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1. INTRODUCTION

Over the last 50 yr, shipping noise has increased the 
ocean ambient noise in the Northeast Pacific by 3–
12 decibels referenced to a pressure of 1 microPascal 
(dB re 1 μPa) and may double globally every 11.5 yr, 
essentially caused by the rising number of commer-
cial vessels (Andrew et al. 2002, McDonald et al. 2006, 
Frisk 2012, Jalkanen et al. 2022). In 2017, during the 
Conference of the Parties of the Convention on the 

Conservation of Migratory Species (United Nations) 
(Conference of the Parties of the Convention on 
Migratory Species 2017), anthropogenic marine 
noise — primarily associated with shipping (90%) —
was recognized as an emerging and poorly under-
stood source of pollution, representing ‘a potential 
threat to marine species conservation and welfare’ 
(Chauvaud et al. 2018, p. 89) . Ships generate low fre -
quency noise (5–500 up to 10 000 Hz) that can reach 
190 dB re 1 μPa at 1 m and propagate over long dis-
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tances, affecting marine organisms in various ways 
ranging from physical damage to masking relevant 
biological signals (Hawkins & Popper 2017, Duarte et 
al. 2021). For decades, there has been strong evidence 
of the negative impacts of noise on marine mammals 
and fish, both of which possess important auditory 
senses. These include behavioural, habitat, and phys-
iological changes leading to an increase in mortality 
in the most extreme cases (Duarte et al. 2021). The 
effects on molluscs are still mostly unknown despite 
studies showing their ability to produce and perceive 
sounds through their statocysts (balance sensory re -
ceptors) and abdominal sense organs (Solé et al. 2023). 

Molluscs represent 23% of the biological diversity 
in oceans, and among them, bivalves are especially 
known to be key species for the development, func-
tioning, and sustainability of coastal environments 
(Smaal et al. 2019). Exposure of molluscs to anthropo-
genic noise could have a dramatic impact on the 
entire marine ecosystem and therefore must be 
assessed. The auditory sensing range of adult mol-
luscs is not fully known; adult blue mussels Mytilus 
edulis have been shown to respond by valve closure to 
noise between 5 and 410 Hz (Roberts et al. 2015, 
Chauvaud et al. 2018). Anthropogenic noise effects 
on bivalves include changes in oxygen consumption 
(Wale et al. 2019), increased biochemical stress (Vaz-
zana et al. 2016), metabolism adjustment (Peng et al. 
2016), reduced growth and development (de Soto et 
al. 2013), modification of the recruitment process 
(Jolivet et al. 2016, Cervello et al. 2023), and even 
increased mortality (Day et al. 2017). From a behav-
ioural perspective, anthropogenic noise could disrupt 
feeding and feeding rate (Spiga et al. 2016) due to a 
reduction in valve gape opening (Day et al. 2017, 
Ledoux et al. 2023). However, very few data are avail-
able on early life or larval stages of bivalves, which 
may be more sensitive (Rayssac et al. 2010) and are 
critical stages, as pediveliger larvae use environmen-
tal stimuli to settle in an optimal habitat and undergo 
metamorphosis (Hadfield & Paul 2001, Lillis et al. 
2013, Jolivet et al. 2016, Schmidlin et al. 2024). If set-
tlement conditions are unsuitable, pediveliger larvae 
can prolong their pelagic dispersal life and delay their 
metamorphosis for several weeks (Pechenik 1990, 
Martel et al. 2014). Moreover, anthropogenic sound, 
like vessel noise, increases mussel settlement (Wil -
kens et al. 2012, Jolivet et al. 2016). Metamorphosis 
represents a pivotal life-changing event for numerous 
molluscan species, marking the transition of free-
swimming pelagic larvae to attached (sessile) benthic 
post-larvae (Joyce & Vogeler 2018). At the pedive-
liger stage, mussel larvae attain ‘metamorphic com-

petence’, initiating their transformative process with 
irreversible morphological and physiological changes 
(Hadfield 2000). These changes include the develop-
ment of a foot-like structure, loss of the velum, gill 
development, and secretion of the juvenile shell. This 
metamorphic transition relies heavily on environmen-
tal cues to guide the larvae in selecting an optimal 
habitat for settlement and subsequent development 
(Hadfield & Paul 2001) (Fig. 1). 

Among bivalves, the blue mussel holds immense 
economic and ecological importance, with worldwide 
aquaculture production surpassing wild catches, 
reaching almost 170 000 t annually, for a revenue ex -
ceeding US $300 million (FAO 2019). Mussel farming 
is a source of sustainable proteins and omega-3 fatty 
acids. Additionally, it plays a crucial role in ecology 
by promoting biodiversity. Indeed, Mytilus is a filter-
feeding organism that limits eutrophication by con-
suming microalgae, which enhances illuminance on 
benthic algae and increases the production of other 
benthic organisms (Borthagaray & Carranza 2007). The 
sessility and coastal lifestyle of mussels particularly 
exposes them to repeated or long-lasting anthropo-
genic noise. Indeed, their habitat often colocalizes with 
zones of intense ship traffic, as is the case in the Gulf 
of St. Lawrence, where 98% of Canadian mussels are 
produced. Canada is the top producer in the Ameri-
cas and third-largest worldwide (Statistics Canada 
2019). With up to 60 000 ships traversing the Gulf on a 
monthly basis (Pelo & Wootton 2004), effective man-
agement and prevention strategies are imperative. 

The United Nations Convention on the Law of 
the Sea of 1982 establishes a general obligation for 
member states to protect and preserve the marine 
environment (Article 192, United Nations 1982). To 
address noise pollution from ships, both national and 
international legal frameworks are evolving. The 
European Union’s Marine Strategy Framework Direc-
tive, specifically Descriptor 11, aims to prevent ad -
verse effects of energy introduction, including under-
water noise (Directive 2008/56/EC, European Union 
2008). The International Maritime Organization (IMO) 
has also taken steps; in 2023, the Marine Environment 
Protection Committee approved revised guidelines 
for reducing underwater radiated noise from ship-
ping, effective from 1 October 2023 (IMO 2023). 
These guidelines build upon previous ones and en -
courage member states to apply them in collaboration 
with relevant stakeholders. However, thresholds 
specifying the acceptability of sound levels are lack-
ing for the enforcement of those guidelines. 

In this study, the response of mussel larvae to 
cargo-ship sounds at different intensities recorded in 
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the Gulf of St. Lawrence was evaluated. To achieve 
this, acoustic perturbations were applied during lar-
val metamorphosis and the subsequent stress on the 
post-larval metabolome, i.e. the ensemble of all of the 
small molecules found in an organism, was examined 
along 3 axes. The first axis focused on lipid mediators, 
such as prostaglandins and oxylipins. These mole-
cules are responsible for processes such as inflamma-
tion (Lee et al. 2021). A targeted lipidomics approach 
was used to analyze them. This approach screened for 
11 prostaglandins and 38 oxylipins. These oxylipins 
were derived from eicosapentaenoic, α/γ-linolenic, 
arachidonic, linoleic, and docosahexaenoic acids. The 
analysis was performed using liquid chromatography 
coupled to high-resolution tandem mass spectrome-
try (LC-HRMS/MS). Secondly, the polar metabolites 
in volved in general metabolism (mainly organic 
acids, nucleosides, and nucleotides) were character-
ized by a combination of untargeted nuclear mag-
netic resonance (NMR) spectroscopy and LC-
HRMS/MS-based metabolomics. This approach was 
enriched by an extensive targeted study of the amino 

acid (21 compounds) and energy (27 compounds) 
metabolisms by LC-HRMS/MS. Finally, the third axis 
studied the changes in larval performance and behav-
iour in relation to metabolism alterations, considering 
that noise is a possible cue for larval settlement. This 
combined approach based on complementary analyt-
ical methods provides new insights into the metabolic 
pathways affected by this emerging pollutant in 
bivalves and its implications for ecosystems and mus-
sel aquaculture sustainability. 

2.  MATERIALS AND METHODS 

2.1.  Shipping noise sampling 

Noise from the ‘Nohlan Ava’, a 120 m long roll-on/
roll-off cargo ship built in 2000, which had the most 
intense and distinguishable noise fingerprint in the 
harbour of St-Pierre-et-Miquelon (France), was re -
corded between November 2020 and April 2021 using 
an Aural-M2 (Multi-Electronique) underwater acous-
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Fig. 1. Blue mussels Mytilus edulis exhibit a bentho-pelagic life cycle, which includes two endotrophic stages: embryogenesis 
and metamorphosis. These stages rely on energy reserves accumulated during the previous phase and are generally recognized 
as being particularly sensitive to environmental stressors. The transition through metamorphosis is strongly dependent on en-
vironmental cues, which help guide the larvae in selecting a suitable substrate for settlement — whether on aquaculture sys-
tems or in natural habitats (indicated by the magnifying glass). However, these critical cues can be disrupted by shipping noise,  

potentially impairing successful development and settlement
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tic recorder (sampling frequency of 32 kHz, 16-bit 
resolution) equipped with an HTI-96-MIN hydro-
phone (High Tech) with a sensitivity of –165 dB 
re V μPa–1 and set with a gain of 22 dB. The sampling 
frequency (32 kHz) allowed us to capture the entire 
acoustic signature of the vessel as the maximum of 
energy is below 10 kHz. The sound sequence was 
selected with Audacity® software to create an 80 min 
soundtrack composed of the sound of the cargo ship 
arrival (11 min), a 39 min break (simulating handling 
in the harbour), its departure (8.5 min), and a new 
break of 21.5 min (doi:10.5281/zenodo.10910123). 
The loudest vessel in the archipelago of St-Pierre-et-
Miquelon was selected and looped to standardize 
exposure to anthropogenic noise, as this approach 
avoided the complexities of replicating the variable 
acoustic landscape (e.g. day–night cycles, weekly re -
creational peaks, and weather-driven fluctuations). 
The equivalent sound levels, expressed in sound pres-
sure level (total root mean square sound pressure level), 
are detailed in Table S1 in the Supplement at www.
int-res.com/articles/suppl/m759p035_supp.pdf. 

