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Simple Summary

The black scraper (Thamnaconus modestus) is an important marine fish. Adult T. modestus
were reared for 4 months at natural water temperature (control group, CG) or constant
temperatures of 21 °C (T21) and 24 °C (T24). Heat stress responses were further assessed
at 24 °C, 27 °C, and 30 °C. After 120 days, the T21 group exhibited the highest growth
rate, gonadosomatic index (GSI), and hepatosomatic index (HSI). Gonads matured in both
sexes in the T21 and T24 groups, but not in the CG. Thus, 21 °C and 24 °C accelerated
gonadal maturation. In the T24 group, serum E, and FSH levels increased significantly in
females, and FSH and LH levels rose significantly in males (p < 0.05), confirming a strong
link between elevated sex hormones and maturation. Heat stress experiments revealed that
27 °C and 30 °C induced gill and liver damage and upregulated HSP70 mRNA and protein
expression in gills. Collectively, 21 °C and 24 °C promoted maturation, whereas 27 °C and
30 °C caused tissue injury and altered HSP70 expression.

Abstract

Water temperature critically influences growth and gonadal development in teleosts, yet
its effects on adult black scraper (Thamnaconus modestus) remain unclear. To address this,
590-day-old T. modestus were reared for 4 months under three thermal regimes: natural
ambient temperature (control, CG), or constant 21 °C (T21) or 24 °C (T24). Growth indices
were measured monthly. Gonadal development was assessed histologically, and serum
17B-estradiol (E,), testosterone (T), FSH, and LH levels were quantified by ELISA. Heat
stress responses were further examined at 24 °C, 27 °C, and 30 °C. Gill and liver tissues
were analyzed histologically, and HSP70 mRNA (qRT-PCR) and protein (Western blot)
expression were measured. The results showed that after 120 days, growth indices in
both sexes from the T21 group were significantly higher than in the control (CG) and
T24 groups (p < 0.05). The gonadosomatic (GSI) and hepatosomatic (HSI) indices were
also highest in the T21 group. In females, oocytes in the T21 and T24 groups reached the
secondary and tertiary yolk stages, respectively; in males, testes advanced to the spermatid
and spermatozoon stages, respectively. By contrast, CG fish remained in the yolk vesicle
and secondary spermatocyte stages, indicating that constant exposure to 21 °C or 24 °C
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accelerates gonadal maturation in T. modestus. At day 120, E, and FSH levels in females from
T21 and T24 were significantly higher than in CG (p < 0.05). In males, FSH and LH levels
in T24 exceeded those in CG (p < 0.05). These hormonal changes suggest E, and FSH drive
female maturation, while FSH and LH are key for male maturation. Furthermore, heat stress
experiments showed that 27 °C and 30 °C, compared with 24 °C, caused histopathological
damage in gill and liver tissues. Concurrently, HSP70 mRNA and protein levels were
significantly upregulated in gills (p < 0.05), indicating that thermal stress impaired gill
and liver integrity and altered HSP70 expression in these tissues. Collectively, compared
with the nature temperature, 21 °C and 24 °C supported fast growth and sexual maturation,
whereas 27 °C and 30 °C induced significant tissue damage in T. modestus.

Keywords: teleosts; high water temperature; 17B-estradiol; testosterone; FSH; LH; HSP70

1. Introduction

In recent years, marine heatwaves have become more frequent and longer-lasting, coin-
ciding with rising global sea surface temperatures [1,2]. As climate change accelerates, the
ocean has absorbed over 90% of the Earth’s excess heat. Elevated temperatures disrupt fish
feeding, growth, and reproduction by altering metabolism and can induce oxidative stress,
immune dysfunction, tissue damage, disease, and mortality [3-6]. In China, expanding
deep-sea aquaculture and widespread adoption of high-density, intensive farming have
made thermal stress a key environmental threat to marine fish health and productivity,
jeopardizing the sector’s long-term sustainability [7,8]. Mitigating high-temperature stress
is thus critical for enhancing resilience and ensuring sustainable development of marine
fish aquaculture.

Fish inhabit aquatic environments, and their growth and reproductive processes are
tightly coupled with water temperature. Temperature fluctuations regulate gonadal de-
velopment in Atlantic salmon (Salmo salar) [9] and common carp (Cyprinus carpio) [10].
Artificially elevated temperatures have been shown to accelerate oocyte maturation and sig-
nificantly elevate serum E, concentrations in red-spotted grouper (Epinephelus akaara) [11].
However, comprehensive data on the effects of constant temperature regimes on growth per-
formance, gonadal maturation, and circulating sex hormone profiles, particularly in black
scraper (Thamnaconus modestus), remain scarce. This knowledge gap directly constrains
advances in artificial breeding and seed production technologies for this species.

The black scraper, commonly referred to as the skinless wolf, skinless fish, or horse-
faced fish, is a member of the family Monacanthidae (order Tetraodontiformes). It is pre-
dominantly distributed in coastal waters adjacent to China, the Korean Peninsula, and Japan.
As a warm-water species, it thrives within an optimal temperature range of 21-26 °C [12-14].
Its flesh is highly palatable and commands significant economic value. During the 1960s and
1980s, T. modestus ranked as the second most important marine fishery resource in China,
surpassed only by the hairtail (Trichiurus lepturus) [14]. However, following the 1990s,
escalating market demand and intensified wild harvesting, coupled with the persistent
failure to develop reliable artificial reproductive technologies, precipitated a steep decline
in wild T. modestus populations [15]. Although the wild catch increased slightly from
118,909 tons in 2024 to 122,105 tons in 2025, this figure remains substantially lower than
historical peaks [16]. To mitigate the shortfall in wild landings, aquaculture production
of T. modestus has expanded markedly in recent years [17], and the species has emerged
as a promising candidate for deep-sea cage culture [18]. Nevertheless, both land-based
intensive farming and offshore cage systems depend critically on a consistent and sufficient
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supply of high-quality seedlings. Consequently, substantial technological breakthroughs in
artificial breeding and larval rearing techniques for T. modestus are urgently needed.

