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Abstract: Extracellular polymeric substances (EPS) produced by acidophilic bioleaching microorganisms play an important role in
the production of acid mine drainage and metal sulfide bioleaching. EPS mediate the contact between microbial cells and growth
substrates, having a pivotal role in organic film formation and bacterium-substratum interactions. The production and chemical
composition of EPS produced by seven bioleaching strains grown with different substrates were studied. Analysis of the EPS
extracted from these strains indicated that the EPS consisted of carbohydrates, proteins and galacturonic acid. The contents of EPS,
carbohydrates, proteins and galacturonic acid of EPS were largely related to the kind of strain used and culture condition. The results
show that EPS productions of microbes grown with pyrite were significantly higher than those of microbes grown with sulfur or
FeSO,7H,0. The highest EPS production of the seven acidiphilic strains was (159.4343.93) mg/g, which was produced by
Leptospirillum ferriphilum CBCBSUCSU208015 when cultivated with pyrite.
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1 Introduction

Acidiphilic ~ ferrous or  sulphur oxidizing
microorganisms are responsible for the phenomenon of
acid mine drainage and have been adopted in metal
sulfide bioleaching to recover trace metals [1]. It was
reported that the attachment of these acidiphilic
microorganisms onto the mineral surface is mediated by
extracellular polymeric substances (EPS) which play a
pivotal role in metal sulfide oxidation [2,3]. It is believed
that the EPS could act with concentrate ferric ions and
form a special layer in which the ferric ions oxidize
mineral, releasing energy sources such as sulphur and
ferrous ions for the acidiphilic microorganisms [4]. EPS
are complex mixtures of polymers excreted by
microorganisms, including products derived from lysis
and hydrolysis, and organic matter adsorbed from the
They are mainly composed of
carbohydrates, proteins and smaller quantities of humic
substances, lipids, uronic and nucleic acids [5—9]. EPS
characteristics and amounts can be influenced by several
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factors such as the composition of the medium and
incubation conditions [9—11], and such culture condition
induced variation explains the diversity in EPS
production noted in previous studies. HAMEIT et al [12]
studied the composition of EPS of mesophilic bacteria (A.
ferrooxidans, A. thiooxidans and L. ferrooxidans) grown
with only single energy source; however, no previous
work has systematically studied the effect of different
energy sources on the EPS production by different kinds
of bioleaching microorganisms which include the
extreme thermophilic archaea, the mesophilic bacteria
and the moderate thermophilic bacteria. The goal of this
work was to study the production and composition of
EPS produced by seven known acidiphilic metal sulfide
bioleaching  microbes, including four
thermophilic archaea, one moderate thermophilic
bacteria and two mesophilic bacteria in order to unravel
the effect of growth substrates on EPS production by
these ferrous or sulphur oxidizers.

Sulfur, pyrite and ferrous ion were selected as the
growth substrates because all of them have been found to
exert important effects on the bioleaching of sulfide ores.

extreme
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The main mechanism of bacterial catalysis in the
dissolution of sulfide minerals was based on the bacterial
oxidation of ferrous iron, with oxygen as the electron
acceptor, while sulfur was the preferred energy source,
but the formation of the sulfur layer also inhibited the
dissolution of sulfide ores. The most abundant metal
sulfide on earth, pyrite could offer iron ion and low
valence state sulfur, which play an important role in the
metal sulfide bioleaching [3,13,14].

