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Biosorption of Cr*6 by Termitomyces clypeatus has been investigated involving kinetics, transmission elec-
tron microscopy (TEM) and Fourier transform infrared spectroscopic (FTIR) studies. Kinetics experiments
reveal that the uptake of chromium by live cell involves initial rapid surface binding followed by relatively
slow intracellular accumulation. Of the different chromate analogues tested, only sulfate ion reduces the
uptake of chromium to the extent of ~30% indicating chromate ions accumulation into the cytoplasm
using sulfate transport system. Metabolic inhibitors, e.g. N,N'-dicyclohexylcarbodiimide, 2,4-ditrophenol
. and sodium azide inhibit chromate accumulation by ~30% in live cell. This indicates that accumulation of
Termitomyces clypeatus . . . .
Biosorption chromium into the cytoplasm occurs through the active transport system. TEM-EDXA analysis reveals that
Cr(VI) the chromium localizes in the cell wall and also in the cytoplasm. Reduction of chromate ions takes place
by chromate reductase activity of cell-free extracts of T. clypeatus. FTIR study indicates that chromate ions
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accumulate into the cytoplasm and then reduced to less toxic Cr*> compounds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Chromium, a toxic heavy metal, dissipates into the environment
as a result of various industrial activities [1,2]. In view of toxicity
and related environmental hazards [3], it is essential that the con-
centration of chromium in the effluent must be brought down to
permissible limit [4] before discharging into water bodies. Among
different available technologies [5,6] the removal of metal ions
from wastewater by adsorption on biological materials specially
microbial biomass known as biosorption/bioaccumulation [7-10]
has recently gained much importance. This method does not gen-
erate toxic sludge, capable of reducing the concentration of metal
ions below the permissible limit and the possibility of regeneration
of the materials and thus provide an effective and economic means
for the remediation of heavy metal polluted wastewater [11-14].
The uptake of heavy metals by microbial biomass is essentially
a biphasic process consisting of metabolism independent initial
cell surface binding that can occur either in living or inactivated
organisms, followed by energy dependent intracellular accumula-
tion which takes place only in the living cells [15]. The cell wall
materials are involved in the initial surface binding of metal ions
though electrostatic, physical and/or chemical interaction [16,17].
In living cells besides surface adsorption, metal ions may enter
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into the cytoplasm through specific carrier system. The transport
process in prokaryotic organisms has been studied in some details
[18-22]. The state of art in the field of biosorption of heavy metals
has recently been reviewed by Volesky [23]. However, only a few
reports are available on fungal systems [24,25]. Fungal biomass has
certain advantage over bacterial biomass in this natural ‘ecofriendly
green technological process’ in respect of processing and handling
of the biomass. Further, in comparison to bacteria, fungi are known
to secret much higher amount of exopolymers, thereby significantly
increasing the productivity of biosorption/bioremediation process
[26]. In this manuscript we describe the biosorption/or bioaccumu-
lation mechanism of chromium on Termitomyces clypeatus biomass
(TCB) from kinetics study in presence of different co-ions and
metabolic inhibitors with support from Fourier transform infrared
spectroscopy and transmission electron microscopic investigations.

2. Materials and methods
2.1. Chemicals
Dehydrated microbiological media and ingredients were pro-

cured from Himedia, India. All other reagents were of analytical
grade and obtained from Merck, Germany and Sigma, USA.

2.2. Metal solution and analysis

A stock solution of chromium (100 mg/l) was prepared by dis-
solving potassium dichromate (K,Cr,07) in double distilled water
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and diluted to get the desired concentration. The concentration of
chromium was measured by atomic absorption spectrometer (Var-
ian Spectra AA 55).

2.3. Biosorbent preparation

Termitomyces clypeatus used in this study was kindly supplied
by Dr. S. Sengupta, Indian Institute of Chemical Biology, Kolkata,
India, and was grown in complex medium described earlier [27].
Biomass was harvested from the fermented medium by centrifuga-
tion (Sorval RC-5B refrigerated centrifuge) at 10,000 rpm for 10 min
at 4°C and washed with deionized water. Biomass was then dried
by lyophilization. Dead biomass was prepared by autoclaving the
biomass at 121 °C.

