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The production of elongated cells of microorganisms may be viewed as a result of 
the differential inhibition of cell division without a concomitant inhibition of metabolic 
processes necessary for the growth of cells. This concept has been elaborated for bac- 
teria t, ~ and for yeasts and yeast-like organisms", 4, 5, 6. There is evidence which indicates 
that differential inhibition of cell division results from the inhibition of a single enzyme 
complex, specifically active in cell division". The cell division enzyme appears to be 
sensitive to intracellular sulfhydryl ~ disulfide equilibria, and to be particularly sensi- 
tive to the presence of penicillin and cobalt. As is well known, there is a very extensive 
literature indicating that  sulfhydryl groups (-SH) play some special r61e in cell division. 
RAPKINE v, 8 has clearly implicated -SH groups in the cell multiplication processes of 
yeasts. Early studies on the effect of sub-bacteriostatic concentrations of penicillin by  
GARDNER ~ demonstrated that  elongation of bacterial cells into filaments (designated 
here as B -~ F conversions) is the first, microscopically demonstrable, effect of penicillin. 
I t  is important to stress the extreme specificity of the locus affected by penicillin at such 
high dilution. Recently PRATT A~D DUFRENOY x° have emphasized this aspect of peni- 
cillin action and have demonstrated both an in  vivo and an in  vitro enhancement of 
penicillin by trace amounts of cobalt. The action of cobalt on yeast to mycelial conver- 
sion (Y -~ M) was observed independently, as an outcome of studies on the accumulation 
of radioactive cobalt by yeasts n. 

The present studies concern the action of sulfhydryl compounds on the inhibition 
of Y -~ M (promotion of cell division), and the promotion of Y -~ M (inhibition of cell 
division) by penicillin and heavy metals. Preliminary cytological studies on the nuclear 
conditions accompanying Y -~ M conversions have also been made. These indicate tha t  
nuclear division may continue even though cell division has been inhibited. 

MATERIALS AND METHODS 

Several species of yeasts, selected from the cultures maintained at  the CI~NTRAAL BUREAU VOOR 
SCHIMMELCULTUR]~S, Yeast Division, Delft, were employed as test  organisms in a study of the effects 
of a variety of chemical substances on yeast to mycelial conversions (Y-+ M). The following organisms 
(strain number indicated) were used: 
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Candida albicans, 35.1. i "l'vrulopsis col/iru/osa. -'.[. ;. t 
Ca~dida pulcherrima, 35.-'. I 7"oruh,pszs Molischiana. -' 1.5. i 
Candida lropicalis. 35.5. r 7",,rztl,,psis *~lilis. e I.'I. J 
l tansenu la  a~mmala, lO.l. ~ 7"rzch,~.spor,m capilatum. 1~,.5. i 
Saccharo~o'ces cercvistae, 8. l. I Trich,~sp,,r,m sp., .i~,.7. r 

The slide culture techniqu~ TM was employed to permit mi, n,SCOl)ic ex,tmin:,ti~,n ~,l h"-* .XI devel- 
opment. Addition of at cover glass to the agar slide culture> f.u:ilitatvd prokmge,l micr-s,-.pic inspec- 
tion. A potato agar was emphkved as the basal medium to which all sut)sl:ulc,.s l,, bc tc,st,,d w,"re 
added; this was prepared as follows: 

potato extract 230 nil 
tap 1J20 77 ° ml 
glucose 2o g 
agar 2o 

The potato extract was prepared by soaking ioo g of washed, peeled, and ground tmtatoes in 
300 nil tap water for several hours at ca. + 4 ° C. The mass wits then filtered through cloth and auto- 
claw:d for I5 minutes at 13/4 atmospheres. 

All substances to be tested were sterilized separately by heating or by filtr.ttion, as apt~ropriate, 
and added to the potato agar immediately before preparing the slide cultures to give final concen- 
trations as indicated. All slides were inoculated promptly (in duplicate) with three parallel streaks. 
using 24-48 hours old stock cultures. 3|ieroscopic examinations were made a tUr  24 and 48 hours 
incubation in a humid atmosphere (in sterile Petri dishes) at 25 e C. Tile organic chemicals employed 
were commercial products, purified when necessary before use; }odium penicillin (; was a product 
of the NEDERLANDSCI-IE GIST -EN SPIRITUS-FAI3RIEK ; inorganic compounds vscd were reagent quality. 

Cytological studies were made on ~ir dried smears stained for ten minutes with I "(, aqueous 
toludine blue (National Aniline), washed in water, and differentiated in 95 % ethnnc,l. 

E X P E R I M E N T A L  

T h e  sl ide c u l t u r e  t e chn ique ,  a mod i f i ca t i on  of the  d i rec t  a g a r - m i c r o s c o p y  p r o c e d u r e  

of ORSKOV ~,  is a q u i t e  s a t i s f ac to ry  m e t h o d  for d e t e r m i n i n g  w h e t h e r  or  no t  a g i v e n  

s t r a i n  of a yea s t  will  d e v e l o p  myce l i a l  or  p s e u d o - m y c e l i a l  s t ruc tu res .  Th is  m e t h o d  is 

w i d e l y  e m p l o y e d  for pu rposes  of iden t i f ica t ion  of yeas ts .  The  p o t a t o  a g a r  s u b s t r a t e ,  

u s u a l l y  e m p l o y e d  wi th  t he  sl ide cu l tu re  m e t h o d ,  p e r m i t s  r e a d y  d e v e l o p m e n t  of M 

s t r u c t u r e s  b y  s t r a ins  of the  M y c o t o r u l o i d e a e ,  which  are  r ecogn ized  oi1 t he  basis  of t he i r  

p r o d u c t i o n  of such  s t ruc tu res .  T h i s  p r o c e d u r e  can also se rve  as a su i t ab le  m e t h o d  for 

t h e  t e s t i ng  of subs tances ,  a d d e d  to the  p o t a t o  agar ,  for the i r  effect on Y -~ M conver s ions .  

