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ABSTRACT

LISTGARTEN, M. A. (Harvard School of Dental
Medicine and Forsyth Dental Infirmary, Boston,
Mass.), W. J. LOESCHE, AND S. S. SOCRANSKY.
Morphology of Treponema microdentium as re-
vealed by electron microscopy of ultrathin
sections. J. Bacteriol. 85:932-939. 1963.-Broth
cultures of a strain of Treponema microdentium
were harvested on Millipore filters, fixed in osmic
acid, and sectioned for electron microscopy.
The sections revealed that the spirochetes had an
axial filament, made up of two fibrils approxi-
mately 150 A in diameter, which was situated
between an external envelope approximately
140 A in thickness and a protoplasmic cylinder.
The protoplasmic cylinder had a cross-sectional
diameter of 100 to 200 m,u, and was surrounded
by a double "membrane" consisting of two
40-A electron-dense structures separated by a 45-
A space. Cross-sections of spirochetal "granules"
revealed that the limiting membrane was con-
tinuous with the outer envelope of the spirochetes,
and surrounded the protoplasmic cylinder and
axial filament.

Studies, utilizing the electron microscope, have
revealed the fine structure of a wide variety of
spirochetes. The majority of these studies have
employed shadowed preparations, which can
only provide information regarding the external
morphology of the microorganisms. Recent re-
ports coupling this technique with partial dissolu-
tion of spirochetes have demonstrated that
spirochetes consist of three main structures: a
protoplasmic cylinder, an axial filament (con-
sisting of one or more fibrils), and an outer en-
velope (Bradfield and Cater, 1952; Czekalowski
and Eaves, 1955; Swain, 1955, 1957; Takeya,
Mori, and Toda, 1957; Berger, 1958; Varpho-
lomeeva and Stanislavsky, 1958; Babudieri,
1960).

In the Leptospira, which have been more

extensively studied than other genera, the
protoplasmic spiral consists of 12 to 20 coils
wound around a single homogeneous axial filament
(Babudieri, 1960). The protoplasmic spiral and
the axial filament are surrounded by an outer
envelope (Swain, 1957). In other genera, the
axial filament is made up of more than one fibril
intertwined with the protoplasmic spiral (Brad-
field and Cater, 1952; Swain, 1955). According
to Swain (1955), "the fibrils are external to the
cell wall and are covered by a slime-like layer in
Borrelia duttonii and Borrelia recurrentis." In
B. vincentii, as well as in L. icterohemorrhagiae,
the fibrils were found "within the cell membrane."

Earlier investigators had demonstrated the
presence of "flagella" on a wide variety of
spirochetes (Wile, Picard, and Kearney, 1942;
Wile and Kearney, 1943; Mudd, Polevitzky,
and Anderson, 1943; Hampp, Scott, and Wyckoff,
1948; Morton, Rake, and Rose, 1951; Moureau
and Giuntini, 1956). Swain (1955) considered
these "flagella" to be artifacts caused by washing
the organisms in distilled water without pre-
liminary osmic acid fixation.
A few investigators (Kawata, 1957; Simpson

and White, 1961; Miller and Wilson, 1962)
have utilized ultrathin sections in an effort to
demonstrate the internal structure of spirochetes.
Kawata described "thread-like, fibrous, reticular
or granular structures" similar to the nuclear
apparatus in bacteria, inside the protoplasm.
Simpson and White (1961) considered the proto-
plasm of leptospira to be in the shape of a thick-
walled tube, with a hollow center containing ma-
terial of low electron density. Miller and Wilson
demonstrated "dark circumscribed bodies ... im-
bedded in the protoplasmic wall," as well as a
"knob-like structure located at the end of the
axial filament."
The present investigation was designed to

obtain information on the internal ultrastructure
of Treponema microdentium. A new technique
for the collection of the microorganisms was
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developed which permitted maximal preservation
of the various structural components of these
organisms.

MATERIALS AND METHODS

Source and cultivation of spirochetes. A strain of
T. microdentium was isolated from the oral
cavity of man by passage in well plates, and
purified by streaking on the surface of agar
plates as described previously (Socransky, Mac-
donald, and Sawyer, 1959). The organism was
grown in 100-ml quantities in a medium consist-
ting of PPLO broth (BBL); glucose, 0.1%;
L-cysteine, 1,200 pg/ml; nicotinamide, 600 Mug/
ml; cocarboxylase, 1 ,g/ml; sodium isobutyrate,
20,ug/ml; and spermine, 100 pg/ml. This medium
was filter-sterilized immediately prior to use by
means of 0.3-,p Millipore filters. Culture flasks
were incubated in Brewer jars in an atmosphere
of 95% H2 and 5% C02 at 35 C for 4 to 10 days.

