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� Warming impacted both individual
and group behavior in juvenile C.
carpio.

� Long-term warming had a more
pronounced impact on the decline of
swimming activity.

� Transcriptomics revealed that
warming affected cytoskeletal
organization, mitochondrial
regulation, and energy metabolism in
brain.

� Synaptic transmission and signal
transduction pathways were the key
signature to explain behavior changes
under warming.
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Introduction: Global warming is increasing interest in how aquatic animals can adjust their physiological
performance and cope with temperature changes. Therefore, understanding the behavioral changes and
molecular underpinnings in fish under warming is crucial for both the individual and groups survival.
This could provide experimental evidence and resource for evaluating the impact of global warming.
Objective: Three genetic families of common carp (Cyprinus carpio) were generated. These juveniles were
constructed short-term (4 days) and long-term (30 days) warming groups to investigate the effects of
warming on behavioral responses and to elucidate the potential underlying mechanisms of warming-
driven behavior.
Methods: Behavioral tests were used to explore the effects of short- and long-term exposure to warming
on the swimming behavior of C. carpio. Brain transcriptome combined with measurement of nervous sys-
tem activity was used to further investigated the comprehensive neuromolecular mechanisms under
warming.
Results: Long-term warming groups had a more significant impact on the decline of swimming behavior
in juvenile C. carpio. Furthermore, brain comparative transcriptomic analysis combined with measure-
ment of nervous system activity revealed that genes involved in cytoskeletal organization, mitochondrial
regulation, and energy metabolism are major regulators of behavior in the juvenile under warming.
Importantly, especially in the long-term warming groups, enrichment analysis of associated gene expres-
sion suggested functional alterations of synaptic transmission and signal transduction leading to
n carp
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swimming function impairment in the central nervous system, as revealed by behavioral tests.
Conclusions: Our study provides evidence of the neurogenomic mechanism underlying the decreased
swimming activity in juvenile C. carpio under warming. These findings have important implications for
understanding the impacts of climate change on aquatic ecosystems and the organisms that inhabit
them.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction encounters a wide range of temperatures in its natural habitats.
Global warming has become a pressing environmental issue,
and its impact on freshwater ecosystems is of great concern [1].
Temperature is a key driver of ecological processes in aquatic envi-
ronments, as it shapes the structure of ecosystems and the compo-
sition of biological communities [2]. Each species has an optimal
temperature range for their survival and performance, and devia-
tions from this range can have profound effects on individuals
and populations. When water temperature rises, the aquatic
organisms demonstrate signs of responses and stress, resulting in
changes in egg hatching, development, behavior, and sex differen-
tiation [3,4]. Given the vital link between temperature, develop-
ment, and species’ survival, the effects of global warming on
aquatic communities are attracting attention. In recent decades,
there has been an increase in site-specific studies, investigations
at different spatial scales, and long-term monitoring efforts to
understand the effects of warming, supported by biomonitoring
data sets [5]. However, the genetic and behavioral effects of tem-
perature changes, particularly in juvenile fish, remain relatively
understudied among ectotherms. Therefore, it is crucial for individ-
ual and groups survival to investigate the behavioral changes and
molecular underpinnings in juvenile fish under different warming
temperatures. This will provide experimental evidence for compre-
hensively evaluating the impact of global warming.

Behavior is typically considered the first line of response for an
individual experiencing environmental temperature changes [6].
Swimming behavior is the most critical functional trait in develop-
ing fish and largely determines to the success of survival, settle-
ment, and reproductive migration [7,8]. The relationship between
swimming activity and temperature follows an approximate bell-
shaped curve, where it initially increases to a maximum as the
temperature rises to an optimum value and decreases at higher
temperatures [9]. Each species has an optimal temperature range
for physiological processes, and deviations from these optimal
temperatures might dramatically affect fish health and survival.
Short-term exposure (hours or days) to suboptimal temperature
results in a stress response, while longer-term exposure (weeks
or months) may result in an acclimatization response [10,11].
The brain plays a key role in regulating the swimming behavior
in zebrafish larval in response to heat stimuli [12]. Fish swimming
behaviors are often controlled by neurotransmitters secreted from
the central nervous system [13–16]. There is a strong link between
heat modulation and swimming behavior in the brain of zebrafish
larval [12,17]. However, the behavioral and neuromolecular mech-
anisms by which acute and/or chronic exposure to high tempera-
tures affects the fish swimming behavior are largely unknown.
Investigating the potential mechanisms expands the knowledge
of behavioral plasticity, and provides alternative parameters for
evaluating environmental temperature effects.

The common carp (Cyprinus carpio L., 1758) is a globally dis-
tributed freshwater fish species found in 139 countries and islands
(Fig. 1A) [18]. Although it is considered highly invasive in some
non-native areas like North America and Australia, carp con-
tributes significantly to freshwater aquaculture production,
accounting for approximately 10% of the total output and being
economically valuable [19]. As a eurythermal species, C. carpio
2

The optimum temperature range for the normal development of
C. carpio is typically between 23 �C and 30 �C [20,21]. However,
predictive models estimate a mean water temperature rise of 2.4
9 �C-5.51 �C by 2080 [22], indicating that C. carpio will likely be
exposed more frequently to a temperature of 34 �C or higher in
the future. India carp (C. carpio L) exposure to high temperatures
(34 �C and 36 �C) significantly alters the sex ratios during the tran-
sition of sex differentiation [23]. Therefore, global warming has the
potential to impact fish reproduction and govern population
dynamics. However, the effects of warming on the swimming
behavior in juvenile C. carpio and the molecular mechanism of
behavior changes is still limited.

