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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



TREPONEMA PALLIDUM: A BIBLIOGRAPHICAL REVIEW

rather than hyaluronic acid (Meyer & Rapport,
1951). Such mucopolysaccharides are, however,
spread widely in the ground substance throughout
the body (see Turner & Hollander, 1957). Although
myxomatous tissue has been reported in yaws and
experimental lesions (Ikegami, 1925; Matsumoto,
1930), it has not been found by all workers (e.g.,
Rich et al., 1933; Ferris & Turner, 1938-see Turner
& Hollander, 1957).
The hyaluronic-acid-like material is greatly

increased when syphilitic rabbits are given cortisone
(see Rice, 1956; Turner & Hollander, 1950, 1954,
1957). Turner & Hollander (1957) considered that
this material was produced by the treponeme-it
being most abundant in cortisone-treated animals
when treponemes were most abundant. They also
suggested that it may be converted into chondroitin
sulfate, giving the syphilitic lesion its indurated
character.

Hussey & Nowminski (1949), growing the Reiter
treponeme in tissue culture, noted that by the sixth
day most of the intercellular substance was liquefied.
It appeared under the microscope that the trepo-
nemes were the cause of the liquefaction, and that
hyaluronidase production by the treponemes might
be responsible. Direct observations carried out
viscosimetrically proved the presence of hyaluro-
nidase in the culture of the Reiter strain. Testicular
material is also rich in hyaluronidase (Scott &
Dammin, 1950; Hardy & Nell, 1957).
According to Hardy & Nell (1957), in spite of

the correlation which had been demonstrated
between the amount of hyaluronic acid and the
number of organisms in syphilitic lesions (Turner
& Hollander, 1950, 1954), the origin of this material
was still unproven. For this reason, from the
biochemical and immunological point of view,
these authors considered that the existence of a
capsule had not been definitely established. Hardy
& Nell (1957) concluded, however, that regardless
of the origin of hyaluronic acid in syphilitic lesions,
the supposition that the freshly isolated treponemes
were coated with this material offers a possible
explanation of the spontaneous immunological
change that took place in the treponemes, since
testicular material was also rich in hyaluronidase.

Christiansen (1963) postulated that pathogenic
T. pallidum have a protective slimy layer derived
from the host, while the Reiter organisms have not.
Non-pathogenic treponemes also differ in being very
sensitive to osmotic pressure. The slimy layer
protects pathogenic T. pallidum from antibodies, this

protection being reduced by lysozyme. This enzyme,
described by Cannefax & Hanson (1963), catalyses
the depolymerization of highly polymerized muco-
polysaccharides of the cell wall of certain bacteria.
It is found in tears, nasal mucus, plasma, urine,
leucocytes, in some moulds, in egg white, and in the
latex of certain plants. It has been used to accelerate
and increase the sensitivity of the TPI test (Metzger,
1962; Kent & de Weerdt, 1963). Morphological
changes of both the Reiter organism and pathogenic
T. pallidum under the action of lysozyme were
described by Del Carpio (1963) and the effects of
lysozyme on T. pallidum in vivo and in vitro were
studied by Montagnani et al. (1961a, b) and by
Sapuppo (1961) and on the Reiter treponeme by
Costa & Casciano (1960).

MORPHOLOGICAL IDENTITY OF T. PALLIDUM
AND ASSOCIATED TREPONEMES

Some authors (e.g., Noguchi-see Jordan &
Burrows, 1945) have suggested slight morphological
and motility differences between T. pallidum and
T. pertenue. Ranken (1912), for example, did not
think T. pertenue had the corkscrew action of
T. pallidum, neither was there translation across the
field-but a lateral vibratory movement only. Most
observers, however, consider T. pallidum, T. pertenue,
T. carateum and T. cuniculi to be morphologically
indistinguishable (Wilson & Miles, 1955; Eagle,
1948).
Regarding the cultured strains, views are some-

