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Abstract Bacteria that harbor the mer operon in their
genome are able to enzymatically reduce mercury (II) to
the volatile form of mercury Hg (0). Detoxification of
contaminated waste by using these bacteria may be an
alternative to conventional methods for mercury remov-
al. Residual glycerol from the biodiesel industry can be
used as a carbon source to accelerate the process. This
work shows for the first time the feasibility of using
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residual glycerol as a carbon source for Hg removal by
bacteria prospected from contaminated environments.
Eight bacterial isolates were able to remove mercury
and degrade glycerol in mineral medium and residual
glycerol. Mercury removal was monitored by atomic
absorption spectroscopy and glycerol degradation by
high performance liquid chromatography. The best re-
sults of mercury removal and glycerol degradation were
obtained using isolates of Serratia marcescens M25C
(85 and 100 %), Klebsiella pneumoniae PLB (90 and
100 %), Klebsiella oxytoca (90 and 100 %), and
Arthrobacter sp. U3 (80 and 75 %), with addition of
0.5 g L' yeast extract. The Arthrobacter sp. U3 isolate
is common in soils and has proven to be a promising
candidate for environment applications due to its low
pathogenicity and higher Hg removal and glycerol deg-
radation rates.

Keywords Mercury Il removal - Mercury
contamination - Hg*" reduction - Glycerol -
Arthrobacter - Volatilization

1 Introduction

Mercury (Hg) occurs naturally in the environment in
chemical species with different solubility, reactivity, and
toxicity, causing several impacts on ecosystems and
human health (UNEP). Mercury is emitted into the
environment by numerous natural and anthropogenic
sources, through complex combinations involving
chemical, physical, and biological reactions (Maxson
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2005; Driscoll et al. 2013). The most common anthro-
pogenic sources of mercury are the industrial establish-
ments with different production profile such as petro-
chemical, electronic, measuring equipments, inks, and
chlorine soda, besides the extraction of gold and dental
amalgam (Li et al. 2009; Pirrone et al. 2010) .

Although mercury is toxic to both eukaryotic cells
and prokaryotic cells, some microorganisms possess
metal resistance mechanisms, including efflux pumps
(Silver and Phung 1996; Waldron and Robinson 2009),
chelation by enzymatic polymers, precipitation, bio-
methylation (Boening 2000), and enzymatic reduction
related to mer operon (Silver and Walderhaug 1992; Ma
et al. 2009). Bacteria that harbor mer operon are able to
enzymatically reduce mercury (II) to the volatile form of
mercury Hg (0) (Nies 1999; Barkay et al. 2003; Barkay
and Wagner-Dobler 2005; Zhang et al. 2006; Dash and
Das, 2012). The merd genes are part of an operon
comprising regulatory genes and other encoding genes
of transport proteins (Summers 1992; Silver and Phung
1996; Narita et al. 2003; Dash and Das 2012). In gen-
eral, many mercury-resistant isolates possess the merR,
merP, and merA genes encoding proteins for regulatory
function, transport and extracellular binding, and mer-
curic (II) reductase, respectively (Silver and Hobman
2007; Hobman 2007).

Mercuric (IT) reductase (MerA) is a flavin oxidore-
ductase (~120 kDa), which acts as a dimer and is com-
posed of three domains. The three-dimensional structure
of the enzyme indicates that the active site is formed by
the interaction of the central domain of a subunit with
another C-terminal domain (Barkay and Wagner-Dobler
2005). The central domain, described as a pyridine
nucleotide oxidoreductase disulfide group, is where ca-
talysis and the transfer of two electrons from NADPH to
Hg (II) via FAD occur. In this case, there is a pair of
active redox cysteines that carry out the charge-transfer
reaction and the Hg (II) is reduced by electron transfer-
ence to the volatile form of mercury Hg (0). The core of
the MerA enzyme is a C-terminal domain found only in
the mercuric reductase enzyme, together with the central
domain (Silver and Hobman 2007). An N-terminal do-
main has the function of directing the Hg (1) to the
active site of MerA. This domain is essential in cells
with low concentrations of sulfide agents, where the
supply of thiolated Hg (II) may be limited. Thus, the
mer system has evolved to perform metal regulation,
transport, and enzymatic catalysis, converting the highly
reactive form of the mercury cation to volatile Hg (0)
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(Barkay and Wagner-Ddbler 2005). This adaptive mi-
crobial response to Hg is an alternative for remediation
of Hg-contaminated sites; in addition, the genus
Pseudomonas has been explored for potential use in
contaminated environments (Wagner-Doébler 2003;
Barkay and Wagner-Débler 2005; Mortazavi et al.
2005; Pepi et al. 2010, Giovanella et al. 2011; Cabral
et al. 2013).

