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b CNC-Center for Neuroscience and Cell Biology, University of Coimbra, 3004-504, Coimbra, Portugal
c Instituto de Investigação Interdisciplinar, Universidade de Coimbra (IIIUC), Coimbra, Portugal
d ECOMARE - Laboratory for Innovation and Sustainability of Marine Biological Resources, CESAM - Centre for Environmental and Marine Studies, Department of 
Biology, University of Aveiro, Estrada do Porto de Pesca Costeira, 3830-565, Gafanha da Nazaré, Portugal
e Institut Maurice-Lamontagne, Fisheries and Oceans Canada, Mont-Joli, Quebec, Canada

A R T I C L E  I N F O

Keywords:
Pandalus borealis
Global change
Proteomics
Phenotypic plasticity
Intraspecific variation
CO2 pollution

A B S T R A C T

The Northern shrimp (Pandalus borealis) is an ecologically important species and the target of one of the 
world'Canas largest shellfish fisheries. Yet, its habitats are rapidly changing due to human-driven climate change, 
with temperatures projected to increase by ~4 ◦C and seawater pH to decline by 0.3 pH units the end of the 
century. These stressors may cause interactive effects, with responses differing among origins due to local 
adaptation or long-term acclimatisation. We investigated the impacts of ocean warming and acidification 
(individually and combined) on the proteome of female P. borealis from four geographic origins. Shrimp pro
teomes responded to ocean acidification, but not to warming, with marked origin-specific differences. Comparing 
the most favourable condition (2 ◦C, pH 7.75) to low pH (7.35) across tested temperatures, we detected 109 
differentially abundant proteins (DAPs) in shrimp from the Saint Lawrence Estuary (SLE), six in those from the 
Northeast Newfoundland Coast (NNC) and Eastern Scotian Shelf (ESS), and three in the Esquiman Channel (EC). 
SLE shrimp showed widespread downregulation across metabolic, genetic information processing, and signalling 
pathways, suggesting higher sensitivity to acidification relative to other origins, where responses were muted. 
These findings highlight intraspecific variation in proteomic responses to ocean acidification in this commer
cially valuable crustacean. They confirm ocean acidification as a major concern in the context of rapid envi
ronmental change and suggest that uniform conservation strategies may be ineffective. Instead, management 
efforts should account for origin-specific sensitivities, reflecting the complex adaptive landscape shaping the 
resilience of P. borealis and other exploited marine species.

1. Introduction

Numerous studies have been conducted on a multitude of organisms 
using traditional phenotypic measurements to examine their physiology. 
Additionally, recent advances in omics technologies (Manzoni et al., 
2018; Page and Lawley, 2022; Stillman and Armstrong, 2015; Viant, 
2007) have allowed researchers to acquire a deeper understanding of the 

molecular mechanisms that underlie whole-organism physiology (Calosi 
et al., 2017; Noisette et al., 2021; Turner et al., 2025). This in turn has 
generated significant breakthroughs in our critical appreciation of the 
functioning and evolution of physiological systems. Among the different 
omics approaches, proteomics enables the comprehensive analysis of the 
proteins expressed by an organism, providing insights into the alter
ations in protein abundance, post-translational modifications, and 
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protein-protein interactions in response to environmental changes 
(Aebersold and Mann, 2003; Carroll and Coyne, 2021; Madeira et al., 
2020). Further, proteomics has emerged as a valuable tool for providing 
insights on various aspects of an organism's fundamental biological 
processes, such as functional characterization of proteins, gene expres
sion and regulation, and identification of biomarkers (Heck and Neely, 
2020; López, 2007). In this sense proteomics specifically, can be used to 
identify both key proteins and pathways involved in the physiological 
responses of marine organisms under the effect of environmental 
changes or stressors, potentially unravelling the molecular basis of their 
adaptation and acclimatisation processes (Araújo et al., 2018; Madeira 
et al., 2020; Nesatyy and Suter, 2007; Tomanek, 2014). This in turn can 
support the development of effective conservation strategies in the face 
of global climate change (Domínguez-Pérez et al., 2019), improve 
management of global change impacts and risks on populations of ma
rine species, as well as guide stock assessment and management of 
important fisheries (Chellapandian and Sivakamavalli, 2022; Karr, 
2008; Kershaw et al., 2024).

Since the industrial revolution (ca. 1850), ocean temperature has 
increased by ca. 1 ◦C and surface water pH has declined by ca. 0.1 pH 
units (IPCC, 2022). These environmental changes are occurring more 
rapidly in some locations (e.g., Lavoie et al., 2019), therefore impacting 
marine organisms differentially depending on, but not limited to, loca
tion, previous acclimatisation history to prevalent environmental re
gimes, and species (DuBois et al., 2022; Somero, 2012; Vargas et al., 
2017). Commercial species may be particularly at risk, as the combi
nation of global change forcing with fishing pressure may result in 
abundance declines and distributional shifts due to the progressive 
reduction in habitat suitability (Townhill et al., 2023).

