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ABSTRACT: Metabolomics characterizes low-molecular-weight
molecules involved in different biochemical reactions and provides
an integrated assessment of the physiological state of an organism.
By using liquid chromatography—mass spectrometry targeted
metabolomics, we examined the response of green alga
Chlamydomonas reinhardtii to sublethal concentrations of inorganic
mercury (IHg) and monomethylmercury (MeHg). We quantified
the changes in the levels of 93 metabolites preselected based on
the disturbed metabolic pathways obtained in a previous B »
transcriptomics study. Metabolites are downstream products of , .
the gene transcription; hence, metabolite quantification provided Targeted metabolomics
information about the biochemical status of the algal cells exposed

to Hg compounds. The results showed that the alga adjusts its

metabolism during 2 h exposure to S X 107 and 5 X 10~® mol L™' IHg and MeHg by increasing the level of various metabolites
involved in amino acid and nucleotide metabolism, photorespiration, and tricarboxylic acid (TCA) cycle, as well as the metabolism
of fatty acids, carbohydrates, and antioxidants. Most of the metabolic perturbations in the alga were common for IHg and MeHg
treatments. However, the exposure to IHg resulted in more pronounced perturbations in the fatty acid and TCA metabolism as
compared with the exposure to MeHg. The observed metabolic perturbations were generally consistent with our previously
published transcriptomics results for C. reinhardtii exposed to the comparable level of IHg and MeHg. The results highlight the
potential of metabolomics for toxicity evaluation, especially to detect effects at an early stage of exposure prior to their physiological
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B INTRODUCTION

Advances in “omic” technologies have opened novel avenues in
ecotoxicology research toward elucidating contaminant modes
of action, biomarker discovery, and predictive risk assess-
ment.”” Metabolomics, the youngest among the “omic”
technologies, characterizes low-molecular-weight metabolites
involved in different biochemical reactions and captures the
cellular status and physiological state of an organism.””®
Existing advancements in environmental metabolomics, in
particular chemical stressor-induced metabolic perturbations in
different organisms, including fish, invertebrates,””® plants,g’lo
and microalgae,11 were comprehensively reviewed. However,
relatively few studies have explored contaminant-induced
metabolic perturbations in phytoplanktons to address ecotox-
icological questions. In the specific case of toxic metals, such as
Ag, Cd, Cu, Pb, and Zn, only a few metabolomic studies with
green algae, diatoms, or cyanobacteria have been carried
out.”"' ™" Based on a literature search (keywords: mercury,
metabolomics, and algae), no studies exist that deal with the
metabolomics response of algae exposed to Hg, a priority
contaminant of global importance.

© XXXX American Chemical Society
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The present study focusses on Hg as characterized with high
persistence and bioaccumulative and biomagnifying poten-
tial."* The toxicity of Hg toward living beings is well-known;">
however, the metabolomic response is not well-understood.
There has been progress in the overall understanding of the
adverse effects of Hg, including at the molecular level, with
comprehensive reviews for animal cells, invertebrates and
vertebrates, ' phytoplanktons,”’18 and aquatic plants.lg'20
However, these previous studies focused on distinct effects
or do not cover the level of resolution we are considering in
this study. The physiological and transcriptomic responses in
green alga Chlamydomonas reinhardtii during short-term
exposure to inorganic mercury (IHg) and monomethylmercury
(CH;Hg" and MeHg), two mercury species prevailing in the
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aquatic environments, were assessed. These studies

demonstrated that multiple metabolic pathways could be
disturbed by IHg and MeHg, including those related to
dysregulation of antioxidants, detoxification, energy resources,
and so forth.”’~** However, transcriptomics provides only a
partial understanding of the cellular response, given that not all
genes that are transcribed are translated into functional gene
products.”* As downstream products of the gene transcription
and protein expression, metabolites provide information about
the biochemical status of the algal cells exposed to Hg
compounds.

In such a context, the primary goal of the present study was
to further examine the responses of the green alga C. reinhardtii
to sublethal concentrations of IHg and MeHg by using
targeted metabolomics in order to obtain novel insights into
the molecular basis underlying the cellular responses to
mercury compounds. Liquid chromatography—mass spectrom-
etry (LC—MS) targeted metabolomics was employed to
quantify over 93 metabolites preselected based on the
disturbed metabolic pathways determined by transcriptom-
ics.”” Targeted metabolomics was chosen as it provides the
advantage of more sensitive and accurate detection of
predetermined metabolites.”” The metabolomics results were
compared with the physiological responses and the tran-
scriptomics study from our previous work.””

B MATERIAL AND METHODS

Chemicals and Labware. All the labware material was
pre-washed in 10% HNO,; (EMSURE, Merck, Darmstadt,
Germany), followed by a 10% HCI acid bath (EMSURE,
Merck, Darmstadt, Germany) for 2 h under sonication,
thoroughly rinsed with ultrapure water (Milli-Q direct system,
Merck, Darmstadt, Germany), and subsequently autoclaved for
sterilization. HgCl, (IHg) and CH;HgCl (MeHg) standard
solutions (1.0 g L™") were purchased from Sigma-Aldrich,
Buchs, Switzerland.

