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Abstract. Temperature drives performance and hence adaptation; to interpret and understand these, thermal performance curves (TPC) are employed, often through meta-analyses, revealing trends across divergent taxa. Four discrete hypotheses – thermodynamic-constraint; biochemical-adaptation (hotter is not better); specialist-generalist; thermal-trade off – have arisen to explain cross-phyletic trends. In contrast, detailed comparisons of closely related taxa are rare, yet trends arising from these should reveal mechanisms of adaptation, as taxa diverge. Here, we combine experimental work with TPC-theory to assess if the current hypotheses apply equally to closely related taxa. We established TPC for 6 species (and 2 strains of one species) of the animal-model Tetrahymena (Ciliophora) – characterized by SSU rDNA/ COX1 sequences – by examining specific growth rate (r), size (V), production (P = rV), and metabolic rate (rV-0.25) across 15-20 temperatures. Using parameters derived from the mechanistic “Sharpe & DeMichele” function, we established a framework to test which hypothesis best represented the data. We conclude that superficially the “hotter is not better” hypothesis is best but argue that the mechanistic theory underlying it cannot apply at the genus level: trends likely arises from little rather than substantial adaptation. Our further analysis suggests: 1) upwards shift in the maximum-functioning temperature (Tmax) is more constrained than the optimal temperature (Topt), leading to a decreased safety margin (Topt- Tmax) and suggesting species initially succeed in warmer environments through an increase in Topt, followed by increasing Tmax; and 2) thermal performance traits are correlated with phylogeny for closely related species, suggesting species gradually adapt to new thermal environments.
Key words: adaptation; hotter is better; model organism; phylogeny; temperature; Tetrahymena; thermal response curve.

INTRODUCTION
Environmental temperature is a principal driver of performance and hence adaptation. To interpret and understand these, thermal performance curves (TPC, Fig. 1) are often employed (Angiletta 2009). TPC have been applied, frequently through meta-analyses, to reveal trends across widely divergent taxa (Sinclair et al. 2016). In contrast, comparisons of closely related taxa are relatively rare (e.g., Krenek et al. 2012, Hoffmann et al. 2013), yet trends arising from these should offer insights into mechanisms of adaptation, as closely related taxa diverge. Here, we use experimental data to test if theory-based hypotheses associated with cross-phyletic thermal performance analyses apply equally to closely related taxa. To do so, we apply Krough’s principle, choosing a model organism that provides a useful tool to address our question (Montagnes et al. 2012). Specifically, to address thermal adaptation, we employ the established model organism Tetrahymena (Ciliophora; Elliot 1973, Cassidy-Hanley 2012), for which a wide range of species with distinct thermal optima (Nyberg 1981) have evolved over the last 1 to 70 million years (Wright and Lynn 1997) – a comparable age to other model organisms such as Drosophila, Rattus, and Caenorhabditis (http://www.timetree.org/).  
Our primary aim is to examine the extent to which divergence in thermal performance curves reflects current evolutionary predictions, using three measures of performance: specific growth rate, production (the product of biomass and growth rate), and a derived estimate of metabolic rate. In doing so, we provide evidence that current logic associated with cross-phyletic analyses may not apply to closely related taxa; instead, we reveal trends, suggesting how adaptation may arise. We then apply our observations to explore the extent to which evolution of thermal performance reflects phylogenetic affinities and biogeography, and in doing so offer insights into the pressures leading to adaptation.
[bookmark: _Hlk82097545]Evolution of thermal performance curves (TPC)
[bookmark: _Hlk82097480] Four divergent predictions suggest how TPC have evolved (Fig. 2, top row; detailed below in Thermal performance curve predictions: a framework). These all rely on the assumption that thermal performance (Fig. 1) is driven by, or at least approximated by, biochemical reactions, generally regarded to be enzyme-mediated – although arguments are made for other temperature-sensitive structures and processes (Angiletta 2009). Underlying all four predictions is the assumption that enzyme-based thermal sensitivity is dictated by the Arrhenius model, for which performance (P) is an exponential function of temperature, P =AeEa/kT, where Ea (eV K−1) is the activation energy, A is a pre-exponential scaler of P, k is the Boltzmann constant (8.61 × 10−5 eV K−1), and T is temperature (K). All four predictions also recognise that the Arrhenius model does not adequately represent rates over the temperature range which the organisms may function. For instance, enzymes alter their shape with temperature, impairing functionality: when cold they can become rigid, and when warm they can become too flexible (Angiletta 2009). At extreme temperatures proteins may denature, but before those limits are reached enzymes become inactive leading to minimum (Tmin) and maximum (Tmax) restrictions on the thermal breadth (Fig. 1, Angiletta 2009) – similarly, temperature may alter other structural and functional aspects of physiology, such as membranes and structural proteins. A common function that encompasses these attributes is that derived by Sharpe and DeMichele (Sharpe and DeMichele 1977), described in detail in the Methods and illustrated in Fig. 1. Here, we adopt this function as it best reflects our observed trends (see Methods).
Thermal performance curves will vary between taxa, driven by biochemical, physiological, and even behavioural processes – here we constrain ourselves to the first two of these, leaving behaviour to other studies. A common – admittedly narrow but instructive – view is that biochemical, and hence physiological, change occurs under selective pressure, or drift, during which a few mutations may code for enzymes that possess subtle differences in bonds (orthologous allozymes). These enzymes may then be more, or less, flexible at a given temperature, altering the temperature at which performance is maximal – or optimal (Topt), but without altering the temperatures at which performance is zero (i.e., Tmin, Tmax, Fig. 1b). Such changes could allow a species to adapt to a local average temperature, with its optimum near that temperature (Martin and Huey 2008). Further mutations may result in allozymes that confer greater stability at high and low temperatures, shifting Tmin or Tmax (Fig. 1c). There is good evidence that when environmental temperature extremes differ, there is a commensurate adaptation of species to these (Krenek et al. 2012, Hoffmann et al. 2013, Payne et al 2016). When both the above adaptions occur, this will shift the entire curve (Fig. 1d). Finally, genes may duplicate and then mutate, producing paralogous isozymes that provide low- or high-temperature adapted proteins within a genotype; combined, these adaptations may then confer wider breadth to a single taxon, but possibly with a reduction in maximum rate (Fig. 1e, Phillips et al. 2014). Through these, and related, processes – e.g., the inclusion of chaperone proteins that maintain enzyme stability (Maresca and Schwartz 2006, Hoffmann et al. 2013, Somero 2020) and adaptations in membrane fluidity (Losa and Murata 2004) – organisms adapt to different thermal niches, with associated constraints and trade-offs between optimal traits (Angiletta 2009, Phillips et al. 2014).
Thermal performance curve predictions: a framework
Two of the four predictions illustrate the extremes in potential adaptations in thermal performance. The “hotter is better” or “thermodynamic constraint” hypothesis argues that physiological rates are strictly driven by biochemical reactions, with taxa occupying wider-temperatures niches performing better at higher thermal optima (Topt, Fig. 2). In contrast, the “hotter is not better” or “biochemical adaptation” hypothesis predicts a taxon’s thermal niche is constrained by taxon-specific allozyme structure, and that taxa occupying low-temperature niches have evolved to compensate for their biochemical constraints; i.e., performance at Topt of species that have adapted to low- and high-temperatures will be similar. Two variations on these hypotheses suggest intermediate predictions (Fig. 2). The “thermal trade off” hypothesis predicts that higher temperatures will yield higher performance, but at the cost of reduced breadth. For instance, there might be a trade-off, where allozymes adapted to colder temperatures are structurally more flexible and confer a wider breadth but have a poorer affinity for substrates (Angiletta 2009) or the added effect of isozymes is greater when they occupy the same narrow thermal breadth (Phillips et al. 2014). The “specialist-generalist” hypothesis makes similar arguments to the “thermal trade off” hypothesis but assumes no reliance on the constraints dictated by the Arrhenius function, following logic of the “hotter is not better” hypothesis. To evaluate which of these four hypotheses is supported by experimentally obtained data, we have developed a graphical framework that compares expected correlations between performance-response parameters (Fig. 2, see Methods for details).  
As outlined above, all four thermal-adaptation hypotheses have, historically, been based on biochemical reactions, and specifically enzymes. However, temperature affects other biological processes, such as membrane fluidity (Losa and Murata 2004), gas diffusivity (Pörtner 2002), organism size (Atkinson 1995, Atkinson et al. 2003), and behaviours (Abram et al. 2017). Combined, these processes will determine the thermal performance of the organism, and it follows that metrics that encompass the full range of potential adaptations should provide a better indication of adaptation. Given that environmental pressures will act on individuals, and reproductive potential is a key measure of success, per capita growth rate should then be a useful indicator of how thermal performance varies. However, specific growth rate may be insufficient on its own. Organism size decreases with increased temperature (Atkinson et al. 2003), and although smaller organisms may exhibit faster growth rates (Brown et al. 2004), they may also be less successful (Kingsolver and Huey 2008). Changes in growth rate alone may not then adequately reflect adaptation. Production, the elaboration of biomass (growth rate × biomass), may be a more holistic metric of success. Similarly, comparing thermal performance based on metabolic rate obtained by mass-scaling of growth rate (Brown et al. 2004), may offer further insights into adaptation. To provide a broad assessment of adaptation across species, we have, therefore, examined thermal performance curves for per capita (specific) growth rate, cell volume (as a proxy for biomass), production, and metabolic rate.
Finally, examining closely related taxa provides an opportunity to speculate on evolutionary trends associated with thermal adaptation and the scales over which adaptation might occur. For instance, related species may exhibit similar thermal responses, either because thermal traits are constrained evolutionarily or because closely related species co-occur and experience similar conditions (Hoffmann et al. 2013). In contrast, temperature driven allopatric speciation may occur, even on small scales for closely related taxa. In our final section we extend and apply our analysis of thermal performance by making some inroads into addressing the possible reasons for thermal adaptation. To do so, in the Discussion, in the context of our findings, we examine existing data on the distributional patterns of our model organism, with a focus on key aspects of its thermal performance and phylogeny.

