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SUMMARY

Ocean warming and marine heatwaves are predicted to have adverse impacts on marine organisms. Yet, 

knowledge of the molecular mechanisms that underpin successful or failed acclimation to increasing temper

atures remains incomplete. We conducted an aquaria-based study of early-life stage clownfish comprising of 

six thermal regimes, measuring the metabolic, and multi-tissue transcriptional response of Amphiprion ocel

laris using seven tissues. Sampling at 31◦C increased metabolic rates in fish reared at 28◦C; however, these 

effects were reduced with increasing developmental rearing at 31◦C. Transcriptomic analysis revealed multi- 

tissue reprogramming of metabolic processes at +3◦C, particularly in the liver-pancreas axis. Importantly, 

chronic larval-juvenile exposure to +3◦C induced the acclimation of metabolic rates and caused the upregu

lation of oxidative phosphorylation (liver) and the downregulation of insulin secretion (pancreas). These 

results indicate that temperature increase will drive tissue-wide metabolic reprogramming in fish, with 

changes in key energetic pathways underpinning fish’s ability to acclimate to warming.

INTRODUCTION

Owing to sustained anthropogenic CO2 emissions, mean sea 

surface temperatures are predicted to increase by up to 4◦C 

by 2100.1 Additionally, short-term increases in temperature (ma

rine heatwaves; MHWs) are projected to increase in intensity as 

climate change advances.2,3 These changes are expected to 

disrupt marine ecosystems, with coral reefs, kelp forests, sea

grass meadows, and their inhabitants amongst the most vulner

able.4 Of these inhabitants, fish display altered metabolism, 

growth, reproduction, and behavior at elevated temperatures.5–8

These physiological impacts are coupled with broader observa

tions of reduced abundance, diversity, and survival, underlining 

the negative impacts of ocean warming and MHWs on fish.9–11

Nevertheless, as future ocean warming will encapsulate multiple 

life-stages of fish, developmental acclimatory processes may 

alter the currently predicted impacts of ocean warming and 

MHWs. Such acclimation depends upon developmental pro

gramming, defined as lasting changes to an organism’s pheno

type induced by the conditions experienced during early devel

opment.12–14 Therefore, in this context, early exposure to 

increased temperatures associated with warming or MHWs 

can give rise to phenotypic changes that persist even when 

temperature stress ceases.15 These lasting changes may prime 

individuals for later temperature stress, and are underpinned by 

altered gene expression profiles, likely driven by developmental 

epigenetic reprogramming.16,17 However, as developmental 

exposure to elevated temperatures has been observed to induce 

acclimation,18,19 has no influence on acclimation,19,20 or has 

lasting harmful effects,21,22 the possible consequences and ac

climatory potential of developmental exposure are currently 

unclear.

Genomic studies provide a method for investigating the mech

anisms underpinning physiological responses to warming and 

acclimatory processes. However, a major limitation of previous 

work on fish is that RNA-Seq is mostly conducted on a single tis

sue,23,24 therefore assessing a fraction of the overall molecular 

response. Nevertheless, studies indicate that the transcriptomic 

response of fish to elevated temperature is tissue-specific, with 

different tissues showing variability in the number of genes and 

functions impacted.25,26 For example, the brain often exhibits a 

relatively low number of differentially expressed genes (DEGs); 

however, important functions such as neurotransmission and 

oxygen transport are affected.26–28 Other commonly studied tis

sues include gills, which display alterations to protein processing 

and immune response,25,28 and muscle that show the disruption 

of metabolic processes and immune response.29,30 However, 

beyond these commonly studied tissue-types, vital tissues 

such as the intestine have received limited attention,31 whilst 

niche tissues such as the spleen have been subjected to 

outdated assessments.32 The heart has also received limited 

research attention to date, despite physiological measurements 

demonstrating the impacts warming can have on cardiovascular 

functioning.33 Conversely, the liver has been the primary subject 

of molecular research in the context of climate change. This 

focus stems from widespread physiological observations of 
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increased metabolic costs in fish at elevated temperatures, 

with metabolic disruption expected to be the primary driver of 

detrimental phenotypes under future warming.34–36 The liver 

often exhibits a relatively high number of DEGs characterized 

by alterations to metabolic and immune response pathways.24,25

Although liver studies cite metabolic processes as being 

affected by temperature change,37,38 rarely do they investigate 

discrete metabolic pathways such as glycolysis (+2 ATP), the 

tricarboxylic acid (TCA) cycle (+2 ATP), and oxidative phosphor

ylation (+32 ATP), each of which differs in its contribution to the 

energetic status of the fish.39 Furthermore, owing to the common 

single-tissue approach, studies have yet to provide an integrated 

multi-tissue assessment of metabolic changes in fish, and the 

role of tissues regulating energetic substrates is currently 

unknown. For example, pancreatic insulin regulates glucose up

take and utilization in multiple tissues, and is thus central to 

organismal consumption and storage of energy.40 Yet, while 

altered insulin sensitivity has been observed in vertebrates under 

heat stress,41 the importance of insulin regulation in response to 

warming in fish is yet to be studied.

To our knowledge, no study to date has conducted multi-tis

sue transcriptomic analyses (> four tissues) of fish in the context 

of climate change, whilst studies of crucial early-life stages are 

also limited. Here, we investigate how early-life stage fish 

(∼60 days post hatch) respond to temperatures associated 

with ocean warming and MHWs, by sequencing seven tissues 

of 30 Amphiprion ocellaris individuals. This transcriptomic data 

is coupled with measurements of wet-weight and routine meta

bolic rate (RMR), allowing for comparisons between metabolism/ 

size and molecular trends. Moreover, utilizing an experimental 

design comprising six thermal regimes, with three treatments 

(T:28◦C constant, 31◦C constant, and 31◦C Early-life Thermal 

Stress: ETS) and two sampling temperatures (S:28◦C and 

31◦C), this study aims to investigate the chronic, acute, and 

acclimatory effects of elevated temperature on fish (Figure 1). 

Specifically, it aims to investigate if larval and/or larval-juvenile 

exposure to +3◦C reduces the effect of elevated temperature 

on metabolic rates at 60 dph. At the molecular level, it aims to 

identify biological processes associated with thermal stress/ 

acclimation across a range of tissues, with a focus on identifying 

changes to discrete anabolic/catabolic pathways across tis

sues. Finally, it aims to elucidate the currently unknown molecu

lar response of the pancreas to thermal stress. Based on this 

approach we hypothesize that: (i) acute and chronic exposure 

to +3◦C will increase metabolic rates, (ii) early-life exposure to 

31◦C will reduce the effects of +3◦C on metabolic rates of ∼60 

dph fish, (iii) tissues will display unique changes to a range of 

biological processes including those related to immunity, meta

bolism, and neural functioning at +3◦C, and (iv) any observed 

metabolic acclimation will be driven by energetic changes/regu

lation in the liver and pancreas.

