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19. SUMMARY AND CONCLUSIONS '

19.1 INTRODUCTION

Since the discovery of T. pallidum by Schaudinn &
Hoffmann (1904-05), it has been evident that the
next most significant advance would arise from the
successful culture by an easily reproducible method
of virulent T. pallidum (and associated organisms)
outside the body (Levaditi, 1908). In spite of early
claims (Volpino & Fontana, 1906; Schereschewsky,
1909; Noguchi, 191 la), this has not so far been
achieved. Some (e.g., Kast & Kolmer, 1943; see
Eagle, 1948) have considered that the cultured

'The bibliographical references in this summary section
are to the lists at the end of each of the sections summarized
(e.g., references under " 19.2 Taxonomy" are to the list on
pages 13-15) and not to the cumulative reference list in
section 21 below.

strains, purporting originally to have been derived
from syphilitic lesions, were really commensal
saprophytic organisms picked up at the time of the
original culture.
The achievement of successful culture of virulent

T. pallidum would help to settle many of the con-
troversial points concerning morphology and pos-
sible life-cycle and ultramicroscopic phases of the
organism which have been discussed from the time it
was first discovered (see Coutts & Coutts, 1953). It
would also permit the evolving of simple and truly
specific diagnostic tests for the treponematoses; it
would aid in the classification of the various disease
syndromes of syphilis, yaws and pinta, and would
enable attempts to be made to produce mutation in
treponemes in vitro by varying environmental con-
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ditions, such as is suspected to occur in animals
(Manteufel & Herzberg, 1929; see Turner & Hol-
lander, 1957). It should also provide clues as to the
evolution of the various treponemes from a common
ancestor (Cockburn, 1961; Willcox, 1960); it would
facilitate studies on the antigenic structure of the
organisms and of their enzyme systems, and would
permit studies of organ distribution of treponemes
in latent and late syphilis-in the past, with few
exceptions (e.g., Levaditi, 1913) these have only been
practicable using post-mortem material (Noguchi,
1913; Noguchi & Moore, 1913; Hu et al., 1946)-by
using in vivo methods (Bessemans et al., 1951), and
by tagging with radioactive isotopes (Rosahn, 1948).
Only limited studies with radioactive isotopes have
so far been made (Mizumoto & Hayashi, 1956;
Nakajima & Hayashi, 1956; Musumeci et al., 1958).
It would likewise make possible in vitro studies of
antibiotic and drug sensitivity, and of possible
penicillin-resistance and also studies on the produc-
tion of active immunity against the treponemal
diseases by vaccination procedures-which approach
has not to date advanced far by using material ob-
tained from the cultured treponemes (Noguchi,
1911a, 1912; Lancet, 1926) or with killed virulent
organisms (Kolmer, 1930; McLeod & Magnuson,
1951, 1953; Magnuson et al., 1947; Eagle &
Fleischman, 1948; Tani et al., 1951; Waring &
Fleming, 1951; Gelperin, 1951; Wheeler, 1960;
Sch6bl, 1930; Sch6bl et al., 1930).
The key to success may lie in studies of the mor-

phology and possible life-cycle of T. pallidum and
associated organisms, and in investigations of the
factors leading to the survival of virulent T. pallidum
both in and outside the body, and of the growth re-
quirements and metabolism of the non-virulent
T. pallidum-like organisms so far successfully cul-
tured in vitro and in eggs and tissue culture.
The importance of such work is universally recog-

nized, and this review of some of the literature on the
morphology, survival and culture of T. pallidum has
been prepared as part of the supporting and refer-
ence services of WHO, facilitating exchange of
information between interested workers.

19.2 TAXONOMY

Classification (see Wenyon, 1926; Jordan & Burrows,
1945; Wilson & Miles, 1955).
The name " spirochaete " was coined by Ehrenberg

(1838) for free-living forms found in water. As
loosely used, however, the term " spirochaetes "

covers four main genera: Spirochaeta, Cristispira,
Leptospira and Treponema; from Treponema, Borrelia
have now been separated (Breed et al., 1948; Eagle,
1948; Swain, 1955). The latter include the causative
organisms of relapsing fever (see Bradfield & Cater,
1952; Swain, 1955) and B. anserinum, which affects
geese and turkeys (see McNeil et al., 1949). Tre-
ponemata are widely distrilpted in nature. Those
inhabiting man and animals include T. cobayae, found
in the blood of guinea-pigs; T. microdentium, which
resembles T. pallidum in morphology (Rosebury &
Foley, 1941); T. macrodentium; and T. mucosum
(Noguchi, 1912a), which is apparently non-
pathogenic and is found in the mouth of man (being
smaller than the pathogenic B. vincentii also found
in that site), and a number of saprophytic genital
treponemes found in increased numbers in septic,
dirty conditions. The latter include T. refringens,
discovered by Schaudinn & Hoffmann (1904-05),
1905a, b) at the time of their original discovery of
T. pallidum (see Sequeira, 1956; Levaditi, 1906);
T. phagedenis (Noguchi, 1912a); T. calligyrum and
T. minutum or T. genitalis (Noguchi, 1913, 1918;
Noguchi & Kaliski, 1918, see Moreau & Giuntini,
1956; Coutts et al., 1952). The fermentative pattern
of the oral and genital treponemes differs with the
species (Moreau & Aladame, 1957).
The pathogenic treponemes include T. pallidum,

T. pertenue and T. carateum, all of which affect man,
and also T. cuniculi of rabbits. All are morpholo-
gically similar. Treponemes resist trypsin digestion
for many days but, as distinct from leptospirae
(Noguchi, 1917), 10% bile salts cause complete
disintegration (von Prowazek, 1907).
Some have tried to classify treponemata with the

protozoa (e.g., McDonagh, 1912; Bessemans &
de Geest, 1933; see van Thiel, 1959). Most (e.g.,
Dobell, 1912) have disagreed with this, and consider
" spirochaetes " as a connecting link between pro-
tozoa and bacteria (Jordan & Burrows, 1945).

Discovery of treponemes
T. pallidum, the cause of syphilis, was discovered

by Schaudinn & Hoffmann (1904-05, 1905a, b;
see Hoffmann, 1905, 1906; and D'Agostino, 1957),
although others (e.g., Donne, 1837; Vanoye, 1840-
41; Mansurov, 1885; Klebs in 1875-7, see Klebs,
1932; Zabolotnyj, 1909; Bordet & Gengou, see
Stokes & Beerman, 1934; Campbell & Rosahn,
1950; Wilson & Miles, 1955) had previously noted
spirally-shaped organisms in lesions of patients with
the disease. It was transferred to rabbits and apes by
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Metchnikoff& Roux (1903, 1904, 1905; see Schuberg
& Schlossberger, 1930).
Within a few years of its discovery its successful

culture was claimed, albeit prematurely (Volpino &
Fontana, 1906; Minouflet, 1906; Schereschewsky,
1909a,b; Noguchi, 191 Ia), and it was shown that
it could be passed from one rabbit to another
(Bertarelli, 1906; Paroli, 1907). Serological tests for
the disease were soon evolved (Wassermann et al.,
1906), as was dark-field diagnosis (Coles, 1909) and
skin tests with material from allegedly cultured
organisms (Noguchi, 191 lb, 1912b). An effective
treatment of the disease with arsphenamine was in-
troduced by Ehrlich & Hata in 1910. It must have
seemed at this period as if all problems had been
solved. T. pertenue, the causal organism of yaws,
was discovered by Castellani (1905), and T. carateum
by Saenz et al. (1938), although it had been suggested
earlier (Gonzalez-Herrejon, 1927; Menk, 1927, see
Turner & Hollander, 1957; Fox, 1939; Leon y
Blanco, 1940). T. pertenue, like T. pallidum, is
readily transferred to rabbits (Nichols, 1910).
T. carateum, however, cannot readily be made to
infect animals, although such infection has been
claimed in one instance (Leon y Blanco & Oteiza,
1945).

T. cuniculi, the cause of rabbit syphilis (pallidoi-
dosis), was first described by Ross (1912) and then by
Bayon (1913) (see also Holcomb, 1942).

Evolution of treponematoses
The evolution of the various treponematoses can

be considered in relation to theories on the evolution
of the treponeme by natural selection (Cockburn,
1961) from an ancestral free-living organism in
water (Hoffmann-Bonn, 1953), and as a result of
environmental influences within and without the host,
resulting in the various disease syndromes yaws,
pinta, venereal and endemic syphilis (Hudson, 1946;
Guthe & Wilcox, 1954; Guthe & Luger, 1957;
Willcox, 1960; Hackett, 1963).

19.3 MORPHOLOGY:
I. METHODS OF EXAMINATION

The morphology of T. pallidum can be examined
with the light microscope by means of stained smears
and by dark-field, and also by phase-contrast and
electron microscopes.

Smear examinations
Two basic techniques for staining smears for the

examination of treponemes are used:

(a) the impregnation of the treponeme with a dye
(Schaudinn & Hoffmann, 1904-05; Noguchi, 1918;
Takahashi, 1922; Gomes, 1953; Yamamoto, 1929a.
b; Matsumoto, 1930; Leifson, 1930; Goldsworthy
& Ward, 1942; Vago, 1947a, b, c; DeLamater et al.,
1950; Levine, 1952, see Campbell & Rosahn, 1950;
Rose & Morton, 1952; Jordan & Burrows, 1945;
Turner & Hollander, 1957; Wilson & Miles, 1955;
Goldman & Sawyer, 1959) or by means of silver
impregnation (Levaditi & Manouelian, 1906; Fon-
tana, 1912; Stroesco & Vaisman, 1936; Beamer
& Firminger, 1955, see Stokes & Beerman, 1948);

(b) the staining of the background black, leaving
the unstained treponeme pale (Bessemans et al..
1936, see Campbell & Rosahn, 1950; Rose &
Morton, 1952). In vitro staining was described by
Lennhoff (1948).
More recently, a direct immunofluorescence stain-

ing technique has been used to identify T. pallidum
(Deacon et al., 1964) in material from lesions, and
Yobs et al. (1964) have proposed a technique for
staining T. pallidum in tissues.

Dark-field microscope
The dark-field microscope permits examination in

the living state, whereby morphology and motility
can be simultaneously examined (Coles, 1909:
Antoni, 1921; Hoffman, 1921a; Rizk et al., 1951;
Sequeira, 1956; Clarkson, 1956, see Campbell &
Rosahn, 1950). The dark-field method has also been
used for the examination of fixed smears, both in the
stained (Coutts, Silva-Inzuna & Valladares-Prieto,
1952; Wheeler, 1960) and in the unstained state
(Hoffmann, 1921a; Coutts, Silva-Inzuna & Morales-
Silva, 1952a, b). Methods of counting treponemes
under the dark-field microscope have been described
by Bessemans & de Moor (1940), Morgan & Vryonis
(1938), Magnuson et al. (1948) and Turner &
Hollander (1957).

Phase-contrast microscope
The phase-contrast microscope is favoured by

many (Levaditi et al., 1950; DeLamater, Newcomer.
Haanes & Wiggall, 1950; DeLamater, Wiggall &
Haanes, 1950a; DeLamater, Haanes, Wiggall &
Pillsbury, 1951; DeLamater, Haanes & Wiggall,
1951a, b, c; DeLamater, 1952: Poetschke & Kaiser,
1951; Schaeffer et al., 1951) as, depending on
differences in the refractive index, it permits a better
examination of the internal structure of organisms
than does the dark-field microscope: at the same
time it permits the examination of motile organisms.

120



TREPONEMA PALLIDUM: A BIBLIOGRAPHICAL REVIEW

Electron microscope
Enormous magnification (90 000 diameters, or

more) can be obtained with the electron microscope.
The full potentialities of the resolving power of this
remarkable instrument have yet to be attained. Its
disadvantage is that organisms have to be examined
in the dead state and may be distorted in their
preparation.
The electron microscope has been used for the

examination of oral treponemes (Mudd et al., 1943;
Hampp et al., 1948), those of relapsing fever
(Babudieri & Bocciarelli, 1943, 1948; Bradfield &
Cater, 1952; Swain, 1955), leptospirae (Babudieri,
1948, 1949, 1958; Bradfield & Cater, 1952; Morton
& Anderson, 1942a; Czekalowski & Eaves, 1955;
Swain, 1955), cristispirae (Bradfield & Cater, 1952),
and the saprophytic genital treponemes (Moreau &
Giuntini, 1956; see also Mudd et al., 1942).

