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To help address conflicting opinions regarding the ability of chromate ions to use sulphate and phosphate
membrane transporters to penetrate microbial cells, this work reports on an initial study related to the
effect of these oxyanions on Cr(VI) removal by an actinobacterium, Streptomyces sp. MC1. Aspects related
to growth and pleomorphism of this strain under Cr(VI) exposure are also presented. Although this strain
was able to remove Cr(VI) from a liquid medium, significant decreases in both growth and filament
branching were observed under metal exposure. The presence of sulphate and phosphate ions in the
culture medium did not reverse the Cr(VI)-induced morphological transition. However, both ions miti-

g};‘;vglrlism removal gated the inhibitory effect of Cr(VI) on bacterial growth, and increased their removal from culture su-
Streptomyces pernatants. Since total chromium concentration in the supernatant remained constant, this finding may
Pleomorphism indicate that sulphate and phosphate ions play a key role in the external reduction of Cr(VI) by Strep-
Sulphate tomyces sp. MC1, and that therefore Cr(VI) bioremoval could be optimized in terms of time and cost.

Phosphate © 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Chromium is an element found in rocks, soil, plants, animals,
volcanic dust, and gasses. It is the seventh most abundant element
on earth, and it occurs in various oxidation states ranging from —2
to +6. Only trivalent chromium Cr(Ill) and hexavalent chromium
Cr(VI) are ecologically important, since these are the most stable
oxidation states in the natural environment (Cefalu and Hu, 2004).
Cr(Ill) and Cr(VI) differ widely in their physicochemical properties
and biological reactivity levels. Cr(Ill) is an essential trace element
necessary for glucose, lipid, and amino acid metabolism, and is
even a popular dietary supplement (Viamajala et al., 2004). How-
ever, at high concentrations, Cr(IlI) has been shown to have
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negative effects on cellular structures. Cr(VI) species are extremely
water-soluble and mobile in the environment. They are recognized
as being highly toxic, carcinogenic, mutagenic, and teratogenic for
mammals, including humans (Flores and Perez, 1999). In-vivo
studies have revealed that Cr(VI) is approximately 1000 times
more cytotoxic and mutagenic than Cr(IIl) (Czaké-Vér et al., 1999).

Industrial effluents containing Cr(VI) are often released into nat-
ural water resources without proper treatment, resulting in anthro-
pogenic contamination (Viti et al., 2003; Cefalu and Hu, 2004;
Cheung and Gu, 2007). Conventional treatment processes for chro-
mium detoxification generally involve aqueous reduction of Cr(VI) by
areductant and subsequent pH adjustment to neutral ranges in order
to precipitate the less soluble Cr(Ill). However, this process requires
large amounts of chemicals and energy, and therefore is often not
economically feasible. As a result, it has become critical to search for
new techniques that can reduce heavy metal concentrations to
acceptable environmental levels, at manageable costs.

The potential of certain taxa to degrade and detoxify particular
contaminants can be used in microorganism-based bioremedia-
tion techniques (Colin et al., 2012). Biotransformation of Cr(VI) to
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Cr(Ill) with chromium bioaccumulation using various species of
bacteria is the most pragmatic approach that has been found to
date for chromium removal at contaminated sites (Megharaj et al.,
2003; Camargo et al.,, 2004; Bae et al.,, 2005; Liu et al., 2006).
Numerous chromium homeostasis mechanisms under anaerobic
and aerobic conditions have been described. These processes
include, on the one hand, Cr(VI) reduction outside of the cell,
generating Cr(Ill) that is unable to cross cellular membranes. On
the other hand, Cr(VI) uptake and subsequent reduction inside the
cell have also been reported (Ramirez-Diaz et al., 2008). In relation
to this, some authors have suggested that the chromate is able to
use sulphate and phosphate transport routes to penetrate micro-
bial cells, due to the chromate’s structural similarity to these
oxyanions (Brown et al., 2006; Ramirez-Diaz et al., 2008; Unal
et al, 2010). However, other researchers have reported on
studies in which sulphate and phosphate ions have had no effect
on Cr(VI) bioremoval (Wang and Xiao, 1995; Liu et al., 2006;
Zakaria et al., 2007).