In  th is  m a n n e r  we h a v e  t e s t ed  m a n y  c o m p o u n d s  for ab i l i t y  to inh ib i t  m to p r o m o t e  

Y ~ M conve r s ions  in a v a r i e t y  of yeas ts .  

M a i n t e n a n c e  o~ a s i n g l e  cell c o n d i t i o n  ( I n h i b i t i o n  o~ Y ~ M )  

As a resu l t  of w o r k  4, 5 on the  f r a c t i o n a t i o n  of f i l t ra tes  ( f rom cu l tu re s  of T r i c h o -  

p h y t o n  r u b r u m )  which  e x h i b i t e d  ab i l i t y  to inh ib i t  Y -+ M in C a n d i d a  a l b i c a n s ,  our  

a t t e n t i o n  was  d i r e c t e d  t o w a r d  the  t e s t ing  of s u l f h y d r y l  ( -SH)  g roup  c o n t a i n i n g  com-  
p o u n d s  for  such  p roper t i e s .  As shown  in "fable i the  p r o p e r t y  of i nh ib i t i ng  Y -+ M is 
c l ea r ly  e x h i b i t e d  by  cys t e ine  a t  lO -2 M c o n c e n t r a t i o n  in p o t a t o  aga r  a n d  is a p p a r e n t ,  
w i t h  C. a l b i c a n s  and  H .  a n o m a l a ,  a t  lO -3 M. T h e  a p p e a r a n c e  of c y s t e i n e - t r e a t e d ,  and  

of  con t ro l  g rowths ,  is showal in F igs  i ,  2, a n d  6a. A s imple  inf luence  on the  r edox  porch-  
t im  as an  e x p l a n a t i o n  for t he  ac t ion  of cys t e ine  a p p e a r s  i m p r o b a b l e  f rom the  d a t a  in 

T a b l e  I I  wh ich  show a c o m p l e t e  absence  of effect  w i t h  ascorb ic  acid  a t  xo -* M (Fig. 4a 
a n d  b). A ce r t a in  speci f ic i ty  in the  n a t u r e  of the  - S H  donor  m a y  also be in fe r red  f r o m  
T a b l e  I I I ,  where in  it  is shown t h a t  s o d i u m  th iog lyco l l a t e  (Fig. 3) is less e f fec t ive  t h a n  
g l u t a t h i o n e ,  which  is in t u r n  less e f fec t ive  t h a n  cys t e ine  for  i nh ib i t i ng  Y ~ M. The  h igh  
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Fig. x. Candida albicans, un t rea t ed ,  f rom control  sl ide cu l ture ;  no te  spac ing  
be tween  c lus ters  of b las tospores ;  ioo × 

Fig. 2. Candid, alb~cans, slide cu l ture  t r ea ted  wi th  M/ ioo  cys te ine ;  comple t e  
inh ib i t ion  of M d e v e l o p m e n t ;  ioo × 

Fig.  3. Candida albicans, slide cul ture  t r e a t ed  w i th  M/xoo s o d i u m  th ioglycol la te ;  
no te  close spac ing  of c lus ters  of b las tospores ;  ioo  × 
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ac t iv i ty  of potassium di thiooxalate  is notable.  While this compound exhibited consider- 
able growth- inhib i tory  action when tested against  yeasts that  do not normal ly  form M 
st ructures  ( T o r u l o p s i s  M o l i s c h i a n a ,  T .  colliculosa, a n d  S a c c h a r o m y c e s  cerevisiac),  it 
adversely affected the growth of only one of the yeasts listed in Table III .  

Inhibi t ion  of mycelial formation may also be viewed as the main tenance  of cells in 
a single cell condit ion.  In  this light we may  also consider the action of cysteine to be one 
of favouring,  or promot ing cell division. This concept of associatio,a o f - S H  compounds 
with cell division may  serve to clarify m a n y  earlier observat ions on the dimorphism 
of C a n d i d a  a lb icans  in which various metabolic  phenomena  were implicated. As is well 
known (see HEWITT x3 and  KLUYVEI04), the metabolism of carbohydra te  substrates  by  
yeasts  is associated with a fall in the redox potent ia l  of the medium (reflecting, in all 
p robabi l i ty  to vary ing  degrees, condit ions in the intracel lular  environment) .  This in t ra-  
cellular reducing s i tu ta t ion  will undoub t ed ly  shift the in  vivo equil ibrium, - S H  ~ - S - S - ,  
toward the left. Ear ly  researches of LI:,'OSSlER AND ROL'X ls, and trI*'EM:X.X "16, on Y -~ M 

TABLE I 
E F F E C T  O F  C Y S T E I N E  ON M A I N T E N A N C E  O F  S I N G L E  C E L L  C O N D I T I O N  A N D  I N H I B I T I O N  OF Y - - ~  M 

C O N V E R S I O N S  I N  D I F F E R E N T  Y E A S T S  

- -  = N O N E  O B S E R V A B L E ;  -}-, -~--~-, A N D  -~--~-AV I N D I C A T E  S L I G H T ,  M O D E R A T E ,  A N D  P R O N O U N C E D ,  

R E S P E C T I V E L Y  

Control (Potato agar) Cysteine IO ' -~  l~,'l) Cysteine (lO -3 M) 

Y --~ M Growth -" 

