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Abstract

Temperature varies on a daily and seasonal scale and thermal fluctuations are predicted to
become even more pronounced under future climate changes. Studies suggest that plastic
responses are crucial for species’ ability to cope with thermal stress including variability in
temperature, but most often laboratory studies on thermal adaptation in plant and ectotherm
organisms are performed at constant temperatures and few species included. Recent stud-
ies using fluctuating thermal regimes find that thermal performance is affected by both tem-
perature mean and fluctuations, and that plastic responses likely will differ between species
according to life strategy and selective past. Here we investigate how acclimation to fluctuat-
ing or constant temperature regimes, but with the same mean temperature, impact on heat
stress tolerance across a plant (Arabidopsis thaliana) and two arthropod species (Orches-
ella cincta and Drosophila melanogaster) inhabiting widely different thermal microhabitats
and with varying capability for behavioral stress avoidance. Moreover, we investigate the
underlying metabolic responses of acclimation using NMR metabolomics. We find increased
heat tolerance for D. melanogaster and A. thaliana exposed to fluctuating acclimation tem-
peratures, but not for O. cincta. The response was most pronounced for A. thaliana, which
also showed a stronger metabolome response to thermal fluctuations than both arthropods.
Generally, sugars were more abundant across A. thaliana and D. melanogaster when
exposed to fluctuating compared to constant temperature, whereas amino acids were less
abundant. This pattern was not evident for O. cincta, and generally we do not find much evi-
dence for similar metabolomics responses to fluctuating temperature acclimation across
species. Differences between the investigated species’ ecology and different ability to
behaviorally thermoregulate may have shaped their physiological responses to thermal
fluctuations.
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Introduction

The natural environment is constantly changing and abiotic factors fluctuate continuously on
various spatial and temporal scales. These changes can pose stress on organisms [1, 2] and
especially extreme temperatures are important physical factors that affect the abundance and
distribution of species [3-6]. To survive and reproduce in fluctuating and periodically stressful
environments individuals and populations need to adjust their physiology, morphology or
behavior to mitigate adverse effects on fitness. This can occur via phenotypic changes within
the lifetime of an individual, cross-generational epigenetic responses, or evolutionary adapta-
tions across generations [4, 7]. Most laboratory studies on physiological and evolutionary
adaptation to various thermal conditions on plant and animal ectotherm species have used
constant temperatures [2, 8]. However, under natural conditions temperatures are rarely con-
stant and even less so in the face of climate change causing increased variability and decreased
predictability of temperatures [9, 10]. Recent studies on Drosophila [11-17] and various other
invertebrate species [18-23] have shown that thermal variability can have significant impacts
on thermal performance and that conclusions drawn on the basis of studies in constant tem-
perature environments does not always hold under variable thermal conditions. The impact of
thermal fluctuations on stress resistance has been attributed to the convex shape of the perfor-
mance curve. Temperature fluctuations will create a disproportionate increase or decrease in
performance because the curve accelerates slowly from the lower extreme, gets steeper towards
optimum performance, and decelerates rapidly when approximating the upper extreme. The
acclimation effect will thus depend on the mean temperature and amplitude of fluctuations
used in the study, a relationship known as Jensen’s inequality [1, 24, 25]. However, the empiri-
cal support for the theory has been inconsistent and likely depends on the past selective pres-
sures on species and traits and the nature of thermal regimes applied [12, 26].

A common expectation for studies examining the effect of thermal variability on heat and
cold stress resistance is that temporal variability in habitat temperatures will select for high lev-
els of plasticity in thermal tolerance traits compared to stable thermal environments [27-30].
This is expected if the environmental cues for temperature changes are reliable [31, 32; but see
33], the heterogeneity occurs at a timescale relevant for the lifespan of the organism, and
genetic variation for plasticity is present [32-36]. However, findings on the relationship
between the latitudinal origin of populations and the level of plasticity in thermal tolerance are
generally contrasting for both arthropod and plant species. Some studies find no relationship
between latitude and plasticity for animal ectotherm species [16, 17, 37-39] and plants [40].
Other studies have found such an association for cold [41, 42] and heat tolerance [43, 44] in
animals and for cold [45], and heat tolerance [46] in plants. Only few studies have examined
geographic clines in thermal tolerance for plant species, but studies find associations between
latitude and plasticity of other fitness-related traits, which suggest that climatic variability has a
strong effect on plasticity in plants [47-51]. Despite only few studies finding a strong associa-
tion between plasticity and temperature variability, there is a trend for broader thermal range
with latitude that might be linked to differences in plasticity levels (Reviewed by Addo-Bediako
etal. [52]; Angilletta [53]; Sunday et al. [54]; see also [16, 55]; but see [37]). Yet, most studies
find that this is caused by differences in inherent lower lethal limits, whereas upper thermal
limits show little differentiation with latitude [38, 53, 56, 57; but see 58].

The discrepancies between findings on plasticity of thermal tolerance and thermal range
(especially upper thermal limits) in different populations and species have been attributed to
differences in the availability of microhabitats in terrestrial environments, and the capabilities
for behavioral thermoregulation between e.g. plants and animal ectotherm species, and differ-
ent life stages [54]. For instance, a stable microhabitat such as the soil environment will be
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buffered from large fluctuations in temperature and lower levels of plasticity may therefore be
expected in soil living organisms such as collembolans [59, 60]. Despite this expectation, it has
been demonstrated that differences in plasticity exists between local populations and different
species [41, 43, 60, 61]. However, inducible heat tolerance caused by plasticity in the springtail
Orchesella cincta is much slower compared to species such as D. melanogaster, which is likely
due to the daily thermal fluctuations experienced by each species [59, 62].

In addition to microclimates, thermoregulatory behavior also reduces the temperature vari-
ation experienced by some invertebrates because they actively seek shade, bask in the sun, or
move between sun and shade [63, 64]. The capacity for behavioral thermoregulation will
depend on the mobility of the species as shown for different life-stages of invertebrates that dif-
fer in mobility levels and plastic responses in thermal limits [65-67]. For instance, for D. mela-
nogaster the relatively immobile larval and pupal stages show much higher plastic change in
survival to heat stress after heat hardening treatments compared to the mobile adult stage [68].
These findings suggest that mobility levels are important determinants of plasticity in nature
and that plasticity becomes less important as adults gain the ability to avoid high temperatures.
Likewise, plants have limited capability of thermoregulatory behavior on a short time scale
(though some regulation occurs e.g. via changes in leaf and flower orientation and leaf rolling)
and this can explain why plant studies generally find stronger associations between plasticity
levels and latitude compared to studies on ectotherms [69, 70].

The sessile life strategy of plants might thus promote selection on alternative morphologi-
cal, physiological, or biochemical mechanisms of stress avoidance and mitigation [49, 71-73].
Some core cellular stress responses that have been identified and functions across most taxa
and environments, include molecular chaperone activity, changes in membrane lipid composi-
tion, altered energy metabolism, and build-up of cryoprotectants/osmoprotectants (Reviewed
by Feder & Hofmann [74]; Hazel [75]; Kiiltz [76]). The importance of these mechanisms dur-
ing thermal fluctuations is however poorly understood [1]. A valuable tool for understanding
mechanisms underlying acclimation processes in plants and animals is metabolomics which
provide an integrated measure of regulatory processes at the different molecular levels com-
bined with external environmental influences [77, 78]. All of these processes are reflected in
the metabolome, which is closely linked to the observed functional phenotype. Thus, the meta-
bolome might constitute a reliable predictor of organismal phenotypes and provide novel
insight into the underpinnings of complex traits such as responses to thermal fluctuations [79,
80].

Here, we investigate tolerance to heat stress in the arthropods D. melanogaster and O.
cincta, and the plant Arabidopsis thaliana. We acclimated the three species at a constant and
fluctuating temperature regime both with a mean of 20.4°C. We hypothesize that individuals
exposed to thermal fluctuations will have higher heat tolerance compared to those exposed to
constant thermal acclimation conditions prior to testing due to Jensen’s inequality. We further
expect that the plastic response in heat tolerance to thermal fluctuations will differ between
species because they inhabit thermally distinct environmental niches and have varying levels
of mobility. Thus we anticipate a strong plastic response to thermal fluctuations in the immo-
bile plant A. thaliana; a moderate response in the vinegar flies, D. melanogaster, where the
adult life-stage is readily mobile but occupying temperature variable environments especially
in immobile egg and pupae stages; and lowest response in collembolans, O. cincta, that occupy
a buffered soil environment. We further investigate the metabolomic consequences of expo-
sure to respectively constant and fluctuating temperatures using NMR metabolomics hypothe-
sizing that both shared and distinct responses to thermal fluctuations are observed across the
three species.
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Materials and methods
Ethics

No endangered or protected species were included in the present study. The collembolans
were collected in a public park with no specific permission required for collection and flies
were collected at a private farm with permission from the land owner.

Species and populations used for experiments

The experiment was performed in two independent experimental runs with sampling for
NMR metabolomics in the second run. The chosen species represent distinct life strategies and
microhabitats.

Drosophila melanogaster. Flies used in the study were from a population of D. melanoga-
ster that was set up in 2010 using the offspring of 589 inseminated females caught at Karens-
minde fruit farm in Odder, Denmark (for further details see [81]). The population was
maintained in the laboratory for ca. 220 generations at a population size >1000 individuals
prior to performing the experiments reported here. The flies were held in plastic bottles con-
taining 50 mL agar-sugar-yeast-oatmeal standard Drosophila medium [82] at a density of
approximately 200 flies per bottles and maintained at 19°C in a 12:12 h light/dark regime.
Experimental flies were produced by density-controlled egg laying in 10 bottles of 200 flies for
6 hours. Newly eclosed flies were transferred to bottles with fresh media within 12 hours of
eclosion. One day prior to acclimation start the flies were sexed under light CO, anesthesia
(<5 min) and 180 groups of 10-12 males (only male flies were used for the experiments) were
placed in 35 mL vials containing 7 mL standard Drosophila medium. Flies were 5-6 days of
age at acclimation start for both experimental runs. During acclimation, fresh media was pro-
vided every other day.

