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Figure #1: Aerobic (A-E) and anaerobic (F-]) bioassays with increasing DOM concentrations from algal
cultures of S. obliquus (A, F), C. reinhardtii (B, G), C. vulgaris (C, H), E. mutabilis (D, I) and E. gracilis (E, J)
where n=3.
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Figure #2: NMDS using a Euclidian measure analysis portraying the effect of algal DOM fractionation and Hg
uptake. represent aerobic assays whereas represent anaerobic bioassays with the size of each symbol
corresponding to the molecular weight fraction with =F1, =F2 and =F3. Colours correspond to algal taxa
where purple is E. gracilis, yellow is E. mutabilis, green is S. obliquus, blue is C. vulgaris, and red is C.
reinhardtii. Filled symbols outline unfractionated DOM and dashed lines show significant clustering.
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Figure #3: Significant Model II regression models outlining relationships between aerobic Hg uptake and
C5H10N203 (glutamine; A), and C3H7NO3 (serine; B) isomers. Anaerobic Hg uptake and biomolecules are
also expressed for C4H5N30 (cytosine; C), COOH functional groups (D), C5H10N203 (glutamine; E) and
C5H14N2 (polyamine; F) isomers. Both Euglenoids are highlighted where yellow corresponds to points

corresponding to E. mutabilis and purple highlights points influenced by E. gracilis.
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Abstract

The biological mobilization of mercury (Hg) into microbes capable of Hg methylation is one of
the limiting steps in the formation of the neurotoxin methylmercury (MeHg). Although algal
dissolved organic matter (DOM) has been associated with increased MeHg production, the
relationship between bacterial Hg uptake and algal DOM remains unexplored. In this study, we
aimed to address how the quantity and quality of DOM freshly harvested from several algae
affected the bacterial uptake of Hg using a biosensor capable of functioning both aerobically and
anaerobically. We combined biosensor measurements with high resolution mass spectrometry
and field-flow fractionation to elucidate how DOM composition and molecular weight influence
microbial Hg uptake. We showed that freshly harvested DOM from Chlorophyte and Euglena
mutabilis strongly inhibited aerobic and anaerobic Hg uptake, whereas DOM harvested from
Euglena gracilis did not exhibit this same pronounced effect. Once fractionated, we found that
amino acids and polyamines, most abundant in Euglena gracilis DOM, were positively
correlated to increase Hg uptake, suggesting that these molecules are potentially
underappreciated ligands affecting Hg bioavailability. As water quality is affected by
eutrophication, algal community assemblages will change, leading to variations in the nature of
autochthonous DOM released in aquatic systems. Our results highlight that variations in the
emergent properties of DOM originating from varying algal species can have a profound effect
on bacterial Hg uptake and thus methylation.
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Introduction

Mercury (Hg) is a naturally occurring element and its mobilization through anthropogenic mining
extractions and fossil fuel combustion has led to increased Hg and methylmercury (MeHg)
concentrations in aquatic and terrestrial ecosystems. The biomagnification of MeHg in food webs
can result in neurodegenerative disorders, ultimately affecting humans and wildlifel3. Conversion
of inorganic Hg to MeHg is predominately a microbially mediated process most notably performed
by chemotrophic, anaerobic microbes*. Hg methylation is predicted to mostly occur in anoxic
sediments, but alternative sites conducive to MeHg production have been identified in
environments with enhanced photosynthetic activity and exhibiting dynamic redox interfaces such
as chlorophyll maximum layers in polar marine waters®®, sea ice’® or periphytic biofilms®1L,
Because Hg methylation is thought to be an intracellular process®?, these recent discoveries
emphasize the need to assess how phototrophic primary producers can impact microbial Hg uptake

in oxic and hypoxic environments.