Culture Conditions and Exposure to Mercury Com-
pounds. The green alga C. reinhardtii CPCC11 (Canadian
Phycological Culture Centre, Waterloo, Canada) was axeni-
cally grown in 4X diluted Tris-acetate-phosphate medium”® at
20.2 + 0.5 °C, 11§ rpm, and 12:12 h light/dark cycle in a
specialized incubator (Multitron Infors HT, Bottmingen,
Switzerland). At the mid-exponential growth phase, the algal
cultures were isolated from the growth medium by gentle
centrifugation (4 °C, 10 min, 1300g), rinsed, and re-suspended
in the exposure medium. The exposure medium contained 8.2
X 107 mol L' CaCl,-2H,0, 3.6 X 107* mol L™ MgSO,-
7H,0, 2.8 X 107 mol L™ NaHCO,, 1.0 X 107" mol L™
KH,PO,, and 5.0 X 10~ mol L™ NH,NO;, adjusted to pH 7.0
+ 0.1. Given the dependence of the algal metabolic state on
the growth phase’’ and the light and dark cycle,”® the
experiments were performed with cells sampled exactly at the
same growth stage (68 h), 4 h after the light in the incubator
was switched on. For each test, the algal cells were re-
suspended in the exposure medium to a final density of 4 X 10°
cellssmL ™" in the absence (unexposed control, C) and presence
of ITHg or MeHg with a nominal concentration of 5 X 10~
(IHgl) or § X 107 mol L™' (IHg2) of IHg or 5 X 107 mol
L' (MeHgl) or S X 107® mol L™ (MeHg2) of MeHg. Cell
density was determined using a Coulter counter (Beckman
Coulter Counter).

To enable comparison with the already published tran-
scriptomics and physiological effects results,”> an exposure

duration of 2 h was selected. Exposures and analyses were
performed on three independent biological replicates. At the
end of the exposure period, the microorganisms were
centrifuged for 10 min at 1300g. The supernatant was
discarded and the pellet deployed in liquid nitrogen to stop
the metabolic activities. The pellets were kept at —80 °C
overnight and then freeze-dried (Beta 1-8K, Christ, Germany).

Determination of Mercury Concentrations in the
Exposure Medium and Algal Cells. The cellular concen-
tration of total mercury (THg = IHg + MeHg) in C. reinhardtii
was determined from the freeze-dried pellets by atomic
absorption spectrometry using a direct mercury analyzer
DMA-80 (Milestone, USA). The accuracy of the measure-
ments was evaluated by following the certified reference
material (CRM) MESS-3 from the National Research Council
of Canada, showing 100 + 0.1% recovery. The amount of THg
accumulated by algal cells was expressed in mg kg™' dry weight
of algal biomass (Figure S1, Supporting Information). The
concentrations of THg in the exposure medium were measured
by using a MERX automated total mercury analytical system
(Brooks Rand Instruments, Seattle, WA, USA), with a
detection limit of 1.5 X 107** mol L™". The accuracy of THg
measurements by MERX was tested by analyzing the CRM
ORMS-S (National Research Council of Canada, 116.0 = 3.5%
recovery). The measured concentrations of IHg in the
exposure medium corresponding to the nominal concen-
trations of 5 X 10~ and 5 X 107 mol L™! were (1.55 + 0.01)
x 107 and (6.70 + 0.60) X 107 mol L', respectively. For
nominal concentrations of 5 X 107 and § X 1078 M MeHg,
the measured concentrations were (3.70 + 0.21) X 10~ and
(6.59 + 0.23) x 107® mol L™/, respectively.

All the results are reported as mean and standard deviation,
calculated from three independent experiments. One-way
analysis of variance (ANOVA) was performed to test for
significant differences between the treatments by the statistical
module built in SigmaPlot 12.5 (Systat Software, CA, USA).
The Tukey honestly significant difference test was performed
as a post-hoc test. A p < 0.05 was considered statistically
significant.

LC—MS-Based Targeted Metabolomics. The metabolic
alterations in the green alga C. reinhardtii exposed to IHg or
MeHg were determined by LC—MS-based targeted metab-
olomics using an Agilent 6470 liquid chromatography triple
quadrupole mass spectrometer (Agilent Technologies, USA) as
previously described.”” ™' Ninety-three metabolites, including
antioxidants, amines, amino acids, organic acids/phenolics,
nucleobases/-sides/-tides, sugar/sugar alcohols, and fatty acids,
were extracted following the previously developed method-
ology.'»*”* The list of considered metabolites was the same
as in our previous study'’ and is provided in Table S1 together
with their measured limits of detection (MDLs).

Statistical and pathway analyses of the metabolomics data
were performed for controls and IHg and MeHg exposures
using MetaboAnalyst 4.0.°> First, the data were corrected for
the batch effect using the built-in module for MetaboAnalyst,
based on the ComBat method.>* Next, one-way ANOVA
followed by Fisher’s LSD post-hoc analysis with a p < 0.05 was
completed to screen for metabolites differing in concentrations
between Hg treatments and controls. Unsupervised principal
component analysis (PCA) and supervised partial least
squares-discriminant analysis (PLS-DA) were performed to
get a global overview of the metabolic changes. Metabolites
with a variable importance in the projection (VIP) greater than

https://dx.doi.org/10.1021/acs.est.0c08416
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c08416/suppl_file/es0c08416_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c08416/suppl_file/es0c08416_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c08416?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

A C
=f IHg1
— w4 o

X
(2}
N o ef %
o IHg2 °
AR
=1
-10 -5 0 5
PC 1 (75.8%)
B
< IHg2
Q °
O
;:; N & °
)
C o (o)
- °
o O
£
o
S o IHgl Co
10 5 0 5

Component 1 (75.6%)

I class 1 class
| Ethanclamine Cc

Citnc acd IHgl

| Linolenic acid 05 Il 1Hg2

Linolexc acid
Glycine
Guanine

0

Asparagine

Proine 0.5
Palmitic acd
cMp 1

Steanc acid
Histidine
Adenine
Glutathione reduce
| Serine
Citruline
Glutamic acid
Avgmxne
Tyrosine
Aspartic acd
Lysine
Leucine
Xanthine
Uracid
Cytidine

Tryptophan
Hypoxanthine
Guanosine
Ascorbic acd
Succinic acd

X
«
—

Figure 1. Analysis of the metabolic response of C. reinhardtii treated for 2 h with 5 X 107 mol L™ IHg (IHgl) and 5 X 10~ mol L™' IHg (IHg2):
(A) PCA and (B) PLS-DA score plots. (C) Clustering metabolites and samples shown in a heat map (Euclidean distance and Ward clustering

algorithm). Data were not normalized or transformed but were autoscaled.

