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INTRODUCTION 

Until recently the literature on the metabolism of cobalt by microorganisms was 
limited to a few studies wherein it had been included in investigations of the toxicity 
of a series of cations 1, 2. While the wide-spread distribution of cobalt in soils, and its 
general distribution in the tissues of higher plants 3, 4, and in animal tissues 5 are well 
known, there seems to be no report of the natural occurrence of cobalt in the cells of 
microorganisms. Spectroscopic examination of the ash of yeast cells failed to reveal 
the presence of cobalt 6. In contrast to the findings with some other metals (i.e., Zn, 
Cu, Fe, Mn, Mo, Ga, and T1), trace concentrations of which are known to stimulate the 
growth of different microorganisms, there seems to be no report for any such action 
on the part  of ionic cobalt. Beginning with very dilute concentrations, cobalt is reported 
to have the effect of progressively decreasing the amount  of growth of different micro- 
organisms when added to culture media in increasing concentration ~, 7. With some 
animals, on the contrary, cobalt is known to be an essential trace element (for review, 
see 8) ; a deficiency of cobalt in pasturage has been shown to be responsible for the appear- 
ance of characteristic symptoms in ruminants  feeding thereon, the condition having 
been recognized in several localized areas throughout the world. 

Within the past year work has appeared from different laboratories indicating that  
cobalt is probably of especial importance in the metabolism of several groups of micro- 
organisms. ALBERT el al. 9 have shown that  cobalt is specifically active in reversing the 
inhibitory action of oxine (8-hydroxy quinoline) on Gram positive bacteria, (while zinc 
and iron have such an action with Gram negative bacteria). In contrast, PRATT ANt) 
DUFRENOY l° have observed that  cobalt specifically potentiates the in vitro and in vivo 
action of penicillin. NICKERSON AND VAN t{IJ Ix, 12 have found that  cobalt can selectively 
inhibit cell division in various yeasts without simultaneously inhibiting growth (defined 
as an irreversible increase in volume) and other metabolic processes. Thus, they have 
obtained the growth of yeasts as elongated mycelial elements. The selective action of 
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cobalt against the enzymatic mechanism of cell division n was observed to be specifically 
antagonized by sulphydryl group compounds. 

In the present study we have examined quantitatively the relationship between 
cobalt concentration and the growth of yeasts (measured as weight increase) in liquid 
media. Employing radioactive cobalt, the extent to which yeast cells accumulate this 
ion has been determined. A preliminary fractionation has been made to learn the 
manner in which cobalt is bound in the yeast cell. A possible mechanism by which 
yeast cells may concentrate cobalt from dilute solutions is briefly considered. 

MATERIALS AND METHODS 

Pure cultures of two different yeasts were employed; Saccharomyces cevevisiae (Carlsberg 
No. 237), and a pathogenic non-sporulating yeast, Candida albicans. Stock cultures were maintained 
in 8 % Pilsner wort in l~reudeureich flasks at  25 °. For experimental purposes the yeasts were grown 
in a medium (GGY) consisting of: 2o.o g glucose, xo.o g glycine, i .o g yeast extract  (Difco), and one 
liter glass distilled water. To this medium appropriate dilutions of a solution of cobaltous nitrate 
(Merck, Darmstadt,  Co(NOa)s.6HtO ) were added to give final concentrations of Co ++ ranging from 
M]iooo to M/64ooo. The medium was dispensed (5o ml per too ml Erlenmeyer flask), autoclaved 
(i2o ° for 20 rain), cooled, and inoculated with o.x ml of a standard density suspension of washed cells 
obtained from a 24 hour growth. The flasks were then incubated, with or without continuous agita- 
tion, as indicated. Growth measurements were made by removing xo ml aliquots, in duplicate, from 
duplicate flasks, filtering through tared Schott G--- 4 fl i t ted glass filters, washing with distilled water, 
drying at  xo5 ° for t6 hours, and weighing. Duplicate determinations by this method agreed to within 
4- 0.2 rag. 