2 Experimental

2.1 Culture of microorganisms

The microbial strains used in this study included
Acidianus manzaensis CBCBSUCSU208050, Acidianus
brierleyi CBCBSUCSU208128, Metallosphaera sedula
CBCBSUCSU208044, Sulfolobus metallicus
CBCBSUCSU208047, Acidithiobacillus ferrooxidans
CBCBSUCSU206060,  Leptospirillum  ferriphilum
CBCBSUCSU208015 and  Sulfobacillus  thermo-
sulfidooxidans CBCBSUCSU208125. All of these strains
were isolated and kept by CCTCC. The four strains:
A. manzaensis CBCBSUCSU208050, A. brierleyi
CBCBSUCSU208128, M. sedula CBCBSUCSU208044,
S.metallicus CBCBSUCSU208047 belong to the extreme
thermophilic archaea which can oxidize both pyrite and
sulfur; A. ferrooxidans CBCBSUCSU206060 and
L. ferriphilum CBCBSUCSU208015 belong to the
mesophilic  bacteria, in which A. ferrooxidans
CBCBSUCSU206060 can oxidize pyrite, ferrous ion and
sulfur while L. ferriphilum CBCBSUCSU208015 can
oxidize both pyrite and ferrous ion;
S. thermosulfidooxidans CBCBSUCSU208125 is a
moderate thermophile capable of oxidizing both pyrite
and ferrous iron. The medium used for culturing
consisted of the following compounds: 30 g/L (NH4),SOy,
0.5 g/L MgSO,7H,0, 0.5 g/L K,HPO,, 0.1 g/L KCI,
0.01 g/L Ca(NO;),. 10 g/L pyrite, 10 g/L sulfur or 44.7
g/L FeSO47H,0 was added as the energy source. The
archaea strains were cultured at 65 °C and pH 2.0
supplemented with 0.02% yeast extract and the moderate
thermophiles were cultured at 40 °C and pH 2.0
supplemented with 0.02% yeast. The mesophilic bacteria,
A. ferrooxidans CBCBSUCSU206060, grew at 30 °C
and pH 2.0; L. ferriphilum CBCBSUCSU208015 were
cultured at 30 °C and pH 1.6.

2.2 Preparation of cell samples

Cells were grown to later exponential phase and the
samples were allowed to stand for 1 h to allow the solids
to settle down, then the cultures were filtered through
filter paper (30 pm), and the filtrate was centrifuged
followed by a repeated washing in sterile deionized
water (pH 2.0) in order to remove anytraped ions.

2.3 Mineral components

The main contents of pyrite were as follows (mass
fraction): 52.92% S, and 44.7% Fe. Mineral powders
used in the experiments had a size distribution of less
than 74 um (95% of grains).

2.4 Extraction of EPS

Three of the bioleaching microorganisms were used
to optimize the EPS extraction protocol that was used for
this study. The optimized procedure was as follows. In
order to harvest the EPS from the cells, 0.1 g wet mass of
cell pellets were resuspended in 10 mmol/L Tris—HCI
[Ph 7], 1 mmol/L EGTA and 10 mmol/L N-dodecyl-N,
N-dimethyl-3-ammonio-1-propane-sulfonate, then the
solution was shaken using a vortex (0—1400 r/min) for
30 s at 4 °C to ensure equal distribution of cells. Then,
the solution was shaken again (170 r/min, 4 °C, 12 h)
and filtered through 0.2 pm filters in order to separate
out the soluble fractions containing the EPS. The soluble
fractions were stored in aliquots at —20 °C until further
analysis, while the dry filters were used to obtain the
mass of the cell pellets [15,16]. Contamination by
membrane fragments of damaged cells, possibly caused
by repeated shaking, was assessed via the detection of
2-keto-3-deoxyoctonate (KDO) and DNA. KDO is a part
of the cell membrane in gram negative bacteria, and can
be used as a marker for contamination by membrane
components. Likewise, the detection of DNA in the EPS
fraction may also indicate cell breakage and potential
contamination. Therefore, below detection or low levels
of both DNA (1%-1.4% w/w) and KDO (0.04-0.08
mg/g) would indicate that the extracted EPS was not
contaminated by significant amounts of intracellular
materials in this experiment [16,17].

2.5 Chemical analysis of EPS

The total quantity of cells and extracted EPS was
measured by the mass of solids after lyophilization.
Quantitative estimation of protein content for each
aliquot was obtained by employing the principle of
protein-dye binding method using bovine serum albumin
as standards [18] and the saccharide content in EPS was
measured by the anthrone method with glucose as the
standard [19]. Galacturonic acid was analyzed by
fosulfuric acid-carbazole colorimetry methods [20]. The
spectrophotometer NanoDrop ND-100 was used to
quantify DNA in the extracted EPS samples. The
procedure of quantitative analysis KDO referenced that
by SEGURA et al [17]. Experimental procedures for
these assays have been described previously [15]. Finally,
the concentration of iron in the EPS solution was
analyzed by ICP-AES. All experiments were conducted
in triplicate. All the data were the average number and
the error bar represented standard deviation.
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3 Results

3.1 Comparison of EPS production by seven
bioleaching microbes

The amount of DNA detected in the extracted EPS
was in the range of 1%—1.4% of the total cell mass, and
the KDO contents in the extracted EPS were in the range
of 0.04-0.08 mg/g. The low amounts of DNA and KDO
in the extracted EPS and the content range usually
indicated negligible contamination by intracellular
substances in the collected EPS [15,17].