1 were re§arded as significant and responsible for group
separation.”” Metabolite concentrations were not subjected to
any further normalization or transformation.

Metabolites significantly dysregulated by the respective Hg
treatments, as identified via ANOVA and PLS-DA, were
further considered in the pathway analysis to identify the most
relevant pathways altered by sublethal levels of IHg or MeHg.
Pathway enrichment and pathway togology analyses were
performed with MetaboAnalyst 4.0°>% with respect to the
KEGG pathway built-in metabolic library of the green alga
Chlorella variabilis.*®> Over-representation analysis was per-
formed using Fisher’s exact test. The pathway topology analysis
uses the node centrality measure to estimate that the node
importance was “betweenness centrality”. Pathways with

threshold >0.1 were considered as significantly dysregu-
lated.*>*

B RESULTS AND DISCUSSION

Overview of Metabolic Profiles in C. reinhardtii
Exposed to IHg and MeHg. Of a total of 93 metabolites
analyzed, 52 were detected above their MDLs (Table S1) and
quantified in the controls and IHg and MeHg treatments. A

general overview of the treatment clustering was obtained by
the unsupervised PCA and supervised PLS-DA methods. The
PCA and PLS-DA score plots for IHg (Figure 1) and MeHg
(Figure 2) treatments showed a good separation between the
Hg treatments and the untreated control. Based on a VIP score
>1, 30 responsive metabolites were subsequently employed to
distinguish the untreated controls from IHg treatments (Figure
S2). After comparing the IHg treatments to the untreated
control by ANOVA, 15 additional metabolites were identified
as significantly dysregulated (Table S2). All the 45 responsive
metabolites were upregulated by Hg treatments in comparison
with that in the untreated control (Figure 1C); however, the
intensity of the dysregulation was concentration-dependent.
For the MeHg treatments, a total of 39 responsive metabolites
were identified via the VIP score and ANOVA, after
comparison to the untreated controls (Figures 2C and S3,
Table S3). All of them had increased levels upon MeHg
treatments as compared with that in the untreated control, but
the relative metabolite abundance was dose-dependent.
Heatmap clustering served to group the quantified
responsive metabolites (Figures 1C and 2C). Globally, three
large groups were obtained. Group 1 corresponded to
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Figure 2. Analysis of the metabolic response of C. reinhardtii treated for 2 h with 5 X 107 mol L™' MeHg (MeHgl), 5 X 107 mol L™ MeHg
(MeHg2); unexposed control (C). (A) PCA, (B) PLS-DA score plots. (C) Clustering metabolites and samples shown in a heat map (Euclidean
distance and Ward clustering algorithm). Data were not normalized or transformed, but were autoscaled.

-log(p)

?10

A °
° 4
&
&
o
8w
3
o oS 1
9/ 5 |e e
[To) L @ o6
o | o © 8
Jled 6 9 1
00 02 04 06 08 10

Pathway impact

B el4
3
Q&
.3 1
o
< 09 o2 °
57

o e o ©
Jted s 8

0.0 0.2 04 0.6 0.8

Pathway impact

Figure 3. Pathway analysis for metabolites with the altered abundance in C. reinhardtii exposed to (A) IHg and (B) MeHg. The node color is based
on its p-value and changes from red to yellow with the increase of the p-value. The node size reflects the pathway impact values, with bigger nodes
corresponding to high impact values. Affected pathways: (1) alanine, aspartate, and glutamate metabolism, (2) glycine, serine, and threonine
metabolism, (3) arginine biosynthesis, (4) aminoacyl-tRNA biosynthesis, (S) glyoxylate and dicarboxylate metabolism, (6) glutathione metabolism,
(7) arginine and proline metabolism. (8) Isoquinoline alkaloid biosynthesis, (9) purine metabolism; and (10) linoleic acid metabolism. A total of
45 responsive metabolites for IHg and 39 for MeHg obtained in algal treatments with 5 X 107 and 5 X 107® mol L™ IHg or MeHg were used for

the pathway analysis.

https://dx.doi.org/10.1021/acs.est.0c08416
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08416?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c08416?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

1.0

0.0

-1.0

Normalized concentration

IHg Aspartic acid MeHg
1.0- :
= ==
o W
. -1.0{ ok
= =
© N & ) N 4%
\Q& \Q& ®$% é\g@o
IHg Asparagine MeHg
s 1.0 .
=
= = —
"] 0.0
-1.0f .
@) 4 42 @) ~ v
& &\)90 @e:z?o

IHg

Homoserine

MeHg

°
@

=
[=)

1.0

0.0

-1.0

== N

Normalized concentration

o
(=]

-1.0

g
o

1.0

0.0

-1.0

42
\Q\%

IHg Lysine MeHg
1.0 . ﬁ = p——
' 0.0
= 0.0
K]
-
o
€10 -1.0
o —
g 5 > 9 N 4%
o O W & &
o > X X X
'8 N A\ §‘\Q, ¢z
= IHg Threonine MeHg.
T 1.0 - -
£ . 1.0
2
0.0 0.0 ’
-1.0f | -1.0f .
== ==
o N SV o 2y 2V
\Q&a \Q& @6’2& @&%

Figure 4. Box plots of relative abundance of oxaloacetate-derived amino acids: aspartate, asparagine, homoserine, isoleucine, lysine, and threonine.
C. reinhardtii was treated for 2 h with 5 X 107 mol L™' IHg (IHg1), S X 107® mol L' IHg (IHg2), 5 X 10~° mol L' MeHg (MeHgl), and 5 X
107 mol L™ MeHg (MeHg2); the unexposed control (C).

