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Molecular Response to Extreme Summer Temperatures Differs Between Two Genetically Differentiated Populations of a Coral Reef Fish









	 
	ORIGINAL RESEARCH
published: 28 September 2018
doi: 10.3389/fmars.2018.00349





[image: image]

Molecular Response to Extreme Summer Temperatures Differs Between Two Genetically Differentiated Populations of a Coral Reef Fish

Heather D. Veilleux1*, Taewoo Ryu2, Jennifer M. Donelson1, Timothy Ravasi3 and Philip L. Munday1*

1ARC Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, QLD, Australia

2APEC Climate Center, Busan, South Korea

3KAUST Environmental Epigenetic Program, Division of Biological and Environmental Sciences and Engineering, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

Edited by:
Jose M. Eirin-Lopez, Florida International University, United States

Reviewed by:
Adam Michael Reitzel, University of North Carolina at Charlotte, United States
Marta Barluenga, Consejo Superior de Investigaciones Científicas (CSIC), Spain

*Correspondence: Heather D. Veilleux, heather.veilleux@jcu.edu.au Philip L. Munday, philip.munday@jcu.edu.au

Specialty section: This article was submitted to Marine Molecular Biology and Ecology, a section of the journal Frontiers in Marine Science

Received: 05 June 2018
Accepted: 10 September 2018
Published: 28 September 2018

Citation: Veilleux HD, Ryu T, Donelson JM, Ravasi T and Munday PL (2018) Molecular Response to Extreme Summer Temperatures Differs Between Two Genetically Differentiated Populations of a Coral Reef Fish. Front. Mar. Sci. 5:349. doi: 10.3389/fmars.2018.00349

Extreme thermal events are increasing in frequency and duration as the climate continues to warm, with potential detrimental effects on marine organisms. However, the effects of heatwaves may differ among geographically separated populations depending on their capacity for thermal plasticity. Here, we compared the response to simulated summer heatwave temperatures (+1.5 and +3.0°C above average) in two populations of a coral reef damselfish with different capacities for thermal plasticity. We found that the more thermally tolerant population had greater plasticity of gene expression and had significantly more downregulated genes, which may provide more energy to repair damage associated with thermal stress and to maintain basic functions at these extreme temperatures. In contrast, the thermally sensitive population exhibited higher basal levels of heat shock proteins and had three times fewer changes in gene expression overall. The limited changes in gene regulation suggest that individuals have reduced genome plasticity to tolerate thermal fluctuations and consequently may not have enough energy to repair damage and resume cellular homeostasis at extreme temperatures. Thus, we have identified the molecular signatures of how two genetically distinct fish populations cope with an extreme thermal event, and why they differ in their capacity for thermal plasticity.
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INTRODUCTION

Extreme thermal events are increasing in frequency as the climate continues to warm (King et al., 2017). The COP21 Paris agreement on climate change is to limit the increase in global average temperature to well below 2°C above pre-industrial levels and to pursue efforts for only a 1.5°C increase. However, even with a 1.5°C increase in average temperature, extreme thermal events are 33% more likely to occur, and are 55% more likely if the average temperature increases by 2°C (King et al., 2017). Over the past 20 years, there have been four pan-tropical mass bleaching events coinciding with marine heatwaves (Hughes et al., 2017): 1998, 2002, 2016, and 2017. In the most extreme event to date, water temperatures in 2016 on the northern Great Barrier Reef (GBR) in Australia were 1.3–2.4°C above average for several months (Australian Bureau of Meteorology [BOM], 2016), killing more than 50% of corals on reefs in the far northern region (Hughes et al., 2018). Such thermal anomalies will become more frequent and severe as the oceans warm further with possible negative effects on a greater range of marine life. Therefore, it is imperative that we understand how marine species can respond to extreme thermal events if we are to properly manage marine ecosystems in the future.

The effects of extreme thermal events may differ among populations depending on their thermal tolerance and capacity for plasticity, which may arise due to adaptation to the local thermal environment. Lower latitude populations are predicted to be more sensitive to extreme temperatures than their higher latitude counterparts because they have narrower reaction norms and live closer to their thermal optimum and maximum (Tewksbury et al., 2008; Sunday et al., 2012). This narrow thermal performance is related to having evolved in an environment with a smaller range of thermal conditions, in contrast to higher latitude populations that experience a greater range of seasonal temperatures and have evolved broader reaction norms (Tewksbury et al., 2008; Sunday et al., 2012). The proximity of current tropical populations to their upper thermal limits during summer is of concern because it infers limited tolerance to both projected future average ocean temperatures and extreme thermal events (Tewksbury et al., 2008; Rummer et al., 2014; Rodgers et al., 2018). The capacity of individuals to respond to warming through plasticity will influence the thermal resilience of populations. Previous research has generally focused on the capacity of individuals to respond to the average projected warming within and across generations (Donelson and Munday, 2012; Donelson et al., 2012; Salinas and Munch, 2012; Shama et al., 2016). Little is known about the plasticity that may occur in response to an extreme thermal event (i.e., marine heatwave) and whether genetic differences between populations will affect the response to higher temperatures.