Studies indicate that the hypothalamic-pituitary-gonadal (HPG) axis plays a central
role in regulating gonadal development and maturation in fish [19,20]. Within this axis,
plasma 17p-estradiol (E,) and testosterone (T), whose synthesis is stimulated by follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) secreted from the pituitary,
are critically associated with sexual maturation. Sex steroid profiles in teleosts generally
conform to patterns observed across vertebrate taxa. For instance, in Arctic charr (Salvelinus
alpinus) [21], Russian sturgeon (Acipenser gueldenstaedtii), and stellate sturgeon (A. stella-
tus) [22], E, concentrations remain low during the immature phase but rise markedly upon
onset of gonadal maturation. Similarly, in longtooth grouper (E. bruneus), female E, levels
begin to increase in February and reach significantly higher concentrations in April and
May, coinciding with active vitellogenesis and oocyte maturation [23]. In contrast, captive
dusky groupers (E. marginatus) fail to undergo vitellogenesis, likely due to persistently
sub-threshold E, levels [24]. Furthermore, our previous work demonstrated that elevated
E, concentrations can directly initiate maturation in juvenile red-spotted groupers, a pro-
cess potentially mediated by concurrent upregulation of pituitary Fshf and Lhf expression
during the mature stage [11].

Research indicates that elevated water temperature exerts significant stress on aquatic
organisms, markedly upregulating the expression of heat shock protein 70 (HSP70) [25].
As a highly conserved molecular chaperone in eukaryotes, HSP70 plays a central role in
cellular responses to environmental stressors [26]. Under thermal stress, HSP70 is rapidly
induced and functions to facilitate proper protein folding and refolding, repair misfolded
or damaged proteins, maintain proteostasis, suppress apoptosis, and mitigate oxidative
damage [27]. Consequently, HSP70 serves as a critical molecular biomarker for assessing
fish physiological responses to heat stress. However, the synergistic regulatory mechanisms
linking HSP70 expression to tissue injury remain poorly understood in T. modestus [28,29].
To address this knowledge gap, the present study selected T. modestus as the model species
and conducted controlled-temperature experiments to systematically investigate the effects
of water temperature on growth performance, gonadal maturation, and HSP70 expression,
thereby elucidating the relationship between thermal stress and HSP70-mediated adaptive
responses in this species.

2. Materials and Methods
2.1. Experimental Design
2.1.1. Experimental 1: Growth and Sex Maturation

The experiment was conducted from November 2025 to March 2026 at the East China
Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences. Nine circulating
culture tanks were established and randomly assigned to three treatment groups: a natural-
temperature control group (CG), a 21 °C group (T21), and a 24 °C group (T24), with three
replicate tanks per treatment. In the CG, water temperature followed ambient seasonal
variation, ranging from 15.3 °C to 18.3 °C throughout the experimental period (Figure 1).
Water temperatures in the T21 and T24 groups were maintained at their respective setpoints
using calibrated heaters.

A total of 540 healthy T. modestus (body weight, 124.58 + 12.37 g; total length, 18.76
1 1.21 cm), aged 590 days post-hatching, equally divided into 270 males and 270 females
(sex ratio, 1:1), were distributed evenly across nine culture tanks. Each tank contained
60 individuals, 30 males and 30 females. Sex identification was based on a combination
of external morphological and physiological characteristics: females were typically larger
in overall size, exhibited visibly distended abdomens, and possessed slightly protruding
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genital openings; males were generally smaller and displayed elongated dorsal or anal fins
and/or elongated snouts [30,31].
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Figure 1. Changes in the indoor seawater temperature during the experiment.

Fish were reared in a recirculating aquaculture system maintained under controlled
conditions with continuous 24-h aeration, salinity 28.5-32.5, pH 7.6-8.1, and dissolved
oxygen 5.5-6.1 mg/L. Daily water exchange and water quality monitoring were performed
in each tank, and fish were fed a commercial compound diet containing 48% crude protein
and 14% crude fat twice per day. After each feeding, residual food is promptly removed
to prevent any substantial deterioration of water quality. Survival rate remained 100%
throughout the experimental period.

2.1.2. Sampling and Measurement of Growth Indices

Sampling was conducted at 0, 30, 60, 90, and 120 days, for a total of five events. During
each event, 10 fish, including five males and five females, were randomly collected from
each pool. After collection of five samples, ten fish were retained in each tank as a reserve
population to mitigate potential mortality during the experiment.

Fish were then anesthetized with 70 mg/L MS-222 (Hangzhou Animal Medicine
Factory, Hangzhou, China). The dosages of anesthesia for various teleosts were used as
base information [32]. The body weight (BW), total length (TL), and body height were
measured. Thereafter, the livers and gonads were dissected, and gonadal weight (GW) and
liver weight (LW) were measured. Blood was collected from the caudal vasculature using a
heparinized syringe. After centrifugation at 1500x ¢ for 15 min, the serum was collected
and stored at —80 °C.

