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Climate change is increasing global temperatures and intensifying
the frequency and severity of extreme heat waves. How organ-
isms will cope with these changes depends on their inherent
thermal tolerance, acclimation capacity, and ability for evolution-
ary adaptation. Yet, the potential for adaptation of upper thermal
tolerance in vertebrates is largely unknown. We artificially se-
lected offspring from wild-caught zebrafish (Danio rerio) to in-
crease (Up-selected) or decrease (Down-selected) upper thermal
tolerance over six generations. Selection to increase upper thermal
tolerance was also performed on warm-acclimated fish to test
whether plasticity in the form of inducible warm tolerance also
evolved. Upper thermal tolerance responded to selection in the
predicted directions. However, compared to the control lines, the
response was stronger in the Down-selected than in the Up-
selected lines in which evolution toward higher upper thermal
tolerance was slow (0.04 + 0.008 °C per generation). Furthermore,
the scope for plasticity resulting from warm acclimation decreased
in the Up-selected lines. These results suggest the existence of a
hard limit in upper thermal tolerance. Considering the rate at
which global temperatures are increasing, the observed rates of
adaptation and the possible hard limit in upper thermal tolerance
suggest a low potential for evolutionary rescue in tropical fish
living at the edge of their thermal limits.
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lobally, both mean and extreme environmental tempera-

tures are increasing due to climate change with mean tem-
peratures predicted to increase by 0.3—4.8 °C by the end of the
century (1, 2). Aquatic ectotherms are particularly vulnerable to
rising temperatures as their body temperature closely tracks the
environmental temperature (3). These organisms can avoid
thermal stress by migrating to cooler waters, acclimating, and/or
adapting genetically (4-6). For species with a limited dispersal
ability (e.g., species from shallow freshwater habitats; ref. 7),
acclimation and evolutionary adaptation are the only possible
strategies. Furthermore, for ectotherms living at the edge of their
upper thermal limits, an increase in extreme temperatures may
generate temperature peaks that exceed physiological limits and
cause high mortality (5, 8-10). Although this is expected to cause
strong selection toward higher upper thermal tolerance, it is
largely unknown, particularly within vertebrates, whether and at
what rate organisms may adapt by evolving their thermal limits
(11-14). These are important issues because constrained or
limited evolvability (15) of upper thermal tolerance could lead to
population extinctions as climate change increases the severity of
heat waves.

Ectotherms can also increase their thermal limits through
physiological and biochemical adjustments, in a process known
as thermal acclimation when they are exposed to elevated tem-
peratures for a period of time (16, 17). Thermal acclimation,
sometimes called thermal compensation, is here used inter-
changeably with the term physiological plasticity as outlined by
Seebacher et al. (18). In the wild, individuals may experience days or
weeks of warmer temperatures prior to a thermal extreme. Through
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physiological plasticity, the severity of an ensuing thermal extreme
may be reduced, thus increasing the chance for survival (19). Fur-
thermore, in some cases, adaptation can be accelerated by plasticity
(20-22). This requires that the physiological mechanisms responsi-
ble for acclimation are also (at least partly) involved in the acute
response; that is, that there is a positive genetic correlation between
physiological plasticity and (acute) upper thermal tolerance. It is
therefore crucial to quantify the evolutionary potential of upper
thermal tolerance of fish populations threatened by climate change
(23, 24) and to understand the link between the evolutionary re-
sponse of upper thermal tolerance and physiological plasticity.
Previously detected evolution of upper thermal tolerance
generally points toward a slow process (12, 13, 25-31). However,
estimates of the evolutionary potential in upper thermal toler-
ance mostly come from studies on Drosophila (12, 25, 27, 32),
and empirical evidence in aquatic ectotherms and specifically
vertebrates is limited. The few studies that have been performed
on fish show disparate responses to selection on heat tolerance
even within the same species. Baer and Travis (33) detected no
response to selection yet Doyle et al. (34) and Klerks et al. (28)
detected selection responses with heritabilities of 0.2 in killifish
(Heterandria formosa). Despite the typical asymmetry of thermal
performance curves (3, 35), studies in vertebrates are limited to
unidirectional estimates of evolutionary potential (28, 31, 33) or
do not account for the direction of evolution when estimating
heritability in upper thermal tolerance from breeding designs
(36, 37). Furthermore, while several studies have found that
populations with different thermal histories have evolved dif-
ferent levels of heat tolerance (29-31), we still lack a good
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understanding of how physiological plasticity within a genera-
tion, in response to a short heat exposure, interacts with genetic
changes during evolution of thermal tolerance.