METHODS
[bookmark: _Hlk87883393]Study organisms and culture maintenance
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Seven clonal cultures of Tetrahymena were examined: T. borealis, T. canadensis, T. limacis, two strains of T. pyriformis, T. rostrata, and T. thermophila (Appendix S1: Table S1). These were maintained axenically in SPP medium, consisting of: 2% proteose peptone, 0.1% yeast extract, 0.2% glucose, and 0.03% ferric citrate (Cassidy-Hanley 2012) – growth rates are similar on such media and bacteria, which Tetrahymena may grow on in nature (Curds and Cockburn 1968). All experiments used the above medium. Stock cultures were grown at 297 K, with regular serial dilutions to maintain cultures in exponential growth phase. 
Unfortunately, details on the specific thermal environments from which taxa were originally isolated are mostly lacking, making biogeographical analysis difficult to impossible. Furthermore, although our chosen species have been maintained in culture for decades, our wider analysis suggests that they have retained their thermal performance characteristics. We reserve a more detailed consideration of these points for Discussion. 

Temperature-dependent growth rate, cell volume production, and metabolic rate
[bookmark: _Hlk87884590]Clonal cultures were maintained in the dark, across a range of constant temperatures between 281 and 315 ± 0.5 K. Cultures were first acclimated at target temperatures for 48 h. Specific (per capita) growth rate (r, d-1) was then obtained from samples collected over at least 2 days, during which cultures were in exponential phase; samples were taken every 3 to 17 h, depending on the treatment temperature. This process ensured that the organism was at its constant target temperature for between 3 to 6 generations, except possibly at some extreme temperatures where growth rate was virtually zero. Cell abundance and volume (V, µm3) were determined using an electronic cell counter, and specific growth rate was calculated as the slope of the response of ln abundance vs. time. Production (Pr) was determined as growth rate × size (rV), and metabolic rate (M) was estimated as rV-0.25 (Brown et al. 2004), although we note that protists may not exhibit mass-specific scaling of metabolic rate (DeLong et al. 2010).

