms :;ﬁff
recovered after 24 hours when she dried single standardised ffﬂlﬁ
drops of & suspension of thé cholera wibrio containing R
9 x 10°%, 9 x 104 and 9 x 109 orgenisms per drop. It is

difficult to explein this result since differences in recovery

in my experience, become apparent when the concentration of

‘the original suspension is varied by ten or hundred-fold
dilution.

These investigations show that in all future work.
it 1s of utmost importance to standerdise the concentration
of the suspension before drying if strictly comparsble
results.are to be obtained. |

(f) The effect of a surface agent on the recovery of spores.

Trials were carried out to determine whether Hhe
addition of a surface active material to the reconstituting

fluid/
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fluid would increase the percentage recovery of dried
. e L3
spores. The materlal selgted was the commercial

detergent "Stergene® manufactured by Domestos Ltd.

First the bactericidal or bacteriocstatic properties f_'_Q{
of this detergent were determined by testing its action on
M. albus. Failure to decrease the count of this vegetative
bacterium would ensure a wide margin of safety with époras. ff?FQE
A 24 hour broth culture of M. albus was diluted in sterile brotl} L
to approximately 10 million cells per ml. One ml. cuantities
of 1/10, 1/106 and 1/1000 dilutions of Stergene in tap
water were added to 4 ml. qugptities‘of the diluted broth
culture and the mixtures were sheken for 30 sec. to
Bilmulate cbnditions occuring in the reconsﬁitution of

dried films. The viable counts of the diluted broth

cultures and of these cultures sfter treatment with Stergene
are given in table 5. Counts after the addition of
Stergene have been adjusted to compensate for the dilution
factor. l

Stergene does not appear to possess any strongly
bactericidal or bacteriostatic properties, ss only a slight
decrease in the count of the micrococcus is evident with the

lowest/




TABIE 5.

The lethal action of Stercene on Micococcus albus.

|
Dilubtion of | Original Count after i
Stergene f Count addition of %
i Stergene ! survival
5 |
| !
il | 10,350,000 11,500,000 | 21ll-1
5000 | '
i
iz ' ‘ ,
500 | 9,550,000 11,190,000 117-1
; r |
!
1 | 14,150,000 13,390,000 | 94-64
50 ;_
|
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lowest dilution. The 1/500 dilution appears to have

increased the count to a slightly greater extent than the

1/5000 dilution and therefore was selected for use in the
following experiment. ' -
The effect of Stergene on the recovery of spores

of B. subtilis was investigated. One ml. ocuvantities of

the spore suspension were dried in broth and each set of
duplicate tubes dried simultaneously, wes examined as
follows: -
Tube 1. The dried suspension was reconstituted in 4 ml

0+5% saline. /
Tube 2. The dried suspension was reconstituted in 3 ml

0.5% saline plus 1 ml Stergene (1/400 dilution).

Since this appeared to have little effect onkhe:
percentesge recovery of dried spores, the addition of ;
Stergene was also investigated in 1/40 andfi;dilution. The
results are given in table 6. A 1/40 dilution of Stergene
slightly increases thé nercentage recovery of dried spores,
a 1/400 dilution has only a negligeble effect and a-i/4
diiuﬁion exerts slight bactericidal or bacteriostatic
properties. A surface sctive agent therefore appears to be

of/




TABIE 6.

The effect of Stergene on the recovery of spores.

|
Saline 1 Stergene
% recovery 3
! Dilution % Tecovery.
| 1
52°86 5, S 5%. 13 |
| 400 :
5 i
| |
i | |
- | L ! |
6368 | — 7257 ;
6 | 20 .

53-18 | —i- A 42+85
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of little benefit in promoting the recovery of dried

spores.

= =

Discussion

A survey of the results so far obtained shows a
consistent failure to obtain a 100% recovery of viable
cells after drying. This failure could be due either to an
adherence of organisms to the glass of the tubes or to
a clumping together of cells during drying. That the
results ob?ained are’' caused by an adherence of orgasnisms to
the glass is unlikely since there appeared to be no
correlation between recovery rate end the solubility of the
rmedivm dried, snd no benefieclal effeet to be gained by
prolonged shaking. The clumping together of cells during
drying seems a more likely theorj and is supported by the
variation in recovery.obtained with different cell
concentrations; clumping might be expected to occur less
readily in a dilute suspension than in a concentrated one.
Failure substantially to increase the degree of recovery
by prolonged shaking also points to some clumping effect.

Microscopical examination of cultures. Attempts were made

to detect clumping by microscopical methods. It was
considered necessary to use either hanging drop prepasrations

in/
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in which the cells were mounted in a dilute solution of
crystal violet to make them more easily visble, or nigrosin
films in the preparation of which the suspensions were dried
at room temperature and then smeared with the back=~

ground stein. The fixing and staining of ordinary smsars

might obscure the actual degree of aggregation of the cells.
Concentrated suspensions of the spores of B.
subtilis and of vegetative cells of M. albus and B coli were
dried by the vacuum method adopted throughout all this work. ;
The original cultures before drying and tha dried films after'
reconstitution in 0°5% saline were then examined micro-
scopically. Very little differences in the clumping of
the spores énd of M. albus before and after drying could be
dctected bwldrying of B. coli appeared to cause the cells to
clump together slightly. waeverrnone of the results

were decisive.

The effect of the resuspending fluid was investigat~ Q-¥

ed by examining hanging drop preparations and nigrosin fllms
of undried cells mounted in distilled water, tap water and
saline. The amount of clumping was considerably less in
saline than in distilled water and tap water. This
possibly explains the relastively high degree of recovery of
spores dried or recovered %n saline, which was obtained

earlier &/
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in my work.

Microscopical methods however, did not appear
to yield any decisive information.
LT, The Resistance to Desiccation of Becteria at

Different Stages of Grouihb.

A detailed study of the relationship between

resistance to desiccation and stage of growth weas considered
to be beyond the scope of this work. Nevertheless, for

the purpose o:-comparing the effect of drylng on different
species it was deemed essential to use cultures in the

same phase of growth and-éontaining cells uniform in
resistance. :It wes also nécessary to detect any larse
degree of variation in resistance to drying assoeiated with
the phase of growth in order to gqualify such general
conclusions as might be based on the work carried out at a
later stage. Cultures were therefore examined at two
stages, of growth: near the beginning eand towards the end of
the logarithmic phase.

(a) Cells in the early steses of growbh.

Flasks containing 5 ml. of broth were inoculated
with spprozimately 0°2 ml. of a culture in the logarithmic
phase of growth. This inoculum was large enough to
provide a fairly high cell concentratiﬁﬁ in a short time,

but/
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but did not produce any turbidity on addition to the
sterile.broth. The fresh cultures were incubated atb
220 or 309C. according to the recuirements of the organisms,
until a faint burbidity was detected. . Of the bacteria

examined, cultures of Pseudomonas fluorescens, Micrococcus

albus and the coliform orgenisms reached this stage 1n 1%
hours at 509C. while those of the corynebacterium rectired

17 hours abt 229C. One ml. samples were then dried in .
broth and recovery was carried out in 4 ml. cuantities of
0:1% zelatin., The cuantity withdravn from drying was
replaced by an ecual volume of'stefile broth and the cultures
were kept at elther 22° or 30°C. . This maintained an
approximately constant cell concentration throusghout the
experimeﬁt,

(b) Gells at the end of the logerithmic phase of erowbth.

The broth cultures, inoculated as described above,
were incubated until densely turbid. This sbtage was reached
= B hoUIS“at_BOOC, with the four more rapidly growing
species -and in 48 hours at 22°C with the corynebacterium.
-Samples;frpm-each eulture were diluted in sterile broth until
a turbidi%y matehing that of the cultures in the early stage
of growth was obtained. This ensured that approximstely

the/
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_bhe same concentration of cells was dried in each case.

Drying was carried out immediately after dilution. The
original culitures were kept on the bench and diluted
afresh Tor each drying in order to avold variations in
resistance due to renewed growth. Drying and recovery was
carried out as deseribed above.

Results of these experiments presented graphically
in fig. 7-11, do not sppear to be decisive. In one
case only, nameiy that of M. albus, ié there a marked
increase in resistance of cells at the end of the logarithmic

phase. B. serogenes and P. fluorescens show the same
. L .

effect to & very slight degree.

