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Temperature has crucial effects on gonadal development and reproduction of abalone.
To understand the impact of thermal stress on molecular and physiological processes
triggering the regulation of reproduction, changes in the mRNA expression of
neuroendocrine genes encoding two abalone gonadotropin-releasing hormone (Hdh-
GnRH, Hdh-GnRH-like peptide), GnRH receptor (Hdh-GnRH-R), Hdh-APGWamide,
serotonin receptor (5-HThdh), and a heat shock protein HSP70 were examined in
ganglia and testis of male Pacific abalone (Haliotis discus hannai). Abalone were
exposed to low water temperature (LWT) and high water temperature (HWT) in early and
peak breeding seasons for 7 days. Then, gonadosomatic index (GSI) was calculated,
relative gene expression was measured by qRT-PCR, and levels of testosterone in
hemolymph were also measured by ELISA during the peak breeding season. GSI
did not show any significant changes during the early breeding season. However, it
was significantly decreased in LWT- or HWT-exposed abalone compared to the normal
water temperature (NWT) group during the peak breeding season. In the early breeding
season, changes of mRNA expression of all five genes were significant between LWT
and HWT groups on day-7. In the peak breeding season, compared to the NWT group,
the mRNA expressions of different genes were significantly decreased in different tissues
both in LWT and HWT groups of abalone, such as Hdh-GnRH-like peptide in the cerebral
ganglion (CG) and testis; Hdh-GnRH in the pleuropedal ganglion (PPG) and branchial
ganglion (BG); Hdh-GnRH-R in the CG, PPG, and testis; and Hdh-APGWamide in the
PPG and testis. Interestingly, the expression of 5-HThdh was significantly increased in
the HWT group but decreased in the LWT group. Expression of HSP70 was significantly
increased in the testis after exposure to HWT. Hemolymph levels of testosterone were
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significantly decreased in the HWT group compared to those in the NWT group.
Altogether, these results denote that thermal stress has a repressive effect on gonadal
maturation and reproduction by regulating the expression of Hdh-GnRH-like peptide,
Hdh-GnRH, Hdh-GnRH-R, Hdh-APGWamide, 5-HThdh, and HSP70 genes and levels of
hemolymph testosterone.

Keywords: thermal stress, GnRH, GnRH-R, APGWamide, 5-HT, gonadal maturation, reproduction, Haliotis discus
hannai

INTRODUCTION

Pacific abalone (Haliotis discus hannai) is the most commercially
important gastropod species in Korea as well as in Southeast
Asian countries. It is widely used in commercial aquaculture
because of its remarkable food value and high price (Park
and Kim, 2013). Large-scale farming of Pacific abalone in sea
cages has spread along small bays and islands of the southwest
coast of Korea. There are more than 1,500 abalone hatcheries
in Korea that are producing abalone seeds in conventional
methods (Choi et al., 2015). Broodstock conditioning is the prime
factor in conventional breeding of abalone that is practiced for
early development of gonads by controlling exogenous factors
(Kikuchi and Uki, 1974; Matsumoto and Maeda, 2021).

A number of exogenous and endogenous factors can
control or coordinate the reproductive cycle of marine
invertebrates (Nuurai et al., 2010). Among these exogenous
factors, temperature plays a critical role in the regulation
of reproductive parameters, including reproductive cycles,
gametogenesis, and spawning of invertebrates (Giese and
Kanatani, 1987; Mercier and Hamel, 2009). An increase in mean
sea water temperature is known to cause changes in the annual
reproductive cycle of marine invertebrates (Olive, 1995). Water
temperature is an important environmental cue that triggers
the onset of breeding of molluskan species (Wayne and Block,
1992). It is also considered a principal exogenous factor that
regulates the reproductive cycle of many marine gastropod
species (Hahn, 1989; Nuurai et al., 2010). Water temperature
can influence the rate of gonad development and regulate the
reproduction of most abalone species (Grubert and Ritar, 2004).
In the sea, the peak spawning season of Pacific abalone is at
a water temperature around 20◦C (Koizumi and Tsuji, 2017).
The increase of visual gonad index (VGI) of Pacific abalone is
proportional to the increase of water temperature (Kikuchi and
Uki, 1974; Fukazawa et al., 2007). High temperature is known
to reduce gonadal development of red abalone (Rogers-Bennett
et al., 2010). Both extremely high and low temperatures have
adverse impacts on gonadal cells and developmental processes of
clams (Lagade et al., 2019).

Increase or decrease of temperature from the ambient level
not only can regulate reproductive parameters but also can affect
endocrine functions (Pankhurst and King, 2010). Gonadotrophic
and reproductive hormones seem to act as transducers between
environmental parameters and the gamete, indicating that
temperature can alter the levels of these hormones (Lawrence and
Soame, 2004). Gonadal developmental activities of abalone are
believed to be controlled by long-term endogenous rhythm that

