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Silver, copper, lead and zinc accumulation by Pseudomonas stutzeri 
AG259 and Streptomyces albus: electron microscopy and energy 
dispersive X-ray studies 
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Metal accumulation by a silver-resistant Pseudomonas stutzeri AG259 strain and a Streptomyces albus strain 
was investigated in a mixed metal solution of silver, copper, lead and zinc. The location of silver, lead and 
copper on cells was determined by transmission electron microscopy coupled with an X-ray analysis system. In 
P. stutzeri cells silver was detected as dense deposits on the cells. Copper and lead were distributed over the 
cells. S. albus accumulated these metals only on part of  cells with a higher concentration per cell than in P. 
stutzeri. 
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I n t r o d u c t i o n  

The high affinity of metal ions to microbial cells has 
been documented by several researchers (Hutchins 
et al. 1986, Gadd 1989, Hughes & Poole 1989, 
Mullen et al. 1989). Various microbial species have 
been studied for their ability to accumulate metals, 
e.g. algae, yeasts, fungi and bacteria (Kuyucak & 
Volesky 1988, Trevors & Cotter 1990, White & 
Gadd 1990, Junghans & Straube 1991, Cotoras et al. 
1992. Farah & Sneddon 1992). The mechanism of 
metal complexation to microbial cells depends on 
the ultrastructure of the microorganism (Gram- 
positive or Gram-negative), growth phase of cells 
and environmental conditions, such as ion concen- 
tration, physical and chemical properties of metallic 
ions, nutrient availability, and pH. The energy- 
independent binding of metals to microbial cell 
surfaces, energy-dependent metal transport and 
complexation of metals to extracellular capsules are 
three main mechanisms of microbial metal binding 
(Beveridge 1986, Scott & Palmer 1988, Ford & 
Mitchell 1992, Slawson et al. 1992a). 
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Electron microscopy is a useful method to study 
metal complexation to cells. For example, the 
intracellular accumulation of germanium in Pseudo- 
monas putida cells was examined by electron micro- 
scopy (Klapcinska & Chmielowski 1986). The differ- 
ence in silver accumulation between silver-resistant 
and -sensitive strains of Eschericha coli was shown 
by transmission electron microscopy (Starodub & 
Trevors 1989). The location of cadmium and the 
chemical nature of bound cadmium in Klebsiella 
aerogenes and a Citrobacter sp. were investigated 
using electron microscopy and X-ray analysis (Aik- 
ing et al. 1984, Macaskie et al. 1987). The staining 
effect of metals on cells increases the contrast of the 
cells and makes the location of some metals visible. 
Electron microscopy coupled with an X-ray detec- 
tion system gives the possibility to analyze the 
elemental distribution in different areas of speci- 
mens. Wavelength dispersive X-ray microanalysis 
makes use of the fact that atoms, when struck by 
electrons from an external source, yield X-rays 
which are characteristic of those atoms (Chandler 
1977). 

Pseudomonas stutzeri AG259 was investigated in 
connection with silver resistance mechanisms and 
silver accumulation (Haefeli et al. 1984, Slawson et 
al. 1990, 1992b). The investigation of the 
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G r a m - p o s i t i v e  Streptomyces albus in me ta l  up t ake  
was ca r r i ed  out  in connec t ion  with fo rmer  exper i -  
ments  with a Streptomyces s t ra in  (unpub l i shed)  
which showed  a high u p t a k e  capac i ty  for  si lver,  lead ,  
c h r o m i u m  and se lect iv i ty  for  these  me ta l  ions. 
A c t i n o m y c e t e s  were  inves t iga ted  for se lect ive  
u r an ium so rp t ion  f rom mixec] me ta l  so lu t ions  
( N a k a j i m a  et al. 1981). A s  c o m p a r e d  with o t h e r  
species  of  mic roorgan i sms ,  ac t inomyce te s  r e m o v e d  
h igher  amoun t s  of  u ran ium.  F o r  e x a m p l e ,  Strepto- 
myces griseoflavus accumula t ed  143.52 m g g  -1 dry  
weight  cells. High  c o p p e r  a d s o r p t i o n  (5.3 mmol  g-1 
dry  weight  cells) f rom a mixed  me ta l  so lu t ion  of  
coppe r ,  u ran ium,  lead ,  mercu ry ,  c a d m i u m ,  zinc, 
n ickel ,  coba l t  and  m a n g a n e s e  was o b s e r v e d  with S. 
albus ( N a k j i m a  & Sakaguchi  1986). 

