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ABSTRACT

VINTER, \'LADIMIR (Syracuse IJniversity, Syracuse, N.Y.), ANI) 1R,Ai,PH A. SLEPECEKY.
l)irect tranisitioni of outgrowintg bacterial spores to niew sporangiRIavithoout imtermiediate
ccll divisioni. J. Bacteriol. 90:803-807. 1965.-A direct transition w-as observed of the pri-
mnary cell developed after germination of Bacilluts cereus spores into new sporanigia with-
Out, intermiiediate division stages. Two simple methods were used for replacemenit of out-
growing spores into diluted mediuim or saline. Elongated primary cells preveiited from
divisioni by limitationi of nuttrienits in the suspending mediuiml were able to form new

forespores in 8 hr arid sporarigia in 12 hr. These new sporangia were still marked by at-
tached eiivelopes of the original spore. Uiider the same coiiditionis, cells replaced dulring
the first divisions quickly lysed. Spores formed in the elongated primnary cell duiritig
"microcycle sporogenesis" possessed niormal heat resistance and(l refractiliity anid were

later released from sporangia.

Sporogenesis in bacteria under conventional
cultivation procedures is preceded by- a number of
cell divisions. Different methods are used to
define the regulation mechanisms controlling
sporulation, including induction of sporogenesis
by starvation and determination of sequence of
cytological, biochemical, and genetic events
participating in this lprocess. The whole lpolpula-
tion, more or less heteroogenous, has been used for
all these studies, and the term "ontogenesis of
the culture" can be used more properly than the
"ontogenesis of a single cell." The del)endence
of the ability to formi sl)ores on the aoe of the
culture was mainly studied by use of replacement
techniques with transfer of the culture into
nongrowth-sul)lporting; medium. In all these
studies, log- or early stationary-phase cultures
were used. A study was undertaken to define the
sp)oreforming ability of the first cell which dle-
veloped immediately after germination and which
was prevente(l from the first division(s) by trans-
fer into a nongrowth-sul)l)orting mediumll.

MATERIALS AND METHODS

Bacillus cereois (NCIB 8122) spores were ini-
cutbated in peptoiie (Difco)-glucose imiedium
(Vinter, 1956) at 30 C. After emergeince of the germl
cell following spore germiniationt, the spore eni-

I Visiting professor. Permanent address: In-
stitute of Microbiology. Czechoslovak Academy
of Sciences, Prague, Czechoslovakia.

velopes remaiin attached to the cell ill this strain
(Vinter, 1960). This first cell is mlarked by these
envelopes eveni durinig the elonigatioin anid divisioll
period. A culltivationi vessel equiipped with ani
ultrafinie fritted-glass filter was developed which
facilitated the semiconitinious exchanige of n1u-
trieiit mediuim for saline (Fig. 1). A Klett tuibe was
attached to the vessel for the determiniationi of
tuirbidity of the culture ill a Klett-Suimmerson
photoelectric colorimeter with a nio. 66 filter. The
second type of cultivationi uised was the transfer
of the cells at differenit ages after centrifugation
from the nutrieint meditumii inito saline. Well-
washed, heat-shocked (65 C for 15 mnill) spores were
uised as inioculumn. The percenitage of elonigated
primiiary cells (longer thaim 4,), slightly refractile
prespores, sporanigia, anid pairs of cells was deter-
minted by direct microscopic observation and
plate counting (Viniter, 1955). Pairs of cells were
considered as one sporangiutm. Total viable count,
aniid spore couinit (suirvivors after heating at 65 C
for 10 miin) were (letermiinled by uise of the method
described by Viniter and Vechet (1964); the total
cell numnlber was measured in a Petroff-Hausser
cihalliber. The gerinainted spores were staille(l
with methvlene blue.

RESULTS

A decrease in turbidity of the germinating
culture cultivated in the semicontinuous vessel
was lparalleled by an increase in the number of
stainable spores accomlpanied by swelling of the
spores (Fig. 2). After 15 immin of cultivation, the
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development. No obvious clumping of cells was

observed during cultivation. The differences in
,sL<T*E>RrhA,3) , values of viable count and total cell count indi-

AIR cated a decreased ability of cells elongated in
dilute medium to form colonies. Similarly,
according to previous experiments on the effect of
lpenicillin on elongated cells of B. cereus, the cells
in control nontreated cultures in this stage seem
to be more vulnerable to subsequent dilution and

