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The source of the methylmercury (MeHg) that accumulates in pelagic fish is unknown. Since it is known
that methylmercury is produced by anaerobic bacteria in freshwaters, we examined if this might also be
the case in the open ocean and if oxygen deficient zones (ODZ) might be important sources of MeHg.
Incubations carried out in the ODZs of the Equatorial Pacific with amendments to favor the growth of
anaerobes showed modest and variable extent of Hg methylation. Although methylation appeared to be
stimulated by the addition of organic carbon, it was not correlated with the redox state of the samples. 16S
rRNA analysis of the microbial community in the incubations did not detect the presence of sulfate or iron-
reducing bacteria, two groups known to methylate Hg. Laboratory experiments with pure cultures of a
variety of marine bacteria, including representatives of taxa found to be abundant in the incubations, did
not show evidence of Hg methylation, except for a sulfate reducer isolated from a hydrothermal vent. An
additional cruise revealed low concentrations of methylmercury (up to 0.05 pM) in the surface layer and
ODZ of the Arabian Sea, with no apparent pattern or relation to dissolved oxygen. We conclude that
anaerobic bacteria in ODZs are not important sources of MeHg to the open ocean. This is in accord with
recent results showing a correlation between MeHg and the decomposition of organic matter in the oxic
water column throughout the subsurface.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Although a large fraction of the world's population is exposed to
mercury through consumption of marine fish, the source and
mechanism of mercury methylation in the open ocean is not known
(Fitzgerald et al., 2007). The methylated mercury (MeHg) species
monomethyl mercury (MMHg) and dimethylmercury (DMHg) are
typically measured at much less than 0.5 pM in pelagic regions, yet
MMHg is the form that accumulates in biota. In freshwater and coastal
ecosystems the bulk of methylated mercury production is MMHg,
thought to be mediated by anaerobic bacteria, particularly sulfate-
reducing bacteria (SRB), in the redox transition zones of the anoxic
layers of the sediment and water column (Benoit et al., 2003). By
analogy, it is thus conceivable that Hg methylation in the open ocean
mayoccur principally in anoxic or sub-oxic zones. Onepossibility is that,
like denitrification, Hg methylation may be particularly intense in the
oxygen deficient zones (ODZ) that are found in such areas as the eastern
equatorial Pacific and the northern Indian Ocean. (We use ODZ to
designate those few regions of the ocean subsurface where dissolved

oxygen gets near or below the limit of detection by theWinklermethod
and where denitrification becomes the major mode of respiration for
microorganisms.) Mason and Fitzgerald (1991) suggested that bacterial
methylation in the thermocline of the equatorial Pacific could account
for theMMHg accumulated in pelagic fish. AlthoughDMHg is not found
in freshwater systems ithas beendetected inoceanwaters (Fitzgerald et
al., 2007). Mason and Fitzgerald have hypothesized that DMHg may be
formed by amechanismunique tomarinewaters, and then degraded to
the longer-lived MMHg (Mason and Fitzgerald, 1993).

In this study, we used a combination of field and laboratory
experiments to test if anaerobes in anoxic or sub-oxic environments
are important sources of methylated Hg (MeHg = monomethyl and
dimethyl Hg) in the open ocean as they are in fresh and coastal waters.
We focused our field work in ODZ regions to test directly whether
they may be important sources of MeHg and also because they are a
likely environment for marine anaerobes. Methylation rates were
measured in samples of ODZ water incubated in airtight bags with
addition of inorganic mercury and organic carbon to favor the growth
of anaerobic organisms. If SRB or other anaerobic bacteria capable of
methylating mercury were present in these waters, we should
measure high rates of methylation in these samples. DNA and RNA
analysis was then used to identify bacteria present that could account
for anymeasuredmethylation. In other experiments, twelve strains of
diverse marine bacteria were assayed in the laboratory for the ability
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to methylate mercury. Lastly, vertical profiles of methylmercury and
oxygen were measured in the Arabian Sea to look for further evidence
of high rates of methylation in low oxygen or anoxic waters with high
rates of microbial activity.

2. Methods

2.1. Field studies

Field studies were conducted on two cruises in the Equatorial
Eastern Pacific, in November 2003 and November 2005 and one cruise
in the Arabian Sea in September 2007 at locations indicated in Fig. 1.
Chlorophyll was analyzed in GF/F filtered biomass using the method
by Strickland and Parson (1972). Dissolved oxygen was measured
using a Seabird CTD.

2.2. Equatorial Eastern Pacific field incubations

During the Equatorial Eastern Pacific cruises, samples were
collected from the low oxygen waters below the thermocline using
GoFlo bottles. Incubations of seawater were done in opaque
trilaminate bags lined with polyethylene plastic (Pollution Manage-

ment Corp.) at 12 °C. The bags were designed for trace metal clean
and airtight incubations (Ward et al 2003). They have been shown to
be effective for culturing anaerobic bacteria (Granger and Ward,
2003) and for performing low level Hg methylation experiments
(Ekstrom et al., 2008). The bags were sterilized and cleaned by
rinsing for 30 min with 10% HCl followed by 3 rinses with
microwave-sterilized Milli-Q water (Ward et al 2003). GoFlo bottles
were pressurized with N2 gas to prevent oxygen contamination.
Nitrite was monitored in subsamples from the bags by colorimetric
analysis (based on Parsons et al. 1984) to assess the progress of
bacterial denitrification. A select number of incubation samples
were also analyzed for sulfide concentration following the method
of Brouwer and Murphy (1994).