Virulent T. pallidum from man and the rabbit have
been examined under the electron microscope by
numerous observers (Wile et al., 1942; Magerstedt,
1943; Mudd et al., 1943; Wile & Kearney, 1943;
Mudd & Anderson, 1944; Levaditi, 1946; Prokopt-
chouk et al., 1951; Bradfield & Cater, 1952; Schme-
rold & Duebner, 1954; Greifelt & M6lbert, 1955;
Swain, 1955; Molbert, 1956; Kawata et al., 1960;
and by Ovcinnikov & Delektorskij, 1966). Studies of
the Nichols non-pathogenic strain (Morton & Ander-
son, 1942a, b; Mudd et al., 1943; Mudd & Anderson,
1944; Hampp et al., 1948; Morton & Oskay, 1950;
Morton et al., 1951), the cultured Noguchi strain
(Mudd et al., 1943; Mudd & Anderson, 1944;
Hampp et al., 1948), the cultured Kroo strain (Mudd
et al., 1943; Mudd & Anderson, 1944) and the cul-
tured Reiter strain (Mudd et al., 1943; Mudd &
Anderson, 1944; Jakob, 1947; Babudieri, 1952;
Schmerold & Duebner, 1954; Greifelt, 1955;
M6lbert, 1956) are also numerous. See also Askura
(1952), Takeya & Mori (1953), Kawata (1956),
Wallace & Harris (1967), D'Alessandro & Zaffiro
(1961), and Ryter & Pillot (1963).
The electron microscope has been used for the

examination of the treponemes of yaws and pinta by
Angulo et al. (1951), by Watson et al. (1951) and by
Molbert (1956).

19.4 MORPHOLOGY:
H. GENERAL CHARACTERISTICS (A)

Size, shape and motility
For general reviews on the study of treponemes,

see Noguchi (1917, 1928), Zuelzer (1928), Hindle

(1931), Ingraham (1932), Eagle (1948), Campbell &
Rosahn (1950), and Rose & Morton (1952).

T. pallidum is spirally-shaped with a varying num-
ber of spirals, has a length of 6,u-15,t (Schaudinn &
Hoffman, 1904-05; Noguchi, 1917; 1928; Turner
& Hollander, 1957; Jordan & Burrows, 1945; Swain.
1955) and a diameter of approximately 0.2j
(Hindle & Elford, 1933; Tilden, 1937; Wilson &
Miles, 1955). Great variations in length, thickness
and morphology are noted, particularly in the cul-
tured organisms (Nyka, 1934a, b; Welferz, 1936;
Mason, 1939; Noguchi, 1912; Manouelian, 1940:
Eagle & Germuth, 1948; Rose & Morton, 1952).
Such variations appear to be related to environ-
mental conditions-particularly to the struggle for
existence in culture (Bessemans, 1938; Kast &
Kolmer, 1940; Stokes & Beerman, 1948; Vjaseleva
& Danilova, 1952).

Motility is achieved by rotation of the organism in
the manner of the screw of a ship: other forms of
flexion and rotation are observed (Eagle & Germuth.
1948; Sequeira, 1956).

"Flagella "

There has been much controversy concerning the
presence or absence of flagella. The organism may
apparently have single terminal flagella at one or
both ends (Herxheimer & Loser, 1905; Schaudinn,
1907; Uhlenhuth & Haendel, 1907; Noguchi,
1912, see Mudd et al., 1943) but these appear to
arise from a remnant of the external layer of the
organism following transverse fission (Morton &
Anderson, 1942; Mudd et al., 1943; Wilson &
Miles, 1955).
No flagella have been demonstrable by ordinar.y

methods, but with the introduction of the electron
microscope bundles of fine filaments were observed
occurring at various points along the course of both
virulent and cultured strains of T. pallidum (Wile et
al., 1942; Morton & Anderson, 1942; Wile &
Kearney, 1943; Mudd et al., 1943; Magerstedt,
1943; Mudd& Anderson, 1944; Hampp et al., 1948.
see Morton et al., 1951; Leifson, 1950; DeLamater
et al., 1950; and Ryter & Pillot, 1963) and also in
treponemes from cases of yaws and pinta (Angulo et
al., 1951; Watson et al., 1951). They were not,
however, seen in T. pallidum by D'Alessandro &
Zaffiro (1961). They were also reported in relapsing
fever borreliae (Babudieri, 1948, 1949; Babudieri &
Bocciarelli, 1943, 1948). Later work (Bradfield &
Cater, 1952; Swain, 1955, 1956; Molbert, 1956).
however, has shown that the so-called flagella arise
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from rupture of a band of fibrils that is normally
coiled round the treponeme and that maintains its
shape.

19.5 MORPHOLOGY:

m. GENERAL CHARACTERISTICS (B)

Existence ofa capsule
Most writers (e.g., Schaudinn, 1907; Noguchi,

1928; Manouelian, 1940; Mudd et al., 1943) have
agreed that there is a delicate flexible covering mem-
brane on T. pallidum termed variously " periplast "
(Schaudinn, 1907), " periplasm" (Manouelian, 1940)
and " periblast " (Mudd et al., 1943). Electron
microscope studies (Wile et al., 1942; Wile &
Kearney, 1943; Mudd et al., 1942, 1943; Schmerold
& Duebner, 1954; Swain, 1955) have tended to con-
firm its presence, as has the resistance of the trepo-
neme to tryptic digestion (Noguchi, 1928; Hardy &
Nell, 1957). It may form apparent terminal flagella
on division.
Other arguments in favour of a capsular layer are

obtained from immunological sources. Freshly
harvested treponemes are immunologically inactive
at first (Seldeen, 1953; Hardy & Nell, 1955, 1957) but
become active with time: the initial non-reactive
state may be due to the presence of a physical
barrier (Hardy & Nell, 1957) which may be muco-
polysaccharide in nature (Turner & Hollander, 1950,
1954).
Biochemical evidence relating to tissue selectivity

of treponemes and the mucinous material found in
lesions (Shaffer, 1926; Scott, 1949) suggests a rela-
tion to hyaluronic acid production or to production
of related mucopolysaccharides (e.g., chondroitin
sulfate) (Scott & Dammin, 1950; Hardy & Nell,
1957; Turner& Hollander, 1957). (See also, for work
in this field, Uhlenhuth et al., 1912; Graetz &
Delbanco, 1914a, b; Akatsu, 1921; Strempel &
Armuzzi, 1926; Gregoriew & Jarisheva, 1928;
Ikegami, 1925; Matsumoto, 1930; Rice, 1956;
Turner & Hollander, 1950, 1954, 1957; Scott &
Dammin, 1949, 1950, 1954; Meyer & Rapport, 1951.)
Such mucinous material may be broken down by
hyaluronidase which is present in testicular tissue
(Scott & Dammin, 1950), and has been shown prob-
ably to be developed by the Reiter treponeme
(Hussey & Nowminski, 1949). Myxomatous tissue
has been found in yaws lesions (Ikegami, 1925;
Matsumoto, 1930) but not by all workers (Rich et
al., 1933; Ferris & Turner, 1938).
The observation that lysozyme catalyses the

depolymerization of mucopolysaccharides of the cell

wall (see Cannefax & Hanson, 1963) has led to the
postulate (Christiansen, 1963) that pathogenic
T. pallidum have a protective slimy layer derived
from the host while Reiter organisms do not. This
protection is reduced by lysozyme, which has been
used to accelerate and increase the reaction of the
TPI test (Metzger, 1962; Kent & De Weerdt, 1963;
see also Del Carpio, 1963).

Morphological identity of treponemes
Although some authors (e.g., Noguchi-see

Jordan & Burrows, 1945; Ranken, 1912) have sug-
gested slight differences between T. pallidum and
T. pertenue on morphological grounds, most ob-
servers (see Angulo et al., 1951; Watson et al., 1951;
Eagle, 1948; Wilson & Miles, 1955) have agreed that
T. pallidum, T. pertenue, T. carateum and T. cuniculi
are morphologically indistinguishable.
With the cultured strains, as compared with the

natural organisms, gross morphological and motility
differences are noted, longer, coarser treponemes
being found in culture (Gelperin, 1949; Eagle &
Germuth, 1948), and differences in the ends have
been reported as seen under the electron microscope,
as also have variations in the number of fibrils
(Molbert, 1956). On the other hand, other workers
(e.g., Schmerold & Duebner, 1954; see Eagle, 1948)
also working with the electron microscope, have
noted no essential differences (this matter may be
confused by the presence or absence of terminal
"flagella "), and the differences which have been
noted in cultured organisms may be due to the
altered environment (see Morton & Anderson,
1942; Wile -et al., 1942; Magerstedt, 1943; Mudd
et al., 1943; Levaditi, 1946; Morton et al., 1951;
Wilson & Miles, 1955).

Immunochemical studies
Avirulent treponemes. Work in the immunological

field has led to considerable theoretical knowledge
concerning the antigenic structure of T. pallidum.
For studies of chemical constitution, the cultured
strains have more readily lent themselves (Ecker &
Weed, 1931; Noguchi & Akatsu, 1917; Gelt'cer &
Popoff, 1929; Aristovskij, 1935; Gelperin, 1949;
Wallace & Harris, 1967).
From the Reiter strain is prepared an antigen

which can be used for complement-fixation pro-
cedures in the serodiagnosis of syphilis (Klopstock,
1926a, b; Wichmann, 1927; Gaehtgens, 1929a, b;
1937, see Reiter, 1960; Erickson & Eagle, 1940;
Pautrizel et al., 1953, 1954; Benazet et al., 1954;
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Ruge, 1956; Mutermilch & Delaville, 1955; Hardy
et al., 1955; Gastinel et al., 1956; de Bruijn, 1957;
Ruge et al., 1957; Cannefax & Garson, 1959; Bekker
& Onvlee, 1959; de Bruijn, 1957, 1959).
From fractionation studies (Kolmer, 1930; Beck,

1939; Gelperin, 1951), from the work of Witebsky
(1929), Turner (1939), Eagle & Hogan (1940),
D'Alessandro & de Blasi (1941), and from the use of
antigens prepared from the Reiter treponemes in
complement-fixation tests, it is evident that syphilitic
serum contains a specific antitreponemal antibody
different from the so-called reagin (see also Gelperin
& Mayer, 1948; D'Alessandro et al., 1950), but that
T. pallidum and the Reiter treponeme have a com-
mon antigen component (D'Alessandro & Darda-
noni, 1953; Dardanoni & Censuales, 1957; Cannefax
& Garson, 1959). This also differs from the Nelson
antibody (Daguet et al., 1958). Further studies using
chemical fractions of the Reiter treponeme have
revealed four different fractions in the organism:
(1) a thermolabile protein; (2) a specific thermostable
antigen with polysaccharide properties; (3) a lipid
corresponding to the ubiquitous cardiolipin; and
(4) a further lipid. Two are Treponema-specific, the
protein and the polysaccharide: the two lipoidal
ones are non-specific (D'Alessandro & de Blasi,
1941; D'Alessandro & Dardanoni, 1953; D'Ales-
sandro & Del Carpio, 1958; D'Alessandro & Oddo,
1948; D'Alessandro et al., 1949, 1950-see de Bruijn,
1957; Christiansen, 1962a, b, 1963, 1964a, b;
Fichera et al., 1962; Pillot & Dupouey, 1964; Pillot
et al., 1964). Immunological studies have also been
made on other genital treponemes in relation to the
Reiter organism and virulent T. pallidum (Dupouey,
1963a, b, c).

