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Abstract

Assessing the genetic adaptive potential of populations and species is essential for better understanding evolutionary
processes. However, the expression of genetic variation may depend on environmental conditions, which may speed up or
slow down evolutionary responses. Thus, the same selection pressure may lead to different responses. Against this
background, we here investigate the effects of thermal stress on genetic variation, mainly under controlled laboratory
conditions. We estimated additive genetic variance (V,), narrow-sense heritability (h*) and the coefficient of genetic
variation (CV,) under both benign control and stressful thermal conditions. We included six species spanning a diverse range
of plant and animal taxa, and a total of 25 morphological and life-history traits. Our results show that (1) thermal stress
reduced fitness components, (2) the majority of traits showed significant genetic variation and that (3) thermal stress affected
the expression of genetic variation (Vy, h? or CV,) in only one-third of the cases (25 of 75 analyses, mostly in one clonal
species). Moreover, the effects were highly species-specific, with genetic variation increasing in 11 and decreasing in 14
cases under stress. Our results hence indicate that thermal stress does not generally affect the expression of genetic variation
under laboratory conditions but, nevertheless, increases or decreases genetic variation in specific cases. Consequently,
predicting the rate of genetic adaptation might not be generally complicated by environmental variation, but requires a
careful case-by-case consideration.

Introduction

Humanity is currently modifying the Earth’s environmental
conditions at an unprecedented rate (Sala et al. 2000;
Ceballos et al. 2017). Consequently, organisms are forced to
respond to these vast environmental changes, by means of
phenotypic plasticity, genetic in situ adaptation or by
shifting their distribution range (Berg et al. 2010; Hoffmann
and Sgro 2011; Lenoir and Svenning 2014). If adaptive or
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dispersal capacities are not sufficient, the respective species
or populations will go extinct (Thomas et al. 2004; Hoff-
mann and Sgro 2011). In fact, many organisms seem to
have been unable to keep pace with the current rate and
extent of changes induced by human activities, which is
resulting in a global mass extinction (Barnosky et al. 2011;
Ceballos et al. 2015, 2017). Therefore, assessing the adap-
tive potential of extant populations and species is of crucial
importance in basic as well as applied contexts.

While in the short term, phenotypic plasticity and dis-
persal may be appropriate responses to environmental
change, genetic adaptation is likely necessary in the long
term (Gienapp et al. 2008, 2014). Genetic adaptation
depends on (1) the strength of selection and (2) the additive
genetic variation present in the given population (Falconer
and Mackay 1996). However, there is evidence that not
only the strength of selection, but also the expression of
genetic variation depends on environmental conditions
(Hoffmann and Parsons 1991; Falconer and Mackay 1996;
Hoffmann and Merila 1999; Charmantier and Garant 2005;
Ghalambor et al. 2007). Mechanisms underlying environ-
mental impacts on the expression of genetic variation may
involve (1) reduced expression of additive genetic variance,
(2) higher environmental variance, (3) low cross-
environment genetic correlations/conditionally expressed
genetic variation or (4) the release of cryptic genetic var-
iation (Hoffmann & Parsons 1991; Hoffmann and Merila
1999; Charmantier and Garant 2005; Ghalambor et al.
2007). Note that (4) does not allow for any predictions
concerning the direction of change in genetic variation
(Charmantier and Garant 2005). It has also been suggested
that drastic environmental changes may result in altered
genetic variation triggered by the expression of new sets of
genes (Hoffmann and Parsons 1991; Charmantier and
Garant 2005).

Provided there is a close relationship between the
expression of genetic variation and evolutionary change,
covariance between environmental condition and the
expression of genetic variation may speed up (in case it is
positive) or slow down (if negative) evolutionary responses
(Wood and Brodie 2016; Ramakers et al. 2018). This may
have important implications, as the same selection pressure
may lead to different responses, depending on environ-
mental conditions (Hoffmann and Merila 1999; Rowinski
and Rogell 2017). For instance, evolutionary adaptation
may be constrained due to a lack of additive genetic var-
iation in specific environments (Hoffmann and Merila 1999;
Kellermann et al. 2009). In any case, the environmental
dependence of the expression of genetic variation compli-
cates predictions on the rate of genetic adaptation. This may
at least partly explain why reliably forecasting the fate of
species and populations under rapidly changing environ-
mental conditions has remained largely elusive (Chevin
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et al. 2010; Gienapp et al. 2013; Moritz and Agudo 2013;
Boyd et al. 2018). Thus, understanding the interactions
between environment and the expression of quantitative
genetic variation is important for predicting the rate of
genetic adaptation (Rowinski and Rogell 2017). Note
though that the wide-held notion of a close relationship
between genetic variation and evolutionary response has
been tested surprisingly rarely, and associations may be
weaker than expected (Wood et al. 2016; Hoffmann et al.
2017; Orsted et al. 2019).

The question of whether the expression of genetic var-
iation differs consistently between stressful and benign
conditions has attracted considerable attention (Hoffmann
and Merila 1999; Rowinski and Rogell 2017). Several
hypotheses have been proposed, ranging from expectations
of lower, higher and ambiguous changes in genetic variation
under stress (summarized in Rowinski and Rogell 2017). A
general pattern though remains elusive (Hoffmann and
Parsons 1991; Hoffmann and Merila 1999; Merilid et al.
2001; Charmantier and Garant 2005; Rowinski and Rogell
2017). One reason for the limited support for a general
impact of stressful conditions on the expression of genetic
variation may be a focus on trait heritability in previous
studies (Falconer and Mackay 1996). However, heritability
depends on the total phenotypic variation, and residual
variation may also be sensitive to environmental conditions
(Houle 1992; Hoffmann and Merila 1999; Rowinski and
Rogell 2017). Interestingly, a recent meta-analysis in ani-
mals did not reveal a clear pattern in heritability between
stressful and benign conditions, while the coefficient of
genetic variation was higher under stressful than under
benign conditions, though only in life history but not in
morphological traits (Rowinski and Rogell 2017).

