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I1ITR0DUCTI

The aerobic and anaerobic sporeformers, vhioh constitute

the genera Bacillus and Clostridium, are abundant In nature,

and therefore commonly occur as contaminants In a wide variety

of substances. The distinctive feature of these a-—the

formation of ondospores-— ias caused a widespread interest in

t icse organisms. Although considerable early experimental work

was published in the nineteenth century on endospore formation,

t le actual stimulus causing an organism to form endospores Is

still not known. The problem remains a question of importance,

both from a theoretical and from a practical point of view.

The Importance of these organisms in the industrial preservation

of foods has stimulated extensive studies of the factors In-

volved in the resistance of endospores to c _:al and physical

agencies, particularly heat.

^m a theoretical standpoint, the cytologlcal changes and

metabolic processes that occur during the process of endospore

formation are of -rent Interest. In general, factors which

cause a stimulation or suppression of endospore formation act

at the same time to stimulate or suppress growth to a greater

or lesser extent. Since endospore formation is associated so

closely with optimum growth conditions, it is difficult to dif-

ferentiate between factors which cause a stimulation in growth

of an organism and factors which stimulate endospore formation.

The present study was undertaken to clarify the relationship

u



of optimum growth conditions for certain species of the genus

Bacillus to the rate and tine of endospore formation.

:v 0? LITERATURE

Since 1390, when Buclmcr (1) stated that the degree to

which a medium favors endospore production is reflected by the

percentage of endospores formed, or the "Intensity of spore

formation", percentage of sporulating cells has been used ex-

tensively to express the effect of a medium upon endospore

formation. Later atithors have extended this to include some

measure of the total number of cells present at a correspon-

ding time interval.

Knaysi (2) noted tnat as the time interval used in meas-

uring the effects of two media on endospore formation increased,

percentage of endospores tended to become equal. In

addition, cell disintegration occurrs during an extended time

interval. The practice of reporting percentage of endospores

was considered by Knaysi to be misleading, because it assumes

that the vegetative cells present in the culture at a given

moment represent all the cells that did not 3porulato. There-

fore, he recorded his results in terms of absolute number of

endospores and vegetative cells per milliliter at a. yen

time.

iricl (3) found that Bacillus coherens proceeded to

endospore formation more rapidly on dilute agar slants and more



rapidly in heavily-seeded than in lightly-seeded cultures,

recorded Ms results as percentage of free endospores among 200

cells counted at each tine period. Trunstetter and Magoon (4)

inferred from this that Henrici , s data showed that the rate of

endospore formation was determined not by the concentration of

the cells alone but by the ratio of the population density to

the concentration of nutrient material,

Williams (5) found that the percentage of endospores of

Bacillus subtilis varied inversely with the amount of peptone

in the medium, and recorded the percentage of spores among 500

colls counted.

ssentially the same results were recorded by Brunstetter

and I'agoon (4). Using a strain of Bacillus nycoldes , they

found that the percentage endospores, a3 determined after 24

hours incubation, increased as the concentration of the peptone

decreased. On the other hand, growth, as measured by the amount

of sediment in the aerated tubes after centrifugation, was pro-

portional to the amount of peptone present.

ater and :Teiligman (6) reported that the inclusion of

two milligrams per liter of glucose in an amino acid medium

increased the total count of Bacillus cereus by only 23 percent

but increased sporulation by 2500 percent. The growth was ex-

pressed as total count per milliliter after 72 and 96 hours'

incubation. The percentage endospores present was calculated

from a count of 400 cells at each time interval. These authors

concluded that "the glucose evidently exerts an effect specifi-



Itcally on speculation..

.

Henrici (5) noted that i acillus :x-at oriuri grown on

nutrient agar slants "spore formation commenced practically at

the point of inflection between the logarithmic growth phase

and the resting phase •" In summarizing data published prior to

1931, Cook (7) concluded that "the experiments in which sub-

stances are added to the media show definitely that the process

(of sporulation) must be correlated in some way with the growth

of the organisms."

Roberts and Baldwin (3) found that agar in concentrations

as low as 0.06 percent increased sporulation of Bacillus sub-

tilis. Tin percentage sporulation of this organism in vigor-

ously aerated Bacto-peptone broth was considerably loss than in

unaerated medium made slightly viscous with agar. Larson,

Cantwell, and "lartzell (9) found that below a surface tension

of 45 dynes Bacillus subtilis grows at the bottom of the tube,

but no endospores were formed. o concluded that oxygen re-

quirement was not, therefore, the main reason for surface

growth.

1th aerated peptone broth, Brunstetter and Magoon (4)

found no endospores after 24 hours* aeration with B. brevis, ! .

circulans , 3. me sentericus , D. laterosr^orus . _. subtilis . and

other organisms of tiiis sane genus. Bacillus mycoides respon-

ded to aeration, and an increased rate of aeration increased the

-crcentage of endospores. They also found that the number of

spores relative to tJ e number of vegetative cells increased as



5

t'\e amount of peptone present In the culture decreased.

ex. :al

Description of Cultures

Thirty-two cultures of the genus Bacillus were collected

from various sources. Some were old stock cultures, wliile

others were isolations from soil, flour, fruits, and oleo-

margarine. All cultures were inoculated on one percent glycerol

agar to determine the presence or absence of vacuoles in the cell

cytoplas; .:. lis characteristic was used with measurements of

cell width on nutrient agar and size of endospores to separate

the species. Casein hydrolysis, the reduction of nitrates to

nitrites, gelatin hydrolysis, starch hydrolysis, the utilization

of citrate, and the production of acetylmethylcarbinol were

determined. Fermentation studies were made using xylose and

arabinose on an ammonlacal nitrogen modiuu and dextrose, sucrose,

and lactose in nutrient broth fermentation tubes. .Ml Media

and tests were made according to methods described by Smith,

Gordon, and Clark (10), whose work was used as a basis for

identification of organisms. Tbi species and strains studied

are shown in Table 1.