Gonads were immediately fixed in Bouin’s solution for 24 h, then transferred to 70%
ethanol for dehydration and long-term storage prior to histological processing. The gona-
dosomatic index (GSI, %) and hepatosomatic index (HSI, %) were calculated using the
following formulas:

GSI = GW/BW x 100% (1)

HSI = LW/BW x 100% 2)
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2.1.3. Experimental 2: Heat Stress Response

The experiment involved three temperature treatment groups of 24 °C, 27 °C, and
30 °C. This experiment was specifically designed to assess the patterns of structural damage
progression with increasing temperature; therefore, histological processing and HSP70
expression analysis were not performed on specimens maintained at 21 °C or in the control
group. For each temperature treatment, three replicate tanks were established. Fish (body
weight: 116.67 + 16.48 g; total length: 16.88 + 0.91 cm) were selected and randomly allocated
to separate culture tanks, with six individuals per tank. Selected fish exhibited vigorous
activity, strong motility, and prompt responsiveness to external stimuli. Their body surfaces
were uniformly covered with a clean, transparent mucus layer; no physical injuries, scale
loss, or clinical signs of disease were observed.

Feeding and environmental conditions were identical to those used in Experiment 1.
After 24 h of thermal acclimation, fish were sampled. All individuals from each tank were
humanely anesthetized with 200 mg/L MS-222. Gill and liver tissues were then excised: one
set was immediately fixed in Bouin’s solution for subsequent histological analysis, while
parallel tissue samples were rapidly frozen in liquid nitrogen and stored at —80 °C for
downstream molecular and biochemical assays.

2.2. Histological Observation of Gonadal Development

Histological analyses were conducted on gonads (Experiment 1) and on liver and gills
(Experiment 2). In Experiment 1, gonads from five males and five females per temperature
group (control, 21 °C, and 24 °C) were examined. In Experiment 2, liver and gills from six
fish per temperature group (24 °C, 27 °C, and 30 °C) were examined.

The fixed gonadal, gill, and liver tissues were subsequently dehydrated through a
graded ethanol series (80%, 85%, 90%, 95%, and 100% v/v). Following dehydration, the
tissues were cleared in xylene, embedded in paraffin wax, and serially sectioned at a thick-
ness of approximately 5 pm. Sections were dewaxed in xylene and rehydrated through
a descending ethanol series. Thereafter, they were stained with hematoxylin and eosin
(H&E), mounted with neutral mounting medium, and examined under an optical micro-
scope (Olympus CX32; Olympus Corporation, Tokyo, Japan). Cell counts in the histological
sections were statistically analyzed using Image] version 1.54i software. The criterion ulti-
mately adopted for selecting representative images should be that they are visually clear
and qualitatively capture the morphological characteristics of the cells.

2.3. Quantification of Serum E,, T, FSH, and LH Concentrations

The serum concentrations of E,, T, FSH, and LH were quantified using commercially
available enzyme-linked immunosorbent assay (ELISA) Kits (Shanghai Yuduo Biotecnology
Co., Ltd., Shanghai, China), specifically the Fish 17B-estradiol (E,) ELISA Detection Kit,
Fish Testosterone (T) ELISA Detection Kit, Fish Follicle-Stimulating Hormone (FSH) ELISA
Detection Kit, and Fish Luteinizing Hormone (LH) ELISA Detection Kit, respectively.

The assay protocol followed the procedure described in our previous study [33], with
minor modifications. Briefly, the assay was performed as follows: (1) Standard wells
received 50 L of standard solutions at varying concentrations; test sample wells received
40 L of sample diluent plus 10 uL of test sample; blank control wells contained neither
sample nor ELISA reagents. (2) A volume of 100 uL of enzyme-conjugated reagent was
added to all wells except the blanks. The plate was then sealed and incubated at 37 °C
for 60 min. (3) The concentrated wash buffer was diluted 20-fold with deionized water.
After removing the sealing film, the liquid was aspirated from each well, and the wells
were gently tapped dry. Each well was then filled with diluted wash buffer, allowed to
stand for 30 s, and subsequently aspirated. (4) Steps in (3) were repeated five times.

https://doi.org/10.3390/vetscil3111226


https://doi.org/10.3390/vetsci13111226

Vet. Sci. 2026, 13, 1226

60f21

Following the final wash, 50 uL. of chromogenic substrate solution A was added to each
well, followed immediately by 50 uL of substrate solution B. The plate was incubated at
37 °C in the dark for 15 min. (5) The reaction was terminated by adding 50 pL of stop
solution to each well. (6) Absorbance (optical density, OD) was measured at 450 nm using
a microplate reader (Multiskan MK3; Thermo Scientific, Waltham, MA, USA). Plot the
standardized sample concentrations along the horizontal (x-) axis and their corresponding
OD measurements along the vertical (y-) axis. Employ rigorous linear regression analysis to
model the relationship between concentration and OD for the calibration standards, thereby
generating a precise, best-fit linear curve. Finally, leverage the derived regression equation,
expressed as y = mx + b, to precisely back-calculate the concentration of each unknown
sample from its experimentally measured OD value. The intra- and inter-assay coefficients
of variation (%CV) were 11.7 and 13.9% for E, and 11.9 and 14.1% for T, respectively. The
sensitivities of E, and T were defined as minimum detection concentrations of less than
1.0 pg/mL and 10 pg/mL, respectively.

2.4. Quantitative Real-Time PCR Analysis for HSP70 mRNA Expression

Total RNA was extracted from gill and liver tissues of individual fish using SparKZol
reagent (SparKJade, Jinan, China) and quantified using a NanoDrop 2000 spectrophotome-
ter (Thermo Scientific Inc., Wilmington, DE, USA). First-strand cDNA was synthesized from
1 pg of total RNA using the HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing,
China), following the manufacturer’s instructions. Gene-specific primers for HSP70 and
Tubulin were designed based on sequences retrieved from GenBank and are listed in Table 1.
Quantitative real-time PCR (qRT-PCR) was performed to measure HSP70 mRNA levels
using TB Green® Premix Ex Tag™ II (Tli RNase H Plus) Kit (Takara Bio Inc., Dalian, China),
with Tubulin regarded as the endogenous reference gene. Each 10 uL reaction mixture
contained 5 pL TB Green® Premix Ex Taq™ II (Tli RNase H Plus), 0.25 uL of each forward
and reverse primer (10 pmol/uL), 1 uL diluted cDNA template, and 3.5 uL nuclease-free
ddH,O. Amplification was carried out on a LightCycler 96 Instrument (Roche Diagnostics,
Rotkreuz, Switzerland) under the following thermal cycling conditions: initial denaturation
at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C
for 20 s, and extension at 72 °C for 30 s. The ACt value obtained at 24 °C was designated as
the control and used for normalization.

