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A B S T R A C T

The lipidome is fundamental to the good functioning of cells and organisms. However, its role in species 
acclimatisation and adaptation to global changes remains overlooked. Investigating intraspecific variation in 
lipidome responses to combined global change drivers is therefore paramount to predict species’ vulnerability in 
future oceans. Here, we profiled the phospholipidome of the Northern shrimp, Pandalus borealis, from four 
different origins in the Northwest Atlantic, within an orthogonal design of ocean warming (OW) and acidification 
(OA) scenarios. We report complex origin-dependent non-additive responses under combined global changes. 
Shrimp display a high degree of intraspecific variation with distinct profiles of synergism, antagonism or 
temperature-driven phospholipidome responses when OA is superimposed on OW. Shrimp from the southern
most origin are only sensitive to OW, whilst those from the other three origins respond to combined OW and OA. 
These patterns involve changes in cellular membranes’ unsaturation, fluidity, curvature and thickness, under
lying differential intraspecific cellular vulnerability to global changes. The isolated effects of OA are subtler, 
visible only in shrimp from the St. Lawrence Estuary (SLE). Shrimp from SLE also show the most pronounced 
phospholipidome remodelling, allowing them to acclimate to combined OW and OA. Whilst SLE shrimp seem 
most sensitive to global changes, those from the northernmost origins (Newfoundland and Esquiman Channel) 
display the greatest cellular vulnerability under combined OW and OA. Our findings evidence the highly complex 
interplay of OW and OA in remodelling marine ectotherms’ phospholipidomes, with direct implications for 
prioritising conservation efforts on populations most vulnerable to global changes.

1. Introduction

The lipidome comprises all lipids in a biological system (Han and 
Gross, 2003, 2022). These lipids are involved in cell membrane struc
turing, energy storage, signalling and immunity, making them central to 
the functioning of all life forms (Johnson et al., 2021; Trautenberg et al., 
2022; Xianlin, 2016). However, the architectural organisation and 

functioning of the lipidome, particularly in marine non-model organ
isms, remains poorly studied (Koelmel et al., 2020). Phospholipids, also 
known as glycerophospholipids, the main lipids in cells, have amphi
philic properties allowing them to form and regulate cellular and sub
cellular membrane bilayers (Liebisch et al., 2020; Lordan et al., 2017). 
Particularly, the composition of phospholipids dictates the fluidity, 
curvature and thickness of cellular membranes, in turn controlling their 
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integrity and associated functions (Falch, 2023; Lischka et al., 2022; 
Lordan et al., 2017). Ultimately, phospholipids have broader ecological 
roles cascading through trophic networks (Trautenberg et al., 2022), 
and provide key health-promoting benefits to human consumption 
(Bergé and Barnathan, 2005; Falch, 2023).

Lipidomic approaches can help to acquire a more comprehensive 
understanding of the mechanisms underpinning organisms’ vulnera
bility to global changes (Han and Gross, 2022; Imbs et al., 2021; Rey 
et al., 2022). This is particularly critical for marine organisms, which are 
becoming increasingly important as a food source with accelerating 
human demographics, with the food industry and food security being 
challenged by global changes (Costello et al., 2020; FAO, 2024). Amidst 
major global change drivers, ocean warming (OW) will increase the 
global ocean temperature by 4 ◦C by 2100 and 8 ◦C by 2300 (scenario 
RCP 8.5, Horton et al., 2020; IPCC, 2022). Simultaneously, ocean 
acidification (OA) caused by anthropogenic CO2 injections in the at
mosphere is progressively disrupting the seawater carbonate system and 
will lower the seawater pH by − 0.3 units by 2100 (Caldeira and Wickett, 
2003; Doney et al., 2009; IPCC, 2022). In isolation, both OW (Ermolenko 
and Sikorskaya, 2021; Facchini et al., 2016; Sikorskaya et al., 2020) and 
OA (Lischka et al., 2022) were shown to cause a lipidome rewiring in 
marine invertebrates. This generally involves membrane composition 
adjustments such as its unsaturation levels, whilst lipid classes and chain 
length can also be modulated but usually remain more stable (Chwastek 
et al., 2020; Ernst et al., 2016, 2018). For instance, organisms increase or 
decrease cellular membrane levels of unsaturated lipids, respectively, 
when exposed to colder or warmer temperatures to maintain mem
branes’ fluidity (Holm et al., 2022; Ohtsu et al., 1998; Sinensky, 1974). 
In contrast, adaptation to OA may involve higher unsaturation levels to 
limit cell permeability to CO2 and regulate cell homeostasis (Jin et al., 
2021). However, multiple stressors can interact with each other and 
exert complex non-additive responses, such as antagonisms and syner
gisms (Carrier-Belleau et al., 2021; Côté et al., 2016; Piggott et al., 
2015). Few studies to date have characterised the combined effects of 
OW and OA on the lipid profiles of metazoans, with most research 
focusing on total lipid content and fatty acid profiles (Lischka et al., 
2022). These studies report that temperature acts as the major driver of 
lipid composition, whilst OA has more subtle effects (Garzke et al., 2016; 
Lischka et al., 2022; Rivest and Hofmann, 2015; Schoepf et al., 2013). 
Nonetheless, combined OW and OA may lower the prevalence of poly
unsaturated fatty acids or accentuate declines in total lipids in marine 
metazoans (Lischka et al., 2022; Valles-Regino et al., 2015). However, it 
remains unknown how the remodelling of the phospholipidome will 
help mediate marine species’ success and evolutionary trajectories 
under changing environments.

Within the context of global changes, it is paramount to characterise 
intraspecific molecular variation between organisms inhabiting distinct 
regional environments to better predict populations’ and species’ vul
nerabilities to ongoing global changes (Calosi et al., 2017; Guscelli et al., 
2023a; Meek et al., 2023; Schmidt and Donelson, 2024). However, the 
prevalence of such large-scale intraspecific variation remains neglected 
at the lipidome level. The broad range of functions regulated by lipids 
and our poor critical understanding of their responses to global changes 
highlight the urgent need to assess whether functional lipidomics can be 
used as a tool to support the conservation of marine species in future 
oceans (Han and Gross, 2022; Rey et al., 2022; Wood et al., 2023). 
Particularly, recent advancements in lipid functional annotation and 
ontology facilitate the interpretation of lipidomics into biological in
sights (Kyle et al., 2021; Molenaar et al., 2019), allowing us to better 
understand how aquatic organisms respond to environmental challenges 
(Cho et al., 2022; Eide et al., 2023; Fuertes et al., 2020; Mesmar et al., 
2024).

Here, we compare for the first time the phospholipidome responses 
of multiple populations of a marine ectotherm to the combined exposure 
to OW and OA. For this purpose, we used the Northern shrimp Pandalus 
borealis (Krøyer, 1838) as an ideal study species known to be sensitive to 

these drivers in isolation and combined at both the metabolome and 
whole-organism levels (Chemel et al., 2020; Guscelli et al., 2023a, 
2023b). The Northern shrimp is a major high-commercial and cultural 
value crustacean, its worldwide production averaging 280,000 tons per 
year between 2010 and 2019 (DFO, 2024; FAO, 2022; Gillett, 2008). For 
instance, in Canada, landings averaged 339 M$ CAD yearly in the period 
2008–2023 (DFO, 2025). However, in the Northwest Atlantic, Northern 
shrimp populations are currently declining, particularly at the southern 
edge of this species’ geographical distribution, in part due to OW (Baker 
et al., 2024; DFO, 2022a, 2022b, 2021; Richards and Hunter, 2021), 
with possible drastic ecological and economic repercussions. The 
Northern shrimp is potentially locally adapted to recent changes in 
regional seawater temperatures (Bourret et al., 2024; Ouellet et al., 
2017), whilst we know less of its adaptive capacity to OA. Guscelli et al. 
(2023a, 2023b) reported that Northern shrimp from different 
geographic origins show comparable low survival rates and metabolic 
performance when exposed to combined OW and OA, but display 
different metabolomic strategies, emphasising the crucial need to 
investigate multiple biological layers to define an organisms’ sensitivity 
to environmental challenges (Bartholomew, 1986; Madeira et al., 2024). 
At the phospholipidome level, we anticipate functional changes in 
Northern shrimp from different origins to help identify regions of 
concern for prioritising stock conservation strategies. We expect that the 
phospholipidome of shrimp will respond differently to a combined 
exposure of OW and OA, as their regions of origin feature different 
environmental conditions. Although we expect temperature to be the 
major driver based on prior evidence, we hypothesise the emergence of 
non-additive (i.e., interaction) phospholipidome responses to OW and 
OA, and specifically synergistic (sensu Côté et al., 2016). The abdominal 
muscle plays a key role in swimming, for example, to escape predators 
(Robles-Romo et al., 2016). In addition, the abdominal muscle is 
important in storing phospholipids in crustaceans, critically influencing 
their survival under environmental stressors (Mika et al., 2013; Per
ez-Velazquez et al., 2003) and determining their trophic, nutritional and 
commercial values (Chemel et al., 2020; Latyshev et al., 2009; Wan 
et al., 2022; Yu et al., 2020). Therefore, to test these hypotheses, we 
performed untargeted phospholipidomics on the abdominal muscle of 
female shrimp from four distinct origins in the Northwest Atlantic 
following a 30-day exposure to single and combined OW and OA sce
narios, according to a fully replicated orthogonal experimental design 
(Fig. S1A).