2.2.  Mussel larval culture and sound exposure 

Rearing of blue mussel larvae was performed as de-
scribed by Rayssac et al. (2010) (Fig. 2). Briefly, adult 
mussels (50 mm shell length) from St. Peters Bay in 
Prince Edward Island, Canada (46.4295°N, 62.6603°W), 
were individually induced to spawn by 10°C thermal 

shock. A ratio of 10 spermatozoids per egg was used 
for the fertilization in UV ultra-filtered (1 μm) seawater 
at 18°C. Eggs were further washed with UV ultra-filtered 
seawater and maintained at 18°C. The obtained embryos 
were divided into 6 tanks of 60 l at a density of 5 larvae 
ml–1 maintained at 18°C until over 50% of the popula-
tion was at the pediveliger stage (competent larvae) at 
17 d post-fertilization (dpf), i.e. eyed larvae, foot de-
velopment and substrate exploration. The 6 batches 
were then randomly distributed among 24 cylinders of 
5 l in 4 Larvosonic mesocosm tanks. Larvosonic is an 
innovative tank system composed of 6 circular culture 
cylinders of 5 l (unit of replication, with 25 000 larvae 
in each cylinder) designed for the exposure of organ-
isms to sounds while limiting classical reverberation 
and resonance problems (Cervello et al. 2023, Olivier 
et al. 2023). Temperature (mean ± SD, 18.1 ± 0.1°C), 
salinity (60.8 ± 0.4 PSU), photoperiod (15:9 h of 
light:dark) and light intensity (97.1 ± 1.7 lx) were mon-
itored during the experiments. During rearing and noise 
exposure experiments, larvae were fed every 2 d with 
60 cells μl−1 of a mixed sus pension of microalgae con-
taining Pavlova lutheri (CCMP459), Tisochrysis lutea 
(CCMP1324), Chaetoceros muelleri (CCMP1317), Tetra-
selmis suecica (CCMP904), and Nannochloropsis 
oculata (CCMP525) at a ratio of 1:1:1:1:1 equivalent 
biomass (dry weight). Collectors (made from 2 poly-
propylene ropes, each 30 cm long) were introduced 
into the cylinders to allow the settlement of the larvae 
prior to the exposure to the recorded shipping sound. 
During the metamorphosis stage, pediveliger (17 dpf) 
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Fig. 2. Experimental procedure developed for the exposure of blue mussel larvae during metamorphosis to shipping noise. dpf:  
day post-fertilization
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to post- larvae (25 dpf) were exposed in each Larvo-
sonic tank to a different sound treatment for 9 d 
(Fig. 2): low (121 ± 4 dB re 1 μPa), medium (127 ± 2 dB 
re 1 μPa), high (151 ± 2 dB re 1 μPa), and silence play-
back with ambient room noise (control; 116 ± 1 dB 
re 1 μPa) (Table S1). These sound levels are the maxi-
mum emission level and are related to distance from 
the source (cargo ship), with a greater sound intensity 
closer to the source and vice versa, thus corresponding 
to 18.5 m (high sound exposure), 735 m (medium), and 
1.8 km (low) from the source and compared to  am -
bient lab conditions (control). These distances were cal-
culated according to the sound propagation loss (also 
called transmission loss) formula taking the base of 
15log10 (Fig. S1). Every 2 d, collectors were carefully re-
moved from each cylinder, hung up in the air to avoid 
juvenile detachment, and the cylinders were cleaned 
with Virkon VKS10 disinfectant (LANXESS Deutsch-
land) before water changing with UV-ultrafiltered sea-
water and monitoring of the larval health, growth, and 
survival rate by optical microscopy. 

At the end of the sound exposure experiment, 
collectors were gently rinsed with sprayers on a 
100 μm mesh sieve to retrieve post-larvae from the 
24 cylinders (6 replicates per sound treatment). Set-
tled growing post-larvae on the cylinder walls were 
carefully brushed off and pooled with the post-
larvae from the  collectors to estimate the total 
wet biomass of recruits. Immediately after collection, 
larval pools were split into 3 sub-samples, i.e. 1 for 
targeted metabolomics and 2 for untargeted meta-
bolomics experiments (if the quantity of recovered 
post-larvae allowed it), flash-frozen in liquid nitrogen, 
freeze-dried, and stored at –80°C until extraction 
for metabolomics. 

2.3.  Growth and metamorphosis success 

Larval growth was measured throughout the 
experiment using a Keyence VHX-2000 Series digi-
tal microscope with VH-Z100UR objectives (1 μm 
resolution and high dynamic range imaging). The 
size at metamorphosis was determined by the larval 
shell (prodissoconch II, PII) morphology and mor-
phometry (Bayne 1965, Martel et al. 1995). Further-
more, the meta morphosis success was calculated 
by  the ratio of total biomass of post-larvae recov-
ered from the collectors over the number of initial 
larvae put in each cylinder and the larval growth 
after metamorphosis by the measure of the larval 
shell (dissoconch, D) on post-larvae (Martel et al. 
2014). 

2.4.  Untargeted metabolomics 

The freeze-dried post-larvae pools (~3.4 mg or 
~500 post-larvae) were crushed with a micro-pestle in 
microtubes before metabolite extraction using an 
adaptation of Folch’s method (1 methanol:1 chloro-
form:1.4 water) including a 10 min sonication on ice. 
Extracts were centrifuged at 10 000 × g (10 min at 4°C) 
to separate the polar fraction. The extractions were 
repeated 3 more times and the polar extracts were 
pooled before solvent evaporation in a SpeedVac 
(Thermo Fisher Scientific) at room temperature. 

2.4.1.  Proton nuclear magnetic resonance (1H-NMR) 

The larval extracts were reconstituted in 500 μl 
of  NMR buffer (0.2 M pH 7.4 potassium phosphate 
buffer in 99.9 % deuterium oxide with 0.13 mM  
3-trimethylsilylpropionic acid) and transferred to 
standard 5 mm NMR tubes. The 1H-NMR spectra 
from the post-larvae were obtained with a Bruker 
Avance III spectrometer, operating at 600 MHz, with a 
double-resonance broad-band fluorine observation 
probe. The spectra were further processed, binned, 
and integrated using NMRProcFlow tools (Jacob et 
al. 2017) and the identification of the metabolites was 
performed using Chenomx software and was further 
confirmed by 2D 1H-NMR correlation spectroscopy 
and total correlation spectroscopy experiments. 

2.4.2.  Liquid chromatography with high-resolution 
tandem mass spectrometry (LC-HRMS/MS) 

After NMR acquisition, the samples were recov-
ered and analysed by LC-HRMS/MS using a Shi-
madzu Nexera ultra high performance liquid chro-
matography coupled to a quadrupole time-of-flight 
system (TripleTOF® 5600+, Sciex), equipped with a 
Duospray ion source operated in positive and neg-
ative electrospray mode. Metabolite separation was 
conducted on a mixed-mode reverse-phase column 
using gradient elution with mobile phases of water 
and acetonitrile (ACN), both containing 0.1% formic 
acid. Feature annotation for putative metabolite 
identifications was performed using MS/MS spectral 
matching with the NIST2017 MS/MS spectral library, 
Sciex ‘All in one’ accurate mass metabolite library, 
and an in-house spectral library from standard 
metabolites run under identical MS/MS conditions. 
Features with a library score ≥85 and an ac curate 
mass measurement for protonated or deprotonated 
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precursors <10 ppm were kept for further process-
ing. Peak integration was verified for each putatively 
identified metabolite using Sciex OS-Q. 

More details about the 1H-NMR and LC-HRMS/
MS-based untargeted metabolomic experiments are 
provided in Texts S1.1 and S1.2. in the Supplement. 

2.5.  Quantification of amino acids,  
energy metabolism-related metabolites, and 

polyunsaturated fatty acid oxidation products 

Around 3.5 mg of freeze-dried post-larvae (~500 
post-larvae) were micro-ground and homogenized 
with a 2.8 mm ceramic bead at 4000 rpm for 3 cycles of 
10 s (Precellys 24; Bertin). Analyte extraction for the 
quantification of amino acids, energy metabolism-
related metabolites, and oxylipins were performed on 
the same sample with an extraction process in 2 steps. 

The first step allows extracting the oxylipins. One 
millilitre of a 5:1 (v:v) mix of methyl tert-butyl ether 
(MTBE) and 2,2,2-trifluoroethanol (TFE) was added 
to the homogenizing tubes containing the sample. 
The samples were vortexed for 30 s and centrifuged 
for 1 min at 2460 × g. This extraction was per formed 
3  times, and supernatants (750 μl) were pooled in 
15 ml Falcon tubes. For the second and third extrac-
tion cycles, 750 μl of 5:1 (v:v) MTBE:TFE were added 
to the samples. The supernatant was washed 3 times 
with 250 μl of LC-MS grade water. The aqueous layer 
was collected and pooled with supernatant obtained 
during the second step of the extraction protocol. The 
organic phase was dried using a vacuum concentrator 
(SpeedVac, Savant SPD2010, Thermo Fisher Scientific) 
for 2 h without heating. Dried samples were reconsti-
tuted with 250 μl of a 1:1:1:1 (v:v:v:v) mix of TFE:ACN:
methanol:50 mM ammonium formate at pH 3. The 
samples were vortexed for 30 s and centrifuged for 
1 min at 2460 × g. Then 250 μl of the supernatant were 
transferred to a 2 ml HPLC vial containing 1 ml of 
50 mM ammonium formate buffer at pH 3 with 10 ng 
ml–1 of internal standard PGE2-d9. The sample was 
analysed directly after the extraction process. 

During the second step, amino acids and energy 
metabolism-related metabolites were extracted. One 
milliliter of a 1:1 (v:v) mix of TFE:LC-MS-grade water 
was added to the homogenizing tubes, vortexed for 
30 s and centrifuged for 1 min at 2460 × g. Three 
extraction cycles were performed, and supernatants 
(750 μl, except for the third extraction, in which 1 ml 
was used) were pooled in a 15 ml Falcon tube, con-
taining the aqueous layer obtained during oxylipin 
extraction and 4 ml of ACN. For the second and third 

extraction cycle, 750 μl of 1:1 (v:v) TFE:LC-MS-grade 
water were added to the samples. The sample was 
dried with a SpeedVac overnight without heating. 
The sample reconstitution was performed by adding 
50 μl of LC-MS-grade water followed by addition of 
200 μl of LC-MS-grade ACN. Aliquots (100 μl) of 
each reconstituted sample were transferred to 2 vials: 
one for the positive analysis and the other for the neg-
ative analysis. The compounds valine-d8 (0.1 μg ml–1) 
and pyruvate-d3 (1 μg ml–1) were used as internal 
standards to quantify the compounds in positive and 
negative ion modes, respectively. 

Oxylipin analysis was performed with an HPLC 1260 
Infinity II device coupled to a 6546 QTOF (Agilent 
Technologies) in negative ionization mode equipped 
with an Agilent 1290 Infinity Flexible Cube. Oxylipin 
extracts were separated using an InfinityLab Poroshell 
HPH C-18, 2.1 mm internal diameter [i.d.] × 100 mm 
length, 1.9 μm particle size (Agilent) and a Gemini 
C6-Phenyl guard column as on-line solid-phase ex -
traction (4 × 2.0 mm, SecurityGuard, Phenomenex) 
with a column temperature maintained at 40°C. 

