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ARTICLE INFO ABSTRACT

Edited by: Michael Hedrick Regional endothermy is the ability of an animal to elevate the temperature of specific regions of the body above
that of the surrounding environment and has evolved independently among several fish lineages. Sarcolipin

Keywords: (SLN) is a small transmembrane protein that uncouples the sarcoplasmic reticulum calcium ATPase pump

Non—slhwermg thermogenesis (SERCA1b) resulting in futile Ca2* cycling and is thought to play a role in non-shivering thermogenesis (NST) in

Sarcolipin

cold-challenged mammals and possibly some fishes. This study investigated the relative expression of sin and
sercal transcripts in three regionally-endothermic fishes (the skipjack, Katsuwonus pelamis, and yellowfin tuna,
Calcium ATPase Thunnus albacares, both of which elevate the temperatures of their slow-twitch red skeletal muscle (RM) and
Ryanodine receptor extraocular muscles (EM), as well as the cranial endothermic swordfish, Xiphias gladius), and closely related
RT-qPCR ectothermic scombrids (the Eastern Pacific bonito, Sarda chiliensis, and Pacific chub mackerel, Scomber japonicus).
Using Reverse Transcription quantitative PCR (RT-qPCR) and species-specific primers, relative sln expression
trended higher in both the RM and EM for all four scombrid species compared to white muscle. In addition,
relative sercal expression was found to be higher in RM of skipjack and yellowfin tuna in comparison to white
muscle. However, neither sin nor sercal transcripts were higher in swordfish RM, EM or cranial heater tissue in
comparison to white muscle. A key phosphorylation site in sarcolipin, threonine 5, is conserved in the swordfish,
but is mutated to alanine or valine in tunas and the endothermic smalleye Pacific opah, Lampris incognitus, which
should result in increased uncoupling of the SERCA pump. Our results support the role of potential SLN-NST in
endothermic tunas and the lack thereof for swordfish.

SERCA
Endothermy

1. Introduction lamnid sharks (Lamnidae), opahs (Lampridae), and the common
thresher shark (Alopias vulpinus) have physiological adaptations to

Regional endothermy is the physiological process by which organ- produce and conserve metabolic heat to varying degrees within select
isms elevate specific tissue temperatures above ambient conditions. tissues (Bernal and Sepulveda, 2005; Carey, 1982; Legendre and
Most fish species function at temperatures close to environmental, Davesne, 2020; Morrissette et al., 2003; Wegner et al., 2015). Increasing
however, billfishes (Istiophoridae and Xiphiidae), tunas (Scombridae), tissue temperatures is advantageous as it speeds up various metabolic
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genesis; RM, Slow-Twitch Red Muscle; RT-qPCR, Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction; RyR1a, Ryanodine Type 1a Receptor;
SERCA1, Sarcoplasmic Reticulum Ca2+ ATPase Pump; Sln, Sarcolipin; SR, Sarcoplasmic Reticulum; ST, Shivering Thermogenesis; UPC1, Uncoupling Protein 1; WM,
Fast-Twitch White Muscle; efla, Elongation Factor 1 Alpha..
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processes and can enhance muscle power output, increase digestion
rates, and enhance visual resolution. Ultimately these adaptations have
been hypothesized to contribute to thermal niche expansion and effi-
cient long-distance migrations (Altringham and Block, 1997; Dickson
and Graham, 2004; Harding et al., 2021; Madigan et al., 2021; Wegner
et al., 2015).

The development of regional endothermy in fishes has evolved
independently several times. As a result, the location and mechanism of
metabolic heat production and conservation is not uniform across spe-
cies. Nevertheless, these fishes largely utilize similar physiological
adaptions to effectively reduce heat loss. For example, regionally-
endothermic fishes with elevated slow-oxidative red skeletal muscle
(RM) temperatures, have RM positioned more medially and anteriorly
within the body compared to closely related ectothermic species (Bernal
et al., 2003; Graham and Dickson, 2001; Sepulveda et al., 2005). In-
ternal RM positioning increases the insulation between the tissue and
environment and therefore reduces convective heat loss (Graham et al.,
1983). In addition, specialized counter-current heat exchangers derived
of closely intertwined blood vessels (retia mirabilia) leaving and entering
warmed regions of the body help conserve heat and minimize its loss at
the gills via convection during respiration (Carey et al., 1971). Without
such adaptations, endothermic fishes would not be able to maintain
tissue temperatures above ambient conditions. Regional endothermy
has been proposed to facilitate the expansion of both the vertical and
latitudinal niche of endothermic species by enabling prolonged dives
beneath the thermocline as well as long distance migrations into
temperate waters (Harding et al., 2021; Legendre and Davesne, 2020).

There are two general physiological strategies employed by organ-
isms to achieve elevated tissue temperatures: shivering thermogenesis
(ST), in which heat is produced as a by-product of muscular contraction,
and non-shivering thermogenesis (NST). NST is best suited for chronic
heat production as it produces heat in the absence of muscle contraction,
therefore reducing risk of skeletal muscle fatigue (Legendre and
Davesne, 2020). The most researched NST mechanism involves
mammalian brown adipose tissue (BAT) and uncoupling of the proton
gradient by uncoupling protein 1 (UCP1) (Cannon and Nedergaard,
2004). However, another form of NST, fultile calcium cycling-based
NST, is characterized in a broader array of taxa (Dumonteil and Meiss-
ner, 1993; Bal et al., 2012; Periasamy et al., 2017; Pani et al., 2023).
Futile calcium cycling was proposed as the basis for heat production in
the heater organ tissues of billfishes, classified as cranial endotherms
(Morrissette et al., 2003). The heater organ, first characterized by Carey
(1982) is derived from extraocular eye muscle that has lost the ability to
contract due to the absence of organized myofilaments (Morrissette
et al., 2003). Despite losing contractibility, the heater organ still con-
tains extensive t-tubules with an abundant number of Ca%’- ATPase
transport proteins and mitochondria necessary for NST (Block and
Franzini-Armstrong, 1988). The proposed NST mechanism within the
heater organ involves Ca®" leak from sarcoplasmic reticulum (SR),
through the ryanodine calcium release receptor channel (RyRla)
(Morrissette et al., 2003). The leaky RyR1a channel, increases cytosolic
Ca?* concentration, causing the sarcoplasmic reticulum Ca%t ATPase
(SERCA1b) pump to increase active transport to re-establish SR Ca*
concentration and produce heat as a by product (Meizoso-Huesca et al.,
2022; Morrissette et al., 2003; Singh et al., 2023). A similar mechanism
is thought to underlie the cranial heater organ in the butterfly mackerel
(Gasterochisma melampus) and slender tuna (Allothunnus fallai) (Block,
1986; Sepulveda et al., 2007).