The ﬁhysiological changes which oeccur at various
stages of the growth cycle have been studied in debtail
by several workers and reviewed adequately by Winslow &
llalker (48). Cells.appaar'tb be most susceptable to an
unfavourable environment for a short veriod towards the
end of the lag pﬂage when an increase in cell size is
oeccuring prior to-é&tive cell division. In the exPeriments
described in this section, it is possible that the cells do
not pass through this period of lowered resiaﬁance-GWiﬁg to
the use B'f.acf‘oively growing cultures as inocula, or that it |

oceurs/ : «
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occurs only in the very early stages of incubation. The
decrease in resistance to drying with ageing of cultures of

Shicella dysenteriae reported by Proom and Hemmons (40)

cen probably be attributed to the long incubation period
that they employed. The greatest resistance was shown after
incubation for 7 hours when it 1s likely that the cells are
well within the logarithmic phase of growth. In nmy
experiments the older cultures had probably not reached the
phase of decreased rsesistance :eported to occur by Proom

and Hemmons (40) at23 hr - 6 days and by Ficker (19) after

2 days incubation:

Since it sppears that cells towards the besinning and
the end of the logarithmic phase of growth do not differ
gréatly in resistance to desiccetion, it was considered
unnecessary in future work to compare cultures in more than
one phase of growth or to consider this factor in assessing

appro ¥im a¥e
the walue of the results. In order to ensure

miformity it was decided to work with cells approaching
the end of the logarithmic phase. Such cultures are
convenient to handle in practice since they are unlikely to
change rapldly in resistance.
IV The Storage of Dried Organisms

The/
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The rate of death of dried bacterias is known to
vary considerably with changes in environment (sse the |
review of literature). In this work it was necessary to
select for the storage of dried organisms a2 seb of conditions
that could be applied uvniformily throughout. The choice

was* limited to conditions that may occur in practice on the farm; ffl-

The dried films were held in the presence of air and at a
temperature of 22°C. It was desireble to store the dried
cultures in air of a constant humidity since any dry material
will readily establish an equilibrum between itself and the

surrounding air, Dried feeding sbuffs and plant materials

in ecuilibrium with air of 75 - 100% R.H. have been shown

(60) to absorb: sufficient moisture to support microbial
growth.

Normel atmospheric humidity is subject to considerable
variation, as is indicated by the daily weéther reports
issued by the Metéorological‘Office, London. For instance
the figurés registered at Renfrew throughout the year
1948 very between 20 and 100% R.H. The most common
values however, nccur between 50 and 90% R.H. For the
purposes of the present work, relative humidities of 53%,
75% emd 94% were selected.  These values lie within the
normal atmbspheric rsnge and can be obtained easily at
229C. by means of saturated sal:t solutions. (53). The

following/




) following solutions in the presence of an exzcess of the
solid phase, were used at 22°C:

Ca (NO3)s = 53% R.H.

Ma N0z = 95% R.H,
K NOg3 = 94% R.H.

Tubes containing the dried cultures were stored in
serew top jars contalning a smell guantity of the reguisite’
salt solution.  The cotbton wool plug of esch tubs was
cut off level with Gthe glass-flange in order to encourasge
fﬁee cireulation of air and an eguating of the moisture content
of the atmosphere in the jars with thet in the ﬁubes.

Prellmlnary trials were carried out using young
actively grow1ng broth cultures of M. alhus and a epryne-
bacterium. Tneseuaultures_were‘eentrifuged,and the cells
were resuspended in 0-1% gelatin prior_$o drying. Three
dried samples of each bacterium were stored at each relative
humidity end were reconstituted at intervals in 0°1% selabin.
The results given in table 7 show a2 peculiar-irreguiarity
ulen culturesof M. albus are stored at 75% and 94% R.H.
Within the first 24 houyrs the éercentage survival decreases

ﬁ 1n aﬁormal.manner, proo&bly because at this stage an

W equillbrium/




TABLE 7.

The effect on dried bacteria of storage at different relative

humidities.
| Period of Count before 7 .
I Siovace | drying %  survival
_ j |__53% R.H. 75% R.H.| 94% R.H.
Micrococcus albus ?
| ! |
| 0 hr. 10,500,000 7+961 6+761 ' 5-184
p 12,000,000 :
1 ;15,600,000 |
3 |
24 hr. 110,500,000 02151 3744 10-3629
| .
5 days 112,000,000 0-01629 008058 f 148-0
10 days 113,600,000 0-00305  |2:591 ' > 100
’ l
| | | |
Corynebacterium sp. j
| |
0 hr. jls,soo,ooo l ,
116,000,000 | 52:81 4251 59+ 7
/16,500,000 i ;
i24 hr. 115,300,000 |12-28 | 6-301 3417
: | |
i 5 days /16,000,000 | 0-3756 | 5-484 0
. ; i 1
110 days 116,500,000 | 0.00002 |0-01975 0
| : ]l 1
1

|

iy
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equilibrium has not become established between the dried
cultures and the humid atmosphere in the jars. Bartholomew
and Normen (60) found that such a process was apt to be
slow when exposing dried plaht material to a stream of moist
air. The minimum time involved in their work was 24 hours.

It is perhaps surprising to note that the death rate at 75%
R.H. is considerably less than at 53 or 94% R.H., during the
ﬁﬁﬁi 24 hours. Following the period of adjustment the
micrococcus showed a considerable increase in numbers in

5 days at 94% R.H., and 10 days at 75% R.H. The increase
in count obtained at 94% R.H. is too great to be accounted
for by disintegration of clumps and can only be reasonably
explaiﬁed by assuming that multiplication of the surviving
cells has occured. No such evidence of growth is shown

by the corynebacterium.

Moisture absorbed from the atmosphere under these
conditions would only be sufficient to give rise to a relatively
concentrated solution of gelatin iﬁ which bacterial growth would
not be expected to occur. Micrococci are able to grow in
solutions of high osmotic tension (61, 62, 63, 64, 65, 66).
This possibly is linked with their ability to multiply in
gelatin films of a low moisture content.

In order to investigate this problem more fully

cultures/
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cultures at the end of the logarithmic phase of growth were
dried in broth and stored for varyiﬁg periods at each
humidity. The following organisms were examined:

Mic. albus

} 94% R.H.
Staph. aureus (Coagulase 4-)

Staph. albus (Coagulase +)

Mie. luteus 53%. 75% &

Str. Liguefaciens 94% R.H.

The results are given in figs. 12-15. The films
stored at the two higher relative humidities appeared to
have absorbed a considerable amount of moisture after 5
days storage, giving rise to a drop of liquid broth at the
base of each tube. There was however, no decisive evidence
of an increase in count after storage in any of these
experiments. That shown by M. albus was only very slight
and was probably due to the disintegration of clumps.

The ability of ﬂr albus. to multiply in a concentrated
solution of gelatin but not in broth may be due to a
difference in the hygroscopic capacity of the two materials.
Failure to grow in broth may also be due to its greater
content of osmotically active substances.

The corynebacterium used in the preliminary trial

and/
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and the cultures of Staph. albus and Str. liquefociens appear

to survive longest when stored at 53% R.H. The variation
between humidities is not very large or decisive in

these experiments but it can be correlated with the results of
Rogers (20) and Proom and Hemmons (40). Rogers obtained a
meximum survival of the flora of dried milk powder whgn it

was stored at a low moisture content and Proom and Hemmons
found that freeze dried cultures survived for a longer

period if subjected to secondary drying over P05 in vacus.
Higginbottom (43) working with the natural microflora of

milk powder and Watts (42) with dried milk cultures of

Str. agalactiase noted an inereassed survival at low relative

humidities with the exception of 0% R.H. which esppeared to
iniliste a higher death rate than the slightly higher

humidities but their results are not sufficiently detailed

to e conclusive. It therefore, seems possible to presume
that in the absence of sufficient moisture to support

growth, slightly damp cultures die off more rapidly than drier
ones. The susceptibility of bacteria to disinfectants also
appears to vary with the amount of moisture present. For
instance, Wolf and Batchelor (67) and Cousins (68) both

found that a greater percentage of bacteria were killed

by/
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by hypochlorite aeroso;s in air of a high relative humidity
than in air of a lower moisture content.

A relative humidity of 53% was adopted in all
future work in order to avoid any multiplication of cells such
as might occur when cultures are stored under more humid
conditions. Such multiplication is unlikely to occur when
bacteria are dried in broth, but a relatively low humidity
provides a wider margin of safety and therefore is more

satisfactory in practice.
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THE RESISTANCE TO DESICCATION OF SPECIFIC MICROORGANISMS.

Experimental Method.

The microorganisms to be investigated were
grown in broth and dried in this medium when they had
reached approximately the end of the logarithmic phase
of growth, as descikibed in the previous section. Samples
from each culture were diluted in sterile broth, to
give an approximetely standard cell concentration and
six 1 ml. quantities were dried, two samples being dried
simultaneously for a period of 20 min. Any changes
in the composition of the original broth cultures due
to the accumulation of metabolic products was considered
unimportant since each sample was diluted in a relatively
large volume of sterile broth of constant composition.
Viaeble counts were obtained from the undried culture
and from one sample immediately on removing from the
pump » The remaining five dried tubes were stored at
220C. in a closed jar containing saturated Ca (NO3)s
g%féggcgffgﬁﬁgge rgyg$grggrfn%§@§§egéﬁgng?téfvéls and the
A1l dilutions were made in 0°1% gelatin.