Metabolites were separated and quantified in multi-
ple reaction monitoring mode using an HPLC 1260 
Infinity II device coupled to a 6420 Triple Quad mass 
spectrometer (Agilent Technologies) in positive and 
negative ionization mode. Ten microliters of the sam-
ple were injected, and the chromatography separa-
tion was performed with an InfinityLab Poroshell 120 
HILIC-Z column (2.1 mm i.d. × 100 mm length, 2.7 μm 
particle size). 

Data were processed with MassHunter Quanti-
tative QQQ (Quant-my-Way) software from Agilent 
Technologies. Two samples in the oxylipin analysis 
had bad peak shapes and a large change in retention 
time. These 2 samples were removed from the analy-
sis. More details about the targeted experiments are 
provided in Text S1.3 in the Supplement. 

2.6.  Statistical analyses 

2.6.1.  Multivariate statistics 

The metabolomics data were analysed by ortho -
gonal projection latent structures discriminant analy-
ses (OPLS-DA) using SIMCA 17 software (Sartorius). 
All data were scaled to units of variance. The mini-
mum number of features needed for optimal classifi-
cation of the control and high-noise samples in the 
OPLS-DA models was determined by iteratively 
excluding the variables with low regression coeffi-
cients and wide confidence intervals derived from 
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‘jack-knifing’ combined with low variable importance 
in the projection (VIP) until maximum improvement 
of the quality of the models. The model quality was 
evaluated after 7-fold cross validation by cumulative 
R2Y (goodness of fit), cumulative Q2 (goodness of pre-
diction), CV-ANOVA (test of cross-validated predic-
tive residuals), and by fitting principal component 
analyses (PCAs) which are an indicator of OPLS-DA 
model reliability (Eriksson et al. 2008). The contrib-
ution of each predictor in the model was evaluated 
through the variable score contribution, i.e. the differ-
ences, in scaled units, for all of the terms in the model, 
between the outlying and the normal observation, 
multiplied by the absolute value of the normalized 
weight. Metabolites included in the model with a VIP 
> 1 were considered as important. The effect of the 
intermediate noise levels (low and medium) on the 
larval metabolome was predicted from the OPLS-DA 
models adjusted for the control and high conditions. 

To identify the most relevant metabolites across the 
untargeted data sets (1H-NMR, LC-HRMS/MS), an 
alternative model was fitted by multiblock OPLS-DA 
applied and structured in 2 blocks. In practice, a dif-
ferent block was assigned to the variables of each data 
set, and each block was scaled to avoid the domina-
tion of one block over the others. Thereafter, OPLS-
DA was performed on the 2 blocks iteratively, exclud-
ing the least relevant variables from the model as 
described above. 

The sets of features included in the OPLS-DA were 
further tested for their ability to explain the variations 
related to noise when modelled using PCA, an un -
supervised multivariate method (Fig. S2) (Worley & 
Powers 2016). 

2.6.2.  Metabolite enrichment analysis 

To identify the most significantly affected metabolic 
pathways, the discriminant metabolites (untargeted 
multiblock OPLS-DA and targeted OPLS-DA amino acid 
and energy metabolism) were analysed by metabolite-
set enrichment analysis (Xia & Wishart 2010), imple-
mented in Metaboanalyst, a freely available web-based 
metabolomics analysis suite (MetaboAnalyst 5.0, www.
metaboanalyst.ca) (Pang et al. 2021). The meta bolite 
enrichment analysis of each set of metabolites was 
performed using over-representation analysis with the 
‘pathway-associated metabolite sets’ provided, contain-
ing 99 metabolite sets based on normal human meta-
bolic pathways. The over-representation analysis was 
implemented using the hypergeometric test to evaluate 
whether a particular metabolite set was more highly 

represented than expected by chance within the given 
compound list. A cutoff was chosen at a p-value con-
trolled for a false discovery rate (FDR) of 0.01 to retain 
the most significantly enriched metabolic pathways. 

2.6.3.  Permutational multivariate analysis of variance 
(PERMANOVA) 

The growth and metamorphosis success data were 
analysed with PRIMER7 software, using ANOVAs 
with 9999 permutations of residuals under a reduced 
model (PERMANOVA). The permutational method 
involves a randomization which allows us to remove 
the distributional assumptions such as normality and 
can be applied to very small samples. Similarity 
matrices based on ratios were produced using the 
Bray-Curtis distance. A 1-way PERMANOVA tested 
the effect of sound levels (control, low, medium, and 
high) on growth (size at metamorphosis and growth 
post-metamorphosis) and metamorphosis success. 
When differences were significant (p-perm ≤ 0.05), 
multiple comparison pairwise tests were used to 
determine which groups significantly differed. Dis-
tance-based tests for homogeneity of multivariate dis-
persions (PERMDISP) were carried out to evaluate 
the homogeneity of ratios in each condition. 

3.  RESULTS 

Spectrograms (Fig. 3a,b) highlighted sustained low-
frequency energy during arrival of the ‘Nohlan Ava’, a 
120 m roll-on/roll-off cargo ship, while energy dimin-
ished more rapidly during departure. Power spectral 
density (PSD) analysis of noise from the ship revealed 
distinct acoustic profiles during its arrival (11 min) and 
departure (8.5 min) phases (Fig. 3c,d). The ship’s 
noise exhibited slightly higher energy across most 
frequencies during arrival. The departure phase 
showed reduced and more uniform sound intensity. 
PSD comparisons across exposure conditions (high, 
medium, low, and control) demonstrated significantly 
elevated sound intensities in high-exposure conditions 
(Fig. 3c,d), with medium and low exposures showing 
intermediate levels, and the control the lowest. 

3.1.  Post-larval prostaglandins and fatty acid 
oxidation products 

The stress induced by the noise treatment could 
promote the oxidation of polyunsaturated fatty acids 
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(PUFAs) from phospholipids notably involved in 
inflammatory processes. Accordingly, the cyclopen-
tenone prostaglandins (cyPGs) derived from arachi-
donic acid, as well as oxylipins were quantified in 
blue mussel post-larvae (Table S2). An OPLS-DA 
(Fig. 4; Table S3) was fitted to identify the compounds 
from the oxidative metabolism that were differentially 
regulated between ambient (control, n = 5) and high 
noise (~151 dB re 1 μPa, n = 5) exposure. This model 
(R2Y = 0.97, Q2 = 0.95, CV-ANOVA = 0.0016), com-
posed of 1 predictive and 1 orthogonal component, 
was able to explain the variability induced by the 
sound treatment (Fig. 4a) and contained 14 com-
pounds (Fig. 4b). The larval pools exposed to low 
noise (~121 dB re 1 μPa, n = 6) were also correctly 
discriminated from those from the high sound treat-
ment. The intermediate level (~127 dB re 1 μPa, 

n  =5) induced a similar response to the high sound 
treatment. 

As shown in Fig. 4, the OPLS-DA revealed that 5 
classes of lipid mediators were affected by noise, 
namely (1) cyPGs; (2) omega-3 eicosapentaenoic acid-
derived oxylipin; (3) α-linolenic acid-derived oxy lipin; 
(4) linoleic acid-derived oxylipin; and (5) hydroxy 
docosahexaenoic acids (HDHAs). CyPGs are derived 
from C20-unsaturated FAs with a cyclopentane ring, 
formed from arachidonic acid (C20:4ω-6) or eicosatet-
raenoic acid (C20:4ω-3) through cyclooxygenation. 
They are rapidly metabolized by enzymatic reactions 
to inactive forms. The OPLS-DA showed the presence 
of 2 active cyPGs, i.e. PGA2, which was more con -
centrated in mussels exposed to noise, possibly in -
dicating inflammation or oxidative stress (Lee et al. 
2010), and PGF3α, which was more prominent in 
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Cargo ship arrival (11 min)

Cargo ship arrival (11 min) Cargo ship departure (8.5 min)

a Cargo ship departure (8.5 min)b

c d

Fig. 3. Spectrograms of the cargo ship in situ sound during its (a) arrival and (b) departure. Power spectral density (PSD) analy-
sis of the cargo ship original sound recorded in situ and at the center of the middle cylinder below the water surface, for all ex-
perimental conditions and the control, during (c) arrival and (d) departure (window length: 1 second, window type: Hann)
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 control samples. Inactivated prostaglandins 15-keto-
PGF2α and 13,14-dihydro-15-keto-PGF2α were also 
de tected in mussel larvae exposed to medium and 
high noise levels. The inactivation products of PGE2, 
i.e. 15-keto-PGE2 and 15-deoxy-Δ12,14-prostaglan-
din J2, were more concentrated in the controls, indi-
cating the termination of proinflammatory reactions 
(Kim et al. 2021). Oxy lipins — resulting from the oxi-
dation of eicosapen taenoic acid (C20:5 ω-3), i.e. 

α-linolenic acid (C18:3ω-3) and lino-
leic acid (C18:2ω-6) — were generally 
higher in  controls. Finally, 4 HDHAs, 
which derive from docosahexaenoic 
acid (C22:6ω-3), were retained in the 
OPLS-DA. 

3.2.  Post-larval polar metabolites 

The response to stress could also im-
pact general metabolism, such as amino 
acid synthesis or catabolism in relation 
with energy metabolism, and the syn-
thesis/degradation of DNA and RNA, 
and could involve multiple clas ses of 
molecules. Therefore, untarget ed met-
abolomics, a technique facilitating the 
simultaneous exploration of multiple 
molecules in a biological  sample em-
ploying 1H-NMR and LC-HRMS/MS, 
was implemented. This approach en-
abled the relative quantification and 
identification of 133 metabolites (67 
and 84 by 1H-NMR and LC-HRMS/MS, 
respectively) in post-larvae exposed to 
noise. Notably, only 18 compounds 
were found to be common to both in-
strumental methods, which had similar 
individual classification performances 
(Figs. S3 & S4). A multiblock OPLS-DA 
with an explicative ability (R2Y) of 1.00 
and a predictive ability (Q2) of 0.98 for a 
CV-ANOVA of 0.0010 was fitted to re-
veal the alterations induced to the lar-
val metabolome by exposure to the ship 
noise at a high level (n = 5) (Fig. 5a,b; 
Table S4). This model, composed of 
1 predictive and 1 orthogonal compo-
nent, included 26 metabolites (11 de -
tected by 1H-NMR, 13 by LC-HRMS/
MS, and 2 by both methods). It was able 
to discriminate the larvae under control 
conditions and those exposed to all of 

the noise levels, thus confirming that the metabolites 
included in the model are effectively correlated to the 
noise level. The discriminant metabolites included 15 
amino acids, 4 nucleosides and derivatives, 2 cholines, 
and 5 other molecules, including 1 prostaglandin. 

