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Nbctraoct

There is provided an assay for identifying a bacterium capable of binding elemental
heavy metal, comprising: cultivating test population of bacteria in a suitable first culture medium,
said first culture medium contained in a container; immersing at least a surface portion of a test
OO HHU e ISt cultuee immediane 1O d >ecurid [.Jlt;‘Ut:ﬂtiEEEIHIl";‘U pet g Ul L, Sad suelaue [Sle] LE 1
heing coated hy the elemental heavy metal, respectively: remaoving said tast taol from said first
culture medium and optionally rinsing the test tool; contacting a second culture medium with the
surface pertien eoated by the clemental hcovy metal of noid teot tosl removed im the previous
step; and identifying a test bacterium from the test population of bacteria as being capable of
ninding the elemental neavy metal from growth of the est bacterium In sald secoend culure
medium.
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Biological Ore Processing for the Isolation of Heavy Metals

This application is a divisional application of CA 2,978,841, filed March 30, 2016.

FIELD OF THE INVENTION

The invention relates to an assay for identifying a bacterium capable of binding
heavy metals such as gold and/or silver. The present invention aiso relates to a process of
isolating or enriching a heavy metal such as gold andfor silver, e.g. from ore (such as
mineral ore). The invention further relates to a use of a bacterium for isolating or enriching
heavy metal such as silver and/or gold.

BACKGROUND OF THE INVENTION

Recent decades have seen a continusd depletion of high-grade mineral resources
and, concomitantly, a growing demand for precious metals. The demand for gold is
unbowed. Al the same time, the awareness for environmental problems associated with
conventional mining techniques has grown significantly.

Gold (Au) Gold is one of the rarest elements on earth. In seawater, which
constitutes the largest reservoir of gold, its concentration is only 0.01 mg/m®, while on
average 1-2 g/t is found in the upper crust of earth. In this environment, geld mostly occurs
as pure meftal {Auo}, electrum (Ag/Au), gold-containing minerals and tiny inclusions are
found in large volumes of material, usually rock. Furthermore, it is found (often in
association with quartz) as telluride (AuTe,) and selenide (AuSe,) or locked in the lattice of
minerals such as pyrite and arsencpyrite (invisible gold). Yields of gold obtained by
commercial mining are currently between 0.5 and 13.7 g gold/t rock, with a tendency to
increasingly exploit low-grade ores due to a shorlage in higher grade ones,

Silver {Ag}): Silver is about 20 times more abundant than gold. The majorily of silver
commercially accessible to date is deposited as metallic silver. But also sulphidic minerals
(Ag:S, acanthite) and AgCl (cerargyrit} often occur. Like goid, also silver minerals are often
found embedded in siica malrices (quartz) in parlicle sizes in the range of nang- to

micrometers.

A number of living microorganisms, but also nonviable, inactivated cells have the ability
to bind metal ions. in the first case, metal binding can occur via adsorption to the call
surface or via active intracellular accumulation of metal lons. In the latter case of nonviable,
inactivated celis - that is often referred to as biosorption -~ metal ion binding is believed to
ocour exclusively via surface adsorption. The biosorption capacity as a general
characteristic of biomass resulls from the presence of chelating groups (e.g. carboxyi-,
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amide-, hydroxyl-, phosphate-, and thiolgroups) contributed by carbchydrates, lipids and
proteins that are displayed on the cell surface. It has been described that amounts of metals
of up to 50 % of the cell dry weight can be accumulated by biomass (Vieira and Volesky
{2000) "Biosorption: a solution to pollution?” Int Microbiol 3(1); 17-24). United States Patent
5,065,402 discloses a process for removing metal ions from aqueous solution, using a
mairix prepared from metal-hinding microorganisms that have been immebllized and heat-
inactivated at temperatures of 300-500°C. EP 0 432 935 B1 describes the adsorption of
soluble metal-cyanide complexes also from aqueous solution by living biomass.

Traditionally, precious metals such as gold and/or siiver have been recovered by placer
{sediment) mining or hard rock mining using gravity and pyrometaliurgical methods. Due to
the exhaustion of metal-rich ores, hydrometaliurgical techniques are increasingly employed
to recover precious metals from low-grade sources. Methods for precious metal recovery,
pariicularly gold, are work-intensive and require the use of heavy machines as well as of
hazardous and recalcitrant chemicals. Nowadays, about 90% of the common industrial
processes for the recovery of precious metals are based on cyanidation methods, since
cyanide is one of the very few substances that are able to dissolve gold. In order o allow
cyanide ions or other compounds o access a large portion of the metal enclosed in its ores,
ores are generally ground to smali particle sizes. However, the conventional method of
separation of precious metals using cyanide leaching is problematic for the environment as
well as for human health. Therefore, more environment-friendly processas would be
desirable.

WO2009/130006 describes a procedure for isolating metals, notably precious
metals, or their compounds from particulale material such as mineral ores using cerlain
biomass. The biomass binds the metal or the metal compound by cell components of the
organisms. After separation of the biomass from unbound malerial of the particulate
material, the metal or a compound of said metal can be isclated from the biomass.
However, identifying biomass or other material suitable for such process is not an easy task.

Departing from the prior ar, it is an object of the invention {o provide a methodology
for identifying material capable of binding a heavy metal such as gold and/for silver. It is
another object of the invention to provide a process of isolating a heavy metal such as gold
and/or silver frem material containing the heavy metal such as gold and/or silver,

SUMMARY OF THE INVENTION
Accordingly, the present invention provides inter alia:

1. A process of isolating or entiching a heavy metal such as gold andfor silver present
in a Haguld medium, comprising
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a step of incubating a liquid medium containing a heavy metal and biomass
comprising a bacterium capable of binding the heavy metal;

a step of separating the biomass having bound heavy metal from the liquid medium
of the previous step; and

a step of isolating the heavy metal from the biomass separated in the previous step.
2, The process according to item 1, wherein said bacterium belongs to the genera
Pseudochrobactrum or Stenctrophomonas.
3. The process according to item 1, wherein said bacterium is selected from the
following species: Pseudochrobactrum asaccharolyficum, Bacillus subtilis, Bacillus pumilus,
Pseudomonas fluorescens, Sfenofrophomuonas maifophilia, Bacillus cereus, and
Pseudomonas gerugingsa, and combinations thereof.
4, The process according 1o any one of items 1 0 3, wherein said bacterium is selected
from:

Pseudochrobactrum asaccharolyticun (DSM-25619), Baciflus subtilis subsp. subtilis
(DSM-10), Bacillus pumilus DEM-27, Pseudomonas fluorescens (DSM-50080),
Stenotrophomonas maltophilia (DEM-850170), Bacillus cereus (DSM-31), and Pseudomonas
aeruginosa (DSM-50071).

