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Abstract 

Background Animals with open circulatory systems are highly vulnerable to environmental temperature fluctua-
tions, making them particularly threatened by global warming. However, research on the cellular heterogeneity 
of heart responses to elevated temperatures in animals with open circulatory systems remains limited.

Results Here, we conducted a comprehensive investigation of the morphology, metabolism and scRNA-seq 
of the heart in a molluscan model, Argopecten irradians, under heat stress. Our results unraveled that the severity 
of cardiac structure damage increased progressively with rising temperature, accompanied by widespread mito-
chondrial dysfunction and neurohumoral response. We identified two subpopulations within cardiomyocytes 
(CMs), including ventricular myocytes (VMs) and atrial myocytes (AMs), which exhibited specialized functional roles 
in response to thermal stress. Specifically, AMs enhanced cell–cell communications with the immune-like cells 
and fibroblasts to contribute to maintaining cardiac homeostasis under heat stress. Whereas, VMs displayed enhanced 
energy supply and differentiation potential to withstand thermal challenges. Furthermore, RNA interference target-
ing the most heat-responsive gene, PLRP2-like, resulted in a significant reduction in heat tolerance and triglyceride 
accumulation in scallops.

Conclusions Our study investigated the heterogeneous response of the scallop heart to high temperatures, reveal-
ing distinct response patterns between VMs and AMs. We further identified a key gene, AiPLRP2-like, which exhibits 
unique cellular localization patterns compared to its mammalian counterpart and may play a pivotal role in regu-
lating cardiac thermotolerance in organisms with open circulatory systems. These findings provide novel insights 
into the theoretical framework and evolutionary adaptations of marine invertebrate hearts in response to environ-
mental temperature fluctuations.
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Background
Animals have two main types of circulatory systems. In 
all vertebrates and some invertebrates, the circulatory 
system is closed, meaning that blood is confined within 
blood vessels and does not flow freely within the body 
cavity [1]. In a closed circulatory system, blood circu-
lates unidirectionally through the vessels, moving from 
the heart, along the systemic circulation route, and back 
to the heart. In contrast, most mollusks and arthropods 
have open circulatory systems. In an open circulatory 
system, blood (referred as hemolymph) is not contained 
within vessels but is pumped into a body cavity, where it 
mixes with interstitial fluid to facilitate gas and nutrient 
exchange with the organs. The open circulatory system 
lacks the complex vascular network and regulatory struc-
tures of a closed system, such as arteries, veins, capillar-
ies, and sphincters, making it less effective at buffering 
temperature changes. Consequently, animals with open 
circulatory systems are particularly vulnerable to fluc-
tuations in environmental temperature and are therefore 
at greater risk from global warming [2, 3]. The heart, as 
the circulatory system’s power source, plays a key role in 
maintaining blood pressure, regulating fluid balance, and 
supporting immune defense [4]. Under high tempera-
tures, an increased heart rate boosts hemolymph flow for 
better heat dissipation. This also helps maintain fluid bal-
ance and osmotic pressure, particularly through kidney 
regulation, to counter dehydration [5]. As such, studying 
how the hearts of these animals respond to heat stress 
and how their heat tolerance can be enhanced is of criti-
cal importance.

Mollusca is the most species-rich phylum within 
Lophotrochozoa and one of the earliest bilaterians to 
appear in the fossil record [6]. The rich diversity, wide 
distribution from tropical to cold regions, and slow rate 
of evolution make mollusks an ideal model for study-
ing the heat resistance of open circulatory systems [7]. 
Importantly, cardiac performance indices, particularly 
heart rate (HR) driven by cardiomyocytes, are widely 
recognized and employed as noninvasive indicators 
reflecting metabolic variations in mollusks in response 
to temperature alterations [8, 9]. These indices are also 
influenced by neurotransmitters [10]. According to pre-
vious surveys, most mollusks’ HR reached the peak 
followed by a sharp decline after heat stress, which is 
defined as the organism’s upper limit temperature. The 
temperature of the peak is called Arrhenius break tem-
perature (ABT), which serves as a reliable indicator for 
quantifying the temperature tolerance of mollusks. ABT 
has been applied to various mollusks to distinguish the 
heat-tolerant and intolerant individuals, including scal-
lop [11], mussel [12], oyster [13], and abalone [14]. Cur-
rent research on heat tolerance traits primarily focuses 

on genomic and tissue-level expression analyses, such 
as whole-genome sequencing and cardiac transcriptome 
studies [15, 16]. However, the heart is a complex organ 
composed of multiple cell types, each potentially exhibit-
ing distinct responses to heat stress. To comprehensively 
understand the mechanisms of heat tolerance and accu-
rately identify key cell groups and regulatory genes, it is 
essential to investigate the heterogeneous responses of 
individual cell types with greater precision.

Recently, the rapid development of single-cell RNA 
sequencing (scRNA-seq) represents a powerful new 
tool for detecting comprehensive gene regulation at sin-
gle-cell resolution in thousands of cells [17]. Using this 
method, numerous scRNA-seq datasets of vertebrate 
hearts were constructed (e.g., human [18], mouse [19], 
fish [20]) to identify cell types and unveil heterogeneity 
based on gene expression profiles, while, in the realm of 
marine invertebrates, only the heart lineage of sea squirt 
has been reported [21]. Additionally, the scRNA-seq has 
also been employed to study stress responses in marine 
animals, such as clarifying cell type-specific response 
to pathogen challenge in salmon liver [22], microplastic 
effects on tilapias gill [23], and copper exposure to oyster 
hemocytes [24].

As a representative among commercially important 
bivalves, the bay scallop’s value stems not only from 
its rapid growth and high yield but also from its broad 
thermal resilience (from -1– 31℃), rendering it an ideal 
model organism for studying temperature tolerance 
mechanisms [25]. In the present study, we investigated 
alterations of HR, HR-related neurotransmitters, and 
energy metabolism enzyme activities in bay scallops dur-
ing a temperature challenge experiment. Using scRNA-
seq, we identified temperature-responsive genes and 
metabolism pathways in different cell clusters in response 
to heat exposure. Furthermore, siRNA-mediated RNAi 
was employed to knock down the most significantly 
expressed gene, AiPLRP2-like, to confirm its functional 
impact on cardiac performance and thermotolerance in 
bay scallop. To our knowledge, this study is the first to 
investigate the heterogeneous responses of the heart to 
high temperatures in invertebrates with open circulatory 
systems, providing the theoretical foundations of pro-
tecting marine invertebrates from the impacts of global 
warming.

Results
Structural injury and physiological metabolic alterations 
of scallop heart under heat stress
We collected scallop samples across three HR condition 
groups (Fig.  1A). The normal heart rate group  (HRnor 
group, NG), serving as the healthy control, was main-
tained at 22.1 ℃. The maximum heart rate group  (HRmax 
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Fig. 1 Impacts of heat stress on cardiac performance, morphology and metabolism of scallop hearts. A Heart rates (left) and representative 
cardiograms (right) of bay scallops under heat stress. B Scanning and Transmission electron microscopy (SEM and TEM) analysis. The characters F, H, 
S in SEM (I-III) stand for fissure, hole, and shrinking, respectively. The characters Z, MyF, and SpR in TEM (I-III) represent the cardiac structure Z-lines, 
Myofiber, and Sarcoplasmic reticulum, respectively. C In vivo contents of Norepinephrine (NE), Gamma-aminobutyric acid (GABA), acetylcholine 
(ACh), and activities of Acetylcholinesterase (AChE) in scallop hearts after exposure to heat stress (n = 4, mean ± SD). (D) The enzyme activities 
of PHD, LDH and PK, and ROS content of scallop hearts (n = 4, mean ± SD). The error bars represent SDs. The statistical significance was determined 
by a two-sided t-test and the P-values were shown above the plot
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group, MG), identified when cardiac activity peaked 
at approximately 60  bpm, was exposed to 31.9 ℃. The 
heart rate drop group  (HRdrop group, DG), character-
ized by a sharp decrease in cardiac rate, was subjected 
to 33 ℃ water temperature. Notably, the samples used in 
this study exhibited consistency across different experi-
ments (e.g., physiological indices, micro examination 
and scRNA-seq) under the same condition groups, as 
indicated by consistent heart rates (Additional file 1: Fig. 
S1). We first examined the morphological changes in the 
hearts of scallops during heat exposure using the SEM 
method. In comparison to the NG, the MG exhibited sur-
face fissures with accompanying several large voids, while 
the DG displayed extensive voids and fragmentation. The 
TEM images of cardiac tissue revealed that both the MG 
and DG exhibited cardiac injury compared to the NG, 
with the DG showing more severe damage than the MG. 
The damage was characterized by blurred Z-lines, disor-
dered muscle fibers, swollen sarcoplasmic reticulum, and 
mitochondrial swelling with sparse cristae (Fig. 1B).