Overall, the multi-tissue transcriptomic results identified re

programming of metabolic pathways throughout the body under 

differing thermal regimes, particularly in the liver-pancreas axis. 

Specifically, larval-juvenile +3◦C exposure induced the develop

mental acclimation of metabolic rates and caused the upregula

tion of oxidative phosphorylation (liver) and downregulation of 

insulin secretion (pancreas). Therefore, this comprehensive 

multi-tissue assessment indicates that changes to core molecu

lar pathways in the liver-pancreas axis may underpin successful 

acclimation to warming in fish.

RESULTS

Physiological response

The RMR of juvenile A. ocellaris was not affected by 1–58 dph 

treatment (T28, T31, or ETS) (F = 0.139, p = 0.870) (Table S1), 

with only an 11.8% increase in mean RMR between T28.S28 

and T31.S31. However, RMR increased when fish were sampled 

at 31◦C (F = 14.782, p < 0.01) (Figure 2). Fish raised in the T28 

treatment displayed the greatest increase in mean RMR as sam

pling temperature increased (22.3%), whilst fish in the ETS and 

T31 treatments exhibited 16.9% and 4.6% increases in mean 

RMR at S31 (Figure 2). As such, there was a significant interac

tion between treatment and sampling temperature (F = 4.61, 

p < 0.05). Post-hoc pairwise comparisons indicated that only 

T28.S31vT28.S28 (T = − 4.047, p < 0.01) and ETS.S31vT28. 

S28 (T = − 3.942, p < 0.01) displayed a significant increase in 

Figure 1. Experimental design displaying the treatment and sampling structure 

Color indicates treatment/sampling temperature, with blue representing 28◦C and red representing 31◦C. Fish were in either 28◦C (T28), 31◦C (T31), or early-life 

thermal stress conditions (ETS) until 58 days post hatch. From 59 days post hatch individuals were tested at either 28◦C (S28) or 31◦C (S31). Final experimental 

group labels are underlined in the sampling section.
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RMR (Table S2). The wet-weight of A. ocellaris did not vary be

tween treatments (F = 2.625, p = 0.080) (Figure S1; Table S3).

Tissue-specific transcriptomic response

The number of DEGs at elevated temperatures varied between 

tissue types. For example, the brain, gill, and intestine displayed 

between 57 and 127 DEGs, the heart and muscle displayed 

114–283 DEGs, and the liver and pancreas exhibited 180–801 

DEGs across all contrasts (Figure 3). Tissue-specific responses 

were also highlighted by the low number of common DEGs be

tween different tissue/contrast combinations (Table S4). For 

example, comparisons of DEGs between the brain-gill and mus

cle-intestine show <11 common DEGs for each of the four con

trasts. Furthermore, despite the high number of DEGs in the liver 

in T28.S31vT28.S28 (601), no more than 49 were common with 

any other tissue type in the same contrast. Similarly, of the 801 

DEGs in the pancreas in ETS.S28vT28.S28, no more than 63 

were in common with any other tissue type in the same contrast 

(Table S4).

Tissue-specific functional enrichment analysis

Functional enrichment analysis revealed similar tissue-specific 

results as biological functions were unique to each tissue type 

(Tables S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, 

S17, S18, S19, S20, S21, S22, S23, S24, S25, S26, S27, S28, 

S29, S30, S31, S32, and S33). Furthermore, the majority of GO 

terms primarily occurred in one or two contrasts within each tis

sue (Figure S2A), demonstrated by low GO term p-value correla

tions between within-tissue contrasts (Figure S2B). The brain 

showed changes to the collagen-containing extracellular matrix 

(ECM), as this GO term appeared in all contrasts apart from T28. 

S31vT28.S28, with DEGs including collagen (T31.S31vT28.S28, 

T28.S31vT28.S28, ETS.S28vT28.S28), galectin (T31.S31vT28. 

S28, ETS.S31vETS.S28, ETS.S28vT28.S28), and vitronectin 

(ETS.S31vETS.S28). Similar to the brain, many ECM genes 

were impacted across different contrasts in the liver, with 

collagen alpha chain proteins strongly altered in all but T28. 

S31vT28.S28. Furthermore, GO analysis of the liver revealed 

the unique enrichment of ‘‘liver regeneration’’ in T31.S31vT28. 

S28 (Figure 3). The gill displayed many enriched GO terms and 

genes related to cellular transport processes. For example, 

‘‘symporter activity’’ (T31.S31vT28.S28), ‘‘positive regulation of 

calcium ion import’’ (T28.S31vT28.S28, ETS.S28vT28.S28) and 

‘‘transport across blood-brain barrier’’ (ETS.S31vETS.S28) 

were enriched, with genes such as solute carriers’ family 13/19 

(T28.S31vT28.S28, ETS.S31vETS.S28), family 22 (T31.S31vT28. 

S28, T28.S31vT28.S28, ETS.S31vETS.S28), family 35 (T31. 

S31vT28.S28, T28.S31vT28.S28), extracellular calcium recep

tors (T28.S31vT28.S28, ETS.S28vT28.S28), sodium/calcium ex

changers (ETS.S31vETS.S28), sodium- and chloride-dependent 

transporters (T31.S31vT28.S28, ETS.S31vETS.S28) and amino 

acid transporters affected (all contrasts). The intestine exhibited 

strong changes in the expression of genes involved in muscular 

contraction, with all contrasts exhibiting the enrichment of the 

‘‘muscle contraction’’ and ‘‘muscle cell fate commitment’’ GO 

terms. Furthermore, all contrasts displayed the differential 

expression of genes related to intestinal mucosa and barrier 

integrity, with mucins upregulated in all contrasts other than 

T28.S31vT28.S28, and soluble guanylate cyclase (all contrasts), 

pro-epidermal growth factor (T28.S31vT28.S28, ETS.S31vETS. 

S28, ETS.S28vT28.S28), and creatine kinase (ETS.S31vETS. 

S28) exhibiting various changes in expression.