At the molecular level, environmental perturbations result in strained molecular function that can lead to damaged DNA, proteins, or other important macromolecules (Kültz, 2003). Although the specific genes affected during thermal stress are highly variable across taxa, there are two general but highly conserved responses: (1) the more transient cellular stress response (CSR) and (2) the cellular homeostasis response (CHR), which is sustained until conditions improve (Kültz, 2005). The CSR is activated when damage to cell membranes, DNA, or proteins is detected, and when changes in cellular redox state are sensed. This then signals for the cessation of growth and proliferation, activates cell cycle checkpoints, induces molecular chaperones to repair proteins or signal them for degradation (heat shock response), affects metabolic pathways to meet increased energy demands for the CSR and cellular antioxidant systems, and, in some cases, initiates programmed cell death (apoptosis) (Kültz, 2005). If the stressed condition persists, the CHR is established in order to maintain basic functions in the new environment (Kültz, 2005). Transcriptomic analysis exploring overall changes in gene expression is becoming a popular tool to understand how species and populations of fishes will cope with thermal stress (reviewed by Logan and Buckley, 2015). Interestingly, it has been found that species that have evolved in a narrow thermal range (i.e., tropic or polar regions) tend to lack a heat shock response when exposed to increased temperatures, although other genes in the CSR are activated (Hofmann et al., 2000; Kassahn et al., 2007a). Furthermore, it has been suggested that limited changes in gene expression following short-term (e.g., 28-day) exposure to high temperatures indicate the animal is at the extremes of its thermal tolerance (Logan and Somero, 2011).

Temperatures just 1.5–3°C above average can affect growth, reproduction, swimming ability, and behavior of coral reef fishes (Munday et al., 2008; Johansen and Jones, 2011; Pratchett et al., 2015). Variation in sensitivity to elevated temperatures is observed, with equatorial and lower latitude populations appearing to have a smaller safety margin for the negative effects of warming (Rummer et al., 2014; Rodgers et al., 2018) and exhibiting less thermal plasticity (Donelson and Munday, 2012) compared with higher latitude populations. In this study, we tested the molecular responses to an extreme thermal event in two genetically differentiated populations of the spiny chromis damselfish, Acanthochromis polyacanthus, from different geographical locations on the GBR. Over the past 13 years, the higher latitude Heron Island population has experienced an average of 2°C cooler temperatures throughout the year compared to the lower latitude Palm Island population, and although the two populations have similar seasonal variation in temperature, the Heron Island population experiences over twice as much variation in daily temperatures compared with the Palm Island population (Supplementary Table S1). Furthermore, water temperature at Heron Island much more regularly exceeds +1.5°C above the summer average compared to Palm Island (Supplementary Table S2).

Previous studies show that the Heron Island population of A. polyacanthus has a superior capacity for plasticity of aerobic performance if exposed to elevated temperatures compared to the Palm Island population (Donelson and Munday, 2012). Here, we aimed to understand the molecular strategies employed by adult fish from each population in response to a summer thermal anomaly. We evaluated three treatments per population: control +0°C consistent with average summer temperatures at the two locations (Heron = 27°C, Palm = 28.5°C) at the time of sampling, and two elevated temperature treatments in which fish were exposed to +1.5 and +3°C above control conditions for 28 days (Figure 1). Specifically, we investigated the transcriptional response in the liver to determine if these two populations of A. polyacanthus employ similar or different molecular strategies to cope with an extreme thermal event. We chose to analyze the metabolically active liver as changes to oxygen consumption and metabolic rate are fundamental responses to increased environmental temperature in fishes and other ectotherms (see Donelson and Munday, 2012).
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FIGURE 1. Experimental design and number of differentially expressed genes (DEGs) with associated top molecular functions. Adult Acanthochromis polyacanthus at summer average temperatures from Heron Island and Palm Island populations were separated into three treatments for 28 days: +0°C (control; blue; Heron = 27.5°C, Palm = 28°C), +1.5°C (orange), and +3°C (red). DEGs that were upregulated are described in the left-hand boxes and downregulated DEGs in the right-hand boxes. The total number of DEGs for each population is indicated to the right of the design tree, followed by the total DEGs per treatment. The number of DEGs that were up or down-regulated in each treatment are listed at the top of each box, followed by the highest or lowest and average differential expression. Functional categories representing at least the top 50% of the DEGs are indicated per treatment.



MATERIALS AND METHODS

Study Species and Experimental Design

Acanthochromis polyacanthus (Bleeker 1855) is a common damselfish on coral reefs throughout the Indo-Australian archipelago (15°N to 26°S and 116°E to 169°E). It forms monogamous breeding pairs and parents provide parental care for their young for 30–45 days post-hatching (Kavanagh, 2000), after which the juveniles are evicted to nearby locations on their natal reef. As such, dispersal between populations is limited resulting in a high degree of genetic structure across the species range (Doherty et al., 1994; Kavanagh, 2000; Planes et al., 2001; van Herwerden and Doherty, 2006). The fish used in this study were collected from the southern and middle extent of the species range on the GBR, from Heron (23°27′ S, 151°57′ E) and Palm (18°37′ S, 146°30′ E) Island reefs, respectively. The Heron Island population typically experiences an annual mean summer temperature that is 2.1°C cooler than Palm Island fish (Australian Institute of Marine Science temperature loggers 2.0–8.0 m, 13-year average1), with similar seasonal variation, and 2.5 times greater difference in daily maximum and minimum temperatures (Supplementary Table S1).

