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THE TUBERCLE BACILLUS
Summaries of a Symposium held in Lausanne,

22-25 April 1949

A series of lectures on the tubercle bacillus by eminent authorities from
various countries was organized at the Institut d'Hygiene et de Bacteriologie
of the University of Lausanne by Professor Paul Hauduroy, from 22 to
25 April 1949. Through the kindness of Professor Hauduroy it has been
possible for the World Health Organization to publish in the Bulletin
summaries of these lectures. *

HUMAN AND BOVINE TYPES OF TUBERCLE BACILLUS

Abstract of a lecture given by
Professor K. A. JENSEN

Director of the Institute of General Pathology, University of Copenhagen

The determination of, and differentiation between, the human and
bovine types of tubercle bacillus involves extremely far-reaching problems.
It is impossible, here, to deal with all these problems, so the question
will be considered only from a general point of view.

Human tuberculosis is produced by two varieties of Mycobacterium
tuberculosis-the human type and the bovine type. This fact is very
important in the epidemiological study of the disease.

At present there are two criteria which enable the two types of Myco-
bacterium tuberculosis in question to be differentiated (see table I):

(1) The morphology of their colonies in an appropriate medium, such
as Lowenstein's medium, containing 3 % to 4% glycerine ; colonies of
the human type (eugonic cultures) develop more easily and more abundantly
than colonies of the bovine type, whose growth is not stimulated by
glycerine dysgonic cultures.

(2) Their pathogenicity for experimental animals, such as the rabbit
and guinea-pig.

By making use of these two criteria, it is possible in most cases to clas-
sify strains as belonging either to the human type or to the bovine type.

* These lectures will be published in full in English by W. B. Saunders Co., Philadelphia, and in French
by Masson et C"e, Paris.
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However, in the course of the classification of about 5,000 cases of
tuberculosis, a certain number of aberrant forms were encountered.

1. Strains of the dysgonic human type
The primary culture grows slowly and the young cultures resemble

those of the dysgonic bovine type. However, an experienced observer
can differentiate between these atypical strains and those of the bovine
type : eugonic colonies develop in the primary culture, and, after a consider-
able period, eugonic buds appear in the dysgonic colonies and gradually
cover the parent colonies. Furthermore, these dysgonic colonies of the
human type possess the same virulence as the normal human type.

2. Strains of the human or bovine type with attenuated virulence
These strains, belonging to either the human or the bovine type, have

been isolated almost exclusively from lupus cases, and can be classified
into two groups:

(a) strains which form colonies of the bovine type and show, for the
most part, an attenuated virulence for the rabbit. Those which are most
attenuated can be recognized and classified only on the basis of the
morphology of their colonies. The fact that they belong to the bovine
type has been proved by the experiments of Griffith, who succeeded in
increasing their virulence for the rabbit by passages through the latter.

(b) eugonic strains, derived from lupus, which can be either (human
type) virulent for the guinea-pig and avirulent for the rabbit, or attenuated
for both these animals. The most markedly attenuated strains must be
designated as atypical, since they may just as easily be attenuated human
strains as attenuated eugonic bovine strains.

3. Labile strains
Some dysgonic strains, with virulence of the human type, have been

found to resemble the bovine type after a few passages through the rabbit.
The transformation of a dysgonic strain with human virulence into a
bovine strain was observed in one case, which was particularly well
investigated ; in this case it was possible completely to eliminate the
sources of error (mixed infection or spontaneous infection in the test
animal).

All strains derived from the strain mentioned above were highly labile,
both in their cultures and in their virulence. Buds appeared on dysgonic
cultures of the bovine type which had been kept in the incubator for
several months ; subcultures from these buds gave rise to the following forms:

(a) dysgonic colonies with virulence of the bovine type;
(b) eugonic colonies, virulent for the rabbit and the guinea-pig;
(c) eugonic pigmented colonies with more or less attenuated virulence

for the rabbit and the guinea-pig.
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Although the majority of the attenuated strains regained the virulence
of the bovine type after one or more passages through the guinea-pig,
a few kept their attenuated virulence, even after five passages. The existence
of such strains may provide an explanation of the origin of BCG.

4. Mixed infections by bacilli of the human and bovine types
During the classification of 5,000 cases, 19 cases of mixed infection

with human and bovine bacilli were encountered, principally among
patients suffering from pulmonary tuberculosis. The majority of these
mixed infections were discovered by examination of bacilli from patients
suffering from pulmonary tuberculosis produced by the bovine bacillus.

Out of 17 pulmonary tuberculosis patients who were infected with
bacilli of the bovine type and were followed up for more than a year,
9 showed mixed infection. It should be noted that this change appeared
only rarely during the first year of the disease. In a few cases, the bovine-
type bacilli disappeared and only human-type bacilli could be detected
at the last examination.

TABLE I. CRITERIA- FOR DIFFERENTIATION
BETWEEN THE HUMAN AND BOVINE TYPES OF TUBERCLE BACILLI

Virulence

Morphology of the Rabbit (intravenous
Type colonies on injections) Guinea-pigLbwenstein's medium inje )(i ntraperitoneal

injections)
0.01 mg. 1 mg.

A few regressive 106t10mg
Human ~Eugonic No processes in GeneraolizedgHuma n j (pigmented) tuberculosis the lungs and tGebneralized

kidneystueclss

Dysgonic Generalized Acute generalized 10t mg.
Bovine (non-pigmented) tuberculosis tuberculosis tuberculosis

The existence of these mixed infections is very important in the epi-
demiological study of tuberculosis. It may be explained by either of two
theories

Transformation of the bovine type into the human type. The bovine
type, by reason of its persistence in the human organism, is transformed
into the human type by changing the nature of its cultures and its virulence.
This hypothesis seems to be confirmed by:

(a) the experiments, described above, on the transformation of one
type into the other, carried out with the rabbit;

(b) the instability of bovine strains isolated from infected human
beings ; strains of the bovine type isolated from mixed infections frequently
dissociate into eugonic strains by budding;
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(c) the appearance of transition forms between the two types, either
in the primary culture of bacilli taken from cases of mixed infection, or
in pure cultures of the bovine type. In point of fact, buds appeared on
colonies of bovine bacilli in the primary cultures, and subcultures from
these buds frequently gave rise to typical human strains. However, it
was observed that the same primary cultures contained some colonies
of the eugonic human type. As the colonies of the bovine type occupy
only a small part of the surface of the medium, the human-type bacilli
should mainly be found outside the bovine-type colonies. However, in
the experiments cited above, the buds appeared on colonies of the human
type.

Cross-infection. The human type might appear by cross-infection of
the bovine type. This hypothesis is supported by the fact that all the
patients with pulmonary tuberculosis due to bovine bacilli had been treated
for a very long period in tuberculosis hospitals and sanatoria where there
was considerable risk of cross-infection with the human type.

* *

The author is inclined to believe that mixed infections are due to the
transformation phenomena. This idea is supported by the results of
Schaeffer's work on the antigenic structure of the tubercle bacillus. Schaeffer
has shown that the bovine-type bacillus contains a protein antigen which
is specific for this type. Two strains of bovine bacilli do not contain this
antigen: BCG and TB 18 Uhlenhuth, both of them strains which are
practically non-pathogenic. The human type does not appear to contain
any specific antigen, and Schaeffer suggests that the human-type bacillus
could be considered as a variant of the bovine-type which has lost its
specific antigen. It would be interesting to carry out an antigenic analysis
of a large number of eugonic strains derived both from lupus and from
the dissociation of bovine-type strains isolated from mixed infections.

The solution of this problem, i.e., the verification of one or other of
the above-mentioned theories, is of great importance. If the theory of
cross-infection is found to be correct, it will be necessary to give serious
consideration to the practical consequences, especially to the possibility
of the transmission of streptomycin-resistant strains from one patient
to another.
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MURINE TYPE OF TUBERCLE BACILLUS

Abstract of a lecture given by
A. Q. WELLS, D.M.

Sir William Dunn School of Pathology, University of Oxford

The murine type of tubercle bacillus was discovered in 1937 during a
study of the population variations of field-mice or voles (Microtus agrestis)
in various parts of the British Isles. At that time it was observed that the
population-curve rose fairly regularly for a period of four or five years,
often reaching a very high peak, and then fell so steeply that the possibility
of an epidemic factor had to be considered. It was in the course of the
search for a possible pathogenic agent that the tubercle bacillus of the
vole was discovered. Examination of 4,309 voles, from different parts
of the country, showed that 20.4% had tuberculous lesions affecting mainly
the lymph nodes and the lungs. The toxic effect from the infection seemed
to be very slight, as voles which were infected, either naturally or experi-
mentally, behaved normally until the day before they died. Nevertheless,
postmortem examination showed extensive lesions. In some cases even,
the lung-tissue resembled a culture medium, and death appeared to be
due to the disappearance of healthy lung-tissue rather than to the toxic
effect of the bacilli.