We investigated the in vivo dynamics of three key neu-
rotransmitters—ACh, NE, and GABA—along with AChE 
activity under heat stress. These neurotransmitters are 
crucial regulators of cardiac homeostasis in most verte-
brates, mediated by the parasympathetic, sympathetic, 
and central nervous systems [26]. During the first stage 
of heat exposure, NE levels increased significantly by 
1.21-fold (Fig. 1C), indicating an elevated heart rate, con-
tractility, and conduction velocity in response to stress. 
ACh levels, AChE activity, and GABA levels showed 
only modest increases at this stage. However, dur-
ing the second stage, these three metabolites exhibited 
substantial increases of 1.51-fold, 1.37-fold, and 1.54-
fold, respectively, compared to MG (Fig.  1C), suggest-
ing delayed negative feedback regulation that may help 
prevent arrhythmias. Concurrently, NE levels decreased 
by 19.63% compared to MG (Fig. 1C), underscoring the 
dynamic interplay between NE and ACh activity during 
heat exposure.

The dynamic changes in cardiac energy metabolism 
during heat stress were examined by assessing the lev-
els of three energy metabolism-related enzymes (PDH, 
LDH, and PK), along with ROS. Nearly all of these meta-
bolic indicators showed significant increases during both 
stages of heat exposure (Fig.  1D). Specifically, aerobic 
respiration-related indicators PDH and ROS increased by 
1.29- and 1.22-fold during the first stage and by 1.08- and 
1.23-fold during the second stage, respectively (Fig. 1D). 
These increases reflect the heart’s response to elevated 
energy demands during heat stress, although excessive 
ROS may cause oxidative damage to cardiac cells. Addi-
tionally, anaerobic respiration-related indicators PK and 
LDH exhibited a sustained upward trend during both 

stages, increasing by 1.34- and 1.24-fold in the first stage 
and by 1.12- and 1.20-fold in the second stage, respec-
tively (Fig.  1D). This suggests a compensatory mecha-
nism to address the inability of aerobic respiration to 
fully meet energy demands promptly.

Dynamic cellular landscape of scallop heart 
with scRNA‑seq under heat exposure
To explore cell-specific responses, heart tissues col-
lected from control and heat stress group (NG, MG, and 
DG) underwent scRNA-seq analysis (Fig. 2A). A total of 
84,925 cells were isolated from three samples (Additional 
file 2: Table S1). After QC filtration, 50,048 high-quality 
cells (18,936 from NG, 10,735 from MG and 20,377 from 
DG) were obtained and used for subsequent cell cluster 
analysis. Additionally, the median number of the identi-
fied genes and mRNAs per cell were 1,152 and 3,272 for 
NG, 1,288 and 4,144 for MG, and 1,124 and 3,652 for 
DG, respectively (Additional file 2: Table S1).

The UMAP was employed to dimensionality reduction 
and unsupervised cell cluster analysis, identifying16 dif-
ferent cell clusters (0–15) with varied cells ranging from 
30 to 3606 (Fig.  2B, Additional file  2: Table  S2). Gene 
markers obtained from previous researches were used 
to define distinct cell subpopulations based on their spe-
cific expression in the corresponding cell type (Fig. 2C). 
Briefly, six cell types were identified in scallop heart tis-
sue: cardiomyocytes (CMs, cluster 6 and 12), fibroblast 
cells (FCs, cluster 5, 11 and 14), cardiac progenitor cells 
(CPCs, cluster 9 and 15), endothelial cells (ECs, cluster 
0, 1 and 2), astrocytes (ACs, cluster 13) and immune-
like cells (ILCs), including macrophages (MPs, cluster 3, 
4 and 10) and immune cells (ICs, 7, 8) (details in Addi-
tional file  2: Table  S2). Notably, cardiomyocytes were 
further subdivided into ventricular (cluster 6) and atrial 
(cluster 12) subtypes based on the expression levels of 
marker genes [27] (MYH9, MYO9B, POLR2A and SYT16) 
(Additional file 1: Fig. S2). A heat map was constructed to 
display the top 10 enriched genes in each cluster, repre-
senting distinct molecular features across the 16 cell clus-
ters (Fig. 2C). The differentially expressed genes (DEGs) 
in each cell cluster were also identified (P-value ≤ 0.05; 
 log2FC ≥ 0.585) (Fig. 2D). Specifically, genes in MPs, ICs 
and ECs showed highly sensitive to heat stress, with the 
DEGs in these three accounting for over 50% of the total 
DEGs. Besides, cell types of FCs, CPCs, and CMs exhib-
ited a moderate sensitivity, with 204, 120, and 190 DEGs 
(averaged by the number of clusters per cell type) iden-
tified during the first stage, and 183, 109, and 77 DEGs 
(averaged by the number of clusters per cell type) dur-
ing the second stage. Additionally, the lowest number of 
DEGs was found in ACs, only 93 and 24 genes showing 
differential expression during two continuous stages.
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Functional enrichment analysis showed that the 
DEGs (Additional file  1: Fig. S3A) of main cell groups 
in both heat exposure stages were primarily involved 
in cellular programs (e.g., ‘MAPK signaling pathway’, 
‘mitophagy’, ‘necroptosis’, ‘apoptosis’ and ‘PI3K − Akt 
signaling pathway’) and responses to inflammation 

and immunity (e.g., ‘antigen processing and presenta-
tion’, ‘phagosome’ and ‘TNF signaling pathway’). In 
addition, during the first stage, DEGs were primarily 
associated with processes such as ’cardiac muscle con-
traction’, ’thermogenesis’, ’oxidative phosphorylation’, 
and ’tight junctions’. Whereas, during the second stage, 
DEGs were mainly related to pathways including ‘focal 

Fig. 2 scRNA-seq analysis of heat untreated/treated scallop hearts. A Scallop heart collection from control and heat exposure groups, 
and sequenced with the microfluidics via 10 × Genomic platform. B UMAP plot analysis of 16 cell clusters in control (NG) and heat exposure (MG 
and DG) groups. C The heatmap (left) representing the top10 enriched genes among the 16 clusters. The cluster numbers correspond to the cluster 
shown in UMAP visualization. The umap (right) shows the expression patterns of the selected marker genes for each cell type and each dot 
in the graph represents a cell. The red rectangle emphasizes the umap of cardiomyocytes. D Differentially expressed genes (DEGs) and (E) relative 
abundance in 16 cell cluster of heart cells after heat exposure
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adhesion’, ‘estrogen signaling pathway’ and ‘JAK − STAT 
signaling pathway’ (Additional file 1: Fig. S3B).

Furthermore, we explored the similarities and dis-
crepancies in the response to heat exposure regulation 
among different subtypes of the same cell type. Venn 
diagram and KEGG analysis revealed significant differ-
ences among the subtypes, with a substantial proportion 
of subtype-specific DEGs (Additional file  1: Fig. S3-5). 
These findings suggest that distinct subtypes of the same 

cell type employ diverse molecular regulatory mecha-
nisms to cope with thermal stimuli.

