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Abstract

Epaulette sharks (Hemiscyllium ocellatum) inhabit shallow tropical habitats with elevated and fluctuating temperatures.
Yet, according to global climate change projections, water temperatures in these habitats will rise beyond current cyclical
variability, warranting further studies incorporating chronically elevated temperature exposure in this species. This study
examined the differences in skeletal muscle morphological and metabolic properties in neonate epaulette sharks exposed
to their current-day ambient (27 °C) or projected end-of-century (31 °C) habitat temperatures throughout embryonic and
neonatal development. Metrics of skeletal muscle, such as muscle fiber size and density, nuclear density, and satellite cell
density, were used to assess the relative contribution of hypertrophic and hyperplastic growth processes. Capillary density was
measured as a proxy for peripheral oxygen supply to muscle tissue. At 31 °C, sharks hatched earlier, but were similar in body
size 60 days post-hatch. Muscle fiber size, nuclear density, and capillary density were similar between temperature regimes.
However, fiber density was lower, satellite cell density was higher, and fibers associated with satellite cells were smaller in
sharks reared at 31 °C. These results suggest that elevated temperature may impair or slow satellite cell fusion to existing
fibers and new fiber formation. To assess potential metabolic and developmental consequences of elevated temperatures,
oxidative damage (2,4-DNPH, 8-OHdG, 4-HNE), protein degradation (Ubiquitin, LC3B, Hsp70), and muscle differentia-
tion (Myf5, Myogenin) markers were measured. Protein carbonylation was higher at elevated temperatures, suggesting that
warmer incubation temperatures at early life stages may result in oxidative damage accrual. However, protein degradation
and muscle differentiation markers did not differ. These results suggest that projected end-of-century temperatures may alter
muscle growth and metabolism in tropical shark species with potential consequences to shark growth and fitness.
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Schulte et al. 2011; Zuo et al. 2012; Schulte 2015; Allen-
Ankins and Stoffels 2017).

Thermal ranges of physiological performance are depend-
ent on evolutionary and organismal thermal history, as well
as ontogenetic stage (Schulte et al. 2011; Larios-Soriano
et al. 2021; Portner 2021). Warm-acclimated tropical and
sub-tropical ectotherms appear to have an inherent advan-
tage over polar populations in coping with increases in envi-
ronmental temperature, because they have higher thermal
tolerances (Somero 2010). However, both tropical and polar
organisms are conditioned to environments with greater tem-
perature stability and may already live closer to their upper
thermal tolerance limits, potentially making them more
threatened by climate change than organisms from mid-
latitudes (Portner and Farrell 2008; Tewksbury et al. 2008;
Portner and Peck 2010; Somero 2010, 2012; Rummer et al.
2014; McDonnell and Chapman 2015; Flynn and Todgham
2018; Bennett et al. 2021). Likewise, marine ectotherms
might also be more vulnerable to warming than terrestrial
ectotherms due to living close to their upper thermal limits
and having fewer options for thermal refugia (Pinsky et al.
2019; Vilmar and Di Santo 2022).

Physiological performance of ectotherms (such as fishes)
is inherently connected to the functionality of separate, but
coordinated organ and tissue systems (Johnston 2006). For
example, skeletal muscle growth and function influences
locomotion, overall body size, and whole organism metab-
olism (Johnston 1991; Sanger 1993; Syme and Shadwick
2011; Di Santo 2022; Vilmar and Di Santo 2022). Skeletal
muscle may comprise up to 60% of a fish’s total body mass,
which is a higher percentage compared to many vertebrates,
including humans, in which muscle comprises an average
of 40% total body mass (Sdnger and Stroiber 2001; Biressi
et al. 2007; Frontera and Ochala 2015). Though resting
muscle has lower metabolic activity than other vital organs,
such as the heart, liver, and brain, the shear mass of skeletal
muscle and the adaptive contractile responses to mechanical
stimuli in fishes makes it an essential tissue to study in the
context of development and metabolic maintenance under
changing temperature regimes (Goldspink 1985; Sanger
1993; Johnston et al. 2011).

Skeletal muscle is highly plastic and can alter metabolic
and contractile function based on the environment, func-
tional demands, chemical signals, and neural input (Johnston
et al. 2001; Nemova et al. 2016, 2021). Temperature can
influence the balance of skeletal muscle growth mechanisms
in fishes by altering rates of oxygen or metabolite transport
and rates of biochemical processes involved in contractile
function, resulting in downstream effects that are not com-
pletely understood (Rome 1995; Egginton et al. 2000; de
Paula et al. 2014; Gamperl and Syme 2021). Further, acute
or chronic temperature changes may alter muscle cellular-
ity and the extent of oxidative stress experienced at a given
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time (Johnston et al. 2001; Almroth et al. 2015; Takata et al.
2018).

Fish skeletal muscle grows by a mix of hyperplasia and
hypertrophy (Johnston et al. 2011; Priester et al. 2011).
Hyperplasia is an increase in the number of muscle fib-
ers, while hypertrophy is an increase in the size of existing
muscle fibers. Muscle precursor cells, or satellite cells, fuse
with existing fibers throughout muscle development, caus-
ing nuclear accretion in those existing fibers and thus, fiber
hypertrophy. Satellite cells can also fuse with each other to
form new myofibers and contribute to hyperplastic growth
by increasing muscle fiber number (Johnston et al. 2011;
Boltana et al. 2017). Thus, the satellite cell population size
at any given stage may provide evidence of the trajectory and
method of muscle development (Moss and Leblond 1971;
Johnston et al. 1998b; Zammit et al. 2006), while nuclear
density (number of nuclei per muscle fiber) is a record of
past satellite cell fusion events (Kinsey et al. 2011). Assess-
ing the functional morphology of skeletal muscle in a broad
range of species may expand our understanding of sensitivity
versus adaptability and how morphology relates to animal
behavior or swimming performance (Johnston et al. 2001;
Vilmar and Di Santo 2022). Studies on the effects of pro-
longed elevated temperature on fish muscle physiology
and morphology at early ontogenetic stages have primarily
focused on teleosts, or bony fishes (Scott and Johnston 2012;
Boltana et al. 2017; Takata et al. 2018; Balbuena-Pecino
et al. 2019; Coughlin et al. 2020; Lim et al. 2020). However,
the impact of chronically elevated temperatures on muscle
growth in elasmobranchs (Class Chondrichthyes: sharks,
skates, and rays) is currently unknown.