[bookmark: _Hlk82097655]Testing thermal adaptation hypotheses
Thermal performance curves were based on the model of Sharpe and DeMichele (Sharpe and DeMichele 1977), as it provided a fit that reflected trends in the data across taxa (Appendix S2). This model (Eq. 1, Fig. 1) includes terms that indicate an exponential increase in growth with temperature and inhibition of growth rate at high and low temperatures.

					(1)

[bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK38][bookmark: OLE_LINK37]Here, performance (P) is either specific growth rate (r, d-1), production (Pr, µm3 d-1), or metabolic rate (M, µm-3 d-1); Ea (eV K−1) is the activation energy; A is a pre-exponential scaling factor (with units of P); k is the Boltzmann constant (8.61 × 10−5 eV K−1); T is temperature (K); EH (eV K−1) dictates the decrease in activity at high temperatures; Topt (K) is the temperature at which growth rate is at its maximum; EL (eV K−1) dictates the decrease in activity at low temperatures; and TL (K) is the temperature at which lower thermal inactivity becomes apparent. Eq. 1 was fit to the data by applying the Marquardt-Levenberg algorithm (SigmaPlot 14.0, Systat Software Inc., San Jose, CA, USA). Then by substituting parameter values into Eq. 1, Pmax, Tmax, Tmin, breadth (Tmax- Tmin), and the “safety margin” (Tmax- Topt) were obtained. Note that negative growth rates (mortalities) were not obtained in our experiments, and Eq. 1 – which was the appropriate function to use; see Appendix S2 – only asymptotically approaches zero, never providing a finite estimate of Tmin or Tmax. It would, therefore, be inappropriate to use our data or analysis to extrapolate (beyond our data) to where performance is zero. Consequently, proxies for Tmin and Tmax were obtained as interpolated values (i.e., from Eq. 1, but at a point within the range of collected data) at 20% of Pmax (see Fig. 1). These two estimates provided informative metrics that aid in revealing trends, which was our aim. The above parameters were then used to test which thermal adaptation hypothesis best reflected the trends exhibited across taxa, following our framework for analysis (Fig. 2). All tests applied α = 0.05. Note that given multiple correlations (Pearson moment) were performed to test the four hypotheses, some form of correction to account for multiple comparisons might be considered appropriate (e.g., decreasing α), but to fully support any one hypothesis would require all correlations to be supported; this could then lead to correcting the analysis by increasing α. Instead, we have been pragmatic and retained α to be 0.05, but with the recognition of the potential pitfalls of doing so.

DNA extraction, PCR amplification, and sequencing
[bookmark: _Hlk92871234][bookmark: _Hlk92874616]Cells (10 to 20) isolated from each of the clonal stock cultures of species/strains (see Study organisms and culture maintenance) were used to extract genomic DNA using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. SSU rDNA were amplified with the eukaryotic universal primers 18S-F and 18S-R (Medlin et al. 1988). High-fidelity Taq polymerase (Takara Ex Taq, Takara Biomedicals) was used to minimise the possibility of amplification errors. The amplification cycles followed those used by others (Lyu et al. 2018). Sequencing of the PCR products was performed bidirectionally on an ABI 3700 sequencer (Invitrogen sequencing facility, Shanghai, China) using primers 900 F (5'-CGA TCA GAT ACC GTC CTA GT-3'), 900R (5'-ACT AGG ACG GTA TCT GAT CG-3') and Pro B (5'-GGT TAA AAA GCT CGT AGT-3').
The SSU rDNA sequences from our taxa were compared with GenBank sequences. The results showed that six strains were almost identical to their corresponding species in GenBank (99.8% to 100%). However, one species (identified as T. pigmentosa by the CCAP) was more similar to T. rostrata (99.9%) than the other strains of T. pigmentosa (98.4%) in GenBank. Consequently, here we consider this species to be T. rostrata. 

Phylogenetic analyses and comparison with TPC traits
SSU rDNA and COX1 gene sequences were used to build a phylogenetic tree for our seven taxa. SSU rDNA data, as obtained above, were used to obtain the most similar COX1 sequences in GenBank. Glaucoma chattoni (closely related to Tetrahymena, accession number: SSU rDNA X56533; COX1 EF070328) was used as an outgroup species (Liu et al. 2016). The SSU rDNA sequences were submitted to GenBank to obtain accession numbers (Appendix S1: Table S1). The above sequences were aligned using Clustal W implemented in BioEdit 7.0 with default parameters (Hall 1999). Regions that could not be aligned unambiguously were removed and ends were trimmed manually. The data of the two genes were concatenated in SeaView v4 (Galtier et al. 1996, Gouy et al. 2009). Maximum Likelihood (ML) analyses with 1000 bootstrap replicates to estimate the reliability of internal branches, were conducted using RAxML-HPC2 on XSEDE v 8.2.10 (Stamatakis et al. 2008) with the GTRGAMMA model, provided on the online server CIPRES Science Gateway (Miller et al. 2010). Tree topologies were visualized with MEGA 7.0 (Tamura et al. 2011).
Cluster analysis of thermal traits was applied to assess similarity in thermal responses between taxa. The four TPC parameters (Topt, Tmin, Tmax, Eh) that were revealed to systematically vary between taxa (see Results) were used in this analysis. Data were analysed by hierarchical clustering, applying a squared Euclidean distance and between group averages (SPSS V22, IBM). Similarities between the resulting dendrogram and the SSU rDNA/COX 1 phylogeny were then compared by Mantel tests (Mantel.R script, R version 3.6.3).
[bookmark: _Hlk87941868][bookmark: _Hlk87941722]A second, broader comparison, conducted on literature data, was based on thermal clustering associated with Tmax (a parameter that has been widely studied) and a phylogeny using SSU rDNA and COX 1 genes. Gene sequences were obtained from GenBank, based on data presented in Chantangsi et al. and Kher et al. (Chantangsi et al. (2007) and, Kher et al. (2011) and are presented in Appendix S1: Table S2. Values of Tmax were from the literature (Appendix S1: Table S2). This short but thorough meta-analysis covers works dating back to the 1950s (Appendix S1: Table S2); the specific methods for determining Tmax differ over the decades, but all methods assessed the temperature where divisions could not be sustained after one or a few generations. Given the rapid decline in growth rate at high temperatures (see Results), these estimates should be accurate, at least within one degree. When more than one estimate of Tmax was obtained for a single species, the mean of these was determined (differences between isolates within a species were no more than two degrees, Appendix S1: Table S2). Procedures for phylogenetic and clustering analysis and comparing similarities between the resulting trees followed those above.

