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Thermal condition has profound influence on physiology and behaviour of ballan wrasse (Labrus bergylta), a cleaner fish commonly deployed in salmon cages to control sea lice infection. To address knowledge gaps on the species thermal biology, critical thermal limits were determined by acclimating fish (21.5 ± 3.1 g, 10.5 ± 0.4 cm) at a range of temperatures (6, 10, or 14°C) found in its natural habitat on the west coast of Scotland for one week and subjecting them to ramping temperature (~0.3°C/min) until loss of equilibrium. Critical thermal maxima (CTmax), minima (CTmin), and thermal breadth values increased with acclimation temperature. Thermal tolerance polygon was constructed and showed the intrinsic (7.9 to 16.8°C) and acquired (3.4°C and 22.8°C) thermal tolerance zones, supporting the seasonal differences in behaviour and delousing efficacy of ballan wrasse deployed in salmon farms. Gill transcriptomic profiles of ballan wrasse were performed following thermal acclimation and subsequent exposure to CTmax and CTmin. Initial acclimation resulted in unique differentially expressed genes (DEGs) and enrichment of GO terms that were almost exclusively found in each acclimation group. Transcriptome response to CTmax and CTmin also varied between acclimation groups. CTmax and CTmin shared 0% DEGs at 6°C, 43% at 10°C, and 7% at 14°C, but some overlapping GO terms. This study is the first to investigate the thermal tolerance limits of ballan wrasse and provides new data into the plasticity of thermal tolerance limits and molecular response to thermal stimuli in fish.
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1 Introduction

Temperature has a profound influence on fish physiology, which in turn determines their growth rate, reproductive success, and overall survival (Farrell, 2009; Moyano et al., 2017). In general, fish tend to live in areas where temperature is within their optimal range (Soyano and Mushirobira, 2018). To maintain homeostasis in an environment where temperature shifts periodically (e.g., diurnal, seasonal), fish have developed behavioural adaptations such as thermal navigation to seek optimal conditions in a thermal gradient (Schulte, 2011; Soyano and Mushirobira, 2018). Fish also take advantage of thermal navigation to strategically support specific physiological function. For instance, lake sculpin (Cottus extensus) and coho salmon (Oncorhynchus kisutch) forage in cold food-rich areas and then migrate to warmer areas of the water column or stream for efficient digestion thereby improving energy intake and growth (Armstrong et al., 2013). Some evidence has also been found to suggest that infected fish seek warmer conditions to hasten recovery (Huntingford et al., 2020). However, fish in captive conditions, such as in aquaculture settings, are unable to use these behavioural mechanisms. Therefore, when ambient water temperature fluctuates to suboptimal level, they rely on physiological adaptations that can be detrimental to their health and affect their survival (Kottmann et al., 2023).

During on-growing culture of Atlantic salmon (Salmo salar) which takes at least ~2 years in sea water, ballan wrasse (Labrus bergylta) are deployed as biological control against sea lice infection in sea cages where they inevitably experience seasonal changes in thermal conditions (Brooker et al., 2018). Water temperature in salmon farms in Scotland can range from ~6°C in winter to ~15°C in summer. Temperate wrasse species (family Labridae) however have been reported to avoid temperatures below 8°C in the wild (Dipper et al., 1977) while experimental exposure to low temperature (5°C) has been shown to induce lethargic behaviour or dormancy (Yuen et al., 2019). Consequently, in salmon cages, a reduction in the delousing activity of ballan wrasse has been noticed during winter (Brooker et al., 2018; Geitung et al., 2020) together with increased mortality rates (Treasurer, 2002; Geitung et al., 2020). During hatchery rearing, the decrease of water temperature in winter is associated with reduced feeding activity and, consequently, slower growth rate (Brooker et al., 2018). These observations from cage and hatchery settings demonstrate the impact of temperature on the condition, welfare and performance of ballan wrasse. Unfortunately, current knowledge on the thermal biology including thermal tolerance limits of ballan wrasse is very limited despite its growing popularity as cleaner fish in the salmon industry.

Fish thermal tolerance can be determined using laboratory measures such as the incipient lethal temperature technique (ILT), chronic lethal methodology (CLM), and critical thermal methodology (CTM) (Beitinger and Lutterschmidt, 2011). These tests involve subjecting fish to thermal challenge, either increasing or decreasing temperatures, to determine upper or lower thermal limits. While ILT and CLM rely on mortality as the endpoint, CTM is a non-lethal test that uses loss of equilibrium (LOE) as the endpoint, hence is generally used for ethical consideration. Considering that the thermal tolerance limits of fish are markedly influenced by thermal experience, these tests are performed on fish that have been acclimated at a range of temperatures (Becker and Genoway, 1979; Beitinger and Bennett, 2000). It is known that acclimation temperature regulates the standard metabolic rate and aerobic scope of fish, affecting their capacity to cope with external stimuli (Farrell, 2009; Moyano et al., 2017).

