
Academic Editor: Jiejie Sun

Received: 24 May 2026

Revised: 25 June 2026

Accepted: 7 July 2026

Published: 11 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Thermal Tolerance of Geographical Populations and Their
Hybrids in the Ivory Shell Babylonia areolata
Jingqiang Fu 1, Linwei Nie 2, Zhenzhen Cai 1, Weiguang Zou 1, Yuan Liang 2, Wengang Lü 3, Minghui Shen 4,
Xuan Luo 2,5, Weiwei You 2,5, Tuanyu Guo 1,* and Caihuan Ke 2,5,*

1 Applied Technology Engineering Center of Fujian Provincial Higher Education for Marine Resource
Protection and Ecological Governance, School of Marine Biology, Xiamen Ocean Vocational College,
Xiamen 361100, China; jingqiangfu@xmu.edu.cn (J.F.)

2 State Key Laboratory of Mariculture Breeding, College of Ocean and Earth Sciences, Xiamen University,
Xiamen 361102, China

3 College of Fisheries, Guangdong Ocean University, Zhanjiang 524088, China
4 Hainan Academy of Ocean and Fisheries Sciences, Haikou 570216, China
5 Fujian Key Laboratory of Genetics and Breeding of Marine Organisms, Xiamen 561102, China
* Correspondence: guotuanyu@xmoc.edu.cn (T.G.); chke@xmu.edu.cn (C.K.)

Abstract

Global warming and summer heatwaves increasingly threaten the survival of cultured Baby-
lonia areolata, but the heat tolerance of different geographical populations and the potential
for genetic improvement by hybridization remain poorly understood. In this study, four
geographical populations (Thailand, TL; Wanning, WN; Zhao’an, ZA; Changle, CL) and
four hybrid combinations (TH, HT, TF, and FT) were compared for mortality rate, median
lethal temperature (LT50), and critical thermal maximum (CTMax) under controlled ther-
mal stress. The results showed that the low-latitude TL population exhibited significantly
higher LT50 (36.49 ± 0.05 ◦C) and CTMax (35.77 ± 0.52 ◦C) than the high-latitude CL and
ZA populations (LT50: 35.90 ± 0.05–36.02 ± 0.04 ◦C; CTMax: 35.12 ± 0.77–35.26 ± 0.53 ◦C).
All four hybrids had improved heat tolerance compared with their low parents, with TH
and HT showing the strongest mid-parent heterosis (e.g., 73.68–78.94% for survival at
36.5 ◦C). However, none significantly exceeded the high-parent performance (TL), indicat-
ing only mid-parent heterosis. These findings reveal significant genetic variation in heat
tolerance among geographical populations of B. areolata and confirm that cross-breeding
can effectively enhance heat tolerance, though it does not produce transgressive superiority.
This study provides key genetic resources and a theoretical basis for breeding heat-tolerant
strains of B. areolata.

Keywords: Babylonia areolata; high-temperature tolerance; hybridization; median lethal
temperature; mid-parent heterosis

Key Contribution: This study revealed significant geographic genetic differentiation in
heat tolerance among Babylonia areolata populations and demonstrated that interpopulation
hybridization can generate significant mid-parent heterosis for heat tolerance, providing
key germplasm and theoretical support for thermotolerance breeding in this species.

1. Introduction
Global warming and extreme heat events caused by climate change have profoundly

affected the physiological functions, population dynamics, and geographical distribution
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of terrestrial and aquatic organisms [1]. Marine and coastal ecosystems are particularly
sensitive to seawater temperature fluctuations, and abnormal seawater warming due
to climate change is continuously threatening the survival and reproduction of marine
organisms [2–4]. At present, global surface and ocean temperatures have broken historical
records, and the warming rate continues to accelerate. If the current trend continues, the
global average temperature is projected to rise to a level that could cause severe biodiversity
loss by the end of this century [5,6].

