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

ANAEROBIOSIS

From the earliest experiments it was found that
an essential requirement for growth of the cultured
strains of T. pallidum has been a low oxygen pressure.
Noguchi (1911, 1912) achieved it by the use of long
tubes of culture medium, an anaerobic apparatus
employing hydrogen gas, a vacuum and pyrogallic
acid, and by the addition of a piece of kidney or
testicle tissue to the medium. The extra tissue

produced a zone of anaerobiosis in its neighbourhood
(Theobald Smith method; see Gates & Olitsky,
1921).
Noguchi's medium was covered by a layer of

sterile paraffin to shield it from the air and prevent
evaporation. The use of the petrolatum seal probably
prevents evaporation rather than interferes with the
diffusion of oxygen (Jordan & Burrows, 1945). In
addition to the prevention of evaporation the seal
also prevents loss of carbon dioxide from the
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medium, which would otherwise become progressi-
vely more alkaline (Wilson & Miles, 1955). Haanes
et al. (1950), cultivating the Kazan strain under
anaerobic cultivations using Brewer's desiccation
jars, were able to preserve viable cultures for more
than two months provided evaporation was minimal.
As previously indicated, the introduction of fluid

thioglycollate media has obviated the strict need for
an anaerobic apparatus and petrolatum seals:
rubber stoppers may be used instead (although the
use of petrolatum has not been completely discon-
tinued-e.g., by Morton & Anderson, 1942). Eagle
& Steinman (1948; see Steinman et al., 1953), also
using a thioglycoilate medium, incubated it in Brown
jars under hydrogen, although Wichelhausen &
Wichelhausen (1942) with oral treponemes did
not use anaerobic jars with their medium. The use
of such jars helps to maintain anaerobiosis when
turbidimetric assessments of growth have to be made.
According to Stokes & Beerman (1948), the main-
tenance of anaerobiosis is increasingly difficult
when turbidimetric methods are used to estimate
growth. Indeed, according to Rose & Morton
(1952), as strict anaerobic conditions may not be
achieved by the use of rubber stoppers or a layer of
petrolatum, it seems wise to use sodium thioglycollate
or cysteine in the medium.
More recent work with modem media has led

to the suggestion that a re-evaluation of the oxygen
relationships of anaerobic bacteria may be in-
dicated. Scheff et al. (1956) grew the Reiter,
Nichols, Noguchi, Kazan and EK strains of T. pal-
lidum and one strain of Clostridium sporogenes-a
known anaerobe-on a fluid thioglycollate medium
with added rabbit serum. No seal was used to cover
the cultures, but to limit gas exchange a rubber
stopper was inserted over the cotton plugs. By the
use of a dropping mercury electrode they were able
to show that both the treponemes and Cl. sporogenes
would cause the disappearance of oxygen from the
culture medium at a low rate with the liberation of
carbon dioxide. On the other hand, Scheff (1935; see
Bucca et al., 1951) studied the respiration of the
Klopstock and Visarhelyi strains of T. pallidum and
believed they were true anaerobes. Although they
might decompose glucose with the production of
carbon dioxide and lactic acid, no significant oxygen
consumption was observed.

HYDROGEN-ION CONCENTRATION

The hydrogen-ion concentration of cultures was
studied by Weiss & Wilkes-Weiss (1924; see Rose

& Morton, 1952) using the Zinsser and Noguchi
strains. Their initial pH values were 6.6-8.4, but in
three weeks all fell to 6.3-7.0. At 42 days the pH
was 6.1 and the morphology of the organism was
distorted. Rose & Morton (1952) found an even
greater increase of acidity of the medium but the
morphology of the organisms remained good.
Wichelhausen & Wichelhausen (1942) observed no
significant difference in growth between pH 6.3-6.5
and 7.3-7.5. The pH of the media used by Morton
& Anderson (1942) and by Scheff et al. (1956) was
7.2. It has been considered (see Rose & Morton.
1952) that, despite the ability of treponemes to main-
tain themselves at a wide range of pH, it may be
advisable, if prolonged growth in a glucose-con-
taining medium is required, to include disodium
phosphate as a buffer in the basal medium.