2.4. Batch experiment

Biosorption experiments were conducted with 0.2 g lyophilized
live and dead T. clypeatus biomass (TCB) and 25 ml of K Cr, 07 solu-
tion containing 100 mg/l chromium taken in 100-ml Erlenmeyer
flask, and incubated at 30°C (ambient temperature) for 48 h with
constant shaking (130 rpm) unless otherwise stated. The solution
pH was 3.0 (ionic strength ~0.001 M), being optimum for chromium
adsorption. Chromium (VI) may be present in aqueous solution
in different oxyionic entities depending on the solution pH [28].
Hydrogen chromate and dichromate occur together at pH value
3.0, whereas dihydrogen chromate is a significant species at pH
value 1.0. At the end of incubation, biomass was separated by cen-
trifugation (10,000 rpm for 10 min) and chromium concentration
in the supernatant was measured. The uptake of chromium by the
biomass was calculated using the mass balance equation [29] and
also after digestion of the chromium loaded biomass with aqua
regia (HCI:HNOs; 3:1).

The influence of other anionic species on the uptake of hexava-
lent chromium in presence of 100 and 500 mg/I sulfate (Na;SO4),
nitrate (NaNOs3), phosphate (NapHPO,4), arsenate (Na3AsO4) and
molybdate (Na;MoOg4-2H;0) by TCB was carried out at pH 3.0. Cor-
responding mM concentrations of the anions were: sulfate, 1.042
and 5.208; nitrate, 1.613 and 8.065; phosphate, 1.054 and 5.269;
arsenate, 0.719 and 3.599; molybdate, 0.265 and 3.127. The concen-
tration of chromium was 100 mg/l. To study the effect of metabolic
inhibitors or ionophores on chromium adsorption, live TCB was

Table 1
Effect of different co-ions and metabolic inhibitors on accumulation of chromium
by T. clypeatus biomass.

Treatment Uptake (mg/g)° % inhibition
Live TCB? 11.14+0.21 =

Dead TCB? 6.754+0.25 3919 £ 2.5
Live TCB+504~2 (100 mg/1)° 7.59+0.22 31.62 + 2.0
Live TCB +S0,4~2 (500 mg/1)¢ 7.21+017 35.05 + 1.5
Live TCB+AsO4~> (100 mg/1)® 10.17£0.15 838+ 15
Live TCB +AsO4~> (500 mg/1)® 10.07 92+ 18
Live TCB + MoO,4~2 (100 mg/1)° 10.41+£0.11 6.22 + 1.1
Live TCB +Mo0O4 2 (500 mg/1)* 10.15+0.18 8.55+ 1.8
Live TCB+P0O,—> (100 mg/1)® 10.26+0.17 7.57 £ 1.7
Live TCB+PO4 3 (500 mg/1)¢ 9.81+0.2 11.62 £ 2.0
Live TCB+NO3~! (100 mg/1)* 10.72+0.15 342+ 15
Live TCB+NO;~! (500 mg/1)° 10.31+0.2 712 +£2.0
Live TCB+200 M DCCD¢ 7.19+0.19 352420
Live TCB+1 mM DNP¢ 7.61+0.27 3144 £ 2.5
Live TCB+1 mM NaN34 8.34+0.33 24.89 + 3.0

2 No competitive ion or inhibitor was added.

b Datarepresent an average of five independent experiments + SD shown by error
bar.

¢ Accumulation of chromium by live T. clypeatus biomass was carried out in the
presence of competitive ion.

d Live T. clypeatus biomass was pre-incubated with metabolic inhibitors.

incubated initially in 50 mM acetate buffer (pH 7.0) at 30°C for
30 min individually with 200 wuM N,N’-dicyclohexylcarbodiimide
(DCCD), 1 mM sodium azide (NaN3) and 1 mM 2,4-dinitrophenol
(DNP). The biomass incubated in 50 mM acetate buffer (pH 7.0)
served as the control. After incubation biomass was collected by
centrifugation, washed with deionized water and used for adsorp-
tion experiments at pH 3.0 as described above.

The kinetics of chromium uptake by metabolic inhibitor treated
or untreated TCB was followed at regular time intervals up to 48 h
using 100 mg/l chromium concentration at pH 3.0. The samples
were collected from individual flask; as such, no correction was
necessary due to withdrawal of the sampling volume.

2.5. Transmission electron microscopy and energy dispersive
X-ray analysis (TEM-EDXA)

The samples of TCB before and after chromium uptake for trans-
mission electron microscopy were prepared as described earlier
[29]. Micrographs were recorded on HRTEM (JEOLJEM 2010) instru-
ment equipped with energy dispersive X-ray analysis (EDXA). TEM
data were analyzed from multiple samples.

2.6. Detection of chromium in the cytoplasm

T. clypeatus cells after adsorption of chromium were harvested
by centrifugation at 5000 rpm for 10 min at 4°C. The pellets were
thoroughly washed with deionized and double distilled water, and
then disrupted mechanically with sea sand at 4 °C. The disrupted
cells were suspended in phosphate buffer (pH 7.2) and centrifuged
at 10,000 rpm for 20 min at 4 °C. After centrifugation, supernatant
were collected and drop casted in the form of film on Si (11 1) sub-
strates and then dried. The dried films were then characterized by
Fourier transform infrared spectroscopy (Nicolet-Magma 750 FTIR
spectrometer) in the region of 400-2000cm™!. The FTIR spectra
were recorded with 500 scans at a resolution of 2cm™1.

