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Spore germination has generally been recognized to consist of a swelling of
the spore followed by a splitting of the spore coat in a characteristic manner.
Less often an absorption of the spore coat has been described. This process is
accompanied by a decrease in refringence and an increase in stainability. Con-
siderable difference of opinion is apparent, however, concerning the existence,
form, and location of a spore nucleus and its activity during germination. The
followving brief historical review is concerned only with those investigations which
deal with the internal structure of the resting and germinating spore. The reader
is referred to the original papers for more detail and to the review of Knaysi
(1948) for other aspects of spore germination.
Meyer (1897, 1899) was unable to observe a nucleus in the resting spore.

However, in swollen spores in the process of preparing for germination, a distinct
peripherally located nucleus was observed. In the young bacillus, following
germination, one to two nuclei were seen.
The spore was regarded by Preisz (1919) as consisting of a strongly refractile

"shiny body" made up of reserve material, surrounded by a thin layer of proto-
plasm and a spore coat. Apparently no nucleus was visible until germination
commenced. At this time a round or elongated nucleus appeared between the
equatorial side of the shiny body and the spore coat. During the course of ger-
mination the nucleus often swelled at the periphery of the spore. The "shiny
body" became more stainable. Eventually the spore took on a homogeneous
appearance, and the nucleus and the "shiny body" could no longer be dis-
tinguished. The young bacillus, as it emerged from the spore coat, contained
one or two nuclei.
Badian (1933, 1935) was able to stain spores of Bacillus mycoides, Bacillus

subtilis, and Bacillus megaterium only after germination had commenced, at
which time a central chromatinic rod could be observed. This rod took on a
transverse position and divided longitudinally into two daughter "chromosomes".
Two types of spores were recognized by Allen, Appleby, and Wolf (1939).

The first type was considered to be "haploid" and showed no internal structure
either in the resting state or during germination. The second type was considered
to be "diploid" and showed, according to these authors, nuclear figures suggesting
meiosis during germination.
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Feulgen-positiv-e bodies located at the peripherv of the spore have been
described for various members of the genus Bacillus by the followinig investi-
gators: Pietschmann anid Rippel (1932), Milovidov (1935), Stille (1937), Schaede
(1939), Piekarski (1940), Stapp (1942), Robinow (1945), and Delaporte (1948).
Stille claimed that in old spores (from 120-day-old cultures) the niucleus took on
a central position. Stille, Piekarski, and Stapp each studied spore germination
and reported similar results. The appearance of two Feulgeni-positiv-e bodies in
the swollen spore or the young rod wi-as interpreted as evidence for division of the
single spore nucleus during germination.
Robinow (1945), studying chiefly Bacillus mycoides anid Bacillus mescntericus,

employed N HCl as a means of rendering the spore coat permeable to Giemsa
stain. He described the spore as consisting of three conicenltric layers, a refractile
anid stainiable core, a layer of less refractile and less stainable cytoplasm, and the
stainable, nionrefractile spore membrane. The nucleus, the most refracting ele-
meint, is attached to the outer surface of the cytoplasm." It has the shape of
a biconcave disk. Germination is described as follows: the nucleus "actively
enters or is engulfed by the cytoplasm" where it is niot easily distinguished. The
affinity of the cytoplasm for the dye greatly increases, obscuriing the nucleus.
A distinict chromatinic structure in the form of a distorted C, S, V, 8 figure, or
eloiigated ring soon: reappears. This gradually contracts, appeariiig first as a
knotted string of chromatin and later as a deeply stained polygonlal body.
Thereafter, this body is founid in various stages of division, giving rise to the
dumbbell-like chromatinic bodies observed in the vegetative cell by Robinow
anid others.

Delaporte (1948) recognizes and describes two kinds of spores in B. mycoides.
The first type, represeniting the majority of spores, is stronglv refractile aiid
shows, after hydrolysis, a nucleus in the form of an ov-oid or eloiigated central
graniule. The second type is nionrefractile, possesses a thick membrane, and
contains a nuclear element wi-hich is stainable w7ith vital stainis. This nucleus,
which may assume the shape of a granular ring, is located at the periphery and
appears to lie outside the spore. A second nuclear granule is sometimes seen
inside the spore. Wheni germilnationi commences with a number of sporeformers,
the nuclear elemenit swells, assuming the shape of a granular ring or possibly a

disk with a thini center. It then stretches through the entire length of the cell,
forming a conitinuous axial thread. The inuclear structure may increase in size.

