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Abstract Streptomyces sp. MC1, previously isolated
from sugar cane, has shown ability to reduce Cr(VI)
in liquid minimal medium and soil samples. The
objective of this work was to demonstrate the
intracellular chromium accumulation by Streptomyces
sp. MC1 under different culture conditions. This
strain was able to accumulate up to 3.54 mg of Cr
(III) per gram of wet biomass, reducing the 98% of Cr
(VI) and removing 13.9% of chromium from the
culture medium supernatants. Streptomyces sp. MC1
chromium bioaccumulation ability was corroborated
by using Timm’s reagent technique, a low-cost
method, which has been used by first time to detect
chromium deposits in bacteria. The results of atomic
absorption spectrometry, scanning electron microsco-

py, and energy dispersive X-ray analysis suggest that
the mechanism of Cr(VI) resistance observed in
Streptomyces sp. MC1 includes adsorption coupled
with reduction to Cr(III), and finally, Cr(III) bioaccu-
mulation. This mechanism have special relevance to
remediation of Cr(VI) contaminated environments by
Streptomyces sp. MC1.

Keywords Bioremediation . Chromium
bioaccumulation . Streptomyces . EDXA .

Timm’s reagent

1 Introduction

Chromium (Cr) is a naturally occurring element that is
found in rocks, soil, plants, animals, volcanic dust, and
gasses. Cr exists in oxidation states ranging from −2 to
+6. Hexavalent chromium, Cr(VI), and trivalent chro-
mium, Cr(III), are ecologically important because they
are the most stable oxidation states in natural environ-
ments (Cefalu and Hu 2004; Megharaj et al. 2003).
Chromium is one of the most widely used metals in a
variety of industrial processes (steel production, leather
tanning, metal corrosion inhibition), mainly as Cr(VI)
(Bankar et al. 2009). Industrial effluents containing Cr
(VI) are release into natural water resources, mostly
without proper effluent treatment, resulting in anthro-
pogenic contamination (Cefalu and Hu 2004; Cheung
and Gu 2007; Viti et al. 2003).
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Cr(VI)-induced acute and chronic toxicity, neurotox-
icity, dermatotoxicity, genotoxicity, carcinogenicity,
immunotoxicity, and general environmental toxicity
due to its strong oxidizing potential (Bagchi et al.
2002). Cr(VI) compounds are approximately 1,000-
fold more cytotoxic and mutagenic than Cr(III)
(Biedermann and Landolph 1990). Cr(VI) to Cr(III)
reduction, therefore, represents a significant immobili-
zation mechanism (Bagchi et al. 2001).

Development of suitable methods for cleaning up
contaminated environments is an important topic of
environmental restoration and protection. At present,
there are available physicochemical technologies to
remove Cr(VI) of industrial waste (Ho and Poddar
2001), but these methods are costly and require much
energy and specific equipment (Beleza et al. 2001).
Bioremediation is appropriate for large-scale application
on heterogeneous environments, such as ground water,
soil sludge, and industrial waste (Boopathy 2000).

The three processes by which the microorganisms
interact with toxic metals are biosorption, bioaccu-
mulation, and enzymatic reduction (Srinath et al.
2002). Biosorption is a metabolism-independent pro-
cess and thus can be performed by both living and dead
microorganisms. On the other hand, microbial heavy
metal accumulation generally comprehends two
phases, an initial rapid phase of biosorption followed
by slower, metabolism dependent active uptake of
metals. During the bioaccumulation, many features of
a living cell, like intracellular sequestration followed
by localization within cell components, metallothio-
nein binding, metal accumulation, extracellular pre-
cipitation, and complex formation can occur (Gadd
2004; Malik 2004).

In turn, biological transformation of Cr(VI) to Cr
(III) by enzymatic reduction has been recognized as a
means of chromium decontamination from effluents
(Laxman and More 2002; Polti et al. 2010).

Metal-resistant actinobacteria, and their potential
use for bioremediation strategies, have been described
before (Amoroso et al. 1998; Albarracín et al. 2005,
2008a, b; Kothe et al. 2005; Schmidt et al. 2005; Polti
et al. 2007, 2009). Among the soil filamentous
microorganisms, streptomycetes represent up to 20%
of soil bacteria (Kothe et al. 2005). They are
predominantly found in soil as spores, which are
resistant to desiccation and starvation and can
germinate and grow into a mycelial state for brief

periods of time when nutrients became available.
Streptomycetes are known for their ability to produce
a wide variety of secondary metabolites, including
many pigments and antibiotics. Due to this active
secondary metabolism, streptomycetes also may be a
good source for the identification of heavy metal
binding components with possible future biotechno-
logical application (Albarracín et al. 2008b).

