Food Processing

THERMAL DESTRUCTION OF MICROORGANISMS AND ENZYMES-I

Basic concepts and thermal resistance problems

SUCCESSFUL preservation of food by
thermal processing depends upon the application of suffi-
cient heat to destroy microorganisms that might be of
public health significance and microorganisms and en-
zymes that might cause subsequent spoilage. About
35 years ago, National Canncrs Association and associated
companies initiated an extensive investigation on the
thermal resistance of bacterial spores in relation to the
processing of canned foods. These investigations havc
continued to the present day. The large volume of canned
and glass-packed foods successfully packed every year
attests to the successful application of the results of these
investigations. The development of additional kinds of
heat-processed foods and the advent of new canning
methods such as aseptic canning have pointed out the
need for more bhasic information on the thermal resistance
of bacterial spores and factors that influence it. With the
advent of quick freezing and the packing of certain heat-
processed acid foods, increased attention has heen devoted
to the theemal destruction of enzymes in such products,

In the present discussion, some of the basic concepts
relating to the thermal destruction of microorganisms znd
enzymes in food processing will be roviewed. Problems
involved in the delermination of the thermal resistance
of bacterial spores will also be discussed.

Logarithmic Dasfruction Rate

A basic concept and general assumption made by work-
ers in this field is that the dcath of bacteria and bacierial
spores, when cxposed to heal, follows a logumhm:c
course. That is, equal percentages of the survrvmg cells
die in each successive unit of time as illustrated in Figs. 1
and 2. Chick (1910), Bigelow (1921}, and oihers have
pointed out that when the experimental data for thermal
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Fig, 2. Thermal destyuctinn sute curves
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H Oﬂﬂ 000 spores of PA 3679 er .01
by Rabn (19‘45’ mi in neutral M/I5 _irba.rphn:ie} huffer
1947}, According g 280 deg, F.

to the logarithmic
ardes, death must be caused by destruction of a single mole-
cule. The bacteriologists define death of bacleria as the loss
of power to reproduce. Rahn has defined such death as a
lethal mutation, and the assumption was made that heat
coagulation of a single essential gene prevents reproduction,

According to Rabn (1945), “Regardless of whether
we accept one or the other explanation of the logarithmic
order of death, its existence permits us to compute death
rates and to draw conclusions from them which are inde-
pendent of any explapation. Death rates make it possible
to compase the heat resistance of different specics at the
same temperature, or the heat resistance of one species
at different temperatures. It also enables us to describe
in quantitative terms the eflect of environmental factors,
such as concentration of the medium or its pH, upon
heat sterilizatton.” ‘The calculation of death rate constanis
and temperature coefficients of thermal destruction have
been discussed in detail by the above author, The death
rate was calculated by the foliowing formula:

initial number
K= 1/tlop numper of survivors

K represents the death rate constant and t the time in
minutes. Rahn observed that the high temperature coefli-
cient (Q,q) makes it almost certain that death by heat is
a coagulation or denaturation praocess hecanse such high
cocficients are very rare cxcept with protein coagulation,

Ball (1923, 1928) developed elaborate mathematical
methods for relating the thermal resistance of microorgan-
isms with the rate of hcat penetration in the derivation
of process times for canned foodb In these methods, he
introduced the terms “F7 and ° for describing the
thetmal resistance of m{('roorgan{sms tn place of dc:a.th




rales and temperature coefficients,
defined as followv

These symbols were

organism at 230 deg F.

z value - = the slope of the thermal death time curve ex-
pressed ag the number of deg. Fahrenheit
on the temperature scale required for the
curve to traverse one logarithmic cyde on
the time scale.