2. Materials and methods

2.1. Specimen collection and experimental design

Tissue samples used to characterise the phospholipidome responses 
of the abdominal muscle of females of the Northern shrimp Pandalus 
borealis to OW and OA were obtained from specimens exposed under 
laboratory conditions to these global change drivers for 30 d from the 
study by Guscelli and collaborators (see Chemel et al., 2020; Guscelli, 
2024; Guscelli et al., 2023a,b, 2024, for details on experimental condi
tions and shrimp collection). Briefly, shrimp were collected with shrimp 
trawls or traps from four different geographic origins in the Northwest 
Atlantic: St. Lawrence Estuary (SLE, 48◦ 35′ N, 68◦ 35′ W in May 2018), 
Esquiman Channel (EC, 50◦ 44′ N, 57◦29′ W in July 2019), Eastern 
Scotian Shelf (ESS, 45◦ 23′ N, 61◦ 04′ W in February 2019) and Northeast 
Newfoundland Coast (NNC, 50◦ 18′ N, 54◦ 16′ W; November 2019; see 
Fig. S1A and Guscelli et al., 2023b). Conditions of temperature, pH and 
dissolved oxygen saturation (DO) at the different sampling points were 
retrieved from mission reports and published literature on environ
mental monitoring at the nearest locations for SLE (120–140 m, ~3 ◦C, 
~60 % DO, pH ~7.8), EC (250 m, ~6.5 ◦C, <30 % DO, pH ~7.6), ESS 
(~100 m, ~2.3 ◦C, >80 % DO, pH ~7.9-8), and NNC (270 m, ~2.5 ◦C, 
>80 % DO, pH ~8) (Bourdages et al., 2022; DFO, 2020; Drozdowski and 
Horne, 2022; Gibb et al., 2023; Koeller et al., 2007; Mucci et al., 2011). 
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See Guscelli (2024) for further details on origin-specific environmental 
conditions. We chose female shrimp as they are the main target of 
fisheries and more sensitive than males to global changes (DFO, 2016; 
Dupont-Prinet et al., 2013). Shrimp from each origin were kept under 
laboratory conditions for ~8 weeks before the experiment started. 
Although we acknowledge the possible influence of seasonality, as 
shrimp from different origins were collected at different times, this effect 
was mitigated as much as possible by this 8-week-long pre-exposure to 
stable environmental conditions and diet, which were similar across 
origins. During the acclimation period, shrimp were maintained in 
seawater pumped 2 km offshore of the facilities, and temperature and 
salinity were controlled to an average temperature of 4.5 ◦C and an 
average salinity of 32, whereas pH was naturally around 7.9. Shrimp 
were fed ad libitum a mix of capelin and shrimp during the experimental 
exposure as described in Chemel et al. (2020). Methods regarding the 
regulation and monitoring of seawater parameters during the experi
mental exposure are described in Chemel et al. (2020) and Guscelli et al. 
(2023b). The seawater parameters during the experimental exposure are 
provided as Supplementary Table S1 in Guscelli et al. (2023b) and on the 
PANGAEA - Data Publisher for Earth & Environmental Sciences (Guscelli 
et al., 2024). Briefly, adding salt, automatically injecting hot/cold sea 
water via a temperature controller and automatically adding pure 
gaseous CO2 enabled us to regulate salinity, temperature and pH con
ditions during the experimental exposure, respectively. Shrimp were 
then exposed for 30 days to a quadratic design of end-of-century OW and 
OA conditions combining three temperatures (2, 6, 10 ◦C) and two pH 
(pH 7.75 and pH 7.40) levels (See Fig. S1A). We opted for (i) 2 ◦C as a 
favourable condition for shrimp and as the lower limit of their preferred 
temperature range of 2–4 ◦C (Baker et al., 2024) (ii) 6 ◦C as near-future 
oceanic conditions under a +4 ◦C global temperature (IPCC, 2022), but 
still in the permissive temperature range of shrimp (Garcia, 2007); and 
(iii) 10 ◦C as a temperature near shrimp’s upper thermal limits towards 
12 ◦C (Shumway, 1985), close to the upper temperature of 9.2 ◦C at 
which shrimp are found in the area (Baker et al., 2024) and as future 
oceanic conditions under a global +8 ◦C scenario by 2300 (Horton et al., 
2020; IPCC, 2022). A pH of 7.75 represented current conditions for 
shrimp originating from inside the Gulf of St. Lawrence (Mucci et al., 
2011, 2018), whilst 7.40 mimicked a − 0.3 pH unit decrease (IPCC, 
2022). The six experimental treatments (~70 shrimp per individual 
treatment with two replicate tanks per treatment) were as follows: 2 
◦C/pH 7.75 (2C, considered as the favourable condition to which other 
treatments were compared), 6 ◦C/pH 7.75 (6C), 10 ◦C/pH 7.75 (10C), 2 
◦C/pH 7.40 (2A), 6 ◦C/pH 7.40 (6A) and 10 ◦C/pH 7.40 (10A). This 
allowed us to compare the effects of combined OW and OA in either a 6 
◦C or 10 ◦C scenario. In order to obtain muscle samples to estimate the 
effects of OW and OA on phospholipidome profiles, ten shrimp per 
treatment (five shrimp per tank) were rapidly dissected on ice at the end 
of the experimental exposure and following respirometry trials 
described in Guscelli et al. (2023b). Abdominal muscle samples were 
placed in microtubes and flash-frozen in liquid nitrogen and preserved at 
− 80 ◦C before being dried-shipped in nitrogen to the Centre for Envi
ronmental and Marine Studies (Aveiro, Portugal), where they were 
processed for phospholipidomics at ECOMARE facilities (Laboratory for 
Innovation and Sustainability of Marine Biological Resources) and Mass 
Spectrometry Centre of the University of Aveiro (Portugal).

2.2. LC-MS/MS phospholipidomics

2.2.1. Preparation of abdominal tissue samples from female shrimp
Tissue samples (approx. 100 mg) were freeze-dried (freeze-dryer 

CoolSafe Pro − 55 ◦C 9 L from Frilabo®) for 3 d, before sample ho
mogenisation and phospholipid extraction. For this purpose, dried tis
sues were ground using a ceramic mortar and pestle and preserved at 
− 80 ◦C until further processing.