Inorganicmercurywas added at various concentrations to the bags
from a stock solution (5.0 mM Hg; Brooks Rand) preserved in 10%
HNO3. Consequently mercury spike additions also added nitrate to the
samples, increasing the nitrate concentration by about 0.32 μM for
each 1 nM Hg added. The ambient nitrate concentration of the
seawater was 23.4 μM in 2003 and 13.9 μM in 2005. A mixture of
organic carbon compounds was added to the bags to stimulate
bacterial growth as described for each experiment. All samples from
the incubations were frozen upon collection for analysis at Princeton
University. Seawater samples for MeHg determination (500 mL) were
dispensed in Teflon bottles, preserved with 0.1% HCl (optima grade),
and stored frozen until analysis at Princeton University. Particulate
material for DNA and RNA analyses was collected on Sterivex filters
and stored in liquid N2. Nitrite and sulfide measurements were
performed on board ship.

2.3. Arabian Sea sampling

Arabian Sea water samples were collected for MeHg analysis from
several depths at Station 23 (15°N 64°E) on board the Roger Revelle in
September 2007 from a GoFlo sampler using trace metal clean
techniques. Seawater (1 L) was collected in Teflon bottles and
preserved with 0.2% H2SO4. Samples were stored at 4 °C while on
board the cruise, and then frozen at −20 °C in the laboratory until
they could be analyzed for MeHg.

2.4. Pure cultures

Twelve strains of marine microorganisms were obtained and
assayed for methylmercury production. Pure cultures of the
hydrothermal vent bacteria Hippea maritime (DSMZ 10413), Ther-
moanaerobacter siderophilus (DSM 12299), Desulfacinum hydrother-
male (DSMZ 13146), and the marine bacteria Pelobacter carbinolicus
(DSM 2380), Desulfotalea psychrophila LSv54 (DSM 12343), and
Moritella japonica (DSM 14879) were obtained from the German
Collection of Microorganisms and Cell Cultures (Deutsche Samm-
lung von Mikroorganismen und Zellkulturen GmbH, www.dsmz.de).
A Shewanella (TBD22J) strain was isolated from Tomales Bay
California. Vibrio splendidus (ATCC 25914), Methanosarcina acetivor-
ans C2A (ATCC 35395), and Thiomicrospira crunogena XCL-2 (ATCC
35932) were obtained from the American Type Culture Collection.
The marine methylotroph, Leisingera methylohalidivorans MB2, was
provided by R. Oremland at the US Geological Survey. Sulfurovum
lithotrophicum 12117 was obtained from the Japan Collection of
Microorganisms (www.jcm.riken.jp).

All strains were cultured by strict aseptic techniques in glassware
cleaned by boiling in 20% HCl. H. maritime, a sulfur reducer, was
grown under anaerobic conditions of 80% N2 and 20% CO2 at a
temperature of 52 °C in DSMZ Medium 854. T. siderophilus, a sulfite/
thiosulfate reducer, was grown anaerobically under N2 at 70 °C in
DSMZ Medium 61.

D. hydrothermale, a sulfate-reducing bacterium, was grown
anaerobically under 80% N2–20% CO2 at 60 °C in DSMZ Medium 875.Fig. 1. Station locations of the field studies.
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D. psychrophila was grown at 12 °C in DSMZ Medium 861. The
Shewanella strain was grown aerobically at 23 °C in a medium
containing the following per liter of seawater: 5 g peptone, 0.1 g
yeast extract, 5.21 mg EDTA, 2.03 mg FeCl3·6H2O, 0.14 mg ZnSO4·7-
H2O, 0.1 mg MnCl2·2H2O, 0.062 mg H3BO3, 0.19 mg CoCl2·6H2O,
0.025 mg CuCl2·2H2O, 0.024 mg NiCl2·2H2O, and 0.36 mg NaMoO4·2-
H2O. V. splendidus was grown both aerobically and anaerobically in
marine broth 2216 by bubbling nitrogen or air through the cultures.
M. japonica was grown either aerobically with shaking or anaerobi-
cally under N2 at 12 °C in seawater amended with 20 mM glucose and
1 mM nitrate and also containing (per liter): 0.22 g KH2PO4, 1.05 g
MOPS, 0.5 g NH4Cl, 0.5 g yeast extract, 5 mL vitamins, and 1 mL trace
metals (Ekstrom et al., 2003) at pH 7.5. M. acetivorans C2A, a
methanogen was grown at 28 °C under 80% N2–20% CO2 in DSMZ
Medium 304 supplemented with 10 mM methanol. P. carbinolicus,
was grown fermentatively under 80% N2–20% CO2 in DSMZ Medium
295 at 28 °C. L. methylohalidivorans was grown aerobically in defined
MAMS medium (Schaefer et al., 2002) with 5 mM methionine. The
marine sulfur oxidizer, T. crunogena, was grown aerobically on 5 mM
thiosulfate in ATCC Medium 1422 by shaking at 28 °C. S. lithotrophi-
cum was grown at 28 °C under 80% N2–20% CO2 in JCM Medium 374
with 5 mM thiosulfate.