Table 1. Forward and reverse primers used for quantitative real-time PCR of Thamnaconus modestus.

Vo . Amplicon Annealing Amplification
Gene Sequence (5'-3") Accession No. (bp) Temperature (°C) Efficiency
HSP70 Forward ccaccatcaaaagcttcagc PP349927 133 60 0.943
Reverse caaagtctcccatctectge 62
Tubulin Forward catggccaaaatgagcaagtg DQ004560 137 62 0.937
Reverse caataaaggtcttctgectge 62

2.5. Western Blot for HSP70 Protein Expression

The gill and liver tissues stored at —80 °C were thawed on ice and lysed in RIPA
buffer supplemented with protease and phosphatase inhibitors. Total protein was extracted,
quantified using the BCA assay, and normalized to equal concentrations. Equal amounts
of protein were resolved by SDS-PAGE and electrophoretically transferred onto nitrocel-
lulose membranes. Membranes were blocked with 5% (w/v) non-fat dry milk in TBST
(20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature.
Primary antibodies, mouse monoclonal anti-HSP70 (1:1000; Thermo Fisher Scientific, Fre-
mont, CA, USA) and mouse monoclonal recombinant anti-B-Tubulin (1:2000; Servicebio,
Wuhan, China), were diluted in blocking buffer and incubated overnight at 4 °C with
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gentle agitation. Following three 10 min washes in TBST, membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (H + L) secondary anti-
body (1:10,000; ZenBio, Chengdu, China) for 2 h at room temperature. Immunoreactive
bands were visualized using enhanced chemiluminescence (ECL) reagent (Wuhan Sanying,
Wuhan, China). Chemiluminescent signals were captured using a GelView6000 Pro II
imaging system (Guangzhou Biolight Biotechnology Co., Ltd., Guangzhou, China), and
band intensities were quantified using Image] version 1.54i software. B-Tubulin served as
the loading control. The ratio of HSP70 to B-tubulin band intensities measured at 24 °C
served as the control and was normalized accordingly.

2.6. Statistical Analysis

All data were analyzed using SPSS 26.0 software (IBM, Armonk, NY, USA). Data
are presented as mean + standard deviation (SD). For comparisons of within-group or
between groups involving a single factor, the normality and homoscedasticity of continuous
variables were assessed using the Shapiro-Wilk test and Levene’s test, respectively. When
both assumptions were satisfied, differences between groups or across time points were
evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s honest signif-
icant difference (HSD) post hoc test. For data exhibiting mild deviation from normality,
appropriate transformations, such as logarithmic transformation for right-skewed distribu-
tions, were applied. If transformation failed to restore normality or if the original data were
markedly non-normal, non-parametric alternatives to ANOVA (e.g., the Kruskal-Wallis
test) were employed. All statistical tests were two-sided, and differences with p < 0.05 were
considered statistically significant.

3. Results
3.1. Changes in Growth Indices of Female and Male T. modestus

At the end of the experiment, the BW, GW, and LW of female fish in the T21 group were
significantly higher than both their initial values and those of the control group (p < 0.05;
Table 2). As shown in Figure 2A,B, from day 30 to day 120, GSI and HSI of female fish in
the T21 group remained consistently higher than those in all other groups. Specifically, T21
GSI was significantly higher than control at days 60, 90, and 120 (p < 0.05) and higher than
T24 at days 90 and 120. At day 60, T21 GSI also exceeded that of both T24 and T26. HSI
followed a similar trend; at day 120, T21 HSI was significantly higher than T24 (p < 0.05).

Table 2. Changes in growth indices of female and male Thamnaconus modestus across differ-
ent temperatures.

Total Length Body Height

Sex Sampling Time Group Body Weight (g) (cm) (cm) Gonad (g) Liver (g)

Start of experiment — 131.63 £ 11.89 18.35 + 0.96 6.43 + 0.96 127 +0.11¢ 5.69 £ 0.64*

Female End of experiment Control 169.35 + 21.24 2 21.95 +2.48 7.93 + 1.46 2.96 +£0.84* 12.38 £ 1.79 ¢
21°C 220.32 £25.04° 24.74 +1.45 8.89 £ 1.78 489+ 0.74° 2352 £2.62°
24 °C 194.78 £ 15.11 * 23.49 + 1.69 815+ 1.14 343 +1222 1537 +£242%

Start of experiment — 121.72 £ 18.06 20.15 + 0.91 715+ 1.49 0.78 +£0.114 473 £1.014

Male End of experiment Control 148.67 +16.48 A 2193 £1.75 7.82+1.25 254+0384  11.19+1328
21°C 173.49 + 25.68 B 23.93 £ 2.06 8.37 £ 1.84 3310618 13.13 £ 2.60 ®

24°C 164.67 + 16.32 2B 23.17 +2.65 7.98 +1.94 269+ 1194 1179 £2.34°

Note: The means with different lower-case letters in the female and different capital letters in the male
within the same column are significantly different at the 0.05 probability level, with the same lower-case
letters or those without letters not showing significant differences at the 0.05 probability level.