Recent studies have demonstrated a robust relationship
between individual brain gene expression and behavioral plastic-
ity. Changes in gene expression in response to a variety of contexts
such as foraging and maturation can alter a number of cellular and
neural pathways that lead to changes in behavior [24,25]. Tran-
scriptomics studies have emerged as valuable tools for investigat-
ing the molecular mechanisms underlying animal behavior [26–
29]. Therefore, alternations of brain genes expression from tran-
scriptome data were used to demonstrate a molecular ‘‘signature”
in the juvenile C. carpio brain that is robustly associated with
swimming behavior under warming. This study aims to investigate
the effects of warming on behavioral responses and to elucidate
the potential underlying mechanisms of warming-driven behavior.
Understanding the effects of temperature changes on swimming
behavior and molecular responses in fish is pivotal for ecological
research. These results provide valuable insights into environmen-
tal ‘‘omics” studies in juvenile fish and contribute to the develop-
ment of new strategies in fish farming for comprehensively
evaluating the impact of global warming.
Materials and methods

In this study, we focused on female C. carpio to avoid the influ-
ence of sex difference on swimming behavior (Fig. 1B), and con-
structed both short-term (St) and long-term (Lt) warming groups
to investigate the swimming behavior changes and molecular
underpinnings responses in brain of juvenile C. carpio (Fig. 1C).
Transcriptomic data at the St and Lt warming groups in three inde-
pendent genetic families of juvenile C. carpio were elucidated the
behavioral changes underlying molecular underpinnings in the
brain under warming.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of Institute of Hydrobiology, Chinese Academy of Sciences,
Hubei, PR China (Approval No. IHB/LL/2021039).

Genetic family generation and maintenance

All juveniles of C. carpiowere sourced from the Guanqiao Exper-
imental Station, Wuhan, China. To exclude the effects of sex differ-
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Fig. 1. An overview diagram of the experiment. (A) The world distribution of common carp including both introduced and native. The red star where the parents of female
and male common carp were sampled. (B) A crossing scheme to obtain XX all-female and XY all-male common carp. The XX all-female parents were generated through
artificial gynogenesis using ultraviolet inactivated M. amblycephala sperm [30]. On the other hand, the XX physiological male parents were produced through
methyltestosterone treatment. For the establishment of three genetic families (A, B, and C), three pairs of XX female parents and XX physiological male parents were selected
for artificial insemination. The XY all-male carp were generated by crossing the XX normal females with YY super-male carp which were produced by artificial androgenesis
[31]. Circles represent female carps, squares represent male carps. Grey, blue, and red represent A, B, and C genetic families from different parental origins, respectively. NC
stands for negative control groups and PC denotes positive control groups. A, B, and C represent three different families of female carp, respectively. ST stands for short-term
warming groups; LT stands for long-term warming groups. (C) From the age of fourteen days post-hatch (dph), the fish were acclimated from the initial acclimation of 28 �C to
their respective treatment temperatures (34 �C and 36 �C) by 2 �C every four days. This period is called short-term (St) warming group. The fish were maintained at two high
temperatures (34 �C and 36 �C) for 30 days, called the long-term (Lt) warming group. The dot stands for the behavioral test; the asterisk stands for sampling for RNA-seq. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ences on the swimming behavior, we selected all-female C. carpio
as the experimental group (Fig. 1B). Concurrently, all-female and
all-male C. carpio were used as the negative and positive control
groups, respectively. The XX female parents were generated
through artificial gynogenesis using ultraviolet inactivated M.
amblycephala sperm [30,31]. On the other hand, the XX male par-
ents were produced through methyltestosterone treatment. For
the establishment of three genetic families (A, B, and C), three pairs
of XX female parents and XX physiological male parents were
selected for artificial insemination. Eggs were collected immedi-
ately after spawning and incubated at 26 �C for seven days. The
common carp fry reached the free-swimming stage five days after
fertilization. At fourteen days post-hatch, 200 individuals female C.
carpio from family A, B, and C were each transferred into 200 L
tanks (100 � 100 � 20 cm) for temperature treatment, as well as
their respective negative control (NC) groups. Meanwhile, male C.
3

carpio were placed into the positive control (PC) groups (Fig. S1).
During the entire warming, the survival rates of both the experi-
ment and the control carps in the short-term and long-term warm-
ing groups were all above 93% (Fig. S2). The fish were fed fairy
shrimp three times a day during the adaptation period, and 30 %
of the total water volume was replaced daily. The tank water
was maintained at a stable pH of 7.0, a water temperature of
26 �C, and nitrate, nitrite, and ammonia levels of 0 ppm (parts
per million). Water quality parameters were assessed once a week
to ensure consistency.

Warming and experiment design

We conducted an experiment using three families of C. carpio to
investigate the impact of different temperature treatment ranging
from 28 �C to 36 �C on fish swimming activity. To maintain the
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desired temperatures with a high level of precision (±0.5 �C), we
utilized an electronic temperature controlling device (BM8036)
equipped with digital sensors (SN18B20). The fish were gradually
acclimated from the initial acclimation temperature of 28 �C to
their designated treatment temperatures. Each temperature treat-
ment group consisted of two replicate tanks, with an initial density
of 200 fish per tank. Throughout the heating process, the tanks
were checked twice daily for mortalities whose fish were immedi-
ately removed and processed. The averages of body length within
each group were in the Table S1 and Fig. S3-S4.

