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Abstract: Extreme environments host numerous microorganisms perfectly adapted to survive in
such harsh conditions. In recent years, many bacteria isolated from these inhospitable environments
have shown interesting biotechnological applications, including the bioremediation of polluted
sites by hydrocarbons and heavy metals. In this work, we present Dietzia psychralcaliphila JI1D, a
psychrophilic bacterium, isolated from Deception Island, Antarctica, which is able to resist high
concentrations (up to 1000 ppm) of heavy metals and to favor their removal from polluted water
systems. In detail, D. psychralcaliphila JI1D can actively promote the sequestration of arsenic, copper,
and zinc from the medium up to a maximum of 31.6%, 49.4%, and 38.9%, respectively. Moreover,
genome analysis allowed for the identification of heavy metal tolerance genes, thus shedding light on
the mechanisms underlying the detoxification ability of the bacterium. Other than the demonstrated
ability of D. psychralcaliphila JI1D to degrade polycyclic aromatic hydrocarbons, this study indicates
the possibility of using this bacterium in the bioremediation of contaminated matrices, for example,
those containing inorganic pollutants.

Keywords: extreme environments; Antarctica; Dietzia psychralcaliphila; bioremediation; heavy metal

1. Introduction

Global industrialization coupled with human activities have led to growing heavy
metal contamination of soils and water. The primary source of heavy metal contamination
is linked to the improper release of industrial effluents and run-off water from water
treatment facilities [1]. Heavy metals comprise of large group of inorganic elements, which
are physiologically and biologically significant in trace levels [2]. Their presence beyond the
permissible levels pose a serious threat to human beings and the ecosystem. Notably, zinc is
one of the major metals discharged from industrial activity, particularly during the process
of electroplating, galvanization, smelting, and in the manufacture of batteries [3]. In its
metallic form, zinc does not represent a threat to biological systems, but in the presence of
or in contact with other chemicals, such as acid and/or organic solvents, it is highly reactive
and causes damage to biological systems [4]. Copper is an essential micronutrient for living
organisms as it is responsible for antioxidant reactions, and it plays a preponderant role in
the electron transport chain of cellular systems. However, elevated copper concentrations,
mainly resulting from industrial outlets like paint factories, landfills, and combustion of
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fossil fuels, have the potential to cause severe damage to the kidneys, liver, and cause
cancer in human beings [5].

Another notable element is arsenic, a metalloid that is widespread in many environ-
mental habitats due primarily to coal combustion, pesticide formulations, and metal refin-
ing activities [6,7]. The effects of arsenic on human health include neurological disorders,
nephrotoxic conditions, and interference in the repair mechanisms of genetic elements [8].
In general, heavy metal toxicity leads to fatal enzymatic reactions, deactivation of the ion
regulation mechanisms, and degeneration of the genetic material in the living organisms [9].

Unlike other organic contaminants, heavy metals are persistent pollutants that cannot
be degraded or converted into smaller nontoxic products. This leads to the biomagnification
phenomenon of these heavy metals in the human food chain, which can lead to ingestion
by living organisms beyond prescribed levels [10]. Conventional physical and chemical
methods to remove heavy metals include treatments with organic and inorganic acids and
chelating agents, soil vapor extraction, and excavation, all of which have several drawbacks,
such as the high cost and the generation of toxic sludge, which, in turn, requires further
removal activities [11].

In this scenario, remediation using microorganisms could be an alternative method.
The cleanup of contaminated sites using microorganisms is economical and eco-friendly.
Moreover, their ability to produce promising secondary metabolites represents a further
feature of biotechnological relevance [12].

Generally, bioremediation is applied with two approaches, namely, bioaugmentation
and biostimulation. The first involves the application of autochthonous or allochthonous
(wild-type or genetically modified) microbes to the polluted sites in order to speed up the
remediation process [13]. In the second, rate-limiting nutrients are added to improve the
degradation efficiency of inhabitant microbes [14].

In this context, extreme marine environments are a source of novel microbes that can
be used for the bioaugmentation process of remediating polluted systems.