In addition to RyRla Ca®t leak, sarcolipin (SLN), a short trans-
membrane protein, has been suggested to contribute to RM endothermy
(Bal and Periasamy, 2020). Increased cytoplasmic Ca%* concentration
results in muscle contraction. To terminate muscle contraction, the
SERCA1b pump, driven by ATP hydrolysis, actively transports cytosolic
Ca?* into the SR, lowering cytosolic concentration and terminating
muscle contraction (Periasamy et al., 2017; Stammers et al., 2015).
When SLN is present, the protein competes with Ca%* to Sercalb and
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causes Ca®" to ‘slip’ from the SR to the cytosol (Sahoo et al., 2013).
Similar to the RyR1a Ca" leak, the depletion of SR Ca®" concentration
leads to increased Sercalb activity in an attempt to restore the SR Ca®*
concentration gradient, increasing ATP hydrolysis and the production of
excess catabolic heat (Periasamy et al., 2017). Higher expression of SLN
has been observed in cold-challenged mice and mice with ablated BAT
that are fed high caloric diets (Bal et al., 2012, 2016). In fish, SLN-
mediated NST has been suggested for the smalleye Pacific opah
(Lampris incognitus) dark red pectoral muscle, which showed higher sin
transcript levels when compared to lighter red pectoral muscle used in
continuous swimming, and the glycolytic fast-twitch white muscle
(WM), a tissue type typically not associated with endothermy (Franck
et al., 2019). More recently, higher sln and sercal transcript levels were
observed in cold-challenged ectothermic Japanese medaka (Oryzias
latipes) (Robinson et al., 2024). Taken together, increased sln transcripts
from cold-challenged and high caloric dieted mice, Japanese medaka,
and smalleye Pacific opah RM, suggests SLN plays a role in maintaining
basal metabolic rates and NST (SLN-NST).

The objective of this study was to investigate SLN as a component of
NST in regionally endothermic skipjack (Katsuwonus pelamis) and yel-
lowfin tuna (Thunnus albacares), closely related ectothermic Eastern
Pacific bonito (Sarda chiliensis) and Pacific chub mackerel (Scomber
japonicus), as well as the cranially-endothermic swordfish (Xiphias gla-
dius). To do so, tissues with elevated temperatures, slow-twitch oxida-
tive red skeletal muscle, extraocular eye muscle, and heater organ
(exclusive to swordfish), were compared to fast-twitch glycolytic white
skeletal muscle. Relative transcript expression of sin and sercal by RT-
gPCR was used to determine whether sin and sercal expression has
greater expression in endothermic tissue types.

2. Materials and methods
2.1. Tissue collection and handing

Tissues were sampled from fish caught within the Pacific Ocean
offshore of Southern California, flash frozen and stored at —70 °C until
time of use. Fish capture and tissue sampling was done under approved
procedures of the Southwest Fisheries Science Center Animal Care and
Use Committee (Protocol #SW1201). Samples were taken from five
yellowfin tuna (59.0-86.5 cm fork length (FL), 3.8-11.5 kg), four skip-
jack tuna (61.0-63.0 cm FL, 4.8-6.1 kg), two swordfish (153.7-185.0 cm
lower jaw fork length), four Eastern Pacific bonito (30.5—33.8 cm FL,
380-565 g) and five Pacific chub mackerel (18.3-24.2 cm FL, 55-165 g).
From each fish, red skeletal muscle, white skeletal muscle, and eye
muscle was extracted. Additionally, swordfish cranial heater organ tis-
sue was sampled from two swordfish. Swordfish tissue samples were
collected during research and fishery development trials aboard the R/V
Malolo (California Department of Fish and Wildlife Scientific Collection;
permit #SCP-2471).

2.2. RNA extraction and first stand cDNA synthesis

Total RNA extraction was performed using TRIzol reagent according
to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). RNA
was assessed using agarose gel electrophoresis and Nanodrop One
spectrophotometer (Thermo Scientific). First strand DNA was reverse
transcribed from a uniform amount of total RNA (64 ng) using Bio-Rad
iScript cDNA Synthesis kit following manufacturer’s protocol.