what more divergent, although the relative differences
reported between the cultured strains and virulent
T. pallidum may have resulted from altered environ-
mental conditions. Gelperin (1949), for example,
considered the Reiter treponeme in culture to be
readily distinguishable from virulent T. pallidum,
being 1.5-3 times as thick and usually 2-4 times as
long with coarse spirals: moreover, its movements
were more languid. Mudd et al. (1942; see Wile
& Kearney, 1943) using the electron and dark-field
microscopes, also considered the morphology of
cultured T. pallidum to differ from the pathogenic
forms. Molbert (1956), for example, noted a
greater variation in the number of fibrils in the
Reiter than in pathogenic strains. Schmerold
& Duebner (1954), on the other hand, studied the
Reiter cultured strain and the Nichols pathogenic
strain (also under the electron microscope) but were
not satisfied that any apparent differences noted
were not artefacts. Eagle (1948), summarizing the
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evidence at that time, considered there were no
morphological differences under the electron micro-
scope between pathogenic and non-pathogenic
cultivable T. pallidum, although apparent differences
in motility were observed in some, but not all,
organisms (Eagle & Germuth, 1948). Swain (1955)
noted no morphological differences under the
electron microscope between pathogenic T. pallidum
from rabbit or human sources.
According to Morton et al. (1951), the electron

photomicrographs of cultured treponemes of Morton
& Anderson (1942), Mudd et al. (1943) and Morton
et al. (1951) have shown the ends to be blunt,
whereas those of virulent T. pallidum by Wile et al.
(1942), Mudd et al. (1943), Magerstedt (1943) and
Levaditi (1946) have shown tapering ends. The
matter is confused by the presence or absence of
a terminal flagellum, and according to Wilson
& Miles (1955) the ends may be rounded or pointed.
Angulo et al. (1951) and Watson et al. (1951)

found no morphological differences under the
electron microscope between T. pallidum, T. pertenue
and T. carateum, apart from a lack of flagella in
T. pertenue (see page 23) which was considered
probably to be an artefact.

IMMUNOCHEMICAL STUDIES

Work directed towards immunity in syphilis and
its antibodies, and on diagnostic tests for the
disease, has led to indirect knowledge concerning
the theoretical " antigenic structure " of the trepo-
neme. Much is beyond the scope of this paper
(see Turner & Hollander, 1957) and only brief
reference will be made. Most of the work has been
done on cultured treponemes, particularly of the
Reiter strain, as by their use sufficient quantities
of material are available for testing. Early immuno-
logical studies with cultured treponemes were made
by Noguchi & Akatsu (1917).
Expressed in terms of coarse chemistry, 1 x 109

Reiter treponemes contained 58.5 Htg of nitrogen.
This number of organisms, washed with saline and
acetone and dried over phosphorus pentoxide,
weighed 0.8 ,ug (Gelperin, 1949). Treponemes have
a low specific gravity due to a fatty constitution, as
noticed by Ecker & Weed (1931), who found
treponemes in greater concentration at the top
during centrifugation.

Use of Reiter treponeme as diagnostic antigen
The Reiter strain was developed by Klopstock

(1926a, b) and by Gaehtgens (1929a, 1937)-(see

Reiter, 1960)-for complement-fixation testing (see
Wichmann, 1927). It was found to have specific
and non-specific antigenic components, and the use
of suspensions of the Reiter strain as an antigen
for complement-fixation reactions was recommended
by Gaehtgens (1929b) (see de Bruijn, 1957; Ruge
et al., 1957).
Amongst many others, Erickson & Eagle (1940)

reported favourably on this antigen (Palligen) but
developments in this field were retarded by the
discovery of. cardiolipin (de Bruijn, 1957), which
was an improvement on previous generally used
antigens and on which attention became more
concentrated. In recent years, however, the use of
treponemal antigens prepared from the Reiter
treponeme has been further developed by numerous
workers (e.g., Ruge, 1956; Mutermilch & Delaville,
1955; Pautrizel et al., 1953, 1954; Benazet et al.,
1954; Hardy et al., 1955; Gastinel et al., 1956;
Bekker & Onvlee, 1959; de Bruijn, 1959). This has
been helped by the improved methods for the mass
cultivation of the Reiter treponeme (Gelperin, 1949;
Aristovskij, 1935). Earlier work on testing Soviet
strains for antigenic properties was described by
Gelt'cer & Popoff (1929). The immunological
aspects of the Reiter treponeme are covered in
greater detail by Wallace & Harris (1967).

