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Introduction

It has generally been assumed that bacterial
endospores repreasent a dormant stage exhibiting llt'tla.
if any, metaboliec activity and possessing no funectlional
enzymes. Dubog (1947) states as follows:

Although both the spores and vegetative cells of
B. R“E? glve the same _mmu for ash, molsture,
and protein, the spores lack enzymic activity.
He trys to sccount for this by hypothesizing a "tying up"
of reactive groupings. In the same chapter he says:

Finally, the fact that enzywes and other blologleal
systems exist in an inactive and resistant form in
these structures [spores|, and become agaln active
and susceptible during chgcure phenomons of spere
germination, presents to the physiologlst and
biochemist problems of great originality and
importance.

These are characteristic comwents to be found in most
current texts. In a search of the literature, remarksbly
few instances have been encountered in which any attempt
has actually been made to determine the presence and/or

extent of metabolism in a resting spore.

Ruehl (1923) placed spores in & variety of media
and, after ineubation, tested the subastrate for change.
He clalws to have demonstrated gelatinase activity in
some Iingtances, but the lack of adequate controls (which
conslsted only of a final staln to determine the possible

presence of vegetative forms) casts some doubt as to the
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validity of these results.

Tarr (1933), following the leed of Cook (1932),
was sble to definitely demonstrato an active glucose
dehydrogenase in the gpores of several members of the
Fazily Bacillaceas. He also carried cut manometric
determinations using a Bareroft differential apparatus
and measured the Q&robze metabolism of glucose by spores
and copresponding vegetative cells, This aystem 1s wost
active at 40-50° C., with a pH optimum of 6.8. It was
sensitive to 5% ethyluprethane, saturated phenylurethane,

utilization in vegetative cells but stimulated
respiration in one strain of B, subtilis spores, but with-
out effect on three others tested.

Fellin and Hartree (1947) attempted to confirm Tarr's
work with respect %o oxygen uptake in the pregence of
glucose, but failed to obtaln as high results. The
respiratory activity of spores was found by Cook to be
50% that of vegetative cells, while Tarr obtalned a value
of 357 to 40%, and Kellin and Hartree found the rate to
be only 6%.

Both Tarr and Fellinr and Hartree heet shocked spore
suspenaions to 80° ¢, for 30 minutes immediately prior to

carrying out manometric experiments. This was purported
to shorten the time required to obtain straight line







respiration curves.

In this paper, the Scholarder micro-respirometer
has been adapted, and technlques worked out, to permit
its use 1n sttacking the problems assoclated with

endospore respiration.







Haterials and ethods

The organisms used in these experiments were
Be subtilis, straln P.C.I. 220, obtained from the Federal
Security Agemcy, and a strain of B, cereus var anthraces,
avirulent to guinea pigs, obtained from the Army Mediecal
Department Research and Graduate Sehool culture collection,
The first was chosen because it 1s a standard strain and
1s the same species that has predominantly been used in
previous work. The anthrax baeillus was chosen because

sporangium in this specles. This increases the ease with
which one can obtain spore suspensions free from cellulap
debris and potentially assimilable nitrogen soureces which
would permit germination.

The organisms were grown on a nutrient agar
containing 0.25% peptone, 0.15% beef extract, and 27 agar
in distilled water. In practice, bhalf quantities of
commercial dehydrated Bact-Nutrlent Agar were suspended
in water with sufficlent additional sgar-agar to give 27
concentration of that ingredient. The reaction of the
medlum was adjusted with KaOH to give 2 final pH of 7.2.

Fifty cuble centimeter portions of the above
mediuw were dlispensed in 16 oz. prescription bottles and
autoclaved 15 minutes at 121° ¢, Following sterilization,







the bottles were put on thelir flat sides and the medium
allowed to solidify. This gave a surface area of about
112 em®?. for growth of the organisms. The prepared
bottles were placed in a 37° C. incubator for 36 hrs. to
check for sterility and to allow them to dry.