The ability of these microorganisms to tolerate high concentrations of pollutants can
be attributed to their ability to survive in extreme environments, which, over time, may
have selected genetic features capable of conferring resistance to different biotic and abiotic
stressors [15]. Nonetheless, as reported by Lo Giudice and collaborators [16], extreme
environments such as Antarctica are not exempt from anthropogenic contaminants (e.g.,
hydrocarbons, polychlorinated biphenyls, antibiotics, and heavy metals) which, combined
with the need to survive in harsh conditions, helps to shape a genetic makeup capable
of responding to most different challenges. Therefore, Antarctic marine bacteria could
represent a promising tool for bioremediation.

To date, bacteria such as Methanofollis tationis, Acidithiobacillus ferrooxidans, Leptospir-
illum ferriphilum, Shewanella sp. Asc-3, Streptomyces sp. HKF-8, Exiguobacterium sp. SH31,
Streptomyc atacamensis, Deinococcus peraridilitoris, and Pseudomonas putida ATH-43, all of
which have promising biotechnological applications, have been isolated from harsh environ-
ments, including geysers, mining sites, halophilic/alkaliphilic deserts, and Antarctica [17].
Generally, Antarctic marine bacteria with ability in the remediation of hydrocarbons and
heavy metals belong to the genera Arthrobacter, Psychrobacter, Pseudoalteromonas, Rhodococ-
cus, and Rhodanobacter [17-20].

In this work, we report the ability to degrade a selection of metals by Dietzia psychral-
caliphila JI1D, a psychrophile bacterium isolated from marine sediments from Deception
Island, Antarctica, which has previously demonstrated a phenanthrene degradation abil-
ity [21]. In detail, Deception Island, located in the South Shetland Islands, is a volcanic
island. It is one of the most active volcanoes in the Antarctic Peninsula region and is charac-
terized by collapsed morphologies in which an irregular sequence of low- and high-energy
eruptions of compositionally different magmas (basalt-andesite) shaped the present-day
caldera. As such, the high concentrations of arsenic found in the soil is very likely due to the
volcanic eruptions [22]. It is known for significant geothermal activity; moreover, anthropic
activities are a factor around Deception Island. [23]. Therefore, geogenic and anthropogenic
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source-to-sink transport processes can affect metal distribution in the sampling station
and the surrounding environments. In this study, arsenic, copper, and zinc, which are
among the most common and dangerous heavy metals to be found in wastewater [24-27],
were selected and their interaction with D. psychralcaliphila JI1D was explored. Initially, we
investigated the Maximum Tolerable Concentration (MTC) of the bacterium with those
metals. Subsequently we analyzed the effective ability of such bacterium to sequester
metals using the Inductively Coupled Plasma—Mass Spectrometry (ICP-MS) technique.
The functional annotation of the genome was carried out to identify the putative catabolic
genes involved in heavy metal tolerance. Overall, this study suggests the possibility of em-
ploying this bacterium for the bioremediation of sites co-polluted by organic and inorganic
toxic compounds.

2. Materials and Methods
2.1. Media and Chemicals

The TYP growth medium (per liter) contained Bacto-tryptone 16 g, yeast extract 16 g,
NaCl 10 g. For the solid media, 18 g of bacteriological agar was added for 1 L of liquid
medium. The heavy metal salts of arsenic, copper, and zinc (NaAsO,, CuCls, ZnCl,) were
dissolved in deionized water, and sterilized using a filter membrane with a pore size of
0.22 um.

Solutions at different concentrations (from 10 ppm to 10,000 ppm) of heavy metals
were prepared. All the nutrients were provided by Condalab (Madrid, Spain) and the
soluble salts of arsenic, copper, and zinc by Sigma-Aldrich (Darmstadt, Germany).

2.2. Dietzia Psychralcaliphila JI1D Culture Condition

The bacterium D. psychralcaliphila JI1D was previously isolated from marine sediments
obtained from Deception Island (62°58'34.6” S 60°40/31.7” W), Antarctica [21]. The bac-
terium D. psychralcaliphila JI1D was plated on agar TYP medium and incubated at 28 °C
overnight. A single colony was selected and pre-inoculated into 5 mL of liquid TYP bacteria
(1 mL) at the exponential growth stage and were subsequently added to 100 mL of liquid
media in a shake flask. The growth was monitored at regular intervals by measuring the
optical density at 600 nm (ODgq) using a Cary 3500 UV-Vis Spectrophotometer (Agilent,
Austria, Vienna).

