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Respiration during and following germination
of Bacillus megaleriwm spores in & complex
medium  containing glucose, peptone, yeast
extract, snd phosphate is eharacterized by three
phases coinciding with germination, swelling
and elongation (Mandels ef al., 1956). (Cermina-
tion oceurs within the first 5 to 10 min of incuba-
tion, i. e., the spores become stainable, heat
labile (Powell, 1950), appear dark under phase
microscopy (Pulvertaft and Haynes, 1951), and
suspensions become less turbid {(Powell, 1950;
Hachisuka ef of., 1955). Accompanying these
changes is nn undefined increase in the rate of
oxygen consumption. Following this, s period of
swelling marked by a phase of linear inerease in
rate of respiration ensues. This phase changes
to another linear phase of increase in regpiratory

rate while the cells elongate, the point of transi- -

tion between the two linear phases corresponding
to emergence. The clongated cells eventuaily
divide, and the rate of respiration falls after one
or two divisions, due, probably, to exhaustion of
nutrient factor(s).

Spores incubated in & simple medium contain-
ing acetate-buffered glucose and 1-alanine germi-
nzte rapidly (Levinson and Hyatt, 1955). Spore
germination in acetate-buffered glueose and
mangsnese i somewhat delayed, but the rate
of oxygen consumption eventually reaches a
level as high as, or higher tham, that in I~
alanine. No division was noted in any of these
experiments using acetate-buffered glucose.

The present study coustitutes an attempt to
determine the relationships between respiratory
activity and morphological stages in spore germi-
antion and development in simple medin. In the
course of these investigations, we have made
some observations on the effect of pH on germina-
tion and on post-germinative development, and
on the failure of germinated spores to develop
in glucose solution with L-alanine.
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MATERIALS AND METHODS

Spores of B. megaterium (sbrain QM B1551)
were from the same pool of lyophilized spores
used previously (Levinson and Sevag, 1953).
Briefly, they were harvested from phosphate-
buffered liver broth, pH 6.8 (Foster and Heijlig-
man, 1949), washed by centrifugation ab 4 C,
and dried from the frozen state.

Spore germination was estimated by s modifica-
tion (Levinson and Sevag, 1953) of the method
of Powell {1950), based on the fact that germi-
nated spores stain with methylene blue, while
ungerminated spores do not. Germination data
were Tecorded from microseopic examination of
gpores incubated in Warburg vessels under the
same conditions as for respiration studies. For
the purposes of this report, development subse-
quent to germination was separated into sfages
of swelling, emergence, elongation, and cell
division.

Oxygen consumpiion was measured by con-
ventional Warburg techniques, using 0.3 ml
substrate in the sidearms, 1.5 mg of spores
(ca. 6.3 X 108 gpores) in 1.2 ml of buffer in the
main chamber, and 0.2 ml of 10 per cent KOCH
in the center wellz. The sidearm was tipped after
15 min equilibration at 30 C. Methods for
double sidearm vessels are described where used
(Results (d)). g

Acetate buffer contained pofassivm and sm-
monium acetates, 50 mu each, adjusted with
dilute scetic acid to an initial pH of 6.5-8.9.
Phosphate buffer, adjusted to pH 6.0 or to pH
70 with 5.5 v KOH, contained KH:POs 50
my, and 20 mu each of ammonium acetate and
NaCL The concentrations indicated are final,

after tipping.

