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Polyangium cellulosum was examined with the transmission electron micro-
scope and the scanning electron microscope. Freeze-fracturing and critical-
point-drying techniques were employed with the latter instrument. Critical-
point drying seemed to eliminate the distortion of cells and fruiting bodies.
These instruments and techniques allowed for a detailed comparison of cell and
fruiting-body ultrastructure. Lipid storage materials and mesosomes were found
to be constant cell particulates in both vegetative cells and in the shortened
myxospores.

In the last 20 years, electron microscopy has
provided an understanding of the fine structure
of selected fruiting myxobacterial species. How-
ever, this information was obtained with the
transmission electron microscope (TEM) exclu-
sively (1-3, 5, 7, 8, 10, 13, 15, 16, 17-19). Jack-
son and Peterson (Bacteriol. Proc., p. 38, 1969)
described some of the ultrastructure ofPolyan-
gium cellulosum (Sorangium cellulosum).
More recently, scanning electron microscopy

(SEM) studies (4, 9, 14) have shown some de-
tails of the exterior of individual cells and fruit-
ing bodies. Each of the studies has contributed
to our relatively meager knowledge of the fine
structure of fruiting myxobacteria.
The electron microscope studies have, for the

most part, dealt with fruiting myxobacterial
genera other thanPolyangium. Moreover, rela-
tively few studies have used both TEM and
SEM to compare myxobacterial vegetative cells
and fruiting bodies from sectioned material and
whole mounts. It was the purpose of this study
to correlate the fine structure of the cellulolytic
fruiting myxobacterium P. cellulosum Imshe-
netski, Solntseva, and Peterson, as observed
with the TEM and SEM, and utilizing freeze
fracturing and critical-point drying with the
latter.

MATERIALS AND METHODS
Organism. The strain of P. cellulosum used in

this study was originally isolated from Missouri
soils in 1961. Since that time, it has been stored in a
soil-solka floc mixture in a screw-capped jar at room
temperature (20 to 30 C). The bacteria-soil-solka floc
mixture has become rather dry over the period of 14
years.

Cultivation. Cells for electron microscopy were
grown on an inorganic salts agar medium consisting
of 0.75 g of KNO3, 0.75 g of K2HPO4, 0.15 g of
MgSO4 * 7 H20, 0.02 g of CaCl2, 0.015 g of FeCl3, 15.0

g of agar, and 1.0 liter of distilled water. Following
sterilization and cooling, the agar was poured into
sterile disposable culture plates. Sterile Whatman
no. 1 filter paper strips were placed on the cooled
agar surface. The filter paper served as the sole
carbon source for the bacteria.
A small pile of the bacteria-soil-solka floc was

placed at the center of the filter paper strip with a
sterile spatula. The plates were inverted and incu-
bated at room temperature for 2 to 3 weeks.

Fixation and microscopy. For TEM, the orga-
nism on the agar surface was flooded with 0.1% Ve-
ronal-acetate-buffered OS04, pH 6.8, for 0.5 h at
room temperature (ca. 22 C). The cells and fruiting
bodies were gently scraped from the agar surface
with a razor blade and rinsed into a vial with 1.0%
Veronal-acetate-buffered Os04, pH 6.8, for 16 h at
room temperature. Following fixation, the cells and
fruiting bodies were rinsed in 0.5% (wt/vol) uranyl
acetate in the Veronal-acetate buffer for 2 h. The
cells and fruiting bodies were finally rinsed for 20
min in the buffer solution alone.
The myxobacterium was dehydrated through an

acetone series, embedded in Mollenhauer mixture
no. 1 (10), and sectioned on a Porter-Blum MT-2
ultramicrotome using a glass knife. Sections were
stained for 15 min with a 2.0% uranyl acetate in 50%
ethanol, pH 4.0, and with lead citrate (12) for 7 min;
observations were made using a Phillips 300 elec-
tron microscope operating at 60 kV.
Two percent glutaraldehyde was used as the fixa-

tive for SEM studies of both vegetative cells and
fruiting bodies. The plates upon which the organism
grew were flooded with the fixative for 12 to 24 h
before SEM observations. Selected squares of agar
were cut out from the plates and were subjected to
critical-point drying using CO2 as the carrier gas for
approximately 30 min. The dried squares were then
glued onto aluminum stubs and coated with gold-
palladium alloy (60:40) in a Film-Vac Mini-coater
evaporator. The myxobacteria were then examined
on an AMR 900 scanning microscope operated at 21
kV.

