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This report is a summary of our investigations concerning some funda-

mental aspects of the biosorption of metals by microbial cells. These studies

were carried out in conjunction with our efforts to develop a process to

utilize microbial cells as biosorbents for the removal of radionuclides from

waste streams generated by the nuclear fuel cycle. Although the emphasis has

been on process development, we also felt that an understanding of the mechanism(s)

of metal uptake would potentially enable the enhancement of the metal uptake

phenomenon through environmental or genetic manipulation of the microorganisms

being utilized. Our findings do suggest that this may indeed be possible. Also

presented are the results of a preliminary investigation of the applicability of

microorganisms for the removal of 137cesium and 226radium from existing waste

solutions.

Our studies have been directed primarily at a characterization of uranium

uptake by the yeast, Sanaharomyees eevevisiae, and the bacterium, Pseudomonas

aevugi/nosa. These orgai isms were selected from an earlier survey (Table 1)

because they demonstrated significant uranium uptake, they had been used in

previous metal uptake studies, and many aspects of their physiology and structure

were well documented.

Biosorptive metal uptake is considered as a physical/chemical complexation

between metal cations and negatively charged extracellular components. By

*Research sponsored by Office of Nuclear Waste Management and Office of
Environmental Research, U.S. Department of Energy, under contract W-74O5-
eng-26 with the Union Carbide Corporation.



Table 1. Isolation of uranium from solution by microorganisms
during resuspencled contact.*3

Microorganism
Removal
(%)

92

72

94

97

73

95

Cell concentration
(dry basis)
(g/liter)

1.2

/ 1.0

1.2

3.1

7.0

1.3

Metal
distribution
coefficient

9,600

2,730

13,100

10,300

390

15,000

Pseudomonas aeruginosa
(Bacterium)

Zoogloea ramigera
(Bacterium)

Paeeilomyaes marquandii
(Fungus)

Penioillium ahrysogenum
(Fungus)

Ashbya gossypii
(Yeast)'

Saacharomyoes cerevisiae
(Yeast)

Initial uranium concentration was 20 mg/liter. Temperature was 25°C.
- B metal/a cells (dry)

g metal/g solvent



definition, the phenomenon does not require metabolic activity by the micro-

organisms nor is preexposure or adaptation to the metal required. In our

experiments the cells were cultured in the absence of uranium and washed

thoroughly before exposure to the metal (Table 2). Thus the measured uranium

uptake was considered to be due to complexation sites inherent to the cells.

Table 2. Experimental procedure

1. Grow cells

2. Recover, wash, resuspend cells

3. Contact with uranyl nitrate solutions

4. Remove cells by centrifugation

5. Assay supernatant for soluble uranium

6. Determine uranium distribution coefficient

-„ _ Grams U/gram dry cells
Grams U/gram solution

Uranium uptake by 5. cerevisiae and P. aevuginosa was found to occur

rapidly (1-2 h and a few minutes respectively; Fig. 1). In fact, when special

procedures were used to very rapidly separate cells of P. aevuginosa from the

bulk uranium solution, we found that uranium is associated with the cells in

less than 10 s. As a consequence of this rapid uptake, the apparent lack of

any effect of the conditions imposed during uranium uptake by this organism

may have been due to our inability to detect it within the time frame of the

measurements.

Despite the differences in the rates of uranium uptake, the total capacity

for metal accumulation, 10 to 15% of the original dry cell weight, was the same

for both S. cerevisiae and P. aevuginosa. Results indicating the equilibrium

distribution of uranium between S. oevevisiae cells and the aqueous solvent



phase are presented as a sorption isotherm in Fig. 2. A similar capacity was

found for a mixed culture of denitrifying bacteria obtained from another bio-

process being developed in our laboratory.

Electron micrographs revealed that uranium accumulated as needle-like

fibrils in a layer approximately 0.2 ym thick on the surfaces of S. cerevisiae

cells (Fig. 3). In contrast to the surface accumulation exhibited by

S. cerevisiae, uranium accumulated as dense intracellular deposits in

P. aeruginosa (Fig. 4). For both species, not all of the cells within the

population had uranium deposits. Only 32% of S. cerevisiae cells and 44% of

P. aevuginosa cells possessed visible uranium deposits. Besides the funda-

mental question of why tbnly a fraction of the cells in populations of these

organisms are able to accumulate significant amounts of uranium, we are inter-

ested in the practical .jispects of inducing the entire populations to accumulate

-I
metal to enhance process potential. Therefore, it is of interest to determine

i

if uranium uptake ability is subject to environmental or genetic manipulation.