is influenced by exogenous environmental factors (Hahn, 1989).
Abalone reproduction is largely regulated by a number of
neurosecretory hormones synthesized in cerebral, pleuropedal,
and visceral ganglia (Hahn, 1992). Secretion of neurohormones
from cerebral and pleuropedal ganglia have been found to be
correlated with gametogenesis and vitellogenesis and induction
of spawning, respectively (Hahn, 1992). Gonadotropin-releasing
hormone (GnRH)-like peptide, a neurohormone, plays a key
role in the regulation of reproduction of molluskan species. It
has been shown that octopus GnRH-like peptide (Oct-GnRH)
might be involved in the regulation of reproduction (Minakata
and Tsutsui, 2016). Scallop GnRH-like peptide (py-GnRH) can
stimulate spermatogonial cell proliferation of Yesso scallop and
Pacific oyster (Nakamura et al., 2007; Treen et al., 2012).
Endogenous GnRH-like peptide can stimulate egg-laying of pond
snail (Young et al., 1999). Pacific abalone GnRHs (Hdh-GnRH-
like peptide, Hdh-GnRH) and GnRH receptor (Hdh-GnRH-R)
have been reported to be involved in gonadal cell proliferation,
gonadal development, and reproductive activities (Kim et al.,
2017; Sharker et al., 2020a,c, 2021). Tropical abalone GnRH
peptide (HasGnRH) has been shown to be involved in ovarian
cell proliferation of H. asinina (Nuurai et al., 2016). It is evident
that serotonin (5-HT), a neurohormone, is a potential regulator
that controls the secretion of GnRH (Prasad et al., 2015). 5-HT
is also known to play pivotal roles in invertebrates’ reproductive
systems, including gonadal maturation and spawning (Hamida
et al., 2004; Garnerot et al., 2006). 5-HT can induce gonadal
maturation, egg release, and spawning of mollusks generally
potentiated by sex steroids and may be regulated via the
induction of serotonin receptor synthesis. Estrogens can promote
5-HT-induced spawning in scallops, Placopecten magellanicus,
by synthesis of 5-HT receptors (Wang and Croll, 2006). In
mussels, Mytilus edulis, following estradiol-17β (E2) treatment,
the expression of 5-HT1-like receptor is decreased in the mature
stage but increased in immature stages (Cubero-Leon et al., 2010).
5-HT receptors (5-HThdh) are also involved in the reproduction
of Pacific abalone (Kim et al., 2019; Sharker et al., 2020b).
Another neuropeptide, Ala-Pro-Gly-Trp-NH2 (APGWamide),
can also control sexual maturation and reproduction of
mollusks. APGWamide can function as a central and peripheral
neuromediator in the control of male reproduction of Lymnaea
stagnalis (Van Golen et al., 1995; De Boer et al., 1997) and
Ilyanassa obsolete (Oberdorster et al., 2005). This neuropeptide
is also induced during final maturation and spawning of both
sexes of Pacific abalone and Sydney rock oyster (Van In et al.,
2016; Kim et al., 2018). Induction of neuropeptides, GnRH,
GnRH-like peptide, 5-HT, and APGWamide can induce sexual
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maturation and spawning both in vitro and in vivo, providing
direct evidence that these signaling molecules are crucial for
abalone reproduction (Chansela et al., 2008; Nuurai et al., 2010,
2016; Sharker et al., 2021). However, there is a scarcity of data
on the effects of temperature on these neuroendocrine genes, and
there is a need for a study to understand their effect on gonadal
development and reproduction of abalone.

The effect of temperature on abalone reproduction and
the relationship between temperature and biological processes
during gonadal development have been studied extensively for
several abalone species such as Pacific abalone (H. discus hannai)
(Kikuchi and Uki, 1974; Hahn, 1994), New Zealand abalone
(H. iris) (Kabir, 2001), austral abalone (H. australis) (Kabir,
2001), blacklip abalone (H. rubra) (Grubert and Ritar, 2004),
and greenlip abalone (H. laevigata) (Grubert and Ritar, 2004).
However, the effect of thermal stress on neuroendocrine and
reproduction-associated genes during gonadal development and
breeding season remains unclear. Therefore, the objective of the
present study was to investigate the effects of low- and high-
temperature stress on mRNA expression levels of neuroendocrine
genes encoding two abalone gonadotropin-releasing hormones
(Hdh-GnRH, Hdh-GnRH-like peptide), gonadotropin-releasing
hormone receptor (Hdh-GnRH-R), Hdh-APGWamide, and a
serotonin receptor (5-HThdh) in Pacific abalone (H. discus
hannai) during breeding season. The expression of a heat shock
protein HSP70 in testis and hemolymph level of testosterone
were also examined.

MATERIALS AND METHODS

Abalone Collection and Rearing
Pacific abalone (H. discus hannai) were collected from cages
of abalone sea cage aquaculture of East sea of Wando-gun,
Jeollanam-do, South Korea, in May and June for the first and
second experiment during early and peak breeding seasons,
respectively. The water temperature at the sampling site was
about 18◦C during the sampling period in May 2020 and 21◦C
in June 2020 (Supplementary Table 1). Collected abalone were
transported to Tou-Jeong Soosan abalone hatchery in Dolsan-
eup, Yeosu-si, Jeollanam-do, and conditioned in indoor tanks
under natural photoperiod with recirculating sea water for
2 weeks. Water temperature during the conditioning period was
similar to that at the sampling site.

Experimental Design
Two experiments under different temperature conditions were
conducted in May and June 2020 with ambient temperature of
about 18 and 21◦C, respectively. In the first experiment during
the early breeding season, abalone were exposed to a low-
temperature (14◦C), a normal-temperature (18◦C), and a high-
temperature (22◦C) condition for 7 days. The second experiment
was conducted during the peak breeding season in which abalone
were exposed to a low temperature (16◦C), a normal temperature
(21◦C), and a high temperature (26◦C) for 7 days. Abalone was
reared in the natural photoperiod: in May, 14:10 h, and in June,
14.5:9.5 h. For both experiments, to acclimatize abalone at low

and high temperatures, temperature was gradually decreased
or increased (11◦C per 24 h) from normal water temperature
(NWT) to the target temperature. After reaching the target
temperature, abalone were kept in the target water temperature
for 3 and 7 days for day-3 and day-7 groups, respectively (n = 10
for each group). In addition, a set of abalone was sampled just
before the start of the experiment for thermal stress. This group
served as initial control (IC).

Abalone Husbandry and Monitoring
Water temperature of each experimental tank was maintained
using an electric cooling unit (SunCool, DA-3000C, DAEIL,
Korea), a heating unit (PB 51-1, HANIL, Korea), and a thermostat
(DHE, South Korea) with a water flow rate at 1.5 L min−1.
Water quality parameters such as dissolved oxygen, salinity,
temperature, and pH were measured daily with YSI professional
plus digital water quality meter (Pro 10102030; Xylem Inc.,
United States) (Supplementary Table 2). Abalone were fed daily
to satiation with seaweed, Laminaria religosa. No abalone died
during the experimental period.

Ethics Statement
Animal experiments were conducted in accordance with
guidelines of the Institutional Animal Care and Use Committee
of Chonnam National University (CNU IACUC) with a
permission number of CNU IACUC-YS-2020-5 and according
to Article 14th of the Korean Animal Protection Law of the
Korean government. Animals were cared for in accordance
with Guidelines for Animal Experiments of Chonnam
National University.

