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Abstract: A native cyanide-degrading bacterial consortium was isolated from goldmine tailing
sediments. Mine tailings are toxic effluents due to their metal–cyanide complexes. The bacterial con-
sortium was able to degrade an initial sodium cyanide concentration ranging from 5 to 120 mg L−1 in
alkaline synthetic wastewater (pH > 9.2), for a maximum of 15 days. The free cyanide biodegradation
efficiency was 98% for the highest initial free cyanide concentration tested and followed a first-order
kinetic profile, with an estimated kinetic rate constant of 0.12 ± 0.011 d−1. The cyanide-degrading
consortium was streaked with serial dilutions on a specific medium (R2A). 16S rRNA gene sequencing
and mass spectrometry proteomic fingerprinting of the isolates showed that the bacterial strains
belonged to Microbacterium paraoxydans, Brevibacterium casei, Brevundimonas vesicularis, Bacillus cereus
and Cellulosimicrobium sp. The first four genera had previously been identified as cyanide-degrading
bacteria. Microbacterium and Brevibacterium had previously been found in alkaline conditions, show-
ing resistance to heavy metals. As for Cellulosimicrobium, to our knowledge, this is the first study
to implicate it directly or indirectly in cyanide biodegradation. In this research, these genera were
identified as functional bacteria for cyanide degradation, and they might be suitable for mine tailing
biotechnological tertiary treatment.

Keywords: native bacteria; biodegradation; cyanide; goldmine tailings

1. Introduction

Cyanides are a group of toxic recalcitrant compounds that contain cyano ion (C≡N),
used for silver and gold leaching in a process named cyanidation [1]. Approximately
90% of gold is extracted by cyanidation [2]. The leaching procedure consists of extraction
with alkaline NaCN, producing a barren cyanide solution (100–500 mgL−1 of NaCN) by
heap or tank leach. NaAu(CN)2 stable ions are then formed and recovered by carbon
adsorption [3], thus generating toxic effluents that, in addition to sodium cyanide, may
contain cyanide metal complexes; heavy metals such as copper, iron, zinc, lead, mercury,
cadmium or chromium; arsenic; and thiocyanates [4,5]. These toxic wastewaters must be
treated to minimize their environmental and health risks; thus, the cyanide concentration
must be lowered to the minimum acceptable limit, which varies from 0.05 mg L−1 [6] to
0.2 mg L−1 [7] depending on the applicable regulations in each country. There are several
different physical and chemical methods that are used to remove these toxic compounds [8];
however, although most of these methods are efficient, they produce toxic by-products,
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cannot degrade metal-complexed cyanide as easily and require expensive equipment, main-
tenance and high initial investment costs [1,2,9,10]. The biodegradation of mine tailings is
considered a viable alternative. This latest option can be applied as part of a physical and
chemical treatment process (tertiary step) to further reduce the free cyanide concentration,
toxic by-products and operational costs. In biodegradation processes, microorganisms such
as fungi or bacteria transform free cyanide and metal-complexed cyanides into ammonia
and bicarbonate. The free metals formed can then either precipitate from the solution or
be adsorbed within the biofilm [1,5,11,12]. Bacteria are probably the most widely studied
cyanide-resistant microorganisms for this purpose. Some have been shown to be capable
of degrading cyanide, such as Pseudomonas, Klebsiella, Thiobacillus, Agrobacterium, Bacil-
lus, Citrobacter, Chromobacterium, Alcaligenes, Acinetobacter, Ralstonia, Rhodococcus, Serratia,
Halomonas Escherichia coli, Azotobacter vinelandii, Burkholderia cepacia, Thialkalivibrio thio-
cyanodenitrificans, Halothiobacillus halophilus/hidrothermalis, Methylobacterium thiocyanatum,
Paracoccus thiocyanatus, Thiohalobacter thiocyanaticus and Thiohalophilus thiocyanoxidans [9–14].
Cyanotrophic bacteria are capable of using cyanide as a carbon and nitrogen source for
growth. Given that alkaline conditions are needed for the safe use of cyanide to avoid the
volatilization of toxic HCN (pKa = 9.2), these bacteria should also be alkaline-resistant,
capable of degrading different cyano compounds and toxic-compound-resistant [10,15].
There are five reported pathways of cyanide biodegradation: the hydrolytic, oxidative,
reductive, substitution and synthesis pathways. In the first three biodegradation pathways,
cyanides are converted into simple molecules (in the hydrolytic pathway: formic acid
and ammonia; oxidative pathway: carbon dioxide; and reductive pathway: ammonia and
methane), while the other two involve the use of cyanide as a carbon and nitrogen source to
produce cyano-amino acids or thiocyanate, which may be further oxidized into ammonia,
carbon dioxide and sulfide [9,12,13,16]. Certain bacteria can use more than one pathway
for cyanide biodegradation, which depends on several factors, such as oxygen availability,
pH and the initial cyanide concentration, as well as its bioavailability and solubility in the
system [12]. Aerobic biodegradation involves cyanide breakdown by oxidative means, and
reports have indicated that aerobic processes are faster than anaerobic processes [13,17].
Cyanide biodegradation has been studied in different bacteria under different conditions,
most of which were mesophilic (25–30 ◦C), while the pH varied from neutral to 10.5. Bacte-
ria living in polluted environments have metabolic abilities to handle contaminants [13,18];
therefore, our hypothesis is that the best bacteria for the biotreatment of silver and gold
tailing ponds are those originating from mining tailing ponds, due to their previous adapta-
tion. Therefore, there is a need to characterize these kinds of microorganisms. Our research
team isolated a native bacterial consortium from a tailing pond and investigated its cyanide
degradation capability. The aim of this study was to identify the key bacterial strains of the
cyanide-degrading native consortium from a gold mine tailing, determining its potential for
the treatment of cyanided gold mine wastewaters through kinetic biodegradation profiling.

