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SUMMARY 

The a b i l i t y  of d i v e r s e  m i c r o b i a l  s p e c i e s  t o  concen t r a t e  uranium, 

cesium, and radium was examined. Saccharomyces cerevisiae, Pseudomonas 

aemginosa, and a  mixed c u l t u r e  of d e n i t r i f y i n g  b a c t e r i a  accumulated 

uranium t o  10  t o  15% of t h e  dry  c e l l  weight .  Only a  f r a c t i o n  of t h e  

c e l l s  i n  a  g iven  popu la t ion  had v i s i b l e  uranium d e p o s i t s  i n  e l e c t r o n  

micrographs. While metabolism w a s  n o t  r e q u i r e d  f o r  uranium uptake ,  

mechanis t ic  d i f f e r e n c e s  i n  t h e  meta l  up take  p roces s  were i n d i c a t e d .  

Uranium accumulated s lowly (hours)  on t h e  s u r f a c e  of S. cerevisiae and 

was s u b j e c t  t o  environmental  f a c t o r s  ( i . e . ,  t empera ture ,  pH, i n t e r f e r i n g  

c a t i o n s  and an ions ) .  I n  c o n t r a s t ,  P. aemginosa and t h e  mixed c u l t u r e  

of d e n i t r i f y i n g  b a c t e r i a  accumulated uranium r a p i d l y  (minutes) as dense,  

appa ren t ly  random, i n t r a c e l l u l a r  d e p o s i t s .  Th i s  very  r a p i d  accumulat ion 

h a s  prevented u s  from determining whether t h e  uptake  r a t e  du r ing  t h e  

t r a n s i e n t  between t h e  i n i t i a l  and e q u i l i b r i u m  d i s t r i b u t i o n  of uranium 

is  a f f e c t e d  by environmental  cond i t i ons .  However, t h e  f i n a l  e q u i l i b r i u m  

d i s t r i b u t i o n s  a r e  n o t  a f f e c t e d  by those  c o n d i t i o n s  which a f f e c t  up take  

by S .  cerevisiae. Cesium and radium were concen t r a t ed  t o  a  cons ide rab ly  

l e s s e r  e x t e n t  t han  uranium by t h e  s e v e r a l  mic rob ia l  s p e c i e s  t e s t e d .  The 

p o t e n t i a l  u t i l i t y  of microorganisms f o r  t h e  removal and c o n c e n t r a t i o n  of 

t h e s e  me ta l s  from nuc lea r  p roces s ing  was tes  and s e v e r a l  b i o r e a c t o r  des igns  

f o r  c o n t a c t i n g  microorganisms w i t h  contaminated was te  streams w i l l  be  

d i scussed .  
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INTRODUCTION 

The use of microbial cells as biosorbents for heavy metals offers a 

potential alternative to existing methods for the decontamination and/or 

recovery .of heavy metals from a variety of industrial aqueous process 

streams (4,16,23,24,29). Biosorptive extraction of uranium from natural 

waters has been proposed as well (10,18). Metal accumulation by bio- 

sorption is generally considered to be a rapid physical/chemical phenomenon 

using preexisting biomass. Biosorption mechanisms have not been as ex- 

tensively studied as growth-associated metal accumulation by microorganisms 

and other life forms. 

Our investigations have been directed at the use of microbial bio- 

Sorption of metals' for the removal of radionuclides (e.g., uranium).located 

in waste streams from the nuclear fuel processing industry (23,24). While 

the-emphasis has been on process development, we also desired an.under- 

standing of the mechanism of uranium uptake to determine if it could be 

enhanced through environmental or genetic manipulation of the microbial 

cells. Two organisms, Saccharomyces cerevisiae and Pseudommurs aeruginosa, 

were selected from an earlier survey (23) for a detailed characterization 

of uranium uptake. Both had been used in previous metal uptake studies 

(H. R. Meyer, Ph.D. thesis, Colorado State University, Fort Collins, 1977; 

11,14,17), and many aspects of their physiology, structure, etc., were 

documented in the literature. The selection was fortuitous in that the 

evidence we report suggests two separate biosorption mechanisms. 

To gain a better understanding of the uranium uptake phenomenon, we 

determined the physical location of cell-bound uranium and examined the 

effect of environmental conditions, chemical agents (including metabolic 

inhibitors), and potentially inferfering metal ions (i.e., calcium) on 



uranium uptake.  I n  a d d i t i o n ,  t h e  uranium complexing c a p a b i l i t y  of c e l l -  

s u r f a c e  components (phosphorylated po lysaccha r ides ,  amino a c i d s )  which 

might be  p a r t i c i p a t i n g  i n  me ta l  b ind ing  w a s  measured. 

The a b i l i t y  of a  v a r i e t y  of microorganisms t o  accumulate cesium and 

radium was cons idered  i n  regard  t o  p o t e n t i a l  t r ea tmen t  p roces ses  f o r  two 

r a d i o a c t i v e l y  contaminated waste snl l i t i ons  . 

MATERIALS AND METHODS 

Radionucl ide uptake experiments .  The organisms used i n  t h i s  s tudy  

and t h e i r  sou rces  a r e  l i s t e d  i n  Table  1. Radionucl ide uptake  by r e s t i n g  

c e l l s  was determined as fo l lows:  Suspensions of washed c e l l s  were added 

t o  s o l u t i o n s  con ta in ing  a  known c o n c e n t r a t i o n  of t h e  r a d i o n u c l i d e  and 

p rev ious ly  e q u i l i b r a t e d  t o  t h e  d e s i r e d  temperature.  Addit ions o r  a d j u s t -  

ments t o  t h e  s o l u t i o n s  were made p r i o r  t o  c e l l  a d d i t i o n .  I n  t h o s e  in-  

s t a n c e s  where t h e  c e l l s . w e r e  chemica l ly  p r e t r e a t e d ,  t h e  washed c e l l s  were 

exposed t o  t h e  chemical  agen t  a t  room tempera ture  f o r  a . g i v e n  t ime,  t hen  

rewashed (3X, de-ionized,  d i s t i l l e d  wa te r )  b e f o r e  r e suspens ion  and a d d i t i o n  

t o  t h e  r a d i o n u c l i d e  s o l u t i o n .  The r a d i o n u c l i d e - c e l l  mix ture  w a s  shaken a t  

100 rpm (2.54-cm s t r o k e ; r o t a r y . s h a k e r ) .  A t  t h e  d e s i r e d  t ime i n t e r v a l ,  

c e l l s  were removed from a l i q u o t s  of t h e  primary suspens ion  by c e n t r i f u -  

g a t  ion.  The remaining s o l u b l e  uranium was assayed spec t ropho tome t r i ca l ly  

u s ing  Arsenazo I11 r e a g e n t  (17,22,24) .  137~es ium and 2 2 7 ~ a  were assayed 

by y r a d i a t i o n  counting.  C e l l - f r e e  c o n t r o l s  were r u n  concur ren t ly  i n  a l l  

experiments .  