Pandalus borealis Krøyer 1838 is widely distributed in the North 
Atlantic and supports an important commercial fishery, being the third 
most lucrative fishery in Canadian waters (DFO, 2021a), and target of 
one of the world's largest shellfish fisheries (Government of Canada, 
2016). This species is of great economic and cultural importance in the 
Northeast Atlantic region (Dupont et al., 2014; Søvik and Thangstad, 
2016). Further, P. borealis is an ecologically important species, repre
senting a major prey species for many fish and marine mammals (Brown- 
Vuillemin et al., 2022; Dawe et al., 2012; Jónsdóttir et al., 2012; Zabihi- 
Seissan et al., 2024). Changes in ocean temperature and other envi
ronmental drivers, including anthropogenic stressors, have likely caused 
the abundance of P. borealis to decline in some regions (DFO, 2023; 
Richards and Hunter, 2021). This adds to the evidence that cold-water 
species abundance is decreasing in warming oceans (Logerwell et al., 
2022). Recent studies have highlighted that the survival and (broadly 
speaking) the metabolic performance of P. borealis from different 
geographical locations is negatively affected, in a comparative manner, 
by seawater temperatures above 6 ◦C and low pH (Guscelli et al., 
2023b). Different from whole-organisms traits, shrimp metabolomic and 
lipidomic responses showed marked intraspecific differences among 
geographical locations (Feugere et al., 2025; Guscelli et al., 2023a), with 
shrimp from some origins being more sensitive to ocean warming (OW) 
and ocean acidification (OA), in isolation and combined, than those 
from others. Differently, at the transcriptome level, only the response to 
temperature was characterised, and Leung et al. (2023) highlighted that 
the thermal transcriptomic response of northern shrimp from different 
origins was comparable. These apparent idiosyncrasies may be recon
ciled by investigating the remodelling that may occur in other cell layers 
in response to OW and OA. Specifically, the proteome connects func
tionally the transcriptome to the lipidome and metabolome, and helps 
defining whole-organism phenotypes. In the current study, a proteomic 
screening of abdominal muscle samples from females of the Northern 
shrimp P. borealis was performed, with specimens being collected from 
four different locations in Atlantic Canada and exposed for a month to 
different combinations of three temperatures and two pH levels 
(Guscelli et al., 2023b). Our results on shrimp proteome response were 
used to explore the sensitivity and plasticity of P. borealis from different 

geographic origins to predicted changes in seawater temperature and 
pH. Based on previous evidence of the impact of different global change 
drivers on P. borealis (Arnberg et al., 2013; Chabot and Ouellet, 2005; 
Chemel et al., 2020; Feugere et al., 2025; Guscelli et al., 2023a, 2023b) 
we hypothesise that: (i) OW exerts a greater effect on the proteome when 
compared to OA, (ii) that OW and OA combined exert non-additive ef
fects, and (iii) shrimp from different locations respond differently to 
global change drivers in isolation and combined.

2. Materials and methods

2.1. Animal collection and maintenance

Non-ovigerous females of the Northern shrimp P. borealis were 
collected for experiments performed by Chemel et al. (2020) and Gus
celli et al. (2023a, 2023b). Briefly, individuals were collected from one 
of four geographic locations within the northwest Atlantic: St. Lawrence 
Estuary (SLE, 48◦ 35′ N, 68◦ 35′ W; May 2018), Esquiman Channel (EC, 
50◦ 44′ N, 57◦29′ W; July 2019), Eastern Scotian Shelf (ESS, 45◦ 23′ N, 
61◦ 04′ W; February 2019), and Northeast Newfoundland Coast (NNC, 
50◦ 18′ N, 54◦ 16′ W; November 2019) (Fig. 1) with shrimp traps or 
trawls and then transported to the Maurice-Lamontagne Institute (MLI), 
Fisheries and Oceans Canada (Mont-Joli, QC, Canada) in well‑oxy
genated, 750-L water tanks at 2 ◦C. Shrimp were maintained in 1700-L 
flow-through tanks that were continuously supplied from the nearby 
Saint Lawrence Estuary at MLI for approximately eight weeks following 
collection to adjust to laboratory conditions. The sea water supplied 
from the estuary was filtered through a large sand bed, and salinity was 
automatically adjusted by addition of aquaculture quality salt and kept 
at 32. Average conditions of the supplied sea water were 4.5 ◦C and pHT 
7.9 (pH total scale, pHT). Water was supplied at a flow rate of 3.5 L 
min− 1. Shrimp were fed ad libitum three times a week, with a diet con
sisting of equal parts of frozen capelin (Mallotus villosus) and shrimp 
(Pandalus spp.) (Guscelli et al., 2023b). Water parameters were moni
tored using temperature probes (HRSTD-3-100-A-240-E, Omega Engi
neering Inc., Norwalk, CT, USA) and pH probes (1001 modules, IKS 
Aquastar, Karlsbad, Germany), and mean environmental conditions are 
summarised in Chemel et al. (2020) & Guscelli et al. (2023b).

2.2. Experimental design, system, and protocol

After the pre-exposure period, 60 females from each geographic 
origin were randomly assigned to one of 12 experimental tanks (240 L), 
being stocked at five shrimp per tank. Shrimp were exposed for 30 d to 
one of six experimental treatments, with two experimental tanks per 
treatment. The detailed experimental design can be found in (Chemel 
et al., 2020; Guscelli et al., 2023a, 2023b) and is summarised in Table 1. 
Briefly, the treatments and corresponding target values used were as 
follows: low temperature and current pH (2C: 2 ◦C and pHT 7.75), low 
temperature and low pH (2A: 2 ◦C and pHT 7.40); intermediate tem
perature and current pH (6C: 6 ◦C and pHT 7.75); intermediate tem
perature and low pH (6A: 6 ◦C and pHT 7.40); elevated temperature and 
current pH (10C: 10 ◦C and pHT 7.75); and elevated temperature and 
low pH (10A: 10 ◦C and pHT 7.40). Temperature treatments were chosen 
based on the suggested, most favourable temperature for this species 
(2 ◦C, Shumway et al., 1985). The current average temperature experi
enced by shrimp in EC (6 ◦C, Bourdages, 2022), also corresponds to the 
predicted temperature for 2100 (+4 ◦C) under the representative con
centration pathway 8.5 by the Intergovernmental Panel on Climate 
Change (IPCC, 2013) for other origins (Fig. 1). The elevated temperature 
(10 ◦C) represents the IPCC scenario for shrimp from EC. Levels of pH 
were selected as the current pHT (7.75) experienced by SLE and EC 
shrimp and future predicted level for shrimp from ESS and NNC. The 
pHT of 7.40 was selected as equivalent to a − 0.3/− 0.4 unit decrease in 
pH by the end of the century (IPCC, 2013) for shrimp from the SLE and 
EC (Fig. 1).