2.2.2. Phospholipid extraction
Phospholipids in abdominal tissue samples of female shrimp were 

extracted according to the modified Bligh and Dyer method (Bligh and 
Dyer, 1959). Briefly, approximately 50 mg of freeze-dried shrimp sam
ples were weighed on an analytical scale (ADA 180, ADAM, Oxford, UK) 
in 10 mL glass tubes with tight screw caps (PYREX SVL 15,100 × 16 mm, 
Darmstadt, Germany). Next, 2.5 mL of methanol (CH3OH, Fisher Sci
entific Ltd., Loughborough, UK) and 1.25 mL of dichloromethane 
(CH2Cl2, Fisher Scientific Ltd., Loughborough, UK) was added to the 
glass tubes, which were vortexed (1 min), sonicated (1 min) and incu
bated on ice for 30 min. The glass tubes were vortexed again and 
centrifuged (Selecta JP Mixtasel, Abrera, Barcelona, Spain) for 10 min at 
626 g at room temperature. The supernatant was collected into a second 
glass tube and a volume of 2.5 mL of dichloromethane and 1.25 mL of 
ultrapure water (Synergy, Millipore Corporation, Billerica, MA, USA) 
was added to the tubes, resolving a two-phase system. Samples were 
then centrifuged again (Selecta JP Mixtasel, Abrera) at 626 g for 10 min 
at room temperature and the lower organic phase was collected into a 
new glass tube. To limit the loss of phospholipid during the extraction, 
another 1.88 mL of dichloromethane was added to the remaining 
aqueous phase, which was vortexed and centrifuged (Selecta JP Mixta
sel, Abrera) another time. The organic phases were collected together 
and evaporated under a nitrogen stream until completely dry.

Following this step, 0.4 mL of dichloromethane was added to the 
tubes and vortexed to dissolve the phospholipids, which were then 
transferred to amber vials. These vials were previously dried in an oven 
at 105 ◦C for 2 h to remove traces of humidity and weighed with an 
analytical scale (ADA 180, ADAM). The tubes were rinsed with another 
0.5 mL of dichloromethane before transferring it to the vials to reach a 
total volume of 0.9 mL. The reconstituted phospholipids were dried in 
the vial under a nitrogen stream and subsequently weighed to determine 
the amount of phospholipid extract (see Supplementary Methods for 
more details on the phospholipid quantification) by gravimetry using an 
analytical scale (ADA 180, ADAM). Vials were stored at − 20 ◦C until 
phospholipids were quantified. Samples were extracted in six batches of 
~40+ samples per batch, with treatments being randomised and alter
nated for LC-MS/MS.

2.2.3. Analysis of phospholipids using high-resolution LC-MS and MS/MS
An untargeted phospholipidomics approach was used to evaluate the 

stability of the phospholipidome across populations and treatment 
conditions. This approach provided a global profile of the phospholipid 
molecular species present in the shrimp extracts. For this purpose, the 
phospholipid extracts were analysed by hydrophilic interaction liquid 
chromatography (HILIC) on a liquid chromatograph (Ultimate 3000 
Dionex, Thermo Fisher Scientific, Bremen, Germany) with an autosam
pler coupled to a mass spectrometer (Q-Exactive hybrid quadrupole, 
Thermo Fisher, Scientific, Bremen, Germany). Mobile phase A consisted 
of 25 % water, 50 % acetonitrile and 25 % MeOH, with 5 mM ammo
nium acetate and mobile phase B consisted of 60 % acetonitrile and 40 % 
MeOH, with the same amount of ammonium acetate in mobile phase A. 
The solvent gradient, flow rate through column and conditions used for 
acquisition of full scan LC-MS spectra and LC-MS/MS spectra in both 
positive and negative ion modes were the same as previously described 
(da Costa et al., 2015; Melo et al., 2015). Initially, 40 % of mobile phase 
A was held isocratically for 8 min, followed by a linear increase to 60 % 
of mobile phase A within 7 min and a maintenance period of 5 min, 
returning to the initial conditions in 15 min (5 min to return to 40 % of 
mobile phase A and a re-equilibration period of 10 min). For each 
phospholipid extract, the amount of total phospholipid was quantified 
(mean ± SE: 3.67 ± 0.031 mg) following the molybdovanadate method 
(see Supplementary Methods for more details on the phospholipid 
quantification). This allowed the injection of a standardised amount of 
10 μg of each phospholipid extract, corresponding to a volume of 10 μL 
in CH2Cl2, mixed with 82 μL of eluent B. Then, 8 μL of phospholipid 
standards mix (see Table S1), purchased from Avanti Polar Lipids, Inc. 
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(Alabaster, AL, USA), was added to each sample. Further, 5 μL of each 
previously diluted sample was introduced into the Ascentis Si column 
(15 cm × 1 mm, 3 μm, Sigma-Aldrich, Darmstadt, Germany) with a flow 
rate of 40 μL min− 1 at 30 ◦C. The mass spectrometer with Orbitrap® 
technology was operated in simultaneous positive (electrospray voltage 
3.0 kV) and negative (electrospray voltage − 2.7 kV) modes with high 
resolution with 70,000 and AGC target of 1 × 106, the capillary tem
perature was 250 ◦C and the sheath gas flow was 15 U.

For MS/MS analysis, a resolution of 17,500 and AGC target of 1 ×
105 were used and the cycles consisted of one full scan mass spectrum 
and ten data-dependent MS/MS scans were repeated continuously 
throughout the experiments with the dynamic exclusion of 60 s and 
intensity threshold of 2 × 104. Normalised collision energy™ (CE) 
ranged between 25, 30 and 35 eV. Data acquisition was performed using 
the Xcalibur data system (V3.3, Thermo Fisher Scientific, USA). The 
identification of molecular species of phospholipids was based on the 
assignment of the molecular ions observed in LC-MS spectra, typical 
retention time, mass accuracy and LC-MS/MS spectra manual analysis 
that allowed confirming the identity of the polar head group and the 
fatty acyl chains for most of the molecular species.

2.3. Statistical analyses

We identified 269 phospholipids, quantified their peak areas, 
standardised data to the peak area of internal standards with a known 
injected mass (see Supplementary Table S1) and transformed data via an 
ordered quantile normalisation (see Supplementary Methods for de
tails). We investigated and reported the effects of Origin, OW and OA on 
the phospholipidome following the language of evidence proposed by 
Muff et al. (2022) as little/none (P > 0.1), weak (P < 0.1), moderate (P 
< 0.05), strong (P < 0.01) and very strong (P < 0.001). In order to 
explore possible non-additive (i.e., interaction) effects between OW and 
OA within each origin and warming scenario, we compared the phos
pholipidome profiles of shrimp exposed to single and combined OW and 
OA at 6 ◦C (2A vs. 6C vs. 6A) and 10 ◦C (2A vs. 10C vs. 10A) relative to 
the favourable condition 2C (Fig. S1A). The data analysis consisted of 
four major steps: (i) multivariate analyses to (ii) define multivariate 
interactions between OW and OA, followed by (iiia) the identification of 
biomarkers and (iiib) their functional consequences at the cellular level. 
This enabled us to (iv) predict shrimp cellular vulnerability under future 
global change drivers. First (i, Fig. S1B), we used multivariate analyses 
to identify, across all measured phospholipids, the general effects of OW 
and OA across all origins and per origin, using Permutational Analysis of 
Variance (PERMANOVA) and Principal Component Analysis (PCA). We 
built PERMANOVA models with the terms “origin × OW × OA” (fixed 
factors) across all origins and “OW × OA” within each origin. When we 
found at least weak evidence (P < 0.1) of non-additive effects using 
PERMANOVA, we explored the data by subgroups, else we showed the 
main term effects (i.e., Origin, Temperature or pH). Second (ii, Fig. S1C), 
we compared the multivariate thermal responses under current and 
future pH conditions using the first three PCA dimensions. We also 
categorised the multivariate interactions between OW and OA as syn
ergisms or antagonisms compared to the null additive model using the 
first three PCA dimensions rescaled to the reference 2C as delta 
dimension scores (ΔDS) (Fig. S1C). Third (iii, Fig. S1D), we inferred the 
functional consequences of exposure to global change drivers. More 
specifically (iiia), we identified differentially abundant phospholipids 
(DAP) using the limma v3.56.2 R package (Ritchie et al., 2015). We 
considered DAP as biomarkers when there was at least “weak evidence”, 
following FDR adjustment (i.e., Padj < 0.1), that their relative abundance 
levels (Log2 Fold-Change, i.e., Log2-FC) varied between two experi
mental conditions. Venn diagrams were used to partition shared and 
unique DAP between experimental treatments, when comparing the 
single and combined effects of OW and OA in a 6 ◦C (2A vs. 6C vs. 6A) 
and 10 ◦C (2A vs. 10C vs. 10A) warming scenario, relative to the 
favourable condition 2C. We classified interactions as synergistic when 

phospholipids were most activated in the combined OW + OA treatment 
but not the single treatments, and as antagonistic when phospholipids 
were activated by OW but no longer differentially abundant in OW + OA 
(Fig. S1D). Next (iiib), we performed functional enrichment analyses to 
classify phospholipids based on their biophysical, chemical, functional 
and cellular localisation using the Lipid Ontology (LION) web tool 
(Molenaar et al., 2019, 2023) and their unsaturation levels and classes 
using lipid set enrichment analyses (LSEA) from the lipidr v2.14.1 R 
package (Mohamed and Molendijk, 2023). When we detected an inter
action between OW and OA, we performed a LION qualitative functional 
enrichment (i.e, using the phospholipid names of the DAP) on either the 
synergistic or antagonistic partitions of the Venn diagrams. When only a 
main factor effect of OW or OA was found, a LION quantitative func
tional enrichment was performed using Log2 Fold-Change values of all 
phospholipids between two experimental conditions of that factor.

