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One of the goals of scientifie study is to define and analyze prob-
lems in such a way that logical experimentation can lead to their solu-
tion. While it is true that rat and human leprosy bacilli cannot yet
be cultivated on bacteriologic media, it is now possible to define the
character of the cultivation problem. Two factors stand out: (a) the
exceptional impenetrability of these baeilli, and (b) certain peeuliari-
ties in their respiratory systems.

Encouraging leads are afforded by study of the related, factor-
requiring mycobacteria.  These bacteria readily adapt to growth
without added factor if their environment approximates that in phago-
eytie vacnoles of host cells.  Given mycobactin, or other appropriate
conditions, they retain the complete synthetie capacities of saprophytes
and tuberele bacilli. They profit little, it any, from complex nutri-
ments,  In brief, they do not show a trend toward dependence on ma-
terials or enzymes within host cells.  Finally it is of particular interest
that each factor or condition promoting growth in-tissue cells pro-
motes growth in vitro also. Sinee the converse is true, there are
strong indications that any point established in either of these biologi-
cal systems will have a general validity.

Evidence is presented in this paper that knowledge of the cultiva-
tion problem has advanced in three directions, through (a) definition
of basie questions, (b) recognition of the value of studying species in-
termediate between tuberele and leprosy bacilli, and (¢) understanding
of a common significance among biochemical, nutritional and cell cul-
ture methods used in their study.

THE ORIGIN OF NONCULTIVABLE STATES

Nonecultivable states seem to originate from excessive develop-
ment of two properties shaved by all pathogenic mycobacteria, viz.,
relative impenetrability and minimal capacity for respiration.

Impenetrability.—Of all mierobes, the mycobacteria are genetically
richest in lipids. Pathogenie species resist digestion within host cells
because of a synthesizing cord factor, sulfolipids and hard waxes in
their composition. Rat and leprosy bacilli are the least penetrable of
all species (%). The following important questions are related to this
exceptional impenetrability : Does it arise solely from seleetion for re-
sistance to host enzymes, or, in part, becanse carbon is used as an ac-
ceptor of hydrogen and clectrons, i.c., to compensate for deficiencies
in respiration? Is it a major impediment to the in vitro transport of
elements essential to growth?
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Respiratory deficiencies—It seems curious that the strietly acrobie
mycobacteria should be able to proliferate within mammalian tissue
cells, which are facultative anaerobes. It has long been evident,
though not fully appreciated, that the pathogenie mycobacteria fall
into two groups with respeet to oxygen tolerance in host cells and
tissues, as indicated in Table 1. Some kinds of mycobacteria cause
infections in pulmonary or other ventilated tissues. These grow read-
ily in vitro and in cell cultures.  In contrast, many mycobacterial in-
feetions are strietly nonpulmonary. This fact indicates elearly that,
even within the complete host, the causative agent proliferates poorly
when host cells are exposed to modest concentrations of oxygen.
Without exception, the causative agents either require special growth
factors or have not yet been cultivated.®

TasLe L—CGrouping of mycobacteria in rvelation to () venlilation of infected tissues
and (B) cutivability.

(A) Natural sites| | ""‘“””-"__ Nonpulmonary
of infection None Y I.'l].l.rm‘”‘\ M.
e
| M. leprae- AL
Myeobacteria | Av.  Hum, Dov, | Johei murinm | leprae
(B) Cultivability
In tissue ,
cells. = + + + | +HMb+COo + -
[ndependently| +-+ ++ ' +++ ++ + + AMb+ O = —
Other types Atypieal and Seandinavian wood pigeons
Or SOurces ANONYIMous Water huffalo, D.E. Indies
of myeo- Respiratory traet | Mexican green parrots
hacteria and skin le- Pacific salmon ;
sions | Bolivian bullfrogs

Euncapsulated lung lesions
Cutancous tuberculosis
Myecobacterial uleers

a M. johnei and the mycobacteria from Scandinavian wood pigeons are similar
Mycobactin (Mb) or the same speeial conditions are required to stimulate growth,
hoth in eells and on bacteriologic media,

CHARACTER OF THE METABOLIC DEFICIENCIES

The special contribution of modern studies on the metabolism of
factor-requiring and noncultivated species has been to strengthen the
evidence that the eritical problem is in the respiratory and probably
not in the synthetic compartment.

