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Abstract: Toxic metal contamination has serious effects on human health. Crude oil that may contain
toxic metals and oil spills can further contaminate the environment and lead to increased exposure.
This being the case, we chose to study the bio-production of inexpensive, environmentally safe
materials for remediation. Streptomyces sp. MOE6 is a Gram-positive, filamentous bacterium from
soil that produces an extracellular polysaccharide (MOE6-EPS). A one-factor-at-a-time experiments
showed that the maximum production of MOE6-EPS was achieved at 35 ◦C, pH 6, after nine days
of incubation with soluble starch and yeast extract as carbon sources and the latter as the nitrogen
source. We demonstrated that MOE6-EPS has the capacity to remove toxic metals such as Co(II),
Cr(VI), Cu(II) and U(VI) and from solution either by chelation and/or reduction. Additionally,
the bacterium was found to produce siderophores, which contribute to the removal of metals,
specifically Fe(III). Additionally, purified MOE6-EPS showed emulsifying activities against various
hydrophobic substances, including olive oil, corn oil, benzene, toluene and engine oil. These results
indicate that EPS from Streptomyces sp. MOE6 may be useful to sequester toxic metals and oil in
contaminated environments.

Keywords: extracellular polysaccharide; heavy metal removal; Streptomyces sp.; bioremediation;
microbially enhanced oil recovery

1. Introduction

Metals, such as Zn2+, Cr3+, Hg2+, Fe2+, Fe3+, and Cu2+, are essential nutrients (with
the exception of Hg2+) as they are required in trace amounts for many biological reactions.
However, in high concentrations, they show serious toxicological effects in humans such
as organ damage, nervous system damage, and cancer [1]. Metals and heavy metals are
also used in large quantities in many production industries, including pharmaceuticals,
oil refining, plastics, rubbers, and organic chemicals [2]. Improper disposal of industrial
wastes and leachates often causes contamination of nearby environments and can lead
to the bioaccumulation of heavy metals throughout the food chain [3]. The amount of
contamination varies by site, but concentrations over 500 mg of metal ion per kg of soil or
sludge have been reported for chromate [4,5]. Methods currently used to remove the toxic
metals from contaminated soil, wastewater, or mixed metal-petroleum, include chemical
precipitation, ion exchange, carbon adsorption, reverse osmosis, and ultra-filtration [2,6].
Disadvantages of such methods are high cost, high energy, high reagent requirements,
potential for by-products to cause additional pollution, and the possible incomplete re-
moval of the metal ions [1,7]. Thus, it is crucial to develop cost-effective and eco-friendly
remediation methods for toxic metals and hydrocarbons.

Two biological methods of metal remediation are biosorption and bioaccumulation [8].
Microbial biomass from bacteria, fungi or algae has been shown to remove heavy metals
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from industrial wastes and contaminated water [9]. The microorganism acts as a biosorbent,
with the metals adhering to the extracellular parts of the cell or as a bioaccumulator by
taking up and accumulating metals in the cell [10]. These procedures are less expensive
than conventional remediation methods [11,12]. Other methods are also utilized in environ-
mental bioremediation such as metal precipitation by microbial biopolymers, siderophores,
oxidation-reduction (redox) reactions, and complexation [1,10].

Among the bacteria that have been used for metal bioremediation applications are
strains belonging to the Actinobacteria [10], such as Streptomyces species, which are Gram-
positive, filamentous bacteria [13]. Their unique growth characteristics and metabolic
diversity make them good candidates for bioremediation [14]. Streptomyces species can
represent up to 50% of soil bacterial communities, and they can also be found in fresh
or saline water or hay [15,16]. Bacteria of this genus also produce bioactive secondary
metabolites, which can be utilized in bioremediation applications [17].

Among the secondary metabolites produced by Streptomyces species are extracellular
polysaccharides (EPS), carbohydrate biopolymers of different types of monosaccharide
units linked by glycosidic bonds. EPS structures have the general formula of (C6H10O5)n
where n is ≥40 and ≤3000 [18]. To provide additional functional activities, EPS can be
modified with non-carbohydrate moieties such as acetate, pyruvate, and/or sulfate [19].
EPS chains are primarily linear with some having branched structures [20]. The bacterial
EPS forms a protective layer around the cell that serves to limit toxic metal infiltration [3].
The ability of EPS to chelate cationic metals or metal complexes depends on the presence
of negatively charged functional groups, such as uronic acid and sulfate. EPS-based metal
bioremediation has advantages in cost, in lack of toxic by-products, in the potential to
reuse the biopolymer and in the possible valorization of the desorbed metals or bio-
mining [3,21,22]. EPS-metal remediation efficiency depends on the metal molecular size
and charge density, as well as competitors for binding, the concentration of EPS and
duration of the EPS-metal interaction [3].

Another environmental application for EPS is the emulsification of petroleum [23].
Conventional surfactants and emulsifiers are produced chemically; however, these syn-
thetic molecules can be toxic and often are not easily biodegraded [24]. Research efforts
have been directed to the development of natural sources for emulsifiers and surfactants
with higher degradability, lower toxicity and reasonable affordability [23]. Polysaccha-
rides have been shown to form emulsions in addition to stabilizing mixtures [25,26]. A
natural emulsifier of industrial importance is xanthan gum, which is produced from
Xanthomonas campestris and is used in many pharmaceuticals such as creams and suspen-
sions [27]. Following the examples of other polysaccharides and xanthan gum, bacterial
EPS may be functional in metal chelation and emulsification bioremediation.

Many Streptomyces strains also produce siderophores, another class of secondary
metabolites that has potential use in bioremediation of metal-contaminated soils [28].
Siderophores are extracellular, low molecular weighted (500–1500 Da) organic chelators
with high affinity and selectivity for Fe(III) [29]. These chelators are known to deliver iron
from the environment to the bacterial cells or surrounding plants to overcome the shortage
of available iron in oxidized soils where insoluble ferric oxides are found [29]. Even though
bacteria, fungi and plants biosynthesize more than 500 known siderophore molecules,
Streptomyces species primarily produce hydroxamates and catecholates [30,31]. Unlike the
biochelation of iron, where the iron deficiency stimulates siderophore production, high
concentrations of other metal cations such as copper, nickel, aluminum and cadmium lead
to the stimulation of siderophore production [29,32], suggesting the potential relevance of
this class of molecules in heavy metal bioremediation. Supporting this possibility was the
observation that siderophores produced by Pseudomonas fluorescens removed Fe, Co, and
Ni from uranium wastes [33]. Siderophores, then, hold promise to be an effective tool in
heavy metal bioremediation.

In this study, we aimed to develop new, naturally produced bioremediation agents
with lower environmental toxicity. We investigated and optimized the production and ap-
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plication of Streptomyces sp. MOE6 siderophores and MOE6-EPS biomolecules in removing
metals (Co, Cr, Cu, U, and Fe) from the surrounding aqueous solutions and determined the
emulsifying ability of MOE6-EPS towards various hydrophobic phases. We demonstrated
that the Streptomyces sp. MOE6 secondary metabolites in this study had functions and
yields well suited for application as biomaterials for bioremediation activities justifying
efforts to isolate related strains for development.