Glucose was included in all Warburg experi-
ments at a final concentration of 25 mu. 1-alanine
(Nutritional Biochericals Corp., Clevelsad,
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TABLE 1
Spore germinalion in glucose with and without added manganese or L-alanine
(pﬁ“g,ﬁge) Treatment Additivet Germization Post-permizative Clangest
Initiation Maximum Sw Em El cp Deg
A min | per cend min
cetate Unheated | - L-alanine 5 85
8 50
(pH 6.8-5.5) Mn 50 80 90 :l,::,{: g g g +-:)-240
— 60 30 |eca. 200 + 0 0 [H} 0
Heated L-alanine 5 92 40 +-+ 0 0 0| 44240
Mn 30 97 45 -+ 0 0 0 0
— 0 | 80 |. 120 + 0 ol e o
P;J{osphate Unhested | v-alanine 5 51 w4+ ] 0 0| 4280
(pH 7.0-6.8) Mn 85 I8 140 140 240 240 | 300 0
— 110 22 240 ++ 0%, 0 0 0
Heated L-alanine ) 82 45 4442000 © 0 0| ++280
Mn 20-40 | 45 50 00 180 180 | 280 0
— 90 30 160 -+ 1A 0 0 0
Phosphate {Unheasted | L-alanine 10
y 84 85 +
(pH 6.0-5.8) Mn 30 H9 110 + g g g -l;-
— 80 38 |ea. 150
Heated L-alanine 5 89 |ea. 60 + 0 0 0 -+
Mn 20 72 |ca. 8O + 0 0 0 0
- G0 44 jea 105
* pH change after 6-7 hr of incubation.
f Mn, == manganese; — = glucose alone.
} 8w = swelling; Emn = emergence; E] = elongation; CD = cell division; Deg = “degeneration,’

Results in degree (0 to ++-++) of chan, i i
. ge, or as time {min) at which th i 258 1
dicated by percentage, all germinated spores undergo the change, ¢ change begins. Unless fn-

Ohto) was used at 2.0 mm, and CP MnSQ, at
0.2 mu final concentration.

Heat shock was accomplished by a 15-min
immersion of from 10 to 15 ml of a suspension
f:ontaining 1.5 mg of speres per 1.2 ml of buffer
in & water bath at 60 C. The buffer concentration
during heating was such that the addition of 0.3
ml substrate to 1.2 md buffered spore suspension
gave the final buffer concentrations indicated
above.

The influence of L-alanine and manganese on
the viability of spores was tested by shaking
spores (4.2 X 10% per ml) with these substances
(6.0 ml of reaction mixture per 50-ml Erfenmeyer
flask) at, 30 C, and plating aliquots of appropriate
water dilutions of the reaction mixtures on nutri-
e!_lt agar after 2 and after 4 hr. Colonies on petri
d{shes were counted after 48 hr at 30 C, ondy those
fii!_utions baving between 100 and 200 colonies
Deing counted.

RESULYS

(a) Acetate buffer. Unheated spores germinate
mpidly in r-alanine, reaching & maximum in 50
min (tsble 1). There is slight swelling, but no
emergence. Generally, after about 4 hr of incuba-
tion in L-alanine, spores lose the definiteness of
their cutline, stain rather poorly, appear in many
cases to have leaked protoplasm, and have a
“degenerate” appearance. Germination of un-
heated spores in manganese proceeds rapidly
after a 40 to 50-min lag to a maximum af about
90 min. The germinated spores swell slightly, but
as in r-alanine, they do not emerge. No “de-
generacy’” was chserved with manganese-ineu-
bated spores. Suspensions of unheated spores with
glucose alone begin to germinate in 60 to 90
min, and the maximum germination is reached
onky after 3+ hr.

LA ST v oao- .
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Figure 1. Rate of oxypgen consumption by Bacil-
Ius megaterium spores in acetate bufer. A, un-
heated spores; B, beated spores; open circles,
L-alanine + glucose; squares, manganese +
glucose; closed circles, glucose.

age of germination (table 1) earlier than do un-
heated spores, and spores in r-alanine stard
germinating earlier than do those in manganese.
In glucose alone, geymination of heated spores
begins in the first 40 min and reaches about 80
per cent by 120 min, The greatest effect of healing
appears to lie in the shertening of the lag preced-
ing germination and respiration.

Tn el of the ahove media, there is a rapid
initinl rice in rate of oxygen consumption (figure
1} corresponding to the initial rise in germination.
Without further development of the spores,
other than the slight swelling noted above, there
is no further increase in the rate of oxygen con-
sumption. In fact, a post-maximal decrease in
respiratory rate is noted.

