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A B S T R A C T

Freshwater mussels are among the most endangered animal groups, highly sensitive to climate change due to 
their strict dependence on freshwater habitats. While freshwater mussels are often considered ecologically strict, 
their distribution across broad environmental gradients raises the possibility of population-specific adaptations 
mediated by phenotypic plasticity.

This study investigates whether geographically and climatically distinct populations of two freshwater mussel 
species (Unio pictorum and Unio delphinus) exhibit different transcriptomic responses to prolonged heat stress and 
whether these responses reveal signs of local adaptation.

We exposed northern and southern populations of both species to gradually increasing temperatures in 
controlled laboratory conditions, simulating a prolonged thermal extreme event, and RNA-seq was used to 
quantify differential gene expression.

Results showed strong differences between northern and southern populations of the two species, both in the 
magnitude and functional composition of transcriptomic responses. Southern populations exhibited intense 
expression shifts involving classical stress pathways, heat shock proteins, detoxification (cytochrome P450s), 
apoptosis, and energy metabolism, while northern populations, particularly U. delphinus, showed a markedly 
subdued response. Notably, U. pictorum's northern population relied heavily on the cytochrome P450 family even 
at moderate temperatures, while the southern populations of both species activated broader proteostasis and 
immune responses at higher stress thresholds.

These findings demonstrate clear population-specific phenotypic plasticity, shaped by environmental condi
tions rather than phylogenetic proximity. They underscore the need for conservation strategies to move beyond 
species-level management, embracing intraspecific variation as a buffer against climate impacts. As climate 
change accelerates, safeguarding the evolutionary potential encoded within populations, not just species, is 
essential to preserving biodiversity resilience.
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1. Introduction

Freshwater ecosystems are a global concern in biodiversity decline 
(Markovic et al., 2017; Wacker et al., 2024; Sayer et al., 2025). These 
ecosystems support 10% of all known species, of which 25% are 
threatened with extinction (Sayer et al., 2025). Climate change stands 
out as a major concern, imposing an unpredictable and escalating 
pressure through shifts in the frequency and magnitude of thermal 
events (Wacker et al., 2024). As a result of climate change, global 
temperatures are likely to surpass 1.5–2 ◦C above pre-industrial levels by 
the mid-21st century (1850–1900) (IPCC, 2023; Capon et al., 2021; 
Markovic et al., 2017). This extends to aquatic ecosystems, where even 
small temperature increases may threaten biodiversity (Capon et al., 
2021). This is especially critical for sessile freshwater organisms, such as 
bivalves, which are unlikely to shift their distribution and for whom 
phenotypic plasticity (metabolic, physiological, and behavioural) con
stitutes the primary means of response (Luo et al., 2014; Le Luyer et al., 
2022; Cushway et al., 2025).

Freshwater mussels (Order Unionida) are a highly diverse group of 
bivalves distributed globally (Graf and Cummings, 2007; Graf and 
Cummings, 2022; Graf and Cummings, 2006) and are receiving global 
attention as one of the most endangered animal groups (Lopes-Lima 
et al., 2021, 2018; Sousa et al., 2023; Aldridge et al., 2022). Mass 
mortalities, within species of the group, have been associated with 
heatwaves, and several species are believed to live near their upper 
thermal tolerance (Ganser et al., 2015; Gough et al., 2012; McDowell 
and Sousa, 2019; Nogueira et al., 2021; Sousa, 2018; Cushway et al., 
2025). Notably, many species are distributed across a wide range of 
environments, with populations exposed to varying thermal regimes 
(Luo et al., 2014; Wang et al., 2015; da Silva, 2022, 2023, 2024), sug
gesting high potential for locally acquired phenotypic plasticity.

Given their Triassic origin, freshwater mussels have persisted 
through multiple global climatic fluctuations (Graf and Cummings, 
2007; Graf and Cummings, 2006). The current distribution and genetic 
diversity of many species still bear strong signatures of recent Quater
nary climate changes (Froufe et al., 2014, 2016; Keogh et al., 2025). 
Evolutionarily, these environmental changes likely promoted adaptive 
mechanisms, shaped by both genetic diversity and an underlying 
phenotypic plasticity (Le Luyer et al., 2022). Phenotypic plasticity, as a 
rapid-response mechanism, may be critical for enabling species to 
withstand the current pace of environmental change, acting as a buffer 
until longer-term genetic adaptation can occur (Le Luyer et al., 2022). 
Consequently, understanding how distinct populations of the same 
species, adapted to contrasting environments, respond to abrupt tem
perature increases will provide valuable insights into the true impact of 
climate change. Phenotypic plasticity may arise through several genetic 
mechanisms (Scheiner, 1993; Ding et al., 2012; Gerdol et al., 2020). 
Gene expression variability, modulated by a complex interplay of ge
netic and epigenetic modifications, is often the primary driver of 
phenotypic responses (Duncan et al., 2014; Ghalambor et al., 2015). 
Transcriptomic approaches frequently rely on comparisons of gene 
expression profiles under different environmental conditions. This 
makes them a powerful tool for investigating phenotypic plasticity and 
physiological responses (Kelly, 2019; Rivera et al., 2021).

In this study, we used transcriptomic data to investigate how 
ecologically and geographically distinct populations of two freshwater 
mussel species respond to a simulated prolonged thermal extreme event. 
The focal species are Unio pictorum (Linnaeus, 1758), widely distributed 
across Central and northern Europe, and Unio delphinus Spengler, 1793, 
an Iberian endemic. These species exhibit considerable habitat plas
ticity, occupying diverse freshwater ecosystems across different ecor
egions (Lopes-Lima et al., 2017), making them ideal models for 
exploring local adaptive responses. Individuals from two geographically 
separated populations of each species were exposed to a gradually 
increasing temperature regime under controlled laboratory conditions, 
and gill tissues were used for RNA-seq-based gene expression analyses.

