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Abstract

Cold stress poses a critical threat to fish survival by triggering metabolic dysfunction,
oxidative damage, immune suppression, and apoptosis. However, hybrid polyploid fish
triploid crucian carp (3nRCR, 3n = 150) demonstrate superior stress tolerance. In this study,
we investigated the cold adaptation mechanisms in different ploidy cyprinid fishes: triploid
crucian carp compared to its diploid improved red crucian carp (Carassius auratus red var.,
RCC, 2n = 100, ♀) and improved allotetraploid (4nAT, 4n = 200, ♂) progenitors. Under
controlled cooling, 3nRCR lost equilibrium at a significantly lower temperature (3.2 ◦C)
than RCC (4.0 ◦C) and 4nAT (4.5 ◦C), confirming its superior enhanced cold resistance.
Histological examination revealed minimal tissue damage in 3nRCR, characterized by
reduced gill inflammation and cellular apoptosis. Transcriptomics revealed triploid-specific
molecular strategies: 3nRCR uniquely activated retinol metabolism and metabolic rewiring
(arginine/proline metabolism, oxidative phosphorylation). Notably, in the immune-related
NLR signaling pathway, both nlrp1 and nlrp3 (key inflammasome components) were sig-
nificantly downregulated in 3nRCR (p < 0.01). In contrast, genes involved in endoplasmic
reticulum (ER) stress response, including chop and nrf2, were markedly upregulated, in-
dicating a reinforced cellular stress resolution mechanism absent in both RCC and 4nAT.
Our results demonstrate that triploid cold adaptation is orchestrated through a balanced
interaction among mitochondrial apoptosis, ER stress, and inflammasome pathways. These
findings provide novel insights into hybrid polyploid adaptation mechanisms and targets
for cold-resilient aquaculture breeding.

Keywords: cold stress; hybrid polyploid fish; histology; transcriptomics; mitochondrial
apoptosis; ER (endoplasmic reticulum) stress

Key Contribution: This study pioneers in demonstrating that triploid crucian carp (3nRCR)
achieves superior cold tolerance (equilibrium loss at 3.2 ◦C vs. 4.0–4.5 ◦C in progeni-
tors) through a unique molecular strategy combining suppressed NLRP inflammasome
activation (e.g., nlrp1/nlrp3 downregulation), amplified ER stress adaptation (e.g., chop7.2-
fold upregulation), mitochondrial apoptosis and metabolic rewiring—revealing a novel
mechanism that provides new insights into the molecular mechanisms of heterosis.
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1. Introduction
Hybrid polyploid adaptation in cyprinid fish represents a critical evolutionary strategy

for enhancing environmental stress tolerance, particularly cold resistance—a key determi-
nant of survival in aquatic poikilotherms [1,2]. As ectotherms, fish are highly susceptible to
thermal fluctuations due to their direct physiological coupling with ambient water tempera-
tures [3,4]. Temperature critically influences fish growth, reproduction and survival [5], and
when it falls below species-specific thresholds, cellular homeostasis is disrupted, leading to
metabolic imbalances, immune suppression, and increased mortality [6–8]. Consequently,
elucidating the molecular mechanisms underlying cold adaptation in fish has become a
major research priority [9].

Thermal stress is further exacerbated during transportation and seasonal harvesting,
which amplifies survival risks [10,11]. The ecological and economic significance of cold
adaptation are underscored by increasing climate extremes [12]. For example, China’s 2022
Orange Cold Wave Warning recorded temperature dropped, exceeding 18 ◦C within a
single event, while the 2008 snow disaster caused water temperature declines of 10–20 ◦C,
devastating southern fisheries [13,14]. These events highlight the urgent need to enhance
cold tolerance in aquaculture species [15].

Since the 1980s, the Laboratory of Developmental Biology of Freshwater Fish has
conducted hybridization using diploid red crucian carp (2n = 100, ♀) and common carp
(2n = 100, ♂) as parental species. Through three generations of hybrid selection, a fertile
allotetraploid hybrid (4n = 200) was successfully obtained in the F3 generation. By con-
tinued self-fertilization and propagation, a genetically stable allotetraploid carp-crucian
hybrid population (F3–F28) has been established [16,17]. Utilizing distant hybridization and
gynogenesis techniques, improved red crucian carp (RCC) and improved allotetraploid
hybrids (4nAT) were developed. By crossing female improved red crucian carp (RCC,
2n = 100, ♀) with male improved allotetraploid hybrids (4nAT, 4n = 200, ♂), a novel im-
proved allotriploid fish—Xiangyun crucian carp 2 (3nRCR, 3n = 150)—was generated.
3nRCR exhibits sterility, making it a safe biological vehicle for transgenic fish produc-
tion [18,19]. Long-term cultivation studies reveal that 3nRCR exhibits superior adaptability
to multiple stressors—including pathogens [20,21], cadmium exposure [22,23], and amino
acid deprivation [23]—compared to its diploid (RCC) and tetraploid (4nAT) progenitors.
However, the molecular basis of cold tolerance in triploid cyprinids remains unexplored
despite their ecological significance [18,24,25].

Given the hepatopancreas’s critical role as a central metabolic and immune regulator
in teleosts, and its high sensitivity to environmental stressors like thermal extremes [23],
we performed transcriptomic analysis on this organ to elucidate hybrid ploidy-specific
molecular adaptations to cold challenge.

