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Abstract 9 

Understanding species capacities to adjust to shifting thermal environments is crucial amidst 10 

current climate-mediated ocean warming. Fish populations displaying high thermal plasticity can 11 

undergo molecular, metabolic, and mitochondrial modifications in response to heat stress. Under 12 

the context of heat stress, such acclimation provides a means to maintain normal biological 13 

functions through alteration of thermal performance and provides a model to dictate which 14 

species will persist when this stress becomes prolonged. Here we combine measures of 15 

mitochondrial physiology (using a novel fluorescent technique) and gene expression analyses to 16 

investigate thermal resilience and acclimation capacity of two closely related endemic triplefin 17 

species, the intertidal common triplefin (Forsterygion lapillum) and the estuarine triplefin (F. 18 

nigripenne). Triplefins are an ideal evolutionary model to explore the molecular basis of thermal 19 

resilience.  Both species evolved in thermally variable environments and are thus predicted to 20 

display resistance to heat stress. We observed enhanced mitochondrial function at higher 21 

temperatures, although only ATP production was significantly enhanced for both species. 22 



   

 

   

 

Different gene expression profiles were detected between warm acclimated and control fish, with 23 

high interspecific variation in acclimatory responses across brain transcriptomes. Differential 24 

gene expression and gene ontology highlighted an induction of stress response pathways and 25 

oxidoreductase activity in warm acclimated tissues, alongside a rearrangement of metabolic 26 

functions facilitating increased carbohydrate metabolism. Our findings indicate thermal 27 

acclimation potential in both species, with plasticity in mitochondrial performance enhancing 28 

upper thermal tolerance and transcriptional evidence of thermal compensation and homeostatic 29 

adjustments under warming conditions. Overall, these results demonstrate robust mechanisms of 30 

resilience in coastal fish species that have evolved under climatic variable conditions and provide 31 

a new methodological approach for future thermal studies. 32 

Introduction 33 

Recent human activities have resulted in significant energy imbalances in the earth's climate 34 

system, and much of that energy imbalance manifests within the global oceans (Cheng et al., 35 

2019; Schuckmann et al., 2023; Venegas et al., 2023). Marine environments are changing in 36 

multiple and dramatic ways, testing the capacity of marine species to withstand and acclimate to 37 

suboptimal conditions (Anderson et al., 2012; Morley et al., 2019). Temperature sits at the 38 

forefront of these anthropogenically driven effects, acting to modify physiological parameters 39 

within marine organisms (Miller & Stillman, 2012; Bates & Morley, 2020). For marine 40 

ectotherms to undergo thermal acclimation, they must exhibit plasticity in physiochemical and 41 

cellular traits, allowing biological function to be maintained in adverse environmental conditions 42 

(da Silva et al., 2019; Anderson et al., 2012; Seebacher et al., 2015). Central to the thermal 43 

performance of ectothermic organisms are mitochondria, providing the cellular energy (ATP) 44 

required for almost all biological processes to function (Little et al. 2020; Pichaud et al. 2017). 45 



   

 

   

 

With the brain being the largest consumer of ATP in vertebrate bodies, brain mitochondria can 46 

produce ATP at a surplus, providing a physiological advantage when the homeostasis of 47 

biological systems is disrupted, and the energetic demands required to maintain these systems 48 

increase (Willis et al., 2021). As a result, it is believed that the brain is one of the principal 49 

organs dictating thermal limits in fish (Biederman et al., 2019; Ern et al., 2023). Yet, there have 50 

been very few studies investigating thermal plasticity of specific mitochondrial properties in 51 

brain mitochondria, such as those directly assessing the maintenance of mitochondrial membrane 52 

potential or ATP equilibrium dynamics (see Willis et al., 2021). Thermal limits in the brain and 53 

aerobic tissues are largely determined by the thermal plasticity of mitochondrial traits and 54 

functions (Iftikar et al., 2015; Iftikar & Hickey, 2013; Hilton et al., 2010). For instance, intertidal 55 

triplefin species that experience daily temperature fluctuations have more stable and efficient 56 

brain and heart mitochondrial function at higher temperatures relative to deeper-subtidal species 57 

where temperatures are more stable (Willis et al., 2021; Hilton et al., 2010). However, the 58 

molecular processes underlying thermal resilience are poorly understood. 59 

A powerful technique for inferring thermal acclimation and physiology of fish is transcriptomics 60 

(Smith et al., 2013; Qian et al., 2014). Application of genomic and transcriptomic technology can 61 

highlight which specific genes and pathways provide thermal resilience in warm acclimated fish 62 

and how these change between species and populations (Bilyk & Cheng, 2014; Qian et al., 2014; 63 

Sandoval-Castillo et al., 2020). Transcriptomic research targeting thermal acclimation in liver, 64 

gill and muscle tissues has revealed significant alterations in genes involved in metabolic and 65 

cellular stress response pathways (Podrabsky & Somero, 2004; Kim et al., 2021; Harms et al., 66 

2014; Newton et al., 2012; Momoda et al., 2007; Buckley et al., 2006). Despite the brain’s 67 

importance in determining thermal resilience it has been the focus of fewer studies (but see Pan 68 



   

 

   

 

et al., 2024; Miller & Stillman, 2012; Li et al., 2024; Bernal et al., 2022). Furthermore, 69 

comparative transcriptomics can highlight stress and acclimatory responses genetically 70 

conserved across different species (Ellison et al., 2020; Shin et al., 2012; Sandoval-Castillo et al., 71 

2020). Although most current applications explore expression across fish from different habitat 72 

ecotypes or diets (Herrera et al., 2022; Narum & Campbell, 2015), by studying the 73 

transcriptional responses of closely related fish species to elevated temperatures, candidate genes 74 

and gene pathways representative of thermal acclimation can be identified, as demonstrated in 75 

transcriptional plasticity comparisons of two invasive goby species (Wellband & Heath, 2017) 76 

and of rainbowfish species from different bioregions (Sandoval-Castillo et al., 2020). Any 77 

observed differences in expression patterns broadens our understanding of the different 78 

mechanisms for and limitations of thermal acclimation across species and populations (Narum & 79 

Campbell, 2015; Wellband & Heath, 2017). 80 

Here we combine mitochondrial fluororespirometry and RNA-seq analyses to investigate the 81 

underlying mechanisms of thermal resilience in the common triplefin (Forsterygion lapillum) 82 

and its sister species, the estuarine triplefin (Forsterygion nigripenne), by assessing their 83 

capacity to acclimate to elevated temperature. Triplefins present an ideal evolutionary model to 84 

explore the molecular basis of thermal resilience – 26 species have evolved through an adaptive 85 

radiation into distinct ecotypes that occupy different habitats (e.g., rockpool, estuarine, deep reef, 86 

pelagic) (Wellenreuther et al., 2007; Feary & Clements, 2006; Hilton et al., 2008; Hickey et al., 87 

2009; Wellenreuther et al., 2008). Triplefin species from intertidal habitats have more stable and 88 

efficient brain and heart mitochondrial function at higher temperatures relative to deeper-subtidal 89 

species (Willis et al., 2021; Hilton et al., 2010), but it is not yet understood how these closely 90 

related species adjust or adapt to rising and variable water temperatures. Whilst previous 91 



   

 

   

 

research indicates high thermal tolerance in the common triplefin based on metabolic scope and 92 

brain ATP dynamics (Khan et al., 2014; McArley et al., 2017; Willis et al., 2021), this study 93 

represents the first examination of the thermal physiology of the estuarine triplefin, and the first 94 

transcriptomic analyses conducted on either species. Both study species inhabit thermally 95 

fluctuating environments along New Zealand’s coastlines (Feary & Clements, 2006; 96 

Wellenreuther et al., 2007). Given that phenotypic plasticity is typically higher in species from 97 

thermally variable compared to stable environments (Bhat et al., 2015; Sandoval-Castillo et al., 98 