Respiratory deficiencies—In_order to consider basic problems
from the experimental point of view, Table 2 is constructed on the
design used in Table 1. Evidence obtained from lung-grown tubercle
bacilli indicates that pathogenic mycobacteria do not employ in vitro

2 These observations alone should have warned me in 1941 that it was naive to hope that
the tissue eulture approach would yield ready sueccess with M. leprae,
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TapLe 2—Grouping of mycobacteria in rvelation to (A) ventilation of tissues, (B)
respiratory equipment, and (C) production and use of growth catalysts.

| Nonpulmonary

(A) Natural sites Pulmonary [
of infeetion |  None ‘ H-37Ry I M.
| — —_— M. h'pr’rw— | M.
.\[}'l‘l]l]ﬂl‘“.‘l'iﬂ | M. '}Jh!‘(‘f‘ ‘ tn vitro | in vivo .jf!h nei | mourinm | f{l};r(”‘
(B) Cytochrome bands| ++++ | ++ | — ? [ — i
Respiration/ |
subtrates i il o i i s v.sl. —
Optimal 0, for | ' I
erowth | 20-40% 8-209% | ? 4% | ?
(') Mycobaetin ! - e N
produced + 4+ ++ + ? — 9
utilized for |
growth )" (+) | 1 s b AEH .

* Mycobaectin requirements can be induced by factors which interfere with the
synthesis of membranes,

WL johnei and the wood pigeon baeilli, plus a large group of soil mierobes, require
microbially synthesized chelators of heavy metals. The latter are known to be important
catalysts in respiration.
capacities for respiration while contending with the poor ventilation
within infeeted ftissues. Lung-grown tubercle bacilli resemble 3.
lepraemurium. They do not exhibit readily detectable cytochrome
bands. Rates of respiration cannot be increased in the presence of
nutritionally useful substrates.

For the transition from growth i vive to growth in vitro, patho-
genice species fall into at least three categories, as respects their ey-
tochromes:

1. Adaptive but complete cytochromes—This group includes
tuberele bacilli and other species infecting ventilated tissues. They
retain ecapacity to expand their cytochrome systems when removed
from infected hosts. They also manufacture mycobactin, a growth
catalyst, in extractable amounts.

2. Catalyzable cytochromes—This group includes M. johner and
the wood pigeon bacilli. These presumably have but one weak site
in their respiratory systems and seem analogous to one-step respira-
tory-deficient mutants. Myecobactin, a lipid-soluble chelator of heavy
metals, is required to promote their cultivation on conventional media
after removal from the host.

3. Cytochromes with more than one weak site—This group in-
cludes M. leprae and M. lepraemurium. In their case the question
arises if energy is acquired by some alternative system.

As a starting point for profitable investigation, the several un-
studied and noncultivated species offer opportunity to ascertain which
of these fall into categories 2 and 3 above and to determine if some
may provide more instructive models than the factor-requiring strains
now being investigated in our laboratory.
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THE QUALITIES OF FACTOR-REQUIRING SPECIES

In another presentation Morrison'™ has explained why M. johuet,
a factor-requiring species, is an interesting model for gaining insight
into the more difficult problems to be anticipated in rat and human lep-
rosy bacilli. Wheeler and 1 have broadened these studies by including
the mycobacteria from Scandinavian wood pigeons, using both synthetic
and complex media. From investigations conducted simultancously in
vitro and in eell cultures the following insights have been gained:

1. Neither Johne's bacilli nor the wood pigeon strains are fastidi-
ous in the sense of dependence upon complex or labile compounds
produced by animal hosts.  On the contrary, they grow on properly
prepared synthetie media more readily than on complex nutrients.
They fail to make the anticipated gain from exogenous mixtures of
vitamins, amino acids, or peptides. These supplements, in faet, tend
to be inhibitory, possibly because they induce unbalanced synthesis,
i.e., synthesis at rates exceeding manufacture of the respiratory or
mycobactin compartment.  Given proper circumstances these organ-
isms exhibit all the natural synthetie capacities of saprophytes and
tubercle bacilli. It is extremely unlikely that they depend in vivo upon
host enzymes or that they are favored by the biochemical environment
provided by the internal milieu of animal cells.

2. These organisms, as Morrison has shown, can in fact readily
he induced to grow without added mycobactin. For this purpose, their
special needs are best accommodated by use of an undefined assort-
ment of carbon fragments, prepared by autoclaving glucose and glye-
erol at pH 5.5, by the one-carbon fragment ('O., and by a pH of 5.5,
which apparently is required to facilitate transport of metals, organic
acids and possibly other growth substrates.

3. Since accumulation of unoxidized acids, high (‘O., and low pH
are characteristic of the phagocytic vacuoles rather than the ‘‘in-
ternal milien’” of eytoplasm within host cells, it may be surmised (a)
that these species are not intracellular parasites, but obtain their rela-
tively simple requirements from the outer surfaces of cell membranes
which have folded into the tfissue cell during phagoeytosis, and (b)
that within the phagoeytic vacuoles of cells in nonpulmonary tissues,
their growth probably is independent of mycobaetin.

4. The results obtained by Wheeler in cell cultures of sheep
and mouse monocytes add further support to the view that the condi-
tions for growth on the surface of infolded cell membranes coineide
with those required for independent growth in vitro. For example, if
growth in cells exposed to normal atmosphere is poor, as with /.
johnei strain 68, the rates are inereased several-fold by the addition
of mycobactin, i.e, by adding a factor that facilitates independent
growth on conventional bacteriologic media.?