RESULTS
Thermal performance and volume responses
For all of the Tetrahymena species, specific growth rate (r), production (Pr), and metabolic rate (M) exhibited typical thermal performance curves (TPC) when modelled by Eq. 1 (Figs 1, 3, Appendix S3: Table S1, S2). Most species exhibited a decrease in cell volume (V) with increasing temperature (i.e., the slope of the linear regression was negative, α = 0.05), although for T. limacis an increase in size at high temperatures led to no relationship, and T. thermophila size increased with temperature (Fig. 3). When scaled to the volume at 295 K, the change in volume can be represented as a percent decrease and compared to the expected average for protists of 2.5% K-1 (Atkinson et al. 2003). Tetrahymena values ranged from 0.69 to 3.3% K-1, with the exceptions of T. limacis and T. thermophila. 
Change in cell volume led to difference between TPC for r, Pr, and M, with the most apparent aspect being variation in maximal rates (Pmax; see Fig. 1); i.e., for growth, production, and metabolic rate, respectively, these are rmax, Prmax, and Mmax (Fig. 3). rmax was relatively similar across taxa, while differences in volume led to a wider range of Prmax, and more subtle changes in Mmax. Of note is that although the two T. pyriformis strains exhibited distinctly different growth rate responses, their production responses were virtually identical (Fig. 3).

Testing thermal performance hypotheses
For all three variables (growth rate, production, and metabolic rate, respectively, r, Pr, and M), the derived parameter “safety margin”, the minimum and maximum growth temperatures (Tmin, Tmax), and the parameter EH (see Fig. 1) correlated with the optimum temperature (Topt) (Fig. 4). For growth rate, TL (see Fig. 1) also correlated with Topt (Fig. 4). No other correlations were supported (α = 0.05), including those that assessed Pmax with breadth as tests for the “trade-off” and “specialist-generalist” hypotheses. These correlations were then compared to those predicted by the expected trends for each of the thermal performance hypotheses (see Introduction, Fig. 2).
To indicate which of the observed trends (i.e., from our experimental data, Fig. 4) agree with those predicted by a particular hypothesis, we have shaded (green) those panels in Fig. 2 that are supported. None of the current thermal performance hypotheses was fully supported by the trends revealed by the significant correlations; i.e., in no case are all panels in Fig. 4 shaded green. Furthermore, there was poor support for the “hotter is better” and the “specialist-generalist hypotheses (Fig. 4). Rather, aspects of both the “hotter is not better” and the “thermal trade-off” hypotheses were supported by significant correlations from our data (Figs 2, 4). Collectively, this analysis suggests that the underlying mechanisms driving the four current hypotheses may not apply to the closely related taxa that we examined. 

Cluster analyses and comparison to phylogeny
[bookmark: _Hlk88040078]Our phylogenetic analysis based on SSU rDNA and COX 1 data (Fig. 5a) generally reflects previous findings that evaluate many species of Tetrahymena (Chantangsi and Lynn 2008, Liu et al. 2016): T. canadensis, T. borealis, and T. rostrata cluster and then form a clade with T. pyriformis. This grouping then clusters with T. limacis, with T. thermophila being the most distant taxon. An important difference between our analysis and those of Chantangsi and Lynn (2008) and Liu et al. (2016) is the placement of T. limacis; they suggest a closer relation to the “T. canadensis - T. borealis - T. rostrate” cluster, further away from T. pyriformis.
[bookmark: _Hlk88040094][bookmark: _Hlk88040139]Superficially, clustering based on the main thermal attributes that co-varied (Topt, Tmin, Tmax, EH) tended to reflect the SSU rDNA and COX 1 phylogeny (Fig. 5). This was more apparent for thermal clustering based on growth rate (r) and production (Pr) (Fig. 5a-c), where the main deviation from parallel clustering was the positioning of T. limacis, which is phylogenetically distinct from T. canadensis, T. borealis, and T. rostrata (Fig. 5a) but clusters with them based on thermal response parameters. Note that the bootstrap value for T. limacis is low, so less emphasis should be placed on this distinction. In fact, more extensive Tetrahymena phylogenies by Chantangsi and Lynn (2008), Liu et al. (2016), and here (Fig. 6) place T. limacis closer to the “T. canadensis - T. borealis - T. rostrate” cluster, reflecting the thermal clustering for r and Pr (Fig. 5a-c). Clustering based on metabolic rate (M) provided the poorest match with the phylogeny (Fig. 5a and d), with the two phylogenetically identical strains of T. pyriformis being separated based on thermal performance. Mantel tests indicated low support for correlation between all three evaluations of thermal performance and the phylogeny: r (p = 0.10, z = 123), Pr (p = 0.20, z = 249), and M (p = 0.29, z = 115). In contrast, when a larger data set (obtained from the literature) was examined, using the highest temperature at which growth can occur (Tmax), there was support for a correlation between phylogeny and thermal clustering (Fig. 6, Mantel test p = 0.022, z = 68.4). Notably there are exceptions: T. thermophila has a high Tmax but clusters with low-Tmax species (Fig. 6). There was also a near-linear, gradual increase in Tmax across species, when they were ranked from lowest to highest, possibly inferring gradual adaptation across species rather than step-wise, saltatory shifts (Fig. 7). Although, again, T. thermophila stood out as consistently (n = 4) sitting slightly above the apparent linear increase. 