Recent progress has been made studying metal
resistance in streptomycetes isolated from polluted
areas (Albarracín et al. 2008b; Siñeriz et al. 2009).
However, there are few studies on Cr(VI) reduction
and accumulation by Streptomyces; the first report on
Cr(VI) reduction by Streptomyces was from Das and
Chandra (1990) while Amoroso et al. (1998) reported
that metal resistance and biosorption capability may
be widespread among actinomycetes growing in
contaminated environments. Cr(VI) bioaccumulation
by Streptomyces strains was also revealed (Amoroso
et al. 2001). Later, Cr(VI) reduction was determined
by Streptomyces griseus (Laxman and More 2002)
and by Streptomyces sp. MC1, a sugar cane isolated
(Polti et al. 2007). This strain in particular was able to
reduce Cr(VI) in liquid minimal medium, soil extract,
and soil samples, demonstrating its potential use in
bioremediation processes (Polti et al. 2009). Also,
they characterized the chromate reductase enzyme
from this strain. Hence, evaluation of chromium
accumulation ability is needed to apply Streptomyces
sp. MC1 for chromium immobilization processes in
successful bioremediation technologies.

The aim of this study was to determine the
intracellular chromium accumulation by Streptomyces
sp. MC1 by performing a citochemical staining of
chromium deposits using the Timm’s reagent tech-
nique, coupled with metal analysis of atomic absorp-
tion spectrometry, scanning electron microscopy, and
energy dispersive X-ray analysis (EDXA).

2 Materials and Methods

2.1 Strain, Media, and Culture Conditions

Streptomyces sp. MC1 (PROIMI Collection, NCBI
accession number: AY741287), resistant to Cr(VI),
previously isolated and characterized, was used in this
work (Polti et al. 2007).
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Cr(VI) reduction and uptake assays were carried
out in liquid minimal medium (MM) containing
(g l−1): glucose 10.0; L-asparagine 0.5; K2HPO4 0.5;
MgSO4×7H2O, 0.20; FeSO4×7H2O 0.01 (Amoroso
et al. 1998). Alternatively, Streptomyces sp. MC1 was
grown in glycerol minimal medium (MMY) contain-
ing (g l−1): glycerol 3.0; L-asparagine 0.5; K2HPO4

0.5; MgSO4×7H2O, 0.20; FeSO4×7H2O, 0.01 (Polti
et al. 2007).

Cr(VI) was added as K2Cr2O7 from a filter-
sterilized stock solution (1,000×).

Streptomyces sp. MC1 spore suspensions (100 μl
of 109CFU ml−1) were inoculated in flasks with MM
without Cr(VI) and MM supplemented with 50 mg l−1

of Cr(VI). Streptomyces sp. MC1 culture without
chromium was used as controls. The cultures were
incubated at 30°C in an orbital shaker at 220 rpm.
Samples were collected by centrifugation at 3,000×g
for 10 min at 4°C and washed twice with distilled
water. The resulting cell pellet was used to prepare
sections for electron microscopy. Independent dupli-
cate and triplicate cultures were used to perform the
metal analysis and biomass determination (105°C).
Assays were carried out in triplicate.

2.2 Chromium Reduction and Uptake Assays

Chromium uptake by the cell was evaluated on
stationary growth phase culture samples of Strepto-
myces sp. MC1, grown in a Cr(VI) supplemented MM
or MMY.

Residual Cr(VI) was measured in MM and MMY
supernatants. Intracellular Cr(VI) was measured after
cell rupture with a French press at 20,000 psi (1,38×
105kN m−2). The resulting broken cells were centri-
fuged at 3,000×g to eliminate whole cells. Super-
natants, containing fractions of cell walls, membranes,
and cytoplasm were used for Cr(VI) determinations,
which were carried out with the specific colorimetric
reagent for Cr(VI), 1,5-diphenylcarbazide, dissolved
in acetone at a final concentration of 0.05% (APHA
1989). The absorbance was measured at A540 and the
Cr(VI) concentration was calculated with a calibration
curve (0-50 mg l−1).

Cr total concentration was measured in MM or
MMY supernatants and whole cells using atomic
absorption spectrophotometry, after mineralization
with HNO3 (APHA 1989). After evaporation of the

acid, samples were resuspended in deionized water.
All assays were carried out in triplicate.