2.7. Chromate reductase activity

T. clypeatus biomass obtained after harvesting from the growth
medium was thoroughly washed with deionized and double dis-
tilled water and disrupted with sea sand in a mortar and pestle at
4°C. This was suspended in 50 mM phosphate buffer (pH 7.0) and
centrifuged at 10,000 rpm for 20 min at 4 °C. Chromate reductase
activity in the supernatant containing ~1 mg protein/ml was mea-
sured following the method of Ishibashi et al. [30] using 10 mg|/1
of Cr*® solution, 200 wM NADH and 1h incubation time at 30°C.
Concentration of Cr*6 in the reaction mixture was determined by
diphenylcarbazide [30].

3. Results and discussion
3.1. Chromium uptake and effect of metabolic inhibitor

The chromium uptake capacity by both live and dead TCB was
studied initially in batch process to understand the biosorption
mechanism. Initial batch biosorption experiment with 100 mg/1 of
chromium shows that 1 g live TCB accumulate 11.1 mg of chromium,
while dead biomass accumulate 6.75 mg under the same exper-
imental conditions (Table 1). The reduced uptake of chromium
by dead biomass may be due to either loss of some binding sites
resulting from heat inactivation of cells or restraint of intracellular
chromium accumulation as in the case of viable cells.

Energy dependent transport of many divalent cations has been
demonstrated in different microorganisms [31-37]. Divalent metal
cation uptake may be energized by the H* gradient, as found for
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Cd*2 and Ni*? uptake in yeast [38]. A detailed study on transporta-
tion of chromium have been reported in prokaryotic organisms,
however, the mechanism for chromium transport is not adequate
in fungal biomass. Live TCB was incubated in presence of different
metabolic inhibitors to gain a better understanding of the energy
requirement in the intracellular accumulation of chromium. All the
inhibitors, e.g. DNP (uncoupler), DCCD (ATP synthetase inhibitor)
and NaNj3 (terminal oxidase inhibitor) significantly reduced Cr*®
uptake (Table 1). Uncouplers of oxidative phophorylation prevent
ATP synthesis [39] in mitochondria by dissipating the energized
membrane state while substrate oxidation and oxygen consump-
tion proceed normally. Thus it is expected that the active transport
process which requires energy would be inhibited where primary
source of ATP generation is oxidative phophorylation. Inhibition of
chromium uptake by DNP (uncoupler) to the extent of ~30% indi-
cates that ATP generated by oxidative phosphorylation is required
in this process. DCCD, an inhibitor of proton translocating plasma
membrane P-type ATPase, inactivates the ATP synthetase function
[34,39] by inhibiting proton translocation through the Fy subunit
of the enzyme. This compound also inhibited (~35%) chromium

uptake almost to the same extent as DNP, indicating involvement
of the H*/ATPase [32] for H* efflux during chromium uptake. Hence,
a P-type ATPase, probably located on the plasma membrane, might
be directly involved in chromium transport. This ATPase is impor-
tant for generating a proton gradient across the plasma membrane,
which drives transport of chromate into the cytoplasm of the
cell. The respiratory chain inhibitor, NaN3 [39], also lowered the
chromium uptake to the extent of ~25%. These results demonstrate
that transportation of chromium is an energy-dependent process
that is driven by a proton motive force. The dead biomass, which
contains no ATP, adsorbed/accumulate lesser amount (~40%) of
chromium supporting the above view of phosphate-bond energy
involvement in the intracellular accumulation of chromium.

3.2. Effect of chromate analogue on accumulation of chromium

Transportation of chromate by structurally similar sulfate active
system has been reported in bacterial system [40,41] but remain
unexplored in the fungal cells. In general, toxic ions having close
chemical similarities to nutrient ions are mistakenly accumulated
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Fig. 1. Transmission electron micrographs of pristine biomass (A); chromium adsorbed live biomass: (B) low magnification, (C and D) high magnification. EDXA spectra of
pristine (E) and chromium adsorbed biomass (F). EDXA spectra were recorded from the marked area.