5, The process according to any one of items 1 {0 4, wherein said biomass comprises
living biomass and/or dead biomass.

6. The process according o item 8§, wherein said biomass is or comprises dead
biomass.

7. The process according to any one of items 1 to 8, wherein the incubating step
comprisas agitating the liquid medium coniaining the heavy metal and the blomass for
forming, film or foam containing biomass having bound heavy metal; and the separating
step comprises removing the film or foam from the liquid medium,

8. The process according to any one of items 1 to 7, wherein the incubation step is
conducted in a reactor comprising an agitator for agitating the lquid medium.
9, The process according to any one of items 1 to 8, wherein said heavy metal is

selected from ruthenium, rhodium, palladium, silver, osmium, iridium, platinum, gold, and/or
rare earth metals, preferably the heavy metal is silver and/or gold.

10.  The process according to any one of items 1 to 9, wherein said heavy metal present
in said liquid medium is in elemental form or is a compound of said heavy metal.

11.  The process according to any one of items 1 to 10, wherein sald heavy metal is
bound to the biomass in particulate form.

12.  The process according to any one of items 1 to 11, wherein said liquid medium is a
suspension containing particulate material containing the heavy metal.

13. The process according to item 12, wherein said particulate material containg the
heavy metal in an amount of at most 10000 ppm by weight, preferably at most 1000 ppm by

Date Regue/Date Received 2022-04-05



WO 2016/156409 PCT/EP2016/056932

weight, more preferably at most 100 ppm by weight, even more preferably at most 10 ppm
by weight, even more preferably at most 1 ppm by weight, and even more preferably at
most 0.1 ppm by weight.
14, The process according to item 12 or 13, wherein said particulate material is a mineral
ore such as a sulfidic or oxidic minaral ore.
18.  The process according to any one of items 12 to 14, wherein said particulate material
has a particle size of at most 400 um, preferably at most 300 um, more preferably at most
200 um or even more preferably at most 100 pm determined by sieving.
16.  The process according to any one of items 1 to 15, wherein the incubating step is
preceded by or comprises a step of bicoxidation said mineral ore as sald particulate material
for releasing from said minaral ore silver or gold or for increasing accessibility of the
biomass to silver or gold in the mineral ore,
17.  The process according to any one of items 12 10 15, wherein said suspension
contains, in the separating step, a cell dry weight of said biomass in an amount of from 0.01
to 20% (wiw} based on the weight of the ore contained in the suspension,
18.  The process according to tem 17, wherein said suspension contains a cell dry
weight of said hiomass in an amount of from 0.05 1o 0.5 % (w/w) based on the weight of the
ore contained in the suspension.
19. A process of isolating or enriching a heavy metal present in a suspension containing
a particulate mineral ore containing a heavy metal, comprising

a step of incubating a suspension containing (i) a particulate mineral ore containing a
heavy metal and {if) biomass comprising a bacterium capable of binding the heavy metal;

a step of separating the biomass having bound heavy metal from the suspension of
the previous step; and

a step of isolating the heavy metal from the biomass separated in the previous step.
20.  The process according to any of items 12 to 19, wherein said suspension contains
the mineral ore, in the separating step, in an amourt of from 1 to 60 % (w/w), preferably
from 1 1o 50 % (w/w), based on the total weight of the suspension.
21.  The process according to any of items 12 to 20, wherein said suspension contains
the mineral ore, in the separating step, in an amount of from 10 to 40 % (w/w), preferably
from 10 to 25 % {wiw), based on the total weight of the suspendion.
22.  Use of a bacterium selected from the genera Pseudochrobactrum and
Stenctrophiomonas, or selected from the group of species consisting of
Pseudochrobactrum asaccherolyticum, Bacillus subtilis, Bacillus pumilus, Pseudomonas
fluorescens, Stenotrophomonas maltophilia, Bacillus cereus, and Pseudomonas aeruginosa,
for isclating ar enriching a heavy metal, preferably elemental gold and/or sitver.
23.  An assay for identifying a bacterium capable of binding elemental heavy metal such
as gold and/or silver, comprising the following steps:
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cultivating a test bacterium in a suitable first culture medium;

immersing at least a surface portion of a test tool into the first culture medium for a
second predetermined period of time, said surface portion being coated by elemental heavy
metal, respectively;

removing said test tool from said first culture medium and optionally rinsing the test tool;

contacting a second culture medium with the surface portion coated by elemental heavy
metal of said test tool removed in the previous step; and

identifying the test bacterium as being capable of binding elemental heavy metal from
growth of the test bacterium in said second culture medium.

24, The assay of item 23, wherein said container is part of a multi-well plate and said test
tool is a pin on the cover lid of the multi-well plate, said pin being coated by elemental heavy
metal, preferably elemental silver or gold, at least on a tip portion of the pin, wherein said pin
extends downwards from the cover lid into said container such that the tip of the pin is
immersed into the first culture medium in step (ii).

25. The assay of item 23 or 23, wherein said second culture medium that may be an agar
plate contains a, preferably soluble, salt of the heavy metal, preferably an optionally soluble, salt
of gold and/or silver, respectively, for selecting test bacteria capable of growing in the presence
of said salt of the heavy metal, preferably the salt of the gold and/or silver.

26. An assay for identifying a bacterium capable of binding elemental heavy metal,
comprising the following steps: (i) cultivating test population of bacteria in a suitable first culture
medium, said first culture medium contained in a container; (ii) immersing at least a surface
portion of a test tool into the first culture medium for a second predetermined period of time,
said surface portion being coated by the elemental heavy metal; (iii) removing said test tool from
said first culture medium and optionally rinsing the test tool; (iv) contacting a second culture
medium with the surface portion coated by the elemental heavy metal of said test tool removed
in the previous step and thereby inoculating the second culture medium with test bacteria
adhering to the surface portion coated by the elemental heavy metal; and (v) identifying a test
bacterium from the test population of bacteria as being capable of binding the elemental heavy
metal from growth of the test bacterium in said second culture medium.

