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Abstract

Rapid evolution in response to environmental change will likely be a driving force
determining the distribution of species and the structure of communities across the biospherein
coming decades. Thisis especially true of microorganisms, many of which may be able to evolve
in step with rising temperatures. An ecologically indispensable group of microorganisms with
great potential for rapid thermal adaptation are the phytoplankton, the diverse photosynthetic
microbes forming the foundation of most aquatic food webs. We tested the capacity of a globally
important phytoplankton species, the marine diatom Thalassiosira pseudonana, for rapid
evolution in response to temperature. Evolution of replicate populations at 16 and 31°C for 350-
450 generations led to significant divergence in several traits associated with T. pseudonana’s
thermal reaction norm (TRN) for per-capita population growth, aswell as in its competitive
ability for nitrogen (commonly limiting in marine systems). Of particular interest were evolution
of the optimum temperature for growth, the upper critical temperature, and the derivative of the
TRN, anindicator of potential tradeoffs resulting from local adaptation to temperature. This
study offers a broad examination of the evolution of the thermal reaction norm and how modes
of TRN variation may govern a population’s long-term physiological, ecological, and

bi ogeographic response to global climate change.

Introduction

The dependence of physiological processes on temperature is perhaps the most important
underlying factor determining the fitness of organisms across latitudinal and atitudinal gradients,
and thus their distributions and abundances across the planet. In light of recent climate warming,

many studies have focused on temperature dependence of physiological traits (e.g.
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photosynthesis, respiration, per-capita population growth) near the upper bounds of organisms’
thermal tolerance ranges (Rowan 2004; Bradford 2013; Listmann et al. 2016) and the ecological
consequences of temperatures rising beyond those ranges (Rowan 2004; Thomas et al. 2012).
The focus of many of these studiesisincreasingly on the potential for rapid evolution of
physiological traitsin response to temperature change, and how such evolution may mitigate the
ecological impacts of climate warming (Hoffmann & Sgro 2011; Schlter et al. 2014; Listmann
et al. 2016).

Evolution on ecological timescales may be commonplace (Schoener, 2011) and can
‘rescue’ populations from potentially catastrophic environmental change (Gomulkiewicz and
Holt 1995; Bell 2013; Schifferset al. 2013). Thisis especially true of microorganisms, which
can have enormous population sizes, and many of which reproduce on timescales on the order of
minutes to days; these attributes offer many opportunities for mutation and subsequent natural
selection to lead to rapid evolution in response to environmental change. Despite the high
potential of microbes to adapt to changing environmental conditions, little is known about how a
prominent aquatic microbia group, phytoplankton, evolves in response to global change
stressors, particularly temperature. Phytoplankton are a diverse group of global importance: they
are the foundation of most marine and freshwater food webs and are major drivers of global
biogeochemical cycles, carrying out ~50 % of global carbon fixation (Field et al. 1998) and
linking nitrogen and phosphorus cycles (Redfield, 1958). Rising temperatures may negatively
impact phytoplankton productivity, biomass and species diversity (Boyce et al. 2010; Thomas et
al. 2012). However, given their high rates of reproduction and large population sizes, some
phytoplankton may be capable of rapid evolution in response to warming, mitigating some

ecological impacts of global climate change (Litchman et al. 2012; Listmann et al. 2016). For
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93  example, evolutionary changein Toyx and CTax in response to ocean warming may reduce heat-

94  induced mortality and poleward migration of phytoplankton populations, allowing some to

95 persist at low latitudes where they might otherwise go regionally extinct (Thomas et al. 2012);

96  such change could mitigate some of the potential broad ecological consequences of regional

97  depletion of phytoplankton diversity.