Collection of spirochetes. Two methods were
used to harvest the spirochetes. Initially, the
fixed or unfixed spirochetes were centrifuged at
10,000 X g for 10 min or at 2,000 X g for 60 min.
However, fewer cellular alterations were noted
when the fixed or unfixed spirochetes were col-
lected on the surface of 0.45-p or 0.65-,p Millipore
filters.

Fixation. The organisms were fixed before
harvesting, using a modification of the method
described by Kellenberger, Ryter, and Sechaud
(1958), or after harvesting, using a 2% osmic
acid fixative buffered with veronal acetate
(pH 7.4) or S-collidine (pH 7.4). Although the
several methods employed provided good fixa-
tion, the modified Kellenberger method proved
most satisfactory.
The Kellenberger fixative was added to the

broth containing the organisms for preliminary
fixation for 10 to 25 min. The broth was filtered
through a 0.45-pu or 0.65-,p Millipore filter. The
fixed organisms were retained on the filter sur-
face. Fixation and dehydration were carried out
with the filter in place in the Millipore filter
holder. The final fixation was obtained by leaving
the organisms on the filter overnight at room
temperature in a solution of Kellenberger fixative
with 10% Tryptone medium (1% Tryptone,
0.5% NaCl). The fixative was removed by
aspiration with a capillary pipette, and the
spirochetes were covered with a 0.5% uranyl
acetate wash for 15 min. The wash was aspirated

and the dehydrating solutions (50, 75, 95, and.
two 100% solutions of ethanol saturated with
sucrose) were each added for 15 min. After
dehydration, the filters retaining the spirochetes-
were cut into strips and immersed in a mixture of
equal volumes of ethanol and Epon * 812 (Shell
Oil Co.) The filters partially dissolved in the
Epon, and, after 1 hr, a film of fixed spirochetes
could be peeled off the swollen filters and em-
bedded in Epon by the method described by
Luft (1961).

Preparation and examination of sections. Sec-
tions measuring 0.1 to 0.2 pu were cut on a Porter-
Blum microtome and collected on Formvar-
coated grids. The organisms were stained further
by immersing the grids for 1 hr in a freshly
prepared, filtered, saturated solution of uranyl
acetate in 50% ethanol. The grids were washed
in distilled water and dried before examination
with an RCA EMU-3B electron microscope.

RESULTS

Protoplasmic cylinder. The approximate cross-
sectional diameter of the "protoplasmic cylinder"
of the spirochetes ranged from 100 to 220 mp.
This core appeared to be surrounded by two
electron-dense layers, each approximately 40 A
wide, separated by a 45-A space (Fig. 1, 2, and
3). The contents of the protoplasmic cylinder
generally appeared uniformly granular, the
granules ranging from 150 to 200 A in diameter.
Frequently, however, organisms were observed
with a fine reticular pattern situated in the less
dense central area (Fig 3, 4, and 5). In a few
cross-sections of spirochetes, the protoplasmic
content appeared to take the form of concentric
laminations (Fig. 5).

Cell envelope. An irregular envelope surrounded
the protoplasmic cylinder and axial filament.
This envelope was situated 0 to 400 A from the
surface of the protoplasmic cylinder, and was
composed of an electron-dense layer, approxi-
mately 140 A wide (Fig. 2 and 3). In some sec-
tions the envelope appeared to be structurally
double. No structural elements, with the excep-
tion of the axial filament, were seen between the
surface of the protoplasmic cylinder and the
envelope.

Axial filament. The axial filament in the strain
examined consisted of a pair of parallel fibrils
wound along the length of the protoplasmic
cylinder (Fig. 2). Each fibril appeared to be
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FIG. 1. Longitudinal section through an uncoiled spirochete. Fixation in 2% buffered osmic acid with
sucrose. Note absence of axial filament in this particular uncoiled spirochete: e = cell envelope; m = double
cell "membrane"; p = protoplasmic cylinder. X 70,000. Note: the bar in the lower left-hand corner of each
illustration represents 100 m,u.

FIG. 2. Section through several spirochetes. N7ote aiea of protoplasmic loss where double-stranded nature
of axial filament (f) is particularly noticeable. Arrotws indicate fibrils of axial filamtent. Kellenberger fixa-
tion. X 91,000.

approximately 150 A in diameter. The axial
filament was found quite consistently in the
sections studied and appeared to be located
between the surface of the protoplasmic cylinder
and the cell envelope (Fig. 6).