St warming groups– A day before the start of the trial, the fish
were exposed to 28 �C, which was the initial temperature for this
particular treatment. The temperature in treatments, namely
28 �C, 30 �C, 32 �C, 34 �C, and 36 �C was incrementally raised by
2 �C every four days (Fig. 1C).

Lt warming groups– To assess whether long-term warming
impacted on swimming activity in C. carpio, they were maintained
at the two treatment temperatures: 34 ± 0.5 �C, and 36 ± 0.5 �C, for
thirty days (Fig. 1C).

Constant temperature control– The temperature was consis-
tently maintained at 28 �C (±0.5 �C) throughout the entire duration
of the trial. The control group served as a reference for C. carpio
under optimal temperature conditions. The temperature control
was maintained ± 0.5 �C of the desired set points. There are two
types of temperature control groups: PC consisting of male juve-
niles and NC consisting of female juveniles from genetic family A,
B, and C.

Behavioral testing procedure and apparatus

The behavioral trials were conducted in a plastic tank
(8 � 13 � 7 cm), which was placed inside a water bath kettle
(34.4 � 34.4 � 20 cm) with a temperature conditioning system.
The average body length of the juveniles C. carpio in these 10
groups was measured in the St and Lt warming groups (Table S1;
Fig. S3 and S4). Six individuals with body lengths within a range
of plus or minus 0.1 cm from the average were selected from each
group for behavioral tests. Prior to the behavioral tests, the juve-
niles were acclimated in their respective water baths for at least
30 min, and then started to record behavior video for 30 min with
a Basler aca1920-155uc video camera placed 30 cm above the
water bath kettle. Subsequently, the behavior video recordings
were uploaded onto a windows 10 computer and analyzed using
the Ethovision XT 15.0 (Noldus InfoTech., Wageningen, The
Netherlands) behavioral tracking software. To assess the impact
of warming on behavioral responses, the typical individual and
group behaviors, including five parameters such as swimming
speed, mobility state, turns frequency, acceleration, and inter-
individual distance, were measured unbiased in three independent
genetic families of C. carpio. The St, Lt, NC, and PC groups simulta-
neously underwent behavioral video recording, and all were ana-
lyzed using the same parameters for unbiased behavioral data
analysis. These parameters were analyzed using commercially
available video-tracking systems, which have been previously used
to study swimming behavior in zebrafish [32].

Data analysis of behavior

We employed EthoVision XT 15.0 for automatic video-tracking,
digitizing a 10-minute segment from the 2nd to the 12th minute of
the video, and then imported this segment into the software,
recording the positions of the six fishes every 0.04 s. Subsequently,
we calculated five activity variables using EthoVision XT 15.0 soft-
ware [33]. These quantified activity variables included: (a) Velocity
(cm/sec): the swimming distance per unit time in different exper-
imental compartments. This parameter provides information on
4

locomotor activity, hyperactivity, and anxiety levels [34]. (b)
Mobility state: the mobility state was categorized into three
groups (lowly mobile, mobile, and high mobile) based on the
changes in detected subject pixels using predefined thresholds.
Low mobility represented below 20 % mobility, mobile was
between 20 % and 80 % mobility, and highly mobility indicated
above 80 % mobility [33]. (c) Turns angle: the angle formed by C.
carpio during changes in direction. (d) Acceleration: The maximum
increase in velocity over time, representing the mean acceleration
of C. carpio observed during a 10-minute movement. (e) Inter-
individual distance: The distance between subjects measured from
their center-point. To compare different temperature groups, we
employed a Friedman’s test, followed by Wilcoxon Rank Sum tests
to assess differences between regions when p < 0.05. All statistical
analyses were performed in Grahpad Prism software (version
9.0.0), with the significance level set at p < 0.05. Based on these
data, we evaluated the swimming activity of all groups during
the same time periods.

Measurement of nervous system activity

To investigate activity of the nervous system in response to
warming stimuli, samples for dopamine (DA) and serotonin (5-
hydroxytryptamine, 5-HT) were collected from C. carpio exposed
to high temperatures (34 �C and 36 �C) in two phases (St and Lt).
For sample preparation, the brain of C. carpio was extracted and
placed in a pre-weighed 1.5 mL tube. Following the addition of
500 lL of phosphate buffer (0.1 M, pH 8.0), the brains were homog-
enized using a plastic homogenizer. The homogenate was then
centrifuged at 6000g for 15 min at 4 �C. Total protein content
was quantified using a BCA protein quantification kit (Sangon Bio-
tech, Shanghai, China). The concentrations of DA and 5-HT in
supernatant were determined by using enzyme-linked
immunosorbent assay (ELISA) kits (Minneapolis, Minn. and USCN
Life Sciences, Wuhan, China) following the manufacturer’s instruc-
tions. The supernatant was incubated in microelisa strip plate at
37 �C for 60 min. After three washes with wash solution, 100 lL
of HRP-conjugated reagent was added and incubated at 37 �C for
30 min. Following five washes with the wash solution, the 90 lL
chromogen solution was added and incubated for 20 min, followed
by the addition of 50 lL of stop solution. The optical density (OD)
values of each well were measured at 450 nm absorbance using an
MD SpectraMax M5 Microplate Reader (USA) after the addition of
the stop solution.