In the easrly stages of the work organisms

commonly/
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. commonly occuring in milk were selected for examination

in order to provide information applicable in the dairy
industry. Later additional species were included to
investigate more fully the apparent correlation between
resistance to desiccation and Gram reasction and to com-
plete as comprehensive a study of sﬁecies variation as

time would permit. Whenever possible, two or more species
of each type were examined.

Presentation of results.

The results are presented mainly in the form
of graphs in order to demonstrate the course of death
over a period of time. As approximately seven hundred
colony counts, each an average of triplicate counts, were
made in this part of the work, alone, it seemed
impracticable and unnecessary in view of the aims of-the
work, to list these figures in detail. Throughout the
work good agreement was obtained between parallel counts
and only eleven tubes were discarded owing to counts showing
an undully large deviation from the average. These
variations were due to the inhibition of bacterial growth
caused by the use of improperly washed glass ware.

In/
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In the graphs (figs 16-34) as in those in the
previous section (figs. 5-15), the vertical drop (indicated
by a broken line) from 100% (log.2) at O hours represents
the death of microorganisms during the 20 min period
of rapid drying at the pump. In some cases the graphs
are continued by a second.type of broken line towards
the end of the process. This is done where the recﬁvery
of viable organisms was less than thirty per ml. In
such cases the reliasbility of the count is uncertain since
the sampling error would be great.

The number of viable organisms in the original
suspension before drying and in the last dry culture to
be examined are shown in each figure.

The cdunts in table 8 were obtained at a later
stage in an attempt to determine the total period through-
out which the more resistant species would survive. In
most cases a few viable cells were still present after
6 weeks storage but time did not permit any further
extension of the period. Some variation will be noted
between these and earlieb results. This variation may

be/
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TABLE 8.

The survival of species relatively resistant to desiccation

during a prolonged storage period.

| Species | % survival after storage for
| 2 weeks | 4 weeks | 6 weeks
Streptococcus licuefaciens | 43,5000 5.2160 ; 0'2?86
Str. bovis 38.3600 11-5300 ‘ 0-6940
Str. thermophilus 18-6000 2-.-0130 0.0883
Str. lactis : 9.4060 0-1142 0-0020 5
Str. kefir . 7+6580 0:0230 i 0-0001 ;
i |
| Corynebacterium | 15960 0°1714 | 0-0830
f lacticum (1) !
C. lacticum (2) | 0-2647 0-0081 " 0-0018
| Corynebacterium sp. 0-1065 0-0073 | 0°0057
1 | [ |
| Micrococcus varians (2) 1:0960 _%_ ; 0-0424
| M. varians (1) 09541 0-0287 | +
[T | |
| M. luteus . | 0-0884 | 1:3580 | 0.0527
| | | |
' M. albus ‘ 0-1465 0°0003 « 0-0001
f | | 5
| |
Streptomyces sp. | 0-0305 E 0:0020 | 0O
Nocardia sp. 1-0750 | i | 0-uze?
| ! : |
Pink Yeast | 0-0358 |< 0-0001 | 0O

—J- Dilution plated was too low to yield accurate counts.
}
2 0°0001- Less than 30 colonies per ml. and consequently a large

gampling error.
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. be due to a failure to recover the total number of viable

cells in all cases.

The

Discussion.

limitations of the experimental method must

be taken into account when drawing any general conclusions

from the results. The preliminary work already described

indicates that there are two main sources of error:

(1) a disintegration of cell groups as a result of

drying and

(2) a failure to recover all the viable cells after

drying.

The
of over 100%:

Expt (a)

Expt (Db)

Expt (a)

Expt (b)

following bacteria gave apparent survivals

Corynebacterium lecticfum (1)

10 hr. storage 256-6%
Corynebacterium &acticjum (1)
0 hr. storage . 111°5%

Corynebacterium sp.

0 hr. storage 194°9%

Micrococcus varians (1)

10 hr. storage 101-7%

Micrococcus varians (1)

O hr. storage 104:1%
M. varians (2)
0 hr. storage 149:6%
M. luteus (as defined by Abd-El-Malek &
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M. luteus (as defined by Abd-El-Malek & Gibson (69)
0 hr. storage 114-3%

Both micro%?i and corynebacteria are relatively
resistant to desiccation. The individual cells of these
organisms tend to remain attached after divi'sion and these
clumps may become broken up during drying. A similar
tendency with sensitive organisms would be indistinguishable
from the lethal action of desiccation. The results obtained

with the spores of B. subtilis indicate that the observed

Some
percentage survival is probably in &% cases lower than

the actual figure, due to a failure to recover all the
viable cells. To avoid these difficulties as far as
possible, the death of the organisms was followed over a
period of time. The results so obtained are probably
comparable and they indicate a large variation in

S R et T A e

% the same order of resistance.-

(a) Logarithmic order of death. The theoretical curve of

logarithmic decrease is not shown by all the organisms examined

in this work. In a number of cases (figs. 7-10, 16

(<]
(Azggpacter and Rhizobium), 17-24, 33) a large reduction
in the count occurs during the 20 min period of drying at

the/
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the pump. (see dotted lines parallel to vertical axes).
This apparently high death rate persists for approximately
24 hours. A change in the direction of the curve then
becomes apparent and the organisms die offat a considerably
reduced rate. This type of curve is confined mainly
to orgenisms that are readily destroyed by drying but no
clear demarkation can be made on this basis since it is
also evident to some extent in the results with M. albus

and Str. thermophilus. In general, the more resistant

species are not appreciably affected during the period
in which water is rapidly removed and during storage they
show a decrease in count which is approximately logarithmiec.
Other workers investigating the destruction of
micro-organisms by a variety of physical and chemical agents,
have noted deviations from the logarithmic order of death
(see review of literature). The finding of Reichenbach
(70) on the effech of heat and of Chick (71) on the action
of phenol, appear to be comparable with the results
obtained in this study of desiccation. These workers
obtained sigmoid cur¥es of decreasing death rate when

Bacterium/
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- Bacterium paratyphosum was exposed to temperatures of

approximately 50°C. (70) and to 0°6% phenol (71). They
explain their results by assuming that the cultures contained
a mixture of young and mature cells, since much of the
variation in death rate weas eliminated by repeated transfer
of the cultures or by incubation until all cells had reached
maturity. In my work sigmoid curves were obtained with
certain organisms despite the routine treatment in which
cultures prior to drying, were transferred frequently
and were incubated until they had reached the end of
the logarithmic phase of growth. The cells thus obtained
should have been relatively uniform.

If a variation in the resistance of individual
cells is responsible for the decreasing death rate, it
might be expected that the signbidfftype of curve would have
been obtained in all the trials. The more resistant species
however, appeared to show approximaetely the logarithmiec
order of death during the period of the experiments.
Detailed examinationsuggggggﬁgﬁ over a lomger period of time
may perhaps reveal a decrease in the death rate of these
organisms but this does not seem likely as counts at 2,4,
and 6 weeks do not indicate any such tendency.

Another/
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Another possible explanation of the break in the
curves may be protection of residual cells by accumulated
debris and a subsequent reduction in their rate of death.
In such an event the protective effect would be expected to
appear gradually and to give rise to more gently sloping
curves. It should occur in all experiments and should be
less obvious with dilute than with concentrated suspensions.
This was not thg case (figs. 5 and 6). King and Alexander
(72) in experiments on the mechanical destruction of bacteria
by sheking with glass beads, obtained a similar break in
the logarithmic death rate. They also rejected the
theory of protection by accumulated debris as a possible
explanation.

A third possible explanation of my results is that
two processes are involved in the destruction by drying

of sensitive micro-organisms. The rapid decrease in count

during the early stages may be due to some irreversible change

in the bacterial protoplasm caused solely by the removal of
moisture. The surviving cells may be killed only by some
slower process, perhaps an oxidation of certain cell
constituents. The presence of oxygen has been Shown to
inerease greatly the death raté of dried bacteria (9, 20,
39, 40). The more resistant species may be capable of

withstanding/
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. withstanding the first type of change and in these,
oxidation may be the major factor fesponsible for cell
death.

(b) Gram-reaction of orgenisms and their resistance to

desiccation.

The ability to survive desiccation appears to be
linked with the Gram=reaction of the organisms. This
can be seen in fig. 16 in which are plotted the results
obtained with the most resistant and the least resistant of
the Gram-positive and the Gram-negative organisms. Gram=
positive species such as corynebacteria (figs. 11, 16, 29)
and streptococei (figs. 31-34), with the exception of

Str. lactis (fig, 30), did not decrease appreciably in

numbers during the removal of water and were still viable
after storage for 6 weeks in the dried state. The Gram=
negative species on the other hand, were reduced consider-
ably in numbers by the removal of water and only survived
in the dried state for a few days (figs 7-9 16-21).