To summarise the functional consequences of the synergistic or 
antagonistic effects of combined OW and OA, we compared between 
single and combined treatments in moderate vs. severe OW the |Log2- 
FC| values of phospholipids associated with the top 10 % (i.e., six of the 
matched 63 LION terms) of the most enriched LION terms. This was 
done across and within the top 10 % LION terms. The 63 LION terms 
associated with phospholipids measured in this experiment are given in 
Supplementary Material SM2. Last (iv), we summarised the functional 
analyses into predictions on the cellular vulnerability of shrimp from the 
four different origins under future combined global change drivers 
(Fig. S1E). We used ANOVAs to analyse univariate data (|Log2-FC|, PCA 
dimensions and ΔDS) followed by pairwise estimated marginal mean tests 
from the emmeans v1.10.0 R package (Lenth, 2024) with FDR adjustment 
for multiple comparisons. Graphs were mainly produced using the 
EnhancedVolcano v1.18.0 (Blighe, 2018), ggplot2 v3.4.4 (Wickham, 
2016) and ggvenn v0.1.10 (Yan, 2023) R packages. Multiple letter 
display was retrieved from the rcompanion v2.4.35 R package 
(Mangiafico, 2024). Effect sizes (ES) were computed using the effectsize 
v0.8.6 R package (Ben-Shachar et al., 2020) for PERMANOVA models. 
ES was expressed with partial Omega-squared (pΩ2) values as “very 
small” (ES < 0.02), “small” (ES < 0.13), “medium” (ES < 0.26) and 
“large” (ES ≥ 0.26) (Cohen, 1992). All raw and processed data and 
analysis outputs are available on the PANGAEA repository (Feugere 
et al., 2025a; 2025b; 2025c) and as Multimedia Components 1-3.

3. Results

3.1. Phospholipidome responses to OW and OA in shrimp from different 
origins

We identified 269 phospholipids from nine different classes (see 
Table S1 for abbreviations and LIPID MAPS common names and lipid 
classes). The phospholipidome of Northern shrimp from distinct origins 
responded differently to combined OW and OA, as indicated by strong 
evidence for a three-way interaction between the terms origin, OW and 
OA (Table 1). The effect of origin in isolation contributed the most to 
defining shrimp phospholipidome profiles (Table 1), this being visually 
confirmed through the PCA (Fig. 1A–B). Shrimp from all four origins 
differed from each other, and were characterised by unique phospholi
pidome profiles (Table 2, Fig. 1B). Notably, shrimp inhabiting the SLE 
were most different overall from those of all other origins. EC and SLE 
shrimp displayed the most similar phospholipidome profiles 
(Fig. 1B–Table 2). The isolated effect of OW on the phospholipidome 
profile was most visible between 2 and 10 ◦C, but was less pronounced 
when compared to the effect of origin, whilst no overall effect of OA was 
detected across all origins (Table 1, Fig. 1CDE).

Given the sheer difference in phospolipidome profiles of shrimp from 
different origins across the Northwest Atlantic region, we investigated, 
separately for each geographic origin, the single and combined effects of 
OW and OA on the shrimp phospholipidome response under warming to 
either 6 or 10 ◦C (see Fig. 2A–D, Table 1).
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The thermal response of shrimp from the three most northerly origins 
(i.e., SLE, EC and NNC) varied under different seawater pH conditions, as 
indicated by weak-to-strong evidence for non-additive effects between 
OW and OA (Table 1). This said, SLE shrimp showed the strongest evi
dence for interactive effects of combined OW and OA. In contrast, OA 
did not affect the thermal response of shrimp from the southernmost 
origin (ESS; Table 1, Fig. 2A–D). Therefore, for shrimp originating from 
SLE, EC and NNC, we investigated the phospholipidome response to OA 
combined with OW. Comparing the unique and shared responses to 
single vs. combined exposure relative to the favourable seawater con
ditions (i.e., pH 7.75 at 2 ◦C) evidenced highly origin-dependent syn
ergistic and antagonistic effects of OA and OW (or the absence of an 
interaction) that changed markedly between 6 and 10 ◦C (Fig. 3A–E, 
Table 1, Table S2).

3.2. St. Lawrence Estuary (SLE)

Shrimp from the SLE exhibited strong evidence of a non-additive (i. 
e., an interaction) phospholipidome rewiring when exposed to combined 
OW and OA, in which the phospholipidome response to temperature 
depended on seawater pH levels (Table 1, Fig. 2A, 3AB, Fig. S2–4). In 
effect, exposure to OA conditions caused the emergence of a synergistic 
phospholipidome response at 6 ◦C (2C–6C vs. 2C-6A), whilst it triggered 
an antagonistic effect at 10 ◦C (2C–10C vs. 2C-10A, Table 2, Fig. 2A, 
3AB, Fig. S2–S4). At 6 ◦C, OA synergistically triggered 43 DAP unique to 
2C-6A, involved in key functions such as plasma membrane, higher 
transition temperature and headgroup with a positive charge/zwitter-ion 
(Fig. 3A, Fig. S3B). Moreover, superimposing OA on OW at 6 ◦C syner
gistically increased and lowered the abundance of sphingomyelins (or 

Table 1 
Effect of ocean warming (OW) and acidification (OA) and their interaction (OW × OA) on the phospholipidome of the Northern shrimp Pandalus borealis across and 
within four origins in the Northwest Atlantic: St. Lawrence Estuary (SLE), Esquiman Channel (EC), Eastern Scotian Shelf (ESS) and Northeast Newfoundland Coast 
(NNC). Overall model fits and delta of second-order Akaike Information Criterion (ΔAICc) relative to null models are given for each model. Terms (origin, OW, OA) and 
their interactions ( × ), with at least moderate (P ≤ 0.05) and weak (P ≤ 0.1, Trend T) evidence are shown in bold and italics, respectively. Df: degrees of freedom. Sum 
of Sq.: sum of squares. R2: variance explained (%). Effect sizes (ES) are given based on partial Omega-squared (pΩ2) according to Cohen (1992) as “very small” (ES <
0.02), “small” (ES < 0.13), “medium” (ES < 0.26) and “large” (ES ≥ 0.26). Evidence is given based on Muff et al. (2022), with “little/none” (P > 0.1), “weak” (P ≤ 0.1), 
“moderate” (P ≤ 0.05), “strong” (P ≤ 0.01) and “very strong” (P ≤ 0.001). Models are adjusted for covariates that have an effect on the lipidome variance: Batch of 
extraction, animal Mass and abdominal sample total lipid Extract.