2.3. Primer design

Species-specific primers were designed from GenBank sequences and
conserved alignments for sercal, sln, and housekeeping gene elongation
factor 1 alpha (efla) (Table 1). Amplicons were sent to The Centre for
Applied Genomics (TCAG) at Toronto Sick Kids Hospital DNA
sequencing facility to confirm correct gene target amplification.
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Table 1
Forward (F) and reverse (R) primer sequences (5-3") for sarcolipin (sln), sarcoplasmic reticulum Ca?" ATPase (sercal) and elongation factor 1 alpha (efla).
Species Gene Sequence 5-3’ Amplicon Size (bp) Accession
number
F: CGGCAAGAAGCTTGAGGATA
efla R: GGAGAAGCTCTCCACACACAT 100 Alignment
F: TGAAGAAGGAGTTCACACAGGA
sercal R: TGGAGCACCTTTGACAAACA 119 Alignment
F: TCGCCTAGTCTCTCCAGTCC
Skipjack tuna sln R: CAGCAGCACGGTGATTAAGA 103 XM_044353687.1
F: TTGACATCGCTCTGTGGAAG
efla R: AGATACCGGCCTCAAACTCA 155 Alignment
F: TCTCCAGAGACAGGAAGTCCA
sercal R: CCTTCTGGAGCACCTTTGAC 100 XM_044336903.1
F: AGTCCTCTCCGTCTGGGATT
Yellowfin tuna sln R: CAGCAGCACGGTGATTAAGA 88 XM_044353687.1
F: CGGCAAGAAGCTTGAGGATA
efla R: GGAGAAGCTCTCCACACACAT 100 Alignment
F: CTCCCCTACTCTCCTCCAC
sercal R: ACCCCAAGGCTCTCAAGTCT 103 XM_040135509.1
F: AGAAAGGAGCAGTCGAAAACA
Swordfish sln R: CCTTTCCTCTTTTGGCTGTG 74 XM_040131489.1
F: CGGCAAGAAGCTTGAGGATA
efla R: GGAGAAGCTCTCCACACACAT 100 Alignment
F: CTGTGTGGCAGACCTCAAAA
sercal R: GTGCACCTGTCAATCACACC 75 Alignment
F: CTCCAGTCTTCTCCGTCTGG
Bonito sln R: CAGCAGCACGGTGATTAAGA 92 XM_044353687.1
F: TTCCGTAATGGAGGATCAGC
efla R: TGGGGTTATCCTCAAGCTTCT 74 Alignment
F: TGTGCAGAGCTCACTGCTTT
sercal R: CCCTGCAGGAACTCAACAAT 70 Alignment
F: GCAGGAGCTGTTCCTCAACT
Chub Mackerel sln R: GAGGCGTGTGTTTTCTCCAT 105 Alignment

Amplicon size is represented in base pairs (bp) and accession numbers used to acquire species-specific primers using GenBank sequences and consensus alignments
(Alignment: XM_044336903.1, XM_042397348.1, XM_041029250.1, XM_039788041.1, XM_040135509.1, XM_011488036.3, XM_006639512, XM _012818387.3,

XM_007245711.4, U65228.1, XM_008301307.1).

2.4. RT-qPCR

RT-qPCR reactions contained 1.5 pl of cDNA added to 13.5 pl of
master mix, which contained 7.5 pl SYBR Green Master mix, 0.75 pl of
both forward and reverse primers at a concentration of 333 nM, and 4.5
pl UltraPure RNase-free water (Invitrogen). Reactions were performed
in 96-well 0.1 ml plates (Invitrogen) sealed with optically clear adhesive
sheets (Thermo Scientific) in a QuantStudio5 RT-PCR. Thermocycling
conditions were as follows: initial denaturation at 93 °C for 3 mins, 40
cycles of denaturation at 93 °C for 10 s, annealing at 57 °C for 15 s and
extension at 72 °C for 20 s. After cycling, a dissociation curve was per-
formed to ensure amplification of a single product. Primer efficiency was
evaluated by preparing serial dilutions of cDNA and subjected to qPCR
to the same thermocycling conditions. From the serial dilutions, a
standard curve was created to ensure efficiency (E) was between 80%
and 120% and R? values above 0.98 were deemed optimal. Analysis of
gqPCR data (ACq) was done to determine the relative expression of sin
and sercal in reference to housekeeping gene efla.

2.5. Statistical analysis

Statistical analyses were performed using R-software 4.1.3 (R Core
Team, 2022). Data from between-tissue effects (ACq: target gene —
housekeeping gene) were analyzed using a Kruskal-Wallis test followed
by Dunn’s post-hoc test with a Holm’s adjustment. Additionally, Dixon’s
outlier test was performed, and outliers were subsequently removed. For
all tests, P < 0.05 was considered significant.

3. Results and discussion

The objective of this study was to investigate SLN as a component of
NST in regionally endothermic and ectothermic scombrid fishes,

prompted by the discovery of higher sin transcript levels in dark red
pectoral fin muscle in the endothermic smalleye Pacific opah (Lampris
incognitus) (Franck et al., 2019). Specifically, we utilized sln and sercal
gene-specific primers to quantify transcript levels for selected endo-
thermic fish species, including the cranially- endothermic swordfish, a
member of the Xiphiidae family, as well as yellowfin and skipjack tuna,
members of the Scombridae family. Additionally, we quantified sln and
sercal transcripts in two ectothermic species, chub mackerel and Eastern
Pacific bonito, also from the Scombridae family. We examined gene
transcript levels of sln and sercal in the slow-twitch aerobic red muscle
(RM), fast-twitch white muscle (WM), extraocular eye muscles (EM) and
ocular heater organ tissues (HTR: exclusive to swordfish).

3.1. Comparison of relative sln transcript expression

The expression of sln showed a distinct pattern across all four
scombrid species examined irrespective of endothermic capacity, with
EM and RM both showing elevated expression in comparison to WM.
Specifically, sln relative transcript expression was significantly greater
in EM compared to WM in skipjack tuna (Fig. 1A, Dunn: 2 = 3.138, P =
0.005), yellowfin tuna (Fig. 1B, Dunn: z = 2.690, P = 0.0214), bonito
(Fig. 1C, Dunn: z = 2.942, P = 0.0003), and chub mackerel (Fig. 1D,
Dunn: z = 3.138, P = 0.005), and significantly higher in RM compared
with WM in yellowfin tuna (Fig. 1B, Dunn: z = 2.268, P = 0.047),
although the other scombrid species showed a similar trend (Fig. 1). In
contrast, swordfish sin transcript expression showed no significant dif-
ference between tissue types (Fig. 1E). SLN has been documented to
increase metabolic production in mammalian skeletal muscle and has
been proposed as the potential molecular basis for heat production in the
smalleye Pacific opah deep red skeletal muscle (Bal et al., 2012; Bal and
Periasamy, 2020; Franck et al., 2019). The presence of SLN induces
skeletal muscle NST by competitively binding to the transmembrane
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Fig. 1. Sin transcript levels measured relative to housekeeping gene efla (ACq: housekeeping —target gene), for slow-oxidative red skeletal muscle (RM), fast-
glycolytic white skeletal muscle (WM), extraocular eye muscle (EM) and heater organ (HTR; exclusive to swordfish) in skipjack tuna (Katsuwonus pelamis), yel-
lowfin tuna (Thunnus albacares), Eastern Pacific bonito (Sarda chilinesis), Pacific chub mackerel (Scomber japonicus) and swordfish (Xiphias gladius). *P < 0.05, **P <
0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