Virulent treponemes. Similar intensive studies have
not been possible with virulent T. pallidum as this is
not yet cultivable, and using animal methods a much
smaller treponemal mass is available for in vitro
study. Various relatively new serological procedures
employing virulent T. pallidum as antigens, such as
the treponemal immobilization test (Nelson &
Mayer, 1949; Turner & Nelson, 1950; Dardanoni,
1955), the immune adherence phenomenon (Nelson,
1953; Olansky et al., 1954; Daguet & Borel, 1954;
Lamanna & Hollander, 1956-see Hardy & Nell,
1955, 1956, 1957), agglutination procedures (Zinsser
& Hopkins, 1915; Kissmeyer, 1915; Schereschewsky,
1934, 1955; Tani, 1938, 1940; McLeod & Magnuson,
1953; McLeod & Stokes, 1955; Magnuson &
McLeod, 1956; Amawashi, 1956; Hardy & Nell,
1957), the methylene blue test (Rosenau & Kent

1956), the fluorescent treponemal antibody test
(Freeman, 1960; Montgomery et al., 1960; Harris et
al., 1957; Deacon et al., 1960; Censual & Garofalo,
1959) and skin tests (Noguchi, 1911; Worms,
1920; Pockels, 1927; Marshak & Rothman, 1951;
Csonka, 1955; Ranque & Tramier, 1959; Thivolet &
Simeray, 1957; Duveme & Mounier, 1957), have
indicated that a number of apparently different anti-
bodies are produced in the infected host (see Pucci-
nelli, 1952). See also Tani et al. (1955) and Vaisman
& Hamelin (1960). In these procedures, whole tre-
ponemes have been used, although complement-
fixation procedures are also possible with fractions of
T. pallidum obtained by chemical and physical means
(Portnoy & Magnuson, 1955; Amawashi, 1956;
Gastinel et al., 1960; Vaisman et al., 1958). A num-
ber of albumin fractions have been identified in the
treponeme (Siefert, 1958, 1959).

This, with other work in the immunological field
(e.g., by Hilgermann, 1931; Hampp, 1947; Saurino
& DeLamater, 1952; McLeod & Magnuson, 1953;
Vaisman et al., 1952; D'Alessandro & Zaffiro, 1962;
Miller et al., 1963) and enzyme studies (Tauber et al.,
1962), has led to the conclusion that T. pallidum has
a complex antigenic structure (Hardy & Nell, 1957),
and preventive vaccination (see Pommay, 1905) is
still only a dream.

19.6 LIFE-CYCLE OF TREPONEMES:
I. DIVSION AND ROUND FORMS

Usual method of reproduction
There is general agreement that the usual method

of division of all strains of T. pallidum is by transverse
fission (Meirowsky, 1914b; Mudd et al., 1943;
Jordan & Burrows, 1945; Gelperin, 1949; DeLama-
ter, Wiggall & Haanes, 1950a; Rose & Morton, 1952;
Coutts & Coutts, 1953; Ovcinnikov, 1955; Wilson &
Miles, 1955) and longitudinal division has been
denied (Dobell, 1912). Notwithstanding this, some
observers have claimed that longitudinal division
might occasionally occur (Noguchi, 1912b; Manoue-
lian, 1940, see Rose & Morton, 1952; DeLamater,
Haanes & Wiggall, 1951a; Coutts et al., 1952).

Division time
The division time of the cultured Reiter strain has

been calculated at 8.8 hours (Gelperin, 1949), but
variations below and above may occur at different
times of culture (Rose & Morton, 1952). For
pathogenic T. pallidum in vivo, the division time has
been calculated at 30-33 hours (Magnuson et al.,
1948; Cumberland & Turner, 1948, 1949).
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Spore-like forms
Aberrant forms-consisting of treponemes with

external buds (commonly termed " granules "),
spore-like spherical bodies attached laterally or
terminally, or occasionally separated by a stalk or
filament, and other forms-have been described
since the organism was first reported (Schaudinn &
Hoffmann, 1905; Herxheimer, 1905; Herxheimer &
Opificius, 1906; Noguchi, 1911, 1912a, b, 1913-14;
Proca et al., 1914; Meirowsky, 1914a, b, 1925,
1929a, b, 1930; Fantham, 1916; Akatsu, 1917;
Lundie & Goss, 1919; Leipold, 1926; Georgi et al.,
1929; Welferz, 1936, see Ingraham, 1932; Molli-
nedo, 1941; Campbell & Rosahn, 1950; Coutts &
Coutts, 1953; Turner & Hollander, 1957). The
development of T. pallidum from these " granules ",
as seen under the microscope, was considered likely
from the beginning (Meirowsky, 1914a; Leipold,
1926). Indeed, it was suggested that T. pallidum had
a life-cycle comparable to such protozoa as the
malarial parasite (McDonagh, 1912a, b; 1913; Ross,
1912, see also Jennings, 1912; Campbell & Rosahn,
1950).
Improved methods of microscopy with the phase-

conitrast microscope (DeLamater, Haanes & Wiggall,
1950; DeLamater, Newcomer, Haanes & Wiggall,
1950; DeLamater, Wiggall & Haanes, 1950a, b;
DeLamater, Haanes & Wiggall, 1951a, b, c; DeLa-
mater, Haanes, Wiggall & Pillsbury, 1951; DeLama-
ter, 1952) and with the electron microscope (Morton
& Anderson, 1942; Mudd et al., 1943; Morton &
Oskay, 1950) have confirmed the presence of these
bodies in T. pallidum and also in T. pertenue (Angulo
et al., 1951; Schaeffer et al., 1951), T. carateum
(Angulo et al., 1951) and other treponemes (Dyar,
1947) including the oral treponemes (Hampp, 1946,
1951; Hampp et al., 1948). Numerous authors
(Balfour, 1911; Noguchi, 1911; Leishman, 1918;
Mudd et al., 1943; Hampp, 1946,1951; Hampp et al.,
1948; Coutts et al., 1952) have believed they were
germinative units, although perhaps representing
a defensive or protective type of reproduction.
Detailed descriptions have been presented by
DeLamater and his co-workers in 1950 and 1951
(see above) of single and multiple treponemal cysts
in which treponemes developed and were subse-
quently extruded later to undergo transverse fission.
Others, however, have been critical of this theory and
have considered that the aberrant forms were merely
a response to stress or osmotic imbalance; e.g., a
looped treponeme might have others drawn into
the loop and the result might resemble a globular

form (Rose & Morton, 1952; Hardy, 1960; Hardy &
Nell, 1961). Attempts to observe the development of
treponemes from granules by the use of a micro-
manipulator have failed (Bessemans & Wittebolle,
1941; Bessemans et al., 1948; see Stokes & Beerman,
1948).

Ring forms
Ring forms have been reported in syphilitic lesions

(Sezary, 1910; Wartin & Olsen, 1930), and in experi-
mental mouse syphilis (Levaditi, 1941). They can be
found in virulent T. pallidum under conditions of
stress (Reasoner, 1917) and particularly in cultured
treponemes (Eagle & Germuth, 1948; Gelperin, 1949;
Rose & Morton, 1952; Hardy & Nell, 1961; and
Wallace & Harris, 1967) as the age of the culture in-
creases. Levaditi et al. (1927, 1928) have postulated
a life-cycle made up of the whole gamut of abnormal
forms which have been described (filamentous
flattened forms with slightly bulging extremities,
shortened club or dumb-bell forms, incomplete loop
or ring forms, complete loop and ring, compact ball,
comma forms with and without attached filaments,
marked granular forms and ultramicroscopic forms)
-see Levaditi (1930), Levaditi & Vaisman (1938),
Levaditi et al. (1927, 1928); see also Mollinedo
(1941). These have been described not only for
T. pallidum but for T. pertenue and T. cuniculi also
(Levaditi & Li, 1930).

19.7 LIFE-CYCLE OF TREPONEMES:
II. GRANULAR AND INVISIBLE FORMS

Coccalforms
There are at least five theories as to the life-cycle of

T. pallidum. The first postulates the formation of a
globule which buds and from which a new form will
arise (Meirowsky, 1914, 1930; DeLamater, 1950;
DeLamater et al., 1950); the second is a more
complicated life-cycle suggested by McDonagh
(1912), who likened T. pallidum to the malaria
parasite (see Campbell & Rosahn, 1950); the third
involves the whole variety of aberrant forms (Leva-
diti, 1930, see also Levaditi et al., 1927, 1928;
Levaditi & Li, 1930); the fourth includes the presence
of so-called coccal or small granular forms of the
treponeme (see Ovcinnikov, 1955); and the fifth
includes an ultramicroscopic virus-type phase
(Ldpine, 1931b).
There is confusion in the literature concerning the

term " granule ", which is also used to apply to the
budding forms described previously. Some extra-
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cellular granules have been shown to be short tre-
ponemes (see Seguin, 1941; Rose & Morton,
1952). Proof that treponemes grow from granules
is so far lacking (Bessemans & Wittebolle, 1941;
Bessemans et al., 1947, see Stokes & Beerman,
1948), although some (e.g., Gorun, 1957, see
Beerman et al., 1959) consider that the cultivated
organisms have to pass through a granular phase to
reach maturity. Intracellular or intrafilamentous
granules may be found in Treponema (Nyka, 1938;
Morton & Anderson, 1942; Wile et al., 1942;
Mudd et al., 1943; Wile & Kearney, 1943; Mudd,
1944; Mudd & Anderson, 1944, see Levaditi,
1946; Bednova, 1957; Krylova, 1958) and also in
other genera (Hampp et al., 1948); whether they are
degenerative products of virus transmutation re-
mains to be determined. Granules have also been
found in syphilitic lesions in man and animals
(Moolgarkar, 1912; Levaditi, 1941; Levaditi & Li,
1930; Levaditi et al., 1927, 1928; Wartin & Olsen,
1930; Nyka, 1936, 1938). They have been found also
in tissue culture material (Foldvari, 1932) and in
tissue fluids (Angulo et al., 1950). That some of the
particles seen may be artefacts has been suggested
(Angulo et al., 1960).

Ultramicroscopic forms
There is strong clinical and experimental evidence

for an ultramicroscopic form of T. pallidum (see
Ingraham, 1932; Lepine, 1931a, b; Schmidt, 1955;
Stokes, 1936; Welferz, 1936)-particularly relating
to the demonstrable transmission of syphilis in
animals by means of material in which no T. pallidum
can be found by dark-field examination (Levaditi &
Vaisman, 1938; Wile, 1947; Gueft & Rosahn,
1948, see Rose & Morton, 1952; Campbell &
Rosahn, 1950). Also with the cultured treponemes
positive subcultures can be made in like circum-
stances (Mason, 1939).
The filterability of treponemes is denied by most

(Noguchi, 1917; Hindle, 1931; Hindle & Elford,
1933; Tilden, 1937; Lisi, 1936; Eagle, 1948; Leva-
diti et al., 1933; Levaditi, 1943; Levaditi & Noury,
1944; Haanes et al., 1952) though it has some sup-
port (Seguin, 1940; Kolle & Hetsch, 1929; Johnson
& Wile, 1947, see Rose & Morton, 1952).
Cultured organisms will grow through a filter
(Noguchi, 1928).

However, the absence of visible T. pallidum in
filtrates, or in tissues in which organisms are believed
to be absent, cannot definitely be concluded from
evidence obtained by existing microscopical methods.

Comparatively large numbers of organisms have to
be present before they are microscopically detectable
(Eagle, 1948), and a number of workers (e.g.,
Bessemans, 1938; Stroesco & Vaisman, 1936;
Mashkilleison & Rakhmanov, 1945; see Olsen, 1938,
and Stokes & Beerman, 1948; Bessemans et al., 1935;
Kato, 1931; Kolle & Evers, 1926, see Rose & Morton,
1952; and Turner & Hollander, 1957) have been able,
by animal inoculation or by patient microscopy,
to demonstrate T. pallidum in tissues at first believed
to be free of them.

It is considered that conclusive proof of virus
transmutation of T. pallidum is still lacking. It has
been suggested that work in other fields on virus
transmutation by alterations of growth media
(Kendall, 1931; Rosenow & Oftedal, 1915, 1916)
should be put to the test (Stokes & Beerman, 1948).
Although there is no conclusive evidence of a

virus-like phase, there is general agreement as to the
occurrence of aberrant forms of treponemes, which
has been accepted by some (e.g., DeLamater et al.,
1950; Coutts & Coutts, 1953) as strongly suggestive
of a life-cycle. It is also agreed that aberrant forms
exist when environmental conditions are less con-
genial (e.g., Noguchi, 1912). Others (e.g., Rose &
Morton, 1952) suggest that there is no evidence which
makes necessary the hypothesis of a life-cycle, and
that aberrant forms arise solely as a response to
stress. It has been suggested that the use of frozen-
dried sections (Wyckoff, 1946a, b) would help in the
investigation of this problem (see Stokes & Beerman,
1948).

