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INTRODUCTION

Although cyanide is a natural compound produced by 
cyanogenic plants and some arthropods, fungi and 
bacteria, with defensive or offensive purposes, it is 
a powerful environmental hazard generated at large 
scale in a great variety of industrial activities, such as 
mining and jewellery, coke production, synthesis of or-
ganic chemicals and food processing (Luque-Almagro 
et  al.,  2016). Manufacture of cyano-derivatives in-
cludes, mainly, hydrogen cyanide, sodium cyanide, 
ferrocyanide and acrylonitrile. Exclusively in mining 

activities, approximately one million tons per year of 
cyanide are used in a process called cyanidation, 
which is widely applied for the extraction of gold and 
other metals from ores (Dash et al., 2009). Therefore, 
large amounts of cyanide-containing wastes are pro-
duced, within a range of 10,000–30,000 mg/L cyanide, 
but some of them reach extremely high concentrations 
of cyanide, up to 100,000 mg/L (Wild et  al.,  1994). 
Additionally, these cyanide-containing wastes usually 
contain metals and metalloids like mercury, lead, cop-
per, cadmium, chromium, zinc and arsenic (Table S1, 
Supplementary Material), which contribute to elevate 
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Abstract
Cyanide is a highly toxic compound that is found in wastewaters generated 
from different industrial activities, such as mining or jewellery. These residues 
usually contain high concentrations of other toxic pollutants like arsenic and 
heavy metals that may form different complexes with cyanide. To develop 
bioremediation strategies, it is necessary to know the metabolic processes 
involved in the tolerance and detoxification of these pollutants, but most of 
the current studies are focused on the characterization of the microbial re-
sponses to each one of these environmental hazards individually, and the 
effect of co-contaminated wastes on microbial metabolism has been hardly 
addressed. This work summarizes the main strategies developed by bacteria 
to alleviate the effects of cyanide, arsenic and heavy metals, analysing inter-
actions among these toxic chemicals. Additionally, it is discussed the role of 
systems biology and synthetic biology as tools for the development of biore-
mediation strategies of complex industrial wastes and co-contaminated sites, 
emphasizing the importance and progress derived from meta-omic studies.
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their toxicity, constituting a severe risk for human 
health (Alvillo-Rivera et  al.,  2021; Ćwieląg-Drabek 
et  al.,  2020; Kumar et  al.,  2016; Razanamahandry 
et al., 2017). Heavy metals are present in nature with 
a natural origin like volcanic activity and weathering 
of metal-bearing rocks, but environmental and human 
health threats derived from these inorganic elements 
are caused by anthropic activities like mining, indus-
trial processing and agricultural practices. Toxicity of 
heavy metals and metalloids depends on the element 
and their different chemical forms, but in general, they 
cause oxidative stress and damage, inactivation of a 
wide variety of enzymes by binding to thiol and other 
reactive groups or replacing their natural metal cofac-
tors, and even tumoral processes in different organs 
(Ali et al., 2019).

The toxicity of the cyano compounds depends 
on their ability to release free cyanide (Baxter & 
Cummings, 2006; Kumar et al., 2016). Hydrogen cya-
nide gas (cyanhydric acid, HCN) is considered the most 
toxic form of cyanide when inhaled or absorbed. Another 
highly toxic forms of cyanide are the inorganic salts, 
such as NaCN and KCN, which dissociate in aqueous 
solution to produce the anion cyanide (CN−). Thus, at 
alkaline pH, the predominant form is the anion cyanide, 
while at neutral and acidic pH prevails hydrogen cya-
nide. Less toxic forms of cyanide are metal-cyanide 
complexes, both including weak acid dissociable 
(WAD) complexes (with Ni, Cu or Zn) and strong acid 
dissociable (SAD) complexes (with Fe or Co); more 
oxidized forms like cyanate (OCN−) and thiocyanate 
(SCN−); organic cyanides like nitriles; and cyanolipids 
and other biological compounds (Kumar et  al.,  2016; 
Luque-Almagro et  al.,  2016, 2018). Cyanide causes 
severe negative effects on living beings, provoking 
relevant metabolic changes. These include inhibition 
of several key metalloenzymes like the cytochrome c 
oxidase involved in cellular respiration, which occurs 
through direct chelation of iron present as metallic cen-
tre, leading also to the generation of oxidative stress 
(Hariharakrishnan et  al.,  2009; Malmir et  al.,  2022). 
Inhibition of relevant enzymes of the TCA cycle also oc-
curs by reaction of cyanide with keto groups present in 
organic acids like pyruvate, 2-oxoglutarate and oxalo-
acetate to produce nitrile derivatives (Luque-Almagro 
et al., 2018; Roldán et al., 2021).

The presence of metal and cyanide-containing 
wastes in the environment is a major ecological threat, 
especially considering that they are stored usually in 
artificial ponds that are prone to leaching, discharges 
or dam breaks, causing environmental disasters, eco-
nomic losses and even direct human tragedies (Piciullo 
et  al.,  2022). The uncertainties on physicochemi-
cal characteristics of tailings and their behaviour, the 
dam construction method, the management practices 
and the poor performance and monitoring processes 

contribute to an increase in the risk of dam failures, 
and climate change could increase this threat due to 
the high frequency and intensity of extreme weather 
episodes (i.e. floods). In this sense, almost 50% of 
the released tailings volumes have been documented 
after 2000, with about 640 direct fatalities (Piciullo 
et  al.,  2022). Some relevant disasters that released 
high volumes of toxic contaminants causing severe en-
vironmental, economic and human fatalities are listed 
in Table  1, but a complete and detailed information 
about tailing dam failures is available online in several 
databases, and it was recently analysed by Piciullo 
et al. (2022). Even more, releases of toxic residues are 
frequent and not documented in artisanal and small-
scale gold mining, where amalgamation of gold with 
mercury is used together with the cyanidation process, 
thus combining two highly toxics in these wastewaters 
that are often discharged directly into the environment 
(Chen et al., 2017). The pH of cyanide-containing liq-
uid wastes from mining usually are very acidic, and 
under these conditions cyanide volatilizes to the atmo-
sphere as hydrogen cyanide, which can undergo oxi-
dation and photolysis, thus reducing cyanide toxicity in 
the surrounding the cyanide leaching facilities (Brüger 
et al., 2018).

The European Parliament has requested to stop 
using cyanide in mining activities, considering its el-
evated toxicity and environmental impact. However, 
related legislation has not been developed in other 
countries, and even in the USA and New Zealand, cy-
anide is used for pest control in agriculture (Roldán 
et al., 2021; Warburton & Livingstone, 2015). Cyanide-
containing wastes must be treated to reduce cyanide 
concentrations before they are legally discharged into 
the environment, although cyanide solutions in tailings 
undergo natural attenuation reactions leading to a de-
crease in cyanide concentration. The main mechanism 
of natural attenuation is volatilization, but it also includes 
chemical and biological oxidation, hydrolysis, precip-
itation, complexation and sorption. Cyanide elimina-
tion treatments may use physicochemical or biological 
methods (Alvillo-Rivera et al., 2021; Dash et al., 2009; 
Malmir et al., 2022). Most of the chemical treatments 
are oxidative processes in which cyanide is oxidized 
with Cl2, SO2 + O2, H2O2 or O3 as oxidants, usually 
producing cyanate and ammonium as intermediates. 
There are other physicochemical treatments based on 
non-oxidative processes, such as iron-cyanide precipi-
tation, activated carbon polishing and ion exchange/re-
verse osmosis. Additionally, cyanide may be recovered 
by acidification. The main limitations of these decon-
tamination methods are the high stability of some metal 
complexes, the presence of co-contaminants, the gen-
eration of toxic by-products, the operating cost and 
the volume of reagents used (Table  2). Furthermore, 
these methods require equipment, maintenance and 
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licences for the discharge of the newly generated prod-
ucts, which could contain additional toxic pollutants like 
chlorine. In recent decades the development of eco-
friendly treatments to degrade cyanide, which are ef-
ficient and cheap, is on high demand. This is not an 
easy task, considering that these complex wastes are 

heterogenous mixtures of co-contaminants, and, there-
fore, the implemented treatment methodology requires 
to be compatible with an efficient removal of all the dif-
ferent chemicals (Coudert et al., 2020).

The application of organisms to the removal of en-
vironmental pollutants from air, water, soil or industrial 

TA B L E  1   Some relevant mine tailings dam failures.

