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ABSTRACT

Rasanen, Emmi

Adaptation to fluctuating and extreme temperatures

Jyvéskyld: University of Jyvaskyld, 2024, 71 p. + original papers

(JYU Dissertations

ISSN 2489-9003; 822)

ISBN 978-952-86-0287-3 (PDF)

Yhteenveto: Sopeutuminen lampétilan vaihteluun ja dédrilampotiloihin
Diss.

Climate change forces species to tolerate heat and faster fluctuations in
temperature. The speed of thermal change is expected to affect species ability to
adapt, as there should be fitness trade-offs and evolutionary constraints between
constant and fluctuating temperatures. However, there is no certainty about the
factors that could facilitate or limit adaptation to temperature at different
timescales. In this thesis, my aim was to investigate the trade-offs in adaptation
to constant mean and extreme temperatures, and fluctuations of varying speed.
My study species were fungi and bacteria. First, I used quantitative genetics and
association mapping to study if different genes affect thermal tolerance at
constant and fluctuating temperatures. Second, I used experimental evolution to
test the differences in adaptation to constant and fluctuating temperatures, and
the efficacy of adaptation in large and small populations. Third, I used
competition experiments to investigate if thermal fluctuations select for
populations that are better competitors against other species. The results
indicated only weak trade-offs between constant and fluctuating temperatures at
genetic level, in adaptation with different population sizes, or in competitive
ability of evolved populations. Based on my results, trade-offs do not seem to
determine species ability to adapt to increased variation, as some individuals and
populations are able to perform well across temperatures. However, the
tolerance to extreme heat might be more evolutionary constrained due to little
genetic variation in some species. On the other hand, high temperatures can form
strong selection pressures that lead to fast adaptive responses in populations. In
addition, present thermal fluctuations can affect species competitive ability, and
hence should be considered when predicting species survival in future. To
conclude, the results of this thesis highlight a need for reconsidering some of the
hypotheses that emphasize the role of trade-offs and evolutionary constraints in
adaptation to constant and differently fluctuating temperatures.

Keywords: Competition; experimental evolution; fitness trade-off; genetic
architecture; population size; temperature fluctuation; thermal adaptation.

Emmi Rdsinen, University of Jyvdskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland



TIIVISTELMA

Rasanen, Emmi

Sopeutuminen lampétilan vaihteluun ja ddrilampétiloihin

Jyvéskyla: Jyvaskylan yliopisto, 2024, 70 s. + alkuperdiset julkaisut
(JYU Dissertations

ISSN 2489-9003; 822)

ISBN 978-952-86-0287-3 (PDF)

Yhteenveto: Sopeutuminen lampétilan vaihteluun ja dédrilampotiloihin
Diss.

[Imastonmuutos altistaa elidlajit yhd useammin kuumuudelle ja nopealle
lampotilan vaihtelulle. Vaihtelun nopeuden on oletettu vaikuttavan elididen
lammonsietoon, silld tasaisiin ja vaihteleviin lampétiloihin sopeutumisen valilld
pitdisi olla kelpoisuuskustannuksia ja evolutiivisia rajoitteita. Tastd huolimatta ei
ole varmuutta siitd, mitkd tekijat parantavat tai huonontavat elidlajien kykyad
sopeutua muuttuviin ldmpétilaoloihin. Viitoskirjassani tutkin sieni- ja
bakteerilajien sopeutumista vakaisiin keski- ja ddrilimpoétiloihin sekd eri
nopeuksilla vaihteleviin ldmpétiloihin. Selvitin laskennallisen genetiikan ja
geenikartoituksen avulla vaikuttavatko samat geenit limmonsietokykyyn
vakaissa ja vaihtelevissa ldampotiloissa. Kokeellisella evoluutiolla tutkin
sopeutuvatko suuret ja pienet populaatiot yhtd tehokkaasti lampdotilaltaan
vaihteleviin ja vakaisiin ympdristoihin. Lisdksi tein kilpailukokeita, joilla
tutkittiin ovatko ldampotilaltaan vaihtelevissa ympdristdissda kehittyneet
populaatiot parempia kilpailijoita muita lajeja vastaan. Tulokset osoittivat, etta
geneettiset erot rajoittivat lampotilasopeutumista vain vdhdn, ettei
populaatiokoolla ollut suurta vaikutusta sopeutumiskykyyn, eikd vaihtelevissa
lampétiloissa kehittyminen selittinyt menestystd lajien vilisessd kilpailussa.
Tulosteni perusteella kelpoisuuskustannukset eiviat maddritd elididen kykya
sopeutua lisddntyvadan lampotilan vaihteluun, silld jotkin yksilot ja populaatiot
parjaavat hyvin lampdétilasta riippumatta. Poikkeuksena vaikuttaisi olevan
kuumansietokyky, jonka evoluutiota joillakin Ilajeilla rajoittaa vdhdinen
geneettisen muuntelun mddrd. Toisaalta korkeat lampdotilat voivat johtaa
voimakkaaseen luonnonvalintaan ja nopeaan sopeutumiseen. Lisédksi lampotilan
vaihtelu voi vaikuttaa lajien vdlisen kilpailun lopputulokseen, mika tulisi
huomioida ennustettaessa lajien selviytymistd tulevaisuudessa. Vditoskirjani
osoittaa, ettd meiddn tulisi uudelleenarvioida hypoteeseja, jotka korostavat
kelpoisuuskustannuksien ja evolutiivisten rajoitteiden vaikutusta elitlajien
sopeutuessa vakaisiin ja eri nopeuksilla vaihteleviin lampétiloihin.

Avainsanat: Geneettinen perusta; kelpoisuuskustannus; kilpailu; kokeellinen
evoluutio; lampotilan vaihtelu; lampdtilasopeutuminen; populaatiokoko.

Emmi Rdsinen, Jyviskylin yliopisto, Bio- ja ympdristotieteiden laitos PL 35, 40014
Jyviskylin yliopisto
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1 INTRODUCTION

1.1 The evolution of thermal tolerance

1.1.1 What is thermal tolerance?

Temperature is an environmental stressor that varies in both space and time and
affects all biological levels from cells to ecosystems (Wooliver et al. 2022,
Thorogood et al. 2023). Stressful perturbations, such as extreme and variable
temperatures, lead to reductions in organisms’ fitness unless they are able to
uphold physiological homeostasis by recovering their cellular structures and
functions (Serensen et al. 2003, Richter et al. 2010). The evolution of thermal
tolerance is best described as a dynamic process between stress and adaptation,
where organisms respond to change in environmental temperature and enhance
their fitness trough phenotypic plasticity or evolutionary change at population
level (Marshall et al. 2020). The evolutionary change in thermal tolerance requires
heritable genetic variation in fitness-related traits, a selection pressure via
environmental temperature, and enough evolutionary time. Hence, an
organism's thermal performances and tolerance ranges are influenced by both
the temperatures they experience and the thermal regimes that their ancestors
encountered during population’s evolutionary history (Bono et al. 2017).
Natural environments are usually characterized by a substantial thermal
heterogeneity and the ongoing climate change is making temperatures warmer
and increasingly variable (Meehl et al. 2000). Organisms differ in their sensitivity
to thermal variation: some species are specialists for which performance depends
strongly on temperature, whereas generalists have more robust performance
over a wider range of temperatures, being able to adjust to fluctuations and
extremes (Angilletta 2009). These strategies determine the fitness trade-offs
between life history traits and might include genetic constraints that limit
evolution (Ketola and Kristensen 2017). On an ecological timescale, temperature
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causes disturbances that influence the abundance and geographic distribution of
species (Bozinovic et al. 2011, Ttiztin and Stoks 2018). Therefore, how species can
adapt to the variation in temperature is one of the most fundamental questions
in evolutionary biology (Angilletta 2009). It is important to understand what
factors constrain or facilitate thermal adaptation, and how different thermal
environments are selecting individuals, genotypes, and genes (Sinclair et al. 2016,
Kristensen et al. 2020, Wooliver et al. 2022).

1.1.2 Climate change as a selection pressure

Natural selection favors organisms that maintain the highest fitness i.e. have the
best reproductive success across conditions they are exposed to in their local
environment. Anthropogenic climate change has raised the global mean
temperature and increased the frequency and magnitude of thermal fluctuations
(IPCC 2018). These changes are going to multiply the number of extreme weather
events, mainly heat waves and unpredictable changes in temperature during the
coming decades (Meehl et al. 2000). Both the mean and the variance of
environmental temperature can act as agents of selection on different traits
(Logan and Cox 2020). Based on species performance projections and empirical
data, extreme temperatures, rather than just the rise in average temperature, are
forming stronger selection pressures to evolution of thermal tolerance in
ectotherms (Vasseur et al. 2014, Colinet et al. 2015, Logan and Cox 2020) and
shaping species geographical distributions (Stenseth et al. 2002, Harley and Paine
2009, Schulte et al. 2011). This is alarming because most of the terrestrial
organisms are ectotherms for which fitness is directly affected by the
environmental temperature (Rolandi et al. 2018).

The increased stochasticity in temperature makes populations experience
selection that varies in frequency and magnitude (Burger and Krall 2004,
Hellmann and Pineda-Krch 2007). Extreme temperatures that exceed a species’
range of thermal tolerance can lead to a strong directional selection in a
population, favoring phenotypes that tolerate better these conditions (Parmesan
et al. 2000). Exposure to more extreme environments causes greater fitness
reductions and so stronger selection, which is most apparent in the case of
increased mortality (Buckley and Huey 2016, Buckley and Kingsolver 2021).
Hence, enhancing heat tolerance is an important component of organismal fitness
in nature (Lecheta et al. 2020). However, the adaptive potential of species upper
thermal limits has been studied mostly regarding increasing or constant heat
(Mitchell and Hoffmann 2010, Rolandi et al. 2018), and more rarely in response to
temperature fluctuations (Schaum et al. 2018, 2022).

Studies have demonstrated that even rare extremities can influence the
evolution of thermal tolerance (Buckley and Huey 2016), and that organisms'
responses to thermal variability are timescale dependent (Botero et al. 2015,
Kristensen et al. 2020, Kefford et al. 2022). Also, previous studies have suggested
that the fast frequency of fluctuations might be more important to the organism’s
fitness than the duration or the magnitude of the exposure to extreme
temperatures (Kearney et al. 2012, Marshall and Sinclair 2015). Temporally
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fluctuating environments cause stronger selection than spatial heterogeneity
because all individuals are affected, and under fast fluctuations acclimation and
recovery times are shorter (Kronholm and Ketola 2018). Temporally fluctuating
selection across generations can also facilitate evolution if it maintains genetic
variation in populations by balancing selection (Kassen 2002, Turelli and Barton
2004). On the other hand, alternating selection might slow down the evolution by
tavoring different traits at different times and locations, making selection in one
generation maladaptive for next generations (Kingsolver and Buckley 2017).
The thermal variability experienced in the past can make species
preadapted to novel environments, depending on how much the magnitude and
frequency of the disturbances differ from the historical regimes (Snell-Rood and
Ehlman 2021). If environments that are now rare become more common in future,
previously adaptive traits might be suboptimal, making phenotypes maladapted
to novel thermal conditions and having lower fitness (Chevin and Hoffmann
2017). In this way species performances and local community compositions may
change due to climatic perturbations. Disturbed areas are also creating
opportunities for the appearance of well-adapted invader species (Lee and
Gelembiuk 2008). Consequently, a better understanding of the rates of thermal
change that species can cope with, and the mechanisms that allow physiological
and adaptive responses to increased thermal variation are crucial for predicting
their survival under climate change (Stenseth et al. 2002, Schulte et al. 2011).

1.1.3 Short-term plasticity and long-term adaptation

Adaptive mechanisms in thermal evolution include both short-term changes
during individual’s lifetime and longer-term changes across generations (Chevin
et al. 2010, Lecheta et al. 2020). Specifically, as evolution occurs in units of
generations, the mechanisms in response to thermal variation depend on the
relationship between species generation intervals and the speed of change in the
environment that creates the selection pressures (Kristensen et al. 2020). In
phenotypic plasticity, individuals with the same genotype can produce different
phenotypes by sensing cues of the fast changes in their environment (DeWitt and
Scheiner 2004). Over evolutionary timescales, species respond to natural
selection by thermal adaptation or evolution of phenotypic plasticity (Angilletta
2009, Hoekstra and Montooth 2013). Thermal adaptation can occur in basal
tolerance preparing cells to thermal stress and preventing damage, or as dynamic
plastic changes that protect cell during and after a stress (Lecheta et al. 2020).
These mechanisms in thermal adaptation are not necessarily easy to separate and
can be in work simultaneously as the preparative processes are usually fixed
during development and both mechanisms can include production of stress
proteins (Angilletta 2009, Lecheta et al. 2020).

Generally, populations and species from more variable environments are
expected to exhibit more plasticity (Addo-Bediako et al. 2000, Snell-Rood and
Ehlman 2021). Thermal plasticity adjusts an organism to a change in temperature
to enhance performance and maintain fitness across a range of temperatures
(Angilletta 2009). Compared to genetic evolution, plasticity can substantially
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alter the phenotypic variance of populations without a genetic change. Plastic
responses include thermoregulatory changes in behavior, morphology,
physiology, and gene expression (Hochachka and Somero 2002, Callahan et al.
2008). The two often separated forms of phenotypic plasticity are developmental
and dynamic plasticity (Kristensen et al. 2020). In developmental plasticity,
phenotypic changes might remain fixed throughout the organism’s life, being
beneficial when conditions stay relatively constant after the early development
(Meyers and Bull 2002). Thermal fluctuations that occur at the timescale of a
generation might also select for genetic canalization that make phenotype robust
across temperatures (Kawecki 2000). Transgenerational responses such as
epigenetic changes are a form of developmental plasticity, allowing faster
adaptation under intermediate and slow fluctuations spanning over many
generations (Kristensen et al. 2020).

Fast thermal fluctuations are expected to select for increased dynamic
plasticity and wider tolerance (Levins 1968, Dewitt and Langerhans 2004). In
dynamic plasticity reversible mechanism enable organisms to acclimate and
recover from thermal stress within a one generation (Angilletta 2009). For
example, in insects, physiological heat hardening results in a reversible increase
in heat tolerance after a brief heat shock (Hoffmann et al. 2003). These changes
are fast, as the production of heat-shock proteins (HSPs) or changes in protein
phosphorylation state can be activated in minutes (Schulte et al. 2011). HSPs are
chaperones that help other proteins to maintain their structure and folding when
temperature starts to break the chemical bonds, preventing the protein
denaturation at high temperatures (Serensen et al. 2003). There exists a variety of
HSPs which are in work over different periods of time, as smaller HSPs are
important at fast fluctuations and larger under more constant heat (Podrabsky
and Somero 2004). At slower fluctuations, also the changes in the number of
double bonds in lipids can affect the cell membranes (Hochachka and Somero
2002).

The heat shock response is conserved in cells and found across a variety of
taxa (Rivera et al. 2021). The HSPs along with other stress resistance proteins are
upregulated also in response to other abiotic and biotic stresses, making cells
more resistant to these stresses by a physiological mechanism known as the
general stress response (Kiiltz 2005). However, plasticity needs reliable cues from
environmental change to allow organisms to respond effectively (Scheiner 1993).
Instead, if environmental cues for predicting future conditions are unreliable in
fluctuating environments, selection can favor risk spreading strategies, such as
bet hedging (Meyers and Bull 2002). In diversified bet-hedging multiple
phenotypes are always produced from a single genotype without need for
predictive cues (McNamara et al. 2016). Plasticity and bet hedging can also act
simultaneously, as most environments consist of both predictable and
unpredictable changes (Grantham et al. 2016).