2. Materials and Methods
2.1. Experimental Design

The experimental fish were obtained from the Polyploid Fish Reproduction and Breed-
ing Engineering Research Center at Hunan Normal University. Three groups were used:
3-month-old 3nRCR (mean body weight = 4.81 ± 0.52 g, body length = 7.12 ± 0.49 cm),
their parental diploid RCC (body weight = 3.52 ±0.68 g, body length = 6.2 ± 0.52 cm), and
4nAT (body weight = 3.38 ± 0.57 g, body length = 6.18 ± 0.59 cm). Forty fish were randomly
selected from each group. All specimens were maintained under standardized aquaculture
conditions at 25 ◦C and pH 7.0–7.5. They were fed a commercial diet at 2.5% of body weight
daily, administered twice daily at 09:00 and 16:00. After a one-week acclimatization period,
experiments were conducted under controlled laboratory conditions with the following
water parameters: temperature 26 ◦C, pH 6.4–7.0, and dissolved oxygen 6.0–8.0 mg/L.
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Preliminary low-temperature stress experiment: twenty fish from each group, 3nRCR
and its parental lines, were tagged. The water temperature was gradually decreased from
room temperature (26 ◦C) at a rate of 1 ◦C/h. This cooling protocol was chosen based
on previous studies that demonstrated the significant impact of temperature changes
on fish physiology [25–28]. Temperature regulation was achieved using a chiller (AOL-
INGHENGYE YSZY-02, Shenzhen, China) with the cooling rate (1 ± 0.2 ◦C/h) monitored
using a precision mercury thermometer (Sanasi Scientific Instrument co., Ltd, JianHu,
China). The temperature at which each fish lost equilibrium and rolled over was recorded.
Twenty tagged individuals from each group (3nRCR and its two parental species) were
subjected to cold stress.

Acute low-temperature stress experiment: The water temperature was gradually
reduced from 26 ◦C to 8 ◦C at a rate of 1 ◦C/h, held at 8 ◦C for 36 h, and then further
decreased at the same rate until the fish lost equilibrium and turned over. Observations
were recorded every 20 min. Upon reaching 8 ◦C, fish from each group were randomly
sampled. Fish were anesthetized with an appropriate concentration of MS-222 (Sigma-
Aldrich, St. Louis, MO, USA), and approximately 0.2 mL of whole blood was collected
from the caudal vein using a sterile syringe (Hunan kanglilai medical instrument co., Ltd,
Suzhou, China) pre-moistened with acid-citrate-dextrose anticoagulant (Sangon biotech,
ShangHai, China). Blood samples were centrifuged at 3000× g to isolate plasma for
subsequent enzyme activity assays. Liver and gill tissues were rapidly dissected using
sterilized tools (Suzhou beiruowei medical instrument co., Ltd, SuZhou, China). Portions
of these tissues were immediately frozen for enzyme assays, while the remaining samples
were washed in DEPC-treated water, flash-frozen in liquid nitrogen, and stored at –80 ◦C
for transcriptome analysis. Additionally, pieces of liver, gill, and intestine tissues were fixed
in 4% paraformaldehyde for histological examination. Three biological replicates were
included for each group at each temperature point for transcriptome and qPCR analyses.

2.2. Histopathology Assay

Liver and gill tissues were fixed in 4% paraformaldehyde overnight, followed by
paraffin embedding for tissue sectioning. Serial sections (3–4 µm thick) were prepared
using a rotary microtome(Shanghai Leica Instrument Co., Ltd, Shanghai, China). Tissue
sections were stained with hematoxylin and eosin (H&E) following standard protocols [29].
Complete sections of different tissues were examined under a light microscope (Motic
(Xiamen) electric group co., Ltd., Xiamen, China) at magnifications of 4×, 10×, 20×, and
40× to observe the tissue structures and were photographed for records.

2.3. Hepatopancreas Transcriptome Sequencing and Analysis

Total RNA was extracted from hepatopancreas tissues (n = 3 per group) using TRIzol
reagent (Thermo Fisher Scientific Inc, Waltham, MA, USA). RNA samples with an RNA
Integrity Number (RIN) ≥8.0, as assessed by an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA), were used for library preparation. The cDNA libraries were
sequenced on an Illumina HiSeq 4000 platform (150 bp paired-end reads) by Biomarker
Technologies (Beijing, China).

Bioinformatic analyses were conducted on the BMKCloud platform (www.biocloud.
net)(access on 25 August 2025). After filtering raw reads to obtain clean data, reads
were aligned to the Carassius auratus reference genome (v.Ca1). Gene expression was
quantified as FPKM. Differentially expressed genes (DEGs) were identified with thresh-
olds of |log2(FoldChange)| ≥ 1 and a false discovery rate (FDR) <0.05. Functional an-
notation of DEGs was performed against Nr, Swiss-Prot, KEGG, and COG databases

www.biocloud.net
www.biocloud.net
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(E-value < 1 × 10−5). Gene Ontology (GO) and KEGG pathway enrichment analyses were
performed, with a corrected p-value < 0.05 considered significant.

2.4. Quantitative Real-Time PCR (qRT-PCR) Validation

Eight DEGs and five genes in Ko04141 were selected for qRT-PCR validation. Gene-
specific primers were designed using Primer Premier 5.0 software (Tables S1 and S2).
QRT-PCR assays were performed in triplicate with SYBR Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific Inc, Waltham, MA, USA) on an ABI 7500 Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scientific Inc, Waltham, MA, USA). The
relative expression levels of target genes were calculated using the 2−∆∆Ct method with
β-actin as the endogenous reference gene.

