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Abstract

This study was aimed to investigate
the possible exploitation of phototrophic
microorganisms for the oxidation of Au**
containing composites as well as recovery
and bioaccumulation of Au’" from Mouteh
goldmine soil samples. Mechanisms of ac-
cumulation including oxidation, dissolution,
reduction, leaching and sorption were in-
vestigated. After 3 weeks of cyanobacterial
growth, gold bioaccumulation from Mouteh
gold mine soil solution were determined.
Then biomass digested with acidic solutions
and subsequently gold amounts were ana-
lyzed with Atomic Absorption Spectrosco-
py. Soil sample with 2 ppm Au’** containing
composites ore from Mouteh goldmine were
collected. At the end of experiments, the
concentration of gold in biomass was almost
6.5 ppm. Results indicated that two soil cy-
anobacteria species from Mouteh goldmine
could bind gold in gold bio-mining process.
Bioaccumulation percent was 32% and 30%

for tenue Gomont and Osillatoria tenuis
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C. Agardh ex Gomont respectively. Cya-
nobacterial gold accumulation were deter-

mined 6.5 gr/kg biomass dried weight.

Keywords: Bio-accumulation, Bio-mining,
cyanobacteria, Phormidium tenue, Osillato-

ria tenuis, Mouteh Goldmine

Introduction

The cyanobacteria or blue-green algae
are an ancient group of prokaryotic organ-
isms that are found in different environments
and are some times in environments that no
other vegetation can live in. Their long evo-
lutionary history is considered a reason for
the success living of cyanobacteria in differ-
ent habitats and their wide ecological toler-
ance. Nowadays cyanobacteria are found in
freshwater, marine and terrestrial environ-
ments. Cyanobacteria are able to survive at
temperatures ranging 45-70 °C (Castenholz,
1978) and pH lower than 4-5 (Pfennig, 1969,
1974) with optimum range of 7.5-10 (Fogg,
1956).
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Microorganisms such as fungi, yeasts, bac-
teria and cyanobacteria have been known to
have the ability to uptake metal via a process
known as bio-mineralization (Dissook et al.,
2013).

Bio-mining is now applicable issue and
NASA scientific and technical information
program, investigated biomining on Earth.
It shows that bio-mining is a significant
subject. Even NASA is going to investigat-
ing bio-mining on Mars and Moon now. Bi-
oleaching of sulfide minerals now represents
the largest-scale commercial bioprocessing
worldwide. Types of bioleaching in practice
(by their industrial names) include dump
leaching, heap leaching of copper and gold,
biooxidation processing of gold concentrates
and BacTech (Bacterial oxidation Technolo-
gy) moderate thermophile leaching of gold
concentrate (Dalton, 2008). NASA concen-
trated on development of terrestrial bioleach-
ing and mineral biooxidation Processes.
Common characteristics of biohydrometal-
lurgy, the industrial application of biomining
are that it is water based, it is an aerobic mi-
crobial oxidation of iron and sulfur with fer-
ric iron as the prime oxidant of minerals, and
generally involves sulfide minerals.

The biggest applications of biomining are
currently in mining of precious metals in
South Africa, Brazil, Chile, Peru, Australia
and China. Industrial methods now include
heap bioreactors, heap and dump reactors,
and run-of-mine heap reactors. In opera-
tions such as the Escondida mine in Chile,
as much as 180,000 to 245,000 tons of cop-

per are recovered per annum and 1.56 billion
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tons of copper reserves remain. The Escon-
dida operators estimate that in next 25 years
they will be able to recover 64 million tons
per annum. At all these sites, appropriate
aeration for microbial growth has been es-
sential whether in a heap process or a tank
process with inoculum. The Newmont Min-
ing Corporation using a trade name BIOPRO
(bio-oxidation pretreatment) has recovered
12,172 kg of gold over a five-years period
from 2000-2005. NASA introduced the Can-
didate microorganisms like Anabaena and
other cyanobacteria were suggested with
valuable characteristic tolerances, Anabaena
tolerates low temperature (Dalton, 2008).
The capability of cyanobacteria to remove
heavy metals from water solutions is well
known (De Philippis et al., 2011) but only a
limited number of studies is available on the
use of cyanobacteria for the biosorption of
Au** from water solutions (Das, 2010; Syed,
2012).