2.3 Morphological Studies and Ultrastructural
Determination of Chromium Deposits

Intracellular localization of chromium was examined
ultracytochemically using a modified procedure of
Timm’s reagent method for metal staining (Albarracín
et al. 2008a). Pellets of Streptomyces sp. MC1 cells
cultivated with and without Cr(VI) were fixed in a
solution containing 2% para-formaldehyde, 0.1%
glutaraldehyde adjusted to pH 7.4 in 0.1 M phosphate
buffer for 3 h at 4°C. Samples were then placed in
15% trichloroacetic acid solution for 15 min, rinsed
three times with distilled water, and stained using
Timm’s reagent (18% arabic gum, 2% hydroquinone,
0.1% silver nitrate in 0.03 M citrate buffer pH 3.8 for
30 min). After washing with saline phosphate buffer
(PBS), samples were incubated overnight in 1%
osmium tetroxide buffered with PBS, dehydrated in
a graded ethanol series, exchanged with acetone and
embedded in Spurr resin (Pelco, Int., 122 USA).
Ultrathin sections stained with uranyl acetate and lead
citrate were examined under transmission electron
microscope (Zeiss EM 109). The chromium ion
precipitates formed by the treatment with silver nitrate
(Timm’s reagent) were observed as electron opaque
deposits. Parallel samples cultivated without Cr(VI)
served as controls. Additionally, Streptomyces sp.
MC1 cells cultivated with and without Cr(VI) were
processed without staining: fixation (glutaraldehyde
3% in phosphate buffer 0.1 M pH 7.4) for 3 h at 4°C
followed by osmium tetroxide (1% in the same
buffer). Samples were then dehydrated in an alcohol
series transferred to acetone and embedded in Spurr
resin (Albarracín et al. 2008a)

2.4 Scanning Electron Microscopy and EDXA

Bacteria cells were harvested with centrifugation
(10,000 rpm, 4°C, 30 min). Cell pellets were washed
with distilled water, fixed in Karnovsky's formalde-
hyde (8%), glutaraldehyde (16%), and phosphate
buffer (pH 7) over night at 4°C, the fixed samples
were washed three times with phosphate buffer and
CaCl for 10 min. Later, they were fixed with 2%
osmium tetroxide over night. The samples were
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washed twice with ethanol 30% during 10 min. Finally,
the samples were dried at critical point and coated with
sputtering gold. Specimens were observed under vacu-
um using a Zeiss Supra 55VP (Carl Zeiss NTS GmbH,
Germany) scanning electron microscope. EDXA was
carried out using INCAPentaFET-x3 EDS detector
(Oxford, UK), EDXA spectra were analyzed using
INCAEnergy software interface.

2.5 Statistical Analyses

Statistical analyses were conducted using SPSS 11.0.0
for Windows (SPSS Inc.; Chicago, IL, USA). Paired t
test and variance analysis were applied. A probability
of p<0.05 was used throughout this study.

3 Results

3.1 Chromium Reduction and Uptake

Streptomyces sp. MC1 could tolerate high Cr(VI)
concentrations (890 mg l−1) when testing by a
semiquantitative assay (Polti et al. 2007). The current
study evaluated the influence that would have the
glycerol on the Cr(VI) reduction and accumulation
ability by this strain.

Growth of Streptomyces sp. MC1 in liquid MMY
supplemented with 50 mg l−1 Cr(VI) was assayed
with regard to metal ion reduction and uptake by

biomass from the culture supernatant. Streptomyces
sp. MC1 presented growth inhibition of 36% after
48 h of incubation, which diminished to 20% after
72 h of incubation; Cr(VI) reduction was approxi-
mately 52% and started during the exponential growth
phase and continued through the stationary phase
(Fig. 1).

For determining the long-term effect of Cr(VI)
sorption and reduction, Streptomyces sp. MC1 was
grown for 7 and 70 days in MM and MMY
supplemented with 50 mg l−1 Cr(VI), and total, extra,
and intracellular Cr and Cr(VI) concentrations were
measured (Table 1). Cr(VI) was reduced for approx-
imately 94% and 96% to Cr(III) in the presence of
glucose and glycerol, respectively. No intracellular Cr
(VI) was detected, assuming that the chromium inside
the cell corresponded to Cr(III; Table 1). After 70 days
of incubation, Streptomyces sp. MC1 was able to
accumulate 15% and 8% of chromium as Cr(III) with
glucose and glycerol, respectively. After 7 days of
incubation, the specific uptake of chromium was 1.48
and 1.56 mg per gram of wet biomass in MM and
MMY, respectively; and after 70 days, these values
were 3.54 and 2.32 mg g−1 in MM and MMY.

