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The marine environment is most vital and flexible with continual variations in
salinity, temperature, and pressure. As a result, bacteria living in such an
environment maintain the adaption mechanisms that are inherent in unstable
environmental conditions. The harboring of metal-resistant genes in marine
bacteria contributes to their effectiveness in metal remediation relative to their
terrestrial counterparts. A total of four mercury-resistant bacteria (MRB) i.e.
NIOT-EQR_J7 (Alcanivorax xenomutans); NIOT-EQR_J248 and NIOT-
EQR_J251 (Halomonas sp.); and NIOT-EQR_J258 (Marinobacter
hydrocarbonoclasticus) were isolated from the equatorial region of the
Indian Ocean (ERIO) and identified by analyzing the 16S rDNA sequence. The
MRBs can reduce up to 70% of Hg(ll). The mercuric reductase (merA) gene was
amplified and the mercury (Hg) volatilization was confirmed by the X-ray film
method. The outcomes obtained from ICP-MS validated that the Halomonas
sp. NIOT-EQR_J251 was more proficient in removing the Hg from culture
media than other isolates. Fourier transform infrared (FT-IR) spectroscopy
results revealed alteration in several functional groups attributing to the Hg
tolerance and reduction. The Gas Chromatography-Mass Spectrometry (GC-
MS) analysis confirmed that strain Halomonas sp. (NIOT-EQR_J248 and NIOT-
EQR_J251) released Isooctyl thioglycolate (IOTG) compound under mercury
stress. The molecular docking results suggested that IOTG can efficiently bind
with the glutathione S-transferase (GST) enzyme. A pathway has been
hypothesized based on the GC-MS metabolic profile and molecular docking
results, suggesting that the compound IOTG may mediate mercuric reduction
via merA-GST related detoxification pathway.
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Introduction

Mercury (Hg) pollution poses a global threat to human and
environmental health due to its noxiousness, mobility, and lengthy
residence duration in the atmosphere (Raphael et al., 2011). Toxic
metals rapidly accumulate in the food chain, impacting higher
trophic levels, hence these are of principal concern nowadays
(Raphael et al.,, 2011). According to recent research, oceanic release
and biomass burning (organic compounds) account for the majority
of worldwide Hg emissions, with anthropogenic activities accounting
for the remaining significant percentage (Pirrone et al., 2010; Nelson
etal,, 2012; Serrano etal.,, 2013). Hg exists in elemental, inorganic, and
organic forms in both land and water systems, depending on
oxidation-reduction conditions. In the atmosphere, Hg with
valence +2 is more extensively spread (Wang et al., 2004). In the
biogeochemical cycle, a considerable part of Hg accumulates in seas
and oceans by its atmospheric deposition (Bindler, 2003; Wang et al.,
2004). The effects of human-induced sources on the Hg contents and
its forms are extensively larger in the photic layers of oceans (Strode
et al,, 2007).

Numerous physico-chemical and biological methodologies
have been implemented by industries and regulatory agencies to
remediate Hg from polluted sites (Mahbub et al., 2017). Many
studies suggested the use of marine bacteria for the
bioremediation of harmful metals as they have an immense
ability to conquer the continuous fluctuating pattern of pH,
temperature, salinity, and other variable factors (Chikere et al.,
20125 Naik et al., 2012; Dash et al., 2013). The population of
Mercury-resistant bacteria (MRB) belongs to gram-positive as
well as gram-negative groups that can easily grow in the toxic
environment containing Hg and can convert the toxic form to a
relatively nontoxic form (Dash and Das, 2012). The most
commonly reported mechanism to develop resistance towards
Hg in bacteria is mer operon mediated. It consists of various
functional genes like merT, merP, merD, merA, merB, merG,
merC along with the promoter and operator (Giri et al., 2014).
Many MRB were previously isolated from Indian coastal areas
which can thrive at 25 mg/L or greater levels of Hg (Dash and
Das, 2014; De et al,, 2014). These bacteria eliminate Hg through
reductive volatilization, which means Hg*" gets reduced to
elemental Hg (Hg’) through the catalytic activity of mercuric
reductase enzyme encoded by merA gene and successfully
detoxifies Hg polluted waters (De and Ramaiah, 2007; De
et al., 2008).

In our recent study (Joshi et al., 2021), we isolated and
characterized several MRBs from the deeper depth of the Central
Indian Ocean and evaluated their ability to remove Hg from the
culture media. However, no bacterial strain was observed from
the surface seawater samples that were resistant to Hg up to 100
mg/L. Though various bacterial strains have been isolated from
the coastal and oceanic region, so far. MRB from the equatorial
region of the Indian Ocean (ERIO) is not studied. It is
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hypothesized that the marine bacteria from ERIO could be a
potential resource for the reduction of Hg*" as ERIO is highly
dynamic in nature due to high current and intense climatological
precipitation (Annamalai, 2010).

The present study was carried out to isolate the culturable
MRBs (resistant up to 100 mg/L of Hg) from the surface seawater
of the ERIO. To understand the effect of Hg ions on microbes and
their mechanism to transform Hg** to Hg’, various techniques
such as PCR, ICP-MS, FT-IR, SEM, GC-MS, molecular docking
etc. were used. The Hg tolerance, genotyping of merA gene, Hg
reduction potential, Hg(IT) depletion, alteration in functional
groups, metabolites formed during Hg*" reduction were
determined for the isolates. This study explores the bacteria
from the ERIO for Hg bioremediation potential which may be
used in environmental pollution management.

Materials and methods

Study area, sample collection, and
their analysis

The two sites of ERIO were selected for seawater samples
collection. The GPS locations of selected sites were 00° 00 559”
N & 80° 37" 919” E and 00° 28" 649” N & 87° 50’ 546" E. The
samples were collected from the euphotic zone (5m depth) in
sterile 100 mL glass bottles with the help of a Niskin water
sampler fitted with a CTD rosette sampling device (Seabird
Electronics), onboard ORV Sagar Nidhi (Cruise No. SN134) in
October, 2018. Seawater samples were analyzed for temperature
and salinity using a CTD profiler (Model 911 plus) and were
processed immediately for microbial analysis. The CTD profiler
was calibrated before use. The details of water sampling sites are
given in supplementary information (SI) Table SI and Figure 1.

Isolation and screening of total
culturable bacteria (TCB) and CMRB

To isolate and enumerate total culturable bacteria (TCB) and
culturable mercury-resistant bacteria (CMRB) under aerobic
conditions, the previously described serial dilution method was
adopted (Joshi et al., 2021). In brief, the stock solution (1 g/L) of
mercuric chloride (HgCl,, Merck) was prepared and the stability
of the Hg stock solution was ensured by reducing the pH level
below 2.0 using Suprapur elemental grade nitric acid (HNO;,
Merck, India). The detailed procedure is elaborated in the SI.
TCB and CMRB were counted using the standard formula
(CFU/mL). The percentage (%) of CMRB was calculated using
the equation (1) as under:

% of CMRB = (CMRB counts/ TCB counts) x 100 (1)
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Study area map showing selected sites of ERIO for sample collection. The map was prepared using the Arc GIS software (Version 10.7.1)

Hg?* tolerance by bacterial isolates

Hg tolerance of CMRBs was calculated by the broth dilution
method (Konopka and Zakharova, 1999; Santos-Gandelman et al,,
2014) with some modifications. CMRB cultures grown in Zobell
Marine Broth medium (ZMB, Himedia, Mumbai) without Hg
supplementation were used as a positive control, whereas ZMB
treated with Hg (without bacteria) was used as a negative control
in this study. To ensure the uniform bioavailability of Hg to the
bacteria, uniform culture conditions were maintained across different
experimental treatments. Based on the growth behavior of cultures in
the presence of a higher concentration of HgCl,, the selected isolates
were classified into two different categories i.e. MRB and moderate
MRB (MMRB). The detailed procedure is elaborated in the SI. To
understand the effects of different Hg concentrations on bacterial
growth, two qualitative analyses were carried out, i.e. monitoring the
optical density (OD) at 600 nm and dry biomass.