Stoek cultures of the corganisms were kept in screw
cap vials of nutrient agar. These alanti were not placed
under oil but instead were incubated until sporulation
ocecurred and then held at sbout 5° €. Inoeculation of the
growing bottles was accomplished by streaking the entir

The bottles were then incubated at 32° . for 2 to
5> weecks and held at room temperature prior to actual use.
Tarr (1933) has shown that under these circumstances
virtually 100% of the cells sporulate.

The spores were harvested before each experiment
by adding approximately 5 cec. of distilled water to the
surface of the agar culture and allowing it %o stand fTor
5 minutes. At the end of this time, almost complete
suspension was effected by tilting the bottle back and
forth. Ho attempt was made to serub the surface, thus
obviating the possibility of dlslodging particles of agar
that would be carried through subsequent centrifugations,
The suspensions dbt;inna'vort foreibly ejected fromw a fine
bore pipette several times to produce a homogenous mixture,







The spores were washed three times by
centrifugation and resuspended in distilled water.
Following this, they were taken up in physlologlecal
saline and pasteurized by heating at 65° C. for 30 %

minutes. The suspension was then quickly coocled to room
tesperature, the spores sedimented by centrifugation,
washed once in distilled water, and finally suspended in
the particular medium %o be used in the experiment.
Oxygen congumption was studled by means of a
wodifled Seholander mlcero-respirometer. The opriginal

shortcomings that made impractical its spplication te
such problems as are dealt with in this investigation.
The detalilas of construction of the modifled device are
to be found in figure 1, and the original deviece is shown
in figure 2. The design of both the reaction vessel and
the compensating vessel was altered, as well as thelr
methed of attachment. Bulbs were placed in the manometer
to permit the apparatus to remalin untended for longer
periods of time.

In the modified formw, the reaction vessel (A) is
equipped with a2 side arm in which 1s placed a roll of
filter paper impregnated with a KCH solution to absord

002 evolved by the system under investigation. As oxygen

is utilized, the colummn of Brodie's solution in the right
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arm of the manometer 1s pulled upward. The micrometer
can then be used to displace alr from the air reservoir
{C) into the reaction vessel and sc restore the pressure
balance of the manometer. The so-called coumpensating
vesgel (B) is in reality an artificial atmosphere whose
pressure doeg not change during the course of the
experiment., It should be as large ss possible in order
to affect readings of the manometer as little as possible.
The instrument is calibrated by finding the volume
displaced by the advancing spindle of the mlorometer.

ul. per division on the barrel scale which caused an
easily observable shift in the manometer level. This
value was taken as the sensitivity of the instrument.
The accuracy of the method was tested in a serles of
detepminations conducted by Butterfield (1951), in whieh
standardized blcarbonate seolutions were placed in the
reaction vessel and acid added from a side arm, glving
rise to a2 known volume of gas. FHe found that the observed
results varied from 2% to 5% as a result of persenal error
involved in adjusting the level of the manometer.
Reactions were carried out in & specially
constructed water bath incorporating a balanced heating
system that held the tempeprature to plus or minus 0.01° ¢,
The temperature used in all experiments was 32° ¢C.







The suspending medium for the spores was ¥/5
phogphate buffer at pH 7.0 In experiments ealling for
gluecose, this was added to the sbove to provide a 0.5%

concentration. The total volume of spore suspenslion used
in an experiment was approxlimately 0.5 cc., in a reaction
vessel of 5 ce. capacity. The atmosphere was, in all
cases, alr. Evolved 00y was absorbed in 0.25 cc. of a 5%
KOH solution taken up in a filter paper roll placed in the
glde arm of the reactlion vessel.