When organisms are exposed to thermal fluctuations, the ability to sense
the environmental cues and respond through cellular signaling pathways is
likely under selection (Bradshaw and Holzapfel 2006). The capacity for
phenotypic plasticity is genetically defined and adaptable. For example, there is
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genetic variation within populations and between species in speed of which the
heat shock response is upregulated (Feder and Hofmann 1999). Thermally
stressful environments might also select for longer-term evolutionary
adaptations that enhance phenotypic variability and environmental robustness.
For example, stress promotes regulatory variation and evolvability of gene
expression, leading to persistent changes, which can occur within a short
evolutionary time (Lépez-Maury et al. 2008). Adaptation process can arise from
standing genetic variation or de novo mutations and requires a minimum
number of generations to reach fixation in a population (Ament-Velasquez 2022).
Polygenic adaptation is a process in which a population adapts through small
changes in allele frequencies at hundreds or thousands of loci. Polygenic
adaptation can occur relatively quickly if there exists heritable genetic variation
in fitness-related traits in direction of the natural selection and no constraints are
met (Kristensen et al. 2020). Rapid evolution of increased thermal tolerance is
essential in facilitating the persistence of species under fast environmental
change (Schaum et al. 2018).

Plasticity can interact with evolution by either constraining or promoting
evolutionary change (Chevin et al. 2010, Oostra et al. 2018). For example, plasticity
might help populations to extend their thermal performance at extreme
temperatures and so move closer to the phenotypic optimum as a steppingstone
to adaptation (Schaum and Collins 2014). Hypothetically, plastic genotypes
should be able to respond more effectively to selection compared with less plastic
genotypes (Schaum and Collins 2014) and keep population size higher under fast
thermal fluctuations (Chevin ef al. 2010, Kristensen et al. 2020). There is also some
experimental evidence of plasticity increasing the potential for rapid evolution of
thermal tolerance in response to variable and changing environments (Collins et
al. 2020). Conversely, plasticity can hinder evolution by limiting the exposure to
stressful temperatures and so the strength of selection, for example, organism can
avoid stressful conditions by moving to another place or shifting the time of
dormancy (Huey et al. 2012, Williams et al. 2016). Altogether, there exist a good
scientific understanding about the physiological processes that affect thermal
adaptation on cellular and individual level. However, we don’t know much
about thermal adaptation at the genetic level in important fitness traits, such as

growth, or the impacts of thermal fluctuations on the rapid evolution of thermal
tolerance (Clarke 2003, Schaum et al. 2022).

1.1.4 Adaptation to fluctuating versus constant temperatures

Thermal fluctuations of varying frequency, amplitude, duration, and
predictability are expected to form different kinds of selective pressures and
affect fitness differently compared to constant temperatures (Levins 1968, DeWitt
and Langerhans 2004, Botero et al. 2015, Melbinger and Vergassola 2015,
Kronholm 2022). In fluctuating environments, organism’s fitness is reduced due
to repeated exposures to stressful temperatures, and extreme temperatures are
likely to generate selection on different components of thermal tolerance than the
phases of more benign temperatures (Gabriel and Lynch 1992, Gilchrist 1995,
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Rezende et al. 2014, Sinclair et al. 2016, Logan and Cox 2020). Moreover,
experimental studies have demonstrated that the evolutionary trajectories and
plastic responses might differ at fluctuating and constant temperatures, and
between fluctuations of varying speed (Ketola et al. 2004, Podrabsky and Somero
2004, Ketola and Saarinen 2015, Dey et al. 2016, Manenti et al. 2016, Schaum et al.
2022). Generally, organisms that experience variable environments are expected
to evolve more plastic, whereas stable environments should favor more locally
specialized genotypes (Kassen 2002, Condon et al. 2014). This means that
adaptation to thermal fluctuations could be maladaptive in constant
environments, and vice versa (Ketola and Kristensen 2017).

The physiological costs of thermal adaptation usually vary along an
organism’s body temperature (Clarke 2003). At fluctuating environments,
adaptation with wider thermal tolerance and increased plasticity entails
energetic costs associated e.g. with the signaling pathways, expression of stress
resistance genes, replacement of denatured proteins, and restructuring cellular
membranes (Somero 2002, Richter et al. 2010). During heat shock response,
energy goes to both transcription of heat shock genes and the function of HSPs
as molecular chaperones, which makes long-term upregulation not a beneficial
evolutionary strategy (Angilletta 2009). Hence, selection is expected to favor
generalist strategies only at highly variable environments compared to less
plastic specialist with adaptation to specific temperatures (Svanbéack et al. 2009,
Buckley and Kingsolver 2021). The speed of fluctuations defines the time
available for acclimation and recovery from stress, and so strongly affects the
costs of plasticity in a given environment (Angilletta 2009, Kronholm and Ketola
2018).

The costs of adaptation and plasticity are central for understanding the
titness trade-offs between life-history traits (Stearns 1989). In thermal biology,
trade-offs can be defined as energetic or enzymatic compromises which are
inevitable for an individual because of the associated fitness costs (Garland et al.
2022). Performance trade-offs occur when a trait that improves fitness at one
temperature also reduces fitness at another temperature (Levins 1968, Palaima
2007). Generally, the proximate mechanisms underlying the trade-offs in thermal
performance are divided in physiological and biochemical trade-offs.
Physiological trade-offs are observed on the level of an individual, usually being
related to acquisition and allocation of energy between traits (Van Noordwijk
and De Jong 1986, Rowe and Houle 1996). Biochemical trade-offs result from
thermodynamic effects that make cellular reactions faster at warmer
temperatures, and affect the stability of temperature-sensitive proteins,
membranes, and organelles (Huey and Kingsolver 1989, Malusare et al. 2023). For
example, specialist-generalist trade-offs in performance may arise from the
inability of organisms to optimize biochemical performances across a broad
range of temperatures, or from resource allocation between efficient growth and
heat shock response (Hochachka and Somero 2002, Lépez-Maury et al. 2008).
Thus, the ability to spend more time closer to critical thermal limits should come
at the expense of individual’s overall fitness (Angilletta et al. 2003).
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The trade-offs in thermal adaptation are usually studied with thermal
performance curves (TPCs) that display the range of temperatures which
organisms can inhabit and the phenotypes that organisms express at specific
temperatures (Huey and Stevenson 1979). In ectotherms, TPC describes the
relationship between body temperature and a performance trait which is
generally some temperature-dependent rate process like growth rate or
metabolic activity (Angilletta 2009). TPCs are formed by measuring these fitness
proxies at different constant temperatures and defining important shape
parameters of the curve. The temperatures where an organisms cannot perform
anymore i.e. the endpoints of the TPC, are called as the critical thermal minimum
and the critical thermal maximum. The tolerance range between these minimum
and maximum tells the broadness of the curve. TPCs can also be divided into
areas of optimal performance and physiological stress, based on the curvature
formed by the level of performance at each temperature. For ectotherms the TPCs
are often left skewed, as the performance increases gradually towards the
maximum performance at thermal optimum, after which there is a fast decrease
at higher temperatures (Martin and Huey 2008).

TPCs are not fixed but modified by both phenotypic plasticity and adaptive
evolution (Schulte ef al. 2011, Schaum et al. 2022). The TPC shape parameters are
used to define the population- and species-specific variation in thermal
performance. These different modes of variation in TPCs, i.e. the changes in the
shape and position, are expected to have a genetic basis, and express a potential
for evolution when organisms adapt to contrasting thermal environments
(Kingsolver et al. 2001, Izem and Kingsolver 2005). According to traditional
hypotheses, TPCs are expected to maintain a constant area under curve during
evolution, reflecting the proximate trade-offs on individual performance, and
ultimately, constraining TPCs (Levins 1968, Lynch and Gabriel 1987, Gilchrist
1995, Angilletta 2009). Generally, three modes of variation are observed; the
elevation in overall performance (faster-slower), horizontal shift in optimum
between colder and warmer temperatures (hotter-colder), and in breadth of the
TPC (Izem and Kingsolver 2005, Angilletta 2009). Two hypotheses are often
suggested for thermal performance when organisms adapt to more constant vs.
variable or more optimal vs. extreme temperatures. The specialist-generalist
trade-off is expected to occur between adaptation to fluctuating and constant
temperatures, stating that at fluctuating temperatures, selection should lead to
evolution of generalists with broader TPCs but lower performance, whereas
constant temperatures should select for specialists with higher but narrower
TPCs (Lynch and Gabriel 1987, Gilchrist 1995, Logan and Cox 2020). The hotter-
is-better trade-off is expected to evolve at increasingly warm temperatures,
where individuals with higher optimal temperatures are also having better
performance (Hochachka and Somero 2002, Angilletta et al. 2010). In nature,
populations are likely to consist of individuals that form mixtures of
temperature-dependent trade-offs (Kingsolver et al. 2001, Angilletta 2009).

As the fluctuations of varying frequency affect fitness differently, these are
also expected to have characteristic changes in TPCs (Schulte et al. 2011, Colinet
et al. 2015, Schaum et al. 2022). Under fast fluctuations, selection should favor
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elevated performance curve and wider tolerance range across temperatures
(Turelli and Barton 2004, Meyers et al. 2005). Fluctuations of longer timescale are
usually experienced as constant conditions and should select for more fixed
strategies, reflected as narrower TPCs, or shift in optimum (Meyers et al. 2005,
Botero et al. 2015). However, critical suggestions have been made about the
applicability of TPCs measured across variety of constant temperatures to predict
performance at fluctuating temperatures (Schulte et al. 2011, Sinclair et al. 2016,
Ketola and Kristensen 2017). Moreover, experimental studies have shown valid
evidence that adaptations to thermal fluctuations are not necessarily detectable
from TPCs (Ketola et al. 2014, Ketola and Saarinen 2015), and that distinct genetic
architectures might regulate adaptation to fluctuating and constant temperatures
(Serensen et al. 2016, Deatherage et al. 2017). There is a pressing need for
experiments investigating the genetic constraints on thermal adaptation, as these
will ultimately limit species ability for rapid adaptation when variation in
temperature increases (Angilletta 2009, Berger et al. 2014, Buckley and Kingsolver
2021).

1.1.5 Genetic architecture and constraints on evolution

Thermal tolerance is a polygenic trait for which genetic architecture is
determined by the combined effects of many genes and interacting
environmental conditions (Brakefield and Kesbeke 1997, Duun Rohde et al. 2016).
Recent theoretical studies have suggested that the genetic architectures between
constant and differently fluctuating temperatures are distinct, indicating that the
evolution of thermal tolerance might be constrained when both the mean and
variance of temperature increase (Botero et al. 2015, Melbinger and Vergassola
2015, Kronholm 2022). Genetic constraints on thermal adaptation can
substantially slow down or completely prevent an organism from producing
particular phenotypes, and over time, change the phenotypic distribution of a
population (Hellmann and Pineda-Krch 2007, Garland et al. 2022). The
divergence in TPCs can result from genes or alleles that hinder an organism from
adapting to one temperature without decreasing performance at another
temperature along the tolerance range (Angilletta 2009). More specifically,
distinct genetic architectures between temperature-dependent traits, or the same
trait measured under contrasting temperatures, might originate from differences
in the identities of genes, amounts of genes, or the gene-gene and gene-
environment interactions that influence the phenotypic expression (Fu et al. 2013,
Duun Rohde et al. 2016). Additionally, the allele frequencies in a population and
the distributions of allelic effects on individuals’ thermal performance could
constrain adaptation (Berger et al. 2014, Latimer et al. 2014, 2015).

In nature, selection is likely to simultaneously act on several traits or the
direction of selection fluctuates across multiple temperatures, affecting how
genotypes are mapped to phenotypes in individuals (Hellmann and Pineda-Krch
2007, Walsh and Blows 2009, Stinchcombe and Kirkpatrick 2012). The lack of
heritable genetic variation in a trait to the direction of selection can constrain
certain evolutionary trajectories (Roff and Fairbairn 2007), and negative genetic
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correlations among traits prevent evolution towards the optimum combination
of trait values (Reed et al. 2011). For example, high temperatures may constrain
an organisms' ability to tolerate thermal variability if there is an insufficient
amount of genetic variation in heat tolerance (Walters et al. 2012, Kefford et al.
2022). This shortcoming is often observed across taxa, as traits associated with
heat tolerance are highly evolutionary conserved due to biochemical effects of
high temperatures (Hochachka and Somero 2002, Araujo et al. 2013). The genetic
correlations and covariances among a set of traits arise when the same genes
affect thermal performance, or the effect of a gene differs between selection
environments. For example, in the specialist-generalist mode of the TPC, a
negative genetic correlation is expected to occur between maximal performance
and thermal tolerance range (Huey and Hertz 1984). The proximate mechanisms
behind genetic correlations are gene pleiotropy and linkage disequilibrium
(Czesak et al. 2006). Antagonistically pleiotropic alleles cause negative
correlations, for example, by affecting multiple biological pathways or by
encoding the synthesis of different enzyme variants at different temperatures of
the species tolerance range (Huey and Kingsolver 1989, Garland et al. 2022). In
linkage disequilibrium, certain alleles of different loci often co-occur in a
population e.g. due to tendency of closely located genes to be inherited together.
This linkage can produce combinations of traits that are not completely beneficial
to an individual fitness depending on the environment (Angilletta 2009). Also,
epistatic effects between genes can influence an individual’s phenotype if the
expression of a one gene is covered or suppressed by other genes (Agrawal and
Whitlock 2010).

Conversely, enhanced potential for phenotypic evolution is found from
populations governing beneficial genetic variation and positive genetic
correlations between selected traits (Agrawal and Stinchcombe 2009). When
positive correlations between traits lead to individuals with high fitness, the
phenotype can be canalized to be environmentally robust, i.e., always develop or
being expressed under different conditions (Kawecki 2000). The expression of a
specific phenotype can also be achievable to an individual only after a change in
environment. For example, neutral mutations are usually accumulated and
masked by organismal robustness, but this cryptic genetic variation can become
beneficial and expressed under novel conditions (Kawecki 2000, Lee and
Gelembiuk 2008). However, in terms of evolutionary adaptation, it should be
remembered that regardless of the fitness effects, all genetic correlations
constrain the capacity of traits to evolve independently (Stinchcombe and
Kirkpatrick 2012), and that any amount of genetic variation is not a guarantee for
an evolutionary change to occur if the trait is not related to fitness, or there is no
selection in a particular environment (Kristensen et al. 2020).

Rapid or drastic environmental change can induce selection on the structure
of the genome (Logan and Cox 2020, Berger et al. 2021), for example, gene
pleiotropy can maintain phenotypic plasticity in a population, especially when
adaptation by genetic change is constrained (Yadav et al. 2015). Adaptive changes
are observed in TPCs when mutations cause heritable sequence polymorphisms
in protein-coding regions or in regulatory areas of the genes (Lecheta et al. 2020,
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Logan and Cox 2020). Changes in proteins usually affect the thermal optimum or
the critical thermal limits, whereas regulatory mutations affect the tolerance
range through variation in gene expression (Logan and Cox 2020). In fluctuating
environments, mutations at transcription factor binding sites are favourable as
they promote transcription, but don’t cause changes in protein function (Lépez-
Maury et al. 2008, Lecheta et al. 2020). Selection could also target genes that
regulate epigenetic changes such as modifications in histones or methyl groups
(Furrow and Feldman 2014). At stressfully high temperatures, the adaptation can
be driven also by mutations affecting multi-protein complexes that are involved
in the temperature-dependent balancing of the expression of growth- and stress-
related genes (Lépez-Maury et al. 2008). This balancing between rapid growth
and high stress resistance is a fundamental physiological challenge especially for
unicellular microorganisms, as the most stress-resistant cells are non-growing
(Kiltz 2005, Lépez-Maury et al. 2008).