16S rDNA based identification

The selected isolates were further analyzed by subjecting
them to 16S rDNA sequencing. In brief, DNA was isolated and
the polymerase chain reaction (PCR) amplification was executed
with the universal 16S rDNA primers of 27F (5’-
AGAGTTTGATCMTGGCTCAG-3") and 1495R (5’-
GGHTACCTTGTTACGACTT-3’) as described by Dash and
Das (2014). The amplified PCR products were sequenced and
submitted to NCBI, as described by Kumar et al. (2018). The
detailed procedure is elaborated in the SI.

Frontiers in Marine Science

03

Genotyping of merA gene

A conserved region of merA gene encoding bacterial mercuric
reductase enzyme was detected using the above isolated genomic
DNA (Joshi et al,, 2021). The PCR reactions were carried out using
the primer set FlmerA (5-TCGTGATGTTCGACCGCT-3) and
F2merA (5-TACTCCCGCCGTTTCCAAT-3’) containing 1 U/ul
Taq polymerase (Sigma-Aldrich), 1 x Enzyme buffer, 200 uM of
each ANTP (Sigma-Aldrich), 1.25 mM MgCl,, and 0.5 uM of each
primer and 50 ng template DNA in a thermal cycler (Applied
Biosystems). PCR reaction was carried out under the following
amplification conditions: pre-denaturation step at 94°C for 2 min
followed by 30 cycles of 94°C for 1 min, 52°C for 1 min and an
extension step at 72°C for 1 min and final extension at 72°C for 7
min as described by Dash and Das, (2014). For the isolates that
showed negative PCR reactions with FlmerA and F2merA primer
set, a re-attempt has been made for amplifying the merA gene by
gradient PCR method (annealing at 54 + 5°C) and by using another
set of primer A1F (5'-ACCATCGGCGGCACCTGCGT-3) and
A5R (5-ACCATCGTCAGGTAGGGGACCAA3-') as described
by De et al. (2008). Amplification of the merA gene was
confirmed by visualizing it under the Gel Doc system (BioRad).

Confirmation of Hg®>" to Hg® reduction

by the isolates
A simplified X-ray film method was adopted to look into the Hg

reduction by bacterial volatilization in the presence of 50 and 100 mg/
L of Hg as HgCl, (Nakamura and Nakahara, 1988; Joshi et al.,, 2021).
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Briefly, the bacterial cells were collected by centrifugation at 5,000
rpm for 10 min. and washed with 0.07 M phosphate buffer (0.5 mM
EDTA, 0.2 mM magnesium acetate, 5 mM sodium thioglycolate; pH
7.0) and transferred to the microplate. The cells were suspended into
50 uL of 0.07 M phosphate buffer containing 50 and 100 mg/L of Hg
as HgCl, in a microplate. The phosphate buffers (pH 7.0) with 50 and
100 mg/L of HgCl, (without bacterial cells) were used as a negative
control. The plate was covered with X-ray film and incubated in the
dark for 2 h at 35°C.

Determination of Hg(ll) depletion
potential by isolates

The cultures were grown in a ZMB medium supplemented with
50 mg/L of HgCl, at 30°C and 150 rpm for 48 h. To collect the Hg
associated with the bacterial cells, the cultures were centrifuged at
12,000 rpm for 10 min. To analyse the Hg concentration, the samples
were processed as described by (Joshi et al. 2021). The detailed
procedure for Hg estimation is elaborated in the SI.
The concentration of Hg was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent -7500) as described in
the U.S. EPA (1994). The % of Hg elimination was calculated using
equation (2).

Initial Hg concentration — Final Hg concentration o

100
Initial Hg Concentration

)

Percentage removal =

To check the accuracy and precision of analysis, the nominal
Hg concentration was compared with the replicates of analytical
blank, working solution of HgCl,, and control samples (without
bacteria) which were analyzed by ICP-MS. The details of Hg
recovery are shown in SI Table S2.

Alterations of functional groups

The modification in functional groups present in the culture
pellets was identified by measuring the spectra in the range of
400 to 4000 cm’' using Fourier transform infrared (FT-IR)
spectroscopy (IR Affinity-I spectrometer, Shimadzu, Japan), as
described by Joshi et al. (2021). In brief, 48 h grown cultures in
ZMB medium without Hg supplementation were used as a
control, whereas cultures with 50 mg/L of Hg supplementation
were used as Hg treated. The mixtures (lyophilized cells and 2%
KBr) were fixed in the FT-IR spectrometer after compressing
them into translucent sample discs, followed by analyzing in
ATR-FT-IR mode by following the manufacturer’s protocol.

Scanning Electron Microscopy (SEM)
analysis of MRB

To inspect the consequence of Hg*" concentration on the
morphology, the bacterial cells were freshly grown in the
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presence (50 and 100 mg/L - test samples) and absence
(control) of Hg** as HgCly; and cell pellets were harvested by
centrifugation (5000 rpm at 4°C for 5 min) after 48 h. SEM
analysis has been carried out, as reported by Joshi et al. (2021). In
brief, the bacterial cells were fixed with 2.5% glutaraldehyde
followed by the post-fixing in 1% osmium tetroxide and
dehydration of the cells with graded ethanol series (25%, 50%,
80%, 90%, and absolute). The processed samples were scanned
using SEM (JEOL-JSM-IT500).

Extraction of metabolites and Gas
Chromatography-Mass Spectrometry
(GC-MS) analysis

GC-MS analysis was performed to characterize the
bacterial response and the metabolomic changes leading to
Hg tolerance. The solvent extraction method was used to
extract the bacterial metabolites. In brief, the freshly
inoculated and exponentially grown MRB and MMRB
bacterial cells in ZMB medium (non-exposed and exposed to
50 mg/L of Hg) were freeze-dried using BENCHTOP
lyophilizer (VIRTIS Instrument, Gardiner, NY). For
extraction of compounds, 50 mg of lyophilized bacterial cells
were suspended in ethyl acetate and chloroform (1:1; v/v) and
homogenized. After homogenization, the solution (crude
extract) containing the metabolites was transferred to the
clean glass vial by pipetting. These steps were repeated two-
three times to obtain a pure and ample amount of sample. The
separated organic fractions (crude extract) were treated with
anhydrous NaSO, (Sigma-Aldrich) to remove moisture, which
was again concentrated on the rotary evaporator (BUCHI
Rotavapor R-215/V advanced, Switzerland) at RT and stored
at -80°C until further analysis. The concentrated crude extract
was re-suspended in 1 mL of Dichloromethane (DCM) and 5
puL of the sample was injected into the GC-MS analyzer
(Agilent Technologies Instrument 7890A GC System, 240 Ion
Trap GC/MS, USA). The GC-MS analysis was carried out
under external ionization mode using a fused silica column
HP 5 MS column (30 m x 0.320 mm X 0.25 um). High purity
helium was used as a carrier gas at a constant flow rate of 1 mL/
min. For analysis, the chromatographic conditions i.e. initial
injector and detector temperature, were set at 250°C and 330°C,
respectively. The temperature of the column was programmed
from 50°C (hold for 2 min) to 320°C (2 min hold), with a
constant 5°C increment per minute and 1 min hold at 330°C.
A metabolic library of all the separated compounds found
via GC-MS analysis of bacterial extract was created and
identified using NIST mass spectral library match. The
PubChem CID, structures, names, and molecular weight of
those bioactive compounds were obtained from the
PubChem database.
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In-silico analysis