Morphology
The murine type of tubercle bacillus is the most pleomorphic of the

tubercle bacilli. The forms found in the tissues include straight rods from
l,u to 5,u in length, sickle or S-shaped forms, and spiral or coiled forms;
branched forms have never been found. In culture media the bacillus is
less pleomorphic. It is strongly acid resistant; beading is sometimes seen,
both in vivo and in vitro. This type of bacillus can be grown easily on
Dorset's egg medium, without glycerine. It does not tolerate glycerine,
and consequently the usual media for the cultivation of tubercle bacilli
are unsuitable. In primary culture, colonies appear from 28 to 60 days
after inoculation. They grow much more rapidly in subculture, and two
types of colony can be seen:

(a) smooth, matt, pearly white, hemispheric and without pigmentation
(b) rough, irregular in shape, grooved.
The colonies are generally adherent to the culture medium and are

not easily emulsified.

Serology
The production of an active murine-type tuberculin is difficult because

the bacilli do not grow well on a liquid medium. A tuberculin which gives
satisfactory results has been prepared from a culture on a medium of
asparagine and ammonium citrate plus 1% of crystalline horse-serum
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albumin. This tuberculin gives a positive reaction in animals infected
by the human, bovine and murine types of tubercle bacillus. Conversely,
tuberculin prepared from the human type of bacillus gives a positive
reaction in animals infected by the murine type. No qualitative difference
can be detected in the reactions of animals sensitized by any one of the
three types. Murine tuberculin is, however, less potent than human tuber-
culin. The murine type cannot be differentiated serologically from the
human and bovine types by the agglutinin-absorption method.

Pathogenicity
The murine type is pathogenic to the vole, even in very small doses.

Voles injected in the laboratory by the intraperitoneal route with doses
of 0.000001 mg. to 0.001 mg. (moist weight) of a culture showed tuberculous
lesions on postmortem examination. Animals infected by subcutaneous
injection die of generalized tuberculosis after periods varying from 27 to
56 weeks.

It is difficult to judge what effect an endemic tuberculous infection
has on the population-curve of voles. In point of fact, the lifetime of voles
infected in the laboratory is almost the same as the normal expectation
of life of these animals in nature. It is not possible, therefore, to estimate
what effect the disease may have on this particular murine population.

The murine type of tubercle bacillus is potentially pathogenic for
guinea-pigs, but only when injected subcutaneously and in large doses.
Given by mouth it is well tolerated. Two doses, of 10 mg. each, per month
produce no lesions in the guinea-pig, but merely a sensitivity to tuberculin.

Various other species of wild rodents are sensitive to experimental
infection by the murine bacillus, and some species related to the vole have
been found infected in nature.

Immunizing power
The fact that the murine type of tubercle bacillus does not produce any

progressive infection in experimental animals-except as the result of
massive doses-has given rise to the theory that injection of bacilli of this
type might lead to an increased resistance to infection from the human or
bovine varieties. The guinea-pig, however, is not a good subject for this
kind of experiment because of its very low natural resistance to tuber-
culosis. As far as this animal is concerned, vaccination cannot prevent the
disease from developing; it can only slow down the generalization of the
infection and increase the survival time. Some investigators (Griffith,
Dalling, Young, Paterson) have therefore instituted direct experiments
on cattle. Young and Paterson, in particular, have carried out experi-
ments during the last few years on the vaccination of calves with the
murine type of tubercle bacillus, with results which were extremely
satisfactory, better even than those obtained with BCG. Their findings,
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not yet published, and mentioned in this article with their permission,
show that a single intravenous injection of the murine-type bacillus
increases the resistance of cattle to experimental or natural infection
due to the other types : the infection either does not appear or
develops in a mild form. This resistance develops gradually, reaching
its maximum 6 to 18 months after inoculation, and then slowly
decreasing. Resistance can be further increased by revaccinations. The
tissue changes following inoculation are revealed by the appearance in the
lungs and thoracic glands of elementary tubercles, by an oedematous
reaction in the reticulo-endothelial system, and, in some tissues, by proli-
feration of the cells. These changes do not develop further after the 28th
day after inoculation and they do not seem ultimately to impair the func-
tioning of the tissues.

These experiments on cattle are of great importance since they may
lead eventually to inoculation with the murine-type bacillus being applied
to man. Such a possibility must be considered from several standpoints:

(a) Safety. Doses of murine-type bacilli ranging from 0.02 mg. to 1 mg.
have been injected by the author into 142 persons. Not one of these people
-of whom some were inoculated as much as seven years ago-has shown
any progressive infection following the inoculation.

(b) Local reaction. This is similar to that produced by BCG. The mode
of injection must be chosen with care.

(c) Reaction to tuberculin. All the inoculated persons showed a positive
reaction to Old Tuberculin. Tuberculin sensitivity was as follows:

After 3 weeks, positive reaction to 0.1 ml. of a 1/1,000 dilution of Old
Tuberculin;

After 11 months, positive reaction to 0.1 ml. of a 1/10,000 dilution of
Old Tuberculin;

After 41/2 years (in 98% of the cases), positive reaction to 0.1 ml. of a
1/100 dilution of Old Tuberculin.

It can be seen that tuberculin sensitivity appears fairly soon after
inoculation and persists for several years. On comparing these results
with those obtained with BCG, it would appear that sensitivity shows
itself earlier and lasts longer than it does after BCG vaccination.

(d) Duration of induced resistance. As there are no laboratory tests to
determine tuberculosis resistance in man, it can be assessed only by epide-
miological data. The author made an interesting experiment in an institu-
tion where the incidence of tuberculosis is high. It was carried out on two
groups of people-comparable as regards sex, age, and exposure to infection
-one group being unvaccinated and the other vaccinated. In the first
group there were eight cases of tuberculosis during the observation period,
of which four were fatal ; in the second group there was only one case of
mild tuberculosis.
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(e) Stability of virulence. This factor is very important when dealing
with a bacterial type which is to be used as a vaccine. The author's experi-
ments showed that regular passages through the vole did not produce any
variation in the virulence of murine-type bacilli. It is unnecessary to stress
the importance of this observation for prophylactic purposes.

THE PARATUBERCLE BACILLI

Abstract of a lecture given by
Dr G. PENSO

Istituto Superiore di Sanita, Rome

Since the discovery of the tubercle bacillus, a number of acid-fast
micro-organisms have been detected in various external media, e.g., in
cold-blooded animals, in grass, milk, butter, stools, animal manure, etc.
These bacilli, while possessing morphological and staining characteristics
similar to those of Koch's bacillus, may nevertheless be differentiated, in
the first instance, by the fact that they can be grown more readily on culture
media and that they are non-pathogenic. They have been given the name
of " paratubercle bacilli ".

What is their relation to the tubercle bacilli ? Generally speaking, can
we differentiate, by means of scientific criteria, between the various bacilli
belonging to the genus Mycobacterium, which includes the causative
organisms of human, bovine, avian and murine tuberculosis, of leprosy
in man and in the rat, of hypertrophic enteritis in cattle, and the numerous
paratubercle bacilli ?

The subdivision of the genus Mycobacterium into various groups raises
complex problems, for although general agreement has been reached as
to the characteristics which distinguish human from bovine tubercle bacilli,
considerable confusion still remains when we attempt to classify the remain-
ing mycobacteria.

According to an early rough classification, tubercle bacilli were regarded
as the acid-fast bacilli which grow slowly on appropriate culture media
and are pathogenic for man or animals. Paratubercle bacilli, on the other
hand, were considered to be those acid-fast bacilli which grow more readily
on culture media and are non-pathogenic for laboratory animals.

However, experience has shown this distinction to be erroneous and
without scientific foundation, so that other criteria had to be found.

Mycobacteria possess the following common characteristics:
(a) They are all acid fast " at a certain period of their existence ", the

reason for this qualification being the fact that this characteristic is not
absolutely invariable for all strains and under all circumstances.
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(b) They have a special chemical composition, which is chiefly character-
ized by the presence of abundant lipids containing specific fatty acids, of a
peculiar structure, which occur very rarely in nature. The biological
properties of mycobacteria would seem to depend on the presence of these
acids.

(c) Their morphology and their requirements in culture media are
similar and show an unmistakable family relationship.
A systematic study of these bacteria was undertaken by the Istituto

Superiore di Sanit'a, Rome, in collaboration with the Istituto Forlanini,
with a view to establishing a satisfactory classification. In this research
use was made of 120 cultures from collections all over the world, and more
than 1,000 strains from animal, vegetable and other matter, which were
isolated direct from nature.