To investigate possible asymmetry in the evolutionary poten-
tial of upper thermal tolerance in a vertebrate species, we arti-
ficially selected offspring of wild-caught zebrafish (Danio rerio)
to increase and decrease upper thermal tolerance for six gener-
ations. Furthermore, to disentangle the contribution of accli-
mation from the genetic response to increase upper thermal
tolerance, we selected two lines that were exposed to a period of
warm acclimation prior to a thermal challenge. The size
(>20,000 phenotyped fish) and duration (six generations) of this
study are unique in a vertebrate species for a climate change-
relevant selection experiment, and the results provide critical
and robust information on how tropical fish may adapt to a
changing climate.

Being a freshwater and tropical species, zebrafish are likely to
be especially vulnerable to climate change (7, 38). In the wild,
zebrafish can already be found living only a few degrees below
their thermal limits (17, 39) and live in shallow streams and pools
(40) that have the potential to rapidly warm during heat waves.
Zebrafish therefore represent a species living at the edge of its
thermal limit in which rapid adaptation of thermal tolerance
would be particularly beneficial for its survival. Wild-caught
zebrafish originating from different sites in West Bengal, India
(17, 40), were used to maximize the genetic diversity of the pa-
rental population. These wild-caught zebrafish (n = 2,265)
served as parents of the starting F, generation (n = 1,800) on
which we selected upper thermal tolerance for six generations.
Upper thermal tolerance was measured as the critical thermal
maximum (CT ), a commonly used measure of an organism’s acute
upper thermal tolerance (16, 41). CT,,. is defined as the tem-
perature at which an individual loses equilibrium (i.e., uncontrolled

and disorganized swimming in zebrafish; ref. 42) during thermal
ramping. Measuring CT,,. is rapid, repeatable, and does not ap-
pear to harm zebrafish (42). CT .y is ecologically relevant because
it is highly correlated with both tolerance to slow warming (43)
and to the upper temperature range boundaries of wild aquatic
ectotherms (9).

Our selection experiment consisted of four treatment groups
(Up-selected, Down-selected, Acclimated Up-selected, and
Control) with two replicate lines in each treatment. We estab-
lished these lines by selecting fish on their CTy,, in the Fy
generation with each line consisting of 150 individuals (see
Methods for further details of F, generation). The offspring of
those fish formed the F; generation that consisted of 450 off-
spring in each line. At each generation, the Up, Down, and
Control lines were all held at optimal temperature (28 °C) (39),
whereas the Acclimated Up-selected lines were acclimated to a
supraoptimal temperature (32 °C) for 2 wk prior to selection
(17). From the F, to Fg generations, we measured CT\,,, for all
450 fish in each line and selected the 33% with the highest CT .«
in the Up-selected and in the Acclimated Up-selected lines, and
the 33% with the lowest CT,,, in the Down-selected lines. In the
Control lines, 150 fish were randomly selected, measured, and
retained. Thus, CT,.x Was measured on a total of 3,000 fish per
generation and 150 individuals remained in each of the eight
lines after selection, forming the parents for the next generation.
The nonselected lines (Control) represented a control for the
Up-selected and Down-selected lines, while the Up-selected
lines represented a control for the Acclimated Up-selected
lines, because these two treatments solely differed by the accli-
mation period to which the latter were exposed before selection.
Thus, differences in CT,,x between Up-selected and Acclimated
Up-selected lines represent the contribution of physiological
plasticity to upper thermal tolerance. If the difference between
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Fig. 1. Upper thermal tolerance (CT,ax) of wild-caught zebrafish over six episodes of selection. Duplicated lines were selected for increased (Up-selected,

orange lines and triangles) and decreased (Down-selected, blue lines and squares) upper thermal tolerance. In addition, we had two Control lines (green
dashed lines and diamonds). The Up, Down, and Control lines were all acclimated to a temperature of 28 °C. In addition, two lines were selected for increased
upper thermal tolerance after 2 wk of warm acclimation at 32 °C (Acclimated Up-selected, red lines and circles). At each generation, the mean and 95% Cls of
each line are shown (n ~ 450 individuals per line). (A) Absolute upper thermal tolerance values. (B) The response to selection in the Up and Down lines
centered on the Control lines (dashed green line). Difference between Up-selected and Acclimated-Up lines are shown in Fig. 3. The rate of adaptation (°C per
generation) is reported for each treatment using estimates obtained from linear mixed effects models using the Control-centered response in the Up-selected
and Down-selected lines and the absolute response for the Acclimated-Up lines (SE = +0.01 °C in all lines).
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these two treatments increases during selection, it would suggest
that plasticity increases during adaptation to higher CT .y
(i.e., the slope the reaction norm describing the relationship
between CT,,.x and acclimation temperature would become
steeper).