Sample Collection
After temperature exposure, 10 abalone from each group
were collected from the rearing tank on day-3 and day-7 to
obtain tissue samples. Abalone were anesthetized and sacrificed
before sample collection. Total length, width, and shell height
were measured using a digimatic caliper (CD-P20S, Mitutoyo
Corp., Japan) and body weight was taken using an electric
balance (SPX223KR, OHAUS, United States) in nearest mm
and g, respectively (Supplementary Table 3). Hemolymph
samples were collected from the cephalic arterial sinus of
abalone with 5-ml syringes as described previously (Donaghy
et al., 2010). Collected hemolymphs were kept on ice and
centrifuged at 5,000 rpm for 10 min at 4◦C. Supernatants were
carefully collected and then stored at –80◦C until assay. For
gonadosomatic index (GSI) calculation, gonads were removed
after decapitation and weighted. Total body weight and soft-
body weight were also measured. From each abalone, cerebral
ganglion (CG), pleuropedal ganglion (PPG), branchial ganglion
(BG), and a portion of gonad (testis) were collected, snap frozen
in liquid nitrogen, and stored at –80◦C until total RNA extraction.
A portion of each gonad from individual abalone was fixed in 4%
paraformaldehyde (PFA) for gonadal histology.

Calculation of Gonadosomatic Index
GSI was calculated as described previously (Litaay and
De Silva, 2003; Onitsuka et al., 2007) using the following
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formula: GSI = (wet weight of gonad in grams/soft-body weight
of abalone in grams)× 100.

Testicular Histology
After fixation in 4% PFA overnight, gonad samples were
infiltrated with 30% sucrose, embedded in optimal cutting
temperature (OCT) compound and cryo-sectioned at 7–8-
µm thickness using a cryostat microtome (Leica CM 1860;
Leica Biosystems, United States). Sections were stained with
Mayer’s hematoxylin and counterstained with eosin Y (alcoholic)
using H&E staining kit (ab245880; Abcam, United States).
Stained slides were subsequently observed under a microscope
(Eclipse E600; Nikon, Tokyo, Japan) to confirm testicular
stages. Testicular stages of abalone were identified based on
histological analysis following previously reported testicular
stages (Kim et al., 2016).

Total RNA Extraction and cDNA
Synthesis
Total RNA was extracted from all sampled tissues of Pacific
abalone using an RNeasy mini kit (Qiagen, Hilden, Germany).
Any possible contamination of genomic DNA was eliminated
by treating with RNase-free DNase (Promega, Madison, WI,
United States). Quality and quantity of total RNAs were
evaluated by electrophoresis and spectrophotometry (UV
Spectrophotometer; ASP-2680, ACTGene, United States). First-
strand cDNAs were synthesized from total RNA using Oligo
(dT) primer (OdT) (Sigma) and Superscript R© III First-Strand
cDNA synthesis kit (Invitrogen, United States). All steps of RNA
extraction and cDNA synthesis were conducted following the
manufacturer’s instructions.

Quantitative Real-Time PCR Analysis of
Abalone Neuroendocrine Genes
Encoding Hdh-GnRH, GnRH-like peptide,
HdhGnRH-R, 5-HTHdh, Hdh-APGWamide,
and HSP70
Quantitative real-time PCR (qRT-PCR) assay was carried out
using 2x qPCRBIO SyGreen Mix Lo-Rox kit (PCR Biosystems
Ltd., United Kingdom) as described previously (Sukhan et al.,
2020). Briefly, the qRT-PCR reaction mixture was prepared with
1 µl of cDNA template, 1 µl (10 pmol) of both forward and
reverse primers (Table 1), 10 µl of SYBR Green Mix, and
dH2O with a final volume of 20 µl. Triplicate reactions were
performed for target and reference genes in each tissue sample.
PCR amplification conditions were: preincubation at 95◦C for
5 min, followed by 40 cycles 95◦C for 2 min, 60◦C for 30 s,
and 72◦C for 30 s. The melting temperature was obtained
using the default setting of the instrument. At the end of each
cycle, a fluorescence reading was recorded for quantification.
A LightCycler R© 96 System (Roche, Germany) was used for
amplification and data analysis. Specific amplification of each
subtype cDNA was verified by melting curve analysis and gel
electrophoresis of the product. Relative gene expression was
quantified based on cycle threshold using the 2−11ct method

TABLE 1 | Primers used in quantitative real-time PCR (qRT-PCR).

Prime Nucleotide sequences Accession No.

Hdh-GnRH Fw 5′-GCACCAAACCACAGAATGTC-3′ KY264019

Hdh-GnRH Rv 5′-CTGAAGACGCAGCTGGTG-3′

Hdh-GnRH-like peptide Fw 5′-ATCGCTGCCAGAACGGAGTG-3′ MK089558

Hdh-GnRH-like peptide Rv 5′-CCACTGTTACTGCTACTACTG-3′

Hdh-GnRH-R Fw 5′-CAACTGAGATTCTATTTGTGGC-3′ MN270936

Hdh-GnRH-R Rv 5′-AGCCACAATCATCTTCTTAGC-3′

Hdh-APGWamide Fw 5′-ACAATGGAAATGATGTCCTTCG-3′ MG751779

Hdh-APGWamide Rv 5′-GTATCAGGTACGTGTTTGGGA-3′

5-HThdh Fw 5′-TAT ATT CGT AAC CGC AGT GC-3′ MK564084

5-HThdh Rv 5′-CAT GAC AAG CAT GGG AAG AT-3′

HSP70 Fw 5′-CAGAGAACACAATCTTCGATGC-3′ DQ324856

HSP70 Rv 5′-CGTTGAGAGTCGTTGAAGTAAG-3′

Hdh-βActin Fw 5′-CCGTGAAAAGATGACCCAGA-3′ AY380809

Hdh-βActin Rv 5′-TACGACCGGAAGCGTACAGA-3′

(Livak and Schmittgen, 2001) with β-actin gene (GenBank
accession no. AY380809) as an internal reference.

Enzyme-Linked Immunosorbent Assay
for Testosterone Analysis
Testosterone hormone was extracted from each hemolymph
sample using diethyl ether as described previously (Sang et al.,
2019) with slight modification and according to instruction
of a testosterone ELISA kit (ADI-900-065; Enzo Life Sciences,
United States). Briefly, 1 ml of diethyl ether was added to
every milliliter of hemolymph and vortexed. The top ether layer
was carefully taken by a pipette and placed into a clean test
tube. This step was repeated twice more, and ether layers were
combined. Ether was then evaporated to dryness under nitrogen.
Extracted testosterone was then dissolved in an assay buffer
provided in the kit. Levels of testosterone in hemolymph samples
were measured using a species-independent testosterone ELISA
kit (ADI-900-065) according to the manufacturer’s instructions.
Testosterone concentration was measured at 405 nm using an
EpochTM Microplate Spectrophotometer (BioTek Instruments
Inc., United States). The amount of signal was indirectly
proportional to the level of testosterone in the sample. A standard
curve of testosterone was obtained using concentrations of
standard ranging from 7.81 to 2,000 pg/ml.