DISCUSSION
To understand how adaptations in thermal performance arise, we evaluated our experimental findings in the context of a novel theoretical framework (Fig. 2). To do so – following Krough’s principle (e.g., Montagnes et al. 2012) – we studied multiple species of the morphologically conserved yet genetically diverse model organism, Tetrahymena (Nanney 1982, Simon et al. 2007). Below, we first assess the relative merits of employing specific growth rate (r), production (Pr), and metabolic rate (M) as metrics of thermal performance (P). We then use these to evaluate the extent to which current thermal adaptation hypotheses (Fig. 2) can be supported by experimental data obtained from closely related taxa. In doing so, we find that the current arguments – raised in the Introduction – for the “hotter is better” and “hotter is not better” hypotheses do not seem to apply to closely related species; below we offer alternative explanations. In contrast, we support the view that thermal performance is correlated with phylogeny and adaptation at the species level is typically incremental, rather than saltatory. This detailed evaluation of a model species offers new approaches and in doing so provides both new insights and further support for how animals adapt to changing temporal and spatial thermal landscapes.

Growth rate, volume, production, and metabolic rate
For most organisms, fitness is dictated, at least in part, by reproductive success; it follows that specific growth rate (r) should be a useful metric to assess adaptation. Here we show that maximum growth rate (rmax) is relatively constant across Tetrahymena species (Fig. 3); this similarity is considered in more detail in the following section, but we note that growth rates are similar when Tetrahymena is maintained on either bacteria or axenic medium (Curds and Cockburn 1968), suggesting that our observation may be applicable to more natural conditions. In contrast to rmax, the optimum growth temperature (Topt), and the temperatures where growth rate reached zero (Tmin, Tmax) differed between species, suggesting adaptation to thermal niches. This reflects and supports trends in thermal adaptation observed within other genera, e.g., Drosophila, (Hoffmann et al. 2013), and has been noted for Tetrahymena, e.g., (Nyberg 1981). Furthermore, our review of variation in Tmax of Tetrahymena reveals a ~10 K range (Fig. 7), indicating substantial genus-level adaptation in this one parameter; note that our study organisms (Fig. 7, red symbols) exhibit similar estimates to those collected decades ago, suggesting that although some of our cultures have been maintained in the laboratory for extended periods, their thermal characteristics seemingly have not changed.
[bookmark: _Hlk92875228]In contrast to growth rate (r), size generally decreases with increasing temperature (Atkinson 1995), potentially reducing fitness (Kingsolver and Huey 2008). Tetrahymena generally followed the temperature-size rule (Fig. 3), supporting the trend exhibited across protists to decrease in cell volume (V) at or near a rate of 2.5 % K-1 (Atkinson et al. 2003); exceptions were the obligate parasite T. limacis (Corliss 1972) and the thermophile T. thermophila (Fig. 3). Consequently, size alone may not be useful to assess thermal adaptation. Instead, evaluating production (Pr = rV) may be informative, as it is commonly used to assess trophodynamics, including the impacts of temperature on food web dynamics (Montagnes et al. 2008) and may also offer insights into adaptation. However, for production there were only subtle differences in Topt, Tmin, and Tmax, when compared to those associated with growth rate, although these did lead to one interesting result: the two strains of T. pyriformis, which differed substantially in their thermal performance curve for growth rate, exhibited almost identical thermal performance curves for production. Perhaps these two strains, which only reproduce asexually and hence likely undergo rapid evolution (see next section), are metabolically similar but have evolved distinct mechanisms for allocating biomass. That is, there may be an evolutionary trade-off to either increase in numbers or increase in size, reflecting r- vs K-strategies, as has been noted elsewhere, including for Tetrahymena (Fjerdingstad et al. 2007). Unlike rmax, Prmax did vary between species (Fig. 3), but these changes revealed no clear cross-taxa trends, beyond those exhibited by the growth rate thermal performance curves (see next section). Metabolic rate (M) – which is closely if not directly related to biochemical processes – might be more appropriate to assess physiological adaptation. However, arising from the relatively small interspecific and phenotypic changes in volume of Tetrahymena, the derived estimate M = rV-.25 (Brown et al. 2004) led to similar metabolic rate and growth rate thermal performance curves, revealing no unique trends (Fig. 3). Furthermore, as this mass specific scaling may be spurious for protists (DeLong et al. 2010), we feel less emphasis should be placed on this one parameter, at least for morphologically similar congeners. In summary, recognising the above similarities, differences, and cautionary notes we proceeded to still examine all three metrics (r, Pr, M) to fully explore and evaluate adaptive patterns in thermal responses.

