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ABSTRACT: Redox transformation of mercury (Hg) is critical for
Hg exchange at the air−sea interface and it can also aﬀect the
methylation of Hg in marine environments. However, the
contributions of microalgae and aerobic bacteria in oxic seawater
to Hg2+ reduction are largely unknown. Here, we studied the
reduction of Hg2+ mediated by microalgae and aerobic bacteria in
surface marine water and microalgae cultures under dark and
sunlight conditions. The comparable reduction rates of Hg2+ with
and without light suggest that dark reduction by biological
processes is as important as photochemical reduction in the tested
surface marine water and microalgae cultures. The contributions of
microalgae, associated free-living aerobic bacteria, and extracellular
substances to dark reduction were distinguished and quantiﬁed in 7
model microalgae cultures, demonstrating that the associated aerobic bacteria are directly involved in dark Hg2+ reduction. The
aerobic bacteria in the microalgae cultures were isolated and a rapid dark reduction of Hg2+ followed by a decrease of Hg0 was
observed. The reduction of Hg2+ and re-oxidation of Hg0 were demonstrated in aerobic bacteria Alteromonas spp. using double
isotope tracing (199Hg2+ and 201Hg0). These ﬁndings highlight the importance of algae-associated aerobic bacteria in Hg
transformation in oxic marine water.
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■

INTRODUCTION
Air−sea exchange of mercury (Hg), a bidirectional process
including deposition of Hg2+ and evasion of Hg0 between the
atmosphere and ocean, is the largest ﬂux between environmental compartments in the Earth.1 The evasion of Hg0 from
the ocean to the atmosphere is an important natural process
related to Hg transport (approximately 2680 Mg/year), which
is much higher than that of the terrestrial origin (approximately 1850 Mg/year).2 The reduction of deposited Hg2+ and
volatilization of Hg0 in surface water decreases Hg2+ net
loading in the ocean,1 subsequently reducing the amount of
methylmercury (MeHg) in the water column,3−5 as well as the
bioaccumulation of Hg in marine food webs.6 On the other
hand, aqueous oxidation of Hg0 may extend the residence time
of Hg in water and increase its potential to enter the food
chain.7−9
The reductive formation of dissolved gaseous mercury
(DGM) can be observed in the whole water column at
diﬀerent depths including surface, mixed layer, euphotic zone,
and aphotic intermediate water.10−12 For surface and euphoticzone water, photochemical processes mediated by the organic
matter are generally considered to drive the formation of
DGM.13−16 However, it was found that biotic reduction
© 2021 American Chemical Society

