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ABSTRACT The cyanide-degrading bacterium Pseudomonas pseudoalcaligenes CECT 5344
uses cyanide and different metal-cyanide complexes as the sole nitrogen source. Under
cyanotrophic conditions, this strain was able to grow with up to 100 ©M mercury, which
was accumulated intracellularly. A quantitative proteomic analysis by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) has been applied to unravel the molecular ba-
sis of the detoxification of both cyanide and mercury by the strain CECT 5344, highlighting
the relevance of the cyanide-insensitive alternative oxidase CioAB and the nitrilase NitC in
the tolerance and assimilation of cyanide, independently of the presence or absence of
mercury. Proteins overrepresented in the presence of cyanide and mercury included
mercury transporters, mercuric reductase MerA, transcriptional regulator MerD, arsenate re-
ductase and arsenical resistance proteins, thioredoxin reductase, glutathione S-transferase,
proteins related to aliphatic sulfonates metabolism and sulfate transport, hemin import
transporter, and phosphate starvation induced protein PhoH, among others. A transcrip-
tional study revealed that from the six putative merR genes present in the genome of the
strain CECT 5344 that could be involved in the regulation of mercury resistance/detoxifica-
tion, only the merR2 gene was significantly induced by mercury under cyanotrophic condi-
tions. A bioinformatic analysis allowed the identification of putative MerR2 binding sites in
the promoter regions of the regulatory genes merR5, merR6, arsR, and phoR, and also
upstream from the structural genes encoding glutathione S-transferase (fosA and yghU),
dithiol oxidoreductase (dsbA), metal resistance chaperone (cpxP), and amino acid/peptide
extruder involved in quorum sensing (virD), among others.

IMPORTANCE Cyanide, mercury, and arsenic are considered very toxic chemicals that
are present in nature as cocontaminants in the liquid residues generated by different
industrial activities like mining. Considering the huge amounts of toxic cyanide- and
mercury-containing wastes generated at a large scale and the high biotechnological
potential of P. pseudoalcaligenes CECT 5344 in the detoxification of cyanide present in
these industrial wastes, in this work, proteomic, transcriptional, and bioinformatic
approaches were used to characterize the molecular response of this bacterium to cy-
anide and mercury, highlighting the mechanisms involved in the simultaneous detoxi-
fication of both compounds. The results generated could be applied for developing
bioremediation strategies to detoxify wastes cocontaminated with cyanide, mercury,
and arsenic, such as those generated at a large scale in the mining industry.
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ercury is an environmental hazard that is accumulated in nature at low concen-
trations as both inorganic and organic forms, such as elemental/metallic (Hg®) or
bivalent (Hg") mercury, and organomercurials (R-Hg). In addition to natural processes,
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anthropogenic activities produce up to 7,000 metric tons of mercury per year, which
may be toxic disposals in the absence of appropriate waste management strategies (1,
2). Among these human activities include fossil fuel combustion, especially coal; metal
ore mining; mercury-containing pesticides used in agriculture; and mercury-based cat-
alysts applied to industrial purposes (1-4). The largest amounts of mercury released to
the environment correspond to mining activities, mainly related to gold extraction. In
the recovery of precious metals from ores, elevated concentrations of cyanide are also
used in the so-called cyanidation process (cyanide leaching), and other pollutants like
arsenic, lead, copper, or zinc are usually present as cocontaminants of the cyanide-
containing wastes generated from mining industries (5-8). About one million tons/
year of these wastewaters from mines are produced, which are stored in artificial
ponds that are prone to leaching or dam breaks, posing a major threat to the environ-
ment and human health (8).

Elemental mercury is dangerous because of its volatility, and pollution caused by
this form of mercury is not restricted to the specific areas where it is released since it
may be easily scattered by the wind. Elemental mercury is chemically oxidized to the
bivalent form and deposited in aquatic or terrestrial ecosystems (2, 9, 10). Additionally,
mercury can undergo further reactions like reduction or methylation. Methylmercury
bioaccumulates and biomagnifies in the food chain (11, 12), and humans may be
exposed to methylmercury from contaminated fish when ingested. Likewise, mercury
salts like mercury chloride also display great acute toxicity (13). Organomercurials are con-
sidered very potent toxins that threaten human health and ecosystems. Methylmercury has
a half-life of about 44 days in the human body and constitutes a neurotoxin that accumu-
lates in brain, kidney, and liver. Additionally, methylmercury may pass through the placenta,
affecting the fetus (1, 2, 14). Mercury is associated with a broad range of severe diseases,
such as Minamata disease, acrodynia, attention deficit disorder, and hyperactivity (15, 16).

Considering that mercury may be present naturally in the environment, many dif-
ferent microorganisms have evolved mechanisms to tolerate and detoxify this toxic
metal. Microorganisms play a major role in mercury cycling in nature through reduc-
tion, oxidation, and/or bioaccumulation (chelation or biosorption) processes (1, 2, 17).
Some bacteria like Escherichia coli, Bacillus, or Streptomyces display an oxidative mecha-
nism that produces the bivalent form of mercury from elemental mercury through a
hydroperoxidase-catalase activity (2, 18). Some dissimilatory sulfate-reducing bacteria
and dissimilatory iron-reducing bacteria are able to carry out mercury methylation
under anaerobic conditions (19, 20), although it is still controversial if methylation may
confer resistance to mercury. On the other hand, extracellular biosorption of mercury
has been described in several bacterial strains, occurring mainly through the secretion
of negatively charged extracellular polymers (17). However, the most widespread
mechanism of resistance triggered by bacteria in response to mercury toxicity is based
on the occurrence of the mer genes (21). The mer operons described up to date are
considered narrow spectrum when they confer resistance only to inorganic mercury
salts or broad spectrum when they facilitate resistance to both organomercurials and
inorganic mercury (21-23).

The alkaliphilic bacterium Pseudomonas pseudoalcaligenes CECT 5344 was isolated
from sludges of the Guadalquivir River (Cérdoba, Spain) near an industrial area with
elevated jewelry activity, in which cyanide is used for gold electroplating. The strain
CECT 5344 uses free cyanide, metal-cyanide complexes, and cyano derivatives, includ-
ing cyanate and 3-cyanoalanine, as the sole nitrogen source under alkaline conditions
that prevent cyanhydric acid volatilization (24). P. pseudoalcaligenes CECT 5344 harbors
in its genome, in addition to the gene clusters involved in cyanide resistance and
assimilation, several mer and ars operons that could confer to this bacterium a wide
capability to tolerate and detoxify mercury and arsenic (25).

Considering the large amounts of cyanide- and mercury-containing wastes gener-
ated in the mining industry and the high biotechnological potential of P. pseudoalcali-
genes CECT 5344 in the bioremediation of these industrial wastes (8), in this work, the
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FIG 1 Physiological characterization of P. pseudoalcaligenes CECT 5344 cells grown with cyanide as the
sole nitrogen source, in the presence or absence of mercury. Growth (top) and cyanide consumption
(bottom) of P. pseudoalcaligenes CECT 5344 cells in media without mercury (blue circles) or with
mercury (red symbols) at 75 uM (triangles), 100 uM (squares), and 150 uM (diamonds). Cells were
grown in M9 minimal media with 50 mM sodium acetate and 2 mM sodium cyanide as the carbon and
nitrogen source, respectively. CECT 5344 cells for proteomic and gRT-PCR analyses were harvested at
7.5 h of growth (time indicated by the arrow).

molecular response to cyanide and mercury of this cyanide-degrading bacterium was
characterized through liquid chromatography-tandem mass spectrometry (LC-MS/MS),
reverse transcription-quantitative PCR (qRT-PCR), and bioinformatic approaches. The
results generated could be useful to develop further bioremediation techniques for
the detoxification of wastes cocontaminated with cyanide, mercury, and arsenic.

RESULTS

Detoxification of cyanide and mercury by P. pseudoalcaligenes. To evaluate the
ability of the cyanide-degrading bacterium P. pseudoalcaligenes CECT 5344 to detoxify
cyanide in the presence of mercuric chloride, the MIC and the minimum bactericidal
concentration (MBC) were determined in this bacterium. The MIC and MBC of mercury
for CECT 5344 cells grown aerobically in M9 minimal media, with 50 mM acetate and
2 mM sodium cyanide as the sole carbon and nitrogen sources, were 200 uM and
300 M, respectively. In contrast, in the absence of cyanide and with 2 mM ammonium
chloride as the nitrogen source, the MIC and MBC of mercury were considerably lower,
namely, 10 uM and 17.5 uM, respectively. The growth curves of the CECT 5344 strain
were carried out in minimal medium M9 with 2 mM cyanide as the sole nitrogen
source in the absence or the presence of different concentrations of mercury, ranging
from 75 uM to 150 uM (Fig. 1). The strain CECT 5344 was able to grow with 100 uM
mercury, consuming cyanide from the extracellular medium, although this growth was
slower than growth with 75 uM mercury. Accordingly, cyanide was totally removed
from the medium at 12 h in the presence of 75 uM mercury, but about 18 h were
required for the complete consumption of cyanide in the presence of 100 M mercury
(Fig. 1). At higher mercury concentrations, such as 150 M or above, bacterial growth
and cyanide uptake were severely impaired (Fig. 1). Therefore, 75 uM mercury chloride
was used to perform further analyses.
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Additionally, mercury concentration remaining in the extracellular media or bioac-
cumulated extracellularly (biosorption) and intracellularly (chelated to biomolecules)
was determined by inductively coupled plasma-mass spectrometry (ICP-MS) from CECT
5344 cultures at 7.5 h of growth in media with 2 mM NaCN and 75 uM HgCl,, as
described in the Materials and Methods. Mercury was neither detected in the extracel-
lular media nor bioaccumulated extracellularly, while the intracellular concentration of
mercury was 0.010 = 0.003 ng/mg protein. In a control experiment carried out without
cells, the mercury concentration remained constant throughout the experiment (data
not shown).

The analysis of the P. pseudoalcaligenes CECT 5344 genome sequence revealed the
presence of two mer gene clusters in the loci BN5_3800-BN5_3802 (merP1T1R5) and
BN5_4473-BN5_4479 (merR6T3P3T5ADE). These mercury resistance genes code for pu-
tative transcriptional regulators MerR and MerD; mercuric transport proteins MerT,
MerP, and MerE; and mercuric reductase MerA. In addition, other four merR genes
(merR1 to merR4), encoding putative MerR transcriptional regulators, were also found
scattered throughout the CECT 5344 genome.

Proteomic analysis of P. pseudoalcaligenes grown under cyanotrophic condi-
tions with mercury. To investigate the global changes in the proteome of P. pseudoal-
caligenes CECT 5344 provoked by the combination of the two toxic chemicals cyanide
and mercury, a proteomic analysis by liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) was performed in CECT 5344 cells grown under aerobic conditions with
2 mM sodium cyanide as the sole nitrogen source, in the absence (CN) or presence of
75 uM HgCl, (CN + Hg). Cells were harvested at 7.5 h of growth, when they were
actively growing, and low concentrations of cyanide remained in the media (Fig. 1).
Four independent biological replicates were used in this study, and the principal-com-
ponent analysis (PCA), clustering of the replicates, and volcano plot were obtained (see
Fig. S1 to S3 in the supplemental material). The preliminary qualitative analysis
revealed that the overall number of identified proteins (2,689) represented about 60%
of the total predicted protein-coding genes (4,435 genes) of the CECT 5344 strain (26).