A variety of experiments were carried out to gain some understanding of

the processes of uranium uptake by the two organisms. For example, the con-

ditions used to culture S. cerevisiae were shown to affect the rate of uranium

uptake (Fig. 5). The more rapid rate of metal uptake exhibited by cells grown

on a synthetic medium (as compared to the rich organic medium — YM) may be

attributed to the fact that cell walls of yeasts growing at a slow rate, which

is the case for the synthetic medium, have increased protein and phosphate con-

tents, both of which have been implicated as sites of metal complexation.

Further evidence for the participation of cell wall proteins (presumably carboxyl

groups) and phosphates was obtained. As shown in Table 3, uranium complexation

by yeast phosphomannans (obtained from Hansenula sp.), a cell wall constituent

of 5. cerevisiae correlated well with the phosphate content. Also, formalde-

hyde treatment of the cells increased the rate of metal uptake (Fig. 6) pre-

sumably by reducing the positive charge of surface proteins. The enhancement



of the uranium uptake rate by HgCl2 treatment (Fig. 6) remains unexplained.

Table 3. Complexation of uranium by yeast phosphomannans

Solution uranium
Mannose/ concentration Phosphomannan

Phosphomannan phosphate (g/m3) uranium
from:a ratio^ Initial Final concentration (%)c

H. holstii -v5 478 224 12.7
NRRL Y-2448 1,044 754 14.5

H. capsulata ^2.5 478 48 21.5
NRRL Y-1842 1,044 432 30.6

?Final concentration 0.2% (wt/vol).
Mannose/phosphate ratios were supplied by M. E. Slodki,

Northern Regional Research Center, Peoria, 111

Percentages were calculated as folio
uranium)/(grams of phosphomannan)] x 100.

Percentages were calculated as follows: [(grams of

The rapid rate of uranium uptake by P. aeruginosa suggested the possi-

bility that an active transport system was involved. As shown in Fig. 7,

the metabolic inhibitors 2,4 dinitrophenol and sodium azide had no effect

on uranium uptake by either P. aeruginosa or S. oerevisiae. As well, the

lethal agents formaldehyde and HgCl2 did not affect uranium uptake by

P. aeruginosa.

As shown in Figs. 8 and 9 respectively, pH and temperature had a sig-

nificant effect on uranium accumulation by S. cerevisiae as would be expected

for an ion exchange type phenomenon. Also, interfering cations such as

calcium displaced uranium from the surface of S. cerevisiae (Fig. 10). In

contrast these factors had no apparent effect on uranium uptake by

P. aeruginosa. In fact, nothing we tried appeared to influence the accumu-

lation of uranium by this organism and we are at a loss to explain why.

With this knowledge of the uranium uptake processes in these two

organisms, we hope to direct future work towards an understanding of why



only a fraction of the cells in either population accumulate uranium. Also,

we are interested in how uranium accumulates intracellularly and so rapidly

in P. aeruginosa and whether there are specific metal binding proteins such

as metallothioneins present. Both environmental and genetic determinants

of uranium uptake ability will be considered.

The ability of microorganisms to remove 137Cs from solution was con-

sidered in regard to a potential treatment process for select high-level

radioactively contaminated waste solution (SRSSW). The actual waste solution

was simulated for our laboratory studies with a mixture of reagent-grade

chemicals. It contained several metal species other than cesium and high

concentrations of nitrate. Unlabeled CsCl was added to SRSSW and to the

other test solutions to attain the concentrations shown in Table A; also

added was about 50 yCi of 137CsCl as a tracer.

As shown in Table 4, the distribution coefficients obtained were rela-

tively low, and in all cases the bulk of the cesium (as evidenced by soluble

radioactivity measurements) remained in solution. The denitrifying bacteria

grew little, if at all, in the presence of cesium when ethanol was the carbon

source and when the cultures were incubated anaerobically under a nitrogen

atmosphere.

Literature reports on microbial cesium accumulation describe both

growth associated and adsorption phenomena and there are suggestions that

high cesium concentrations are inhibitory to cesium uptake. Based on a

careful review of available data and our own results we have concluded that

the microorganisms studied have a low capacity for cesium uptake in contrast

to metals like uranium. This capacity was estimated to be less than 10 yg

cesium/g cells in our experiments.