By uptaking the dissolved toxic metal ion
and accumulate it as solid form in their cells
(Lamaia et al., 2005; Campbell and Martin,
1990), cyanobacteria can reduce the metal
ion stress from the environment. Common
applications that take advantage of this pro-
cess include bioremediation where microor-
ganisms are used to accumulate heavy metal
found in contaminated sites. Another emerg-
ing application is in precious metal recovery
where microorganisms are used to recollect
expensive metal such as gold that have been
dissolved during the treatment process (Dis-
sook et al., 2013).

Some

microorganisms isolated from
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gold-bearing deposits are capable dissolving
gold; dissolution was aided by presence of
aspartic acid, histidine, serine, alanine, gly-
cine and metal oxidants. Bacteriform gold
is well known uptaking Au*" from chloride
solutions which was documented for at least
seven freshwater cyanobacteria genera.
Some bacteriform gold is biogenic may be
useful indicator of gold deposits and of pro-
cesses gold accumulation (Dyer et al., 1994).
Bio-sorbent material rich in exopolysaccha-
rides from the acid mine drainage site bound
Au*" three times more effectively than did
other materials and removed 100% Au**
from solutions. Algal cell alive or dead, rap-
idly accumulated Au** and begin to reduce
it to Au” and Au" within 2 days (Robinson
et al., 1997). For understanding the mech-
anisms of bioaccumulation by cyanobac-
teria, which include oxidation, reduction,
dissolution, leaching and sorption, addition-
al research efforts should be conducted all
around the world. In determining the abilities
of microorganisms to remove gold ions from
different solutions, a number of investigators
have shown that Au®* ions bind to cell walls
of bacteria, fungi, and algae. A number of
studies have focused on gold recovery and
mining processes by algae and micro-organ-
isms (Kuyucak and Volesky, 1989; Mack et
al., 2007; Mata et al., 2008; Niu and Volesky,
2000; Tsuruta, 2004; Lin et al., 2005; Das,
2010), but among them only few reports doc-
umented the biosorption of gold ion with cy-
anobacteria (Savvaidis, 1998; Lengke et al.,
2006; Chakraborty et al., 2008).

Kamennaya et al. (2012) showed that, many
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cyanobacteria, especially those forming
colonies or biofilms, can excrete organic
polymeric substances to form extracellular
formations e.g., sheaths or capsules. The
function of these exopolymeric substances
(EPS) may be to allow association of cells,
facilitate gliding, support uptake of micro-
nutrients and absorb heavy metals from the
solution (Sutherland, 2001; Nicolaus et al.,
1999). Also gold biosorption by exopolysac-
charide producing cyanobacteria was inves-
tigated by Colica et al. (2012). To the best
of the author’s knowledge no research has
yet been carried out to confirm use of cyano-
bacteria from goldmine soils in Iran and all
over the world, despite their important role
in gold production. Cyanobacteria can be
used instead of sodium cyanide and activated
carbon in gold processing. The main aims of
this research are the identification of cyano-
bacteria, dissolution of gold by cyanobacte-
ria, and finally bioaccumulation assumption

of gold in cyanobacterial biomass.

Material and Methods
Sampling

The Mouteh Gold Mine, located 270
km to the south-west of Tehran, and 10 km
north-west of Mouteh village, is the main
gold producer in Iran, with an annual pro-
duction of 300 kg Au**. Mineralogical analy-
sis of the ore shows that the ore is refractory
and contains free gold and gold telluride as-
sociated with pyrite (and chalcopyrite). Gold
grains are very small, mostly 5 um, and are
seldom larger than 15 pm in diameter (Deh-

ghani et al., 2009). In this study soil samples
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were collected from Mouteh Goldmine Soil
during September 2018 (Table 1).