2.3. Determination of Maximum Tolerance Concentration (MTC)

D. psychralcaliphila JI1D was screened for heavy metal tolerance with salts of arsenic,
copper, and zinc (NaAsO,, CuCls, ZnClp). Four different concentrations: 10, 100, 1000, and
10,000 ppm, of the mentioned heavy metal solutions were inoculated with 0.2 OD of culture
and incubated at 25 °C. The growth was observed for 48 h using a spectrophotometer
measuring ODggg. The heavy metals supplemented with TYP media without the bacteria
served as a control. Each experiment was conducted in triplicates. The highest metal
concentration at which the bacterium showed any growth was selected as the concentration
for further analysis.

2.4. Experimental Setup for Growth with Heavy Metals

The experimental setup for growth in the presence of heavy metals consisted of three
flasks, one for each heavy metal (arsenic, copper, and zinc). Moreover, three flasks with no
inoculum but with heavy metals (TYP plus heavy metal) and one flask with the bacterium
without heavy metal (TYP plus cells) were used as control. The experiment was carried out
in triplicates. In detail, 350 mL of TYP media containing 0.2 OD of the bacterial inoculum
was mixed with a 1000 ppm concentration of heavy metals (arsenic, copper, or zinc). For
this purpose, TPP tissue culture flasks (500 mL) fitted with a hydrophobic nonwetting PTFE
membrane with a pore size of 0.22 pm were used. The flasks were incubated at 25 °C for
25 days in the dark. The ODgg of each bacterial culture was measured to monitor bacterial
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growth using a Cary 3500 UV-Vis Spectrophotometer (Agilent, Austria, Vienna). To track
the changes in acidity or alkalinity of the inoculum, the pH was analyzed.

2.5. Heavy Metal Analysis by ICP-MS

Accurate determination of selected analytes was performed by ICP-MS to assess the
bioaccumulation in D. psychralcaliphila JI1D. For this purpose, 50 mL of samples were
withdrawn at 0, 10, 18, 25 days, aseptically. Following the method described in [28], each
inoculum was centrifuged at 10,000 rpm for 30 min at 4 °C. Both pellet and supernatant were
subjected to analysis. The quantification of heavy metals through ICP-MS was conducted
by Ambiente spa (Via Frassina, 21, 54,033 Carrara MS, IT), following the analytical method
EPA6010 [29]. The heavy metal concentration in the pellet was used to calculate metal
yields from the chemical composition at the start of incubations. The control conditions
were used to estimate the amount of metals actively accumulated by bacterial biomass
since partial metal precipitation occurred following the addition of the medium.

2.6. Genomic Analysis for Heavy Metal Resistance

Whole genome sequencing for this bacterium was performed as mentioned in [21].
The assembled genome was annotated using PROKKA annotation v1.14.6 as described
by [30] and by rapid annotation using the Subsystem Technology (RAST) server [31].
The pathway analysis, ortholog assignment, and mapping of genes were carried us-
ing KEGG automatic annotation service (KAAS) [32]. The genome of this bacterium
was analyzed for the presence of heavy metal resistance operons using Blast KOALA
(https:/ /www.kegg.jp/blastkoala/ (accessed on 2 April 2021)). The arrangement of the
genes in the genome was visualized using the SnapGene software (from Insightful Science;
available at www.snapgene.com (accessed on 2 April 2021)).

3. Results and Discussion
3.1. Measurement of MTC with D. psychralcaliphila [I1D

To select the highest limit of heavy metal tolerance, four different concentrations (from
10 ppm to 10,000 ppm) of arsenic, copper, and zinc were used to evaluate the MTC for each
metal. The bacterium showed growth up to 1000 ppm. No growth was observed for all
heavy metals on 10,000 ppm. Based on the MTC experiment, the 1000 ppm concentration
was chosen for further experiments.

3.2. Quantification of Heavy Metals by ICP-MS

To investigate the bioaccumulation capacity of selected heavy metals by the bacterium,
ICP-MS was used.

The growth pattern of D. psychralcaliphila JI1D reported in Figure 1A shows its ability
to propagate in the presence of 1000 ppm of arsenic. Figure 2A indicates that there is no
arsenic internalization after 10 and 18 days. Arsenic uptake (45.7%) was only detected on
day 25, and its bioaccumulation capacity was found to be 31.6%.