Some studies have shown that early ontogenetic stages of
elasmobranchs are particularly vulnerable to high tempera-
tures (Rosa et al. 2014; Pouca et al. 2018; Musa et al. 2020;
Santos et al. 2021). A tropical shark species, the brown-
banded bamboo shark, Chiloscyllium punctatum, reared
under a projected end-of-century temperature of 4 °C above
their current daytime conditions during the embryonic life
stage hatched earlier, had higher resting metabolic rates in
both embryos and juveniles, decreased juvenile body con-
dition, and showed reduced survival at 30 days post-hatch
(Rosa et al. 2014). Yet, while increased temperature is
expected to impact whole body condition and performance
in elasmobranchs (Osgood et al. 2021; Rosa et al. 2014; Lear
et al. 2019; Musa et al. 2020; Santos et al. 2021), no studies
to date have evaluated the effects of chronically elevated
temperature on muscle development in the early juvenile
stages of an elasmobranch species.

The epaulette shark (Hemiscyllium ocellatum) is a tropi-
cal, benthic, oviparous elasmobranch species native to the
Great Barrier Reef (GBR) (Dudgeon et al. 2019). While
the species is exceedingly tolerant of daily extreme condi-
tions, responses to chronic temperatures at the upper limits
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of their thermal range are unclear (Wheeler et al. 2021,
2022). Despite this resiliency to fluctuating conditions,
juveniles of this species incubated in 32 °C from egg depo-
sition to hatching has shown significant mortality (Gervais
et al. 2016). Another recent study on juvenile H. ocellatum
(171 £ 12.6 days post-hatch) found that sharks maintained
under elevated temperatures (i.e., 32 °C) were smaller, with
cessation of growth occurring after 6 weeks of exposure, and
mortality occurred by 80 days (Gervais et al. 2018). These
results suggest that prolonged elevated temperature exposure
at or near thermal limits within a juvenile life stage may
affect H. ocellatum development later in adulthood. Wheeler
et al. (2021) further addressed metabolism, growth, and
whole animal physiological performance under a chronic
exposure to a sublethal temperature of 31 °C during the
embryonic and juvenile life stages of the epaulette shark
and found that, while sharks reared under a chronic high
temperature scenario did not show signs of early mortality,
sharks show decreases in body size at hatching, increases
in metabolic rate, and increases in recovery time from an
established exercise protocol.

The effects of elevated temperatures on growth pro-
cesses are particularly relevant to H. ocellatum because it is
endemic to the GBR region, which has already warmed by
almost 1 °C since 1871 and has undergone unprecedented
marine heatwaves, varying in spatial scale within the past
two decades (Lough et al. 2018). Four mass heatwaves
spanning most of the reef system occurred within the past
7 years, ranging in duration from weeks to months, with
little knowledge of the implications on elasmobranchs and
other fishes (Chin et al. 2010; Babcock et al. 2019; Fordyce
et al. 2019; Bernal et al. 2020). The current study examines
muscle development of a subset of neonate epaulette sharks
reared at the current GBR average summer sea surface tem-
perature and a sublethal projected end-of-century GBR sum-
mer sea surface temperature from Wheeler et al (2021). The
purpose of the study was to determine whether epaulette
shark musculoskeletal development is adaptive to chroni-
cally elevated temperature during an early juvenile life stage.

Methods
Animal collection and dissection

Animal collection and rearing was conducted as part of the
experiment in Wheeler et al (2021). Epaulette shark embryos
from one breeding pair of long term captive-held sharks
were reared in egg cases at the New England Aquarium’s
Animal Care Center (Quincy, MA, USA) from 12 +2 days
post-deposition to 63 +4.3 days post-hatching at either a
current GBR average temperature (27 °C; n=6) or at an
elevated temperature that is projected for this region by the

Shared Socioeconomic Pathway 5 (SSP5)-8.5 end-of-cen-
tury ocean warming scenario (31 °C; n=6) (Collins et al.
2014; Wheeler et al. 2021; IPCC 2021). All eggs within
the same treatment group were incubated in one 320-L
aquarium system for the duration of the experiments. These
experimental treatments are described in further detail by
Wheeler et al. (2021). Following temperature acclimation,
specimens were shipped live overnight from the New Eng-
land Aquarium to the University of North Carolina Wilm-
ington (UNCW). Animals were euthanized with 0.4 g L™!
tricaine methanesulfonate (MS-222; Argent Laboratories,
Redmond, WA, USA) according to the ethical guidelines of
the UNCW Institutional Animal Care and Use Committee
(# A1718-006) and sex, body mass (g), total length (cm),
and fork length (cm) were measured. Muscle tissue from the
left side of each animal, collected for molecular analyses,
was immediately flash-frozen in liquid nitrogen and stored
at — 80 °C.

Animals were then transcardially perfused with 0.1 M
phosphate buffer (PB) followed by 4% paraformaldehyde
(PFA) in 0.1 M PB. For microscopic analyses, a rectangu-
lar piece of epaxial white skeletal muscle (2-3 g) was then
excised from the right side of each animal from the region
immediately posterior to the epaulette spot, approximately
30% of total body length from the snout, and samples were
immersed in 4% PFA at 4 °C for long-term storage until use.
Fixative was replaced every three months.

Cryosectioning and staining

Fixed tissue was cryoprotected in 10% sucrose for 1 h, fol-
lowed by 30% sucrose for overnight infiltration. Tissue was
embedded in Tissue-Tek OCT (Sakura Fintek Inc., Tor-
rance, CA, USA) and placed in a Leica Cryocut 1800 (Leica
Microsystems Inc., Bannockburn, IL, USA) for 1 h. Fixed,
frozen muscle tissue was transversely sectioned at 30 um at
a temperature between — 20 and — 22 °C on slides coated in
2 g gelatin and 0.4 g chromium potassium sulfate dodecahy-
drate (CrK(S0O,),-12H,0, Fisher Scientific, Waltham, MA,
USA). Sections were stored at — 20 °C for up to 2 weeks
before staining.

