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Abstract

Background: The Pacific bluefin tuna (Thunnus orientalis) is a regionally endothermic fish that maintains
temperatures in their swimming musculature, eyes, brain and viscera above that of the ambient water. Within their
skeletal muscle, a thermal gradient exists, with deep muscles, close to the backbone, operating at elevated
temperatures compared to superficial muscles near the skin. Their heart, by contrast, operates at ambient
temperature, which in bluefin tunas can range widely. Cardiac function in tunas reduces in cold waters, yet the
heart must continue to supply blood for metabolically demanding endothermic tissues. Physiological studies
indicate Pacific bluefin tuna have an elevated cardiac capacity and increased cold-tolerance compared to warm-
water tuna species, primarily enabled by increased capacity for sarcoplasmic reticulum calcium cycling within the
cardiac muscles.

Results: Here, we compare tissue-specific gene-expression profiles of different cardiac and skeletal muscle tissues in
Pacific bluefin tuna. There was little difference in the overall expression of calcium-cycling and cardiac contraction
pathways between atrium and ventricle. However, expression of a key sarcoplasmic reticulum calcium-cycling gene,
SERCA2b, which plays a key role maintaining intracellular calcium stores, was higher in atrium than ventricle.
Expression of genes involved in aerobic metabolism and cardiac contraction were higher in the ventricle than
atrium. The two morphologically distinct tissues that derive the ventricle, spongy and compact myocardium, had
near-identical levels of gene expression. More genes had higher expression in the cool, superficial muscle than in
the warm, deep muscle in both the aerobic red muscle (slow-twitch) and anaerobic white muscle (fast-twitch),
suggesting thermal compensation.

Conclusions: We find evidence of widespread transcriptomic differences between the Pacific tuna ventricle and
atrium, with potentially higher rates of calcium cycling in the atrium associated with the higher expression of SERC
A2b compared to the ventricle. We find no evidence that genes associated with thermogenesis are upregulated in
the deep, warm muscle compared to superficial, cool muscle. Heat generation may be enabled by by the high
aerobic capacity of bluefin tuna red muscle.
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Background

Pacific bluefin tuna, Thunnus orientalis, migrate across
the entire Pacific ocean as juveniles and sub-adults, and
have an extensive thermal tolerance range when foraging
in seas ranging around 5-29 °C [1, 2]. This tolerance of
cooler waters is partly enabled by regional endothermy,
as counter-current heat exchangers allow three species
of bluefin tunas to retain metabolic heat, resulting in ele-
vated temperatures of the viscera, brain, eye and loco-
motory muscle [3, 4]. Relative to tropical tunas, Pacific
bluefin tuna have elevated endothermic capacities and
increased cardiac capacities [5—8]. Unlike deep swim-
ming musculature, which is warmed by metabolic heat
retention, the heart of tunas receives blood directly from
the gills via a coronary circulation, and is located periph-
erally, without counter-current exchangers, and there-
fore operates closer to ambient temperatures [9].

The thermal niche of tunas may be limited by the
thermal sensitivity of their heart [10, 11]. Metabolic
studies in the lab demonstrated that Pacific bluefin tuna
have a ‘thermal minimum zone’, whereby their metabolic
rates are lowest within their optimal ambient
temperature ranges of 15-20°C, but increase in colder
or warmer waters [12]. Decreasing temperature therefore
increases metabolic demand, but conversely it also re-
duces cardiac function, as bradycardia occurs and heart
rate and cardiac output are reduced [11, 13]. Adapta-
tions in the cardiac system are therefore necessary to
supply the metabolic demands of bluefin tunas when
foraging in cold waters in high latitudes or at depth. Al-
though like most fish, Pacific bluefin tuna experience
bradycardia in the cold, the heart maintains a regular
cardiac rhythm at lower temperatures compared to less
cold-tolerant Thunnus species [11, 13].