Heat exposure triggered widespread mitophagy
The heart emerges as the tissue with the highest energy 
expenditure in response to heat stress among scallops. 
Across the entire heat exposure process, it consumes 
roughly 40% of the heart’s energy reservoir (Fig.  3A). 
During the first heat exposure stage, the heightened 

Fig. 3 Energy changes in scallop heart after heat exposure. A ATP content variation in nine tissues (including heart, hemolymph, mantle, kidney, 
gill, hepatopancreas, gonad, muscle, and foot) of scallop in control (NG) and heat exposed groups (MG and DG). The pink and purple bars represent 
the percentage of energy consumption from NG to MG, and MG to DG out of the total energy consumption from NG. The blue bars represent 
the residual energy of ATP content. B The relative percentage of Mito-Tracker Green fluorescence levels (left), and the ratio of the red fluorescence 
to the green fluorescence that marked by JC-1 (right). C Representative mitochondrial status revealed by TEM analysis. The white rectangle framed 
and zoomed the representative mitochondria in NG, MG and DG. D The bubble shape represents the relative expression of mitophagy marker gene 
in 16 cell clusters from NG to MG and MG to DG. The significance and regulatory trend are illustrated by the size and color legend, respectively
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energy demand prompts a sharp increase in the number 
of mitochondria (Fig.  3B). Concurrently, there is a pro-
nounced surge in ROS level (Fig. 1D), leading to potential 
mitochondrial damage [28]. To maintain mitochondrial 
and cellular homeostasis, cells engage in a process known 
as mitophagy, wherein damaged or dysfunctional mito-
chondria are selectively packaged and degraded within 
the cell [29]. Our electron microscopy observations 
revealed that mitochondrial membranes swelled and 
the matrix exhibited cavitation during the first stage. 
Subsequently, during the second stage, mitochondrial 
membranes ruptured and crest fluid overflowed, result-
ing in severe damage (Fig. 3C). The continuous decline in 
membrane potential further indicated mitochondrial dis-
orders (Fig. 3B) (details can be seen in Additional file 1: 
Fig. S6). Single-cell RNA analysis shows that the major-
ity of cell types exhibited enhanced mitophagy during 
the first stage (Additional file 1: Fig. S7). It is worth not-
ing that they invoke a common set of genes to facilitate 
mitophagy, comprising EIF2AK3, SQSTM1, UBC, ULK2 
and USP15. Among these genes, ULK2 displayed a sig-
nificant downregulation in most cell clusters after MG, 
whereas the expression levels of other genes experienced 
sporadic alterations or remained unchanged (Fig. 3D).

Heterogeneity of energy metabolism in cardiomyocytes 
response to heat stress
The occurrence of mitochondrial autophagy during heat 
exposure hints at metabolic disturbances. Given their 
pivotal role in maintaining heart function, understanding 
how myocardial cells regulate their energy metabolism in 
response to heat stress is paramount for understanding 
the heat tolerance mechanisms of scallop hearts. After 
heat exposure, alterations in the energy metabolism of 
myocardial cells are primarily observed in glycolysis and 
oxidative phosphorylation pathways (Fig.  4A). Notably, 
the VMs and AMs display considerable disparities in the 
above two metabolic patterns. During the first heat expo-
sure stage, the ventricle, serving as the primary regula-
tor of glycolytic metabolism, generates rapid but limited 
amount of ATP energy by upregulating the TPI, PGAM, 
PDHA, SDHC, and IDH3G genes (Fig. 4B). Subsequently, 
during the second heat exposure stage, ventricular gly-
colytic metabolism remains sustained (Fig. 4B). Regard-
ing the oxidative phosphorylation metabolic pathway, 
the ventricle and atria demonstrate contrasting coping 
strategies during the first stage. Specifically, VMs showed 
upregulation of gene expression encoding subunits of 
respiratory chain including Complex I (e.g., NDUFA2 
and NDUFS), Complex II (e.g., SDHC), Complex IV 
(e.g., COX6B) and Complex V (e.g., ATP5L, ATP5G and 
ATP5A1) (Fig. 4C). Whereas, AMs exhibited downregu-
lation of genes involved in Complex I (e.g., NDUFS7 

and NDUFB10), Complex III (e.g., QCR6), Cytochrome 
c (e.g., CYC ), Complex IV (e.g., COX5B) and Complex 
V (e.g., ATP5J2 and ATP5D) (Fig.  4C). These expres-
sion patterns persist during the second stage, except for 
the downregulation of genes encoding some subunits in 
Complex V in both VMs and AMs (e.g., ATP5L, ATP5G 
in VMs and ATP6N in AMs) (Fig. 4C). Collectively, our 
findings underscore the distinct metabolic regulatory 
patterns of ventricular and atrial cardiomyocytes in 
response to heat exposure.

Heat stress interfered the cell–cell communications 
between cardiomyocytes and other cell clusters
Cardiac fibroblasts and immune cells are key partners of 
cardiomyocytes and crucial regulators of cardiac homeo-
stasis following injury in mammals [30, 31]. To explore 
how cellular communication between cardiomyocytes 
and other cell clusters responds to heat-induced heart 
injury, we analyzed ligand-receptor pairs among differ-
ent cell clusters under three conditions. Heatmap com-
parisons showed significant changes in AMs compared 
to VMs (Fig.  5A). During the first stage, communica-
tion increased between AMs and FCs, ILCs, and CPCs 
(Fig.  5A). This increased interaction involved pathways 
related to retinoic acid, glutamate, and prostaglandins 
(Fig.  5C, D). In the second stage, intercellular commu-
nication was weakened (Fig.  5A), particularly between 
AMs and other populations, with a focus on BMP (Bone 
morphogenetic protein), neuroligin, and WNT signal-
ing (Fig.  5C, D). Additionally, communication between 
AMs, VMs, and FCs, mediated by melatonin signal-
ing, potentially implicated in wound healing and repair 
[32], showed a progressive increase across both stages 
(Fig.  5B-D). Overall, these results suggest that cardiac 
FCs and ILCs may play a preserved regulatory role in car-
diac homeostasis during acute injury in scallops.

Heat exposure induced transformation from cardiac 
progenitors to cardiomyocytes
Oxidative stress arises when the production of ROS 
surpasses the buffering capacity of antioxidant defense 
systems, leading to myocardial injury, ultimately cul-
minating in cardiac dysfunction [33]. In our study, the 
observed mitochondrial collapse (Fig.  3B) and reduc-
tion in the proportion of cardiomyocytes (Fig.  2E) 
following heat exposure (from NG to MG) indicate 
myocardial damage in scallops. Investigating the regen-
erative potential of myocardial cells can enhance our 
understanding of bay scallops’ ability to withstand 
heat exposure. To this end, we conducted pseudotime 
trajectory analysis to predict potential states of cell 
transition from cardiac progenitors to cardiomyocytes 
(Additional file 1: Fig. S8). Interestingly, we observed a 
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notable trend where both the AMs and VMs tended to 
migrate away from CPCs during the first stage (Fig. 6A, 
B). However, during the second stage, this phenom-
enon in the AMs recovered, but persisted in the VMs 

(Fig. 6A, B). It is suggested by these findings that heat 
stress could prompt alterations in the population struc-
ture of myocardial cells, bolstering myocardial function 
to counter myocardial cell damage by augmenting the 

Fig. 4 Ventricular myocytes (VMs) and atrial myocytes (AMs) exhibited distinct regulatory patterns in energy metabolism pathways under heat 
stress. A KEGG enrichment analysis of DEGs in VMs and AMs. B Predicted diagram of the energy metabolism pathway in VMs and AMs, 
including glycolysis, TCA cycle, and (C) oxidative phosphorylation process. The black bolded fonts indicate the key enzyme in the process 
and the yellow bolded fonts represent the genes displayed significant expression changes under heat stress. The size and color of bubble illustrate 
the significance and regulatory trend of pathway genes, respectively
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proportion of terminal myocardial cells. NKX2-5, MLC 
and GATA4 are some of cardiomyocyte-selective genes 
that significantly contribute to myocardial regeneration 
[34–36]. In our study, the expression of MLC in VMs 
were significantly upregulated at MG compared to NG 
(average  log2FC = 0.65). And the expression of Nkx2-5 

showed significant upregulation in both VMs and CPCs 
at DG compared to MG (average  log2FC = 0.96 and 
1.26, respectively) (Fig.  6C). These data indicate that 
VMs and CPCs exhibit stronger regenerative potential 
during the second stage, compared with AMs, which 
may align with the observed slight increase in cell 