Tn acetste medium, the pH falls rapidly to
shout 5.5 with menganese, 5.6 with L-alanine,
and 5.8 with glucose alone. In view of the peor
buffer capacity of acetate, phosphate buffer was
used in most of the following experiments.

() Neutral phosphate buffer. Higher levels of
germination in i-alanine are reached by acetate-
buffered than by phosphate-buffered spores,
but maximum germination is reached compara-
tively early in both buffers (fable 1). Neither
heated nor upheated spores imeubated with L-
slanine in peutral phosphate emerge after
germination, ind appear imstcad to be disinte-
grating after about 280 min.
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Heated and unheated spores undergo similar
germination changes, but the initiation of each
change is earlier with the former (table 1).

The mte of respiration of spores in L-slanine
appears to increase linearly during the peried of
germination, but does not increase thereafter
(figure 2). In glucose alone, and in manganese
+ glucose (figure 2), the initial Tespiratory re-
sponse is much slower than in scetate buffer
{figure 1). Coinciding with the initiation of each
of the phases of morphological development in
manganese (table 1), there is a change in the
respiratory rate (figure 2).

The turbidity of heated spore suspensions,
containing 0.05 mg spores per ml, initially at 33
(Klett-Summerson  colorimeter, No. 56 filter),
rises bo 167 after 20 hr incubation with manganese
+ glueose, and to 208 after ineubation with
manganese + L-alanine - glucose. There is no
inerense in turbidity after incubatien with i~
alanine + glucose, or with glucose alone.

{¢) Low pH phosphate buffer. Heated end
unheated spores germinate more completely in
phosphate buffer at pH 6.0 than ot pH 7.0 (table
1). After germination, the spores swell, but there
is no further development over a 7-hr period. The
pH falls to 5.8, as compared to 5.5 in acetate and
6.3 in neutral phesphate.

Oxygen consumption with z-alanine begins
at about the same time in acetate and in neutral
phosphate as in low pH phosphate. While the
post-maximal fall in rate of oxygen consumption
is not quite as marked in low pH phosphate as in
acetate, it is of a higher order than in neutral
phosphate.

The lag in commencement of oxygen uptake
by manganese incubated spores in neutral phos-
phate {figure 2) is lacking or considerably reduced
with Jow pH phosphate (figure 3). Corresponding
to the failure of spores in lowpH phosphate to
develop after germination, thete is no increase
in the respiratory rate such as oceurs with manga-
nese in neutral phosphate {figure 2).

(d) Preincubation with r-alanine. In the above
experiments, spores germinated in r-alanine
and glucose swell, but do not emerge even under
the same conditions as prevail when manganese-
incubated spores germinate and divide. Incuba-
tion of spores with i-alanine often produces
swollen and degenerate germinated spores.

Spores in neutrat phosphate buffer were shaken
on the Warburg apparatus with r-olenine 4
glicose, or with glucose alone, After 2 hr, manga-
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Figure 2. Rate of oxygen consumption of Bacillus megaterium spores in phosphate bufer, pH 7.0
y 0.

Same symbols as for figure 1.

nese was added to the former and E-alanine -+
mangsnese was added fo the latter from the
second sidearm of double sidearm vessels. Other
vessels, containing spores in the complete
medium—L-alanine, manganese, and glucose—
from zerc time were also included.

YUnheated spores incubated from zero time in
the complete medium germinate, and by 190
min hiave begun to divide. Heated spores behave
similarly, but all phases of spore development
oceur earlier (table 2). When the spores are
sheken for 2 hr in glucose before the addition of
L-alznine ind manganese, emergence is delayed
for almost exactly this 2-hr period. Elonpgation
appears to be normal, but cell division is greatly
delayed. Emergence of spores preincubsted
with r-alanine -+ glucose occurs atb about the
same time &g with glueose.preincubated spores,
but the germinated spores in the former case
are greatly swollen and have a degenerate,
“vacuolated” appearance. Some elongation of
the emerged cells occurs, but these elongated
cells, too, are quite abnermal in appearance.
The r-alanine-preincubated spores do not divide
at all in the time of these experiments. .