Growth-associated 137~s  and 2 2 6 ~ a  accumulat ion w a s  determined as above 

a f t e r  growth of t h e  organisms i n  t h e  a p p r o p r i a t e  medium ( s e e  t e x t )  contain-  

i n g  t h e s e  r a d i o n u c l i d e s .  

E l e c t r o n  microscopy. Transmission e l e c t r o n  photomicrographs and 

energy d i s p e r s i v e  x-ray d a t a  were obta ined  by L. K. West (Department of 



Table 1. Microorganisms and t h e i r  sources  

Organism Source Cu l tu re  medium 

Saccharomyces cerevisiae 
NRRT, Y-2574 

Pseudomonas aeruginosa 
csu 

Ashbya gossypii 
NRRL Y-1056 

PeniciZZiwn chrysogenwn 
NRRL 807 

ChZore ZZa pyrenoidosa 
ATCC 7517 ; 

ARS C u l t u r e ~ C o l l e c t i o n  YM (Ref. 7) 
Peor ia ,  I l l ,  , . Syutlieeic (ReF. 28) 

H. R. Meyers and S. Johnson YM (Ref. 7) 
Colorado S t a t e  Univers i ty  
For t  C o l l i n s ,  Colorado 

ARS Cul tu re  Co l l ec t ion  YM ('Ref. 7) 
Peor i a ,  Ill. 

ARS Cul ture  Co l l ec t ion  
Peor i a ,  Ill. 

YM (Ref. 7) 

American Type Cul ture  Co l l ec t ion  WS pond water  
Rockvi l le ,  Maryland 

WS "algae" Natura l  blook of blue-green and WS pond water  
green a lgae  from pond water  

Mixed c u l t u r e  of ' . C .  W. Hancher . .  . ~ e n i t r i f ~ i n g  medium 
d e n i t r i f  y ing  Chem. Tech. Divis ion  (Ref. 10) 
b a c t e r i a  ORNL, Oak Ridge, Tenn. SRS SW 



Biochemistry, Univers i ty  of Tennessee, Knoxville, Tenn.). The genera l  

procedure involved f i x a t i o n  o r  uranium-exposed c e l l s  with 1% osmium 

t e t r o x i d e  i n  0 . 1  - M cacodylate buf fe r  (pH 7.2, 3.5 h ) ,  dehydration i n  a 

graded s e r i e s  of acetone s o l u t i o n s  and embedment i n  p l a s t i c .  Thick 

(250-nm) sec t ions  were used t o  ob ta in  t h e  energy d i spers ion  x-ray da ta .  

3 Calcium e f f e c t .  The uranyl  n i t r a t e  s o l u t i o n  (100 g/m uranium) was 

- 2 
supplemented wi th  8 x 10 c i / m 3  4 5 ~ a ~ 1 2  (New England Nuclear, Boston, 

3 Mass.) and 100 g/m unlabeled CaC12. After  contact  with the  c e l l s ,  so lub le  

ur.anium was measured using t h e  standard Arsenazo I11 assay,  except t h a t  

8 x - M ethylenediaminetetraacetic a c i d  (EDTA) was included i n  t h e  
I 

assay mixture t o  complex uranium (19). Soluble and cell-bound ( s u l f u r i c  

ac id  d i g e s t )  calcium were determined by standard l i q u i d  s c i n t i l l a t i o n  

counting techniques. 

Phosphomannan. Phosphomannans -from HansenuZa hoZstii  NRRL Y-2449 

. . and H.  capsuZata NRRL Y-1842 (kindly supplied by M .  E. s iodk i ,  Northern 

Regional Research Center ,  Peor ia ,  I l l . )  were dissolved i n  de-ionized dis-  

t i l l e d  water and mixed ind iv idua l ly  with uranyl  n i t r a t e  hexahydrate so lu t ions  

3 
t o  give f i n a l  uranium concentra t ions  of e i t h e r  478 t o  1044 g/m and a f i n a l  

phosphomannan concentra t ion of 0.2% (w/v). Af ter  s t i r r i n g  f o r  1 h a t  room 

temperature, t h e  phosphomannans were p r e c i p i t a t e d  by the  add i t ion  of 1 .5  

volumes of 95% ethanol  and 0.1% K C 1  (w/v). The p r e c i p i t a t e s  were removed 

by c e n t r i f u g a t i o n  a t  7000 x g f o r  20 min, and so lub le  uranium was deter -  

mined i n  t h e  supernatant  by t h e  Arsenazo I11 assay.  A uranyl  n i t r a t e  hexa- 

hydrate  s o l u t i o n  was t r e a t e d  i n  t h e  same manner a s  a control .  

RESULTS 

Uranium 

The microbial  c e l l s  used i n  these  experimen,ts were cul tured i n  t h e  

absence of uranium. Addi t ional ly ,  they were washed f r e e  of extraneous 
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n u t r i e n t s  before  exposure t o  uranium. Therefore, t h e  measured uranium 

uptake is  considered t o  be an inherent  proper ty  of the  c e l l s  and one not  
I 

I 

i associa ted  with c e l l  growth. .Th i s  is  f u r t h e r  emphasized by t h e  rapid  

r a t e s  of metal  uptake by S. cerevisiae and P. aeruginosa a s  i l l u s t r a t e d  

i n  Fig.  1. The r a t e  of uptake by P. aemginosa i s  extremely rapid .  