The heat shock and other molecular responses of fish to thermal stimuli (e.g., exposure to thermal tolerance limits) can similarly be altered by prior thermal experience, however the role of acclimation temperatures is often overlooked in studies looking at heat response in fish (Logan and Buckley, 2015). In molecular studies where acclimation temperature is accounted, the focus is limited to either response to upper or lower limit, but rarely both (Logan and Somero, 2011; Hu et al., 2016). Hence a comprehensive investigation on the molecular response of fish to both upper and lower thermal tolerance limit and across different acclimation temperatures is lacking.

Understanding the thermal biology and physiology of fish species is essential for successful aquaculture however, this knowledge is lacking for ballan wrasse. Thus, this study aimed to determine the thermal tolerance of ballan wrasse using the CTM. Specifically, we examined the upper and lower thermal tolerance limits after acclimating the fish to a range of temperatures. Gill tissue samples were analysed for transcriptomic changes in response to these acclimation temperatures and exposure to thermal tolerance limits. These analyses provided novel insights into the plasticity of underlying molecular response to temperature in fish.




2 Materials and methods



2.1 Animal ethics

The trial was performed according to the guidelines of the Animals Scientific Procedures Act 1986 (Home Office Code of Practice. HMSO: London January 1997) and in accordance with EU regulation (EC Directive 86/609/EEC). Prior to conducting the trial, it has undergone thorough ethical review and received approval from the Animal Welfare and Ethical Review Body of the University of Stirling (AWERB 2022 7597 7975). This study was conducted under the project licence number PBBB474D5 (Environmental and genetic regulation of fish physiology) and personal licence number I76131148 (PA Palma).




2.2 Experimental fish

Hatchery-bred ballan wrasse (21.5 ± 3.1 g, 10.5 ± 0.4 cm, condition factor (K) = 1.9 ± 0.2; mean ± S.D.) were obtained from Otter Ferry Seafish Ltd. (OFS; Tighnabruaich, Scotland) and transported to the University of Stirling Marine Environmental Research Laboratory (MERL, Machrihanish, Scotland) where the experiment was conducted. Fish were produced from wild-sourced broodstock and were grown using standard practice at OFS. At MERL, fish were divided into three 100-L flow through tanks (60 fish/tank) equipped with artificial hides and aeration. Fish were held in these tanks for two weeks at ambient temperature of 13.2 ± 0.2°C to allow recovery from transport. During this period, fish were fed 1.5% biomass/day with a commercial wrasse diet (Symbio Plus 1.5; BioMar, Denmark) and photoperiod maintained at 12:12 light:dark cycle. Water quality parameters were monitored daily (salinity 33.0 ± 0.0 ppt, D.O. 96.9 ± 0.7%). We note that this species is a protogynous hermaphrodite and is undergoing early stage of oogenesis at this size (Palma et al., 2023).




2.3 Critical thermal tolerance limits

Following post-transport recovery, water temperature in each of the three tanks was gradually adjusted (~1°C/day) from ambient 13.2°C temperature to either 6, 10 or 14°C, where fish were acclimated for 7 days. Actual temperatures were 6.2 ± 0.1, 10.1 ± 0.1, 13.9 ± 0.2°C, respectively. During acclimation, water quality and photoperiod were maintained as during quarantine. Fish were also fed at a similar rate except 24 h prior to thermal tolerance test, when fish were fasted.

Critical Thermal Methodology (CTM) was used to determine the upper (critical thermal maxima; CTmax) and lower (critical thermal minima; CTmin) thermal tolerance limit of ballan wrasse as described by Beitinger and Lutterschmidt (2011). In each acclimation group, 20 fish were used to determine CTmax and another 20 for CTmin. During the test, fish were individually placed in baskets in the experimental setup (Figure 1) with the same water temperature as their acclimation tank and allowed to adjust for about 10-15 mins. Only a maximum of four fish were challenged each time. The water temperature was then either chilled or heated (Figure 1) at a ramping rate of ~0.3°C/min until fish displayed LOE which was considered as the endpoint (i.e., CTmin or CTmax). LOE is defined as “the inability to maintain an upright position in the water column” (Lee et al., 2016; Rodgers et al., 2019). Fish were then either immediately transferred to a recovery tank or held at the endpoint temperature in the challenge container for 10 mins followed by euthanasia for tissue collection.