Conventionally, remediation of contaminated envi-
ronments by toxic metal ions has employed physico-
chemical techniques including precipitation, filtration,
and electrochemical recovery as well as membrane sep-
aration, excavation, waste disposal in landfills, or cov-
ering of the contaminated site. These techniques are
ineffective, costly, and often produce additional waste
with greater potential for contamination (Camargo et al.
2007; Naja and Volesky 2010).

Biodiesel is considered as potential substitute for
diesel. Accordingly, its main by-product is glycerol;
once for every 9 kg of biodiesel produced, about 1 kg
of crude glycerol by-product is formed (Dasari et al.
2005; Johnson and Taconi, 2007; Zeng and Sabra,
2011). Glycerin derived from biodiesel production has
low value because of the impurities, as it contains resi-
dues of soda, free fatty acids, methanol, salts of fatty
acids, esters, sulfur compounds, proteins, and minerals
(Thompson and He 2006); thus, it demands costs for
disposal (Yazdani and Gonzales 2007; Escapa et al.
2009). However, residual glycerol is considered a highly
compact and assimilable carbon source for bacteria to
obtain energy for metabolic processes under aerobic and
anaerobic conditions (Silva et al. 2009). Concerning the
treatment of effluents, the use of residual glycerol as a
carbon source for biological denitrification and phos-
phorus removal has been studied (Bodik et al. 2009;
Yuan et al. 2010; Tora et al. 2011; Guerrero et al. 2012),
aiming to reduce the cost of treatment of these effluents.

Although bioremediation of mercury-contaminated
effluents has been reported in literature, technologies
aimed at distinct metabolic pathways as well as the use
of alternative carbon sources (residual glycerol) for ap-
plication of microorganisms in metal biotransformation
have not been studied. Thus, the study on methodolo-
gies that join removal efficiency and low cost of appli-
cation may effectively expand bioremediation technol-
ogy for large-scale models.

This study aimed to investigate growth and the ability
to remove Hg”" of eight Gram-negative bacteria culti-
vated in medium and the feasibility of Hg removal using
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residual glycerol as a carbon source. Additionally, the
degradation of residual glycerol by microorganisms, the
identification of merA genes in Gram-negative isolates
by PCR, and the inhibitory and biocide concentration of
Hg (II) on bacteria will be assessed.

2 Material and Methods
2.1 Microorganisms

Bacteria were previously isolated from metal-
contaminated industrial effluents, according to the meth-
odology described by Giovanella et al. 2011.

Thirty-five isolates resistant to Hg were evaluated for
growth on glycerol as the only carbon source. Indirect
turbidimetric method was used, and the optical density
was measured at 600 nm in the culture medium MM1
Richard & Vogel” (KC1 0.7 g L™, KH,PO4 2 g L7},
Na,HPO, 3 g L', NH4;NO5 1 gL', MgSO4 4 mg L™,
FeSO4 0.2 mg L', MnCl, 0.2 mg L', CaCl,
0.2 mg L', containing HgCl, (10 uM), and 10 g L™!
commercial glycerol (99 %). After 48 h of incubation at
30 °C, the optical density at 600 nm was measured, and
the isolates presenting cell growth (B50A, CP1.0,
MS50C, M25C, PLA, PLB, U3, and U14) were selected
for the other experiments.