Tissue sections were stained to label the sarcolemma to
outline each fiber, capillaries, and nuclei. Tissue sections
were rehydrated in SPBS for 5 min, incubated in Fluores-
cein labeled Griffonia simplicifolia lectin (GSL-1; 1:1000,
Vector Laboratories, Burlingame, CA, USA), which binds
sugars on capillary endothelial cells, for 90 min, and
rinsed three times with SPBS for 10 min. Tissue was then
incubated in Alexa Fluor 594 or 633-labeled wheat germ
agglutinin (WGA; 1:125, Invitrogen, Waltham, MA, USA),
which binds sugars on the sarcolemmal membrane of mus-
cle, for 30 min. Sections were then rinsed in Sorensen’s
phosphate-buffered saline (SPBS) for 15 min, incubated in
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4',6’-diamidino-2-phenylindole (DAPI, dilactate; 1:50,000,
Invitrogen, Waltham, MA, USA), which intercalates in DNA
and labels nuclei, for 5-10 min, and rinsed in SPBS for
15 min. Slides were mounted with 1:9 Tris-glycerin, cover
slipped, and dried for a few hours or overnight at 4 °C in the
dark (Priester et al. 2011).

Satellite cell labeling followed a protocol adapted from
Dumont and Rudnicki (2017). Sections were incubated in
a 0.1 M glycine solution for 5 min, then rinsed in SPBS
for 5 min. Antigen retrieval was necessary for the proper
detection of antibodies in fixed tissue sections. Heat-induced
epitope retrieval (HIER) was used, in which slides were
heated in sodium citrate buffer (10 mM sodium citrate,
0.05% Tween 20, pH 6.0) for 5 min in a microwave, cooled
to room temperature for 20 min, and washed three times in
phosphate-buffered saline-Tween 20 (PBS-T) for 5 min. Sec-
tions were incubated in permeabilization buffer (0.2% Tri-
ton-X 100) for 10 min and washed twice in SPBS for 5 min.
Sections were incubated for 1 h in blocking buffer (5% nor-
mal mouse serum, 2% bovine serum albumin, Fisher Scien-
tific, Waltham, MA, USA) at room temperature, followed by
incubation with an Alexa Fluor 546-labeled Pax-7 primary
antibody (mouse monoclonal, 1:40, Cat # sc-514352 AF546,
Santa Cruz Biotechnology, Dallas, TX, USA) in blocking
buffer overnight in the dark at 4 °C. Sections were rinsed
three times with SPBS for 5 min, incubated in Alexa Fluor
633 WGA for 30 min, incubated in DAPI working solution
for 5-7 min, and washed twice with PBS for 5 min. Slides
were cover slipped with 1:9 Tris-glycerin and stored for a
few hours or overnight in the dark.

Imaging and image analysis

Sections were examined using an Olympus Fluoview
FV1000 laser scanning confocal microscope (Olympus,
Center Valley, PA, USA) and a Leica TCS SPS laser scan-
ning confocal microscope (Leica Microsystems, Inc., Buffalo
Grove, IL, USA). One-um thick optical slices were collected
on the 405 nm (DAPI), 488 nm (GSL), 532 nm (Pax7), and
552/638 nm (WGA) channels. Stacks of 30 images of mus-
cle fiber cross-sections were collected and viewed with the
Olympus Fluoview v1.6a software (Olympus) and LAS X
software (Leica Microsystems). Images were examined for
muscle fiber size and density, and densities of myonuclei,
satellite cells, and capillaries using ImageJ/Fiji software
(Schindelin et al. 2012).

One hundred muscle fibers were analyzed per individual
shark in a set of at least five images. Therefore, approxi-
mately 600 muscle fibers were examined from the six
sharks per temperature treatment. A grid was overlaid on
each image with a grid point spacing that varied slightly
depending on the image magnification and fiber size so that
approximately the same number of fibers were analyzed per
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image. Fibers that contained a grid point were selected for
analysis, and 20-25 fibers were analyzed per image. The
following criteria were established for objectively select-
ing fibers: No fibers were measured at grid points along the
periphery of the image, and every 5th grid point was ana-
lyzed unless (1) the grid point was in between two fibers in
which the fiber to the left was chosen, (2) the grid point was
in between three or four fibers in which the fiber furthest
to the left or top was chosen for analysis, or (3) the fiber
contained no nuclei, in which case a fiber five grid points
away was analyzed. This final criterion was needed because
occasionally a fiber would have no nuclei within the section,
and myonuclear domain and density cannot be calculated for
zeros because they incorrectly imply that there are no nuclei
within the entire length of the fiber (outside of the one-um
optical section). The inclusion of fibers that lack nuclei in
cross section will lead to an underestimation of nuclear den-
sity, while excluding fibers without nuclei leads to a modest
overestimate of nuclear density (Kinsey, pers comm). This
approach did not affect the comparison between the two
treatment groups since the same rule was applied to both.

To determine satellite cell density, grid point counting
was used to determine the total tissue area, and all satellite
cells in the image were counted due to their relative rarity.
Satellite cells were identified by the nuclear co-localization
of DAPI and Pax7, a myogenic transcription factor present
in both quiescent and active satellite cells (Zammit et al.
2006), and the position in relation to the sarcolemma. DAPI
and Pax7-positive nuclei positioned adjacent to, but on the
outside of sarcolemma (stained with WGA) were considered
satellite cells. The fiber size was also measured as described
above for fibers associated with satellite cells.

Myonuclear domain and nuclear density
measurements

Measurements of nuclear density were adapted from Priester
et al. (2011). For calculations of the number of nuclei per
millimeter of fiber (X) from fiber cross-sections, the follow-
ing formula was used from (Schmalbruch and Hellhammer
1977):

X =(NL)/(d+1) )]

where N is the number of myonuclei per fiber cross-sec-
tion, L is the desired length of the segment to be analyzed
(1000 pum as a standard), d is the thickness of the section,
and [ is the mean length of the nucleus. The optical thickness
of each image (1 um) was used for d, and [ was calculated
from longitudinal sections. From the X value, we calcu-
lated the volume of cytoplasm per myonucleus (myonuclear
domain) (Y) as:
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Y = (CL)/X) 2

where C is the cross-sectional area of the fiber. Nuclear den-
sity (number of nuclei per volume of fiber) was calculated as
the reciprocal of the myonuclear domain (1/Y).

Longitudinal sections stained in the same manner as
cross-sections of myofibers were used to determine the mean
myonuclear length, where measurements were taken from 3
individuals of each treatment group. To measure myonuclear
domain and nuclear density, 100 nuclei were measured per
fish, and the average nuclear length for each treatment group
was used to calculate the myonuclear domain and nuclear
density as described above.

