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Most bacteria usually form only one spore per cell
in the course of endogenous sporulation. The forma�
tion of several (up to eight) endospores in a single cell
has been described for two genera of anaerobic bacte�
ria only: “Metabacterium” [1, 2] and Anaerobacter [3].
Our works have demonstrated that bacteria of the
genus Anaerobacter are phylogenetically and physio�
logically close to representatives of the genus Clostrid�
ium [3, 4]. Recent studies of microorganisms of the
genus “Metabacterium” (never isolated in a pure cul�
ture) revealed their prokaryotic nature and affiliation
with the phylogenetic group of clostridia [5]. The soil
bacterium Anaerobacter is a suitable object for study�
ing polysporogenesis because one of the members of
this genus, A. polyendosporus strain PS�1T, has been
isolated and studied in pure culture [3, 4, 6, 7]. The
nature of bacterial polysporogenesis has not been ade�
quately studied so far, either in terms of cytological

mechanisms or in respect to genetic regulation of this
process.

The present work is devoted to electron�micro�
scopic and luminescence�microscopic studies of the
sporulation process in A. polyendosporus PS�1T on
media with different carbohydrate content.

MATERIALS AND METHODS

Research objects. In this study, we used strain
A. polyendosporus PS�1T, described by us in detail ear�
lier [3]. The bacterium was cultivated on potato agar
(PA) and liquid (LSM) and agarized (ASM) synthetic
media proposed previously by Pfennig [8]. LSM and
ASM were supplemented with trace elements accord�
ing to Pfennig and Lippert [9]; yeast extract (Difco),
0.05%; glucose or galactose at different concentra�
tions: 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, or 2%; and sodium
thioglycollate, 0.1 mg/mL. The cultures in liquid
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centers (poles) for forespore formation. Thus, in the early stationary phase transversion from bipolar to mul�
tipolar cells occurred. Cessation of cell division combined with continuing replication of the nucleoids
resulted in formation on multinuclear cells. The multiplicity of nucleoides and multipolarity of these cells
were prerequisites determining endogenous polysporogenesis, occurring as synchronous formation of three
to seven twin spores in many of the oval and spherical cells.
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medium were grown using the Hungate technique
[10], while those on agarized medium were incubated
in anaerobic jars filled with oxygen�free N2 (95%) and
CO2 (5%).

Phase contrast microscopy. Phase contrast micros�
copy used OPTON ICM 405 (Zeiss, Germany) and
LUMAM (LOMO, Russia) microscopes.

Fluorescence microscopy. For epifluorescence
microscopy, the cells were fixed with 1.5% glutaralde�
hyde for 30 min and stained with 1 µg/mL 4,6�diami�
dino�2�phenylindole dihydrochloride (DAPI)
(Molecular Probes, Inc.) for 5 min. The in vivo fluo�
rochromation of cells with acridine orange (AO)
(5 µg/mL) was performed at pH 6.0 for 5 min. The
specimens were examined under Polyvar (Reichert,
Austria) and LUMAM (LOMO, Russia) microscopes
with fluorescence excitation by UV light with the max�
imum at 360 nm (for DAPI�fluorochromated speci�
mens) or by blue light (a 400� to 490�nm filter, for AO�
stained specimens). The application of AO is impor�
tant because it provides intravital staining. Since the
bacterium under study has no cytoplasmic inclusions,
we classified the structures with green fluorescence as
nucleoids; forespores emit red fluorescence under
these conditions.

The percentage of polysporous cells was deter�
mined by counting the total number of sporulating
cells in a culture and the numbers of two�, three�,
four�, five�, six� and seven�spore cells and then calcu�
lating the percentage of each fraction. A total of
150 cells was considered. The cells were counted
directly in the microscope field or on micrographs of
microscope fields; the total cell number in the cultures
was not counted.

The percentage of cells with six to seven spores was
determined in hermetical microscopic chambers that
provide the opportunity to use the methods employed
for cell count in Thoma and Goryaev chambers; in
doing this, the whole area of the chamber was scanned.

Electron�microscopic methods. Ultrathin sections
were prepared as follows: the cells were concentrated
by centrifugation (10000 g, 15 min) and fixed in a
2.5% glutaraldehyde solution in 0.05 M cacodylate
buffer (pH 7.2) for 1 h at 4°C. Then, the material was
washed three times with 0.05 M cacodylate buffer
(pH 7.2) and additionally fixed with a 2% OsO4 solu�
tion in the same buffer for 4 h at 18–20°C. The mate�
rial was embedded in agar, dehydrated in a series of
alcohols of increasing concentration, and embedded
in Epon 812. The ultrathin sections, obtained with an
LKB 2128 ultramicrotome (LKB Produkter, Sweden),
were stained with 3% uranyl acetate solution in 70%
ethanol and additionally contrasted with lead citrate
according to Reynolds [12]. The specimens were
examined under a JEM 100B electron microscope
(JEOL, Japan) at an accelerating voltage of 80 kV.