Studies investigating the role of primary producers on Hg methylation face the challenge
of distinguishing their direct involvement as methylators from the indirect role they have in
supplying nutrients to chemotrophic MeHg producers®*°. There is currently very little support,
however, for phototrophs participating directly in Hg methylation®®. It is most likely that
primary producers affect Hg'' methylation by i) providing a substrate that affects the activity of
Hg methylating microbes’-°; ii) releasing methylating compounds that would abiotically
methylate Hg" (e.g., CH3CI/Br/I or dimethylsulfoniopropionate)?® and/or iii) releasing chemical

ligands that can affect the uptake of Hg'" by methylators??.

A necessary and rate limiting step in Hg methylation is the uptake of Hg to methylating
microbes. Hg bioavailability is dependent on its chemical speciation, and in aquatic ecosystems,
dissolved organic matter (DOM) is one of the most important metal binding ligands?'?2. Hg
bioavailability depends on DOM concentrations®%2%, molecular composition?-?8 and molecular
weight?®. More recently, studies have shown that DOM can also exert ecological controls on Hg
methylation by affecting anaerobic microbial community structures!®°. DOM is heterogeneous,
complex, and varies in concentration and composition across aquatic systems. Although
allochthonous DOM transported to lakes can represent a significant proportion of the measured

DOM in eutrophic freshwaters, microorganism-derived autochthonous DOM is typically more
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labile, exhibiting rapid turnover rates that can significantly impact lake ecosystem functions®.
On-going warming and changing aquatic nutrient loading from agricultural practices®! affect
algal assemblages in freshwater and marine systems, ultimately impacting the quality of DOM?®2,
Furthermore, increased anthropogenic pressures on aquatic systems can lead to eutrophication®?,
which can affect primary producer communities by selecting for more competitive and resilient
species®*. Due to inherent variability of DOM, characterization of DOM-Hg interactions is
difficult®>>3%, Therefore, a multi-pronged analytical approach addressing not only DOM quantity
and quality, but also accounting for Hg bioavailability is essential to support efforts required to
predict and improve management of Hg pollution. A link between algal DOM and increased
MeHg concentrations has been established*®*% 27| yet we still do not understand the mechanisms
by which this occurs. To address these missing links, our study focuses on the role that algal
DOM has on microbial Hg uptake; one of the initial steps of Hg methylation.

In this study, we harvested and fractionated DOM produced by a diverse set of primary
producers of the divisions Chlorophyta (Scenedesmus obliquus, Chlorella vulgaris,
Chlamydomonas reinhardtii) and Euglenozoa (Euglena gracilis and Euglena mutabilis). These
algal species are common in a diverse array of aquatic systems including biofilms associated
high Hg methylation rates*-*"-3, To understand how algal DOM impacts microbial Hg uptake,
we used a unique combination of analytical techniques including asymmetrical flow field-flow
fractionation (AF4) to separate DOM based on molecular weight®*#! and high-resolution mass
spectrometry (Fourier-transform ion cyclotron resonance mass spectrometry) to gather DOM
compositional information*?, while assessing aerobic and anaerobic bacterial Hg uptake using a
flavin-based whole cell biosensor®3. Our study offers novel insights into the complexity of algal
DOM and how it can affect the fate of Hg in aquatic ecosystems.

Materials and Methods
Algal Growth and Sample Preparation

We axenically cultured a total of five algal species including Scenedesmus obliquus (S.
obliquus), Chlorella vulgaris (C. vulgaris), Chlamydomonas reinhardtii (C. reinhardtii),
Euglena gracilis (E. gracilis) and Euglena mutabilis (E. mutabilis), obtained from the Canadian
Phycological Culture Center (Waterloo, Canada). All algae were grown at 21°C at a 16:8
light/dark cycle. Bold basal medium (BBM) was used to culture C. vulgaris and S. obliquus, high
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Page 9 of 29

96
97
98
99
100
101
102

103

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

122
123
124
125

Environmental Science & Technology

salt medium (HSM) for C. reinhardtii, and Hutner medium for both E. gracilis and E. mutabilis
3944 Once cultures were in mid exponential growth at 2.0 x 108 cells determined by cell
hemocytometer counts, DOM was extracted by filtering through a 0.2um Whatman filter. In
addition to algal DOM, a Suwannee River Fluvic Acid (SRFA) standard obtained from the
International Humic Substances Society (IHSS) was used for concentration and fractionation
bioassays for comparison. Both SRFA and algal DOM were stored at 4°C in the dark for
subsequent DOC analyses, fractionation and high-resolution mass spectrometry.