Immunoblotting

Fresh, frozen H. ocellatum epaxial muscle tissue was used
for western blot and dot blot analyses of the stress bio-
marker Hsp70 (rabbit polyclonal anti-Hsp70, 1:1000, Cat #
4872, Cell Signaling Technology, Danvers, MA, USA) and
markers of oxidative stress that included lipid peroxidation
(anti-4-HNE, rabbit polyclonal, 1:1000, Invitrogen, Cat #
MAS5-27570, Waltham, MA, USA), protein carbonylation
(anti-DNP, goat polyclonal, 1:2500, Cat # D9781, Sigma
Aldrich, St. Louis, MO, USA), and DNA damage (anti-8-
OHdG, mouse monoclonal, 1:1000, Cat # sc-393871, Santa
Cruz Biotechnology, Dallas, TX, USA). To investigate pro-
tein degradation pathways, markers of the ubiquitin—protea-
some system (anti-Mono- and poly-ubiquitinylation conju-
gates, rabbit polyclonal, 1:1000, Cat # BML-PW8810-0500,
Enzo Life Sciences, Farmingdale, NY, USA) and autophagy
(anti-LC3B, rabbit polyclonal, 1:1000, Cat # 2775S, Cell
Signaling Technology, Danvers, MA, USA) were evaluated.
Two myogenic regulatory factors that contribute to mus-
cle differentiation, Myogenic factor 5 (anti-Myf5, mouse

Table 1 Antibodies used for microscopy and immunoblotting techniques

monoclonal, 1:1000, Cat # sc-518039, Santa Cruz Biotech-
nology, Dallas, TX, USA) and Myogenin (anti-Myogenin,
mouse monoclonal, 1:1000, Cat # MAS5-11486, Invitrogen,
Waltham, MA, USA) were also assessed. Molecular tech-
niques were adapted from Wilson et al. (2015). Muscle tis-
sue was homogenized in a 1:5 ratio of RIPA buffer with
general protease inhibitors (Santa Cruz Biotechnology, Dal-
las, TX, USA), sonicated on ice for 30 s, and centrifuged at
12,000 g for 10 min to retrieve the supernatants with sus-
pended proteins. Protein concentrations of each sample were
determined using the Bradford assay (Bradford and Williams
1976).

Dot blots

The dot blot protocol follows a variation of the procedure
of Robinson et al. (1999). A PVDF membrane was soaked
in 100% methanol for 10 min, then soaked in 4.62 mM tris-
buffered saline with 0.1% Tween 20 (TBST) for 5 min. Once
the membrane was dried entirely and samples were thawed
to room temperature, 30 ug of each sample was blotted onto
a PVDF membrane. Membranes were blocked in 10 mL 3%
bovine serum albumin (BSA, Fisher Scientific, Waltham,
MA, USA) for 1 h, then incubated in 10 mL 3% BSA with
the appropriate amount of primary antibody (see Table 1)
overnight at 4 °C. The membranes were washed four times
in TBST for 5 min, then incubated in 10 mL 3% BSA with
the corresponding secondary antibody (sheep anti-mouse,
1:4000, Cat # AC111P, EMD Millipore Corp, Burlington,
MA, USA; mouse anti-rabbit, 1:2000, Cat # sc-2357, Santa
Cruz Biotechnology, Dallas, TX, USA; rabbit-goat, 1:2000,
Cat # sc-2768, Santa Cruz Biotechnology, Dallas, TX, USA)
for 1 h. The membrane was washed in TBST, then incubated
in a chemiluminescence solution (ECL detection solution:
50% luminol/50% peroxide, Fisher Scientific, Waltham,

Antibody Name Manufacturer Catalog Number Species/Clonality Dilution Factor
Griffonia simplicifolia lectin (GSL-I) Vector Laboratories FL-1101 - 1:1000
Wheat Germ Agglutinin (WGA) 594 Invitrogen W11262 - 1:125
Wheat Germ Agglutinin (WGA) 633 Invitrogen W21404 - 1:125
DAPI, dilactate Invitrogen D3571 - 1:50,000
Pax7 546 Santa Cruz Biotechnology sc-514352 AF546 Mouse monoclonal 1:40
Hsp70 Cell Signaling Technology 4872 Rabbit polyclonal 1:1000
4-HNE Invitrogen MAS5-27570 Rabbit polyclonal 1:1000
DNP Sigma Aldrich D9781 Goat polyclonal 1:2500
8-OHdG Santa Cruz Biotechnology sc-393871 Mouse monoclonal 1:1000
Mono- and poly-ubiquitination Enzo Life Sciences BML-PW8810-0500 Rabbit polyclonal 1:1000
LC3B Cell Signaling Technology 27758 Rabbit polyclonal 1:1000
Myf5 Santa Cruz Biotechnology sc-518039 Mouse monoclonal 1:1000
Myogenin Invitrogen MAS-11486 Mouse monoclonal 1:1000
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MA, USA) for 5 min, then laminated in plastic wrap. The
laminated membrane was placed in a BioRad XR +imager
(BioRad Laboratories, Hercules, CA, USA) to obtain images
of the blots. Blots were stained using Coomassie Blue R-250
(Sigma Aldrich, St. Louis, MO, USA) and dried for at least
1 h. Once dried, the blots were imaged again for the total
protein expression.

Western blots

For western blotting, samples were mixed in a 1:1 ratio with
2X Laemmli buffer and heated at 100 °C for 5 min. 30 ug of
a sample was loaded into each gel lane of a 10% SDS-PAGE
gel in a BioRad Mini-PROTEAN vertical electrophoresis
apparatus (BioRad Laboratories, Hercules, CA, USA). Gel
electrophoresis was run at room temperature using a Bio-
Rad Powerpac (BioRad Laboratories, Hercules, CA, USA)
starting at 80 V and increasing to 120 V once the samples
passed through the stacking-resolving gel interface (approxi-
mately 30 min). A PVDF membrane was incubated in 100%
methanol for 10 min, then in TBST for 5 min. Once samples
and protein ladder reached the bottom of the gel, the gel
was placed in a transfer system with sponges, filter paper,
and PVDF membrane. The transfer step was run at 4 °C on
a stir plate for 1 h at 100—130 mV/h (275 mA). The mem-
brane with the transferred ladder and protein samples was
washed five times in TBST for 5 min. Following this step,
methods were identical to the dot blot protocol described
above beginning with the first blocking step. Images were
analyzed using Imagel/Fiji software to quantify relative pro-
tein expression (Schindelin et al. 2012).