Methylmercury production was assayed following the experi-
mental design andmethods of Ekstrom et al. (2003). Briefly, cultures
were incubated with 5 nM (and in some cases also 50 nM) HgCl2 and
analyzed for methylmercury by distillation, followed by aqueous-
phase derivitization and cold vapor atomic fluorescence. Cell growth
was monitored for each experiment by either measurement of
optical density absorption at 660 nm or by staining subsamples with
acridine orange and manually counting cells under a microscope.
This monitoring showed steady cell growth in all live cultures,
regardless of the amount of the Hg spike. Abiotic and/or autoclaved
control samples were included to monitor potential abiotic mercury
methylation during incubation or distillation. Positive methylation
was identified and quantified by subtracting the mean methylHg
concentration in live culture assays from the mean methylHg
concentration in the correspondingly Hg(II) spiked autoclaved
controls. Three to eight live incubations and 2–4 autoclaved control
incubations were done for each strain. Recovery of MeHg spikes into
autoclaved control samples was 87%±13% (n=11). Mercury
volatilization was evaluated in Shewanella and V. splendidus by
trapping Hg0 onto gold traps while the cultures were bubbled with
N2 and/or air. Dimethylmercury formation by V. splendidus was
evaluated by trapping with Carbotraps while the cultures were
bubbled with N2 and/or air. Neither production of Hg0 nor
dimethylmercury was sufficient to reduce the Hg(II) available for
methylation by more than 6%.

2.5. Methylmercury and total Hg analyses

MeHg (mono+dimethyl Hg) concentrations from incubations
and field samples were analyzed by first distilling a total of 400–
500 mL seawater spread across 4 different distillation vials contain-
ing 100–120 mL, according to the method described by Horvat et al.
(1993). Briefly, 2 mL 50% H2SO4 was added to each Teflon vial and
distilled at 140 °C overnight. The contents of the 4 replicate
distillates were combined in large bubblers, derivitized with
tetraethylborate (Bloom, 1989), and the derivitized products were
trapped on a Tenax column, separated by isothermal gas chroma-
tography, and the separated pyrolized products were analyzed on a
Tekran 2500 fluorescence detector.

Detection limits reported in this paper were determined based
on the lowest standard detected and the sample volume. As little as
2.5 pg MeHg could be consistently detected by this method,
corresponding to ~30 fM MeHg. MeHg recovery (103%±15%;
n=24) was examined by spiking distillation samples containing

0.2 μm-filtered Gulf Stream seawater or 18.2 Ω Milli-Q water with
25–500 pg MeHg. Possible MeHg contamination was routinely
monitored and was never detected in unspiked Milli-Q water or
Gulf Stream seawater blanks. Since a large sample volume was
needed for analysis, replicate analyses were typically not possible.
The site B incubation however was done in a larger volume bag,
which allowed for distillation and analysis of 3 separate sample
replicates. The measured concentrations were 1.15, 1.03, and
1.07 pM, for an average±standard deviation of 1.09±0.06 pM.
The percent difference between the highest and lowest concentra-
tions measured was 11%. The concentrations of the Arabian Sea
samples were quite low and near the detection limit. Consequently,
standards used for the calibration curve were very low, and ranged
from 2.5 to 10 pg. Precision for the Arabian Sea data, estimated based
on the standard error of the calibration curve, was approximately
50% of the measured values.

Mercury methylation is known to occur during the distillation
process of the extraction/analysis protocol (Bloom et al. 1997). To
quantify this artifact, we distilled 0.2 μm-filtered Gulf Stream
seawater or unfiltered ODZ seawater with our organic carbon source
and concentrations of Hg(II) that corresponded to our experiments
(0.5–5 nM). The seawater with 0.5 (n=4) and 1 nM (n=1) Hg(II)
did not produce detectable MeHg (b0.03 pM). The four controls at
2.5 nM Hg(II) did produce detectable MeHg (0.19±0.02 pM). For
the two distillations at 5 nM Hg(II), 0.49 and 0.77 pM of MeHg was
detected. The ODZ incubation results were corrected by subtracting
this MeHg artifact. This correction for 0.5, 1, 2.5 and 5 nM Hg(II)
incubations was a subtraction of 0, 0, 0.19, and 0.77 pM MeHg
respectively. If there was any methylmercury in our organic carbon
source or Hg(II) spike, it would also be accounted for in this artifact
correction.

The concentration of Hg in spiked incubations in 2005 was
quantified by analyzing total Hg in BrCl-digested samples according
to the method of Bloom and Fitzgerald (1988). The detection limit
(DL) was 0.03 nMHg. This data confirms that volatilization of Hg after
reduction of Hg(II) to Hg0 did not significantly compete with
methylation.

Dissolved gaseous mercury was measured at Princeton Univer-
sity from some of the incubation bags by purging the sample for at
least 40 min with N2 at approximately 0.3 L/min onto a gold trap to
capture the Hg0. A calibration curve was generated by injecting
known concentrations of vapor phase mercury (Hg0g) onto gold
traps, which were thermally desorbed and analyzed by CVAFS
(Dumarey et al., 1985). The DL for this method was 21 pg, which
corresponded to 0.1 pM for a 1 L sample (site B incubation) or
0.3 pM for a 0.4 L sample (site A incubations). Since a large sample
volume was required, only two sets of replicates were analyzed,
giving replicate differences of 5 and 18 pg. The larger of these
differences would correspond to a concentration of 0.1 and 0.3 pM
for a 1 L and 0.4 L sample respectively.