Changes in slopes of the rate curves (figure 4)
of spores treated in this manner coincide very
well with the morphological post-germinative
changes (table 2). Several points. we believe,
bear emphasis. We refer now only to unheated
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Figure 3. Rate of oxygen consumption of un-
heated spores of Basillus megalerium in phosphate
buffer, pH 6.0. Same symbols as for figure 1.
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spores, but these remarks, with different time
values, apply equaily well to heated spores. The
oxygen uptake rate curve for glucose-prein.
cubated spores is parallel after 230 min with the
portion of the rate curve, from 110 to 180 min, of
spores in the complete mediwn from zero time.
This portion of the respiratory rate curves cor-
responds to the morphological phase of elonga-
tion. These glucose-preincubated spores do not
exhibit the change in respiratory rate, cor-
responding to cell division, which spores in-
cubated from zero time in the complete medium
manifest at 190 min. This phenomenon corre-
sponds to the long delay in inception of cell
division of the glucose-preincubated spores.
While there is a change in stope of the rate curve
(figure 4) of r-alanine-preincubated spores at
the time of emergence, the rate curve during
elongation of these spores is much flatter than
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TABLE 2

Germination of spores preincubated in L-alanine and in glucose

Substrate Added at Post-Grerminative Chaoges
Treatment - el
@ mil $20 min Emergence | Elongation | a5,
min
min min min
i 5 — Unkeated 100 110 190
Mn 4+ L-slanine 4 glucose pnhent o p -
ted 230 240 Cells abuor-
L-Alanine - glucose Mn Unbeate 0 <
Heated 200 210 {aee text)
. | 0
-Al & -+ Mn | Unheated 230 240 36
Glucose i Heated 200 210 340+

Mn = manpgaacse. The time of commencement of the

subject to un error of 5 min in either direction.
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Figure 4. The effect of preincubation with
glucose and with L-slanine on the subsequent
rate of oxygen consumption by Bacillus mega-
terium spores in mangapese and L-a.ia.nine. A,
unheated spores; B, heated spores; trumz_;les,
L-alanine - manganese -+ glucose at 0 time;
circles, L-alanine -+ glucose at 0 time, manganese
at 120 min; squeres, glucose at 0 time, Lva}anmc
+ maaganese at 120 min. Arrows indicate time of
tipping of sidearm 2.

that during elongation of glucose-preineubated

oenn  reflnatine marhane the micrneconically
sporcs, refleeting, perheps, fhe macroscop

observable degeneracy of the emerged bacilli.
Spores retain their vizbility {table 3) after 4

post-germinative change is indicated, and is

TABLE 3

Spore viability afler incubalion with mangancse,
r-alentne, and glucose

Viability After
Additive
2 hr 4 br
per cent per cent
1. L-Alapine. ................ 102 93
2. n-Alanine 4 ghucose. ... .. 76 59
3. Moo 100 107
4. Mn 4 glucose..... 102 102
5. Mn -+ L-alanine........... a1 98
6. Mn 4 r-alanine -+
glucose . ..ot 102 69
7. Glucose 162 107
8. None (buffer). ... ......... 112 107

Mn = manganese. Viability given as percentage
of initial count (4.2 X 108 spores per mi). For
other conditions see Methods.

hrin manganese, manganese -+ ghicose, L-alanine,
glucose alone, or buffer alone. Hypwever, thercisa
signifiesnt drop in the number of colonies recover-
able on nutrient agar (Difco) after 2 hr in 1-
alanine -+ glucose. Spores exposed to s mixture
of manganese, L-alanine, and glucose also suffer
loss in visbility, but only after 4 hr, after which a
sharp drop in rate of cxygen uptake (fgure 4) is
noted. This loss in viability may be explainable
on the basis of exhaustion of nutrient(s) or
accumulation of toxie product(s) sccompanying
a rapid rate of oxygen consumption (figure 4).