mediated by microalgae and bacteria can account for 20−90%
of DGM production even in surface water at some
locations.11,15,17−19 Hg2+ reduction in aphotic water could be
mainly driven by biotic processes due to the attenuation of
sunlight with depth.11,14 Bacterial or phytoplanktonic reduction of Hg is an important but long been overlooked process
for DGM formation under dark conditions.19
In anoxic environments, a variety of anaerobic bacteria can
mediate the biotic reduction of Hg2+, which is important for
Hg0 formation, as well as Hg accumulation.20,21 However,
oxygen is present at a wide range of depths in seawater, from
oxygenated surface to the upper layer of redoxcline.22 For
instance, lateral intrusions of inﬂowing water can reshape the
oxygen proﬁle in the water column and alter the oxic microbial
community in deep waters, as exempliﬁed by the observation
in the Baltic Sea, where the replacement of the bottom water
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respectively. Samples (50 mL) of each treatment were
transferred into 150 mL quartz bubblers and Hg2+ (1 mL 1
μg L−1) was added to reach a ﬁnal concentration of 20 ng L−1.
For coastal seawater, the concentration of total Hg (THg) was
approximately in the range of 1−25 ng L−1.30−32 The spiked
Hg in the incubation experiments (20 ng L−1 Hg2+) was
comparable to that in coastal seawater with high levels of Hg.
Seawaters without spiked Hg2+ were used as blank. The
samples were then incubated for 24 h at 25 °C under dark or
light conditions. The produced Hg0 was determined by a
method using a gold trap-thermal desorption-cold vapor
atomic ﬂuorescence spectrometer (CVAFS) (Brooks Rand
Lab., Seattle, WA). Total Hg remaining in the sample was
analyzed with CVAFS following sample oxidation by BrCl.
Eﬀect of Marine Microalgae and Associated Aerobic
Bacteria on Hg2+ Reduction. Seven marine microalgae
species investigated in this study (Table S2), including
Amphidinium carterae, Prorocentrum donghaiense, Chattonella
marina, Phaeodactylum tricornutum, Closterium venus Kuetzing,
Prymnesium parvum Carter, and Dunaliella salina, were
obtained from the College of Chemistry and Chemical
Engineering, Ocean University of China. The algae were
grown at 20 °C in an incubator with ﬂuorescent daylight (20
W m−2, with a 12:12 h light/dark cycle).33 199Hg2+ reduction in
algae cultures was also performed in the incubator. The spectra
of sunlight and artiﬁcial light in the incubator are shown in
Figure S4. In contrast with sunlight, artiﬁcial light did not
contain ultraviolet and the light intensity was 20 W m−2, lower
than that of sunlight (0−400 W m−2). The artiﬁcial light used
in the incubator can well mimic the penetrated sunlight in the
euphotic zone where UV from sunlight is largely attenuated.34,35 However, the photoactive depth of UV-B can be as
deep as 6.7 m in some coastal water and 18.7 m in open
ocean,36 which may result in the underestimation of the
contribution of photoreduction to some extent, especially in
surface water.
Seawater collected from Yellow Sea coast was ﬁltered
through a pre-cleaned 0.45 μm polycarbonate membrane, and
the ﬁltrate was autoclaved at 120 °C, 0.2 MPa for 20 min. The
culture medium for microalgae was a modiﬁed f/2 medium33
using autoclaved seawater as the matrix, and the physical−
chemical characteristics of seawater are reported in Table S1.
The microalgae cells in the exponential growth phase were
collected and re-suspended in the 199Hg2+ (20 ng L−1)
exposure medium. The utilization of isotopic technique can
reduce the eﬀect of background blank of Hg2+ in the
incubation experiment. The incubation experiment (50 mL)
was performed in a quartz bubbler (150 mL) for 48 h with Hgfree air continuously sparging at 50 mL min−1. During the
incubation, 199Hg0 released from the bubbler was collected
using a gold trap simultaneously. After incubation, to purge
199
Hg0 out of the solution completely, the remaining 199Hg0
was further purged out (350 mL min−1 N2 for 20 min) and
collected using the same gold trap, and quantiﬁed with a
thermal desorption-inductively coupled plasma mass spectrometer (ICP-MS) (model iCAP Q, Thermo Fisher Scientiﬁc,
Germany).33
Diﬀerent incubation groups (modiﬁed f/2 medium without
microalgae, microalgae, 3.0 μm ﬁltered solution, and 0.2 μm
ﬁltered solution) were set to explore the potential eﬀects of
culture medium, microalgae, associated bacteria, and extracellular substances on 199Hg2+ reduction, respectively. The
bacteria associated with algae can be divided into algae-

layer with oxygen-rich water could supply oxygen upward to
180 m depth.23 In these oxic water columns, microalgae and
aerobic bacteria potentially play important roles in the redox
cycle of Hg, as previous studies showed that <3 μm
microorganisms were the primary Hg reducers in oxic
seawaters.15,18,24,25
Symbiosis between algae and bacteria has been widely
observed in natural environments. Bacteria synthesize
important compounds for algal growth, and in return, the
algae can supply photosynthetic products to bacteria.26−28
Previous studies have highlighted the contributions of
microalgae and bacteria to Hg2+ reduction in natural seawater
through ﬁltration treatments.15,17,29 Since microalgae usually
have associated bacteria,15 their respective contributions to
Hg2+ reduction remain to be elucidated.
The purpose of this work was to evaluate the role of
microalgae-associated bacteria on dark Hg2+ reduction in
marine water. We ﬁrst investigated the contributions of
microalgae and aerobic bacteria to Hg2+ reduction in natural
seawater and microalgae cultures by ﬁltration. We further
identiﬁed and isolated major bacteria using 16S rRNA gene
ampliﬁcation and sequencing technique and tested their
capability of reducing Hg2+ under dark conditions. This
study provided ﬁrst-hand evidence that it is the aerobic
bacteria associated with microalgae that are signiﬁcantly
involved in the dark Hg2+ reduction.