Kniaysi (1946) made a study of sporulatiiig cells of Bacilllus cereus with the
Feulgen procedure. Bodies containing Feulgen-positive central rods or granules
wvithin a colorless zonie were initerpreted as mature spores. WIore recently, Knaysi,
Baker, and Hillier (1947), and Knaysi and Baker (1947), inxestigated B.
mycoidcs with the electron microscope. They conieluded that the "forespore"
containis two to six nuclei. The electron microscope failed to reveal any internal
structure in resting or germinating spores.
The purpose of the present paper is to record preliminary observations on the

nuclear phenomena associated with spore germination as observed by means of
the newly developed procedures cited. It is felt that these methods afford a
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greatly increasedl opportunity to observe nuclear behavior in undistorted cells.
Preseint observations also constitute a departure from those of past workers, a
fact which again appears to depend mainily uponi methodology.

MIATERIALS AND METHODS

The organism used was the same strain of B. merqaterium used in previous
studies (DeLamater, 1951b; DeLamater and MIudd, 1951; DeLamater anid
Hunter, 1951-1952). Spore suspenisionis wvere prepared in the following mannler:
sporulation was induced, as described in the precedinig paper (DeLamater aind
Hunter, 1952), by cultivation on agar conitaininlg 0.1 per cent casamino acids
(Difco) and 0.o per cenit NaCi, a modification of a medium described by Tarr
(1932). A 72-hr plate culture was flooded with 5 ml of sterile distilled water,
and the growth agitate(d with a wire loop. The suspenision was then retrieved
with a pipette anid concentrated to abotut half its volume by centrifugation. The
vegetative cells were destroyed by heatinig to 60 C for 10 minujtes. The customary
80 C was found to be uinnecessarily high. The suspenision was stored in the refrig-
erator. Fresh spores were prepared each week because anl increase in germination
time with aginig of the spore wi-as noted.
The suspensioni, as prepared, coinsisted almost entirely of spores. A certain

percentage of inviable spores was always presenit. Some of these may represenlt
spores that had commeinced germiniatioin oni the old medium and were destroyed
with the vegetative cells by exposure to heat aind distilled water. They could be
recognized in stained preparatioIns by their' lack of the characteristic heavily
staiinecl spore wall.

In early wvork, germiinationi of the spores was allowed to take place on agar
conitaininig 3 per cenit casamino acids (Difco). Later work indicated that nutrient
agar enriched with 0.5 per cent yeast extract (Difco) wvas superior in two respects:
germination proceedled more rapidly, and the nuclear elements were larger
and, therefore, more clearly delineated. Plates were inoculated by spreading
0.05 ml of the spore suspenisioni over an area of about 2 square inches. The first
new bacilli appeared after about 3 hours' incubation at 37 C on the yeast extract
medium, anid in 4 hours on the caseini hydrolysate agar. Four- and five -hr cultures
were ideal for observing spores in all stages of germination.

Preparations were made according to the freezinig-dehydration method de-
scribed by DeLamater (195la). The details of the procedure have been set forth
in the preceding paper (DeLamater an(I Hunter, 1952) and will not be repeated
here. Acid hydrolysis of spores in early stages of germination proved to be
unnecessary because of the low ribosenucleic acid content of the cytoplasm which,
however, rises very rapidly. Hydrolysis was always conducted because of the
presence of spores in various stages of germination- in the same preparation.

Photographs weere takeni with a Gamma photomicrographie camera and a
Bausch & Lomb research microscope having the following lens system: a 97X
achromatic objective, a 12.5X widefield ocular, and a 4 lens 1.40 NA research
condenser. All lenses wvere balcoated. A Bausch & Lomb ribbon filament lamp
w-as used for illuminationi. Images wvere intenisified on Panatomic X film with
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Figures 1-19. Bacillus megaterium. Spore germination on 3.0 per cent

casein hydrolysate agar
Figure 1. Photograph no. 1408-X4,450-Resting spores; nuclei somewhat obscure.
Figure 2. Photograph no. 1387-X4,450-Six hours' germinationl; enlarged spore with

ring-like nucleus.
Figures 3, 4, 5. Photograph nos. 1492, 1496, 1408-X4,450-Five and one-half hours' ger-

mination; spore coat split; nucleus in "ring" form with one chromosomal granale visible.
Figures 6, 7. Photograph nos. 1406,1427-X4,450-Five and one-half hours' germination;

spore coat split; three chromosomal granules visible in nucleus.
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light green and amber Corning glass filters. Exposure times ranged between 12
and 20 seconds. Primary magnification of 1,112.5X was used, with a final mag-
nification of 4,450X in the finished prints.