A further quantitative differential analysis was performed by a comparison of the
CN + Hg and CN proteomes (see Table S1 in the supplemental material). In this com-
parative analysis, the parameter fold change (FC) was used to measure differences in
protein expression, which was calculated as the ratio of normalized peptide intensities,
CN + Hg/CN. Therefore, proteins shared by both CN + Hg and CN proteomes, but that
were nevertheless differentially represented, were considered “overrepresented” in the
CN + Hg proteome when the log, FC was =1 or “downrepresented” in the CN + Hg
proteome when the log, FC was =—1. Proteins that were found only in one proteome
(either CN + Hg or CN) were considered “exclusive” of that condition. In this quantita-
tive analysis, 21 proteins were exclusive of the CN + Hg proteome and 209 proteins
were found differentially expressed (see Fig. S4 in the supplemental material; Table
S1). Among these proteins differentially expressed, 45 proteins were overrepresented
in the CN + Hg proteome, while 164 proteins were downrepresented in the CN + Hg
proteome (Table S1). The gene ontology (GO) analysis (27) using the comparative
study between the proteomes CN and CN + Hg revealed insight into functional pro-
tein categories that were affected by the presence of mercury under cyanotrophic con-
ditions. Proteins overrepresented in the absence of mercury (or downrepresented with
mercury) belonged mainly to the GO category “urea metabolism,” while proteins over-
represented in the presence of mercury (or downrepresented without mercury)
belonged to the GO groups “response to metal ion,” “response to toxic substance,”
“response to mercury ion,” “detoxification of inorganic compound,” and “oxidoreduc-
tase activity, acting on the CH-NH, group of donors,” among others (see Fig. S5 in the
supplemental material).

The proteins encoded by the nit1C and cio gene clusters, which are essential for cy-
anide assimilation and cyanide-insensitive respiration, respectively (25, 28), were found
in both proteomes (CN and CN + Hg) and were not affected significantly by the pres-
ence of mercury (Fig. 2).
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Protein ID®  Gene ID? Protein description/name

CN CN+Hg

nit gene cluster

HI9NSEO BNS5 1630 Sigma-54-dependent transcriptional regulator (NitA)
HINSE2 BNS5 1631  Uncharacterized protein (NitB)

HINSE1L BN5_1632 Nitrilase (NitC)

HINSE3 BNS5 1633 Radical SAM domain-containing protein (NitD)
HONSE4 BNS5 1634 GCN5-related N -acetyltransferase (NitE)

HINSES BNS5_1635  AIR synthase-like protein (NitF)

HIN5D9 BNS5_1636  Uncharacterized protein (NitG)

HONSD8 BNS5_1637 FAD-dependent oxidoreductase (NitH)

cio gene cluster

W

W6QWX1 BNS5 1899 GntR family transcriptional regulator (MocR)

W6RF17 BNS 1900  Sulfite reductase (NADPH) hemoprotein beta-component (CysL3)
W6QU90 BNS5 1901  Uncharacterized protein (CioC3)
W6R254 BNS5 1902 Terminal oxidase subunit I (CioA3)

W6QVHS5 BN5 1903  Cytochrome d ubiquinol oxidase, subunit II (CioB3)
W6QWX6 BNS5 1904  Phosphoserine aminotransferase (SerC3)

W6RF21 BNS5 1905 Histidinol-phosphate aminotransferase (HisC3)
W6QUIS BNS5 1906  Acetylornithine aminotransferase (ArgD3)
W6R260 BNS 1907  4-hydroxy-tetrahydrodipicolinate synthase (DapAl)

Wo6QVIO BN5_1908 High-affinity glucose transporter
W6QWY1 BNS5 1909 Methylenetetrahydrofolate reductase (MetF3)

W6RF25 BN5 1910 Cysteine synthase (CysM3)
W6QUAL BNS5 1911 NADP-dependent malic enzyme (MaeB3)
W6R265 BN5_1912  Nitrilase (Nit4)

]

C-N hydrolase and other nitrilase genes

W6QQS6 BNS5_0258 C-N hydrolase, nitrilase/cyanide hydratase (AguB)
W6QQZ6 BNS5_0736 C-N hydrolase, nitrilase/cyanide hydratase (Nit1B)
WoeQUYS BNS5_ 1196 Nitrilase homolog 1 (Nitl1A)

W6RF39 BNS5 1925  Aliphatic nitrilase (Nitl)

W6QZ84 BN5_2750 Hydrolase, carbon-nitrogen family

W6QY63 BNS 3204 Formamidase (AmiF)

W6R989 BNS5 4427  Bifunctional nitrilase/nitrile hydratase NIT4B (Nit2)
W6QZD7 BNS5 3251  C-N hydrolase, nitrilase/cyanide hydratase (Nit3B)
Log: NPI
10 15 20

FIG 2 Effect of mercury on proteins involved in cyanide detoxification/assimilation in the P. pseudoalcaligenes CECT 5344
strain. Data are shown as a heatmap of the log, of normalized peptide intensity (log, NPI). CN, cyanide-containing media
without added mercury; CN + Hg, cyanide-containing media with 75 uM HgCl,. (1) Protein code according to the Uniprot
database under the accession number UP000032841. (2) Gene annotation from GenBank (accession HG916826.1).

Some proteins identified in the quantitative analysis were classified functionally.
Proteins were grouped into carbohydrate and energy metabolism, nucleotide metabo-
lism, amino acid metabolism, metabolism of cofactors and vitamins, transporters, regu-
lators, mercury and arsenic resistance, and other proteins (Fig. 3). In the first category,
proteins involved in sulfur metabolism were highly overrepresented in the CN + Hg
proteome, such as the SsuB and SsuC proteins for the transport of aliphatic sulfonates,
the alkanesulfonate monooxygenase SsuD, and the sulfate-binding protein CysP3,
whereas formamidase and proteins involved in cyanate metabolism were downrepre-
sented in the presence of Hg (Fig. 3; Table S1). Among proteins highly overrepresented
in the CN + Hg proteome were Mer proteins for mercury resistance (MerP1, MerP3,
MerA, and MerD), arsenical resistance proteins (ArsR2, ArsC3, and ArsH2), proteins involved in
the metabolism of amino acids (cobalamin-independent methionine synthase MetE and gluta-
thione S-transferase) and nucleotides (dihydropyrimidine dehydrogenase, dihydropyrimidase,
and ribonucleotide-diphosphate reductase), the synthesis of cofactors (precorrin-2 C20-methyl-
transferase Cobl), and some transporters (hemin import ATP-binding HmuV) and regulators
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Protein ID”  Gene ID® Protein description/name FC(m Protein ID”  Gene ID? Protein description/name FC(T)‘
Carbohydrate and energy metabolism Transporters
'W6QRTO BN5_0092  Cytochrome ¢ oxidase subunit 2 (CoxB) (W6QQ87 BNS5_0036  Substrate-binding region of ABC-type glycine betaine transport system (ProX1)
W6QST4  BN5_0439  ABC-type transporter periplasmic component protein (CynA) W6QQ99  BN5 0056 TRAP dicarboxylate transporter-DetP subunit
'W6RB18 BN5 0440  ABC transporter inner membrane subunit protein (CynB) 'W6QSMO BN5_0374  Substrate-binding region of ABC-type glycine betaine transport system (ProX3)
W6QQ36 BN5_0441  ABC transporter/ATPase component protein (CynD) [W6QQH3 BN5_0593  ABC-type branched-chain amino acid transport systems (UrtA)
W6QY14  BN5 0442  Cyanase (CynS) W6QZG3  BN5_0959  Hemin import ATP-binding protein (HmuV) ||
W6QZN2 BN5_1039 2-isopropylmalate synthase (LeuA) 'W6QUE9 BN5_1006  Putative amino-acid ABC transporter-binding protein (Aapl)
W6QTU1L BN5_1301 6-phosphogluconolactonase (Pgl) (W6QYT4 BN5_2987  Branched-chain amino acid transport system substrate-binding protein (LivK)
W6QV86 BNS5_1302  2-dehydro-3-deoxyphosphogluconate aldolase (Eda) W6RIT7 BN5_3437  Uracil-xanthine permease
WORINT BN5_1685  UDP-N -acetylglucosamine 2-epimerase (WecB) [Regulators _ N
W6QWV3  BN5 2780  Periplasmic nitrate reductase (NapB) W6RAQO ~ BN5_0310  Response regulator receiver protein (PilH)
W6QY63 BN5_3204  Formamidase (AmiF) (W6QQY1 BN5_0721  Sensor histidine kinase (RegB)
WGQYN2  BN5_3403  Thioredoxin reductase W6QY08  BN5_2307  AraC-family regulatory protein [ |
WG6RLDS ~ BN5_4160  Aliphatic sulfonates import ATP-binding protein (SsuB) W6QY91 ~ BN5 2414  MarR family transcriptional reglator
'W6R0T9 BN5_4161  Putative aliphatic sulfonates transport permease protein (SsuC3) Mercury and arsenic resitance _ _
WG6RSHI ~ BN5 4162 Alkanesulfonate monooxygenase (SsuD) W6R4K3  BN5_2707  ArsR family transcriptional regulator (ArsR2)
W6RIWO ~ BNS_4183  Sulfate-binding protein (CysP3) W6QXT2  BN5_2708  Arsenate reductase (ArsC3)
[Amino acid i W6QZ50 BN5_2709  Arsenical resistance protein (ArsH2)
'W6QS35 BN5_0164  D-amino acid dehydrogenase (DadA3) 'W6ROWS BN5_3800  Periplasmic mercury ion-binding protein (MerP1)
'W6QPBS8 BN570166 Alanine racemase (DadX) [(W6RM71 BN5_4475  Periplasmic mercury ion-binding protein (MerP3)
W6QYG3  BN5_0579  Urease subunit beta (UreB) (WOROES ~ BNS5_4477  Mercuric reductase (MerA)
W6QT84 BN5_0581  Urease subunit gamma (UreA) [W6R2U3 BN5_4478  Mer family transcriptional regulator (MerD)
W6QZ51 BN5_0842  Beta-alanine-pyruvate transaminase Other proteins
WG6RI1AS ~ BN5_1595  Glutathione peroxidase WG6QPAG  BN5 0150 Cytochrome C6 (CecA)
'W6RES4 BN5_1603  Glutamate dehydrogenase W6QS83 BN5_0229  Thioredoxin (TrxA)
W6QVQ2 BN5 2381  N-(5"-phosphoribosyl)anthranilate i (TrpF) (W6QSQ4 BN5_0409  Poly(Hydroxyalkanoate) granule-associated protein (Phasin) |
WG6R3LO ~ BN5_2412  Glutathione S-transferase family protein W6QZS8  BN5_1079  Thiol:disulfide interchange protein (DsbC)
'W6QWV0O  BN5 2413 GntR family transcriptional regulator 'W6R248 BN5_1897  Thiol-disulfide isomerase and thioredoxins protein
W6QZ36  BN5_ 2694  Cobalamin-independent methionine synthase (MetE) | |VOQXU7  BN5 2242 Rhodanese domain-containing protein
Nucleotide metabolism (W6QVDS BNS5_2259  Thioesterase superfamily protein
W6QQZ8  BN5_0328  Dihydropyrimidine dehydrogenase (PydA) WGRIH7 -~ BN5 3015 Superoxide dismutase (SodC)
'W6RARG BN5_0330  Dihydropyrimidinase (HydA) 'W6RLE3 BN5_4165 Antloxldan?, AhpC/Tsa family (AhpC3)
WGROES ~ BNS_1290  Ribonucleoside-diphosphate red subunit beta (NrdB) W6RM46  BNS 4445  Glutaredoxin 3
W6QTT2 BN5_1291  Rib leoside-diphospt d (NrdA) Log; FC
'W6QYA3 BN5_2424  Orotidine 5'-phosphate decarboxylase (PyrF) CN -5 4 -3 -2 -1 0 1 2 3 4 5 CN+Hg
of cofactors and vitamins
'W6RCV7 BN5_1112  Bacterioferritin (Bfi2)
'WO6RI94 BN5_2964  Isochorismatase hydrolase
'WG6RJ61 BN5_3268  Cysteine desulfurase (IscS)
'W6R2H6 BN5 4378  Precorrin-2 C20-methyltransferase (Cobl)

FIG 3 Heatmap of P. pseudoalcaligenes CECT 5344 proteins affected by mercury under cyanotrophic conditions. The differential expression of proteins is
represented as the log, fold change (FC). The fold change has been calculated as the ratio normalized peptide intensity in CN + Hg/normalized peptide
intensity in CN. (1) Protein code according to Uniprot database under the accession number UP000032841. (2) Gene annotation from GenBank (accession

HG916826.1).