[bookmark: _Hlk87966823]Which thermal adaptation hypothesis might apply to closely related taxa?
Based on all three metrics of performance (growth rate, production, and metabolic rate, respectively r, Pr, and M), none of the four current hypotheses associated with thermal performance adaptation (Fig. 2) are fully supported by our data. However, all three metrics provide similar conclusions (Fig. 4); below, we explore these and suggest that Tetrahymena is not an exception that breaks the rule. Rather, it is the rules that require reconsideration.
We begin by addressing a current and prominent debate: “hotter is better” vs. “hotter is not better” (Angilletta et al. 2010, Payne and Smith 2017, Sørensen et al. 2018). The latter argues that organisms adapt to their thermal environment, resulting in similar values of maximum performance (Pmax) across taxa, regardless of the optimum temperature (Topt); our data reflect this trend (Fig. 4). The former argues that Pmax increases with Topt, assuming performance is driven by thermal kinetics – over the range of Topt that we examined (~13 K), we might expect close to a doubling of Pmax, based on expected (Brown et al. 2005, Angiletta 2009) and our observed (Appendix S3: Table S1) estimates of activation energy (Ea); our data do not reflect this trend (Fig. 3). “Hotter is better” is empirically supported in the context of laboratory-based biochemical reactions but seems implausible when applied to whole-organism behaviours on which adaptation acts (Clarke 2003, Phillips et al. 2014, Rezende and Bozinovic 2019). For instance, specific growth rate (r), an organism-based adaptive trait, is not exclusively driven by enzymes (see Introduction). Reproduction relies on multiple temperature-dependent processes, from membrane transport to food encounter. Assuming that organisms adhere, at least in part, to the principle of symmorphosis (Weibel 2000) – where organs (and by extension organelles and metabolic pathways) are matched structurally and functionally to optimize performance – then an adaptive increase in rmax will require complementary changes, across systems and structures (Pörtner et al. 2006). Likewise, assuming that adaptive change associated with closely related taxa is primarily incremental rather than saltatory (Maresca and Schwartz 2006, Gingerich 2009), we might expect that species within a genus may only be adapted in some critical attributes to optimize their environmental temperatures, and hence may have similar values of maximum performance (Pmax). In other words, closely related taxa will adhere to the trends exhibited by – but not the logic underlying – those that currently support “hotter is not better”. Furthermore, following logic outlined in the Introduction, shifts in Topt, Tmax, and Tmin may require fewer complementary enzymatic changes and thus may be less restricted than Pmax; i.e., adaptive biochemical changes may be more readily expressed phenotypically in Topt, Tmax, and Tmin. Consequently, the initial divergence in thermal responses between closely related species should superficially follow the thermal performance pattern dictated by “hotter is not better”, and only through considerable cross-system physiological adaptation will trends dictated by the “hotter is better” hypothesis arise. 
The above reasoning leads to a conclusion that is contrary to the current mechanistic-rationale associated with “hotter is better” and “hotter is not better”. This interpretation of our empirical data suggests that, at least for closely related species, arguments for the underlying mechanisms of these two hypotheses are the reverse of what has been proposed. In short, for closely related species “Hotter is not better” arises from little, rather than substantial adaptation. Clearly, the veracity of this prediction requires further support. One approach might be to examine more species of Tetrahymena, increasing the power of our analysis by increasing the sample size. However, now that we have revealed trends in this one model species, we suggest that a more appropriate approach will be to test our predictions on other taxa. In fact, our current work on 19 strains of the parasitic chytrid fungus Batrachochytrium dendrobatidis suggests similar patterns (unpublished data). Consequently, we encourage further work on other taxa, following our approach.
For our closely related species, the data show no evidence that adaptation supports either the “thermal trade-offs” or “specialist-generalists” trend (Figs 2-4), both of which lead to increases in maximum performance (Pmax), which we argue, above, is unlikely. We are then left with trends that mostly reflect those exhibited by the “hotter is not better” pattern (see green-shaded panels, Fig. 2), the mechanisms for which we outline above. The one notable exception to this tendency is that, as observed more generally (Hoffmann et al. 2013, Payne et al. 2016), increases in the optimum temperature (Topt) are less constrained than increases in Tmax. As argued above, it might be expected that fewer changes in enzyme structure (or other mechanisms/structures) are required to shift Topt, relative to changes in Tmax. If so, adaptation to environmental warming will lead to greater increases in Topt, relative to Tmax, and, as our data illustrate, a commensurate decrease in the “safety margin” with increased Topt (Fig. 4). Such behaviour has also been seen across fish species studied in the wild, where species that in nature were exposed to warmer maximum temperatures tended to have a narrower safety margin (Payne et al. 2016).
A change in the safety margin has consequences, as there will be an adaptive trade-off: as Topt increases, allowing taxa to grow more rapidly at higher ambient temperatures, their safety margin will decrease, and the organism will be more vulnerable to small shifts in temperature above Topt. Recognising such constraints may offer insights into organism success, and hence may reveal a driver of distributional patterns (Hoffmann et al. 2013, Payne et al. 2016).