T.M. Page et al.                                                                                                                                                                                                                                 Marine Pollution Bulletin 225 (2026) 119152 

2 



Details of daily husbandry of shrimp from all geographic locations 
and monitoring of the experimental system and seawater chemistry 
measurements can be found in Chemel et al. (2020) and Guscelli et al. 
(2023a, 2023b). To avoid energy demands related to food ingestion, 
shrimp were fasted from day 23.

After 30 d exposure to treatment conditions, 10 individuals per 
treatment per geographic origin (five individuals per treatment tank) 
were removed from their respective treatments and used to determine 
metabolic rates via the measurement of individual oxygen uptake 
(methods and results are presented in Guscelli et al. (2023a, 2023b), and 
Guscelli et al. (2024)). Shrimp were then quickly and rapidly patted dry, 
and muscle tissue (from the abdomen) was dissected and flash-frozen in 
liquid nitrogen. Muscle tissue was chosen to continue with similar 
sampling protocols used in previous studies by the research team and 
allow a reliable comparison with other omics compartments (Feugere 
et al., 2025; Guscelli et al., 2023a, 2023b). Moreover, it provides the 
most tissue for analyses, representing the largest proportion of body 
mass of northern shrimp, which is also an important source of protein for 
prediators in the wild, as well as for human consumption. Samples were 
then stored at − 80 ◦C until they were shipped in a dry shipper to 
ECOMARE - Laboratory for Innovation and Sustainability of Marine 

Biological Resources at the University of Aveiro (Aveiro, Portugal). Here 
samples were kept at − 80 ◦C, until analyses were carried out.

2.3. Quantitative proteomics

2.3.1. Protein extraction
Protein extractions were performed at ECOMARE on flash-frozen 

muscle tissue of P. borealis. Shrimp muscle tissue samples (≈ 100 mg) 
were homogenised in 2 mL of modified Laemmli buffer (60 mM Tris- 
HCl, pH 6.8, 2 % SDS - sodium dodecyl sulfate) using a tissue homog
enizer (Omni TH, Bebensee, Germany). Subsequently, samples were 
sonicated (Sonifier 250, Branson) (output control 1.5, time 5 s + 10 s on 
ice, 3×) and centrifuged for 15 min at 10,000 ×g at 4 ◦C, and homog
enates were spun down and supernatant containing extracted protein 
was collected. Samples were stored at − 80 ◦C until being transported via 
dry shipper with liquid nitrogen for proteomic analyses to the Center for 
Neuroscience and Cell Biology – University of Coimbra (Cantanhede, 
Portugal).

2.3.2. Sample preparation for proteomics, LC-MS analyses and pre- 
processing of proteomics data

Protein identification and relative quantification were performed on 
previously frozen protein extracts following a similar method described 
in Trindade et al. (2022) with slight modifications. Briefly, protein ex
tracts (1 mL) of muscle tissue were diluted with 1 mL 1× Laemmli 
sample buffer (Laemmli, 1970) and sonicated using a cup-horn (Ultra
sonic processor, 750 W). Total protein concentration was measured for 
each sample using an assay kit (Pierce 660 nm Protein Assay kit, Thermo 
Scientific™ Waltham, MA). For data-dependent acquisition (DDA) ex
periments, replicates from two independent variables (geographic origin 
– four levels – and temperature – three levels) were pooled into twelve 
different sample pools (SLE-2, SLE-6, SLE-10, EC-2, EC-6, EC-10, ESS-2, 
ESS-6, ESS-10, and NNC-2, NNC-6, NNC-10) before protein separation 
by gel electrophoresis. These pools included all pH groups within the 
temperature x population pools, to ensure proteins occurring across all 

Fig. 1. Map showing collection sites of the Northern shrimp Pandalus borealis used in the present study. Female shrimp were collected from: St. Lawrence Estuary, 
Esquiman Channel, Eastern Scotian Shelf, and Northeast Newfoundland Coast.

Table 1 
Summary of experimental culture conditions corresponding to each experi
mental group. Shrimp from all origins were assigned in equal numbers across the 
six experimental treatments.