2. Materials and Methods
2.1. Native Consortium Sampling

The native consortium originating from a cyanide-contaminated site was obtained by
the aerobic collection of sediments (0.25 m depth) from a mine tailing pond: “Mastrantos
II” from the “El Cubo” mine in Guanajuato, Mexico (longitude 20◦59′51.53” N and latitude
101◦10′5” W). This mine tailing pond has been in operation for over 150 years since the
cyanidation process was introduced for gold extraction (40 mg L−1 total cyanide, 9 mg
L−1 total organic carbon, 0.0044 mg L−1 total dissolved As, 0.523 mg L−1 Fe, 70.8 mg L−1

CaO, 4600 mg L−1 total dissolved solids, 3.3 mg L−1 dissolved oxygen, 1813 mg L−1 total
hardness, pH = 9). The samples were diluted in a ratio of 1:10 with sterile peptone isotonic
solution and vortexed (Scientific Industries Genie 2, Bohemia, NY, USA), and the resulting
solution was allowed to sediment in Imhoff cones for 1 h. This procedure was repeated
another two times. The supernatant was retained and stored in a flask at 4 ◦C overnight.
After this period, the supernatant was centrifuged at 10,000 rpm for 5 min (Hermle Labnet
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Z326K, Edison, NJ, USA) until a pellet was formed. The pellet was recovered and stored in
glycerol (30%, Karal, León, Mexico) with sterile isotonic peptonized solution and phosphate
buffer solution (pH = 7) at −20 ◦C until further utilization.

2.2. Bacterial Isolation

Preliminary biodegradability tests were conducted to select the proper consortium,
pre-screening the five native consortia obtained from a mine tailing pond in Guanajuato,
Mexico, one of which was selected for this study. The activation of the selected consortium
was conducted in peptonized broth (BD Bioxon, Franklin Lakes, NJ, USA) under orbital
agitation (150 rpm) at 30 ◦C (LUZEREN Pro1001319, Prolab, Trajomulco de Zúñiga, Mexico)
for 2 days. After that, the synthetic cyanided solution was inoculated (10% v/v) with
sodium cyanide (Sigma-Aldrich, St. Louis, MO, USA) at an initial concentration of 10 mg
L−1 and incubated under the same conditions as those used for the activation step for 3 days.
The synthetic cyanided solution’s composition was determined based on modified M9
media with 89% v/v salt solution (KH2PO4 1.7 mg L−1, NaCl 0.5 g L−1, MgSO4·7H2O 0.5 g
L−1, CaCl2 0.1 g L−1), 1% v/v trace element solution (ZnSO4·7H2O 0.05 g L−1, MnCl2·4H2O
0.05 g L−1, CuCl2·2H2O 0.005 g L−1, Na2MoO4·2H2O 0.005 g L−1, Na2B4O7·10H2O 0.002 g
L−1, CoCl2·6H2O 0.0003 g L−1), 10% v/v BBC buffer pH 9.6 (Na2CO3 1.59 g L−1, NaHCO3
2.93 g L−1), and NaCN 10 mg L−1 as a C and N source. The solution was prepared
using type II water (RiOs-DI water purification system, Merck, Darmstadt, Germany). All
reagents were acquired from J. T. Baker (Fisher Scientific, Hampton, NH, USA). A sample
from a previous culture was then serially diluted at different dilution rates of 10−5, 10−6