This untargeted exploration of the impact of noise 
on the metabolome of post-larvae was completed by a 
systematic characterization of the amino acid and 
energy metabolism, based on the absolute quantifica-
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Fig. 4. Impact of shipping noise on prostaglandins and fatty acid oxidative me-
tabolism in blue mussel post-larvae. (a) Orthogonal projection latent structures 
discriminant analyses (OPLS-DA) scores based on the fitted model (R2Y = 0.97, 
Q2 = 0.95, CV-ANOVA = 0.0016) of targeted lipid oxidation products quanti-
fied as a function of shipping noise level. Shipping noise treatment groups are 
control (Ctrl; ambient noise, n = 5), low (~121 re 1 μPa, n = 6), medium (~127 re 
1 μPa, n = 5), and high (~151 dB re 1 μPa, n = 5). (b) Contribution and impor-
tance in the model (variable importance in the projection, VIP) of the com-
pounds identified by the OPLS-DA-based screening to explain the impact of  

shipping noise on the post-larval mussel metabolome
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tion of a set of 48 metabolites (Table S5). These metab-
olites were subjected to a multivariate screening, as 
performed with the untargeted data set, to identify 
the molecules with concentrations affected by expo-
sure to the high shipping noise level. Twenty metabo-
lites were conserved in the OPLS-DA model com-

posed of 1 predictive and 3 orthogonal components 
(R2Ycum = 1.00, Q2

cum = 0.99, CV-ANOVA = 0.0245) 
(Fig. 5c; Table S6). Five of these metabolites (all of 
which were amino acids) were also conserved in the 
untargeted model (glutamate, glutamine, glycine, 
leucine and methionine; Fig. 5a). 
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Fig. 5. Impact of shipping noise on amino acids, energy and oxidative metabolism in blue mussel post-larvae. Shipping noise 
treatment groups are control (Ctrl; ambient noise), low (~121 re 1 μPa), medium (~127 re 1 μPa), and high (~151 re 1 μPa). (a) Con-
tribution of the metabolites identified by the multiblock OPLS-DA-based screening of the untargeted proton nuclear magnetic 
resonance (1H-NMR) and mass spectrometry (MS) data, as well of the targeted LC-MS data. (b) Multi-block OPLS-DA scores 
plot based on the fitted model (R2Y = 1.00, Q2 = 0.98, CV-ANOVA = 0.0010) on untargeted 1H-NMR and MS data. Ctrl n = 4, low 
n = 4, medium n = 6, high n = 5. (c) OPLS-DA scores plot based on the fitted model (R2Ycum = 1.00, Q2

cum = 0.99, CV-ANOVA = 
0.0245) on the targeted LC-MS amino acid and energy metabolism data. Ctrl n = 6, low n = 6, medium n = 6, high n = 3. (d) Meta -
bolite set enrichment analysis performed using the list of metabolites obtained from the untargeted and targeted metabolomics 
OPLS-DA models. The bubble sizes represent the fold enrichment of the metabolic pathways identified, and the blue colour gra-
dient corresponds to the p-value corrected for the false discovery rate (FDR). (e) Percentage of metamorphosis success of the lar-
vae exposed to different noise levels (*p < 0.05). Each treatment n = 6. (f) Size of the larvae at the metamorphosis stage pro -
dissoconch II (PII) and their post-metamorphosis growth (*p < 0.05, outliers are represented by dots). Each treatment n = 6. In 
e and f, boxplots show minimum and maximum values (whiskers), first and third quartiles (box), and median (horizontal line)
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The impact on biochemical pathways of the mussel 
post-larvae following exposure to noise during meta-
morphosis was determined by metabolite set enrich-
ment analysis (Fig. 5d) based on the combination of 
the discriminant metabolites identified in the untar-
geted and targeted approaches. This analysis high-
lighted 17 pathways significantly enriched in metabo-
lites (FDR p < 0.01). Among them, pathways related to 
amino acids, including the urea cycle, glutamate and 
alanine metabolism, were the most extensively im -
pacted. They were followed by pathways connected 
to energy metabolism, such as the transfer of acetyl 
groups into mitochondria, the Warburg effect (anaer-
obic glycolysis), pyruvate metabolism, gluconeogen-
esis, as well as β-oxidation of very long chain FAs. 
Finally, the oxidative stress response via glutathione 
metabolism was also affected. 

3.3.  Post-larval performance 

Post-larval performances were evaluated using a 
Keyence VHX-2000 Series digital microscope. Those 
observations showed that the success of metamor-
phosis increased significantly with the sound treat-
ment (+21% high vs. control, p = 0.01) in mussels 
sampled on collectors (Fig. 5e). Furthermore, the size 
at metamorphosis (PII measurements) (Fig. 5f) was 
significantly impacted by the noise (+18 μm low vs. 
control, p = 0.02, –17 μm low vs. high, p = 0.04) while 
the post-metamorphosis growth (D) did not differ sig-
nificantly between the sound treatments (Fig. 5f). 

4.  DISCUSSION 

4.1.  Noise treatment 

We used the noise profile of a single ship, the 
 loudest vessel in the archipelago of St-Pierre-et-
Miquelon, consistent with measurements of commer-
cial ships (McKenna et al. 2012), aiming at standard-
izing the anthropogenic sound exposure to ensure 
that the primary variable in the experiment was the 
intensity of the noise. While a broader acoustic land-
scape might more accurately reflect real-world con-
ditions, such an approach would require a long-dura-
tion sound file, which could be challenging given the 
brief lifespans of the larval stages studied. Further-
more, previous calibration work on the Larvosonic 
system revealed that both kinetic (particle velocity) 
and potential (pressure) energy decrease propor-
tionally as source levels increase (Olivier et al. 2023). 

Given this uniform decrease across treatments, the 
design ensured that trends in exposure levels (low, 
medium, high) were consistent between pressure and 
particle motion which is valuable, since mussels are 
likely to respond to particle motion rather than sound 
pressure (Popper & Hawkins 2018). 

4.2.  Shipping noise impact on post-larval  
metabolism 

Noise modified the life cycle of mussel larvae by 
stimulating their settlement and modulating their 
metabolome. Those alterations may result from a 
direct effect of the sound or different level of meta-
morphosis development, including tissue morphol-
ogy, induced by the sound treatment. 

4.2.1.  Modification of PUFA oxidation patterns 
indicated an inflammatory response 

The responses to noise-induced stress triggered a 
modification of the production of lipid mediators 
(oxylipins and prostaglandins) by oxidation of PUFAs 
through direct interaction with reactive oxy gen spe-
cies (ROS), produced during oxidative stress, or ROS-
activated enzymatic pathways, i.e. cyclooxygenase, 
lipoxygenase, and cytochrome P450. Therefore, noise 
could induce, directly or indirectly through the regu-
lation of the metamorphosis process, a modification 
of lipid mediator patterns known to play essential 
roles in inflammation, reproduction, ion flux regula-
tion, thermoregulation, and activation of the immune 
response in aquatic invertebrates (Canesi et al. 2002, 
Gagné et al. 2007, Di Costanzo et al. 2019). Several 
oxylipins and prostaglandins were retained in the 
OPLS-DA, which could suggest a modification of 
the pro-inflammatory/pro-resolving balance, although 
their role in stress and inflammation in aquatic organ-
isms is not well understood (Gabbs et al. 2015). 

Besides these physiological processes, oxylipin and 
CyPG levels may also affect larval development, 
especially during metamorphosis. Indeed, metamor-
phosis is associated with the development of juvenile-
specific structures, including loss of the velum and 
development of the gills (Yang et al. 2013). During 
this transition, the innate immune system is solicited 
for the resorption and reorganization of larval tissues 
through the ROS-regulated process (Redza-Dutor-
doir & Averill-Bates 2016) of apoptosis and ROS-gen-
erating phagocytosis which may impact the lipid oxi-
dation patterns of the post-larvae (Winston et al. 
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1996, Davidson & Swalla 2002, Wang et al. 2023). Inter-
estingly, CyPGs and oxylipins may also be involved in 
the settlement of marine invertebrates (Knight et al. 
1999), suggesting that elevated ship noise levels could 
trigger this action on larvae, with potential impacts 
on ecosystems as well as on aquaculture. 

Overall, noise-induced stress appeared to modulate 
the production of lipid mediators from PUFAs, possibly 
leading to different inflammatory profiles be tween 
control and noise-exposed post-larvae. However, it 
was not clear whether its impact was direct or linked to 
different ontogenetic development at metamorphosis. 

4.2.2.  Energy requirements and protein turnover 
impacts on nervous system activity 

Gluconeogenesis and energy production is in creased 
in post-larvae exposed to noise. Amino acids and their 
derivatives, comprising 22 out of 42 compounds af-
fected by noise in both untargeted and targeted meta-
bolomes, showed significant changes, akin to the re-
sponse observed in adult mussels when exposed to 
pollutants, leading to stress and reduced feeding rates 
(Wale et al. 2019) due to a reduction in valve gape 
opening (Day et al. 2017, Ledoux et al. 2023). In re-
sponse to food restriction, mussels increased glucon-
eogenesis to produce glucose from oxidizable amino 
acids, which helps maintain intracellular osmolarity 
(Moyes et al. 1990). Consequently, lower levels of ala-
nine, arginine, glutamate, glutamine, methionine, 
phenylalanine, and proline in noise-exposed post-lar-
vae suggest higher oxidation rates to compensate for 
reduced feeding (Spiga et al. 2016) and greater energy 
demands caused by noise-related stress and the exten-
sion of the prospecting pelagic phase (Vazzana et al. 
2016, Gigot et al. 2023). 

Additionally, lipid β-oxidation may be heightened 
in noise-exposed post-larvae, indicated by lower 
levels of certain acylcarnitines, such as acetylcarni-
tine and palmitoylcarnitine, suggesting increased 
transport of FAs into mitochondria for breakdown, 
generating glucose and energy (Longo et al. 2016). 
This elevated gluconeogenesis rate led to higher glu-
cose levels and greater depletion of glycolysis pro-
ducts (pyruvate, phosphoenolpyruvate), accompa-
nied by increased levels of ATP, ADP, and Krebs cycle 
intermediates (acetyl-CoA, oxaloacetate, α-ketoglu-
tarate), reflecting intensified aerobic energy produc-
tion and amino acid turnover. The aerobic energy 
production is complemented by the transformation 
via the anaerobic glycolysis of glucose into lactate, 
which was higher in post-larvae exposed to noise. 