_ _  . + -!- -, 
- -  + + +  

+-- '  + + +  
_ _ + + +  

Organism 
Y -+ 31 Growth Y -+ 3I Growth 

C.  albicans . . . . .  + + + + + + + + + + + 
C. tropicalis . . . . .  + -- + -4- + + + + + + + + 
Trick. capitatum . . . + + + + + + + + +  + + +  
H .  a n o m a l a  . . . . .  + + + + - - + + + 

TABLE II 
E F F E C T  O F  A S C O R E I C  A C I D  ON Y - - ~  M C O N V E R S I O N S  

Control Ascorbic acid (IO -a M) Ascorbic acid (lO -2 M) 
Organism 

Y -+ M Growth Y -+ 3I Growth Y ~ 31 Growth 

C. albicans . . . . .  + + + + + -F- + + + + + + + + + + 4- -,  
C. tropicalis . . . . .  + + + + + + + + + + + + + + -~ -,- + + + 
Trichosporon sp . . . .  + + + + + + + + _L -~. + + + + + + + + 
H .  a n o m a l a  . . . . .  + +  + + +  + + +  + + +  + + 2 _ + +  

TA~ 
E F F E C T  O F  D I F F E R E N T - -  

S o d i u m  thioglycollat( 
Organism Control (io -a M) 

C. albicans . . 
C. tropicalis . . 
Trick. capitatum 
H .  a n o m a l a  . . 

Y - - ~  M Growth 

+ + _,1_ + + + 
+ + +  + + +  
+ + +  + + +  

+ +  + + +  

Sodium thioglycollate 
(io-~ M) 

Y ~ .M Growth 

+ + -- + + + 
+ + +  + + 4 -  
+ + +  + + +  
+ + +  + + +  

Y -~ M Growth 

-- + -i- + 
- - ' + +  + + +  
+ + + -f- _- + 
.- .~ + + + 
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conversions in C. albicans, can be seen to indicate that readily metabolizable carbon 
sources (e.g., glucose) inhibit Y -> M, while carbon substrates metabolized slowly, or 
hardly at all, favour Y --> M. I t  is clear that in the latter case the sulfhydryl ~ disulfide 
equilibrium will lie towards the right. There are also the well known observations of 
LANGERON AND GUERRA 17 on the failure of M development on the inner sides of closely- 
spaced parallel streaks of C. albicans, with abundant Y --> M conversions developed on 
the outer sides of the same streaks. Diffusion of Y -+ M inhibitors between adjacent 
streaks was advanced as an explanation of the observed phenomenonlL Recently, 
MAGNI TM has confirmed these observations; he found, furthermore, that removal of the 
agar from one side of an isolated streak (leaving up to 8 mm of agar adjacent to the 
streak) prevented the appearance of M on the side with a narrow agar boundary, but 
did not interfere with abundant M production on the opposite side of the streak. The 
observations of LANGERON AND GUERRA and of MAGNI would seem to be readily ac- 
counted for in terms of the metabolic production of a higher concentration of diffusible 
reducing substance on one side of a streak (sufficiently high on one side to inhibit 
Y-> M). 

THE UNCOUPLING OF CELL DIVISION FROM GROWTH 

Promotion o / Y  ~ M 

As already pointed out '  one of the very first effects of penicillin on bacteria that 
is observable is the selective inhibition of cell division, without the simultaneous inhibi- 
tion of other metabolic processes resulting, in many instances, in the growth of bacteria 
into elongated filaments. From Tables IV and V it will be seen that Y -~ M was promoted 
by a concentration of penicillin which was without visible effect on the amount of 
growth of the test organisms used under our conditions. Addition of cysteine completely 
antagonized the penieillha effect (we have not yet investigated the minimum concert- 

T A B L E  IV 

E F F E C T  O F  P R N I C I L L I N  O N  T H E  U N C O U P L I N G  O F  C E L L  D I V I S I O N  F R O M  G R O W T H  O F  Y E A S T S ,  A N D  T H E  

A N T A G O N I S M  O F  P E N I C I L L I N  B Y  C Y S T E I N E  

Penic i l l in  (zz U/ml)  Penic i l l in - l -Cys te ine  (zo - i  M) Cont ro l  
Organ i sm  

Y -~ M G r o w t h  Y --> M Growth  Y --~ M Growth  

C. albicans • • + - k - b +  + q - q -  - - ] - b  - b - k +  -b -k -k -b q- q- 
g. t r o p i c a l i s . .  + + + +  + + +  - - / +  + + +  + + +  + + +  
H. anomala . . + + +  + + +  - -  + + +  + +  + + +  

~ P O U N D S  O N  Y - - - ~ M  C O I C V E R S I O N S  

P o t a s s i u m  d i th iooxa l a t e  G l u t a t h i o n e  Cys te ine  
(zo '-s M) (3.6" I o  -'s M) (Io - s  M) 

Y --~ M Growt h  Y --~ M Growth  Y -+ M Growth  

+ +  + + +  + + + + +  - -  + + +  
+ + + +  + +  + + + +  - -  + + + +  
+ + + + +  + + +  --1+ + + +  

- -  + + +  + +  + + +  - -  + + +  

References p. 474[475. 
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" f A B I . E  V 

EFIeECT Og PENICILLIN AND OF C Y S ' f E I N E  ON B-'~- F 1N ]~¢;(I//1¢~ ( l ' r t H ;  

P t n i c i l l i n  ( l i  U / m )  [ Pcni~ i l l in  q. ( ; , , ' s t ,  i r a '  ( I , ;  - 2  M) l ' , , n ! r , d  

d- -7 l - ' - - -  [ .r,,,,-~l, I l~. ~ F ,;~,,,,-~, . . . . .  7 7  t. i -,-;,.,,,,.t,--- 
f 