Cardiac contraction and relaxation is driven by the cel-
lular cycling of Ca**, ions, with an influx of Ca®* into
the cytosol necessary to initiate myofibrillar contraction.
Ca?* is either (i) translocated across the sarcolemmal
membrane from extracellular space via L-type Ca®*
channels (LTCC) and via the Na'/Ca®" exchangers
(NCX); or (ii) released from internal intracellular stores
in the sarcoplasmic reticulum (SR) via ryanodine recep-
tors (RYR) during Ca®*" induced Ca®* release (CICR). Re-
laxation then occurs as Ca®>* is removed from the
cytosol via NCX into extracellular space, or via SR Ca**
ATPase uptake (SERCA2) pumping Ca®* ions into the
SR [14, 15] (Figure S1). In most fish species examined,
the majority of Ca>* used for cardiac contractions is cy-
cled across the sarcolemmal membrane [16] via the
NCX. However, in more active fish such as tunas, as well
as in endothermic mammals and birds, SR Ca®* cycling
contributes more to regulation of Ca®* transients and
cardiac contraction and relaxation [6, 15, 17]. This en-
ables faster cytoplasmic Ca®* cycling than sarcolemmal
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Ca®* transport and increases contractility, and promotes
higher heart rates and cardiac pressure development
[18]. Pacific bluefin tuna are known to have extensive SR
membranes within their hearts [19], that are more
prevalent when cold-acclimated in tanks [20]. Active SR
Ca®* cycling may be particularly important in cold water,
as indicated by increased SR function or SERCA expres-
sion in the cold in Pacific bluefin tuna [7, 21] and other
cold-tolerant teleosts [22, 23]. At all tested temperatures,
they have elevated expression of SERCA function com-
pared to less cold-tolerant tunas, suggesting increased
reliance on excitation-contraction coupling, due to SR
for Ca** cycling. This is associated with increased con-
tractile force and thermal tolerance compared to less
cold-tolerant tunas [6, 11, 17], Exceptionally high heart
rates have not been measured in free-swimming south-
ern or Pacific bluefin tunas [24-26], although studies
were limited in thermal conditions and exercise capacity
of the captive bluefins. Similar specialisations have been
shown in the regionally endothermic salmon shark,
(Lamna ditropis), who also swim in exceptionally cold
water [27]. SR function, particularly increased levels of
Ca®* cycling therefore seems to be a critical evolutionary
adaption to achieving the elevated cardiac capacities of
Pacific bluefin tuna, particularly in the cold. Interest-
ingly, similar specialisations occur in cold-tolerant mam-
mals such as ground squirrels and mammals capable of
torpor that also operate daily in a wide thermal range
[28], suggesting that internal SR stores of Ca” are critical
for maintaining the diffusion of Ca” ions in the cold dur-
ing cardiac muscle contraction.

The extent to which cardiomyocytes utilise SR Ca**
for contraction is known to vary between chambers of
the heart. In fish hearts, the atrium is generally respon-
sible for filling the ventricle, playing a key role regulating
cardiac output [29, 30], which is high in tuna compared
to other active teleosts [31]. Heart rates with full electro-
cardiogram have only recently been available in Pacific
bluefin tuna [26], but experiments have been limited
thus direct measurements of contraction speeds of the
atrium and ventricle await further study. The atrial tis-
sue of rainbow trout, another active, cold-tolerant tele-
ost, contracts at approximately double the rate of
ventricular tissue, which is also associated with increased
atrial SR Ca®* cycling and expression of the cardiac
SERCA isoform SERCA2 in the atrium [22, 32, 33].
Rapid calcium cycling, contraction and recovery in the
atrium ensures it can maintain higher frequency, force
production and cardiac output by ensuring adequate
ventricular filling [32] at high heart rates, and potentially
at low temperatures. The Pacific bluefin tuna atrium is
known to have more SR than the ventricle, with a
greater calcium load [19, 20], indicating it may similarly
show elevated rates of SR Ca>* cycling gene expression.
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The ventricle of tunas, like many fish, has two distinct
layers: the spongy and compact ventricle. These two tis-
sues are distinguishable by eye and can be separated upon
dissection. The compact layer forms a tight covering over
the spongy layer and this mitochondria-rich compact ven-
tricle constitutes a thicker layer of the ventricle in active
species with high cardiac demands [34]. Tunas have a high
volume proportion of compact ventricle relative to other
fish [19, 35]. Coupled with a pyramidal shape of the heart
[36], the presence of a high proportion of compact ven-
tricle tissue enables the generation of high blood pressure
and cardiac output [30]. The cardiac capacity of tunas
across the wide range of temperatures they experience,
may also be sustained due to a high aerobic capacity of
heart tissue and high myoglobin content compared to
other fish [37-39]. Although it is critical for understand-
ing the adaptations underlying the elevated cardiac cap-
acity of Pacific bluefin tuna, knowledge of potential
differences in metabolism and calcium-cycling between
these tissues is currently lacking.

In contrast to the heart, tuna skeletal muscle is heterother-
mic, operating at different temperatures throughout the
body. Unlike most fish, much of the slow-twitch or red
muscle of a tuna is central within the body [40]. As tunas are
ram ventilators, the fish must continuously swim to take in
oxygen [41]. As the deep red and white muscle (fast-twitch
fibres) contract to propel them forward, heat generated from
contraction is conserved, owing to counter-current heat ex-
changers [40], resulting in elevated tissue temperatures. Stud-
ies with electronic tags in the closely related Atlantic bluefin
tuna have shown that deep red muscle temperature can be
up to 21 °C above the ambient water temperature, with direct
measurements in deep white muscle around 10 °C warmer
than ambient sea water of 18 °C, remaining stable with pro-
longed exposure to cold [42, 43]. Superficial red and white
muscle, by contrast, will operate at near-ambient tempera-
tures [44]. Juvenile Pacific bluefin tuna maintain thermal ex-
cesses of 6.2-8.6°C in waters of 15.7-17.5°C [3], although
temperatures have never been measured in large adult fish in
colder waters, e.g. as experienced during deep dives. Red
muscle is generally associated with high-duration, low-
intensity work (endurance swimming) and the bluefin tunas
red muscles are characterised by high mitochondria volume
and myoglobin concentrations [3, 45]. Recent anatomical
studies indicate a higher packing of the deep red muscle is
made possible by novel morphological organization of these
muscle fibres centrally, which provides mechanical advan-
tages for contraction while simultaneously creating heat dur-
ing the contraction cycle [46]. White muscle is associated
with high-intensity work and characterised by a greater vol-
ume of contractile units, and particularly in tunas an excep-
tional glycolytic capacity [47]. Compared to other active,
pelagic predators and their closest relatives, tunas have ex-
ceptionally high aerobic capacity in the white muscle, but
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not in their red muscle when tested at a common
temperature [38, 39, 41, 47]. Functional studies indicate a
high thermal sensitivity in the deep red muscle of the closely
related yellowfin tuna [48], perhaps explaining why the deep
muscle is relatively homeothermic [3, 43], in contrast to the
superficial muscle which changes temperature with the
ambient.

