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Tnermal inactivation rates were determined for two strains of Bucillus subtilis var.
niger spores after equilibration to vanous relative humidity (RH) levels. In these
tests. small thin stainless-steel squares were each inoculated with a drop of spore
suspension and equilibrated to 11, 33, or 85 RH. [ollowing equilibration, the
squares were placed on a hot plate preheated te 108, 125, 136, 164, or 192 C for var-
icus exposure U'mes and then assayed for surviving organisms. The results revealed
that spores of the A strain of B. subtilis were least resistant if preequilibrated to
117, RH and most resistant if preequilivrated to 8577 RH. The same trend was ob-
tained at all temperatures except 192 C, at which. no difference was noted. probabh
v because the rapid kill time approaches the heat-up time of the stainless-steel square.
The B strain of B. subtilis spores showed an opposite RH effect; that is, the cells
preeguilibrated to 11, RH were the most resistant. Because the two strains of
spores were grown on different media. further stdies were conducted at 136 C
after subculivring the cells on different media. When the B strain was subcultured
on the A strain medium, the pattern was reversed: the cells preequilibrated to low
RH were then least resistant. Although it was not possible to reverse these cells to
the original pattern by suoculturing on the original B strain medium again. the
pattern was altered to the point that there was no significant difference in heat resist-
ance of these cells regardless of the preequilibration RH. The same result was ob-
tained when the A strain was grown on the B strain medium; that is, the thermai
resistance could not be reversed, but it was aitered from the point where the low RH
3 equilibrated cells were least resistant initially te the point where there was no sig-
nificant difference in any of the cells regardless of what RH was used for pre.
equilibration. The thermal resistance of spores seemed to be dependent on (1) the
medium on which the spores are grown. (i) the RH on which they are exposed before
heating. and (i) some genetic charactenstic of the cell.

e o

Interest in sterilization by low-temperature dry
heat has increased within the past 7 or 8 years
because of its consideration for sterilizing inter-
pianetary spacecraft. Until recently, the effect
that cell moisture plays on the thermal inactiva-
tion rate has beea given little attention. The most
notable studies were conducted by Murrell and
Scott (2, 3. who investigated the cffect of cell
moisture content on the rate of microbial death
at dry-heat temperatures from 70 to 120 C. In
the first of these studies, the microorganisms were
dried at various relative humidity levels (i<H),
then heat-treated in closed vials at ambient, but
obviously low, RH. All the bacterial spore species

tested showed that preequilibration to an RH of

80 tc 907, produced spores most resistant to dry
heat, but spores preequilibrated to greater or
lesser RH values were less resistant. In the second
study, the spores were preequilibrated and heated

at the same RH in closed vials, These results
showed that spores equilibrated and tested at 20
to 40, RH were the most resistant to heat inac-
tivation, but spores at RH levels above or below
this amount had lower heat resistance.

The present investigation was undertaken to
determine the eftect of cell moisiure content on the
thermal inactivation of spores exposed to tem-
peratures generally higher than those used by
Murrell and Scott, i.c, 108 to 192 C.

MATFRIALS AND METHODS

Bucillus subtilis var. niver has been used for over 20
years as a test organism at Fort Detrick. During this
time, cultures of the organism were given to many
other laboratories for test purposes. It has been an
especially valuable agent in disinfection and steriliza-
tion studies, and many publications based on its use
as a test organism have appeared. Tt has been im-
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plied that the numerous cultures are essentially the
same; however, no comparative tests have been made
to determine whether there are now differences in
hent resistance or other properties in strains jong
separated.

Thus, tvo strains of B. subiilis var. niger spores
were used in this study. Both originated from single
coiony isofates from Fort Detrick strains. However,
the crie used in this laboratory (strain A) was grown
on Trypticase Soy Agar (TSA, BBL) for 7 days,
harvestad, washed, and suspended in sterile distilled
waier: the other (strain B) was grown in a laboratory
at the National Center for Urban and industrial
Health, {incinnasi, Ohio on spore medium contain-
ing glucose. 025 ¢, ; Casamino Acids. 0.25
veass extract, 0.25 ©; MnSO,-H,0, 0.001 *; FeSO,-
TH-0O, (L0014 ¢, ; and agar, 1.5 * . These celis were
grown, harvested, and washed in a manner similar to
that used for strain A, All spore suspensions were heat-
shocked at &0 C for 30 min before use in order to kili
the less resistant vegetative cells that might be present.

Thermiel exposure was conducted on a fabricated
fot plate (Fig. 11 made of a 4 by S by 15 inch (10.3
By 127 by .62 cmy aluminum plate set on well-
distribuied heating elements 2nd fixed in an asbestos
base. The hot plaie was suspended by nonheat-
conductive matenal in a Transie box. A Transite
hood was placed on top of the hot plate to assure
more even heat distribution and to reduce heat radia-
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Hor plate ssed tor thermal  cxposure.
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tion. Stainless-steel squares, 0.5 X 0.5 X 0.01 inch
(1.3 by 1.3 by .03 cmj. were used as the test surface.
The technique of placing the contaminated steel
squares on the hea’rd aluminum plate was chosen
because it provided a means of bringing the organisms
up to the test temperature in minimal time.