Culture and isolation

The collected soil samples were cultured
in BG11 medium and incubated at 28 + 2°
C with continuous illumination at 60 pmol
photon m?s! (Rippka et al., 1979). After iso-
lation, samples were purified by several sub-
cultures on solid BG11 medium.
Morphological identification

Identification of samples was carried out
based on accepted criteria (Prescott, 1962;
Desikachary, 1959; Komarek and Anag-
nostidis, 2005). Taxonomic determination
was carried out by light microscopy (400—
1,000x) and photographs were taken with a
Canon camera 1200D. Axenic condition was
checked daily by microscopic observation.
the variable vegetative and reproductive
characteristics used in the taxonomic de-
termination were: presence or absence of a
sheath, the appearance of the filament and
colour of cells, cell size and constriction at
the cross walls, cellular granulation and cell
shape.

Metal solution utilizing

For the first set of experiments and screening
of the strains, gold pure solution (3.5 ppm)
were utilized. For the second set of exper-
iment, Mouteh goldmine soil containing (2

ppm) Au*" in 1000 Litter culture medium

Table 1. Gold mine geographical data.

was used.

Inocoulation of cyanobacteria

300 gr soils inoculated with 0.5 gr Phormid-
ium tenue and Oscillatoria tenuis separately
(Seiderer et al., 2017). The physico-chemi-
cal characteristics of the soil, before and af-
ter the inoculation of soil were determined
during two weeks.

Recovery of Au’" from the biomass

Au*" bioaccumulation was investigated us-
ing blue-green algae biomass ash. After an
appropriate time contact with the Au** con-
taining soil, the biomass was recovered by
centrifugation (500 g for 20 min at 20 °C)
and the pellet was incinerated in oven at 200
°C for 1 hour (Fig. 1).

The ashes obtained at the end of experiment
was solved in nitric acid and chloridric acid
(3:1) in high temperature and stiring. Af-
ter acid digest, the sample filtered in order
to determinate amount of gold in solution
samples, by Atomic absorption spectrometry
(AAS) (Colica et al., 2012).

Data analysis methods

The concentration of metals present in solu-
tion before and after of inoculation and the
cyanobacteria biomass were determined by
an Atomic Adsorption Spectrophotometer
(AAS) (Analyst 400; Perkin Elmer, Waltham,
MA, USA).

The soil samples and two cyanobacteria were

Location

Chah-Khatun, Mouteh gold complex

Latitude/Longitude
50°45'N, 33°34'E
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Fig. 1. Centrifuged samples and the separated cyanobacterial mat.

processed for analysis of Au®* contents. The
metal uptake at the below equilibrium (qe),
expressed as miligram of metal removed per

gram of dry biomass, was calculated as:

qe= (Ci-cf)/ m

Where q_ is mg of metal removed per gram
of dry biomass,V is the sample volume (1),
Ci and Cf are the initial and final metal con-
centrations (mg/l), respectively, and m is the
amount of dry biomass (g) utilized (Volesky
and May-Phillips, 1995). In the experiments,
C, was calculated taking in consideration the
metal removal observed in controls carried
out without the biomass.

Statistical analysis

The treatments of this research was Phor-
midium, Oscillatoria and gold mine soil
solution as control. Data are the means and
standard deviation of at least three replicates.
Data were analyzed using one way analysis
of variance via SPSS (ver. 18). Mean values

were compared using Duncan multiple com-
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parison procedure.

