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The effects of temperatures of 50 and 60 C on log-phase and stationary-phase
cell suspensions of Staphylococcus aureus are described. There is a leakage of free
amino acids, protein, and 260 m,u-absorbing material from both types of cell suspen-
sion, and membrane damage, as measured by the intracellular penetration of 8-
anilino-l-naphthalene-sulfonic acid, may be partially related to this leakage. Ribo-
nucleic acid (RNA) degradation at any one temperature is virtually the same for
both types of cell suspension, proceeding initially at a more rapid rate at 60 C than
at 50 C. However, at the lower temperature, there is a secondary breakdown ofRNA,
which may be the result of enzyme action on a particularly labile RNA fraction.
With stationary-phase cell suspensions heated in 1 M sucrose, there is a more rapid
degradation of RNA at 60 C than with cells in water. The results are discussed in
relation to the biochemical effects of moist heat on the organism.

The exact mechanism whereby nonsporing bac-
teria suffer thermal damage is unknown; however,
there are several changes observed in heated bac-
teria, and any one of these could theoretically be
responsible for thermally induced death. Such
effects include leakage of intracellular constitu-
ents (2, 3, 5, 7, 11), breakdown of ribonucleic acid
(RNA) (7, 12), and protein coagulation (6). Pre-
vious experiments with Staphylococcus aureus
showed a variation of leakage material with the
temperature at which the cells were held (2, 3).
We, therefore, studied the simultaneous rate of
breakdown of RNA and the composition of the
acid-soluble pool in, and the leakage of 260 m,u-
absorbing substances, amino acids, and protein
material from, heated bacteria. Because of differ-
ences observed previously (2, 3) between cells sus-
pended in water and in 1 M sucrose, in some ex-
periments cells were heated in both media.

MATERIALS AND METHODS

Suspensions of the organism. After growth in nu-
trient broth overnight for 18 hr at 37 C in a shaking
incubator, the organism (S. aureus NCTC 3761) was
centrifuged; the pellet was washed twice with sterile
water and finally suspended in water to give ca. 1010
viable cells/ml (2, 3). In other experiments, portions
of overnight cultures were inoculated into 80 ml of
nutrient broth in 250-ml conical flasks, which were
incubated at 37 C (0.1 C) in a thermostatically con-

trolled water bath operating at 100 oscillations/min.
When the organisms were in the logarithmic growth
phase, they were centrifuged at 2,000 X g, washed
twice with sterile water, and eventually resuspended
in water to give ca. 10's viable cells/ml. These two
types of suspension are termed stationary-phase and
log-phase cell suspensions, respectively.

Heating procedure. One part of a washed suspension
was added to nine parts of suspending medium (water
or sucrose) already at the desired temperature; when
used, the sucrose had a final concentration of 1 M.

Analysis of cells. Samples (10 ml) were removed
when required and were subjected to the following
procedure. The samples were centrifuged at 20,000 X
g in a MSE 18 (Measuring & Scientific Equipment,
Ltd., London) refrigerated centrifuge at 2 C; the
supernatant fluid (a) was carefully removed and ex-
amined for ultraviolet-absorbing material, protein,
and amino acids, as described below. The centrifuge
tubes containing the pellets were cooled to 2 C, 10 ml
of 0.5 N perchloric acid (PCA) was added, and the
tubes were maintained at 2 C for 30 min. The suspen-
sions were centrifuged at 2 C and the supernatant
fluids (b, comprising the acid-soluble pool) were
carefully removed. The centrifuge tubes containing
the pellets were placed in a water bath at 37 C, and
7.5 ml of 0.3 N potassium hydroxide was added. After
60 min at this temperature, the tubes were cooled to
2 C, 2.5 ml of 2 N PCA was added, and the tubes were
centrifuged. The supernatant fluids (c) were carefully
removed and retained. Volumes (10 ml) of 1 N PCA
were added to the pellets, and the centrifuge tubes
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were placed in a water bath at 70 C. After 20 min,
the tubes were cooled to 2 C and centrifuged. The
supernatant fluids (d) were carefully removed and
retained for analysis.