Although a t t r a c t i v e  f o r  process a p p l i c a t i o n ,  t h i s  rapid  r a t e  has  hampered 

I s t u d i e s  of t h e  e f f e c t s  of environmental condi t ions  on uranium uptake by 

I t h i s  organism. Centr i fugat ion t o  separa te  t h e  c e l l s  from t h e  metal  

s o l u t i o n  s i g n i f i c a n t l y  extends the  time of exposure. F i l t r a t i o n  has 
I 

proved imprac t i ca l  s i n c e  t h e  c e l l s  r a p i d l y  plug membrane and g l a s s  f i l t e r s ,  

and t h e  f i l t e r  m a t e r i a l s  themselves adsorb some uranium. Prel iminary re- 

s u l t s  obtained by separa t ing  t h e  c e l l s  from t h e  uranium s o l u t i o n  by rap id  

@ 
passage through a bed of ion  exchange resin.(AG 501J-X12, 200-400 mesh, 

hydrogen form, Bio-Rad Laborator ies ,  Richmond, C a l i f . )  i n d i c a t e  t h a t  t h e  

uranium i s  associa ted  with t h e  cells wi th in  5-10 seconds a f t e r  exposure. 

Thus i n  the  experiments presented below, the .apparen t  l a c k o f  an e f f e c t  

of imposed condi t ions  on uranium uptake by P. aeruginosa may be due t o  

our i n a b i l i t y  t o  monitor the  time course of r e a c t i o n  wi th in  a time frame 

of s e v e r a l  seconds. However, uranium accumulation by S. cerevisiae is  

I suff i ,c ient ly  slow so  t h a t  t h e  time requ i red .  f o r  c e n t r i f u g a t i o n  ( 3  t o  5 min) 

i s  a l e s s  s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  time before  an equi l ibr ium i s  

reached between so lub le  and cell-bound uranium. 

Despite d i f f e r e n c e s  i n  t h e  r a t e s  of uranium uptake, t h e  t o t a l  capac i ty  

f o r  metal  accumulation, 10 t o  15% of t h e  dry c e l l  weight, was the  same f o r  

both species .  

Elec t ron microscopic examination and energy d i s p e r s i v e  x-ray a n a l y s i s  

showed t h a t  uranium accumulated a s  needle-l ike f i b r i l s  i n  a l a y e r  4 t o  5 nm 

t h i c k  on the  s u r f  ace of S.. cerevisiae (Fig. 2) . L i t t l e  o r  no. uranium was 
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found w i t h i n  t h e  cells. I n  c o n t r a s t ,  uranium f irmed dense i n t r a c e l l u l a r  

d e p o s i t s  i n  P. aeruginosa (Fig.  3 ) .  Th i s  is  s u r p r i s i n g  i n  view of t h e  

r a p i d  r a t e  of m e t a l  uptake.  

It i s  ev iden t  i n  F igs .  2  and 3 t h a t  no t  a l l  of t h e  c e l l s  possessed 

v i s i b l e  uranium d e p o s i t s .  Those c e l l s  which had uranium d e p o s i t s  (32% 

and 44% of t h e  t o t a l  c e l l s  of S. cerevisiae and P. aeruginosa r e s p e c t i v e l y )  

showed no apparent  s t r u c t u r a l  d i f f e r e n c e s  from those  w'hich d i d  no t  and f o r  

S.  cerevssiae inc luded  both budding and nonbudding c e l l s .  M. McKracken 

( a  summer s t u d e n t  t r a i n e e  i n  our  l a b o r a t o r y  from t h e  Un ive r s i t y  of Vermont) 

developed a  technique  whereby uranium-exposed c e l l s  of both s p e c i e s  could  

be  sepa ra t ed  i n t o  two bands by 15ght  c e n t r i f u g a t i o n  (2000 t o  3000 x g ,  5  
. . 

, t o  10 min) a f t e r  l a y e r i n g  on 40% (w/v) C s C 1 2 .  A s  i n d t c a t e d  by r e a c t i o n  

wi th  Arsenazo 111 r e a g e n t ,  t h e  h e a v i e r  c e l l  band conta ined  t h e  bu lk  of 

t h e  sorbed uranium. We were a b l e  t o  c u l t u r e  a few v i a b l e  c e l l s  on s t r e a k  

p l a t e s  from t h e  sepa ra t ed  bands, b u t  t h e r e  was no d i f f s r e n c e  i n  uranium 

uptake  by i s o l a t e s  of e i t h e r  s p e c i e s  as compared t o  t h e  p a r e n t  c u l t u r e s .  

The cond i t i ons  used t o  c u l t u r e  t h e  c e l l s  can  a f f e . : t  uranium uptake.  

S.  cerevisiae grown on a s y n t h e t i c  medium (28) had a f a s t e r  r a t e  of up take ,  

by ' a  f a c t o r  of 2.5, t han  when grown on a  r i c h  o r g a n i c  medium (18) . Although 

no t  q u a n t i t a t e d ,  t h e  growth rate and c e l l  y i e l d  were reduced i n  a s y n t h e t i c  

medium.. On t h e  o t h e r  hand, t h e r e  was no d i f f e r e n c e  i n  meta l  up take  between 

a e r o b i c a l l y  and a n a e r o b i c a l l y  grown y e a s t  c e l l s .  

Publ i shed  r e p o r t s  of meta l  b i o s o r p t i o n  and ou r  owr, exper ience  w i t h  

S. cerevisiae i n d i c a t e d  t h a t  uranium uptake  d i d  noc r e q u i r e  c e l l u l a r  

metabolism. However, t h e  r a p i d  i n t r a c e l l u l a r  up take  of uranium by 

P. aeruginosa suggested t h e  p o s s i b l e  involvement of metabol. . ically mediated 

a c t i v e  t r a n s p o r t .  Cells of bo th  organisms were s e p a r a t e l y  exposed t o  uranium 

i n  t h e  presence  of t h e  metabol ic  i n h i b i t o r s  2,4 d i n i t r o p h e n o l  (5 x - M) 



8 

- 4 
o r  sodium azj.de ( 1  x 10 3) o r  p re t rea ted  5 t o  10 min wi th  HgC12 (1.0% 

so lu t ion)  o r  formaldehyde (10% s o l u t i o n )  before  expcsure t o  uranium. 

These l a t t e r  two compounds were l e t h a l  f o r  both spec ies  i n  t h a t  no organisms 

could be cul tured from t h e  t r e a t e d  c e l l  prepara t ions .  Uranium uptake by 

C 

both organisms was not  a f f e c t e d  by e i t h e r  metabolic i n h i b i t o r  (Fig. 4 ) .  

Although formaldehyde and HgC12 treatment had no apparent e f f e c t  on 

P. aeruginosa,  t h e  r a t e  of uranium uptake by S. c e r e v i s i a e  (Fig. 5) was 

increased.  