However, the levels of octopine (a derivative of argi-
nine and alanine) and strombine [N-(carboxymethyl)-
D-alanine] involved in maintaining the redox balance 
under anaerobic conditions and anaerobic respiration 
end-products, respectively, were higher in the con-
trols, suggesting higher energy demands. These find-
ings indicate lower metamorphosis development in 
the control group, as evidenced by morphometric 
data, correlating with metabolic activity, specifically 
the NADH/NAD+ ratio. The elevated ratio observed 
in the high sound condition may suggest an increased 
reliance on anaerobic metabolism, potentially related 
to the demands of gill development and/or the stress 
induced by sound exposure. 
Protein and cellular turnover increased in post-larvae 
exposed to noise. In post-larvae exposed to noise, 5 pro-
teogenic amino acids (asparagine, aspartate, threonine, 
tyrosine, valine) were found at higher levels. Threon-
ine, tyrosine, aspartate, and asparagine may be pre-
cursors for the biosynthesis of new proteins in response 
to the stress-induced formation of ROS provoking pro-
tein damage or the increased protein demand for the 
remodelling occurring during metamorphosis. The 
branched-chain amino acid valine is essential for the 
immune system by providing energy and being a pre-
cursor for the biosynthesis of protective molecules 
(Calder 2006), but it also plays an important role in the 
regulation of protein turnover processes, as observed 
in Mytilus galloprovincialis challenged by Vibrio an-
guillarum (Ji et al. 2013). The post-larval immune sys-
tem is likely to be triggered by the response to stress, 
involving prostaglandins and oxylipins (Canesi et al. 
2002). The exposure of mussel larvae to noise, or the 
regulation of their metamorphosis by noise, may thus 
have an impact on their protein turnover, in combina-
tion with a higher energy level due to increased glu-
coneogenesis, which could lead to a tendency to grow 
faster after metamorphosis (Fig. 5f). 
Action on nervous system activity. The level of the neuro-
transmitter acetylcholine — which plays an important 
role in the cholinergic system involved in digestion, 
control of the heartbeat, and movement — is depen-
dent on its rate of inactivation via hydrolysis into cho-
line by acetylcholinesterase (AchE). The activity of 
this enzyme is considered the most effective biomarker 
in assessing neurological changes caused by xenobio-
tics (Fontes et al. 2022). The higher level of acetylcho-
line (decreased hydrolysis by AchE) in post-larvae ex-
posed to noise, which is consistent with the decrease 
of AchE activity after exposure to pollutants such as 
cocaine (Fontes et al. 2022) and the typical decreased 
enzyme activity in mussels exposed to environmental 
stress (Ricciardi et al. 2006), could have a stimulatory 
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effect. The formation of ROS might be the cause of the 
decreased hydrolysis by AchE similarly to what has 
been observed during the exposure of mussels to 
waste water (Gagné et al. 2011). Acetylcholine is also an 
inhibitor of some ctenidial lateral cilia that reduce 
water pumping rate in Mytilus edulis (Jones & Richards 
1993), in good agreement with the reduced respiration 
and feeding rates observed during noise exposure 
(Wale et al. 2019). Additionally, this neurotransmitter 
induces both settlement behaviour and metamorphosis 
development in bivalves (Beiras & Widdows 1995, 
Bayne 2017). Its higher level in post-larvae exposed to 
noise could therefore explain the increased settlement 
level and faster metamorphosis development. 

4.3.  Noise induces settlement in bad habitats and 
in an altered physiological condition 

Competent veliger mussel larvae can delay their 
metamorphosis and remain adrift up to a size of 
400 μm, an almost 100% increase from the 230 μm 
observed for the most precocious individuals, due to 
potential absence of a suitable environment required 
for stimulating settlement, thus forcing larvae to con-
tinue planktonic growth (Martel et al. 2014). At an 
average size of 300 μm, the larvae were already in 
a delayed metamorphosis condition, undoubtedly 
linked to the absence of turbulence in the Larvosonic 
systems to limit noise perturbation (Olivier et al. 
2023). Indeed, settlement success is positively corre-
lated with centrifugal and advective flow velocity and 
turbulence (Pernet et al. 2003). As highlighted by the 
metabolomic characterization, post-larvae exposed to 
high sound levels had higher energy expenditures 
than the others, which potentially results in a de -
crease in energy reserves and therefore activates the 
oxidative energy pathways. Those larvae would thus 
consume considerably more energy daily than the 
others (Bayne 1965, Gigot et al. 2023), which would 
result in them becoming ‘desperate larvae’ faster 
(Knight-Jones 1951, Toonen & Pawlik 1994), i.e. 
forced to settle without any positive settlement cue, 
or even in an unfavourable environment, at a smaller 
size. Alternatively, a second hypothesis could be that 
there existed a disparity in the metamorphosis stage 
of the larvae between the control and high sound 
exposure groups and that the latter may have exhib-
ited a more advanced metamorphic state compared to 
the former (Cannuel et al. 2009). 
In summary, marine traffic noise delays metamorpho-
sis, leading to post-larval size differences, while in-
creasing its success in a suboptimal habitat. The post-

larvae that settled and underwent metamorphosis in 
this suboptimal habitat showed increased metabolomic 
demands and an altered prostaglandin profile, indica-
ting stress and inflammatory responses, which may re-
duce their chances of survival. However, these results 
need to be enriched by long-term studies. 

4.4.  Perspectives for sessile bivalve aquaculture, 
ecosystems, and regulations 

Anthropogenic noise, associated with maritime 
traffic, modulates larval metamorphosis dynamics 
and recruitment processes, potentially altering larval 
selectivity and decreasing survival rates to adult-
hood, with potential cascading effects on population 
dynamics and marine biodiversity (Pechenik 2006, 
Gigot et al. 2023). Those perturbations may addi -
tionally carry socio-economic implications, particu-
larly for aquaculture systems reliant on spat capture 
(Kamermans & Capelle 2019). Our innovative ap -
proach coupling metabolomic monitoring of Mytilus 
edulis larvae stress responses and acoustic studies 
provides the first metabolic dose-response data about 
the impact of shipping noise on sessile bivalve devel-
opment. These results could be used by regulators 
and decision-makers. Indeed, no binding regulations 
currently require the reduction of manmade under-
water noise. There are some regulations and recom-
mendations to help maritime professionals reduce 
noise pollution, but with limited legal status, such as 
the IMO Guidelines (Maruf & Chang 2023). Those 
initiatives are based on thresholds, defined by the 
noise level at which individual animals start to 
experience adverse effects, as is the case for the 
‘Level of Onset of Biological Adverse Effect (LOBE)’ 
proposed by the European Union (Borsani et al. 
2023). The definition of thresholds for a variety of 
organisms is crucial for the implementation of pre-
cautionary management and mitigation measures, 
such as the reduction of vessel speed (Lajaunie et al. 
2023), the modulation of ship traffic and speed in 
reproduction zones during the spawning season, or 
the promotion of ship designs that reduce propeller, 
machinery, and flow noises (Arveson & Vendittis 
2000), to limit the impacts on biodiversity and the 
management of fisheries and aquaculture. 

4.5.  Conclusion 

This study highlights that marine traffic noise dis-
rupts the metamorphosis and settlement of Mytilus 
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edulis larvae, resulting in size differences and in -
creased stress-related metabolomic expenditures in 
suboptimal habitats. These findings emphasize the 
significant impact of anthropogenic noise on larval 
development, with potential negative effects on 
bivalve aquaculture, ecosystem health, and marine 
biodiversity. 
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Table S1. Table of equivalent sound levels in sound pressure level 
(total root-mean-square Sound Pressure Level SPLRMS) measured. 

Sound pressure level (SPL) RMS measured (dB re 1μPa) 
Conditions Arrival Departure Mean SE 

Control 117.0 115.8 116.4 0.8 
Low 124.3 118.2 121.3 4.3 

Medium 128.8 125.3 127.1 2.5 
High 152.6 149.2 150.9 2.4 
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Fig. S1. Calculation of the estimation of the transmission loss (TL) of the different sound intensities to evaluate 
the exposure distance (x) from the source (cargo-ship). Example of calculation for high sound exposure at 
151 dB. Based on the original in situ sound recordings, we hypothesised a vessel noise source level of 170 dB 
re 1 μPa. 
 

 
 

Fig. S2. Principal component analysis (PCA) adjusted to the set of metabolites, from blue mussel post-larvae, 
selected by multivariate OPLS-DA screening showing that supervised OPLS-DA as well as non-supervised 
PCA methods are able to cluster the pools of larvae in function of the intensity of the noise. Therefore, the set 
of metabolites included in the models are able to explain the variations related to the sound treatments. Green 
circles: control, red boxes: high shipping noise. a, PCA fitted to the set of metabolites included in the OPLS-
DA adjusted to the targeted prostaglandin, oxidant metabolism data. The PCA is composed of four 
components with the two first one explaining 79% of the variability in the metabolite set. b, PCA fitted to the 
set of metabolites included in the OPLS-DA adjusted to the untargeted approach data. The PCA is composed 
of two components with the first one explaining 62% of the variability in the metabolite set. c, PCA fitted to 
the set of metabolites included in the OPLS-DA adjusted to the targeted amino-acids, energy metabolism data. 
The PCA is composed of two components explaining 65% of the variability in the metabolite set. 
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Table S2. Targeted LC-MS-based quantification (mean ± standard error ng/g) of prostaglandin and 
unsaturated fatty oxidation products in blue mussel post-larvae. The significance of the differences in 
concentrations of the metabolites between noise levels was tested by Permanova (P-value < 0.05). 
Significant differences of concentration are indicated by letters. 