-!- -b -- -t- "- q- + -: -! ! : ; ! +:- 

d' 
% rS'" ; •. 

t ¢ I " " '  

Fig .  4. a) Hansenuh, anomala, f rom s l i d e  c u l t u r e  t r e a t e d  w i t h  31 / ioo  a s c o r b a t c ;  t i l a m e n t o u s  t e n d e n c i e s  
p r o n o u n c e d ;  i o o  × ; b) s a m e ,  4oo × 

References p. 474/47,5. 
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tration of cysteine necessary for penicillin antagonism under these conditions). With 
B a c i l l u s  cereus (Delft strain E X I . I . I  1.4) as test organism there was a most remarkable 
increase in cell length with penicillin t reatment;  while cysteine completely suppressed 
B -+ F tendencies. The B .  cereus slide cultures with cysteine contained: a very high 
percentage of sporulating cells. 

Although we have not observed mycelial production with cells of Sac charomy ce s  

cerevisiae exposed to penicillin (or to other treatment), a definite change in cell mor- 
phology has been regularly observed. As shown in Fig. 5 a the cell shape in penicillin 
treated slide cultures is considerably more elongate than that  of the normal-appearing 
cells from penicillin plus cysteine treatment (Fig. 5b). 

Fig. 5. a) Saccharomyces cerevisiae, camera lucida drawing of cells from slide agar culture treated 
with penicillin (see text); cells elongated, 44 ° × ; b) same, from agax culture with penicillin plus 

M/ioo cysteine. 44 ° × 

In some earlier investigations, in which -SH groups were associated with cell 
division of microorganisms, emphasis was placed on the inhibitory action of heavy 
metals on cell division processes. The Cu ++ ion was found by VOEGTLIN AND CHALKLEY 19 
to be especially toxic for the cell division of A m e b a  proteus .  Cobalt enhancement of the 
action of penicillin both i n  vi tro and i n  vivo ~° has already been mentioned. We have 
studied the effect of certain heavy metals on Y -+ M processes in several yeasts. Table VI 

TABLE VI 
EFFECT OF COBALT ON THE PROMOTION OF Y-C-M 

Organism 

c .  aZbicans . . . . .  
C. tropicalis . . . . .  
Trich. capitatum . . . 
H.  anomala . . . . .  

References p. 474[475. 

Con trol  

Y ~ M  Growth  

+ + +  + + +  
+ + +  + + +  
+ + +  + + +  
+ +  + + +  

CoAci (4" I° -S  M) 

Y ~ M  Growth  

+ + +  + + +  
+ + + +  + + +  
+ + +  + + +  
+ + +  + + +  

CoAc, (xo --s M) 
Y - +  M I Growth  

I 

++++++++÷ ++++++ 
+ + + ÷  + + +  
+ + +  + + +  



468 w . J .  NICKERSON, N. J. w. VAN i,~IJ VOL. 3 (I949) 

Organism 
Y -+ M (.;rowth 

" ] " ,  

I ' ~ F F E C T  O F  C O B A L T  A N I . )  O T I ' I E R  t I E A V Y  M E T A L S  O N  y - i ~  I%I 

~ : , , . t r o i  . . . . . . . . .  ( : ~ ; i ; . ~ ;  ; , - i ' - ~ b  . . . . . . . . .  I . . . . . . .  ]~iT.~,)~-i  ;o--~ :,r~ 
. . . . . . . .  i . . . . . . . . . . . . . . . . . .  " 

Y-+ .Xi [ Growth ! "V->- ~[ [ (;row 
. . . . . . .  : . . . . . . . . . . . . . . . . . . . . .  I 

• - I + . . . . . . .  ~ i 
' I + : - - ;  - -  - i  ! 

i 

t, --' -:- 4 -.'--/ . . . .  i- -:- - 
+ ~ _ =. _~.. ~_ -~ .: .... 
. . . . .  r -:  - i I- 

i 
C. pulcherrima ~1 --  + + + 
T. colliculosa [ --  + + + 
T. M olischiana ~ .... + -[- + 
T. utilis - -  :. + + "- 
It. anomala + + -i" "t- "!- 

indicates the effect of low concentra t ions  of cobaltous acetate on certain yeasts tha t  
readi ly produced M structures  on the pota to  agar control slide cultures. At lO -3 M Co ++ 
there was a markedly  more a b u n d a n t  product ion of M, with all the species tested, than  
was observed in the controls. In Table VII  thexe is registered the effect of several heavy  
metals  on some strains of yeasts tha t  did not  produce M under  our control condi t ions.  

F l g ~ a ~ a l b , c a n s c a m e r a l u c i d a d r a w i n ,  ~ 6 b  

A marked  effect of Io -3 M Co ++ is to be noticed. Aside from cobalt,  only boron produced 
a significant effect on Y ~ M, though this effect was much less pronounced than  that  
of cobalt. In  Fig. 6 the shapes of cells of C. albicans from a IO -3 M Co ++ slide cul ture  
are compared with those from a xo -2 M cysteine slide cul ture;  the cobal t - t reated ceils 
form mycelial  elements - -  no cross walls were visible in the segments drawn. In  cont ras t ,  
the cyste ine- t reated cells, support ing blastospore structures,  are extremely short. 