Figure 1 | Experimental setup for CTM to determine (A) CTmin and (B) CTmax. The experimental set up consisted of a plastic tub with seawater (8 L for CTmin, 11 L for CTmax), a pump for water circulation, temperature probe for monitoring of water temperature, and four baskets that individually hold the fish. For CTmin, another pump was used to move the water from the experimental setup, into a chiller (input) (TK 150 Aquarium Chiller; TECO, USA) and back (output). For CTmax, a submersible heater (V2 Therm 200 Digital Heater; TMC, UK) was placed at the bottom of the experimental setup.



The thermal tolerance polygon was constructed based on mean critical limits values at different acclimation temperatures. Tolerances zones were drawn, and the areas calculated expressed as °C2. Thermal breadth (Tbr) was calculated as the difference between CTmax and CTmin. Upper Tbr and Lower Tbr were also calculated as the difference between the acclimation temperature and CTmax and CTmin, respectively.




2.4 Sample collection

Gill tissue samples were collected in this study given its critical function in thermal physiology and its sensitivity to thermal conditions. After reaching the critical thermal limits during thermal challenge, some fish (CTmax and CTmin = 12/acclimation group) were held at the endpoint temperature (i.e., CTmax or CTmin) for 10 mins and then euthanized by anaesthetic overdose (200 ppm, MS-222 bath; Pharmaq, UK) followed by destruction of brain. For each acclimation temperature, tissue sample of left gills were collected from fish exposed to CTmax (n = 12/acclimation group) or CTmin (n = 12/acclimation group). Tissue samples were also collected from fish that were acclimated at different temperatures but not subjected to CTM (n = 12/acclimation group) which served as base samples. Tissues were placed in RNA preservation buffer (3.62 M ammonium sulphate, 20 mM sodium citrate, 10 mM EDTA di sodium salt; pH 5.2) which were kept overnight at 4°C and then stored at -80°C until RNA extraction.




2.5 Transcriptome analysis



2.5.1 RNA extraction and sequencing

RNA extraction was done using QIAGEN (Germany) RNeasy Mini Kit following the manufacturer’s instruction. RNA extracts were resuspended in molecular grade water (Thermo Fisher, USA) and stored at -80°C. The extracts were quantified on NanoDrop™ 2000 (Thermo Scientific, USA) and the quality checked through agarose gel electrophoresis. For each of the three acclimation temperatures, 6 base samples, 6 from CTmax and 6 from CTmin were randomly selected and sent for commercial sequencing (Azenta/GENEWIZ UK Ltd., UK). Commercial quality check confirmed the RNA Integrity Number of the samples to be ≥ 7.0. This was followed by library preparation and sequencing on Illumina NovaSeq platform (150 bp pair-end reads).




2.5.2 Transcriptome assembly and annotation

Raw sequence data were cleaned using fastp (Chen et al., 2018). Sequences were then aligned against ballan wrasse genome assembly (BallGen_V1 [GCA_900080235.1], Ensembl) using HiSat2 v2.2.0 (Kim et al., 2019). This was followed by annotation using stringtie v2.1.0. Sequences were deposited in the database of the European Bioinformatics Institute (Project No. PRJEB61459).




2.5.3 Differential gene expression analysis

Differential gene expression was analysed using DESeq2 (version 1.40.2) package on R by comparing the transcriptome of: (1) base samples or fish acclimated at 6°C and 14°C against 10°C, and (2) fish subjected to CTmax or CTmin against the base samples in each acclimation temperature. Differentially expressed genes (DEGs) were identified based on threshold adjusted P-value of 0.05 and Log2 fold change of 1. Venn diagrams were created using ggVenDiagram (version 1.2.2) R package to show shared and unique DEGs between treatment groups.




2.5.4 Gene ontology enrichment analysis

Gene ontology (GO) term enrichment analysis for DEGs was done on g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) using the g:GOSt Functional Profiling option. DEGs were used as input to obtain statistically significantly enriched GO terms (P<0.05) under different biological domains namely molecular function, cellular component, and biological process. Shared and unique terms were visualized on Venn diagrams created using ggVenDiagram (version 1.2.2) R package. The driver GO terms or the leading gene sets among closely related sub-ontogenies were also identified using g:Profiler.





2.6 Statistical analyses

The normality of data (CTmax, CTmin, Upper Tbr, and Lower Tbr) distribution was initially tested using Shapiro-Wilk Test performed in IBM SPSS Statistics (version 29.0.2.0) software. Since data was not normally distributed, differences in average values among acclimation groups were determined by Kruskal-Wallis Test followed by multiple pairwise comparisons with Bonferroni adjustment. Differences were considered significant at P <0.05.