Fig. 5 Cell–cell communications between cardiomyocytes (CMs) and other cell clusters. A Heatmap represents the quantity of ligand − receptor 
pairs, depicted by varying colors, among the 16 cell clusters in NG, MG and DG. B, C Significant alterations in ligand-receptor pairs 
between cardiomyocytes (6 for AMs and 12 for VMs) and other cell clusters were identified. Upregulated genes are denoted by red triangles, 
while downregulated genes are indicated by blue triangles. D Average  log2FC of DEGs in (B, C) were shown. The significance and regulatory 
trend are illustrated by the size and color legend, respectively. Specifically, during the first stage, the heightened communication between AMs 
and ILCs primarily implicated signaling pathways related to retinoic acid (ALDH1A1-RORB), glutamate (GLS + SLC1A2-GRM1), and prostaglandins 
(PTGES3-PTGER4). During the second stage, the reduced intercellular communication between AMs and other cell populations predominantly 
involved BMP signaling (BMP5-BMPR1A + BMPR2/ACVR2B) with ILCs, neuroligin signaling (NLGN3-NRXN2) and calsyntenin signaling 
(CLSTN1-NRXN2) with FCs, and WNT signaling (WNT5B-FZD7 + LRP6) with CPCs, respectively. The intercellular communication between both AMs 
and VMs and FCs, mediated by melatonin signaling (ASMT-MTNR1A) exhibited a progressive increase during the two continuous stages
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proportion of VMs and CPCs during this period (from 
5.6% and 2.6% to 7.0% and 3.7%, respectively) (Fig. 2E).

Identification and expression pattern of AiPLRP2‑like
Through scRNA-seq analysis, AiPLRP2-like was iden-
tified as the most significantly upregulated gene in 
both CM groups when the heart rate of scallop indi-
viduals sharply decreased, and it also showed a signif-
icant decrease during the first stage (Fig.  7A). These 
substantial changes suggest its potential role in cardiac 
function. To further explore whether PLRP2-like could 
be a key regulatory gene in open circulatory systems, 
we analyzed its conservation across different species. 
Phylogenetic analysis revealed that PLRP2-like pro-
teins from marine invertebrates form a distinct cluster, 

separate from those in marine vertebrates and mam-
mals (Fig.  7B). To gain deeper insights into the func-
tional significance of PLRP2-like, we performed a 
structural analysis across both vertebrates and inver-
tebrates. The results indicated that while both aquatic 
animals and mammals possess a Lipase domain, 
the LH2 domain present in mammals was absent in 
aquatic species (Fig. 7C), suggesting that although the 
function of PLRP2 may be conserved, its cellular local-
ization varies between aquatic species and mammals 
[37]. By comparing humans (Human Protein Atlas, 
proteinatlas.org), mice (Expression Atlas, ebi.ac.uk/
gxa/home), scallops [15], and snails [27], we found 
that PLRP2 is highly expressed only in the pancreas of 
vertebrates, while in mollusks, its homolog is highly 

Fig. 6 Pseudotime differentiation trajectories of CMs and CPCs. A Pseudotime ordering of AMs (cluster 12, orange), VMs (cluster 6, blue) and CPCs 
(cluster 9, purple) in NG, MG and DG. B The density distribution of AMs, VMs and CPCs over pseudotime in three conditions. C Average  log2FC 
of NKX2-5, MLC and GATA4 were shown. The significance and regulatory trend are illustrated by the size and color legend, respectively
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expressed in both the heart and pancreas (Additional 
file 1: Fig. S9). DIG-labeled ISH further confirmed the 
widespread expression of AiPLRP2-like in the scallop 
heart, with stronger DAB staining observed in the DG 
compared to the NG, indicating higher mRNA expres-
sion (Fig.  7D). Taken together, these findings suggest 

that the absence of PLRP2-like localization domains in 
mollusks may allow PLRP2-like to regulate the heart in 
an open circulatory system.

Fig. 7 Identification and characterization of AiPLRP2-like in bay scallop. A Visualization of differentially expressed genes in VMs (cluster 6) and AMs 
(cluster 12) between MG and DG. B. The phylogenetic tree was constructed based on PLRP2s (-likes) sequences from bay scallop and other 
representative species (invertebrates and vertebrates shown with light red, light yellow and blue backgrounds, respectively. C Predicted protein 
domain architecture of AiPLRP2-like and other representative species PLPR2s (-likes) determined by SMART analysis. D In situ hybridization analysis 
of AiPLRP2-like in NG (I), DG-without probe (II), and DG (III). E Alterations in HR, ABT and AiPLRP2-like relative expression at the resting and thermal 
stage at 24 h post injection of siRNA- AiPLRP2-like and PBS. F The changes of TG content in NIG and SIG during resting and thermal, respectively. 
The vertical bars mentioned-above represent the mean ± SD (n = 4) and the statistical significance was determined by a two-sided t-test 
and the P-values were shown above the plot
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Effects of AiPLRP2‑like knockdown and overexpression 
on cardiac performance and TG content
To further investigate the effect of AiPLRP2-like on heat 
tolerance in scallops, we performed an AiPLRP2-like 
knockdown experiment. Sixty scallops, with no signifi-
cant differences in growth traits, were evenly divided into 
three groups: a non-injection group (NIG), a PBS (phos-
phate-buffered saline, 3 ×) injection group (PIG), and an 
siRNA injection group (SIG). The RNAi effects on resting 
heart rate (RHR) at 22.0 °C were then assessed. As shown 
in Fig.  7E, siRNA-mediated knockdown significantly 
suppressed the expression of AiPLRP2-like. The resting 
heart rate (RHR) of scallops in the SIG was slightly higher 
than that in both the NIG and PIG, 24 h post-injection. 
Additionally, the relative expression of AiPLRP2-like in 
SIG was significantly decreased by 52.50% and 46.81% 
compared to NIG and PIG, respectively. Moreover, the 
thermal indicator, ABT, was significantly reduced by 
approximately 2.13 ℃ and 1.93 ℃ in the SIG relative to 
the NIG and PIG. Taken together, these results suggest 
that AiPLRP2-like knockdown slightly accelerates RHR, 
but impairs thermal tolerance in bay scallops.

PLRP2 has been reported to break down triglyceride 
(TG) via its Lipase functional domain, thereby influ-
encing cardiac function [38]. To determine whether 
AiPLRP2-like affects ABT by modulating TG content, 
we measured TG levels across different groups. The 
results showed a 2.60-fold increase in TG content in the 
SIG compared to the NIG at resting stage, rising from 
0.45 ± 0.04 to 1.64 ± 0.22 mmol/gprot (Fig. 7F). Similarly, 
at the thermal stage, TG content in the SIG reached 
1.55 mmol/gprot, representing a 0.40-fold increase com-
pared to the NIG (Fig. 7F). Furthermore, we successfully 
overexpressed the target gene in H9C2 mouse cardiomy-
ocyte cell lines (Additional file 1: Fig. S10A). TG content 
analysis of the collected cells revealed that the TG levels 
in cells overexpressing the AiPLRP2-like were signifi-
cantly lower than those in the control group transfected 
with an empty vector (n = 3, P < 0.05) (Additional file  1: 
Fig. S10B). These findings indicate that the target gene 
indeed plays a functional role in break down triglyceride 
degradation.