SEARCH FOR ESSENTIAL SUBSTANCEES

The search for so-called growth-promoting factors
for the culture of treponemes was instituted from the
beginning. Noguchi (1911) added various protein
cleavage products to a serum bouillon medium he
tested (tryptophan, asparagin, glycil-glycine, alanin,
etc.). Bronfenbrenner (1915a, b) noted that certain
antiseptics exerted a marked accelerating effect on
the growth of treponemes (but presumably by
reducing contamination).
An essential part of all media used in the early

culture of treponemes was their enrichment with
animal fluids such as blood, serum, plasma, ascitic
or hydrocele fluid. Wichelhausen & Wichelhausen
(1942), for example, found rabbit whole blood
superior to serum or ascitic fluid. Rose & Morton
(1952), preferred plasma and found rabbit serum
superior to normal ascitic fluid. The inclusion of
animal fluid in the medium is a method used in
bacteriology to preserve virulence (Little & Sub-
barrow, 1945)-albeit without success as far as the
pathogenic treponemes are concerned. According to
Weiss & Wilkes-Weiss (1924; see Rose & Morton,
1952) the blood supplement could be replaced by
whole eggs or by raw potato but not by egg yolk,
egg albumin, yeast extract or orange juice.
Twort (1921), drawing on experience with the

tubercle and leprosy bacilli, added "an essential
substance "-in this case stored in the body of allied
bacteria and Mycobacterium phlei. A treponeme
from a mouse was cultivated in glycerin broth in
which Myco. phlei was growing. Wichelhausen
& Wichelhausen (1942; see Rose & Morton, 1952)
noted that growth might sometimes be improved by
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bacterial contaminants and by killed staphylococci.
These apparently contributed some of the factors of
the blood supplement. A similar phenomenon was
noted with pleuropneumonia-like organisms by
Morton et al. (1949).

Possible phytogenic growth factors have also
been studied. Innumerable different bacteria attack
plants, and some workers (e.g., Hard, 1952) have
considered that certain plant substances might be
consistent with the metabolism of treponemes.
Yeast has been used in the cultivation of the Reiter
treponeme (Gelperin, 1949): tomato juice, straw and
other substances are used in other fields (Hard,
1952).
Weiss & Wilkes-Weiss (1924) employed, among

other things, raw potato as a source of accessory
and reducing substances in the culture of trepo-
nemes, and observed that the potato had a growth-
promoting action. According to Hard, Hemberg
(1947), who obtained growth of avirulent T. pallidum
for several weeks in a medium containing peptone,
meat juice, dextrose, agar and electrolytes to which
potato had been added, claimed to have demon-
strated an acid or neutral growth substance in that
vegetable. At first this was thought to be indole-
acetic acid, but Hard (1952) found no evidence that
hetero-auxin (indole-acetic acid) affected the growth
of T. pallidum, although further investigations were
required in respect of indole-acetaldehyde or other
possible growth-promoting substances in the potato.
Hard (1952) also drew attention to the possibility
of finding growth factors in extracts of comparatively
primitive organisms such as the sea-urchin which,
according to Gustafson et al. (1952), contains factors
conducive to the multiplication of certain bacteria.
Some investigators, rather than depend solely

on complex cultures containing animal or plant
tissues or their extracts-or modifications of such
methods of culture-have directed their attention
towards the precise nutritional requirements of
treponemes and have sought " growth factors "
essential to the successful cultivation of these
fastidious organisms with the object of their defini-
tion and isolation (Saurino & DeLamater, 1952).
Supniewski & Hano (1933, 1935) and Scheff

(1935; see Eagle & Steinman, 1948) were among the
first to approach the problem by studying the meta-
bolism and growth requirements of the cultivable
treponemes. Their findings, those of Kast & Kolmer
(1940)-who succeeded in culturing the Noguchi
strain using cysteine, ascitic fluid and beef-heart
infusion broth (see Saurino & DeLamater, 1952)

-and those of Rosebury & Foley (1942) and of
Wichelhausen & Wichelhausen (1942)-both groups
working with oral treponemes-indicated that one or
more factors present in body fluids and tissues (e.g.,
blood, serum, ascitic fluid, kidney and liver tissue)
were essential to the growth of these organisms.