Treatment Temperature 
(◦C)

pH Replicate 
tanks

Number of individuals 
per tank

2C 2.0 7.75 2 5
2A 2.0 7.40 2 5
6C 6.0 7.75 2 5
6A 6.0 7.40 2 5
10C 10.0 7.75 2 5
10A 10.0 7.40 2 5
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treatments (temperature, population/origin, and pH) were captured and 
well represented (3). For data-independent acquisition (DIA) each 
sample was processed individually. The data from the DDA experiment 
runs were used to build the spectral library, which was used to mine the 
DIA data from each sample for quantification. The protein content from 
each sample/pool (≈ 50 μg) was alkylated with acrylamide, separated 
by the Short-GeLC Approach (Anjo et al., 2015), and digested with 
trypsin for 16 h. Extracted peptides were then resuspended to 25 μL (for 
DDA experiments) and 30 μL (for DIA experiments) with 2 % acetonitrile 
and 0.1 % formic acid. For each sample 10 μL of extract were analysed 
using a NanoLC™ 425 System (Eksigent) coupled to a Triple TOF™ 6600 
mass spectrometer (Sciex) and the ionization source (ESI DuoSpray™ 
Source) and the parameters used for the DDA and SWATH/DIA acqui
sitions are described in (Trindade et al., 2022).

Ion-library construction followed methods detailed in (Trindade 
et al., 2022), with one deviation from using the Decapoda database 
(NCBI; 342,483 protein sequences) for searching. Relative quantifica
tion of proteins (SWATH-MS) was also conducted following methods 
detailed in Trindade et al. (2022) and was normalised for total sum of 
peak areas for each respective sample. The MS proteomics data have 
been deposited to the ProteomeXchange Consortium via the PRIDE 
(Perez-Riverol et al., 2025) partner repository with the dataset identifier 
PXD068332.

2.3.3. Statistical & bioinformatic analyses
All analyses were performed in R (v 4.2.2). Initially, principal 

component analysis (PCA) was performed on raw data to check for batch 
effects (Fig. S1). Batch effects were identified (Fig. S1). Following this, 
proteomic data were pre-processed by filtering out rows (variables) with 
<50 % valid values, then the function ComBat in the package sva (Leek 
et al., 2012) was used to remove batch effects in the data by using an 
empirical Bayes framework to adjust for batch effects (Fig. S2). The 
batch effect corrected data was then normalised by Z-scoring the matrix. 
Missing data imputation was done by replacing missing values, which 
were considered to be zeroes in this dataset, from a normal distribution 
(width 0.3, down shift 1.8, separately for each sample) (Madeira et al., 
2021). A p value ≤0.05 was considered significant and a p value between 
0.05 and 0.10 was considered to be “marginally significant” (along the 
lines of the framework outlined by Muff et al., 2022). Missing data 
imputation did not distort the distribution of the data (Fig. S3).

Subsequently, a permutation analysis of variance (PERMANOVA) 
was applied to filtered proteomics data from the four geographic origins 
surveyed (N = 215) used in this study to test the effects of temperature, 
pH, and origin on the response of 592 proteins. The function adonis2 in 
the package vegan (Oksanen et al., 2022) was used with the following 
parameters: permutations = 9999, distance method = euclidean. Tem
perature, pH, and origin were set as the independent variables.

Differentially abundant proteins (DAPs) were identified, per origin, 
by applying empirical Bayes statistics on protein-wise linear models 
using limma (Ritchie et al., 2015) in the DEP package (v 3.17) (Zhang 
et al., 2018). Missing values were removed from origin-based datasets by 
filtering for proteins that were quantified in eight out of the ten replicate 
individuals of at least one treatment condition within an origin. Data 
was then normalised by variance stabilising transformation. Missing 
values were imputed using random draws from a Gaussian distribution 
centred around a minimal value for missing not at random (MNAR) with 
option “MinProb”, q = 0.01. Comparisons of conditions (temperature, 
pH, and origin) were conducted to identify significant DAPs between 
groups. Correction from testing was done in DEP with the package 
fdrtool (Strimmer, 2008). Proteins were considered differentially abun
dant between groups with an FDR-corrected p-value <0.05 and a log2- 
fold change (lfc) beyond ±1.

Protein sequences were obtained through the efetch command in 
NCBI's freely available E-utilities (https://www.ncbi.nlm.nih.gov/b 
ooks/NBK25497/). eggNOG-mapper v2 was used to obtain protein de
scriptions, Kyoto Encyclopedia of Genes and Genomes (KEGG) terms, 

and gene ontology (GO) annotation for DAPs using default parameters 
(Cantalapiedra et al., 2021; Huerta-Cepas et al., 2019). Functional 
overrepresentation analysis of DAPs was performed in the Cytoscape 
(Shannon et al., 2003) plugin BiNGO (Heymans et al., 2005), where 
hypergeometric tests of GO categories were used, specifically “biological 
process”, with the annotated genome of P. borealis as a “background”. A 
p-value (Benjamini-Hochberg FDR correction) cut-off of 0.05 was used. 
To predict and identify protein-protein interaction networks associated 
with DAPs from different origins of P. borealis, STRING analysis (Search 
Tool for the Retrieval of Interacting Genes/Proteins; https://string-db. 
org/) (Szklarczyk et al., 2023) was performed using default parame
ters with high confidence (≥ 0.7) and the whiteleg shrimp, Penaeus 
vannamei, as the representative database, and only decapod species 
available (Szklarczyk et al., 2025). Protein networks were generated and 
visualised in Cytoscape (Shannon et al., 2003) using the StringApp 
plugin (Doncheva et al., 2019). KEGG mapper (Kanehisa and Sato, 2020) 
was used to assign KEGG BRITE descriptors to DAPs.

3. Results

3.1. Overall proteome response in female P. borealis

The proteome of the abdominal muscle of females of the northern 
shrimp P. borealis from different origins responded differently to OA 
conditions, as indicated by the presence of a significant interaction be
tween seawater pH and shrimp's origin (Pseudo-F(3,192) = 2.391, p =
0.031, Table 2).