Orchesella cincta. Collembolans used in the experiment originated from a population col-
lected in Siena, Italy, in 2016 and thereafter maintained at 20°C, 70% RH and a photoperiod of
12:12 hour light: dark regime for ca. 15 generations (for details see [40]). During acclimation,
10-13 collembolans of unknown sex were held in 180 replicate petri dishes (55 mm) contain-
ing a water-saturated plaster-of-paris: charcoal (9:1) medium and an algae-covered twig was
provided as food source. A few drops of water were added to each petri dish every day to pre-
vent desiccation stress and fresh food was provided every other day. Collembolans used for the
experiment were 8 weeks old at acclimation start in the first experimental run and 10 weeks
old at the second run. Heat tolerance in O. cincta within this age-span has been shown not to
differ [83].

Arabidopsis thaliana. A. thaliana seeds used in the study were from the Columbia-0
(Col-0) accession. Seeds were surface sterilized in 70% (v/v) ethanol for 10 min and then
briefly mixed with 100% (v/v) ethanol before drying on a piece of sterile filter paper. Surface-
sterilized seeds were stratified in sterile water at 4°C for three days prior to plating on 55 mm
petri dishes containing 1x Murashige and Skoog (MS) basal growth medium (Duchefa), 0.5
gL' MES and 1.0% (w/v) agar at pH 5.7. Seeds were plated at a density of 24 seeds per plate on
180 replicate plates. Plates were sealed with Micropore tape and placed horizontally in a
growth room at 20°C with an 16 h day length at 150 umol m™s™ for three days to allow seed-
lings to emerge, after which the acclimation treatments were initiated.

Thermal acclimation regimes

A constant and a fluctuating thermal regime with equal mean temperature and a photoperiod
of 16:8 h light/dark and a light intensity of 150 umol m ™ s™ that resemble Danish summer
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Fig 1. Thermal acclimation regimes. Section of the recorded temperatures in the constant (grey) and fluctuating
(black) thermal regimes from the second experimental run. The constant thermal regime maintained a temperature of
20.4+ 0.2°C and the fluctuating regime cycled around the mean temperature in intervals of 13.2-26.9°C. Adult flies,
collembolans and plant seedlings were acclimated to each acclimation regime for 6-7 days. The experiment was

performed twice and the dotted and dashed lines represent the temperature at the initiation of acclimation treatments
in the first and second experimental run, respectively.

https://doi.org/10.1371/journal.pone.0237201.g001

conditions were generated in two programmable Plant Growth Chambers (Snijders Micro-
clima MC1750E). These long-day conditions were used to meet the requirements for plant
growth and animals were kept under the same conditions to ensure comparable results. The
constant regime retained a temperature of 20.4+ 0.2°C throughout the day and night. The fluc-
tuating thermal regime varied predictably and diurnally around the mean temperature 20.4°C,
reaching a minimum temperature of 13.2+ 0.1°C, at rate of 0.04°C min ', early in the morning,
and a maximum temperature of 26.9+ 0.1°C, at a rate of 0.06°C min ', in the afternoon (see
Fig 1).

Exposure to the acclimation treatments (constant or fluctuating) were started by relocating
90 replicate petri dishes (A. thaliana and O. cincta) and vials (D. melanogaster) for each species
randomly to the two acclimation treatments. The temperatures in the constant and fluctuating
regimes were 20.4 and 24.3°C, respectively, at acclimation start for all organisms in the first
experimental run, and 20.4°C in both regimes in the second run (Fig 1). Differences in start
temperature in the two regimes in run 1 (which was not intended) were considered negligible
due to the long acclimation exposure periods. The replicate petri dishes and vials were reshuf-
fled in a randomized manner inside the chambers once a day during the acclimation period to
minimize slight internal differences in temperatures and light that individual replicates may
have been exposed to in the chambers. Flies and collembolans were acclimated for 7 days, and
seedlings for 6 days before assessment of their heat tolerance and freezing of individuals for
NMR (from second experimental run).

Heat tolerance

Heat tolerance was tested using a heat mortality assay exposing the organisms to 7-8 species
specific temperatures ranging from non-lethal to lethal: D. melanogaster were exposed to 35,
36, 37, 38, 39, 40, 41°C; O. cincta to 35, 36, 37, 38, 39, 40, 41, 42°C; A. thaliana to 37, 39, 41, 43,
44, 45, 47, 49°C. The species-specific test temperatures were based on pilot tests (results not
shown). Thermal incubators were used to generate the different test temperatures and the tests
were conducted at midday when the temperature in both thermal regimes was ~20.4°C. This
was done to minimize effects of different temperatures and daily rhythm on heat tolerance.
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For flies and collembolans, 10 randomly chosen replicates of 10 individuals from each acclima-
tion treatment were exposed to each stress temperature for 1 hour. During the tests the flies
were kept in plastic vials containing 7 mL standard Drosophila medium and collembolans
were kept on Plaster-of-Paris medium. Following exposure to heat stress, D. melanogaster and
O. cincta recovered for 1 hour at 20.4°C and subsequently the mortality was scored as the
number of dead individuals out of the total number of individuals in each replicate. For A.
thaliana, 10 randomly chosen replicate plates with ~24 seedlings from each acclimation treat-
ment were likewise exposed to each of the chosen test temperatures for 1 hour and then
returned to the growth chamber at a constant temperature of 20.4°C. The seedlings were kept
in the petri dishes containing (MS) medium during the test and recovery period. Thermal
damages in plants build up slowly when exposed to moderately high temperatures and to
ensure that we had accounted for the total mortality caused by thermal stress the number of
viable seedlings was quantified after 7 days of recovery. Seedlings that were still green and pro-
duced new leaves were scored as survivors.

NMR

In the second experimental run, we repeated the experimental design and stress tests described
above, but prior to stress tests randomly chosen samples of arthropods and plants from each
acclimation treatment were snap-frozen in liquid nitrogen for later NMR metabolomic analy-
sis. Metabolites were extracted from 6 replicates of 10 male flies and 6 replicates of 10 non-
sexed collembolans from each acclimation treatment using the same protocol as described by
Qrsted et al. [84] and from 5 replicates of 24 seedlings from each acclimation treatment for A.
thaliana. In short, whole-body tissues from each sample were mechanically homogenized in 1
mL of Acetonitrile solution (50%, 50% ddH,O) using sterile glass beads and a homogenizer
(FastPrep-24™—MP Biomedicals) for 2 x 35 sec at 3800 rpm. The plant samples were further
sonicated for 15 minutes at room temperature prior to the proceeding steps. All samples were
cooled on ice, centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant was transferred to
new tubes, snap frozen, lyophilized, and stored at -80°C until NMR analysis.

NMR measurements were performed at 25°C on a Bruker Avance IIT HD 800 spectrometer
(Bruker Biospin, Rheinstetten, Germany), operating at a 'H frequency of 799.87 MHz, and
equipped with a 3 mm TCI cold probe. "H NMR spectra were acquired using a standard NOE-
SYPRI1D experiment with a 100 ms delay. A total of 128 transients of 32 K data points span-
ning a spectral width of 20 ppm were collected. The spectra were processed using Topspin
(Bruker Biospin, Rheinstetten, Germany). An exponential line-broadening of 0.3 Hz was
applied to the free-induction decay prior to Fourier transformation. All spectra were refer-
enced to the DSS signal at 0 ppm, manually phased and baseline corrected. The spectra were
aligned using icoshift [85]. The region around the residual water signal (4.87-4. 70 ppm) was
removed in order for the water signal not to interfere with the analysis. The high- and low-
field ends of the spectrum, where no signals except the reference signal from DSS appear, were
also removed (i.e., leaving data between 9.7 and 0.7 ppm).

Data analysis

Thermal tolerance. We fitted a generalized linear model with a binomial link function on
survival proportions for each species. This allowed us to look for batch effects between
repeated experiments. A likelihood ratio test (LRT) was used to compare a model containing
an interaction term between temperature and experimental run with a reduced model omit-
ting this term. All LRTs were significant which indicated significant effects of experimental
run and the data was treated as two independent experiments for the rest of the analysis.
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For every heat exposure temperature, survival was calculated as the number of survivors
over total number of individuals for each replicate. The Lethal median Temperature (LTs() for
each acclimation treatment was found by logistic regression on survival proportions for each
stress temperature using the drc-package in R [86]. Significant differences in LT, for each spe-
cies were found by comparing confidence intervals of LT, estimates and by chi-square LRT
on a model incorporating differences in LT, between the two thermal regimes and a model
assuming common LT, for both.

NMR data. Multivariate analyses were performed on spectral data that was normalized by
probabilistic quotient area normalization [87] to suppress separation caused by variation in
sample volumes, and pareto-scaled to reduce variance caused by metabolite differences.

Principal component analysis (PCA) was used to differentiate metabolite content between
species and thermal acclimation treatment. PCA analyses were run on the normalized and
scaled spectral data in R using the built-in R function prcomp(). The analysis was run on the
complete metabolite spectra dataset and on subsets containing individual species data. Signifi-
cant effects of species and acclimation regime were tested on PCA scores using MANOVA in
R [88].

Metabolome differences caused by thermal acclimation regime were further assessed
using Orthogonal Projection to Latent Structures Discriminant Analysis (OPLS-DA) on the
data combined for all species and for individual species. Validation scores for the OPLS-DA
models were calculated by 7-fold cross-validation. The analysis is regression-based and
seeks to correlate sample variation with a response vector that contains sample information
(acclimation treatment) while finding uncorrelated variation (orthogonal components) that
are systematic in the data. This analysis is useful when the effects of interest are masked by
variables that have larger influences on the sample variation, e.g. species metabolome varia-
tion [89, 90]. OPLS-DA was carried out using the SIMCA16 software (Umetrics, Malmo,
Sweden).

In order to identify the significant changes in metabolite concentrations when going from
constant to fluctuating acclimation regimes the OPLS-DA loadings (amplitude and correla-
tion) were plotted for all models. The correlations were calculated after removing the variation
explained by the orthogonal components. The threshold for significant change in metabolites
between acclimation treatments were P < 0.05 after correction for multiple testing for 50
metabolites. Relative changes in metabolite concentrations in organisms acclimated to the two
thermal regimes were calculated for every significant metabolite as the difference in concentra-
tion in individuals from the constant and the fluctuating acclimation treatments divided by
the median concentration in individuals from the constant acclimation regime.

