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Mercury species induce metabolic reprogramming in freshwater diatom 
Cyclotella meneghiniana 

João P. Santos a,*,1, Weiwei Li b, Arturo A. Keller b,2, Vera I. Slaveykova a,*,3 

a University of Geneva, Faculty of Sciences, Earth and Environment Sciences, Department F.-A. Forel for Environmental and Aquatic Sciences, Environmental 
Biogeochemistry and Ecotoxicology, 66 Blvd Carl-Vogt, CH 1211 Geneva, Switzerland 
b Bren School of Environmental Science & Management, University of California, Santa Barbara, CA 93106-5131, United States   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Diatom metabolic reprogramming is 
induced by short-term exposure to sub- 
lethal Hg(II) and MeHg concentrations. 

• Hg(II) exposure induces ROS genera-
tion, membrane integrity and chloro-
phyll depletion. 

• MeHg triggers a GSH antioxidant 
response that is evident at the physio-
logical and metabolic levels. 

• Hg(II) and MeHg affected amino acids, 
nucleotides, fatty and carboxylic acids, 
and antioxidant metabolism. 

• At equivalent Hg cellular concentra-
tions, MeHg alters diatom metabolism 
stronger than Hg(II).  
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A B S T R A C T   

Mercury is a hazardous pollutant of global concern. While advances have been made in identifying the detri-
mental effects caused by Hg species in phytoplankton, knowledge gaps remain regarding the metabolomic 
perturbations induced by inorganic mercury (Hg(II)) and monomethylmercury (MeHg) in these organisms. Di-
atoms represent a major phytoplankton group essential in various global biogeochemical cycles. The current 
study combined targeted metabolomics, bioaccumulation, and physiological response assays to investigate 
metabolic perturbations in diatom Cyclotella meneghiniana exposed for 2 h to nanomolar concentrations of Hg(II) 
and MeHg. Our findings highlight that such exposures induce reprogramming of the metabolism of amino acids, 
nucleotides, fatty acids, carboxylic acids and antioxidants. These alterations were primarily mercury-species 
dependent. MeHg exposure induced more pronounced reprogramming of the metabolism of diatoms than Hg 
(II), which led to less pronounced effects on ROS generation, membrane permeability and chlorophyll concen-
trations. Hg(II) treatments presented distinct physiological responses, with more robust metabolic perturbations 
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at higher exposures. The present study provides first-time insights into the main metabolic alterations in diatom 
C. meneghiniana during short-term exposure to Hg species, deepening our understanding of the molecular basis of 
these perturbations.   

1. Introduction 

Mercury occurs naturally in the environment, however, anthropo-
genic activities, mainly since the industrial revolution, have promoted a 
rise in global Hg emissions and cycling, and consequently, an increase in 
its concentrations in environmental compartments [1–3]. Mercury 
continues to be released by industrial activities. For instance, artisanal 
small-scale gold mining account for 37% of Hg emissions and contam-
ination [4]. Additionally, the global electronic waste (e-waste) industry 
is estimated to release approximately 50 tons of mercury annually [5,6], 
further contributing to the increase of Hg contamination. 

In the aquatic environment, the two prevailing mercury species - 
inorganic mercury (Hg(II)) and methylmercury (CH3Hg+, MeHg) - 
accumulate in aquatic organisms, and MeHg biomagnifies along food 
webs, thus presenting a threat to higher-level consumers, including 
humans [7,8]. Increasing research on Hg species uptake [9,10] and its 
detrimental effects on primary producers (e.g. diatoms and green algae) 
revealed that high concentrations of Hg(II) and MeHg induced growth 
rate inhibition, generation of reactive oxygen species (ROS), influence 
on plasma membrane permeability, chlorophyll degradation among 
others [11,12]. However, such physiological endpoints can only 
partially explain the underlying toxicity mechanisms [13]. 

Advances in omics techniques, such as metabolomics, are increas-
ingly employed to assess particular chemical stressor-induced metabolic 
perturbations, understand the mode of action, and provide information 
before physiological effects [14]. Indeed, metabolomic studies have 
enabled a mechanistic understanding of the metabolomic perturbations 
in various phytoplankton species. For instance, increasing Cu levels 
induced different physiological and cellular metabolic responses in 
T. flocculosa and S. quadricauda, leading to fatty acids (FA), glutathione 
and glutathione S-transferase increase as a possible detoxification 
response, and cells entering a metabolic restructuring by changing 
amino acids (AA), FA and sugar concentrations [15,16]. Additionally, 
Zhang, et al. [17] found that Cu and Cd co-exposure leads to a synergetic 
effect inducing membrane degradation, oxidative stress, and photosyn-
thesis inhibition. Qu, et al. [18] demonstrated inhibition of the phos-
phorous assimilation in green alga Chlorella vulgaris after exposure to 
AgNPs due to the dysregulated inositol phosphate metabolism, phos-
phatidylinositol signaling system and glutathione metabolism. Liu, et al. 
[19] revealed that dissolved Ag and AgNPs affect the AA metabolism, 
tricarboxylic acid (TCA) cycle, FA, photosynthesis, photorespiration and 
oxidative stress the golden-brown alga Poterioochromonas malhamensis 
in a time-dependent manner. Similarly, Liu, et al. [20] showed that the 
exposure of C. reinhardtii to TiO2 with primary size of 5, 15 and 20 nm 
resulted in perturbation of the similar metabolism pathways except for 
photosynthesis. 

Recently, two pioneering studies have investigated the impact of 
different mercury species (Hg(II) and MeHg) on the metabolome of 
Euglena gracilis and Chlamydomonas reinhardtii [21,22]. An increasing 
abundance of 21 AA, alteration of the nucleotide metabolism, photo-
respiration and TCA cycle, as well as the metabolism of FA, carbohy-
drates and antioxidants, were found in C. reinhardtii exposed to both Hg 
(II) and MeHg [22]. While cysteine, glutathione, and trisaccharide were 
significantly accumulated in the E. gracilis exposed to Hg(II) compared to 
untreated cultures [21]. Nevertheless, there is still a considerable lack of 
knowledge concerning the metabolomic alterations induced by either 
Hg(II) or MeHg on phytoplankton, even though these organisms play a 
pivotal role in global biogeochemical cycles and food web dynamics. 

Diatoms, a major representative of phytoplankton groups, are ubiq-
uitous in freshwater and marine environments [23]. They are significant 

ecological contributors to ecosystem functioning, accounting for 
approximately 25% of the world’s turnover of silica [24] and potentially 
responsible for sequestering 20% of the global CO2 in the form of lipids 
(e.g. triacylglycerols) and carbohydrates (e.g. chrysolaminarin) [25]. 
Despite diatoms being recognized as an indicator group for water quality 
assessment and a mandatory group for monitoring under the Water 
Framework Directive [26,27], their metabolite profiling in response to 
Hg(II) or MeHg exposure remains unexplored. Therefore, improving this 
knowledge gap is essential for understanding diatom cellular responses 
to potential fluctuations in environmental Hg species concentrations and 
the subsequent impact on the dynamics of Hg-contaminated ecosystems. 

