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Abstract

Phytoplankton serves as a key entry point for the trophic transfer and bioaccumulation of
the neurotoxin methylmercury (MeHg) in aquatic food webs. However, it is unclear whether and
how phytoplankton itself may degrade and metabolize MeHg in the dark. Using several strains of
the freshwater alga Chlorella vulgaris, the marine diatom Chaetoceros gracilis, and two
cyanobacteria (or blue-green algae), we report a light-independent pathway of MeHg degradation
in water by phytoplankton, rather than its associated bacteria. About 36—-85% of MeHg could be
degraded intracellularly to inorganic Hg(II) and/or Hg(0) via dark reactions. Endogenic reactive
oxygen species, particularly singlet oxygen, was identified as the main driver of MeHg
demethylation. Given the increasing incidence of algal blooms in lakes and marine systems
globally, these findings underscore the potential roles of phytoplankton demethylation and
detoxification of MeHg in aquatic ecosystems and call for improved modelling and assessment of

MeHg bioaccumulation and environmental risks.
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[Main text]

Methylmercury (MeHg), a potent neurotoxin, is produced from inorganic mercury (Hg) by
a group of anaerobic microorganisms possessing the gene cluster hgcAB in the environment 2.
MeHg is a global health and environmental concern due to its bioaccumulation and
biomagnification in aquatic food webs **. Trace levels of MeHg in water (at picomolar to low
nanomolar concentrations) enter the aquatic food web predominantly via biological uptake by
phytoplankton, which is considered one of the largest sinks of MeHg >*. At the base of the food
web, phytoplankton, consisting of phototrophic prokaryotic and eukaryotic algae and
cyanobacteria, contributes to about half of the global primary productivity °. In the marine
environment, phytoplankton holds about 13-16% of MeHg *®, which can be bioaccumulated and
biomagnified up to ten-million fold %7, reaching toxic levels in fish *.

MeHg is known to be degraded through various biotic and abiotic pathways, and most
attention so far has been focused on photochemical and microbial demethylation '°. However,
photodegradation is limited to surface waters due to the rapid attenuation of ultraviolet (UV) light,
particularly in organic-rich waters during algal blooms "3, as UVA (320-400 nm) and UVB (280-
320 nm) are the dominant drivers of MeHg photolysis !'"'*!4. The mer-mediated pathway usually
requires relatively high Hg concentrations (i.e., micromolar) to be induced '°, but most natural

waters contain Hg and MeHg concentrations typically at picomolar to low nanomolar ranges >,

Certain anaerobic bacteria and methanotrophs were shown to degrade MeHg through mer-
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independent pathways at low MeHg concentrations !¢

, although the significance of these
demethylation pathways are yet to be confirmed in natural waters '°. The potential involvement of
phototrophs, however, has been largely discounted, particularly with respect to dark, microbial
independent demethylation by phytoplankton in freshwater and seawater. One recent study
reported that 6 out of 15 marine microalgae species could degrade MeHg, and the main cause was
attributed to either photochemical or bacterial demethylation, or both 4. Other studies have also
implicated the potential involvement of marine and freshwater microalgae in MeHg demethylation
1727 but most have attributed the activity to non-phototrophic microbial degradation,
photochemical degradation, or uncharacterized mechanisms '"?’ (summarized in Supplementary
Table 1). Demethylation was also observed in suspended settling particles containing planktonic
detritus 28, but little or no demethylation was observed in oligo to mesotrophic waters 2%°. Hitherto
phytoplankton is primarily considered a MeHg bioaccumulator and represents a key entry point for
MeHg into aquatic food webs *7!. The roles and pathways of phytoplankton in degrading MeHg
are currently unknown, especially during the dark phase of the diurnal cycle. Here, we present
evidence of a light- and microbe-independent pathway of MeHg demethylation by phytoplankton,
which degrades MeHg to less toxic mercuric Hg(II) or elemental Hg(0).

Phytoplankton Demethylation and Degradation Products

Five phytoplankton species representing common primary producers in aquatic systems >

3% were examined initially for the degradation of MeHg in the dark. They include the green
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eukaryotic microalga Chlorella vulgaris (CV395 and CV2338), two cyanobacteria, Synechocystis
sp. and Microcystis sp. (also known as blue-green algae), from freshwater environments *, and
one marine diatom Chaetoceros gracilis (CG2658) 3*. All phytoplankton species tested degraded
MeHg in the dark at an initial MeHg concentration of 25 nM (Fig. 1A). The diatom CG2658
displayed the highest rate (~0.040 h™') and magnitude of demethylation with more than 85% of
MeHg converted to Hg(II) or Hg(0) after 5 days in the dark (Fig. 1A; Supplementary Table 2).
Extensive degradation of MeHg (~70%) was also observed with CV395 cells after 5 days, with an
estimated demethylation rate of 0.017 h''. Like CV395 and CG2658, the cyanobacterium
Synechocystis sp. degraded ~75% of MeHg after 5 days, and the demethylation rate constant was
~0.016 h'! (Fig. 1A; Supplementary Table 2). Microcystis sp. degraded ~50% of MeHg, lower than
other phytoplankton species under the same experimental conditions. As expected, negligible
amounts of MeHg (< 6%) were degraded abiotically in the dark in simulated freshwater (SFW) or
simulated seawater (SSW) (i.e., no-cell controls), or in the cell filtrates (< 0.2 pm), or with heat-
killed CV cells (Fig. 1B), suggesting that metabolically active phytoplankton cells were necessary
for demethylation. The degradation products appeared species-specific, being identified mainly as
elemental Hg(0) by CG2658 and cyanobacteria (Extended Data Fig. 1) or as Hg(Il) by CV395.
This observation may be attributed to a relatively high cellular thiol content of CV cells (~165
amol-cell™!), as thiolates are known to mediate Hg(0) oxidation to Hg(II) in the dark *>*¢. CG2658