Tissue-wide metabolic reprogramming

Across all contrasts in the pancreas, we identified 186 DEGs 

involved in insulin synthesis and secretion (Table S34; 

Figure S3). These 186 DEGs generally exhibited the highest 

expression in T28.S28 and the lowest expression in T31.S31, 

with 184 out of 186 genes showing comparatively lower expres

sion in T31.S31 (Figure S3). Groups with intermediate levels of 

temperature exposure (T28.S31, ETS.S28, and ETS.S31) ex

hibited counts between these two extremes. Additionally, 20 of 

these compiled genes mapped to the insulin secretion KEGG 

pathway (Figure 4), with all 20 significantly downregulated in 

T31.S31vT28.S28. Beyond the pancreas, we identified 44 

DEGs with functions related to gluconeogenesis, glycogenol

ysis, glycolysis, glycogenosis, glucose transport, and lactate 

metabolism across tissues/contrasts (details of genes and their 

significant up/down regulation in relation to each contrast are 

specified in Table S35). Genes involved in glucose transport 

were predominantly downregulated at elevated temperatures, 

with a glut4 regulator downregulated in muscle and gills, glut-1 

and sglt5 downregulated in the pancreas, and glut2 exhibiting 

up and down regulation in the heart (Figure 3; Table S35). 

Conversely, genes involved in gluconeogenesis, glycogenolysis, 

glycolysis, and glycogenosis exhibited varying levels of up/down 

regulation across tissues/contrasts (Table S35). We also identi

fied 46 DEGs associated with oxidative phosphorylation that 

were significantly upregulated in the liver in T31.S31vT28.S28 

(Figure 5; Table S36).

Figure 2. Routine metabolic rates of juvenile A. ocellaris 

Routine metabolic rate (RMR) of 59 and 61 dph A. ocellaris measured via 

intermittent respirometry. Data points show RMR per individual with median 

displayed per box and whiskers displaying interquartile range. Figure displays 

the six experimental groups from left to right: T28.S28, T28.S31, T31.S28, T31. 

S31, ETS.S28, and ETS.S31 assessed here. Selected results from lsmeans 

Tukey’s pairwise comparisons displayed. * = p < 0.05, ns = not significant.
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DISCUSSION

Through this multi-tissue transcriptomic analysis of a fish, we 

demonstrate that both developmental and sampling tempera

ture influence the metabolic and molecular response of 

A. ocellaris to ocean warming, with the molecular response being 

highly tissue-specific. Such tissue-specificity is observed in the 

varying number of DEGs and differing enriched biological func

tions between tissues. Previous transcriptomic assessments of 

fish and warming have also reported strong tissue-specificity, 

as studies assessing the response of a few tissues (a combina

tion of gill, liver, muscle, brain, and fin, ≤ three tissues) to 

elevated temperature show <119 genes are common across 

three tissue types, with the biological functions of DEGs differing 

between tissues.42–45 Furthermore, our recent study46 demon

strated that the brain, liver, muscle, and digestive tract of 20 

dph A. ocellaris display distinct expression profiles at 31◦C. 

Here, tissue-specific differences in ∼60 dph A. ocellaris were 

dominated by strong effects of temperature on the liver- 

pancreas axis, demonstrated by the high number of DEGs in 

these tissues.

In contrast to the overall trend of this study, A. ocellaris 

weights displayed a uniform response across all treatments, 

indicating growth was not affected by temperature. Previous 

studies show faster or slower growth in fish at elevated temper

atures, both of which contrast with the null effect observed 

here.47,48 More specifically, our results oppose observations 

made in Moore et al.,49 whereby larval A. ocellaris displayed 

faster growth under the same level of temperature change. A 

trend that is also observed in larvae of other fish species.50,51

Figure 3. Multi-tissue transcriptional response of A. ocellaris to various thermal regimes 

(A) Number of differentially expressed genes in brain, gill, heart, intestine, liver, muscle, and pancreas for four different contrasts of experimental groups. 

(B) Results presented here are based on DEGs, and functional analyses (GO and KEGG) of T31.S31vT28.S28, T28.S31vT28.S28, ETS.S31vETS.S28, and ETS. 

S28vT28.S28 contrasts. Color key displays significant (p < 0.05) changes of genes/GO/KEGG terms related to the specified function in each contrast. Color and 

associated contrast are displayed in the table columns in (A). Red text highlights biological functions involved with metabolic processes, including glucose 

regulation and utilization.
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Therefore, it is likely that size differences existing at 20 dph at 

31◦C are mitigated between 20 and 60 dph. This is ecologically 

understandable as following growth driven pelagic larval stages, 

juvenile A. ocellaris recruit to anemones where they enter a size- 

based social hierarchy. Here, they enter as a small non-breeder 

with their growth and maturation restricted by the threat of evic

tion from individuals occupying higher social positions.52 There

fore, if size/weight differences at 20 dph did exist here (as 

observed in Moore et al.49), it is expected that these size differ

ences would level out through the juvenile period, as the size 

ceilings associated with juvenile non-breeding societal positions 

would allow initially smaller individuals to catch up.

Although weight displayed no change, elevated temperature 

increased RMR, with the effect varying amongst experimental 

groups. Similar increases in metabolic rates have been observed 

in multiple species of fish,34,35,53,54 with its increase hypothes

ised to reduce energy available for non-essential functions 

such as reproduction and growth.55 However, in contrast to pre

vious studies and our initial hypothesis, we did not observe 

increased RMR following chronic temperature stress (59 days- 

T31.S31vT28.S28), only following acute stress (1 day-T28. 

S31vT28.S28). Furthermore, we found that the impact of 

measuring RMR at 31◦C was reduced with increasing develop

mental exposure to 31◦C. As hypothesised, these results 

suggest that at these temperatures, A. ocellaris may experience 

metabolic developmental acclimation to temperature stress 

following larval-juvenile exposure to +3◦C. Such acclimation to 

environmental stress has been demonstrated in multiples spe

cies, with phenotypic traits such as reproduction and growth 

recovering with larval exposure.19,56 Resultingly, the restoration 

of natural phenotypes through rapid developmental acclimation 

is proposed to be one way in which fish may survive in a chang

ing ocean.