98 A number of recent evolution experiments have sought to elucidate how marine

99  phytoplankton evolve to cope with environmental change (Reusch & Boyd 2013), though to date
100  most have focused on increased atmospheric pCO, and/or ocean acidification (Jin et al. 2013;
101  Crawfurd et al. 2011; Lohbeck et al. 2012). Surprisingly, thermal adaptation has been studied
102 experimentally in only a couple of phytoplankton species to date, only one of which, a
103  coccolithophorid, was a marine species of global importance (Padfield et al. 2015; Schliter et al.
104 2014, Listmann et al. 2016). It is therefore difficult to predict if other ecologically important
105  groups, such as diatomsthat contribute up to 25% of all global carbon fixation (Nelson et al.
106  1995), would respond in asimilar way. Moreover, while we may expect Top: and CT e tO
107  increase after evolving at high temperatures, knowledge of how other important traits may
108 changein response to elevated temperatures is somewhat limited, to date. An important first step
109  toward understanding multi-trait evolutionary responses to warming was an experimental study
110 by Schilter et al. (2014), who found that after one year of experimental adaptation to elevated
111  temperature (26.3 °C), the marine coccolithophore Emiliania huxleyi increased its per-capita
112  population growth rate by up to 16% under both ambient and elevated pCO,; warm-adapted
113  populations also evolved smaller cell diameter and lower particulate organic and inorganic
114  carbon content compared to cold (15 °C)-adapted populations assayed at 26.3 °C under ambient

115  pCOs. In afollow-up study, Listmann et al. (2016) observed that both the optimal temperature
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116  for growth (Top) and the maximum temperature at which growth stops (referred to as upper

117  critical temperature, CTmax herein) increased in warm-adapted populations of E. huxleyi

118 compared to cold-adapted strains under both ambient and elevated pCO..

119 While many quantitative traits can defined by a single number (e.g. the depth of afinch’'s
120  beak), biological ratesin ectotherms vary continuously across temperature—they are thus often
121  referred to as“function-valued traits’ (Kingsolver et al. 2001). Our understanding of how

122 diverse function-valued traits may evolve in different organismsis limited. Various tradeoffs,
123  such as generalist-specialist or resource-allocation tradeoffs, may be important in determining
124 how the shapes of trait functions, including the thermal reaction norm (TRN), evolve (Angilletta
125 et al. 2003). By definition, the trait values derived from TRN and many other function-valued
126 traits are non-independent across environmental (e.g. temperature) gradients (Angilletta et al.
127  2003); thus, selection at one temperature may alter biological rates (e.g. population growth rate)
128  at every other temperature along the TRN. Selection may change the slope and curvature at every
129  point aswell (Kutcherov 2016), especially if some regions of the TRN are more evolutionarily
130 labilethan others (Aradjo et al. 2013). While recent studies showed that Top and CT e increase
131  after evolving at higher temperatures (Listmann et al. 2016), we do not know how the whole
132 TRN may evolvein phytoplankton, for example, if adaptation to high temperatures would lead to
133  adecreasein fitness at low temperatures, as previously observed in bacteria (Bennett & Lenski
134  1993) and bacteriophages (Knies et al. 2006).

135 The TRN for population growth is an emergent property of the temperature dependences
136  of enzyme activities (Ratkowsky et al. 2005; Corkrey et al. 2014), and few processes or

137  pathways within the cell should be immune to the effects of directional temperature selection

138  (Nedwell 1999; Baker et al. 2016; Padfield et al. 2016). Depending on the genes affected (and
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139  thusthe mechanism by which thermal adaptation is achieved), changes in maximum growth rate
140  may be accompanied by changes in traits not directly associated with the TRN. For example,
141  changesin stoichiometry in response to thermal adaptation (e.g. Schliiter et al. 2014) may be due
142  tochangesin relative resource requirements of phytoplankton cells, which in turn may affect
143  species competitive abilities (e.g. for N and P) and ultimately global biogeochemical cycles
144  (Redfield 1958; Litchman et al. 2007; Baker et al. 2016). An increase in maximum growth rate
145  at the selection temperature may lead to a decrease in affinity for a given nutrient dueto a

146  tradeoff between allocation of cellular resources to reproduction versus nutrient uptake (Grover
147 1991, Klausmeier et al. 2004). If the nutrient in question is never limiting, selection may favor a
148  high maximum growth rate over affinity, and the tradeoff may ultimately result in a weakening
149  of competitive ability for that nutrient in the selection environment.