In summary, while it is clear that environmental condi-
tions may affect the expression of genetic variation, it is still
not resolved whether stressful conditions generally increase
or decrease genetic variation, calling for more empirical
data. We here provide such data by investigating six species
spanning a diverse range of taxa, including three plant and
three arthropod species. A strength of our approach is that
we mainly present data obtained from controlled experi-
ments, thus reducing environmental variation. As a draw-
back, laboratory conditions are evidently far away from
natural ones, such that any extrapolations to the field are
difficult.

Per species, we measured several traits, including at least
one morphological and one ‘life-history’ trait, with herit-
ability being typically lower in the latter (Roff 2002). For
each species, we estimated additive genetic variance (V}),
narrow-sense heritability (h%) and the coefficient of genetic
variation (CV,) under both benign control and stressful
thermal conditions. CV, was included as it provides a
measure of evolutionary potential relative to the trait mean,
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whilst V, scales with trait means, and W is additionally
affected by non-genetic variance components (Houle 1992;
Rowinski and Rogell 2017). Thus, CV, may allow least-
biased comparisons of evolutionary potential. Nevertheless,
quantitative assessments of how CV, changes across
stressful and benign conditions are largely lacking (but see
Rowinski and Rogell 2017). We also investigate the effects
of thermal stress on life-history traits (measured as indica-
tors of fitness components) to demonstrate that stress was
imposed. We hypothesise that (1) stress treatments will
negatively affect fitness components, (2) ‘standardised’
genetic variation (h%, CV,) is on average higher in mor-
phological than in life-history traits (Roff 2002) and that (3)
stress will affect the expression of genetic variation (V,, ",
CV,). Testing these hypotheses is of broad significance to
contemporary eco-evolutionary research, as evolutionary
potential may increase in populations exposed to stressful
conditions, which may in turn mitigate detrimental effects
of human-induced global change (Hoffmann and Merila
1999; Gienapp et al. 2008, 2014; Wood and Brodie 2016;
Rowinski and Rogell 2017).

Materials and methods
Study organisms

For this study, we investigated six species from various
taxonomic groups, including three plant and three animal
(arthropod) species. We used these six species to cover a
broad taxonomic range and different life styles. Each spe-
cies should be regarded as a biological replicate to test the
hypotheses outlined above.

Plant species studied

The three plants species studied were Arabidopsis thaliana
(L.) Heynh., Spirodela polyrhiza (L.) Schleid. and Fagus
sylvatica L. A. thaliana is a small, annual plant with a short
life cycle, and is native to Eurasia and Africa, where it is
mainly found at roadsides and other ruderal habitats. It is a
popular model organism in plant biology and genetics
(Agren and Schemske 2012). The seeds for the parental
generation used here originated from botanical gardens in
Nantes, France and Bremen, Germany, and were pooled for
experiments in order to ensure high genetic variation that
may be reduced within individual source population in an
almost exclusively selfing species (Mitchell-Olds and
Schmitt 2006). S. polyrhiza is a small, free-floating, mainly
vegetatively reproducing freshwater plant with a cosmo-
politan distribution (Landolt 1986). It is highly reduced in
morphology with a leaf-like plant body, henceforth referred
to as ‘frond’ (Landolt 1986). For investigation, 28 clones

with different worldwide origins from the duckweed stock
collection of the University of Jena, Germany, were used. F.
sylvatica is the dominant native forest tree species of Cen-
tral Europe and thrives under a wide range of climatic and
environmental conditions (Leuschner et al. 2006). Yet, F.
sylvatica is expected to suffer from climate change due to
low seed-dispersal capacity and high drought sensitivity
(Jump et al. 2006; Hacket-Pain et al. 2016). We used trees
from eight sites across the natural range of the species (see
further below).

Animal species studied

The three arthropods were the butterfly Bicyclus anynana
(Butler, 1879), the beetle Tribolium castaneum (Herbst,
1797) and the spider mite Tetranychus urticae (Koch 1836).
B. anynana is a tropical, fruit-feeding butterfly, ranging
from southern Africa to Ethiopia (Larsen 1991). These
animals used here originated from a well-established
laboratory stock population that had been found at Greifs-
wald University, Germany, in 2008 (Klockmann et al.
2016). T. castaneum, the red flour beetle, is a common pest
of stored food products. It originates from the Indo-
Australian region, but now has a worldwide distribution
(Mahroof et al. 2003). Two populations, namely the San
Bernardino and the Georgia-2 strain, both provided by the
University of Gielen, Germany, were used. T. urticae is a
globally distributed haplodiploid herbivorous mite. Ferti-
lised females can produce fertilised and unfertilised eggs,
which develop into females and males, respectively (Helle
1967). All individuals used here originated from the stock
population of Ghent University, Belgium, originally col-
lected from roses more than 10 years ago (Van Leeuwen
et al. 2008). Stocks are kept and maintained on potted bean
plants, Phaseolus vulgaris, at room temperature.

Experimental design

All species used, except Fagus (see below), were initially
reared under common environmental conditions. The par-
ental (P) generation was then divided among two tem-
perature groups, a thermal control and a thermal stress
treatment with increased temperature. The temperatures
chosen were based on prior experience with the study
organisms, including pretrials and previously reported
results (see further below). We tested whether stress
treatments were actually stressful in all cases (see
‘Results’). To control for environmental and parental
effects, all individuals and their offspring (F1 and F2
generations) were afterwards kept exclusively at the con-
ditions they were originally assigned to. Thus, the offspring
of each group was raised for two generations (F1 and F2) at
the respective temperatures. The F1-generation individuals
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Table 1 Effects of thermal stress on various traits in six plant and animal species (F1 generation).

