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Abstract: (1) Background: Mercury is a threat for the aquatic environment. Nonetheless, the entrance
of Hg into food webs is not fully understood. Macrophytes are both central for Hg entry in food webs
and are seen as good candidates for biomonitoring and bioremediation; (2) Methods: We review the
knowledge gained on the uptake and effects of inorganic Hg (IHg) and methyl-Hg (MMHg) in the
macrophyte Elodea nuttallii found in temperate freshwaters; (3) Results: E. nuttallii bioaccumulates
IHg and MMHg, but IHg shows a higher affinity to cell walls. At the individual level, IHg reduced
chlorophyll, while MMHg increased anthocyanin. Transcriptomics and metabolomics in shoots
revealed that MMHg regulated a higher number of genes than IHg. Proteomics and metabolomics
in cytosol revealed that IHg had more effect than MMHg; (4) Conclusions: MMHg and IHg show
different cellular toxicity pathways. MMHg’s main impact appears on the non-soluble compartment,
while IHg’s main impact happens on the soluble compartment. This is congruent with the higher
affinity of IHg with dissolved OM (DOM) or cell walls. E. nuttallii is promising for biomonitoring, as its
uptake and molecular responses reflect exposure to IHg and MMHg. More generally, multi-omics
approaches identify cellular toxicity pathways and the early impact of sublethal pollution.

Keywords: bioaccumulation; biomarker; biomonitoring; macrophyte

1. Introduction

Anthropogenic activities cause environmental contamination [1,2], affecting biota and human
populations via contaminated food [3,4]. In this context, mercury (Hg) is a past as well as a current
priority for legislators, because of its widespread occurrence and high toxicity. Freshwater Hg
contamination results from atmospheric Hg depositions as rainfall or dry settling, polluted soils
runoffs, effluents and emissions of industrial and gold-mining activity, as well as reemission from
historical contaminations [5,6]. Anthropogenic activities release mainly (i) the highly volatile Hg" that
is transported in the atmosphere and (ii) inorganic Hg (Hg'!, IHg). IHg is the most abundant form in
the freshwater environment. In surface waters, divalent Hg!' can be bio-converted to methylated Hg
(CH3;Hg™", MMHg), generally representing > 1% of total Hg (THg = MMHg + IHg) [7,8]. In rivers and
lakes, measured concentrations typically range between 0.003-30-10~ M THg [9]. In natural waters,
IHg and MMHg are both mainly bound to thiol groups of dissolved organic matter (DOM) [5,9,10].
Water chemistry (e.g., chloride concentration and pH) governs the abundance of the minor Hg fraction
not bound with DOM among the different complexes and dissolved chemical species [11]. The data
revealed that IHg and MMHg show different affinities to ions and DOM [5,9,10]. Nonetheless, in natural
waters the analysis and the modeling of Hg speciation remain challenging. Consequently, uptake
in biota is difficult to link to classical water chemistry analysis. However, data repeatedly show
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IHg and MMHg bioaccumulation in aquatic biota. In addition, MMHg is biomagnified along the
trophic chain, reaching very high and toxic body burdens in fish and threatening humans’ health
through fish consumption, including when low concentrations of IHg and MMHg are found in primary
producers [3,7].

Primary producers are central for Hg uptake and transfer to higher trophic levels [7,11,12].
In numerous littoral and shallow freshwater ecosystems (e.g., lakes, marshes, ponds and rivers),
macrophytes are dominant in terms of primary production, biomass and have major ecological roles
as a source of food for animals as well as in nutrient cycling [13,14]. Understanding macrophytes’
interactions with Hg and the factors controlling IHg and MMHg bioavailability to them in more
detail will enhance our capacity to anticipate Hg impact and fate in aquatic ecosystems. Moreover,
macrophytes could be used for biomonitoring and risk assessment of ecosystems and for ecotoxicology.
However, current standardized ecotoxicology tests fail to measure the impact of Hg on primary
producers in chronic exposure that involve realistic environmental concentrations [12]. In ecotoxicology,
a current research priority is identifying the mechanisms of the disturbance of contaminants at a sublethal
level to normal biological performance and to use this knowledge to develop new early-warning
biomarkers relevant in the context of chronic exposure. High-throughput omics have revolutionized the
understanding of molecular responses to sublethal stresses [15]. Early, specific and robust biomarkers
directly linking responses at the level of the molecule and the cell to the effects at the level of the
whole organism, population and community are envisioned in line with the adverse outcome pathway
theory [10,16-18].