19.8 CULTURE OF T. PALLIDUM IN VITRO:
I. HISTORY

After the discovery of T. pallidum by Schaudinn &
Hoffmann (1904-05) and of T. pertenue by Castel-
lani (1905; see Coutts & Coutts, 1953) immediate
attempts to culture these organisms were made by
Volpino & Fontana (1906a, b), Leuriaux & Geets
(1906), and Schereschewsky (1908, 1909a, b, c, 1910,
1911a, b, 1912, 1913a, b; see Schereschewsky,
1954) and subsequently by Muhlens & Lohe
(1908), Muhlens (1909, 1910), Campana (1908),
Arnheim (1909, 1912), Mazza (1910), Burnier
(1913a, b), Fejlberg (1913), Bronfenbrenner (1914),
Kolmer (1914), Levin (1916), Hoffmann (1911a, b,
c), Noguchi (1911a, b, c, 1912a, b, 1913b, c, e),
Baeslack (1913); see Krantz (1922, 1923, 1924a, b),
Gammel & Ecker (1931), Mason (1939) and Saurino
& DeLamater (1952). However, although trepo-
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nemes were cultured, they proved not to be virulent
(Levaditi & McKintosh, 1907).

While some workers (e.g., Bruckner & Galasesco,
1910; and Sowade, 1911, 1912a, b; 1913, 1914a, b, c)
did reproduce syphilitic lesions in rabbits from in-
oculation with their cultures, this was from impure
cultures and probably only resulted from survival of
treponemes in the original syphilitic tissue in the
medium. See also Boas (1911) and Zinsser &
Hopkins (1914). Noguchi-who first demonstrated
T. pallidum in the brains of paretics (Noguchi, 1913d;
Noguchi & Moore, 1913; see also Wile & de Kruif,
1916)-was the first to claim the culture of virulent
organisms (Noguchi, 1911 b, 1912b, c) and to have
transferred the disease from cultures to apes.
However, although he certainly succeeded in cultur-
ing a treponeme which was subsequently maintained
in vitro through the years (Gates, 1923; Kast &
Kolmer, 1940; Eagle & Germuth, 1948) it soon lost
its virulence but was capable of inciting an allergic
skin reaction in cases of syphilis (Noguchi, 1913a;
Levaditi & Danulesco, 1912; Steinhardt, 1913;
Noguchi, 1912e).
Noguchi also cultured other oral and genital tre-

ponemes and one purporting to be T. pertenue
(Noguchi, 1912a, 1913c, 1916), but this, too,
proved. not to be virulent. Other workers at this
period who claimed virulence, usually for very short
durations, included Shmamine (1912), Nakano
(1912), Tomasczewski (1912a, b), Szecsi (1913),
Kissmeyer (1914), Shapiro (1915), Baeslack (1913),
Ungermann (1918) and Wassermann & Ficker
(1922)-see Kast & Kolmer (1929), Gelt'cer (1931),
Hoffmann & Frohn (1934), Mason (1939), Rose &
Morton (1952), Saurino & DeLamater (1952).

In spite of work directed at the improvement of
media (Bronfenbrenner, 1914, 1914-15, 1915a, b;
Zinsser and his fellow-workers in 1915 and 1916;
Pons, 1924; Wilkes-Weiss & Weiss, 1925-26), and of
method (Crespel, 1937a, b), the essentially encoura-
ging report of Noguchi could not be reduplicated by
others, nor indeed by Noguchi himself (Gates, 1923;
Weiss & Wilkes-Weiss, 1924; Grutz, 1924; Aris-
towsky & Hoeltzer, 1925; Gelt'cer, 1927; Oganesjan,
1929; Akatsu, 1917), although apparently successful
cultivations were reported (Hoder, 1930; Aksjanzew-
Malkin, 1933; Bessemans & de Geest, 1928, see
Wilson & Miles, 1955; Jaureguy & Lancelotti,
1924, see Mason, 1939; Mulzer & Nothhaas,
1928, see Reiter, 1960). In the 1930s further very
intensive efforts were made to cultivate T. pallidum

(Kast & Kolmer, 1929, 1933, 1940, 1943; Gammel &
Ecker, 1931). Few successful claims were advanced
(e.g., Morrison, 1941, see Kast & Kolmer, 1943;
Icheison, 1950), although Kast & Kolmer (1929) had
one dubious non-reproducible success among many
failures. Many were the unsuccessful attempts
(Jahnel, 1934; see Mason, 1939; Kast & Kolmer,
1929). Mason stated that the reported duration of
virulence ranged from 11 days (Kolmer) to 120 days
(Noguchi).
The introduction of improved thioglycollate media

(Brewer, 1940), which simplified culture, directed
further attention to the avirulent treponemes which
could be grown. It was hoped that studies of their
growth requirements would provide a clue which
would allow the successful cultivation of virulent
organisms (Boak et al., 1949). Even more recent
attempts (e.g., by Little & Subbarrow, 1945; HArd,
1952, see Eagle & Germuth, 1948; Gelt'cer &
Lepert, 1951; Gelt'cer, 1954; Meinicke, 1956;
Gurun, 1957, see Beerman et al., 1959; Rose &
Morton, '1952) to grow virulent organisms have
failed, although treponemes were sometimes cul-
tivated which apparently lost, or never had any,
virulence.

19.9 CULTURE OF T. PALLIDUM IN VITRO:
II. THE CULTURED STRAINS

A number of cultivated strains purporting to be
T. pallidum and originally to have been derived from
syphilitic lesions in man or animals have been per-
petuated in vitro in the laboratories of the world for
many years. These include the Reiter strain (see
Reiter, 1926a, b, 1929, 1960a, b; Lancet, 1926; Eagle
& Germuth, 1948; Klopstock, 1926a, b; Mulzer &
Nothhaas, 1928; Gaehtgens, 1929, 1937; Beck,
1939; Gelperin, 1949, 1951; Hampp, 1947a, Schme-
rold, 1956; Christiansen, 1962; Wallace & Harris,
1967); the Noguchi strain (see Noguchi, 191 la, b,
1912, 1913b; Kast & Kolmer, 1940; Kolmer et
al., 1941; Mudd et al., 1943; Eagle & Germuth,
1948; Scheff et al., 1956); the Kro6 strain (see Kroo
& Schultze, 1928; Ohya, 1932a, b, c; Hindle &
Elford, 1933; Hoschina, 1934a, b; Kast & Kolmer,
1940); the Nichols non-pathogenic strain (see Eagle
& Germuth, 1948; Vjaseleva & Danilova, 1952;
Scheff et al., 1956) and other strains (see Weiss &
Wilkes-Weiss, 1924; Hindle & Elford, 1933; Scheff,
1935; Scheff et al., 1956). The Nichols pathogenic
strain was first passed into rabbits by Nichols &
Hough (1913).
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Apart from some earlier reports in respect of the
Reiter strain (Mulzer & Nothhaas, 1928-see Reiter,
1960a) these cultivated strains are and have been
consistently non-virulent to man and animals (Eagle
& Germuth, 1948).

Serological differences have been noted between
the cultured treponemes and virulent T. pallidum
(Zinsser et al., 1916; Kolmer et al., 1941; Robinson
& Wichelhausen, 1946, see Gelperin, 1949; Eagle &
Germuth, 1948; Rose & Morton, 1952; Albrecht,
1941a, b) and the serological properties of some
resemble those of known saprophytic treponemes.
While it is agreed that the cultivation of virulent
treponemes has not been accomplished in a manner
which can be reproduced (see Gammel & Ecker,
1931; Kast & Kolmer, 1929, 1933, 1943), although
isolated successes have been temporarily obtained
(see Noguchi, 1911a; Kast & Kolmer, 1933, see
Hard, 1952), most authors believe the cultivated
strains to be distinct entities, either being derived
from saprophytic treponemes picked up accidentally
in the original cultures, or having become but
remote variants of virulent T. pallidum during
repeated passages of cultivation (Hoffmann, 1923;
Jahnel, 1934; Stokes & Beerman, 1934; Gohring,
1940; Robinson & Wichelhausen, 1946; Eagle &
Germuth, 1948; Gelperin, 1949, 1951; Nelson, 1948;
Wilson & Miles, 1955).

Studies of the culture of the saprophytic genital,
oral and other treponemes (Levaditi & Stanesco,
1909; Muhlens & Hartmann, 1906-07; Muhlens,
1907; Noguchi, 1912b, c, d, e, f, g, 1913a; Gates,
1923; Reiter, 1926a, b; Fortner, 1928, 1929;
Aksjanzew-Malkin, 1933; Wichelhausen, 1942;
Wichelhausen & Wichelhausen, 1942; Mudd et al.,
1943; Koch, 1940; Rosebury & Foley, 1941, 1942;
Hampp, 1943, 1946, 1947a, b; Hampp & Nevin,
1959; Hampp et al., 1948, 1959; Kast & Kolmer,
1940; Nevin & Hampp, 1959; Rosebury et al., 1951;
Robinson & Wichelhausen, 1946; Steinman et al.,
1954; Moureau, 1955; Meloni, 1958; Berger, 1956,
1958; Socransky et al., 1959) have provided collateral
information useful in the understanding of the
growth requirements and metabolism of virulent
T. pallidum.

19.10 CULTURE OF T. PALLIDUM IN VITRO:

III. MEDIA

In the early attempts at culture of T. pallidum,
media mainly composed of gelatinized horse serum
with various modifications but containing the

original syphilitic tissue were used (Schereschewsky,
1909a, b, c; Volpino & Fontana, 1906; Muhlens,
1910; Hoffmann, 1911; Bruckner & Galesesco, 1910;
Sowade, 1911, see Noguchi, 1911; Saurino &
DeLamater, 1952).
Noguchi (1911) claimed the first pure culture of

T. pallidum using serum water in long narrow tubes
containing pieces of fresh tissue to aid anaerobiosis,
maintained below petrolatum seals under strict
anaerobic conditions. He also used an ascitic fluid
medium (Noguchi, 1912a). Noguchi's methods
were widely adopted (Akatsu, 1917; Proca et al.,
1912a, b; Zinsser et al., 1915; Baeslack & Keane,
1920; Weiss & Wilkes-Weiss, 1924; Shaffer, 1926).
The culture of avirulent treponemes was not found

to be particularly difficult if the right medium was
used. Many varieties of media using human and
animal material (serum, ascitic fluid, inspissated egg
with liver and kidney additions, etc.) were subse-
quently introduced (Zinsser et al., 1916; Weiss &
Wilkes-Weiss, 1924; Shaffer, 1926; Kast & Kolmer,
1940; Mason, 1939; Mudd et al., 1943). This might
be termed the " kitchen " period, when culture was
as much an art as a science.
Although some workers-e.g., Gates (1923; see

Olitsky & Gates, 1921), Twort (1921), Weiss &
Wilkes-Weiss (1924), Fortner (1928, 1929), Ohya
(1932), Aksjanzew-Malkin (1933), Seguin & Vinzent
(1938), Wichelhausen & Wichelhausen (1942), Rose
& Morton (1952b), Aristovskij, Kosterev & Rabino-
vic (1935), Oganesjan (1929) and Ovcinnikov (1955)
have reported growth of genital, oral and other trepo-
nemes on the surface of solid media, in general little
success has been obtained by this method (Wichel-
hausen & Wichelhausen, 1942, see Rose & Morton,
1952b; Wilson & Miles, 1955). They will grow,
however, in the depths of solid media by stab culture
(Kligler & Robertson, 1922; Hampp, 1947a, b;
Rosebury & Foley, 1941; Noguchi, 1912b, 1913;
Hardy et al., 1963; Christiansen, 1964).