The growth requirements of the genus Bacillus have not been

extensively studied. lotin has been reported to be required

for _• i-sentericus (11), B» coagulans (12), n. ;;rrcoides (10),
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_• polysyxa (13), and 3. . -orans (13). a :ore information

on the biotin requirements of theae organisms was desired, a

comparison of all the cultures was on an ammonium salts

and on an am.no r.cid media, with and without added biotin,

io acid Bedim was used by Glinka-Tseheroorutzky (14)

for cultivation of Bacillus mycoides , but growth of other species

of Bacillus on this medium lias not been reported. The medium

was composed of 0,1 porcont di-potassium phosphate, 0,05 per-

cent magnesium sulfate, 0,01 percent sodium chloride, 0.002 per-

cent ferrous sulfate, 0,01 percent calcium chloride, 0.005 per-

cent of glycine, d-valine, dl-alanine, phenylalanine, 1-aspartic,

1-leucine, and d-arginine, and 0.0025 percent 1-cystine, 1-

tryptophan, 1-tyrosine, 1-proline, 1-histidine monohydrocliloride,

d-lysine dihydrocliloride, and dl-serine. One percent glucose

was also added to serve as an additional energy source, although

it was not absolutely essential. The ammonium salts medium

listed of 0,5 percent mono-ammonium phosphate, 0,03 percent

magnesium sulfate, 0,01 percent mono-potassium phosphate, 0,016

percent di-potassium phosphate, and 1,0 percent glucose. The

tubes were made up in duplicate and one microgram of biotin per

100 milliliters was added to one-half the tubes before auto-

claving. The :edia were adjusted to pH 7,0 and autoclaved at

15 pounds pressure for 20 minutes. The cultures were incubated

at 37° c. and examined for growth and endospore formation at

the end of 1, 2, and 7 days, Results are shown in Table 1,

The added biotin had no effect on species which did not



8

grow on the amino acid or the ammoni n salts media. .Vith sev-

eral species it apparently accelerated the rate of growth of the

organisms. All cultures in the amino acid medium which showed

visible turbidity were found to contain free endospores or

sporangia v icroscopic examination. Only two of the cul-

tures, Bacillus megatherium ( 2) and Hacillus subtilis (#26),

showed the presence of endospores in the ammonium salts medium.

mr serial transfers in a 10 day period were made into

the amino acid and the ammonium salts medium with Bacillus

megatherium (#2) and Bacillus subtilis (#5 and #28). The last

tube in the series was held six days and then the tubes were

examined for endospore formation. In the amino acid medium,

all three cultures consistod almost entirely of free endospores,

wiiile on the ammonium salts medium vegetative cells were numerous

but no endospores v/ere present.

Ilaterials and Methods

Aeration was carried out in four-liter flasks which con-

tained two liters of standard nutrient broth. The compressed

air hose was connected to a scries of four liter bottles filled

with water to eliminate drying. The hose was then attached to

a length of six millimeter glass tubing which extended through

t to cotton plug to the bottom of each flask. The air was bub-

bled through the flasks as vigorously as possible without

causing the foam to reach the cotton stopper. Since Knaysi (2)



owed that the percent! .orulation In the foam was consid-

erably
:
-renter than in the liquid, sarnies were taken with a

sterile 10 milliliter pipette from the center of the liquid.

Any foam adhering to the sides of the pipette was mechanically

oved with cotton, A small amount of liquid was drawn into

the pipette and blown out before the sample was taken to insure

the reuoval of any endospores picked up from the foam,

M standard nutrient broth was composed of 1,0 percent

Difco bacto-peptone and 0,3 percent Difco bacto-beef extract.

The pK was adjusted to 7,0 and the flasks wore autoclaved at

15 pounds pressure for one hour. The flasks were incubated at

30° C.

The inoculum was a cell suspension made by washing five to

seven day-old agar slant cultures with sterile distilled water.

ension was heat-shocked in a water bath at 70° C. for 10

minutes to kill any remaining vegetative cells. Thus all cells

counted in the growth curve were due to germination of the

endospores and v/ere not vegetative cells carried over as the

inoculum itself. Ho atte::ipts were made to keep the size of the

inoculum constant, since it was felt that aeration experiments

carried out at different times could not be compared directly.

:ce for tliis work it was desirable to have a method of

direct microscopic counting which did not have to be counted at

the same time the sample was made, a modification of Ilenrici's

technique (3) was used. A standardized platinum loop, cali-

brated to 0,01 milliliter was used in place of a pipette to
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spread the material on the slide over an area of one square

centimeter. Three square centimeters wero smeared at each ti

interval, and 100 representative fields were counted on the

three smears. As the results indicated that a count of only 60

fieldc t be sufficiently accurate, a comparison of counts on

GO and 100 fields was made. The percentage error from counts of

60 fields as compared with that of a 100 fields is shown in

Table 2. In all succeeding counts, an average of 60 fields was

taken, which was reduced to 10 fields In subsequent counts where

turbidimetrie readings were made concurrently to check the

accuracy of this method of direct countim .

One to one hundred dilutions of the sample were made in a

sterile 99 milliliter water blank and direct counts were made

from this dilution when the growth became too great to count

accurately. All counts from 1 to 100 dilutions are marked In

the tables as such. A comparison of direct counts of undiluted

and diluted samples was made on Bacillus subtills (./23), as

shown in Tables 21 and 22, Appendix, and Pig. 10. Although the

1 to 100 counts were appreciably higher than the counts on the

undiluted sample, the curves are almost Identical. The growth

curves shown were obtained by plotting the logarithm of the

number of bacteria per milliliter against the hours of incubation.

