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4. MORPHOLOGY: II. GENERAL CHARACTERISTICS (A)

For general reviews on the study of treponemes,
readers are referred to (among others) Noguchi
(1917, 1928); Zuelzer (1928); Hindle (1931);
Ingraham (1932); Eagle (1948); Campbell & Rosahn
(1950); Rose & Morton (1952); Turner & Hollander
(1957).

SIZE AND SHAPE

The morphology and movements of T. pallidum
were first described by Schaudinn & Hoffmann
(1904-05).

T. pallidum is a thin, delicate spiral organism
with tapering ends. It has a length of 6,u-15,t
(Jordan & Burrows, 1945; Swain, 1955) and is of
uniform cylindrical thickness. There is great
variability in length (Manouelian, 1940) and the
greatest variations are found at the time of the most
rapid multiplication (Rose & Morton, 1952).
The organisms are held back by gradocol mem-

oranes having a pore size of 0.4,u. Their narrowest
diameter is therefore about 0.2,u (Hindle & Elford,
1933; Tilden, 1937; Wilson & Miles, 1955) although
other figures such as 0.25,t-0.3,u (Jordan & Burrows,
1945), 0.25tt-0.3ju (Noguchi, 1918) and 0.09,u-0.18,u
(Swain, 1955) are given-the last being based on
electron-photomicrograph measurements.

There is thus great variability in the size of
" normal " treponemes, quite apart from aberrant
forms as yet to be described (Nyka, 1934a, b), not
only in length (Manouelian, 1940; Welferz, 1936)
but also in thickness-especially in successive
transplants of the cultured organisms (Eagle &
Germuth, 1948). Noguchi (1912) noted that

T. pallidum from both human and rabbit sources had
thicker and thinner forms. He described three
types-the thicker, the normal and the thinner.
Whether these are constant forms or fluctuations
around a mean is not known (Wilson & Miles, 1955).
In culture he grew some extremely long organisms
(Mason, 1959; Eagle & Germuth, 1948).
The adaptability and change of morphology of

T. pallidum to its environmental conditions in
culture have been noted by many authors (e.g.,
Bessemans, 1938; Kast & Kolmer, 1940); treponemes
with thicker and flatter curves being associated
with culture and the thinner, more mobile forms
with the struggle for existence in tissue (Stokes &
Beerman, 1948). Cultured organisms show marked
morphological change after prolonged exposure to
penicillin. Vjaseleva & Danilova (1952), using
micrometer measurements of the Kazan strain,
found notably smaller forms under the influence
of penicillin. They described very small forms
(length 0.9,u-3.6,u; width 0.36p-0.6,t) with not more
than three spirals, compared with 5-9 spirals and
lengths of 7.2,t-18, (width 0.75,u-0.9p) under normal
conditions. The pleomorphism of the organism is
therefore to a great extent determined by environ-
ment. Although a great variation from long to
short may be noted in the cultured treponeme, the
time of the greatest relative variations coincides
with that of most rapid multiplication (Rose &
Morton, 1952).

T. pallidum has a varying number of regular pri-
mary spirals which are sharp and angular. The
width of the spiral, which is rigid and regular, is
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.calculated at 1.0,, although the depth of the spirals
may vary (Swain, 1955) and the length of each
spiral is very constant at 0.8,u-1.0,u. The end is
pointed with a finely spiral terminal filament, which
is believed to be not a flagellum but a remnant of
fission. There is no chambered structure, crista nor
'highly motile end (Jordan & Burrows, 1945),
.although some authors have considered that the
.body is divided into chambers like Cristispira
(Wilson & Miles, 1955). Swain (1955), using the
electron-microscope, calculated an average wave-
length of 1.15,u and a range of only 0.04,u from this
figure. Noguchi (1918) calculated the wave-length
at 1.O, (see Turner & Hollander, 1957). Variations
in length are thus accompanied by variations in the
number of spirals. Sequeira (1956) considered that
T. pallidum from both human and rabbit syphilis,
and also T. pertenue, were flat and not spiral in shape.
B. refringens, on the other hand, was considered to
be a right-handed spiral which accounted for its
quicker motility through the medium. In T. pallidum
and T. pertenue, however, the plane in which the
waves lie was often twisted up to 1800 over the length
of the organism, producing zones of apparent
narrowing which could appear to pass to and fro
along a non-motile treponeme rocked by minor
movements of the suspending medium.