Principal Component Analysis was conducted using DESeq2 (version 1.40.2) package on R to determine the effects of thermal acclimation temperatures and subsequent exposure to thermal limits (i.e., CTmax and CTmin) on gill transcriptome of ballan wrasse.





3 Results



3.1 Thermal tolerance of ballan wrasse

Acclimation temperatures resulted in differences in fish behaviour especially at 6°C wherein fish displayed inactivity, mainly laying at the bottom of the tank. In comparison, fish at 10 and 14°C were relatively more active, swimming in the upper and middle portions of the tank. There was no mortality recorded during the acclimation period in all groups.

The thermal tolerance values of ballan wrasse are shown in Table 1. CTmax (22.8 ± 1.2°C) and CTmin (7.9 ± 0.7°C) were highest in fish acclimated at 14°C. Critical thermal limits decreased significantly when fish were acclimated at lower temperatures. Fish acclimated at 6°C displayed the lowest CTmax (16.8 ± 2.3°C) and CTmin (3.4 ± 0.8°C). Similarly, Tbr appeared to be wider for 10 and 14°C groups (15.0-15.6°C) compared to Tbr at 6°C (13.4°C). The same trend was observed for Lower Tbr, as evidenced by significantly increasing values. Interestingly, Upper Tbr was significantly larger at 10°C (12.3 ± 1.7°C) relative to other groups with 14°C group showing significantly lower Tbr (8.8 ± 1.2°C).


Table 1 | Thermal tolerance limits and thermal breadth of ballan wrasse acclimated at different temperatures.



The thermal tolerance polygon is divided into acquired tolerance zone and intrinsic tolerance zone as shown in Figure 2. The intrinsic tolerance zone or the temperatures that fish were able to tolerate regardless of the prior acclimation temperature ranged from 7.9 to 16.8°C. With prior acclimation, fish acquired an upper tolerance of up to 22.8°C and lower tolerance of 3.4°C.




Figure 2 | Critical thermal tolerance polygon of ballan wrasse constructed from mean CTmax and CTmin values. Total area of thermal tolerance polygon is 129.9°C2.






3.2 Effects of thermal acclimation on gill transcriptome

Acclimation to a range of temperatures for a week markedly influenced the gill transcriptome profile of ballan wrasse as shown through the Principal Component Analysis (PCA; Figure 3) and differential gene expression analysis and GO term enrichment analysis (Figure 4). The PCA plot of the normalized gill transcriptomic response of ballan wrasse to acclimation and subsequent exposure to CTmax and CTmin shows that, along PC1 (24% variance explained), transcriptome response of individuals tends to cluster and exhibit a global shift according to acclimation temperature. Separation or clustering according to exposure to the critical thermal limits was not observed.




Figure 3 | Principal component analysis of global gill transcriptome in ballan wrasse in response to different acclimation temperatures and exposure to either CTmax or CTmin. Each dot represents individual fish. Sample number is 18 fish/temperature group, consisting of 6 fish exposed to CTmax, 6 to CTmin and 6 basal. Total sample number is 72.






Figure 4 | Effects of temperature on the gill transcriptome profile of ballan wrasse. (A) Bar plot of number of up- and down-regulated genes, (B) Venn diagram of common and unique genes differentially expressed per acclimation group, (C) Venn diagram of common and unique GO terms significantly enriched in each acclimation group, and (D) driver GO terms which were classified under three domains – biological process, cellular component, and molecular function. DEGs at 6°C and 14°C were determined relative to 10°C.



Results of differential gene expression and GO term enrichment analyses are shown in Figure 4. The number of DEGs were much higher in 14°C fish compared to 6°C (Figure 4A). We found that the identity of the DEGs were predominantly unique to each temperature group (Figure 3B), although GO term enrichment analysis showed that all three temperature groups shared 8% GO terms (Figure 4C). Fish in 6°C group showed activation of various driver GO terms such as “response to cold”, “response to abiotic stimulus”, and “circadian rhythm” under the Biological Process domain (Figure 4D). In comparison, 14°C enriched various driver GO terms in all of three domains. One driver GO term “photoperiodism” was found to be affected by both 6 and 14°C temperatures.