150 To address the need for studies of the broad physiological and ecological consequences
151  of thermal adaptation in phytoplankton, we performed a long-term sel ection experiment

152  investigating the effects of prolonged exposure to temperatures above and below the growth

153  optimum on a suite of temperature-dependent traitsin amodel marine diatom, Thalassosira
154  pseudonana. We evolved this diatom in replicate populations at two different temperatures (16
155 and 31°C) for 18 months (~400 generations). Throughout this period, we monitored the

156  maximum (nutrient-saturated) growth rates of the replicate populations (five at each temperature)
157  and conducted temperature-dependent growth assays to determine whether and how thermal

158  adaptation leads to evolutionary change in TRN for population growth and the traits associated
159  with it: Top, CTiax, Maximum growth rate (Mmax) @ Topt (Mopt), Mmex 8t the selection temperatures,
160  and the curvature of the TRN at and below Ty We aso conducted nutrient-dependent growth

161 assayson al replicate populations at both selection temperatures to investigate the consequences
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162  of thermal adaptation for nitrate growth affinity, an important trait contributing to nitrate

163  competitive ability (Tilman 1982)—i.e whether selection for allocation of resources to

164  reproductive machinery over nitrate uptake machinery led to atrade-off between nitrate growth
165  affinity and maximum growth rate (Grover 1997; Litchman & Klausmeier 2001).

166

167 Methods

168 Temperature selection experiment

169  We obtained amonoculture of Thalassiosira pseudonana CCMP1335 (Hustedt) Hasle et

170  Heimdal from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton

171 (CCMP), Maine, USA, and isolated asingle cell by plating on agarose ESAW marine culture
172  medium (Harrison et al. 1980). From this progenitor, we propagated ten replicate populations
173  (“selection lines’ hereafter) into 20 ml ESAW marine culture medium contained in 50 ml

174  Cdllstar polystyrene tissue culture flasks with breathable caps (Greiner Bio-One GmbH,

175  Frickenhausen, Germany), which we gently agitated daily to keep cellsin suspension. We

176  assigned five replicates to the 16°C treatment and the other five to 31°C. These two temperatures
177  were below and above the previously-recorded thermal optimum (Toy) of T. pseudonana (~26°C:
178 Boyd et al. 2013), chosen so that the maximum growth rates (Lma) at the two temperatures were
179  roughly equal (~0.8 d™ at the start of the experiment). Selection lines were maintained in

180  temperature-controlled growth chambers under a 14:10 light:dark cycle, illuminated at 110 pmol
181  photonsm?s* during the day. All lines were maintained in ESAW medium for ~50 generations
182  atadilution rate of 0.5 d™ (diluted daily), after which all cultures were transferred to L1 medium
183  (Guillard & Hargraves 1993) due to poor culture healthin ESAW. L1 was made using 43.465 g

184 I artificial seasdlt (Tropic Marin, Wartenberg, Germany), which yields a specific gravity of
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185  1.025, similar to natural seawater. Upon switching culture media, we also altered the dilution
186  regime, such that 10° cells (usually ~0.5-1.0 ml) were transferred to fresh medium every 4 d
187  (with occasional deviations of £1 d). The selection lines required an additional ~50 generations
188  to adjust to the new dilution regime before consistent growth rates and culture health were

189  achieved. These changes led to a substantial improvement in culture health and maximum

190  growth rates. Cell densities of all replicate cultures were determined at each transfer for the
191 remainder of the experiment using a CASY particle counter (Scharfe System GmbH, Reutlingen,
192  Germany), and average population growth rates for each propagation period determined by
193  taking log(Ni/No)/t, where N is the population density and t istime in days; growth assaysin
194  which cell densities were estimated daily were conducted periodically throughout the selection
195  experiment, and did not at any point indicate that 4 d was long enough for populations to reach
196  carrying capacity.

197

198 Determination of temperature-dependent trait values

199  To evauate evolutionary change in physiological traits, we conducted temperature-dependent
200  (after ~350 generations) and nitrate-dependent (after ~400-450 generations) population growth
201  assayson evolved selection lines. To derive temperature-dependent trait values, we fit a recent
202  model proposed by Thomas et al. (2017), in which birth and death are both exponential functions
203  of temperature. The resulting curve is a unimodal, |eft-skewed thermal reaction norm (TRN).
204  Thedouble-exponential model (DE model, hereafter) is as follows:

205

206  pmax = bieP?T — die%T —d, (1),

207
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208  where u,,,, isthe specific growth rate (d™), T, b, and d, are the pre-exponential constants for
209  birth and death, respectively, b, and d, are the exponential rates of increase in both terms, and d,,
210  isthe temperature-independent death rate. We derived Tox analytically by taking the derivative of
211  thethermal performance curve between 10°C and 34°C and setting it equal to zero (see

212 Appendix A). Per-capita population growth as a function of external nitrate concentration can be

213  described using the Monod equation (Monod 1949):

214

215 14N _  HmaxAR (2)
Ndt Umax + aR ’

216

217  whereR istheresource (nitrate, in this case), max IS the resource-saturated (maximum)

218  population growth rate, and a is the nitrate affinity (the initial slope of the Monod curve). Note
219  that thisformulation directly incorporates the affinity a, rather than the traditional formulation
220  with the half-saturation constant for growth, K. Affinity isamore useful parameter becauseitis
221  moredirectly indicative of competitive ability (Healey 1980). The two parameters are related by
222 K = fyay/a.