Sample collection, library preparation and sequencing

Fish used for transcriptome analysis were euthanized using MS-
222 for 5 min. A total of sixty samples (whole brain tissues) for
RNA extracted using Trizol Reagent (Invitrogen, USA), comprising
20 groups (as shown in Table S2). Each group consisted of three
biological replicates, with one biological replicate corresponding
to one whole brain tissue. To remove genomic DNA contaminants,
the extracted RNA was treated with RNase-free DNase I (Thermo
Scientific, USA) at 30 �C for 30 min. The purity, quantity, and integ-
rity of total RNA were assessed using a NanoDropND-2000 spec-
trophotometer (Thermo, Waltham, USA), 1.2% (w/v) agarose gel
electrophoresis, and an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Richardson, USA), respectively. For the RNA-seq library
construction, RNA samples with desirable quality criteria were
selected, including an RNA Integrity Number (RIN) > 8,
28S/18S > 0.7, and A260/280 values around 2.0. Each treatment
group had three biological replicates, where each replicate con-
sisted of homogeneous brain tissue. The RNA samples were divided
into two groups: one for transcriptome sequencing and the other
for quantitative real-time PCR to validate the reliability of the tran-
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scriptome data. Poly (A) mRNAs were isolated from the total RNAs
using poly (dT) oligo-attached magnetic beads, and cDNA libraries
were prepared using the TruSeq RNA Sample Preparation Kit (Illu-
mina, USA). The resulting sixty cDNA libraries were sequenced on
the Illumina Nova-seq (BGI) sequencing platform, generating
150 bp pair-end reads.

RNA-seq data analysis for differential expression and regulation
pathway

A total of 277 million raw reads were subjected to filtering
using the fastp version 0.20.1 software [35], resulting in 359.3 Gb
of clean data. The criteria for filtering raw data are: (1) remove
reads containing adapters; (2) filter out low-quality sequences
(Q < 15); (3) Discard reads with an N (undetermined base informa-
tion) proportion>5%. The reminder was termed as clean reads. High
quality clean reads from each sample were then mapped to the
2021 version genome in C. carpio (ASM1834038v1_genomic.fna
and ASM1834038v1_genomic.gtf) using the hisat2 version 2.1.0
software [36]. Subsequently, the number of counts mapped to
the C. carpio genome per sample was calculated using fea-
tureCounts version 1.6.0 software [37]. To investigate the tran-
scriptome responses of C. carpio to warming stimuli, we analyzed
the number and biological functions and pathways of differentially
expressed genes (DEGs) in two high temperatures (34 �C and 36 �C)
and two phases (St and Lt). In the St groups, differentially
expressed genes at 34 �C and 36 �C is compared to the control
group. For Lt groups, they’re compared to their respective short-
term groups. Differential expression analysis was performed using
DESeq2 [38]. DEGs were identified in the treatment groups using
the Baggerly’s test on FPKMs. The original P-values from the Bag-
gerly’s test were adjusted using Benjamini-Hochberg correction
Fig. 2. The behavioral data analysis of the three genetic families of C. carpio in the St warm
visiting frequency for C. carpio exposure to different elevated temperatures with the mobi
on the heading of the Center-point; (D) Mean acceleration; (E) Inter-individual distance
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[39] to control the false discovery rate. A DEG was considered if
the associated false discovery rate (FDR) was<0.05, and the abso-
lute value of log2(fold change) was>1, serving as the cut-off crite-
ria. For clustering analysis, the FPKM values of DEGs were used,
and the Pheatmap package in R was employed. To gain insights
into the functions and pathways of the DEGs, we performed Gene
Ontology (GO) analysis using the ClusterProfiler package in R ver-
sion 3.6.1 [40]. The threshold for significance in these analyses was
set at P-adjusted value of < 0.05.

Quantitative real-time PCR (qPCR) validation of DEGs

Twelve genes are randomly chosen to validate the RNA-seq
results using qPCR. Reversed cDNA was synthesized from the same
total RNA used for transcriptome sequencing using the Prime-
ScriptTM RT reagent Kit with gDNA Eraser (Takara, Shanghai, China)
following the manufacturer’s protocol. The synthesized cDNA,
derived from 1000 ng of total RNA, was diluted five times and used
as a template for qPCR analysis. Specific primers of each gene were
designed using NCBI Primer-BLAST (NCBI, USA), and the primer
sequences are provided in Table S3. All qPCR reactions were con-
ducted in triplicate, and the dissociation curve analysis was per-
formed to verify the specificity of the amplification. qPCR was
carried out using a Bio-Rad CFX96 Touch Detection System
(BioRad, USA) with the 2 � SYBR qPCR Master mix (Monad, China)
under the following conditions: an initial denaturation at 95 �C for
5 min, followed by 39 cycles of denaturation at 95 �C for 10 s and
annealing at 58 �C for 30 s. The relative fold change of gene expres-
sion was calculated by the 2-DDCt method [41], with the house-
keeping gene elongation factor (b-actin) used as the reference
gene for expression normalization. The obtained data were sub-
jected to statistical analysis using GraphPad Prism (version 9.0.0).
ing (28 �C, 30 �C, 32 �C, 34 �C, and 36 �C). (A) Movement velocity; (B) Percentage of
lity state (lowmobility, mobile, and highly mobile); (C) The relative turn angle based
. ⁄⁄⁄⁄P < 1e-04, ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, ⁄P � 0.05 and ‘ns’ denotes P > 0.05.



