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Abstract: Microbial treatment of free-cyanide-polluted wastewater is a cost-effective, efficient, and
eco-friendly method. Free-cyanide-degrading microbial cultures were isolated from different sources
using batch-enrichment culture techniques, with acetate as the carbon source. Five microbial cultures
were able to tolerate and grow at 1500 mg/L free cyanide, which was used as the only nitrogen source
under strongly alkaline conditions (pH = 11). Among them, one bacterial strain (B11) was selected
for further study because of its high free-cyanide-biodegradation efficiency. Bacterial strain B11 was
molecularly identified as Bacillus licheniformis CDBB B11. Free cyanide inhibited the growth rate of
B. licheniformis CDBB B11 at initial cyanide concentrations >75 mg/L. Despite this, the bacterial strain
demonstrated 100% cyanide-biodegradation efficiency at initial cyanide concentrations ranging from
25 to 75 mg/L, which decreased to 32% as the initial cyanide concentration increased from 75 to
1500 mg/L. Free-cyanide biodegradation corresponds to bacterial growth and ammonia accumulation
in the culture medium. The alkaliphilic B. licheniformis CDBB B11 strain is a robust candidate for
the detoxification of free-cyanide-laden wastewater because it tolerates and efficiently degrades free
cyanide at concentrations of up to 1500 mg/L.

Keywords: alkaliphilic bacterial strain; Bacillus licheniformis; biodegradation; cyanide; enrichment
cultures; wastewater

1. Introduction

Cyanide is produced in high concentrations by anthropogenic activities such as coke
plants, petroleum refining, dye manufacturing, and the chemical, mining, and metal
finishing industries [1-6]. Cyanide concentrations in the effluents of such industries are
typically between 0.01 and 10 mg/L; however, some effluents from the electroplating
industries have been reported to have cyanide levels greater than 100,000 mg/L [1].

Free cyanide (cyanide ion (CN™) and hydrocyanic acid (HCN)), simple cyanide com-
pounds that dissociate easily (e.g., KCN and NaCN), metal cyanide complexes, and organic
cyanide complexes can all exist in wastewater [1,3,7-10].

Cyanides have multiple toxic effects on living organisms, the most important of
which is their ability to inhibit cellular respiration by binding to iron at the catalytic center
of mitochondrial cytochrome c oxidase, which prevents the transport of electrons from
cytochrome a3 to oxygen. Consequently, aerobic oxidative metabolism and phosphorylation
are compromised, resulting in hypoxia. Thus, cells can no longer produce ATP aerobically
to meet their energy requirements or perform their cellular functions [11-13].

Cyanide contamination seriously threatens the environment, the health of humans
and other living beings, and the sustainable development of people and society. As
a result, it is essential to treat cyanide-containing wastewater to remove it. Various cyanide-
detoxification strategies have been developed, including physical, chemical, and/or biolog-
ical treatment methods. However, biological methods have economic and environmental
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advantages over conventional physical and chemical methods because they are less expen-
sive, more efficient, and do not add or create new persistent toxic chemicals, as seen in other
treatment methods; therefore, biological methods are environmentally friendly [10,14-16].

Although cyanide is toxic to microorganisms at low concentrations, it has been re-
ported that several bacteria, filamentous fungi, yeasts, and algae degrade it through hy-
drolytic, oxidative, reductive, and/or substitution/transfer pathways, allowing microbial
cells to use cyanide as a carbon and/or nitrogen source for growth [1,3,8,17].

Most research on cyanide biodegradation has been conducted under acidic or neutral
pH conditions. However, at these pH conditions, almost all cyanide (>99%) is found as the
highly toxic and volatile HCN (pKj = 9.3 at 20 °C) that evaporates easily, causing environ-
mental and health risks to humans and other living beings [3,18-20]. Furthermore, under
these pH conditions, the removal of cyanide from aqueous solutions is due to volatilization
(a physical mechanism) and the action of microorganisms (a biological mechanism) [3].
Consequently, there is great interest in the biological treatment of cyanide under alka-
line conditions, preferably at pH > 10, at which most of the free cyanide in solution is
in the form of the cyanide anion (CN™) (>99%) and cyanide loss through volatilization
is limited [3,19,21]. However, the microbial biodegradation of cyanide in highly alkaline
solutions has been a great challenge in the application of bioremediation techniques because
the rate and extent of cyanide biodegradation both decrease significantly at pH values
higher than 10 [14].