The variation in the arsenic uptake process in the initial phase seems to be well related
to the growth profile, as it shows an extended lag phase. The time it took for the bacterium
to become adapted to such a high concentration of arsenic probably led to lag state [33]. In
fact, many resources are generally spent to repair the damage caused by the toxic effect of
arsenic, as previously reported [34-36]. Interestingly, the pH (Figure 1B) varied from 7.5 to
6.8 during the first 10 days, whereas it changed from 7.2 to 8.2 from day 18 to 25, indicating
the increasing alkalinity of the growth medium.
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Figure 1. Growth profile (A) and pH variation (B) of D. psychralcaliphila JI1D, in the absence (orange)
or the presence of arsenic (light blue), copper (yellow), and zinc (blue).
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Figure 2. Uptake of arsenic (A), copper (B), and zinc (C) by D. psychralcaliphila JI1D biomass. The
white bars represent the yield (%) of metal uptake during the treatment with D. psychralcaliphila JI1D.
The grey bars indicate the yield (%) in the controls in the absence of bacterial cells (medium plus
metal), due to metal precipitation. Data are presented as mean + standard deviation (SD); n = 3.
Student’s t-test was used to compare means between groups. The * indicates a statistically significant
(p-value < 0.05) difference between metal uptake and the basal efficiency.

The copper uptake was 51.9% and 58.7% on days 10 and 18, respectively, while the
basal efficiency was 9.3% (Figure 2B). These values of copper uptake were higher when com-
pared with day 25, which stood at 32.6%. Moreover, the copper bioaccumulation capacity
for days 10 and 18 was 42.6% and 49.4%, respectively, while at day 25 only 23.3% of copper
was actively precipitated by the bacteria biomass (Figure 2A). The decrease in the efficiency
of bioaccumulation could be due to the depletion of essential nutrients throughout the
timeline of the experiments with copper, or to the presence of damaged cells, which release
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intracellular material into the culture medium. A common rate-limiting step in heavy
metal uptake mechanisms involves the bacteria compromising the copper uptake ratio for
survival under stress conditions, while the growth of the bacteria remains unaffected [37].
Posacka and collaborators hypothesized that marine heterotrophic bacteria have a highly
controlled Cu-homeostasis system, resulting from contrasting early evolutionary metal
conditions [38]. Interestingly, in the presence of copper, the growth curve showed a surge
of growth after day 10 until day 25, reaching ODgg 2.20 (Figure 1A). Moreover, there was
a variation in pH values (Figure 1B). The pH differed from 5.5 on day 0 to 7.9 on day 25,
showing an alkaline condition similar to that of the arsenic treatment.

For zinc, there was a 63.6% metal uptake rate on day zero, suggesting that the zinc
salt added in the form of ZnCl, precipitated in a higher concentration with the contents of
the media (Figure 2C). The overall precipitated metal steadily increased during the first
18 days, reaching 77.6% and 91.6% on days 10 and 18, respectively. On day 18, with higher
metal uptake, the bioaccumulation capacity reached the maximum value of 38.9%. On day
25, there was a reduction in both the metal uptake rate and bioaccumulation capacity of
66.9% and 6.2%, respectively. Interestingly, zinc was the element that exhibited the highest
basal metal removal among the three heavy metals investigated (Figure 2). It is reasonable
to assume that zinc in the form of zinc chloride salt is highly reactive and forms zinc oxy
chlorides, which, in turn, form white precipitates in the media [8]. This assumption is
supported by the high basal efficiency (60.7%). Finally, in presence of zinc, the bacterium
showed exponential growth between days 10 and 18 (Figure 1B), where we observed the
highest heavy metal uptake. Interestingly, the uptake of zinc is thus directly linked to the
D. psychralcaliphila JI1D growth curve.

Overall, the ability to tolerate the metals herein described is consistent with the heavy
metal resistance patterns of bacteria isolated from King George Island, which exhibited the
ability to tolerate arsenite (18 mM), arsenate (1000 mM), and copper (8 mM) [39].

