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ABSTRACT
THE ULTRASTRUCTURE OF TREPONEMA REFRINGENS

AND THE ISOLATION AND CHARACTERIZATION
OF CYTOPLASMIC FIBRILS

By

Susan Radtke Eipert

The structural relationship of treponemal cytoplasmic fibrils
to other cell components was determined and the fibrils were isolated
and characterized ultrastructurally and chemically. Scanning and
transmission electron microscopy of whole and disrupted cells of
Treponema refringens (formerly the Nichols nonpathogenic strain of
T, pallidum) confirmed that the cells were spiral and had a cell
envelope resembling that of gram negative cells. Axial filaments,
originating subterminally near each end of the cell, remained
enclosed in the outer envelope through their entire length. A band
of parallel fibrils extended along the cell on the inside of the
cytoplasmic membrane. The band was oriented along the inner curve
of the cell's helix. The nuclear area of the cell was always
located adjacent to the fibrils. In micrographs of spheroplast-
like forms an actual connection between fibrils and DNA was evident.
Experiments to demonstrate further this connection by cell frac-
tionation or electron microscopy of the DNA from partially lysed

cells were inconclusive.
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After various lytic agents were tested, a procedure was
developed to lyse completely the cells and release the cytoplasmic
fibrils. Cells were treated with guinea pig serum, lysozyme and
Brij 58 overnight and then sonicated until the suspension cleared.
A fibril-containing fraction was isolated by equilibrium ultracen-
trifugation of the lysate on a 0 to 57% or 0 to 76% linear
Renografin gradient. A band which contained most of the fibrils,
along with some membrane and axial filament hooks and basal bodies,
was found on the gradient. After treatment with DNAse and/or
Triton X-100, the fibril fraction was further purified by two or
more Renografin gradients. A protein with a molecular weight of
97,000 was shown to be the major component of the partially puri-
fied fibril preparation by SDS polyacrylamide gel electrophoresis.
Cross sectioned fibrils were polygonal, with visible substructure.
Electron micrographs of negatively stained isolated fibrils showed
two views or types of fibrils: wide and narrow. Each wide fibril
had a 3.0 nm periodicity. A model of fibril structure is proposed
to account for the ultrastructural observations. Each fibril is
definitely a complex arrangement of several strands rather than a
simple tubule. Much of the electron microscopic evidence can be
accounted for by a model in which four strands are arranged so that
each is at a corner of a rectangular cross section. Fibrils in situ
are viewed from the narrow side, whereas both the wide and the
narrow sides are viewed in preparations of isolated fibrils.

Treponemal fibrils bear little ultrastructural or chemical
similarity to other prokaryotic or eukaryotic intracytoplasmic

structures. The function of the fibrils is unknown, but speculations
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can be made based on their location within the cell. Their position
on the insides of the curves of the cell suggests that they may,
along with the peptidoglycan, play a role in maintaining the shape
of the organism. A likely possibility is that fibrils play a
role in DNA replication, segregation or transcription since the DNA
of these treponemes was always located next to the fibrils.

The ultrastructure of Treponema hyodysenteriae was also studied.
The morphology of these cells was similar to that of T. refringens
with the most obvious difference being the presence of 9 to 11 axial
filaments on each end of the cell as opposed to one to 3. Attempts
to demonstrate intracytoplasmic fibrils by electron microscopy of
negatively stained whole cells and cell fractions were inconclusive.
The axial filaments displayed a polarity sometimes seen in bacterial
flagella--the distal end of each fragment of a broken filament was

indented while the other end was pointed.
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INTRODUCTION

Since the first observation of spirochetes, their unique
morphology has fascinated many researchers. Light microscopy was
sufficient to show the helical nature of the cells and even the
presence of axial filaments, but the use of electron microscopy
resolved many aspects of spirochetal ultrastructure. It also
allowed the discovery in treponemes of a previously unknown
structure--cytoplasmic fibrils. Although discovered in 1968, the
fibrils have not been well characterized. The only clearly estab-
lished fact is that several parallel fibrils are located on the
inside of the cytoplasmic membrane of treponemes. Little informa-
tion has been available on their chemistry or ultrastructure and
even the question of whether there are one or more bands has been
disputed.

This study was undertaken to determine the function of the
cytoplasmic fibrils in treponemes. This objective was pursued by
clarifying the structural relationship of treponemal fibrils to
other cell components and by isolating the fibrils to examine their
ultrastructural and chemical nature.

The fibrils were found to be adjacent to the nuclear area of
the cell and to be located on the inner side of the cell's curves.

Based on this evidence, two possible functions for fibrils were
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proposed--shape maintenance and association with DNA in the process
of cell division.

Treponemal cytoplasmic fibrils had not been isolated, nor had
a lysis procedure been developed which efficiently released fibrils
from the cells. In the present study several methods were tried
before a satisfactory procedure was developed. The use of guinea
pig serum, Brij 58 and sonication disrupted the cells to a degree
which permitted the isolation of the fibrils from all other cell
components visible in the electron microscope. Examination of the
ultrastructure of isolated fibrils and fibrils within cells pro-
vided evidence on which each fibril was proposed to be a complex
arrangement of strands. Study of the chemical and ultrastructural
nature of the fibrils demonstrated that they are not similar to any

other known prokaryotic or eukaryotic structure.
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REVIEW OF THE LITERATURE

Historical Perspective on Spirochetes and Treponemes

Antony van Leewenhoek reported to Robert Hooke in 1681 that he
had seen "a sort of animalcules that had the figure of our river-
eels" in fecal material. These animalcules had "a wavy nimble motion"
and bent their bodies serpent-wise, and shot through the stuff as
quick as a pike through the water" (27). Van Leewenhoek later
observed similar spiral organisms in material from between teeth.
Dobell believed the descriptions to be those of spirochetes.

In 1838 Ehrenberg classified the bacteria within the animal
kingdom and defined the genus of large free-living flexible helical
filaments as Spirochaeta. It has only one species, S. plicatilis
(17) . His drawings and terminology suggest that he considered the
spirochetes to be helical chains of bacteria rather than single
helical cells. Cohn classified the bacteria with the plants rather
than the animals and in his 1875 classification system even sug-
gested that S. plicatilis was nothing more than a colorless form of
the alga Spirulina. The genus Spirochaete was described as long
spiral flexuous filaments of cells without phycochrome (16).

Winter's 1881 classification system (112) is one example of
the many classifications of that time. 1In it, Spirochaeta was
distinguished from Bacillus and Beggiatoa only by being composed of
a long flexible spiral filament of cells rather than a straight chain

3
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of cells. In an English translation of this classification, bacteria
belonging to the genus Spirochaeta were described as

...Cells united in long slender threads, mostly showing

narrow spiral windings. The filaments have the liveliest

of movements and clearly propel themselves forward and

backward, but are also able to bend in various ways. (19)

The practice of describing spirochetes as spiral filaments of
cells rather than single spiral cells was followed in most, but not
all, classification systems in the 19th century. This practice
changed near the turn of the century, so that by 1917, when the
Committee of the Society of American Bacteriologists on Characteri-
zation and Classification of Bacterial Types made its preliminary
report (11l1), spirochetes were clearly considered individual spiral
organisms.