PROTEIN REQUIREMENTS

Serum albumin
Little & Subbarrow (1945) agreed that animal

Iuids such as blood serum, plasma, ascitic and
hydrocele fluids had so far been an inflexible require-
ment of all media used in the propagation of T. palli-
dum for more than twenty years. The personal
preferences of the investigators were many. For
example, Rosebury & Foley (1941), instead of the
usual enriching fluids, preferred serum ultrafiltrate
as used by Simms & Stillman (1937), Sanders
(1940), and Sanders & Molloy (1940) for the cul-
ture of several viruses; this was also used by Eagle &
Steinman (1948). Such methods have been em-
ployed in bacteriology to preserve virulence (albeit
without success in this case). Early investiga-
tors had used as much as 33% of ascitic or hydrocele
fluid; Little & Subbarrow usually employed 10%
rabbit serum. Whether this native animal protein
acts chemically as a nutrient material or physically
as a protective colloid, preventing the organism
from being poisoned by the products of its own
metabolism, is not clear (Wilson & Miles, 1955).

Little & Subbarrow (1945) identified serum
albumin as the important substance. By using liver
preparations together with serum albumin they
were able to maintain the treponeme continuously
on serum-free media. An artificial medium con-
taining a vitamin mixture of choline chloride,
mucin, pantothenate, riboflavin, pyridoxine, thia-
mine and ascorbic acid was next tried as a substitute
for liver, and was shown to be capable of main-
taining treponemes for a limited number of transfers.
Serum albumin thus proved a good substitute for
whole serum as a supplement to the basic medium.
According to Oyama et al. (1953), serum albumin

has a dual role. It contains a lipid which is the
essential growth factor, and the protein itself only
serves to bind and detoxify the essential lipid, as has
been described in the cultivation of the tubercle
bacillus (Davis & Dubos, 1947). It was shown that
the essential lipid material in serum albumin could
be replaced by oleic acid and by a number of long-
chain ethylenic acids and some acetylenic acids.
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Eagle & Steinman (1948) noted that crystalline serum
albumin would replace the non-dialysable fraction
of whole serum, and acetic acid was shown to be
able to replace the dialysable portion.

Amino acids and other nitrogen requirements
Whiteley & Frazier (1948), using turbidimetric

methods, found that the Reiter treponeme could be
cultivated on a medium consisting of several vita-
mins, glucose, a sulfur-containing reducing substance
(sodium thioglycollate), serum albumin, a dipotas-
sium phosphate buffer, and an acid hydrolysate of
casein or a mixture of component amino acids of
that protein. Serum albumin having been rated as
the common essential substance, Whiteley & Frazier
used sodium thioglycollate as the agent of choice
and from this point, working with the Reiter strain,
succeeded in producing a clear medium which would
satisfy the nitrogen, carbohydrate and vitamin
requirements. This provided a stable base from
which possible growth factors could be assessed
(Stokes & Beerman, 1948). Eagle & Steinman
(1948), in their comprehensive studies on the growth
requirements of the Reiter treponeme, commenced
with a medium based on enzymatic digest of casein
(trypticase), and containing also cysteine, glucose,
yeast extract, sodium chloride, reazurin and agar.
A similar medium, but without reazurin and agar,
was used by Gelperin (1949).
The best basal medium of Rose & Morton (1952)

was Bacto heart-infusion broth. This contained
tryptose, which appeared similar in effect to proteose
peptone. From the work of Whiteley & Frazier
(1948) it may be concluded that peptone can be
replaced by a proper mixture of amino acids.
Thiopeptone was used by Wichelhausen & Wichel-
hausen (1942), but this probably supplied extra
organic sulfur and they were able to maintain
growth without additional cysteine or thioglycollate.

Eagle & Steinman (1948) identified four sub-
stances as essential to growth: arginine, acetic acid,
one of a series of compounds containing either free
sulfydryl groups or sulfur groups capable of being
reduced to the sulfydryl form, and crystalline serum
albumin. The above, plus minute amounts of yeast
extract, glucose and a vitamin mixture, together with
an enzymatic casein digest (or a mixture of com-
ponent amino acids), would permit the multipli-
cation of the Reiter treponeme.