Statistical analysis

Relationships between morphometric and morphological
variables were examined to contextualize skeletal muscle
growth within changes in body size. Morphometric variables
are expected to covary, such as body mass and total length
or body mass and fiber size (Stickland et al. 1975). We used
the Shapiro—Wilk goodness-of-fit test and boxplot visualiza-
tion to test for normal distribution among all measured vari-
ables. A general linear model was used to test if there was a
significant relationship between the measured trait and the
covariate, as well as no significant interaction between the
treatment and the covariate. P>0.25 was used as a thresh-
old for excluding interaction terms. Levene’s test was used
to test for homogeneity of variance. When these criteria
were met, we used analysis of covariance (ANCOVA) to
evaluate the effects of temperature with body mass, total
age (embryonic period + post-hatch age in days), or mus-
cle fiber size as covariates. All muscle morphometric data
that met assumptions was tested using body mass or total
age as covariates (Online Resource 1 and Online Resource
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2); however, figures only correspond to significant results
of these analyses. Capillary density, satellite cell density,
cross-sectional area of satellite cell-associated muscle fibers,
and immunoblotting markers were evaluated using Student’s
T-tests. Statistical analyses were considered significant when
P <0.05. Statistical power (1—p) was included for analyses
that resulted in near significant temperature effects, P <0.10.
All statistical analyses were run in the JMP Pro 16 (SAS
Institute, Cary, NC, USA).

Results
Body mass and age

The 31 °C rearing temperature was associated with ear-
lier hatching and a 25% decrease in the embryonic period
(Fig. 1a, T(H): — 6.90, P<0.0001) compared to the 27 °C
rearing temperature. Individual sharks reared under the ele-
vated temperature were younger in total age due to the earlier
hatching times (Fig. 1a, Thy=- 4.46, P=0.001). However,
there was no significant difference in body mass (Fig. 1b,
T= — 1.39, P=0.194) or total length (data not shown,
T = — 1.47, P=0.172) between treatments. Total length
exhibited a positive scaling relationship with body mass
(Fig. Ic, Control: y=12.57+0.324x, 2=0.94, P=0.001:
Elevated: y=13.11+0.293x, r*=0.98, P=0.0001), and
there was no effect of temperature on total length with body
mass as a covariate (Fig. 1c, Body Mass: F(; ;;,= 207.61,
P <0.001; Temperature: F(l,“): 0.21, P=0.658), suggest-
ing that the size metrics were not altered by the elevated
temperature.

Skeletal muscle morphological features

Fiber cross-sectional area increased with body mass as
expected for hypertrophic fiber growth, but there was no evi-
dence that temperature influenced mean skeletal muscle fiber
cross-sectional area, with body mass as a covariate (total age
was not a significant covariate) (Fig. 2a, ANCOVA, Body
Mass: F; 11,= 15.00, P=0.005; Temperature: F; ;;,= 0.00,
P=0.951; BM*Temperature: F; ;;,=2.29, P=0.169). Mean
muscle fiber density decreased with body mass, which was
also as expected for hypertrophic growth, and the elevated
temperature group showed a significant reduction in fiber
density (Fig. 2b, ANCOVA, Body Mass: F,;,=17.37,
P=0.002; Temperature: F; ;)= 5.32, P=0.047). The
decrease in fiber density in sharks reared under the elevated
temperature occurred despite the lack of an effect of tem-
perature on fiber size (Fig. 2a) and may result from a nar-
rower range of fiber sizes when compared to sharks from the
control temperature group, including fewer small, recently
formed fibers. Mean capillary density, an indicator of oxygen
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Fig.1 a Total, embryonic and post-hatch age, where total age is the
sum of the embryonic and post-hatch ages. b Body mass at the end of
each temperature treatment. Embryonic period decreased under ele-
vated temperature, which led to a decrease in total age under elevated
temperature, but not a significant difference in body mass. Data in bar
graphs are presented as means = s.e.m and n=6 animals for each tem-
perature. An asterisk * denotes significant differences. ¢ Relationship

supply, did not differ between treatments (Fig. 2¢, T(;;,=
0.55, P=0.598) and was not affected by temperature, with
body mass as a covariate (ANCOVA, Body Mass: F )=
1.51, P=0.25; Temperature: F; ;= 0.00, P=0.986) or total
age as a covariate (Fig. 2d, ANCOVA, Age: F(l,ll): 8.62,
P=0.017; Temperature: F; ;;)= 3.89, P=0.08). While the
temperature effect in the latter case was nearly significant,
we had relatively low power to detect a difference due to
limited sample availability (1 —=0.247).

Most muscle fibers contained a single intermyofibril-
lar (IM) nucleus in the middle of the fiber (Fig. 3a and
b). Those containing more than one nucleus had one IM
nucleus and at least one subsarcolemmal (SS) nucleus at
the fiber periphery, in which the SS nucleus likely reflects
a recent fusion of a satellite cell to the fiber. Myonuclear

19 21 23 25
Body Mass (Q)

between body mass and total length for each temperature condition at
the end of the temperature treatment. Data are plotted with lines fitted
to each temperature group for visualization purposes, but slopes were
not significantly different and ANCOVA was conducted without the
temperature X covariate interaction. P-values correspond to separate
effect tests from the ANCOVA model

domain did not covary with body mass or total age
and, while it did increase with fiber size, as is typically
observed for hypertrophic fiber growth, there was no sig-
nificant effect of temperature with fiber size as a covari-
ate (Fig. 3c, ANCOVA, Fiber Cross-Sectional Area: F{,
=19.52, P=0.002; Temperature: F; ;= 0.14, P=0.716).