Fractionation studies of Reiter treponeme

Preliminary investigations into the source of
reactivity between the Reiter treponeme and human
syphilitic serum by fractionation of the treponeme
were made by Kolmer (1930), who obtained a
positive complement-fixation reaction in syphilitic
sera with digest fluid as well as with an antigen
produced by alcoholic fractionation, and by Beck
(1939). The latter reported a precipitation reaction
in syphilitic serum with the fluid portion of a
tryptic digest of the Reiter treponeme. Fractionation
of the digest with alcohol yielded an antigen which
was reactive with rabbit antiserum to Reiter trepo-
neme but did not react with syphilitic serum.
The fraction was characterized by positive Biuret
and Molisch reactions and a faint opalescence with
sulfosalicylic acid (Gelperin, 1951). Izrael'son (1941)
studied the lipoid, protein and polysaccharide
fractions of cultured Treponema pallidum, finding
different quantities of phosphatides but no choles-
terol.

Gelperin (1951) grew the Reiter treponeme and
dried it in vacuo to a powder. This was trypsin-
digested and from the greenish-white precipitate a
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so-called K fraction was obtained. By high-speed
centrifugation and by the addition of two volumes
of absolute alcohol, and by further high-speed
centrifugation of the slightly opalescent yellow
supernatant, an L fraction was found, and also
an M fraction by the addition of two more volumes
of absolute alcohol to the supernatant of the L
preparation. Gelperin made physical and chemical
analyses of these fractions; all were serologically
active with rabbit antisera or to the whole treponeme.
The K and L fractions were partially active with
normal rabbit and human sera, and to a greater
extent with sera from human beings with syphilis.
A nucleic acid fraction obtained by electrophoresis
of the L fraction was serologically inactive with
rabbit anti-Reiter sera.

Antigenic mosaic of Reiter treponeme

From the preliminary work discussed above,
from that of Witebsky (1929), Turner (1939),
Eagle & Hogan (1940), and D'Alessandro & Blasi
(1941), and from the use of antigens prepared from
the Reiter treponeme in complement-fixation tests
(see also Gelperin & Mayer, 1948) it has become
evident that syphilitic sera contain a specific anti-
treponemal antibody different from the so-called
reagin (see D'Alessandro et al., 1950). This also
differs from the Nelson antibody (Daguet et al.,
1958).

Further immunochemical studies using chemical
fractions of the Reiter treponeme have revealed four
different antigens present in the organism (see
D'Alessandro & Oddo, 1948; D'Alessandro et al.,
1949, 1950; D'Alessandro & Del Carpio, 1958).
These are: (a) a thermolabile protein obtained by
a process of freezing, thawing and precipitation;
(b) a specific thermostable antigen with polysaccha-
ride properties obtained by extraction with tri-
chloracetic acid of previously treated treponemes;
(c) a lipid corresponding to the ubiquitous antigen
cardiolipin (obtained by alcoholic extraction, and
serologicaily related to alcoholic extract of beef
heart); and (d) another lipid serologically related
to alcoholic extract of beef brain: in syphilitic
serum there is no corresponding antibody (de
Bruijn, 1957). These studies have led to the con-
clusion that treponemes, like other organisms, are
mosaics of antigens.
The reactivity of the protein antigen (which

shows remarkable sensitivity and specificity in
complement-fixation tests with syphilitic sera)
indicates that the Reiter treponeme and T. pallidum

of human syphilis have a common antigen com-
ponent (D'Alessandro & Dardanoni, 1953; Darda-
noni & Censuales, 1957; Cannefax & Garson, 1959).