RESULTS

The following series of observations is in direct continuity with that of the
preceding paper, which defines sporulation as a vegetative process, and considers
the activities of the nuclei of the sporulating cell. The following observations
deal with the process of spore germination and, as will be seen, tend to emphasize
the vegetative aspects of the process.

Figures 1 through 19 depict germinating spores as they appear on casein hy-
drolysate agar. In figure 1 unswollen spores are observed in which both the nuclei
and the spore coat are clearly defined. As spore germination proceeds, the spore
swells, as observed in figures 2, 3, etc., and the spore coat ruptures. As described
by Knaysi and Hillier (1949), the rupture may occur at the equator or between
the equator and the pole, as a slit at one side, or may split circularly completely
around the spore so that the expanding cell has two caps of spore coat at each
end, as seen in figures 5 and 9. During this early phase of spore germination, the
basophilic substance surrounding the nucleus of the spore tends to disappear so
that the hydrolysis period required to visualize the spore nucleus is reduced almost
to zero. The spore nucleus is observed to be central in the cell, and at no time
has it been observed to be peripheral to the spore cytoplasm. Following rupture
of the spore coat, a protoplasmic projection or germination tube is extruded
through the aperture of the spore coat, as seen in figures 7, 10, and 14. The nucleus
becomes less dense and tends to take on a ring-like configuration, often simu-
lating a signet ring. One granule at the periphery of the ring is frequently very
obvious. Not infrequently three distinct granules are very clearly definable
(figures 6 and 7). It is felt that these represent the three condensed and con-
tracted vegetative chromosomes. Subsequent to this the chromatinic material
of the spore may again become dense as though the cell were becoming meta-

Figure 8. Photograph no. 1398-X4,450-Six hours' germination; nucleus increasing in
density; chromatin massed on one side of nucleus; individual chromosomes not distin-
guishable.

Figures 9, 10. Photograph nos. 1434, 1379-X4,450-Five and one-half hours' germination;
nuclear chromatin in compact mass.

Figures 11, 12, 13. Photograph nos. 1428, 1382, 1390-X4,450-Five and one-half hours'
germination; nuclei in division; chromosomes too small to be individually distinguished.

Figure 14. Photograph no. 1430-X4,450-Five and one half hours' germination; telo-
phase divisional stage of nucleus; germinating cell elongating.

Figure 15. Photograph no. 1394-X4,450-Five and one-half hours' germination; separa-
tion of chromosomes complete; spore coat lost.

Figures 16, 17. Photographs nos. 1402, 1494-X4,450-Five and one-half hours' germina-
tion; binucleate stages in which one nucleus is commencing second mitosis; spore coat lost.

Figure 18. Photograph no. 1498-X4,450-Five and one-half hours' germination; binu-
cleate stage; note telophase spindle in lower half of cell.

Figure 19. Photograph no. 1432-X4,450-Five and one-half hours' germination; binu-
cleate stage; chromosomes elongating in late telophase or early interphase; one polar body
still faintly visible at top of cell.
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bolically active and synithesizinig desoxyribose nucleic acid and(l laying this down
in the germinating spore nucleus. Shortly after this inicrease in denisity occuIs, the
spore nucleus undergoes its first division, as seeni inl figures 11 to 14. The inucleus
at this stage on this medium is too small to define the process with clarity, since
the structures being observed approach the resolvinig power of the microscope.
They appear, however, to parallel and simulate the mitotic processes described
in vegyetativ-e cells, and very sooIn take oni the aspects of the mitotic process as the
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Figures 29-26. Bzzcillus ins gateriuni. Spore germination oni 0.5 per cent yea1st extract agar

Figure 21. Photograph no. 197S-X4,450-Four hours' gcrminiatioin; l) rophase with three
chromosomnes a01(1 a single cent riole visilble.

Figlure.s 2!, 22. Photorraphs los. 1992, 1972-X4,450--'our holn's' germinationi; meta-
phase stages.

Figuire 23. Photograph no. 1959-X4.450-Five houis' germiiation; ania-telophase
staue.