The compounds obtained in GC-MS analysis were evaluated
for bioactivity using the Swiss-ADME server, as described by
Daina et al. (2017). The compounds, which target the proteins/
enzymes/molecules possessing the detoxification property were
selected for molecular docking studies. The 3D structure of
normalized GST and IOTG compound (in PDB file format) was
used for further docking studies. Molecular docking was
performed using AutoDock Vina (ADV) software as described
by Trott and Olson (2010) and BIOVA Discovery Studio
Visualizer Tool 21.1.0.0 was used to perceive the interactions
between receptor and ligand. The detailed procedure is
elaborated in the SI.

Using molecular docking results, reference pathways derived
from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
website (http://www.kegg.jp/or http://www.genome.jp/kegg/)
and based on the prior reports, a metabolomic pathway was
hypothesized for detoxification of Hg in marine isolates.

Statistical analysis

Three experimental replicates were determined for each
analysis and the statistical significance of the results was
analyzed by one way ANOVA test. All Statistical analyses were
carried out using SPSS (version 17) and GraphPad Prism 7
software. Differences were considered significant at p< 0.05 and
values are reported as mean * standard deviation (SD).

Results and discussion

Some microbes hold a vital role in the process of bio-remediation
and bioprospecting in which halophilic or halotolerant microbes are
the key players (Ventosa et al.,, 1998; Fukushima et al., 2005). Culture
that can grow in heavy metals, organic solvents and produced
antibiotics may be used for bioremediation process (De Souza
et al, 2006). In the present study, four bacteria of three different
species, Alcanivorax xenomutans, Halomonas sp., and Marinobacter
hydrocarbonoclasticus were isolated from the ERIO and shown to be
resistant to Hg. The physico-chemical characteristics of seawater
samples at both sites of the ERIO are presented in SI Table S1.

TCB and MRB counts

The total bacterial colonies that appeared on the ZMA
medium were counted and documented. The statistical analysis
found no significant difference (p > 0.05) between the TCB of both
sites. The TCB count at Site 1 and Site 2 was 176.66 + 47.71 and
131 + 37.04 (x 10> CFU/mL), respectively (Table S1). De and
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Ramaiah (2006) reported that the mean total viable count (TVC)
on the surface in coastal and oceanic water of the Bay of Bengal
(BOB) was 632.38 + 551.31 and 61.90 + 80.32 CFU/mL,
respectively. The diversity of culturable bacterial counts at the
photic zone of the New Britain Trench was 10* to 10* bacterial
cells/mL (Liu et al., 2018). The total retrievable bacterial count in
the water samples collected from the two different sites of the
central region of the Indian Ocean (CRIO) was 286 + 39.58 and
177 + 30.51 (x 10> CFU/mL) (Joshi et al, 2021). Our results
suggested that the TCB counts observed from different sites of the
ERIO in this study are similar to those reported from the CRIO
and New Britain Trench, whereas much higher than BOB. In the
water column, the distribution of bacteria depends on the
availability of utilizable organic carbon (Calleja et al., 2019).
Consequently, a relatively large bacterial population is found in
the euphotic layer.

The total mercury (THg) concentrations in marine waters in
the different parts of the world are in the range of 0.5 - 27,060
ng/L (Gworek et al., 2016). As a consequence of the excessive use
of Hg for industrial and agriculture activities and the ultimate
disposal of this heavy metal effluent into marine zones, the Hg
concentration in the marine environment, including the Indian
Ocean is continuously increasing (Sarin, 1991). The Hg vapor
released by resistant biota in an open system like the ocean
might be the possible reason for re-polluting the environment
which had become a part of the local Hg cycle (Lacerda and
Pfeiffer, 1992). Among the total aerobic heterotrophic bacteria,
the existence of 1-10% of MRB is quite normal in a particular
environment (Muller et al., 2001). The MRB population ratio
increases with the increasing level of Hg contamination.
However, higher MRB had also existed in a comparatively Hg-
free environment (Ramaiah and De, 2003). In the current study,
the % of CMRB counts was found 16.20% (26.66 + 10.21 x 10?
CFU/mL) at Site 1 whereas 6.84% (9 + 4 x 10> CFU/mL) at Site 2
(Table SI). There was a significant difference (p< 0.05) among
the TCB and CMRB counts on both the sites, as a limited
number of bacterial populations can survive in 10 mg/L of Hg as
HgCl,. The % frequency of MRB found in this work is lower
than that of the other natural environment. In coastal and
oceanic water of the BOB, around 97% of MRB were resistant
to 10 mg/L of Hg. The authors concluded that MRB contributed
to over 20% of the TVC in surface (1-10 m) samples. In the case
of oceanic water, the % of MRB at two different sites of the BOB
was 92% and 53% of total CFU (Ramaiah and De, 2003; De and
Ramaiah, 2006). In our previous study, we reported the occurrence
of 17.95% and 27.58% retrievable MRB at two different sites of
CRIO (Joshi et al., 2021). Though so far, there are no reports about
Hg pollution at the ERIO, the detection of bacterial population
resistance to Hg in this study and other related studies suggest that
marine bacteria resistant to Hg are widely distributed in the
biosphere. Since there are many natural and anthropogenic
sources of Hg in the biosphere that makes Hg a global pollutant.
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Effect of Hg?* on isolates

Based on phenotype characteristics, a total of 162 bacterial
colonies grown on the ZMA media supplemented with 10 mg/L
of Hg as HgCl, were selected for further analysis. In the presence
of 25 mg/L of Hg**, only 63 isolates out of 162 showed
resistance. Further, these 63 isolates were characterized based
on their growth pattern in the presence of more than 25 mg/L i.e.
50, 75, and 100 mg/L of Hg*" concentration. Among the 63
isolates, 21 isolates grew in the presence of 50 mg/L, followed by
9 and 4 isolates at 75 and 100 mg/L of HgCl,, respectively. The
growth pattern of 4 isolates in the presence of HgCl, is shown in
Figure S1.