41t has since been found that ferrie nitrate 1 {Efml., when added to monoeyte cultures
in the presence of myecobactin, causes even more rapid intracellular growth.
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The usefulness of CO., on the contrary, was first demonstrated to
us when Wheeler employed a wood pigeon strain to explore the gen-
coral significance of Chang's observation (') that addition of CO: to
normal atmospheres facilitates the growth of M. lepraemurivm in cell
cultures.  In the same experiments ('O. was found to enhance the
growth of the wood pigeon strains on agar-containing synthetic
medium at pH 5.5, Morrison and Rypka' have since shown the same
to he true of M. johnei on synthetic media.

SUMMARY

Because of the foregoing observations, it is suggested that studies
on the cultivation problem may be guided by the following principles:

1. In noncultivated species the basie problems are in the respira-
tory compartment. It is not known if these can be solved by supple-
mentation of rudimentary eviochrome systems or if alternative systems
must be devised.

2. Studies with the factor-requiring species do not suggest dif-
ficulties in the synthetic compartment. This makes it unlikely that
complex or labile compounds from host cells will be required.

3. For growth studies, the physiologic conditions to be reproduced
are those in the phagoeytie vacuoles of cells residing in nonpulmonary
tissues.

4. The effort to obtain growth in tissue cells in normal atmosphere
presents problems analogous to those involved in direct growth in
vitro. It appears that a significant observation in either system will
be applicable to the other.

J. A number of “mnonpulmonary’ mycobacterial diseases are
caused by noncunltivated agents. One or more of these may yield
organisms that prove to be more instructive models than the factor-
requiring types now under study in our laboratory.

RESUMEXN

Debido a observaciones anteriores, se sugiere que los estudios en el problema de
cultivos, pueden ser guiado por los siguintes prineipios:

1. En especies no cultivadas el problema bisico estd en el compartimiento respi-
ratorio. No se conoce si esto puede ser resuelto por suplementacion de los sistemas
citoerdmicos rudimentarios o si deben desarrollarse sistemas alternativos,

2, Estudios con especies factor-requirentes no sugieren difieultades en el com-
partimiento sintético. Ksto haee inprobable que se requieran los components com-
plejos o libiles de las eélulas hudspedes.

3. Para los estudios de desarrollo, las condiciones fisiologicas a ser reproducidas
son aquellas de las vacuolas fagoeitieas de las eélulas que residen en tejidos no pulmo-
nares,

4. El esfuerzo para obtener erecimientos en eélulas tisulares en atmdsfera normal,
presenta problemas andlogos a aquellos envueltos en erecimientos directos in vitro.
Parcee que una observacién signifieativa en cualquiera de los sistemas podrd ser aplie-
able al otro.

5. Un numero de enfermedades micobacterianas “no pulmonares” son eausadas por
agentes no eultivados.  Uno o mas de estos puede ceder organismos que pueden probar
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ser modelos mds instruetivos que los tipos factor-requirentes actualimente en estudio
en nuestro laboratorio.

RESUME

A la suite des observations rapportées, il est sugeéré que les études ayvant frait
au probleme posé par la enlture des mycobactéries doivent obéir aux prineipes ci-
dessous: :

1. Dans les espéces non-cultivables les problemes essentiels portent sur le com-
partiment respiratoire.  On ignore se ces problemes penvent étre résolus par 'apport
supplémentairve din systeme eytochrome rudimentaire, on s'il est necessaire de con-
covoir des systemes alternatifs,

2. Dapris les études mendees avee les espeees qui requierent le facteur déerit,
il ne semble pas exister de diffienltés dans le domaine de la synthese.  Ceel fait qu'il
est peu vraisemblable gue des composts complexes ou labiles doivent étre fournis par
la cellule parasitée.

3. Pour les étndes sur la croissance, les conditions physiologiques qui doivent
étre reproduites sont celles des vaenoles physiologiques qui se trouvent dans les tissus
non-pulmonaires,

4. L'effort requis pour obtenir une eroissance dans des cellules tissulaires sous des
conditions d'atmosphtre normale présente des problémes semblables & ceux rencontrés
pour la eroissanee directe in vitro. Il apparait qu'une observation signifieative faite
dans 'nn des systémes pourra étre appliquée i Iantre,

5. Plusicurs maladies dues & des mycobactéries “non-pulmonaires™ sont cansées par
des agents qu'il n'est pas possible de cultiver. Un ou plusieurs de ceux-e¢i peuvent
libérer des organismes qui se réveleront étre des modeéles plus instrnetifs que les especes
qui requidrent le factenr dont il est question et qui sont actuellement a P'étude dans
notre laboratoire.
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