Over the past 13 years, the Heron Island population maximum and average daily temperatures have exceeded 28.2°C (1.5°C above current day summer mean temperatures) 587 and 108 times, respectively. In contrast, the Palm Island population maximum and average daily temperatures only exceeded 30.3°C (1.5°C above current day summer mean temperatures) 120 and 2 times, respectively. The Palm Island reefs have not experienced +3°C, while Heron Island reefs have exceeded +3°C 142 and 13 times, for maximum and average daily temperatures. Interestingly, there were 2 days in January 2006 in which the minimum daily temperature at Heron Island exceeded 28.2°C (+1.5°C) (Supplementary Table S2).

For the Palm Island population, breeding pairs were collected from the reef during July to August 2007 and their offspring hatched in aquaria at James Cook University from December 2007 to February 2008. For the Heron Island population, recently hatched juveniles were collected directly from the reef at Heron Island during February to March 2009 and transferred to James Cook University. Both populations experienced gametogenesis and embryogenesis at the average temperature for their respective locations on the GBR. Juveniles from both populations were reared in seasonally varying temperatures representative of their collection locations [see Donelson and Munday (2012) for details]. After fish reached maturity, adults from both locations were subjected to one of three temperature treatments for 28 days: control temperatures (+0.0°C; Heron = 27°C, Palm = 28.5°C), +1.5°C (Heron = 28.5°C, Palm = 30°C), and +3°C (Heron = 30°C, Palm = 31.5°C). As the Heron Island population grew and matured faster, adults were transferred at 11–14 months old, while the Palm Island fish were transferred at 24–28 months old in order to compare responses at similar developmental stages. Despite this age difference, metabolic attributes from Palm Island fish did not differ between 1 and 2 years old (Donelson et al., 2011; Donelson and Munday, 2012).

Preparation and Sequencing of Samples

As this experiment was part of a broader, multi-generational rearing experiment, sample numbers and sexes available for each treatment were variable. Heron Island +0, +1.5, and +3°C treatments had seven, five, and six biological replicates, respectively. Palm Island +0, +1.5, and +3°C treatments had six, five, and five biological replicates, respectively. The sex ratios of samples are shown in Supplementary Table S3. Immediately following euthanasia, livers were dissected from each sample from the six treatments, snap-frozen in liquid nitrogen, and stored at -80°C until processing. As described in Veilleux et al. (2015), whole livers were homogenized in PerfectPure Lysis buffer (VWR, Murarrie, Australia) and RNA was extracted according to manufacturer instructions, including an on-column DNAase treatment. Extracted total RNA quality was determined by NanoDrop Spectrophotometer absorbance readings (Invitrogen, Mulgrave, Australia) and an RNase-free 1% agarose gel. Total RNA was pipetted onto an RNAstable plate according to manufacturer instructions (Biomatrica) for shipment to the Biosciences Core Laboratory sequencing facilities at the King Abdullah University of Science and Technology. Standard TruSeq protocol (Illumina) was followed for cDNA synthesis and library construction and HiSeq2000 was used for transcriptome sequencing.

Genome Assembly and Gene Annotation

Genome assembly and gene annotation for Heron Island A. polyacanthus were performed for the first time here, but was performed previously for Palm Island A. polyacanthus by Ryu et al. (2018). Methods of genome assembly and gene annotation for the Heron Island fish were the same as described in Ryu et al. (2018) for the Palm Island fish. Briefly, genome sequences of Heron Island and Palm Island fish resulted in 16,609 genomic scaffolds for Heron Island with 129× coverage (shortest scaffold: 500 bp, N50: 527,731 bp, longest scaffold: 3,215,819 bp, total length of scaffolds: 943 Mbp) and 30,414 genomic scaffolds for Palm Island with 173× coverage (shortest scaffold: 500 bp, N50: 334,400 bp, longest scaffold: 2,466,117 bp, total length of scaffolds: 992 Mbp). Genome assembly completeness assessed by CEGMA (Parra et al., 2007) was 99.19 and 97.98% for Heron and Palm Island populations, respectively.

Expression Analysis and Functional Annotation

25,301 and 23,465 annotated gene models for the Palm and Heron Island populations, respectively, were used for expression analysis. 17,423 orthologous groups (17,569 and 17,758 genes for Heron and Palm Island populations, respectively) between populations were determined using Inparanoid (O’Brien et al., 2005) and were used for downstream analyses. Raw read counts were normalized and variance stabilized, and p-values for each gene were calculated using the DESeq2 (Anders and Huber, 2010) between short-term treatments for each population relative to their respective controls. P-values were then corrected for multiple testing using p.adjust function of R with Benjamini and Hochberg method. Genes with adjusted p-value ≤ 0.05 and absolute value of log2 fold ≥1 were considered as differentially expressed genes (DEGs). DEGs were analyzed in an MDS using the “mds” function of the “smacof” R package (De Leeuw and Mair, 2011) using the Pearson correlation coefficient as the dissimilarity measure. Confidence radii on the MDS plots were calculated using “bootmds” of the “smacof” package (De Leeuw and Mair, 2011) with 1,000 bootstrap replications.