In terms of mean OD, all the 4 isolates ie. NIOT-EQR_J7,
NIOT-EQR_J248, NIOT-EQR_J251, and NIOT-EQR_J258
showed equivalent growth (ODggonm) i€. 1.77, 1.657, 1.752, and
1.342 in the presence of 50 mg/L of Hg*" compared to the positive
control 1.827, 1.717, 1.82 and 1.396, respectively. Out of 4 isolates, 3
isolates (NIOT-EQR_J7, NIOT-EQR J248, and NIOT-EQR _J251)
showed more than 60% of growth in the presence of 100 mg/L Hg*"
ie. 1.273,1.169, and 1.125 as compared to the positive control and
were considered as MRB whereas NIOT-EQR _J258 growth was
found to be less than 50% in the presence of 100 mg/L of Hg** (OD
positive control-1.396 and OD with 100 mg/L of Hg"" - 0.628)
considered as MMRB. The statistical analysis revealed a non-
significant difference (p > 0.05) among the four isolates in the
presence of 25 and 50 mg/L of Hg**, whereas a significant difference
(p< 0.05) in the presence of 75 and 100 mg/L of Hg as HgCl, when
compared to positive control. Hence, we maintained the same Hg
concentration (i.e. 50 mg/L) for all analyses. All the isolates showed
less than 50% of mean dry biomass in the presence of 100 mg/L
Hg*" compared to the positive control which was outstandingly
higher (p< 0.05). The isolate NIOT-EQR_J258 and NIOT-
EQR_J251 showed dry biomass of 0.33 g/L and 0.36 g/L,
respectively in the presence of 100 mg/L Hg>*. The isolates
showed good growth in the presence of 25 and 50 mg/L HgCly;
however, low growth in higher concentrations of Hg*" (100 mg/L)
was observed. The qualitative analysis showed that the positive
controls attained an exponential growth phase quickly as compared
to the Hg-treated cultures.

Many strains of genera such as Halomonas, Haloferax,
Halobacterium, Halococcus, Alcanivorax and Marinobacter
could tolerate high concentrations of HgCl, i.e. from 15 to 400
mg/L (Sorkhoh et al., 2010; Al-Mailem et al., 2011; Dziewit et al.,
2013; Abdel-Razik et al., 2020). Several scientific reports
are available, suggesting Hg resistant bacterium like Bacillus
sp. (100, 62.5, 12.8, 20, and 50 mg/L), P. putida (56 mg/L),
Citrobacter (0.2 mg/L), Corynebacterium (6.4 mg/L), Proteus
(0.2 mg/L), Pseudomonas (0.2 mg/L), Staphylococcus (12.8 mg/L)
and E.Coli (55 mg/L) from different environmental conditions
(Zeyaullah et al., 2010; Keramati et al., 2011; Zhang et al., 2012;
De et al., 2014; Giri et al., 2014; Santos-Gandelman et al., 2014).
Though a small amount of Hg is toxic to the bacterial cells, in
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this study, Hg tolerance is observed in reported isolates beyond
the toxic level. The Hg resistance Gram-positive and Gram-
negative isolates may probably be used to detoxify Hg species
(Zeyaullah et al,, 2010; Dash et al., 2013). This suggests that the
isolates from the present study might be potential candidates for
effective Hg bioremediation from contaminated sites.

Amplification of 16S rDNA

In the current study, the 16S rDNA was successfully amplified
(Figure S2). The NIOT-EQR_J7 and NIOT-EQR_J258 were
identified as Alcanivorax xenomutans and Marinobacter
hydrocarbonoclasticus, whereas NIOT-EQR_J248 and NIOT-
EQR_J251 belong to the Halomonas sp. The obtained 16S rDNA
sequences were submitted to NCBI under accession numbers
MT825200, MT825208, MT825209, and MT825210. The point of
divergence and evolutionary closeness is showed by the formation
of numerous external nodes and the presence of some clusters
(Figure 2). A similar mechanism of Hg tolerance and its
remediation may be possessed by evolutionarily related bacteria.
Two organisms ie. NIOT-EQR_J248 and NIOT-EQR _J251, are
included in the domain Bacteria, Phylum Proteobacteria, Class
Gammaproteobacteria, order Oceanospirillales, and family of
Halomonadaceae. One isolates i.e. NIOT-EQR_J7 belongs to the
family of Alcanivoracaceae, whereas NIOT-EQR_J258 is a member
of the Alteromonadales order and Alteromonadaceae family.

Genus Halomonas is reported from most of the saline
environments regardless of their geographical location,
including the marine environment, salterns, saline lakes, and
soil (Llamas et al., 2006). The MRB isolated from the coastal
areas of Kuwait were identified as Alcanivorax borkumensis,
Marinobacter hydrocarbonoclasticus, and Halomonas taeheungii
(Sorkhoh et al., 2010). The 16S rDNA analysis and phenotypic
characteristics revealed that the heavy metal-resistant halophilic
bacteria WQL9 belong to the genus Halomonas sp (Abdel-Razik
etal, 2020). The Marinobacter genus is comprised of widespread
marine bacteria found exceptionally in marine or terrestrial
environments rich in sodium salts, in the deep sea, coastal
seawater, sediment, oceanic basalt, etc. (Handley and Lloyd,
2013). Alcanivorax xenomutans are also rich in the saline
environment as they are halophilic and favorable to living in
the marine environment. A comparative analysis of the partial
sequence of the 16S rDNA of the four strains revealed a high
level of similarity to the corresponding sequence of
environmental isolates.

Detection of mercury reductase gene
In the present study, the presence of a distinct 431-bp size

band (using FlmerA and F2merA primer set) in two MRB
isolates (NIOT-EQR_J248 and NIOT-EQR_J251) confirms that
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these two isolates harbor the merA gene, which codes for
mercuric ion reductase for the detoxification of inorganic Hg
(Figure 3). The other isolates NIOT-EQR_J7 and NIOT-
EQR_J258 did not showed any amplification, although both
the primer sets were used and a gradient method was attempted.
However, phenotypically they all were resistant to inorganic Hg
and reduced Hg>" to Hg®. This may suggest the presence of other
non-mer mediated Hg resistance mechanisms in NIOT-EQR_J7
and NIOT-EQR_J258 or the presence of a diverse merA gene,
which could not be detected by the employed PCR primer sets.

Many studies suggest that mer operon is located on any one
of either location such as mobile elements like plasmids,
transposons, genomic or chromosomal DNA (Liebert et al.,
1999; Schelert et al., 2004; Zeng et al., 2010). The mer operon
contains many functional genes along with the operator,
promoter, and regulatory elements. All functional genes
encrypt for the diverse proteins that contribute to the
detection, transportation, and reduction of Hg ions (Barkay
et al, 2003; Dash and Das, 2012; Naguib et al., 2018). An
extremely noteworthy positive correlation was found among
the harboring of mer gene with the phenotypic resistance to Hg
and concentration of the Hg in the source environment (Osborn
et al, 1997). In this study, we did not find any Hg from the
ecosystem (detectable limit - 0.73 ug/L), but the amplification of
mer genes and available literature suggested that these are
extensively dispersed in a non-highly contaminated or
contamination-free environment such as an open ocean,
Antarctic sea-ice, high Arctic snow, sea ice brine etc. and plays a

10.3389/fmars.2022.986493

key role in the biogeochemical cycle of Hg (Christakis et al., 2021).
Thus, the Hg adaptation by these isolates is reasonably accepted.