Mean satellite cell density did not covary with body
mass or total age and was significantly higher in sharks
from the elevated temperature group (Fig. 4c, T(;;,= 5.61,
P =0.0003). Muscle fibers associated with satellite cells
in sharks from the high-temperature group had a smaller
mean fiber cross-sectional area (Fig. 4e, Tj;)= -3.17,
P=0.018), providing further evidence that the satellite
cells from this group were associated with younger fibers.
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Fig.2 Effects of temperature on a fiber size, b fiber density, and c,
d capillary density. Body mass and age were included as covariates
where they had a significant effect on measurements. Data are plotted
with lines fitted to each temperature group in b and d for visualization
purposes, but slopes were not significantly different and ANCOVA

Skeletal muscle markers of oxidative stress

Dot blot results for markers of lipid peroxidation (4-HNE),
DNA damage (8-OHdG), and protein carbonylation (2,4-
DNPH) are shown in Fig. 5a, which revealed that mean
values did not significantly differ between temperature
regimes (Fig. 5b). However, total age was a significant
covariate for protein carbonylation (2,4-DNPH). When total
age was included as a covariate, elevated temperature led to
greater protein carbonylation (Fig. 5c, Total Age: F; ;)=
7.29, P=0.032; Temperature: Fain= 11.4, P=0.009;
Age*Temperature: F; ;)= 2.78, P=0.134).

Skeletal muscle markers of protein degradation

Measures of protein degradation via the ubiquitin—protea-
some and autophagy-lysosomal pathways were examined

@ Springer

was conducted without the temperature X covariate interaction. Data
are presented as mean values for each individual (n=6 animals per
treatment group and at least 100 fibers per individual). Data in bar
graph are means +s.e.m. P-values correspond to separate effect tests
from the ANCOVA model

via dot blot for mono-and poly-conjugated ubiquitinylated
proteins and western blot for lipidated LC3 (LC3B), a
marker of autophagosome formation (Fig. 6a). Western
blot was also used to evaluate Hsp70, which is a chaper-
one protein in the unfolded protein response and in the
autophagy-lysosome pathway (Fig. 6a). There were no sig-
nificant differences between sharks reared at control and
elevated temperatures for ubiquitin (Fig. 6b, 7{;;,= 1.00,
P=0.343), LC3B (Fig. 6b, T(;;,= -1.49, P=0.183), or
Hsp70 expression (Fig. 6b, T, ;)= 1.86, P=0.092). Hsp70
was almost significantly higher in the high temperature
group, but as above, a limited supply of animals yielded a
relatively low statistical power (1 —p=0.392).
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Fig.3 Immunofluorescence showing transverse sections of epax-
ial muscle stained with WGA to label the sarcolemmal membrane
(red) and DAPI to label nuclei (blue) for a control temperature and
b elevated temperature (scale bars are 100 pm; 20X/0.3 NA, Leica
SP8). White arrows indicate intermyofibrillar nuclei and white arrow-
heads indicate subsarcolemmal nuclei. ¢ Myonuclear domain for each
temperature condition with fiber cross-sectional area as a covariate.

Skeletal muscle markers of differentiation

Markers of muscle cell differentiation were assessed via
western blot (Fig. 7a). There were no effects of body mass
or age on either protein, and neither Myf5 nor Myogenin
mean expression differed in sharks reared under the two tem-
perature treatments (Fig. 7b, Myf5: Tm)z 0.74, P=0.480;
Myogenin: 7(;;,= — 1.43, P=0.194).

Data are plotted with lines fitted to each temperature group for visu-
alization purposes, but slopes were not significantly different and
ANCOVA was conducted without the temperature X covariate inter-
action. Data are presented as mean values for each individual (n=6
animals for each temperature and at least 100 nuclei per individual).
P-values correspond to separate effect tests from the ANCOVA
model. Images are 500 pm X 500 pm. Scale bars are 100 pm

Discussion

This study investigated whether neonate Hemiscyllium
ocellatum reared under a 4 °C higher thermal regime, as
expected from the SSP5-8.5 end-of-century ocean warming
scenario, showed differences in the metabolic and structural
features of skeletal muscle as compared to those reared at
current-day summer temperatures. While epaulette sharks

@ Springer
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Fig.4 Immunofluorescence showing transverse sections of epaxial
muscle stained with a primary antibody for the satellite cell protein
Pax7 (green), DAPI to serve as a nuclear counterstain (blue), and
WGA to label the sarcolemmal membrane (red) from a control tem-
perature and b elevated temperature (scale bars are 100 pm; 20X/0.3
NA, Leica SP8). White arrows point to satellite cells where Pax7

tolerate high temperature, high CO,, and oxygen-limited
systems, these conditions are acute and often predictable
with tidal and seasonal fluctuations (Heinrich et al. 2014;
Johnson et al. 2016; Gervais et al. 2018; Nay et al. 2021).
When epaulette sharks were exposed to chronically elevated
temperatures during their embryonic and neonatal develop-
ment, they exhibited a shortened embryonic period, skeletal
muscle fibers showed lower fiber density, higher satellite cell
density, and increased oxidative damage to proteins com-
pared to those reared at the current-day temperature. How-
ever, other measures of muscle structure and development
did not differ between the 27 °C and 31 °C reared sharks,
which might be expected for a species that inhabits fluctu-
ating environmental conditions. The limited differences in
these properties in animals reared at 31 °C may indicate a
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and nuclei are co-localized. Effect of temperature on c satellite cell
density. and d cross-sectional area (CSA) of muscle fibers associated
with satellite cells (n=6 animals for each temperature and all satel-
lite cells in an image were counted, due to their relative rarity). Data
in bar graph are means +s.e.m. and an asterisk * denotes significant
differences

lack of muscle plasticity and an inability to acclimate, result-
ing in reduced aerobic scope and reduced performance (e.g.,
exercise protocols; Wheeler et al. 2021).

The epaulette sharks hatched earlier at 31 °C, but body
size was similar to those reared at 27 °C. Shorter embryonic
periods have been documented in several teleost and elas-
mobranch fishes when maintained at elevated temperatures
within their thermal range (Gillooly et al. 2002; Schulte
et al. 2011; Rosa et al. 2014; Schulte 2015). Exposure to
high temperatures within an organism’s thermal window
during embryonic development often decreases develop-
ment time by increasing rates of metabolic processes, which
subsequently increases organism growth rate (Gillooly et al.
2002; Zuo et al. 2012; Rosa et al. 2014). In neonate epau-
lette sharks, shorter embryonic developmental time at higher
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Fig.5 a Dot blot images of representative samples from control and
elevated temperature for markers of oxidative damage: lipid per-
oxidation (4-HNE), DNA damage (8-OHdG), and protein carbonyla-
tion (2,4-DNPH) in epaxial muscle. b Mean 4-HNE, 8-OHdG, and
2,4-DNPH levels in control (n=6) and elevated (n=6) temperature
conditions. ¢ Total age had a significant effect on 2,4-DNPH levels,

temperatures (up to 31 °C) is associated with increased
growth rates and faster yolk consumption, with the net
effect of a slightly smaller body mass at hatching (Wheeler
et al. 2021). While these 31 °C hatchlings were smaller, they
could have regained mass by ad libitum feeding throughout
the rest of the experiments (Wheeler et al. 2021). However,
at 32 °C, growth declines rapidly and mortality increases,
indicating that temperatures reaching 31 °C may be the
pejus temperature of growth in juvenile epaulettes (Gervais
et al. 2016, 2018; Wheeler et al. 2021). Similar relation-
ships between temperature and body mass are seen in other
fish species, as more energy is allocated to basal metabolic
energy requirements and growth, the shorter development
time may lead to smaller body sizes, including into adult-
hood (Daufresne et al. 2009; Sheridan and Bickford 2011;
Lema et al. 2019).