groove of SERCA1b (Sahoo et al., 2013). Bound SLN causes calcium to
‘slip” from the SR lumen into the cytoplasm, resulting in SERCA1b pump
to increase activity to sequester calcium. This futile calcium cycle results
in excess catabolic heat production. While relative sln transcript
expression trended higher in endothermic tissues (RM and EM) when
compared to WM in endothermic skipjack and yellowfin tuna (Carey
et al., 1971), the same pattern was observed in the closely related
ectothermic Eastern Pacific bonito and Pacific chub mackerel. Although
Eastern Pacific bonito and chub mackerel do not possess physiological
adaptations to conserve metabolic heat (Dickson et al., 2002), similar to
cold-challenged ectothermic medaka (Robinson et al., 2024), they
appear to possess the same transcriptional architecture as their endo-
thermic sister species. This matches other similarities between ecto-
thermic and endothermic scombrids such as enhanced red muscle

oxidative capacity (Block and Finnerty, 1994; Dickson, 1996) and
reduced or reversed temperature dependence of blood-oxygen binding
(Clark et al., 2010), characteristics that appear to predate the evolution
of endothermy, and likely facilitated its development within the group.
In contrast, the swordfish, a species that is a documented cranial
endotherm (Carey, 1982) and suspected RM endotherm (Carey, 1990;
Stoehr et al., 2018, 2020) showed no significant differences in sin
transcript levels across all tissue types sampled, including the ocular
heater organ tissue. Heat production from the heater organ tissue in
marlin (Makaira nigricans) has been previously attributed to a futile
calcium cycle triggered by a “leaky” RyRla calcium channel (Morris-
sette et al., 2003). The absence of higher sin transcript levels suggests
that swordfish heater organ may, in fact, rely solely on the RyR1a cal-
cium leak.
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Fig. 2. Sercal transcript levels measured relative to housekeeping gene efla (ACq: housekeeping — target gene), for slow-oxidative red skeletal muscle (RM), fast-
glycolytic white skeletal muscle (WM), extraocular eye muscle (EM) and heater organ (HTR; exclusive to swordfish) in skipjack tuna (Katsuwonus pelamis), yellowfin
tuna (Thunnus albacares), Eastern Pacific bonito (Sarda chiliensis), Pacific chub mackerel (Scomber japonicus) and swordfish (Xiphias gladius). *P < 0.05, **P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Comparison of relative sercal transcript expression

Relative sercal transcript expression showed a generally similarly
pattern to that of sin for the regionally-endothermic scombrids with RM
sercal significantly higher compared to WM in both skipjack (Fig. 2A,
Dunn: z = 3.138, P = 0.002) and yellowfin tuna (Fig. 2B, Dunn: z = 3.25,
P =0.001), and, while EM transcript levels trend higher for both species
when compared to WM, the differences were not found to be statistically
significant. In contrast, the relative expression of sercal in the ecto-
thermic scombrids were generally similar between tissues (Fig. 2C and
D), apart from EM sercal transcript expression in the Pacific chub
mackerel which was significantly higher when compared to WM tissues
(Fig. 2D, Dunn: z = 2.886, P = 0.004). No statistical difference was
found in swordfish sercal transcripts in the sampled tissues (Fig. 2E).

Fish skeletal muscle is the most abundant tissue, accounting for up to
60% of total body mass in some species (Duran et al., 2021). SERCALD, is
responsible for the regulation of muscle contraction/relaxation (Li et al.,
2021). Furthermore, the protein is inherently thermogenic as 18-55% of
energy used by SERCA1D, is dissipated as heat (Bal and Periasamy,
2020). This study indicates endothermic tunas express greater levels of
sercal transcripts in RM and EM compared to WM. Contrarily, ecto-
thermic bonito and chub mackerel showed no difference in sercal
transcript expression across all tissue types, except for chub mackerel
where EM sercal transcript expression is greater than observed in WM.
Like sln transcript expression, sercal expression is found to be elevated
in tissues that have elevated temperatures compared to ambient. Pre-
vious research has indicated that SLN can inhibit a maximum 30% of
SERCA1lb function (Bal et al., 2018), thus, the higher transcript
expression of sercal within the RM of skipjack and yellowfin tuna may at
least in part be driven by the increase of SLN, as a greater number of
SERCA1b would be necessary to maintain proper cytosolic calcium
concentration for muscle relaxation. In contrast, swordfish sercal tran-
script expression was highest in the heater organ despite not seeing an
increase of sln expression. The lack of sln transcripts supports an earlier
study that suggests swordfish depend on a leaky RyR1la channel to
establish a futile calcium cycle to generate cranial heat (Morrissette
et al., 2003). The increased leak from the RyR1a channel would require
higher expression of SERCA1b to compensate for the elevated cytosolic
calcium levels.

3.3. Key regulatory site amino acid substitution in sarcolipin

We aligned sarcolipin amino acid sequences from representatives of
Lampridae (Opah), Xiphiidae (Swordfish), and Scombridae (Fig. 3). The
fifth amino acid residue, threonine (T), is substituted by a non-polar
alanine (A) in the tunas and valine (V) in opah. Threonine 5 (T5) is a
key regulatory site in sarcolipin. Phosphorylation of sarcolipin T5 re-
lieves the inhibitory (uncoupling) effects of SLN on the SERCA pump
(Bhupathy et al., 2009; Toyoshima et al., 2013). Additionally, rear-
rangement of the N-terminus upon phosphorylation of the T5 residue
reduces the energy barrier for passage of ions (Cao et al., 2016). Deletion
of the N terminal residues of SLN also results in the loss of the uncou-
pling function (Sahoo et al., 2015). Thus, the loss of the T5 phosphor-
ylation regulatory site for the red muscle endotherms, the tunas and
opah, would presumably result in SLN having a larger uncoupling effect
on the SERCA pump. Conversely, the presence of the T5 regulatory site
in the swordfish would reduce the uncoupling effect of SLN on SERCA1
upon phosphorylation, further suggesting that futile calcium cycling via
a leaky RyRla calcium channel as originally proposed by Morrissette
et al. (2003) is the likely primary mechanism for heat production in the
swordfish cranial heater organ.

