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Temperature dictates the performance of aquatic ectotherms. However, the physiological and biochemical processes that drive thermally-mediated life history patterns (and limits) remain poorly understood because they are rarely studied simultaneously. In our previous work, we have established life history outcomes (e.g., survivorship, development time, growth rates, and fitness) in mayflies (Neocloeon triangulifer) reared at static temperatures ranging from 14 to 30°C at 2°C intervals. In this study, we conducted biochemical measurements (RT-qPCR of select genes and targeted, quantitative metabolomic profiling) on N. triangulifer mature larvae reared at temperatures associated with excellent survival and fitness (22–24°C), compromised survival and fitness (28°C), and chronic lethality (30°C—larvae survived for a few weeks but failed to emerge to adulthood). Patterns of gene expression were similar to those observed in acute ramping experiments reported previously: larvae reared at 30°C resulted in significant upregulation in the thermally responsive gene HEAT SHOCK PROTEIN 90 (HSP90) but no significant changes in hypoxia responsive genes [EGG LAYING DEFECTIVE 9 (EGL-9) and LACTATE DEHYDROGENASE (LDH)]. Additionally, primers for genes associated with energy: INSULIN RECEPTOR (IR), mechanistic TARGET OF RAPAMYCIN (mTOR), and TREHALOSE 6 PHOSPHATE SYNTHASE (T6PS) were developed for this study. IR and mTOR were significantly upregulated while T6PS showed trend of downregulation in larvae reared at 30°C. Metabolomic profiles revealed general depletion of lipids and acylcarnitines in larvae exposed to chronic thermal stress, suggesting that larvae were energetically challenged despite continuous access to food. For example, concentrations of lysoPhosphatidylcholine (lysoPC) a C20:3 decreased as fitness decreased with increasing temperature (2.3- and 2.4-fold at 28 and 30°C relative to controls). Tissue concentrations of the biogenic amine histamine increased 2.1- and 3.1-fold with increasing temperature, and were strongly and negatively correlated with performance. Thus, both histamine and lysoPC a C20:3 are potential biomarkers of thermal stress. Taken together, our results primarily associate energetic challenge with thermally mediated fitness reduction in N. triangulifer.

Keywords: aquatic insects, mayfly, thermal limits, metabolomics, temperature

INTRODUCTION

A myriad of human activities and global climate change are altering the thermal regimes of freshwater ecosystems. Temperature dictates life history outcomes (Hynes, 1970; Sweeney and Vannote, 1978, 1984; Ward and Stanford, 1982; Sweeney et al., 1990; Newbold et al., 1994; Atkinson and Sibly, 1997; Mccauley et al., 2015) and geographic distributions of species (Vannote and Sweeney, 1980; Sweeney et al., 1990) through physiological processes that are not fully understood and likely vary across the diversity of life. Understanding how thermally mediated physiological processes determine the thermal limits of species requires that we address processes that occur over different time scales (Angilletta, 2009; Schulte et al., 2011; Dillon and Frazier, 2013; Verberk et al., 2013; Sweeney et al., 2018) across different phylogenetic lineages.

Insects are critical ecological components of freshwater ecosystems (Hynes, 1970) and widely used as ecological indicators (Cairns and Pratt, 1993; Johnson et al., 1993; Rosenberg and Resh, 1993; Bonada et al., 2006; Rosenberg et al., 2008). Available data suggest that insects generally follow the temperature size rule (TSR), with faster growth but smaller adult body size under warm temperatures and slower growth but larger adult body size under cold temperatures (Atkinson, 1994; Kingsolver and Huey, 2008). The trend that aquatic insects exhibit faster growth but achieve smaller adult body size (and fecundity) was first described by Sweeney and Vannote (1978). The authors studied four mayfly “winter-spring species”—Leptophlebia cupida, Ameletus ludens, Ephemerella subvaria, and Ephemerella funeralis and found that all four species produced smaller adults with fewer eggs when reared at warm temperatures than controls reared at ambient temperatures. The findings were reiterated by Atkinson (1994) (though aquatic insect exceptions were noted). Recently, Sweeney et al. (2018) used whole life cycle rearing experiments in the mayfly Cloeon dipterum to definitively demonstrate that thermal influences on larval development period (which are reduced) are stronger than thermal influences on growth rates (which are increased). However, the physiological processes that drive these patterns still remain unclear (Angilletta and Dunham, 2003). While a negative fitness trajectory associated with warming is obviously implied by the TSR, the processes that explicitly determine the chronic upper thermal limits of aquatic insect remain unknown.