RNA-seq studies to date have shown substantial differ-
ences in expression patterns in metabolic pathways be-
tween skeletal muscle fibre types in tunas, with elevated
expression of anaerobic metabolism (glycolysis) genes in
the white muscle and aerobic metabolism (Krebs cycle
and oxidative phosphorylation) genes in the red muscle
[49]. However, given the thermal gradient within the skel-
etal muscle in tunas, it is important to consider possible
differences between regions of red and white muscle of
different temperatures. Additionally, although it is known
that heat is produced in the deep red muscle intrinsically
through metabolism and contraction [48], it is not known
whether it has undergone any functional specialisation for
thermogenesis, although physiological measurements indi-
cate the deep swimming muscle is less thermally sensitive
to force production [48]. Heat is produced in skeletal
muscle through activity of Na*/K" ATPase, myosin
ATPase, Ca** uptake and via SERCA1 ATPase, which
may be increased via uncoupling by sarcolipin (SLN) [50]
or mitochondrial metabolism [51, 52]; upregulation of
genes relating to these therefore may indicate an increase
in expression for thermogenic function. Conversely, if
metabolic function and muscle contraction do not vary
along the thermal gradient, expression of these genes may
be higher in the cool, superficial muscle, in order to com-
pensate for thermodynamic effects on reaction rates [53].
Thermal compensation effects have been found in meta-
bolic enzyme activity along the visceral heat exchangers in
tunas [54], but not in glycolytic enzyme activity along the
white muscle thermal gradient [55].

Here, utilising RNA-seq data from three Pacific bluefin
tuna kept in controlled tanks, we evaluate gene-expression
differences between the following tissue types; atrium, com-
pact ventricle, spongy ventricle, deep red muscle, superficial
red muscle, deep white muscle and superficial white
muscle. We find that more genes were upregulated in the
superficial red and white muscle compared to the deep red
and white muscle, possibly indicating thermal compensa-
tion. Although there is no upregulation of calcium cycling
pathways overall, we find upregulation of a key Ca>* cycling
gene, SERCA2b, in the atrium compared to the ventricle.

Results

Read quantification and sample clustering

Three individual Pacific bluefin tuna, kept in controlled
tank conditions at 20°C for approximately 6 months
prior to sacrifice at the Tuna Research and Conservation
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Center [11, 12], were sampled. Fish were all in healthy
condition and maintained continuous swimming to
optimize gill ventilation in the tank at speeds compar-
able to field measurements. They occasionally exhibited
burst swimming but most likely this was at a lower con-
dition than in wild fish at sea. For two of the individuals,
samples were taken from four locations in the muscle,
deep white muscle, superficial white muscle, deep red
muscle and superficial red muscle as well as three car-
diac chambers, atrium, spongy ventricle and compact
ventricle (Fig. 1). For the third individual, all except the
deep and superficial red muscle samples were taken.
Raw reads were published previously in a sister study
[56] (BioProject PRJNA495053; Table 1). Between 20
and 27 million paired-end reads were retained after
trimming for adapter sequences and low-quality bases
for each sample, of which 90.5-98.3% pseudo-aligned to
the reference Pacific bluefin tuna transcriptome (Table
1) [56]. This read mapping clustered 48,648 transcripts
of the reference transcriptome into 31,610 genes.

Sample clustering revealed two outliers amongst our
samples: P1_CV and P1_SR (Fig. 2a; see Table 1 for ab-
breviations). P1_SR clustered with the white muscle
samples, but the heatmap and PCA (principal compo-
nent analysis) revealed that it represents an intermediate
between the red and white muscle samples. P1_CV clus-
tered with the heart tissue, but its expression counts
were not particularly closely related to any other sample.
Both samples were discarded from downstream analysis.
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Following outlier removal, PCA and heatmap clustered
the samples into two broad groups: the heart and muscle
tissues (Fig. 2b). Amongst the muscle tissues, the fast-
twitch muscle (white) and slow twitch muscle (red) were
strongly distinguished. However, within the white
muscle the samples clustered by individual fish rather
than by location. Among the heart tissues, the atrium
and ventricle were strongly distinguished. However, the
spongy and compact ventricle appeared indistinct, as
samples clustered by individual rather than tissue type
(compact or spongy).