The inventors have found a method for identifying bacteria capable of binding a heavy
metal such as gold and/or silver, preferably in non-ionic form. The method can be performed on
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multi-well format and therefore allows screening of many bacterial strains in parallel. The
method allows combining two selection criteria, namely binding of bacteria to heavy metal such
as gold and/or silver coated surfaces and selection in media containing a compound of the
metal. Accordingly, bacterial strains capable of binding heavy metal such as gold and/or silver
can be identified with high efficiency. Biomass of bacteria identified by the assay of the
invention or by other means can be used for isolating the heavy metal such as the gold and/or
silver from liquid medium containing the heavy metal such as the gold and/or silver,
respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig 1: Lids for 96 well microplates with pins. From left to right: uncoated, silver coated, gold
coated via dental techniques, gold coated via vacuum deposition.
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Fig. 2. Screening of microorganisms from a proprietary sirain collection (Bioarchive of
BRAIM AG} using silver and gold coated pins and subsequent selection on agar medium
comprising 200uM AghNO, or 400uM HAUCI,, respectively.

Fig. 3 Selection of the best candidates. 12 microorganisms from 168 were selected due to
their resistance o gold- and silver ions and their performance in the biological separation
process {(BSP). The 1% to 4" and 6" organisms from the left were selected for further
upscaling of the process. Recovery [%] ([ug] Au K/ {[ug] Au E} * 100; K = Concentrate
{Fiotate), E= Total Ore; Enrichment rate [-1: ([pg] Au K/ Q] K} (Iugl AU E/[g] E; K=
Concentrate {Flotate), E= Total Ore; a) Analysis of gold, b) Analysis of silver.

Fig. 4: Inactivated biomass of 12 selected microorganisms and their performance in the
biological separation process (BSP}. Inactivated bicmass was gensrated by sterilization
{121°C, 20min, 1 bar). Recovery {%] ([ug] Au K/ ([ug] Au E) * 100; K = Concentrate
(Flotate), E= Total Ore; Enrichment rate {-): {[pg] Au K/ [g] K) / {[uog] AuE/ [g] E); K=
Concentrate {Flotale);, E= Total Cre; a} Analysis of gold, b) Analysis of silver.

DETAILED DESCRIPTION OF THE INVENTION

in the assay for identifying a bacterium capable of binding elemental heavy metal
such as gold and/or silver, a test bacterium is first cultivated in a culture medium suitable for
the test bacterium. The assay may also be used for identifying microorganisms other than
bacteria, such as archaea or fungi. The cultivating step may be performed in & suitable
container, the type of which is not particularly limited and any container known for cultivation
of bacteria can be used including containers made from glass or plastic. The size of the
container is also not limited. However, it is preferred to conduct the assay with small
volumes of culture medium of from 0.2 to 100 mi, preferably from 0.3 to 20 mi, more
preferably from 0.5 10 10 mi, and even more preferably from 1 to 3 ml. The container may
be a weli of a culiure plate. in one embodiment, the assay is performed with many test
bacteria in parallel and/or with the same bacteria in paralle] under different conditions or in
different culture media. For such purpose, multi-well plates may be used.

The culture medium or culture media to be used depend(s) on the type of bacteria to
he cultivated. Suitable culture media are known for many bacteria and other
microorganisms, A medium suitable for culiuring many bacteria is Luria-Bertani medium,
The time for cultivation may be selected such that the bacteria are in a growth phase
suitable far binding heavy metal such as gold andfor sitver. A growth state suitable for
binding of heavy metal such as gold and/or silver may be an exponential growth phase.
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However, other growth phases such as a stationary phase may alse be tested. Thus, the
method is also usable as an assay for identifying suitable conditions for binding elemental
heavy metal such as gold and/or silver by a bacterium or other microorganism. Conditions to
be tested may be growth phase, culture medium, temperature, buffer, pH, ¢ell density efc.

In step (i), the test bacterium is cultivated for achieving a suitable cell density of the
test bacteria for the subsequent step. The cultivation time may be very short such as some
minutes if the test bacterium was inserted into the container already at a cell density suifable
for the subsequent steps. Alternatively, the cuitivation time may be several hours if the test
bacterium was inocuated in a small concentration into the first culture medium present in
the container.

In step (i) of the assay, at least a surface portion of a test tool is contacted with the
test bacterium in the culture medium. The test tool has a surface portion that is coated with
elemental heavy metal such as elemental gold and/or elemental silver, or has a coating
containing slemental heavy mefal such as gold or silver. A test bacterium having the
capability of binding elemental heavy metal such as elemental gold and/or elemental silver
will bind to the gold and/or silver containing coating on said surface portion of the fest tool.
There are several methods of coating the surface portion or the entire test tool with
elemental heavy metal such as gold andfor silver, One method is electrodeposition of
elemental heavy metal such as gold and/or silver from heavy metal {e.g. gold and/or silver)
compounds in an aqueocus solution {electroplating), which is a method generally known in
the art of surface treatment. Another method applicable is chemical vapor deposition (CVD).

The test tool may be of glongated shape having the coated surface portion at one
end thereof. This allows easy immersion of at least the coated surface portion into the first
culture medium. The test tool may be connected to a lid of the containgr at an end of the
test tool opposite to the end where the coated surface portion is located. In this way, the test
tool can be immersed into the culture medium when the lid covers a part of or the entire top
opening of the container. In step (i), a lid of the contalner present during the cultivation of
step (i} may be removed from the container and replaced by the lid-test tool assembly,
whereby the coated surface portion is immersed into the first culture medium. Alternatively,
the entire cultivating step (i) may be conducted with the test tool immersed into the culture
medium, e.g. by covering the coniainer with the assembly comprising a lid and the test tool
during step (i). In the latler case, the id may not cover the top opening of the container
completely for allowing exchange of air with the culture medium in the container, In
embodiments where muitiple assays are conducted in parallel such as on culture plates, the
lids of all wells may bear a test too! for immersion into the culture media of the wells. In such
case, the test tool may be a pin on sach cover lid of a multi-well plate, whereby the pins are
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ceated by elemental silver or gold at ieast on a tip portion of the pin. The pins may extend
downwards from the cover lid into the container or well such that the tip of the pin is
immersed into the first culture medium.

For reproducibility, the fest tool shouid be immersed, with ifs coated surface portion,
into the first culture medium for a predetermined period of time. This period of time should
be sufficient for allowing specific adherence of test bacteria that can bind elemental heavy
metal such as gold andfor silver. The predetermined period of time may be at least 10
second, but is preferably at least 1 minute, more preferably at least 30 minutes. The upper
limit of the perlod of time is not particularly limited, but beyond 48 hours, no further or more
specific adherence of test bacteria to the coated surface portion is expected.