Likewise, most microorganisms capable of assimilating cyanide can only use it as
a nitrogen source, but not as a carbon source; therefore, in most cyanide-biodegradation
studies, an external source of carbon, often a reducing sugar such as glucose, has been
provided for cell growth [3,19-21]. However, cyanide can react with the aldehyde and
ketone groups of reducing sugars (Kiliani—Fischer reaction) to form cyanohydrins, thus
masking the microbial biodegradation of cyanide [19,22]. In this regard, cyanide removal
from aqueous solutions under aerobic and anaerobic conditions in the presence of reducing
sugars is independent of microbial metabolism [21]. Therefore, in cyanide-biodegradation
studies, the use of aldehyde- and ketone-containing compounds should be avoided as
carbon sources for the growth of microorganisms [19,23]. It is, therefore, critical to isolate
microorganisms capable of degrading cyanide in strongly alkaline aqueous solutions
(pH > 10) and to use simple carbon sources devoid of aldehyde or ketone groups to ensure
that cyanide removal is due to biological activity rather than abiotic factors. Despite its
importance, information on this topic is scarce.

As a result, we focused our efforts on isolating microbial strains capable of tolerating
and biodegrading high free-cyanide concentrations under highly alkaline (pH = 11.0)
conditions using acetate as the carbon and energy source. Subsequently, the microbial
strain with the highest cyanide-biodegradation efficiency was selected and identified at the
molecular level. Finally, with the selected microbial strain, kinetic studies of cell growth,
cyanide biodegradation, and ammonia accumulation in culture media were performed at
various initial concentrations of cyanide.

2. Materials and Methods
2.1. Isolation Sources of Microorganisms

We used soil samples exposed to industrial wastewater, agrochemicals, hydrocarbons,
heavy metals, gold and silver mining industry tailings, and activated sludge (Table 1) as
sources of microorganisms capable of degrading cyanide.

2.2. Microbial Enrichment Cultures

Enrichment cultures were prepared in mineral medium with the following compo-
sition per liter of 100 mM phosphate buffer, pH 11.0: MgSO;-7H,0, 0.018 mg; CoCl,,
0.013 mg; CaCly, 0.004 mg; ZnSOy4, 0.004 mg; NayMoy-2H,0, 0.002 mg; MnSO4-H,O,
0.01 mg; NiSO4-6H,0, 0.01 mg; CuSOy4-7H,0, 0.01 mg; and FeCl;-6H,0, 0.005 mg [24].
1 g/L sodium acetate was used as a carbon and energy source and 20 mg/L free cyanide
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(as sodium cyanide) as the only nitrogen source. All reagents were obtained from JT Baker
(Avantor Performance Materials, Inc., Xalostoc, Estado de México, Mexico) and Sigma-
Aldrich (Sigma-Aldrich, Co., St. Louis, MO, USA). Because cyanide has a boiling point
of 25.7 °C, the culture media containing cyanide were sterilized by microfiltration using
Whatman® GF/F glass microfiber filters with a pore size of 0.7 um (Cytiva™, Amersham,
UK). The pH of the culture media was tested on a regular basis throughout the investigation,
and when necessary, it was corrected to 11.0 by adding 0.1 M NaOH.

Table 1. Isolation sources of microorganisms.

Isolation Source Geographical Coordinates

1 Soil contaminated with wastewater from pulp and paper industries 19°12/34.3" N
(San Rafael, Mexico State, Mexico) 98°45'18.9"" W

5 Agrochemical-contaminated soil [1] 19°1140.3" N
(San Rafael, Mexico State, Mexico) 98°45/23.3" W

3 Industrial wastewater-contaminated soil [1] 19°17'20.3" N
(Ixtapaluca, Mexico State, Mexico) 98°52/'58.4" W

4 Industrial wastewater-contaminated soil [2] 19°16'09.9” N
(Chalco, Mexico State, Mexico) 98°51/33.2"" W

5 Agrochemical-contaminated soil [3] 19°14/09.9” N
(Chalco, Mexico State, Mexico) 98°53/12.6" W

6 Surface-water source (La Compaiiia River) that receives domestic and industrial effluents 19°16'28.7"" N
(Chalco, Mexico State, Mexico) 98°51'51.6" W

7 Heavy metal and hydrocarbon-contaminated soil from a manganese mine 20°45'00" N

(Tianguistengo, Hidalgo, Mexico) 98°40'00" W
8 Heavy metal and hydrocarbon-contaminated soil from an ex-refinery 19°29/28.73" N
(Azcapotzalco, Mexico City, Mexico) 99°11/25.04" W
9 Hydrocarbon-contaminated soil 21°20'21.08” N
(Tamalin, Veracruz, Mexico) 97°48'44.13" W

10 Heavy metal and hydrocarbon-contaminated swamp [1] 17°59'03.4" N
(Minatitlan, Veracruz, Mexico) 94°29/00.2" W

1 Heavy metal and hydrocarbon-contaminated swamp [2] 17°59'03.4" N
(Minatitlan, Veracruz, Mexico) 94°29'00.2" W

12 Tailings from the gold and silver mining industry 28°11'34.8" N
(Ocampo, Chihuahua, Mexico) 108°24'14.7" W

13 Activated sludge 19°17/34.3" N
(Ixtapaluca, Mexico State, Mexico) 98°53/41.0" W

For enrichment cultures, isolation-source samples (0.5 g) were added to 250 mL Er-
lenmeyer flasks containing 50 mL of sterile culture medium with an initial cyanide anion
concentration of 20 mg/L. The flasks were incubated at room temperature (approximately
20 £ 2 °C) at 120 rpm for 5 days. Aliquots of 5 mL of culture samples were used to
successively inoculate flasks containing fresh culture medium with an initial free-cyanide
concentration of 20 mg/L. The samples were incubated under the aforementioned con-
ditions until the degradation of cyanide by the microbial cultures became evident upon
observing cell growth. This procedure was repeated, but the initial cyanide concentration
was gradually increased to 1500 mg/L (50, 100, 200, 500, 1000, and 1500 mg/L).