Based on the PERMANOVA results, analyses focused on the effect of 
pH and origin on proteomic response of P. borealis, and in particular on 
the comparison of the favourable condition (i.e., 2 ◦C at 7.75 pH - 2C) vs. 
the low pH treatments (i.e., those at 7.35 pH - A) at 2, 6, and 10 ◦C (2A, 
6A, and 10A - Fig. 2).

3.2. Differentially abundant proteins

Differentially abundant proteins (DAPs) were identified across the 
four geographic origins when comparing 2C to 2A, 6A, and 10A (Fig. 3). 
SLE showed the most DAPs (109), when comparing 2C to 2A, 6A and 
10A (Fig. 3). We found six DAPs in the NNC and ESS origins, and three in 
the EC origin (Fig. 3).

3.3. Enrichment analyses

KEGG pathway analyses were performed to categorise DAPs 
(Table 3) and showed differential regulation of a number of cellular 
processes. The most represented terms were found in protein families 
relating to genetic information processing and protein families relating 
to cell signalling (Tables 3, S2).

Table 2 
Summary of results from the PERMANOVA test used to investigate the effects of 
temperature, pH, and origin, in isolation and combined, on the muscle proteome 
of females of the northern shrimp Pandalus borealis. Text in bold indicates sta
tistically significant terms (p ≤ 0.05). The * indicates marginally significant 
results (P).

Source df SS R2 Pseudo-F P (perm)

Temperature (T) 2 33.337 0.010 1.081 0.329
pH 1 18.132 0.005 1.176 0.274
Origin (O) 3 91.337 0.027 1.974 0.073*
T*pH 2 4.318 0.001 0.140 1.000
T*O 6 88.459 0.026 0.956 0.475
pH*O 3 110.649 0.033 2.391 0.031
T*pH*O 6 71.765 0.021 0.776 0.666
Residuals 192 2961.252 0.876
Total 215 3379.249 1.000

Analysis used 9999 permutations and a Euclidean distance method.
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Protein-protein interaction networks were created for each 
geographic origin from inputting DAPs found resulting from treatment 
comparisons of 2C to 2A, 6A and 10A (Fig. 4). The resulting network for 
SLE contained 99 proteins (nodes) and 91 predicted or known protein 

interactions (edges) (Fig. 4a). The EC and NNC networks contained 
proteins, three and six respectively, with no predicted or known in
teractions (Fig. 4b, d). The ESS network resulted in five proteins and one 
interaction (Fig. 4c).

Fig. 2. Principal component analysis (PCA) plots displaying PC1 and PC2 shrimp P. borealis from 2C (2 ◦C at 7.75 pH), 2A (2 ◦C at 7.35 pH), 6A (6 ◦C at 7.35 pH), and 
10A (10 ◦C at 7.35 pH) treatments comparing seawater pH conditions (a), origin (b), and the interaction between origin and seawater pH (c), where points represent 
individual shrimp samples from all geographic origins sampled. Plots d, e, f, and g represent PCAs comparing seawater pH levels of 7.75 and 7.40 separately for each 
origin: SLE (d), EC (e), ESS (f), and NNC (g).

Fig. 3. Heatmaps of log2-fold-change FDR values < 0.05 with up- (red) and down-regulated (blue) proteins from (a) SLE, (b) EC, (c) ESS, and (d) NNC. The histogram 
(e) illustrates the overall distribution of log2 fold-changes across all significant proteins in the SLE. (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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A total of 131 significantly enriched biological processes were 
generated from STRING analyses for DAPs, from the comparison of 2C to 
2A, 6A, and 10A (independently) in the SLE and one biological process 
was enriched in the ESS, specifically the process of negative regulation 
of innate immune response. Enrichment analyses found no significantly 
enriched biological processes in the EC or NNC. In the SLE, the enriched 
biological processes containing the highest number of proteins were 
cellular processes and metabolic processes (Fig. 5).

3.4. Origin comparison

When comparing DAPs from pairwise comparisons of 2C to 2A, 6A, 
and 10A across shrimp origins, shrimp from SLE had 107 unique pro
teins that were differentially abundant, ESS had five, and NNC and EC 
had three each (Fig. 6). Two proteins were shared between SLE and 
NNC, a likely histone H4 protein (KAG0692637.1) and calcium- 
transporting ATPase type protein (KAG0715187.1) (Fig. 6), and a per
oxiredoxin (AET34923.1) was shared between ESS and NNC (Fig. 6).

Table 3 
Differentially abundant proteins (FDR < 0.05) across treatment comparisons of 2C to 2A, 6A, and 10A and 
origins were assigned KEGG BRITE (Kanehisa and Sato, 2020) identifiers using eggNOG mapper. The number 
of proteins associated with each KEGG BRITE identifier was obtained from DEP analyses of the proteome of 
shrimp from each origin. Saint Lawrence Estuary (SLE), Esquiman Channel (EC), Eastern Scotian Shelf (ESS), 
and Northeast Newfoundland Coast (NNC). A total of 105 proteins returned KEGG identifications.