Beef-heart infusion peptone broths and similar
fluids (to which other substances were added) came
to serve as the basal medium (see Huntoon, 1918;
Gates, 1923; Wr6blewska & Wr6blewski, 1932;
Hampp, 1947a, b; Weiss & Wilkes-Weiss, 1924;
Wichelhausen, 1942; Wichelhausen & Wichelhausen,
1942; Eagle & Germuth, 1948; Kast & Kolmer,
1933, 1940; Keller & Morton, 1952, see Saurino
& DeLamater, 1952; Rose & Morton, 1952b;
Brown, 1948).
The introduction of a clear liquid thioglycollate

medium by Brewer (1940a, b), which did not require
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heating before use and which necessitated no
petrolatum seals or anaerobic equipment, greatly
simplified the culture of treponemes. Brewer's
thioglycollate medium-with modifications-has
since been used by many workers (e.g., Eagle &
Germuth, 1948; Eagle & Steinman, 1948; Whiteley
& Frazier, 1948; Boak et al., 1949; Hussey &
Nowminski, 1949; Haanes et al., 1950; Haanes et al.,
1952; Barban, 1954; de Bruijn, 1957; D'Alessandro
& Del Carpio, 1958; Gelperin, 1949; Scheff et al.,
1956). One later modification of the medium has
been to employ reconstituted dehydrated material
(Newcomer & Haanes, 1949; Haanes et al., 1950;
Keller & Morton, 1952; Wallace & Harris, 1958).
With such media the necessity of incorporating
some mammalian native protein (e.g., serum)
remained important (see Smith & Morton, 1950).
Yeast extracts have been shown to be able to replace
meat infusions (Rose & Morton, 1952b). Treponemes
may be extracted by agitation (Mirdamadi, 1962).
The division time of the Reiter treponeme in cul-

ture has been calculated as 8.8 hours (Gelperin,
1949) although Rose & Morton (1952b) found it to
be 6.8 hours in the first two days. The first figure
is much less than the 30-33 hours estimated for
virulent T. pallidum (Cumberland & Turner, 1949;
Magnuson et al., 1948). Treponemes can remain
viable for long periods (months) in culture (Besse-
mans & de Geest, 1929; Roukavischnikoff, 1929,
see Mason, 1939). Some developing resistance to
antibiotics of the Reiter treponeme and mouth
spirochaetes in culture has been reported (Berger &
Marggraff, 1960).

19.11 CULTURE OF T. PALLIDUM IN VITRO:
IV. GROWTH REQUIREMENTS

Anaerobiosis
A basic growth requirement is a low oxygen pres-

sure. This can be achieved by growing in the
anaerobic atmosphere (Haanes et al., 1950), and
originally anaerobiosis was aided by the addition of
a piece of tissue (Noguchi, 1911, 1912; Gates &
Olitsky, 1921) and by the use of petrolatum seals
which probably help more by preventing evapora-
tion than by keeping oxygen out (Jordan & Burrows,
1945; Wilson & Miles, 1955). Although petrolatum
seals (Morton & Anderson, 1942) and anaerobic
jars (Eagle & Steinman, 1948) are still in use, it is
possible to manage without them with modem
thioglycollate media (Brewer, 1940; Wichelhausen &
Wichelhausen, 1942). Treponemes will, however,

cause the disappearance of oxygen from the medium,
but at such a slow rate (Scheff, 1935; Scheff et al.,
1956) that some workers (see Bucca et al., 1951) have
regarded this as insignificant.

Hydrogen-ion concentration
Treponemes will grow at a wide range of pH from

6.3 to 7.5 (Rose & Morton, 1952; Scheffet al., 1956;
Wichelhausen & Wichelhausen, 1942; Morton &
Anderson, 1942). The pH falls as culture proceeds
(Weiss & Wilkes-Weiss, 1924; Rose & Morton, 1952).

Search for essential substances
An essential part of all early media was some

animal substance such as blood, serum, ascitic or
hydrocele fluid. Later, a serum ultrafiltrate was
used (Sanders, 1940; Sanders & Moiloy, 1940;
Simms & Stillman, 1937; Rosebury & Foley, 1941;
Wichelhausen & Wichelhausen, 1942; Little &
Subbarrow, 1945). It was found that this could be
replaced by other biological substances such as
whole eggs or raw potato (Weiss & Wilkes-Weiss,
1924; Rose & Morton, 1952). Growth could be
stimulated by including antiseptics in the medium
(Bronfenbrenner, 1915), and by bacterial contamin-
ants and additions (Wichelhausen & Wichelhausen,
1942; see Morton et al., 1949; Rose & Morton,
1952), and by supplementing the medium by other
biological (possibly antibiotic) substances (Twort,
1921). Growth factors were sought in vegetable
substances (Gelperin, 1949) such as the potato
(Weiss & Wilkes-Weiss, 1924; Hemberg, 1947;
Hard, 1952). The possibility of finding growth
factors in primitive organisms such as the sea-urchin
has been suggested (Gustafson et al., 1952, see
Hard, 1952).

Studies were gradually directed towards the precise
nutritional requirements of treponemes, based on
experience obtained in the study of the culture of
these organisms and of their metabolism (Scheff,
1935; Scheffet al., 1956; Barban, 1954, 1956; Bucca
et al., 1951; Case & Clark, 1956) rather than from
the broad and somewhat empirical use of animal
and plant tissues and extracts (Kast & Kolmer, 1940;
Scheff, 1935; Supniewski & Hano, 1933, 1935; Eagle
& Steinman, 1948; Rosebury & Foley, 1942; Wichel-
hausen & Wichelhausen, 1942, see Saurino &
DeLamater, 1952).

Defined growth requirements
The essential substance in the animal protein was

identified as serum albumin (Little & Subbarrow,
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1945; Whiteley & Frazier, 1948). This, as in the case
of the tubercle bacillus (Davis & Dubos, 1947,
see Eagle & Steinman, 1948), contains a lipid which is
essential to growth (see Oyama et al., 1953).

Since then the nitrogen requirements in terms of
amino acids, purines and pyrimidines have been
defined in some detail (Eagle & Steinman, 1948;
Steinman & Eagle, 1950; Steinman et al., 1952, 1953,
1954; Barban, 1954, 1956; Bucca et al., 1951), as
have been the carbohydrate (see Akatsu, 1917;
Moreau & Aladame, 1957; Scheff, 1935; Barban,
1954; Bucca et al., 1951; Supniewski & Hano, 1933;
Vjaseleva & Danilova, 1952; Rose & Morton,
1952; Stokes & Beerman, 1948), and vitamin and
other requirements (Little & Subbarrow, 1945;
Whiteley & Frazier, 1948; Steinman & Eagle, 1950;
Steinman et al., 1954). The presence of a sulfur-
containing reducing substance is also essential
(see Aristovskij & Minkovic, 1934; Wichelhausen
& Wichelhausen, 1942; Hampp, 1947; Eagle &
Steimman, 1948; Rose & Morton, 1952) and fatty
acids are also required for maximum growth (Power
& Pelczar, 1959). The ionic requirements have also
been investigated (Doak et al., 1959a, b; Kimm et al.,
1960; and Doak et al., 1961). The optimum temper-
ature requirements of the Reiter treponeme are
33.4°C-35.4°C (Cannefax, 1962).
The knowledge gained in the cultural and meta-

bolic studies described has had direct application in
the elucidation of factors leading to survival of
virulent T. pallidum in vitro (Nelson, 1948; Nelson &
Steinman, 1948; Nelson & Mayer, 1949; Steinman &
Eagle, 1949).

19.12 CULTURE OF T. PALLIDUM:
V. TISSUE AND EGG CULTURE

Tissue culture
Treponemes can be kept alive in blocks of solid

tissue for some days (Shaffer, 1926) but outside the
animal or human host T. pallidum soon loses its
virulence (Gammel & Ecker, 1931, see Kast &
Kolmer, 1943; Noguchi, 1916). It has not, however,
so far been possible to demonstrate other than tem-
porary survival of virulent T. pallidum in growing
tissue media (Levaditi, 1920, 1928; Haagen &
Schlossberger, 1930; Bessemans & Vlaeyen, 1929;
Foldvari, 1932; Bessemans & de Geest, 1934; Kast &
Kolmer, 1933, 1943-see Mason, 1939) even using
the methods employed for the culture of viruses
(Steinhardt, 1913; Levaditi, 1914). A number of
authors (e.g., Kast & Kolmer, 1943; Perry, 1948)

have achieved survival of the treponemes for some
days but with a rapid loss of infectivity (Kast &
Kolmer, 1943). On the other hand, the cultured
treponemes (e.g., the Reiter strain) will grow in
tissue culture (Hussey & Nowminski, 1949).

Egg culture
Similar experiences are reported with culture in

eggs using the methods adopted for the culture of
viruses (Goodpasture & Buddingh, 1935; Woodruff
& Goodpasture, 1931; Beveridge & Burnet, 1946).
Borreliae are cultivable in developing hens' eggs
(Levaditi, 1906; Chabaud, 1939; Oag, 1939; Bohls
et al., 1940, see Jordan & Burrows, 1945; Chen,
1941; Haanes et al., 1952, see Hard, 1952), as
are leptospirae (Chabaud, 1939). There have been
a number of attempts to establish virulent T. palli-
dum in hens' eggs (Bessemans & De Meirsman, 1938;
Mason, 1939; Sterzi & Staudacher, 1939; Callaway &
Sharp, 1941; Wile & Snow, 1941; Wile & Johnson,
1944; Rowe & Curtis, 1949; Ha'rd, 1952, see also
Saurino & DeLamater, 1952; Boak et al., 1949).
This has not so far been satisfactorily achieved,
although in a few isolated instances (e.g., Wile &
Snow, 1941; Wile & Johnson, 1944), survival has
been effected for periods varying from a few hours
to several days (Stokes & Beerman, 1948; Beard-
more & Dodd, 1950). An exception is the claim of
Hallauer & Kuhn (1942; see Hird, 1952). It has
been suggested (Eagle, 1948; Stokes & Beerman,
1948) that the reason for failure of tissue and egg
culture is that such methods are of necessity aerobic
whereas the treponeme is anaerobic.
Using killed eggs, however, the cultivable non-

virulent strains will grow in the egg (Kolesinskaja,
1939; Newcomer & Haanes, 1949; Haanes et al.,
1950, see DeLamater et al., 1951; Beardmore &
Dodd, 1950). A complicating factor is the possible
finding of incidental treponemes (Steinhaus &
Hughes, 1947).

19.13 SURVIVAL OF T. PALLIDUM OUTSIDE THE BODY:
I. GENERAL OBSERVATIONS

In body fluids and tissues
At room temperatures or in body fluids T. pallidum

may remain motile for weeks or months (Beer, 1906;
Lumsden, 1947; Medical Research Council, 1931;
McNabb et al., 1933, see Wilson & Miles, 1955;
Harrison, 1934, 1939), but virulence is soon lost (see
Berger, 1960; Clark, 1962; Kimm et al., 1962). The
yaws treponeme can survive for some hours in the
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diverticulum of Hippelates pallipes (Kumm, 1935;
Kumm et al., 1935; Kumm & Turner, 1936, see
Jordan & Burrows, 1945).

In some tissues, e.g., in a syphilitic infant's liver,
T. pallidum may remain viable for 7-10 days or longer
at body or room temperatures (Engley, 1956; Hu
et al., 1946; Neisser, 1911, see Lumsden, 1947;
Hoffmann, 1926) but virulence wears off within a
few days (Lacy & Haythorn, 1921; Gammel & Ecker,
1931, Zurhelle & Strempel, 1927; Levaditi &
Vaisman, 1946; Armuzzi & Strempel, 1926, see
Nelson, 1948). The rapid loss of virulence would
explain the rarity of accidental syphilis in patho-
logists. In fresh chancre material, or syphilitic
rabbits' testes, removed from the body, survival is
limited to one to four days (Reasoner, 1916; Shaffer,
1926) although longer periods, e.g., six days, have
been recorded if the material is stored in plasma
(Selbie, 1943). In blood kept at normal refrigerator
temperatures, survival and virulence are limited to
this same period (Boak et al., 1932; Bloch, 1941;
Lancet, 1941; Turner & Diseker, 1941; Kolmer &
Rule, 1942; Ravitch & Chambers, 1942; Nelson,
1948; Engley, 1956). In fresh tissue blocks incubated
anaerobically, survival has been demonstrated for
78 days but without virulence (Shaffer, 1926).

Loss of virulence occurring with residence outside
the body is noted with other organisms, e.g.,
Leptospira (Zuelzer, 1928-see Wilson & Miles,
1955). It has been suggested that virulence might be
increased with repeated animal passage (Baermann
& Zuelzer, 1927, 1928-see Wilson & Miles, 1955)
but the problem is to have some existing virulence
to restore.

Factors leading to an increase of the metabolism
of T. pallidum enhance the susceptibility to any form
of aggression (Borel, 1956). Exposure to ultraviolet
light will not affect it (Probey, 1951; Vaisman et al.,
1952; see also Wilkes-Weiss & Weiss, 1925-26)
but the treponeme is extremely susceptible to heat
(Reasoner, 1916; Boak et al., 1932, see Jordan
& Burrows, 1945; Eagle, 1948; Weber, 1953) and
especially to desiccation, even in the frozen state
(Turner, 1938; Turner et al., 1941a, b; Probey,
1947, see Stokes & Beerman, 1948; Eagle, 1948).
At refrigerator temperatures the organism dies
within a few days but it can withstand extreme cold.