2020; Janzen, 1967), we hypothesised that both species would demonstrate high acclimation 99 

potential and tolerance. We specifically assessed the thermal compensation of mitochondrial 100 

respiration and transcriptional activity, the latter highlighting pathways of gene expression 101 

change under elevated temperatures. Few studies have investigated ATP equilibrium dynamics 102 

or the maintenance of mitochondrial membrane potential in terms of thermal acclimation and 103 

plasticity. We use a novel and low-cost fluorescent approach to assess the performance of these 104 

functions under acute heat shock. With this technique, we can directly measure the upper limits 105 

of individual mitochondrial properties without specialist physiological equipment. We predicted 106 

that both inner membrane potential and ATP equilibrium would be maintained at higher 107 

temperatures in the brain mitochondria of warm acclimated triplefins. Considering previously 108 

observed genetic differences associated with aerobic metabolism and the cellular stress response 109 

in thermally acclimated fish (Coughlin et al., 2020; Pandey et al., 2021), we further predicted 110 

that acclimation to elevated temperatures in these triplefin populations would be reflected 111 

through differential gene expression between temperature treatments in brain tissue, highlighting 112 

regulatory differences in genes involved in thermal stress and metabolic responses. 113 



   

 

   

 

Materials and methods 114 

Triplefin sampling and experimental design 115 

Estuarine triplefin (F. nigripenne) and common triplefin (F. lapillum) adults of unknown sex 116 

were obtained using minnow traps in April 2022. The estuarine triplefin was collected from a 117 

single location in the Waikouaiti River Estuary (46.62138°S, 170.64495°E) and the intertidal 118 

common triplefin was collected from rockpools at Puketeraki (45.65266°S, 170.65383°E) and 119 

Mapoutahi (-45.73389°S, 170.61647°E) within the East Otago Tāiāpure (with permission from 120 

the East Otago Tāiāpure Management Committee) in the East Otago coastal region on the South 121 

Island of New Zealand (see Supplemental Material). Fish were transported to the University of 122 

Otago’s Zoology Department and housed in 250 L recirculating, bio-filtering tanks under a 123 

controlled 12-hour light cycle and salinity of ~30 ppm. Tanks were monitored daily, and fish 124 

were fed every second day with Ridley aquaculture Nutragard Start pellets (3 mm in size). 125 

Sampling and husbandry of triplefin species were done under a University of Otago ethics 126 

protocol. 127 

Fish were randomly allocated to one of four tanks and held at controlled pre-acclimation 128 

temperatures of 12°C for two weeks (n = 20 estuarine triplefin per tank, n = 20 common triplefin 129 

per tank). Temperatures in each tank were then raised or lowered by 2°C per day until the desired 130 

experimental temperature was reached, where they were maintained for four weeks. Temperature 131 

treatments were 10℃ (control), 14°C, 18°C or 22°C, selected based on previous studies 132 

describing thermal tolerance range and limits of North Island common triplefin populations 133 

(Khan et al., 2014) and adjusted to South Island sea surface temperatures (SSTs) and local 134 

conditions (Portobello, Otago). mean monthly temperatures average 7°C in winter and mean 135 



   

 

   

 

monthly temperatures average 16.1°C in summer but can go as high as 21.1°C (Shears & Bowen, 136 

2017; Chiswell & Grant, 2018), but our own 2023/2024 temperature logger data from a nearby 137 

site shows that the fish experience temperatures ranging from 5 to 21 °C (see Supplemental 138 

Material). To achieve target temperatures, all tanks but the control were fitted with aquaria 139 

heaters. The tanks were thermostatically controlled using a glycol-based system that cooled the 140 

heated tanks to the desired temperature. Fish displayed no signs of disease or illness, and no 141 

mortalities occurred. 142 

Mitochondrial respirometry and function assays 143 

Following the four-week acclimation period, fish were sedated within an ice slurry before they 144 

were euthanised by severing the brain stem on the dorsal side of the head. The weight and length 145 

of each fish were measured postmortem before the opening of the skull and brain tissue removal. 146 

Fish were also sexed through dissection and examination of the gonads (though it was difficult to 147 

identify the gonads and sex of individuals, meaning that many fish appeared to be male to us – 148 

see Supplemental Material for estimated numbers of each sex). In all mitochondrial respirometry 149 

assays, preparation of brain tissue followed previously described tissue preparation workflows 150 

from Iftikar & Hickey (2013) up to the washing of small tissues pieces (1-2 mm3) within the 151 

mitochondrial respiratory medium (MiR05). Following immersion in the respiratory medium, 152 

tissue pieces were randomly allocated to and shaken for 15 minutes within one of two wells. 153 

Both wells contained 200 µL of a modified respiration media (RM, 1 mL MiR05, 2 mM malate, 154 

10 mM pyruvate, 10 mM glutamate, 10 mM succinate and 2.5 mM ADP) and a unique 155 

fluorescent dye used as a probe to measure either ATP equilibrium or mitochondrial membrane 156 

potential respectively. Mitochondrial ATP equilibrium was assayed by adding 1 µL of the 157 

yellow-orange fluorescent dye magnesium green (MgG), which binds free extra-mitochondrial 158 



   

 

   

 

magnesium. As ATP also binds Mg2+, MgG fluorescence decreases as ATP concentrations 159 

increase. Mitochondrial membrane potential was assayed using 0.5 µL of the red-pink 160 

fluorescent dye tetramethylrhodamine, methyl ester (TMRM), at a concentration of 1 µM, which 161 

detects shifts in membrane potential. Pyruvate, saponin and the respiration media were prepared 162 

as stock solutions every three days.  163 

Permeabilised tissue sections were loaded with fluorescent probes and analysed using purpose 164 

built fluorescent microscopes designed to detect fluorescence intensity. The tissues were placed 165 

on small purpose-built holders, which held permeabilised brain tissue pieces in excess media 166 

under coverslips. Respiration assays began with a 5-minute run-in period before tissues were 167 

heated using Peltier Pads heater blocks from 12 to 30℃ and then followed by a 5-minute cool-168 

down period. The fluorescent signal was followed using purpose-built USB microscopes. These 169 

consisted of 3D printed holders that held two opposing coloured (460 and 540 nm) LEDs aimed 170 

at 45° onto the focal point beneath the USB scope. The holder also held glass bandpass (540 nm) 171 

or long pass (600 nm) filter between the USB scope lens and the object. The image from the 172 

camera was visualised and recorded using OBS Studio (30.1.1) and changes in fluorescence 173 

recorded simply by used of a solar photovoltaic cell fixed to the computer monitor. The voltage 174 

from the photovoltaic cell was recorded using an ADInstruments 15T PowerLab. A T-type 175 

thermocouple was placed into a cavity within the sample slide. The thermocouple was connected 176 

to an ADInstrument T-Pod to measure and record the sample temperature directly (+/- 0.01 ℃) 177 

concomitantly with fluorescence signals. Therefore, both signals were recorded using T15 178 

ADInstrument Powerlabs, and LabChart version 8 (ADInstrument, 2022) recorded at signals 179 

1000 data points.s-1. Mitochondrial membrane potential was recorded at a range of up to 2 V, 180 

whilst ATP equilibrium was recorded at a range of up to 5 V. Before running assays, controls 181 



   

 

   

 

were conducted to test the accuracy of the TMRM and MgG probes (see Supplemental Material). 182 

Samples sizes for the intertidal common triplefins ranged from n = 5-11 fish per treatment and 183 

for estuarine triplefins ranged from n = 9-12 fish per treatment. We note that one of the Peltier 184 

Pads malfunctioned halfway through running assays. The resulting increased ramping speed 185 

possibly confounded accuracy in tracking mitochondrial membrane potential changes as the 186 

TMRM probe’s ability to estimate potential can become compromised with fast changes (Zorova 187 

et al., 2018). Future studies may consider substitute options for controlling ramping rates. Data 188 

were smoothed within LabChart 8 using Bartlett (Triangular) windows at a width of 1-second 189 

samples and exported as time series measuring voltage changes in fluorescence. Data were 190 

normalised by the voltage at maximum temperature (30℃), then by the voltage recorded at the 191 

initial temperature (~12℃, after 5-minute warm-up periods) and finally as derivatives by 192 

creating bins and subtracting the averages of 10 data points. The software SegReg (Oosterbaan, 193 

2017) was used to perform segmented linear regression analyses on each individual assay to 194 

detect thermal breakpoints in the derived data. The breakpoint temperature was detected with 195 