3.2 Ultrastructural Study by Transmission Electron
Microscopy

Traditional transmission electron microscopy (TEM)
showed that Streptomyces sp. MC1 morphology was
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Fig. 1 Growth of Streptomy-
ces sp. MC1 in MMY
without Cr(VI) ( ) and
supplemented with 50 mg l−1
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and 220 rpm; residual
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not altered when it was grown in Cr(VI) supplemented
medium and lyses processes were not observed either
(Fig. 2a, b). Although electron microscopy is generally
a useful technique to detect metal accumulation in
cells, in this case it was not possible to identify any
chromium granules or deposits inside or near the cells
with the routine technique.

3.3 Evidence of Chromium Intracellular
Accumulation using TEM

Using the histochemical Timm staining method, Cr
appeared as a reaction precipitate of reduced silver.
Cells grown with Cr(VI); (Fig. 3b) showed higher
intracellular electrodensity than control cells (Fig. 3a).
Both in longitudinal and transversal hyphal sections,
reaction deposits were observed throughout the cells.
No clear deposits could be seen in cells cultured in the
absence of Cr(VI); (Fig. 3a).

3.4 Scanning Electron Microscopy and EDXA

SEM of Streptomyces sp. MC1 showed the typical
branching mycelia of the genus Streptomyces that
fragments into rod-like elements. Some spore-like
structures were observed and they presented smooth
surface while displayed in long straight to flexuous
chains (Fig. 4). There was a slight difference in
morphology between Cr(VI) exposed and non-exposed
Streptomyces sp. MC1. The exposed filamentous
bacteria were rounder and shorter than non-exposed
ones.

EDXA spectra of cells exposed to 50 mg l−1 Cr
(VI) showed the presence of a Cr peak which was
absent in non-exposed control cells. The EDXA spectra
were also used to provide X-ray energy windows for Cr
mapping. The EDXA map showed a high density of red
dots corresponding to Cr, indicating a large chromium
concentration with homogeneous distribution on the
surface (Fig. 5). Non-exposed cells did not show this
pattern of Cr dots.

4 Discussion

The processes through which microorganisms interact
with toxic metals are biosorption, bioaccumulation,
and enzymatic reduction (Srinath et al. 2002).
Bacteria can reduce Cr(VI) to Cr(III) under both
aerobic and anaerobic conditions (Ackerley et al.
2004). Cr(VI) reduction in minimal medium is much
more time-consuming than in complex medium. Polti
et al. (2009, 2010) demonstrated the ability of

ba

100 nm 100 nm 

Fig. 2 Transmission elec-
tron micrographs of
Streptomyces sp. MC1, after
7 days of growth in MM: a
control, without Cr(VI). (b)
supplemented with Cr(VI)
50 mg l−1

Table 1 Cr distribution in Streptomyces sp. MC1 cultures after
7 and 70 days of incubation in minimal medium (MM) and
minimal medium with glycerol (MMY) supplemented with
50 mg l−1 of Cr(VI)

Cr (%)

MM MMY

Time (days) Cell Supernatant Cell Supernatant

7 2.8a (0.0)b 97.2 (57.0) 2.0 (0.0) 98.0 (55.0)

70 13.9 (0.0) 86.1 (6.1) 8.0 (0.0) 92.0 (4.0)

a Total chromium
bCr(VI)
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Streptomyces sp. MC1 to reduce Cr(VI) to Cr(III)
under different culture conditions: Cr(VI) reduction
reached 45% after 3 days in minimal medium with
glucose as carbon source. Francisco et al. (2002)
reported microbial Cr(VI) reduction of up to 46.4%
in nutrient broth after 3 days. Desjardin et al. (2003)
determined that the Cr(VI) reduction rate of Strepto-
myces termocarboxydus NH50 increased when glycer-
ol instead of glucose was utilized as carbon source.
Because the different nutrients of the culture medium
can affect Cr(VI) reduction, we decided to study the
influence that the carbon source would have on Cr(VI)
reduction and accumulation by Streptomyces sp. MC1.
In contrast to the results by Desjardin et al. (2003) no
significant difference could be observed in the reduc-
tion rate of Cr(VI) by Streptomyces sp. MC1 between
glucose and glycerol; Cr(VI) reduction showed similar
kinetics for both carbon sources. Reduction started in
both cases during the exponential growth phase and
continued through the stationary phase (Polti et al. 2009).

