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Abstract In studies of environmental stresses caused by metals, Rhodococcus
species are routinely identified as part of a beneficial microbial rhizosphere commu-
nity. These bacterial strains, inhabiting diverse ecological niches, possess a variety
of enzymatic activities to carry out relevant biodegradation reactions, such as
degradation of organic pollutants in some cases using them for both carbon and
energy. In this context, most Rhodococcus strains have been found to have very high
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levels of metal resistance. Thus, these microorganisms are not only capable of
metabolizing various organic pollutants in the presence of co-contaminating heavy
metals, but they can also bioadsorb and/or bioconvert various metals and metalloids
[metal(loid)s]. Indeed, some Rhodococcus exploit these metal(loid) compounds to
generate biogenic nanoscale materials of intriguing physical-chemical properties,
which can find applications in biotechnology.

This book chapter has the focus in overviewing the biotechnological relevance of
the Rhodococcus genus relationship with metal(loid)s, the bioprocesses elicited by
these microorganisms in handling metal(loid)s’ toxicity, and the importance of these
actinomycetes in the context of the bioremediation and bionanotechnology fields.

1 Introduction

Metal elements such as aluminum (Al), cadmium (Cd), cesium (Cs), chromium (Cr),
cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury (Hg),
molybdenum (Mo), nickel (Ni), silver (Ag), strontium (Sr), zinc (Zn), and uranium
(U) and the metalloids arsenic (As), selenium (Se), and tellurium (Te) are naturally
occurring throughout the Earth’s crust, being defined “heavy” as both their atomic
weight and density are higher than water (Fergusson 1990). Although some of these
elements (e.g., Fe, Se, Zn, Cu) are essential in traces for living organisms, the
overdose of these and exposure to some others (e.g., As, Pb, Hg, whose toxicity is
undisputed) can be severely toxic (Chang et al. 1996; Tchounwou et al. 2008).
Indeed, the global human concern toward these contaminants relies mostly on their
mutagenicity and carcinogenicity, negatively impacting the quality of life of both
flora and fauna in different habitats (i.e., aquatic, terrestrial, and atmospheric)
(Chakraborty et al. 2017). This aspect is exacerbated by the intense industrial
progress in several fields (i.e., engineering, biomedicine, agriculture, metallurgy,
microelectronics, mining operations, etc.), as well as unjustified waste disposal
processes, which inexorably add to environmental pollution. The result is that there
are sites in almost every community on the planet with a buildup of substantial
amounts of recalcitrance toxic metal(loid)s in diverse ecological niches (Chakraborty
et al. 2017). In this context, a prolonged exposure to metal(loid) compounds is often
associated to human poisoning, as well as to their biomagnification at successively
high levels in the food chain (Phillips and Rainbow 2013).

Toxicity of a metal to an organism depends on a variety of physical-chemical and
biological parameters influencing the metal ion speciation and bioavailability.
Chemical parameters include temperature, pH, redox potential, and presence/
absence of compounds capable of chelating or binding to the metal. Some biological
parameters include the metal-lipid solubility, physiological state of the organism,
presence/absence of key metal interacting proteins, and any physiological adaptation
of the organisms. The combination of such parameters and their interplay contribute
to the environmental resiliency of metal(loid)s (Hamelink et al. 1994). Focusing the
attention at the molecular level, it is generally believed that proteins are the primary

334 A. Presentato et al.



targets of metal(loid)s. Indeed, malfunctioning of proteins in their native conforma-
tion can be attributed to (1) the binding of metals to protein ligands such as free thiols
(RSHs), imidazoles, amines, or carboxylates, (2) the displacement of essential metal
ions in metalloenzymes, (3) the oxidation of the amino acid side chains, and (4) their
interaction with non-folded proteins causing their aggregation and, therefore,
impairing protein homeostasis in living organisms (Beyersmann and Hartwig
2008; Sharma et al. 2011; Lemire et al. 2013).

As dramatic as the above picture may appear, human beings have evolved the
concept of environmental remediation, which combines physical-chemical and
biological knowledge for strategies aimed to decrease the concentration of metal
(loid) compounds into the environment, restoring its ecological fitness. Overall,
biological methods, exploiting the natural catabolic abilities of bacteria, fungi, and
plants to clean up diverse contaminated matrices in a green and cost-effective
manner (Strong and Burgess 2008), are generally preferred over physical-chemical
approaches, as the latter often have cost-prohibitive and non-efficient results at low
metal(loid) environmental load (Ali et al. 2013).

