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Abstract

Ongoing climate change is shifting species distributions and increasing extinction risks globally. It
is generally thought that large population sizes and short generation times of marine phytoplank-
ton may allow them to adapt rapidly to global change, including warming, thus limiting losses of
biodiversity and ecosystem function. Here, we show that a marine diatom survives high, previ-
ously lethal, temperatures after adapting to above-optimal temperatures under nitrogen (N)-re-
plete conditions. N limitation, however, precludes thermal adaptation, leaving the diatom
vulnerable to high temperatures. A trade-off between high-temperature tolerance and increased N
requirements may explain why N limitation inhibited adaptation. Because oceanic N limitation is
common and likely to intensify in the future, the assumption that phytoplankton will readily

adapt to rising temperatures may need to be reevaluated.
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INTRODUCTION

Marine phytoplankton is responsible for about half of all car-
bon fixation on Earth (Field 1998). They are also key players
in other biogeochemical cycles (Falkowski et al. 2008) and
form the basis of most oceanic food webs. Phytoplankton is
sensitive to global environmental change, including rising tem-
peratures. Their productivity and diversity may decline as the
oceans warm (Sarmiento et al. 2004; Thomas et al. 2012)
which will have cascading effects on higher trophic levels and
ecosystem functioning. Declines in productivity and diversity
may be particularly severe in the tropics (Parmesan 20006;
Thomas er al. 2012; Reusch 2013; van Dooremalen et al.
2013); therefore, it is especially important to investigate
whether tropical phytoplankton can adapt to rising tempera-
tures.

Evolutionary responses may help offset negative effects of
rising temperature on phytoplankton. As phytoplankton have
large populations, fast generation times and typically high
genetic diversity (Rynearson & Armbrust 2000, 2005), they
may adapt rapidly to rising temperatures (Litchman ez al.
2012; Padfield et al. 2015; Listmann et al. 2016; Schaum et al.
2017) through evolutionary rescue. Evolutionary rescue of a
maladapted population occurs through the proliferation of
rare, resistant individuals either initially present or arising
through mutation, preventing extinction (Bell & Gonzalez
2009). Recent laboratory experiments document fast thermal
adaptation: within several hundred generations, the optimum

temperature for growth and niche width increased in phyto-
plankton grown above their thermal optimum (Listmann
et al. 2016; O’Donnell et al. 2018). However, little is known
about how other stressors affect thermal adaptation (Boyd &
Hutchins 2012; Boyd et al. 2015; Baker et al. 2018).

Because many parts of the ocean are nutrient-limited
(Moore et al. 2013), and warming is often associated with
decreased nutrient availability (Sarmiento et al. 2004), it is
likely that phytoplankton adapting to rising temperatures will
also experience nutrient limitation. We know of no published
studies that look at the interactive effects of high temperature
and nutrient limitation on phytoplankton adaptation. Ther-
mal adaptation can increase the nutrient requirements of phy-
toplankton (Baker ez al. 2018), suggesting that lower nutrient
levels could affect the potential for phytoplankton to adapt to
high temperatures. If nutrient limitation impedes thermal
adaptation, phytoplankton biomass and diversity may decline
more severely than predicted for nutrient-replete conditions.

We explore whether N-limitation affects the ability of mar-
ine phytoplankton to adapt to warming by evolving a tropical
marine diatom at above-optimal temperatures (31 °C) under
nitrogen (N)-replete vs. N-limited conditions. We charac-
terised the thermal traits of evolved populations after ~ 100
and ~ 200 generations under the experimental conditions,
including their tolerance of extreme temperatures. While none
of the populations showed dramatic improvements in fitness
at the selection temperature, under N-replete conditions the
diatom gained the ability to survive previously lethal high
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temperatures (34 °C), while N-limited populations remained
vulnerable to that temperature.

MATERIALS AND METHODS

Eight populations were evolved under above-optimal tempera-
ture (31 °C), four at N-replete and another four under N-lim-
ited conditions. After ~ 100 generations, their thermal
performance curves (TPC) and tolerance to 34 °C were mea-
sured. Then, ~ 100 generations later (~ 200 generations total),
the populations’ tolerance to 34 °C was checked again and
the TPCs of two randomly chosen 34 °C-tolerant populations
were measured. To explain the experimental results, a model
of competition was developed, showing the nutrient-dependent
evolution of thermal tolerance.