223

224  Temperature-dependent growth assays. For temperature-dependent growth assays we first sub-
225  cultured al selection lines and acclimated sub-cultures to ten temperatures spanning the thermal
226  nichefor ~12 generations. Approximately 10° cells from each acclimated culture were then

227  propagated into fresh L1 medium, and each culture' s density estimated daily at the acclimated
228  temperature until reaching stationary phase (5-10 d, depending on the temperature). Light

229  conditions were as above. Culture density was estimated daily at all temperatures >16°C by

230  placing the polystyrene culture flask in a Shimadzu UV-2401PC spectrophotometer (Shimadzu
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231  Corporation, Kyoto, Japan) and measuring Absss (the wavelength corresponding to the

232  absorbance maximum of chlorophyll a) (Neori et al. 1986); Fogging of culture flasks at

233  temperatures <16°C prevented use of this method, so daily density estimates at 3 and 10°C were
234  conducted using the CASY counter. We calculated exponential growth rates by fitting regression
235 linesto log-transformed population densities over time. Single cultures of each selection line
236  were assayed at each temperature, except those at 16 and 31°C, which were assayed in triplicate
237 tofacilitate direct statistical comparison of growth rates. This comparison serves as a “reciprocal
238  transplant” experiment, acommon approach to test for local adaptation (Kawecki and Ebert
239 2004).

240

241  Nitrate-dependent growth assays. To determineif the nutrient-related traits changed as a result
242  of adaptation to different temperatures, we estimated Monod growth curves for nitrate at 16 and
243  31°C. In particular, we sought to determine whether temperature selection had caused

244  evolutionary divergencein nitrogen affinities between lines from each temperature treatment
245  when assayed at both selection temperatures, and whether this divergence corresponded to a
246  growth-affinity tradeoff. All ten selection lines were assayed in triplicate at each selection

247  temperature and at ten N concentrations ranging from O to 882 umol 1™ (the N concentration of
248  undiluted L1 medium). Population growth rates were measured as above. Prior to the Monod
249  assay, all assayed lines were acclimated to assay temperatures as above, followed by a5 day N-
250  starvation period in which cultures were kept in modified N-free L1 medium.

251

252  Modd fitting, trait estimation and statistical analysis.

253  We conducted all statistical analyses using R statistical programming language, version 3.3.2.

10
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254  Wefit Equation (1) to temperature-dependent growth data using the “mle2()” function from the
255  “bbmle’ package (Bolker 2016). To fit Equation (2) to nutrient-dependent growth data, we used
256  weighted, nonlinear least squares regression, due to high uncertainty in some growth rate

257  estimated for these assays; these analyses were carried out using the “gnls’ function from the
258 “nime’ package (Pinheiro et al. 2017), with afixed variance function (“varFixed()”). Estimation
259  of uncertainty in parameter estimates was identical to the nonparametric, residual bootstrapping
260  proceduredescribed in Listmann et al. (2016).

261 We compared bootstrapped TRN trait distributions and statistically fit means and

262  variances of nitrate affinity using simple linear models with selection line as the only predictor
263  (see Supplemental materials section S1.1). We compared pmax and nitrate affinities at the

264  selection temperatures within and among selection lines (“reciprocal transplant” approach) using
265  linear models with selection line and assay temperature as predictors (see Supplemental materials
266  section S1.2). We did not fit an interaction term due to insufficient degrees of freedom.

267  Bootstrapped nitrate affinity (anos) estimates were log-normally distributed and were log-

268  transformed for statistical fits and comparisons (i.e. all affinity estimates were entered as

269  exp[In(a)] for statistical fits, and 95% CI are for In(a)).