To determine differences in basal levels of heat shock protein (HSP) genes between populations, we performed an additional normalization and differential gene expression analysis to compare the Heron Island control read counts to the Palm Island control counts. This generated 6,488 orthologs. Sequences of DEGs were searched using BLASTP (Altschul et al., 1997) against the NCBI non-redundant protein database with an e-value cut-off of 10-10. We assigned biological function to each differentially expressed gene between the short-term treatment and controls [Supplementary Table S4 based on database information (Pundir et al., 2017), literature searches, and available Gene Ontology terms (Ashburner et al., 2000; The Gene Ontology Consortium, 2017)]. It should be noted that a gene may have multiple biological functions, however, we assigned the main and/or most likely function to gain an overall view of what is happening among the 690 DEGs (Supplementary Table S4). As above, MDS plots for upregulated and downregulated DEGs were performed using the total number of genes per function and temperature treatment.

RESULTS

Differential Gene Expression Between Temperature Treatments and Populations

The Heron Island population had the most DEGs (588), with 380 and 482 genes in the +1.5 and +3°C treatments (respectively) compared with the control group (Figure 1), of which 325 genes were significantly different in both temperature treatments.

Palm Island had three times fewer DEGs (193), with 76 and 168 genes in the +1.5 and +3°C treatments (respectively) compared to the control group (Figure 1), of which 66 genes were significantly different in both temperature treatments. Multidimensional scaling (MDS) analysis of the DEGs for Heron Island (Figure 2A) and Palm Island (Figure 2B) populations shows clear separation between control and the two elevated temperature treatments.
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FIGURE 2. MDS plots of normalized and variance stabilized read counts of DEGs (≥1.0 and ≤–1.0 log2 fold). Each colored circle represents one fish. Treatment groups are denoted by different colors: blue +0°C, orange +1.5°C, and red +3°C. Each ellipse represents a 95% confidence interval from 1,000 bootstraps of DEGs from each sample. Non-overlapping ellipses imply statistically significant differences among individuals. There was overlap between the elevated temperature treatments in both populations, although this is not surprising given that 86% of DEGs from both populations in the +1.5°C treatments are also differentially expressed in their respective +3°C treatments. The Heron Island population (A) had a lower proportion of upregulated genes than the Palm Island population (B): +1.5°C 37% versus 55% and +3°C 51% versus 79% (Figure 1).



Functional Differences Between Temperature Treatments and Populations

Stress and metabolism were among the top upregulated functions in both populations and both temperature treatments (Figure 1). Transcriptional regulators were upregulated in both populations in the +3°C temperature treatments, while there was a high proportion of transport and growth genes upregulated only in the elevated temperature treatments for the Palm Island population. The Heron Island population downregulated immune function, cell organization, and metabolic genes in the elevated temperature treatments. In contrast, there were few highly represented downregulated functions in both elevated temperature treatments for Palm Island, with only stress and metabolic genes downregulated in Palm Island +1.5°C and none within the top 50% of genes in Palm Island +3°C (Table 1).

TABLE 1. Number of differentially regulated metabolic genes that were up and downregulated in each treatment.
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Differential expression of metabolic genes, represented highly in nearly every temperature treatment (Table 1 and Figure 1), were primarily involved in lipid and carbohydrate metabolism, redox reactions, and protein catabolism. Overall, there were more genes upregulated than downregulated in lipid metabolism in each treatment. Carbohydrate metabolism was up and downregulated by nearly the same number of genes in each temperature treatment. There were more upregulated genes involved in redox reactions in every treatment except for Palm Island +3°C (Table 1).

Heron Island temperature treatments induced differential regulation of a similar number of genes to each other among all functional categories (Figure 3). The greatest difference in DEGs between Heron Island temperature treatments, with more genes upregulated in +3°C than +1.5°C, were for those genes involved in metabolism (27 genes) and stress (20 genes; Figure 3C). The MDS plot of upregulated functions did not show a clear separation between Palm Island +3°C and the Heron Island temperature treatments (Figure 3A).
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FIGURE 3. DEGs associated with biological functions from each temperature treatment (+1.5°C and +3°C) compared to respective controls from Heron Island and Palm Island populations of A. polyacanthus. MDS plots of the number of upregulated (A) and downregulated (B) genes from Heron (circles) and Palm (squares) Island populations relative to respective controls associated with each functional category. Temperature treatments are denoted by different colors: orange +1.5°C and red +3°C. Number of upregulated (C) and downregulated (D) genes associated with biological functions from each temperature treatment (+1.5°C = solid, +3°C = hatched fills) and population (Heron = circles, Palm = squares) relative to respective controls.