Confirmation of Hg?* reduction by
the isolates

To confirm the mer gene function in the isolates, a bacterial
Hg volatilization study was executed upon the higher
concentration of Hg, i.e. 50 and 100 mg/L. It was confirmed
after the incubation period of the microtiter plate for 2 h in the
dark by developing foggy areas on the X-ray film in the wells
region of the microplate where the isolates were present. The
results revealed that NIOT-EQR_J7 and NIOT-EQR_J248
showed high fog development on X-ray film in the presence of
50 and 100 mg/L of Hg as compared to other isolates. However,
NIOT-EQR_J258 showed a negligible amount of fog in the
presence of 50 mg/L and failed to develop the foggy area in
the presence of 100 mg/L of Hg. In the case of NIOT-EQR_J251,
the development of foggy areas was higher in the presence of 50
mg/L of Hg as compared to 100 mg/L and equivalent to that of
NIOT-EQR_J7 (Figure 4A). The un-inoculated phosphate
buffers failed to develop any foggy areas confirming the
sensitivity pattern for Hg. The bioremediation of Hg is allied
with the mer operon, wherein the environmental and genetic
factors influence its bioremediation efficiency. These outcomes
are in agreement with the results obtained by De et al. (2008) and
Joshi et al. (2021). The presence of foggy areas after 2 h on the
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FIGURE 3
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~ 431 bp

Gel electrophoresis of merA gene amplicons of MRB and MMRB strains using F1 merA and F2 merA primer set. Lane 1. Gene Ruler 1 kb Plus
DNA Ladder, Lane 2 and 5: Negative PCR reaction, and Lane 3 and 4: amplified products.

silver (Ag) contained X-ray film assured Ag reduction by the Hg
vapor released by isolates. However, in the negative control, no
such signal was detected.

Based on the results obtained by the x-ray film method, ICP-
MS analysis has been carried out to confirm the Hg removal
potential of the isolates in the presence of 50 mg/L of Hg’*. The
ICP-MS outcomes showed significant changes in the level of Hg
depletion. Among all, the marine culture NIOT-EQR_J251
possessed the highest potential (70.62%) to volatilize Hg. NIOT-
EQR_J258 showed the least removal of Hg (17.48%), whereas
NIOT-EQR _J7 and NIOT-EQR J248 were capable to volatilize
29.18% and 52.17% of Hg”" under similar conditions, respectively.
(Figure 4B). NIOT-EQR_J251 could volatilize 32.54 mg of the
initial inoculum of 46.07 mg of HgCl,, whereas NIOT-EQR_J258
removes 8.03 mg of the initial supplement of 45.74 mg of Hg*". In
presence of 50 mg/L of Hg2+, NIOT-EQR_J7 and NIOT-EQR_J248
dominantly developed the fog on the x-ray film, whereas, in the
ICP-MS analysis, NIOT-EQR_J251 showed the highest Hg removal
as compared to the other isolates. This suggests that volatilization
was not solely responsible for removing the Hg** from the culture
media and the contribution of different processes like
bioaccumulation and bio-adsorption may be involved.

The statistical analysis of Hg removal potential among the
different species i.e., Alcanivorax xenomutans, Halomonas sp.,
Marinobacter hydrocarbonoclasticus and within the Halomonas
spp. revealed that the Hg removal by NIOT-EQR_J251 was
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significantly higher (p< 0.01) than NIOT-EQR_J7 and NIOT-
EQR J258. There was a significant difference (p< 0.05) in the
removal of Hg between NIOT-EQR _J248 vs. NIOT-EQR _J258 and
NIOT-EQR _J248 vs. NIOT-EQR_J251. Al-Mailem et al. (2011)
reported Haloferax sp. (HA1 and HA2), Halobacterium sp. HA3,
and Halococcus sp. HA4 effectively volatilized (from 40 to 65%)
the available 100 mg/L of Hg after 8 days. Many other isolates such
as Bacillus sp., Pseudomonas stutzeri, Pseudomonas putida,
Vibrio fluvialis could volatilize 60%-95%, 94%, 100%, 60% of
Hg™", respectively, from culture (Zhang et al, 2012; Dash et al.,
2013; Giri et al., 2014; Saranya et al., 2017; Zheng et al., 2018).

Hg volatilization by bacteria involves the reduction of Hg*" via
the mer system to Hg’, which is less toxic. It is appealing from the
essential and practical viewpoints that halophilic bacteria can also
grow in the presence of a higher amount of Hg and volatilized Hg
efficiently similar to the non-halophilic bacteria. The ICP-MS
analysis did not detect significant Hg loss in the control sample
(without bacteria), which confirms the volatility of Hg being biotic
(Table S2). Thus, our results suggested that halophilic bacteria can
also remove the Hg from the growth media, indicating that it may
be potentially applied in contaminated environments. The Hg
comes into the ocean either through atmospheric deposition or
other several natural and active or passive processes. The results of
this study imply that the two marine strains of Halomonas sp.,
isolated from ERIO may have the ability to remove Hg”" from the
growth medium.
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(A) Bacterial volatilization of HgCl, was confirmed by the X-ray film method. (A) Represents the Hg volatilization in the presence of 50 mg/L
whereas (B) corresponds to the 100 mg/L of Hg as HgCl,. (B) Hg depletion potential of the marine cultures in the presence of 50 mg/L of Hg as
HgCl,. Bars with an asterisk (* and **) indicate noteworthy differences among the cultures in the level of p< 0.05 and p< 0.01, respectively
Results are represented as mean + SD (n=3).
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Identification of functional groups
changed during Hg(ll) reduction

The cultures isolated in this study have shown significant fog
development in the presence of 50 mg/L of Hg. Hence, we
maintained the same Hg concentration for further studies. The
binding of Hg ions to the bacteria depends mainly on the
functional groups present on the active sites of bacterial cells
and the physicochemical conditions of the solution. In the
current study, ATR-FT-IR spectroscopic analysis of the MRB
strains was carried out to understand the functional groups
involved in the binding process. The IR spectra showed several
peaks originating in the 3234.15, 2800.07-3017.95, 2246.72-
2383.09, 1618.15-1736.53, 1358.84-1602.80, 1206.39-1273.25,
918.48-1209.93, and 721.47-864.95 cm™' regions, that belong to
OH (alcohol), alkane C-H, S-H stretch, Amide C=0, N-O, C-N,
P=0 stretch and alkyl halide groups, respectively. As clearly seen
from Figures 5A-D and Table S4, in the presence of Hg*", there
was a reduction in the intensity of the IR peaks bands in the S-H
Stretch (NIOT-EQR_J7, NIOT-EQR_J248, and NIOT-
EQR_J251), Amide C=0 stretch (NIOT-EQR_J7), Amine (C-
N) (NIOT-EQR_J7, NIOT-EQR_J251), N-O group (NIOT-
EQR_J248), and the phosphate group (NIOT-EQR_J7, NIOT-
EQR_J251) regions as compared to the control grown
without Hg.