The BW of male fish in the T21 group was significantly higher than both the initial
value and that of the control group (p < 0.05). Similarly, GW in the T21 group exceeded the
initial value significantly (p < 0.05; Table 2). The GSI of male fish in the T21 group remained
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the highest throughout days 30-120: it was significantly higher than the control and T24
groups at day 90, higher than T24 at day 120, and higher than all other treatment groups
at day 60 (p < 0.05; Figure 2C). At experiment end, the HSI increased significantly in the
control, T21, and T24 groups versus their respective baselines (p < 0.05; Figure 2D). Overall,
both female and male fish showed the most favorable growth indices in the T21 group.
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Figure 2. Changes in GSI and HSI of female and male Thamnaconus modestus during the experimental
period. (A,B) Female GSI and HSI; (C,D) male GSI and HSI. Within each group, means sharing
different lowercase letters differ significantly (p < 0.05); those with the same or no letter do not. Among
treatments within each time period, means sharing different uppercase letters differ significantly
(p < 0.05); those with the same or no letter do not. The same format for statistical presentation has
been applied to the other images, where relevant.

3.2. Histological Observations of Gonadal Development in Female and Male T. modestus

Prior to the experiment, oocytes in female fish were predominantly at the yolk vesicle
(Yv) stage (Figure 3A), characterized by eosinophilic nuclei and basophilic cytoplasm. In
male fish, testes consisted mainly of primary spermatocytes (Ps) (Figure 3B), which were
large and spherical, with centrally located basophilic nuclei.

At the conclusion of the experiment, oocytes in the control group remained predom-
inantly at the yolk vesicle (Yv) stage (Figure 3C). The proportional frequency was 100%
(Figure 4A). In contrast, in the testes, most germ cells had progressed to the secondary
spermatocyte (Ss) stage (Figure 3D), resulting from the meiotic division of primary sperma-
tocytes. Cellular volume decreased relative to baseline, while nuclear basophilia intensified
and staining intensity deepened. The proportional frequency was 100% (Figure 4B).
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Start of experiment

Control group at day 120

21°C group at day 120

24°C group at day 120

Figure 3. Histological examination of gonadal development in female and male Thamnaconus modestus
across experimental groups at the start and after 120 days. (A,B), gonadal development of female
and male at start of experiment; (C,D), gonadal development of female and male in the control
group at day 120; (EF), gonadal development of female and male in the 21 °C group at day 120;
(G,H), gonadal development of female and male in the 24 °C group at day 120. Femails: Yv, yolk
vesicle; Sy, secondary yolk; Ty, tertiary yolk; Yg, yolk granules; Od, oil droplets; YG, yolk globules;
OG, oil globules. Males: Ps, primary spermatocyte; Ss, secondary spermatocyte; St, spermatid; Sz,
spermatozoon. Scale bar = 100 pum.

https://doi.org/10.3390/vetscil3111226


https://doi.org/10.3390/vetsci13111226

Vet. Sci. 2026, 13, 1226

10 of 21

(A) mYv @Sy @Ty

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Frequency

Control 21 °C 24 °C

(B) mSs mSt mSz

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Frequency

Control 21 °C 24 °C

Figure 4. Changes in the proportional frequencies of gonadal developmental stages in females and
males across control, 21 °C, and 24 °C treatments. (A) Femails: Yv, yolk vesicle; Sy, secondary yolk;
Ty, tertiary yolk; (B) Males: Ss, secondary spermatocyte; St, spermatid; Sz, spermatozoon.

In the T21 group, oocytes advanced to the secondary yolk globule (Sy) stage
(Figure 3E). As cellular volume increased, the nucleolus enlarged. Small yolk granules
appeared in the cytoplasm and gradually accumulated from the periphery toward the
center, interspersed with a few vacuoles. The proportional frequency was 80% (Figure 4A).
Concurrently, most testicular cells, derived from the division of spermatogonia (Ss), pro-
gressed to the spermatocyte (St) stage (Figure 3F). Their cellular volume decreased further,
and the nuclei became rounder and strongly alkaline. The proportional frequency was 80%
(Figure 4B).

In the T24 group, oocytes advanced further to the tertiary yolk globule (Ty) stage
(Figure 3G), characterized by progressive fusion of yolk granules into coarse yolk globules
and coalescence of small oil droplets into larger oil globules. The proportional frequency
was 60% (Figure 4A). Concurrently, testicular cells differentiated into spermatozoa (Sz)
(Figure 3H), exhibiting the smallest cellular volume, a spherical morphology, and a strongly
basophilic nucleus. The proportional frequency was 100% (Figure 4B).

3.3. Changes in E,, T, FSH, and LH Levels in Female T. modestus

At the end of the experiment, serum T and LH levels in females increased relative
to baseline but showed no significant differences among groups (p > 0.05; Figure 5B,D).
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In contrast, E, and FSH changed significantly over time, indicating clear developmental
progression. At day 90, E, was significantly higher in the T24 group than in controls
(p < 0.05; Figure 5A); by day 120, both T21 and T24 groups showed significantly elevated
E, versus controls and baseline (p < 0.05). FSH in the T21 group was significantly higher
than in the CG at day 90 (p < 0.05; Figure 5C); by day 120, both T21 and T24 groups were
significantly higher than the CG and baseline (p < 0.05).
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Figure 5. Changes in the serum levels throughout the experimental period in female Thamnaconus
modestus. (A) E,; (B) T, (C) FSH; (D) LH.

3.4. Changes in E,, T, FSH, and LH Levels in Male T. modestus

During the experiment, T and E, levels did not differ significantly among male fish
treatment groups (p > 0.05; Figure 6A,B). In contrast, FSH and LH levels changed signifi-
cantly over time. At day 120, FSH was significantly higher in the T24 group than in controls
(p < 0.05; Figure 6C), and LH was significantly elevated in both T21 and T24 groups versus
controls (p < 0.05; Figure 6D).