Metabolite Control Low Medium High 

Cyclopentenone prostaglandin         
PGE2 375 ± 116 

212 ± 57 
27 ± 4b 

194 ± 24 
237 ± 29 
37 ± 5 
20 ± 3 

286 ± 36a 
86 ± 11 

465 ± 133 
79 ± 9 

246 ± 31 
188 ± 15 
22 ± 2b 

169 ± 24 
260 ± 68 
28 ± 3 
20 ± 3 

244 ± 27a 
75 ± 12 
350 ± 47 
78 ± 14 

280 ± 27 
155 ± 24 
52 ± 5a 
169 ± 8 
281 ± 50 
39 ± 7 
17 ± 4 

228 ± 33a 
65 ± 7 

287 ± 25 
113 ± 18 

225 ± 36 
234 ± 63 
36 ± 6ab 
150 ± 19 
156 ± 14 
24 ± 4 
12 ± 2 

88 ± 14b 
80 ± 14 
335 ± 42 
83 ± 18 

PGD2 
PGA2 
PGJ2 
15-deoxy-d12,14-PGJ2 
11b_PGF2a 
15-keto-PGE2 
15-keto-PGF2α 
13,14-dihydro-15-Keto-PGE2 
13,14-dihydro-15-Keto-PGD2 
13,14-dihydro-15-Keto-PGF2α 

EPA oxylipin         
PGE3 49 ± 4 

66 ± 19 
315 ± 19 

2111 ± 100 
353 ± 104a 
1275 ± 82a 
3182 ± 492 
362 ± 96 
661 ± 76 

56 ± 10 
65 ± 8 

325 ± 30 
1746 ± 166 
155 ± 26ab 
830 ± 133b 
3670 ± 348 
223 ± 25 
557 ± 36 

45 ± 12 
61 ± 11 
384 ± 55 

1883 ± 181 
150 ± 27ab 
719 ± 51b 

4604 ± 428 
213 ± 9 
529 ± 50 

30 ± 8 
61 ± 10 
290 ± 29 

1571 ± 130 
100 ± 14b 
575 ± 100b 
3032 ± 416 
227 ± 28 
466 ± 50 

PGF3α 
5-HEPE 
8-HEPE 
9-HEPE 
11-HEPE 
18-HEPE 
12-HEPE 
15-HEPE 

ALA-GLA-oxylipin         
9(S)-HOTrE 270 ± 41b 

91 ± 10 
54 ± 8 

301 ± 47b 
83 ± 15 
52 ± 8 

499 ± 43a 
67 ± 11 
63 ± 6 

302 ± 44b 
64 ± 16 
49 ± 11 

13(S)-HOTrE 
13(S)-HOTrE(g) 

Arachidonic-oxylipin         
11-HETE 425 ± 24 

211 ± 29 
77 ± 21 
562 ± 37 
106 ± 15 
68 ± 3 

349 ± 110 

338 ± 54 
165 ± 26 
85 ± 12 
464 ± 63 
98 ± 13 
62 ± 4 

224 ± 25 

403 ± 29 
175 ± 10 
66 ± 15 
536 ± 61 
97 ± 10 
69 ± 6 
209 ± 9 

314 ± 44 
160 ± 21 
49 ± 12 
459 ± 40 
75 ± 10 
61 ± 7 

225 ± 29 

12-HETE 
15-HETE 
8-HETE 
9-HETE 
5-HETE 
15-oxoHETE 

Linoleic-oxylipin         
(±)12(13)-DiOME 14 ± 1 

11 ± 1 
108 ± 9 
191 ± 10 
155 ± 18 
435 ± 169 
61 ± 21 
458 ± 64 

11 ± 2 
9 ± 2 

103 ± 11 
174 ± 27 
152 ± 18 
123 ± 25 
23 ± 5 

358 ± 52 

14 ± 3 
10 ± 2 

110 ± 13 
166 ± 29 
183 ± 15 
186 ± 84 
24 ± 5 

449 ± 114 

11 ± 4 
7 ± 1 

96 ± 12 
165 ± 23 
147 ± 27 
103 ± 21 
49 ± 25 
352 ± 75 

(±)9(10)-DiHOME 
13-oxoODE 
9-oxoODE 
13-HODE 
9-HODE 
(±)12(13)-EpOME 
(±)9(10)-EpOME 

HDHA-oxylipin         
22-HDHA 16 ± 4 

305 ± 73 
1071 ± 126 
177 ± 29 
648 ± 36a 
359 ± 71 
282 ± 33 
217 ± 103 

73 ± 3 
759 ± 25 
57 ± 4 

17 ± 3 
381 ± 31 
908 ± 93 
194 ± 45 
307 ± 74b 
298 ± 39 
290 ± 44 
111 ± 23 
73 ± 9 

582 ± 136 
47 ± 6 

17 ± 4 
507 ± 22 
896 ± 69 
242 ± 17 
224 ± 29b 
309 ± 21 
321 ± 34 
111 ± 25 
72 ± 5 

601 ± 70 
49 ± 6 

20 ± 5 
401 ± 97 
731 ± 96 
269 ± 66 
212 ± 45b 
313 ± 43 
270 ± 31 
69 ± 9 
58 ± 5 

403 ± 58 
39 ± 8 

20-HDHA 
17-HDHA 
16-HDHA 
13-HDHA 
14-HDHA 
10-HDHA 
11-HDHA 
7-HDHA 
8-HDHA 
4-HDHA 
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Table S3. Contribution and importance of the 
variables in the projection (VIP) of the metabolites 
included in the OPLS-DA model (R2Y=0.97, 
Q2=0.95, CV-ANOVA=0.0016) for the targeted 
LC-MS-based characterisation of prostaglandins 
and unsaturated fatty acids in blue mussel post-
larvae (Fig. 3).  
Compound Contribution VIP 
(±)9(10)-DiHOME -1.37425 1.05501 
11-HEPE -2.36357 1.27140 
13,14-dihydro-15-Keto-PGF2α 0.02000 0.68116 
13-HDHA -2.62205 1.28919 
15-HEPE -1.13632 0.99026 
15-keto-PGE2 -1.31368 1.02460 
15-keto-PGF2α -2.34545 1.25178 
16-HDHA 0.60088 0.85104 
20-HDHA 0.23909 0.78353 
8-HDHA -2.32204 1.22525 
8-HEPE -1.75619 1.14781 
9(S)-HOTrE 0.09783 0.75118 
PGA2 0.489607 0.62523 
PGF3α -0.02746 0.65959 
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Fig. S3. List of the metabolites detected by 1H-NMR and detected and annotated by LC-MSMS in the untargeted metabolomics analysis of blue mussel post-
larvae. *Compounds excluded from the analysis as suspected contaminants based on data in the Human Metabolome Database (https://hmdb.ca) 
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Fig. S4. a, Parsimonious OPLS-DA scores plot based upon the fitted model (R2Y=1, Q2=0.99, CV-ANOVA= 
0.0005, 36 features) on the untargeted NMR data from blue mussel post-larvae. Green circles: control, yellow 
inversed triangles: low, orange triangles: medium, and red boxes: high shipping noise. b, Parsimonious OPLS-
DA scores plot based upon the fitted model (R2Y=0.98, Q2=0.90, CV-ANOVA=0.0275, 28 features) on the 
untargeted LC-HRMS data. Green circles: control, yellow inversed triangles: low, orange triangles: medium, 
and red boxes: high shipping noise.  
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Table S4. Contribution and importance of the 
variables in the projection (VIP) of the metabolites 
included in the multi-block OPLS-DA model 
(R2Y=1.00, Q2=0.98, CV-ANOVA=0.0010) for the 
untargeted LC-MS (green) and NMR (yellow) -based 
metabolomics of blue mussel post-larvae (Fig. 4). 
Metabolite (chemical shift) Contribution VIP 
15-Deoxy-Δ12,14-prostaglandin J2 -1.91282 1.2142 
Acetylcarnitine -1.03669 0.8516 
Acetylcholine (3.227) 1.98841 1.0722 
Adenosine -2.07545 1.2191 
Alanine (3.769) -1.41936 0.9114 
Alanine (3.780) -1.22053 0.8513 
Arginine (3.775) -1.54783 0.9528 
Asparagine (2.851) 0.714892 0.6348 
Aspartate 2.14305 1.2373 
Aspartate (3.888) 1.62194 1.0120 
β-Alanine (2.564) -1.99612 1.0699 
β-Alanine (3.170) -1.77388 1.0225 
β-Alanine (3.182) -1.8582 1.0411 
β-Alanine (3.191) -1.8117 1.0286 
Dimethyl sulfone (3.151) 1.72833 0.9958 
γ-Glutamyl-glutamic acid -1.42953 1.0990 
Glutamate (3.753) -1.85861 1.0375 
Glutamate (3.759) -1.9704 1.0664 
Glutamate (3.772) -1.68471 0.9953 
Glutamine (3.765) -1.61215 0.9787 
Glutamine (3.786) -1.15392 0.8363 
Glycine (3.563) 1.04622 0.8467 
Hypoxanthine -1.47309 1.1620 
Inosine (4.436) 0.761747 0.7055 
Isobutyryl-carnitine 1.35022 0.9760 
Leucine -2.14092 1.2338 
Methionine -1.66535 1.1038 
Methionine (2.648) -0.45398 0.6326 
Palmitoylcarnitine -0.79373 0.8246 
Phenylalanine -1.41777 1.0852 
Phosphocholine (3.220) 1.46923 0.9566 
Pipecolic acid 2.17632 1.2433 
Riboflavin -1.81308 1.1789 
Stearidonic acid -1.10188 0.9089 
Unknown 1 (3.747) -1.29557 0.8690 
Unknown 2 (1.884) 1.88602 1.0524 
Unknown 3 (1.520) -0.704 0.6964 
Uridine 0.312618 0.8998 
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Table S5. Targeted LC-MS-based quantification of amino acids and energy metabolism metabolites in blue mussel 
post-larvae. The significance of the differences in concentrations of the metabolites between noise levels was 
tested by Permanova (P-value < 0.05). Significant differences of concentration are indicated by letters. 

Metabolic pathway Metabolite Control Low Medium High 

Aerobic (mitochondria 
- Krebs and urea cycle) 

α-Ketoglutarate 0.9±0.2 3.4±1.3 4.5±1.8 3.1±0.3 
Cis-aconitate 1.96´10-2±0.01 6.85´10-2±0.03 9.88´10-2±0.02 2.86´10-2±0.02 
Citrate 18.6±2.1 30.9±5.6 29.1±3.1 113.7±59.6 
Succinate 260.4±37.4 226.6±61.0 277.7±23.8 443.2±95.0 
Fumarate 17.5±2.1 26.7±8.7 24.6±5.2 24.0±10.0 
Malate 283.3±39.8 368.4±103.7 347.3±74.6 636.2±218.2 
Oxaloacetate 16.9±4.9b 47.7±10.2ab 23.5±7.0ab 41.4±24.3a 
Glutamate 2764.7±93.5 1710.5±167.1 2099.3±344.5 3932.6±1415.7 
Glutamine 1282.2±50.1 1202.7±35.8 1180.0±66.2 1014.5±315.2 
Arginine 1397.1±80.6 1229.3±147.7 1309.6±65.5 1296.6±396.9 

Anaerobic (lactic 
fermentation - 
glycolysis) 

Strombine 2792.6±96.0 1741.2±168.6 2141.1±347.1 3862.3±1345.3 
Octopine 143.6±17.5 137.4±38.3 116.8±14.2 104.8±14.9 
Lactate 104.5±5.8 125.6±28.7 129.5±10.5 126.2±24.3 