Discussion
Here, we present the first cardiac single-cell transcrip-
tome in response to heat stress in the bay scallop, an 
animal with an open circulatory system. Our first nota-
ble finding is that heat exposure caused significant struc-
tural damage and energy metabolism alterations to the 
scallop heart. Microscopic examination revealed exten-
sive surface fissures, voids, blurred Z-lines, and disor-
dered myofibers in the DG group, suggesting a potential 
link between these structural deficiencies and the sharp 

decline in heart rate. This observation aligns with pre-
vious reports of myofiber damage associated with 
heart failure in mice [39]. As one of the most energy-
demanding tissues, the heart is particularly vulnerable 
to alterations in energy metabolism, which can exacer-
bate conditions like muscle weakness, heart failure, and 
cardiac arrest [40]. Our findings indicate that the scallop 
heart exhibited the highest energy expenditure through-
out the experiment. Further analysis of mitochondrial 
mass and mitophagy markers (Fig.  3D) revealed that 
elevated temperatures led to varying degrees of mito-
chondrial damage. Similar heat-stress-induced cardiac 
issues stemming from mitochondrial dysfunction have 
been reported in abalone [41], mussel [42], and snail [43]. 
These findings suggest that insufficient energy supply 
may be another contributing factor to the critical tem-
perature-induced sharp decline in scallop heart rate.

Moreover, among the six identified cell types in the 
heart of A. irrandians, CMs are the primary constituents 
of heart cells and played an important role in heart con-
traction and relaxation [44]. To the best of our knowl-
edge, this study represents the first attempt to identify 
subpopulations of CMs in scallop heart, and elucidate 
their heterogeneous responses to increasing tempera-
tures. While CMs demonstrated a moderate response to 
high temperatures in bay scallop hearts, it is noteworthy 
that VMs and AMs exhibited distinct regulatory mecha-
nisms in energy metabolism, likely attributable to their 
structural differentiation. The ventricular chamber of 
scallop showed similarity with vertebrates, being larger 
and stronger than atrial chamber [27], and thus consume 
more energy owing to temperature-induced accelera-
tion of heartbeat, aligning with our findings of signifi-
cant enhancement of energy-related pathways (oxidative 
phosphorylation and glycolysis) in VMs in MG group. By 
contrast, the AMs of scallop may exert the similar func-
tion to those of vertebrates AMs, primarily responsible 
for secretory signal transduction [45, 46], this was dem-
onstrated by the current analysis of cell communications, 
which observed increased interactions between AMs and 
other cells clusters in stressed scallop heart.

Notably, a sharp heart rate decline was observed from 
MG to DG, which means the maximum metabolic rate of 
scallop fails to keep pace with routine metabolic rate as 
temperature increase [47, 48]. Identifying the key genes 
linked to high temperature-induced breaking point is 
thus pivotal for enhancing individual’s thermal tolerance. 
In present work, AiPLRP2-like was emerged as the most 
significantly up-regulated gene in both VMs (7.78-fold) 
and AMs (6.55-fold) per cell, and exemplified ubiqui-
tous expressed in scallop heart via in situ hybridization. 
Such result might be different to conventional identity 
that PLRP2 usually expressed in pancreas or intestine 
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to hydrolysis and digestion of fat, cholesterol esters [49]. 
However, there are also some exceptions, as its broad 
range of hydrolysis substrate has also been reported to 
function in different tissues across various species [50]. 
For instance, PLRP2  deletion impaired the homeostasis 
of undifferentiated spermatogonia and severely disrupted 
the lipid metabolism in mice sperm [51]. The PLRP2 of 
insect brown planthopper that lacks the LH2-domain, 
has been proved to play a critical role in oocyte matura-
tion and development, where its suppression significantly 
reduces egg hatch rate [52]. To validate the functions of 
AiPLRP2-like, gene knockdown was further adopted via 
RNA interference, which has been regarded as an effi-
cient and powerful tool for elucidating the specific role of 
genes with uncertain roles to selectively silencing target 
genes [53]. Our result showed RHR in SIG was slightly 
higher than NIG and PIG (P = 0.1 and 0.053, respec-
tively), while TG content was significantly elevated in 
SIG compared to NIG (P = 0.0011). This aligns with pre-
vious findings that PLRP2 can specifically hydrolysis tri-
glyceride into glycerol and fatty acid (FA), the reduced 
TG levels may associate with lower AiPLRP2-like mRNA 
expression [54]. HR-based thermal indicator ABT of scal-
lop treated with or with AiPLRP2-like-siRNA injection to 
distinguish cardiac performance exposed to heat stress. 
The breaking point ABT of scallops in SIG is significantly 
decreased than those in NIG and PIG, with an average 
reduction of 2.03 ℃. The heart demands an increased 
energy supply to mitigate damage caused by thermal 
stress. However, reduced expression of PLRP2 limits the 
availability of fatty acids for mitochondrial oxidation, 
leading to an insufficient energy supply and a subsequent 
decline in muscle contraction [49]. Additionally, triglyc-
eride accumulation may exert toxic effects on the heart 
[55]. While several studies have explored the effects of 
rising temperatures on mariculture [56], the gene identi-
fied in our study provides new insights into the thermal 
tolerance mechanisms of marine invertebrates.

Neurotransmitters are widely recognized as another 
crucial factor impacting animal’s cardiac function and 
energy metabolism under stress condition, including 
heat stress [57, 58]. Our second notable finding revealed 
significant alterations of in  vivo neurotransmitters (NE, 
ACh, and GABA) levels in scallop heart during heat 
experiment, exhibiting patterns of cardiac regulation 
similar to those observed in vertebrates. The release of 
NE led to faster heartbeats, while the increased secretion 
of ACh and GABA resulted a sharp decline in HR. This 
may be attributed to the acceleration of heartbeat leading 
to accelerate metabolic rate, stimulating glucose trans-
port to meet the increased energy demands to cope with 
stress [59]. Conversely, sustained high-temperature stress 
imposes excessive workload on the heart, leading to a 

decrease in heart rate facilitated by significant releases 
of ACh and GABA, thus lessen cardiac functional distur-
bance [60]. The present outcome indicated the evolution-
ary conservation of neurotransmitters regulation pattern 
across vertebrates and invertebrates [61, 62].

Due to lack of adaptive immunity, the status of innate 
immunity is vital for mollusks countering the heat stress 
[63]. Our third notable finding is the successful identifi-
cation of two types of immune-like cells (MPs and ICs) 
in bay scallop hearts, which are considered the most 
sensitive cell types in response to heat stress. Together, 
these cells accounted for approximately 50% of the dif-
ferentially expressed genes (DEGs) throughout the entire 
experiment. The immune cells protect bivalve heart from 
pathogens infection and eliminate wounded cells upon 
external adverse environment, and such activated or per-
turbed immune response induced by high temperature 
were widely reported in bivalves [64]. Remarkably, the 
“Protein processing in endoplasmic reticulum” pathway, 
identified as the most significantly enriched pathway in 
KEGG analysis of ILCs and other four cell types, drives 
the upregulation of HSP70/90, PERK, ATF4, ATF6B, 
TRAF2 and BCL2, thereby mitigating the protein aggre-
gation when heart reached its maximum capacity in MG 
(Additional file  1: Fig. S11) [65]. By contrast, with the 
elevated temperature, two more pathways (BAX1 and 
JNK) involved in cell death were evidently inhibited in 
ILCs and ECs once the heart is no longer bearing the heat 
stress. Besides, GADD45 known for its pro-apoptotic 
effect on cells and ability to induce contractile dysfunc-
tion in cardiomyocytes [66], is significant down-regu-
lated across all six cell types (except CPCs and ACs) in 
DG, along with myofibers disordered (Fig.  1B), imply-
ing that scallop may initiate self-protection through the 
suppression of apoptosis-related genes [67]. Moreover, 
the regular beating of heart relies on the normal release 
of calcium ions stored in the endoplasmic reticulum by 
cardiomyocytes [68]. Our study revealed that heat expo-
sure resulted in swelling of sarcoplasmic reticulum and a 
notable increase in CALR and CANX expression across 
CMs, ECs, ILCs and FCs as detected by scRNA-seq data. 
These findings collectively suggest that high temperature 
may disrupt calcium hemostasis in ER, potentially caus-
ing a sharp decline in heartbeat.