Aerobic non-sporulating microorganisms belonging to the Rhodococcus genus
are known for their environmental robustness and persistence, as they can physio-
logically adapt (i.e., modification of the cell membrane composition, formation of
intracellular inclusions) to several stressful conditions (e.g., pH, desiccation, low
nutrient availability, presence of xenobiotic compounds, etc.) (Martínková et al.
2009; Alvarez and Steinbüchel 2010; Presentato et al. 2018a). This allows members
of this genus to populate diverse ecological niches. Although much less is known
about the Rhodococcus genus potential to resist toxic metal(loid) compounds,
recently the unique capacity of some rhodococci to overcome environmental stresses
like the presence of antimicrobials and very high concentrations of metal(loid)s such
as tellurite [Te (IV)], arsenate [As (V)], and selenite [Se (IV)] has been described
(Orro et al. 2015; Cappelletti et al. 2016; Presentato et al. 2016, 2018b). Such
findings highlight how these microorganisms are worth exploring as candidates for
bioremediation of metal(loid)-polluted sites. Further, it has been reported that
bacteria are able to convert toxic metal(loid) ion/oxyanions into less/nontoxic
metal forms, generating discrete structures at the nanometer scale (1 � 10–9 m)
with different shapes, i.e., nanoparticles (NPs) and nanorods (NRs) (Turner et al.
2012). To this aim, different Rhodococcus strains have been studied and exploited as
cell factories for nanotechnological purposes, proving the specific proficiency of
rhodococci to biosynthesize high-quality biogenic metal(loid) nanostructures with
relevant biotechnological applications (Ahmad et al. 2003; Otari et al. 2012; Kundu
et al. 2014; Presentato et al. 2016, 2018b, c). Thus, this chapter will overview the
interaction between Rhodococcus genus and metal(loid)s in terms of bacterial
resistance and strategies adopted to counteract metal(loid) toxicity, as well as their
remarkable ability in generating biogenic nanomaterials.
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2 Microbial Interaction with Metal(loid)s

A large number of organisms are capable of thriving in the presence of high metal
(loid) load, being this feature ascribed to intrinsic and/or induced biochemical
mechanisms combined with environmental factors (Gadd 1992a). In this respect,
bacteria are defined to be tolerant as they are not killed by the toxicity exerted by
metal(loid) compounds through their intrinsic properties yet do not grow or prolif-
erate, while those that are resistant show the ability to live because of the induction of
detoxification mechanisms implemented in response to the presence of metal(loids)
(Gadd 1992b). Bacteria have evolved uptake mechanisms in order to exploit diverse
nutrients, which enable them to survive even under extreme and adverse environ-
mental conditions (Brooks et al. 2011). Because microorganisms have coevolved
with the geochemistry of the planet and inhabit all possible niches, many can utilize
even toxic metal(loid) compounds (i.e., As, Cd, Te, Se, etc.) (Gadd 2010). For
instance, bacterial cells can encounter metal(loid) ions from either aqueous or
solid matrices, using them as (1) energy source, (2) terminal electron acceptor during
microbial respiration, and (3) cofactors in metalloproteins and enzymes (Ehrlich
1997; Valls and de Lorenzo, 2002). Thus, microbial scavenging and biotransforma-
tion of metal(loid) elements can be related to either detoxification processes or
resistance phenomena, which are carried out as parallel events related or not with
bacterial growth (Park et al. 2018).

The different mechanisms exploited by microbes to cope with metal(loid)s’ toxicity
can rely on their transformation by means of either redox processes or alkylation
reactions (Ledin 2000). Bacterial cells can sequester metal(loid) ions onto their cell
wall either in a passive and metabolism-independent manner (biosorption) or through
active mechanisms (bioaccumulation), which is a metabolism-dependent process
based on the actual metal(loid) uptake (Ledin 2000). Further, metal(loid) ions can be
trapped outside bacterial cells through interaction with (1) surface proteins, (2) carbo-
hydrates, (3) cell wall polymers, and (4) extracellular polymeric substance (EPS) often
produced when bacteria grow as a biofilm. Finally, there may be chelation (precipi-
tation and/or complexation) through the production of either siderophores or specific
metalloproteins (Gupta and Diwan 2017). All these strategies occur in the microbial
world; hence, the exploitation of the microbial catabolic abilities represents a powerful
tool to abate the metal(loid) load polluting the environment.

2.1 Rhodococcus Tolerance/Resistance Toward Metal(loid)s

Bacterial strains belonging to the Actinomycetales order, which include
Rhodococcus genus, exploit different mechanisms enabling them to highly tolerate
metal(loid) compounds (Pavel et al. 2013). For instance, the reduction of cellular
sensitivity, the intracellular sequestration of metal ions and oxyanions, their com-
plexation with siderophores, the alteration of the membrane permeability, mutations,
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and repairing mechanisms of the DNA responsible for both plasmid and chromo-
somal DNA stability are some of the mechanisms implemented by bacteria to
tolerate and/or resist to metalloids’ toxicity (Stillman 1995; Garbisu and Alkorta
2003; Figueira et al. 2005). A primary mechanism through which metal(loid)
compounds can exert their toxicity toward bacteria relies on the alteration of the
cellular thiol chemistry. Indeed, the reaction of metal(loid)s with cell thiols leads to
the depletion of glutaredoxin and thioredoxin from their activity of reducing metal
(loid) compounds and becoming oxidized (Turner 2001). Thus, such reactions can
cause an increase in the intracellular content of reactive oxygen species (ROS),
which can ultimately cause cellular death (Turner et al. 1999). This process is even
more emphasized if we consider the presence of oxygen as terminal electron
acceptor in the case of strictly aerobic microorganisms, as in the case of
Rhodococcus strains. This process is even more emphasized if we consider the
presence of oxygen as terminal electron acceptor in the case of strictly aerobic
microorganisms, such as in the case of Rhodococcus strains. However, instead of
having the redox buffer molecule glutathione (GSH), actinomycetes are mostly
characterized by the presence of genes involved in the synthesis of mycothiols
(MSHs), which are more stable and less prone to oxidation (Newton et al. 1996).
Thus, the potential of actinomycetes in resisting the toxicity exerted by metal(loid)s
overall derives from the redox stability of these microorganisms. Rhodococci inves-
tigated for metal tolerance to date are listed in Table 1 along with their resistance
levels. It is noteworthy to highlight that among the metal(loid) elements listed in
Table 1, tellurium in the form of oxyanion tellurite (TeO3

2–) is typically the most
toxic, with minimal inhibitory concentrations (MIC) as low as 1 μg mL–1 (Taylor
1999). This concentration is several orders of magnitude lower than other metal(loid)
compounds (Nies 1999; Harrison et al. 2004), and yet R. aetherivorans BCP1 strain
showed to be highly resistant to this oxyanion (Presentato et al. 2016, 2018c).