3.3 Gill transcriptome response to CTmax and CTmin

Gill transcriptome analyses have shown varying response to critical thermal limits depending on temperature (Figure 5). The number of DEGs were relatively higher in response to CTmax compared to CTmin (Figure 5A). The highest number of DEGs in response to CTmax was in 14°C fish followed by 10°C while fish at 6°C exhibited the least number of DEGs (Figure 5A). In response to CTmin, fish at 10°C had the highest number of DEGs followed by those at 14°C and then at 6°C (Figure 5A). Interestingly, the DEGs in response to both CTmax and CTmin are all unique to each group acclimated at different temperatures (Figures 5B, C), except 10 and 14°C that shared 4% DEGs in response to CTmax. We found that transcriptomic changes appear to be different in response to CTmax compared to CTmin at 6 and 14°C where common DEGs is only 0-7% (Figures 5D, F). At 10°C, CTmax and CTmin share 43% genes in common (Figure 5E). The top DEGs (based on q-value) found in response to CTmax and CTmin at different acclimation temperatures are shown in Table 2. The complete list of DEGs is provided in Supplementary Data Sheet 1.




Figure 5 | Differentially expressed genes in the gills of ballan wrasse exposed to CTmax or CTmin following acclimation to either 6°C, 10°C, or 14°C. (A) Number of up- and down-regulated genes, and (B-F) common and unique genes differentially expressed at CTmax or CTmin at different acclimation temperatures.




Table 2 | Top DEGs in response to CTmax and CTmin following acclimation at different temperatures.



Results of GO term enrichment analysis is shown in Figure 6. The number of enriched GO terms in response to CTmax was highest in fish at 14°C followed by fish at 10°C while the number of enriched GO terms in response to CTmin was highest in fish at 10°C followed by fish at 14°C (Figure 6A). Due to limited number of DEGs in fish at 6°C, the analysis was not able to identify significantly enriched GO terms. These observations are consistent with our data on the number of DEGs (Figure 5A). We found common GO terms (2-20%) in response to CTmax or CTmin in fish at 10 and 14°C (Figure 6B).




Figure 6 | Gene ontology analysis of differentially expressed genes in the gills of ballan wrasse exposed to CTmax or CTmin following acclimation to either 6°C, 10°C, or 14°C. (A) Total number of significantly enriched GO terms, (B) common and unique GO terms between groups, and (C) driver GO terms classified under three domains – Biological Process, Cellular Component, and Molecular Function.



The driver GO terms were identified from the total enriched GO terms and are shown in Figure 6C. The complete list of all significantly enriched GO terms is shown in Supplementary Table 1. The driver GO terms are divided into three domains namely Biological Processes (41%), Cellular Components (18%) and Molecular Functions (41%). At 10°C, driver GO terms that are common in CTmax or CTmin include “gas transport”, “myeloid cell differentiation”, “hemoglobin complex”, “oxygen carrier activity”, “oxygen binding” and “heme binding”. Driver GO terms, “myeloid cell differentiation” and “multicellular organismal-level homeostasis” were found only in CTmax while “binding” was only found in CTmin. In comparison, fish at 14°C had a driver GO term (“extracellular region”) that was common in CTmax and CTmin while the rest were only found in response to CTmax such as “photoperiodism”, “circadian regulation of gene expression”, “transcription regulator complex”, and “transcription regulator activity”.





4 Discussion

Temperature is a major regulator of fish physiology and behaviour. For ballan wrasse that is deployed in salmon cages to control sea lice infection, changes in water temperature can have major impact on their delousing performance. Despite the extensive use of ballan wrasse in the salmon farming sector, very little is known regarding the species thermal biology, specifically its intrinsic and acquired thermal tolerance limits hence there is no reference for interpretation or prediction of the species behaviour at different ambient temperatures. In this study, we determined the upper and lower thermal tolerance limits of ballan wrasse which showed plasticity as influenced by acclimation temperatures. Given the fragmentary information on tissue specific molecular changes in response to thermal stimuli, we analysed the gill transcriptome profiles of ballan wrasse associated with exposure to CTmax and CTmin which we found to be altered by acclimation temperature.

The thermal tolerance limits (CTmax and CTmin) of ballan wrasse acclimated at a range of temperatures (6, 10 o 14°C) were determined using CTM in this study. We found that thermal tolerance limits were directly related to the acclimation temperatures. Specifically, the highest CTmax and CTmin values were observed in 14°C fish while lowest CTmax and CTmin values were observed in 6°C fish. Similar trend has been reported in other fish species such as Atlantic salmon (Elliott, 1991), Arctic charr (Salvelinus alpinus) (Elliott and Klemetsen, 2002), Atlantic herring (Clupea harengus) and European seabass (Dicentrarchus labrax) (Moyano et al., 2017), and is consistent with the established thermal tolerance model in fish (Beitinger and Lutterschmidt, 2011). These studies clearly demonstrate the plasticity of thermal tolerance limits in fish, especially the effects of prior thermal experience. This also underscores the importance of testing for thermal tolerance at different acclimation temperature which is overlooked in some studies. Previous report on the plasticity of thermal tolerance in fish has pointed some degree of sexual dimorphism (Pottier et al., 2021) however such observation does not apply to ballan wrasse given their nature as protogynous hermaphrodites, with all individuals initially developing as females (Palma et al., 2023).