Traditionally, the polygenic basis and constraints in thermal adaptation are
investigated by the quantitative genetic analysis of covariation estimating
statistical averages over a multitude of loci with small phenotypic effects (Fisher
1919). Genetic variance-covariance matrix (G-matrix) partitions phenotypic
variance into genetic and environmental components and can be used to predict
trait heritabilities and genetic correlations (Walsh and Blows 2009, Garland et al.
2022). In contrast to continuous TPCs, in a multivariate approach, the
performances measured at each temperature can be thought as discrete and
potentially genetically correlated traits (Kingsolver et al. 2004, Ghalambor et al.
2007). The existence of genetic correlations and their effects on evolutionary
potential can be validated e.g. by measuring phenotypes in breeding designs or
by experimental evolution resulting in correlated responses to selection (Buckley
and Kingsolver 2021). When studying evolutionary potential with TPCs, the
principal component analysis (PCA) of genetic variation is the common approach
(Kingsolver et al. 2001, Izem and Kingsolver 2005). PCA partitions genetic
variance across TPCs into loading vectors and estimates the percentage of
phenotypic variance explained by each mode in a population (Latimer et al. 2015).

More recently, the advances in molecular genetics studies have made it
possible to sequence whole genome data and investigate the genetic architecture
of thermal tolerance on the level of individual loci (Fu et al. 2013). For example,
genome-wide association studies (GWAS) link genotypes to phenotypes by
mapping mutational markers such as single nucleotide polymorphisms (SNPs)
that are assumed to be causal for the trait in question or in linkage disequilibrium
with causal alleles (Mackay et al. 2009, Duun Rohde et al. 2016). Coupling
quantitative genetics and next generation sequencing could give us more
complete picture of the genetic variation in thermal tolerance and its
evolutionary potential (Hoffmann et al. 2003, Cortés et al. 2020, Buckley and
Kingsolver 2021). This is due to fact that even the best GWAS lack statistical
power to account for all small-effect loci in polygenic traits, whereas quantitative
genetic studies cannot tell apart loci with largest phenotypic effects or other
architectural characteristics with precision (Fu et al. 2013).
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Results from studies using full genome data have supported quantitative
genetics by pointing that most traits have complex genetic architectures formed
by a multitude of loci with very small effect sizes, and interactions between genes
and environment (Fu et al. 2013, Duun Rohde et al. 2016). Moreover, many
quantitative genetics studies have shown that TPC shape parameters in
ectotherms are heritable, but their adaptation is genetically constrained and
taxon or trait specific (Angilletta 2009, Kellermann et al. 2012, Aratjo et al. 2013,
Logan and Cox 2020). Some studies have suggested that the variation in TPCs
exist mainly due to antagonistic pleiotropy underlying negative genetic
correlations (Berger et al. 2014, Latimer et al. 2015). In addition, many experiments
have found little variation in genomic regions important to heat stress,
suggesting evolutionary constraints on heat tolerance (Addo-Bediako et al. 2000,
Mitchell and Hoffmann 2010, Kellermann et al. 2012, Kristensen et al. 2015).
However, other studies have found evidence that species can expand their heat
tolerance if there is strong selection for better performance at hot temperatures,
which is often observed in evolution and selection experiments using constantly
high temperatures (Bennett et al. 1990, Holder and Bull 2001, Hangartner and
Hoffmann 2016, Rolandi et al. 2018). Also, the studies on quantitative genetics
and genome-wide sequence data have mostly focused on evaluating the effects
of constant or increasing heat (Riehle et al. 2001, Knies et al. 2006, Mitchell and
Hoffmann 2010, Khan et al. 2022).

Despite decades of research, many unknowns remain in the genetic
architecture of thermal adaptation and patterns of evolutionary constraints seem
largely inconsistent across taxa, underlying the need for new approaches
(Angilletta 2009, Buckley and Kingsolver 2021). For example, very little is known
about the genetic architecture of TPCs on the level of individual loci and the
antagonistic effects of allelic variation (Berger et al. 2014, Latimer et al. 2014, 2015).
To date, only few studies have quantified genetic covariation between fitness
traits in the context of climate change (Hellmann and Pineda-Krch 2007), or
integrated quantitative genetics with latest molecular genetics methods to
investigate thermal adaptation (Gerken et al. 2015, Latimer et al. 2015, Duun
Rohde et al. 2016, Rolandi et al. 2018, Lecheta et al. 2020). Even less studies have
concerned differently fluctuating temperatures and mostly used experimental
evolution and resequencing (Tobler et al. 2014, Deatherage et al. 2017, Schaum et
al. 2018, Lambros et al. 2021), whereas only one study has been made on natural
genetic variation (Serensen et al. 2016). In order to predict species persistence
under climate change, further information is needed about the genetic
architectures and evolutionary constraints between populations that originate
from constant and differently fluctuating thermal environments (Lecheta et al.
2020, Logan and Cox 2020, Buckley and Kingsolver 2021).

1.1.6 Population size and persistence under thermal fluctuations

The efficacy of thermal adaptation and the change in genomic structure strongly
depend on population dynamics (Angilletta 2009, Botero et al. 2015). This is
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because mutations create important genetic variation for natural selection and
populations with more individuals have greater mutational supply with more
beneficial mutations (Samani and Bell 2010). Larger populations are also more
likely to gain rare beneficial mutations of large effect size that give a strong fitness
advantage for individuals carrying the mutation (Bell and Collins 2008,
Sniegowski and Gerrish 2010). On the other hand, smaller populations are
expected to gain less new beneficial mutations and to adapt mainly through
mutations of small effect size (Sniegowski and Gerrish 2010, Chavhan et al. 2019).
This is alarming for the evolutionary potential of both small and maladapted
populations, as adaptation to novel environments often involves mutations of
large effect size (Reed et al. 2011). Fast climatic changes will also cause population
bottle necks by diminishing population sizes and standing genetic variation in
many species, leading to genetic drift and greater extinction risk (Frankham 2005,
Willi et al. 2006).

In addition to population size, mutational supply is accelerated also by the
rate that mutations appear in the population (Handel and Rozen 2009).
Thermally stressful environments can select for increased mutational rate, for
example, in clonal organisms specific mutator genes increase the rate of
spontaneous mutations (Cooper et al. 2007). This kind of mechanisms are
especially important when recombination of segregating alleles does not create
new genetic variation in a population (Meyers and Bull 2002). However, more
stable conditions would select for lower mutation rate as most of the new
mutations are neutral or deleterious in the local environment (Kimura 1967). In
fluctuating environments, new beneficial mutations are crucial for an organism
to adaptively track the moving fitness optimum (Botero et al. 2015). An
evolutionary adaptation also requires a certain number of generations for
mutations to spread and fix in all individuals of the population (Desai et al. 2007).
In very large populations, fixation rate should be slower and limiting the speed
of adaptation instead of the number of new beneficial mutations (Otto and
Whitlock 2013).

Recent studies have suggested that the adaptive cost and benefits in small
and large populations should depend on the variability of environmental
conditions they currently experience compared to the conditions during
population’s evolutionary history (Chavhan et al. 2019, 2020, 2021). In general,
populations that have evolved in fluctuating environments should have less
fitness costs in alternative local environments, as under fluctuations there is a
stronger selection against fitness costs due to antagonistically pleiotropic alleles
(Bono et al. 2017). Conversely, when the conditions stay constant over a longer
time, antagonistic pleiotropy can evolve more freely as selection is blind to the
fitness costs in alternative environments (Bono ef al. 2017). The benefits from the
lack of trade-offs in novel environments should be greater for larger populations
because they have better access to beneficial mutations that don’t carry fitness
trade-offs between different environments (Chavhan et al. 2021). On the other
hand, larger populations are also more likely to have mutations with trade-offs
and large effect sizes, which in constant evolutionary environments, would lead
to greater maladaptation when the environment changes (Chavhan et al. 2020).
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For smaller populations, both the costs and benefits from the conditions during
evolution should be minor and performances more robust across alternative
environments (Chavhan et al. 2021).

To date, mostly theoretical simulations have been used to study the
hypotheses about population size and environmental variability (Handel and
Rozen 2009, Uecker and Hermisson 2011, Meyer and Shnerb 2020), and no
experiments have been made to investigate how demographic constraints may
apply to adaption to thermal fluctuations. Furthermore, the differences in
populations” ability to persist under climate change can make some species thrive
better than others (Lee and Gelembiuk 2008). These populations are likely to
impose strong biotic selection pressures on the evolution of thermal tolerance in
other species and on the ecology of entire communities (Angilletta 2009, Sinclair
et al. 2016, Ttizlin and Stoks 2018).

1.1.7 The evolution of traits that correlate with thermal generalism

Natural selection on a favourable trait can reinforce coadaptation in other
genetically or phenotypically correlates traits, leading to correlated responses to
multivariate selection (Czesak et al. 2006, Roff and Fairbairn 2007). This scenario
requires that certain sets of genes or combinations of traits give an individual a
fitness advantage over other adaptive assemblies (Sinervo and Svensson 2002,
Angilletta 2009). Theoretical studies of trait coevolution have suggested that the
selection for generalist strategies in fluctuating environments could also have
correlated effects on species invasiveness under climate change (Lee and
Gelembiuk 2008, Lande 2009, Hufbauer et al. 2012). This could be due to general
stress resistance that indirectly leads to better competitive ability under wide
range of temperatures and correlated climatic factors (Lee and Gelembiuk 2008,
Zerebecki and Sorte 2011, Ketola et al. 2013).

In nature, thermal conditions show marked spatial and temporal variation,
which can lead to adaptive divergence among local populations in thermal
performance (Keller and Seehausen 2012, Richter-Boix et al. 2015). Frequent
thermal disturbance at the populations” original habitat is assumed to preadapt
them to tolerate similar conditions at introduced or colonized area (Lee and
Gelembiuk 2008, Ketola et al. 2013, Hamilton et al. 2015). Such preadaptations
could arise through selection for life history and demographic traits that promote
rapid population growth and persistence under thermal stress (Lee and
Gelembiuk 2008). Alternatively, selection could favor generalists with broad
tolerance and high phenotypic plasticity, or genetically robust trait combinations
that are beneficial in novel environments (Lee and Gelembiuk 2008). Studies have
shown evidence that populations and species from more variable environments
show higher levels of plasticity that might preadapt them to extremes (Chevin
and Hoffmann 2017, Thorogood et al. 2023) and make them more invasive
(Richards et al. 2006, Lardies and Bozinovic 2008, Lande 2009) or affect virulence
(Ketola et al. 2013, Ashrafi et al. 2018). Thermal plasticity is known to be especially
important for unicellular microorganisms to stay competitive (Lé6pez-Maury et
al. 2008). Temperature-dependent physiological traits may allow invasive species
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to expand their niche and spread to thermally disturbed environments where
they can competitively exclude native species and occupy the freed niche space
(Lockwood et al. 2010). Also, shorter generation times and higher fecundity
would lead to larger population sizes, which in turn would increase evolutionary
potential under chronic thermal stress (Reed et al. 2011).

Climatic fluctuations are often associated with increased disturbance at the
onset of biological invasions (Lande 2009, Parepa et al. 2013). The invasibility of
local communities is pronounced if native species are maladapted to the thermal
conditions during invasion and so weaker competitors (Shea and Chesson 2002,
Melbourne et al. 2007). On the other hand, if the native species are also
preadapted to the change in environment, the invader might not have a
competitive advantage over its local competitors (Saarinen et al. 2019). Hence, the
titness of invasive species and the evolution of competitive strategies depends on
the strategies in the native community (Nowak and Sigmund 2004). On an
ecological timescale, thermal disturbances cause local extinctions that release
resources for fast-growing invaders to exploit (Davis et al. 2000, Shea and
Chesson 2002). Thus, environmental fluctuations, fluctuation-adapted invaders
and fluctuation-maladapted communities are all expected to govern invasion
success (Saarinen et al. 2019). However, little is still known about the
consequences of thermal adaptation regarding species’ competitive and invasive
abilities. Clearly, if we want to use the theory of thermal adaptation to predict
the biological consequences of climate change, it must consider the coevolution
of correlated traits, and closer attention should be paid to the effects of
environmental variability (Angilletta 2009, Schulte et al. 2011).

1.2 Aims of the thesis

The focus of my thesis are the differences in adaptation between constant and
fluctuating temperatures, and fluctuations of varying speed. The aim of my
studies was to reveal the factors that either constrain or facilitate the evolution of
thermal tolerance. I tested experimentally adaptation to high extreme
temperatures (I, II, III) and thermal fluctuations (II, III, IV). First, I studied the
genetic architecture of thermal tolerance by GWAS (I, II) and quantitative
genetics (II). Second, I used experimental evolution to study the effects of
evolutionary environment and population size on the evolved trade-offs in
thermal adaptation (III). Third, I investigated if thermal fluctuations select for
generalists that have also increased competitive ability aiding experimental
invasions (IV). In this project, I addressed the following summarizing questions
concerning each original paper:

I. Genome-wide association study for loci influencing thermal performance
curves in Neurospora crassa.
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Are the same loci associated with growth rate at different constant temperatures?
Are there trade-offs in allelic effects between temperatures?

II. Genome-wide association mapping for growth rate at fluctuating and extreme
temperatures.

Are there distinct genetic architectures or genetic constraints in adaptation to
constant and differently fluctuating temperatures? In which directions there are
most potential for TPC evolution?

III. The effect of population size on adaptation to fluctuating temperatures.

Does population size affect the adaptation to fluctuating temperatures? How
efficiently populations can adapt to constant versus differently fluctuating
temperatures?

IV. Environmental fluctuations drive species’ competitive success in
experimental invasions.

Are temperature fluctuations selecting populations that are better competitors
than populations originating from constant temperatures? Do present
temperature fluctuations facilitate invasions?



2 MATERIALS AND METHODS

2.1 Study organisms

2.1.1 Filamentous fungus Neurospora crassa (I, II)

Neurospora crassa is a filamentous fungus in the phylum Ascomycota.
Morphologically this species is often described as an orange mold, which
produces vegetative spores (conidia) and branching filaments (hyphae) that form
a mycelium. N. crassa has a complex life cycle with both clonal and sexual
reproduction, resulting in haploid and diploid stages. In meiosis, the cells of
opposite mating types (referred as mat a and mat A) cross by passage of nuclei
into a common cytoplasm and produce sexual spores (ascospores). In nature, the
wind-dispersed spores form a mycelium on a burned plant material after a fire
(Kuo et al. 2014). Hence, N. crassa is a saprotrophic species for which the fast
myecelial growth rate is an important fitness trait that allows competition with
other fungi (Pringle and Taylor 2002).

The distribution range of N. crassa is in tropical and subtropical regions.
The natural strains that we used in association mapping studies (I, II) were
originally collected from south-eastern USA (Louisiana), Central America and
Caribbean Basin (Ellison et al. 2011, Palma-Guerrero et al. 2013). The temperatures
in the Caribbean average around 30 °C and the optimal temperature for the
growth of N. crassa is approx. 35 °C, after which the there is a rapid decrease at
higher temperatures (Moghadam et al. 2020). However, very little is known about
the ecology and evolution of N. crassa in its natural habitat (Kuo et al. 2014). The
long history as a model organism has mostly been based on the genetic attributes
and easy maintenance at laboratory conditions (Lee and Dighton 2010). N. crassa
has a fully sequenced genome of only 7 chromosomes, encoding approx. 10,000
protein-coding genes (Galagan et al. 2003). In a haploid stage, the recessive traits
are expressed in phenotypes which allows to interpret the functions of the genes
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by knockout mutants. It is also easy to make genetic crosses between strains and
the clones can be divided into experimental treatments. These qualities make
N. crassa well-suited for population genetics and evolutionary studies (Lee and
Dighton 2010).