Term Df Sum of Sq. R2 (%) F P Evidence pΩ2 Effect size

Model 1 – all origins: P ¼ 0.001, R2 ¼ 47.84, ΔAICc ¼ 82.62

Origin 3 15335.8 26 32.23 0.001 Strong 0.3 Large
OW 2 1741.89 3 5.49 0.001 Strong 0.04 Small
OA 1 198.81 0 1.25 0.233 Little/none 0 Very small
OW £OA 2 677.01 1 2.13 0.003 Strong 0.01 Very small
Origin × OW 6 1237.11 2 1.3 0.077 (T) Weak 0.01 Very small
Origin × OA 3 605.81 1 1.27 0.152 Little/none 0 Very small
Origin £OW £OA 6 1465.72 3 1.54 0.007 Strong 0.01 Very small
Batch 1 5509.29 9 34.73 0.001 Strong 0.13 Medium
Mass 1 680.81 1 4.29 0.001 Strong 0.01 Very small
Extract 1 476.99 1 3.01 0.007 Strong 0.01 Very small
Residual 192 30457.43 52 – – – 0.30 –
Total 218 58386.66 100 – – – 0.04 –

Model 2 – SLE: P ¼ 0.001, R2 ¼ 34.96, ΔAICc ¼ 9.83

OW 2 676 6 2.09 0.008 Strong 0.04 Small
OA 1 303.28 2 1.87 0.051 Weak 0.02 Very small
OW £OA 2 827.65 7 2.56 0.006 Strong 0.05 Small
Batch 1 2454.12 20 15.17 0.001 Strong 0.20 Medium
Residual 49 7926.59 65 – – – – –
Total 55 12187.63 100 – – – – –

Model 3 – EC: P ¼ 0.001, R2 ¼ 25.72, ΔAICc ¼ 0.65

OW 2 699.46 7 2.12 0.007 Strong 0.04 Small
OA 1 188.96 2 1.15 0.277 Little/none 0.00 Very small
OW × OA 2 521.91 5 1.58 0.06 (T) Weak 0.02 Small
Batch 1 1104.9 11 6.70 0.001 Strong 0.10 Small
Residual 44 7261.24 74 – – – – –
Total 50 9776.48 100 – – – – –

Model 4 – ESS: P ¼ 0.001, R2 ¼ 20.49, ΔAICc ¼ 0.87

OW 2 785.2 7 2.25 0.008 Strong 0.04 Small
OA 1 140.69 1 0.81 0.589 Little/none 0.00 Very small
OW × OA 2 431.4 4 1.24 0.19 Little/none 0.01 Very small
Batch 1 932.46 8 5.35 0.001 Strong 0.07 Small
Residual 51 8887.07 80 – – – – –
Total 57 11176.83 100 – – – – –

Model 5 – NNC: P ¼ 0.001, R2 ¼ 37.34, ΔAICc ¼ 10.89

OW 2 846.3 9 3.20 0.001 Strong 0.08 Small
OA 1 192.74 2 1.46 0.161 Little/none 0.01 Very small
OW × OA 2 445.80 4 1.69 0.065 (T) Weak 0.02 Small
Batch 1 2215.88 22 16.77 0.001 Strong 0.23 Medium
Residual 47 6209.19 63 – – – – –
Total 53 9909.92 100 – – – – –
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phosphosphingolipids, SM) and cardiolipins (or glycerophosphoglycer
ophosphoglycerols, CL), respectively (Fig. S3E) and favoured the accu
mulation of less unsaturated phospholipids whilst decreasing highly 
unsaturated phospholipids (Fig. S2F). On the other hand, exposure to 
OA conditions had an antagonistic effect on the phospholipidome that 
limited the temperature-driven decrease in phosphatidylglycerols (or 
glycerophosphoglycerols, PG) and increase in phospholipids and phos
phatidylcholines (or glycerophosphocholines, PC), associated with 
neutral intrinsic curvature, low transition temperature, above average lateral 
diffusion, below average bilayer thickness (2C–10C vs. 2C-10A, Fig. 3B, 
Fig. S3, S3C-F). Whilst SLE shrimp showed little phospholipidome 
plasticity as they did not display the expected lowering in highly un
saturated phospholipids in response to the exposure to 10 ◦C alone 
(slope P = 0.32), they still increased the abundance of phospholipids 
with a lower degree of unsaturation (n = 2). However, this response was 

no longer present at pH 7.40, once again evidencing the antagonistic 
phospholipidome response to OA combined with 10 ◦C in SLE shrimp 
(Fig. S3F). Consequently, the thermal gradient response of SLE shrimp 
was non-additive, shifting from synergistic to antagonistic under OA 
conditions between 6 and 10 ◦C, respectively (Fig. S4). Notably, whilst 
the overall synergistic patterns at 6 ◦C and antagonistic at 10 ◦C were 
visualised on the first two dimensions of the PCA (totalling c. a. 42 % 
explained variance), there were indications of antagonism in dimension 
3 (8.92 % explained variance), suggesting that at least a minor fraction 
of the phospholipids responded in an opposite manner to the combined 
exposure to OW and OA in SLE shrimp (Fig. S4). In addition, SLE shrimp 
were responsive to the isolated effects of OW, albeit this effect was small, 
whilst there was weak evidence for an overall very small effect of OA 
(Table 1).

Fig. 1. Principal Components Analysis (PCA) showing the effect of (A–B) origin, (C–D) ocean warming (OW) and (E) ocean acidification (OA) on the 
phospholipidome of the abdominal muscle of females of the Northern shrimp Pandalus borealis. Dimensions (Dim) 1 and 2 are shown with their respective 
variance (var.) contribution to phospholipidome profiles of shrimp across the Northwest Atlantic, from the St. Lawrence Estuary (SLE), Esquiman Channel (EC), 
Northeast Newfoundland Coast (NNC) and Eastern Scotian Shelf (ESS). In (C), temperature treatments (in ◦C) are 2 (green circles), 6 (orange squares) and 10 (red 
diamonds). In (E), OA (pH 7.40) is represented by lilac coloured squares when compared to control seawater pH (7.75, purple circle). Pairwise comparisons of origin 
(B) and OW (D) are shown with circles of different sizes and values representing the explained var. percentages (100 × R2) ordered by largest to smallest differences 
from top to bottom. Asterisks represent statistical evidence for the effects of origin, OW, OA and group comparisons with P < 0.05* and P < 0.001***. ns: no evidence 
of an effect. Small shapes represent individual data points (n = 219). Centroids are represented by large shapes with error bars depicting their 95 % confidence 
intervals (CI) along Dim 1 and Dim 2 and ellipses show 95 % CI of multivariate t-distributions. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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3.3. Esquiman Channel (EC)

Shrimp from the EC showed weak evidence for a small non-additive 
effect of combined OW and OA (Table 1). Particularly, EC shrimp dis
played an antagonistic response at 6 ◦C that became synergistic at 10 ◦C 
(Fig. 2, Fig. S5-7). Indeed, at 6 ◦C and pH 7.75, EC shrimp altered the 
abundance of five DAP [i.e., 2C–6C; PC(32:0), PC(36:1), PC(38:0), PI 
(38:4) and PE(42:8)] involved in higher bilayer thickness and transition 
temperature but lower lateral diffusion, that drastically decreased and 
were no longer differentially abundant at pH 7.40 (2C-6A, Fig. 3D, 
Fig. S5-7). This antagonistic effect was also evident as OA limited the 
OW-driven greater abundance of phosphatidylserines (or glycer
ophosphoserines, PS) and SM and lower abundance of PC (Fig. S6A,B,E). 
In contrast, exposure to 10 ◦C alone only activated a response of five 
DAP [i.e., PC(O-30:0), PC(34:4), PC(32:1), PE(38:3) and PC(O-37:1)/PC 
(P-37:0)], whilst it triggered the accumulation of another 22 unique DAP 
when superimposed with OA (2C-10A, Fig. 3E, Fig. S5-7). This syner
gistic effect at 10 ◦C was associated with an overall increase in PS and 

decrease in PC, particularly associated with key functions such as plasma 
membrane, high lateral diffusion, very low transition temperature, headgroup 
with negative charge and low bilayer thickness (Fig. S6C–F). The interac
tion between OW and OA caused the thermal response to differ under 
current and low seawater pH in EC shrimp, although this varied 
depending on the dimension investigated (Fig. S7). However, EC shrimp 
were able to adjust their membrane fluidity in response to both 6 and 10 
◦C, regardless of seawater pH (Fig. S6F). Finally, EC shrimp were 
impacted by the isolated small effect of OW but not by OA alone 
(Table 1, Fig. S5).