When the isolate NIOT-EQR_J7 was grown in the presence
of Hg*" supplementation, a slight reduction in the peak intensity
attributed to the thiol group (S-H stretch) at 2383.09 cm™ was
observed as compared to the control along with the wavelength
that shifted to 2442.42 cm™. In contrast, the peak intensity
corresponding to the thiol group of NIOT-EQR_J248 at 2304.55
cm™ increased compared to without Hg*" supplementation and
the shift in wavelength to 2246.72 cm™ was observed. In the case
of NIOT-EQR_J251, the peaks corresponding to the S-H group
appeared at 2341.34 cm ™" in the presence of Hg** whereas, in the
absence of Hg”", the peak was negligible. The peak was absent in
both the presence and absence of Hg”" in the case of isolate
NIOT-EQR_J258 (Figures 5A-D). In accord with our findings,
previous studies had also reported similar results (Dash and Das,
2014; De et al., 2014; Joshi et al., 2021) and suggested significant
changes in the FT-IR spectrum such as a shift in wavenumber in
the region of O-H groups, -S-H group, amide C=0, Nitrile C-N
stretch, phosphate groups, etc. The changes in peak height and
area have also been observed when isolates were grown in the
presence of Hg** ions compared to the controlled ones. The
transmittance of the infrared (IR) in the presence of Hg2+ was
lower than in the absence of Hg”". The changes suggested that
the presence of metal leads to a lesser degree of bond stretching,
consequently reducing the IR transmittance. The contribution of
functional groups in metal binding was legitimized undeniably
by the formation of varying spectral bands with and without Hg
(Oves et al., 2013).
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In context to these four isolates, the shift in wavenumbers,
changes in peak height, and the appearance/disappearance of
new peaks in the presence of Hg*'; suggest alterations in
functional groups (especially -SH group), which might play an
important role in the Hg detoxification.

SEM analysis of Hg treated and
untreated isolates

All the isolates were grown in three different concentrations
of Hg (0, 50, and 100 mg/L) and were scanned under SEM. The
SEM analysis showed that the isolates are small or large rod-
shaped (Figure 6). In the presence of the medium concentration
of Hg”" i.e. 50 mg/L, the selected strains were capable to survive
and no significant morphological changes were observed.
However, the foremost changes like shrinkage or enlargement
in bacterial cells, pores formations in the cell wall, and
destructions of some of the bacterial cells were noticed in the
presence of 100 mg/L of HgCl,.

It can be observed that high Hg concentration causes
structural deformities which may be due to its toxic nature. In
our previous study, we reported that cultures accustomed to
grow in the presence of HgCl, manifested major morphological
abnormalities (Joshi et al, 2021). We also suggested several
structural asymmetries allied with the cell wall and cytoplasmic
membrane, significantly affecting the cellular mechanism.
Resultantly, there is a substantial delay at the beginning of
growth and cell division in a higher concentration of Hg*".

Metabolites formed during Hg (Il)
reduction

The GC-MS study was included to get insight into the
metabolic changes in the MRB isolates under Hg stress. It
revealed that the metabolic profiles of MRB isolates are diverse
with different biological properties. GC-MS metabolic profiles
revealed that the number of compounds increased in the
presence of Hg compared to the control isolates, where some
compounds were found to be different in Hg-treated samples. A
total of 50 metabolites were identified in the absence of Hg,
whereas with 50 mg/L of Hg, 64 compounds were identified. The
minimum metabolites (6) were identified in NIOT-EQR_J258
without Hg, whereas the maximum metabolites (22) was
identified in NIOT-EQR_J251 with Hg>". The NIOT-EQR_J7
metabolic profile was almost the same in both control and Hg-
treated samples. A total of 14 metabolites were present in the
control sample, whereas 15 metabolites were identified with Hg.
In the case of NIOT-EQR_J248, NIOT-EQR_J251, and NIOT-
EQR _J258, a total of 10, 20, and 6 compounds were identified in
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FIGURE 5

ATR-FT-IR spectra of four isolates in absence and presence of 50
mg/L Hg as HgCl, (A) NIOT-EQR_J7 (B) NIOT-EQR_J248 (C)
NIOT-EQR_J251 and (D) NIOT-EQR_J258
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the control sample, whereas 16, 22, and 11 metabolites were
present with Hg, correspondingly.

The GC-MS chromatograms suggested that in the presence of
Hg’", a total of 30 different compounds were detected (3, 8, 13,
and 6 nos. in NIOT-EQR_J7, NIOT-EQR_J248, NIOT-
EQR_J251, and NIOT-EQR_J258, respectively) compared to
control (Table 1 and Figure S3). However, 19 different
compounds were observed in the absence of Hg2+ (2, 6,9, and
2 nos. in NIOT-EQR_J7, NIOT-EQR_J248, NIOT-EQR_J251,
and NIOT-EQR _J258, respectively). The new metabolites might
be formed due to the bioremediation of Hg by marine strains. An
organic compound, Isooctyl thioglycolate (IOTG, molecular
formula C;,H,00,S and the molecular weight 204.33 g/mol),
was obtained from NIOT-EQR_J248 and NIOT-EQR_J251. The
compound is also known as Mercaptoacetic acid or thioglycolic
acid (http://pubchem.ncbi.nlm.nih.gov/compound/isooctyl-
thioglycolate and http://pubchem.ncbi.nlm.nih.gov/compound/
Thioglycolic-acid). It contains both thiol and carboxylic acid
functional groups. In the marine environment, sulfur-containing
amino acids contribute to the range of thiols, the environmental
transformation of 3-mercaptopropionic acid as a metabolite of
methionine, and the transformation of mercaptopyruvate to
mercaptoethanol and mercaptoacetate (Dash and Das, 2014).
The higher amount of sulfur-containing amino acids in marine
microorganisms bind with Hg ions efficiently and diminishes its
noxious effect, resultantly enhancing the bioremediation
capability of that organism (Joyner et al.,, 2003; Dash and Das,
2014). Thus, IOTG may be considered a chemical lead for Hg*"
volatilization by bacteria as sulthydryl compounds are required to
pass off the Hg®" in a vapor form (Nakamura and Nakahara,
1988). FT-IR analysis also revealed that the Hg reacts with the
thiol (-SH) or amine (-NH(,,3)) group of proteins before
undergoing bioremediation (Deng and Wang, 2012). One of the
reasons for the greater expression of the merA gene under similar
experimental conditions is the higher existence of sulfur-
containing amino acids in marine bacteria, as compared to
terrestrial bacteria (Dash and Das, 2014). Based on GC-MS
analysis, we report for the first time that in the presence of
Hg*', a compound IOTG is released by MRB strains of
Halomonas sp. that may play a key role in Hg bioremediation
process. These findings open interesting perspectives on the
possibility of using bacterial isolates and/or their derivatives to
develop an eco-friendly technique for clean-up of Hg
contaminated environment. Secondary metabolites play a vital
role in Hg resistance as well as in bioremediation. The link
between secondary metabolites and bioremediation needs
further exploration.