IHg Arginine MeHg
’ 1.0 .
=
== 0.0 T
0.0
10| mm " -
O LY o o N 9%
s R g& g?o
c ) < )
L2 IHg Citrulline MeHg
© : 1.0
S1.0 : ]
B =
g : 0.0
goof . T TT|°
© .
[
s ﬁ g
1.0
£ 5
o © & sV &} > v
2 NN \&&% “\g}&’
IHg Glutamine MeHg
1.0
) En 1.0-
o =
. 0.0- .
o I
(@} oY 42 (@} N v
\,290 \Q?o @Q\’z&a @gf’o

IHg Glutamicacid  |MeHg
1.0- F 1.0 *
' e —
0.0- 0.0
€ . -1.0
S
§10| B =
I
] 9 " v @] N 42
5 S & &
g T N
S IHg Histidine MeHg
et -
L0
= 1.0
: T EE
50.0 : ==
> 0.0
-1.0 — 10! .
[N © SN 9%
N & &

IHg Ornithine MeHg
1.0- : ;
T
0.0 : '
0.0
——
c -1.0
5] 1.0
§m =
= > @ N 4
A R E
g AN
S IHg Proline MeH
° . 1.0
9 1.0 2
N
fo) = ] @
£ 0.0
o 0.0
2
-1.0
10 == e
) N © N 4%
\,290 \Q&: @8&: @&%

Figure 5. Box plots of relative abundance of a-ketoglutarate-derived amino acids: arginine, citrulline, glutamate, glutamine, ornithine, histidine, and
proline. C. reinhardtii was treated for 2 h with 5 X 10~° mol L™! THg (IHgl), 5 X 10~® mol L™! IHg (IHg2), 5 X 10~° mol L™' MeHg (MeHgl),
and 5 X 107® mol L' MeHg (MeHg2); the unexposed control (C).

metabolites accumulated more strongly at lower Hg concen-
trations (18 for IHg and S for MeHg). Group 2 included
metabolites with comparable abundances at the two concen-
trations (18 for IHg and 12 for MeHg, no concentration

dependence). Group 3 encompassed metabolites accumulated

to a larger degree at higher IHg or MeHg concentrations (8 for
IHg ad 20 for MeHg).

The responsive metabolites identified by PLS-DA and
ANOVA corresponded to 15 and 13 impacted pathways in
IHg and MeHg treatments, respectively (Figures 3 and S4,
Tables S4 and SS, impact threshold 0.1). The top five most
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Figure 6. Box plots of relative abundance of (A) pyruvate-derived amino acid, alanine, leucine, and valine; (B) phosphoenolpyruvate-derived amino
acids, phenylalanine, tyrosine, and tryptophan; and (C) glycine and serine. C. reinhardtii was treated for 2 h with § X 107 mol L™ IHg (IHgl), § X

1078 mol L' IHg (IHg2), 5§ X 10~ mol L™ MeHg (MeHgl), and 5 X 107® mol L' MeHg (MeHg2); the unexposed control (C).

impacted pathways by sublethal concentrations of both IHg
and MeHg included: (1) alanine, aspartate, and glutamate
metabolism; (2) glycine, serine, and threonine metabolism; (3)
arginine biosynthesis; (4) glutathione metabolism; and (5)
isoquinoline alkaloid biosynthesis. These results confirmed the
previous findings via transcriptomics that IHg and MeHg
altered similar pathways in C. reinhardtii.”"** In addition, a-
linolenic acid metabolism was significantly affected only by the
IHg exposure (Table S4, Figure 3A).

Metabolic Perturbations in C. reinhardtii Exposed to
Sublethal Levels of IHg and MeHg. Amino Acid
Metabolism. Exposure to IHg and MeHg induced a significant
dysregulation of the amino acid metabolism of C. reinhardtii
(Figures 4—6). Amino acids represent structural units of the
proteins and polypeptides, as well as serve as precursors for the
synthesis of various metabolites with multiple functions in algal
growth and other biological processes.”’ > A significant
increase (p < 0.05) in the relative abundance of 21 amino
acids was observed in both IHg and MeHg treatments,
implying an acceleration of the amino acid synthesis and/or
degradation of proteins, as well as an active defense of C.
reinhardtii from the stress induced by Hg compounds. As
amino acids are part of the aminoacyl-tRNA biosynthesis, the
increase in their abundance suggests that the exposure to both
IHg and MeHg affects the synthesis of proteins that are central
to algal growth. Similarly, the aminoacyl-tRNA biosynthesis in
the aquatic plant Elodea nuttallii was affected by exposure to
Cd and MeHg.*

Aspartate, generated by transamination of oxaloacetate, a
tricarboxylic acid (TCA) cycle intermediate, accumulated in
cells exposed to IHg and MeHg. Aspartate serves as a precursor

for the biosynthesis of other amino acids: asparagine,
homoserine, threonine, lysine, and isoleucine,” which were also
accumulated (Figure 4). This finding is in line with our
previous transcriptomics study,”> showing that several genes
driving the synthesis of amino acids were downregulated after
exposure to IHg and MeHg [ASK1 coding for aspartate kinase;
DPS1 gene for dihydrodipicolinate synthase, HSK1 for
homoserine kinase (thrB1), and AADI for acetohydroxyacid
dehydratase]. The ASNS gene that codes for asparagine
synthase, which catalyzes amidation of aspartate to asparagine,
was downregulated in the MeHg treatment.”> The down-
regulation of genes may be a compensatory response to the
accumulation of amino acids. Indeed, metabolites not only are
the final product of gene transcription but also can regulate
gene transcription.