Each stainless-steel square was contaminated with a
single equal drop of aqueous suspension containing
approximately 10* B. subtilis spores per ml. The inocu-
lated squares were placed in desiceator jars containing
saturated solutions of lithium chloride, magnesium
chioride, or potassium chloride above which i1, 33,
and 85, RH, respectively, is maintained at 25 C.
The organisms were equilibraes for 48 to 72 hr.

After equilibration, 42 of the contaminated stain-
less steel squares were placed on the preheated hot
plate; of these, 14 each were equilibraied to 11, 33,
and 85, RH. No attempt was made to control the
humidity surrounding the hot plate. but it was ob-
viously low; e.g., even 100, RH air at 25 C will be
reduced to 3. RH when heated t~ 108 C. After
various exposure times, test squares were removed
and  mediately placed n sterile water blanks con-
tainmg 0.01°, nonionic deicigent and 0.3 to 0.4 g of
coarse white sand. The detergent and sand facilitated
removal of spores from the stainless steel. To enu-
merate the surviving spores, pour plates were prepared
with tryptose agar, and the colonies were counted
after incubation at 37 C for 48 hr.

Temperatures used in this study were 108, 128§,
136, 164, and 192 C. They were determined by the
melting points of Tempilstik «Tempil Corp., New
York, N.Y.) markings on stainless-steel shims. A
number of shims were marked with two Tempilstiks,
one that melts at 1 degree below the desired tempera-
ture and one that melts 1 10 2 degrees above that
temperature, so that one Tempilstik sample  was
melted and the other was not in all tests. To ensure
that the temperature did not rise above that desired,
it was also monitored by thermocouples. For that
reason, the temperatures noted are plus or minus
about | C. The Tempilstik-marked shims were placed
at the corner and central focations on the .ot plate
to assure that an even heat distnibution was obtained.
The air temperature a few miflimeters above the hot
plate was only several degrees below the hot plate
temperature; however, the temperature fell rapidly
above this height.

Alter the ininal tests at all five temperatures,
further tests were conducted at 136 C o see whether
the cause of the marked ditference in results with the
two strains could be deternuned. First, both strains of
B. subtifis var, niger spores were subeuftured on TSA
and then harvested and cleaned as before; both
strains were equibibrated to the same three RH fevels
used above, and the death rates were me red at
136 C. Second, both strans were grown on spore
medi and tested as before. Bmally, a third test was
run on both strains of spores that had been grown on
the spore media in the second test and then gr onon
TSA: these cells were harvested and tested as oefore.

The data for all tests represent the average of
four samples obtamed from two samples 10 cach of
Mo Losty
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RESULTS AND DISCUSSION

I'he death rates plotted on a semilogarithmic
seale all showed straight-line  functions from
which D values or decimal reduction times could
be readily calculated. Bar graphs sk wving the D
values for each strain of orgiunism tested, at the
three RH levels and five temperatures, are pre-
sented in Fig. 2 and 2. The D values are expressed
in seconds, but a different time scale was neces-
sary for each temperature because of the great
variation from one terperature 1o the next.
Figure 2 shows that strain A spores equihbrated
to i1 and 85, RH were, respectively, the ieast
and the most resistant to thermal inactivation.
This was true for all temperatures except 192 C,
where no dilference was noted, probably because
the rapid death time (0 this temmeriture an.
proaches the time required to heat up the stainless-

steel square surfaces; therefore, the usefulness of

the test procedure is limited to iemperature some
what below 192 C. Figure 2 shows the D values for
strain B of B. subtilis var. niger spores equlibrated
to the same three RH levels and five temperatures.
In this case, the effect of RH on the organism was
the reverse of the observed with strain A. The
cells equilibrated to the low RH were more
resistant than those equilibrated to the igh RH at
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' Equilibration To Different RH's
33% RH

16 000}

R |

s000- [ -
3
§ l
10 000 500+
<
£
o 3
i 2000~ 400~ .
o !
6000 300+ 20+
1000+ | 200 7
; f
: 0
|
2000 ; 100 1k
1 : i
i e - R

IRl

Temperoture,

108

Vi, 2D values tor B. subtilis spores ostrain 1
exposed 1o various temperatices alier equidibrarion

to different RH levels.

Arep . MICROBIO!

6750 -

Spores Equilibrated

E
i

D Volues For B subtils Spores {Stromn 8) N RH

6000+ Exposed To Various Tempeiatures After

Equilibration To Different RH's 33% RH

4500+

« D, seconds

(=3
Q
o

1

201

100+ ¥

138
Temperoture, C

bico, 30D values tor B, subiilis spores osrain 39

cvposed 1o varions temperatures atier equilibration o

ditferent RH lovels.

each 1o nperature. Agaim, at 192 C, the death tume
was rory short, and the ditference in resistance
amon. the three RH levels is not significant.

