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Environmental pollution due to an increase in industrial ac-
tivity is one of the most significant problems over the last 
century and is the corollary of economic growth. Toxic heavy 
metal production from the manufacture of plastic, electro-
plating, pigments, fertilizers, mining, and metallurgical proc-
esses in waste streams and the associated accumulation in 
living tissue throughout the food chain can pose serious 
health hazards (Iqbal and Edyvean, 2004; Akar and Tunali, 
2005). Heavy metals in aquatic environments can be divided 
into two classes: 1) the bioavailable form (soluble, nonad-
sorbed, and mobile) and 2) the nonbioavailable form (pre-
cipitated, complexed, sorbed and nonmobile) (Maier et al., 
2000). The environmental hazards posed by heavy metals 
are directly linked to their mobility and thus their concen-
trations in solution. The processes traditionally used for re-
moving heavy metals from industrial effluents have included 
chemical precipitation and filtration, chemical oxidation or 
reduction, electrochemical treatment, reverse osmosis, ion 
exchange, adsorption, and evaporation. Of these, the preci-
pitation of metals using lime [Ca(OH2)] was the most fre-
quently used method (Park, 1987). While this method was 
economical and effective, metal solubility is affected by 
changes in pH, thus causing metals to be redissolved when 
the pH of the medium departed from the optimal range. In 
addition, these conventional processes were sometimes re-
stricted due to technical or economical constraints (Volesky, 
2001). Recent studies have focused on the biological treat-
ments capable of removing heavy metals from contaminated 

water (Bang et al., 2001). The surfaces of bacteria are anal-
ogous to mineral surfaces in that they possess surface func-
tional groups that can adsorb to cationic species such as 
metals (Warren and Haack, 2001; Goyal et al., 2003). Micro-
bially facilitated removal of metals from contaminated water 
is based on the ability of microorganisms to complex and 
precipitate metals, resulting in both detoxification and re-
moval of metals from the water column. This method seems 
to be a suitable alternative to the existing methods (Volesky 
and Holan, 1995) since microbial cell walls possess several 
carboxyl, hydroxyl, sulfhydryl and amino functional groups, 
which have the ability to bind metal ions (Veligio and 
Beolchini, 1997). Furthermore, the method utilizes different 
forms of microorganisms such as live, immobilized, and pre-
treated forms. The potential adsorptive capacity and affinity 
of bacteria to various types of metal depends on the type 
and density of the functional groups associated with the 
cell. A recent growing interest exists for the use of bacterial 
cells as biosorbents of metals in solution since their effec-
tiveness as solid phase sorbents has increasingly become 
evident (Volesky, 1990; Volesky and Holan, 1995; Schiewer 
and Volesky, 2000).
  In this study, an enriched consortium from lake sediment 
was shown to remove heavy metals such as copper, lead, 
chromium, nickel, and zinc. In particular, one type of bac-
terium, identified as Ralstonia sp. HM-1 by 16S rRNA gene 
sequencing, demonstrated the ability to remove heavy metals 
efficiently.
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The enriched cultures used for the removal of heavy metals 
originated from a biosorption medium (Ismail et al., 2005) 
consisting of a 20 g/L glucose in a basal salt (BS-1) medium. 
In turn, BS-1 was composed of 3.0 g/L of CaCO3, 2.0 g/L 
of (NH4)2HPO4, 1.0 g/L of K2HPO4, 0.5 g/L of MgSO4·7H2O, 
0.5 g/L of KCl, and 0.01 g/L of FeSO4·7H2O. Prior to mixing, 
the glucose solution and BS-1 were autoclaved separately at 
121°C for 15 min. The pH of the growth medium was ad-
justed to 5.5 with 1 M HCl. The development of the en-
riched consortium for heavy metal removal was prepared by 
collecting a 10 g sediment sample from below the Kwangdong 
bridge of Kyungan lake and placing it into a 500 ml serum 
bottle containing 90 ml of sterilized water and subsequently 
incubated the solution at 30°C for the 10 days. Next, a 10 ml 
aliquot of culture broth (without sediment) was transferred 
into each of the two bottles containing 90 ml of the BS-1 
medium supplemented with 20 g/L of glucose and various 
metals. The control experiments were performed under the 
same conditions without inoculating the sediment or culture 
media. The final concentrations of heavy metals of the con-
trol were equivalent to the initial concentrations. One thou-
sand mg/L of each stock aqueous metal solution made up of 
either CuSO4 5H2O, PbSO4, CrK(SO4)2 12H2O, ZnSO4·7H2O, 
or NiSO4·6H2O were diluted by BS-1 medium to proper 
concentration. One bottle was incubated at 30°C on a rotary 
shaker at 180 rpm, while the other was incubated at 30°C 
without shaking (static condition). The heavy metal concen-
trations in the enrichment culture were increased from 10 
to 100 mg/L. All experiments were performed in duplicate.
  After 15 successive culture transfers in the two experi-
mental bottles, the cultures were plated onto biosorption 
agar medium containing the metals. Next, the cultures were 
incubated at 30°C for 10 days with one dominant colony 
appearing on a biosorption agar plate, which was subse-
quently isolated. Repeated transfers of the cells to fresh bi-
osorption agar plates containing the metals resulted in a 
pure culture.