When the predetermined period of fime is over or at any other time deemed suitable
by the user, the test tool is removed from the culture medium. Preferably, the coated
surface or the entire test tool is rinsed or washed for removing not-specifically bound or
weakly bound test bacteria from the test tool. For rinsing, a rinsing solution may be used
that may be a sterile aqueous buffer or sterile cullure medium compatible with the test

bacteria.

The test tool or at least the coated surface portion thereof is then contacted with a
second cuiture medium for inoculating the second culture medium with any test bacteria
adhering to the surface portion of the test tool. The second culture medium should be sterile
before contacting it with the test tool. The second culture medium may be the same culture
medium or a different culture medium to that used in step (i). In one embodiment, the
second culture medium is a solid or semi-solid culture medium such as an agar plate. If a
multi-well plate is used in step (i), a multi-well plate of the same size, shape and
arrangement of wells may be used in this step for allowing automation of the entire assay.

The second cuiture medium may contain a, preferably water soluble, compound of
the heavy metal such as gold and/or silver for selecting test bacteria capabie of growing in
the presence of said soluble compound of the heavy metal such as gold and/or silver,
respectively. Generally, the compound of the heavy metal in the second culture medium is
or contains a compound of the same metal that is coated on the test tool. This allows a
second selection step for identifying a bacterium capable of binding elemental heavy metal
such as gold andfor silver. It is, however, also possible to employ, additionally or
alternatively, a compound of a heavy metal in the second culture medium different from the
metal that is coated on the test tool. The compound of the heavy metal such as gold and/or
silver may be a, preferably waler scluble, salt of a heavy metal such as gold andfor silver.
The concentration of the compound or salt of the heavy metal such ag gold and/or silver in
said culiture medium may be suitably determined as described in the Examples. An example
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of soluble gold compound is HAuC!,. An example of a soluble silver compound is AgNQs.
The soluble gold compound may be used in a concentration of from 50 pM to 1 mM,
preferably of from 100 to 700 pM, more preferably of from 250 to 600 uM. The soluble silver
compound may be used in a concentration of from 20 uM to 1 mM, preferably of from 80 to
B00 pM, mare preferably of from 150 to 500 uM.

A test bacterium being capable of binding efemental heavy metal such as gold
andfor silver may be identified from growth of the test bacterium in said second culture
medium. The second culture medium may be inspected or analyzed for bacterial growth
after a predetermined cultivation time which may be after between 5 and 48 hours,
preferably afier 10 to 20 hours. This identification may be supported using commercially
available plate readers or using photography of the second culture medium,

Bacterial strains capable of binding elementai gold and/or silver and identifiable by
the assay described above are selected from the following genera and species:
Pseudochrobactrum, preferably Pseudochrobactrum asaccharolyticum, Bacillus subtilis,
Bacillus pumnitus, Pseudomonas fluorescens, Stenotrophomaonas, preferably
Stenctrophomonas maltophilia, Bacillus cereus, and Pseudomonas aeruginosa. Specific
examples of such bacterial straing are: Pseudochrobactrum asaccharolviicum {DSM-25819),
Bacillus subtilis subsp. Subtilis (DSM-10), Bacillus pumilus DSM-27, Pseudomonas
fluorescens (DSM-50000), Stencirophomonas maltophilia (DSM-50170), Baciffus cereus
{DSM-31), and Pseudomonas aeruginosa {DSM-50071). The “DSM” numbers refer to
deposit numbers of the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH.
In z2nother embodiment, the bacterium is selected from Pseudochrobacirum, preferably
Pseudochrobactrum asaccharolyficum, Pseudomonas flucrescens, Stenotrophomonas,
preferably Stenotrophormonas maltophilia, and Pseudomonas aeruginosa.

Bacterial strains identified or identifiable by the assay of the invention, notably those
listed above, may be used as biomass in a process of isolating or enriching heavy metal
such as gold and/or silver. The biomass may confain bacteria selected from the genera,
species or strains listed above. The biomass may comprise a combination of two or more
bacteria, such as two or more bacterial strains or bacterial genera. The biomass may
comprise a combination of three or more bacteria, such as three or more bacterial strains or
bacterial genera.

The process of isolating or enriching heavy metal such as gold and/or silver is
generally performed in & liquid medium. The biomass binds the heavy metal such as gold
and/or silver by cell components of the bacteria. After separation of the biomass from
unbound material, the heavy metal such as gold and/or silver can be izolated from the
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biomass. The invention aliows isclating heavy metal such as geld and/or silver from material
that contains only low amounts of heavy metal such as gold and/or silver without the use of
hazardous cyanide leaching andior amalgam processing. The material from which the heavy
metal is isolated and/or enriched may contain the heavy metal in an amount of at most
10000 ppm by weight, preferably at most 1000 ppm by weight, more preferably at most 100
ppm by weight, even more preferably at most 10 ppm by weight, even more preferably at
most 1 ppm by weight, and even more preferabiy at most 0.1 ppm by weight. The process of
the invention provides an environmentally innocuous access to heavy metal such as goid
and/or silver that requires little energy and avoids poliution of the environment.

The biomass according to the invention can comprise living biomass, i.e. the
biomass can contain living bacteria. However, it was surprisingly found that dead biomass
can also be used, in particular biomass that contains dead bacteria. Thus, in a preferred
embodiment of the invention, a biomass is used which comprises at least 70% dead
biomass, in particular at least 70% dead bacterial cells, preferably at least 80 or 80 % dead
biomass, in particular at least 80 or 80% dead bacterial cells, more preferably at least 95 or
at least 99% dead biomass, in particular at least 95 or at teast 98% dead bacterial cells. In
one embodiment, biomass is used which comprises at least 99.9 % dead biomass, in
particular at least 92.2 % dead bacterial cells.