(RegB, AraC, and GntR family regulators). In contrast, some proteins downrepresented in the
CN + Hg proteome were related to polyhydroxyalkanoate production, dicarboxylate trans-
port, and urea metabolism (Fig. 3; Table S1).

Additionally, a quantitative transcriptional analysis by gRT-PCR was applied to study
the transcriptional expression of several genes that code for proteins that were found
over- or downrepresented in the CN + Hg proteome (Table 1). Genes induced in the
presence of mercury were those coding for phosphate starvation-induced protein
PhoH, precorrin-2 C20-methyltransferase Cobl, alkanesulfonate monooxygenase SsuD,
alkyl hydroperoxide reductase AhpC, thioredoxin reductase, transcriptional regulator
ArsR2, arsenate reductase ArsC3, glutathione S-transferase, and ribonucleoside-diphos-
phate reductase NrdB. Conversely, genes with a decreased expression in the presence
of mercury included those coding for glutathione peroxidase and formamidase
(Table 1). The expression of the nitC gene coding for the nitrilase NitC that is essential
for cyanide assimilation was slightly decreased in the presence of mercury, although
mercury had no effect on the expression of the nitD gene that is clustered together the
nitC gene (Table 1).

Transcriptional and bioinformatic analyses of MerR regulators. The genome of
P. pseudoalcaligenes CECT 5344 contains six genes that code for the following putative
MerR-type transcriptional regulators: MerR1 (W6QQW2 protein/BN5_0701 gene),
MerR2 (W6QVEQ/BN5_2264), MerR3 (W6QWL9/BN5_2322), MerR4 (W6R6A1/BN5_3351),
MerR5 (W6RKL7/BN5_3802), and MerR6 (W6R2T8/BN5_4473). BLASTP sequence com-
parisons of these six regulators revealed that MerR5 and MerR6 were homologs, dis-
playing 50% identity. MerR2 showed 33% and 34% identity with MerR1 and MerR6,
respectively, and MerR5 presented with 36.5% identity compared with MerR1 (see
Table S2 in the supplemental material).

A quantitative gene expression analysis of the P. pseudoalcaligenes merR genes was
performed using mRNA from cells grown under cyanotrophic conditions in CN or CN +
Hg media (Fig. 4A). Only merR2 (BN5_2264) showed a significative induction by mercury,

July/August 2023 Volume 11 lIssue 4

10.1128/spectrum.00553-23

6

Downloaded from https://journal s.asm.org/journal/spectrum on 09 November 2023 by 150.214.127.98.


https://www.uniprot.org/uniprotkb?query=UP000032841
https://www.ncbi.nlm.nih.gov/nuccore/HG916826.1
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00553-23

Mercury and Cyanide Detoxification by Pseudomonas Microbiology Spectrum

TABLE 1 Transcriptional expression analysis by qRT-PCR of some P. pseudoalcaligenes CECT 5344 genes encoding proteins affected by
mercury in the proteomic analysis

Gene expression© in:

Gene?/protein ID® Gene/protein name CN + Hg media CN media Fold change?
BN5_3397/W6RJF8 PhoH family protein 0.156 0.086 1.82
BN5_4378/W6R2H6 Precorrin-2 C20-methyltransferase (Cobl) 0.026 0.011 2.38
BN5_4162/W6R8H1 Alkanesulfonate monooxygenase (SsuD) 0.041 0.009 418
BN5_4165/W6RLE3 Antioxidant, AhpC/Tsa family (AhpC) 0.293 0.066 443
BN5_3403/W6QYN2 Thioredoxin reductase 0.418 0.083 5.00
BN5_2707/W6R4K3 ArsR family transcriptional regulator (ArsR2) 4.655 1.380 3.37
BN5_2708/W6QXT2 Arsenate reductase (ArsC3) 0.785 0.077 10.25
BN5_2412/W6R3L0 Glutathione S-transferase family protein 0.701 0.189 3.69
BN5_1290/W6R0OE8 Ribonucleoside-diphosphate reductase (NrdB) 5.802 2.154 2.69
BN5_1595/W6R1A5 Glutathione peroxidase 0.528 0.650 0.81
BN5_3204/W6QY63 Formamidase (AmiF) 0.270 0.512 0.53
BN5_1632/HIN5SE1 Nitrilase (NitC) 7.40 9.40 0.79
BN5_1633/HIN5E3 Radical SAM domain-containing protein (NitD) 5.524 5.536 1.00

aProtein code according to the Uniprot database under the accession number UP000032841.
bGene annotation from GenBank (accession HG916826.1).

Relative gene expression from cells grown in cyanide and mercury.

9Fold change represented as the ratio gene expression CN + Hg/CN.

displaying a fold change of 2.2, whereas merR4 (BN5_3351) was downregulated in the
presence of mercury (Fig. 4A). Additionally, a transcriptional expression analysis of other
genes that belong to the merR6T3P3T5ADE (BN5_4473 to BN5_4479) and merP1T1R5
(BN5_3800 to BN5_3802) gene clusters of P. pseudoalcaligenes CECT 5344 was carried
out by qRT-PCR. Genes included in these two mer operons of the CECT 5344 strain were
highly induced in the presence of mercury. However, the transcriptional expression of
the merP1 and merT1 genes located in the merP1T1R5 gene cluster was higher than that
displayed by genes of the merR6T3P3T5ADE gene cluster. In addition, the transcriptional
expression of the mercuric (Il) reductase merA gene (BN5_4477) was higher than the
expression of the merT3, merD, and merE genes that are located in the same gene cluster
(Fig. 4B).

A bioinformatic analysis was performed to identify MerR orthologs in the KEGG data-
base, revealing that MerR-type transcriptional regulators are distributed widely among
proteobacteria and eubacteria, without significative differences in their distribution
within the different phyla. Among the six MerR-type regulators of P. pseudoalcaligenes
CECT 5344, MerR1 was the closest relative to MerR2 in the phylogenetic tree (Fig. 5).
Curiously, the transcriptional regulator MerR2 was also very close, in evolutive distance,
to those found in archaea and thermophilic bacteria (Fig. 5). An additional bioinformatic
analysis was carried out to identify putative MerR2 binding boxes in the promoter gene
regions of P. pseudoalcaligenes CECT 5344, according to the MerR binding sequence
described previously in Escherichia coli (29). Thus, a predicted MerR2 binding sequence
of 5'-(T/C)GTA(G/C)-N,-GTAC-3" was identified in P. pseudoalcaligenes CECT 5344. This
predicted MerR binding sequence was found in the promoters of several regulatory
genes, including those involved in mercuric resistance (merR5, BN5_3802; and merR6,
BN5_4473), in arsenic resistance (arsR, BN5_0252), and in phosphate metabolism (phoR,
BN5_4234). It was also found in the promoters of structural genes for metal resistance
(cpxP, BN5_2475), ribonucleoside-diphosphate reductase/B-subunit (nrdB, BN5_1290),
dithiol oxidoreductase/disulfide-forming (dsbA, BN5_0108), two glutathione S-transfer-
ases (yghU, BN5_2864; and fosA, BN5_3450), 3-octaprenyl-4-hydroxybenzoate carboxy-
lyase (ubiD, BN5_0231), and amino acid/peptide exporter (virD, BN5_3536) (Fig. 6A).
Additionally, a transcriptomic study using qRT-PCR of the predicted MerR target genes
was performed. In this analysis, six of the predicted target genes were significantly
induced (FC >2) in the presence of mercury, including arsR, cpxP, nrdB, dsbA, yghU, and
fosA genes. However, the expression of the genes merR5, merR6, and phoR, which code
for regulatory proteins, was not significantly affected by mercury (Fig. 6B).
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FIG 4 Transcriptional gene expression analysis by qRT-PCR of P. pseudoalcaligenes CECT 5344 mer
genes. (A) Differential relative gene expression of merR genes. (B) Differential relative gene expression
of other mercury-related genes. Gene expression was analyzed by qRT-PCR from cells grown with
2 mM sodium cyanide as the sole nitrogen source, without or with 75 uM HgCl,. The differential
gene expression is represented as the fold change (FC) of the ratio relative gene expression (CN +
Hg/CN). Gene/protein identifiers (IDs) are as follows: merR1 (BN5_0701/W6QQW?2), merR2 (BN5_2264/
W6QVEQ), merR3 (BN5_2322/W6QWL9), merR4 (BN5_3351/W6R6A1), merR5 (BN5_3802/W6RKL7) merR6

(BN5_4473/W6R2T83), merT3 (BN5_4474/W6R4B5), merA (BN5_4477/W6R9ES5), merD (BN5_4478/W6R2U3),
merE (BN5_4479/W6R4C0), merP1 (BN5_3800/W6R0WS), and merT1 (BN5_3801/W6R273).

DISCUSSION

Mercury and cyanide resistance/detoxification by P. pseudoalcaligenes CECT
5344. Mercury is considered one of most toxic elements that is present in the environ-
ment, threatening ecosystems and human health (2, 30). Mercury may form strong
complexes with inorganic anions, such as sulfide, hydroxide, or chloride, and also with
other metals like gold and silver (31, 32). In the environment, microorganisms can also
produce organomercurial derivatives, mainly methylmercury (2, 33). Additionally, mer-
cury can bind to cyanide, which is used at a large scale in mining activities through the
cyanidation process (5). It has been proposed that cyanide might facilitate the methyla-
tion of mercury, thus increasing its solubility in anaerobic aqueous environments and

July/August 2023 Volume 11 Issue 4

Microbiology Spectrum

10.1128/spectrum.00553-23

8

Downloaded from https://journals.asm.org/journal/spectrum on 09 November 2023 by 150.214.127.98.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00553-23