"Granules." "Granules" were seen more fre-
quently in older cultures. They appeared to
consist of a limiting membrane continuous with
the outer envelope of the spirochetes. Except for
occasional cross-sections of protoplasmic cylinders
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FIG. 3. Section through several spirochetes illustrating relationship of cell envelope (e) to protoplasmic
cylinder (p). Note double cell membrane (m). Kellenberger fixation. X 91,000.

FIG. 4. Section illustrating both granular (g) and reticular (r) types of protoplasm. Fixation in 2%
buffered osmic acid. X 83,000.

FIG. 5. Cross-section of spirochetes demonstrating concentric laminations (arrows) in protoplasmic
cytinder. Fixation in 2% buffered osmic acid. X 83,000.
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FIG. 6. Section demonstrating relationship of double axial filament (f) to outer envelope (e) and proto-
plasmic cylinder (p) in organisms cut in cross-section. Kellenberger fixation. X 50,000.

FIG. 7. "Granules." Note cross-sections of protoplasmic cylinder (p) and fragments of axial filament
(arrows) within the "granule membrane" (M). Kellenberger fixation. X 65,000.
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FIG. 8. Note continuiation of "granule miienmbrane" (AI) with oniter envelope (e) of organismn. Fixation in
2%' buffered osmic acid. X 65,000.

FIG. 9. Myelinlike figures (arrows) in a sample of spirochetes dehydrated in alcohol solutions to which
no snicrose was added. Fixation in 2.67%o buiffered osniic acid. X 71,000.

and segments of axial filament, the content of
the "granule" appeared to be of uniform low
electron density (Fig. 6, 7, and 8).

DISCUSSION

In preliminary investigations, it was found
that the envelope and the axial filament were
frequently disrupted, either as a result of pro-
longed high-speed centrifugation or as a result of
the dehydration procedure. These artifacts were
corrected by substituting low-speed centrifuga-

tion or AMillipore filter harvesting for high-speed
centrifugation, and by saturating the ethanol
solutions with sucrose. When no sucrose was
added to the ethanol solutions, the outer envelope
often assumed a spiral shape (Fig. 9) resembling
early myelin figures (Stoeckenius, 1959). The
medium was filter-sterilized instead of auto-
claved to provide a cleaner preparation.
Our finding of an axial filament consisting

of two distinct fibrils intertwined with a proto-
plasmic cylinder, both structures being covered
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bv an outer envelope, substantiates similar ob-
servations made in the l)ast by Bradfield and
Cater (1952) and Swain (1955) with shadowed
preparations. In addition, our evidence firmly
establishes the location of the axial filament
to be in the space between the lprotoplasmic
cylinder and the outer cell envelope, in this
slecies. This is further supported by the presence
of segments of axial filament within some of the
"granules."
The nature of the cell envelope demonstrated

in these sections is open to question. The envelope
had an irregular contour, was easily disrupted
during processing, and did not appear essential
in maintaining the shape of the protoplasmic
cylinder. It is therefore lprobable that this en-
velope is quite distinct from bacterial cell walls,
which in ultrathin sections appear as regular,
well-defined, electron-dense structures, 100 to
250 A thick (Chapman, 1959; Salton, 1960).
Certain investigators have suggested that the
protoplasmic cylinder is surrounded by- a slime-
like layer, since it can be washed relatively easily
from the outer surface of the protop)lasmic
cylinder (Kawata, 1957).
The double "membrane" surrounding the

protoplasmic cylinder has features of both the
cell wall and the cell membrane of other orga-
nisms. For instance, the dimensions of the double
"membrane" are within the range of both cell
walls (Kellenberger and Ryter, 1958; Salton,
1960) and cell membranes (Chapman, 1959). The
adherence of the double "membrane" to the pro-
toplasmic cylinder, its position within an outer
envelope, and its similarity to the unit membrane
described by Robertson (1959) support the view
that this structure is the cell membrane. On the
other hand, like cell walls, the double "mem-
brane" appears responsible for maintaining the
shape and integiity of the protoplasmic cylinder.

LITERATURE CITED

BABUDIERI, B. 1960. The cell structure and serol-
ogy of Leptospira. Ergeb. Mikrobiol. Im-
munitatsforsch. 33:259-306.

BERGER, U. 1958. Die Treponemen der Mundhohle
und ihre Bedeutung fur die Pathogenes der
oralen Fusospirochatosen. Beitr. Hyg. Epi-
demiol. 12:20.