2. Materials and Methods
2.1. Materials and Reagents

All chemicals used were analytical grade. Galactose, lactose, mannose, xylose, and
CuSO4·5H2O were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Dex-
trin, soluble starch, CoCl2·6H2O, and K2Cr2O7 were purchased from Fisher Scientific Co.
(Fair Lawn, NJ, USA). Uranyl acetate with electron microscopy grade was obtained from
Electron Microscopy Science (Hatfield, PA, USA) (https://www.emsdiasum.com/microsco
py/products/chemicals/tannic.aspx#22400). Piperazine, from Eastman Kodak (Rochester,
NY, USA). Piperazine-N,N-bis (2-ethanesulfonic acid) (PIPES) was from Research Products
International Corporation (Mount Prospect, IL, USA). All additional components, organic
and inorganic, as well as solvents (benzene and toluene), were purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

2.2. Optimization for the Production of MOE6-EPS

Streptomyces sp. MOE6 strain was isolated from a soil sample collected from Columbia,
Missouri, USA. The methods for the isolation and identification of the Streptomyces species
were described in our previous work [34]. For the isolation of EPS, the MOE6 strain was
grown in Production Medium composed of the following per liter (anhydrous K2HPO4
3 g, KH2PO4 1 g, NaCl 3 g, anhydrous CaCO3 0.5 g, MgSO4·7H2O 0.5 g, tryptone 5 g,
yeast extract 5 g, glucose 10 g) pH 7.0 [35] at 30 ◦C for 7 days and shaken at 180 rpm. This
was followed by removal of the cells by centrifugation at 17,136× g for 20 min. The EPS
was removed from cell-free culture medium by precipitation with two volumes of cold
ethanol 100% v/v. After precipitation, the EPS was stored in ethanol at 4 ◦C overnight.
The precipitated crude EPS was then collected by centrifugation at 17,136× g for 20 min at
4 ◦C. This crude EPS was purified by redissolving in distilled water and reprecipitating
with two volumes of cold 100% v/v ethanol. The reprecipitation step was repeated three
times or until all the color was removed from the EPS and a white precipitate was obtained.
Finally, the white, purified EPS precipitate was collected by centrifugation and lyophilized
for further analysis.

After completion of this study, the strain was unfortunately lost. The Streptomyces
strain MOE6 had been identified by 16S rRNA gene sequencing and comparison with those
found in the National Center for Biotechnology Information (NCBI) database (5 March 2017)
with accession number KY742742 (available at https://www.ncbi.nlm.nih.gov/genbank/).
Optimization for MOE6-EPS production was performed by testing the effect of one-factor-
at-a-time, i.e., in each optimization experiment, we applied the result of the former physical
parameters in determining the best values for the following ones. This optimization was
carried out by measuring the dry weight of lyophilized MOE6-EPS produced per liter to
determine the conditions producing the maximum EPS. EPS productions were tested from
cultures in 250 mL shake flasks containing 50 mL of production medium [35]. All the flasks
were inoculated with 1 mL of 48 h bacterial culture.

The effects of five different incubation temperatures (25, 30, 35, 40 and 45 ◦C) on MOE6-
EPS production were tested at pH 7 with 180 rpm shaking for 7 days of incubation. This
was followed by evaluating the effect of different incubation periods and were studied over
an incubation time of 10 days at 180 rpm, 35 ◦C, and an initial pH of 7. Moreover, the effect
of various initial pHs of the culture medium on EPS production was tested over pH range
of 4 to 9 (where 1N HCl and 1N NaOH were used for adjusting the initial pHs) with the

https://www.emsdiasum.com/microscopy/products/chemicals/tannic.aspx#22400
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incubation shaken at 180 rpm and 35 ◦C and for 9 days of incubation (optimum temperature
and incubation time for EPS production obtained from the previous experiments).

The effect of different carbon sources on the production of MOE6-EPS was tested with
various simple and complex carbon sources (2% w/v) including: glucose, galactose, lactose,
sucrose, mannose, xylose, soluble starch and dextrin. The glucose was omitted from the
production medium when testing the effect of other sources of sugars on EPS production,
while all other medium components remained the same. The experiment was carried out
under the optimized conditions, i.e., at 180 rpm, 35 ◦C, and pH 6 over an incubation period
of 9 days.

Finally, the effect of different organic and inorganic nitrogen sources (0.6% w/v)
on the EPS production was examined, these included: yeast extract, tryptone, peptone,
ammonium sulfate, sodium nitrate, sodium nitrite, as well as glycine. The tryptone and
yeast extract were omitted from the production medium when testing the effect of other
nitrogen sources on EPS production, and only one of the listed nitrogen sources was added
to evaluate the effect of various nitrogen sources on the production. Glucose was added
as a carbon source. The dry weight of cells was obtained by collecting the cells from the
production medium after the incubation period, by centrifugation at 17,136× g for 20 min
and this was followed by drying the cells in an oven at 50 ◦C to a constant weight. The
experiment was carried out under the optimized conditions, i.e., at 180 rpm, 35 ◦C, and pH
6 over an incubation period of 9 days.

2.3. Metal Removal by MOE6-EPS

The ability of MOE6-EPS to remove various metals (Co(II), Cu(II), Cr(VI), and U(VI))
from their solutions was evaluated by several colorimetric assays.

2.3.1. Cobalt Removal Assay by MOE6-EPS

The ability of MOE6-EPS to chelate cobalt ions was determined by a colorimetric assay.
One mL of different concentrations of purified EPS were mixed with 1 mL of a CoCl2·6H2O
solution (0.5 mg of CoCl2·6H2O/mL) yielding final EPS concentrations of 0.125, 0.25, 0.5, 1,
2, and 4 mg/mL. After allowing the mixture to stand for five min, 0.5 mL H2O2 of 30% v/v
was added. This was followed by the addition of 1 mL of diethylenetriaminepentaacetic acid
(DTPA) 5% w/v. The whole mixture was boiled for 10 min until the color was developed
and measured at 530 nm [36]. To measure the concentration of cobalt chelated by MOE6-
EPS, a standard curve was constructed by different concentrations of CoCl2·6H2O/mL
(ranging from 0.125 to 2 mg/mL).

2.3.2. Chromium Reduction Assay by MOE6-EPS

We followed the method described by Method 7196A (July 1992) with some modifica-
tions to evaluate the ability of MOE6-EPS to reduce chromium as Cr(VI) in the dichromate
anion to a less toxic oxidation state of Cr(III) that is much less water soluble than Cr(VI).
Potassium dichromate stock solution was prepared by dissolving 141.4 mg of K2Cr2O7 in
water and diluting it in 1 liter (where 1 mL = 50 µg of Cr). Diphenylcarbazide solution was
prepared by dissolving 250 mg of 1,5-diphenylcarbazide in 50 mL acetone. For determining
reduction, 1 mL K2Cr2O7 (3 µg of Cr) was mixed with 1-mL portions of increasing con-
centrations of EPS with final concentrations of 0.125, 0.25, 0.5, 1, 2, and 4 mg/mL, and the
mixture was allowed to stand for five minutes. This was followed by the addition of 20 µL
of stock diphenylcarbazide solution then 10 µL H2SO4 of 10% v/v was added last. The
whole mixture was allowed to stand for five min and the color developed was measured at
540 nm with water as a blank. The concentration of the chromium removed (either due
to the reduction of Cr(VI) to Cr(III) or the removal of the dichromate anion by positive
charges that might exist on the EPS) was calculated from the standard curve constructed
with increasing concentrations of Cr(VI) (ranging from 0.5 to 5 µg/mL) by plotting the
absorbance values (at 540 nm) against µg/mL of Cr(VI).
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2.3.3. Copper Removal Assay by MOE6-EPS