Spirocheta pallidum and other spirochetes were given the
generic name of Treponema in 1905 by Schaudinn (93,94) shortly
after he and Hoffmann (95) discovered spirochetes in syphilitic
chancres. At the same time that they found spirochetes connected
with syphilis, they found another type of spirochete, T. refringens,
in condylomata of a patient without syphilis (93,95). Swellengrebel
initiated the term Spirochaetaceae, which contained the genera
Spirochaeta and Treponema as well as a new genus, Borrelia (16).
Through the years, other genera have been included with the spiro-
chetes or removed from that group. The most recent classification
(99) lists 5 genera in the order Spirochaetales and the class
Spirochaetaceae: Spirocheta, Cristispira, Leptospira, Borrelia

and Treponema.
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The treponeme used in the present studies is Treponema refringens
biotype Nichols, formerly called the Nichols nonpathogenic strain of
T. pallidum. It has been cultured since 1933, when it was isolated
from a rabbit infected with the pathogenic Nichols strain of T.
pallidum. At the time, Kast and Kolmer (61) considered it to be a
successful cultivation of T. pallidum, even though it was no longer
pathogenic for rabbits. Recently this organism, along with other
so-called cultivable strains of T. pallidum, was reclassified in
other species of treponemes (99). Since these organisms differ
immunologically and morphologically from T. pallidum and are not
pathogenic (108), they probably were originally cultured from

saprophytic genital treponemes rather than T. pallidum (98).

Shape and Morphology of Spirochetes

Spirochetes have usually been described as spiral or helical
organisms (or chains of organisms). Occasional reports based on
darkfield observation of the cells disputed this, claiming that some
treponemes are not helical, but rather are in planar wave forms.

For example, Sequira (96) reported that T. pallidum from syphilitic
chancres and T. pertenue are flat wave forms, whereas T. refringens
is a right-handed spiral. More recently, Cox (22) found that T.
pallidum cells are made up of flat wave forms, in 1 to 5 planes per
cell,

Besides being helical, or perhaps planar wave forms, and flexible,
spirochetes are defined by the presence of axial filaments inter-
twining with the protoplasmic cylinder and enclosed by the outer

envelope (99). Bradfield and Cater (14) hypothesized that the axial
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6
filaments are the cause of the spiral shape of spirochetes. BAxial
filaments attached at each end of a cell would provide the tension
which pulls the cell into a spiral shape. Listgarten and Socransky
(72) showed, however, that the axial filaments are not continuous
from one end of the cell to the other. Each filament is inserted
subterminally at one end only and extends towards the other end for
a variable distance. Usually filaments originating from opposite
ends overlap. As further evidence that the axial filaments are not
responsible for the shape of spirochetes, Joseph and Canale-Parole
(59) demonstrated that the removal of the axial filaments by treat-
ing cells with hydrochloric acid did not alter the coiled shape of
the organisms., Furthermore, the peptidoglycan layer purified from
Spirocheta stenostrepta or S. litoralis frequently retained its
coiled configuration (59,60). Thus, they concluded that spirochetes
were maintained in a permanently coiled shape by the helical peptido-
glycan layer, and not by tension on the cell by axial filaments.
Peptidoglycan isolated from leptospires (102) also retained its
wavy shape.

The similarity of axial filaments to bacterial flagella in
ultrastructural and chemical characteristics (59) has been the basis
for assuming that axial filaments play a role in spirochetal motility,
but that role has not been proven. It has not been possible to
demonstrate loss of motility after removal of axial filaments because
axial filaments lie inside the outer envelope and cannot be removed
by nonlethal treatments. Mutant spirochetes lacking axial filaments

or axial filament components have not yet been obtained (59). The
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7
use of antisera against axial filaments yielded no conclusive
information (9).

Surrounding the cytoplasm of gram-negative cells is the cyto-
plasmic membrane, the peptidoglycan layer and the outer membrane
(21). The cell envelope of spirochetes is similar to that of
gram-negative bacteria, with the most obvious morphological dif-
ference being the presence of the axial filaments between the outer
membrane (termed outer envelope in spirochetes) and the peptido-
glycan (53,70,87,88). In electron micrographs the peptidoglycan
of spirochetes is located directly next to the cytoplasmic membrane,
in contrast to most gram-negative organisms, in which there is a
gap between the membrane and the peptidoglycan (70,75). An electron
transparent area which contains tiny strands is present inside the
cytoplasm of spirochetes and is regarded as the nuclear area

(48,62,88,91,107).

Treponemal Cytoplasmic Fibrils

In 1968 Ovéinnikov and Delektorskij observed filaments in the
cytoplasm of sectioned treponemes (83). They also mentioned that
there were several thin, parallel bands which stretched along the
body of negatively stained treponemes. These they regarded as the
pattern of the treponeme surface. At a meeting of the Italian
Society of Parasitology in 1968, two reports at a round table dis-
cussion on the fine morphology of spirochaetes mentioned unusual
structures: Swain and Anderson (10l1) reported wedge- or comma-shaped
masses in the cytoplasm next to the cytoplasmic membrane of sections

of T. pallidum, and Babudieri (4) observed small bundles of slender
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fibrils in negatively stained Reiter treponemes. It was apparently
not realized that these were probably different views of the same
structures. Also in 1968, Klingmiller et al. (68) reported a band
of "microtubule filaments" lying next to the cytoplasmic membrane in
the cytoplasm of T. pallidum.

Since that time, other researchers have repeatedly observed
one or more bands of parallel fibrils situated along the length of
negatively stained treponemes or under the cytoplasmic membrane of
cross sectioned treponemes. These fibrils have been reported in
pathogenic treponemes such as T. pallidum (47,68,80,82,83,101,107),
T. pertenue (8l1), and T. cuniculi (49) and in nonpathogenic trepo-
nemes such as the Reiter, Kazan, Stavropol and Nichols strains
(4,48,51,58,80,82,83), T. microdentium, T. minutem, and T. calligyrum
(45) and T. phagedenis, T. refringens and T. vincentii (44). There
is no universal name for these fibrils and often the terminology is
confused with that for axial filaments (Table 1).

The diameters of the fibrils have usually been reported to be
in the range of 6 nm (58) to 9 nm (51). Klingmliller et al. reported
a diameter of 4 nm (68), but this measurement is open to question
since they gave 10 nm as the diameter of axial filaments, whereas
the axial filament diameter probably ranges from 12 nm (58) to 30
nm (63). The number of fibrils per band was reported by Hovind
Hougen to be 6 to 8 (44,45,47,49), but wider ranges of 4 to 14 (58)
and 5 to 20 (51) have also been noted. The fibrils originate near
the end of the cell, close to the insertion points of the axial fila-
ments (47,51). Most researchers apparently assumed that there is

one band of fibrils running the length of the cell (51,58,68,107),
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Table 1. Terminology used for treponemal cytoplasmic fibrils and
axial filaments by various authors

Axial Cytoplasmic
Authors Date filaments fibrils
Klingmiiller et al. 1968 Fibrillen Mikrotubuli-
filamente
Ovéinnikov and Delektorskij 1969 superficial deep fibrils
fibrils
Jones et al. 1970 axial fibers body fibrils
Jackson and Black 1971 axial filaments fibrils
Hovind Hougen and Birch- 1971 endoflagella microtubules
Andersen
Hovind Hougen 1972 flagella microtubules
Wiegand et al. 1972 axial filaments deep filaments
Hovind Hougen 1974 flagella tubules

but it has been reported that there are 2 or 3 bands of fibrils
rather than one (4,66,79) or that bands originate at either end of
the cell and interdigitate in the middle (44,45,57). Many investi-
gators have stated that the fibrils are located on the same side of
the cell as, and directly under, the axial filaments (44,47,48,49,68,
81,101).