■

MATERIALS AND METHODS
Reagents and Materials. Enriched 199HgCl2 and 201HgCl2
were purchased from Trace Sciences International (Ontario,
Canada). All reagents used were of reagent grade or higher.
Polycarbonate ﬁlters (3.0 and 0.2 μm) were purchased from
Merck Millipore (Tullagreen, Carrigtwohill, Ireland). Ultrapure water (>18.2 MΩ) produced using a Milli-Q IQ7000
system (Millipore, Bedford) was used throughout the experiments.
Hg2+ Reduction in Natural Seawater. The surface
seawater samples were collected from two sites in coastal
Yellow Sea, i.e., Stone Old Beach (120°46′E, 36°09′N) and
Tuan Island (120°29′E, 36°05′N) located in Qingdao, China.
Physical−chemical characteristics of the samples are presented
in Table S1. The bacteria from these surface seawater samples
were isolated and identiﬁed by 16S rRNA gene ampliﬁcation
and sequencing technique and the dominant family and genera
of bacteria isolated are shown in Figures S1 and S2. Prior to
incubation, seawater was purged with Hg-free air (21% O2,
79% N2) at a ﬂow rate of 350 mL min−1 for 1 h in the dark to
remove Hg0.13 The samples were then incubated in the dark or
ambient sunlight (photosynthetically active radiation (PAR):
78.03 E m−2 d−1) for 24 h at the Chinese Academy of Sciences,
Beijing (116°20′E, 40°0′N). The variation in PAR intensity
during the period of incubation is shown in Figure S3. The
intensity of PAR is measured using a GLZ-C Quantum Sensor
(Top Cloud-agri Instrument, Zhejiang) at 10 min intervals
routinely. The full spectrum of solar illumination in incubation
is shown in Figure S4. After Hg0 purging, diﬀerent incubation
groups (natural seawater, autoclaved seawater (120 °C, 0.2
MPa for 20 min), seawater ﬁltered through 3.0 μm or 0.2 μm
membranes) were set to explore the potential eﬀects of
microalgae and bacteria on Hg2+ reduction under light and
dark conditions. Biotic Hg2+ reduction was assessed by
autoclaving. The eﬀect of suspended particle/microalgae or
bacteria was assessed by 3.0 μm or 0.2 μm ﬁltration,
14259
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Figure 1. Hg2+ reduction in natural and diﬀerent treated seawaters. Hg2+ reduction, expressed as purgeable Hg0 (% d−1), in natural and diﬀerent
(A) Stone Old Beach and (B) Tuan Island seawater under dark and light conditions over 24 h incubation experiments. The contribution of
microalgae, bacteria, SPM, and DOM/extracellular substances to the reduction of Hg2+ in (C) Stone Old Beach and (D) Tuan Island seawater
under dark and light conditions. Initial Hg2+ concentration was spiked at 20 ng L−1.

ng L−1) in an eﬀort to investigate the reduction capacity of
Alteromonas spp. Samples were incubated in the dark at room
temperature (25 °C). Sacriﬁcial samples were immediately
analyzed after purging with N2 for 10 min at selected time
intervals. Immediately after adding Hg2+, the solution was
purged with N2 for 10 min and analyzed for Hg0 to obtain a
reference value for the sample at 0 h. For mass balance analysis,
the total Hg remaining in the sample was analyzed by CVAFS
following oxidation by aqua regia. To evaluate the eﬀect of
associated bacteria on Hg2+ reduction, the seawater and
solutions with autoclaved cells (120 °C, 0.2 MPa for 20 min)
were used as controls. The eﬀect of diﬀerent densities of
Alteromonas spp. on Hg2+ reduction was examined by
measuring Hg2+ reduced at a predetermined time at bacterial
concentrations of 109, 106, and 105 cells mL−1. Mutualistic
association between microalgae and bacteria could promote
the abundance and activity of the bacteria.26 Marine bacterial
density induced by a phytoplankton bloom in nearshore waters
is approximately 105 cells mL−1.40,41 Therefore, bacterial
density of 105−106 cells mL−1 may resemble the phytoplankton bloom environment.
To more precisely trace Hg2+ reduction and Hg0 oxidation,
199
Hg2+ and 201Hg0 were spiked during the incubation of
Alteromonas spp. The 201Hg0 standard was prepared through
reduction of 201Hg2+ with acidic SnCl2 solution,42 and detailed
procedures can be found in the Supporting Information. 201Hg0
concentration in the solution was calibrated using a thermal
desorption-ICP-MS system42 for each batch of the experiment.

attached and free-living bacteria.37−39 Microalgae culture was
ﬁltered through a 3.0 μm membrane ﬁlter to obtain the
microalgae with attached bacteria in the retentate. The ﬁltrate
was further passed through a 0.2 μm membrane ﬁlter to retain
the free-living bacteria. The associated bacteria in this study
speciﬁcally refer to free-living bacteria. In addition, the eﬀects
of light/dark and with/without air purging on 199Hg2+
reduction were further investigated with C. marina as a
model microalgae.
Contribution of Microalgae-Associated Aerobic Bacteria to Hg2+ Reduction and Hg0 Re-Oxidation. Seven
microalgae-associated bacteria were isolated and identiﬁed
from an enrichment culture of the marine microalgae C. venus
Kuetzing, C. marina, and P. tricornutum by 16S rRNA gene
ampliﬁcation and sequencing technique. A BLAST search
(https://www.ncbi.nlm.nih.gov) was used to identify the
phylogenetic neighbors according to 16S rRNA gene sequence
similarity. The associated bacterial cells at the mid-log growth
phase were collected by centrifugation (at 6000g, 10 min, 25
°C), and the cells were re-suspended in autoclaved seawater
(120 °C, 0.2 MPa for 20 min). The cell density was
determined by optical density (OD) measured at 600 nm
and counted with a hemocytometer under a microscope.
Hg2+ reduction was investigated in the seven bacteria
isolated from C. venus Kuetzing, C. marina, and P. tricornutum.
Further experiments were performed for Hg2+ reduction by
mixing Alteromonas spp. bacterial cells (approximately 109 cells
mL−1) with varying concentrations of Hg2+ (20, 200, and 1000
14260

https://doi.org/10.1021/acs.est.1c03608
Environ. Sci. Technol. 2021, 55, 14258−14268