Our findings reveal pronounced population-specific responses to 
thermal stress within and between species, indicating the potential ex
istence of local phenotypic plasticity influenced by environmental his
tory. These results emphasise the importance of considering 
intraspecific variation in phenotypic plasticity when evaluating the ef
fect of climate change and developing conservation strategies for 
freshwater mussels.

2. Materials and methods

2.1. Mussel sampling and laboratory acclimation

Adult individuals were collected in the summer of 2023. Specimens 
of Unio pictorum were collected from Viskan River in Sweden 
(57.759944, 12.941361, water temperature 20 ◦C) (n = 9) and Pilica 
River in Poland (50.909886, 19.801080, water temperature 20 ◦C) (n =
9). Specimens of Unio delphinus were collected from the Rabaçal River in 
northern Portugal (41.409246, − 7.165456, water temperature 26 ◦C)(n 
= 15) and Vidigão River in southern Portugal (37.892583, − 7.303778, 
water temperature 27 ◦C)(n = 15). All mussels were transported to the 
laboratory and acclimated at 15 ◦C for two weeks in individual tanks 
containing air‑oxygenated freshwater (20 cm × 30 cm). During accli
mation, individuals were fed daily with a microalgae solution.

2.2. Laboratory experiments

Three distinct temperatures were set as targeted test conditions: 20 
◦C, 25 ◦C, and 30 ◦C. For each species, populations and target conditions, 
collected individuals were divided evenly in individual tanks, i.e., 3 
U. pictorum individuals per tank (total of 6 tanks and 18 individuals) and 
5 U. delphinus individuals per tank (total of 6 tanks and 30 individuals) 
(Fig. 1). The individuals started at the acclimation temperature of 15 ◦C, 
subsequently, the temperature was gradually increased ~1 ◦C /d until it 
reached three distinct temperatures: 20 ◦C, 25 ◦C, and 30 ◦C. After 
reaching each of the target temperatures, the individuals were held for 
two weeks. Due to a technical malfunction, the tank housing the 
southern population of U. pictorum intended for exposure to 20 ◦C 
remained at the acclimation temperature of 15 ◦C. Despite this, samples 
were retained as they still provide meaningful data for within- 
population comparisons. The lower temperature of each replicate was 
considered the control in gene expression analyses. At the end of each 
experimental condition, gill samples were collected and preserved in 
RNAlater Stabilisation Solution at 4 ◦C for 24 h and subsequently at 
− 80 ◦C at CIIMAR, Portugal. Gill was selected for transcriptomic anal
ysis, in line with standard practice in stress studies on freshwater mus
sels and other bivalves (Li et al., 2017; Robertson et al., 2017; Roznere 
et al., 2021; Beninger et al., 1993; Jørgensen, 1974; Pourmozaffar, 2020; 
Tankersley, 1996).

2.3. RNA extraction, library construction, and NGS sequencing

Total RNA was extracted from the gill samples of all individuals (n =
48) using the NZYTech total RNA isolation kit and an on-column DNase I 
treatment. Extracted RNA was sent to Macrogen, Inc. to build strand- 
specific libraries (250–300 bp insert size) and paired-end (150 bp) 
sequencing using an Illumina HiSeq 4000 platform.

2.4. RNA-Seq analysis

2.4.1. Pre-processing
The quality of RNA-Seq data was assessed using FastQC (version 

0.11.8, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 
with default parameters. Trimmomatic (version 0.38) was used to 
quality-filter and remove Illumina adapters, with the parameters 
LEADING:5 TRAILING:5 SLIDINGWINDOW:5:20 MINLEN:36 (Fig. 1).
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2.4.2. Genome alignment and expression quantification
The reference genome (and respective annotation) of U. pictorum and 

U. delphinus were retrieved from public databases (Gomes-dos-Santos 
et al., 2023a, 2023b), and used as references for RNA-seq read alignment 
(Fig. 1). The annotations files were converted into a GTF using AGAT 
(version 1.0.0), with the script agat_convert_sp_gxf2gxf.pl and indexed 
using HISAT2 hisat2-build (version 2.2.1). The clean reads were mapped 
to the respective genomes using the software HISAT2 (version 2.2.1) 
with the default parameters. Following the RNA-Seq read alignment, the 
data were quantified using Stringtie (version 2.1.2) with the parameters 
-e –B -p 30 -G and prepDE.py to get the read counts per gene.

2.4.3. Differential gene expression (DGE)
Differential gene expression (DGE) was performed with Degust 

(http://degust.erc.monash.edu/) (Fig. 1). The read counts table was 
imported to Degust, and all genes with less than one count per million 
mapped reads in at least three samples of the same condition for 
U. pictorum and five samples for U. delphinus were excluded. Differential 
Gene Expression estimations were conducted with edgeR (v.4.2.1) R 
package (Robinson et al., 2010) (R v.4.4.1) applying the normalisation 
scale with the trimmed mean of M-values (TMM) method (Robinson and 
Oshlack, 2010). Variance between samples and experiments was tested 
using a multidimensional scaling (MDS) plot, using solely the filtered 
and normalised data. Detection of differentially expressed genes was 
tested for each experiment, with the lowest temperature exposure 
established as the control (Table 1), in which only genes with a corrected 
False Discovery Rate (FDR) p-value <0.05 and log2|fold change| ≥ 2 

were considered differentially expressed. Heatmaps for the inferred 
DEGs were obtained using the Heatmapper (Babicki et al., 2016) with 
the clustering method (Average Linkage) and the Distance measurement 
method (Pearson) applied to the rows of the dendrogram.

2.4.4. Gene annotation mining and enrichment analysis
Using the genome's functional annotations, differently expressed 

Fig. 1. Graphical schematization of the heat stress ecological experimental design (left) and the differential gene expression bioinformatic pipeline (right). * See text 
for details.

Table 1 
Number of differentially expressed genes between each condition for intra- 
population comparison.