After six generations of selection, upper thermal tolerance had
evolved in both the Up-selected and the Down-selected lines
(Fig. 1). In the Up-selected lines, upper thermal tolerance in-
creased by 0.22 + 0.05 °C (X + 1 SE) compared to the Control
lines whereas the Down-selected lines displayed a mean upper
thermal tolerance 0.74 + 0.05 °C lower than the Control (Fig. 1B;
estimates for replicated lines combined). The asymmetry in the
response to selection was confirmed by the estimated realized
heritability, which was more than twice as high in the Down-
selected lines (k> = 0.24; 95% CI: 0.19-0.28) than in the Up-
selected lines (h2 = 0.10; 95% CI: 0.05-0.14; Fig. 2).

At the start of the experiment (F;), warm acclimation (32 °C)
increased thermal tolerance by 1.31 + 0.05 °C (difference in
CTmax between the Up-selected and Acclimated Up-selected
lines in Figs. 14 and 3), which translates to a 0.3 °C change in
CThax per 1 °C of warming. In the last generation, the effect of
acclimation had decreased by 25%, with the Acclimated-Up lines
having an average CTp,ax 0.98 + 0.04 °C higher than the Up lines
(Fig. 3). This suggests that, despite a slight increase in CTp,ax in
the Acclimated Up-selected lines during selection, the contri-
bution of plasticity decreased over the course of the experiment.

During the experiment, the phenotypic variation of CTy,,y that
was left-skewed at F, increased in the Down-selected lines and
decreased in the Up-selected lines (Fig. 4). At the F¢ generation,
phenotypic variance was four times lower in the Up-selected
lines (0.09 + 0.01 and 0.12 + 0.02 °C%; variance presented for
each replicate line separately and SE obtained by nonparametric
bootstrapping) than in the Down-selected lines (0.41 + 0.03 and
0.50 + 0.04 °C2), which had doubled since the start of the ex-
periment (Fy: 0.20 + 0.01 °C?, see SI Appendix, Fig. S1). In the
Acclimated Up-selected lines, the phenotypic variance that was
already much lower than the Control at the F; also decreased
and reached 0.06 + 0.01 °C* and 0.07 + 0.01 °C* for the two
replicates at the last generation (SI Appendix, Fig. S1).

Together with the asymmetrical response to selection and the
lower response of the Acclimated Up-selected lines, these
changes in phenotypic variance suggest the existence of a hard-
upper limit for thermal tolerance (e.g., major protein denatur-
ation (44), similar to the “concrete ceiling” for physiological
responses to warming (14)). Such a hard-upper limit is expected
to generate a nonlinear mapping of the genetic and environ-
mental effects on the phenotypic expression of CTy,,. This
nonlinearity will affect the phenotypic variance of CTy,,x When
mean CT,,,x approaches its upper limit (SI Appendix, Fig. S2A4).
For example, with directional selection toward higher CTay,
genetic changes in upper thermal tolerance will translate into
progressively smaller phenotypic changes. Similarly, warm ac-
climation that shifts CTy,,x upwards will also decrease pheno-
typic variation in CTy,.x (see differences in phenotypic variance
between control and Acclimated lines at the F;). This hard
ceiling can also explain why an evolutionary increase in CT .
reduces the magnitude of physiological plasticity in CTyax
achieved after a period of acclimation (Fig. 3 and see SI Ap-
pendix, Fig. S2B). If the sum of the genetic and plastic contri-
butions to CT.x cannot exceed a ceiling value, this should
generate a zero-sum gain between the genetic and plastic de-
terminants of thermal tolerance. An increase in the genetic
contribution to CT,,, via selection should thus decrease the
contribution of plasticity. Selection for a higher CTy,,, should
therefore negatively affect the slope of the reaction norm of
thermal acclimation because acclimation will increase CTpax
more strongly at low than high acclimation temperature (S/
Appendix, Fig. S2B).

To test this hypothesis, we measured CT,,, in all selected
lines at the final generation (Fg) after acclimation to 24, 28, and
32 °C. At all three acclimation temperatures, the Acclimated-Up
lines did not differ from the Up-selected lines (average differ-
ence 0.14 + 0.08 °C; 0.12 + 0.09 °C; 0.14 + 0.09 °C; at 24, 28, and
32 °C respectively; Fig. 5). This suggests that warm acclimation
prior to selection did not affect the response to selection.
However, considering the within-treatment differences in CT.x
between fish acclimated to 28 and 32 °C, we show that the gain in
CTmax due to acclimation decreases in both the Up and
Acclimated-Up treatments compared to the Control and Down
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Fig. 2. Realized heritability (h?) of upper thermal tolerance (CT ) in wild-caught zebrafish. The realized heritability was estimated for each treatment as
the slope of the regression of the cumulative response to selection on the cumulative selection differential using mixed effect models passing through the
origin with replicate as a random effect. Slopes are presented with their 95% Cls (shaded area) for the Down-selected lines (blue) and Up-selected lines
(orange). Data points represent the mean of each replicate line (n ~ 450) over six generations of selection. Average selection differentials are 0.57 (Down) and