In nature microorganisms are found in a close relationship to each other and
adhering to a surface forming a complex community known as biofilm. Within a
biofilm, the bacterial cells are overprotected by a heterogeneous surrounding matrix
defined as extracellular polymeric substance (EPS), which is mostly constituted by
water, proteins, polysaccharides, lipids, and extracellular DNA (e-DNA) (Harrison
et al. 2005). Thus, a bacterium living within a biofilm has the advantage of resisting
and adapting to harsh environmental conditions (this topic has been reviewed by
Harrison et al. 2007). In line with this, Adhami et al. (2017) described two different
Rhodococcus strains with an enhanced metal resistance against Cd, Cr, Cu, Pb, and
Zn supplied as salts when these bacterial cells were grown as biofilms in comparison
with those grown as planktonic cultures (Adhami et al 2017).
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3 Metal(loid) Biosorption in Rhodococcus

Biosorption is recognized as an emerging and eco-friendly approach for metal(loid)s’
or radionuclides’ removal from polluted environments or in biomining, as it is cost-
effective, is highly efficient, and can be specific. This technique relies on the
application of different microbial biomasses (i.e., microalgae or bacterial cells of
the genera including Bacillus, Pseudomonas, Streptomyces, etc.) as biosorbents,
which possess a natural affinity toward metal(loid) compounds, contributing to a
feasible and economic way toward the purification of metals from contaminated
matrices (Volesky 1990; Wilde and Benemann 1993). From an engineering perspec-
tive, bacteria are considered good biosorbents as their small size offer a high surface-
to-volume ratio, conferring a large surface area of interaction with metal(loid)s.
Several molecular mechanisms are possible for biosorption performed by bacteria
(Gadd and White 1993), dependent on factors, such as capacity, affinity, and spec-
ificity of the biomass and/or biosorbent considered, as well as the physical-chemical
conditions of a given environmental niche and the metal of interest.

3.1 Parameters Influencing Metal(loid) Biosorption

The biosorption of metal(loid)s by bacteria depends on the characteristics of the
surface structural chemistry of the cell wall and membrane (i.e., charge and orien-
tation of the metal(loid) binding functional groups), as well as the chemistry and
speciation of the considered metal(loid) (Ledin 2000). A given bacterial cell surface
can be composed of lipids, peptidoglycan, lipopolysaccharides, lipoproteins, and
enzymes, being featured by carboxyl (COO–), sulfate (SO4

2–), phosphate (PO4
3–),

amino (NH2
+/NH3

+), carbonyl (CO–), and hydroxyl (OH–) functional groups as well
as the acyl chains of membranes. Thus, the amphoteric behavior of a cell wall
depends on the presence of these anionic and cationic groups, being those anionic
predominant over the cationic ones (Plette et al. 1995; van der Wal et al. 1997).

Restricting the focus onto rhodococci, it has been reported that these microor-
ganisms have a cell wall characterized by polysaccharides, carboxylic acids, lipid
groups, and mycolic acids, which are responsible for the amphoteric behavior of the
cellular surface (Stratton et al. 2002; Botero et al. 2007). Moreover, Plette et al.
(1995) showed that the isolated cell wall material deriving from R. erythropolis
A177 was featured by a chemical heterogeneity due to the existence of at least three
different proton group binding sites (i.e., carboxylic, phosphate, and amino types),
therefore leading to a surface charge dependent on the pH and salt level (Plette et al.
1995). A reasonable explanation for the effect of the pH on the sorption capability of
a given biosorbent relies on the pKa of the biosorbent molecules and the combined
isoelectric point of all biosorbent molecules and the number of active sites present as
well as the speciation state of the metal ion. Therefore, at pH values lower than the
biosorbent isoelectric point, its surface will be positively charged because of the
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association with hydronium (H3O
+) ions, determining a repulsion of metal cations.

By contrast, the biosorbent surface will be negatively charged for pH values higher
than its isoelectric point; hence, it favors the adsorption of cations. Furthermore, at
pH values above the pKa of a given biosorbent, its functional groups will be
dissociated, enabling proton exchange with the metal(loid) in solution (Cayllahua
and Torem 2010). In line with this, Cayllahua and Torem (2010) reported that the
biosorption capability of a R. opacus strain toward Al (III) ions was optimal at pH of
5, as its isoelectric point was c.a. 3.26. Similar observations were also reported for
ions of Pb (II), Cr (III), Cu (II), Cd (II), and Zn (II) (Sheng et al. 2004; Vasquez et al.
2007; Bueno et al. 2008). Thus, depending on the type of metal(loid)s to be removed
(i.e., anions or cations), it must be considered the characteristics of the biosorbent
and the pH of the system at which the metal(loid)s’ sorption occurs.