The oxygen- and capacity-limited thermal tolerance (OCLTT) hypothesis proposes that the mismatch between oxygen demand and supply determines thermal limits in all ectotherms (Pörtner, 2001, 2002, 2010; Pörtner et al., 2006; Kingsolver and Huey, 2008; Klok and Harrison, 2013). While the global applicability of this hypothesis has been questioned (Klok et al., 2004; Stevens et al., 2010; McCue and De Los Santos, 2013; Verberk et al., 2016), the applicability of OCLTT to aquatic insects has been demonstrated in the context of acute thermal tolerance (Verberk and Bilton, 2011, 2013, 2015; Verberk et al., 2013). However, Kim et al. (2017) questioned whether the OCLTT applied to chronic thermal limits in the mayfly Neocloeon triangulifer. Kim et al. (2017) identified hypoxia responsive genes that were not activated by short term exposure to chronically lethal temperatures and showed no change in aerobic scope at temperatures spanning those chronic limits. Importantly, that study used whole life cycle rearing experiments across several temperatures to establish chronic upper thermal limits.

Metabolomic analyses to study insect physiology have been widely used in the last decade (Snart et al., 2015). Verberk et al. (2013) was the first to apply these techniques on critical maximal temperatures (CTmax) acute thermal ramping challenges. Chou et al. (2017) conducted an exploratory study on metabolic changes under acute thermal ramping challenges in N. triangulifer. Temperatures chosen for that study were based on chronic thermal limits, but the exposure was a single 8 h, 8°C thermal ramp. Metabolites identified as affected by thermal challenge under non-targeted metabolomic analyses were largely related but not limited to energetics and maintenance, which focused our efforts in this paper.

The parthogenetic mayfly N. triangulifer is an emerging lab model for environmental studies due its established lab rearing methods (e.g., Weaver et al., 2015), multiple generations per year and established cDNA sequence for molecular work (Kim et al., 2017). N. triangulifer are sensitive to environmental challenges and are therefore ideal for environmental studies. In the last decade, an increasing number of physiological and ecological studies have been conducted using N. triangulifer (Conley et al., 2009, 2011, 2013, 2014; Kim et al., 2012; Kunz et al., 2013; Wesner et al., 2014; Johnson et al., 2015; Soucek and Dickinson, 2015; Struewing et al., 2015; Lopez et al., 2016).

In this study, we characterize biochemical (targeted metabolomics) and gene expression (RT-qPCR) changes in larvae reared from newly hatched eggs to mature larvae under thermal conditions associated with excellent survival and fitness, poor survival and fitness, and 100% chronic lethality. In addition to study genes that have been reported by Kim et al. (2017), we developed new primers for three energetically associated genes. This study asks three primary questions: (1) Are gene expression patterns associated with short term thermal change [thermally responsive genes HEAT SHOCK PROTEIN (HSP) 40, 90, hypoxia responsive gene EGG LAYING DEFECTIVE 9 (EGL-9), and LACTATE DEHYDROGENASE (LDH)] similar to gene expression patterns associated with chronic rearing across temperatures? (2) How do energetically associated genes INSULIN RECEPTOR (IR), mechanistic TARGET OF RAPAMYCIN (mTOR), and TREHALOSE 6 PHOSPHATE SYNTHASE (T6PS) respond to chronically stressful rearing temperatures? (3) How do metabolomic profiles vary in mayfly larvae chronically reared across thermal regimes associated with altered (reduced) fitness? By linking biochemical data to thermally-driven, life history outcomes of N. triangulifer, we attempt to deepen our understanding of the physiological mechanisms underlying long term thermal effects on development.