In Fiig. 3 the relationship of F and z values of a typical

thermal death-time curve is shown. The z value is related

to theetemperatuie coefficient or (3,, valoe as follows
(Rahn, 1945):
,_ 18
T log Qg

Thus, the slepe of the thermal death-time curve, (z value)
and a point designated by the F valuc serve to characterize
the thermal resistance of Dacterial spores at any tempera-
ture under a given set of conditions. ln accordance with
the concept that death of hacteria is loganthmu. in arder,
Stumho (1948a) suggested that the letms used in de-
scribing the thermal resistance of bacteria be redefined
such as:

F = a symbol which represents the number of minules
required at 250 deg. F., assuming instantaceous
heating and cooling, to reduce the number of or-
ganisms of « given species, present in a given
quanlity of a given food, to any given level.

To characterize the slope of a destruction rate curve,
Katzin and Sandholzer (19423 (Rahn, 1947) pointed out
that for a survival ratio of 10 per cént from the death
rate constant formula

1 initial number
Tt SUCVIvors
Kt—logm —=log10=1

and therefare

\
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Fig. 3. Phantom thermal death fime
crrve (IxD) and thermal death time
cirve based on destruciton of 19,999
‘per cent of organisms or for time of
SxD, Spores of PA3679 (10,000 per
A1 ml) suspended in nentral M/I3
phesphate buffer,

as the number of minutes required for the rate of destruc-
fion curve to traverse one logarithmic cyce and tepresents
the time required under a given set of conditions for
ninely per cent destruction of the organisms. In order
to avoid confusion of this symbol (Z) with z, represent-
ing the slope of the thermal death-time curve, it has been
agreed by workers in the field te use the symbel D in-
stead of Z° (Stumbo, Murphy and Cochiran, 1930).

Ball (1943) discussed the evolution in methods of de-
termining thermal death times. Because of the complexity
ol this problem, the trend is away from procedures that
show absolute destruction points and toward those that
reveal rates of destruclion of bacteria in terms of numbers
destroyed. He further pointed out that in most ratc of
destruction tests bacteria arc counted, whereas in tests
designed to pgive absolule destruction peints, containers,
as a rule, are the units counted. In considering the rcla-
tionship of rate of destruction curves to thermal death-
time curves, Ball (1943} observed that if each rate of
destruction curve passed through the point representing
100 pei cent survival in nil time, the slope value, z, of
the thermal death-time curve could be obtzined from a
seties of rate of destruclion curves for 2n organism by
plotting the slope values, D, of these curves against tem-
purature, Such a ‘curve has dircdtion but not position.
Without position with respect Lo destmction time or end
point, the curve facks a definite value in relation to the
thermal dealh-time coordinate. Ball introduced the term,
“phantom thermal death-time curve”, for such 2 curve
(¥ig. 3). Tn the actua] determination of thermal destruc-
tion rates sometimes there is po apparent reduction in the
number of viable organisms for a period of time after
the start of the heating. Ball introduced an equation for
taking this factor inlo account in deriving the valuc of z.
A thermal death-time curve with definite position with
respect to destruction time is obtained by multiplying the
plotted D wvalues by the time in terms of D units re-
quired to give the desired destruction point or degree of
reduction of the initial number of bacteria (Iig. 3).

Evolaation of Thermal Death Time Data

In most thermal destruction rate tests attempts are made
to count the number of surviving organisms by means of
appropriate plating techniques. Such. procedures are ac-
companicd by such problems as that of providiag an ade-
quate recovery medim, difficultics of obtaining growth
when only small numbets of surviving cells are present,
and initfating growth of cells that may have lost some
of their capacity to grow and multiply aflter being sub-
jected to a severe hut sub-lethal expesure to heat.

The thermal death-lime tube and can methods for de-
termining thermal resistance have been used to show ab-
solute destruction points. Ball (1943) has pointed out
that, "The use of a container, whether it be tube or can,
as the unit to be counted in establishing results has been
criticized by some investigators because the last spores to
remmain viable in 2 run do not germinate readily under
certain conditions of subculturing or direct culturing.”