The first step was to establish criteria allowing easy differentiation
between tubercle and paratubercle bacilli; the results are given below

1. Action of p-aminosalicylic acid (PAS)
The growth of tubercle bacilli is inhibited, even in the case of attenuated

strains like BCG, when 0.001 mg. of PAS per millilitre is added to Dubos'
medium which has been planted with a given quantity of organisms. The
growth of the avian type of tubercle bacillus, as well as that of some other
mycobacteria, is stopped by 0.1 mg. of PAS. On the other hand, the growth
of paratubercle bacilli is not inhibited, even by 1 mg. of PAS per millilitre.

This method, which is, however, of limited application, enables an
initial selection to be made between the tubercle and paratubercle bacilli.

2. Growth temperature
According to Gordon, whose conclusions are given in Bergey's manual

of determinative bacteriology (1948), the non-pathogenic mycobacteria can
be divided into two groups, one containing the strains which can grow
at 470 C. [116.60 F.], and the other those which fail to grow at this tem-
perature.

However, although some mycobacteria lend themselves to this classifi-
cation, the study of a large number of strains has shown that the problem
is much more complex. The author has, therefore, investigated it further,
taking as a criterion the maximum temperature at which any strain can grow,
and has been able to draw up the following classification

(a) strains which can grow at 500 C. [1220 F.];
(b) strains which fail to grow at 500 C., but grow at 470 C.
(c) strains which fail to grow at 470 C., but grow at 370 C. [98.60 F.]

and at temperatures a few degrees above (the majority of these strains, which
are still being studied, come from cold-blooded animals);

(d) strains which fail to grow at 370 C., but grow at laboratory temper-
ature.
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These four groups are, however, not homogeneous. Each of them
comprises both pigmented and non-pigmented strains, as well as strains
with differing acid-fast properties. Consequently, this classification can
serve only as an indication. Nevertheless, it has some value, since the
power to grow within certain temperature limits has been found to be
fairly constant for each strain.

3. Metabolism
Two physiological factors were considered: the utilization of carbo-

hydrates and the requirements in growth factors. The utilization of sugars
by the various strains constitutes an excellent criterion, provided that
all precautions are taken to avoid the presence of active impurities in the
culture media. In this way the following can be distinguished:

(a) a group consisting of strains which cannot utilize carbohydrates
and which use only glycerine;

(b) a group composed of strains which utilize only specific carbo-
hydrates ; these are, for the most part, those which grow at 500 C.

As far as growth factors are concerned, the mycobacteria are hetero-
trophic and not exacting. However, for certain strains the presence of
vitamin B1 in the culture medium is necessary.

4. Action of phages
The discovery of phages which act on the Actinomycetales suggested

the idea that, if one could discover a series of phages acting on myco-
bacteria, the latter could be typed by means of a technique similar to that
employed for Salmonella.

Ten phages, the majority of them isolated from the soil, were prepared
in large quantities and tested serologically with a view to differentiating
them. Five phages, which were found to be different from one another,
were retained and named after the strains from which they had been isolated:
Phagus phlei, Ph. lacticola, Ph. rabinowitsch, Ph. smegmatis, Ph. pellegrino.
The form of the plaques lysed by these phages, and the morphology of the
latter, as seen under the electron microscope, differ according to the species
considered.

The various strains of mycobacteria under investigation were subjected
to the action of these five phages ; it was observed that some strains of
bacteria are attacked exclusively by certain phages, that the same strain
may be sensitive to several phages, and that the same phage can attack
several strains. These observations made it possible to group together the
bacteria sensitive to the same phage, i.e., those which have one or more
common antigens ; this grouping was found sufficiently satisfactory for the
criterion of identification by phages to be considered an important factor in
classification. In point of fact, the results given by this method support,
in many cases, those obtained by the methods mentioned earlier. Thus,
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Ph. phlei acted on only 11 out of 500 strains subjected to it, and these 11
showed other common characteristics: they contained yellow pigment,
were capable of growth at 470 C., required the presence of vitamin B1,
utilized the same sugars, and were only slightly or irregularly acid fast.
An analogous agreement was observed in a group of 10 strains attacked by
Ph. pellegrino. These results appear to indicate that, in these two cases at
least, we are dealing with true species.

5. Pathogenicity
Unlike the preceding criteria, pathogenicity can apparently not be used

as a means of classification. Although, according to the generally accepted
definition, the paratubercle bacilli are not supposed to be pathogenic, it is
becoming more and more clear that " their pathogenic power is not nearly
so non-existent as there is a tendency to believe " (Hauduroy). Experience
has shown that the virulence of these bacilli may be increased by intra-
peritoneal injection, together with a fatty substance or liquid paraffin, into
the guinea-pig. The animals die with lesions which greatly resemble those
caused by the true tubercle bacillus. Furthermore, when injected in massive
doses, paratubercle bacilli can produce morbid symptoms and pathological
lesions.

In addition, it is worth mentioning that the presence of paratubercle
bacilli has been observed in the sputum of patients suffering from slight
bronchial trouble, which clears up in a short time without complications,
and in the urine of patients suffering from disorders of the kidney or bladder.
Investigations so far carried out do not make it clear whether the organisms
are accidentally present or are attenuated pathogenic forms.

6. Immunological reactions
At present these reactions are not suitable as a criterion for classification.

Research on the agglutination of mycobacteria, which was begun as much
as 50 years ago, has never given satisfactory results. It is to be hoped that
work at present in progress on the serological reactions induced by chemi-
cally purified antigens will result in useful information. It is known that
mycobacteria contain some polysaccharides which can be precipitated by
the corresponding antiserum. Criteria of classification will probably be
found by the study of these substances rather than by serodiagnosis carried
out with the whole bacillus.

* *

On the basis of the four positive criteria described above, it is possible
to outline a preliminary, systematic tabulation of the mycobacteria by
grouping them as follows:

(1) yellow-pigmented mycobacteria, capable of growth at 500 C. and
of utilizing certain sugars ; lysed by Ph. phlei;
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(2) yellow-pigmented mycobacteria capable of growth at 470 C. and
utilizing glycerine alone as a source of carbon ; lysed by a phage which is
specially " trained ? on them;

(3) red-pigmented mycobacteria, only slightly or irregularly acid fast,
capable of growth at 470 C. and requiring the presence of vitamin B1
lysed by Ph. pellegrino;

(4) non-pigmented mycobacteria, capable of growth at 500 C.; lysed
by Ph. lacticola;

(5) non-pigmented mycobacteria, capable of growth at 500 C.; lysed
by Ph. lacticola and Ph. rabinowitsch;

(6) non-pigmented mycobacteria, capable of growth at 500 C.; lysed
by Ph. lacticola and Ph. smegmatis;

(7) non-pigmented mycobacteria, capable of growth at 50° C.; lysed
by Ph. lacticola, Ph. rabinowitsch and Ph. smegmatis.

A start has thus been made in clarifying the problem of mycobacterial
classification. The author and his collaborators intend to publish the
detailed characteristics, the systematic position and the name which should
be given it, for every species positively identifiable by laboratory methods.

ACID-ALCOHOL RESISTANCE
OF TUBERCLE AND PARATUBERCLE BACILLI

Abstract of a lecture given by
Professor PAUL HAUDUROY

Directeur de l'Institut d'Hygiene et de Bacteriologie,
Faculte de Medecine de 1'Universite de Lausanne

A few weeks after Koch's discovery of the tubercle bacillus, Ehrlich
proposed a method of staining by which this bacillus could be readily
distinguished from other organisms.

This method was based on the fact that the tubercle bacillus, after
being stained red with an alcoholic solution of fuchsin, is, unlike other
organisms, not decolorized by a dilute solution of nitric acid.a Acid
resistance was thus discovered, and research into the cause of this phe-
nomenon has been continued for half-a-century. Ehrlich's technique has
subsequently undergone several modifications, in particular the addition
of a test for decolorization by absolute alcohol and a procedure for
counterstaining, usually with methylene blue, which shows up the non-

a The staining liquid used by Ehrlich consisted of a saturated solution of aniline in filtered distilled-
water, to which a saturated alcoholic solution of fuchsin or methylene violet was added, drop by drop, until
the mixture became opalescent. The specimens were immersed for 15 to 30 minutes in this solution, and,
in order to differentiate the tubercle bacilli from the other organisms present, Ehrlich advised the use of a
dilute solution of nitric acid. After washing thoroughly with water, the specimen was a greyish colour. Under
the microscope the tubercle bacilli appeared red (if fuchsin was used) or blue (if methylene violet was used).
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acid-resistant elements in blue. The method used at present is that devised
by Ziehl-Neelsen.

The different varieties of the tubercle bacillus, as well as the bacillus
causing bovine hypertrophic enteritis and Hansen's bacillus, have a natural
and inherited acid-alcohol resistance during the greater part of their life.
The same applies, although less consistently, to the numerous non-pathogenic
paratubercle bacilli which are widespread in nature.