3.5. Morphological Observation of Gill and Liver Tissues at 24 °C, 27 °C and 30 °C

At 24 °C, gill architecture and axis were well preserved. The primary filaments were
regularly aligned, secondary lamellae uniformly distributed, and epithelial layers intact and
continuous (Figure 7A). At 27 °C, it showed mild lamellar thickening and focal epithelial
hyperplasia, indicating early gill injury (Figure 7B). At 30 °C, severe damage occurred:
marked epithelial hyperplasia and tissue enlargement distorted the gill axis; lamellae were
thickened, desquamated debris coated filament bases, and inflammatory infiltration was
pronounced. Adjacent lamellae fused due to hyperplasia, eliminating interlamellar spacing.
Gill lobular vessels were congested, and interstitial edema was evident (Figure 7C).
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Figure 7. HE staining of gill and liver tissues at different temparatures in Thamnaconus modestus.

(

) Gill; (B)
The 24 °C group showed intact hepatic architecture with well-organized hepatocyte

A

uniform cytoplasmic staining, preserved nuclei, and normal sinusoids (Figure 7D).

plates,

, hepatocellular vacuolization intensified

At 27 °C

terplate gaps widened markedly,

and lobular architecture was severely disrupted: hepatocyte plates fragmented and dis-
arrayed; some nuclei showed pyknosis or karyolysis; focal necrosis was evident. A dense

arrangement became disorganized and irregular, with mild inflammatory infiltration (ar-
row, Figure 7E), indicating greater injury than at 24 °C. At 30 °C, vacuolization worsened
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perivascular and/or periportal inflammatory band formed (arrow, Figure 7F), reflecting
substantially more severe injury than at 27 °C.

3.6. Relative HSP70 mRNA Expression at 24 °C, 27 °C and 30 °C

The relative HSP70 mRNA expression in gills increased with temperature, peaking at
27 °C, and was significantly higher than at 24 °C (p < 0.05; Figure 8A). In contrast, hepatic
HSP70 mRNA expression decreased with rising temperature, reaching its lowest level at
30 °C, significantly lower than at 24 °C (p < 0.05; Figure 8B).

(A) (B)
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Figure 8. Relative HSP70 mRNA expression in gill and liver tissues of Thamnaconus modestus across
temperatures. (A) Gill; (B) Liver. Means sharing the same lowercase letter are not significantly
different (p > 0.05); different letters indicate significant differences (p < 0.05).

3.7. Relative HSP70 Protein Expression at 24 °C, 27 °C and 30 °C

Western blot analysis of HSP70 and B-tubulin in gill and liver tissues is shown in
Figure 9A,C, respectively. In gills, HSP70 protein levels increased progressively with tem-
perature, peaking at 30 °C and remaining significantly higher than at 24 °C (p < 0.05;
Figure 9B). In the liver, HSP70 expression showed a biphasic pattern, decreasing then
increasing, with no significant differences among temperature groups (p > 0.05; Figure 9D).
The original Western blot bands in gill tissue of HSP70 and B-tubulin were shown in Sup-
plementary Materials (Figures S1 and S2). The original Western blot bands in liver tissue
of HSP70 and B-tubulin were shown in Supplementary Materials (Figures S3 and S4).
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Figure 9. Relative HSP70 protein expression in gill and liver tissues of Thamnaconus modestus across
temperatures. (A) HSP70 Western blot bands with intensity ratio (HSP70/p-tubulin) in gill; (B) rela-
tive HSP70 expression in gill normalized with control value at 24 °C; (C) HSP70 Western blot bands
with intensity ratio (HSP70/B-tubulin) in liver; (D) relative HSP70 expression in liver normalized
with control value at 24 °C.
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4. Discussion
4.1. Effects of Water Temperature on Growth of T. modestus

At the end of the experiment, the BW, GSI, and HSI of both male and female T. modestus
in group T21 were significantly higher than in all other groups, indicating that moderate
thermal elevation within the species’ physiological range enhances growth and reproductive
investment. Water temperature critically regulates metabolic rate and energy allocation
during fish development [34]. Within the optimal thermal window, elevated temperature
typically increases feeding rate, digestive enzyme activity, and nutrient assimilation effi-
ciency, thereby accelerating somatic growth and supporting greater gonadal investment [35].
For example, 26 °C promoted growth, elevated GSI, and accelerated gonadal development
in red-spotted grouper (E. akaara) [11]. Juvenile largemouth bronze gudgeon (Coreius
guichenoti) reared at 26 °C or 30 °C showed significantly higher body length, BW, specific
growth rate, weight gain rate, and daily weight gain than those at 22 °C [36]. European sea
bass (Dicentrarchus labrax) exhibited higher growth rates at 19.5-21 °C than at 18 °C [37].
Collectively, these results support the conclusion that moderate, species-appropriate ther-
mal elevation enhances growth in T. modestus. However, the optimal growth performance
observed at 21 °C was confined to the experimental period from November 2025 to March
2026. Given the inherent variability and uncertainty of natural water temperatures, fur-
ther investigation is warranted to determine the robustness and generalizability of this
temperature optimum.

4.2. Effects of Water Temperature on Maturation of T. modestus

In this study, gonadal development in the control group progressed more slowly than
in both male and female T. modestus maintained at 21 °C and 24 °C. Relative to the control
group, ovarian development in females advanced to the Sy and Ty stages, whereas testicular
development in males reached the St and Sz stages; in contrast, the control group remained
at the Yv and Ss stages. These findings indicate that adult T. modestus gonads do not undergo
spontaneous maturation within four months under natural winter water temperatures in
factory-farming conditions, whereas moderate thermal elevation accelerates gonadal matu-
ration. Comparable patterns have been reported in other fish species. Warming promotes
gonadal differentiation and growth in Leporinus friderici [38] and enhances reproductive
probability in the coral reef fish (Acanthochromis polyacanthus) [39].