and 10−7 and spread over sterile R2A (Merck, Darmstadt, Germany) plates incubated at
30 ◦C for 7 d. The colonies were subsequently re-streaked to obtain pure colonies. The
pure colonies were characterized microbiologically [19] and then Gram- and spore-stained
(Hycel, Zapopan, Mexico) through a standard procedure. The slides were observed under
a light microscope (immersion oil at 400×magnification) to determine the cell shape and
arrangement, together with Gram staining. The pure colonies were stored in glycerol (Karal,
León, Mexico) at −20 ◦C until further utilization.

2.3. DNA Extraction and 16S rRNA Amplification

After 3 days of consortium cultivation in cyanide synthetic medium (NaCN = 10 mg L−1),
an aliquot was taken and the pure colonies’ genomic DNA was extracted using a DNA ex-
traction kit, DNeasy Ultraclean (Qiagen, Valencia, CA, USA). After extraction, the samples
were stored at −20 ◦C until further use. The DNA was used as a template for the poly-
merase chain reaction (PCR) amplification of 16S rRNA with universal primers, 27Fym (5′-
AGAGTTTGATYMTGGCTCAG-3′) and 1492R (5′-TACCTTGTTACGACTT-3′) [20]. Ther-
mal cycling (Bio-Rad, Hercules, CA, USA, C-1000 Touch Thermal Cycler) conditions were
used for the initial denaturalization for 2 min at 98 ◦C, followed by 28 cycles of 10 s de-
naturalization at 98 ◦C, 15 s of annealing at 48 ◦C and 12 s of extension at 72 ◦C, ending
with a final extension at 72 ◦C for 5 min. Prime Star Max polymerase (TAKARA Bio, San
Jose, CA, USA) was used with a reaction mixture of 50 µL: 1 µL DNA template, 1 µL of
10 mM primer mix, 23 µL of nuclease-free water and 25 µL of enzyme mix. All reactions
were performed in triplicate. The amplification products were purified with the Gel/PCR
DNA Fragments extraction kit (IBI Scientific, Dubuque, IA, USA) and analyzed by agarose
gel 1% electrophoresis. The DNA was stored at −20 ◦C for subsequent analysis. After 16S
PCR amplification and purification, electrophoresis showed that the approximate size of
the DNA fragments was about 1.2 kb.

2.4. Sequencing and Analyses

The purified PCR products (more than 25 ng µL−1 of DNA) were sent to LABSER-
GEN CINVESTAV—Irapuato for capillary automatic sequencing (BigDye Terminator v3.1
AB3730, Fischer Scientific, Vienna, Austria). The samples were sequenced in triplicate in
both senses to correct any sequencing errors. The DNA sequences were matched against nu-
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cleotide sequences in NCBI GenBank using the BLAST tool and analyzed with EzBioCloud
16S-based ID tool, version 20200513. The sequences showing more than 99% similarity and
a query coverage above 99% were considered to belong to the same taxon. The resulting
sequences were deposited in GenBank under the accession numbers OP688505, OP712185,
OP712187, OP712188 and OP712195.