MOTILITY

T. pallidum was originally described as having
three types of motility: (a) a rotation around the
longitudinal axis; (b) a backward and forward
motion; and (c) flexion movements of the whole
body resulting in secondary waves. The rotation
around the longitudinal axis is responsible for the
backward or forward movement in the manner of
'the propeller of a ship (Wilson & Miles, 1955).
The flexion movements and secondary waves do not
disturb the primary spirals.

Motility may vary. In culture some organisms
may be-non-motile or give merely a terminal quiver.
Young organisms are more active than old. Motility
may be reduced by agar and become irregular: only
half of the organism may rotate (Eagle & Germuth,
-1948). Noguchi (1928) described the rotatory motion
'ih fluid media which became corkscrew-like in
semi-solid media. Turner & Hollander (1957)
likened the first to the racing of a marine engine
when the screw rises above the water. Eagle &
'Germuth (1948) considered that the cultured
*organisms lacked the extraordinary elasticity of the

pathogenic strains. Nevertheless, some individuals
of the cultured strains, without reference to the
others, were very difficult to differentiate from
pathogenic T. pallidum.

Sequeira (1956) observed suspensions of the
Nichols rabbit strain of T. pallidum and T. pertenue
under the dark-field microscope. He recorded a
form of motility "not previously described ",
consisting of a series of waves of activity passing
along the organism, each loop in turn rotating
through about 1800.

Motility occurs from rotation of the organism,
although the existence or otherwise of flagella has
received considerable attention.

FIBRILS AND SO-CALLED "FLAGELLA

Noguchi (1928)-see Swain (1955)-stated that
the essential structure of T. pallidum was a spring-
like axial filament and a layer of contractile proto-
plasm enclosed in a delicate periplast. He believed
that the axial filament was concerned with the
propulsion of the organism and differed from a true
flagellum only in that it was intracellular and not
extracellular. He thought all varieties of spiro-
chaetal movement were due to zones of proto-
plasmic contraction.

Spirilla-a group of bacteria which closely
resemble treponemes in general form-usually
possess a tuft of free fibrils at the end commonly
called flagella (Bradfield & Cater, 1952). A terminal
flagellum at both ends of T. pallidum has been
described by many writers, including Herxheimer
& LUser (1905), Schaudinn (1907), Uhlenhuth &
Haendel (1907) and Noguchi (1912)-see Mudd
et al. (1943). Such terminal flagella, however, are
not regarded as true flagella but rather as remnants
of fission. They appear to be derived from the
external layer following transverse fission (Morton
& Anderson, 1942; Mudd et al., 1943; Wilson &
Miles, 1955).

Flagella reported under electron microscope
Even with modern microscopic techniques, the

existence or otherwise of external flagella has come
in for much critical examination and controversy.
No flagella are demonstrable by ordinary methods
(Wilson & Miles, 1955). It was felt that the enormous
magnification obtained by the electron microscope
would finally establish whether flagella were attached
to the body of the organism or not. The first
pictures (e.g., by Wile et al., 1942) showed no
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flagella. In a postscript to the paper by Wile et al.,
however, in which magnifications to 75 000-80 000
diameters were obtained by photographic enlarge-
ment, it was stated that flagella similar to those seen
in other bacteria had been noted. These apparently
occurred at various points along the course of the
organism and not at the two ends (see Wile &
Kearney, 1943).
Improved techniques of the electron microscope,

including heavy metal shadowing, enabled Hampp
et al. (1948) to produce pictures of great clarity,
showing internal granules and fine filaments attached
to and wound round the treponemal body in cultures
of T. pallidum (Nichols and Noguchi strains) and in
oral treponemes, including small oral treponemes
and B. vincentii (see Swain, 1955).

Identical flagella were then demonstrated on
various strains of T. pallidum, both on cultured
treponemes by Mudd et al. (1943), Morton &
Anderson (1942; Nichols strain), DeLamater et al.
(1950; also Nichols strain)-(see Morton et al.,
1951, and Mudd & Anderson, 1944); and on
pathogenic T. pallidum (Mudd et al., 1943; Wile &
Kearney, 1943; Magerstedt, 1943-see Morton
et al., 1951, and also Leifson, 1950).
Watson et al. (1951) found similar flagella in

bundles of three or four along the bodies of trepo-
nemes from cases of yaws and pinta. The thickness
of the individual flagellum was assessed at 0.05ut.
They considered that the appearance similar to the
axial filament of Spirochaeta species and to the
undulating membrane of some protozoa was caused
by the twisting of flagella around the body of the
treponeme. No sign of the cytoplasmic origin of
the flagella was noted. Babudieri & Bocciarelli
(1943, 1948)-studying relapsing fever borreliae
also described an " undulating membrane " and
i flagella " (see also Babudieri, 1948).