0.39 (Up), respectively, see SI Appendix, Table S1 for more information.
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Fig. 3. Contribution of acclimation to the upper thermal tolerance in the
Acclimated-Up selected lines at each generation of selection. The contribution of
acclimation was estimated as the difference between the Up and Acclimated-Up
selected lines. Points and error bars represent the estimates (+SE) from a linear
mixed effects model with CT o« as the response variable; Treatment (factor with
two levels: Up and Acclimated Up), Generation (factor with seven levels), and
their interaction as the predictor variables; and replicate line as a random factor.

treatments (SI Appendix, Fig. S3). This confirms a loss of thermal
plasticity in both Up-selected treatments (Up and Acclimated-
Up) at higher acclimation temperatures. Notably, the loss of
thermal plasticity is not evident in fish acclimated to 24 and
28 °C, possibly because at these temperatures CT,.x remains
further away from its hard upper limit.

Acclimated Up-selected lines are perhaps the most ecologi-
cally relevant in our selection experiment. In the wild, natural
selection on upper thermal tolerance may not result from in-
creasing mean temperatures but through rapid heating events
such as heat waves (45). During heat waves, temperature may
rise for days before reaching critical temperatures. This gives
individuals the possibility to acclimate and increase their upper
thermal tolerance prior to peak temperatures. Our results show
that while warm acclimation allowed individuals to increase their
upper thermal tolerance, it did not increase the magnitude or the
rate of adaptation of upper thermal tolerance.

For the past two decades it has been recognized that rapid
evolution, at ecological timescales, occurs and may represent an
essential mechanism for the persistence of populations in rapidly
changing environments (24, 46, 47). Yet, in the absence of an
explicit reference, rates of evolution are often difficult to cate-
gorize as slow or rapid (48). For traits related to thermal toler-
ance or thermal performance, this issue is complicated by the
fact that the scale on which traits are measured (temperature in
°C) cannot meaningfully be transformed to a proportional scale.
This prevents us from comparing rates of evolution between
traits related to temperature with other traits measured on dif-
ferent scales (49, 50). However, for thermal tolerance, the rate of
increase in ambient temperature predicted over the next century
represents a particularly meaningful standard against which the
rate of evolution observed in our study can be compared.

In India and surrounding countries where zebrafish are native,
heat waves are predicted to increase in frequency, intensity, and
duration, and maximum air temperatures in some regions are
predicted to exceed 44 °C in all future climate scenarios (51). Air
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temperature is a good predictor of water temperature in shallow
ponds and streams where wild zebrafish are found (17, 40, 52,
53). Thus, strong directional selection on the thermal limits of
zebrafish is very likely to occur in the wild. At first sight, changes
in the upper thermal tolerance observed in our study (0.04 °C per
generation) as well as the heritability estimates (Down-selected:
h? = 0.24, Up-selected: #* = 0.10) similar to those obtained in
fruit flies (Drosophila melanogaster) selected for acute upper
thermal tolerance (Down-selected: 4 = 0.19, Up-selected: h° =
0.12; ref. 12), suggest that zebrafish may just be able to keep pace
with climate change and acutely tolerate temperatures of 44 °C
predicted by the end of the century. However, several cautions
make such an optimistic prediction unlikely.

First, such an extrapolation assumes a generation time of 1y,
which is likely for zebrafish but unrealistic for many other fish
species. Second, such a rate of evolution is associated with a
thermal culling of two-thirds of the population at each genera-
tion, a strength of selection that may be impossible to sustain in
natural populations exposed to other selection pressures such as
predation or harvesting. Third, the heritability and rate of ad-
aptation toward higher upper thermal tolerance observed here
may be considered as upper estimates because of the potentially
high genetic variance harbored by our parental population where
samples from several sites were mixed. While mixing of zebrafish
populations often occurs in the wild during monsoon flooding
(54, 55), there are likely to be some isolated populations that
may have a lower genetic diversity and adaptation potential than
our starting population. Finally, and most importantly, the re-
duced phenotypic variance and decreased acclimation capacity
with increasing CT,x observed in our study suggest the exis-
tence of a hard-upper limit to thermal tolerance that will lead to
an evolutionary plateau similar to those reached in Drosophila
selected for increased heat resistance over many generations (12,
56). Overall, the rate of evolution observed in our study is likely
higher than what will occur in the wild and, based on this, it
seems unlikely that zebrafish, or potentially other tropical fish
species, will be able to acutely tolerate temperatures predicted by
the end of the century. It is possible that other fish species, es-
pecially those living in cooler waters and with wider thermal
safety margins, will display higher rates of adaptation than the
ones we observed here, and more studies of this kind in a range
of species are needed to determine whether slow adaptation of
upper thermal tolerance is a general phenomenon.