2.2 Molecular Identification of Mercury-Resistant
Bacteria

The bacterial genomic DNA was extracted using Wizard
Genomic DNA Purification Kit (Promega, WI). The
16S ribosomal DNA (rDNA) was amplified in a PCR
using the following universal primers for bacteria: 27 F
(5'-AGATTTGATCMTGGCTCAG-3') and 1492R (5'-
TACGGYTACCTTGTTACGACTT-3'). The amplifica-
tion reaction was based on Sambrook and Russel
(2001): bufter (50 mM of Tris—HCI, pH 9.0, 50 mM of
KCI, 2.5 % of Tritonx100), dNTPs (200 uM from
each), 0.2 uM of MgCl,, 0.25 pmol of each primer,
0.8 ng/uL of DNA sample, and 0.02 U of Taq DNA
polymerase. The amplification was performed in a ther-
mal cycler (MJ Research Inc., Watertown, MA, USA),
and the program consisted of 35 cycles (initial denatur-
ation at 95 °C for 5 min, subsequent denaturation at
95 °C for 30 s, annealing at 50 °C for 1 min, extension at
72 °C for 90 s, and final extension for 5 min at 72 °C).
The PCR products were purified by standard method of

precipitation with PEG 8000 (polyethylene glycol). For
the sequencing reactions of PCR fragments, kits of
labeled terminators (GE Healthcare), with primer 519r
(5'-GWATTACCGCGGCKGCTG-3'), was used. All
generated sequences were submitted to the Genbank/
NCBI database.

2.3 PCR Detection of merA Genes

For detection of merA gene, DNA of all bacterial iso-
lates were obtained as described above for amplification
of 16S rDNA genes. The PCR reaction for merA was
performed using primers Al F (ACC ATC GGC GGC
ACC TGC GT) and A5 R (ACC ATC GTC AGG TAG
GGG AAC) (Liebert et al. 1997). Each reaction
contained 5 uL of 10x PCR buffer, 1.5 uL of 25 mM
MgCl,, 1 uL of 10 mM dNTPs, 0.02 U of Tag DNA
polymerase (Denville, NJ), 0.5 uL of 20 pmol puL™" of
each primer (forward e reverse), and 16.75 pL of ultra-
pure water. The following PCR conditions were used for
merA: hot start at 95 °C for 5 min, followed by 29 cycles
0f 95 °C for 1 min, 64 °C for 2 min, and 90 °C for 3 min
and a final extension for 5 min at 72 °C. Each PCR
reaction included two bacterial Gram-positive as a neg-
ative control (B. cereus CP1.0 and Arthrobacter sp. U3)
that were prepared in identical conditions as described
above. The reactions were run in GeneAmp PCR
System 9700 (Applied Biosystems, CA). The products
of PCR reactions were separated on 1 % agarose gel
(Fisher Scientific, MA) and observed using a Geldoc
2000 system (Bio-Rad, CA).

2.4 Preparation of Cells

Different culture media were used to standardize the
trials, as described below.

Trials in LB medium: each mercury-resistant isolate
was inoculated onto LB medium (bacteriological
tryptone 10 g L™, yeast extract 5 g L', NaCl
10 g L") pH 6.7, containing HgCl, (10 uM), and
incubated for 24 h at 30 °C under agitation at 100 rpm.
Initial bacterial counts of 10’ CFU/mL were standard-
ized by turbidimetry at 600 nm (0.05 to 0.45) and the
corresponding CFU/mL in Petri plates. Uninoculated
culture medium was used as negative control.

Trials in mineral medium MM1 and residual glycer-
ol: each mercury-resistant isolate was inoculated onto
MMI1 (KCI 0.7 gL', KH,PO, 2 g L', Na,HPO,
3gL !, NH,NO; 1 gL', MgSO, 4 mg L', FeSO,
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02mg L™, MnCL, 02 mg L™, CaCl, 0.2 mg L") pH
6.7, containing HgCl, (10 uM) and residual glycerol
(10 g L") and incubated for 48 h at 30 °C under
agitation at 100 rpm. Initial bacterial counts of
10’ CFU mL™" were standardized by turbidimetry at
600 nm (0.05 to 0.45) and the corresponding CFU
mL™" in Petri plates. Uninoculated culture medium
was used as negative control.