contained only about 88 amol-cell! thiols (Supplementary Fig. S2). Similarly, the genome of
5
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CV395 showed a higher fraction of cysteine residues, approximately 80% greater than those found
in the cyanobacteria Synechocystis sp. and Microcystis sp. (Supplementary Table S3).

These initial findings demonstrate that certain phytoplankton species can degrade MeHg to
Hg(0) or Hg(II) in the dark at relatively high concentrations of MeHg (25 nM) and phytoplankton
cells (1x10% mL™"), although the ratio of MeHg to cells is within the range observed in aquatic
environments (0.002-162 amol MeHg/cells) 3" (Supplementary Table S1). To further validate
whether demethylation occurs under more environmentally relevant conditions, e.g., lower cell
density, low MeHg concentrations and typical diel dark/light settings, additional assays were
performed using CV as one of the most prevalent green algae in freshwater 2. The experiments
were carried out independently with a different CV strain (CV2338), obtained from the Freshwater
Algae Culture Collection (FACHB) at the Institute of Hydrobiology in China, at MeHg
concentrations of either 0.05 nM (Fig. 1C,D) or 0.001 nM (Fig. 5D, described below) and a cell
density of 10° cells mL™!, as observed during algal blooms >"*°. Under these experimental
conditions, we also observed substantial degradation of MeHg in the dark: ~40 and 72%
demethylation occurred in 72 h with an estimated rate constant of 0.049 h™! and 0.031 h'! at the
initial MeHg concentrations of 0.05 and 0.001 nM, respectively (Supplementary Table S2). Again,
negligible amounts of MeHg degradation (< 4%) were found in control samples, including SFW,
CV filtrate (< 0.2 um), and heat-killed CV cells (Fig. 1D), evident that the presence of live CV

cells is necessary for demethylation to occur. The observed demethylation cannot be attributed to
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phytoplankton growth, as we found little or no growth of CV cells during the 5-day reaction period
(Supplementary Fig. S4). Meanwhile, key indicators related to phytoplankton physiology, i.e., cell
morphology, malondialdehyde concentrations (indicative of cell oxidative damage in the dark) *!*?,
and dissolved oxygen levels, were not affected significantly during the 5-day dark incubation
(Supplementary Fig. S5). These results are consistent with previous observations, indicating that
prolonged darkness has no significant impact on cell density, chlorophyll-a content, cell surface
area and volume **. Additionally, similar rates and extent of demethylation were observed between
experiments performed under 24-h dark or under 12-h dark+12-h light conditions (p > 0.05,
Supplementary Fig. S3), further supporting potential occurrences of phytoplankton demethylation
in water.

To obtain additional confirmation and insight into the degradation of MeHg by
phytoplankton, we examined whether or not demethylation occurred intracellularly by determining
the uptake and distribution of MeHg and its degradation products, i.e., inorganic Hg(IT) and Hg(0)
by CV cells (Fig. 2). Results show that a significant fraction of MeHg (11-46%) was adsorbed on
the CV cell surface, and 16-40% of MeHg was taken up intracellularly in the dark at relatively
high MeHg and CV concentrations (Fig. 2A). In experiments with low concentrations of MeHg
(0.05 nM) and CV (10° cells mL!"), more MeHg (~70%) was taken up intracellularly within 6 h
(Fig. 2B), due to a decreased MeHg-to-CV cell ratio and thus a lower amount of MeHg adsorbed

on cell surfaces, as previously observed 7!, In both cases, the adsorption and uptake of MeHg
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resulted in <10% of MeHg remaining in solution (Fig. 2). Meanwhile, the intracellular MeHg
(MeHgint) decreased over time, resulting in a concurrent increase in the intracellular inorganic Hg
[Hg(ID)int], with negligible amounts of adsorbed inorganic Hg [Hg(I1)ads] and soluble Hg(I1)so1 (Fig.
2). Small amounts of MeHg were converted to elemental Hg(0) in experiments with relatively high
MeHg and CV concentrations (Fig. 2A). After 5 days, about 65 and 40% of MeHg were degraded
and converted to Hg(Il)int, respectively, in the high and low MeHg/CV concentration experiments
(Fig. 2). These observations suggest that MeHg was taken up and then degraded to Hg(II) or Hg(0)
intracellularly by CV cells in the dark.
Demethylation is not Caused by Bacteria

Bacteria associated with phytoplankton could potentially contribute to the observed
demethylation, as certain aerobic and anaerobic bacteria are known to degrade MeHg '°. To
ascertain that the observed demethylation is attributable to phytoplankton cells, multiple control
experiments and 16S rRNA analyses were performed. These complementary lines of evidence
confirmed that MeHg degradation was indeed caused by phytoplankton itself, rather than
associated bacteria.

