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01l C' of the goals of scien t ifi c st ud y is to defill e amI a n a l~- zC' prob
lems ill such a way tha t logical expe l'im C' ll h1tioll can lead to t lwir solu
t ion. ' Vhile i t is t rue that rat and hum a ll lepr osy lm cilli canll ot yet 
be cul t ivated Oll bacteriologic medi a, i t is now poss ihle to d C' fill C' the 
characte r of the cul t ivation p roblC'm. '1'wo facto rs stand out : (a ) the 
exceptioll a l im pC'netl'ahility of thC'se bacilli , ami (h) ce rta ill pC'c l1li a l'i
t iC's ill thC' i l' rcsp i ra tory sys tems. 

E ll co uraging leads a rC' affo rcl C'cl hy stud y of the j'C' latC' cl , factol'
r eq uiring mycobactC' ria. Th C' se bacteria r caclily adap t to g rowth 
wi thou t added factor if thei e C'nvil'omnen t app roximates tha t ill phago
cytic vacuoles of host cell s . GivC'n mycobactill , o r other app rop riatc 
condit ions, they reta in the complete syn thetic capacit ies of sap rophytes 
and tubercle bacilli . rrhC'y profi t li ttle, if any, f rom complex J1U tri
ments. III b ri ef, tlwy do ]l ot show a t l'C'nd toward dependence on ma
te rials 0 1' enzymes within host ccll s. Fil Ia ll y it is of pa r t icul a r in te rest 
that each factor or condi tion p romot ing g rowth in' t issue cdb pr o
motes grow th in vitro also. S ince thC' convc rse is t ru e, th C' l'e a rc 
strong indications that any po in t established ill either of thesc biologi
cal Rystems will have a general validity. 

E vidence is presented in this paper that kn owledge of thC' cultiya
tioll p roblem has advanced in three directions, through (a) dC'fi ni t ion 
of bas ic questions, (b ) recogni tion of the value of study in g species in
te rmediate between tubercle and leprosy bacilli, and (c ) unde rs tanding 
of a common significance among hiochemi cal, nut ri t ional ancl cell cul
ture methods used in their study. 

1' 1-11': ORIGIN OF NOXCL-LT lVABLE STATES 

Noncul tivable states seem to origina te f rom excess i'-e c1c \-elop 
ment of two propcdies sha red by all pa thogenic mycobacte ri a, \'iz. , 
relat i" e impenet rabili ty and minimal capacity for r espira tion. 

I 1npenetrabilitv .- Of all microbes, the mycobacte ri a a re genetically 
richest in lipids. PathogclIic species r es ist digestion within host cell s 
because of a sYll thes izing co]'(1 facto r, su1folipic1s and ha rd waxes in 
their composition. Rat and lep rosy bacilli a re the least penet rable of 
a ll species (2). The f oll owing' important questions a r c r C' la ted to thi s 
(l xcept ioll al impenetrability: n oes it a rise solely f r om seh'ct ioll fo r r e
s istance to host enllymes, or, in pa rt , hecansc ca rbon is used as an ac
cep to r of hydrogen and elect rons, i.e., to compen. a te fo r defi ciencies 
in respiration ? Is it a major impedimcn t to the in vitro trnnspol' t of 
elements essential to g rowth ~ 
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R espi)"{ft01'V defi('i ell('1es.- It ,;eenl S curi om: Uwt the st ri ctly ae1'obic 
mycobacte rl a should be able to p rolifera te wi thin mammalian t iss ue 
cells, which a re facultative anae robes. It has lOllg been evident, 
though not fu lly appreciated, that the pathogenic mycobacte ri a fall 
ill to two g roups wi th respect to oxygen tolen111ce in host cells and 
t issues, as indicated in Table 1. Some kinds of mycobacte ria cause 
infect ions ill pUlm Ol la l'Y or other ventilated tissues. These g row l'end
ily in V it1'O and in cell cultures . I n cont rast, mallY mycoha cte rial 111-
fectioll s a re st rictly n011 pulm onary. Thi s fact llltlicates clea rl y that, 
even within the complete host, the causat ive agen t prolife rates poorl y 
when host cell s a re exposed to modest concentrations of oxygen. 
'Without exception, the ca,usative agents either req uire specia l g rowth 
facto r s 01' have not yet been cultivated .~ 