Total genomic DNA was extracted from a single colony grown 
on a biosorption agar plate using an AccuPrep genomic DNA 
Extraction kit (Bioneer Co. Ltd., Korea). Next, a nearly full- 
length 16S rRNA gene sequence was amplified by PCR using 
primers 27F; 5’-AGA GTT TGA TCM TGG CTC AG-3’ 
and 1492R; 5’-TAC GGY TAC CTT GTT ACG ACT T-3’. 
The PCR mixture consisted of 5 l of 10× PCR buffer 
(final concentrations: 50 mM KCl, 1.5 mM MgCl2, 10 mM 
Tris-HCl, pH 8.3), 0.2 mM of each dNTP, 4 l of each primer, 
5 l of template DNA, and 2.5 units of Taq polymerase 
(TaKaRa Ex Taq

®
, TaKaRa Bio Inc., Japan), in a final volume 

of 50 l. The PCR reaction was performed in a thermal cy-
cler (GeneAmp

®
 PCR system 2700, Applied Biosystems Inc., 

USA) at 94°C for 5 min, followed by 35 denaturation cycles 
at 94°C for 1 min, annealing at 55°C for 1 min, and exten-
sion at 72°C for 1 min. A final extension was performed at 
72°C for 7 min. The PCR products were analyzed by agarose 

gel electrophoresis and purified with an AccuPrep PCR pu-
rification kit (Bioneer Co. Ltd., Korea).

The full-length sequence of amplified 16S rRNA genes was 
deposited in the GenBank database of the National Center 
for Biotechnology Information (accession number DQ99783). 
The sequence was submitted to the Advanced BLAST search 
program to identify the sequences of any closely related 
organisms. The related sequences were preliminarily aligned 
with CLUSTAL W (Thompson et al., 1994), and manually 
adjusted with the aid of a 16S rRNA secondary structure 
information using PHYDIT (Chun, 1995). The phylogenetic 
analyses were performed using PHYLIP (Felsenstein, 1993), 
and the phylogenetic trees were determined by using the 
neighbor-joining method with Kimura’s two-parameter model 
(Saitou and Nei, 1987). The resultant tree topology was 
evaluated using a bootstrap analyses of the neighbor-joining 
method based on 1,000 resamplings.

To measure the concentration of heavy metals in a solution, 
10 ml of sample was centrifuged (10,000 rpm) for 15 min, 
followed by filtering of the supernatant. To determine the 
initial concentration of heavy metals in the sediment, a finely 
ground dewatered sediment (0.1 g) or culture sample (10 ml) 
was suspended in a Teflon vessel containing a mixed acid 
solution containing 2 ml of nitric acid and 7 ml of hydrogen 
peroxide. The solution was then adjusted to a final volume 
of 100 ml with distilled water. The vessel was heated to 
200°C at 200 psi in a microwave (Microwave Accelerated 
Reaction System, XP-1500 Plus, USA) to ensure a complete 
digestion of the sediment. The concentrations of heavy 
metals were measured by ICP-MS (inductively coupled plas-
ma mass spectrometer, HP 4500, USA).

The heavy metal removal by an isolated culture was as-
sayed by growing cells in 500 ml serum bottles containing 
100 ml of biosorption medium supplemented with final 
concentration of 200 mg/L of each heavy metal (Cr, Ni, Cu, 
Pb, and Zn). Following the incubation of the culture in a 
rotary shaker at 30°C for 10 days, the cells were harvested 
by centrifugation at 10,000 rpm for 15 min. The resultant 
supernatant was then analyzed for heavy metal concen-
trations by ICP-MS.

A LIBRA 120 (Carl Zeiss, Germany) analytic Transmission 
Electron Microscopy (TEM) was used for TEM analysis. 
Specimen preparation for the transmission electron micro-
scopy consisted of primary fixation with 2% (v/v) paraf-
ormaldehyde and 2% (w/v) glutaraldehyde in 0.05 M sodium 
cacodylate buffer, pH 7.2 at 4°C for 2~4 h. After repeatedly 
washing with 0.05 M sodium cacodylate buffer on 3 occa-
sions at 4°C, a 2% osmium tetraoxide solution in 0.05 M 
sodium cacodylate buffer was added for post-fixation at 4°C 
for 2 h. After briefly washing the mixture twice with distilled 
water at room temperature, En bloc staining was conducted 
at 4°C overnight. Next, the specimen was dehydrated with 
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(A)

(B)

 Heavy metal concentrations in the medium without or with
the inoculated culture, under the static condition. (A) Without in-
oculated culture, (B) With inoculated culture.