Number of proteins 
identified

Origin SLE EC ESS NNC

KEGG BRITE 
identifier Increase Decrease Increase Decrease Increase Decrease Increase Decrease

Protein families: metabolism

Enzymes 2 34 - - 2 1 2 -

Protein kinases - 4 - - - - -
Protein 
phosphatases and 
associated proteins 

- 2 - - - - - -

Peptidases and 
inhibitors - 3 - - - 1 - -

Protein families: genetic information processing

Transcription factors - 3 - - - - - -
Transcription 
machinery 1 5 - - - - - -

Messenger RNA 
biogenesis 2 12 - 1 - - - -

Spliceosome - 7 - - - - - -

Ribosome - 3 - - 1 - - -
Ribosome 
biogenesis - 1 - - - - - -

Transfer RNA 
biogenesis - 2 - - - - - -

Translation factors - 3 - 1 - - - -
Chaperones and 
folding catalysts - 6 - - - - - -

Membrane 
trafficking - 18 - - - - - -

Ubiquitin system - 2 - - - - - -

Proteasome - 2 - - - 1 - 1
Chromosome and 
associated proteins - 11 1 - - - - 1

DNA repair and 
recombination 
proteins

1 1 - - - - - -

Mitochondrial 
biogenesis 1 5 - - - - - -

Protein families: signalling and cellular processes

Transporters - 2 - - - - 1 -

Secretion system - 2 - - - - - -
Cilium and 
associated proteins - 1 - - - - - -

Cytoskeleton 
proteins 2 20 1 - - - 1 -

Exosome 3 46 - 1 - - - -

Ion channels - 1 - - - - - -
GTP-binding 
proteins - 5 - - - - - -

CD molecules - 1 - - - - - -

Proteoglycans - 2 - - - - - -
Glycosaminoglycan 
binding proteins - - - - - - 1 -

Unclassified - 3 - - - - - -
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4. Discussion

4.1. Origin-specific proteomic responses to ocean acidification

Here, we show the presence of origin-specific responses in the pro
teome of Northern shrimp from four distinct geographical origins to low 
seawater pH conditions predicted to occur by the year 2100. Similarly to 
our previous studies on other omics layers of the Northern shrimp 
(Feugere et al., 2025; Guscelli et al., 2023a), individuals from SLE are 
the most sensitive to ocean acidification (OA), having by far the most 
differentially abundant proteins (DAPs). Based on our findings, and 
genetic evidence from Bourret et al. (2024), we suggest the presence of a 
certain degree of long-term acclimatisation to regional conditions, 
which helps define how shrimp will respond to the physiological chal
lenge imposed by OA. Our results, together with those from previous 
studies (Arnberg et al., 2013; Chabot and Ouellet, 2005; Chemel et al., 
2020; Feugere et al., 2025; Guscelli et al., 2023a, 2023b; Leung et al., 
2023) show that the Northern shrimp has a relatively wide thermal 
breadth for a cold-adapted species. While OW appeared to be the main 
driver shaping P. borealis whole-organism responses (Guscelli et al., 
2023b), metabolomics (Guscelli et al., 2023a), and lipidomics profiles 
(Feugere et al., 2025), OA is the dominant driver shaping the proteome 
of shrimp.

4.2. Comparative influence of ocean acidification and warming across 
origins

At the proteome level, P. borealis appears to be sensitive to OA but 
not to OW, this pattern being consistent across origins. However, the 
presence of a significant interaction between origin and seawater pH 
emphasises origin-specific responses to OA, suggesting a higher sensi
tivity and/or the presence of plastic compensatory or adaptive responses 
to this global change driver in shrimp from some origins versus others. 

This result differs from that by Guscelli et al. (2023b), who showed fe
males of P. borealis from different origins to display comparable whole- 
organism level responses to OA and OW among all origins. It appears 
that P. borealis remodels preferentially (and in some cases profoundly) 
its molecular dynamics, with all omics layers displaying origin-specific 
responses to global change drivers, in order to maintain a stable per
formance at the whole-organism level (as also observed for American 
lobster (Homarus americanus) larvae by Noisette et al., 2021). However, 
while non-additive responses (sensu Piggott et al., 2015) between OW 
and OA were dominant for both metabolomic (Guscelli et al., 2023a) 
and lipidomic layers (Feugere et al., 2025), for the proteome we do not 
report non-additive responses to OW and OA. Furthermore, the prote
ome is unresponsive to temperature, a pattern that may be rather 
common in warm-adapted species or species with broad thermal 
breadths (Araújo et al., 2018; Dineshram et al., 2016). This finding was 
surprising, however, for a cold-adapted species such as P. borealis, where 
an increase in temperature was expected to enhance processes such as 
chaperoning, cytoskeleton dynamics, redox regulation, and energy 
metabolism (see for example Lipaeva et al., 2023; Fields et al., 2012; and 
Truebano et al., 2013). Nonetheless, it is important to note that 
P. borealis is not a stenothermic species, as it occupies habitats with 
temperatures ranging from − 1.6 to 16.3 ◦C (Zabihi-Seissan et al., 2024). 
Several authors have proposed, using different model organisms, that 
proteome composition may remain stable over a range of temperatures, 
whereas proteins' activity may increase due to temperature effects on 
enzyme kinetics and reaction rates (Madeira et al., 2020; Mairet et al., 
2021). Enzyme/protein abundance levels can be regulated not only 
through gene expression changes, but also via post-translational modi
fications, which are known to affect proteins' stability and degradation 
(Lee et al., 2023). Shifting an enzyme activity instead of its abundance 
may be the most energetically advantageous mechanism within a certain 
thermal range, while protein content adjustments may only be necessary 
at extreme temperatures (Madeira et al., 2020; Mairet et al., 2021). Still, 