Genome size determination. Genome size was
determined based on the methodical principles

described in [13], using restriction endonucleases and
gel electrophoresis. The large amount of polysaccha�
ride formed in the PS�1T cells grown on all types of the
nutrient media used in this work substantially impeded
the isolation of DNA preparations suitable for analy�
sis. Therefore, DNA was isolated from cell suspen�
sions that had been stored under anaerobic conditions
in a carbohydrate�free LSM medium for 1–2 days at
28°C.

Native chromosomal DNA was treated with
restriction endonucleases produced by Fermentas
(Lithuania) according to the manufacturer’s instruc�
tions. For accurate measurement of the PS�1T genome
size, restriction analysis employed eight enzymes rec�
ognizing AT� or GC�rich sequences of 6 or 8 pairs of
nucleotides.

As a result the analysis performed, three enzymes
(ApaI, SgsI, and NotI) yielding the lowest number of
restriction fragments were selected for further
genomic analysis by inversion and pulse�field electro�
phoreses.

Native chromosomal DNA immobilized in agarose
was obtained according to the FIGE Mapper Instruc�
tion Manual and Application Guide (BioRad, United
States).

The sizes of DNA fragments of 5 to 150 kb were
determined by inversion electrophoresis in a FIGE
Mapper (BioRad, United States). Electrophoresis was
carried out according to the manufacturer’s instruc�
tions by program no. 8 at room temperature in 0.5×
Tris�borate buffer for 20 h at a direct voltage of 180 V
and a reverse voltage of 120 V, with 0.4–3.5 s pulses.

The sizes of DNA fragments larger than 200 kb
were determined by pulse�field electrophoresis
(PFGE) in a Pulsaphor System (Pharmacia LKB,
Sweden). Electrophoresis was carried out in 1% agar�
ose by program no. 2: at 14°C in 0.5× Tris�borate
buffer (2.5 L) for 24 h at 180 V, with 5–30 s pulses.

RESULTS

The A. polyendosporus PS�1T cultures grown on PA,
LSM and ASM were characterized by two cell mor�
photypes: rod�shaped (cylindrical) cells (RCs) and
large oval (spherical) cells (OCs). RCs prevailed
throughout the whole cycle of development on the
above media supplemented with 0.5–1.0% glucose or
galactose (Figs. 1, 3, and 7, 1–3); usually they formed
chains of two to four cells. OCs were predominant on
LSM and ASM supplemented with low concentra�
tions of carbohydrates: 0.1– 0.3% glucose or galactose
(Fig. 2a). One or two endospores (ES) were formed in
RCs upon transition to the stationary phase of culture
development on LSM and ASM with high concentra�
tions of carbohydrates (0.5–1.0% glucose or galac�
tose) (Figs. 1b and 7, 2, 3). ES formation began at the
poles of mother cells close to the polar site of the cyto�
plasmic membrane. Nucleoids were also located at
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these sites. The percent ratio of two� and three�spore
cells to the total cell number under these conditions
was 25–40% and <0.1%, respectively. At the same
time, on LSM and ASM with low concentrations of
carbohydrates (0.1 to 0.3% glucose or galactose),
many OCs formed three to seven ESs (Figs. 2b and 7,
8–11). The data presented in the table show that two�
spore sporangia were predominant (52%) in the cul�
ture grown in LMS with 0.2% galactose, but the quan�
tity of mother cells with three ESs was also consider�
able (12%). The sporangia with four or five ESs made
up ~1.5%, while those with six or seven ESs accounted
for less than 0.01%. It should be noted that sporangia
with six to seven spores were formed in LSM only and
could be found only in the films formed by the culture
at the bottom of the tubes. Galactose had an activating
effect on spore formation: in media with this carbohy�
drate, the percentage of sporangia with two to five

spores was higher by ~20% compared to media with
low concentrations of glucose. No multispore cells
could be revealed by microscopy of cultures grown on
other media.