Thermal windows are temperature ranges set by critical
thermal limits in which an organism can successfully main-
tain aerobic respiration; these ranges vary by ontogenetic
stage and thermal history (Schulte et al. 2011; Sinclair et al.
2016; Flynn and Todgham 2018). Early ontogenetic stages

Total Age (days)

and including total age as a covariate revealed a significant effect
of temperature. Data in the bar graph are presented as mean+s.e.m
(n=6 animals for each temperature) and the scatterplot is represented
as mean values for each individual. P-values correspond to separate
effect tests from the ANCOVA model

tend to have narrower thermal windows, potentially from
an underdeveloped capacity of cardiorespiratory systems to
deal with large changes in oxygen demand (Dahlke et al.
2020; Portner 2021). Juvenile temperate fishes may have
thermal windows almost half that of adults (Rombough
1997), while tropical fishes exhibit much smaller differences
between embryonic, juvenile, and adult life stages, due to
the comparatively narrow thermal range of their environ-
ment (Rummer et al. 2014; Sunday et al. 2019; Bennett et al.
2021). While the determination of thermal windows is set
by measures of acute thermal tolerance, the crux of thermal
tolerance for some species may lie in chronic temperature
exposure and those carryover effects (Wheeler et al 2021,
2022). For example, seasonally acclimatized adult epaulette
sharks have absolute upper thermal limits of 36-39 °C, while
chronic exposure to 32 °C in juveniles may result in prema-
ture mortality (Gervais et al. 2016, 2018). These two studies,
while having different thermal treatments, suggest that juve-
nile epaulette sharks have a lower thermal maximum than
adults. However, when comparing critical thermal maxima
across life stages and body sizes for wild-caught epaulette
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sharks of Heron Island, GBR, with similar thermal histories,
no differences were found among juveniles, subadults, and
adults (Wheeler et al. 2022).

Average skeletal muscle fiber density was slightly lower
in sharks from the elevated temperature. Lower fiber den-
sity would be consistent with lower muscle cellularity dur-
ing early embryonic stages, and sharks from the elevated
temperature had a slightly narrower fiber size distribu-
tion, including fewer small, newly formed fibers. This may
explain why fiber density was lower in the elevated tem-
perature group, but mean fiber cross-sectional area did not
change. Skeletal muscle growth in early juvenile stages of
teleosts is dependent on both increasing muscle fiber size via
hypertrophy and increasing fiber cellularity via hyperplasia
(Johnston 2006; Johnston et al. 2011). Hypertrophy consti-
tutes the main mechanism underpinning muscle growth in
many species of fish and spanning juvenile to adulthood life
stages (Johnston et al. 2011). However, hyperplasia is also
necessary during embryonic and juvenile life stages for spe-
cies that increase body and muscle mass by several orders
of magnitude throughout ontogeny (Johnston et al. 2011;
Kacperczyk et al. 2011; Priester et al. 2011). Hypertrophy
and hyperplasia are strongly influenced by environmental
temperature, especially during embryonic development
(Macqueen et al. 2008; Carey et al. 2009; Johnston et al.
2009; Scott and Johnston 2012; Ahammad et al. 2021). In
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Protein Degradation

this study, epaulette sharks that exhibited a lower fiber den-
sity under elevated temperatures may also be exhibiting a
reduction in hyperplasia during early life stages.

Nuclear density and position influence skeletal muscle
growth (Priester et al. 2011; Jimenez and Kinsey 2012).
Nuclear recruitment allows for an increase in muscle fiber
size, and the position of nuclei within an individual fiber
determines diffusional distances for nuclear substrates
and products, such as mRNA and large proteins (Priester
et al. 2011; Jimenez and Kinsey 2012). The myonuclear
domain describes the volume of muscle fiber that an indi-
vidual nucleus controls (Koumans and Akster 1995; Priester
et al. 2011). Myonuclear domain was positively correlated
with body mass and fiber size for neonate epaulette sharks,
which is consistent with the effects of growth seen in other
vertebrates and under conditions such as aging and mus-
cle atrophy (Van der Meer et al. 2011; Jimenez and Kinsey
2012; Hiebert and Anderson 2020). As muscle fibers grow
via hypertrophy, subsarcolemmal nuclei are recruited to the
fiber via satellite cell fusion, which allows muscle cells to
maintain a relatively small myonuclear domain and short
diffusional distances for nuclear substrates and products,
thus permitting continued growth (Hall and Ralston 1989;
Priester et al. 2011). While our analyses found no changes
in nuclear recruitment to muscle fibers, other studies exam-
ining temperate and cold-water teleost fishes have seen an
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Fig.7 a Western blot images of representative samples from control
and elevated temperature treatments for myogenic factor 5 (Myf5)
and Myogenin in epaxial muscle. b Mean Myf5 and Myogenin
expression in control and elevated temperature conditions (n=6 ani-
mals for each temperature). Myf5 and Myogenin were not signifi-
cantly different between temperature conditions. Data are presented
as mean +s.e.m

increase in myonuclear density with elevated temperatures.
When Atlantic salmon, Salmo salar, eggs are reared at tem-
peratures 3—4 °C higher than their natal tributary thermal
regime, fry exhibit higher nuclear densities and hyper-
trophic muscle growth shortly after hatching (Johnston et al.
2000). Similarly, juvenile Atlantic herring (Clupea haren-
gus), juvenile pacu (Piaractus mesopotamicus), and larval
European sea bass (Dicentrarchus labrax) reared under
elevated temperatures exhibit higher myonuclear densities,
as well as increased hypertrophic and hyperplastic growth
rates (Johnston et al. 1998b; de Assis et al. 2004; Alami-
Durante et al. 2006). The lack of such an effect in epaulette
sharks may reflect differences in tropical species responses,
especially when species are already living near their pejus
temperatures.