It has to be mentioned that the sulphate ion is a very common
pollutant from the mining, food, fermentation, paper, and tan-
neries industries (Jong and Parry, 2003; Zhao et al, 2011).
Meanwhile phosphate ions can also be considered a contaminant
if the concentrations are high; these reach the environment
through sewage containing household detergents and cleaning
preparations, through agricultural effluents, and through effluent
from the fertilizer, detergent, and soap industries (Pradyot, 1997;
cited by Krishnaswamy et al., 2011). Thus it is necessary to know
whether the presence of sulphate or phosphate ions, which are
often present in effluent or polluted sites, interferes with Cr(VI)
removal processes of bacterial cells.

Streptomyces sp. MC1, an actinobacterium isolated from sug-
arcane from the province of Tucuman in Argentina (Polti et al.,
2007), has shown ability to decrease Cr(VI) concentrations in a
liquid medium, as well as in soil extracts and soil samples (Polti
et al, 2009). In addition, effective chromate reductase activity
has been detected in all cellular fractions of this strain (Polti et al.,
2010). Although it has been demonstrated that Cr(VI) exposition
may produce oxidative stress, and as a result, morphological
changes linked to the stress level produced by metal exposure
(Ackerley et al., 2006; Francisco et al., 2010; Unal et al., 2010),
there are no previous studies on pleomorphic changes of actino-
bacteria exposed to Cr(VI). Here we report on the first study on the
effect of sulphate and phosphate ions on Cr(VI) removal by
Streptomyces sp. MC1 into a liquid medium, as well as analyses of
the macro and microscopic features of the growth, with the aim of
further characterizing the physiological state of the organism
under the study conditions.

2. Materials and methods
2.1. Microorganism, maintenance, and culture conditions

The microorganism used in this work was Streptomyces sp. MC1
(PROIMI Collection, NCBI accession number: AY741287), which is
resistant to Cr(VI) (Polti et al., 2007). This strain was maintained on
starch-casein agar slants (SC agar) containing (g 1-!): starch, 10.0;
casein, 1.0; K;HPOy, 0.5; and agar, 12.0. The pH was adjusted to 7.0
prior to sterilization.

Growth and Cr(VI) removal assays were carried out in liquid
minimal medium (MM) as formulated by Amoroso et al. (1998),
modified for this study to contain (g 1-!): glucose, 10.0; L-aspar-
agine, 0.5; K;HPOy4, 0.5; MgCl,-7H;0, 0.20; and FeSO4-7H>0, 0.01.
Streptomyces sp. MC1 spore suspensions (100 pl of 108 CFU mI~1)
from solid MM (1.2% agar) were inoculated in Erlenmeyer flasks

with liquid MM (called control or C), and also supplemented with
sulphate ions (called S) or phosphate ions (called P), to final
concentrations of 5 mM. Streptomyces sp. MC1 cultivated under
the same conditions, but with Cr(VI) to a final concentration of
20 mg 1~!, were labelled as CCr, SCr, and PCr, respectively. Sul-
phate, phosphate, and Cr(VI) were added to liquid MM as NaSOg,
KoHPO4, and K)Cry0; from stock solutions. Is important to
mention that at pH 7, chromate and dichromate ions coexist at a
ratio of 1:1.

The cultures were incubated at 30 °C on an orbital shaker at
170 rpm. Samples were taken every 24 h. Cultures with Cr(VI)
added but without the inoculums were included as abiotic controls,
in order to verify that the components of the culture medium did
not participate in the Cr(VI) reduction.

2.2. Determination of growth parameters

Samples were centrifuged at 10,000 g for 15 min at 4 °C, and cells
were washed twice with bi-distilled water. Dry weight was deter-
mined using aluminum foil cups dried to constant weight at 80 °C
(approximately 48 h). Supernatants were stored at —20 °C for analysis
of residual glucose, Cr(VI), and total chromium concentration.
Maximum specific growth rate (imax; h~') was calculated as the slope
of the regression line of the natural logarithm of culture biomass
versus time.

Residual glucose was measured using the dinitrosalicylic acid
method as described by Miller (1959) and modified by Villegas et al.
(2008). Readings were interpolated from a standard curve prepared
using a series of glucose dilutions (0—1 g 171).