Statistical Analysis
Values of GSI, mRNA expression, and testosterone level were
analyzed statistically and expressed as mean ± standard
deviation (SD). Changes in the GSI corresponding to different
temperatures, relative mRNA expressions, and testosterone
concentrations in different tissues were analyzed by non-
parametric one-way analysis of variance (ANOVA) to generate
graphs using GraphPad Prism 5.1 software1. Tukey’s post hoc
test was performed to assess statistically significant differences
among different temperature conditions. Statistical significance
was set at p < 0.05. Different letters in figures showed significant

1http://www.graphpad.com
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differences between different temperatures. Changes in the
relative mRNA expressions in different tissues across different
thermal stress conditions were analyzed by non-parametric one-
way ANOVA followed by post hoc Tukey’s homogeneity of
variance test using statistical package IBM SPSS for Windows
Ver. 25.0 and presented in Supplementary Tables 4–8.

RESULTS

Changes in the Gonadosomatic Index
During Early and Peak Breeding Seasons
In the early breeding season, the GSI of Pacific abalone showed
no distinct changes when they were exposed to different water
temperatures such as low (14◦C), high (22◦C), and normal (18◦C)
water temperatures on any exposure day (Figure 1A). On the
other hand, during the peak breeding season, the GSI of abalone
was significantly decreased in both low (16◦C) and high (26◦C)

FIGURE 1 | Changes in the gonadosomatic index (GSI) of male Pacific
abalone during early (A) and peak (B) breeding seasons exposed to thermal
stress for 7 days. Before exposure to the target temperature of thermal stress,
abalone were sampled to obtain reference values that served as initial control
(IC). Values represent the mean ± SD (n = 10). Different letters on the bar
indicate significant differences among different temperature groups (p < 0.05).

water temperature groups compared to that in the normal (21◦C)
water temperature group on day-7 (Figure 1B).

Histological Changes in the Testicular
Stages of Abalone During the Peak
Breeding Season
Representative sections of testis tissues of abalone exposed to
different temperatures (16, 21, and 26◦C) during the peak
breeding season were histologically analyzed and presented in
Figure 2. Testicular stage was found in fully mature stage in NWT
(21◦C) group abalone characterized as full of sperm (Figure 2B).
Both low (16◦C) and high (26◦C) temperature-exposed groups
of abalone showed distinct changes in the histological stages
compared to the NWT group of abalone (Figures 2A,C). In both
groups of abalone, testicular stage seems to possess degenerative
stage of testis.

Changes in the Expression of Two
Abalone Hdh-GnRHs and Hdh-GnRH-R
Genes in Different Ganglia of Central
Nervous System and Testis of Pacific
Abalone During Early and Peak Breeding
Seasons
The effects of thermal stress on mRNA expression levels of two
abalone GnRHs (Hdh-GnRH and Hdh-GnRH-like peptide) and
GnRH-R genes in CG, PPG, and BG of the central nervous system
(CNS) and in testis tissues of Pacific abalone were examined in
two experiments during early and peak breeding seasons.

Changes in the mRNA Expression in the Cerebral
Ganglion
In the early breeding season, Hdh-GnRH-like peptide and GnRH-
R genes showed no significant changes in the mRNA expression
on day-3 among any temperature group, whereas significant
changes in their expression were observed between low- and
high-temperature groups of abalone on day-7 (Figures 3A,B).
During the peak breeding season, both low and high water
temperature (HWT) groups of abalone showed significantly
lower expression of Hdh-GnRH-like peptide and GnRH-R gene
compared to the NWT group on day-7 (Figures 3C,D). Hdh-
GnRH gene did not show significant changes of expression in any
breeding season (Supplementary Figure 1). Among these three
genes, Hdh-GnRH-like peptide showed higher expression in CG
than the other two genes (Supplementary Table 4).

Changes in the mRNA Expression in the Pleuropedal
Ganglion
During the early breeding season, changes in the mRNA
expression of Hdh-GnRH and GnRH-R genes on day-3 were
insignificant in any group of abalone, although significant
changes in their expression were observed between low- and
high-temperature groups on day-7 (Figures 4A,B). During the
peak breeding season, changes in the mRNA expression of Hdh-
GnRH gene were significantly lower in both high- and low-
temperature groups of abalone compared to those in the NWT
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FIGURE 2 | Histological analysis of testes in Pacific abalone (H. discus
hannai) on day-7 in the second experiment during the peak breeding season
after exposure to three temperature treatments (A: 16◦C; B: 21◦C; and C:
26◦C) by hematoxylin–eosin staining. Low (A) and high (C) water temperature
group of abalone showed distinct differences in mature sperm content
compared to normal water temperature (B) group of abalone. The inset
picture in (B) is at higher magnification of sperm. Sg, spermatogonia; Sp,
sperm; Trb, trabeculae. Scale bar: 100 µm.

group on day-3 and day-7 (Figure 4C). Hdh-GnRH-R gene
showed significantly lower expression in HWT group compared
to that in the NWT group on day-7 (Figure 4D). Hdh-GnRH-
like peptide expression did now show any significant changes in
abalone of low, high, or NWT group on day-3 or day-7 in any
breeding season (Supplementary Figure 2). In PPG, Hdh-GnRH

gene showed higher expression than Hdh-GnRH-like peptide and
Hdh-GnRH-R (Supplementary Table 5).

Changes in the mRNA Expression in the Branchial
Ganglion
In BG, significant changes in the Hdh-GnRH mRNA expression
were observed between low and HWT groups on day-7 during
the early breeding season (Figure 5A). However, changes in
its expression in abalone of HWT group were significantly
lower compared to HWT group on day-3 and day-7 in the
peak breeding season (Figure 5B). On the other hand, its
expression levels in abalone of low water temperature (LWT)
group were significantly lower than those in the NWT group
on day-7. Expression levels of Hdh-GnRH-like peptide and Hdh-
GnRH-R genes did not show any significant changes in any
group of abalone on day-3 or day-7 in any breeding season
(Supplementary Figure 3).