2.5 Minimal Inhibitory Concentrations

The bacterial isolates were evaluated for their ability to
grow in LB medium containing different concentrations
of HgCl,. All tests were performed in 96-multiwell
plates with each well being filled with 200 puL of the
growth medium. Each well was inoculated with 5 puL of
overnight cultures following incubation at 30 °C for
48 h. The lowest concentration of mercury at which no
visible growth was observed was considered as the
minimal inhibitory concentration (MIC) (Ball et al.
2007). Uninoculated LB medium served as negative
controls, and inoculated LB medium without mercury
served as positive controls.

2.6 Minimal Biocide Concentration

The isolates were tested for minimal biocide concentra-
tion of mercury in 96-well polystyrene plates on LB
medium containing HgCl, at concentrations varying
from 125 to 1500 uM, incubated for 48 h at 30 °C under
agitation at 100 rpm. After the incubation period, 25 uL
culture was inoculated in Petri dishes containing Agar
nutrient. The biocide concentration was determined af-
ter 72 h of incubation at 30 °C by the presence or
absence of microbial growth.

2.7 Mercury Removal by the Isolates in LB Medium

The essay was performed according to Kannan and
Krishnamoorthy (2006). Briefly, about 2x 10’ CFU
mL™" of the bacterial isolates were inoculated in LB
medium containing 10 pM of HgCl, at 30 °C for 24 h.
At these time, samples were taken was growth was
determined as ODgqo as well the mercury removal ca-
pacity (%) as the mercury remaining and pH.
Uninoculated LB medium served as negative controls,
and inoculated LB medium without mercury served as
positive controls.

@ Springer

2.8 Mercury Removal by Isolates Using Alternative
Carbon Source (Residual Glycerol)

The mercury removal capacity was determined in min-
eral medium MMI1 containing 10 pM of HgCl,,
10 g L ™" of residual glycerol plus 0.5 g L™ yeast extract
as a nitrogen source. The initial cell concentration was
10’ CFU mL™" and the culture medium was incubated
for 24, 48, and 72 h at 30 °C and 100 rpm. After the
incubation period, aliquots were sampled for analysis of
the remaining mercury and glycerol, pH, and optical
density at 600 nm. The culture medium MM1 contain-
ing 10 uM of HgCl,, 10 g L™" of residual glycerol, and
0.5 g L™! yeast extract not inoculated were used as a
negative control.

In addition, the mercury removal capacity was eval-
uated in MM1 medium containing 10 pM HgCl, and
10 g L™" residual glycerol without addition of yeast
extract as a nitrogen source. The initial cell concentra-
tion was 10’ CFU mL_l, and the culture medium was
incubated for 24, 48, 72, 96, 120, and 144 h at 30 °C and
100 rpm. After the incubation period, aliquots were
sampled for analysis of the remaining mercury and
glycerol, pH, and optical density at 600 nm. The culture
medium MM 1 containing 10 uM HgCl, and 10 g L ™" of
residual glycerol not inoculated were used as a negative
control.

2.9 Mercury Analysis by Cold Vapor Atomic
Absorbance Spectroscopy

The concentration of mercury remaining in the
medium inoculated with isolates and uninoculated
was determined following digestion as proposed by
EPA method 7471B. All glassware used during Hg
(IT) analyses was cleaned in 30 % HNO; and
rinsed several times in ultrapure water prior to
use. An aliquot of supernatant (0.1 mL) was col-
lected and added to 5 and 2 mL of concentrated
sulfuric and concentrated nitric acids, respectively.
Then, 10 mL of 5 % potassium permanganate was
added to the tubes, following autoclavation for
15 min at 121 °C. The remaining potassium per-
manganate was reduced with 6 mL of 12 % hy-
droxylamine hydrochloride. Mercury analysis was
performed in an atomic absorption spectrometry/
cold vapor (Analyst 100, Perkin Elmer, Waltham,
MA, USA).
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2.10 Chromatography Analysis

The culture samples were prepared by centrifugation at
10,000g for 5 min to pellet the cell, followed by filtra-
tion using 0.22 wm pore size cellulose acetate mem-
brane filters. Glycerol concentration in media samples
was analyzed using a Shimadzu HPLC (Shimadzu
Corp., Japan) equipped with a RID-10A refractive index
detector. The stationary and mobile phases were an
Aminex HPX-87H column (300x7.8 mm, Bio-Rad,
USA) and 0.005 M H,SO, solution at 0.8 mL min_l,
respectively. The column temperature was controlled at
65 °C. For the HPLC analyses, standards of HPLC
grade of glycerol was used (>99.5 purity).