However, Palm Island +3°C and the Heron Island temperature treatments were clearly separated from Palm Island +1.5°C (Figure 3A), which is unsurprising given that Palm Island +1.5°C had three times fewer upregulated genes than Palm Island +3°C and Heron Island +1.5°C, and six times fewer than Heron Island +3°C (Figure 1). In contrast, the MDS analysis of downregulated functions showed clear separation between Heron and Palm Island temperature treatments (Figure 3B). Nearly every functional category had more downregulated DEGs in the Heron Island population compared to the Palm Island population, with the greatest difference between the treatment means of each population involved in cell organization (70 genes ± 5 SE), immune function (24 genes ± 2 SE), and metabolism (22 genes ± 4 SE; Figure 3D).

Common Transcriptional Responses Between Populations

137 genes were differentially expressed in both populations relative to their respective control in at least one temperature treatment (Figures 4H–O).
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FIGURE 4. Venn diagram of DEGs (≥1.0 and ≤–1.0 log2 fold) for Heron and Palm Island thermal stress treatments (+1.5 and +3°C) compared to their respective controls (+0°C). Representing a general response to increased temperature, 25 genes were differentially expressed in all temperature treatments relative to controls (Figure 4J). Over half of these genes were upregulated in all treatments and were largely involved in metabolism (lipid, cholesterol, amino acid) and stress (neuroprotection and apoptosis; Supplementary Figure S1). Homer1 was the most DEG across all treatments, with double the upregulation in the Heron Island (+1.5°C: 3.0-fold, +3°C: +3.2-fold) compared to Palm Island (+1.5°C: +1.1-fold, +3°C: +1.5-fold) population. Homer1 regulates metabotropic glutamate receptor function (Brakeman et al., 1997), which in turn is involved in synaptic plasticity, neurotoxicity, and neuroprotection (Bruno et al., 2001).



Twenty-seven genes were only activated upon experiencing the most extreme temperature, +3°C, in both populations (Figure 4G). Again, most genes (20) were upregulated in the +3°C treatments and were primarily involved in a stress response (apoptosis and ubiquitination), cell organization (cell adhesion, actin cytoskeleton, and endocytosis), and transcriptional regulation (Supplementary Figure S1). The most upregulated gene was Timp2 (Heron +3°C: +2.8-fold, Palm +3°C: +2.6-fold), which suppresses cell proliferation and may be critical for maintaining tissue homeostasis (Stetler-Stevenson and Seo, 2005). Additionally, three genes involved in apoptosis were upregulated in both +3°C treatments: Acaa2, Ier3, and Tp53bp2. Chordc1, a putative co-chaperone with HSP90 (Gano and Simon, 2010) involved in the stress response, had the greatest downregulation (Heron +3°C: -1.6-fold, Palm +3°C: -1.8-fold). Only three genes were induced in both populations at +1.5 and not +3°C (Figure 4H), including an upregulated developmental gene, Adamts6, and two downregulated genes involved in transport (Abca1: cholesterol transport and Slc25a34: a mitochondrial carrier). Fifty-one genes were differentially regulated in both Heron Island temperature treatments and only at the highest temperature in Palm Island +3°C (Figure 4I). Forty-two (82%) of these genes were upregulated and involved primarily in transcriptional regulation, metabolism (carbohydrate, lipid), and stress (apoptosis, liver regeneration, ubiquitination; Supplementary Figure S1). The two most upregulated genes across the three treatments, Grb10 (+2.6-, +2.7-, and +2.3-fold for Heron +1.5, Heron +3, and Palm +3, respectively) and Esrra (+3.3-, +2.1-, and +1.4-fold fold for Heron +1.5, Heron +3, and Palm +3, respectively), may have major roles in hormonal regulation.

Common Transcriptional Responses Between Temperature Treatments

We found 250 genes that were differentially expressed within both Heron Island temperature treatments (Figure 4C). 165 (66%) of these genes were downregulated and involved mostly in cell organization (9 of the top 20 downregulated genes), metabolism (lipid, protein, carbohydrate, oxidation–reduction), and immune function (Supplementary Figure S1). Upregulated genes were primarily involved in metabolism, with many linked to the electron transport chain.

Twenty-eight genes were shared between the Palm Island temperature treatments (Figure 4F). In contrast to the Heron Island treatments, most of these genes were upregulated (64%) and were primarily involved in ion transport, cell organization, growth, and stress (apoptosis; Supplementary Figure S1). The most upregulated gene was Ppm1k (Palm +1.5°C: +1.8-fold, Heron +3°C: +2.0-fold) and is essential for cell survival and development by playing a key role in the regulation of the mitochondrial permeability transition pore.

Temperature- and Population-Specific Transcriptional Responses

A total of 275 genes were differentially expressed in only one temperature and population treatment. Heron Island +3°C had 147 DEGs compared to control that were not found in any other treatment (Figure 4A). Most genes were upregulated, with primary functions in metabolism, stress, and transcription (Supplementary Figure S1). The most highly upregulated gene was Bbox1 (+2.7-fold), which catalyzes the formation of L-carnitine – an essential molecule for the transport of fatty acids across the mitochondrial membrane during beta-oxidation. In contrast, 80% of the 66 Heron Island +1.5°C genes were downregulated (Figure 4B) and were mostly involved in cell organization, metabolism, and immune processes (Supplementary Figure S1). The most downregulated Heron Island +1.5°C gene was Elovl6 (-2.9-fold), which catalyses the first and rate-limited reaction of long-chain fatty acid elongation.