Asymmetrical Flow Field-Flow Fractionation (AF4) and DOC Analysis

To test for the role of the various size fractions of the DOM pool on Hg bioavailability, we
performed a gentle separation of DOM based on molecular weight using asymmetrical flow field-
flow fractionation (AF4)*. The AF2000 Focus fractionation system from Postnova Analytics
coupled to a multichannel on-line spectrophotometer diode array detector (Shimadzu SPD-M20A)
and fraction collector (Varian ProStar 701) equipped with a 300 Da polyether sulfonate (PES,
Postnova Analytics) was used to separate and isolate DOM based on molecular weight*. The axial,
focus, and cross flow settings were 0.25, 2.2 and 2.45 mL min, respectively®. A calibration
solution of macromolecular proteins was utilized to separate algal DOM and SRFA based on
molecular weight. Two mL of a 5 mg-C L of SRFA and algal DOM was injected into a 300uL
sample loop. Fractions were collected during the elution step of fractionation at 1-minute intervals,
over the course of 3 min, to acquire three distinct molecular weight groups using a fraction
collector. Fraction 1 (F1) comprised of low molecular weight DOM (F1: 300-500 Da), fraction 2
(F2) consisted of medium molecular weight material (F2: 501-1000 Da) and the final third fraction
comprised of the largest molecular weight material (F3: 1000-2000 Da) (Figure S1). Fractions
were not collected below 300Da due to the membrane molecular weight cut off-of the AF4 and
above 2000Da due to the low abundance of DOM. During fractionation, the eluent was adjusted
by using ultrapure water, NaOH and HCI to modify pH, and a concentrated NaCl solution to match
the conductivity of the injected algal DOM samples.

DOC concentrations were measured using a Shimadzu total organic carbon analyzer
(TOC-VceH) (Figure S2). Calibration curves were run with a minimum of 5 concentrations
standard (prepared gravimetrically) of potassium hydrogen phthalate in ultra-pure UV-oxidized

water.
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Aerobic and Anaerobic Bioassays

Both aerobic and anaerobic bioassays were conducted as per Stenzler et al. (2017)*%. Two
Escherichia coli biosensors were used; one was a Hg inducible biosensor (E. coli NEB5a
harboring the pUC57merR-Pp plasmid) where the production of a flavin based fluorescent
protein (FbFP) was under the control of merR [the transcription regulator of the mer operon].
The other was a constitutive biosensor (E. coli NEB5a harboring the pUC19AH206-Pp plasmid),
which expressed the FbFP irrespective of the presence of Hg. Experiments with both biosensors
were performed in parallel to control for the effect of the conditions tested on cell health. From a
-80°C cryostock, cells were grown and selected for on lysogeny broth (LB) agar plates exposed
to 210pug mLt ampicillin and grown at 37°C. Colonies were selected from the plate and grown in
LB before transferred (an)aerobically in the growth medium described in Stenzler et al. (2017)*%,
Growth was monitored until an optical density at 600 nm (ODsoo) of 0.6 was reached. Cell
growth was subsequently halted by resuspending in the (an)aerobic BMAA exposure medium to

be used as a cell stock in the following bioassay.