2.5. Mass Spectrometry Proteomic Fingerprint

The pure colonies were streaked on BAS plates for 3 days at 30 ◦C, and samples were
prepared for matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), according to the direct transfer protocol recommended by Bruker Dal-
tonics. If the score did not match a probable identification, MALDI-TOF MS was conducted
following the ethanol/formic acid extraction protocol recommended by Bruker Daltonics.
MALDI-TOF MS was performed using an IVD MALDI BioTyper mass spectrometer (Bruker
Daltonics, Billerica, MA, USA) equipped with a N2 laser. All spectra were recorded in
the linear positive ion mode. The spectra were collected as a sum of 500 shots across a
spot. A mass range of 2000–20,000 m/z was used for the analysis. The main spectra were
calculated from 3 spectra per strain and used for the construction of a score using the
BioTyper software (2.2 version, Bruker Daltonics).

2.6. Cyanide Biodegradation

The activation of the selected consortium was performed as described in Section 2.2,
by bacterial isolation. Subsequently, synthetic cyanided solutions prepared with initial
concentrations of sodium cyanide of 5, 20, 25, 30, 70 or 120 mg L−1 were inoculated with
10% v/v of the activated culture and incubated at 30 ◦C under orbital agitation at 150 rpm
for 15 days. The free cyanide (F-CN) was monitored daily with a potentiometric electrode
of a selective ion (HI4109, Hanna, Mexico City, Mexico), according to the instrument
specifications. The biomass was recorded using optical density (OD) at 540 nm [21] (VE-
5100UV, Velaquin, Mexico City, Mexico). The pH was kept over 9.2 and measured daily
by potentiometry (Thermo Scientific Orion Triode, Waltham, MA, USA, PH4221-2BNW)
throughout the whole experiment.

The free cyanide biodegradation performance (PFCN) was calculated as suggested
in [22], according to Equation (1), as follows:

PFCN =
FCN0

BD0 t
(1)

where FCN0 is the initial F-CN concentration (mg L−1), BD0 is the initial bacteria density
(OD540nm), and t is the full biodegradation time (h).

The free cyanide biodegradation efficiency (BE) was calculated as presented in
Equation (2):

BE =

(
FCNo − FCNR

FCN0

)
× 100 (2)

where FCN0 is the initial F-CN concentration (mg L−1), and FCNR represents the residual
F-CN concentration (mg L−1) after biodegradation was completed.

2.7. Kinetic Biodegradation Models

Cyanide biodegradation was modelled with first- and second-order kinetic mod-
els [21] to study the degradation of cyanide with the microorganisms. The mathematical
expressions are as follows:

S = S0exp(−k1t) (3)

ksln
S
S0

+ S− S0 = −k2t (4)
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Equations (3) and (4) represent first- and second-order kinetic cyanide biodegradation
models, respectively, where S0 is the F-CN initial cyanide concentration (mg L−1), t is time
(d), k1 (d−1) and k2 (mg·mg−1) are first- and second-order rate constants, respectively, and
ks is the half-saturation coefficient (mg L−1). The best-fit kinetic model was chosen based
on the error function between the experimental and model-predicted data to validate the
model according to the correlation coefficient R2.

3. Results
3.1. Bacterial Isolation and Identification of Native Cyanotrophic Consortium

The cyanotrophic bacterial consortium isolated from a goldmine was cultured as
described above and then serially diluted on sterile R2A plates, on which the colonies were
subsequently re-streaked, and twenty-three pure colonies were obtained. Table 1 shows the
observed characteristics of the isolated microorganisms. The pure colonies were classified
into five groups according to their microbiological characteristics, and colonies C16 and
C22 were identified as a single strain.

Table 1. Composition of the cyanotrophic native consortium.