Dimethylmercury from some of the pure culture bacteria
incubations was measured by trapping the N2 gas bubbled through
the sample onto Carbotraps (Frontier Geosciences, Seattle, WA). Any
potential dimethylmercury was analyzed by thermal desorption,
isothermal GC separation, and CVAFS as previously described
(Bloom et al., 2005; Sommar et al., 1999) The retention time for
dimethylmercury was verified using Carbotraps pre-loaded with
100 pg dimethylmercury, as prepared by Frontier Geosciences. The
detection limit, based on the lowest standard detected, was 17 pg.

2.6. 16S rRNA analysis of the microbial community

Genomic DNA was extracted from filtered biomass from the Site
B incubation in 2003 according to the method described in
Jayakumar et al. (2004). Following the MeHg time course experi-
ment in 2005 (Bags 1 and 2), both genomic DNA and total RNA were
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extracted from filtered biomass on Day 16 in order to determine the
possible major bacterial phylogenetic groups which were present as
well as “active” during the incubations. A method for simultaneous
DNA and RNA extraction was modified from Hurt et al. (2001).
Briefly, the sample was defrosted in denaturing buffer (1 mL) and
mixed well by repeated back-flushing of the filter with a 10 cm3

syringe and transferred to a 50 mL centrifuge tube. Extraction buffer
(9 mL) and 150 μg/mL Proteinase K (Fisher) was added and
incubated at 37 °C for 30 min while shaking at 100 rpm. The sample
was extracted with 24:1 chloroform:isoamyl alcohol (10 mL), the
nucleic acids precipitated twice with 0.8 vol. isopropanol and 0.2 M
NaCl, washed with 70% ethanol, and resuspended in 500 μL 1 mM
EDTA. The RNA was separated from the DNA using the Qiagen RNA/
DNA kit, and the final pellets were each resuspended in 50 μL 1 mM
EDTA. The RNA was further purified of any potentially contaminat-
ing DNA by DNase digestion (Ambion RNAqueous kit) and verified
by the absence of a PCR product in reverse-transcription negative
controls. Purified RNA (2 μL) was reverse-transcribed into cDNA in
20 μL reactions and random hexamers, according to the manufac-
turer's instructions (Superscript III, Invitrogen).

The 16S rRNA gene from the 2003 cruise incubation was PCR
amplified using 27f and 1492r 16S primers (Lane, 1991). Since full
length cDNA from rRNA is often unsuccessful (Weller et al., 1991),
the 16S sequence was PCR amplified from genomic DNA and cDNA
from 2005 cruise samples using 27f and 531r (Stevenson et al.,
2004) primers. PCR reactions (50 μL) were prepared with 2 μL
genomic DNA or cDNA, 1× buffer, 2.5 mM MgCl2, 0.2 mM dNTPs,
0.3 μM each of forward and reverse primers, 0.25 μL Taq polymerase
and amplified for an initial denaturation step of 94 °C for 5 min,
35 cycles of 94 °C for 10 s, 55 °C for 30 s, and 72 °C for 60 s, and
concluding with a final extension of 72 °C for 7 min. The resulting
PCR products (1.5 kB and 0.5 kB for 2003 and 2005 samples,
respectively) were ligated into the pCR4-TOPO vector (Invitrogen)
and cloned into TOP10 cells (Invitrogen), according to the
manufacturer's protocol. The cloned inserts were sequenced by
Genewiz (New Brunswick, NJ) using either the 531r or M13r primer
for 2003 or 2005 samples, respectively. The resulting sequences
were trimmed of the primer and vector sequences and aligned in
ARB (Ludwig et al., 2004).

Attempts to detect the dissimilatory sulfite reductase gene, dsr, in
bag incubations from the 2003 and 2005 incubations were done by
PCR amplification using the DSR1F–DSR4R primer pairs described by
Wagner et al. (1998) followed by gel electrophoresis of amplified
products. Genomic DNA from Desulfobulbus propionicus 1pr3 was
used as a positive control.

3. Results and discussion

3.1. Equatorial Eastern Pacific field incubations; 2003

During our first cruise in 2003 in the equatorial Eastern Pacific we
collected water at Site A (18.43°N, 105.72°W) from a depth of 162 m
which represents the core of the oxygen deficient zone (ODZ) as
determined by dissolved oxygen and transmission profiles from CTD.
The O2 concentration was measured as 4.43 μM, or 1.68% saturation,
temperature was 12.08 °C, salinity was 34.8‰, and the Chl a
concentration was 0.005 μg/L. Ambient methylmercury was b0.02 pM.
This water was used for 8 separate 500-mL incubations with various
additions of inorganicmercury and of a complex carbon source to give a
final concentration of approximately 0.3 g/L each of Bactopeptone,
Casamino Acids, lactic acid and sodium acetate (Fig. 2, Table 1).

Incubations A1–A4 had carbon added on Day 1; A1 and A2
received 0.5 nM Hg(II), while A3 and A4 received and 5 nM Hg(II).
After 11 days, colorimetric analysis showed complete removal of
nitrite from A1 and A2, demonstrating that we had successfully
stimulated bacterial denitrification. These two samples showed very
low rates of methylmercury production (0.03% of initial Hg). There
was measurable nitrite in A3 and A4 on Day 11, however, so a second
carbon spike was added at that time. After 16 days, there was no
nitrite left in those samples and a measurable MeHg concentration
(0.06% of initial Hg) was detected in A3 (Fig. 2, Table 1).