In line with these RMR measurements, the transcriptomic data 

here highlight metabolic reprogramming in multiple tissues, 

particularly in the liver-pancreas axis. Together, these metabolic 

and transcriptomic changes indicate that developmental pro

gramming underpinned by gene expression changes may lead 

to phenotypic changes later in life. Similar molecular alterations 

to metabolic processes have been observed in multiple fish spe

cies at elevated temperatures;23,37,57 however, these studies 

often document metabolic changes in a single tissue 

type,27,29,42 and have never observed such changes in the 

pancreas. Here, multiple genes involved in glycolysis (pk and 

pfk), gluconeogenesis (grhpr and fbp), glycolysis/gluconeogen

esis (pgam and gapdh), glucose transport (glut1/2/9 and 

trarg1a), and glycogenolysis/gluconeogenesis (g6pc) display 

altered expression in multiple tissues. The absence of a uniform 

Figure 4. Transcriptomic changes to the insulin secretion pathway in the pancreas 

Modified version of the ‘‘insulin secretion’’ KEGG pathway within pancreatic cells. Bold/italic symbols represent genes within the pathway. Genes with a black 

outline were not differentially expressed, whereas genes with a red outline were significantly downregulated (p < 0.05) in the T31.S31 group compared to the T28. 

S28 control.
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response across all tissues/thermal regimes is likely under

pinned by the unique role of each tissue in metabolism and the 

multifunctional enzymes involved, with metabolomic measure

ments of end products needed to resolve such trends (as in 

Zhu et al.58). Nonetheless, tissue-wide changes to the expres

sion of 44 genes associated with glucose transport, utilization, 

and synthesis clearly indicate that warming induces transcrip

tional metabolic reprogramming of carbohydrate utilization. As 

tissue-wide activity of these processes influence glucose avail

ability and energy production, such altered expression of these 

genes may impact fitness.54,59 However, further studies using 

techniques such as proteomics/metabolomics are required to 

confirm these preliminary mRNA based molecular trends, with 

additional phenotyping including advanced morphological mea

surements (hepatosomatic index, gonadosomatic index, and 

condition factor), further physiological testing (critical thermal 

maxima, immunity, and cardiac output), and behavioral assays, 

required to validate the trends observed here.

We also observed a decoupling of metabolic and transcrip

tomic results as oxidative phosphorylation genes were upregu

lated without an increase in RMR (T31.S31), yet they also dis

played no change with an increase in RMR (T28.S31). These 

unexpected trends are likely driven by the simplicity of common 

phenotypic proxies for metabolism (RMR), which rely solely on 

oxygen consumption measurements. However, metabolism at 

the molecular level is inherently more complex, evidenced by 

the array of agonistic/antagonistic pathways and multifunctional 

enzymes used to generate cellular energy and metabolic prod

ucts. For example, in addition to glucose, other monosaccha

rides, lipids, and amino acids are used to generate ATP in 

Figure 5. Transcriptomic changes to the oxidative phosphorylation pathway in the liver 

Diagram depicting the process of electron transport and oxidative phosphorylation that occurs within the mitochondrial membrane. Heatmaps display the 

DESeq2 normalized mean (plus one) log2 counts of 46 DEGs (p < 0.05) identified in the liver within the T31.S31vT28.S28 contrast, with counts displayed for each 

of the five experimental groups. The four heatmaps are positioned according to the function of the genes within the electron transport chain. From left to right, 

Complex I: NADH dehydrogenase, Complex III: Cytochrome bc1, Complex IV: Cytochrome c oxidase, and Complex V: ATP synthase.
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fish,60,61 with switches to lipid metabolism reported in fish at 

elevated temperatures.24,38,39 Similar switches in metabolic 

pathways may underpin the significant increase in RMR 

observed in T28.S31, as this group alone shows strong the upre

gulation of lactate dehydrogenase (ldhbb) and the lactate/pyru

vate transporting monocarboxylate transporter (slc16a1) in the 

liver. This paradoxically suggests an increase in both anaerobic 

and aerobic metabolism under acute temperature stress. There

fore, it is possible that increased oxygen consumption in T28. 

S31 fish led to local oxygen deficiencies within the liver, acti

vating anaerobic pathways in an oxygen-limited microenviron

ment.62 Such an approach would allow continued ATP produc

tion when oxygen is reduced locally due to increased energy 

demand and limited cardiovascular capacity.63 Alternatively, as 

lactate dehydrogenase can convert lactate to pyruvate and as 

lactate may represent a ‘‘universal fuel’’ for metabolism,64,65

ldhbb and slc16a1 upregulation may indicate a switch to aerobic 

lactate metabolism, occurring independently or simultaneously 

with anaerobic metabolism. Such switches would allow for 

more rapid energy production, as lactate directly enters more 

efficient ATP production pathways.64,65 Further studies utilizing 

targeted enzyme assays, or direct measurements of lactate 

from blood, should be conducted to confirm such switches to 

anaerobic metabolism.

Another signal of metabolic reprogramming is observed in the 

pancreas, as 184 DEGs associated with insulin synthesis and 

secretion were downregulated following chronic +3◦C exposure. 

Within pancreatic cells, glucose-driven ATP production closes 

membrane bound transient receptor potential and potassium 

channels, inducing an influx of extracellular calcium, which trig

gers the exocytosis of insulin-containing secretory granules.66

Therefore, ion channels are integral to insulin secretion, and 

here we observed the downregulation of such ion channel genes 

(trpm, atp1a, abcc8, kcnj11, cacna1d, and kcnn3). Furthermore, 

genes involved in both vesicle trafficking (rim2a, pclo, and rab3) 

and the vesicle exocytic SNARE complex (stx1 and snap25)66

were downregulated, while insulin promoter factor pdx-1 as 

well as ins itself were also downregulated. Overall, these results 

indicate that insulin synthesis and secretion machinery in the 

pancreas is transcriptionally suppressed under chronic +3◦C 

exposure (T31.S31), with reduced exposure to +3◦C (T28.S31, 

ETS.T28, and ETS.S31) inducing intermediate effects. Interest

ingly, as energetic demands increase at higher temperatures, 

this observed suppression of insulin secretion opposes a pre

dicted increase in insulin secretion that would promote glucose 

uptake and energy production;67 therefore, these results may 

represent a previously undocumented temperature-stress 

response mechanism.

Although blood glucose levels were not monitored in this 

study, fish exposed to high temperatures did not exhibit exten

sive physiological differences (mortality, weight, and symptoms 

of hyper/hypoglycemia), so it is likely that blood glucose levels 

varied within the biologically defended level of glycemia 

(BDLG).68,69 Therefore, based on the strong transcriptomic 

trends here, we hypothesize that the downregulation of insulin 

secretion following chronic exposure to 31◦C may be a mecha

nism of within-generation developmental acclimation, utilized 

to maintain blood glucose levels within the normal physiological 

range despite increased energy/glucose demand. However, 

future studies pairing a similar transcriptomic approach with 

measurements of blood glucose levels are required to confirm 

such a hypothesis. Nonetheless, altered insulin output in 

response to heat stress has been documented in other species, 

including pigs and cattle,70,71 and the acclimation temperature of 

ectothermic frogs has been demonstrated to alter the metabolic 

response of muscles to insulin.72 Furthermore, adaptive insulin 

resistance is employed by nutrient limited cavefish to keep blood 

glucose levels high and increase body weights.73 Such studies 

report both increased insulin output and alterations to insulin 

sensitivity in response to heat stress; however, our study pro

vides transcriptomic evidence of an organism utilizing insulin 

secretion suppression as an acclimatory response to tempera

ture stress.