Colonies
Microbiological Characteristics 16S rRNA Identification MALDI-TOF MS 4

Fingerprint
Appearance in

Agar R2A 1
Gram

Staining
Spore

Staining Species/Genus IP 2 (%) Sim 3 (%) Species Max.
Factor 5

C1, C2, C3, C4,
C5, C9, C11,

C13, C14, C15

Transparent
yellowish,

creamy
Positive Positive Bacillus cereus 100 100 Bacillus

cereus 2.441

C6, C7, C8,
C18, C20, C21,

C23

Transparent
yellow, smooth Positive Positive Microbacterium

paraoxydans 100 99.61 Microbacterium
paraoxydans 2.248

C10, C12, C17,
C19

Transparent
pink to

brownish,
smooth

Negative Negative Brevundimonas
vesicularis 99.87 100 Brevundimonas

vesicularis 2.063

C16 Yellowish,
smooth Positive Negative Cellulosimicrobium

sp. 99.61 99.61 Cellulosimicrobium
cellulans 1.693

C22 Whitish and
sticky Positive Negative Brevibacterium

casei 100 100 Brevibacterium
casei 1.714

Notes: 1 R2A: Culture medium developed by Reasoner and Geldreich in 1985 for the bacterial count in treated
water. 2 IP: Identity percentage found with NCBI Blast. 3 Sim: Similitude percentage found with the EZBioCloud
16S-based ID tool. 4 MALDI-TOF MS: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
5 Max. Factor: Maximum score using the BioTyper software version 2.2 of the strains assayed.

Next, 16S rRNA genes of the isolated bacteria were successfully amplified by PCR
and sequenced in triplicate in both senses. The sequences were analyzed with BLAST and
assigned to their corresponding bacterial species (Table 1). These results were confirmed
using the EzBioCloud 16S-based ID tool. The results showed that the cyanotrophic consor-
tium was dominated by bacteria belonging to Bacillus cereus, Microbacterium paraoxydans,
Brevundimonas vesicularis, Brevibacterium casei and Cellulosimicrobium sp. Every sequence
showed >99% similarity with both databases used. On the other hand, this identification
was consistent with the MALDI-TOF MS fingerprint of each microorganism, notwithstand-
ing the low scores obtained for Brevibacterium casei and Cellulosimicrobium sp.

3.2. Cyanide Biodegradation

The native cyanotrophic consortium was shown to degrade F-CN by up to 120 mg L−1.
The free cyanide biodegradation performance was the highest with 25 mg L−1 of F-CN
initial cyanide concentration (0.19 mg L−1 OD540nm

−1 d−1) and the lowest with 5 mg L−1 of
F-CN initial cyanide concentration (0.05 mg L−1 OD540nm

−1 d−1). The total F-CN efficiency
was greater than 93% for every initial cyanide concentration evaluated, and the residual
F-CN was lower than 0.05 mg L−1, except when the F-CN initial concentration was 20, 40
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or 120 mg L−1. The performance coefficients and biodegradation efficiencies are listed in
Table 2.

Table 2. F-CN biodegradation parameters.

F-CN0
1

(mg L−1)

PF-CN
2

(mg L−1

OD540nm−1

d−1)

BE 3 (%)

Kinetic Model

OD540nm
4 S0

5

(mg L−1)

First-Order Kinetic
Model Second-Order Kinetic Model

k1
6 (d−1) R2 7

k2
8

(mg.mg−1

d−1)

kS
9 (mg

L−1) R2 7

5 0.05 99.8 0.301 5.92 0.1151 0.9773 0.2314 307.796 0.9058
20 * 93.2 0.241 19.68 0.133 0.9795 0.0319 31.879 0.8987
25 0.19 97 0.355 25.13 0.109 0.9898 0.1378 19.002 0.8913
40 * 97.15 0.379 40.35 0.1126 0.9924 0.0545 54.792 0.8415
120 * 98.3 0.414 123.37 0.1344 0.988 0.0283 137.129 0.7826

Notes: 1 F-CN0: Free cyanide initial concentration. 2 PF-CN: Free cyanide biodegradation performance.
3 BE: Biodegradation efficiency. 4 OD540: Optic density at 540 nm. 5 S0: Free initial cyanide concentration
(mg L−1). 6 k1: First-order rate constant (d−1). 8 k2: Second-order rate constant (mg.mg−1). 9 kS: Half-saturation
coefficient (mg L−1). 7 R2: Linear regression correlation coefficient. * Residual concentration greater than
0.05 mg L−1 (not fully consumed) for the duration of the experiment.