MATERIALS AND METHODS

Mayfly Rearing and Life History

At the Stroud Water Research Center (SWRC; Avondale, PA), newly hatched eggs of the parthenogenetic mayfly N. triangulifer [WCC-2 clone isolated from White Clay Creek, (Patent US5665555)] were partitioned into rearing jars at several temperatures [14–30°C (±0.05°C) at 2°C increments] using natural stream water from White Clay Creek (WCC) and natural WCC periphyton as a food source as described elsewhere (Funk et al., 2006; Kim et al., 2017; Sweeney et al., 2018). All replicate jars contained 50 larvae, with 36 jars earmarked for full life history assessment (see Sweeney et al., 2018). For survivorship measurements, one way ANOVA was performed and Tukey's multiple comparisons test was used to analyze the differences of survivorship between temperatures. The details of life history results are not the major focus in this study and will be given full attention elsewhere. The remaining 14 jars were earmarked for larval samples for the gene expression and metabolomics studies. However, larvae reared at 30°C failed to complete larval development (100% mortality, day 34), while larvae reared at 28°C also did not perform well (88.2% mortality). Therefore, we re-established rearing jars at 28°C for metabolomics and 30°C for both gene expression and metabolomics with 300 individuals each (50 larvae per jar) to produce sufficient larval tissue biomass for these studies. Because temperature had a profound influence on development time, larvae were collected based on developmental stage (close to emergence to the subimago stage). The median development time for larvae reared at 22, 24, and 28°C were 24.8 (± 0.26), 20.1 (±0.1), and 21.0 (±0.57) days, respectively. Larvae reared at these three temperatures were collected 3–5 days before its corresponding median emergence day. Larvae reared at 30°C showed delayed development and were collected on the median emergence day of larval reared at 28°C (day 21). For gene expression studies, depending on the body mass, 2 or 3 larvae were pooled for one biological replicate. For metabolomics studies, number of individuals pooled for one biological replicate varied from 14 to 35 larvae. Upon collection, all samples were flash frozen in liquid nitrogen and stored at −80°C freezer. All samples were packaged with dry ice and sent with overnight shipping to North Carolina State University (NCSU; Raleigh, NC) for gene expression and for metabolomics studies at the NIH Common Fund Eastern Regional Comprehensive Metabolomics Resource Core (ERCMRC). Biological replicates for gene expression were n = 7 (22 and 28°C) and n = 5 (30°C). Biological replicates for metabolomics were n = 4 for all temperatures (24, 28, 30°C).

RNA Isolation and qPCR Analysis

To compare the expression of genes of interest associated with poor thermal performance, primers (Table 1) were designed based on a de novo assembly of compiled N. triangulifer cDNA sequence data (both 454 and Illumina platforms) resulting in ~23,000 contigs with associated bioinformatics. Based on these sequences, we selected potential genes of interest (HSP90, HSP40, LDH, and EGL-9) (see Kim et al., 2017) and developed additional qPCR probes for the INSULIN RECEPTOR (IR), mechanistic TARGET OF RAPAMYCIN (mTOR), TREHALOSE 6 PHOSPHATE SYNTHASE (T6PS), and ELONGATION FACTOR 1 α (EF1α) gene expression (Table 1). Both EF1α and 18s rRNA were evaluated and EF1α was selected as a reference gene. Each gene of interest was inserted into a pCR2.1®-TOPO® TA vector (Life technologies) expression vector and produced sequences that were independently confirmed. All primers were designed with IDTSciTools (http://www.idtdna.com/SciTools/SciTools.aspx) and were synthesized by Life technologies, USA.


Table 1. List of genes and qPCR primer sequences used in this study.
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For gene expression studies, total RNA was isolated from N. triangulifer following the SV Total RNA Isolation System protocol (Promega; Madison, WI). First strand cDNA was synthesized from the same amount of each total RNA by MultiScribe™MuLV reverse transcriptase using random primers [Applied Biosystems (ABI); Carlsbad, CA] and all thermocycling was done using a Bio-Rad iCycler (Bio-Rad; Hercules, CA). Quantitative real-time PCR was performed on an ABI Prism 7700 Sequence Detection System [Applied Biosystems (ABI); Carlsbad, CA] using default parameters. Amplification mixtures were consist of 5 μL of SsoAdvanced Universal SYBR Green Supermix (Bio-Rad; Hercules, CA), 10 μM primers, 20 ng template cDNA and nuclease free water in a total volume of 10 μL. qRT- PCR conditions were 2 min at 94°C, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. After the PCR reactions, the melting curve for each PCR product was determined following the manufacturer's protocols. Relative expression of each amplicon was calculated by the corrected delta delta Ct method (Pfaffl, 2001), with all expression normalized to EF1α levels in initial control samples. Relative levels of EF1α were confirmed to be approximately equal across all treatments. All temperatures were compared to 22°C (control group) and Wilcoxon Rank Sum test was performed using built-in analysis in GraphPad Prism (GraphPad Software, La Jolla, CA) to analyze the differences of gene expression between treatments and control.

LC-MS Targeted Metabolomics and Multivariate Statistical Analysis

For the metabolomics study, samples were homogenized in ice-cold, ethanol:water (85:15) solution (10 μL per 1 mg tissue) using MagNa Lyser tubes and ceramic beads for 30 s pulses at 3,500 rpm for three times. Homogenates were vortexed for 2 min at 5,000 rpm and stored in −20°C for 1 h then transferred into Lo-Bind Eppendof™ tube and centrifuged for 4 min at 16,000 rcf. Supernatant (200 μL) was transferred into a labeled Lo-Bind Eppendorf tube, frozen and lyophilized overnight. Samples were reconstituted with Ethanol:Water (85:15) to a concentration of 3 μL/mg tissue. Samples were vortexed for 10 min at 5,000 rpm, centrifuged for 4 min at 16,000 rcf and 20 μL of each was used for the Biocrates AbsoluteIDQ™ p180 kit analysis.