First, we conducted 16S rRNA analyses of both CV and CG cultures and their filtrates (<
3 um) targeting alphaproteobacteria and gammaproteobacteria, as they are among the most
commonly observed algal symbionts with the potential to degrade MeHg *#°. The initial screening

indeed showed the presence of both alphaproteobacteria and gammaproteobacteria in the culture
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and the 3-pum filtrate samples of CG2658 and CV395 samples. However, despite the presence of
these bacteria in the 3-pum filtrates, demethylation was not observed in the CG or CV filtrate
samples at either high or low MeHg concentrations (Fig. 3A,B). Furthermore, when the CV filtrate
(<3 wm) or live cells were rested for 5 days at room temperature (presumably allowing more
bacteria to grow) before incubation with MeHg, we again observed no significant demethylation
in the CV filtrate but ~40% lower amounts of MeHg degraded by the rested CV cells (Fig. 3C).
These results clearly indicate that bacteria were not the primary driver of demethylation when
phytoplankton cells were inactivated or removed.

Second, independent demethylation assays confirmed the degradation of MeHg by the
CV2338 strain (Figs. 1C, 3D), while 16S rDNA gel electrophoresis and scanning electron
microscopy (SEM) analyses showed the absence of bacterial contamination in these samples
(Supplementary Fig. S6). Additionally, demethylation rates (0.049 to 1.50 h') by CV2338 and its
cell lysate (Fig. 3D and Supplementary Table S2) were much higher than those typically reported
for bacterial demethylation in laboratory cultures and field incubations (0.001-0.079 h-1) 16-18.2047.48
Within a short time period (1 h), a high percentage of MeHg (45%) was degraded in the CV2338
cell lysate (Fig. 3D). Moreover, MeHg degradation increased only slightly to ~55% at 6 h and to
64% at 72 h (Fig. 3D). This initial rapid degradation of MeHg by the phytoplankton cell lysate is

10,49

inconsistent with the commonly observed demethylation dynamics by bacteria >, suggesting that

microbial contamination was not the primary driver of the observed phytoplankton demethylation.
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Lastly, demethylation by aerobic bacteria usually requires relatively high Hg(II) or MeHg
concentrations (i.e., micromolar) to be effective via the Hg resistance (mer) pathway '%*. The
observed demethylation by phytoplankton cells at MeHg concentrations of picomolar levels (i.e.,
1-50 pM, Fig. 1C; 3D) does not support mer-mediated demethylation observed in previous studies
(described below) *®. Although demethylation by anaerobic bacteria and methanotrophs at low
MeHg concentrations has been documented '>'47, our experiments were performed under oxic
conditions and showed that the presence of live phytoplankton cells was required to observe
demethylation (Figs. 1 and 3). Therefore, multiple lines of experimental evidence corroborate our
findings that phytoplankton cells degrade MeHg in the dark using a mechanism that is different
from recognized microbial demethylation pathways %4
Potential Mechanisms of Phytoplankton Demethylation

In search for the potential mechanism involved in phytoplankton demethylation, we
considered whether genes with functions similar to the Hg-resistance pathway exist in
phytoplankton. The broad-spectrum mer operons include two key enzymes, an organo-mercurial
lyase (MerB), which cleaves the C-Hg bond, and mercuric reductase (MerA), which reduces Hg(II)
to Hg(0) '%*. While no gene homologous to MerB was detected in any phytoplankton genomes,
homologs of MerA and the metal-responsive transcriptional regulator MerR were identified

(Supplementary Table S4). Although MerA homologs show ~30% sequence identity

(Supplementary Table S5) to the well-characterized MerA from plasmid pDU1358 °, a multiple
10
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sequence alignment (Supplementary Fig. S7) indicates important differences to canonical MerAs.
While three key residues essential for the function of MerA are conserved, they all lack
metallochaperone domains (NmerA) °!, a C-terminal vicinal cysteine pair and two tyrosine residues
implicated with Hg(II) handoff (Supplementary Fig. S7) .

The absence of other genes related to Hg resistance, specifically merB, merT, or merD,
further confirms that complete mer operons are absent (Supplementary Table S4). Moreover, the
canonical mer operon was not found among the cyanobacteria, the Bacillariophyta (diatoms), and
the Viridiplantae, which include all eukaryotic algae. Therefore, the observed MeHg degradation
by phytoplankton in this study involves a novel mechanism distinct from the mer-mediated
demethylation.