Mine (location, year)
Principal ore/
material released

Volume of tailings 
released (m3) Direct human effects

Kearl oil and sands mine (Canada, 2023) Bitumen 5300

Williamson mine (Tanzania, 2022) Diamond 12,800,000 Household and agricultural damages

Jagersfontein (South Africa, 2022) Diamond 5,040,000 Agricultural damage and hundreds of 
people severely injured

Brumadinho dam (Brazil, 2019) Fe 10,000,000 Human fatalities: 270

Kokoya gold mine (Liberia, 2017) Cyanide 11,500

Bento Rodrigues dam (Brazil, 2015) Fe 60,000,000 Human fatalities: 19

Proyecto Magistral Mine (Mexico, 2014) Cyanide 1900

Ajka alumina plant Magyar Aluminium 
(Hungary, 2010)

Al 30,000,000 Human fatalities: 10. More than 7000 
people evacuated or directly 
affected

Kingston plant (Tennessee, USA, 2008) As, Hg 4,100,000 Cleanup workers suffered severe 
health problems

Baia Mare/Baia Borsa (Romania, 2000) Ag, Au, cyanide 100,000 Interruption of water supply

Aznalcóllar (Spain, 1998) Sulphide, As 6,800,000 Agricultural damage and natural 
reserve failure

Omai gold mine (Guyana, 1995) Cyanide 4,200,000

Harmony, Merriespruit (South Africa, 1994) Au 600,000 Human fatalities: 17

Cerro Negro No. 4 (Chile, 1985) Cu 2,000,000

El Cobre Old Dam (Chile, 1965) Cu 1900,000 Human fatalities: ~300

TA B L E  2   Physicochemical and biological methods used for cyanide removal.

Treatment

Removal of 
SAD metal-CN 
complexes

Other pollutants 
removed

Generation of toxic 
by-products

Operating cost/
reagent volume

Physicochemical methods

Oxidative processes

Alkaline chlorination Yes Thiocyanate No Low/high

SO2 / Air Yes No Copper High/high

Hydrogen peroxide Yes No No Low/high

Ozonation Yes Thiocyanate Cyanate, ammonium, 
nitrate

High/high

Non-oxidative processes

Iron-cyanide precipitation Yes No Cyanide waste solids Low/high

Activated carbon polishing Yes No Cyanide waste solids Low/low

Ion exchange/reverse osmosis No Thiocyanate, cyanate, 
nitrate, nitrite

Waste brine High/low

Biological methods

Bioremediation Yes/Noa Yes/Noa No Low/low
aThis capacity depends on the bacterial strain used.
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effluents, in natural or artificial settings, is called biore-
mediation. This process has been described to be 
eco-friendly, cheap and sustainable for environmental 
management. Many different organisms like bacteria, 
microalgae, fungi and plants can be used for biore-
mediation purposes. However, bacteria display the 
greatest degradative biotechnological potential. This is 
related to their advantageous properties, such as small 
genome size, relative cell simplicity, short replication 
cycles and rapid evolution/adaptation, which make bac-
teria the best suitable candidates for the development 
of bioremediation technologies. In this sense, different 
bacteria have been described to be able to resist and 
degrade elevated concentrations of cyanide, metals 
and metalloids. In the development of a process for 
bioremediation of these toxic wastewaters it must be 
considered the possible interactions of microorgan-
isms with metals and cyanide, the formation of different 
cyano-derivatives and the catalysed and non-catalysed 
reactions initiated by the reactivity of cyanide with 
other molecules (Biełło, Cabello, et  al.,  2023, Biełło, 
Olaya-Abril, et  al.,  2023; Luque-Almagro et al.,  2016; 
Newsome & Falagán, 2021).

The different mechanisms displayed by microor-
ganisms to tolerate and detoxify industrial wastes 
that contain cyanide, arsenic, mercury, copper and 
cadmium are presented in this review. Interactions of 
these toxic chemicals with other cellular molecules, 
and their metabolic consequences, are also dis-
cussed. Omics approaches, including meta-omics, 
applied to the study of bacterial degradation of 
cyanide-containing wastes to design further bioreme-
diation strategies are analysed.

BACTERIAL RESISTANCE AND 
DETOXIFICATION OF INDUSTRIAL 
CYANIDE- AND M​ETA​L- ​CON​TAI​
NING WASTEWATERS

Microorganisms use different strategies to tolerate 
cyanide and heavy metals, but they share some simi-
larities that may have relevance in the development of 
bioremediation processes contributing to detoxify in-
dustrial complex mixtures with cyanide and metals as 
co-contaminants. Thus, cyanotrophic organisms use 
cyanide as the sole nitrogen source for growth, but al-
kaliphilic microorganisms are needed to avoid hydrogen 
cyanide volatilization. Also, the presence of a cyanide-
insensitive terminal oxidase like the cytochrome bd 
oxidase CioAB is required for cyanide resistance, in 
addition to an enzymatic cyanide degradation path-
way (Luque-Almagro et  al.,  2005). In the alkaliphilic, 
cyanotrophic bacterium Pseudomonas pseudoalcali-
genes CECT 5344, both cyanide-insensitive respiration 
and the cyanide assimilation pathway are connected 
through a malate: quinone oxidoreductase that gener-
ates oxaloacetate, which reacts with cyanide forming a 
cyanohydrin (2-hydroxynitrile). This nitrile is hydrolyzed 
further by the nitrilase NitC, which releases ammonium 
that is used as a nitrogen source for bacterial growth 
(Estepa et al., 2012; Luque-Almagro et al., 2018; Roldán 
et al., 2021). On the contrary, considering that metals 
are not degraded easily by microorganisms, resistance 
mechanisms are mainly based on metal detoxification 
and/or immobilization. Different types of resistance 
mechanisms to metals have been described in bacteria 
(Figure 1), including extracellular metal barriers like cell 

F I G U R E  1   Different general strategies developed by bacteria to tolerate heavy metals.
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wall, plasma membrane or capsule, metal extrusion 
through efflux pumps, intracellular, periplasmic or ex-
tracellular sequestration, precipitation, biosorption and 
metal biotransformation (Bazzi et al., 2020; Choudhury 
& Srivastava, 2001; Kabiraj et al., 2022). Several bac-
teria also use some of these mechanisms to tolerate 
radionuclides (López-Fernández et al., 2021). All these 
mechanisms could be targets in the development of bio-
technologies. In this sense, metal efflux systems, which 
are the most prevalent mechanisms that confer bacte-
rial resistance to heavy metals, could be subjected to 
modification or overexpression to increase the resist-
ance or tolerance to different metals (Bazzi et al., 2020; 
Delmar et  al.,  2015). However, it is worth noting that 
metal resistance mechanisms based only on cell extru-
sion may not solve the contamination problem because 
the metal remains in the polluted site, except when the 
metal was previously biotransformed to a volatile form, 
as occurs in the reduction of Hg2+ to Hg0.

Bacterial cyanide assimilation

Cyanide degradation pathways lead to the formation 
of less toxic products like ammonia and carbon diox-
ide. These biodegradative routes can be of different 
types, including hydrolytic, oxidative, reductive and 
substitution/transfer reactions (Cabello et  al.,  2018; 
Luque-Almagro et al., 2018; Roldán et al., 2021). These 
reactions are catalysed by cyanide hydratases, cyani-
dases (cyanide dihydratases), cyanide mono- and di-
oxygenases, rhodaneses, 3-cyanoalanine synthases/
hydratases, nitrilases or nitrile hydratases (Figure  2). 

However, there is no experimental evidence for the pres-
ence of a cyanide monooxygenase that could generate 
cyanate as an intermediate, and hence its participation 
in cyanide degradation has been only hypothesized. 
While cyanide hydratase is primarily a fungal en-
zyme, cyanidase has been described in Pseudomonas 
stutzeri AK61, Bacillus pumilus C1 and Alcaligenes 
xylosoxodans subsp. denitrificans. Rhodaneses 
have been identified in a variety of bacteria, includ-
ing Azotobacter vinelandii, Escherichia coli and differ-
ent strains of Thiobacillus (Alvillo-Rivera et  al.,  2021; 
Dash et al., 2009; Gupta et al., 2010; Luque-Almagro 
et  al.,  2018). Organic cyanides (nitriles) are metabo-
lized by nitrile hydratases of Corynebacterium sp. C5, 
Brevibacterium imperalis BS489-74, Pseudomonas 
putida NRRL-18668, Pseudomonas chlororaphis B23, 
Arthrobacter sp. J1 and Pseudonocardia thermophila 
JCM3095, while nitrilases are present in Alcaligenes 
faecalis JM3, Acinetobacter sp. AK226, Pseudomonas 
thermophila JCM3095, Klebsiella ozaenae and some 
Rhodococcus rhodochrous strains (Alvillo-Rivera 
et al., 2021; Dash et al., 2009; Gupta et al., 2010; Luque-
Almagro et al., 2018). Additionally, as mentioned above, 
the nitrilase NitC is essential for cyanide assimilation in 
P. pseudoalcaligenes CECT 5344 (Estepa et al., 2012).