Later (Steinman & Eagle, 1950) it was found that
pantothenic acid, glutamine and phenylalanine were
additional growth-promoting factors. On the basis

of this work it was found possible (Steinman et al..
1952) to define a chemically reproducible medium
for the cultivation of the Reiter strain containing
amino acids, vitamins, purines, pyramidines, carbo-
hydrate, inorganic ions and crystalline serum
albumin. It no longer required supplementation
with an enzymatic casein hydrolysate.
Having chemically defined the medium, Steinman

et al. (1953) showed that 13 different amino acids
-arginine, aspartic acid, cystine (or cysteine),
glutamic acid (or proline), histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine,
tryptophan and valine-were required for growth
(two others were interchangeable and are in paren-
theses). On the omission of any of these from an
otherwise complete medium the organisms died off
progressively. Earlier (Steinman et al., 1952),
19 amino acids had been described as essential (in
addition to 13 vitamins, four purines, three pyrimi-
dines and miscellaneous factors). Since then, the
alanine, glycine and hydroxyproline mentioned in
the earlier report had proved to be inert, and serine
and tyrosine, although found capable of accelerating
growth, were not essential. Variants were regularly
observed (presumably mutant organisms) which
could dispense with aspartic acid, glutamic acid and
proline. These appeared in media deficient in either
aspartic acid or both glutamic acid and proline.
Of the four purines (adenine, guanine, hypoxanthine
and xanthine) these had ultimately proved in-
essential for growth, and adenine alone had a
demonstrable acceleratory effect. Of the pyramidines
(cystosine, thymine and uracil), only one was
necessary. Thymine was ineffective, and either
cystosine or uracil would suffice. Over and above
the 13 amino acids and the single pyrimidine neces-
sary for growth, Steinman et al. (1953) reported that
the organism must be supplied with large amounts
of ammonium ion. This could not be substituted for
by any of the amino acids, purines or pyrimidines
studied, but could be replaced by glutamine.
Bucca et al. (1951) studied the dehydrogenase

activity of washed suspensions of the Reiter trepo-
neme by a dye-reduction technique. The treponeme
was found to activate a broad variety of biologically
interesting substrates, including amino acids, carbo-
hydrates, monohydric and polyhydric alcohols as
well as fatty and dicarboxylic acids. Barban (1954)
investigated the amino acid metabolism of the Reiter
treponeme using intact cells and cell-free extracts.
It was shown that L-glutamine, L-histidine, L-
cysteine, L-arginine and L-theonine were deaminated.
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Carbon-dioxide was produced only from L-glutamate
and L-histidine; the latter was fermented by washed
suspensions of this organism with the rupture of the
imidazole ring. Glutamate was metabolized anaero-
bically with the production of ammonia, carbon
dioxide and succinate as the principal end-products.
Glutamine dehydrogenase was demonstrated spectro-
photometrically in some extracts. The enzyme
system, which had a pH of approximately 9.7, was
shown to be specifically dependent on the diphospho-
pyridine nucleotide.
Barban (1956) looked for possible correlations

between the metabolism and biosynthesis of amino
acids with nutritional data. He found that the
Reiter treponeme (and some extracts of it) catalysed
transamination reactions involving a number of
amino acids and keto-analogues. The formation of
glutamic acid, aspartic acid and alanine have been
demonstrated from their respective keto-analogues
by transamination. Glycine formation was also
demonstrated by transamination with glyoxylic acid,
and was found to be one of the most active systems
studied. Transamination reactions between gluta-
mine and L-keto-acids have been described. Barban
concluded that pyridoxal phosphate appeared to be
the co-enzyme for the treponemal transamination
which is inhibited by bromosulfalein.