All pipetting and exposures were conducted in an anaerobic chamber (97% N2 (g) and 3-
4% H> (g)). Assays were mixed in a 7mL Teflon vial, along with BMAA exposure medium, and
either unfractionated DOM at increasing concentrations for bulk assays, or AF4 fractions
normalized to 1mg L™ carbon for molecular weight assays in both aerobic and anaerobic
settings. Hg was diluted from an 8 umol Lt stock solution of HgSO4 to a final concentration of
5nmol L in the Teflon vials to equilibrate with the DOM. After equilibrating, aerobic samples
were removed from the anaerobic chamber, and aerated under a sterile field. Both aerobically or
anaerobically, 100uL of the cell stock was added to the Teflon vials and immediately transferred
to a 96 well plate to be measured at 37°C on a Tecan Infinite Pro plate reader at fluorescence 450
+ 10 nm and emission wavelengths of 500 + 20nm for aerobic assays. Anaerobic fluorescence
was measured in the anaerobic chamber on a Synergy HTX plate reader at fluorescence
excitation of 440/40 mm and emission fluorescence at 500/27 nm. Analytical triplicates were
conducted on plate readers and biological duplicates were considered for both aerobic and
anaerobic assays. A constitutive bacterial strain was also grown that emits fluorescence
irrespective of the presence of Hg*®, and exposed to comparable DOM concentrations and

fractions to explore the role of DOM on E.coli’s ability to emit fluorescence. These values were
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normalized to the inducible strain results. To compare biological replicates, bioassay results were

also normalized to the 5 nmol L™ control fluorescence.
Fourier Transform lon Cyclotron Mass Spectrometry

A 7T Bruker SolariX XR Fourier Transform lon Cyclotron Resonance Mass Spectrometer (FT
ICR MS) (Billerica, Massachusetts) equipped with an electrospray ionization (ESI) source and a
ParaCell ICR cell was used to characterize DOM composition on a molecular level at a high
throughput level for environmental metabolomics*. All samples were mixed to a 60:40 MeOH:
ultrapure H-O ratio and diluted to 1mg L™ carbon at pH 2 using HCI. Prior to injection, a NaTFA
tuning mix was used to externally calibrate and internally calibrate sample using three lock
masses (i.e. 248.9603, 656.8848 and 928.8344 m/z). DOM samples were analyzed in negative
ESI mode at a capillary voltage of 4500 V, continuous injection rate of 120uL h, and a 0.5 s ion
accumulation time to acquire 200 coadded scans in adsorption mode. For each DOM sample,
biological duplicates were acquired and only common peaks between replicates were conserved

for further analysis.

Peak and formula assignment were conducted using Bruker Compass DataAnalysis
(v4.2) with a mass tolerance of £1ppm and a relative intensity threshold of 0.1%. MeOH,
ultrapure H>O, and media blanks were all subtracted from algal DOM samples prior to further
analysis. Coupling FT ICR MS to Cytoscape and MetaNetter2 plugins allowed for the
visualization of 105 different transformations encompassing essential amino acids, enzymes,
functional groups, and biogenic metal chelating molecules in complex networks*’°. Elemental
formula and m/z values were exported to Cytoscape (Version 3.6.0) equipped with the
MetaNetter 2 application to visualize HR-MS m/z interactions and transformations within mass
spectra®’4°. User defined chemical interactions (transformations) were then incorporated to allow
for the calculation of exact mass differences between two m/z peaks within £1ppm error.