Palm Island +3°C differentially expressed 50 unique genes when compared to control (Figure 4D). Similar to Heron Island +3°C, most genes differentially regulated genes in Palm Island +3°C were upregulated (74%), and were primarily involved in transcription, stress, metabolism, and signaling (Supplementary Figure S1). One of the most upregulated was Cyp27a1 (+1.8-fold), involved in catalyzing the first step in the oxidation of the side chain of sterol intermediates. Twelve unique genes were differentially expressed in Palm Island +1.5°C relative to control (Figure 4C), of which most were downregulated (67%) and involved in stress, cell organization, and metabolism (Supplementary Figure S1). Klk8 was the most downregulated gene (-2.1-fold) and is a serine protease capable of degrading many proteins.

Heat Shock Proteins

Of 96 identified inducible HSPs (Kampinga et al., 2009), only 4 were differentially expressed in the Heron and Palm Island populations of A. polyacanthus following 28-day exposure to +1.5 and +3°C compared to respective controls (Figure 5).
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FIGURE 5. Heatmap representing the normalized read counts of Hsp genes that were differentially expressed between Heron and Palm Island control (+0°C) treatments. Genes are grouped by HSP families and separated based on higher expression in Heron Island controls (red numbers) or higher expression in Palm Island controls (blue numbers). Hsp genes with an ∗ denote genes with differential expression between at least one elevated treatment and the respective control.



Two of these were upregulated: Hspa13 of the heat-inducible HSP70 family was upregulated in Heron Island +3°C relative to control (+1.7-fold) and Hspc1 of the HSP90 family was upregulated in Palm Island +3°C. Of the two downregulated HSPs, one was from the HSP40 family, Dnajc16, and was downregulated in all but the Heron Island +1.5°C treatment (-1.1-, -1.1-, and -1.5-fold in Heron +3, Palm +1.5, and Palm +3°C, respectively). Finally, from the small HSP family, Hspb6 was downregulated in Palm Island +1.5°C (-1.5-fold) treatment compared to control.

To determine if the Palm Island population has a greater baseline level of expression of HSP genes to cope with on average 1.5°C warmer annual temperatures compared to the Heron Island population, we identified differential gene expression of orthologs between the controls of both populations. Of the 6,488 genes, of which 4,804 had ≥1.0 or ≤-1.0 log2 fold change, 16 HSPs were differentially expressed between Heron Island +0 and Palm Island +0°C (Figure 5). Five HSPs had greater expression in Heron Island control and all were from the DNAJ (HSP40) family. Over twice as many HSPs had greater expression in the Palm Island controls, six of which were also from the DNAJ (HSP40) family, albeit different members than those that were higher in Heron controls. In addition, there was one HSP higher in Palm controls from the HSPB (small HSP) family, and four were from the HSPA (HSP70) family.

DISCUSSION

To understand how reef fish cope with extreme thermal events, we measured the transcriptional responses in the liver of two genetically distinct populations of spiny chromis damselfish that have different capacities for acclimating aerobic performance to high temperatures: the higher-latitude population from Heron Island has greater capacity for thermal plasticity of aerobic scope than the lower-latitude Palm Island population (Donelson and Munday, 2012). Here we show that the Heron and Palm Island populations have different transcriptomic signatures following 28 days of elevated summer temperatures within the range that are predicted to occur more frequently on coral reefs in the near future. The Heron Island population showed greater plasticity of gene expression, with over three times as many differentially expressed genes compared to the Palm Island population. In addition, the Heron Island fish downregulated more genes in nearly every functional category than the Palm Island fish, with a high proportion of genes involved in the downregulation of cell organization and immune processes. These trends suggest that the reduction in expression of many functions following 28 days of thermal stress in the Heron population may allow improved maintenance of basal functions during sustained elevated temperatures. Interestingly, the Palm Island treatments upregulated a high proportion of genes involved in growth and cell proliferation, despite the fact that these functions are typically suppressed during the CSR (Kültz, 2005). In addition, we found a common molecular signature represented by 25 genes, which did not include HSPs, that were differentially expressed in both populations and each treatment and may be generic indicators of thermal stress. In all, our results suggest that the two populations employ different strategies to cope with thermal stress and that the Heron Island population may be better suited to prolonged exposure to elevated temperatures.