KLETT TUBE plating procedure (Vinter, 1965). No obvious
CELL SUSPENSION lysis of cells was observed during further eultiva-

tion.
FR ITTED C LASS The partial terminal detachnment of pre-exist-

ing spore envelopes (exosporium plus coats) was

/ \/_*1VACUUM obvious in almost all fully elongated cells. These
envelopes, although sometimes very loose, re-
mained attached to one end, marking very clearly
the primary cell developed from the spore. After
5 hr of cultivation, determinations of total,

/\\EXUDATE viable, and spore counts were initiated, and the
suspending medium was enriched with calcium
chloride (final concentration, 3 X 10-4M). In a
later period, a slight granulation of elongated cells
was observed. From the seventh to ninth hour
of cultivation, the gradual formation of new
prespores inside the emerged primary cells was

FIG. 1. Cultivation equipment for semiticontinuouts noted, followed by a very slow increase of their
exchange of 'mediumi. refractility. Somewhat after the appearance of

fully refractile spores in the later stage, the

germination mediumi-i was replaced with the fresh number of heat-resistant cells increased to more

medium to remove the inhibitory components of
the spore exudate. The medium was exchanged lOt _ _ _ _ _. 9
within 5 min; cells were detached from the sur-
face of the filter by reverse air flow. This treat- 80
ment increased slightly the number of germinat- l
ing spores up to a total amount of 90%/,. Tween a o-
80 (final concentration, 0.010%) was present in 4 60 z

the nutrient medium. At 40 min, when the z .d
majority of spores swelled to "exosporium size," o 4
the medium was semicontinuously filtered off L °
and replaced in less than 5 min with the same . o
volume of saline to roughly a 100-fold dilution of 20
the original nutrient medium. Removal of cells . . .
from the filter surface and mixing of the suspension '
was accomplished by reversing the air flow. Traces 0 20 40 5 6 7 8 9 0 Ii 12 13 14
of remaining nutrients were sufficient only to allow M N UTE S H 0 U R S

the slow completion of the elongation stage. FIG. 2. Germination of Bacillus cereus spores and
About 83% of germinated spores formed normal the development of new sporangia after replacement
elongated cells under these conditions within of medium. Symbols (connected by solid lines): -,
5 hr of cultivation. Less than 10% of cells were percentage of turbidity of the culture (after inocula-
already committed to the first division, but the tion = 100%); 0, total cell count; A, viable count; E,
number of pairs did not increase significantly spore count (per cent of survivors, after heating, from
during further cultivation in saline. The total all colony-forming cells); A, percentage of sporangia
viable count in the culture was much lower than from all elongated cells; O, percentage of pairs from

all elongated cells. Symbols (connected by broken
the total cell direct count, and showed a signifi- lines); A, percentage of spores stainable with methyl-
cant decrease at 7 hr of cultivation and a con- ene blue; 0, percentage of prespores in elongated
tinuouis increase during later stages of culture cells.
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FIG. 3. Sporulating primary cells of Bacillus cereus. Polar terminal caps consisting of envelopes of origi-
nal spore are marked by arrows. (A) Prespore; (B-F) mature sporangia. X 3,500, phase contrast.

than 90% of the viable count. A slow increase in
turbidity paralleled the formation of sporangia.
A low background (about 10%) of survivors

detected throughout the whole period of cultiva-
tion was due to ungerminated spores. Only the
cells which completed the elongation were able to
form new spores. From the values obtained, we
may postulate that probably only ungerminated
spores and cells capable of completing elongation
and spore formation could be detected as viable in
later periods of cultivation. The time sequence of

individual morphological stages was easily
reproducible in repeated experiments under the
same experimental conditions. The different
steps of prespore and spore formation in the
primary cells are shown in Fig. 3. These are
representative cell types; attempts to follow
continuous development of a single spore in a
microchamber were unsuccessful. The attached
envelopes of original spores mark practically all
new sporangia. The new spores are more often
formed closer to the marked end of the cell. The
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normal spores were formed also in pairs of cells,
without noticeable difference between the primary
cell marked by spore envelopes and the new
daughter cell. After a few more hours of further
cultivation in saline, the spores were continuously
released from the sporangia. The liberation of
spores from sporangia seemed to be faster than
in normal cultures. This quick release of spores
lasted only a few seconds in many cases and may
support previous results showing the lack of
typical cell envelopes in swollen and elongated
cells after spore germination (Vinter, 1965).
When swollen or elongated spores were trans-