We next considered the potential involvement of reactive oxygen species (ROS), such as
singlet oxygen (02), superoxide anions (O2), and hydroxyl radicals (-OH), in phytoplankton
demethylation, as dark production of ROS, such as 'O, and Oy, is recognized among marine
diatoms, cyanobacteria, and eukaryotes >34, Photochemically produced ROS, such as 'O, are also
demonstrated to drive abiotic photodemethylation in both laboratory and field studies '%!1:356,
Therefore, we hypothesize that the mechanism of phytoplankton demethylation is mediated
directly by intracellular ROS following the internalization of MeHg by the cells. To test this

hypothesis, we measured dark demethylation with CV cell lysate using the well-established

scavenger technique 3373, ROS scavengers were selected based on their specificity, broad use
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in biological systems, and minimal interferences in MeHg analysis. Here f-carotene was used as a
scavenger for '0», as it is an endogenous compound in phytoplankton and known to have minimal
impact on cellular functions *’. An additional scavenger, 2,5-dimethylfuran, was used to confirm
the role of 'O2 in phytoplankton demethylation >®. Superoxide dismutase (SOD) and ethyl alcohol,
endogenously produced in phytoplankton cells as well, were used to scavenge O> - and -OH
radicals, respectively %%, Results show that scavenging 'O, by either S-carotene or 2,5-
dimethylfuran (Fig. 4A; Supplementary Fig. S8) resulted in the most dramatic effect, in which no
significant demethylation was observed, as compared to 33% (1 h) and 44% (6 h) of MeHg
degradation without the scavenger added to the CV cell lysate (Fig. 4A). Scavenging O>- by SOD
showed only minor effects in inhibiting MeHg degradation (~15% in 6 h) (Fig. 4A and
Supplementary Fig. S8, p < 0.05). In contrast, scavenging -OH had no effects on demethylation
(Fig. 4A). As expected, the scavengers themselves did not induce MeHg degradation (Fig. 4B), as
previously reported 5.

Inhibited demethylation by the scavenger addition clearly shows the potential role of 'O»
and Oy in MeHg degradation by CV cells. Additional support was obtained from confocal
microscopy, indicating spatially coupled reactions between MeHg and 'O, in live CV cells. The
production of 'O> was visualized intracellularly both in the whole cell (green channel) (Fig. 4C)
and in '0>-generating organelles (indicated by acridine orange-labeled DNA) in the dark (Fig. 4D).

Upon MeHg exposure, the fluorescence signal of Hg (blue channel) appeared to be co-located with
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105 (green channel) (Fig. 4C, overlay images). The two-channel colocation scatter plots yielded a
Pearson correlation coefficient (r,) of > 0.7 (Fig. 4C). Meanwhile, continuous production of 'O,
was found in either intact cells or their lysates (Supplementary Figs. S9—S10), irrespective of light
and dark incubations (from 1 h to 120 h) or ultrasonication (for preparing cell lysates). Together
with the observed rapid demethylation kinetics (Figs. 1A,C and 3D) or inhibited demethylation by
'0, scavengers (Fig. 4A,B), these results offer a plausible explanation of ROS-mediated
demethylation by phytoplankton.

Intracellular thiols have also been shown to facilitate the breakdown of MeHg under 'O,
attack °, as thiols can form strong complexes with MeHg and thus weaken the C-Hg bond °>%.
However, other studies suggest that thiols may react with ROS alleviating oxidative stress at the
cellular level %!, Conceivably, cellular thiol contents and the balance between the production and
consumption of endogenous ROS likely determine how much MeHg is degraded by the
phytoplankton. We also note that since CV was used as one of the representative phytoplankton
species and a model microalga, different phytoplankton species may exhibit different MeHg uptake
and demethylation rates with metabolically different degradation pathways and products.
Furthermore, some phytoplankton species may not degrade MeHg, as previously reported 4, and
degradation can be affected by environmental conditions. We therefore suggest that, while our
study provided the first step in understanding the pathway of light-independent phytoplankton

demethylation, future studies are warranted to ascertain the direct involvement of intracellular ROS
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and its environmental significance in biological dark demethylation (e.g., its relative importance
compared to other microbial demethylation pathways).
Phytoplankton Demethylation in Natural Water and Implications

To provide an additional environmental perspective of phytoplankton demethylation, we
determined MeHg degradation in natural waters collected from (a) Melton Lake in Oak Ridge,
Tennessee, United States, (b) Yangshan Lake in Nanjing, China, and (c) the North Pacific Ocean
in Venice, California. Water samples were filter-sterilized through 0.2-pum filters, or otherwise
stated, before incubation either with or without CV or CG cells in the dark. In all experiments, little
or no demethylation was observed without the addition of CV or CG cells (Fig. 5). However, the
addition of phytoplankton cells substantially increased MeHg degradation, particularly in the
presence of CG in North Pacific seawater (Fig. 5A). At relatively high concentrations of MeHg (25
nM) and phytoplankton (1x10° cells mL™!), about 40% and 90% of MeHg were degraded by CV395
in the Melton lake water and by CG in North Pacific seawater (Fig. 5A, B), respectively, as
compared to <5% of MeHg degraded in 5 days in the absence of phytoplankton. Similarly, as
observed in the simulated seawater (Supplementary Fig. S1), most MeHg was converted to Hg(0)
by CG in the dark but to a lesser extent by CV395 cells (Supplementary Fig. S11). In experiments
at low concentrations of MeHg (0.05 and 0.001 nM) and phytoplankton (1x10° cells mL™), the
presence of CV2338 resulted in 70-80% of MeHg degradation in Yangshan Lake water in 72 h