3.4. Northeast Newfoundland Coast (NNC)

There was weak evidence of an interaction between OW and OA on 
the phospholipidome of NNC shrimp (Table 1, Fig. 2C, Fig. S8-S10). All 
scenarios of OW and OA in isolation and combined altered phospholi
pidome profiles compared to the favourable condition 2C (Table 2). 
However, in terms of biomarkers, these responses were somewhat 

Table 2 
Pairwise comparisons of origin, OW and OA groups for the phospholipidome response of the Northern shrimp. Based on PERMANOVA results, pairwise 
comparisons are given for OW across all origins and for Eastern Scotian Shelf (ESS), whilst pairwise comparisons of single and combined conditions of OW and OA are 
given relative to the favourable condition 2C for St. Lawrence Estuary (SLE), Esquiman Channel (EC) and Northeast Newfoundland Coast (NNC). Effects of treatments 
with at least moderate (P ≤ 0.05) and weak (P ≤ 0.1, Trend T) effects are shown in bold and italics, respectively. R2: variance explained (%). Sum of Sq.: sum of squares. 
Effect sizes (ES) are given based on partial Omega-squared (pΩ2) according to Cohen (1992) as “very small” (ES < 0.02), “small” (ES < 0.13), “medium” (ES < 0.26) 
and “large” (ES ≥ 0.26). Evidence is given based on Muff et al. (2022), with “little/none” (P > 0.1), “weak” (P ≤ 0.1), “moderate” (P ≤ 0.05), “strong” (P ≤ 0.01) and 
“very strong” (P ≤ 0.001). Models are adjusted for covariate effects. Padj are False Discovery Rate adjusted p-values for multiple testing.

Group 1 Group 2 Sum of Sq. R2 (%) F Padj Evidence pΩ2 Effect size

All origins

SLE ESS 8311.73 26 47.63 0.0001 Very strong 0.29 Large
SLE NNC 6827.73 24 44.73 0.0001 Very strong 0.28 Large
ESS NNC 4823.22 19 30.35 0.0001 Very strong 0.21 Medium
ESS EC 3803.45 15 22.19 0.0001 Very strong 0.16 Medium
EC NNC 3167.00 14 20.78 0.0001 Very strong 0.16 Medium
SLE EC 3482.63 14 20.78 0.0001 Very strong 0.16 Medium
2 ◦C 6 ◦C 410.89 1 2.48 0.0111 Moderate 0.01 Very small
2 ◦C 10 ◦C 1486.04 4 8.89 0.0003 Very strong 0.05 Small
6 ◦C 10 ◦C 653.83 2 4.07 0.0003 Very strong 0.02 Small

SLE

2C 2A 407.62 9 2.38 0.0726 (T) Weak 0.07 Small
2C 6C 149.45 4 0.97 0.4142 Little/none 0.00 Very small
2C 6A 582.75 14 3.39 0.0180 Moderate 0.12 Small
2C 10C 575.06 14 3.54 0.0180 Moderate 0.13 Small
2C 10A 280.51 7 1.62 0.1512 Little/None 0.04 Small
6A 10A 288.37 8 1.66 0.1350 Litte/None 0.04 Small

EC

2C 2A 204.25 7 1.35 0.2126 Little/none 0.02 Small
2C 6C 308.82 11 1.89 0.1010 Little/none 0.05 Small
2C 6A 187.26 7 1.29 0.2126 Little/none 0.02 Very small
2C 10C 338.07 8 1.8 0.1377 Little/none 0.04 Small
2C 10A 470.33 16 3.44 0.0048 Strong 0.12 Small
6A 10A 336.71 14 2.47 0.0093 Strong 0.08 Small

NNC

2C 2A 497.96 19 3.8 0.0052 Strong 0.15 Medium
2C 6C 301.66 14 2.58 0.0265 Moderate 0.10 Small
2C 6A 373.82 15 2.68 0.0347 Moderate 0.11 Small
2C 10C 738.99 25 5.78 0.0052 Strong 0.25 Medium
2C 10A 536.43 20 3.63 0.0052 Strong 0.17 Medium
6A 10A 189.58 5 1.27 0.2275 Little/None 0.01 Very small

ESS

2 ◦C 6 ◦C 214.21 3 1.11 0.2969 Little/none 0.00 Very small
2 ◦C 10 ◦C 606.32 8 3.47 0.0027 Strong 0.06 Small
6 ◦C 10 ◦C 356.35 5 2.24 0.0237 Moderate 0.03 Small
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limited since there were no DAP in NNC shrimp experiencing warming 
to 6 ◦C (2C–6C) or lowered pH (2C-2A), even in combination (2C-6A, 
Fig. S8). However, there was an indication for the presence of a syner
gistic response concerning the enhanced abundance in SM and PC and 
the lowered abundance in phosphatidylethanolamines (or glycer
ophosphoethanolamines, PE) and PG (Fig. S9C). This synergistic effect 
was accompanied by the deviation of phospholipid unsaturation pro
files, with a negative relationship between unsaturation levels and 
phospholipid abundance only appearing when NNC shrimp were 
exposed to 6 ◦C at low pH (Fig. S9D). In contrast, an antagonistic 
response of combined OA and OW to 10 ◦C was evidenced by the loss of 
the expected response to warming under current vs. OA conditions 
(2C–10C vs. 2C-10A; Fig. S8–S9). The most enriched temperature-driven 
functions that were no longer differentially abundant under OW com
bined with OA were involved in higher bilayer thickness and transition 
temperature and lower lateral diffusion. The change in their associated 
DAP tended to confirm this antagonistic pattern (Fig. 3C, Fig. S9A–B). 
Likewise, OA slightly dampened the increase in PS in response to 10 ◦C 
(Fig. S9C). The combined effects of OW and OA led NNC shrimp to 
display different phospholipidome profiles in response to the thermal 
gradient in current and lowered seawater pH conditions, although this 
again varied with the principal component dimension (Fig. S10). How
ever, the antagonistic effect of OA did not prevent shrimp from main
taining overabundant less unsaturated phospholipids in response to 
warming, as Pearson’s correlation coefficients and P of slopes remained 
similar (2C–10C vs. 2C-10A, Fig. S9D). Last, the phospholipidome pro
files of NNC shrimp were impacted by the isolated small effect of OW but 
not by that of OA alone (Table 1).

3.5. Eastern Scotian Shelf (ESS)

There was strong evidence that only OW had a small effect on the 
phospholipidome of ESS shrimp, which was only present at 10 ◦C 
(Tables 1–2, Fig. 2D, Fig. S11A–D). Compared to 2 ◦C, ESS shrimp 
overall displayed lower abundance of glycerophospholipids, notably of 
PC, but increased SM abundance at 10 ◦C. The DAP were involved in 
higher transition temperature and bilayer thickness but lower lateral 
diffusion and endoplasmic reticulum (Fig. 3F, Fig. S12A). In addition, 
exposure to 6 ◦C and most particularly to 10 ◦C triggered a more pro
nounced increase in the levels of less unsaturated phospholipids 
accompanied by a simultaneous decrease in highly unsaturated ones 
(Fig. S12B). No effect of OA was found, neither alone nor in combination 
with OW (Table 1).

3.6. Shifts from moderate to severe OW combined with OA

Origin-specific interactions suggested shifts from synergisms to an
tagonisms (and vice versa) in thermal responses depending on pH in SLE, 
NNC and EC shrimp. To explore this further, we directly compared the 
phospholipidome profiles of shrimp exposed to OA combined with 
moderate vs. severe OW (6A–10A). Whilst there were pronounced dif
ferences in the overall phospholipidome profiles of EC shrimp, subtler 
changes in classes and unsaturation profiles were observed for SLE and 
NNC shrimp, when they experienced OA combined with more severe 
OW, compared to the more moderate OW scenario (Table S2, Fig. S13).