Mercury and Cyanide Detoxification by Pseudomonas

— RJX28417.1_Desul

W6RKL7 MerR5
ABF12849.1_Cuprim

— W6R2T8 MerR6
YP_293653.1_Ralse
YP_746289.1_Nitroe
-| BAA20334.1_Pseud

YP_194888.1_Salmot

HAXO0243770.1_Eschec
MBF35285.1_Hyphb
MCP4616608.1_Brady
ESS36736.1_Burkc

W6QVEO erR2
_':m_mae
QSJ10785.1_Strl

~|—— BAK51518.1_Syne
NOJ27511.1_Nitros

W6QQW2 MerR1

AAS81137.1_Thermt

WP_146976787.1_Lujiv

MBDO0387615.1_Nost

WP_098305494.1_Bacic
| W6QWLY MerR3
L W6R6A1 MerR4

0.7

FIG 5 Phylogenetic distribution of MerR proteins in bacteria and archaea. The tree was constructed using the
Phylogeny fr platform (65). Sequences were aligned with MUSCLE v3.8.31 with default settings. Ambiguous
regions were removed with Gblocks v0.91b. The phylogenetic tree was reconstructed using the maximum
likelihood method implemented in the PhyML program 3.1/3.0 aLRT. The graphical representation and edition
of the phylogenetic tree were performed with TreeDyn v198.3. The P. pseudoalcaligenes CECT 5344 MerR
sequences are highlighted in red. Protein names (protein/gene IDs) are as follows: MerR1 (W6QQW2/
BN5_0701), MerR2 (W6QVEO/BN5_2264), MerR3 (W6QWL9/BN5_2322), MerR4 (W6R6A1/BN5_3351), MerR5
(W6RKL7/BN5_3802), and MerR6 (W6ER2T83/BN5_4473). Protein sequences correspond to the following phyla
and organisms: Alphaproteobacteria (Hyphb, Hyphomonadaceae bacterium; Brady, Bradyrhizobium sp.),
Betaproteobacteria (Burkc, Burkholderia cenocepacia KC-01; Nitroe, Nitrosomonas eutropha C91; Ralse, Ralstonia
eutropha JMP134; Cuprim, Cupriavidus metallidurans CH34), Deltaproteobacteria (Desul, Desulfarculus sp.; Lujiv,
Lujinxingia vulgaris), Gammaproteobacteria (Pseud, Pseudomonas sp. K-62), Enterobacteria (Salmot, Salmonella
enterica subsp. enterica serovar Typhimurium; Eschec, Escherichia coli JJ1897), Firmicutes (Bacic, Bacillus cereus),
Actinobacteria (Strl, Streptomyces lividans), Cyanobacteria (Syne, Synechocystis sp. PCC 6803; Nost, Nostoc sp. C3-
bin3), Deinococcus-Thermus (Thermt, Thermus thermophilus HB27), and Archaea (Nitros, Nitrososphaera sp.
Archae, Archaeoglobi archaeon).

the human body (34). Methylmercury is a highly toxic form of mercury that is also pro-
duced by anaerobic bacteria that harbor the hgcAB genes (35).

The method used most extensively in the laboratory for mercury removal from pol-
luted wastewaters is based on ion-exchange resin adsorption, which is not suitable for
environmental conditions. Bacterial-mediated detoxification of mercury is an advanta-
geous technology because it is inexpensive, feasible, and allows the sequestration of
mercury in diverse environments (2). Mercury-resistant bacteria usually contain mer
genes that confer these microorganisms a great potential to be applied in mercury bio-
remediation techniques. These bacterial mer genes are relevant for the conversion of
both reactive inorganic and organic forms of mercury to the volatile Hg°. Once in the
atmosphere, Hg® can be oxidized photochemically to Hg", which is deposited back into
terrestrial and aquatic ecosystems. Therefore, the occurrence of the Mer system in
microorganisms can regulate the fate of mercury in the biogeochemical cycle of a spe-
cific environment (1, 36).

The cyanotrophic bacterium P. pseudoalcaligenes CECT 5344 uses free cyanides,
metal cyanide complexes and cyano derivatives as the sole nitrogen source (24). In this
bacterial strain, the cyanide degradation pathway occurs through the production of
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FIG 6 Hypothetical regulation network of the MerR2 regulon of P. pseudoalcaligenes CECT 5344 (A) and transcriptional qRT-PCR analysis of the MerR2-
regulated genes (B). In this regulatory model, two MerR transcriptional regulator genes, namely, merR5 and merR6 (red boxes), are putatively under the
control of the master regulator MerR2 (blue oval), as well as the transcriptional regulator arsR gene (yellow box) involved in arsenic resistance, the
regulatory phoR gene that codes for the transcriptional regulator involved in phosphate metabolism (green box), and several structural genes (violet
boxes), as follows: cpxP, chaperone involved in resistance to metals; nrdB, B-subunit of the ribonucleoside-diphosphate reductase; dsbA, dithiol
oxidoreductase (disulfide-forming); yghU, glutathione S-transferase; fosA, glutathione S-transferase; ubiD, 3-octaprenyl-4-hydroxybenzoate carboxy-lyase;
and virD, amino acid/peptide export protein. The transcriptional analysis by qRT-PCR shown in B was performed with mRNA from CECT 5344 cells
harvested after 10 h of growth, when these genes showed the highest expression.

oxaloacetate, which reacts chemically with cyanide to generate a cyanohydrin that is
converted into the corresponding carboxylic acid and ammonium by the nitrilase NitC.
The ammonium released in the nitrilase reaction is incorporated into carbon skeletons
through the glutamine synthetase/glutamate synthase cycle (8, 28). Sequencing of the
whole genome of the strain CECT 5344 (25, 26) has allowed the development of differ-
ent omic techniques applied to the degradation of cyanide present in different indus-
trial wastes, including those generated from mining. Mercury and arsenic are usually
present in these liquid residues that contain large amounts of cyanide, thus increasing
their toxicity (7, 8). In this work, the simultaneous cyanide and mercury detoxifications
by the cyanotrophic bacterium P. pseudoalcaligenes CECT 5344 have been character-
ized in minimal media with acetate and cyanide as the sole carbon and nitrogen
source, respectively, in the presence or absence of mercuric chloride (Fig. 1). It is im-
portant to highlight that P. pseudoalcaligenes CECT 5344 showed higher MIC and MBC
values for mercury in the presence of cyanide (200 uM and 300 M, respectively) than
with ammonium (10 uM and 17.5 uM, respectively), probably due to a lower toxicity of
this metal when it forms complexes with cyanide. This result shows the advantage of
using the strain CECT 5344 in the detoxification of industrial wastewaters containing
both cyanide and mercury. Under cyanotrophic conditions, this bacterium tolerated
elevated concentrations of mercury, displaying growth in the presence of 100 uM mer-
curic chloride. However, better growth and cyanide consumption rates were achieved
in the presence of 75 wM mercuric chloride (Fig. 1). Additionally, the extracellular and
intracellular determinations of mercury concentration by ICP-MS in the CECT 5344 cells
grown with cyanide and mercury have revealed that this bacterial strain accumulated
intracellularly a low amount of mercury, which is probably chelated to biomolecules.
Likewise, most of the mercury added to the media was removed rapidly since mercury
was not detected in the extracellular media after 7.5 h of growth, indicating that this
bacterial strain detoxifies mercury efficiently in the presence of cyanide by transporting
this metal inside the cell for its bioaccumulation/metabolization.

Proteomic study of the resistance to mercury in P. pseudoalcaligenes CECT
5344 under cyanotrophic conditions. To characterize at the molecular level the si-
multaneous detoxification by the strain CECT 5344 of these two potent toxics, namely,
cyanide and mercury, and to determine the possible mechanisms involved in the
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mercury tolerance of this strain, a quantitative proteomic analysis was carried out. The
proteomes from P. pseudoalcaligenes cells grown in the presence of 2 mM sodium cya-
nide as the sole nitrogen source, with 75 wM mercury chloride (CN + Hg) or without
mercury (CN), were established (Fig. S1 to S4). A total of 2,689 proteins were identified
in both proteomes, of which 209 proteins were differentially expressed and 21 were
proteins found exclusively under the CN + Hg condition (Fig. S4; Table S1). Among the
proteins identified in both proteomes, namely, CN and CN + Hg, were those encoded
by the nit1C gene cluster, which codes for the nitrilase NitC and other proteins essen-
tial for cyanide assimilation in the strain CECT 5344 (28). Additionally, proteins encoded
by the cio gene cluster were also identified in both proteomes (Fig. 2). These proteins
include the cytochrome bd-type alternative oxidase CioAB that replaces the cytochrome
¢ oxidase for a cyanide-independent respiration and the 4-hydroxy-tetrahydropicolinate
synthase DapA1 and the nitrilase Nit4, which play a key role in intracellular iron homeo-
stasis and 3-cyanoalanine assimilation, respectively (37, 38). Other members of the C-N
hydrolase superfamily, including the nitrilases Nit1 and Nit2, were also detected in the
proteomes from cells grown both in CN and CN + Hg media (Fig. 2). A mutational analy-
sis of these nitrilase genes has revealed that they are not essential for cyanide degrada-
tion in the strain CECT 5344, but all together, they could contribute to the alleviation
of cyanide toxicity, thus contributing to bacterial cyanide resistance (38). The fact that
mercury did not significantly affect proteins involved in cyanide resistance and assimila-
tion constitutes an advantage to apply P. pseudoalcaligenes CECT 5344 for cyanide and
mercury bioremediation processes.

When the CN and CN + Hg proteomes were compared, the analysis of functional pro-
tein categories revealed that proteins overrepresented in the presence of mercury belonged
to GO groups mainly related to the response to mercury ion, response to toxic substances,
and detoxification of inorganic compounds (Fig. S5). Among proteins exclusive or overre-
presented in the CN + Hg proteome were several proteins encoded by the two mer gene
clusters of P. pseudoalcaligenes CECT 5344, including the MerR-family transcriptional regula-
tor MerD, the mercuric reductase MerA, and the periplasmic mercury ion-binding proteins
MerP1 and MerP3 (Fig. 3; Table S1). MerP and MerT proteins have been described to be
essential to import mercury inside the cell. Mercury binds to two cysteine residues of the
periplasmic protein MerP, being next transferred to the cytoplasmic protein MerT, which is
also responsible for the uptake of organomercurials (39). MerT contains four cysteine resi-
dues by which reduced mercury is bound and transferred to the active side of the NADPH-
dependent mercuric reductase MerA (23). The merR6T3P3T5ADE gene cluster (BN5_4473 to
BN5_4479) of P. pseudoalcaligenes codes for additional proteins that were not identified in
this proteomic study, including the mercuric resistance regulatory protein MerR6, the mer-
curic transport proteins MerT3 and MerT5, and the mercuric resistance protein MerE that
functions as an inorganic/organic mercury transporter (40, 41). The second merP1T1R5 gene
cluster of the strain CECT 5344 (BN5_3800 to BN5_3802) also encodes two proteins that
were not identified in this proteomic analysis, namely, the mercuric transport protein MerT1
and the mercuric resistance regulatory protein MerR5. It is worth noting that the detection
of hydrophobic integral membrane proteins and regulators present in the cells at low con-
centrations are well-known limitations of proteomic techniques (42).

Mercury causes alterations in cell membrane permeability and DNA structure and
provokes changes in the structure/function of proteins because it shows a high affinity
to sulfhydryl groups (43). Glutathione (GSH) has a relevant role as an antioxidant, pre-
venting the damage of essential cellular molecules in the presence of some metals or
ion peroxides. Thus, mercury preferably binds to glutathione, cysteine, or homocysteine
as a mercury resistance mechanism. GSH can also conjugate organomercurial com-
pounds like methylmercury. In the proteomic study performed in this work, a glutathi-
one S-transferase was found induced in the presence or mercury (Fig. 3; Table S1). This
enzyme has a primary role in the conjugation of toxic substances to GSH and probably
plays a crucial role in the cellular detoxification of mercury (43). Two GSH-dependent
enzymes that were found downregulated in media with mercury, glutaredoxin, and
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glutathione peroxidase (Fig. 3; Table S1) are involved in redox reactions and protection
from oxidative damage. This process is probably related to a decreased pool of biologi-
cally active GSH in the presence of mercury. In this sense, a thioesterase family protein
was exclusive of the CN + Hg proteome (Fig. 3; Table S1). Thioesterases catalyze the
cleavage of thioester groups present in a wide variety of molecules like coenzyme A,
acyl carrier protein, and GSH, among others (44).