Results
Isolation and identification of algae
Cyanobacteria Phormidium tenue Gomont,
Osillatoria  tenuis C.Agardh ex Gomont,
Lyngbya aestuarii Liebman ex Gomontand
green algae, Scenedesmus obliguus (Turpin)
Kiitzing were identified (Fig. 2).
Determination of Au** bioaccumulation per-
formances of selected cyanobacteria
In a preliminary screening, four cyanobacte-
ria were cultivated on Mouteh gold-mine soil
cyanobacteria for their metal uptake capability
(Fig. 3). Two cyanobacteria Phormidium and
Oscillatoria was produced enough biomass
on soil culture, and then selected for gold bio-
accumulation test and their effects were com-
pared to control. Analysis of variance indicat-
ed that treatments used in current experiment
had a significant effect (P <0.01) on amount of
gold bioaccumulation (Table 2).
Based on the data presented in Figure 4 both

cyanobacteria increase the bioaccumulation
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C
Fig. 2. Cyanobacterial species and the green algae from Mouteh

> & —d

d

Goldmine soil samples. a. Phormidium tenue; b. Lyngbya aestuarii; c.

Osillatoria tenuis; d. Scenedesmus obliquus (Bar = 0.02 mm).

Table 2. Analysis of variance of the effect of cyanobacteria on gold bioaccumulation of

Mouteh gold-mine soil.

Source of variation Sum of Squares df Mean of squares significant
Treatment 42.652 2 21.326 39.322%*
Error 3.254 6 542

Total 45.906 8

** significant at 1% level, (P <0.01)

of gold when compare to control. The mean
of bioaccumulation was 1.59, 6.4 and 6 ppm
for control, Phormidium tenue and Oscilla-
toria tenuis, respectively. According to our
results bioaccumulation efficiency of Phor-
midium tenue and Oscillatoria tenuis was

determined about 32 and 30, respectively

474

(Table 3). So Oscillatoria tenuis and Phor-
midium tenue with high gold bioaccumula-
tion could play an important role as biomon-
itoring agents. Also these algal species can
use instead sodium cyanide and activated

carbon in gold factory (Table 3).
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Fig. 3. The cyanobacterial growth

on Mouteh gold mine soil, after 2

weeks.

Table 3. Descriptive statistics of different treatments used in experiment

Gold containing soil/Au’" content Mean (ppm) Efficiency of Au®" biorecovery
Control 1.595+0.20 -
Phormidium tenue 6.4+1.25 32%
Oscillatoria tenuis 6+ 0.15 30%
Total 4.6650
Discussion ores and mineral concentrates in a number of

Cyanobacteria commonly known as blue-
green-algae, are not truly eukaryotic algae.
They are Gram-negative prokaryotes, perform
oxygenic photosynthesis, and also fix atmo-
spheric N,. They are ubiquitous in ponds, lakes,
water streams, rivers, and wetlands. They can
easily survive the extreme environments such
as hot springs, hyper-saline waters, freezing
environments, and arid deserts (Singh, 2014).
Bioleaching as one of the important part of
metal bioaccumulation by cyanobacteria has
been implemented as an efficient and low-cost
method to extract metals such as copper, co-

balt, and gold from sulphide or iron containing
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countries around the globe. Bioleaching is an
innovative way to recover minerals from ores
using relatively low-capital-cost and non-pol-
luting technology. Although some minerals
such as gold are inert to biological reactions,
they can be liberated using bacteria-cyano-
bacteria consortium that acts on certain types
of ores and other minerals that co-occur with
these minerals. The presence of a large set of
genome sequence data covering diverse spe-
cies of cyanobacteria makes them attractive
targets to screen for gold biomineralization
potential. Dissook et al. (2013) was founded

that the potential candidate of cyanobacteria
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O B N W & U1 O N
1

Amount of gold bioaccumulation (ppm)

Control

Phormidium tenue

Oscillatoria tenuis

Cyanobacterials samples and control

Fig. 4. Effect of Mouteh gold-mine soil treatments on gold

bioaccumulation. (mean that at least one letter in common, no

significant difference Duncan test at 5% level).

for gold biomineralization are Chloroflexus,
Anabaena, Calothrix, Chamaesiphon, Nostoc
and Rivularia. The cyanobacteria that don’t
appear to be good candidates for gold biomin-
eralization are Synechococcus and Cyanoth-
ece genus. Barnett et al. (2012) investigated
mining genomes of marine cyanobacteria, bi-
ological and chemical co-evolution and metal
requirements.