The copper chelation capacity of MOE6-EPS was determined by the colorimetric assay
described by Bermejo-Martinez and Rodriguez-Campos [37] with some modifications.
Briefly, 1 mL of CuSO4·5H2O solution (1.5 mg of CuSO4·5H2O/mL) was mixed with
increasing concentrations of EPS to yield final EPS concentrations of (0.125, 0.25, 0.5, 1, 2,
and 4 mg/mL) in a final solution of volume 2 mL. After standing for 5 min, a metal chelator,
0.5 mL of 5% w/v diethylenetriaminepentaacetic acid (DTPA) was added. The resulting
blue color was measured at 650 nm. Different concentrations of CuSO4·5H2O/mL ranging
from 0.25 to 4 mg of CuSO4·5H2O/mL were used to construct a standard curve to measure
the amount of copper chelated by EPS. The standard curve was obtained by plotting the
absorbance values measured at 650 nm versus the known mg/mL of CuSO4·5H2O.

2.3.4. Uranium Removal Assay by MOE6-EPS

For the uranium binding assay with MOE6-EPS, 100 µM uranyl acetate (UO2(CH3COO)2)
stock solution was combined with EPS at final concentrations of 0.5, 1, 2, and 4 mg/mL for
five min. The EPS-metal solution mixture was loaded onto a G-25 mini spin column (Sigma-
Aldrich, St. Louis, MO, USA) and centrifuged for 2 min at 28,341× g. Then 100 µL of flow
through was removed and mixed sequentially with the uranium assay reagents as follows:
100 µL complexing solution (250 mg of trans-1,2-Diaminocyclohexane-N,N,N,N-tetraacetic
acid monohydrate (DCTA), 50 mg of sodium fluoride, 650 mg of sulfosalicylic acid in 10 mL
with a pH 7.85), 100 µL of 20 mM Tris Buffer (pH 7.85), 500 µL ethanol, 100 µL of 0.05%
(w/v) 2-(5-Bromo-2-pyridylazo)-5-(diethylamino) phenol in ethanol, and 350 µL deionized
water [38]. The mixture was incubated at room temperature for 45 min and measured
spectrophotometrically at 578 nm and the concentration of the uranyl ions removed were
calculated from a standard curve prepared in the same manner with a uranyl acetate range
of 0–100 µM. A negative control with EPS only and no uranyl acetate was also performed
in the same manner. All experiments were conducted in triplicate, and the average values
were used for further calculations.

2.4. Qualitative Estimation of Siderophore Produced by Streptomyces sp. MOE6

Siderophores are detected by the modified Chrome Azurol S (CAS) blue agar assay [39].
The CAS blue agar was prepared following the method of Schwyn and Neilands (1987) [40],
with some modifications. CAS (60.5 mg) was dissolved in 50 mL distilled water and
mixed with 10 mL of an iron (III) solution (1 mM of FeCl3·6H2O in 10 mM of HCl). The
solution (60 mL) was added slowly under stirring to a solution formed of 72.9 mg of
hexadecyltrimethylammonium bromide (HDTMA) dissolved in 40 mL water. This resulted
in the development of a dark blue liquid that was then autoclaved at 121 ◦C for 15 min. A
second mixture was formed by mixing 750 mL water, 15 g agar, 30.24 g PIPES, and 12 g of a
solution of 50% (w/w) NaOH to raise the pH to the pKa of PIPES (6.8) was also autoclaved
at 121 ◦C for 15 min. After both solutions were autoclaved, the first solution (dye solution,
while hot) was poured along the glassware wall of the container holding the molten second
solution to avoid foam formation when mixed carefully. All assay glassware was pretreated
with 6 M HCl to remove iron and subsequently rinsed with distilled water.

Petri dishes (10 cm in diameter) were filled with 30 mL International Streptomyces
Project (ISP2) medium with 1.5% agar [41]. ISP2 medium was allowed to solidify and
then cut into two halves. One half was removed from the plate and replaced by CAS-blue
agar (15 mL). The ISP2 medium half was streaked with Streptomyces sp. MOE6. The streak
was located far away from the borderline separating the two media. The inoculated Petri
dishes were then incubated at 30 ◦C in the dark. Dishes were monitored daily for the
inoculum growth over two weeks of incubation. The CAS reaction was determined by
measuring the advance of the color-change in the CAS-blue agar (from blue to orange),
starting from the borderline between the two media. Control plates of CAS-agar were
prepared and incubated under the same conditions but without being inoculated with
Streptomyces sp. MOE6.
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2.5. Quantitative Estimation of Siderophore Produced by Streptomyces sp. MOE6

Streptomyces sp. MOE6 was allowed to grow in liquid Production Medium [35] for
7 days of incubation at 30 ◦C with shaking at 180 rpm. After growth, the cells were removed
from the Production Medium by centrifugation at 17,136× g for 20 min. The siderophore
production by Streptomyces sp. MOE6 was measured with CAS as described by Schwyn
and Neilands (1987) [40]. The cell-free culture medium (0.5 mL) was mixed with 0.5 mL
CAS reagent (see below), then 10 µL of CAS shuttle solution (0.2 M 5-sulfosalicylic acid)
was added to accelerate the iron exchange process and the whole mixture was allowed to
stand in the dark for 1 h. Finally, the absorption was measured at 630 nm.

The CAS reagent was prepared by adding 6 mL of HDTMA (10 mM) to a 100 mL
volumetric flask, then 40 mL of distilled water was added. A mixture of 1.5 mL of iron
III solution (1 mM of FeCl3·H2O dissolved in 10 mM of HCl) and 7.5 mL of 2 mM CAS
stock solution were added to the diluted HDTMA in the volumetric flask slowly with
stirring. Anhydrous piperazine (4.307 g) was dissolved in H2O (30 mL) then 6.25 mL of
12 M HCl was added carefully to help dissolve the piperazine. This piperazine solution
was then added to the CAS solution in the volumetric flask. The CAS reagent volume
was brought to 100 mL with distilled H2O. A standard curve was constructed with in-
creasing amounts of the iron chelator desferrioxamine B in the range of 0 to 30 µM. The
siderophore concentrations were presented as % siderophore units (% SU) and calculated
by the following equation.

% Siderophore units = (Ar − As)/Ar × 100

where Ar = Absorbance of reference at 630 nm (Medium and CAS reagent), As = Absorbance
of sample at 630 nm, and 100% SU = 10 µM CAS.

2.6. Optimization of Siderophore Production by Streptomyces sp. MOE6

The effects of different physicochemical parameters on siderophore production were
examined in single-factor-at-a-time experiments. The result of each optimized parameter
was applied in determining the best value for the following ones. The experiment was
performed in 250 mL shake flasks containing 50 mL of Production Medium [35]. All the
flasks were inoculated with 1 mL of 48 h bacterial culture. The effect of different incubation
temperatures (25, 30, 35, 35, 40, and 45 ◦C) was evaluated at pH 7 and 7 days of incubation.
Additionally, the effect of different incubation times on the siderophore production was
tested over 10 days of incubation pH 7 and 35 ◦C (optimum temperature obtained from the
previous experiment). Finally, the effect of different initial pHs was examined over a pH
range of 4 to 9, where the initial pH of the Production Medium was adjusted by 1N HCl or
1N NaOH, at 35 ◦C and for 7 days of incubation. All the culture flasks were incubated in a
rotary shaker at 180 rpm.