The ability of this strain to accumulate chromium
was also evaluated. There are few reports on chromium
biosorption or bioaccumulation by actinomycete strains.
Amoroso et al. (2001) determined Cr(VI) bioaccumu-
lation by two Streptomyces strains. Both strains were
able to accumulate 5-10 mg of chromium per gram cell
in minimal medium. Cr(VI) bioaccumulation by
Streptomyces griseus in complex medium was up to
3 mg g−1 cell (Laxman and More 2002). In this work,
Streptomyces sp. MC1 was able to accumulate up to
1.48 mg g−1 cell after 3 days in minimal medium.

Long-term incubation on chromium-amended media
is also an important factor to improve biopsortion and

bioreduction. Kong et al. (1994) determined an increase
up to 200% in the chromium uptake capacity by
Pseudomonas after 50 days of incubation compared to
1 day. The specific chromium uptake by Streptomyces

a

1 µm 

1 µm 

b

Fig. 4 Scanning electron micrograph of Streptomyces sp.
MC1, after 7 days of growth in MM: a control, without Cr
(VI); b supplemented with Cr(VI) 50 mg l−1, showing
filamentous mycelium

100 nm 

a b 

100 nm 

Fig. 3 TEM micrographs of
Streptomyces sp. MC1, after
7 days of growth in MM: a
control, without Cr(VI). b
Supplemented with Cr(VI)
50 mg l−1, using Timm’s
reagent staining method.
Arrows indicate intracellular
aggregates
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sp. MC1 after 70 days increased in 50-140%. No Cr
(III) re-oxidation could be observed after 70 days of
incubation indicating a potential application of the
microorganism in Cr(VI) removal from contaminated
soils and sediments.

Visualization of metal deposits by means of optic
or electron microscopy together with histochemical
methods has been widely used in higher eukaryotes
including human cells (Kodama et al. 1993; Horký et al.
2002; Kawamura et al. 2002). Recently, the same
methods have been applied to detect metal accumula-
tion in microorganisms (El-Helow et al. 2000; Naz
et al. 2005) and in some cases, X-ray microanalysis has
been proposed as another approach for visualization of
heavy metal deposits in bacteria (Kato et al. 2000; Lu
et al. 2006; Sharma et al. 2000).

Timm method is based on the conversion of
available metals into metal sulfide molecules upon
which the visible metallic silver is deposited by
appropriate incubation of the sample sections. This
method has been used successfully for localization of
metals in various vertebrate tissues using light and
electron microscopy. Application of the method for
ultrastructural studies requires modifications since the
essential steps of the reaction affect the structural
preservation of the tissue (Saloga et al. 1988).
Ultrastructural cytochemical visualization of chromi-
um was used for the first time by Saloga et al. (1988)
for metal detection in the skin of guinea pigs. The
authors demonstrated that adequate structural preser-
vation could be achieved when the tissue was
previously fixed with glutaraldehyde. This prefixation
did not affect the sensitivity or specificity of the

method. It was used for the first time by Albarracín
et al. (2008a) to detect metal deposits in unicellular
organisms. The authors detected copper accumulation
by Amycolatopsis tucumanensis AB0, but there are no
records on determination of Cr with this method in
bacteria.

In the current study, the low-cost staining method,
originally proposed by Timm and modified by Saloga
et al. (1988), has been applied for the first time to
bacteria to detect chromium accumulation with high
sensitivity and specificity.

The results of Cr(VI) and total chromium determi-
nation are in accordance with intracellular chromium
deposits stained with the cytochemical method. Cr
(III) may be stored within the cell by chromium
binding proteins. Ksheminskaa et al. (2005) studied
the capacity of yeasts to accumulate chromium;
several strains were tolerant to Cr and were still able
to accumulate high levels of the metal under certain
conditions. Accumulation of Cr(III) was carried out
with an efficiency comparable to Cr(VI), either
indicating the existence of an independent transport
mechanism or permeability of the cell membrane to
Cr(III) species. They concluded that the problem of
Cr toxicity it is not likely closely and exclusively
related to Cr over accumulation, as was suggested by
several authors (Batic and Raspor 1988; Cervantes
et al. 2001; Raspor et al. 2000).