In each of the stages described above, the walls of
the centrifuge tubes were dried with cellulose tissues
to remove traces of liquid.
RNA in supernatant fluids a, b, and c was deter-

mined by absorbance at 260 m,4, with yeast RNA
(British Drug Houses, B.D.H., London) used as
standard. Deoxyribonucleic acid (DNA) in super-
natant fluid d was determined by absorbance at 260
mjA, with thymus gland DNA (B.D.H.) used as
standard, and by the method of Burton (4). The pres-
ence of 0.5 N PCA did not affect the absorbances of
these solutions. Amino acids and proteins in super-
natant fluids a and b were determined, respectively,
by the ninhydrin method, with leucine used as stand-
ard, and by the method of Lowry et al. (8), with
bovine albumin used as standard. Before their deter-
mination in supernatant liquid b, the PCA was
neutralized with sodium hydroxide.
RNA is expressed throughout this paper as a

percentage of the total amount in the cells; the total
amount of RNA (i.e., in the cells, including the pool
plus that leaked) was constant over the periods tested.

Penetration of 8-anilino-J-naphthalene-sulfonic acid
(ANS) into heated cells. This was carried out as
previously described (2), with a 5 X 10-3 M solution of
ANS, incident light of 400 mu, and measuring
fluorescence at 470 m,i.

Viable-counting technique. Viable counts were made
as described previously (1, 2), by using the pour-
plate method, a plating medium consisting of nutrient
agar containing 1% (w/v) yeast extract (Difco), and
an incubation period of 48 hr.

RESULTS

The amount of 260 m,u-absorbing material re-
leased from log-phase cell suspensions was con-
siderably higher at a particular temperature (50
or 60 C) than that from stationary-phase cell sus-
pensions at the same temperature (Fig. 1). How-
ever, this may be accounted for by the fact that
cells in the former suspension contained about
50% more RNA than those in the latter. Conse-
quently, as stated in Materials and Methods, to
obtain a more accurate comparison of thermally
induced death in both types of suspension, it was
better to express RNA leaked or present in the
acid-soluble nucleotide pool as a percentage of the
total amount of RNA present in the cell.
The death rate of log-phase cell suspensions at

50 C was only marginally greater than that of
;tationary-phase cell suspensions at this tempera-
ture; whereas, at 60 C, the former were killed con-
siderably more rapidly than the latter (Table 1).
The penetration ofANS into log-phase and sta-

tionary-phase suspensions previously held for var-
ious periods at 50 and 60 C is shown in Fig. 2. The

HOURS

FIG. 1. Leakage from log-phase (0) anid stationary-
phase (a) cell suspensions of Staphylococcus aureus at
(a) 50 C and (b) 60 C.

TABLE 1. Loss of viability of log- alnd stationtary-
phase cell suspensions ofStaphylococcus aureus

at 50 anid 60 C

Holding
temperature

C

50

60

Time

win
0
15
30
60
90
120
150
180
0
1.25
2.5
5
7.5
10

\iability"

Log-phase cell
suspension

1 X 109
2.35 X 108
1.4 X 107

2.6 X 105
1.7 X 104
1.3 X 103
1.4 X 101

I X 109
2.1 X 107
9.6 X 105

8 X 104
1.3 X 104
5.7 X 103

Stationary-phase
cell suspension

I X 109

8.9 X 107
6.4 X 106
6.2 X 105
8.5 X 104
6.7 X 104
1.7 X 104

1 X 109

3.9 X 107
7.4 X 106

2 X 106
3.6 X 105

a Number of viable cells per milliliter.

rate of penetration was greater at 60 than at 50 C,
in both cases.
The degradation of RNA and the composition

of the acid-soluble nucleotide pool in, and anal-
yses of leakage material from, log- and stationary-
phase suspensions at 50 and 60 C are shown in
Fig. 3 and 4, respectively. These analyses were
made over long periods to determine whether (i)
changes could be correlated with viability loss,
(ii) changes continued after the majority of the
cells had been killed. At 50 C, with log-phase cell
suspensions (Fig. 3a), there was an initial rapid
breakdown of RNA concurrent with a rapid loss
from the cells of leakage substances, thus reducing
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4.At 60 C, with log-phase cell suspensions(a) (b) (Fig. 3b), RNA breakdown and leakage were
more rapid, with no lag, than with stationary-

ob6 phase cell suspensions at this temperature (Fig.
4b); however, the degree of RNA degradation
after 1 hr at 60 C was approximately the same with

0-4 both types of cell suspension. The leakage of
amino acids at 60 C from the two suspensions
appeared to be similar.

U-02 Also of interest was the fact that the total
amount of leakage of 260 mAs-absorbing material
at 50 C was always greater than that at 60 C,

2 3 irrespective of which cell suspension was being
HOURS used; this confirmed earlier findings (2, 3).

The amount ofDNA in the cells remained con-
FIG. 2. Penetration of 8-anilino-1-naphthalene-sul- stant at both temperatures and therefore is not

fonic acid into cells oflog-phase (0) and stationary-phase inlddi-h iue.Ti eutidctsta
(01) suspensions of Staphylococcus aureus at (a) SO C inlddnthfgue.Tsrsltnicesha
and (b) 60 C no degradation and no leakage ofDNA occurred

on exposure of the cells to temperatures of 50
and 60 C.