Culture conditions

The marine diatom in our study, Chaetoceros simplex strain
CCMP 200 (National Center for Marine Algae and Micro-
biota, NCMA) was isolated from the Persian Gulf in 1977,
where monthly average temperatures range between 19 and
32 °C (Shirvani et al. 2015) and yearly means span 26-28 °C
(Boyer et al. 2013). Extreme temperatures can reach 16 °C
and 35 °C (Nandkeolyar et al. 2013). At the NCMA, the
strain was maintained at 24 °C until 2007, then cryopreserved
by adding 12% dimethylsulfoxyide (DMSO) as a cryoprotec-
tive agent, cooling cells by 1 °C per minute until —80 °C, and
storing them at —137 °C.

We maintained this original culture (Box 1) for 16 weeks at
25 °C in nutrient-enriched artificial L1 seawater medium
(884 um NO3 ™) from NCMA, modified from Guillard & Har-
graves (1993), at pH of 8-8.2 and 33 psu salinity. Only the
nitrate concentration was modified during subsequent experi-
ments, establishing two experimental N-availability condi-
tions: 884 pm NO;~ and 5 pm NO; . We bottlenecked the
original culture using sequential dilution to reduce genetic
variation as much as possible. The resulting population was
grown for several days and split to form nine experimental
populations. Sub-samples of each were cryopreserved in our
laboratory (see above); subsequently, they are referred to as
ancestral populations (Box 1).

Evolution experiment

Eight populations were then grown at 31 °C, and one was
maintained as a control at 25 °C in regular L1 medium (884 pum
NO; 7). We chose 31 °C for the evolution experiment because it
is within the range of expected annual mean temperatures for
tropical seas, where current conditions range from 26 to 30 °C
(Boyer et al. 2013) and may rise by 3 °C by 2100 (IPCC 2013,
RCP 8.5). Preliminary work showed that our experimental line
grew from 13 to 32 °C, with an optimum temperature of 25 °C
(not shown). The 31 °C treatment exceeded the strain’s opti-
mum, yet permitted sufficient growth (0.5-0.7 per day) to com-
plete the experiments in a reasonable time.

At 31 °C, four populations remained in regular L1 medium
(884 um NO; ™), while the other four received nitrogen-re-
duced L1 medium (5 um NO3™); we refer to these as N-replete
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and N-limited conditions respectively. The N-replete concen-
tration is extremely high relative to most natural settings, but
ensures cells are not N-limited, providing a contrasting treat-
ment that is consistent with previous studies. The N-limited
treatment exceeds oligotrophic ocean N concentrations, but is
on the low end of concentrations typical of areas with signifi-
cant diatom presence (Bopp et al. 2005; Boyer et al. 2013).
Growth rate reductions during the experiment (Fig. S2), and
lower cell chlorophyll a content (¢ = 4.011, P = 0.02) and size
(F=18.86, P <0.001) compared with the N-replete condi-
tions, suggest that the 5 pm N treatment did limit our cultures
(See Supporting Information Appendix 2 for chlorophyll «
and cell size estimates).

Unless noted, in all subsequent experiments populations
were maintained in 50 mL polycarbonate culture flasks, at
100 pmol quanta m~2 s~ cool white fluorescent light on a
14/10 h day/night cycle. We gently inverted and randomly
repositioned flasks daily. Every three days ¢. 10° cells (never
<6 x 10° cells) from each population were transferred to
fresh media. We monitored populations by measuring in vivo
optical density daily (436 nm wavelength absorbance) using a
Shimadzu UV-2401PC spectrophotometer before and after
each transfer.

When more than two biomass observations (optical density
or fluorescence, depending on the experiment) within the
exponential growth phase were available, we calculated popu-
lation growth rates (day '), or p, as the slope of the linear
regression of In(biomass) vs. time (days). Alternatively, when
biomass measurements were made every 2-3 days, we calcu-
lated growth rate as %, where B is biomass and ¢ is time
(days) and the number of generations within a particular time
range, At, as (ﬁ)At. We characterised changes in the growth
rates of the N-replete (n = 260) and N-limited (n = 256) popu-
lations throughout the experiment using linear mixed-effects
models, with individual evolved populations as a random
intercept effect (Fig. S2 and Table S1).

Thermal performance curve (TPC) assays

Experiments

We assayed the TPCs of our populations twice during the
evolution experiment. This involved pre-acclimating sub-cul-
tures from each population to 28 °C (in-between the 25 °C
control and 31 °C experimental treatment) in N-replete med-
ium for 20 days (20-25 generations) to remove any effects of
acclimation to previous temperatures (31 or 25 °C) and N
levels. Subsequently, separate flasks containing N-replete med-
ium were placed at each assay temperature, inoculated with
pre-acclimated populations, and allowed to acclimate for six
more days.