Furthermore, winter warming alleviates ovarian stagnation and promotes oocyte pro-
gression from stage II to III, increasing both the GSI and E, in T. modestus [7]. These findings
align with our study, which observed accelerated ovarian development and significantly
higher GSI in the T21 and T24 groups of T. modestus. However, temperature does not
universally enhance gonadal development. Housh et al. [40] reported species-specific
effects, ranging from beneficial to detrimental, and even impaired ovarian steroidogenesis in
some fish taxa. Thus, thermal effects on gonadal development depend critically on species-
specific physiology.

4.3. Effects of E, and T on Maturation of T. modestus

In this study, no significant differences in T levels were observed between treatment
and control groups in either sex. In contrast, E, levels varied significantly. E, is a key sex
steroid hormone regulating gonadal development and oocyte vitellogenesis in teleosts [41],
acting on the liver to stimulate vitellogenin synthesis and secretion, thereby supporting
oocyte growth and maturation [42].

In females, serum E, concentrations in the T21 and T24 groups were significantly higher
than in controls at 90 and 120 days, coinciding with active ovarian vitellogenesis. This E, el-
evation aligned with histological evidence of abundant yolk granules in developing oocytes,
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indicating that increased E, serves as a pivotal endocrine driver of ovarian development
and maturation in T. modestus. These findings mirror reports of progressive E, increases
peaking just before sexual maturity in coho salmon (Oncorhynchus kisutch) [43], yellowtail
flounder (Limanda ferruginea) [44], and leopard grouper (Mycteroperca rosacea) [45].

In males, however, no significant differences in serum E, were observed across treat-
ment groups. Similarly, E, levels remained stable between spawning and non-spawning
seasons in male greater amberjack (Seriola dumerili) [46] and during the breeding season
in male E. bruneus [23]. Collectively, these results suggest that male gonadal development
relies on steroid hormones via mechanisms distinct from those in females.

4.4. Effects of FSH and LH on Maturation of T. modestus

In this study, plasma FSH levels in female T. modestus were significantly higher in the
T21 and T24 groups than in controls at both 90 and 120 days post-treatment, suggesting a key
role for FSH in ovarian maturation. Similar FSH increases occur during early vitellogenesis
in rainbow trout [47], and Planas et al. [48] showed that FSH exerts stage-specific effects
on the salmonid ovary. Plasma FSH also rises markedly during vitellogenesis in European
sea bass [49]. In mummichog (Fundulus heteroclitus), FSH levels are stage-dependent:
nearly undetectable (<0.125 ng/mL) post-spawning, low (0.3 ng/mL) during cortical
alveoli accumulation, elevated (1.8 ng/mL) in vitellogenesis, and peak (12 ng/mL) at
spawning [50]. In greater amberjack (Seriola dumerili), pituitary Fsh mRNA increases
progressively, while plasma Fsh protein surges post-spawning, indicating Fsh activity
across multiple ovarian phases, including recovery [51]. Likewise, in salmon, rising plasma
FSH coincides with the onset of cortical alveoli accumulation [43]. Collectively, these
findings strongly support FSH’s critical role in initiating and regulating oocyte maturation.
Here, the FSH increase paralleled rising E, and progressive yolk deposition, suggesting
FSH promotes ovarian maturation in T. modestus, at least partly via E,-mediated pathways.
This interpretation aligns with Lubzens et al. [52], who proposed that FSH stimulates
follicular E, synthesis to promote vitellogenic yolk production. Further studies are needed
to clarify the molecular mechanisms underlying FSH-induced E, synthesis during ovarian
maturation in T. modestus.

In male T. modestus, circulating FSH and LH were significantly higher in the T24 group
than in controls at day 120, coinciding with the histological appearance of spermatozoa,
suggesting a functional link between elevated gonadotropins and testicular maturation. Sim-
ilarly, in rainbow trout, plasma FSH rose ~1 year before spermiation (during late testicular
development), while LH increased progressively and peaked just before spermiation [47].
In mummichog, both FSH and LH surged during spawning but remained low or unde-
tectable off-season [50]. Collectively, these findings align with our results and support
a conserved role for FSH and LH in regulating male gonadal maturation across teleosts.
Further, in European sea bass, FSH rose significantly during mid-spermatogenesis [49],
whereas impaired LH secretion during spawning is linked to poor reproductive perfor-
mance in F1 Senegalese sole (Solea senegalensis) males [53]. Together, these data highlight
the critical and potentially stage-specific roles of FSH and/or LH in spermatogenesis and
testicular maturation in male fish.

4.5. Heat Stress on the Damage of Gill and Liver Tissues of T. modestus

Previous studies show that fish tissue responses to heat stress are organ-specific and
linked to organ function, metabolic activity, and exposure conditions [5,6]. In this study,
gills exposed to 30 °C showed filament thickening, capillary dilation and congestion, and
epithelial cell shedding. Evans et al. [54] attributed such changes, including epithelial
proliferation, lamellar fusion, and capillary dilation, to the gills” high metabolic rate and
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large surface area exposed to water. Similar histopathological alterations occur in other
species: short-term warming impaired immunity and induced gill atrophy in black cusk-eel
(Genypterus maculatus) [55]; abrupt transfer to 28 °C caused lamellar deformation, swelling,
and epithelial fusion in Japanese flounder (Paralichthys olivaceus) after 8 h [56]; hybrid
sturgeon (Acipenser baerii9x A. schrenckii &) at 28 °C developed lamellar widening and
curling, epithelial edema, and inflammatory cell infiltration into filaments and lamellae [57];
and gill damage worsened with prolonged heat stress in pikeperch (Sander lucioperca) [58].
After 12 h at 30 °C, T. modestus exhibited marked lamellar curvature, increasing hyperpla-
sia/hypertrophy, intensified cellular vacuolization, and severe edema in flattened epithelial
cells [59]. In this study, the gill structural alterations observed in T. modestus under elevated
temperatures were consistent with those reported in the aforementioned fish species.