Temperature and t h e  i n i t i a l  s o l u t i o n  pH had a dramatic e f f e c t  on 

metal uptake by S. c e r e v i s i a e .  A s  shown i n  Fig.  6 ,  the  r a t e  of uptake 

increased wi th  temperature between 20 and 50°C. Although t h e  i n i t i a l  

uptake r a t e  increased a s  t h e  pH was r a i s e d  from pH 2.5 t o  pH 5.5, maximal 

equi l ibr ium d i s t r i b u t i o n s  were obtained between pH 3.0 t o  4.0 (Fig. 7 ) .  

There was no d i s c e r n i b l e  response of P. aeruginosa t o  temperature o r  pH 

al though i t  must be remembered t h a t  we were unable t o  observe t h e  t r a n s i e n t  

between t h e  i n i t i a l  and equi l ibr ium s tages .  Since t h e  normal pH of t h e  

uranyl  n i t r a t e  s o l u t i o n  was about 4.0, no r o u t i n e  pH adjustment was 

necessary. 

Water washing was i n e f f e c t i v e  i n  removing uranium from t h e  c e l l s .  

Several  agents t h a t  s o l u b i l i z e  o r  complex wi th  uranium were used t o  t r e a t  

c e l l s  of S. cerevisiae t h a t  had been exposed t o  uranium. N i t r i c  a c i d  

(0.1 - M) , disodium EDTA (0.1 - M) , and ammonium carbonate (0.1 g) removed 

only 59.3%, 72.3%, and 83.5% respec t ive ly  of t h e  bound uranium. To ;deter- 

mine i f  su r face  binding sites were a l t e r e d  by these  treatments,  t h e  t r e a t e d  

cells were washed and re-exposed t o  uranium. A s  shown i n  Fig. 8 ,  a l l  t h r e e  

t rea tments  enhanced t h e  i n i t i a l  r a t e  of uranium uptake, but  n i t r i c  ac id  

and sodium EDTA g r e a t l y  reduced t h e  concentra t ion of uranium on the  c e l l s  

a t  equil ibrium. Two o the r  agents  (not shown), sodium c i t r a t e  (0.1 M) and 



potassium oxa la te  (1.0 PJ), removed 57% and 14% respec t ive ly  of t h e  bound 

uranium and r e s u l t e d  i n  an increased r a t e  of metal uptake s i m i l a r  t o  t h a t  

of ammonium carbonate. Whereas ammonium carbonate treatment before  or  

a f t e r  t h e  i n i t i a l  exposure t o  uranium increased the  metai  uptake r a t e ,  

sodium c i t r a t e  and potassium oxa la te  were only e f f e c t i v e  a f t e r  p r i o r  ex- 

posure of t h e  c e l l s  t o  uranium. Sodium EDTA and n i t r i c  a c i d  were not  

t e s t e d  i n  t h i s  regard.  

It i s  known (6)  t h a t  inso lub le  complexes of p ro te ins ,  such a s  case in ,  

and uranium occur. However, we found t h a t  so lub le  casamino ac ids  (Difco 

Laborator ies ,  D e t r o i t ,  Mich.) a l s o  exhibi ted  t h i s  phenomenon. Amino a c i d  

ana lys i s  of a  casamino acid  s o l u t i o n  before  and a f t e r  exposure t o  uranium 

t e n t a t i v e l y  implicated cys te ine  and glutamic ac id  a s  t h e  responsible  amino 

ac ids .  To determine i f  these  and other amino a c i d s  were s t r o n g  enough 

complexing agents t o  compete with c e l l s  f o r  uranium, they were added in- 

d iv idua l ly  (0.1% w/v) t o  t h e  ce l l -uranyl  n i t r a t e  mixture. The presence of 

s e v e r a l  amino ac ids  had no e f f e c t  on uranium uptake by P. aeruginosa. 

While glutamic a c i d  and a s p a r t i c  ac id  (d icarboxyl ic  amino a c i d s )  s t rong ly  

inh ib i t ed  uranium uptake by S. cerevisiae Fig. 9 ) ,  none of t h e  mono- 

carboxylic amino a c i d s ,  inc luding t h e  s u l f u r  conta in ing cys te ine  and 

methionine, had any e f f e c t .  S u b s t i t u t i o n s  on t h e  amino group (e.g.,  

N-methylglycine, N,N-dimethylglycine and glycylglycine)  of a  monocarboxylic 

amino ac id  d id  not  r e s u l t  i n  i n t e r f e r e n c e  wi th  t h e  corresponding organic 

a c i d s  (e.g.,  a c e t i c  ac id )  d id  i n t e r f e r e  wi th  metal  uptake. 

Potassium (100 g/m3 K+ a s  KC1) had no e f f e c t  on uranium uptake by 

3 
e i t h e r  organism, nor d id  ca2+ (100 g/m a s  CaC12) i n t e r f e r e  with 

P. aeruginosa. 4 5 ~ a l c i u m  was taken up concomitantly with uraniun i n  t h i s  

organism. Both t h e  i n i t i a l  r a t e  of uranium uptake and t h e  u l t ima te  e q u i l i -  

2+ 
brium d i s t r i b u t i o n  with S. cerevisiae a r e  a l t e r e d  by Ca (Fig. 10) .  



Calcium was bound a t  a s l i g h t l y  slower r a t e  than uranium during t h e  f i r s t  

2 h, but  uranium became displaced from t h e  c e l l s  a s  calcium uptake con- 

t inued.  The presence of uranium enhanced calcium uptake. 

Phosphorylated polysaccarides (phosphomannans) comprise a por t ion  of 

the  c e l l  wa l l  of yeas t s  (8). Phosphate groups a r e  p o t e n t i a l  binding sites 

f o r  urmium. A s  s l~uwn i n  Table 2 ,  two prepara t ions  of yeas t  phosphomannan 

were e f f e c t i v e  i n  complexing uranium. 