The extreme case is that of Azotobacter (fig 16) which was

completely nonviable 6 hours after drying.

Alcaligenes viscosus (figs. 19. 20) was more resistgnt

than/
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than most - other bacteria in this group, probably on
account of its Gram-varieble nature. It was however, more
readily killed than Rhigzobium. The resistance of the
1aﬁter species perhaps is influenced by the size of its
cells (see p 8%). The yeasts (figs. 23-24) and Oidium
lactis (fig 22) were intermediate in resistance between the
Gram-positive and the Gram- negative bacteria, probably
again on account of their cell size (p.ss ).

Gram—positive and Gram-negative species differ
in their reaction to many harmful agents:

1. Ulbraviolet light (73).

2. ©Salts and their constituent anions and cations

(74).

3. Synthetic detergents (75, 76).

4, Aniline dyes (77, 78).

5. Oxidizing and perhaps reducing agents (79)

6. Antibiotics (80).

7. Solution in alkalies (81)

8. Digestion by enzymes (81).

9. ILysis by an immune serum in presence of

complement. (81).
No. 1-6 Gram-positive orgenisms more susceptible
then Gram-negative orgenisms.

No. 7-9/
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No..7=-9 Gram-negative organisms more susceptible

than Gram-positive organisms.

To the second group of agencies may now be added
desiccation.

It is obvious thaf the Gram-staining mechanisnp
is based on some important property of the cells, but the
basis is still not fully understood. Detailed references
to early theories are given by Knaysi (82). Recently
Henry & Stacey (83) and Stacey (84) obtained eveidence that
the Gram reaction depends on the presence in the surface
layers of the cells, of a magnesium salt of ribonuelic acid
in combination with inert polysaccharides and traces of
protein., However, it does not seem possible at present to
suggest that the magnesium ribonucleate content of Gram-
positive bacteria endows them with their ability to resist
desiccation.

Taylor (85) has shown that Gram-positive and
Gram-negative species differ in their ability to concentrate
free aminoacid®, perticularly lysine and glutamic acid,
in the internal cell environment and Gale (86) has found a

similer/
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similar wariation in cells of Str. faecalis at different

stages of growth. A relatively high concentration of

these acids appears to occur in the cells of Gram-positive

species and in cells at the end of the period of active

cell division. These findings do not seem to be

connected in any obvious way with resistance to desiceation.
Other writers do not appear to have mentioned any

correlation between Gram-reaction and resistance to drying

buta survey of their results has revealed the following

relevant poiﬁts. Stamp (2) dried cultures over Ps05

in a partial vacuum-for several days and found that i

Corynebacterium diphtheriae gave a survival of at least

44% in contrast to Fusiformis fusiformis and Neisseria :

meningitidis which failed to grow on subculture, Stark

and Herrington (37) found that rapid vacuum drying over

P20z and CaClg killed Esch. coli more readily than

streptocoececi, a yeast and staphylococeci. Another

Gram-positive species, Lactobacillus acidophilus was
however, sensitive to drying. TFrobisher et al (49)
preserved some Gram~-positive species such as streptococei
and staphylocoeel for as long as 19 yesrs on grains of

sand/
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sand dried under vucuum, while the least resistant species
whieh were non-viable within a few months were those of
Neisseria, Brucella and Hemophilus. Proom and Hemmons

(403 found that freeze dried cultures of Staph. aureus

were more tesistant than Esch.. eoll and Shigella dysenteriae

and considerably more resistant than Neisseria intracellu-

laris, N. gonorrhae and Vibrio commge. . apart from these

results however, Stamp (2), Frobisher et al (49) and
Proom and Heummons (40) all obtained intermediate degrees of
resistince of a variable nature, with certain Gram-positive
and Gram-negative species and this mey account for their
failure to correlate Gram-reaction with resistance to
desiccation.

The relationship of the two properties is marked
in the results of wWells and Stone (50) who determined the
survival of bacteria in the air_of an experimental chamber.
The organisms investigated were. recovered after the
following periods of time:

B. subtilis 96 hours.

Staph. aureus 72 hours.

Pneumococecus

Diplitheria bacillue 48 hours.

Various Gram-negative intestinal bacteria 4-8 hours.

Pfeiffer's/
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Pfeiffer's bacillus<l hour,

These results clearly indicate the ability of
Gram-positive bacteria to survive desiccation in the air
for longer periods than Gram-negative species,

(c) Cell size. It may be possible to correlate resistance
to desicecation will cell size, provided the observations
conform to the major classification based on Gram—reaetioﬁ
as previously discussed. Throughout my results it is
épparent that large cells are more easily killed than

smaller ones. Within the Gram-negative group Azotobacter

wzs the least resistant of the organisms examined and
Rhizobium the most rssistant. The line repressnting;

the rate of death of Azotobacter (fig 16) approaches

the vertical and suggests that the removal of moisture

is by far the most important cause of death. Any other
process, sueh as an oxidation, probably plays a relatively
insignificant part. The small cells of Rhizobium (figs.
16, 21) ars able to withstand Césiccation to a considerable
dcgree and are even more resistant than the Gram- variable

bucterium, Alcaligenes viscosus (figs 19. 20.)

Within the Gram=-positive group the least resistant
organisms are the yests (figs 23 24) and 0idium lactis
(fig/
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(fig 22) and the most resistant species are the streptococci
and corynebacteri a. The micrococci occupy an intermediate
position in both cell size and resistance to desiccation.
Bacterial cells about to enter the logarithmic phase of
growth are characterised by their large size and by their
susceptibility to unfavourable enviromments (48). In view
of the evidence obtained in my work on the relative inability of
large. cells to withstand desiccation it would be anticipated that
in every bacterium whose cells enlarge dquring the lag phase,
susceptibility would reach a maximm immediately before the start
of cell proliferation. That variations in resistance to
other harmful agencles during the earlier part of the growth
cycle are attributed to changes in size, appears to be less
probable. The mechanical strength of the cell may be an
important factor in its resistance to drying and to unfavour-
ably high or low temperatures, but there seems to be no reason
to suspect that large fragile cells would be ﬁore susceptible
than smaller ones to agencies such as concentrated salt
solutions or chemical disinfectants.

The slime formed by vertain bacterial species does

not appear to afford them any degree of protection against

drying. Three bacteria which form large amounts of slime,
were examined. Two, namely Rhizobium and Alcaligenes

viBcosus
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Vviscosus showed a comparatively high degree of resistance

to desiccation, while the third one, Azotobacter, was

extremely susceptible.

(d) The microflora of air and dry soils. It seems probable that

the bacterial populations of air are determined to a large
extent by the ability of t he microorganisms to survive
desiceation. Proctor (87) and Proctor and Parker (88) collect-
ed samples of air at altitudes ranging from 1,500 to 16,500
ft, and found them to6 contain a number of moulds and the
following bacteria:

Baecillus sp.

Achromobacter sp.

Staphylococcus sSp.

Micrococcus sp.

Sarcina f

Kurthia Zoprfii

Actinomyces sp.
These organisms, with the exception of the Achromo-
bacter sp. would be expected on the evidence of my work to

resist desiccation. The moulds probably occured in the

form of spores.
As previously mentioned, Wells and Stone (50) found
that Gram-positive bacteria survived longer in the air of an

experimental/
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. experimental chamber than did Gram-negative bacteria.

Logheaﬁ (89) isolated e number of bacteria from the

spow in the Ottawa district and found them to?%ainly spore
formers and a microéfus. These organisms were derived from
dust originating in the Western States and carried for a
considerable distance acrgoss the continent before being
precipated in the snow. They therefore must have been
capable of withstanding considerable desiccation.

In bacteriological work cultures may becdﬁe
contaminated from the air. In my experience the micéﬁganisms
most commonly derived from this source are mouids, micrococci
andgarcinae, and bacteria that form spores. In contrast
Gram~negative.bacteria aretrarely obtained from the air.

The micro¢flora of desert soils may also be
determined by the resistance to desiccation of microorganisms.
Feher (90) found a number of fungi, algae and bacterisa,
including actinomycetes, in desert solls of the Sahara. The
species of actinomyqes used in my work showed a considerable
degree of resistance to desiccation, @rskov (45) also
preserved actinomycetes on dry filter paper for 8 months.

Bathel (34) preserved "lactic acid bacteria of the

Str. lactis group" in dry soil for 5 years. Other literature

on/
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on the survival of microorganisms in soil is cited by Giltner
and Langworthy (33). It includes references to experiments

in which Azotobacter was found to remain alive in dry soil for

a considerable time. This perhaps is surprising in view of the
susceptibility of this bacterium to drying shown in my worke.
However, soil possesses certain protective properties which |
have been attributed (Giltner & Langworthy (33) and references
cited in their paper) to its content of colloidal matter and

its ability to retain hygroscqpic,moisture.