Transgenerational plasticity (e.g., epigenetics) has been sug-
gested to modulate physiological thermal tolerance (57). However,
the progressive changes in CT,,,, observed across generations in our
study indicate that these changes were primarily due to genetic
changes because effects of transgenerational plasticity are not
expected to accumulate across generations. Therefore, the effects
of transgenerational plasticity in the adaptation of upper thermal
tolerance may be insufficient to mitigate impacts of climate change
on zebrafish, yet the potential contribution of transgenerational
plasticity is still an open question.

By phenotyping more than 20,000 fish over six generations of
selection, we show that evolution of upper thermal tolerance is
possible in a vertebrate over short evolutionary time. However,
the evolutionary potential for increased upper thermal tolerance
is low due to the slow rate of adaptation compared to climate
warming, as well as the diminishing effect of acclimation as ad-
aptation progresses. Our results thus suggest that fish pop-
ulations, especially warm water species living close to their
thermal limits, may struggle to adapt with the rate at which water
temperatures are increasing.

Methods

Animal Collection. Based on the high fecundity, relatively short generation
times, high survival after thermal challenges, and extensive background
knowledge of their thermal biology, we chose the tropical zebrafish for this

Morgan et al.
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Fig. 4. Distribution of upper thermal tolerance (CT,,4,) in selected lines. (A) Distribution for each line at each generation (F, to Fg). In the Fy generation,
histograms show the preselection distribution in gray for the nonacclimated fish, in dark green for the Control lines, and in red for the Acclimated-Up fish. In
all subsequent generations the Down-selected lines are in blue, the Up-selected lines in yellow, the Control lines in dark green, and Acclimated-up lines in red.
All treatments use two shades, one for each replicate line. Dashed lines represent the mean CT,,, for each line (n ~ 450 individuals). (B) Distribution of upper
thermal tolerance at the start (Fo, in gray) and the end (Fg, in blue and yellow) of the experiment for the Up-selected and Down-selected lines. The dashed
gray line represents the mean of the Up-selected and Down-selected lines in the Fo generation preselection (n ~ 900 individuals). Dashed blue and yellow lines
represent the mean CT,,x for Up and Down-selected lines for the Fg generation (n ~ 450 individuals).

selection experiment. To ensure high genetic diversity in the parental stock,
we used wild zebrafish collected by local fishermen from multiple sites in
West Bengal, India, from August to September 2016 (n = 5,000). The fish
were caught using small seine and hand nets, and the sampling locations
were largely the same as those presented in refs. 17 and 40. The fish were
imported by a commercial fish importer (Imazo AB) and held in quarantine
for 3 wk in Sweden. During that time, some fish were not feeding for un-
known reasons and these were removed from the population. The fish were
then transported to the laboratory aquarium facility at the Norwegian
University of Science and Technology (NTNU), Trondheim, Norway, in No-
vember 2016 (parental stock, n = 2,265). During this final transport phase,
mortality was very low (<5 individuals) (17, 40). The experiments were ap-
proved by the Norwegian Food Safety Authority (permit number 8578).

Breeding Design and Fish Husbandry. The parental generation (Fo, n = 1,800)
was produced by random mating of the wild caught fish and represents the
first captive generation. This was done to allow genetic mixing of the dif-
ferent populations and minimize variation due to environmental conditions
among selected fish. To facilitate breeding, the water temperature was
dropped from 28 °C to 26 °C a week before breeding commenced. This was
done to imitate monsoon rains, which are thought to trigger breeding in the
wild. Contrary to laboratory strain (58), wild zebrafish appeared unable to
breed if only one male and one female were paired. To maximize the
number of spawning individuals contributing to the next generation, we
randomly placed three mature males and three mature females in 2.5-L
aquaria with a spawning box that contained a mesh to prevent cannibalism
of the eggs and a plastic plant for shelter. The fish were left in the spawning
boxes overnight, and the boxes were checked for eggs the following
morning. If fish did not spawn the first time, they underwent extra spawning
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trials, each time with a different group of fish to increase the number of
parents. Between 118 (56 females, 62 males) and 366 fish (180 females, 186
males) from the parental stock contributed to the Fo generation, and in the
subsequent generations, a minimum of 23 male and 17 female fish and a
maximum of 68 male and 51 female fish contributed to produce the next
generation in each line (see S/ Appendix, Table S3 for exact numbers).