Bankar et al. (2009) showed surface sequestration
of Cr(VI) by the yeast Yarrowia lipolytica using SEM
equipped with an energy dispersive spectrometer. On
the other hand, Zhu et al. (2008) determined that
Leucobacter sp. CRB1 was surrounded by crystals

Fig. 5 a Scanning electron micrographs and EDXA maps of Streptomyces sp. MC1 exposed to Cr(VI). The EDXA maps show the
distribution of Cr. b EDXA spectra of elements adsorbed on the area indicated with a square in a, Cr peaks are labeled
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and amorphous substances composed by Cr(III) using
SEM and EDXA. They concluded that extracellular
Cr(VI) reduction contributed to the high tolerance and
reduction ability of this strain. Similarly, chromium
was detected by EDXA on the surface of Streptomy-
ces sp. MC1, but spectrophotometric determinations
demonstrated this was not as Cr(VI). Therefore, it is
assumed to be Cr(III).

The results of ultrastructural analysis and Cr(VI)
and total chromium determinations allow us to
assume that in the beginning Streptomyces sp. MC1
reduced Cr(VI) to Cr(III), and after that it sequestered
chromium from the culture medium and accumulated
it within the cell. These results are in accordance with
intracellular chromium deposits stained with the
cytochemical reaction.

So far, the general strategy for control of Cr (and
other heavy metal) pollution has relied upon dissimila-
tory metal reduction, that is the uptake of toxic and
permeable Cr(VI) molecules by microorganisms and
plants and their subsequent bioremediation and conver-
sion into less toxic trivalent forms (Ksheminskaa et al.
2005). The results of AA, SEM, and EDXA could
indicate that the mechanism of Cr(VI) resistance
observed in Streptomyces sp. MC1 includes adsorption
coupled with reduction to Cr(III), and finally, Cr(III)
bioaccumulation. This mechanism could have special
relevance to remediation of Cr(VI) contaminated
environments by Streptomyces sp. MC1.

Acknowledgments We gratefully acknowledge the financial
assistance of CIUNT, CONICET, and ANPCYT, Argentina.

References

Ackerley, D. F., González, C. F., Park, C. H., Blake, R.,
Keyhan, M., & Matin, A. (2004). Chromate-reducing
properties of soluble flavoproteins from Pseudomonas
putida and Escherichia coli. Applied and Environmental
Microbiology, 70, 873–882.

Albarracín, V. H., Amoroso, M. J., & Abate, C. M. (2005).
Isolation and characterization of indigenous copper resis-
tant actinomycete strains. Chemie der Erde/Geochemistry,
65, 145–156.

Albarracín, V. H., Avila, A. L., Amoroso, M. J., & Abate, C. M.
(2008a). Copper removal ability by Streptomyces strains
with dissimilar growth patterns and endowed with cupric
reductase activity. FEMS Microbiology Letters, 288, 141–
148.

Albarracín, V. H., Winik, B., Kothe, E., Amoroso, M. J., &
Abate, C. M. (2008b). Copper bioaccumulation by the

actinobacterium Amycolatopsis sp. AB0. Journal of Basic
Microbiology, 48, 323–330.

Amoroso, M. J., Castro, G. R., Carlino, F. J., Romero, N. C.,
Hill, R. T., & Oliver, G. (1998). Screening of heavy metal-
tolerant actinomycetes isolated from the Salí River. The
Journal of General and Applied Microbiology, 44, 129–
132.

Amoroso, M. J., Castro, G. R., Durán, A., Peraud, O., Oliver,
G., & Hill, R. T. (2001). Chromium accumulation by two
Streptomyces spp. isolated from riverine sediments. Jour-
nal of Industrial Microbiology and Biotechnology, 26,
210–215.

APHA (1989). Standard methods for the examination of water
and wastewater (17th ed.). Washington: American Public
Health Association.

Bagchi, D., Bagchi, M., & Stohs, S. J. (2001). Chromium (VI)-
induced oxidative stress, apoptotic cell death and modu-
lation of p53 tumor suppressor gene. Molecular and
Cellular Biochemistry, 222, 149–158.

Bagchi, D., Stohs, S. J., Downs, B. W., Bagchi, M., & Preuss,
H. G. (2002). Cytotoxicity and oxidative mechanisms of
different forms of chromium. Toxicology, 180, 5–22.

Bankar, A. V., Kumar, A. R., & Zinjarde, S. S. (2009).
Removal of chromium (VI) ions from aqueous solution
by adsorption onto two marine isolates of Yarrowia
lipolytica. Journal of Hazardous Materials, 170, 487–494.