Changes in the mRNA Expression in the Testis
The changes in the mRNA expression in the testis tissue
of all three genes were not significant on day-3 during
the early breeding season, whereas significant changes were
observed between low and HWT groups of abalone on day-7
(Figures 6A–C). During the peak breeding season, on day-3, only
Hdh-GnRH-like peptide showed significantly lower expression in
HWT group of abalone compared to NWT group (Figure 6E).
On day-7, changes in the expression of Hdh-GnRH-like peptide
and Hdh-GnRH-R genes in both low and HWT groups of
abalone showed significantly lower expression compared to NWT
group (Figures 6E,F). However, the Hdh-GnRH gene showed
significant changes only between high and NWT groups on
day-7 (Figure 6D).

Changes in the Expression of
Hdh-APGWamide and Serotonin
Receptor (5-HThdh) Genes in Different
Ganglia of the Central Nervous System
and Testis of Pacific Abalone During the
Early and Peak Breeding Seasons
Changes in the mRNA expression pattern of Hdh-APGWamide
and 5-HThdh genes in CG, PPG, and BG of the CNS and testis of
Pacific abalone were examined after exposed to low or HWT in
two experiments during early and peak breeding seasons.

Changes in the mRNA Expression in the Cerebral
Ganglion
In the CG, the mRNA expression of serotonin receptor (5-
HThdh) interestingly showed an increased expression in the
high-temperature group of abalone during the peak breeding
season. The expression of 5-HThdh gene showed insignificant
changes on day-3 or day-7 between any temperature groups
of abalone during the early breeding season (Figure 7A). In
the peak breeding season, the changes of expression between
low- and high-temperature group abalone were significant
on day-7, whereas no significant differences were observed
on day-3 among any temperature groups (Figure 7B). The
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FIGURE 3 | Changes in the relative mRNA expression of Hdh-GnRH-like peptide (A,C) and Hdh-GnRH-R (B,D) in the cerebral ganglion (CG) of male Pacific abalone
during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were
sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant
differences among different temperature groups (p < 0.05).

FIGURE 4 | Changes in the relative mRNA expression of Hdh-GnRH (A,C) and Hdh-GnRH-R (B,D) in the pleuropedal ganglion (PPG) of male Pacific abalone during
early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to
obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among
different temperature groups (p < 0.05).
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FIGURE 5 | Changes in the relative mRNA expression of Hdh-GnRH (A,B) in the branchial ganglion (BG) of male Pacific abalone during early and peak breeding
seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values
that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature
groups (p < 0.05).

mRNA expression of Hdh-APGWamide gene did not show any
significant differences in either the early or peak breeding season
(Supplementary Figure 4).

Changes in the mRNA Expression in the Pleuropedal
Ganglion
The mRNA expression of Hdh-APGWamide gene did not show
any significant difference in any temperature group during the
early breeding season (Figure 8A). However, in the peak breeding
season, it showed a significantly lower expression in the HWT
group compared to that in the NWT group on day-7 (Figure 8C).
Serotonin receptor (5-HThdh) gene showed a significantly higher
mRNA expression in the HWT group of abalone than the LWT
group in both early (Figure 8B) and peak (Figure 8D) breeding
seasons on day-7. The expression was also significantly higher
compared to that of the NWT group of abalone on day-7 during
the peak breeding season.

Changes in the mRNA Expression in the Branchial
Ganglion
In the BG, mRNA expression levels of Hdh-APGWamide and 5-
HThdh genes did not show any significant differences among any
temperature group of abalone during the early or peak breeding
season (Supplementary Figure 5).

Changes in the mRNA Expression in the Testis
Hdh-APGWamide and 5-HThdh mRNA expression showed no
significant changes among any temperature group on day-3
during the early breeding season. However, the HWT group
of abalone showed a significantly higher expression of both
genes compared to the low temperature group on day-7
(Figures 9A,B). During the peak breeding season, the HWT
group of abalone showed a significantly lower Hdh-APGWamide
mRNA expression than the NWT group (Figure 9C) on day-3
and day-7. Interestingly, serotonin receptor (5-HThdh) showed
a different expression pattern compared to other examined
genes. The HWT group of abalone showed significantly higher
expression of 5-HThdh on day-7 compared to those of the low and
NWT groups of abalone (Figure 9D).

Changes in the mRNA Expression of
Heat Shock Protein 70 (HSP70) Gene in
the Testis of Pacific Abalone During the
Peak Breeding Season
The mRNA expression levels of HSP70 were significantly
increased in the testis of the HWT group of abalone compared
to those of the low and NWT groups on day-3 and day-7 during
the peak breeding season (Figure 10).

Changes in the Hemolymph Testosterone
During the Peak Breeding Season
Hemolymph levels of testosterone both in low and high
temperature-exposed abalone showed decreasing trends. The
levels of testosterone were significantly decreased in HWT -
exposed abalone compared to those of the NWT group both
on day-3 and day-7 during the peak breeding season. On the
other hand, the changes of testosterone level were insignificant
in the LWT-exposed abalone compared to those of the normal
and HWT groups of abalone (Figure 11).

DISCUSSION

Water temperature plays a crucial role in gonadal development
and reproduction of abalone species. In the present experiment,
to understand the role of temperature in gonadal development
in Pacific abalone, the effects of low and HWT stress on
the expression levels of abalone reproduction-associated genes
encoding Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R,
Hdh-APGWamide, and 5-HThdh in the three ganglia (CG, PPG,
and BG) of the CNS and testis tissues and a heat shock
protein, HSP70 in the testis of mature male abalone were
examined during early and peak breeding seasons. Examined
reproduction-associated genes showed differential expression
patterns in different ganglion tissues. Hdh-GnRH, Hdh-GnRH-
R, APGWamide, and 5-HThdh genes showed higher expression
levels in the PPG, whereas Hdh-GnRH-like peptide showed a
higher expression level in the CG. Previously, it has been reported
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FIGURE 6 | Changes in the relative mRNA expression of Hdh-GnRH (A,D), Hdh-GnRH-like peptide (B,E), and Hdh-GnRH-R (C,F) in the testis of male Pacific
abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone
were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant
differences among different temperature groups (p < 0.05).

that Hdh-GnRH (Kim et al., 2017), Hdh-GnRH-R (Sharker et al.,
2020c), APGWamide (Kim et al., 2018), and 5-HThdh (Sharker
et al., 2020b) genes were synthesized from the PPG and Hdh-
GnRH-like peptide (Sharker et al., 2020a) was synthesized from
the CG in Pacific abalone. Besides its higher expression in the
PPG, Hdh-GnRH also showed a higher expression in the BG.
A similar kind of expression pattern of Hdh-GnRH has also been
reported previously (Kim et al., 2017). The present study is the
first one reporting the effects of low and HWT stress on the
expression of reproduction-associated genes during the breeding
season in a molluskan species.