DISCUSSION

Spores, buffered with phosphate at pH 7.0,
germinate in manganese + glucose, and the

area
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germinated spores swell, emerge, clongate, and
divide. On the other hand, in phesphate buffer at
pH 6.0, the spores do not develop beyond a
slight post-germinative swelling and have not
undergone degenerative changes. The arresting of
the development of germinated spores at pH 6.0,
and their continuing growth at pH 7.0, may
provide a tool useful in the separation of the
different stages of development.

Initiation of germination of phosphate-buffered
spores, at both pH levels, is quite rapid in L-
alonine 4 glucose, with a consistently higher
maximum percentage of germination at the
lower plI. Initiation of germination in manganese
+ glucose or in glucose alone is slower than in
L-alanine. Germination in mangancse and in
glucose alse begins earlier and attains higher
maximal values at the lower pH. This may be
connected with a manganese requirement for
germination, since, in neutral solution, manga-
nese is bound by phosphate. Tt does not appear
that the depressing effeet of phosphate, as an
anfon, on spore germinatior (Levinson and
Sevag, 1953) is operative in the experiments
reported here, since the concentration of wni-
valent anions (chloride, acetate} should be
adequate to neutralize this phosphate effect.
In contrast, spore germination in Bacillus fer-
minalis (Church et al., 1954)! is at least twice as
rapid at pH 7.0 as at pH 6.0, and indeed appears
to be optimal at & pH near 8.0 (Harrell and
Halvorson, 1955).

Germinstion data with acetate buffer sup-
plement the chservations with phosphate buffers.
A direct comparison is, of course, not intended
because of the different ionic concentrations,
buffer capacities, ete., of these mixtures. Acetate
buffered spores perminate rapidly, and, like the
spores in low pif phosphate, do not continue to
develop past germination, Although this phe-
nomenon may be a funetion of the anions, per se,
rather than of pH, it is interesting that while
there is no post-germinative development at
the H jon eoncentrations of acetate and low pH
phosphate buffers, there is much development
&t the pH of neutral phosphate buffer, Germina-
tion of spores of B. megalerium may then be
favored by a relatively low pH, but a pH nearer
to neutrality may be required for vegetation.

B. megeterium spores contain from 1.3 per

! Gordon (personal communication, 1956) states
thal ihis strain of 5. iermingiis shouid be termed
Bacillus cereus.
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cent £o 2.2 per cent phosphorus (our unpublished
data and Curran ef al., 1943). Since vegetative
cells contain about twice as much phosphorus,
it appears that phospherus deficiency may be
a significant factor in the failure of development
of the speres in acetate buffer,

Although our respiration rate data are subject
to the errors inherent in the Warburg apparatus,
the sequence of germination changes is followed
closely by changes in the slopes of these curves.
Thus, the slopes during swelling, and during
elongation, are distinct from each other, and the
commencernent of division is marked by yet
ancther change in slope of the rate of oxygen
consumption curve. These curves are linear, or
close to being so, and confirm, in large measure,
results obtained in complex mediz (Mandels
el al., 1956). Furthermore, the initial increase in
respiratory rate accompanying germination may
also be linear. This initisl increase was previously
described as being of an undefined nature, since
germination and increase in respiration in the
complex medium were too rapid to permit precise
characterization.

The rate curves for spores incubated in neutral
phosphate with manganese + glucose do not
show an exponential increase even after division
has begun. Only one or two divisions take place
in the time of the experiments, and it is possible
that on further incubation these rates would
increase exponentially.

The respiratory rate of heated spores incubated
from zero time with manganese -+ L-alanine
declines after 230 min (Rgure 4), whereas in the
absence of L-alaning, the rate is still increasing at
340 min (figure 2). Since a high respiratory rate
is reached much earlier with manganese 4 r-
alanine than without r-alanine, the fall in rate
of oxygen consumption by spores in the former
case may have no more significance than the
exhpustion of available pgrowth factor(s) or
nutrient{s).