T ABLE 1.- (J rOI/'lJiu,I} of 1I1ycobarteria ill re/a/ ioll 10 ( A ) l' CI/l illllioli of illfected liosll es 
and ( B ) cltti·rability. 
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Mycobacteri fl l u lcC'r s 

n lJf. j ohnel: and the mycobacteria from Scand in1'\\"ian wood pigeons a re similar 
Mycobactin (Mb) or the same sprcia l co nditions fir!' r!'quired to stimulate gTo\\·th, 
both in cells find on bacteriologic med ia. 

CliARACTER OF THE METABOLIC DEFICIEN CIES 

The special cont ribut ion of mode rn studies 011 the meta holism of 
factor-requiring and noncultivatec1 species has been to strengthen the 
evidence that the cri tical p r oblem is in the respi ra tory and p robably 
not in the synthetic compartmen t. 

R espiratory clcfi ciencies.-In orde r to cons ider basic p roblems 
f rom the experimen tal poin t of view, ~rabl e 2 is const ructed on the 
design used in Table 1. Evidence obtained f r0111 lung-g rown tubercle 
bacilli ind icates that pathogenic mycobact(' ri a do not employ in 'cit ro 

2 'l'h ese obscl"\'a t iolls alone should hnve warned me i ll ]9-11 that. it II"n s Ilil i\"e to ll ope t hat 
the t issue cultm e approach would yield ready success wi t.h Jl I. / f'Pl·ac. 
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TABLE 2.- Grouping of mycobacteria in relation to (A) ventilation 0/ tissues, (B) 
l·espimtory equipment, and ( C) production and use of g'rowth catalysts. 

(A) Xatural sites Pulmonary Nonpulmonary 

of in fection None H-37Rv M. 
M. lep ra e- M. 

Myco bacteria M. phlei i II vitro in ri l'o jo/tll ei murium leprae 

(H) Cytochrome bands ++++ ++ - ~ -
Respiration/ 

subtl'ates ++++ ++ - v.sl. -
Optimal O2 for 

growth 20-40% 8-20% 1 4% ~ 

( C) Mycobactin 
produced ++ ++ + ~ - ~ 
utilized for 
growth (+) • (+ ) 7 +++b -

" Mycobactin requirements can be induced by factors which interfere with the 
synthesis of membranes. 

b M. johnei and the wood pigeon bacilli, plus a h1rge g roup of soil microbes, require 
microbially synthesized chelatol"S of heavy metals. The latter are known to be important 
catalysts in respiration. 

capacities for respiration while contending with tl:w poor ventilation 
within infected tissues. Lung-grown tubercle bacilli r esemble M. 
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 in vivo to growth in vitro, patho
genic species fall into at least three categories, as respects their cy
tochromes: 

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

2. Catalyz(tble cytochromes.-This group includes M. johnei and 
the wood pigeon bacilli. These presumably have but one weak site 
in their respiratory systems and seem analogous to one-step r espira
tory-deficient mutants. Mycobactin, 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 sit e.-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 Q,L:ALITIES OF }'ACTOR-HEQL'lRl~G SPEC [ ~S 

:I 11 another presentation ~lolTi son (;l) ha s explain ed why M. jo hnei, 
a fa ctor-requiring species, is all interesting model fOT gaining insight 
into the more difficult problems to be anticipated in rat Hnd huma1l ]ep
rosy hacilli. \\' heeler alld I have broad ened these studies 11y including 
the mycohacteria from Scandinavian \\'ood pigeons, us ing both s~rnthe tic 
and compl ex medi a . From investigations conductcd simnltalleous ly in 
v it1'o and in cell cultlnes the fo11owing insights have becn gain ed: 