2.1.2 Fission yeast Schizosaccharomyces pombe (III)

Schizosaccharomyces pombe is a unicellular fungus in the phylum Ascomycota. Its
rod-shaped cells divide by medial fission which has given it the name fission
yeast. In nature, S. pombe lives in large distribution area and strains are usually
collected from the soil or on the surface of plants or insects. Fission yeast is easy
to maintain in the laboratory and it has a rapid growth rate (generation times are
2-4 h at optimal temperatures around 30 °C) which considerably slows down at
extreme heat around 40 °C (Coelho et al. 2013). Fast reproduction makes S. pombe
a good model species for experimental evolution studies, as it can easily reach
large population sizes (Zeyl 2006). Fission yeast is also popular in studies of
molecular and cellular biology as its eukaryote genome has many genes that are
found also from multicellular organism (Vyas et al. 2021). The small genome is
tully sequenced, consisting of 3 chromosomes and approx. 4,970 protein-coding
genes (Galagan et al. 2003).

S. pombe strains are usually haploid but the life cycle has also a short diploid
stage. Sexual reproduction between cells of different mating types is induced by
stressful nitrogen-limited conditions (Petersen and Russell 2016). Fission yeast
has 2 mating types (h* and h-) and ability to reversibly switch between types by
DNA-rearrangement during replication (Hanson and Wolfe 2017). In the thermal
evolution experiment (III), we used haploid ancestor strains which were
genetically modified to be incapable of switching their mating type. However,
we wanted to have replicates of different mating types so that the evolved strains
could be mated in future experiments. Altogether we had 4 ancestor lines, as
there was also a genetic marker to distinguish strains in competition experiments
(III). These auxotrophic mutants have 2 different alleles ade6M?10 and ade6M?216
which cause a color difference due to divergent accumulation and oxidation of
adenine precursor in biosynthesis (Forsburg and Rhind 2006). When grown on
selective low-adenine plates, mutants with ade6M?1¢ allele turn to pink and
ade6M?10 get darker red color.

2.1.3 Bacterial invader Serratia marcescens and competitor species (IV)

Serratia marcescens is a gram-negative bacterium in the family Yersiniaceae. This
facultatively anaerobic species has motile rod-shaped cells which form bright red
colonies. Ecologically S. marcescens is an opportunistic pathogen that infects a
variety of organisms from plants to insects, fishes, and mammals (Grimont and
Grimont 1978). S. marcescens is assumed to have a global distribution, as it is
commonly found from both aquatic and terrestrial habitats. Hence, this
bacterium has also a wide thermal tolerance, and it is able to grow at
temperatures ranging 5-40 °C (Grimont and Grimont 1978). The fastest growth
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rates and generation times are found at optimal temperatures around 31 °C
(Ketola et al. 2013). The superior growth ability makes S. marcescens also fast in
utilizing the available resources in its environment.

In the invasion study (IV) S. marcescens was selected as an invader because
it is known to be highly dominant in multispecies cultures, possibly due to
resource or interference competition with other bacteria (Ketola et al. 2017). The
3 bacterial competitor species, Pseudomonas putida, Pseudomonas fluorescens, and
Novosphingobium capsulatum were chosen based on their ability to grow well in
the same medium and tolerate similar thermal range as the invader (Saarinen et
al. 2018). All bacterial species originated from a study where clones had evolved
for 79 days (corresponds to approx. 86 generations) under nearly optimal
constant temperature 30 °C or fluctuating temperatures cycling 20-30-40-30-
20 °C for 2 h at every temperature (Saarinen et al. 2018). In addition, S. marcescens
differs from competitor species by its ability to break down DNA enzymatically,
which makes it easy to distinguish the colonies with halo on DNase agar plates
(Ketola et al. 2017).

2.2 Genome-wide association mapping (I, II)

2.21 Nested association mapping

To study the genetic architecture of thermal tolerance at constant and fluctuating
temperatures, we used nested association mapping that combines information
from historic and recent recombination (Yu et al. 2008). In our mapping
population, we had 118 natural N. crassa strains (obtained from the Fungal
Genetics Stock Center, USA) and some of the strains were crossed to produce
families with 316 offspring strains (Moghadam et al. 2020). Altogether, we had
434 N. crassa strains in our mapping population that was used in two genome-
wide association studies (I, II). First, we studied the identity of large-effect loci
and possible opposite allelic effects influencing growth rate at different constant
temperatures forming the TPC (I). Second, we compared whether the same or
different large-effect loci were associated with growth rate at constant
temperatures and fluctuations of varying speed (II). To find the statistical
associations between genotypes and phenotypes, we sequenced the genomes and
measured the growth rates for each of the strain in the mapping population.

2.2.2 Sequencing and genotyping

To get a dense genome-wide SNP data, we extracted genomic DNA from the
natural strains and sequenced these samples with Illumina (Novogene, UK). For
some of the natural strains, the sequences were obtained from previous studies
(Zhao et al. 2015, Villalba De La Pefna et al. 2023). For the cost-efficiency, the
offspring strains were sequenced by RAD reduced representation method (Baird
et al. 2008), which was also done with Illumina (Floragenex Inc., USA). The full
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genome sequences of the offspring strains were inferred from parental genotypes
by using the RAD markers to locate the recombination breakpoints in offspring
genomes, and then imputing the inherited segments from the parents. After
genotyping all the strains in the mapping population, the final dataset contained
1,473,869 SNPs.

2.2.3 Phenotyping by growth rate

We measured the mycelial growth rates of N. crassa strains by standard tube
method using agar filled serological pipet tips (Ryan et al. 1943). The asexual
spores were inoculated at the other end of the tube and sealed with a plastic cap.
We tracked the growth rate by marking the position of the mycelial front to the
tubes 2 times per day for 4 days. Altogether we had 7 timepoints since the data
was collected only after the initial growth of the inoculum. We plotted the
distance of mycelial growth against time and estimated the growth rates (mm h-')
by using the slope of the regression line.

The strains were replicated 3 times, and the tubes were put in 10 thermal
treatments generated in climate cabinets (MTM-313 Plant Growth Chamber,
HiPoint Corp., Taiwan) (II). We had 2 fluctuating regimes, low ranging 25-35 °C
and high ranging 32-42 °C, and fast and slow fluctuations with frequencies of
120 min and 480 min respectively. The fast fluctuations were estimated to span
within the generation time of N. crassa, whereas the slow fluctuations occurred
between generations (Kronholm and Ketola 2018). The growth rates were
measured also at constant mean and extreme temperatures of these ranges. At
higher range the growth rates were measured at constant 32 °C and 37 °C, and at
42 °C which is known to be very stressful for N. crassa (Mohsenzadeh et al. 1998).
The measurements at constant lower range temperatures 25 °C, 30 °C, and 35 °C
were collated from a previously published data (Moghadam et al. 2020). In
Moghadam et al. (2020), the growth rates were measured at constant 20 °C, 25 °C,
30 °C, 35 °C, 37.5 °C, and 40 °C that formed the TPC (I).

2.24 Statistical analysis and annotations

The statistical association between SNPs and variation in growth rate at different
temperatures was studied by the genome association and prediction integrated
tool (GAPIT) Version 3 R-package (Wang and Zhang 2021). In GWAS, GAPIT 3
corrects for the population structure and kinship, and so controls for false
positives. We used Bayesian-information and linkage-disequilibrium iteratively
nested keyway method (BLINK), which is a statistically powerful multi-locus test
(Huang et al. 2019, Wang and Zhang 2021). In BLINK, the SNP markers are
removed iteratively if they are in linkage disequilibrium with the most
significantly associated reference SNP, and this procedure is repeated until no
more markers can be removed. We run the BLINK separately for the average
growth rates at each temperature treatment and the significance threshold for the
associations was set to 0.01 after a Bonferroni correction. The positive allelic
effects indicated that the individuals carrying the minor allele at a specific locus
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had faster growth rate compared to other individuals in the population. The
candidate genes associated with growth rate were searched from the Ensemble
Fungi release 57 data base and the effects of SNP variants on proteins were
processed by the Variant Effect Predictor web tool. The protein annotations were
turther searched from the UniProt and the FungiDB databases.

2.3 Quantitative genetics (II)

2.3.1 Estimating genetic architecture

To get an overall picture of the genetic architecture of thermal tolerance in
N. crassa, we used quantitative genetic analyses that gave statistical summaries
over all loci affecting growth rate at constant and fluctuating temperatures (II).
The multivariate growth rate data was used in these analyses, meaning that the
growth rate measured at each temperature was modelled as a discrete and
potentially genetically correlated with growth rate at other temperatures
(Kingsolver et al. 2004). The possible trade-offs in growth rate between constant
and fluctuating temperatures were investigated by forming a genetic variance-
covariance matrix and principal components of the phenotypic variation.

2.3.2 The G-matrix

The growth rate data including all measurements was used in a Bayesian
multilevel model where the growth at each temperature treatment was explained
by the strain’s genotype. From the multivariate model we obtained a G-matrix
with posterior estimates for the amount of variation and the strength of
covariation in growth rate at constant and fluctuating temperatures. G-matrix
included genetic and environmental variances, and genetic correlations and
covariances. These estimates were also used to calculate the broad-sense
heritabilities, and the coefficients of variation for the genetic and environmental
components.

2.3.3 Principal component analysis

The PCA was used to find the most important partitions of genetic variation
underlying the variation in average growth rate at constant and fluctuating
temperatures. Based on the signs of the loading vectors, the principal
components were interpreted as the modes of the TPCs (Izem and Kingsolver
2005). However, in principle, PCA does not assume any mode or trade-offs
(Ashrafi et al. 2018). The first 3 principal components explained most of
phenotypic variation in the strains average growth rate. The predictive values of
these principal components were also used in GWAS to investigate which SNPs
and candidate genes are associated with the modes of the TPC.
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2.4 Experimental evolution (III) and competition assays (III, IV)

24.1 Measuring evolved trade-offs

Laboratory experiments allow to directly link the thermal conditions during
organisms’ evolution with the resulting population-level responses (Bennett and
Hughes 2009). In laboratory, the environmental conditions are well-controlled
which makes it possible to test specific evolutionary hypotheses without many
confounding factors that would occur in nature. Typically, the experimental
evolution studies have used replicate populations of microbes and other
organisms that have short life cycles and high fecundity (Zeyl 2006, Bennett and
Hughes 2009). In microbes, the fast clonal reproduction through cell divisions
results in large effective population sizes which makes it possible to investigate
evolution in real-time over thousands of generations. Experimental evolution is
also a powerful method to study the evolution and existence of trade-offs when
the fitness of populations that have evolved in one environment are measured in
the same and in alternative environments (Bennett and Lenski 2007).

For microbes, the variation in fitness is easy to measure by population
growth rate (r) and carrying capacity (K) in monocultures, or by competition
assays in bicultures (Benton and Grant 2000, Bennett and Hughes 2009). The
population-level proxies r and K are common estimates of fitness that can be
assessed, for example, by monitoring the optical densities with a
spectrophotometer (Saarinen et al. 2018). In competition assays, the relative
fitness is often estimated by counting the difference in the number of colonies
that carry distinguishable genetic markers (Lenski et al. 1991). We used
experimental evolution, competition assays, and other fitness measurements to
investigate the trade-offs in adaptation of large and small S. pombe populations
to constant and differently fluctuating temperatures (III). In another competition
experiment, we studied how fast temperature fluctuations, either on an
evolutionary or an ecological timescale, affect the competitive success of bacterial
species (IV).

2.4.2 The effect of population size on thermal adaptation (III)

We studied how the population size and the timescale of thermal variation
during populations evolution affect the rate and extent of adaptation to constant
and fluctuating environments (III). We tested the hypotheses suggesting that
larger populations adapt to their environment more efficiently than smaller
populations, that adaptation to fluctuations helps to cope with alternative
environments with less fitness trade-offs, and that population size affects the
occurrence of trade-offs differently in constant and fluctuating environments
(Bono et al. 2017, Chavhan et al. 2021). We defined the trade-offs as a concurrent
adaptation to one temperature environment and a resulting maladaptation to an
alternative environment. In our experiment, we allowed large and small S. pombe
populations to evolve for approx. 500 generations at constant mean and extreme
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temperatures, and at fast, intermediate, and slow frequency fluctuations. We
expected the adaptations to differ between the thermal environments as different
adaptive mechanisms are assumed to be in work depending on the time scale of
temperature variation in relation to generation time (Botero et al. 2015, Kronholm
2022).

We started the evolution experiment with 4 haploid ancestor populations
(obtained from Dr. Bart Nieuwenhuis) which had either h* or h- mating type and
ade6-alleles producing either pink or red colour on selective plates. We had 4
biological replicates of each of the ancestors, and small (Ne = 10¢) and large (Ne =
107) effective population sizes, grown in liquid culture on 96-well and 24-well
plates respectively. The population sizes were selected based on a literature
review in which larger populations did not show fitness costs in fluctuating
environments (Chavhan et al. 2021). In total we had 32 populations in each of the
5 temperature treatments, giving a total number of 160 populations.

In preliminary experiments we tested the constant mean temperature 34 °C
to be close to optimal, and the high extreme temperature 38 °C close to
detrimental for the ancestral strains. All fluctuations cycled with a sequence of
30-38-30 °C (steps of 1 °C) and the number of generations were around 2.5 at
fast, 32 at intermediate, and 100 at slow fluctuations. These frequencies were
selected based on previous simulations (Kronholm 2022). The temperature
treatments were generated in growth chambers (MTM-313 Plant Growth
Chamber, HiPoint Corp., Taiwan) and cultures were transferred every 24 h to a
fresh medium with a constant concentration. During the evolution experiment
small populations had approx. 464 generations and large populations 507
generations.

The adaptation to evolutionary environment and the maladaptation to
alternative environments were evaluated by competition experiments between
experimental strains and their ancestors, and by measuring growth parameters
in isolation. In competition assays, the samples were plated at the initial stage of
the experiment (mixes were estimated to have 1:1 proportion), and again at the
end of the experiment. The relative fitness of the evolved strain compared to the
ancestor was counted as the change in proportions of the colonies between
platings.

During competition experiments, bicultures were grown on 96-well plates
in thermal cabinets (Lab Companion, ILP-12; Jeio Tech, Seoul, Korea) and
transferred to fresh medium every 48 h. Competitions at constant temperatures
and fast fluctuations lasted 4 days (4 cycles), and at intermediate fluctuation 13
days (1 cycle). The temperature treatments matched the conditions during
evolution experiment, except that populations originating from slow fluctuations
were measured at constant mean and extreme temperatures (duration of 1 cycle
was 40 days). Because of the extent of conducting a full factorial experiment, we
chose to compete the populations evolved at mean temperature in all treatments,
and other populations in their evolution environment and at constant mean
temperature to make comparisons. Each combination of competition assays was
replicated 3 times, which was 1080 competition assays in total.
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Evolved strains competed with an ancestor of the same mating
type but a different ade6-allele so that they could be identified by color on low-
adenine plates. We counted manually the ratio of colony-forming units for the
evolved strains and ancestors and used the average of 3 replicates in statistical
analyses. We used a Bayesian generalized linear mixed model in which the
relative fitness was predicted by temperature treatment and its interaction with
the population size. We run also separate models for small and large populations
to compare posterior estimates at different treatments. Trade-offs were expected
to occur when evolved strains had higher fitness relative to the ancestor in one
temperature environment and lower fitness in another environment.