Fig. 3. The behavioral data analysis of the three genetic families of C. carpio in the Lt warming groups (34 �C and 36 �C). (A) The behavioral videos with different temperatures
(34 �C and 36 �C) during treatment, respectively. (B) The heatmaps were generated by automated video tracking of C. carpio activity during the 10 min trial of the high-
temperature conditions (Ethovision, Noldus). The color shows the relative dwell time in a given area (blue, low; red, high) and averaged over all fishes in a treatment group.
(C) The percentage of cumulative duration of juvenile C. carpio in different mobility states after 30 days of exposure to high temperatures (34 �C and 36 �C) (D) Mean
acceleration (E) Inter-individual distance. ⁄⁄⁄⁄P < 1e-04, ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, ⁄P � 0.05 and ‘ns’ denotes P > 0.05. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. The differentially expressed genes (DEGs) analysis in the St and Lt warming groups. (A) principal component analysis; and (B) Heatmap basis on fragments per kilo
base of transcript per million mapped fragments (FPKM) expression levels of all differentially expressed genes. The bar chart shows the number of DEGs in the St (C) and Lt (D)
warming groups among the three families of the juvenile C. carpio. The volcano plot shows up- and down-regulated DEGs across all six groups in the St (E) and Lt (F) warming
groups. An adjusted P-value < 0.01 is indicated in red, while an adjusted 0.01 � P-value < 0.05 is in black. The volcano plot showed gene id or gene name top five absolute
values of Log2FoldChange and P-adjust < 0.01 in each group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Results and discussion

No significant differences in swimming behavior among three families
of C. carpio

Sex-specific differences in swimming behavior have been
reported in zebrafish and Trinidadian guppies [42–44]. To exclude
the effects of sex difference on the swimming behavior in C. carpio,
a female juvenile was used as the experimental group, while a
female and a male juvenile were used as the NC and PC reference
groups, respectively (Fig. 1B). Research on individual behavior in
water is well documented [5], but much less is known about the
behavior of intra-family or inter-family. We constructed three
independent genetic families (A, B, and C) of female juvenile to
explore intra-individual variance in the swimming behavior of C.
carpio (Fig. 1C). Interestingly, we found no significant differences
in the swimming activity (i.e., swimming speed, mobility state,
and turn frequency) among the three families (Fig. 2A–C;
Fig. 3C). Therefore, the changes in swimming activity in juvenile
C. carpio were much more dependent on the temperature than
the spontaneous one.
The peak temperature for swimming behavior in C. carpio observed
was 32 �C

The Gill Oxygen Limitation (GOL) hypothesis proposes that fish
inhabiting warm waters may experience a decrease in available
oxygen due to limitations in their gill function [45]. This limitation
Fig. 5. Gene ontology enrichment analysis for short-term warming groups. (A) The bub
clustering (i.e., ‘‘Cellular response”, ‘‘Cytoskeleton”, ‘‘Metabolism”, ‘‘Protein”, and ‘‘Transp
DEGs enriched in each term is represented by the size of the point. (B-D) display the upre
families A, B, and C at 34 �C, respectively. (E-G) show the upregulated and downregulated
outermost circle represents the GO terms of five categories enriched with DEGs. Th
corresponding to the five major GO terms. Red represents upregulated DEGs, and blue rep
towards upregulation or downregulation. (For interpretation of the references to color i
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can potentially affect their physiological processes and survival.
Additionally, the Oxygen- and Capacity-limited Thermal Tolerance
(OCLTT) hypothesis suggests that an animal’s physiological sys-
tems may have temperature-related limitations, which can impact
its ability to maintain aerobic performance as temperatures
increase [46,47]. Both the GOL and OCLTT hypotheses highlight
the potential consequences of climate change-induced tempera-
ture increases on fish physiology and survival.

To investigate the effects of warming-driven on the individual
behaviors of juvenile C. carpio, the swimming speed, mobility state,
turn frequency, and acceleration was analyzed in this study. The
swimming activity of C. carpio showed significant alterations in
water temperature between 28 �C and 36 �C in the St warming
groups, which is close to the ‘‘thermal performance curve”
(Fig. 2; Table S4-S7; Supplementary video 1–5). The swimming
speed of C. carpio at 28 �C was significantly slower compared to
that at 30 �C (P = 0.0009 in family A, P = 0.051 in family B,
P = 0.0357 in family C) and 32 �C (P < 0.0001 in family A,
P < 0.0001 in family B, P < 0.0001 in family C), while C. carpio at
32 �C swam significantly faster compared to that at 34 �C
(P < 0.0001 in family A, P = 0.2269 in family B, P < 0.0001 in family
C) and 36 �C (P = 0.0616 in family A, P = 0.011 in family B,
P = 0.0002 in family C) (Fig. 2A). Further, the swimming activity
at 36 �C was lower than that at 34 �C (Fig. 2 A–B; D; Table S4-
S6). A state of lowmobility in the three families of juvenile C. carpio
was maintained throughout the observation period from 28 �C to
36 �C (Fig. 2B; Table S5). The turn frequency of C. carpio was the
highest at 32 �C and their head tended to skew to the left
ble charts of enrichment results of the DEGs showing GO terms related to the five
ort”). The color of the point represents the size of the P-value, and the GeneRatio of
gulated and downregulated levels of DEGs enriched in these five major pathways for
levels of DEGs from these pathways for families A, B, and C at 36 �C, respectively. The
e second outer circle represents the upregulation and downregulation of DEGs
resents downregulated DEGs. The innermost circle represents the trend of GO term
n this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2C). The angle between them was calculated at the frame
prior to eye convergence. These angles were predominantly in
the frontal field, i.e., angles < 0.05� (Fig. 2C). To further investigate
the effects of warming-driven on the group behavior of juvenile C.
carpio, the inter-individual distance (IID) was tracked and calcu-
lated. The IID notably decreased from 28 �C to 32 �C, then gradually
increased after 32 �C, highlighting that the IID is minimum at 32 �C
(Fig. 2E; Table S7). The group behavior in juvenile C. carpio was the
most active at 32 �C, demonstrating the peak temperature for the
swimming activity at this temperature. Taken together, the swim-
ming activity of C. carpio at 34 �C is similar to that at 30 �C, the
activity at 36 �C parallels that at 28 �C, with the peak swimming
activity notably occurring at 32 �C.