In recent years, we identified the macrophyte Elodea nuttallii as an interesting model to study
Hg bioaccumulation and develop innovative biomarkers of exposure [9,19-21]. E. nuttallii is a rooted
macrophyte that, as an aggressive invader in temperate climates, is often found in contaminated
environments in all temperate regions of the world. Here, the paper aims to review the recent
knowledge gained on Hg bioaccumulation and effects in this species. In more detail, we focused
on Hg bioaccumulation and responses to Hg exposure in E. nuttallii at different levels of biological
organization, including various omics studies. Indeed, this fundamental knowledge is essential to
develop innovative biomarkers for the future environmental risk assessment of Hg in situ.

2. Bioaccumulation of Hg in Elodea nuttallii

2.1. Uptake

Primary producers, at the base of trophic webs, represent an important entry for Hg into food chains.
It is thus essential to understand their Hg bioaccumulation to anticipate transfer and fate to higher
trophiclevels. Aswell as this, the bioaccumulation of IHg and MMHg is expected to determine responses
to Hg exposure in primary producers. Even when Hg concentrations were very low in freshwaters,
high bioaccumulation has been observed in macrophytes [7,21,22]. Macrophytes collected in the field
show concentrations ranging between 1-20-1072 ug-g‘1 THE dry weight (dw) [12], but show much higher
concentrations in contaminated sites. Indeed, in Valdeazogues River (Spain), roots of Typha domingensis
reached 6 ug-g‘ldw THg [23]. Overall, for macrophytes in the field, bioaccumulated Hg normalized
by measured Hg in the water (L-kg~!) presents log( values between 4 and 6 [7,21]. This points to an
elevated bioaccumulation capacity and evidenced the importance of Hg bioaccumulation in aquatic
plants for its further transfer in the food web. As such, bioaccumulation in primary producers is
identified as the major bioconcentration step for Hg in the environment [11,12]. Nevertheless, among
primary producers, macrophytes receive surprisingly little attention in research programs dedicated to
Hg transfer and fate, despite their key ecological role in the shallow aquatic environment.

In 2009, we conducted a study to examine the biogeochemistry of Hg and its biomagnification in
the Olt River (Romania). We studied the Babeni Reservoir that is affected by Hg containing effluents
from a chlor-alkali plant. We identified phytoplankton and macrophytes at the base of food webs,
characterized by N and C isotopic ratio, as well as MMHg concentrations [7]. Both showed a high
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accumulation and resulted in a similar biomagnification of MMHg in fish, e.g., up to 10 pg-g™~! 4,, and
95% of THg [7]. The MMHg bioaccumulation step from water to primary producers was shown to be
the largest increase in MMHg concentrations in this system, reaching 10°-fold. We then performed
a detailed study on Hg bioaccumulation in several macrophytes sampled in the Babeni Reservoir.
Amongst the macrophytes, the submerged and rooted macrophyte E.nuttallii showed among the
higher THg and MMHg bioaccumulation. More in detail, E. nuttallii reached close to 2 pg-g~'4,,
THg concentrations [21], similar to another submerged macrophyte Potamogeton pectinatus, and three
times higher than THg measured in plankton (0.7 ug-g ™' 4w THg) [7]. We subsequently studied Hg
bioaccumulation in this plant in the field and in the laboratory in detail [9,19,21,24].