On the other hand, mercury induces oxidative stress by increasing reactive oxygen
species, acting as a catalyst in Fenton-type reactions (45). Mercury also causes mito-
chondrial dysfunction, which can provoke alterations in calcium homeostasis and lipid
peroxidation. In the proteomic analysis, the ATP-dependent hemin transporter HmuV
was found exclusively in the CN + Hg proteome (Fig. 3; Table S1). Recently, it has been
described that external hemin acts as an inhibitor of mitochondrial large-conductance
calcium-activated potassium channel activity (46). Additionally, the antioxidant protein
alkyl hydroperoxide reductase AhpC, which is a thiol-dependent enzyme, and the
thiol-based redox sensor RegB were overrepresented in the CN + Hg proteome (Fig. 3;
Table S1). Most redox signals are recognized by cysteine residues, which can be oxi-
dized into different redox states like sulfenic, sulfinic, and sulfonic groups that can
sense a range of oxidative signals. Thus, sulfenic acids can form complexes to GSH, and
also two adjacent cysteine sulfenic acids can form intra- or intermolecular disulfide
bonds, which allow redox sensor regulators to acquire specific conformations to modu-
late the expression of target genes (47). In this sense, components of an ABC-type sul-
fonate transporter, and also an alkanesulfonate monooxygenase that catalyzes the
conversion of sulfonates into sulfite and the corresponding aldehyde, were found over-
represented in the CN + Hg proteome. Additionally, the sulfate-binding protein CysP3
was overrepresented in the presence of mercury (Fig. 3; Table S1). It has been
described that Hg" can react with sulfonates, and in fact, in human intoxication by mer-
cury, a treatment based on oral administration of dimercaptopropane sulfonate, is rec-
ommended (43). It has also been described the role of the two-component regulatory
RegAB system of Acidithiobacillus ferrooxidans in controlling ferrous iron and inorganic
sulfur compounds oxidation (48).

Mercury may also react with pyrimidine nucleosides and nucleotides. In this sense,
the enzymes dihydropyrimidine dehydrogenase and dihydropyrimidinase were overre-
presented in the presence of mercury, as well as the uracil-xanthine permease and the
a- and B-subunits of the ribonucleoside-diphosphate reductase (Fig. 3; Table S1). The
ribonucleoside-diphosphate reductase catalyzes the reduction of ribonucleotides into
their corresponding deoxyribonucleotides, and its activity relies on glutaredoxins and
thiorredoxins. As mentioned above, glutaredoxin and thioredoxin were downregulated
in the presence of mercury, as well as a thiol-disulfide isomerase/thioredoxin (Fig. 3;
Table S1). Other proteins involved in DNA replication/repair and translation that were
downregulated in the CN + Hg proteome included the DNA-binding protein HU, the
TusC protein, the translation initiation factor IF-1, the ribosome-binding factor A, and
the ribosome-recycling factor RRF (Table S1), suggesting that general cellular processes
like DNA replication and translation are negatively affected by mercury.

Mercury also binds to several metallic cofactors present in enzymes that are essen-
tial for cell survival, leading to their downrepresentation in the CN + Hg proteome,
such as several nonheme iron dioxygenases, different c-type cytochromes and several
cytochrome c-containing proteins, the nickel/copper-containing superoxide dismutase,
and the heme/Fe-S containing bacterioferritin (Fig. 3; Table S1). The formation of com-
plexes between mercury (ll) and the porphyrin ring, which is present in the heme
group and cobalamin (vitamin B,,), has been well described (49). In fact, a protein
found exclusively in the presence of mercury was the cobalamin-independent methio-
nine synthase, while the precorrin-2 C20-methyltransferase, which is involved in the
synthesis of vitamin B,,, was overrepresented in the presence of mercury, perhaps as a
compensation mechanism. Curiously, different pyridoxal 5'-phosphate (PLP)-depend-
ent enzymes were also found overrepresented in the CN + Hg proteome of the strain
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CECT 5344, such as cysteine desulfurase IscS, alanine racemase, B-alanine-pyruvate
transaminase, and p-amino acid dehydrogenase (Fig. 3; Table S1). Cysteine desulfurase
catalyzes the conversion of L-cysteine to L-alanine and sulfane sulfur through the for-
mation of a protein-bound cysteine persulfide intermediate on a conserved cysteine.
The proposed role of this enzyme is to participate in processes for the biosynthesis of
Fe-S clusters, thiamine, tRNA thionucleosides, biotin, lipoic acid, molybdopterin, and
NAD™* (50).

Transcriptional and bioinformatic analysis of mercury detoxification in P. pseu-
doalcaligenes CECT 5344: an integrative view. The expression of the mer genes
depends on the activity of the regulator MerR, which acts as a transcriptional repressor in
the absence of mercury. In the presence of reduced mercury, this metal binds to MerR,
which undergoes an allosteric change that provokes its release from the promoter region,
allowing active transcription of the structural mer genes. It has been proposed that the
protein MerD may assist in the dissociation of MerR from DNA, probably by forming a
complex with MerR, and therefore playing a coregulatory function in the expression of the
mer genes (41). Although MerD was annotated in the genome of the strain CECT 5344 as a
MerR-type transcriptional regulator, it is not homologous to the MerR regulators that are
present in this bacterium. In addition to the mercuric regulatory proteins MerR6 and
MerR5 encoded by the mer gene clusters from the CECT 5344 strain, four additional genes
coding for putative MerR proteins (MerR1 to MerR4) were also identified in different loci of
the genome. The transcriptional analysis of these six merR genes (merR1 to merR6) encod-
ing putative MerR transcriptional regulators in P. pseudoalcaligenes revealed that only the
merR2 gene was significatively induced by mercury when cyanide was the sole nitrogen
source (Fig. 4A), suggesting that MerR2 may have a key role in the control of the mer
genes. However, the expression of other merR genes slightly increased in the presence of
mercury, and therefore, their role in the regulation of mercury resistance/detoxification in
the strain CECT 5344 cannot be ruled out. The bioinformatic analysis of the distribution of
MerR-type transcriptional regulators among bacteria and archaea showed that MerR2 has
homologs in the primitively evolved archaea and thermophilic bacteria (Fig. 5), which indi-
cates a very early origin of the mercury resistance mechanism in hydrothermal habitats
that could contain elevated concentrations of mercury (2). Structural genes belonging to
the merR6T3P3T5ADE and merP1T1R5 gene clusters were highly induced in the presence of
cyanide and mercury (Fig. 4B), thus indicating that probably MerR2 promotes in the pres-
ence of mercury the transcription of these mer genes that code for mercury transporters,
mercury reductase, and the coregulator MerD. Thus, the strain CECT 5344 is a suitable can-
didate to be used in bioremediation techniques applied for the detoxification of industrial
liquid wastes generated by the mining industry that usually contain elevated concentra-
tions of cyanide and mercury, among other metals and metalloids like iron, copper, nickel,
and arsenic (51). The results included in this work contribute to highlighting the great bio-
degradative potential of the CECT strain to detoxify highly toxic complex mixtures of con-
taminants (Fig. 7).

An additional bioinformatic analysis for searching MerR binding sites in the promoter
regions of target genes of P. pseudoalcaligenes CECT 5344 allowed the identification of a
putative MerR regulon that could control the mercury resistance/detoxification mecha-
nisms in this bacterial strain, paralleling with cyanide detoxification/assimilation. The
gene coding for MerR2 does not contain the predicted MerR binding box [5'-(T/C)GTA
(G/Q)-N,-GTAC-3'] in its promoter region. This result, together with the fact that merR2
was the only merR gene of this bacterium that was significantly induced by mercury
(Fig. 4A), lead us to propose that MerR2 could be a master regulator that controls the
expression of different target genes that include the predicted MerR2 binding box in
their promoter regions. Thus, different MerR2-regulated genes were induced in the pres-
ence of mercury, as described in the proteomic and/or transcriptional analyses carried
out in this work (Fig. 3 and 6A; Table S1). Additionally, the merR2 gene was identified
previously as a putative target of a regulatory small RNA (sRNA258) that may control the
detoxification of an industrial cyanide-containing residue by P. pseudoalcaligenes CECT
5344 (52). Integration of the proteomic data, transcriptional analysis, and bioinformatics
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FIG 7 Overview of P. pseudoalcaligenes CECT 5344 metabolism under cyanotrophic conditions in the
presence of mercury.

has allowed us to predict a regulatory model for the MerR2 regulon of P. pseudoalcali-
genes CECT 5344 that operates under cyanotrophic conditions (Fig. 6A). Among putative
MerR2-regulated genes were merR5 and merR6, which are located in the two mer gene
clusters of this strain. Other putative MerR2-target genes were cpxP, which codes for a
chaperone involved in the resistance to metals like mercury; the nrdB gene that codes
for the B-subunit of the ribonucleoside-diphosphate reductase involved in DNA replica-
tion and repair, probably related to the damage that mercury causes directly to DNA; the
fosA and yghU genes, which code for glutathione S-transferases that may contribute to
increasing the GSH pool biologically active in the presence of mercury; and the dithiol
oxidoreductase dsbA gene. Proteins of the Dsb system have been described to play a key
role in the virulence of many pathogenic microorganisms by acting on the function of
various protein secretion systems that influence the virulence (53). The bacterial strain
CECT 5344 is not pathogenic but could be a mechanism of defense toward mercury tox-
icity. In this sense, another predicted target of MerR2 was the virD gene that codes for
an amino acid/peptide export protein involved in quorum sensing. However, peptides
and amino acids can be very effective, and often specific, ligands for a variety of metal
ions like mercury. Additionally, the 3-octaprenyl-4-hydroxybenzoate carboxy-lyase ubiD
gene involved in ubiquinone (coenzyme Q10) synthesis was also identified as a pre-
dicted MerR2 target. Recently, it has been shown that coenzyme Q10 supplementation
alleviates the oxidative stress imposed by mercury in rats (54). On the other hand, the
predicted MerR2-target phoR gene codes for a transcriptional regulator involved in phos-
phorus metabolism. Additionally, the phosphorus-related PhoH protein was found over-
represented in the presence of mercury in the proteomic study carried out in this work
(Fig. 3; Table S1). PhoR is a transcriptional regulator that activates pho gene expression,
while PhoH is a putative ATPase, without clear function. The Pho regulon in bacteria has
been described to function not only as a simple regulatory circuit for controlling phos-
phate homeostasis but also as part of a complex regulatory network relevant for stress
response (55). Phosphate is an essential nutrient for living organisms, including bacteria,
and usually is scarce in the environment, thus limiting bacterial growth. Furthermore,
mercury displays high affinity to phosphorus, making this nutrient even more limited in
mercury-containing media. Finally, another predicted MerR2-target gene was arsR
(BN5_0252), which codes for a transcriptional repressor that may control the expression
of ars genes. Although arsenical compounds were not present in the culture media of
the strain CECT 5344 in this study, several proteins encoded by the P. pseudoalcaligenes
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CECT 5344 ars genes involved in arsenic resistance were overrepresented in the CN +
Hg proteome of this bacterium (Fig. 3; Table S1), including the thioredoxin-dependent
arsenate reductase ArsC3, the ArsR2 transcriptional regulator, and the arsenic resistance
protein ArsH2, which is an NADP*-dependent flavoprotein that protects against oxida-
tive stress and confers resistance to organoarsenicals (56, 57). The presence of mercury
in the growth media of P. pseudoalcaligenes leads to the induction of these proteins
involved in arsenic resistance and detoxification, suggesting a possible cross talk
between these two toxic elements, namely, mercury and arsenic. This result highlights
the great biotechnological potential of the strain CECT 5344 for use in the detoxification
of mining wastes that are composed of complex mixtures of highly toxic compounds
like cyanide, mercury, and arsenic, which display different chemical properties that make
their disposal very difficult.