Effect o/ Cobalt and Oxine on Yeasts on Solid and in Liquid Media 

Recent  publ icat ions  by ALBERT et al. 2° have shown that  cobalt  is by  far the most  
effective substance for reversing the growth inhibi tory  effect of oxine (8-hydroxy 
quinoline) on G r a m + b a c t e r i a .  We tried the effect of oxine on Y ~ M using the slide 
cul ture technique (Table VIII )  but ,  at the concentra t ions  employed, the most not iceable  
effect of oxine was on total  growth. Exper iments  were then made on the effect of oxine 
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[E YEASTS THAT DO NOT USUALLY PRODUCE M STRUCTURES 

M n C I :  ( i o  -8  M) NasHAsO s (IO'-* M) NasAsO , (Io "-s 31) CoAc s (Io -'a M) 

Y -~ M Growth Y --~ M Growth Y -+ M Growth ( --~ M Growth 

+ + +  
+ + +  
+ + +  
+ + +  
+ + +  

+ 
+ 
+ 

+ + +  
+ 

- - l +  
+ +  

- - / +  
+ 

- - / +  

+ 
+ / - -  

+ +  
+ + +  

+ + +  
+ + +  
+ + +  
+ + +  
+ + +  

on the  growth  of C a n d i d a  albicans  (Gram + ,  as are all  yeasts)  in l iquid media .  A wor t  
med ium was p repa red  wi th  add i t ions  as no ted  in Table  I X ;  only  a t  M / i o o o o  oxine was 
an  effect on growth  de tec tab le  (ALBERT et al. r epor t ed  M/8oooo oxine p r even t ed  the 
growth  of Gram + b a c t e r i a ;  they,  too, t es ted  in a " n a t u r a l "  medium).  Higher  concen- 
t r a t ions  of oxinewere  therefore  p repa red  (Table X) a n d  inocula ted ;  except  for a modera t e  
effect on growth  when examined  a t  24 hours,  oxine was no t  inh ib i to ry  a t  M/2 50o 
concent ra t ion .  

Whi le  i t  is clear t ha t  oxine is wi thout  apprec iab le  effect itself, under  our condi t ions ,  
on Y -~ M or on to ta l  visible g rowth  of yeas t s  in l iquid media ,  i t  is also clear t h a t  i t  
p reven t s  the  appea rance  of coba l t  effects. Compare  Y -~ M enhancement  b y  cobal t ,  as  
shown in Tables  VI and  VI I ,  wi th  Table  V I I I .  Cobal t  has,  moreover ,  been shown xx to 
comple te ly  inhibi t  the  growth  of yeas ts  (S. cerevisiae and  C. albicans) when a d d e d  to 
na tu r a l  med ia  (beer wort)  in concent ra t ions  greater  t han  M/Ioooo .  Thus,  oxine a n t a -  
gonizes bo th  the  g rowth- inh ib i to ry  and  the Y ~ M promot ing ,  effects of cobal t .  

TABLE VIII  
EFFECT OF 8-HYDROXY QUINOLINB (OXINE) AND COBALT -~ OXINE ON Y ~ "  M 

Control 
Organism 

Y --~ M Growth 

C. albicans + + + + + + 
C. tropicalis . . . + + +  + + +  
Trick .  c a p i t a t u m  + + + + + + 
H. anomala  . . . + +  + + +  

Oxine ( x ~  Oxine (io --4 M) +CoAct (2. I o "4 M) 

Y --~ M Growth I Y --> M Growth 

+ + +  + +  +1- -  + + +  
+ + + +  + / + +  + + + +  + +  

- -  + / - -  + +  + +  
+ + +  + + +  + +  + + + +  

TABLE IX 
EFFECT OF 8-HYDROXY QUINOLINE (OXINE), COBALT, AND CYSTEINE ON THE GROWTH OF Candida 

albicans IN WORT; 22 HOURS INCUBATION AT 2 5 ° C  

ition 

Concentration 

M/IOOOO 
M/25ooo 
M/5oooo 
M18oooo 

Oxine 

+ 
+ + +  
+ + +  
+ + +  

Oxine (M = x Ix) 
+ 

CoAc 2 (M = 2/x) 

+ +  
+ + +  
+ + +  
+ + +  

Oxine (M = x/x) 
+ 

cysteine (M/5 ooo) 

+ 
+ + +  
+ + +  
+ + +  

Oxine (M = i /x)  q- 
CoAc,  (M ----- 2/x) + 
cysteine (M/5 ooo) 

+ 
+ + +  
+ + +  
+ + +  

Blank (plain wort) = + + + ;  Wort -~ M/5ooo cysteine = + + +  
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"I'A 13 LF. X 
EFFECT OF g - H Y D R O X Y  QIeINOI.INE ON " r i t e  GROWTIt  OF (.'amtida alhic,t~s IN %VORT AT 2.~°C 

< ' % . . . . _  2</<t~t~<,7 . . . . . . . . . . . . . . . . . . .  c;xi, ; , . / . i - i -7,,4 
-~.  I Oxine i_ 

Concentration'-"-----...._ I (:<>:\e 2 (31 --= e/x) 

I 2"I 48 2"t i "t8 hours hours hours hours 
I 

M / z  SOO "f- -b + -i- -l- a,_ -I- 'r- -I" 
3I/.5 ooo . + -" -t- + -f- -F + -i- q-. F 4- 
. ~ l i IOO00  ..L _}. -[- q - l  -- +.!- + + - f -  

[ - . 