A preliminary study of cyanide degradation was conducted using the microbial cul-
tures obtained after the enrichment period to select the microbial culture that exhibited
the highest cyanide-degradation efficiency. These studies were performed in Erlenmeyer
flasks containing mineral medium supplemented with 1 g/L of sodium acetate, 1500 mg/L
of free cyanide, and a 0.1 g/L initial biomass concentration of the microbial culture. Si-
multaneously, a biomass-free control was used to detect potential cyanide losses due to
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volatilization and/or adsorption onto the glass. The flasks were incubated for 210 h at
20 + 2 °C and 120 rpm. The residual cyanide concentration in each of the tested microbial
cultures was evaluated at the end of the incubation period, and the cyanide-degradation effi-
ciency was assessed. The microbial culture with the highest cyanide-degradation efficiency
was selected for further investigation.

2.3. Microbial Isolation and Morphological Characterization

The selected microbial culture was 10-fold serially diluted up to 107¢ and 0.2 mL
aliquots were dispersed in triplicate on nutrient agar plates. After incubating the plates at
30 °C for 48 h, single bacterial colonies were collected from the plates and the streak plate
method was used to ensure purity.

Morphological observations were recorded on the surface appearance, shape, color,
edge, elevation, opacity, and texture or consistency of colonies of pure cultures of the
isolated bacteria grown on nutrient agar at 30 °C for 48 h. Microscopic parameters examined
included Gram staining and cell shape [25,26].

2.4. Molecular Identification of the Selected Bacterial Isolate

Molecular identification of the selected bacterial isolate was conducted by the National
Collection of Microbial Strains and Cell Cultures of the Center for Research and Advanced
Studies of the National Polytechnic Institute (CINVESTAV-IPN) based on the sequence of
a 165 ribosomal RNA fragment.

Briefly, the genomic DNA of the selected bacterial strain was extracted using the ZR
Fungal/Bacterial DNA MiniPrep kit (Zymo Research, Irvine, CA, USA). From the total
DNA obtained, the 165 rRNA gene was amplified with the universal oligonucleotides 27F
(5" AGAGTTTGATCMTGGCTCAG 3') and 1492R (5’ TACGGYTACCTTGTTACGACTT 3')
according to the method described by Lane [27]. The integrity of the expected fragment
(1500 nucleotides) was confirmed using 1% (w/v) agarose gel electrophoresis at 100 V for 1 h.
The 165 rRNA gene was sequenced using an ABI Prism 310 Genetic Analyzer PE (Applied
Biosystems, San Francisco, CA, USA) to obtain two sequences for each oligonucleotide.
The sequences were edited manually using Chromas 2.4 (2012) software (Technelysium
Pty. Ltd., Brisbane, Australia) to form a consensus sequence. To detect commonalities
between biological sequences, consensus sequences were compared using the nucleotide
BLAST program of the National Center for Biotechnology Information (NCBI, Bethesda,
MD, USA). The consensus sequence was aligned with the BLAST search results using
the Clustal W algorithm included within MEGA software (version 6.0; Mega Software
Technologies, Delhi, India) [28] to create a dendrogram using the neighbor-joining method
to discover commonalities between sequences of defined species types.

2.5. Effect of Carbon Source (Acetate) Concentration on Free-Cyanide Biodegradation by the
Selected Bacterial Strain

To investigate the influence of the initial acetate concentration on free-cyanide degra-
dation by the selected bacterial strain, four initial acetate concentrations (1, 2, 4, and 6 g/L)
were tested, and their effects on the degradation of two initial free-cyanide concentrations
(400 and 1500 mg/L) were determined. The tests were performed in 500-mL Erlenmeyer
flasks containing 100 mL of culture medium, with an initial biomass concentration of
0.1 g/L. The flasks were incubated for 120 h at 20 + 2 °C and 120 rpm. Bacterial cul-
tures were sampled periodically, and their biomass and residual cyanide concentrations
were determined.

2.6. Kinetic Study of Cell Growth, Cyanide Biodegradation, and Ammonia Accumulation

The performance assessment of a biological cyanide-degradation process requires
a kinetic evaluation of the microorganisms’ proliferation and capacity to degrade various
levels of cyanide as a substrate [6]. Therefore, kinetic studies of cell growth and cyanide
biodegradation by selected bacterial strain were performed at various initial cyanide
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concentrations. Because ammonia (NH3) is a metabolic product of the biodegradation of
cyanide through hydrolytic, reductive, oxidative, and substitution/transfer pathways [3,29],
the presence and concentration of ammonia in the cultures of selected bacterial strain were
evaluated in this study.