Incubations A5–A8 had no carbon added on Day 1; A5 and A6
received 0.5 nM Hg(II), while A7 and A8 received 5 nM Hg(II).
Measurable nitrite was detected in all 4 samples on Day 11 and
additional carbonwas added to all four incubations at that time. At the
end of the incubation, on Day 16, no nitrite could be detected in A5 or
A6, but some could still be detected in A7 and A8. A range of MeHg
concentrations was measured in all these bottles, accounting for up to
0.2% of the added Hg (Fig. 2, Table 1).

We also collected water from Site B (15.3°N, 115.67°W) at a
depth of 185 m. At this depth, the O2 concentration was measured as
4.26 μM, or 1.61% saturation, temperature was 11.8 °C, salinity was
34.7‰, and the Chl a was 0.006 μg/L. One 10-L bag was filled and
incubated with 4 mg/L each of Bactopeptone and Casamino Acids. At
the end of eight days, all nitrite and nitrous oxide were depleted, and
at this point 0.5 nM Hg(II) was added (along with 0.16 μM of nitrate
contributed by the HNO3 preservative in the Hg spike). Analysis of a
subsample taken on Day 14, showed that 0.2% of the added mercury
had been methylated (Table 1).

Overall we saw only a modest extent of Hg methylation in any
of our incubations during the 2003 cruise and no obvious effect of

Fig. 2. Methylmercury produced in seawater samples incubated for 16 days with HgCl2 and, unless noted, an organic carbon source. Samples were collected in the oxygen deficient
zone of the Eastern Pacific and incubated anaerobically. Percentage of inorganic Hg spike methylated is indicated.
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redox conditions. The percent of Hg methylation we measured in
our incubations over 11–16 days should be considered large over
estimates of in situ rates if those correlate well with microbial
activity (as will be discussed later). For example, in samples of
water collected at the same time at site A, Ward et al. (2008)
observed no significant loss of added nitrate in control bottles but
complete consumption in carbon-amended samples. The fact that
the two samples with detectable MeHg concentrations also had
detectable nitrite suggests that methylation occurred simulta-
neously with, but possibly independently of denitrification in the
samples. It is notable that the four samples that received the high
Hg concentration ([Hg]=5 nM; A3, A4, A7 and A8) all had
remaining nitrite after 11 days of incubation. It is possible that
such a high concentration of Hg(II) may have been deleterious to
denitrifying bacteria.

Dissolved gaseous mercury (Hg0(g)) was analyzed from three
incubated samples from site A (A2, A3 and A7) and the incubation
from site B. The measured concentrations of Hg0 were 4.0, 5.3, and
2.7 pM from the site A samples and 0.1 pM from site B. These
concentrations account for no more than 0.6% of the added spike. We
thus conclude that abiotic or biotic reduction of the added Hg(II)
was not large enough to compete with methylation and reduce
methylation rates significantly.

3.2. Equatorial Eastern Pacific field incubations; 2005

To better understand what conditions promoted Hg methylation
in the previous experiments and what organisms may have been
responsible for that methylation in the ODZ samples, we conducted
six new incubations off the coast of southern Peru in November
2005. Seawater was collected at site C (17.68°S, 76.69°W) near the
nitrite maximum of the ODZ (depth=180 m). The ambient MeHg
concentration was 0.048 pM.

Incubations C1 and C2 were prepared with 500 mL seawater and
supplemented on Day 1 with 0.5 nM Hg(II) and a defined organic
carbon mixture consisting of 10 mg/L each of alanine, leucine,
glutamic acid, sodium pyruvate, sodium acetate, glucose, maltose–
H2O, and 10 mL/L each of glycerol and lactic acid. On Day 16, both
samples contained measurable MeHg concentrations (0.04–0.06% of
added Hg; Fig. 2, Table 1); and nitrite was still measurable in C1 but
not in C2.

Incubations C3 and C4 were prepared with 3 L seawater and
supplemented on Day 1 with 2.5 nM Hg(II) and the defined carbon
mixture, as described previously. Nitrite, sulfide, and MeHg were
monitored over time (Fig. 3, Table 1). Denitrification was complete
by Day 10 as demonstrated by the depletion of nitrite. On Day 7 or 8,
nitrite concentrations peaked in the bags (Fig. 3), resulting
presumably from the first step of denitrification (Ward et al.,
2008). Methylmercury (0.4 pM) was detected in the bags on Day 7,
while the nitrite levels were still elevated, and continued to increase
after all the nitrite was depleted. By the end of the experiment (Day
16), low sulfide concentrations were detected at the limit of
detection (~0.3 μM), which could be due to the activity of sulfate
reducers or the release of sulfide from degradation of thiol
compounds.

Two additional incubations, C5 and C6, received 1 nM Hg(II) but
no added carbon. On Day 16, nitrite was still elevated in these
samples andMeHgwas measurable. The lowerMeHg concentrations
observed in these incubations compared to those that received
carbon additions, imply that biological activity is probably respon-
sible for Hg methylation. But the results of the incubations during
the 2005 cruise confirmed the results of the 2003 cruise: Hg
methylation was not markedly enhanced when the samples became
anoxic and occurred independently of the extent of denitrification
and thus of the redox state of the samples.

During environmental incubations, changes to the microbial
community after sample collection are unavoidable. In our experi-
ments, organic carbon compounds were added to increase bacterial
growth, anoxia was developed, and mercury was added. All of these
factors are likely to have contributed to changes in growth rate and
community composition. Nonetheless, as seen in Fig. 3, our addition
of 2.5 nMHg in samples from the 2005 cruise did not markedly affect
the main microbial metabolism in the samples since complete

Table 1
Experimental conditions and results for anaerobic incubations of seawater from the
Eastern Pacific with inorganic mercury and carbon additions.