I)xim" (M--  ixl -}- 
C,,.\% (M ~ -'/x) 4" 

! (sIstt iuc (M/" 5oo ) 

I.. " 4  h o u r s  ,t8 h o u r s  

I I- -t- -{ -:- 1- 
! ! - - i .  -t- + - i -  
I ~- + ~- + + - i -  

Blank (plain wort) = n - q - +  at 24 hours; Wort + M/25oo cysteine = 4 . . . .  t at 24 hours 

Inhibi t ion  o /Ce l l  Div is ion without S imul taneous  Inhibi t ion o / N u c l e a r  Div is ion 

The  p roces se s  i n v o l v e d  in nuc l ea r  d iv i s ion  m a y  in m a n y  i n s t a n c e s  be r e g a r d e d  a s  

p r e c u r s o r s ,  in p o i n t  of t ime ,  of t he  p roces ses  l ead ing  to t he  d iv i s ion  of one  cell i n t o  

two .  D u r i n g  Y -~ M c o n v e r s i o n s ,  h o w e v e r ,  it  ha s  been  f o u n d  t h a t  long M e l e m e n t s  m a y  

e x h i b i t  s eve ra l  nucle i  s, o r  o n l y  one  or a few nucle i  (Figs 7 a n d  8) a long  the  l e n g t h  of  

an  e x t e n s i v e  f i l amen t .  E v i d e n t l y  t hen ,  cell d iv i s ion  m a y  be i n h i b i t e d  u n d e r  c o n d i t i o n s  

t h a t  p e r m i t  n u c l e a r  d iv i s ion  to  c o n t i m l e * .  LEVAN 2~ d e s c r i b e d  m u c h  the  s a m e  s i t u a t i o n  

Fig. 7. Candida albicans, cells from 
controlsl idc agar cultures stained 
with i % aqmous  toluidine blue 
(see text);  iooo ~<, from 2 day 

culture. 

* Blastospores, which are produced from the M elements of C. albicans, C. tropicalis, Tvi- 
chosporum capitatum, and many other yeasts, are seen (Figs 7-8) to be uninucleate Y entities. The 
morphogenetic phenomena underlying the intt nsivc nuchar  division which gives rise to a cluster 
of blastospores, localized at "nodts" spaced more or h ss regularly along an M filament, tire worthy 
of serious study but are outside the scope of this papt r. Blastospore production was rarely comph.tt ly 
absent in these yeasts, evcn under the most pronounced Y-~  M stimulation, (Table VI, Fig. 61)); 
it should be noted, however, that  at  least the first blastospore produced at  a giw,n node must have 
derived its nucleus from the division of an M-nuckus. 
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from his s tudy on the induction of aberrant forms in S. cerevisiae by treatment with 
camphor; nuclear division was found to proceed in the absence of cell division. 

The appearance of the structure designated as a nucleus by us (Fig. 8) is fairly 
uniform from cell to cell. The cytological 
picture observed by us provides confirma- 
tion of the concept of the yeast nucleus 
presented by NAGEL ~2. Additional confir- 
mation, by a completely different tech- 
nique, has been supplied by the nuclear 
localization of yeast pyrophosphatase 23. 

The very low level of cytoplasmic ba- 
sophily in the yeasts grown on the potato 
agar medium seems worthy of note. Several 
of the species studied were grown in a wort 
medium and subsequently stained with 
toluidine blue as described; cells from such 
growths invariably showed such a dense 
overall staining that no internal detail could 
be discerned. As WIAME ~4 and BRACHET a5 
have pointed out, the affinity of a cell for 
toluidine blue is probably the result of its 
content of the components of a nucleic acid- 
metaphosphate complex. Metaphosphate is 
probably responsibl6 for the metachro- 
matic staining of yeasts as WIAME AND 
MICHAELIS zs, have shown. By reason of the 
fairly firm cytochemical basis for the tolu- 
idine blue staining, we may infer that the 

Fig. 8. As Fig. 7, from 5 day old culture 

cells shown in Figs 7--8 have a very low cytoplasmic content of ribonucleic acid and 
metaphosphate. Such an interpretation is in line with the findings a that Y ~ M is 
accompanied by a loss of Gram staining positivity and by a very greatly reduced affinity 
for pyronin from the Unna-Pappenheim stain. It  is also important to n o t e t h a t  PRATT 
AND DUFRENOY 1° have shown that B ~ F, induced in Gram+ bacteria by penici!lip, 
is accompanied by a loss of Gram positivity. Some implications of these cytochemical 
findings for the relationship between nucleic acids and the protein synthesis accompa- 
nying growth in the absence of cell division have already been indicated 3. In contrast 
to these findings (based on the use of staining reactions) which indicate a lowered nucleic 
acid content in cells that have undergone elongation, HENRY et al. 27 found, by analytical 
determination, that no change was produced in the total amount of nucleic acid, or in 
the ratio of the two types of nucleic acid, in cells of Clostridium Welchii in which elon- 
gation had been induced by sub-bacteriostatic concentrations of penicillin. On the other 
hand, they obtained ~ certain of the protein constituents of the cytoskeleton in unusual 
fibrous form. Their findings are not necessarily in contradiction to the results achieved 
with staining procedures, which probably depend upon the physical state of nucleate- 
protein linkages (through -SH protein bonds) in the ease of the Gram stain ~, and 
probably upon the degree of polymerization of ribonucleic acid in the case of the baso- 
philic stains. The parallel between prevention of fibrous protein formation and the 
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maintenance of cell division has already been discussed ~, see also ~. In this connection 
it is of interest to note that LWOFF AXD JONESCO 3:, with Moraxclla Lwo~, have ob- 
tained extensive elongation of the imclear apparatus accompanying filament formation, 
induced by cultivation of the bacterium in the absence of potassium. 