Phylogenetic lineages, biogeography, and speciation
Closely related species might be expected to exhibit similar thermal performance curves due to the retention of evolutionarily conserved traits; alternatively, they may occupy similar niches and experience similar selective pressures (Hoffmann et al. 2013). Below, we explore the former by evaluating how key thermal attributes (Fig. 4) map on to phylogeny (Figs 5, 6). We then consider the latter, based on reproductive biology of sexual-asexual reproducing organisms and global biogeographical patterns – unfortunately, the locations for our isolates are unknown, but we are able to assess trends based on previous biogeographic studies, providing broader insights for future work.
[bookmark: _Hlk87952328]In terms of terminal positioning of taxa, our data suggest a match between the phylogeny and thermal clustering (Fig. 5). Matrix distancing analysis on this small sample (n = 7) indicates poor support (p ≥ 0.1) for similarities between the two topologies, with specific growth rate (r) providing the most likely fit (Fig. 5). However, in our broader analysis (Fig. 6) and in two other extensive studies on Tetrahymena phylogeny (Chantangsi and Lynn 2008, Liu et al. 2016), T. limacis clusters closer to T. canadensis, T. borealis, and T. rostrate, with T. pyriformis branching earlier. This revised – more accurate – phylogeny better reflects the thermal clustering for r and Pr (Fig. 5a-c). Furthermore, the matrix distancing analysis on our review (n = 18) of the maximum temperature where growth occurs (Tmax) suggests significant correlation between this one aspect of thermal performance and phylogeny (Fig. 6). These analyses, therefore, seem to support the heritability of thermal responses, as has been seen for metazoa such as Drosophila; (Kellermann et al. 2012a, b) and other protists (Krenek et al. 2012). Coupled with this correlation, the intriguing steady increase in Tmax, across species (Fig. 7) – albeit with occasional poor replication within species – suggests that this adaptation may be polygenic and incremental rather than saltatory, although there is a slight step-wise increase at the higher end, suggesting a greater change for the thermophile T. thermophila. The mechanisms of these changes are clearly beyond the scope of this study but beg investigation to assess the genetic basis for this apparent gradual adaptation, peppered with at least one possible saltatory event – with the latter perhaps due to changes in chaperone proteins (Maresca and Schwartz 2006, Somero 2020).
Adaptation will, at least in part, arise through reproduction. Although protists differ from many metazoans in terms of their reproductive behaviours, Tetrahymena exhibits traits that make it a useful model for understanding wider speciation and biogeographical patterns of animals that exhibit both asexual and sexual reproduction (Lynn and Doerder 2012, Zufall et al. 2013). Tetrahymena reproduces asexually, through fission – akin to metazoan parthenogenesis. Ciliates also mirror multicellularity by possessing two nuclei: a polyploid, “somatic” macronucleus associated with cell growth and division and a diploid “gametic” micronucleus employed during sexual recombination. As the macronucleus drives clonal growth, mutations (beneficial or deleterious) are phenotypically expressed in the asexual progeny, with micronuclear changes remaining dormant. The micronucleus becomes active during conjugation (sex), ultimately producing a genetically new macronucleus post-conjugation. In some Tetrahymena (e.g., T. pyriformis), however, the micronucleus has been lost, sex is absent, and macronuclear-phenotypes persist; for Tetrahymena this is relatively common in nature (Lynn and Doerder 2012).  
These aspects of reproduction and sex have wide-reaching implications for speciation. As with animals, sex is often stimulated by adverse conditions such as food depletion. For Tetrahymena, which lives in waters where food fluctuates daily to seasonally this stimulates conjugation (Doerder et al. 1995, Lynn and Doerder 2012, Zufall 2016). However, like animals, post-conjugation ciliates are initially incapable of mating; their “immature” period is ~100 generations (Lynn and Doerder 2012), equating to sex occurring after about 4 to 14 weeks, assuming 1 to 3 divisions per day. Accordingly, similar to many metazoa, for sexual species, selection will likely act at closer to a seasonal or annual level, while for asexual species adaptation likely occurs much more rapidly. Species within the genus Tetrahymena may, therefore, exhibit a range of potential rates of adaptation, offering a useful tool to assess how reproductive strategies affect speciation and biogeography (Brito et al. 2010, Fronhofer and Altermatt 2015, Tarkington 2019).
We might then ask if species of this animal-model are allopatrically isolated by their thermal environments? One school of thought suggests this is unlikely, as due to their small size and high likelihood of dispersal, eukaryotic microbes are widely distributed, and biogeography is then dictated by local conditions; i.e., protists act more like prokaryotes than metazoans (Caron 2009). However, Tetrahymena appears more metazoan in nature, exhibiting some endemism or at least regional dominance of species (Simon et al. 2007, Doerder 2019). For instance, these sexual species exhibit endemism: T. pigmentosa, T. thermophila, T. hegewischi (found only in North America), and T. capricornis (found only in Australia) (Simon et al. 2007). In contrast, other species that possess asexual and sexual strains, such as T. borealis, T. canadensis, and the strictly asexual T. pyriformis exhibit no endemism and may be globally distributed (Doerder 2019). Although far from conclusive, it seems that sexual species – that will adapt at a slower rate – may be functionally restricted and thus tend to exhibit endemism. Testing this hypothesis on a wider taxonomic scale seems worthy of pursuit.
Metazoan distributions suggest latitudinal patterns, presumably in part linked to thermal regimes (Sunday et al. 2012, Payne et al. 2016). Here, Tetrahymena differ from metazoa, exhibiting no clear latitudinal distribution (Elliott and Hayes 1955, Nyberg 1981, Doerder 2019), nor do species seem to exhibit thermal maxima that are associated with the average temperatures of their local habitat (Elliott and Hayes 1955). Finally, many Tetrahymena species, including some of our study species, co-occur (Doerder 2019), potentially experiencing similar thermal pressures. It, therefore, seems unlikely that Tetrahymena biogeography is driven primarily by temperature. Why then do distinct thermal performance curves exist, indicating overlapping but distinct thermal niches?
Phenotypically, Tetrahymena represents successful generalist (Nanney 1982), and virtually all Tetrahymena will grow at ~20 °C (Cassidy-Hanley 2012). However, the genus is genetically diverse (Simon et al. 2007), and, like metazoa, species may be separated by nutritional modes (e.g., prey preference; feeding method, free-living vs. facultative/obligate parasites) and to some extent habitat; e.g., ponds vs. streams (Corliss 1972, Lynn and Doerder 2012, Doerder 2019). Also, as with metazoa, dispersal rates and survival will influence Tetrahymena’s success (Fjerdingstad et al. 2007). Apparent sympatry may then occur due to small differences in niche dimensions (Simon et al. 2007), one of which is undoubtedly temperature, as we illustrate (Fig. 3). For instance, several species of Tetrahymena are associated with thermal hot springs, including strains of T. thermophila (Meyer and Nanney 1987), although it also occurs in a range of temperate waters. All T. thermophila exhibit high thermal tolerance (i.e., high Tmax and Topt), but as we have shown this may also lead to a small thermal safety margin. If we assume that T. thermophila is adapted to relatively high and stable thermal environments, such as hot springs, then a small safety margin would be inconsequential. However, in cooler, thermally variable ponds where T. thermophila also occurs at relatively low numbers (Zufall et al. 2013, Doerder 2019), this narrow safety margin would be detrimental, and in combination with other niche dimensions may contribute to its apparent endemism. We pose this as working hypothesis that requires wider exploration, across protists and metazoa.
There is also a growing body of literature that questions the use of thermal performance curves to define the thermal niche. Arising from a systematic review, Gvoždík (2018) suggests, with some caveats, that the thermal niche is the range of (body) temperatures where positive specific growth rate occurs. The “body” rather than ambient temperature seems sensible, as species, including Tetrahymena, may thermoregulate by movement to optimal conditions (Buckley et al. 2015, Jacob et al. 2018). Furthermore, critical thermal limits can depend on the length of exposure (Rezende et al. 2014), so experimental designs that acclimate animals – like ours – may not reflect the thermal niche under fluctuating temperature. Finally, the thermal niche may be affected by interactions such as competition and predation if competitors or predators differ from the focal species in their thermal niches (Salt et al. 2017). It may, therefore, not be surprising that our empirically derived thermal performance curves do not reflect Tetrahymena biogeography, although they inevitably are part of the larger puzzle.

