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Heavy metal adsorptions of four streptomycetes were compared with each other. Among the test
strains, Streptomyces viridochromogenes showed the most efficient metal binding activity, which was
carried out by cell wall as well as freeze-dried mycelium. An order of adsorption potential (zinc >
copper > lead > cadmium) was observed in single metal reactions, whereas this adsorption order was
disturbed in mixed-metal reactions. The metal adsorption reactions were very fast, pH dependent and
culture age-independent, suggestive of a physico-chemical reaction between cell wall components and
heavy metal ions. The metal tolerant stains presented the weakest adsorbing activity, indicating that
the metal biosorption was not the basis of the metal tolerance.
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The surface envelopes of bacterial cells can adsorb var-
ious heavy metals by virtue of ionic bonds to their intrin-
sic chemical groups. The sites for metal binding are
different according to bacterium species and metals. In
Pseudomonas fluorescens, a Gram-negative bacterium,
for example, the lipoplysaccharide of the outer mem-
brane appears to be associated with platinum while gal-
lium and uranium are bound over the whole cell envelope
(Krueger et al., 1993). The homogeneous distribution of
adsorbed metals in cytoplasm has also been reported for
metals like copper and lead in Pseudomonas stutzeri
(Mattuschka et al., 1994). Some metals such as lan-
thanide in Escherichia coli are precipitated principally in
periplasmic space (Bayer and Bayer, 1991). Periplasmic
metal accumulation was reported for Citrobacter sp.,
which produced metal phosphate by a cell-bound phos-
phatase (Jeong et al., 1997).

Heavy metal adsorption, however, appears to be stron-
ger in Gram-positive cell walls. The metal binding sites in
the cell wall of Bacillus subtilis have been described
(Beveridge and Murray, 1976). Anionic groups such as
carboxylate and phosphate groups of peptidoglycan and
teichoic acids are considered the major metal binding sites
(Beveridge and Murray, 1980). The heavy metal adsorp-
tion by streptomycetes, also belong to Gram-positive bac-
teria, has been presumed to contribute a large heavy metal
binding capacity and is considered an alternative method
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to recover metals from waste liquid. In this respect, ura-
nium absorption by streptomycetes has been most fre-
quently studied using whole cell or cell wall preparations.
Uranium ions were bound to phosphodiester residues
(Friis and Myers-Keith, 1986) and released by EDTA
treatment (Horikoshi ez al., 1981). Further progress in ura-
nium recovery using immobilized cells has been reported
(Nakajima er al., 1982). However, the commercial appli-
cation of biosorption appears to be limited primarily due
to competition with commercial ion-exchangers (Gadd,
2001).

In addition, some Streptomyces species exhibit multiple
tolerance against different metals and metaloids whereas
others are more sensitive to them (Abbas and Edwards,
1989), and streptomycetes can be sub-grouped according
to their resistance to antimony, arsenate and arsenite
(Hénel et al., 1989). The relative effects of different heavy
metals on growth and antibiotics production have been
reported (Abbas and Edwards, 1990). Concerning the
molecular mechanism of metal resistance, mercury resis-
tance through the mercuric reductase system has been
revealed for S. lividans (Nakahara et al., 1985; Rother et
al., 1999).

We have isolated a lead-tolerant Streptomyces strain
from mine soil samples and found that the extracellular
precipitation of superoxide dismutases as a result of lead
adsorption could be a major lead tolerance mechanism of
the strain (So et al., 2001). This report indicates that the
metal adsorption by the cell mass of streptomycetes is not
correlated to metal tolerance.
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Materials and Methods

Microorganisms and culture condition

Streptomyces subrutilus P5, Streptomyces sp. Cl, S. sub-
rutilus KCTC 9086 and S. viridochromogenes KCTC
9009 were used throughout this study. The first two
strains are lead tolerant, isolated from soil samples of
closed gold mines located in Cheon-an and Kong-ju,
Korea, survivable at more than 1.5 mM of lead ions. Their
taxonomic positions have been determined mainly based
on 16S rRNA sequence homologies (GenBank AF401982
for S. subrutilus P5 and GenBank AF403713 for Strep-
tomyces sp. Cl1). Liquid yeast extract-malt extract
(YEME) medium (ISP No.2), composed of 2 g glucose, 2
g yeast extract and 5 g malt extract in 1 L deionized
water, pH 7.2, was used as the culture medium to obtain
biomass. Spores were inoculated into a 1 L Erlenmeyer
flask containing 300 ml YEME broth to the final concen-
tration of ca. 10° spores/ml, and incubated for 6 days at
30°C with shaking at 150 rpm. Mycelium was harvested
by centrifugation for 15 min at 15,000 x g and washed
twice with distilled water. The mycelium was freeze-dried
without addition of protective agents and subjected to
adsorption tests.

Cell walls were prepared from freeze-dried mycelium
by treating with boiling sodium dodecyl sulphate, and
eventually enzymes, to remove remaining nucleic acids
and proteins (Hancock, 1994).