At 2 d postfertilization (dpf), the fertilized eggs were pipetted out of the
spawning boxes into new boxes filled with ~2 cm (0.5 L) of fresh water. Once
the majority of eggs hatched into free-swimming larvae (4 dpf), the boxes
were filled with water and aerated. Feeding commenced after 5 dpf. The
larvae were fed zebrafeed (Sparos) ad libitum once a day. At 7-10 dpf, the
larvae were transferred to larger 63-L aquaria with internal filtering and a
flow-through system replacing 40% of the water volume daily. A maximum
of 300 larvae were added to each aquarium, and each replicate had larvae
spread out over a minimum of two tanks randomly distributed in the fish
laboratory. Temperature was maintained at 26 + 0.5 °C, and the water was
well aerated. Larvae were fed three times a day, altering zebrafeed (Sparos),
GEMMA Micro (Skretting) and live Artemia sp. to ensure a fully nutritional
diet. As the fish grew, the larvae feed was replaced with ground, followed
by whole, dry flakes (TetraPro, ad libitum twice a day) and live Artemia sp.
once per day. Water temperature was increased to 28 °C when the fish were
~3 wk old.

CTmax Test. Upper thermal tolerance was assessed using the CT,,.x test. This
commonly used, quick, and repeatable method measures the acute upper
thermal tolerance of an organism. A heating rate of 0.3 °C:min~" was chosen
in accordance with Lutterschmidt and Hutchison (41). We have previously
shown that this heating rate causes a lag of less than 0.2 °C between the
ambient water temperature and the deep dorsal muscle in zebrafish (42).
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Fig. 5. Upper thermal tolerance (CTnay) of the selected lines measured at
the last generation (Fg) after acclimation at 24, 28, and 32 °C. The response is
calculated as the mean difference in upper thermal tolerance (CT,,,) rela-
tive to the Control lines. Large points and whiskers represent mean +1 SE for
each treatment (n = 120 individuals): Up-selected (orange triangles), Down-
selected (blue squares), Acclimated Up-selected (red circles), and Control
(green diamonds). Smaller translucent points represent means of each rep-
licate line (n = 60 individuals). See SI Appendix, Fig. S3 for absolute CTax
values and model estimates.

The CTmax test used is described in full in Morgan et al. (42). In short, a
heating tank (25 x 22 x 18 cm) containing a water pump (Eheim Universal
300) attached to a custom-made heating case consisting of a 300 W coil
heater, was filled with 11 L of 28 °C water. We placed 10-15 fish in the fish
compartment that was separated from the heater by a mesh. This setup
ensured a homogenous temperature in the entire arena (+0.1 °C), while
minimizing the water current within the tank. Temperature was continu-
ously monitored in the fish compartment using high precision thermometers
to +0.1 °C (testo-112, Testo) and regularly verified against an ultra-high
precision and accuracy thermometer (testo-735-2, Testo). Loss of equilib-
rium, defined as uncontrolled and disorganized swimming for at least 3 s,
was chosen as the CT,.x endpoint. Once loss of equilibrium occurred in an
individual, the water temperature was recorded to +0.1 °C, and the fish was
immediately transferred into an individual tank with 28 °C water for re-
covery. Once all of the fish in the trial had reached their CTax and recov-
ered, they were moved into temperature bins (7-L aquaria) corresponding to
their CTyax (0.1 °C precision), allowing all fish with the same CT,., to be
stored together. The water in the CT,,x box was replaced, and 10-15 new
fish were added to the compartment and a new trial commenced. Four
CTmax boxes were run simultaneously, allowing up to 450 fish to be tested
per day. Fish were held in their CT,,.x temperature bins for 12-24 h after the
trial and before being selected. During this time, mortality was recorded and
was low overall (<2% across all lines at 28 °C). Our definition of CT,,,. states
that the fish have to recover and survive after the test in order to be se-
lected. Consequently, fish that died posttest did not fulfill the criteria and
were removed from the experiment. This means that the average CT ., for
each line, selection differentials, and responses to selection were all calcu-
lated on the CT,,ax distribution of surviving fish.

Selection on Upper Thermal Tolerance. Selection for CT,,.x Occurred on juve-
nile fish approximately 6 wk old (weight ~ 0.10-0.30 g; length ~ 18-23 mm).
This was considered an appropriate age to reduce any potentially detri-
mental effect of a heat shock on both the fish and their gonads but still
perform selection on sufficiently developed individuals.
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Temperatures were monitored and adjusted daily in every aquarium for 2
wk prior to selection, using a high precision thermometer. This ensured a
temperature at + 0.2 °C of the desired acclimation temperature.