Glutamate, glutamine, ornithine, citrulline, arginine, and
histidine biosynthesized from the TCA metabolite a-
ketoglutarate®' increased in cells exposed to both IHg and
MeHg (Figure S). Glutamine is part of the glutamine—
glutamate cycle responsible for ammonia assimilation by C.
reinhardtii.”® The present findings are consistent with our
previous transcriptomics results showing that genes GLNI,
coding for glutamine synthetase, and GSFI1, coding for
ferredoxin-dependent glutamate synthase, were significantly
upregulated in the MeHg treatment.”” The assimilation of
ammonia to glutamine and glutamate is catalyzed by the
enzymes glutamine synthetase, glutamate synthase, and
glutamate dehydrogenase. Glutamine synthetase also plays an
important role in nitrate assimilation.*” Therefore, these results
suggest that assimilation of ammonia and nitrate is likely to be
accelerated, supporting the finding that the levels of amino
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acids have been increased. In addition, gene GDH1, coding for
the glutamate dehydrogenase 2, which catalyzes the trans-
formation of glutamate to ammonium and a-ketoglutarate, was
significantly downregulated in the MeHg treatment.”

The increase in the abundance of histidine observed in this
study was consistent with significant downregulation of several
genes coding for enzymes involved in different steps of the
histidine biosynthesis, as observed in MeHg exposures in our
previous study:*> RPPKI-ribose-phosphate pyrophosphoki-
nase; HDH1-histidinol dehydrogenase, and HIS3-imidazole-
glycerol-phosphate dehydratase. Histidine is an amino acid
needed for growth and development of algal cells, therefore the
accumulation observed here reveals an influence of Hg
treatments on algal growth and cell development.

Proline plays an important role in osmo- and redox-
regulation, metal chelation, and scavenging of free radicals
induced by different metals including Hg in plants.**** Proline
accumulation in cells exposed to IHg and MeHg could be a
defense response to oxidative stress and enable Hg complex-
ation. As in plants, there are two alternative pathways in C.
reinhardtii that are involved in the proline biosynthesis: the
direct glutamate pathway and the ornithine pathway, where
glutamate is first converted to ornithine.”” In our previous
studies, PCR1 gene—pyrroline-S-carboxylate reductase—was
upregulated in C. reinhardtii after exposure to MeHg.*” The
PCR1 gene encodes the enzyme A 1-pyrroline-5-carboxylate
reductase, which controls the conversion of A 1-pyrroline-5-
carboxylate to proline by the NADPH.*”

Alanine, leucine, and valine are biosynthesized from pyruvate,
a common metabolite of the intermediary metabolism.” They
were significantly accumulated in Hg-exposed cells (Figure
6A). Alanine can be synthesized by reversible transamination of
pyruvate with glutamate, which is catalyzed by alanine
aminotransferase (AAT). The gene coding for AAT1 alanine
aminotransferase is upregulated in IHg and MeHg treat-
ments.”> AAT is thought to play a role in photorespiration
because of the ability of AAT to transaminate glyoxylate to
glycine using glutamate as an amino donor.” Pyruvate also can
be transaminated to alanine, a process catalyzed by alanine-
glyoxylate aminotransferase (AGT1), but it is not considered
to have a significant role in alanine synthesis.” Interestingly,
the gene AGT1, coding for alanine-glyoxylate aminotransfer-
ase, was upregulated significantly only in the MeHg treatment
not in the IHg treatment. The gene BCAIl coding for
branched-chain amino acid aminotransferase, involved in the
biosynthesis of leucine from pyruvate, was upregulated in both
IHg and MeHg treatments.”” Leucine serves as an oxidative
phosphorylation energy source.*> The solely ketogenic amino
acids, lysine, valine, and leucine, will be converted to acetyl-
CoA and will presumably be used as a substrate for the TCA
cycle or contribute to pools for fatty acid synthesis.** Using a
C. reinhardtii mutant bkdElq, it was shown that leucine,
isoleucine, and valine, amino acids with a branched aliphatic
chain, contribute to triacylgl;rcerol metabolism by providing
carbon precursors and ATP." Indeed, leucine, isoleucine, and
valine and their degradation products were shown to include
acetyl-CoA, potential substrates for de novo fatty acid
synthesis.**

Levels of aromatic amino acids, phenylalanine, tyrosine, and
tryptophan, derived from phosphoenolpyruvate, were signifi-
cantly enhanced in Hg treatments (Figure 6B). Phenylalanine
and tyrosine are precursors for the synthesis of pigments,
including the carotenoids and PQ, respectively, via coumarate

and acetoacetyl-CoA." Carotenoids are bound to the protein
complexes of the photosystem I and II of C. reinhardtii and
known to protect the photosynthetic apparatus against photo-
oxidative damage.”” Therefore, the increased levels of phenyl-
alanine and tyrosine suggest the acceleration of biosynthesis of
carotenoids and enhanced cellular defense mechanisms. The
accumulation of these amino acids concorded with the
previously observed downregulation of multiple genes involved
in their biosynthesis, in particularly in MeHg treatments.”> For
example, AGD1 gene coding for arogenate/prephenate
dehydrogenase and PRD1 and TSA for tryptophan synthetase
a-subunit were downregulated in MeHg exposure.”