Bacterial degradation of free cyanide requires an al-
kaline pH to avoid volatilization of cyanhydric acid (pKa 
9.2), and this may be a critical factor when growing with 
cyanide as the sole nitrogen source (Luque-Almagro 
et al., 2005). However, most cyanotrophic bacteria de-
scribed so far assimilate cyanide at neutral pH, and 
only a very limited number of bacteria degrade cyanide 
under alkaline conditions, such as P. pseudoalcaligenes 

F I G U R E  2   Enzymatic cyanide degradation pathways. 3CNA, 3-cyanoalanine. Dashed arrows indicate the formation of nitriles (R-CN) 
by non-enzymatic reactions between cyanide and keto acids (R).



6 of 22  |      OLAYA-ABRIL et al.

CECT5344 (Luque-Almagro et  al.,  2005), Bacillus 
marisflavi (Mekuto et al., 2016), Burkholderia cepacia 
C-3 (Adjei & Ohta, 2000) and other unidentified isolates 
(Mirizadeh et al., 2014). Other factors like cyanide con-
centration or aeration are also important to success-
fully achieve the bioremediation of cyanide-containing 
wastes (Karamba et al., 2017). Therefore, microorgan-
isms used for the bioremediation of complex mixtures of 
chemicals like cyanide-containing wastes must display 
tolerance to elevated concentrations of different metals 
and metalloids, and to different forms of cyanide and 
its derivatives, including WAD and SAD metal-cyanide 
complexes, cyanate, thiocyanate and nitriles. In this 
sense, the alkaliphilic bacterium P. pseudoalcaligenes 
CECT 5344 has been described as a very suitable 
candidate to be used in the bioremediation of indus-
trial cyanide-containing wastes (Cabello et  al.,  2018; 
Roldán et al., 2021) since it tolerates elevated concen-
trations of cyanide (up to 30 mM), and it may also grow 
with cyanide derivatives like cyanate, 3-cyanoalanine 
and metal-cyanide complexes with iron or copper, 
among others (Luque-Almagro et al., 2005). In a bio-
reactor, the strain CECT 5344 was able to detoxify a 
jewellery waste containing up to 12 mM total cyanide 
(free and complexed to metals) (Ibáñez et  al.,  2017). 
The strain CECT 5344 can also grow in batch cultures 
with cyanide in the presence of high concentrations of 
arsenic or mercury (Biełło, Cabello, et al., 2023, Biełło, 
Olaya-Abril, et al., 2023). Other bacteria that can de-
grade metal-cyanide complexes, including those with 
zinc, nickel, copper, silver and iron, have been also de-
scribed (Dimitrova et al., 2020; Patil & Paknikar, 2000; 
Silva-Avalos et  al.,  1990). Although bacteria may de-
grade cyanide in the presence of metals, in some cases 
an inhibition of cyanide assimilation was observed. 
Thus, cyanide degradation is significantly hampered by 
Cd2+ and Cu2+ in Pseudomonas putida PhCN (Deeb & 
Altalhi, 2009), and Hg2+ severely affects this process 
in Serratia marcescens (Karamba et al., 2014). Some 
studies have described a natural attenuation potential 
of free cyanide in gold cyanidation tailings based on 
microbial activity, although under these conditions the 
cyanide degrading potential of cyanotrophic strains is 
limited due to the high concentrations of toxic metals 
as co-contaminants (Anning et  al.,  2021; Oudjehani 
et al., 2001).

Bacterial arsenic detoxification

Arsenic is an abundant natural metalloid that can be 
found in different oxidation states ranging from −3 (ars-
ine), 0 (arsenic), +3 (arsenite) to +5 (arsenate). All these 
forms of arsenic display different mobility and toxicity, 
although it is usually found in the environment as ar-
senate or arsenite (Kabiraj et  al.,  2022; Raju,  2022). 
Inorganic forms of arsenic are present in nature as 

sulphur-containing minerals like arsenopyrite (FeAsS), 
but organic arsenical compounds like methylarsenates 
are also found. The anthropogenic sources of arsenic 
are derived from gold mining activities, pesticide pro-
duction and hydrometallurgical smelter dust treatment 
to recover mainly copper, gold and lead (Oremland & 
Stolz, 2003; Sher & Rehman, 2019). Arsenic is a highly 
toxic element that has been considered a human car-
cinogen and a major inorganic pollutant that causes an 
elevated cellular toxicity (Martínez et al., 2011). Arsenic 
toxicity relies on the capability of arsenite to inactivate 
a wide variety of enzymes by its binding to sulfhydryl 
groups and, also on the capability of arsenate to re-
place phosphate because it displays structural homol-
ogy to arsenic (Tchounwou et al., 2012). The most toxic 
forms of arsenic are arsenite and methylarsenates 
(Petrick et al., 2000). Despite arsenic toxicity, this ele-
ment has been described to play important roles in the 
cell, such as in the metabolism of methionine, gene si-
lencing and interaction with the micronutrient selenium 
(Uthus & Brown-Borg, 2003).

Arsenic may enter the cells through unspecific mech-
anisms, such as inorganic phosphate uptake systems 
as in the case of arsenate because of its structural 
similarity to phosphate, or through the aquaglyceropo-
rins GlpF of E. coli or AqpS of Sinorhizobium meliloti 
as for arsenite (Garbinski et al.,  2019; Mukhopadhyay 
et al., 2014). Numerous microorganisms can oxidize ar-
senite to arsenate, thus providing electrons for oxygen 
or nitrate respiration in aerobic (AioAB system) or anaer-
obic (ArxA system) conditions (Mazumder et al., 2020). 
Bacterial strategies for arsenic resistance include arse-
nic extrusion from the cytosol (Barral-Fraga et al., 2018; 
Biełło, Cabello, et al., 2023; Garbinski et al., 2019), in-
tracellular chelation by metal-binding peptides (Morelli 
et al., 2005), bioaccumulation (Diba et al., 2021), immo-
bilization and transformation to potentially less toxic or-
ganic forms (Yang & Rosen, 2016) (Figure 3). Arsenite is 
usually extruded outside the cell through efflux pumps. 
Additionally, methylated forms of arsenic could be lost 
by volatilization (Dombrowski et al., 2005). The ars op-
erons are widely distributed among prokaryotes, con-
ferring a mechanism to resist and detoxify arsenic. The 
arsRB genes encode the transcriptional regulator ArsR 
that senses arsenite and the energy-dependent efflux 
pump ArsB (Rawle et al., 2021; Yang & Rosen, 2016). 
Additional genes usually present in the ars gene clus-
ters contribute to an increase in the resistance to differ-
ent forms of arsenic. Thus, accessory genes found in 
the ars clusters encode the glutaredoxin- or thioredoxin-
dependent arsenate reductase ArsC that converts arse-
nate into arsenite, the ATPase ArsA that improves the 
function of the ArsB efflux pump, the putative As(III)-
metallochaperone ArsD that transfers arsenite to ArsA, 
the transmembrane arsenic-efflux protein Acr3, the S-
adenosylmethionine dependent methyltransferase ArsM, 
the methylarsenite oxidase/arsenic resistance protein 
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ArsH, the permease ArsP and the putative C-As lyase 
ArsI (Andres & Bertin, 2016; Slyemi & Bonnefoy, 2012). 
The major facilitator superfamily (MFS) permease ArsJ 
that extrudes 1-arseno-3-phosphoglycerate formed by 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
and the ArsT and ArsN proteins of unknown function 
are also encoded by ars gene clusters (Biełło, Cabello, 
et  al.,  2023; Chen et  al.,  2016; Huang et  al.,  2018) 
(Figure 3).