In silico study

Based on Swiss-ADME server, among the 30 compounds
which can target the number of proteins, one compound i.e.
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FIGURE 6

SEM analysis showing Hg effect on bacterial cells: (A, B) NIOT-EQR_J7, (C, D) NIOT-EQR_J248, (E, F) NIOT-EQR_J251 and (G, H) NIOT-
EQR_J258. Images were taken in the presence of different concentrations of Hg": (A, C, E, G - Control; B, D, F, H - 100 mg/L). The red arrow
shows the structural deformities.
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IOTG satisfied all the criteria and showed detoxification
properties. The detailed physicochemical properties of
ligand (IOTG) are mentioned in SI (Table S5). The
SwissTargetPrediction server revealed that various proteins
and enzymes may be targeted as receptors including the GST
enzyme by the compound IOTG (Figure S4). Its probability to
target the GST enzyme was quite higher compared to other GC
metabolites. Hence, the compound IOTG was selected for
further docking studies to broaden the understanding and
obtain insight into the biomolecular interaction with the GST
(Figure S5). In docking studies, the highest binding affinity of
-15.89 kJ/Mol was observed at the 3" position. The highest
binding affinity of a ligand to a macromolecule refers to the
lowest binding energy (Rahman et al, 2021). The molecular
interaction results obtained in this study between ligand and
protein are found interesting with respect to the GST-GSH
interaction. Das et al. (2011) reported that GSH binds with
GST dimers and monomers at D2 and M1 (G-site) nominal sites
with an energy consumption rate of -39.3 and -32.12 kJ/Mol,
respectively. The amino acids such as Glu, Ser, Asn, Thr, Asp,
Ile, and Tyr are important for dimer stabilization and
identification of GSH binding sites using GST dimer or
monomer (Das et al., 2011). In this study, IOTG revealed four
hydrogen bonds, four hydrophobic bonds, and five van der
Waals interactions along with a best binding affinity with the
lowest energy of protein-ligand complexes (Figure S5). The
detailed results are mentioned in the SI file. The formation of
hydrogen bonds between macromolecule and ligand indicates
one of the important interactions and is the result of bioactivity.
Therefore, the present docking study suggests that the
compound IOTG showed energy-efficient interaction with
GST, which may play a significant role in Hg*" detoxification.
The role and importance of specific interacting residues with
ligands in the GST active sites could further be analyzed using
site-directed mutagenesis.

In prior studies, many pathways have been reported for Hg**
detoxification in microbes using various tools and technologies
(Chang et al., 2020; Cursino et al., 2000; Chang et al., 2021). In
the present study, a metabolic pathway is hypothesized based on
the GC-MS metabolites and protein-ligand interaction (Figure
S6) and an attempt has been made to correlate the proposed
pathway with the different components of the already existing
pathways. In this preliminary study, we found that general
resistance/detoxification mechanisms of NIOT-EQR_J248 and
NIOT-EQR_J251 in response to inorganic mercury (Hg*")
exposure were a multisystem combined process.

GST is the major detoxifying enzyme catalyzing the
conjugation of reduced GSH to different cytotoxic substrates,
which is induced when exposed to heavy metals (Goswami et al.,
2014; Huang et al, 2019; Chang et al., 2020). The GSH
conjugation reaction is the first step of the mercapturic acid
pathway, which is one of the most important detoxification
processes. Hg*" has a high affinity for the thiol group, which
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could reduce and sequester Hg2+ (Zagorchev et al., 2013;
Norambuena et al., 2018). Low molecular weight (LMW) thiol
compounds act as cellular antioxidants and could contribute
toward defending the cells from reactive oxygen species (ROS)
produced due to heavy metals, free radicals, lipid peroxides, and
peroxides (Forman et al., 2009). The results obtained in this
study are in the agreement with previous findings, which
suggested that thiol compounds are playing a crucial role in
heavy metal resistance (Zagorchev et al, 2013; Norambuena
et al,, 2018; Chang et al,, 2021). In this study, thiol compound
namely IOTG was obtained when isolates were grown in
presence of Hg2+. Based on the related reactions and literature,
the GST enzyme may also catalyse the conjugation of the
reduced form of IOTG to xenobiotic substrates for
detoxification in Halomonas sp. NIOT-EQR_J248 and
NIOT-EQR_J251.

Our preliminary study suggests that the detoxification of Hg*"
is the immediate result of the GST and merA function as shown in
Figure S6. The existence of the glutathione reductase gene in some
bacterial mer operons also supports the role of LMW thiols in
HgZJr detoxification (Norambuena et al.,, 2018). The E. coli,
together with the integrated merA - GST gene, was able to
survive in the high Hg stress environment and transform Hg>"
to Hg® (Cursino et al., 2000). It is correlated that IOTG may act as
Hg(Il)-buffering agents and subsequently, Hg** is reduced by
merA. In the case of merA, mercuric ion was uptaken by the active
process ie. mer mediated transport (merP and merT) and
converted to Hg® form by mercuric reductase. On the other
hand, the Hg®" that was uptaken through the passive process
could subsequently be inactivated by GST or conjugated to merA.
Thus, an alternative method is proposed via which Hg resistance
level may be augmented in bacteria: the sequestering of Hg given a
protein-ligand interaction may lead to an improved way for the
volatilization process.

Conclusions

The overall results of this study revealed that bacterial
isolates Alcanivorax xenomutans, Halomonas sp., and
Marinobacter hydrocarbonoclasticus isolated from the ERIO
possessed significant tolerance ability to Hg. In presence of 50
mg/L Hg’", the potent strains Halomonas sp. (NIOT-EQR_J248
and NIOT-EQR_J251) efficiently (upto 70%) convert the ng+
to Hg® (elementary form) under laboratory conditions. These
strains could be used in in-situ conditions to significantly avert
the adverse environmental conditions arising from the inorganic
Hg contamination. Due to metabolic changes taking place under
Hg stress conditions, the two Halomonas strains ie. NIOT-
EQR_J248 and NIOT-EQR_J251, released a compound, namely
IOTG. Further, the role of IOTG is reported in the bacterial-
based Hg detoxification mechanism. In this study, amplification
of merA gene and GC-MS-based metabolic profile suggests that
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TABLE 1 Biochemical compounds identified in ethyl acetate and chloroform (1:1; v/v) extract of isolates in the absence and presence of 50 mg/L
Hg as HgCl, by GC-MS.

Isolate

NIOT-EQR_J7

NIOT-
EQR_J248

NIOT-
EQR_J251

Without Hg

Compound

Isophthalic acid, propyl tridec -2-ynyl ester
Oleyl alcohol, trifluoroacetate
17-Pentatriacontene

Oleyl alcohol, trifluoroacetate
Tetracontane, 3,5,24-trimethyl-
Cyclononasiloxane, octadecamethyl-
Phthalic acid, heptyl hex-2-yn-4-yl ester
4-[4-(1,1,3,3-Tetramethylbutyl)phenoxy]- 2,3,5,6-te
Oleyl alcohol, trifluoroacetate
Tetracontane, 3,5,24-trimethyl-

Oleyl alcohol, trifluoroacetate
Octatriacontyl pentafluoropropionate

2-Octadecyl-propane-1,3-diol

Phthalic acid, octyl 2-pentyl ester

Isophthalic acid, propyl tridec-2-ynyl ester

Oleyl alcohol, trifluoroacetate

Oleyl alcohol, trifluoroacetate

1,2-Benzenedicarboxylic acid, butyl octyl ester
4-[4-(1,1,3,3-Tetramethylbutyl)phenoxy] -2,3,5,6-te
1,2-Benzenedicarboxylic acid, butyl cyclohexyl ester
cis-13-Octadecenoic acid