First we performed a detailed measurement of Hg bioaccumulation and uptake in E. nuttallii in
the laboratory [21]. We investigated (i) accumulation of IHg and MMHg in E. nuttallii in Lake Geneva
water (1 mg-L~! DOC) spiked with increasing IHg and MMHg concentrations (3.5-3500 pM), (ii) to
determine the source of Hg found in shoots and roots, as well as (iii) Hg fate in this representative
aquatic plant. Tolerance to both forms of Hg was high, as evidenced by the lack of visible symptoms
on leaves after 7 days of exposure for all concentrations. The accumulation of Hg was high in the
microcosm with an enrichment factor (EF) of 103 for IHg and 10* for MMHg [21]. While EF decreased
with increasing concentration of exposure for IHg, the EF increased for MMHg. IHg at 0.35 nM resulted
in a higher bioaccumulation in leaves than stems (1.4 vs. 0.4 mgTHg-kg_l dw), while 0.1 nM MMHg
resulted in 0.6 and 0.3 mgTHg-kg_l dw in stems and leaves, respectively. An uptake in the absence of
DOM gave highly similar EF for IHg and MMHg, resulting in similar intracellular THg concentration
in E. nuttallii, pointing to a role of DOM in the observed difference between the fate of IHg and MMHg
observed in biota in the field [25]. Death, cold and Cu* co-exposure highly reduced accumulation in
shoots [21]. Metabolism and copper transporters govern Hg uptake at the cellular level.

A two-compartment exposure setting in the laboratory further revealed the predominant IHg
basipetal transport, whereas MMHg acropetal transport was evidenced [21]. It has to be noted that
in planta no measurable methylation or demethylation was evidenced. Data were confirmed with
exposure to Babeni sediments for 2 months in controlled conditions that resulted in a 102.7% + 6.4%
MMHg to THg proportion in shoots of E. nuttalli, evidencing the remobilization of MMHg from
sediments to shoots [24]. In 2014, we conducted another field campaign to study Hg dispersion in the
Babeni Reservoir and three reservoirs located immediately downstream in the Olt River (Romania),
to further test E. nuttallii potential for Hg biomonitoring [26]. A significant correlation of bioaccumulated
THg, and intracellular THg bioaccumulation was found in E. nuttalii vs. THg concentration in water
filtered at 45 pm (Pearson’s coefficients 0.80; 0.88), and MMHg concentration in sediments (Pearson’s
coefficients 0.82; 0.89), confirming previous observations in controlled conditions [26]. In addition,
because analysis of MMHg proportion in water in the Babeni Reservoir showed an increase along the
part of the reservoir favorable for macrophytes development, we measured the impact of E. nuttallii
rhizosphere on bacterial communities in Hg-contaminated sediments. A 2-month-long experiment
revealed an increased MMHg/THg proportion in pore water and a significant change in the structure
of bacterial communities in rhizospheric sediments when compared to bulk sediments [24]. E. nuttallii
roots microenvironment appeared to be appropriate for Hg methylation.

To summarize, in E. nuttallii shoots, IHg mainly bioaccumulates from the water column, while Hg
methylation seems to be favored in its rhizosphere and MMHg is remobilized from the sediments to its
shoots. As such, THg in E. nuttallii reflected local MMHg production in sediments. The occurrence of
E. nuttallii in sediments contaminated by Hg should therefore be given attention, as it could participate
in MMHg transfer to food webs.

2.2. Subcellular Distribution

Because toxicity is hypothesized to originate from the intracellular uptake, we further investigated
the subcellular fate of Hg in E. nuttallii. In plants, vacuoles and cell walls have a recognized role for
Hg sequestration and are expected to protect the cellular components [27,28]. In shoots of E. nuttallii
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exposed for 24 h to 3.5:1071 M IHg and 1-107'° M MMHg in the presence of 1 mg-L~! DOC, close to
68% and 73% of THg was internalized, likely in the vacuole, and around 32% and 26% was found in
cell walls, respectively [19,21]. However, in these experimental conditions 99.9% of Hg was expected to
be bound to DOM. On the contrary, in E. nuttallii exposed to 1-10-! M IHg and MMHg without DOM,
33% of Hg was intracellular for the IHg treatment, while close to 100% of Hg was intracellular for the
MMHg treatment [25] (Figure 1). Data revealed earlier that IHg and MMHg affinities to DOM and ions
are contrasted [5,9,10]. In the same line, the distinct affinities of IHg and MMHg to cell walls could
explain the higher EF of MMHg than IHg in primary producers. Besides, intracellular Hg is expected
to be highly available to predators, and could thus result in the higher transfer and biomagnification of
MMHg in natural waters [9].
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Figure 1. Distribution (%) of THg at the subcellular level in E. nuttallii exposed 2 h to IHg or MMHg in
water without DOM [25].