After ~ 100 generations of evolution (102-114 days, corre-
sponding to 90-134 generations depending on the popula-
tions), we assessed the TPCs of all evolved populations and
the control population. Assay temperatures were 12, 20, 25,
29, 31, 32 and 34 °C. Four replicate populations were estab-
lished at each temperature in 12-well plates (experimental
replicates, Box 1) by combining four 0.5 mL aliquots from
the acclimated flasks with 4.5 mL of N-replete medium. These
plates were then maintained at each temperature. We
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measured in vivo chlorophyll-a fluorescence (excitation wave-
length: 436 nm, emission wavelength: 680 nm) daily using a
SpectraMax M35 microplate reader (Molecular Devices, Sun-
nyvale, CA, USA) to estimate the growth rate (252 estimates).

After ~ 200 generations of evolution (165-186 days: 194—
232 generations), we characterised the TPCs of two randomly
selected N-replete evolved populations that were 34 °C-toler-
ant (see the 34 °C challenge section below) and the control
and an ancestral population. Assay temperatures were 10, 20,
25, 29, 31, 32, 34 and 35 °C, and three replicate populations
were grown in 50-mL culture flasks (instead of well plates) (96
growth rate estimates). This change in protocol was to avoid
unreliable data at 35 °C caused by evaporative losses in well
plates (not shown); culture container type could affect growth
rates by altering light availability, but does not invalidate
comparisons between the evolved and control populations
within a given assay. We discarded data from the final two
days of this assay for two experimental replicates of the con-
trol populations due to contamination.

Analysis

Exponential growth rates were calculated using biomass data
collected over 8-10 days (see above). Prior to conducting
regressions, we inspected the time series and removed observa-
tions occurring during lag or stationary growth phases, where
apparent. However, at ~ 100 generations, the 34 °C regres-
sions were based only on measurements from the first four
days. This provided a simple means of isolating the response
of the populations’ dominant strain(s) from that of the rare
34 °C-tolerant strains, revealed by subsequent experiments
and analyses (see section on 34 °C challenge below).

We described TPCs by fitting the double exponential model
(Logan et al. 1976; Thomas et al. 2017) to our observed speci-
fic growth rates, p. This model assumes net growth rate is the
difference between temperature-dependent birth and death, as
follows:

w= b1 — (dy + dye™7) (1)

where T is the temperature, b; and d, respectively, provide the
birth and death rates at 0 °C, b, and d, describe the increase
in birth and death rates with temperature, and d, is a temper-
ature-independent source of mortality. For statistical conve-
nience, we re-parameterised this equation (O’Donnell et al.
2018) to depend explicitly on T

o= d[l)_zdzeszJr(dz*bz)Tom _ (dO + dledzT) (2)
We fit (2) to observed growth rates to obtain estimates of
underlying birth and death parameters (assuming normally
distributed residuals and using maximum likelihood, bbmle
package in R, Bolker & R Development Core Team 2017).
Next, we determined whether evolution significantly altered
the TPCs of populations grown at 31 °C. At ~ 100 genera-
tions, we had eight evolved populations and one control pop-
ulation. Taking each evolved population, we tested whether
its observed growth rates, combined with those of the control
population, were better explained by a single TPC (following
eqn 2), or two separate TPCs (for evolved vs. control)
(Figs. S3 and S4; Table S2). In each case, we used model com-
parison (based on AICc, Akaike Information Criterion cor-
rected for small sample size) to determine which model
performed best. Additionally, we consider whether any
detected changes are biologically meaningful, examining speci-
fic thermal traits, T, and maximum growth rate (Fig. S5).
At ~200 generations, we had two evolved populations and
two control populations. Rather than conducting pairwise
tests, we considered whether all of the growth rates pooled
were best described by a single TPC, two TPCs (for evolved
vs. control), or four TPCs (allowing each population to differ)
(Fig. S6; Table S3). We again used AICc comparison. When
the model allowing TPC shape to differ between evolved vs.
control populations out-performed a single shared TPC, we

Box 1. Terminology used throughout the text

different experimental evolved and control populations.

plete or N-limited conditions (four populations each).

medium at 25 °C.

and 34 °C challenges assays.

Original culture: Chaetoceros simplex population strain CCMP 200 (National Center for Marine Algae and Microbiota,
NCMA) maintained at 25 °C and N-replete conditions before the experiment.
Experimental line: population obtained from sequential dilution of the original culture, that we subsequently split to form the

Evolved populations: cultures originated from eight of the aliquots of the experimental line, maintained at 31 °C and N-re-

Control population: culture originated from the experimental line and maintained at 25 °C and N-replete conditions. When
presenting the ~ 200 generation TPCs, we also include the thawed ancestral population when referring to controls.