MATERIALS AND METHODS

Culture media and bacterial growth conditions. Pseudomonas pseudoalcaligenes CECT 5344 was
cultured in M9 minimal media, at pH 9.5 and 30°C, under aerobic conditions with agitation of 220 rpm
in an orbital shaker (24, 28). Sodium acetate (50 mM) was used as the carbon source, and sodium cya-
nide (2 mM) or ammonium chloride (2 mM) was used as the nitrogen source where indicated. When ap-
plicable, mercury chloride (Sigma-Aldrich) was added to the M9 media (from a 5 mM stock solution) to
achieve the indicated concentration for each experiment. Agar plates were prepared by addition of 1.5%
bacteriological agar to LB liquid medium.

Determination of bacterial growth and mercury tolerance. Bacterial growth was determined in lig-
uid cultures by measuring the absorbance at 600 nm (Ay,,) in a spectrophotometer (Spectronic; Thermo
Fisher Scientific, USA). The tolerance of P. pseudoalcaligenes CECT 5344 to mercury was determined by calcu-
lation of the MIC and the minimum bactericidal concentration (MBC) (58). For this purpose, the strain CECT
5344 was grown (in quintuplicate) in U-shaped 96-well microtiter plates, containing M9 liquid medium, at
30°C with shaking at 220 rpm. After 48 h of incubation, the MIC of mercury that impairs visible growth of
bacteria (MIC) and the minimum bactericide concentration of mercury that kills bacteria (MBC) were deter-
mined by measuring bacterial growth in agar plates by counting CFU with the drop plate technique (59).

Analytical determinations. Cyanide was determined colorimetrically in the presence of chloramine
T, barbituric acid, and pyridine reagents as described previously (60). Protein was quantified by the
method of Bradford (61).

The determination of mercury in the culture media or that accumulated extracellularly (biosorption)
or intracellularly (chelated to biomolecules) was determined from 100-mL liquid cultures in M9 minimal
media with 75 uM HgCl, and 2 mM sodium cyanide, as the sole nitrogen source (CN + Hg media). Four
biological samples were analyzed. Cells were centrifuged (10,000 rpm, 10 min, and 4°C) at 7.5 h of
growth, and after centrifugation, supernatants were used to determine the mercury concentration.
Pellets with cells were washed with 1T mL of a solution containing 0.85% NaCl. Cells were heated at 80°C
for 96 h, and cell dry weight was determined. Pellets were digested in 69% HNO, (trace-metal grade;
Fisher). Mercury concentration was determined by inductively coupled plasma-mass-spectrometry (ICP-
MS; PerkinElmer; model Nexion 350X) at the Central Service for Research Support of the University of
Cordoba (SCAI-UCO).

Quantitative proteomic analysis by LC-MS/MS. Proteomic analysis was carried out from P. pseu-
doalcaligenes CECT 5344 cells grown in M9 minimal medium containing 50 mM sodium acetate and
2 mM sodium cyanide as the carbon and nitrogen sources, respectively, and in the presence of 75 uM
Hgdl, (CN + Hg) or without mercury (CN). Four independent biological replicates were used for each
medium. Cells were harvested by centrifugation at 12,000 rpm for 10 min at 4°C after 7.5 h of growth,
when they were actively growing and most of the cyanide was depleted from the media. Pellets with
cells were resuspended in 300 uL of a lysis buffer, containing 8 M urea, 50 mM Tris-HCI (pH 7.5), 4% 3-[(3-
cholamidopropyl)-dimethylammoniol-1-propanesulfonate (CHAPS), and 1% SDS. Samples were disrupted
by sonication in Bandelin Sonoplus H2070 equipment (8 pulses for 20 s, at 25 W). After centrifugation at
12,000 rpm for 10 min at 4°C, supernatants were cleaned by using the 2D-clean up kit (Amersham GE
Healthcare). The LC-MS protocol, acquisition modes, data-independent acquisition-parallel accumulation
serial fragmentation (DIA-PASEF) parameters, building up in silico library by using DIA-NN software, and
searching criteria and quantification mode were carried out as described previously (62). The P. pseudoal-
caligenes CECT 5344 proteome is available in Uniprot (UP000032841). Data were analyzed by using
Perseus software (1.6.12.1). The principal-component analysis (PCA) was carried out, and a heat map and a
volcano plot were generated by using default parameters (Fig. S1 to S3). Then a t test was applied, and dif-
ferentially expressed proteins were defined as those with an adjusted P value of <0.05 and a log, FC of
=1 (overexpressed in CN + Hg media) or =—1 (overexpressed in CN media). Proteins indicated as exclu-
sive were identified only under one condition (either CN + Hg or CN) in at least three of the four replicates
from the same culture media. After data were filtered, a GO enrichment analysis was carried out by using
the ComparativeGO application (27). Data were deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repository with the data set identifier
PXD038659.
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Quantitative real-time PCR analysis. The transcriptional expression of selected genes was analyzed
by gRT-PCR using three biological samples, each with two technical replicates. RNA isolation was per-
formed following the Qiagen RNA extraction kit (RNeasy midi kit), and the synthesis of total cDNA was
achieved with the SuperScript Il reverse transcriptase (Invitrogen). The detailed procedure was described
previously (63). Oligonucleotides sequences used as primers (see Table S3 in the supplemental material)
in the qRT-PCRs were designed using the Oligo 7.0 software. The obtained data were normalized to the
dnaQ1 (BN5_2215) and the dnaE (BN5_2819) housekeeping genes. Gene expression was calculated by
the threshold cycle AAC; method (62).
Bioinformatic analysis of the MerR binding sequence in the genome of P. pseudoalcaligenes.
The pattern locator (PatLoc) software (https://academic.oup.com/bioinformatics/article/22/24/3099/
210155) described previously (64) was used for the identification of MerR sequence patterns in the ge-
nome of P. pseudoalcaligenes CECT 5344 with the restriction of searching in intergenic regions. For that
purpose, the sequence 5'-(T/C)GTA(G/C)-N,-GTAC-3" was used as the predicted MerR binding box in P.
pseudoalcaligenes CECT 5344, as deduced from the one described previously in E. coli (29).

Statistical analysis. Statistical significance was determined by a two-tailed t test analysis by using
the Benjamini-Hochberg correction method. Data were analyzed by using Perseus software (v1.6.12.1)
(https://maxquant.org/perseus/). Log, LFQ intensity data were used for proteomics and normalized data
for qRT-PCR. A pair of samples were considered significantly different when the adjusted P value was
lower than 0.05. Perseus (v1.6.12.1) software was used for the proteomic data analysis. To identify the
merR gene orthologs, the KEGG database was used (https://www.kegg.jp/kegg/kegg2.html). Other data
were compared using the IBM SPSS Statistics v22 software.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, DOCX file, 1.1 MB.

ACKNOWLEDGMENTS
We thank the companies MAGTEL, FCC-AMBITO (GEMASUR), SAVECO, and AVENIR
for fruitful collaborations.
This work was funded by Junta de Andalucia (grant P18-RT-3048) and Fundacién
Torres Gutiérrez, Spain.
K.A.B., and A.O.-A. performed the experiments and data collection. P.C.,, G.R.-C,, and
L.P.S. performed the data collection and curation. V.M.L-A., A.O.-A., CM.-V,, and M.D.R.
were involved in conceptualization and supervision. C.M.-V. and M.D.R. were involved in
funding acquisition/project administration. V.M.L.-A. and M.D.R. performed writing -
review and editing. All authors read and approved the final manuscript.

We report no potential conflict of interest.

REFERENCES

1.

Selin NE. 2009. Global biogeochemical cycling of mercury: a review. Annu
Rev Environ Resour 34:43-63. https://doi.org/10.1146/annurev.environ
.051308.084314.

. Priyadarshanee M, Chatterjee S, Rath S, Dash H, Das S. 2022. Cellular and

genetic mechanism of bacterial mercury resistance and their role in bio-
geochemistry and bioremediation. J Hazard Mater 423:126985. https://
doi.org/10.1016/j.jhazmat.2021.126985.

. Ruelas-Inzunza J, Delgado-Alvarez C, Frias-Espericueta M, Paez-Osuna F.

2013. Mercury in the atmospheric and coastal environments of Mexico,
review of environmental contamination and toxicology. Rev Environ Con-
tam Toxicol 226:65-99. https://doi.org/10.1007/978-1-4614-6898-1_3.

. LinY, Wang S, Wu Q, Larssen T. 2016. Material flow for the intentional use

of mercury in China. Environ Sci Technol 50:2337-2344. https://doi.org/10
.1021/acs.est.5b04998.

. Drace K, Kiefer AM, Veiga MM. 2016. Cyanidation of mercury-contami-

nated tailings: potential health effects and environmental justice. Curr En-
viron Health Rep 3:443-449. https://doi.org/10.1007/s40572-016-0113-0.

. Chen M, Lu W, Hou Z, Zhang Y, Jiang X, Wu J. 2017. Heavy metal pollution

in soil associated with a large-scale cyanidation gold mining region in
southeast of Jilin, China. Environ Sci Pollut Res Int 24:3084-3096. https://
doi.org/10.1007/511356-016-7968-3.

. Aghaei E, Diaz-Alorro R, Tadesse B, Browner R. 2019. A review on current

practices and emerging technologies for sustainable management, seques-
tration and stabilization of mercury from gold processing streams. J Envi-
ron Manage 249:109367. https://doi.org/10.1016/j.jenvman.2019.109367.

July/August 2023 Volume 11 lIssue 4

. Roldan MD, Olaya-Abril A, Saez LP, Cabello P, Luque-Almagro VM,

Moreno-Vivian C. 2021. Bioremediation of cyanide-containing wastes: the
potential of systems and synthetic biology for cleaning up the toxic left-
overs from mining. EMBO Rep 22:e53720. https://doi.org/10.15252/embr
.202153720.

. Holzman DC. 2010. Mercury emissions not shrinking as forecast. Environ

Health Perspect 118:A198. https://doi.org/10.1289/ehp.118-a198.

. Bridges C, Zalups R. 2017. Mechanism involved in the transport of mercu-

ric ions in target tissue. Arch Toxicol 91:63-81. https://doi.org/10.1007/
500204-016-1803-y.

. Gentés S, Lohrer B, Legeay A, Mazel AF, Anschutz P, Charbonnier C, Tessier E,

Maury-Brachet R. 2021. Drivers of variability in mercury and methylmercury
bioaccumulation and biomagnification in temperate freshwater lakes. Chem-
osphere 267:128890. https://doi.org/10.1016/j.chemosphere.2020.128890.

. Bjerklund G, Antonyak H, Polishchuk A, Semenova Y, Lesiv M, Lysiuk R,

Peana M. 2022. Effect of methylmercury on fetal neurobehavioral develop-
ment: an overview of the possible mechanisms of toxicity and the neuro-
protective effect of phytochemicals. Arch Toxicol 96:3175-3199. https://doi
.org/10.1007/500204-022-03366-3.

. Rand MD, Caito SW. 2019. Variation in the biological half-life of methyl-

mercury in humans: methods, measurements and meaning. Biochim Bio-
phys Acta 1863:129301. https://doi.org/10.1016/j.bbagen.2019.02.003.