Results
Thermal fluctuations increase heat tolerance

Acclimation to the fluctuating compared to the constant thermal regime with equal mean tem-
perature consequently increased LT, for A. thaliana and D. melanogaster in both experimen-
tal runs (Table 1, Fig 2). The heat tolerance of A. thaliana from the fluctuating thermal regime
was 0.5°C higher in experimental run 1 and 0.9°C in run 2 (Table 1, Fig 2). For D. melanoga-
ster these numbers were 0.3 and 0.2°C in run 1 and 2, respectively. A significantly higher LT,
was also observed in O. cincta from the fluctuating thermal regime where individuals had a
0.3°C higher LT5, in run 1 (Table 1, Fig 2). Generally, we observed higher heat tolerance for A.
thaliana than for both invertebrates, whereas only slightly higher heat tolerance was observed
in O. cincta compared to D. melanogaster (Table 1).
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Table 1. Lethal median temperatures. LTs, values (mean + SE) for species acclimated to constant and fluctuating thermal regimes. Significant differences in LTs, for the
two acclimation treatments were found by chi-square test for each species.

Experimental run 1 LT5, ("C) Chi-square test

Species Constant Fluctuating p-value Zz(d.f)
Drosophila melanogaster 38.27 (+0.07) 38.56 (+0.07) 0.002 9.42(1)
Orchesella cincta 39.69 (+0.09) 39.94 (+0.08) 0.034 4.491)
Arabidopsis thaliana 44.79 (+0.05) 45.33 (+0.07) <.001 53.71()
Experimental run 2 LTs, (°C) Chi-square test

Species Constant Fluctuating p-value 2an
Drosophila melanogaster 38.82 (£0.06) 39.01 (£0.06) 0.028 4.81)
Orchesella cincta 39.30 (+0.08) 39.38 (+£0.08) 0.460 0.55¢)
Arabidopsis thaliana 43.75 (+0.05) 44.64 (+0.05) <.001 150.16;)

https://doi.org/10.1371/journal.pone.0237201.t001

Effect of thermal fluctuations on the metabolome

Principal component analysis (PCA) was performed on the combined and separate metabolite
spectra of D. melanogaster, O. cincta, and A. thaliana (Fig 3) to characterize the metabolite
response underlying acclimation to constant and fluctuating thermal regimes for all species.
The total variation between samples was explained by 33 principal components, however PC1
and PC2 accounted for most of this variation (64.3%, Fig 4 and S1 Fig). An inspection of the
PCA scores plotted for PC1 and PC2 shows a distinct separation of metabolites associated with
species and this was substantiated by a test for differential metabolite response on PCA scores
(MANOVA; p < .001). PC1 further separates clusters associated with thermal regime (Figs 4
and 5), but this effect was not significant (MANOVA; p = 0.113).

Because of large variation caused by species-specific metabolite differences, an OPLS-DA
was performed to focus the analysis towards differences in acclimation regime while diminish-
ing variation caused by species. The OPLS-DA model was composed of one predictive compo-
nent and three orthogonal components (S1 Table). Thermal regime accounted for merely 3%
of the total metabolite variation in the samples, but the predictive ability of the model to cor-
rectly group a sample into constant or fluctuating acclimation treatment based on the metabo-
lite content in the sample was significant (predictability Q* = 0.6, S1 Table).

In addition, OPLS-DA models were performed on individual species (S1 Table). All models
were of good quality, i.e. Q* scores > 0.5. For A. thaliana 60% of the total metabolite variation
was explained by the acclimation treatment, while the corresponding number was 18% for
both D. melanogaster and O. cincta (S1 Table).

The OPLS-DA loadings from each individual OPLS-DA model were used to identify metab-
olites that differed significantly between individuals acclimated to fluctuating and constant ther-
mal regimes (Figs 3 and 6). The analysis showed that the set of metabolites that was elevated or
suppressed differed for each species. Metabolite changes that were significantly associated with
the predictive component for A. thaliana included elevated levels of glucose and suppressed lev-
els of glutamine (gln), arginine (arg), and gamma-aminobutyric acid (GABA) (Figs 3D and 6).
Sucrose levels were elevated in D. melanogaster acclimated to thermal fluctuations and alanine
(Ala) levels were lowered (Figs 3C and 6). Lastly, O. cincta that was exposed to thermal fluctua-
tions had elevated levels of hydroxyphenyl ethanol and 3-hydroxybutyric acid (Figs 3B and 6).

Discussion

In this study we investigated the effect of thermal fluctuations on heat tolerance and the meta-
bolome in three taxonomically distant species. We found that individuals of A. thaliana and D.
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Treatment B constant = fluctuating

A A. thaliana B A. thaliana
1.00 1 1.00 1
0.75 1 0.75 1
0.50 1 0.50 1
0.25 1 0.25 1
0.00 1 0.00 1
41 42 43 44 45 46 47 48 49 41 42 43 44 45 46 47 48 49
D. melanogaster D. melanogaster
1.00 1 1.00 1
0.75 1 0.75 1
0.50 1 0.50 1
0.25 1 0.25 1
0.00 1 0.00 1
35 36 37 38 39 40 41 42 35 36 37 38 39 40 41 42
O. cincta O. cincta
1.00 1 1.00 1
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Fig 2. Survival proportions after heat exposure. Regression on survival proportions after exposure to heat stress at species-specific test temperatures for 1
hour for individuals acclimated to constant (black) and fluctuating (grey) thermal regimes. Panel A represents the first experimental run and panel B the
second run. Individual points are survival proportion for each replicate and 95% confidence bands around the regression.

https://doi.org/10.1371/journal.pone.0237201.9002

melanogaster acclimated at fluctuating temperatures were more heat tolerant than individuals
acclimated to constant temperatures. This pattern was only observed for O. cincta in experi-
mental run 1 (Table 1, Fig 2). The increased heat tolerance of individuals from the fluctuating
temperature regime is in line with previous studies on Drosophila species exposed to predict-
able thermal fluctuations [11, 13, 23], but has to our knowledge not previously been shown for
plants or collembolan species.
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Fig 3. Metabolite loading spectra. Metabolite loading spectra showing significant (colored peaks, p < 0.05) up- or downregulated metabolites in
individuals acclimated to fluctuating temperatures compared to constant temperature for A) layered spectrum for all organisms, B) O. cincta, C) D.
melanogaster, and D) A. thaliana.

https://doi.org/10.1371/journal.pone.0237201.9003

Of the three species that we investigated we observed the most pronounced increase in heat
tolerance in response to thermal fluctuations for A. thaliana (Table 1, Fig 2). This finding sug-
gests that A. thaliana has a larger capacity to adjust its phenotype to environmental fluctua-
tions than D. melanogaster and O. cincta. Obviously we cannot make strong conclusions as to
whether this result reflects general differences in responses to thermal fluctuations across spe-
cies. However the observation agrees with studies on other plant species that have found strong
correlations between latitudinal temperature variability and plasticity of various fitness-related
traits, including photosynthetic rate, water-use efficiency, seed-output, leaf angles and number
of flowers [46, 49-51, 91]. Such association between latitudinal temperature variability and fit-
ness-related traits and heat tolerance has generally been much weaker for insects [16, 17, 37,
39, 92]. Although we cannot make any conclusions on why plants in general respond stronger
to thermal fluctuation based on our study, it could be speculated that plants have developed
stronger plastic responses as a consequence of their sessile lifestyle compared to invertebrates.
We only found small differences in the acclimation response to constant and fluctuating tem-
peratures for flies and an even weaker signal were observed for collembolans. Likewise, no sig-
nificant effect of acclimation treatment on the metabolomes was found in these two species
(Table 1 and Fig 4). This suggests a lower ability of these two species to induce a thermal plastic
response which may relate to the ability of the species to behaviorally evade stressors in nature
by e.g. seeking deeper into the soil column or escaping rapidly by flight or other types of
maneuvering to more favorable thermal conditions [43, 61, 93]. This is supported by findings
showing that sessile life stages of Drosophila are more plastic than adult stages [65, 66, 68].
However, studies generally find that collembolans show hardening responses to both cold and
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for 39.01% and 25.39% of the variance between samples, respectively.

https://doi.org/10.1371/journal.pone.0237201.9004

heat exposure, but this response is slow and maybe not working at the timescale of daily tem-
perature fluctuations [41, 43, 59, 60].

The magnitude of the acclimation response observed in LT, values was manifested in the
metabolome showing bigger differentiation for A. thaliana exposed to fluctuating and constant
temperatures compared to the arthropod species investigated (Figs 4 and 5, and S1 Table).
This is well in accordance with the idea that this plant species, due to its limited mobility, exert
a greater metabolite response to environmental fluctuations than invertebrates. Further, we
found that the set of metabolites that was elevated or suppressed in response to thermal

A. thaliana O. cincta D. melanogaster
100 100 100
=k Tk 50 -
. °
& REIA) s <\ £ e o
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Fig 5. PCA scores for analysis on individual species. PCA scores plot for A. thaliana, O. cincta, and D. melanogaster
acclimated to constant (filled circles) or fluctuating (open triangles) thermal regimes. Ellipses represent 95% CI.

https://doi.org/10.1371/journal.pone.0237201.9005
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Fig 6. Relative change in concentrations of nine metabolites. Whisker box plots of change in relative concentrations
of nine metabolites in A. thaliana, D. melanogaster, and O. cincta acclimated to fluctuating and constant temperatures,
respectively. Significant changes in concentrations are indicated by * (p < 0.05). The y-axis shows the concentration of
each metabolite in the organisms acclimated to fluctuating temperatures (measured as spectral intensity) relative to the
mean concentration of the metabolites in organisms acclimated to constant temperatures. The centerline in each

box represents the median, and the upper and lower boundaries are the 25" and 75 quantiles. The whiskers mark the
extremes, and dots represent the outliers.

https://doi.org/10.1371/journal.pone.0237201.9g006

fluctuations for each species differed, but some of the affected metabolites shared some bio-
chemical properties. For instance, sugar levels were elevated in A. thaliana and D. melanoga-
ster exposed to thermal fluctuations, whereas amino acids were suppressed (Fig 6). These
patterns were not found for collembolans, which showed a markedly different metabolite
response than flies and plants.