It should be noted that although CTM has been widely used to evaluate thermal tolerance in fish, caution must be taken when interpreting the endpoints. CTmax and CTmin are more relevant when used as basis to construct a thermal tolerance polygon where the intrinsic and acquired thermal tolerance zones can be drawn from (Eme and Bennett, 2009; Desforges et al., 2023). In the current study, a critical thermal tolerance polygon was constructed which showed the intrinsic tolerance zone of ballan wrasse, bound by 7.9°C and 16.8°C. Intrinsic tolerance zone represents the temperatures that fish can tolerate regardless of prior acclimation temperature. It is interesting to note that in the wild, temperate species of wrasse are known to avoid areas where temperature is below 8°C (Dipper et al., 1977). Indeed, ballan wrasse inhabiting Portelet Bay, Jersey (English Channel) have been observed to enter a state of dormancy or torpor during winter when mean water temperature is around 8.2°C (Morel et al., 2013). Similarly, anecdotal observations by salmon farmers suggest that delousing activity by ballan wrasse stops when temperature drops below 8°C (Brooker et al., 2018; Yuen et al., 2019). The temperature at which behavioural changes (i.e., dormancy) have been observed in the wild and under captive conditions supports the estimated lower end of intrinsic tolerance of ballan wrasse found in the present study. Although the exact physiological mechanism governing low temperature dormancy in fish is not completely understood, the shift from normal behaviour to dormancy is likely regulated by a threshold temperature (Soyano and Mushirobira, 2018). And based on the observations from the present and previous studies, the threshold temperature for ballan wrasse appears to be around 8°C.

The thermal tolerance polygon further shows that thermal tolerance of ballan wrasse can extend beyond the intrinsic zone when allowed to acclimate. Indeed, the acquired tolerance zone extends from 3.4°C (lower) to 22.8°C (upper). In this study, ballan wrasse acclimated at 6°C displayed lethargic behaviour characterised by a lack of swimming activity and positioning at the bottom of the tank. This is consistent with a previous observation of ballan wrasse acclimated for two weeks at 5°C (Yuen et al., 2019). Acclimation of ballan wrasse at such low temperature is associated with significant suppression in metabolic condition (Yuen et al., 2019). Additionally, long-term exposure (4.5 months at 6°C) leads to increased prevalence of emaciation and scale loss, significant reduction in epidermal thickness and epidermal mucous cells, as well as upregulation of the immune marker interleukin 6 (il-6) (Kottmann et al., 2023). These observations seem to suggest that the tolerance of ballan wrasse to temperatures below the intrinsic tolerance zone is facilitated through physiological and metabolic adaptation that has health and welfare trade-offs that are evident after extended period of exposure. In Tvedestrand fjord in Norway, ballan wrasse have been noted to explore wide areas of the water column with temperatures ranging from 12 to 17°C during summer, while activity is limited to areas with 7 to 8°C during spring and 8 to 9°C during winter (Freitas et al., 2021). It is likely that ballan wrasse may have developed a strategy to survive winter season by utilizing areas with temperature that is sufficiently low (i.e., around the threshold) to trigger dormancy but not too low to minimize negative health and welfare consequences. To ensure the welfare and sustain year-round delousing activity of ballan wrasse during deployment in salmon farms, the industry could benefit from selecting populations that are more tolerant to low temperatures. To achieve this, molecular markers associated with thermal tolerance must first be developed. Meanwhile, rearing ballan wrasse in hatchery facilities with controlled water temperatures should maintain thermal conditions above ~8°C to prevent dormancy and ensure continued feeding activity and growth.

The Tbr of ballan wrasse in the present study, calculated as the difference between CTmax and CTmin, was also affected by acclimation temperature. The lowest Tbr value was recorded in fish acclimated at 6°C while fish acclimated at 10 and 14°C had relatively higher Tbr. A previous study in ballan wrasse has demonstrated that low acclimation temperature reduces the metabolic performance (i.e., aerobic scope), which limits the fish physiological capacity to cope with environmental challenges (Kassahn et al., 2009; Petitjean et al., 2019; Yuen et al., 2019). Similar effect of acclimation temperature on Tbr has been reported in other species such as Atlantic salmon (Hvas et al., 2017) and lumpfish (Cylopterus lumpus) (Hvas et al., 2018). Some species such as Atlantic salmon can tolerate a wide range of temperature with estimated thermal tolerance limit below 0°C and up to 33°C which is a necessary adaptation for its migratory behaviour (Elliott, 1991; Farrell, 2009; Calado et al., 2021). In comparison, ballan wrasse naturally exhibit high site fidelity covering only a relatively small area in the wild therefore its narrow Tbr is not surprising (Villegas-Ríos et al., 2013; Skiftesvik et al., 2015).