. Hong YS, Kim YM, Lee KE. 2012. Methylmercury exposure and health

effects. J Prev Med Public Health 45:353-363. https://doi.org/10.3961/
jpmph.2012.45.6.353.

10.1128/spectrum.00553-23 16

Downloaded from https://journal s.asm.org/journal/spectrum on 09 November 2023 by 150.214.127.98.


https://academic.oup.com/bioinformatics/article/22/24/3099/210155
https://academic.oup.com/bioinformatics/article/22/24/3099/210155
https://maxquant.org/perseus/
https://www.kegg.jp/kegg/kegg2.html
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1016/j.jhazmat.2021.126985
https://doi.org/10.1016/j.jhazmat.2021.126985
https://doi.org/10.1007/978-1-4614-6898-1_3
https://doi.org/10.1021/acs.est.5b04998
https://doi.org/10.1021/acs.est.5b04998
https://doi.org/10.1007/s40572-016-0113-0
https://doi.org/10.1007/s11356-016-7968-3
https://doi.org/10.1007/s11356-016-7968-3
https://doi.org/10.1016/j.jenvman.2019.109367
https://doi.org/10.15252/embr.202153720
https://doi.org/10.15252/embr.202153720
https://doi.org/10.1289/ehp.118-a198
https://doi.org/10.1007/s00204-016-1803-y
https://doi.org/10.1007/s00204-016-1803-y
https://doi.org/10.1016/j.chemosphere.2020.128890
https://doi.org/10.1007/s00204-022-03366-3
https://doi.org/10.1007/s00204-022-03366-3
https://doi.org/10.1016/j.bbagen.2019.02.003
https://doi.org/10.3961/jpmph.2012.45.6.353
https://doi.org/10.3961/jpmph.2012.45.6.353
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00553-23

Mercury and Cyanide Detoxification by Pseudomonas

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

Harada M. 1995. Minamata disease: methylmercury poisoning in Japan
caused by environmental pollution. Crit Rev Toxicol 25:1-24. https://doi
.org/10.3109/10408449509089885.

. Kim S, Arora M, Fernandez C, Landero J, Caruso J, Chen A. 2013. Lead,

mercury, and cadmium exposure and attention deficit hyperactivity dis-
order in children. Environ Res 126:105-110. https://doi.org/10.1016/j
.envres.2013.08.008.

. Francois F, Lombard C, Guigner JM, Soreau P, Jaisson FB, Martino G,

Vandervennet M, Garcia D, Molinier AL, Pignol D, Peduzzi J, Zirah S,
Rebuffat S. 2012. Isolation and characterization of environmental bacteria
capable of extracellular biosorption of mercury. Appl Environ Microbiol
78:1097-1106. https://doi.org/10.1128/AEM.06522-11.

. Smith T, Pitts K, McGarvey JA, Summers AO. 1998. Bacterial oxidation of

mercury metal vapor, Hg(0). Appl Environ Microbiol 64:1328-1332.
https://doi.org/10.1128/AEM.64.4.1328-1332.1998.

. Gilmour CC, Elias DA, Kucken AM, Brown SD, Palumbo AV, Schadt CW,

Wall JD. 2011. Sulfate-reducing bacterium Desulfovibrio desulfuricans
ND132 as a model for understanding bacterial mercury methylation. Appl
Environ Microbiol 77:3938-3951. https://doi.org/10.1128/AEM.02993-10.

SiY, Zou Y, Liu X, Si X, Mao J. 2015. Mercury methylation coupled to iron
reduction by dissimilatory iron-reducing bacteria. Chemosphere 122:
206-212. https://doi.org/10.1016/j.chemosphere.2014.11.054.

Mathema VB, Thakuri BC, Sillanpaa M. 201 1. Bacterial mer operon-mediated
detoxification of mercurial compounds: a short review. Arch Microbiol 193:
837-844. https://doi.org/10.1007/s00203-011-0751-4.

Mergeay M, Monchy S, Vallaeys T, Auquier V, Benotmane A, Bertin P,
Taghavi S, Dunn J, van der Lelie D, Wattiez R. 2003. Ralstonia metallidur-
ans, a bacterium specifically adapted to toxic metals: towards a catalogue
of metal-responsive genes. FEMS Microbiol Rev 27:385-410. https://doi
.org/10.1016/50168-6445(03)00045-7.

Sone Y, Nakamura R, Pan-Hou H, Itoh T, Kiyono M. 2013. Role of MerC,
MerE, MerF, MerT, and/or MerP in resistance to mercurials and the trans-
port of mercurials in Escherichia coli. Biol Pharm Bull 36:1835-1841.
https://doi.org/10.1248/bpb.b13-00554.

Luque-Almagro VM, Blasco R, Huertas MJ, Martinez-Luque M, Moreno-
Vivian C, Castillo F, Roldan MD. 2005. Alkaline cyanide biodegradation by
Pseudomonas pseudoalcaligenes CECT5344. Biochem Soc Trans 33:
168-169. https://doi.org/10.1042/BST0330168.

Lugue-Almagro VM, Acera F, Igefio MI, Wibberg D, Roldan MD, Séez LP,
Hennig M, Quesada A, Huertas MJ, Blom J, Merchan F, Escribano MP,
Jaenicke S, Estepa J, Guijo MI, Martinez-Luque M, Macias D, Szczepanowski
R, Becerra G, Ramirez S, Carmona M, Gutiérrez O, Manso |, Piihler A, Castillo
F, Moreno-Vivian C, Schliiter A, Blasco R. 2013. Draft whole genome
sequence of the cyanide-degrading bacterium Pseudomonas pseudoalcali-
genes CECT5344. Environ Microbiol 15:253-270. https://doi.org/10.1111/j
.1462-2920.2012.02875.x.

Wibberg D, Bremges A, Damman-Kalinowski T, Maus |, Igefio MI, Vogelsang
R, Konig C, Luque-Almagro VM, Roldan MD, Sczyrba A, Moreno-Vivian C,
Blasco R, Pihler A, Schliiter A. 2016. Finished genome sequence and meth-
ylome of the cyanide-degrading Pseudomonas pseudoalcaligenes strain
CECT5344 as resolved by single-molecule real-time sequencing. J Biotech-
nol 232:61-68. https://doi.org/10.1016/j.jbiotec.2016.04.008.

Fruzangohar M, Ebrahimie E, Ogunniyi AD, Mahdi LK, Paton JC, Adelson
DL. 2013. Comparative GO: a Web application for comparative gene on-
tology and gene ontology-based gene selection in bacteria. PLoS One 8:
e58759. https://doi.org/10.1371/journal.pone.0058759.

Estepa J, Luque-Almagro VM, Manso |, Escribano MP, Martinez-Luque M,
Castillo F, Moreno-Vivian C, Roldan MD. 2012. The nit1C gene cluster of
Pseudomonas pseudoalcaligenes CECT5344 involved in assimilation of
nitriles is essential for growth on cyanide. Environ Microbiol Rep 4:
326-334. https://doi.org/10.1111/j.1758-2229.2012.00337 x.

Brown NL, Stoyanov JV, Kidd SP, Hobman JL. 2003. The MerR family tran-
scriptional regulators. FEMS Microbiol Rev 27:145-163. https://doi.org/10
.1016/50168-6445(03)00051-2.

Wedepohl KH. 1995. The composition of the continental crust. Geochim Cos-
mochim Acta 59:1217-1232. https://doi.org/10.1016/0016-7037(95)00038-2.

Vézquez V, Parga J, Valenzuela J, Figueroa G, Valenzuela A, Munive G.
2014. Recovery of silver from cyanide solutions using electrochemical
process like alternative for Merrill-Crowe process. Mater Sci Appl 5:
863-870. https://doi.org/10.4236/msa.2014.512087.

Coulibaly M, Bamba D, Yao N, Zoro E, Rhazi M. 2016. Some aspects of spe-
ciation and reactivity of mercury in various matrices. Comptes Rendus
Chimie 19:832-840. https://doi.org/10.1016/j.crci.2016.02.005.

July/August 2023 Volume 11 lIssue 4

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Microbiology Spectrum

Sun R, Guanggian L, Wu H, Li X, Tian H, Yao H. 2022. Insight into mercury-
laden activated carbon adsorbent product bonding nature by DFT calcu-
lations. Chem Engineer J 433:134461. https://doi.org/10.1016/j.cej.2021
.134461.

Tulasi D, Fajon V, Joze K, Shlyapnikov Y, Adotey D, Serfor-Armah Y, Horvat
M. 2021. Mercury methylation in cyanide influenced river sediments: a
comparative study in Southwestern Ghana. Environ Monit Assess 193:
180. https://doi.org/10.1007/510661-021-08920-7.

Lin H, Ascher DB, Myung Y, Lamborg CH, Hallam SJ, Gionfriddo CM, Holt
KE, Moreau JW. 2021. Mercury methylation by metabolically versatile and
cosmopolitan marine bacteria. ISME J 15:1810-1825. https://doi.org/10
.1038/541396-020-00889-4.

Si L, Branfireun BA, Fierro J. 2022. Chemical oxidation and reduction path-
ways of mercury relevant to natural waters: a review. Water 14:1891.
https://doi.org/10.3390/w14121891.

Olaya-Abril A, Pérez MD, Cabello P, Martignetti D, Saez LP, Luque-
Almagro VM, Moreno-Vividn C, Roldan MD. 2020. Role of the dihydrodipi-
colinate synthase DapA1 on iron homeostasis during cyanide assimilation
by the alkaliphilic bacterium Pseudomonas pseudoalcaligenes CECT
5344. Front Microbiol 11:28. https://doi.org/10.3389/fmicb.2020.00028.
Pérez MD, Olaya-Abril A, Cabello P, Sdez LP, Roldén MD, Moreno-Vivian C,
Luque-Almagro VM. 2021. Alternative pathway for 3-cyanoalanine assimi-
lation in Pseudomonas pseudoalcaligenes CECT5344 under non cyano-
trophic conditions. Microbiol Spectr 9:e0077721. https://doi.org/10.1128/
Spectrum.00777-21.

Zheng R, Wu S, Ma N, Sun C. 2018. Genetic and physiological adaptations
of marine bacterium Pseudomonas stutzeri 273 to mercury stress. Front
Microbiol 9:682. https://doi.org/10.3389/fmicb.2018.00682.

Amin A, Sarwar A, Saleem MA, Latif Z, Opella SJ. 2019. Expression and pu-
rification of transmembrane protein MerE from mercury-resistant Bacillus
cereus. J Microbiol Biotechnol 29:274-282. https://doi.org/10.4014/jmb
.1704.04062.

Naguib M, El-Gendy A, Khairalla A. 2018. Microbial diversity of mer operon
genes and their potential rules in mercury bioremediation and resistance.
Open Biotechnol J 12:56-77. https://doi.org/10.2174/1874070701812010056.
Bogdanow B, Zauber H, Selbach M. 2016. Systematic errors in peptide and
protein identification and quantification by modified peptides. Mol Cell
Proteomics 15:2791-2801. https://doi.org/10.1074/mcp.M115.055103.
Bjerklund G, Crisponi G, Nurchi VM, Cappai R, Djordjevic AB, Aaseth J.
2019. A review on coordination properties of thiol-containing chelating
agents towards mercury, cadmium, and lead. Molecules 24:3247. https://
doi.org/10.3390/molecules24183247.

Cantu DC, Chen Y, Reilly PJ. 2010. Thioesterases: a new perspective based
on their primary and tertiary structures. Protein Sci 19:1281-1295. https://
doi.org/10.1002/pro.417.