While the current study is focused on the thermogenic role of SLN
and NST, it should be noted that an increase in SLN expression is also
linked to mitochondrial biogenesis and increased oxidative metabolism
(Maurya et al., 2018; Bal et al., 2021). Mitochondrial biogenesis and
oxidative metabolism is influenced by increased cytosolic calcium, as it
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Lampris (RME) MDRSVQELFLNFMIVLITVLLMWLLVKTYQD
Xiphias (CE)
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Fig. 3. Sarcolipin amino acid substitution across fishes examined in this study.
The fifth amino acid residue, threonine (T), is substituted with valine (V) in
opah (Lampris) and alanine (A) in the skipjack (Katsuwonus), which are both red
muscle-based endotherms (RME). The swordfish (Xiphias), a cranial endotherm
(CE), retains the threonine residue as do the ectothermic Scomber and Sarda
species (ECT). Phylogeny topology adapted from Davesne et al. (2018). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

initiates the CamKII/PGCla signaling and increases CD36, CPT1-M, LPL,
LCAD and HADHB, enzymes involved in fatty acid transport and
oxidation (Bal et al., 2016; Maurya et al., 2018). Maurya et al. (2018)
reported increased cytosolic calcium from SLN/SERCA futile calcium
cycling is pertinent for maintaining mitochondrial health as well as lipid
metabolism using SIn-KO mice. Furthermore, RADseq data from RM in
Pacific bluefin and yellowfin tuna revealed enriched transcripts for
mitochondria and lipid metabolic processes (Wu et al., 2023). Knowing
this, SLN may also be responsible for sustaining adequate physiological
conditions, such as increased number of mitochondria, required for
constant swimming, which produces heat as a by-product, as well as
potential futile calcium cycling in endothermic tunas.

4. Conclusion

This study showed generally higher relative sin gene transcript levels
in red skeletal muscle and extraocular eye muscle in both the endo-
thermic skipjack and yellowfin tuna, and ectothermic bonito and chub
mackerel. In addition, significantly higher relative sercal gene expres-
sion was observed in red muscle in skipjack and yellowfin tuna. The
higher relative quantity of sln and sercal transcripts supports their roles
as potential contributors to NST though futile calcium cycling in red
skeletal muscle for endothermic tunas. Conversely, the lack of a greater
quantity of sin transcripts in swordfish heater organ supports previous
research suggesting the futile calcium cycle may in fact be due to a leaky
RyR1a channel and consequent increased SERCA1 activity as first pro-
posed by Morrissette et al. (2003). The loss of the SLN T5 phosphory-
lation site in opah and tunas also supports a greater role of SLN in red
muscle-based NST as this would result in the inability to inhibit the
uncoupling mechanism of SLN on the SERCA1 pump.

CRediT authorship contribution statement

Sean Robinson: Writing — review & editing, Writing — original draft,
Methodology, Formal analysis. Nicholas C. Wegner: Writing — review &
editing, Writing — original draft, Resources. Chugey A. Sepulveda:
Writing — review & editing, Writing — original draft, Resources. Jens P.



S. Robinson et al.

C. Franck: Writing — review & editing, Writing — original draft, Super-
vision, Resources, Project administration, Methodology,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

We are grateful to Drake Hechter and Matthew Craig for reviewing
earlier versions of the manuscript. We are also grateful to three anon-
ymous reviewers for comments that improved the final manuscript.

References

Altringham, J.D., Block, B.A., 1997. Why do tuna maintain elevated slow muscle
temperatures? Power output of muscle isolated from endothermic and ectothermic
fish. J. Exp. Biol. 200, 2617-2627. https://doi.org/10.1242/jeb.200.20.2617.

Bal, N.C., Periasamy, M., 2020. Uncoupling of sarcoendoplasmic reticulum calcium
ATPase pump activity by sarcolipin as the basis for muscle non-shivering
thermogenesis. Philos. Trans. Royal Soc. B: Biol. Sci. 375 (1793), 20190135. https://
doi.org/10.1098/rstb.2019.0135.

Bal, N.C., Maurya, S.K., Sopariwala, D.H., Sahoo, S.K., Gupta, S.C., Shaikh, S.A., Pant, M.,
Rowland, L.A., Bombardier, E., Goonasekera, S.A., Tupling, A.R., Molkentin, J.D.,
Periasamy, M., 2012. Sarcolipin is a newly identified regulator of muscle-based
thermogenesis in mammals. Nat. Med. 18 (10), 1575-1579. https://doi.org/
10.1038/nm.2897.

Bal, N.C., Maurya, S.K., Singh, S., Wehrens, X.H.T., Periasamy, M., 2016. Increased
reliance on muscle-based thermogenesis upon acute minimization of brown adipose
tissue function*. J. Biol. Chem. 291 (33), 17247-17257. https://doi.org/10.1074/
jbc.M116.728188.

Bal, N.C., Sahoo, S.K., Maurya, S.K., Periasamy, M., 2018. The role of sarcolipin in
muscle non-shivering thermogenesis. Front. Physiol. 9, 1217. https://doi.org/
10.3389/fphys.2018.01217.

Bal, N.C., Gupta, S.C., Pant, M., Sopariwala, D.H., Gonzalez-Escobedo, G., Turner, J.,
Gunn, J.S., Pierson, C.R., Harper, S.Q., Rafael-Fortney, J.A., Periasamy, M., 2021. Is
upregulation of sarcolipin beneficial or detrimental to muscle function? Front.
Physiol. 12, 1-9. https://doi.org/10.3389/phys.2021.633058.

Bernal, D., Sepulveda, C.A., 2005. Evidence for temperature elevation in the aerobic
swimming musculature of the common thresher shark, Alopias vulpinus. Copeia 2005
(1), 146-151. https://doi.org/10.1643/CP-04-180R1.