(Fig. 5C, D). This observation could not be attributed to microbes in the lake water, as experiments
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with the filtered and unfiltered lake waters showed similar demethylation rates by CV cells in the
dark (Supplementary Fig. S12). However, the addition of alga-derived organic matter (AOM), as
a major DOM component in eutrophic lake water ®?, slightly decreased MeHg degradation by
CV2338 (to 49% in 72 h) in Yangshan Lake water (Fig. 5C). This result is not surprising, as AOM
could form complexes with MeHg and thus slow down cell sorption and uptake of MeHg 23364,
However, once inside the cell (within 24 h), most MeHg was degraded in 72 h (~90% without
AOM versus 85% with AOM, Supplementary Fig. S13). These results again illustrate the important
roles of phytoplankton in degrading MeHg in natural waters, even in the presence of relatively high
concentrations of AOM (14.3 mg C/L) %.

Overall, the observed phytoplankton demethylation exemplifies a previously overlooked
MeHg degradation pathway that is light-independent and distinct from other described microbial
degradation mechanisms. The pathway involves the cleavage of the C-Hg bond by endogenic ROS,
such as !0, a mechanism that is different from the mer-mediated detoxification pathway.
Phytoplankton not only takes up MeHg rapidly but also acts as a MeHg degrader by breaking it
down to inorganic Hg(Il) or elemental Hg(0) in the dark, thereby decreasing MeHg
bioaccumulation and trophic transfer in aquatic food webs. Recognition of this pathway and its
impact on the net MeHg budget and its bioaccumulation is significant, considering that
5631

phytoplankton is one of the primary sinks of MeHg in both photic and aphotic water bodies

As a first step, these findings could lay the foundation for future studies in elucidating detailed
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mechanisms and implications underpinning the observed phytoplankton demethylation and help
refine models by incorporating phytoplankton demethylation for improved prediction of MeHg
bioaccumulation. Our findings imply that phytoplankton may absorb more MeHg than that

suggested by current measurements and models >%%

, which do not account for phytoplankton
demethylation. The rates used in previous models only represent the net uptake rates, much lower
than the actual gross uptake, as our study suggests that 36-85% of MeHg could be degraded
intracellularly. Further laboratory and field studies are therefore necessary to better understand
specific phytoplankton species and environmental conditions (e.g., temperature, DOM, irradiation,
etc.) responsible for demethylation. Such studies are essential for determining the extent that
marine and freshwater microalgae may be involved in uptake and demethylation observed in

14,17-27

previous field and laboratory studies and defining their roles compared to photochemical

and non-phototrophic microbial demethylation. Given the widespread presence of phytoplankton

and worldwide increasing incidences of algal blooms under climate change 3+

, an improved
understanding of phytoplankton demethylation can aid in better predicting trophic transfer and
global cycling of Hg.
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Methods

Phytoplankton Cultures and Assay Media. Chlorella vulgaris UTEX 395 (abbreviated
as CV395) and Chaetoceros gracilis UTEX 2658 (abbreviated as CG2658) were obtained from the
Culture Collection of Algae, University of Texas at Austin, United States. One additional strain of
Chlorella vulgaris 2338 (abbreviated as CV2338) and two freshwater cyanobacteria (Microcystis
sp. 0824 and Synechocystis sp. PCC6803) were obtained from the Freshwater Algae Culture
Collection (FACHB) at the Institute of Hydrobiology, China. These taxa were used to represent

3234 and are widely used in

algae and cyanobacteria frequently found in aquatic environments

biogeochemical transformation studies of Hg >*%*6_ All freshwater algae and cyanobacteria were

cultured in UTEX BG-11 medium, whereas Chaetoceros gracilis was grown in UTEX

Erdschreiber medium at 23 °C under cool white fluorescent lamps for 16 h per day at a light
2 ol

intensity of ~50 umol photons m™= s°. The media composition 1is available at

https://utex.org/collections/all-products. Cells were harvested at the mid-exponential phase (after

~20 d) and washed three times with and resuspended in the simulated freshwater (SFW) or
simulated seawater (SSW, for Chaetoceros gracilis). The chemical compositions of SFW or SSW
are listed in Supplementary Table S6.