Kinetic studies were performed in 1000-mL Erlenmeyer flasks containing 200 mL of
mineral medium supplemented with sodium acetate (1 g/L) and free cyanide at initial
concentrations ranging from 0 to 1500 mg/L (0, 25, 50, 75, 100, 200, 400, 600, 800, 1000,
and 1500 mg/L). The flasks were inoculated with a small volume of concentrated cell
suspension of the selected bacterial strain, resulting in an initial biomass concentration of
0.1 g/L for all bacterial cultures. To detect probable cyanide losses due to volatilization
and/or adsorption on the glass, a biomass-free control was run concurrently for each initial
cyanide concentration assayed. The flasks were shaken in an incubator shaker for 10 days
at 120 rpm and 20 = 2 °C. Bacterial culture samples were collected every 24 h, and biomass,
residual cyanide, and ammonia concentrations were determined.

2.7. Evaluation of Kinetic Parameters of Cell Growth, Cyanide Biodegradation, and
Ammonia Accumulation

The maximum specific growth rate and overall biomass volumetric productivity were
calculated using Equations (1) and (2), respectively:

In(xp) — In(x1)

Wmax = f—f (1)
. Xf — X
Ty = tf “ 2)

where 4y is the maximum specific growth rate (1/h); ry is the overall volumetric produc-
tivity of biomass (g/L-h); x; and x; are the biomass concentrations at the beginning and
end of the exponential growth phase, respectively (g/L); t; and ¢, are the incubation times
at the beginning and end of the exponential growth phase, respectively (h); xo and xy are
the biomass concentrations at the beginning and end of incubation period, respectively
(g/L); and tp = 0 h and tf are the initial and final incubation times (h), respectively.

The cyanide-biodegradation performance of the selected bacterial culture was assessed
using Equations (3) and (4), which calculate the efficiency and volumetric rate of cyanide
biodegradation, respectively:

So—S
E:(O f>><100 3)
So
S,—S
rg= L2 4)
i’f—to

where E is the overall cyanide-biodegradation percentage (%); s is the overall volumetric
biodegradation rate of free cyanide (mg/L-h); and Sp and Sy are the cyanide concentrations
at the beginning and end of incubation period (g/L), respectively.

The overall volumetric rate of ammonia accumulation in the culture medium was
calculated as follows:
_Pr—Po
ot r—to

Tp ()
where 7, is the overall volumetric rate of ammonia accumulation (mg/L-h), pg is the
ammonia concentration at the initial time of incubation (g/L) and py is the ammonia
concentration at the final incubation time (g/L).
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2.8. Statistical Analysis

All experiments were performed at least three times to statistically evaluate the data
obtained with two-way ANOVA using Tukey’s multiple comparison method and GraphPad
Prism version 8.0.4 program (GraphPad Software, Boston, MA, USA).

2.9. Analytical Methods

The biomass concentration was determined using the dry weight of the cell mass.
The culture samples were filtered through pre-weighed Whatman GF/F glass microfiber
filters (Cytiva™, Amersham, UK) with a pore size of 0.7 um, which were rinsed twice with
sterile distilled water and subsequently dried to constant weight at 60 °C. The biomass
concentration was calculated using the weight differential of the microfiber filter before
and after filtration and drying.

The filtrates were used to measure the pH using a potentiometer and to quantify the
concentrations of residual cyanide and ammonia using Hach Water Analysis Handbook
techniques 8027 and 8038 [30].

3. Results and Discussion
3.1. Screening and Selection of Cyanide-Degrading Microbial Cultures

It is crucial to have acclimatized and adapted microbial cultures to achieve strong
cyanide-degrading efficiency and low mortality values in microbial cells. The current study
involved the enrichment of microbial cultures capable of degrading cyanide under alkaline
conditions.

Microbial cultures capable of growing under strongly alkaline conditions (pH 11)
using 20 mg/L free cyanide as the sole nitrogen source were obtained from all 13 isolation
sources used in the present study (Table 2). These microbial cultures were named by
prefixing the letter B, followed by a number corresponding to the isolation-source number
(for example, B1 corresponds to the name of the microbial culture that was isolated from
isolation source 1, soil contaminated with wastewater from the pulp and paper industry).

Table 2. Cell growth of enrichment cultures at different initial free-cyanide concentrations.

Enrichment Initial Cyanide Concentration (mg/L)

Culture 20 50 100 200 500 1000 1500
Bl + + + + + + +
B2 + - - — - — -
B3 + + — —
B4 + + + + + + +
B5 + - - —
B6 + + + — — — —
B7 + + +
B8 + + + + + + +
B9 + — — — — — —
B10 + — - — — — —
B11 + + + + + + +
B12 + + + + + + +
B13 + + + - - — —

(+)—growth; (—)—not growth.