In any case, although the mechanisms capable of leading to the removal of metals
from the medium require further investigations, our results show high bacterial efficiency
in metal removal, especially considering the high starting concentrations. Indeed, Gholami
and Etemadifar [40] isolated the Dietzia sp. MG4 strain, which showed growth over heavy
metals, such as mercury, cadmium, and nickel at concentrations between 3 and 0.3 mM.
Moreover, moderate heavy metal resistance was reported for D. psychralcaliphila BGN5
against lead and copper, and very low resistance against zinc (<1 mM) [41]. Similarly, the
heavy metal resistance of Dietzia sp. 29ETS and Dietzia sp. 30ETS was also reported against
lead and copper at a 200 ppm concentration [42]. Apart from single culture resistance
studies, D. maris in combination with Lysinibacillus sp. showed cadmium resistance with
the production of hydroxamate siderophores, making them an efficient bioinoculant for
rhizoremediation purposes [43].

The quantification of the different heavy metal uptake rates with D. psychralcaliphila
JI1D by chemical analysis showed that the accumulation of metals reached its maximum
during the exponential phase of bacterial growth, which correlates with previous re-
ports [33].

It is important to note that the pH affects the activity of enzymes in microorganisms,
which, in turn, affects the rate of microbial metabolism of some metals [44]. Moreover, the
pH influences the surface charge of the microorganism, which dictates the adsorption rate
of heavy metals in the cell membrane [45]. Previous studies [46,47] showed that the heavy
metal removal rate of microorganisms increases with an increase in the pH. According to
Babu et al. [48], heavy metal removal efficiency from a culture medium is due to the ability
of strains to increase cell density, which leads to the saturation of metal adsorption sites
on the cell surface and to different influx and efflux system strategies to maintain cellular
homeostasis [49].
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3.3. Genomic Insights of Heavy Metal Tolerance and Stress Response

Due to the promising results reported in Section 3.2, the D. psychralcaliphila JI1D
genome was investigated in an attempt to identify the specific genes putatively responsible
for arsenic, copper, and zinc transformation and the stress response.

In general, the genome annotation of D. psychralcaliphila JI1D highlighted the presence
of numerous genes involved in resistance to arsenic, copper, and zinc. These data support
and confirm what Centurion and colleagues [23] reported in a previous work. Indeed, the
authors, following the annotation of metagenomes from the sediment sampled in Deception
Island, showed that most of the genes involved in metal resistance were directed towards
arsenic, copper, and zinc, among the main metals present in the area.

The results are discussed below and summarized in the Table 1.

Table 1. D. psychralcaliphila JI1D genes putatively responsible for arsenic, copper, and zinc transfor-
mation and the stress response. Accession number refers to the UniProt database.

Gene ID Gene Name Description Accession Number
DOCFNAIL_00244 arsR arsenate/arsenite-responsive P37309
transcriptional repressor
DOCFENAII_00242 arsD arsenical resistance operon trans-acting repressor 052028
DOCFNAII_00243 arsA transmembrane arsenical efflux pump P52145
DOCENAII_00246 arsB arsenite transporter POAB93
DOCFENAII_00247 arsC arsenate reductase POAOO6
DOCFNAII_00656 gIpF glycerol uptake facilitator protein Q51389
DOCFENAII_03828 . L
DOCENALIL 00088 csoR copper sensing transcriptional repressor PO9WP49
DOCFNAII-03829 CadA-like heavy metal translocating P-type
DOCENAIIL_00090 copA ATP-ase 052220
DOCFNAII_03960
DOCENAII_02731 copB P-type Cu?* transporter 059385
DOCENAII_03826
DOCFNAII_03084 . .
DOCENAIL 01147 copC copper resistance protein C P12376
DOCFNAII_00341 copZ periplasmic copper chaperone 032221
DOCFNAII_03834 . .
DOCENAIL 03956 mmco multicopper oxidase I6WZK7
DOCFNAII_00093 sod1 superoxide dismutase belonging to Cu-Zn family P53649
DOCFNAII_03463 znt A zinc efflux system Q8NEWO
DOCFNAII_02177 znuA ABC zinc/manganese transport system 034966
(substrate-binding protein)
DOCENAIL 02178 ZnuB ABC zinc/ manganese trans;?ort system P39832
ATP-binding protein
DOCENAIL 02179 2nuC ABC zinc/manganese tran‘sport system POAIX]
permease protein
DOCFNAII_02964 zur metalloregulatory protein family P54479
DOCENAIL 01529 czcD cobalt/zinc/cadmium efflux system components P13512