Fibrils were at least partially released from autolyzed cells
(51) or from cells treated with Myxobacter AL-1 protease (44,45,47,48),
sonication and detergent (51), trypsin, or sodium dodecyl sulfate
and homogenization (50). Fibrils released from cells often remained

parallel and spiral (50,51) and were sometimes broken (44). The
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10
fibrils of T. refringens appeared to be less fragile than those of
T. phagedenis or T. vincentii (44).

The ultrastructure of the fibrils has usually been described as
tubular because negative stain appeared to penetrate the lumen
(44,47,49,51). Jones (58) noted that the fibrils have a beaded or
possibly striated appearance and Jackson (50) hypothesized that the
outer strands of the fibrils are the outer edges of spherical sub-
units. Cross sectioned fibrils are not round, but wedge- or
comma-shaped (10l1), slightly elongated (81), triangular (50), or
oblong (107). Fibril cross sections have slightly electron dense
centers (49) or a punctate structure (79). The chemical nature of
fibrils has not been mentioned, with the sole exception that they
probably are protein because they are sensitive to trypsin (51).

Hovind Hougen (47) has suggested that the presence of fibrils
could be used as a criterion for classification of the genus
Treponema since they appear to be unique to that genus. Fibrils
have been found in every treponeme species observed by electron
microscopy with the single exception of T. genitalis (46). Attempts
to find fibrils in leptospires (26,47) or borreliae (75) have not
been successful. Fibrils with a diameter of 5 to 8 nm were seen
in preparations of intact and disrupted cells of Spirocheta steno-
strepta (59), but no mention was made of their number, location or
ultrastructure.

Hypotheses as to the function of treponemal cytoplasmic fibrils
have included motility (58,80,81,83), skeletal support (48,81,82)
and maintenance of the spiral shape (51,58,83). It has also been

suggested that fibrils may be the site for enzymatic processes
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(82,101), intracytoplasmic transport (48), or synthesis of flagellar

protein (48).

Spirochetal Cell Envelope Fibrils

Other types of fibrils have also been reported in the cell
envelope of spirochetes. Yanigihara and Mifuchi (115,116) reported
the presence of branched microfibers 3 to 5 nm in diameter between
the protoplasmic cylinder and the outer envelope of Borreliae
treponemes and leptospires that had been treated with dilute alkali
or hyaluronidase. The leptospiral microfibrils were isolated and
found to be carbohydrate and protein in a 1l:1 ratio. The protein
had a molecular weight of 72,000 (Yanigihara, personal communica-
tion). Similar fibrils have been observed in the envelope of large
spirochetes (12,72), in sodium deoxycholate-treated Leptospira
icterohaemorrhagiae (114), in the cell wall of thin sectioned
leptospires (98), in sodium deoxycholate-treated sex-ratio organisms
(110) , in disrupted Borrelia vincentii (11), in the outer envelope
of two out of seven species of treponemes observed by Hougen (44,46),
and in the outer envelope of T. refringens (50). These descriptions
vary somewhat and probably portray more than one type of fibril
associated with the cell envelope of various species. The location,
ultrastructure and generally smaller size of these spirochetal peri-
mural fibrils indicate that they are clearly different from treponemal

cytoplasmic fibrils.

Isolation of Structural Components from Treponemes

Many antigens and other cell components have been chemically

extracted from treponemes (53,86), but isolation of intact structural



component

outer env
was solut
dialysis

had been

axial fji]
A cell wa
Yas isolaf
cell fracy
CYtoplasmj

been deve)




12
components from spirochetes has been limited to axial filaments,
outer envelope, and a cell wall preparation. The outer envelope
was solubilized by sodium dodecyl sulfate and then reaggregated by

dialysis against a MgCl., solution (36,57). After the outer envelope

2
had been solubilized with sodium dodecyl sulfate or butanol, the
axial filaments were sheared from the cells in a blender (8,34).

A cell wall preparation including peptidoglycan and polysaccharide
was isolated by centrifugation after cells were disrupted with a
cell fractionator and proteolytic enzymes (3). No internal or

cytoplasmic components have been isolated, nor has a lysis procedure

been developed which would allow isolation of such components.
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MATERIALS AND METHODS

Organism and Cultivation

The culture of Treponema refringens, formerly called the
Nichols nonpathogenic strain of T. pallidum, was obtained from Dr.
S. Jackson, Baylor College of Medicine, Houston. The growth medium
consisted of (g/100 ml glass distilled water) :spirolate broth base
(BBL), 1.45; brain heart infusion (BBL), 1.85; tryptone (DIFCO),
0.025; and asparagine (DIFCO), 0.05. Filtered rabbit serum (Flow
Laboratories) was heated for 30 min at 56 C to inactivate complement
and added to the autoclaved medium at a concentration of 9% (vol/
vol). A 9% (vol/vol) inoculum was added and cultures were grown in
from 10 to 400 ml lots in screw-capped tubes or prescription bottles.
Incubation was at 35 C inside an anaerobic jar (Torbal) or glass
vacuum jar under a nitrogen atmosphere. Cultures were transferred
routinely every 4 to 7 days. Cells were harvested by centrifugation

at 7000 to 10,000 x g for 10 min.

Nephelometry

To monitor growth, 1 ml of culture was diluted with 9 ml of
phosphate buffer (pH 7.0) and read in a nephelometer (Coleman
Nepho-Colorimeter). According to Jackson (50), a suspension of

8
2 x 10 cells per ml had a reading of about 40 nephelos units.