2.5. Statistical Analysis

All data are presented as means ± standard deviation (SD). Differences between groups
were assessed using Student’s t-test or one-way analysis of variance (ANOVA), followed by
Duncan’s multiple range test for post-hoc comparisons. A threshold of p < 0.05 was applied
to determine statistical significance. Analyses were conducted using SPSS 27 (IBM, Armonk,
NY, USA) [21].

3. Results
3.1. Triploid 3nRCR Exhibits Superior Behavioral Cold Tolerance During Gradual Cooling

In our preliminary experiment, the 4nAT strain first exhibited loss of equilibrium, charac-
terized by lateral rolling behavior, at 6.6 ± 0.2 ◦C. RCC displayed similar stress responses at
6.0 ± 0.2 ◦C, while 3nRCR demonstrated superior cold resistance, maintaining equilibrium
until 5.1 ± 0.3 ◦C. During the formal experiment, under controlled cooling conditions (1 ◦C/h
from 26 ◦C, Figure 1), 3nRCR maintained equilibrium until 3.2 ± 0.3 ◦C, significantly lower
than 4.0 ± 0.3 ◦C in RCC and 4.5 ± 0.2 ◦C in 4nAT. This superior cold tolerance aligned with
reduced tissue damage, as evidenced by minimal gill inflammation and hepatocytes apoptosis
in 3nRCR (Figures 2H and 3D), contrasting with severe pathology in 4nAT (Figures 2L and 3F)
and RCC (Figures 2D and 3B). This leads to various pathological changes in different tissues,
including crystal formation, necrosis, and shock. These results demonstrated that 3nRCR
possesses significantly greater innate cold resistance than its parental strains. In addition,
acclimation at 8 ◦C improved cold tolerance in all groups. The hierarchical order of cold
resistance (3nRCR > RCC > 4nAT) remained consistent both before and after acclimation.

Figure 1. Flowchart of the cold stress in 3nRCR and its parents that have been cold domesticated at
8 ◦C and cooled down sharply to the loss of equilibrium (LOE). (red and blue indicate chromosomes
originating from different parents).
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Figure 2. Hematoxylin-eosin staining of gill tissue from 3nRCR and its parents under normal and
cold stress conditions. (A,C): RCC gill tissue at 26 ◦C, 8 ◦C; (E,G): 3nRCR gill tissue at 26 ◦C, 8 ◦C;
(I,K): 4nAT gill tissue at 26 ◦C, 8 ◦C; bars = 90 µm. (B,D): local enlargements of (A,C); (F,H): local
enlargements of (E,G); (J–L): local enlargements of (I–K); bars = 40 µm. SGL: Secondary gill lamellae;
BC: Blood cell; MNC: Mononuclear Cell; RBC: Red blood cell; EC: Epithelial cell; C: Chondrocyte.

 

Figure 3. Hematoxylin-eosin staining of liver tissue from 3nRCR and its parents under normal and
cold stress conditions. (A,B): RCC liver tissue at 26 ◦C, 8 ◦C; (C,D): 3nRCR liver tissue at 26 ◦C, 8 ◦C;
(E,F): 4nAT liver tissue at 26 ◦C, 8 ◦C; bars = 40 µm.
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3.2. Gill and Liver Histopathology Reveals Ploidy-Dependent Tissue Damage and Inflammation

Microscopic analysis revealed distinct ploidy-specific patterns of tissue damage in gill
and liver exposed to 8 ◦C cold stress. Under normal temperature, the secondary lamellae
of gills remained intact in both 3nRCR and RCC (Figure 2A,E). In 4nAT, most lamellae
were also intact (Figure 2J), though minor leukocyte infiltration was observed (Figure 2I),
suggesting that 4nAT may be more susceptible to environmental fluctuations under normal
conditions. In the 8 ◦C low-temperature group, significant hemorrhage—particularly MNC
(mononuclear cell) infiltration—and fragmentation of the secondary lamellae were evident
in both parental RCC and 4nAT (Figure 2D,L), indicating that cold stress induced marked
inflammatory responses and compromised the structural integrity of the gill barrier. In
contrast, the secondary lamellae of triploid 3nRCR remained largely intact under cold stress
(Figure 2H). However, an expansion of the interlamellar cell mass (ILCM) was observed,
accompanied by widening of the lamellae and an increased accumulation of hemocytes
within them. Apoptotic cell aggregation may also be present. These morphological adapta-
tions suggest that the gill tissue of 3nRCR sustained less severe damage compared to the
parental lines under low-temperature stress.

In the normal group, the nuclei of hepatic cells were evenly distributed and centrally
located within the cells (Figure 3A,C,E) At 8 ◦C, the nuclei in the RCC group became
relatively condensed, indicating partial nuclear dissolution (Figure 3B). In 3nRCR, cell
contours remained distinct, nuclei were evenly distributed, and no dissolution was ob-
served (Figure 3D). The hepatocytes of 4nAT displayed swelling, partial nuclear dissolution,
and increased eosinophilia (suggesting denser cytoplasm) (Figure 3F). The occurrence of
apoptosis in the gill and liver of 3nRCR is also likely, a possibility that requires further
validation through specific apoptosis assays such as TUNEL staining.