Accumulation of soluble sugars, which act as compatible compounds that help stabilizing
proteins and membranes and regulating osmotic pressure, is a common low temperature
response in invertebrates [61, 93-96] and a low and high temperature response in plants [73,
97-100]. In our experiment, heat tolerance was tested at midday when temperatures in the
fluctuating thermal regime had returned to initial mean temperature subsequent to a cool ther-
mal peak reaching 13°C during the night. It has previously been found that D. melanogaster
exposed to gradual cooling shows increasing levels of sugars and decreasing levels of amino
acid when temperatures approximate 10°C and that the levels remain elevated for up to 4
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hours after returning to pre-cooling temperatures [95]. Thus, it is likely that the accumulation
of sugars we observed was an effect of cold ramping during the cold part of the thermal fluctu-
ations which was maintained during the return to mean temperature. Accumulation of sugars
during exposure to cold temperatures has been linked to the direct effect of low temperatures
on enzyme activity involved in carbohydrate metabolism in invertebrates [101] and may also
be the reason for the observed accumulation of sugars in this study.

Seemingly, sugars also accumulate in some plants exposed to temperature variation [102,
103]. A recent study found that natural changes in light and varying temperature have pro-
found impact on daily rates of primary metabolism of A. thaliana compared to stable climate
conditions with a constant temperature and sinusoidal simulations of light intensity [103].
Thus, most metabolites increased in the daytime and declined during the night in both the
constant and variable thermal regimes, reflecting the build-up of reserves in the light and their
consumption in the dark. However, the level of sugars and starch were higher at dawn in the
naturally variable regime and this pattern was associated with slow carbon utilization at night
due to cold temperatures. Thus, findings of changed levels of sugars for A. thaliana and D. mel-
anogaster when exposed to fluctuating temperatures might not be a direct effect of accumula-
tion of osmoprotectants, but rather indicate an indirect effect of altered metabolism such as
slower utilization of energy-yielding molecules at night and faster synthesis at day.

Similar to findings in our study also Annunziata et al. [103] observed that acclimation of A.
thaliana to a variable temperature regime resulted in lower levels of amino acids than in a sta-
ble temperature regime. This may partly be a result of decreased metabolic connectivity, which
affected amino acids in particular or rapid incorporation of amino acids into proteins during
high daily temperatures and slow protein degradation at night due to low temperature. These
results can also explain the decreased levels of GABA for A. thaliana that was found in the fluc-
tuating regime in our study. GABA is a non-protein amino acid that is found in both animals
and plants and is proposed to be involved in intercellular stress signaling [104, 105]. However,
the regulation and function of GABA is still uncertain and it is proposed that increases of
GABA with thermal stress is simply a product of protein degradation [106, 107]. Thus, in
accordance with the lower levels of free amino acids found in this study, the decreased levels of
GABA might also reflect slow degradation of proteins at night when temperatures are low.

Findings of changed levels of sugars and amino acids for A. thaliana and D. melanogaster
when exposed to fluctuating temperatures are interesting as they share some common
responses to high and low temperature stress. However, in the current study, it is not possible
to deduce whether these metabolites have a direct impact on heat tolerance or merely reflect
indirect effects of altered metabolism. Future studies should focus on determining the separate
and combined effects of the cold and warm temperatures that individuals are exposed to dur-
ing thermal fluctuations on the metabolome and more in depth analyses of molecular mecha-
nisms, pathways and connectivity between constituents.

In O. cincta an increase in 3-hydroxybutyric acid and hydroxyphenyl ethanol was found in
response to fluctuating temperatures (Figs 3A and 6). The first is a ketone that is produced
from fatty acid metabolism when cellular carbohydrate levels are low [108]. This could be an
indication of increased energy demand, potentially because of increased metabolic rate as
more time is spent at higher temperatures due to Jensen’s inequality, or alternatively due
increased production of cellular protective molecules for stress mitigation. Hydroxyphenyl
ethanol is a phenolic compound, which is synthesized by some organisms, including fungi,
bacteria, and algae species which constitute the food items for collembolans [109]. Thus, the
elevated levels of this metabolite presumably come from increased food consumption, maybe
as a response to increased energy demand in the fluctuating compared to the constant thermal
acclimation regime. Phenolic compounds that are ingested via foods possibly act as
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antioxidants [96] which protect cells from oxidative stress in humans [110]. High and low tem-
peratures lead to cellular changes that induce oxidative stress [111] and thus, the increased lev-
els of hydroxyphenyl ethanol found in collembolans (Fig 6) might help alleviating cells from
oxidative stress. However, these are merely speculations and need further testing.

Conclusion

Collectively, results of the present study reveal that A. thaliana and D. melanogaster show
increased heat tolerance in response to acclimation to fluctuating temperatures in accordance
with Jensen’s inequality. The response was generally low and would in terms of climate change
probably have little impact on survival in nature. However, we only measured one aspect of heat
tolerance and this conclusion might have been different if examining other measures of heat tol-
erance, different life stages of the organisms or other acclimation regimes. Despite this, we
found a larger response of the plant species, and we speculate that this can be linked to its sessile
life-style. However, this study did not include enough species belonging to different thermal
habitats or with different levels of mobility to make any conclusions on this matter. The under-
lying metabolome response to acclimation was stronger in A. thaliana than in the invertebrates.
The physiological mechanisms of adaptation were comprised of metabolites involved in pri-
mary metabolism in both A. thaliana and D. melanogaster, but showed a markedly different
metabolite response in O. cincta involving fatty acid metabolism and phenolic compounds. We
cannot conclude whether these differences in metabolomes have direct impact on heat tolerance
or if different mechanisms were induced during acclimation and heat stress. Further studies
might focus on finding differential responses before, during and after heat stress to determine if
exposure to fluctuating, but non-stressful temperatures also changes the response to highly
stressful conditions compared to acclimation at constant temperatures. This aspect is important
to investigate to gain knowledge on whether exposure to fluctuating temperatures is adaptive or
if the changes in metabolites are only indirect effects of rates of metabolism. stylefix.

Supporting information

S1 Fig. PCA scree plot. PCA scree plot from PCA analysis on metabolite spectra from whole-
body extract of D. melanogaster, O. cincta, and A. thaliana acclimated to constant and fluctuat-
ing thermal regimes. PC1 and PC2 captures most of the inertia in the data.
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S1 Table. OPLS model statistics for parameter prediction from metabolite data. The capa-
bility of the different metabolomes to predict the temperature regimes was tested using OPLS
models.

(DOCX)

Acknowledgments

The authors thank Anders Pedersen at the Swedish NMR Center at the University of Gothen-
burg for help with sample preparation and experimental setup and for access to the 800 MHz
spectrometer. Further, we thank Giacomo Spinsanti for help with obtaining springtails from
Italy.

Author Contributions

Conceptualization: Natasja Krog Noer, Majken Pagter, Simon Bahrndorff, Torsten Nygaard
Kristensen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 14/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237201.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237201.s002
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

Formal analysis: Natasja Krog Noer, Anders Malmendal.
Funding acquisition: Torsten Nygaard Kristensen.

Investigation: Natasja Krog Noer, Majken Pagter, Simon Bahrndorff, Torsten Nygaard
Kristensen.

Methodology: Natasja Krog Noer, Majken Pagter, Simon Bahrndorff, Anders Malmendal,
Torsten Nygaard Kristensen.

Project administration: Natasja Krog Noer.

Resources: Majken Pagter, Simon Bahrndorff, Anders Malmendal, Torsten Nygaard
Kristensen.

Supervision: Torsten Nygaard Kristensen.
Visualization: Natasja Krog Noer, Anders Malmendal.
Writing - original draft: Natasja Krog Noer.

Writing - review & editing: Natasja Krog Noer, Majken Pagter, Simon Bahrndorff, Anders
Malmendal, Torsten Nygaard Kristensen.

References

1. Colinet H, Sinclair BJ, Vernon P, Renault D. Insects in fluctuating thermal environments. Annu Rev
Entomol. 2015; 60(1):123—40 https://doi.org/10.1146/annurev-ento-010814-021017 PMID: 25341105

2. FischerK, Kélzow N, Héltje H, Karl |. Assay conditions in laboratory experiments: Is the use of con-
stant rather than fluctuating temperatures justified when investigating temperature-induced plasticity?
Oecologia. 2011; 166(1):23-33 https://doi.org/10.1007/s00442-011-1917-0 PMID: 21286923

3. Chen|, Hill JK, Ohlemueller R, Roy DB, Thomas CD. Rapid range shifts of species associated with
high levels of climate warming. Science. 2011; 333(6045):1024-6. https://doi.org/10.1126/science.
1206432 PMID: 21852500

4. Hoffmann AA, Parsons PA. Evolutionary Genetics and Environmental Stress. Oxford, UK.: Oxford
University Press; 1991.

5. Parmesan C, Root TL, Willig MR. Impacts of extreme weather and climate on terrestrial biota. Bull Am
Meteorol Soc. 2016; 81(3):443-50 https://doi.org/10.15781/T2D21RM6X

6. Reyer CPO, Leuzinger S, Rammig A, Wolf A, Bartholomeus RP, Bonfante A, et al. A plant’s perspec-
tive of extremes: Terrestrial plant responses to changing climatic variability. Glob Chang Biol. 2013; 19
(1):75-89 https://doi.org/10.1111/gcb.12023 PMID: 23504722

7. Kristensen TN, Ketola T, Kronholm I, Kristensen TN. Adaptation to environmental stress at different
timescales. Ann N 'Y Acad Sci. 2018 https://doi.org/10.1111/nyas.13974 PMID: 30259990

8. Schou MF, Kristensen TN, Pedersen A, Karlsson BG, Loeschcke V, Malmendal A. Metabolic and func-
tional characterization of effects of developmental temperature in Drosophila melanogaster. Am J Phy-
siol Regul Integr Comp Physiol. 2017; 312(2):R211-22 https://doi.org/10.1152/ajpregu.00268.2016
PMID: 27927623

9. Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR, Mearns LO. Climate extremes:
Observations, modeling, and impacts. Science. 2000; 289(5487):2068—74 https://doi.org/10.1126/
science.289.5487.2068 PMID: 11000103

10. IPCC. Climate Change 2014: Synthesis Report. Contribution of working groups |, Il and Ill to the fifth
assessment report of the intergovernmental panel on climate change [Core Writing Team, R.K.
Pachauri and L.A. Meyer (eds.)]. Geneva, Switzerland: 2014.