3 Results and Discussion

Thirty-five Hg-resistant strains previously isolated were
tested for growth on medium containing purified glyc-
erol as a carbon source. Of these, only eight isolates
grew in culture medium MM1 with glycerol after 48 h
of incubation and thus were selected for further experi-
ments (data not shown).

Analysis of 16S rRNA genes showed that the eight
isolates capable to utilize glycerol as a carbon source
belong to distinct species, six being Gram-negative and
two Gram-positive bacteria (Table 1). Pseudomonas,
Serratia, Citrobacter, Klebsiella, and Bacillus are re-
ported as glycerol-degrading bacteria forming
bioproducts (Silva et al. 2009), while bacteria of the
genera Proteus and Arthrobacter were not reported in
other studies as glycerol-degrading bacteria (Fig. 1).

Once glycerol has been used for production of dif-
ferent products, various microorganisms have been
evaluated for their glycerol bioconversion ability

(Sarma et al. 2012). Tao et al. (2005) investigated
Serratia marcescens strains for the production of the
natural red pigment prodigiosin and observed higher
yield when using glycerol as a carbon source. An isolate
from the genus Bacillus promoted glycerol degradation
and produced higher quantities of ethanol, as reported
by Nakas et al. 1983. Several studies on the ability of the
bacteria Citrobacter and Klebsiella to metabolize glyc-
erol have been found in literature (Homann et al. 1990;
Daniel et al. 1995; Seifert et al. 2001; Forage and Foster,
1982; Tong et al. 1991; Menzel et al. 1997; Németh
et al. 2003). These processes can be oxidative or reduc-
tive (Zhu et al. 2002) and involve enzymes that catalyze
the conversion of glycerol into assimilable products by
bacterial cells (Daniel et al. 1995; Luers et al. 1997,
Macis et al. 1998).

Mercury resistance is frequent among Gram-
negative microorganisms. Nakamura et al. (2001)
have isolated 55 mercury-resistant bacteria and found
only four Gram-positive. Several studies have shown
that Pseudomonas have high resistance to different
forms of mercury (Fortunato et al. 2005; Ni
Chadhain et al. 2006; Zhang et al. 2012; Sone
et al. 2013; Cabral et al. 2014). Members of the
genera Arthrobacter, Bacillus, Citrobacter, Klebsiella,
Proteus, and Serratia are less reported in literature
but have been characterized as Hg-tolerant bacteria
(Ni Chadhain et al. 2006; Zeroual et al. 2001;
Keramati et al. 2011; Chien et al. 2012; Dash
et al. 2013; Bafana et al. 2010).

After 48 h of incubation in LB medium supplement-
ed with Hg at concentrations ranging from 0 to
1500 puM, higher resistance level was observed in all
isolates, but with different tolerance capabilities
(Table 2). Isolates showed MIC between 250 and
920 uM and minimal biocide concentration (MBC)

Table 1 Molecular identification

of mercury-resistant bacteria by Isolate code

Genetic similarity index (%)

Accession number Sequence length (bp)