Figure 1 shows the amount of total extracted EPS
for each cultured strain. The amount of EPS varied
according to the culture condition and the exact strain.
Among the seven  strains, L.  ferriphilum
CBCBSUCSU208015 cultivated with pyrite had the
highest overall EPS production with a total amount of up
to (159.43£3.93) mg/g. The EPS production of
A. ferrooxidans CBCBSUCSU206060 cultivated with
sulfur was the lowest at only (38.27+5.1) mg/g. We also
found that the EPS yields of the microbes cultured with
pyrite were significantly higher than those of the
microbes grown with sulfur or FeSO4 7H,O for the same
strain. EPS productions of the extreme thermophile
archaea were generally much less than those of the
moderate thermophilic or mesophilic bacteria when
cultured with the same substrate. For extreme, in
thermophilic archaea cultivated with the same energy
source (pyrite or sulfur), the EPS production of A.
manzaensis CBCBSUCSU208050 reached (121.98+3.55)
mg/g and (60.57+2.87) mg/g when cultivated with pyrite
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Fig. 1 Comparison of EPS production by seven bioleaching
strains cultured with different substrates

or sulfur respectively, significantly higher than those of
the other three extreme thermophilic archaea
(A. brierleyi CBCBSUCSU208128, M. sedula CBCBSU-
CSU208044 and S. metallicus JCM9184).

In Fig. 1, the total amount of EPS displayed was the
ratio of the chemical content of EPS and the dry mass of
cell. The error bars represent SD, n=3. The strains
cultivated  with  pyrite were A.  manzaensis
CBCBSUCSU208050, A. brierleyi CBCBSUCSU-
208128, M. sedula CBCBSUCSU208044, S.metallicus
JCM9184, A. ferrooxidans CBCBSUCSU206060,
L. ferriphilum CBCBSUCSU208015 and S. thermo-

sulfidooxidans CBCBSUCSU208125. The strains
cultivated with  sulfur were A. manzaensis
CBCBSUCSU208050, A. brierleyi CBCBSUCSU-

208128, M. sedula CBCBSUCSU208044, S.metallicus
JCM9184, A. ferrooxidans CBCBSUCSU206060. The
strains cultivated with ferrous ion were A. ferrooxidans
CBCBSUCSU206060, L. ferriphilum CBCBSUCSU-
208015 and S. thermosulfidooxidans CBCBSUCSU-
208125.

3.2 Protein contents in EPS

The protein contents of the extracted EPS fractions
are displayed in Fig. 2. We found that among those
microbes cultivated with pyrite, the extreme thermophilic
archaea A. manzaensis CBCBSUCSU208050 had the
highest EPS protein content, up to (4.04+1.34) mg/g, and
L. ferriphilum CBCBSUCSU208015 had the second
highest EPS protein content, up to (3.08+1.14) mg/g.
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Fig. 2 Protein contents of EPS from seven adidiphilic strains
cultured with different substrates (The amount of protein in
EPS displayed was the ratio of the chemical content of protein
of EPS and the dry mass of extracted EPS; the error bars
represent SD, n=3)
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When grown with sulfur, A. manzaensis CBCBSUCSU-
208050 and M. sedula CBCBSUCSU208044 had the
same EPS protein content, with a value higher than
bacterial strains cultured with sulfur. For microbes grown
with ferrous ion, L. ferriphilum CBCBSUCSU208015
had the most abundant protein in EPS, which was
(1.50+£0.91) mg/g. Furthermore, the protein content in
EPS was insensitive to the growth substrates (pyrite or
ferrous ion) for S. thermosulfidooxidans CBCBSUCSU-
208125 with a content of only (0.54+0.16) mg/g. The
results for the other six strains showed that the protein
contents in EPS grown with pyrite were higher than
those grown with sulfur or ferrous ion. As an example,
the protein content in the EPS from A. ferrooxidans
CBCBSUCSU206060 was (1.39+1.08) mg/g when
grown with pyrite, while it was only (1.03+£0.25) mg/g or
(0.66+0.31) mg/g, respectively, when grown with sulfur
or ferrous ion.

3.3 Saccharide contents in EPS

Figure 3 shows the saccharide contents in EPS.
Growth substrates (pyrite, element sulfur and ferrous)
were found to have the greatest influence on the
proportion of saccharide in EPS. For the microbes
cultivated with pyrite, A. ferrooxidans CBCBSUCSU-
206060 had the highest EPS saccharide content, which
was (4.51£2.24) mg/g. L. ferriphilum CBCBSUCSU-
208015 had the second highest EPS saccharide content,
which was (3.74+0.73) mg/g. For microbes grown with
sulfur, all seven strains used in this study had a small
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Fig. 3 Saccharide contents of EPS from seven bioleaching
strains cultured with different substrates (The amount of
saccharide in EPS displayed was the ratio of the chemical

content of saccharide of EPS and the dry mass of extracted EPS.