The amount of broth carried over on the olatinum loop and

tie relative ease with which the material spread on the slide

varied wit 1
! the amount of growth in the flask. Early smears

did not adhere well to the loop or slide, while smears made at
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later tine intervals were sometimes viscous, resulting in a

greater amount of broth being transferred to the slide. These

factors introduced an unavoidable error. One to 100 dilutions

were also much more difficult to spread over the slide* hen

varying agar concentrations were present in the nutrient broth,

the medium spread uniformly over the slide even in the early

counts.

zccept when otherwise indicated, the slides were stained

with Hucker's gentian violet for 30 seconds, washed gently, and

allowed to air dry. A spore stain was used only in cases where

vacuolation was so great as to cause some doubt as to the early

stages of endospore formation. The simple stain was preferred

to a more complicated staining method since the harsh treatment

in most spore stains would wash off many of the organisms and

cause an error in the direct count. Although a cleared area

was present in the cells preceding endospore formation, the cell

was not considered a sporangium until the endospore was clearly

formed and became refractive.

To provide another method of estimating growth, turbidi-

metric readin a were made on the samples at the same time as the

direct count on several of the aeration experiments. Turbidi-

metric readings were taken on a Coleman universal spectro-

photometer at a wave length of 500 millimicrons. A calibration

curve was set up for each strain of Bacillus cereus (-,'-'1 and -"!)

by plotting the logarithm of the percentage transmittarice

Inst varying dilutions of the bacteria. A turbidimetric
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reading and a direct count with a Petroff-Ilausser counting

chamber were made on one dilution, so that turbidi:netric read-

ings could be read directly from the curve as millions of

bacteria per milliliter.

t only does the turbidinetrie method depend upon the amount

of substance in suspension, but also on the size and shape of

suspended particles, their relative opacity or transparency,

the relation between particle size and the wave length of light

used, and the uniformity v;Ith which a given turbidity may be

reproduced (15) • The turbidity readings could be reproduced

accurately when more than one reading was taken at the same time

interval with a different sample. There was some variation in

the size of the organisms at different phases of the growth

curve. There was also a possibility that the change of the

organism from a vacuolated to a granular state as endospore for-

mation proceeded might cause some variation in readings, BMP*

ever, the growth curves from the direct counts and the turbidi-

metric readings were very similar, as shown by comparing Pigs.

3 and 4 and Pigs. 5 and 6.

The percentage endospore formation in this work was arbi-

trarily defined as the percentage of cells present as sporangia

among the total cells counted. This definition was adopted as

the aeration was stopped when the majority of the cells were

present as sporangia. This was done since this study dealt,

for the most part, with the early stages of endospore formation.
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Preliminary Studios

Effect of Added Colloids in Unaerated Ilutrient Broth. To

determine the relative amount of growth and approximate time of

endospore formation In unaerated nutrient broth, a series of 150

milliliter mrlenmeyer flasks containing 100 milliliters of nu-

trient broth was used. One of the following colloids was added

to a series of flasks in the indicated concentrations: 0.5 per-

cent Bacto-gelatin, 0.5 percent vitamin-test casein, five r.iilli-

liters of one and one-half percent solution of colloidal clay,

0.06 percent agar agar, 0.5 percent agar agar. One flask of

nutrient broth served as a control. After addition of the

colloids, the pH of each flask was adjusted to 7.0 and auto-

clsved at 15 pounds pressure for 20 minutes. The inoculum was

a heat-shocked suspension of Bacillus cereus (,!'l).

On the direct microscopic counts, an average of 10 micro-

scopic fields was enumerated at each time interval. Growth was

stopped wlien the majority of the cells were present as sporangia,

or for a maximum period of 50 hours. The number of cells per

-liliter at each time Interval for the nutrient broth control,

tie one and one-half percent colloidal clay, the 0.5 percent

gelatin, the 0.5 percent casein, the 0.06 percent agar, and the

0.3 percent agar are shown In Tables 3, 4, 5, 6, 7, and 3,

Appendix.

The nutrient broth control (Table 3, Appendix) and the

flasks containing added colloidal clay (Table 4, Appendix) and
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gelatin (Table 5, Appendix) showed no appreciable increase in

numbers from the time the first count was made following 10

hours incubation until they were discarded. Endospore fomation

did not occur. In the nutrient broth flask containing added

casein (Table 6, Appendix) growth was also slight, although free

endospores were noted between 16 and 20 hours, Rree endospores

were very few in number and were not recorded, the percentage

endospore formation being calculated as the relative number of

cells present as sporangia.

The addition of 0,06 percent agar to the nutrient broth

(Table 7, Appendix) caused a slight increase in growth and

after 20 hours incubation many cells showed areas which did not

stain intensely, but sporangia were nevor present. In the flask

containing 0,3 percent agar (Table 8, Appendix) growth was par-

ticularly heavy in the top three eontimoters of the flask, from

which the samples were taken. At the 40-hour sampling, a few

free endospores were present.

It is probable that if the flasks had been held over for

longer periods of time most of them would have contained free

endospores. However, it was apparent that stationary cultures

were not suitable for observing early stages in endospore

formation.

Aeration of Cultures , The amount of oxygen available to

an organism is known to be a limiting factor in endospore for-

mation (16, 17), Although the influence of oxygen on endospore

formation will not be considered in this work, it was desirable
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to use a metliod which would supply adequate oxygen to give max-

imum growth and endospore formation in a relatively short time

interval. or tlds purpose a series of preliminary studies were

la with nine stock cultures to determine the effect of

aerating by bubbling compressed air through flasks of nutrient

broth. The procedure was identical to that described with un-

aerated nutrient broth, except that a piece of four millimeter

ss tubing extended to the bottom of the flask and was con-

nected to the compressed air hose.