16S rDNA sequencing

B50A Pseudomonas sp. (99 %) KF312471.1 390
CP1.0 Bacillus cereus (100 %) CP001407.1 615
M25C Serratia marcescens (100 %) GU22079 802
Ms50C Proteus mirabilis (100 %) AMO94275 410
PLA Citrobacter freundii (98 %) AB548829 954
PLB Klebsiella pneumoniae (99%) CP006659.1 450
U3 Arthrobacter sp. (98%) JQ082129.1 818
ul4 Klebsiella oxytoca (99 %) CP003218.1 1406
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Fig. 1 Amplification of merA fragments from mercury-resistant
strains using PCR products. Lanes are labeled with the name of the
isolate and lane M (molecular weight marker)

between 550 and 1000 uM Hg. Klebsiella oxytoca U14,
Pseudomonas sp. B50A, and Serratia marcescens
M25C were the most resistant bacteria, since they were
extinctin 1000 uM Hg. A similar result was obtained by
Chatziefthimou et al. (2007), who evaluated
chemolithotrophic thermophilic microorganisms from
a hot spring with high Hg concentrations. These results
indicate that the efficiency of mercury detoxification
system may vary according to the microorganisms
involved.

All isolates removed Hg from LB medium (Fig. 2).
The isolates Citrobacter freundii PLA and Klebsiella
pneumoniae PLB were the most efficient and statistical-
ly similar in their ability to remove Hg, with percent
remotion higher than 90 %. The isolate Arthrobacter sp.
U3 exhibited slower growth rates and reduced ability to
remove Hg (35 %) in LB medium. Bafana et al. 2010
investigated Arthrobacter strains in a nutrient medium
and found similar results of Hg removal after 24 h of

Table 2 Isolates, minimal inhibitory concentration (MIC), mini-
mal biocide concentration (MBC), removal of Hg>* from LB
medium (%), optical density, and merd genes by the mercury-

incubation. The lower growth rate may be due to the
culture medium used, since high population growth rate
was observed when the isolate was inoculated onto
MMI1 (Fig. 3g) within 24 h of cultivation. Hozzein
et al. 2008 found greater number of actinomycetes in
mineral medium, when compared to conventional cul-
ture media, and (Jones and Keddie, 2006) have reported
more suitable culture media for isolation and selection
of bacteria of the genus Arthrobacter. An intermediate
group of four microorganisms (Pseudomonas sp. BSOA,
Bacillus cereus CP1.0, Proteus mirabilis M50C, and
Klebsiella oxytoca Ul4) was able to remove about
80 % of the mercury present in the culture medium.
Sadhukhan et al. (1997) studied Hg-resistant microor-
ganisms and obtained similar results on Hg removal
after 24 h of incubation. The authors found that the Hg
removal ability of the microorganisms was related to
their MIC values, corroborating the findings of Ghosh
et al. (1996). However, in the present study, this rela-
tionship was not observed because the isolates with
higher MIC were not the most efficient in removing
Hg. Despite the isolate Serratia marcescens M25C pre-
sented the largest MIC among the isolates, its percent
removal was only 52 %.

The differences found in the present study may be
due to the presence of metallothionein in some isolates.
These proteins have cysteine and methionine residues
rich in sulthydryls, which complex metals, protecting
the cells from the toxicity of these elements (Erbe et al.
1995). However, the presence of metallothionein has not
been evaluated in this study to confirm this hypothesis.
Furthermore, it is possible that the mer operon genes
were not induced sufficiently by the low Hg

resistant bacteria. Each point represents mean values of triplicate
experiments and error bars are the standard deviation of mean

Isolate Hg*" removed ** OD (600 nm) MBC (uM) MIC (uM) merA genes
Pseudomonas sp. BSOA 83.14£2.2b 1.68+0.01 1000 920 +
Bacillus cereus CP1.0 77.6£2.51 ¢ 1.23+0.05 550 250 -
Serratia marcescens M25C 52.4+2.35d 1.54+0.05 1000 800 +
Proteus mirabilis M50C 83.5+£3.07b 1.634+0.11 870 750 +
Citrobacter freundii PLA 92.3+2.51 a 1.78+0.04 950 720 +
Klebsiella pneumoniae PLB 90.2+1.61 a 1.74+0.04 870 750 +
Arthrobacter sp. U3 35.1£5.05 ¢ 1.43+0.03 670 470 -
Klebsiella oxytoca U14 79.6+1.61 ¢ 1.54+0.06 1000 820 -