Many theories have been advanced in an attempt to explain the acid-
alcohol resistance of the mycobacteria. Physical and physicochemical
hypotheses have been shown to be inadequate. Certain chemical theories,
however, have proved more fruitful.

Chemical investigation of acid-alcohol resistance
The basic concept of these theories is that acid-alcohol resistance is

attributable to the " fatty " constituents of the bacillus. Consequently,
many experiments have been carried out in which such fatty constituents
were removed from the bacilli and the various fractions obtained were
then tested for acid-alcohol resistance.

The most recent research (Machebceuf et al.) on fractionation, with
various solvents, of dead tubercle bacilli remaining after the preparation
of tuberculin, has resulted in the isolation of only one substance which
is acid-alcohol resistant. It is a hard, white wax, melting at 570-580 C.
to give a colourless oil. Its molecular weight is 1,100 and it contains no
nitrogen, phosphorus or sulphur. It is strongly acid-alcohol resistant
and does not appear to have any antigenic properties. According to other
authors, the substance responsible for acid-alcohol resistance is an optically-
active, saturated fatty acid, known as mycolic acid. On the other hand,
some authors consider that acid-alcohol resistance is not an exclusive
property of fatty or waxy substances, but is possessed in different degrees
by all the constituents of the tubercle bacillus. Finally, Choucroune has
succeeded, very recently, in isolating a protein fraction and a lipo-poly-
saccharide fraction from the tubercle bacillus ; the latter fraction is held
to be responsible for acid-alcohol resistance, and is thought to possess
sensitizing properties for the guinea-pig.

The validity of all this research may well be questioned on the basis
of its having been carried out with heterogeneous material ; for example,
cultures of several varieties of tubercle bacilli were grown in different
media at different pH values, and were prepared and analysed by various
methods. It is difficult to compare the results of these experiments.
Furthermore, it may be asked whether the possible discovery of a unique
substance causing acid-alcohol resistance would explain the pathogenic
power of the bacillus or supply important information as to its physio-
logical properties.

*

11*

311



THE TUBERCLE BACILLUS

A considerable number of workers have approached the problem of
acid-alcohol resistance from the biological standpoint, i.e., from a study
of the colonies of micro-organisms and the effect of different culture media.

Natural acid-alcohol resistance of the tubercle bacillus

Ehrlich had already noted that the acid-alcohol resistance of tubercle
bacilli varied according to the age of the culture. This resistance is slight
in young cultures but increases with age, reaching a maximum in cultures
which are about fifteen days old. Bezangon & Philibert (1914) studied this
question thoroughly, making microtome sections of films, several milli-
metres in thickness, from cultures on glycerinated bouillon. Under the
microscope they could distinguish two parts: in the part which was in
contact with the bouillon, numerous acid-alcohol-resistant forms were
present, while in the second, which was on the surface, the acid-alcohol-
resistant forms were few or even completely absent. Moreover, the film
does not consist exclusively of acid-alcohol-resistant bacilli in juxtaposition,
but also contains a framework which is not acid-alcohol resistant and which
stains blue, and has, therefore, been named " cyanophilous substance ".
It is arranged in bands which curve inward and join up so as to form
clearly-defined areolae. The bacilli are arranged along the major axis of
the arcs made by the cyanophilous substance. Sections from colonies
grown on glycerinated potato have a similar appearance.

These experimental observations lead to the conclusion that colonies
of tubercle bacilli contain some substance besides the purely bacillary form.
It appears that the colony at first develops as filaments of the non-acid-
alcohol-resistant (cyanophilous) substance, which is then transformed in
some places into bacillary forms in which chromophilous corpuscles appear,
after which the acid-alcohol-resistant bacilli degenerate fairly rapidly,
leaving only the chromophilous bodies.

The existence in cultures of tubercle bacilli of forms which are not
acid-alcohol resistant has been confirmed by many workers, several of
whom have also described the curved and trabecular structure of the
R colonies of the bacillus. These authors all agree in recognizing that
the young forms are not acid-alcohol resistant whereas the adult forms are.

It may be concluded that the acid-alcohol-resistant bacillary form is
only a transitory phase of the tubercle bacillus, i.e., one phase in its
development.

Natural acid-alcohol resistance of paratubercle bacilli

Paratubercle bacilli are also acid-alcohol resistant, but this property
is less constant than with tubercle bacilli. Hauduroy has investigated
two species of paratubercle bacilli, from the point of view of acid-alcohol
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resistance, by following the development of cultures in a liquid medium.
This work gave results similar to those yielded by research on cultures
of tubercle bacilli.

* *

Thus it may be stated in a very general way that mycobacteria can
be both resistant and non-resistant to acid-alcohol treatment. The non-
resistant forms appear to be the young or very old forms, while acid-
alcohol resistance seems to be a characteristic of the adult forms. Views
differ with regard to the non-acid-alcohol-resistant elements in the cultures.
Some workers assert that they are true bacilli ; others, on the contrary,
consider that a cyanophilous substance, comprising long filaments which
are not equivalent to bacilli, is involved. The author believes that the
elements which are not acid-alcohol resistant may, in some cases, consist
of true bacilli and, in others, of a mass which is perhaps an agglomeration
of bacilli but may also be some other substance, the nature of which cannot
be distinguished under the microscope. Some authors even consider the
cyanophilous substance to be a membranous, non-acid-alcohol-resistant
framework to which the acid-alcohol-resistant bacilli become attached.
The author supports the first theory, namely, that of the dual aspect of
the same micro-organism.

Non-acid-alcohol-resistant forms in pathological products

It has been shown by certain experiments, carried out with the care
and critical spirit necessary for such an intricate problem, that non-acid-
alcohol-resistant forms of the tubercle bacillus can exist in pathological
products and that these bacilli can, nevertheless, give rise to experimental
diseases.

Alexander's stain

The use of Alexander's method of staining has led to an improved
experimental technique in dealing with the problem. In 1944, Alexander-
Jackson introduced a procedure by means of which a " differential triple
stain for demonstrating and studying non-acid-fast forms of the tubercle
bacillus in sputum, tissue and body fluids" could be achieved. With
this technique, the acid-alcohol-resistant forms of the mycobacteria appear
red in colour, the non-acid-alcohol-resistant forms appear blue, and all
other bacteria are stained green. Hauduroy & Tanner have modified the
technique, replacing the green stain by a yellow one, which gives a clearer
contrast. By means of this modification of Alexander's technique, they
have been able to show that this stain is not absolutely specific for myco-
bacteria, since some forms of the latter, at a certain stage in their develop-

11*
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ment, are stained yellow, like ordinary bacteria. Nevertheless, this technique
is of great value, since better differentiation can be obtained than with
the usual Ziehl-Neelsen method. It shows up variations among the non-
acid-alcohol-resistant forms of the mycobacteria. According to this
procedure, it would appear that the blue forms constitute a stage between
the yellow and red forms. In very young cultures of paratubercle bacilli,
the yellow forms are predominant but some red forms and, occasionally,
some blue ones can be seen. As the culture ages the proportions become
reversed ; the yellow forms diminish while the red and blue forms become
predominant. In very old cultures a majority of yellow forms frequently
reappears. The same cycle also occurs in cultures of tubercle bacilli, where,
however, the blue and yellow forms are much more rare. It is interesting
to note that, by means of this stain, tubercle bacilli may show the same
staining reactions as ordinary micro-organisms.

Biological properties of young films

Some investigators have paid particular attention to the biological
properties of the non-acid-alcohol-resistant forms of the tubercle bacillus.
These forms are obtained from young films which have been frequently
transplanted from a strain of bovine bacilli grown in Sauton's medium.
These bacilli were found to be much less pathogenic for experimental
animals than older, acid-alcohol-resistant organisms from the same strain.
They did not produce active tuberculin.

Studies on the suppression of the acid-alcohol resistance of the tubercle bacillus

Various attempts have been made to deprive the tubercle bacillus of
its acid-alcohol resistance

By culture in media poor in ternary substances. The temporary loss
of acid-alcohol resistance observed in certain cases does not appear to
depend exclusively on the culture medium.

By variation in pH. The results are not conclusive.
By ageing the cultures. The drying-up of the medium apparently causes

some diminution of acid-alcohol-resistant properties, but the latter reappear
on subsequent transplanting.

By association with other micro-organisms. It has been found that the
tubercle bacillus loses its acid-alcohol resistance when grown together
with certain moulds or with Bacillus pyocyaneus.

By certain physical methods. Non-acid-alcohol-resistant strains have
been produced, and maintained as such, by frequent transplanting. They
recovered their acid-alcohol resistance after being recultured a few times
on Lowenstein's medium.

314



THE TUBERCLE BACILLUS

By the action ofoils or of various organic products. Results vary according
to the substances employed.