Environmental Science & Technology

pubs.acs.org/est

Article

Figure 2. 199Hg2+ reduction in marine microalgae cultures. (A) Percentage of 199Hg2+ reduced at 0 and 48 h in seven microalgae cultures. (B)
199
Hg2+ reduction under the condition of dark and light (light/dark = 12:12 h) in C. marina culture. (C) Eﬀects of marine microalgae cell,
associated bacteria, and extracellular substances on 199Hg2+ reduction (light/dark = 12:12 h). (D) 199Hg2+ reduction under air and no-air-sparging
conditions in C. marina culture. The initial concentration of 199Hg2+ was 20 ng L−1.

Hg 0 could also be adsorbed on particulate matter
(particulate Hg0), which is nonpurgeable.42 To explore the
possible formation of particulate Hg0 during Alteromonas spp.
incubation, the bacterial cells were collected through a 0.2 μm
ﬁlter after purging the purgeable Hg0 at 0, 0.5, 1, 2, 5, and 10 h,
then the Hg0 adsorbed by bacterial cells was determined by
thermal desorption-ICP-MS as previously reported.42 The
thermal desorption temperature was optimized and 150 °C
was selected to distinguish particulate Hg0 from adsorbed Hg2+
(Figure S5). Other Hg species adsorbed by bacteria and total
Hg remaining in the ﬁltrate were analyzed by ICP-MS
following oxidation by aqua regia.
Quality Assurance and Quality Control. The quartz
bubblers was cleaned with 10% HCl and ultrapure water
followed by being burned in a muﬄe furnace at 500 °C for 0.5
h to ensure that the quartz bubblers were Hg-free. Triplicate
analyses were employed for each treatment. The relative
standard deviations (RSDs) of triplicate samples ranged from
0.1 to 9.5% for Hg0 and from 0.1 to 10.2% for THg,
respectively, which were within the acceptable ranges of the
EPA 1631 method (<15%). The recoveries of the matrix spikes
were 85−124%, which were also within the acceptable ranges
of the EPA 1631 method (70−130% for THg). The method
blanks for THg and Hg0 were approximately 0.3 and 0.1 ng
L−1, respectively, within the acceptable value of the EPA 1631
method (<0.5 ng L−1). The method detection limit (three

times the standard deviation of the blanks) was calculated to
be 0.1 ng L−1 for THg.

■

RESULTS
Contributions of Microalgae and Aerobic Bacteria to
Hg2+ Reduction in Natural Seawater. Incubation experiments were performed to investigate the relative contribution
of photochemical versus biological processes to Hg2+ reduction
in surface seawater (Figure 1). The percentage of Hg2+
reduced in the dark over 24 h of incubation period in
untreated Stone Old Beach and Tuan Island seawater were
15.2 ± 1.2 and 15.6 ± 1.7% (Figure 1A,B), respectively,
suggesting that Hg reduction did occur in the absence of light
in natural seawater. The Hg2+ reduction in the dark accounted
for 73−76% of the Hg2+ reduction in light, indicating that dark
Hg2+ reduction is important in surface seawater. Under dark
conditions, autoclaving treatment signiﬁcantly decreased the
reduction to 1.4 ± 0.4 and 1.8 ± 0.1% d−1 for Stone Old Beach
and Tuan Island seawater, demonstrating the importance of
biological contribution to this dark reduction. It is noteworthy
that autoclaving treatment decreases the reduction from 19.9 ±
1.6 to 4.2 ± 0.3% d−1 for Stone Old Beach and from 21.2 ± 0.2
to 3.1 ± 1.7% d−1 for Tuan Island under light conditions,
respectively, which suggests the importance of biological
contribution to Hg2+ reduction even in the presence of natural
light. Autoclaving treatment can lead to changes in seawater
properties, which may aﬀect Hg reduction. To verify the
14261
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Figure 3. Hg2+ reduction in microalgae-associated aerobic bacteria. (A) Hg2+ reduction, expressed as purgeable Hg0 (%), in seven associated
aerobic bacteria at 20 ng L−1 Hg2+ and bacteria at approximately 109 cells mL−1 in seawater matrices (only results from three bacteria and seawater
control are shown here and the results for other 4 bacteria are presented in Figure S6 for the sake of clarity of the ﬁgure). Hg2+ reduction in (B)
Alteromonas spp., (C) Algoriphagus spp., and (D) uncultured bacterium clone Tir12−16S (at approximately 109 cells mL−1) over the incubation
period at 20 ng L−1 Hg2+. Seawaters without cells or with autoclaved cells were used as controls.