The normal development of C. carpio generally occurs within an
optimum temperature range of 23 �C to 30 �C [20,21]. However,
our study revealed that the peak swimming activity of C. carpio
occurs at 32 �C. A similar phenomenon of a difference between
the optimal temperature for living and the temperature for peak
swimming activity is observed in juvenile southern catfish [48].
The optimal living temperature for fish refers to a range within
which they can engage in normal growth, reproduction, and vital
life processes [49,50]. On the other hand, the temperature for peak
swimming activity is generally associated with the fish’s locomo-
tive capabilities, efficiency in predation, and ability to evade preda-
tors [51,52]. Our results provided new data from juvenile fish
support for the conclusion that the optimal temperature for living
Fig. 6. Gene ontology enrichment analysis for short-term warming groups. The bubble
clustering (i.e., ‘‘Cell cycle,” ‘‘Cellular response”, ‘‘Cytoskeleton”, ‘‘Metabolism”, ‘‘Protein”,
the size of the P-value, and the GeneRatio of DEGs enriched in each term is represented b
DEGs associated with these eight pathways in families A, B, and C at 34 �C, respectively
families at 36 �C. The outermost circle represents the GO terms of eight categories
downregulation of DEGs corresponding to the eight major GO terms. Red represents u
represents the trend of GO term towards upregulation or downregulation. (For interpreta
version of this article.)
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and the temperature for peak swimming activity often differ in fish
[53,54]. Our findings suggested that the impact of global warming
on fish behavior is complex, with potentially contrasting effects at
different temperature ranges. Interestingly, our findings demon-
strated that warming up to 32 �C can actually activate swimming
behaviors, as shown in Fig. 2. However, the significant drop in
swimming behavior were described when water temperatures
exceed 32 �C (Fig. 2). This observation highlighted the dramatic
swimming behavior drop at 34 �C and 36 �C in juvenile carp. To
investigate the underlying molecular mechanisms responsible for
this drop in swimming behavior, three genetic families of C. carpio
both the St and Lt warming groups were sampled for brain tran-
scriptome analysis. This will provide valuable insights into the
adaptive strategies and physiological limitations of fish in coping
with global warming.

Long-term warming has more significant effects on swimming
behavior drop

To further investigate the impacts of long-term warming on the
individual and group behaviors of juvenile C. carpio, the mobility
state, acceleration, and IID were systemically analyzed. In this
study, when compared to the corresponding genetic family of
female juveniles in the NC group, the warming groups (34 �C and
36 �C) tended to spend most of their time in the middle zone
(Fig. 3B; Supplement video 6–7). This demonstrated that warming
charts of enrichment results of the DEGs showing GO terms related to the eight
‘‘Synapse”, ‘‘Signal transduction”, and ‘‘Transport”). The color of the point represents
y the size of the point. (B-D) depict the patterns of upregulated and downregulated
. (E-G) illustrate the expression levels of DEGs within these pathways for the three
enriched with DEGs. The second outer circle represents the upregulation and
pregulated DEGs, and blue represents downregulated DEGs. The innermost circle
tion of the references to color in this figure legend, the reader is referred to the web
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groups were in a less anxious state compared with the NC groups.
Therefore, long-term warming decreased the swimming activity in
three families of juvenile C. carpio. As can be seen in Fig. 3C, the
mobility state in C. carpio was significantly decreased after thirty
days exposure, especially in the family C exposed to 34 �C
(Table S8; P < 0.0001). After exposure to 36 �C for thirty days, the
acceleration of C. carpio in the Lt group significantly decreased
compared to the St group (Fig. 3D; P = 0.0356; Table S9). This ten-
dency significantly decreased at 36 �C compared to 34 �C. The IID of
C. carpio in the Lt group increased compared to the St groups
(Fig. 3E; P = 0.0012 in 34 �C; P = 0.1505 in 36 �C; Table S10). Fur-
ther, in the Lt and St groups, the median IID at 36 �C is lower than
at 34 �C. This indicated decreased swimming activity after long-
term exposure to 34 �C and 36 �C for thirty days. Therefore, long-
term warming has more significant effects on swimming behavior
drop compared to short-term warming (Fig. 3). This is somewhat
inconsistent with a previous study, which carp acclimated to war-
mer temperatures exhibited greater endurance swimming capacity
[55]. While there may be some differences in the specific results,
these studies highlight that C. carpio exhibited changes in their
swimming behavior in response to thermal acclimation. This sug-
gests that behavioral plasticity could serve as an adaptive mecha-
nism for fish to cope with changing environmental conditions
caused by global warming. This is somewhat consistent with pre-
vious studies in zebrafish (Danio rerio) [27] and Japanese medaka
(Oryzias latipes) [56]. Interestingly, the fish in the warming groups
exhibited lower levels of anxiety compared to those in the NC
groups, as indicated by their lower mobility and the increase IID
(Fig. 3C, E). Several previous research also reported that warming
temperatures can result in a reduction in anxiety-like behavior in
fish [30,57], while others have found contradictory or no inconclu-
sive effect [58]. The relationship between temperature and anxiety
in fish is complex and may not be straightforward.
Fig. 7. Validation of RNA-Seq data by qPCR. In total, the expression of twelve genes was
warming groups, and the dark red bars represent the long-term warming groups. (C)
correlation coefficient. The blue and red bars represent the distribution of 12 genes on th
expression fold change. (For interpretation of the references to color in this figure legen
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A robust association between swimming behaviour and brain in C.
carpio