in case of living biomass, dead bacterial cells may additionally be present. if living
biomass or bacteria are used, the liquid medium used in the process of isolating or enriching
heavy meial such as goid and/or sitver preferably contains suitable nutrients for enabling
growth and survival of the bacteria in the liquid medium. The latter may not be necessary if
dead biomass is used. Dead biomass may be obtained from living biomass of the bacteria
selected from the genera, species or strains listed above. Dead biomass is characterized by
the inability to proliferate and/or to maintain metabolic functions. Dead biomass may contain
less than 10% living bacterial cells, preferably less than 5% living bacterial cells, more
preferably less than 1%, even more preferred less than 0.01% living bacterial cells in terms
of number of cells based on the total number of cells in a sample of the biomass. The dead
biomass may be oblained by culturing living biomass containing bacteria in agueous media
until suitably high cell densities are obtained. The bacterial cells may he separated from the
figuid medium, e.g. by sedimentation, notably by centrifugation, or other means such as
filtration to obtain a wet biomass. The separaled wet biomass may then be inactivated for
obtaining dead biomass. Inactivation can be achieved for example by applying heat andior
high pressure to the biomass, in processes known in the art such as pasteurization or
auteclaving. The wet biomass may be dried by reducing the content of solvent. Drying may
be done at elevated temperature and/or under vacuum. The drying step generally kills most
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of the bacterial cells, whereby dead biomass of the bacleria is obtained. In a preferred
method for obtaining dead biomass, living bacterial cells or the wet biomass may be
sterilized at elevated temperature, optionally with additional application of pressure.
Sterilization may be performed at a temperature of from 60°C to 140°C, preferably at from
70°C to 130°C, more preferably at from 80°C to 121°C. The duration of sterilization may be
adjusied to the temperature applied, whereby longer durations are used where the
temperature is on the lower side of the ranges mentioned before. Generally, sterilization
may be done for & min to 3 hours, preferably from 10 minutes to 60 minutes. In one
embodiment, the termperature is from 80°C to 90°C and the duration is from 1 hourto 3
hours. In ancther embodiment, the temperature is from 90°C to 130°C and the duration is
from 10 minutes to 30 minutes. The optional additional application of pressure may be from
0.5 to 5 bar, preferably from 1 to 3 bar {above ambient pressure). Specific examples for
conditions usable for sterilization or inactivation of the bacterial celis are 121°C for 20
minutes, tbar, and 80°C for 1h. The dead biomass may be stored until use in the process of
the invention,

For carrying oul the process of isolating or enriching heavy metal such as gold and/or
silver, dead or living biomass of a bacterium that is known to be able to specifically adsorb
heavy metal such as gold and/for silver is incubated, preferably agitated, in a liquid medium
containing heavy metal such as gold and/or silver. The heavy metal such as gold and/or
silver contained in the liquid medium may derive from any material containing heavy metal
such as gold and/or silver such as elemental heavy metal (such as elemental gold and/or
silver) or compounds of heavy metal (such as compounds of gold and/or silver}, notably
minaral ore. In one embodiment, the heavy metal such as gold and/or sliver to be isolated or
enriched is present in solid material from which the heavy metal such as gold and/or silver
can be isolated or enriched. Bolid material, such as mineral ore containing heavy metal such
as goid and/or silver is preferably crushed, milled or pulverized for ablaining particulate
material before inserting it into the liquid medium, and may be pre-treated using methods
suitable to facilitate metal release, such as bicoxidation or incubation with microorganisms
that produce corrosive metabolites. The liquid medium may be a suspension of solid
material forming a solid phase in the liquid phase of the liquid medium,

The incubating step of the process may take place in a continuous-flow, slirred-tank
reactor or open pond such as used in waste-water treatment plants. In this environment,
parameters that are important for microbial growth (pH, temperature, nufrients) can be
controlied and therefore, bacteria can be stably maintained over space and time. Generally,
the liquid medium is agitated during the incubation step, followed by a separation step. In
one embodiment, a flotation procedure can be applied in which the liquid medium is agitated
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such that a film or foam containing the biomass having bound heavy metal such as gold
andfor silver is formed on the top of the liquid medium. The film or foam may be removed
from the top of the liquid medium, and heavy metal such as gold and/or silver can be
isolated from the film or foam., In another embodiment, a density gradient may be applied to
the liguid medium to separate the biomass in a layer of the liquid medium. and the layer
containing the biomass may be separated from the liguid medium e.g. by aspiration, in
anocthar embodiment, the bicmass may be sedimented in the liquid medium and the layer
containing the sedimented biomass may be separated from the liquid medium by removing
the supernatant.

In the process of the invention, a huge concentration effect can generally be achieved
by binding a heavy metal such as gold and/or silver from low grade material to the biomass.
Thus, the biomass separated from the liquid medium and having bound heavy metal
typically has a mass that is significantly lower than the mass of the heavy metal containing
material used at the outset. This concentration effect allows transporting the biomass
separated from the liquid medium, optionally in a dried state, over long distances, where
transport of an amount of the original heavy metal containing material would not be
econcmical. Thus, the invention allows separation of the location where the incubating and
separating steps are performed from the location where the isolating step is performed.

In the present invention, heavy metal may be heavy metal in free, elemental form (non-
ionic or mineral) or a compound such as a salf or salts of the heavy metal. The heavy metal
may be selecied from ruthenium, rhodium, palladium, silver, osmium, iridium, platinum, goid,
and rare earth elements (REE). The REE may be selected from lanthanum, cer, praseodym,
neodym, promethium, samarium, europium scandium, ytirium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, yiterbium, and lutetium. In a preferred embodiment,
the heavy metal is silver andfor gold.

A metal in elemental form has bonds between metal atoms and oxidation state 0. If the
heavy metal such as the gold and/or silver isolated or enriched in the invention is in
elemental form, it may form nanoscale particles such as metal clusters. Nanoscale particles
of the heavy metal such as the gold andfor silver and clusters thersof may have ligands that
occupy free valencies of metal atoms located on the surface of the nanoscale metal
particles or clusters. Clusters of elemental heavy metal such as the gold and/for silver may
comprise from 2 to 1000 metal atoms. In another embodiment, the clusters may comprise
from 3 to 500 metai atoms. In further embodiments, the clusters may comprise from 5 to
400 or from 20 to 300 metal atoms. In general, nanoscale particles have a size of < 500 nm,
in another embodiment of < 100 nm, in a further embodiment of < 50 nm, and in a still
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further embodiment of < 10 nm. A meital in elemenial form is typically insoluble in aqueous
media. However, nanoscale elemental heavy metal such as such as gold and/or silver metal
or clusters thereof may be dispersed or dispersible in aqueous media, e.g. in the form of &
colloid.

In compounds of the heavy metal such as the gold and/or silver gold and/or silver, the
metal atoms may have an oxidation state of 0 or may be oxidized. It is also possible that a
metal compound contains metal atoms in 2 or more different oxidation states. The heavy
metal such as the gold and/or silver compound may be a salt of the heavy metal such as the
gold andfor silver. A compound of heavy metal such as the gold andior silver may be soluble
or insoluble in aqueous solution. In one embodiment, the compound of the heavy melal
such as the gold and/or silver is essentiaily insoluble in water at pH 7.0 and 25°C.
Essentially insoluble means that 1 | of pure water dissolves at most 10 mg of said
compound at pH 7.0 at 25°C. If it is insoluble or essentially insoluble in water at pH 7.0 at
25°C, the compound of heavy metal such as the goid and/or silver present in a material
such as a mineral ore may be finely dispersed or dispersible in water e.g. in the form of a
calloid.