By the action of leucocytic ferments. One worker observed that the
bacilli lost their acid-alcohol resistance under the action of the lipolytic
ferments of mononuclear leucocytes (obtained from the peritoneal exudate
of an infected guinea-pig) but that they recovered it when grown in a
normal medium.

Induced acid-alcohol resistance

A theory had already been evolved, at the end of the last century,
attributing the acid-alcohol resistance of the tubercle bacillus to the media
in which the organism is grown, whether in vivo or in vitro, since all media
contain fatty substances (pus, casein, etc.). Earlier investigators had
succeeded in making various bacteria acid-alcohol resistant, by growing
them in media to which butter had been added, and in restoring acid-
alcohol resistance to smegma bacilli, which had lost it by being cultured
under given conditions, by treating them with a fatty substance before
staining. Hauduroy & Weitzel observed the same phenomenon, which
they termed induced acid-alcohol resistance. When paratubercle bacilli
which have lost their acid-alcohol resistance naturally are treated, before
staining, with olive or peanut oil, butter, liquid paraffin or sebaceous
substances, they regain their acid-alcohol-resistant properties. This induced
acid-alcohol resistance is found only in organisms belonging to the genera
Mycobacterium, Corynebacterium and Actinomyces, a fact which supports
the theory that these three genera are botanically related.

The phenomenon is of great importance in ordinary practice, since
it may be produced by sebaceous substances and perhaps with certain
types of pus. The writer has made an intensive study of a non-tubercular,
acid-alcohol-resistant bacillus in a pus smear, which was no longer acid-
alcohol resistant in Lowenstein's medium, but regained this property
when injected, together with liquid paraffin, into the guinea-pig.

The existence of induced acid-alcohol resistance has recently been
confirmed by various workers.

* *

The variations in the acid-alcohol resistance of the tubercle bacillus,
and certain related experimental facts, have given rise to a number of
theories regarding the origin and evolution of this bacillus. Many authors
maintain that the tubercle bacillus is related to ordinary bacteria and to
microscopic non-acid-alcohol-resistant fungi, and have attempted to prove
experimentally the existence of an evolutionary cycle.

* *
*
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Future investigation of acid-alcohol resistance, which is not an invariable
characteristic of the mycobacteria, should be approached in various ways;
for example, by studying the physiology and nutritional requirements of
the bacilli as well as the development of their colonies. There is little
doubt that parallel chemical and biological research will lead to important
results.

THE BIOLOGICAL ACTIVITY OF SUBSTANCES EXTRACTED
FROM THE TUBERCLE BACILLUS

Abstract of a lecture given by
E. B. CHAIN, M.A., Ph.D.

University Demonstrator and Lecturer in Chemical Pathology, University of Oxford

The substances possessing biological activity which have so far been
isolated from the tubercle bacillus fall into three main groups lipids,
carbohydrates and proteins.

Lipids
It has been known for some time that material extractable from tubercle

bacilli by organic solvents is capable of reproducing, in varying degrees,
the characteristic lesions produced by the bacilli themselves, viz : the
tubercle, with formation of epithelioid cells, giant cells and caseation.
It is possible, by fractionation of the lipids, to isolate three main fractions
belonging to the following categories:

1. phosphatides, precipitated from ethereal solution by acetone;
2. glycerides, soluble in acetone;
3. cerides, soluble in chloroform.
The composition of these lipoid substances varies considerably from one

strain to another and according to the culture medium employed. None of
these fractions is well defined, and considerable work will still be necessary
in order to determine the exact structure of each of them. However, a
number of interesting facts concerning the constituents of these fractions
have already been ascertained.

Phosphatides. This fraction contains about 3 % phosphorus and 0.4%
nitrogen. It is still unknown whether the preparations obtained are homo-
geneous. When a large amount of the phosphatide is injected into the
omentum of rabbits, it produces tubercular lesions. On hydrolysis of the
phosphatide a mixture of saturated and non-saturated fatty acids is obtained.
By continuing the fractionation, which becomes somewhat difficult, a fatty
acid of the formula C26H5202 can be obtained from the liquid-saturated
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fatty acid fraction. This acid produces the same lesions as the whole phos-
phatide fraction and was named phthioic acid. In view of its biological
importance, a considerable amount of work has been carried out in an
attempt to elucidate its structure. It contains at least 3, and perhaps 4,
C-methyl groups. On oxidation with chromic acid it yields a Cl acid
which is not identical with n-undecanoic acid. If oxidation is carried
further, the product is azelaic acid (C,Hl6O4).

The synthesis of several methyl-decanoic acids showed that the oxidation
product is probably identical with 6-methyl-decanoic acid. Phthioic acid
therefore contains the grouping:

CH3(CH2)3CH(CH2)5CH-

CH3 CH3
The azelaic acid produced by oxidation must be derived from the rest

of the molecule. It requires either a sequence of 9 methylene groups in the
middle of the chain or 8 methylene groups attached to the carboxyl group.
Thus, there are two possible structural formulae for phthioic acid:

CH3(CH2)3CH(CH2)5 H(CH2)2CH(CH2)8COOH

CH3 CH3 CH3
10,13,19-trimethyl-tricosanoic acid

or:
CH3(CH2)3CH(CH2)5CH(CH2)9CHCH2COOH

CH3 CH3 CH3
3,13,19-trimethyl-tricosanoic acid

The high molecular rotation of phthioic acid (+ 500), which indicates
the presence of a methyl substituent near the carboxyl group, makes it
probable that the second formula is correct. If the C11 acid formed by
oxidation is found to be a 5-methyl-decanoic acid, then the methyl group
will have to be transferred from Cl9 to Cl8. 3,13,19-Trimethyl-tricosanoic
acid has been synthesized and has all the properties, both chemical and
biological, of phthioic acid.

It is doubtful whether the presence of branched-chain fatty acids of the
phthioic acid type in the lipid part of the tubercle bacillus can account
for the cellular reactions of this organism.

The water-soluble fraction of the phosphatide hydrolysis products
contains mannose-glycerophosphate and the phosphoric acid of a disac-
charide of unknown constitution, called manninositose. On acid hydrolysis,
the latter yields mannose and inositol in the ratio 2: 1.

Glycerides. On saponification of this fraction, solid or liquid fatty acids
were isolated. Among the former the principal product was palmitic acid
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(C16H3202). Small amounts of stearic acid (C18H3602) and n-hexacosanoic
acid (C26H.202) were also present.
A saturated, optically inactive acid, called tuberculostearic acid

(C19H3802), was isolated from the liquid fatty acid portion. By oxidation
of this acid with chromic acid, azelaic acid and methyl-n-octylketone
(CH3. CO. C8H17) were obtained; hence it is thought to be identical in
structure with 10-methyl-stearic acid. By distillation of the methyl ester
of the liquid fatty acids, four fractions were obtained which, on saponifica-
tion, yielded four dextro-rotatory acids of which the probable molecular
formulae are:

C24H4802 ([a] 2- + 5.170) C25H5002 ([a] D -+ 15.60)
C26H5202 ([a] g2 + 12.780) C27H5402 ([a] 2 = + 17.110)
The acid C26H5202 is probably the same as the phthioic acid isolated

from the phosphatide fraction. The fatty acids are probably not esterified
with glycerine, as are fats of normal animal or higher plant origin, but with
trehalose (l-(d-glucopyranosido)-d-glucopyranoside). This disaccharide has
been found in various higher fungi.

The biological activity of the " glyceride " fraction has not been studied.
Cerides. After exhaustive extraction of tubercle bacilli with alcohol-

ether, further lipid material of a wax-like nature can be extracted with
chloroform. This waxy substance contains a high molecular, laevorotatory
dihydroxy alcohol, called phthiocerol, with the probable formula C35H7203.
The third oxygen atom forms part of a methoxy group. Phthiocerol is a
characteristic constituent of wax from human and bovine strains of the
tubercle bacillus, but does not occur in the timothy grass bacillus or the
so-called lepra bacillus.

The main constituent of the wax fraction is a high molecular, dextro-
rotatory hydroxy acid whose probable formula is C88H17204. The oxygen
atoms are accounted for by one carboxyl, one hydroxyl and one methoxyl
group. On pyrolysis, this acid, which has been named mycolic acid, yields
hexacosanoic acid (C26H5202). Mycolic acid is acid fast, and causes a poly-
morphonuclear reaction, the formation of polynuclear giant cells and
marked necrosis, which is particularly persistent if caused by mycolic
acids of bovine origin. On hydrolysis, the wax of the human tubercle
bacillus gives rise to a carbohydrate specifically precipitating with immune
serum at high dilution. Interest in the wax fraction has increased since it
was shown that a typical tuberculin reaction is produced when the wax is
injected together with tubercular proteins.