Figyure 24. Photograph no. 1989-X4 ,439-Four hours' germination; telophase.
Figure 25. Photograph no. 1990-X4,450-Four hours' germination; telophase; three

chromosomes can be counted in upper half of spindle.
Figure 26. Photograph no. 1981-X4,450-Four hours' germinationl; binucleate cell in

interphase; chromosomes in long, l)eaded threads.

cell enlarges. More coniclusiv-e pictorial ev-idence for mitosis is given in figures 20
through 26 and will presenitly be described. Figure 13 is conistrued as a late
telophase stage in which the two sister niuclei, daughter niuclei of the spore
nucleus, teind to rotate during separationi so that each luniar structure observed
represenits a cluster of chromosomes. Figure 14 is conisidered to showv the pulling
apart of the (hromatinic material with the central baud of (hromatin still con-

necting the daughter nuclei inl a maniier suggesti-\-ve aini remilliscent, of that
observed in yeast by DeLamater (1930). Figures 15 andcl 16 demonistrate the two
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condensed and separate daughter nuclei in a young vegetative cell which has
shed its spore coat. Figure 17 shows the early second division of the two nuclei
in the young vegetative cell. This is construed as an ana-telophase stage in which
the polar bodies are not in focus. Figure 18 shows a similar stage with the spore
coat still attached to one end of the vegetative cell. In figure 19 a somewhat later
stage in the mitotic division of the two daughter nuclei is to be observed. Again,
the spore coat can be seen remaining attached to the upper pole of the young
vegetative cell.

Figures 20 through 26 represent later work, in which germination was induced
on nutrient agar containing yeast extract. The greater size of the nuclear ele-
ments on this medium makes possible the clarification of the stages in which the
chromosome groups appear as unresolved, condensed masses in figures 8 through
16, and removes doubt as to the mitotic nature of the first germination division.
Figure 20 shows a germinating spore with the nucleus in prophase. The three
chromosomes and a single centriole are clearly defined. Metaphase stages are
illustrated in figures 21 and 22. The condensed chromatinic masses of figures 8,
9, and 10 probably correspond to prophase or metaphase stages. Figure 23 is
interpreted as an ana-telophase stage, with the two chromosome groups still
partially attached. Later telophase stages are shown in figures 24 and 25. Rota-
tion of the two halves of the spindle has occurred. The three chromosomes can
again be separately distinguished in figure 25. In figure 26 the binucleate stage
has been reached. The chromosomes have elongated into the fine, beaded threads
of interphase, aind the first mitotic cycle has been completed. Loss of the spore
coat appears to occur earlier oni this medium than on the casein hydrolysate
medium, as indicated in figures 20 to 26 by the absence of the coat exeept in
figure 23.

DISCUSSION

It is felt that the first germination division has been clearly demonstrated to
be a mitotic onie, and that this feature emphasizes the vegetative nature of the
sporulation process in bacteria. The nucleus at all times is observed to be central
in the cell, and at no time has been seen to be eccentric. It seems likely that
Robinow and others have induced the eccentric position of the spore niucleus
by the drastic nature of the procedures which they have used. It may be empha-
sized in this connection that the methods herein utilized, in which a rapid freezing-
dehydration process is used, probably constitute a much more gentle procedure.

It seems to the authors that the layiing downi of pari-niuclear substance during
the process of sporulationi tends to obscure the details of the nucleus, anid may
also aid in accountinig for the difficulties of past workers in Visualizing the process.

Since three distinct granules of chromatin have been visualized durinig the
process of spore germiination, it seems likely that these three chromatini granules
represenit the three haploid chromosomes and that the process of sporulation and
spore germinlationi probably represents a strictly vegetative one similar to that
which occurs in fungi. I-ponl germinationi the niucleus appears to reorganize and
go directly into mitotic vegetative reproduction. No evidence for sexuality or
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autogamy has been observed in either sporulation or spore germination. The
processes described tend to emphasize the similarity of bacteria, as a general
group, to other microorganisms in their essential processes, and tend, with the
demonstration of a typical mitotic process, to establish this large group of
microorganisms morphologically into the general biological economy where they
belong.

SUMMARY

The nuclear activitiei which occur during spore germiniation of Bacillus
megaterium have been described. The observations indicate that the process
is a vegetative one, and that as reorganization from the condensed spore inucleus
proceeds, it immediately begins a typical mitotic process which is carried on in
the vegetative cell.

REFERENCES

ALLEN, L., APPLEBY, J., AND WOLF, J. 1939 Cytological appearances in a spoire forming
Bacillus. Zentr. Bakt. Parasitenk., Abst. II, 100, 3-16.

BADIAN, J. 1933 Eine cytologische Untersuchung iiber das Chromatin und den Ent-
wicklungszyklus der Bakterien. Arch. Mikrobiol., 4, 409-418.