North South

Unio 
pictorum

Experiment 20◦C ∩
25◦C

20◦C ∩
30 ◦C

15 ◦C ∩
25 ◦C

15 ◦C ∩
30 ◦C

Total DGE 33 127 154 4029
FC relative to North 

20 ◦C
North 
20 ◦C

South 
15 ◦C

South 
15 ◦C

Log2 Fold- 
change

Down- 
regulated

6 81 117 2253

Up-regulated 27 46 37 1776
Unio 

delphinus
Experiment 20◦C ∩

25◦C
20◦C ∩
30 ◦C

20◦C ∩
25 ◦C

20◦C ∩
30 ◦C

Total DGE 1 2 7 1803
FC relative to North 

20◦C
North 
20 ◦C

South 
20 ◦C

South 
20 ◦C

Log2 Fold- 
change

Down- 
regulated

0 2 3 788

Up-regulated 1 0 4 1015
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genes were mined using “word cues” of genes and gene families known 
to be related to stress response in freshwater mussels and other bivalves 
(Supplementary File 1) (Fig. 1).

Complementary, an enrichment analysis was performed using Shi
nyGO (v.0.82) (Ge et al., 2020). Briefly, a BLAST homology search of the 
proteins coding DEGs was conducted against the proteome of Homo 
sapiens (downloaded from Ensembl - GRCh38), using the blastp from 
BLAST+ (version 2.14.0) (Camacho et al., 2009), specifying parameters 
-max_target_seqs 1 -max_hsps 1 -evalue 1e-5. The resulting gene 
ENSEMBL accessions were supplied to ShinyGO (v.0.82) (Ge et al., 
2020) online tool (http://bioinformatics.sdstate.edu/go/) (Ge et al., 
2020) and use to search for enrichment in the GO terms databases, 
Biological Process (BP), Molecular Functions (MF) and Cellular Com
ponents (CC), utilising a false discovery rate (FDR) cutoff with ρ < 0.05.

3. Results

3.1. Genome mapping, differential gene expression (DGEs) analyses and 
functional characterisation

The percentage of read alignment to the reference genomes was 
above 90% for all samples. All the differential gene expression analyses 
were conducted starting with a total of 41,435 genes for U. pictorum and 
39,359 genes for U. delphinus (Supplementary File 2). To characterise 

differently expressed genes in response to gradual temperature in
creases, individuals reared at 25 ◦C and 30 ◦C were compared to the 
lower temperature group (i.e., 20 ◦C, or 15 ◦C in the southern population 
from Poland).

Two types of strategies were used for functional characterisation: 1) 
filtering the differentially expressed gene tables using a list of names of 
stress-related gene families and genes (Supplementary File 1); and 2) 
enrichment analyses based on Gene Ontology (Fig. 1).

3.1.1. Unio pictorum northern population - Sweden
The analyses revealed a low number of differentially expressed genes 

(DEGs), showing an increase in DEGs as the temperature increased. In
dividuals at 20 ◦C–25 ◦C revealed 33 DEGs, while 20 ◦C–30 ◦C revealed 
127 DGEs (Table 1). Additionally, opposite patterns were found for up 
and down gene expression for each condition. While most genes in the 
20 ◦C–25 ◦C condition were up-regulated (27 up, six down), most genes 
in the 20 ◦C–30 ◦C condition were down-regulated (46 up, 81 down) 
(Table 1; Fig. 2). Importantly, both conditions shared 12 DEGs that 
exhibited constitutive expression as the temperature increased (Fig. 2c).

To highlight the biological functions of the DEGs we applied two 
different approaches. Firstly, we gathered functional annotations for 
DEGs from the reference genome. Next, we filtered the annotated DEGs 
using a selection of “word cues” for genes and gene families known to be 
related to the stress responses (Supplementary File 1). Secondly, we 

Fig. 2. Results of differentially expressed genes analyses among individuals of Unio pictorum cultured under different temperature conditions. a-c) Northern pop
ulation (n = 9), from Sweden. a) Hierarchical Heatmap corresponding to individuals reared at 25 ◦C compared to the control temperature of 20 ◦C (North 20 ◦C ∩
North 25 ◦C). b) Hierarchical Heatmap corresponding to individuals reared at 30 ◦C compared to the control temperature of 20 ◦C (North 20 ◦C ∩ North 30 ◦C). c) 
Venn diagram of reporting the intersection of differentially expressed genes between the two tested conditions. e-g) Southern population (n = 9), from Poland. e-g) 
Southern population, from Poland. e) Heatmap corresponding to individuals reared at 25 ◦C compared to the control temperature of 15 ◦C (South 15 ◦C ∩ South 
25 ◦C). f) Heatmap corresponding to individuals reared at 30 ◦C compared to the control temperature of 15 ◦C (South 15 ◦C ∩ South 30 ◦C). g) Venn diagram of 
reporting the intersection of differentially expressed genes between the two tested conditions. All heatmaps were constructed using the SRPLOT online tool, using the 
samples' CPM estimations resulting from Degust.
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performed gene ontology enrichment analyses on the annotated and 
normalised DEGs against the Homo sapiens proteome.

Using the first approach, we achieved a significant reduction in the 
number of genes (see Table 2). Here, we identified 16 out of 33 DEGs and 
17 out of 127 DEGs, annotated and correlated with stress responses in 
conditions 20 ◦C–25 ◦C and 20 ◦C–30 ◦C, respectively (see Supplemen
tary Table 1). Notably, the majority of this reduction occurred in the 
initial sub-step of the approach (annotation gathering), where most of 
the DEGs were annotated as hypothetical or uncharacterised proteins 
(47 and six in the first and second conditions, respectively.

Among the 16 DEGs identified in 20–25 ◦C condition, nine were 
cytochrome P450 genes (eight up-regulated and one down-regulated) 
(Supplementary Table 1). In the 20–30 ◦C condition, five cytochrome 
P450 genes were found to be differentially expressed: two were up- 
regulated, and three were down-regulated. Importantly, we were still 
able to identify several other stress-related genes in this condition (e.g., 
HSP90 co-chaperone CDC37 and ubiquitin-conjugating enzyme 
E2–34kDa-like).