Metal binding assay

The binding of heavy metals was measured for freeze-
dried mycelium and cell wall preparation. The test was
started by adding 10 mg of freeze-dried mycelium into 10
ml of a heavy metal solution prepared by dissolving Zn
(NO,),, Cu (NO,),, Cd (NO,), or Pb((NO,), into deionized
water (initial concentration, 150 pg/ml). During the reac-
tion, the metal-mycelium mixture was kept dispersed by con-
tinuous shaking on a tumbler mixer. At the specific reaction
times indicated in the text, the reaction mixture was filtered
to remove mycelium using a nylon membrane (Whatman,
pore size; 0.45 um) and the residual metal concentration was
measured by an atomic absorption spectrometry using a Pye-
Unicam SP9 spectrometer. The difference between initial
and residual concentrations divided by biomass was calcu-
lated as the specific amount of adsorbed heavy metal.

To investigate the pH effect, the initial concentration
was decreased to 100 pg/ml for each metal to avoid pos-
sible precipitation, and pH values of metal solutions were
adjusted to 3 and 6 using 0.1 N HCI or NaOH, before the
addition of the biomass.

The metal binding test was also carried out for the
mixed metal solution in which NiCl, and the four metal
salts listed above were dissolved together to give the final
concentration of 1 mM for each metal ion. 10 mg of
freeze-dried mycelium or 3 mg of cell wall preparation
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was dispensed into the mixed metal solution and incu-
bated for two hours. Biomass was removed by filtration as
above and the residual metal concentrations for each
metal were measured using an inductively coupled plasma
optical emission spectrophotometer (Unicam 701). All
experiments were carried out at least twice and the rep-
resentative results are given in this report.

Results and Discussion

Single-metal system

The metal adsorbing activities of the streptomycetes were
determined for cadmium, copper, and lead using frecze-
dried mycelium. Table 1 shows that, although each heavy
metal was adsorbed to various extents into the biomass,
the same order of absorption of all strains was followed:
zinc > copper > lead > cadmium. Of these, zinc and cop-
per were highly adsorptive showing more than 0.94
pmols/mg biomass, so that almost all metal ions dissolved
initially in the reaction mixtures were retained in the bio-
mass. Lead was moderately adsorptive and, on an aver-
age, about 0.4 umols/mg biomass were adsorbed.
Cadmium was least adsorbed by the mycelium (0.24-0.47
umole/mg biomass). Among the test strains, S. viridoch-
romogenes was the most effective for all heavy metals. Its
superior metal adsorbing capacity might be due to the rel-
atively high phosphorus content in the cell wall (Rho,
1997), because it is known that the major metal binding
site of the Gram-positive bacteria is the teichoic acid moi-
ety (Beveridge and Murray, 1980; Rho, 1997). The time
course of metal adsorption showed that the metal adsorp-
tion occurred very rapidly and reached equilibrium after
ca. 30 sec for all test strains. The lead adsorption accord-
ing to incubation time is shown in Fig. 1. We noticed the
higher metal binding capacity of S. viridochromogenes
once again, because this strain reached equilibrium at a
higher level of metal adsorption than the other strains. The
adsorption of other heavy metals followed the same pat-
tern (data not shown). No reproducible changes according
to age of mycelium were observed for metal adsorption.
Thus, in the lead adsorption of S. subrutilus P5, the myce-
lium from three-day and nine-day cultures presented sim-

Table 1. Heavy metal biosorption capacities (umols/mg biomass) after
two-hour incubation in single metal suspension of freeze-dried strep-
tomycetes

Metals P5 C1 Ss Sv
Cadmium 0.32 0.24 0.27 0.47
Copper 1.15 0.94 1.08 1.40
Lead 041 0.39 0.39 0.55
Zinc 1.61 1.45 1.50 1.89

P5; S. subrutilus PS5, Cl; Streptomyces sp. Cl, Ss; S. subrutilus
KCTC9086, Sv; S. viridochromogenes
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Fig. 1. Time course of the lead adsorption by streptomycetes, P5; S.
subrutilus PS, Cl; Streptomyces sp. C1, Sv; S. viridochromogens
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Fig. 2. Effect of cell age on the lead adsorption of S. subrutilus P5.
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Fig. 3. Effect of pH on the absorption of heavy metals after two-hour
incubation in each metal suspension (100 pg/ml) by S. subrutius P5.
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ilarly higher adsorption levels than that from six-day
cultures (Fig. 2). The metal adsorption was a pH depen-
dent reaction as the pH increase of the reaction mixture
from pH 3.0 to pH 6.0 accompanied a simultaneous
increase in metal adsorption (Fig. 3). This pH-dependent
increase was most evident in lead adsorption in the case
of S. subrutilus P5. The lower level of lead adsorption (60
ng/mg) in this case, compared with those of previous
results (ca. 80 pg/mg), might be due to the lower initial
lead concentration used for this pH test. A similar con-
centration dependency of biosorption was reported for
Streptoverticillum cinnamoneum, although we did not
measure it in this study (Puranik and Paknikar, 1997). The
reason for less evident pH dependent increases in adsorp-
tion of other heavy metals is not clear, but it might be cor-
related to that different binding sites with different
ionizing patterns contribute to metal adsorption for each
heavy metal (Beveridge and Murray, 1980).