11. Bozinovic F, Bastias DA, Boher F, Clavijo-Baquet S, Estay SA, Angilletta MJ. The mean and variance
of environmental temperature interact to determine physiological tolerance and fitness. Physiol Bio-
chem Zool. 2011; 84(6):543-52 https://doi.org/10.1086/662551 PMID: 22030847

12. Bozinovic F, Medina NR, Alruiz JM, Cavieres G, Sabat P. Thermal tolerance and survival responses to
scenarios of experimental climatic change: Changing thermal variability reduces the heat and cold tol-
erance in a fly. J Comp Physiol B. 2016; 186(5):581-7 https://doi.org/10.1007/s00360-016-0980-6
PMID: 27003422

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 15/20


https://doi.org/10.1146/annurev-ento-010814-021017
http://www.ncbi.nlm.nih.gov/pubmed/25341105
https://doi.org/10.1007/s00442-011-1917-0
http://www.ncbi.nlm.nih.gov/pubmed/21286923
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
http://www.ncbi.nlm.nih.gov/pubmed/21852500
https://doi.org/10.15781/T2D21RM6X
https://doi.org/10.1111/gcb.12023
http://www.ncbi.nlm.nih.gov/pubmed/23504722
https://doi.org/10.1111/nyas.13974
http://www.ncbi.nlm.nih.gov/pubmed/30259990
https://doi.org/10.1152/ajpregu.00268.2016
http://www.ncbi.nlm.nih.gov/pubmed/27927623
https://doi.org/10.1126/science.289.5487.2068
https://doi.org/10.1126/science.289.5487.2068
http://www.ncbi.nlm.nih.gov/pubmed/11000103
https://doi.org/10.1086/662551
http://www.ncbi.nlm.nih.gov/pubmed/22030847
https://doi.org/10.1007/s00360-016-0980-6
http://www.ncbi.nlm.nih.gov/pubmed/27003422
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

Manenti T, Sgrensen JG, Moghadam NN, Loeschcke V. Predictability rather than amplitude of temper-
ature fluctuations determines stress resistance in a natural population of Drosophila simulans. J Evol
Biol. 2014; 27(10):2113-22 https://doi.org/10.1111/jeb.12463 PMID: 25146297

Salachan PV, Sgrensen JG, Salachan PV. Critical thermal limits affected differently by developmental
and adult thermal fluctuations. J Exp Biol. 2017; 220:4471-8 https://doi.org/10.1242/jeb.165308
PMID: 28982965

Segrensen JG, Schou MF, Kristensen TN, Loeschcke V. Thermal fluctuations affect the transcriptome
through mechanisms independent of average temperature. Sci Rep. 2016; 6(1):30975 https://doi.org/
10.1038/srep30975 PMID: 27487917

Overgaard J, Kristensen TN, Mitchell KA, Hoffmann AA. Thermal tolerance in widespread and tropical
Drosophila species: Does phenotypic plasticity increase with latitude? Am Nat. 2011; 178:S80-96
https://doi.org/10.1086/661780 PMID: 21956094

Sgrensen JG, Kristensen TN, Overgaard J. Evolutionary and ecological patterns of thermal acclima-
tion capacity in Drosophila: Is it important for keeping up with climate change? Curr Opin Insect Sci.
2016; 17:98-104 https://doi.org/10.1016/j.cois.2016.08.003 PMID: 27720081

Lalouette L, Kostal V, Colinet H, Gagneul D, Renault D. Cold exposure and associated metabolic
changes in adult tropical beetles exposed to fluctuating thermal regimes. FEBS J. 2007; 274(7):1759—
67 https://doi.org/10.1111/j.1742-4658.2007.05723.x PMID: 17331186

Renault D, Nedved O, Hervant F, Vernon P. The importance of fluctuating thermal regimes for repair-
ing chill injuries in the tropical beetle Alphitobius diaperinus (Coleoptera: Tenebrionidae) during expo-
sure to low temperature. Physiol Entomol. 2004; 29(2):139—45 https://doi.org/10.1111/].0307-6962.
2004.00377.x

Colinet H, Renault D, Hance T, Vernon P. The impact of fluctuating thermal regimes on the survival of
a cold-exposed parasitic wasp, Aphidius colemani. Physiol Entomol. 2006; 31(3):234—40 https://doi.
org/10.1111/j.1365-3032.2006.00511.x

Wang H, Zhou C, Guo W, Kang L. Thermoperiodic acclimations enhance cold hardiness of the eggs of
the migratory locust. Cryobiology. 2006; 53(2):206—17 https://doi.org/10.1016/j.cryobiol.2006.06.003
PMID: 16876151

Kelty JD, Killian KA, Lee RE. Cold shock and rapid cold-hardening of pharate adult flesh flies (Sarco-
phaga crassipalpis): Effects on behaviour and neuromuscular function following eclosion. Physiol
Entomol. 1996; 21(4):283-8 https://doi.org/10.1111/j.1365-3032.1996.tb00866.x

Terblanche JS, Nyamukondiwa C, Kleynhans E. Thermal variability alters climatic stress resistance
and plastic responses in a globally invasive pest, the Mediterranean fruit fly (Ceratitis capitata). Ento-
mol Exp Appl. 2010; 137(3):304—15 https://doi.org/10.1111/j.1570-7458.2010.01067.x

Jensen J. Sur les fonctions convexes et les inégalités entre les valeurs moyennes. Acta Math. 1906;
30(1):175-93 https://doi.org/10.1007/BF02418571

Ruel JJ, Ayres MP. Jensen’s inequality predicts effects of environmental variation. Trends Ecol Evol.
1999; 14(9):361-6 https://doi.org/10.1016/s0169-5347(99)01664-x PMID: 10441312

Manenti T, Loeschcke V, Moghadam NN, Sgrensen JG. Phenotypic plasticity is not affected by experi-
mental evolution in constant, predictable or unpredictable fluctuating thermal environments. J Evol
Biol. 2015; 28(11):2078-87 https://doi.org/10.1111/jeb.12735 PMID: 26299271

Gaston KJ, Chown S. Why Rapoport’s rule does not generalise. Oikos. 1999; 84(2):309—13 https://doi.
org/10.2307/3546727

Ghalambor CK, Huey RB, Martin PR, Tewksbury JJ, Wang G. Are mountain passes higher in the trop-
ics? Janzen'’s hypothesis revisited. Integr Comp Biol. 2006; 46(1):5—17 https://doi.org/10.1093/icb/
icj003 PMID: 21672718

Janzen DH. Why mountain passes are higher in the tropics. Am Nat. 1967; 101(919):233-249.
Schlichting C, Pigliucci M. Phenotypic evolution: A reaction norm perspective. Sinauer; 1998.

Reed TE, Waples RS, Schindler DE, Hard JJ, Kinnison MT. Phenotypic plasticity and population viabil-
ity: The importance of environmental predictability. Proc R Soc Lond B Biol Sci. 2010; 277
(1699):3391-400 https://doi.org/10.1098/rspb.2010.0771 PMID: 20554553

Scheiner SM. Genetics and evolution of phenotypic plasticity. Annu Rev Ecol Syst. 1993; 24(1):35-68
https://doi.org/10.1146/annurev.es.24.110193.000343

Manenti T, S@rensen JG, Loeschcke V. Environmental heterogeneity does not affect levels of pheno-
typic plasticity in natural populations of three Drosophila species. Ecol Evol. 2017; 7(8):2716-24
https://doi.org/10.1002/ece3.2904 PMID: 28428862

Matesanz S, Gianoli E, Valladares F. Global change and the evolution of phenotypic plasticity in
plants. Ann N'Y Acad Sci. 2010; 1206(1):35-55 https://doi.org/10.1111/j.1749-6632.2010.05704.x
PMID: 20860682

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 16/20


https://doi.org/10.1111/jeb.12463
http://www.ncbi.nlm.nih.gov/pubmed/25146297
https://doi.org/10.1242/jeb.165308
http://www.ncbi.nlm.nih.gov/pubmed/28982965
https://doi.org/10.1038/srep30975
https://doi.org/10.1038/srep30975
http://www.ncbi.nlm.nih.gov/pubmed/27487917
https://doi.org/10.1086/661780
http://www.ncbi.nlm.nih.gov/pubmed/21956094
https://doi.org/10.1016/j.cois.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27720081
https://doi.org/10.1111/j.1742-4658.2007.05723.x
http://www.ncbi.nlm.nih.gov/pubmed/17331186
https://doi.org/10.1111/j.0307-6962.2004.00377.x
https://doi.org/10.1111/j.0307-6962.2004.00377.x
https://doi.org/10.1111/j.1365-3032.2006.00511.x
https://doi.org/10.1111/j.1365-3032.2006.00511.x
https://doi.org/10.1016/j.cryobiol.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16876151
https://doi.org/10.1111/j.1365-3032.1996.tb00866.x
https://doi.org/10.1111/j.1570-7458.2010.01067.x
https://doi.org/10.1007/BF02418571
https://doi.org/10.1016/s0169-5347%2899%2901664-x
http://www.ncbi.nlm.nih.gov/pubmed/10441312
https://doi.org/10.1111/jeb.12735
http://www.ncbi.nlm.nih.gov/pubmed/26299271
https://doi.org/10.2307/3546727
https://doi.org/10.2307/3546727
https://doi.org/10.1093/icb/icj003
https://doi.org/10.1093/icb/icj003
http://www.ncbi.nlm.nih.gov/pubmed/21672718
https://doi.org/10.1098/rspb.2010.0771
http://www.ncbi.nlm.nih.gov/pubmed/20554553
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1002/ece3.2904
http://www.ncbi.nlm.nih.gov/pubmed/28428862
https://doi.org/10.1111/j.1749-6632.2010.05704.x
http://www.ncbi.nlm.nih.gov/pubmed/20860682
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Oostra V, Saastamoinen M, Zwaan B, Wheat C. Strong phenotypic plasticity limits potential for evolu-
tionary responses to climate change. Nat Commun. 2018; 9(1):1005 https://doi.org/10.1038/s41467-
018-03384-9 PMID: 29520061