Sample
ID

Hg
(II)
nM

Timing of
carbon addition

% Hg(II)
methylated

Final
MeHg
pM

Nitritea

Day 11 Day 16

Eleven day incubations, Site A
A1 0.5 Day 1 0.03% 0.1 Not

detectedb
NAc

A2 0.5 Day 1 0.03% 0.1 Not
detected

NA

Sixteen day incubations, Site A
A3 5.0 Days 1 and 11 0.06% 2.6 3–5 μM Not

detected
A4 5.0 Days 1 and 11 b DLd bDLd 0.5–1 μM Not

detected
A5 0.5 Day 11 0.2% 1.2 0.5–1 μM Not

detected
A6 0.5 Day 11 0.2% 1.2 0.5–1 μM Not

detected
A7 5.0 Day 11 0.1% 4.8 N10 μM 0.2–

0.5 μM
A8 5.0 Day 11 0.06% 2.8 3–5 μM 0.2–

0.5 μM

Fourteen day incubations, Site B
B1 0.5 8 days before Hg(II)

addition
0.2% 1.1 Denitrification

complete before Hg
was added

Sixteen day incubations, Site C
C1 0.5 Day 1 0.06% 0.3 NA 4.7
C2 0.5 Day 1 0.04% 0.2 NA Not

detected
C3 2.5 Day 1 0.02% 0.6 See Fig. 2 for time

course data; not
detected on day 10 or
13

C4 2.5 Day 1 0.04% 1.0

C5 1.0 No carbon 0.01% 0.1 NA 3.5
C6 1.0 No carbon 0.01% 0.1 NA 5.9

a Nitrite concentrations for 2003 cruise are provided as approximate ranges.
b Nitrite DLb0.2 μM.
c NA = not available.
d MeHg in sample was 0.12 pM, which was less than the 0.77 pM artifact correction

for this sample.

Fig. 3. Seawater incubated with defined carbon and 2.5 nMHgCl2 sampled over a 16 day
time course. Samples C3 and C4 were collected during the 2005 Pacific Ocean study and
were incubated anaerobically.
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denitrification occurred over three days as seen in samples with no
Hg addition during the same cruise (Ward et al. 2008). Some
incubations with higher concentrations of mercury did show a
reduced rate of denitrification and methylation, which may indicate
an inhibitory effect. Yet, even in the samples with the highest HgCl2
spikes we observed Hg methylation and bacterial denitrification.
Although these high Hg concentrations, carbon additions, and long
incubations are likely to have significantly altered the microbial
activity from the natural state, they were deemed necessary to give
detectable methylation rates. Since we (correctly) anticipated low
concentrations of MeHg at the end of the incubations, the
experimental conditions were designed to maximize methylation
by anaerobic bacteria.

3.3. Arabian Sea; 2007

A cruise to the North Indian Ocean and improvements in our
limits of detection for MeHg provided a chance to obtain some data
in this oceanic region from which no MeHg concentrations have
previously been reported. We wanted to test in particular if there
might be high concentrations of MeHg in the ODZ of the Arabian Sea,
where high rates of anaerobic microbial activity have been observed
(Ward et al. 2008; Jayakumar et al., 2009). We found measurable
concentrations of MeHg in samples from several depths at Station 23
(15°N 64°E) in September 2007 (Table 2). The two depths with the
highest MeHg concentrations (230 and 400 m) coincided with low
oxygen concentrations. However, a similar concentration of MeHg
was observed at 100 m, above the oxycline. Therefore, there was no
clear correlation between MeHg and O2, nor an identifiable peak in
MeHg with depth. The measured concentrations (0.01–0.05 pM)
were in the same range as have been observed in the Eastern
Tropical Pacific ODZ regions as reported in this study. The higher
MeHg samples measured in the ODZ region may be a consequence of
active remineralization of OM, a relatively shallow ODZ, and
significant photodegradation in the surface waters of the Arabian
Sea. We did not; however, observe significantly higher concentra-
tions of MeHg in this ODZ region relative to more oxygenated waters
reported for other locations (Fitzgerald et al., 2007; Mason and
Fitzgerald, 1993). The Arabian Sea seems to be no different from
other areas of the open ocean, and there is no evidence that it is an
important source of MeHg to the open ocean.

3.4. DNA analysis of ODZ microbial communities

Taken together, our measurements of MeHg in the Equatorial
Eastern Pacific and Arabian Sea and our incubations of ODZ water
indicate that Hg methylation is probably dependent on biological
activity but not clearly linked to macroscopic anoxic conditions. To
see whether MeHg may have been produced by anaerobic bacteria
associated with particles where anoxic microzones may develop,
we analyzed the microbial community present and active in ODZ