Fig. 2. PCA showing the effect of OW and OA on the phospholipidome of the abdominal muscle of females of the Northern shrimp. Data is shown for shrimp 
from the (A) SLE, (B) EC, (C) NNC and (D) ESS. Temperature treatments (in ◦C) are 2 (green circle), 6 (orange square) and 10 (red diamond). pH treatments are 
control (pH 7.75, “C” suffix) and OA (faint coloured shapes, pH 7.40, “A” suffix). Due to evidence of non-additive effects of OW and OA, data for SLE, EC and NNC 
show the single vs. combined effects of OA at 6 ◦C (i.e., 2C vs. 2A, 6C and 6A, left split panels) and 10 ◦C (i.e., 2C vs. 2A, 10C and 10A, right split panels). For ESS, only 
the effect of OW is shown. Small shapes represent individual data points. Centroids are represented by large shapes with error bars depicting their 95 % CI along 
dimensions (Dim) 1 and 2. Ellipses show 95 % CI of multivariate t-distributions. The effects of OW, OA and their interaction are shown in the top-left corners when P 
≤ 0.1 (weak evidence shown with ☨), P ≤ 0.05*, P ≤ 0.01**, P ≤ 0.001*** and P ≤ 0.0001****. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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Fig. 3. Functional phospholipidome analysis of the effects of OW and OA on the abdominal muscle of females of the Northern shrimp. Data is shown for the 
(A–B) SLE, (C) NNC, (D–E) EC and (F) ESS. For origins (SLE, EC and NNC) with at least weak evidence (P < 0.1) for an interaction effect of OW and OA, data 
represent, for each contrast group relative to the favourable condition 2C, the change in phospholipid abundance in the single and combined exposure to OA and OW 
at either 6 or 10 ◦C: 2C-2A, 2C–6C, 2C-6A, 2C–10C, 2C-10A. For NNC, changes were only observed at 10 ◦C. Data in (A–E) shows the |Log2-FC| (absolute Log2 Fold- 
Change, increasing and decreasing in black and grey, respectively) per treatment of phospholipids considered differentially abundant (DAP) in the Venn diagram 
partitions indicated by arrows. Venn Diagrams indicate synergisms (S+, i.e., DAP only found in combined treatments 6A or 10A) or antagonisms (A− , i.e., DAP only 
altered by OW alone in 6C or 10C, but not when combined with OA in 6A and 10A). Synergism is observed if the |Log2-FC| values are higher than single factor effects. 
Antagonism is observed if |Log2-FC| values are lower in OA + OW than in OW. Individual points in (A–E) are |Log2-FC| values of individual phospholipids associated 
with the top 10 % most enriched Lipid Ontology (LION) terms of the indicated Venn diagram partition. Large shapes are mean values ± 95 % CI. P-values on top-right 
corners represent the level of statistical evidence of treatment effect relative to 2C. Different lowercase letters above the violin plots indicate differences in abundance 
between contrast groups. For ESS (F, independent legend to its right), no interactive effects of OW and OA were observed and data represent only the temperature 
effect in 2 vs. 10 ◦C. In (F), the functional analysis shows the statistical evidence level (-Log10 Padj, y-axis) as a function of LION-Enrichment score (x-axis) with circle 
sizes indicating the number of annotated phospholipids per LION term. Individual dots represent LION terms, with labels when Padj < 0.05 (above horizontal dashed 
line), with average overabundance (black font, green area) or underabundance (grey font, red area) of their associated phospholipids at 10 ◦C relative to 2 ◦C. FA: 
fatty acid; GP01: glycerophosphocholines; GP0101: diacylglycerophosphocholines; GP0103: 1-(1z-alkenyl),2-acylglycerophosphocholines; IC: intrinsic curvature. 
See Supplementary Material SM3 for corresponding data tables. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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4. Discussion

We report for the first time the presence of complex origin-dependent 
non-additive responses to combined OW and OA within the phospholi
pidome of an ecologically and economically important marine inverte
brate. Further, we evidence origin-specific physiological shifts (i.e., from 
synergistic to antagonistic and vice versa) from moderate (6 ◦C) to severe 
(10 ◦C) OW combined with OA. Our results corroborate the existence of 
a high level of intraspecific variation in marine ectotherms’ molecular 
responses, showcasing the importance of accounting for such variation 
when predicting species’ vulnerability in future oceans.

4.1. Origin-specific shifts of the shrimp phospholipidome under combined 
OW and OA

Northern shrimp from each origin in the Northwest Atlantic display 
highly distinctive phospholipidome profiles, corroborating their 
metabolomics (Guscelli et al., 2023a), transcriptomics (Leung et al., 
2023) and genetic (Bourret et al., 2024) differences. The reported ge
netic differentiation may partly explain the observed inter-origin 
divergence in the response to combined OW and OA. Whilst shrimp 
from the three most northern origins (i.e., SLE, EC and NCC) are sensitive 
to combined OW and OA, those from the southernmost origin (i.e., ESS) 
seem only sensitive to severe OW. Relative to EC and NNC shrimp, SLE 
shrimp are the most sensitive to the combined effects of OW and OA at 
the phospholipidome level, mirroring the sensitivity of their metab
olome (Guscelli et al., 2023a). Given the ongoing sharp regional declines 
in shrimp populations and concurrent environmental changes in the 
Northwest Atlantic (Bourdages et al., 2022), we expected shrimp to 
display synergistic responses under combined OW and OA. Instead, 
shrimp show complex origin- and scenario-dependent non-additive re
sponses (both synergistic and antagonistic), suggesting different physi
ological responses will likely be at play in different shrimp populations 
and stocks under future global change scenarios (Fig. 4).

The functional enrichment helps predict the physiological outcome 
of exposure to combined OW and OA. Particularly, a lower membrane 

fluidity and stability can be expected when more unsaturated phos
pholipids, which are associated with lower (membrane phase) transition 
temperature and higher lateral diffusion, and a lower bilayer thickness 
are observed (Molenaar et al., 2019; Wassenaar et al., 2015). Given that 
we hypothesised shrimp to counteract, via homeoviscous adaptation, the 
higher fluidity and thinner membranes driven by elevated temperatures 
(Dymond, 2015; Kučerka et al., 2011; Sinensky, 1974), we interpret 
these negative physical properties of the membrane as a sign of higher 
cellular vulnerability. With this in mind, we use the phospholipidome 
functional enrichment to predict the cellular membrane physiological 
status of shrimp from each origin in the Northwest Atlantic when OA is 
combined with moderate or severe OW (Fig. 4).

Overall, shrimp across the studied area seem tolerant to moderate 
OW alone. However, when moderate OW is combined with OA, it alters 
the membrane profiles of shrimp inhabiting SLE, EC and NNC, but not 
ESS. Specimens from both NNC and SLE display synergistic patterns 
when OA is superimposed on moderate OW. This synergistic rewiring of 
the phospholipidome involves higher accumulation of SM and less un
saturated phospholipids, possibly to allow cell membrane viscosity 
acclimation (El Babili et al., 1997; Sinensky, 1974). Specimens from the 
SLE additionally show overabundant phospholipids involved in high 
transition temperature. Overall, this membrane remodelling suggests that 
both SLE and NNC shrimp are able to maintain their membrane ho
meostasis under OA combined with moderate OW (Dymond, 2015; 
Hazel, 1995; Sinensky, 1974) (Fig. 4). Contrasting with SLE and NNC 
shrimp, specimens from the EC show an antagonistic pattern, which 
causes them to lose their capacity to thermally acclimate their cell 
membranes when OA is superimposed on moderate OW (Fig. 4). Such 
acclimation capacity to OW and OA was likewise reported in gastropods 
(Lischka et al., 2022), and in an eurytherm polar cod but not in its 
stenothermal counterpart (Leo et al., 2020). This suggests ESS, SLE and 
NNC shrimp are more thermally competent than their EC counterparts.