Mollusks are typical ectotherms, and their core life activities such as growth [7,8],
development [9], feeding [10], metabolism [11], and distribution [12] are highly dependent
on ambient temperature. Under the background of global warming, large-scale mortality
events of cultured shellfish caused by persistently high temperatures in summer occur
frequently, which has become a key bottleneck restricting the sustainable development of
the marine shellfish aquaculture industry [13–15]. As an important economically cultured
species, Babylonia areolata is a benthic gastropod naturally distributed in the tropical to
subtropical shallow seas of the Indo-West Pacific, with a large latitude span and significant
temperature differences in habitats, providing an ideal material for studying population
differences in temperature adaptability [16,17]. Previous studies have shown that the
temperature adaptability of aquatic ectotherms is jointly determined by genetic basis and
environmental acclimation, and different geographic populations of the same species
often form significant differentiation in heat tolerance due to long-term adaptation to the
temperature conditions of their native habitats [18,19].

Currently, B. areolata is widely cultured along the southeast coast of China, but promi-
nent problems such as high mortality in summer high-temperature periods and poor
culture stability exist [20]. Most existing studies have focused on aquaculture ecology [21],
nutritional requirements [22], and disease control [17]. Moreover, previous studies by our
team have explored hybrid performance and stress resilience in this species, including low
salinity and hypoxia tolerance in F1 hybrids [23], immune responses under pathogenic
Vibrio challenge [17], and growth performance of crosses between Chinese and Thai popu-
lations [24]. However, these studies focused on specific environmental or disease stress,
and the divergence in thermal tolerance among major geographical populations and the
potential to enhance this trait via crossbreeding remain underexplored. Additionally, while
previous studies have evaluated survival rates under discrete stress conditions, no system-
atic assessment has been conducted to quantify the thermal tolerance limits in B. areolata
using standardized physiological endpoints. Specifically, the LT50 and CTMax provide
quantitative, comparable metrics that capture the upper thermal boundaries of different
populations, which cannot be inferred from survival data alone. The present study system-
atically compared the thermal tolerance of four major cultured geographical populations
using mortality rate, LT50, and CTMax as core indicators and also evaluated the thermal
tolerance and heterosis of hybrid offspring. The objectives were to clarify the differences
in thermal tolerance among different geographical populations of B. areolata, determine
the effect of cross-breeding on offspring thermal tolerance, and provide a scientific basis
for breeding heat-tolerant improved varieties and developing targeted thermal tolerance
culture techniques.

2. Materials and Methods
2.1. Experimental Materials

The B. areolata used in this experiment included four different geographical self-bred
populations and four hybrid populations. All were obtained from the Yitai Aquaculture
Company (24.21◦ N, 118.02◦ E, Zhangzhou, China) and were healthy populations con-
structed from June to July 2023. All populations were reared under the same environmental
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conditions, and individuals with normal activity and uniform size were selected for the
experiment. The shell length and body weight ranges of the experimental B. areolata
were 29.65 ± 0.51–30.87 ± 0.18 mm and 5.73 ± 0.16–5.84 ± 0.22 g, respectively. Detailed
information on each population is shown in Table 1.

Table 1. Information on the eight populations of Babylonia areolata.

Population Background Information Abbreviation

Thailand population Fifth-generation inbred offspring of a Thai growth-selected line TL

Wanning population Self-bred offspring of a wild population from Wanning,
Hainan Province WN

Zhao’an population Self-bred offspring of a wild population from Zhao’an,
Fujian Province ZA

Changle population Self-bred offspring of a wild population from Changle,
Fujian Province CL

Thailand × Wanning direct cross Cross-offspring of Thailand
population (♀) × Wanning population (♂) TH

Thailand × Wanning reciprocal cross Cross-offspring of Thailand
population (♂) × Wanning population (♀) HT

Thailand × Zhao’an
direct cross Cross-offspring of Thailand population (♀) × Zhao’an population (♂) TF

Thailand × Zhao’an reciprocal cross Cross-offspring of Thailand population (♂) × Zhao’an population (♀) FT

♀: female parent, ♂: male parent.