2.7. Emulsifying Activities of MOE6-EPS

The emulsifying activities of MOE6-EPS were measured by a modified method of
Cooper and Goldenberg (1987) [42,43]. The hydrophobic substrates were added to an
aqueous phase containing various concentrations of MOE6-EPS in a ratio of 1:1 (v/v). The
mixture was agitated vigorously for 2 min and was allowed to stand for 24 h at room
temperature. The hydrophobic substrates used in this study were benzene, toluene and
commercial engine oil (Power Care Premium 4-cycle Engine Oil 10 W-30, Selmer, TN,
USA), as well as various commercial brands of vegetable oils, including pure corn oil and
pure olive oil. The emulsification index after 24 h (E24) was calculated according to the
following equation [44]:

E24 = [the height of emulsion layer/the overall height of the mixture] × 100.
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3. Results
3.1. Optimization of MOE6-EPS Production

For Streptomyces sp. MOE6, the effects of different physical parameters such as the
incubation temperatures, incubation periods as well as the initial pHs were evaluated.
Additionally, the effect of different carbon and nitrogen sources as nutritional requirements
were tested. The results revealed that the crude MOE6-EPS production increased gradually
within the tested temperature range to reach a maximum MOE6-EPS production per liter at
35 ◦C where the crude MOE6-EPS yield was 3.9 g/L (Figure 1a). The next parameter tested
was the time of incubation required to obtain the maximum accumulated MOE6-EPS. Over
10 days of incubation at 35 ◦C, the crude MOE6-EPS yield increased gradually to reach the
maximum production of crude MOE6-EPS (4.5 g/L) after 9 days (Figure 1b). Within the
initial pH range tested (pH 4–9), the maximum production for the crude MOE6-EPS per
liter was obtained at pH 6 where the yield was 5.6 g/L, whereas the minimum production
of the crude MOE6-EPS was 2.0 g/L at pH 4 (Figure 1c).

The impacts of nutrient concentrations on EPS production were also evaluated. Pro-
duction from equal weights of carbon sources, glucose, galactose, lactose, sucrose, mannose,
xylose, dextrin and soluble starch was measured. Soluble starch showed the highest crude
MOE6-EPS yield which was 11.7 g/L at 9 days, while xylose showed the minimum yield,
which was 3.0 g/L (Figure 1d). These results suggest that the cells may favor consuming
the longer polymers of branched carbohydrates for the production of higher amounts of
MOE6-EPS compared to the simple sugars or disaccharides.

A second essential nutrient that is required by the cells for growth and EPS production
is nitrogen from either organic or inorganic nitrogen compounds. The effect of six different
nitrogen sources on MOE6-EPS production was evaluated in a medium lacking any other
nitrogen source. The organic nitrogen sources tested in this experiment were yeast extract,
tryptone, and glycine; whereas, the inorganic nitrogen sources were ammonium sulfate,
sodium nitrate, and sodium nitrite. Organic nitrogen sources resulted in higher yields
of MOE6-EPS compared to inorganic nitrogen sources (Figure 1e). Among the nitrogen
sources tested, yeast extract or tryptone (organic nitrogen sources that also provide carbon)
showed maximum crude MOE6-EPS yield per liter of 3.17 g/L and 3.1 g/L, respectively.
Sodium nitrate (inorganic nitrogen source) resulted in a minimum yield of crude MOE6-
EPS that was 1.2 g/L (Table 1). Collectively, then, the optimal conditions for EPS production
by MOE6 are 9 days of growth at 35 ◦C and pH 6 with soluble starch as the carbon source
and yeast extract as the nitrogen source. The results of the effect of various carbon and
nitrogen sources on MOE6-EPS, as well as biomass yields, have been shown in Table 1.

Table 1. Nutrient impact on biomass and crude MOE6-EPS production.

Carbon Sources
(n = 3)

Nitrogen Sources
(n = 3)

Sugars Crude EPS Yield
(g/L)

Biomass Yield
(g/L) Sole N Source Crude EPS Yield

(g/L)
Biomass Yield

(g/L)

Glucose 4.0 ± 0.3 1.0 ± 0.1 Tryptone 3.1 ± 0.2 1.7 ± 0.2
Galactose 3.4 ± 0.4 2.3 ± 0.3 Yeast extract 3.2 ± 0.3 2.4 ± 0.1
Mannose 3.2 ± 0.1 3.2 ± 0.2 Glycine 1.9 ± 0.2 0.8 ± <0.1

Xylose 3.1 ± 0.2 2.1 ± 0.2 NaNO3 1.2 ± <0.1 0.6 ± 0.1
Lactose 3.2 ± 0.1 2.7 ± 0.4 (NH4)2SO4 2.3 ± 0.1 0.8 ± <0.1
Sucrose 3.4 ± 0.4 1.1 ± 0.1 NaNO2 1.3 ± <0.1 0.5 ± <0.1
Dextrin 10.0 ± 0.2 2.4 ± 0.2

Soluble starch 11.7 ± 0.6 1.9 ± 0.1

Concentrations of carbon and nitrogen sources in the production medium were 20 g/L and 6 g/L, respectively.
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Figure 1. Effect of various factors on crude MOE6-EPS production. (a) Effect of different incubation temperatures, (b) effect
of different incubation times, (c) effect of different initial pHs, (d) effect of different carbon sources, and (e) effect of different
nitrogen sources. Triplicate samples were tested for EPS (hollow circle) and cell dry weight (solid square). Error bars
were generally within the data symbol. The cultures were incubated aerobically at 180 rpm in the production medium at
pH 6 and 35 ◦C. Triplicate samples were tested for EPS and dry weight of cells. Cells were collected by centrifugation at
17,136× g and dried at 50 ◦C. Concentrations of carbon and nitrogen sources in the production medium were 20 g/L and
6 g/L, respectively.
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3.2. Metal Sequestration by MOE6-EPS

Our previous study showed that, after the extraction, purification and lyophilization
of MOE6-EPS, it appeared as a white, spongy precipitate that is water soluble, forming
a viscous solution. MOE6-EPS was formed mainly of glucose, mannose and glucuronic
acid. The matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis
showed that MOE6-EPS was a low molecular weight polysaccharide with a molecular
weight ranging from 8 to 16 kDa. Additionally, the chemical analysis showed that MOE6-
EPS 71 ± 1% carbohydrates, 3.6 ± 0.1% uronic acid and 0.8 ± 0.1% proteins [34]. EPS
polymers have been investigated as a useful tool for heavy metal remediation [3]. The
negatively charged groups on EPS molecules facilitate binding to positively charged toxic
metals. The ability of MOE6-EPS to chelate ferrous ions was demonstrated in our previous
work and that could be attributed to the presence of the hydroxyl and carboxylic groups
that were detected in the Fourier transform infrared (FTIR) spectroscopy of MOE6-EPS [34].