Beyond Tetrahymena
Our widest reaching, and possibly most provocative, conclusion is that the current mechanistic-rationale underlying the “hotter is better” and “hotter is not better” hypotheses does not seem to apply to closely related species. In fact, we argue that the mechanisms leading to observed cross-taxa trends are the opposite of common dogma: i.e., “hotter is not better” arises from little, rather than substantial adaptation. Less contentious, but with equally far reaching implications is our support of the notion that upwards shifts in the maximum growth temperature (Tmax) are more restricted than those in optimal temperature (Topt), leading to a decrease in the safety margin (Hoffmann et al. 2013, Payne et al. 2016). Such shifts may increase fitness in warm, stable environments but will be detrimental in fluctuating environments where temperatures approach or exceed Tmax. One inference arising from this is that species may initially succeed in warmer environments through an increase in Topt, which is then followed by adaptations that increase Tmax.
We also support the prediction that thermal performance traits are correlated with phylogeny, even for closely related species, and that, generally, adaptation is incremental. This suggests that species gradually adapt to new thermal environments. However, there are instances where saltatory shifts occur, especially in Tmax. We suggest that such evolutionary jumps in thermal tolerance may arise from shifts in chaperone protein structure such as heat-shock proteins (Somero 2020) and encourage a focus in this direction, possibly using Tetrahymena as a model. Finally, at least within our model genus, species that exhibited distinct thermal performance did not necessarily exhibit clear biogeographic patterns. This may arise from several underlying experimental and real confounding factors, including considering rates of evolution and dispersal and inadequacies of the thermal performance curves to reveal the realised thermal niche. All of which require attention in future biogeographic studies.
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Figure Legends
[bookmark: _Hlk82097354]FIG. 1. The thermal performance curve (TPC). (aA) A typical curve indicating the maximum performance (Pmax) occurring at an optimum temperature (Topt). As defined in this study proxies for the minimum (Tmin) and maximum (Tmax) temperatures (i.e., where P is zero) are 20% of Pmax (see Methods for the logic of using these proxies). The Breadth and Safety margin are shown, as defined in the Methods. The parameters EL, Ea, and EH are components of the TPC function (Eq. 1) and are explained, in detail, in the Methods (Testing thermal adaptation hypotheses). (b-eB-E) Indications of how the TPC may shift due to adaptation, as indicated in the Introduction; here shaded areas are the change through adaptation, and dashed lines (eE) indicate multiple, additive responses that lead to an apparent response (solid line), as argued by Phillips et al. (Phillips et al. (2014).

FIG. 2. A framework for analysis of four thermal performance hypotheses. Graphical representation of the four hypotheses (top, white panels), which are outlined in the Introduction. Panels below the hypotheses represent trends that will arise from hypotheses, based on how parameters of the thermal performance curve (Fig. 1) – as defined in Eq. 1 and text in the Materials and Methods – will vary. Dark-green panels represent trends exhibited by our data, while light-green panels indicate weakly supported trends; white panels were not supported (see Fig. 4). Note that horizontal lines represent no-trend (Fig. 4), as data present as a scatter rather than a clear linear relation with a slope of zerocorrelation (see Fig. 4).

FIG. 3. Thermal performance curves. Top panels are a synthesis of trends for the seven taxa, presented for comparisons. Below these are the individual responses (taxa names on the right). Dots are measured or derived values. Lines through the data are the best fit of either Eq. 1 or for volume a linear regression; where no line is presented (volume for T. limacis) the regression was not significant. Adjusted R2 (non-linear fits) or R2 (linear fits) values indicate goodness of fit. See Appendix S3: Table S1, S2 for parameter estimates. 

FIG. 4. A test of which of the four thermal performance hypotheses best reflects trends exhibited by the data (Fig. 3), using the framework outlined in Fig. 2. Data points represent parameters directly obtained or derived (see Methods) from fitting Eq. 1 to thermal response data (Fig. 3). Where there was a significant correlation this is indicated by a line and associated statistics. 

FIG. 5. A comparison of molecular phylogeny and thermal clustering of the seven taxa in this study. (A) Maximum-likelihood analyses of Tetrahymena, with Glaucoma chattoni as an outgroup, based on SSU rDNA and COX1 sequences; numbers near nodes are bootstrap values for maximum likelihood. (B-D) Cluster analysis for three measures of performance (specific growth rate, production, metabolic rate), based on the thermal response parameters, Topt, Tmin, Tmax, and EH (see Methods). p-values are associated with Mantel tests for comparing molecular and thermal topologies.

FIG. 6. A comparison of molecular phylogeny and Tmax of 17 taxa. The tree is based on maximum-likelihood analyses of Tetrahymena, with Glaucoma chattoni as an outgroup, based on SSU rDNA and COX1 sequences; numbers near nodes are bootstrap values for maximum likelihood. Values in the colour-coded (red-warm to blue-cool) boxes are Tmax (K) for each taxon. See the Results for statistics of the Mantel test that reveals a significant correlation between phylogeny and Tmax temperature. See Appendix S1 for details on where data are from.

FIG. 7. The ranked maximum temperature at which growth occurs (Tmax) for 18 Tetrahymena strains, representing 17 species. Black dots are data obtained from the literature (Appendix S1: Table S2). Red dots are data obtained in this study (Appendix S3: Table S1, S2).  
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