The acclimation temperature was set at 26 ◦C, a suitable growth temperature for
B. areolata [25] and close to the ambient seawater temperature during the experiment. Each
population of B. areolata was acclimated separately in 90 L recirculating glass tanks paved
with a 4–5 cm sand layer. Each recirculating system contained four acclimation glass
tanks, and eight populations were evenly distributed in four recirculating systems. During
acclimation, an appropriate amount of fresh frozen Loligo oshimai was fed every other day,
and fresh filtered seawater was fully replaced in time after feeding. The water temperature
was controlled by a seafood chiller combined with air conditioning in the culture room
to ensure stability at 26 ± 0.5 ◦C. An air pump was used for uninterrupted aeration to
maintain sufficient dissolved oxygen, and seawater salinity was maintained at 32 ppt, with
pH at 7.8, a 12 L:12 D photoperiod, and light intensity of approximately 500–1000 lux. Dead
individuals were removed in time. The acclimation period was 14 days.

2.2. Determination of Mortality Rate and Median Lethal Temperature (LT50) Under Thermal Stress

Twenty individuals of uniform shell length were randomly selected from each popula-
tion for each thermal treatment. Five temperature gradients (35, 35.5, 36.0, 36.5, and 37.0 ◦C)
were established for the thermal stress assay. Each temperature treatment was maintained
by an independent recirculating seawater system comprising four isolated glass tanks.
Two populations were reared separately in each tank, with 20 conspecifics per population
per tank. Seawater temperature was increased to the target value at a constant rate of
0.03 ◦C/min and held for 12 h. Following thermal stress, all individuals were transferred
to 25 ◦C seawater for a 12 h recovery period. During the recovery period, mortality was
recorded at 2 h intervals. An individual was considered dead when no retraction response
of the foot muscle was elicited by gentle stimulation with forceps. The entire experiment
was independently replicated three times, and the four tanks per treatment served as
subsamples within each replicate to account for potential tank effects.

2.3. Determination of Critical Thermal Maximum (CTMax)

The critical thermal maximum (CTMax) is widely used to assess the thermal resis-
tance of ectothermic mollusks [26–28] and is defined as the temperature at which motor
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coordination of a given species becomes uncontrolled or disorganized, ultimately leading
to mortality if the stress persists [28]. CTMax assays were conducted following the general
protocols of Díaz et al. [27], with modifications as described by Valles-Regino et al. [29]. A
dynamic method was employed, in which seawater temperature was gradually increased
until the test snails exhibited clear symptoms of thermal distress—specifically, complete
detachment from the substrate (glass tank wall) due to loss of foot muscle adhesion. Impor-
tantly, individuals reaching this endpoint were detached from the substrate but remained
alive, confirming that CTMax represents a sublethal rather than a lethal thermal threshold.

To determine the appropriate heating rate, three rates (1 ◦C/8 min, 1 ◦C/18 min, and
1 ◦C/30 min) were tested. No significant differences in CTMax were detected among
them, so an intermediate rate of 1 ◦C/20 min was selected for the formal assay to balance
efficiency and observation accuracy. For each trial, 16 or 17 healthy individuals were
randomly selected from each population. The initial water temperature was maintained
at 25.0 ◦C, and the temperature was continuously increased at 1 ◦C/20 min until CTMax
was recorded for each individual. CTMax was defined as the temperature at which the foot
could no longer maintain normal adhesion to the substrate, resulting in lateral collapse and
loss of balance [29]. The experiment was independently replicated three times, with a total
of 50 individuals measured per population.