The a b i l i t y  of microorganisms t o  remove 137~s from s o l u t i o n  w a s  ex- 

amined with both r e s t i n g  c e l l s  (b iosorpt ion)  and growing cu l tu res .  The 

r e s u l t s  a r e  shown i n  Table 3. SRSSW i s  a s o l u t i o n  of reagent  grade chemicals 

designed t o  simulate a high l e v e l  r a d i o a c t i v e  waste so lu t ion .  It conta ins  

s e v e r a l  o ther  metals  and high concentra t ions  of n i t r a t e .  Unlabeled CsC12 

was added t o  t h e  concentra t ion shown along with Q50 pCi 1 3 7 ~ s ~ 1 2  f o r  a 

t r a c e r .  As shown i n  Table 3, t h e  d i s t r i b u t i o n  c o e f f i c i e n t s . w e r e  r e l a t i v e l y  

low .and i n  a l l  cases t h e  bulk of t h e  cesium (as  evidenced by so lub le  radio- 

a c t i v i t y  measurements) remained i n  so lu t ion .  L i t t l e ,  i f  any, growth of the  

d e n i t r i f y i n g  b a c t e r i a  occurred i n  t h e  presence of cesium (ethanol  a s  a 

carbon source ,  incubated anaerobical ly  under a n i t rogen  atmosphere). 

226~adium incorporat ion by microbia l  c e l l s  was considered wi th  regard .  

t o  another r ad ioac t ive  waste problem, namely contaminated waste s to rage  

ponds. I n  a d d i t i o n  t o  2 2 6 ~ a ,  t h e  water  conta ins  a v a r i e t y  of o the r  metal  

spec ies  and 1.3% n i t r a t e .  Samples of the  pond water  were t r e a t e d  a s  indi -  

cated i n  Tables 4 and 5. 2 2 6 ~ a  incorpora t ion has  determined f o r  r e s t i n g  

c e l l s  and under growth condit ions.  While some organisms do accumulate 

2 2 6 ~ a ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  a r e  r e l a t i v e l y  low. 



Table 2. Complexation of uranium by yeast phosphomannans 

Phosphomannan 
Solution uranium uranium 

Mannose b concentration, d m 3  concentration 
a Phosphate ratio Phosphomannan Initial Final % C 

HansenuZa ho Zs t i i  "J5 

NRRL Y-2448 

HansenuZa capsuzata "J2.5 

NRRL Y-1842 

a 0.2% w / v  final concentration. 
bMannose/phosphate ratios supplied by M. E. Slodki, Northern Regional Research 
Center, Peoria, Ill. 

C 
g U 

g phosphomannan x 100. 



Table 3. 137~esium uptake by microorganisms 

Ces ium Cell 
concentration concentrat ion Distribution 

Organism Conditions (g/m3) (g/100 ml) coefficienta 

Pseudomonas Resting cells pH 4' 0.12 
aeruginosa (in SRSSW) 

pH 7 0.12 

Growth 
b 

Saccharomyces Resting cells pH %6 
cerevisiae (in water) 

Growth b 

Mixed culture Growth - denitrifyingC 
of denitrifying medium 
bacteria 

Growth - SRSSW~ 

.--.---.-- 

a cp*.137~~ per g cells D2stribution coefficient: 
cpm lj/~s per g solution 

b~omplex organic medium (see ref. 7). 
C Ethanol (0.5% v/v) as carbon source (see ref. 10). 



Table 4. Uptake of 226Radium from contaminated pond water 
a 

b . Organism 
Distribution 

Conditions coefficientC 

Pseudomoms aeruginosa 

.~accharomgces' cerevisiae PH 4 <<ld 

pH 6.9 <<I 
d 

Ashbya gossypii pH 7.7 344 

PeniciZZ<wn chrysogenwn pH 7.7 624 

Mixed culture of 
denitrifying bacteria 

a 
226~a concentration 345 pCi/k. 

b~esting cells (washed, resuspended in H20) were added to the 
waste solution and the mixture shaken at 25-27°C. 

c ~i 226~a/ cells 
Distribution coefficient: :Ci solution . 
d p ~ i  226~a/g cells essentially equivalent to background. 



Table 5.  2 2 6 ~ a  con ten t  of microorganisms c u l t u r e d  - 

i n  contaminated pond water  

T o t a l  pCi 2 2 6 ~ a  
D i s t r i b u t i o n  

I n i t i a l  . S o l u t i o n  C e l l s  coe f f i c i e n t d  

Mixed c u l t u r e  
d e n i t r i f y i n g  b a c t e r i a  

Glucose growna 48 41, 35 3.5,  2.6 104, 119 

Ethanol  growna 4 8 32, 34 1 .9 ,  3.1 124, 126 

ChZoreZZa pyrenoidosa 

Shake c u l t u r e  b 48 .4 0 0.45 5 1  

S t a t i c  c u l t u r e  
b 48 56 0.63 41  

WS a l g a e C  

Shake c u l t u r e  b 4 8 

S t a t i c  c u l t u r e  48 

a 20 days incubat ion .  Q10 f o l d  i n c r e a s e  i n  c e l l  mass. 

b17 days incubat ion .  

C ~ i x e d  a l g a l ,  blue-green a l g a l  popu la t ion  i s o l a t e d  from pond water .  



DISCUSSION 

Uranium 

Uranium uptake by S. cerevisiae and P. aeruginosa d i f f e r  from each 

other  i n  many respec t s .  The surface-associated a c c u m ~ ~ l a t i o n  of uranium 

exhibi ted  by S. cerevisiae i s  cons i s t en t  with t h e  view t h a t  metal  bio- 

so rp t ion  occurs by t h e  complexation. of p o s i t i v e l y  chargzd metal  ions with 

negat ively  charged r e a c t i v e  s i t e s  (e.g. ,  R-COO-, ~ 0 ~ ~ )  on t h e  c e l l  s u r f a c e  

(2,3,20) o r  i n  e x t r a c e l l u l a r  polymers ( 7 ) .  A s  expected., metal uptake w a s  

a f f e c t e d  by envir~nmental. '~ararneters such a s  pH, temperature ,  and com- 

2+ 
pe t ing  ca t ions  ( i . e . ,  Ca ) Not only can environmental changes a f f e c t  

r e a c t i v e  metal-binding sites,  but  a l s o  t h e  s o l u t i o n  chen i s t ry  of uranium 

i s  q u i t e  complex. I n  t h e  pH range of optimal uranium uptake (pH 3.0 t o  

4 .5) ,  so lub le  uranium e x i s t s  a s  ~ 0 ~ ~ +  (1) and o t h e r  hydrolys is  products 

2+ 
[ (U02) (OH) 2 , ~0~ (OH)', ( ~ 0 2 )  (OH) 5+]. Since carbon dioxide  w a s  no t  

excluded i n  our experiments, carbonate complexat ion  reac t ions  . with the  

uranyl  ion  could a l s o  take  place.  Attempts t o  determine th6 chemical 

s t a t e  of uranium as i t  e x i s t s  on t h e  c e l l  su r face  have been unsuccessful.  