(e) The microflora of dairy utensils. Microorganisms derived

from improperly treated utensils are a common source of

contamination in the dairy industry. To date, much stress has
been laid on the-sterilisation of dairy utensils by steam or
chemical disinfectants, but'their‘subsequent storage has re-
celved less attention. Drying is known to prevent the
proliferation of bacteria which survive sterilisation or are

introduded afterwards, but little information is availale

concerning its bactericidal powers.
Thomas, Jones, Beaven and Thomas (91) found that Jh@f
dry milk churns had a lower count of thermoduric organisms

than wet ones, but no attempt was made to show whether the

difference was due to bacterial proliferation or to the '}ﬂ;

effects/




-0 F=

effects of desiccation, Hughes and HEllison (92) investigated
the microflora of clean, dry churns one hour after washing and
found it to be composed mainly of micrococcil, corynebacteria
and other Gram-positive non-spore-forming rods. Gram-negative
non-sporing rods were found only occasionallyend none of
these produced gas in MacConkey's broth at 879C. Streptococci
were uncommon. This is somewhat surprising in view of their
ability to resist desiccation.

The results of‘my work show that some of the more
common contaminents of dairy utensils, namely coliform organisms
and pseudomonads, are unable to sur?ive for long in the dry

state. On the other hand Corynebacterium lactictum, the

streptococci and micrococci might be expected to suffer little
reduction in numbers on dry surfaces. . This may well account
in parﬁrfor the frequeﬁcy with which these bacteria occur in
milk. It is noteworthy that the organisms that withstand
pasteurisation are relatively resistant to desiccation while
the non-thermoduric types are relatively susceptible.

Where milk soon after productiocn gives a bacterial
count of several thousands per ml., the sterility of t he utensils

is at once suspected. If in such circumstances Gram-negative

rods/




i

43

B

-0d~

rods are numerous it is probably a fair assumption that some
item or part of the eguipment has been left in a moist condition.
Unsterile utensils which have been dried would more probably
yield a Gram-positive population.

The known facts Eoncerning the bacteriostatic or
bactericidal effects of desiccation suggest that in relation
to the bacteriological condition of deiry equip@ent, drying
may at times have a more potent influence than sterilisation.
This at once raises the practical problem of how to dry certain
items Suéh &8 rubber tubes and metal pipes or of finding a
suitable alternative method of storing them.

SUMMARY «

A method was devised for drying micro-organisms at reduced
pressure in the presence of oxygen. The process was designed
to resemble as nearly as possible, drying under natural conditions.
When spores were dried in broth, on a glass surface, only about
60% could be recovered on resuspending in saline. This did not
seem to be due to any lethai action of the process. The
percentage recovery with wvegetative cells of different species
was not determined, but it may be subject to counsiderable
variation.
The recovery of dried cells was found to vary inversely with the

concentration/
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concentration of the suspension. It therefore was necegsary
to use suspensions of an approximately constant density in all
comparitive work.
In order to avold any confusion due to poor recovery, the death
rates of organisms were examined throughout a period of storage
at 53 R.H. |
A slight variation in resistance to desiccation is ,shown by
organisms at different stages of growth, cells at the beginning
of the logarithmic phase belng more susceptible than those
towérds the end of the logarithmic phase.

The organisms selected for examination were:

Gram-negative species. Gram-positive species.
Bacterium coli Micrococcus albus.

Bacterium aerOgénes Staphylococcus albus.

Int ermediate coliform organism. Staphylococcus aureus.
Pseudomonas fluorescens Micrococeus lutéus.
Pseudomonas sp-. ‘ Micrococcus varions (2 strains)
Alcaligenes viscosus (2 strains) (According to Abd-El-Malek
Azotobacter. and Gibson (69) ).

Rhizobium (2 strains)
Pink Yeast.

Torulopsis kefyr

Qidium lactis

Streptocccus lactis
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Streptococcus liguefaciens.

Streptococcus bovisg

Streptococcus thermophilus

Streptococeus kefir

Corynebacterium sp.

Corynebacterium lactscfum.
' (2 strains)

Streptomyces sp.

Nocardia sp.
The-Gram-ﬁositive species have been found to be more resistant
to desicecation than the Gﬁam-negative organisms.
Large cells were found to be more susceptible to desiccation than
smaller ones.
The rate of death of resistant species is approximately logarithmic
but the death of species sensitive toc desiccation appears to be t
more compleks These sensitive specles show a period of répid Ig%
decline in numbers at the commencement of drying, which is followed 8

later by a period of death at a much reduced rate.
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TIT. A QUANTITATIVE STUDY OF TiE GROWTH OF PURE CULTURES OF

BACTFRIA IN MILK.

A large amount of quantitative work has been
carried out e¢n the normal microflora of markeb milk but
there appears to be little precise informetion avallable !
on the rates of growth in milk, of specific microorganisms.
During distribution milk is subjected to widely varying
conditions of temperature and aeration. The effect of
temperature on the entire microflora of milk has been
investigated in some detail, but 1ittle attention has been
given to the effects of aeration. During production
and transportation milk is subjected to considerable egitation
and seretion but at the distribution centres it is
freguently stored in large gquiescent volumes where gaseous |
exchange is limited to the‘sufface layers. It might be
expected that under such widely differing conditions of aeration
the original microflora of the milk would become modified
considerably and than in particular, the growth of strict \
serobes would be restricted. In order to investigate this

problem the growth of pure cultures of some of the commoner

milk bacteria ‘was studied in reaw and in sterilised milk,
incubated under aerobic and anaerobic conditions.
In a mixed mieroflora such as that of merket milk

the/
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the different species might be expected to have a considerable
inflaence on each other. It was intended originally to
investigate the interaction of the bacteria, but for reasons
stated leater, this section of the work was abandoned.

LITERATURE.

Much of the work on the growth of microorganisms
and on the various phasés of the bacterial growth cycle has
been reviewed by Winslow and Walker (1) and more recently by
Monod (2) and Hinshelwood (3). Detailed quantitative data
on the growth of pure cultures of bacteria in milk can be found
in papers by Luxwolda (4), Foter and Rahn (5), Dorn and Rahn

(6) and Rahn (7). These workers were concerned mainly with

the effect of temperature on the rates of growth and fermentation

and each of them investigated only a limited number of species.

Wilson (8) compared the growth of Bacterium coli

and Bacterium asrogenes at 37°C. in sterile raw milk with that

in Broth. In the milk cultures the lag phase was prolonged
for varying periods up to 6 hours and the growth curves
flattened out prematurely when counts of approximately 100,000
viable organisms per ml. were attained. In broth the logarith-
mic phase of growth was extended considerably until counts of

at least 100-200 million viable organisms per ml. Were

obtained. Microscopical examination of the milk cultures

showed/
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showed that the cells tended to eclump together after passing
the 100,000 ml. level, but no attempt appears to have besen mede
to compare the number of individual cells present with the
viable count. It, therefore, is impossible to determine whether
the short logarithmic phase in milk was due to the aggregation
of cells or to a reduction in the total amount of growth.

- It is well known that a long lag phase may occur _
when microorganisms are grown in raw milk. This is attributed
to some bacteriostatic or bactericidal property of the milk
which is destroyed only by heating to temperatures of 70-80°C.
(9,10,11,12.). The effect of the factor responsible for the
inhibition varies with t he ®:eason of the year (104 and in
milk drawn from different cows (9, 11, 13, 14) or from different
quarters of the udder (12). It also differs in its effect on
specific bacteria (9,.10). The nature of the milk constituent

which is responsible for delayed multiplication has not been

investigated fully. Jones and Simms (15. 16) isolated "lactenin®

in a practically pure forme. This substancé was composed mainly
of protein and appeared to cause the bacteriostatic effect of
the milk. Curran (17) obtained evidence that the inhibitory
material probably was derived from the blood. Hobbs (18)
i%estigated ﬁhe growth of a number of bacteria in raw and heat

treated/
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treated milk and in wheye. She obtained evidence that the pro-
longed lag period in raw milk was due in part, to a growth
inhibitory substance, but also to the agglutination of cells,
which was detected by examination of Breed smears at half hourly
intervals. Both properties were destroyeé by heating to 70-75°C
for 1 hour. The factor responsible for agglutination was found
to be present in whole milk and in whey, but the growth inhibitory
substance was found only in whole milk. '

Morris and Edwards (19) investigated the changes in

the morphology of Streptococcus lactis which occur when this

bacterium is grown in raw and in heated milk. In the heat
treated milk the bacterium produced normal short-chains and
diplococel, but in the raw milk it tended to form longer c;aina
which appeared to result from the poliferation of single cells
and not from any agglutination process. The chain length
appeared to be maximal after 3-4 hours incubation at 37°C. After
5-6 hours incubation a decrease in chain length became a@pparent
which continued until finally after 24 hours there was again a
predominance of short chains and diplococci.