Besides, the cofactor tetrahydrofolate was asso-
ciated with the mechanism of tolerance to arsenic 
(Abuawad et  al.,  2021; Bae et  al.,  2021). This rela-
tionship could be directly linked to the requirement 
of this cofactor to achieve arsenic methylation via 
ArsM. Additionally, this process might induce the re-
cycling of S-adenosylmethione dependent proteins 
like NitD, which is encoded by a gene of the nit1C 
cluster of P. pseudoalcaligenes CECT 5344 that is 
essential for cyanide detoxification/assimilation in 
this bacterium (Biełło, Cabello, et  al.,  2023; Estepa 
et  al.,  2012). A quantitative proteomic analysis car-
ried out to study the mechanisms of tolerance and 
resistance to arsenite, in the presence or absence of 
cyanide, has revealed that in this strain the mecha-
nisms of resistance to arsenic include the extrusion 

of arsenite through the ArsAB efflux pump and the 
production of arsenical derivatives, such as arseno-
phosphoglycerate formed by an arsenic inducible 
glyceraldehyde-3-phosphate dehydrogenase, or 
methylarsenite formed by ArsM-type methyltransfer-
ases, which are further exported through ArsJ, ArsP 
and Acr3 permeases. Extruded arsenite may be ac-
cumulated in the bacterial biofilm (Biełło, Cabello, 
et  al.,  2023), as it has been also recently reported 
in other microorganisms (Barral-Fraga et  al.,  2018; 
Maity et al., 2022; Mathivanan et al., 2021) (Figure 3). 
In the proteomic analysis of P. pseudoalcaligenes 
CECT 5344 it was also observed that not only the 
response to arsenite was different depending on the 
nitrogen source, ammonium or cyanide, but also that 
the presence of cyanide or arsenite, independently, 
induces proteins related to oxidative stress, biofilm 
formation, cyanide metabolism and arsenic metabo-
lism (Biełło, Cabello, et al.,  2023). Therefore, in the 
detoxification of a complex waste containing cyanide 
and arsenic, a certain degree of interrelation between 
these two chemicals may occur. In this sense, the 
presence of arsenite causes a down-regulation of the 
CioAB proteins involved in cyanide-insensitive respi-
ration (Biełło, Cabello, et al., 2023).

F I G U R E  3   Mechanisms of arsenic, mercury, copper and cadmium resistance and detoxification in bacteria and possible interactions 
with cyanide in complex wastes. The main transport systems and enzymatic reactions involved in the resistance to As, Hg, Cu and Cd are 
shown. The enzymes are indicated in bold. In the presence of cyanide, the formation of the different cyanide-metal complexes (indicated 
as metal-CN with squared brackets) may affect the detoxification processes. As-PG, arseno-phosphoglycerate; GAP, glyceraldehyde-3-
phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; R-As, R-Hg: methylated forms of As or Hg; THF, tetrahydrofolate. See 
the text for further details.
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Bacterial mercury detoxification

Mercury is a heavy metal that is considered one of the 
most toxic elements for human health, it is present in 
more than 90 minerals, such as cinnabar (HgS), living-
stonite (HgSb4S8) and corderoite (Hg3S2Cl2), among 
others (Beckers & Rinklebe,  2017). Mercury forms 
strong complexes with inorganic ligands and also in-
teracts either with metals like gold [Au(Hg)2−] and silver 
[Ag(Hg)2] or with cyanide, producing mercury-cyanide 
complexes (Drace et  al.,  2016; Gworek et  al.,  2020; 
Tulasi et  al.,  2021). Organomercurials, such as me-
thyl- and phenyl-mercury, are also naturally formed 
(Priyadarshanee et al., 2022). Mercury is released into 
the environment through natural soil and rock erosion 
and anthropogenic activities like mining and fuel com-
bustion, but communities that use artisanal small-scale 
gold mining are the main producers of large amounts 
of toxic wastes that contain elevated concentrations of 
mercury (Aghaei et al., 2019; Bridges & Zalups, 2017; 
Priyadarshanee et al., 2022). Elemental mercury (Hg0) 
is volatile, resulting in highly poisonous because it 
can be inhaled easily (González-Raymant et al., 2017; 
Priyadarshanee et  al.,  2022). Mercury salts, such as 
mercury chloride, display acute toxicity when they are 
ingested (Rand & Caito, 2019). Elemental mercury pol-
lution is potentiated by the wind effect for up to 2 years 
after its releasement and before it is deposited as biva-
lent mercury (Holzman, 2010). Additionally, organomer-
curials are considered very potent toxins that threaten 
human health and ecosystems. Methylmercury causes 
severe damage at the cellular level, such as mito-
chondrial dysfunction and oxidative stress because 
of its affinity to sulfhydryl groups (Zhao et  al.,  2021). 
Methylmercury bioaccumulates and biomagnifies within 
the food chain, displaying a half-life in the human body 
of about 44 days and constituting a powerful neurotoxin 
that crosses the blood–brain barrier, accumulates in 
brain, kidney and liver, and easily passes through the 
placenta, affecting the fetus (Bjørklund et  al.,  2019; 
Priyadarshanee et al., 2022). Elevated mercury toxicity 
provokes a broad range of severe diseases, such as 
Minamata disease, acrodynia, attention deficit disorder 
and hyperactivity (Kim et al., 2013).

Microorganisms play a major role in the mercury 
cycle in nature by reduction, oxidation, bioaccumula-
tion and sequestration through precipitation or bio-
sorption processes (Priyadarshanee et  al.,  2022; Si 
et  al.,  2022). The katG and katE genes code for hy-
droperoxidases that oxidize elemental mercury to bi-
valent mercury in a wide range of bacterial genera like 
Escherichia coli, Bacillus and Streptomyces, among 
others (Colombo et  al.,  2014). Additionally, mercury 
methylation is frequent in anaerobic environments 
by sulphate-reducing and dissimilatory iron-reducing 
bacteria (Gilmour et  al.,  2011; Podar et  al.,  2015). 
Extracellular mercury sequestration requires acidic 

extracellular pH, but intracellular sequestration is also 
possible (Gupta & Diwan, 2017; Nurfitriani et al., 2020). 
Mercury resistance may be driven by efflux pumps 
of the resistance-nodulation-cell division superfam-
ily (RND-HME). The RND-based efflux systems are 
composed of protein complexes that span the whole 
cell wall of Gram-negative bacteria, and they include 
heavy metal extruder (HME) members, among others. 
However, the best-characterized mercury resistance 
mechanism is encoded by the mer operon, which en-
codes enzymes that transform mercurials into less 
toxic or volatile forms (Biełło, Olaya-Abril, et al., 2023; 
Sone et al., 2013) (Figure 3). Two types of mer gene 
clusters have been described, showing a narrow spec-
trum if they only act on inorganic mercury, or a broad 
spectrum if they are able to use both inorganic and 
organomercurial forms (Mergeay et al., 2003; Osborn 
et al., 1997). The Mer system is usually composed of 
the transcriptional repressor MerR that senses the 
bivalent form of mercury, the MerD protein that may 
have a co-regulatory function helping in the interaction 
of MerR with mercury, the MerPT mercury transport 
system, in which MerP binds mercury through two cys-
teines and, then it transfers directly to four cysteine res-
idues of MerT, facilitating the entrance of mercury at the 
active side of the cytosolic NADPH-dependent mercu-
ric reductase MerA that converts Hg2+ into the volatile 
Hg0 (Champier et al., 2004; Mathema et al., 2011; Sone 
et al., 2013). MerT may be also responsible for the up-
take of organomercurials (Mathema et al., 2011; Zheng 
et al., 2018). Additionally, other proteins can be present 
in the Mer systems like the organomercury lyase MerB 
that cleavages C-Hg bonds, the methylmercury trans-
porter MerE, the alternative mercury transporter MerH 
and the specific permease of phenylmercury MerG 
(Amin et al., 2019; Naguib et al., 2018; Priyadarshanee 
et al., 2022) (Figure 3).