Specific glucose consumption (qggiy) was calculated based upon
Eq. (1), where Cp and C are the initial and residual glucose con-
centrations in the medium after a time interval, respectively, and X
is the biomass concentration. This parameter was expressed as
grams of glucose consumption per gram of biomass.

dgiu = [(Co — €)/X] (1)

2.3. Measurement of chromium

Extracellular residual Cr(VI) was measured using a colorimetric
reagent specific for Cr(VI), 1,5-diphenylcarbazide, dissolved in
acetone at a final concentration of 0.05% (APHA, 1992). Absorbance
was measured at 540 nm, and Cr(VI) concentration was calculated
with a standard curve prepared using a series of Cr(VI) dilutions
(1-25 mg I™1).

Specific removal of Cr(VI) (qcrvi)), expressed as milligrams of
removed metal per gram of biomass, was calculated based on the
equation (1) as previously described, where now Cy and C are the
initial and residual Cr(VI) concentrations after a time interval,
respectively; and X is the biomass concentration. Total extracellular
Cr concentration was also measured in the supernatants using an
atomic absorption spectrophotometer.

2.4. Morphological characterization using digital image analysis

The morphology of Streptomyces MC1 sp. was characterized
after 96 h of cultivation by using digital image analysis (Nikon
Eclipse Net software, version 1.20). In order to analyse the
macroscopic morphology, average diameters were determined for
an appropriate number of bacterial floccules (n > 100). Cellular
morphology was also analysed using differential interference
contrast (DIC) images. Two microscopic parameters were deter-
mined according to Trinci (1974) for an appropriate number of
hyphal elements (n > 30): hyphal diameter (D) and hyphal growth
unit length (L/N), where L is total hyphal length and N is the
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number of tips. Note that L/N is an inverse measurement of the
degree of filament branching. Lengths of hyphal trees were ob-
tained using a pre-set calibration in microns at a total magnifi-
cation of 2500 x.

2.5. Statistical analyses

Statistical analyses was performed using Infostat (version 2004)
and Minitab (version 14) software for Windows, and results are
presented here as mean + standard deviation, with the assays carried
out in triplicate. Statistical significance values for the means were
evaluated using one-way analysis of variance. Subsequent compari-
sons were performed using Tukey’s post-hoc test. Differences were
accepted as significant when p < 0.05. Associations between vari-
ables were also assessed using Pearson’s correlation coefficient.

3. Results

3.1. The effects of sulphate, phosphate, and chromium on growth
parameters

Fig. 1 shows the growth kinetics of Streptomyces sp. MC1 during
cultivation in MM, in the presence and absence of sulphate or phos-
phate, as well as in the presence and absence of Cr(VI). In the absence of
Cr(VI), only after 72 h of cultivation was biomass concentration found to
be significantly higher in S and P compared to C (p < 0.05) (Fig. 1A). At
the end of each incubation period (120 h), bacterial growth had
increased by 13% in S and 30% in P, when compared to the control (C).

The growth kinetics of Streptomyces sp. MC1 were also evaluated
in parallel in media supplemented with 20 mg 1=! Cr(VI) (Fig. 1B).

>

Biomass (g 1I™1)

0 24 48 72 96 120

Time course (h)

=

Biomass (g 1)

Time course (h)

Fig. 1. Growth kinetics of Streptomyces sp. MC1 during cultivation in minimal medium
either in the absence (A) or the presence (B) of 20 mg 1=' Cr(VI): (OJ/m) without
sulphate and phosphate ions; (O/®) with 5 mM sulphate; (A/A ) with 5 mM phos-
phate. Error bars represent the standard deviation calculated from three independent
experiments. The values with different letters are significantly different (p < 0.05).

Under the three conditions (CCr, SCr, and PCr), biomass concen-
tration decreased significantly (p < 0.05) compared to the respec-
tive controls without added Cr (C, S, and P). Bacterial growth
inhibition was substantially lower in SCr (7%—12%) than in CCr
(27%—29%) and in PCr (31%—44%), when compared to their
respective levels of growth without the added metal.

The pmax values for Streptomyces sp. MC1 cultivated in MM, both
in the presence and absence of Cr(VI), are showed in Table 1. Ac-
cording to statistical analysis, the jimax, which was reached between
24 and 48 h of cultivation, showed no significant differences in the
reference cultures C, S, and P (p > 0.05). However, in the presence of
Cr(VI), the kinetic parameter decreased by 25% for CCr and 18% for
PCr, compared to C and P, respectively, while in SCr, pmax decreased
by only 8% compared to S. Finally, after 48 h of cultivation, the
growth rate values decreased significantly in all cases, reaching
stationary phase after approximately 96 h of cultivation.