Targeted metabolomics was conducted using electrospray ionization liquid chromatography–mass spectrometry (ESI-LC-MS/MS) and MS/MS measurements using the AbsoluteIDQ™ p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria). This kit allows for the simultaneous quantification of 188 metabolites from different compound classes. These compound classes include 40 acylcarnitines (Cx:y), 21 amino acids (19 proteinogenic amino acids, citrulline and ornithine), 21 biogenic amines, hexose (sum of hexoses–about 90–95% glucose), 90 glycerophospholipids [14 lysophosphatidylcholines (lysoPC) and 76 phosphatidylcholines (PC diacyl (aa) and acyl-alkyl (ae)], and 15 sphingolipids (SMx:y).

The AbsoluteIDQ™ p180 kit was prepared as described by the manufacturer. Briefly, 20 μL of whole larvae extract was pipetted onto the filter inserts of the 96 well kit plate (containing 13C-isotope labeled internal standards). Samples were dried under nitrogen stream and amino acids and biogenic amines were derivatized with 5% phenylisothiocyanate reagent (PITC). Samples were then dried again and metabolites and internal standards were extracted with 5 mM ammonium acetate in methanol. Next, samples were centrifuged through filter membrane and diluted with Mass spectrometric (MS) running solvent. MS analyses were carried out on an API 4000 LC-MS/MS System (ABSciex, Framingham, MA) equipped with 1100 Series HPLC (Agilent Technologies, Palo Alto, CA) using an Agilent Eclipse XDB-C18 (3.5 μm) 3.0 × 100 mm column controlled by Analyst 1.6.2 software. Multiple Reaction Monitoring (MRM) was used for the detection of analytes (amino acids and biogenic amines) and stable labeled internal standards, the latter were used as quantification reference. Lipids, sugars and acylcarnitines were semi-quantified using flow injection analysis (FIA)-MS. The acquired data was processed using Analyst 1.6.2 (AB Sciex, Framingham, MA) and MetIDQ (Biocrates Life Sciences AG, Innsbruck, Austria) software. Concentrations of all metabolites were calculated in μM.

Targeted LC-MS concentration data were used to conduct multivariate analysis with unit variance (UV) scaling and mean centering for each of the measured metabolites and custom ratios. Multivariate analysis [orthogonal partial least squares discriminant analysis (OPLS-DA)] was performed by using SIMCA 14.1 (Umetrics, Umeå, Sweden). Analytes important to the differentiation of study groups were based on Variable Influence on Projection scores (VIP), a measure of a variable's importance in the OPLS-DA model (VIP ≥ 1 and jack-knife confidence interval not including 0) and with a magnitude of fold change ≥ 2.0. Exact Wilcoxon Rank Sum test was performed for calculating p-values. Statistical analyses were performed using SAS 9.4 (SAS Institute Inc, Cary, NC).

Linking Metabolites to Life History Outcomes

To investigate how changes in metabolite concentrations associated with life history outcomes, 6 metabolites significantly affected at both 28 and 30°C high temperatures were chosen for further examination. Absolute concentrations of the 6 metabolites at different rearing temperatures from cold to warm (14, 24, 26, 28, and 30°C) were plotted with body mass or development rate. To measure body mass, adults were dried in an oven at 50°C for ≥ 2 days, then weighed on a Mettler XS105 balance (Mettler Toledo, Columbus, OH) to the nearest 0.01 mg. Development rate was calculated as 1 divided by number of days to emerge, and represents an average. Pearson's correlation were calculated to determine the strength between metabolites and body mass. Detailed methods for predicted fecundity and other life history measurements can be found in Sweeney et al. (2018).