DISCUSSION 

The importance of sulfhydryl groups in the cell division processes of microorganisms, 
as demonstrated in this paper, is, we believe, the first demonstration of the importance 
of such groups in the cell division processes, as distinguished from the total growth 
processes involved in cell multiplication. The importance of -SH groups for cell multi- 
plication processes in yeasts has been known since RAPKINE 8 inhibited multiplication 
in Schizosaccharomyces pombe with dilute iodoacetate and overcame the inhibition with 
glutathione; fermentation was also inhibited by iodoacetate at the concentrations 
inhibiting multiplication. In our experiments energy yielding processes, sufficient to 
support growth, are not inhibited when the cell division mechanism is affected. While 
a great many  experiments, on a variety of biological forms, have demonstrated the 
undeniable importance of sulfhydryl group-substances in cell multiplication, it must 
be emphasized that  most experiments have not distinguished between effects on cell 
division per se and effects on growth (defined as an irreversible increase i,1 volume). 
With the relatively favourable material at our disposal we may say that  these initial 
experiments indicate very strongly that  cell division, as a process distinct/tom gro~,th, 
depends upon the maintenance of functional intracellular sulfhydryl groups. 

The relationship of the phenomenon we designate as Y ~ M to the "camphor-  
reaction" of yeasts as reported by BAUCH ~, 3o, LEVAN2t, 31, and SKOVSTED 33 requires 
consideration. Camphor, and numerous other water-insoluble substances, have been 
shown to induce the development of rather characteristic morphological irregularities 
during the growth of Saccharomyces cerevisiae. Elongated cells with undulating contours. 
and a marked tendency to remain attached in chains, have been induced in yeasts by  
the action of camphor. LEVAN 2~ has made an extensive study of chemical structure vs 
"camphor-react ion" activity with S. cerevisiae; over 5 ° compounds, chiefly known 
narcotizing agents, were found to be effective. A pronounced parallel, within an homo- 
logous series, could be noted between activity and increasing insolubility in water;  
act ivi ty was believed to reside in relatively non-specific surface-acting properties of the 
compounds. Such action is in contrast to the relatively specific action of the compounds 
we have studied which are effective in high dilution and involve sulfhydryl groups. I t  
seems entirely possible, however, judging from the similarities in the results effected 
by the two classes of agents, that  we are witnessing two modes of a t tack on the cetl 
division mechanism: (I) the water soluble, - S H  specific class (exemplified by penicillin) 
directly affecting the cell division enzyme mechanism, and (2) the water insoluble, 
non-specific, surface active narcotics (exemplified by camphor) affecting the formation 
of new, discontinuous cellular phase boundaries by interference at the "product  end"  
of the division mechanism. The discussion by VELDSTRA 34 of the mode of action of 
non-polar ergons is pertinent to our consideration of the existence of two mod~:s of chem- 
ical a t tack on the cell division mechanism. From the facts amassed by VELDSTR,,k it 
seems clear that we may expect a relative non-specificity among the lipophilic substances 
studied by LEVAN, and for which we may  also expect an effect on protoplasmic boundary 
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systems (apparently interference with protoplasmic boundary formation in the present 
instance). 

In his work on camphor-treated yeasts BAUCH observed a primary reaction, 
essentially as outlined above, and a secondary permanent cell modification which he 
regarded as a colchicine-type, chemically-induced polyploidy because of the perma- 
nently increased cell volume. SKOVSTED has reviewed the literature on the induction 
of polyploidy in yeasts by treatment in this manner, and concluded the question is 
not settled. It is clear from SKOVSTED'S work, however, that camphor treatment leads 
to an increased rate of mutation in yeasts, as well as to temporary morphological 
modification. It is becoming clear that substances inhibiting cell division in micro- 
organisms and the mitotic poisons of higher plants and animals (colchicine-type and 
"radiomimetic") have some interesting common aspects. As DUSTIN ~6 points out, "while 
mitosis may be affected in several ways, the one important thing is that we have many 
substances that specifically affect dividing cells". He has suggested enzyme inhibition 
as a mode of action of mitotic poisons, including radiation effects as well as chemical 
mitotic poisons s6. The sulfhydryl-enzyme-inhibiting properties of X-rays and of many of 
the mitotic p, oisons are well known. In comparison, our data permit the conclusion that 
maintenance of intlacellular -SH groups is a necessity for cell division processes, and 
that their temporary inhibition by -SH enzyme-specific substances leads to temporary 
morphological modification as a result of cell division inhibition. 
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SUMMAt~Y 

A concept is developed regarding the occurrence of yeast to mycelia conversions (Y -+ M), 
resulting in the appearance of filaments from single cell yeasts, as the differential inhibition of cell 
division processes without the simultaneous inhibition of growth processes (defining growth as an 
irreversible increase in volume). 

Sulfhydryl group substances, such as cysteine and glutathione, are shown to promote cell 
division and to inhibit the appearance of Y -+ M in organisms that  regularly produce M structures. 
Ascorbic acid is without such effect. I t  is suggested tha t  the metabolically controlled intracellular 
sulfhydryl ~ disulfide equilibria may reasonably account for many of the observations in the literature 
concerning the influence of the growth medium on the dimorphism (Y -,- M) of Candida albicans 
(and other species of the Mycotoruloideae). 

Inhibition of cell division (and stimulation of Y -+ M) is shown to result from the exposure 
of different species of yeasts to penicillin and to cobaltous ions. With the exception of boron (slight 
effect), other heavy metals examined were without such a differential effect. The effect of penicillin 
and cobalt was antagonized by cystcine. 

Preliminary cytological studies (employing toluidine blue and cells with a greatly reduced cyto- 
plasmic basophily) indicate that  nuclear division may proceed even though cell division stops. This 
results in the occurrence of multinuclcate M elements, as a result of ¥ - +  M. 