When we compared the DEGs in both conditions, we found that 
several genes remained up -or down regulated in both 20–25 ◦C and 
25–30 ◦C conditions. These include cyclophilin (UpiG00000032055) 
and a cytochrome P450 (UpiG00000043919), which were both down- 
regulated, as well as two cytochrome P450s (UpiG00000024934 and 
UpiG00000020252), both up-regulated at 25 ◦C and 30 ◦C (Supple
mentary Table 1).

The second approach, the enrichment analyses, agreed partially with 
these results (Supplementary Fig. 2 and Supplementary Table 2). Across 
the three main Gene Ontology categories (“Biological Processes (BP)”, 
“Cellular Components (CC)” and “Molecular Functions (MF)”), we found 
the up-regulated genes of the 20–25 ◦C condition globally linked to 
metabolism, detoxification, and immune-related functions (see Supple
mentary Fig. 2 and Supplementary Table 2). Conversely, enrichment 
analyses could not be performed on the down-regulated genes of 
20–25 ◦C, as the initial blast against H. sapiens proteome did not report 
any hits.

The enrichment analysis results for individuals reared at 20–30 ◦C 
also follow a similar pattern (Supplementary Fig. 3; Supplementary 
Table 3). For up-regulated genes at 20–30 ◦C, for all GO categories, only 
one gene ontology term was enriched with an FDR p < 0.05, for all GO 
categories, i.e., “nucleic acid binding” in MF (Supplementary Table 3). 
Differently, in downregulated genes the enrichment results showed 
global links to developmental pathways, extracellular matrix regulation, 
and metabolic and transport functions (Supplementary Fig. 3, Supple
mentary Table 3).

3.1.2. Unio pictorum southern population - Poland
In contrast to the experiment on the northern population, a large 

number of differentially expressed genes were identified in the southern 
population (see Table 1). Similarly, to the northern experiment, the 
number of DEGs increased with temperature. In this population, 
20–25 ◦C showed 127 DEGs, while 20–30 ◦C revealed approximately 
4029 DEGs (see Table 1). The distribution of up- and down-regulated 
genes shows a predominance of down-regulation in both conditions: 
81 down-regulated vs 46 up-regulated DEGs in the 20–25 ◦C condition, 
and 2253 down-regulated vs 1776 up-regulated DEGs in the 20–30 ◦C 
condition (Table 1, Fig. 2e,f). Importantly, 112 DGEs were identified as 
being shared between both conditions (Fig. 2g).

After annotation and gene name mining filtering, a considerable 
reduction in the number of DEGs was observed (see Tables 1 and 2). For 
each condition, 27 and 541 DEGs were collected at 20–25 ◦C and 
20–30 ◦C, respectively. The annotation sub-selection identified 48 and 
1334 DEGs annotated as either hypothetical or uncharacterized proteins 
in both conditions (see Supplementary Table 1; Tables 1 and 2).

Despite this reduction, the gene mining analyses allowed to identify 
several stress related-genes in each condition. The 20–25 ◦C condition 
revealed four genes annotated as E3 ubiquitin-protein ligase MIB2, one 
as cytochrome P450 4F6 and one as ATP-dependent RNA helicase A 
protein in the up-regulated gene set. Additionally, three ubiquitin genes 
were found in the down-regulated set (see Supplementary Table 1). 
Differently, the 20–30 ◦C condition revealed 10 heat shock proteins, two 
histone H1-delta-like proteins, as well as proteins annotated as “elon
gation of very long chain fatty acids protein 4-like” among the top 20 up- 
regulated, as well as five E3 ubiquitin-proteins, two cytochrome P450 2 
U1 and three toll-like proteins among the top 20 downregulated genes 
include (see Supplementary Table 1).

Genes such as the cyclophilin (UpiG00000032055), “cytochrome 
P450 2C15-like isoform X1” (UpiG00000029957), two heat shock pro
teins (UpiG00000001087 and UpiG00000032932), two selenoprotein F 
genes (UpiG00000011648 and UpiG00000011649), one E3 ubiquitin 
ligase (UpiG00000010051) and one ubiquitin hydrolase 
(UpiG00000001532) were found down-regulated in both conditions. 
Conversely, four E3 ubiquitin-protein ligase MIB2 (UpiG00000022863, 
UpiG00000022861, UpiG00000022862, UpiG00000022859) and one 
cytochrome P450 (UpiG00000022885) were found to be up-regulated at 
both challenge temperatures (see Supplementary Table 1).

Enrichment analyses of the southern U. pictorum population at 
20–25 ◦Condition revealed multiple BP, CC and MF enriched categories. 
Only BP and MF categories were identified in the up-regulated gene sets, 
which were globally linked with lipid metabolism, vascular develop
ment, immune signalling, chromosomal organization, metabolic pro
cesses, enzymatic activities, redox reactions, and transcriptional 
regulation (see Supplementary Fig. 3 and Supplementary Table 4). 
Down-regulated genes were found to be enriched in BP and CC cate
gories. These genes were mainly linked with protein folding, stress re
sponses, reproductive development, endoplasmic reticulum and motility 
structures (e.g. flagella and cilia) (see Supplementary Fig. 4 and Sup
plementary Table 5).

Enrichment analyses of 20–30◦ DEGs also revealed members of the 
three GO categories (see Supplementary Figs. 5 and 6, and Supple
mentary Tables 6 and 7). Importantly, the up-regulated genes were 
mainly associated with GO terms related to protein regulation and signal 
transduction, while the down-regulated genes were predominantly 
linked with cilia/flagella assembly and function, intracellular transport, 
and cytoskeletal organization (see Supplementary Figs. 5 and 6, and 
Supplementary Tables 6 and 7).

3.1.3. Unio delphinus northern population - north of Portugal
The northern population of U. delphinus showed almost no response 

to exposure to increasing temperatures. Only one gene was differently 
expressed at 20–25 ◦C condition (down-regulated) and functionally 
characterised as “cathepsin B isoform X1”. At 20–30 ◦C, two genes were 

Table 2 
Number of differentially expressed genes between each condition for intra- 
population comparison after filtering gene expression tables by gene names 
linked to stress response.