Following introductlion of the apparatus into the

open to the atwmosphere proved toc be sufficlient time for
temperature equilibration to take place. The stopecocks
were then moved to the c¢loged position ghown in figure 1
until the end of the experiment at which time both were
opened simultaneously. Readings were usually wmade at
intervals of one hour. '

At the termination of each expepriment, the contents
of the reaction vessel were guantitatively transferred to
a ddsgestlion flasgk and a micro-Kjeldahl determination made
to measure the amount of spores used in terms of nitrogen
content. The digestion mixture conslisted of 4 cc. of

solutlion A (1 gm. CusOy, 10 gm., Ep304, 0.2 gm. sucrose,
and 5 ce. cone. HpS0y mede up to 100 ce. with distilled
water) and 1 cec. of solution B (1 gm. of selenium dlssolved
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in 100 cc. of cone. HpS804). The distillate was caught in
2% boric acid and titrated with HC1l to an endpoint with a
brom cresol green-methyl red 1ndieater. (10 ce. of BCG plus
2 cc., of ¥R, both 0.1% aleoholic solutions). This
technique was standardized with (XKHy )80, with a naximum
deviation of 0.005 mgm. of nitrogen on a 0.4 mgm. sample.

In order to convert the mgms. of nitrogen so
obtained to mgms. dry weight of organisme, known amounts
of dried organisms were tested for nitrogen content and

B. subtili | 1.1 % §
B, cereus var anthraces 12.8 g n

To determine the possibility of germination in the

course of an experiment, checks were made on a control
experiment and at the end of all regular determinetions,using
bright and dark phase microscopy. There is a definite
change 1n refractivity associated with germinmation which
never cecurred in the experiments reported herein.







| Experimental Results

The effect of various temperatures on the
endogenous respiration of bacterial endospores ls shown
in figures 3, 4%, 5, and 6.

The curves shown in figure 3 were obtained
following standard pasteurization procedures at 65° C.
| (as described previously). Although earlier experiments
| have been excluded because the time intervals at which

; read ings were made were too far apart to permit accurate
|

was made. Initlal respiratory levels varied over a range
of 2 pL./hr./mga. dry welght of organisms. This was
always followed by an inerease in asctivity, which reached
a peak 1 to 4 hours later. Respiration them decreased to
a poste-stimulation low, rose agailn slightly, and entered
on a constant level of oxygen consumptlon. This level was
reached between © and 12 hours after the start of the
experiment.

Degsplite the wide variation at the start of the
curves, the level line respiratione in all experiments
agree to within plus or minus C.175 pl. Thus divergence
lies well within the experimental error of the
deterninations. The Qg, (pL./hr./mgm. dry wt. of organiems)

for anthrax spores, under these circumstaneces, appears to
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be about l.7.

Cne experiment, in which the gpore suspension was
heated at 65° C. in phosphate buffer for an additional
hour, the same general curve is observed, but without the
period of recovery usually noted. Viability counts,
utilizing standard plating procedures, indicated that only
gbout 50% of the spores remained active following this
treatment. Consequently, Q0o values obialned in this
determination were multiplied by 2 to permit dlirect
comparison with other curves.
three experiments in which spores were heated to 80° o,
for 30 mimutes after having been pasteurized and suspended
in phosphate buffer. Viability was again seriously
affected and only 20%f of the spores remained active
follewing the treatment. There was also an extension of
the time required for germination to take place. At the
end of 24 hours, no growth was observed on mutrient agar
plates seeded with treated spores and incubated at 32° ¢,
After 42 hours, however, there was copious growth and
apparently complete germination. A pecovery peried ig not
illustrated by these curves, although characteristics are
like those cbtained at 65° C. and there appears to be
better agreement in the initial extent of regpiratiocn.

The level of respiration in the case of one very young
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culture (11 days) rose to a much higher peak than the
other twe, and estsblished a level line oxygen uptake a
full 1.1 ul. above the others. This, plus the fact that
it took a full 7 hours to reach the peak, makes this
experiment difficult to explain.

Finally, as a control, spore suspensions were mnade
in which no heat was used at any point. It wes possible
to omit pasteurization by using cultures which, on
preliminary examination, showed no evidence of vegetatlive
forms and which appeared free of extraneous materilal after

taken in the final miecroseopic examination to look fer
evidences of germination and none were observed. The
spores were suspended in phogphate buffer lmmediately
before loading the reaction vessel. The initial
stimulated respiration shown in figure 5, must be due to
this transfer from distilled water tc phosphate buffer.
Level line respiration at an oxygen uptake that may be
considered very nearly true endogencus respiration, a
20p of 0.35, oceurred after 6 hours.