In our  case,  the  para l l e l  inves t iga t ion  of  the  
G r a m - n e g a t i v e  P. stutzeri and the G r a m - p o s i t i v e  S. 

albus was ca r r i ed  out  to s tudy poss ib le  d i f ferences  in 
me ta l  accumula t ion .  

Materials and methods 

Microorganisms 

P. stutzeri AG259 was maintained in Lennox L (LB) broth 
containing 0.5 mmoll  - t  silver nitrate at 28 ~ Cultures 
were grown in 100 ml of broth contained in a 500 ml 
Erlenmeyer flask for 18 h on a rotary shaker at 120 r.p.m. 
at 28 ~ For long-term storage the culture was maintained 
at - 8 0  ~ in 20% (v/v) sterile glycerol. 

S. albus was obtained from the Department of Micro- 
biology culture collection at the University of Guelph. S. 
albus was grown in 100 ml nutrient broth contained in 
500 ml Erlenmeyer flasks amended with 1% (w/v) maltose 
for 42 h at 28 ~ on a rotary shaker at 120 r.p.m. 

Chemicals 

The metal solutions used in accumulation experiments 
were prepared with nitrate salts of silver copper, lead and 
zinc in 5.0 mmol 1-1 MES buffer (morpholinoethansulfonic 
acid) at pH 5.5. MES buffer exhibits neglible binding to 
metal ions and therefore is useful in metal accumulation 
studies. Each of the four metals was used at a concentra- 
tion of 0.5 or 2.5 mmol1-1 in a mixture for accumulation 
experiments. Ultrapure 6.0 M nitric acid was used for 
desorption of metals from the surface of cells. 

Metal accumulation by cells 

P. stutzeri and S. albus cells were harvested by centrifuga- 
tion at 5000 x g for 10 min at 4 ~ Cells were washed 
twice with MES buffer (pH 5.5) and harvested as before. 
Cells were suspended in the same buffer with double the 
cell concentration desired in the accumulation experiment. 
Cell density was determined by optical density at 600 nm 

and drying of samples at 105 ~ for 24 h to determine the 
dry mass. 

Cell suspensions were mixed in proportion 1:1 with 
metal solutions to yield an initial concentration of 
0.5 mmol1-1 of each metal and a cell mass of 3.0 g1-1 dry 
weight/]. The mixture was contained in a 250 ml Erlen- 
meyer flask and shaken at 120 r.p.m, in the dark. Parallel 
1 ml samples were periodically removed from flasks and 
centrifuged at 5000 x g for 5 rain. The supernatant fluid 
was removed and stored at 4 ~ for metal analysis. Cell 
pellets were washed once with MES buffer and digested in 
ultrapure 6 M HNO3 for 1 h at 80 ~ Metal concentrations 
were measured using an acetylene flame atomic absorption 
spectrophotometer as described by Slawson et al. 
(1992a,b). 

Electron microscopy and energy dispersive X-ray analysis 

Cells from metal accumulation studies and control cells not 
exposed to metals were fixed in 2% glutaraldehyde at 4 ~ 
over night and embedded in 2% (w/v) Nobel Agar. The 
dehydration procedure was carried out with an acetone 
series (30, 50, 70, 95 and 100% acetone). Agar embedded 
samples were treated for 15 min with each of the acetone 
concentrations. The samples were kept over night in 
EPON 812 dissolved in acetone to 50%. The samples were 
then embedded in complete EPON 812 (plus 3% DMP 30 
as hardener). Samples were dried at 60 ~ over 2 days. 
Thin sections (60 nm thick) were prepared using an 
ultramicrotone equipped with a diamond knife. Sections 
were collected on carbon-Formwar coated 200 mesh 
copper or nickel grids. Electron microscopy was carried 
out with a Philips EM 300 electron microscope at 60 kV. 
The EM 400T electron microscope was equipped with an 
EDAX energy dispersive X-ray detector used for ele- 
mental analysis. The investigations were performed with 
an electron beam diameter of 0.4 p,m and counts were 
collected for 100 s. 

Results 

P. stutzeri and S. albus cells were  e xpose d  to a me ta l  
mix ture  of  s i lver ,  lead ,  c o p p e r  and  zinc ions.  The  
meta l  r e mova l  f rom aqueous  so lu t ion  is shown in 
F igures  1 and 2. The  high accumula t ion  ra te  r eached  
equ i l ib r ium be tw e e n  0.5 and 1.0 h. Me ta l  accumu-  
la t ion  af te r  3 h by P. stutzeri and S. albus is also 
s u m m a r i z e d  in Tab le  1. 