The present study aims to obtain insights into the physiological and 
metabolic alterations of diatom Cyclotella meneghiniana during short- 
term exposure to sub-lethal concentrations of Hg(II) and MeHg. By 
employing targeted metabolomics, we address the following research 
questions: (i) what are the major metabolic pathways affected by Hg(II) 
and MeHg?; (ii) do perturbations in the metabolic pathways exhibit a 
concentration-dependent response?; (iii) are the perturbations similar or 
different for Hg(II) and MeHg? 

2. Material and methods 

2.1. Material cleaning procedure 

All glassware was soaked in nitric acid 10% (HNO3, pro-analysis, 
Merck, Darmstadt, Germany) and hydrochloric acid 10% (HCl pro- 
analysis, Merck) baths for 1 h with sonication. The glassware was 
rinsed with ultrapure water (Milli-Q Direct 8, Merck) and then pyrolyzed 
for 1 h at 550 ◦C. After pyrolysis, all material was autoclaved (30 min, 
121 ◦C and 1 bar, LVSA 50/70, Zirbus Technology, Germany). 

2.2. Cultivation of diatom Cyclotella meneghiniana, biological assays and 
Hg speciation 

Diatom C. meneghiniana (CCAC 0036 strain, Collection of Algal 
Cultures, University of Duisburg-Essen, Germany) was grown in syn-
thetic freshwater medium (SFM, composition in Table S1) at 20 ◦C with 
a light intensity of 100 µmol photons m− 2 s− 1 and a light:dark regime of 
14:10 h. Cultures were maintained inside a culture incubator (Fitotron, 
model SGC120, Weiss Technik UK Ltd., Loughborough, UK) with a 
continuous air supply (~150 mL min− 1) filtered through a capsule filter 
(0.2 µm Aervent®). All experiments were initiated at the same time of 
the day, considering the dependence of the algal metabolic state of the 
growth phase and light exposure [28]. The diatom cells in the 
mid-exponential growth phase were harvested by mild centrifugation 
(4062 g, 20 ◦C, 10 min), rinsed, and re-suspended in simplified SFM 
(exposure medium, Table S1) to a final cell density of (1.05 ± 0.07) ×
106 cells mL− 1, as determined by flow cytometry (FCM, BD Accuri C6, 
BD Biosciences, Allschwil, Switzerland). 

A total of five different conditions were tested. The first condition 
consisted of cells unexposed to mercury, serving as the control treat-
ment. The other four conditions included exposing diatom cells to two 
sub-lethal concentrations of Hg(II) and MeHg. While the selected con-
centrations exceed those found in the natural environments, they are 
relevant for contaminated environments, where concentrations have 
been observed to range from approximately 0.8 - 150 × 10− 9 M [4,6,29]. 
Furthermore, these concentrations corresponded to a growth inhibition 
of 20–40% in C. meneghiniana cells over a 48 h exposure (Fig. S1). The 
short-term exposure was chosen to target early-response metabolites to 
Hg(II) and MeHg, before the emergence of a more general stress 
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response. Diatom growth was not affected during the 2 h exposure as-
says. The measured concentrations in the exposure medium containing 
cells were (8.3 ± 0.44) × 10− 9 M (Hg(II)− 1), (6.5 ± 0.69) × 10− 9 M 
(MeHg− 1), (84 ± 0.51) × 10− 9 M (Hg(II)− 2) and (79 ± 3.3) × 10− 9 M 
(MeHg− 2) (Table S2). The speciation of Hg(II) and MeHg in the expo-
sure medium was modeled using Visual Minteq (Version 3.2, Table S3). 
Briefly, parameters comprised 20 ◦C, pH = 7.0, macronutrients 
described in Table S1, and Hg species added described in Table S2. For 
both Hg(II) exposures, > 99.8% of Hg was in the form of Hg(OH)2, while 
for both MeHg exposures, > 99.5% of MeHg was in the form of 
(CH3Hg)2OH+. 

After 2 h of exposure, mercury uptake, physiological endpoints, and 
metabolic perturbations caused by Hg species were assessed in detail 
below. 

2.3. Mercury uptake in C. meneghiniana exposed to Hg(II) and MeHg 

The uptake of Hg(II) and MeHg by diatom C. meneghiniana was 
determined by measuring the cellular concentration of total mercury 
(THg) since, in these cells, the potential for demethylation trans-
formation was found to be negligible (with only approximately 0.17% 
observed during a 2-hour exposure) and no methylation of Hg(II) 
detected [30]. Briefly, 45 mL of diatom suspension was collected, 
centrifuged (4062 g, 4 ◦C, 10 min), rinsed with Hg-free exposure me-
dium to remove the loosely bound mercury from the diatom surface and 
then digested in ultrapure HNO3 (65% w/w, EMSURE®; Merk Millipore, 
Germany) at 85 ◦C during 12 h as described in Santos, et al. [31]. THg 
concentrations in the digested cells and exposure medium were 
measured using a MERX® Automated Total Mercury Analytical System 
(Brooks Rand Instruments, Seattle, WA, USA). The instrumental linear 
working range of MERX-T is between 0.08 and 400 ng/L. Linearity was 
assessed over the range of 20 to 10,000 pg of the analyte mass by con-
structing a calibration curve (Fig. S2) with seven standard concentra-
tions. Each standard was analyzed at least twice. The calibration curve 
was plotted and displayed a 99% confidence level (R2 > 0.99). All 
accepted values met the quality control acceptance criteria defined by 
US EPA method 1631 [32]. The limit of detection (LOD) of the method is 
0.0014 ng g− 1 and the limit of quantitation (LOQ) of 0.0044 ng g− 1, as 
previously described [31]. The accuracy of the measurements was 
checked by analyzing certified reference material of unicellular micro-
alga Scenedesmus obliquus (IAEA-450). The recovery efficiency was 93.6 
± 5.0%. Statistical analysis of the results was assessed using a student’s 
t-test in the GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, 
USA). 

2.4. Physiological effects of Hg(II) and MeHg in C. meneghiniana 

The physiological responses of C. meneghiniana to Hg(II) and MeHg 
were characterized by determining the generation of cellular reactive 
oxygen species (ROS), the alterations in membrane integrity, and total 
chlorophyll and carotenoid concentrations. Unexposed diatoms were 
used as a negative control. 

Cellular ROS levels were determined by FCM (FL1 channel) after 
staining the cells with 1 μM CellROX® Green reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) in the dark [12]. Diatoms exposed to 1 ×
10− 4 M H2O2 for 30 min prior to staining with CellROX® Green were 
used as a positive control. Membrane integrity was also assessed by FCM 
(FL2 channel) after 30-min incubation with 7 × 10− 6 M propidium io-
dide (PI, Acros Organics, Geel, Belgium) in the dark [12]. Diatoms 
treated at 90 ◦C for 15 min were used as a positive control for PI 
detection. 