Ancestral populations: aliquots of the evolved and control populations that were cryopreserved at the beginning of the evolu-
tion experiment. The ancestral populations were thawed just before the ~ 200 generations assay and maintained in the N-replete

Thermal performance curve (TPC): the relationship between growth rate and temperature.
34 °C challenge: exposing experimental populations to 34 °C and observing their growth.
Experimental replicates: each one of aliquots from the experimental populations used to estimate growth rates at the TPCs

Tolerant or intolerant strains: populations that grow (tolerant) or not (intolerant) at 34 °C. We use these terms to refer both
to the populations that we have experimentally tested at 34 °C and the theoretical populations in the model.

© 2019 John Wiley & Sons Ltd/CNRS
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concluded that evolution led to statistically different thermal dN;
performance curves. Y7 (b(pi, Ri, Ry, T) — d(pi, T)) x N; (4)

34 °C challenge

The ~ 100 generation TPC assays included a 34 °C treatment,
which tended to cause populations to first decline in abun-
dance and then resume growing (Fig. 2b,c). We call this the
~ 100 generations 34 °C challenge. We tested the idea that
these population-level patterns reflected the combined
responses of abundant (but dying) strains and rare (but expo-
nentially growing) strains by fitting a two-strain evolutionary
rescue model (Gonzalez et al. 2013) to the observed dynamics
of each replicate experimental population. Here, population
dynamics follow:

N(t) = dNoe"" + (1 — &) Noe™ (3)

where N, is the total initial population size, ¢ is the relative
abundance of strain 1, and r; (») is the growth rate of strain
1 (strain 2). Note that (3) collapses into the exponential
growth of a single strain when either r; = r, or ¢ — 1. We fit
the In-transformed version of (3) to observed In(fluorescence)
with normally distributed errors using maximum likelihood.

After ~ 200 generations (165-186 days: 194-232 generations
for the N-replete populations; 128—151 generations for the N-
limited populations), we again assessed the evolved popula-
tions’ survival at 34 °C, as well as that of the control (25 °C)
and ancestral populations (Box 1). We call this assay the
~ 200 generations 34 °C challenge, as it preceded the subse-
quent TPC assay. As before, pre-acclimation to 28 °C
occurred prior to the 34 °C treatment imposed on all popula-
tions: evolved (n =2 replicates per population), control
(n=2), and ancestral (n = 7). We monitored growth daily
using in vivo optical density; see above. Not all populations
survived 34 °C; those that did, were maintained at 34 °C in
N-replete medium and periodically transferred to avoid sta-
tionary phase, until we could subsequently measure their full
TPCs (see above). In Fig. 2 we only show data collected
before we transferred the cultures to fresh medium for the first
time; however, cultures were maintained > 3 weeks, including
the failed populations, to verify that no growth occurred.

Modelling the nutrient-dependent evolution of thermal tolerance

To investigate a mechanism that might explain our experimen-
tal results, we constructed a model of competition between
two hypothetical strains of Chaetoceros simplex with distinct
phenotypes. Specifically, we assume that investment in protec-
tive mechanisms enables growth at high temperatures but
increases nitrogen requirements (Baker et al. 2018). We then
explored whether N-limitation affects the ability of an initially
rare strain that invests in increased protection (enabling it to
grow at 34 °C) to invade a population dominated by a less
protected strain, when both compete in a 31 °C environment.

Model structure

In this model, change in the abundance N; of a particular
strain i depends on the difference between its birth rate b and
death rate d, following:

© 2019 John Wiley & Sons Ltd/CNRS

where both rates depend on temperature 7 and strain-specific
levels of investment in protection, p;. Birth rate also depends
on the availability of two essential resources (R; and R;). We
considered R; to represent nitrogen, the focal nutrient in our
experiments, while R, is another potentially limiting resource
(e.g. phosphorus or light).

This formulation represents a modified version of the dou-
ble exponential model (2) described previously (Logan et al.
1976; Thomas et al. 2017, O’Donnell et al. 2018). Here, we
define the birth term specifically as follows:

b(pi, R17R2, T) = b] X EXp(b2 X T)

. Vi R, V2 R,
X Min , —

|:QO +q1 X pi <R1 + k1> 92 (Rz + kzﬂ
(5)
The first components of (5) drive an exponential increase in
birth rate with temperature (for b, > 0). However, this term is
constrained by whichever of R; and R, is most limiting to
growth, following Liebig’s law of the minimum, and assuming
Monod uptake kinetics. Here, v; and v, determine maximum
uptake rates for the two resources, k; and k-, set the half-satu-
ration constants of the Monod curves, and ¢ parameters
define the quota (how much of Ry or R, is required to produce
one unit of biomass N). A strain’s quota for R; (nitrogen) has
some baseline value ¢ if it does not invest in protection at all
(ie. if p;=0); however, the nitrogen quota increases with
investment in protection (i.e. as p; increases) scaled by the ¢
coefficient. Finally, we note that the growth of a strain can be
limited by a particular resource either when: (1) the resource is
low (such that R/(R + k) is very small), or (2) both resources
are plentiful, but one is consumed more slowly than the other
(for example, if v; is much larger than v,, the uptake of R,

might limit growth even when R, is abundant).