Zhao Y, Zhou C, Guo X, Hu G, Li G, Zhuang Y, Cao H, Li L, Xing C, Zhang C,
Yang F, Liu P. 2021. Exposed to mercury-induced oxidative stress,
changes of intestinal microflora, and association between them in mice.
Biol Trace Elem Res 199:1900-1907. https://doi.org/10.1007/s12011-020
-02300-x.

Walewska A, Szewczyk A, Koprowski P. 2022. External hemin as an inhibitor
of mitochondrial large-conductance calcium-activated potassium channel
activity. Int J Mol Sci 23:13391. https://doi.org/10.3390/ijms232113391.

Lee SJ, Kim DG, Lee KY, Koo JS, Lee BJ. 2018. Regulatory mechanisms of
thiol-based redox sensors: lessons learned from structural studies on pro-
karyotic redox sensors. Arch Pharm Res 41:583-593. https://doi.org/10
.1007/512272-018-1036-0.

Moinier D, Byrne D, Amouric A, Bonnefoy V. 2017. The global redox
responding RegB/RegA signal transduction system regulates the genes
involved in ferrous iron and inorganic sulfur compound oxidation of the
acidophilic Acidithiobacillus ferrooxidans. Front Microbiol 8:1277. https://
doi.org/10.3389/fmicb.2017.01277.

Hudson MF, Smith KM. 1975. Novel mercury (Il) complexes of porphyrins.
Tetrahedron 31:3077-3083. https://doi.org/10.1016/0040-4020(75)80151-7.
Mihara H, Esaki N. 2002. Bacterial cysteine desulfurases: their function
and mechanisms. Appl Microbiol Biotechnol 60:12-23. https://doi.org/10
.1007/500253-002-1107-4.

Meloni F, Montegrossi G, Lazzaroni M, Rappuoli D, Nisi B, Vaselli O. 2021.
Total and leached arsenic, mercury and antimony in the mining waste
dumping area of abadie San Salvatore (Mt. Amiata, central Italy). Appl Sci
11:7893. https://doi.org/10.3390/app11177893.

Olaya-Abril A, Luque-Almagro VM, Pérez MD, Lépez CM, Amil F, Cabello P,
Saez LP, Moreno-Vivian C, Roldan MD. 2019. Putative small RNAs control-
ling detoxification of industrial cyanide-containing wastewaters by

10.1128/spectrum.00553-23 17

Downloaded from https://journal s.asm.org/journal/spectrum on 09 November 2023 by 150.214.127.98.


https://doi.org/10.3109/10408449509089885
https://doi.org/10.3109/10408449509089885
https://doi.org/10.1016/j.envres.2013.08.008
https://doi.org/10.1016/j.envres.2013.08.008
https://doi.org/10.1128/AEM.06522-11
https://doi.org/10.1128/AEM.64.4.1328-1332.1998
https://doi.org/10.1128/AEM.02993-10
https://doi.org/10.1016/j.chemosphere.2014.11.054
https://doi.org/10.1007/s00203-011-0751-4
https://doi.org/10.1016/S0168-6445(03)00045-7
https://doi.org/10.1016/S0168-6445(03)00045-7
https://doi.org/10.1248/bpb.b13-00554
https://doi.org/10.1042/BST0330168
https://doi.org/10.1111/j.1462-2920.2012.02875.x
https://doi.org/10.1111/j.1462-2920.2012.02875.x
https://doi.org/10.1016/j.jbiotec.2016.04.008
https://doi.org/10.1371/journal.pone.0058759
https://doi.org/10.1111/j.1758-2229.2012.00337.x
https://doi.org/10.1016/S0168-6445(03)00051-2
https://doi.org/10.1016/S0168-6445(03)00051-2
https://doi.org/10.1016/0016-7037(95)00038-2
https://doi.org/10.4236/msa.2014.512087
https://doi.org/10.1016/j.crci.2016.02.005
https://doi.org/10.1016/j.cej.2021.134461
https://doi.org/10.1016/j.cej.2021.134461
https://doi.org/10.1007/s10661-021-08920-7
https://doi.org/10.1038/s41396-020-00889-4
https://doi.org/10.1038/s41396-020-00889-4
https://doi.org/10.3390/w14121891
https://doi.org/10.3389/fmicb.2020.00028
https://doi.org/10.1128/Spectrum.00777-21
https://doi.org/10.1128/Spectrum.00777-21
https://doi.org/10.3389/fmicb.2018.00682
https://doi.org/10.4014/jmb.1704.04062
https://doi.org/10.4014/jmb.1704.04062
https://doi.org/10.2174/1874070701812010056
https://doi.org/10.1074/mcp.M115.055103
https://doi.org/10.3390/molecules24183247
https://doi.org/10.3390/molecules24183247
https://doi.org/10.1002/pro.417
https://doi.org/10.1002/pro.417
https://doi.org/10.1007/s12011-020-02300-x
https://doi.org/10.1007/s12011-020-02300-x
https://doi.org/10.3390/ijms232113391
https://doi.org/10.1007/s12272-018-1036-0
https://doi.org/10.1007/s12272-018-1036-0
https://doi.org/10.3389/fmicb.2017.01277
https://doi.org/10.3389/fmicb.2017.01277
https://doi.org/10.1016/0040-4020(75)80151-7
https://doi.org/10.1007/s00253-002-1107-4
https://doi.org/10.1007/s00253-002-1107-4
https://doi.org/10.3390/app11177893
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00553-23

Mercury and Cyanide Detoxification by Pseudomonas

53.

54.

55.

56.

57.

58.

59.

Pseudomonas pseudoalcaligenes CECT 5344. PLoS One 14:0212032.
https://doi.org/10.1371/journal.pone.0212032.

Bocian-Ostrzycka KM, Grzeszczuk MJ, Banas AM, Jagusztyn-Krynicka EK.
2017. Bacterial thiol oxidoreductases—from basic research to new anti-
bacterial strategies. Appl Microbiol Biotechnol 101:3977-3989. https://doi
.org/10.1007/s00253-017-8291-8.

Gamal A, AboSalem M, El-Shewy E, Medhate-Hegazy A, Saber S. 2023.
Coenzyme Q10 supplementation alleviates the oxidative stress on the
liver imposed by mercuric chloride in albino rats. Benha Vet Med J 43:
19-24. https://doi.org/10.21608/bvmj.2022.176212.1613.

Lamarche MG, Wanner BL, Crépin S, Harel J. 2008. The phosphate regulon
and bacterial virulence: a regulatory network connecting phosphate ho-
meostasis and pathogenesis. FEMS Microbiol Rev 32:461-473. https://doi
.org/10.1111/j.1574-6976.2008.00101 x.

Ben Fekih I, Zhang C, Li YP, Zhao Y, Alwathnani HA, Saquib Q, Rensing C,
Cervantes C. 2018. Distribution of arsenic resistance genes in prokaryotes.
Front Microbiol 9:2473. https://doi.org/10.3389/fmicb.2018.02473.
Paez-Espino AD, Nikel PI, Chavarria M, de Lorenzo V. 2020. ArsH protects
Pseudomonas putida from oxidative damage caused by exposure to ar-
senic. Environ Microbiol 22:2230-2242. https://doi.org/10.1111/1462
-2920.14991.

Andrews JM. 2001. Determination of minimum inhibitory concentrations. J
Antimicrob Chemother 48:5-16. https://doi.org/10.1093/jac/48.suppl_1.5.
Naghili H, Tajik H, Mardani K, Razavi-Rouhani SM, Ehsani A, Zare P. 2013.
Validation of drop plate technique for bacterial enumeration by paramet-
ric and nonparametric tests. Vet Res Forum 4:179-183.

July/August 2023 Volume 11 lIssue 4

60.

61.

62.

63

64.

65.

Microbiology Spectrum

Asmus E, Garschagen H. 1953. The use of barbituric acid for the photo-
metric determination of cyanide and thiocyanate. Z Anal Chem 138:
414-422. https://doi.org/10.1007/BF00461093.

Bradford MM. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248-254. https://doi.org/10.1006/abio.1976
.9999.

Olaya-Abril A, Luque-Almagro VM, Hidalgo-Carrillo J, Chicano-Galvez E,
Urbano FJ, Moreno-Vivian C, Richardson DJ, Roldan MD. 2022. The NtrYX
two-component system of Paracoccus denitrificans is required for the
maintenance of cellular iron homeostasis and for a complete denitrifica-
tion under iron-limited conditions. Int J Mol Sci 23:9172. https://doi.org/
10.3390/ijms23169172.

. Olaya-Abril A, Hidalgo-Carrillo J, Luque-Almagro VM, Fuentes-Almagro C,

Urbano FJ, Moreno-Vivian C, Richardson DJ, Roldan MD. 2021. Effect of
pH on the denitrification proteome of the soil bacterium Paracoccus deni-
trificans PD1222. Sci Rep 11:17276. https://doi.org/10.1038/s41598-021
-96559-2.

Mrézek J, Xie S. 2006. Pattern locator: a new tool for finding local sequence
patterns in genomic DNA sequences. Bioinformatics 22:3099-3100. https://
doi.org/10.1093/bioinformatics/btl551.

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard
JF, Guindon S, Lefort V, Lescot M, Claverie JM, Gascuel O. 2008. Phyloge-
ny.fr: robust phylogenetic analysis for the non-specialist. Nucleic Acids
Res 36:W465-W469. https://doi.org/10.1093/nar/gkn180.

10.1128/spectrum.00553-23 18

Downloaded from https://journal s.asm.org/journal/spectrum on 09 November 2023 by 150.214.127.98.


https://doi.org/10.1371/journal.pone.0212032
https://doi.org/10.1007/s00253-017-8291-8
https://doi.org/10.1007/s00253-017-8291-8
https://doi.org/10.21608/bvmj.2022.176212.1613
https://doi.org/10.1111/j.1574-6976.2008.00101.x
https://doi.org/10.1111/j.1574-6976.2008.00101.x
https://doi.org/10.3389/fmicb.2018.02473
https://doi.org/10.1111/1462-2920.14991
https://doi.org/10.1111/1462-2920.14991
https://doi.org/10.1093/jac/48.suppl_1.5
https://doi.org/10.1007/BF00461093
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.3390/ijms23169172
https://doi.org/10.3390/ijms23169172
https://doi.org/10.1038/s41598-021-96559-2
https://doi.org/10.1038/s41598-021-96559-2
https://doi.org/10.1093/bioinformatics/btl551
https://doi.org/10.1093/bioinformatics/btl551
https://doi.org/10.1093/nar/gkn180
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00553-23

	RESULTS
	Detoxification of cyanide and mercury by P. pseudoalcaligenes.
	Proteomic analysis of P. pseudoalcaligenes grown under cyanotrophic conditions with mercury.
	Transcriptional and bioinformatic analyses of MerR regulators.

	DISCUSSION
	Mercury and cyanide resistance/detoxification by P. pseudoalcaligenes CECT 5344.
	Proteomic study of the resistance to mercury in P. pseudoalcaligenes CECT 5344 under cyanotrophic conditions.
	Transcriptional and bioinformatic analysis of mercury detoxification in P. pseudoalcaligenes CECT 5344: an integrative view.

	MATERIALS AND METHODS
	Culture media and bacterial growth conditions.
	Determination of bacterial growth and mercury tolerance.
	Analytical determinations.
	Quantitative proteomic analysis by LC-MS/MS.
	Quantitative real-time PCR analysis.
	Bioinformatic analysis of the MerR binding sequence in the genome of P. pseudoalcaligenes.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