North South

Unio 
pictorum

Experiment 20◦C ∩
25◦C

20◦C ∩
30◦C

15 ◦C ∩
25 ◦C

15 ◦C ∩
30 ◦C

Total DGE 16 17 27 541
FC relative to North 

20 ◦C
North 
20 ◦C

South 
15 ◦C

South 
15 ◦C

Log2 Fold- 
change

Down- 
regulated

2 9 21 279

Up-regulated 14 8 6 262
Unio 

delphinus
Experiment 20◦C ∩

25◦C
20◦C ∩
30◦C

20◦C ∩
25 ◦C

20◦C ∩
30 ◦C

Total DGE 1 0 1 237
FC relative to North 

20◦C
North 
20 ◦C

South 
20 ◦C

South 
20 ◦C

Log2 Fold- 
change

Down- 
regulated

0 0 0 87

Up-regulated 1 0 1 150
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differentially expressed (up-regulated), one functionally characterised 
as a “peptidyl-prolyl cis-trans isomerase B-like” and the other as 
“uncharacterized protein” (Table 1 and Supplementary Table 1). Given 
the small number of differently expressed genes, no enrichment analyses 
were performed for these comparisons.

3.1.4. Unio delphinus southern population - south of Portugal
In contrast to the experiment on northern individuals, a greater 

number of differentially expressed genes were identified in the southern 
population of U. delphinus, mainly under 20–30 ◦C condition (Table 1). 
While only seven genes were expressed at 20–25 ◦C, this number sub
stantially increased to 1803 genes at 20–30 ◦C (Tables 1 and 2). The 
distribution of up- and down-regulated genes was consistent across both 
temperatures. At 20–25 ◦C, three genes were down-regulated, and four 
were up-regulated, whereas at 20–30 ◦C, 788 genes were down- 
regulated and 1015 were up-regulated (see Table 1, Fig. 2a and b). 
Additionally, four differentially expressed genes were shared between 
the two tested conditions (see Fig. 3c).

Filtering by annotation reduced the number of differentially 
expressed genes at 20–25 ◦C condition from seven to one (see Supple
mentary Table 1). Conversely, at 20–30 ◦C, the number of genes 
decreased by 86.85%, from 1803 to 237 (see Tables 1 and 2). Of this 
86% reduction, 655 genes were annotated as either hypothetical or 
uncharacterized proteins (see Supplementary Table 1).

Regarding stress-related genes, the only one identified at 20–25 ◦C 
was found up-regulated and annotated as cytochrome P450 2B1-like 
(see Supplementary Table 1). A larger number of genes were retained 
by gene filtering for individuals reared at 20–30 ◦C, i.e., 237 (see 
Table 2). The top 20 up-regulated genes at 20–30 ◦C include five cyto
chrome P450, three heat shock proteins and two ATP-dependent DNA 
helicase, among others (see Supplementary Table 1). The top 20 down- 
regulated genes at 20–30 ◦C include five heat shock proteins, three 
allene oxide synthase-lipoxygenase proteins and two Toll-like receptor 
4, among others (see Supplementary Table 1).

Four genes were identified and were differentially expressed under 
both conditions at temperatures of 20–25 ◦C and 20–30 ◦C. Two of these 
genes were up-regulated in both conditions: cytochrome P450 2B1 
(UdeG00000005508) and transmembrane protein 45B 
(UdeG00000010090). Two other genes were down-regulated in both 
conditions: peptidyl-prolyl cis-trans isomerase B (UdeG00000038795) 
and centrosomal protein (UdeG00000034408) (see Supplementary 
Table 1).

In terms of gene ontology enrichment, the genes up-regulated at 
20–25 ◦C were primarily linked to BP and MF categories, including fatty 
acid metabolism, xenobiotic detoxification, and oxidative enzyme 
functions, particularly via cytochrome P450-related pathways (see 
Supplementary Fig. 7 and Supplementary Tables 8). The down-regulated 
genes at 20–25 ◦C were associated with three categories and were 
generally linked with nucleotide metabolism, centrosome function, and 
redox activity (see Supplementary Fig. 8 and Supplementary Tables 9).

Enrichment analyses of individuals at 20–30 ◦C were more compre
hensive, enabling the identification of down- and up-regulated gene sets 
in MF, BP and CC (see Supplementary Figs. 9 and 10 and Supplementary 
Tables 10 and 11). Up-regulated genes were strongly associated with 
mitochondrial activity, oxidative metabolism, and translation processes, 
while down-regulated genes were predominantly linked with neuro
immune signalling, ion transport, and membrane receptor activity. (see 
Supplementary Figs. 9 and 10 and Supplementary Tables 10 and 11).

4. Discussion

Freshwater mussels represent the most diverse group of freshwater 
bivalves, with some species, such as Unio pictorum and Unio delphinus, 
thriving in highly contrasting environments (Lopes-Lima et al., 2017). 
Unio pictorum is one of the most widely distributed freshwater mussel 
species in Europe, ranging from Great Britain to the Ural River in Russia 
and into Asia. It inhabits a variety of freshwater habitats, including 
rivers, streams, floodplains and lakes, from diverse environmental re
gimes, such as the Taiga/Tundra of northern Europe and the Temperate 
Forest of central and southern parts of the continent (Lopes-Lima et al., 
2017; Vinarski et al., 2020). Unio delphinus has a much more restricted 
distribution, being endemic to the western Iberian Peninsula, where it 
occupies diverse freshwater habitats across all regional climatic regimes, 
including the northern Temperate Forests and southern Mediterranean 
dry regimes (Lopes-Lima et al., 2017). Given their sessile lifestyle and 
the geographically isolated nature, it is plausible that different pop
ulations have evolved unique local adaptive strategies, including genetic 
differentiation and phenotypic plasticity. These adaptations may, in 
turn, confer population-specific advantages in coping with rapid envi
ronmental changes.