Differential gene expression and enrichment analyses

Gene expression changes were analysed over five pair-
wise tissue comparisons: (i) red muscle versus white
muscle; (ii) superficial white muscle versus deep white
muscle; (iii) superficial red muscle versus deep red
muscle; (iv) atrium versus ventricle; and (v) spongy ven-
tricle versus compact ventricle. Each of the pairwise
comparisons revealed different numbers of differentially
expressed genes (Fig. 3). In the red slow-twitch muscle
versus white, fast-twitch muscle comparison, 5713 genes
were differentially expressed (3194 being higher in the
red, 2519 in the white muscle), compared to three genes
in the spongy versus compact ventricle, all of which had
higher expression in the compact ventricle. Comparisons
between tissues that clustered distinctly (atrium versus
ventricle, red versus white muscle, deep red versus
superficial red muscle) had more differentially expressed

Skeletal muscle

Deep white

Deep red

Superficial white

Superficial red

Fig. 1 Tissue sampling of Pacific bluefin tuna in this study. The 50% slice is indicated by dashed arrows on the tuna, with samples taken from the
deep and superficial red and white locations indicated on the skeletal muscle image. The red circle indicates approximate location of the heart.
Skeletal muscle and heart images were taken for this study. Pacific bluefin tuna image is adapted from http://opencage.info

Heart

Compact ventricle
(outer layer)

-

Spongy ventricle
(inner layer)
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Table 1 Sampling and read mapping statistics for each of the 19 tuna samples

Individual Sampling date and Weight Tissue and NCBI BioSample Raw Trimmed Reads pseudo-
method of death (kg) abbreviation accession number reads reads mapping
P1 18th October 2016 193 Atrium (P1_A) SAMN11160657 22128885 22,126476  9391%
(euthanised) Compact ventricle (P1_ SAMN11160658 26,586,751 26581483  9548%
)
Spongy ventricle (P1_ SAMN11160659 25,366,331 25363514 94.11%
SV)
Deep red muscle (P1_  SAMN11160660 24,797,661 24,795,701  95.84%
DR)
Deep white muscle SAMN11160662 24,335135 24333431 98.23%
(P1_DW)
Superficial red muscle  SAMN11160661 21,802,262 21800414  97.52%
(P1_SR)
Superficial white SAMN11160663 24,470,032 24,468,269 97.86%
muscle (P1_SW)
p2 26th October 2016 2218 Atrium (P2_A) SAMN11160664 25,730407 25,727,542  94.40%
(euthanised) Compact ventricle (P2_ SAMN11160665 21486810 21484438 95.19%
)
Spongy ventricle (P2_  SAMN11160666 26,953,930 26,951,048 95.24%
SV)
Deep red muscle (P2_  SAMN11160667 24118227 24115974 95.87%
DR)
Deep white muscle SAMN11160669 24675179 24,673,221  97.89%
(P2_DW)
Superficial red muscle  SAMN11160668 25,546,590 25,543,903 95.76%
(P2_SR)
Superficial white SAMN11160670 20,016,233 20,014,904 97.64%
muscle (P2_SW)
P3 27th January 2016 (spinal 123 Atrium (P3_A) SAMN11160671 23,870,338 23,867,309 90.48%
cord severed) Compact ventricle (P3_ SAMN11160672 23073063 23070749  93.60%
V)
Spongy ventricle (P3_  SAMN11160673 25,881,447 25878760 92.93%
SV)
Deep white muscle SAMN11160674 23,560,483 23,558,851 98.32%
(P3_DW)
Superficial white SAMN11160675 24,966,983 24,965,661  98.10%

muscle (P3_SW)

genes than those that did not (deep white versus superfi-
cial white muscle, spongy versus compact ventricle). A
total of 7051 genes (22% of all tested genes) were differ-
entially expressed in any pairwise comparison.

Candidate genes were identified by hypothesised func-
tion relating to either to SR or sarcolemmal membrane
Ca®* cycling or thermogenesis and endothermy, accord-
ing to previous studies of regionally endothermic fish
[56-58] or mammals and birds (see Methods). The ex-
pression of many of these genes varied by tissue type
(Table S1). Among the SR Ca®" cycling genes, one
SERCA isoform (SERCA2b) had higher expression in the
atrium compared to ventricle, along with one SERCA
isoform (SERCAI) in the ventricle compared to atrium.
Among the sarcolemmal membrane Ca®* cycling genes,
no LTCC or NCX isoforms were differentially expressed.

These Ca®* cycling genes were all represented by several
isoforms (SERCA: 5, RYR: 4, NCX: 5, CACNA: 2). Regu-
lators of these calcium-cycling genes also had several
isoforms (FK506 binding protein: 13, calmodulin: 5 [4 of
which were filtered due to a lack of monophyly in the
amino-acid sequence trees], junctophilin: 3, calseques-
trin: 2). Only one of these (JPH1b) had higher expression
in the ventricle compared to atrium, with one in the
atrium compared to ventricle (FKBI0b). Tissue-specific
isoform expression of these genes was also apparent in
the muscle samples, with different RYR and SERCA iso-
forms having higher expression in either the red or
white muscle compared to the other (Table S1). None of
the candidate genes previously associated with endo-
thermy in tuna [56, 57] were differentially expressed in
deep red or white muscle compared to superficial red or
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white muscle, although many isoforms showed tissue-
specific expression (Table S1). Myoglobin had higher ex-
pression in the red muscle compared to the white
muscle, and in the ventricle compared to the atrium, but
not in either of the deep versus superficial red or white
muscle comparisons. None of the candidate thermogenic
genes (Na'/K™ ATPase, myosin ATPase, SERCAIl
ATPase or SLN [51, 52] had higher expression in either
the deep or superficial red or white muscle comparisons.
Five myosin heavy chain isoforms were found, along
with four isoforms of Na*/K" ATPase, although three of
these were filtered due to a lack of monophyly in the
amino-acid sequence trees (Table S1).