(a) (b) ~~~~~~Theinitial pH of staphylococcal suspensions(a ()
was 7.0, and at the end of the heating treatments

~4O0 _o8z (1 hrat60 C or4 hrat 50 C), the maximal pH fall
n> was to 6.6. Thus, it is unlikely that pH changes in

~~2O<--~ ~ ~ the external~~~environment play any significant part
~~__________ __________~ in the lethal processes.
90 Sucrose, at a concentration of 1 m, has been

shown (2) to greatly reduce leakage from station-
ary-phase cell suspensions held at 50 C; whereas,

<bo at 60 C, there was an increased leakage in both
Qf ~~~~~~~~~~~~instances as compared with cells held in water at

the corresponding temperature. An attempt to
30- explain these phenomena was made by heating

such suspensions in water and in sucrose at 50 and
_60 C and comparing RNA degradation, etc. The

0 2 4 6 Va. results obtained (Fig. 5a) show that the rate andHOURS ~~~~extent of RNA degradation of cells in sucrose at
FIG. 3. Analysis of cells of log-phase suspensions of

Staphylococcus aureus at (a) SO C and (b) 60 C. Upper
portion: protein leaked (~~); amino acids leaked (A); ()(b)
amino acids in pool (A). Lower portion: total RNAin(a
the cells (0); RNA leaked from the cells (@);RNA -~40 08Z
content of the pool(V7).>

the pool material; with stationary-phase suspen- DC Co~~~~~~~
sions at this temperature (Fig. 4a), there was like- 90-
wise a marked increase in pool RNA, and this pre-
ceded leakage of RNA-like material. The total
RNA in the cells decreased at a linear rate. The <60
amount of protein in the acid-soluble pool (not o
shown in Fig. 3a and 4a) was very small, but did 30
not appear to decrease; thus, the protein that
leaked from the cell was not degraded. This state-
ment is substantiatedby the finding that the total c - 2 4
amount (i.e., the sum of leaked plus pool) of HOURS
amino acids remained approximately constant. FIG. 4. Analysis of cells of stationary-phase suspen-

Figures 3b and 4b have different time scales sions ofStaphylococcus aureus at (a) 50 C and (b) 60 C.
along the abscissa from those used in Fig. 3a and Symbols as in Fig. 3.
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90
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OK~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

b0o

z

30

(i

O 4 0

HOURS

FIG. 5. Effect of the presentce of I M

the heating process on the analysis ofcells
phase suspensions of Staphylococcus auire,

and (b) 60 C. Total RNA in the cells (0)
from the cells (0); RNA conitenit of the p

50 C decreased (cf. with Fig. 4a) wi
quent small increase only in pool RN
there was an increased amount of I

cells in sucrose (Fig. 5b) as comparec
water (Fig. 4b), and this increased
the result of a greater degradation o
thence of an increased content in the
heated in sucrose at this temperature

DISCUSSION

The results presenited in this pap
several changes occur in S. aureus cell
high temperatures. Certain differenc
ilarities may be observed between sta
log-phase cell suspensions of this strz
tern of amino acid release from cells
suspensions at 50 C is similar to that
stationary-phase suspensions at this
and there is virtually no increase
amounts of free amino acids during
period; this is also true at 60 C. Ho.
higher temperature, amino acids are r

rapidly from log- than from stationa
suspensions, and the former suspensi
siderably more sensitive to 60 C (Ta
ever, at this temperature, the rate ofp
ANS into the organisms is virtually t
both types of cell suspension, the i
reading with log-phase cell suspensii
a naturally greater permeability. T
permeability" might, therefore, be re
the more rapid leakage of amino aci
of log-phase suspensions.
Theleakage of protein from log- an

phase cell suspensions at 50 C shows
relationship. At 60 C, protein leaks
to a very small degree, and thus has
cluded in the figures. This consideral
in leakage presumably occurs as a r

tein coagulation either intracellularly or inter-
cellularly.
The RNA content of heated cells shows some

interesting findings. At 50 C, the initial leakage of
RNA-like material occurs more rapidly with log-
phase than with stationary-phase cell suspensions.
However, this is not the result of an increased
degradation of RNA, as RNA breakdown is
closely related in both types of cell suspension.
The total RNA content of the cells of both sus-