The GSI of Pacific abalone did not show any significant
differences among all temperature conditions in the early

breeding season. In the peak breeding season when GSI was in
a more advanced stage, it was significantly decreased in both
low and HWT group of abalone compared to the NWT group.
Reproduction activities of abalone can be severely affected by
thermal stress. It has been shown that the gonad index of male
red abalone is significantly decreased under acute thermal stress
(Vilchis et al., 2005; Rogers-Bennett et al., 2010). Since the
early breeding season of Pacific abalone starts in May when
water temperature is about 18◦C and the peak breeding season
is in June when water temperature is about 20–21◦C (Kim
et al., 2016), the low temperature condition both in the first
and the second experiments might have kept the abalone under
less thermal stress. The high-temperature condition at 22◦C in
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FIGURE 7 | Changes in the relative mRNA expression of 5-HThdh (A,B) in the cerebral ganglion (CG) of male Pacific abalone during early and peak breeding seasons
after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that
served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups
(p < 0.05).

FIGURE 8 | Changes in the relative mRNA expression of Hdh-APGWamide (A,C) and 5-HThdh (B,D) in the pleuropedal ganglion (PPG) of male Pacific abalone
during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were
sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant
differences among different temperature groups (p < 0.05).

the early breeding season might be an acceptable temperature
for abalone to progress gonadal maturation. At this condition,
reproduction-associated genes showed an increasing trend of
expression. On the other hand, in the peak breeding season,
in the high-temperature condition at 26◦C, the GSI tended to
decrease. This high-temperature condition might have acted
as an environmental signal to the CNS to terminate breeding
activities. Expression levels of reproduction-associated genes
such as Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, and
APGWamide were also decreased significantly. Interestingly, 5-
HThdh gene expression level was increased. Currently, there

is no concrete evidence about the effect of thermal stress on
the GSI of any invertebrate species other than Atlantic sea
urchin. After exposure to a high temperature, percentages of
gametes (eggs/sperm) in Atlantic sea urchin are decreased on
day-7 (Johnstone et al., 2019). However, several experimental
data on this issue have been published for different aquatic
animals. For example, the GSI of mature male puffer fish is
significantly decreased on day-7 after exposure to a high or
low temperature (Shahjahan et al., 2017). The GSI of male
blue gourami is reduced on day-9 after exposure to a low
temperature (David and Degani, 2011). After exposure to a high
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FIGURE 9 | Changes in the relative mRNA expression of Hdh-APGWamide (A,C) and 5-HThdh (B,D) in the testis of male Pacific abalone during early and peak
breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain
reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different
temperature groups (p < 0.05).

FIGURE 10 | Changes in the relative mRNA expression of HSP70 in the testis of Pacific abalone during the peak breeding season after exposure to thermal stress
for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values
represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).

temperature, the GSI of mature female red seabream is decreased
on day-7 (Okuzawa and Gen, 2013). The GSI of mature female
Atlantic salmon in a high-temperature condition is suppressed
significantly (Pankhurst et al., 2011). These data indicate that
like other aquatic animals, reproductive activities of abalone
are also dependent on temperature and that under both low-

and high-temperature stresses, the GSI of Pacific abalone is
reduced significantly.

In the early breeding season, Hdh-GnRH, Hdh-GnRH-like
peptide, Hdh-GnRH-R, APGWamide, and 5-HThdh genes in the
CG did not show significant changes in the mRNA expression
at low or HWT stress when each condition was compared
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FIGURE 11 | Changes in the levels of testosterone in the hemolymph of male Pacific abalone during the peak breeding season after exposure to thermal stress for
7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values
represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).

to NWT. However, the expression levels of Hhd-GnRH, Hdh-
GnRH-like peptide, and Hdh-GnRH-R genes were significantly
different between low- and high-temperature stress conditions.
In the PPG, Hhd-GnRH, Hdh-GnRH-R, and 5-HThdh but not
Hdh-GnRH-like peptide and APGWamide showed an expression
pattern similar to those observed in the CG. In the BG, only Hdh-
GnRH gene showed significant differences on day-7 between low-
and high-temperature groups of abalone.

In the peak breeding season, the expression of Hdh-GnRH-
like peptide and Hdh-GnRH-R genes in CG showed significantly
lower expression in both low- and high-temperature groups
of abalone compared to NWT group with a synchronous
decrease of GSI. The mRNA expression of Hdh-GnRH-like
peptide was found significantly higher in CG than in other
ganglion tissues (Supplementary Table 4). These results suggest
that CG-synthesized Hdh-GnRH-like peptide might be involved
in the reproductive process during the breeding season, and
its expression could be downregulated in both low- and high-
temperature stress. Previously, it has been reported that Hdh-
GnRH-like peptide synthesized in CG might be involved in
gonadal maturation and regulating the secretion of other
reproductive hormones (Sharker et al., 2020a). In the PPG, Hdh-
GnRH and Hdh-GnRH-R genes but not Hdh-GnRH-like peptide
showed significantly lower expression in both low and HWT
groups than those in the NWT group on day-7. Both Hdh-GnRH
and Hdh-GnRH-R genes showed significantly higher expression
in the PPG than in other ganglion tissues (Supplementary
Tables 5,6). This result may suggest that these two genes that
synthesized in PPG might be involved in the reproductive
function, and both low- and high-temperature stresses can
suppress their expression during the peak breeding season as well
as gonadal maturation and GSI. Kim et al. (2017) reported that
the Hdh-GnRH gene was synthesized from the PPG of Pacific

abalone, and based on expression analysis, they have concluded
that Hdh-GnRH synthesized in the PPG might be involved in
reproductive activities. However, Sharker et al. (2020c) have
isolated Hdh-GnRH-R gene from the PPG and suggested that
PPG synthesizing Hdh-GnRH-R gene might be involved in the
control of gonadal maturation and gametogenesis of Pacific
abalone. In the BG, Hdh-GnRH-like peptide and Hdh-GnRH-
R genes but not Hdh-GnRH showed no significant changes
of expression in any temperature group of abalone. However,
Hdh-GnRH gene showed significantly lower expression in both
high- and low-temperature groups of abalone compared to
that in the NWT group of abalone on day-7. This result may
suggest that BG-synthesized Hdh-GnRH might also be involved
in the gonadal developmental process, and both low- and high-
temperature stress downregulated its mRNA expression in the
BG. Kim et al. (2017) have reported that the expression of Hdh-
GnRH gene that is synthesized in the BG and the PPG is tightly
correlated with abalone reproductive activities.