Species Trait Type Control Stress ne ng Stress effect  Significance
Arabidopsis thaliana  Leaf length [mm] M 29.13+0.49 36.81 +0.98 77 76 + HokE
Specific leaf area [mm*mg] M 66.87 +1.08 61.91+1.57 77 75 - HwE
Shoot length [mm] M 32.51+0.52 35.06 = 1.07 68 76 + ok
Germination rate [%] L 0.93 +£0.02 0.84+0.02 67 66 - *
Spirodela polyrhiza Relative growth rate [day_l] L 0.409 + 0.006 0.400+0.007 28 28 - *
Fronds/colony [n] M 8.6+0.3 7.7+£0.2 28 28 - HkE
Area:weight ratio [cm”/g dw] M 662.2+17.8 7217222 28 28 + ok
TBARS [umol/g fw] L 0.046 £ 0.004 0.033+£0.002 27 27 - ok
ANT [umol/g fw] L 0.142+£0.010 0.084 £0.003 24 24 - ok
Fagus sylvatica Leaf area [cm?] M 11.99+1.43 10.54 +£0.79 15 15 - o
Specific leaf area [mmzlmg] M 1833 +£1.78 1793 £1.22 15 15 - wkE
Growth (z-transformed) L 0.84+0.16 —-0.79+0.14 15 15 - *
Bicyclus anynana Wing length [mm] M 19.8+0.1 18.2+0.1 101 103 — o
Thorax mass [mg] M 17.7+0.3 12.8+0.3 101 103 — HorE
Fat content [%] L 235+1.0 299+1.1 101 102 + *
Fecundity [n] L 99.2+5.2 69.8+3.8 49 51 - HrE
Heat tolerance [s] L 1819.1£73.2 2344.6 +83.4 90 76 + ok
Tribolium castaneum  Body length [mm] M 3.73+£0.01 3.56+£0.02 118 73 — Hokk
Body mass [mg] M 2.35+0.02 2.15+0.03 119 73 - ok
Cold tolerance [s] L 615.5+194 1117.1+49.6 176 148 — okt
Heat tolerance [s] L 689.2+229 827.4+44.6 151 134  + *
Fecundity [n] L 76.1 4.0 59.5+54 57 32 — *
Tetranychus urticae Body size [mm] M 0.33+0.003 0.32+0.003 489 495 n.s.
Fecundity [n] L 41.7+1.1 289+1.2 223 226 — HkE
Heat survival [0/1] L 0.697 +0.024 0.698 £0.022 445 431 n.s.

The plants Arabidopsis thaliana, Spirodela polyrhiza and Fagus sylvatica, the butterfly Bicyclus anynana, the beetle Tribolium castaneum and the
spider mite Tetranychus urticae were included in our analyses. Given are type of trait (M: morphological trait, L: life-history trait), means + SE,
sample sizes for control (n.) and stress treatment (ny), stress effect (+: stress beneficial; —: stress detrimental) and level of significance (***p <

0.0001, *#p <0.001, *p <0.05).

TBARS thiobarbituric acid-reactive substances, ANT anthocyanin content.

were used for measuring trait values and to set up full-sib
families. Per species, 3-5 traits were measured, always
including at least one morphological (i.e., size-related) and
one life-history trait (including survival rate, fecundity,
stress tolerance, growth rate and physiological traits, Table
1). Differences in the number and nature of the traits
measured result from variation in the respective species’
biology. Morphological traits frequently have higher her-
itabilities than life-history traits, with the latter often being
more closely related to fitness. This difference may result
from a higher residual variation in life-history traits (Houle
1992; Roff 2002). The F2 generation was raised in full-sib
family groups, and the same traits were assessed as in the
F1 generation. All traits and measures of genetic variation
were thus assessed under both control and stress condi-
tions. The number of full-sib families ranged between 15
and 75, depending on species, treatment and trait. For
details see Supplementary Table 1.
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Experiments with Arabidopsis thaliana

In A. thaliana, the two treatments involved constant tem-
peratures of 22 °C (control) or 28 °C (stress, based on pre-
trials quantifying growth and fecundity at different
temperature extremes), using a photoperiod of L16:D8 at
300 umol m~2s~! photosynthetically active radiation (PAR)
throughout. Plants were grown in climate chambers (LT-36
VL, Percival Scientific) in individual pots containing stan-
dard potting soil after stratification (1 week at 4 °C). Pots
were watered and rearranged daily to avoid position effects.
Arabidopsis thaliana is almost exclusively selfing (Mitch-
ell-Olds and Schmitt 2006), and thus seeds for the sub-
sequent generations were sampled directly from the parental
plant. Note that selfing in flowering plants (with unisexual
gametophytes) is expected to maintain a considerable
genetic variance, as the full reproductive cycle with inde-
pendent recombination events is kept. Leaf length and
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specific leaf area (SLA, i.e., leaf area per dry weight (dw))
were measured at day 25 for the three largest leaves per
plant. Shoot length was measured at seed ripening (day 62
for 28 °C and day 69 for 22 °C). In addition to these mor-
phological traits, germination rate of about 40 seeds per
plant (12 days at 22 °C and 24-h light, after stratification)
was determined as fitness component.

Experiments with Spirodela polyrhiza

Spirodela polyrhiza clones (n=28) were taken from the
stock collection and pre-cultivated under axenic conditions
at 26 °C for a minimum of 3 weeks in 170 mL of sterile
medium (8§ mM KNOj;, 150 uM KH,PO4, 1 mM MgSOy,
1 mM Ca(NO3)2, 5 ]JM H3BO3, 0.4 IJM N32M004, 13 HM
MnCl, and 25 uM FeNaEDTA; Appenroth et al. 1996),
which was replaced every week to prevent nutrient limita-
tion. Plants were kept under continuous light at 100 pmol m
257! PAR throughout (Naumann et al. 2007). For testing,
up to 12 fronds per clone were transferred to 400-mL glass
beakers (covered by glass plates) with 300 mL of auto-
claved medium each, and exposed to either 26 °C (control)
or 32 °C. A minimum of five replicate beakers was used per
temperature and clone. After 2 days of acclimation, the
number of fronds per beaker was scored and, if necessary,
reduced to a maximum number of 20 fronds to prevent
crowding. After another 7 days, the number of fronds was
counted, and the number of fronds connected by stolons
(=fronds/colony, F/C) was determined. Eight to ten colo-
nies per replicate were taken for area measurements using a
commercial scanner and the software ImageJ (v1.51j8).
After 24h at 80 °C, dw, including roots of the scanned
material, was determined to calculate an area:weight ratio
(AWR, cm?/g dw). About 50 mg of the remaining fresh
plant material was stored at 4 °C, and a second portion of
50 mg was kept at —18 °C for further analyses, respectively.
The relative growth rate (day ') was calculated from the
number of fronds according to Ziegler et al. (2015). The
frozen plant material was used for photometrical determi-
nation of the anthocyanin content (ANT, pmol/g fresh
weight (fw); Sims and Gamon 2002). Thiobarbituric acid-
reactive substances (TBARS, umol/g fw), measured as
malondialdehyde equivalents, were determined photo-
metrically from the 4 °C-stored plant material following
Cvjetko et al. (2010). TBARS, as a measure of lipid per-
oxidation caused by free radicals (Janero 1990), as well as
ANT, being related to antioxidative abilities (Tsuda et al.
1996), are considered fitness proxies in plants.