13
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CLBS Lysis Procedure

The pellet from 200 ml of centrifuged culture was resuspended
in 1 ml of Tris buffer (0.04 M Tris pH 7.6) and 1.5 ml guinea pig
serum (reconstituted lyophilized serum from Grand Island Biological
Company or fresh frozen serum from Suburban Serum Labs), after which
approximately 5 mg of lysozyme (Sigma) and 0.6 ml of a 5% (wt/vol)
solution of Brij 58 were added. The suspension was left at room
temperature from 2 h to overnight and then sonicated on an MSE 100
watt Ultrasonic Disintegrator until the suspension cleared (usually
15 to 45 sec). Three milligrams deoxyribonuclease I, E.C. No.
3.1.4.5 (Sigma) was added and the lysate was shaken for an hour at

35 C.

Fibril Isolation Procedure

Linear 0 to 57% or O to 76% Renografin (Squibb Renografin-76;
66% meglumine diatrizoate and 10% sodium diatrizoate) gradients were
made with 0.04 M Tris buffer (pH 7.4). Four milliliter gradients
were made in 5 ml tubes and 1 ml of CLBS lysate was layered on top.
Gradients were centrifuged in a SW 50.1 rotor in a Beckman Model
L3-50 ultracentrifuge at 130,000 x g for 2 h. The band containing
fibrils was collected with a Pasteur pipet and dialyzed overnight
against water or buffer. The dialyzed fibrils were incubated with
DNase, Triton X-100, or both and centrifuged again on a Renografin
gradient. The incubation and centrifugation of the fibrils was

repeated one more time.
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Chemical Characterization of Fibrils

Sodium dodecyl sulfate (SDS) polyacrylamide electrophoresis
gels used to analyze fibril preparations were made according to
Fairbanks (29) with the following modifications. Acid cleaned
glass tubes were coated with dimethyl dichlorosilane (Sigma),
allowed to dry and then rinsed with hot water, 95% ethanol, water
and allowed to dry again. Gels (8 to 11 cm high) containing 7.5%
polyacrylamide and 1% SDS were pre-electrophoresed at a constant
amperage of 2 mA per tube. Protein samples containing 20 to 50 ug
protein were boiled 5 min with 1% SDS and 2% mercaptoethanol, layered
on the gels and run at 4 mA per tube. Coomassie blue-stained gels
were scanned at a wavelength of 540 nm on a Gilford 2400-S Spectro-
photometer. The molecular weights of standards had been determined
by Weber and Osborn (106).

Protein was analyzed by Lowry's method (73), hexose by the
anthrone procedure (2), DNA by the diphenylamine procedure (2), and

pentose by the orcinol test (109).

Light Microscopy

All light microscopy and photomicrography was performed with
a Zeiss photomicroscope. The automatic exposure control was used

for phase and darkfield photography.

Phase Microscopy

Wet mounts of cells were observed with phase optics using a
100 X oil-immersion objective and photographed using Kodak Plus-X

£film.
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Darkfield Microscopy

When mounts of cells were observed by darkfield microscopy,
the light source was a high-pressure mercury lamp and the optics
included a cardioid condenser and a 100 X oil immersion objective

lens with an iris diaphragm.

Fluorescence Microscopy

For fluorescence microscopy, the microscope was equipped with
a high pressure mercury lamp. Exposure times of 2 to 15 min were
necessary with Kodak High Speed Ektachrome film pushed in its
development to an ASA of 640. In the procedure used for fluorescent
staining of fixed cells (5), smears on coverslips were air dried
and fixed overnight in Carnoy's solution and in 95% ethanol:95%
diethyl ether (1:1). After fixation, the smears were rehydrated
and some of them were treated with bovine pancreas ribonuclease
5 X crystallized (Nutritional Biochemicals). All smears were
stained for 20 min in acridine orange McIlvaine's buffer (pH 6.0).
After rinsing, the wet coverslip was placed, cells down, on a clean
slide and the edges were sealed with nail polish. Many variations
in the procedure were tried. The major ones included the substi-
tution of euchrysine (in potassium-sodium phosphate buffer, pH
7.4) for acridine orange and the inclusion of deoxyribonuclease I,
E.C. No. 3.1.4.5 (Sigma) after the RNase incubation.

For vital staining, a wet mount was prepared containing culture
and one drop of a 0.02% solution of acridine orange in McIlvaine's
buffer, pH 2.4 to 6.0, or euchrysine in phosphate buffer, pH 7.4.
Agar coated slides helped to slow or stop the motion of the cells

for photography.
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Electron Microscopy

Scanning Electron Microscopy

Cells were collected on a 0.2 pym Nucleopore filter and fixed
in 2% glutaraldehyde or in 2% glutaraldehyde plus 1% osmium tetroxide.
The fixatives were dissolved in 0.067 M phosphate buffer (pH 7.2),
with or without 0.05 M or 0.15 M NaCl. After dehydration in an
alcohol series (5 min each in 50%, 70%, 95% and 100% ethanol), the
cells were dried in a Sorvall critical-point dryer and then sputter-
coated with gold. Cells were observed and photographed with an ISI

Super Mini-SEM scanning electron microscope.

Negative Stains

All transmission electron micrographs were taken with a Philips
EM-300 electron microscope operating at 80 Kv. For negative stain-
ing, cells were put on a carbon-Formvar grid and stained with a drop
of stain. 1Isolated fibrils were stained on a thin carbon or Parlodian
coated grid by floating the grid on the stain. The concentrations
of stains used, unless otherwise noted, were: 0.5% phosphotungstate,
pH 7.5 (PTA); 0.5% silicon tungstate, pH 7.0; 2% ammonium molybdate,
pPH 7.5; 0.4% uranyl acetate in 0.05 M HCl, and 0.5% uranyl oxalate,

PH 6.8 (UOx).

DNA Spreading

A variation of the Kleinschmidt spreading technique was used
for visualization of treponemal DNA (23). Various cell preparations
in 0.5 M ammonium acetate, 0.1 mg/ml cytochrome ¢ (Nutritional Bio-

chemicals) were dropped onto the surface of 0.25 M ammonium acetate
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in a paraffin coated glass petri plate. The cytochrome c monolayer
was picked up on a carbon-Parlodian coated grid, dehydrated in 50%
ethanol and stained for 30 sec with 0.002% uranyl acetate in 90%
ethanol. Occasional grids were also stained with PTA or rotary
shadowed with platinum in a Denton Vacuum DV-502 high vacuum

evaporator.

Thin Sections

Cells to be embedded for thin sectioning were collected on a
0.22 ym Millipore filter, embedded in agar and fixed with osmium
according to the Ryter-Kellenberger procedure (65). Pre-fixation
in 3% glutaraldehyde was used only occasionally. The cells were
embedded in Epon and sectioned with a DuPont diamond knife on a
LKB Ultrotome III ultramicrotome. Sections were stained with 2%
uranyl acetate for 30 min and 0.5% lead citrate in a sodium hydroxide

solution (about pH 12) for 5 min.

Shadowing

Isolated fibrils on carbon-Parlodian grids were shadowed with
platinum-carbon at an angle of 15° in a Denton Vacuum DV-502 high

vacuum evaporator.
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RESULTS

Growth Curves

Nephelometry was used to record the growth of T. refringens
cultures (Figure 1). It was assumed that a direct relationship
existed between bacterial numbers and nephelos units (28). A 48
hr portion of each growth curve representing the exponential growth

phase was used to calculate the generation time (Table 2). The

Table 2. Generation times of cultures inoculated with populations
of varying ages

Time period used

Age of inoculum in calculation Generation time
3 days Day 1 to day 3 23 hours
9 days Day 2 to day 4 35 hours
21 days Day 2 to day 4 40 hours
8 months Day 6 to day 8 49 hours

dgeneration time was longer when older cultures were used as inoculum.
Growth did occur when a 20-month-old culture was used as inoculum,
although the stationary phase was quickly reached. The culture
inoculated with the 20-month-old population appeared to have returned
to normal since when it, in turn, was used as inoculum, the culture

19
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Figure 1. Growth curve showing growth of cultures using
inocula of various ages. The growth was measured at one~day inter-
vals by nephelometry of a 1 to 10 dilution of each culture. Age
of inocula denoted by:
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grew at a rate comparable to that of a culture inoculated with
regularly transferred stock (Figure 2).