E l ec t ron  mic roscopy  s tudies  were  ca r r i ed  out  to 
d e t e r m i n e  where  me ta l  ions were  loca ted  on cells 
af ter  exposu re  to a mixed  so lu t ion  of  s i lver ,  coppe r ,  
l ead  and zinc. U l t r a th in  sect ions  of  P. stutzeri and S. 
albus cells not  e xpose d  and  e xpose d  to me ta l  
so lu t ions  are  shown in F igures  3 and 4, respect ive ly .  
The  contac t  of  cells with a mixed  so lu t ion  of  
0.5 m m o l l  1 si lver,  coppe r ,  lead  and zinc caused  
only min ima l  low s ta ining of  the  cells (F igure  3B).  
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Figure 1. Metal accumulation removal by P. stutzeri 
AG259 from a mixed metal solution of 0.5 mmol 1-1 silver. 
copper, lead and zinc. 

0.6 
A 
--1 

0 0.5 

~_ o . 4  

"0.3 
Z 

d 
~0.2 
0 
- 1  

~ 0 . 1  

~ _" Zn 

Cu 

m - -  

- - "  Pb 

�9 " Ag 

30 60 90 120 150 180 

TIME (MIN) 

Figure 2. Metal accumulation by S. albus from a mixed 
metal solution of 0.5 mmoll [ of each silver, copper, lead 
and zinc. 

The use of a more concentrated metal solution 
(2.5 mmol1-1 of each metal) improved the staining 
effect (Figure 3C and D). Representative energy 
dispersive X-ray analysis graphs for P. stutzeri and 
S. albus samples are shown in Figures 5 and 6. 

The analysis of whole P. stutzeri cells revealed 
that lead, copper and silver accumulated on the cells 
(Figure 5). The distribution of lead and copper 
seemed to be over the entire cell. Silver was 
concentrated in dense deposits on the cell wall as 
well as outside cells. The X-ray pattern of dense 
deposits revealed a silver peak and a weak copper 
peak (Figure 5C). 

It was observed that only a part of S. albus cells 
accumulated high amounts of the metals. The dense 

Metal accumulation by P. stutzeri AG259 and S. Albus 

cell wall areas of metal loaded cells were analyzed as 
lead, copper and silver, The spectra in Figure 6(B) 
shows high lead peaks (peaks from different electron 
stages), a low copper peak and a lower silver peak. 
The copper peaks in Figure 6(a and d) were caused 
by the cooper grid, whereas in Figure 6(b and c) 
nickel grids were used. The X-ray analysis revealed 
no information about zinc, because its signal was 
likely masked by the copper and nickel signals. 

Discussion 

Silver resistance and accumulation were described 
by Slawson et al. (1992a,b) with the silver-resistant 
P. stutzeri AG259 in comparison with a silver-sensi- 
tive P. stutzeri strain JM303. Energy dispersive 
X-ray analyses revealed the association of dense 
silver deposits with the silver-resistant strain, but not 
with the silver-sensitive strain. Silver uptake by the 
resistant strain was determined to be about 
20/~gmg -z dry weight (185 txmolg -1 dry weight) 
(Slawson et al. 1992a,b). 

In the present study metal accumulation from a 
mixed solution of silver, copper, lead and zinc, and 
localization of metals on the strain P. stutzeri 
AG259 was demonstrated. Accumulation of silver 
from a mixed metal solution was 142 txmol Ag g-1 
dry weight of P. stutzeri AG259. The amount of 
silver accumulated decreased compared with silver 
accumulation from silver solution only. This 
decrease was most likely because of the additional 
accumulation of other metal ions. It is noteworthy 
that silver was the metal accumulated to the highest 
level compared with lead, copper and zinc. This may 
be related to the fact that P. stutzeri AG259 is 
resistant to silver via a yet unexplained plasmid 
encoded mechanism. The electron micrograph in 
Figure 3(C) shows that only certain cells accumu- 
lated silver in high dense particles (black circles). It 
was not possible to analyze one part of the cell wall 
or only part of a cell, because of the width of the 
electron beam. Because of the location of electron 
dense areas, we assume that lead and copper were 
distributed over the entire cell whereas silver was 
concentrated in dense deposits on the cell or was 
found outside of cells, possibly on extracellular 
material as metal-sulfide complexes. 