Hobbs, and Morris and Edwards appear to have based their
observations on thé examination of Breed smears, during the
preparstion of which the degree of clumping might have been

modified/
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modified. It is an interesting possiblity however,
that actual changes in chain length as well as the
aggregation of single cells may be responsible in part,
for the apparent differences in the growth of bacteria
injraw and in heat treated milk.

The effect of aeration on bacterial growfh in milk.

In 1902 Marshall (20} carried out a gas
analysis of milk and attempted to link bacterial
gfowth with the quantities of oxygen, carbon dioxide,
hydrogen?nitrogen present in this medium. He compared
the multiplication of bacteria in raw milk incubated
in completely filled test-tubes stoppered to exclude
air, with that obtained in shallow layers of milk in flasks
and found thet in the latter case & considerably higher_
count was reached. However, he failed to take account

of the variation in oxygen requirements of @different

species.
Wilson (8) noted that the amount of bacterial !
growth in sample bottles completely filled with milk was |
less than in partly filled bottles. He suggests that
this may have been due to either the degree of aeration

or the relatively greater amount of shaking which was

possible/
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possible in the partly filled bottles.
Winslow, Walker and Sutermeister (81)

studied the -growth of Escherichia coli in broth and in

peptone water. They found that aeration of bacterial
cultures caused a period of lag, which was followed

by rapid growth at a later stage, glving a'higher final
population than that obtained in guiet cultures. This

finding was confirmed later by Rahn and Richardson (22)

working with pure cultures of Pseudomonas fluoresceuns
in sterile milk. It did not however, apply to cultures

of Streptococcus lactis. In an earlier paper (23)

Rahn and Richardson give the results of anexpsriment
in which the multiplication of bacteria in methylene
blue milk under a seal of oil is compared with that
obtained in milk exposed to the air. Samples were
examined after the reduction of the dye had occured

and it was found that Streptococcus lactis multiplied

88 rapidly in confined milk as in freely aerated milk.

The rate of growth Escherichia colli however, was

considerably reduced under anaerobic conditions and

Pseudomenas fluorescens and Bacillus mesentericus

failed to pultiply at all. In later work Bacillus

mesentericus/
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mesentericus, B. subtilis and B. cereus were grown in 19

Bacto-peptone under seals of oil or vaspar. B. mesenteric us

and B. subtilis died off rapidly, but B. cereus was

capable of multiplication for one or two generations. In

the same medlum Pseudomonas fluorescens was f ound capable
of very slow multiplication under a vaspar s§a1. It
therefore, was suggested that aerobic species may vary in
their tolerance to anaerchic conditions. In view of
thesefnesults and in particular, of the growth of a strict

aerobe such as P. fluorescens under a vaspar seal, it

seems likely that some air was capable of diffusing through
the seals of oil or vaspar employed to protect the' cultures
from oxygen. The results therefore, probably do not
indicate the growth of bacteria'under completely anaerobic
conditions.

Samples of Milk

The organisms under consideration were grown
in skim milk sterilised by intermittent steaming and in raw
whole milke. The raw milk was drawn aseptically from a cow

in gherd free from streptococcals mastitis. Milk

from the same cow and when possible from the same gquarter .

of the udder, was used in order to obtain samples of a

uniform/
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uniform nature, particularly in respect of their
bacteriestatic properties. Each sample was examined for
its bacterial content before it was used, The c¢c ounts per

ml. of most samples were 200-300 Corynebacterium lipolyticum

and 3-4 udder micrococci. In a few cases samples contained
up to 100 micrococci per ml. which multiplied during
incubation and made it impossible to obtain accurate

counts of the bacteria under investigation. C. lipolyticum

does nét multiply appreciably at the temperature used
for incubation (22°C) and therefore was unlikely to have
contributed to the counts of the organisms inoculated
into the milk. The leucocyte count immediately after
milking was approximately 200,000 per ml. The samples
were aged at 4-5°C. for approximately 24 hours before use
so that their bacteriostatic or bactericidal action might
be reduced to a level more typical of average market

milk.

Incubation of cultures.

| Litmus milk cultures actively growing at 22°C
were used as inccula. These cultures were diluted in
sterile water and finally in sterile milk in order to obtain
a convenient cell concentration. The required volumes of
sterile and raw milk were inoculated in bulk with the

final/
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final dilution of the culture, at the rate of 1 ml.

of inoculum in 5 ml. of milk. The freshly incculated milk
then was measured out aseptically in 5 ml. quantities into
100 ml. conical flasks and into B x § in. test-tubes.

The flasks provided a shallow layer of milk with an

ample supply of oxygen. The tubes were incubated in

anaerobic Jjars.

Method of incuybation.
| A modifidétion of the McIntosh and Fildes!
anaerobic Jjar was used. These jars were evacuated by
means of a water pump and thenwere filled with gaseous
hydrogen. In addition to the cultures under observation,
each jar contained:
(a) A tube containing an oxygen indicator. In the
earlier experiments a three-solution indicator (24) was
used, but this was later replaced by the single-solution
indicator recommended by Uirich and Larsen (25). A
slight blue colour returns to the surface of the reduced
indicator during the evacuation of the jars. Owing to the
low temperature in use, furth:r reduction of the methylene
blue during incubation was slow and with the three-solution

indicator it often did not occur until after 66 hours. The

single/




~106-

single=-solution indicator was completely reduced at

24 hours.

(b) Freshly ébpped potato tissue to assist in the -
removal of oxygen in the early stages of incubation.

(c) Marble chips $ HCR., giving a concentration of

approximately 5% Coz. This was included as a precautionary |

measure to énsure that there was a plentiful supply of
Goz'for bacterial growth. The marble chips were
dislodged into the acid at the base of the jar after
evacuation at the pump.

In the later experiments (b) and (¢) were
replaced by a pyrogallol - ancos mixture. This helped
to absorb oxygen in theearly stages of incubation and
also provided 002.
Temperature of incubation.

A temperature of 22°C. was selected as it promotes
the growth of all the common milk bacteria in a
reasonably short period of time. The jars and flasks
were incubated in a water bath. Preliminary trials indi-
cated that the rate of growth of the organisms is influenced
easily by slight changes in temperature and an anhydric
incubator was found to.be subject to too great a
fluctuation.

Determination of the wviable count.

The/
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The cultures were examined at intervals to
determine the rate of growth. The viable count was
estimated in the earlie¥ experiments by the usual plating
technique, but this was replaced later by the tube
method of counting (see Section I).

Bacteris commonly occuring in milk were

selected for examinstion.

Determination of theflegree of acidity developed by three

streptococel in milk

The rate of acid formation in the cultures of

Streptococcus bovis, Str. thermophilus €nd Str. kefir

was determined at intervals throughout the incubation
periods by titration with standerd NaOH, using phenol-
phthalein as the indicator. The percentage of

lactic acid is shown in figs. 10,11 & 12. Cultures
incubated in the anaerobic jars were seleted for titration
since their growth apﬁeared to be slightly in advance

of that in the freely aerated cultures. In each case the
values plotted are those obtained after sublmction

of the titration figures given by an uninoculated control.

PRESENTATION OF THE RESULTS.

Preliminary trials were carried out in order to
determine the approximate rate of growth of each

organism/
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orgenism. These trials were followed by more detailed
experiments carried out over a i%nger period of time, the results|
of which are given in figs. 1-12. It seemed unn&®icessary to
present in tabular form the large amount of data amassed in
the course of the work, since all the es@8ential points are
illustrated in the g raphs. The viable countstere plotted

logarithmically. The results obtained in the later stages of

the experiments with Corynebacterium lacticfum, with

Micrococcus varians (strain 1) and the final count of

Streptococcus thermophilus in raw milk were obsecured by the

multiplication of udder micrococei.

DISCUSSION.

The phases of the bacterial growth cycle in milk

(a) Lag phase. In all cases the intial period of lag was
longer in raw than in sterile milk, indicating that the
bacteriostatic property of freshly drawn milk is not overcome
by ageing at 5°C. for 24 hﬁurs. Hanssen (10) also found that
raw milk was capable of delaying multiplication after holding in |
an ice box for 24 hours. Microscopicalexamination of my |
cultures showed that both the chain length and the degree of
clumping was approximately the same in raw and sterile milk.
The growth of all bacteria was not delayed to the same
extent, for instance, the coliform organisms (figs. 1 & 2)
Alcaligenes viscosus (fig 3), Pseudomonas fluerescens (fig.