Radioactive cobalt (as cobaltous nitrate) was incorporated into 5oo ml quantities of the GGY 
medium contained in one liter Florence flasks, inoculated, and incubated with continuous agitation 
for 17 hours at  2o °. Samples of the yeast crop (obtained from the centrifuged, triply-washed, yeast 
cream), as well as the samples obtained by subsequent fractionation procedures, were placed on alumi- 
num dishes adapted for GgIGXR-MOLLER counting, and measured automatically 1*. The radioactive 
cobalt was obtained as a purified solution of cobalt nitrate ; it comprised a mixture of isotopes of 
cobalt with an average half-life of about 78 days. 

EXPERIMENTAL 

Cobalt Concentration vs Yeast Growth 

The inhibitory effect of cobalt on the growth of yeast in a natural medium was 
apparently first studied by BOKORNY t. He observed no visible growth of yeast with 
concentrations of Co(NOQs.6I-L,O greater than o.o2% (7" IO-* M). This concentration 
limit agrees well with our own findings. Results on the growth of S. cerevisiae in two 
series of experiments with different cobalt concentrations are given in Table I. Culture 
medium with a cobalt ion concentration greater than lO-4 M permitted little, or no, 
growth of the yeast. A rather sharp break in the curve of growth vs cobalt concentration 
in the region of IO -~ M Co ++ was apparent. No concentration of cobalt tested was found 
to increase the growth of S. cerevisiae, thus agreeing with the report of MOKRAGNATZ 7, 
made on A spergillus niger. 

BUNK et al. x4, a5 observed an inhibitory effect of cobalt on the growth and respiration 
of various microorganisms; this inhibition could be reversibly overcome by the addition 
of histidine, which was shown 16 to form a chelate complex with cobalt. The cobalt inhibi- 
tion of yeast growth has been found to be antagonized by oxinet~; oxine itself was 
without appreciable effect on the strains of yeasts employed. Another type of cobalt 
complex (ammine complexes) was shown by Boolj  ~ to be without inhibitory effect on 
yeast fermentation, even at a concentration of o. I M, whereas Co ++ caused a very marked 
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inhibition of fermentation at o.oi M. The experiments of BoolJ were conducted with 
non-dividing cells, and the concentration of Co ++ necessary to achieve inhibitory effects 
was about lO 2 greater than we have found necessary to cause almost complete inhibition 
of growth in liquid media. Likewise, the effect of cobalt on yeast cells growing in liquid 
media is somewhat different from its effect on cells growing on the surface of agar media. 
Concentrations of Io  -3 M and 5" Io-2 M Co ++ cause no appreciable inhibition of the 
amount  of yeast growth on agar media, but  do result in the inhibition of cell division 
and the consequent growth of the yeast in a filamentous manner. The effect of cobalt 
on the morphology of yeast grown in liquid media is not so pronounced. The differing 
sensitivity of yeasts to cobalt when grown in the two types of media may  result in part  
from differences in oxygen tension; reaction of the cobalt with some component of the 
agar also appears to be a possibility. 

Accumulation o/Radioactive Cobalt by Growing Yeasts 

Radioactive cobalt incorporated into the GGY medium was found to be taken up 
by  yeast cells during growth and to become more concentrated in the cells than in their 
growth medium. The accumulation of cobalt by the cells represented a many-fold 
concentration of the ion intracellularly compared with the concentration initially 
present in the medium. Data  in this respect, for S. cerevisiae and for C. albicans, are 
shown in Table II .  The strain of S. cerevisiae employed accumulated a cobalt concen- 
tration approximately 67o-fold that  present in the medium, while the cells of C. albicans 
achieved a 25-fold concentration (the C. aIbicans culture was not aerated, however). 

The cobalt taken up by the cells was not loosely adsorbed to the cell surface since 
there was no detectable loss of activity by the cells after shaking them for 20 hours in 
sterile distilled water at 20 ° (Table III). If physical adsorption at the cell surface is 
involved in cobalt retention by these yeasts, the binding forces must not be overcome 
by the washing procedure employed. I t  is also evident that  the cobalt accumulated 
by  the cells is not free to diffuse out of the cells. 