3. Responses to Hg Exposure at Different Levels of Biological Organization in Elodea nuttallii

3.1. Physiological Responses

Among the effects of Hg toxicity at the individual level, growth is a widely used endpoint [22].
For example, the growth of cells in the presence of IHg or MMHg in Thalassiosira weissflogii was
compared and showed a reduction of 50% at 5 x 1071° M IHg and MMHg [29]. In addition, scientists
observed different toxicity pathways at the cell level: growth rate was reduced by MMHg, while
strong cell damage, but no effect on division rate, resulted from IHg exposure [29]. Exposure for
7d to 3.5 x 10710 M IHg reduced growth of roots and increased cell wall lignification in E. nuttallii,
whereas exposure for 7d to 1 x 1071 M MMHg had no effect on those endpoints [19] (Table 1). Under
similar conditions, an inhibition of root growth was observed for 1 nM MMHg [21]. When uptaken,
Hg compounds bind to DNA, proteins and various enzymes that are primordial for cell normal
physiology. Hg also increases the production of reactive oxygen species (ROS) that might result
in oxidative stress, and is evidenced by the alteration in the activity of enzymes involved in ROS
regulation, such as catalases, class III peroxidases (POD), lipoxygenases, or superoxide dismutases
(SOD) [30,31]. SOD, POD and catalase activities were induced by 5 uM IHg 7d in Lemna minor [22]
and excessive ROS generation was evidenced in Chlamydomonas reinhardtii exposed to 1 x 1077 M
IHg or 1 x 10~ M MMHg [32] or for 96 h to 2 x 10~® M IHg [33], and resulting in lipid peroxidation
after 24 h exposure to 5 x 107 M IHg [34]. In E. nuttallii, after 24 h exposure to 4 x 1071 M and
4x10°M IHg, SOD and POD activities showed a 1.3x and 1.3X increase and a 2.1x and 4.6x
decrease, respectively [35] (Table 1). In addition, numerous studies in plants and algae evidenced the
impact of Hg (mostly 107® M IHg) on photosynthesis, notably the chlorophyll breakdown and the
reduction in photosynthesis efficiency [11,22,31,36,37]. Hg toxicity results from its binding to various
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groups in proteins, e.g., sulthydryl (-SH), phosphate and active groups of ADP or ATP, as well as
essential major cations’ substitution [36,38]. The impact of IHg in all kinds of phytoplankton and
macrophyte species on the photosynthesis and the generation of an oxidative stress were widely
reported. However, MMHg toxicity in aquatic primary producers has been globally less studied
than IHg. The data reveal similar targets for MMHg and IHg (e.g., oxidative stress, photosynthesis),
but when compared in strictly identical experimental conditions, MMHg seems to impact distinct
toxicity pathways than IHg [25,39]}. Nevertheless, physiological responses are rarely significant at
environmental concentrations [21]. Indeed, many of the studies described above were obtained in
controlled laboratory experiments at concentrations 103 to 10° higher than Hg concentrations generally
found in natural waters. Recently, a study in C. reinhardtii exposed for 2 h to 108 and 10~ M MMHg
showed an increase in photosynthesis efficiency. This paradoxical effect observed for lower range
concentration is called hormesis and results from the overcompensation of a moderate stress [37,40]. A
distinct impact of IHg and MMHg was also reported on photosynthesis in T. weissflogii, a marine diatom.
Exposure for 72 h to 2-11-10~7 M IHg blocked the electron chain of photosynthesis and increased
chlorophyll fluorescence lifetime. In identical experimental conditions, exposure to up to 2.8-107°
M MMHg had no effect [29]. Similarly, chlorophyll content was reduced by IHg, while a significant
antioxidant response was induced by MMHg in E. nuttallii (Table 1) [25]. As such, in E. nuttallii, a direct
impact of IHg on the integrity of chloroplast membranes was hypothesized, while MMHg would
impact the metabolism of cytoplasmic organelles. A more recent study in E. nuttallii confirmed that
0.1 nM MMHg for 24 h did not impact chlorophyll content (Table 1) [19]. To summarize, IHg toxic
action appears to target the photosynthetic components with, for example, the chelation of IHg with
chloroplast proteins and the Mg ion replacement in the heme of chlorophyll [41]. MMHg toxicity
would rather target the cellular components, increasing the production of ROS.