In natural settings, a variety of different metal(loid) ions other than those targets
of bioremediation can be found, leading to a competition for the available binding
sites present on the surface of bacterial cells, therefore interfering with the remedi-
ation of polluted sites. Calcium [Ca (II)], for example, is known as the major bivalent
ion competitor for metal(loid) sorption in soil (Doyle et al. 1980; Xue et al. 1988;
Flemming et al. 1990). However, it is noteworthy to mention that the cell wall
material isolated from R. erythropolis A177 showed an enhanced Cd (II) sorption in
the presence of Ca (II) ions. Indeed, the binding of Ca (II) ions to the cell wall can
cause (1) the breaking of cross-linkages that normally occurs between different
groups (e.g., COO– and NH3

+) of the cell wall and (2) the disruption of bonds
occurring between phosphate groups of the phospholipids and others present in the
peptidoglycan layer. These effects cause a drastic change of the cell surface and wall
morphology leading to an increased availability of the number of accessible and
active binding sites for other bivalent cations, such as Cd (II). Thus, since the
binding of Ca (II) to the cell wall enhances the binding of Cd (II), in this case Ca
(II) can be considered as a cooperative acting ion toward Cd (II), influencing in a
salt-dependent manner the sorption potential of R. erythropolis A177-derived cell
wall (Plette et al. 1996).

The concentration of the biosorbent in a given environment is another parameter
of crucial importance, as the sorption capability of a biosorbent tends to decrease
when its concentration rises. This aspect might be related to the cross-linkages
occurring among the functional groups as described above (Koch 1990). Indeed,
the cell wall material recovered from R. opacus strain was capable of efficiently
adsorbing Al (III), Cd (II), and Zn (II) ions, while their sorption dropped down when
the biosorbent concentration was increased (Vasquez et al. 2007; Cayllahua and
Torem 2010).

3.2 EPS-Mediated Extracellular Biosorption

Another modality through which microorganisms can interface with metal(loid)
compounds relies on the production of biological exudates featured by a high
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adsorption potential. Overall, these biologically active compounds are known as
EPS (see Sect. 2), which includes polysaccharides and their derivatives, proteins,
peptides, metabolites, nucleic acids, and lipids. These microbial-derived compounds
showed to have an efficient adsorptive property (Jixian et al. 2015; Zheng-bo et al.
2015), due to the presence of different functional reactive groups [i.e., OH–, COO–,
acetamido (AcNH+), NH3

+] characterizing the polymer chains, which in turn confer
to EPS: (1) high hydrophilicity, (2) polarity, and (3) structural flexibility (Crini
2005). Moreover, the amount of functional binding groups featuring EPS reflects
its actual biosorption potential, working also as enhancer for the metal(loid) binding
to microbial cell surfaces (Liu and Fang 2002; Wei et al. 2011). Since the treatment
of metal(loid)-polluted sites via EPS is based on the binding of ions, the pH values at
which the sorption process occurs are of fundamental importance as discussed above
with the cell surface. Indeed, the competition between protons and metal(loid) ions
to bioadsorb onto the active and accessible sites present in the EPS surface should be
controlled, in order to maintain the appropriate electronic state allowing for chelation
or complexation (Lamelas et al. 2006; Guibaud et al. 2008).

The EPS composition will be highly dependent on the bacterial species/strain,
and thus its adsorption properties might be influenced by different protocols applied,
reagents utilized, and physical-chemical (e.g., sonication, ionic exchange resin)
method adopted for the extraction (Liu and Fang 2002; Comte et al. 2005). This
leads toward the challenge that every system will be different and optimization
strategy will need to be empirically determined. This reflects the importance of
fundamental microbiology research to expand the knowledge on the possible micro-
bial factories implied for this purpose.

3.3 Parameters Influencing EPS Biosorption

As biosorption EPS-mediated appears an attractive and green choice to develop new
eco-sustainable strategies of environmental remediation, researchers have focused
their attention in exploiting a variety of microorganisms belonging to diverse families
(i.e., Cyanobacteriaceae, Bacillaceae, Pseudomonadaceae,Myxococcaceae) as cell
factories for the production and extraction of EPS to test against different metals (e.g.,
Cd, Cu, Pb, Mn, Ni, Zn, Hg) (Merroun et al. 2003; Salehizadeh and Shojaosadati,
2003; Freire-Nordi et al. 2005; Lau et al. 2005; Paperi et al. 2006). Among
rhodococci, Dobrowolski et al. (2017) studied the sorption capability of EPSmaterial
derived from R. opacus and R. rhodochrous, revealing a fast adsorption rate (between
1 and 30 min) of Ni (II), Pb (II), Co (II), Cd (II), and Cr (VI) for EPS material
from both strains, which supports their application in flow adsorption systems
(Dobrowolski et al. 2017).

The application of microbial EPS is highly influenced by the pH values at which
the metal(loid)s’ sorption occurs. Indeed, the best biosorption of Ni (II) mediated by
the EPS recovered from either R. opacus or R. rhodochrous strains occurred at pH
values ranging from 3 to 4, as, decreasing the content of H3O

+ ions, the EPS surfaces
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resulted more negatively charged and thus more prone to bind this divalent cation.
By contrast, an increase of the pH value (>4) resulted in a decreased EPS sorption
potential, as the two prominent species of Ni (II) ions in solution (i.e., Ni(OH)2 and
Ni(OH)3

–) could not be adsorbed onto the negatively charged surfaces characterizing
EPS. Similar observations can be drawn for Pb (II) and Co (II), while sorption up to a
pH value of 7.5 was observed in the case of Cd (II), as cadmium hydroxyl
[Cdx(OH)y] was the major species of Cd present in solution at this pH (Dobrowolski
et al. 2017).