Fig. 4. Protein-protein interaction networks of differentially abundant proteins (FDR ≤ 0.05) when comparing 2C to 2A, 6A, and 10A across all origins and their 
database description. (a) Network for the SLE. Purple nodes represent terminal nodes, and pink nodes are highly connected (>5 connections). Colours surrounding 
nodes in the SLE network show nodes involved in glycolysis, metabolic processes, cellular response to stress, cellular Na+ homeostasis, cellular K+ homeostasis, 
metabolism of amino acids, and pyruvate metabolism. For visualisation, singletons were not shown in the SLE network. (b, c, d) Networks for EC, ESS, and NNC. (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. 5. Gene ontology (GO) enrichment analyses of proteins with a false discovery rate of ≤0.05. Only processes containing ≥ 5 counts are shown in the figure, only 
the SLE origin is therefore shown. GO terms of enriched processes are given and the corresponding number of proteins found within these processes is given as counts.
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our previous work has shown that P. borealis displays origin-specific 
metabolic enzymes (i.e., citrate synthase, cytochrome C oxidase or 
lactate dehydrogenase) activity levels, with no effects of temperature or 
pH being detected (Guscelli et al., 2023b). Different baseline enzymatic 
activity levels may thus reflect the long-term acclimatisation to regional 
conditions, with SLE displaying the lowest activity levels for these en
zymes. Here, we found a marginally significant effect of origin on pro
teins' abundance as well, suggesting that both abundance and activity 
may be determined by long-term acclimatisation processes.

4.3. Strong OA-induced proteomic disruption in SLE shrimp

Contrary to elevated temperature, low pH elicits a proteomic 
response on P. borealis muscle, with shrimp from SLE displaying wide
spread decreased abundance in proteins across metabolic, genetic in
formation processing, and signalling and cellular process pathways (109 
DAPs), suggesting OA is triggering a strong response in shrimp from this 
location. This suggests a heightened sensitivity to OA compared to 
shrimp from other localities, where we see more muted responses to OA 
(< 6 DAPs), likely indicating the presence of less responsive phenotypes. 
Shrimp from SLE showed a staggering 18–36 times more DAPs when 
compared to shrimp from other origins. The number of proteins asso
ciated with enzymes across the origins varied, with the abundance of 
these proteins mostly decreasing in SLE, but increasing in shrimp from 
NNC, however minimally, and with minimal overall change in shrimp 
from ESS and EC shrimp origins. More in general, differences in enzyme 
abundance may reflect origin-specific strategies for coping with envi
ronmental challenges, ranging from an intense reduction in cell func
tions (SLE) to minimal remodelling (other origins) aimed at sustaining 
cellular performance. SLE shrimp exhibited the most extensive and 
highly interconnected network of DAPs (Fig. 4), with enriched connec
tions in pathways associated with glycolysis, pyruvate metabolism, 
amino acid metabolism, cellular stress responses, and ionic homeostasis. 
This complex network structure suggests broad molecular remodelling, 
where most proteins decreased their abundance under OA. This possibly 
reflects an energy-saving strategy, where energetically expensive pro
cesses are reduced to stabilize ATP:ADP levels (as observed by Guscelli 
et al., 2023b), but the cell still attempts to maintain its integrity and 
basic function. This is supported by the evidence of mixed regulation of 
specific functions, where most proteins decreased but some also 

increased, involving transcription, DNA repair, mitochondrial biogen
esis, cytoskeleton dynamics, and exosomes. Such processes may be 
essential for the cell to produce exclusively key proteins, regulate DNA 
repair, control mitochondrial metabolism, maintain structure and adjust 
cell-to-cell communication, with exosomes potentially playing an 
important role in mediating innate immune responses under stress 
(Beninson and Fleshner, 2014). In our previous metabolomics study 
(Guscelli et al., 2023a), we found evidence of increased tyrosine con
centration in SLE shrimp exposed to OA, also suggesting a modulation of 
the immune response (see Huang et al., 2020; Parthasarathy et al., 2018; 
Shang et al., 2023). Interestingly, ESS-origin showed an enrichment of 
the pathway for negative regulation of innate immune response. Thus, 
OA seems to affect innate immunity in shrimp from both of these origins, 
albeit it is unclear if they show opposing or concordant responses. 
Several studies have shown that medium and long-term exposure to OA 
could lead to immune suppression and increased susceptibility to disease 
in crustaceans (Hernroth et al., 2012; Weerathunga et al., 2021) and 
other taxa (Bibby et al., 2008; Leite Figueiredo et al., 2016). However, 
negative regulation of innate immune response may also be important to 
keep immune balance and control tissue inflammation levels (see Mulay 
and Lech, 2022). Therefore, we should not exclude the possibility that 
differential fine-tuning of immune responses across origins may be 
needed, depending on origin-specific sensitivities to OA. Additionally, 
proteins involved in Na+ and K+ homeostasis are found among DAPs in 
the SLE shrimp, with lower abundance under OA, further underscoring 
the likely disruption of acid-base balance and ion transport processes, 
which are commonly affected under OA conditions (Melzner et al., 
2020; Turner et al., 2015; Zhu et al., 2022). Shrimp from the remaining 
origins (EC and NNC) exhibited fewer DAPs, no enriched processes, and 
simpler protein-protein interaction networks, with minimal inter
connectivity. Again, these limited responses may indicate reduced 
sensitivity or reduced ability to mount a plastic response to OA, as 
observed for P. borealis metabolome (Guscelli et al., 2023a) and lip
idome (Feugere et al., 2025). The lack of stress-related enriched proteins 
and an absence of large, interconnected networks in shrimp from EC, 
ESS, and NNC suggests a lack of systemic proteome remodelling 
compared to SLE. Shrimp from SLE have more protein families that are 
impacted by OA, this further supporting the idea that SLE shrimp 
experience a more pronounced physiological disruption in response to 
OA. This potentially reflects the negative effects of shrimp prolonged 
exposure to stressful conditions in situ (see also Guscelli et al., 2023a). 
This pronounced proteome response in shrimp from SLE is comparable 
to the response reported in the phospholipidome, where shrimp from 
this same location showed the largest remodelling among all origins 
(Feugere et al., 2025). Whilst shrimp from SLE show the greatest level of 
response to OA, the limited response (at the proteome and metabolome 
levels) in EC shrimp may however suggest that Northern shrimp at this 
location are more vulnerable. This is also supported by findings at lip
idome level (Feugere et al., 2025), which pointed to EC shrimp as being 
the most vulnerable at the cellular membrane level. Further, this should 
also be considered in light of the local oceanographic-geomorphological 
conditions. Shrimp from the EC location have not moved to shallower 
depths in recent years despite the progression of global changes, likely 
due to a lack of suitable habitats for these specimens in shallower waters 
or because conditions in deeper water were not (yet) extreme enough to 
influence their bathymetric migration to more favourable conditions 
(Guscelli et al., 2023b). Differently, shrimp from SLE have migrated 
bathymetrically in recent years to shallower, cooler, less acidic, and 
better oxygenated waters (DFO, 2022, 2021b). By interpreting all omics 
layers investigated, we conclude that P. borealis responds to global 
change drivers in a highly origin-specific manner. The convergence of 
metabolomic, lipidomic, and proteomic evidence reinforces the notion 
that the SLE origin is regionally more responsive at various levels of the 
biological organisation to OA, featuring metabolic, lipidomic, and pro
teomic remodelling not observed in other origins. However, SLE origin is 
not necessarily the most vulnerable, considering that survival (under 