Investigating mechanisms at a low level of biological organization increases the understanding of
IHg and MMHg toxicity at the molecular level. Short exposure lengths reveal early toxicity responses
that are thought to be more specific to each stress than a longer exposure [40]. As such, omics appear
to be particularly promising for new ecotoxicology endpoints, because their sensitivity makes them
suitable for environmental realism, including low concentrations and short (transient) exposures [42].
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Table 1. Responses to Hg revealed by metabolomic (M), proteomic (P) or transcriptomic (T) in E. nuttallii.
Treatment Method Main Results Physiology Reference
Regulation of 8700 contigs: gene regulation, anti-ROS response, ener
: 10-11 . g 8s: g g ’ P , 8y
(Field) 1.2-107" M THg 2 h T: RNAseq metabolism, hormone metabolism, transport, stress and secondary metabolism none measured (10]
410" M IHg 24 h Up-regulation 79 contigs; down-regulation 48 contigs; no pathway enriched
. T: RNAseq Up-regulation.4472 contigs:' exprfession of genes, oxidation of fatty acid POD | [35]
410" MIHg24h Down-regulation 2273 contigs: biosynthesis of chlorophyll, chloroplasts, SOD 1
photosynthesis
Up-regulation correlated to dose, e.g., HSP70, environment interactions
0.04, 4 and 40-1077 M IHg 24 h T: RNAseq Down-regulation correlated to dose: transporter of metals, assimilation of N, none measured [20]
metabolism of S
110711 M to 1-1078 M THg and Up-regulation: >1677 contigs for IHg, >18557 contigs for MMHg. Similar GO Chlorop.hy!l { for IHg
T: RNAseq . . - antioxidant T [25]
MMHg 2 h categories: development, energy metabolism, secondary metabolism, transport
for MMHg
Regulation of 4389 and 16,853 contigs: amino acid, sugar and secondary
-9 . metabolism (e.g., flavonoids) at both concentrations. At 108 M: homeostasis of POD T
land 1010 MMMHg 2 h T: RNAseq metals, membrane integrity, photosynthesis, anti-oxidative enzymes and water anthocyanin 7 571
transport
Up-regulation 4 proteins, down-regulation 18 proteins: photosynthesis (e.g.,
10-10 complex of light harvesting), stress/defense (e.g., POD), biosynthesis of lignin
351077 MIHg 24 h P: 2D-DIGE (e.g., phenylcoumaran benzylic ether reductase), carbon fixation, glycolysis, no effect [19]
cytoskeleton organization (e.g., actin)
11071 M MMHg 24 h no effect no effect
351071 M IHg 24 h In sh00t§, no significantly regulated metabolites. In cytosol, 4 regulated no effect
metabolites
M : LC-MS and
GC-MS In shoots, 15 significantly regulated metabolites: biosynthesis of [43]
11071 M MMHg 24 h aminoacyl-tRNA, metabolism of glycine, serine, threonine, nitrogen, arginine, no effect

proline and cyanoamino acid. In cytosol, 3 regulated metabolites.
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3.2. Gene Level Responses

In recent years, ecotoxicological studies using omics have increased because of the availability
of new sequencing methods that can be applied to non-model species of interest (e.g., RNAseq).
Transcriptomic compares gene expression in chosen conditions vs. a control condition (reference).
Until our studies in E. nuttallii (Table 1), transcriptomic had not been applied to the analyses effects of
Hg in aquatic plants.