Experiments with Fagus sylvatica

Fagus sylvatica was not assessed by laboratory trials due to
its long lifespan. However, our goal was to include a broad

variety of taxa, and long-lived tree species are clearly
relevant though not amenable to controlled lab experiments.
Instead, we sampled open-pollinated seeds (representing
half-sibs) of 30 mature parental trees at eight sites across the
natural range of the species in Sweden (SE, 2 parent trees
only), Germany (DE, three sites), Poland (PL), Switzerland
(CH), France (FR) and Spain (ES). Genetic diversity of
F. sylvatica is known to be very high within stands
throughout the species’ distribution range as compared with
among-stand variation (Magri et al. 2006). We conse-
quently assumed comparable genetic variation by sampling
random mother trees, all located within large and mono-
dominant forest stands. In addition to seeds, at least two
shade leaves and two wood core samples were taken per
tree. From the cores, basal area increment (BAI) was cal-
culated for the last 20 years as the difference between
consecutive cross-sectional basal areas, and standardised for
a tree of 30-cm diameter at breast height. Seeds of each
parental tree were divided among 12 sites (the same eight
sites as above plus one site without seeds in SE and three
sites outside the current range of the species in SE, PL and
ES, altogether 12.840 seeds). After one full growing season,
the growth of 474 randomly selected and established
seedlings was measured, and 2 leaves sampled per plant (1
leaf if the plant had only 1 leaf; on average, plants had 2.2
leaves). Leaf area and SLA as morphological traits were
determined for all individuals. Growth, as a relevant life-
history trait, was based on BAI and height growth,
respectively. The mother trees were separated into a stress
and a control group based on the standardised BAI (high
growth rates representing benign ‘control’ growing condi-
tions with 6221 £ 335 mm? vs. 3026 + 173 mm” for stressful
conditions; t-test p <0.001). The offspring was separated
into stress and control environments by transplantation
sites, using a distinct split in the distribution of seedling
establishment success (control: 26.1 +=5.3%, stress 8.1 =
2.0%; t-test p =0.003). The parent trees were used as F1
generation and their offspring as F2 for comparison with the
other experiments. While the level of stress per site was
quantified by evaluating all seedlings, the following ana-
lyses are based only on seeds of stressed parents trans-
planted to stressful sites, and on seeds of the less-stressed
parents transplanted to less stressful sites, respectively.

Experiments with Bicyclus anynana

In B. anynana, the two treatments comprised constant
temperatures of 25 °C (control) or 29 °C (stress; Fischer
et al. 2010; Beaulieu et al. 2015), using a photoperiod of
L12:D12 and a relative humidity of 70% throughout. Lar-
vae were fed on potted, greenhouse-reared maize plants,
adults on moist banana. F1-generation butterflies were set
up for mating on day 2 of adult life. To ensure single

SPRINGER NATURE
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matings, mating couples were isolated while still mating.
After mating, heat-knockdown time (time until physical
knockdown at a constant temperature of 43 °C; Fischer et al.
2010) was measured in males, after which they were frozen
at —80°C for later analyses. Females, in contrast, were
individually set up for egg-laying after mating for 4 con-
secutive days to found full-sib families. On day 6 of adult
life, females were also subjected to the above heat-
knockdown assay, after which they were frozen for later
analyses. All eggs produced were counted (=fecundity) and
subsequently raised as full-sib families at their respective
temperature. The resulting F2 adults were subjected to the
same procedure outlined above to score offspring traits. In
addition to fecundity and heat tolerance, we scored wing
length, thorax mass (to the nearest 0.01 mg, Sartorius
LE225D, Goettingen, Germany) and relative abdomen fat
content (%) in both sexes. To measure fat content, abdo-
mens were dried for 48 h at 60 °C and weighed. Then, fat
was extracted twice for 48 h using 1 mL of acetone each
time. Afterwards, the abdomen was again dried for 48 h at
60 °C and weighed. Fat content was calculated as the mass
difference between the first and the second dry mass, and is
expressed as the percentage of abdomen dry mass (Fischer
et al. 2003).

Experiments with Tribolium castaneum

For T. castaneum, 30 °C (control) and 35 °C (stress; Mah-
roof et al. 2003) were used along with a photoperiod of L12:
D12 and a relative humidity of 70% throughout. Larvae and
adults were fed with organic flour, to which 5% baker’s
yeast was added. All resulting F1 pupae were sexed and
afterwards kept separated by gender. After adult eclosion, a
single male and a single female were kept together for
14 days to allow for mating and egg-laying. Afterwards,
parents were removed and first subjected to a cold-tolerance
assay (chill-coma recovery time, i.e., the time until legs
moved again after a 2-h exposure to 0 °C), and 1 day later to
a heat-knockdown assay (at 50 °C), before being frozen and
stored at —80 °C. The offspring produced was counted and
used to raise full-sib families (F2). The resulting pupae and
adults were treated as described above. In addition to
fecundity, cold and heat tolerance, we scored body mass
and length.