Molecule and 
coenzymes related to 
energy transfer 

AMP 291.7±26.5 194.0±44.7 228.8±35.9 1174.8±661.6 
ADP 2.7±0.6 30.3±27.5 10.4±3.6 4.7±2.7 
ATP 14.3±2.9 16.6±3.2 16.8±2.0 30.8±19.2 
NAD 25.6±3.1 15.1±8.3 12.2±5.5 30.6±24.8 
NADH 11.3±2.8 7.4±1.7 10.4±2.7 14.7±10.9 
NADP 4.8±1.4 9.2±4.1 7.3±1.7 3.9±2.8 
NADPH 47.4±9.5 48.7±7.5 59.4±7.5 159.6±101.9 
FAD 0.1±0.02 0.1±0.05 0.1±0.05 0.3±0.5 
Glucose 115.1±4.9 137.3±23.8 121.4±5.7 129.2±10.3 
Glucose-6-phosphate 96.0±16.7 104.6±28.7 124.4±11.6 1080.1±716.9 
Pyruvate 39.7±2.3 22.7±4.6 34.0±6.3 20.5±7.8 
Phosphoenol pyruvate 2.1±0.4 2.7±0.9 2.2±0.4 2.2±0.6 
Acetyl-Coa 0.8±0.1b 1.1±0.2ab 0.9±0.2ab 1.9±0.8a 
D-Fructose-1,6-biphosphate trisodium 23.6±2.4 24.1±3.2 41.4±6.8 24.2±11.9 

Essential amino acids 

Histidine 441.3±10.4a 304.6±22.0ab 241.4±16.5b 1167.9±514.4ab 

Methionine 32.1±2.1a 26.4±2.4ab 23.0±1.4b 24.4±3.8ab 

Threonine 469.7±25.6 451.8±8.7 465.0±17.2 582.2±163.5 
Tryptophan 79.0±4.2 82.1±5.3 68.2±4.1 73.9±9.5 
Phenylalanine 442.9±20.1 456.4±24.5 432.3±28.1 480.1±90.2 
Valine 427.2±19.6 459.2±19.4 465.6±37.2 545.2±66.7 
Leucine 384.2±21.4 413.0±13.3 405.5±28.8 545.9±19.8 
Isoleucine 144.9±6.6 145.6±4.3 139.0±7.8 158.6±24.4 
Lysine 123.2±6.6 119.1±16.9 103.5±6.6 115.2±38.3 

Non-essential amino 
acids 

Proline 765.8±60.4a 484.8±15.1b 525.8±70.3b 330.0±89.6b 
Hydroxyproline 40.2±3.4 38.9±2.6 41.0±3.7 52.2±15.2 
Cystine 3.3±0.5 6.1±1.1 6.0±0.7 88.7±59.7 
Tyrosine 559.3±21.5b 545.5±14b 596.2±31.7ab 730.8±141.9a 
Alanine 3560.6±181.0 2889.2±190.0 2812.3±136.8 3299.1±679.6 
Serine 1000.6±56.2 919.6±42.4 1015.9±29.3 1037.1±34.1 
Glycine 8634.4±362.8 7579.1±849.1 7490.3±670.9 7118.2±1664.6 
Aspartate 1832.0±85.3 1606.6±201.1 1769.4±163.3 1844.8±602.4 
a-Aminobutyric acid 2580.6±250.0 1630.1±118.2 2006.1±205.5 4175.7±1285.1 
a-Aminoadipic acid 60.9±4.6 35.2±4.3 41.7±4.0 185.0±84.6 
β-Aminoisobutyric acid 189.2±14.9 164.2±24.6 165.4±13 157.8±23.5 
Betaine 13286.7±986.2 15319.0±1354.6 13971.5±1123.1 16407.4±10384.9 

  

Ratio 
Glycine/Succinate 37.2±6.0 40.4±10.7 25.5±4.4 22.3±2.7 
AEC† 0.05±0.00 0.13±0.10 0.09±0.00 0.10±0.10 
BCAAs‡ 956.3±47.0 1017.8±32.8 1010.1±72.6 1249.8±288.4 

 NADH/NAD+ 0.6±0.2 1.3±0.7 1.4±0.5 8.2±5.8 
†Adenylic Energetic Charge. Stress index defined as: (ATP + 0,5ADP)/(ATP + ADP + AMP) 
‡ Branched-chain amino acid. Indicator of muscle energy: valine + leucine + isoleucine 
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Table S6. Contribution and importance of the variables in the projection (VIP) of the metabolites included in 
the OPLS-DA model (R2Ycum=1.00, Q2cum=0.99, CV-ANOVA=0.0245) for the targeted LC-MS-based 
characterisation of amino acids and energy metabolism in blue mussel post-larvae (Fig. 4) 

Metabolite Contribution VIP 
Acetyl-Coa 1.68002 1.08603 
ADP 1.23701 1.01615 
Aketoglutarate 2.64558 1.25994 
ATP 0.869137 0.938782 
Glucose 0.913422 0.957866 
Glutamate -2.01153 1.13567 
Glutamine -1.06618 0.928844 
Glycine -1.01697 0.956994 
Lactate 0.465301 0.861751 
Leucine 1.10796 0.939639 
Methionine -1.30631 0.990473 
NADPH 0.937975 0.966666 
Octopine -0.622776 0.871872 
Oxaloacetate 1.95708 1.08207 
Phosphoenol pyruvate 0.109994 0.733108 
Proline -1.91747 1.09706 
Pyruvate -1.22877 1.0199 
Strombine -1.97715 1.12948 
Threonine 0.779409 0.80869 
Tyrosine 1.59111 1.0074 
Valine 1.78067 1.06564 
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TEXT S1. SPECTROSCOPIC METHODS 

 

S1.1.  Untargeted 1H-NMR-based metabolomics 
 

NMR measurements were performed at 298K. Spectra were acquired using an NOESY pulse sequence 
with a repetition delay of 10 s and mixing time of 50 ms. Water suppression was achieved by presaturation 
during the repetition delay and mixing time. 1H spectra were collected with 1,024 transients, 64 k data points 
and a spectral width of 12 ppm. Spectra were processed using NMRProcFlow tools. Free induction decays 
(FIDs) were zero-filled to 128k data points, a line-broadening factor of 0.3 Hz was applied prior to Fourier 
transform, and the 3-trimethylsilylpropionic acid referenced to 0 ppm. Larval extracts spectra were then 
bucketed manually and integrated. Signals from water, methanol, and all the buckets with a signal-to-noise 
ratio inferior to 3 were excluded. Data were normalized by the total sum of all of the spectral features and the 
generated data table was used for multivariate statistical analyses. Identification of metabolites was performed 
using Chenomx software (Edmonton, Canada), HMDB https://hmdb.ca/1. Annotations of the spectra were 
further confirmed by 2D 1H-NMR COSY and TOCSY experiments performed on a representative sample. 
 
S1.2.  Untargeted LC-HRMS-based metabolomics 
 

Liquid chromatography–high resolution tandem mass spectrometry analyses were performed on a 
Shimadzu Nexera UHPLC coupled to a quadrupole time-of-flight system (TripleTOF® 5600+, Sciex, 
Concord, ON, Canada). Metabolite separation was conducted on a mixed-mode reverse-phase column (Imtakt 
USA, Scherzo SM-C18, 150x3 mm, 3 µm), using gradient elution with mobile phases of water and acetonitrile 
(ACN), both containing 0.1% formic acid with a 0.3 ml/min flow rate. The gradient started at 3% B (held for 
2 min), then increased linearly reaching 65% at 15 min, then rapidly up to 95% at 15.5 min, held to 18 min, 
then decreased to 3% for 7 min of column re-equilibration, with a total run time of 25 min. Electrospray 
ionization (using a Duospray source) was used in positive and negative mode, with the following parameters: 
ionization potential +5000 or – 4500 V, source temperature 450 °C, curtain gas of 35 psi, drying and 
nebulization gas flow rate 50 psi. TOF-MS data were acquired from m/z 80-980 with a cycle time of 1.1 s and 
a collision-offset voltage (CE) of 30 ± 10V, then MS/MS was conducted on precursors between m/z 80-800, 
in information-dependent (IDA) mode choosing the 8 most intense ions, with dynamic background 
subtraction. MS/MS spectra were acquired in the range of m/z 40-800. 

Peak finding was conducted using MarkerviewTM 1.3.1 (Sciex, Concord, ON, Canada), to generate a 
peak list of features to input into Sciex OS-Q 2.0.1 (Sciex, Concord, ON, Canada) for further identification of 
putative metabolites using MS/MS spectral matching via library searching on with NIST2017 MS/MS spectral 
library (with 13808 compounds) and Sciex “All in one” accurate mass metabolite library (650 metabolites), 
as well as an in-house spectral library containing 194 spectra from standard metabolites run under identical 
MS/MS conditions. Features with a library score ≥85 and an accurate mass measurement for protonated or 
deprotonated precursors <10 ppm were kept for further processing. Peak integrations were verified for each 
putatively identified metabolite using Sciex OS-QTM. 
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S1.3.  Targeted LC-HRMS/MS based quantification of amino acids and metabolites from the energy 
metabolism and oxylipins 

1. Oxylipins analysis 

Oxylipins analysis was performed with an HPLC 1260 Infinity II device coupled to a 6546 QTOF 
(Agilent Technologies) in negative ionization mode equipped with an Agilent 1290 Infinity Flexible Cube. 
Oxylipins extracts were separated using an InfinityLab Poroshell HPH C-18, 2.1 x 100 mm 1.9 μm (Agilent) 
and a Gemini C6-Phenyl guard column as on-line SPE (4 x 2.0 mm, SecurityGuard, Phenomenex) with a 
column temperature maintained at 40°C.  
 

One milliliter was injected on the small trapping column (Phenyl Hexyl 4 x 2.0 mm (SecurityGuard, 
Phenomenex)) with a mobile phase of 90/10 water/methanol (v/v) with 20 mM ammonium formate at pH 3 
with a flow rate of 1 mL/min provide by an isocratic pump. A 3-second in-flush port for needle wash 
(isopropanol) was used. Extract trapped on SPE was washed with the isocratic mobile phase during 5 min and 
eluent was sent to the waste. Flow rate was reduced 5-5.01 min at 0.20 µL and maintained from 5.01 to 6 min. 
After 6 min, the Flexible Cube connected the SPE to the analytical column (InfinityLab Poroshell HPH C-18, 
2.1 x 100 mm 1.9 μm (Agilent). For the analytical column, mobile phase (A) consisted of water/methanol 
(90:10, v/v) with 0.01% ammonium hydroxide, and mobile phase (B) of methanol/isopropanol (65:35, v/v) 
with 0.01% ammonium hydroxide. A gradient elution was applied to separate analytes. The gradient elution 
used was maintained to 0% B 0-10 min, increased to 40% B from 10 to 36 min, maintained at 40% B 36-
40 min increased to 90% B 40-50 min, maintained at 100% B 50-54 min and return to initial conditions 54-
56 min, with a flow rate at 0.2 mL/min. Total run was 60 min following by a 4 min post-run.  
The following parameters were used for the Flexibe Cube (Figure S5), on-line SPE mobile phase flux 
according to the Flexible Cube timetable (Table S7) and MS acquisition parameters (Table S8). 
 