Apart from activating the self-immune system to 
resist inflammation caused by elevated temperature, we 
also detected the slight increasing ratio of FCs and high 
enrichment of “ECM-receptor interaction” following 
with severely impairment of heart surface, which means 
more FCs may migrate toward the ripped site and pro-
duce extracellular matrix components to facilitate tis-
sue regeneration [69, 70]. Moreover, ECs constitute the 
highest proportion (over 40% of total cell count) in heart 
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tissue, a trait akin to that observed in vertebrates [71]. 
And their high temperature-induced DEGs mainly exert 
functions associated with “Cardiac muscle contraction” 
and “Nitrogen metabolism”. The neighboring CMs may 
be stimulated by changes in NO levels driven by ECs, 
thereby contributing to heart rate variation during heat 
exposure [72].

Conclusions
In conclusion, our present work first evaluated car-
diac performance, neurohumoral regulation and energy 
metabolism of bay scallop heart in response to criti-
cal temperature. Then, the scRNA-seq technique was 
firstly applied to characterize the cellular heterogene-
ous responses of scallop heart to increased temperature. 
According to the omics data, the notable enrichment of 
pathways such as "protein processing in the endoplasmic 
reticulum" and "mitophagy" across nearly all cell types 
under heat stress suggests a disruption in the regulation 
of protein and mitochondrial homeostasis. Importantly, 
we identified and characterized a novel AiPLRP2-like 
gene that showed the most significant upregulation in 
cardiomyocytes at the breaking temperature. Subsequent 
knockdown of AiPLRP2-like significantly weakened the 
thermal tolerance (-2.03 ℃ of ABT) of bay scallops. Our 
current study delves into the genetic and molecular bio-
logical underpinnings of heat tolerance, offering insights 
into the mechanisms behind the formation of the crucial 
heat tolerance indicator ABT in scallops.

Methods
Scallop culture and heat exposure experiment
Healthy one-year-old adult bay scallops (N > 500) were 
collected from artificial-rearing substrates in Huangdao, 
Qingdao (35°53′07" N, 120°8′42" E, Shandong Province, 
China) in December 2023 and transported to our labora-
tory (Ocean University of China, Qingdao, China) follow-
ing standard procedure [73]. After removing encrusted 
organisms, scallops were acclimated with filtered and aer-
ated seawater (22.03 ± 0.25 ℃ of temperature, 30.42 ± 0.47 
ppt of salinity, 8.09 ± 0.04 of pH) for one week prior to 
experiment. Scallops were fed with 20 ml of concentrated 
algae fluid (Nitzschia closterium, ~ 2 ×  109 cells/mL) after 
partially replacing the water daily (1/2) during the rearing 
period.

In the heat exposure experiment, a total of 150 scal-
lops (shell length at 58.29 ± 1.52  mm, mean ± SD) were 
transferred from the 22 ℃ seawater and randomly placed 
into three plastic basins filled with continuously aerated 
seawater, ensuring adequate oxygen supply. Based on the 
optimal growth temperature of 22 ℃ and the ABT of 32 
℃ of bay scallop, the temperature was increased from 22 
℃ to 34 ℃ with 0.2 ℃ per minute [74]. Scallop cardiac 

activity was monitored following the method described 
by Xing et  al. [75]. In brief, the non-invasive infrared 
optical sensors CNY-70 were glued onto the shell surface 
close to cardiocoelom of the scallops, and signal varia-
tions were amplified, filtered and recorded via AMP03 
and Powerlab (16/35, ADInstruments, Sydney, Australia). 
Due to the small size of scallop heart, three scallop hearts 
(one from each basin) were mixed as one sample to pre-
pare heart cell suspension. Specifically, three scallops 
were randomly selected at 22 ℃ as the  HRnor group (NG) 
before the temperature increase. Subsequently, three 
more scallops were chosen for  HRmax group (MG) when 
their heart rate reached 60 bmp (the peak HR observed 
in bay scallops), and three additional scallops were cho-
sen for  HRdrop group (DG) when a sharp drop in HR 
was detected. The real-time HR of each individual was 
continuously monitored and recorded during the whole 
experiment.

Physiological indices in heart under heat exposure
To prepare samples for measurement, the scallop valve 
was opened, and heart was delicately dissected, and 
washed twice with sterile seawater to avoid hemolymph 
interference. The BCA (Bicinchoninic acid) protein assay 
kit (ML095490, MLBIO, Shanghai, China) was chosen to 
determine the protein concentrations of test samples and 
to standardize the following data values.

To investigate the impact of neurohumoral regulation 
on the heart under heat exposure, the in vivo contents of 
three neurotransmitters, including Norepinephrine (NE), 
Gamma-aminobutyric acid (GABA) and Acetylcholine 
(ACh) were determined in scallops at each group (n = 4, 
respectively) using corresponding commercial enzyme-
linked immunosorbent assay (Elisa) kits (YJ120412, 
YJ970288, YJ095510, MLBIO, Shanghai, China) accord-
ing to the manufacturer’s protocol. In brief, the test sam-
ples from four scallops from each experimental group 
were homogenized individually with PBS. The homogen-
ates were centrifugated at 3000 g and 4 ℃ for 10 min. The 
specimens, standard samples, and HRP-labeled antibod-
ies were sequentially added, followed by incubation (37 
℃, 60 min) and thorough washed for TMB staining. The 
in vivo content was measured in absorbance at 450 nm. 
The enzyme activity of Acetylcholinesterase (AChE) in 
scallop hearts (n = 4) after corresponding exposure was 
detected with an AChE activity kit (A024-1, Jiancheng, 
Nanjing, China). Briefly, the homogenates consisting of 
heart samples and PBS (weight:volume = 1:9) were cen-
trifuged at 2500  rpm for 10  min, and the supernatant 
was then thoroughly mixed and incubation with work-
ing solution. Sample absorbance was measured at 412 nm 
and quantified by comparison with prepared standards.
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To explore the energy metabolic change in the heart 
during heat stress, the in vivo contents of ATP (Adeno-
sine triphosphate), Reactive oxygen species (ROS) 
(A095-1 and E004-1, Jiancheng, Nanjing, China) and the 
enzyme activities of LDH (Lactate dehydrogenase) and 
Phosphoenolpyruvate kinase (PK) (A020-2 and A076-1, 
Jiancheng, Nanjing, China), and Pyruvate dehydrogenase 
(PDH) (BC0385, Solarbio, Beijing, China) were detected 
at each group (n = 4, respectively) with corresponding 
commercial kits. Moreover, we also measured the ATP 
content in another eight different tissues (hemolymph, 
mantle, kidney, gill, hepatopancreas, gonad, muscle, and 
foot) in order to investigate the energy changes in dif-
ferent tissues of scallops in response to heat stress. The 
detection process was similar to the aforementioned 
AChE enzyme activity assay. Tissue homogenates were 
prepared and mixed with different working solutions. 
The results were measured at specific OD values and 
compared with standards.

Microscopic examination of heart
Scanning and Transmission electron microscopy (SEM 
and TEM) were employed to assess the influence of 
heat stress on cardiac structure. The dissected hearts 
at each group were washed twice with sterile seawater 
to remove hemolymph and then promptly immersed in 
Electron microscope fixative (G1102, Servicebio, Wuhan, 
China) overnight at 4 ℃ to ensure optimal fixation of the 
morphology.

For SEM observation, the fixed hearts were dehydrated 
with alcohol, coated with gold after critical point-drying, 
and then the sample surface was examined through a 
SU8100 Scanning Electron Microscope (Hitachi, Tokyo, 
Japan). For TEM analysis, the fixed hearts were dehy-
drated with alcohol, embedded in epoxy resin, and sliced 
at a thickness of 60–80 nm. The image was examined in 
a HT7700 Transmission Electron Microscope (Hitachi, 
Tokyo, Japan) after stained with uranyl acetate and lead 
citrate.

Evaluation of mitochondrial quality and quantity 
under heat exposure
Two commercial assay kit, Mito-Tracker Green and 
Mitochondrial membrane potential dye (MTG and JC-1, 
C1048 and C2003S, Beyotime Biotechnology, Nanjing, 
China) were used to evaluate the quantity and quality 
variation trend of mitochondria in scallop heart accord-
ing to manufacturer’s construction (n = 6, respectively).