However, as the initial free-cyanide concentration increased from 20 to 1500 mg/L
during the enrichment period of alkaliphilic cyanide-degrading microorganisms, the num-
ber of microbial cultures that could tolerate and grow on cyanide decreased from 13 to 5
(Table 2). The five final microbial cultures were labeled B1, B4, B8, B11, and B12 (Table 2).

The ability of these five microbial cultures (B1, B4, BS, B11, and B12) to biodegrade free
cyanide from aqueous solutions was investigated using an initial free-cyanide concentration
of 1500 mg/L (Table 3). To detect possible abiotic cyanide losses, a biomass-free control
(abiotic control) was also tested.
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Table 3. Cyanide removal by enriched cultures at an initial free-cyanide concentration of 1500 mg/L.

Cyanide Removal

Enrichment Culture (mg/L) (%)
Bl 348.6 + 14.59 23.24 +0.97
B4 200.7 4+ 13.78 13.38 + 0.92
B8 173 +11.81 11.53 £ 0.79
B11 504.5 + 19.81 33.63 +1.41
B12 205.5 4+ 12.40 13.7 £ 0.83
Biomass-free control 28.7 + 5.55 191 +0.1

Table 3 shows that, despite the fact that the experiments were performed at pH 11,
where most of the cyanide in the aqueous solution is in the form of cyanide anions and the
loss of cyanide through volatilization is limited, 28.7 mg/L of cyanide was not recovered
from the biomass-free control, representing a cyanide loss of approximately 1.91%. This
loss of cyanide can be attributed to the presence of a small amount of hydrocyanic acid in
solution [31]. Few biological cyanide-removal studies have used biomass-free controls to
quantify abiotic cyanide losses; however, Tiong et al. [32] and Vallenas-Arévalo et al. [33]
showed 6-11% and 43% abiotic cyanide losses at pH 10, respectively.

All microbial cultures were able to remove more free cyanide (173-504.5 mg/L;
11.5-33.6%) than was lost abiotically (28.7 mg/L; 1.91%) (Table 3). Similarly, it was found
that the microbial culture B11 degraded the most cyanide (504.5 mg/L; 33.6%), followed by
the B1 culture (348.6 mg/L; 23.24%), with a significant difference between both cultures
(p < 0.05). These microbial cultures removed more cyanide than those reported in other
studies. Mekuto et al. [34] reported that Pseudomonas aeruginosa removed 200 mg/L of
cyanide at a pH of 10, and Karamba et al. [24] reported that Serratia marcescens removed
98 mg/L of cyanide at pH 7, using glucose as a carbon and energy source.

Cyanide is highly toxic to microorganisms, and most are unable to survive at high
cyanide concentrations [8]. This investigation yielded several microbial cultures capable of
tolerating and degrading a high cyanide concentration (1500 mg/L); therefore, these cul-
tures have the potential to be exploited in the bioremediation of cyanide-laden wastewater.
Furthermore, the results showed that microbial culture B11 had the greatest capacity for
cyanide degradation under the strongly alkaline conditions tested in this study; therefore,
this microbial culture was selected for subsequent studies.

3.2. Isolation, Morphological Characterization, and Molecular Identification of Selected
Cyanide-Degrading Bacterium

Microscopic observations showed that microbial culture B11 consisted only of bacteria
with identical microscopic morphology. Similarly, only bacterial colonies with identical
morphologies were recovered after serial 10-fold dilutions and streak plating on nutrient
agar medium. These results suggest that a pure bacterial culture was isolated under
a selective pressure of 1500 mg/L free cyanide. The purity of the bacterium was confirmed
by careful examination of bacterial colonies and their microscopic morphologies.

The colony morphology and cell microscopic characteristics of the B11 isolate grown
on nutrient agar for 48 h at 30 °C are shown in Figure 1 and Table 4.

These characteristics are consistent with those reported for the genus Bacillus [35,36].

Bacterial isolate B11 was molecularly identified as Bacillus licheniformis (NCBI Sequence
Viewer, accession number: MG977020.1) by the 16S rRNA gene region (1465 nt), showing
a sequence coverage of 100% and a sequence similarity of 100%, and it will be further
referred to as Bacillus licheniformis CDBB B11. Figure 2 shows the dendrogram obtained for
the strain CDBB B11.
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Figure 1. Colonial (A) and microscopic (B) morphologies of the bacterial isolate B11.

Table 4. Macroscopic and microscopic characteristics of the bacterial isolate B11.