Natural freshwater and marine water samples were collected and used for demethylation
assays either in the presence or absence of phytoplankton. They include (a) Melton Lake water

collected from Oak Ridge, Tennessee, United States, (b) Yangshan Lake water from Nanjing,
17
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China, and (c) seawater from the North Pacific Ocean at Venice, California, United States. The
geochemical properties of these natural waters are listed in Supplementary Table S6. All natural
water samples were filter-sterilized through 0.2-um Acrodisc syringe filters (Pall Corporation)
before use or otherwise specified. In all experiments, phytoplankton cells were washed with the
respective assay media (i.e., SFW, SSW, or natural water), and the washed cell suspension was
then rested in the dark for ~20 h at 23 °C before demethylation assays. For selected experiments,
two aliquots of the cell suspensions (50 mL each) were filtered through either 0.2-pm or 3.0-um
syringe filters to obtain the < 0.2 um and < 3 pm cell filtrates, respectively. An additional aliquot
(50 mL) was heated to 80 °C for 60 min to obtain heat-killed cells. All these cell filtrates, the heat-
killed cells, SFW, SSW, and unfiltered or filtered natural waters, were used as controls in
demethylation assays.

Assays. Demethylation was performed by mixing the cell suspension with MeHg to give a
final cell density of either 1x 10% or 1x10° cells mL! and a MeHg concentration of 25 nM, 0.05, or
0.001 nM in glass vials (Thermo Scientific). As a common laboratory practice, small sample
volumes were used in demethylation assays to minimize hazardous waste generation while
maintaining ratios of MeHg to phytoplankton cells similar to those observed in natural systems.
Environmentally relevant concentrations of MeHg (0.001 and 0.05 nM) and phytoplankton cells

37-39

(1x10° cells mL™") were used to represent the range that is observed in natural waters and/or

used in previous studies 37?364, Similarly, an incubation temperature of 28 °C was used to mimic
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the water temperature observed in summer months during algal blooms, for example, in Lake
Taihu, China, with ~1/4 of the monthly temperatures above 26 °C ®’, as well as in the Laurentian
Great Lakes and many other lakes ®*%°. The MeHg working solution was prepared from a 5 pM
stock solution (Brooks Rand Inc.) in either SFW, SSW, or filtered natural waters. All vials were
acid-washed and combusted at 450°C for 4.5 h before use. The vials were sealed with PTFE-lined
silicone screw caps, and samples were incubated either in the dark (covered with aluminum foil)
for up to 5 days, or otherwise specified. At selected time points (1-120 h), 2—4 sample vials were
taken out of the incubator and analyzed for the total remaining MeHg and its degradation products,
inorganic Hg(0) or Hg(II) species, as described in details below. All control experiments with heat-
killed cells, cell filtrates, SFW, SSW, and natural waters were performed in the same manner.

To confirm that demethylation was not caused by bacteria, which may be present in
phytoplankton cultures, selected assay samples were subjected to 16S rDNA and DNA
electrophoresis analyses before and after incubation. The hypervariable regions of bacterial 16S
rDNA genes were targeted for analysis. The total community DNA extraction was performed using
an Ezup Column Bacteria Genomic DNA Purification Kit (Sangon Biotech Co., Shanghai, China)

following the manufacturer's instructions 7°

. Two universal amplicon PCR primers, 27F
(AGAGTTTGATCMTGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT), covering nearly

full-length of 16S rDNA for Gram-positive and Gram-negative bacteria, were used to amplify the

gene sequence of potential bacterial communities ">, The PCR amplification was performed
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immediately following DNA extraction in a 25 pL reaction mixture containing 2XPCR buffer,
dNTP (each 10 mM), Taq Plus DNA Polymerase (5 U/uL), 50 mM MgSOy4 (12.5 puL), primer F
(10 uM, 1 pL), primer R (10 uM, 1uL), template DNA (1 pL), and deionized water (9.5 uL). PCR
was determined on a thermal cycler (Applied Biosystems 9700, USA) as follows: 1 cycle of
denaturing at 95 °C for 5 min, 1 cycle of 94 °C for 30 s, 30 cycles of annealing at 57 °C for 30 s,
72 °C for 90 s, and a final extension step at 72 °C for 10 min. The extracted DNA and PCR products
were further examined and validated using electrophoresis in 1.5 % (w/v) agarose gels in TAE
buffer, stained with ethidium bromide, and visualized under UV light.

Hg and MeHg Species Distributions. Experiments were performed to determine MeHg
and its degradation product inorganic Hg species distributions (e.g., dissolved vs. adsorbed Hg or
MeHg on cell particulates) during demethylation assays, as previously described '®7*. Briefly, a
total of six sample vials were taken, and elemental Hg(0) concentrations were determined first by
directly purging and analyzing Hg(0) using a Zeeman cold vapor atomic absorption spectrometer
(CVAAS, RA-915+ analyzer, Ohio Lumex Company). Two samples were then filtered directly
through 0.2-um Acrodisc® syringe filters (13 mm diameter, Pall Corporation) to remove cell
particulates, and the filtrates were assayed for the non-purgeable soluble Hg (HgNPso1) and MeHg
(MeHgso1). HgNPso1 was analyzed after the sample was oxidized in BrCl (described below) so that
the soluble inorganic Hg(Il) [Hg(Il)so1] could be determined by the difference between HgNP, and