The qgiy by Streptomyces sp. MC1 in the presence and absence of
Cr(VI) was estimated by measurement of residual glucose in the
culture supernatants (Fig. 2). Glucose consumption by cells grown in
CCr, SCr, and PCr (Fig. 2B) was markedly lower than in the reference
cultures (Fig. 2A). After 48 h, qgy decreased between 37 and 53% for
CCr, 12—45% for SCr, and 20—80% for PCr. At the end of each incu-
bation period, only 17%—28% of the total glucose was consumed by
this strain in the presence of Cr(VI). Finally, the decrease in qgy
observed under conditions of exposure to Cr(VI) was correlated
with a drop-off in the biomass concentration (r = 0.806; p < 0.001).

3.2. The effects of sulphate and phosphate oxyanions on chromium
removal

The extracellular Cr(VI) concentration was determined in each
supernatant during 120 h of cultivation (Fig. 3). In the three con-
ditions studied (CCr, SCr, and PCr), Cr(VI) concentration decreased
in a time-dependent manner, reaching the minimum values of re-
sidual Cr(VI) after 96 h of incubation (Fig. 3A). At the end of each
incubation period, Cr(VI) removal was 20% for CCr, 50% for PCr, and
70% for SCr. It is important to point out that while in SCr residual
Cr(VI) decreased from the beginning of cultivation, in PCr a signif-
icant level of Cr(VI) removal compared to CCr was observed only
after 96 h of cultivation.

The qcrvry increased in a time-dependent manner in CCr, SCr,
and PCr, with maximum values reached at 96 h, after which the
values remained constant (Fig. 3B). However, while CCr and PCr
showed no significant differences between them until 120 h, in SCr
this parameter was three to four times higher than for CCr
throughout the entire assay. Surprisingly, total chromium concen-
tration in the supernatant was only slightly reduced (about 5—7%)

Table 1
Maximum specific growth rate (imax) of Streptomyces sp. MC1
incubated in minimal medium.

Culture conditions (Hmax; h™1)

C 0.12 + 0.01°
CCr 0.09 -+ 0.004°
S 0.12 & 0.02°
SCr 0.11 + 0.04°
p 0.11 + 0.02°
PCr 0.09 + 0.01°

C (minimal medium), S (minimal medium with sulphate added),
P (minimal medium with phosphate added), CCr (minimal me-
dium with chromium added), SCr (minimal medium with sul-
phate and chromium added), PCr (minimal medium with
phosphate and chromium added). Results are presented as the
mean + standard deviation calculated from three independent
experiments. The values with different letters are significantly
different (p < 0.05).
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Fig. 2. Specific glucose consumption by Streptomyces sp. MC1 during cultivation in
minimal medium either in the absence (A) or the presence (B) of 20 mg 1! Cr(VI): (W)
without sulphate and phosphate ions; ({7) with 5 mM sulphate; ((J) with 5 mM phos-
phate. Error bars represent the standard deviation calculated from three independent
experiments. The values with different letters are significantly different (p < 0.05).

in the presence of sulphate ions. In the abiotic controls, concen-
tration of Cr(VI) was not reduced, indicating that the bacteria was
the factor responsible for the reduction activity. These results
suggest that the reduction of Cr(VI) to Cr(Ill) occurs mainly outside
of the microbial cell.

3.3. Characterization of pleomorphism upon chromium exposure

Although qualitative analysis of the morphological changes seen
in Streptomyces sp. MC1 exposed to Cr(VI) has been performed in
previous studies (Polti et al., 2011), this works presents the first
quantitative morphological characterization of this strain after
metal exposure. In terms of macroscopic analysis, the reference
cultures (C, S, and P) did not exhibit significant differences between
them. Under all three conditions, bacterial flocculation was
observed, creating structures that ranged from “compact pellets” to
loose mycelia aggregates that could best be described as “clumps”
(Fig. 4A). In contrast, only compact pellets of a homogeneous size
were observed in the cultures with Cr(VI) added (Fig. 4B).