On the other hand, it should be noted that high
concentrations (1.5–2%) of the tested carbohydrates
in PA, LSM, and ASM completely inhibited spore for�
mation in strain PS�1T. At the same time, the follow�
ing processes were observed on PA supplemented with
0.1–0.2% glucose or galactose: (a) transformation of
many rod�shaped cells into thickened rounded cells

(a) 5 µm

(b) 5 µm

S

Fig. 1. Vegetative cells from a 3�day culture grown in LSM
with 0.5% galactose (a) and sporulating cells from a 5�day
culture grown in the same medium (b). Phase contrast
microscopy. S, spore. Bar, 5 µm.

(b) 5 µm

(a) 5 µm

Fig. 2. Vegetative cells from a 5�day culture grown in LSM
with 0.1% galactose at the stage of cessation of cell division
and transition to sporulation (a) and sporulating cells from
a 15�day culture grown in the same medium (b). The
arrows indicate sporangia with five to seven spores. Phase
contrast microscopy. Bar, 5 µm.

Percentage of mother cells with different numbers of spores in samples of a culture grown in LSM with 0.2% galactose for
15 days

Sporangia with different numbers of spores, %

one spore two spores three spores four or five spores six or seven spores

34.5 52 12 1.5 <0.01
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and (b) sporulation with the formation of ~1–1.5%
five�spore cells (Fig. 3). However, sporangia with six or
seven ESs were not found on this medium.

Epifluorescence microscopy with DNA�specific
staining by DAPI or AO showed the presence of two
nucleoids in RCs in the beginning of sporulation, and
their division resulted in the formation of ESs and
adjacent satellite nucleoids (Figs. 4 and 7, 1–3). In
spherical cells, after their enlargement and the cessa�
tion of division (septa were absent), the nucleoids con�
tinued to divide, being located along the periphery of
cells in close contact with the cytoplasmic membrane.
One spherical cell could contain 4 to 11 discrete
nucleoids (Figs. 5 and 7, 4–7). The diameters of
nucleoids in spherical cells were ~0.3–0.6 µm (in rod�
shaped cells, they were 2� to 3�fold larger). The small
sizes of nucleoids correlate with the small genome size
of the strain PS�1T: ~2.4 Mb (no plasmid DNA was
revealed under the experimental conditions used).
Then, the process of sporulation occurred in the
spherical cells. Formation of forespores began in the
sites of localization of peripheral nucleoids. After the
forespores were formed, they synchronously turned
into mature refractile ESs, the maximum number of
which could reach seven (Fig. 2b). Electron micros�
copy of ultrathin sections demonstrated that the
engulfment (formation of the forespore membrane
and the capture of nucleoid by it) was a lateral process
in the oval/spherical cells (Figs. 6a, 6b). It should be
noted that all of the twin ESs in a particular multispore
sporangium were formed synchronously. The synchro�
nicity of these processes is evidenced by the occur�
rence of twin spores at the same stage of sporulation
and the simultaneous successive appearance in them
of such spore�specific structures as spore coats, cortex,
and exosporium (Fig. 6c). The ESs formed in multi�
spore sporangia were in most cases lesser in size than
the ESs formed in mono� and two�spore mother cells;
however, microscopic analysis has shown that they
germinate well when transferred onto PA.

The third A. polyendosporus PS�1T cell morphotype
(polygonal cells, PGC) has been described by us pre�
viously [4, 7]. PGC are sporadically formed in old (15�
to 20�day) cultures grown on PA supplemented with
1–2% glucose or galactose. This morphotype may
reach 20–30% of the total cell number in the cultures.
However, this phenomenon is not observed regularly,
and further studies are needed to find out the condi�
tions and factors that induce PGC formation.

It should be noted that the detection of nucleoids in
sporulating cells, as well as DNA isolation from them,
was severely hindered by the occurrence in their cyto�
plasm of a diffusely distributed polysaccharide, appar�
ently granulose, as has been shown for some species of
clostridia [14]. The polysaccharide imparts osmio�
phobicity and electron transparency to the cytoplasm
and masks the nucleoplasm (Fig. 6b). This polysac�
charide is stained brown or dark�blue with iodine. At
the late stages of sporulation, as the spores maturate,
the cytoplasm on ultrathin sections resumes its normal
appearance typical of the cytoplasm of vegetative cells.