Early experiments with the polysaccharide antigen
(see D'Alessandro & Del Carpio, 1958) indicated
that it behaved as a hapten: it failed to elicit anti-
bodies in the rabbit and its in vitro activity in
syphilitic sera was weak. After reinvestigation of
this antigen, these authors prepared a lipopoly-
saccharide antigen which was closely reactive in
complement-fixation tests and syphilitic sera. Reiter
cultures were treated with trichloracetic acid, and
the precipitate was redissolved in water and lyophi-
lized. Chemical assay showed a 2.26% phosphorus
content, indicating a lipopolysaccharide. The
presence of antilipopolysaccharide antibody in
Nichols rabbit and in human syphilis suggested
that a very similar lipopolysaccharide existed in
the Reiter treponeme and T. pallidum (D'Alessandro
& Del Carpio, 1958).

Thus, in summary, of the four antigens two are
Treponema-specific-one of protein and another
a polysaccharide-and the two lipoidal antigens are
non-specific (D'Alessandro et al., 1949).
More recently, Christiansen (1962a, b) isolated and

purified polysaccharides from the Reiter strain. A
polysaccharide content of 3% and a lipid content of
16% were obtained (see also Christiansen, 1963;
Fichera et al., 1962; Pillot & Dupouey, 1964; and
Pillot et al., 1964). Christiansen (1964a) found the
purified polysaccharides of the Reiter and Kazan
strains indistinguishable: of three other systems
found after ultrasonic disintegration, one was
specific for Kazan. The same author (1964b)
attempted to isolate a polysaccharide from the
Nichols pathogenic strain.
Immunological studies of six genital treponemes

(T. Reiter, T. phagedenis, T. refringens, T. minutum,
T. calligyra and T. pallidum) were undertaken by
Dupouey (1963a, b, c, d). T. phagedenis and
T. Reiter were found to be closely related, with at
least six common antigens. T. refringens and
T. calligyra had at least five common antigens.
Using sera from syphilitic patients on all six organ-
isms, he found only one common antigen.

Immunochemical studies with virulent T. pallidum
Similar precise and detailed immunochemical

work to that achieved with the cultivated Reiter
treponeme has not yet been possible with pathogenic
T. pallidum, since this organism has not so far
been cultivated in the virulent state, if at all, and,
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compared with the cultured strains, only relatively
small quantities are procurable for investigation.
The only practical sources of such organisms are
syphilitic lesions in man or the testes or lymph-
nodes of infected small animals. Treponemes from
these sources can be maintained for short periods
in appropriate maintenance media.

It has been shown, by using virulent T. pallidum
as a test substance, that a number of different
antibodies are produced in the infected host. The
first one to be shown to be different from the reagin
detected by conventional complement-fixation and
flocculation tests was the immobilizing antibody,
the detection of which is the basis of the treponemal
immobilization test (Nelson & Mayer, 1949; Turner
& Nelson, 1950).
Other phenomena which have been used as

diagnostic tests and indicate the possibility of a
number of different antigens in the treponeme are
the immune adherence phenomenon (Nelson, 1953;
Daguet & Borel, 1954; Olansky et al., 1954;
Dardanoni, 1955; Lamanna & Hollander, 1956-
see Hardy & Nell, 1955, 1956, 1957), and agglutin-
ation procedures first employed by Zabolotnyj
& Maslakovec (1907); by Zinsser & Hopkins (1915);
by Kissmeyer (1915); by Schereschewsky (1934,
1955); by Tani (1938, 1940)-see Amawashi (1956),
McLeod & Magnuson (1953), McLeod & Stokes
(1955), Magnuson & McLeod (1956). Hardy &
Nell (1957) showed that T. pallidum could be
antigenic in specific agglutination with syphilitic
sera, even when killed with antiformin, and such
methods have been used to study its antigenic
structure (Hardy & Nell, 1957). Amawashi (1956)
obtained 31 mg of dried mass from one injected
rabbit testicle after drying, and used it for comple-
ment-fixation and agglutination tests after mechani-
cal disintegration. The heated extract was more
powerful in inducing antibodies than the original
extract. Previously Amawashi had demonstrated
potent biological and serological activities with an
aqueous extract of mechanically disintegrated
B. recurrentis.
Another reaction is the resistance of specifically