After 24 hours incubation, two strains of Bacillus cereus

1 and #7) were composed almost entirely of sporangia. The

remaining cultures, D. pumilis (#6 and #13), B. alvei ( 19), &,

sphaericus (#21), _. cphaericus var. fusiformis (#20), B. lentus

( 33), and B« laterosporus (,;'4), showed no endospore formation.

Since the two strains of Bacillus cereus responded to

aeration, they were used in succeeding aeration experiments.

The amount of growth and percentage endospore formation obtained

by aeration of Bacillus cereus (#1) are shown in Table 9,

Appendix.

era was a marked increase in growth and endospore for-

-ion using this method of aeration, as compared with this saiae

organism on unaerated nutrient broth. The culture grew so

rapidly when aerated that it was impossible to get accurate

counts for time intervals after 18 hours. Therefore, the number

of cells per milliliter past that time are not shown, but per-

centage endospore formation at succeeding time intervals was
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determined. At 20 hours, 20 percent of the colls contained

cleared areas, and these were clearly formed endospores at 22

hours

•

Aeration Experiments

Comparison of Growth in nutrient Ih-oth and in One Percent

Peptone standard nutriont broth and one percent Difco bacto-

peptone flasks were aerated simultaneously to observe the rel-

ative growth rates and percentage endospore formation of

Bacillus cereus (#1) in the two media. The same amount of

inoculum was added to both flasks. Table 2 shows the number of

cells per milliliter and the percentage endospores iix nutrient

broth, and includes the percentage error of the average of counts

from 60 fields as compared to 100 fields. The nutrient broth

growth curve is shown in Pig. 1. Growth and endospore for-

mation present in the one percent peptone broth is shown in

Table 10, Appendix, and the growth curve in Fig. 2. The number

of bacteria per milliliter for the growth curves shown in -igs.

1 and 2 was taken from the average count for 60 fields.

Samples were taken at intervals from 1 to 10 hours to show

the early stages of growth, and from 24 to 35 hours to 3how the

growth rate after endospore formation had commenced. In the

^>les which wero taken in the early stages of rav/th, the

rods were large and took the stain uniformly, while in the later

samples the rods were much shorter and adsorbed the dye less
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intensely, with the endospore filling approximately one-half

of the cell,

I'fcct of Light and Heavy Inocula on Growth, and Undospore

Formation . In order to show the effect of light and heavy

inocula on all phases of the growth curve, two identical runs

were made* a . >les were taken at frequent intervals from 6 to

12 hours on the first run, an; - 12 to 40 hours on the second

run* The inoculum was Bacillus cereus (y.-'l). The light inoculum

consisted of 1 i dlliliter of a spore sua Ion, and the heavy

inoculum was 20 milliliters of the tame i ision.

ray's method of spore staining (13) was used on the direct

counts, as this >d gave a maximum differentiation of endo-

)res and vegetative colls with no more washing and drastic

staining methods than was required for a simple stain. Turbidi-

metric readings were taken, so only an average of 10 fields was

made on the direct counts. An acid-fast stain (19) was made on

duplicate slides in the early stages of endospore formation to

confirm Oray'e od of staining. In Gray's method, very you

ores adsorbed the stain lightly, so counts on endospores were

ta;:en fr I when they were clearly distinguishable on

the acid-fast stain.

The number of cells per milliliter and percentage endospore

formation during the early stages of growth are shown In Table

11, Appendix, and the growth curve from the direct count in Fig.

3. For the heavy inoculum during early stages of growth, the

number of cells per milliliter and percentage endospore formation
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are shown in Table 12, Appendix, and in Plg« 3. The turbidi-

iric readings for both the light and heavy inocula for the

same intervals are recorded in Table 13, Appendix, as millions

of cells per milliliter, and the growth curves are shown in

Fig. 4.

he number of cells per milliliter and the percentage endo-

spore formation for the light inoculum during the latter stages

of growth (12 to 40 hours) are shown in Table 14, Appendix, and

the growth curve in Fig. 5. Similar data for eavy inoculum

are shown in Table 15, Appendix, and in Fig. 5. The turbidi-

tric readings at these same tine intervals for both the light

and heavy inoculum are shown in Table 1G, Appendix, and in Fig.

6.

Though there were differences in total numbers with the

light and heavy inocula, they were relatively Blight* and

varied on the two runs. For the shorter, 6 to 12 hour, incuba-

tion periods the heavy inoculum gave high*? valiies than did the

light inoculum. The reverse was true on the 12 to 40 hour

incubation periods, although the inoculum was the same on both

runs and conditions were duplicated as closely as possible.

On the samples taken following 6 to 12 hours growth, the

cells gradually decreased in length, but no vacuoles were present

at 12 hours even t the colls did not take the stain as

intensely as the young cells. Vacuoles were still present at

15 hours. After 13 hours endospores wore very distinct, and

were present In most of the cells*



£2

H
£

U
v
P.

n
HH
o

o

©

bO
O

/ \M

light Heavy
inooulum inooulum

Vegetative cells

Sporangia

i i i * * i a.

"0 4 8 12 16 20 24 28 32 36 40

Hours

Fig. 3. Bacillus oereus (#1). Growth curve with both
light and heavy inoeula during early stages of growth.