In order to quantitatively characterize the macroscopic mor-
phologies developed in Streptomyces sp. MC1, in both the presence
and absence of Cr(VI), histograms were designed based upon the
frequency distributions of the mean largest diameter of bacterial
floccules (Fig. 5). In the absence of metal, a mixture of small pellets
and prominent clumps was observed. These structures had mean
diameters of 0.042 4 0.006 um in pellets and 0.084 + 0.006 pm in
clumps. In the presence of Cr(VI), the degree of bacterial floccula-
tion increased, and only compact pellets of a homogeneous size
(0.042 + 0.006) were observed. On the basis of these results, bac-
terial floccules obtained in the absence of metal were looser and
larger than those developed in the presence of Cr(VI).
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Fig. 3. Cr(VI) removal by Streptomyces sp. MC1 during cultivation in minimal medium
either in the presence or the absence of sulphate or phosphate. (A) Residual Cr(VI):
without sulphate and phosphate (M ); with 5 mM sulphate (®); with 5 mM phosphate
(A). (B) Cr(VI) specific removal: Without sulphate and phosphate (M); with 5 mM
sulphate (M); with 5 mM phosphate (). Error bars represent the standard deviation
calculated from three independent experiments. The values with different letters are
significantly different (p < 0.05).

In terms of the cellular morphology of Streptomyces sp. MC1, the
presence of Cr(VI) in the MM encouraged unavoidable morpho-
logical changes (Fig. 6). Filaments not exposed to the metal (Fig. 6A)
were more branched than those exposed to Cr(VI) (Fig. 6B). This
was reflected in the L/N values, which increased by 41-50% in the
presence of Cr(VI), compared to the cultures without Cr(VI) added
(Table 2). In this connection, the increase in the L/N values observed
in Cr(VI)-exposed filaments was correlated with the decrease in the
Gglu (r = —0.824; p < 0.001). Finally, D values were not significantly
modified by the presence of Cr(VI) in the MM.

4. Discussion

During the past 30 years, bioremediation has emerged from the
laboratory to become a fully commercialized technology in many
industrialized countries. Since the discovery of the first microbe
capable of reducing Cr(VI) (Romanenko and Korenkov, 1977), the
search for new routes of biological detoxification using both aerobic
and anaerobic microorganisms has been enthusiastically pursued
(Shanker et al., 2005; Zakaria et al., 2007). In previous studies, Polti
et al. (2009, 2010, 2011) reported on the ability of Streptomyces sp.
MCT1 to decrease Cr(VI) concentrations in a variety of systems. In order
to improve the efficiency of a potential biological approach to Cr(VI)
detoxification using this strain, we have studied the effects of sulphate
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Fig. 4. Macroscopic morphology of Streptomyces sp. MC1 cultivated in minimal medium
either in the absence (A) or the presence (B) of 20 mg 1~! Cr(VI). (C): Clumps; (P): Pellets.
Both panels are at the same magnification, with the bar in (A) representing 1 mm.

153

and phosphate ions, frequent co-contaminants of Cr(VI), on the
growth of Streptomyces sp. MC1 and on its ability to remove Cr(VI).

Our results revealed that in the absence of Cr(VI), both ions
slightly increased the biomass production of Streptomyces sp. MC1,
although they had no effect on growth rate (Table 1). As expected,
the presence of Cr(VI) in the culture medium negatively affected
the growth parameters of Streptomyces sp. MC1 (biomass concen-
tration, [imax, and ggiy), as was similarly reported for several other
bacterial genera such as Azotobacter, Bacillus, Pseudomonas, and
Escherichia (Kong et al., 2009; Parameswari et al., 2009), and fila-
mentous fungi and yeasts (Dursun et al., 2003; Fernandez et al.,
2010).

In terms of chromium homeostasis, the presence of phosphate
and, to a greater degree, sulphate ions in the MM, the growth of
Streptomyces MC1 was accompanied by a decrease in Cr(VI) con-
centrations in the culture supernatants; however, extracellular to-
tal chromium concentrations were not significantly modified. This
finding may indicate that, under the current assay conditions, the
drop-off in Cr(VI) concentration is mainly due to extracellular
reduction to Cr(Ill). Aerobic Cr(VI) reduction is normally associated
with a soluble protein fraction utilizing NADH or NADPH as the
electron donor. This aerobic reduction, which takes place either
internally or externally to the plasma membrane, is considered to
be a detoxification mechanism for Cr(VI), and was reported for first
time in Escherichia coli (Shen and Wang, 1993).