Concentrations of two other amino acids, glycine and serine,
were significantly increased by exposure to both IHg and
MeHg (Figure 6C). Usually, these amino acids are synthesized
by the photorespiratory glycolate cycle in algae,” so their
accumulation could be interpreted as an acceleration of the
photorespiratory activity, probably to produce the energy
required for the synthesis of different defense components
needed to cope with the stress induced by Hg treatments. This
correlates well with the observed accumulation of glycolate
(Figure SS), a photorespiratory intermediate. Photorespiration
is one of the major carbon metabolism pathways in
photosynthetic organisrns;51 therefore, the present results
could indicate an acceleration of the C-metabolism of C.
reinhardtii due to IHg and MeHg exposure. The possible
acceleration of photorespiration is consistent with the
upregulation in the MeHg treatment of the RbcS gene coding
for ribulose-1,5-bisphosphate carboxylase/oxygenase, which
catalyzes carbon fixation to phosphoglycolate, and the PGP1
gene coding for phosphoglycolate phosphatase/4-nitrophenyl-
phosphatase, involved in phosphoglycolate to glycolate
conversion.”> Possible acceleration of the photorespiratory
glycolate cycle and the consequent increase of the serine
concentration also corroborate with the upregulation of the
SHMT1 and SGAI1 genes after exposure to [Hg and MeHg.*”
SGA1 coding for serine glyoxylate aminotransferase catalyzes
the conversion of glyoxylate to glycine via serine. In addition,
SHMT1 gene coding for serine hydroxymethyltransferase
catalyzes the second step of the serine synthesized from two
molecules of glycine in a two-step process via the glycine
decarboxylase complex and serine hydroxymethyltransferase.’”
However, the ratios of glycine to serine, used as indicators of
photorespiratory activity,”> were comparable in IHg exposure
(IHgl: 0.56 + 0.04; IHg2: 0.63 + 0.08), MeHg exposure
(MeHgl: 0.55 + 0.04; MeHg2: 0.57 = 0.09), and in the
unexposed control (C: 0.56 + 0.10). Glycine and serine can
also be synthesized by a non-photorespiratory pathway, the
phosphorylated pathway,” which could probably be accel-
erated. The phosphorylated serine pathway is catalyzed by the
PGD1, PST1, and PSP1 enzymes; however, the gene coding
for p-3-phosphoglycerate dehydrogenase (PGD1), for phos-
phoserine aminotransferase (PST1), and for phosphoserine
phosphatase (PSP1) were not among the significantly
dysregulated genes in IHg and MeHg exposure.”> These
findings are in line with the increase in the maximum
photosynthetic yield in MeHg treatments (Figure S6).

The accumulation of numerous amino acids could also
contribute to chelation of Hg** and CH;Hg" ions inside the
cells."* The results from this study are consistent with the
published studies demonstrating an accumulation of free
amino acids in the green alga Scenedesmus vacuolatus exposed
to prometryn,” Chlorella vulgaris to boscalid,”* and Dunaliella
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tertiolecta to diuron.”> Such an accumulation suggests
alteration of the energy metabolism associated with the
activation of catabolic processes and use of protein for the
energy supply.'' An increase in amino acid pools under stress
conditions has been also reported in sulfur-depleted C.
reinhardtii cells®® and in C. reinhardtii under hyperosmotic
stress.”” However, the present findings for IHg and MeHg are
opposite to the decrease of some of the amino acids (lysine,
arginine, and glutamine) observed in copper exposure of other
green algae Chlorella sp.,sg’59 Scenedesmus quadricauda,éo and
diatom Tabellaria flocculosa (Roth) Kiitzing.61

Nucleobase/-Tide/-Side Metabolism. The metabolism of
both pyrimidine and purine derivatives was significantly
affected in algae exposed to IHg and MeHg (Figures S7 and
S8). The pyrimidine nucleobases, cytosine and wuracil, signifi-
cantly increased, as well as the corresponding nucleotides/-
sides, cytidine monophosphate (CMP) and wridine. Interest-
ingly, the levels of these metabolites were greater at lower IHg
concentrations (IHgl) than at higher exposure (IHg2),
whereas in the MeHg exposure, their relative abundance
increased with the exposure concentration. The above
observation is consistent with the increase of glutamine and
aspartate, amino acids used for biosynthesis of uridine
monophosphate and CMP nucleotides. The thymidine mono-
phosphate metabolism seems unaffected by Hg-treatments.
Pyrimidine nucleotides are involved in the synthesis of
glycogen and phospholipids, which seems to accelerate due
to exposure to rnercury.62 CMP accumulation is consistent
with upregulation, for MeHg treatments, of the genes coding
for CDP-ethanolamine: DAG ethanolamine phosphotransfer-
ase, which catalyzes the conversion of CDP-choline and 1,2-
diacylglycerol to CMP and a phosphatidylcholine.””

The purine metabolites (AMP, adenosine, adenine, hypoxan-
thine, xanthine, guanosine, and guanine) significantly accumu-
lated in algae exposed to both IHg and MeHg as compared
with unexposed controls (Figure S8). However, their
abundances increased with the exposure concentration only
for MeHg. No significant changes in the abundance of other
nucleobases/-tides/-sides such as IMP, GMP, and inosine were
observed. Such nucleobase accumulation after Hg treatments
could be related to an acceleration of their synthesis, a
respective nucleoside/nucleotide degradation, and salvaged for
reincorporation into nucleotides. Indeed, the DNA and RNA
could be hydrolyzed by nucleases to yield a mixture of
polynucleotides, which are transformed to mononucleotides.
They are further converted by the nucleosidases to nucleo-
sides, which undergo phosphorolysis to yield the nucleobase.
In our previous study, FAP215 gene coding for nucleotidase
and flagellar-associated grotein was downregulated in both IHg
and MeHg treatments, % in agreement with the accumulated
nucleosides (adenosine, guanosine, and hypoxanthine).