Based on the results of the competition experiments, we further
investigated the ancestors and the evolved strains only from the large
populations. First, we created a clone library by sampling 4 colonies from 80
evolved populations and the 4 ancestors. Altogether 320 clones were grown in
randomized order on 100-well Bioscreen plates. The optical density
measurements were made with temperature-controlled spectrophotometers
(Bioscreen C®, Oy Growth Curves Ab, Ltd., Finland). The maximal growth rate
rmax and the carrying capacity K were estimated from the growth curves
measured at constant 30 °C, 34 °C, 38 °C, and at fast 30-38-30 °C fluctuations.
The runs lasted 4 days and each clone plate was measured 4 times in all
treatments. We used this data in a Bayesian multilevel linear model to estimate
the phenotypic variation between populations, the genetic variation within
populations, and the environmental variation between clones.

24.3 The effect of thermal preadaptation on invasion success (IV)

We studied with experimental invasions if thermal fluctuations during evolution
select for increased competitive ability, and if fluctuation-maladapted
community species aid invasions together with concurrent temperature
fluctuations in the environment (IV). We used bacteria from a previous
experimental evolution study in which strains had evolved for approx. 86
generations in thermal cabinets (Lab Companion, ILP-12; Jeio Tech, Korea) under
constant 30 °C or fluctuating temperatures cycling 20-30-40-30-20 °C for 2 h at
each temperature (Saarinen et al. 2018). In this study, we used strains from Serratia
marcescens ssp. marcescens (ATCC® 13880T™), Pseudomonas putida (ATCC®
12633™), Pseudomonas fluorescens (ATCC® 13525™) and Novosphingobium
capsulatum (ATCC® 14666™), all originally obtained from American Type
Culture Collection (ATCC®).

In experimental invasions, the bacterial competitor species P. putida,
P. fluorescens, or N. capsulatum that had evolved at either constant or fluctuating
temperature were set to compete with the dominant invader Serratia marcescens,
which had also evolved at either constant or fluctuating temperature. We ran the
competition experiments for 3 days at constant 30 °C and at fluctuating 20-30-
40-30-20 °C (2 h per step) temperatures matching the conditions during
evolution. Altogether we had 8 treatment combinations in the competition
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experiments, and we used 1 clone per each replicate population (n = 8) of the
bacterial species. In total there were 192 competition experiments.

The clones were chosen randomly to compete in bicultures in 15 ml
centrifuge tubes containing sterile nutrient broth medium. To resemble the
starting point of invasions where the invaders are rare, we estimated the initial
invader-to-competitor ratio to be 1:24 in each assay. Both the invader and its
competitor species were inoculated concurrently, hence having an equal
opportunity to use the available resources. Therefore, our experiments reflected
asymmetric competition rather than invasion in a strict sense, i.e. when the
invader arrives later than its resident species that is already adapted to local
conditions.

We plated all the samples on DNase test agar plates that allowed for
separation of the invader colonies from the competitor species colonies. The
colonies on each plate were counted manually and the competitive success of the
invader was estimated as the proportion of S. marcescens colonies in the total
colony count after the competition. However, there was no defined threshold
value for the competitor species” displacement. We used a generalized linear
mixed model to statistically separate the effects of the environment during
competition, the evolution of the invader, and the evolution of the competitor
species on the competitive success of S. marcescens.



3 MAIN RESULTS AND DISCUSSION

3.1 Genetic architecture of thermal tolerance (I, II)

To better understand the genetic architecture of thermal tolerance at constant and
fluctuating temperatures, we integrated GWAS and quantitative genetics in
fungus N. crassa (Cortés et al. 2020, Buckley and Kingsolver 2021). With GWAS
we were able to pinpoint specific large-effect loci and study the effects of SNPs
on growth rate, whereas quantitative genetics analyses gave us estimates of the
genetic variation over several small-effect loci and partitioned this variation into
modes of the TPC (Fisher 1919, Izem and Kingsolver 2005, Fu et al. 2013). We
tested the hypotheses suggesting that fitness trade-offs or genetic constraints
could occur in adaptation to different constant temperatures forming the TPC
(Berger et al. 2014, Latimer et al. 2014, 2015) (I), or between constant temperatures
and fluctuations of varying frequency (Ketola and Kristensen 2017, Kristensen et
al. 2020) (II). Our results contradicted these hypotheses, and in general, indicated
no trade-offs in adaptation to different constant and fluctuating temperatures (I,
IT), except that the adaptation to constant heat could be more evolutionary
constrained (II).

The GWAS for loci influencing TPCs discovered unique associations at
specific temperatures, as some SNPs affected growth rate of N. crassa only at low,
intermediate, or high temperatures (I). There were also SNPs that were associated
at multiple constant temperatures across the tolerance range, but their allelic
effects on growth did not vary greatly in sign or magnitude depending on the
temperature. There was little evidence for potential trade-offs, and only few
SNPs segregated among natural populations of N. crassa. Moreover, most of the
minor alleles slowed down growth rate, and analyses suggested negative
selection in natural populations (Saltz et al. 2017). In line with our results, an
experimental evolution study with insects found temperature-specific allelic
effects on growth rate but observed no trade-offs in TPC shape (Berger et al. 2014).
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Also, another study with fish showed evidence that genes with low pleiotropy
drive thermal stress response, whereas highly pleiotropic genes have only
limited importance (Papakostas et al. 2014).

Similar findings were made in GWAS comparing loci associated with
growth rate at constant and fluctuating temperatures (II). Interestingly, many
unique SNPs were found at constant temperatures or at fluctuations of both
ranges and frequencies, especially at higher temperatures. This indicates that
some partition of the genetic variation is specific to the type of fluctuations, and
that adaptation to extreme heat could be more distinct in N. crassa. Similar
findings were reported in an experimental evolution and resequencing study
with bacteria that found “particular signature genes’ in adaptation to constant
and fluctuating temperatures (Deatherage et al. 2017). Accordingly, another
study with Drosophila found that an independent set of genes regulated
transcriptional responses to heat stress after acclimation at fluctuating versus
constant temperatures (Serensen et al. 2016). The GWAS in this study (II),
discovered also shared SNPs that were associated at multiple temperatures, but
no trade-offs were discovered in allelic effects between temperatures, and almost
all minor alleles decreased growth rate. Moreover, most of the allelic variants did
not affect the protein structure and were at the regulatory area of the genes,
having potential regulatory functions. However, the types of allelic variants were
not associated clearly with growth at constant or fluctuating temperatures, even
though regulatory area mutations are often expected to dictate the dynamic
responses under thermal fluctuations (Lépez-Maury et al. 2008).

When we annotated the candidate genes from both association studies
(I, II), we found overlapping molecular and physiological functions between
temperatures. Most of the genes encoded proteins essential for the basic functions
in fungi, such as cellular growth and energy metabolism, and did not have
obvious connection to plastic stress response. However, many of the
physiological functions of these proteins are known to be sensitive to
temperature or other environmental stresses (I, II), and probably linked to the
general stress response (Verghese et al. 2012). In line with this assumption, it has
been found that in yeast, most of the genes upregulated during heat stress are
involved in changes in metabolic pathways, to ensure the energy supply and
allocation during stress (Richter et al. 2010). For example, we found that the
TORC1 multi-protein complex that works in signal transduction and
temperature-dependent balancing of growth was associated at constant 42 °C
(Urban et al. 2007, Lopez-Maury et al. 2008). As an exception, a DNA] (HSP40)
chaperone, which is known to be part of the thermal stress response by
preserving the structure of unfolded proteins, was associated at fast temperature
fluctuations (Serensen et al. 2003, Lecheta et al. 2020). Other GWAS and gene
expression studies have also linked HSPs to variation in thermal tolerance and
adaptation to climate change (Lecheta et al. 2020, Logan and Cox 2020). These
findings are interesting as we found the slowest growth rates at high extreme
temperature 42 °C and at fast 32-42 °C fluctuations.

With quantitative genetics, we estimated the TPC modes for most of the
genetic variation in growth rate, that is, over many small-effect loci (II). We found
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high heritability values across temperatures, meaning that there was plenty of
genetic variation in growth rate among the strains. We detected also strong
positive genetic correlations between the fast and slow frequency fluctuations,
and between fluctuations and their mean temperatures. This indicated that most
of the genetic variation in growth is shared across temperatures in N. crassa and
predicts correlated responses to selection (Czesak et al. 2006). The amount of
genetic variance and positive correlations together point that in N. crassa there
should be no significant trade-offs or genetic constraints on adaptation to
increased thermal variation. However, the genetic correlations and covariances
with the high extreme temperature were markedly lower, pointing that the
growth at 42 °C could evolve more independently from the selection at other
temperatures. Similar quantitative genetic results have been found before for the
growth rate of N. crassa at constant 40 °C (Moghadam et al. 2020), suggesting that
different genes or amounts of gene expression might affect acclimatization at the
higher thermal limit.

The high heritability values and strong positive genetic correlations
between temperatures might be found because some of the strains are superior
in growth rate, so called ‘supergeneralists” or ‘master of all temperatures’ (Huey
and Hertz 1984, Kristensen et al. 2020). We verified this suggestion by PCA and
interpreted the modes of most genetic variation and evolutionary potential in
TPCs (II). Most of the variation was found to be in overall performance i.e. in the
faster-slower mode (83 %), whereas hot-cold shift in thermal optimum (8 %) and
shape change towards better growth at high temperatures (4 %) represented a
minor aspect. Thus, there should be least genetic constraints to evolution in the
general growth ability regardless of the temperature, meaning that some strains
grew better, and some slower across all the tested temperatures (Angilletta 2009).
Thus, PCA neither supported strong genetic constraints on TPC evolution, which
challenges the traditional hypothesis of specialist-generalist trade-offs between
higher performance and wider tolerance (Lynch and Gabriel 1987, Gilchrist
1995). Previously, the TPC elevation has been found to predominate growth rate
in N. crassa (Moghadam et al. 2020) and performance in other species (Yamahira
et al. 2007, Shama et al. 2011, Ketola et al. 2014, Latimer et al. 2015, Bartheld et al.
2017, Schaum et al. 2022). In addition, TPC elevation had a nearly significant
association with HSP40 protein, whereas heat tolerance was associated with
TORCL.

We found little genetic variance in heat tolerance, which in N. crassa means
most likely the variation in the induction or the magnitude of heat-shock
response (Moghadam et al. 2020). One possible explanation to this is that the
nature-derived strains have undergone selection during their thermal history
and are well-adapted to heat, decreasing the amount of variation in this tolerance
trait. This view was supported by the GWAS results indicating that beneficial
mutations with large effects on growth were rare (I, II), and probably already
tixed in natural populations. Other studies have also suggested that the ability of
organisms to evolve higher heat tolerance might be limited if substantial genetic
changes, such as gene duplications are required (Riehle et al. 2001, Hoekstra and
Montooth 2013). In general, the ability to tolerate prolonged heat is known to be



38

a trait that is highly evolutionary conserved, and constrained, as many
experiments have found little variation in critical thermal maximum across taxa
(Kellermann et al. 2012, Aradgjo et al. 2013, Kristensen et al. 2015).

Altogether, there was no strong evidence for trade-offs or genetic
constraints, contradicting the idea that the variation in TPCs would exist mainly
due to antagonistic pleiotropy (I), or that distinct genetic architectures would
underlie adaptation to constant and fluctuating temperatures (II). Small-effect
loci indicated a shared polygenic basis of thermal tolerance in N. crassa across
temperatures, evolving mainly via individual’s general growth ability i.e.
elevated TPCs. Large-effect loci supported this view as many associated genes
had overlapping functions of general importance, which could be due to cells
general stress response. Previous studies with Drosophila have made similar
conclusions, as most of the QTL effects in standing genetic variation and
accumulated mutational variation corresponded to the elevation in TPCs
(Latimer et al. 2014, 2015). In our study, the increasing variation in temperature
should not set bounds on the evolutionary potential of N. crassa, but our results
suggest that the adaptation to extreme heat is probably more constrained (II). In
next experiments, measuring the growth rates of deletion mutants for the genes
associated in GWAS (I, II) at fluctuating and constant temperatures would clarify
their causality for thermal tolerance in N. crassa.

3.2 Selection at constant and fluctuating temperatures (III)

When organisms adapt genetically to the local environment, they are expected to
lose fitness in alternative environments due to antagonistically pleiotropic
mutations (Cooper and Lenski 2000, Bennett and Lenski 2007). We investigated
the genetic trade-offs in S. pombe populations after they were allowed to evolve
for approx. 500 generations at constant temperatures or under fast, intermediate,
or slow fluctuations (III). We tested the hypothesis suggesting that antagonistic
pleiotropy should evolve more readily in constant environments due to relaxed
selection than in variable environments where different selection pressures
alternate (Bono et al. 2017). We also tested the hypothesis that evolution in
constant and fluctuating environments could diverge from each other and lead
to specific adaptations (Botero et al. 2015, Kristensen et al. 2020). To demonstrate
the adaptations to evolutionary environment and trade-offs in alternative
environments, we measured the fitness of all evolved strains by competition
experiments against their ancestors. Then we further investigated the possible
mechanisms of adaptation and populations evolutionary potential by measuring
the rmax and K separately for each ancestor strain and for the strains evolved in
large populations.

We found that the populations adapted to constant heat had the greatest
titness increase relative to the ancestors, as they were stronger competitors at
extreme temperature. This indicates that during the evolution, populations had
gained some beneficial mutations to tolerate stressfully high temperatures.
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Furthermore, specialists are often assumed to adapt faster to their constant
environment by fixing beneficial mutations due to increased efficacy of selection
(Snell-Rood and Ehlman 2021). Also, an experimental evolution study with
bacteria have demonstrated that the adaptive responses are fastest and most
extensive at constant extreme temperatures (Bennett et al. 1992). In clonal
organisms, the thermally stressful environments can select for mutator genes and
elevated baseline production of heat shock proteins, which are unbeneficial at
more constant conditions (Kimura 1967, Cooper et al. 2007, Hoekstra and
Montooth 2013, Lecheta et al. 2020). However, we did not find a reciprocal
maladaptation when populations adapted to extreme heat were competed at
constant mean temperature. Also, populations evolved at mean temperature did
not show significant fitness improvements compared to the ancestors at constant
mean temperature, or at fast or intermediate fluctuations. This could mean that
the ancestors were already close to their thermal optimum and well-adapted to
the experimental mean temperature, but also having high levels of phenotypic
plasticity that makes them tolerate fluctuations. However, populations evolved
at mean temperature clearly lacked some aspects of heat tolerance, as they had
decrease in relative fithess when competing at extreme temperature. The
extensive adaptation and maladaptation observed in populations that had
evolved at constant temperatures indicates that these conditions can act as
stronger selective pressures than temperature variation (Bennett et al. 1992,
Kingsolver et al. 2009, Snell-Rood and Ehlman 2021).