688 S.K. Das, A.K. Guha / Journal of Hazardous Materials 167 (2009) 685-691

.0 20 30 40 50

Fig. 2. Transmission electron micrographs of chromium adsorbed biomass in presence of sulfate ions (A); chromium adsorbed on metabolic inhibitor treated biomass (B-E);
(B) sodium azide, (C) DNP, (D) DCCD treated biomass, and (E) high magnification of inhibitor treated post adsorbed biomass. (F) EDXA spectra of chromium adsorbed with

metabolic inhibitor treated biomass.

by cells as it happens in the case of cadmium-manganese [42] and
arsenate-phosphate [43] systems. The uptake of chromium by live
biomass was reduced by 30-35% (Table 1) in presence of sulfate ion
but remain unchanged in presence of other anionic species such as
phosphate, nitrate, molybdate, and arsenate. Thus a direct compe-
tition between chromate and sulfate ions caused reduction in the
uptake of chromium by live biomass which suggests that chromate
was accumulated within the cell by the sulfate transport system
as it occurs in P. fluorescence [40]. These observations suggest that
chromium was accumulated into the cytoplasm of T. clypeatus cell
by active sulfate transport system.

3.3. Transmission electron microscopic study and energy
dispersive X-ray analysis (TEM-EDXA)

To understand the mechanism of complex metal-microbes
interactions, it is important to determine the location of the

chromium relative to the fungal cells. Transmission electron micro-
graph of the thin section of Cr*® adsorbed biomass (Fig. 1B) exhibits
electron dense granules on the cell wall as well as within the
cytoplasm; whereas in control cells these are absent (Fig. 1A).
Micrographs at higher magnification (Fig. 1C and D) of the post
adsorbed biomass show the presence of chromium on the cell wall
(outer boundary), periplasmic space, cytoplasmic membrane (inner
boundary), and also within the cytoplasm of live TCB. Elemental
analysis as provided by EDXA showed that the electron dense gran-
ules are composed of chromium. The spectrum (Fig. 1F) shows the
presence of chromium peak in both cell wall and cytosolic region
of the live cell. Chromium rich granules are also found to associate
with the extracellular polymers secreted by live cells (Fig. 1B) as
indicated by double arrow in the micrographs. No chromium peak
(Fig. 1E) is detected in the pristine cells.

Intracellular transportation of chromium is restricted in the
different metabolic inhibitor treated TCB; indeed, chromium is
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resent an average of five independent experiments -+ SD shown by error bar.

confined only to the cell wall (Fig. 2B-D). Magnified micrograph
(Fig. 2E) further supports the above observation. Chromium peak
is detected only in the cell wall portion (Fig. 2F) but not in cytoso-
lic region of metabolic inhibitor treated TCB (figure not shown). It
is also delineated from TEM-EDXA analysis that transport of chro-
mate into intracellular organelles is restricted in presence of sulfate
ions (Fig. 2A). The arrows in the micrographs indicate the location
of the metal ion. The appearance and distribution of chromium in
both cell wall and cytoplasm of the untreated biomass indicate that
chromate ions initially adsorbed on the cell wall and then accumu-
lated into the cytoplasm. Since electron dense granules are formed
on the cell wall as well as with the cytoplasm of the live T. clypeatus
cells, we propose the first step involves the binding of chromate ion
on the surface of the cells. This could occur by electrostatic interac-
tion with the positively charged functional groups of the cell wall,
thereafter transported into the cytoplasm through different lay-
ers (chitin-chitosan, glucan, and mannan) [44] of the cell wall and
cytoplasmic membrane by energy dependent transport system for
sulfate ions. It is possible that enzymes present in the cytoplasm
reduce chromate to Cr(Ill) compound.

3.4. Kinetic study of chromium accumulation

The rate of uptake as well mechanism can be monitored from
kinetic studies. In general, microorganisms accumulate metal ions
by a two phase process: (i) initial rapid, reversible or irreversible
metabolism independent binding on the cell surface followed by
(ii) relatively slow energy dependent intracellular accumulation
by specific carrier systems [45]. Another mechanism may also be
operative in active cells, i.e., extracellular precipitation of insolu-
ble metal species as a result of metabolically produced carbonates,
hydroxides and sulfides. To confirm the requirement of energy in
the intracellular accumulation of chromium in TCB, the biomass
was incubated initially with NaN3 (terminal oxidase inhibitor),
DNP (uncoupler) or DCCD (ATP synthetase inhibitor) and were
used to study the kinetics of hexavalent chromium uptake process.
Kinetic study showed that live (untreated) TCB accumulated more
chromium compared to the metabolic inhibitor treated TCB (Fig. 3).
Chromium uptake was initially very fast and then gradually slowed
down to reach equilibrium after 40 h (Fig. 3). The rate of chromium
uptake by TCB was slow compared to previous reports on metal
ion uptake by bacteria [46,47], probably due to large surface area of
bacterial cells.