Colony Morphology Cell Morphology Spore-Forming Bacteria

Shape: Irregular Shape: Short rod-shaped Positive

Color: Beige Gram: Positive

Edge: Entire

Surface appearance: Rough and matte
Elevation: Plane convex

Opacity: Opaque

Texture: Dry

451 Bacillus licheniformis CDBB B11

31/ Bacillus licheniformis NBRC 12200 holotipo
\I Bacillus licheniformis CDBB B-30

AﬁBacillus licheniformis strain ATCC 14580 holotipo

84

Bacillus aerius strain 24K holotipo
L7 Bacillus sonorensis NBRC 101234 holotipo
L Bacillus haynesii strain NRRL B-41327 holotipo
‘ Bacillus paralicheniformis CDBB A-81
Bacillus paralicheniformis strain KJ-16 holotipo

Bacillus amyloliquefaciens CDBB B-978 2019

99
| Bacillus amyloliquefaciens strain NBRC 15535 Holotipo

o8 U Bacillus mojavensis strain IFO15718 holotipo
’s \f Bacillus axarquiensis LMG 22476
o U Bacillus tequilensis 10b Holotipo
20 h Bacillus subtilis DSM10 Holotipo
82‘ Bacillus tequilensis strain S21

r Bacillus cereus strain JCM 2152 holotipo

100 L Bacillus thuringiensis strain NBRC 101235 holotipo

Figure 2. Phylogenetic relationships between the 16S rRNA gene sequence of the bacterial strain
isolated in this work (CDBB B11—in red) and those of members related to Bacillus licheniformis.
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Bacillus licheniformis is a bacterium commonly found in soil. It forms part of the subtilis
group along with Bacillus subtilis and Bacillus pumilus. It can grow in alkaline conditions
and at high temperatures (optimal growth temperature = 50 °C but can survive at much
higher temperatures) [37].

Previous studies on the cyanotrophic potential of some Bacillus species have been
performed using reducing sugar as a carbon and energy source and/or culture media at
neutral pH and/or at high temperatures (>40 °C) [38-40]. However, all of these culture
conditions lead to the volatilization or spontaneous transformation of cyanide [3,8,19-21].

Similarly, some Bacillus species have been reported to be capable of degrading cyanide
in pure culture [14,33,41] or in a consortium [42,43] in culture media containing glycerol or
whey as carbon and energy sources, or in Luria Bertani medium (15 g/L peptone + 5 g/L
yeast extract + 10 g/L NaCl) at pH 9.5-10. Using acetate as a carbon and energy source, the
Bacillus licheniformis CDBB B11 strain isolated in this study was able to tolerate and degrade
high concentrations of free cyanide (1500 mg/L) under conditions that were at least ten
times more alkaline (pH 11) than previously reported with other Bacillus strains.

3.3. Effect of Acetate Concentration on Cyanide Biodegradation by B. licheniformis CDBB B11

The concentration of carbon and energy sources for microbial growth can have a sig-
nificant influence on cyanide biodegradation [7]. The effect of acetate concentration on
cell growth and cyanide biodegradation by B. licheniformis CDBB B11 was investigated
using four different concentrations of acetate (1, 2, 4, and 6 g/L) and two different initial
cyanide concentrations (400 and 1500 mg/L). The maximum increase in cell mass and
cyanide-biodegradation efficiency are shown in Table 5.

Table 5. Effect of acetate concentration on cyanide biodegradation by B. licheniformis CDBB B11.

A Maximum Increase of Cell Mass (g/L) Cyanide Biodegradation Efficiency (%)
cetate
Concentration (g/L) 400 mg 1500 mg 400 mg 1500 mg
of Cyanide/L of Cyanide/L of Cyanide/L of Cyanide/L
1 0.345 £ 0.035 0.55 4 0.028 75 +0.81 44 4+ 1.08
2 0.655 £ 0.035 0.99 +0.014 79 £ 0.05 47 +0.14
4 0.71 £0.014 1.38 + 0.056 85+ 0.28 50 & 0.61
6 0.785 £ 0.063 1.41 £ 0.007 87 +0.43 53 + 0.44

At the two initial cyanide concentrations assayed, the increase in acetate concen-
tration caused an increase in biomass production (maximum increase of cell mass) and
cyanide-biodegradation efficiency. These results are consistent with those of Guadalima
and Monteros [7], who found that increasing sucrose concentrations improved the efficiency
of cyanide degradation by a microbial consortium at pH 10.5.

However, in the current study, the greatest difference in cyanide-degradation efficiency
was reached between acetate concentrations of 6 and 1 g/L and was 12 and 9% for the initial
cyanide concentrations of 400 and 1500 mg/L, respectively. These differences in cyanide-
degradation efficiency are minor and do not justify the use of culture media containing more
than 1 g/L acetate. Additionally, in the biological treatment of cyanide-laden wastewater,
the addition of carbon and energy sources should be minimized because it would impair
the economics of the process. Therefore, subsequent experiments were performed using
1 g/L of acetate.

3.4. Kinetic Study of Cell Growth, Cyanide Biodegradation, and Ammonia Accumulation by
Bacillus licheniformis CDBB B11 at Different Initial Free-Cyanide Concentrations

It is crucial to evaluate the kinetic performance of a microbial culture for cyanide
biodegradation at various initial cyanide concentrations because low cyanide concentra-
tions can limit cell growth and cyanide biodegradation due to a lack of a nitrogen source. As
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the cyanide concentration increases, so do its toxic and inhibitory effects, limiting microbial
cell growth and cyanide biodegradation [44,45].