The histological findings corroborate the behavioral data: 3nRCR shows the least
structural damage and inflammation in both gill and liver tissues under cold stress
(Figures 2H and 3D), while 4nAT exhibits the most severe pathology (Figures 2L and 3F),
RCC displayed an intermediate level of damage (Figures 2D and 3B). The reduced
histopathological damage in 3nRCR (Figures 2H and 3D) aligned with its unique transcrip-
tomic reprogramming described below.

3.3. Transcriptomic Profiling Identifies Triploid-Specific Stress Adaptation Networks
in Hepatopancreas
3.3.1. Global Transcriptional Changes and Quality Control

Hepatopancreas transcriptomes yielded 118.91 Gb clean data from 18 samples (3nRCR,
RCC, 4nAT at 26 ◦C and 8 ◦C; n = 3 per group per temperature). Analysis revealed 5123 new
genes, with 2330 functionally annotated (Table S3).

3.3.2. Alternative Splicing Dynamics Highlight Transcriptional Stability in Triploids

Cold stress induced distinct patterns of alternative splicing (AS) events across ploidy
types (Figure S1). In RCC (diploid) at 26 ◦C, 48,978 alternative splicing events were detected;
this increased to 51,785 at 8 ◦C. In 4nAT (tetraploid), the number increased from 32,733 at
26 ◦C to 45,529 at 8 ◦C. However, in 3nRCR (triploid), the number decreased from 43,865 at
26 ◦C to 40,646 at 8 ◦C. This indicates that cold stress significantly increased AS complexity
(splicing burden) in diploid and tetraploid fish but paradoxically reduced it in the triploid
3nRCR, suggesting enhanced transcriptional stability under stress.

3.3.3. Functional Enrichment Reveals Ploidy-Specific Pathways

Comparative analysis of gene expression between 8 ◦C (cold stress) and 26 ◦C (control)
revealed significant ploidy-dependent differences in the number of differentially expressed
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genes (DEGs, |log2FC| ≥ 1, FDR < 0.05). 3nRCR exhibited the most extensive transcrip-
tional reprogramming, with 3755 DEGs (1665 upregulated and 2090 downregulated under
cold stress). RCC showed 1776 DEGs (1132 upregulated, 644 downregulated). 4nAT dis-
played the least response, with only 828 DEGs (452 upregulated and 376 downregulated).

Venn analysis identified delineated 2974 unique DEGs specific to 3nRCR under cold
stress (Figure 4A), representing 79.2% of its total DEGs. Gene Ontology (GO) analysis
(Figure 4B) indicated these unique triploid transcripts were significantly enriched in core
functional categories related to cellular processes, stress response and immune regulation.
KEGG pathway classification (Figure 4C) further identified the immune related pathway-
Herpes simplex virus 1 infection as the most significantly enriched pathway among 3nRCR,
containing 57 DEGs. Among these, 39 genes were downregulated and 18 genes were
upregulated at 8 ◦C.

 

Figure 4. Venn diagram (A) of DEGs in 3nRCR and its parents, GO analysis (B) and KEGG enrichment
analysis (C) of unique DEGs in 3nRCR. The red square in (A) identifies 2974 unique DEGs in the
3nRCR under cold stress.
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3.4. Validation of Gene Expression by qRT-PCR

To validate the transcriptomic profiling results, we quantified the expression of eight
key genes (tlr3, tlr5, bcl2l1, bax, nfkbia, nlrp3, cytc, nrf2) in RCC, 3nRCR, and 4nAT under
cold stress (8 ◦C vs. 26 ◦C) using qRT-PCR. Comparing the 26 ◦C group with the 8 ◦C group,
qRT-PCR validation of eight target genes demonstrated high concordance with RNA-seq
data (Figure 5), confirming the reliability of transcriptome profiling under cold stress (8 ◦C
vs. 26 ◦C). Specifically, tlr3 expression was exclusively downregulated in RCC and 3nRCR
(p < 0.01) but exhibited no statistically significant differences in 4nAT. Both tlr5, bax and
bcl2l1 exhibited significant upregulation in 3nRCR (p < 0.05), but exhibited no statistically
significant differences in RCC and 4nAT. The NF-κB inhibitor nfkbia was upregulated in
3nRCR (p < 0.01), whereas the inflammasome gene nlrp3 was markedly downregulated
(p < 0.001). Mitochondrial apoptosis marker cytc showed upregulation across all strains
(RCC, 3nRCR, 4nAT; p < 0.05), and antioxidant regulator nrf2 was elevated in 3nRCR
(p < 0.05). In addition to nlrp3 downregulation, nlrp1—a key inflammasome sensor for viral
pathogens—showed significantly reduced expression (p < 0.001) in 3nRCR, whereas its ex-
pression levels in RCC and 4nAT exhibited no statistically significant differences according
to transcriptome data (Figure 5). This coordinated suppression of NLR inflammasomes
suggests a triploid-specific strategy to attenuate pyroptosis and redirect energy toward
stress adaptation. These results underscore triploid 3nRCR’s unique molecular adaptation
via suppressed inflammation (nlrp1↓, nlrp3↓) and enhanced stress resilience (bcl2l1↑, nrf2↑).

Figure 5. Transcriptome (the figure (A) shows the FPKM values of the transcriptome) and qPCR
expression plots of DEGs under cold stress in 3nRCR and their parents (B). * denotes p < 0.05,
** denotes p < 0.01, *** denotes p < 0.001.