Carbohydrates (Polysaccharides)
The serological specificity of bacterial antigens is in many cases due to

haptens of a polysaccharide nature. These polysaccharides are generally
precipitated, even at high dilution, by immune sera, but they are not capable
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of stimulating the formation of antibodies unless they are linked to proteins.
In certain cases, however, for example that of pneumococcal polysaccha-
rides, they give rise to the production of antibodies without being linked to
proteins. As a result of these observations a considerable amount of work
has been carried out on the specific polysaccharides of the tubercle bacillus.
Polysaccharides precipitated by immune sera at dilutions greater than
1/5,000,000 have been isolated from the defatted bacterial bodies by extrac-
tion with water or by treatment with alkali, from the lipids by alkaline
hydrolysis, and from the culture filtrates.

The " somatic " polysaccharide has a high rotation ([a]D = + 800)
and its constitution was recently investigated. It was found to contain
/-rhamnose, d-arabinose, d-mannose and an amino sugar of unknown
composition, in the proportion 5: 5: 9: 1. After methylation and sub-
sequent hydrolysis, the following methylated sugars were isolated: 3,4,5-
trimethyl-d-mannopyranoside, 3,4-dimethyl-d-mannopyranoside, 2,3,4-
trimethyl-l-rhamnopyranoside, 3,5-dimethyl-d-arabinofuranoside, and a
methylated 2-amino sugar of undetermined constitution. From these
results it can be deduced that the polysaccharide is highly branched and
that d-rhamnose is present in the 1 position only, forming the terminal
groups, d-mannose sometimes in the 1 and 2 positions and sometimes in
the 1, 2 and 6 positions, and d-arabinose in the 1 and 2 positions. The
branching thus occurs through the mannose and arabinose residues.

The lipid-bound polysaccharide has a lower rotation ([a]D = + 280)
and contains d-arabinose, d-galactose, d-mannose and d-glucosamine.
Methylation studies led to the isolation of the following methylated sugars
2,3,5-trimethyl-d-arabinofuranoside, 3,5-dimethyl-d-arabinofuranoside
2,3,6-trimethyl-d-galactopyranoside, 3,4-dimethyl-d-mannopyranoside, and
a dimethyl-d-glucosaminide. These results showed that d-arabinose was
linked sometimes through the 1 position, forming the terminal groups, and
sometimes through the 1 and 2 positions, d-galactose through the 1 and
4 positions, and d-mannose through the 1, 2 and 6 positions, while the
d-glucosamine linkage was not determined.

The two polysaccharides give precipitin reactions with immune sera
against the human as well as the bovine and avian strains of tubercle
bacillus. They are therefore not type-specific ; nor do they give rise to the
formation of antibodies. Their function in the immunological response
of the organism to infection by the tubercle bacillus is not established.
The structure of the complete antigens of which the specific polysaccharides
form the determinant group is unknown.

Proteins
The tubercle bacillus does not produce toxins, like diphtheria or tetanus

toxin, which exert a pharmacological effect on the normal individual.
However, filtrates from cultures of tubercle bacilli contain substances
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which have a powerful toxic effect on the tuberculous organism. These
substances, which were termed tuberculins, are proteins. By means of
cataphoresis, two fractions were obtained; these were called A and B,
and are of low and high mobility respectively, their molecular weights
being 16,000 and 32,000. Protein fractions with similar electrophoretic
behaviour, but with different solubilities and molecular weights, were
isolated from filtrates of heated cultures, and termed A' and B'. They are
considered to be protein fractions in different stages of denaturation.
Their biological activity is high: 0.02 ,ug. in 0.1 ml. gives a definite area of
swelling in a tuberculous person, and 0.5 p,g.-5 p,g. in 0.1 ml. causes a
reaction in the less sensitive tuberculous guinea-pig. The undenatured
fractions A and B are highly antigenic, while the denatured fractions have
little antigenic power. Separation of the A and B fractions can also be
achieved with unheated culture filtrates by fractionation with alcohol at
10 C. When obtained by this method, the proteins are in an electrophoretic-
ally homogeneous state. A third protein fraction, termed C, has also been
obtained ; this shows lower biological activity than fractions A and B.

Although antigenic, the proteins with tuberculin activity are not capable
of inducing an allergic state of the type produced by tuberculin (delayed
effect, necrosis, no passive transmission). However, when injected together
with the chloroform-soluble wax fraction, a response of the tuberculin
type is obtained. An allergic reaction of the delayed type can also be
obtained with substances such as picryl chloride or egg albumin if they
are injected together with the wax fraction. Thus this fraction has acquired
a new significance for the understanding of tubercular allergy.

ANTIBIOTICS ACTIVE AGAINST THE TUBERCLE BACILLUS
Abstract of a lecture given by

Sir HowARD W. FLOREY, M.D., F.R.S.
Professor of Pathology, Sir William Dunn School of Pathology, University of Oxford

The first attempts to treat tuberculosis with micro-organisms antagonistic
to the tubercle bacillus date back to 1885. In that year Cantani tried to
combat pulmonary tuberculosis by the insufflation of Bacterium termo into
the lungs. This experiment, as well as later attempts of a similar nature,
did not give the hoped-for results. Rappin (1912) used the culture products
of Bacillus subtilis, thinking that bacteria which produced ferments acting
on cellulose might attack the tubercle bacillus. He treated infected guinea-
pigs with injections of filtrate from cultures of Bacillus mesentericus vulgatus
and observed that a certain number of animals survived without showing
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any signs of infection, while the control animals died. In 1913 and 1927,
Vaudremer, in collaboration with Puthomme and Paulin, described en-
couraging results obtained in the treatment of certain types of tuberculosis
with the tubercle bacillus rendered avirulent by treatment with Aspergillus
fumigatus. Schiller's work in 1927 has a historical value, since this worker
was the first to introduce the idea of induced microbial antagonism.
According to him an organism may be " trained " to produce a substance
antagonistic to another organism.

This idea was taken up again in 1945 by Davide, who maintained that
certain strains of Pseudomonas aeruginosa (Ps. pyocyanea) and of Proteus
vulgaris (Bacillus proteus) could be induced to produce substances active
against tubercle bacilli, and that injections of material obtained from
organisms adapted in this way prolonged the life of tuberculous guinea-pigs.
So far it has not been possible to isolate any chemical substance to which
these bactericidal properties can be attributed.

At the present time a vast amount of empirical research is being carried
out, with the aim of discovering a substance suitable for clinical use in the
treatment of human tuberculosis. This research, however, encounters
considerable technical difficulties because, in the first place, the tubercle
bacillus grows extremely slowly both in vivo and in vitro, and, in the second,
tuberculosis in experimental animals is very different in many ways from
that in man. One such important difference may be cited out of many:
in human tissues the tubercle is considered as being avascular, whereas
it is vascular in the guinea-pig. Because of this, drugs are more easily
conveyed to the site of the tubercles in the guinea-pig, where they exert
a local action on the lesions ; this is not the case with man. Generally,
conditions are less favourable in man than in animals. Consequently, it
may be stated that a substance having no influence on the development
of experimental tuberculosis will hardly be of value in the treatment of
clinical tuberculosis, and that a drug giving good results with animals
may not necessarily be active against human tuberculosis.

Streptomycin
At present the most important antibiotic for the treatment of clinical

tuberculosis is streptomycin, which is an extract from the actinomycete,
Streptomyces griseus.
A large number of tubercle-bacillus strains, both human and bovine,

are very sensitive to the action of streptomycin. Their growth in a liquid
medium is inhibited by 0.0001 to 0.001 mg. of this antibiotic per ml. of
culture medium. The avian strains are much more resistant. Experiments
have shown that the bacillus is less easily inhibited in a solid medium:
at the concentrations given, streptomycin has a merely bacteriostatic action.
It is probable that bactericidal concentrations are never reached within
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the human organism, or at least, never maintained long enough to bring
about destruction of the bacilli. The therapeutic use of streptomycin is
limited by two factors:

(a) the readiness with which the tubercle bacillus adapts itself to the
drug and becomes streptomycin-resistant

(b) its toxicity.
Strains of tubercle bacillus, which are at first inhibited by a fraction

of 0.001 mg. of streptomycin per ml., may develop resistance at varying
rates, to 1 mg. per ml., or more; this happens both in vivo and in vitro.
Resistant strains appear to remain so indefinitely, while their virulence is
undiminished. It is clear that resistance to streptomycin is of considerable
importance, especially in treatments requiring prolonged administration.
In spite of these disadvantages, this antibiotic has given excellent results
in the treatment of experimental tuberculosis. However, it must be stressed
that tuberculosis in animals is only inhibited. If treatment of infected
guinea-pigs is stopped, the bacilli proceed to develop and the disease resumes
its natural course. Streptomycin reinforces the natural defence mechanism,
but is incapable either of freeing the organism from bacilli or of rendering
harmless those which remain.