A coupling of insulin secretion suppression with increased 

oxidative phosphorylation was found in the liver-pancreas axis 

of T31.S31 fish. This upregulation of oxidative phosphorylation 

may represent a shift toward a high ATP-yield metabolic 

pathway, or a compensatory mechanism that maintains ATP 

output despite the reduced electron transport efficiency associ

ated with increased temperatures.74 When aligned with the accli

mation of metabolic rates in T31.S31 fish, we extend our hypoth

esis to suggest that reduced insulin secretion and increased 

oxidative phosphorylation may represent complementary accli

matory processes within the liver-pancreas axis. Proposing 

that while insulin suppression reduces glucose uptake and main

tains critical BDLG despite higher energetic demands, increased 

oxidative phosphorylation compensates for reduced glucose 

uptake by maximizing ATP production from each glucose mole

cule. Therefore, used together these acclimatory processes sus

tain ATP output and maintain critical BDLG, thus alleviating any 

negative effects on overall fitness. This metabolic remodeling, 

mainly driven by the liver-pancreas axis, appears to prevent 

the common metabolic changes observed in fish at higher tem

peratures in T31.S31 fish and may alleviate the impacts of heat 

stress in the future. However, the suitability of this mechanism 

in negating the effects of longer-term ocean warming is un

known, as sustained insulin suppression may give rise to symp

toms akin to those of diabetes,69 while excessive oxidative phos

phorylation will increase the production of reactive oxygen 

species that can damage vital cell components.75 Additionally, 

it appears that only chronic larval-juvenile +3◦C exposure in

duces our hypothesized acclimatory mechanism, as these mo

lecular changes were not observed in ETS.S31 fish. Together, 

the transcriptomic changes observed here support our initial hy

pothesis that energetic regulation in the liver and pancreas will 

underpin metabolic acclimation in fish, resulting in our proposed 

hypothesis of liver-pancreas driven remodeling. However, as this 

model is based upon transcriptomic evidence and a single phys

iological phenotype, further testing of this hypothesis is required.

Beyond the reprogramming of metabolic processes, different 

tissues displayed unique changes to other biological processes. 

For example, the liver displayed signs of potential liver fibrosis/ 

damage, evidenced by increased collagen deposition and extra

cellular matrix (ECM) restructuring.76 Previous studies have re

ported similar liver damage in thermally challenged fish,77,78

with such changes leading to loss of appetite and body 
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weakness, both of which can have detrimental impacts on over

all fitness.79 However, as fish that only experienced acute tem

perature stress displayed limited signs of fibrosis, while fish 

experiencing developmental exposure to +3◦C display multiple 

signs, our results suggest that developmental exposure induces 

fibrosis-like symptoms. Similarly, early developmental exposure 

to +3◦C may influence the expression of ECM related genes in 

the brain, as all contrasts other than T28.S31vT28.S28, exhibited 

the enrichment of ‘‘collagen-containing extracellular matrix’’. 

As the ECM structure is important for neural development 

and collagen has roles in neural maturation and synaptic differ

entiation,80,81 developmental exposure to +3◦C may also alter 

A. ocellaris brain development. Together, these results in the 

liver and brain emphasize that although developmental exposure 

may have potential acclimatory benefits, these benefits may be 

offset by lasting negative effects on other processes.

One tissue that displayed similar alterations to biological pro

cesses across experimental groups was the intestine, with bio

logical functions related to muscle contraction enriched in all 

contrasts. The intestinal tract contains smooth muscle cells 

that are primarily involved in the propulsion and mixing of food, 

facilitating the digestion and absorption of nutrients.82 Thus, 

here, temperature stress appeared to change muscle contract

ability within the intestine of A. ocellaris, potentially affecting 

food motility. Previous studies have demonstrated that smooth 

muscle contractability in multiple fish is altered at elevated tem

peratures;83,84 however, the physiological consequences of 

these changes remain uncertain. Beyond propulsion and mixing, 

the intestine is a key barrier to the external environment and is 

therefore involved in electrolyte balance and immune defense.85

We observed the altered expression of multiple genes related to 

intestinal mucosa and barrier integrity across the different con

trasts, indicating that future temperature change may affect 

these vital processes. Specifically, intestinal mucosa acts as a 

physical barrier involved in immune defense,86 therefore 

compromised barrier functionality could provide a potential 

point of entry to harmful bacteria, stimulating the previously 

documented upregulation of immune pathways at elevated 

temperatures.23,30

The gill was another tissue that displayed similar trends across 

contrasts, as many genes related to transport were differentially 

expressed. For example, solute carriers (slc), including families 

13/19/22/35 and sodium-dependent transporters, including 

b(0)at1 and xtrp3 were strongly downregulated in T31.S31, 

T28.S31, and ETS.S31 fish, indicating that +3◦C induces the 

downregulation of transport related genes in the gills regardless 

of thermal history. The downregulation of solute carriers involved 

with folate/thiamine (slc19), organic cation/anion/zwitterions 

(slc22), and nucleoside-sugar transport (slc35), as well as Na 

+–sulfate/carboxylate cotransport (slc13), suggest that vital 

functions of the gills such as osmoregulation, the excretion of 

nitrogenous waste and pH regulation87,88 may be altered at 

elevated temperatures. Similar changes to transport processes 

have previously been documented in a broad range of fish 

taxa,89,90 evidencing that solute transport in fish gills is altered 

at the transcriptomic level by warming.

Overall, this study indicates that fish will exhibit metabolic and 

molecular changes as ocean temperatures increase, with multi

ple biological processes impacted across different tissue types. 

Specifically, fish RMR is affected by a +3◦C temperature in

crease, and tissues exhibit unique molecular changes at +3◦C. 