Out of the 31,610 clustered genes, 7858 (25%) were
annotated with KEGG (Kyoto Encyclopaedia of Genes
and Genomes) pathways and 21,124 (67%) were anno-
tated with gene ontology (GO)-terms, many of which
were found to be enriched in these comparisons (Table

S2). We investigated the expression of genes with KEGG
pathways relating to cardiac contraction (KEGG terms
cardiac contraction, calcium signalling, adregenic signal-
ling in cardiomyocytes) as well as aerobic (KEGG terms
TCA-cycle and oxidative phosphorylation) and anaer-
obic (glycolysis/ gluconeogenesis) metabolism as well as
the KEGG pathway ‘thermogenesis’ in the muscle com-
parison. Ventricle tissue was characterised by enrich-
ment for upregulation of genes with KEGG pathways
relating to cardiac contraction and aerobic (23 Krebs
cycle genes and 28 oxidative phosphorylation genes) as
well as anaerobic (glycolysis/gluconeogenesis, 13 genes)
metabolism, compared to the atrium. Four GO terms as-
sociated with calcium cycling had a significant excess of
genes with elevated expression in the atrium compared
to atrium, and one with elevated expression in the ven-
tricle compared to atrium, with many more GO terms
associated with aerobic metabolism enriched in the
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ventricle compared to atrium (Table 2). The two ven-
tricle tissues, spongy and compact ventricle, were almost
identical in their gene expression profiles, with signifi-
cant upregulation in only three genes in the compact
ventricle (Diacylglycerol O-acyltransferase, DGAT2; GO/
G1 switch protein 2-like, GOS2l; X-prolyl aminopepti-
dase 2, membrane bound. XPNPEP2) compared to the
spongy ventricle. In comparing red and white muscle,
there is upregulation of thermogenic (KEGG pathway,
93 genes) and aerobic metabolic pathways in red muscle
compared to white muscle (30 Krebs cycle genes, 64 oxi-
dative phosphorylation genes) and glycolytic pathways
(24 genes) in white muscle compared to red muscle,
alongside multiple GO terms corresponding to these
pathways (Table 2). More genes had higher expression
in the superficial than deep muscle in both the red and
white muscle comparisons (Fig. 3). All except two of the
13 KEGG pathways enriched for upregulation in the
superficial white, compared to deep white, were also
enriched for upregulation in superficial red muscle com-
pared to deep red (Table S2). No enrichment was found
for any metabolic or thermogenic candidate genes asso-
ciated with thermogenic biochemical pathways in deep
muscle compared to superficial muscle.

Total expression in each metabolic pathway varied by
tissue type (Fig. 4). 139 genes were annotated with

oxidative phosphorylation functions, 60 with TCA-cycle
and 115 with glycolysis or gluconeogenesis. There were
no significant differences in total expression of any of
these pathways between either (i) superficial and deep
white muscle or (ii) between the spongy and compact
ventricle (all FDR > 0.25). Tests could not be carried out
between superficial and deep red muscle due to the lack
of replicates. Total expression of both TCA cycle and
oxidative phosphorylation genes was higher in the ven-
tricle compared to the atrium, with no difference in gly-
colysis (FDR = 0.5). More genes had higher expression in
each of these pathways in the ventricle compared to
atrium (Fig. 4; Table S3), but none were differentially
expressed between the spongy and compact ventricle.
Total expression of glycolytic genes was substantially
higher in white muscle than red muscle, whereas TCA
cycle and oxidative phosphorylation gene expression was
higher in the red muscle than white muscle. Only a
small number (<7) of metabolic genes had higher ex-
pression in each pathway of both the superficial red and
white muscle than deep red and white muscle, with none
having higher expression in the deep muscle (Fig. 4).
Total expression of both “cardiac contraction” and “adre-
genic signalling in cardiomyocytes” pathways were higher in
the ventricle compared to the atrium, whereas there was no
significant difference in the total overall expression of
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Table 2 Gene Ontology (GO) terms enriched and KEGG pathways upregulated relating to aerobic or anaerobic metabolism and
calcium cycling in each tissue. For full list and p values, see Table S2. None means no GO term was enriched and no KEGG pathways

upregulated

Tissue Compared Metabolic or calcium cycling upregulated GO terms
against Pathway GO terms and KEGG pathways upregulated for each category
White muscle  Red muscle Anaerobic Molecular Function: 1 (6-phosphofructokinase activity)
metabolism

Red muscle

Deep white
muscle

Superficial
white muscle

Deep red
muscle

Superficial red
muscle

Atrium

Ventricle

Spongy
ventricle

Compact
ventricle

White muscle

Superficial
white muscle

Deep white
muscle

Superficial red
muscle

Deep red
muscle

Ventricle

Atrium

Compact
ventricle

Spongy
ventricle

Calcium cycling

Aerobic
metabolism

Calcium cycling

None

Calcium cycling

Calcium cycling

Anaerobic
metabolism

Calcium cycling

Aerobic
metabolism

Anaerobic
metabolism (3)