23

1
in

<D

ft

H
o

o

u
<D

O
»5

%

Light inoculum

Heavy inoculum

8 IE 16 20

Hours
24 28 32 36 40

Fig. 4. Bacillus cereus (#1). Growth curve with "both
light and heavy inocula during early stages of growth, as
measured turh id imetrie ally.



24

H
6

U
<D

P.

to

H
H
<D

o

<i-t

o

o
Light Heavy

inoculum inoculum

Vegetative cells

Sporangia

12 16 20 24 28 32 36 40

Hours

Fig. 5. Bacillus cereus (#1). Growth curve with "both
light and heavy inocula during later stages of growth.



25

8

1
u

©
O

u
o

h
<D

O
1-1

,---;-*

— light inoculum— Heavy inoculum

'0 t h i£ 20 24

Hours

28 32 36 40

Fig. 6. Bacillus cereus (#1). Growth curve with "both
light and heavy inocula during later stages of growth, as
measured turbidimetrically.



26

[I O:.pari aon of Growth and Endospore Formation in Uutrient

Broth and in Hutrlent Broth Plus One Percent Glucose , The

flasks v/ere made up for aeration as previously described except

that only 1500 milliliters of nutrient broth were added to each

flask. Before autoelaving, one percent glucose was added to

the second flask. One milliliter of a spore suspension of

lllus cereus (7) was added to each flask.

An average of 10 fields was taken for the direct count, and

turbidimetric readings were :;iade after the sa io time intervals.

The majority of samples were taken between 9 and 13 hours.

Gray's nethod of spore staining was used, and duplicate slides

were stained with an acid-fast stain during the early period

of endospore formation.

, Table 17, Appendix, chows the number of cells per milli-

liter and the percentage endospore formation of Bacillus cereus

( 7) hi nutrient brot . correspond:*. 'owth of this

organism in nutrient broth plus one percent glucose is shown

in Table 13, Appendix. Figure 7 shows t owth curves of this

strain of Bacillus cereus in both nutrient broth and in one per-

cent glucose. The turbidimetric readings from both flasks,

recorded as millions of cells per milliliter, are shown in Table

19, Appendix, and the corresponding growth curve in Pig. 8.

At 15 hours the cells were vacuolated, and at 16 hours

almost all of the cells had proceeded to endospore formation.

Growth curves on the nutrient broth and on one percent glucose

wore almost identical, as was the morphological appearance of
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b cells In all stages of growth*

Effect of Varying ? Concentrations on Growth and Endo-

soore Formation. A series of studies were made on the effect

of varying agar concentrations. In the first study, Bacillus

cereus (#1) was grown in aerated nutrient broth containing 0.5

percent agar. In the second experiment the sane organism was

aerated In nutrient broth and In nutrient broth plus 0.2 per-

cent agar. In the third test, Bacillus subtills (#28) was

grown in nutrient broth and in nutrient broth plus 0.2 percent

agar. In this experiment direct counts were made from a 1 to

100 dilution and from the undiluted sample.

In the first study, the nutrient broth solution varied

from standard nutrient broth in that it contained 0.15 percent

Difco bacto-beef extract and 0.5 percent Difco bacto-peptone

in addition to 0.5 percent agar. IIo attempt was made to count

cells after 13 hours aeration, as the cells were too highly

vacuolated to differentiate between vacuoles and endospores.

However, the preparations did show early stages in the growth

of this organism. Table 20, Appendix, shows the number of cells

per milliliter of samples taken during the early stages of

growth, up to 15 hours, and Pig. 9 shows the growth curve of

this organism.

At 9« hours the cells contained faintly perceptible areas

of clearing; at lOJi hours the colls were highly vacuolated and

a few free endospores were present. At 24 hours the degree of

vacuolation reached a maximum and the cells were highly distorted
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a: id swollen. Prom 24 to 32 hours many Tree endospores were

present, but the unsporulated cells were still highly vacuolated

and foamy in appearance.

In the second study, Bacillus cereus (#1) was aerated in

standard nutrient broth and in nutrient broth containing 0,2

percent agar. Direct counts v/ere made 20 minutes after aeration

was started and at six tines between 15 and 21 hours. Turbidi-

metric readings were made on the nutrient broth control at the

same time. ray's method of spore staining and also an acid-

fast stain v;orc used on duplicate slides in the direct count.

number of cells per milliliter and percentage endospore

formation are not shown, as endospores were present in 30 per-

cent of the cells at the time the first sample was takon.

ant of growth and the morphological appearance of the cells

wore identical in the two media. After 15 hours incubation, the

nutrient broth flask contained 37 million cells per milliliter,

leasured turbidimctrically. The amount of growth increased

to 107 million cells per milliliter after 21 hours incubation.

In the third study, Bacillus subtilis (#28) was used in

order to compare the amount of growth of this organism with

t of Bacillus cereus in nutrient broth and in nutrient broth

plus 0.2 percent agar. Three liters of each medium were placed

In flasks for aeration. Samples were taken at intervals during

a period of 41 hours, and an average of 20 fields was taken for

the counts.

In Table 21, Appendix, are shown the number of cells per
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i.dlliliter recorded from direct counts of a 1 to 100 dilution

and from undiluted samples on aerated nutrient broth. Table

22, Appendix, shows the sane counts on aerated nutrient broth

plus 0,2 percent agar. The growth curves on both the nutrient

broth and nutrient broth plus 0.2 percent agar are shown in

Pig, 10, wliile in Fig. 11 are shown the growth curve made from

the direct counts of the 1 to 100 dilution for the same cultures.

endospore formation occ;irred in 41 hours with this

strain of Bacillus sxibtilis . In later stages of growth, the

cells became banded and stained irregularly. There was little

difference in the amount of growth obtained in the nutrient

broth and in nutrient broth plus 0.2 percent agar.