Water-washed yeast was subjected to continuous extraction with ether-acetone 
( I : I )  in a Soxhlet apparatus  for 24 hours. Activity measurements were made on the 
acetone-ether extract  (directly, and after concentration), and on the residual yeast 
mass. The yeast before extraction contained 79-3% water; the extraction removed 
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TABLE II 
ACCUMULATION OF LABELLED COBALT B Y  YEASTS DURING GROWTH 

479 

Culture Conditions 

Constant agitation at  20 ° C for x 7 
h in 6o0 ml of medium; 21.o 
zg/L initial cobalt cone., xo6 mg 
dry wt yeast measured for activity 

Constant agitation at  2o ° C for 66 
h in iooo ml of medium; 62.5 
~g]L initial cobalt cone.. 60 mg 
dry wt yeast measured for activity 

StAtionary culture at  25 ° C for 168 
h in 4oo ml of medium; 2x.o 
pg/L initial cobalt conc., 278 mg 
dry wt yeast measured for ac t iv i ty  

Organism 
and Fraction 

S. cerevisiae 
yeast ceils 
medium-fresh 
medium-spent 

S. cerevisiae 
yeast cells 
medium-fresh 
medium-spent 

Counts 
per minute 

4360. 
65/ml 
44.4/ml 

6243. 
19o.6/ml 
31.9[ml 

Counts/rain/ 
g wet "art 

87o0. 
65. 
44'4 

2139o. 
19o.6 
3I .9 

C. albicans 
yeast ceils 
medium-fresh 
medium-spent 

2o83. 
7olml 
6o/ml 

i5oo. 
70. 
60. 

Activity in cells 
Activity in medium 

134 

I I 2  

670 

2 I  

25 

TABLE III  
RETENTION OF LABELLED COBALT BY CELLS OF C .  ~ tca$~k~ SUBJECTED TO WASHING W I T H  DISTILLRD 

WATER FOR 2 0  HOURS AT 2 0  ° 

Cells em ,loyed were part  of the crop grown for Table II. 

Fraction Dry wt of samples (mg) [ Counts/min Counts]min/g wet wt 

kreast cells (after washing) 203 i56o i6oo 

Wash water (6o ml) - -  < x.5 < x.5 

TABLE IV 
EXTRACTION OF LABELLED COBALT FROM CELLS OF S. Cet'~$$a$ 

One liter culture incubated 56 hours at  2o ° with continuous agitation; 20. 7 micro-Curies (62. 5 micro- 
grams cobalt) added per liter. See Table II  for details on total crop. 

Fraction % Standard % Standard/gin 
yeast wet wt 

Whole yeast . . . . . . . . . . . . . . . . . . . .  3o8[6o mg dry wt lO3O 

Ether  extract  . . . . . . . . . . . . . . . . . . . .  o.o5]ml zero 
Yeast (ether extracted) . . . . . . . . . . . . . . . .  53I/i43 mg dry w"c 745 

Trichloracetic acid extract  (filtrate after neutralization) . 26]ml 2o0 
Trichloracetic acid extract  (precipitate after neutralization) 25o/19 mg dr~ wt 7oo 
Yeast (t~ichloracetic acid extracted) . . . . . . . . . .  13.2/78 mg dry wt 35 
Wash water used on acid extracted yeast  . . . . . . .  2.53]ml 1oo 
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81.4% of the fresh weight, and lO.O% of tile dry weight of the yeast. Results of the 
activity measurements are shown in ] 'able IV; it is clear the cobalt was not removed 
from the yeasts by the acetone-ether extraction. 

The residual yeast mass from the above extractions was subsequently t,xtracted 
with cold, IO°/,o trichloracetic acid; insoluble material was removed by. centrifugation 
and washed with water. A portion of the acid extract was neutralized with NaOH, and 
allowed to stand. A flocculant, brownish precipitate settled from the neutralized extract;  
it was removed by filtration, and both filtrate and precipitate were measured for activity. 
The residue insoluble in trichloracetic acid, and the water used in washing it by suspen- 
sion and centrifugation were also measured for activity;  results shown in "Fable IV. I t  
is clear that  the trichloracetic acid extraction removed the greater part  of the cobalt 
act ivi ty from the yeast, and that  most of the activity in the extract was precipitated 
on neutralization. 