incubations which produced methylmercury. To perform 16S rRNA
analysis we extracted DNA and RNA from filtered samples at the
end of the incubations from 2003 and 2005. The incubation from
site B from the November 2003 cruise was sampled after 14 days,
and both 3 L incubations from the November 2005 cruise (C3 and
C4) were sampled after 16 days. As seen in Fig. 4, the 16S rRNA
sequences derived from DNA (a, b) and RNA (c), for both the 2003
(a) and 2005 cruise (b, c) incubations are notably similar, with
some interesting differences between the sequences derived from
DNA vs. RNA for the 2005 cruise. 16S rRNA sequences from both
the 2003 and 2005 cruises are dominated by gamma proteobac-
teria, related to strains in the genera Moritella, Colwellia, Pseu-
doalteromonas, Alteromonas, Vibrio, and Photobacterium. In general,
these genera contain marine, fermentative facultative anaerobes
(Ivanova et al., 2004; Baumann et al., 1980), with numerous strains
capable of nitrate reduction to nitrite, e.g. Moritella, Colwellia,
Vibrio, Pseudoalteromonas denitrificans and Photobacterium (Ura-
kawa et al. 1998; Bowman et al., 1998; Nogi et al., 1998; Farmer
and Hickman-Brenner, 1992; Enger, et al. 1987). In the 2003
incubation, 4 sequences were found to be distantly related to
Arcobacter sequences, a genera of microaerophilic bacteria that
reduce nitrate (Vandamme et al., 1991), while in the 2005
incubations, 3 sequences from extracted DNA were related to
unclassified Alpha Proteobacteria and the group SAR11, which is
commonly found in marine environments (Morris et al., 2002).

Sequences related to theMoritella and Vibrio genera are prevalent
in both the DNA and RNA derived sequences from the 2005 cruise
and the DNA derived sequences from the 2003 cruise. Interestingly,
Pseudoalteromonas-like sequences dominated the clone library
developed from the rRNA pool of “active” bacteria in the 2005
incubations, yet they were only a minor component in the clone
libraries established from the gene pool.

These results show no evidence for the presence of sulfate or
iron-reducing bacteria, which are thought to be responsible for Hg
methylation in freshwaters and coastal sediments (Benoit et al.,
2003; Fleming et al., 2006; Kerin et al., 2006). Further, even though
trace concentrations of sulfide were detected in the 2005 incuba-
tions at the time of DNA/RNA collection, the dissimilatory sulfite
reductase (dsr) genes and transcripts could not be detected from
either the 2003 or 2005 incubations.

Table 2
Depth profile of MeHg and oxygen concentrations measured at Station 23 in the
Arabian Sea, September 2007.

Depth (m) MeHg (pM) O2 (μM) Temp (°C) Salinity (ppt)

20 bDLa 207.8 26.32 35.93
100 0.023 175.3 25.06 35.77
150 bDL 2.2 20.46 35.93
200 0.010 1.3 17.56 35.78
230 0.039 1.0 15.74 35.66
300 0.005 0.5 14.04 35.62
400 0.046 0.6 12.83 35.59
600 bDL 5.6 11.44 35.56

a bDL, below detection limit of 2.5 pg MeHg. Based on seawater volumes analyzed,
the DL for the 20, 150, and 600 m depths were 0.036, 0.046, and 0.053 pM, respectively.
Average precision≈50%.

Fig. 4. Relative proportions of 16S rRNA genes derived from DNA (A, B) or expressed
RNA (C) in clone libraries created from (A) November 2003, Site B field Hg methylation
incubation and (B, C) November 2005 field Hg methylation incubation. Clone libraries
for (A) contain 30 sequences, (B) contain 20 sequences, and (C) contain 19 sequences.
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3.5. Pure cultures

Since sulfate or iron-reducing bacteria do not appear to be
responsible for MeHg production and strict anoxic conditions seem
unnecessary for methylation to occur in our incubations, it is
conceivable that other types of marine bacteria, aerobic or micro-
aerophilic, including possibly denitrifiers may be the methylating
agents. We thus tested for Hg methylation twelve strains of marine
bacteria that are available in pure culture (Table 3). The strains were
chosen to reflect the great diversity of marine bacteria and were
isolated from aerobic seawater as well as anaerobic hydrothermal
vent fluids and sediments. Although Moritella and Vibrio species
comprised a significant fraction of the DNA and RNA clone libraries
from both the 2003 and 2005 ODZ bag incubations, neither M.
japonica nor V. splendidus, which are the closest known relatives
based on 16S,was found to actively methylate Hg(II) in pure culture
(Table 3) when grown under either aerobic or anaerobic conditions.

In fact, of all the marine strains examined, methylation was
detected in only one strain, D. hydrothermale, a sulfate-reducing
bacterium (SRB) isolated from a shallow hydrothermal vent off of
the coast of Greece. The percent methylation was not significantly
different in 5 vs. 24 h or 5 nM vs. 50 nM anaerobic incubations, with
a mean of 0.5±0.4% (n=8). This demonstration of methylation by
an SRB from a marine hydrothermal vent is interesting. SRB have
also been isolated from other vents in the Pacific Ocean, including
the Guaymas Basin and Eastern Pacific Rise (Jeanthon et al., 2002,
Alazard et al. 2003, Burggraf et al. 1990). Thus biological methyl-
ation may be an important transformation within vent ecosystems
throughout the world's oceans. But such organisms are unlikely to
be responsible for methylation in our incubations, or in situ in the
ODZ of the Pacific or Indian oceans.

Two cultures were tested for Hg(II) reduction to Hg0. V.
splendidus cultures did not volatilize Hg0 relative to autoclaved
control samples. The live Shewanella culture gave low rates of
volatilization above the autoclaved controls. In cultures spiked with
0.6, 6, 60 or 600 nM of Hg(II), 0.4–5.0% of the Hg was reduced to
DGM (n=6). In two live cultures and two autoclaved controls
incubated each with 60 pM of MethylHg and no added Hg(II), no
DGM production was detected (DL=21 pg). In the one culture, V.
splendidus, tested for production of dimethylmercury, no measure-
able dimethylmercury was produced.