In E. nuttallii, we first performed the analysis of effects of 0.04, 4 and 40-10~7 M IHg for
24 h through differential gene analysis by illumina RNAseq in E. nuttallii [20]. Treatments of
up-regulated genes coding for protein of stress such as chaperones, a regulation of genes found in
energy metabolism pathways (e.g., sugar catabolism), attributed to an inhibition of energy reserves
production by photosynthesis [20]. Concomitantly, we measured the down-regulation of genes related
to homeostasis, such as metal transporters, for reducing and controlling Hg accumulation [20]. Indeed,
the down-regulation of the gene EnCOPT1, with increasing concentrations of IHg, was observed.
The data supported the uptake of Hg through high affinity Cu transporters [20]. Transcriptomic
analysis also pointed towards IHg toxicity to trigger an anti-oxidative response and alter protein
structure. In E. nuttallii, IHg (24 h 41077 M) also up-regulated genes involved in N-metabolism and the
biosynthesis of lipids [35]. We also compared transcriptomes upon 2 h exposure to increasing IHg and
MMHg concentrations (107! to 1078 M) [25]. The significantly regulated contigs are involved in similar
gene ontology (GO) categories, including amino acid, energy and secondary metabolisms, as well as
development, and transport (Figure 2a). The main difference was that MMHg regulated up to 20 times
more contigs at similar intracellular concentration, evidencing that MMHg had a higher molecular
impact than IHg (Figure 2b). A recent study in the Olt River (Romania), on in situ caged E. nuttallii
downstream a chlor-alkali plant, revealed a strong gene regulation after 2 h exposure, in line with the
expected impact at much higher Hg concentrations (Figure 2), despite 1.2:1071! M Hg concentration in
water and a DOC of 3 mg-L~! resulting in nonsignificant uptake [10]. It has to be noted that, among
GO terms of significantly regulated contigs, a predominant part in all treatments show an unknown
function, indicating some level of uncertainty in the analysis of responses, as well as a high potential
for discoveries in the biology of Hg stress.

nM
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' 8 15000 - Babeni
15 I a
" | ors 3
. :“;’ 0000 -
oot NI
Baveni [ NN 0014 0O
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0 T T T )
®amino acid metabolism ®cell structure 0.01 0.1 1 10 100
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other mredox
msecondary metabolism mstress
m transport munknown
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Figure 2. (a) proportion of regulated genes among gene ontology terms (Mapman terminology) and
(b) number of deregulated genes (DEGs) as a function of THg bioaccumulated in the intracellularly in
E. nuttallii exposed for 2 h with IHg, MMHg in the laboratory or in the Babeni Reservoir (Romania) [10,25].
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The use of gene expression has shown promising results for the characterization of the precise
early cellular toxicity pathways of Hg as well as for the definition of new biomarker of exposure.
One strong interest of omics is its high sensitivity, allowing the measurement of significant responses at
environmental concentrations. In E. nuttallii, the analysis of the expression of selected genes directly on
RNA could be realized, with the nCounter method developed by Nanostring [20,25]. Statistical analysis
(hierarchical clustering) of treatments using global gene expression signatures discriminated pM from
nM concentrations of IHg or other stress exposure for concentrations as low as 110~ M THg [20,25].
Transcriptomics could thus be used to derive more sensitive biomarkers for ecotoxicological testing
than higher organization level endpoints.