The different transcriptomic responses of the two populations of A. polyacanthus to the same relative short-term increases in temperature are consistent with selection and potentially local adaptation to their different thermal environments. The limited ability to affect gene expression in the Palm Island compared to Heron Island population is consistent with the hypothesis that living in a warmer environment reduces the need to maintain a plastic response to thermal stress (Tewksbury et al., 2008). HSPs are molecular chaperones that are expressed to protect proteins, help them fold or, if too damaged, remove them through proteolysis (Feder and Hofmann, 1999). There are two broad categories of HSPs: (1) constitutively expressed HSPs that maintain normal cellular function and protein folding and (2) inducible HSPs that are activated following cellular stress. In general, the temperature at which the heat shock response is induced is correlated with the temperature range the organism typically experiences – the higher the temperature in which the organism lives, the higher the threshold for induction (Feder and Hofmann, 1999). As absolute control temperatures differed between populations (Heron: 27°C, Palm: 28.5°C), we evaluated if the reduced number of DEGs in the Palm Island population could be due to elevated basal levels of Hsp genes. The induction and synthesis of HSPs are likely energetically costly (Feder and Hofmann, 1999) and maintaining elevated basal levels could be advantageous to organisms that frequently experience high temperatures. Numerous fishes that have evolved in constant cold (Hofmann et al., 2000; Afonso et al., 2008; Clark et al., 2008) or warm temperatures (Kassahn et al., 2007a) have failed to elicit a HSR when exposed acutely or short term to increased temperatures. For these fishes, it has been hypothesized that maintaining higher constitutive levels of otherwise inducible HSPs are required to sustain proper protein folding and function in chronically cold or warm conditions (Logan and Buckley, 2015). We found that the Heron and Palm Island populations each induced only one Hsp gene (Hspa13 and Hspc1, respectively). However, we also found that each population expressed different basal levels of several DNAJ (HSP40) family members in control conditions, with five higher in Heron and six higher in the Palm Island control treatments. The DNAJ family interacts with HSP70 proteins, stimulates HSP70 ATPase activity, and prevents the aggregation of unfolded proteins. The different suites of DNAJ family members expressed in the two distinct populations may be a result of their differing evolutionary history. Although the DNAJs were the only HSPs with elevated expression in the Heron Island controls compared to Palm Island controls, there were five other HSPs from two families that were higher in the Palm Island population: Hspb6 from the HSPB (small HSP) family, which mediates cardioprotection and angiogenesis, and four members of the HSPA (HSP70) family, including two isoforms of Hspa8, which is a constitutively expressed HSP that aids in the correct folding of newly translated and misfolded proteins. The higher expression levels of HSPA and HSPB members in the Palm Island population may contribute to the three times lower change in gene expression at higher temperatures; having ready access to elevated levels of these HSP genes may help initially with short-term thermal stress.

A hallmark of the CSR is the activation of cell cycle checkpoints to monitor the integrity of macromolecules and detect and repair DNA damage. Although genes related specifically to cell cycle were not proportionally high in any treatment, Heron Island fish significantly downregulated more genes in this category than Palm Island fish. Further, Heron Island fish downregulated more genes in nearly every functional category assessed compared to the Palm population, suggesting most of these functions may be suppressed to increase available energy during sustained stress. Cell organization and immune response functions were the two most downregulated processes in both Heron treatments and were not represented at a proportionally high level in the Palm treatments. As part of the broader CSR, cell organization genes have been shown to be differentially regulated in several transcriptome studies of fish exposed to thermal stress (Podrabsky and Somero, 2004; Buckley et al., 2006; Kassahn et al., 2007a,b; Rebl et al., 2013; Smith et al., 2013; Jorgensen et al., 2014). Stabilizing cell structure and integrity is thought to be important during thermal stress (Podrabsky and Somero, 2004), and downregulation of cytoskeletal genes has been proposed to be a consequence of compromised growth performance and energy homeostasis in the hearts of immature Atlantic Salmon exposed to higher temperature (Jorgensen et al., 2014). This is consistent with our hypothesis that downregulation of cell organization in the Heron Island population provided increased energy levels during sustained thermal stress. Immune suppression and increased susceptibility to disease are a common response to thermal stress in fish (Wendelaar Bonga, 1997). Thus, by downregulating immune function to putatively increase energy homeostasis, the Heron Island population may potentially be more susceptible to infection and disease compared to the Palm Island population during extreme thermal stress.

Upon sensing damage to lipid membranes, DNA, proteins, and changes to the cellular redox state or free radical levels, the cell responds by stabilizing and repairing damage using metabolic resources reallocated from general functions to the CSR (Kültz, 2005). Both temperature treatments in the Heron and Palm Island populations showed shifts in metabolism, with upregulated and downregulated genes proportionally high in nearly every treatment. Lipid metabolism was more highly upregulated than downregulated in each treatment and genes involved in cellular redox were more upregulated in all but the Palm Island +3°C treatment. Increases in lipid use (Kieffer et al., 1998), an increased demand for fatty acid oxidation (McClelland, 2004), and induction of enzymes required to produce reducing equivalents (NADH, NADPH) needed for cellular antioxidant systems (Kültz, 2005) are common during thermal stress. In addition, the upregulation of lipid metabolism may also reflect the need to adjust cellular membrane composition to compensate for increased membrane fluidity in warmer temperatures, a process known as homeoviscous adaptation (Hazel, 1995).