95% confidence intervals and represented the temperature at which the assayed mitochondrial 196 

property begins to lose efficiency and become compromised.  197 

All statistical analyses and models conducted on the mitochondrial data were run using R version 198 

4.3.0 (R Core Team, 2023). General linear models compared differences in thermal breakpoints 199 

across acclimation temperatures for each mitochondrial property and species individually. Due to 200 

the length of time taken to run all assays (22 days), there were significant negative trends in 201 

mitochondrial membrane potential breakpoint with acclimation length for the estuarine triplefins 202 

(see Supplemental Material). Hence, the duration of acclimation period was included as a model 203 

covariate. ANOVA and Tukey’s Post-Hoc tests were run on all models using the package heplots 204 



   

 

   

 

in R v1.6.2 (Friendly, 2007), with significance set to p < 0.05. Models comparing condition 205 

factor (K) and interaction terms between temperature and duration of acclimation period were 206 

also run (see Supplemental Material) but as these found no significant effects, condition factor 207 

and interaction effects were not included in further analyses. Sex was not applied to any 208 

statistical models. 209 

RNA-seq, gene annotation and differential expression analyses 210 

Total RNA was extracted using TRI Reagent (Sigma) and 1-bromo-3-chloropropane (BCP, 211 

Sigma) for homogenisation, and a Norgen Total RNA Purification kit (Norgen Biotek) with an 212 

on-column DNA removal step from the brain tissue of ten triplefins acclimated to the control 213 

10℃ temperature and ten acclimated to the warmest 22℃ temperature (5 per species per 214 

temperature treatment, 20 samples total).  RNA quality and integrity assessments following the 215 

workflow in Ragsdale et al. (2022). RNA samples were prepared following procedures laid out 216 

in the Illumina TruSeqTM Stranded mRNA sample preparation kit at the Otago Genomics and 217 

Bioinformatics Facility at the University of Otago. Sequencing was performed using the Illumina 218 

HiSeq2000 (Illumina, USA) machine with the sample library. After RNA sequencing, the 2 x 51 219 

bp single-reads underwent quality control checks using FastQC v0.11.9 (Babraham 220 

Bioinformatics, 2023) and MultiQC v1.13 (Ewels et al., 2016) and trimming using cutadapt v4.1. 221 

The two highest quality brain samples from each species and temperature treatment were re-222 

sequenced using the same protocol to generate 2 x 151 bp pair-end reads on an Illumina 223 

NextSeq2000, generating ~29.04 Mio reads per sample to construct a de novo transcriptome. The 224 

detailed pipeline for the assembly of the de novo transcriptome, gene annotation and differential 225 

expression analyses can be found at https://github.com/breanariordan/triplefinRNA.To 226 

investigate sample clustering, we performed pairwise correlation analyses on gene count data for 227 



   

 

   

 

samples using the Spearman correlation coefficient and ggplot2 package in R v4.30.0. Count 228 

data was filtered and then normalised using the R package edgeR v4.0.16 functions ‘filterbyexpr’ 229 

followed by ‘calcNormFactors’ and ‘logCPM’ respectively (Smyth, 2005). Clustering based on 230 

correlation coefficients was visualised as heatmaps using the R package pheatmap. 231 

Multidimensional scaling plots (MDS) were also generated on normalised gene count data using 232 

ggplot2 and found samples to form distinct clusters based on species and temperature treatment 233 

(see Supplementary Material). We then performed differential expression analyses between the 234 

two temperature treatments within each species independently. Linear models were fit to 235 

normalised gene count data using the ‘voom’ function of the limma package v3.58.1 (Law et al., 236 

2014). The threshold for differentially expressed genes was set to those surpassing a false 237 

discovery rate (p-adj) of < 0.05 and a LogFC value of ≤ -1 (downregulated) or ≥ 1 (upregulated). 238 

Further analyses were conducted using the same analytical approach to compare gene expression 239 

profiles between species. 240 

Gene ontology (GO) annotation was created as an SQLite database using SQLite v3.42.0 and 241 

Trinotate v3.3.2 (Bryant et al., 2017) and loaded with annotations from BLASTx and BLASTp 242 

hits against the Uniprot-Swissprot database (Altschul et al., 1990; The UniProt Consortium, 243 

2015). Enriched GO terms were extracted from the database by extracting sample gene lengths 244 

and factor labelling using the align_and_estimate.pl in Trinity v214.0 (Grabherr et al., 2011) 245 

with Salmon v1.10.1. Following this, the packages goseq v1.54.0 (Young et al., 2010) and 246 

qvalue v2.34.0 (Storey, 2002) in R were employed to perform gene ontology analyses between 247 

temperature within each species, and between species, with the same significance and LogFC 248 

thresholds as used in the differential gene expression analyses. 249 



   

 

   

 

Results 250 

Mitochondrial performance in thermally acclimated fish 251 

With increasing temperature, brain mitochondrial membrane potential in both triplefin species 252 

became depolarised, indicating compromised integrity. The lowest thermal breakpoints of 253 

membrane potential were observed in the 14℃ treatments for the intertidal common triplefin and 254 

the estuarine triplefin. In the intertidal common triplefin, membrane potential thermal 255 

breakpoints were not significantly affected by temperature treatment (F3, 34 = 1.19, p = 0.33; Fig 256 

1a), though there is a suggestive trend of increasing membrane potential with the lowest average 257 

(± SE) breakpoints in control fish at 21.14℃ ± 0.88 and highest in 22℃ acclimated fish at 258 

23.32℃ ± 1.00. In the estuarine triplefin, membrane potential breakpoints significantly differed 259 

amongst temperature treatments (F3, 32 = 4.66, p = < 0.008; Fig 1b). The highest breakpoints were 260 

in the 18℃ and 22℃ treatments, averaging (± SE) 22.15℃ ± 1.28 and 22.49℃ ± 1.02, 261 

respectively, significantly higher than the 14℃ fish at 18.12℃ ± 0.55. Control fish at 10℃ had 262 

an average breakpoint temperature of 19.43℃ ± 0.66.  263 

Thermal breakpoints of ATP equilibrium indicate a shift from ATP production to hydrolysis and 264 

a depletion of ATP availability in the brain. The lowest breakpoint temperatures in ATP 265 

equilibrium were observed in the intertidal common triplefin in the 14℃ treatment and in an 266 

estuarine triplefin acclimated to 18℃. Acclimation temperature significantly altered ATP 267 

equilibrium breakpoints in both the intertidal common (F3,29 = 20.93, p < 0.001; Fig 1c) and 268 

estuarine triplefins (F3,37 = 4.71, p = < 0.007; Fig 1d). Intertidal common triplefin brains at 22℃ 269 

recorded the highest average ATP equilibrium breakpoints (± SE) at 22.02℃ ± 0.61 (Fig 1d). 270 

These breakpoints were significantly higher than all cooler temperatures, with the 10℃, 14℃ 271 



   

 

   

 

and 18℃ displaying averages (± SE) of 16.43℃ ± 0.31, 17.81℃ ± 0.and 17.47℃ ± 0.26, 272 

respectively. Estuarine triplefin acclimated to 22℃ also displayed the highest breakpoints, 273 

averaging (± SE) 20.13℃ ± 0.82, significantly higher than control (10℃) and 18℃ acclimated 274 

fish at 16.94℃ ± 0.42 and 17.40℃ ± 0.70. Thermal breakpoints in 14℃ acclimated estuarine 275 

fish averaged 19.48℃ ± 0.84, marginally non-significantly higher than control fish. 276 



   

 

   

 

 277 

Figure 1. Thermal breakpoints of (a,b) mitochondrial membrane potential and (c,d) ATP 278 

equilibrium in the brain tissue of the intertidal common triplefin, Forsterygion lapillum and the 279 

estuarine triplefin, F. nigripenne, after an acclimation period of four to eight weeks in one of 280 

four experimental temperature treatments: 10℃, 14℃, 18℃ and 22℃. Samples sizes for 281 



   

 

   