RESULTS

Life cycle rearing experiments established thermal reaction norms and identified temperatures favorable for survival and fitness (e.g., 22 or 24°C) and those associated with poor performance (28°C) and chronically lethality (30°C). For example, full life cycle survival was 88.9 and 86.6% for 22 or 24°C, respectively, but fell to 12.8% at 28°C (Figure 1). The details of life history results are not the major focus in this study and will be given full attention elsewhere (Funk et al., in preparation). Briefly, mean instantaneous growth rates (see Sweeney et al., 2018 for methods) increased in a linear fashion between 14 and 24°C, (y = 0.0467x+0.0698, R2 = 0.99) but began to decrease at warmer temperatures. Mean adult body mass (and associated fecundity) decreased in a linear fashion from 14 to 26°C (y = −0.0577x+2.574, R2 = 0.98). At 28°C however adult mass was 42% lower than would be predicted from this line. Thus, 28°C samples represent processes associated with large reductions in survival and fecundity.
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FIGURE 1. Survivorship of N. triangulifer full life cycle rearing at different temperatures (modified from Kim et al., 2017). Each point represents the mean survival from rearing jars [22°C (n = 11) 24°C (n = 10), 28°C (n = 5), and 30°C (n = 11)] with 50 larvae/jar to begin with. Error bars represent standard deviations from the means. One way ANOVA was performed and Tukey's multiple comparisons test was used to analyze the differences of survivorship between temperatures. Different lowercase letters suggest significant differences of survivorship between temperatures.



Gene Expression Studies

We compared mRNA expression in mayfly larvae reared at favorable (22°C), chronically stressful (28°C), and chronically lethal (30°C) temperatures (Figure 2). Genes evaluated broadly fall into three categories -indicators of thermal stress [HEAT SHOCK PROTEINs (HSPs- 40 and 90), oxygen sensing/hypoxia signaling (EGG LAYING DEFECTIVE 9 (EGL-9) and anaerobic respiration/aerobic glycolysis (LACTATE DEHYDROGENASE (LDH)], and energetics [INSULIN RECEPTOR, mechanistic TARGET OF RAPAMYCIN (mTOR), and TREHALOSE 6-PHOSPHATE SYNTHASE (T6PS)]. Genes related to thermal stress response were modestly upregulated in larvae reared at 28°C. Only HSP-90 was significantly upregulated (~3.3-fold higher than control, p = 0.005) in larvae reared at 30°C. EGL-9 and LDH were completely unresponsive to chronic thermal stress. Elevated mRNA expression was observed for the IR (~2-fold, p = 0.048) and mTOR (~2.6-fold, p = 0.003) only in larvae reared at 30°C. T6PS, though not statistically significant, was downregulated 54 and 45% in larvae reared at 28 and 30°C, respectively.
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FIGURE 2. Relative mRNA expression of N. triangulifer larvae subjected to chronic thermal stress treatment. Genes selected for this study include thermally responsive genes HEAT SHOCK PROTEIN (HSP) 90, 40, an oxygen sensing gene EGG LAYING DEFECTIVE 9 (EGL-9), LACTATE DEHYDROGENASE (LDH), and energetically associated genes INSULIN RECEPTOR (IR), mechanistic TARGET OF RAPAMYCIN (mTOR), and TREHALOSE 6 PHOSPHATE SYNTHASE (T6PS). All data are normalized to control (22°C) ELONGATION FACTOR 1 α (EF1α). Error bars represent standard deviations from the mean (N = 7 for 22 and 28°C, N = 5 for 30°C). Wilcoxon rank sum test was performed and *Indicates significant difference compared to control (22°C).



Metabolomics

We compared metabolite profiles in mayfly larvae reared at comfortable (24°C), chronically stressful (28°C), and chronically lethal (30°C) temperatures. Multivariate data analysis (OPLS-DA) was performed to evaluate how well different groups were separated (Figure 3). Horizontal separation suggests variation between groups; vertical separation suggests variation within groups. The R2Y value in Figure 3 indicates how well the separation is between treatments. The result shows clear separation (99 and 100%) between treatment (28 or 30°C) and control (24°C) groups (Figure 3). Only the metabolites that met all three criteria (VIP ≥ 1, fold change ≥ 2.0, p < 0.05; see methods for detail) were considered as being strongly affected by chronic thermal stress and are listed in Tables 2, 3 (Datasheets 1, 2). A total of 10 metabolites were found significantly affected by thermal stress in mayfly larvae reared at 28°C (Table 2). These metabolites include increase of biogenic amine histamine (2.1-fold), decrease of 8 glycerophopholipids (2.1~3.2-fold) and decrease of 1 acylcarnitine tetradecenoylcarnitine (C14:1) (2.3-fold). A total of 24 metabolites were identified to have met the three criteria in larvae reared at 30°C (Table 3). These metabolites include 5 biogenic amines, 9 glycerophospholipids, 3 sphingolipids, 6 acylcarnitines, and 1 amino acid-ornithine. From the 24 metabolites identified in larvae reared at 30°C, all 6 acylcarnitines were less abundant (2.1 to 4.8-fold). Most of the lipids (two-thirds of both gylcerophospholipids and sphingolipids) were less abundant (2.1 to 4.6-fold) in larvae reared at 30°C.The amino acid ornithine increased 2.3-fold in response to chronic heat stress. Biogenic amine hydroxyproline (both cis- and trans-) decreased (33.5- and 2.1-fold, respectively) whereas histamine, dopamine and DOPA increased (3.1-, 14.3-, and 3.5-fold, respectively) in larvae reared at 30°C.
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FIGURE 3. Scores plots of OPLS-DA of larvae reared at 24 vs. 28°C (Upper) and larvae reared at 24 vs. 30°C (Lower). The plots show the differentiating of the heat treated larvae metabolomics profiles from control larvae profiles.