2.5 Statistical Analyses

A student t-test was applied to evaluate the effect of increasing DOM concentrations on Hg
bioavailability. To evaluate the effect of fractionation on Hg uptake, a non-metric
multidimensional scaling (NMDS) analysis was conducted using a Euclidian dissimilarity
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measure in PAST statistical software v3.0%°. Bioassay results from all fractionated and
unfractionated samples at 1mg C L in both aerobic and anaerobic conditions were considered.
Clusters were based on significant differences (p < 0.05; t-test) and validated by a hierarchical
cluster analysis using a Euclidian dissimilarity measure where distinct clusters were defined at a
0.35 cut-off (or at least 65% similarity in composition) (Figure S3). To assess significant
differences between bioassay concentration gradients and fractionated material, after testing for
normality, a one-way ANOVA was conducted at a confidence interval of 95%. Principal
component analyses (PCA) based on correlation were also conducted for F1, F2 and F3 fractions
to evaluate how the composition of algal DOM changed after fractionation. Across all three
PCAs, 64.3, 62.8 and 68.4% of the total explained variance were explained for F1, F2, and F3,
respectively. When addressing compositional differences between Cytoscape derived
transformations, a two-way hierarchical cluster analysis and a Spearman’s correlation heatmap
was conducted using the online tool Heatmapper®!. Finally, model 11 regression models were
conducted to evaluate the relationship between normalized Hg uptake fluorescence values and
the number of Cytoscape transformations. An Akaike information criterion (AIC) test was
applied to ensure the strength of the predicted models generated for nonlinear regressions in
RStudio (v.1.0153).

Results and Discussion
Effect of DOM Concentration on Mercury Uptake

We first compared the effect of freshly harvested biogenic DOM to the well characterized SRFA.
The addition of SRFA (up to 5ppm) decreased Hg uptake by 83.7+£1.3% and 65.2+3.7%, under
oxic and anoxic conditions, respectively (Figure S4 A-B), in line with previous bioassays®*. Under
both oxic and anoxic conditions, DOM harvested from the Chlorophyta C. reinhardtii, C. vulgaris,
S. obliquus and one Euglenozoa species (E. mutabilis) decreased Hg uptake by > 90% (p < 0.001)
at [DOM]=1ppm (Figure 1). Moreover, as little as [DOM] = 0.1 ppm decreased Hg uptake by 50%
to 90%, depending on the DOM source. Of the three Chlorophyta tested, C. reinhardtii was the
least effective at reducing Hg bioavailability at low [DOM] (< 0.5 ppm; Figure 1 B, G). These
results are in stark contrast with those obtained using DOM from E. gracillis. Although an
inhibitory effect was observed, it was to a fewer extent than what was observed for other algae. In

this case, the inhibitory effect on Hg bioavailability ranged from 48 to 68% under both aerobic and

ACS Paragon Plus Environment



Page 13 of 29

214
215
216
217
218
219
220

221
222
223
224
225
226

227

228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243

Environmental Science & Technology

anaerobic conditions, respectively (Figure 1 E, J). We speculate that these differences in Hg uptake
may stem from different strategies that algae have to cope with toxic metals. Indeed, Chlorophyta
and E. mutabilis rely on exopolysaccharides (EPS) to limit interactions between the cell and toxic
metals®2>* and such properties have been used for bioremediation purposes in the past®™. On the
other hand, E. gracilis has been shown to internalize and reduce Hg'" to Hg? %; this strategy may
have alleviated the need for E. gracilis cells to rely on EPS production as a means to protect

themselves against toxic metals.

Clearly, the ability of the exudates produced by these diverse phototrophs to affect Hg
uptake is species dependent. All species used here were grown autotrophically prior to harvesting
their DOM, but some of the organisms are capable of heterotrophic growth (e.g., C. reinhardtii, E.
mutabilis and E. gracilis). Although we did not test for the role of carbon metabolism (autotrophy
vs. heterotrophy) on the nature of the DOM produced; this is something that should be the focus