3.5. Differential Gene Expression and Functional Annotation-ER Stress-Immune Crosstalk
Differentiates Survival Strategies

Comparative transcriptomic analysis of triploid 3nRCR and its diploid (RCC) and
tetraploid (4nAT) parents under cold stress (8 ◦C vs. 26 ◦C) revealed heterosis-dependent
transcriptional reprogramming. Gene Ontology (GO) analysis indicated that 3nRCR exhib-
ited predominant downregulation of genes in key functional categories (cellular processes,
response to stimulus, immune system processes, molecular function regulation, and trans-
porter activity), suggesting adaptive modulation of immune signaling, transcription, and
stress response pathways. In contrast, RCC and 4nAT showed upregulation dominance
in these categories, highlighting divergent survival strategies (Figure S2). KEGG pathway
enrichment further demonstrated distinct molecular adaptations: 3nRCR was uniquely
enriched in Herpes simplex virus 1 infection, alongside exclusive metabolic pathways in-
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cluding arginine/proline metabolism, histidine metabolism, fatty acid metabolism, retinol
metabolism, and oxidative phosphorylation—all absent in parental top-enriched path-
ways. 3nRCR’s co-enrichment of viral defense and metabolic reprogramming points to a
coordinated immune-metabolic adaptation (Figures S3 and 6).

Figure 6. KEGG enrichment of DEGs under cold stress in 3nRCR and their parents.
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Transcriptional profiling revealed significant enrichment of apoptosis and immune-
related signaling pathways in triploid 3nRCR under cold stress. Specifically, mitochon-
drial apoptosis pathway genes exhibited ploidy-dependent regulation: bax (pro-apoptotic)
was significantly upregulated in 3nRCR (p < 0.05), whereas chop (endoplasmic reticulum
stress-induced apoptosis mediator) was exclusively upregulated in 3nRCR (p < 0.0001).
Concurrently, nfkbia (encoding IκBα, an inhibitor of NF-κB inflammatory signaling) was
markedly elevated in 3nRCR (p < 0.01) but suppressed in 4nAT (p < 0.05), while it exhibited
no statistically significant differences in RCC, indicating triploid-specific suppression of
inflammatory responses and potential redirection of energy toward stress adaptation.

The immune-related NOD-like receptor (NLR) signaling pathway displayed ploidy-
specific divergence (Figure 7). Triploid 3nRCR exhibited substantially more differentially
expressed genes (DEGs) in this pathway compared to diploid RCC and tetraploid 4nAT. No-
tably, both nlrp1 and nlrp3—core inflammasome sensors that indicate caspase-1-dependent
pyroptosis and il-1β maturation—were significantly downregulated in 3nRCR (p < 0.001),
whereas no significant changes occurred in parental strains. This coordinated suppression
of inflammasome components (nlrp1/nlrp3) and concomitant upregulation of nfkbia (an
inhibitor of NF-κB signaling) suggests a triploid-specific strategy to attenuate inflammation-
driven tissue damage under cold stress. Mechanistically, nlrp1 deficiency may reduce
pyroptotic cell death by limiting caspase-1 activation, while nlrp3 downregulation curbs IL-
1β-driven inflammation. Concurrently, the promotion of mitochondrial apoptosis provides
a controlled alternative for cell removal, thereby maintaining tissue homeostasis without
exacerbating inflammatory cascades.

Figure 7. Differentially expressed genes in the NLR signaling pathway under acute low-temperature
stress in 3nRCR and its parental species.
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Transcriptional profiling of the immune-related Toll-like receptor (TLR) signaling
pathway under acute low-temperature stress revealed ploidy-specific differential regu-
lation in triploid 3nRCR and its diploid (RCC) and tetraploid (4nAT) parents. Triploid
3nRCR exhibited the most pronounced response, with 11 differentially expressed genes
(DEGs). Notably, membrane-bound tlr5 (recognizing bacterial flagellin) was significantly
upregulated in 3nRCR (p < 0.05), while intracellular tlr3 (sensing viral dsRNA) was exclu-
sively downregulated (p < 0.01). This divergence suggests a triploid-specific strategy to
enhance extracellular pathogen surveillance while suppressing intracellular viral defense
mechanisms under cold stress.

Transcriptomic analysis revealed significant activation of the endoplasmic reticu-
lum (ER) stress pathway (KEGG Ko04141) in 3nRCR, characterized by coordinated up-
regulation of key mediators in the PERK-eIF2α-ATF4 signaling axis (p < 0.05). Critical
components—perk (eukaryotic translation initiation factor 2-alpha kinase 3), eif2s1 (encod-
ing eIF2α), ppp1r15a (encoding GADD34), and the pro-apoptotic transcription factor chop
(ddit3)—were significantly elevated (p < 0.05), indicating robust induction of the integrated
stress response (ISR). Quantitative real-time PCR (qRT-PCR) validated these findings, con-
firming significant overexpression of five core ER stress genes (perk, eif2α, gadd34, chop,
nrf2) in 3nRCR (Figure 8B). Notably, 3nRCR exhibited amplified stress resolution capacity
compared to diploid controls (RCC): Nrf2 induction reached 2.5-fold (vs. 2.0-fold in RCC),
enhancing antioxidant defenses, while chop expression surged 7.2-fold (vs. 3.7-fold in RCC),
reflecting heightened ER stress sensitivity alongside potential GADD34-mediated feedback
regulation. In contrast, 4nAT showed downregulation of perk and eif2α based on RNA-seq
data, suggesting impaired PERK-dependent translational control that may contribute to
dysregulated stress adaptation in tetraploid systems. The concomitant upregulation of nrf2
(p < 0.05) further underscores ISR activation to mitigate proteotoxic damage in 3nRCR—a
triploid-specific adaptation via ER proteostasis remodeling, distinct from parental strains
(RCC/4nAT) where ER stress genes were unaltered or suppressed.