Batic, M., & Raspor, P. (1988). Uptake and bioaccumulation of
Cr(III) in yeast Saccharomyces cerevisiae. Food Technol-
ogy and Biotechnology, 36, 291–297.

Beleza, V. M., Boaventura, R. A., & Almeida, M. F. (2001).
Kinetics of chromium removal from spent tanning liquors
using acetylene production sludge. Environmental Science
and Technology, 35, 4379–4383.

Biedermann, K. A., & Landolph, J. R. (1990). Role of valence
state and solubility of chromium compounds on induction
of cytotoxicity, mutagenesis, and anchorage independence
in diploid human fibroblasts. Cancer Research, 50, 7835–
7842.

Boopathy, R. (2000). Factors limiting bioremediation technol-
ogies. Bioresource Technology, 74, 63–67.

Cefalu, W. T., & Hu, F. B. (2004). Role of chromium in human
health and in diabetes. Diabetes Care, 27, 2741–2751.

Cervantes, C., Campos-Garcia, J., Devars, S., Gutierrez-
Corona, F., Loza-Tavera, H., Torres-Guzman, J. C., et al.
(2001). Interactions of chromium with microorganisms
and plants. FEMS Microbiology Reviews, 25, 335–347.

Cheung, K. H., & Gu, J. D. (2007). Mechanism of hexavalent
chromium detoxification by microorganisms and bioreme-
diation application potential: a review. International
Biodeterioration and Biodegradation, 59, 8–15.

Das, S., & Chandra, A. L. (1990). Chromate reduction in
Streptomyces. Experientia, 46, 731–733.

Desjardin, V., Bayard, R., Lejeune, P., & Gourdon, R. (2003).
Utilisation of supernatants of pure cultures of Streptomy-
ces thermocarboxydus NH50 to reduce chromium toxicity
and mobility in contaminated soils. Water Air and Soil
Pollution, 3, 153–160.

El-Helow, E. R., Sabry, S. A., & Amer, R. M. (2000). Cadmium
biosorption by a cadmium resistant strain of Bacillus
thuringiensis: regulation and optimization of cell surface
affinity for metal cations. Biometals, 13, 273–280.

56 Water Air Soil Pollut (2011) 214:49–57



Francisco, R., Alpoim, M. C., & Morais, P. V. (2002). Diversity
of chromium-resistant and -reducing bacteria in a
chromium-contaminated activated sludge. Journal of
Applied Microbiology, 92, 837–843.

Gadd, G. M. (2004). Microbial influence on metal mobility and
application for bioremediation. Geoderma, 122, 109–119.

Ho, W. S. W., & Poddar, T. K. (2001). New membrane
technology for removal and recovery of chromium from
waste waters. Environmental Progress, 20, 44–52.

Horký, D., Illek, J., & Pechová, A. (2002). Histochemical and
ultrahistochemical localization of heavymetals in calf organs.
Microscopy Research and Technique, 56(6), 435–450.

Kato, F., Kuwahara, C., Oosone, A., Ichikawa, T., Terada, H.,
Morita, Y., et al. (2000). Accumulation and Subcellular
localization of cesium in mycelia of Streptomyces lividans
and a Cs tolerant strain, Streptomyces sp. TOHO-2.
Journal of Health Science, 46, 259–262.

Kawamura, M., Takahashi, I., & Kaneko, J. J. (2002). Ultrastruc-
tural and kinetic studies of copper metabolism in Bedlington
Terrier dogs. Veterinary Pathology, 39, 747–750.

Kodama, H., Abe, T., Takama, M., Takahashi, I., Kodama, M., &
Nishimura, M. (1993). Histochemical localization of copper
in the intestine and kidney ofmacular mice: light and electron
microscopic study. Journal of Histochemistry and Cyto-
chemistry, 41, 1529–1535.

Kong, S., Johnstone, D. L., Younge, D. R., Petersen, J. N., &
Brouns, T. M. (1994). Long term intracellular chromium
partitioning with subsurface bacteria. Applied Microbiolo-
gy and Biotechnology, 42, 403–407.

Kothe, E., Bergmann, H., & Buchel, G. (2005). Molecular
mechanisms in bio-geointeractions: from a case study to
general mechanisms. Chemie der Erde/Geochemistry, 65,
7–27.

Ksheminskaa, H., Fedorovycha, D., Babyaka, L., Yanovycha,
D., Kaszyckib, P., & Koloczekb, H. (2005). Chromium
(III) and (VI) tolerance and bioaccumulation in yeast: a
survey of cellular chromium content in selected strains of
representative genera. Process Biochemistry, 40, 1565–
1572.