In this study, we employed transcriptome-wide gene expression 
profiling, reflecting the primary mechanism of phenotypic plasticity, to 
assess how two populations of Unio species inhabiting highly contrasting 
environments respond to a simulated prolonged heat stress. Our findings 

Fig. 3. Results of differentially expressed genes analyses among individuals of the southern population (South of Portugal, n = 15) of Unio delphinus cultured under 
different temperature conditions. a) Hierarchical Heatmap corresponding to individuals reared at 25 ◦C compared to the control temperature of 20 ◦C (South 20 ◦C ∩
South 25 ◦C). b) Hierarchical Heatmap corresponding to individuals reared at 30 ◦C compared to the control temperature of 20 ◦C (South 20 ◦C ∩ South 30 ◦C). c) 
Venn diagram of reporting the intersection of differentially expressed genes between the two tested conditions. All heatmaps were constructed using the SRPLOT 
online tool, using the samples' CPM estimations resulting from Degust.
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reveal that populations from contrasting environments exhibit markedly 
different gene expression responses when exposed to identical thermal 
stress conditions. Furthermore, the functional pathways activated in 
response to heat stress differ more between populations than between 
species, suggesting that local environmental history plays a more 
prominent role than phylogenetic relatedness in shaping thermal 
response.

4.1. Northern populations have a moderated response to increasing 
temperatures, with a highlighted role of cytochrome P450s in Unio 
pictorum

An emerging pattern from our analysis is that both species' northern 
populations exhibit a moderated transcriptomic response to increasing 
temperatures, characterised by a lower number of DEGs. This trend is 
particularly striking in the northern U. delphinus population (North of 
Portugal), where only three genes were differentially expressed across 
both temperature comparisons. Despite the low number, two of these 
genes are functionally associated with stress response pathways. 
Notably, Cathepsin B, upregulated at 25 ◦C, is implicated in cellular 
stress, apoptosis, and protein degradation and has been consistently 
reported as a heat-responsive gene in multiple organisms 
(Meistertzheim et al., 2007; Lockwood et al., 2010; Luo et al., 2014; 
Miao et al., 2015). Similarly, peptidyl-prolyl cis-trans isomerase B, a 
member of the PPIase gene family downregulated at 30 ◦C, plays a 
crucial role in accelerating protein folding (Compton et al., 1992; 
Schiene-Fischer, 2015).

The northern U. pictorum population (Sweden) exhibited a coordi
nated stress response to increased temperature. Although this response 
was globally dominated by the expression of cytochrome P450 (CYPs) 
gene – nine DEGs at 20–25 ◦C and six at 20–30 ◦C - several other 
pathways and additional canonical heat stress response genes were 
activated as the temperature increased. In addition to these catalysts, 
several other members of the drug metabolism process were activated 
and up-regulated, including conjugation enzymes such as glutathione S- 
transferase and transporters such as ATP-binding cassette (ABC) pro
teins. At 20–30 ◦C, this pattern became even clearer, as U. pictorum 
expressed molecular chaperones involved in rescuing misfolded pro
teins, such as the Hsp90 co-chaperone Cdc37 and the activator of 90 kDa 
heat shock protein ATPase homolog 1-like. Moreover, it also expressed 
components involved in degrading damaged or unfolded proteins, such 
as ubiquitin-conjugating enzyme E2–34 kDa (Supplementary Table 1). 
Furthermore, several genes that were found downregulated are associ
ated with lysosomal and immune functions, including phospholipid- 
transporting ATPase ABCA3, cathepsin L1, and peptidoglycan- 
recognition protein SC2. This trend is further supported by enrichment 
analyses showing reduced activity in developmental processes, extra
cellular matrix regulation, and metabolic pathways.

Remarkably, cytochrome P450s (CYPs) are a common denominator 
in the gene expression of the northern population of U. pictorum, indi
cating a targeted and possibly conserved response. CYPs constitute the 
largest gene family of enzymes involved in NADPH/O₂-dependent hy
droxylation reactions across all domains of life and play vital roles in 
detoxifying both exogenous and endogenous compounds (Dermauw 
et al., 2020; Pandian et al., 2020). Their involvement in antioxidant 
activity, fatty acid metabolism, and sterol synthesis makes them central 
to managing the oxidative and metabolic stress associated with elevated 
temperatures. Accordingly, their differential expression in response to 
thermal stress has been reported across various taxa (Huang et al., 2017; 
Wang et al., 2021a, 2021b; Ashraf et al., 2022; Li et al., 2023). Inter
estingly, while CYPs have been studied in other bivalves under heat 
stress (e.g., (Jarque et al., 2014; Robertson et al., 2017; Lima et al., 2018; 
Dong et al., 2024), their overwhelming representation in U. pictorum has 
not been previously documented and warrants further investigation. At 
the genomic level, in Unionida, CYPs are also characterised by lineage- 
specific expansions (Rogers et al., 2025, 2023, 2021). These recent 

genome studies show that the freshwater mussel species Megalonaias 
nervosa, Elliptio spinosa, and Elliptio crassidens revealed exceptionally 
high numbers of CYPs (172, 183, and 183, respectively), far exceeding 
the number observed in humans (n = 57) (Sim and Ingelman-Sundberg, 
2010). Consistently, mining the genome annotations of U. pictorum and 
U. delphinus revealed a similar number of CYPs (144 and 134, 
respectively).

Taken together, these results indicate that the northern populations 
of both species exhibit a conserved pattern of gene expression change in 
response to elevated temperatures, albeit more subdued than in their 
southern counterparts. Specifically, in the northern U. pictorum popu
lation, the early response to moderate heat stress (25 ◦C) appears to rely 
heavily on CYPs activity. Only upon exposure to more extreme tem
peratures (30 ◦C) does the response broaden to include classical stress- 
related mechanisms such as chaperones and protein degradation 
pathways.