In general, when populations evolved in thermally variable environments,
no clear adaptations were detected to fast, intermediate, or slow fluctuations.
This supports the idea that the ancestor populations have attributes that make
them readily tolerate fluctuations, for example, yeast populations might optimize
their fitness by tuning the rate of switching between individual phenotypes
depending on the frequency of environmental fluctuations (Acar et al. 2008). On
the other hand, in fluctuating environments the direction and intensity of
selection varies, which could make adaptation to require more generations to
occur, as fluctuations might slow down fixation and purge mutations from
population (Snell-Rood et al. 2010, Kingsolver and Buckley 2017). The evolution
of thermal generalists has been observed in evolution experiments made with
bacteria for thousands of generations (Bennett et al. 1992, Kassen 2002, Ketola et
al. 2013). However, these studies have often found that the fitness evolves fast
during the first thousand generations, which is closer to the length of our study.
In competition experiments, the only significant maladaptation to mean
temperature was found for populations that had evolved under fast fluctuations.
This is in line with studies suggesting that tolerance to fast fluctuations requires
allocation to dynamic stress response, which is costly at nonstressful conditions
(Serensen et al. 2003, Kristensen et al. 2020). It was also interesting that, for the
populations evolved at slow fluctuations, there was no comparable
maladaptation to extreme temperature as with populations that had evolved at
mean temperature. Slow fluctuations had an estimated cycle of 100 generations
which should be increasingly experienced as constant conditions. Hence, genetic
adaptation should be favored as an adaptive mechanism over plasticity and lead,
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for example, to the evolution of two distinct specialist lines (Botero et al. 2015,
Snell-Rood and Ehlman 2021, Kronholm 2022).

The average values of rmuax and K estimated from the growth curves were
plotted as reaction norms to see the within population variation at range mean
34 °C, at extremes 30 °C and 38 °C, and at fast fluctuations 30-38-30 °C. From
these reaction norms we detected the fitness improvements and decrements in
evolved strains compared their own ancestor. We also quantified the phenotypic
variance between populations from the same evolutionary treatment, between
clones indicating the amount of genetic variation within populations, and
environmental variation that depicts the sensitivity of phenotypes to
evolutionary environments. On average, we found low phenotypic variance
between populations for both . and K, pointing that populations with the same
thermal history tended to evolve similar phenotypes due to uniformity of
selection pressures (Ketola and Kronholm 2023). Overall, most of the variation
for both growth parameters was attributed to environmental variation between
clones. This suggests that, in general, the high thermal sensitivity of growth
parameters to the evolutionary treatment could stem from bet-hedging or
phenotypic plasticity (Tonsor et al. 2013, Ketola and Kronholm 2023). By the
randomization of the clone libraries and controlled conditions during
measurements, we can rule out that this observation would originate from a
systematic error caused by external factors such as differences in handling the
samples. In general, the populations from fluctuations had an equal variance
with ancestors, whereas populations from constant temperatures had evolved
lower environmental variance. This contradicts the idea that alternating
temperatures in fluctuating environments would lead to higher environmental
variance, affecting the accessibility of genetic variation to natural selection
(Ketola and Kronholm 2023). However, populations from constant temperatures
showed genetic canalization that prevents evolutionary change by hiding genetic
variation from selection, and thus makes phenotypes less sensitive to changes in
temperature (Kawecki 2000). It has been suggested that ancestral plasticity is
more likely to lead to genetic canalization in constant environments where
plasticity is costly (Scheiner and Levis 2021). In yeasts, one possible mechanism
for genetic canalization is the loss of stop codons and the consequent preservation
of the reading frame in protein synthesis (Giacomelli et al. 2007).

The genetic variation within populations did not differ much between
evolutionary treatments for either ru. or K. However, there was a slight
indication of more genetic variance within populations that had evolved at
constant temperatures. The lower genetic variation in fluctuating environments
could be due to positive selection fixing the traits related to generalism or
plasticity (Botero et al. 2015, Kronholm 2022). This is opposite to the common
expectation that fluctuating environments would maintain higher amount of
genetic variation, though the evidence also from other experiments has been
mixed (Biirger and Gimelfarb 2002, Kassen 2002). Interestingly, there were high
levels of genetic variance in the ability to grow at extreme temperature within
populations from different evolution environments. This supports the extensive
evolutionary response to extreme temperature that was found in competition
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experiments. From the reaction norms we were also able to detect that the
extreme-evolved populations tolerated heat better than their ancestors, as they
had on average higher ru.x and K. In competition experiments, the populations
evolved at mean temperature had drastic maladaptation to extreme heat, but the
reaction norms showed that still a fraction of the clones grew better than their
ancestor in extreme environment. Similar results were found in an experimental
evolution experiment showing that most, but not all bacterial lines adapted to
low temperature were maladapted to high temperature (Bennett and Lenski
2007).

In our experiment, the populations originating from fast, intermediate, and
slow fluctuations seemed to do on average worse than their ancestors at 38 °C. It
has been shown in a meta-analysis, that if organisms evolve to be more plastic,
there will be a trade-off with fixing higher upper thermal limits (Barley et al.
2021). However, the evolution under thermal fluctuations of different frequency
improved populations rmax at fast fluctuations and at more optimal temperatures
30 °C and 34 °C. This indicates that thermal fluctuations could select for better
ability to grow fast during the times of more benign conditions, for example, by
reversible plasticity (Kristensen et al. 2020). The same was not detected for the K,
as fluctuation-adapted populations did generally worse than their ancestors in
all treatments. This could mean that, due to cost associated with a fast growth
rate in short-term, the population density could be lower in long-term (Bideault
et al. 2023).

In a summary, the competition experiments supported the idea that
extreme heat forms a strong selection pressure, leading to prevalent adaptive
responses over populations. On the other hand, if populations are maladapted to
cope with high temperatures, there will be drastic fitness costs. Along with this,
other studies have suggested that high extreme temperatures can select for larger
shifts in TPCs than the changing mean temperatures (Angilletta et al. 2010,
Buckley and Huey 2016). However, we did not find strong evidence for the trade-
offs between competition environments or the expected differences in adaptation
to constant and fluctuating temperatures. One plausible explanation is that the
ancestors were already near the fitness optimum at experimental mean
temperature and at fluctuations spanning over mostly favorable temperatures.
This was supported by the high levels of environmental variance in 7max and K
which could mean that ancestors had growth attributes related to generalism or
plasticity (Tonsor et al. 2013, Ketola and Kronholm 2023). However, there was no
evidence that the evolution under fluctuations would have maintained more
genetic variation in populations or led to higher environmental variance. Rather,
we found high levels of genetic variation in the ability to grow at extreme
temperature, and an indication for the genetic canalization in populations that
had originated from constant temperatures.
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3.3 The effect of population size (III)

We investigated the evolution of genetic trade-offs in large and small S. pombe
populations and how efficiently they can adapt to constant temperatures and
fluctuations of different frequency (III). We tested the hypotheses concerning the
effects of population size, and the interaction of the population size and the
evolution environment (Chavhan et al. 2021). After evolution in thermal
treatments for approx. 500 generations, the strains were competed against
ancestors to estimate relative fitness. We found no clear evidence that larger
populations would have adapted to temperature more efficiently than smaller
populations, and that population sizes had a similar amount of fitness costs
regardless of their evolution environment.

Larger populations are expected to have faster evolution and higher fitness
due to larger number of beneficial mutations and better ability to recover from
population bottlenecks compared to smaller populations (Botero et al. 2015).
Contradicting this assumption, in our experiment, there was no significant
difference in relative fitness between small and large populations when tested
over all temperature treatments. However, when we tested the differences
between population sizes separately for each treatment, we found two cases
where large populations had significantly higher relative fitness than small
populations. This increase was detected when populations that had evolved at
extreme temperature competed in a matching environment, indicating that the
larger populations adapted more efficiently to extreme heat. A previous
experimental evolution study with yeast has also found that populations with
larger effective population size have more extensive adaptive responses to
stressful conditions (Samani and Bell 2010). In addition, we found that the larger
populations that had evolved at constant mean temperature had significantly
higher relative fitness at fast fluctuations, even though there was no clear
adaptation compared to ancestral fitness when observed over all populations.

One reason why we did not detect a significant population size effect in
general, could be that the effective population sizes chosen for the evolution
experiment were too similar. In a previous literature review of bacterial
experimental evolution, it was suggested that in fluctuating environments,
populations with Ne =~ 108 are less likely to show fitness costs than smaller
populations with Ne <107 (Chavhan et al. 2021). In our experiment, the difference
between population sizes was smaller due to technical limitations, but the same
order of magnitude (small Ne = 10¢ and large Ne = 107). However, when Chavhan
etal. (2021) tested the hypotheses concerning populations size and environmental
variability in an evolution experiment, the difference between population sizes
they had was even larger. Another possibility regarding our experiment is that
population size can have both positive and negative effects on fitness, which
could cancel out each other. For example, even though higher mutational supply
is beneficial in large populations, simultaneously occurring beneficial mutations
can compete for fixation, slowing down evolution by clonal interference (Gerrish
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and Lenski 1998). Conversely, small populations are less likely to get beneficial
mutations, but the evolution could be accelerated due to faster fixation rates
(Handel and Rozen 2009).

In addition, we did not find that population size or its interaction with
evolution environment would have defined the relative fitness of an evolved
population. With pairwise comparisons between competition environments, we
found that both large and small populations that had evolved at high
temperature were better competitors in a matching competition environment
than in an alternative mean competition environment. Similar finding was made
for large and small populations that had evolved at constant mean temperature
and were better competitors in a matching competition environment than in an
alternative extreme competition environment. Previous studies have suggested
that large populations should be especially vulnerable to sudden environmental
changes due to rapid adaptation to local environment (Chavhan et al. 2020), and
therefore the optimal adaptation would be a balance between the speed of
adaptation and the exposure to environmental change (Chavhan et al. 2019).

The only significant difference in the number of trade-offs was found when
large populations that had evolved at intermediate fluctuations were slightly
better competitors in a matching environment than at alternative mean
temperature, an interaction that was not found for small populations. This
tinding is opposite to Chavhan et al. (2021) who demonstrated that large bacterial
populations could avoid fitness costs in alternative environments when they
have evolved at fluctuating resource environments, and that the mechanism of
cost avoidance was the enrichment of beneficial mutations in the same generalist
line. In their literature review, Chavhan et al. (2021) also pointed a bunch of
studies that showed evidence for an indirect link between population size and
environmental variability affecting trade-offs (e.g. Bennett and Lenski 1999,
Buckling et al. 2007, Ketola and Saarinen 2015). Yet, our study is the first one
attempting to directly test the effects of population size on adaptation to constant
and fluctuating temperatures.

3.4 The evolution of correlated traits (IV)

A predictive understanding of how temperature fluctuations affect interspecific
competition and diversity in bacterial communities is currently lacking (Lax et al.
2020). It has been hypothesized that stressful perturbations during biological
invasions, preadapted invader species, and maladapted community species
could increase the rate of competitive exclusion (Lee and Gelembiuk 2008,
Saarinen et al. 2019). To investigate if thermal fluctuations select for traits that
correlate with increased invasiveness, we used bacterial species that had evolved
either at constant or rapidly fluctuating temperatures (Saarinen et al. 2018) and
implemented interspecific competition experiments in similarly constant or
fluctuating temperatures (IV). The results showed that temperature fluctuations
during competition, i.e. on an ecological timescale, made the invader
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S. marcescens more successful. However, there was no evidence that the invaders
evolution under temperature fluctuations, or the competitor species evolution at
constant temperature would have affected the outcome of the competition.

Climatic fluctuations are often associated with increased disturbance
(Lande 2009, Parepa et al. 2013), and several field studies have found disturbed
environments to be more prone to invasions than non-disturbed (Davis et al. 2000,
Melbourne et al. 2007). In accordance with our hypothesis, the fast temperature
fluctuations during competition clearly promoted invaders competitive success,
emphasizing the importance of ecological timescale in invasions (Shea and
Chesson 2002). Fluctuations can, for example, cause local extinctions that release
resources for fast-growing invaders to exploit and allow to take over the freed
niche space (Lee and Gelembiuk 2008, Lockwood et al. 2010). Previous laboratory
studies with microbes have mainly focused on the fluctuations in resource
availability (Li and Stevens 2012, Liu et al. 2012), whereas our study is among the
tirst ones to investigate the direct effect of thermal fluctuations on microbial
competition (Descamps-Julien and Gonzalez 2005, Saarinen et al. 2019, Lax et al.
2020). On the other hand, there is also some evidence that thermal variation could
facilitate species coexistence and maximize the diversity in local communities if
disturbances happen on an intermediate intensity and timescale (Descamps-
Julien and Gonzalez 2005, Jiang and Morin 2007).

Invasive species are often suggested to originate from disturbed and
heterogenous areas, which could preadapt them to novel environments (Lee and
Gelembiuk 2008, Hufbauer et al. 2012). For example, fast thermal fluctuations
might select for generalist strategies and life history traits, such as fast growth
rate, shorter generation times and higher fecundity that make species more
successful invaders (Colinet et al. 2015, Chevin and Hoffmann 2017, Lax et al.
2020). On the contrary to these hypotheses, we did not find that rapid thermal
fluctuations would have preadapted S. marcescens to be more competitive than
other bacterial species in fluctuating environment. Another study has found that
the matching timescale between phenotypic plasticity and environmental
fluctuations during competition can make cyanobacteria having advantage over
other species (Stomp et al. 2008).

Invasions could also be pronounced if the native species are maladapted to
the prevailing thermal conditions and so weaker competitors (Blackburn and
Duncan 2001, Shea and Chesson 2002, Duncan et al. 2011). In our experiment, the
maladaptation of competitor species to fluctuations did not affect the competitive
success of S. marcescens. Along with this, none of the interactions between studied
factors were found to affect the outcome of the competition, pointing that these
factors were not dependent on each other. Some studies have found stronger
evidence for interactions where the environmental conditions during
competition, and the traits of competing species acted together (Kreyling et al.
2008, Mdchler and Altermatt 2012, Saarinen et al. 2019). For example, a previous
study has shown that the similarity in traits between competing species could
lead to competitive exclusion in temporally fluctuating environments, if different
species are not having the competitive advantage at different times (Stomp et al.
2008).
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Altogether, our results demonstrated that the temperature fluctuations did
not significantly affect the evolutionary processes that were assumed to explain
invasion success. There are few possible reasons that arise from the design of the
evolution experiment from which the populations originated (Saarinen et al.
2018) and the competition assays we implemented in this study (IV). First, the
competitive success of S. marcescens was high when measured after 3 days of
competition, as it had almost outcompeted its competitor species. This dominant
growth ability could have confounded us from observing the effects of
temperature treatments. However, our additional analyses indicated that the
competitive success of S. marcescens was not explained by its growth
characteristics nor the ability to compete with other species by resource or
interference competition. In previous competition experiments, S. marcescens has
been set against multiple species in the same culture and competitor species were
supplemented to maintain the community, leading to less pronounced invasions
(Ketola et al. 2017, Saarinen et al. 2019). However, in Saarinen et al. (2019) the
nonsignificant effect of the invader’s evolution environment after 3 days of
competition was comparable to ours, and the significant effect was found only at
the subsequent stages of invasion.

In the evolution experiment preceding our invasion study, the growth rates
and yields were estimated for the evolved bacterial populations at constant and
rapidly fluctuating environments (Saarinen et al. 2018). The results showed
increased growth ability for some of the competitor species but not for the
invader S. marcescens. This lack of adaptation might well explain why the
evidence also for the thermal preadaptation and increased invasiveness was
missing in competition experiments. Another possibility could be that during the
experimental evolution there was not enough time for a thermal generalism to
evolve when starting from a homogeneous gene pool. However, the evolutionary
time in an experimental setup closely similar to ours has been sufficient for
adaptations to occur in response to selection (Ketola et al. 2013). This suggests
that within the given time, the selection for improved competitive ability was not
very strong.