Bernal, D., Sepulveda, C.A., Mathieu-Costello, O., Graham, J.B., 2003. Comparative
studies of high performance swimming in sharks I. Red muscle morphometrics,
vascularization and ultrastructure. J. Exp. Biol. 206 (16), 2831-2843. https://doi.
org/10.1242/jeb.00481.

Bhupathy, P., Babu, G.J., Ito, M., Periasamy, M., 2009. Threonine-5 at the N-terminus
can modulate sarcolipin function in cardiac myocytes. J. Mol. Cell. Cardiol. 47,
723-729. https://doi.org/10.1016/j.yjmcc.2009.07.014.

Block, B.A., 1986. Structure of the brain and eye heater tissue in marlins, sailfish, and
spearfishes. Journal of Morphology 190, 169-189. https://doi.org/10.1002/
jmor.1051900203.

Block, B.A., Finnerty, J.R., 1994. Endothermy in fishes: a phylogenetic analysis of
constraints, predispositions, and selection pressures. Environ. Biol. Fish 40,
283-302. https://doi.org/10.1007/BF00002518.

Block, B.A., Franzini-Armstrong, C., 1988. The structure of the membrane systems in a
novel muscle cell modified for heat production. J. Cell Biol. 107 (3), 1099-1112.
https://doi.org/10.1083/jcb.107.3.1099.

Cannon, B., Nedergaard, J., 2004. Brown adipose tissue: function and physiological
significance. Physiol. Rev. 84 (1), 277-359. https://doi.org/10.1152/
physrev.00015.2003.

Cao, Y., Wu, X., Wang, X., Sun, H., Lee, 1., 2016. Transmembrane dynamics of the Thr-5
phosphorylated sarcolipin pentameric channel. Arch. Biochem. Biophys. 604,
143-151. https://doi.org/10.1016/j.abb.2016.06.016.

Carey, F.G., 1982. A brain heater in the swordfish. Science 216 (4552), 1327-1329.
https://doi.org/10.1126/science.7079766.

Carey, F.G., 1990. Further acoustic telemetry observations of swordfish. In: Planning the
Future of Billfishes, Research and Management in the 90s and Beyond. Proceedings
of the Second International Billfish Symposium. Kailua-Kona, Hawaii, pp. 103-122.
August 1-5, 1988. Part 2.

Carey, F.G., Teal, J.M., Kanwisher, J.W., Lawson, K.D., BeckettE, J.S., 1971. Warm-
bodied fish. Am. Zool. 11 (1), 137-143. https://doi.org/10.1093/icb/11.1.137.

Comparative Biochemistry and Physiology, Part A 295 (2024) 111667

Clark, T.D., Rummer, J.L., Sepulveda, C.A., Farrell, A.P., Brauner, C.J., 2010. Reduced
and reversed temperature dependence of blood oxygenation in an ectothermic
scombrid fish: implications for the evolution of regional heterothermy? J. Comp.
Physiol. B. 180, 73-82. https://doi.org/10.1007/s00360-009-0388-7.

Davesne, D., Meunier, F.J., Friedman, M., Benson, R.B.J., Otero, O., 2018. Histology of
the endothermic opah (Lampris sp.) suggests a new structure-function relationship in
teleost fish bone. Biol. Lett. 14, 20180270. https://doi.org/10.1098/1rsbl.2018.0270.

Dickson, K.A., 1996. Locomotor muscle of high-performance fishes: what do comparisons
of tunas with ectothermic sister taxa reveal? Comp. Biochem. Physiol. Part A 113 (1),
39-49. https://doi.org/10.1016,/0300-9629(95)02056-X.

Dickson, K.A., Graham, J.B., 2004. Evolution and consequences of endothermy in fishes.
Physiol. Biochem. Zool. 77 (6), 998-1018. https://doi.org/10.1086/423743.

Dickson, K.A., Donley, J.M., Sepulveda, C., Bhoopat, L., 2002. Effects of temperature on
sustained swimming performance and swimming kinematics of the chub mackerel
Scomber japonicus. J. Exp. Biol. 205 (Pt 7), 969-980. https://doi.org/10.1242/
jeb.205.7.969.

Dumonteil, E., Meissner, G., 1993. Sarcoplasmic reticulum Ca(2+)-ATPase and
ryanodine receptor in cold-acclimated ducklings and thermogenesis. Cell. Physiol.
265 (2), C507-C513. https://doi.org/10.1152/ajpcell.1993.265.2.C507.

Duran, B.O.S., de la Serrana, D.G., Zanella, B.T.T., Perez, E.S., Mareco, E.A., Santos, V.B.,
Carvalho, R.F., Dal-Pai-Silva, M., 2021. An insight on the impact of teleost whole
genome duplication on the regulation of the molecular networks controlling skeletal
muscle growth. PLoS One 16 (7), e0255006. https://doi.org/10.1371/journal.
pone.0255006.

Franck, J.P.C., Slight-Simcoe, E., Wegner, N.C., 2019. Endothermy in the smalleye opah
(Lampris incognitus): a potential role for the uncoupling protein sarcolipin. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 233, 48-52. https://doi.org/10.1016/].
cbpa.2019.03.024.

Graham, J.B., Dickson, K.A., 2001. Anatomical and physiological specializations for
endothermy. In: Fish Physiology, vol. 19. Academic Press, pp. 121-165. https://doi.
org/10.1016/51546-5098(01)19005-9.

Graham, J.B., Koehrn, F.J., Dickson, K.A., 1983. Distribution and relative proportions of
red muscle in scombrid fishes: consequences of body size and relationships to
locomotion and endothermy. Can. J. Zool. 61 (9), 2087-2096. https://doi.org/
10.1139/283-274.

Harding, L., Jackson, A., Barnett, A., Donohue, 1., Halsey, L., Huveneers, C., Meyer, C.,
Papastamatiou, Y., Semmens, J.M., Spencer, E., Watanabe, Y., Payne, N., 2021.
Endothermy makes fishes faster but does not expand their thermal niche. Funct.
Ecol. 35 (9), 1951-1959. https://doi.org/10.1111/1365-2435.13869.