270

271 Results

272  Evolutionary change in thermal reaction norms. The growth for 350 generations at two different
273  temperatures, below and above the temperature optimum for T. pseudonana (16 and 31°C), led
274  toasggnificant divergence of the thermal reaction norms (Figure 1). Tox Was 2.1°C higher, on
275  average, in selection lines evolved at 31°C than in those evolved at 16°C (Figure 2A; see

276  standardized linear mode effects with 95% CI for individual replicates in Supplemental

11
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277  Materials Figure S1), as was the maximum growth rate at Top (Hopt) (Figure 2B; SM Figure S1).
278  CTmxWasalso higher in 31°C-selected lines than in 16°C-selected lines, with one exception

279  (replicate line 31.5). However, divergencein CTya was smaller than for Toy, <1°C on average
280  (Figure 2C; SM Figure S1).

281 A reciprocal transplant comparison between temperature treatments revealed that all

282  sdection lines from each treatment had higher maximum growth rates (Uma) in their “home’
283  temperature environmentsthan in “away” environments, with the exception of replicate line

284  16.1; “local” lines also had higher growth rates than “foreign” linesin all cases (Figure 2D; SM
285  Figure S1). Taken together, these results are the signature of local adaptation to temperature

286  (Kawecki & Ebert 2004; Blanquart et al. 2013). While pmax estimates differed slightly between
287 350 and 450 generations (measured for TRN and Monod assays, respectively), differences were
288  not directionally consistent across selection lines, and the overall pattern of local adaptation

289 pesisted (Figure 5A).

290 The peaks of the TRN of 31°C-selected lines appeared sharper, and the |eft tails more
291  deeply concave-up than those of 16°C -selected lines, both for the parametric (Fig. 1) and

292 nonparametric (Fig. S5) TRN. These observations, combined with the extremely narrow range of
293  CTmx between the two selection regimes, led usto hypothesize that CTex IS l€ss evolutionarily
294  labilethan Toy, resulting in greater skew in TRN of 31°C-selected lines, rather than asimple
295  rightward shift of the TRN along the temperature axis. The difficulty in reliably estimating CTin
296  prevented statistical comparisons of CTp,in and of thermal niche width among selection lines, and
297  also prevented estimation of skewness. However, we determined the distance between Top: and
298  CTm for al bootstrapped thermal reaction norms; ideally, this distance would be scaled by

299  thermal niche width, but absence of reliable thermal niche width estimates prevented scaling.

12
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300 Thedistance between Ton and CTmex (“upper tail length”) was smaller in 31°C-selected lines than
301 in16°C-selected lines (Figure 3A; SM Figure S2), suggesting that the change in Tox Was greater
302 thanthechangein CTyu at one or possibly both selection temperatures. We also determined the
303 “sharpness’ of the TRN peaks by taking the second derivative of the TRN with respect to

304 temperature at Tox (“Peak sharpness’ [Figure 3B] is the negative of this number), and the

305  upward-concavity below Tox by comparing the maximain the second derivative across0 < T <

306  Ton. We estimated the inflection point of each TRN by setting % = () and solving for T

307  withintherange 0 < T < Toy. 31°C-selected lines had sharper peaks at Top, Were more deeply
308  concave-up below Ty, and had inflection points at higher temperatures than 16°C-selected lines
309 (Figurel; Figure 3B-3D; SM Figure S2), suggesting greater negative skewness. The area under
310  each TRN between 0°C and CTyna (°C d™%), estimated using the “auc()” function in the “flux” R
311 package (Jurasinski et al. 2014), was smaller in 31°C linesthan in 16°C linesin four out of five
312  cases, AUC for replicate line 16.4 was comparable to those for 31°C-selected lines (Figure 3E;
313  Figure S2).

314 Adaptive divergence in U at selection temperatures was likely driven mostly by

315  evolution of 31°C-selected lines. Maximum growth rates in the 16°C-selected lines first

316 increased between 150 and 350 generations, then declined between 350 and 500 generations,
317 yielding anet change near zero. 31°C-selected lines, however, first increased pmax rapidly for
318  ~300 generations, after which little change occurred (Figure S3). Between 450 and 500

319 generations, all five 31°C-selected lines again appear to increase Umax (Figure S3), though

320  drawing inferences from this short timeframe may be premature.