4)/
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(4) Streptococcus laétis (fig 9), Str. bovis (fig 11) and

Stry Fhermophilus ( fig 12) showed only a short lag period in

raw milk. In contraet, Str. kefir (fig 10) showed no apprec-

isbleAncrease in numbers in raw milk in the 50 hours following

inoculation, whileMicrococcus varians (2) (fig 8) was inter-

mediate in its reaction. These differences maf have been
due either to some specific property of the organisms or to
variations in the bacteriostatic properties of the raw
milk sambles. Other workers have noted a variation in the
length of the initial lag period in milk, with different
bacteria. For instance Hanssen(10) found that Bacillus |
typhosus was more sensitive than ordinary milk bacteria

to the bactericidal effect of raw milk and Chambers (9)

demonstrated that Bacterium lactis-acidl was less easily

inhibited than B. coli but more sensitive than the organisms

originating in the udder of the cow, from which the milk was
drawn. All the species inﬁestigated in my work occur !
naturally in milk, and might not be expected to be specially
sensitive to any inhibition. However, they had been main-

tained for a number of years on $erile media (agar or litmus

milk) and their reaction to the properties of raw milk might
have changed during that period.
The/
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The variation in the length of the lag period nmight kewe
also have been due to variations in the bacteriostatic property
of the milk. This property has been shown by Hanssen (10) to be
sub ject to a seasoned fluctuation and Wilson (8) noted an appar-
ent variation from day to day when attempting to determine the

rates of growth of B. coli and B. aerogenes 1in raw milk.

The experiments in my work were carried out on different days,
often separated by a considerable period of time and it
therefore.is possible that the variations in the length of the
lag period weére due mainly to changes in the bacteriostatic
effect of the milk.

A period of lag was not completely absent when the
bacteria were grown in sterile milk. This is noticeable

particularly with Micrococcus luteus (fig. 6)and probably

is comparable with the lag phase which occurs in most
bacteriological media. Recent investigations ( 2.3.) suggest
that the lag phase is a peribd during which intermediate met-
abolic products mecessary for growth are accumulated. Its
length appears to be determined by a number of factors, but

it is difficult to ascertain accurately the stage of

development /
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development of these cultures. Hinshelwood (3) discusses the
relationship between the length of the lag phase and the
size of the inoculum, a factor which varied considerably
in my work as can be seen in table 1. This influence 1is
demonstrated most clearly by the results obtained with the

streptococei. The largest inoculum was that of Str. boiis

which contained 1-2 million cells per ml. and in this case the
growth curve (fig 11) shows very little evidence of lag.

The raﬁe of inoculation of the other streptococcl was
considerably less and their growth curves (figs 9,10, 12)

do not show any appreciable lag period.

(b) Logarithmic phase. The minimum generation time for each

organism durin g the period of most rapid multiplication

is given in table 2 and those calculated from growth under

aerobic conditions are plotted in fig. 13, to give

hypothetical growth curves with 10%as their origin. The

generation times were caléulated by means of the formula:
G = T. log 2

log.b - log-a
where G = generation time.

T = time interval
a = initial number of cells.
b = final number of cells.

This formula is based on the somewhat controversial

assumpt ion that all the bacteria survive in each generation.

It/
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Table 1

The initial and highest viable counts of pure

cultures of bacteria in milk at 22 C.

Species Enitial count per uh.

in thousands)

Final count per ml.(in thousands)

Sterile Raw Sterile Milk Raw Milk
Milk Milk Aerobic | Anaerobic] Lerobie |inaerocbic |
Baeterium
coli 14,1 20.8 2,080,000 730,000 1,500,009 680,000
Bacterium
aerogenes 25l 24.9 1,100,000] 343,000 1,000,000 269,000
b lilecaligenes + +
viecosus 39 273 2,700,000 24,300 | 1,850,000 3,370
Pseudomonas .
fluorescens | 935.6 97 4,000,000 39,300 3,730,000 385,000
- Mierococcus - +
latens T8 7 64,000 430 99,000 410 |
Microcoeccus
vapionstd 0.3 9.1 34,100| 43,400 contaminated with
vovians C) mierocoececi
M crococeus + :
varians (2)| 2.2 0.4 2,190 530 e lis0 28
Strepto&?us &1-5
lactis 4575 29.8 227,000 947,000 203,000] 134,000
Streptococcus
bovis 2,810 1,503 135,000 217,000 103,000} 70,000 |
Streptococeus + |5
thq‘Ophilus 4.3 4.5 4,010 27,500 contaminated85,000
with micror g
coceil
Streptococecus + +
kefir 80.3 79e3 8,200 20,800 48 333
Corynebacterium 1
lacticum Se7 0.6 61,800 12,600 contaminated with
micrococfi_

4 Cultures apparently had not reached their maximum population.



Table 2.

The approximate minimum generation times of

Bacteria grown in milk at 2200.

Bpecies Generation time (min.)
Cultures in sterile milk Cultures in raw milk
Aerobic Anaerobie Aerobic ‘| Anaerobic
Bacterium ;
" Boli (53 GAts) 62.9 60.4 5120
 |Bacterium .

aerogenes 98.9 Ol 59.95 o8.1
Alc%\iéo‘nea

Heeosun 61.2 56,7 38.2 62.0

UtsCosus

Pseudomonas

fluorescens 148.2 el 15258 265 .1
Micrococcus

luteus 169.0 456.9 116.9 108.4
Microecoecus

varians (1) 258.4 243.6 contaminated with

micrococel

Microecoecus

varians (2) 241.0 418.3 90.2 15456
Streptococeus

laectis SfeD 54,6 BT 40.1
Streptococeus too erowded to

bovis give accurate count 143.6 172.9
Streptococcus

thq\mophilus 154.,8 96,1 176.0 151.2
Streptococecus

kefir 124.6 110.9 cultures not yet in

logarithmic phase

Corynebacterim

lacticum 218.8 210.5 contaminated with

microcorci
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It was congidered sufficiently accurate however, in this
work since the generation times could only be on approximate
estimate of the maximum rate of multiplication owing to the
limited number of counts obtained in each experiment.

These results show that when the bacteriostatic
property has been overcome the rate of growth in raw milk
tends either to be equal to or in some cases, greater than

|
that indterile milk. This difference is not sufficiently large |
|

however, to indicate that either medium is more favourable to !

bacterical growth.

(¢) Phase of deacceleration. On leaving the logarithmic phase

of growth most of the cultures appear to enter a comparitively
long period of slower multiplication instead of changing
abruptly to a stationary phase.

The factors which bring about a decrease in the growthl
rate have been discussed in detail by Monod (2) and
Hinshelwood (3). A greatvdeal of the work carried out by
Monod appears to have been concerned with the relationship
between bacterial growth and the concentration of nutrients ﬂia
in the medium. In connection with this effect, Monod

discusses the existence of complex growth cycles containing

several consecutive logarithmic phases, each wepresenting a

distinet/
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distinet rate of growth. The possible existence of such
eomplex cycles in milk might account for the variability
of the curves shown during the logarithmic phase, in my work,
but insufficient counts were obtained to prove the existence of
a number of successive rates of growth during this period.
The type of curve obtained in my work might pefhaps have
resulted frogm the presence in milk, of a limited guantity
of some growth factor, using this term in its widest sense.
When this supply is exhausted the bacteria might still be
capable of obtaining all their nutrient requirements, but at
a reduced rate which would become reflected in a slower
multiplication of the cells. |

The highest count reached by each bacterium is given ii
table 1. In some cases the graphs indicate that the final
population probably had not been reached and this may
account to some extent for the variation between different

organisms. It can be seen that the coliform organisms ,

Alcaligenes viscosus and Pseudomonas fluorescens are capable
of reaching higher counts per ml.than the micrococci

and streptococei. This does not appear to be linked with
the optimal .growth temperatures of the bacteria or with

their/
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their oxygen recuirements. Rahn (7) showed that milk
does not contain sufficient nitrogenous matérial to produce
the maximal growth of streptococci, since he was able to
increase their counts per ml. by the addition of peptone.
The deficiency of some nutrient material might account for
the low maximum populations of the streptococci and micro-
cocecl in my experiments.

Apart from the exhaustion of nutrient materials,
the termination of growth in a bacterial population might be
due to the accumulation of toxic metabolic products or to
adverse changes in ion ecuilibrium, especially pH (2.3.) With
the date available it is impossible to ascertain the relative

importance of these effects in milk since each may operate

- singly, or in combination and each may become the limiting

factor, under slightly different conditions. It is inter-
esting to note that the size of the original inoculum has
no significant effect on the maximum population (table 1).

The influence of seration on the size of the final
population is disvussed later in relation to the oxygen
requirements of the organisms.

Acid production.

Figs. 10, 11, and 12, indicate that the three
sbreptococeci examined did not form any large quantity of

acid in the early stages of growth. The cultures of

Str. kefir.
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Str. kefir and Str. thermophilus showed no appreciable

increase in the percentage of lactic acid present at the

end of a 60 hour incubation period, although the bacteria had
reached the stationary phase of growth some hours previously.
Acid production with Str. bovis began at a slightly earlier
stage but the degree of acidity developed at the.end of 60
hours incubation was again very small. In no case did
clotting of the milk occur during the period of the experiment.
Cultures bontaining sterile brome-dbsol purple remained
practically unchanged during the period of incubation indicating
that no appreciable change in pH. had occured.