The failure of spores to continue their develop-
ment in solutions of glucose + v-alanine is of
interest. Spores germinated in such solutions
have a “‘degenerate” appearance after several
hours of incubation. Qur viability and growth
measurements, and Murrell’s {1955) observa-
tions on Becillus sublilis spores germinated in
L-alanine without pglucose, suggest that such
spores may be dead. However, when manganese
i abw presesi, our Spores germinate rapidiy,
and within 3 hr have begun to divide, although
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many of the original spores are no longer viable
after 4 hir. Indeed, the increase in turbidity of
spore suspensions after 20 hr In manganese -+
glecose, and the lack of such an increase in the
absence of manganese, indicates that this element
meets a requirement for the post-germinative
growth of B. megalerium.

A 2-hr preincubation with t-alanine, before
addition of manganese, greatly delays and reduces
subsequent emergence of germinated spores.?
‘We have not determined whether more extended
incubation of the t-alunine-preincubated spores
would result in a more complete emergence and
elongation. The inhibitory effect of L-alanine
cannob be attributed solely to shaking, sinee
spores shaken in gluccse for 2 hr before the
addition of i-alanine and mangancse emerge
and elongate normally, although their division
is delayed. A stimulatory rather than an inhibi-
tory effect by L-alanine would have been less
surprising, Possibly comparable is the observa-
tion (Pulvertaft and Haynes, 1951) that adeno-
sine, while necessary for germination of Bacitllus
cereus spores, is inhibitory to vegetative growth
in concentrations higher than 22.5 my. L-Alanine
might be toxic in the sense of being inhibitory
to post-germinative development, but in view of
the good division of germinated spores incubated
with r-alanine and manganese from zero time,
this does not appear to be the case. The presence
of certain amino acids is essential for phage
development (Gots and Hunt, 1953} in a lyso-
genic strain of Escherichia coli. The possibility
that we are dealing with a lysogenic B. mega-
lerium requiring t-alanipe for maturation of its
phage cannot be discounted. This might explain
the sbnormal morphelogy of speres incubated
with I-alanine and the loss in viability of some
of the spores incubated with mangancse and
L-slanine from zere time. We have not gone
further in the determination of the nature of the
L-alanine inhibition. In future investigations,
the possibility of reversible or irreversible injury
of the spores on exposure to k-alanine must be &
consideration.

Previousty (Levinson and Sevag, 1953; Tevin-
son and Hyatt, 1955), we considered germing-
tion to be the entire transition from spore to

1 The work of Fitz-James (1955), brought to eur
attention after submission of this manuseript,
slee indiestes Failyre of apores germinated in
1-alanine to develop into vegetative eells.
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vegetative cell. The initial change, including
stainability with methylene blue, was termed
“pre-germination.” However, demonstration
(Mandels ef al., 1956) of the rapid increase in
respiratory activity coincident with inception of
stainability now leads us to accept the validity of
the latter as a criterion for spore germination.
We refer to the stages subsequent to germination
as swelling, emergence, elongation, and cell divi-
sion. In view of the changes in respiratory ac-
tivity occurring during these events, we feel
that such & terminology has a sound physiolog-
ical as well 25 a morphological basis.
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SUMMARY

The marphological stages of spore germination
and subsequent growth in a chemically defined
medium coincide with changes in respiratory
activity, the respiratory rtate curves being
characterized by yphases of different Hnear
inereases in rate corresponding to the phases of
germination, swelling, emergence, clongation and
cell division.

A higher percentage of spores of Bacillus mega-
terfum germinate in phosphbate buffer at pH 6.0
than at pH 7.0. Germinated spores vegetate in
manganese + glucose ab the higher, but not at
the lower pH. Data obtained from acetate buffer
supplement these observations.

Spores germinate rapidly in Z-alanine 4 glu-
cose, but no post-germinative development takes
place even after 7 hr of incubation. Exposure of
spores to E-alanine 4 glucosk for 2 Lir greatly

decreases subsequent emergence in manganese;

the spores appear to be disintegrating, and their
viability is mueh reduced.
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