microalgae and bacteria accounted for 24 and 65%,
respectively, of the total Hg2+ reduction in the dark for both
Stone Old Beach and Tuan Island seawater.
Contributions of Microalgae and Aerobic Bacteria to
Hg2+ Reduction in Microalgae Culture. As shown above,
microalgae, bacteria, and DOM/extracellular substances drive
the dark reduction of Hg2+ in natural seawater, with microalgae
and bacteria being particularly prominent. Microalgae
incubation experiments were then performed to further
identify the role of the aerobic bacteria associated with
microalgae in 199Hg2+ reduction. Seven marine microalgae
cultures could readily convert 199Hg2+ to 199Hg0 over the
incubation period, and the reduction capability followed the
order of C. venus Kuetzing (68.6 ± 1.2%) > C. marina (63.0 ±
3.0%) > P. tricornutum (47.8 ± 9.5%) > P. parvum Carter (19.7
± 1.5%) > P. donghaiense (17.2 ± 2.8%) > A. carterae (14.8 ±
1.4%) > D. salina (10.7 ± 1.5%) (Figure 2A). Among the
microalgae examined in this study, C. venus Kuetzing, C.
marina, and P. tricornutum had signiﬁcantly higher reduction
ability than the others. The dark and light 199Hg2+ reduction
was further examined using C. marina under ﬁltration
treatments. Reduction of 199Hg2+ in the dark was very similar
to that under light (Figure 2B), suggesting 199Hg2+ reduction
in these marine microalgae cultures is not be caused by the
photochemical process or photosynthetic metabolites, but
mediated by biological processes. Considering that the
presence of microalgae-associated bacteria is usually inevitable
in microalgae cultures, the respective contributions from

importance of biological contribution to dark Hg reduction,
Hg reduction rates under dark in microalgae culture ﬁltered
through 3.0 and 0.2 μm membranes were compared. The Hg2+
reduction in seawater ﬁltered with a 3.0 μm membrane (10.5 ±
0.5 and 12.6 ± 1.8% d−1 for Stone Old Beach and Tuan Island
seawater, respectively) was lower than that in natural seawater
under dark conditions. The diﬀerence in reduction between
unﬁltered and 3.0 μm ﬁltered seawater can be attributed to
microalgae and/or suspended particulate matter (SPM), while
the reduction involving bacteria and/or dissolved organic
matter (DOM)/extracellular substances can occur in both
unﬁltered and ﬁltered seawater. Reduction of Hg2+ in ﬁltrates
through a 0.2 μm membrane decreased to be as low as 0.5 ±
0.1 and 2.6 ± 0.5% d−1, suggesting that DOM/extracelluar
substances by algae/bacteria and nano-particulates may play a
minor role in the Hg2+ reduction process. The variations in
Hg2+ reduction between 3.0 and 0.2 μm ﬁltrations could be
attributed to bacteria, as the latter removed bacteria from
water. It should be noted the dark Hg2+ reductions in
autoclaved and 0.2 μm ﬁltered seawater were comparable,
suggesting that DOM extracellular substances and/or nanoparticulates rather than SPM were important in Hg2+ reduction
when microorganisms were deactivated or removed. From the
diﬀerence between these treatments, we can roughly estimate
the contributions of microalgae (25 and 24%), bacteria (65
and 64%), SPM (<5%), and DOM/extracellular substances (3
and 17%) to the dark reduction of Hg2+ in these two natural
seawaters (Figure 1C,D). Therefore, the Hg2+ reduction from
14262
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that Hg2+ reduction may be mainly driven by living bacterial
cells. For Alteromonas spp., percent Hg2+ reduction could reach
a maximum of approximately 50% in 30 min, while the
accumulative percent Hg2+ reduction decreased rapidly with
further incubation (Figure 3B). Reduction of Hg2+ measured at
0 h was the highest for Algoriphagus spp., then decreased
rapidly with incubation (Figure 3C). Collectively, a gradual
loss of Hg0 was observed in all incubations of Alteromonas spp.,
Algoriphagus spp., and uncultured bacterium clone Tir12−16S.
It should be noted that the purgeable Hg0 at 0 h was measured
by purging with N2 for 10 min immediately after Hg2+ was
added and Hg2+ reduction could occur during this 10-min
purging. Approximately 25% of Hg2+ reduction can still be
observed in Alteromonas spp. in the ﬁrst 1 h for Hg2+
concentrations at 200 and 1000 ng L−1 (Figure S7), indicating
that Alteromonas spp. has a signiﬁcant reduction capacity for
Hg2+.
The eﬀect of bacterial density on Hg2+ reduction was
investigated using Alteromonas spp. at 109, 106, and 105 cells
mL−1. Up to 47.6 ± 5.3% of Hg2+ was reduced to Hg0 at 109
cells mL−1 bacterial density (Figure 4). When bacterial density