Experiments with Tetranychus urticae

In T. urticae, the two treatments comprised constant tem-
peratures of 25 °C (control) or 33 °C (stress), using a pho-
toperiod of L16:D8 throughout. Individuals were housed
and fed on 2 x3.5-cm® bean leaf cuttings (Phaseolus vul-
garis), placed on top of a moist cotton pad, in Petri dishes.
F1-generation females were individually set up for mating
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on a leaf cutting with an adult male from a different family.
To ensure mating with virgin females, we used females in
their last quiescent stage. Couples were checked daily and
considered mated when females had emerged. After mating,
male body size was measured and heat survival assessed
(i.e., survival after exposure to 50 °C for 10 min, Eppendorf
thermomixer). Females were individually set up for egg-
laying on new leaf cuttings for 5 days to found full-sib
families. On day 6 of adult life, female body size was
measured, and females were subjected to the above heat-
survival assay. All eggs produced were counted
(=fecundity) and subsequently raised as full-sib families at
their respective temperature. The resulting F2 adults were
subjected to the same procedure outlined above to score
offspring traits. For body-size measurements, individuals
were photographed under a stereomicroscope (Leica M80
with MC190 HD Camera) and measured using the software
LAS v4.9 (Leica application suite). For egg counting, each
female’s leaf was photographed (Nikon D5300), and the
photographs were analysed using IMAGEJ image proces-
sing and analysis software (v. 1.49).

Methods for quantitative genetic analyses

To estimate additive genetic variation (Vjy, h* and CVy),
‘animal models’ were used (Kruuk 2004; Wilson et al.
2010). The ‘animal model’ is a special form of a mixed
model that includes the additive genetic relatedness matrix
to account for the fact that individuals in the data set are
related. The additive genetic relatedness matrix is con-
structed from a pedigree. Here, our models included only
the additive genetic effect as a random effect and various
fixed factors. These (univariate) models hence took the
following form:

yi = u + treat; + sex; + pop; + gen; + a; + &;,

where y; is the phenotype of individual i, treat; the treatment
group to which individual i was assigned, sex; the sex of
individual i (if applicable), pop; the population to which
individual i belonged (for T. castaneum only), gen; the
generation to which individual i belonged, a; the additive
genetic effect of individual i and ¢ the error term. Note that
not all fixed effects were fitted in each model. We did not fit
a brood and a maternal effect because both generations
analysed were reared under identical laboratory conditions
(within each treatment).

For each trait within each species, three different models
were run. In the first model, all records were analysed
jointly, and treatment (plus other fixed factors if applicable)
was fitted as fixed effect. This model estimated the additive
genetic variance (V,), narrow-sense heritability (h*) and the
coefficient of genetic variation (CV,) of the respective trait,
accounting for the fitted fixed effects. In the second and
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third models, V,, h? and C V4 were estimated separately for
each treatment (while retaining other fixed effects if
applicable). Genetic variation (V,, h* and CV,,) significantly
larger than zero was tested by comparing a model with the
additive genetic component with a model without the
additive genetic component with a likelihood-ratio test
(LRT) with 1 df. Finally, it was tested whether Vj, h?* and
CV, differed between treatments. Towards this end, a
bivariate model with the trait values of the control treatment
as one phenotype and those of the stress treatment as the
other phenotype was fitted. This model hence fits the fol-
lowing covariance matrix for the additive genetic effect:
var(z.c) 0

G = ,
0 var(z.s)

with var(z.c) being the additive genetic variance of the trait
in the control environment and var(z.s) the additive genetic
variance of the trait in the stressful environment. The
genetic covariance could not be estimated because indivi-
duals in the control environment had no relatives in the
stressful environment and vice versa. The results were
compared with a bivariate model where the variances of the
two (scaled) traits were constrained to be equal, i.e., var(z.
c) =var(z.s), with a LRT with 1 df. To test whether h?* and
CV, differed from zero and between environments, trait
values were standardised (by subtracting the mean and
dividing by the standard deviation) or divided by the trait
mean, respectively, and the same models compared with a
LRT as for V4. In F. sylvatica, CV, of growth was
calculated based on the F1-generation half-siblings only due
to differences in the measurements between F1 and F2. All
analyses were performed with ASReml-R, except for
Spirodela. Here, ‘clonal repeatability’ instead of the
additive genetic variation was calculated, assuming that
all variation among individuals is due to additive genetic
effects. Since no pedigree was available, a mixed model
with individual identity as random effect was fitted with the
Ime4 package in R 3.3.2 (Bates and Sarkar 2007).
Because of the limited number of species studied and
some differences in experimental design, we tested for the
effects of treatment (stress vs. control) and trait type
(morphological vs. life history) across all species and traits
by meta-analyses (Borenstein et al. 2009). For each esti-
mate of genetic variance (V,, k%2, CV,), a single meta-
analysis was run. In the meta-analyses, the Hedges g
measure of effect size was calculated as the difference
between the means of the treatments or trait types, divided
by the pooled respective standard deviation, and weighted
by the number of traits per organism and trait class. The
treatment was considered to have a statistically significant
positive effect if the 95% confidence interval of the mean
effect size did not include values below zero, and a

statistically significant negative effect when it did not
include values above zero (Gurevitch and Hedges 2001).
The meta-analyses were run through the R package effsize
0.7.1 (Torchiano 2017). In addition, we used general linear
mixed models (GLMMs) with treatment, trait type and
their interaction as fixed effects and species as random
effect. Dependent factors were the absolute values of Vjy,
h? and CV;.

Results

Effects of treatments on morphological and life-
history traits

The stress treatment significantly affected all traits mea-
sured, except body size and heat tolerance in T. urticae
(Table 1 and Supplementary Table 2). Regarding morpho-
logical traits, stress conditions increased leaf and shoot
length in A. thaliana and AWR in S. polyrhiza, and
decreased (specific) leaf area in A. thaliana and F. sylvatica,
the number of fronds per colony in S. polyrhiza and mass
and size traits in B. anynana and T. castaneum. Regarding
life-history traits, stress increased heat tolerance in B. any-
nana and T. castaneum, and relative fat content in B. any-
nana, but reduced germination rate in A. thaliana, growth
rate in S. polyrhiza and F. sylvatica, TBARS, ANT in
S. polyrhiza, cold tolerance in 7. castaneum and fecundity
in all arthropod species.