In the Fo generation, all fish were tested for CTax in September 2017,
with 1,200 fish kept at their optimal temperature of 28 °C, and the
remaining 600 fish acclimated to 34 °C for 2 wk prior to selection (Accli-
mated Up lines). For the fish kept at 28 °C, 300 fish were randomly selected
prior to CTphax to form the Control lines and their CT,.x Was subsequently
recorded. After the CT.x trial, these fish were split into two replicate
Control lines of 150 fish each, ensuring that each line had the same CTax
distribution. For the remaining 900 fish at 28 °C, we measured their CTpax
and selected the 300 fish with the highest CT.x to form the Up-selected
lines, and the 300 with the lowest CT,,.x to form the Down-selected lines.
Both groups were split into two replicate lines of 150 fish, with CT,.x evenly
distributed between each line. Maintaining duplicates of each treatment
allowed us to partly account for any effects of genetic drift on the pheno-
typic changes. The intermediate 300 fish were immediately euthanized using
MS-222. The 150 fish in each of the six replicate lines (Control x 2, Up-
selected x 2, and Down-selected x 2) were then transferred back into 63-L
aquaria with each line split between two tanks of 75 fish each. Once the fish
reached maturity (~3 mo), they were bred within their lines to produce the
F; generation. To ensure 450 surviving juveniles, ~1,000 larvae were pro-
duced per line, using the protocol outlined above. If more than 450 fish
survived, we chose fish in a way to maximize the genetic diversity by
weighing the number of fish selected from each tank according to the
number of parents that contributed to it, and less weight was given to the
tank if the parents had spawned previously. Care was also taken to ensure
that the chosen fish were not always the first or last fish caught from
the tank.

From the F;, each of the six lines comprised 450 fish, and we selected 33%
of them (150) to produce the next generation. Selected fish were the ones
with the highest or lowest CTy,,y, in the Up- and Down-selected lines, re-
spectively, while 150 fish were randomly selected and then tested for CTax
in each of the Control lines. The order in which the lines were tested for
CTmax Was randomized at each generation to ensure that no line was con-
sistently tested first or last. The observers performing the CT.x trial were
not aware of the treatment to which the fish belonged to minimize observer
bias. In addition, due to the high throughput and long-term nature of the
selection experiment, more than 20 experimenters were involved, limiting
possible observer bias. The selection protocol continued until June 2019
when the CT,,.x of the Fs generation were measured.

Acclimated-Up Lines. In addition to the six lines described above that were
acclimated to zebrafish’s optimal temperature of 28 °C, we maintained two
upward selected lines with fish acclimated to a higher temperature for 2 wk
prior to CThax trial. In these lines, the water temperature was increased by
2 °C per day using titanium heaters (TH-100, Aqua Medic) controlled by
thermostats (ITC-306T, Inkbird), until the final acclimation temperature was
reached. In the Fy generation, 600 fish were acclimated to 34 °C and the 300
with the highest CT,,.x were selected and split into two replicate lines of 150
fish. In subsequent generations, 450 fish were tested from each line after
acclimation and the 150 fish with the highest CT,,,x were selected to prop-
agate the next generation. The selection protocol was the same as for the
Up-selected lines described above, except that the starting temperature in
the CTnax trial was 34 °C. After the CT . trial, the fish were reacclimated to
28 °C and maintained under the same conditions as the other selected lines
(e.g., the temperature was also reduced to 26 °C 1 wk prior to mating in
these lines). The acclimation temperature in these Acclimated-Up lines was
reduced to 32 °Cin generations F, to Fg to reduce mortality after CT,,o trials.
In the final Fg generation, the duration of a CT,. trial was on average
10 min shorter in the Acclimated-Up lines (36 + 0.03 min) than in the Up lines
(46 =+ 0.05 min), 9 min shorter than the Control lines (45 + 0.09 min), and
7 min shorter than the Down lines (43 + 0.12 min).

Assessing Thermal Reaction Norm. In the final generation (Fg), the thermal
reaction norm was investigated in all eight lines using fish produced sepa-
rately from the main experiment but using the same Fs parental fish. The
larvae were held and grown for 6 wk (late juvenile stage) under the same
conditions as in the main experiment, at which point they were transferred
to new 63-L aquaria and the experiment commenced. Each line was split into
three aquaria with 60 fish per aquaria, giving a total of 24 aquaria and 1,440
fish. Starting with a water temperature of 28 °C in all tanks, one tank per
line was acclimated to one of three acclimation temperatures: 24, 28, and
32 °C by increasing or decreasing water temperature by 2 °C per day using
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titanium heaters (TH-100, Aqua Medic) controlled by thermostats (ITC-306T,
Inkbird), until the final acclimation temperature was reached.