Temperature can influence the timing and rate of myo-
genesis (Johnston et al. 1998b, 2001, 2009; Macqueen
et al. 2008). Early myogenesis is a critical period for
satellite cell proliferation and differentiation within an
embryonic fish's dermomyotome (Steinbacher et al. 2006,
2011; Keenan and Currie 2019; Zhang et al. 2021). In
the current study, satellite cell density was higher in neo-
nate sharks reared at the elevated temperature regime, and

muscle fibers associated with satellite cells were smaller in
cross-sectional area. This relationship suggests that sharks
maintained under the elevated temperature exhibited more
satellite cells yet to fuse with existing fibers, which is
supported by the smaller size of muscle fibers associated
with satellite cells. This observation may be due to the
shorter embryonic period observed in sharks reared under
the elevated temperature regime (Zhu et al. 2014). In this
case, it might be expected that the muscle fibers in sharks
reared at 31 °C would have fewer nuclei (greater myonu-
clear domain), but this was not observed. Whether tem-
perature effects on satellite cells are transient or influence
long term muscle growth is an open question, as previous
studies have shown that changes in hyperplastic growth
at hatching and early juvenile stages has species-specific
effects on body size and locomotory performance (Natha-
nailides et al. 1995; de Assis et al. 2004; Carey et al. 2009;
Steinbacher et al. 2011; de la Serrana et al. 2012; Takata
et al. 2018).

Animals at early juvenile stages often exhibit high meta-
bolic rates and maintenance costs compared to adults due
to constant macromolecular turnover to induce growth and
rapid ontogenetic change (Monaghan et al. 2009; Metcalfe
and Alonso-Alvarez 2010; Rosa et al. 2014; Boltana et al.
2017). Lipid peroxidation and DNA oxidative damage,
which are both reversible processes, did not differ between
the temperature groups, but protein carbonylation, which
is irreversible, was higher in animals reared at the elevated
temperature (Fig. 5¢). While lipid peroxidation and low lev-
els of hydrogen peroxide play an important role in promot-
ing cell signaling, growth, resistance to oxidative stress, and
increased lifespan (Wildburger et al. 2009; Milkovic et al.
2015; Else 2017), protein carbonylation is most often associ-
ated with oxidative damage and cellular dysfunction (Bar-
reiro and Hussain 2010). Juvenile brown trout, Salmo trutta,
and Atlantic salmon, S. salar, exhibit similar responses to
the current observations for H. ocellatum, with an accumula-
tion of damaged proteins during rapid ontogenetic growth
under stressful conditions (Morgan and Metcalfe 2001;
Almroth et al. 2010). While three-spined stickleback, Gas-
trosteus aculeatus, show higher oxidative DNA damage in
skeletal muscle upon warm temperature acclimation during
the winter breeding season (Kim et al. 2019).

Higher levels of oxidative damage may translate to
greater maintenance costs (Squier 2001; Stern 2017; Neu-
rohr et al. 2021). Hsp70 is a protein often used as an indi-
cator of temperature stress in ectotherms, and is known to
regulate the unfolded protein response, chaperone-mediated
autophagy, and ubiquitin proteasome regulation (Ali et al.
2003; Madeira et al. 2016, 2018; Pan et al. 2021). However,
in this study, there was no evidence of increased protein
turnover in the epaulette shark via the major protein degra-
dation pathways or in expression of Hsp70.
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Climate change vulnerability will not be consistent across
all organisms and individual factors may not have consistent
consequences (Somero 2010; Kingsolver et al. 2013; Gun-
derson and Stillman 2015; Gunderson et al. 2017). The cur-
rent study addressed potential climate change impacts using
only temperature; yet impacts on marine organisms will
more likely involve synergistic changes to temperature, dis-
solved oxygen, pH, salinity, and other biogeochemical and
physicochemical variables (IPCC 2022). When fish muscle
function is compromised by environmental stressors, such
as extreme temperature, pH, oxygen, or salinity changes,
this may manifest structurally as muscle atrophy, physiologi-
cally as a depression in energy metabolism, and functionally
as an eventual loss of motor function from reduced muscle
contraction or hyperactivity, leading to reduced swimming
performance or escape responses, whole animal spasms or
lack of responses to stimuli (Randall and Brauner 1991;
Domenici et al. 2019; Rossi and Wright 2020; Vilmar and
Di Santo 2022). Yet, often when studies assess responses
to environmental variability, few encompass a combination
of morphological, physiological, functional, and behavio-
ral changes (Di Santo 2022). Likewise, many studies are
based on singular acute exposures within one life stage
which may not allow enough time to induce morphological
adaptation. Rather, these acute responses entail balancing
short-lived metabolic processes, as opposed to long-term
maintenance and survival that would occur under repeated
or chronic exposure throughout ontogeny leading to accli-
mation and eventual adaptation in structure, function, and
overall behavior (Portner and Farrell 2008; Portner and Peck
2010; Somero 2012; Cook et al. 2013). The impact on an
organism depends on the duration and severity of the chang-
ing variables and the species, its life history, and ontogenetic
stage (Domenici et al. 2019).

This study provides the first analysis of muscle mor-
phology and physiology of an elasmobranch species under
chronic ocean warming. While this study has a number of
novel components, we must acknowledge that pseudorepli-
cation may be a factor given that all sharks originated from
the same set of parents. In addition, limited sample availabil-
ity led to relatively low statistical power in some cases. How-
ever, our findings related to early life temperature effects
on muscle growth and oxidative damage metrics align with
other studies in teleosts under a chronic exposure to upper
thermal limits. Translating changes in muscle morphology
to functionality is the next step in understanding potential
impacts of long-term environmental variability across bio-
logical scales of locomotion and behavior. The epaulette
shark may serve as a model for many other tropical, benthic
elasmobranch species under a changing climate. Considering
the increasing loss of marine species richness in equatorial
regions as a result of ocean warming, further examination of
the potential effects of both acute and chronic temperature
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change on the morphology, physiology, performance, and
behavior of the epaulette shark and other tropical elasmo-
branch species is warranted.
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