We demonstrated that the duration and timing of exposure can 

mediate temperature effects, with chronic larval-juvenile expo

sure inducing the developmental acclimation of metabolic rates 

at +3◦C. Transcriptionally, we observed the reprogramming of 

metabolic processes across multiple tissues. Specifically, 

chronic +3◦C exposure induced the upregulation of oxidative 

phosphorylation (liver) and downregulation of insulin secretion 

(pancreas). When aligned with the observed developmental 

acclimation of metabolic rates, we hypothesize that these com

plementary changes to oxidative phosphorylation and insulin 

secretion in the liver-pancreas axis may represent core pro

cesses underpinning acclimation. This previously undocu

mented mechanism may help regulate the increased energetic 

demands placed on fish by future ocean warming and marine 

heatwaves.

Limitations of the study

Here, developmental acclimation to warming in clownfish is 

investigated through metabolic measurements and transcrip

tomic sequencing. Although metabolism is widely assessed in 

fish biology, and changes in metabolism are linked to ecological 

outcomes, measuring the effects of +3◦C on other aspects of 

physiology (e.g., survival and growth) is required to confirm the 

observed acclimation across longer-term timescales. Similarly, 

the molecular mechanisms described here are primarily based 

on transcriptomic data and thus require validation through 

further molecular phenotyping. For example, direct measure

ments of blood sugar, insulin, and oxidative phosphorylation 

are required to confirm the mechanisms of adaptation postu

lated here. Finally, we note that this study is based on a single 

level of temperature increase (+3◦C) and a single species of 

fish (Amphiprion ocellaris); therefore, further experimentation 

with other species/temperatures is required to prove the wider 

applicability of the results/hypothesis.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All A. ocellaris were sourced from breeding pairs collected from around Okinawa and housed at Okinawa Institute of Science and 

Technology Marine Science Station (Table S37). With a flow-through system supplied from ocean intake pipes, parental tank tem

peratures follow the natural seasonal cycle of Okinawa. Following spawning, eggs remained in parental tanks during embryonic 

development, with parental tank inflow water having a mean temperature of 29.01 ◦C across the two-week period that encompassed 

the fertilisation-hatching of all clutches. The evening prior to hatching eggs were transferred to larval rearing tanks in a 5 L beaker. 

Here, a handheld thermometer (Fisherbrand, Traceable) was used to ensure water within the beaker was at 28 ± 0.5 ◦C before eggs 

were place into 28 ◦C, in 35 L larval tanks. Within larval tanks temperature was regulated by a REI-SEA thermo-controller (TC-101) and 

two 150 W (Kotobuki) heaters, with air stones used to maintain oxygen levels. All animals and protocols utilised in this study were 

approved by Okinawa Institute of Science and Technology Animal Care and Use Committee.

METHOD DETAILS

Experimental design

A. ocellaris were exposed to three different experimental treatments, denoted as 28 ◦C constant (T28), 31 ◦C constant (T31), and 

31 ◦C Early-life Thermal Stress (ETS) immediately after hatching (Figure 1). The 28 ◦C constant treatment (T28) was designated as 

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

RNA Later Sigma-Aldrich, St. Louis, USA R0901

Maxwell® RSC simplyRNA Tissue Kit Promega, Madison, USA AS1340

TruSeq stranded mRNA 

Sample Preparation Kit

Illumina, CA, USA 20020594

Deposited data

RNA-Sequencing Data NCBI – This Paper PRJNA1094601

Experimental models: Organisms/strains

Amphiprion ocellaris Okinawa Institute of Science and 

Technology Marine Station – This Paper

N/A

Software and algorithms

Loligo Systems AutoResp Loligo Systems, Toldboden, Denmark https://www.loligosystems.com/products/ 

respirometry/software/autoresp-v3-software- 

for-automated-intermittent-respirometry/

Trimmomatic v0.39 Bolger et al.91 http://www.usadellab.org/cms/?page=trimmomatic

HISAT2 v2.2.1 Kim et al.92 https://daehwankimlab.github.io/hisat2/

SAMtools v1.10 Li et al.93 https://www.htslib.org/

StringTie v2.1.4 Pertea et al.94 https://ccb.jhu.edu/software/stringtie/

DESeq2 v1.26.0 Love et al.95 https://bioconductor.org/packages/ 

release/bioc/html/DESeq2.html

ClusterProfiler Yu et al.96 https://bioconductor.org/packages/ 

release/bioc/html/clusterProfiler.html

GO-Compass Harbig et al.97 https://go-compass-tuevis.cs.uni-tuebingen.de/

pheatmap v1.0.12 Kolde et al.98 https://www.rdocumentation.org/packages/ 

pheatmap/versions/1.0.13/topics/pheatmap

R v3.6.1 R Foundation https://www.r-project.org/

Other

Loligo Systems Respirometry System Loligo Systems, Toldboden, Denmark https://www.loligosystems.com/products/ 

respirometry/systems/core-resting- 

respirometry-system-4-chhid9l20230v50hz/
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the control, as this is the average temperature of Okinawan oceans in summer (mean temperature of 27.71 ◦C in July-September 

2021; Okinawa Institute of Science and Technology, unpublished data), and thus fish in this treatment were exposed to 28 ◦C 

from 1 to 60 days post hatch (dph). The 31 ◦C constant treatment (T31) was designed to simulate summer temperatures in Okinawa 

under future ocean warming, based on IPCC SSP3 - 7.0 predictions,99 and thus fish in this treatment were exposed to 31 ◦C from 1 to 

60 dph. The 31 ◦C Early-life thermal stress treatment (ETS) was designed to reflect future marine heatwaves,2,100 in which fish could 

be exposed to temperatures beyond their natural thermal limits for a short period of time. Therefore, fish in this treatment were 

exposed to 31 ◦C from 1 to 20 dph (entire larval development period) and 28 ◦C from 21 to 60 dph. Such an approach allows for 

the lasting effects of early-life thermal stress, and potential developmental programming to be investigated. At the end of these initial 

treatments, juvenile A. ocellaris were subjected to metabolic trials (at 59 dph) and sampled for RNA-Seq (at 60 dph) at their current 

treatment temperature, being either 28 ◦C (S28) or 31 ◦C (S31). Following sampling at 59 and 60 dph, temperatures within each treat

ment were reversed, so that temperatures in T28 and ETS were raised to 31 ◦C and temperatures in T31 were reduced to 28 ◦C. These 

3 ◦C changes in temperature were achieved by increasing/reducing the temperature by 0.5 ◦C/h. Juveniles were then subjected to 

metabolic trials at 61 dph. Furthermore, fish that experienced acute warming from the temperature reversal (S31) were sampled for 

RNA-Seq (at 62 dph). This approach allowed the effects of acute temperature stress (1–2 days) to be investigated, whilst also 

providing information on how thermal history impacts this response. These three experimental treatments and two sampling temper

atures per treatment, resulted in a total of six experimental groups, assigned the IDs: T28.S28, T28.S31, T31.S31, T31.S28, ETS.S28, 

ETS.S31 (Figure 1).