 

Figure 8. Differentially expressed genes in the Ko04141 signaling pathway under acute low-
temperature stress in 3nRCR and its parental species. (A): KEGG map of the signaling pathway of
DEGs with the genes of interest for our study in Ko04141 under cold stress of in 3nRCR (3n) and
its parental species RCC(2n)/4nAT(4n) (Up-regulated expressed genes in red and down-regulated
expressed genes in blue). (B): The qPCR expression plots of the interested genes in Ko04141 under
cold stress in 3nRCR. * denotes p < 0.05, *** denotes p < 0.001, **** denotes p < 0.0001.
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4. Discussion
Studies have shown that there are significant differences in cold tolerance among

various fish species [28,30]. In studies on acute low-temperature stress, different cooling
rates have been employed, such as 0.3 ◦C/min and 1 ◦C/h. Although the critical thermal
minimum (CTMin) determined at a cooling rate of 0.3 ◦C/min is widely used, this method
may overestimate the thermal limits of larger fish due to the thermal inertia associated with
body size and surface area, potentially leading to results that deviate from actual condi-
tions [31–33]. In this study, a relatively moderate acute low-temperature stress treatment
method (1 ◦C/h) was adopted. Our integrated analysis reveals distinct cold adaptation
strategies among cyprinid fishes of varying ploidy, with triploid 3nRCR demonstrating su-
perior cold tolerance compared to its diploid (RCC) and allotetraploid (4nAT) progenitors.
While our observation that the triploid hybrid (3nRCR) exhibits enhanced cold tolerance
is consistent with the heterosis reported by Zhu et al. [34], a key distinction exists in the
level of this advantage. In the study by Zhu et al., the hybrid’s tolerance was intermediate,
surpassing the paternal parent but remaining lower than the maternal parent [34]. In con-
trast, our 3nRCR demonstrates a stronger, transgressive heterosis, with a low-temperature
tolerance that exceeds that of both parental lines.

The behavioral and histological data collectively indicate that 3nRCR maintains tissue
integrity and equilibrium at significantly lower critical temperatures (3.2 ◦C vs. 4.0–4.5 ◦C
in parents), aligning with hepatocytic vacuolar and hydropic degeneration and mononu-
clear cell infiltration between the gill filaments and lamellae [29] (Figures 2 and 3). The
phenomenon of temperature-induced gill remodeling in fish was first documented in the
crucian carp (Carassius carassius) by Sollid et al. [35]. Under cold but oxygen-rich conditions,
interlamellar cell masses (ILCMs) form between the gill lamellae. This proliferation of
ILCMs is thought to reduce the functional surface area available for gas and ion exchange,
thereby compromising the fish’s respiratory and osmoregulatory capacities [36]. Similarly,
Chen et al. observed gill structural remodeling in tilapia exposed to 12 ◦C (a sublethal
temperature), characterized by increased ILCMs and morphological irregularities in the
secondary lamellae [29]. In our study, the changes observed in triploid 3nRCR under
cold stress align with these findings. In contrast, the parental lines exhibited significant
inflammatory responses, which we attribute to acute low-temperature exposure triggering
immune reactions along with associated cellular damage and death.

The phenotypic advantages are underpinned by a unique molecular architecture, as re-
vealed by transcriptomic profiling, which highlights 3nRCR’s exceptional ability to orchestrate
CHOP-mediated ER stress resolution [37], suppress NLRP3 inflammasome activation [38], and
rewire metabolic pathways to sustain homeostasis under cold duress [9]. It is noteworthy that
ploidy variation itself may influence baseline gene expression levels due to genomic dosage
effects [1]. However, the observed differential expression patterns (e.g., amplified induction of
chop and nrf2 in 3nRCR) likely reflect functional adaptations rather than mere dosage incre-
ments, as tetraploids (4nAT) did not show similar upregulation. This suggests that triploidy
may facilitate a unique transcriptional landscape that enables more effective stress signaling
coordination. Triploidy likely confers genomic buffering capacity, as evidenced by reduced al-
ternative splicing burden under cold stress (Figure S1). This transcriptional stability, combined
with ER stress-inflammasome crosstalk, mitochondrial apoptosis, enables efficient resource
allocation—prioritizing metabolic rewiring (e.g., OXPHOS—Oxidative Phosphorylation) over
costly immune responses [39], ultimately enhancing cold resilience.

4.1. Ploidy-Specific Transcriptional Remodeling and Genomic Flexibility

The triploid’s transcriptional response to cold stress diverged markedly from its
progenitors, with 3755 DEGs in 3nRCR versus 1776 in RCC and 828 in 4nAT. Notably,
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3nRCR exhibited a reduction in alternative splicing events under cold stress, reflecting that
the hybrid fish 3nRCR exhibits a faster response capability to cold stress at the molecular
level (Figure S1). Under cold stress, alternative splicing (AS) is rapidly initiated in both
zebrafish [9] and the hybrids of Argopecten scallops [33], consistent with the pattern observed
in the RCC and 4nAT. Interestingly, however, AS activity was significantly downregulated
in our triploid hybrid 3nRCR. This presents a compelling and meaningful direction for
investigating the enhanced cold tolerance mechanisms in hybrid polyploid fish. This
may suggest enhanced transcriptional stability in the triploid, possibly minimizing energy
expenditure on mRNA processing and favoring efficient translation of stress-responsive
proteins—a strategic advantage for rapid cold adaptation.