Because of its toxicity, streptomycin, when first employed, gave rise
to serious reactions, which have, however, become less severe with the
gradual purification of the product. Nevertheless, damage to the 8th pair
of cranial nerves, which has been observed in the case of certain patients
undergoing prolonged treatment with streptomycin, is thought to be due
to a specific action of the drug on the neurons of the 8th-cranial-nerve
nuclei. Complications following intramuscular injection of 3 g. of strep-
tomycin per day have forced physicians to reduce the daily dosage to 1 g.
This has reduced the frequency with which toxic phenomena occur.

The forms of tuberculosis upon which streptomycin acts most success-
fully are those of an exudative type with an acute onset, such as miliary
tuberculosis and tuberculous meningitis. Chronic tuberculous lesions,
which because of their structure are not readily accessible to drugs, hardly
benefit at all from streptomycin.

In order to ensure full efficacy in treatment with antibiotics, it is neces-
sary to administer large amounts of the drug as soon as the disease has been
diagnosed. For this reason, the drug should have ideal properties, i.e.,
it should not provoke the rapid development of resistant bacilli and should
be non-toxic. Streptomycin does not fulfil these conditions completely,
and it therefore seems that at present it cannot be used in sufficient quantity
at the time when its action would be most efficacious.

Attempts have been made, with encouraging results, to increase the
therapeutic value of streptomycin by adding a substance which acts
synergetically with the antibiotic. Thus, the combinations promin-
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streptomycin, diazine-streptomycin, sulfetrone-streptomycin, have given
better results than streptomycin alone.

There has always been the hope that the elucidation of the chemical
structure of the antibiotics might lead to their synthesis, as well as to
that of less toxic derivatives with equal or greater activity. Streptomycin
has been found to be a very complex substance, which so far has not been
synthesized, nor has it yet been possible to modify it without impairing
its bacteriostatic properties. However, one of its derivatives-dihydro-
streptomycin-has an activity very similar to that of streptomycin, while
being only about half as toxic to the human organism. It is true that
certain strains of tubercle bacilli are less sensitive to this substance than
to streptomycin ; furthermore, the bacilli also become resistant to dihydro-
streptomycin.

Although undue optimism must be avoided in the search for an ideal
antibiotic against tuberculosis, recent successes achieved in the treatment
of rickettsial diseases and certain infections due to Gram-negative bacilli
should encourage research workers to continue their efforts.

* *

A large number of substances are active against the tubercle bacillus
in vitro and may be briefly reviewed. At present none of them appears
suitable for therapeutic use, since they are all either insufficiently active
or too toxic.

Substances produced by fungi
Among the substances obtained from fungi, that have already been

studied, the following may be cited:
Penicillin (Penicillium notatum). Slightly active, no effect on experi-

mental tuberculosis.
Helvolic acid or fumigacin (Aspergillusfumigatus). Very little activity,

even on staphylococcal infections.
Gliotoxin (Aspergillus sp. and Penicillium sp.). Too toxic.
Javanicin (Fusarium javanicum). Inhibits the tubercle bacillus in vitro

at a dilution of 1/50,000 to 1/100,000. Not tried therapeutically.
Clitocybine (Clitocybe gigantea). Active in vitro, but very toxic.
Chaetomin (Chaetomium cochlioides). Active in vitro, but not in vivo.
Mycocidin (Aspergillus sp.), lateritiin I and enniatin (Fusarium

orthoceras App. et Ur. var. enniatum n.v.), biformin (Polyporis biformis)
and nebularin (Clitocybe nebularis) are active in vitro, but nothing has
been published regarding their possible therapeutic use.
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Substances produced by actinomycetes

These substances have not given much more encouraging results than
the preceding ones

Streptothricin (Streptomyces lavendulae), actinomycin (Str. antibioticus),
litmocidin (Proactinomyces cyaneus-antibioticus), and proactinomycin
(Nocardia gardneri (Pr. gardneri)) are all more or less active in vitro
but do not seem to be of therapeutic value.

Two substances described recently, chloromycetin (Streptomyces
venezuelae) and aureomycin (Str. aureofaciens), are worthy of note, since
both have been used with considerable success in the treatment of certain
rickettsial diseases and of some bacterial infections, such as typhoid fever.

Chloromycetin inhibits the growth of the tubercle bacillus and is
relatively non-toxic, so that it would be interesting to know its effect on
experimental tuberculosis, but nothing has so far been published in this
connexion. The same applies to aureomycin.

Substances produced by bacteria

The bacteriostatic action of a number of substances derived from
aerobic spore-forming bacteria has already been described, but none
appears to offer much prospect of being used successfully for the treatment
of human tuberculosis.

Gramicidin (Bacillus brevis). Active in vitro, but too toxic.
Subtilin (B. subtilis). Active in vitro, but very toxic to mice. Destroyed

by trypsin.
Licheniformin (B. licheniformis). Inhibits the growth of human and

bovine tubercle bacilli even when highly diluted. Very toxic. A synergic
action has been observed between this substance and sulfetrone in vivo.

Ayfivin (B. licheniformis). Less active than licheniformin. Produces
renal lesions.

Alvein (B. alvei). Active in vitro. Very toxic.
Laterosporin (B. laterosporus). Less active than alvein.
All these polypeptides are mixtures. Thus, three distinct crystallizable

fractions have been obtained from crystallized gramicidin.
Polymyxins. Among the polypeptide antibiotics obtained from spore-

forming bacteria reference must be made to the polymyxins, which are
interesting because of their activity against Gram-negative organisms,
whereas the substances described above act only on Gram-positive bacilli.
At present five polymyxins (A to E) are known, all of which have similar
antibiotic properties. Polymyxin E is the least toxic.

The polymyxins exemplify the fact that certain substances may have
a similar antibiotic action while having different degrees of toxicity.
Perhaps further advances in protein chemistry will reveal which are the
active polypeptide groups, and will lead to the synthesis of substances
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which will combine antibiotic action with a minimal toxic effect on the
body-tissues.

Among the various antibiotics discovered recently, reference must be
made to micrococcin, which is obtained from a strain of micrococci.
It is capable of inhibiting the growth of Bacillus subtilis at a dilution of
1/20,000,000. It acts on the tubercle bacillus, but the latter seems to become
resistant very rapidly. Thanks to its low solubility it has been possible
to carry out a number of interesting experiments with micrococcin on the
penetration of therapeutic substances into the cells.

CHEMOTHERAPEUTIC AGENTS ACTIVE
AGAINST TUBERCLE BACILLI

Abstract of a lecture given by
Professor JACQUEs TRIFOU1EL

Directeur de l'Institut Pasteur, Paris
Member of the Expert Committee on Biological Standardization

of the World Health Organization

The work of Rich & Follis (1938) on the action of certain sulfonamides
in experimental tuberculosis brought new hope to workers who had been
disheartened by failures in the chemotherapy of tuberculosis with gold
salts or higher branched-chain acids.

However, none of the substances in this group has given the clinical
results hoped for. Nevertheless, the sulfones have been found to be valuable
adjuvants to streptomycin, which gives the most positive clinical results
so far obtained in the treatment of experimental tuberculosis ; for this
reason the sulfones are worthy of investigation. Finally, p-aminosalicylic
acid has recently been added to the list of substances which can be used in
the chemotherapeutic treatment of tuberculosis.

Sulfonamides and sulfones
In 1935, Domagk described the antistreptococcal properties of " pron-

tosil ", and Trefouel showed that the active principle of the drug was
p-aminobenzenesulfonamide or " 1162 F " (commonly called sulfanil-
amide). Research carried out on this substance with the object of increasing
its therapeutic value and improving its tolerance by man, has shown that
the element sulphur probably plays a fundamental part and that the activity
of the sulphur derivatives increases with the degree of oxidation.

If the hydrogen of phenylmercaptan is replaced by an aromatic radical,
activity is again seen to increase with the degree of oxidation, the final
product being di(p-aminophenyl)sulfone which is termed the " parent
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sulfone " or " sulfone 1358 F " (I). This substance is fifty times more active
against streptococci than sulfanilamide but is also twenty-five times more
toxic to the human organism. Its chemotherapeutic index is therefore
twice as great.

O Os

NH2 NH2

di (p-aminophenyl) sulfone

Because of their toxicity, and despite the improvements in this respect
brought about by the preparation of derivatives, such as " rodilone ",
which are obtained by blockage of one or both the amino groups, the
sulfones were temporarily abandoned. However, interest in them has
recently revived owing to the discovery of their activity against leprosy.
The following derivatives of the parent sulfone have given positive results
in the treatment of experimental tuberculosis in the guinea-pig and the
mouse, and in the clinical treatment of leprosy: " diasone " (II) ; " pro-
manide " (France: " promine " ; Italy: " Angeli's sulfone " ; Switzerland:
501 P) (III) ; sulfetron (France "cimedone ") (IV); "promizol " (V).