Foter and Rahn (5), Dorn and Rahn (6) and Ritter (26)

obtained a good agreement between the growth and fermentation
rates of bacteria in milk at varying temperatures, except
below 10°C (5). Rahn (7) however, appears to have obtained
results indicating that acid formation does not commence at

as early a stage as does grawth in cultures of Str. lactis

in sterile milk at 209C. It seems unlikely that the lag in
acid production obtained in these results and in my work

wes due entirely to the incubation of the cultures at a
suboptivnal temperature, since the streptococci exsmined

multiplied/
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ond
multiplied readily in milk at 20-4¢22°C and reached the
stationary phase of growth. In Rahn's experiments the percent:
age of lactic acid continued to rise for some time after
becorne
the viable count had besn static.

3 Oxygen recuirements.

In the work undertaken, the degree of aeration appear-
-ed to influence the size of the maximum bacterialpopulation
but the rate of growth was affected to only a very slight
degree. Walker, Winslow, Huntington and Mooney (27)
found that the aeration of a peptone medium prolonged the
logarithmic phase of growth and increased the final bacterial
population. Similar effects were noted by Winslow et al
(21) in broth and peptone water, and by Rahn and Richardson
(22) in milk (see review of literature).
Among the facultative anaerobes, the coliform

organisms (figs 1. 2.) Micrococcus luteus (fig 6), Mic.

varians (2) (fig 8) eand Corynebacterium lacticgum(Fig 5)

reached slightly higher counts under aerobic conditions.
The reverse was true of the streptococei (figs 9-12) which
attained higher maximal populations in the cultures

incubated in an atmosphere free ffom oxygen. C. ladic;um

and Mic. luteus both reached higher counts when incubsted

in the presence of oxygen. The anaerobic culture of C.

lacticgum/
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lacticjum (fig 5) reached the stationary phase at the
end of the experiment, but the aerobic culture showed
every indication of still being in the logarithmic phase
of growth. The difference between the aerobic cultures
of M. Buteus is even more clearly defined.

Jemes-Evans and Thomas (28) comparedlthe growth
of a species of Microbacterium at 18°C in sterile end in
raw milk, bubt .obtained no apprecisble increase in count
in raw milk after incubation for 72 hours. This seems
likely to have been caused by the bacteriostatic property
of the raw milk.

It perhaps is surprising to note the behaviour

of the two obligate aerobes: _Alcaligenes viscosus (fig 3)

and Pseudomonas fluorescens (fig 4). Both these bacteria

multiplied rapidly in milk incubated in an oxygen-free
atmosphere and the final count reached several millions per
ml. before the rate of groﬁth decreased. The most likely
explanation of this phenomenon is that oxygen was available
to the organisms. In view of the fact thet in establishing
anaerobic conditions the jars weré evacuated at the pump,

the oxygen must have been held firmly by the milk. Support
for this suggestion has been provided by the work of

Noll/
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Noll and Supplee (29), who had great difficulty in removing
all traces of oxygen from milk. They found that this
could only be accomplished by severe means such as flushing
of the milk with nitrogen when undera vacuum of 25 inches;
heating to 1850F. cooling to 1O0CF in an atmosphere of
nitrogen and subjecting to a vacaum of 24-29 inbhes; or
treatment with ascorbic acid.

In order to invesiigate this question, cultures
containing sufficient 0:5% sterile aqueous methylene blue to
give a faint colour, were incubated in the anaerobic jars.
Such cultures were not used for estimating the viable count
in case the dye exerted an inhibitory influence on bacterial
growth, but they were expected to give an indication of
the oxygen content of the plain milk cultures. While the
mechenism of dye reduction in milk is a complex phenomenon
it mey be assumed that methylene blue would not remain for
long in its oxidized form iﬁ a culture entirely free from
oxXygen. Reduetion of the dye was found to be very slow
as i1s shown in figs 1,7 & 9. In 2ll other cases it did
not occur until some time after the completi%% of examinations.

The results from this study of bacterial growth
obteimed
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obbtained show that evén the obligate aerobes are capable
of reaching a count of at least several million per ml. in
milk stored in an oxygen-free atmosphete. It, therefore,
seems unlikely that any vadation in aeration of market milk
during distribution will have an important influence on the
growth of its bacterial flora and consequentl& on its

keeping ouality.

The results obtained indicate that a number of factors

were nof under control in the experimental method employed
and that the problem was of an extremely complex nature.
Moreover,variations of the magnitude obtained in these
experiments in which the milk of one cow only was used,
might be expected to be increased considerably in ordinary
bulked milk. Investigations therefore were discontinued
and the work originally planned on the mutual effécts of
bacteria in mixed culture was abandoned.

The application of the findings to dairying practice.

In the eapplication of these findings in the
practical field certain limitations must be recognised.
All the work was carried out with pure cultures of bacteria
and with milk from only one cow. The behaviour of bacteria

in pure culture, particularly after they have been maintained

on/




on sterile media for a considerable time, may not be an
accurate indication of their behaviour in a mixed population

under natural conditions, while milk from one cow might not

provide conditions of growth comparable with those oci}uing
in other samples or in bulked milk.

In the experiments described above marked differences:
in the rate of growth of specific bacteria were shown. The
following bacteria are listed in order of decreasing growth
rates. Those within each group showed little individual
variation.

Streptococcus lactis. \

Bacterium aerogenes.

Alcaligenes viscosus. }

Bacterium coli. 3

Streptococcus kefir

Streptococecus bovis

Pseudomonas fluorescens

Streptococcus thermophilus

Micrococcus luteus.

Corynebacterium lactecium

Micrococcus varians (2) ;ﬁr

Micrococcus varians.(1),

Still/
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Still greater differences were detected however,
in the size of the maximum population reached. Milk ;
was shown to be capable of supporting relatively large numbers |
of coliform organisms 2and other Gram-negative species, but
to impose a much lower limit on the maximum population of
streptococci, micrococci and probably corynebacteria.
This finding was unexpected since it is well known that
in most bulked raw milk streptococcl normally became the

dominant bacteria and since Streptococcus lactis was shown

in my work to grow rapidly during the logarithmic phase.

The limitations of work with pure cultures are here obvious.
A complex bacterial population may alter milk in a way that
promotes the growth of organisms such as streptococci. In

a mixed culture inhibitory effects are also likely to operate.
The experiments do indicate, however, that in milk contain-
ing few types of bacteria or held at selectively

low temperatures a relatively rapid and extensive growth of

coliform organisms , Alcaligenes viscosus and possibley

Bseuvdomonas fluerescens might be expected. Samples 6f

milk for example, frequently appear to show this result

during the winter season.

The degree of aeration appears to be of little

importance/
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importance in relation to microbial growth in milk. There
appears to be sufficient oxygen nossiblé¢y adsorbed to some
of the milk constituents to support the growth of
strict aerobes for a considerable period of time. An
oxygen supply sufficient to support the growth of pure

cultures of bacteria may not however, be asdeguate when the

organiisms are present in mixed culture and in particular

when milk of a high bacterial count is encountered. In such
low grade milks methylene blue may be reduced in an
extremely short period of time and under these conditions it
seems likely that oxygen would not be available. This
would impose a restriction on the growth of striect
aerobes.

SUMMARY
The growth rates of pure cultures of the common milk bacteria
were determined in sterile skim milk and in raw whole milk
at 229¢. The cultures were incubated aerobically in flasks
and in an oxygen-free atmosphere obtained by means of a
modification of the McIntosh and Fifdes anaerobic jar.

The species selected for examination were!

Bacterium coli Corynebacterium Racticium

Bacterium serogenes Micrococcus luteus

’
;
!

Alcaligenes viscopus Micrococcus_¥arians (2 straing
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Pseudompnas_gluorescens Streptococcus lactis

Streptococcus bovis

Streptococcus thermophilus

Streptococcus kefir.

Raw milk aged for approximately 24 hours, exerts a
bacteriostatic influence on bacterial growth during the
early stages of incubation. When this has been overcome
the rate of growth in raw milk is ecual to er greater than
that obtained in sterile milk. A short period of lag
also occurs in sterile milk.

Bacteria grown in milk pessibly enter a prolonged phase

of de-acceleration before reaching the stationary phase of
growth.

The rate of acid production in milk by certain streptococeci
does not mnecessarily indicate their rate of growth.
Incubation in an oxygen-free atmosphere has little effect
on the growth of facultative anaerobes. It may influence
the size of the finel population, bul does not appreciably
alter the rate of multiplication.

Obligate aerobes are capable of reaching counts of

several millions per ml. in milk incubated in an oxygen free

atmosphere.

Under experimental conditions using pure culturesrthe bacterial

contént/
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content of milk does not eppear to be affected appreciably

by'the degree of aeration. Aeration may however, have a

more pungent effect in milk with a mixed microflora of

high bacterial count.
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