It has been hypothesized that metal ion bio-
availability presented an evolutionary selection
pressure on the “choice” of metals within me-
talloenzymes (Williams and Da Silva, 2003).
Conversely, biological evolution and the emer-
gence of life has changed the chemical compo-
sition, or more precisely, the speciation of the
atmosphere, the lithosphere and of course the
hydrosphere. Probably, cyanobacteria might
be deemed responsible for the greatest change
of all by inventing oxygenic photosynthesis
(Raymond and Blankenship, 2004). Conse-
quently, they were amongst the first organisms

that encountered, and had to cope with, the
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changes in the chemical composition of their
environment that oxygenation brought about
(Cavet et al., 2003). Thus, the “co-evolution of
biology and chemistry” is imprinted on both
the metallome and the metalloproteome. In the
case of cyanobacteria, metal ion requirements
and sensitivities, as far as they have been ex-
perimentally determined, agree with the no-
tion that they evolved in an environment with
metal ion concentrations typical of a sulfidic or
a ferrous ocean (Saito et al., 2003).

Hokmollahi et al. (2015) studied Yazd prov-
ince terrestrial ecosystems and observed the
positive correlation between metal contents in
soil samples and cyanobacterial species which
indicated these algal species were able to ab-
sorb metals from soil and play an important
role as biomonitoring agents. In their research
Oscillatoria tenuis with high biosorption ca-
pacity of metals (77.33%), which exist in the
station along with high amounts of Pb*" could
play a key role as biomonitoring agent and also

demonstrated an evolutionary selection pres-
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sure on the “choice” of metals by cyanobac-
teria so that, biological and chemical co-evo-
lution, and cyanobacterial metal requirements
is acceptable hypothesize. Darnall et al. )1986
(investigation different metal ions bounding
by Chlorella vulgaris. Chlorella has an unusu-
ally high affinity for the binding of Au**, Ag*
and Hg*, gold appears to be the moist strong-
ly bound of all. In fact, over 90% of the gold
from a solution containing as little as gold (II1)
can be removed by C. vulgaris cells (at a con-
centration of 5 mg/ml). This process may also
be useful in wastewater treatment process and
the metal ions can be easily absorbed. Gold
biosorption by exopolysaccharide producing
cyanobacteria by Colica et al. (2012) demon-
strated that in a preliminary screening, four cy-
anobacteria were tested for their metal uptake
capability using pure solutions of and of Cu,
Ni and Zn, the three metal contaminants most
frequently found in Au®* wastewaters, the
highest Au*" uptake was observed by Cyan-
othece sp. CE4 which showed q values of 318
+ 42 mg/g. Primary Au*" containing solution
amount was 2828 ppm, which efficiency of
Au’*" biorecovery is 16 percent. This research
show that the efficiency of Au** biorecovery
of gold by Cyanothece CE4 is half of present
research, and two cyanobacterial species from
mouteh goldmine soil samples are useful for
gold bio-mining. These two cyanobacterium
bioaccumulate almost 32% of gold from 2
ppm mouteh goldmine soil solution samples
and Au** uptake showed q values of 6.5 g/kg.
Eisler (2003) investigated recovery of gold
from a wide variety of solutions by selected

species of bacteria, yeast, fungi, algae and
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higher plants. Gold accumulation by spirulina
platensis was 7 gr/kg biomass dried weight. So
the data of preset research is almost equal and
recovery of gold by Phormidium tenue was
32% and this species accumulated 6.5 g/kg
gold in dried weight.

In conclusion, this study showed the good po-
tential of some EPS-producing cyanobacteria
for the biooxidation of Au**-containing depos-
its and bio-recovery and bio-accumulation of
Au** from the Mouteh gold-mine soil sam-
ples, but also pointed out further investigation
is needed to design an efficient technology for
metal recovery from the cyanobacterial bio-

mass.
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