Temperature is another parameter to experimentally control for the optimization
of a biosorption process, as it can influence the ionization of the EPS functional
groups and influence the formed biosorbent-metal(loid) complex, as well as the
diffusion and equilibrium kinetics. Generally, an increase in the temperature can
cause (1) a decrease of the biosorption extent in the case of an exothermal process,
(2) a destruction of the biosorbent’s active sites, and (3) a faster ion motion, which
enhances off-rates of the metal(loid)s to bioadsorb (Dobrowolski et al. 2017).

Other than EPS, humic substances (HSs) present in the soil and aquatic environ-
ments can mitigate the toxicity of metal(loid)s and organic compounds, which is due
to the complex chemistry of HSs thus providing sorption properties (Boguta and
Sokołowska 2016). Further, the network generated among metal(loid) compounds,
bacteria, and environment can influence (1) the speciation and bioavailability of
metal(loid)s, (2) the sorption phenomenon, (3) the metabolic capacity of bacteria
toward xenobiotics, and (4) the biochemical/physiological functions of bacteria
(Perminova and Hatfield 2005). Although the comprehension of this process is
difficult and poorly investigated, Perelomov et al. (2018) described different bacteria
capable of tolerating higher amounts of Zn (II) and Pb (II) consequently to the
copresence of HSs and derivative fractions (i.e., humic acids, hymatomelanic acids).
Indeed, a study employing infrared spectroscopy revealed that humic acids and
hymatomelanic acids possess different functional active sites represented by alco-
hols, phenols, amines, amides, and carboxylic acids, which can be either free or
intermolecularly bonded (Rodrigues et al. 2009), enabling HSs to bind cations (Kar
et al. 2011). Thus, the addition of 200 mg L–1 of HSs (mixture of humic and
hymatomelanic acids) resulted in an enhanced tolerance to Zn (II) in the case of
Pseudomonas fluorescence 142NF and R. sp. RS67, which were five- and fourfold
more tolerant, respectively, as compared to the non-HSs amended cultures
(Perelomov et al. 2018). This effect originates from the stable HS-Zn complex
formed (Perminova et al. 2006), which is not bioavailable to the bacteria. Similar
results were achieved in the case of Pb (II), therefore highlighting the importance of
HSs in attenuating metal(loid)s’ toxicity and bioavailability. However, this also
limits the ability to remediate a site of the metal pollutant.

As discussed in this section, biosorption is a powerful biotechnological tool that
can be exploited for the remediation of metal(loid)-polluted sites. The process relies
on the binding, complexation, ion exchange, crystallization, and/or precipitation of
the metal(loid) in the biochemical context of a given cell wall. The parameters (i.e.,
pH, salt level, temperature, and biosorbent concentration) described are crucial and
must be optimized according to the physical-chemical characteristics of both metal
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(loid) and biosorbent, particularly focusing on its amphoteric behavior, in order to
take advantage of biosorbents for bioremediation purposes.

4 Metal(loid) Bioaccumulation in Rhodococcus

As opposed to biosorption, metal(loid) accumulation is an energy-demanding and
metabolic-dependent process, as it requires an active uptake transporter by a living
organism and, therefore, it occurs slower as compared to the above described
biosorption phenomenon (Mowll and Gadd 1984). In this respect, Mirimanoff and
Wilkinson (2000) showed that the initial Zn adsorption performed by R. opacus
C125 occurred in less than 1 min; on the other hand, microorganisms have evolved
specialized uptake systems for essential metal(loid)s that are needed for the cell
biochemistry. Specific ion channels or carriers facilitate uptake for the ion down its
concentration gradient and active transporters using either ATP or the electrochem-
ical gradient as energy for transport. Such transporters are key to charge
metalloenzymes that exploit transition metals as cofactors. For example, molybde-
num (Mo) is actively taken up, in the form of oxyanion (MoO4

2–), either by an
ATP-binding cassette (ABC) transporter with high affinity or through low affinity
carrier systems, which have been both evolved by those microorganisms that use Mo
for nitrogenases and/or oxidoreductases featured by molybdopterin as cofactor,
respectively (Pau et al. 1997).

A common route for toxic heavy metal accumulation is mediated by transporters
of essential metals, which facilitate the transport of closely related elements. For
example, the molybdate ABC transporter will also transport tungsten (W) as WO4

2–,
in this way nonessential elements can be bioaccumulated. Bacteria can take up
divalent cations such as Co (II), Zn (II), and Ni (II) exploiting the magnesium
[Mg (II)] transport system, although this strategy only weakly contributes to the
uptake of transition metals in the presence of magnesium (Smith and Maguire 1998).
Thus, bacterial strains featured by genes coding for enzymes dependent on Ni (II) as
cofactor exploit specific transporters for Ni (II), which constitute a family of
permeases featured by eight transmembrane segments with high affinity for this
cation but a very low transport capacity, while Escherichia coli cells exploiting an
ABC transporter represents an exception (Hausinger 1997; Eitinger and Friedrich
1997). These permeases for Ni (II) have been identified in different bacterial genera
(i.e., Bradyrhizobium, Alcaligenes, Helicobacter) (Fu et al. 1994; Eitinger et al.
1997; Fulkerson et al. 1998). Among actinomycetes, Mycobacterium tuberculosis
relies on this permease to accumulate Ni (II), supporting the activity of a
Ni-dependent urease, which is also an important virulence factor for this microor-
ganism (Cole et al. 1998).