Total chlorophyll and carotenoid concentrations were quantified 
following previously published procedures [33,34]. Briefly, fresh 
diatom material was collected after exposure and sonicated for 1 min in 
ice cold bath. Next, the pigments were extracted at 4 ◦C in the dark for 
24 h by incubating diatom pellets in 90% acetone (v/v) and in 100% 

methanol for measurement of the total chlorophyll and carotenoid 
concentrations, respectively. The absorbance of the cellular extracts was 
measured by spectrophotometry (Lambda 365 spectrophotometer, Per-
kinElmer, Waltham, MA) at wavelengths corresponding to the maximum 
absorption of the selected pigments and applying the equations with the 
molar extinction coefficient of the pigments [33,34]. Physiological re-
sults were analyzed using parametric statistical test one-way ANOVA 
followed by the Tukey Kramer HSD test in GraphPad Prism 9 software. 

2.5. Liquid chromatography - mass spectrometry (LC-MS) targeted 
metabolomics 

At the end of the exposure, the cells were collected and placed in 
liquid nitrogen to stop metabolic activity, then transferred to − 80 ℃ for 
24 h and freeze-dried (Beta 1–8 LSCplus, Christ®, Martin Christ 
Gefriertrocknungsanlagen GmbH, Germany). Metabolites, including 
antioxidants, AA, organic acids/phenolics, nucleobase/side/tide, sugar/ 
sugar alcohols and FA, were extracted in 80% methanol containing 2% 
formic acid, following a previously developed methodology [19,20,22]. 
Targeted analysis of these metabolites was performed using an Agilent 
6470 liquid chromatography triple quadrupole mass spectrometer ac-
cording to previously established methods [20,35]. The MS parameters 
are provided in Table S4. Of the 82 metabolites analyzed, 40 were found 
above their detection limits and present in all samples. 

Statistical analysis of the targeted metabolomic data was performed 
using MetaboAnalyst 5.0 [36]. Metabolite concentrations were first 
adjusted using the batch effect correction function (Table S5). Data were 
normalized using the probabilistic quotient normalization by the unex-
posed control treatment and auto-scaled as described in Xia and Wishart 
[37]. One-way analysis of variance (ANOVA) followed by Fisher’s LSD 
post-hoc analysis with p < 0.05 was performed to identify the metabo-
lites differing between Hg(II) and MeHg exposure at different concen-
trations and control (Table S6). Unsupervised Principal Component 
Analysis (PCA) and Supervised Partial Least Squares - Discriminant 
Analysis (PLS-DA) were completed to get a global overview of the 
metabolic alterations. The variable importance in the projection (VIP) 
values greater than 1 were considered significant and responsible for 
group separation [38]. Cluster analysis was performed using Euclidean 
distance and Ward clustering algorithm of the responsive metabolites 
detected by PLS-DA VIP score and ANOVA analysis. The changes 
observed in the normalized abundance of the measured metabolites 
produced by MetaboAnalyst 5.0 were further displayed in boxplots using 
GraphPad Prism 9. 

The responsive metabolites were further considered in the pathway 
analyses to identify the most relevant pathways altered [36]. Pathway 
analysis was performed with MetaboAnalyst 5.0 with respect to the 
KEGG pathway built-in metabolic library of green alga Chlorella varia-
bilis [39]. Pathways with a threshold > 0.1 were considered as signifi-
cantly dysregulated. 

3. Results and discussion 

3.1. Accumulation of Hg(II) and MeHg by Cyclotella meneghiniana 

Exposure to Hg(II) and MeHg resulted in a significant increase in THg 
cellular burden (Fig. 1) compared to the unexposed control treatment, 
which presented a concentration of (2.18 ± 0.25) × 10− 5 THg pg cell− 1. 
Values presented are average ± SD. At the lower exposure concentra-
tions (Hg(II)− 1 and MeHg− 1), significant differences in cellular THg 
concentrations (p < 0.001) were observed between Hg species treat-
ments, with higher cellular THg in the MeHg− 1 exposure. No differ-
ences in cellular THg concentrations were found between treatments at 
the higher concentrations (Hg(II)− 2 and MeHg− 2). These results are 
consistent with existing literature for exposure to sub-lethal Hg(II) and 
MeHg concentrations. For instance, for comparable exposure concen-
trations in the (sub-)nanomolar range, higher accumulation of MeHg in 
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comparison with Hg(II) was observed in C. meneghiniana [40], 
C. reinhardtii [12] and Synechocystis sp. [41]. 

Speciation calculations, as shown in Table S3, indicate that under our 
experimental conditions, Hg(II) predominantly forms neutral complex, 
Hg(OH)2, which has been shown to cross cell membranes via passive 
diffusion [42,43]. MeHg primarily formed positively charged complex, 
(CH3Hg)2OH+, which is likely to penetrate the cell membrane via 
transporters [44], involving specific transport proteins for metals and 
AA [12]. At higher exposure concentration, the saturation of the trans-
porters in MeHg exposure [45] could have taken place, whereas the 
passive diffusion would continue to increase linearly with the Hg(II) 
exposure concentration, possibly explaining the observed similarity 
between the cellular concentrations at higher exposure concentration of 
the two Hg species. 

3.2. Effect of Hg(II) and MeHg exposure on diatom physiology 

Short-term exposure of diatom cells to Hg(II) and MeHg indicated 
distinct physiological responses. For MeHg treatments, no significant 
changes were detected after a 2-hour exposure (Fig. 2 and Figs. S3-S6) 
for the following parameters: ROS generation (3.3 ± 1.0% and 3.2 
± 1.4% for MeHg− 1 and MeHg− 2, respectively), membrane integrity 
(17.2 ± 1.3% and 18.3 ± 2.5% for MeHg− 1 and MeHg− 2, 