In the presence of cyanide and because of its af-
finity to mercury, mercury-cyanide complexes are 
produced. Interestingly, mercury tolerance in the cy-
anotrophic bacterium P. pseudoalcaligenes CECT 
5344 is higher in the presence of cyanide than when 
ammonium is used as the sole nitrogen source (Biełło, 
Olaya-Abril, et al., 2023). Therefore, the chemical for-
mation of mercury-cyanide complexes could contribute 
to decrease the toxicity displayed by both free cyanide 
and mercury. A quantitative proteomic analysis has 
been also applied in P. pseudoalcaligenes CECT 5344 
to study mercury tolerance in the presence of cyanide 
(Biełło, Olaya-Abril, et al., 2023). This study revealed 
the induction of a glutathione S-transferase, which is 
possibly related to the cellular mechanism of mercury 
detoxification (Bjørklund et  al.,  2019). Other proteins 
that could be related to the response to oxidative stress 
triggered by mercury that was overrepresented in the 
proteome of the strain CECT5344, grown with mercury 
and cyanide, included the thiol-dependent antioxidant 
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protein alkylhydroperoxide reductase AhpC, the thiol-
based redox sensor RegB, the ABC-type sulfonate 
transporter and an alkanesulfonate monooxygenase 
that catalyses the conversion of sulfonates into sul-
phite and the corresponding aldehyde. In this sense, 
it has been described that bivalent mercury can react 
with sulfonates, and in fact, in human intoxication by 
mercury, a treatment based on oral administration 
of dimercaptopropane sulfonate is recommended 
(Bjørklund et  al.,  2019). Additionally, the dihydropy-
rimidine dehydrogenase and the dihydropyrimidinase 
were over-represented in presence of mercury, as 
well as the uracil-xanthine permease and the subunits 
of the ribonucleoside-diphosphate reductase, which 
catalyses the reduction of ribonucleotides into their 
corresponding deoxyribonucleotides, and its activity 
relies on glutaredoxins and thioredoxins. This could 
be related to the well-described interaction of mercury 
with pyrimidine nucleosides and nucleotides (Onyido 
et al., 2004). Mercury also binds to metallic cofactors 
that are present in enzymes that are essential for cell 
survival, thus provoking their down-representation in 
the proteome of P. pseudoalcaligenes CECT 5344 in 
the presence of mercury and cyanide. Among these 
proteins are non-heme iron dioxygenases, c-type cy-
tochromes, cytochrome c-containing proteins, nickel/
copper-dependent superoxide dismutase and heme/
Fe-S bacterioferritin (Biełło, Olaya-Abril, et al., 2023). 
The transcriptional regulator MerR2 of P. pseudoal-
caligenes CECT 5344 has been proposed as a master 
regulator that controls the expression of other merR 
genes like merR5 and merR6, which code for MerR-
type transcriptional regulators, and different structural 
and regulatory genes (Biełło, Olaya-Abril, et al., 2023). 
Curiously, the arsR regulatory gene was also a target 
of MerR2, and although arsenical compounds were not 
present in the culture media of the strain CECT 5344 
in this proteomic study, several proteins encoded by 
the ars genes like the thioredoxin-dependent arsenate 
reductase ArsC3, the transcriptional regulator ArsR 
and the arsenical resistance protein ArsH2, were over-
represented in the proteome of the strain CECT 5344 
grown with cyanide and mercury. Therefore, a possi-
ble interconnection between these two toxic elements, 
mercury and arsenic, has been postulated, thus high-
lighting the great biotechnological potential of P. pseu-
doalcaligenes CECT 5344 for detoxification of mining 
wastes that are composed of complex mixtures, con-
taining highly toxic compounds like mercury, arsenic 
and cyanide (Biełło, Olaya-Abril, et al., 2023).

Microbial remediation of cadmium

Cadmium is a heavy metal widely distributed in na-
ture that is also considered one of the most toxic pol-
lutants persistent in soils. This metal is usually found 

as a bivalent form, and this ion displays high mobility 
in aqueous solutions, humic acids and dissolved or-
ganic matter (Kubier et al., 2019). In soils used for ag-
ricultural purposes, the main sources of cadmium are 
derived from phosphorus fertilization (Molina-Roco 
et al., 2018). Other anthropogenic sources of cadmium 
are mining, metallurgy, pigment/plastic stabilizers and 
manufactures of nickel–cadmium batteries (Khan 
et  al.,  2022). Cadmium provokes at the cellular level 
generation of reactive oxygen species, causing DNA 
damage. In humans, cadmium exposure has been as-
sociated with tumoral processes in different organs. 
Cadmium may enter the cells via manganese, magne-
sium and zinc transport systems like other heavy met-
als, which exploit the uptake systems of essential metal 
ions (Khan et al., 2022).

Many microorganisms have evolved to deal with 
cadmium toxicity either through efflux transport sys-
tems or biosorption. Elevated intracellular cadmium 
concentrations lead to the induction of efflux sys-
tems to achieve its elimination and to maintain ho-
meostasis (Khan et al., 2022). Three different efflux 
systems could play this function, including P-type 
ATPases, cation diffusion facilitators (CDF) and RND 
systems (Figure 3). The cadmium-resistance cadAC 
genes encode the P-type ATPase CadA, which trans-
ports bivalent cadmium from the cytoplasm to the 
periplasm, and the positive transcriptional regulator 
CadC (also named CadR), which belongs to the MerR 
family of transcriptional regulators. In this sense, 
synthetic biology allowed the development and opti-
mization of a biosensor for the detection of the biva-
lent cadmium and mercury forms (Guo et  al.,  2021; 
Tao et  al.,  2013). Additional cadB and cadD genes 
are present in some cad operons, which code for 
components of the transport system involved in the 
binding of cadmium to the plasma membrane (Hsieh 
et al., 2010; Zhang et al., 2015). CDF systems, acting 
as chemiosmotic antiporters, co-transport cadmium 
to the periplasm and protons to the cytoplasm, but 
like CadA transporters they are unable to extrude 
metals from the periplasm to the extracellular space. 
In Pseudomonas, the expression of cadA gene stimu-
lates the rapid induction of the CzcCBA efflux system, 
which is an RND-type cation extruder that functions 
not only for cadmium, but also for bivalent zinc and 
cobalt (Ducret et al., 2020; Liu et al., 2021). CzcA is 
the inner membrane component (RND protein) while 
CzcC is the outer membrane factor (OMF) that spans 
from the periplasm to the extracellular space. CzcB is 
the membrane fusion protein (MFP) mainly located in 
the periplasm, which establishes the attachment be-
tween CzcA and CzcC proteins. The CzcCBA system, 
which is mainly driven by proton motive force, is the 
only one that may extrude cadmium from the peri-
plasm to the extracellular space (Figure 3). In P. aeru-
ginosa, the expression of czcCBA genes is controlled 
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by the CzcS-CzcR two-component system. Thus, 
the inner membrane-located sensor CzcS detects 
elevated levels of periplasmic cadmium or zinc, and 
activates the response regulator CzcR, allowing ex-
pression of the czcCBA genes. Curiously, it has been 
demonstrated that this regulatory system also reg-
ulates the expression of the OprD porin, leading to 
the resistance to the antibiotic carbapenem (Ducret 
et al., 2020; Perron et al., 2004).

Other mechanisms of resistance to cadmium are 
based on either intracellular sequestration, via cad-
mium binding to metallothioneins or extracellular ac-
cumulation in bacterial biofilms (Blindauer,  2011; Naz 
et al., 2005; White & Gadd, 1998). Also, some microor-
ganisms may induce cadmium precipitation via phos-
phates, carbonates or sulphides to produce otavite 
(CdCO3), CdS granules or nanoparticles, which can 
be accumulated further within biofilms or extracellu-
lar polymeric substances (Newsome & Falagán, 2021; 
Sakpirom et al., 2019).

Bioremediation of cadmium by using different bac-
teria has been achieved successfully. Thus, cadmium-
resistant strains of E. coli and Klebsiella pneumoniae 
have been described to detoxify elevated concentra-
tions of this metal. Additionally, it has been reported 
the biosorption of cadmium by Salmonella enterica and 
Bacillus cereus (Khan et al., 2022).

In the presence of cyanide, weak cadmium-cyanide 
complexes may be formed, and this could contribute 
to lowering cyanide toxicity, as recently described for 
mercury and cyanide when they are present simulta-
neously in the culture media of P. pseudoalcaligenes 
CECT 5344 (Biełło, Olaya-Abril, et al., 2023).

Copper bioremediation by bacteria

Copper is an essential transition metal that, at elevated 
concentrations, results in toxic and highly bioaccumula-
tive (Almeida-Rodrigues et al., 2022). Copper is found 
in natural minerals, such as chalcopyrite (CuFeS2) and 
malachite [Cu2CO3(OH2)]. Although copper is released 
from volcanic eruptions and forest fires, among others, 
anthropogenic activities like mining and agricultural 
practices, including the use of pesticides and fungi-
cides, are the main sources of the large amounts of 
copper that may threaten the ecosystems and human 
health. Copper attacks intracellular iron–sulphur cen-
tres of various proteins under anoxic conditions, while 
in aerobiosis catalyses Fenton-like reactions, thus 
provoking the generation of reactive oxygen species 
that cause lipid peroxidation, and DNA and protein 
damage (Andrei et al., 2020; Fedel-Moen et al., 2000; 
Maertens et al., 2021; Scheiber et al., 2013). Thus, in 
Staphylococcus aureus, enzymes related to oxidative 
stress response and central carbon metabolism were 
induced in the presence of copper sulphate (Tarrant 

et  al.,  2019). Copper can enter the cells through dif-
ferent types of transporters. Monovalent and bivalent 
forms of copper can pass to the periplasm through 
porins, and then, they may be transported to the cyto-
plasm via PcoDC or CalT/CcoA systems, respectively 
(Figure 3). The CalT/CcoA system is an MFS-type Cu(II) 
transporter that is required for an active cbb3-type cy-
tochrome oxidase in Rhodobacter capsulatus (Ekici 
et al., 2014). PcoC and PcoD are membrane proteins 
located in the inner membrane that participate in the 
import of monovalent Cu from the periplasm to the cy-
toplasm (Argüello et al., 2013). Additionally, PcoA and 
CueO are copper oxidases that convert Cu(I) into Cu(II) 
in the periplasm, and bivalent copper can be extruded 
further into the extracellular space via PcoB. In con-
trast, ABC-type ATP-dependent copper transporters 
have been described to import copper inside the cells. 
In the soil denitrifier, Paracoccus denitrificans PD1222, 
an ABC-type copper transporter has been described 
to be relevant for the activity of the copper-dependent 
nitrous oxide reductase, the last enzyme of the denitrifi-
cation process, with a key role in emission of the potent 
greenhouse gas nitrous oxide (Olaya-Abril et al., 2018).