Batch cultures of Bacillus licheniformis CDBB B11 were grown in culture media contain-
ing 1 g/L acetate at a pH of 11.0, and the initial cyanide concentration was varied from
0 to 1500 mg/L to evaluate the kinetic performance of the bacterium at different initial
cyanide concentrations.

Figure 3 shows the effects of varying initial cyanide concentrations on the kinetic
profile of cell growth, maximum specific growth rate, and overall biomass volumetric
productivity of B. licheniformis CDBB B11.
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Figure 3. Effect of initial free-cyanide concentration on the kinetic profile of cell growth (A), specific
growth rate (B), and biomass productivity (C) of B. licheniformis CDBB B11.
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When no cyanide was added to the culture medium (initial cyanide concen-
tration = 0 mg/L), the biomass concentration decreased over time (Figure 3A). Cell ly-
sis occurred because the bacterium lacked a nitrogen source (cyanide) for growth and
reproduction. At higher initial cyanide concentrations, the cell concentration increased as
the cyanide concentration increased to 800 mg/L, which could be attributed to cyanide
providing the amount of nitrogen required for bacterial growth. Atinitial cyanide concentra-
tions greater than 800 mg/L, the cell concentrations were similar (p > 0.05; Figure 3A). The
formation of spores was observed in all cyanide-containing cultures after 24 h of incubation.

The specific growth rate of B. licheniformis CDBB B11 increased as the initial free-
cyanide concentration increased from 0 to 75 mg/L (Figure 3B). However, at higher initial
concentrations, cyanide inhibited the growth of the bacterium and caused its specific
growth rate to decrease linearly with respect to the initial cyanide concentration. The
intercept of this straight line along the x-axis provides an inhibition parameter (K;) of
2581 mg cyanide/L, which represents the maximum initial cyanide concentration above
which B. licheniformis CDBB B11 does not grow in batch cultures; that is, K; is the ini-
tial cyanide concentration at which the specific growth rate of the bacterium is zero.
An experiment was conducted at an initial cyanide concentration of 2581 mg/L, and after
240 h of incubation, no growth was detected, confirming the K; value.

The overall biomass volumetric productivity increased as the initial cyanide concentra-
tion increased from 25 to 800 mg/L. At higher initial concentrations, biomass productivity
remained practically constant, with a value of approximately 1.9 mg/L-h (Figure 3C).

Figure 4 shows the effect of the initial cyanide concentration on the time-dependent
variation of cyanide biodegradation and cyanide-biodegradation efficiency, as well as on
the overall volumetric rate of cyanide biodegradation by B. licheniformis CDBB B11. The
data in Figure 4 are the results after deducting the abiotic losses of cyanide (<1.91%),and
represent the data for free cyanide degraded by the biological activity of the bacterial strain.

The amount of cyanide degraded by B. licheniformis CDBB B11 depended on the incuba-
tion time and initial cyanide concentration (Figure 4A). In general, cyanide biodegradation
by the bacterial strain increased gradually with incubation time, reaching a maximum
value that remained constant thereafter.

Similarly, increasing the initial cyanide concentration from 25 to 1000 mg/L in-
creased the amount of free cyanide biodegraded by B. licheniformis CDBB B11 from 25
to 477.65 mg /L. However, no significant changes were found in the amount of free cyanide
biodegraded when initial cyanide concentrations of 1000 and 1500 mg/L were used at
incubation times equal to or greater than 144 h (p > 0.05).

The growth and cyanide-biodegradation patterns of Bacillus licheniformis CDBB B11
(Figures 3A and 4A) clearly indicate that biomass concentration and cyanide biodegra-
dation are directly related because the cultures with the highest cell concentrations also
biodegraded the most cyanide.

The cyanide-biodegradation efficiency of Bacillus licheniformis CDBB B11 increased as
the incubation time increased until it reached a maximum value, which remained constant
thereafter (Figure 4B). Similarly, Bacillus licheniformis CDBB B11 was able to biodegrade all
free cyanide present in the culture media when the initial cyanide concentration was less
than 100 mg/L, and the free-cyanide-biodegradation efficiency was therefore 100%. How-
ever, the free-cyanide-biodegradation efficiency decreased from 100% to 32% as the initial
free-cyanide concentration increased from 75 to 1500 mg/L. These results are consistent
with those of Akinpelu et al. [46], who found that the free-cyanide-removal efficiency of
Fusarium oxysporum decreased from 77% to 58% when the initial free-cyanide concentration
increased from 100 to 200 mg/L. Similarly, the free-cyanide-removal efficiency of Trametes
versicolor decreased from approximately 80% to 30% as the initial cyanide concentration
increased from 25 to 400 mg/L [47]. Aerococcus viridans T1 removed 86.7% of free cyanide
at an initial concentration of 150 mg/L and 84.1% of free cyanide at an initial concentration
of 200 mg/L [5]. Furthermore, a bacterial consortium isolated from gold-mine-tailing sedi-
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ments demonstrated a cyanide-removal efficiency greater than 90% in the initial cyanide
concentration range of 5-120 mg/L [48].
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Figure 4. Effect of initial free-cyanide concentration on the kinetic profile of cyanide biodegraded (A),
cyanide-biodegradation efficiency (B), and volumetric rate of cyanide biodegradation (C).