Since inorganic cobalt (Co++), if present in the acid extract, would be precipitated 
on neutralization by NaOH, we carried out a neutralization in another experiment 
with NH4OH, which leads to the formation of soluble ammine-complexes and provides 
a partial  means for distinguishing between the possibilities of an organic or an inorganic 
binding of the cobalt in the acid extract. In this experiment inactive carrier cobalt 
was added to a trichloracetic acid extract  which was then divided into two equal 
volumes. One volume was neutralized with NaOH, and the other with NH4OH. A slight, 
brownish, flocculent precipitate still developed in the extract  neutralized with NH,OH ; 
the precipitate with NaOH was in this case heavier and bluish-green, due to the, pre- 
sence of the added carrier cobalt. Activity measurements on the two precipitates (total 
amount in each case) gave nearly identical values" 55% standard with NH4OH, and 
43% standard with NaOH neutralization. Unfortunately,  because of lack of sufficient 
radioactive cobalt, we have been unable to repeat this experiment. We can only con- 
clude that  it indicates that  the cobalt act ivi ty in the trichloracetic acid extract was not 
in ionic form, but probably in some organic combination in which the cobalt is so held 
that  it did not exchange with added inorganic cobalt ions. 

DISCUSSION 

The avidity of growing yeast cells for the cobaltous ion, as shown in our experiments, 
is in marked contrast to the fate of cobalt injected into animals; yet cobalt is toxic for 
yeasts, and an essential trace element r61e in animals, at least in ruminants. CoPP AND 
GREENBERG 17 found that  90% of the radioactive cobalt injected intraperitoneally into 
rats  was excreted within four days. HERESY ls found no uptake of radioactive cobalt 
by  red blood corpuscles. Oral administration of labelled cobalt to rats resulted in 80% 
elimination in the feces, lO% rapididly eliminated in the urine, and very little retention 
by tissues; only the liver consistently accumulated significant amounts 19. Injection of 
cobalt has been found not to cure "coast"  disease in sheep; cure is accomplished only 
on feeding cobaltZ°; the suggestion has been made that  ingested cobalt may act upon 
microorganisms of the rumen and, not directly, upon the host. Certainly, our own results 
show that  furnishing cobalt to two different microorganisms results in their accumulating 
and combining it. 

The occurrence of cobalt in an organic compound of biological origin was reported TM 2z 
simultaneously with our first notice n of the possible organic combination of the labelled 
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cobalt extracted from yeast cells. The demonst,ration 21, 22 of the presence of cobalt in 
the anti-pernicious anemia factor raises still more interest in the problem of cobalt 
metabolism by animals, plants, and microorganisms. The existence of a requirement for 
an organic cobalt compound (vitamin Blv the anti-pernicious anemia factor) by  a 
microorganism, Lactobacillus lactis ~3, 24, which cannot be satisfied by  supplying the 
cobalt ion 22, is now known. Demonstration of whether this is a true requiremert  for 
organically bound cobalt, or merely for the organic par t  of the molecule is yet  to be 
made. The complete absence of requirement for a cobalt compound or ionic cobalt in 
the case of a yeast, S. cerevisiae, is indicated by  the report e of the absence of cobalt 
in yeast ash examined spectroscopically; the absence of cobalt in the ash of the plant 
extract medium (malt extract) used to support  the growth of the yeasts in these ex- 
periments e should also be noted. 

The mechanisms by  which microorganisms (including plankton in the sea) are able 
to accumulate significant concentrations of various cations from extremely dilute 
solutions are of considerable interest*. An attractive suggestion has recently been made 
by  HUTNER 25 that  the cell surface of a microorgani:ms may  include among its archi- 
tectural features the presence of a variety of compounds capable of acting as metal  
receptors by reactions of a chelating nature. The effectiveness of many  substances, acting 
by  chelation, for quanti tat ive reaction with cations is well known. We have considered 
the possibility that  accumulation of cobalt by  yeast  cells may  be the result of its com- 
bination with substances at the cell surface. One substance in yeast cells that  is known 
to form complexes with metals is metaphosphate.  A peripheral distribution for this 
substance in yeast cells is a likely possibility, judging from staining reactions .6, and 
from the localization of alkaline hexametaphosphatase in yeasts ~. Cobalt is not precipi- 
ta ted under alkaline conditions when hexametaphosphate  is present, indicating sup- 
pression of Co ++ by metaphosphate**. Complex formation by  metaphosphate with Ca ++, 
Mg ++, and Fe +++ has been discussed by QUIMBY ~. I t  is suggested that  peripherally 
located metaphosphate might be of significance in the accumulation of metals by  yeasts 
from dilute solutions. 
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SUMMARY 

Data are presented on the relationship between cobalt concentration in a nutrient medium 
and the growth of yeast cells. No evidence was found for growth stimulation at dilute cobalt concent- 
rations. The toxicity of cobalt for yeast growth increases with increasing concentration, and becomes 
markedly toxic in the region of zo --4 M Co. 