Legendre, L.J., Davesne, D., 2020. The evolution of mechanisms involved in vertebrate
endothermy. Philos. Trans. R. Soc. B 375 (1793), 20190136. https://doi.org/
10.1098/rstb.2019.0136.

Li, H., Wang, C., Li, L., Li, L., 2021. Skeletal muscle non-shivering thermogenesis as an
attractive strategy to combat obesity. Life Sci. 269, 119024 https://doi.org/
10.1016/j.1f5.2021.119024.

Madigan, D.J., Richardson, A.J., Carlisle, A.B., Weber, S.B., Brown, J., Hussey, N.E.,
2021. Water column structure defines vertical habitat of twelve pelagic predators in
the South Atlantic. ICES J. Mar. Sci. 78 (3), 867-883. https://doi.org/10.1093/
icesjms/fsaa222.

Maurya, S.K., Herrera, J.L., Sahoo, S.K., Reis, F.C.G., Vega, R.B., Kelly, D.P.,
Periasamy, M., 2018. Sarcolipin signaling promotes mitochondrial biogenesis and
oxidative metabolism in skeletal muscle. Cell Rep. 24 (11), 2919-2931. https://doi.
0rg/10.1016/j.celrep.2018.08.036.

Meizoso-Huesca, A., Pearce, L., Barclay, C.J., Launikonis, B.S., 2022. Ca 2+ leak through
ryanodine receptor 1 regulates thermogenesis in resting skeletal muscle. Proc. Natl.
Acad. Sci. 119 (4), e2119203119 https://doi.org/10.1073/pnas.2119203119.

Morrissette, J.M., Franck, J.P.G., Block, B.A., 2003. Characterization of ryanodine
receptor and Ca2+-ATPase isoforms in the thermogenic heater organ of blue marlin
(Makaira nigricans). J. Exp. Biol. 206 (5), 805-812. https://doi.org/10.1242/
jeb.00158.

Pani, P., Swalsingh, G., Pani, S., Senapati, U., Sahu, B., Pati, B., Rout, S., Bal, N.C., 2023.
Seasonal cold induces divergent structural/biochemical adaptations in different
skeletal muscles of Columba livia: evidence for nonshivering thermogenesis in adult
birds. Biochem. J. 480, 1397-1409. https://doi.org/10.1042/BCJ20230245.

Periasamy, M., Herrera, J.L., Reis, F.C.G., 2017. Skeletal muscle thermogenesis and its
role in whole body energy metabolism. Diabetes Metab. J. 41 (5), 327-336. https://
doi.org/10.4093/dm;j.2017.41.5.327.

R Core Team, 2022. R: A language and environment for statistical ## computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Robinson, S., Hechter, D., Almoumen, F., Franck, J.P.C., 2024. Sarcolipin (sln) and
sarcoplasmic reticulum calcium ATPase pump (sercal) expression increase in
Japanese medaka (Oryzias latipes) skeletal muscle tissue following cold challenge.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 287, 111534 https://doi.org/
10.1016/j.cbpa.2023.111534.

Sahoo, S.K., Shaikh, S.A., Sopariwala, D.H., Bal, N.C., Periasamy, M., 2013. Sarcolipin
protein interaction with Sarco(endo)plasmic reticulum Ca2+ATPase (SERCA) is
distinct from phospholamban protein, and only sarcolipin can promote uncoupling
of the SERCA pump. J. Biol. Chem. 288 (10), 6881-6889. https://doi.org/10.1074/
jbc.M112.436915.

Sahoo, S.K., Shaikh, S.A., Sopariwala, D.H., Bal, N.C., Bruhn, D.S., Kopec, W.,
Khandelia, H., Periasamy, M., 2015. The N terminus of sarcolipin plays an important
role in uncoupling sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) ATP
hydrolysis from Ca2+ transport. J. Biol. Chem. 290, 14057-14067. https://doi.org/
10.1074/jbc.M115.636738.


https://doi.org/10.1242/jeb.200.20.2617
https://doi.org/10.1098/rstb.2019.0135
https://doi.org/10.1098/rstb.2019.0135
https://doi.org/10.1038/nm.2897
https://doi.org/10.1038/nm.2897
https://doi.org/10.1074/jbc.M116.728188
https://doi.org/10.1074/jbc.M116.728188
https://doi.org/10.3389/fphys.2018.01217
https://doi.org/10.3389/fphys.2018.01217
https://doi.org/10.3389/phys.2021.633058
https://doi.org/10.1643/CP-04-180R1
https://doi.org/10.1242/jeb.00481
https://doi.org/10.1242/jeb.00481
https://doi.org/10.1016/j.yjmcc.2009.07.014
https://doi.org/10.1002/jmor.1051900203
https://doi.org/10.1002/jmor.1051900203
https://doi.org/10.1007/BF00002518
https://doi.org/10.1083/jcb.107.3.1099
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.abb.2016.06.016
https://doi.org/10.1126/science.7079766
http://refhub.elsevier.com/S1095-6433(24)00094-1/opt4OOysgQhJH
http://refhub.elsevier.com/S1095-6433(24)00094-1/opt4OOysgQhJH
http://refhub.elsevier.com/S1095-6433(24)00094-1/opt4OOysgQhJH
http://refhub.elsevier.com/S1095-6433(24)00094-1/opt4OOysgQhJH
https://doi.org/10.1093/icb/11.1.137
https://doi.org/10.1007/s00360-009-0388-7
https://doi.org/10.1098/rsbl.2018.0270
https://doi.org/10.1016/0300-9629(95)02056-X
https://doi.org/10.1086/423743
https://doi.org/10.1242/jeb.205.7.969
https://doi.org/10.1242/jeb.205.7.969
https://doi.org/10.1152/ajpcell.1993.265.2.C507
https://doi.org/10.1371/journal.pone.0255006
https://doi.org/10.1371/journal.pone.0255006
https://doi.org/10.1016/j.cbpa.2019.03.024
https://doi.org/10.1016/j.cbpa.2019.03.024
https://doi.org/10.1016/S1546-5098(01)19005-9
https://doi.org/10.1016/S1546-5098(01)19005-9
https://doi.org/10.1139/z83-274
https://doi.org/10.1139/z83-274
https://doi.org/10.1111/1365-2435.13869
https://doi.org/10.1098/rstb.2019.0136
https://doi.org/10.1098/rstb.2019.0136
https://doi.org/10.1016/j.lfs.2021.119024
https://doi.org/10.1016/j.lfs.2021.119024
https://doi.org/10.1093/icesjms/fsaa222
https://doi.org/10.1093/icesjms/fsaa222
https://doi.org/10.1016/j.celrep.2018.08.036
https://doi.org/10.1016/j.celrep.2018.08.036
https://doi.org/10.1073/pnas.2119203119
https://doi.org/10.1242/jeb.00158
https://doi.org/10.1242/jeb.00158
https://doi.org/10.1042/BCJ20230245
https://doi.org/10.4093/dmj.2017.41.5.327
https://doi.org/10.4093/dmj.2017.41.5.327
https://www.R-project.org/
https://doi.org/10.1016/j.cbpa.2023.111534
https://doi.org/10.1016/j.cbpa.2023.111534
https://doi.org/10.1074/jbc.M112.436915
https://doi.org/10.1074/jbc.M112.436915
https://doi.org/10.1074/jbc.M115.636738
https://doi.org/10.1074/jbc.M115.636738