Another feature of the CSR found among the temperature treatments in both the Heron and Palm Island populations was an upregulation in genes involved in stress, primarily involved in apoptosis and ubiquitination. There was also a high proportion of downregulated genes in the Heron Island +1.5°C treatment involved in stress, with three genes involved in the HSR (Hsbp6, Hsf1, and Dnajc16). Further, HSPs and other co-chaperones were downregulated in each of the other treatments, albeit not at a proportionally high level. Expression of several HSPs (Hsp90α/Hsp90aa1, Hsp90β/Hsp90aab1, Hsp47/Serpine1, and Hsp70/Hspa1a) was downregulated in lake whitefish (Coregonus clupeaformis) embryos that received 1 h of thermal stress (+6 or +9°C) repeated every 6 days from 15 to 75 days post-fertilization (Whitehouse et al., 2017). The authors suggest that the HSP downregulation may be due to an increased pool of HSPs. Although the sustained thermal stress experienced by A. polyacanthus in our experiment was quite different to the lake whitefish, the costly nature of transcribing and translating HSPs may lead to a downregulation of Hsp genes once a certain amount of HSPs have been produced so the cell can better conserve energy during the continued thermal stress.

A typical universal response of the CSR is the suppression of growth and cell proliferation to preserve and redirect energy toward macromolecule stabilization and repair (Kültz, 2005). The Heron Island population downregulated more growth-related genes than Palm Island fish, again suggesting that the Heron Island population has a superior ability to conserve energy and promote repair under extreme thermal stress. Contrary to the typical CSR, both Palm Island treatments had a high proportion of upregulated genes involved in growth and cell proliferation. Increased expression of growth and cell proliferation genes were also observed in transcriptome analyses of the gills of two strains of rainbow trout exposed to thermal stress for 2 weeks (Rebl et al., 2013) and the gills of the longjaw mudsucker following acute thermal stress for 8 h. Rebl et al. (2013) surmise that elevated levels of HSPs could be responsible for increased proliferation since HSPs can interact with certain growth-specific proteins. This may also be the case for the Palm Island population as they had higher basal quantities of Hsp genes compared to Heron Island fish. Our results indicate that further investigation into a relationship of growth-HSP gene induction under thermal stress is warranted. Regardless, while the Heron Island population appears to conserve energy by downregulating growth-related genes, the Palm Island population expends energy on growth during thermal stress, perhaps at the cost of other important processes.

There were 51 genes shared among Heron and Palm Island populations that were differentially expressed at both elevated temperatures in the Heron Island population but only differentially regulated at the highest temperature in the Palm Island population. This may reflect a need to conserve energy in the Palm Island population, perhaps eliciting an impaired stress response in the Palm +1.5°C treatment. For example, the lack of Ptpn21 upregulation in Palm +1.5°C compared to the other treatments may have consequences on the liver as this gene has putative roles in liver regeneration in mice (Higashitsuji et al., 1995) and, through its association with the protein BMX, may confer adaptive cytoprotection against stress (Chau et al., 2005).

CONCLUSION

Our results suggest that the higher latitude Heron Island population has greater plasticity of gene expression. Furthermore, Heron Island fish downregulated many biological processes, particularly cell organization and immune function, likely to provide more energy to cope in an extreme thermal environment. We hypothesize that this mass downregulation indicates that this population reduces these functions in order to maintain critical functions as part of the CHR. However, this may be at the cost of other processes such as immune function, potentially increasing susceptibility to infection and disease at higher temperatures. In contrast, the Palm Island population differentially regulated far fewer genes in the higher temperature treatments, and most were upregulated. Elevated levels of Hsp gene expression in controls compared to the Heron Island population may contribute to this limited change in gene expression and may also promote the expression of genes related to growth. Further investigation into how the adapted levels of HSPs in different populations may confer some resilience to extreme temperatures in this tropical marine species and others across a wide geographical range may provide insight into how these animals may cope during extreme thermal events. Regardless, the limited change in gene expression to cope with thermal stress compared to the Heron Island population under the same absolute changes in temperatures suggests the Palm Island population had more limited energy available for properly stabilizing and repairing damage caused by thermal stress.
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FIGURE S1 | Bar graphs depicting the number of genes per functional category from each section of the Venn diagram (Figure 4). Colors denote function. Upregulated genes are represented by solid bars and downregulated genes are represented by hatched bars. Bars with numbers indicate functions that represent at least 50% of the genes from each Venn diagram location.

TABLE S1 | Water temperatures.Mean seasonal water temperatures (± SD) for Palm and Heron Islands and differences in maximum and minimum daily temperatures over the past 13 years (http://data.aims.gov.au).

TABLE S2 | Number of days in which the average, maximum, and minimum daily temperatures exceeded +1.5°C or +3°C for Heron or Palm Island over the past 13 years (http://data.aims.gov.au).

TABLE S3 | Number of male and female biological replicates of Acanthochromis polyacanthus from control (+0°C) and temperature treatments (+1.5°C and +3°C) from Heron and Palm Island populations.

TABLE S4 | List of differentially expressed genes, log2 differential expression for each treatment relative to the respective population’s control, location in Venn diagram (Figure 4), and the assigned main or most likely function according to database and literature searches.
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