•CUSSI0N

The preceding aeration experiments with Bacillus cereus

show its growth throughout all phases of the growth curve, hhe

early stages of growth, shown in Pigs. 1, 2, and 9, show the

relatively short lag phase and rapid rate of growth of this

organism during the logarithmic growth phase. In all growth

curves shown from aerated cultures, the log phase was completed

by 13 hours.

hospore formation commenced during the negative acceler-

ation phase, where cell division was no longer at a maximum,

as shown by Figs. 5 and 7. In all cases, the majority of the

cells contained endospores before the culture passed over into
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a resting phase. The transition was rapid. The cells con-

taining cleared areas had within another hour's incubation

formed complete endospore3.

The growth curve of Bacillus subtilis (Plg« 10) shows the

same relative amount of growth as "'acillus cereus, but no endo-

spore formation occurred; tills also was the case in other snail-

celled species of Bacillus which vyere aerated. All large-celled

species responded to aeration. The failure of "acillus subtilis

and other small-celled species to sporulate may have been due

to an inadequate oxygen supply, resulting from the method of

aeration used. This does not appear likely, however, a3 the

amount of growth was relatively the same.

Of the factors previously reported as influencing endo-

spore formation none of those tried in these experiments, in-

cluding agar concentration, added glucose, and varying the

amount of the inoculum, caused any change in the time when endo-

spore formation commenced. Also there was little difference

in the amount of growth obtained. The effect of these sub-

stances on the relative numbers of cells and free endospores

at later stages of growth was not determined, but it is possible

that these factors we an effect on the release of endo-

spores from the sporangia.

idospore formation occurred at a definite time in the

growth cycle; i.e. during the negative acceleration phase.

Hesults of this work indicate that factors previously reported

as causing changes in endospore formation may be due to changes
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in the rate of growth of an orga.i'.e ., rat cr than to a specific

effect on sporulation. A study of factors influencing endospore

formation should include more data on the complete growth cycle

of the organism. Literature previously reported shows a change

In the percentage of free endospores, wliich may be duo to a

corresponding increase or decrease in growth of the vegetative

cells and may not be a function of endospore formation itself.

If rowth cycle of an organism is plotted in terns of t

percentage endospore formation at a number of time Intervals,

then endospore formation is shown as occurring at a definite

r>e in thfl rowth cycle of the organism. The effect of some

added substance upon stimulation or suppression of growth would

also be shown.

CQHCLUSIOHS

With the two strains of Bacillus cereus studied, endospore

formation occurred during the negative acceleration growth

phase. There was no appreciable difference in growth and endo-

spore formation of Bacillus cereus In aerated nutrient broth

and in aerated nutrient broth containing glucose or 0.2 percent

r. A relatively large inoculum also caused no significant

change in growth and endospore formation in aerated nutrient

broth.

Bacillus 3ubtil:ls and other small-celled species of t

1US Bacillus did not form endospores in response to aeration.
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although growth comparable to that of Bacillus coreus was ob-

tained with the strain of Bacillus subtilis studied. This

indicates that some factor other than oxygen is involved in

the 3pcrulation of Bacillus subtilis .
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Table 3. bacillus cereus (#1). Number of vegetative cells
and percenta. o cndospore formation in unserated
nutrient broth.

ours cells
per ml

j>er of cells
per ml

Percentage spore
formation

12.25
14.25
16.25
13.25
20.25
22.00
36.25
39.50
42.00
44.50

6.3259
6.3220
6.2
6.1296
6.3709
6.3314
6.2345
6.5422
6.0769
6.1595

2.12
2.01
1.90
1.35
2.35
2.41
1.43
3.53
1.19
1.44

106
106
106
106
106
106
106
106
106
106

Table 4. bacillus cereus ( 1) . dumber of ve -ctative cells
and percentage ondospore formation in unaerated
nutrient broth plus five nl of one and one-half
percent colloidal cla .

Hours : : Log cells \ lumber of cells : t Percentage spore
: per ml t per ml : formation

12.25 6.4635 2.91 X 106
14.25 5.9429 8.77 X 105
16.25 6.2083 1.62 X 106
18.25 6.5692 5.71 X 106
20.25 6.4533 2.34 X 106
22.00 6.5470 3.52 X 106
36.25 6.3935 2.50 X 106
39.50 6.4131 2.62 X 106
42.00 6.4149 2.60 X 106
44.50 6.5587 3.62 X 106
54.25 6.1449 1.39 X 106
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Table 5,

12,25
14.25
16.25
18.25
20.25
22.00
36.25
S9.50
42.00
44.50

Bacillus cereus (1). Bttabar of vegetative cells

and percentage endospore formation in unaerated
nutrient broth plus 0.5 percent gelatin.

5.9377
5.5644
5.6995
5.9355
6.2663
6.0038
6.6067
5.3520
5.7317

3.66
3.66
5.01

1.35
1.02
4.04
3.95
5.39
9.62

105
105
105
105
106
105
105
105
105
105

Percentage spore
formation

Table 6. acillus cereus (#1). dumber of vegetative cells
and percentage endospore formation in unaerated
nutrient broth plus 6.5 percent casein.

irs

12.25
14.25
16.25
18.25
20.25
22.00

Lo cells
per

5.9473
6.0404
5.3666
6.0839
5.6325

Number of cells
per

3.36
1.10
7.70
1.21

105
106
105
10S

4.31 x 105

Percentage spore
formation

(free spores)
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Table 7. " acillus cereus (..1). Number of vegetative cells
and. percentage endospore formation In unaerated
nutrient broth plus 0,06 percent

Hours : Log cells :
'.. ibev of cells : Percent

per iuI : per ml : formation
•
*

12.25 6.2436 1.33 X 106
14.25 6.5644 3.66 X 106
16.25 6.4777 3.00 X 106
13.25 7.0554 1.24 x 107
20.25 6.3066 7.70 x 106
22.00 6.7028 5.05 x 106
36.25 6.4940 3.12 x 106
39.25 6.3737 2.37 x 106
42.00 5.5644 3.66 x 105
44.50 6.5356 3.85 x 106

spore

Table 8. bacillus cereus (#1)« lluaber of vegetative cells
and percentage endospore formation in unaerated
nutrient broth plus 0.3 percent agar.