There have been many studies that show the significant impact of thermal acclimation on fish transcriptome profile although these were mostly limited to either low- or high-temperature only. In this study, we were able to compare the transcriptome response to both low- and high-temperature conditions that ballan wrasse experience in the field (i.e., winter and summer). The gill transcriptome profile is different in fish from 6°C and 14°C as evidenced by global shifts in PCA analysis. Similar findings were reported in the gill transcriptome of wild pink salmon (Oncorhynchus gorbuscha) and sockeye salmon (O. nerka) wherein 5 to 7 days acclimation at either cool (13-14°C) or warm condition (19°C) resulted in distinct separation of acclimation groups in PCA plot (Jeffries et al., 2014). These global shifts in transcriptome are likely driven by temperature-dependent pathways and gene networks as previously reported in rainbow trout (O. mykiss) (Rebl et al., 2013). Between the acclimation groups, the number of DEGs and subsequently the enriched GO terms are higher in 14°C compared to 6°C fish which is plausible and reflective of the active behaviour and physiology of ballan wrasse at 14°C and its dormancy at 6°C. Moreover, this is supported by the identity of enriched driver GO terms across different domains in fish at 14°C while enriched driver GO terms at 6°C only include “response to cold” and “response to abiotic stimulus”.

The subsequent impact of acclimation on the transcriptome of fish in response to CTmax and CTmin has been particularly understudied. In the present study, since the Upper and Lower Tbr values were affected by acclimation temperature, the time it took to reach CTmax or CTmin also varied between the acclimation groups. Thus, a bias in transcriptome response was anticipated towards those that spent more time in the challenge unit. However, the number of DEGs in response to CTmax (6°C < 10°C < 14°C) was not consistent with the order of Upper Tbr (14°C < 6°C < 10°C). The number of DEGs in response to CTmin (6°C < 14°C < 10°C) were also inconsistent with the Lower Tbr (6°C < 10°C < 14°C). Our findings are in agreement with previous speculation in longjaw mudsucker (Gillichthys mirabilis) that the differences in gill transcriptome response to thermal challenge is primarily driven by acclimation temperature rather than the time taken to reach point of LOE (Logan and Somero, 2011). In juvenile lake whitefish (Coregonus clupeaformis), acclimation at different temperatures (6, 12 or 18°C) followed by exposure to ramping water temperature (0.2°C/min) until sublethal level (2°C-less than CTmax) resulted in expression of heat shock response genes (hsp70, hsp47, hsp90β, hsc70) in the gills that was consistently highest in 12°C-acclimated fish (Manzon et al., 2022). In the present study, DEGs were highest at 14°C (CTmax) and 10°C (CTmin) and consistently lowest at 6°C. These observations likely suggest that molecular responses to temperature challenge are facilitated in an ideal (presumably optimal) thermal environment and constrained in suboptimal condition.

Further examination of the gill transcriptome profiles of ballan wrasse shows that the identity of DEGs in response to both critical thermal limits and the enriched GO terms were predominantly different between acclimation temperatures. At 6°C, transcriptome response to CTmax and CTmin was minimal, and shared 0% common DEGs. One of the DEGs found was slc25a15b which is associated with metabolic processes including temperature adaptation as well as maintenance of homeostasis in fish (Guderley and Johnston, 1996; Jiang et al., 2013). The low number of DEGs was insufficient to identify significantly enriched GO terms. This could be because of reduced transcription activity at low temperature and as part of overall metabolic depression and energy-saving strategy during dormancy in fish (Soyano and Mushirobira, 2018; Reeve et al., 2022). However, this could imply that during winter, when ambient temperatures drop to around 6°C and transcription activity is constrained, the ballan wrasse’s capacity to cope with environmental stressors is compromised, making them more vulnerable.

At 10°C, driver GO terms such as “gas transport”, “embryonic haematopoiesis”, “hemoglobin complex”, “oxygen carrier activity”, “oxygen binding”, and “heme binding” were shared by CTmax and CTmin. Similar GO terms (e.g., “oxygen transport”, “hemopoiesis”, and “hemoglobin biosynthetic process”) were also significantly enriched in zebrafish exposed to lethal low temperature (Long et al., 2015). Consistently, among the top DEGs found such as sptb, ANK1 and gatala have known functions associated with structure, development and function of red blood cells (Liao et al., 2000; Li et al., 2014; Daane et al., 2020). These observations suggest that a key molecular response to critical thermal limits is to facilitate efficient uptake and supply of oxygen. However, we note that this appears to be only true at 10°C and not at 6 and 14°C acclimation group.