For freeze-fractured observations, squares that
had been fixed as above were frozen in an ethanol-
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dry ice mixture for 10 min. The frozen squares were
placed on paper toweling and were struck sharply
with a scapel to fracture the fruiting bodies. The
fractured portions were critically point dried, at-
tached to stubs, coated, and examined as described
above.

RESULTS
Organism storage and recovery. Findings in

this work indicated that myxobacteria cells ofP.
cellulosum were viable after a rather long pe-
riod of storage. Myxobacterial growth on the
filter paper was at first yellow, which changed
to brown as fruiting bodies matured. Slime-
veined swarms fanned out over the agar sur-
face. The swarm on the agar was colorless at
first, but turned brown as sori formed. Cell
growth and fruiting-body formation appeared
to be equally as good as was observed 14 years
previously.
Fine structure. Figure 1, a TEM thin sec-

tion, illustrates a young P. cellulosum vegeta-
tive cell. It has a typical gram-negative cell
wall, peptidoglycan layer, and unit membrane.
Several vesicular mesosomes are present be-
tween the cell membrane and the peptidogly-
can layer. Sudanophilic, malachite green-posi-
tive, single-membrane inclusions are observed
at each end of the cell. Within the cytoplasm is
a mixture of fibrillar nuclear material with
abundant ribosomes or ribosomal masses. Exte-
rior to the cell are unit membrane vesicles,
appearing similar to those within the meso-
somes.
An SEM micrograph (Fig. 2) also shows a

young vegetative cell that has fibrous exten-
sions attached to its exterior. Particular atten-
tion should be drawn to the similarities be-
tween the extensions and the vesicles noted in
Fig. 1.
As the cells begin to approach the time of

aggregation, the cell wall (Fig. 3) begins to take
on a wavy appearance. All other cell particu-
lates seem to remain similar in appearance to
those noted in the young vegetative cell.

Figures 4 and 5 are TEM and SEM micro-
graphs, respectively, showing typical shorter
cells just prior to becoming a myxospore. The
cellular inclusions mentioned earlier are
clearly evident.
The TEM thin sections (Fig. 6 and 7) of a

sporangium show myxospores. The cytoplasmic
materials have been considerably compressed
and distorted. Mesosomes are evident in the
myxospores contained within the sporangium
(see arrow). Spherical unit membrane vesicles
are still observed around and between the cells.
The individual myxospores appear to lack defi-
nite capsules.

An SEM photograph (Fig. 8) illustrates a
freeze-fractured sporangium containing short
myxospores. The outer covering is the slime
coat of the sporangium. In the lower portion of
the photograph there are no cells present; it is
thought that the holes were the location of
myxospores prior to freeze fracturing.

Figure 9 is a TEM thin-section photograph of
a cell in a fibullar track furrow in which the
myxobacterial cell moves.

Slime production byP. cellulosum is depicted
in Fig. 10. The myxobacterial cells are shown
attached to a cellulose fiber. At a later stage,
cells are shown on another cellulose fiber (Fig.
11) upon which ridges and valleys of slime ap-
pear to coat the fiber. Clearly the cells move
along the valleys; such is the case in Fig. 9 and
11.
Development of a sorus consisting of many

sporangia begins with the massing or aggrega-
tion and heaping-up ofP. cellulosum cells (Fig.
12). Within several days, sporangia begin to
delineate as the slime encompasses smaller cell
masses (Fig. 13).
Figure 14 is an SEM photomicrograph of a

sorus consisting of numerous sporangia. Each
sporangium within the sorus contains numer-
ous myxospores. A freeze-fractured sorus illus-
trates the polygonal shape of the sporangia
(Fig. 15).

DISCUSSION
The recovery of many myxobacterial species

after prolonged storage has, in the past, gener-
ally met with little success. The method for
storage used here was a mixture of cell-soil-
solka floc, and it appeared to be a means of
successfully maintaining this strain ofP. cellu-
losum. Recovery of this strain of myxobacte-
rium was 100% successful on the inorganic salts
agar medium.