respectively), carotenoid concentration ((4.9 ± 1.1) × 10− 7 and (4.1 
± 0.5) × 10− 7 µg cell− 1 for MeHg− 1 and MeHg− 2, respectively) and 
total chlorophyll concentration ((1.4 ± 0.3) × 10− 6 and (1.3 ± 0.07) 
× 10− 6 µg cell− 1 for MeHg− 1 and MeHg− 2, respectively) when 
compared with the unexposed treatment (2.9 ± 1.8% for ROS genera-
tion, 16.1 ± 1.3% for membrane integrity, (9.7 ± 2.4) × 10− 7 and (4.4 
± 0.2) × 10− 7 µg cell− 1 for total chlorophyll and carotenoids, respec-
tively). Hg(II) exposure resulted in increased cellular ROS generation 
(12.1 ± 4.8% and 13.4 ± 7.4% for Hg(II)− 1 and Hg(II)− 2 respectively) 
with a significant difference for Hg(II)− 2 treatment (Fig. 2, Fig. S3). 
Additionally, chlorophyll autofluorescence was affected in both Hg(II) 
treatments (Fig. S4), suggesting that the increased ROS production 
induced by Hg(II) exposure affected diatom photosynthesis. This 
decrease correlates with the significant decrease in total chlorophyll 
concentration (Fig. 2) in both Hg(II) treatments ((6.2 ± 0.5) × 10− 7 and 
(5.8 ± 0.3) × 10− 7 µg cell− 1 for Hg(II)− 1 and Hg(II)− 2 respectively), 
along with a decreasing trend of carotenoid cellular concentration 
(Fig. S5, (3.6 ± 1.4) × 10− 7 and (3.4 ± 0.9) × 10− 7 µg cell− 1 for Hg(II)−
1 and Hg(II)− 2, respectively) compared to the unexposed control. 
Lastly, the increased ROS production in Hg(II) treatments correlates 
with the results of membrane integrity (Fig. 2, Fig. S6). Hg(II) treat-
ments displayed an increasing trend in membrane integrity (Hg(II)− 1: 
22.9 ± 1.3%, p = 0.1443 and Hg(II)− 2: 23.6 ± 4.7%, p < 0.05) in 
comparison with the control, which is expected since the excess of ROS 
can induce oxidative damage to lipids (e.g. alteration of the membrane 
permeability), proteins (e.g. changes in AA) and DNA [46]. Metals, 
including mercury, have been shown to induce excessive ROS produc-
tion in algae by damaging photosynthetic systems, impacting 
iron-mediated processes, or decreasing the antioxidant pool [11,47]. 
Excessive ROS generation has been observed in phytoplankton species 
and is believed to depend on exposure concentration and Hg species. For 
instance, ROS production in Microcystis aeruginosa increased after 24 h 
exposure to concentrations > 50 × 10− 9 M but not at concentrations 
< 25 × 10− 9 M Hg(II) [48]. For concentrations between 10− 10 and 10− 8 

M of both Hg(II) and MeHg, only the 10− 10 M MeHg treatment resulted 
in an increased ROS percentage in C. reinhardtii cells after a 2 h exposure 
[12]. This absence of ROS increase was attributed to an efficient anti-
oxidant response at the gene level [12]. The biosynthesis of pigments, 
fundamental for photosynthesis performance, is known to play a role in 
the antioxidant defense of algae against metal exposure [49,50]. When 
exposed to Hg(II) concentrations of 24.9, 49.9 and 99.8 × 10− 9 M, an 
increase in the pigment production was observed in the cyanobacterium 
M. aeruginosa [48]. Nevertheless, the inhibition of pigment synthesis and 

Control Hg(II)-1 MeHg-1 Hg(II)-2 MeHg-2
0

1×10-3

2×10-3

3×10-3

0

5×10-3

1×10-2

1.5×10-2

Treatments

[T
H

g]
ce

ll
(p

g
ce

ll-1
) [TH

g]cell (pg
cell -1)

✱✱✱

Fig. 1. Cellular mercury content (THgcell) in C. meneghiniana after 2 h-exposure 
to 8.3 × 10− 9 M and 6.5 × 10− 9 M of Hg(II)− 1 and MeHg− 1; 8.4 × 10− 8 M and 
7.9 × 10− 8 M of Hg(II)− 2 and MeHg− 2, respectively. Asterisks indicate sig-
nificant differences between treatments obtained by a Student’s t- 
test (*** p < 0.001). 

Fig. 2. Comparative analysis of the different biological endpoints in diatom cells exposed to Hg(II) (Hg(II)− 1 and Hg(II)− 2), MeHg (MeHg− 1 and MeHg− 2), as well 
as those unexposed to Hg (Control). The left axis describes the percentage of cells with excessive ROS and those with affected membrane integrity; the right axis 
describes the total chlorophyll content per cell. Letters on the chart indicate significant differences between treatments, as determined by one-way ANOVA followed 
by a Tukey test (p < 0.05). 
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degradation, presumably due to the substitution of core-cations with Hg 
(II) and binding to carboxylate groups in chlorophyll, has been recog-
nized as a common effect of Hg(II) exposure [51]. Indeed, total chlo-
rophyll and carotenoid concentrations significantly decreased in green 
alga Scenedesmus quadricauda exposed to micromolar Hg(II) concentra-
tions for 3 days [52]. Notably, the magnitudes of concentrations tested 
exceed those in our current study. Exposure to 369 × 10− 9 M of Hg(II) at 
4 ◦C led to a considerable decrease in chlorophyll a concentration in 
marine diatom Contibriba weissflogii and dinoflagellate Amphidinium 
canterae [53]. Regarding MeHg exposure, in-vivo chlorophyll a mea-
surement after a 2 h exposure of green alga C. reinhardtii to MeHg 
indicated a decrease in the 10 × 10− 9 M MeHg treatment [12]. How-
ever, Protopopov, et al. [54] reported that no significant changes were 
detected on the pigment apparatus during short-term exposure of 
Chlamydomonas moewusiito to similar concentration used in our study 
(10− 7 M MeHg). Considering the data presented, the physiological 
response of phytoplankton seems dependent on Hg species, its concen-
tration, and the type of algal species. However, it is important to note 
that the results were obtained under varying exposure conditions, 
including different Hg concentrations, exposure time, environmental 
conditions (e.g. temperature), and phytoplankton species, making a 
direct comparison less straightforward. 

As mentioned, no significant differences were found in cellular ROS 

production, membrane integrity, or pigment concentrations between 
MeHg treatments and untreated control. This outcome is believed to be 
due to a more efficient activation of the antioxidant system in Cyclotella 
meneghiniana cells, supported by the metabolomic data, which showed a 
significant higher concentration of reduced glutathione (GSH) in both 
MeHg treatments (Fig. 5B). Similarly, Beauvais-Fluck, et al. [55] high-
lighted the capacity of algae to cope with ROS generation through an 
efficient antioxidant response linked to the gene level. GSH and other 
sulfur metabolites are important chelators and scavengers of Hg [51], 
where recently MeHg was shown to bind one glutathione, forming a 1:1 
complex GS-MeHg, which was not the case with Hg(II) [41], and thus, 
aligning with our findings. In summary, our results showed that, in 
short-term exposure, the physiological response in diatom cells is pri-
marily triggered by Hg(II) and not MeHg. 

3.3. Metabolic response of C. meneghiniana to Hg(II) and MeHg exposure 

In the analysis, 82 metabolites were considered, encompassing the 
major groups of primary metabolites, including AA, antioxidants, FA, 
nucleobase/side/tide, organic acids/phenolics and sugars/sugar alco-
hols. Of the 82 analyzed metabolites, 40 were present and quantified in 
all Hg treatments and the control. To gain a comprehensive under-
standing of the effects of the different treatments, we conducted an 