The above results indicate a significant upregulation of the
pyrimidine and purine metabolism of C. reinhardtii by exposure
to sublethal IHg and MeHg concentrations. Pyrimidine and
purine nucleotides are structural units of the nucleic acids
DNA and RNA.”> Therefore, the present results suggest an
acceleration of DNA and RNA synthesis and turnover. They
are in good agreement with the amino acid upregulation as the
amino acids serve as precursors for a wide varietg of
metabolites including purine and pyrimidine nucleotides.”

Antioxidant Metabolism. Exposure to both IHg and MeHg
led to a significant increase of reduced glutathione (GSH) after
Hg treatments (Figure SS). Since GSH is central to redox

control in the cell,®® this finding suggests an activation of the

defense mechanism against the oxidative stress due to exposure
to IHg and MeHg. GSH acts as a redox buffer for the
protection of cells against the reactive oxygen species (ROS)
produced by Hg.'” Indeed, no significant generation of the
ROS or membrane damage was found in C. reinhardtii exposed
to IHg and MeHg (Figure S6). GHS is a precursor of
phytochelatin [(—Glu—Cys),—Gly with n = 2—11, PCn]
synthesis, which is activated by different toxic metals including
Hg.** PCns are considered major intracellular chelators for Hg
detoxification.'” GSH is also an important metal chelator in
plant cells and may also contribute to Hg detoxification.’®
Indeed, GSH is an important thiol involved in Hg
sequestration in green algae.66 However, exposure to IHg
resulted in a significant decline in GSH cellular concentrations
in other green algae, such as Cosmarium conspersum and
Chlorella autotrophica;®” it may reflect consumption of GSH
after the interaction with ROS. In this study, for a comparable
exposure concentration, IHg induced a significant depletion of
GSH in comparison with MeHg, suggesting higher potency of
IHg to induce PCn than that of MeHg. This is in line with the
existing literature, showing formation of IHg—PCn complexes
in green algae® and lower PCn induction capability of MeHg
in the diatom cells.”” GHS concentration in C. reinhardtii
decreased during exposure to Cu,”””" whereas Cd exposure
increased GHS concentrations as an antioxidant response by
cells.”"”* The increase in GSH observed here is consistent with
the previously observed upregulation of genes coding for
glutathione peroxidase, an enzyme catalyzing the formation of
glutathione disulfide (GS-SG) for GSH, in MeHg (GPX3) and
IHg (GPXS) treatments.”

Ascorbic acid accumulated in C. reinhardtii cells after IHg and
MeHg treatments. Ascorbic acid is a cellular antioxidant, and it
is involved in different cellular processes associated with
photosynthetic functions and stress tolerance.”> Increased
concentrations of ascorbate could also play a role in
preservation of the GSH pool and maintenance of the cellular
redox balance by forming a primary barrier to ROS.”> The
accumulation of ascorbic acid showed that the antioxidant
defense system of C. reinhardtii was activated by the IHg and
MeHg treatments. Ascorbic acid is also known to play an
important role in plant cell photoprotection.”*

Contrary to this finding, exposure to 107 mol L™' IHg
concentrations depleted ascorbic acid in the green alga
Coccomyxa subellipsoidea;”> however, the concentrations of
IHg were 2 X 10 to 2 X 10* times higher than those used in
the present study. Micromolar concentrations of IHg are
known to induce a rapid increase in ROS in the alga
Chlamydomonas at micromolar doses."””® However, for IHg
and MeHg concentrations comparable with those in the
present work, no significant oxidative stress in C. reinhardtii
was observed.””’” The above results suggest that the algal cells
limit ROS enhancement through an efficient antioxidant
response at the metabolic level, well before the effects are
observed physiologically.

Carboxylic Acid Metabolism. Three of the TCA
intermediates (citric, succinic, and malic acids) were
significantly increased after IHg treatment (Figure SS). The
effect was more pronounced in IHg treatments since for the
MeHg treatments, only the level of succinic acid was
significantly enhanced. The changes in concentrations of citric
and malic acids after MeHg treatment were not statistically
significant (p > 0.05) (Figure SS). Similar to that in IHg
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exposure, the concentrations of citric, succinic, and malic acids
increased significantly in Poterioochromonas malhamensis
exposed to Ag and AgNPs,"> as well as the level of malic
acid in Scenedesmus obliquus exposed to AgNPs.”® By contrast,
a decrease in the TCA intermediates was observed in the
diatom T. flocculosa exposed to high Cu concentrations.”” As
the TCA cycle is the core of the cell’s respiratory machinery, it
is likely that the increase in TCA intermediates observed here
could be related to an increase in energy production necessary
for the manufacture of defense compounds needed to cope
with Hg-induced stress. The above findings are consistent with
the observed alteration of genes involved in the TCA cycle.””
Gene IDH3, coding for NAD-dependent isocitrate dehydro-
genase and NADP-dependent isocitrate dehydrogenase, which
catalyzes the first carbon oxidation in the TCA cycle (ie.,
oxaloacetate — 2-oxoglutarate), were downregulated by MeHg
but not by IHg The succinate-to-fumarate conversion is
catalyzed by the succinate dehydrogenase; succinate dehydro-
genase 1-1 and succinate dehydrogenase were both strongly
downregulated by MeHg, whereas only succinate dehydrogen-
ase 1-1 was downregulated in IHg treatments. MDH1—NAD-
dependent malate dehydrogenase—was downregulated by
both IHg and MeHg treatments, whereas MDH2—NADP-
dependent malate dehydrogenase, chloroplastic—was upregu-
lated in IHg and MeHg treatments. Malate dehydrogenase is
part of the second carbon oxidation and catalyzes the
conversion of 2-oxoglutarate to oxaloacetate.