Hyperaccumulation of copper may affect primary 
cellular functions. In E. coli and Bacillus subtilis, it has 
been described that this condition leads to an increase 
in iron and sulphur acquisition related to the decrease of 
iron–sulphur cluster stability, both during their biogen-
esis and when they are bound as cofactors in proteins. 
Additionally, elevated concentrations of copper are 
balanced by homeostasis through different resistance 
mechanisms to this metal (Andrei et al., 2020; Delmar 
et al., 2015; Dupont et al., 2011). Detoxification of cyto-
plasmic copper is carried out by P-type ATPases that 
pump out monovalent copper from the cytoplasm to the 
periplasm. In E. coli, the P-type ATPase CopA, which is 
controlled by the MerR-family transcriptional regulator 
CueR, allows only very low concentrations of copper 
inside the cell. Periplasmic copper is extruded by the 
RND-HME family member CusCBA, which is driven by 
proton motive force. CusA is the inner-membrane RND 
protein that together with the periplasmic CusB and the 
outer-membrane CusC transports copper to the extra-
cellular media (Andrei et al., 2020; Delmar et al., 2015). 
The CusCBA extruder system is regulated by the two-
component regulatory system CusSR. Other bacterial 
Cus proteins also include an azurin-like blue copper 
protein and the periplasmic copper chaperone CusF 
(Figure 3).

In addition, alternative mechanisms of copper de-
toxification have been deciphered, such as compart-
mentalization of bivalent copper mediated by cupric 
reductases, periplasmic sequestration through copper-
binding proteins like cupreredoxins, or accumulation 
of copper in the cytoplasm mediated by granules of 
polyphosphate or peptide-based chalkophores (Andrei 
et al., 2020; Li et al., 2023; Remonsellez et al., 2006; 
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Vargas-Straube et  al.,  2020). Likewise, it has been 
demonstrated that PrtA and Csp proteins are involved 
in the storage of elevated concentrations of copper, in 
the periplasm or the cytoplasm, in parallel with a reduc-
tion of biofilm formation by decreasing the production 
of extracellular polymeric substances (Vargas-Straube 
et al., 2020; Virieux-Petit et al., 2022).

Bioremediation of copper-contaminated soils has 
been performed through mechanisms by which bac-
teria mobilize or immobilize this metal in soils, and 
different techniques have been applied, including bi-
oleaching as a process for the ex situ recovery of cop-
per from Cu-bearing solids, bioimmobilization to limit 
the in  situ leaching of copper into groundwater and 
phytoextraction assisted by bioaugmentation for in situ 
enhancement of copper removal from soils (Cornu 
et al., 2017; González-Henao & Thaura, 2021). Copper 
mining activities generate acid–liquid wastes that may 
also contain elevated concentrations of cyanide, which 
could hinder the biodegradation of cyanide (Roldán 
et al., 2021). In this sense, it has been described that 
Cu2+ inhibits cyanide degradation in Pseudomonas 
putida PhCN (Deeb & Altalhi, 2009).

Bacterial detoxification of other metals

Other metals usually found in industrial wastewater 
are chromium, lead, nickel, zinc and cobalt. Microbes 
may deal with these pollutants through resistance and 
detoxification mechanisms like those described above 
(Figure  1). Hexavalent chromium, Cr(VI), enters into 
the cells via sulphate transport systems (Cervantes 
et  al.,  2001), resulting in highly toxic and carcino-
genic and provoking oxidative stress responses (Rai 
et al., 2013). Mechanisms like extracellular accumula-
tion (Flemming et al., 1990) and reduction to the less 
toxic trivalent Cr(III) form by Cr(VI) reductases, cy-
tochromes or even by the nitroreductases.NfsA/NfsB, 
have been described for Cr(VI) resistance (Ramírez-
Díaz et al., 2008; Thatoi et al., 2014).

Lead, whose toxicity relies on its binding to sulfhy-
dryl, phosphate and hydroxyl groups, usually occurs 
as Pb(II), which enters the cells via calcium channels 
(Kerper & Hinkle,  1997). Once inside the cell, lead 
can be expelled by ATPase efflux pumps, such as 
ZntA and CadA (Newsome & Falagán,  2021), or by 
proteins encoded by the pbr resistance operon (Wei 
et al., 2014). Intracellular and periplasmic accumulation 
of Pb through metallothioneins was also observed (Yu 
et al., 2023). Alternatively, strategies based on the re-
duction of its mobility by precipitation with phosphate or 
oxalic acid (Liang et al., 2016; Sharma et al., 2018) or 
through siderophores (Liu et al., 2023) have been also 
described.

Nickel uptake occurs through both specific and non-
specific pathways (Macomber & Hausinger,  2011). 

Systems driven by proton gradient, metal efflux 
ATPases or proteins like NreB, DmeF and RcnA are 
responsible for expelling excess of Ni(II) (Macomber & 
Hausinger, 2011). However, the reduction of Ni(II) and 
the formation of NiO nanoparticles were also described 
as resistance mechanisms (Sathyavathi et  al.,  2014; 
Zhan et al., 2012).

Zinc is an essential trace element, but in excess, it is 
harmful to organisms due to its competition with other 
metals for the active sites of enzymes. Zn uptake may 
take place through specific mechanisms, controlled by 
the sensor protein Zur (zinc uptake regulator) or non-
specific mechanisms, which respond to diffusion gra-
dients. The resistance mechanisms to an excess of Zn 
involve both its extrusion by active ATPases, CDF or 
RND systems and its intra- or extracellular sequestra-
tion by metallothioneins (Blindauer, 2015). Additionally, 
exopolysaccharide (EPS) biosorption and precipitation 
as ZnS may occur (Newsome & Falagán, 2021).

META- OMICS APPLIED TO 
DETOXIFICATION INDUSTRIAL 
WASTES CONTAINING CYANIDE 
AND HEAV Y METALS

Considering that 99% of microbes present in nature 
are not cultivable, culture-independent analysis like 
meta-omics, which are based on omics analyses ap-
plied to the study of the complex and diverse microbial 
communities, have been applied in the last decades to 
investigate biodegradation of environmental hazards 
(Birrer et  al.,  2019; Hemmat-Jou et  al.,  2021; Kantor 
et al., 2015; Lloyd et al., 2018; Sonthiphand et al., 2019). 
However, omic analyses applied to bioremediation of 
cyanide-contaminated environments like mining areas, 
which also contain elevated concentrations of metals, 
are remarkably scarce. Most of these meta-omic ap-
proaches have been focused on the study of acid mine 
drainage (AMD) ecosystems, which are generated in 
mining of gold, copper and nickel ores, but they have not 
been applied to bioremediation purposes. In addition to 
their low pH, AMD environments are characterized by 
the presence of high concentrations of heavy metals, 
arsenic and sulphates. Furthermore, the cyanidation 
process used in gold mining for gold extraction from 
the ores, can also contribute to the presence of cyanide 
in these acid drainages. In the last decades, culture-
independent approaches have revealed the diversity 
and metabolic potentials and activities of AMD com-
munities (Bertin et al., 2011; Kantor et al., 2015; López-
Pérez et al., 2021; Munyai et al., 2021; Reis et al., 2016), 
although these studies did not allow the identification of 
genes and proteins specifically involved in the resist-
ance and/or the assimilation/detoxification of cyanide. 
A direct search for cyanide degradation genes/proteins 
in the current available meta-omic databases could 
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provide information about the presence and distribution 
of cyanide-degrading microorganisms in AMD ecosys-
tems. In addition, the identification of genes involved in 
siderophore production could also be an indicative of 
the microbial utilization of metal-cyanide complexes in 
these environments.