of further investigations.
Effect of DOM size fractions on Hg uptake

The complex and heterogenous nature of DOM makes it subject to compositional changes
depending on environmental conditions*2. The process of fractionating SRFA resulted in more
bioavailable Hg relative to the unfractionated material under both aerobic and anaerobic conditions
(Figure S4 C, D). NMDS analysis with Euclidian dissimilarity measure was used to tease apart
how AF4 fractionation affected microbial Hg uptake relative to unfractionated algal DOM
normalized to 1 mg-C-L (Figure 2; Figure S5). Using this approach, three significant clusters
were observed. The first cluster (Figure 2 A) includes size fractions leading to a decrease in Hg
uptake (73%) comparable to unfractionated material (p > 0.05); these fractions included most large
size fractions (F3) from Chlorophyta species and E. mutabilis. The second cluster (Figure 2 B)
includes mainly F1 and F2 fractions of Chlorophyta. The third cluster includes E. gracilis and S.
obliquus DOM fractions shown to enhance Hg uptake (50.1% for all E. gracilis fractions and
25.4% for S. obliquus fractions) (Figure 2 C) (p < 0.05). E. mutabilis DOM led to minimal changes
to Hg uptake after fractionation, as all treatments regardless of fractionation or presence of oxygen

led to an inhibitory effect on Hg uptake (first cluster; Figure 2 A).

While 1 mg-C-L? of unfractionated DOM from all algae significantly (p < 0.05) inhibited

Hg bioavailability, the process of fractionation led to an overall increase in Hg uptake in all algae
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tested, except for E. mutabilis. From a biological perspective, unfractionated DOM can act as a
dense physical barrier surrounding the bacterial cell walls, and that can sequester Hg®’. On the
other hand, the process of fractionation can lead to increased interactions between metals and the
cell wall, which has been shown to enhance toxicity®®. This is likely due to fractionation leading
to exposure of heteroatoms that can participate in metal binding and to a more fluid continuum of
molecules surrounding the bacteria. The presence of this continuum may facilitate Hg access to

the cell wall and possibly its uptake.
Algal Dissolved Organic Matter Composition

The transformational differences in algal DOM composition determined via Cytoscape network
analysis were evaluated using a Spearman’s correlation heatmap and a two-way cluster analysis*”
49 (Figure S6). Three distinct clusters were found along the horizontal axis of the heatmap
suggesting similarities in DOM composition based on algal taxa. Specifically, the first cluster
(Figure S6 A) is composed of all euglenoid bulk and fractions, except for E. mutabilis F3. The
second cluster (Figure S6 B) is mainly composed of chlorophyte F1 and F2 fractions, whereas the
final cluster (Figure S6 C) consisted of chlorophyte unfractionated DOM and higher molecular
weight fractions (F2-F3). Euglenoid DOM was distinct from chlorophyte DOM with significantly
greater proportions of polyamine, cytosine, glutamine, serine, and lysine transformations (p < 0.05;
Figure S6 A). Transformations indicative of glutamine isomers were the most abundant, and
especially expressed in E. gracilis DOM. The F1-F2 fractions of E. mutabilis were comparable to
E. gracilis fractions; however, E. mutabilis fractions were comprised of a greater number of ketol
and glyoxylate transformations. Hydrogenation transformations suggestive of highly unsaturated,

aliphatic material minimal in double bonds were also abundant in euglenoid DOM.

Although intrinsic differences in algal DOM exist between taxa, the process of
fractionation also led to compositional differences within each DOM fraction. Three PCAs were
generated for transformations found across F1-F3 (Figure S7 A-C) to reveal how transformations
were distributed across AF4 fractions. Euglenoid and chlorophyte DOM were found in two distinct
regions of the PCA: positive PC1 and PC2 values for euglenoids and positive PC1 and negative
PC2 for chlorophytes in all AF4 fractions. The proximity of the algal vectors was reduced within
each algal class as molecular weight increased, suggesting greater similarity in DOM composition