321

322  Evolution of competitive ability for nitrate. Temperature selection led to evolutionary changein

13


https://doi.org/10.1101/167817

bioRxiv preprint doi: https://doi.org/10.1101/167817; this version posted July 24, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

323 traitsbeyond the thermal reaction norm for growth rate. Specifically, nitrate growth affinities,
324  derived from nitrate-dependent growth (Monod) assays (Figure 4), diverged between

325  temperature treatments, leading to changes in competitive ability for nitrate in both “home” and
326 “away” environments. While all selection lines remained locally adapted to their selection

327  temperaturesin terms of their maximum growth rates (Uma) after 450 generations (Figure 5A),
328 variationin nitrate affinity (anos) was more consistent between assay temperatures than between
329  sdection groups; anozwas higher for all but three (replicate lines 16.1, 31.1, 31.5) when assayed
330 at 31°C, regardless of selection temperature (Figure 5B). Three out of the five 31°C-selected
331 lines(replicate lines 31.2, 31.3, 31.5) had marginally higher anosthan all of the 16°C-selected
332  lineswhen assayed at 16°C, with one (31.1) dramatically higher (Figure 5B). However, at 31°C,
333  two 16°C-sdlected lines (16.3, 16.4) and two 31°C-selected lines (31.2, 31.3) had anosz> 0.051
334 umol™d™, whilethe rest were nearly indistinguishable, with affinities around 0.03 | pmol™*d™*
335 (Figure5B). The trade-off between the maximum growth rate and nitrate affinity was apparent in
336 the16°C-selected lines but, interestingly, was weak or absent in the 31°C-selected lines, with
337  replicates pooled across assay temperatures (Fig. $4).

338

339 Discussion

340 Evidence that phytoplankton can evolve rapidly in response to environmental changeis
341  mounting (Collins & Bell 2004; Hutchins et al. 2015; Listmann et al. 2016), but the response to a
342  single, directional selection pressure can be multifaceted (Low-Décarie et al. 2013; Schliter et
343  al. 2014; Hutchins et al. 2015). We showed that adaptation to different temperatures not only
344  changesthe growth rate at the selection temperature but significantly alters the shape of the

345  whole thermal reaction norm (TRN), a function-valued trait. The changes included shifts of

14
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346  critical temperaturetraits (e.g. Top and CTia), changes in the slope and curvature of the TRN at,
347  below, and above Ty, and changesin the total area under the TRN (“AUC”, hereafter).

348  Adaptation to high temperature resulted in a growth rate decline at low temperatures (a

349  performance trade-off). Moreover, traits not directly associated with the TRN for population

350  growth, such as competitive abilities for nutrients, changed in response to temperature selection
351 aswell, possibly dueto pleiotropic effects (Elena & Lenski 2003) or resource allocation or

352  acquisition tradeoffs (Gilchrist 1995; Angilletta et al. 2003).

353 Selection at 31°C, well above the previously recorded To for T. pseudonana (Boyd et al.
354  2013), led to asnift in Toy Of ~2 °C, on average. Concurrent with this shift, the maximum growth
355  rateat Top (Hopt) increased by ~0.1 d* (“vertical shift”: Izem & Kingsolver 2005) and all strains
356  but one (replicate line 16.1) met both the “local versus foreign” and “home versus away” criteria
357  for demonstrating local adaptation at both 16°C and 31°C (Kawecki & Ebert 2004; Blanquart et
358 al.2013). We are unsure what caused the decline in growth rate of the 16°C-selected lines after
359  ~350 generations (Figure S3); areduction in growth rates in evolution experiments was observed
360 previously and could also be attributed to the accumulating cellular damage associated with the
361 initial evolution of faster growth rate (“Prodigal Son” dynamics) (Collins 2016). A second

362  possible explanation is clonal interference, though determination of relative clone frequencies
363  within apopulation would require identification and quantification of genetic markers (Gerrish &
364  Lenski 1998). Despite thisreduction in fitness, however, local adaptation was still apparent in
365  16°C-selected lines at 450 generations (Figure 5).

366 The results presented here suggest that the variation in T. pseudonana’s TRN caused by
367 thermal adaptation led to (or was driven by) a number of trade-offs. First, while we could not

368  precisaly estimate CTyinor the thermal niche width, the performance trade-off resulting from
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369  selection at 16°C versus at 31°C, combined with changes in Toy, Strongly suggest some

370  horizontal shift inthe TRN (Izem & Kingsolver 2005; Kingsolver et al. 2009), as previously

371 observed in bacteriophages (Knies et al. 2006) and the marine coccolithophore Emiliana huxleyi
372  (Listmann et al. 2016). In addition, both temperature “generalist-specialist” and resource