Several authors have assumed that active transport of chromate
in bacteria is performed across membranes using the sulphate
uptake route, and have pointed out that the chromate is a
competitive inhibitor of sulphate transport in a variety of bacterial
species studied. Ohtake et al. (1987) noted the ability of sulphate to
protect growing Pseudomonas fluorescens cells from the inhibitory
effects of chromate, suggesting a direct competition between both
oxyanions for the same transport carrier; however, the chromate
resistance in P. fluorescens was related to a reduced uptake of Cr(VI).
On the other hand, Branco et al. (2004) showed that growth of
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Fig. 5. Histograms showing the distribution of the mean largest diameter of bacterial floccules (n = 100) from Streptomyces sp. MC1, obtained in minimal medium either in the
absence (—) or the presence (— —) of 20 mg 1-! Cr(VI). (A) Without sulphate and phosphate ions. (B) With 5 mM sulphate. (C) With 5 mM phosphate.
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Fig. 6. Differential interference contrast images of Streptomyces MC1 sp. cells cultivated
in minimal medium either in the absence (A) or the presence (B) of 20 mg 1-' Cr(VI).
Both panels are at the same magnification, with the bar in (A) representing 10 pm.

Ochrobactrum tritici 5bvi1 was independent of concentrations of
sulphate in the culture medium and the presence of this oxyanion
did not produce any protective effect to the cells exposed to Cr(VI),
as was suggested. Neither the presence of sodium azide (metabolic
inhibitor), PO3~, SO, SO3~, NO3, or Pb(Il), Zn(ll), or Cd(Il) ions
resulted in a significant decrease in Cr(VI) reduction by Acineto-
bacter haemolyticus (Zakaria et al, 2007). Meanwhile, Guillén-
Jiménez et al. (2008) reported that despite the fact that the pres-
ence of sulphate had no stimulatory or inhibitory effect on Candida
sp. FGSFEP growth, higher volumetric efficiencies and rates of
Cr(VI) reduction exhibited by this strain were obtained at higher
concentrations of sulphate. These results are in good agreement
with ours in relation to Cr(VI) reduction.

Regarding the Streptomyces genus, there is little background
found in the literature about the influence of sulphate or phosphate
ion in the removal of Cr(VI), with the exception of two studies on
Streptomyces griseus. Laxman and More (2002) studied the deletion
of some constituents of the medium, reporting that MgSO4 did not
significantly influence the growth of the bacterium or the reduction
of Cr(VI). Similarly, it was later found that sulphate, nitrate, chlo-
ride, and carbonate had no effect on chromate reduction during
growth, while the presence of Cd, Ni, Co, and Cu were inhibitory to
various degrees (Poopal and Laxman, 2009).

Although the putative competition for the membrane trans-
porters between sulphate, phosphate, and Cr(VI) species still needs

Table 2
Microscopic parameters for Streptomyces sp. MC1 developed in minimal medium
after 96 h of cultivation.

Culture conditions Microscopic morphological parameters

D (pm) N L (pm) L/N (pm)
C 0.77 £ 0.04*° 6-7  366.5+309  43.0 + 3.5
ccr 0.76 £ 0.10°  0-1 1639 +£28.7 605+ 7.8"
S 0.79 £ 0.06° 6-7 32384497 405 + 6.2°
SCr 0.82 £ 0.07°  0-1 1749 +245 583 +82°
P 0.76 £0.10° 6-7  360.6+30.0  40.1 +3.3°
PCr 077 £0.11*  0-1 174.6 + 25.8 60.0 + 8.9°

C (minimal medium), S (minimal medium with sulphate added), P (minimal me-
dium with phosphate added), CCr (minimal medium with chromium added), SCr
(minimal medium with sulphate and chromium added), PCr (minimal medium with
phosphate and chromium added), D (hyphal diameter), N (number of tips), L (total
hyphal length), L/N (hyphal growth unit length). Results are presented as the
mean =+ standard deviation calculated from thirty hyphal elements. The values with
different letters are significantly different (p < 0.05).

to be demonstrated at the molecular level in most microbial sys-
tems, our results led us to conclude that the presence of both sul-
phate and, to a minor degree, phosphate, allow the species of Cr(VI)
to remain free, and therefore available for enzymatic reduction by
Streptomyces sp. MCl1.

Laxman and More (2002) have also proposed that S. griseus was
able to reduce Cr(VI) using glucose as the energy and/or electron
donor. Likewise, Orozco et al. (2007) reported that the microbial
consortium of an activated sludge was capable of removing chro-
mium via its reduction to Cr(IIl) only if a suitable electron donor
(such as lactose) was available. It was also observed that the specific
glucose consumption of three indigenous yeast strains increased
with the addition of Cr(VI) to the culture medium (Villegas et al.,
2008). However, no correlation between specific glucose con-
sumption and Cr(VI) specific removal was detected in this study.