Explanation offlagella-like fibrils
Since then the problem of flagella has clarified*

Bradfield & Cater (1952), using mild trypsin diges-
tion, studied three main genera (Leptospira, Trepo-
nema and Cristispira) under the electron microscope.
They found that all the organisms studied had one or
more fibrils wound spirally around the body from
end to end, sometimes apparently outside the cell
membrane and sometimes inside. They likened these
organisms to a two-strand electric flex. One strand
had become fatter and represented the inner core,
while the other thinner strand was composed of a
bundle of fibrils. Finally a sheath was added either

around the fatter inner strand or around both.
When spirochaetes or treponemes died (either
naturally or by fixatives) they usually straightened
so that the fibre bundle was stretched into the form
of a screw: sometimes they coiled even tighter than
in life, and the thinner fibre bundle might then
resemble the central posts of a spiral staircase.

These authors considered that the spirally-wound
fibrils were unique structural devices found in all
spirochaetes and treponemes studied which would
serve to distinguish them from all related micro-
organisms. The number of fibrils per bundle differed
with different species (e.g., T. duttoni had about 8;
T. recurrentis 15-20). Spirally-wound fibres were
found in the pathogenic Nichols strain of T. palli-
dum. Whether the fibrils were contractile or merely
acted as stiffeners was uncertain. The evidence was
considered in favour of their being contractile: their
flexible nature was considered to be against their
having a skeletal function.

Bradfield & Cater constructed an ingenious model
with a stout elastic band wound spirally around a
piece of rubber tubing which was first held rigid
by a metal rod within it. The band was wound
under moderate tension and securely fastened to the
tubing by wire. When the metal rod was removed
the tension of the elastic band (resembling the
bundle of fibres) threw the rubber tubing (resembling
the protoplasmic core) into the true form of the
spirochaete or treponeme.

Earlier Babudieri (1949) had shown under the
electron microscope that Leptospira appeared to be
wrapped round a central axostyle. The work of
Bradfield & Cater was confirmed by Swain (1955,
1956), who found no flagella in untreated T. pallidum
fixed with osmic acid, but a rigid band wound
spirally along the whole length of the organism and
conforming with the shape of the waves. The
position of the band and ridges on its surface
suggested that it was composed of a number of
underlying fibrils. With pepsin digestion of the
treponemes, however, which was stopped after
7-8 minutes, the partially-lysed treponemes might
show the fibrils to be broken and to resemble
flagella. He considered that the flagella reported by
previous authors were due to damaged treponemes.
Indeed, one specimen previously presented by
Angulo et al. (1951) showed signs of an axial fibre,
but was stated to appear to be degenerating. The
resemblance to an undulating membrane seen by
Watson et al. (1951) would seem to be part of the
same picture. It would explain, too, why Mudd
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virulent T. pallidum but only on those with mainte-
nance medium.
The composition of the treponeme with its

fibrillar bundle is in accord with what was expected
by observers who, using the light microscope, were
unable to see it. Zuelzer (1928) and Noguchi (1928)
(see Turner & Hollander, 1957) predicted it.
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et al. (1943), having noted " flagella ", were unable
to find any signs of a differentiated axial filament
in the remaining unruptured body of the tre-
poneme.
The fibrils were found to have a constant diameter

and to be three or four in number. When the
fibrils were damaged the treponeme flattened out,
and Swain considered that it appeared as if the
fibrils were naturally contracted and held the
treponeme in the coiled position-i.e., acting as
stiffeners. He considered it significant that in the
pictures by authors who had described flagella
(i.e., when the cord of fibrils had been ruptured) the
organisms were loosely coiled and the familiar
spirals were lacking. Swain believed that the band
of fibrils lay external to the cell membrane. The
irregular edge seen in some electron photomicro-
graphs would support this, but on the other hand
the considerable resistance of T. pallidum to plasmo-
lysis by distilled water and to tryptic digestion (even
after one hour there is little change, whereas pepsin
by contrast is very active, within 20 minutes com-
pletely dissolving the organism and leaving only an
amorphous mass of protein) suggests that the band
of fibrils may not be superficial but may be covered
by a protective membrane.
Swain believed that the number of fibrils allows

for the characteristic morphology. There are three
or four in T. pallidum, conforming to the spirals and
allowing for the characteristic undulation. Swain
found 8-12 fibrils in Borrelia, held as a cord in
B. recurrentis and as a band in B. duttoni. These
numbers differed somewhat from those of Bradfield
& Cater (1952), who noted eight in B. duttoni and
15-20 in B. recurrentis. In the latter organisms the
bundles of fibres were found to lie superficially
external to the cell membrane and covered only by
a slime layer. In B. vincentii the fibrils lie within a
cell membrane and are mixed with cell cytoplasm.
The fact that the fibrils are more resistant to digestion
than the rest of the organism suggests that they are
made of different material.