The temperature-dependent death term consists of:

d(pi, T) = ;"7 x Exp(dy x T) (6)

where death rate increases exponentially with temperature
(Thomas et al. 2017) but d,, a strain’s baseline mortality rate
at T =0, is scaled by the protection term p; Consequently,
strains that invest more in protection reduce their death rate,
allowing them to survive at higher temperatures. Overall,
changes in each strain’s abundance depend on the difference
between its birth (5) and death (6) rates, given current temper-
ature and resource levels.

Resources are continuously depleted as both strains consume
and convert resources into biomass, scaled by their quotas:

dR -

#I-Z(Qoﬁ-mXPi)Xb(Pan,Rz,T)XNi (7)
i

dR -

7[2: — g2 x b(pi, R, Ry, T) x N;
p

The total amount of each resource is determined by the quan-
tity supplied in the growth medium, imposing the initial con-
ditions: Ry(0) = Rj,; and Ry(0) = Ri,,. Together, eqns (4)
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and (7) define our model. All parameters are listed in
Table S4; model parameterisation is described in Supporting
Information Appendix 1.

We further tailored our model to the evolution experiment
by imposing semi-continuous culture dynamics, simulating the
periodic transfer and dilution of populations by regularly per-
turbing the state variables of our model with a fixed period of
7 (three days). At each perturbation, total population size
(N1 + N») was reduced by a constant fraction p, without alter-
ing the relative abundance of each strain. Concentrations of
each resource were simultaneously restored to Rj,; and Rij»,
then populations grew and depleted resource levels for
another t days. This competitive regime selectively favors the
strain with the highest relative abundance at the end of each
period, despite regularly decreasing total abundances. Model
results were obtained numerically using Mathematica
v11.1.1.0 (Wolfram Research).

C : N elemental analyses

We measured the elemental composition of the two 34 °C-tol-
erant populations (Fig. 1c), and the control and ancestral
populations, at different temperatures. From each culture dur-
ing exponential growth, we filtered 10-20 mL duplicate sub-
samples onto pre-combusted GF/F filters. The filters were

then dried at 60 °C for 24 h, packed in aluminium tins and
kept in a desiccator. Blanks were 10-20 mL of the medium fil-
tered and processed as other samples. Particulate C and N were
measured with a CHN analyzer (Costech ECS 4010, Sollins
et al. 1999) and ratios were calculated from weight percentage
of each element after the subtraction of the corresponding
blank. We used a general additive model (GAM) through the
mgcv package in [R] to describe changes in C : N ratio across
the range of temperatures where both the controls (25 °C con-
trol and ancestral) and the evolved populations grew (20 to
32 °C). Our model allowed for smoothed relationships between
C : N and temperature, which varied by the evolutionary his-
tory of the populations (evolved 34 °C-tolerant or control
34 °C-intolerant), while testing for a difference in the mean
C : N of the tolerant and intolerant populations. This analysis
included 30 C : N values for the evolved populations and 30
for the control populations.

RESULTS
Thermal performance curves (TPCs)

At ~ 100 generations, we saw limited evidence of changes in
the TPCs of evolved populations (Fig. la,b). In four of the
eight comparisons a single TPC described variation in growth

Thermal performance curves

(@) N-limited (b) N-replete
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Figure 1 Thermal performance curves at ~ 100 and ~ 200 generations. Thermal performance curves after ~ 100 generations, comparing populations evolved
at 31 °C and (a) N-limited (yellow, o) or (b) N-replete (green, o) with a control (grey, x) kept at 25 °C and replete N. (c) Thermal performance curves for
two of the N-replete 34 °C-tolerant evolved populations and the 25 °C control and ancestral (black, x) populations (which cannot tolerate 34 °C). Error

bars are 95% confidence intervals.
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rate with temperature as well as or better than models allow-
ing the evolved and control populations to have separate
TPCs (see Table S2; Figs S3 and S4). Considering specific
traits, a few populations had elevated maximum growth rates
(Fig. S5), but the optimum temperatures of evolved popula-
tions were not meaningfully different from the controls (confi-
dence intervals overlap). So, while distinct control vs. evolved
TPCs were statistically supported in four out of eight TPCs
comparisons, the biological significance of these differences
was limited in aspects such as optimum temperature.
However, after ~200 generations of evolution (Fig. Ic),
the TPCs of two focal thermo-tolerant populations (evolved
at 31 °C under N-replete conditions) differed significantly
from those of the ancestral and control populations (the
one TPC model had a higher AICc than the two TPC
model, see Table S3, Fig. S6; likelihood ratio test
P < 0.0001). We saw no evidence that the TPCs of the con-
trol (maintained at 25 °C) and ancestral populations dif-
fered; similarly, both evolved populations had similar TPCs
(the four TPC model had a higher AICc than the two TPC

model, see Table S3, Fig. S6; likelihood ratio test
P =0.7029). Evolved populations significantly increased
their optimum temperatures relative to the controls