 

common triplefins ranged from n = 5-11 fish per treatment and for estuarine triplefins ranged 282 

from n = 9-12 fish per treatment. Total n = 76 fish. Black dots represent individual breakpoints, 283 

whilst boxes depict the distribution of the data and red dots the average breakpoint temperature 284 

for each treatment. Treatments with significant differences are notated with an asterisk. Triplefin 285 

images courtesy of Vivian Ward & Kendall Clements. 286 

Differential Gene Expression Patterns and Ontology Pathways 287 

After filtering, we obtained 232 million reads from 8 samples (14.5 mean; min: 11.3, max: 17) to 288 

generate a single de novo transcriptome for the estuarine and intertidal common triplefin. The 289 

transcriptome was used as a reference for 20 samples sequenced with 2 x 51 bp single-reads from 290 

which the expression of genes could be compared in the brain tissue of the triplefin species (5 291 

samples per species and temperature). After trimming, 8.9 - 12.4 million reads were sequenced 292 

for each triplefin brain tissue experimental sample. Mapping assigned these reads to 195,401 293 

gene transcripts, with 24.31-27.39% of reads uniquely assigned to a gene for each brain sample. 294 

No unassigned reads were in any samples, with the remaining reads being multi-mapped. Using 295 

the UniProt database, 36,289 sequences were recognised and aligned to protein sequences, 296 

generating subsequent gene ontology (GO) terms.  297 

In triplefin brain transcriptomes, 8,383 genes were differentially expressed in the warm 298 

acclimation (22℃) compared to control (10℃) treatments (p-adj < 0.05; logFC ≤ -1 or ≥ 1). Of 299 

these genes, 4,680 were differentially expressed in the intertidal common triplefin and 5,471 in 300 

the estuarine triplefin. Highest correlations in gene expression were observed between 301 

individuals from the same species and treatment, whilst lowest correlations occurred between the 302 

different species (Fig 2a.) A total of 1,768 genes were differentially expressed to a logFC in 303 

expression of ≤ -1 or ≥ 1. All but five genes showed the same direction of differential expression 304 

in the 22℃ acclimated triplefins. The two that were annotated were nap1l1 (nucleosome 305 

assembly protein 1 like 1) and lctl (lactase-like protein). Both were upregulated in warm 306 



   

 

   

 

acclimated intertidal common triplefins but downregulated in warm acclimated estuarine 307 

triplefins. These, however, bear no association with thermal or stress response pathways to 308 

current knowledge.  309 

In the intertidal common triplefins, 2,736 significantly differentially expressed genes were 310 

downregulated and 1,944 upregulated (Fig. 2b). The strongest upregulated gene was ENOL, 311 

encoding the glycolytic enzyme enolase (Li et al., 2015). The Hk2 gene encoding for another 312 

glycolytic enzyme Hexokinase 2 was also one of the strongest upregulated in this species (Li et 313 

al., 2015). In the estuarine triplefins, 2,870 genes were downregulated (logFC ≤ -1) whilst 2,601 314 

were upregulated (logFC ≥ 1; Fig. 2c). Of those strongly differentially expressed genes, many 315 

were of notable interest to this study due to their recognition as markers of mitochondrial 316 

performance or thermal stress (Shi et al., 2019; Huang et al., 2022; Akbarzadeh et al., 2018; 317 

Pandey et al., 2021), or due to their involvement in enriched gene ontology pathways within 318 

warm acclimated triplefins. Included in this subset for the estuarine triplefin was the upregulation 319 

of genes central to heat stress response systems cytochrome P450 monooxygenases (cyp1b1, 320 

cyp3a56), neuronal signalling gene proteinase-activated receptor 1 (F2r) and mitochondrially-321 

encoded cytochrome C oxidase II (mt-co2). Universal to both species was upregulation of heat 322 

shock proteins hsp70, hsp90a, and SERPINH1, the last of which was one of the strongest 323 

identifiable DEGs after warm acclimation. 324 



   

 

   

 

 325 

Figure 2. Differential expression analyses of gene transcripts identified in the brain tissue of the 326 

intertidal common triplefin, Forsterygion lapillum and the estuarine triplefin, F. nigripenne, 327 

experimentally exposed to control (10℃) or warm (22℃) temperature conditions (n = 5 per 328 

treatment) for an acclimation period of eight weeks. (a) Heatmap depicting the correlation in 329 

brain gene expression profiles between triplefin species and temperature treatments using only 330 

those differentially expressed genes found to pass the false discovery rate (p-adj) of < 0.05 and 331 

up- or down-regulated by at least a 2-fold change in expression (common triplefin n = 4,680, 332 

estuarine triplefin n = 5,471). Red colours indicate a higher correlation coefficient between 333 

samples whilst blue colours indicate low coefficients. Coloured bars underneath sample 334 

dendrograms represent the different species and temperature treatments. Volcano plots depicting 335 

the differential expression of all genes across temperature treatments for (b) the common 336 

triplefin, Forsterygion lapillum, and (c) the estuarine triplefin, Forsterygion nigripenne. 337 

Individual transcripts which show a 2-fold change or greater change in expression, and which 338 

have passed a false discovery rate (p-adj) of < 0.05 are shown in red (up-regulated) and blue 339 

(down-regulated). Genes of interest to this study have been labelled in the figures. Triplefin 340 

images courtesy of Vivian Ward & Kendall Clements. 341 

 342 

Across the two triplefin species, 42 gene ontology terms passed a false discovery threshold (p-343 

adj) of < 0.05 and were significantly enriched in warm acclimated fish (see Supplementary 344 

Material). In the intertidal common triplefin brains, warm acclimation saw 1,292 significantly 345 



   

 

   

 

differentially expressed genes annotated into gene ontology pathways, with 17 terms 346 

significantly enriched (Fig. 3a). Estuarine triplefins had 1,550 differentially expressed genes 347 

(logFC ≤ -1/ ≥ 1) associated with at least one gene ontology term, with 25 gene terms 348 

significantly enriched (p-adj < 0.05; Fig. 3b). Interestingly, no significantly enriched pathways 349 

were shared between species. Intertidal common triplefin brains acclimated to 22℃ displayed an 350 

enrichment of defence and inflammatory response pathways (GO:0006952, GO:0006954), while 351 

estuarine triplefins were significantly enriched in metabolic processes including galactosidase 352 

activity (GO:0015925, GO:0004565) and vitamin binding (GO:0070279, GO:0019842), 353 

alongside oxidoreductase activity (GO:0016712). Pathways concerning neuronal cell migration 354 

and conductance channel activity were downregulated in both species but were not significant 355 

after false discovery rate correction (GO:1903977, p < 0.05, q = 1; GO:0060072, p < 0.005, q = 356 

1). Enriched pathways that showed relevance to this study but were marginally non-significant 357 

after false discovery rate correction were thermal response pathways (GO:0050960, p < 0.005, q 358 

= 0.34; GO:0071502, p < 0.01, q = 0.56) and mitochondrial depolarisation (GO:0051901, 359 

GO:0051881, p < 0.05, q = 0.86) in intertidal common triplefins, and upregulation of other lipid 360 

metabolic processes (GO:0072330, p < 0.0005, q = 0.07, GO:0019752, p < 0.0005, q = 0.09, 361 

GO:0006629, p < 0.0005, q = 0.13) in estuarine triplefins. 362 



   

 

   

 

 363 

Figure 3. Significantly enriched gene ontology pathways associated with differentially expressed 364 

genes in the brain tissues of warm acclimated (a) intertidal common triplefin, Forsterygion 365 

lapillum fish (n = 17) and (b) estuarine triplefin, F. nigripenne fish (n = 25). Fish were 366 

experimentally exposed to control (10℃) or warm 22℃ temperature conditions (n = 5 per 367 

treatment) for an acclimation period of eight weeks. Each circle represents a significantly 368 

enriched gene ontology pathway. Circle colour indicates gene ontology category of the pathway 369 

(BP: biological process, CC: cellular component, MF: molecular function). Differentially 370 

expressed genes pass a threshold log-fold change in expression of < -1 or > 1 and a false 371 

discovery rate (p-adj) of < 0.05. Triplefin images courtesy of Vivian Ward & Kendall Clements. 372 



   

 

   

 