A key finding from our study is the physiological shift from syner
gisms to antagonisms, or vice versa, when shrimp experience OA com
bined with severe OW, as they are closer to their thermal limits (Baker 
et al., 2024; Chemel et al., 2020; Shumway, 1985, Fig. 4). Given that 

Fig. 4. Intraspecific variation in the sensitivity of the phospholipidome of the abdominal muscle of females of the Northern shrimp under combined OW 
and OA. Shrimp phospholipidome profiles show differential functional consequences and shifts in the mode of physiological responses when OA is combined with 
more severe OW compared to more moderate OW. Functions are associated with differentially abundant phospholipids (DAP, indicated by numbers) that change with 
OW alone or with OA (+n DAP), or that no longer show thermal responses when OA is present (-n DAP). CL: Cardiolipin, PC: Phosphatidylcholine, PG: Phospha
tidylglycerol, PS: Phosphatidylserine, SM: Sphingomyelin.
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shrimp from the same experiment show higher mortality beyond 6 ◦C 
(Guscelli et al., 2023b), we can expect the phospholipidome rewiring to 
play a key role either in underlying risks of mortality, or if there is a 
survivor bias, in enabling shrimp to survive these stressful conditions. In 
the future ocean scenario, SLE and NNC shrimp display antagonistic 
phospholipidome responses, though opposite mechanisms are involved. 
Indeed, compared to shrimp from other populations, SLE shrimp 
exposed to severe OW alone appear less capable to compensate for the 
expected temperature-driven increase in membrane fluidity, according 
to the acclimatory homeoviscous adaptation theory (Malekar et al., 
2018). Contrastingly, shrimp from NNC seem able to maintain stable 
membranes under elevated temperatures by increasing the abundance of 
SM, less unsaturated phospholipids and phospholipids involved in 
higher transition temperature and bilayer thickness, whilst lowering low 
lateral diffusion-associated phospholipids’ abundance. Altogether, such 
patterns may protect cells against higher temperatures by maintaining 
constant viscosity to guarantee membrane stability (Mužić et al., 2019; 
Patton et al., 1992; Sinensky, 1974). Consequently, the antagonistic 
effect of OA on severe OW prevents thermal acclimation in NNC shrimp, 
whilst buffering the adverse impacts of thermal shock in SLE shrimp 
(Fig. 4). Contrastingly, in EC shrimp, OA combined with severe OW 
synergistically drives higher lateral diffusion, lower transition temperature 
and decreases bilayer thickness, likely indicating membrane instability 
(Molenaar et al., 2019). Whilst the overall effect of OA is weak in our 
study, we report that it can still alter the thermal response of marine 
metazoans. In line with this, recent meta-analyses reported that com
bined OW and OA triggers overall antagonistic effects at the 
whole-organism level in marine invertebrates (Alter et al., 2024). In 
contrast, lipidomic responses tend towards synergism in Arctic ptero
pods (Lischka et al., 2022). The divergent molecular-level interactive 
effects of OW and OA we observe here confirm that more complex 
mechanisms occur in lower biological organisation compartments 
(Madeira et al., 2017), including in the Northern shrimp (Guscelli et al., 
2023a, 2023b). Of note, the phospholipidome also shows subtle differ
ences when directly comparing shrimp’s profiles under OA combined 
with moderate vs. severe OW, confirming that different non-additive 
patterns emerge when OA is superimposed on more severe OW.

4.2. Integrated assessment of origin-specific vulnerability to combined OW 
and OA

Most importantly, we report intraspecific variation in the phospho
lipidome plasticity and sensitivity to combined OW and OA. Integrating 
the newly acquired understanding of the phospholipidome response to 
OW and OA (this study), with observations of their cellular energy ca
pacity, metabolome, whole-organism physiology and survival on the 
same shrimp specimens (Guscelli et al., 2023a, 2023b) and the charac
terisation of their natural environments, we can infer which populations 
are most at risk under future climate changes (Fig. 4). Strikingly, shrimp 
from different origins showed, overall, highly comparable 
whole-organism performances under combined severe OW and OA 
scenarios, in terms of survival, metabolic rates and aerobic capacity 
(Guscelli et al., 2023b). However, they showed different intraspecific 
cellular sensitivity to combined severe OW and OA both within the 
metabolome (Guscelli et al., 2023a) and phospholipidome (this study). 
These findings confirm that the molecular responses of marine species to 
environmental stressors appear most sensitive compared to their 
whole-organism physiology (Madeira et al., 2024; Noisette et al., 2021; 
Smit et al., 2009). Particularly, compared to shrimp from ESS, specimens 
inhabiting the SLE, EC and NNC appear most sensitive to combined OW 
and OA. Our study supports previous reports of interregional molecular 
variation in the response to global change drivers (Calosi et al., 2017; 
Schmidt and Donelson, 2024; Thor et al., 2018). Such phenotypic 
plasticity could enable different populations to persist under a changing 
ocean (Calosi et al., 2016; Foo and Byrne, 2016). Our findings highlight 
the role of the cell membrane phospholipidome, a major yet largely 

understudied functional cellular compartment (Kyle et al., 2021; Swin
nen and Dehairs, 2022), as a powerful biomonitoring tool of animal 
health in response to environmental stressors (Dreier et al., 2020; Tang 
et al., 2019). For instance, the shrimp from SLE we used in this study are 
the most sensitive ones to combined OW and OA at the metabolome 
level (Guscelli et al., 2023a). These SLE shrimp also show the most 
pronounced response to combined OW and OA, which may be a 
compensation mechanism allowing their cellular membranes to remain 
stable despite these stressful scenarios (Fig. 4). Similar to other marine 
ectotherms (Käkelä et al., 2008; Winnikoff et al., 2024), this suggests the 
presence for membrane adaptation and/or long-term acclimatisation to 
prevalent local environmental regimes. This corroborates their possible 
local adaptation/acclimatisation at the cellular energetic and metab
olomic levels (Guscelli et al., 2023a, 2023b). However, this molecular 
sensitivity at the lipidome and metabolome level under combined OW 
and OA may incur costs to SLE shrimp, as they show the poorest 
whole-organism physiological condition (Guscelli et al., 2023b). In 
contrast, whilst EC and NNC shrimp do not show shifts of energy 
metabolome in response to OA either alone or with OW (Guscelli et al., 
2023b), their cellular membrane integrity appears most negatively 
impacted by combined OW and OA (Fig. 4). For instance, EC shrimp 
show lower bilayer thickness and higher lateral diffusion suggesting 
their membranes are overly fluid and highly permeable, at risk of proton 
leak and unstable membrane-bound enzyme activities (Frallicciardi 
et al., 2022; Leo et al., 2020). In turn, such adverse membrane patterns 
may compromise the general biological functioning of EC shrimp (Hazel, 
1990). Organisms living near their upper thermal limits may, in fact, be 
most at risk under global changes due to their limited homeoviscous 
adaptation capacity (Muir et al., 2016). In this sense, our findings sug
gest that shrimp from the Esquiman Channel (i.e., EC) already operate at 
their upper stress tolerance limit due to ongoing OW and OA (Bourdages 
et al., 2022; Mucci et al., 2018) compared to less prominent OA in ESS 
waters (DFO, 2022a, 2020). As opposed to SLE shrimp, those from EC 
may not have moved bathymetrically to seek more favourable condi
tions (Bourdages et al., 2022). Altogether, the phospholipidome, 
metabolome and whole-body physiology data combined with their 
in-situ monitoring suggest that EC shrimp are most at risk of cellular 
failure in future oceans (Guscelli, 2024; Guscelli et al., 2023a, 2023b). 
Therefore, we suggest they should be a priority target for conservation 
strategies among the populations tested here (Fig. 4).

In conclusion, we show a high degree of intraspecific variation in a 
marine ectotherm’s cellular membrane vulnerability to combined global 
changes, with important implications for ecosystems’ stability and 
resilience (Mimura et al., 2017; Vásquez et al., 2023). Furthermore, our 
results on phospholipidome, when combined with insights from prior 
works on whole-body (Guscelli et al., 2023b), and metabolome (Guscelli 
et al., 2023a) responses of the same specimens, reveal compartment- and 
origin-specific sensitivities to combined global changes. This highlights 
the importance of considering multiple levels of the biological hierarchy 
using a macrophysiological approach (Bozinovic et al., 2011; Chown 
and Gaston, 2008; Gaston et al., 2009) to refine predictions on the fate of 
biotic systems in the context of global changes. Moreover, functionally 
characterising the presence of non-additive responses to multiple global 
change drivers is paramount to predicting biological systems’ emerging 
properties and supporting their effective management (Carrier-Belleau 
et al., 2021; Côté et al., 2016; Piggott et al., 2015). Altogether, our 
findings highlight that OA alters in complex ways ectotherms’ molecular 
responses to OW, suggesting large uncertainties on the consequences of 
combined global change drivers on biological systems, calling for the 
development of highly integrative approaches (Madeira et al., 2024).

CRediT authorship contribution statement

Lauric Feugere: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Joana Filipa Fernandes: Writing – 

L. Feugere et al.                                                                                                                                                                                                                                 Environmental Research 283 (2025) 122135 

11 



review & editing, Visualization, Validation, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. Ella Guscelli: 
Writing – review & editing, Visualization, Validation, Methodology, 
Investigation, Data curation, Conceptualization. Tânia Melo: Writing – 
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