(4.23 °C, z =542.85, P <0.0001; estimates from the two

Control

TPC model), but grew slightly slower at 25 °C. This sug-
gests a trade-off in growth at temperatures below and
above the optimum (O’Donnell et al. 2018). The biggest dif-
ferences, however, occurred at the highest temperatures. At
32 °C, evolved populations grew significantly faster than
the controls (r = —13.39, P <0.001, n = 6), and at 34 and
35 °C, the controls failed to grow, while the evolved popu-
lations grew relatively quickly (Fig. lc).

34 °C challenge

During the ~ 100 generations challenge, 14 of the 32 experi-
mental replicates (including both N-limited and N-replete
evolved populations) showed initial declines, followed by
recovery and rapid growth after 4-6 days (Fig. 2b,c). These
trajectories were extremely well described by a two-strain evo-
lutionary rescue model (R® values exceeding 0.9; Fig. S7,
Table SS5), supporting the hypothesis that evolved populations
harboured a rare, 34 °C-tolerant strain. The model allowed us
to infer the negative growth rate of the hypothesised domi-
nant, 34 °C-intolerant strain, the positive growth rate of the
rare, 34 °C-tolerant strain (Fig. 3a), and the relative abun-
dance of each strain. Tolerant strains from the N-replete and
N-limited populations had similar growth rates (z-test:

N-replete N-limited

(a)

~100 generations
In (Fluorescence)
8]

=24

4 4=

~200 generations
In (Optical density)

4 6 8 10 0 2 4 6 8 10

Time (days)

Figure 2 Population dynamics during the two 34 °C challenges. Changes in C. simplex abundance over time at 34 °C are shown for all experimental
replicates, after ~ 100 (top row) and ~ 200 (bottom row) generations of adaptation to 31 °C. (a) and (d) represent data for control populations, including
the populations kept at 25 °C and N-replete conditions (black crossed square symbol in both panels), and those ancestral populations cryopreserved at the
beginning of the evolution experiment (all the other black symbols in panel d). (b) and (e) represent N-replete (green) and (c) and (d) N-limited (yellow)
conditions. Different symbols and line types represent individual experimental replicates; the horizontal black line indicates the detection threshold. The
~ 200 generation observations (e and f) span a shorter interval because cultures were transferred to fresh media so they could be maintained at 34 °C for

multiple weeks (see methods).
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34 °C challenge

(a) ~100 generations

1.0 A B 34-tolerant

34-intolerant

0.5 1

Growth rate (d7)

0.0

—
~05 | ¢ | $

(b) ~200 generations

0.5 4

*

Growth rate (d™)

0 T — ey
0.0

—0.5 A

N-limited
evolved

N-replete
evolved

Control

Figure 3 34 °C challenges. Growth rates at 34 °C after (a) ~ 100
generations (from daily fluorescence measurements) and (b) ~ 200
generations (from daily optical density measurements), identifying the
high-temperature tolerant (red) and intolerant (blue) strains for each
treatment. Rates at ~ 100 generations were estimated from each one of
the experimental replicates using the evolutionary rescue model fitting (see
Methods and Fig. S7).

t =0.371; P=0.715; Fig. 3a), and if present, initially com-
prised 0.001-0.1% of most populations.

There were a few exceptions where populations either grew
immediately or failed to recover, and estimated growth rates
for the tolerant and intolerant strain carried the same sign
(Fig. S7; Table S4). This model also underperformed when
populations declined, recovered partially, then crashed, sug-
gesting more complex dynamics occurred (e.g. N-replete
evolved population 3, experimental replicate 1; Fig. S7 and
Box 1 for terms). These cases were excluded from subsequent
analyses and results (e.g. Fig. 3a).

In contrast, during the ~ 200 generations 34 °C challenge,
N-replete evolved populations survived in 75% of the trials
(Fig. 3b,e) and grew without delay, while N-limited evolution
populations did not grow (Figs 3b and 2f).