Calcium cycling

M
0

Biological Process: 6 (Glycogen metabolic process, Glycolytic process, Fructose 6-phosphate
metabolic process, Gluconeogenesis, Carbohydrate metabolic process, Glycolytic process
through fructose-6-phosphate)

KEGG Pathway: 1 (Glycolysis/ gluconeogenesis)

Cellular Component: 1 (Endoplasmic reticulum membrane)

Biological Process: 2 (Release of sequestered calcium ion into cytosol, Calcium ion homeostasis)
KEGG Pathway: 1 (Calcium signalling pathway)

Cellular Component: 3 (Mitochondrial matrix, Proton-transporting ATP synthase complex, coup-
ling factor f(0), Mitochondrial membrane)

Molecular Function: 4 (CoA-ligase activity, Cytochrome-c oxidase activity, NAD binding, Isocitrate
dehydrogenase activity)

Biological Process: 9 (Tricarboxylic acid cycle, ATP synthesis coupled proton transport, ATP
hydrolysis coupled cation transmembrane transport, Mitochondrial ATP synthesis coupled
electron transport, Electron transport chain, Acyl-CoA metabolic process, Acetyl-CoA biosynthetic
process, ATP synthesis coupled electron transport, Mitochondrial transport)

KEGG Pathway: 2 (TCA cycle, Oxidative phosphorylation)
Molecular Function: 1 (Calcium-transporting ATPase activity)

None
Molecular Function: 1 (Calcium-release channel activity)
None

Molecular Function: 1 (Calcium-release channel activity)
KEGG Pathway: 1 (Calcium signalling pathway)
Molecular Function: 1 (6-phosphofructokinase activity)

Biological Process: 2 (Glycolytic process through fructose-6-phosphate, Fructose 6-phosphate
metabolic process)

Molecular Function: 2 (Calcium ion binding, Calcium-transporting ATPase activity)

Biological Process: 2 (Calcium ion transmembrane transport, Regulation of calcium ion
transmembrane transporter activity)

Cellular Component: 4 (Respiratory chain complex, Inner mitochondrial membrane protein
complex, Mitochondrial respiratory chain, Mitochondrial membrane)

Molecular Function: 4 (Proton-transporting ATP synthase activity, rotational mechanism, Electron
transfer activity, CoA-ligase activity, Acid-thiol ligase activity)

Biological Process: 2 (Fatty acid beta-oxidation, ATP synthesis coupled proton transport)
KEGG Pathway: (TCA cycle, oxidative phosphorylation)

Biological Process: 2 (Carbohydrate metabolic process, Glycolytic process)

KEGG Pathway: 1 (Glycolysis / gluconeogenesis)

Molecular function: 1 (Ryanodine-sensitive calcium-release channel activity)
None

None
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Fig. 4 Overall gene expression and number of differentially expressed genes in KEGG pathways relating to metabolism and cardiac muscle
contraction. For the skeletal muscle (top row), comparisons for aerobic (TCA-cycle and oxidative phosphorylation) and anaerobic (glycolysis/
gluconeogenesis) metabolism are given. For the cardiac comparisons (bottom row) comparisons for cardiac contraction, calcium cycling, and
adregenic signalling in cardiomyocytes for the cardiac comparisons are also given. The five pairwise comparisons are separated by vertical dashed
lines, with the three between-muscle comparisons on the top row. Significance in t-tests of overall expression between each pair of tissues is
indicated with a * under the bar representing the tissue with elevated expression, with the Benjamini-Hochberg corrected p-value given below.
Bars are coloured red and blue, as indicated to represent each of the two tissues in each comparison. Standard errors are not plotted, but all are
below 1% overall gene expression. The bracket above each pair of bars signifies which metabolic pathway it corresponds to with the following
abbreviations: GI - glycolysis / gluconeogenesis; OP — oxidative phosphorylation; TCA — TCA/ citrate cycle; CC - cardiac contraction; Ca®* —
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“calcium signalling pathway” pathway (FDR =0.08). More
genes had higher expression in the ventricle than the atrium
in each of these pathways (Fig. 4; Table S3).

Discussion

To investigate the remarkable physiology of Pacific Blue-
fin tuna, a regionally endothermic fish with a heart that
functions at ambient temperatures, we have used tran-
scriptomics to identify tissue-specific gene expression,
examining differences between skeletal muscle tissue
types (red versus white muscle), position in the body
plan (superficial versus deep muscle) and cardiac muscle
chambers (atrium, compact ventricle, spongy ventricle).
As pseudo-mapping percentages for all samples were
high, exceeding 90%, we likely captured expression of
most genes from a range of expression levels.