Genetic variation: results of animal models

Only in 6 out of 25 cases, no significant genetic variation
was found, namely in fecundity in 7. castaneum, in specific
leaf area in A. thaliana and F. sylvatica and in heat toler-
ance in all three arthropod species (Table 2). Thus, sig-
nificant genetic variation was found in both morphological
(including leaf length, shoot length, fronds per colony,
AWR, body size and mass) and life-history traits (germi-
nation and growth rate, TBARS, ANT, fat content,
fecundity and cold tolerance). In five of the 19 cases in
which significant genetic variation was found, though, it
was not significant under either control (1x) or stress (4x)
conditions only. Significant differences in genetic variation
among treatments were found in only 10 (V,), 7 (h*) and 8
(CV,) out of the 19 traits, each showing significant genetic
variation (Table 2 and Fig. 1). A notable exception is
S. polyrhiza, in which all treatments differed significantly in
estimates of genetic variation (thus comprising 15 out of the
above 25 significant cases in which genetic variation dif-
fered among treatments). In A. thaliana, 7 out of 9, in
F. sylvatica 1 out of 6, in B. anynana 2 out of 12, in T.
castaneum 0 out of 9 and in T. urticae 0 out of 6 cases with
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Table 2 Results of animal models estimating additive genetic variation per trait in six species.

Arabidopsis thaliana

Trait Leaf length Specific leaf area Shoot length Germination rate
Control and stress combined Va 12.60 0.0 16.40 0.02
s 0.23 0.0 0.45 0.50
CV, 0.01 0.0 0.01 0.03
p <0.0001 1.0 <0.0001 <0.0001
Control \ 2.96 0.0 7.85 0.025
" 0.11 0.0 0.42 0.65
CVy <0.01 0.0 0.01 0.03
p 0.0080 1.0000 <0.0001 <0.0001
Stress Va 21.30 2.11 24.20 0.01
IS 0.27 0.02 0.46 0.23
CV, 0.01 <0.01 0.02 0.01
p <0.0001 1.0000 <0.0001 <0.0001
Difference V, P <0.0001 0.6265 0.0011 0.0001
Difference A p 0.2600 0.6265 0.7210 0.0213
Difference CV, p 0.0134 0.6264 0.0294 0.0010
Spirodela polyrhiza
Trait Relative growth rate Fronds/colony Area:weight ratio TBARS ANT
Control and stress combined Vi 0.00 1.18 9763.40 <0.01 0.01
" 0.51 0.44 0.71 0.64 0.59
CVy 0.01 0.02 0.02 0.16 0.47
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Control Va <0.01 1.79 8237.40 <0.01 0.01
n* 0.51 0.52 0.73 0.79 0.74
CVy 0.01 0.03 0.02 0.30 1.01
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Stress | <0.01 1.40 13334.10 <0.01 <0.01
" 0.63 0.69 0.83 0.74 0.78
CVy 0.01 0.02 0.03 0.09 0.19
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Difference V, p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Difference h’ P 0.0003 <0.0001 <0.0001 <0.0001 <0.0001
Difference CVy p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Fagus sylvatica
Trait Leaf area Specific leaf area Growth
Control and stress combined Vi 10.84 0.00 1.57
" 0.58 0.00 0.49
CVy 0.07 0.00 0.44
P <0.0001 1.0000 <0.0001
Control Va 13.50 2.58 1.72
" 0.64 0.10 0.50
CVy 0.08 <0.01 0.25
P <0.0001 1.0000 <0.0001
Stress Vi 1.91 0.00 1.29
* 0.16 0.00 0.45
CVy 0.02 0.00 0.99
p 0.3100 1.0000 0.0070
Difference V, P 0.0080 0.2346 0.6900
Difference h” P 0.1409 0.0848 0.5100
Difference CV, p 0.0725 0.1315 0.1200
Bicyclus anynana
Trait Wing length Thorax mass Fat content Fecundity Heat tolerance
Control and stress combined Va 0.16 0.00 0.00 275.50 36263.10
n? 0.19 0.15 0.12 0.24 0.06

SPRINGER NATURE



Species-specific effects of thermal stress on the expression of genetic variation across a diverse...

31

Table 2 (continued)

Bicyclus anynana

Trait Wing length Thorax mass Fat content Fecundity Heat tolerance
CV, <0.01 0.01 0.04 0.04 0.01
p <0.0001 <0.0001 0.0010 0.0005 0.0600
Control Va 0.14 0.00 0.00 410.10 27478.20
n 0.25 0.11 0.10 0.38 0.04
CV, <0.01 <0.01 0.02 0.05 0.01
p <0.0001 0.0050 0.0200 <0.0001 0.2400
Stress Va 0.17 0.00 0.00 0.01 60683.30
" 0.14 0.17 0.12 0.00 0.12
CV, <0.01 0.01 0.05 0.00 0.01
p 0.0100 0.0010 0.0300 0.8300 0.0900
Difference V, P 0.6716 0.1588 0.3250 0.0414 0.4773
Difference h” p 0.6073 0.3320 0.8201 0.0273 0.3604
Difference CV, p 0.5877 0.0903 0.5112 0.1560 0.6045
Tribolium castaneum
Trait Body length Body mass Cold tolerance Heat tolerance Fecundity
Control and stress combined | <0.01 0.00 18845.91 0.04 187.97
n 0.08 0.14 0.10 0.00 0.19
CVy <0.01 <0.01 0.03 0.00 0.03
p 0.0080 0.0001 0.0084 1.0000 0.1277
Control \ <0.01 0.00 13477.38 0.08 47.85
n 0.10 0.13 0.15 0.00 0.05
CV, <0.01 <0.01 0.03 0.00 0.01
P 0.0259 0.0108 0.0005 1.0000 0.7595
Stress Vi <0.01 0.00 21008.50 0.02 377.90
n” 0.05 0.14 0.06 0.00 0.36
CVy <0.01 <0.01 0.02 0.00 0.08
P 0.2051 0.0073 0.2932 1.0000 0.0700
Difference V, P 0.6632 1.00 0.7298 1.00 0.2405
Difference 72 p 0.4957 0.9925 0.4013 1.00 0.2760
Difference CV, P 0.6879 0.9145 0.5819 1.00 0.1857
Tetranychus urticae
Trait Body size Fecundity Heat tolerance
Control and stress combined Vi <0.01 134.52 0.00
" 0.19 0.45 0.00
CVy <0.01 0.11 0.00
P <0.0001 <0.0001 1.0000
Control Va <0.01 121.37 0.00
i 0.22 0.47 0.00
CVy <0.01 0.07 0.00
14 <0.0001 0.0880 1.0000
Stress Vi <0.01 57.95 0.00
" 0.18 0.43 0.00
CVy <0.01 0.17 0.00
P 0.0007 <0.0001 0.1772
Difference V, 14 0.7853 0.7523 1.0000
Difference h? P 0.8323 0.8588 1.0000
Difference CV, P 0.7360 0.1145 1.0000