Modelling the evolution of thermal tolerance

The measured TPCs of the 34 °C-tolerant and intolerant pop-
ulations after ~ 200 generations (Fig. 4a; Table S4) provided
parameters for the model we developed to explore how N sup-
ply might affect the TPCs, and hence, competition between

these two hypothesised strains. From the model, we see that
when N is high, the tolerant (protected) strain grows slightly
faster than the intolerant (less protected) strain at 31 °C,
while at 25 °C (the ancestral condition) the strains barely dif-
fer (Fig. 4a). In contrast, N-limitation affects the intolerant
strain very little, while the tolerant strain’s growth rate drops;
indeed, its investment in protection only becomes advanta-
geous above 32 °C (Fig. 4b).

These changes in thermal tolerance under different N condi-
tions lead to different competitive outcomes at 31 °C. Under
N-replete conditions, the tolerant strain becomes dominant,
despite its low initial abundance (Fig. 4c). However, under N-
limited conditions the tolerant strain declines essentially to
extinction (Fig. 4d). These patterns are qualitatively consistent
with our experimental results (Fig. 2 and 3), although the
model predicts fixation of the tolerant strain in < 100 genera-
tions, earlier than observed. This discrepancy in timing partly
arises from the statistical parameterisation of the model,
which imposes a larger difference in growth rate between
strains in the model at 31 °C than may actually exist
(Fig. 4a).

C : N elemental analyses

We found that ~ 200 generations of evolution altered the stoi-
chiometry of high-temperature tolerant strains. The C: N
ratios for the N-replete evolved populations (34 °C-tolerant)
were significantly lower than the corresponding, intolerant
controls (Fig. 5 and Table S6; t = —3.347, P < 0.001), sup-
porting both our assumption of higher N demand in the high-
temperature tolerant strains, and the exclusion of the tolerant
strains under N-limitation that occurs in our model and
experiments.

DISCUSSION

We evolved a tropical strain of the marine diatom Chaeto-
ceros simplex under elevated temperature (31 °C) and either
N-replete (typical of phytoplankton thermal adaptation exper-
iments) or N-limited conditions (more characteristic of present
and future oceans) (Fig. S1). The selection temperature was
above the strain’s growth optimum and within the range of
the expected annual mean temperatures in the tropical seas by
2100 (IPCC 2013). We observed significant, replicated changes
in phenotypic properties between the evolved and control
populations, as well as between N-replete and N-limited
evolving populations. However, these differences took some
time to emerge, and were most apparent at temperatures
above the selection temperature.

After ~ 100 generations at 31 °C, the evolved populations’
responses to temperature were barely different from the con-
trol’s (Fig. 1, Figs S3-S5, Table S2), varying only subtly at
the highest temperature, 34 °C. Specifically, while control
populations did not grow at 34 °C, experimental replicates of
the evolved populations (both N-limited and N-replete) dis-
played positive growth rates at this previously lethal tempera-
ture (Fig. 2a-c). However, such growth was not always
immediate (Fig. 2 and 3); many replicates showed initial decli-
nes followed by growth after 4-6 days (Fig. 2b,c), dynamics

© 2019 John Wiley & Sons Ltd/CNRS
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Figure 4 Results of the competition model. Results of our empirically parameterised model of competition between high-temperature tolerant, protected
(green) and intolerant, less protected (black) strains. (a, b) Thermal performance curves under (a) replete (R; = 884 um) and (b) limited N (R; = 5 pum)
supply. (¢, d) Dynamics of competition between the strains under conditions mimicking those of the evolution experiment, (¢) N-replete and (d) N-limited.
Vertical grey bars indicate the timing of the ~ 100 and ~ 200 generation experiments.
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Figure 5 C : N ratios during the thermal performance curve assay at
~ 200 generations. For N-replete evolved 34 °C-tolerant populations
(green squares), and control 34 °C-intolerant populations (black circles).
Regression lines are GAMs (Generalized Additive Model) with standard
error bands. The corresponding growth rates are shown in Fig. lc.

that are highly consistent with evolutionary rescue (Gonzalez
et al. 2013). These results support previous findings showing
that persistent exposure to mildly stressful conditions (here,
31 °C) can lead to the evolution of enhanced tolerance of
more extreme stressors (here, 34 °C) (Mongold et al. 1999;
Huertas et al. 2011; van Dooremalen er al. 2013; Padfield
et al. 2015; Listmann et al. 2016).

After ~ 200 generations at 31 °C, N-limited populations lost
the ability to grow at 34 °C, while this ability was dominant
in at least half of the N-replete populations. Characterising
the TPCs of two (randomly selected) 34 °C-tolerant, N-replete

© 2019 John Wiley & Sons Ltd/CNRS

evolution populations showed that they differed significantly
from the control (and a cryopreserved ancestral population),
more than we observed at ~ 100 generations (Fig. 1). Both the
optimum temperature for growth and the upper thermal limit
increased. These changes occurred despite surprisingly modest
apparent evolutionary responses to the selection conditions:
per day growth rates (a proxy for fitness, Walworth et al.
2016) barely rose over ~ 200 generations under N-replete con-
ditions, and did not increase under N-limited conditions
(Fig. S2).