(A)

(B)

 Heavy metal concentrations in the medium without or with
the inoculated culture on a shaker. (A) Without inoculated culture,
(B) With inoculated culture.

ethyl alcohol, infiltrated with propylene oxide, polymerized 
at 70°C for 24 h, and sectioned with ultramicrotome (MT- 
X, RMC, USA).

The percent removal of heavy metals by an enriched micro-
bial consortium in a culture media containing different con-
centrations of heavy metals was investigated for samples on 
a shaker and in the static condition (no shaking) (Fig. 1 and 
2). The changes in pH of the culture medium were minor 
(from 5.5 to 5.1), and could be ruled out. The average initial 
concentration of each heavy metal in a culture medium 
containing various heavy metals was set up at 10 mg/L, and 
subsequently increased to 50 mg/L and 100 mg/L. The con-
centrations of Cu for the 5

th
, 10

th
, and 15

th 
culture of the 

medium was decreased by an enriched microbial consor-

tium from the initial medium concentrations of 9.56, 63.1, 
and 104.3 mg/L, to final concentrations of 0.29, 0.3, and 4.9 
mg/L, respectively in the static condition (Fig. 1). The metal 
concentrations of Cr, Ni, Cu, Pb, and Zn for the 15

th
 en-

richment cultures in the static condition were also decreased 
by the enriched microbial consortium, from 199.5, 95.5, 
104.3, 50.0, and 50.0 mg/L to 10.2, 4.2, 4.9, 0.4, and 0.1 mg/L, 
respectively (Fig. 1). The removal efficiencies of heavy metals 
(Cr, Ni, Cu, Pb, and Zn) of the 5

th
 culture via an microbial 

consortium in the static condition were determined to be 
93.2%, 92.0%, 97.0%, 88.1%, and 98.4%, respectively. The 
removal efficiencies increased to near 99.0% and to ap-
proximately 100.0% at the 10

th
 enrichment, but decreased 

slightly as the initial concentration increased to 100 mg/L.
  The concentrations of Cu on the shaker for the 5

th
, 10

th
,

and 15
th

 cultured media were also lowered by the enriched 
microbial consortium to 0.2, 0.2, and 0.2 mg/L, respectively 
(Fig. 2). Compared with the results of the static conditions, 
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 Neighbour-joining tree showing the phylogenetic positions
of strain HM-1 and representatives of some other related taxa
based on 16S rRNA gene sequences. The bar signifies 0.01 substi-
tutions per nucleotide position. The bootstrap values were expressed
as percentages of 1,000 replicates. Percentages greater than 50 are
shown at branch-points.

 Removal efficiency of heavy metals by Ralstonia sp. HM-1.

 The transmission electron micrograph of Ralstonia sp. HM-1
cultured in BS-1 medium supplemented with assorted heavy metals
of Cr, Ni, Cu, Pb, and Zn at each concentration of 100 mg/L.

the concentrations of Cr, Ni, Cu, Pb, and Zn after the 15
th

enrichment culture on a shaker was further decreased to 
0.1, 0.05, 0.5, 0.2, and 0.0 mg/L, respectively (Fig. 2). All 
the removal efficiencies of heavy metals, except for lead 
(Pb) were maintained at approximately 99.0% from the 5

th

to 15
th 

cultures.
  These results indicated that the removal efficiencies of 
the heavy metals on a shaker were generally higher than 
those under the static condition.
  Cheng et al. (1975) reported that the adsorption of heavy 
metals came about in two stages: In the first stage, a sub-
stantial portion of the heavy metals was adsorbed to the 
microorganisms within 30~60 min. In contrast, the process 
was very slow in the second stage. Cheng et al. (1975) sup-
posed that the rapid initial adsorption of heavy metals to an 
activated sludge was attributed to the interactions between 
the metals and the components of the cell wall, as well as 
cytoplasms made up of polysaccharides, proteins, ribonucleic 
acids, and deoxyribonucleic acids, when low concentrations 
of heavy metals were present in wastewater. Nelson (1981), 
Huang (1982) and Khummongkoi et al. (1982) also provided 

a similar interpretation.