Here, we evaluated the ability of MOE6-EPS to chelate and presumably to remove
other common contaminant metals. First, the effect of MOE6-EPS on the cobalt cations was
tested with a spectrophotometric assay. The principle of this assay is that the cobalt ion is
able to develop a red color when it is boiled with a metal chelator called diethylenetriamine-
pentaacetic acid (DTPA) in the presence of H2O2. If another chelator (such as EPS) can
compete with DTPA and is added before boiling, the color intensity formed will decrease.
Increasing concentrations of MOE6-EPS were mixed with CoCl2·6H2O solution in the
presence of H2O2 and DTPA [36]. A decrease in the color development by DTPA after the
addition of MOE6-EPS was observed. We interpret this to mean that MOE6-EPS competed
with DTPA and chelated the cobalt ions. MOE6-EPS at a concentration of 0.125 mg EPS/mL
chelated 15.9 ± 0.1% of the initial 123.5 µg cobalt cations/mL, and this chelation activ-
ity increased gradually with increasing MOE6-EPS concentrations, reaching 44.9 ± 0.1%
chelation at 4 mg EPS/mL (Figure 2a).

Another seriously toxic metal is chromium. The removal of dichromate anions from so-
lution by MOE6-EPS was measured with the color intensity developed during the reaction
of Cr(VI) with diphenylcarbazide in an acidic medium [45]. The developed color intensity
decreased gradually with increasing MOE6-EPS concentrations, indicating the removal of
Cr(VI) by MOE6-EPS mediated by binding of dichromate ions or the reduction of Cr(VI) to
less soluble Cr(III). The results showed that the minimum MOE6-EPS concentration used,
0.125 mg/mL, was able to remove about 1.9 ± 0.1% of the Cr(VI), while the maximum
concentration used of 4 mg MOE6-EPS/mL removed 37.7 ± 0.1% of the initial amount of
the dichromate (VI) (Figure 2b).

The ability of MOE6-EPS to chelate cupric ions was also evaluated by a colorimetric
assay where DTPA forms a blue color with Cu2+ [37]. The observed decrease in the blue
color intensity is attributed to the removal of the cupric ions by MOE6-EPS due to the chela-
tion of the Cu2+. The results showed a gradual decrease in the intensity of the generated
color with increasing concentrations of the EPS. MOE6-EPS chelated 10.6 ± 0.1% of the
initial amount of Cu2+ cations (381.6 µg/mL) at a concentration of 0.5 mg EPS/mL, and
the EPS activity to remove Cu2+ increased gradually with increasing EPS concentrations to
reach 24.8 ± 0.1% at a concentration of 4 mg EPS/mL (Figure 2c).

Finally, a colorimetric assay was employed to detect the ability of MOE6-EPS to
remove the uranyl cations [UO2]2+ from solution [38]. A decrease in the color intensity
indicated the removal of the uranyl cations by MOE6-EPS, which was proportionate to the
amount of MOE6-EPS added. MOE6-EPS at concentration of 4 mg/mL removed about
70 ± 0.1% of the uranyl ions from a 100 µM uranyl acetate solution (Figure 2d).
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3.3. Siderophores Production and Activity
3.3.1. Qualitative and Quantitative Detection of Siderophores

The production of siderophores by Streptomyces sp. MOE6 was detected qualitatively
with a modified CAS agar assay [39], following the method of Schwyn and Neilands [40].
Adding a strong chelator will remove the iron from the CAS blue dye, causing a color
change from blue to orange or purple, depending on the type of siderophore secreted.
Half of a Petri dish was filled with International Streptomyces Project (ISP2) medium with
agar [41] and the other half was filled with CAS-blue agar; then, the ISP2 medium half
was streaked with Streptomyces sp. MOE6 (Figure 3a). After incubation at 30 ◦C for 7 days,
Streptomyces sp. MOE6 produced siderophores that had diffused across the Petri dish
turning those portions orange, indicating the removal of the iron from the dye due to
siderophore iron chelation. The orange color also suggests that the siderophore produced
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was hydroxamate and not the catechol siderophores produced by other Streptomyces species
that changes the CAS blue color into purple (Figure 3b).

The siderophore production by Streptomyces sp. MOE6 was also measured quanti-
tatively. After incubating Streptomyces sp. MOE6 at 30 ◦C and 180 rpm for 7 days, the
amount of the siderophore in the cell free spent medium was detected colorimetrically by
the method of Schwyn and Neilands (1987), with the development of an orange color. The
result showed that the amount of siderophore units was 46.1% siderophore units (=4.61 µM
CAS) after 7 days of incubation.
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Figure 3. Detection of siderophores on CAS-blue agar plate with ISP2 agar medium. (a) Negative control plate “uninoculated
ISP2 agar medium” and (b) ISP2 agar medium inoculated with Streptomyces sp. MOE6.

3.3.2. Siderophore Optimization

The effects of various physical culture conditions impacting the siderophore produc-
tion were tested. First, the effect of different incubation temperatures (from 25 to 45 ◦C)
was evaluated, and it was observed that the siderophore production increased gradually
by increasing the temperature until obtaining the maximum production of siderophores
(47.34% of siderophore units) at 35 ◦C and 180 rpm (Figure 4a) where 100% siderophore
units equal to 10 µM CAS. The second parameter was the incubation time required for
the maximum siderophore production, and it was evaluated over 10 days of incubation at
pH 7, 35 ◦C and 180 rpm. Within the incubation time, siderophore production increased
gradually to reach the maximum production (50.6% of siderophore units) after 7 days of
incubation (Figure 4b). Finally, the effect of different initial pHs of the culture medium
at 35 ◦C and 180 rpm. The production was evaluated over a pH range (from pH 4 to
pH 9). The results found that the maximum siderophore production (50.33% of siderophore
units) was achieved at the neutral pH (pH 7) (Figure 4c). Our results showed that the
maximum production of siderophore, which was ~50% of siderophore units (~5 µM CAS),
was achieved when the production medium was incubated at 35 ◦C, pH 7 and after 7 days
of incubation.
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3.4. Emulsification Activity of MOE6-EPS

Many studies have shown that microbial polysaccharides have found useful appli-
cations as emulsifying agents, resulting from the high viscosities and unique rheological
properties of the microbial EPSs [46,47]. In this study, we evaluated the emulsifying activity
of MOE6-EPS towards various hydrophobic phases by mixing increasing concentrations of
MOE6-EPS dissolved in water with equal volumes of oils. The emulsifying index (E24) for
each hydrophobic phase was calculated [42]. MOE6-EPS exhibited a noticeable emulsifying
activity, as it was able to stabilize various mixtures of water and hydrophobic phases such
as vegetable oils (olive oil and corn oil) and hydrocarbons (engine oil, benzene and toluene)
by forming a white emulsion layer. Emulsifying activity increased gradually with increas-
ing MOE6-EPS concentrations (Figure 5). The concentration at 4 mg EPS/mL displayed
the maximum emulsification index (E24) for engine oil 89.6% and olive oil 85.6%. This was
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followed by benzene at 66.4% and corn oil at 66%, whereas the lowest emulsification index
was 62.4% for toluene (Figure 5).
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concentrations. Values were measured after mixture was left standing for 24 h at room temperature.
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the full height of the entire solution.