sensitized T. pallidum to methylene blue stain
(Rosenau & Kent, 1956). The most recent is the
fluorescent treponemal antibody (FTA) reaction
(see Harris et al., 1957; Freeman, 1960; Mont-
gomery et al., 1960; Deacon et al., 1960; Censuales
& Garofalo, 1959). There are also skin reactions
(Noguchi, 1911; Worms, 1920; Pockels, 1927;
Marshak & Rothman, 1951; Csonka, 1955; Ranque

& Tramier, 1959; Duverne & Mounier, 1957;
Thivolet & Simeray, 1957). An in vivo reaction-the
" T. pallidum immune disappearance reaction "-has
been studied by Tani et al. (1955) and by Vaisman
& Hamelin (1960).

In most of these procedures whole treponemes
have been used as the antigen component, although
complement-fixation procedures are possible with
fractions of T. pallidum obtained by chemical
(Portnoy & Magnuson, 1955) and physical means-
e.g., by ultrasonic disintegration-(Vaisman et al.,
1958; Gastinel et al., 1960) and by mechanical
disintegration (Amawashi, 1956). Not surprisingly
the various tests have not been found to give
strictly comparable results. This suggests that the
antigen-antibody reactions involved in the different
reactions may not be identical, and therefore that
T. pallidum, like other bacteria, is likely to have a
complex antigenic structure (Hardy & Nell, 1957)
see also Puccinelli (1952).

Siefert (1959) extracted an albumin fraction from
virulent T. pallidum which ele_trophoretic studies
showed could be divided into five fractions, three of
which were serologically active (see also Siefert, 1958).
According to Hardy & Nell (1957), however, the

presence of more than one antigen in T. pallidum
can only remain suggestive. This clearly results
from lack of methods to cultivate T. pallidum, with
the resulting inability to perform such immuno-
chemical studies as have been possible with the
Reiter treponeme.

Other studies

Other work in the immunological field includes
studies of antibodies produced by oral treponemes
and of T. pallidum in rabbits (Hampp, 1947) as a
means of distinguishing between species; of the
immunological relationships between T. pallidum
and Borrelia anserina (Saurino & DeLamater, 1952);
and of the production of immobilizing antibodies
(unaccompanied by active immunity to T. pallidum)
by injecting rabbits and mice with killed organisms
(McLeod & Magnuson, 1953; see also Turner &
Nelson, 1950; Kolmer, 1930; Hilgermann, 1931;
Vaisman et al., 1952; D'Alessandro & Zaffiro, 1962;
Miller et al., 1963). Enzymatic studies showing
differences between Reiter and virulent strains have
also been made (Tauber et al., 1962). However, the
dream of preventive vaccination-which struck the
minds of physicians immediately the organism was
discovered (see Pommay, 1905)-is still far from
reality.
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All such studies may produce direct or indirect
evidence of the constituent nature of the treponeme.
The major difficulty has been that the most accurate
and practicable investigations have necessarily been
made on the cultured strains.
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6. LIFE-CYCLE OF TREPONEMES: 1. DIVISION AND ROUND FORMS

USUAL METHODS OF DIVISION

There is unanimous agreement that the usual
method of division of T. pallidum is by transverse
fission. Such is true of all strains (Meirowsky,
1914b; Jordan & Burrows, 1945; Mudd et al., 1943;

Ovcinnikov, 1955; Gelperin, 1949; DeLamater.
Wiggall & Haanes, 1950a; Rose & Morton, 1952:
Coutts & Coutts, 1953). Rose & Morton (1952).
writing of the Reiter strain, stated that in cultured
treponemes, during the greatest period of growth,
the process was one of transverse fission. Such is