Several interesting and significant differ-
ences by TEM and SEM from other fruiting
myxobacterial species appear to have been
shown in this work. Although the findings
seem to be true differences from other species,
it is not impossible that the specimen prepara-
tion was adequately different from other stud-
ies. The differences in preparation may explain
why some cell particulates were not shown in
other work.
The sudanophilic, malachite green-positive

inclusions are indicative of a lipid storage ma-
terial as suggested by McCurdy (8). These in-
clusions appear to have a single outer covering,
unlike other cell inclusions, which are nor-
mally bound by a unit membrane.
Abadie (1) noted that mesosomes disappeared
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FIG. 1. Thin section of a young vegetative cell showing the cell wall (CW), peptidoglycan layer (P), cell
membrane (CM), inclusion (I), nuclear material (N) ribosomes (R), mesosomes (M), and vesicles (V). Bar is
0.5 ,um.

FIG. 2. SEM micrograph ofa young vegetative cell with fibrous extensions. Bar is 1.0 1im.
FIG. 3. Thin-sectioned older cell; note the wavy appearance of the cell wall. Bar is 0.5 ium.
FIG. 4. Sectioned, shortened older cell just prior to myxospore formation. Bar is 0.5 ginm.
FIG. 5. An SEM photograph of cells prior to forming myxospores. Bar is 0.5 ,um.
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FIG. 6 and 7. Sectioned myxospores in a sporangium; although the cellular components are compressed,
individual particulates are evident including mesosomes (arrows) and extracellular vesicles (V). Fig. 6, bar is
0.5 ,um; Fig. 7, bar is 0.5 pnm.

FIG. 8. A freeze-fractured sporangium as viewed with SEM. The myxospores remain in place above center,
where in the lower right depressions indicate myxospore removal. Bar is 1.0 ,um.

FIG. 9. A fibrillar slime furrow is evident on either side of the sectioned vegetative cell. Bar is 0.5 pm.
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FIG. 10. Vegetative cells are attached to a cellulose fiber. Note the slime strands extending from the cells.
Bar is 0.5 um.

FIG. 11. At a later stage, the vegetative cells move along the valley portion of the furrow. Bar is 1.0 ,um.

during the latent life phase of Chondromyces
crocatus. It would appear that P. cellulosum
myxospores differ from the myxospores of C.
crocatus in this aspect. Mesosomes in this cellu-
lolytic species occur in both the vegetative cells
and in the myxospore resting stage.
This work concurs, in part, with the findings

of Schmidt-Lorenz (13). Fibrous extensions or
threadlike protrusions as illustrated by SEM
photomicrographs extend outward into the ex-
ternal environment as a network. Vesicles sur-
rounding cells in TEM micrographs represent
sections of what is interpreted to be slime. Al-
though not conclusively shown, this may repre-
sent a release of bacterial waste products via
the mesosomes.
Vegetative cells of P. cellulosum are as de-

scribed in Bergey's Manual (6). Myxospores do
resemble the vegetative cells in shape, but not
in size; the myxospores are considerably shorter
in length. In addition, the cell wall and cell
membrane of the myxospore differ from those of
the vegetative cell in that the myxospores de-
velop irregular waves; the vegetative cell wall
and cell membrane are relatively free of irregu-
lar waves. Myxospores within a sporangium
become compressed or distorted in shape from

what appears to be an irregular, haphazard cell
arrangement and mutually induced pressure.

Previous studies (4, 9, 14) have used air-dried
specimens; air drying seems to cause stress
upon, at least, the fruiting-body structures, and
perhaps demonstration of the slime protrusions
from vegetative cells.
The findings in this work suggest that air

drying of specimens imposes a more than neces-
sary physical distortion, and hence, does not
provide a complete and true picture of orga-
nisms viewed by SEM. It seems that critical-
point drying may very well be one means of
better preserving morphological integrity,
thereby permitting the investigator to make a
more accurate assessment of the material ob-
served.

Initiation of the sporangia and eventually of
the sorus takes place when partially shortened
cells begin to accumulate and heap-up into a
mass. Considerable amounts of slime occur at
the surface and internally between sporangia.
At this time a number of myxospores begin to
be encompassed in a more-or-less spherical
mass, the sorus, and several to many sporangia
which are accumulated are held together by
slime.

J. BACTERIOL.
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FIG. 12. Cell aggregation and heaping-up prior to sporangia and sorus formation.
FIG. 13. Slime encompassing cell masses to form sporangia.
FIG. 14. A number of sporangia constitute a sorus.
FIG. 15. A freeze-fractured sorus illustrating the polygonal forms of the sporangia. Fig. 12-15, bar is 5.0

/m.
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