In the process of the invention, the heavy metal such as the gold and/or silver may
underge a chemical reaction e.g. when bound {0 or separated from said biomass. Thus, the
metal isolated in the isolating step may be in a chemical form different from the chemical
form at the outset of the process of the invention. The present invention covers processes
wherein the chemical state of a metal to be isolated changes in the course of the process. it
is possible that the heavy metal such as the gold and/or silver to be isolated contains the
metal in two or more different chemical states or compounds.

The material containing heavy metal such as the gold and/or silver 1o be isolated may
be any material such as a mineral ore, The material is generally particulate material. The
material may contain high amounts of silicates or quartz. The mineral ore may be a mining
waste material obtained in a process of isolating a desired component other than the metal
of the invention from a mineral ore. The material may for example be or contain a suifidic
mineral material such as pyrite. In one embodiment, the heavy metal such as the gold
and/or silver, notably the elemental gold and/or silver, of the invention is finely distributed in
the material such as an elemental metal locked in the crystal latfice of a mineral such as
pyrite. Such exiremely fine distributed or dispersed elemental metal is generally referred fo
as "invisible metal®; if the metal is gold, it is referred to as “invisible gold”.
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In the incubating step of the process of the invention, an aqueous mixture is prepared
using material containing heavy metal such as gold and/or silver and the biomass of the
invention. The particulate material such as the particulate mineral ore to be used should be
finely ground. For this purpose, the incubating step may be preceded by a grinding step.
The particulate material may have a particle size, determined by sieving, of at most 5 mm.
Alternatively, the particulate material may have a particle size of at most 1 mm, of at most
400 pm, or of at most 100 pm determined by sieving. In a further embodiment, the particles
are smaller than 100 urm smaller than 50 g or smaller than 10 um, which may be achieved
by sieving of a ground material. The yield of the process of the invention is the higher, the
smaller the particle size of the particulate material used in the incubating step.

The incubating step is typically conducted in reactors, e.g. as are used in waste-water
treatment. The reactor preferably contains an agitation system for agitating the aqueous
mixture. The reactor may be a stired-tank reaclor and can be operated in a balch or
cotitinuous-flow mode. The raactor may be equipped with devices for measuring and
controlling parameters such as temperature, pH, nutrient content ete. Such means are
known in the art. The liquid medium or mixture prepared for the incubating step generally is
an aqueous medium or mixture. The liguid medium or mixture gontains the biomass as weli
as the heavy metal such as gold and/or silver o be isolated or enriched. The liguid medium
can be used for controlling conditions for binding the heavy metal such as gold and/or silver
by the biormass, such as temperature, concentration of biomass and material containing the
heavy metal such as gold and/or silver, pH, ionic strength etc. The liquid medium or mixture
may further include media with nutrients required for the growth of the biomass, where the
biomass used is or contains living bacterial cells to be used for isolating or enriching the
heavy metal such as gold and/or silver, Suitable growth conditions and nutrient
requirements for the biomass used can be obtained from the general prior art on
microbiology. Suitable growth conditions are also provided by collections of microcrganisms
such as the American Type CGulture Collection (ATCC) or the German Collection of
Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, DSMZ) where suitable bacterial strains can be oblained from. Further,
the aqueous medium or mixture contains the biomass used for binding the goid and/or sitver
o be isolated. Typically, the biomass is added to the reactor at such an amount that the
concentration in the reactor allows for further growth of the biomass. For this purpose, one
or more pre-cultures may be grown in separate reactors for maintaining sufficiently large
amounts of the biomass in aqueous suspension to be used. Alternatively, dead biomass is
used for isclating or enriching the heavy metal such as gold and/or silver as described
above, In this case, the dead biomass is added to the liquid medium or mixture.
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The amount or concentration of biomass in the liquid medium or mixture is not
particularly limited. However, if too little biomass is present, not alt heavy metal such as gold
and/or silver that is accessible for binding may be bound by the biomass. If more biomass is
used than is needed for binding the available heavy metal such as gold and/or silver, this
may not be economical and, at some point, agitation may become difficult due to high
viscosity caused by the biomass. A suitable amount of biomass 1o be used on the large-
scale may be determined by a number of smaller scale experiments, wherein the amount or
concentration of biomass for a given heavy metal such as gold and/or silver-containing
material is determining by measuring the amount of the heavy metal such as gold andfor
silvar, respectively, that can be bound by the biomass or that remains in the material that
originally contained the heavy metal such as gold and/or silver,

The content of particulate material (such as mineral ore) in the agueous medium or
mixture of the incubating step may, for example, be befween 1 kg and 500 kg particulate
material per m® of the aqueous mixture. Altematively, said content may be between 5 kg
and 100 kg particulate material per m® of the aqueous mixture, Similarly, as described
above with regard to the amount or concentration of biomass fo be used, a suitable amount
of particulate material may be determined experimentally in small scale experiments before
carrying out larger scale processes,

In the incubating step of the process of the invention, the aqueous medium is incubated
for allowirng binding of the heavy metal such as gold and/for silver by the biomass. The
incubation time depends on the rate of binding. Generally, the incubation time is between
0.5 hours and 96 hours, preferably between 0.5 hours and 48 hours, more preferably
between 1 and 48 hours, more preferably between 1 hour and 24 hours and most preferably
between 3 and 24 hours, The temperature of incubation depends mostly on the type of
biomass used. Temperature control may be used for controlling growth of said biomass.
During incubation, parameters in the liquid medium or mixture such as pH, nutrient content,
temperature etc. are monitered and, if necessary, controlled for maintaining desired
incubation conditions.

in the incubatling step, the liquid medium is preferably agitated using an agitator and
is intimately mixed for forming a film or foam containing biomass on the top of the medium.
It is, however, not necessary that agitation is performed during the entire incubation time.
Optionally, a gas such as air is introduced into the reactor for supporting formation of a film
or foam on the surface of the lquid medium.