Effects ofdrugs and antibiotics

A number of elements have antitreponemal
activity (Levaditi & Lepine, 1931). T. pallidum is
killed by trivalent arsenicals (Pons, 1924; Eagle,

1945, 1948; Eagle et al., 1940), bismuth, mercurials
(Metchnikoff & Roux, 1903, 1904, 1905) and other
substances (Doak et al., 1958; Freedman et al..
1964). It is not suppressed by small doses of ascorbic
acid or para-amnino benzoic acid (Levaditi &
Perault, 1945). It is killed by toilet soap (Reasoner,
1917; Keller & Morton, 1952; Rose & Morton,
1952), and by antisera.
A number of antibiotics are lethal to T. pallidumn

(Mutermilch & Gerard, 1957; Turner & Schaeffer,
1954; Rake et al., 1947; Wiggall et al., 1949;
Vjaseleva, 1957a, b; Clark & Yobs, 1963; Fegeler &
Knauer, 1961; Fujita et al., 1962; Garson et al.,
1960; Lissia et al., 1962; Washbum et al., 1960).
Penicillin is the drug of choice. In vitro tests with
penicillin (Dunham et al., 1944; Eagle, 1940) may
show little apparent action. Immobilization occurs
in smaller dilutions (Dunham & Rake, 1945;
Beerman, 1947). Indeed, penicillin added to blood
one hour before transfusion fails to render blood
non-infective (Probey, 1953). In vivo, however, the
effect of penicillin is marked, the treponemes
disappearing from syphilitic lesions (presumably
from lysis) within nine hours (Tucker & Robinson,
1947) but without marked changes of morphology
(Morton & Ford, 1953). The action of penicillin,
which appears to result from lysis rather than
phagocytosis (Morton & Ford, 1953), or the immune
adherence phenomenon of Nelson (1953), is en-
hanced by an increased temperature (Eagle &
Musselman, 1944; Eagle et al., 1947; Heite, 1951);
and penicillin G is more effective than fractions F,
X or K (Eagle, 1946; Turner et al., 1947a, b;
Rosahn & Rowe, 1950; Arnold et al., 1947; Eagle &
Fleischman, 1948). T. pertenue and strains of
T. pallidum from endemic syphilis have the same
order of sensitivity as do strains from venereal
syphilis (Nell, 1954). T. carateum (Varela &
Palencia, 1955) and the oral treponemes are also
sensitive to penicillin (Hampp & Fitzgerald, 1959).
The cultured strains, in the presence of sublethal

concentrations of penicillin, show a higher propor-
tion of elongated forms than is normal (Tung
& Frazier, 1946; Morton & Oskay, 1950; Morton
& Ford, 1953; Gastinel et al., 1959). Such has also
been noted in man (Frazier & Frieden, 1946).
Attempts to provide a penicillin-resistant strain of
T. pallidum by giving subcurative doses of penicillin
to the host have so far failed (Hollander et al., 1952;
Probey, 1953; Beerman et al., 1950) as have in vitro
attempts with the Reiter treponeme (Mutermilch
et al., 1959).
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19.14 SURVIVAL OF T. PALLIDUM OUTSIDE THE BODY:

II. FACTORS FAVOURING SURVIVAL

Extreme cold
At normal temperatures anaerobiosis favours

survival (Shaffer, 1926), but virulence is not main-
tained. Both can be preserved for long periods if
treponemes are kept in suspended animation under
conditions of extreme cold (Hampp, 1951). At
refrigerator temperatures T. pallidum dies out
rapidly (Boak et al., 1932; Lancet, 1941). Motility
may be preserved for a few months at from -160C
to - 20°C (Kissmeyer, 1923; Krantz, 1923, see
Lumsden, 1947; Turner, 1938) but virulence is
lost within a few days (Ravitch & Chambers, 1942).
At much lower temperatures (-78°C to - 80°C)
it is possible to maintain virulence of both
T. pallidum and T. pertenue for one year or more
(Jahnel, 1937; Turner, 1938; Turner et al., 1941;
McLeod & Arnold, 1949, see Wilson & Miles, 1955;
Turner & Fleming, 1939; Stratton, 1946; Turner
& Brayton, 1939; Henschler-Greifelt, 1959). How-
ever, lyophilization will not preserve motility or

virulence: preservation is achieved by congelation
(Hollander & Nell, 1954; Gastinel et al., 1958).
Cultured strains, on the other hand, will resist
freeze-drying (Hampp, 1947; Gastinel et al., 1958;
Stavitsky, 1945). Lyophilized cultured strains have
been used in attempted immunization proce-
dures (Magnuson et al., 1947). However, virulent
treponemes can be preserved by freeze-drying in the
rabbit's testicle (Hampp, 1951; Chorpenning et
al., 1952; Turner & Hollander, 1957).
Survival media

Studies of the survival of T. pallidum in artificial
media have shown viability for from a few hours
in glucose water (Bessemans & Van Haelst, 1935) to
some days, exceeding one week with preservation
of virulence, when thioglycollate media with various
growth requirements (as discussed above in relation
to the cultured treponemes) have been added
(Nelson, 1948; Eagle & Steinman, 1948; Nelson
& Steinman, 1948; Whiteley & Frazier, 1948, see
Rose & Morton, 1952; Nelson & Mayer, 1949;
Nelson & Diesendruck, 1951). If supplemented by
native animal proteins (e.g., serum from various
sources) motility can be preserved in vitro for
one to three months (Boak et al., 1949). The
essential substance has been isolated from beef
serum (Rice & Nelson, 1951; see also Weber, 1953,
1960), and other chemical substances have been
substituted (Berlinghoff, 1956).

The survival of T. pallidum outside the body has
led to the development of the treponemal immobiliza-
tion test (Nelson & Mayer, 1949), which depends on
the use of survival media to provide viable trepo-
nemes for a period of time exceeding test require-
ments. Natural biological substances have therefore
been used to achieve survival for this purpose. Such
simple media bave been devised for the purpose of
the test rather than using media of precise chemical
definition (Ranque et al., 1952, 1957; Borel, 1952;
Portnoy, Harris& Olansky, 1953; Portnoy, Olansky &
Edmundson, 1953; Ajello et al., 1954; Thivolet
& Rolland, 1952, see also Dubos & Fenner, 1950;
Boak & Miller, 1954; Vincent, 1957; Saurino, 1953;
Delacretaz, 1953; Durel et al., 1953; Bierschenk
& Bierschenk, 1956). The survival medium can be
lyophilized (Borel et al., 1958).
By and large, the achievements of survival with

maintenance of virulence of T. pallidum in artificial
media have not so far exceeded what has been
reported as regards survival of this organism in
natural body fluids and tissue under optimal condi-
tions (see Kimm et al., 1962). Also, owing to the
importance of the treponemal immobilization test as
a diagnostic tool, much fundamental research has
been aimed at the study of survival with this test
ultimately in mind. As the reading of the test
depends on motility, there has been a greater
emphasis on studies involving the survival of motility
rather than of virulence.

19.15 IN VIVO CULTURE OF TREPONEMES:
T. INTRODUCTION

If no success has been achieved in culturing
virulent T. pallidum and T. pertenue outside the body,
such success can be achieved in the laboratory
within the living animal. The organism can be
preserved in chimpanzees, monkeys, rabbits, pigs.
and a variety of rodents, including guinea-pigs,
hamsters, rats and mice (Bessemans & de Moor.
1939a; McLeod & Turner, 1946, see Jordan &
Burrows, 1945; Wilson & Miles, 1955; Eagle, 1948).

Indeed the use of monkeys for the yaws treponeme
has been considered the most satisfactory by some
(e.g., Nichols, 1910, see Pearce & Brown, 1925) but
not by all workers (see Turner & Hollander, 1957);
but such techniques are both expensive and cumber-
some. The rabbit is the most convenient for both
syphilis and yaws, as a lesion is subsequently
produced at the site of inoculation and the rabbit
remains infective for its natural life. In ratg and
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mice the infection is symptomless and the use of the
rabbit is still required to demonstrate the presence
of infection by subinoculation. Animals are used
thus as " test-tubes" to isolate treponemes in cir-
cumstances when they cannot be found by other
means (Calkins et al., 1950). Lesions may also be
produced in hamsters, and occasionally in guinea-
pigs, but the latter are uncertain. Why different
animals show infection in a different manner is not
known (Ovcinnikov, 1955). Whether or not there
are strain differences has been considered (Levaditi,
1942).

Animal strains
Strains of virulent T. pallidum have been main-

tained by repeated passage into rabbits for many
years. These include the Nichols pathogenic strain,
which was commenced by inoculating rabbits with
human material in 1912 (Nichols & Hough, 1913;
Nichols, 1914) and has since been perhaps that most
frequently used in subsequent studies (Reasoner,
1916; Zinsser et al., 1916; Shaffer, 1926, see Eagle &
Germuth, 1948; Boak et al., 1949). A number of
strains, including one from Nichols, were previously
used by Noguchi (1911). Laboratory accidents have
shown that the Nichols pathogenic strain is still
virulent for man (Wakerlin, 1932; Durel & Sausse,
1954; Ranque et al., 1960). Other strains include the
Truffi, which has a similar long ancestry (Levaditi &
Danulesco, 1912; Beclere, 1934; Levaditi & Vaisman,
1932; Levaditi & Levaditi, 1941; Hallauer & Kuhn,
1942); and the Gand strain (Bessemans & De Meirs-
man, 1938; Schereschewsky, 1936; Levaditi &
Vaisman, 1951). Further strains are also listed (Wile,
1916; Hard, 1952; Boak et al., 1949; Volosceanu
et al., 1955; McLeod & Turner, 1946b; Turner &
Hollander, 1957). Some of these, e.g., the Hub and
Pouv, have been maintained in mice as well as in
rabbits (Levaditi & Vaisman, 1950, 1951; Levaditi
et al., 1947-49).

19.16 IN VIVO CULTURE OF TREPONEMES:
HI. SYPHILIS IN THE RABB1T

General observations
Rabbits may be infected with syphilis (see Brown

& Pearce, 1921c; Ocvinnikov, 1955; Longhin et al.,
1958; Krantz, 1930; Kolle et al., 1930; Mulzer, 1927;
Stratton, 1935; Matsumoto, 1930, 1942; Gastinel &
Pulvenis, 1934; Rosahn, 1933; Hard, 1954; Turner &
Hollander, 1957; Stoyanoff, 1957; Volosceanu et al.,
1955; Longhin et al., 1958; Gastinel et al., 1961;

Mungale, 1961). Infection may be transferred to the
eye of the animal (Haensell, 1881; Bertarelli, 1906;
Uhlenhuth & Mulzer, 1913; Levaditi & Vaisman,
1950, see Wilson & Miles, 1955), by intravenous
inoculation (Chesney & Schipper, 1950), by intra-
testicular inoculation (Parodi, 1907; Noguchi, 1911;
Hoffmann, 1911), and by scrotal inoculation
(Tomasczewski, 1910; McLeod & Arnold, 1951a;
Volosceanu et al., 1955; Brown & Pearce, 1920c, d).
Intradermal inoculation is also used in multiple sites
on shaved rabbits' backs (Turner, 1939; Turner &
Hollander, 1957). Following intratesticular inocula-
tion a swelling appears, sometimes a chancre,
within three to four weeks (Brown & Pearce, 1920b;
Borel, 1952; Volosceanu et al., 1955). Inoculation on
to the surface of a granulating wound is accompanied
by a low proportion of " takes " (Chesney et al.,
1928; Turner & Hollander, 1957).
Even less than 10 treponemes may be infectious

but the percentage of successful " takes " increases
with the size of the inoculum (Thomas & Morgan,
1934; Magnuson et al., 1948, see Eagle, 1948;
Stokes & Beerman, 1948; Gastinel et al., 1961); more
clinical lesions are obtained with larger inocula
(Wiggall & Chesney, 1950), when the incubation
period is shorter than with smaller inocula (Magnu-
son et al., 1951; Chesney, 1923). The incubation
period may be modified by treatment with sub-
curative doses of certain drugs (Clark et al., 1964).
The treponemes multiply at a constant rate (Hol-
lander & Turner, 1954). The number of treponemes
and histological signs of inflammation increase
during the incubation period (Rich et al., 1933; Cum-
berland & Turner, 1949; Scott & Droegemueller,
1950). The division time of virulent T. pallidum in
the rabbit is 30-35 hours (Cumberland & Turner,
1948, 1949; Magnuson et al., 1948).