microalgae and associated bacteria were clariﬁed through
membrane ﬁltration treatments. As demonstrated in Figure 2B,
3.0 μm ﬁltration, which is supposed to remove microalgae cells,
had a minor eﬀect on 199Hg2+ reduction. However, 0.2 μm
ﬁltration, which is used to remove bacteria, signiﬁcantly
decreased the reduction of 199Hg2+ from 64.2 ± 11.6 to 10.2 ±
1.2%. This result suggests that dark 199Hg2+ reduction in the C.
marina culture should be mainly attributed to the associated
bacteria, with minimal contribution from the microalgae cells.
The role of associated bacteria in 199Hg2+ reduction was further
demonstrated in the other 6 microalgae cultures. The
contributions of the 7 marine microalgae cells to 199Hg2+
reduction ranged from 4.5 to 11.2%. In comparison, 8.5 to
59.3% of 199Hg2+ reduction were attributed to the associated
bacteria, signiﬁcantly higher than the contribution from the
respective microalgae cells for each culture (t test, p < 0.05)
(Figure 2C). In addition, 199Hg2+ reduction in 0.2 μm ﬁltrate,
attributed to extracellular substances, was much lower (<4.6%)
than that from microalgae and bacteria, suggesting the minor
role of extracellular substances in 199Hg2+ reduction.
We further investigated the eﬀect of dissolved oxygen in
199
Hg2+ reduction using C. marina as a model to test the role of
aerobic bacteria. Sparging with air was not observed to inhibit
199
Hg2+ reduction. This result indicates that aerobic microorganisms rather than anaerobic microorganisms may play an
important role in the 199Hg2+ reduction process. Air-sparging
signiﬁcantly enhanced 199Hg2+ reduction in both entire
microalgae cultures and cultures ﬁltered through 3.0 μm ﬁlters
(t test p < 0.05) (Figure 2D). The increase in 199Hg reduction
rates could be due to the promotion in aerobic bacteria
activities, purging out of produced 199Hg0 continuously, or
reactive oxygen species/free radicals produced by air-sparging.
Eﬀect of Aerobic Bacteria on Hg Reduction and ReOxidation. Aerobic bacteria were isolated and identiﬁed from
the cultures of C. venus Kuetzing, C. marina, and P. tricornutum
using 16S rRNA gene ampliﬁcation and sequencing
techniques. Seven strains were identiﬁed, including Alteromonas spp., Mameliella spp., Ponticoccus spp., Algoriphagus
spp., Loktanella spp., uncultured bacterium clone Tir12−16S,
and uncultured bacterium clone SSW59Au (Table S3). In
addition, aerobic bacteria were also isolated and identiﬁed
from the Stone Old Beach and Tuan Island surface seawater
using similar processes. As the dominant families, the 16S
sequences of Rhodobacteraceae and Alteromonadaceae, respectively, account for 16 and 2% of detected sequences for Stone
Old Beach while 19 and 9% for Tuan Island (Figure S1) in 16S
rRNA gene sequencing. The Alteromonas spp. isolated from the
culture C. marina and C. venus Kuetzing accounts for 4%
(Stone Old Beach) and 10% (Tuan Island) of Alteromonadaceae family. The Loktanella spp., isolated from the culture of P.
tricornutum, accounts for 1% (Stone Old Beach) and 0.1%
(Tuan Island) Rhodobacteraceae family (Figure S2). These
results showed that the associated aerobic bacteria, isolated
from the culture of C. venus Kuetzing, C. marina, and P.
tricornutum, had high abundance in real seawater. The Hg2+
reduction in Alteromonas spp. (isolated from C. venus Kuetzing
and C. marina), Algoriphagus spp., and uncultured bacterium
clone Tir12−16S (both isolated from P. tricornutum) were
signiﬁcantly higher than those in the others at a bacteria
concentration of 109 cells mL−1 (Figures 3A and S6). The
Hg2+ reduction by living bacterial cells was signiﬁcantly higher
than that of autoclaved bacterial cells and seawater controls
(without spiking bacterial cells) (Figure 3B−D), suggesting

Figure 4. The eﬀects of diﬀerent densities of Alteromonas spp. (109,
106, and 105 cells mL−1) on Hg2+ reduction. The initial concentration
of Hg2+ was 20 ng L−1.