226Radium incorporation by microbial cells was considered with regard

to another radioactive waste problem — namely, contaminated waste storage



Table 4. Uptake of 137Cs by microorganisms

Microorganism
Cell
stage

Culture
medium

Initial cesium
concentration

(g/m3)

Cell
concentration
(g/100 mL)

Distribution
coefficient12

Pseudomonas
aeruginosa

Sacahavomyoes
aerevisiae

Mixed culture of
denitrifying
bacteria

Rest

Growth

Rest

Growth

Growth

Growth

SRSSW at pH 4

SRSSW at pH 7

SRSSW at pH 10.2

Complex organic

Water at pH ̂6

Complex organic^

Denitrifying*7

SRSSW^

0.12

0.12

.,0.12

0.017

0.006

0.017

0.013

0.013

0.013

0.013

0.013

0.913

0.4

0.4

0.4

0.2

0.6

0.4

0.002, 0.003

0.04

0.04

0.006, 0.010

0.03

0.05

11

12

9

16

26

37

228, 469

9

15

95, 137

21

49

"Distribution coefficient: c P m lffiS P C r ,
u cpm lJ'Cs per g solution

Complex organic medium (see ref. 4).

Ethaaol (0.5% v/v) as carbon source.



8

ponds. In addition to 226Ra, the water contains a variety of other metal

species and 1.3% nitrate. Samples of the pond water were treated as indi-

cated in Table 5. Radium-226 incorporation was determined for resting cells

and under growth conditions.

It can be seen that some organisms can accumulate 226Ra under resting

cell or growth conditions (Table 5). However, the distribution coefficients

are relatively low.

Table 5. Uptake of 226Ra (345 pCi/L) from contaminated
pond water by growing cultures and resting cells

Microorganisms and conditions

Growing cultures

Mixed culture of
denitrifying bacteria

Glucose grown (20 d)
Ethanel grown (20 d)

Chlorella pyrenoidosa

Shake culture (17 d)
Static culture (17 d)

WS algae^

Shake culture (17 d)
Static culture (17 d)

Distribution
coefficient

104, 119
124, 126

51
41

46
32

Pseudomonas aeruginosa

Saccharonruaes cerevisiae

Re s t ing

pH
pH

e pH

pH

PH
pH
pH
PH

cells

4
6.

4

7.

7.

3.
5.
7.

9

7

7

9
7
7

Ashbya gossypii pH 7.7 344

Penicilliwn chrysogenum pH 7.7 624

Mixed culture of pH 3.9 7
denitrifying bacteria pH 5.7 95

38

an. ., . ,,. . pCi ^bRa/g cells
Distribution coefficient: r_. •>•><•,,—f* s——:— .

pCi 2 26Ra/g solution
Mixed algal, blue-green algal population isolated

from pond water.
CpCi 226Ra/g cells essentially equivalent to background.
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More recently, a graduate student working in our laboratory has found

that approximately 95% of the radium in this waste solution is removed during

the growth of denitrifying bacteria over a period of several months. He

is currently examining radium uptake by pure cultures of several micro-

organisms. Preliminary results indicate that radium uptake is highly species

specific and that some species can accumulate several hundred pico curies

of radium in a few hours.
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FIGURE CAPTIONS

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

P. aeruginosa.

Fig. 2. Sorption isotherm (40°C) showing equilibrium distribution between

5. aerevisiae cells and solvent.

Fig. 3. Electron micrograph of S. cerevisiae showing surface accumulation

of uranium. X 35,000.

Fig. 4. Electron micrograph of P. aeruginosa showing intracellular accumu-

lation of uranium. X 27,000.

Fig. 5. Effect of growth medium composition on uranium uptake by S. aerevisiae

(see ref. 4).

Fig. 6. Effect of HgCl2 and formaldehyde pretreatment on uranium uptake

by S. cerevisiae.

Fig. 7. Effect of 2,4 dichlorophenol and sodium azide on uranium uptake

by S. cerevisiae and P. aeruginosa.

Fig. 8. The effect of initial pH on uranium uptake by S. cerevisiae.

Fig. 9. The influence of temperature on uranium uptake by S. cerevisiae.

Fig. 10. Effect of Ca2+ on uranium uptake by S. cerevisiae.
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URANIUM CONCENTRATION IN SOLUTION (g/ rn 3 )
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