The rate or extent of chromium accumulation was significantly
altered in presence of different metabolic inhibitors. The bi-phasic
nature of the chromium uptake curve in live TCB indicates initial cell
surface binding followed by intracellular accumulation as reported
earlier by Baldi et al. [45] in S. cerevisiae. The initial rapid rate was
probably due to the availability of abundant binding sites on the
cell surface, which became saturated after a certain period of time
resulting in the decreased rate of uptake. Following this binding
phase, comparatively slow intracellular accumulation of chromium
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Fig. 4. The FTIR spectra of the cell-free extract obtained (A) after adsorption of
chromium for 24 h, (B) after increasing adsorption time to 48 h and (C) IR spectrum
of the cell-free extract obtained for adsorption experiments carried out in presence
of sulfate ions.
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occurred either through passive diffusion [48] or energy dependent
accumulation by specific carrier system [34,35]. The results (Fig. 3)
indicate that the uptake of chromium by both metabolic inhibitors
treated or untreated biomass are almost equal up to certain time.
However, main difference in the kinetics curve observed at t>20h.
Untreated biomass further accumulates chromium beyond this
time period (t>20h) due to intracellular accumulation but at a slow
rate and finally reach equilibrium after 40 h. The absence of second
phase in the metabolic inhibitors treated biomass might be due to
the inhibition of transportation of chromium into the cytoplasm.
This indicates that after initial surface binding phase, metabolism
dependent transport of chromium occurred in T. clypeatus biomass.
The initial surface binding phase occurs through metabolism inde-
pendent pathway as there is no difference observed in uptake curve
att<20h.

3.5. Fourier transform infrared (FTIR) spectroscopic study

Fourier transform infrared (FTIR) spectra were recorded from
drop cast film on Si (111) substrates of the cell-free extract of
chromium adsorbed biomass. The cell-free extract shows (Fig. 4)
the strong amide I and II absorption bands at 1650 and 1550 cm™!
[49,50] respectively, for proteins molecules. The IR spectrum of the
cell-free extract obtained after adsorption of chromium for 24h
shows characteristic vibration bands of chromate ions at 961.2,
820.4, and 797.6cm~! (Fig. 4A) [51] delineate transportation of
chromate into the cytoplasm. A new absorption band appears at
528.2 cm™!, characteristic for Cr(OH)3 [52] along with disappear-
ance of band for chromate as well as shifting or disappearance of
amide bands after increasing adsorption time to 48 h (Fig. 4B). This
demonstrates that after transportation into cytoplasm, chromate
ions get reduced to Cr*3 compounds by the cytosolic enzymes. How-
ever, no characteristic peak of chromium is detected in the cell-free
extract obtained after adsorption of chromium with metabolically
inhibited biomass (data not shown) or adsorption experiments car-
ried out in presence of sulfate ions (Fig. 4C). It is interesting to
note an absorbance band of suphate ions is detected at 612.1 cm™!
demonstrate sulfate ions [53] inhibit the transportation of chro-
mate ions. This result indicates that after initial surface binding,
chromate ions entered into the cytosol through energy dependent
sulfate transport system.

3.6. Chromate reduction by cell-free extracts

It is possible that after transportation of chromate into the cel-
lular organelle, the cytoplasmic enzyme may reduce it to trivalent
state. We therefore studied the enzymatic reduction of chromate
ions by the cell-free extract of T. clypeatus. Cr*® reduction activi-
ties were evident in the cell-free system under aerobic conditions.
Approximately 80% of a solution of 10 mg/1 Cr*® was reduced within

Cell Wall

Fig. 5. A schematic presentation of chromium uptake by T. clypeatus biomass;
chromium initially adsorbed on the cell surface and then transported into cytoplasm
through sulfate active transport system.

1 h. The cell-free enzyme requires NADH as an electron donor for
the reduction of chromate. The reductase activity was lost when
the cell-free extract was boiled for 10 min. Since reduction is asso-
ciated with the cell-free extracts, the cytoplasmic enzyme [54,55]
is mainly responsible for reduction of Cr*6 to Cr*3. A detailed study
on enzymatic reduction of chromium is currently underway.

Our results thus demonstrate that T. clypeatus biomass removes
chromate ions from aqueous solution initially by adsorption fol-
lowed by reduction into less toxic Cr*3 compound, and thus provide
a fungal mediated “green chemical process” for the remediation of
chromium from wastewater. A schematic presentation of intracel-
lular accumulation of chromium by T. clypeatus biomass is shown
in Fig. 5.