Overall, our study highlights the importance of the present environmental
fluctuations in promoting species’ competitive success and potentially
facilitating biological invasions. This points that conserving relatively
undisturbed habitats could be the best way to prevent large-scale competitive
exclusions in nature (Hobbs and Huenneke 1992). Surprisingly, the relative effect
of thermal fluctuations on the evolutionary timescale seemed minor, which
might be explained by species-specific traits or some technical limitations in
study design. Further studies on the multifactorial nature of invasions are needed
to forecast the general patterns of how temperature alters microbial communities
(Lax et al. 2020). The information emerging from microbial studies is also
important since climate change will increase the spread of pathogens into new
habitats and hosts (Bennett and Hughes 2009, Ricciardi et al. 2017).
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3.5 Absence of trade-offs in thermal adaptation (I, 1I, I1I, IV)

In this thesis I integrated methods from molecular and quantitative genetics and
used experimental evolution to study the evolution of thermal tolerance. The
results from the studies (I, II, III, IV) did not find strong support for the
hypothesized fitness trade-offs or evolutionary constraints between adaptation
to constant and fluctuating temperatures. To summarize, there were no
prominent trade-offs in thermal tolerance at the levels of: individual loci and
allelic effects (I, II), most of the genetic variation and genetic correlations (II),
adaptation with larger or smaller population size (III), or evolutionary responses
at constant and fluctuating temperatures (III, IV). However, the tolerance to
extreme heat seemed to be a special case with specific large-effect loci, little
genetic variation, and more independent evolution in some species (I, II). On the
other hand, high temperatures might form a strong selection pressure that
facilitates fast evolution (III). Next, I will discuss previously presented biological
explanations that help to outline my conclusions about the absence of trade-offs
in thermal adaptation.

The costs of adaptation have long been one of the fundamental assumptions
in evolutionary biology (Darwin 1859, Levins 1968, Stearns 1989). Today, TPC
trade-offs are part of the models that are used to predict species survival under
climate change (Schulte et al. 2011, Sinclair et al. 2016, Buckley and Kingsolver
2021). Paradoxically, the evidence for the existence of trade-offs in thermal
adaptation has been elusive, as fitness costs and genetic constraints are not
always demonstrated in experiments, or they are weaker than expected (Bennett
et al. 1992, Bennett and Lenski 1993, 2007, Angilletta 2009, Bideault et al. 2023).
This lack of evidence has led to a debate about the existence of genotypes that are
superior in both thermal tolerance and performance (Huey and Hertz 1984,
Scheiner 1993, Conover et al. 2009, Kristensen et al. 2020). According to the TPC
optimality models and life-history biology, the evolution of superior genotypes
should be prevented by specialist-generalist trade-offs at multiple biological
levels (Levins 1968, Stearns 1989, Angilletta 2009). However, empirical evidence
shows that supergeneralists, that are not hindered by the cost of plasticity, exist
across taxa (Kassen 2002, Conover et al. 2009, Latimer et al. 2015, Manenti et al.
2015, Murren et al. 2015, Schaum et al. 2022), and that they can outcompete
specialists due to lack of trade-offs in alternative thermal environments (Kassen
2002, Callahan et al. 2008, Duncan et al. 2011, Ketola et al. 2013). Likewise, many
TPC studies have found most of the genetic variance to be in overall performance
across temperatures, i.e. in the faster-lower mode (Yamabhira et al. 2007, Shama et
al. 2011, Latimer et al. 2015, Moghadam et al. 2020), which indicates that the
evolution of positively correlated performance traits between extreme and
benign temperatures are possible. Especially, the TPCs measured for growth
have been found to exhibit the faster-slower mode (Angilletta 2009).

To overcome the costs caused by trade-offs, superior generalists must
acquire additional energy to perform well across temperatures, or alternatively,
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reallocate their energy among different traits (Angilletta 2009). Thus, the life
history explanation why faster-slower mode predominates TPCs comes from the
acquisition and allocation trade-offs between different traits (Van Noordwijk and
De Jong 1986, Houle 1991). According to a hypothesis of condition-dependent
traits, the lack of trade-offs on individual level can be explained by the larger
amount of genetic variation in individual’s overall fitness traits compared to
stress tolerance (Rowe and Houle 1996, Kristensen et al. 2020). For example, if
individuals differ genetically in their ability to acquire resources, some of them
will have higher general condition which is reflected to their ability to perform
well across temperatures (Van Noordwijk and De Jong 1986). In this way, the
condition-dependent traits can capture the high levels of the genetic variance and
resources in condition, and correlations between traits remain positive (Rowe
and Houle 1996, Berger et al. 2014). Indeed, it has been found that the traits
associated with individual’s overall fitness are usually those related to cells
resource uptake and energy efficiency (Kristensen et al. 2005, Pedersen et al. 2008),
and that the evolution of faster growth rate often involves changes in resource
acquisition and metabolic assimilation, accompanied with evidence for superior
generalist that grow better across temperatures (Billerbeck et al. 2000, Van
Doorslaer and Stoks 2005).

Evolution can reduce fitness costs over time through genetic mechanisms
and strong selection against trade-offs (Murren et al. 2015). For example,
mutations that compensate the effects of antagonistically pleiotropic mutations
can accumulate in genes that regulate the basic cellular pathways and
individual’s overall fitness (Yadav et al. 2015). Genetic resolutions to costs might
also explain why trade-offs are often observed in the laboratory experiments or
between species, but rarely in natural populations or within species (Glazier
1999, Leroi et al. 2005, Yadav et al. 2015, Agrawal 2020). Furthermore, the
polygenic nature of thermal tolerance found in many experiments of both
quantitative and molecular genetics indicates that there is not a single “magic
bullet’ i.e. one major gene for thermal adaptation (Cortés et al. 2020, Lecheta et al.
2020). So, it is well recognized that the genetic basis of thermal tolerance is
complex, and that antagonistic pleiotropy between adaptation to different
temperatures does not necessarily constrain evolution (Hochachka and Somero
2002, Kassen 2002, Buckling et al. 2007). It is also possible that there are no real
costs altogether if mutations are not antagonistically, but synergistically
pleiotropic, meaning that some genotypes just adapt better to multiple
environments (Sackman and Rokyta 2019, Chavhan et al. 2021). This could be the
case if adaptation to temperature happens mainly by mutations of positive or
neutral pleiotropy.

Selection may generate associations among traits when correlated
environmental conditions produce correlated selection pressures (Roff and
Fairbairn 2007, Agrawal et al. 2010). Nearby temperatures are likely to create very
similar selection pressures for organisms, and accordingly, the genetic
correlations between performances at contiguous temperatures are usually
strong and positive (Moghadam et al. 2020). Conversely, performances at extreme
temperatures have often lower and even negative genetic correlations with
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performances at other temperatures, indicating pronounced trade-offs
(Travisano and Lenski 1996, Kingsolver et al. 2004, Orsted et al. 2019). In general,
trade-offs between different temperatures are probably less likely because
temperature forms more continuous selection gradient compared to discrete
factors like uptake of different nutritional resources (Chavhan et al. 2021). In other
words, because the same pathways regulate thermal tolerance at cellular level, it
is less likely to find separate adaptations for tolerating different temperatures
than for acquiring different nutrients. For example, the basal production of HSPs
at benign temperatures is beneficial also when thermal conditions become
suddenly more extreme (Chevin and Hoffmann 2017).

In addition, the detection of trade-offs can be obscured by the patterns of
past selection. For example, detecting the costs of phenotypic plasticity is affected
by the amount of variation in plasticity between individuals, such as, whether
thermal specialists and generalists are present in a population, or alternatively, if
the physiological trade-offs are genetically fixed among most of the individuals
(Stearns 1989, Snell-Roog and Ehlman 2021). Fluctuating selection pressures can
also purge deleterious mutations from a population, reducing the expression of
costly traits and trade-offs (Snell-Rood et al. 2010, Kristensen et al. 2020). If
deleterious mutations are removed by natural selection, most of the mutations in
a population could be selectively neutral and under drift. It is important to
remember that, in addition to adaptive explanations, neutral evolutionary
processes can explain the observed patterns of variation and trade-offs within
and between populations (Angilletta 2009, Snell-Roog and Ehlman 2021).

The results of this thesis and the literature discussed highlight the need for
reconsidering some of hypotheses that emphasize the role of antagonistic
pleiotropy and trade-offs in thermal adaptation (Lynch and Gabriel 1987,
Gilchrist 1995). There are several, but not mutually exclusive biological
explanations why trade-offs are often absent in experiments studying the cost of
plasticity in fluctuating environments or the variation in TPCs (Angilletta 2009,
Snell-Roog and Ehlman 2021). The diversity of possible mechanisms could itself
be one explanation for the mixed evidence of trade-offs if the mechanisms act
simultaneously and are important to varying degrees (Kassen 2002, Snell-Roog
and Ehlman 2021). When modeling TPCs, the acquisition and allocation tradeoffs
should be incorporated to make realistic predictions about the overall fitness of
an individual and the populations’ evolutionary potential (Angilletta 2009,
Agrawal et al. 2010, Berger et al. 2014). Furthermore, it is important for future
studies to investigate trade-offs at multiple levels of biological organization, from
alleles to interspecific interactions affecting ecosystems, and preferably combine
different study methods to get comprehensive results.



4 CONCLUSIONS AND FUTURE DIRECTIONS

Considering my results in the context of climate change, some individuals in
a population should be able to adapt when variance in temperature increases,
because despite some unique large-effect loci, thermal tolerance has a shared
polygenic basis (I, II), and most of the genetic variance is in individuals” overall
fitness (II). Further, if we want to predict species survival and distribution in
future, then present thermal fluctuations (IV), and the magnitude and duration
of extreme heat exposure seems critical (II, III), most likely to very small
populations (III). Moreover, it is important to think how the theory of thermal
adaptation and the experimental methods could be improved based on the
results of this thesis and the studies referred within.

The fundamental conclusion that can be made about the multitude of
hypotheses and mixed evidence is that there is no universally applicable theory
of thermal evolution. Other studies have come to similar conclusions,
emphasizing that thermal tolerance is a property that emerges from complex
interactions between biochemical and genetic constraints and various selection
pressures (Angilletta 2009, Buckley and Huey 2016, Buckley and Kingsolver
2021). Hence, variation in thermal tolerance might be too idiosyncratic to be
explained by any generalizable hypothesis that would provide predictions about
specific biological systems (Angilletta 2009, Gunderson and Stillman 2015). This
stems from the fact that nature is multivariate, and consequently, the
relationships between temperature, ecology and evolution are too, making
theoretical models only caricatures and often too simplistic to predict
multivariate fitness costs (Clarke 2003, Walsh and Blows 2009, Garland et al.
2022). So, opposite to making generalizations, natural complexity should be
added to the models when predicting thermal evolution in response to climate
change (Buckley and Huey 2016, Buckley and Kingsolver 2021). In nature,
a multitude of environmental factors covary with thermal variability, as well as
multiple biological traits correlate with thermal tolerance, both that affect fitness
and the shape of the TPC (Somero 2010, Todgham and Stillman 2013, Sinclair et
al. 2016). Also, populations are likely to cope with thermal stress by using
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simultaneously different adaptive mechanisms that occur within and between
generations (Kristensen et al. 2020).

Trade-offs in thermal adaptation arise from local adaptation, and several
studies have underlined that TPCs are context dependent (Angilletta et al. 2002,
Kristensen et al. 2020, Pallarés et al. 2021, Verspagen et al. 2023). This dependency
includes specificity to the trait measured, the environmental conditions under
which measurements are made, and the population and species in question
(Gunderson and Stillman 2015, Manenti et al. 2016, Ketola and Kristensen 2017,
Kellermann et al. 2019, Barley et al. 2021). An important implication from this is
that the TPCs measured for a one trait might not be generalizable to the whole
individual fitness because overall fitness constitutes of many fitness related traits
(Angilletta et al. 2003, Kellermann et al. 2019). Similarly, the physiological
allocation trade-offs on the individual level do not always translate into
evolutionary trade-offs in TPCs, as populations usually consist of individuals
that represent trade-offs to varying degrees (Kingsolver et al. 2004, Wooliver et al.
2022). The applicability of TPCs depends also on the fitness relevance of the trait
in the selective environment, for example, the performances measured under
constant conditions might not be a reliable proxy for predicting performances
under thermal fluctuations and adaptation to climate change (Chevin and
Hoffmann 2017, Ketola and Kristensen 2017, Kristensen et al. 2020).

Based on the multiple reasons listed above, it should be worthwhile to
expand the framework of studying thermal tolerance by incorporating additional
factors to experiments and models. These factors could be e.g., several fitness
components, multiple environmental stressors, natural timescales and
predictability of thermal variability, processes at ecological and evolutionary
timescales, alternative genetic architectures, population- or individual-level
variation, and interactions among species (Reed et al. 2010, Todgham and
Stillman 2013, Kellermann et al. 2019, Capblancq et al. 2020, Kristensen et al. 2020,
Barley et al. 2021). In addition, to accurately quantify the evolutionary constraints
on thermal adaptation, it would be useful to integrate methods that use
information from the selective environments, phenotypes, and the genetic
architectures underlying TPCs (Angilletta 2009). One approach to do this is by
experimental evolution and whole-genome resequencing that allows following
the genetic change as well as the coincidental change in fitness across
temperatures (Tobler et al. 2014, Schaum et al. 2018). Another interesting new
avenue is to use nature-derived environmental data to predict how organisms’
genomes response to changes in climatic selection pressures. In genotype-
environment association studies (GEAs), the genomic data is statistically
associated with climate variables measured at sampling site or with historical
data (Lopez-Hernandez and Cortés 2019, Capblancq et al. 2020, Cortés et al. 2020).
GEAs can be combined with GWAS and quantitative genetics to track phenotypic
variation in climate adaptative traits and identify specific loci under selection
(Forester et al. 2016, Hoban et al. 2016, Lopez-Herndndez and Cortés 2019).

A novel way forward is also by using study species that have previously
gained little attention. Most studies on thermal tolerance have been made with
bacteria, animals, and plants, whereas other groups like fungi have stayed
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relatively understudied (Fisher and Lang 2016, Abu Bakar et al. 2020). Microbial
experiments have been used to apprehend the evolutionary responses to extreme
and fluctuating temperatures and to some extent, these results might be
applicable to multicellular and sexual organisms (Kassen 2002, Chavhan et al.
2021). Moreover, the symbiotic or pathogenic bacteria and fungi can alter the
TPCs of higher-level organisms and their geographical distributions (Abu Bakar
et al. 2020, Wooliver et al. 2022). Studying the fungal responses to thermal stress
is important also because they have a key role in ecosystems as decomposers
fuelling the carbon cycle in a soil (Romero-Olivares et al. 2015). In general, more
experimental work is needed on the adaptive potential of TPCs across organisms,
and studying natural variation in contrast to experimentally evolved populations
would help us to make better generalizations (Childress and Letcher 2017, Ketola
and Kristensen 2017, Malusare et al. 2023). Applying genome data to species
distribution models could also benefit nature conservation if species tolerance
ranges are driven by genetic constraints (Kellermann et al. 2009, Capblancq et al.
2020).