* With extremely dilute labelled copper (Io --I0 M), MAZIA AND ~'~ULLINS 80 observed an almost 
quantitative removal of the Cu ++ by photosynthesizing leaves of EIodea (a concentration of 3" zo8 
of Cu** inside over outside was obtained). 

** Systems of FeCla-C_~(NOs)t-Na hexametaphosphate and FeCla-Co(NOa)foxine have been 
examined~; it has been found that cobalt weakens the iron-metaphosphate and iron-chelate com- 
plexes with the reappearance of Fe +++. The possibility of an action of this type being a basis for 
iron "mobilization" (e.g., action of one trace metal in promoting the formation of an organic complex 
of another trace metal, ex., action of Cobalt on hemoglobin formation) has been considered. 
Re~ere ces p. 482/483. 
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Uptake  of labelled cobal t  by growing  yeas t s  in the  a c c u m u l a t i o n  of cobal t  by the  cells to a 
level over  6oo t imes  g rea te r  t h a n  the  concen t r a t ion  in i t ia l ly  p resen t  in the  m e d i u m .  The  cobal t  
a c c u m u l a t e d  by the  cells was no t  free to diffuse out  of the  cells when  subjec ted  to prolonged wash ing  in 
dis t i lh .d  wat~ r. Ace tone -e the r  e x t r a c t i o n  of wa te r  washed  cells r emoved  over  8o "i, of the  fresh weight ,  
and  ro % of the  d ry  weight  of  the  cells b u t  r emoved  no l;tt×:llcd cobalt .  The  cobal t  w:ts largely ~,x- 
t rac ted  from the  cells by cold i o %  t r ichloracet ic  acid, from which it tm'cipit;~ted ;ts organica l ly  
combined  cobal t  on neu t ra l i za t ion  of the  acid ex t rac t .  

The  ab i l i ty  of yea s t  cells to a c c u m u l a t e  cobal t  from di lu te  so lu t ions  du r ing  g rowth  is sugges ted  
to resul t  f rom the  presence of ion-suppress ing ,  complex - fo rming  subs t ances  (such as m e t a p h o s I ) h a t e  ) 
a t  the  cell surface which  can  uni te  wi th  cobal t  to effect  a near ly  q u a n t i t a t i v e  r emova l  of the  ioa 
f rom a d i lu te  so lu t ion .  

Some aspec t s  of cobal t  m e t a b o l i s m  are  briefly d iscussed.  

R~tSU.Xt¢ 

Les r6 su l t a t s  o b t e n u s  conce rnen t  les r e la t ions  e x i s t a n t  en t r e  la concen t r a t i on  en  coba l t  dans  un  
mi l ieu  de  cu l tu re  e t l a  c ro issance  des  cel lules  de  levure .  I1 n ' a p p a r a i t  a u c u n e  s t i m u l a t i o n  de  la crois- 
sance  a u x  c o n c e n t r a t i o n s  di lu6es  en cobal t .  La  toxic i t6  du coba l t  pour  la c ro issance  des  l evures  s 'ac-  
crot t  avec  la c o n c e n t r a t i o n  e t  d e v i e n t  tr~s ne t t e  pour  une  c o n c e n t r a t i o n  de  l 'ordre  de lO --4 M. 