Collectively, these responses led us to hypothesise that
evolved populations harboured strains with at least two dis-
tinct phenotypes that were tolerant and intolerant of 34 °C.
Note that these could reflect two phenotypically distinct
groups (each containing multiple similar strains) or as few as
two separate strains (given the severe bottleneck imposed
prior to the evolution experiment). At ~ 100 generations, the
34 °C-tolerant strain was rare relative to the dominant, intol-
erant strain, but occurred across multiple evolved populations
(including N-replete and N-limited) (Figs 2 and 3). By ~ 200
generations, the 34 °C-tolerant strain was dominant in N-re-
plete populations, but seemingly absent from N-limited popu-
lations (Figs 2 and 3).

Using a mathematical model, we showed that these diver-
gent outcomes are consistent with a scenario where high-tem-
perature tolerance results from investing in protective
mechanisms with a high N cost. This cost could arise from
elevated investment in heat shock proteins, the up-regulation
of proteins related to photosynthesis that increase fitness
under high temperature, or other mechanisms (Hoffmann
et al. 2003; Rousch et al. 2004; Toseland ef al. 2013; Schaum
et al. 2017). Under N-replete conditions, and at modestly
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elevated temperatures (such as 31 °C), the tolerant strain is
slightly favoured (has a higher growth rate), although fitness
differences are small enough that exclusion of the intolerant/
protected strain proceeds slowly (Fig. 4a,c). Under N-limited
conditions, the N cost of investing in protection outweighs the
advantage of enhanced thermal tolerance, and the tolerant
strain declines (Fig. 4b,d). These model results are consistent
with the results of our experiments (Figs 1 and 3), and our
finding that N-replete evolved populations have lower C : N
ratios (or more N per C; Fig. 5). They also indicate that
resource availability can drive subtle changes in a population
experiencing selection at one temperature (here, 31 °C), which
may have large consequences for the population’s ability to
survive further increases in temperature. Such effects have not
been considered in previous studies reporting adaptation to
moderate warming (Mongold et al. 1999; Huertas et al. 2011,
van Dooremalen et al. 2013; Padfield et al. 2015; Listmann
et al. 2016). A trade-off between high-temperature tolerance
and nitrogen demand could have tremendous implications for
marine phytoplankton communities. It is often assumed that
short-lived organisms with large population sizes and fast
growth rates (including microbes like phytoplankton) will
rapidly adapt to novel conditions resulting from climate
change. We have shown that (1) populations exposed to a
6 °C increase in temperature achieved little or no obvious
gains in growth rate over ~ 200 generations, but (2) experi-
enced subtle yet consequential changes in their ability to sur-
vive further temperature increases, which (3) were contingent
upon N availability during adaptation. This suggests that
nutrient limitation may significantly impede thermal adapta-
tion in phytoplankton. Previously, we showed that short-term
N limitation reduces phytoplankton tolerance of high temper-
atures (Thomas et al. 2017); thus, N limitation may impact
both ecological and evolutionary responses of phytoplankton
to temperature change, enhancing their sensitivity to warming.
If N limitation inhibits adaptation to high temperatures, cli-
mate change may have greater effects on ocean primary pro-
ductivity and species diversity than previously predicted,
especially in warm, open oceans where nutrient limitation is
common and expected to intensify (Sarmiento et al. 2004).
Natural genetic diversity of phytoplankton populations can
alleviate the effect of N limitation if better adapted genotypes
to both stressors (warming and nutrient limitation) are present
in the population. However, the results of the present work
and others (Baker er al. 2018) suggest that trade-offs between
adaptation to high temperatures and resource limitation may
be general, constraining the response to selection in phyto-
plankton. Declines in species richness may lead to decreased
productivity (Cermeno et al. 2016). More studies comparing
low vs. high diversity populations are needed, but in all cases,
strains or species favoured by novel conditions may have dif-
ferent growth rates and functional traits, altering the structure
and functioning of communities. The dependence of high-tem-
perature adaptation on nutrient availability and consequent
changes in elemental stoichiometry may have broad implica-
tions for biogeochemical cycles and ecosystem functioning.
Because N limitation is common in the ocean, the assump-
tion that phytoplankton will readily adapt to rising tempera-
tures needs to be reevaluated. Our results show, for the first

time, that nutrient limitation may affect not only ecological
but also evolutionary responses of organisms to changing cli-
mate, potentially exacerbating the effects of warming.
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