Large metallic deposits of elemental gold on 
Bacillus subtilis cell walls have been described 
(Beveridge & Murray 1976). The process of metal 
accumulation was a two-step deposition with, first, 
stoichoimetric binding of metal to reactive group 
within the wall and, second, nucleation of the 
deposition of more metal at the same location. Silver 
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Figure 3. Electron microscopy.analyses of thin-sections of P. stutzeri AG259. (A) Not exposed to metal, (B) after 3 h 
exposure to a mixed metal solution of 0.5 mmol 1-1 silver, copper, lead and zinc, and (C) after 3 h exposure to a 
2.5 mmoll 1 metal solution of each metal. 

accumulation as dense deposits was also observed in 
Citrobacter intermedius B6 (Goddard  & Bull 1989). 
The silver accumulation capacity was about  
250p~molg -1 dry weight cells in the presence of 
0.5 mmol1-1 initial silver concentration. The dense 
silver deposits were located mostly on the cell wall 
and to some extent outside the cells. 

The observed affinity of metals to S. albus cells 
was (Ag > Pb > Cu > Zn) was similar to previous 
reports.  The fungus P h o m a  sp. bound metals from 

mixed solution in the following order of the amount  
of uptake: Ag > Cu > Pb >,Ni > Cd (Pighi & Schin- 
ner 1989). In general, 32 fungi accumulated silver 
selectively from a multi-r~etal solution. Silver 
accumulation by P h o m a  sp., tolerating 1 mmol1-1 
Ag, was higher with increasing mycelium age. The 
metal  uptake was determined for different Actino- 
mycetes with an affinity of Pb, Cu > Zn,  Co, Ni, Cd 
(Nakajima & Sakaguchi 1986). An explanation for 
the similar affinity of metal  ions to different micro- 
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Figure 4. Electron microscopy analyses of thin-sectioned cells of S. albus (A) Not exposed to metal, (B) S. albus with 
dense silver deposit outside of a cell, and (C) after 3 h exposure to a mixed metal solution of 0.5 mmol 1-~ silver, copper, 
lead and zinc; right: dense deposits analyzed as silver (Figure 6c). 

organisms might be the independence of the process 
from type of microorganism strain. Uranium and 
lead uptake was tested with the strain Streptomyces 
longwoodensis (Friis & Myers-Keith 1986). Older 
cells (>  14 h) accumulated about double the amount  
of uranium of younger cells (<  14 h). Lead uptake 
was determined to be 0 .070gg  -1 dry weight 
(340p~molg -~ dry weight) in the presence of 
0.5 mmol l  - l  lead, pH 3 and 0.3 g1-1 cell mass. 

The electron micrographs revealed the difference 

between cells of S. albus not exposed to the metal  
mixture and cells exposed to the four metals (Figure 
4). Metal-exposed S. albus cells exhibited three cell 
types: cells without metal  staining, cell walls with a 
few small dense areas and fully stained cell enve- 
lopes with a dense structure. The stained cells might 
be dead cells, which have no resistance or protection 
mechanisms, so the metal  ions bind in higher 
amounts on charged sites on the cell walls. Electron 
microscopy examination revealed that the cell wall 
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Figure 5. Representative X-ray analysis of a P. stutzeri 
AG259 cell. (A) Not exposed to metal, (B) whole densely 
stained cell, after exposure to a mixed metal solution of 
2.5 mmol 1-1 silver, copper, lead and zinc, and (C) 
analyses of dense deposits on the cell surface. Samples 
were analyzed on nickel grids. 

of the algae or yeasts was the main location for metal  
deposition (Kuyucak & Volesky 1988). It was 
described that the dead biomass of yeasts tends to 
sequester and retain the metals better,  probably due 
to the absence of active ion transport  mechanisms. 

Both P. stutzeri and S. albus accumulated metals 
mainly on the cell wall. P. stutzeri cells with a higher 
stained cytoplasmic area might bind metals also 
inside the cell. Silver deposits were not observed on 
S. albus like on P. stutzeri. The fact that only a 
portion of S. albus cells accumulated higher amounts 
of metal  is interesting. In contrast,  all P. stutzeri 

cells were stained with lower copper  and lead levels 
than S. albus. 
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Figure 6. Representative X-ray analysis of a S. albus cell. 
(A) Not exposed to metal, sample was analyzed on a 
copper grid, (B) high dense polar end of a cell, after 
exposure to a mixed metal solution of 0.5 mmol 1 -~ silver, 
copper, lead and zinc, sample was analyzed on a nickel 
grid, and (C) high dense deposits, sample was analyzed on 
a copper grid. 
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