After scrotal or intratesticular inoculation, within
half-an-hour or less the treponemes have reached the
lymph-nodes and blood stream, where they remain
indefinitely (Brown & Pearce, 1920a, e, 1921b;
Kolle & Evers, 1962a, see Levaditi et al., 1938;
Turner, 1938; Stokes & Beerman, 1948; Raiziss
& Severac, 1937). With contact exposure the time
is much longer (Mahoney & Bryant, 1933, 1934).
The blood of rabbits is infective before any testicular
swelling occurs some weeks later (Reasoner, 1916).
Such events do not happen in immune rabbits
(Reynolds, 1941).
Once the early signs of infection have subsided,

the infection remains latent throughout the rabbit's
natural life (Frazier et al., 1948, 1950, 1952; Besse-
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mans, 1936; Jordan & Burrows, 1945), with no, or
only minor, signs of infection in tissues known to
harbour the organisms. The same phenomenon may
occasionally be observed in humans (Frankl, 1936;
Charpy, 1936), although in man spontaneous cure
may occur (Lake & Bryant, 1930). In the rabbit the
organisms persist in lymph-nodes, spleen and bone
marrow (see Brown & Pearce, 1920a, 1921c;
Shaffer, 1926). In about 10% of animals the infec-
tion is latent from the start (Kolle & Evers, 1926b).

Generalized lesions
Generalized lesions consisting of skin eruptions,

ulcerative granulomata, alopecia, onychia, lesions of
mucosae, periosteum, bones, cartilage, tendon
sheaths and eyes may occur (Brown & Pearce,
1920f, g, 1921a; Brown et al., 1921a, b, c; Reasoner,
1916; Hashiguchi, 1929a, b, c; Matsumoto, 1930;
Turner & Hollander, 1957; Nielsen, 1962; Shimizu &
Yoshida, 1961; Smith et al., 1965). Generalized
lesions are more common after intravenous than
intracutaneous inoculation (Chesney, 1923; Chesney
& Schipper, 1950; Scott, 1950; Scott & Dammin,
1950-see also Reasoner, 1916; Weygandt & Jacob,
1914; Uhlenhuth & Grossman, 1926; Hashiguchi &
Kato, 1930). Although the generalized lesions of
skin, bones and eyes may appear during the early
inflammatory process, late visceral lesions in the
rabbit have only rarely been described (Eagle, 1948)
and the foetus of the rabbit is not affected (Pautrizel
et al., 1957; Festenstejn & Bokkenhauser, 1961; see
also Finkel'stejn & Orlov, 1931; and Hamaganova,
1956). Possible neurological strains have been
investigated (Nichols & Hough, 1913; Weygandt &
Jacob, 1914; Wile, 1916).

Other rabbit work
Rabbits treated with oestrogens develop a milder

form of disease (Kemp & Shaw, 1938; Kemp et al.,
1939; Frazier et al., 1935). Male rabbits may show
a more heightened disease than female rabbits
(Chesney, 1923; Magnuson et al., 1951; Turner &
Hollander, 1957). Under corticosteroids there is a
suppression of the inflammatory process, and the
lesions increase in size and contain an abundance of
treponemes and of hyaluronic acid (Turner & Hol-
lander, 1950, 1954, 1957; Schmidt et al., 1957;
DeLamater et al., 1952; Yamazoe, 1959; Musumeci,
1960). Lysozyme increases in testicular juice after
infection, but may be partially inhibited by cortisone
(Metzger, 1963). The diet of the rabbit may play a
part in the course of the disease (Otsuji, 1938, 1939a,

b, 1940a, b; Matsumoto, 1942; Ohkuwa, 1958:
Katsura, 1958).
Temperature is important, and rabbit syphilis

flourishes better in a cooler than a warmer climate
(Brown & Pearce, 1927; Brown et al., 1924; Yama-
moto, 1929; Matsumoto, 1930; Hollander & Turner,
1954; Longhin et al., 1957; Tumer & Hollander,
1957). Heat also modifies the evolution of syphilis
within the body (Weichbrodt & Jahnel, 1919;
Schamberg & Rule, 1927, 1928; Bessemans, 1930,
1938; Bessemans & Van Canneyt, 1939; Turner &
Hollander, 1957). A low oxygen-reduction potential
is necessary, which may explain why syphilis
flourishes in the presence of wounds (Chesney &
Kemp, 1925a; Chesney et al., 1928; Halley et al.,
1927) and with some other concomitant diseases, e.g.,
vaccinia (Pearce, 1928a, b).
Other rabbit work includes that of Stoyanoff

(1957), and reinfection and immunity studies (Reiter,
1924; Arnold et al., 1947a, b; Arnold, Wright &
Levitan, 1950; Arnold, Wright & McLeod, 1950;
Bessemans & de Geest, 1930; Magnuson et al., 1951;
McLeod & Arnold, 1951b; Chesney, 1927; Chesney
& Turner, 1931; Chesney et al., 1933; see also Reiter,
1925; D'Alessandro & Zaffiro, 1962; Kent et al.,
1964; Miller, 1964; Miller, Fazzan & Whang, 1963:
Miller, Whang & Fazzan, 1963; Ottolenghi-Lodi-
giani, 1961; Pautrizel et al., 1962; Zaffiro, 1963),
and studies on the relationship between yaws and
syphilis (Turner, 1937; McLeod & Magnuson, 1955;
Sch6bl, 1930; Turner & McLeod, 1942), and be-
tween these diseases and venereal treponematoses of
rabbits (Turner et al., 1947) and studies of anti-
syphilitic agents, etc., which are considered beyond
the scope of this review.

Recently Collart (1962) and Collart et al. (1962a,
b, c, d, 1963, 1964) have found treponemal forms in
the lymph-nodes of both syphilitic rabbits and
humans after treatment when treatment had been
delayed for an appreciable time after infection. (See
also Poggi, 1965.) Similar information as regards
rabbits has been provided by Del Carpio (1963) and
the findings in man have been partially confirmed by
Yobs et al. (1964) and Cameron-Jourda (1965) but
not, to date, following supervised treatment with
penicillin.
Much additional research is required to ascertain

whether these organisms are indeed T. pallidum, and,
if so, whether their presence in lymph-nodes is truly
a failure of therapy or is due to a reinfection of
immune tissue resulting in a symbiotic state (see
Willcox, 1964).
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19.17 IN VIVO CULTURE OF TREPONEMES:
fln. OTHER TREPONEMATOSES IN THE RABBIT

Endemic syphilis, yaws and pinta
The general course of infection in rabbits inocul-

ated with treponemes from cases of endemic syphilis
is the same as when treponemes from cases of
venereal syphilis are used (Rizk et al., 1951). Similar
infections are produced by the yaws treponeme
(Pearce & Brown, 1925; Nichols, 1910; Reasoner,
1916; Reasoner & Nichols, 1920; Schamberg &
Klauder, 1921; Matsumoto, 1930, 1942, 1958;
Turner & Chambers, 1932; Turner & Chesney, 1934;
Ferris & Turner, 1937, 1938; McLeod & Turner,
1946a, b; Turner & Hollander, 1957).
Certain differences are noted between the host

reactions of yaws and syphilis. The tissue reaction is
often more intense and concentrated in syphilis
(McLeod & Turner, 1946b; see also Jahnel &
Lange, 1928); in yaws it is usually more diffuse.
Generalized lesions are reported as found in syphi-
litic rabbits but not in yaws rabbits (Reasoner,
1916). These and cross-immunity studies (Nichols,
1925; Ikegami, 1925; Turner & McLeod, 1942;
Turner et al., 1947; McLeod & Magnuson, 1951)
have tended to confirm differences in the response to
the two infections in the rabbit although all workers
stress the similarities (see Eagle, 1948).

T. carateum of pinta is not readily transferable to
the rabbit. Only one isolated and transient instance
has been reported (Leon y Blanco & Oteiza, 1944,
1945).

T. cuniculi infection
The naturally occurring venereal treponematosis

of rabbits caused by T. cuniculi, which is morpho-
logically indistinguishable from T. pallidum, is des-
cribed in some detail (Ross, 1912; Bayon, 1913;
Zinsser & Hopkins, 1916; Jeantet & Kermorgant,
1925; Kolle et al., 1921; Wartin et al., 1923; Besse-
mans, 1928; Adams et al., 1928; Bessemans & de
Geest, 1928; Medical Research Council, 1931;
Noguchi, 1922; Bessemans & Van Thielen, 1937;
Turner, 1938; McLeod & Turner, 1946a; Levaditi
& Li, 1930; Kolle & Ruppert, 1922; Noguchi,
1921, see Jordan & Burrows, 1945; Wilson & Miles,
1955). In some countries up to 40% of wild rabbits
may be infected.
The incubation period is two to eight weeks, and

the disease persists for months. Scaly patches appear
on or near the genitalia and elsewhere. In the
experimental infections (Klarenbeek, 1921, 1930;

Bessemans & de Wilde, 1935; Turner, 1938;
Bessemans & Van Canneyt, 1939; McLeod & Turner,
1946a) the clinical findings may sometimes resemble
those of the other experimental treponematoses,
particularly yaws, but by and large the findings are
considered sufficiently distinctive to render clinical
recognition possible (McLeod & Turner, 1946a).
It is obviously imperative that the stock of rabbits
used for the study of experimental syphilis or yaws
should be carefully selected to exclude those animals
already infected with the naturally occurring
treponematosis. Attempts to infect man or apes
with T. cuniculi have failed (Schereschewsky, 1920;
Levaditi et al., 1921; Noguchi, 1921; Bessemans &
de Wilde, 1935) but, like T. pallidum, it will cause
a latent infection in the rat, mouse and other small
rodents (Bessemans & de Moor, 1939; McLeod
& Turner, 1946a).
There is evidence of cross-immunity between

T. cuniculi infection and both syphilis and yaws
(Turner et al., 1947; Turner & McLeod, 1942) and
a specific cross-reacting antibody can be detected
in the serum (Khan, 1950; Khan et al., 1951; see
Turner & Hollander, 1957).

T. refringens was cultured in the anterior chamber
of the rabbit's eye by Danila & Stroe (1913).

19.18 IN VIVO CULTURE OF TREPONEMES:
IV. IN OTHER ANIMALS

Mice
The white mouse (and rat) may be infected with

syphilis. The infection is symptomless-a fact which
led early workers (e.g., Uhlenhuth & Mulzer, 1913)
to believe that mice were not susceptible. The
infection may be demonstrated only by inoculation
of mouse material into rabbits or the higher primates
(Kolle & Schlossberger, 1926, 1928; Schlossberger,
1927, 1929; Karrenberg, 1932; Bessemans & Baert,
1956; Levaditi, Vaisman & Schoen, 1933; Levaditi,
Vaisman, Schoen & Metzger, 1933; Levaditi,
Vaisman & Rousset-Chabaud, 1937; Bessemans
& de Moor, 1939; Levaditi & Vaisman, 1950a;
Vaisman, 1951; Gueft & Rosahn, 1948; Gueft, 1947;
Rosahn et al., 1948; Rosahn, 1952; Rosahn & Rowe,
1950; Vernes, 1936; Stratton, 1946; Wile & Johnson,
1945a; Johnson & Wile, 1947; Wile, 1947). Occa-
sionally a local chancre can be produced experi-
mentally (Bessemans & de Potter, 1930, 1931, see
Wilson & Miles, 1955; Eagle, 1948). The convention-
al serum tests for syphilis are negative. The blood,
skin, spleen, brain and lymph-nodes are all found to
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be infective: the lymph-nodes the most, the brain the
least (Rosahn et al., 1948; Vaisman, 1936), whereas
relapsing fever borreliae, for example, may persist in
the brains of mice for some time after disappearance
from the blood (Addamiano & Babudieri, 1957).
Difficulties in finding visible treponemes in mice
shown to be infective by animal inoculation support
the argument of the possible existence of infravisible
forms of T. pallidum (Stroesco & Vaisman, 1936, see
Stokes & Beerman, 1948; Bessemans, 1938, see
Rose & Morton, 1952; Levaditi et al., 1928; Gueft,
1947, see Eagle, 1948; Wile, 1947; Gueft & Rosahn,
1948), but by persistent and careful observation they
may be found in tissues previously considered free
of them (Bessemans et al., 1935; Gueft & Rosahn,
1948; Turner & Hollander, 1957).
Latent infections in mice can also be produced

by T. pertenue of yaws (Schlossberger, 1927; Kato,
1931a; Yasumoto, 1932, 1933, see Matsumoto, 1930,
1942; Turner & Hollander, 1957) and by T. cuniculi
(Bessemans & de Moor, 1939). Virulence may be
preserved by deep-freezing of the infected mouse
organs (Turner, 1938).