4. Conclusions

Kinetics study reveals that the uptake of chromium by live T.
clypeatus cell follows a two-phase process involving initial rapid
surface binding followed by relatively slow intracellular accumula-
tion. The uptake of chromium is reduced in presence of sulfate ion, a
chromate analogue and different metabolic inhibitors which delin-
eate that intracellular accumulation of chromium occurs through
sulfate active transport system. Transmission electron microscopy
equipped with energy dispersive X-ray analysis reveal that the
chromium localizes in the cell wall as well as in the cytoplasm.
Chromate reductase activity is noted in the cell-free extracts of
T. clypeatus, is probably responsible for reduction of chromate
ions. FTIR study indicates that chromate ions accumulate into the
cytoplasm and then reduced to less toxic trivalent chromium com-
pounds. Fungal biomass thus provides a green chemical process for
the remediation of chromium from wastewater.

Acknowledgments

We thank Mr. S. Dey (Indian Institute of Chemical Biology,
Kolkata) for his cooperation during Electron Microscopic analy-
sis, Mrs. Mousumi Basu (Institute of Environmental Studies and
Wetland Management, Kolkata) for her cooperation during Atomic
Absorption Spectroscopic analysis.

References

[1] S.A. Abbasi, R. Soni, Environmental management and treatment of chromium,
J. Inst. Eng. (Env. Eng. Div.) 65 (1985) 113-117.

[2] J.F. Papp, Chromium, in: A.W. Knoerr (Ed.), Mineral Facts and Problems, Bureau
of Mines bulletin 675. U. S., Government Printing Office, Washington DC, 1985,
p. 139.

[3] J.N. Hamilton, K.E. Wetterhan, Chromium, in: H.G. Seiller, H. Sigel (Eds.), Hand-
book on Toxicity of Inorganic Compounds, Marcel Dekker Inc., New York, 1988,
p. 239.

[4] EN. Acar, E. Malkoc, The removal of Cr (VI) from aqueous solution by Fagus
arientalis L., Bioresour. Technol. 94 (2004) 13-15.

[5] X.Zhou, T. Korenaga, T. Moriwake, S. Shinoda, A process monitoring/controlling
system for the treatment of wastewater containing chromium (VI), Water Res.
27 (1993) 1049-1054.

[6] G. Tiranvanti, D. Petruzzelli, R. Passino, Pretreatment of tannery wastewaters
by an ion exchange process for Cr (IIl) removal and recovery, Water Sci. Technol.
36 (1997) 197-207.

[7] M. Tsezos, B. Volesky, Biosorption of uranium and thorium, Biotechnol. Bioeng
23(1981) 583-604.

[8] S.V.Sahi, M. Israr, A.K. Srivastava, ].L. Gardea-Torresdey, ].G. Parsons, Accumu-
lation, speciation and cellular localization of copper in Sesbania drummondii,
Chemosphere 67 (2006) 2257-2266.

[9] E. Veglio, E. Beolchini, Removal of metals by biosorption: a review, Hydromet-
allurgy 44 (1997) 301-316.

[10] CJ. Daughney, S.D. Silciliano, A.N. Rencz, D. Lean, D. Fortin, Hg(II) adsorption
by bacteria: a surface complexation model and its application to shallow acidic
lakes and wetlands in Kejimkujik National Park, Nova Scotia, Canada, Environ.
Sci. Technol. 36 (2002) 1546-1553.

[11] Y. Andress, A.C. Texier, P. Le Cloirec, Rare earth elements removal by microbial
biosorption: a review, Environ. Technol. 24 (2003) 1367-1375.

[12] G.M. Gadd, C. White, Microbial treatment of metal pollution—a working
biotechnology, Trends Biotechnol. 11 (1993) 353-359.



S.K. Das, A.K. Guha / Journal of Hazardous Materials 167 (2009) 685-691 691

[13] C. Lacina, G. Germain, A.N. Spiros, Utilization of fungi for biotreatment of raw
wastewaters, Aft. ]. Biotechnol. 2 (2003) 620-630.

[14] S.P. Mishra, G. Roy Chowdhury, Biosorption of copper by Penicillium Sp., Miner.
Process. Extr. Metall. Rev. 14 (1995) 111-126.

[15] J.M.C. Tobin, C. White, G.M. Gadd, Metal accumulation by fungi: applications in
environmental biotechnology, J. Ind. Microbiol. Biotechnol. 13 (1994) 126-130.

[16] P.G.G. Burnett, CJ. Daughney, D. Peak, Cd adsorption onto Anoxybacillus
flavithermus: surface complexation modeling and spectroscopic investigations,
Geochim. Cosmochim. Acta 70 (2006) 5253-5269.

[17] J.B. Fein, D.A. Fowle, ]. Cahill, K. Kemner, M. Boyanov, B. Bunker, Nonmetabolic
reduction of Cr(VI) by bacterial surfaces under nutrient-absent conditions,
Geomicrobiol. J. 19 (2002) 369-382.