4. Discussion

In this study, several factors, including temperature, incubation time, initial pH, car-
bon sources, and nitrogen sources that affected the Streptomyces sp. MOE6 growth and
crude EPS production, were investigated (Figure 1). Our results showed that an incubation
time of 9 days for Streptomyces sp. MOE6 at 35 ◦C and an initial pH of 6 led to a higher
yield of EPS (5.6 g/L), as compared to other conditions. Due to application of the optimal
conditions obtained, this value was much higher than the 2.5 g/L reported in our previous
study for MOE6 [34]. EPS production by Streptomyces sp. MOE6 was also higher than many
other microorganisms. For instance, Cupriavidus sp. ISTL7 released 3.11 ± 0.37 g/L EPS in
Minimal salt medium (MSM) [48] supplemented with carbofuran [49]. The EPS production
by Serratia sp.1 reached 2.45 g/L with sterile wastewater sludge as the substrate [50]. Addi-
tionally, microalgae and cyanobacteria have attracted industrial attention since they often
grow quickly and release large amounts of EPS [51]. Cyanobacterium Arthrospira platensis
generated 210 mg/L EPS after 21 days of culture [52] and EPS production of Arthrospira sp.
was enhanced to 1.02 g/g of dry cells (about 0.7 g/L) after the two-step cultivation pro-
cess [53]. These comparisons all indicated that Streptomyces sp. MOE6 was a promising
strain that produced high yields of EPS.

The optimal temperature for Streptomyces sp. MOE6 to produce EPS was 35 ◦C
(Figure 1a). The optimal growth temperature for the maximum EPS production depends
on the microorganisms and the biosynthetic enzymatic activity [54]. This was in agree-
ment with the report that states that most of Streptomyces sp. are mesophilic and grow in
temperatures 10–37 ◦C [55]. Additionally, Manivasagan and coworkers [35] showed that
Streptomyces violaceus MM72 produced the highest EPS yields and cell growth at 35 ◦C.

Another important factor that affects the EPS yield is the incubation time. Streptomyces
species are well known to be relatively slow growers compared to other bacteria. The incu-
bation time required for optimum EPS or other secondary metabolite yields varies among
different species [55]. In this study, the results showed that Streptomyces sp. MOE6 required
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nine days to achieve the optimum EPS yield (Figure 1b). These results are supported by
Dezfully and Ramanayaka [56] who showed that a longer incubation time of 10 days was
needed for optimum growth as well as the production of secondary metabolites from
Streptomyces flavogriseus strain, ACTK2.

The effect of pH on the production of EPS also varies with different microorgan-
isms [57]. In general, the optimal medium pH for EPS production ranges from 5.0 to 7.0 [54].
The optimal pH for Streptomyces sp. MOE6 fell within that range (Figure 1c). Moreover, the
medium pH may affect the cell morphology, structure, and membrane function [58–60].
Additionally, the molecular weight distribution of EPS can be altered by culture pH [57,61].
In the study reported here, a higher EPS concentration (11.7 g/L) was attained with soluble
starch as a carbon source with tryptone and yeast extract as nitrogen sources that also
contain some carbon contents. Among the tested nitrogen sources, the yeast extract with
glucose as the primary carbon source resulted in the highest EPS production, which was
3.2 g/L (Figure 1d,e). This may be due to different C/N ratios, which influenced the mi-
crobial metabolism and EPS production. In a study reported in 2017, the EPS productivity
of Haloferax mediterranei decreased as C/N ratio of available substrate increased from 5 to
65 [62]. However, the high C/N ratio favors EPS production in anaerobic bioreactors for
wastewater treatment [63]. Durmaz et al. found that, at a C/N ratio of 5, EPS in activated
sludge had rich proteins, but fewer carbohydrates, and as the C/N ratio increased to 40,
the amount of carbohydrates increased sharply [64].

Carbon sources are important factors determining the amount and the physicochemi-
cal characteristics of bacterial EPS [44]. Starch was ranked as the best substrate for extra-
cellular polysaccharide production from Rhodotorula minuta ATCC 10,658 [65], as well as
for Streptomyces sp. MOE6 in this work. Starch-industrial wastes could be applied to feed
Streptomyces sp. MOE6 to generate MOE6-EPS, which might reduce the cost of EPS produc-
tion. Thus, a high concentration of EPS could be recovered by physical (e.g., centrifugation
and filtration) or chemical (e.g., ethanol precipitation and acid-base extraction) extraction
methods easily allowing use as a bioflocculant and/or biosorbent [54]. Several studies have
applied bioflocculants and biosorbents in wastewater treatment, metal removal, landfill
leachate treatment, and soil remediation [66–68]. For instance, the polysaccharide pro-
duced by Rhizomonas sp. was applied to remove the humic acids from landfill leachates, a
procedure that showed comparable results with conventional coagulants [66]. Additionally,
the bioflocculant produced by Pseudomonas koreensis and Pantoea sp. showed significant
sorption of Cd, Cr and Pb [68]. Furthermore, a previous study showed that Pseudomonas
strain I1a and Arthrobacter strain D9 were functional in soil decontamination since they pro-
duced EPS that effectively retained Cd. Through the results presented here, it is clear that
the strain, Streptomyces sp. MOE6, or its non-toxic and biodegradable EPS, showed enough
potential that strains with these properties should be tested for in situ bioremediation.

We found that MOE6-EPS had the capacity to remove toxic metals such as Co(II),
Cr(VI), Cu(II) and U(VI) from their aqueous solutions (Figure 2). For cations, the negatively
charged carboxyl groups of uronic acid or hydroxyl groups observed in MOE6-EPS [34]
likely bound metal cations on these sites. In addition, a reduction in toxicity might be
achieved through the conversion of the metal to a less toxic form, which results from
a chemical reduction via electron donation from EPS to an anion leading to a solubility
change in the metal. Among the tested concentrations, MOE6-EPS showed the maximum
chelating activity at the highest EPS concentration of 4 mg/mL. The results demonstrated
that MOE6-EPS could compete with 5% (w/v) DTPA to chelate Co2+. This chelation could
have been related to the presence of uronic acid groups, as well as the hydroxyl groups
of the EPS. Four mg MOE6-EPS/mL chelated 44.9 ± 0.1% of the initial amount of cobalt
cations (123.5 µg/mL) (Figure 2a). These results were in agreement with Iyer et al. 2005 [69],
who reported an EPS produced by Enterobacter cloaceae showed the ability to chelate cobalt
and this chelating activity was strongly related to the uronic acid of the EPS.

Another toxic metal of environmental concern is chromium (Cr) that exists in several
oxidation states. The trivalent Cr(III) and the hexavalent Cr(VI) chromium are considered
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the most common forms found in nature [70]. However, the hexavalent chromium is
a human carcinogen due to its strong oxidizing potential that affects the cell structure
and causes cell damage [71]. Thus, developing new low-cost methods to remove Cr(VI),
either by chelation or by reducing it to Cr(III), which is a thousand times less toxic than
Cr(VI), is important. Here we reported the effect of MOE6-EPS on decreasing Cr(VI) in the
form of K2Cr2O7 from solution, monitored by a colorimetric assay which measured the
reaction of Cr(VI) with diphenylcarbazid (redox indicator). The addition of EPS resulted
in a diminution in the color intensity, indicating a decrease in Cr(VI). The loss of Cr(VI)
suggests that the anion was either converted by chemical reduction to the less toxic and
much less water soluble form Cr(III) or bound by the positive charges in the proteins that are
retained with the EPS polysaccharide even after purification. The results showed that 4 mg
MOE6-EPS/mL removed 37.7 ± 0.1% of the initial amount of chromate (3 µg) (Figure 2b).
These results agreed with Harish et al. (2012) [72], who reported that an EPS isolated
from Enterobactercloacae SUKCr1D showed the ability to reduce Cr(VI) to the less toxic
Cr(III) form. As we do not have a complete chemical analysis of the MOE6-EPS, we cannot
eliminate the possibility that modifications to the sugars may exist that allow binding of
negatively charged species with the addition of interacting with EPS-associated proteins.