3.3. Responses at the Proteome and Metabolome Level

As mentioned above, transcriptomic targets gene expression level, but it is its protein that
carries the function of a gene in the cell. Eventually, proteins have numerous cell functions involved
in signaling and tolerance to abiotic stressors such as the metabolism of amino acids and sugars,
the energy production, primary and secondary metabolites that have a key role for remodeling, and cell
physiological repair in plants [44]. Proteomics inform not only on protein expression level but also on
the occurrence of regulation at post-transcription level. However, the availability and completeness of
a database with identified proteins profiles still limits its use [42]. Early proteomic study with 2D-DIGE
in E. nuttallii identified 30 proteins involved in energy (sugar metabolism, photosynthesis) and cell
structure to be dysregulated by 24 h exposure to 4-1071° M THg [19] (Table 1). Those observations
were in line with previous transcriptomic data, as similar functions were observed in regulated genes
in E. nuttallii exposed to IHg. On the other hand, 1-107 M MMHg did not result in significant
proteomic response, which is opposite to the transcriptomic observation of a higher number of genes
regulated by MMHg than IHg exposure [25]. This discrepancy might come from a lower uptake
(0.19 ug-g~!) of MMHg in those conditions than for IHg (0.67 pg-g~!). Nonetheless, a few years later,
the effects of the same concentrations (4-1071° M IHg, 1-1071 M MMHg 24 h resulting in 0.98 and
0.81 ug-g~! THg respectively) were analyzed by GC-MS- and LC-MS-targeting metabolites in a way
that is complementary to other molecular approaches to confirm the Hg cellular toxicity pathway in
E. nuttallii (Table 1) [43]. In whole shoots, MMHg resulted in the significant regulation of 15 metabolites,
while no metabolite was significantly regulated by IHg treatment. In the cytosol, IHg and MMHg
exposure regulated three metabolites and four metabolites respectively [43]. Pathway analysis by
the Kyoto Encyclopedia of Genes and Genomes (KEGG) of deregulated metabolites revealed that
MMHg exposure resulted in biochemical changes in aminoacyl-tRNA biosynthesis, glycine, serine
and threonine metabolism, nitrogen metabolism, arginine and proline metabolism, cyanoamino acid
metabolism, while IHg treatment caused no significant variations at the pathway level. The data
supported an impact of MMHg on N homeostasis, while IHg had a low impact. In sum, metabolomics
highlighted that sub-lethal concentrations of IHg and MMHg resulted in significant changes in the
nutrition pathways and induced a protective response. Moreover, significant differences in the
responses supported different molecular toxicity pathways of MMHg and IHg. Indeed, MMHg affects
components of the non-soluble compartment of cells, while IHg affects components of the soluble
compartment of cells. This point might explain the absence of the effect of MMHg, measured by
proteomics using 2D-DIGE, which is known to better identify soluble proteins. Another discrepancy
was the observation of no effect on sugars measured by metabolomics, contrary to the previously
reported significant regulation of genes and proteins involved in the metabolism of sugars. As such,
we concluded that gene regulation happened to keep the level of those metabolites stable [20,25,35,37].
Nonetheless this apparent disconnection can be explained in part by technical issues, as well as by
the complexity of the metabolic network structure. Although the linear relationship of transcripts
with protein levels and their biological functions is sometimes observed, in general there is a major
discrepancy that results from the circular nature and branching of metabolic pathways, notably
when regulatory loops are operating [45]. In addition, the transformation of a metabolite depends
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more on the kinetic specificities of enzymes than on the concentration of enzymes or metabolites.
Similar sequences can encode for enzymes catalyzing different reactions, and enzymatic activity can
vary according to cellular and subcellular compartmentation [45,46]. Posttranslational modification,
resulting in the modification of the activity and affinities of an enzyme, is more predominant for the
regulation of enzymes than a change in the abundance of a protein through transcription, translation
or degradation [46]. As such, a non-linearity of responses is observed in most cases. This must be
expected and accounted for when analyzing multi-omic data aiming to integrate transcript, protein
and metabolite abundance together with biological responses. The analysis of the kinetics of molecular
responses is a major research priority for better understanding of metabolic networks in future research.
However, in E. nuttallii metabolomics was very useful to complement transcriptome and proteome
differential analysis, revealing the potential of multi-omics to reveal cellular toxicity pathways in more
detail and, as such, the early impact of environmental pollution.

4. Conclusions

Bioaccumulation and responses to IHg and MMHg in E. nuttallii were studied in various
experimental conditions and helped to confirm that, globally, MMHg has a higher bioavailability
than IHg and that they trigger different toxicity pathways. As such, omics helped to reach a better
mechanistic understanding of Hg impact in E. nuttallii. The various datasets showed that molecular
regulation at the gene, protein and metabolite level was measured at much lower Hg concentrations than
bioaccumulation or other physiological endpoints. Moreover, the analysis of gene signature appeared
highly promising to identify molecular biomarkers that will allow the early and sensitive detection of
Hg contamination. Nevertheless, more studies concerning primary producers are needed. Notably,
highly variable experimental settings make comparisons between species difficult, and consequently
limit extrapolation to the ecosystem level. In primary producers, further work is needed to efficiently
link responses at the molecular level to risk assessment in the environment at the population and at
community level. In addition, the validation of biomarkers based on omic analysis is requested in wild
populations, to normalize background levels and eventually complement standard tests [16].
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