was 106 cells mL−1, 31.3 ± 3.1% of Hg2+ was reduced to Hg0.
The purgeable Hg0 can also reach 20.8 ± 0.8% of Hg2+ even at
105 cells mL−1 of bacterial density, suggesting that Alteromonas
spp. has a signiﬁcant capability for Hg2+ reduction even at
environmental densities.
To understand the decreases in purgeable 199Hg0 observed
at the later stage of incubation (Figure 5A), other 199Hg
species present in Alteromonas spp. culture at 0, 1, 2, 5, and 10
h of incubation were quantiﬁed, including nonpurgeable 199Hg0
(i.e., particulate 199Hg0), 199Hg species on the ﬁlter, and 199Hg
remaining in the ﬁltrate. The purgeable 199Hg0 was 54.6 ± 4.2,
66.6 ± 7.2, 57.1 ± 3.4, 38.6 ± 4.1, and 12.5 ± 1.9% of the
spiked total Hg at 0, 1, 2, 5, and 10 h, respectively, while the
nonpurgeable particulate 199Hg0 determined by thermal
desorption-ICP-MS was 4.1 ± 0.9, 1.8 ± 0.9, 5.4 ± 2.3, 2.1
± 1.3, and 4.7 ± 1.9% (Figure 5B). These results indicate that
the decreased purgeable 199Hg0 at the later stage of incubation
cannot be explained by the formation of particulate 199Hg0.
The total amount of 199Hg0 (purgeable 199Hg0 and nonpurgeable particulate 199Hg0) decreased during the experimental period, implying that the formed 199Hg0 underwent
further transformation, most likely oxidation. Indeed, the
increases in 199Hg that remained in the ﬁltrates, as well as other
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Figure 5. Hg reduction, oxidation, and species distribution in Alteromonas spp. (A) 199Hg2+ reduction and (C) 201Hg0 oxidation in Alteromonas spp.
over the incubation period at an initial concentration of 20 ng L−1 for both 199Hg2+ and 201Hg0. (B) The proportion of 199Hg species over the
Alteromonas spp. incubation period. The proportion of 201Hg species in (D) Alteromonas spp. bacteria and (E) autoclaved bacteria incubation. The
initial 199Hg2+ and 201Hg0 concentrations were 20 ng L−1. The concentration of Alteromonas spp. was approximately 109 cells mL−1.

unidentiﬁed 199Hg species retained on the ﬁlters, were
observed from 0 to 10 h, which might be attributed to the
formation of oxidized 199Hg2+ complexes with thiols of the
dissolved bacterial substances and bacterial cells.
Possible re-oxidation of Hg0 during incubation was further
investigated using Alteromonas spp. The presence of living or
autoclaved bacterial cells signiﬁcantly decreased the spiked
201
Hg0, in comparison to seawater without addition of bacterial
cells, suggesting that 201Hg0 oxidation can be driven by
bacterial cells and/or substances associated with bacteria
(Figure 5C). Live Alteromonas spp. cells showed lower 201Hg0
oxidation than the autoclaved cells, indicating that 201Hg0
oxidation is likely mediated by nonenzymatic components of
cells. The 201Hg species in Alteromonas spp. were further
quantiﬁed in live and autoclaved bacteria incubation. The
decrease of total 201Hg0 is mainly attributed to oxidation of
purgeable 201Hg0, but not the formation of nonpurgeable
particulate 201Hg0, demonstrating the involvement of Alteromonas spp., especially its nonenzymatic component, in 201Hg0
oxidation (Figure 5D,E).

by DOM composition, biological activity, salinity, and
wavelength/intensity of sunlight.11,17,19,46 Photochemical processes may produce inert Hg products (nonreducing or slower
reducing components), resulting in diﬀerences between
biological and photochemical reduction.47,48 The fundamental
mechanisms involved in the biological reduction process
remain poorly understood. We estimated the contributions
of microalgae, bacteria, SPM, and DOM/extracellular substances to dark Hg2+ reduction in natural seawater. Our results
showed that Hg2+ reduction in the marine microalgae cultures
was mainly biological reduction, not photochemical49 or light−
microorganism coupled processes under the low-light conditions.17,50 Previous studies proposed the importance of
excreted biogenic reducing factors, cell surface enzymatic
processes, and intracellular reduction in the marine microalgae
culture mediated Hg2+ reduction.18,51,52 However, our results
highlighted the contribution from a previously neglected, but
important factor, i.e., the associated bacteria in microalgae
cultures. Although dark reduction of Hg2+ in microalgae
cultures was observed in previous studies,45,53,54 the role of the
algae-associated bacteria in the culture was unrecognized. The
growth and survival of many microalgae are dependent on
speciﬁc associated bacteria in the ocean.55,56 Therefore, the
role of associated bacteria should be considered for a better
understanding of Hg2+ reduction in the ocean and microalgae
cultures.
As oxygen is present in a wide range of depths in the marine
water column, microalgae and aerobic bacteria co-occuring in
this oxic water could mediate Hg2+ reduction in widespread
marine environments. Microalgae and bacteria could play an
important and interactive role in the reduction of Hg2+ in
surface and euphotic zones. Microalgae photosynthesis can
release DOM or signaling molecules to bacteria, and the
bacteria can re-mineralize sulfur, nitrogen, and phosphorous or