Concerning rhodococci, Komeda et al. (1997) studied in R. rhodochrous strain J1
the NhlF transporter for Co (II), which is responsible to provide Co (II) for nitrile
hydratases containing non-corrin Co as cofactor (Komeda et al. 1997). Nitrile
utilization by R. rhodochrous strain M8 was dependent on the nitrile hydratase
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activity as well, whose expression was enhanced by the presence of Co (II) in the
growth medium as compared to Co-limiting conditions, suggesting that Co
(II) deficiency could lead to either a weak expression of the nitrile hydratase coding
gene or to a fast nitrile hydratase transcript (mRNA) degradation (Pogorelova et al.
1996). However, the NhlF transporter is highly similar at amino acid sequence level
to the Ni (II) transporter HoxN of Alcaligenes eutrophus (Wolfram et al. 1995).
Although both NhlF and HoxN transporters share similar membrane topology, Co
(II) uptake NhlF-mediated was impaired by the copresence of Ni (II), thus indicating
that NhlF could also transport Ni (II) (Komeda et al. 1997). Later, Degen et al. (1999)
demonstrated that HoxN was able to mediate the transport of Ni (II) and incapable of
taking up Co (II), while NhlF had a promiscuous binding ability toward these divalent
cations (Degen et al. 1999). Indeed, NhlF transporter could mediate Ni (II) uptake, as
demonstrated by the enhanced Ni-dependent urease activity of recombinant
Escherichia coli clones expressing nhlF gene grown under Ni-limiting conditions,
as well as cross-complementing Ni deficiency due to the deletion of the hoxN gene in
Alcaligenes eutrophus. Nevertheless, the Ni (II) uptake by NhlF was markedly
reduced when R. rhodochrous strain J1 was cultured in the presence of both nickel
and cobalt salts, therefore suggesting that Co (II) was the preferred cation-binding
substrate, as well as the NhlF transporter was featured by a certain level of ion
selectivity toward two similar transition metals (Degen et al. 1999).

4.1 Metal(loid) Homeostasis in Microbial Bioaccumulation

In addition to metal(loid) uptake, the efflux system is a biologically relevant phe-
nomenon responsible for the control of toxin accumulation in the cell, and examples
exist to control metal(loid) accumulation, as well as its homeostasis between intra-
and extracellular environment, highlighting a sort of “microbial metal toxicity care”.
This is the case for R. opacus C125 cells that accumulated at most c.a. 6 μmol g–1

(dry weight) of Zn (II) after 20 min exposure to 5 μM Zn (II), which with time
drastically decreased. When Zn-loaded R. opacus C125 cells were exposed to either
additional 5 μM Zn (II) or Cd (II), cellular Zn concentrations decreased, therefore
suggesting both an inducible and cross-inducible efflux mechanism by Zn (II) and
Cd (II), respectively, as well as the existence of Zn-binding ligands capable of
mediating the accumulation of this transition metal in the first place (Mirimanoff
and Wilkinson, 2000).

Overall, nonessential metal(loid)s can be taken up by microorganisms, and the
amount of these compounds accumulated varies as function of the species and the
type of metal(loid) considered. An example is given by cesium (Cs), which became a
metal of pollutant interest after the Chernobyl accident in 1986, attracting the
research interest in both the removal and the fate of radioactive Cs. In this respect,
Tomioka et al. (1994) investigated two different Rhodococcus strains (i.e.,
R. erythropolis CS98 and R. sp. CS402) capable of tolerating and growing in the
presence of Cs and rubidium (Rb) supplied in a mineral salt medium up to
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concentrations of 1 mM. It was found that Cs uptake by both Rhodococcus strains
was negatively influenced by the presence of monovalent cations such as K (I) and
Rb (I). Reasonably, Cs (I) and Rb (I) may substitute K (I) in bacteria growing under
K-limiting conditions due to the poor specificity of the K (I) transport systems
(Avery et al. 1991, 1992). This idea was reported earlier in the case of other bacterial
strains (i.e., Rhodopseudomonas capsulata, Escherichia coli, and Rhodococcus spp.;
Rhoads and Epstein 1977; Jasper 1978; Tomioka et al. 1994).

If the biosorption phenomenon is the first event occurring when bacterial cells
interface metal(loid)s, the active bioaccumulation of these ions within the intracel-
lular environment would be a complementary event. To date we are still at early
stages to appreciate the diversity and mechanisms for most metal uptake systems.
However, the microbial potential in handling metal(loid)s’ toxicity goes beyond the
above depicted strategies, as metal(loid) bioconversion and/or biotransformation
reactions may take place, leading to either biomineralization or production of
valuable metal(loid) products. Indeed, the next section will overview this aspect of
the microbial world that crosses and merges itself with the nanotechnology field.

5 Nanotechnology: A Physical-Chemical Perspective

Nanotechnology is the science related to the world of very small material, which
implies the manipulation of matter at molecular or atomic level (Horikoshi and
Serpone 2013). The prefix nano is referred to structures defined as intermediate
states between molecules and bulk materials (Yuwen and Wang 2013). The unique-
ness of nanostructures relies on the possibility to manipulate physical-chemical
properties of the materials scaled down to the nanorange (1–100 nm) (Yuwen and
Wang 2013), conferring them fundamental and peculiar features as high surface-to-
volume ratio and large surface energy with high spatial confinement (Cao 2004a).
These peculiar characteristics allow in turn innovative chemical, catalytic, mechan-
ical, electrical, and opto-magnetic properties in the nanomaterials (Appenzeller
1991; Yuwen and Wang 2013), making them suitably manipulated for applications
in multidisciplinary fields, such as biomedicine/biotechnologies, energy production,
environmental engineering, material science, and optoelectronics (Cao 2004a;
Horikoshi and Serpone 2013).