S. Robinson et al.

Sepulveda, C.A., Wegner, N.C., Bernal, D., Graham, J.B., 2005. The red muscle
morphology of the thresher sharks (family Alopiidae). J. Exp. Biol. 208 (22),
4255-4261. https://doi.org/10.1242/jeb.01898.

Sepulveda, C.A., Dickson, K.A., Frank, L.R., Graham, J.B., 2007. Cranial endothermy and
a putative brain heater in the most basal tuna species, Allothunnus fallai. J. Fish Biol.
70, 1720-1733. https://doi.org/10.1111/j.1095-8649.2007.01446.x.

Singh, D.P., Pearce, L., Choi, R.H., Meizoso-Huesca, A., Wette, S.G., Scott, J.W.,
Lamboley, C.R., Murphy, R.M., Launikonis, B.S., 2023. Evolutionary isolation of
ryanodine receptor isoform 1 for muscle-based thermogenesis in mammals. Proc.
Natl. Acad. Sci. 120 (4), €2117503120 https://doi.org/10.1073/pnas.2117503120.

Stammers, A.N., Susser, S.E., Hamm, N.C., Hlynsky, M.W., Kimber, D.E., Kehler, D.S.,
Duhamel, T.A., 2015. The regulation of sarco(endo)plasmic reticulum calcium-
ATPases (SERCA). Can. J. Physiol. Pharmacol. 93 (10), 843-854. https://doi.org/
10.1139/cjpp-2014-0463.

Stoehr, A., St. Martin, J., Aalbers, S., Sepulveda, C., Bernal, D., 2018. Free-swimming
swordfish, Xiphias gladius, alter the rate of whole body heat transfer: morphological

Comparative Biochemistry and Physiology, Part A 295 (2024) 111667

and physiological specializations for thermoregulation. ICES J. Mar. Sci. 75 (2),
858-870. https://doi.org/10.1093/icesjms/fsx163.

Stoehr, A.A., Donley, J.M., Aalbers, S.A., Syme, D.A., Sepulveda, C., Bernal, D., 2020.
Thermal effects on red muscle contractile performance in deep-diving, large-bodied
fishes. Fish Physiol. Biochem. 46, 1833-1845. https://doi.org/10.1007/510695-020-
00831-7.

Toyoshima, C., Iwasawa, S., Ogawa, H., Hirata, A., Tsueda, J., Inesi, G., 2013. Crystal
structures of the calcium pump and sarcolipin in the Mg2+—bound E1 state. Nature
495, 260-264. https://doi.org/10.1038/nature11899.

Wegner, N.C., Snodgrass, O.E., Dewar, H., Hyde, J.R., 2015. Whole-body endothermy in
a mesopelagic fish, the opah, Lampris guttatus. Science 348 (6236), 786-789. https://
doi.org/10.1126/science.aaa8902.

Wu, B, Gao, X., Hu, M., Hu, J., Lan, T., Xue, T., Xu, W., Zhu, C., Yuan, Y., Zheng, J.,
Qin, T., Xin, P., Li, Y., Gong, L., Feng, C., He, S., Liu, H., Li, H., Wang, Q., Wang, K.,
2023. Distinct and shared endothermic strategies in the heat producing tissues of
tuna and other teleosts. Sci. China Life Sci. https://doi.org/10.1007/s11427-022-
2312-1.


https://doi.org/10.1242/jeb.01898
https://doi.org/10.1111/j.1095-8649.2007.01446.x
https://doi.org/10.1073/pnas.2117503120
https://doi.org/10.1139/cjpp-2014-0463
https://doi.org/10.1139/cjpp-2014-0463
https://doi.org/10.1093/icesjms/fsx163
https://doi.org/10.1007/s10695-020-00831-7
https://doi.org/10.1007/s10695-020-00831-7
https://doi.org/10.1038/nature11899
https://doi.org/10.1126/science.aaa8902
https://doi.org/10.1126/science.aaa8902
https://doi.org/10.1007/s11427-022-2312-1
https://doi.org/10.1007/s11427-022-2312-1

	Relative sarcolipin (SLN) and sarcoplasmic reticulum Ca2+ ATPase (SERCA1) transcripts levels in closely related endothermic ...
	1 Introduction
	2 Materials and methods
	2.1 Tissue collection and handing
	2.2 RNA extraction and first stand cDNA synthesis
	2.3 Primer design
	2.4 RT-qPCR
	2.5 Statistical analysis

	3 Results and discussion
	3.1 Comparison of relative sln transcript expression
	3.2 Comparison of relative serca1 transcript expression
	3.3 Key regulatory site amino acid substitution in sarcolipin

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