Chamber-specific expression of metabolic and calcium
cycling genes in the heart

The ventricle and atrium differed strongly in their ex-
pression of metabolic genes. As with zebrafish [59],

aerobic metabolism genes were expressed at higher
levels in the ventricle compared to atrium, as expected
given its role as the major pump and the increased myo-
fibrillar and mitochondrial content of ventricle, com-
pared to atrium, in Pacific bluefin tuna [19]. Pathway-
wide, there appeared to be little difference in overall cal-
cium cycling between the atrium and ventricle, with the
KEGG pathway ‘calcium signalling’ not significantly dif-
ferentially expressed, although this analysis was limited
as only 25% of genes were annotated with KEGG path-
ways. However, this KEGG pathway covers both intra-
cellular and extracellular calcium cycling, so the lack of
differential expression might mask important underlying
differences between the chambers. The marginally
higher overall expression in the ventricle therefore does
not reflect faster calcium cycling, Indeed, analysis of key
SR cycling genes suggested important differences. Im-
portantly, in the atrium, we found upregulation of one
key candidate SR Ca®* cycling gene, SERCA2b. In mice,
increased expression of SERCA2b results in increased
rates of cardiac contraction and relaxation as well as
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enhanced rate of calcium uptake at lower Ca** concen-
trations [60]. This is indicative of a higher affinity of this
SERCA isoform for Ca”* ions at low concentrations. Up-
regulation of SERCA2b may therefore be associated with
increased rates of cardiac contraction and relaxation in
the atrium compared to the ventricle, and may be a
novel mechanism for cold tolerance, as diffusion limita-
tions may impede passive Ca®* ion transport at low tem-
peratures. An increase in affinity of SERCA2b may
improve Ca®* uptake at lower diffusion rates associated
with the cold. Upregulation of a SERCA2 isoform has
been found in the atrium of another active, cold-tolerant
teleost, the rainbow trout [22], but conversely it instead
has higher expression in the ventricle of zebrafish, a
tropical fish less cold-tolerant than the tunas and trout
[59]. Data from more species is necessary to determine
whether this is a phylogenetic pattern, or whether it re-
lates to the activity levels of the fish. Increased expres-
sion of SERCA2b in the atrium compared to ventricle is
consistent with the higher levels of SR and calcium load
previously reported [19], and with the physiologically
measured faster rate of contraction and relaxation in the
atrium compared to the ventricle, which has been mea-
sured in both the Pacific bluefin tuna [61] and yellowfin
tuna [62]. Interestingly, current amplitude activation and
inactivation rates are similar between the ventricles of
Pacific bluefin tuna and mackerel, an ectothermic, active
pelagic relative, but are significantly higher in the atrium
of the Pacific bluefin tuna than that of the mackerel
[61]. This elevated atrium calcium SR Ca®* utilisation
may enable tunas to increase cardiac contraction fre-
quency [62]. Comparison with less cold-tolerant tuna
species, such as yellowfin tuna, particularly at lower tem-
peratures, will reveal whether this is a key adaptation in
the bluefin tuna heart cardiac capacity and performance
in cold waters. Bluefin have a slightly higher metabolic
rate than yellowfin [5], and can sustain heart rates at
colder temperatures than yellowfin [11]. Furthermore,
GO terms relating to calcium-transporting ATPase ac-
tivity were enriched in the atrium (Table 2). This indi-
cates that the atrium depends on internal stores of SR
Ca®* transport more than the ventricle which most likely
relates to the atrium being the faster of the two cham-
bers [15, 63]. One SERCA isoform, SERCAI had higher
expression in the ventricle compared to atrium. How-
ever, this is an isoform predominately found in skeletal
muscle, only expressed at low levels in the heart [23].
This may be accounted for by smooth muscle presence
in the ventricle, where expression of SERCAI mRNA has
been documented in mice [64].

The lack of difference in gene expression between the
two ventricle tissue types (spongy and compact ven-
tricle) is striking. The compact layer has been docu-
mented to have higher mitochondrial enzyme activities,

Page 10 of 16

whereas the spongy layer a greater capacity to metabol-
ise lactate in tunas [19, 65-67]. Using quantitative PCR,
different expression levels of aerobic metabolic genes be-
tween the two have also been reported [21]. It is there-
fore surprising that we found that the two tissues have
remarkably similar transcriptomic profiles. One explan-
ation could be upon dissection they were not teased
apart carefully enough thus combining two tissues in the
assays. None of the three genes with higher expression
in the compact ventricles were associated with aerobic
metabolism. DGAT2, GOS2! and XPNPEP2 are associ-
ated with triglyceride synthesis, apoptotic signalling and
vasodilation, respectively [68]. Our sampling was limited
as we only had two compact ventricle samples, from P2
& P3, which varied considerably in body size (Table 1).
This may have increased variability between individuals,
reducing power of our analysis. Total pathway analysis
suggested that expression of oxidative phosphorylation,
TCA cycle and calcium signalling genes are very slightly,
but non-significantly, higher in the compact ventricle
than spongy ventricle (Fig. 4). Our analysis may have
lacked power to detect differentially expressed genes be-
tween the two tissues given high biological variability or
small fold-change of relevant genes.

Metabolic gene expression does not differ between warm
and cool muscle

Gene expression in metabolic pathways differed greatly
between the two main muscle fibre types: red and white
muscle. The pathways enriched for upregulation in ei-
ther tissue matched physiological expectations based on
measurement of enzyme concentrations [39, 47, 69],
alongside previous studies both in bluefin tuna [49] and
other fish [70, 71], with upregulation of aerobic metabol-
ism genes in red muscle and anaerobic metabolism
genes in white muscle.