BADIAN, J. 1935 Sur la cytologie du Bacillus megatherium. Acta Soc. Botan. Poloniae,
12, 69-74.

DELAMATER, E. D. 1950 The nuclear cytology of the vegetative diplophase of Saccharo-
myces cerevisiae. J. Bact., 60, 321-332.

DELAMATER, E. D. 1951a A new staining and dehydrating procedure for the handling of
microorganisms. Stain Technol., in press.

DELAMATER, E. D. 1951b Evidence for the occurrence of true mitosis in bacteria. Meet-
ings Natl. Acad. Sci.. Apr. 23-25, 1951 (Abstract in Science, 113, 1-12).

DELAMATER, E. D., AND HUNTER, M. E. 1951 Preliminary report of true mitosis in the
vegetative cell of Bacilluts megatherium. Am. J. Botany, in press.

DELAMATER, E. D., AND HUNTER, MI. E. 1952 The nuclear cytology of sporulation in
Bacillus megaterium. J. Bact., 63, 13-21.

DELAMATER, E. D., AND MUDD, S. 1951 The occurrence of mitosis in the vegetative phase
of Bacillus megatherium. J. Exptl. Cell Research, in press.

DELAPORTE, B. 1948 Cytological studies of bacterial spores. Am. J. Botany, 35, 799-
800.

KNAYSI, G. 1946 Further observations onI the nuclear material of the bacterial cell.
J. Bact., 51, 177-180.

KNAYSI, G. 1948 The endospore of bacteria. Bact. Revs., 12, 19-77.
KNAYSI, G., AND BAKER, R. F. 1947 Demonstration, with the electron microscope, of a

nucleus in Bacillus mycoides grown in a nitrogen-free medium. J. Bact., 53, 539-553.
KNAYSI, G., AND HILLIER, J. 1949 Preliminary observations on the germination of the

endospore in Bacillus megatherium and the structure of the spore coat. J. Bact., 57,
23-29.

KNAYSI, G., BAKER, R. F., AND HILLIER, J. 1947 A study, with the high-voltage electron
microscope, of the endospore and life cycle of Bacillus mycoides. J. Bact., 63, 525-537.

MEYER, A. 1897 Studien iiber die Morphologie und Entwicklungsgeschichte der Bak-
terien, ausgefuihrt an Astasia asterospora A. M. und Bacillus tumescens. Zopf. Flora,
84, 185-248.

MEYER, A. 1899 Uber Geisseln, Reservestoff, Kerne und Sporenbildung der Bakterien.
Zopf. Flora, 86, 428-468.

[VOL. 6330



1952] NUCLEAR CYTOLOGY OF SPORE GERMINATION 31

MILOVIDOV, P. 1935 Ergebnisse der Nuclealfiirbung bei den Myxobakterien und einigen
anderen Bakterien. Arch. Mikrobiol., 6, 475-509.

PIEKARSKI, G. 1940 Uber kerniihnliche Strukturen bei Bacillus mycoides Flugge. Arch.
Mikrobiol., 11, 406-431.

PIETSCHMANN, K., AND RIPPEL, A. 1932 Zur Zellkernfrage bei den Bakterien. Unter-
suchungen mit Hilfe der Feulgenschen Nuclealreaktion. Arch. Mikrobiol., 3, 422-452.

PREISZ, H. 1919 Untersuchungen uber die Keimung von Bakteriensporen. Zentr. Bakt.
Parasitenk., Abst. I, Orig., 82, 321-327.

RoBINOW, C. F. 1945 Nuclear apparatus and cell structure of rod-shaped bacteria. In
Dubos: The Bacterial Cell, pp. 353-377, Harvard University Press, Cambridge, Mass.

SCHAEDE, R. 1939 Zum Problem des Vorkommens von chromatischer Substanz bei
Bakterien und Actinomycetin. Arch. Mikrobiol., 10, 473-507.

STAPP, C. 1942 Der Pflanzenkrebs und sein Erreger Pseudomonas tumefaciens. XI.
Zytologische Untersuchungen des bakteriellen Erregers. Zentr. Bakt. Parasitenk.,
Abst. II, 105, 1-14.

STILLE, B. 1937 Zytologische Untersuchungen an Bakterien mit Hilfe der Feulgenschen
Nuclealreaktion. Arch. Mikrobiol., 8, 125-148.

TARR, H. 1932 The relation of the composition of the culture medium to the formation
of the endospores of acrobic bacilli. J. Hyg., 32, 535-543.