Hdh-APGWamide gene expression showed no significant
changes in the CG or BG in any temperature group of
abalone in the peak breeding season. It showed significantly
lower expression in the PPG on day-7 in HWT group of
abalone compared to that in NWT group. A significantly higher
expression of Hdh-APGWamide gene was observed in the PPG
than in other ganglion tissues (Supplementary Table 7). This
result suggests that Hdh-APGWamide that synthesized in the
PPG might be involved in reproductive activities; however, HWT
stress can suppress its expression. A previous study has concluded
that APGWamide gene in Pacific abalone has a ganglion-specific
expression, indicating that it may induce final maturation and
spawning in both sexes (Kim et al., 2018). Interestingly, the
expression of 5-HThdh gene was significantly higher in the high-
temperature group of abalone in both the CG and PPG compared
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to those of the low- and normal-temperature groups of abalone.
In the present experiment, the higher expression of 5-HThdh
gene in the high-temperature group abalone is quite different
from those of the other examined genes. In the LWT group of
abalone, it showed significantly lower expression on day-7 in the
PPG compared to the high-temperature group, but the changes
were insignificant with NWT group. The 5-HThdh gene showed
significantly higher expression in the PPG than those in the other
ganglion tissues (Supplementary Table 8). These results may
suggest that PPG-synthesized 5-HThdh gene might be involved in
the regulation of reproduction. Furthermore, thermal stress can
regulate the expression of 5-HThdh in Pacific abalone during the
breeding season. Its expression in abalone is downregulated at
low temperature but upregulated at high temperature. A similar
result has been reported in two other molluskan species, blue
and swan mussel. It has been shown that levels of serotonin
(5-HT) in the CNS of Mytilus edulis and Anodonta cygnea are
increased under high-temperature stress but decreased under
cold-temperature stress (Stefano et al., 1978).

The mRNA expression levels of reproduction-associated genes
were also examined in testis tissues. Genes encoding Hdh-GnRH,
Hdh-GnRH-like peptide, Hdh-GnRH-R, Hdh-APGWamide, and
5-HThdh showed significantly higher expression during the early
breeding season in the high-temperature group of abalone
compared to those in the LWT group of abalone on day-7.
However, in the peak breeding season, both low- and high-
temperature groups of abalone showed significantly lower mRNA
expression levels of Hdh-GnRH-like peptide and Hdh-GnRH-
R compared to those in the NWT group on day-7. On the
other hand, Hdh-GnRH and Hdh-APGWamide genes showed
significantly lower expression only in the high-temperature group
of abalone compared to NWT group on day-7. Interestingly,
5-HThdh gene showed significantly higher expression compared
to normal and LWT group on day-7. Previously, it has been
demonstrated that expression levels of these genes are increased
in testis tissue during the peak breeding season (Kim et al., 2017,
2018, 2019; Sharker et al., 2020a,b,c). However, such data for
either high or LWT-stressed abalone have not been published yet.

Furthermore, expression levels of HSP70 were significantly
increased in the testis of HWT group of abalone compared to
those of the NWT group both on day-3 and day-7 during the peak
breeding season. This may lead the decrease of GSI and gonadal
development. A number of animal research have reported that
expression levels of HSP70 increased in the testis after thermal
stress and affect gonadal maturation and reproduction. For
example, the expression of HSP70 was increased after heat
exposure in American oyster that leads to decreased testicular
functions (Nash and Rahman, 2019). After exposure to heat
stress, Atlantic sea urchins exhibited decreased percentages of
gametes (eggs/sperm) as well as increased HSP70 (Johnstone
et al., 2019). Levels of ot-HSP70 mRNA significantly increased
in the testis of heat-treated Octopus tankahkeei (Long et al.,
2015). Levels of HSP70 increased highly in the rabbit testis after
exposure to thermal stress (Pei et al., 2012); with the increase of
heating time, the HSP70 expression was markedly elevated in the
testis of adult rat, which led to a decrease in sperm concentration
(Cao et al., 2009).

In the present study, it was observed that levels of testosterone
in hemolymph were significantly decreased in the HWT group
of abalone compared to those in the NWT. Hemolymph levels
of testosterone in the low-temperature group of abalone were
also decreased, but the changes were insignificant. Decrease of
hemolymph testosterone indicated the reduction of reproductive
performance or shift of reproduction/gonadal stages. Several
previous studies have reported that thermal stress downregulated
the levels of hemolymph or plasma testosterone levels in
different aquatic animals, which ultimately affects the gonadal
development and reproduction, such as pejerrey (Elisio et al.,
2012), Atlantic salmon (Pankhurst et al., 2011), Senegalese
sole (García-López et al., 2006), European sea bass (Rodríguez
et al., 2005), and common wolffish (Tveiten and Johnsen,
2001). Besides the gonadal regulation and reproduction function,
plasma levels of testosterone are considered an indicator of
stress during stress conditions. Increased cortisol, decreased
testosterone, and the ratio between cortisol and testosterone
levels have been widely used as endocrinological indicators
of stress in animal studies (Henry, 1992; Von Holst, 1998;
Choi et al., 2012). Several studies have reported that levels
of plasma testosterone are reduced significantly under physical
or environmental stress in various aquatic animals, such as
mud snail (Gooding et al., 2003), mature sockeye salmon
(Kubokawa et al., 1999), mature male brown trout (Pickering
et al., 1987), and staghorn damselfish and spiny chromis
damselfish (Demairé et al., 2020). In the present experiment,
significantly lower levels of hemolymph testosterone in the high-
temperature group of abalone may be indicating that a high-
temperature condition might cause stress for Pacific abalone.
Also, the significant increase of HSP70 during high-temperature
stress coincides with the lower levels of testosterone. It is
evident that HSP70 significantly increased in the testis of heat-
treated mice along with a decrease in serum testosterone levels
(Das et al., 2020).