To investigate the possible links between swimming behaviour
and the center nervous system in C. carpio, variations in behavior-
related physiological indicators DA and 5-HT levels in the brain
exposed to St and Lt warming were measured. In the St warming
groups, the levels of 5-HT and DA in the brain of C. carpio exposed
to 34 �C significantly declined to 48.66% (t-test, t = 8.676,
P = 0.0001, Fig. S5A) and 54.31% (t-test, t = 4.41, P = 0.0045,
Fig. S5B) of that in control fish, and those exposed to 36 �C signif-
icantly decreased to 67.36% (t-test, t = 9.069, P = 0.0001, Fig. S5A)
and 83.26% (t-test, t = 1.839, P = 0.1156, Fig. S5B) of that in control
fish, respectively.

In the Lt warming groups, the levels of 5-HT and DA in the brain
of C. carpio exposed to 34 �C significantly elevated to 271.51% (t-
test, t = 7.436, P = 0.0003, Fig. S5C) and 248.74% (t-test, t = 4.496,
P = 0.0041, Fig. S5D) of that in control fish, and those exposed to
36 �C significantly increased to 222.04% (t-test, t = 5.145,
P = 0.0021, Fig. S5C) and 184.64% (t-test, t = 5.68, P = 0.0013,
Fig. S5D), respectively. Therefore, the center nervous system in C.
carpio modulate DA and 5-HT in response to St and Lt warming,
indicating a strong correlation with swimming behaviour.

Brain transcriptome response to warming

The brain is known to be highly sensitive to temperature
changes, and it plays a critical role in regulating the body’s stress
response and thermoregulation. Previous studies have shown that
warming can lead to brain injury and impair neurological function
in aquatic organisms [46,59]. To further investigate molecular
mechanism underlying behaviors changes in juvenile C. carpio in
response to warming, brain transcriptomes were compared among
detected by qPCR (A) and RNA-seq (B). The light blue bars stand for the short-term
Scatter plots of correlation test between qPCR and RNA-Seq results. R2 is Pearson
e � and y axes, respectively, with the height of the bars indicating the level of gene
d, the reader is referred to the web version of this article.)
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the NC, St, and Lt groups. Transcriptome sequencing was per-
formed on sixty brain samples from two high-temperature groups
(i.e., St and Lt groups in Table S2). Sixty samples yielded 277 mil-
lion raw reads by RNA-seq, which were deposited in the NCBI
Sequence Read Archive database with the accession numbers
SRR23085892 to SRR23085951 (PRJNA923838). After filtering,
approximately 359.3 Gb of clean data were generated, and the
alignment rate mapping of the genome (ASM1834038v1_ge-
nomic.fna and ASM1834038v1_genomic.gtf) in C. carpio was>91%
(Fig. S6; Table S11). Due to the correlation coefficients of St-34-
A2 and St-36-A2, samples did not meet the requirements for bio-
logical repetition within their respective groups and were thus
Fig. 8. The schematic summary of the transcriptomic mechanism underlying behavior c
general variation ;" of genes are reported in the St on the left and Lt on the right. IID: i
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excluded. The remaining fifty-eight samples were used for subse-
quent analysis (Fig. S7). To elucidate the underlying mechanisms
of swimming behavior in juvenile C. carpio under warming, two
high temperature groups (34 �C and 36 �C) and two phases (St
and Lt) were performed on the RNA-seq analysis for differential
expression and regulation pathway. Based on the FPKM expression
levels of all DEGs, the Principal Component Analysis (PCA) and
hierarchical clustering analysis separated the St and Lt groups
(Fig. 4A-B), evidencing the warming-up period greatly affected C.
carpio brain gene expression. For the St group compared to NCs:
at 34 �C, families A, B, and C had 522, 297, and 431 DEGs. At
36 �C, the numbers were 397, 851, and 389 (Fig. 4C). In the Lt group
hange in juvenile C. carpio under warming. Downregulation ;, Upregulation ", and
nter-individual distance.
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against St: at 34 �C, the DEGs for families A, B, and C were 1466,
944, and 2220; and 837, 731, 3050 at 36 �C (Fig. 4D). Further, the
number of DEGs and degree of expression changes in these DEGs
involved in the Lt groups was higher than in the St groups (Fig. 4-
C-F).