We have observed t h a t  a s  uranium i s  taken up by the  c e l l s ,  t h e  pH r i s e s  

from Q4.0 .to a pH of 5.5 t o  6.0, i n d i c a t i n g  a r e l e a s e  of f r e e  hydroxyl 

ions  from t h e  hydrolys is  products of uranium which a r e  present  i n  an 

aqueous s o l u t i o n  under these  condi t ions .  This suggests  t h a t  ~ 0 ~ ' ~  coulZ 

be t h e  form of t h e  bound metal and, i n  f a c t ,  ~ 0 ~ + ~  r e a d i l y  complexes wi th  

a v a r i e t y  of anions  (6) .  

The r e l a t i v e l y  l a r g e  amounts of uranium accumulated (10 t o  15% of t h e  

dry c e l l  weight) was of concern. This' va lue  i s  s i m i l a r  t o . t h a t  obtained 

f o r  a mixed c u l t u r e  of d e n i t r i f y i n g  b a c t e r i a  (S. E. Shumate I1 e t  a l . ,  

Biotech. Bioeng., i n  press)  and Rhizopus arrhizus (B. Volesky, personal  



comm.). However, i t  was d i f f i c u l t  t o  imagine t h a t  t h e r e  were s u f f i c i e n t  

b ind ing  s i t e s  t o  account f o r  t h i s  much meta l .  Ac tua l ly ,  s i n c e  only 32% 

of t h e  c e l l s  possessed measurable  uranium, t h e  m e t a l  concen t r a t ion  on t h a t  

f r a c t i o n  of t h e  c e l l s  approached 50% on a dry weight  b a s i s . .  Beveridge (2) 

a l s o  observed a nons to i ch iome t r i c  accumulat ion of me ta l s  on i s o l a t e d  c e l l  

w a l l s  of BaciZZus subtiZis. He suggested t h a t  meta l  complexes w i t h  e x i s t i n g  

r e a c t i v e  sites and t h a t  a d d i t i o n a l  meta l  " c r y s t a l l i z e s "  on t h e  bound mole- 

cu l e s .  It would h e l p  t o  kaow t h e  chemical n a t u r e  of t h e  bound metal .  While 

no p h y s i o l o g i c a l  o r  g e n e t i c  b a s i s  f o r  t h e  d i s t r i b u t i o n  of meta l  up take  i n  . 

t h e  c e l l  popula t ion  h a s  been found t o  d a t e ,  t h e  phenomenon i s  n o t  only of 

b a s i c  s c i e n t i f i c  i n t e r e s t  bu t  a l s o  of g r e a t  p r a c t i c a l  importance. I f  t h e  

e n t i r e  popu la t ion  could be  induced t o  accumulate me ta l  through environmentai  

o r  g e n e t i c  manipula t ion ,  p roces s  p o t e n t i a l  would b e  enhanced. 

Ro ths t e in  and Meier (20) gave ev idence  t h a t  po lyphosphate 'g roups  of 

S. cerevisiae complex uranium. ou r  f i n d i n g  t h a t  uranium complexed wi th  

y e a s t  phosphomannans and t h a t  t h e  uranium complexation capac i ty  of t h e  

polymers appeared t o  b e  r e l a t e d  t o  t h e  phosphate  con ten t  suppor t s  t h e  r o l e  

of phosphate  groups i n  me ta l  binding'. Carboxyl groups a r e  a l s o  a c t i v e  i n  

me ta l  complexation ( 6 ;  T. J .  Beveridge and R. G.  E. Murray, Abstr .  Annu. 

Meet. Am. Soc. Microbio l . ,  1978, 55,  p .  77; T.  H. Matthews and R. J. Doyle, 

Abs t r .  Annu. Meet. Am. Soc. Microbio l . ,  1979, K86, p.  159).  The f a c t  t h a t  

y e a s t  c e l l s  grown on a s y n t h e t i c  medium showed enhanced uranium uptake 

r a t e s  .might be  due t o  an  i n c r e a s e  i n  t h e  phosphate and p r o t e i n  con ten t  of 

t h e  c e l l  w a l l ,  which i s  known t o  occur  i n  y e a s t  c u l t u r e d  a t  reduced growth 

r a t e s  (15) .  It would be wortf$$ile t o  examine t h e  e f f e c t s  of growth con- 
( '  

d i t i o n s  and n u t r i e n t  l i m i t a t i o n  i n  bo th  ba t ch  and cont inuous c u l t u r e  on 

c e l l  w a l l  composition of t h e  meta l  b inding  and nonbinding y e a s t  c e l l s  separ-  

a b l e  by CsC12 c e n t r i f u g a t i o n .  Unfo r tuna te ly ,  we have y e t  t o  f i n d  a method 



of removing bound uranium wi thout  a f f e c t i n g  t h e  c e l l  . s u r f a c e  (as evidenced 

by changes i n  subsequent  meta l  up take) .  

 ounce and Flagg ( 6 )  c a r r i e d  ou t  e x t e n s i v e  s t u d i e s  on t h e  complexat.ion 

of uranium wi th  o rgan ic  a c i d s ,  p r o t e i n s ,  and a few amino a c i d s  u s ing  a 

t i t r a t i o n  technique.  Organic a c i d s  and p r o t e i n s  were v e r y  e f f e c t i v e  i n  

complexing wi th  uranium. However, l i t t l e  i n t e r a c t i o n  occurred  between 

uranium and s e r i n e  o r  g l y c i n e ,  which t h e - a u t h o r s  were unable t o  exp la in .  

The a b i l i t y  of c e r t a i n  amino a c i d s  t o  i n t e r f e r e  w i t h  uranium complexation 

by whole c e l l s  of S. cerevisiae appears  t o  b e  a means of add res s ing  t h i s  

ques t ion .  As we observed,  monocarboxylic and' N-subs t i tu ted  amino a c i d s  

were i n e f f e c t i v e  i n  t h i s  r ega rd ,  b u t  d i c a r b o x y l i c  amino a c i d s  and o rgan ic  

a c i d s  d i d  i n t e r f e r e ,  presumably by compet i t ive  complexation of t h e  meta l .  