2.4. Data Analysis

All statistical analyses were performed using SPSS 20.0 software. Prior to analysis,
the normality of data distribution for each group was assessed using the Shapiro–Wilk
test, and Levene’s test was used to assess the homogeneity of variances. One-way ANOVA
was then performed, followed by Duncan’s multiple-comparison test when variances
were homogeneous (Levene’s test, p > 0.05) or Dunnett’s T3 test when variances were
heterogeneous (p < 0.05), to compare differences among populations at each condition. To
determine LT50, the mortality data of each population at five temperature gradients (35,
35.5, 36.0, 36.5, and 37.0 ◦C) were fitted to a logistic model (log(inhibitor) vs. normalized
response—variable slope) using GraphPad Prism 9.0, and the LT50 was calculated from the
fitted equation [30]. All experimental data are expressed as mean ± standard deviation
(SD), and significant differences among groups are summarized in the figures using letter
annotations (a, b, c, etc.), where different letters indicate significant differences at p < 0.05.

Heterosis was calculated according to the method described in reference [23]. The
mid-parent heterosis (HMP) and best-parent heterosis (HBP) for high-temperature tolerance
in TH, HT, TF, and FT were calculated using the following formulas:

HMP(%) =
F − P

P
× 100

HBP(%) =
F − P0

P0
× 100

where F is the phenotypic value of the hybrid offspring, P is the mean phenotypic value of
the self-bred offspring of the two parents, and P0 is the phenotypic value of the self-bred
offspring of the better parent.

3. Results
3.1. Comparison of Mortality Rates Under Thermal Stress

The heat tolerance of different geographic populations of B. areolata was compared
by measuring the mortality under heat stress. As shown in Figure 1a, the mortality of
each population increased significantly with the increase in stress temperature, and the
mortality varied under different high-temperature conditions. At 35 ◦C, only the CL
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population showed 1.67 ± 1.67% mortality; at 35.5 ◦C, the mortality of TL, WN, ZA,
and CL was 5%, 8.33 ± 3.33%, 8.33 ± 1.67%, and 13.33 ± 4.41%, respectively, with no
significant difference among populations (p > 0.05); at 36.0 ◦C, the mortality was in the
order CL ≥ ZA ≥ WN > TL, with significant differences (p < 0.05); at 36.5 ◦C, the mortality
of TL, WN, ZA, and CL was 53.33 ± 6.01%, 83.33 ± 8.33%, 86.67 ± 6.01%, and 95.00 ± 2.87%,
respectively, and the mortality of TL was significantly lower than that of the other three
populations (p < 0.05); at 37.0 ◦C, TL mortality was 81.67 ± 4.41%, and the other three
populations all died.

   

(a)  (b) 

Figure 1. Comparison of mortality rates under thermal stress among four geographical populations
(a) and four hybrid populations (b) of Babylonia areolata. n = 60 per population and temperature
(3 biological replicates, n = 20 per replicate). Different lowercase letters above bars indicate significant
differences among populations (p < 0.05). TL: Thailand B. areolata; WN: Wanning B. areolata; ZA:
Zhao’an B. areolata; CL: Changle B. areolata; TH: Thailand B. areolata ♀× Hainan B. areolata ♂; HT:
Hainan B. areolata ♀× Thailand B. areolata ♂; TF: Thailand B. areolata ♀× Zhao’an B. areolata ♂; FT:
Zhao’an B. areolata ♀× Thailand B. areolata ♂.

As shown in Figure 1b, none of the four hybrid populations died at 35 ◦C. At 35.5 ◦C,
only the FT population showed a small number of deaths. At 36.0 ◦C, the mortality rates
of TH, HT, TF, and FT were 10 ± 5.77%, 21.67 ± 8.82%, 26.67 ± 1.67%, and 13.33 ± 6.01%,
respectively, with no significant difference among them (p > 0.05). At 36.5 ◦C, the mortality
rates of TF and FT were higher, at 78.33 ± 4.41% and 61.67 ± 7.26%, respectively, and the
mortality rate of TF was significantly higher than that of TH and HT (p < 0.05). At 37.0 ◦C,
the mortality rates of all four hybrid populations exceeded 90%, with TF being the highest
(98.33 ± 1.67%), but no significant difference was found among populations (p > 0.05).