The shortest heating time af a gwm ternperature that
appeared Lo destroy all viable organisims bas usvally heen
considered as the destruction end-point. Stumbo (1948a,
1949) and Stumbo, Murphy, and Cochean (1930) have
demonstrated that the magnitude of crror may be reduced



il thermal death-time detcrminations are properly carried
out and interpretcd. The necessity for an adequate num-
her of replicates and the proper spacing of time intcrvals
was stressed. These factors were incorporated in a method
they presented for treating such data that might be ob-
tained by thcrmal death-time tube and can methods as
well as the new thermoresistometer method of Stumbo
(1948). According to this mcthod, 2 logarithmic order
of death is assumed, and the date are treated as follows:

u time in minwes 0 accomplish
B Y 90 per cent reduction in num-
05 ber of spores.

= TS

U = time of hcating (minutes)

a — number of spores subjected to one time-tempera-
turc relationship (the number of spores initially
present per sample) multiplicd by the number of
replicate samples

b = oumber of spores surviving at the end of heating
time U

The value of b is derived by applying the equation of
Halvorson and Ziegler (1932) to data obtained from
samples subjected to time-temperature relationships that
sterilized only a portion of the total number of samples
25 [ollows:
¥ = 2.3026 log of 2 where
x = most probable number of spores surviving
per sample
1 = total number of samples
g = number of sterile samplcs as evidenced by lack of
growth in subculture tubcs
b = x times the number of samples

The average D values thus obtained for several- tem-
peratures may be plotted on semilag paper, and a phan-
tom (hermal death-time curve may then be fitted to the
data,

As an alternative to Stumbo’s procedures for calculating
D values, Schmidt (1950a) applied Reed's (1936)
method for treating bioassay data. By Schmidt's technique
it was possible to calculate the D value based upon the
total data acquired during the experiment and to elimi-
natc the averaging of the differcat D values calculated
for different time intcrvals at a given temperature. The
probability of sterility is plotted against time upon
arithmetic probability paper. The timc corresponding to
L.D. 50, or the point on the curve where the probability
of a tube being viable or sterile is equal to 0.5, is assumed
to represent the best estimate of the time at which there
is on the average 0.5 spore surviving per tube. The D
value is then calenlated according to the formula:

__ Time (LD. 50}
" Tog imtial number of —log 0.5
spores per tube

Good numerical agreement between an average D value
calculated by Stumbo's method and the D value as calco-
lated from L.D. 50 was reported. Reynolds, Kaplan,
Spencer, and Lichtenstein (1952} compared these lwo
methods of calculating D values and showed them (o be
in general agrcement, :

In a discussion of the thermal death-time relationships
of bacterial spores Gillespy (1951) pointed out the value
of using decimal reduction times to represeat death rates,
From referencc to previous work on thermal resistance,
he suggested that it may be that the death rate constant K
is reaily related to temperature according to the Archenius
equation:

lnk = b — u/RT

and, therefore, we may writc log D =(M/T)— b, when M
and b are constants and T represents absolute tempera-
ture. M is defined as the slope of the thermal death-time
curve with respect to the reciprocals of the absolute tem-
pesature, in deg. F. and logarithms to base 10, Thus, if
Dq; and Dy, ate the decimal reduction times at tempera-
tures T, and T,, respectively, then

M= If'g DT)/D’M
1 1
T, 1+ 460 T, - 460
These relationships are then shown by the equation:
Drn = DTlloMu;T,—if'l")

If this equation represents the true rclationship, then M

is coastant and 7 (slope of thermal death-time curve)

varies with tempcraturc. Over small ranges of tempera-

ture the equation '
: DT.‘. = DTI"O(.TI.'Tn”;

was reported Lo give good approximations tu the [ormer

cqualion,

If it is essumed that M is constant and that z varies
with the temperature, then the value of z at temperature
T is then given by xz == T*/M and the mean valuc over a
range T, to T, by

z == T, T./M,
temperature being measured from absolute zero (—460
deg. F.)