Table 2. List of metabolites identified with VIP and fold change value to have significantly changed at chronic thermal stress (28°C) when compared to control (24°C), p < 0.05.
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Table 3. List of metabolites identified with VIP and fold change value to have significantly changed at chronic thermal stress (30°C) when compared to control (24°C), p < 0.05.
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The AbsoluteIDQ™ p180 kit used in this study for targeted metabolomics also provides custom metabolite indicators by calculating the ratio of two metabolites. The hydration of tyrosine to DOPA is the first and rate limiting step in dopamine synthesis (Neckameyer and Quinn, 1989; Vié et al., 1999). We found the ratio of DOPA/Tyr increased 5.5-fold (p = 0.029) in larvae reared at 30°C compared to 24°C. The ratio of DOPA/Tyr increased 2.5-fold in larvae reared at 28°C, although not statistically significant, it suggests that there is a trend of more dopamine synthesis at warmer temperatures. From the individual metabolites identified to have changed significantly in larvae reared at 28 and 30°C, 6 metabolites were found to be affected by both temperatures (Table 3, bold). These 6 metabolites are acylcarnitine tetradecenoylcarnitine (C14:1), biogenic amine histamine and glycerophospholipids lysoPC a C16:0, lysoPC a C16:1, lysoPC a C18:0, and lysoPC a C20:3.

Linking Metabolites to Life History Outcomes

We investigated whether metabolites significantly affected at high temperatures (the 6 metabolites that appeared in both 28 and 30°C when compared to 24°C) are associated with life history outcomes of N. triangulifer. We looked at the concentration of the 6 metabolites at both warm and cold ends (14°C; Datasheet 3) of rearing temperatures and found that histamine had a negative association with body mass (which its outcomes are directly associated with fecundity) (r = −0.96) (Figure 4A), whereas glycerophospholipid lysoPC a C20:3 had a positive association with body mass (r = 0.87) (Figure 4B). The other 4 metabolites, although significantly affected by chronic thermal challenge, did not respond linearly to temperatures spanning colder (14°C), optimal (24°C), and warmer (26 and 28°C) temperatures.
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FIGURE 4. Association of individual metabolites and life history outcomes. (A) Histamine and mean adult dry mass (r = −0.96) and (B) lysoPC a C20:3 and mean adult dry mass (r = 0.87).



DISCUSSION

The changing thermal regimes of freshwater ecosystems require that we better understand species responses to temperature at different time scales (Verberk et al., 2013; Sweeney et al., 2018). Recent efforts to establish thermal reaction norms (Funk et al., in preparation) and develop a growing suite of primers for functional genomic studies (Kim et al., 2017) should accelerate our understanding of thermal stress in this important taxon. In this study, we used two approaches—gene expression and targeted metabolomics to identify processes that change on the descending limb of chronic thermal performance curves.

In our gene expression studies, expression of EGL-9 was unresponsive to chronic thermal stress at both chronically stressful and lethal temperatures. This gene is strongly upregulated in response to hypoxia in this species (Kim et al., 2017), so the lack of response to chronic thermal stress suggests that hypoxia signaling is not an important process at the chronic upper thermal limits of this species. This finding is consistent with previous work showing EGL-9 to be unresponsive to short term thermal challenge at environmentally relevant temperatures (Kim et al., 2017). A slight increase in LDH expression in larvae reared at 28 and 30°C was not statistically significant relative to 22°C. An increase in LDH expression was previously observed in short-term, thermal ramp studies, but only at 34°C, a temperature that exceeds this species chronic thermal limit (Kim et al., 2017). Taken together, these results demonstrate that chronic thermal stress did not induce systemic hypoxia. We found only a modest upregulation in both thermal stress responsive genes HSP-90 and HSP-40 at 28°C, a rearing temperature considered as stressful from the poor survivorship. Therefore, it may be worthwhile to conduct full transcriptome analysis under thermal stress challenges in the future and identify HSPs that respond to thermal stress at a lower threshold. Regardless, HSP-90 expression was significantly upregulated at 30°C when compared to 22°C. The 3.3- and 1.4-fold change of HSP-90 and HSP-40 at 30°C in this study are similar to previous short term thermal challenge (with the same temperature comparison) in the same species (Kim et al., 2017). Our findings show HSP-90 as a good indicator for thermal stress studies in N. triangulifer and 30°C is a threshold for significant HSP-90 upregulation under both acute and chronic thermal challenge settings.