Twelve DEGs were randomly analyzed using qPCR to validate
the reliability of the transcriptomic data (Table S12-S13). In fish,
the hemoglobin components, hbbl, hbae, hba1l, and hbb2, were
involved in the GO terms for ‘‘oxygen transport”, ‘‘gas transport”,
and ‘‘oxygen carrier activity”. The genes expression of hbbl and
hba1l were downregulated in the St warming groups, while hbae
and hbb2 were significantly downregulated in the Lt warming
groups. Rag1l was decreased expression in the St warming
groups, which involved GO term for the ‘‘positive regulation of
hemopoiesis”. Sp1 and ctral play an essential role in the metabo-
lism, involved in the ‘‘sterol metabolic process” and ‘‘water-
soluble vitamin metabolic process”, respectively. The expressions
of sp1 and ctral genes were higher in the Lt warming groups
than that in the St warming ones. Fold change differences in
expression levels observed in RNA-seq and qPCR for these 12
genes displayed similar patterns and also showed good correla-
tions of 0.84 (Fig. 7), confirming the reliability of the transcrip-
tomic data.

Potential mechanisms for decreased swimming behavior underlying
warming

To explore the mechanism potentially warming-driven behav-
ior neurogenomic states, the St and Lt groups were subjected to
common and specific GO enrichment analysis (Fig. S8;
Table S14–S17). In this study, the St and Lt groups both showed
a significant decrease (P-value < 0.05) in the metabolism-related
pathways among the three genetic families of C. carpio under
warming (34 �C and 36 �C) (Fig. 5 and Fig. 6; Table S18–S29). These
metabolism-associated pathways involve ATP metabolic, mito-
chondrial regulation and neurotransmitter metabolic processes,
suggesting a disruption in cellular energy metabolism that may
compromise cell physiology and brain function. Moreover, the
reduction of genes expression involved in the mitochondrial trans-
port in the St and Lt group suggests potential impairment in the
positioning of mitochondria within synaptic terminals, where they
regulate neurotransmission and synaptic plasticity. Additionally,
the St and Lt groups have a profound impact on cytoskeleton, espe-
cially in the Lt groups showing a significantly downregulated genes
involved in muscle contraction and actin cytoskeleton (Fig. 5 and
Fig. 6; Table S18-S29).

Notably, compared to the St group, the Lt group showed
descreased expression of genes associated with synapse and
neurotransmitter secretion, suggesting impairment in intercellular
communication associated with the modulation of signal transduc-
tion pathways (Fig. 6; Table S24-S29). Consequently, the three
genetic families of juvenile C. carpio in response to warming, espe-
cially in the Lt group, determined synaptic function impairments
that might be responsible for functional alterations of the central
nervous system. These data indicated the induction of the classical
stress response to the warming conditions and distinct neurogen-
imic state underlie differential impacts of short- and long-term
warming in the brain.

To further investigate a link between metabolites and genes
expression about behavior-related neurotransmission in the brain,
C. carpio at 34 �C and 36 �C in the St and Lt warming groups were
subjected to common GO terms enrichment analysis involved in
the DA, and 5-HT pathways. In this study, a large number of DEGs
related to DA and 5-HT in brain of C. carpio were significantly
enriched in both St and Lt warming groups (Fig. S5; Table S30-
S33). The detection of 5-HT and DA metabolites further support
12
the data of comparative transcriptome (Fig. S9). These results
demonstrated the important role of the serotoninergic and
dopaminergic systems in regulating swimming behavior in C.
carpio.

Our data provides comprehensive resources for understanding
the neuromolecular mechanism underlying the impact of warming
on swimming behavior in fish. Previous research has identified
several genes and pathways that may be involved in
temperature-dependent behavior in fish, including genes involved
in the stress response, circadian rhythms, and neurotransmitter
signaling pathways [17,27,60,61,62]. Interestingly, our compara-
tive transcriptome analysis revealed a reduction in the expression
of a subset of transcripts associated with synapse and neurotrans-
mitter secretion suggesting impairment (Fig. 6; Table S24-S29).
These gene cluster may provide more genes and details that were
introduced in the aforementioned works. Our data contributes to a
deeper understanding of the underlying mechanisms behind
phenomena.

Conclusions

Our study sheds light on the potential molecular mechanisms
that lead to decreased swimming activity in juvenile C. carpio
under warming (Fig. 8). These changes in the central nervous sys-
tem induce significant physiological effects, which in turn, influ-
ence the swimming behavior in C. carpio. These insights are
critical not only for understanding the biological adaptations of
C. carpio but also for predicting the broader impacts of global
warming on aquatic ecosystems. Given that temperature-
dependent changes in swimming activity can drastically affect
the survival prospects of wild fish, our findings highlight the
urgent need for more in-depth research into the ecological conse-
quences of these physiological alterations. Future studies would
aim to assess the downstream effects of altered swimming behav-
ior on population dynamics, predator–prey interactions, and
ecosystem functioning in a warming world. Ultimately, a more
comprehensive understanding of these interactions will be crucial
for developing strategies to mitigate the impacts of climate change
on aquatic biodiversity and ecosystem health.
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