Lquations for the thermal destruction of spores have also
been formulated and discussed by Hicks (1951). He rep-
resented the course of the destruction of spores at a con-
stant temperature by the equation: ¢ = ¢e™™'

When ¢ is the concentration of spores surviving at time
t, ¢, is the concentration of spores at time t —o, and k is
a constant for a particular organism, medium, and tem-
perature. He pointed out that although this equation is
supported by a great deal of experimental evidence, it is
not quite certain that it is an adequate approximation
under all conditions that might be encountcred in can-
ning practice. Hicks (1952) obscrved thal the hasic
principles of thermal destruction of spores as set forth by
Stumbo (1949), Gillespy (1951), and himsclf are al-
most, if not quite, identical. The concepts as set forth by
these three authors are at variance from the classical con-
cepts primarily as relates to the interpretation of values
for the number of surviving spores, which arc less than
1.0. It was pointed out that the cquations used are obvi-
ously statistical laws so that survivor values of lcss than
1.0 should be interpreted as probabilities of a spote suf-
viving, He further suggested that a betier understanding
of the thermal destruction of spores might lead to a modi-
fication of the present cquation and would give greater
confidence in extrapolating to very small values of sur-
viving spores. '



Amaha (1953) reported that in the casc of spores of
aerobic bacilli and Putrefactive Anaerche 3679 the rela-
tionship between spore concentration (N) and survival
time (t) can be expressed by the following linear equa-
tion:

logt =24 b+logN

in which a and b are variables depending on strain, tem-
perature, and naturc of the suspending medium, He ob-
served that although the fundamental cause of thesc
linear relationships cannot be explained as yot, similar
relationships have been found in work with disinfectants.
Temperaturc cocfficients of the thetmal destruction of
PA 3679 spores decreased slightly with rising tempera-
ture, thus the thermal-death-time curve was nol essen-
tially a straight line, but was very slightly concave down-
ward. Hc concluded that though the curves can be safely
assumed to he straight in the narrow range of tempefa-
tures now employed in commercial processing of foods,
if the resistance values of an organism at higher tempera-
turcs were determined by extrapolation of the thermal-
death-time curve of lower temperature ranges, the values
obtained would become somewhal smaller than the real
resistance values. Amaha also evalnated the activation
energy (E) of the thermal destruction of spores by the
Authenius equation. For Qs acg. 0 Values of a 1% 10°
sport concentration of PA 3679 the foliowing valucs of
E were obtained

Between 105 deg. and 110 deg. C., Q; g, o = 2.50- -
E = 53,030 calories.

Between 110 deg. and 115 deg. C., Qs gop. ¢ = 2.40—
E = 52,010 calories. _

This magnitude of activalion energy supports the theory

that the thermal destruction of spores by moist heat is
the denaluration of a protein molecule in the cells.
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Food Processing

THERMAL DESTRUCTION OF MICROORGANISMS AND ENZYMES-I1

Despite wide use of thermal death-time data new processing techniques peint to need

for still more experience with high temperatures.

® In Part I of this paper the anthors reviewed
some basic concepis of thermal destruction of
microorganisms and enzymes in food processing,
including the logarithmic destruction rate asnd
the evaluation of thermal death time data.

Use of Thermal Dea#h-Time Data In
Calculation of Process Times

By correlating thermel death time with rale of heat
penetration, the length of time theoretically required to
destroy any specific bacterial spores in a container of food
at a given process temperature may be calculated, In prac-
tice the pertinent thermal death-time data must be con-
verted into its so-called lethality rate for use in the actual
process time calculation, The rate of destruction of an
organism at any given temperature in a process is the re-
ciprocal of the time in minutes (t) required to destroy
(or reduce to a given level) the organism at the tempera-
ture {T).