Interestingly, CYPs expression is also prominent in the southern 
populations of both species, reinforcing its potential role as a core 
component of the thermal stress response. When considered alongside 
the high copy numbers of CYPs found in the genomes of U. pictorum and 
U. delphinus, and similar expansions reported in other distantly related 
freshwater mussel species, our findings suggest that CYPs may represent 
rapidly evolving gene families with key roles in local adaptation.

4.2. Southern populations have an intense response to increasing 
temperatures, relying on protein folding (HSP), ubiquitination, oxidative 
stress, antioxidation, apoptosis and immune response

The southern populations of both species exhibited a markedly 
stronger transcriptomic response to heat stress, particularly in terms of 
the number of differentially expressed genes (Table 1). This was due to a 
higher number of DEGs identified in both species. These findings 
allowed us to highlight and explore several mechanisms not visible in 
northern populations, mainly in U. pictorum at 20–25 ◦C, and U. pictorum 
and U. delphinus at 20–30 ◦C.

Similar to the pattern observed in the northern populations, 
U. delphinus' southern population (South of Portugal) showed a weaker 
response than U. pictorum's southern population (Poland), especially at 
20–25 ◦C. Nevertheless, an upregulated cytochrome P450 2B1 could still 
be identified, underscoring the central importance of the cytochrome 
P450 family in the thermal stress response. GO terms analysis reinforced 
this finding by revealing the enrichment of gene ontology (GO) terms 
related to fatty acid metabolism, xenobiotic detoxification, and oxido
reductase activity, particularly within cytochrome P450-associated 
pathways (e.g., Epoxygenase P450 pathway and xenobiotic metabolic 
processes).

This scenario changed in the southern population of U. pictorum 
(Poland) at 20–25 ◦C. Under this condition, it was possible to identify 
several gene members linked to drug metabolism. Unlike the northern 
populations (Sweden), where CYPs appear to be the main driver of 
thermal response, only two CYPs were found to be differentially 
expressed in this population at 20–25 ◦C. The dominant response 
involved the upregulation of multiple genes annotated as E3 ubiquitin- 
protein ligase MIB2, which is a key mediator in the ubiquitination 
process. These findings are consistent with previous studies on fresh
water mussels and other bivalves, which have also linked the ubiquiti
nation pathway to the heat stress response (Luo et al., 2014; Li et al., 
2017). Ubiquitination is a crucial cellular mechanism that targets irre
versibly misfolded or damaged proteins for degradation, thereby pre
venting the accumulation of cytotoxic aggregates (Ciechanover, 1994; 
Kültz, 2005; Li et al., 2017). Proteins that cannot be refolded by mo
lecular chaperones are tagged with ubiquitin molecules and subse
quently degraded via the 26S proteasome or lysosomal pathways. 
Further support comes from the enrichment analyses, which indicate a 
broad adaptive shift in response to stress or external stimuli, involving 
increased transcriptional and metabolic activity. Key functional 
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pathways include lipid metabolism, immune signalling, oxidoreductase 
function, and transcriptional regulation. In addition to this process, 
several molecular chaperones were found to be downregulated at 
20–25 ◦C, including heat shock protein 70, selenoprotein F, T-complex 
protein 1, cyclophilin, and DnaJ homolog subfamily B member 9 (see 
Supplementary Table 1). These proteins usually help with protein 
folding and prevent aggregation under thermal stress (Luo et al., 2014; 
Li et al., 2017). Their downregulation, coupled with the upregulation of 
ubiquitin-related genes, suggests a potential change in the cell's strategy, 
favouring the degradation of misfolded proteins over their stabilisation 
or refolding.

Enrichment results are consistent with this interpretation, showing a 
reduced role for protein stress response pathways, particularly those 
linked to protein folding and endoplasmic reticulum function. More
over, downregulation of reproductive and motility-related processes, 
including genes associated with flagella and cilia, is observed. This is 
particularly relevant given that gills play a central role in freshwater 
mussel reproduction, serving not only for respiration but also as the site 
of fertilisation and initial larval development (Bauer, 2001). Although 
specimens in this study were not gravid, previous research has shown 
that U. pictorum females prematurely release larvae under hypoxic or 
thermal stress. This behaviour may enhance lifetime reproductive suc
cess in long-lived, annually reproducing species (Aldridge and McIvor, 
2003). The downregulation of reproductive functions under thermal 
stress may reflect an adaptive energy-saving strategy, allowing in
dividuals to prioritise immediate survival over reproduction in the face 
of environmental challenges.

The southern population of both species exposed to 30 ◦C exhibited 
the highest number of DEGs (Table 1).

Unio delphinus showed a substantially lower response compared to 
U. pictorum, with 1803 DEGs, approximately 45% fewer than the 4029 
DEGs identified in U. pictorum. Notably, this DEG count for U. pictorum 
exceeds those reported in previous studies under similar thermal con
ditions (e.g., 1934 in Villosa lienosa at 29 ± 2 ◦C, 2559 in Pyganodon 
grandis, and 2532 in Uniomerus tetralasmus at 33 ◦C) (Luo et al., 2014; 
Wang et al., 2015), despite the inclusion of desiccation stress in the latter 
two.

Importantly, under the 20–30 ◦C conditions, CYPs remerge as a 
relevant pattern in response to increased temperature. Overall, filtering 
revealed 541 DEGs in U. pictorum and 237 in U. delphinus. Of these, 17 in 
U. pictorum and 14 in U. delphinus were annotated as cytochrome P450s. 
Five CYPs were identified among the top 20 most highly expressed genes 
in U. delphinus, including CYP2H1, CYP2B1, and CYP2B4. In contrast, 
none of the top 20 DEGs in U. pictorum genes displayed CYPs, although 
other CYPSs (e.g., CYP2U1 and CYP1A), were identified among the 
remaining genes.