DISCUSSION

The results of our study demonstrate high sensitiv�
ity of strain A. polyendosporus PS�1T to the catabolite
repression of sporulation by excessive amounts of car�
bohydrates in the medium. High carbohydrate con�
centrations (1.5–2%) in the medium inhibit sporula�
tion, while low concentrations (0.1–0.3%) activate
this process, resulting not only in abundant sporula�
tion but also in polysporogenesis, i.e., formation of
several (three to seven) ESs in one cell. It is still
unclear why polysporogenesis does not occur in all of
the cells. Cytological analysis by epifluorescence and
electron microscopy leads to a conclusion that
polysporogenesis is based on the phenomenon of tran�
sition of cells from bipolarity to multipolarity, a pro�
cess which we have termed transversion (i.e., choice by
cells of a different version of polarity). Development of

10 µm

Fig. 3. Sporulating cells from a 10�day culture grown on PA with 0.1% galactose. It can be seen that many sporangia contain two
spores. Phase contrast microscopy. Bar, 10 µm.
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Fig. 4. Sporulating cells from a 8�day culture grown in LSM with 0.5% galactose (a, b). Epifluorescence microscopy. The speci�
men was fluorochromated with AO. S, spore; N, nucleoid; SN, satellite nucleoid. Bar, 5 µm.

multipolarity is determined by the continuing division
of nucleoids after cessation of the division of cells and
their transformation into large oval and spherical cells.
In these cells, numerous nucleoids are localized along
the cell periphery, in close contact with the cytoplas�

mic membrane. They become the new poles of the
cells and the centers of ES formation. It has been
shown that DNA synthesis in clostridia may continue
during sporulation [15]. This seems to be true also for
the bacterium A. polyendosporus PS�1T, which belongs
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to clostridia [4]. Cell polarity is one of the basic prin�
ciples of cell organization in both eukaryotes and
prokaryotes [16–20]. The poles play an important role
in cell morphogenesis and sporulation, acting as geo�
metrical regulators of these and some other processes.
The poles, cellular sites of peculiar structure and func�
tion, are formed de novo during cell division. Several
works showed the poles to be the cell regions of con�
centration of the proteins necessary for chromosomal
DNA attachment to the cytoplasmic membrane, of
enzymes controlling DNA replication, and of cytosk�
eletal and signaling proteins [16–20]. These regions
are most often pronounced morphologically; however,
the present study shows that it not always the case. In
the spherical cells of A. polyendosporus PS�1T, multi�
ple poles are cytologically distinct only due to the
presence of nucleoids in them. Near the spores, in
close contact with their envelopes, satellite nucleoids
are localized. It may be supposed that the function of
these nucleoids is to regulate the processes occurring

in the vicinity of the spores, i.e., in the cytoplasm sur�
rounding them. It is still unclear whether the multi�
spore cell has a resident, superior nucleoid that coor�
dinates the activities of all other nucleoids. The exist�
ence of such coordinator nucleoid is supposed by
synchronicity of the formation stages of many spores
in a single sporangium. However, the coordinator
nucleoid was not detected cytologically, and it seems
necessary to develop fundamentally novel approaches
and methods to prove this assumption.

The study of the A. polyendosporus PS�1T genome
size has shown that, in spite of the large size of the
cells, the genome of this bacterium is small, ~2.4 Mb.
Most probably, dimensions of the cells are associated
not only with their genome size but also with their
ploidy. It has been shown [21] that the giant anaerobic
bacterium Epulopiscium is characterized by extreme
polyploidy: its cells contain tens of thousands of
genome copies.

Fig. 5. Spherical and oval cells before sporulation in a 10�day culture grown in LSM with 0.1% galactose. Epifluorescence micros�
copy. The specimens were fluorochromated with DAPI (a) or AO (b). N, nucleoid. Bar, 5 µm.

(b) 5 µm

N
N N

N

5 µm(a)

N
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Fig. 6. Ultrathin sections of sporulating cells from cultures
grown in LSM with 0.1% galactose for 12 (a, b) and 15 (c)
days. Figure 6a shows a forespore membrane septum in the
process of formation; Fig. 6b shows two forespores (at the
same maturation stage) in the opposite regions of spo�
rangium. FMS, forespore membrane septum; CW, cell
wall; SCy, sporangium cytoplasm; F, forespore; SC, spore
coats; N, nucleoid; SZ, sporogenic zone; M, forespore
membrane; C, cortex. Bar, 1 µm.

Fig. 7. Schematic representation of sporulating cells and
localization of nucleoids and endospores in these cells dur�
ing development in LSM with 0.5–1.0% galactose (1–3)
and in LSM with 0.1–0.3% galactose (4–11): (a) a series
of cells at the first stage of sporulation; (b) a series of cells
with spores formed. The double arrows indicate the vectors
of process development. S, spore; N, nucleoid.
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