3.2. Comparison of Median Lethal Temperature (LT50) of Each Population Under Thermal Stress

According to the mortality data of each population at different temperature points
under heat stress, mortality curves were fitted by nonlinear regression using GraphPad
Prism 9.0 software. As shown in Figure 2a,b, the mortality of eight B. areolata populations
increased approximately logarithmically with time under heat stress, and the fitting coef-
ficient R2 was all greater than 0.90. The LT50 values of TL, WN, ZA, CL, TH, HT, TF, and
FT were calculated to be 36.49 ± 0.05, 36.11 ± 0.02, 36.02 ± 0.04, 35.90 ± 0.05, 36.51 ± 0.04,
36.51 ± 0.07, 36.21 ± 0.03, and 36.40 ± 0.03 ◦C, respectively. As shown in Figure 3, among
the four geographic populations, the LT50 of TL was significantly higher than that of the
other three populations (p < 0.05), indicating the strongest heat tolerance, followed by WN,
while ZA and CL were relatively weak. In addition, the heat tolerance of the four hybrid
populations was significantly improved compared with their low parents (p < 0.05), among
which TH and HT had stronger heat tolerance.
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(a)  (b) 

Figure 2. Mortality curves of four geographical populations (a) and four hybrid populations (b) of
Babylonia areolata under thermal stress. TL: Thailand B. areolata; WN: Wanning B. areolata; ZA: Zhao’an
B. areolata; CL: Changle B. areolata; TH: Thailand B. areolata ♀× Hainan B. areolata ♂; HT: Hainan
B. areolata ♀× Thailand B. areolata ♂; TF: Thailand B. areolata ♀× Zhao’an B. areolata ♂; FT: Zhao’an
B. areolata ♀× Thailand B. areolata ♂.

Figure 3. Comparison of median lethal temperatures among eight populations of the Babylonia areolata
under thermal stress. Different lowercase letters above bars indicate significant differences among
populations (p < 0.05) (n = 3 replicates per population).

3.3. Comparison of Critical Thermal Maximum (CTMax) of Each Population

To determine the effect of different heating rates on the CTMax of B. areolata, CTMax
values were compared at three heating rates: 1 ◦C/8 min, 1 ◦C/18 min, and 1 ◦C/30 min.
As shown in Figure 4, there was no significant difference in CTMax values among the three
heating rates (p > 0.05), indicating that a 1 ◦C increase over 8–30 min did not significantly
affect the CTMax.

Figure 4. Effect of different heating rates on the CTMax value of thermal tolerance in Babylonia areolata.
The same lowercase letters above bars indicate no significant differences among different heating
rates (p > 0.05) (n = 50 per heating rate).

Based on the above results, a heating rate of 1 ◦C/20 min was chosen to compare the
CTMax of the eight populations. As shown in Figure 5, the CTMax values of TL, WN,
ZA, CL, TH, HT, TF, and FT were 35.77 ± 0.52, 35.50 ± 0.52, 35.12 ± 0.77, 35.26 ± 0.53,
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35.75 ± 0.06, 35.70 ± 0.07, 35.43 ± 0.08, and 35.67 ± 0.06 ◦C, respectively. These results
were consistent with the LT50 performance of each population: the CTMax of the four
geographical populations was correlated with the seawater temperature of their natural
distribution areas, and hybridization significantly increased the CTMax of the offspring
but did not exceed that of the high-parent population.

Figure 5. Comparison of CTMax among different populations of Babylonia areolata. Different lowercase
letters above bars indicate significant differences among populations (p < 0.05) (n = 50 per population).
TL: Thailand B. areolata; WN: Wanning B. areolata; ZA: Zhao’an B. areolata; CL: Changle B. areolata;
TH: Thailand B. areolata ♀× Hainan B. areolata ♂; HT: Hainan B. areolata ♀× Thailand B. areolata ♂; TF:
Thailand B. areolata ♀× Zhao’an B. areolata ♂; FT: Zhao’an B. areolata ♀× Thailand B. areolata ♂.