Jackson (50) reported the generation time of Nichols nonpatho-
genic T. pallidum (T. refringens) as 45 hr. However, this was
apparently calculated from the earliest part of the growth curve,
which probably included the lag phase. A calculation based on
day 1 to day 3 of her graph, which is part of the exponential phase,
resulted in a generation time of 24 hr, similar to the value reported
above. L. Martin (personal communication) found that the generation

time of this organism is 20 hr.

General Ultrastructure

Determination of Optimal Microscopy Techniques

The diameter of Treponema refringens approaches the limit of
resolution of the light microscope, making observation with bright-
field microscopy difficult. Phase contrast and darkfield microscopy,
because of the increased contrast they provide, were found to be the
best modes for light microscopy studies. Fluorescent microscopy of
acridine orange-~ or euchrysine-stained cells proved useful for the
observation of RNA, but was of little value in the study of DNA
(see General Ultrastructure: DNA and Cytoplasm).

Various procedures were tested in order to gain adequate preser-
vation of the cells for scanning electron microscopy (SEM). Gluta-
raldehyde, in some cases followed by osmium tetroxide, was used in
phosphate buffer, with or without NaCl added to produce the approxi-
mate osmotic conditions (0.3 osmolal) determined by Hardy and Nell

(35) to preserve best the typical shape of treponemes. The cells
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Figure 2. Growth curve showing slow growth of culture inoculated
with 20-month-old culture and its recovery when transferred. Minimal
growth occurred when a 20-month population was used as inoculum ( & ).
When the culture which had been inoculated with the 20-month popula-
tion was itself used as inoculum after 16 days (B ) it grew as well
as a culture inoculated with a regularly transferred 2l1-day popula-
tion (o ).
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were then dehydrated in an alcohol series and subjected to critical-
point drying. The majority of cells in all preparations were rela-
tively straight, but some cells in each preparation were helical.
Those specimens fixed with both glutaraldehyde and osmium had the
highest percentage of well preserved cells, regardless of the
osmotic conditions.

Phosphotungstic acid (PTA), silicon tungstate and ammonium
molybdate, at varying pH values, were all satisfactory negative
stains for study of the cells by transmission electron microscopy
(TEM) . Various fixation procedures were tested in the preparation
of thin sections for TEM. When the Ryter-Kellenberger fixation
procedure was preceded with glutaraldehyde fixation, the membranes
were well fixed, but the cytoplasm was somewhat clumped. Neither
the DNA nor the cytoplasmic fibrils was well defined. Much better
fixation of the cell contents resulted when the Ryter-Kellenberger
procedure was repeated using a shorter time for osmium fixation
and deleting the glutaraldehyde prefixation. The cytoplasm was
evenly distributed, the fibrils were clearly visible, and fine
strands were seen in an electron lucent space typical of the nuclear
area in Ryter-Kellenberger fixed bacteria. When lanthanum nitrate
was substituted for the Ryter-Kellenberger uranyl acetate post-
fixation, the DNA clumped inside the nuclear area. One drawback
to Ryter-Kellenberger fixation was that the outermost membrane, known
in treponemes as the outer envelope, was farther away from the cell
than when glutaraldehyde was used prior to the Ryter-Kellenberger

procedure.
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Shape and Size of Typical Cells

Typical living treponemal cells viewed by darkfield or phase
microscopy were undulate (Figures 3 and 4). This appearance was
determined by electron and light microscopy to be analogous to the
projection of a three-dimensional helix onto a two-dimensional
screen. Under the light microscope the lower portion of each turn
of the helix appeared out of focus when the upper part was in focus
(Figure 3). Furthermore, the wavy appearance was maintained on all
sides as the cells rotated (due to water currents or cell motility).

Cells thin sectioned for TEM were occasionally cut in such a
plane that their helical nature was apparent. The cell in Figure
5 winds back and forth and also passes out of and re-enters the
plane of the figure. SEM micrographs were even more conclusive
as to the helical nature of the cells and also demonstrated that
the helix is right-handed (Figures 6 and 7). Considerable variation
of wavelength and amplitude was noted from cell to cell and often
even within the same cell. The mean wavelength was about 880 nm
and the mean amplitude was about 170 nm. Negatively stained cells
were dried and flattened onto the surface of the supporting film
and consequently were not suitable as evidence for the helical nature
of the cells.

SEM, light microscopy, and TEM of negative stains disclosed
various other information about the shape of treponemes. The terminal
portions of cells were often straight (Figures 6 and 7; see also
Figures 3 and 4) with tapered ends (Figure 8). Occasional parts of
an otherwise helical cell were also straight (Figure 7), often near

division points.
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Phase micrograph of T. refringens. Note
partially out of focus cells which indicate spiral nature

of cells (long arrows), and the straight ends on some
cells (short arrows).

Occasional convoluted cells are
visible. Bar = 10 um.

Figure 3.

- —a

Figure 4. Darkfield micrograph of T. refringens
from a 6 day culture. Bar = 10 um.
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Figure 5. Longitudinal section through cell from 3 day
culture. Bar = 0.5 um.



Figure 6. Scanning electron micrograph of helical treponeme
among straighter cells. Bar = 0.5 um,




Figure 7. Scanning electron micrograph of helical treponeme
among straighter cells. Note straight areas of cell (arrows).
Bar = 0.5 um.
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Figure 8. PTA-stained cells which have recently divided.
Note tapered ends. Bar = 0.5 um.
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Table 3 shows the diameter of the cell as measured from thin
sectioned cells, negatively stained cells and cells viewed with the

scanning electron microscope. The length of the cells varies

Table 3. Mean diameter of normal cells as measured from micrographs
produced by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM)

Diameter Number of cells

Preparation of cells Microscope (nm) measured
Thin sectioned TEM 263 + 4 66
Negatively stained TEM 226 + 9 11
Critical-point dried SEM 196 + 17 11

enormously, especially in the exponential growth phase cultures.
Cell lengths (measured on phase micrographs from cell tip to cell
tip) from 6 to 20 um were more common in actively growing cultures
(2 to 7 days) and occasionally much longer cells were seen. The
cells from a 15-day culture were found to be more uniform, varying

from 8 to 16 um, with a mean length of about 12 um.