The error bars represent SD, n=3)

amount of saccharide in the EPS. For microbes grown
with ferrous ion, L. ferriphilum CBCBSUCSU208015
had the highest saccharide content, up to (2.95+1.43)
mg/g. Generally, mesophilic bacteria had higher
saccharide contents in EPS compared with both moderate
thermophilic bacteria and the extreme thermophilic
archaea grown with the same substrate. Within the same
strain, the saccharide content of the EPS was higher
when grown on pyrite in comparison to growth with
sulfur or ferrous iron. For example, A. ferrooxidans
CBCBSUCSU206060 had (4.5142.24) mg/g of
saccharide in EPS when grown with pyrite, while only
(2.63£1.09) or (0.87+0.35) mg/g of saccharide was
present in the EPS when grown with sulfur or ferrous,
respectively.

3.4 Iron contents

Figure 4 shows the iron content in EPS for the
strains studied. It was found that iron was below
detection in the EPS of microbes grown with sulfur. For
microbes grown with pyrite, both L. ferriphilum
CBCBSUCSU208015 and S. thermosulfidooxidans
CBCBSUCSU208125 had high contents of iron in their
EPS, (3.63£0.25) mg/g and (3.66+0.38) mg/g,
respectively. For microbes cultivated with ferrous iron,
L. ferriphilum CBCBSUCSU208015 had the highest
EPS iron content, (2.33+£0.09) mg/g. The iron contents of
the EPS of pyrite-grown bacteria were twice as much as

those of ferrous-grown bacteria. A. ferrooxidans

CBCBSUCSU206060 cultured with pyrite had
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Fig. 4 Tron contents of EPS from seven bioleaching strains
cultured with different substrates (The amount of iron in EPS
displayed was the ratio of the chemical content of iron of EPS
and the dry mass of extracted EPS. The error bars represent SD,
n=3)
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(2.78+1.64) mg/g iron in EPS, in contrast to only
(1.40+0.48) mg/g when cultured with ferrous ion.
Among the four archaea strains, pyrite-grown M. sedula
CBCBSUCSU208044 had the highest iron content in
EPS, (3.37+0.02) mg/g.

3.5 Galacturonic acid contents in EPS

Figure 5 shows the galacturonic acid content in EPS
for all strains studied. M. sedula CBCBSUCSU208044
had the highest overall galacturonic acid content of
(3.56+£0.72) mg/g when cultured with pyrite.
A. manzaensis CBCBSUCSU208050 and L. ferriphilum
CBCBSUCSU208015 had the next highest contents of
galacturonic acids in EPS, (3.25+0.09) mg/g and
(3.39+0.27) mg/g, respectively. Within the same strain,
cells cultured with pyrite had higher galacturonic acid
contents than those cells grown with ferrous iron or
elemental sulfur. Pyrite-grown A. ferrooxidans
CBCBSUCSU206060 had (2.43£1.13) mg/g of
galacturonic acids in EPS, but only (1.20+0.07) mg/g or
(0.25+0.39) mg/g, respectively, when grown with ferrous
iron or sulfur. For microbes cultured with the same
substrate, the extreme thermophilic archaea strains had
higher galacturonic acid contents within their EPS
compared with bacterial strains.
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Fig. 5 Galacturonic acid contents of EPS from seven
bioleaching strains cultured with different substrates (The
amount of galacturonic acid in EPS displayed was the ratio of
the chemical content of galacturonic acid of EPS and the dry
mass of extracted EPS. The error bars represent SD, n=3)

4 Discussion

Several EPS extraction methods have been

developed previously; however, no universal method has
yet been adopted due to the difficulty in establishing a
balance between high yields and the minimum cell lysis
and contamination [21]. In fact, most of the common
extraction methods such as sonication, formaldehyde,
sulfuric acid, and formaldehye plus NaOH promote
leakage of intracellular material [21,22]. In a comparison
of these common extraction methods, it was found that
the suitable method for the extraction of EPS from
bioleaching microorganisms was the method described in
this study and was subsequently used for all of the strains,
which also guaranteed that we can compare the data
among the seven bioleaching microbes cultured with
different energy sources.