3.4. Heterosis Analysis

To intuitively understand the degree of improvement in high-temperature tolerance
of offspring through cross-breeding, the heterosis rates of the four hybrids at two stress
temperatures (36.0 and 36.5 ◦C) with large differences in survival rate and LT50 after
12 h of high-temperature stress were analyzed. As shown in Table 2, in the mid-parent
heterosis analysis, TH, HT, and FT all showed positive heterosis rates for survival rate
under both high-temperature stress conditions and for LT50. Among them, TH and HT had
higher heterosis rates for high-temperature tolerance, with the survival rate at 36.5 ◦C and
12 h-LT50 showing heterosis rates of 73.68% and 78.94% and 0.58% and 0.56%, respectively.
Regarding best-parent heterosis, only TH showed positive values across all three indicators,
but the best-parent heterosis was not significant.

Table 2. Analysis of heterosis rate for heat tolerance in hybrids.

Hybrids
HMP (%) HBP (%)

36.0 ◦C–Survival Rate 36.5 ◦C–Survival Rate 12 h-LT50 36.0 ◦C–Survival Rate 36.5 ◦C–Survival Rate 12 h-LT50

TH 21.35 73.68 0.58 5.88 17.86 0.05
HT 5.62 78.94 0.56 −7.84 21.43 0.04
TF 7.31 −27.78 −0.11 −13.73 −53.57 −0.76
FT 26.83 27.78 0.38 1.96 −17.86 −0.26

4. Discussion
Temperature is a critical ecological factor that governs the physiological metabolism

of marine organisms [31,32]. As ectotherms, shellfish body temperature fluctuates in
accordance with environmental conditions, rendering them particularly vulnerable to
thermal variations [33]. Such temperature fluctuations directly influence key biological
processes, including growth, development, reproduction, behavior, and geographical
distribution [34,35]. Consequently, the thermal tolerance range and adaptive capacity of a
species constitute essential traits that must be prioritized in economic shellfish breeding and
aquaculture programs, as they directly determine the economic viability and sustainability
of production systems [14,25]. In subtropical and tropical aquaculture, extreme high water
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temperatures constitute one of the most formidable challenges. During summer months,
water temperatures in shallow or stagnant aquaculture ponds in these regions frequently
exceed 35 ◦C. Compounded by global warming and the increasing frequency of marine
heatwave events, abnormally elevated coastal seawater temperatures have emerged as a
severe threat to the survival and productivity of farmed species [36].

The differences in thermal adaptability and their genetic basis among different ge-
ographic populations are research hotspots in heat-tolerant breeding [37,38]. As benthic
organisms with limited mobility, shellfish exhibit strong site fidelity, and their thermal
adaptability is typically highly correlated with the temperature regimes characteristic of
their native habitats. Different geographic populations of the same species often form
significant differentiation in heat tolerance due to long-term adaptation to local environ-
ments [39,40]. For example, under 35 ◦C and 40 ◦C thermal stress, the mortality rate of the
Guangxi population of the clam Meretrix meretrix (66.67%, 11.67%) was lower than those
of the Jiangsu population (98.33%, 33.33%); under thermal stress, the peak time of oxygen
consumption rate and ammonia excretion rate of the Guangxi population was later than
that of the Jiangsu population, and the activities of total superoxide dismutase (T-SOD),
catalase (CAT), and lysozyme (LZM) in the hepatopancreas were significantly higher than
those of the Jiangsu population (p < 0.05), while the malondialdehyde (MDA) content of the
Jiangsu population was significantly higher, indicating that the Guangxi population had
stronger heat tolerance, consistent with the higher annual average water temperature of its
habitat [41]. In oysters, the Pacific oyster (Crassostrea gigas) is mainly distributed in northern
cold waters, with an optimal growth temperature of 20–28 ◦C, while the Portuguese oyster
(C. angulata) is distributed in southern warm waters, with an optimal growth temperature
of 24–28 ◦C. The thermal upper limit (LT50) of the latter is about 1 ◦C higher than that of
the former, and the Arrhenius breakpoint temperature of heart rate and standard metabolic
rate is also significantly higher than that of C. gigas during warming [42,43].