Other small animals

Rats, as mice, will also harbour the treponemes of
syphilis and yaws and T. cuniculi asymptomatically
for long periods (Kolle & Schlossberger, 1926;
Bessemans & de Moor, 1939; Schereschewsky,
1936) as will guinea-pigs (Kolle & Evers, 1926;
Tani et al., 1930; Bessemans & de Moor, 1939;
Ovcinnikov, 1955) although local swellings can be
produced by intracutaneous inoculation (Mulzer
& Hahn, 1930, see Wilson & Miles, 1955; Kato,
1931a; Matsumoto, 1942; Turner & Hollander,
1957; Rosenau, 1953; Popescu, 1963; Lesinski et al.,
1960). The lesions in the guinea-pig can be modified
by cortisone (Wicher & Jakubowski, 1946a, b). The
injection of fusospirochaetes will cause an abcess in
the guinea-pig (Wichelhausen, 1942). In mice, the
scrological responses to infection are minimal
(Berlinghoff, 1957; Gastinel et al., 1959). Although
the hamster has also been stated to show symptom-
less infection (Bessemans & de Moor, 1939; Besse-
mans, de Moore & de Rigge, 1938; Bessemans, de
Wilde & de Moore, 1938; Bessemans, Vandeputte &
Baert, 1956; Bessemans & de Wilde, 1935; Turner
et al., 1953; Wile & Johnson, 1945a; Turner &
Hollander, 1952; Wile & Kearney, 1943, see Stokes
& Beerman, 1948), clinical lesions in the hamster
can certainly be produced by yaws (Geiman& McKee,
1950; Geiman, 1951; Hill & Gordon, 1954)-often

of a recurring nature (Hill & Gordon, 1954)-and
also less commonly with treponemes from venereal
and endemic syphilis (Turner & Hollander, 1952);
the lymph-nodes harbour the treponeme and show
histological changes (Hollander & Hardy, 1960). The
hamster has the advantage that there is no known
natural treponematosis as in the case of the rabbit
(Turner & Hollander, 1957); on the other hand, the
animals may hibernate, and syphilitic infections tend
to regress during hibernation (Jahnel, 1935, 1937;
Bessemans, de Wilde & de Moor, 1938; see also
Thivolet, 1959).

Monkeys and apes
Monkeys and apes have been used principally in

syphilis (Metchnikoff & Roux, 1903, 1904a, b, 1905,
1906; Neisser, 1911; Klebs, 1932; Levaditi &
Manouelian, 1905, 1906; Uhlenhuth & Mulzer,
1913) and in yaws (Pearce & Brown, 1925;
Montserrat, 1933; Miyao, 1930; Sch6bl, 1928;
Turner & Chambers, 1932; Turner & Hollander,
1957; see also Eagle, 1948). For yaws, rabbits are
preferred (Turner & Hollander, 1957). Apes and
monkeys (and man) have been reported as not able
to be infected with T. cuniculi (Bessemans, de Wilde
& Van Thielen, 1938; McLeod & Turner, 1946)
although such infection has been noted by Turner &
Hollander (1957).

Man
Although man is used dnly occasionally in experi-

mental work in both syphilis and yaws (Turner,
1936; Gon9alves, 1946; Medina, 1964), he remains
the sole animal in which the treponeme of pinta can
be satisfactorily perpetuated, and is therefore used in
experimental studies of this disease (Leon y Blanco,
1939a, b, 1940, 1948; Leon y Blanco & Oteiza, 1944,
1945; Rein, 1954; Gon9alves, 1946, 1949; Oteiza,
1945, 1949; Curbelo et al., 1938). Like apes and
monkeys, man cannot be infected with T. cuniculi
(Levaditi, Marie & Isaicu, 1921; Levaditi, Marie &
Nicolau, 1921; McLeod & Turner, 1946).

Other animals
Other animals which have been infected with

syphilis include dogs (Hoffmann & Bruning, 1907;
Bertarelli, 1907), cats (Levaditi & Yamanouchi,
1908), sheep (Bertarelli, 1907) and heifers (Be16re,
1934).

CONCLUSIONS

Although T. pallidum was finally identified as the
cause of syphilis, and T. pertenue as the cause of
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yaws, some 60 years ago, much remains obscure
concerning the organisms. Modem techniques of
electron microscopy, at first leading to false conclu-
sions, have revealed new details of morphology some
of which-e.g., the presence of an outer layer and
of the so-called axial filament-had previously been
predicted.
The cultured strains of T. pallidum particularly

have been shown to be pleomorphic. The many
aberrant forms which have been described through
the years appear to evolve under conditions of
environmental stress and have been produced even
in dead organisms. Although a number of workers
have postulated a so-called " life-cycle ", it is felt by
most recent writers that the evidence does not
warrant such an assumption, that the organism
duplicates by transverse fission, and that the
unusual forms result only from environmental
pressures.

There are clinical and experimental reasons for
suggesting an ultramicroscopic stage of T. pallidum
may exist. However, search for convincing experi-
mental proof of such a stage has so far failed. In
both human and animal infections the presence of
the infectious agent can be shown by animal inocula-
tion when direct methods of observation have failed
to demonstrate visible treponemes. Prolonged search
by some observers has shown their presence in small
numbers and on existing evidence it cannot be
postulated, neither is it necessary to postulate, that
an infravisible stage does definitely exist.
Many of the outstanding problems of syphilology,

including those of morphology and possible infra-
visible forms could be quickly and materially
advanced by the successful cultivation of virulent
T. pallidum in vitro. A very large number of attempts
have been made and although a handful of successes
have been claimed these have been neither redupli-
cated nor maintained. The very success of the few
claims has been questioned. And even the trepo-
nemes which have been grown have soon lost their
virulence.
A number of strains of treponemes (e.g., Reiter

and others) which morphologically resemble T. palli-
dum and purport originally to have been grown
from syphilitic lesions have been maintained in the
laboratory for years. Whatever their original nature,
they now immunologically resemble saprophytic
treponemes and are non-virulent forman and animals.
Simplified methods of culture have been developed
through the years, and growth requirements in
relation to anaerobiosis, amino acid and other

nitrogen requirements, vitamins and other substances
have been defined in some detail.

Neither has tissue or egg culture so far achieved
more than temporary survival of virulent T. pallidum,
although the cultivable non-virulent strains will
grow both in tissue culture and in the killed egg.

Desiccation (even in the frozen state) and heat
are inimical to the survival of virulent T. pallidum
but at normal temperatures and under anaerobic
conditions survival has been achieved as regards
motility for over two months in tissues, but with
loss of virulence. Virulence can be retained for both
T. pallidum and T. pertenue under conditions of
extreme cold, and virulent organisms have been kept
at -78°C to - 80°C for periods exceeding nine years.
Based on the studies of the growth requirements of
the cultured strains, survival media have been devised
in which some treponemes will survive for a few
weeks but, even in these media, survival is for no
longer than can be achieved in natural tissues given
optimum conditions.

If no success has been achieved in culturing
virulent T. pallidum or T. pertenue outside of the
body such can be achieved in the laboratory in the
living animal, which, once infected, may remain so
for years or for its natural life. Strains that have
been shown to be still virulent for man have been
maintained by serial passages in animals for nearly
half a century. The rabbit has proved the most
suitable animal as it regularly develops clinical
lesions to show the presence of both syphilis and
yaws, although it has the disadvantage of being the
host for a naturally occurring venereal disease in
the animal caused by T. cuniculi which morphologi-
cally resembles T. pallidum. The hamster in recent
years has been preferred for the maintenance of
yaws treponemes. Both the white mouse and rat
harbour a symptomless infection and the rabbit or
hamster has to be used as an indicator of the
presence of such infection. Other animals (e.g., tht
guinea-pig) act in an intermediate manner.
While much has been learnt of T. pallidum and

associated organisms by investigations in the
laboratory animal, knowledge would be gained much
more readily and much more quickly if virulent
T. pallidum could be maintained experimentally
outside the body.
For the future, it may be profitable to examine

the past as a guide for the most useful lines of
potential research. A number of concerted efforts
at the direct culture of virulent T. pallidum have
already failed and a flanking approach would appear
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more helpful. The key to the problem would appear
to be contained in factors which lead to the
disappearance of virulence, for motility can be
preserved after virulence has disappeared. Owing
to the importance of the treponemal immobilization
test as a diagnostic tool, and to the fact that motility
is required for its reading, much of the research on
the survival of T. pallidum has been linked with
motility rather than with virulence. Studies of the
factors which can prolong the virulence of T. pallidum
outside the body-or which can increase it once it
has begun to fade-would appear to be an essential
first step. Such studies should include morphological,
immunological and biochemical investigations to
ascertain what happens to the treponeme when it
becomes avirulent, and to what extent virulence is
linked with reproduction.
At the same time there remains some confusion

as to the identity of the cultured treponemes and
as to whether they are only saprophytic incidental
organisms-which many believe-or whether they
are actually derived from T. pallidum. Some trepo-
nemes have been grown originally from syphilitic
lesions and further investigations of such organisms
are required during their primary isolation, rather
than after months or years in the test-tube, to
ascertain whether their early immunological and
serological properties are the same as they have
been shown to be later in their life, or whether they
are any closer to those of virulent T. pallidum.
Should they prove closer, this work could be
combined with the studies of virulence factors to
discover whether any virulence could be instilled or
restored.
On the assumption that virulence is linked with

antigenicity, and on the analogy that the availability
of the venom is of infinitely greater value for
scientific study than the possession of the whole
snake, a continuance of studies of the antigenic
structure of treponemes, and their isolation by
fractionation and other procedures, are most
desirable, as these also may ultimately provide
indirect methods by which virulence could be tested
without the cumbersome and time-consuming experi-
ments involving animal inoculations. Also, bio-
chemical studies of the enzyme and other systems
involved in the metabolism of both virulent and
non-virulent organisms may provide useful informa-
tion-not only, however, between cultured and
animal strains of T. pallidum but particularly
between virulent T. pallidum and motile known
T. pallidum which has come to lose its virulence.
Although work on these general lines has been

proceeding slowly, it requires that the ultimate goal
of the successful culture of virulent T. pallidum
outside the body, with all of its entailed implications,
be kept in mind-particularly in view of the dis-
couraging experiences of the past. On some previous
occasions (e.g., when the introduction of cardiolipin
retarded the investigations of antigens in the Reiter
treponeme, and when the need for the study of the
survival of motility became more important than
the study of virulence for the performance of the
treponemal immobilization test), research has tended
to be diverted into other more immediately profitable
channels. As virulence can already be preserved
for years in the frozen state, the problem of main-
taining virulent T. pallidum in some sort of culture
outside the human or animal host should not be
insoluble.

20. RIJSUMt

Bien que l'identification definitive de Treponema
pallidum comme agent causal de la syphilis et de
T. pertenue comme agent causal du pian remonte a
une soixantaine d'annees, de nombreuses obscurites
subsistent en ce qui concerne ces organismes. Les
techniques modernes de microscopie electronique
ont revele de nouveaux details morphologiques, dont
certains - par exemple la presence d'une couche
externe et du <filament axial> - avaient vu leur
existence annoncee par des etudes anterieures.
On a en particulier demontre le pleomorphisme

des souches cultivees de T. pallidum. Les nombreuses

formes aberrantes decrites au cours des annees
semblent sous la dependance de stress provoques par
le milieu et ont ete produites meme dans des orga-
nismes morts. Bien qu'un certain nombre de cher-
cheurs aient postule 1'existence d'un cycle vital, la
plupart des auteurs les plus modernes estiment qu'il
n'y a rien qui prouve la veracite d'une telle assertion,
que l'organisme se dedouble par fission transverse et
que les formes anormales resultent simplement de
pressions exercees par le milieu.

I1 y a de serieuses raisons - cliniques et experi-
mentales - de penser qu'un stade ultramicrosco-