.rs cells
per nl

Kunber of cells
per ml

rcenta
formation

spore

12.25
14.25
16.25
13.25
20.25
22.00
36.25
39.50

6.6911
6.2713
6.9946
6. ;468

7.1596
6.9791
6.7617
7.1596

1.87
9.33
7.03
1.44
9.53
5.73
1.44

106
106
106
106
107
106
106
107



Table 9.. Bacillus coreus (#1). Clumber of vegetati'/e cells
and percentage e jre formation In aeratod
nutrient broth

-ITS cells
per ml

number of cells
per ml

Percentage spore
for-nation

12.25
14.25
16.25
13.25
20.25
22.00
36.25

6.4051
7.0352
7.0811
7.1596

2.54 X 106
1.22 x 10?
1.21 x 10?
1.45 x 10?

30
95

Table 10. r-acillus cereus (1). Number of vegetative cells
and percentage endospore formation in aerated one
percent peptone.

ITS i Log cells : a :ber of cells

•
*

•
• Percentage spore

per ml '<

: per ml •
•

•
*

formation

0.92 5.6325 4.31 x 105 0.0
1.33 5.4322 2.71 x 105 0.0
2.33 5.34C 6.93 x 105 0.0
3.59 6.1003 1.26 x 106 0.0
4.08 5.9329 3.57 x 105 0.0
5.08 6.5085 3.23 x 106 0.0
.59 6.7825 6.06 x 106 0.0

26.08 7.0265 1.06 x 107 93.9
31.42 .3112 3.15 x 106 93.9
35.42 6.7440 5.55 x 106 93.3
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Table 11, illus cereus ( 1. • of ve rotative cells
>ercenta e endospore formation with the ht

inoculum dur early sto of .

ours 1 : Log cells iber of cells

•
•

•
• Percentage spore

or nl per •
•

•
1

formation

6.00 5.4459 2.79 X 105 0.0
7.58 5.7507 5.63 X 105 0.0
.58 6.5849 2.43 X 106 0.0
.25 6.5723 3.73 :: X06 0.0

10.00 .3396 4.36 X ios 0.0
10.50 6.4859 3.06 X 10G 0.0
11.00 6.5150 3.26 X 10<3 0.0
11.50 6.3093 2.04 X 106 0.0
12.00 6.8456 7.01 X 106 0.0
23.25 7.1139 1.31 X 107 98.7

Table 1JU acillus cereus (,'l] . dumber of vegetative cells
and percenta,m endospore formats.on with the heavy
inoculum during early sta of >wth.

Hours 1 ; Lor: cells Humber of cells
:

•
• Percentage 3pore

: per ml per tit
•
•

•
•

formation

6.00 5.7617 5.78 X 105 0.0
7.53 6.3655 <i .Oii X 106 0.0
.58 .6953 4.96 X 106 0.0

9.25 6.0442 1.10 X 106 0.0
10.00 6.3414 2.19 X 106 0.0
10.50 6.5667 3.69 X 106 0.0
11.00 6.9534 3.93 X 10^ 0.0
11.50 6.5410 3.48 X 106 0.0
12.00 7.0349 1.22 X 107 0.0
23.25 7.1903 1.55 X 107 100.0

>
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Table 13. Bacillus cereus (#1). xber oi ' cells with both
lit and heavy inocula during early stages of
vt , as measured turbidlnetri cally.

:sui»!3 : lions of cells per ml
: Light inoculum : i

• •

3ftvy inoculum

6.0<) 2.5 12.5
7.5c3 5.0 88.0

. 3 31.0 102.0
9.2! 70.0 40.0

10.0() 35.0 63.0
10. 5() 106.0 91.0
11.0() 50.0 112.0
11. 5C) 43.0 273.0
12.0() 55.0 247.5
28.25 255.0 232.0
31.4! 247.5 318.0

Table 1'1. 'bacillus cereus (#1). Number oi' vegetative cells
and per ige endospore formati on with the light
inoculum during later stages <3f >wth.

;rs : : Log cells

•

: Number of cells

•
1

•
• Percentage spore

: per ml : per ml
•
•

•
•

•
*

for.iation

0.00 4.2845 1.93 X 104
12.25 6.6160 4.13 x 106 0.0
13.92 6.5701 3.72 x 106 0.0
15.33 6.8694 7.58 x 106 0.0
18.00 6.9644 9.21 x 106 .9
19.58 6.9200 3.32 x 106 99.6
21.00 6.9992 9.99 x 106 99.4
37.08 7.0316 1.08 x 107 99.8

.33 6.8292 6.75 x 106 33.9
40.83 6.7110 5.14 x 106 99.5
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Table 15. '"'acillus coreus (#1). Ntnaber of vegetative cells
and percent

a

•e endospore formation with the heavy
inoculum during later sta of growth.

irs : : Log colls iber of cells

•
•

• Percentage spore
per ml per ml :

•
•

formation

0.00 5.1449 1.40 x 105
12.25 6.4318 3.03 x 106 0.0
13.92 6.5313 3.40 x 10S 0.0
15.33 6.4537 2.33 x 106 0.0
13.00 6.3516 7.11 x 106 99.7
19.58 6.9026 7.99 x 106 99.5
21.00 7.0022 1.01 x 107 99.9
37.03 7.2021 1.59 x 10? 98.5
33.33 7.0321 1.21 x 107 98.7
40.33 7 .0353 1.03 x 107 U7.6

Table 16. Bacillus cereus (#1)« Number of cell3 with both
light and heavy inocula during later stages of
growth, as measured turbidimetrically.