Moreover, MOE6-EPS was able to chelate Cu2+ ions and the effect was dose dependent.
MOE6-EPS at a concentration of 4 mg/mL chelated 25 ± 0.1% of the initial amount of Cu2+

cations (381.6 µg) (Figure 2c). Similarly, a novel polysaccharide from Bacillus firmusis was
reported to chelate Cu2+ ions from an aqueous solution. Moreover, the results revealed
that this Bacillus EPS contained glucuronic acid that plays an important role in metal
chelation [73]. The likely mechanism of binding for the copper cations is through the
negatively charged groups on the EPS binding the positively charged metal atoms.

Few studies have been reported on the removal of U(VI) from solution with bacterial
EPS. Hussien et al. (2020) reported that extracellular polymeric substances extracted from
Aspergillus clavatus had a maximum U(VI) removal efficiency of 90% at pH 5.0 with an EPS
dose of 1 mg/mL [74]. Our results showed that MOE6-EPS was able to remove [UO2]2+

ions from an aqueous solution (Figure 2d). This could be due to the binding or chelation
of [UO2]2+ ions to negatively charged groups on MOE6-EPS and/or it could be related
to the reduction of U(VI) to the less soluble U(IV) by the EPS [75]. A previous study
reported that the formation of a metal complex resulted from an interaction between the
negative charges of a bacterial EPS and the uranyl ions [76]. The chelator in the method
we used is only specific for U(VI) (U(IV) is not measured) and so we cannot determine if
the uranyl ions were chelated by MOE6-EPS, reduced to insoluble U(IV) precipitates, or a
combination of both. Regardless of the mechanism, MOE6-EPS showed promise for the
removal of uranium.

The concentrations of toxic metals in soils vary extensively. The soils found in the
Andes Mountains (Peru) are characterized by the presence of high concentrations of toxic
metals. For example, the copper content ranged between 100 and 500 mg/kg and this
exceeded the world average value, which is (12 mg/kg) [77]. Moreover, the soil samples
collected from Gansu industrial region of the Yellow River (China) were found to be heavily
contaminated with chromium (506.58 mg/kg) [5]. A soil sample that was contaminated
with industrial wastewater in the Mostorud area, Egypt, showed a high concentration of
cobalt that reach (146 mg/kg) [78]. Groundwater collected from two U.S. aquifers, Central
Valley and High Plains showed that the concentration of naturally occurring uranium
(U) exceeded 30 µg/L, which is the maximum contaminant level determined by the U.S.
Environmental Protection Agency [79]. The results reported in this study showed that
MOE6-EPS was a promising candidate for the effective removal of these heavy metals from
contaminated areas.

Several studies have been performed on the removal of metals by polysaccharide-
based biomaterials [74,80–82] (Table 2). For instance, the biosorption capacities of nanofi-
brous chitin for metal ions followed the order: Cd2+ (330 mg/g) > Pb2+ (303 mg/g) >
Cu2+ (141 mg/g) > Ni2+ (135 mg/g) [83]. The different biosorption capacities for various
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metals may result from ionic size, atomic weight, or reduction potential of the metal and
the functional groups of extracellular polymeric substances [3]. From the results obtained
here, MOE6-EPS produced by Streptomyces sp. MOE6 had the potential to be a useful
bioadsorbent. Future studies investigating the binding performance of EPS in mixed-metal
solutions, aided by high resolution analytical methods, would be an important next step
towards establishing EPS as a viable in-field bioremediation method.

Table 2. Bio-based polymers and metal ions adsorbed.

Bio-Based Polymers Metal Ions Maximum Biosorption Capacity
(mg Metal/g Biopolymer) Reference

Polysaccharide from
Bacillus firmus MS-102

Pb 1103
[73]Cu 860

Zn 722

Extracellular polymeric substances of
Aspergillus clavatus U(VI) 123.5 [74]

Extracellular polymeric substances of
Parapedobacter sp. ISTM3 Cr(VI) 33.7 [80]

Extracellular polymeric substances of
Agrobacterium tumefaciens F2 Cr(VI) 39.9 [81]

Chitin nanofibers

Ni(II) 134.7

[83]
Zn(II) 134.0
Cd(II) 330.1
Pb(II) 303.4
Cu(II) 141.0

Exopolysaccharide of Paenibacillus jamilae

Pb(II) 303.0

[84]

Cu(II) 7.8
Zn(II) 12.3
Co(II) 30.1

MOE6-EPS of
Streptomyces sp. MOE6

Co(II) 13.8
Cu(II) 23.6

Unk. indicates that the data were not provided in the article.

The processes of toxic metal desorption and polysaccharide regeneration are essential
to economically viable applications and should be inexpensive [85]. Acids, alkalis, salts,
various chelating agents and buffer solutions, as well as deionized water have been used
for adsorbent regeneration. However, desorption of metal ions in an acidic medium is
higher and more rapid than in neutral and basic media [86]. Metal desorption could be
attributed to the competition between protons and metal cations. Moreover, low pH favors
desorption and/or dissolution of various metal cations [87]. While the metal desorption
process is considered advantageous, sometimes a loss of the biosorbent capacity has been
reported, thus limiting the polysaccharide-metal biosorption activity to five cycles [88].
Desorption and regeneration of the biosorbent is necessary future studies when new EPS
producing isolates are obtained.

Streptomyces sp. MOE6 was also found to produce siderophores. The color change
response of CAS blue agar (to purple or orange) is observed with various microorganisms
and this might be related to the different types of siderophores with various structures se-
creted by these microorganisms. There are two main groups of siderophores, hydroxamate
and catechol, which resulted in highly colored complexes with Fe(III). At neutral pH, the
hydroxamate forms reddish-orange or orange-colored complexes. However, the catechol
resulted in reddish-purple colored complexes [40,89].

In this study, Streptomyces sp. MOE6 resulted in changing the blue color of CAS into
an orange color, which could be related to the production of hydroxamate siderophores
(Figure 3). It is well documented that Streptomyces and related species produce various
hydroxamate siderophores [90]. For example, Streptomyces acidiscabies E13 produced hy-
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droxamate siderophores that can bind iron and nickel [28] Streptomyces tendae F4 generated
up to 121.2 µM/L hydroxamate siderophores after 72 h to promote Cd uptake [91]. Corre-
spondingly, these hydroxamate siderophores could further promote the binding of various
heavy metals, including Fe(III). It was suggested that trivalent metals are more compet-
itive for siderophore binding than divalent ones. Moreover, other non-Fe metals may
compete with Fe for siderophore binding [28]. Thus, close relatives of Streptomyces sp.
MOE6 might show a variable adsorption capacity towards different metals in treating real
metal-contaminated environments.