BRADFIELD, J. R. G., AND D. B. CATER. 1952.
Electron-microscopic evidence on the struc-
ture of spirochetes. Nature 169:944-946.

CHAPMAN, (l. B. 1959. Electron microscopy of
ultrathin sections of bacteria. III. Cell wall,
cytoplasmic membrane, and nuclear material.
.J. Bacteriol. 78:96-104.

CZEKALOWSKI, J. W., AND G. EAVES. 1955. Tlle
structutre of Leptospirae as revealed by elec-
tron microscopy. J. Pathol. Bacteriol. 69:129-
132.

HAMPP, E. G., D. B. SCOTT, AND R. W. G.
WYCKOFF. 1948. Morphologic characteristics
of certain cultured strains of oral spirochetes
and Treponema pallidum as revealed by the
electron microscope. J. Bacteriol. 56:755-769.

KAWATA, T. 1957. Electron microscopy of ultra-
thin sections of Borrelia duttonii and Reiter
spirochete. Yonago Acta Med. 2:142-147.

KELLENBERGER, E., AND A. RYTER. 1958. Cell
wall and cytoplasmic membrane of Escherichia
coli. J. Biophys. Biochem. Cytol. 4:323-326.

KELLENBERGER, E., A. RYTER, AND J. SECHAUD.
1958. Electron microscope study of D. N. A.-
containing plasms. II. Vegetative and matture
phage l). N. A. as compared with normal bac-
terial nucleoids in different physiological
states. J. Biophys. Biochem. Cytol. 4:671-678.

LUFT, J. H. 1961. Improvements in epoxy resin
embedding methods. J. Biophys. Bioclhem.
CVtol. 9:409-414.

MILLER, N. G., AND R. B. WILSON. 1962. In vivo
and in vitro observations of Leptospira
pomona by electron microscopy. J. Bacteriol.
84 :569-576.

MORTON, H. E., S. RAKE, AND N. R. RoSE. 1951.
Electron microscope studies. III. Flagella.
Am. J. Syphilis 35:503-516.

NIOUREAU, M., AND J. GIUNTINI. 1956. Etude au
microscope electronique de quatre especes
de treponemes ana6robies d origine genitale.
Ann. Inst. Pasteur 90:728-737.

MUDD, S., K. POLEVITZKY, AND T. F. ANDERSON.
1943. Bacterial morphology as shown by the
electron microscope. V. Treponema pallidtum,
T. macrodentium and T. microdentium. J.
Bacteriol. 46:15-24.

ROBERTSON, J. D. 1959. Ultrastructure of cell
membranes and their derivatives. Biochem.
Soc. Symp. 16:3-43.

SALTON, M. R. J. 1960. Microbial cell walls, p.
16. John Wiley & Sons, Inc., New York.

SIMPSON, C. F., AND F. H. WHITE. 1961. Electron
microscope studies and staining reactions of
Leptospires. J. Infect. Diseases 109:243-250.

SOCRANSKY, S. S., J. B. MACDONALD, AND S.
SAWYER. 1959. The cultivation of Treponema
microdentiumrl as surface colonies. Arch. Oral
Biol. 1:171-172.

STOECKENISTS, W. 1959. An electron microscope

938 J. BACTERIOL.



VOL. 85, 1963 MORPHOLOGY OF TREPC

study of myelin figures. J. Biophys. Biochem.
Cytol. 5:491-500.

SWAIN, R. H. A. 1955. Electron microscopic
studies of the morphology of pathogenic
spirochetes. J. Pathol. Bacteriol. 69:117-128.

SWAIN, R. H. A. 1957. The electron microscopical
anatomy of Leptospira canicola. J. Pathol.
Bacteriol. 73:155-158.

TAKEYA, K., R. MORI, AND J. TODA. 1057. Studies
on the structure of Leptospira as revealed
by electron microscopy. Japan. J. Microbiol.
1:99-102.

)NEMA MICRODENTIUM 939

VARPHOLOMEEVA, A. A., AND E. S. STANISLAVSKY.
1958. Recherches sur la morphologie des
Leptospires a l'aide du microscope electro-
nique. Ann. Inst. Pasteur 94:361-366.

WILE, U. J., AND E. B. KEARNEY. 1943. The
morphology of Treponema pallidum in the
electron microscope: demonstration of fla-
gella. J. Am. Med. Assoc. 122:167-168.

WIILE, U. J., R. G. PICARD, AND E. B. KEARNEY.
1942. The morphology of Spirochaeta pallida
in the electron microscope. J. Am. Med.
Assoc. 119 880-881.