B. areolata is mainly distributed in Southeast Asia, radiating from the Gulf of Thailand
to the southern coast of Zhejiang Province, China, spanning tropical to subtropical seas.
The temperature decreases continuously from south to north in this geographical range, but
there was no systematic study on the differences in temperature tolerance among different
geographic populations before. In this study, the main cultured geographic populations
of B. areolata in mainland China were selected, and it was found that their heat tolerance
was consistent with the environmental temperature of geographical distribution, that
is, populations distributed in low-latitude seas had stronger heat tolerance. Specifically,
LT50 (36.49 ± 0.05 ◦C) and CTMax (35.77 ± 0.52 ◦C) of TL were significantly higher than
those of WN (LT50 36.11 ± 0.02 ◦C, CTMax 35.50 ± 0.52 ◦C), ZA (LT50 36.02 ± 0.04 ◦C,
CTMax 35.12 ± 0.77 ◦C), and CL (LT50 35.90 ± 0.05 ◦C, CTMax 35.26 ± 0.53 ◦C) (p < 0.05),
showing a gradient change of enhanced heat tolerance with decreasing latitude. These
findings align with patterns widely reported in aquatic organisms [44–46], suggesting that
geographic variation in thermal tolerance might be mediated by multiple physiological and
molecular mechanisms. In bivalves such as the Pacific oyster C. gigas and Pacific abalone
Haliotis discus hannai, heat shock proteins (HSPs) are significantly upregulated under
thermal stress as a primary molecular defense to maintain protein homeostasis [39,47].
Thermal tolerance divergence has also been linked to enhanced antioxidant defense systems,
where heat-resistant populations exhibited significantly higher SOD and CAT activities
and greater reactive oxygen species scavenging efficiency under thermal stress, resulting
in less tissue damage [48]. At the metabolic level, heat-stressed bivalves shift toward
anaerobic glycolysis and lipid mobilization to compensate for reduced aerobic scope, while
membrane lipid remodeling through homeoviscous adaptation preserves cellular integrity
by modulating glycerophospholipid composition and fatty acid saturation [49]. Although
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the present study did not directly measure these physiological parameters, the superior
heat tolerance of low-latitude B. areolata populations likely reflects evolved differences
in stress protein expression, oxidative stress resistance, and metabolic flexibility shaped
by long-term exposure to warmer native environments. Future studies are warranted to
investigate the mechanisms underlying thermal tolerance variation among geographically
distinct populations of B. areolata at both physiological and molecular levels.

In addition, the TL population in this study was the fifth-generation material subjected
to growth selection breeding, which had been cultured in Hainan and Fujian Provinces,
China, for seven and six years, respectively. Previous studies in bivalves have demonstrated
that selective breeding targeting growth traits can concurrently enhance thermal tolerance.
For example, four generations of shell height selection in the bay scallop (Argopecten
irradians irradians) elevated the Arrhenius break temperature (ABT) by approximately
2 ◦C [50]. Moreover, positive genetic correlations between growth and thermal tolerance
have been reported in oysters [37]. Thermal acclimation or domestication can also influence
heat resistance in bivalves [51,52]. However, for the TL population, such domestication
effects are unlikely to explain its superior heat tolerance, as the environmental temperatures
in Hainan and Fujian, where it was cultured, are lower than those in its native Thai habitat,
and the local Hainan and Fujian populations—which experienced comparable or longer
cultivation periods—exhibited significantly lower heat tolerance than TL. Therefore, we
infer that the elevated heat tolerance of TL may be attributed to its long-term adapta-
tion to the original tropical habitat or to indirect enhancement through growth-selective
breeding. Nevertheless, whether a positive genetic correlation exists between growth and
thermal tolerance traits in B. areolata remains to be verified through dedicated quantitative
genetic analyses.