Fig. 3. (A) Principal component analysis (PCA) and (B) partial least-squares discriminate analysis (PLS-DA) score plots of the metabolic profiles in Cyclotella 
meneghiniana exposed to 8.3 × 10− 9 M and 8.4 × 10− 8 M of Hg(II) for Hg(II)− 1 and Hg(II)− 2 as well as 6.5 × 10− 9 M and 7.9 × 10− 8 M of MeHg for MeHg− 1 and 
MeHg− 2, with untreated control (5.1 ×10− 11 M THg). (C) Heatmap of the responsive metabolites. Metabolites and samples are clustered hierarchically for better 
visualization using Euclidian distance measure and Ward cluster algorithm based on the normalized data. The PCA, PLS-DA score plots and heatmap were generated 
using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). 
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Fig. 4. Box plots of the normalized relative abundance of amino acids with significant alterations were obtained in the ANOVA and PLS-DA VIP scores analysis. (A) 
α-ketoglutarate-derived amino acids: arginine, histidine, proline, glutamine, ornithine and citrulline; (B) Pyruvate – derived amino acid: leucine and valine; (C) 
Phosphoenolpyruvate derived amino acids: phenylalanine, tyrosine and tryptophan; (D) Oxaloacetic acid derived amino acids: lysine and methionine; (E) Photo-
respiratory glycolate pathway: serine. Five treatments exposed to 8.3 × 10− 9 M and 8.4 × 10− 8 M of Hg(II) for Hg(II)− 1 and Hg(II)− 2 as well as 6.5 × 10− 9 M and 
7.9 × 10− 8 M of MeHg for MeHg-1 and MeHg-2, with untreated controls included. All conditions were performed in triplicate. Asterisks (*) indicate significant 
differences (p < 0.05) between treatments and controls determined by ANOVA analysis. 
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Fig. 5. Box plots of the normalized relative abundance concentrations of fatty acids, organic acids, antioxidants and amino acids. (A) unsaturated and saturated fatty 
acids: linolenic acid, myristic acid, linoleic acid, pentadecanoic acid and palmitic acid; (B) antioxidants: glutathione reduced; (C) nucleobase/side/tide: guanosine, 
cytidine monophosphate (CMP), hypoxanthine, uridine and inosine; (D) organic acids: citric acid and succinic acid. Five treatments exposed to 8.3 × 10− 9 M and 
8.4 × 10− 8 M of Hg(II) for Hg(II)− 1 and Hg(II)− 2 as well as 6.5 × 10− 9 M and 7.9 × 10− 8 M of MeHg for MeHg− 1 and MeHg− 2, with untreated controls included. 
All conditions were performed in triplicate. Asterisks (*) indicate significant differences (p < 0.05) between treatments and control, as determined by 
ANOVA analysis. 
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unsupervised principal component analysis (PCA), a supervised partial 
least squares discriminant analysis (PLS-DA), and a clustering analysis 
(Fig. 3). 

The PCA score plot (Fig. 3A) demonstrates the separation of MeHg 
treatments from the control along the first principal component (PC1), 
which explains 55.1% of the total variance. However, the different Hg 
(II) and control treatments do not differentiate clearly. In contrast, the 
PLS-DA presented a clearer separation between MeHg and Hg(II)− 2 
treatments and the control group (Fig. 3B). Nonetheless, there is no 
separation between Hg(II)− 1 treatment and the control group. From the 
PLS-DA VIP score analysis (VIP> 1; Fig. S7) and the multivariate anal-
ysis (ANOVA, p < 0.05, Table S6), 27 metabolites showed significant 
changes in their levels (hereafter responsive metabolites). 

The heatmap clustering of the responsive metabolites (Fig. 3C) 
revealed the presence of three major groups. Group 1 consisted of 11 
metabolites (5 FA, 3 AA, 2 carboxylic acids and 1 nucleotide). These 
metabolites presented reduced concentration levels in response to both 
Hg(II) and MeHg treatments compared to the control. The depletion was 
more pronounced in MeHg treatments, emphasizing the importance of 
Hg speciation. The decrease followed a concentration-dependence 
response for Hg(II) exposures. Groups 2 and 3 included 16 metabolites, 
whose levels increased compared to the control. Group 2 was comprised 
of four metabolites (3 AA and 1 antioxidant). Noteworthy, significant 
changes were only observed in MeHg treatments, resulting in a general 
increase in metabolite concentrations. With the exception of tryptophan, 
Hg(II) treatments showed no significant variations. Group 3 included 12 
metabolites (8 AA and 4 nucleotides) and displayed a significant 
metabolite accumulation when exposed to MeHg treatments. Hg(II) 
exposure also triggered an accumulation of these metabolites, which 
was more evident at higher concentrations (Hg(II)− 2), indicating a 
concentration-dependent response. 

In general, the observed alterations in the responsive metabolites 
were more pronounced under MeHg treatments. While no clear 
distinction exists between MeHg exposure concentrations, a 
concentration-dependent response was observed for Hg(II) treatments. 

The observed differences can be attributed to the distinct binding 
preferences of the two mercury forms. Hg(II) is known to primarily bind 
to cellular structures, including the cell wall, membrane, and other 
cellular debris. In contrast, MeHg permeates the membrane to accu-
mulate predominantly within the cytoplasm [10]. This MeHg transport 
mechanism is evidenced by studies highlighting its active transport by 
microalgae [56,57]. As extracellular Hg(II) concentrations increase, the 
binding sites in the cellular debris likely become saturated. When this 
saturation occurs, Hg(II) starts to accumulate more significantly in other 
cellular compartments [10,42]. This mechanism potentially explains the 
concentration-dependent results observed for Hg(II) treatments and the 
comparable results observed in MeHg treatments. 

3.4. Pathway analysis of Cyclotella meneghiniana exposed to Hg(II) and 
MeHg 

A pathway analysis on the responsive metabolites was performed to 
identify the biological pathways potentially undergoing significant 
dysregulation due to mercury exposure. The combined analysis of Hg(II) 
and MeHg treatments revealed 12 significantly impacted pathways 
(Fig. S8, Table S7). The impacted pathways (threshold > 0.1) included 
linoleic acid metabolism, isoquinoline alkaloid biosynthesis, phenylal-
anine metabolism, tyrosine metabolism, glutathione metabolism, argi-
nine biosynthesis, alanine, aspartate and glutamate metabolism, 
arginine and proline metabolism, tryptophan metabolism, cysteine and 
methionine metabolism, alpha-linolenic acid metabolism, and citrate 
cycle (also known as tricarboxylic acid cycle – TCA cycle). These results 
highlight the sensitivity of diatom Cyclotella meneghiniana toward 
exposure to Hg species. Six of these pathways, such as alpha-linolenic 
acid metabolism, alanine, aspartate and glutamate metabolism, argi-
nine and proline metabolism, arginine biosynthesis, glutathione 

metabolism and isoquinoline alkaloid biosynthesis, were common with 
those observed in green alga C. reinhardtii exposed to Hg(II) or MeHg 
[22]. Interestingly, the alpha-linolenic acid metabolism was signifi-
cantly disturbed by both Hg(II) and MeHg exposure in C. meneghiniana, 
while in C. reinhardtii only by Hg(II), with MeHg having no apparent 
impact [22]. Similar metabolic pathways were affected after exposing 
E. gracilis to Hg(II), including the glutathione metabolism and TCA cycle 
[21]. The increased number of disrupted metabolic pathways in Cyclo-
tella meneghiniana, when compared to other species under similar ex-
posures (e.g. C. reinhardtii) and higher exposures (e.g. 5.0 × 10− 6 M of 
Hg(II) in E. gracilis), evidences the elavated sensitivity of diatoms to-
wards pollutants [58]. 