Laxman, S. R., & More, S. (2002). Reduction of hexavalent
chromium by Streptomyces griseus. Minerals Engineering,
15, 831–837.

Lu, W.-B., Shi, J.-J., Wang, C.-H., & Chang, J.-S. (2006).
Biosorption of lead, copper and cadmium by an indige-
nous isolate Enterobacter sp. J1 possessing high heavy-
metal resistance. Journal of Hazardous Materials, 134,
80–86.

Malik, A. (2004). Metal bioremediation through growing cells.
Environment International, 30, 261–278.

Megharaj, M., Avudainayagam, S., & Naidu, R. (2003).
Toxicity of hexavalent chromium and its reduction by
bacteria isolated from soil contaminated with tannery
waste. Current Microbiology, 47, 51–54.

Naz, N., Young, H. K., Ahmed, N., & Gadd, G. M. (2005).
Cadmium accumulation and DNA homology with metal
resistance genes in sulfate-reducing bacteria. Applied and
Environmental Microbiology, 71, 4610–4618.

Polti, M. A., Amoroso, M. J., & Abate, C. M. (2007). Chromium
(VI) resistance and removal by actinomycete strains isolated
from sediments. Chemosphere, 67, 660–667.

Polti, M. A., García, R. O., Amoroso, M. J., & Abate, C. M.
(2009). Bioremediation of chromium(VI) contaminated
soil by Streptomyces sp. MC1. Journal of Basic Microbi-
ology, 49, 285–292.

Polti, M. A., Amoroso, M. J., & Abate, C. M. (2010). Chromate
reductase activity in Streptomyces sp. MC1. The Journal
of General and Applied Microbiology, 56(1), 11–18.

Raspor, P., Batic, M., Jamnik, P., Josic, D., Milacic, R., Pas, M.,
et al. (2000). The influence of chromium compounds on
yeast physiology (a review). Acta Microbiologica et
Immunologica Hungarica, 47, 143–173.

Saloga, J., Knop, J., & Kolde, G. (1988). Ultrastructural
cytochemical visualization of chromium in the skin of
sensitized guinea pigs. Archives of Dermatological Re-
search, 280, 214–219.

Schmidt, A., Haferburg, G., Siñeriz, M., Merten, D., Buchel,
G., & Kothe, E. (2005). Heavy metal resistance mecha-
nisms in actinobacteria for survival in AMD contaminated
soils. Chemie der Erde/Geochemistry, 65, 131–144.

Sharma, P. K., Balkwill, D. L., Frenkel, A., & Vairavamurthy,
M. A. (2000). A new Klebsiella planticola strain (Cd-1)
grows anaerobically at high cadmium concentrations and
precipitates cadmium sulphide. Applied and Environmen-
tal Microbiology, 66, 3083–3087.

Siñeriz, M. L., Kothe, E., & Abate, C. M. (2009). Cadmium
biosorption by Streptomyces sp. F4 isolated from former
uranium mine. Journal of Basic Microbiology, 49, S55–S62.

Srinath, T., Verma, T., Ramteke, P. W., & Garg, S. K. (2002).
Chromium (VI) biosorption and bioaccumulation by
chromate resistant bacteria. Chemosphere, 48, 427–435.

Viti, C., Pace, A., & Giovannetti, L. (2003). Characterization of
Cr (VI)-resistant bacteria isolated from chromium-
contaminated soil by tannery activity. Current Microbiol-
ogy, 46, 1–5.

Zhu, W., Yang, Z., Ma, Z., & Chai, L. (2008). Reduction of
high concentrations of chromate by Leucobacter sp. CRB1
isolated from Changsha, China. World Journal of Micro-
biology and Biotechnology, 24, 991–996.

Water Air Soil Pollut (2011) 214:49–57 57


	Intracellular chromium accumulation by Streptomyces sp. MC1
	Abstract
	Introduction
	Materials and Methods
	Strain, Media, and Culture Conditions
	Chromium Reduction and Uptake Assays
	Morphological Studies and Ultrastructural Determination of Chromium Deposits
	Scanning Electron Microscopy and EDXA
	Statistical Analyses

	Results
	Chromium Reduction and Uptake
	Ultrastructural Study by Transmission Electron Microscopy 
	Evidence of Chromium Intracellular Accumulation using TEM
	Scanning Electron Microscopy and EDXA

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