In the past few decades, the nanoscience field has exponentially grown in terms of
study and implementation, leading to the development of new methods for
nanomaterial production (Rao et al. 2004). In this context, we have witnessed the
generation of nanostructures having various compositions and morphologies, of
which the most exploited to date are zero-dimensional (0D) nanoparticles (NPs),
nanocrystals and cluster quantum dots (QDs), one-dimensional (1D) nanorods
(NRs), nanowires (NWs), nanotubes (NTs) and nanobelts (NBs) (or ribbons),
nanoporous solids, two-dimensional (2D) arrays of NPs, thin films, and three-
dimensional (3D) structures (superlattices) (Rao et al. 2004).
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Although the physical-chemical methods to synthesize nanomaterials are efficient
and available for a scaled-up production, they require the use of toxic substances that
are converted during the fabrication process into hazardous waste requiring special-
ized disposal or are released to the environment (Zhang et al. 2006, ACS Nano 2011;
CDC 2014). Moreover, several of these production procedures require expensive
equipment and chemicals, affecting the production costs. Therefore, these draw-
backs led to a demand for the generation of novel cost-effective and eco-friendly
methods of nanomaterial production (Ankamwar et al. 2005).

5.1 Microbial Nanotechnology

To date, the new and green frontier in nanostructure synthesis is constituted by the
exploitation of the natural ability of biological systems (i.e., plants, bacteria, fungi,
yeasts, and algae) to bioconvert toxic metal(loid) ions into their less toxic elemental
forms producing nanostructures (Suresh et al. 2004; Bhainsa and D’Souza 2006; Song
and Kim 2009). Particularly, bacteria are among the organisms that have been the most
explored for nanomaterial generation, due to their ability to populate different envi-
ronmental niches that has led to unique biochemistry and physiology features (Li et al.
2011; Pantidos and Horsfall 2014). Indeed, in nature, the production of metal(loid),
metal sulfide, and oxide nanostructures by bacterial cells is achieved through either
aerobic detoxification processes or the use, under anaerobic conditions, of metal(loid)
ions as terminal electron acceptors to produce energy (Li et al. 2011).

Among the diverse bacterial species that can biosynthesize nanostructures, those
belonging to the Actinomycetales order recently gained interest in the nanoscience
field, as they previously showed their proficiency to produce bioactive compounds,
such as antibiotics and biocides (Duraipandiyana et al. 2010). Thus, several Strep-
tomyces, Thermoactinomyces, and Nocardia strains have been investigated for the
production of intra- or extracellular gold (Au), silver (Ag), zinc oxide (ZnO), copper
oxide (CuO), or selenium (Se) NPs upon their growth and/or exposure to the
metal(loid) precursor salts (Forootanfar et al. 2014; Manimaran and Kannabiran
2017). For example, Fig. 1 shows the different cellular localizations of metalloid
nanomaterials generated by R. aetherivorans BCP1 as a result of metal(loid)
oxyanion (i.e., SeO3

2– and TeO3
2–) bioconversion into their elemental forms (i.e.,

Se0 and Te0). The intracellular biosynthesis of metal(loid) NPs by actinomycetes is
mainly ascribed to either (1) electrostatic interactions occurring between metal
cations and R-COO– groups of enzymes associated with the bacterial cell membrane
(Manimaran and Kannabiran 2017) or (2) a Painter-type reaction between RSH
groups of cellular enzymes and metalloid oxyanions (Tan et al. 2016). As a result,
these reactions can reduce the metal(loid) ions, leading to the formation of elemental
metal(loid) nuclei, which in turn aggregate forming nanomaterials of defined shape
(Ahmad et al. 2003; Sunitha et al. 2013). On the other hand, it is proposed that
soluble secreted enzymes are responsible for the reduction of metal cations into their
elemental forms in the case of the extracellular generation of metal-based
nanomaterials (Manivasagan et al. 2016).
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5.2 Rhodococcus Strains as Cell Factories
for Nanotechnological Purposes

Considering the great potential of the Rhodococcus genus for biotechnological
purposes, recently a few research groups started to evaluate the ability of these
microorganisms to produce metal(loid) nanomaterials through the bioconversion of
metal(loid) salts. Although this research field is only in its infancy, various
Rhodococcus strains revealed their capability of generating both intra- and extracel-
lular Au-, Ag-, ZnO-, Se-, and Te-based nanostructures (Ahmad et al. 2003; Otari
et al. 2012; Kundu et al. 2014; Presentato et al. 2016, 2018b, c), whose key features
are summarized in Table 2, while an example of different biogenic nanomaterial
shapes is shown in Fig. 2. A common property of these biogenic metal(loid)
nanomaterials is their natural thermodynamic stability, which is in contrast with
the behavior of those chemically synthesized (Piacenza et al. 2018). Indeed, mate-
rials at the nanoscale are generally unstable from a thermodynamic point of view, as
they possess a high surface energy (Goldstein et al. 1992). To overcome their
instability, nanostructures tend to either combine forming bigger aggregates
(Ostwald ripening process) or agglomerate each other without altering individual
particles (Cao 2004b). Since the unique properties of nanosized materials are strictly
dependent on their small size, it is imperative to avoid their aggregation, making it
necessary to use expensive and hazardous substances to stabilize chemically pro-
duced nanostructures prior their use (Cao 2004a; Piacenza et al. 2018). By contrast,
the natural thermodynamic stability of metal(loid) nanomaterials generated by
Rhodococcus species is a fundamental feature for the application of these
nanostructures in different fields. Moreover, these biogenic nanomaterials resulted
in being stabilized by biomolecules (e.g., proteins, enzymes, or surfactant-like
molecules) produced by the bacterial strains themselves (Kundu et al. 2014,