Les  levures  en  vole de croissance  a c c u m u l e n t  du cobal t  m a r q u 4  jusqu 'A une  concen t r a t ion  p lus  
de 6oo lois sup4r ieure  ~. la concen t r a t ion  init iale du milieu.  Le cobal t  a ins i  concent r6  dans  les cellules ne  
p e u t  plus  d i f fuser  A l ' ex t6 r ieur  l o r squ 'on  lave les cel lules d ' u n e  fa~on prolong6e pa r  l ' eau distill6e. Le 
t r a i t e m e n t  des  cel lules  pa r  l ' ac6 tone-6 ther  61imine p lus  de  8o % du poids  frais  des  cellules d4jA lav4es 
pa r  l 'eau,  et  lO% du poids sec, ma i s  n 'en l~ve  pas  de cobal t  marqu6 .  Au contradre le coba l t  es t  ex t r a i t  
pour  la p lus  g r a n d e  p a r t  pa r  l 'ac ide t r ich lorac6t ique  ~ lO% d e n t  on p e u t  le pr6cipi ter  sous  fo rme  
o rgan ique  pa r  neu t ra l i sa t ion  de l ' ex t ra i t  acide. 

L ' a p t i t u d e  des  cel lmes de l evu re s  ~ a c c u m u l e r  le cobal t  5. pa r t i r  de  so lu t ions  di lu6es au  t o u r s  de 
la c ro issance  s e m b l e  due  A la p r ~ e n c e  de  s u b s t a n c e s  capables  de former  des  complexes  (telles que  le 
m 6 t a p h o s p h a t e )  A la sur face  de la cellule de  te l le  so r te  que  la f ixa t ion  du  coba l t  sof t  p r a t i q u e m e n t  
q u a n t i t a t i v e .  Que lques  a spec t s  du m 6 t a b o l i s m e  du  cobal t  s e n t  b r i ~ v e m e n t  d iscut6s .  

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

Die b e s c h r i e b e n e n  Ver suchse rgebn i s se  be t ref fen  das  Verh/ i l tn is  zwischen der  Koba l t konzen -  
t r a t i o n  im  N~ihrboden und  d e m  W a c h s t u m  der  Hefezel len.  Bei  ge r ingen  K o b a l t k o n z e n t r a t i o n e n  
k o n n t e  ke ine  XYachs tumsf6rderung  fes tges te l l t  werden .  Die Gi f t igke i t  yon  Koba l t  fiir Hefezel len 
n i m m t  m i t  de r  K o n z e n t r a t i o n  zu und  wird  bei  e i ne r  K o n z e n t r a t i o n  yon  io --4 M Co s eh r  deut l ich .  

W a c h s e n d e  Hefe  s a m m e l t  mark ie r t e s  Kobadt  bis zu einer  K o n z e n t r a t i o n  die 60o mad gr6sser  
ist, als die A n f a n g s k o n z e n t r a t i o n  im N~ihrboden, in den  Zellen an. Das  so a n g e s a m m e l t e  Kobadt  
k a n n  auch  bei  l a n g e m  W a s c h e n  mi t  des t i l l ie r tem W a s s e r  n ich t  m e h r  aus  den  Zellen herausd i f fundie ren .  
W e r d e n  die Zellen nach  d e m  W a s c h e n  m i t  W a s s e r  m i t  Aceton-ji ,  ther  ex t rah ie r t ,  so werden fiber 
8 o %  des  F r i schgewich te s  und  I o %  des  T rockengewich te s  aber  ke in  m a r k i e r t e s  I{obal t  en t fe rn t .  
Dagegen  wurde  das  K o b a l t  d u r c h  ka l te  I O°/o-ige Trichloressigs~.ure we i tgehend  ex t rah ie r t .  Aus  dieser 
L 6 s u n g  k a n n  es ads organisches  Koba l t  du rch  Neu t ra l i sa t ion  des  s au ren  E x t r a k t e s  gefiillt werden .  

Die F~higke i t  der  Hefeze l len  Koba l t  au s  v e r d i i n n t e n  L 6 s u n g e n  wiihrend des  W a c h s t u m s  a n z u -  
s a m m e l n ,  s che in t  yon  k o m p l e x b i l d e n d e n  S u b s t a n z e n  (wie Me taphospha t )  he rzu r i ih ren  die  sich an  
der  Oberfliiche der  Zelle bef inden u n d  sich mi t  dem Kobadt  ve rb inden  so dass  dieses Ion  nahezu  
q u a n t i t a t i v  au s  ve rd f inn t en  L 6 s u n g e n  en t f e rn t  wird. 

Ein ige  Jkspekte des  K o b a l t m e t a b o l i s m u s  w e r d e n  kurz  ause inande rgese t z t .  
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