MeHgso1. Another two samples (unfiltered) were analyzed for the total non-purgeable Hg (THgnp)
20
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and MeHg (TMeHg). The remaining two samples were reacted with 150 uM 2,3-dimercapto-1-

t 73, for 15 min to wash off the cell

propanesulfonic acid (DMPS), a strong Hg-chelating agen
surface-adsorbed inorganic Hg(II) [Hg(Il)ad4s)] and MeHgads. These samples were again filtered, the
filtrates analyzed for DMPS-soluble HgNPpso1 and MeHgpso1, and the adsorbed MeHgad¢s was
determined by the difference between MeHgpsoi and MeHgso1. MeHg uptake or the intracellular
MeHg [MeHgin:] was determined by subtracting MeHgpso from TmeHg (i.e., MeHgin: = TmeHg —
MeHgpso1). Similarly, the adsorbed Hg(II)a¢s was estimated by subtracting Hg(I1)so1 and MeHgpsol
from HgNPpsol, and the intracellular Hg(IT) [Thg(Il)int] determined by subtracting HgNPpso and
MeHgin from THgnp (i.e., Thg(I1)int = THgne — HENPpsol — MeHgine) 1672,

Hg Resistance Gene Analysis. Genome sequence data and individual protein sequences
of Synechocystis sp. PCC6803 and Microcystis sp. 0824 were obtained from UniProtKB 7* and the
JGI Genome Portal 7>7, The assembled genomic scaffolds for CV were obtained from a draft
genome released by the Chlorella vulgaris Genome Project '’. Chaetoceros gracilis and CV 2338
were excluded from the genomic analysis since no complete genomes were available. The Basic
Local Alignment Search Tool (BLAST) was used to search for candidate gene products with
sequence similarity to template protein sequences, including the organomercurial lyase MerB
(GenBank: AAA88369), the mercuric reductase MerA (GenBank: ADMS52740), the transcriptional

regulator MerR (GenBank: AAA98221), the transcriptional repressor MerD (GenBank:

AAAS88370), and mercuric ion transporter MerT (GenBank: AAA98222) %78 A set of known
21
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mercuric reductases (MerA) genes were aligned with the identified homologs using Clustal Omega
79 Jalview 2.10.5 was used to visualize multiple sequence alignments 5.

Roles of ROS. To determine whether ROS played a role in MeHg degradation by
phytoplankton, similar demethylation assays were performed with the CV2338 lysate using
previously established scavenger addition methods >-%8!. Briefly, the CV lysate was obtained by
ultrasonication at 520 W for 5 min with an on-and-off cycle of 5 s in an ice bath and then diluted
in SFW to an equivalent of the cell density of 1x10° cells mL™!. Demethylation assays were initiated
by adding MeHg (0.05 nM) and appropriate radical scavengers at 28 °C in the dark. At selected
time points, the MeHg remaining in the suspension was analyzed, as described earlier. f-carotene,
2,5-dimethylfuran, ethanol, and superoxide dismutase enzymes (SOD) were used to scavenge the
production of singlet oxygen ('O>), hydroxyl (-OH), and superoxide (O2*), respectively >>-%8!. The
added scavenger concentrations were as follows: 10 mM p-carotene or 2,5-dimethylfuran, 100 mM
ethanol, or 1 mg L™ SOD, as previously described . Control samples were prepared similarly
either in the CV lysate without added scavengers or in the scavenger without added CV lysate.

The spatial coupling between MeHg and singlet oxygen (based on their fluorescence
signals) was explored with live CV2338 cells 3234, Briefly, CV2338 cells were concentrated and
resuspended in PBS (with a final cell density of about 1.5x108 cells mL™). Then, about 2.5 pM
MeHg was spiked into the suspension and reacted for 30 min. Fluorescent probes of Pep2-TPE %2,

) 83,85

Singlet Oxygen Sensor Green (SOSG , and Acridine Orange %%, were used to label MeHg (as
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Hg), singlet oxygen, and DNA in live cells, respectively. The fluorescence signal was then recorded
using a confocal laser scanning microscope (Zeiss LSM880 with Airyscan). Images were analyzed
using the software ImagelJ, and colocalization analysis was performed as previously described 3647,

Hg and MeHg Analytical Methods. After purging and CVAAS analysis of Hg(0), an
aliquot from each vial was taken for MeHg analysis, and the remaining sample was oxidized in
BrCl (5%, v/v) at 4 °C overnight or longer and analyzed for total non-purgeable Hg(II) (HgNP) via
SnCl, reduction and detection by CVAAS 67388 Hg(0) and Hg(II) concentrations were quantified
using external calibration curves, and the detection limit was ~10 pg Hg. The total Hg concentration
was calculated by summating the purgeable Hg(0) and HgNP, and a good mass balance was
obtained (usually within 97-110%). For MeHg analysis, an aliquot of 25-100 pL (depending on
sample concentrations) was transferred into a distillation container prefilled with ~40 mL Milli-Q
water and placed on a Tekran (Model 2750) distillation apparatus (EPA Method 1630) 3¢, A
known amount of isotopically labeled Me**’Hg was added to each distillation vial as an internal
standard to correct potential loss of MeHg during distillation '®3®. Following the distillation, MeHg
was ethylated and analyzed by purging and trapping onto a Tenax trap, followed by thermal
desorption and separation using an automated MERX-M system (Brooks Rand Instruments), and
detection by an inductively coupled plasma mass spectrometer (ICP-MS) (Elan DRC-e,