373  alocation trade-offs were apparent (Gilchrist 1995; Angillettaet al. 2003). The higher, sharper
374  peaksand compressed upper tailsin the TRN of 31°C-selected lines, accompanied by a reduction
375 infitnessat 16°C, suggest greater specialization for growth at high temperaturesin 31°C-

376  sdlected linesand less specialization in general in 16°C-selected lines. However, the reduction in
377 areaunder the TRN curve (*AUC") in 31°C-selected lines suggests the existence of an

378  acquisition or alocation trade-off aswell. Gilchrist (1995) predicted that, absent a mgjor shift in
379  resource acquisition or alocation toward or away from reproduction, the AUC should remain
380  constant—in other words, the derivative of the function may change, but its integral does not
381 (Gilchrist 1995; Angillettaet al. 2003). We found that, assuming a hard cutoff in positive

382  population growth at 0°C, 31°C-selected lines had alower total AUC than four out of five 16°C-
383  sdected lines (Figure 3E), despite having higher maximum growth rates at and above Top:.

384 We propose a modification to Equation (1) that leadsto a prediction of greater

385  temperature specialization in high-temperature adapted strains while also allowing for an

386  allocation trade-off in which enhanced enzyme repair machinery at high temperatures comes at a
387  cost to reproduction at temperatures below Tou. In high-temperature adapted species, the

388  thermodynamically predicted temperature of maximum enzyme stability falls well below the
389  satistically fit Toyx (Ratkowsky et al. 2005; Corkrey et al. 2014), suggesting that it israpid repair,
390 rather than enhanced stability of enzymes that allows for positive growth at very high

391 temperatures. The trade-off inherent in the following model simply assumes alack of plasticity
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392 inresource allocation to enzyme repair at high temperatures versus reproduction across

393  temperatures (Angiletta et al. 2003).

394 f(T) = (1/q) bie™" — (1/p) die®™" —d,, 3

395 q=qo+qp (4)

396 Here, the exponential mortality term is weighted inversely by p, which represents investment in
397  protection from heat-induced denaturation of enzymes (or the induction of repair enzyme

398 activity); qistheresource content of acell (quota), whichislinearly related to p. Thus, as

399 investment in protection and repair increases, temperature-dependent mortality decreases.

400 However, temperature-dependent birth is also negatively affected as resources are diverted from
401  reproduction and allocated to protection. The modified DE model can produce changesin the
402  curvature of the TRN similar to those observed in the T. pseudonana selection experiment

403  (Figure6). Themodel predictsthat peak sharpness at Top, upward concavity below Top, and the
404 location of the inflection point are all positive, saturating functions of p (Figure S12A-D).

405 There are two observed results that this model does not predict, however. First, the model
406  predictsthat upper tail length is a positive, saturating function of p (Figure S7). In contrast, the
407  upper tails of our experimentally derived thermal reaction norms were more compressed in

408  31°C-selected lines, compared to 16°C-selected lines (Figure 3A). Second, in experiments, the
409  changein CTyex Was smaller than that in Top—these two discrepancies are likely not independent
410  of one ancther. Evolution of CT.x may thus be constrained by evolutionary barriers not

411 incorporated in the model. Although evolution of CTuxin response to temperature selection has
412  been observed in the bacterium Escherichia coli (Mongold et al. 1996) and in the marine

413  coccolithophore Emiliana huxleyi (Listmann et al. 2016), the small changesin CT.« relative to

414  Topu inthis study suggest that, at least in T. pseudonana, Tey iS more evolutionarily labile than
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415  CTmax, assuggested by Araljo et al. (2013)—although the mere existence of vast diversity in
416  CTmax in nature (see, e.g., Corkrey et al. 2014) indicates that such constraints are not

417  evolutionarily insurmountable. However, on timescales relevant to the current rate of increase of
418 global sea surface temperature, constraints on evolution of a higher CT,..x may cause regiona
419  extinctions, contributing to diversity loss, especialy at low latitudes (Thomas et al. 2012).