After the incubating step, the separating step may be conducted. After the incubating
step, remaining particulate material may be allowed to seitle and may be removed. If a film
or foam containing blomass having bound heavy metal such as gold and/for silver was

Date Regue/Date Received 2022-04-05



WO 2016/156409 PCT/EP2016/056932
16

produced, the film or foam may then be removed from the top of said liquid medium.
Alternatively, the biomass having bound heavy metal is separated by other methods such as
sedimentation. The separated biomass may, depending on the subsequeni step, be dried
for facilitating storage and/or transport of the biomass before the isolating step is performed.
The liquid medium (such as the suspension) may contain, in the separating step, a cell dry
weight of the biomass in an amount of from (.01 to 20% {w/w} based on the weight of the
ore contained in the liquid medium {or the suspension). Preferably, the liquid medium (or
suspension) contains a cell dry weight of said biomass in an amount of from 0.05 to 5%
{(w/w), preferably from 0.05 10 0.5 % (w/w), based on the weight of the ore contained in the
liquid medium or suspension, respectively. In the separating step, the liquid medium (such
as the suspension} may contain the ore in an amount of from 1 to 50 % (w/w), preferably
from 10 to 25 % (wiw) based on the total weight of the liquld medium {or suspension).

In the isolating step, termed biological separation process (BSP), heavy metal such
as gold and/or silver bound to the biomass is isolated from said biomass. The heavy metal
such as gold and/or silver may for example be descrbed from the biomass in a liquid phase
using acidic or basic conditions, Alternatively, the biomass may be combusted to destroy
and remove organic matter of said biomass. The metal may be purified from the residue

and/or ashes of the biomass.

The process of the invention may be combined with process steps used for isolating
metals from metal ores known from prior the art. In order to facilitate access of the biomass
used in the invention to particles or compounds of heavy metals present in the particulate
material, a known biooxidation step may be used in combination with the invention. For
instance, if said particulate material is a sulfidic ore such as pyrite, sulfide-oxidizing bacteria
such as Acidithiobacilli may be used for at least partially degrading the sulfidic mineral. Such
biooxidation or bipleaching is described by (Rawlings and Johnson (2007) "The microbiology
of blomining; development and optimization of mineral-oxidizing microbial consortia.”
Microbiclogy 153: 315-324). This treatment may be carried out before the incubating step of
the invention or concurrently with this step by adding the biooxidation organism to the
agueous solution of step (i). Examples of biooxidation or bicleaching organisms are A.
ferrooxidans, A. thiooxidans, Leptospirifium ferrooxidans, T. organoparus, Thermothrix
thiopara, Sulfolobus acidocaldarius, and 8. brierleyi. The process described in US
2007/107550 may also be used for the pre-treatment of recalcitrant ores, whereby the
hydrometallurgical treatment step is replaced by the process of the present invention.
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EXAMPLES
Example 1
Resistance-Assay

The growth of several microorganisims (e.g. Escherichia coli, Xanthomonas
campestris, Cupriavidus metallidurans and Bacillus sphaericus) was monitored in the
presence of the lids with coated pins. Escherichia coli and Xanthomonas campestris served
as negative controls with regard to metal binding; Cupriavidus metallidurans as positive
control. Additionally, Bacillus sphaericus was used as a positive control for silver binding.
For Bacilius sphaericus the binding to gold particles and gold coated surfaces was observed
eatller by the inventors. Cupravidus metallidurans is a gram-negative, rod-shaped
bacterium which has gold binding capacity as described in the literature (Reith ef al., 2008).
The species name metallidurans indicates its resistance {0 heavy metals und its ability to
survive in the presence of gold and silver was investigated previously (Reith F, Rogers SL,
McPhail DC and Webb D. (2006) " Biomineralization of gold: biofilms on bacterioform gold.”
Science 313(5784); 233-236; Reith F, Etschmann B, Grosse C, Moors H, Benotmane MA,
Monsieurs P, Grass G, Doonan C, Vogt S, Lai B, Martinez-Criado G, George GN, Nies DH,
Mergeay M, Pring A, Boutham G and Brugger J. (2009) "Mechanisms of goid
bicmineralization in the bacterium Cupriavidus metallidurans.” Proc Natl Acad Sci
106{42).17757-17762; Ladrich ML1, Stemmler 8, Laval-Gilly P, Foucaud L, and Falla J
(2005) "Precipitation of silver-thiosuifate complex and immaobilization of silver by Cupriavidus
metallidurans CH34." Biometals 18{6): 643-650}.

Teo investigate the tolerated concentration of silver and gold, the microorganisms
wers propagated in liquid medium and streaked on agar plates with different concentrations
of AgNO; or HAUC,, respectively. The results are shown in Table 1 and 2.

For establishing the screening resistance assay, the microorganisms were cuitured,
transferred into microplates and incubated for three hours at 28°C with metal coated or
uncoated pins, respectively. After incubation, the lids were washed in saline and
subsequently stamped on metal-confaining agar plates (Luria-Bertani medium), cultured
over night at 28°C, so that the migroorganisms went through a first and a second selection
step. For setection on agar plates, the medium was finally supplemented with 200 yM
AgNG; or 400 pM HAUCL, respectively.

Example 2
Binding assay
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An assay-system for detection of microbial gold- and silver binding capacity was
developed in 96-well microplates to enable large-scale screening. For this assay 96-well
MicroWell™ poiystyrol plates and Nunc-Immuno™ TSP (Transferable Solid Phase)
polysiyrol lids were used. The lids were equipped with 86 pins reaching into the wells of the
microplate to enable adhesion of the microorganisms. The lids with ping are available with
different surface materials such as MaxiSorp™ (high affinity to molecules with hydrophitic
and hydrophobic areas) or PolySorp™ (high affinity to hydrophobic molecules). The lids
were either silver-coated or gold-coated via galvanic treatments with dental technical
methods or gold coating was directly done via vacuum deposition (Fig. 1). The MaxiSorp™
surface was found to be most suitable for silver and gold coating and that the gold coating
was mechanically stable, Le. no ercsion or digruption was observed after repeated use in

96-well plates comprising culture medium.

AgNOy Cuprinvidus XanSomones Escherichin
concentraion molalidurans Buchs sphaericus campesiis coli
2pM x x x x
10puM X x x x
20uM x x x x
50uM  { x x x
100pM x x x %
150M x x
200uM {x)
A00:M
1000
Table 1. Microbial growth in dependence on AGNO; concentmtior; x = growth, {x) = weak growth
concenieation tmotalidurans | BOCWS sphooricus camposiis coF
2uM X x 4
20uM x x x x
100M x x x x
200 x x x x
300pM x x
400pM x
S00uM 4
1000pM

Table 2. Microbialgrowth in dependance on HAUC|, concentration; x = growth, {x) = weak growth
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For the discovery of novel microorganisms with resistance to silver and gold, a
screening assay was set up using microorganisms from the proprietary strain collection of
the BRAIN company of the species indicated in Fig. 2. For this assay, the second selection
was carried out in a concentration of 200uM AgNO; und 400uM HAUCL,, respectively,

The procedure was as follows. First, the organisms were cultivated for 1 fo 2 days in
780ul. medium in 96 deep well plates at 300 rpm and 28°C. 100 pl of each of the cultures
were fransferred into two microplates, each equipped with pins coated with silver or gold,
respectively. Incubation was for 3 hours 28°C at 450 rpm, followed by washing with saline
and draining the liquid off on sterile cellulose paper. The cultures were stamped on agar
containing 400 uM HAUCI, or 200uM AgNOs;, respectively, and incubated at 28°C up to 4 to
6 days (Fig. 2).