3.5. Metabolic perturbation in Cyclotella meneghiniana exposed to Hg(II) 
and MeHg 

The metabolites exhibiting dysregulated responses were similar for 
both Hg(II) and MeHg. They included 14 amino acids, 1 antioxidant, 5 
fatty acids, 2 carboxylic acids, and 5 nucleobase/side/tides. However, 
the response intensity differed between Hg(II) and MeHg treatments. 

Amino acids metabolism: A significant decrease (p < 0.05) in the 
relative abundance of 14 AA (arginine, histidine, proline, glutamine, 
ornithine, citrulline, leucine, valine, phenylalanine, tyrosine, trypto-
phan, lysine, methionine and serine) out of 21 measured was observed 
after 2 h exposure to Hg(II) and MeHg treatments (Fig. 4). This suggests 
that Hg exposure induced a significant alteration of the amino acid 
synthesis [59] and/or potential degradation of proteins and poly-
peptides, and other related biological processes [60], where AA serve as 
precursors for the synthesis of various metabolites and nucleotides. 

In fact, arginine, citrulline, histidine and ornithine, which derive 
from the TCA metabolite α-ketoglutarate [61], increased significantly in 
the diatom cells treated with Hg(II) and MeHg (Fig. 4A). The increase in 
the concentration of these metabolites was more pronounced for MeHg 
treatments and for the Hg(II)− 2 treatment. As ornithine, citrulline, and 
arginine are part of the urea cycle in diatoms, the results also suggest an 
acceleration of the urea cycle, which in diatoms serves in the realloca-
tion of intracellular carbon (C) and nitrogen (N); and the formation of 
carbonaceous and nitrogenous compounds necessary for growth [62]. In 
addition, the ornithine-urea cycle in diatoms is closely linked to the TCA 
cycle [63]; hence, exposure to MeHg and Hg(II) alters the fixation of 
both C and N. 

As histidine is necessary for the normal growth and development of 
algal cells [64,65], its accumulation suggests a potential impact of Hg(II) 
and, particularly, MeHg treatments on the growth and development of 
diatom cells. In addition, histidine and arginine play roles in deamina-
tion processes in plant cells [66]. 

The concentrations of glutamine and proline decreased in both MeHg 
treatments and Hg(II)− 2 (Fig. 4A), though the effect was more pro-
nounced in MeHg treatments. The significant depletion of proline can be 
considered a possible response against Hg stress since it plays an 
essential role in osmo- and redox-regulation, metal chelation, and 
scavenging of free radicals induced by different metals in plants [67,68]. 
This finding contrasts with the increase of glutamine and proline 
abundance observed upon exposure to Hg(II) and MeHg in C. reinhardtii 
[22] and an increase in proline in E. gracilis [21]. Such differences in 
response to Hg species suggest a species-specific response. 

The concentrations of leucine and valine, produced from pyruvate 
[60], significantly increased (p < 0.05) in cells treated with Hg 
(Fig. 4B). The accumulation was more prominent in MeHg treatments 
and increased with the exposure concentrations for leucine, but not for 
valine. A similar increase in the abundance of leucine and valine was 
observed in green alga C. reinhardtii for comparable concentrations of Hg 
(II) or MeHg [22], as well as in valine abundance in E. gracilis [21]. 
Leucine serves as an oxidative phosphorylation energy source in plant 
cells [69]. Leucine and valine can be converted to acetyl-CoA and pre-
sumably be used as a substrate for the TCA cycle or contribute to 
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triacylglycerol metabolism by providing carbon precursors and ATP as 
previously shown for green alga C. reinhardtii [70]. Indeed, leucine and 
valine and their degradation products have been shown to include 
acetyl-CoA, which serves as potential substrate for de novo fatty acid 
synthesis [71]. Hence, the accumulation of these metabolites in Cyclo-
tella meneghiniana cells may indicate a response to the increasing need 
for energy to cope with Hg(II) and MeHg stress. 

Phenylalanine abundances increased significantly only in response 
to MeHg treatments (Fig. 4C), while tyrosine, a precursor of various 
structurally diverse compounds [72], accumulated in both treatments. 
Compared to the control, the accumulation of tyrosine abundance 
increased with higher Hg(II) concentrations, showing a 
concentration-dependence, with no difference between MeHg and Hg 
(II) treatments despite an overall higher accumulation of tyrosine. 
Notably, these AA accumulated in C. reinhardtii when exposed to either 
Hg(II) or MeHg [22]. Both of these AA are precursors for the synthesis of 
pigments, including carotenoids and phytochelatins [73], which play a 
protective role for the photosynthetic apparatus of algae against 
oxidative damage [74]. Hence, the accumulation of AA could lead to the 
acceleration of the biosynthesis of carotenoids and the enhancement of 
cellular defense mechanisms. However, no significant changes were 
detected in carotenoid concentration between treatments and control 
(Fig. S3). These findings can be interpreted in different ways, for 
example, (i) the increase of the metabolites is not the end product being 
dependent on other components (e.g. enzymes), (ii) the increased me-
tabolites can be used on alternative pathways, and (iii) the increase of 
production of pigments is counterbalanced by their degradation 
(induced by MeHg exposure), leading to no discernible net change. 

Among the AA derived from aspartate, both lysine and methionine 
concentrations were significantly augmented in the cells treated with Hg 
(II) and MeHg (Fig. 4D). The observed alterations were concentration- 
dependent for Hg(II) exposure. In contrast, no significant differences 
were observed between the MeHg treatments. As methionine can be 
used as a surrogate for the estimation of the rate of protein synthesis 
[75], the results imply a significant acceleration in protein synthesis 
rates. Additionally, methionine contains SH- groups and, similarly to 
glutathione (GSH), can act as a chelator and scavenger of mercury [76], 
thus being involved in the sequestration and detoxification of Hg species 
in the diatom. 

The concentration of serine in diatom cells exposed to Hg(II) and 
MeHg decreased significantly (Fig. 4E). This reduction was significant 
for both MeHg treatments and Hg(II)− 2. Meanwhile, glycine concen-
trations remained unchanged across the different treatments. These two 
AA are synthesized during the photorespiratory glycolate cycle [60,77], 
and the Gly/Ser ratio is often employed as a measure of photorespiratory 
activity [78]. The Gly/Ser ratio increased from 2.72 ± 0.29 for the 
control to 6.83 ± 1.80 and 6.13 ± 1.14 for MeHg− 1 and MeHg− 2, 
respectively. In the Hg(II) treatments, it ranged from 3.29 ± 0.64 and 
3.75 ± 0.99 for Hg(II)− 1 and Hg(II)− 2, respectively. These results 
demonstrate that Hg(II) and, in particular MeHg, induce significant 
upregulation in photorespiration. This upregulation likely provides 
additional energy for synthesizing various defense components to cope 
with oxidative stress. For instance, photorespiration can also provide 
protection against oxidative damage by supplying glycine to synthesize 
the antioxidant glutathione [78,79], an upregulated process in our study 
(further discussed in the Antioxidant metabolism section). Furthermore, 
photorespiration can act as an "energy sink", preventing the 
over-reduction of the photosynthetic electron transport chain and pho-
toinhibition, especially under stress conditions [79]. These findings are 
consistent with a previous study where photorespiration activity was 
accelerated in P. malhamensis upon exposure to AgNO3 and Ag nano-
particles [19]. Furthermore, glycine and serine levels exhibited signifi-
cant increases in C. reinhardtii after exposure to Hg(II) and MeHg. This 
increase was likewise interpreted as an acceleration of the photo-
respiratory activity to cope with Hg stress, though no Gly/Ser ratio 
changes were observed [22]. 