Values in columns followed by different letters indicate significant differences by Scott-Knott test (p<0.01)
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«Fig. 3 Removal of Hg,, (%) (bars), glycerol consumed
(crosshatched bars), and optical density (triangle down) by resis-
tant strains after incubation at 30 °C in MMI culture medium
containing 10 uM of HgCl , 10 g L_| of residual glycerol plus
0.5 g L_, yeast extract. ISolate Pseudomonas sp. B50A (a),
B. cereus CP1.0 (b), S. marcescens M25C (c¢), P. mirabilis
M50C (d), C. freundii PLA (e), K. pneumoniae PLB (f),
Arthrobacter sp. U3 (g), K. oxytoca U14 (h). Each point represents
mean values of triplicate experiments, and error bars are the
standard deviation of mean

concentration in the culture medium, once the mercuric
reductase activity is inducible rather than constitutive.
Another hypothesis is that the microorganisms have
different resistance behavior that was not evaluated in
this study.

PCR amplification of merd genes from the eight
bacteria under study are presented in Fig. 1. The merA
genes amplification from Pseudomonas sp. BSOA and
S. marcesens M25C isolates had the fragment amplified
of an expected size. However, for the isolates P. mirabilis
M50C, C. freundii PLA, and K. pneumoniae PLB, the
amplicon sizes were smaller than 1238 bp, possibly due
to variations in the size of the merAd genes sequence,
which may be related to the high diversity of merA genes
(N1 et al. 2006; Oregaard and Serensen 2007). The am-
plification of K. pneumoniae PLB isolate showed two
extra bands, evidencing that the primer may have low
specificity (Felske et al. 2003). Although merd genes
were not detected in K. oxytoca Ul4 isolate, they may
be present, once mer system is the most common mode
of bacterial mercury resistance (Osborn et al. 1997;
Barkay et al. 2003); thus, additional studies using other
primers may be carried out. Once the primers were spe-
cific for Gram-negative bacteria, the B. cereus CP1.0 and
Arthrobacter sp. U3 isolates used as negative control
were not amplified because they are Gram-positive
bacteria.

Only the isolates Pseudomonas sp. B50A,
P mirabilis M50C, and K. pneumoniae PLB grew in
culture medium containing residual glycerol as a carbon
source without the addition of yeast extract (Fig. 2a—c).
Despite these three isolates have degraded glycerol, and
removed Hg from the medium, the bacterial growth was
negatively affected by the culture medium when com-
pared to LB medium. Although the lag phase was longer
under these conditions, bacterial growth and glycerol
degradation were observed during the incubation peri-
od, suggesting that the three isolates were tolerant to the
impurities from residual glycerol present in the culture

medium. Residual glycerol contains substances such as
sodium hydroxide and methanol, which may inhibit
bacterial growth (Thompson and He 2006).

Mercury removal by the Pseudomonas sp. BSOA
isolate was 80 % within only 24 h of incubation,
reaching 95 % after 96 h, not depending on high popu-
lation growth rates (Fig. 1a). Other authors (Vetriani
et al. 2005; Chatziefthimou et al. 2007) observed that
mercury Il removal preceded high cell concentrations in
the culture medium, since the glycerol degradation was
dependent on high bacterial population growth. The
isolates entered the stationary phase after 72 h of incu-
bation probably due the low pH of the culture medium
that reached 4.7 (data not shown), due to the synthesis of
by-products during glycerol degradation (Biebl et al.
1999).

For the isolates P. mirabilis M50C and
K. pneumoniae PLB, the Hg removal was observed
when the population reached an optical density (OD)
of 0.9 and 1.3 (Fig. 2b, c), with percent removal of 95
and 80 % after 72 and 96 h of incubation, respectively.

The addition of yeast extract to the culture medium
MMI1 had a positive effect on the microbial growth,
once only three isolates grew on MM1 without yeast
extract, while eight isolates grew on the medium con-
taining 0.5 g L! yeast extract (Fig. 3a, b, ¢, d, e, f, g, and
h). Besides providing extra nitrogen source and vita-
mins, yeast extract also provides a carbon source that
can be used for biomass production (Nikel et al. 2010).
For Escherichia coli, the need for supplementation of
culture medium with nutrients such as yeast extract and
tryptone for cell growth is well documented (Dharmadi
et al. 2006; Murarka et al. 2008; Durnin et al. 2009;
Nikel et al. 2010). Choi et al. 2011 assessed the biomass
and production of metabolites in Kluyvera cryocrescens
and found a positive effect when the yeast extract was
added to the culture medium.