MTG, widely used as a fluorescent probe specific to 
mitochondria in live cells, can partially reflect mitochon-
drial quantity through average fluorescence intensity 
[76]. Briefly, 1000 μL cell suspension (containing a total of 
1 ×  107 cells) was extracted from one scallop heart from 

each group (NG, MG, and DG), 500 μL of which were 
added to 500 μL (20 nM) of Mito-Tracker Green solution, 
while the remaining 500 μL was allocated for JC-1 analy-
sis. After thorough mixing, the mixture was incubated 
with the fluorescence probes in the dark for 30 min. Sub-
sequently, the samples were washed twice with 3 × PBS to 
avoid interference from working solution before proceed-
ing with further analysis.

JC-1 kit is capable of distinguishing healthy (red) and 
the impaired (green) mitochondria through color differ-
ences [77]. Briefly, the remaining 500 μL of cell suspen-
sion was mixed with 500 μL of JC-1 working solution. 
Then, the samples were prepared for further analysis 
after washing twice with JC-1 buffer to remove working 
solution interference. Additionally, two sets of 500 μL cell 
suspensions extracted from two scallop hearts in the NG 
group were with 1 μL of carbonyl cyanide m-chlorophe-
nyl hydrazone (CCCP, positive control) and none (blank 
control) for JC-1 analysis, respectively.

The prepared samples were analyzed using a BD FAC-
SAria III flow cytometer system (Becton  Dickinson, 
San Jose, California, USA), with at least 30,000 events 
recorded for each sample. Data analysis and visualization 
were performed via Flowjo software (v10.8.1)  (Ashland, 
OR, USA).

ScRNA‑seq library preparation and sequencing
The heart tissues were digested in 1.5  mL centrifuges 
tubes containing 1  mL of type II collagenase (2  mg/
mL) dissolved in 3 × PBS (the optimal osmotic pressure 
for scallop heart cells). After 30 min of dissociated on a 
shaker at room temperature, cell suspensions were fil-
tered through a 40 μm nylon strainer. Following washes, 
centrifugation (600  g for 5  min), and resuspends with 
3 × PBS to remove cell debris, the qualified cell suspen-
sion for library preparation exhibited over 90% viability 
(Trypan blue stained) and concentration of about 1000 
cells/μL. Importantly, the entire process was conducted 
on ice.

The beads, equipped with unique molecular identifi-
ers (UMI) and cell barcodes, were loaded to near satura-
tion, ensuring that each cell was associated with a bead 
in a Gel Beads-in-emulsion (GEM). Following expo-
sure to cell lysis buffer, polyadenylated RNA molecules 
hybridized to the beads. The beads were subsequently 
collected into a single tube for reverse transcription. 
During cDNA synthesis, each cDNA molecule was 
labeled at the 5’ end (corresponding to the 3’ end of a 
messenger RNA transcript) with a UMI and cell label 
to denote its cell of origin. In summary, the 10 × beads 
underwent second-strand cDNA synthesis, adaptor liga-
tion, and universal amplification. Sequencing libraries 
were meticulously crafted utilizing randomly interrupted 
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whole-transcriptome amplification products to spe-
cifically amplify the 3’ end of transcripts associated with 
the cell barcode and unique molecular identifier (UMI). 
The subsequent procedures, encompassing library con-
struction, adhered meticulously to the standard manu-
facturer’s protocol for Chromium Single Cell 3ʹ (v3.1). 
Quantification of the sequencing libraries was conducted 
using a High Sensitivity DNA Chip (Agilent) on a Bio-
analyzer 2100 and the Qubit High Sensitivity DNA Assay 
(Thermo Fisher Scientific). Subsequently, the libraries 
underwent sequencing on the NovaSeq6000 (Illumina), 
yielding 150 bp paired-end reads.

Initial processing of scRNA‑seq data
Reads were aligned to the bay scallop genome (unpub-
lished data) using STAR  package [78] of Cell Ranger 
(v7.2.0) with default parameters. Next, Gene-Barcode 
matrices were generated for each individual sample by 
counting UMIs and filtering out non-cell associated 
barcodes. The scRNA-seq results were further analyzed 
using Seurat (v4.2.3) R package [79] for quality control 
and downstream analysis. The quality control analysis 
was performed with the following filtration: (1) the num-
ber of genes ≥ 200/cell; (2) UMI counts between 1000 and 
20,000/cell; and (3) mitochondrial genes ≤ 20%. Then, the 
filtered data were normalized using the “LogNormalize” 
method with “scale.factor” = 10,000. We then scaled the 
data and performed principal component analysis (PCA). 
Unsupervised clustering was then performed using the 
FindNeighbors and FindClusters function. A resolution 
of 0.4 was selected as the clustering parameter to cate-
gorize clusters. We visualized the clusters on a 2D map 
produced with UMAP (Uniform manifold approximation 
and projection). For each cluster, the Wilcoxon Rank-
Sum Test was applied to identify differentially expressed 
genes comparing the remaining clusters with the criteria 
set as follows: (1) P-value < 0.01; (2)  log2FC ≥ 0.25; and (3) 
the percentage of cells in which the gene was detected in 
a specific cluster > 25%.

Identification of DEGs and enrichment analysis
For individual cell types, differential expression compar-
ing only two groups by condition was performed using 
the FindMarkers function of Seurat with the following 
criteria: (1) |log2FC|≥ 0.585; (2) P-value ≤ 0.05; and (3) 
the percentage of cells in which the gene was detected in 
at least one condition > 25%.

Functional-enrichment analysis KEGG were performed 
to identify which DEGs were significantly enriched in 
KEGG terms and metabolic pathways at Bonferroni-
corrected P-value ≤ 0.05 compared with the whole-tran-
scriptome background.

Single‑cell trajectory analysis
The trajectories of myocardial-related cell types (clus-
ter 6, 9, and 12) were inferred using the Monocle (v3) R 
package [80]. In essence, Monocle orders individual cells 
along a pseudotime trajectory, capturing their asynchro-
nous progression in biological processes like cell differ-
entiation. This approach allows for the reconstruction of 
developmental trajectories and provides insights into the 
dynamic processes occurring in distinct cell clusters.

Cell–cell interaction analysis
The identification of ligand–receptor pairs between two 
cell types was conducted using CellphoneDB (v2.0) soft-
ware [81], relying on the expression of a receptor in one 
cell type and a ligand in another. Statistical enrichment 
was assessed through a permutation-based approach. 
The gene library primarily drew references from humans.

Identification and characterization analysis of AiPLRP2‑like
First, we initially fetched the candidate sequence follow-
ing the methodology delineated in our previous study 
[82]. The protein sequences corresponding to PLRP2 
(-likes) from both vertebrates and invertebrates (Addi-
tional file  2: Table  S3) were sourced from the National 
Center for Biotechnology Information (http:// www. ncbi. 
nlm. nih. gov). These sequences were aligned using the 
ClustalW2 algorithm to facilitate downstream phyloge-
netic analysis. Phylogenetic tree was subsequently gener-
ated with MEGAX software (v10.1.8) [83] employing the 
maximum-likelihood approach, supported by 1,000 boot-
strap replications to ensure statistical robustness.

In situ hybridization (ISH) was performed to determine 
the location of AiPLRP2-like mRNA expressed in scallop 
heart. For the probe, the cDNA extraction of heart sam-
ples was conducted following the procedure in our pre-
vious work [82]. Based on full-length cDNA sequence of 
AiPLRP2-like, 410 bp fragments were amplified using the 
gene-specific primers F and R7 (Table 1), and purified by 
a magnetic bead-based purification method for subse-
quent in  vitro  transcription. Digoxigenin-labeled sense 
and anti-sense probes were synthesized using a DIG RNA 
Labeling Kit (T7, Roche, Mannheim, Germany). Fixed 
heart tissues sections (~ 4  μm) from NG, MG and DG 
group were deparaffinized, incubated with prehybridiza-
tion solution, and hybridized with the probe. Then, the 
tissue sections were visualized using 3,3’-diaminoben-
zidine (DAB), and images were displayed via a confocal 
laser scanning.