1. Neithc r JoI1lI e's bacilli nor the 'wood pigCOll s t rain s ar e fast idi 
ous in the scnsc of dependence UpOll complex or lahilc compounds 
produced by animal hos ts. On the contrary, th('y g row 0 11 properly 
pl'epa r eel synthet i c media more r ead ily than 0 11 compl('x n u trie11 ts . 
They fail to make the anticipated gain from exogenous mixtures of 
vitamins, amino acids, or peptides. These supplements, in fact, tend 
to be inhibitory, possibly because they induce unbalan ced synthesis, 
i.e., synthesis at rates exceeding manufacture of the respiratory 01' 

mycobactin compartment. Given proper circumstances these organ
isms exhibit all the natural synthetic capaciti es of saprophytes and 
tubercle bacilli. It is extremely unlikely that they depend in vivo upon 
host enzymes or that they a re favored by the biochemical environment 
provided by the in ternal 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 gluco e and glyc
erol at pH 5.5, by the one-carbon fragment CO~, and by a pH of 5.5, 
which apparently is required to facilitate tran sport of metals, 'organic 
acids and possibly other g rowth subs trates . 

3. Since accumulation of un oxidized acids, high CO~, and low pH 
are characteristic of the phagocytic vacuoles rather than the "in
tel'l1al milieu" of cytoplasm within host cen s, 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 tissue cell during phagocytosis, and (b) 
that within the phagocytic vacuoles of cells in nonpu]monary tissues, 
their growth probably is independent of mycobactin. 

4. The r esults obtained hy ,Vhee]er 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 coincide 
with those required for independent growth in vitro. For example, if 
growth in cells exposed to normal atmosphere is poor, as with M. 
johnei strain 68, the rates arc increased several-fold by the addition 
of mycobactin, i.e., by adding a factor that facilitates independent 
growth on convelltional bacteriologic media . 3 

~ It has ~ince been found that fcrr ic ni trate 1 ILg/ ml., whcII added to monocytc cultures 
in the presence of mycobactin, causcs C\'cn morc rapid intraccl1l1hU' growth, 
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The usefuln ess of CO", on the contrary, was fi rst demon strated to 
us when Wheeler employed a wood pigeon strain to explore the gen 
eral significance of Chang's observation (l) that addition of C02 to 
normal atmospheres facilitates the g rowth of M. lep'l'a e1nt/,'l'iu1n ill cell 
cultures. In the same experiments CO~ was found to enhance the 
g rowth of the wood pigeon stra ins on agar-containing sYllthetic 
med ium at pH 5.5. 110rrison a lld Rypka C' ) have s ince shoWJl the same 
to he true of M. johnei on . ynthetic meclia. 

SU MMARY 

Because of the foregoing observatioll s, it is suggested that s tudies 
on the cultivation problem may be guided by the followillg principles : 

1. In non cultivated species the basic problems are in the respira
tory compartment. It is not lnlownif these can he solved by supple
mentation of rudim enta ry cy~ochrome sys tems or jf alternati\'e systems 
must be devised. 

2. Studies with the factor-requ iring species do not sugge t dif
ficulti es in the synthetic compartment. Thi s makes it unlikely that 
complex 01' labil e compounds from host cel ls will be required. 

3. For growth s tudies, the physiologic conditions to be reproduced 
are those in the phagocytic vacuoles of cell s residing in nonpulmonary 
tiss ues. 

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 obse rvation in eithe r system will 
be applicable to the other . 

.J. \. number of "nonpulmonary" mycobacte rial di sease are 
caused by non cultivated agents . One or more of these may yield 
organi ms that prove to be more in structive models than the factol'
reqml'mg types now under study in our laboratory. 

RESUMEX 

Dcbido a obsernlcion('s anteriores, se sllgierc que los estudios ('n 1'1 pl'obl('ma de 
culti vos, pueden ser guiado pOl' 10. siguintes pl'incipios: 

1. En espcc i('s no culti vadas cl problema basico csta cn cl compartimiento respi
ratorio. X 0 se conoce si rsto purdc SCI' l'esuelto pOI' suplemrntacion de los sistcmas 
eitnCl'Ollli cos rudimentarios 0 si deben drsarrollarse istemas a ltel'l1ativos. 