Metaproteomic studies on sites polluted with cya-
nide and metals have not been performed up to date, 
and in the case of metals, proteomic analyses were 
focused only on sentinel organisms (Abril et al., 2015; 
Michán et al., 2019). Probably this may be related to the 
limitations of protein extraction from microorganisms in 
natural environments, based on: (i) there are no stan-
dard and reliable protocols (Bastida et al., 2014; Starke 
et al., 2019), and those already developed present low 
extraction yields and low overlap (Leary et al., 2014), (ii) 
the theoretically high microbial diversity of the samples, 
although in contaminated environments it is expected 
to be lower than in non-polluted areas, (iii) the temporal 
and spatial variations throughout the different seasons 
and in the different microenvironments, (iv) the pres-
ence of inhibitory substances like humic acids or clays 
(Bouchez et al., 2016) and (v) the lack of curated and 
annotated reference databases. Some of these rea-
sons might influence on the experimental design, as 
temporal/spatial variations that require sampling sev-
eral times per year using grid systems. Likewise, proto-
cols for the extraction of proteins require optimization, 
including a reliable post-alkaline protein extraction pro-
tocol to achieve protein isolation from environments 
contaminated with metals (Herruzo-Ruiz et al., 2021). 
Nevertheless, the low overlap derived from the differ-
ent extraction methods requires samples extracted by 
using different protocols, making them a pool for each 
replica. Regarding to the lack of reference databases, 
proteogenomic approaches are a good alternative 
(Nesvizhskii,  2014; Ruggles et al., 2017). For this, de 
novo transcriptomes could be constructed to apply them, 
after appropriate computational analysis, as databases 
for proteomics (Amil-Ruiz et  al.,  2021). Furthermore, 
also considering the limitations of proteomic and meta-
proteomic techniques (Kunath et  al.,  2019), the use 
of cutting-edge methodologies as data-independent 
acquisition (DIA) mode, the construction of in-silico li-
braries (Rosenberger et al., 2017) and the application 
of deep learning for proteomics (Distler et  al.,  2014; 
Wen et  al.,  2020) could provide essential information 
for the development of bioremediation strategies based 
on proteo-genomics. In any case, there is an urgent 
need to develop meta-omic analyses on sites contami-
nated by cyanide, arsenic and metals to obtain a global 
and holistic view of the processes triggered by the si-
multaneous presence of these toxic co-pollutants that 
are present in wastewaters generated in mining and 
other industrial activities. In this sense, a recent study 
that combines geochemical and meta-genomic tech-
niques has revealed new insights into natural cyanide 

biodegradation in a gold tailings environment contami-
nated with cyanide, identifying indigenous bacteria that 
induce their genomic machinery for hydrolytic cyanide 
degradation in the absence of other nitrogen sources, 
thus representing the first barrier to detoxify cyanide 
in mining tailings (Welman-Purchase et  al.,  2024). 
Meta-omics could enrich current knowledge about the 
mechanisms used by living organisms against environ-
mental contaminants, and therefore, systems and syn-
thetic biology could be applied to develop and optimize 
bioremediation processes (Dvořák et al., 2017; Roldán 
et al., 2021).

SYSTEMS BIOLOGY AND 
SYNTHETIC BIOLOGY- BASED 
BIOREMEDIATION

The design of efficient biodegradation processes to de-
toxify industrial residues containing complex mixtures, 
such as cyanide- and metal-containing wastes, re-
quires a deep knowledge of the mechanisms displayed 
by bacteria to tolerate and degrade these pollutants, 
and their regulatory links, followed by integration on 
global microbial metabolism. Therefore, it is necessary 
not only to consider the specific mechanisms conferring 
resistance and capacity to detoxify cyanide, arsenic 
and metals, but also those processes required to deal 
with the metabolic burden, and the changes in meta-
bolic fluxes as a consequence of the presence of these 
toxic pollutants. In this sense, systems biology may 
provide the necessary molecular tools and the global 
knowledge required for the design, construction and 
optimization of bioremediation strategies, both in vivo 
and ex  vivo, mainly through genetic engineering of 
model organisms (i.e, E. coli) or new isolated bacterial 
strains or consortia able to degrade different pollutants 
(Figure 4). Thus, systems biology may allow the devel-
opment of specific, sustainable and efficient methods 
to detect and bioremediate cyanide and heavy metals. 
Application of synthetic biology to this purpose is still 
in its infancy, and although significant advances have 
been addressed on heavy metals (recently reviewed by 
Thai et al., 2023), some relevant issues, such as ethi-
cal concerns, biosafety and legal regulations, must be 
overcome.

The first step in the implementation of a bioremedi-
ation process is sensing and monitoring the presence 
of pollutants in the environment. Synthetic biology di-
rected to heavy metal detection has allowed the de-
velopment of different biosensors, but currently, there 
are limited examples of the use of synthetic biology for 
metal bioremediation due to the ethical and legal impli-
cations of the utilization and release of genetically mod-
ified organisms, and because many of the developed 
toolkits are relatively new (Capeness & Horsfall, 2020; 
Somayaji et al., 2022; Thai et al., 2023). Biosensors are 
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multi-component and modular devices with some bio-
logical circuits that include, at least, a sensing element 
that detects the analyte (i.e. a metal-binding protein), 
a signal processing module that also amplifies and 
tunes the signal, and an output system that allows the 
measurement and quantitation of the signal, usually 
based on fluorescence, bioluminescence, colourimet-
ric, electrical or chemotactic detection (Kim et al., 2018; 
Singh & Kumar, 2021; Thai et al., 2023). Efficient bio-
sensors have been developed for arsenic, copper and 
other heavy metals (Fan et al., 2022; Roggo & van der 
Meer, 2017; Thai et al., 2023). Cell-free biosensors use 
some biological components like enzymes, proteins, 
peptides, antibiotics or nucleic acids as elements or 
modules. However, synthetic biology has been mainly 
focused to the development of whole-cell biosensors, 
based either on engineered transcriptional metallo-
regulators like ArsR, MerR, CadR, CueR or ZntR (for 
detection of As, Hg, Cd, Cu or Zn, respectively), or on 
proteins acting as sensor kinase and response regu-
lator in different two-component regulatory systems, 
such as CusSR (for Cu), ZraSR (for Zn) or even the 
chemotaxis CheAY proteins adapted to detect differ-
ent metals (Table  3). Synthetic biology approaches 
applied to metal bioremediation are mainly based on 
intracellular or extracellular sequestration mechanisms 
(Table 3). Metals may be trapped, without entering the 
cells, by binding to the carboxyl, amino, phosphate or 
hydroxyl groups naturally present on the bacterial cell 
surface, but synthetic peptides (usually rich in Cys 
or His) or engineered outer membrane proteins like 
OmpA, OmpC and LamB (Gram-negative bacteria), 
staphylococcal protein SpA, Bacillus surface spore 
CotB protein (Gram-positive bacteria) and fimbriae/fla-
gella proteins, are frequently used for metal attachment 
to the cell envelop. Alternatively, extracellular seques-
tration may be achieved by metal binding to exopoly-
saccharides and cell biofilm or extracellular nanofibers 
(curli) that adsorb metals like mercury. On the contrary, 
intracellular sequestration requires the transport of the 
metal into the cells by different uptake systems, and its 
further accumulation bound to metalloregulatory pro-
teins (AsrR, MerR), or native or engineered Cys-rich 
metal-binding proteins like bacterial metallothioneins 

or plant phytochelatins. This bioaccumulation usu-
ally presents solubility problems, and therefore, co-
expression with glutathione S-transferase or other tags 
may increase metal accumulation. Also, some studies 
have applied other alternative methods like micro- or 
nano-compartmentation, encapsulation using bacte-
rial encapsulins to form proteinaceous shells, forma-
tion of nanoparticles, precipitation with sulphates and 
phosphates and bioconversion, mainly by reduction 
mediated by reductases, cytochromes or glutathione 
(Capeness & Horsfall, 2020; Somayaji et al., 2022; Thai 
et al., 2023). Synthetic biology can be also used to de-
sign dual systems that allow both biosensing and biore-
mediation of heavy metals (Table 3). Thus, a system 
for detecting and remediation of cadmium based on 
the cadR promoter of P. putida, the green fluorescent 
protein GFP and a fusion protein with the Cd-binding 
domain derived from CadR and Lpp-OmpA protein for 
membrane attachment, has been recently constructed 
(Guo et al., 2021).

Conversely, omic techniques have been hardly ap-
plied to cyanide biodegradation up to date, and the 
application of systems and synthetic biology to cya-
nide bioremediation is at present merely an attractive 
proposal. Holistic analyses based on transcriptomics 
(Luque-Almagro et al., 2015), regulation through small 
RNAs (Olaya-Abril et al., 2019), and proteomics (Ibáñez 
et al., 2017; Olaya-Abril et al., 2020; Pérez et al., 2021) 
of the degradation of sodium cyanide and/or cyanide-
containing jewellery residues have been only per-
formed in P. pseudoalcaligenes CECT 5344, the first 
cyanide-assimilating bacterium whose genome was 
completely sequenced (Luque-Almagro et  al.,  2013; 
Wibberg et  al.,  2016). Systems and synthetic biology 
approaches could allow the improvement of the bio-
degradative capacities of this bacterial strain (Roldán 
et al., 2021).