From the thermal Jeath-time curve (Fig. 4), a simple
geometric relationship exists hetween the sides of similar
right triangles, and may be expressed by the equation:

logt- -loght  250—T

log1o z
from which log —:._—.— = 2502_—1 or —; = log! iﬂ;_-—l

when t/F is the time to destroy the organism at lempera-
ture (T, if F= 1.

F/t, the reciprocal of t/F, represents the lethal ratc at
any given temperature.

z — the slope of the thermal death-time curve in degrees

F = minutes at 250 deg. F. to reduce the number of or-
ganisms under consideration to a given low level.

T — temperature under consideration (deg. F.).

. t = minutes to reduce number of organisms under con-
sideration to a given low level at temperature T.

From the thermal death-time curve, F and z arc known.
At any temperature (T), it 5 possible to solve the above
equation for t, from which the reciprocal I'/t can be de-
termined. The lethal rate of any temperature can be cal-
culated once the F and z values are determined. In the
processing of low acid foods, the base temperature for I
is 250 deg. I, as shown in the abave equation. However,
these same relationships can be employed in the calcula-
tion of similar relationships at lower temperatures, such
as are encountered in acid foods, vegetative cells, and
enzymes. In such cases, because the heat resistance is

* Professors Esselen and Plug are on (he food technology faculty of the
University of Massachnsetts. ‘Fhis paper, Contribution 930 of the Massa-
chusctts Apr. Exp. Sta., was delivered, m Boston, Dec. 29, 1953, belole
the American Association for the Advancement of Scienrce,
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much fower, hase femperatures, such as 272 deg, 190
deg., 160 deg., or 140 deg. F., might be employed and
the corresponding F values would be designated as Fq,,
Fipor Fage, and Iy, respectively.

Methods of Determining Thermal Resistance

Scveral methods have been described and employed for
the determination of the heat resistance of baclerial sposes.
These methods include: (1) the thermal death-time hrbe
method (Bigelow and Esty, 1920); (2) the thermal
death-time can method (Ametican Can Co., 1947); (3)
the rate of destruction method (Williams ef af,, 1937);
(4) the ""I'hermaresistometer’” method (Stumbo, 1948b);
(5) the miniaturc rctort method (Schmidt, 1950b); and
(6) the thermoresistometer method of Pflug and Hsselen
(1953). The former methods were applicable for tem-
peratures below 230 deg. F., because of the heating lag
of the thermal death-lime lubes ot caos and their con-
tents. The methods of Schmidt and of Stumba were par-
ticularly designed to study the heat resistance of spores
in the general temperature range of 250 deg, lo 270 deg,
F., whereas the apparatus of Pflug and Lsselen has heen
used at temperatures as high as 300 deg. F. An exccllent
discussion of the problems of accurately determining the
heat resistance of bacterial spores and the characteristics
of some of the metheds that have heen used has been pre-
sented by Stumbo (1949).

The sclection of the method to be employed in the de-
termination of thermal death fimes and thermal destruc-
tion ratcs is con-
tingent upon a
number af factors.
Consideration must
be given fo such
conditions as the
Sl length of the expo-
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the natute of the
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Fig. 5. Apparains for determining thermal vesistance of bac-
tevial spores im lemperainve vange of 250 fe 300 deg. F.

ber of surviving organisms. There are also a number
of problems, some as yct unresolved or only partially
resolved that must be considered regardless of the ac
tnal method [ollowed in such studies. Some of these
factors may he enumcrated as [ollows:

1. Past history and growth, preparation, and standaed-
ization of microorganisms to be employed.

2, Obtaining an accurate initial count of the spore or
vegetative cell concentration in the original suspension.

3. Degree of thermal aclivation requrired to obtain
maximum germinetion of spores.

4. Effect of clumping.

5. Effect of cold shock on microorganisms after ther-
mal actrvafton or cxposure to heat.

6. Mutritive requirements of organisms in relation to
spore germination and growth in recovery media,

7. A basic concept of the logarithmic destruction
theory is that it refers to organisms of uniform heat re-
sistance, How close can this condition be approached in
praclice?