DOCFNAII_03837

3.3.1. Arsenic Resistance Determinants

Bacteria thrive in an arsenic environment by resisting via several mechanisms, includ-
ing active extrusion, extracellular precipitation, compartmentalization, and sequestration
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in order to reduce the mobility and bioavailability of arsenic [50]. The most commonly
described system for arsenic detoxification in bacteria is the arsenic resistance module
system (ARS), which is represented by the presence of arsRDABC components [7]. The
ARS, which is also present in JI1D, consists of genetic components that are involved in
detoxification of arsenic metalloid [51]. The catabolic gene DOCFNAII_00244 containing
arsR acts as a DNA binding arsenate/arsenite responsive transcriptional repressor, which
regulates its own expression and confers arsenical resistance (COG0640) [52]. Seven others
transcriptional repressor genes belonging to the arsR family have been identified in this
genome. The next gene in the arsRDABC system is arsD, which was found to be encoded
in DOCFNAII_00242, an arsenical resistance operon trans-acting repressor (PF06953.10).
This is a metallochaperone, which enhances the rate of arsenite extrusion by interacting
with arsA [53]. The presence of DOCFNAII_00243 containing the arsA arsenite tail-anchored
protein represents the transporting ATP-ase, which acts as an efficient transmembrane
arsenical efflux pump (TIGR04291) [7]. The presence of COGO0798 corresponds to the
catabolic gene DOCFNAII_00246, which contains the arsB arsenite transporter. This is sup-
posed to act as a transporter of arsenite generated by the action of arsC. More importantly,
DOCFNAII_00247 encodes for arsenate-mycothiol transferase, which belongs to the low
molecular weight phosphotyrosine protein phosphatase family. This gene is believed to
play a major role in the reduction of arsenate As(V) to arsenite As(Ill), which represents
a first step in detoxifying arsenic. It is interesting to note that it possesses the conserved
domain c¢d16345, which contains the reductase enzyme that couples with reducing equiva-
lent thioredoxin (Trx)/thioredoxin reductase (TrxR) (PRK13530) [54]. The entry of As(III)
is usually mediated by the glycerol uptake facilitator protein glpF, which was found in
DOCENAII_00656 [55]. The previous studies of Procopio et al. demonstrated the presence
of arsenic resistance genes in D. cinnamea P4 [56]. In co-culture studies, Ye and collaborators
reported arsenic reduction following combined treatment with Brevundimonas spp., Massilia
spp., and Planococcus spp. isolated from arsenic aquifers in Jianghan Plain, China [57].
Moreover, arsenic resistance genes in Dietzia spp. were identified, suggesting that the
presence of the ARS module is prevalent among the genus Dietzia [58].

3.3.2. Copper Resistant Determinants

Copper is an essential trace element that is required for several biochemical processes,
such as oxidative respiration and electron transport chain reactions; it also serves as a struc-
tural component or catalytic co-factor for a wide range of enzymes in bacteria. However,
high levels of copper are toxic for the physiological functioning of the bacterial system.
Bacteria overcome these challenges via various mechanisms, such as active efflux systems,
cellular sequestration, and reduction reactions by multicopper oxidase enzymes [59]. When
the genome of D. psychralcaliphila JI1D was investigated, 15 genes related to copper re-
sistance were found. The presence of two copies of the copper sensing transcriptional
repressor csoR DOCFNAII_03828 and DOCFENAII_00088, which functionally belong to
COG1937, is supposed to be involved in resisting cytoplasmic copper toxicity [20,28,52,60].
The presence of (a) two copies of cadA-like heavy metal translocating P-type ATP-ase copA
in DOCFNAII-03829 and DOCFNAII_00090 and (b) three copies of the copB P-type Cu?*
transporter in DOCFNAII_03960, DOCFNAII_02731, and DOCFNAII_03826, both belong-
ing to the Pig subclass, infers their significance in maintaining copper homeostasis across
biological membranes [61]. Apart from copA and copB, two copies of copC catabolic genes
in DOCFNAII_03084 and DOCFNAII_01147 suggest copper resistance in the periplasmic
membrane [62]. The presence of DOCFNAII_00341, which contains periplasmic copper
chaperone copZ and is supposed to aid in the transfer of Cu(I) to cytoplasm belonging to the
PCu(A)C family, was observed in a similar orientation in the downstream region [51]. The
presence of two copies of multicopper oxidase mmco catabolic genes in DOCFNAII_03834
and DOCFNAII_03956 with COG2132 implies its role in oxidizing Cu(I) to Cu(Il) in copper
resistance [63]. It is interesting to note the conserved domains of the first, second, and
third cupredoxin domain of multicopper oxidases with trinuclear copper binding sites [54].