Therefore, in the system analysed here, the results obtained are
in agreement with those performed in soil where were reported
study that the oxyanionic species of Cr(VI) compete with sulphate
by the same adsorption sites (Zachara et al., 1989; Zayed and Terry,
2003). This supports our hypothesis that no active transport of
Cr(VI) occurred and that free Cr(VI) is reduced enzymatically by
Streptomyces sp. MC1 in the extracellular medium.

We have also quantitatively analysed the morphological
changes undergone by Streptomyces sp. MC1 during Cr(VI) removal,
in both the presence and absence of sulphate or phosphate ions.
Gram-positive, soil-dwelling actinobacteria such as those from the
genus Streptomyces are a typical example of microorganisms with
an interesting life cycle, resembling in certain aspects that of lower
eukaryotes such as filamentous fungi. Maturation and later spore
germination will result in a new mycelium (Worrall and
Vijgenboom, 2010). In liquid media, filamentous microorganisms
can flocculate to form mycelial structures that range from “compact
pellets” to mycelia aggregates or “clumps” (Papagianni, 2006). The
macroscopic growth of Streptomyces sp. MC1 resulted in a
remarkably increased bacterial flocculation in the presence of
Cr(VI) in the culture media with the formation of small and
compact pellets. The morphological pattern can affect the rheo-
logical properties or physical properties of the culture, and conse-
quently the productivity of the process (Grimm et al., 2005).
According to Unal et al. (2010), such pelleted systems could
potentially be useful in wastewater treatment for removal of
polluting metals.

In terms of cellular morphology, there are reports in the litera-
ture of inevitable microscopic alterations resulting from chromium
toxicity in microorganisms. Ackerley et al. (2006), for example,
reported on morphological alteration of E. coli K-12 exposed to
chromate, which exhibited extreme filamentous morphology.
Chourey et al. (2006) studied the cellular morphology of Shewanella
oneidensis MR-1 exposed to Cr(VI), as compared to non-exposed
control cells. In contrast to the untreated control cells, Cr(VI)-
exposed cells formed apparently aseptate, non-motile filaments
that tended to aggregate. Francisco et al. (2010) found that the cells
of Ochrobactrum tritici exposed to dichromate also showed
morphological alterations compared to the morphology of control
cells. In filamentous microorganisms such as the Streptomyces sp.
MC1 actinobacterium, cellular morphology can vary from linear
filaments to highly branched structures. Under our assay condi-
tions, a significant decrease in filament branching was observed in
Cr(VI)-exposed cells. The branching process is a dynamic and
complex mechanism that involves the coordinated actions of
numerous enzymes and cytoplasm precursors (Barreteau et al.,
2008; Bouhss et al., 2008), where the initiation of new branching
could become challenging for the cells under inhospitable condi-
tions. Therefore, the decrease in the branching degree of Cr(VI)-
exposed filaments could be an adaptive response by stressed
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cells. Surprisingly, the presence of sulphate or phosphate ions did
not modify the macro and micromorphological parameters of this
strain in the presence of Cr(VI). Accordingly and in contrast of what
was suggested, our results did not suggest a protective effect of
sulphate or phosphate since the pleomorphism of Streptomyces sp.
MC1 was consistent with a stressed culture.

We propose that the supplementation with phosphate ions, or
to a greater degree with sulphate ions, might increase the biological
potential for Streptomyces sp. MC1 to perform Cr(VI) removal,
optimizing both the time and costs involved with treatment of
industrial effluents contaminated with chromium. Moreover,
further studies are needed to clearly understand the possible
mechanisms that this strain employs for Cr(VI) reduction and their
relation with sulphate and phosphate transporter systems. Inter-
estingly, a recent study revealed that the presence of Cr(VI) at
concentrations more than 5 mg 1! significantly inhibited the P
removal by bacteria in the system called “enhanced biological
phosphorus removal” (EBPR), widely implemented in wastewater
treatment plants (Fang et al., 2012). Considering these factors, new
perspectives have emerged and require attention with regard to
Cr(VI) removal as well as the removal of common co-contaminants
such as sulphate and phosphate.
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