The alkaliphilic Bacillus licheniformis strain isolated in this study tolerated high concen-
trations of free cyanide (1500 mg/L), and its cyanide-biodegradation capacity was similar
to or higher than that of other alkaliphilic Bacillus strains. Bacillus sp. CN-22 [41], Bacillus
subtilis [14], and a Bacillus consortium [42] removed 96.69%, 87%, and 60% of free cyanide
from culture media with initial cyanide concentrations of 200, 500, and 400 mg/L at pH
values of 10.3, 10, and 9.5, respectively. Furthermore, Vallenas-Arévalo et al. [33] reported
a cyanide-removal efficiency of 99% at an initial concentration of 500 mg/L and pH 10
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using a B. licheniformis strain isolated from gold-mine tailings; however, approximately 43%
of this cyanide-removal efficiency was due to abiotic factors, and only 56% was removed
by the bacterial strain.

The overall volumetric biodegradation rate of cyanide increased from 0.0986 to
1.99 mg/L-h as the initial cyanide concentration increased from 25 to 1000 mg/L and
remained practically constant at an initial cyanide concentration of 1500 mg/L. This pat-
tern might be attributed to the fact that higher cell densities were attained at higher
starting cyanide concentrations, which led to greater biodegradation of cyanide from the
culture medium.

Cyanide-degrading microorganisms can use cyanide as a nitrogen source, converting
it into less toxic or non-toxic products, and ammonia (NH3) is one of the main products
of cyanide bacterial biodegradation [3,5,48-50]. Therefore, in the present study, ammo-
nia production was investigated with the aim of confirming cyanide biodegradation by
B. licheniformis CDBB B11, because this anion was the only source of nitrogen available in
the culture media.

Ammonia accumulation (Figure 5A) was detected in all cyanide-containing culture
media from the beginning to the end of growth (Figure 3A) and cyanide-biodegradation
kinetics were observed (Figure 4A). These results indicated that these three parameters, cell
growth, cyanide biodegradation, and ammonia accumulation, are closely related.
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As the initial free-cyanide concentration increased from 25 to 1000 mg/L, so the
ammonia concentration in the culture media also increased from 4 to 90 mg/L. The latter
ammonia concentration was similar to that attained at an initial cyanide concentration of
1500 mg/L (Figure 5A). Other studies have also found that the ammonia concentration
increases with an increase in the initial cyanide concentration [51,52].

Although the amount of cyanide biodegraded by the bacterial strain (Figure 4A) and
ammonia accumulation in the culture media (Figure 5A) increased with increasing initial
cyanide concentrations, the cyanide-biodegradation efficiency decreased (Figure 4B). This
may be attributed to the toxic effects of cyanide and the fact that ammonia inhibits or
suppresses the synthesis of enzymes responsible for cyanide degradation, making the
biodegradation process slower and inefficient [46,52-54].

With respect to the initial cyanide concentration, both the overall volumetric rate of
ammonia accumulation (Figure 5B) and overall volumetric rate of cyanide biodegradation
(Figure 4B) increased with increasing initial cyanide concentration from 25 to 1000 mg/L
and subsequently remained constant at 1500 mg/L. These results support the hypothesis
that cyanide biodegradation and ammonia accumulation are closely related.

4. Conclusions

The present study focused on isolating microbial cultures that could tolerate and
grow in high free-cyanide concentrations using this toxic compound as the only supply of
nitrogen and acetate as the carbon and energy source under strongly alkaline conditions
(pH =11). Bacterial strain B11, molecularly identified as Bacillus licheniformis CDBB B11, was
selected for further research based on its high cyanide-biodegradation efficiency. Kinetic
characterization of B. licheniformis CDBB B11 cell growth and free-cyanide biodegradation
showed that this bacterium demonstrated remarkable tolerance and effective free-cyanide
biodegradation at initial concentrations of up to 1500 mg/L. Furthermore, B. licheniformis
CDBB B11 produced ammonia as a by-product of cyanide biodegradation. Bacterial growth
and the breakdown of cyanide occurred simultaneously with ammonia accumulation in
the culture media. The alkaliphilic B. licheniformis CDBB B11 strain examined in this study
has the potential to bioremediate and detoxify free-cyanide-laden wastewaters and other
waters. This strain clearly has the potential for high cyanide-biodegradative activity.
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