3.3. Kinetic Models

The F-CN biodegradation profiles are shown in Figure 1, in which it can be seen that
as the initial cyanide concentration increased, the time required for full biodegradation also
increased, but in each case, BE was above 93%. The F-CN biodegradation models presented
first-order kinetics for every initial F-CN concentration tested and had the best fit according
to a correlation coefficient R2 > 0.97. These models were not adjusted to the second kinetic
order, since the R2 coefficients were smaller than those for the first kinetic order. The rate
constants of each model, F-CN0, DO0 and correlation coefficients are presented in Table 2.
The biomass growth profile could not be determined by OD measurement due to the
formation of extracellular materials, which prevented us from taking a good measurement,
and the samples were not sonicated. We followed the same procedures as those published
previously [23–25]. The pH was maintained at 9.6 when biodegradation started and was
monitored daily, being kept at over 9.2 and up to 10.5.
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represents the average of two independent experiments of cyanide biodegradation in synthetic water.
The error bar represents the standard deviation.
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4. Discussion

Mine tailing cyanide biodegradation by native bacteria may be suitable for mine
tailing biotreatment [5,26]; thus, the bacterial composition of tailing samples was assessed.
During the isolation process, five groups of colonies were obtained (Table 1), which were
identified as members belonging to the following species or genera: Microbacterium paraoxy-
dans, Bacillus cereus, Brevundimonas vesicularis, Brevibacterium casei and Cellulosimicrobium
sp. The results of the identification of the 16S rRNA genes, proteomic fingerprints and
microbiological characteristics assayed in this study were consistent. For colony C16, the
16S rRNA identification showed a match indicating 99% identity with C. cellulans, C. funkei
and C. aquatile. Given that we obtained more than one match, we decided to report it as
Cellulosimicrobium sp. throughout the article. Microbacterium [27,28], Bacillus cereus [29],
Brevibacterium [30] and Brevundimonas [27,31] are known to be cyanide degraders or found
in native cyanotrophic consortia. However, to the best of our knowledge, this study is
the first to report the presence of genera closely related to Cellulosimicrobium in a native
cyanotrophic consortium. However, Cellulosimicrobium has previously been described as
cyanogenic [32].

Additionally, the identified genera have previously been isolated from mining-related
environments. Microbacterium was isolated from a coal mine [33], uranium mill tailing
porewaters [34], mine tailing soil and native plant roots [35]. Bacillus cereus was isolated
from mining soil, a lead–zinc factory and a nickel mine [29]. Brevundimonas sp. was found
in the soil of a gold mine [36]. Brevibacterium casei was identified in the roots of Prosopis
laegivata growing at the edge of a gold mine tailing [37].

It is noteworthy that the genera identified in previous studies describing cyanide-
degrading consortia were absent from the composition of the consortium determined in
this study. For instance, genera isolated from gold mine tailings such as Halomonas [38] and
Pseudomonas [18] were not found in our consortium. This observation is in agreement with
previously published literature that seems to indicate that the microbial compositions of
native cyanotrophic consortia depend on the isolation source.

To determine the kinetics of cyanide biodegradation of the native cyanotrophic consor-
tium, it was cultivated in a synthetic cyanide solution with cyanide concentrations ranging
from 5 to 120 mg L−1 (Figure 1). The native cyanotrophic consortium degraded over 98%
of a maximum initial F-CN of 120 mg L−1. No inhibition was observed at any of the
initial F-CN concentrations tested. It is likely that the F-CN tolerance limit is higher than
120 mg L−1. There are reports of tolerance to F-CN in synthetic cyanide solution at concen-
trations up to 976 mg L−1 in the case of Bacillus sp. M01 isolated from gold mine soil [24].
However, the cyanide concentrations in gold and silver mine tailings are 116.13 mg L−1 on
average [5,39], which is compatible with the maximum initial F-CN tested in this study. It
is noteworthy that biomass evaluation through DO measurements was not possible due to
the formation of extracellular material. It is likely that this is a strategy of protection and
resistance to alkaline conditions [40]. Microbacterium, one of the bacterial genera identified
in this study as part of the native cyanotrophic consortium, was previously reported as a
biosurfactant and exopolysaccharide producer [41]. In future experiments, biomass growth
will be studied through other techniques, such as total protein measurements. The highest
cyanide biodegradation performance achieved by the native cyanotrophic consortium was
0.19 mg L−1 DO540

−1 h−1, which is lower than the previously reported values [23,25]. This
is probably due to the differences between previous studies, in which a single bacterial
strain was used, and our study, in which a consortium was used.