within euglenoid and chlorophyte algae in higher molecular weight fractions than smaller size
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fractions. Specifically, the F1 fraction of E. gracilis was influenced by acetylation (-H) and
glutamine transformations and the F1 fraction of E. mutabilis comprised
condensation/dehydration, lysine and polyamine transformations. S. obliquus had contributions
from glycine, secondary amines and ethyl transformations and C. reinhardtii was abundant in
many potential Hg chelating transformations such as cysteine, or ketol. Tertiary amines, C>H and
isoprene transformations were found in C. vulgaris F1. C. vulgaris and C. reinhardtii F2 samples
were more similar where hydroxylation, and pyrophosphate can be found in C. vulgaris F2 and
secondary amines, isoprene and glyoxylate transformations in C. reinhardtii. S. obliquus and E.
gracilis DOM were found to contain amino acids, energy rich trisaccharides, and sugar isomers,
that can be favorable sources of energy for bacteria. Finally, all chlorophytes F3 samples were
impacted by ketol transformations providing Hg with an electronegative binding site that may
account for the overall reduction in Hg uptake across all chlorophyte F3 samples. E. mutabilis F3
DOM was mainly influenced by C>H> addition, suggesting homologous DOM, whereas glutamine
and glyoxylate transformations remained abundant in E. gracilis F3 DOM. Overall, the process of
fractionation led to variable proportions of DOM compounds within each fraction, with more
variability in DOM composition at lower molecular weights fractions and less variability at higher
DOM fractions.

Relationship between Microbial Hg uptake and Algal DOM Composition

To identify which biogenic compounds were most likely altering Hg uptake, spectral networks
were used to visualize molecular transformations abundant in euglenoid DOM against normalized
aerobic and anaerobic Hg uptake data (Figure 3). Significant positive relationships were found
with aerobic Hg uptake for glutamine and serine, and with anaerobic Hg uptake for cytosine,
glutamine and polyamine transformations. Given the importance of sulfur functional groups on Hg
speciation®®°, three sulfur containing biogenic isomers including cysteine, methionine and
glutathione were identified; however, they were found at greater proportions in Chlorophyta DOM
rather than Euglenoid DOM (Figure S6).

Amino acids such as glutamine (Figure 3 A, E; AIC=-2.02, and 1.17 respectively) or serine
(Figure 3 B; AIC=-3.49) are essential nutrients for microbial biosynthetic pathways®!® being
important primary amide donor during the biosynthesis of nucleotides®5. Cytosine (Figure 3 C;

AIC=4.87) is one of the essential nucleotides involved in the formation of DNA and plays a role
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in cytidine triphosphate (CTP) formation, an important metabolic cofactor. Soft metals such as Hg
and silver (Ag) have been shown to form metal complexes with cytosine and thymine®®®7. It is
possible that binding of Hg to these amine compounds facilitates its accidental transport inside the
cell®> %, That being said, we cannot rule out the possibility that these compounds only facilitate
the transfer of Hg from solution, through the diffusion boundary layer, to yet unidentified transport

sites.

Carboxylic (COOH) transformations were exponentially and negatively correlated with
anaerobic Hg uptake (R?=0.57, p=0.001, AIC=-1.85 Figure 3D). An increase in COOH
transformations in DOM yielded an exponential decrease in Hg uptake irrespective of algal or
euglenoid taxa (data not shown). Euglenoid DOM vyielded the lowest proportion of COOH
transformation (0.41-0.80%) whereas Chlorophytes DOM ranged from 0.69-4.34%. Carboxylic
acid functional groups are usually associated with higher molecular weight DOM fractions and
have a strong affinity for divalent Hg resulting in complexes that are unlikely to pass through
biological membranes®. These functional group have been identified in C. vulgaris and C.
reinhardtii EPS as responsible for rapidly removing Hg from solution’®"*, further supporting the

binding and scavenging role of larger, less bioavailable, multidentate DOM complexes®-°,

Polyamine transformations were positively related to anaerobic Hg uptake (R?=0.60, p =
0.001; AIC=-4.92 Figure 3F), with both euglenoid species containing the highest proportion of
polyamine transformations, with the strongest influence from E. gracilis. The high degree of
affinity for Hg to polyamines, the multitude of microbial uptake systems for polyamines’?"® and
the fact that these systems have been reported to facilitate cation transport’®, suggest that
polyamine transport represents an underappreciated uptake pathway for Hg. Indeed, in addition
from being part of biogenic algal DOM, polyamine compounds such as cadaverine and
putrescine are typically produced during the anaerobic fermentative breakdown of amino acids

from dead organisms possibly offering a novel route for Hg uptake in anoxic soils and sediments.