Discussion 373 

This study assessed thermal resilience and acclimation potential in two coastal New Zealand 374 

triplefin species, the intertidal common intertidal (F. lapillum) and estuarine (F. nigripenne) 375 

triplefin. Prolonged elevated temperature exposure resulted in acclimation of mitochondrial 376 

function in both species, demonstrating how fluororespirometry techniques can determine 377 

mitochondrial function limits in teleost brain tissues. Warm acclimated estuarine triplefins 378 

enhanced mitochondrial membrane potential and ATP equilibrium maintenance, whilst the 379 

intertidal common triplefin only altered ATP equilibrium. Brain transcriptomes showed 380 

significant gene expression differences between warm acclimated fish (22℃) compared to 381 

control (10℃) fish, highlighting oxidative respiration, cellular stress response pathways and heat 382 

damage mitigation in brain tissues. Both findings provide insight into acclimatory processes in 383 

coastal marine teleosts and demonstrate that although these two species are sister taxa, they 384 

appear to utilise some different pathways to cope with increasing temperatures.  385 

Thermal acclimation of mitochondrial properties 386 

The thermal breakpoints of mitochondrial membrane potential represent upper performance 387 

limits before inner mitochondrial membrane impairment (Sokolova, 2023). Depolarisation 388 

beyond thermal breakpoints confirmed loss of membrane potential, similar to observations in 389 

spiny lobster (Palinuridae) and rainbow trout (Oncorhynchus mykiss) (Oellermann et al., 2020; 390 

Michaelsen et al., 2021). Warm acclimated triplefins from 18℃ and 22℃ treatments had the 391 

highest thermal breakpoints, significant only for the estuarine triplefin. The lack of acclimation 392 

in the intertidal common triplefins is unexpected given their generalist intertidal ecotype and 393 

previous evidence of thermal tolerance in their brain and cardiac mitochondria (McArley et al., 394 



   

 

   

 

2017; Willis et al., 2021; Hilton et al., 2010). Fish mitochondrial thermal limits often correlate 395 

with environmental temperatures, with liver mitochondrial breakpoint temperatures higher in 396 

tropical than Antarctic species (Biederman et al., 2021; Dahlhoff & Somero, 1993; Sokolova, 397 

2023; Guderley, 2004). However, studies on Atlantic killifish (Fundulus heteroclitus) and 398 

Atlantic salmon (Salmo salar) did not find greater mitochondrial membrane potential 399 

maintenance in warm acclimated fish at high assay temperatures (Chung & Schulte, 2015; 400 

Gerber et al., 2020). The intertidal common triplefin may prioritise other physiological processes 401 

over mitochondrial plasticity to achieve whole-organism thermal tolerance.  402 

Triplefin brain mitochondria observed higher ATP:ADP ratios until upper thermal limits, where 403 

ATP equilibrium shifted to favour hydrolysis, indicating ATP depletion and disrupted efficiency 404 

within tissue preparations. Both species showed thermal acclimation of ATP equilibrium, with 405 

breakpoints significantly higher in 22℃ acclimated triplefins. Enhanced plasticity in intertidal 406 

triplefin species likely results from exposure to variable thermal environments, as ATP capacities 407 

are believed to align with external temperatures, often used to measure upper critical thermal 408 

limits (CTMAX) in fish species (Baris et al., 2016; Christen et al., 2018; Healy & Burton, 2023). 409 

Similar thermotolerance expansions were noted in killifish (Fundulus spp.), attributed to 410 

enhanced mitochondrial ATP production (Fangue et al., 2009; Baris et al., 2016). Willis et al. 411 

(2021) reported maintenance of ATP synthesis over hydrolysis across intertidal and rockpool 412 

inhabiting triplefins. Despite higher thermal breakpoints in 22℃ acclimated triplefins, 68% of 413 

fish held at 18℃ and 22℃ displayed ATP equilibrium breakpoints below their acclimation 414 

temperature. This contrasts with research suggesting mitochondria fail above an animal’s CTMAX 415 

(Ern et al., 2023; Chung & Schulte, 2020) and research on North Island intertidal common 416 

triplefins finding CTMAX temperatures to sit above acclimation temperatures for all experimental 417 



   

 

   

 

groups (McArley et al., 2017). In the McArley et al., (2017) study, individual CTMAX values 418 

ranged between 29 to 32℃. Currently, the CTMAX value is unknown for South Island intertidal 419 

common triplefin populations or for the estuarine triplefin species. Chronically elevated 420 

temperatures and stress deplete mitochondrial ATP reserves, reducing thermal breadth and 421 

potential for tolerance against additional or new stressors (Voituron et al., 2022; McArley et al., 422 

2017; Willis et al., 2021). In Warrington, a nearby site within the East Otago Tāiāpure, 423 

temperature loggers rarely record temperatures as high as 22℃, even in rock pools (see 424 

Supplemental Material). It must be noted however, that fish kept in 18℃ and 22℃ conditions 425 

suffered no mortalities and were otherwise healthy, indicating CTMAX must be higher than 22℃ 426 

for these South Island populations. Thus, whilst the mitochondria likely did not fail below 427 

acclimation temperatures in this study, chronic 18℃ and 22℃ exposure may have exhausted the 428 

brain mitochondrial ATP reservoir. Under an impaired thermal breadth and ATP synthesis 429 

ability, the additive stress of thermal ramping would cause a faster depletion of stored ATP and 430 

thereby lowering the temperature threshold at which ATP equilibrium is disturbed. In marine 431 

ectothermic species, such as eelpout from the family Zoarcidae, nuclear magnetic resonance 432 

(NMR) has been used to track changes in phosphocreatine (PCr) amounts and show how this 433 

energy reserve for ATP declines with adverse temperature shifts (Mark et al., 2002; Sommer et 434 

al., 1997; Bock et al., 2001). PCr acts as a buffer to the formation and protection of ATP stored 435 

within aerobic tissues (Watson et al., 2020). Any dramatic changes in PCr concentration can 436 

disrupt ATP concentration buffering, depleting energy resources (Watson et al., 2020). To 437 

confirm if this occurred within the warm exposed triplefin fish, tracking of PCr in brain tissues 438 

using spectroscopy techniques such as NMR would need to be applied (Pörtner et al., 2004).  439 



   

 

   

 

Mitochondrial membrane potential thermal breakpoints were generally higher than those for 440 

ATP equilibrium. As brain mitochondria lose efficiency under warming, O2 consumption 441 

increases to maintain membrane potential and proton motive force, despite decreases in ATP 442 

synthesis relative to O2 consumption. Membrane potential breakpoints indicate polarity collapse 443 

and mitochondrial dysfunction, whilst ATP equilibrium breaks when ATP hydrolysis exceeds 444 

production (Abele et al., 2002). Acute warming increases ATP-consuming enzyme activity 445 

within the brain, including the sodium-potassium pump (Na+/K+-ATPase), calcium regulators 446 

(Ca2+-ATPases), and other hydrolases, challenging ATP synthesis with almost exponential 447 

increases in hydrolysis rates. Thus, ATP equilibrium can shift to favour hydrolysis and ATP 448 

concentrations become insufficient. Conversely, loss of mitochondrial membrane potential 449 

typically always disrupts ATP production, due to the requirement of a proton motive force to 450 

drive ATP synthase and maintain ATP synthesis (Power et al., 2014; Chinopoulos et al., 2009). 451 

Conversely, Chung & Schulte (2020) have also suggested proton motive force to fail 452 

independently to CTMAX, but this was associated with previous research by these authors finding 453 

no correlation between acclimation and loss of membrane potential (Chung & Schulte, 2015).  454 

Methods of thermal compensation in mitochondrial membranes 455 

Thermal acclimation of biological membranes involves altering membrane fluidity (Guderley, 456 

2004; Dahlhoff & Somero, 1993). As temperatures increase, membranes become more fluid until 457 

integrity is lost, as demonstrated in abalone (genus Haliotis) and other ectotherms (Dalhoff & 458 

Somero, 1993; Biederman et al., 2019; Oellermann et al., 2020). This can be compensated 459 

through homeoviscous adaptation (Guderley, 2004; Kraffe et al., 2007; Biederman et al., 2021). 460 

In abalone, warm acclimation led to less fluid membranes and higher mitochondrial respiration 461 

breakpoints (Dahlhoff & Somero, 1993). Homeoviscous adaptation can involve altering 462 



   

 

   