CARBOHYDRATE REQUIREMENTS

Akatsu (1917; see Saurino & DeLamater, 1952),
studying the influence of carbohydrates on the
cultivation of treponemes, noted that the influence
varied with the strain. Moreau & Aladame (1957),
using a chromatographic method of determining the
volatile acids of fermentation of three oral trepo-
nemes (including T. microdentium) and four genital
species (T. refringens, T. phagedenis, T. calligyra and
T. minutum), noted that the fermentative pattern
differed according to species. The growth require-
ment of oral treponemes in relation to dextrose
fermentation and the production of acid (carbo-
hydrate metabolism) was also studied by Wichel-
hausen & Wichelhausen (1942). Both of these
groups of workers and Little & Subbarow (1945; see
Rose & Morton, 1952) found that glucose was used
but that sucrose could be substituted. Whiteley &
Frazier (1948) noted that glucose increased growth,
but that glucose might react with phosphates on
autoclaving, and give rise to degradation products
which might retard growth. Rose & Morton (1952)

considered that this might explain the relative
inhibition of phosphate buffers in their experiments.
Rose & Morton (1952) found that growth was, up to
a point, proportional to the concentration of plasma,
then fell off owing to toxicity. When glucose or a
reducing agent was added, growth increased to a
maximum.

Supniewski & Hano (1933) studied the effect of
the utilization of chemical compounds on the growth
of a German cultured strain of T. pallidum, and
concluded that the organism did not produce large
metabolic changes (see Bucca et al., 1951). It was
shown by Vjaseleva & Danilova (1952) that the
ability of the Kazan strain to ferment carbohydrates
was not strong. Scheff (1935; see Barban, 1954)
studied the dissimilation of glucose by four strains
of treponemes, and found it was metabolized to
lactic acid and carbon dioxide without using up
oxygen. Washed suspensions of the Reiter trepo-
neme possessed dehydrogenase activity for carbo-
hydrates.

VITAMIN REQUIREMENTS

Equally good results have been obtained with
media containing meat infusion or yeast extract
(Rose & Morton, 1952). These workers considered
it could be inferred from the data of Steinman &
Eagle (1950) that the action in part of either com-
ponent was to supply B vitamins. Little& Subbarrow
(1945) were able to maintain treponemes by means
of liver preparations and serum albumin. For a
limited number of transfers a vitamin mixture con-
taining choline chloride, niacin, pantothenate,
pyridoxine, riboflavin, thiamine and ascorbic acid
could be substituted for liver. Whiteley & Frazier
(1948) also demonstrated the importance of vitamins,
and it appears that the factors in meat infusion and/or
yeast extract can be supplied by a liver extract or
vitamin mixture (Rose & Morton, 1952).
Steinman et al. (1954), in a study of the vitamin

requirements of the Reiter treponeme, found that
biotin, nicotinic acid and pantothenic acid (see also
Steinman & Eagle, 1950) were essential, and the
organism became non-viable with the omission of
any. Thiamine increased both the rate of growth and
its amount, while choline and riboflavine were
merely acceleratory: p-amino-benzoic acid and the
pyridoxine group were inert. They concluded that
the Reiter treponeme could utilize certain closely
related forms of its vitamin requirements, but other-
wise its biosynthetic abilities were limited.
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SULFUR REQUIREMENTS

The presence of a sulfur-containing reducing
substance containing either free sulfydryl groups or
sulfur groups capable of being reduced to the
sulfydryl form is essential to the metabolism of the
treponeme. Such may be provided by sodium
formaldehyde sulfoxylate or by sodium thioglycollate
(Eagle & Steinman, 1948). Thioglycollate is an
essential of Brewer's (1940) medium which-with its
modifications-is the basis of present-day culture of
the cultivable treponemes. Cysteine has been found
more efficacious than sodium thioglycollate (Wichel-
hausen & Wichelhausen, 1942; Eagle & Steinman,
1948; see Rose & Morton, 1952). Rose & Morton
(1952) stated that when cysteine hydrochloride and
sodium thioglycollate were compared as a source
of sulfydryl groups, growth was obtained in the
absence of both but was improved by their presence.
A medium containing sodium thiosulfate was used
by Aristovskij & Minkovic (1934).
When what may be called routine media con-