Given are genetic variance (V,), heritability (hz) and the coefficient of genetic variation (C'V,), as well as their statistical significance (p value). The
combined genetic variation is based on both treatments accounting for the fitted fixed effects. In addition, parameters were estimated separately for
the control and stress treatment, respectively. Finally, it was tested whether V4, h? and CV, differ between treatments. Significant p values are given

in bold. For full results including fixed effects, residual variance and test statistics see Supplementary Table 2.
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Fig. 1 Estimated heritabilities (h*+SE) for control (blue) and
stress (red) treatment across species and traits. Results are grouped
into life-history traits (left panel) and morphological traits (right
panel), and are sorted by effect direction and size of 4 from control >
stress to stress > control. The heritability of both treatments combined,
accounting for the fitted fixed effects, is displayed below each trait

significant genetic variation were significantly different
among treatments. In addition, there was no pattern with
regard to the direction of significant differences among
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control stress

I B treatments differ (p < 0.05)
[—] [ treatments do not differ significantly

name. Statistical significance for }h? within each treatment is indicated
below each bar, and the difference in 4> between treatments is dis-
played above bars and is additionally highlighted by the colour
intensity of bars. Significance is coded according to ***p < 0.001; **p
<0.01; *p <0.05; p>0.05: n.s. For full results including fixed effects,
residual variance and test statistics see Supplementary Table 2.

treatments: under stress, V, increased 4x and decreased 6x,
h?* increased 3% and decreased 4x and CV, increased 4x and
decreased 4x. Heritability (for cases with significant genetic
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Table 3 Results of meta-

Va

h2

CVA

analyses for the effects of Traits Effect
treatment or trait type on All Treatment
estimated genetic variation in .
various traits measured in six All Trait type
species. Morphological Treatment
Life history Treatment

—0.18 (-0.75/0.39)
—0.40 (—0.97/0.18)
—0.13 (-0.98/0.72)
—0.22 (—1.03/0.59)

0.10 (—0.45/0.67)

—0.19 (-0.76/0.38)

0.07 (—0.78/0.92)
0.12 (—0.69/0.93)

0.04 (—0.53/0.61)
—0.64 (—1.22/-0.05)
0.16 (—0.69/1.01)
0.05 (—0.76/0.86)

Treatment: control vs. stressful conditions; trait type: morphological vs. life history. Given are the traits
considered, the tested effect and Hedges g with lower/upper 95% confidence interval in brackets for additive
genetic variance (V,), narrow-sense heritability (hz) and the coefficient of genetic variation (CV,). Significant

effects are given in bold.

variance) ranged between 0.08 and 0.71 for morphological
and between 0.10 and 0.64 for life-history traits (Table 2).

Genetic variation: results of meta-analyses

In line with the above findings, our meta-analyses showed
no significant effects of treatment or trait type on estimates
of genetic variation, except for a difference in CV, among
morphological and life-history traits (Hedges g = —0.63;
95% confidence interval —1.21 to —0.05, Table 3). Like-
wise, GLMMs did not reveal significant differences in V,
(Fi41=0.39, p=0.538), h* (Fj4 =0.34, p=0.563) or
CVy (F141 =0.02, p=0.879) among treatments, and only a
significant difference among morphological and life-history
traits for CV, (V42 F1 41 =1.15, p =0.289; h*: Fi4 =228,
p=0.139; CV,: F| 4, =6.34, p=0.016, Fig. 2). All inter-
actions were non-significant (all p > 0.638).

Discussion

Investigating the impact of stressful conditions on the
expression of genetic variation depends crucially on the
following issues: (1) it needs to be shown that the benign
control and the stressful conditions have different effects on
fitness, i.e., that the stress applied reduced fitness compo-
nents. (2) There must be significant genetic variation
available for the traits in question. We start with addressing
both the above issues before proceeding with our main
question, namely the effects of thermal stress on the
expression of genetic variation.

Effects of treatment on the traits investigated

Nearly all traits were significantly affected by the stress
treatments applied. Regarding morphological traits, higher
temperatures increased leaf and shoot length in A. thaliana,
likely caused by concomitantly higher metabolic rates
(Loveys et al. 2002; Vile et al. 2012). Higher temperature
also increased AWR (an analogous value for specific leaf
area, SLA) in aquatic S. polyrhiza, which might be a
compensation for a reduced net-photosynthetic gain under

)
0.40 J m Stress
O Control T
0.30 - I
N
< 0.20 -
0.10 -
0.00 - T ]
Morphology Life history
0.25 -
b) m Stress
0.20 {1 0OControl l
w 0.15 A
>
o 0.10 -
0.05 -
0.00 - r )
Morphology Life history

Fig. 2 Effects of stress on heritability and the coefficient of genetic
variation. Least-square means +SE for a narrow-sense heritability
(hz) and b the coefficient of genetic variation (CV,) in relation to
treatment and trait type. Data represent six species with 3-5 traits
measured per species.