Larval-juvenile rearing

The morning following hatching (one dph) larvae from the same clutch were split evenly between 28 ◦C and 31 ◦C rearing tanks, with 

temperature raised by 0.5 ◦C every 2 h to the 31 ◦C target. During the larval rearing period T31 and ETS fish were raised together, as 

both required a temperature of 31 ◦C for the first 20 days. Therefore, each clutch was split evenly between two separate larval rearing 

tanks. A total of three clutches of eggs, coming from three different breeding pairs (genotypes) were used to ensure genetic diversity 

within the study, giving a total of six larval rearing tanks. Due to the number of eggs differing between clutches, variable larval mor

tality through time, and the fragility of one dph larvae, the exact number of larvae per tank was unknown. However, visual observation 

was used to ensure larvae from each clutch were split as evenly as possible between the 28 ◦C and 31 ◦C treatments, with final larval 

numbers at 20 dph not differing by > 16 across all tanks. Larvae were reared following same protocols as in Moore et al.,49 following 

the best practices detailed in Roux et al.101

At 20 dph, 24 individuals from each clutch were selected at random and transferred to the OIST Marine Heatwave Simulator 

Aquaria System in a 1 L beaker containing larval tank water. Here, two fish were placed in each 40 L experimental tank, separated 

by plastic mesh dividers with temperature maintained at either 28 ◦C or 31 ◦C. Mesh dividers separated individuals physically, how

ever interactions between fish were still possible. T28 and T31 fish were placed in the same temperatures they were reared in as 

larvae, whereas fish in the ETS treatment were transferred to 31 ◦C tanks, before the temperature was then reduced to 28 ◦C across 

a 12h period. This approach gave a total of 24 fish per treatment (eight per clutch). Juvenile A. ocellaris were raised in this system from 

21 to 62 dph and fed a mix of Otohime B2 and Otohime C2 marine larval grow out feed twice per day, with tanks cleaned and siphoned 

daily to remove waste and prevent algal build-up. See Table S38 for information on experimental treatment temperatures from 2 to 

20 dph.

Physiological measurements

Metabolic trials were conducted using a Loligo Systems 8-chamber (240 mL) Resting Respirometry System and the associated Lo

ligo Systems AutoResp software. Here, individual metabolic chambers were placed within 40 L tanks of the OIST Marine Heatwave 

Simulator Aquaria System, that were used to regulate temperature at either 28 ◦C or 31 ◦C. Prior to metabolic measurements fish 

were not fed for 24 h102,103 and wet-weight of the fish was measured. Intermittent respirometry was utilized with all measurements 

following a 5-min measurement, 30 s flush, 40 s wait protocol. Metabolic rates were calculated from oxygen concentration change in 

each 5-min measurement period, using the equation MO2 = K*V*β ⁄ M, where K is the rate of oxygen decline over time, V is the respi

rometer volume, β is the solubility of oxygen in water, and M is the fish body mass. Prior to each trial starting, background respiration 

in each chamber was measured by placing them in darkness and recording oxygen concentration for 15 min, with the same mea

surement of background respiration conducted at the end of each trial. When fish were added to each chamber with a handheld 

net a 3-h metabolic rate trial began, with the first 2 h representing an acclimation period. Here, a 2-h acclimation was utilized as 

the young age (60 dph) and acute temperature treatments tested, resulted in a small window in which measurements could take 

place, therefore longer acclimation periods such as those recommended in104 could not be utilized. However, inspection of MO2 

values indicated they plateaued within this period, and previous studies of related species have adopted similar reduced trial pe

riods.53,105 RMR was then determined by taking the mean of the lowest 10 (low10) MO2 values recorded in the final hour (described 

in Chabot et al.). Although the use of reduced acclimation periods and the low10 protocol have previously been utilised to measure 

standard metabolic rate in fish, here we refer to RMR as minor pectoral fin activity was observed for fish within the chambers. Final 

RMR was calculated by subtracting mean background respiration and normalizing by the wet-weight of fish to give an RMR unit of 

mg O2 kg− 1 h− 1.
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At 59 and 61 dph, 14–15 juveniles (4–5 per genotype) were tested per treatment giving a total of 43–44 RMR trials per timepoint. As 

nine individuals were sampled for RNA-Seq (see below) on 60 dph, only 15 individuals remained per treatment, and thus 5–6 of the 

14–15 individuals subjected to RMR measurements at 62 dph had undergone metabolic testing at 59 dph. However, the number of 

individuals tested twice was kept consistent between treatments and clutches. Prior to metabolic measurements all fish were 

weighed, and wet-weight was recorded. The two weight measurements of individuals subjected to repeat metabolic testing were 

averaged for later analysis, to ensure a single treatment-level weight for each fish was obtained.

RNA sequencing sampling

At 60 dph, nine fish per treatment (three per genotype) were randomly selected for dissection and tissue extraction, with all nine un

dergoing metabolic trials the day prior. Of these nine, six were subjected to RNA-Seq (two per genotype). No individual subjected to 

RNA-Seq underwent metabolic testing twice. This process was repeated at 62 dph at the reverse sampling temperatures, however 

fish in T31.S28 group were not subjected to RNA-Seq (Figure 1). This decision was taken as it was deemed that gene expression 

profiles of individuals raised at 31 ◦C for 60 days, before being exposed to control temperatures of 28 ◦C for two days, provided 

limited ecologically relevant information. All fish subjected to RNA-Seq were fed the evening before sampling (18:00), following meta

bolic trials. Following collection from the tank, fish were euthanized by severing the spinal cord and transferred to a Petri dish for 

dissection. Dissections were carried out under an Olympus SZ61 stereomicroscope (Olympus Corporation, Tokyo, Japan), with 

the brain, gill, heart, intestine, liver, muscle, and pancreas of each individual extracted. Tissues were immediately placed in RNAlater 

(Sigma-Aldrich, St. Louis, USA) and stored at − 20 ◦C. A total of 45 fish underwent dissection and tissue extraction across the two 

sampling timepoints, with six biological replicates (n = 6) for each of the tissue/treatment/sampling temperature combinations 

sequenced (30 fish total).