Crossbreeding is an effective method to improve the stress resistance traits of eco-
nomic aquatic animals [53,54]. In this study, the LT50 values of the four hybrid populations
(TH, HT, TF, and FT) were 36.51 ± 0.04, 36.51 ± 0.07, 36.21 ± 0.03, and 36.40 ± 0.03 ◦C,
respectively, which were significantly higher than their respective low parents (WN:
36.11 ± 0.02 ◦C, ZA: 36.02 ± 0.04 ◦C), showing clear mid-parent heterosis. Among them,
the heterosis rates of survival rate of TL × WN hybrids (TH and HT) under 36.5 ◦C
stress reached 73.68% and 78.94%, respectively, and the heterosis rates for LT50 after 12 h
of stress were both positive, much higher than those of TL × ZA combinations. How-
ever, the heat tolerance indexes of all hybrid offspring did not exceed the best parent TL
(LT50 = 36.49 ± 0.05 ◦C), showing only mid-parent heterosis but no best-parent heterosis.
These results are consistent with the hypothesis that heat tolerance in B. areolata might
have a quantitative genetic basis, with hybrid phenotypes tending toward the average of
the two parents, suggesting an additive mode of inheritance. Similar phenomena have
been reported in the crossbreeding of shellfish such as abalone, scallop, and oyster: hy-
bridization can significantly enhance the heat tolerance of offspring and improve their
adaptability to summer high temperatures, but the best-parent heterosis is often not signifi-
cant [18,42,55,56]. In contrast, the heterosis rates of TH and HT (TL × WN) were higher
than those of TF and FT (TL × ZA), indicating that the genetic distance or combination
mode between parents has an important influence on the strength of heterosis.

Organisms have a specific temperature tolerance range, and once the ambient temper-
ature exceeds the threshold, physiological metabolism will be disrupted, leading to stress
or even death [14]. In recent years, rising sea surface temperatures have frequently ex-
ceeded the tolerance limit of many marine organisms, especially cultured mollusks [13,57].
Elevated temperature reduces dissolved oxygen in seawater and interferes with respira-
tory metabolism [58]. Therefore, determining the temperature tolerance range of new
germplasm or strains is crucial to ensure aquaculture success [39,59]. The improvement of
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heat tolerance of hybrid offspring in this study is consistent with the previous observation
that the summer mortality of TL × WN hybrids was significantly lower than that of the
Hainan parent [24]. Based on the accumulated evidence from multiple traits, including
growth performance, stress resilience, disease resistance, and thermal tolerance [17,23,24],
it is recommended that the Thailand × Wanning hybrids (TH or HT) be preferentially
promoted in areas with frequent high summer temperatures to reduce farming risks. Fur-
thermore, since only mid-parent heterosis was observed in this study, future work could
combine molecular-marker-assisted selection or genomic selection to further aggregate heat-
tolerant alleles from different parents, aiming to break through the limitation of mid-parent
heterosis and breed new heat-tolerant strains with best-parent heterosis.

5. Conclusions
This study systematically demonstrates that the four examined geographical popula-

tions of B. areolata exhibit marked genetic differentiation in heat tolerance, which increases
as the latitude of origin decreases. The Thai-selected population (TL) shows the highest heat
tolerance. Intraspecific hybridization effectively improves offspring heat tolerance, with all
hybrids performing significantly better than their low parent. The Thailand × Wanning
(TL × WN) hybrids display stronger positive mid-parent heterosis, while no hybrid com-
bination achieves significant best-parent heterosis. These results confirm crossbreeding
as an effective strategy for enhancing heat tolerance in B. areolata. However, it should be
noted that this study focused on acute thermal stress assessment, and further research
incorporating long-term thermal acclimation and physiological biomarker analysis is war-
ranted. Nevertheless, the superior hybrid combinations identified here provide important
materials and theoretical support for future breeding of heat-tolerant strains and stable
aquaculture production, offering significant practical value for the industry to cope with
thermal stress and achieve healthy, sustainable development.
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