The results sc far reported were obtalned from
experiments involving B. cereus ver anthraces. There 1is
not adequate evidence to determine whether or not the
same conclusions hold for B, subtilis. If they do, the
slopes of the curve may be different although the general
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heated.
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sutline would be the same. Figure 6 shows an experiment
in which a partial ecurve has been determined for
B, subtilis. The respiration of this orgenism is found
to increase at a regular rate during the firet 6 hours.
In the experiments conducted to determine the
respiratory stimulation afforded by glucose, readings
were made after the first hour, and again at the end of
the sixth or eighth hour. In all cases, the initlal
respiration was within 2 range of 0.3 jil. The results of
thege experiments 1s shown in table I in which the Q0p

Resplration in the presence of glucose la‘about twice
that of normal endogenous resplration, with a possible
error of plus or mimus 20%. Thia error is introduced
primarily by nitrogen determinations carried out on .
sazples smaller than the usual limits set for the method
employed.

It mist be emphasized that ne evidence of
germination could be found by careful inspection of spore
suspensions &t the end of each oxperlnaaf. The resultis
pregented consist of measurements taken on spores whose
exine and intine remalined intact, and im which no change
in refractivity could be observed during the period of
investigatlion,
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30 minutes.

The effect of 0.57 Glucose
phosphate buffer on the

()] o

resiration of

Qrx

t
i
|
|

o ANfe
W w3

&
ww

NN N No

6 hr.

8 hr.

6 hr.
8 hr.

A
{
|
|
|
|

Buffer plus Glucose

5.00
4.25

10.36

9.28

*Average for time interval employed.







Discussion

The primary purpose of this paper was the
adaptation of a method to be utilized in metabolle
studies of bacterisl endospores. The Scholander micro=-
respirometer has been found to be admirably suited in
following the rather low respiratory levels found in this
type of investigation. The acouracy of the device, Tive
percent, agrees very well with accuracles obtained by more
conventional methods with systems displayinzg far greater

has proven practical and there is every indication that
even longsr periods can be employed without encountering
serious diffliculties. The theoretical freedom of the
apparatus from external variastions has been confirmed.
7hen held at 32° ¢, in a water bath, changes in room
temperatures of as wuch as 5° C. have no effect on the

device.

The problems encountered by many earlier

luvestigators with respect to the preparation of pure,
stable suspensions of bacterial endospores have largely
been solved by using the procedure described in the
experimental method. Conglderable care must still be
employed in the case of B, gubtilis, but an i1deal test

organiss has been found in B. cereug var anthraces, from
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which spore suspensions of high stabllity and purity can
be obtained with comparative ease.

It should be emphasized that all experimental
regults came from spores that morphologlcally appeared
intact and in which, by definition, germination did not
oceur. A more careful eytologlcal investigatlion is
indicated with respect to possible changes initlated by
the application of heat. There may also be some changes
in the permeebility of the spore coat which may not be
apparent by ordinery staining methods.

herein call for a revision of previous hypotheses
concerning the activity of bacterial endoepores and of
the permeablility of their exine and intine., The latter
idea, for instance, is still referred to in most current
literature, for example, by Knaysi (1951). The role of
these structures has been questioned by Dubos (1947) who
mentlona a peculiar staining charustcrlttls‘or spores
which would tend to indleate that the ﬁtf!!etivttr of the
spore to stalining 1s & function of the p!ﬂ‘ﬂplayl ittpifi

and not an inherent property of the spore coats.
Physiological support of this view ias presented by the work
in this and the preceding papers concerning the stimulated
respiration caused by glucose which must have penetrated
these membranes. The stimulation afforded by transfer of
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spores from distilled water to phosphate buffer provides
st1ll further evidence of spore coat permeability. A
series of future experiments is indicated using a number
of metsbolites in order to test the range of selectlve
permeablility present.