Molecular models i n d i c a t e d  no b a s i s  f o r  a s t e r i c  h indrance  t o  uranium com- 

p l e x a t i o n  w i t h  monocarboxylic amino a c i d s .  We have t e n t a t i v e l y  concluded 

t h a t  t h e  p o s i t i v e  charge on t h e  amino group which e x i s t s  i n  t h e  pH range  

of our  experiments  i s  . s u f f i c i e n t  t o  prevent  uranium from complexing w i t h  

t h e  proximal carboxyl  group. The d i s t a n t  carboxyl  group of the '  d i c a r b o x y l i c  

amino a c i d  i s  f r e e  t o  complex as a r e  t h e  carboxyl  groups of t h e  corresponding 

o rgan ic  a c i d s .  Unofr tuna te ly ,  r a i s i n g  t h e  pH t o  remove t h e  charge on t h e  

amino group dec reases  t h e  s o l u b i l i t y  of uranium. Although t h e  above i n t e r -  

p r e t a t i o n  would imply t h a t  t h e r e  a r e  only  a l i m i t e d  number of carboxyl  

groups a v a i l a b l e  f o r  m e t a l . b i n d i n g  i n  a p r o t e i n ,  t h e  s i t u a t i o n  must be 

more involved s i n c e  p r o t e i n s  a r e  e f f e c t i v e  complexing a g e n t s  f o r  uranium. 

Cons idera t ion  should be  given t o  t h e  de t e rmina t ion  of t h e  e f f e c t s  of t h e  

charge  i n t e r a c t i o n s  w i t h i n  a p r o t e i n  molecule and t h e  c l o s e  p h y s i c a l  

proximity of carboxyl  groups ( m u l t i p l e  l i nkage  of me ta l  t o  more than  one 

carboxyl  group) .  .It i s  necessary  t o  remember, however, t h a t  i n  a whole 

c e l l ,  amino a c i d s  a r e  n o t  t h e  only  components posses s ing  carboxyl  groups. 



There has been some ind ica t ion  t ha t  reducing the  pos i t ive  charge on c e l l  

'wall components by chemica1.treatment can enhance metal uptake (4). 

Since the  ac t i ve  metal binding s i t e s  on the  surface  of S. cerevisiae 

have not no t  been es tabl ished,  we have no explanation .for the  increase  or 

decrease i n  uranium uptake r a t e s  r e su l t i ng  from chemical pretreatment (e.g., 

ammonium carbonate, H C 1  formaldehyde) . As noted above, formaldehyde g 2' 

could enhance metal uptake by reducing t he  ove ra l l  pos i t i ve  charge of 

c a t i on i c  s i t e s  on c e l l  walls .  Again, both the  t heo re t i c a l  considerations 

and t he  p r a c t i c a l  benef i t  of increas ing microbial metal uptake a r e  of 

importance. 

The response of uranium uptake by S. cerevisiae t o  pH, temperature, 

2+ i n t e r f e r i n g  metal ions (e.g. ,  Ca ) can be understood i f  likened t o  an ion- 

exchange-type mechanism. How do we explain,  however, t he  rapid  i n t r a c e l l u l a r  

uptake of uranium by P. aeruginosa? Within t he  l i m i t s  of our a b i l i t y  t o  

measure uranium uptake, t h e  process i n  t h i s  organism appears i n sens i t i ve  

t o  environmental condit ions,  and we don't know how uranium en te rs  t he  c e l l  

' s o  rap id ly  (metabolism has been discounted). Once i n s ide  the  c e l l ,  uranium 

appears t o  be localized.. Perhaps the heavy metal-binding pro te in  metal- 

lo thionein ,  whose presence has now been v e r i f i e d  i n  a prokaryotic organism (17), 

is involved. I n t e r e s t i ng ly ,  i n  another b a c t e r i a l  system we have examined 

, ( S .  E. Shumate I1 e t  a l . ,  Biotech. Bioeng., i n  p ress ) ,  a mixed cu l t u r e  of 

den i t r i f y ing  bac te r ia  behaves i n  a manner s imi la r  t o  P. aeruginosa ( i . e . ,  

the re  i s  a very rapid uranium uptake and apparent i n s e n s i t i v i t y  t o  environ- 

mental parameters). This mixed cu l t u r e  is  believed t o  be predominantly com- 

pr ised of pseudomonad-like organisms (6 ) .  The r a t e s  of uranium uptake i n  

t h i s  cu l t u r e  were rapid  enough t o  prevent an assessment of mass t r ans f e r  

phenomena. 

Since only 44% of t he  c e l l s  i n  the  e lec t ron  micrographs of P; aeruginosa 

contained v i s i b l e  deposi ts  of uranium, t he r e  i s  again the  t h e o r e t i c a l  and 



~. p r a c t i c a l  ques t ion  of whether  g e n e t i c  o r  environmental  f a c t o r s  govern 

I 
I me ta l  uptake.  
i 
I 
I 
I 

We have o r i g i n a l l y  hoped t o  be  a b l e  t o  e x t r a p o l a t e  t h e  r e s u l t s  of ou r  

s t u d i e s  w i th  t h e  two organisms used i n  o rde r  t o  enhance meta l  b i o s o r p t i o n  

i n  a  v a r i e t y  of bioniass sources .  That t h e r e  are a t  l e a s t  two d i f f e r e n t  

b i o s o r p t i o n  systems,  s u b j e c t  t o  d i f f e r e n t  parameters ,  p rec ludes  any 

g e n e r a l i z a t i o n s .  Enhancement by whatever means w i l l  be  dependent on t h e  

type  of b i o s o r p t i o n  system involved.  F u t u r e  . s t u d i e s  w i l l  be  d i r e c t e d  

toward e l u c i d a t i n g  t h e  two mechanisms observed. It 'is of p a r t i c u l a r  

i n t e r e s t  why only a  p o r t i o n  of t h e  c e l l s  i n  a  popu la t ion  t a k e  up uranium 

and how t h i s  p ropor t ion  can be inc reased .  

Ces ium 

L i t e r a t u r e  r e p o r t s  of m i c r o b i a l  cesium accumulat ion i n d i c a t e  t h a t  

bo th  growth r e l a t e d  and a d s o r p t i v e  phenomena occur  (9,11,18,25,26,27).  The 

s t a g e  of growth f o r  maximum accumulat ion v a r i e s  i n  t h e s e  r e p o r t s .  Also i t  

was found t h a t  cesium was n o t  permanently a s s o c i a t e d  w i t h  growing c e l l s  

and t h a t  w i t h  t ime,  f i r m  b ind ing  was more s i g n i f i c a n t  i n  o l d  c e l l s  and 

d e t r i t u s .  