4.2. ER Stress and Apoptosis: Balancing Survival and Damage Control

The protein processing pathway in the endoplasmic reticulum (ER) was among the
top seven most significantly enriched pathways in RCC and 4nAT, and it was the most
significantly enriched pathway in 4nAT. However, it did not appear in the top 20 most
significantly enriched pathways in 3nRCR. In this pathway, we found that the chop gene
was highly expressed in 3nRCR and RCC (7.2-fold in 3nRCR vs. 3.7-fold in RCC) but
lowly expressed in 4nAT. CHOP is a transcription factor involved in regulating various
biological processes and stress responses [37]. Under cellular stress, the expression of chop
is upregulated. Chop plays a key role in the ER stress response, which is triggered by ER
dysfunction [37]. Chop regulates key molecules in the ER stress pathway, such as perk, ire1α,
and atf6, and participates in the regulation of ER stress [39]. CHOP can recruit death ligands
such as Fas, TNF-α, and Trail to activate the extrinsic apoptotic receptor, leading to the acti-
vation of caspase-8 and downstream caspase-3, thereby inducing apoptosis [39,40]. Huang
et al. discovered that under heat stress, largemouth bass (Micropterus salmoides) triggers cell
apoptosis by inducing ER stress through the CHOP pathway [41]. The upregulation of chop
in 3nRCR potentially exacerbates cellular apoptosis, which in turn drives the aggregation
of apoptotic cells within the gill lamellae and the hepatopancreas observed in histological
analyses (Figures 2H and 3D). We speculate that the differential expression of the chop gene
is closely related to the stronger cold tolerance of 3nRCR compared to its parents, as it may
mediate apoptosis through ER stress. As a key transcription factor in ER stress-induced
apoptosis [42], the upregulation of chop in 3nRCR (Figure 7) likely confers protection by
coordinating ER stress resolution, whereas the lack of upregulation in 4nAT correlates with
dysregulated PERK-eIF2α signaling. The upregulation of chop in RCC is lower than 3nRCR
indicated adaptations that were limited in RCC. CHOP may play a protective role in 3nRCR
by balancing pro-survival and pro-apoptotic signals [38]. This is further supported by
the differential expression of other ER stress markers: eif2α and nrf2 (2.5-fold vs. 2.0-fold
in RCC) were upregulated in 3nRCR, but eif2α was downregulated in 4nAT, indicating
more effective ER stress adaptation in the triploid. Yuan et al. [43] observed differences
in eIF2α protein and its phosphorylation levels between triploid Xiangyun crucian carp
and diploid red crucian carp, our present study only conducted analyses at the transcrip-
tional level; thus, the results may not be entirely consistent. Such discrepancies could
arise from post-transcriptional regulatory mechanisms, such as protein-level mediated by
the PERK pathway—e.g., translation inhibition and selective gene expression triggered
by eIF2α phosphorylation. Therefore, future investigations should integrate proteomic
and phosphoproteomic technologies to further validate and deeply explore the molecular
mechanisms of ER stress responses in hybrid polyploid fish at the protein and protein
modification levels [44]. Triploid-specific chop upregulation (Figure 8 likely orchestrates
a protective UPR (unfolded protein response) response, whereas in 4nAT, it correlates
with dysregulated PERK-eIF2α signaling—a key vulnerability in tetraploids [37]. How-
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ever, our transcriptomic data alone cannot confirm whether CHOP activation in 3nRCR
promotes survival or merely delays apoptosis. P53, a pivotal tumor suppressor gene,
primarily localizes in the nucleus and induces apoptosis through tissue-specific mecha-
nisms [45]. As a transcriptional activator of the bax gene, p53 enhances bax expression. BAX
is one of the Bcl-2 family proteins which are key regulators of mitochondrial membrane
permeability [45]. Researchers have conducted extensive studies on the changes in mi-
tochondria under low-temperature stress [46–48]. The results from the low-temperature
stress experiments revealed that elovl1a−/− and elovl1b−/− zebrafish mutants exhibited
aggravated hepatic oxidative stress, mitochondrial metabolic dysfunction, and reduced
survival rates under cold conditions [48]. Liu et al. discovered that under chronic cold
stress, the expression levels of p53, caspase-8, and caspase-9 significantly increased in the liver
of juvenile hybrid sturgeon (Acipenser baerii ♀× A. schrenkii ♂) [49], indicating that cold
stress induces apoptosis through the p53-caspase cascade. This finding is consistent with
research on low-temperature stress in tilapia (Oreochromis niloticus), pufferfish (Takifugu
obscurus), juvenile cobia (Rachycentron canadum) and orange-spotted grouper (Epinephelus
coioides) [50–53]. In our transcriptome data, p53 exhibited consistently high expression in
2nRCC, 3nRCR, and 4nAT under low-temperature, while caspase 8 showed upregulated
expression specifically in 4nAT. Activation of caspase-3 signifies entry into the irreversible
stage of apoptosis, and direct measurement of caspase-3 activity and TUNEL assays in
future work could resolve this ambiguity. Subsequent investigations will evaluate the
effects of pharmacological modulation (inhibition/activation) of the NRF2 pathway on cold
tolerance across ploidy variants, with particular focus on comparative analysis between
the triploid 3nRCR and its diploid (RCC) and allotetraploid (4nAT) progenitors.