Fig. 1 Electron micrographs of R. aetherivorans BCP1 cells featured by the presence of (a)
selenium nanorods (SeNRs) and (b) tellurium nanorods (TeNRs). Data not published,
Dr. Alessandro Presentato, University of Calgary (2017)
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Presentato et al. 2016, 2018b, c), therefore constituting a greener choice as com-
pared to the compounds used for the stabilization of chemical nanostructures.

To date, metal(loid) nanomaterials generated by Rhodococcus spp. have been
mainly investigated for their potential use in biomedicine. Indeed, AgNPs produced
by R. sp. NCIM 2891 were found to be efficient as both antimicrobials toward

Table 2 Production of metal(loid) nanomaterials by Rhodococcus spp. and their characterization

Strain Core Localization Shape Size (nm)

Reducing
agents/
stabilizers References

Rhodococcus sp. Au Intracellular Spherical 5–15 Cellular
proteins

Ahmad
et al.
(2003)

R. NCIM 2891 Ag Intracellular Spherical ca. 100 NADH-
dependent
nitrate
reductases

Otari et al.
(2012)

R. pyridinivorans
NT2

ZnO Extracellular Spherical
porous

100–120 Extracellular
proteins, het-
erocyclic
compounds

Kundu
et al.
(2014)

R. aetherivorans
BCP1

Te Intracellular Rod-
shape

200–450 MSHs,
biosurfactants

Presentato
et al.
(2016)

R. aetherivorans
BCP1

Se Intracellular Spherical 50–90 MSHs,
biosurfactants

Presentato
et al.
(2018a)

Rod-
shape

400–600

R. aetherivorans
BCP1

Te Intracellular Spherical 100–900 MSHs,
surfactant-
like
molecules

Presentato
et al.
(2018b)

Fig. 2 Electron micrographs of (a) selenium nanoparticles (SeNPs) and (b) tellurium nanorods
(TeNRs) recovered from R. aetherivorans BCP1 selenite- and tellurite-grown cells, respectively.
Data not published, PhD Student Elena Piacenza, University of Calgary (2017)
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Escherichia coli and Bacillus subtilis pathogenic indicator strains and anticancer
agents limiting the proliferation of A549 lung cancer cell line (Subbaiya et al. 2014).
Similarly, ZnO NPs biosynthesized using R. pyridinivorans NT2 have been used as
coating for cotton textile surfaces intended for the production of footwear (Kundu
et al. 2014). As a result of this conjugation process, the cotton fibers acquired long-
term UV-protective, photocatalytic, and antimicrobial properties, whose efficacy
was evaluated against Staphylococcus epidermidis ATCC 12228, an opportunistic
pathogen of the sole of the foot (Kundu et al. 2014). Moreover, ZnO NPs showed
their proficiency as an in vitro drug delivery system of an anticancer compound (i.e.,
anthraquinone) toward HT-29 colon carcinoma cell line, without exerting cytotoxic
effects on normal peripheral blood mononuclear cells (PBMCs) (Kundu et al. 2014).
Finally, the potential of using metal(loid) nanomaterials generated by Rhodococcus
strains in other fields rather than biomedicine has been recently explored (Presentato
et al. 2018c). Particularly, since Te is a well-known narrow band gap p-type
semiconductor (Araki and Tanaka 1972) exhibiting high photoconductivity, piezo,
and thermoelectricity (Araki and Tanaka 1972; Tangney and Fahy 2002; Suchand
Sandeep et al. 2010), TeNRs obtained from resting (not growing) cells of
R. aetherivorans BCP1 were studied for the ability to conduct electrical current.
As a result, these TeNRs revealed electrical conductivity approaching the values
established for chemically produced TeNRs, highlighting the potential of these
biogenic nanomaterials in the development of electrical components or devices
(Presentato et al. 2018c).

6 Summary

Rhodococcus is a bacterial genus with strong resilience in handling metal(loid)s’
toxicity, applying different strategies to tolerate and/or resist metal(loid) compounds
(i.e., biosorption, bioaccumulation, efflux, extracellularly chelation) regardless their
form (i.e., anions, cations, oxyanions). This is in part related with the rhodococci’s
innate and adaptive mechanisms, enabling them to survive and thrive, even under
typically unfavorable conditions. The intense study and efforts devoted to
comprehending how bacteria interface metal(loid)s led to understanding thatMother
Nature can be respectfully exploited for different purposes, such as the bioremedi-
ation of metal(loid)-polluted environmental matrices and the generation of eco-
friendly strategies to expand the nanotechnology field without negatively affecting
the environment. Thus, this kind of research implies that the knowledge of both the
microbiology and the physical-chemical characteristics of metal(loid)s must be used
in a conscious way, as the system represented by the real life is complicated through
a variety of different factors constantly interacting each other. Only by awareness of
this complex picture it is possible to predict the biological effects occurring in natural
systems.
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