Some studies have found that the total yield of EPS
depends on the composition of the medium (carbon and
nitrogen sources, growth factors etc), the culture
conditions such as temperature, pH value, oxygen
tension [23], and the particular strain used [3]. In this
study, it was also found that the amount of EPS extracted
from the selected bioleaching microbes was severely
affected by growth substrates and correlated with strain
types. ZENG et al [16] found that the EPS from
bioleaching microorganisms was primarily composed of
sugars and fatty acids and while the protein content was
relatively low. The amount of extracted EPS varied
according to different growth stages, which was mainly
selected according to the growth trend of bioleaching
microorganisms, and that furthermore once the EPS were
produced by the microbes, it was difficult to remove
them from the bioleaching system [16]. However, several
studies have also reported that microorganisms produced
less EPS when consuming substrate and growed rapidly.
Rather, cells were observed to produce more EPS when
growing slowly, and the EPS production rate is inversely
proportional to the substrate consumption rate [24,25]. In
contrast, some other studies found that the EPS
production rate was independent of growth rate [26,27]
and that the amount of EPS produced by the different
strains did not correlate with their oxidation rates [3]. Up
to now, the general correlations of the EPS production
and their chemical composition with the microbial
leaching activity are still unclear among bioleaching
microbes.

With respect to variation in the amount of protein in
the EPS, we found that it was largely affected by energy
sources and the exact kind of bioleaching strain,
furthermore. It was also found that protein accounted for
only a small fraction of the EPS (0.32%—3.3% in mass
fraction). GOVENDER and GERICKE [28] found that
the EPS consisted predominantly of carbohydrates and
smaller amount of protein with trace levels of humic and
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uronic acids. ROHWERDER and SAND [29] and
ZHANG et al [30] found that the extracellular proteins
and outermembrane proteins for Acidithiobacillus and
Acidiphilium played a key role in the sulfur mobilization
and sulfur transportation, respectively. For A. ferroxidans,
the general pattern of the type of extracellular proteins
was affected by the kind of energy source (e.g. sulfur or
ferrous iron) and the extracellular proteins played a role
in various functions such as conjugal transfer, sulfur
activation, polysaccharide deacetylation [30].

The results of this study show that the EPS consists
of saccharides (0.23%—3.1% in mass fraction). Most
saccharides in EPS were found to be composed of the
neutral sugars glucose, galactose and/or rhamnose
[31-35]. Some saccharides also consisted of acetylated
amino sugars [36,37]. The overall amount and saccharide
composition in EPS depend on the strain type, the culture
condition, and the type of carbon source [11]. Some
studies have also found that saccharide was utilized
faster than protein in the EPS when EPS was used as a
substrate [38].

We observed that the iron (III) ion content in EPS
was significantly affected by energy sources and the kind
of strains. KINZLER et al [3] found that the total iron
(IIT) ion content in EPS was significantly higher for the
more active A. ferrooxidans strains R1 and C-52 than
that for the less active strains R7 and SPIII/3. GEHRKE
et al [15] and ZENG et al [16] found that with the
amount of EPS increasing compared to the mass of cell
pellet, enough uronic acid was produced to combine with
ferric ions to form complexed ferric ions. It was also
found that ferric ions could occur stochiometrically with
the complexing glucuronic acid [39]. The ferric ions
complexed within the EPS were found to play a pivotal
role in attachment to mineral surfaces [40]. It has been
reported that the primary attachment of microbes to
pyrite is mediated by positively charged exopolymer-
complexed iron (III) ions, allowing an electrochemical
interaction with the negatively charged surface [15]. The
ferric ions in the EPS are also thought to be the primary
means by which microbes dissolve the mineral sulfide
surface via oxidative attack [3]. These various roles of
iron (III) in the EPS make it a critical aspect of the
function and physiology of bioleaching microbes.

5 Conclusions

1) The amount and chemical composition of EPS
produced by acidophilic bioleaching microbes depend on
the strain type and growth substrates. The extreme
thermophilic archaea had the lowest saccharides content
in EPS, while mesophilic bacteria had the highest one.

2) Bacteria produced much greater amount of EPS
than archaea when grown with pyrite. The highest total
amount of EPS among the seven acidiphilic bioleaching
microbes was (159.43+3.93) mg/g by L. ferriphilum
CBCBSUCSU208015 cultivated with pyrite.

3) The amount of EPS yielded by bioleaching
microbes cultured with pyrite was much higher than that
of microbes cultivated with sulfur or ferrous ion.
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