2. Estudio con e p ec ies fact-ol'-requirentes no sug icren difieultadrs en el eom
pal'tillliento sinteti co. E sto haee inpl'obable que se l'equiel'fln los components eom
plejos 0 labi les dc las eclulfl s hucspedes. 

3. Para los estudios de desarrollo, lfls condiciones fi siolog'icas a sel' reproclueiclas 
son aquellfl s de las \'llCuolas fflgoelti efl de las eelul fls quc residen en tej idos no pulmo
narr . . 

4. E l rsfnerzo para obtl'l1el' ereeimientos ell eclul fls t isnlares ell fltmosfel'a normal , 
prrsenta problrmfl fl nalogo. a aquello. en\'Lwltos I'll ereeimientos direetos in vitro. 
Parrre quc una observacion s ignifi cativu en cualquiprfl de los sistemas p od1'll. SCI' aplie
able al otro. 

5. Un numrro de rnfennedflde. mieobaetel'iflnns "no pulmonares" SOil eausadns p Ol' 
agentes no eulti\,fldos. Uno 0 mas de estos puede ceder organismos que pueden pl'obar 
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se l' IIl odelos III<1S instl'uctivos qu e los tipo~ fartol' -l' rquin'lItl's HI·tll :illllCllte ('II estl1dio 
en nnrsiro la bora torio. 

RESU ME 

A la slIite drs obserntt ions rapportees, il es t sug'gere que h's etudc's ayant trnit 
au prolJlpnlC' pose par In cnl t11l'e drs lTIycobnrteril'S doi\'('n t obe ir anx principrs ci
dessous : 

]. Dans Ir s rs pcers non-culti\'a bl es les proh lcmrs r ssC'1I t"iels portent sur Ie com
part-inlC'nt" l'C's pinlfoirr. On ignoH' 5(' ers problpnlC's IWUY('llt HI'I ' reso lns pnl' l'npport 
supplenlC'ntain· 11'l1n ::;ystpme eytoe lirome rudiment-aire, 0 11 s 'il ('s t" nc'ces' nire dc ( '011-

revoir dps s~·stt'n1C's nltl' rn ntifs. 
2. D'apri'5 Ips etndc's mrnecrs ~l\'rc Ips c's pp('c's qlli l'C'quict'f'nt Ie factC'ur deerit, 

il ne sc·mhlC' pas c'x is t!'!' de dit1icu ltes dans Ie domain e de la syntht'se. Ceci f ait qn'il 
('st peu \'I'ai scmblabl e qu e des composes CO ll1pl cx('s ou labi l('s doivcnt f.tre foul'I1i s par 
III ce llul (' parasit eC' . 

3. Ponl' Ic 's NlldC's S ill' III croissance, lC's conditions phys iologiqlH's qui eloivent 
etre l'f'p rodnit('s sont (,p ll('s elI'S \'acllol('s phys iolog iqllcs qui se trouven t dans II'S tissus 
non-pulmonaires. 

4. UefEort ]'pquis ponl' obten ir un e croissan ce dans des ecllul cs tissulaires sous des 
cond itions el'arrnosphere normal p pre 'pnte eles pl'oblclTIps sC'mblablps a ceux r encontres 
pour 111. croissance c1irede in vit ro. II aPPHl'lli t qu 'une oh:rrvation s ignifirati\'e f aite 
elall s I'un dcs system es pOUl'l'a eire app liquee i\ I'autrr . 

5. Plnsipurs maladips c1ups a des lTIycobacteries " non-pnlmonnires" sont causeps pnr 
c'l es agl'llts qu'i l n'est pas possibl e de cultive r. en ou plu;;ieurs de ceux-ci p euvent 
Iiberrr des organi . mes qui se rcveleront ctre el l'S moelell's pIns instrnctifs que les especps 
qui r equicrl'n t II' f a cteur c10n t il cst qllrs ti on et qni sont" actuell pment It I'Ctllele dans 
notre laborat oin'. 
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