Pure colonies were isolated from the 15
th

 enriched culture 
in shaking condition and the isolated strain, HM-1, showed 
a high degree of similarity (100%) to Ralstonia pickettii, 

which belongs to -Proteobacteria (Fig. 3). Therefore, we 
referred to the HM-1 isolate as Ralstonia sp. The activities 
of Ralstonia picketti such as poly (3-hydroxybutyrate)-degra-
dation (Takanashi and Saito, 2006), removal of phenan-
threne (Chávez-Gómez et al., 2003), and aromatic hydrocar-
bon-degradation (Leahy et al., 2003) have been reported. 
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One of Ralstonia species, R. metallidurans was also reported 
as a heavy metal resistant bacterium (Roux and Covés, 2002; 
Mergeay et al., 2003).
  In this study, the isolate Ralstonia sp. HM-1 demonstrated 
removal efficiencies of 99.82±0.18, 96.47±0.44, 97.85±2.42, 
99.96±0.04, and 99.74±0.18% for heavy metals, when the 
initial concentrations of Cr, Ni, Cu, Pb, and Zn were 175, 
118, 151, 10, and 162 mg/L, respectively (Fig. 4). Goyal et

al. (2003) reported that Streptococcus eauisimilis, Sacchar-

omyces cerevisiae, and Aspergillus niger showed a 29.4~49.2%, 
7.6~17.6%, and 22.2~57.0% removal efficiency, respectively 
when the initial Cr(IV) concentration was 50 mg/L. The re-
moval efficiency of lead(II), cadmium(II), copper(II), and 
nickel(II) by anaerobic biomass was 75% upon an initial 
concentration of 100 mg/L (Hawari and Mulligan, 2006). 
Thus, the removal efficiency of the isolated Ralstonia sp.
HM-1 in the present study seems to demonstrate a relatively 
higher efficiency for metal removal. Moreover, the higher 
binding capacity of metal ions by microorganisms with the 
addition of nutrients and higher adsorption rates at higher 
temperatures were reported (Goyal et al., 2003). Therefore, 
if the culture conditions, including nutrient concentrations 
or culture temperature for the isolated Ralstonia sp. HM-1 
are optimized, it is expected that a higher efficiency of 
metal removal can be achieved.
  Figure 5 illustrated the transmission electron micrograph 
of Ralstonia sp. HM-1 cultured in BS-1 medium supple-
mented with 100 mg/L of heavy metals. Under these high 
concentrations of heavy metals, the microbial membrane 
was separated from the cytoplasm and the metals were ac-
cumulated in both the cytoplasm and cell membrane.
  Microorganisms have evolved ingenious mechanisms for 
metal resistance and detoxification (Roane and Pepper, 
2000). The surfaces of bacteria are analogous to mineral sur-
faces in that they possess surface functional groups that can 
attract cationic species such as metals (Warren and Haack, 
2001). Generally, Gram-negative bacteria have thinner pep-
tidoglycan layers and thus lower carboxylic site densities 
than those of Gram-positive bacteria. As a result, the results 
demonstrated that the least amount of metals were bound 
to E. coli cell walls (Warren and Haack, 2001). Recently, 
Puranik and Paknikar (1999) reported that when the Gram- 
negative Citrobacter strain, MCMB-181, was exposed to a 
multi-metal solution, the metals were adsorbed preferen-
tially in the following order: Co

2+
<Ni

2+
<Cd

2+
<Cu

2+
<Zn

2+

<Pb
2+

. As for, Ralstonia sp. HM-1 of the present study, it 
is also Gram-negative and is capable of removing metals 
such as Cu, Ni, Cr, Pb, and Zn. According to the result il-
lustrated in Fig. 4, the data suggests a similar sequence for 
the adsorbing capacity (Ni

2+
<Cu

2+
<Zn

2+
, Cr

2+
, Pb

2+
) com-

pared to Citrobacter. Moreover, the metal binding and dep-
osition sequences are preferentially localized in the polar 
head group regions of the constituent membranes as well 
as along the peptidoglycan layer (Mann, 1990). For bacteria, 
surface reactivity is rendered more complex in that the rel-
ative importance and density of the functional groups differ 
for Gram-negative and Gram-positive bacteria, as well as 
among bacterial species. Moreover, the intracellular metal 
resistance mechanisms in bacteria are not clearly understood 
(Roane and Pepper, 2000). The likely best-known mecha-

nisms involve metal binding or the sequestration by metal-
lothioneins or similar proteins. Metallothioneins have a low 
molecular weight, cysteine-rich proteins with a high affinity 
for cadmium, zinc, copper, silver, and mercury metals. Metal 
binding by metallothioneins can result in cellular accumu-
lations which are visible as electron dense areas within the 
cell matrix (Fig. 5).
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