Although we observed enhanced Hg uptake in the presence of discrete DOM size fraction
when compared to bulk DOM, we did not observe an enhancement of uptake when compared to
no DOM controls. This data highlights a very important emergent property of DOM related to
how different biomolecules that are comprising the complex DOM pool, interact to affect metal

uptake. To the best of our knowledge, the role of such emergent properties of DOM on Hg
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bioavailability remains poorly understood. The process of DOM fractionation led to more
variable DOM in lower molecular weight fractions whereas similar DOM compositions were
observed at higher molecular weight fractions within euglenoids and chlorophyta. The presence
of ketol transformations conserved in F3 among all chlorophyta sheds light into the limited Hg
uptake of F3 in both aerobic and anaerobic conditions as most Hg may be complexed to the

abundant oxygen heteroatoms present in large molecules.
Environmental Implications

Using a multi-pronged approach, we show that DOM from diverse primary producers differentially
affect microbial Hg uptake. We propose that amino acids and polyamine biomolecules present in
algal DOM are potentially underappreciated ligands involved in enhanced microbial Hg uptake.
Our data fits in a broader context where eutrophication, one of the greatest threats to the health of
water bodies worldwide, may contribute to conditions increasing Hg bioavailability while also
creating conditions optimal for mercury methylation’”. While unfractionated bulk mixtures of
chlorophyte DOM inhibit bacterial Hg uptake, processes leading to fractionation of algal DOM,
such as photo or microbial degradation, may trigger periods of increased microbial Hg uptake.
Increasing anthropogenic nutrient loading combined with a warming climate stimulate primary
production and increase concentrations of autochthonous DOM?®. One extreme consequence of a
stimulation of primary production is eutrophication that causes ecosystem degradation and anoxia.
Eutrophication also often leads to shifts in primary producer community structure’. Euglenoids
and other mixotrophic algae thrive in water or in sediments of eutrophic and hypertrophic aquatic
ecosystems*, suggesting that their increasing abundance under warming conditions may alter Hg
bioavailability. Additional work is required to determine the environmental drivers of
phytoplankton assemblage in a warming climate and how such drivers will affect primary producer

dynamics potentially releasing biogenic compounds controlling the fate of Hg.
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Figure #1: Aerobic (A-E) and anaerobic (F-J) bioassays with increasing DOM concentrations
from algal cultures of S. obliquus (A, F), C. reinhardtii (B, G), C. vulgaris (C, H), E. mutabilis
(D, 1) and E. gracilis (E, J) where n=3.
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Figure #2: NMDS using a Euclidian measure analysis portraying the effect of algal DOM

fractionation and Hg uptake. © represent aerobic assays whereas Arepresent anaerobic

bioassays with the size of each symbol corresponding to the molecular weight fraction with ©

=F1, O:FZ and O:F3. Colours correspond to algal taxa where purple is E. gracilis, yellow

is E. mutabilis, green is S. obliquus, blue is C. vulgaris, and red is C. reinhardtii. Filled symbols

outline unfractionated DOM and dashed lines show significant clustering.
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713

714  Figure #3: Significant Model Il regression models outlining relationships between aerobic Hg
715  uptake and CsH10N2O3 (glutamine; A), and C3H7NOz (serine; B) isomers. Anaerobic Hg uptake
716  and biomolecules are also expressed for C4HsN3O (cytosine; C), COOH functional groups (D),
717  CsH10N203 (glutamine; E) and CsH14N2 (polyamine; F) isomers. Both Euglenoids are highlighted
718  where yellow corresponds to points corresponding to E. mutabilis and purple highlights points

719  influenced by E. gracilis.
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