Sgrd CM, Terblanche JS, Hoffmann AA. What can plasticity contribute to insect responses to climate
change? Annu Rev Entomol. 2016; 61(1):433-51 https://doi.org/10.1146/annurev-ento-010715-
023859 PMID: 26667379

Maclean HJ, Serens JG, Kristensen TN, Loeschcke V, Beedholm K, Kellermann V, et al. Evolution
and plasticity of thermal performance: An analysis of variation in thermal tolerance and fitness in 22
Drosophila species. Philos Trans R Soc Lond B Biol Sci. 2019; 374(1778):20180548 https://doi.org/
10.1098/rstb.2018.0548 PMID: 31203763

Hoffmann AA, Chown SL, Clusella-Trullas S. Upper thermal limits in terrestrial ectotherms: how con-
strained are they? Funct Ecol. 2013; 27(4):934—49 https://doi.org/10.1111/j.1365-2435.2012.02036.x

Van Heerwaarden B, Lee RFH, Overgaard J, Sgro CM. No patterns in thermal plasticity along a latitu-
dinal gradient in Drosophila simulans from eastern Australia. J Evol Biol. 2014; 27(11):2541-53
https://doi.org/10.1111/jeb.12510 PMID: 25262984

Armstrong JJ, Takebayashi N, Wolf DE. Cold tolerance in the genus Arabidopsis. Am J Bot. 2020; 107
(3):489-97 https://doi.org/10.1002/ajb2.1442 PMID: 32096224

Bahrndorff S, Loeschcke V, Pertoldi C, Beier C, Holmstrup M. The rapid cold hardening response of
collembola is influenced by thermal variability of the habitat. Funct Ecol. 2009; 23(2):340-7 https://doi.
org/10.1111/j.1365-2435.2008.01503.x

Fallis LC, Fanara JJ, Morgan TJ. Developmental thermal plasticity among Drosophila melanogaster
populations. J Evol Biol. 2014; 27(3):557-64 https://doi.org/10.1111/jeb.12321 PMID: 26230171

Jensen A, Alemu T, Alemneh T, Pertoldi C, Bahrndorff S. Thermal acclimation and adaptation across
populations in a broadly distributed soil arthropod. Funct Ecol. 2019; 33(5):833-45 https://doi.org/10.
1111/1365-2435.13291

Sgré CM, Overgaard J, Kristensen TN, Mitchell KA, Cockerell FE, Hoffmann AA. A comprehensive
assessment of geographic variation in heat tolerance and hardening capacity in populations of Dro-
sophila melanogasterfrom eastern Australia. J Evol Biol. 2010; 23(11):2484—-93 https://doi.org/10.
1111/j.1420-9101.2010.02110.x PMID: 20874849

Zuther E, Schulz E, Childs LH, Hincha DK. Clinal variation in the non-acclimated and cold-acclimated
freezing tolerance of Arabidopsis thaliana accessions. Plant Cell Environ. 2012; 35(10):1860-78
https://doi.org/10.1111/j.1365-3040.2012.02522.x PMID: 22512351

Zhang N, Belsterling B, Raszewski J, Tonsor SJ. Natural populations of Arabidopsis thaliana differ in
seedling responses to high-temperature stress. AoB PLANTS. 2015; 7 https://doi.org/10.1093/acbpla/
plvi01 PMID: 26286225

Matesanz S, Gianoli E, Valladares F. Global change and the evolution of phenotypic plasticity in
plants: Global change and plasticity. Ann N 'Y Acad Sci. 2010; 1206(1):35-55 https://doi.org/10.1111/}.
1749-6632.2010.05704.x PMID: 20860682

Liao H, D’Antonio C,M., Chen B, Huang Q, Peng S. How much do phenotypic plasticity and local
genetic variation contribute to phenotypic divergences along environmental gradients in widespread
invasive plants? A meta-analysis. Oikos. 2016; 125(7):905—17 https://doi.org/10.1111/0ik.02372

Molina-Montenegro MA, Naya DE. Latitudinal patterns in phenotypic plasticity and fitness-related
traits: Assessing the climatic variability hypothesis (CVH) with an invasive plant species. PLoS ONE.
2012; 7(10):e47620 https://doi.org/10.1371/journal.pone.0047620 PMID: 23110083

Scheepens JF, Deng Y, Bossdorf O, Scheepens JF. Phenotypic plasticity in response to temperature
fluctuations is genetically variable, and relates to climatic variability of origin, in Arabidopsis thaliana.
AoB PLANTS. 2018; 10(4):ply043 hitps://doi.org/10.1093/aobpla/ply043 PMID: 30109013

Lid, Dul, Guan W, Yu F, van Kleunen M, Li J. Latitudinal and longitudinal clines of phenotypic plastic-
ity in the invasive herb Solidago canadensis in China. Oecologia. 2016; 182(3):755-64 https://doi.org/
10.1007/s00442-016-3699-x PMID: 27522606

Addo-Bediako A, Chown SL, Gaston KJ. Thermal tolerance, climatic variability and latitude. Proc R
Soc Lond B Biol Sci. 2000; 267(1445):739-45 https://doi.org/10.1098/rspb.2000.1065 PMID:
10819141

Angilletta MJ. Thermal adaptation: A Theoretical and Empirical Synthesis. Oxford University Press;
2009. p. 126-56. https://doi.org/10.1890/08-2224.1 PMID: 19886501

Sunday JM, Bates AE, Dulvy NK. Global analysis of thermal tolerance and latitude in ectotherms. Proc
R Soc Lond B Biol Sci. 2011; 278(1713):1823-30 https://doi.org/10.1098/rspb.2010.1295 PMID:
21106582

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 17/20


https://doi.org/10.1038/s41467-018-03384-9
https://doi.org/10.1038/s41467-018-03384-9
http://www.ncbi.nlm.nih.gov/pubmed/29520061
https://doi.org/10.1146/annurev-ento-010715-023859
https://doi.org/10.1146/annurev-ento-010715-023859
http://www.ncbi.nlm.nih.gov/pubmed/26667379
https://doi.org/10.1098/rstb.2018.0548
https://doi.org/10.1098/rstb.2018.0548
http://www.ncbi.nlm.nih.gov/pubmed/31203763
https://doi.org/10.1111/j.1365-2435.2012.02036.x
https://doi.org/10.1111/jeb.12510
http://www.ncbi.nlm.nih.gov/pubmed/25262984
https://doi.org/10.1002/ajb2.1442
http://www.ncbi.nlm.nih.gov/pubmed/32096224
https://doi.org/10.1111/j.1365-2435.2008.01503.x
https://doi.org/10.1111/j.1365-2435.2008.01503.x
https://doi.org/10.1111/jeb.12321
http://www.ncbi.nlm.nih.gov/pubmed/26230171
https://doi.org/10.1111/1365-2435.13291
https://doi.org/10.1111/1365-2435.13291
https://doi.org/10.1111/j.1420-9101.2010.02110.x
https://doi.org/10.1111/j.1420-9101.2010.02110.x
http://www.ncbi.nlm.nih.gov/pubmed/20874849
https://doi.org/10.1111/j.1365-3040.2012.02522.x
http://www.ncbi.nlm.nih.gov/pubmed/22512351
https://doi.org/10.1093/aobpla/plv101
https://doi.org/10.1093/aobpla/plv101
http://www.ncbi.nlm.nih.gov/pubmed/26286225
https://doi.org/10.1111/j.1749-6632.2010.05704.x
https://doi.org/10.1111/j.1749-6632.2010.05704.x
http://www.ncbi.nlm.nih.gov/pubmed/20860682
https://doi.org/10.1111/oik.02372
https://doi.org/10.1371/journal.pone.0047620
http://www.ncbi.nlm.nih.gov/pubmed/23110083
https://doi.org/10.1093/aobpla/ply043
http://www.ncbi.nlm.nih.gov/pubmed/30109013
https://doi.org/10.1007/s00442-016-3699-x
https://doi.org/10.1007/s00442-016-3699-x
http://www.ncbi.nlm.nih.gov/pubmed/27522606
https://doi.org/10.1098/rspb.2000.1065
http://www.ncbi.nlm.nih.gov/pubmed/10819141
https://doi.org/10.1890/08-2224.1
http://www.ncbi.nlm.nih.gov/pubmed/19886501
https://doi.org/10.1098/rspb.2010.1295
http://www.ncbi.nlm.nih.gov/pubmed/21106582
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

Calosi P, Bilton DT, Spicer JI, Votier SC, Atfield A. What determines a species’ geographical range?
Thermal biology and latitudinal range size relationships in European diving beetles (Coleoptera: Dytis-
cidae). J Anim Ecol. 2010; 79(1):194-204 https://doi.org/10.1111/].1365-2656.2009.01611.x PMID:
19761459

Hannah MA, Wiese D, Freund S, Fiehn O, Heyer AG, Hincha DK. Natural genetic variation of freezing
tolerance in Arabidopsis. Plant Physiol. 2006; 142(1):98—112 https://doi.org/10.1104/pp.106.081141
PMID: 16844837

Zhen'Y, Ungerer MC. Clinal variation in freezing tolerance among natural accessions of Arabidopsis
thaliana. New Phytol. 2008; 177(2):419-27 https://doi.org/10.1111/j.1469-8137.2007.02262.x PMID:
17995917

Hoffmann AA, Anderson A, Hallas R. Opposing clines for high and low temperature resistance in Dro-
sophila melanogaster. Ecol Lett. 2002; 5(5):614-8 https://doi.org/10.1046/j.1461-0248.2002.00367.x