PerkinElmer) "', Randomly selected samples spiked with known amounts of MeHg standards
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were run with every batch of samples for quality assurance and quality control (QA/QC). The
recovery of spiked MeHg standards was 100+10%, and the detection limit was ~ 6 pg Hg.
Data Availability
All study data are included in the article and/or Supplementary.
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Figure Legends

Fig. 1. Dark degradation of methylmercury (MeHg) by phytoplankton Chlorella vulgaris CV395,
Chaetoceros gracilis CG2658, Synechocystis sp. PCC6803 (Syn), and Microcystis sp. 0824 (Mic) (A), and
Chlorella vulgaris CV2338 (C), and their respective cell filtrates (<0.2-um) and heat-killed CV cells as
abiotic controls (B, D). Experiments performed either at high concentrations of MeHg (25 nM) and
phytoplankton cells (1x10% cells mL"') (A, B) or at low concentrations of MeHg (0.05 nM) and
phytoplankton cells (1x10° cells mL™") (C, D). Simulated freshwater (SFW) was used in experiments with
CV395, PCC6803, sp. 0824, and CV2338, whereas simulated seawater (SSW) was used in experiments
with CG2658 (see Methods for details). Data represent averages from 2—4 replicate samples with error bars
showing one standard deviation.

Fig. 2. Hg species distributions during methylmercury (MeHg) degradation in the dark. Demethylation by
(A) Chlorella vulgaris CV395 at the initial MeHg concentration of 25 nM and CV concentration of 1x10°
cells mL! and (B) by Chlorella vulgaris CV2338 at the MeHg concentration of 0.05 nM and CV
concentration of 1x10° cells mL!. MeHgin, MeHg,q4s, and MeHgs, represent the intracellular, adsorbed, and
soluble MeHg, respectively, whereas Hg(0), Hg(I1)int, Hg(II) aas, and Hg(II)so1 represent elemental Hg(0), the
intracellular, adsorbed, and soluble inorganic Hg(Il) species, respectively (see Methods for details). Data
represent averages from 2—4 replicate samples with error bars showing one standard deviation.

Fig. 3. Methylmercury (MeHg) degradation during dark incubation with cell filtrates (<3 um) of Chlorella
vulgaris CV395 and Chaetoceros gracilis CG2658 at relatively high concentrations of MeHg (25 nM) and
phytoplankton cells (1x10° mL") (A), or at low concentrations of MeHg (0.05 nM) and Chlorella vulgaris
CV2338 cells (1x10° cells mL1) (B, C, D). (B) CV cell filtrate (<3 pm), (C) live CV and its filtrate rested
for 5 days before demethylation, and (D) live CV and cell lysate. Cell filtrates were obtained by filtering
and removing an equivalent amount of live cells through 3-um syringe filters. Data represent averages from
2—4 replicate samples with error bars showing one standard deviation.

Fig. 4. Evaluation of reactive oxygen species (ROS), including singlet oxygen ('O.), superoxide (O>), and
hydroxyl (-OH) radicals, on dark degradation of methylmercury (MeHg, 0.05 nM) in (A) the cell lysate of
Chlorella vulgaris CV2338, or (B) in simulated freshwater (SFW) with or without added ROS scavengers
(see Methods for details). Spatial coupling of the fluorescence signal of methylmercury (MeHg) and singlet
oxygen (C) or DNA (D) in live Chlorella vulgaris CV2338 cells. Columns from left to right: blue channel
(MeHg), green channel (singlet oxygen), red channel (DNA), overlay images, and two channel colocation
scatter plots. Note that the overlay between blue and red channels gave the observed magenta color in (D).
The Pearson correlation coefficient , was indicated on the scatter plots (see Methods for additional details).
Data in (A) and (B) represent averages from 3-4 replicate samples with error bars showing one standard
deviation. Different letters (a, b, or ¢) denote significant differences among different treatments (one-way
ANOVA, p <0.05).

26



510
511
512
513
514
515
516
517
518
519

Fig. 5. Methylmercury (MeHg) degradation either with or without added Chlorella vulgaris CV395 cells in
Melton Lake water (A) or Chaetoceros gracilis CG2658 cells in Venice seawater (B) in the dark at high
concentrations of MeHg (25 nM) and cell density (1x10° cells mL'). MeHg degradation either with or
without added Chlorella vulgaris CV2338 cells (1x10° cells mL™!) or algal organic matter (AOM) in
Yangshan (YS) lake water-1 (sampled on August 3, 2021) at the MeHg concentration of 0.05 nM (C) or in
YS lake water-2 (sampled on November 15, 2022) at the MeHg concentration of 0.001 nM (D). All natural
waters were filter-sterilized through 0.2-um syringe filters before use. Data represent averages from 2—4

replicate samples with error bars showing one standard deviation.
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