■

DISCUSSION
Our results provide direct evidence for signiﬁcant Hg2+ dark
reduction in marine water. In previous studies, this dark
reduction has been attributed to abiotic and/or biotic
processes, mediated by DOM/extracellular substances,43
SPM,13,44 microalgae,45 and bacteria.19 Photochemical process
is generally believed to be the main driver for Hg2+ reduction
in many aquatic systems.13−16 Biotic reduction of Hg2+ has
been documented for freshwater and seawater,17,19,46 and it has
also been reported to contribute equal to or higher than that of
the photochemical process to Hg2+ reduction in some
systems.11,46 The respective contributions of photochemical
and biological processes to Hg2+ reduction may be controlled
14264
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supply vitamin B12 to promote microalgae growth.27,57,58 This
mutualistic association between microalgae and bacteria could
promote the abundance and activity of the bacteria, thus
indicating the contribution of microbial pathways to Hg2+
reduction in surface and euphotic zone water. The results of
this study also suggest the potential impact of algal bloom and
associated microbial activity in nearshore waters on the fate of
Hg, especially in the climate-changing environment.41 Marine
bacteria density induced by a phytoplankton bloom is
approximately 105 cells mL−1.40 For Alteromonas spp., this
concentration entails a considerable capacity for Hg2+
reduction as observed here. Thus, Hg2+ reduction induced
by associated aerobic bacteria could play an important role in
the fate of Hg in surface seawater, especially in the events of
algal blooms.
Among the seven aerobic bacteria isolated and identiﬁed
from the microalgae cultures in this study, Alteromonas spp.
and Algoriphagus spp. are numerically abundant bacteria in
diverse marine environments,59−61 including sediments62−64
and seawater.65 Our results demonstrate the crucial role of
Alteromonas spp. in rapid reduction of Hg2+ and re-oxidation of
Hg0 under dark conditions. The intracellular uptake of Hg2+
mediated by a membrane transport proteins is relatively slow,
and the exchange between thiol-Hg2+ complexes and cellassociated proteins likely constrain the Hg2+ uptake rate.66
Although it is unclear how Hg2+ could be transformed into Hg0
so rapidly, it is conceivable that the rapid reduction of Hg2+
observed in this study could involve an extracellular electron
transfer process, without the internalization of Hg2+. In
addition, Alteromonas spp. can utilize formate as an electron
donor and accumulate electrons on the cell surface in a saline
environment,67 which may contribute to Hg2+ reduction
during Alteromonas spp. growth. The detailed reduction and
oxidation mechanism of Hg mediated by Alteromonas spp. is
beyond the scope of this study.
The ﬁndings of this study have signiﬁcant environmental
implications for Hg2+ reduction in marine water under diﬀerent
environment scenarios. The contribution of microalgae and
bacteria to Hg2+ reduction can be observed in the whole water
column at diﬀerent depths including surface, euphotic zone,
and aphotic intermediate water.10−12 In surface water, Hg2+
reduction may be simultaneously mediated by photochemical
and biological processes, in which biotic reduction mainly
driven by microalgae and associated bacteria is an important
process for DGM formation. It is worth noting that the
contribution of this biotic process to oceanic Hg evasion could
be signiﬁcant since it occurs continuously above the
thermocline throughout the day. The importance of this biotic
process should also be explored for DGM production in
aphotic deep water where sunlight is absent. The growth of
microalgae and photochemical reduction of Hg2+ are dependent on light. Thus photochemical and microalgae-mediated
processes are unlikely to play a major role in the aphotic deep
water due to the attenuation of sunlight with depth. Oxygen
can still be present even down to a depth of 180 m because of
lateral intrusions of inﬂowing water,22,23 and aerobic bacteria
likely exist in a wide range of water depths. Therefore, aerobic
bacteria-mediated processes are expected to contribute to Hg2+
reduction in aphotic water.
In a highly disturbed marine environment, especially surface
seawater, Hg0 generated by microalgal/bacterial reduction will
be volatilized into the atmosphere due to the disturbance of
seawater. This process could reduce the residence time of Hg
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in the ocean and increase Hg0 evasion to the atmosphere.
However, Hg0 may be re-oxidized to Hg2+ in a static water
environment, which extends the residence time of Hg in water
and increases its potential to enter the food chain. The redox
transformation of Hg mediated by microalgae or associated
aerobic bacteria could have a major impact on the methylation
of Hg in the water column. The methylation rate of Hg2+ by
anaerobic bacteria is generally higher than that of Hg0.68 In
addition, the settling particulate Hg2+ in oxic water or
redoxcline is an important methylmercury precursor.4,69,70
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