The findings from the current study are consistent with previous 
studies that have shown significant alterations in amino acid meta-
bolism in different phytoplankton species when exposed to different 
contaminants. For example, green alga Chlorella sp. [17,80], Scene-
desmus quadricauda [15] and diatom Tabellaria flocculosa [16] exposed 
to Cu2+, P. malhamensis exposed to AgNPs and Ag+ [19], C. reinhardtii 
exposed to nTiO2 [20], and to Hg(II) and MeHg [22], and E. gracilis 
exposed to Hg(II) [21]. 

Fatty acids metabolism: The abundances of three saturated acids, i. 
e. myristic acid (tetradecanoic acid, 14:0), pentadecylic acid (pentade-
canoic acid, 15:0) and palmitic acid (hexadecanoic acid, 16:0), and two 
unsaturated acids, i.e. linolenic acid (C 9,12,15 double bonds) and 
linoleic acid (C 9,12 double bonds) decreased significantly in the diatom 
cells exposed to Hg(II) and MeHg, with a concentration-dependent 
response in the case of Hg(II) (Fig. 5A). Our findings indicate signifi-
cant unsaturation of the lipid membranes and possible alteration of their 
permeability and integrity. However, membrane integrity was only 
significantly affected in the Hg(II)− 2 treatment, while the percentage of 
the cells with affected membranes in the MeHg treatments was com-
parable to the control group (Fig. 2B). Diatoms are known for their 
ability to accumulate large amounts energy-rich lipids. Therefore, the 
oxidation of these lipids offers an alternative way for cells to generate 
energy [16]. This suggests that the decline in fatty acid abundance is 
suggestive of the degradation of the stored FA into acetyl-CoA. Conse-
quently, this can be used in the TCA cycle to generate energy [81], likely 
an alternative way to cope with the stress response. 

Our results are in general agreement with the decrease in concen-
trations of fatty acids in E. gracilis exposed to Hg(II) [21], the decrease in 
the saturated FA in P. malhamensis treated with AgNPs [19]; reduction of 
monounsaturated and polyunsaturated FA in C. vulgaris exposed to 
AgNPs and Ag+ [82]. However, an accumulation of linolenic, linoleic 
and palmitic acids was found in C. reinhardii exposed to Hg(II) [22]. 

Antioxidant metabolism: Among the 8 antioxidant metabolites 
considered, only the abundance of glutathione reduced was significantly 
increased in the two MeHg treatments (Fig. 5B). Reduced GSH con-
centration in Hg(II) treatments was comparable with the control group. 
As GSH plays a central role in cellular redox regulation [83], the in-
crease in its concentration upon MeHg exposure suggests the activation 
of a defense mechanism against oxidative stress induced by mercury 
exposure. This defense appears to be Hg species-specific, being triggered 
by MeHg, but not Hg(II). This assumption is further supported by a clear 
increase in ROS percentage in Hg(II) treatments, a response not 
observed in MeHg treatments (Fig. 2A). Furthermore, reduced GSH is a 
precursor of the synthesis of phytochelatins (-Glu-Cys)n-Gly with 
n = 2–11, PCn), which can be activated by different toxic metals, 
including Hg, and is considered a major intracellular chelator for Hg 
detoxification [11,84]. However, the low capacity of diatom cells to 
induce PCn production in the presence of MeHg was previously high-
lighted [85]. The importance of GSH as the main low molecular weight 
binding ligand to Hg(II) ((GS)2-Hg) and MeHg (GS-MeHg) in the cytosol 
of cyanobacterium Synechocystis sp. PCC 6803 has been recently 
demonstrated [41]. The GS-MeHg complex (methylmercur-
y-S-glutathione) may also form in diatoms, but further research is 
necessary to confirm this hypothesis. 

An increase in reduced GSH concentration is a common defense 
mechanism observed in different phytoplankton species exposed to 
different pollutants. For example, an increase in reduced GSH was 
observed in the green alga C reinhardtii exposed to both Hg(II) and MeHg 
[22], green alga E. gracilis exposed to Hg(II) [21], and P. melhamensis 
exposed to AgNP and dissolved Ag [19]. However, Hg(II) exposure 
significantly decreased the GSH cellular concentrations in other green 
algae, Cosmarium conspersum and C. autotrophica [86]. 

Nucleobase/tide/side metabolism: Out of the 7 nucleobase/tide/ 
sides detected, 5 were significantly different between Hg(II) and MeHg 
treatments, and the control (p < 0.05) (Fig. 5C). Pyrimidine nucleotide 
cytidine monophosphate (CMP) significantly accumulated in both MeHg 
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treatments but not in Hg(II) treatments. Uridine levels decreased in all 
treatments, suggesting reduced RNA synthesis or increased RNA 
degradation. The purine metabolites guanosine, hypoxanthine and 
inosine significantly increased in Hg(II) and MeHg treatments, with Hg 
(II) indicating a concentration-dependent response. Guanosine and hy-
poxanthine metabolites increased after exposing C. reinhardtii to Hg(II) 
and MeHg [22]. Purine pathway was identified as one of the affected 
pathways after exposing E. gracilis to Hg(II) [21]. Therefore, the accu-
mulation of some pyrimidine and purine metabolites suggests the in-
crease of their biosynthesis or the upregulation of the salvage pathway, 
where existing DNA and RNA molecules are recycled into mono-
nucleotides [87]. To a certain extent, our assumptions align with the 
increased abundance of AA, considering that AA can act as precursors 
for various metabolites, including purine and pyrimidine nucleotides 
[60]. 

Carboxylic acid metabolism: Out of the 4 organic acids detected, 
two were significantly dysregulated in all treatments (Fig. 5D). Citric 
and succinic acids, key TCA cycle metabolites, displayed significant 
decreases in all treatments, except for succinic acid in the Hg(II)− 1 
treatment. It is important to point out that the TCA cycle serves as the 
central core of the cellular respiratory machinery. Hence, the observed 
decrease in TCA intermediates could likely be related to their con-
sumption to produce the energy required for manufacturing defense 
compounds needed to cope with the stress induced by Hg. A similar 
decrease in the TCA intermediates was observed in the diatom Tabellaria 
flocculosa exposed to high Cu concentrations [16]. The observed dif-
ferences appear to be species-specific, as metabolomic results from other 
algae exposed to various pollutants revealed opposite trends. For 
example, exposure to Hg(II) and MeHg of the green alga C. reinhardtii 
increased the abundance of succinic acid, malic acid and citric acid [22]. 
Succinic acid concentrations increased significantly in P. malhamensis 
[19], and C. vulgaris [18] exposed to Ag+ and AgNPs, and in C. reinhardtii 
exposed to increasing concentrations of nTiO2 [20]. 