Tt has been observed by Curran and Svans (1945)
that germination can be speeded up by a preliminary
exposupre of spores to heat; the amount of heat necessary
being termed the "heat of actlivation" of the spore belng
tested. Although no evidence in support of a
such a relationship 1ls clearly demonstrated in the data
obtained from those experiments conducted to determine
the effect of preliminary heating on endogenocus
respiration in endospores. Such heating was shown to
initiste a burst of metabolic activity followed by a
uniform oxygen consumption which was proportional to the
amounts of heat employed. Thus, spores held at 20° ¢,
(room temperature) develecp e an of about 0.3 undor,tho;
conditions of the experiment, while at 65“ c.; spores |
respire at a constant rate with a Qp, of about 1.7, and

80% C. elleits a Qp, of sbout 5. The increase appears to
be an exponential function of the temperature. It 1s of

interest to note that in the experiment In which spores
were pre-treated for 1.5 hrs. at 65° C., the same level of







22

respiration developed as in the case of gpores pre-treated
at the same temperature but for only 0.5 hours, desplte
the fact that only 50% survival was observed in the spores

tpeated for 1.5 houps, whereas essentially all spores
supvived the 0.5 treatment.
In view of the above noted oxygen consumption, the

aquestion arises as to the source of the substrate belng
utilized. Yo stored food materials have been reported as
seccurring in endospores despite the fact that such reserves
must be available. Lipoidal substances may be so utillzed

been shown in at least one case to be unavailable as a
source of energy {(Enaysi and Baker, 1947). Actually,
l1ittle is known sbout the presence and utilization of
these or similar substances by bacterlal spores. Within
the perlocd of time employed in the experiments reported
in this paper, there appeared to be a steasdy level of
respiration achieved after the initial spurt of activity.
This must snroly‘lpad to an ultimate exhaustlor of stored
matorial, oapocially ag tho rapié ?ato of activity
initiated by so°'c. ArhsAprohloa of what happens upon
complete exhaustion gr‘thn;nvsiofod food‘prOduots remains
tc be solved. The teohnlqgc: developed in thie work are
suited to a dollpoatioﬁ of tth problem.

It is not inconcelvable that the energy necessary
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for germination could be burned out as a result of heat
stimulation go that the uvltimate development into
vegetative cells would be lmpossible even in the presence
of easily assimilable nitrogen. ©On the other hand, :
experiments on permeablility suggest that such energy
zight be provided by adding glucose to the medium, This
could happen only 1f those irreversable changes that

have been cbserved in starving mammallian cells as a
result of catabolism of proteins important to vital

function do not ogecur.

helghtened levels of metabollc setlivity is pﬁr!l?
speculative at this time. 4 likely mechanism might
involve the liberatlon of bound water as a result of heat
shock. This could be investigated by ecryoscopic
determinations although such techniques are liable to
considerable critieism due te their inherent lack of
acouracy (Rahn, 1944),







Junmery

The Scholander micro-respirometer has been
modified to permit its use 1o measuring the metabolle
activity of bhacterlal endosporee. A wmethod of preparing
spores to provide a pure, stable suspension for use in
this device has been evolved in which B, cereus var
anthraceg has been found the organism of cholce.

Experiments were conducted to determine the effect
of heat of activation on the endogenous respiration of
) anthrex gpores.
80° ¢., there was observed a burst of sctivity which
reached a peak and then dropbod to a steady rate of oxygen
congumption. This level was at a Q0p of 1,7 following

exposure to 65° ¢,, and at a Qpp of 5.0 following exposure

to 80° ¢,, while those suspensions receiving no heat
treatment developed a Qgy of 0.3.

The previcusly reported respiratory stimulation of
5. subtills spores caused by gluceose has been confirmed;
the result was a twofold increase over endogenous
respiration. This confirms the earlier work of Keilin and
fartree. Stimulation hasg also been observed upon transfer
of spores frow distilled water to phosphate buffer.
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