8. Statistical cvaluation of accuracy of data in rela-
tion to nwnber of samples ta be run at each lime and tem-
perature interval and aver-all accuracy and reproducibility
of results ‘both in onc laboratory and bhetween different
laheratories. ,

Investigators in this field should be well aware of the
above factors and other problems cncountered in research
work on the thermal resistance of microorganisms. On a
hasis of the actual experimental data reported with their,
many deviations, it weould perhaps be bold to make a
blanket statement that microorganisis and spores exhibit
a logarithmic destruction rate, It might be morc appro-
riate to say that thermal destruction: rates and death-time
curves tend to approximate straight lines in many cascs.
However, in carrying on such work and in reviewing the
work of others, one cannot help but be impressed with
the proximity to logarithmic conditions usuelly achieved,
especially in view of the many variables that are encoun-
tered. ‘

The advent of high temperature, shorl-time, and aseptic
canning methods has pointed to a need for hasic infor-
mation on the thermal resistance of microorganisms in
the temperaturc range of 250 deg. to 300 deg. F. Most
of our information to date is from data obtained at tem--
peratures below 230 deg. F.

In working at temperatures ‘above 250 deg. T, the

speed with which spores are destroyed requires that heat-
ing and ceoling lags of the heated samples be reduced to
a minimum, that small size samples be used, and that the
ttiming of the heating periods be carried out with in-

_creased accuracy. The development of equipment or so-

called “thermoresistometers” to achieve these ends has
been reported by Stumbe (1948b) and Pfieg and Esselen
(1953). The latler apparatus is illustrated in Figures 5
and 6. This apparatus has been opcrated at temperatures
up to 305 deg. F. with exposute times'as;:§ as 0.01
minutes (0.6 second). :

Svblethal Heat Treatment

It is well known that spores that
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activate some spores than to kill others. They further
indicated that this is probably the case and that maximum
spore counts may be only rarely, il ever, obtzined by spore
counting techniques emplaying pasteurization. Youland
and Stumbo (1953} obtained maximum spore counts for
Bacilius coagulens by a thermal activation treatment of
0.14 minutes at 220 deg. I, ;

Reed, Rohrer, and Cameron (1951) obtained evidence
that boiling spore suspensions for five minutes might not
provide sufficient thermal activation Lo give maximun
spote counts.

Deviatlons from Logarithmic Desfruction Rafe

Rahn (1947) has pointed out that zlthough the avail-
able evidence was overwhelmingly in favor of logarithmic
order of death in bacleria, there were reports of excep-
tions that should be considered. He has emphasized the
fact that uniformity of experimental conditions and of
the suspension of microorganisms being tested is cssen-
tial for a demonstration of a logarithmic order of death.
Such factors as lack of uniformity of heat resistance in the
cells of a test suspension, clumping, age, and protection
of living cells by dead cells have been emphasized as
having an influence in altering the shape of the death
rate carve.

Reed, Bohrer, and Cameron (1951) prescnted exten-
sive data on thermal destruction rates of spores. Many of
their sorvivor curves could not be represented as single
atralbht lincs passing through the origin, These devia-
tions from the logarithmic order of death were taken as
evidence that the spores in the suspensions tested were
not of uniform resistance to heat. When D values arc
calculated from thermal destruction data by the method
of Stumbo, Murphy, and Cochran (1950), there is gen-
erally an appatent trend for the I value to increase with
heating time at a given temperature. This trond is es-
pecially obvious when extensive data are available, such
as presented hy Pflug and Fsselen (1953). Reynolds and
Lichtenstein {1932) studicd this ebscrved increase in D
value with heating time through the analysis of dala re-
ported by others as well as by themselves, They proposed
methods for statistical evaluation of variation in such data
and concluded that data presented arc not consistent with
the assumption that thermal death-rate curves for PA
3G79 spores are exponential. Increasing rates of death
during the first intervals of exposure of spores ta lethal
heat and the regular observance of increasing D values in
the neighborhood of complete spore destruction indicate
the sigmoid type of survivor curve characteristic of popu-
lations made up of individvals of varying resistance. In
a2 continuation ol this work, Kaplan, Lichienstein, and
Reynolds (1953) reported that the initial deviation from
linearity of the thermal death-rate curve of PA 3679 is
rcal and not an artifact of experimental methods.