Bahrndorff S, Marién J, Loeschcke V, Ellers J. Dynamics of heat-induced thermal stress resistance
and hsp70 expression in the springtail, Orchesella cincta. Funct Ecol. 2009; 23(2):233-9 https://doi.
org/10.1111/j.1365-2435.2009.01541.x

Van Dooremalen C, Berg MP, Ellers J. Acclimation responses to temperature vary with vertical stratifi-
cation: Implications for vulnerability of soil-dwelling species to extreme temperature events. Glob
Chang Biol. 2013; 19(3):975-84 https://doi.org/10.1111/gcb.12081 PMID: 23504852

Liefting M, Ellers J. Habitat-specific differences in thermal plasticity in natural populations of a soil
arthropod. Biol J Linn Soc. 2008; 94(2):265 https://doi.org/10.1111/j.1095-8312.2008.00969.x

Dahlgaard J, Loeschcke V, Michalak P, Justesen J. Induced thermotolerance and associated expres-
sion of the heat-shock protein Hsp70 in adult Drosophila melanogaster. Funct Ecol. 1998; 12(5):786—
93 https://doi.org/10.1046/j.1365-2435.1998.00246.x

Huey RB, Deutsch CA, Tewksbury JJ, Vitt LJ, Hertz PE, Alvarez Pérez HJ. et al. Why tropical forest liz-
ards are vulnerable to climate warming. Proc R Soc Lond B Biol Sci.2009; 276(1664):1939—48 https:/
doi.org/10.1098/rspb.2008.1957 PMID: 19324762

Kearney M, Shine R, Porter WP. The potential for behavioral thermoregulation to buffer "cold-blooded"
animals against climate warming. Proc Natl Acad Sci U S A. 2009; 106(10):3835—40 https://doi.org/10.
1073/pnas.0808913106 PMID: 19234117

Kingsolver JG, Buckley LB. Ontogenetic variation in thermal sensitivity shapes insect ecological
responses to climate change. Curr Opin Insect Sci. 2020; 41:17—-24 https://doi.org/10.1016/j.cois.
2020.05.005 PMID: 32599547

Bowler K, Terblanche JS. Insect thermal tolerance: What is the role of ontogeny, ageing and senes-
cence? Biol Rev Camb Philos Soc. 2008; 83(3):339-55 https://doi.org/10.1111/j.1469-185x.2008.
00046.x PMID: 18979595

Huey RB, Kearney MR, Krockenberger A, Holtum JAM, Jess M, Williams SE. Predicting organismal
vulnerability to climate warming: Roles of behaviour, physiology and adaptation. Philos Trans R Soc
Lond B Biol Sci. 2012; 367(1596):1665—79 https://doi.org/10.1098/rstb.2012.0005 PMID: 22566674

Moghadam NN, Ketola T, Pertoldi C, Bahrndorff S, Kristensen TN. Heat hardening capacity in Dro-
sophila melanogaster is life stage-specific and juveniles show the highest plasticity. Biol Lett. 2019; 15
(2):20180628 https://doi.org/10.1098/rsbl.2018.0628 PMID: 30958125

Bradshaw AD. Some of the evolutionary consequences of being a plant. Evol Biol. 1972; 19:25-47.

Huey RB, Carlson M, Crozier L, Frazier M, Hamilton H, Harley C, et al. Plants versus animals: Do they
deal with stress in different ways? Integr Comp Biol. 2002; 42(3):415-23 https://doi.org/10.1093/icb/
42.3.415 PMID: 21708736

Bradshaw AD. Evolutionary significance of phenotypic plasticity in plants. Advanced Genetics. 1965;
13:115-155.

Huey RB, Tewksbury JJ. Can behavior douse the fire of climate warming? Proc R Soc Lond B Biol Sci.
2009; 106:3647-3648 https://doi.org/10.1073/pnas.0900934106 PMID: 19276126

Wahid A, Gelani S, Ashraf M, Foolad MR. Heat tolerance in plants: An overview. Environ Exp Bot.
2007; 61(3):199-223 https://doi.org/10.1016/j.envexpbot.2007.05.011

Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, and the stress response: Evolu-
tionary and ecological physiology. Annu Rev Physiol. 1999; 61(1):243-82 https://doi.org/10.1146/
annurev.physiol.61.1.243 PMID: 10099689

Hazel JR. Thermal adaptation in biological membranes: Is homeoviscous adaptation the explanation?
Annu Rev Physiol. 1995; 57(1):19-42 https://doi.org/10.1146/annurev.ph.57.030195.000315 PMID:
7778864

Kultz D. Molecular and evolutionary basis of the cellular stress response. Ann rev physiol. 2005; 67
(1):225-57 https://doi.org/10.1146/annurev.physiol.67.040403.103635 PMID: 15709958

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 18/20


https://doi.org/10.1111/j.1365-2656.2009.01611.x
http://www.ncbi.nlm.nih.gov/pubmed/19761459
https://doi.org/10.1104/pp.106.081141
http://www.ncbi.nlm.nih.gov/pubmed/16844837
https://doi.org/10.1111/j.1469-8137.2007.02262.x
http://www.ncbi.nlm.nih.gov/pubmed/17995917
https://doi.org/10.1046/j.1461-0248.2002.00367.x
https://doi.org/10.1111/j.1365-2435.2009.01541.x
https://doi.org/10.1111/j.1365-2435.2009.01541.x
https://doi.org/10.1111/gcb.12081
http://www.ncbi.nlm.nih.gov/pubmed/23504852
https://doi.org/10.1111/j.1095-8312.2008.00969.x
https://doi.org/10.1046/j.1365-2435.1998.00246.x
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
http://www.ncbi.nlm.nih.gov/pubmed/19324762
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1073/pnas.0808913106
http://www.ncbi.nlm.nih.gov/pubmed/19234117
https://doi.org/10.1016/j.cois.2020.05.005
https://doi.org/10.1016/j.cois.2020.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32599547
https://doi.org/10.1111/j.1469-185x.2008.00046.x
https://doi.org/10.1111/j.1469-185x.2008.00046.x
http://www.ncbi.nlm.nih.gov/pubmed/18979595
https://doi.org/10.1098/rstb.2012.0005
http://www.ncbi.nlm.nih.gov/pubmed/22566674
https://doi.org/10.1098/rsbl.2018.0628
http://www.ncbi.nlm.nih.gov/pubmed/30958125
https://doi.org/10.1093/icb/42.3.415
https://doi.org/10.1093/icb/42.3.415
http://www.ncbi.nlm.nih.gov/pubmed/21708736
https://doi.org/10.1073/pnas.0900934106
http://www.ncbi.nlm.nih.gov/pubmed/19276126
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1146/annurev.physiol.61.1.243
http://www.ncbi.nlm.nih.gov/pubmed/10099689
https://doi.org/10.1146/annurev.ph.57.030195.000315
http://www.ncbi.nlm.nih.gov/pubmed/7778864
https://doi.org/10.1146/annurev.physiol.67.040403.103635
http://www.ncbi.nlm.nih.gov/pubmed/15709958
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

Wani SH, Kumar V. Alteration in carbohydrate metabolism modulates thermotolerance of plant under
heat stress. In: Heat Stress Tolerance in Plants: Physiological, Molecular and Genetic Perspectives.
Hoboken, NJ: Wiley & Sons Ltd; 2020.

Malmendal A, Overgaard J, Bundy JG, Sgrensen JG, Nielsen NC, Loeschcke V, et al. Metabolomic
profiling of heat stress: Hardening and recovery of homeostasis in Drosophila. Am J Physiol Regul
Integr Comp Physiol. 2006; 291(1):R205-12 https://doi.org/10.1152/ajpregu.00867.2005 PMID:
16469831

Cox JE, Thummel CS, Tennessen JM. Metabolomic studies in Drosophila. Genetics. 2017; 206
(3):1169-1185 https://doi.org/10.1534/genetics.117.200014 PMID: 28684601

Urano K, Kurihara Y, Seki M, Shinozaki K. ‘Omics’ analyses of regulatory networks in plant abiotic
stress responses. Curr Opin Plant Biol. 2010; 13(2):132-8 https://doi.org/10.1016/j.pbi.2009.12.006
PMID: 20080055

Schou MF, Kristensen TN, Kellermann V, Schiétterer C, Loeschcke V. A Drosophila laboratory evolu-
tion experiment points to low evolutionary potential under increased temperatures likely to be experi-
enced in the future. J Evol Biol. 2014; 27(9):1859-68 https://doi.org/10.1111/jeb.12436 PMID:
24925446

Kristensen TN, Henningsen AK, Aastrup C, Bech-Hansen M, Bjerre LBH, Carlsen B, et al. Fitness
components of Drosophila melanogaster developed on a standard laboratory diet or a typical natural
food source. Insect Sci. 2016; 23(5):771-9 https://doi.org/10.1111/1744-7917.12239 PMID:
25989059

Alemu T, Alemneh T, Pertoldi C, Ambelu A, Bahrndorff S. Costs and benefits of heat and cold harden-
ing in a soil arthropod. Biol J Linn Soc. 2017; 122(4):765-73 https://doi.org/10.1093/biolinnean/blx092

Jrsted M, Malmendal A, Mufioz J, Kristensen TN. Metabolic and functional phenotypic profiling of Dro-
sophila melanogaster reveals reduced sex differentiation under stressful environmental conditions.
Biol J Linn Soc. 2018; 123(1):155-62 https://doi.org/10.1093/biolinnean/blx120

Savorani F, Tomasi G, Engelsen SB. icoshift: A versatile tool for the rapid alignment of 1D NMR spec-
tra. J Magn Reson. 2010; 202(2):190-202 https://doi.org/10.1016/j.jmr.2009.11.012 PMID: 20004603

Ritz C, Baty F, Streibig JC, Gerhard D, Xia Y. Dose-Response Analysis Using R. PLoS ONE. 2015; 10
(12) https://doi.org/10.1371/journal.pone.0146021 PMID: 26717316

Dieterle F, Ross A, Schlotterbeck G, Senn H. Probabilistic quotient normalization as robust method to
account for dilution of complex biological mixtures. Application in 1H NMR metabonomics. Anal Chem
Res. 2006; 78(13):4281-90 https://doi.org/10.1021/ac051632c PMID: 16808434

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2019.