In conclusion, both high- and low-temperature stress
conditions showed significantly decreased mRNA expression
levels of Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-
R, and Hdh-APGWamide in the peak breeding season on
day-7. However, 5-HThdh showed interestingly significantly
increased expression in the high-temperature condition.
Furthermore, HSP70 showed significantly higher expression in
testis tissues in the peak breeding season on day-3 and day-7.
Levels of hemolymph testosterone were significantly decreased
under high-temperature stress, although their changes were
insignificant under low-temperature stress. Altogether, these
results indicate that thermal stress has an inhibitory effect on
gonadal development and reproduction in male Pacific abalone
by regulating the expression of Hdh-GnRH, Hdh-GnRH-like
peptide, Hdh-GnRH-R, Hdh-APGWamide, 5-HThdh, and HSP70
in the CNS and testis tissues. These changes may occur due to
physiological responses to thermal stress. Thus, downregulated
expression of neuroendocrine genes in a high temperature
might be an indicator for the termination of reproduction to
the CNS at the end of the breeding season in Pacific abalone.
These data could be useful for broodstock maintenance in
abalone hatcheries.
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Supplementary Figure 1 | Changes in relative mRNA expression of Hdh-GnRH
in cerebral ganglion (CG) of male Pacific abalone during early (A) and peak (B)
breeding seasons after exposure to thermal stress for 7 days. Before exposure to
the target temperature of thermal stress, abalone were sampled to obtained
reference values which served as initial control (IC). Values represent the
mean ± SD (n = 10). Different letters on the bar indicate significant differences
among different temperature groups (p < 0.05).

Supplementary Figure 2 | Changes in relative mRNA expression of
Hdh-GnRH-like peptide in pleuropedal ganglion (PPG) of male Pacific abalone
during early (A) and peak (B) breeding seasons after exposure to thermal stress
for 7 days. Before exposure to the target temperature of thermal stress, abalone
were sampled to obtained reference values which served as initial control (IC).
Values represent the mean ± SD (n = 10). Different letters on the bar indicate
significant differences among different temperature groups (p < 0.05).

Supplementary Figure 3 | Changes in relative mRNA expression of
Hdh-GnRH-like peptide (A,C) and Hdh-GnRH-R (B,D) in branchial ganglion (BG)
of male Pacific abalone during early and peak breeding seasons after exposure to
thermal stress for 7 days. Before exposure to the target temperature of thermal
stress, abalone were sampled to obtained reference values which served as initial
control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar
indicate significant differences among different temperature groups (p < 0.05).

Supplementary Figure 4 | Changes in relative mRNA expression of APGWamide
in cerebral ganglion (CG) of male Pacific abalone during early (A) and peak (B)

breeding seasons after exposure to thermal stress for 7 days. Before exposure to
the target temperature of thermal stress, abalone were sampled to obtained
reference values which served as initial control (IC). Values represent the

mean ± SD (n = 10). Different letters on the bar indicate significant differences
among different temperature groups (p < 0.05).

Supplementary Figure 5 | Changes in relative mRNA expression of APGWamide
(A,C) and 5-HThdh (B,D) in branchial ganglion (BG) of male Pacific abalone during
early and peak breeding seasons after exposure to thermal stress for 7 days.

Before exposure to the target temperature of thermal stress, abalone were
sampled to obtained reference values which served as initial control (IC). Values
represent the mean ± SD (n = 10). Different letters on the bar indicate significant
differences among different temperature groups (p < 0.05).

Supplementary Table 1 | Mean sea water temperature of the sampling site of
last week from March to June of 2020. Average temperature was calculated with

the temperature of last 7 days of each month. Values represent the mean ± SD.
Last week’s average temperature was shown as abalone samples were collected
in the last week of May and June. Raw data were taken from real-time
environment fishery information system overview of National Institute of Fisheries
Sciences (NIFS), Korea (http://www.nifs.go.kr/risa/risaInfo.risa).

Supplementary Table 2 | Mean values of water quality parameter of rearing
tanks during 1st and 2nd experimental period. Values represent the mean ± SD.

Supplementary Table 3 | Average shell length, shell height, and body weight of
abalone used in the present study. Values represent the mean ± SD (n = 10).

Supplementary Table 4 | Changes in relative mRNA expression of
Hdh-GnRH-like peptide in different ganglia of central nervous system and testis
tissue of Pacific abalone exposed to different temperature for 3 and 7 days during
early (experiment 1) and peak (experiment 2) breeding season. Values represent
the mean ± SD (n = 3). Different letters in superscript indicates a significant
difference among different temperature group (p < 0.05).

Supplementary Table 5 | Changes in relative mRNA expression of Hdh-GnRH
gene in different ganglia of central nervous system and testis tissue of Pacific
abalone exposed to different temperature for 3 and 7 days during early
(experiment 1) and peak (experiment 2) breeding season. Values represent the
mean ± SD (n = 3). Different letters in superscript indicates a significant difference
among different temperature group (p < 0.05).

Supplementary Table 6 | Changes in relative mRNA expression of Hdh-GnRH-R
gene in different ganglia of central nervous system and testis tissue of Pacific
abalone exposed to different temperature for 3 and 7 days during early
(experiment 1) and peak (experiment 2) breeding season. Values represent the
mean ± SD (n = 3). Different letters in superscript indicates a significant difference
among different temperature group (p < 0.05).

Supplementary Table 7 | Changes in relative mRNA expression of APGWamide
gene in different ganglia of central nervous system and testis tissue of Pacific
abalone exposed to different temperature for 3 and 7 days during early
(experiment 1) and peak (experiment 2) breeding season. Values represent the
mean ± SD (n = 3). Different letters in superscript indicates a significant difference
among different temperature group (p < 0.05).

Supplementary Table 8 | Changes in relative mRNA expression of 5-HThdh gene
in different ganglia of central nervous system and testis tissue of Pacific abalone
exposed to different temperature for 3 and 7 days during early (experiment 1) and
peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3).
Different letters in superscript indicates a significant difference among different
temperature group (p < 0.05).
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