Fig. 6. Area-proportional Venn diagram illustrating unique and common 
differentially abundant proteins across the four origins: SLE, EC, ESS, and NNC, 
from comparison of 2C to 2A, 6A, and 10A. Generated using DeepVenn (https 
://www.deepvenn.com).

T.M. Page et al.                                                                                                                                                                                                                                 Marine Pollution Bulletin 225 (2026) 119152 

9 

https://www.deepvenn.com
https://www.deepvenn.com


laboratory conditions) to exposure to OW and OA was comparable 
among origins (Guscelli et al., 2023b), and suitable habitats are still 
present at this locality.

4.4. Value of multi-layer biological integration for understanding 
vulnerability

Our work further highlights the importance of understanding the 
differences in inter-origin phenotypic responses to global change 
drivers, here specifically OA, to inform management and conservation 
strategies under future global change scenarios (Calosi et al., 2017; 
Vargas et al., 2017). Furthermore, by integrating information from 
multiple layers of an organism, we show the importance of accounting 
for the inherent complexity of biological systems (Bartholomew, 1986; 
Madeira et al., 2024). This enables us to reconcile what may appear to be 
contrasting responses, and avoid under- or over-estimating the assess
ment of a population or species vulnerability to the ongoing environ
mental change (Calosi et al., 2016). Moreover, it also allows to provide a 
mechanistic underpinning for decreasing trends in density with the 
progression of global changes (for OW in P. borealis see Zabihi-Seissan 
et al., 2024). Our proteomic analysis provides an essential layer that 
helps to reconcile differing responses observed at other ‘omic and whole- 
organism levels (Feugere et al., 2025; Guscelli et al., 2023a, 2023b). In 
fact, while metabolomics reveals rapid shifts in the metabolism of or
ganisms, and lipidomics captures membrane-specific mitoling, among 
other functions, proteomics reveals the molecular machinery regulating 
these responses (Aebersold and Mann, 2003; Carroll and Coyne, 2021; 
Griffiths and Wang, 2009; Madeira et al., 2020). When integrated, these 
omics levels provide a more complete picture of vulnerability, and 
acclimatory and adaptation capacity under global change scenarios in 
marine ectotherms, thus more appropriately informing effective global 
change smart-management and conservation strategies and practices 
(Madeira et al., 2024).

5. Conclusions

Our study demonstrates that ocean acidification is the primary driver 
of proteomic remodelling in the Northern shrimp P. borealis, while 
warming elicits no detectable proteomic response across origins. Despite 
shrimp's general lack of responsiveness to temperature at proteome 
level, responses to low pH/elevated pCO2 are strongly origin-specific. In 
more detail, shrimp from the SLE exhibited extensive proteomic 
remodelling under ocean acidification conditions, whereas shrimp from 
the other origins displayed minimal changes, reflecting divergent 
regional sensitivities linked to shrimp's long-term acclimatisation his
tories. These findings align with previously observed metabolomic and 
lipidomic patterns (Feugere et al., 2025; Guscelli et al., 2023a), high
lighting how molecular responses to global change drivers are mostly 
shaped by local environmental conditions (e.g., Vargas et al., 2017; 
Garlaschè et al., 2025). Importantly, pronounced proteomic remodelling 
does not necessarily indicate greater vulnerability, as whole-organism 
survival remains comparable among origins, underscoring the diffi
culty of linking molecular disruption to organismal resilience. By inte
grating multiple ‘omics layers, it is possible to provide a mechanistic 
understanding of origin-specific responses to environmental change. 
Overall, multi-omics approaches can more accurately assess the 
vulnerability of populations to climate change, therefore allowing more 
informed conservation and management strategies for cold-adapted 
marine ectotherms.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2025.119152.
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