Triba MN, Le Moyec L, Amathieu R, Goossens C, Bouchemal N, Nahon P, et al. PLS/OPLS models in
metabolomics: The impact of permutation of dataset rows on the K-fold cross-validation quality param-
eters. Mol Biosyst. 2014; 11(1):13-9 https://doi.org/10.1039/c4mb00414k PMID: 25382277

Trygg J, Wold S. Orthogonal projections to latent structures (O-PLS). J Chemometrics. 2002; 16
(8):119-28 https://doi.org/10.1002/cem.695

Vazquez DP, Gianoli E, Morris WF, Bozinovic F. Ecological and evolutionary impacts of changing cli-
matic variability. Biol Rev Camb Philos Soc. 2017; 92(1):22—42 https://doi.org/10.1111/brv.12216
PMID: 26290132

Gunderson AR, Stillman JH. Plasticity in thermal tolerance has limited potential to buffer ectotherms
from global warming. Proc R Soc Lond B Biol Sci. 2015; 282(1808):20150401 https://doi.org/10.1098/
rspb.2015.0401 PMID: 25994676

Bahrndorff S, Holmstrup M, Petersen H, Loeschcke V. Geographic variation for climatic stress resis-
tance traits in the springtail Orchesella cincta. J Insect Physiol. 2006; 52(9):951-9 https://doi.org/10.
1016/}.jinsphys.2006.06.005 PMID: 16928381

Michaud MR, Denlinger DL. Shifts in the carbohydrate, polyol, and amino acid pools during rapid cold-
hardening and diapause-associated cold-hardening in flesh flies (Sarcophaga crassipalpis): A meta-
bolomic comparison. J Comp Physiol B. 2007; 177(7):753-63 https://doi.org/10.1007/s00360-007-
0172-5 PMID: 17576567

Overgaard J, Malmendal A, Serensen J,G., Bundy JG, Loeschcke V, Nielsen NC, et al. Metabolomic
profiling of rapid cold hardening and cold shock in Drosophila melanogaster. J Insect Physiol. 2007; 53
(12):1218-32 https://doi.org/10.1016/j.jinsphys.2007.06.012 PMID: 17662301

Overgaard J, Serensen JG, Com E, Colinet H. The rapid cold hardening response of Drosophila mela-
nogaster. Complex regulation across different levels of biological organization. J Insect Physiol. 2014;
62(1):46-53 https://doi.org/10.1016/}.jinsphys.2014.01.009 PMID: 24508557

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 19/20


https://doi.org/10.1152/ajpregu.00867.2005
http://www.ncbi.nlm.nih.gov/pubmed/16469831
https://doi.org/10.1534/genetics.117.200014
http://www.ncbi.nlm.nih.gov/pubmed/28684601
https://doi.org/10.1016/j.pbi.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20080055
https://doi.org/10.1111/jeb.12436
http://www.ncbi.nlm.nih.gov/pubmed/24925446
https://doi.org/10.1111/1744-7917.12239
http://www.ncbi.nlm.nih.gov/pubmed/25989059
https://doi.org/10.1093/biolinnean/blx092
https://doi.org/10.1093/biolinnean/blx120
https://doi.org/10.1016/j.jmr.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20004603
https://doi.org/10.1371/journal.pone.0146021
http://www.ncbi.nlm.nih.gov/pubmed/26717316
https://doi.org/10.1021/ac051632c
http://www.ncbi.nlm.nih.gov/pubmed/16808434
https://doi.org/10.1039/c4mb00414k
http://www.ncbi.nlm.nih.gov/pubmed/25382277
https://doi.org/10.1002/cem.695
https://doi.org/10.1111/brv.12216
http://www.ncbi.nlm.nih.gov/pubmed/26290132
https://doi.org/10.1098/rspb.2015.0401
https://doi.org/10.1098/rspb.2015.0401
http://www.ncbi.nlm.nih.gov/pubmed/25994676
https://doi.org/10.1016/j.jinsphys.2006.06.005
https://doi.org/10.1016/j.jinsphys.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16928381
https://doi.org/10.1007/s00360-007-0172-5
https://doi.org/10.1007/s00360-007-0172-5
http://www.ncbi.nlm.nih.gov/pubmed/17576567
https://doi.org/10.1016/j.jinsphys.2007.06.012
http://www.ncbi.nlm.nih.gov/pubmed/17662301
https://doi.org/10.1016/j.jinsphys.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24508557
https://doi.org/10.1371/journal.pone.0237201

PLOS ONE

Metabolomic signatures of thermal fluctuations

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Guy C, Kaplan F, Kopka J, Selbig J, Hincha DK. Metabolomics of temperature stress. Physiol Plan-
tarum. 2008; 132(2):220-35 https://doi.org/10.1111/].1399-3054.2007.00999.x PMID: 18251863

Kaplan F, Kopka J, Haskell DW, Zhao W. Exploring the temperature-stress metabolome of Arabidop-
sis. Plant Physiology. 2004; 136(4):4159-68 https://doi.org/10.1104/pp.104.052142 PMID: 15557093

Pagter M, Alpers J, Erban A, Kopka J, Zuther E, Hincha D. Rapid transcriptional and metabolic regula-
tion of the deacclimation process in cold acclimated Arabidopsis thaliana. BMC Genomics. 2017; 18:1
https://doi.org/10.1186/s12864-016-3406-7 PMID: 28049423

Hemme D, Veyel D, Timo Mihlhaus, Sommer F, Jessica Juppner, Ann-Katrin Unger, et al. Systems-
wide analysis of acclimation responses to long-term heat stress and recovery in the photosynthetic
model organism Chlamydomonas reinhardtii. Plant Cell. 2014; 26(11):4270-97 https://doi.org/10.
1105/tpc.114.130997 PMID: 25415976

Denlinger DL, Lee RE. Genomics, proteomics and metabolomics: Finding the other players in insect
cold-tolerance. In: Low Temperature Biology of Insects. New York: Cambridge University Press;
2010.p.91-115.

Mollo L, Martins M, Oliveira V, Nievola C, Figueiredo-Ribeiro Rd,L. Effects of low temperature on
growth and non-structural carbohydrates of the imperial bromeliad Alcantarea imperialis cultured in
vitro. Plant Cell Tiss Organ Cult. 2011; 107(1):141-9 https://doi.org/10.1007/s11240-011-9966-y.

Annunziata MG, Apelt F, Carillo P, Krause U, Feil R, Koehl K, et al. Response of Arabidopsis primary
metabolism and circadian clock to low night temperature in a natural light environment. J Exp Bot.
2018; 69(20):4881-95 hitps://doi.org/10.1093/jxb/ery276 PMID: 30053131

Kinnersley AM, Turano FJ. Gamma aminobutyric acid (GABA) and plant responses to stress. Crit Rev
Plant Sci. 2000; 19(6):479-509 https://doi.org/10.1080/07352680091139277

Ramos-Ruiz R, Martinez F, Knauf-Beiter G. The effects of GABA in plants. Cogent Food & Agriculture.
2019; 5(1) https://doi.org/10.1080/23311932.2019.1670553

Hildebrandt TM, Nunes Nesi A, Aratjo WL, Braun H. Amino acid catabolism in plants. Molecular Plant.
2015; 8(11):1563-79 https://doi.org/10.1016/j.molp.2015.09.005 PMID: 26384576

de Vries J, de Vries S, Curtis BA, Zhou H, Penny S, Feussner K, et al. Heat stress response in the clos-
est algal relatives of land plants reveals conserved stress signaling circuits. Plant J. 2020; 103
(3):1025-48 https://doi.org/10.1111/tpj. 14782 PMID: 32333477

Berg JM, Tymoczko JL, Stryer L. Chapter 22: Fatty acid metabolism. In: Biochemistry. 7th ed. W.H.
Freeman & Co Ltd; 2011. p. 663-97. https://doi.org/10.1021/bi101523x PMID: 21166391

Taiz L, Zeiger E, Mgller IM, Murphy AS. Plant Physiology and Development. 6th ed. Sunderland,
Massachusetts: Sinauer Associates, Inc., Publishers; 2015.

Manna C, Galletti P, Cucciolla V, Moltedo O, Leone A, Zappia V. The protective effect of the olive oil
polyphenol (3,4-dihydroxyphenyl)-ethanol counteracts reactive oxygen metabolite-induced cytotoxic-
ity in caco-2 cells. J Nutr. 1997; 127(2):288 https://doi.org/10.1093/jn/127.2.286 PMID: 9039829

Hasanuzzaman M, Narhar K, Fujita M. Ch. 6. Extreme temperature responses, oxidative stress and
antioxidant defense in plants. In: Kamrun Nahar, editor. Abiotic Stress—Plant Responses and Applica-
tions in Agriculture. Rijeka: IntechOpen; 2013.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237201  October 29, 2020 20/20


https://doi.org/10.1111/j.1399-3054.2007.00999.x
http://www.ncbi.nlm.nih.gov/pubmed/18251863
https://doi.org/10.1104/pp.104.052142
http://www.ncbi.nlm.nih.gov/pubmed/15557093
https://doi.org/10.1186/s12864-016-3406-7
http://www.ncbi.nlm.nih.gov/pubmed/28049423
https://doi.org/10.1105/tpc.114.130997
https://doi.org/10.1105/tpc.114.130997
http://www.ncbi.nlm.nih.gov/pubmed/25415976
https://doi.org/10.1007/s11240-011-9966-
https://doi.org/10.1093/jxb/ery276
http://www.ncbi.nlm.nih.gov/pubmed/30053131
https://doi.org/10.1080/07352680091139277
https://doi.org/10.1080/23311932.2019.1670553
https://doi.org/10.1016/j.molp.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26384576
https://doi.org/10.1111/tpj.14782
http://www.ncbi.nlm.nih.gov/pubmed/32333477
https://doi.org/10.1021/bi101523x
http://www.ncbi.nlm.nih.gov/pubmed/21166391
https://doi.org/10.1093/jn/127.2.286
http://www.ncbi.nlm.nih.gov/pubmed/9039829
https://doi.org/10.1371/journal.pone.0237201