The eight isolates entered into the logarithmic phase
in the first 24 h, degrading glycerol and removing Hg
(Fig. 3a, b, ¢, d, e, f, g, and h). With respect to Hg, the
most part was removed during the first 24 h of incuba-
tion, which is a positive response from the practical
point of view, once the glycerol degradation was depen-
dent on incubation time and cell growth.

K. oxytoca Ul4, K. pneumoniae PLB, and
S. marcescens M25C were more effective for glycerol
degradation, showing 100 % degradation at the end of
the experiment. Numerous studies have reported bacte-
ria of the genus Klebsiella using residual glycerol as a
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carbon source and their ability to degrade glycerol (Mu
etal. 2006; Zeng and Sabra 2011; Rodriguez et al. 2012;
Rossi et al. 2012).

Interestingly, Pseudomonas sp. BSOA, S. marcescens
M25C, P. mirabilis M50C, Arthrobacter sp. U3, and
K. oxytoca Ul4 removed greater amount of Hg from
MMI containing yeast extract than from LB medium
(Fig. 2a, c, d, g, and h). This positive response may be
related to the constitution of the medium, since the LB
medium has a greater amount of complex organic com-
pounds capable to complex mercury. Several common
constituents in culture media bind to metals, influencing
the interaction of these ions with microorganisms
(Ramamoorthy and Kushner 1975). Farrell et al.
(1993) also showed that the culture medium may have
a significant effect on Hg bioavailability, such that the
interpretation of data may be obscured by the effects of
the composition of the culture medium.

Despite the Arthrobacter sp. U3 isolate did not show
the best response for Hg removal and glycerol degrada-
tion, an effective result was observed, with 80 % Hg
removal after 24 h incubation, and 75 % glycerol deg-
radation from the culture medium (Fig. 3g). It is worth
mentioning that this isolate exhibited higher cell density
in MM1 medium than in LB culture medium, possibly
due to improper composition of LB medium for this
microorganism. Bacteria of the genus Arthrobacter rare-
ly cause disease in humans due to its low pathogenicity
(Bernasconi et al. 2004). These bacteria can be found in
soil and grow better than other bacterial species in
stressed environments, such as alkaline and metal-
contaminated sites (Camargo et al. 2004). This is due
to their metabolic versatility and the ability to detoxify/
degrade organic xenobiotics and metals (Sajjaphan et al.
2004). However, there is little information on the use of
these bacteria in bioremediation of mercury-
contaminated effluents. Thus, this isolate is a promising
candidate for further studies aimed at application in
mercury-contaminated wastewater with low rates of
metabolizable carbon.

4 Conclusion

All isolates in this study have high mercury resistance
ability and potential to remove Hg from effluents. The
presence of the merA genes in five of the six Gram-
negative isolates has shown that mercury removal pos-
sibly occur in these isolates by volatilization. The

@ Springer

bacterial growth is negatively affected by the culture
medium containing residual glycerol as a carbon source
when compared to LB medium. The best results were
obtained with the addition of 0.5 g L' yeast extract to
the culture medium, evidencing the need for supplemen-
tation of culture medium with nutrients. Although sup-
plementation is required, its concentration is very low,
thus maintaining the economic viability of the proposal.
The best results of mercury removal and glycerol deg-
radation were obtained using isolates of Serratia
marcescens M25C, Klebsiella pneumoniae PLB,
Klebsiella oxytoca, and Arthrobacter sp. U3. The
Arthrobacter sp. U3 isolate is common in soils and has
proven to be a promising candidate for environment
applications due to its low pathogenicity and higher
Hg removal and glycerol degradation rates. This study
evidenced the viability of using residual glycerol as a
carbon source for microbial mercury removal from
mercury-contaminated environments with low levels
of metabolizable carbon.
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