YZ - - pensions shows a diphasic type of reduction,
whereas at 60 C no such diphasic pattern is

stcrose duirinig presented. This could suggest that, at 50 C, the
ofstationiary- "secondary" breakdown which takes place may
us at (a) 50 C be the result of enzyme action; this enzyme would
l; RNA leaked be destroyed at 60 C, so that no secondary degrad-
gool (7). ation would occur at this temperature. The

initial rapid degree of RNA degradation observed
ith a conse- could be owing to a particularly labile RNA
tA At 60Cc fraction. At 60 C, also, RNA breakdown occurs
leakage6ith at roughly the same rate in the cells of both log-
L tk thoe it phase and stationary-phase suspensions, despite
letoathose is the increased sensitivity of the former at this tem-
eakaAe wans perature. It would, however, be premature at this
p i stage to consider that RNA degradation is not

pool in cells related to thermally induced bacterial death. It is
of interest to note here that 5% (v/v) n-butyl
alcohol treatment of S. aureus, causing maximal
permeability damage, released approximately

er show that 10% of the total cell RNA. Any additional leak-
Is exposed to age from heat-treated bacteria would thus be
ces and sim- presumed to be the result of RNA degradation.
itionary- and A consideration of the degradation of RNA in
ain. The pat- log-phase cell suspensions leads to the following
of log-phase conclusions: (i) the rate is more rapid at 60 than
from cells of at 50 C; (ii) the overall amount is greater at 50
temperature, than at 60 C, which, in turn, is responsible for
in the total (iii) the increased overall leakage at the lower
the heating temperature observed here and in previous papers

wever, at the (2, 3). Exactly the same conclusions apply with
eleased more RNA breakdown in stationary-phase cell sus-
ry-phase cell pensions.
ions are con- Stationary-phase cell suspensions in 1 M sucrose
ble 1). How- exposed to 50 and 60 C show certain differences
tenetration of from suspensions in water. Thus, there is a
he same with greater degree of RNA degradation at 60 C in
initial higher cells in sucrose than in those in water. Why this
ons denoting is so is not immediately apparent, but this result
'his "natural does partially explain the repeatedly observed
sponsible for finding that there is greater leakage of RNA-like
ids from cells material at 60 C from cells in sucrose than from

those in water (2, 3). There appears to be a
kd stationary- greater amount of pool RNA at 60 C (Fig. 5,b)
a fairly close than at 50 C (Fig. 5,a), and the overall amount of
age occurred leakage is higher at 60 than at 50 C. It is consid-
not been in- ered that these facts, taken as a whole, represent a
ble reduction decreased protein coagulation in cells in sucrose,
result of pro- compared to cells in water at 60 C, so that no
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"RNA protection" (i.e., enmeshing of RNA by
protein material) ensues.

It is difficult to fit these and previous (2, 3)
findings into a pattern which adequately and
unequivocally explains thermal damage in the cell.
To the best of our knowledge, only Califano (5)
has previously commented upon the fact that,
with S. aureus, the amount of RNA leakage does
not necessarily parallel temperature increase. Our
results here and elsewhere (2, 3) have expanded
considerably on this finding and serve as a
cautionary note to those who assume that high
temperatures (about 100 C) necessarily release
the maximal amount of intracellular material
from the organism.

landolo and Ordal (7) suggested that a series
of changes attributable to heat occurred in S.
aureus, in which a weakening of the cell mem-
brane, a coincident loss of the soluble pools, and
a simultaneous degradation of RNA were in-
volved. Strange and Shon (12) considered that
depletion of RNA was not the primary cause of
death in Aerobacter aerogenes at 47 C, but that
RNA degradation, with a resultant rapid increase
in endogenous pool materials, contributed to the
lethal effect. In each paper, however, only one
temperature was studied, and our results show
that seemingly different events may be involved
at different temperatures. In a temperature-sen-
sitive strain of Escherichia coli, which could grow
normally at 28 C but not at 40 C, degradation of
ribosomal (r-) RNA occurred at the higher tem-
perature (9). Moreover, ribosomes of the ther-
mophilic organism Bacillus stearothermophilus
undergo denaturation at a much higher tempera-
ture than do those of a mesophilic organism,
E. coli (10).
There is, therefore, a considerable weight of

evidence to suggest that RNA degradation is
linked with thermally induced death in non-
sporing bacteria. It must also be observed in the
present work, however, that some RNA break-
down occurs after a loss of cell viability has
taken place.

Further studies, involving the use of cell-free
constituents and of recovery [along the lines

described by landolo and Ordal (7)1, should lead
to a better understanding of the role of RNA
degradation in the lethal effect of moist heat
on S. aureus.
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