Cell Envelope

Outer envelope (OE), peptidoglycan, and cytoplasmic membrane
(CM) are the components of the treponemal cell envelope visible in
thin sections (Figure 9). Both OE and CM are trilaminar membranes
which are composed of an electron light layer bounded on each side
by a dark layer. The mean width of the OE and CM were calculated

to be 7.3 + 0.2 nm and 7.0 + 0.4 nm, respectively. The CM was
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Figure 9. Thin section of cells from a 5 day culture. The
layers of the cell envelope are clearly visible: outer envelope
(OE), peptidoglycan (P) and cytoplasmic membrane (CM). Note also
the fibrils (F), nuclear area (N), and ribosomes (R). Bar = 0.5 pm.
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difficult to measure accurately because the adjacent cytoplasm
obscured its inner boundary. The empirical ratio of the width of
dark:1light:dark components was about 2:3:2 for both membranes. The
layer assumed to be peptidogylcan was a uniformly dense band (6.0
+ 0.4 nm wide) lying in direct contact with the outer layer of the
CM.

Prior to complete separation of dividing cells, the OE was the
only structure connecting the two cells. After division, a tail of
OE often remained (Figure 10). The identification of the membrane
tail as OE was confirmed by examination of a thin section of a
recently divided cell (Figure 11). OE could sometimes be identi-
fied in negative stains of cells or membrane vesicles by its unique
substructure. This consisted of electron dense particles about 8
nm in diameter which were hexagonally packed and separated by approxi-
mately 2 nm of electron light space (Figures 25 and 54). Vesicles
of OE from disrupted cells were also occasionally found joined in
large masses (Figure 12).

These masses of OE vesicles usually were connected to branched
or unbranched tubules with distinctive striations and terminal knobs
(Figure 12). Striated tubules were occasionally associated with the
OE surrounding normal cells (Figure 13), and more often with the OE
surrounding disrupted cells (Figure 46). Striated tubules had a
fairly uniform diameter of 35 + 2 nm in both negative stains.and
thin sections. In negative stains, dark bands with a periodicity of
4.0 to 5.5 nm extended across the central dark area (lumen) of the
tubule and into part of the lighter area on each edge (Figure 13).

Striated tubule substructure was more apparent in thin sections,
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Figure 10. PTA-stained divided cells (from a 3 day culture)
still bridged with outer envelope (OE). Both daughter cells have
membranous structures (arrows) and one has a tail of OE remaining
from previous division. Bar = 0.5 um.
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Figure 11. Thin sections of cells from a 5 day culture. OE
extends past end of one cell. Cross sections show fibrils (F) and
nuclear area (N). The internalized membrane is continuous with
the cytoplasmic membrane (CM). Bar = 0.5 um.
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Figure 12. Outer envelope vesicles and striated tubules (ST)
with knobbed ends (K) from population of cells disrupted with
guinea pig serum in Tris. Outer envelope substructure (S) is
visible, Negatively stained with ammonium molybdate. Bar = 0.5 um.
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Figure 13. PTA-stained cell with a striated tubule (ST)
extending from its outer envelope (OE). Dark bands (B) cross
the tubule but do not extend completely across the outer white
area. Bar = 0.5 um.
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showing membrane (presumably the structure which is continuous with
the OE) surrounding the inner banded region of the tubule which in
turn forms the lumen (Figure 14).

The CM, sometimes with peptidoglycan fragments attached,
occasionally invaginated into the cell. These internalized membranes
were common in thin sections of cells from 5~ and 9-day cultures
(Figure 15), but not in 3-day cultures (Fiqure 5). Occasionally
the opening to the periplasmic space was visible (Figure 11).
Membranous structures were also apparent (at an average of about
760 nm apart) in negative stains of cultures more than 3 days old
(Figure 16) and occasionally in younger cultures (Figure 10). Cells
with these structures had more negative stain deposited along their
sides and were narrower than cells lacking such structures (in
negative stains, 153 + 8 nm as opposed to 226 + 9 nm; in thin sec-
tions 245 + 7 nm as opposed to 263 + 4 nm). The narrow negatively
stained cells with membrane structures were generally less wavy than
the wider cells (Figure 17), as were many cells in old cultures
observed under the light microscope. Divided but still connected
cells of both types could be found in negative stains (Figures 10
and 18) and occasionally a narrow cell and wide cell were still

connected with OE (Figures 18 and 23).

Spherical Atypical Cells

In aging cultures and under certain conditions described below,
normal T. refringens cells converted to two types of spherical
atypical cells 2 to 6 um in diameter: a convoluted form and a

spheroplast-like form (Figures 19 and 20).



Figure 14. Thin sectioned striated tubules. The banded
region (B) is covered with a membrane (M), presumably outer
envelope. Bar = 0.5 pm.

Figure 15. Thin sectioned cells, from a 9 day culture, which
have internal membrane structures (arrows). Note also the fibrin
(F) and nuclear area (N). Bar = 0.5 um.
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Figure 16. PTA-stained cell, from a 4 day culture, with
numerous membrane structures (arrows). Bar = 0.5 um.
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Figure 17. PTA-stained cells from a 4 day culture. One is
wide, the other is narrow with membrane structures (arrow).
Bar = 0.5 um.



41

L o
"_.:m- - d’!“;": e

4,-}‘."7-*"

! E
8 0

Figure 18. Three PTA-stained cells, two wide and one
narrow, bridged with outer envelope (OE). The narrow cell has
membrane structures (arrows). Bar = 0.5 um.
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The convoluted spheres formed when the protoplasmic cylinder,
bounded by the CM and peptidoglycan, curled up inside the outer
envelope. A negative stain of two partially convoluted cells and
one completely convoluted cell is shown in Figure 23. Thin sections
through a convoluted form revealed the expanded outer envelope
surrounding the curled-up cytoplasmic cylinder which is bounded
by CM and peptidoglycan (Figure 21). The cytoplasm of spheroplast-
like cells was disrupted, in the form of one or more small spheres
within the ballooned-out sphere of OE (Figure 20). From the outer
layer inward, thin sections of these cells revealed an expanded OE,
CM with traces of peptidoglycan attached and, finally, disrupted
cytoplasm (Figure 22).

Cultures incubated three to four weeks or longer were found to
contain large numbers of spheroplasts. It should be noted that
attempts to induce these forms in younger populations with lysozyme
or penicillin failed. A few convoluted forms were present in normal
cultures of any age (Figure 3) and were readily induced, especially
in cultures beyond the exponential growth phase (see Induction of

Spherical Forms).

Axial Filaments

The axial filament was composed of a basal body, a hook and a
filament. The filament portion was wavy much like bacterial flagella
and consisted of a core and a sheath (Figure 24) which together had
a diameter of approximately 20 nm. The core alone measured about
13 nm in diameter. The hook connecting the basal body and filament

was not sheathed and had the same diameter as the core as well as a
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Figure 23. Two partially convoluted cells and a completely
convoluted cell, stained with PTA. The convoluted portion of
each cell is completely surrounded with outer envelope (OE).

One cell has membrane structures (arrows) along its length.
Bar = 0.5 um.
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Figure 24. Ammonium molybdate-stained cell which was dis-
rupted with guinea pig serum and lysozyme. Fibrils (F) are visible
within the cell. Axial filaments (AF) with basal bodies (BB) and
hooks (H) emerge through break in OE. The sheath (Sh) is not
present on the distal part of either axial filament, thus revealing
the core (C). Bar = 0.5 um.
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distinctive substructure (Figure 26). The basal body was mushroom-
shaped when viewed laterally (Figure 24) and appeared to be composed
of a round cap, with a diameter of approximately 50 nm, situated on
the end of the hook (Figure 25). Basal bodies no longer attached to
hooks are present in Figure 27.