4.3. Immune Modulation and Metabolic Reprogramming

R Allam et al. found that the absence of NLRP3 limits TLR-induced inflammasome
priming and cytokine production [54]. We speculate that the low expression of nlrp3 in the
triploid may help attenuate inflammatory responses. Consistent with regulated suppression
of NLRP3 inflammasome activation, gill histological sections showed markedly fewer inflam-
matory cells in 3nRCR than parental strains (Figure 2H vs. Figure 2D,L). NLRP3 sense cellular
damage or danger signals by forming inflammasomes and are key proteins in pyroptosis [55].
This may explain why RCC and 4nAT exhibit inflammatory responses earlier than 3nRCR,
making them more susceptible to low-temperature stress. The amplified induction of chop
(7.2-fold) and suppression of nlrp1/nlrp3 in 3nRCR may reflect a compensatory mechanism to
balance ER stress-induced apoptosis and inflammasome activation.

Analysis of the top 20 most significantly enriched pathways in 3nRCR and its parents
revealed that pathways related to arginine and proline metabolism, histidine metabolism,
fatty acid metabolism, retinol metabolism, and oxidative phosphorylation were enriched
in 3nRCR but absent in RCC and 4nAT. These metabolic pathways may significantly
contribute to its enhanced cold tolerance. Enhanced OXPHOS activity suggests improved
mitochondrial efficiency, supporting ATP production essential for thermogenesis and
cellular repair [56–58]. Retinol metabolism is particularly noteworthy. Retinoids (vitamin
A derivatives) are potent immunomodulators and antioxidants [59]. Their upregulation
in 3nRCR likely synergizes with NRF2 to bolster antioxidant defenses, mitigating cold-
induced ROS (Reactive Oxygen Species) and protecting membranes and proteins. Retinol
metabolism enrichment (Figure 6) synergizes with NRF2 to quench cold-induced ROS,
while suppressed nlrp3 (Figure 7) attenuates pyroptosis, redirecting energy toward stress
resolution. Concurrent enrichment of arginine/proline metabolism may support polyamine
synthesis (crucial for stress-responsive transcription) and nitric oxide (NO) production,
influencing vasodilation, immune function, and mitochondrial biogenesis [58].
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Notably, several immune-related genes (e.g., tlr3, tlr5, nlrp1, and nlrp3) were signifi-
cantly modulated in 3nRCR under cold stress. While tlr5 was upregulated—potentially
enhancing bacterial surveillance [60]—the downregulation of tlr3 and NLR inflammasome
components (nlrp1/nlrp3) may mitigate excessive inflammation and pyroptosis, which
are energetically costly and detrimental under cold stress [38]. This immune tuning likely
facilitates resource reallocation toward cytoprotective mechanisms such as ER stress resolu-
tion and antioxidant defense, underscoring the trade-off between immune activation and
metabolic homeostasis in low-temperature adaptation.

The extensive transcriptional rewiring observed in 3nRCR—with nearly 4000 DEGs—
suggests that triploidy may confer enhanced genomic plasticity. Rather than being a passive
consequence of genomic buffering [1], the amplified induction of nrf2 (2.5-fold vs. 2.0-fold
in RCC) implies that triploids may possess heightened basal activity or inducibility of key
regulatory factors such as NRF2. This could arise from allele-specific expression or modified
kinase signaling (e.g., PKR-like ER kinase) in triploids, enabling more robust activation of
antioxidant and proteostatic pathways [61]. Thus, triploidy may offer a distinct regulatory
milieu that optimizes stress-responsive transcription.

Furthermore, the ER stress-inflammasome crosstalk identified in triploid crucian
carp may represent a conserved adaptive strategy in hybrid polyploid organisms. Given
that hybrid polyploidy often confers enhanced stress resilience across plants [62,63], it
would be worthwhile to investigate whether similar coordination between proteostatic
maintenance and inflammatory modulation exists in other hybrid polyploid fish or aquatic
species facing thermal challenges. This could provide evolutionary insights into how
genome duplication and recombination events shape metabolic-immune networks for
environmental adaptation.

However, this work has limitations. The identified pathways and candidate genes
lack direct functional validation (e.g., via gene knockdown), and the findings remain
at the mRNA level without protein confirmation and epigenetic modification. Addi-
tionally, the acute cold stress model may not fully reflect natural gradual temperature
changes. Future studies should focus on functional genetic experiments and long-term
acclimation mechanisms.

In summary, this study suggests that the triploid crucian carp (3nRCR) may achieve
enhanced cold tolerance through a coordinated adaptive strategy involving NLRP3 in-
flammasome suppression, activation of the endoplasmic reticulum (ER) stress pathway,
mitochondrial apoptosis and metabolic reprogramming. These convergent mechanisms
are hypothesized to collectively maintain cellular homeostasis and mitigate inflammatory
damage under cold stress. Our findings provide transcriptomic evidence and qPCR vali-
dation supporting a novel mechanistic basis for hybrid polyploid heterosis and highlight
key genetic targets for future functional validation in breeding cold-resilient aquaculture
species. This work underscores the importance of genomic plasticity in environmental
adaptation and proposes a promising strategy for sustainable aquaculture development.
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