We at tempted t o  compare our  r e s u l t s  w i t h  t h o s e  i n  t h e  l i t e r a t u r e .  

Notably, i t  has  been shown t h a t  cesium accumulat ion f a c t o r s  o r  d i s t r i b u t i o n  

c o e f f i c i e n t s  decreased as t h e  cesium c o n c e n t r a t i o n  w a s  i nc reased .  For ex- 

ample, F i s e l  e t  a l .  (9) observed maximum accumulat ion by PaeciZZomyces 

marquandii (34% of  added 1 3 7 ~ s )  a t  t h e  lowes t  cesium c o n c e n t r a t i o n  t e s t e d  

(QO .008 mM Cs) . With ChLore ZZa pyrenoidosa (Williams, 25) , i n c r e a s i n g  t h e  

cesium c o n c e n t r a t i o n  from a t r a c e r  l e v e l  (10 pCi 137~sl!L) t o  0 .5  mM decreased  

t h e  concen t r a t ion  f a c t o r  by th ree - fo ld .  Williams (25) a l s o  found t h a t  a 

cesium c o n c e n t r a t i o n  of 0.15 mM s i g n i f i c a n t l y  reduced t h e  c o n c e n t r a t i o n  



f a c t o r  i n  EugZena in te rmedia .  Cesium i n c o r p o r a t i o n  s t u d i e s  done by o t h e r  

workers (11,18,26) involved very  low 13'cs l e v e l s  ( 2  t o  20 x pci lrnl)  

and r e l a t i v e l y  h igh  d i s t r i b u t i o n  c o e f f i c i e n t s  were obta ined .  

The r e s u l t s  i n  t h e  l i t e r z t u r e  as w e l l  as our  own a r e  presented  as d i s -  

t r i b u t i o n  c o e f f i c i e n t s  o r  accumulat ion f a c t o r s .  These v a l u e s  a r e  a  f u n c t i o n  

of bo th  t h e  maximum c e l l u l a r  l oad ing  capac i ty  f o r  cesium and t h e  s o l u t i o n  

cesium concen t r a t ion .  When maximum loading  of t h e  c e l l s  has  been achieved,  

i n c r e a s i n g  l e v e l s  of r e s i d u a l  cesium depres s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t .  

We have observed t h i s  w i t h  m i c r o b i a l  uranium uptake (24) .  It would s e e m ,  

based on t h e  a v a i l a b l e  d a t a  t h a t  h igh  cesium l e v e l s  may n o t  be  i n h i b i t o r y ,  

b u t  r a t h e r ,  t h e  c e l l s  have a  low maximum c a p a c i t y  f o r  cesium. Hence, when 

t h e  c e l l s  have reached t h i s  maximum c a p a c i t y ,  a d d i t i o n a l  unbound cesium 

depres ses  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o r  accumulat ion f a c t o r .  We were 

unable t o  deduce t h e  load ing  c a p a c i t y  from t h e  d a t a  i n  t h e  l i t e r a t u r e ,  and 

our  own experiments  were no t  designed t o  o b t a i n  t h i s  va lue .  -However, a  very  

rough e s t i m a t e  from our  d a t a  i n d i c a t e d  a  l oad ing  c a p a c i t y  of l e s s '  t han  10 pg 

Cs/g c e l l s .  I n  a l l  c a ses ,  t h e  g r e a t e r  p o r t i o n  o f . c e s i u m  remained i n  s o l u t i o n  

provid ing  evidence t h a t  t h e  c e l l s  were s a t u r a t e d  w i t h  ces.ium under t h e  con- 

d i t i o n s  imposed. Addit  i o n a l l y ,  P l a t o  and ' ~ e n o v a n  (18) and Williams (25) 

r epo r t ed  t h a t  cesium accumulat ion f a c t o r s  were c e l l  d e n s i t y  dependent and 

our  own r e s u l t s  (Table 3) a l s o  show t h i s .  

L i t t l e  i s  known about t h e  m i c r o b i a l  accumulat ion of radium. J i l e k  

e t  a l .  (14) observed t h e  removal of 226radium from a  was te  s t ream by 

chemical ly d e r i v i t i z e d  mycel ia  of  PeniciZZiwn cbysogenwn but. no d i s t r i -  

b u t i o n  c o e f f i c i e n t s  o r  c e l l u l a r  c a p a c i t i e s  were r epo r t ed .  P. A. Taylor  

of t h e  Chemical Process  Department, Y-12 Development D iv i s ion ,  Nuclear 

D iv i s ion ,  Union Carbide Corp., Oak Ridge, Tenn. (unpublished)  found 952 



of t h e  2 2 6 ~  removed du r ing  long-term (months) growth of d e n i t r i f y i n g  

microorganisms i n  t h e  same pond water  we examined. Methanol was used a s  

a carbon source.  I n  c o n t r a s t ,  we found ve ry  l i t t l e  2 2 6 ~ a  removal e i t h e r  

by b i o s o r p t i o n  'or du r ing  shor t - te rm (weeks) growth experiments .  Fu r the r  

exper imenta t ion  w i l l  hope fu l ly  r e s o l v e  t h e s e  d i f f e r e n c e s .  
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FIGURE CAPTIONS 

Fig. 1. Removal of uranium from aqueous solution by S. cerevisiue and 

P .  aeruginosa. 

Fig. 2 .  Electron micrograph of S. cerevisiae showing surface accumulation 

of uranium. X35,OOO. 

Fig. 3. Electron micrograph of P. aeruginosa showing intracellular accumu- 

lat ion of uranium. X27,OOO. 

Fig. 4 .  Effect of 2 , 4  dichlorophenol and sodium azide on uranium uptake 

by S. cerevisiae and P .  aeruginosa. 

Fig. 5. Effect of H C1 and formaldehyde pretreatment on uranium uptake g 2 

by S. cerevisiae. 

Fig. 6. The influence of temperature on uranium uptake by S. cerevisiae. 

Fig. 7. The effect of initial pH on uranium uptake by S. cerevisiae. 

Fig. 8. Uranium uptake by S. cerevisiae (pre-exposed to uranium) after 

treatment with nitric acid, disodium ethylenediaminetetraacetic 

acid or ammonium carbonate. 

Fig. 9. Inhibition of S. cerevisiae uranium uptake by glutamic acid and 

aspartic acid. 

Fig. 10. Effect of ca2+ on uranium uptake by S. cerevisiae. 
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