The biosorption capacities determined in this study
match well with the biosorption range of other actino-
mycetes (Friis and Myers-Keith, 1986; Nakajima and
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Sakaguchi, 1986; Mattuschka et al., 1994; Puranik and
Paknikar, 1997), among which S. viridochromogenes
exceeded other actinomycete strains in lead adsorption
(164 pg/mg or 0.79 wmols/mg). Significantly, lead adsorp-
tion was much higher for various fungi including Mucor
rouxii (769 mg/g) (Lo et al., 1999). In many studies,
heavy metal binding was found to be a result of phys-
ico-chemical reaction and metals were rapidly adsorbed
by surface structures of the cell. Negatively charged
sites on the cell wall of Gram-positive bacteria, most of
them phosphate groups of teichoic acids, are the major
metal binding sites. Our results on pH-dependence and
rapid equilibrium time of metal biosorption are in
accord with the contribution of the cell wall in metal
biosorption.

Mixed metal system

We carried out the adsorption test in reaction mixtures
where biomass was exposed to the heavy metal ion mix-
ture. In this mixed metal reaction, we did not see the
sequential binding order found in the single metal reac-
tions (Table 2). Thus, compared with the single metal
reactions, the decrease in zinc adsorption was notable for
all strains, while the lead adsorption was not changed sig-
nificantly. The copper adsorption also decreased for all
strains except S. subrutilus P5. Therefore, it seems that,
while lead occupied its binding sites where adsorption of
other metals took place relatively poorly, the other four
metal ions were competing for metal binding sites. The
cadmium adsorption pattern was also changed; while cad-
mium was less adsorptive to S. subrutilus P5 and Strep-
tomyces sp. Cl, more cadmium was adsorbed by S.
subrutilus KCTC 9086 and S. viridochromogenes. These

Table 2. Heavy metal biosorption capacities ((mols/mg) after two-hour
incubation in mixed metal suspension of freeze-dried streptomycetes

Metals P5 Ci Ss Sv
Cadmium 0.23 0.10 0.36 0.64
Copper 1.18 0.42 0.47 0.63
Lead 0.49 0.31 0.67 0.79
Zinc 0.63 0.40 0.21 0.47
Nickel 0.10 0.10 0.24 0.51

Abbreviations: see Table |

Table 3. Heavy metal biosorption capacities (limols/mg wall) after two-
hour incubation in mixed metal suspension of cell wall preparations of
streptomycetes

Metals P5 Cl Ss Sv
Cadmium 0.06 0.04 0.2 0.87
Copper 0.54 1.08 1.16 1.54
Lead 0.83 0.59 1.51 1.86
Zinc 1.04 1.04 0.17 0.69
Nickel 0.16 0.2 0.32 0.66

Abbreviations: see Table 1
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two strains presented also higher lead and nickel adsorp-
tion capacities, which was not tested in the single metal
reaction.

Cell wall preparations of the test strains exhibited more
effective metal adsorption compared with the freeze-dried
mycelia (Table 3). In other words, most metals were
deposited in the cell wall, except the cadmium adsorption
by S. subrutilus PS5, Streptomyces sp. C1 and S. subrutilus
KCTC 9086 and the copper adsorption by S. subrutilus
P5. Sometimes, heavy metal adsorption occurs mainly in
the interior part of the mycelium (live or dead); copper in
S. pilosus (Golab et al., 1991) and uranium in S. long-
woodensis (Friis and Myers-Keith 1986) are examples. It
seems that cell walls might not be important adsorbents in
these cases. As a whole, S. viridochromogenes was the
most effective adsorbent also in these mixed metal reac-
tions where cadmium-, nickel- and lead adsorption
occurred more extensively than other strains. Zinc and cop-
per, on the other hand, showed moderate affinity to S. vir-
idochromogenes. These differential metal bindings of cell
walls might be due to the differences in binding strength or
to the binding selectivity of cell wall components as is
known for B. subtilus (Beveridge and Murray, 1976). The
role of cell wall functional sites on the lead adsorption by
a streptomycete strain has been revealed by electron micro-
scopic studies which showed the metal deposit area located
in the cell wall structures (Golab er al., 1991). In another
study, S. albus adsorbed copper and gold as well as lead in
its cell wall (Mattuschka et al., 1994).

Interestingly, when we compared lead tolerances of the
test strains, S. viridochromogenes, the strongest heavy
metal adsorbent, was the most sensitive strain that was not
able to survive 1.0 mM of lead in the medium. On the
other hand, S. subrutilus P5 and Streptomyces sp. Cl
could tolerate lead of more than 1.5 mM, although their
lead adsorption was weaker than S. viridochromogenes.
Therefore, the metal biosorption that occurs as a result of
chemical binding between metal ions and cell material,
live or dead, should not be a factor in metal tolerance.
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