Hours
Linht inoculum

Millions of cells per ml
: Heavy inoculum

12.25
13.92
15.33
18.00
19.53
21.00
37.08
33.33
40.33

7.0
20.0
49.0
34.0
).0

110.0
225.0
225.0
247.5

5.0
12.5
22.5
40.0
57.0
67.0

114.0
144.0
135.0
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Table 17. illua cereus (y7). r of vegetative cells
and percentage endospore formation in aerated
nutrient broth.

ITS

•

: Log cells rumber of cells

|

orcentage spore
: per il
•
•

>er ml : formation
!

9,00 6.7363 5.45 X 106 0.0
10.33 6.3159 2.07 X 106 0.0
11.33 7.0092 1.02 X 107 0.0
11.92 6.7667 5.34 X 106 0.0
12.53 6.8292 6.75 X 106 0.0
13.33 7.4359 3.06 X 107 0.0
15.00 7.5963 3.95 X 107 0.0
16.00 7.3637 2.31 X 107 93.0
17.00 7.6170 4.14 X 107 100.0
13.00 6.5356 3.35 X 106 100.0
13.75 7.4749 2.99 X 107 100.0
34.50 7.7328 6.06 X 107 100.0

Table 13. Bacillus cereus ( 7] . Number of vegetative cells
and percentage endospore formation in aerated
nutrient broth plus one percent . glucose.

irs ! Log cells

•
1

•
* Number of cells : Percentage spore

: per ml •
*

•
1

per ml *
|

•
•

fonnation

9.00 6.6109 4.08 X 106 0.0
10.33 5.9129 8.13 X 105 0.0
11.33 6.6319 4.28 X 106 0.0
11.92 6.7270 5.33 X 106 0.0
12.58 6.7094 5.12 X 106 0.0
13.33 6.9377 3.66 X 106 0.0
15.00 7.7964 6.26 X 107 0.0
16.00 7.4836 3.03 X 107 88.0
17.00 7.6473 4.44 X 107 30.0
13.00 6.7737 6.01 -A. 106 97.0
18.75 7.5020 3.18 X 107 98.0
34.50 7.6067 4.04 X 107 100.0
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Table 19, ~acillu3 cereus (#7). or of cells in aerated
nutrient broth and in nutrient broth plus one
percent glucose, as ;iea3ured turbidinetrically.

Hours millions of cells per ral

*!utrient broth : Ilutrient broth plus glucose

0,67
9.00

10.33
11.33
11.92
12.58
13.33
15.00
16.00
17.00
18.00
10.75
34.50

2.0
173.0
360.0
350.0
330.0
375.0
410.0
485.0
435.0
550.0
600.0
600.0

2.0
136.0
390.0
225.0
320.0
320.0
360.0
430.0
615.0
665.0
630.0
635.0
930.0

Table 20. 'Jacillus cereus (#!)• number of vegetative cells
in aerated nutrient broth plus 0.5 percent agar
during early stages of growth.

ours cells per ml : Huiaber of cells per ml

1.67 5.7469
2.42 5.3259
3.42 5.9612
5.59 6.1710
6.50 6.1632
7.59 6.5150
.25 7.0472

9.59 7.1344
10.59 7.2230
12.59 7.5633

5.58
2.12
9.15
1.43
1.47
3.27
1.12
1.54
1.67
3.67

105
105
105
106
106
106
107
107
107
107
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Table 21 Bacillus
nutrient

subtilis
broth.

3). ber of colls in aerated

•
•

--irs :

atcd c clip!Le : 1:100 diliition of sample
tog cells :oer o:C cells: Log colls : amber of cells

•
• per ml :t>er ml •

• per ml Ipey ml

0.20 4.2645 1.93 x 104
15.00 6.7362 5.45 x 10<3 6.9377 .36 x 10^
16.00 6.2448 1.76 x 10G 7.2010 1.53 x 10?
17.00 6*1915 1.55 x 106 7.4633 .31 x 10?
18.00 6.7102 5.13 x 106 7.2010 1.53 x 10?
19.75 .3936 7.33 x 106 7.3314 3.41 x 107
20.7S 6.6647 4.62 x 106 8.4149 .30 x 108
21.75 6.5317 3.32 x 106 .2735 1.33 ;: 108
26.50 6.6472 4.44 x 10<3 - m

Table 22,. Bacillus subtilis 3). ber of cells in aerated
nutrient broth plus 0.2 percent agar •

•
«

1 ors :"

rfn/M 1 •atcd sample : it156 amition oi
1

s a. rale
Log cells ? of cells: Log colls iber of cells

*
1 per ml :per ml •

• per ril :r>er nl

00.20 3.3014 7.61 x 103
15.00 6.7924 6.20 x 106 7.4067 2.55 x 107
16.00 6.7332 5.41 x 106 7.2010 1.53 x 107
17.00 7.0155 1.04 x 107 7.3057 2.02 x K>7
18*00 6.6528 4.50 x 106 7.2139 1.64 x 107
19.75 6.7094 5.12 x 106 7.3057 2.02 x 107
20.75 6.7536 5.67 x 106 .5150 3.27 x 108
21.75 6.6697 4.67 x 106 3.6510 4.43 x 108
26.50 6.5892 3.33 x 106 w» -