At 14°C, driver GO terms at CTmax and CTmin were entirely different to other acclimation groups and include “photoperiodism” and “circadian regulation of gene expression”, among others. “Circadian rhythm” is also among the significantly enriched GO terms in delta smelt (Hypomesus transpacificus) and inland silverside (Menidia beryllina) exposed to sublethal temperatures (Komoroske et al., 2021). Among the top DEGs include genes such as clocka, per3, nr1d2b, cry3a, and dbpa which are known to regulate circadian rhythm in fish (Zhdanova and Reebs, 2005; Amaral and Johnston, 2012; Frøland Steindal and Whitmore, 2019). These observations indicate the role of temperature as an environmental zeitgeber (time cue) that influences circadian rhythm in fish (Zhdanova and Reebs, 2005). Taken together, our findings suggest that during deployment in salmon cages, the physiological and molecular response strategies of ballan wrasse to environmental stimuli or stressors vary with seasonal changes in ambient temperature. Furthermore, our findings highlight that future studies examining the molecular responses of fish to environmental stimuli should consider the effects of holding temperature when interpreting the results.

This study is the first to investigate gill transcriptome response of fish to both upper and lower critical thermal limits following acclimation at different temperatures. Thorough comparison of our results with other studies is difficult given that most studies do not account for prior acclimation temperature when investigating transcriptomic response to critical thermal limits. Additionally, previous studies primarily focus on either upper or lower thermal tolerance limit but not both. Further studies are needed to fully understand how molecular response shifts between acclimation temperature and between upper and lower thermal limits. This includes effects of longer period of acclimation and longer exposure to thermal limits. The epigenetic effects of seasonal ambient temperature may provide another explanation on the observed differences in DEGs at different acclimation temperature hence should be further explored. In the present study, we analysed the transcriptome response in gill tissues given its sensitivity to thermal fluctuation in the environment however other tissues such as liver, kidney and brain can also provide useful information on thermal tolerance in fish (Logan and Buckley, 2015; Li et al., 2021). To further understand the physiological changes in ballan wrasse because of seasonal fluctuation in water temperature, various physiological parameters (e.g., stress and immune) should also be analysed following exposure to different temperatures.

In summary, this study is the first to investigate the thermal tolerance of ballan wrasse, specifically its critical thermal tolerance limits (CTmax and CTmin) which varied depending on acclimation temperature. Data generated from the critical thermal methodology enabled the construction of a thermal tolerance polygon, revealing the intrinsic (7.9 to 16.8°C) and acquired (3.4 and 22.8°C) thermal tolerance zones of ballan wrasse. This provides insights into a potential threshold temperature of around 8°C that triggers winter dormancy in this species. Thermal conditions during hatchery production of ballan wrasse should be kept well above this threshold so as not to trigger dormancy and disrupt feeding activity and growth. To address the issue associated with poor delousing activity of ballan wrasse in winter during deployment in salmon cage, genetic selection for low temperature-tolerance must be pursued. In terms of the underlying gill transcriptome response, acclimation to different temperatures led to global shifts in the gill transcriptome profile of ballan wrasse. Moreover, acclimation to different temperatures alters the DEGs and enriched GO terms in response to CTmax and CTmin strongly suggesting that molecular response strategies of ballan wrasse to environmental stimuli during deployment in cages vary depending on seasonal in ambient temperature. New insights into the thermal physiology of ballan wrasse are directly relevant to both wild and farmed populations deployed in salmon farms across Europe, highlighting seasonal differences in welfare, condition, behaviour, and delousing efficacy.
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DEGs were identified based on threshold adjusted P-value of 0.05 and Log2 fold change (log2FC) of 1. Top DEGs were selected based on q-values, calculated as -log(adjusted p-value).
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Acclimation

Temperature
6°C 16.8 + 2.3 34+08" 134 10.8 +2.3° 2.6+ 08"
10C 223+ 17 67+12° 156 | 123+ 17 33+12°
14°C 28+ 12" 7.9 0.7 150 88+ 12° 6.1+07"

Values (except Ty,) indicate mean of 20 fish + S.D. Values within each column that share the same superscript are not significantly different (post-hoc analysis based on Kruskal-Wallis Test with
Bonferroni adjustment, P<0.05). CT gy, critical thermal maxima (i.e., upper thermal tolerance limit); CT iy, critical thermal minima (i.e., lower thermal tolerance limit); Ty, Thermal breadth.
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