Previous studies show that elevated temperatures lead to vacuolization, nuclear conden-
sation, and necrosis in liver [60]. These changes closely match the liver injury morphology
observed here. In T. modestus, hepatic damage worsens progressively with temperature. At
29 °C, pikeperch showed early injury, hypochromatosis and cytoplasmic vacuolar degen-
eration immediately (0 h) post-exposure; both intensified over time, peaking at 48 h [61].
Liu et al. reported similar but more severe damage at 30-32 °C (sinusoidal congestion, pro-
gressive vacuolation, loss of cellular definition, pyknosis, nucleolysis) and markedly worse
lesions at 34 °C (vascular rupture, inflammatory infiltration, extensive vacuolization) [62].
In grass carp (Ctenopharyngodon idellus), hyperthermia reduces hepatocyte viability and
triggers hepatic oxidative damage [63]. Collectively, heat stress causes temperature- and
duration-dependent hepatic injury in fish, with severity increasing across biologically rele-
vant temperatures.

4.6. Effects of Heat Stress on HSP70 mRNA and Protein Expression of T. modestus

This study shows that elevated temperatures (27 °C and 30 °C) significantly upregulate
both HSP70 gene transcription and protein expression in gill tissue of T. modestus. As a
highly conserved molecular chaperone, HSP70 promotes refolding of denatured proteins,
prevents aggregation, maintains protein conformational stability under stress, and aids
degradation of damaged proteins, thereby supporting cellular homeostasis [25,26,29]. Col-
lectively, these functions underscore HSP70’s pivotal role in enhancing cellular resilience to
environmental stress. In T. modestus, the observed upregulation suggests HSP70 bolsters
thermal adaptability via the canonical heat shock response pathway. Consistent with this,
substantial HSP70 induction under heat stress has been reported in several teleosts, includ-
ing yellow croaker (Larimichthys crocea) [64], European sea bass [65], rainbow trout [66],
and juvenile pearl gentian grouper (E.fuscoguttatus x E.lanceolatus) [67], where HSP70
is widely used as a key biomarker of thermal tolerance. Notably, HSP70 expression is
highly tissue-specific, reflecting complex regulatory mechanisms. As the gill interfaces
directly with the environment and mediates gas exchange, ionoregulation, and acid-base
balance [54], it is especially suited to detect thermal changes rapidly and mount an early
heat shock response. Indeed, in this study, gill tissue showed the earliest and strongest
HSP70 upregulation among examined tissues.

In contrast, HSP70 expression decreased significantly in the liver after 24 h at 30 °C.
Similar biphasic responses have been reported in other fish species. In spotted sea bass (Late-
olabrax maculatus), hepatic HSP70 mRNA increased at 12 h (28 °C) but declined markedly by
24 h [68]. In Japanese flounder (Paralichthys olivaceus), HSP70 rose significantly at 2 h post-
heat stress and dropped substantially by 24 h [69]. In Nile tilapia (Oreochromis niloticus),
exposure to 35 °C induced rapid HSP70 upregulation, 2.8- and 2.6-fold higher than controls
at 6 h, but levels fell sharply by 24 h [70]. Collectively, these findings reveal a consistent
temporal pattern across species that initial HSP70 upregulation followed by downregulation
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in liver tissue during prolonged heat stress. As a result, intracellular HSP70 distribution
and chaperone function may become disrupted, leading to a progressive decline in its
protective efficacy over time. Notably, this study did not measure baseline HSP70 at the
24-h pre-treatment time point. Nevertheless, the observed 24-h post-stress decline aligns
with prior reports, suggesting that in T. modestus, hepatic HSP70 protection is temporally
constrained under sustained heat stress. Further work is needed to characterize HSP70
kinetics during the early phase (<24 h) of thermal challenge.

5. Conclusions

Based on the experimental results, the following conclusions were drawn: (1) T. mod-
estus in the T21 group showed the highest growth rate and greatest GSI and HSI indices
at experiment end; (2) both sexes in the T21 and T24 groups reached sexual maturity,
whereas the control group exhibited delayed gonadal development, indicating that moder-
ate warming accelerates maturation; (3) females in T21 and T24 had significantly higher
serum E, and FSH levels than controls, suggesting a functional link between these hor-
monal increases and accelerated maturation; (4) males in T24 showed significantly elevated
serum FSH and LH versus controls, implying regulatory roles for both hormones in male
maturation; and (5) heat stress induced histopathological alterations in the gills and liver
and upregulated both HSP70 mRNA and protein expression in the gills. These results
enhance our understanding of the reproductive biology of T. modestus and hold significant
potential for optimizing artificial reproductive technologies. Furthermore, they provide
both a theoretical foundation and practical technical guidance for ripening cultivation,
artificial reproduction, and seed production in this species. Further investigation into the
regulatory mechanisms governing the HPG axis, particularly dynamic changes in gene
expression, is warranted.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vetscil3111226/s1, Figure S1, Western blot membrane of HSP70
(~70 kDa) protein detected with anti-HSP70 (MA3-006; 1:1000; Thermofisher) antibody in gill;
Figure S2, Western blot membrane of B-tubulin (~55 kDa) protein detected with anti-B-tubulin
(GB15140-100; 1:2000; Servicebio) antibody in gill; Figure S3, Western blot membrane of HSP70
(~70 kDa) protein detected with anti-HSP70 (MA3-006; 1:1000; Thermofisher) antibody in liver;
Figure 54, Western blot membrane of B-tubulin (~55 kDa) protein detected with anti-p-tubulin
(GB15140-100; 1:2000; Servicebio) antibody in liver.
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