[18] A.D. Costa, A. Carlos, F. Pereira, Bioaccumulation of copper, zinc, cadmium and
lead by Bacillus sp., Bacillus cereus, Bacillus sphaericus and Bacillus subtilis, Braz.
J. Microbiol. 32 (2001) 1-5.

[19] H.A. Ghozlan, S.A. Sabry, R.A. Amer, Bioaccumulation of nickel, cobalt, and cad-
mium by free and immobilized cells of Pseudomonas spp., Fresenius Environ.
Bull. 8 (1999) 428-435.

[20] Y.Gomez, O. Coto, C. Hernandez, ]. Marrero, L. Abin, Biosorption of nickel, cobalt
and zinc by Serratia marcescens strain 7 and Enterobacter agglomerans strain 16,
Process Metall. 11 (2001) 247-255.

[21] H. Horitsu, S. Futo, K. Ozawa, K. Kawai, Comparison of characteristics of
hexavalent chromium tolerant bacterium,Pseudomonas ambigua G-1, and
its hexavalent chromium-sensitive mutant, Agric. Biol. Chem. 47 (1983)
2907-2908.

[22] A.M. Marques, M.J.E. Tomas, F. Congregado, M.D. Simon-Pujol, Accumulation of
chromium by Pseudomonas aeruginosa, Microbiol. Lett. 21 (1982) 143-147.

[23] B. Volesky, Biosorption and me, Water Res. 41 (2007) 4017-4029.

[24] J.N.L. Latha, K. Rashmi, M.P. Maruthi, Cell-wall-bound metal ions are not taken
up in Neurospora crassa, Can. J. Microbiol. 51 (2005) 1021-1026.

[25] J. Wang, C. Chen, Biosorption of heavy metals by Saccharomyces cerevisiae: a
review, Biotechnol. Adv. 24 (2006) 427-451.

[26] P. Mukherjee, A. Ahmed, D. Mandal, S. Senapati, S.R. Sainkar, M.I. Khan, R.
Ramani, R. Parischa, P.V. Ajayakumar, M. Alam, M. Sastry, R. Kumar, Bioreduc-
tion of AuCls~ lons by the Fungus, Verticillium sp. and surface trapping of the
gold nanoparticles formed, Angew. Chem. Int. Ed. 40 (2001) 3585-3588.

[27] S.K.Das, A.K. Guha, Biosorption of chromium by Termitomyces clypeatus, Colloid
Surf. B 60 (2007) 46-54.

[28] R.K. Tandon, P.T. Crisp, ]. Ellis, R.S. Baker, Effect of pH on chromium (VI) species
in solution, Talanta 31 (1984) 227-228.

[29] S.K.Das, A.R. Das, A.K. Guha, A study on the adsorption mechanism of mercury
on Aspergillus versicolor biomass, Environ. Sci. Technol. 4 (2007) 8281-8287.

[30] Y.Ishibashi, C. Cervantes, S. Silver, Chromium reduction in Pseudomonas putida,
Appl. Environ. Microbiol. 56 (1990) 2268-2270.

[31] M.E. Bryson, H.L. Drake, Energy-dependent transport of nickel by Clostridium
pasteurianum, J. Bacteriol. 170 (1988) 234-238.

[32] D. Blaudez, B. Botton, M. Chalot, Cadmium uptake and subcellular compart-
mentation in the ectomycorrhizal fungus Paxillus involutus, Microbiology 146
(2000) 1109-1117.

[33] R.D. Tripathi, U.N. Rai, M. Gupta, M. Yunus, P. Chandra, Cadmium transport
in submerged macrophyte Ceratophyllum demersum L. in presence of various
metabolic inhibitors and calcium channel blockers, Chemosphere 31 (1995)
3783-3791.

[34] H. Komeda, M. Kobayashi, S. Shimizu, A novel transporter involved in cobalt
uptake, Proc. Natl. Acad. Sci. U.S.A. 94 (1997) 36-41.

[35] S.Silver, Transport of cations and anions, in: B.P.Rosen (Ed.), Bacterial Transport,
Marcel Dekker Inc., New York, 1978, p. 221.

[36] R.Fuhrmann, A. Rothstein, The transport of Zn*2, Co*2 and Ni*? into yeast cells,
Biochem. Biophys. Acta 163 (1968) 325-330.

[37] PR. Norris, D.P. Kelly, Accumulation of cadmium and cobalt by Saccharomyces
cerevisiae, ]. Gen. Microbiol 99 (1977) 317-324.