 

Figure S5. Diagram illustrative of the LC-HRMS/MS setup 
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Table S7. Flexible Cube timetable 

Time (min) Function Parameter 
0.00 Left valve change position Position 1 (Port 1 -> 10) 
0.00 Right valve change position Position 2 (Port 1 -> 2) 
6.00 Right valve change position Position 1 (Port 1 -> 10) 
7.00 Left valve change position Position 2 (Port 1 -> 2) 
7.01 Pump volume Pump 2.5 mL, Flow: 1 mL/min, Channel A: A1, 

Channel B: Method setting 
58.00 Left valve change position Position 1 (Port 1 -> 10 
58.00 Right valve change position Position 2 (Port 1 -> 2) 

 
 
 
Table S8. Mass spectrometry acquisition parameters 

MS source Dual AJS ESI 
Acquisition mode Negative 
Gas Temperature 200°C 
Gas flow 10 L/min 
Nebulizer 50 psi 
Sheath Gas Temp 300°C 
Sheath Gas Flow 12 L/min 
VCap 3000 V 
Nozzle Voltage 1000 V 
Fragmentor 150 V 
Skimmer 65 V 
Octopole RF  750 V 
Reference Mass m/z 119.03632 
MS and MS/MS Range MS: 100-500 m/z 

MS/MS: 50-400 m/z 
Min MS and MS/MS Scan Rate MS: 4.00 spectra/s (250 ms/spectrum) 

MS/MS: 6.67 spectra/s (149.9 ms/spectrum) 
Quadrupole Resolved All Ions (Q-RAI) 
Mass Table 

 Start 
Mass 

End 
Mass 

Window 
Width 

Collision 
Energy 

1 250 325 75 5 
2 250 325 75 15 
3 250 325 75 25 
4 325 375 50 5 
5 325 375 50 15 
6 325 375 50 25 

 

Threshold for MS and MS/MS MS: 200 counts and 0,010% 
MS/MS: 5 counts and 0,010% 
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2. Amino acids, energy metabolism-related metabolite analysis 

Metabolites were separated and quantified in multiple reaction monitoring using an HPLC 1260 Infinity II 
device coupled to a 6420 Triple Quad mass spectrometer (Agilent Technologies) in positive and negative 
ionization mode. Ten microliters of the sample were injected, and the chromatography separation was 
performed with a InfinityLab Poroshell 120 HILIC-Z, 2.7 µm. 10 x 2.1 mm column. Mobile phase, gradients 
and mass spectrometer parameters (Table S9) differ according to the detection mode. The precursor ion for 
the positive and negative ionisation modes are listed in Tables S10 and S11, respectively. This method makes 
it possible to detect 30 metabolites with the positive analysis and 20 metabolites resulting from the negative 
analysis, see Table S4. 

 

Table S9. LC-HRMS/MS setup and parameters 
  Positive ionisation mode Negative ionization mode 
Column InfinityLab Poroshell 120 HILIC-Z, 

2.7 µm. 10 x 2.1 mm 
InfinityLab Poroshell 120 HILIC-Z, 2.7 
µm. 10 x 2.1 mm 

Guard column InfinityLab Poroshell 120 HILIC-Z, 
2.7 µm. 2.1 x 5 mm 

InfinityLab Poroshell 120 HILIC-Z, 2.7 
µm. 2.1 x 5 mm 

Column temperature 30°C 30°C 
Injection volume 10 µL 10 µL 
Autosampler 4°C 4°C 
Needle wash 5s Flush Port (10/90 ACN/H2O) 3s Flush Port (10/90 ACN/H2O) 
Mobile phase A) 20 mM Ammonium Formiate pH 3, 

H2O-MS 
A) 10 mM Ammonium Acetate, 5 µM 
deactivator pH 9, H2O-MS, 0.2 mM NH4F 

B) 20 mM Ammonium Formiate pH 3, 
90:10 ACN-MS: H2O-MS 

B) 10 mM Ammonium Acetate, 5 µM 
deactivator pH 9, 90:10 ACN-MS: H2O-
MS, 0.2 mM NH4F 

Flow rate 500 µL/min 250 µL/min 
Gradient program Time (min) %B Time (min) %B 
 0 100 0 90 
 14 70 2 90 
 15.5 100 12 60 
 17 100 15 60 
  16 90 
  24 90 
Run time 17 min 24 min 
Post time 4 min 0 min 
MS source ESI ESI 
Gas Temp (°C) 340°C 0-4 min: 200°C 

4-16 min: 340°C 
Gas Flow 13 L/min 13 L/min 
Nebulizer 30 psi 30 psi 
Capillary 3500 V 3500 V 
Scan type MRM MRM 
Cycle Time (Dwell) 25 ms 0-4 min:100 ms  

4-16 min: 15 ms 
MS1 and MS2 resolution Unit Unit 
CAV 7 7 
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Table S10. Precursor ion, product ion, RT and QQQ parameters for each compound in positive mode. 

Compound Precursor Ion Product Ion RT 
(min) 

Frag CE 

α-aminoadipic acid 162.1 98.0 9.055 80 12 
α-aminoisobutyric acid 104.1 57.0 7.640 60 12 
Alanine 90.1 44.2 7.887 40 8 
AMP 348.0 136.1 9.718 128 12 
Arginine 175.1 70.2 11.658 100 24 
Aspartate 134.0 74.0 10.528 60 8 
β-aminoisobutyric acid 104.1 86.1 7.688 60 4 
Betaine 118.1 58.0 5.119 128 28 
Cystine 241.0 74.0 12.525 80 24 
FAD 786.3 348.0 10.449 124 12 
Glutamate 148.1 84.0 9.669 80 12 
Glutamine 147.1 84.0 8.896 60 16 
Glycine 76.1 30.2 8.617 40 4 
Histidine 156.1 110.0 11.074 80 12 
Hydroxyproline 132.1 86.2 8.055 80 12 
Isoleucine 132.1 86.2 5.248 60 4 
Leucine 132.1 86.2 4.801 60 4 
Lysine 147.1 84.0 12.389 80 16 
Methionine 150.1 133.0 5.725 80 4 
NAD 664.0 428.1 12.090 128 24 
Phenylalanine 166.1 120.2 4.270 80 8 
Proline 116.1 70.0 6.799 80 12 
Sarcosine 89.9 44.0 8.082 40 8 
Serine 106.0 60.0 8.907 60 8 
Strombine 148.0 102.0 9.669 63 6 
Threonine 120.1 74.1 8.241 60 4 
Tryptophan 205.1 188.3 4.613 80 0 
Tyrosine 182.1 165.2 6.430 60 4 
Valine-d8 126.0 80.0 6.687 60 4 
Valine 118.1 72.0 6.649 60 4 
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Table S11. Precursor ion, product ion, RT and QQQ parameters for each compound in negative mode. 
Compound Name Precursor Ion Product Ion RT (min) Frag CE Type Mode 
Acetyl CoA 403.6 403.6 11.649 50 0 Quantifier Negative 
Acetyl CoA 403.6 79.0 11.649 50 40 Qualifier Negative 
ADP 426.0 426.0 12.126 75 0 Quantifier Negative 
ADP 426.0 79.0 12.126 75 48 Qualifier Negative 
ATP 506.0 506.0 12.618 150 0 Quantifier Negative 
ATP 506.0 159.0 12.618 150 44 Qualifier Negative 
Cis-Aconitate 173.0 173.0 11.157 60 0 Quantifier Negative 
Cis-Aconitate 173.0 129.0 11.157 60 0 Qualifier Negative 
Citrate 191.0 191.0 12.614 75 0 Quantifier Negative 
Citrate 191.0 111.0 12.614 75 8 Qualifier Negative 
D-Fructose-1,6-
biphosphate 

339.0 339.0 14.152 100 0 Quantifier Negative 

D-Fructose-1,6-
biphosphate 

339.0 97.0 14.152 100 20 Qualifier Negative 

Fumarate 115.0 115.0 10.639 75 0 Quantifier Negative 
Fumarate 115.0 71.0 10.639 75 0 Qualifier Negative 
Glucose 179.0 89.0 2.974 60 4 Quantifier Negative 
Glucose-6-phosphate 259.0 259.0 12.590 75 0 Quantifier Negative 
Glucose-6-phosphate 259.0 199.0 12.590 75 4 Qualifier Negative 
Lactate 89.0 89.0 2.973 50 0 Quantifier Negative 
Lactate 89.0 43.0 2.973 50 8 Qualifier Negative 
Malate 133.0 133.0 10.806 75 0 Quantifier Negative 
Malate 133.0 115.0 10.806 75 4 Qualifier Negative 
NADH 664.1 664.1 10.346 160 0 Quantifier Negative 
NADH 664.1 408.0 10.346 160 32 Qualifier Negative 
NADP 742.1 742.1 13.780 75 0 Qualifier Negative 
NADP 742.1 620.0 13.780 75 10 Quantifier Negative 
NADPH 744.1 744.1 13.198 75 0 Quantifier Negative 
NADPH 744.1 408.0 13.198 75 30 Qualifier Negative 
Octopine 247.0 247.0 11.974 4 0 Quantifier Positive 
Octopine 247.0 70.0 11.974 4 35 Qualifier Positive 
Oxaloacetate 131.0 87.0 12.198 75 0 Quantifier Negative 
Phosphoenol pyruvate 166.9 78.8 12.933 75 4 Quantifier Negative 
Pyruvate 87.0 87.0 1.962 60 0 Quantifier Negative 
Pyruvate 87.0 43.0 1.962 60 0 Qualifier Negative 
Pyruvate d3 90.0 90.0 1.964 50 0 Quantifier Negative 
Pyruvate d3 90.0 46.0 1.964 50 0 Qualifier Negative 
Succinate 117.0 117.0 10.898 75 0 Quantifier Negative 
Succinate 117.0 99.0 10.898 75 8 Qualifier Negative 
Succinyl CoA 866.6 866.6 13.318 100 0 Qualifier Negative 
Succinyl CoA 866.6 408.0 13.318 100 40 Quantifier Negative 
α-ketoglutarate 145.1 145.1 9.339 60 0 Quantifier Negative 
α-ketoglutarate 145.1 101.0 9.339 60 0 Qualifier Negative 

 