Anderson, Esselen, and Fellers (1949) found that a
number of destruction rate curves for Bacilins thermo-
acidurans were not straight lincs. Youland and Stumbo
{(1953) were of the opinion that the nature of the above
carves might have been dne to factors associated with the
experimental methods employed. These authors deter-
mined the order of death of Bacilins coagnians (Bacilins
shermoacidurans, Berry) Dby the newer lechnique devel-
oped by Stumbo (1948b) using four different spore con-

Fig., 6. Placing samp.’es fzocnlated with baclerial spores and
subculture tubes in thevmal vesistance apparatus prior io mak-
ing thermal death tima test.

centrations at four different temperatures. No significance
wus found for. differences in "D” valucs representing
rates of destruction of spores subjected to any of the fouc
temperatures. 1t was concluded that the logarithmic order
of death was indicated by all the datz obtained.

Pflug and Essclen (1954) reported that D values ob-
tained for three different concentrations of PA 3679
spores at 280 deg, V. (Tigure 2) were in good agreement,
thus indicating a logarithmic order of death. In an analy-

sis of thermal death-time data for spores of PA 3679, the

apparent increase in D value with heating time when cal-
culated by the method of Stumho, Murphy, and Cochran
(1930) was considered, When large numbers of samples
were tested and the cakulated probable numbers of sur-

viving spores (b) were plotted on a destruction rate

catve, they aligned themselves around a line that required
more time to traverse onc log cyele than the lines con-
necting any of these poinis with the initial point. It was
suggested that In the use of this method of calculating D
values, the caleulated number of surviving spores (b),
for a high pereentage of positive tubces is somewhat iow,
especially when they are compared to a destiuction rate
aurve having an average calculated D value. Preliminary
data obramed from quantitative counts of surviving spores
indicated that this might well be the case. If the calcu-
lated number of surviving spores (b) were in agteement
with the straight line destruction rate curve bascr'[ on the
average D value, a uniform calculated D value would be
obtained. Because of the diflerence in slope of the calcu-
lated destruction rate curve as compared to the curve
throngh the number of spores (b) calculated from the
numbu of p()sntlvc tubes, there could not help but be an



increasing D value with heating time (U). The effect
of the number of samples on the experimental variation
to be expected was also discusscd. The increase in ac-
curacy of any test that might be achieved by increasing
the numbcr of samples was demonstrated.

It would thus appear that at [east many of the apparent
deviations from the logarithmic order of death that have
heen indicated on a basis of reported experimental data
may be due in large part to limitations in lack of uni-
formity of heat resistance in spore suspensions used, ex-
perimenta techniques and methods of evaluating such
data. In spitc of the limitations and as yet unresolved
problems encountered in thermal destruction work, the
preponderance of available data indicates that the thermal
destruction of bacterial spores closely approximates a log-
arithmic order of death, The successful application of
this concept in the derivation of process times for canned
foods provides a massive backlog of experience in sup-
port of this theory.

Thermal Destruction of Enzymes

Information relating to the thermal destruction of en-
zymes in acid foods, such as fruits, fruit juices, and
pickles, was reviewed by Esselen (1950). Tt was pointed
oul that some of the enzymes concerned have a thermal
stability comparable to or greater than many of the spoil-
age organisms encountered in such products. Failure to
inactivate such enzymes during thermal processing may
result in deleterious changes in the product during subse-
quent storage. Thus, consideration should also be given
to the destruction of enzymes as well as microorganisms
in the development of processing procedures for acid
fruits and vegetable products.