420 An increase in the maximum growth rate (fitness) is the most predictable response to the
421  temperature selection environment, but the physiological causes and ecological consequences of
422  that change can beindirect and far-reaching (Schltter et al. 2014; Padfield et al. 2016). In the
423  presence of a growth rate-competitive ability tradeoff, for example, selection for rapid growth
424  (high pmax) In nutrient-replete conditions (as was the case here) may lead to adeclinein

425  competitive ability (suggested here by a decline in anos), though as we observed, this tradeoff
426  may be escapable. Whether or not atradeoff is observed may depend on the affected genes and
427  the mechanisms by which a population achieves thermal adaptation. Given the diversity in anos
428  and among selection lines within a single selection and assay temperature group, adaptation to
429  temperature was possibly driven by changes to a distinct combination of loci in each selection
430 line—mutationsin some lines were relevant to NO; uptake and metabolism (e.g. genes for cell
431  membrane NOjs transporters, NO3 reductases and plastid-localized nitrite transporters) (Armbrust
432 et al. 2004), while others may have affected other systems, such as photosynthesis or

433  reproductive machinery (Padfield et al. 2016).

434 In the absence of nutrient limitation (and thus any selection for enhanced competitive
435  ability), selection likely favors high pmax Over high nitrate affinity. However, thermal adaptation
436  inthe ocean would occur under nitrogen limitation in most cases, at least in the temperate ocean

437  whereT. pseudonana is commonly found (Fong 2008), and may thus produce competitive
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438  abilities quite different from those we observed here. While we acknowledge the challenges
439  inherent in combined temperature-nutrient selection experiments (e.g. longer generation times
440  and high mortality due to failure to meet minimum nitrate quotas), we suggest that future

441  temperature selection experiments must account for nutrient limitation to reflect realistic climate
442  change scenariosin natural systems.

443 Evolution experiments are essential to enhancing our understanding of the effects of
444  climate change on marine and freshwater food webs. Arguably, phytoplankton are among the
445  highest-payoff organisms upon which we can conduct evolution experiments; they offer a unique
446  combination of potential for rapid evolutionary responses to environmental change, tractability
447  asexperimental subjects, and global ecological importance (Reusch & Boyd 2013). Eco-

448  evolutionary responses to changes in temperature, ocean acidity, nutrient limitation and other
449  environmental factors are complex, and are made more complex by interactions among these
450 factors. Single-stressor evolution experiments are a valuable first step, but future evolution

451  experiments must account for interactive effects of multiple stressors (e.g. temperature and

452 nitrate limitation).
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464  Figure 1l Thermal reaction norms for per-capita population growth of 10 T. pseudonana
465  populations after 350 generations of experimental selection, five at 16°C (blue) and five at 31°C
466  (red). Curves werefit using maximum likelihood estimation.
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472  Figure2 (A) Box-and-whisker plots of bootstrap Top estimates (n = 1000). Boxes span the first-
473  third quartiles; dots are outliers; black lines inside boxes represent T estimates from the DE fits
474  inpand A. (B) Box-and-whisker plots of CTnay bootstrap distributions. Symbols are asin panel
475  B. (C) Box-and-whisker plots of pmax bootstrap distributions. Symbols are asin panel B. (D)
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Box-and-whisker plots of [ in the reciprocal transplant scenario (both selection groups
assayed at both selection temperatures). These assays were conducted in triplicate (no
bootstrapping). In panel D, black horizontal lines are median values for each selection line. In
panels B and C, the thin, horizontal line across the whole pand is the grand mean across all
bootstrap parameter values, to aid in visualization of trait differences among selection lines.
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490  Figure 3 (A) Upper tail lengths (CTmax — Topt) derived numerically from bootstrap DE curves (n
491  =1000). (B) Peak sharpness of bootstrap DE curves. Sharpnessis calculated as the negative of
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493  more negative gradients). (C) Upward concavity of bootstrap DE curves below Toy, calculated as
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503  Figure4 Nitrate-dependent growth (Monod) assays at 16°C (A) and 31°C (B). Curves werefit to
504 T. pseudonana exponential growth rates at ambient NO3 concentrations ranging from O to 882
505  pmol I* (the NO; concentration in unaltered L1 marine medium). Monod parameters (anos and
506  Mmex) Were estimated using generalized leased squares.
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513  Figure5 Nitrate-dependent growth (Monod) kinetic parameters. (A) T. pseudonana maximum
514  gpecific growth rates (Umax) for 31°C- and 16°C-selected lines (red and blue, respectively)
515 assayed at 31°C versus a 16°C. (B) Nitrate growth affinity (anos); colors and assay temperatures

516 areasinpane A. Notethat they-axisin panel B ison alog scale. Black diagonals are 1:1 lines.
517 Barsare+l1l SE.
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521  Figure 6 The modified double-exponential model with protection (p) ranging from 0.1 to 1.
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