 

plasmalogen composition, notably phosphatidylethanolamine (PE) and phosphatidylcholine 463 

(PC), which influence cell membrane structure and mobility (Almsherqi, 2021; Bozelli & Epand, 464 

2021). Warm acclimation in rainbow trout muscle mitochondria saw higher PE and PC 465 

proportions increase lipid packing and membrane thickness (Kraffe et al., 2007; Biederman et 466 

al., 2019; Bozelli & Epand, 2021; Price et al., 2017). Additionally, a higher PC/ PE ratio can 467 

reduce acyl chain flexibility and membrane fluidity, observed in warm acclimated carp 468 

(Cyprinus carpio), rainbow trout, and the brain mitochondria of American alligators (Alligator 469 

mississippiensis) (Wodtke, 1981; Hazel & Landrey, 1988; Price et al., 2017). Homeoviscous 470 

adaptation also involves changes in unsaturated fatty acids content (Guderley, 2004; Kraffe et al., 471 

2007 Wodtke, 1981; Sokolova, 2023). Cold acclimated carp (Cyprinus carpio) muscle 472 

mitochondria increased membrane fluidity through raising unsaturated fatty acid proportions 473 

(Wodtke, 1981), whereas warm acclimated Antarctic fish (Notothenia coriiceps) increased 474 

saturated fatty acids, reducing fluidity (Biederman et al., 2021). Estuarine triplefins may display 475 

enhanced homeoviscous adaptation compared to the intertidal common triplefins, with evidence 476 

of overrepresentation of upregulated genes associated to fatty acid and lipid metabolism in this 477 

species, supporting the observed differences in membrane potential performance across the two 478 

species (Guderley, 2004).  479 

Mitochondrial adjustments which decrease proton leak or promote ATP synthesis efficiently 480 

maintain coupling and ATP equilibrium under warming (Roussel & Voituron, 2020; Gerber et 481 

al., 2021). Warm acclimation demonstrated such adjustments in mosquitofish (Gambusia affinis) 482 

and zebrafish (Danio rerio) muscle mitochondria and Atlantic salmon (Salmo salar) cardiac 483 

mitochondria (LeRoy & Seebacher, 2020; LeRoy et al., 2021; Walesby & Johnston, 1980; 484 

Gerber et al., 2021). ATP synthesis is catalysed through the synergistic effect of the F0 and F1 485 



   

 

   

 

subunits of ATP synthase (Complex V) (Whitehouse et al., 2019; Lane, 2010). Increased 486 

abundance of complex V subunits and proteins, as seen in the longjaw mudsucker (Gillichthys 487 

mirabilis), allows tighter regulation of complex activity, maintaining higher ATP:ADP ratios 488 

under decreased proton flow or facilitating higher ATP turnover rates (Jayasundara et al., 2015; 489 

O’Brien et al., 2018; LeRoy et al., 2021). However, as the specific activity and flux of 490 

respiratory complexes was not assessed in the current study, future studies may seek to utilise 491 

specific probes to isolate different complexes and determine their contributions to ATP 492 

equilibrium thermal performance.  493 

Gene expression and warm acclimation 494 

This study is among the first to examine the role of brain mitochondria in determining marine 495 

ectotherm thermal tolerance, as most research on triplefins and other fish species have focused 496 

on cardiac or liver mitochondria (Hilton et al., 2010; McArley et al., 2017; Iftikar & Hickey, 497 

2013; Gerber et al., 2020; Michaelsen et al., 2021). Warm acclimated brain tissues in both 498 

intertidal common and estuarine triplefins displayed distinct transcriptomic profiles compared to 499 

control treatments, with 19,135 genes differentially expressed. This aligns with post-acclimation 500 

profiles from other teleosts, including marine sticklebacks (Gasterosteus aculeatus), tropical 501 

damselfish (Acantochromis polyacanthus) and zebrafish (Shama et al., 2016; Veilleux et al., 502 

2015; Bernal et al., 2022; Vergauwen et al., 2010), indicating thermal plasticity through 503 

transcriptomic remodelling (Ragsdale et al., 2022). Acclimation to 22℃ led to more 504 

downregulated than upregulated genes in triplefin tissues, a common pattern of warm 505 

acclimation supported by previous research in the gill tissue of great spider crabs (Hyas araneus) 506 

after +5℃ acclimation and acclimated Antarctic killifish brain (Harms et al., 2014; Drown et al., 507 

2022). In zebrafish liver transcriptomes, downregulation was thought to be a compensatory 508 



   

 

   

 

mechanism for elevated temperatures, linked to suppression of biochemical pathways and 509 

transcripts (Vergauwen et al., 2010). In ectotherms, rising external temperatures accelerate 510 

biological reaction rates, meaning these processes like neuronal activity and cardiac contraction 511 

may not require upregulation (Miller & Stillman, 2012; Vornanen, 1996; Beltrán et al., 2021; Ito 512 

et al., 2015). In triplefins, warm acclimation downregulated neuronal excitability and cell 513 

migration in brain tissue, comparable with results found in tropical damselfish subjected to 514 

generational warming, where GO terms related to synaptic and neural activity were 515 

downregulated in +3.0℃ transgenerational offspring (Bernal et al., 2022). 516 

Universal responses to heat stress 517 

Warm acclimation induced cellular stress response pathways, significantly upregulating 518 

transcripts for molecular chaperones Hsp70, Hsp90⍺ and SERPINH1 in 22℃ triplefins. 519 

Molecular chaperones are biomarkers of physiological stress, induced with warm acclimation in 520 

green abalone (Haliotis fulgens), medaka (Oryzias latipes) and annual killifish (Austrofundulus 521 

limnaeus) (Tripp-Valdez et al., 2019; Ikeda et al., 2017; Podrabsky & Somero, 2004; Shama et 522 

al., 2016; Buckley et al., 2006). SERPINH1, also known as heat shock protein 47, activates under 523 

thermal stress to aid collagen maturation and synthesis, important for internal protection against 524 

heat damage, as seen in thermally stressed rainbow trout (Wang et al., 2015). Of the other 525 

chaperones, Hsp90⍺ corrects misfolded protein configurations whilst Hsp70 refolds damaged 526 

proteins, reducing denatured aggregates (Kassahn et al., 2009; Vergauwen et al., 2010; Goel et 527 

al., 2021). Warm acclimation facilitated stronger heat shock responses upon re-exposure to 528 

thermal stress in fish like spotted rose snapper (Lutjanus guttatus), longjaw mudsuckers and the 529 

striped snakehead (Channa striata) (Larios-Soriano et al., 2020; Purohit et al., 2014; Logan & 530 

Somero, 2011). The upregulation of heat shock protein genes in triplefin tissues indicates a heat 531 



   

 

   

 

stress response has been mounted, protecting protein synthesis and activity. Supporting this was 532 

differential expression of cytochrome P450s in warm acclimated triplefins (Iwama et al., 1998; 533 

Yampolsky et al., 2014). This enzyme superfamily oxidises steroids, fatty acids, 534 

neurotransmitters and other compounds, aiding their biosynthesis (Uno et al., 2012; Niwa et al., 535 

2015). Due to their role mitigating oxidative damage, P450s are often upregulated after 536 

environmental stress, seen after cadmium contamination in common carp (Cyrpinus carpio) and 537 

+4℃ warming in marine sticklebacks (Harms et al., 2014; Rebl et al., 2013; Chen et al., 2019; 538 

Shama et al., 2016). In the estuarine triplefins, many P450s were involved in significantly 539 

enriched ontology pathways enhancing tissue development alongside oxidoreductase, 540 

monooxygenase and hydroxylase activity in warm acclimated brains. P450s use reactive oxygen 541 

species (ROS), such as hydrogen peroxide, to catalyse such oxidation and hydroxylation 542 

reactions, making them crucial for removing excess ROS (Harms et al., 2014; Chen et al., 2019; 543 

Pardhe et al., 2022). Enriched oxidoreductase activity suggests elevated mitochondrial 544 

respiration with warm acclimation, with this appearing stronger in the estuarine triplefin, 545 

requiring a stress response to counteract the effects of reactive oxygen species formation, a 546 

byproduct of respiration (Schulte, 2015). 547 

Transcriptomic evidence for metabolic and mitochondrial compensation  548 

Metabolic remodelling is key to thermal compensation under temperature stress (Shama et al., 549 