Kaplan, Essclen, and Fellers (1949) showed that
through the application of procedures commonly used for
determining processing conditions nccessary to sterilize
canned foods, the cffect of heat preservation upon their
enzyme systems could be observed and the nature of the
thermal inactivation of the enzymes could be studied.
Processing timmes necessary to inactivale enzymes of canned
foods at specific temperatures could then be predicted.
Thermal destruction curves obtained for ascorbic acid
oxidase and peroxidase zpproximated a straight line,
within certain temperature limits, when plotted on semi-
logarithmic paper, and indicated that such enzyme systems
arc relatively heat labile. Since then, further work on the
thermal resistance of peroxidase and pectolytic enzymes
in pickles and fruit juices has been carried on at this lzbo-
ratory as reperled by Nebesky, Esselen, Kaplan, and

Fellers {1950), Anderson Ruder, Essclen, Nebesky, and

Labbee (1951), Essclen and Anderson (1952), Kohn
Esselen, and Fellers (1953), Labbee and Esselen (1954),
and Esselen and Anderson {1954). The thermal inactiva-
tion af phospharase has been widely used as a measure
of the adequacy of pasteurization of fresh fluid milk.
The thermal inactivation characteristics of this ensyme
in milk have been discussed by Ball (1943), Hetrick and
Tracy (1948), and others, Typical destruction time
enrves for peroxidase and pectolytic enzymes as deter-
mined in this laboratory and for phosphatase in milk
(Hetrick and 1'racy, 1948) arc shown in Fig. 7 together
with a destruction time curve for 3679 spores. The rcla-
tively low heat resistance of enzymes as compared with
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Fig, 7. Thermal destruction time curves for enzymes and bac-
terial spoves.

Curve | —Pectin polygalacturnnase in dill pickle brine.
Fio = L83 2 =177
Curve 2.—Pectin esterase (Pectinal A) in apple juice,
Fuw=72; =113
Curve 3.—Pectin polygalaciuvonase (Pectinol A) in apple jnice.
Fxm = 255,‘ P s I?._S
Crrve 1~—Peraxidase in fresh puck pickles.
Py =1.7; 2 =22
Curve 5, —Pernxidase in peaches.
F!E!l =0»‘ﬂ.‘ = 31
Curve 6.—Perovidase in apple cider,
439:3.2,‘ =325
Curve 7 —Phosphaiase in milk.
Fuye=35.0; 1=28.8
Cuyva 8.—PA 3679 spores in nentral phosphate,
Fasa == 5.5;‘ zZ= 16.8

bacterial spores is apparent. On a basis of available in-
formation, peroxidase would appear to be-thc most heat
tesistant of the enzymes that might be encountered in
food processing. As s the case with microorganisms, the
thermal resistance of enzymes appears to be affected by
such factors as concentration, substrate, and acidity. These
factars should be considered in the design of heat treat-
ments to inactivale enzymes in foods.

Althcugh the present discussion is concerned primarily
with heat processed foods, it should be pointed out that
the thermal inactivation of enzyme by heat (blanching)
is an important step in the successful production of maay
dehydrated and frozen foods.

Summory

Evidence relating to the thermal destruction of micro-
organisms and enzymes in food products is indicative of
the logarithmic order of destruction, since thermal destruc-
tion time and rate curves tend to apptoximate straight
lines when plotted on semilogacithmic paper, The success-
{ful and widespread application of this concept in the
thermal processing of foods provides lutther convincing
evidence of its validily, Refinements in methods and tech-
niques of determining thermal resistance and a better
understanding of the naturc of death should ultimately

“lead to & more complete understanding of the thermal

destruction rates of microorganisms and factors that in-
fluence them. Developments in the field of high tempera-
ture and aseptic canning methods point to the need for
some fundamental knowledge regarding the behavior of
bacterial spores at temperaturcs above 250 deg. F.
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