The kinetic biodegradation profiles were adjusted to first- and second-order models
(Table 2), resulting in a best fit with a first-order kinetic biodegradation model, with a high
correlation (R2 > 0.97). The estimated kinetic rate constant k1 for F-CN biodegradation for
the native cyanotrophic consortium was 0.12 ± 0.011 d−1. Cyanide kinetic biodegradation
constants were reported for batch co-cultures of cyanotrophic bacteria, with the authors
concluding that the phenol and cyanide biodegradation kinetics followed a three-half-order
model at similar cyanide initial concentrations to those reported in this study [22]. This
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discrepancy can be explained by the fact that those authors simultaneously evaluated phe-
nol and cyanide biodegradation. This is the first study to focus on kinetic biodegradation
models of cyanide with a gold mine tailing native cyanotrophic consortium without the
interference of other compounds, such as phenol.

For a consortium to be suitable for cyanide-contaminated mine tailing biotreatment,
several conditions must be fulfilled, in addition to the ability of the consortium to resist
and degrade cyanide. The ability to grow in highly alkaline conditions (pH > 9.2) is
necessary to avoid the volatilization of HCN under less alkaline conditions. Additionally,
the consortium must show resistance to multiple heavy metals that are often present in
mine tailings [8,15].

Four of the species that composed the native cyanotrophic consortium were species
that have previously been reported to resist alkaline conditions: Microbacterium paraoxy-
dans [42], Bacillus cereus [43], Brevibacterium casei [37] and Cellulosimicrobium sp. [44]. The
resistance of the latter to heavy metals such as zinc, nickel, copper, iron, lead and cadmium
has been documented [45]. These compounds are usually found in mine tailings [5]. All
five genera have previously been reported to be resistant to several heavy metals, such
as chromium, nickel, zinc, copper, lead, cadmium, cobalt and mercury [36,37,46–52]. This
characteristic renders them potentially suitable for the biotreatment of gold mine tailings.
However, additional information is needed to assess their tolerance to all the conditions
combined (alkaline medium, presence of heavy metals and cyanide).

To improve the sustainability and viability of the wastewater treatment bioprocess, it
is desirable to couple cyanide biodegradation with valuable by-product formation. Several
of the identified genera possess the capacity to produce potentially valuable molecules.
Microbacterium was previously reported to produce biosurfactants [41] and metallopro-
teases [53] that can be used as alternative components of detergents and carotenoids [54]
that can be used as food additives. Biosurfactant production by Microbacterium could
explain our observation of the formation of extracellular materials that prevented us from
conducting OD measurements. It is noteworthy that the biosurfactant secreted by Microbac-
terium is an exopolysaccharide. Brevundimonas vesicularis was previously reported to be a
producer of polyhydroxyalcanoates using sawdust as a substrate [55]. Cellulosimicrobium
sp. was previously reported to be a producer of lytic enzymes such as proteases [56], used
as biocontrol agents. Further investigation is needed to determine whether the bacterial
strains present in this consortium present with the same cyanide biodegradation efficiency
under the combined conditions of high alkalinity with the presence of heavy metals and
cyanide and, subsequently, under real mine tailing conditions. It is important to explore
the effects of factors affecting biodegradation, such as aeration, alkalinity, heavy metal
resistance, other carbon sources and interactions between strains. Additionally, kinetic
models for growth that integrate biomass production should be determined. It would
be useful to determine the nature of the extracellular material produced by the native
cyanotrophic consortium and to identify its possible applications. Finally, the metabolic
pathway implicated in the biodegradation of cyanide should also be identified.

5. Conclusions

A native cyanide-biodegrading consortium isolated from a gold mine tailing was iden-
tified at the species (Microbacterium paraoxydans, Bacillus cereus, Brevundimonas vesicularis,
Brevibacterium casei) and genus (Cellulosimicrobium sp.) levels. The latter was identified as a
member of a cyanide-biodegrading consortium for the first time. The consortium showed
98% biodegradation efficiency at 120 mg L−1 of F-CN with a first-order biodegrading ki-
netic model. The identified bacterial species had previously been reported as being resistant
to heavy metals and alkaline conditions, rendering this consortium a suitable alternative
for gold mine tailing treatment.
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