2016; Madeira et al., 2017; Veilleux et al., 2015). Research on marine sticklebacks, rainbow 550 

trout, zebrafish and rainbowfishes found significant differential expression of metabolic genes 551 

with warm acclimation (Shama et al., 2016; de Nadal et al., 2011; Toni et al., 2019; Rebl et al., 552 

2013; Smith et al. 2013; Sandoval-Castillo et al. 2020). Estuarine triplefin brains were enriched 553 

in metabolic processes, including galactosidases and carboxylic acids. Acid biosynthesis, aided 554 



   

 

   

 

by the activity of enzymes such as the hydrolytic galactosidases, symbolise a shift towards 555 

carbohydrate metabolism, converting proteins into important substrates for glycolysis and ATP 556 

production (Hauf et al., 2000; Kitchener et al., 2024; Marzullo et al., 2022; Jayasundara et al., 557 

2015). Under elevated temperatures, increased glycolytic metabolism is apparent with enhanced 558 

anaerobic potential and metabolic compensation in the gilthead sea bream (Sparus aurata) and 559 

turbot (Scophthalmus maximus) (Madeira et al., 2017; Huang et al., 2022). Glycolytic encoded 560 

genes were overexpressed in warm acclimated triplefins, including enolase (ENOL), hexokinase 561 

(Hk2) and aldolase (ALDOA) in the intertidal common triplefin and lactate dehydrogenase (ldhb) 562 

in the estuarine triplefin. These are showing similar expression patterns to heat-exposed longjaw 563 

mudsuckers and hypoxic silver carp (Hypophthalmichthys molitrix) and goldfish (Carassius 564 

auratus) (Buckley et al., 2006; Feng et al., 2022; West et al., f1999). The expression of these 565 

genes, which included upregulation of mitochondrially-located aerobic enzymes alpha-566 

ketoglutarate dehydrogenase (Ogdh) and isocitrate dehydrogenase (IDH2), indicate attempts to 567 

maintain aerobic metabolism in triplefin brain tissues and suggests triplefin brains can 568 

aerobically compensate for the increased oxygen demands caused by elevated temperatures. 569 

Despite upregulation of mitochondrial respiratory enzymes and complexes, no mitochondrial 570 

ontology terms were significantly enriched in the triplefins, contrasting with previous 571 

transcriptional evidence of enriched mitochondrial performance in warm acclimated fish (Shama 572 

et al., 2016; Li et al., 2024; Bernal et al., 2022; Bernal et al., 2020). 573 

Upregulation in warm acclimated intertidal common triplefin brains enriched inflammatory and 574 

immune responses. The overexpression of immune-related transcripts suggests an energy shift 575 

from cellular growth to repair due to oxidative tissue and DNA damage (Kassahn et al., 2009; 576 

Komoroske et al., 2015). Although not reflected by an enrichment in GO terms, inflammatory 577 



   

 

   

 

responses were observed in estuarine triplefins, involving genes like proteinase-activated 578 

receptor 1 (F2r) which was one of the strongest upregulated genes (logFC = 3.94), known to 579 

augment intracellular signalling and synaptic plasticity for tissue and neuron development (Han 580 

et al., 2011; Tucić et al., 2021; Midwood & Orend, 2009). Rather than directly upregulating 581 

inflammatory and immune response pathways, heat damage responses in the estuarine triplefin 582 

may invoke lysosomal pathways through neurotransmitter functions to remove and replace dying 583 

cells. Vitamin B6, significantly enriched in warm acclimated estuarine brains, controls 584 

neurotransmitter biosynthesis and plays a role in heat stress reduction in fish such as the cyprinid 585 

(Gymnocypris chilianensis) and in the olive flounder (Paralichthys olivaceus) (Parra et al., 2018; 586 

Zhao et al., 2022; Lee et al., 2023).  587 

Conclusion 588 

Intertidal common and estuarine triplefins demonstrated innate thermal plasticity and 589 

compensation, providing mechanisms for acclimation to ocean warming. Brain mitochondria 590 

maintained membrane potential and high apparent ATP concentrations after prolonged warming 591 

under thermal ramping. Brain tissues of warm acclimated individuals showed significant 592 

transcriptomic responses, indicating extensive metabolic and structural remodelling. All tissues 593 

upregulated heat shock proteins to mitigate oxidative damage and increased reliance on 594 

carbohydrate metabolism. Combined, these findings provide evidence for a coordinated 595 

acclimation response in the brains of both triplefin species. The estuarine triplefin showed a 596 

greater thermal acclimation response, adjusting mitochondrial membrane potential in functional 597 

measures and activating aerobic and glycolytic pathways, while the intertidal common triplefin 598 

activated cellular repair and inflammatory responses. Despite utilising different mechanisms, 599 

both species tolerated elevated temperatures and maintained biological and physiological 600 



   

 

   

 

functions. While this study elucidates some of the plastic mechanisms that contribute to the 601 

resilience of coastal marine species that have evolved in climatically variable conditions, to 602 

check for an adaptive component it is necessary to compare how closely related species with 603 

divergent thermal niches (e.g., intertidal vs. subtidal species) adjust or adapt to rising and 604 

variable water temperatures.  605 
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Supplemental Material 1106 

New Zealand triplefin sampling locations 1107 

 1108 

Figure S1. A map of sampling sites across the East Otago Tāiāpure where the common triplefin 1109 

(F. lapillum) and estuarine triple (F. nigripenne) study specimens were collected. Black dots 1110 

indicate sampling locations. Map taken from Google Maps. 1111 

 1112 

Long-term temperature monitoring data from sampling locations 1113 



   

 

   

 

 1114 

Figure S2. Long-term temperature monitoring data taken from a high-tide zone rockpool in 1115 

Warrington, located on the East Coast of the South Island of New Zealand. Dots represent 1116 

individual temperature recordings taken across a period of 11 months from May 2023 until 1117 

March 2024. 1118 

Experimental controls for fluorescent probes 1119 

Before running assays, controls were conducted for the TMRM and the MgG probe. Controls for 1120 

TMRM were completed by inundating a section of brain tissue with the probe and running an 1121 

assay at room temperature. After a 5-minute run-in period, oligomycin was added at 2 uL to the 1122 

tissue. This addition caused a rise in fluorescence intensity as oligomycin inhibits ATP synthesis, 1123 

leading to membrane hyperpolarisation. After another 5 minutes with the oligomycin, Carbonyl 1124 

cyanide 3-chlorophenylhydrazone (CCCP) was added at 5 uL to the tissue. As CCCP acts as a 1125 



   

 

   

 

mitochondrial uncoupling agent by inhibiting oxidative phosphorylation, the addition of CCCP 1126 

caused membrane potential to depolarise and, therefore, fluorescence to decline. These same two 1127 

reagents were added to tissue inundated with MgG following the same protocols as for TMRM. 1128 

Due to the nature of these reagents, when added to the MgG probe, the CCCP caused no change 1129 

in fluorescence due to having no effect on the amount of ATP present, whilst oligomycin caused 1130 

fluorescence to rise, indicating a decline in the amount of ATP. 1131 

 1132 

Effect of acclimation time on brain mitochondrial performance 1133 

Results 1134 

 1135 

Figure S3. The influence of acclimation period on thermal breakpoints of mitochondrial 1136 

membrane potential in the brain tissue of (A) estuarine triplefin, Forsterygion nigripenne and (B) 1137 

common triplefin, Forsterygion lapillum based on the length of time fish spent within the 1138 

experimental temperature treatments after a four-week acclimation period, before being assayed. 1139 



   

 

   

 

n = 37 F. nigripenne and n = 39 F. lapillum, total n = 76. Thermal break points were derived 1140 

from individual fish using SegReg (95% CI). 1141 

 1142 

Figure S4. The influence of acclimation period on thermal breakpoints of ATP equilibrium in the 1143 

brain tissue of (A) estuarine triplefin, Forsterygion nigripenne and (B) common triplefin, 1144 