Nucleic acid extraction and sequencing

Total RNA was extracted from 210 tissues (30 fish x 7 tissues) using a Maxwell RSC simplyRNA Tissue Kit (Promega, Madison, USA) 

and the associated Maxwell RSC Instrument (Promega, Madison, USA), following the manufacturers guidelines. The quality and 

quantity of extracted total RNA was assessed using an Invitrogen QuBit Flex Fluorometer (Invitrogen, Waltham, USA) and an Agilent 

TapeStation 4200 (Agilent Technologies, Santa Clara, USA). RNA quality control, library preparation, and sequencing was conducted 

by Theragen Bio (Seongnam, Korea) (Table S39). Here, RNA libraries were prepared from total RNA using a TruSeq stranded mRNA 

Sample Preparation Kit (Illumina, CA, USA). Following library preparation, 151 bp paired end mRNA sequencing was conducted on an 

Illumina NovaSeq 6000 platform (Illumina, CA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Physiology: Statistical analyses

The effect of treatment and sampling temperature on juvenile RMR was assessed using a linear mixed effects model with treatment, 

sampling temperature and weight, as fixed factors and genotype and tank as nested random factors. Additionally, the effect of treat

ment on juvenile wet-weights was investigated using a linear mixed effects model with treatment as a fixed factor and genotype and 

tank as nested random factors. F-tests were used to compare variances amongst fixed and random factors. Differences between 

experimental groups were assessed using least-square means (lsmeans) multiple comparisons post hoc tests (with Tukey’s correc

tion). For wet-weight, sampling temperature was ignored as it was deemed that ∼1 day exposure to the reverse temperature would 

not influence wet-weight. Assumptions of all models were checked via visual inspection of residuals and standard model diagnostic 

tests were conducted using DHARMa v0.4.4. All analyses were performed in R version 3.6.1.

RNA-sequencing: Bioinformatic analysis

Following RNA-Seq, the number of reads per sample ranged from 40,000,000 to 180,000,000 (Table S40). Reads were trimmed with 

Trimmomatic v0.3991 and the parameters: ‘‘TruSeq3-PE.fa:2:30:10:8: keepBothReads LEADING:3 TRAILING:3 MINLEN:36.’’. 

Trimmed reads were mapped to a chromosome-scale A. ocellaris genome106 using HISAT2 v2.2.1,92 and resulting SAM files 

were converted to BAM files using SAMtools v1.10.93 BAM files and the associated A. ocellaris gene annotation106 were used as input 

for StringTie v2.1.4 to quantify expression levels.94 Gene-specific raw reads counts were generated from the StringTie output using 

the python script prepDE.py3.94 and differential gene expression between experimental groups was quantified using DESeq2 

v1.26.0.95 A total of 26,642 genes were expressed, with filtering for genes with counts <10 across samples giving a total of 

26,244 genes subjected to further analyses. Here, as the aim was conduct specific pairwise comparisons rather than test fixed/inter

active effects, experimental factors (treatment, sampling temperature, tissue) were combined into a single factor (design: 

∼combinedfactor) as recommended in the DESeq2 vignette.95 Pairwise comparisons (contrasts) between T31.S31 and T28.S28 

(T31.S31vT28.S28), T28.S31 and T28.S28 (T28.S31vT28.S28), ETS.S31 and ETS.S28 (ETS.S31vETS.S28), and ETS.S28 and T28. 

S28 (ETS.S28vT28.S28) were assessed for each tissue. Contrasts between these experimental groups were selected as the aim 

was to investigate; 1) the chronic effect of 31 ◦C (T31.S31vT28.S28), 2) the acute effect of 31 ◦C (T28.S31vT28.S28), 3) the acute ef

fect of 31 ◦C following early-life stage exposure to elevated temperatures (ETS.S31vETS.S28), and 4) the lasting effects of early-life 
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thermal stress (ETS.S28vT28.S28). Within these pairwise comparisons genes with an adjusted p-value <0.05 (corrected by 

Benjamini-Hochberg (BH) method) and an abs(log2FoldChange) > one were identified as DEGs.

Following gene expression analysis, the ‘‘enricher’’ function of the ClusterProfiler package96 and Gene Ontology (GO) terms,107

including the molecular function and biological process categories were used to perform functional enrichment analysis on groups 

of DEGs. The number of common GO terms between contrasts for each tissue was investigated with GO-Compass,97 with a corre

lation heatmap used to visualize Pearson’s correlation of the GO term p-values.97 Additionally, functional enrichment analysis of 

groups of DEGs was also conducted with Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, with Kegg Orthology 

(KO) terms and the enricher clusterprofiler function96 used to identify enriched KEGG pathways in each contrast. Functional enrich

ment analysis of GO and KEGG terms were corrected for multiple testing using the BH approach. As multiple GO terms and KEGG 

pathways related to ‘‘insulin’’ were enriched in the pancreas, genes involved in insulin synthesis and secretion were further investi

gated. DEGs associated with enriched GO terms (present in ≥ one contrast) related to insulin synthesis/secretion or neural signaling 

were extracted. Neural signaling GO terms were utilized for insulin signaling analysis as neuronal signaling is known to underpin tis

sue-to-tissue cross talk between the pancreas and other tissues involved in metabolism,108 whilst many signaling pathways involved 

in insulin synthesis/release are similar to those involved in neural signaling.109 For example, synaptotagmin-7 (syt-7) is a component 

of exocytotic machinery in neurons, but also mediates glucose-stimulated insulin secretion in pancreatic cells of rodents,110 neuro

endocrine convertase 1 (pcsk1) is responsible for processing prohormones and neuropeptides in neuroendocrine tissues,111 and 

neuroligins are involved in the formation of glutamatergic/GABAergic synapses, as well as insulin secretion in INS-1 β-cells and 

rat islet cells.112 Moreover, the voltage-dependent calcium channel cacna1d, the ATP-binding cassette abcc8, and the calcium-acti

vated potassium channel (kcnn3) are all listed within the ‘‘insulin secretion’’ KEGG pathway (KO04911), however these genes are only 

present in neural signaling related GO terms, and not in the ‘‘insulin secretion’’ GO term.

Following identification of insulin-related DEGs, these genes were mapped to the ‘‘insulin secretion’’ KEGG pathway, and for visual 

representation of expression, DESeq2 normalized gene counts were extracted, averaged for each treatment and sampling temper

ature group, plus one added, and log2 transformed. Similarly, as multiple genes within the ‘‘oxidative phosphorylation’’ KEGG 

pathway (KO00190) were upregulated in the T31.S31vT28.S28 contrast, expression levels of these genes were visualized across 

experimental groups using the pheatmap v1.0.12 package.98 Finally, genes involved in glucose uptake and metabolism were 

identified from DEGs from all contrasts of all tissue types.
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