AiPLRP2‑like knockdown effects on cardiac performance
To confirm the role of AiPLRP2-like on cardiac per-
formance, in  vivo knockdown of AiPLRP2-like was 

http://www.ncbi.nlm.nih.gov
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conducted via siRNA-executed RNAi. Primers was 
designed using siDirect (v2.0) online tool and synthe-
sized by Sangon BioTech (Shanghai, China). Over 500 
healthy bay scallops were randomly collected from arti-
ficial scallop-rearing substrates in Huangdao, Qingdao 
(35°52′58" N, 120°9′30" E, Shandong Province, China), 
and acclimated for one week in filtered and aerated sea-
water (22.15 ± 0.24 °C of temperature, 8.12 ± 0.18 of pH, 
30.10 ± 0.25 ppt of salinity) for one-week acclimation 
with half of the seawater replaced daily.

Two key cardiac indices, RHR and the thermal tol-
erance indicator ABT, were measured 24  h after 
AiPLRP2-like siRNA injection. Sixty scallops, with 
no significant difference in growth traits, were evenly 
divided into three groups, the none-injection group 
(NIG), PBS (Phosphate buffer saline, 3 x)-injection 
group (PIG), and siRNA-injection group (SIG) to assess 
RNAi effects on RHR at 22.0 ℃. Each scallop in the SIG 
was conducted with 20  μl (20  μM) AiPLRP2-like spe-
cific siRNA injection into the adductor muscle, while 
the PIG was injected with an equivalent volume of PBS 
(3 x), and the NIG served as the control. Four samples 
from each group were randomly selected to detect their 
heart rate variation 24  h post-injection. Additionally, 
another four scallops per group were selected to deter-
mine ABT, assessing the impact of AiPLRP2-like siRNA 
on thermotolerance. Following heart rate recording 
of each scallop, RNA isolation, cDNA synthesis, and 
AiPLRP2-like expression were performed. The full-
length coding sequence of AiPLRP2-like is available in 
GenBank (PQ565843), and primers for siRNA synthesis 
and qRT–PCR are provided in Table 1.

AiPLRP2‑like knockdown effects on triglyceride content
We quantified triglyceride level using a commercial 
kit (A110-1, Jiancheng, Nanjing, China). Four per scal-
lop hearts from the NIG and SIG at resting and thermal 
stages were collected and processed following the manu-
facture’s instruction. The principle primarily relies on the 
oxidation of triglyceride degradation products by oxidase 
enzymes, resulting in the formation of red quinonoid 
compounds. The intensity of the color is proportional to 
the TG content.

AiPLRP2‑like overexpression effects on triglyceride content
The cDNA extraction of bay scallop was conducted fol-
lowing the procedure in our previous work [82] and the 
open reading frames (ORFs) of AiPLRP2-like was iden-
tified by comparing to the bay scallop genome (unpub-
lished data). The sense and antisense primers (Table  1) 
for PCR were marked respectively with XhoI and KpnI 
restriction sites to obtain fragments used for vector 
reconstruction supported by ClonExpress II One Step 
Cloning Kit (C112, Vazyme, Nanjing, China). The con-
structed pEGFP-C1-AiPLRP2-like plasmid was trans-
formed into DH5α cells (Biotechnology Technologies, 
China) to select recombinants containing the correct 
fragments, which were further confirmed by sequenc-
ing verification (Sangon Biotech Co., Ltd.). H9C2 cells 
(Procell, Wuhan, China) were cultured in a 6-well plate 
under conditions of 37  °C and 5% CO₂, using 1  mL of 
DMEM medium (11,995, Solarbio, China) supplemented 
with 10% FPS (SV30208, Hyclone, Australia). When the 
cell density reached approximately 70%, the medium was 
then replaced with serum-free medium for starvation 
treatment. The cells were then transfected with either 
pEGFP-C1-AiPLRP2-like plasmid (2 ng per well, n = 3) or 
the pEGFP-C1 plasmid (2 ng per well, n = 3) using Lopo-
fectamine 3000 (Thermo Fisher Scientific). After 6 h, the 
medium was replaced with complete culture medium 
and the cells were cultured for an additional 24 h. To ver-
ify the success of transfection, fluorescence microscopy 
was used to observe the green fluorescent protein tag. 
To assess the alteration of triglyceride content in cells, 
H9C2 cells were initially rinsed three time with 1 × PBS 
(pH 7.5), and then we quantified triglyceride level using a 
commercial kit (A110-1, Jiancheng, Nanjing, China).

Statistical analysis
To analyze physiological indices (e.g., Heart rate, ATP 
content, NE activity) changes and mitochondrial quality 
and quantity evaluation in bay scallop, significant dif-
ference in the above-mentioned indicators among con-
trol (NG),  HRmax group (MG), and  HRdrop group (DG) 
were determined using two-side t-test embed in Ggpubr 

Table 1 Sequences of primers used in this study

The bold characters in primers R7 indicate T7 promoter sequence

Primer Nucleotide sequence Note

EF1a F: 5’- ACT GGA ACC TCC CAA GCC GAT-3’ Reference gene

R: 5’- TTT ACA CCA AGC GTG TAG GCGAG-
3’

PLRP2-like F: 5’- GTG CTT ATG AGG TCT GGG TTC-3’ RT-qPCR

R: 5’- GAC AGA CTG CTG GTA CAT CTTAC-3’

siRNA F: 5’- CUG UUU ACA GAG UCA UUA CTT-3’ Interference

R: 5’- GUA AUG ACU CUG UAA ACA GTT-3’

Probe F: 5’- CCA TCT GAC GCT TTG TTT G-3’ In situ hybridization

R7: 5’- TAC GAC TCA CTA TAGGG GAGTG 
ACC GGA AGT AGT TAAG-3’

PLRP2-like F: 5’- AGT CCG GAC TCA GAT CTC GAGGC 
AAG TAG ACG GAT CCCGG-3’
R7: 5’- GGA TCC CGG GCC CGC GGT ACCC 
TGA CAG TAG GGA GAG TGA CCG-3’

Overexpression
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(v0.4.0) R package [84]. For qRT–PCR analysis, the rela-
tive expression levels of genes were calculated according 
to the comparative  2−ΔΔCt method.

Abbreviations
ABT  Arrhenius break temperature
AChE  Acetylcholinesterase
Ach  Acetylcholine
ACs  Astrocytes
AMs  Atrial myocytes
ATP  Adenosine triphosphate
BCA  Bicinchoninic acid
BMP  Bone morphogenetic protein
CCCP  Carbonyl cyanide m-chlorophenyl hydrazone
CMs  Cardiomyocytes
CPCs  Cardiac progenitor cells
DAB  3,3’-Diaminobenzidine
DEGs  Differentially expressed genes
DG  The heart rate drop group
DIG-labeled ISH  Digoxigenin-labeled in situ hybridization
ECs  Endothelial cells
FA  Fatty acid
FCs  Fibroblast cells
GABA  Gamma-aminobutyric acid
GEM  Gel Beads-in-emulsion
HR  Heart rate
ICs  Immune cells
ILCs  Immune-like cells
JC-1  Mitochondrial membrane potential dye
KEGG  Kyoto encyclopedia of genes and genomes
LDH  Lactate dehydrogenase
MG  The maximum heart rate group
MPs  Macrophages
MTG  Mito-tracker green
NG  The normal heart rate group
NIG  Non-injection group
NE  Norepinephrine
ORFs  Open reading frames
PCA  Principal component analysis
PDH  Pyruvate dehydrogenase
PIG  PBS (phosphate-buffered saline, 3 ×) injection group
PLRP2-like  Pancreatic lipase-related protein 2-like
PK  Phosphoenolpyruvate kinase
RHR  Resting heart rate
RNAi  RNA interference
ROS  Reactive oxygen species
scRNA-seq  Single-cell RNA sequencing
SEM  Scanning electron microscopy
SIG  SiRNA injection group
TG  Triglyceride
TEM  Transmission electron microscopy
UMAP  Uniform manifold approximation and projection
UMI  Unique molecular identifiers
VMs  Ventricular myocytes
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