The findings are considered in relation to some general aspects of cell division, including com- 
parisons with the effect of camphor on yeasts and the action of mitotic poisons. 

R~SUM~ 

Une hypoth~se est discut~e concernant la transformation de la forme levure en forme mycelium 
(Y -~ M), cette transformation ~tant due ~ l'inhibition sp~cifique des processus de division cellulaire 
sans l 'inhibition simultan6e des processus de croissance (la croissance ~tant d~finie comme une aug- 
mentation irreversible de volum~ ). 
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Les  s u b s t a n c e s  b, fonct ion  SH tcl les que  la cys t+ine  ~t It' g l u t a t h i o n  p r o v o q u e n t  la division cellu- 
a i re  e t  i n h i o e n t  le passage  Y - +  M chez h 's  o r g a n i s m c s  qui  p rodu i scn t  r( ,guli~renlent la forme M. 
L ' ac ide  ascorb ique  n ' a  a u c u n e  ac t ion.  On i lnagine que  l 'dquilibro in t raccl lu la i re  su l fhydry le  ~ di- 
su l fure  p e u t  r a i s o n n a b l e m e n t  rendre  c o m p t e  de la p lupa r t  ( h s  o b s t r v a t i o n s  concc rnan t  l ' inf luenee 
du  mi l i (u  de croissance sur  le dimorplaisnle (Y -+ M) dc Candida albicans (~ t d ' a u t r t s  t.sp~ces de 
Mycotoruloideae). 

L ' inh ib i t i on  de la divis ion cellulaire (el la s t i m u l a t i o n  ch Y-~  M) , 'st provoqudc par  lo t r a i t enu ,n t  
de difl6rt n t c s  esp6ces de hvur~  s par  la pdnicill im, t t  par  h s ions eobalt~ ux.  Sau l  t n ce qui  concerne  
le bore (~ ff~t ldgt r) lt s au t r c s  m ~ t a u x  lourds  dtudi6s ne prds( nt~ nt  pas  d ' ac t ion .  L ' t  fh.t do la pdnicillin(, 
e t  du  coba l t  ~st ~ mlgOch6 par  la cys td ine .  

D t s  ~ t u d t s  cy to log i qu t s  pr61iminaircs (b. l 'a idc de bh 'u  de toluidinc) mon t r t  n t  que  la divis ion 
du  noyau  p e u t  avo i r  l i tu  m~rne lorsque la d ivis ion cd lu la i r c  est bloqude. C~ ci p rovoque  l ' appar i t ion  
d '~16ments  M m u l t i n u c l d ( s  c o m m e  on h s t rouve  dans  Y - ~  M. 

Cos obse rva t i ons  s en t  discut6~ s t n  re la t ion  a w c  qut  lqu~s aspec t s  g6n~raux de la divis ion cellu- 
laire, en  par t icul i t  r l ' ac t ion  du c a m p h r e  sur  les l evu r t s  et  l ' ac t ion  des  poisons de la mi tose .  

Z U S A M M E N F A S S U N G  

Eine  H y p o t h e s e  fiber die Ve rwand l ung  der  Hefezel len in ein H e f e m y c e l i u m  (Y -~ M) wird auf-  
gestel l t .  Diese V e r w a n d l u n g  ist  a u f  eine spezifische H e m m u n g  der  Zel l te i lung ohne  gleichzeit ige Hem-  
m u n g  des  W a c h s t u m s  zuri ickzufi ihren,  wenn  m a n  das  W a c h s t u m  als  eine irreversibele Z u n a h m e  des 
V o l u m e n s  definiert .  

V e r b i n d u n g e n  die wie Cyste in  oder  G l u t a t h i on  S H - G r u p p e n  en tha l t en ,  ru fen  Zel l te i lungen her- 
vor  u n d  h e m m e n  die V e r w a n d l u n g  Y --~ M bei Organ i smen  die regelmikssig Mycelien bilden. Ascorbin-  
s au re  h a t  keine  derar t ige  W i r k u n g .  Die Verfasser  n e h m e n  an, dass  alas in der  Zelle he r r schende  Gleich- 
gewich t  Su l fhyd ry l  ~ Disulfid die me i s t en  B e o b a c h t u n g e n  tiber den Einf luss  des  N/ ihrbodens  au f  
den  D i m o r p h i s m u s  (Y -+ M) yon Candida albicans (und ande re rMyco to lu lo ideae -Ar ten )  erkl~.ren kann.  

Es  wird gezeigt  dass  H e m m u n g  der  Zell tei lung (und von Y --~ M) du t ch  B e h a n d l u n g  verschiede-  
ner  He fea r t en  m i t  Penicil l in und  m i t  Co +* bewirk t  wird. Mit A u s n a h m e  yon Bor  (das eine schwache  
W i r k u n g  hat)  zeigen die ande ren  u n t e r s u c h t e n  Schwermeta l le  keine "~Virkung. Die W i r k u n g  w m  
Penicil l in und  Co ++ wird du rch  Cyste in  g e h e m m t .  

Cytologische  Vorversuche  (mit  Toluid inblau)  lehren, dass  die Ke rn t e i l ung  vor  sich gehen  kann ,  
a u c h  wenn  die Zel l te i lung aufh6r t .  Das  Ergebnis  s ind Mycelien mi t  meh re r en  Kernen ,  wie m a n  sic 
in Y -+ M antr iff t .  

Diese Ergebn i sse  werden im Hinbl ick  au f  einige a l lgemeine  Aspek te  der  Zel l te i lung insbesondere  
den  Ef fek t  yon  K a m p f e r  au f  Here und  die W i r k u n g  der  Mitosegif te  er6r ter t .  
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