The basal body, or insertion apparatus, of each axial filament
was rooted in the cytoplasmic cylinder near the end of the cell.
Usually one, two or three axial filaments were seen at each end of
a cell. Figure 24 shows a disrupted cell in which the axial fila-
ments appear released from the OE but still attached to the cytoplasmic
cylinder. It was difficult to determine on the basis of negative
stains whether the basal body was actually in the cytoplasm, with
the axial filament extending through the cytoplasmic membrane, or
whether the basal body was only embedded in a pocket in the CM,
while remaining outside the membrane (Figure 58). The basal body
appears to lie outside the CM in a micrograph of a thin sectioned
cell in Figure 28.

In thin sections, one, two or three axial filaments were some-
times seen just inside the OE within the periplasmic space of typical
cells (Figures 28, 29 and 30) or between the OE and the CM of either
type of atypical spherical cell (Figure 31). However, many cross
sections of normal cells did not contain any axial filaments (Figures
15 and 9) and axial filaments not in the cell, but simply enclosed
in trilaminar membrane were also seen in longitudinal or cross
section (Figure 32; see also Figures 29 and 30). Occasionally a
connection between this membrane tube and cellular OE was visible

(Figure 32; see also Figure 29) indicating that the axial filament
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Figure 25. Negative stain of band A of Renografin gradient.
Note outer envelope vesicles with substructure (S), axial filament
hooks with basal bodies (BB) and a fibril (F). Bar = 0.5 um.
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Figure 26. Uranyl oxalate-stained basal body (BB) and hook
(H) with visible substructure. Bar = 0.1 um.

Figure 27. Uranyl oxalate-stained basal body (BB) which has
stain deposited around the point at which the axial filament hook
was attached (arrow). A fragment of axial filament (AF) is also
present. Bar = 0.1 um.

Figure 28. Thin sectioned cell with axial filament hook
(H) and basal body (BB) apparently embedded in pocket of cyto-
plasmic membrane (CM). Bar = 0.1 pm.
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Figure 29. Longitudinal sections of axial filaments in peri-
plasmic space (AF) and within a tube of membrane (T). Bar =
0.5 um.
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Cross sections of cell with axial filaments (AF)
Also present is a cross sectioned tube (T)
Bar = 0.1 pm.

Figure 30.
in periplasmic space.
of membrane enclosing an axial filament.

Figure 31. Thin sectioned axial filament (AF) in space
between outer envelope and cytoplasm of spheroplast-like form.
Bar = 0.1 pm.
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Figure 32. Thin sections of cells and tubes of membrane (T)

containing axial filaments. The membrane of the tube is continuous
with cellular OE at the arrows. Bar = 0.5 um.
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was protruding away from its normal position next to the cytoplasmic
cylinder while still enclosed in OE. Such tubes of membrane sur-
rounding axial filaments were commonly seen in thin sections but
were seen in negative stains of only old (Figure 33) or disrupted
(Figure 48) cells. They were never seen in cells subjected to
critical-point drying for SEM. Striated tubules were occasionally
seen extending from the OE of normal negatively stained or thin
sectioned cells (Figure 13). Their substructure was clearly more
complex and their diameter more uniform than the simple tubes of OE
which enclosed axial filaments. Compare Figure 13 with Figure 48

and Figure 14 with Figure 32,

Cytoplasmic Fibrils

A band of several cytoplasmic fibrils ran through the cell
adjacent to the inner side of the CM; the location of these fibrils
was most evident in cross sections of cells (Figure 15; see also
Figures 9 and 1l1). The number of fibrils per cell varied from as
few as 5 to as many as 21. The most predominant numbers fell in
the range of from 6 to 10 (Figure 34). Since the cytoplasm of con-
voluted cells was undisturbed, the fibrils were in their normal
position in these cells (Figure 21). More than one cross section
of the band was usually present on the inside of the CM of sphero-
plast-like cells (Figure 22). Details concerning the size and
ultrastructure of fibrils are reported in a later section.

In longitudinal sections, the fibrils lay adjacent to the CM,
crossing from one side of the section to the other (Figure 35).

Fibrils invariably lay along the inside of the curves in those
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Figure 33. Negative stain of cells from a 2 month culture.
Axial filaments (AF) arising from basal bodies (BB) near the end of
each cell remain within the periplasmic space or extend away from
the cell within a tube (T) of outer envelope (OE). Fibrils (F) can be
seen within each cell and extending away from the cells. Stained
with 0.5% PTA pH 6.7. Bar = 0.5 pm.



54

NUMBER OF CROSS SECTIONS
ex

21

1 l— N 0O

567891011 1213U1517 18 19 2021
NUMBER OF FIBRILS PER CROSS SECTION

Figure 34. Distribution of the number of fibrils per cross
section of cell. The number of fibrils was counted in 98 treponemal
cross sections in which the fibril band was clearly visible.






Figure 35.

Longitudinal section of cell with fibrils (F)
adjacent to inner edge of cytoplasmic membrane (CM).

area (N) is found next to the fibrils at several points along the

Nuclear

cell. At arrow, fibrils cross from the inside of one curve of
the section to the inside of the next curve.

within the cell. Bar =

Ribosomes are visible
= 0.5 um.
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sections which demonstrated the helical nature of the cell (Figures
5 and 35).

Fibrils were not ordinarily visible in negatively stained cells
but some very old (Figure 33) or disrupted (Figures 36 and 24) cells
as well as an occasional cell from younger cultures were transparent
enough that the fibrils were visible. The apparent crossing of
fibrils at the edge of the cell (Figure 36) demonstrated that they
were spirally arranged within the cytoplasmic cylinder. The ends
of the fibrils were never clearly seen; thus their exact location
was unclear. Specialized structures were apparently not present on

the fibril ends.

DNA and Cytoplasm

The cytoplasm in thin sections of T. refringens was evenly
distributed and often included irregularly shaped dense particles
approximately 14.5 nm wide which were presumably ribosomes (Figure
35). The area next to the band of fibrils was fibrillar and less
dense--having the appearance of the typical nuclear area in Ryter-
Kellenberger fixed cells (Figure 9; see also Figures 15 and 21).
The nuclear area most probably adjoined the fibrils along the
entire length of the cell (Figure 37; see also Figures 29 and 32).
The DNA strands in spheroplast-like forms and other cells with
disrupted cytoplasm appeared to be directly attached to fibrils
(Figures 38, 39 and 22).