high temperatures (Korner 2006) or a means to increase
transpiration cooling (Stewart et al. 2016). In contrast,
higher temperatures decreased SLA in terrestrial A. thaliana
and F. sylvatica and total leaf area in F. sylvatica, which
may help to reduce water loss (Poorter et al. 2009; Vile
et al. 2012). The decreased number of fronds per colony in
S. polyrhiza may reflect a general stress response (Henke
et al. 2011). The mass and size reductions at the higher
temperature found in B. anynana and T. castaneum reflect a
near-universal law in ectotherms, the temperature-size rule
(Atkinson 1994; Angilletta et al. 2004).
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Regarding life-history traits, high temperatures increased
heat tolerance in B. anynana and T. castaneum, representing
a well-known example of adaptive phenotypic plasticity in
arthropods (Fischer et al. 2010, 2011; Santos et al. 2011).
Thus, exposure to higher temperatures increases heat and
decreases cold tolerance and vice versa, as a short-term
response to variable thermal conditions. Such plastic
responses may be part of an organism’s stress response
(Sgrensen et al. 2003). However, they are likely to come at
energetic costs for the organism (DeWitt et al. 1998; Sgro
et al. 2016). Thus, increased heat tolerance is likely not
generally beneficial to the organism but only under expo-
sure to heat (Sgrensen et al. 2003). The increase in relative
fat content at higher temperatures in B. anynana was
unexpected (cf. Fischer et al. 2014), but may indicate that
animals prepared for even worse future conditions by
storing more reserves. Importantly, higher temperatures
reduced fecundity in all arthropod species, germination rate
in A. thaliana, growth rate in S. polyrhiza and F. sylvatica
and TBARS and ANT in S. polyrhiza. Thus, while mor-
phological traits did not show a clear pattern, life-history
traits revealed in all species detrimental effects of the higher
temperature on specific fitness components (though not
necessarily on all traits considered), and also seemed to
induce stress responses. This is despite the fact that for
individual traits, it can be difficult to define what is bene-
ficial or detrimental to the organism (Barker and Podger
1970; Niemeli et al. 2012).

Genetic variation in the traits investigated

Nearly all traits investigated showed significant genetic
variation, thus providing variation for natural selection to
act upon. The exceptions included fecundity, heat tolerance
and specific leaf area, with low levels of genetic variation
having been expected at least for both former traits as they
are closely related to fitness (Roff 2002). Genetic variation
in heat tolerance has been commonly found in ectotherms,
though its evolutionary potential is typically low (Hoffmann
et al. 2013; Hangartner and Hoffmann 2016; Rolandi et al.
2018). However, the specific trait examined and the
experimental protocol used have large impacts on the
assessment of genetic variation in heat tolerance (Chown
et al. 2009; Hoffmann et al. 2013; Hangartner and Hoff-
mann 2016). Such issues may cause a failure to detect low
levels of genetic variation, which may have contributed to
our negative results. Small and non-significant estimates
could, of course, also be due to small sample sizes. It
should, however, be noted that the samples sizes were large
enough to detect even heritabilities as low as 0.10, and so it
seems that the analyses were not generally underpowered
(ctf. Miiller et al. 2003; Fischer et al. 2004; Saastamoinen
2008). Overall, significant genetic variation was thus found
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for both morphological and life-history traits, with the range
of heritabilities matching expected patterns (Falconer and
Mackay 1996; Roff 2002). However, we found no support
for our second hypothesis, namely that genetic variation is
on average higher in morphological than in life-history traits
(Roff 2002). In general, levels of genetic variation were
very similar across trait types in our study, with the
exception of CV, that was, as expected, higher in mor-
phological than life-history traits.

Effects of thermal stress on genetic variation

Overall, we found no indication that the expression of
genetic variation is generally affected by thermal stress
(hypothesis 3). The results on the different species and traits
revealed that significant differences were found only in a
third of all cases (25 of 75 analyses). Moreover, patterns
were inconsistent across traits and species, with genetic
variation being significantly increased in 11 and decreased
in 14 cases under stress. Fifteen out of the 25 significant
cases concerned S. polyrhiza, in which only clonal repeat-
ability as a proxy of genetic variation could be measured.
Note that we included different reproductive modes on
purpose in order to cover (at least part of) the wide variety
of life histories found in nature. Thus, we have to reject our
third hypothesis that thermal stress has predictable effects
on genetic variation. Similar results were obtained by
Charmantier and Garant (2005), with the majority of 46
traits not showing significant dependence of heritability
estimates on the environmental conditions. Nevertheless,
there was a trend towards increased heritability under
favourable conditions (Charmantier and Garant 2005). In a
more recent meta-analysis on animals also, no clear pattern
in heritability between stressful and benign conditions was
found (Rowinski and Rogell 2017). However, the coeffi-
cient of genetic variation was higher under stressful than
benign conditions (though only in life-history but not in
morphological traits), which contrasts the above opposite
finding (Rowinski and Rogell 2017). In our study, finally,
we did not find a pattern in either measure of genetic var-
iation, stressing the species- and trait-specific nature of
effects.

Conclusions

Our results show that across three plant and three arthropod
taxa (1) the applied stress treatments reduced fitness com-
ponents, (2) the majority of traits showed significant genetic
variation and (3) thermal stress did not affect the expression
of genetic variation in a predictable way. This is despite the
fact that we used mainly laboratory approaches here, under
which heritability is often overestimated due to lower
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environmental but higher additive genetic variance (Geber
and Griffen 2003; Charmantier and Garant 2005).
Environment-dependent expression of genetic variation has
received much attention in recent years, as genetic adapta-
tion may be necessary for successfully dealing with envir-
onmental change (Gienapp et al. 2008, 2014), but a
covariance between the expression of genetic variation and
environmental conditions may lead to different responses to
selection, depending on the environment (Hoffmann and
Merila 1999; Ghalambor et al. 2007; Rowinski and Rogell
2017; Ramakers et al. 2018). However, in line with other
recent studies (Wood and Brodie 2016; Rowinski and
Rogell 2017; Ramakers et al. 2018), our data suggest that
there is no general impact of thermal stress on the expres-
sion of genetic variation under laboratory conditions. Our
results are based on six species and 25 morphological and
life-history traits, and are not biased by exclusively
focussing on trait heritability that is dependent on envir-
onmentally sensitive non-genetic sources of variation
(Houle 1992; Rowinski and Rogell 2017). We therefore
conclude that the potential impact of environmental condi-
tions on the expression of genetic variation may have been
overemphasised. The lack of a general pattern in the var-
iation of genetic variation with environmental conditions
found here may suggest that the rate of genetic adaptation to
environmental change is not generally affected by the
environment. Rather, careful case-by-case considerations
are needed due to pronounced variation among traits and
species.
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