Using the significantly altered metabolites, a conceptual scheme 
illustrating the impact of high concentrations of Hg(II) and MeHg, 

representative for contaminated environment on the metabolism of 
diatom C. meneghiniana is provided in Fig. 6. The results have important 
environmental implications for given the vital role of diatoms in C and 
N- fixation and Si turnover in aquatic environment. Furthermore, the 
lipid and fatty acid abundances significantly reduced across all treat-
ments. This indicates that in environments with high contamination, not 
only diatoms physiology is compromised, but their nutritional value for 
predators is also reduced. Such changes can have eological and func-
tional consequences. In fact, given that diatoms have a high lipid and 
fatty acid content [88,89], they serve as a particularly valuable food 
source for a variety of aquatic organisms [89,90]. The decline in their 
lipid content could have an impact in the aquatic food web. 

The remaining metabolites presented a perturbation in all treatments 
or at least one of each Hg species. Pathways networks are simplified, and 
metabolites can be generated from other direct or indirect pathways 
apart from the ones presented. Abbreviations: PPRP: 5-Phosphoribosyl 
1-pyrophosphate, dTMP: Deoxythymidine 5′-phosphate, UMP: Uridine 
5′-monophosphate, CMP: Cytidine-5′-monophosphate, GMP: Guanosine 
5′-monophosphate, XMP: Xanthosine 5′-phosphate, IMP: Inosine 5′- 
monophosphate. The pathway scheme was based on KEGG database 
resource platform. 

4. Conclusions 

The present study has, for the first time, studies the metabolomic 
perturbations induced by Hg(II) and MeHg following their accumulation 
in the diatom C. meneghiniana during short-term exposure under con-
ditions representative of contaminated environments. The results high-
light that both Hg species cause significant metabolic perturbations in 
diatom cells, affecting amino acids, nucleotides, fatty acids, TCA, and 
antioxidant metabolism. The metabolic shifts, while discernible across 
multiple pathways for both Hg species, exhibited distinct trends. The 
exposure to Hg(II) led to a concentration-dependent impact on the 
metabolism and had a tangible physiological influence, as evidenced by 
increased ROS generation, compromised membrane integrity, and 

Fig. 6. Summary of the overall perturbations induced by Hg(II) and MeHg exposure in diatom Cyclotella meneghiniana. Depleted metabolites are presented in blue, 
and accumulated metabolites are in red. The asterisk (*) indicates perturbations observed only in MeHg treatments, while the cardinal (#) symbol indicates per-
turbations only seen in Hg(II) treatments. 
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reduced chlorophyll concentration. The exposure to MeHg induced a 
more intense reprogramming of the diatoms’ metabolism to counter its 
harmful effect. This pronounced response is characterized by increased 
energy production and a robust antioxidant defense, maintaining the 
levels of physiological endpoints. 

Elevated Hg concentrations can impact ecosystem dynamics, as they 
lead to increased photorespiration and consequently, a reduction in 
carbon fixation, as well as a decline in lipid and carbohydrate levels, 
potentially disturbing the global carbon cycle. 

The outcomes of this study demonstrated the importance of metab-
olomic analysis to assess and understand the different yet subtle cellular 
response changes in phytoplankton species exposed to different con-
centrations and speciation of mercury. 

Environmental implication 

Mercury is a hazardous pollutant of global importance. Despite their 
pivotal role in biogeochemical cycles, a significant knowledge gap exists 
regarding the metabolic perturbations induced by mercury in phyto-
plankton. The study explores the metabolic alterations in freshwater 
diatom induced by sub-lethal inorganic and methyl mercury concen-
trations, major aquatic mercury species. The results highlighted that 
diatom reprograms the metabolism of amino acids, nucleotides, fatty 
acids, carboxylic acids and antioxidants to cope with Hg-induced stress 
in a mercury-species dependent manner. The results have important 
environmental implications for contaminated environment given the 
vital role of diatoms in C and N- fixation and Si turnover. 
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[23] Serôdio, J., Lavaud, J., 2022. Diatoms and their ecological importance. Life Below 
Water. Springer, pp. 304–312. 

[24] Ragueneau, O., Schultes, S., Bidle, K., Claquin, P., Moriceau, B., 2006. Si and C 
interactions in the world ocean: Importance of ecological processes and 
implications for the role of diatoms in the biological pump. Glob Biogeochem 
Cycles 20 (4). https://doi.org/10.1029/2006gb002688. 

[25] Davis, A., Abbriano, R., Smith, S.R., Hildebrand, M., 2017. Clarification of 
photorespiratory processes and the role of malic enzyme in diatoms. Protist 168 
(1), 134–153. https://doi.org/10.1016/j.protis.2016.10.005. 

[26] Seckbach, J., Kociolek, P., 2011. The diatom world. Springer Science & Business 
Media. 

[27] Kelly, M., Bennett, C., Coste, M., Delgado, C., Delmas, F., Denys, L., et al., 2008. 
A comparison of national approaches to setting ecological status boundaries in 
phytobenthos assessment for the European Water Framework Directive: results of 
an intercalibration exercise. Hydrobiologia 621 (1), 169–182. https://doi.org/ 
10.1007/s10750-008-9641-4. 

[28] Metcalf, A.J., Boyle, N.R., 2022. Rhythm of the night (and Day): predictive 
metabolic modeling of diurnal growth in Chlamydomonas. mSystems 7 (4), 
e0017622. https://doi.org/10.1128/msystems.00176-22. 

[29] Caballero-Gallardo, K., Palomares-Bolaños, J., Olivero-Verbel, J., 2022. Mercury 
concentrations in water, sediments, soil, and fish around ancestral afro-descendant 
territories impacted by gold mining in the cauca department, Colombia. Water Air 
Soil Poll 233 (9). https://doi.org/10.1007/s11270-022-05779-3. 

[30] Santos, J.P., 2023, September. The Role of Cyclotella meneghiniana in Mercury 
Cycling: Evidence of CH3Hg Demethylation and Hg(II) Reduction [Conference 
presentation, No. 92571] First Joint ICOBTE-ICHMET 2023. University of 
Wuppertal, Germany. 

[31] Santos, J.P., Mehmeti, L., Slaveykova, V.I., 2022. Simple acid digestion procedure 
for the determination of total mercury in plankton by cold vapor atomic 
fluorescence spectroscopy. Methods Protoc 5 (2), 29. https://doi.org/10.3390/ 
mps5020029. 

[32] Environmental Protection Agency, U. S. Method 1631, Revision E: Mercury in 
Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence 
Spectrometry. 36 p. (Office of Water, 2002). 
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