Molbert (1956) found the narrow band of fibrils
in T. pallidum, T. pertenue and the Reiter strain.
With the pathogenic treponemes there were six
fibrils in each treponeme, but with the Reiter
treponeme the number varied between five and 12,
which apparently extended beyond the body.
The bundle of fibrils was noted on the Reiter

treponeme by Ryter & Pillot (1963).
According to D'Alessandro & Zaffiro (1961) the

fibrilar bundle was not seen in freshly harvested
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5. MORPHOLOGY: III. GENERAL CHARACTERISTICS (B)

EXTERNAL MEMBRANE OR "CAPSULE 1

From its discovery, T. pallidum has been con-
sidered to possess an all-embracing enclosing layer.
Schaudinn (1907) referred to it as a " periplast ".
Noguchi (1928), who also used the term periplast,
thought that the cell body of the treponeme con-
sisted of a spiral elastic axial filament surrounded
by a layer of protoplasm of varying thickness, the
whole being covered by a delicate flexible membrane.
Manouelian (1940) called it " periplasm ". Most
writers (e.g., Wilson & Miles, 1955; Eagle, 1948)
are agreed as to its presence, although it may fit
so closely as to be difficult to see (see Mudd et al.,
1943, who termed it " periblast ").

Microscopical evidence
Electron photomicrographs by Wile et al. (1942),

Wile & Kearney (1943), Mudd et al. (1943),
Schmerold & Duebner (1954) and Swain (1955)
show a delicate cell wall enclosing the inner proto-
plasm-or in the words of Hardy & Nell (1957) a
structure " compatible with a capsule ". Mudd et
al. (1943) described the inner protoplasm of the
Nichols-Hough pathogenic rabbit strains of T. palli-
dum and of the cultured Noguchi, Nichols, Kro6
and Reiter strains as enclosed by a definite, if
delicate, cell wall. During transverse division of
the treponeme this may connect adjoining cell
walls until division is completed. Thereafter it may
extend beyond the cell protoplasm as a terminal
filament (see page 22). Swain (1955) described
T. pallidum as unique among treponemes, as the
outer membrane was relatively extremely resistant
to tryptic digestion-a point also noted by Noguchi
(1928) in reporting the work of Schaudinn (see
Hardy & Nell, 1957).

Immunological evidence
Other arguments in favour of a capsule may be

obtained from immunological sources. Hardy

& Nell (1957) showed that when T. pallidum was
freshly harvested it was almost completely in-
agglutinable, but soon became spontaneously so
unless subjected to heat or other adverse environ-
mental conditions. A similar state of non-reactivity
was noted in the immune-adherence reaction.
It has also been shown (Seldeen, 1953) that an
18-hour incubation was necessary to the treponemes
for immobilization procedures. Thus treponemes
from lesions are immunologically inert at first, and
the initial non-reactive state may be due to the
presence of a physical barrier.

This conforms with suggestions (by Turner
& Hollander, 1950, 1954) that pathogenic treponemes
possess a mucopolysaccharide capsule or slime layer.

Biochemical evidence

T. pallidum in tissues has a selective quality-or,
at least, different tissues have a varying selectivity
for the treponeme. In testicular tissue it grows
almost exclusively in the interstitial portions
(Shaffer, 1926). It has been suggested (e.g., by
Scott, 1949) that the affinity of T. pallidum for
certain tissues may be due, at least in part, to the
supporting ground substance, and its permeability
is affected by spreading factors, such as hyaluro-
nidase, produced either by the host or perhaps
even by the treponeme itself.
Mucous material is noted in syphilitic lesions

(Uhlenhuth et al., 1912; Graetz & Delbanco, 1914a,
b), and in rabbit lesions (see Matsumoto, 1930). Its
staining properties are similar to those of hyaluronic
acid and/or a related mucopolysaccharide (see
Strempel & Armuzzi, 1926; Gregoriew & Jarisheva,
1928; Turner & Hollander, 1950, 1954, 1957; Scott &
Dammin, 1949, 1950, 1954; Akatsu, 1921). The
metachromatic staining may be abolished by treat-
ment of the tissue with testicular hyaluronidase, but
not with streptococcal hyaluronidase-a feature
which suggests that it may be chondroitin sulfate