1-Heptacosanol

Valine, N-methyl-N-allyloxycarbonyl-, heptadecyl ester

1-(Hexahydropyrrolizin-3-ylidene)-3,3-dimethyl-butan-2-
one

Cycloheptasiloxane, tetradecamethyl-

Isophthalic acid, propyl tridec-2-ynyl ester

Oleyl alcohol, trifluoroacetate

Oleyl alcohol, trifluoroacetate

Phthalic acid, butyl hexyl ester

Benzo[b]dihydropyran, 6-hydroxy-4,4,5,7,8-pentamethyl-
Phthalic acid, heptyl undecyl ester

1-Heptacosanol

Ambucetamide

Oleic acid, eicosyl ester

Oleyl alcohol, trifluoroacetate
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RT
(min)

25.055
27.421
27.580
32.814
32.966
33.777
34.788
35.440
37.709
37.843
42.233
42.337
46.396

49.417

10.986
11.634
13.092
13.688
13.898
14.325
14.436
15.676
15.814
17.713

10.803
10.978
11.601
13.086
13.682
14.048
14.310
14.431
14.929

15.548
15.671
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With Hg

Compound

Isophthalic acid, propyl tridec-2-ynyl ester
Oleyl alcohol, trifluoroacetate
17-Pentatriacontene

Cyclooctasiloxane, hexadecamethyl-

Oleyl alcohol, trifluoroacetate

Oxalic acid, cyclobutyl pentadecyl ester
Phthalic acid, heptyl hex-2-yn-4-yl ester
4-[4-(1,1,3,3-Tetramethylbutyl)phenoxy]-2,3,5,6-te
Oleyl alcohol, trifluoroacetate
Octatriacontyl pentafluoropropionate
Oleyl alcohol, trifluoroacetate
Octatriacontyl pentafluoropropionate

1,3-Dioxolane, 4-ethyl-5-octyl-2,2-bis(trifluoromethyl)-,
trans-

Hexadecane, 1-(ethenyloxy)-

Phthalic acid, bis(2-pentyl) ester
Isophthalic acid, propyl tridec-2-ynyl ester
Isooctyl Thioglycolate

17-Pentatriacontene

Cyclooctasiloxane, hexadecamethyl-

Oleyl alcohol, trifluoroacetate
Tritetracontane

Phthalic acid, hexyl tridec-2-yn-1-yl ester
4-[4-(1,1,3,3-Tetramethylbutyl)phenoxy]-2,3,5,6-te
Oleyl alcohol, trifluoroacetate

Octatriacontyl pentafluoropropionate

Oleyl alcohol, trifluoroacetate
Octatriacontyl pentafluoropropionate
trans-13-Octadecenoic acid

1,3-Dioxolane, 4-ethyl-5-octyl-2,2-bis(trifluoromethyl)-,
trans-

Hexadecane, 1-(ethenyloxy)-

Phthalic acid, octyl 2-pentyl ester

Cycloheptasiloxane, tetradecamethyl-

Isophthalic acid, propyl tridec-2-ynyl ester

Isooctyl Thioglycolate

Oleyl alcohol, trifluoroacetate

Phthalic acid, butyl hexyl ester
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione
n-Hexadecanoic acid

Oleyl alcohol, trifluoroacetate

L-Proline, N-(2,5-ditrifluoromethylbenzoyl)-, heptadecyl
ester

Pentacyclo[19.3.1.1(3,7).1(9,13).1(15,19)]octacosa

9-Desoxy-9x-chloroingol 3,7,8,12-tetraacetate

RT
(min)

25.058
27.452
27.599
29.567
32.824
32.972
34.792
35.443
37.712
37.848
42.229
42.341
46.394

46.493
49.427
25.056
27.438
27.591
29.565
32.804
32.963
34.764
35.426
37.705
37.842

42.234
42.341
44.470
46.398

46.497
49.394
10.802
10.981
11.607
13.087
13.689
14.049
14.310
14.434
15.562

15.670
16.191

(Continued)
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TABLE 1 Continued

Isolate Without Hg
Compound
Docosanoic anhydride
3-(Pyrrol[1,1,3,3-tetramethyl-3-(undecyloxy)disilo
1,3-Dioxolane, 4-ethyl-5-octyl-2,2-bis(trifluoromethyl)-,
trans-
9,12,15-Octadecatrienoic acid, 2-phenyl-1,3-dioxan-5-yl
ester
Phthalic acid, octyl 2-pentyl ester
17-Octadecen-1-ol acetate
2-Butenoic acid, 2-methyl-, 1,1a,1b,4,4a, 5,7a,7b,8
17-Octadecen-1-ol acetate
psi...psi.-Carotene, 7,7,8,8°,11,11°,12,12’,15,15’-decahydro-
NIOT- Phthalic acid, octyl 2-pentyl ester
EQR_J258 Hexacosanol, acetate

Prost-13-en-1-oic acid, 9-(methoxyimino)
9-Hexadecenoic acid, 9-octadecenyl ester

2-Butenoic acid, 2-methyl-, 1,1a,1b,4,4a, 5,7a,7b,8

9-Octadecene, 1-[2-(octadecyloxy)ethoxy]

Hg detoxification is the result of a simultaneous process of GST
and Mer mechanism. Based on the results obtained in this study
IOTG may play a crucial role in strains NIOT-EQR_J248 and
NIOT-EQR_J251 to reduce the Hg2+ concentration and
establish a comparatively steady cellular environment for
survival under Hg stress. Further studies are required at the
molecular level using gene inactivation or knockouts to reveal
the contribution made by different pathways in bacterial Hg
reduction. This study will be useful to design effective
environmentally friendly technology for bioremediation of Hg.
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number(s) can be found in the article/Supplementary Material.

Frontiers in Marine Science

10.3389/fmars.2022.986493

With Hg
RT Compound RT

(min) (min)

16.298 Butyl 9-tetradecenoate 16.296

16.674 Benzo[1,2-c:4,5-C’|dipyrrole-1,3,5,7(2H,6H)-tetrone, 16.673

16.809 Oleyl alcohol, trifluoroacetate 16.813

17.341 Allopregnane-7.alpha.,11.alpha.-diol-3,20-dione 17.346

17.701 Dipyridamole 17.589

17.904 Phthalic acid, octyl 2-pentyl ester 17.701

18.374 17-Octadecen-1-ol acetate 17.903

19.265 Norcodeine di-TMS derivative 18.374

19.610 9-Octadecene, 1-[2-(octadecyloxy)ethoxy] 19.264
.psi.,.psi.-Carotene, 7,7,8,8,11,11°,12,12’,15,15’-decahydro- 19.612
Octadecanoic acid, 2-(hexadecyloxy)ethyl ester 21.186

17.713 Isophthalic acid, propyl tridec-2-ynyl ester 10.979

17.915 Cyclopentane, 1-pentyl-2-propyl- 11.603

18.385 Oleyl alcohol, trifluoroacetate 13.088

19.274 Oleyl alcohol, trifluoroacetate 14.436

19.618 1,3-Dioxolane, 4-ethyl-5-octyl-2,2-bis(trifluoromethyl)-, 15.672
trans-

21.184 Phthalic acid, octyl 2-pentyl ester 17.704
Hexacosanol, acetate 17.909
Prost-13-en-1-oic acid, 9-(methoxyimino) 18.555
17-Octadecen-1-ol acetate 19.277
9-Hexadecenoic acid, 9-octadecenyl ester 20.157
Octadecanoic acid, 2-(hexadecyloxy)ethyl ester 21.207
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