To understand the effect of chronic thermal stress on energy distribution, we developed new PCR probes for three genes related to energy metabolism (i.e., IR, mTOR, T6PS). IR (~2-fold, p = 0.048) and mTOR (~2.6-fold, p = 0.003) expression were both significantly upregulated at 30°C. Insulin-like proteins binding to IR activates the insulin/ insulin-like growth factor signaling pathway. This pathway interacts with various signaling pathways such as mTOR (an important nutrient sensor), and together are both involved in promoting cell growth and proliferation in insects (Zhang et al., 2000; Brogiolo et al., 2001; Neufeld, 2003; Malik et al., 2013; Vafopoulou, 2014). Prior work has demonstrated that the mTORC1 (mTOR complex 1) activity is repressed under hypoxia (Vadysirisack and Ellisen, 2012). Thus, the stimulation mTOR expression at the higher temperatures provides another line of evidence that systemic hypoxia is not occurring. Trehalose serves as a source of energy in insects as well as a compatible solute to combat environmental stresses (Asano, 2003; Shukla et al., 2014). The gene T6PS encodes the enzyme converting glucose to trehalose in insects. Although the downregulation of T6PS is not statistically significant in both 28 and 30°C, there is a suggestion that perhaps less sugar storage occurs under chronic thermal stress.

In our targeted metabolomics study the biogenic amine histamine was increased in larvae reared at both 28 and 30°C relative to larvae reared at 24°C (Tables 2, 3). Histamine is a neuro transmitter involved in several roles in insects including thermal preference behavior (Hong et al., 2006), circadian pacemaker (Arendt et al., 2017), visual and mechanosensory processing (Buchner et al., 1993; Melzig et al., 1996). Hong et al. (2006) showed impaired histamine signaling in drosophila reduces its tolerance for high temperature. Work from Morimoto et al. (2001) suggested that brain histamine involves in modulating mouse feeding behavior. Yang and colleagues (Yang et al., 2012) showed that exogenous histamine had an effect on tissue histamine accumulation and also reduced body length, body weight and development time in the crustacean Neomysis japonica Nakazawa. Although the effect of histamine on feeding behavior and growth/development in insects has not been studied, it is possible that thermally driven increases in histamine reduces food intake in mayfly larvae, resulting in smaller body size and associated reduction in fecundity (Figure 4). Interestingly, histamine was not identified in the short term thermally challenged N. triangulifer larvae (Chou et al., 2017). This suggests there may be an association between histamine and growth/development. Two other biogenic amines, dopamine and DOPA were also found to be more abundant in larvae reared at 30°C (Table 3). Like histamine, dopamine is also a neurotransmitter and plays several roles in insects such as regulating movement (Akasaka et al., 2010), arousal (Kume et al., 2005), metabolic rate, and temperature sensitivity (Ueno et al., 2012). Research shows dopamine reduces sucrose intake in cockroach Rhyparobia maderae (Allen et al., 2011). Ueno and colleagues found that fruit flies fed with a dopamine biosynthesis inhibitor had preference for a higher temperature (Ueno et al., 2012). Therefore, it is likely that dopamine acts as a cue for heat stress and reduces food intake in larvae reared at 30°C.