3.6. Anaerobic vs. aerobic methylation in the marine water column

Unlike our study which focused on water masses with very low
oxygen concentrations, several very recent field studies have looked
for the presence of MeHg in the oxic water column. These studies

provide evidence that methylation occurs in subsurface water,
where bacteria decompose sinking particulate organic matter under
conditions where the oxygen concentration is not particularly low.
Presumably, some strains of these bacteria are the principal mercury
methylators from these studies. In the Black Sea, Lamborg et al.
(2008) found that MMHg concentrations peaked at the top of the
sub-oxic zone. Interestingly this depth coincided with the disap-
pearance of nitrate and the initial appearance of dissolved Mn and
Fe. Cossa et al. (2009) observed nutrient-like profiles of MeHg in the
water column of the Mediterranean and concluded that its
production was associated with the remineralization of organic
matter in the water column. High concentrations of DMHg were
found to correspond to high rates of upwelling and primary
productivity off the coast of Monterey, CA (Conaway et al., 2009).
The authors hypothesize that the methylation results from the high
rates of microbial activity associated with the remineralization of
sinking organic matter. Measurements in the Eastern North Pacific,
by Sunderland et al. (2009) also showed enrichment of MeHg in the
subsurface. Interestingly, the Eastern North Pacific data showed a
good correlation between MeHg concentrations and rates of organic
carbon remineralization, but not between MeHg and Apparent
Oxygen Utilization (AOU). In deep waters, MeHg concentrations
actually decreased with increasing AOU (decreasing [O2]) and depth.

Other recent studies have found direct or indirect evidence that
mercury can be methylated in oxic marine waters. Monperrus et al.
(2007) measured high rates of methylation, 0.3 to 6.3%day−1, in the
euphotic layer of the Mediterranean Sea, much higher than what we
found in the Equatorial Pacific ODZ. In the Arctic Ocean, Kirk et al.
(2008) found that MMHg and the fraction of Hg in the organic form
were highest at mid and bottom depths, and hypothesized that
methylation of mercury occurs in deep Arctic marine waters. St.
Louis et al (2007) measured high concentrations of MMHg under sea
ice in the Canadian High Arctic, and hypothesized that this MMHg
was formed in the water column or sediments. In the main, these
results support the idea that mercury methylation in the water
column of the open ocean is affected by microbes that decompose
the sinking flux of particulate organic matter under conditions
where bulk seawater is aerobic.

4. Conclusion

Taken together our experimental results provide a negative
answer to the original hypotheses: anaerobes do not seem to be
important in Hg methylation in the pelagic environment and oxygen
deficient zones do not appear to be regions where Hg methylation is
particularly active. Those conclusions are wholly consistent with the
results of several recent studies in other regions of the oceans

Table 3
Bacterial strains tested for the ability to methylate mercury.

Bacteria Location of isolation Metabolism Experimental conditions % Hg(II)
methylated

Shewanella Tomales Bay, California, USA Denitrifier Aerobic, 23 °C NDa

Leisingera methylohalidivorans Moss Beach, California, USA Methylotroph Aerobic, 28 °C ND
Desulfotalea psychrophila Arctic sediment Sulfate reducer Sulfate-reducing, 12 °C ND
Desulfacinum hydrothermale Hydrothermal vent, coast of Greece Sulfate reducer Sulfate-reducing, 60 °C 0.5±0.4%

n=8
Hippea maritime Hydrothermal vent, Bay of Plenty, New Zealand Sulfur reducer Anaerobic, sulfur-reducing, 52 °C ND
Moritella japonica Deep sea, Japan Trench Facultative anaerobe Aerobic and nitrate-reducing, 12 °C ND
Thermoanaerobacter
siderophilus

Hydrothermal vent, Kamchatka peninsula, Russia Sulfite/thiosulfate reducer Anaerobic, sulfite and thiosulfate-reducing, 70 °C ND

Thiomicrospira crunogena Hydrothermal vent fluid Sulfur oxidizer Aerobic, thiosulfate-oxidizing, 28 °C ND
Sulfurimonas lithotrophicum Hydrothermal vent fluid Sulfur oxidizer Nitrate-reducing, thiosulfate-oxidizing, 28 °C ND
Vibrio splendidus Seawater Facultative anaerobe Aerobic and fermenting, 12 °C ND
Methanosarcina acetivorans Marine sediment, California USA Methanogen Methanogenic, 28 °C ND
Pelobacter carbinolicus Canal sediment, Venice, Italy Fermentation Fermenting, 28 °C ND

a ND, none detected; mean concentration of methylmercury in live incubations (n≥3) was less than or equal to that in autoclaved controls spiked with Hg(II).

17E.G. Malcolm et al. / Marine Chemistry 122 (2010) 11–19



Author's personal copy

showing that MeHg is apparently formed throughout the subsurface
during the decomposition of organic matter under ambient aerobic
conditions. The important factor controlling Hg methylation in the
open ocean appears to be the rate of remineralization of particulate
organic carbon, thus the rate of microbial activity, not the absence of
oxygen. Oxygen deficient zones where microbial activity is generally
very low are thus not globally significant sources of MeHg to the
open ocean. Our laboratory methylation assays with bacterial
isolates from the open ocean yielded negative results. The question
of what organisms are responsible for the bulk of Hg methylation in
the water column remains open.
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