Overall expression of genes in these metabolic path-
ways did not differ significantly between deep and super-
ficial muscle, with upregulation of only a handful of
individual genes in the superficial muscle (Table S3).
The deep versus superficial red muscle comparison was
particularly limited, as data was only available for super-
ficial red muscle in one fish and deep red muscle for
two fish. Although the CORNAS package we used for
this analysis should account for some of the technical
variability between samples [72], biological variability be-
tween individuals could not be examined. With our con-
servative 2-fold expression change to call a differentially
expressed gene with this analysis, genes with small but
important changes in expression would have been
missed. Nonetheless, if a pathway was upregulated to
drive thermogenesis, we might expect a large expression
increase of key genes. For example, in the thermogenic
red muscle of another fish, the endothermic smalleye
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opah, Lampris incognitus, a three-fold increase in SLN:
SERCA expression ratio is found in deep thermogenic
red muscle compared to white muscle [58]. SLN un-
coupling of SERCA is thought to be a major driver of
non-shivering thermogenesis in mammals and birds
[73]. We find no evidence of upregulation of SLN in
deep Pacific bluefin tuna red or white muscle compared
to superficial muscle, but future studies with a larger
sample size, or testing fish kept at lower temperatures in
captive tanks may reveal different results. Alternatively,
as suggested by [47, 55], selection for continuous swim-
ming in these highly migratory tunas may have already
pushed activities of metabolic pathways in the slow-
oxidative red muscle of tunas towards their upper limit,
leaving little scope for upregulation in the deep muscle.
This would suggest no further adaptation of the red
muscle, other than the evolution of a counter-current
heat exchanger was necessary for capturing the heat of
metabolism. Thus, endothermy in bluefins may have
evolved through optimising conservation of heat already
being generated intrinsically through metabolism and
contraction associated with continuous locomotor activ-
ity, without the need for specialised non-shivering
thermogenic mechanisms.

We found that in both red and white muscle substan-
tially more genes had higher expression in the superficial
muscle, where temperature is closer to the ambient, and
thus fluctuates more than deep muscle (Fig. 3). There
was enrichment for the GO term ‘Calcium-release chan-
nel activity’ in both the superficial white and red muscle,
in both cases with tropomyosin genes upregulated in
superficial compared to deep muscle (Table S3). This
may reflect different biomechanic roles for muscles in
different locations; more active species of fish are known
to have increased expression of muscular Ca** cycling
genes compared to less active species [74]. The strong
overlap in KEGG pathway enrichment between superfi-
cial red and white muscle suggests some commonality of
expression profiles in superficial and deep red and white
muscles. The lack of replicates for superficial red muscle
must again, however, be noted. Potentially the need to
operate over a wider thermal range may be a common
physiological driver, as this would require more plasticity
in metabolic pathways. Several of these KEGG terms re-
lated to the immune and endocrine systems in the
superficial muscle types. Skeletal muscle has been re-
cently recognised as an important endocrine organ [75]
and the immune system plays an important role in skel-
etal muscle growth and regeneration [76]. These genes
may have higher expression as a thermal compensation
effect, to maintain endocrine, immune and contractile
function at lower temperatures. We note also that there
is a possibility superficial muscle could be more mixed
with other cell and tissue types, for example blood
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vessels or adipocytes than deep muscle, potentially influ-
encing results. Alternatively, this superficial muscle may
play a different functional role to the deep muscle with
respect to the endocrine and immune systems.

Conclusion

This transcriptomic study provides new insight into the
extraordinary physiology of Pacific bluefin tuna. Import-
antly, we found that in heart tissues, expression of a key
SR Ca®" cycling gene, SERCA2b, is higher in the atrium
of Pacific bluefin tuna, the fastest chamber of the heart,
than in the ventricle, although the total expression of
calcium cycling genes was not higher. This is consistent
with physiological studies on atrial and ventricular iso-
lated myocardial cells that functionally indicate in Pacific
bluefin that excitation contraction coupling is enhanced
via Ca®* cycling pathways in tuna hearts [7]. Here, we
hypothesise that the higher expression of SERCA2b in-
creases CICR, and the Ca’'transient that activates
muscle contraction during excitation-contraction coup-
ling, in comparison to ventricle myocytes. This would
not only improve the speed of atrial contraction and
contractility during routine performance, but also could
be necessary for CICR capacity to continue in the cold
experienced during deep dives or high latitude forays. In
skeletal muscles, we found no evidence of metabolic or
muscular contraction genes having higher expression in
the deep red or white muscle in association with a po-
tential function for thermogenesis. However, we found a
few genes with higher expression in the superficial
muscle, possibly to compensate for operating over a
wider range of temperatures. This study was limited by
sample size, particularly for the deep versus superficial
red muscle comparison, and possibly by the body size
discrepancy between individuals, which may have in-
creased biological variability. Further progress may be
gained by making similar tissue comparisons in cold-
acclimated Pacific Bluefin tuna. The tuna we used were
acclimated in tanks at 20 °C, which is within the optimal
thermal tolerance of Pacific bluefin tuna where meta-
bolic rates are lowest [12]. Functional physiological stud-
ies indicate that cardiac calcium cycling increases with
cold-acclimation in Pacific bluefin tuna enhancing exci-
tation contraction coupling [7]. In cold acclimation ex-
periments, the thermal gradient between deep red and
white muscle and superficial muscles will be greater at
lower ambient tank temperature