Carbohydrate Metabolism. Of the 13 carbohydrates that
were analyzed, only three were above detection limits and
quantified: glucose/galactose, sucrose, and maltose. Only the
increase in abundance of maltose was statistically significant (p
> 0.05) in cells treated with IHg or MeHg. Maltose is produced
from starch and similar compounds in plants and can be
further hydrolyzed to glucose by the enzyme maltase.*’
Maltose metabolism in plants is considered to make a “bridge
between transitory starch breakdown and the plants’
adaptation to changes in environmental conditions”.*" Micro-
algae store fixed carbon as starch in their chloroplasts. As
needed, starch is converted to maltose and exported from the
chloroplast to the cytosol, where maltose is converted to
glucose, used as an energy source.®” This suggests that algae
exposed to IHg or MeHg experience impaired carbohydrate
biosynthesis. Accumulation of maltose and no changes in the
glucose abundance suggest that conversion of starch to maltose
was accelerated as an energy supply. This last suggestion is
consistent with the upregulation of the MEX1 gene coding for
maltose exporter-like protein, MEX1, which was shown to be
essential for starch degradation in C. reinhardtii.*’ Similarly,
AMYA1 a-amylase-like 3 gene was upregulated in C. reinhardtii
by exposure to a comparable concentration of MeHg.”* Taken
together with the alteration of the amino acid metabolism,
TCA cycle, and carbohydrates, this finding suggests the
activation of catabolic processes to restore energy balance in
cells exposed to Hg compounds.

Fatty Acid Metabolism. Among the eight fatty acids
considered, two saturated acids [i.e., palmitic (hexadecanoic
acid, 16:0) and stearic (octadecanoic acid, 18:0) acids] and two
unsaturated acids [i.e., linolenic (C 9,12,15 double bonds) and
linoleic (C 9,12 double bonds) acids] accumulated in cells
exposed to IHg (Figure S9). After MeHg exposure, only
palmitic acid increased significantly, whereas the changes in the
abundance of linoleic acid, linolenic acid, and stearic acid were
not significantly different from that in the unexposed control

(all p > 0.05). Similar changes in fatty acid composition have
been frequently observed in algae under toxic metal stress.**
Exposure to Cu resulted in an increase in the concentration of
palmitic acid in T. flocculosa.”” AgNPs and dissolved Ag
induced an accumulation of linolenic acid, whereas arachidic
and stearic acids were depleted in P. malhamensis."> Exposure
to AgNPs and AgNOj; reduced the abundance of mono-
unsaturated and polyunsaturated fatty acids of the green
microalga C. vulgaris.”> The results suggest that algae exposed
to IHg, and in a lower degree to MeHg, remodel the
membrane fluidity to make it more tolerant to oxidation, thus
preserving membrane integrity under oxidative stress con-
ditions.*® Indeed, palmitic acid is known to be less prone to
oxidation than other fatty acids.*® A perturbation of the
metabolism of fatty acids could also change the cellular energy
budget.®’”

An increase in ethanolamine abundance was only observed in
the IHg exposure, indicating alteration of the glycerophospho-
lipid biosynthesis pathway by IHg. As glycerophospholipids are
the main component of cell membranes, a decrease of those
compounds can compromise membrane integrity. Opposite to
the present finding, a decrease in ethanolamine was observed
in other ghytoplankton species such as Chlorella sp. exposed to
copper.”

Overall, the present targeted metabolomics study provides
for the first time information on the metabolic perturbations in
the green alga C. reinhardtii exposed to sublethal concen-
trations of IHg and MeHg and thus serves to improve
biological understanding of the molecular basis of these
perturbations. The results revealed that during exposure to IHg
and MeHg the alga accumulates metabolites involved in
various metabolic pathways corresponding to amino acid and
nucleotide synthesis and degradation, fatty acids, carbohy-
drates, TCA, antioxidants, and photorespiration. Most of the
observed metabolic perturbations were observed in both THg
and MeHg treatments. However, the exposure to IHg induced
more pronounced perturbations in fatty acid and TCA
metabolism than the exposure to MeHg. The observed
metabolic perturbations were generally consistent with
previous transcriptomics results for C. reinhardtii exposed to
IHg and MeHg. The results show that metabolites respond
faster to IHg and MeHg exposure than algal physiology and
demonstrate the potential of metabolomics for toxicity
evaluation, especially to identify biochemical markers and to
detect effects at low toxicant levels and an early stage of
exposure.
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metabolism; box plots of relative abundance of
nucleobases/-tides/-sides of purine metabolism; box
plots of relative abundance of metabolites involved in
fatty acid metabolism and ethanolamine; measured
metabolites and the MS parameters for LC—MS targeted
metabolomics; important features identified by one-way
ANOVA and Fisher’s post-hoc analysis (p < 0.05) in C.
reinhardtii exposed to 5 X 10~° mol L™' IHg (MeHgl)
and § X 107® mol L™ IHg (MeHg2); important features
identified by one-way ANOVA and Fisher’s post-hoc
analysis (p < 0.05) in C. reinhardtii exposed to 5 X 107°
mol L' MeHg (MeHgl) and § X 10™® mol L™' MeHg
(MeHg2); and pathways analysis for IHg exposure
MeHg exposure (PDF)
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