Example 3
Biological separation process (BSP

168 metallophilic microorganisms identified in the resistance and binding assay were
used for separation experiments according to the following procedure. Microorganisms were
streaked out on agar plates directly after thawing (conservation vials are kept at -80°C) and
the plates were cultured at 28°C overnight. The cultures were incculated in liquid Luria-
Bertani medium and cullured at 28°C overnight. After that, these pre-cultures were spliit and
inoculated in fresh medium. One of the cultures was induced by the addition of 20 uM
AgNO; or 40 uM HAuC,, respectively. The other culture was grown under the same
conditions without metal ion treatment. Both cultures were incubated at 28°C over night. The
cells were sedimented by centrifugation at 4500 rpm for 10 min, resuspended in 0.9% NaCl
and the optical density at 578 nm was determined. Celis were diluted finally to QDS per 20
il using 0.9% NaCl.

Silver or gold containing cre was sieved and 0.5 g ore was mixed with 20 mi of the
cell suspension from the 168 positively screened microorganisms in a 25 mi beaker glass. A
cross-shaped magnetic agitator was added, the beaker glass sealed with Parafilm® and the
mixture of ore and cell suspension stirred at 100 rpm for 16 hours on a magnetic stirrer,
After the agitated incubation time, the mixture was left for 3h at ambient temperature without
stirring. The result from the BSP was documented by photography and the film comprising
the biomass with bound metal on the surface was removed for further gold and silver
analysis via 1ICP-MS. 12 bacterial species showing the highsest bound amounts of gold and
silver were selected. The recovery and enrichment rate of gold and silver for these 12 non-
induced roicroorganisms is shown in Fig, 3a and 3b. The recovery [%] given on the primary
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vertical axis was determined as follows: ([ug] Au K/ [ug] Au E) *100; K = Concentrate
{Fiotate); E = Total Ore.

The enrichment rate [-] given on the secondary vertical axis was determined as
follows: ({ug] Au Kf [g] K} / {{ugl Au E/ [g] E); K = Concendrate (Flotate); E= Total Ore.

Biological separation was also performed with inactivated biomass. For that, identical
process conditions as described above were used, Instead of living microorganisms
inactivated biomass was used, which was inactivated at 121°C for 20min using 1bar
pressure. The recovery and enrichment of gold and silver for the biomass of the 12 non-
induced microorganisms is shown in Fig. 4a and 4b. Surprisingly, for some organisms the
recovary of gold and silver was considerably higher when dead biomass was used as
compared {o living biomass.

Example 4
Process parameters for precious metal enrichment from ore

FPreparation of biomass and determination of cell dry weight

Biomass was generated by fermentation under culture conditions as described
above. Bacterial cells were harvesied and celi dry weight (CDW) was determined. Biomass
was sedimented in the culture medium by cendrifugation at 4500 rpm for 10 min, washed
with 0.9% NaCi and dried on a glass fibre mat at 125°C.

Enrichment of precicus metals

For the enrichment of the precious metals Au and Ag in the non-soluble, elernental
form a ratic of biomass 10 ore was shown to be optimal in the process of the invention in the
range of 0.01 to 20%, more preferred 0.05% to 0.5% {CDW/w. ore). Table 3 shows which
microorganisms are best suited for the enrichment of silver and gold from different ores as
source.

Combinations of microorganisms have also proven o be advantagecus. For the
enrichment of goid a combination of e.g. B. sublilis (MO1)and P.fluorescens (MO2) with
biomass ratio of MO1 to MO2 e.g. 80:20, 70:30, 30:70 or 20:80) has shown results which
were superior to the use of a2 biomass of a single microorganism. Combinations of different
bacteria for MO1 and MO2, more than two or more than three different bacteria are
conceivable, The biomass comprising a mixture of bacterial species is used in the same
ratio CDW/w. ore as the biomass comprising a single species.

For ores comprising 0.3 - 5ppm {ugfg or g/t) elemental gold enrichment faciors of 30
times to 98 times were achieved using the process described herein,
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CLAIMS:

1. An assay for identifying a bacterium capable of binding elemental heavy metal,
comprising the following steps:

(i) cultivating test population of bacteria in a suitable first culture medium, said first
culture medium contained in a container;

(i) immersing at least a surface portion of a test tool into the first culture medium for a
second predetermined period of time, said surface portion being coated by the elemental
heavy metal;

(iii) removing said test tool from said first culture medium and optionally rinsing the test
tool;

(iv) contacting a second culture medium with the surface portion coated by the elemental
heavy metal of said test tool removed in the previous step and thereby inoculating the
second culture medium with test bacteria adhering to the surface portion coated by the
elemental heavy metal; and

(v) identifying a test bacterium from the test population of bacteria as being capable of
binding the elemental heavy metal from growth of the test bacterium in said second

culture medium.

2. The assay of claim 1, wherein said container is part of a multi-well plate, said multi-well
plate having a lid, and said test tool is a pin on a cover lid of the multi-well plate, said pin being
coated by the elemental heavy metal, at least on a tip portion of the pin, wherein said pin
extends downwards from the cover lid into said container such that the tip of the pin is
immersed into the first culture medium in step (ii); and/or

wherein said second culture medium that may be an agar plate contains a salt of the
elemental heavy metal for selecting the test bacterium capable of growing in the presence of
said salt of the elemental heavy metal.

3. The assay of claim 2, wherein the salt of the elemental heavy metal is a soluble salt.

4, The assay of any one of claims 1-3, wherein the elemental heavy metal is elemental
silver and/or elemental gold.
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Fig. 2

96 microorganisms from

Screening protocol

{1) Cultivation of microorganisms using 96-well microplates
{2) Recording microbial's growth

{3) Assayperformance

{4) Analysis of results
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Fig. 3
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Fig. 4
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Recovery and enrichment of gold with inactivated microorganisms
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