ferred to saline after centrifugation, no obvious
lysis of cells occurred. However, young pairs or
chains of vegetative cells, developing in the early
log phase, were extremely sensitive to the trans-
fer. They underwent quick lysis and, after 2 or
3 hr of further cultivation, primarily empty
"ghost" cells were present in the culture. Only
a negligible fraction of cells in this culture were
able to form spores after a longer period of cultiva-
tion. The restored ability of the growing cells of
B. cereus to produce spores in nongrowth-sup-
porting medium is found only during the later log
phase of growth.
The ability of outgrowing spores to convert to

new sporangia also depended on the stage of
development of cells at the moment of replace-
ment. By use of sequential transferring of ger-
minating and outgrowing spores into saline after
centrifugation, it was found that outgrowing
spores later arrested by early replacement in the
stages of nonrefractility, swelling, or only slight
elongation were not capable of forming new
sporangia. These results confirmed our findings
on the necessity of cell development up to normal
elongation for conversion of the primary cell
into new sporangium in diluted medium. A high
degree of synchrony of cells during germination,
as well as outgrowth, was necessary for the
homogenous response of cells to replacement and,
therefore, also for an optimal yield of new sporan-
gia. Rather high asynchrony of the cells during
"microcycle sporogenesis" probably reflects the
rapid changes in sensitivity of outgrowing spores
to replacement procedures.

This same transition from spore to cell to
spore has been observed in growth-limiting
studies with germinating spores of B. megaterium;
however, that organism does not possess the
spore envelope marker found in B. cereus, assur-
ing that the cells observed corresponded to the
primary cells as with B. cereus.

DISCUSSION
Young, fully growing cells are not able to form

spores when the nutrient supply is artificially
limited, and, subw~quently, these cells die. The

outgrowing elongating spores and also the granu-
lated cells in the stationary phase, however, are
capable of forming new resistant spores under
these conditions. The results on the different
sporeforming capabilities of young and old
populations of bacilli are in agreement with
findings of many authors. The ability of the first
cell developed after germination and outgrowth
to form a spore again, however, is not known.
This direct transition of the primary cell after
spore outgrowth to sporangium represents the
complete developmental "microcycle." It has no
relation to the reversal of spores activated by
different methods back to the stage of refractiie
dormant spores (Riemann, 1961; Riemann and
Ordal, 1961; Lee and Ordal, 1963; Keynan et al.,
1964). Actually, the normal elongation of the
primary cell is required for later conversion to a
new sporangium.

Deoxyribonucleic acid (DNA) synthesis in
outgrowing spores starts only after the ribonu-
cleic acid content is approximately doubled
(Fitz-James, 1955; Woese and Forro, 1960). This
stage, corresponding to the later period of swell-
ing in B. cereus (Vinter, 1965), was found to be
most favorable for maximal conversion of primary
cells to new sporangia after replacement.

Sporulation is known to be a sequence of bio-
chemical and morphological events determined by
distinct genetic loci. The induction of these
processes, more or less specific for sporogenesis,
is probably repressed under conditions permitting
fast growth. Although the primary cell developed
during the outgrowth of the spore under "shift-
down" conditions is still capable of relatively
fast recycling to the dormant spore, the young
cells, already committed to the first division, are
not able to realize this process. The rate of metab-
olism in both types of cells before replacement
may be the main factor in different resistance of
cells to "shift-down" treatment, controlling the
function of genetic determinants for sporogenesis.
The explanation of these phenomena on a genetic
basis should be taken into consideration. For
example, the possibility of involvement of epi-
somic elements switching on the processes typical
for sporogenesis (Jacob, Schaeffer, and Wollman,
1960; Rogolsky and Slepecky, 1964) may con-
tribute to this explanation.
Every specific genetic determinant of this

process, autonomous or integrated in the chromo-
some, may exhibit the repression after the stage
of first division(s) or after DNA replication is
achieved, being still derepressed or activated by
"shift-down" treatment in the outgrowing spore.
The necessity of partial development of the
outgrowing spore after replacement may reflect
the need for completion of other biochemical
mechanisms involved in sporogenesis. The rapid
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lysis of the young growing cells after dilution
of the nutrient medium testified to the extremely
high overall sensitivity of cells during the first
division(s) to this treatment, the inability to
develop new sporangia being one among other
cell alterations.
The phenomenon of "microcycle sporogenesis"

eliminates the necessity of divisions prior to spore
formation. The method itself may simplify the
studies of regulatory mechanisms determining
sporogenesis and of the processes p)receding or
accompanying spore formation.
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