taining animal substances, rather than those shorn
to their essential skeleton for a detailed study of
growth requirements, are used, the effect of supple-
mentary compounds is reduced. For example, Rose
& Morton (1952) found that if a plasma filtrate,
which has a variable sulfur content, was employed
the effects of cysteine (as used by Morton & Ander-
son, 1942) and of thioglycollate might be masked.
Wichelhausen & Wichelhausen (1942), and also
Hampp (1947), found thiopeptone satisfactory, and
probably because of the additional organic sulfur
content, were able to obtain good growth without
sodium thioglycollate or cysteine (see Rose &
Morton, 1952). The latter authors pointed out that,
as strict anaerobic conditions may not always be
obtained by the use of rubber stoppers or of a layer
of petrolatum, it seemed wise to add one of these
substances to the medium. Both substances are
sometimes used-e.g., by Barban (1954).

OTHER REQUIREMENTS

The temperature requirements of the Reiter
organism were studied by Cannefax (1962), who
found the optimum temperature to be 33.4°C-35.4°C,
growth being suppressed at 37.4°C.
Bucca et al. (1951) noted that the Reiter trepo-

neme, in addition to having dehydrogenase activity
on amino acids and carbohydrates, had it also on
monohydric and polyhydric alcohols as well as on
fatty and dicarboxylic acids. Power & Pelczar

(1959) observed that both saturated and unsaturated
fatty acids are required for the maximum growth
of the Reiter treponeme.

Steinman et al. (1953) included minute traces of
iron, manganese, magnesium and ammonium ions,
in addition to glucose, phosphate buffer, serum
albumin and the nitrogen and vitamin requirements.

Other relevant studies include those of energy-
yielding actions of T. pallidum studied by motility
inhibition by Case & Clark (1956), and of the ionic
requirements in terms of sodium and potassium by
Doak et al. (1959a), and in terms of ammonium,
lithium, rubidium and caesium by Doak et al.
(1959b), and magnesium by Kimm et al. (1960).
Bivalent ions were considered by Doak et al. (1961).
Cobalt, manganese, ferrous and zinc ions were not
found to be beneficial. They concluded that sodium
chloride in physiological concentration might be
toxic.
The knowledge gained in the cultural and meta-

bolic studies described has been applied to the study
of chemical and physical factors which influence the
in vitro survival of virulent T. pallidum from rabbit
syphilomas (Nelson & Steinman, 1948; Nelson,
1948; Nelson & Mayer, 1949; Steinman & Eagle,
1949).
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12. CULTURE OF T. PALLIDUM: V. TISSUE AND EGG CULTURE

TISSUE CULTURE

A ttempts to grow virulent organisms

Steinhardt (1913) tried Harrison's method of
in vitro tissue culture for vaccinia virus for the
culture of T. pallidum. Hanging-drop preparations
of small pieces of rabbits' testes were inoculated
with T. pallidum and incubated for 25 days. Some
short forms were seen, which appeared to indicate
multiplication. No virulence studies were reported,
but it was stated that the strain had been obtained
from Noguchi and was said already to have lost
most of its virulence. It was at one time thought it
might be possible to grow avirulent cultures in
tissue cells and to restore their pathogenicity.
Levaditi (1920, 1928), who had had previous expe-
rience in successfully cultivating the rabies virus
(Levaditi, 1914), failed, however, to cultivate
T. pallidum in tissue culture.

Shaffer (1926) considered that fresh tissues from
man, rabbit or monkey which were known to be
susceptible to syphilis should offer the ideal solution
for the culture of T. pallidum. In freshly excised
tissues from normal rabbits infected with T. pallidumn,
and incubated anaerobically, dense masses of tre-
ponemes were found by stained smears in the
inoculated area three to five days later, although
there was no evidence of ramification of growth into
the surrounding tissue, as might have been expected.
This was considered proof of growth in situ. The
tissue remained pathogenic to rabbits for five days.
Some element of tissue selectivity was noted.
Shaffer stated that inoculation into kidney tissue
was not followed by duplication, except in the minute
fragment of testicle introduced into the kidney by the
needle. Also, in cultures in horse serum the piece
of normal kidney introduced to aid anaerobiosis
failed to show treponemes except in the serum-