J. Mar. Sci. Eng. 2022, 10, 1669

9o0f12

Similar copper resistance genes were reported for the draft genome of the D. cinnamea strain
P4 [56]. The co-occurrence of antibiotic resistance genes (ARGs) and copper resistance
genes was reported in a community of bacterium constituting Dietzia spp. [64]. Apart from
copper resistance genes, antioxidative-natured SOD1 superoxide dismutase belonging to
the Cu-Zn family was found at DOCFNAII_00093, suggesting the elimination of superoxide
anions, thus providing a defense against oxygen toxicity [65].

3.3.3. Zinc Resistant Determinants

Zinc is a micronutrient that is essential for various metabolic reactions in the form
of a coenzyme, cofactor, or in a stabilizing protein structure in bacteria. Excessive con-
centrations of zinc in a bacterial cell leads to interference in the electron transport chain
and the generation of reactive oxygen species [66]. Thus, the intracellular zinc concen-
tration must be strictly balanced, which is controlled by transporter genes that act based
on specific metalloregulators. The catabolic gene DOCFNAII_03463 encodes for zinc-
transporting ATPase Znt A, which acts as the zinc efflux system. This catabolic gene
contains the conserved domains ¢cd02079 and ¢d07546, which play an important role in
generating and maintaining electrochemical gradient across cellular membranes [54]. The
presence of a Zn?* uptake system—the ABC zinc/manganese transport system (substrate-
binding protein) (DOCFNAII_02177), ABC zinc/manganese transport system ATP-binding
protein (DOCFNAII_02178), and ABC zinc/manganese transport system permease pro-
tein (DOCFNAII_02179)—indicates the utilization of zinc ions inside and outside the cell
membrane [67]. The Zn?* uptake system is known as the znuABC cluster, which is up-
regulated by the catabolic gene DOCFNAII_02964 zur, belonging to the metalloregulatory
protein family. The presence of COG2072 from to cation diffusion facilitator family of
cobalt/zinc/cadmium efflux system components (czcD-like), which are present in DOCF-
NAII_01529 and DOCFNAII_03837, suggests a heavy metal resistance mechanism across
cellular membrane [68]. The genetic arrangements of the catabolic genes involved in heavy
metal resistance are shown in Figure 3. The above-listed catabolic genes of metal resistance
are important as they are presumably involved in converting toxic metal ions into their
less toxic forms by reducing the oxidation state and increasing the solubility of ions within
the cell.

A

242,0007 244,0007 246,001

e A )
arsC_1
[ a0 [ orsci2 g

Nsil (17,917) B

14,000 16,0001 18,000

(S cope2 See— L e =

DOCFNAII_03827 copZ

<a

DOCFNAII_03825

C

176,000! 177,000 178,000

oy e
> T TR
aacA-aphD

Figure 3. The genetic arrangement of genes with respect to arsenic (A), copper (B), and zinc (C) resis-
tance and transporting systems in D. psychralcaliphila JI1D.

4. Conclusions

In this study, the bioaccumulation capacity of D. psychralcaliphila JI1D for the removal
of three different metals was investigated. This strain displayed a metabolic versatility with
high heavy metal resistance, showing a tolerance up to 1000 ppm. The bioaccumulation
was found to be in order of copper > arsenic > zinc, thus lowering the bioavailability in
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the medium. The genome analysis also provided indications of the presence of specific
resistance genes that are potentially involved in the removal process. In accordance with
previous studies that confirmed its application in xenobiotic degradation, i.e., hydrocarbon
processing, this study demonstrates that this bacterium is also capable of remediating
polluted environments from inorganic components such as potentially toxic elements.
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