[38] L.A. Okorokov, Main mechanisms of ion transport and regulation of ion concen-
trations in the yeast cytoplasm, in: L.S. Kulaev, E. Dawes, D.W. Tempest (Eds.),
Environmental Regulation of Microbial Metabolism, Academic Press, London,
1985, p. 339.

[39] E.L. Smith, R.L. Hill, L.R. Lehman, R. Lefkowiz, P. Handler, A. White, Principles of
Biochemistry: General Aspects, 7th ed., McGraw-Hill Book Co., Singapore, 1985,
p. 352.

[40] H. Ohtake, C. Cervantes, S. Silver, Decreased chromate uptake in Pseudomonas
fluorescens carrying a chromate resistance plasmid, J. Bacteriol. 169 (1987)
3853-3856.

[41] N.Ohta, P.R. Galsworthy, A.B. Pardec, Genetics of Sulfate Transport by Salmonella
typhimurium, J. Bacteriol. 105 (1971) 1053-1062.

[42] Z.Tynecka, Z. Gos, J. Zajac, Reduced cadmium transport determined by a resis-
tance plasmid in Staphylococcus aureus, J. Bacteriol. (147) (1981) 305-312.

[43] S. Silver, T.K. Misra, Plasmid-mediated heavy metal resistances, Annu. Rev.
Microbiol. 42 (1988) 717-743.

[44] V. Farkas, Biosynthesis of cell walls of fungi, Microbiol. Mol. Biol. Rev. 43 (1979)
117-144.

[45] F.Baldi, A.M. Vaughan, GJ. Olson, Chromium(VI)-resistant yeast isolated from a
sewage treatment plant receiving tannery wastes, Appl. Environ. Microbiol 56
(1990) 913-918.

[46] P.R.Puranik, K.M. Paknikar, Biosorption of lead, cadmium, and zinc by citrobac-
ter Strain MCM B-181: characterization studies, Biotechnol. Prog. 15 (1999)
228-237.

[47] ].-S. Chang, R. Law, C.-C. Chang, Biosorption of lead, copper and cadmium by
biomass of Pseudomonas aeruginosa PU21, Water Res. 31 (1997) 1651-1658.

[48] M.G.C.Baldry, A.C.R. Dean, Environmental change and copper uptake by Bacillus
subtilis subsp. niger and by Pseudomonas fluorescens, Biotechnol. Lett. 3 (1981)
137-142.

[49] R. Aravindam, B. Madhan, J.R. Rao, B.N. Nair, T. Ramasami, Bioaccumulation of
chromium from tannery wastewater: an approach for chrome recovery and
reuse, Environ. Sci. Technol. 38 (2004) 300-306.

[50] J.N. Steel, J.L. Atwood, Supramolecular Chemistry, 1st ed., John Wiley & Sons,
Chichester, 2000, p. 9.

[51] L.Xia, R.L. McCreery, Chemistry of a chromate conversion coating on aluminum
alloy AA2024-T3 probed by vibrational spectroscopy, J. Electrochem. Soc. 145
(1998) 3083-3089.

[52] Y.G.Ko, U.S. Choi, TK.Kim, D.J. Ahn, Y.J. Chun, FT-IR and isotherm study on anion
adsorption onto novel chelating fibers, Macromol. Rapid Commun. 23 (2002)
535-539.

[53] K. Nakamoto, Infrared Spectra of Inorganic and Co-ordination Compounds, 2nd
ed., Wiley Interscience, New York, 1970.

[54] A.N.Mabbett, ].R. Lloyd, L.E. Macaskie, Effect of complexing agents on reduction
of Cr(VI) by Desulfovibrio vulgaris ATCC 29579, Biotechnol. Bioeng. 79 (2002)
389-397.

[55] S. Viamajala, B.M. Peyton, ].N. Petersen, Modeling chromate reduction in She-
wanella oneidensis MR-1: development of a novel dual-enzyme kinetic model,
Biotechnol. Bioeng. 83 (2003) 790-797.



	Biosorption of hexavalent chromium by Termitomyces clypeatus biomass: Kinetics and transmission electron microscopic study
	Introduction
	Materials and methods
	Chemicals
	Metal solution and analysis
	Biosorbent preparation
	Batch experiment
	Transmission electron microscopy and energy dispersive X-ray analysis (TEM-EDXA)
	Detection of chromium in the cytoplasm
	Chromate reductase activity

	Results and discussion
	Chromium uptake and effect of metabolic inhibitor
	Effect of chromate analogue on accumulation of chromium
	Transmission electron microscopic study and energy dispersive X-ray analysis (TEM-EDXA)
	Kinetic study of chromium accumulation
	Fourier transform infrared (FTIR) spectroscopic study
	Chromate reduction by cell-free extracts

	Conclusions
	Acknowledgments
	References