SN

SO2Na.CI 12.NH NH.CH2.SO2No

p,P'-diaminodiphenyl sulfone diformaldehyde sodium sulfoxylate
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III

0s

CH2OH.(CHOH),.¶H.NH NH.CH. (CHOH)4.CHPH
SO3Na SO0NG

p,p'-diaminodiphenyl sulfone N,N'-diglucose sodium sulfonate

IV

XS

NH NH
I I

SO3Na.CH CH.SO3Na
l l
lCH2 lCH2

SO3Na.CH CH.SO3Na

p,p'-di(y-phenyl-N-propyl-aminophenyl) sulfone sodium tetrasulfonate

V

0' 0
N

X /S N NH2

NH2

4-aminophenyl-2'-amino-5'-thiazole sulfone
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Sulfonamides and sulfones in experimental tuberculosis
Every new therapeutic product should be subjected to tests, both in

vitro and in vivo. Certain substances can be inactive in vitro and active
in vivo, and conversely. The choice of experimental animal presents a
difficult problem, owing to the different sensitivity of various animals to
the tubercle bacillus, and also because the sulfonamides and sulfones act
only on bacilli which have propagated in their presence. Experiments
have shown that these substances do not stop the growth of Koch's bacillus
until after five or six divisions have taken place, although a slowing-down
is already observable after the first divisions.

American authors have carried out their research using black and
beige mice, which are more sensitive to the tubercle bacillus than white
mice, although they are more difficult to breed. Work is at present in
progress at the Institut Pasteur, Paris, on the possibility of using the white
mouse as an experimental animal by increasing the virulence of the strains
of tubercle bacilli with which they are inoculated. The guinea-pig is hyper-
sensitive to the tubercle bacillus and has little resistance. On the other
hand, the rat has pronounced destructive powers against the types of tubercle
bacilli which infect man. The study of the infection of the chorio-allantoid
membrane of the chick has recently been suggested by Smith. The latter
inoculated a series of eggs with the bacilli in an aqueous solution of the
product to be examined. After six days he noted the number of tuberculous
membranes. This test, in vivo, has the advantage of giving a rapid response
and of requiring only small quantities of the product to be tested. It appears
to be a promising method.

Sulfonamides. Generally speaking, under given conditions, the inhibiting
action of sulfonamide derivatives can be demonstrated in experimental
tuberculosis in the guinea-pig; however, the slowing-down of growth is
frequently obtained only with doses which approximate closely to the toxic
dose. The action of the sulfonamides is bacteriostatic, not bactericidal.
If a single bacillus remains in the organism at the moment when treatment
is stopped, then the disease will resume its normal course.

The sulfonamides which have given the best results in the treatment of
experimental tuberculosis are the sulfadiazines, sulfathiazole and sulfa-
thiodiazole. The sulfonamides, however, have been found to be impractic-
able for clinical use. Nevertheless, sulfathiodiazole has been employed with
some success against leprosy.

Although it is not a sulfonamide, mention must be made of a substance
recently tried by Domagk, namely, benzaldehyde thiosemicarbazone
(Schmidt, TB/I-698), which is said to have given good results in the treat-
ment of pulmonary tuberculosis.

Sulfones. In 1939, Rist published the first results obtained in vitro
with the parent sulfone. He showed that, in the case of sulfone, a dose

328



THE TUBERCLE BACILLUS

fifty times less than in that of sulfanilamide was sufficient to produce a
distinct reaction on a strain of human-type bacilli cultured in Sauton's
medium, and also on an avian strain. The results obtained with the guinea-
pig are encouraging, but treatment has to be continued for a long period;
the drug is only slightly toxic. However, here too the action is merely
bacteriostatic. If treatment is interrupted, the majority of the animals die
of tuberculosis, and living tubercle bacilli are frequently found in the bodies
of guinea-pigs which have died from other causes. The principle derivatives
of the parent sulfone give similar results.

Sulfones in clinical tuberculosis

In spite of the hope given by research on the activity of sulfones in
experimental tuberculosis, it must be recognized that the action of these
substances is very limited in clinical tuberculosis ; at present the sulfones
constitute merely excellent adjuvants to streptomycin in the treatment of
certain forms of the disease.

These variations in the results obtained can be explained by the differ-
ences which exist between experimental tuberculosis and human tuber-
culosis. It is well known that tuberculosis in the mouse is different from that
in man, with whom the disease assumes multiple clinical forms. The forms
which react favourably to the action of the sulfones are those resulting from
a more rapid multiplication of the bacilli, for example, the early forms of
the disease. On the other hand, cavities and paucibacillary lesions benefit
to only a very limited extent from sulfone treatment. The tolerance of man
for the sulfones is comparatively greater than that of the guinea-pig.

Although the sulfones have not given very favourable results in the
treatment of clinical tuberculosis, they have been shown to be the best
drugs for combating leprosy. It would indeed be premature to speak of a
" cure " after only a few years of experience, but it may be stated that the
results of the treatment of leprosy with the sulfones are very much better
than those obtained in the treatment of tuberculosis. This difference is
explained by the slow development of leprosy which hardly impairs the
natural resistance of the body, whose defensive mechanism remains almost
intact. The tuberculosis patient, on the other hand, is usually very much
weakened by the microbial attack. The action of the sulfones is slow to
take effect, which explains why these substances are more suitable for the
treatment of a disease which develops slowly. Furthermore, the fears caused
by certain toxic symptoms which have appeared in man after sulfone
treatment-for example, a change in the blood count-have been dispelled
by the leprologists, who have shown that patients can withstand a course of
treatment lasting for four to five years, and that they develop a progressive
tolerance for sulfones which does not diminish the activity of the product
but only its toxicity to man.
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Synergic action of sulfones and streptomycin
It was natural to try the combined use of sulfones and streptomycin,

whose rapid action against tuberculosis is well known. Smith & McClosky
(1945) carried out experiments with 80 guinea-pigs, which were first intra-
peritoneally infected and then treated, respectively, with streptomycin,
promin, and streptomycin plus promin. The incidence of tuberculous
infection was as follows:

Controls 100%
Animals treated with:

promin 41 %
streptomycin 19%
streptomycin plus promin 5%

Another important argument in favour of combined treatment is the
fact that the onset of streptomycin resistance is retarded if the culture is
subjected to the simultaneous action of a sulfone.

Various authors have already described notable improvements in the
clinical results obtained, particularly in cases of tuberculous meningitis,
by the joint use of the two drugs. Cocchi (Florence) has reported the
recovery of 80% of tuberculous-meningitis cases treated with this combined
medication. Furthermore, the addition of sulfones enables the dose of
streptomycin to be decreased. The mode of administration needs to be
studied ; it varies according to the sulfone derivative used.

p-Aminosalicylic acid (PAS)

Another synthetic derivative with very interesting properties is p-amino-
salicylic acid (PAS); the activity of this drug has been demonstrated by
Lehmann. While studying the possible sources of carbon for mycobacteria,
Bernheim (1940) noticed that benzoic acid increased the respiratory activity
of all strains. However, for pathogenic strains, it seems to act as an oxidation
catalyst and not as a food. Salicylic acid acts in the same way, but with
still greater intensity, so that one may speak of a " salicylic effect ". The
well-known antagonism between sulfanilamide and p-aminobenzoic acid,
arising from the similarity of the chemical formulae, was used by Lehmann
as a starting-point in a search for synthetic compounds with formulae which
would be sufficiently similar to that of salicylic acid to enable the compounds
to compete with the latter in metabolic processes and to act as antagonists.
p-Aminosalicylic acid showed a marked bacteriostatic action against BCG
and the pathogenic tubercle bacillus. It thus appeared that the original
theory was correct and that p-aminosalicylic acid was antagonistic to
salicylic acid. However, this is not the case. p-Aminosalicylic acid does
-not inhibit the salicylic effect nor is its own effect inhibited by salicylic
acid.
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On the other hand, the bacteriostatic action of PAS is inhibited by
p-aminobenzoic acid, which leads to the supposition that the mode of
action of PAS is analogous to that of the sulfones.

The specificity of PAS to the tubercle bacillus is an extremely curious
phenomenon. This compound is inactive towards other pathogenic or
saprophytic bacteria and has been found to leave intact a rapidly-growing,
avirulent strain of mycobacteria. The mechanism of the action of PAS
still remains unexplained.

The concentration at which PAS distinctly inhibits the development
of the tubercle bacillus is of the same order as that for streptomycin. In
addition, PAS is only very slightly toxic to man. However, the choice
of the mode of administration presents problems which are difficult to
solve. The clinical value of this product is evident above all when it is
associated with streptomycin, with which it acts synergically.
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