The implementation of biodegradation processes 
using natural samples displays some difficulties, 
and strategies based on natural or artificial mi-
crobial consortia could be an alternative more ef-
fective than approaches based on the isolation, 
purification and characterization of individual spe-
cies (Massot et  al.,  2022), as recently reported 

F I G U R E  4   Application of (meta)omics and synthetic biology for cyanide and heavy metal bioremediation.



14 of 22  |      OLAYA-ABRIL et al.

for bacterial degradation of synthetic plastics 
(Skariyachan et  al.,  2021). Therefore, the applica-
tion of bioaugmented samples, composed of natural 
or artificial consortia, to bioremediate environmental 
hazards may allow a successful completion of the 
discovery phase. In fact, it was observed that culture-
dependent or -independent methods capture different 
microbial communities, but enriched in the organ-
isms of interest, as shown in the case of arsenic-
metabolizing microorganisms (Hamood-Altowayti 
et  al.,  2020; Ziegelhöfer & Kujala,  2021). Although 
this strategy has been applied successfully to achieve 
thiocyanate biodegradation (Kantor et al., 2015; Watts 
et al., 2019; Watts & Moreau, 2016), in the case of cy-
anide biodegradation is unknown, regardless of the 
presence or absence of heavy metals. Once stud-
ied the biodegradation of cyanide in complex mix-
tures with arsenic and heavy metals (Biełło, Cabello, 
et al., 2023, Biełło, Olaya-Abril, et al., 2023), a system 
that increases the efficiency of biodegradation could 
be developed by applying synthetic biology. For this, 
in vivo or ex vivo strategies could be used, with their 
advantages and inconveniences (Roldán et al., 2021) 

(Figure 4). Considering the wide chemical structures 
of the contaminants present in the mining and metal 
industry wastes, including cyanide, heavy metals, 
arsenic and metalloids, sulphates, nitrates, among 
others, a possible biotechnological application may 
involve the design of mixed reactors, in which cya-
nide, metals and other pollutants could be detoxified 
independently. Thus, cyanide could be degraded by 
using either optimized organisms with greater resis-
tance and detoxification capacities, or the enzymes 
necessary to carry out synthetic metabolic pathways. 
Metals, on the contrary, could be bioremediated 
through the generation of hyperaccumulative micro-
organisms, which may remove these toxins when 
growing at a large scale in bioreactors. Another alter-
native to reduce cyanide concentrations in industrial 
residues could be a pretreatment based on incuba-
tion with organic molecules that chemically react 
with cyanide like keto acids, among others. This ap-
proach would raise the formation of less toxic cyano-
derivatives (nitriles), and hence wastes with high 
concentrations of cyanide could be detoxified mean-
while renewable raw materials could be produced 

TA B L E  3   Application of synthetic biology approaches to sensing and removal of heavy metals.

Applications Remarks and technical approaches

Heavy metal sensing

Cell-free biosensors Use of some biocomponents (enzymes, peptides, proteins, antibiotics, nucleic acids) for 
sensing.

Whole-cell biosensors Sensing by molecular-engineered microbial cells.

Transcriptional regulators Based on regulatory proteins like ArsR (As), MerR (Hg), CadR (Cd), CueR (Cu) and ZntR (Zn).

Two-component systems Based on two-component regulatory systems like CusSR (Cu), ZraSR (Zn) and CheAY (Cd and 
other metals) proteins.

Heavy metal remediation

Sequestration Biosorption (chelation/complexation process) and/or bioaccumulation (metabolically active 
process) as main remediation mechanism.

Extracellular Trapping metal on the cell surface without entering the cells.

Functional groups Metal binding to carboxyl, amino, phosphate or hydroxyl groups in the cell membrane.

Peptides and proteins Metal binding to synthetic peptides rich in Cys or His, engineered outer membrane proteins 
(OmpA, OmpC, LamB, SpA, CotB) or fimbriae/flagella proteins.

Extracellular polymers Metal binding to exopolysaccharides (biofilm) or extracellular adsorbent nanofibers (curli).

Intracellular Metal attached to native or engineered peptides or proteins after its transport into the cells by 
uptake systems.

Regulatory proteins Binding to regulatory proteins like ArsR (As), MerR (Hg) or other metalloregulators.

Chelating proteins Binding to Cys-rich proteins like microbial metallothioneins or plant phytochelatins. Also, co-
expression with a soluble fusion tag like glutathione S-transferase to increase solubility.

Compartmentation/encapsulation Accumulation in artificial organelles and micro- or nano-compartments, and encapsulation 
(bacterial encapsulins) to form proteinaceous shells.

Precipitation Formation of nanoparticles and precipitation with sulphates and phosphates.

Bioconversion Metal reduction by reductases (MerA for Hg2+), cytochromes and other proteins or by 
glutathione.

Dual sensing and remediation Systems designed for both metal biosensing and bioremediation, mainly through extracellular 
sequestration.
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(Nikodinovic-Runic et al., 2013; Roldán et al., 2021). 
However, the efficiency, economic costs and viability 
of these approaches should be evaluated, particularly 
for the removal of metal-cyanide complexes and the 
treatment of wastes co-contaminated with different 
toxic chemicals.

As mentioned above, understanding the mech-
anisms of resistance and detoxification of cyanide 
and metals is essential to develop effective biore-
mediation strategies. However, from complex cya-
nide mixtures that, in addition to cyanide, contain 
other very toxic pollutants like arsenic and metals, 
interactions within all these toxic compounds could 
have synergistic effects, leading to a global process 
that is less difficult to achieve than bioremediation 
of its components individually. In this sense, it has 
been recently described that P. pseudoalcaligenes 
CECT 5344 tolerates higher concentrations of mer-
cury when growing with cyanide as a nitrogen source 
than with ammonium, probably because the mercury-
cyanide complexes formed are less toxic than free cy-
anide and mercury (Biełło, Olaya-Abril, et al., 2023). 
However, more studies on different bacteria and with 
other metals are necessary to establish possible 
synergic effects between cyanide and pollutants like 
arsenic and heavy metals. In fact, cyanide degrada-
tion was inhibited by Cu2+ in P. putida and by Hg2+ in 
Serratia marcescens (Deeb & Altalhi, 2009; Karamba 
et al., 2014).

CONCLUDING REMARKS AND 
FUTURE DIRECTIONS

To develop a successful bioremediation process to 
remove complex mixtures of highly toxic contami-
nants present in cyanide-containing industrial wastes 
is crucial to monitor not only the enzymes necessary 
for the biodegradation of cyanide in the presence of 
metals through in  vivo bioremediation strategies, but 
also to learn in advance the compensatory mecha-
nisms that allow bacterial survival under these condi-
tions. Additionally, for the reconstruction of artificial 
metabolic pathways applied to ex vivo strategies, it will 
be necessary to define all the required components, 
such as cofactors involved, beyond the enzymes that 
participate in the different biodegradative processes. 
Therefore, it is necessary to apply and develop omic/
meta-omic approaches, which provide a global and ho-
listic view of the degradative processes, regardless of 
the specific strategy in which they are addressed. In the 
future, further attention will deserve deep in situ analy-
sis of microbial communities like those colonizing acid 
mine drainage sites. In this sense, the taxonomic data 
obtained from different acid mine drainage sites have 
shown an unexpectedly high microbial biodiversity. The 
comparative meta-genomic and meta-transcriptomic 

analyses from the community-wide comparative 
analyses of the active taxa revealed that there are 
environment-dependent gene transcriptional profiles 
(Chen et al.,  2015). Another interesting approach de-
rives from microbial community studies and extracellular 
substances acting as metal chelators that are produced 
from anaerobic granular sludges, which constitute an 
ideal carrier for microorganisms used for the treatment 
of wastewaters containing selenate, cadmium and zinc 
(Zeng et  al.,  2023). Furthermore, new omic studies 
from samples taken from extreme environments have 
contributed to elucidate linkages between community 
function and environmental variables, allowing iden-
tification and characterization of new lineages, which 
expand microbial diversity and vary the structure of the 
tree of life (Shu & Huang, 2022). In addition, natural bio-
degradation may require not only the action of microbial 
communities like those described in granular anaerobic 
treatments (Zeng et al., 2023), but also the cooperation 
among microbes, plants and fungi, especially to deal 
with edaphic ecosystem pollutants. Therefore, to pro-
vide a holistic approach to environment restauration, it 
is also necessary to consider the complex relationships 
between different potential hosts and their associated 
microbes, as described for the seaweed ‘holobiont’ that 
facilitates the bioremediation of organic pollutants and 
heavy metals (Ren et al., 2022).
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