Thermocouples (type K, 10 m, Pico Technology) connected to universal
serial bus (USB) port thermocouple data loggers (TC-08, Pico Technology)
were installed in each tank for real-time monitoring of the temperatures
throughout the experiment and adjusted daily to ensure the tanks were
within 0.2 °C of their target temperature. After 2 wk of acclimation, CT.x
was measured in all fish over 3 d using the same protocol as described above
with the start temperature in the CT,.« trial corresponding to the acclima-
tion temperature. Observer bias was reduced by the observers being un-
aware which treatment the fish were from when conducting the CT o trials.
Fish were euthanized immediately after this test and a subsample (n = 20 per
line) were measured for standard length (to the nearest 1 mm) and weight
(to the nearest 0.01 g).

Statistical Analysis.
Response to selection. We first estimated the response to selection and the
realized heritability of CT,,.x for the Up-selected and Down-selected lines
using data centered on the mean of the two Control (randomly selected)
lines at each generation. This method removes undesirable variation of
CTmax Values due to uncontrolled variation in the laboratory environment
between generations as well as the nonspecific upward drift detected in the
Control lines.

Realized heritabilities were estimated in the Up-selected and Down-
selected lines using the breeder’s equation (59):

R = h%s, [11

where R is the response to selection, h? is the narrow sense heritability, and S
represents the selection differential. The response to selection was calcu-
lated as the difference in the population mean CT,.x between two gener-
ations, while the selection differential was calculated as the difference in the
mean CT,.x between the total population and the selected individuals.
Realized heritability was estimated as the slope of the regression of the
cumulated response to selection on the cumulated selection differential
with an intercept fixed to zero (60). We used linear mixed effect models
(Ime) separately for each treatment, where replicated line was a random
effect. The SEs used were obtained from these models, i.e., models per-
formed on the line means (see S/ Appendix for more details).

The breeder’s equation assumes that the parent-offspring regression is
linear. This may not be the case here as suggested by the skewed distribu-
tion of the CTax. However, in absence of a clear understanding of physio-
logical mechanisms affecting CTyhax in both directions (i.e., to increase and
decrease CTax) (61-63), it is difficult to transform the data in a sensible way
that would preserve a meaningful interpretation of the results. Therefore,
\we decided to analyze the data on the original scale without transformation.
Differences among selected lines. \We estimated the per-generation response to
selection of upper thermal tolerance in the selected lines using linear mixed
effect models (Ime) where the response variable was the individual CT .«
values; the predictor variables were Generation, Treatment (Up-selected,
Down-selected, and Control), and their interaction; and replicate line was a
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random factor. In addition, using the same structure, we ran one model for
the Acclimated-Up lines where data were centered on the mean value of
CTmax for Fo. We also ran a model including only Up-selected and Down-
selected lines, where CT,,,.x values were centered on the mean value of the
Control lines at each generation, and the intercept of the regression was
fixed to zero. The individual response of the Control lines was also included
in the second model to account for the variance in the Control lines.
Acclimated lines. To account for the difference in acclimation temperature
between generations 0-3 and 4-6, all individual CT,. values in the
Acclimated-Up lines were adjusted down by 0.3 °C in the F, to F3 genera-
tions. This adjustment was chosen based on previous CT,.x data of wild-
caught zebrafish that were acclimated to both 32 and 34 °C, which
showed that these two acclimation temperatures gives a difference in CT,,x
of precisely 0.29 °C (17).

We tested the contribution of acclimation to upper thermal tolerance at

each generation by comparing the Up and Acclimated-Up lines. To do this,
we used a linear mixed effect model where the response variable was the
individual CT o« values; the predictor variables were Generation, Treatment,
(Up-selected and Acclimated Up-selected) and their interaction; and repli-
cate line was a random factor. In this model, parameter estimates for
Treatment at each generation represent the contribution of acclimation to
the CTax recorded in the Acclimated-Up lines.
Thermal reaction norm. A linear mixed effect model (/me) was used to test
whether selection on upper thermal tolerance at one temperature (28 °C for
the Up-selected and Down-selected lines; 32 °C in Acclimated Up-selected
lines) affected the upper thermal tolerance at other acclimation tempera-
tures (24, 28, and 32 °C). Upper thermal tolerance was centered on the mean
of the Control lines at each temperature. Acclimation temperature, selection
treatment, and their interaction were included as explanatory variables.
Replicated lines were included as a random effect.
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