Fluorescence microscopy was employed as another means of study-
ing the location of DNA and RNA in the cell. Smears of treponemes

were made on slides, fixed, and stained with acridine orange or



57

-

Figure 36. PTA-stained cell disrupted with guinea pig
serum and lysozyme. The cytoplasm is unevenly distributed and
fibrils (F) are visible within the cell. Note apparent crossing
of fibrils at edge of cell (arrows). Bar = 0.5 ym.
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Figure 37. Thin sectioned cell with fibrils (F) and nuclear
area (N) visible. The longitudinally sectioned fibril (arrow)
adjacent to the cytoplasmic membrane resembles a trilaminar
membrane. Bar = 0.5 pm.
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Figure 38. Thin sectioned spheroplast-like cell. Note
strands of DNA (D) attached to fibrils (F). Bar = 0.5 um.

v aia ki

Figure 39. Thin sectioned spheroplast-like cell. Note
strands of DNA (D) attached to fibrils (F). Bar = 0.5 um.
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euchrysine. The alternate method was to stain unfixed cells in a
wet mount. Similar results were obtained with either method except
that the fluorescence of fixed cells was less intense and faded
much more rapidly. Vitally stained cells were used for photography
and observation except when it was necessary to fix the cells for
experiments with nucleases. Euchrysine was usually used instead of
acridine orange because euchrysine-stained cells fluoresced more
intensely, if less red, than acridine orange-stained cells, while
the mechanism of the action of the two stains is the same.

Cells stained with euchrysine fluoresced green, various shades
of orange (Figure 40), or orange alternating along the cell length
with green (Figure 41). Cells treated with RNase and stained with
euchrysine were green rather than yellow or orange, indicating
that when present RNA stained orange as expected. Cultures in the
exponential growth phase contained a higher percentage of orange
cells or cells with orange areas and a lower percentage of all-green
éells than older populations, presumably because of the increased
metabolic activity in younger cells. Dividing cells in which one
daughter cell contained more orange than the other were not
uncommon (Figure 42). This is difficult to explain since it is
unusual for a cell to divide into two cells, only one of which is
actively metabolising.

Cells treated with DNase subsequent to RNase did not lose the
green coloring as should have happened if the green fluorescence
was due to DNA. Both before and after DNase treatment, the outer
envelope extending between divided cells, as well as the membrane

and cytoplasm of spheroplast-like cells, stained green (Figure 43).
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Figure 40. Two wet-mounted cells stained with euchrysine. One
cell is orange, the other yellow-green. Bar = 10um in Figures 40
through 43.

Figure 41. Wet-mounted cells stained with euchrysine. Cells
are orange and green alternately along their lengths.

Figure 42. Two recently divided cells stained with euchrysine.
Cell on left has alternating orange and green areas whereas cell on
right is mostly orange. They are connected with green outer
envelope (OE).

Figure 43. Wet-mounted spheroplast-like cell stained with
euchrysine.
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Since the green fluorescence did not prove to be specific for DNA,
acridine orange- or euchrysine-staining was not appropriate for

determining whether DNA extended the entire length of the cell.

Induction of Spherical Forms

As a first step in cell lysis or for visualization of DNA by
the Kleinschmidt technique it was desirable to produce a population

of osmotically sensitive spheroplast-like forms.

Treatment with Penicillin

Penicillin was added in various amounts to 3- or 4-day cultures
grown in the regular medium, with or without 10% (w/v) sucrose,
25% (w/v) sucrose or 1 M ammonium acetate. When 0.1 U penicillin
per ml was used, the culture turbidity increased at the normal rate,
but many of the cells were extremely long (up to 10 times the mean
length) and without visible division points. Little or no growth
was evident in penicillin concentrations of 1 U per ml or 10 U per
ml. The population included a high percentage of convoluted forms,

with some emaciated and normal cells, but few spheroplasts.

Treatment with Lysozyme

Attempts to induce spheroplasts with lysozyme resulted instead
in convoluted forms. The result was not specific to lysozyme treat-
ments, as seen below. A culture was centrifuged and the pellet
resuspended in buffer or water, with or without an osmotic stabilizer,
EDTA or lysozyme. Phase microscopy was used to examine the cells
after one to two hours as well as after 24 hours. Convoluted forms

developed more readily in cultures that were beyond the exponential
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phase of growth, even when cultures were only centrifuged and resus-
pended in buffer or water. The results are summarized in Table 4.

Lysozyme-EDTA in Tris and sucrose appeared to induce all cells
of any age culture to convolute. Lesser but quite severe effects
were seen in any other lysozyme solution (Figure 44) or whenever
Tris was present, with or without lysozyme. These effects were
more pronounced after one day than after one hour. The number of
spheroplast forms did not increase under any of these conditions;

nor did severe cell disruption or lysis occur.

Cell Lysis

The attempt to isolate cytoplasmic fibrils from treponemes
required that they be lysed. Guinea pig serum was tried as a lytic
agent because Nevin and Guest (77) had reported that the complement
and lysozyme present in guinea pig serum had a lytic effect on

several treponemal strains.

Treatment with Guinea Pig Serum

The addition of guinea pig serum (GPS), with or without added
lysozyme, to cell suspensions produced mangled or emaciated cell
forms. Blebs were often evident at points along the cell (Figure
45) . Electron microscopy confirmed that this treatment disrupted
the cells more than any other lysozyme solution although most cells
were still enclosed in outer envelope and not fragmented into smaller
pieces. In the least disrupted cells, the cytoplasm appeared
unevenly distributed in a striped pattern and the cells were more
transparent so that fibrils became visible within them (Figure 36).

In some cases, the outer envelope was affected, with striated tubules
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Figure 44. Phase micrograph of 5 day culture sus-
pended in 0.067 M phosphate buffer, pH 7.8, with 2%
n-butanol and 100 g/ml lysozyme. After one day, most
of the cells had convoluted (C). Compare with normal
culture in Figure 3. Bar = 10 um.

Figure 45. Phase micrograph of a 5 day culture sus-
pended in 0.067 M phosphate buffer, pH 7.8, and guinea

pig serum. After one day, many of the cells had blebs (B).
Bar = 10 um.
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or vesicles of OE extending from the cell (Figures 46 and 47).
Masses of outer envelope and striated tubules were also present
apart from the cells (Figure 12). The blebs visible with the phase
microscope were seen also with the electron microscope (Figure 48).

Some cells were more severely disrupted than those just
described, as they were no longer cylindrical (Figure 49), or had
holes in the cytoplasmic membrane and outer envelope through which
fibrils or axial filaments extruded (Figures 50 and 24). A few cells
were so disrupted that nothing was visible but a band of fibrils
and membrane vesicles, some of which had the substructure of outer
envelope (Figure 51). The fibril bands often retained a spiral
configuration (Figure 52).

Cells treated with guinea pig serum and lysozyme were embedded
for thin sectioning. Many spheroplast-like forms were seen and the
cytoplasm of most cells was diffuse. Scattered among the cells were
a large number of membrane vesicles, many of which were discontinuous
at one or more points. Many membrane vesicles were not trilaminar
(Figure 53). It was impossible to determine from the pictures if
this isolated one-layered membrane was originally outer envelope or
cytoplasmic membrane which lost its three-layered appearance or if
it was the peptidoglycan layer.

Similar results were observed in cells resuspended in either
reconstituted lyophilized GPS or in fresh-frozen GPS and also in
amounts of GPS varying from 0.03 ml to 1.0 ml per ml of suspen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>