Various culture conditions play a significant role in the siderophore production. These
include incubation temperature and time, as well as initial pHs. In this study, the influence
of different incubation temperatures on the production of siderophores was evaluated.
Streptomyces MOE6 showed the maximum production of siderophores that is about 47.3%
SU (=4.73 µM CAS) at 35 ◦C (Figure 4a). Previous studies on siderophore production
optimization showed that two soil isolated bacterial strains (VITVK5 and VITVK6) also
showed maximum production of siderophores at 35 ◦C [28]. Our results also revealed that
the siderophore production increased gradually by increasing the incubation time to reach
the highest production of 50.6% SU (5.07 µM CAS) after 7 days of incubation (Figure 4b).
Moreover, the effect of increasing pHs (range from pH 4 to pH 9) on the siderophore
production was tested. Over the test pH range Streptomyces MOE6 showed the maximum
production of 50.3% SU (5.03 µM CAS) at pH7 (Figure 4c). Aerobic conditions play a critical
role in the iron solubility, and in turn, the siderophore production. Fe(II) that is soluble at all
physiological pHs is rapidly converted to Fe(III) in aerobic conditions and forms iron oxides
that are soluble only below a pH of 3.5. Thus very small amounts of Fe(III) are available
to the bacterium in oxic medium. This results in increasing siderophore production [92].
The effect of neutral pH is likely to be on the functioning of the bacterium. Lisiecki et al.,
2000 [93] reported that Enterococcus spp. showed maximum siderophore units of 45.7% at
pH 7.2 that is in a close agreement with the results in this study. Moreover, Sharma et al.
2016 [94] reported that the maximum yield of siderophore production (81.9%SU) by Pseu-
domonas species PB19 was also obtained at neutral pH (pH 7). In conclusion, the maximum
production of siderophore by Streptomyces MOE6 was ~50% SU (=5 µM CAS) after an
incubation time of 7 days at 35 ◦C and neutral pH.

MOE6-EPS also exhibited a noticeable emulsifying activity and formed consistent
emulsions (>50% of emulsification index) with various vegetable oils and hydrocarbons
at an EPS concentration up to 4 mg/mL (Figure 5). After 24 h more than 50% of the
original emulsion volume was retained and the high emulsification index reveals the high
stability of the emulsions [95]. Within the hydrocarbons we tested, the variation in emulsion
indices may be explained by the lipid composition of the oils. MOE6-EPS performed better
with engine oil and olive oil compared to benzene, toluene and corn oil. While benzene
and toluene are hydrophobic molecules, they exist as single molecules and not bound in
polymers. This would reduce the strength of the hydrophobic interactions between the
EPS and the monomer aromatics, which give rise to the creation of an emulsification layer,
because these interactions depend on the number of carbons and on molecule shape. While
corn oil and olive oil are composed of the same classes of fatty acids and lipids, corn oil is
majority polyunsaturated linoleic acid versus the monosaturated oleic acid, which is the
largest fraction of olive oil [96]. The more linear shape of olive oil compared to corn oil
may enhance the hydrophobic interactions with MOE6-EPS and therefore emulsification.
Engine oil is reported to have longer average carbon chain lengths in the hydrocarbons than
the other oils tested in this study, which would yield the most hydrophobic interactions
with EPS and is consistent with having the highest MOE6-EPS emulsification index [97].

Comparing to other studies, in the present research, the emulsification index of MOE6-
EPS for engine oil and olive oil was higher than that of the bioemulsifier xanthan gum and
GD5EPS [98]. A previous study has reported EPS produced by Streptococcus phocae PI80
had strong emulsion stability against hexadecane (81.8%) [99]. Streptomyces griseoplanus
NRRL-ISP5009 (MS1) also generated biosurfactant that showed the highest emulsification
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stability of tested hydrocarbons with olive oil (71~81.1%) [100]. It is worth noting that
the emulsification stability of EPS also depends on temperature, pH, and salinity [100].
For instance, the biosurfactant produced by Streptomyces griseoplanus NRRL-ISP 5009, SM1
was thermostable [100]. It was reported that biosurfactants from Streptomyces sp. SS 20
were effective in bioemulsification with stability of the emulsion from 30 to 100 ◦C, pH
(3 to 7) and at a salt concentration of 3% (w/v) NaCl [101]. The wide range of pHs and
temperature, and the stability at high saline conditions would enhance the application
of EPS in microbial oil recovery. While MOE6-EPS showed high emulsification activity
and stability, further studies are needed on similar strains to investigate the effects of
pH and temperature, and salinity on the emulsification activity and emulsion particle
size distribution.

Oil spills, such as the Deepwater Horizon oil spill, lead to the release of massive quan-
tities of crude oil in natural environments, resulting in the contamination of land, air, and
water [102]. Crude oil is known to contain hydrocarbons and metals (e.g., Fe, Cu, Zn, Pb, Co,
Cd, and Cr) [103]. Two main strategies have been actively applied in microbial enhanced
oil recovery: (1) ex-situ where desired extracellular polymeric substances were directly
injected into the oil-polluted environment and (2) in-situ where functional microorganisms
are injected to produce the desired extracellular polymeric substances in the oil-polluted
environment [104]. Rhamno lipids from Pseudomonas aeruginosa [105], Lichenysin from
Bacillus licheniformis [106], and Emulsan Glycolipopeptide from Acinetobacter calcoaceti-
cus [107] have all been used in oil recovery. The emulsion from Acinetobacter venetianus
ATCC 31,012 at 0.5 mg/mL is capable of removing 98% of crude oil absorbed to samples of
limestone [108]. Most of the microorganisms applied in situ oil recovery are oil-degrading
microorganisms and can release extracellular emulsifiers to facilitate microbial oil uptake
and degradation [108]. Since crude oil contains various metals, it is important for the
microorganisms to be tolerant of these metals [44]. In this regard, it was of interest that
MOE6-EPS could bind metal cations and some anions to protect cells and ensured the
function of the bacteria in the oil-polluted environment. Moreover, Streptomyces MOE6 pro-
duced biodegradable and low-toxicity compounds that could be generated inexhaustibly
with reliable quality and quantity.

5. Conclusions

In conclusion, Streptomyces sp. MOE6 gave an environmentally relevant extracellular
polysaccharide yield. One-factor-at-a-time experiments were used to identify the optimal
parameters and substrates for EPS production. At the same time, MOE6-EPS showed a
good capacity for removing toxic metals such as Cu(II), Co(II), U(VI), Cr(VI), and Fe(II)
(Fe(II) in our previous work [34]) and for emulsifying activities against various hydropho-
bic phases. The results obtained in this study are important for the application of EPS in
the bioremediation of metal-polluted soils or oil-polluted environments. Our observations
of environmentally beneficial activities of the EPS from Streptomyces sp. MOE6 should
stimulate additional isolation of related strains so that further studies can be made to sup-
port field trials. The metal-EPS complex stability should be explored and the competition
of various toxic metals for binding to the MOE6-EPS will need to be examined. Facile
desorption and regeneration of the EPS would be critical to the application of this material
for the remediation of contaminated sites. Likewise, testing of these materials and strains in
actual soils or marine samples in bioreactors or in the field would yield information about
in situ efficacy and amount of EPS production. Taken together, these results for MOE6-EPS
and other related polysaccharides suggest real potential for sustainable bioremediation
strategies of complex contaminants like oil spills and industrial contamination and the
need to isolate more microorganisms from these contaminated sites.
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