Both species showed strong expression of heat shock proteins (HSPs), 
particularly members of the HSP70 family. Genome annotations 
revealed 330 and 328 HSP70 gene copies in U. pictorum and U. delphinus, 
respectively, substantially higher than in other freshwater mussels (e.g., 
M. nervosa with 96; E. spinosa with 153; E. crassidens with 210) (Rogers 
et al., 2025, 2023, 2021). At 30 ◦C, 42 HSP70s were differentially 
expressed in U. pictorum and 12 in U. delphinus, with most being 
downregulated. Notably, HSP70 B2 and HSP27 were among the most 
highly upregulated genes in both species. U. pictorum also showed strong 
upregulation of HSP68. Interestingly, several HSP70-12 A and HSP70- 
12B paralogs, unique in their nucleotide-binding domains, were down
regulated, consistent with prior findings in P. grandis and U. tetralasmus 
(Luo et al., 2014). Considering these genes demonstrated expression in 
atherosclerotic lesions in mammals (Han et al., 2003; Radons, 2016), 
they might play a role in the redeployment of fatty acid metabolism or 
muscle membrane structure during heat stress. Additionally, multiple 
HSP40 (DnaJ) genes were differentially expressed, nine in U. pictorum 
and three in U. delphinus. While U. delphinus showed consistent upre
gulation (e.g., dnaJ B11, C1, C30), U. pictorum had both up- and 
downregulated DnaJ genes. The observed expression patterns closely 

align with previous findings in other freshwater and marine bivalves 
(Luo et al., 2014; Li et al., 2017). Additional chaperones such as alpha- 
crystallin B, calnexin, SIP1, and ASHA1 were also upregulated, consis
tent with known protective roles in protein stability under stress.

Genes involved in ubiquitination, particularly E3 ubiquitin ligases, 
showed species-specific expression patterns. U. pictorum had 31 up- and 
28 downregulated E3 ligases, while U. delphinus had 5 up- and 10 
downregulated. Notably, MIB2 was upregulated in U. pictorum (five 
copies) but downregulated in U. delphinus (one copy), echoing con
trasting responses reported in P. grandis and U. tetralasmus (Luo et al., 
2014). GO enrichment confirmed ubiquitination as a major functional 
category in U. pictorum only.

Differential expression of mitochondrial and metabolic genes sug
gests species-specific energy responses. Both species expressed multiple 
cytochrome c, NADH dehydrogenase, and secretory phospholipase A2 genes, 
but U. delphinus additionally expressed known heat-responsive genes, 
including cytochrome b, glutamine synthetase, and alternative oxidase. 
Enrichment analyses pointed to heightened oxidative metabolism and 
respiratory activity in U. delphinus, potentially reflecting adaptation to 
southern Iberian dry-season conditions characterised by extreme heat 
and low water availability (Belmar et al., 2019; Bonada et al., 2020). The 
southern rivers of the Iberian Peninsula are characterised by water flow 
cessation during the dry season, concentrating freshwater taxa in small 
ponds (Belmar et al., 2019; Bonada et al., 2020). Conversely, physico
chemical conditions, such as O2 and nutrient concentration, are largely 
altered. It is likely that through local adaptive mechanisms, the southern 
population of U. delphinus might respond to increasing temperatures by 
triggering an acute bioenergetic and metabolic molecular machinery in 
anticipation of the harsh conditions of the dry seasons.

Several indicators of DNA damage and cell apoptosis were also 
shared between the two species, GADD45α, caspases 7, 8, 9, calpain-A, 
and TRAF2/4. Both species upregulated multiple inhibitors of apoptosis 
proteins (IAPs) and E2 ubiquitin-conjugating enzymes, several among 
the most highly expressed genes. These mechanisms are consistent with 
heat-tolerant species such as U. tetralasmus, where IAPs mediate cell 
survival via ubiquitin signalling (Syed et al., 2006; Stempin et al., 2011; 
Silke and Meier, 2013).

Immune-related genes such as NF-kappa-B inhibitors, TLRs, big 
defensin, and TBK1 were differentially expressed in both species as well. 
U. pictorum uniquely expressed C-type lectin, IRE1, and histone H4, while 
U. delphinus showed expression of Complement C3, interferon regulatory 
factors, and lysozyme 1. These genes are central to humoral immunity 
and inflammatory regulation, particularly under environmental stress 
(Ghosh et al., 1998; Lin et al., 2000).

Thermal stress induced expression changes in cytoskeleton-related 
genes. Shared genes included microtubule-associated proteins, tubulins, 
and protocadherins, with U. pictorum expressing a broader set, including 
collagen chains, fibrillin, and myosin heavy chain kinase B. These genes, 
mostly downregulated, support known cytoskeletal reorganisation pat
terns under thermal stress (Evans and Hofmann, 2012; Luo et al., 2014). 
GO enrichment confirmed stronger cytoskeletal reconfiguration in 
U. pictorum.

In summary, the southern population of both species exhibit com
plex, multi-layered molecular responses to extreme temperatures, with 
U. pictorum (Poland) showing a more intense, proteostasis- and 
detoxification-centred profile, and U. delphinus (South of Portugal) dis
playing a bioenergetically driven response suggestive of local adaptation 
to Mediterranean-like climates. The roles of CYPs, HSPs, and ubiquiti
nation pathways emerge as central, but the divergence in gene expres
sion patterns, even between congeneric species, underscores the 
importance of considering population-level plasticity in conservation 
and resilience assessments.

5. Conclusion

The findings of this study clearly suggest population-specific local 
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adaptations, potentially enabling these species to persist across a broad 
range of environmental conditions. Future research should expand to 
include more populations across each species' distribution, enabling the 
detection of adaptive clines and population-level thermal thresholds. In 
addition, investigating adaptive polymorphisms and epigenetic modifi
cations will be key to identifying the regulatory bases of plasticity and 
stress response. Such knowledge is vital for anticipating how different 
populations may respond to climate change and for designing targeted, 
effective conservation strategies. In the face of accelerating global 
warming, preserving not just species but the evolutionary potential 
within them is the best defence against biodiversity loss.
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