Additionally, we found that compared to larvae reared at 24°C, the abundance of several lysophospholipids decreased in both larvae reared at 28 and 30°C (Tables 2, 3). Sphingolipids were only found affected in larvae reared at 30°C. Although it is unclear what the specific roles of these individual lipids play in N. triangulifer, lysophopholipids, and sphingolipids generally involve in membrane composition, signal transduction, growth, and reproduction in organisms. The balance of sphingolipids has a central role in controlling the utilization of nutrients and growth in mammals (Unger, 2003; Holland and Summers, 2008). Lipids are also the main source for metabolic fuel and provides energy during extended non-feeding periods (Arrese and Soulages, 2010), such as those that occur around molting. Therefore, the decrease of lipids found in chronically thermal stressed mayfly larvae can be explained by either less lipid biosynthesis and/or increased lipid utilization as energy source for maintenance and growth. Interestingly, lysoPC a C20:3 was found to be positively associated with predicted fecundity (Figure 4). This lysophospholipid may be a key lipid for energy maintenance and growth and has potential to be explored as a biomarker in future studies. Acylcarnitines are intermediate metabolites. They are formed by carnitine accepting acyl groups from fatty acyl-CoA. Therefore, carnitine acts as a shuttle for transporting fatty acids into the mitochondria for energy production. Compared to larvae reared at 24°C, we found decreased concentration of one acylcarnitine in larvae reared at 28°C and decreased concentrations of five more acylcarnitines in larvae reared at 30°C. The results suggest that high temperature decreases fatty acid transportation efficiency for energy production. The decreased efficiency under stressful temperatures can be due to less available fatty acids or prevention of acyl groups transferring to carnitine.

Glutaminolysis is the process of glutamine conversion to glutamate. Glutamate then enters the TCA cycle as α-ketoglutarate to gain energy. Research in human cells found that glutaminolysis enhances mTORC1 signaling and is also an indication of carcinogenesis (Durán et al., 2012). Interestingly, in our results the custom metabolite indicator from the AbsoluteIDQ™ p180 kit showed an increase in glutaminolysis as well as increased ratio of glutamate to glutamine in larvae reared at 30°C (Table 3). These data indicate that larvae were using amino acids as alternative energy sources to gain energy. The indication of glutaminolysis also supports the upregulation of mTOR gene expression in Figure 2.

Taken altogether, we found a general reduction of lipids and acylcarnitines in the mayfly N. triangulifer exposed to chronic thermal stress, suggesting that larvae were energetically challenged. Thermal stress increased endogenous histamine (larvae reared at both 28 and 30°C) and dopamine (larvae reared at 30°C), which may have reduced food intake in mayfly larvae. While both thermal stress and hypoxia can cause an organism to utilize alternative energy source, gene expression and metabolomics data show no evidence of hypoxia in mayfly larvae. Temperature appears to impact (decrease) the developmental period more strongly than it increases growth rates—thus contributing to the temperature size rule. Here we show that chronic temperature challenge also forces larvae to use lipids and amino acids as alternative energy sources to support growth and maintenance costs. Further, we identified increased histamine and dopamine concentrations in larvae in response to thermal stress. It is possible that increases in histamine and dopamine also contribute to smaller body size and reduced fitness via reduced food intake. More research is needed to elucidate this potential pathway that results in restricting N. triangulifer body size and fecundity at warmer temperature.
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Cust. Met.

Cust. Met.
Cust. Met.
Cust. Met.

Cust. Met

Cust. Met.

Cust. Met

Cust. Met.
Cust. Met.
Fold changes of metabolites wers obtained by dividing the median value (orolimg tissue)

of the 30°C group by the median value of the 24°C group. Exact Wikcoxon Renk Sum
test was performed for calculating p-values. 3Metabolites that are also identifid in larvae

Indicator

Indicator
Indicator
Indicator
Indicator
Indicator
Indicator
Indicator
Indicator

reared at 28°C.

Analyte

DOPA

Dopamine
Histamine®
Cis-4-Hydroxyproline
Trans-4-Hydroxyproline

PCaa G320
PCaa G323
PC aa C34:4
PG aa G40:1
PG ae C34:0
IysoPC a C1!
IysoPC a C1!
lysoPC a C18:(
lysoPC a C20:3

SM(OH) C22:2
sMots:
sMc223

Tetradecenoylcamitine C14
Tetradecenoylcarnitine C14:12
Tetradecenoylcamitine C14:2
Propionylcarnitine C3
Butyrylcarnitine C4
Valerylearnitine C5

Omithine

Propionylcarritine
Ca/Butyrylcamitine C4
DOPA/Tyrosine
Giutamate/Glutamine
Glutaminolysis

Giycine/PC ae C38:2
Omithine/Arginine.
Omnithine/Serine

PC aa C28:1/PC aa C38:1
Valine/Valerylcarnitine C&

VIP Fold change

12
1.2
12
1.1
1.2

12
12
1.2
11
1.2
12
12
12
12

12
12
1.2

12
1.2
1.4
12
1.0
1.1

1.2

12

1.2
12
1.1
12
1.2
1.1
12
12

35
143
3.1
-335
-21

2.1
-21
24

20

2.1

-26
-35
-28
—48
-21
-21

23

-24

55
23
20
23
2.1
23
29
22
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