Forsterygion lapillum based on the length of time fish spent within the experimental temperature 1145 

treatments after a four-week acclimation period, before being assayed. n = 42 estuarine triplefin 1146 

and n = 34 common triplefin, total n = 76. Thermal break points were derived from individual 1147 

fish using SegReg (95% CI). 1148 

 1149 

Effect of condition factor (K) on brain mitochondrial performance 1150 

A condition factor (K) was calculated for each fish using the following equation: 1151 

𝐾 =  
100𝑊

𝐿3
 1152 

W is the weight measured in grams, whilst L represents the standard length of each fish in cm. 1153 

ANOVA tests were run using the statistical software R version 4.3.0 (R Core Team, 2023) to 1154 

compare condition factors between acclimation treatments for both species. There were no 1155 

significant differences in condition factor across temperature treatments for either species 1156 



   

 

   

 

(estuarine triplefin: F3,44 = 0.47, p = 0.70; common triplefin: F3, 48 = 1.20, p = 0.32), and we did 1157 

not use this variable in any further analyses. 1158 

 1159 

Sex effects on brain mitochondrial performance 1160 

Results 1161 

 1162 

Figure S5. Thermal breakpoints of mitochondrial membrane potential in the brain tissue of (A) 1163 

Estuarine triplefin, Forsterygion nigripenne, and (B) Common triplefin, Forsterygion lapillum, 1164 

male and female fish after an acclimation period of four to eight weeks in one of four 1165 

experimental temperature treatments: 10℃ (Control), 14℃, 18℃ and 22℃. Sample sizes for 1166 

estuarine triplefins ranged from n = 9-11 fish per treatment and for common triplefins from n = 1167 

8-12 fish per treatment. Total n = 76 fish. Thermal break points were derived from individual 1168 

fish using SegReg (95% CI). Dots represent individual break points, whilst boxes depict the 1169 

distribution of the data for each temperature treatment. Different coloured boxes represent the 1170 

different sexes with sample sizes for estuarine triplefin ranging from n = 1-5 females per 1171 



   

 

   

 

treatment, n = 4-10 males per treatment and for the common triplefin from n = 1-3 females per 1172 

treatment, n = 7-9 males per treatment. 1173 

 1174 

 1175 

Figure S6. Thermal breakpoints of ATP equilibrium in the brain tissue of (A) Estuarine triplefin, 1176 

Forsterygion nigripenne, and (B) Common triplefin, Forsterygion lapillum, male and female fish 1177 

after an acclimation period of four to eight weeks in one of four experimental temperature 1178 

treatments: 10℃ (Control), 14℃, 18℃ and 22℃. Sample sizes for estuarine triplefins ranged 1179 

from n = 9-12 fish per treatment and for common triplefins ranged from n = 5-11 fish per 1180 

treatment. Total n = 76 fish. Thermal break points were derived from individual fish using 1181 

SegReg (95% CI). Dots represent individual break points, whilst boxes depict the distribution of 1182 

the data for each temperature treatment. Different coloured boxes represent the different sexes 1183 

with sample sizes for estuarine triplefin ranging from n = 2-5 females per treatment, n = 4-10 1184 

males per treatment and for the common triplefin from n = 0-4 females per treatment, n = 5-8 1185 

males per treatment. 1186 



   

 

   

 

Multi-dimensional scaling plot of brain transcriptomes 1187 

Results 1188 

 1189 

Figure S7. Multi-dimensional scaling plot of variation in gene expression data amongst RNA-seq 1190 

samples taken from the brain tissue of common triplefins, Forsterygion lapillum (triangles) and 1191 

estuarine triplefins, Forsterygion nigripenne (diamonds) from the South Island of New Zealand. 1192 

Fish were exposed to 10℃ control temperatures (red circles, n = 10 sample) or 22℃ elevated 1193 

temperatures (green circles, n = 10 samples) for an acclimation period of eight weeks (total n = 1194 

20 samples). Distance between samples indicates dissimilarity of gene expression. 1195 

 1196 

Significant Gene Ontology Terms 1197 

Results 1198 

Table S1. Table of all significantly overrepresented gene ontology terms observed in the brain 1199 

tissue of estuarine triplefin, Forsterygion nigripenne, and common triplefin, Forsterygion 1200 

lapillum after being experimentally exposed to warm 22 ℃ temperatures compared to control 1201 

(10 ℃) temperatures (n = 5 samples per tissue and species). Fish were exposed for an 1202 

acclimation period of eight weeks. Significant terms are those which passed the false discovery 1203 

rate threshold (q-value) of 0.05. Table indicates within which warm acclimated species and 1204 

tissues enriched gene ontology terms were observed. 1205 



   

 

   

 

Gene Ontology 

ID 

Gene Ontology Term Species q-value 

GO:0000981 DNA-binding transcription factor 

activity, RNA polymerase II-specific 

Estuarine triplefin 0.03458 

GO:0003341 Cilium movement Common triplefin 0.02938 

GO:0003700 DNA-binding transcription factor 

activity 

Estuarine triplefin 0.01823 

GO:0004497 Monooxygenase activity Estuarine triplefin 0.0382 

GO:0004565 Beta-galactosidase activity Estuarine triplefin 0.01823 

GO:0005576 Extracellular region Common triplefin 0.0286 

    Common triplefin 0.01437 

GO:0005615 Extracellular space Estuarine triplefin 0.02742 

GO:0005879 Axonemal microtubule Common triplefin 0.01922 

GO:0005886 Plasma membrane Estuarine triplefin 0.00186 

GO:0005911 Cell-cell junction Estuarine triplefin 0.03458 

GO:0005929 Cilium Common triplefin 0.00127 

GO:0006690 Icosanoid metabolic process Estuarine triplefin 0.03458 

GO:0006952 Defense response Common triplefin 0.04245 

GO:0006954 Inflammatory response Common triplefin 0.01922 

GO:0008395 Steroid hydroxylase activity Estuarine triplefin 0.01823 

GO:0009648 Photoperiodism Common triplefin 0.02938 

GO:0009888 Tissue development Estuarine triplefin 0.02352 

GO:0015925 Galactosidase activity Estuarine triplefin 0.01823 

GO:0016712 Oxidoreductase activity, acting on 

paired donors, with incorporation or 

reduction of molecular oxygen, reduced 

flavin or flavoprotein as one donor, and 

incorporation of one atom of oxygen 

Estuarine triplefin 0.03458 

GO:0016742 Hydroxymethyl-, formyl- and related 

transferase activity 

Common triplefin 0.03629 

GO:0019228 Neuronal action potential Estuarine triplefin 0.02137 

GO:0019842 Vitamin binding Estuarine triplefin 0.03358 

GO:0030054 Cell junction Estuarine triplefin 0.03713 

GO:0030170 Pyridoxal phosphate binding Estuarine triplefin 0.02352 

GO:0030368 Interleukin-17 receptor activity Common triplefin 0.01922 

GO:0030431 Sleep Estuarine triplefin 0.03458 

GO:0031514 Motile cilium Common triplefin 0.00744 

GO:0031974 Membrane-enclosed lumen Common triplefin 0.01922 

GO:0038024 Cargo receptor activity Estuarine triplefin 0.03458 

GO:0042383 Sarcolemma Estuarine triplefin 0.03458 



   

 

   

 

GO:0043233 Organelle lumen Common triplefin 0.01922 

GO:0045124 Regulation of bone resorption Estuarine triplefin 0.03458 

GO:0045780 Positive regulation of bone resorption Estuarine triplefin 0.03458 

GO:0046852 Positive regulation of bone remodelling Estuarine triplefin 0.03458 

GO:0048029 Monosaccharide binding Common triplefin 0.01922 

GO:0050900 Leukocyte migration Common triplefin 0.04535 

GO:0070013 Intracellular organelle lumen Common triplefin 0.01922 

GO:0070279 Vitamin B6 binding Estuarine triplefin 0.02461 

GO:0070330 Aromatase activity Estuarine triplefin 0.03458 

GO:1900029 Positive regulation of ruffle assembly Estuarine triplefin 0.0382 

GO:2000338 Regulation of chemokine (C-X-C 

motif) ligand 1 production 

Common triplefin 0.01922 

GO:2000340 Positive regulation of chemokine (C-X-

C motif) ligand 1 production 

Common triplefin 0.01922 
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