Because the variation in results with the two
strains may hdave resulted from the fact that they
were zrown on different media, the two strains
were subcultured, first on TSA, then on the strain
B spore media, and then on FSA agan: they were
tested after growth on cach medium. bigure 4
shows the D values for strain A grown on the
different media and tested only at 136 C. Regard
less of which medium the cells were subeuliured
on, those equilibrated at the low RH were alwiys
more stsceptible to hear erihization than were
those cqulibrated ' the high RH. Statisucal
anilysiy showed that the D values at 11 and 857,
RH were not signiticantly dulerent for strain A
spores when grown an spore nedivny, howeser,
the O values for the 11 and 850 RH were sig
niticantly different whenever the cclls were grown
on ISA medium.

Figure S shows the D values for the B stram
spores grown on the ditferent media. Of great
imnterest here s the reversal of the resistance at the
vartous RH levels. That s, B strain spores ongin
ally grown on spore media were more resstant
when equilibrated 1o the low RH than when equih
brated at high RH, but the reverse was true when
this stram was grown on TSAL Anabysiy showed
that the £ values for the tow and high RH tests

T
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BiG. 40D values for B subtilis spores (strain 4

grown on moedia noted and exposed 1o 136 C afier

cqulibrarion 1o varions RH levels

were sigmificantly ditierent in both cases. Growing
the cells on spore media atter growth on TSA did
net aive o pattern sendar to that of the original
B st howeser, Tow aind high RH O values
were not signhicantls dlerent. Growth on FSA
did produce spores that had signiticanty ditferent
D vadues tor the low and high RH preequihibia
(O

Both B bl ans used i this studs
were mitialdly solited from simgle bacternat colo
nies. Why the D value patiern of the B straan was
reversed when grown on ISA but faled 1o revert
to the ongmal pattern when grown on the spore
agar s not Sear T appears that we e dealing
with i genetic chanacterssae because the colonil
color and tormanon did appear o change somwe
what with successive transters on the vanous
miedur Thiy phenonienon occurred although the
seed wis obtamed by oremoving a loep full of
spotes front 10 1o 15 typeeal colomes onan agi
sutfiace cach time the spores weire grown Close
mspection of the data obtamed with the A strin
o B8 swbadis spores and the data obtianed by
Murrell and Scott 2y an ther studies with
Closiricaem batdmuny spores shows a0 sumin
tiend of increased thermal resstance after equil
ihravion to higher RH values. Both of these stud-
wes were pertormed without controlling the RH
durimg the heating process,
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Three important facts stund out frony this study .
One is that broad generalities should not be made
about the heat resistance of spores as a re-ult of
thewr prelinnmary exposure 1o any specttic RH.
Second, the medium on which the organisms are
gromn appedrs to have some bearing on the sub
sequent dry heat resistance of the cells. Third.
the RH to which the cells are exposed betore heat
stertiization plars an important roie in thewr sub
sequient rate of sl

The equilibration of the cell o varrous RH
feve!s does more than just vany the montase con
tent of the coll it ciauses o mote perman: o7
change 1 thermal reststinee. Water freehy me e
weand out of the celt 11 vet the D value paticrn
at the vanous R fevels s the siame tor enthet
strain of B wwbndin spores, whether tested at (08
or o4 C g 2and b

I the amount of cell monsture s the prunars
factor i regulatng the heat imactivanon tate, one
would expect 1o bad no ditference in D vadoes for
the cells equibibraaed at 11 33 and 830 RH at
the fower temperature e g, 108 Cr A this tem
perature, the D values are ~so high that most of
the water molecules have ample tine to evaporate
trom the cell vertanly long before sterization s
accomplished Yet no deviation from linearity
wis observed i the Tog per cent survival versus
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time plots from beginning 10 end. This indicates
that the imiportant factor regulating the D values
in the system used here is not the amount of
moisture but where and how it is bound in the ce'l.

Spores heated in a dry atmosphere rapidly lose
most of their moisture; therefore, the rate of their
inactivation by heut appears 1o be controfled by
a relatively few water molecules left in the cell, If
one plots the D value as a function of the RH for
the three humidities used, the curves in general
are not linear. The curves of Murrell and Scott
{2), likewise, are not linear when plotted as a
straight function of D value versus RH. This
phenomenon indicates that the rate of heat
inactivation of the cell is not a simple function of
the RH.

At this time, there 1s no clear explanation of the
mechanism by which the cell is inactivated by dry
heat. It is ¢ ident 5ot R~o1 inactivation 1s a com-
plicated mechanism (hat hinges on the nmicdiuin v
which the cell was iritially grown, the presence or

HOFFMAN, GAMBILL, AND BUCHANAI~
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absence of water molecules in certain internal
cell locations, and, probably, some genetic charac
teristic of the cell.
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