To summarize, the future challenges in studying thermal adaptation are
best tackled by adding natural complexity to the models, integrating multiple
methods, and using genomic and environmental data collected from nature
(Cortés et al. 2020, Buckley and Kingsolver 2021). Further work examining the
genetic architecture of thermal tolerance at fluctuating environments could be
accompanied by laboratory experiments that reflect natural timescales of thermal
variability (Barley et al. 2021). However, one should be cautious not to make too
strong generalizations about thermal tolerance and species responses to climate
change based on single studies, as TPCs are context dependent (Kellermann et al.
2019). The ability of an ecosystem to recover its original function after a thermal
disturbance is also likely to depend on complex interactions between species
(Kristensen et al. 2020). To this end, I suggest more studies to verify the effects of
fluctuating and extreme temperatures on the existence of fitness trade-offs and
evolutionary constraints in thermal adaptation.
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YHTEENVETO (RESUME IN FINNISH)

Sopeutuminen limpétilan vaihteluun ja ddrilampotiloihin

Lampdotila on ympadristotekijd, jonka vaihtelu vaikuttaa kaikkeen elolliseen
soluista ekosysteemeihin. Thmisen aiheuttama ilmastonmuutos on paitsi
nostanut maapallon keskilampdétilaa, myos lisinnyt lampdotilassa tapahtuvaa
vaihtelua. Korkeat &ddrilimpdtilat ja nopeat lampétilan muutokset aiheuttavat
fysiologista stressid, jota paremmin sietddkseen eli6t joutuvat sopeutumaan.
Lampotilasopeutuminen voi tapahtua joko nopeina biokemiallisina reaktioina
yksilon kehossa, tai kehittyd useita satoja sukupolvia vaativan geneettisen
evoluution tuloksena. Sopeutumismekanismien onkin oletettu riippuvan siitd,
kuinka nopeaa lampdotilan vaihtelu on suhteessa elitlajin elinkaaren pituuteen.
Lampotilaolojen pysyessd pitkddan vakaina luonnonvalinnan tulisi suosia
yksiloitd, jotka ovat sopeutuneet muita paremmin kyseisiin oloihin.
Vaihtelevissa lampotiloissa luonnonvalinnan tulisi sen sijaan suosia yksilditd,
jotka eivit ole erikoistuneita tiettyyn lampotilaan, vaan pérjadvat kohtalaisesti
lampétilasta riippumatta. Tama tarkoittaa, ettd elidyksildiden ei pitdisi voida
sopeutua samanaikaisesti sekd vakaisiin ettd vaihteleviin lampotilaolosuhteisiin.
Sopeutumista voivat rajoittaa energeettiset kustannukset, joita elintoimintojen
ylldpitdiminen tietynlaisessa ldmpoétilassa vaatii, tai geneettiset erot, jotka
vaikeuttavat nopeaa sopeutumista uudenlaiseen lampétilaymparistoon. On
myos oletettu, ettd yksilomddraltdan pienemmaét populaatiot olisivat hitaampia
sopeutumaan, koska niilldi on vihemman hyoddyllistd geneettistdi muuntelua.
Lisdksi lampétilan vaihteluun sopeutumisen on ehdotettu johtavan yleisesti
hyvin menestyvien vieraslajien kehittymiseen, jotka voivat Kkilpailullaan
syrjdayttdd muita eli6lajeja niiden omissa elinympaéristoissa.

Lammonsietokyvyn evoluutiota rajoittavien ja nopeuttavien tekijoiden
tarkempi tutkiminen on tdrkedsd, jotta voitaisiin paremmin ennustaa elilajien
mahdollisuuksia selvitd ilmastonmuutoksesta. T&lld hetkelld ei esimerkiksi
tiedetd, mitkd geenit elididen perimdssd maddrittavat lampotilasopeutumista
erilaisiin oloihin, tai millaisia sopeumia elitt kehittavat lampotilaltaan vakaissa
ja eri nopeuksilla vaihtelevissa ympdristoissd. Vditoskirjassani tutkin edelld
mainittuja kysymyksid geneettisten menetelmien ja kokeellisen evoluution
avulla. Selvitin laskennallisella genetiikalla ja geenikartoituksilla vaikuttavatko
samat geenit lammonsietokykyyn vakaissa keski- ja ddrilampotiloissa sekéd
hitaasti ja nopeasti vaihtelevissa lampétiloissa (I, II). Kokeellisessa evoluutiossa
kasvatin suuria ja pienid populaatiota satoja sukupolvia lampétilaltaan vakaissa
keski- ja ddrilampotiloissa sekd eri nopeuksilla vaihtelevissa lampotiloissa
ndhdékseni sopeutuvatko populaatiot yhtd tehokkaasti erilaisiin oloihin (III).
Lisadksi tein kilpailukokeita, joissa tutkittiin ovatko vaihtelevissa lampotiloissa
kehittyneet lajit parempia kilpailijoita vakaissa lampétiloissa kehittyneitd lajeja
vastaan, sekd sitd, miten Kkilpailun aikana tapahtuva lampétilan vaihtelu
vaikuttaa lajien menestykseen (IV). Tutkimuselidindni kdytin sieni- ja
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bakteerilajeja, joiden kasvua ja mddrdd mittaamalla tehtiin p&ddtelmia
sopeutumisesta kokeellisiin olosuhteisiin.

Viitoskirjani tulokset eivit antaneet tukea aiemmille oletuksille siitd, etta
vakaisiin ja vaihteleviin lampdétiloihin sopeutumisen vililld olisi voimakkaita
energeettisid tai evolutiivisia rajoitteita. Geneettiset menetelmat osoittivat, ettad
suurin osa lammonsietokykyyn vaikuttavista geeneistd ovat samoja riippumatta
lampotilasta, mutta geenikartoitus 16ysi myos yksittdisid geenejd, jotka olivat
tyypillisid vain tiettyihin vakaisiin tai vaihteleviin lampétiloihin sopeutumiselle
(I, II). Lisdksi jotkin populaatiot vaikuttivat parjadavan hyvin lampétilasta
riippumatta. Poikkeuksena oli kuumansietokyky, jonka geneettinen perusta
erosi enemmédn muista lampotilakasittelyistd ja jonka evoluutiota voi rajoittaa
vdhdinen geneettisen muuntelun maddrd (II). Toisaalta evoluutiokokeessa
havaittiin, ettd geneettisen muuntelun maéédrd ei rajoita kaikkia lajeja, ja ettd
korkeat ddrilampotilat voivat johtaa voimakkaaseen luonnonvalintaan
nopeuttaen evoluutiota (III). Evoluutiokokeessa kuumansietokykyd rajoitti
eniten vakaassa keskildimpotilassa kasvaminen, jonka aikana populaatiot
todenndkoisesti menettivit energeettisesti kalliita solujen suojamekanismeja.
Yleisesti ottaen populaatiokoolla ei havaittu olevan vaikutusta sithen, miten
nopeasti ja tehokkaasti populaatiot sopeutuivat vakaisiin tai vaihteleviin
lampotiloihin (III). Ainoastaan korkeassa &ddrilampoétilassa suuret populaatiot
sopeutuivat pienid paremmin, mikd voi johtua siitd, ettd merkittavad
sopeutumista ei ylipddnsd havaittu keskildimpotilassa tai vaihtelevissa
lampétiloissa. Populaatioiden evolutiivisella taustalla ei ollut merkitysta
myoskddn kilpailukokeissa, joissa vaihtelevissa lampétiloissa kasvaneet lajit
eivat olleet vahvempia kilpailijoita muita lajeja vastaan (IV). Sen sijaan kilpailun
aikana tapahtuvat lampdétilan vaihtelut vaikuttivat merkittavasti lajien vélisen
kilpailun lopputulokseen, mikd voi johtua vaihtelun aiheuttamista hairioistd
ympaéristooloissa.

Tutkimustulosteni perusteella voidaan pddtelld, ettd lisdaantyva
lampétilan vaihtelu ei valttamattd estd elidlajeja sopeutumasta tulevaisuuden
oloihin. Tulokseni my6s haastavat aiempia oletuksia, joiden mukaan elioyksilot
ja populaatiot eivit voi olla samanaikaisesti hyvin sopeutuneita sekd vakaisiin
ettd vaihteleviin lampétiloihin. Tuloksilleni 16ytyy tukea teorioista, joiden
mukaan ldmpétilasta riippumatta yleisesti hyvin menestyvien lajien olemassaolo
on mahdollista, jos suurin osa lammonsietokykyd sddtelevistd geeneistd ovat
samoja. Syynd voi olla myo6s yleinen stressireaktio, joka parantaa yksilon
sietokykyad yhtédaikaisesti monien ymparistotekijoiden vaihtelulle. Yhteenvetona
voidaan todeta, ettd lammonsietokyky on monimutkainen ominaisuus, johon
vaikuttavat useat geenit ja ympadristotekijat. Limmonsietokyvyn evoluutiota
tutkiessa tulisi ottaa huomioon tdm& monimutkaisuus, mutta my0s
mahdollisuus, ettd sopeutuminen vakaisiin ja vaihteleviin ympéristéihin on
ainakin osittain eri geneettisen perustan sddtelemdd. Vaikein rajoite
sopeutumiselle ovat todenndkoisesti korkeat darilampétilat, joihin suuremmat
populaatiot voivat kyetd sopeutumaan pienid tehokkaammin. Lisdksi lampdétilan
vaihtelu voi parantaa joidenkin elidlajien kilpailukykyd ja auttaa niitd
levittdaytymdan uusiin elinymparistoihin.
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Climate change is presumed to increase both the number and frequency of fluctuations
in environmental conditions. Fluctuations can affect the ecological and evolutionary
processes that make species more successful competitors. For example, fluctuating
conditions can create selection pressures for traits that are profitable in adaptation to
fast climate change. On an ecological timescale, environmental fluctuations can facil-
itate species competitive success by reducing other species’ population sizes. Climate
change could then enhance species invasions into new areas if fluctuation-adapted
invaders displace their native competitors in chancing environments. We tested exper-
imentally whether fast environmental fluctuations, either past (on an evolutionary
timescale) or present (on an ecological timescale) affect species competitive success.
Bacteria that evolved in either constant or fluctuating temperature were set to compete
with the dominant invader Serratia marcescens, which had also evolved in either
constant or fluctuating temperature. Moreover, the competition experiments were
conducted in environments with similarly constant or fluctuating thermal conditions.
The results showed that temperature fluctuations during competition, i.e. on an eco-
logical timescale, made the invader more successful. Surprisingly, we found that the
invaders’ or its competitor species’ evolution in fluctuating environments did not affect
the outcome of the competition. Our study highlights the importance of the present
environmental fluctuations in promoting species’ competitive success and potentially
facilitating biological invasions.

Introduction

It is predicted that as a result of climate change
temperatures and also the variability in environ-
mental conditions will increase (IPCC 2018).
Global warming has already enhanced the spread
of many invasive species (Dukes & Mooney
1999, Clements & Ditommaso 2011), but it is
also possible that species’ evolution under fluc-

tuating conditions will contribute to its ability
to invade new areas (Lee & Gelembiuk 2008,
Saarinen et al. 2019). This is because fluctu-
ating conditions create selection pressures for
traits helping to adapt to fast climate change
(Levins 1968, Botero et al. 2015). In addition
to increased species’ invasiveness, fluctuations
in environmental conditions could accelerate
global biodiversity loss by making native com-
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munities and their environments more vulner-
able to invasions (Parepa et al. 2013, Saarinen
et al. 2019). Invasive species are known to be a
problem in many ecosystems, and they can, for
example, competitively displace native species
(Mooney & Cleland 2001). This calls for studies
to predict the success of invasive species under
future changing environmental conditions (Ric-
ciardi et al. 2017).

Climatic fluctuations are often associated
with increased disturbance in natural environ-
ments (Parepa et al. 2013). On an ecological
timescale, environmental fluctuations can facil-
itate species invasions by increasing variation in
native species’ population sizes, thus reducing
competition and releasing resources for invaders
to exploit (Davis 2009). Several field and labora-
tory studies have found disturbed environments
to be more prone to invasions than non-disturbed
(Burke & Grime 1996, Davis et al. 2000, Mel-
bourne et al. 2007, Li & Stevens 2012, Liu et al.
2012). In addition, invasive species have been
suggested to originate from areas that are het-
erogeneous and disposed to disturbances (Baker
1974, Lee & Gelembiuk 2008, Foucaud et al.
2010, Hufbauer ef al. 2012). For example, if the
species has evolved in a disturbed environment,
it might have pre-adaptations which increase its
invasion success in the new environment with
similar conditions (Bock 1959, Lee & Gelem-
biuk 2008, Hamilton et al. 2015). Human-al-
tered environments are becoming universal, and
if species can adapt to this type and intensity
of disturbances, they could become success-
ful invaders worldwide. This scenario is known
as the anthropogenically induced adaptation to
invade hypothesis (AIAI; Huftbauer ef al. 2012).

Species evolution under environmental fluc-
tuations, which are fast in relation to species’
generation time, might select for characteristics,
such as generalism and phenotypic plasticity that
make them subsequently successful as invaders
(Levins 1968, Meyers ef al. 2005, Lee & Gelem-
biuk 2008, Ketola et al. 2013, Kristensen et al.
2018). These qualities can increase their ability to
tolerate a wide range of conditions; for example,
the adaptation to fluctuating temperature by ther-
mal generalism would allow species to prosper in
various environments under climate change (Zer-
ebecki & Sorte 2011). Moreover, the adaptation

to fluctuating conditions can make the invader
more competitive than the native species (Lee &
Gelembiuk 2008, Duncan et al. 2011). This is true
especially if the native species have not adapted
to the prevailing fluctuating conditions (Shea &
Chesson 2002). On the other hand, if the native
species are also pre-adapted to tolerate fluctua-
tions, the invader might not have a competitive
advantage over its local competitors (Saarinen
et al. 2019). However, there is little information
if the lack of adaptation to fluctuations in native
species could make communities less resistant
against invasions and increase the risk of extinc-
tions due to competition with the invader (Mar-
vier et al. 2004, Melbourne et al. 2007).

The experimental evolution studies on adap-
tation to fluctuating environments are numerous
(Kassen 2002), yet very few studies exist on the
possible effects of fluctuations promoting the
biological invasions (Lee & Gelembiuk 2008).
Thus, our aim was to test how rapid temperature
fluctuations in the environment during competi-
tion (i.e. on an ecological timescale), and during
the evolution of both the invader and its compet-
itor species (i.e. on an evolutionary timescale),
affect the competitive success of the invader.
To investigate the multifactorial nature of inva-
sions, we used several bacterial species that had
evolved either in constant or fluctuating tem-
perature and implemented inter-specific compe-
tition experiments in similarly constant or fluc-
tuating thermal conditions (Saarinen et al. 2018).
With this experimental evolution setup and high
levels of replication, we were able to tease apart
the effects that are co-occurring in nature.

As an invader we used a strongly competi-
tive species Serratia marcescens, competing with
other bacterial species in bicultures. In our com-
petition experiments, the invader started as rare
compared with its competitor species. Both the
invader and its competitor species were inocu-
lated concurrently, hence having an equal oppor-
tunity to use the available resources. Therefore,
our experiments reflect asymmetric competition
rather than invasion in a strict sense, i.e. when the
invader arrives later than its resident species. The
level of competitive success of the invader was
defined by continuous metrics as the proportion
of invader clones in the total number of bacterial
clones under specific environmental conditions.
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We hypothesized that: (1) disturbed, thermally
fluctuating, environments promote species’ com-
petitive success, (2) evolution under fluctuat-
ing temperature increases species’ competitive
success, and (3) species evolved under constant
temperature are less resistant to competition in
thermally fluctuating environments.

Material and methods
Study species

In our study, we used the following four species,
all originally obtained from ATCC® (American
Type Culture Collection): Serratia marcescens
ssp. marcescens (ATCC® 13880™), Pseudomo-
nas putida (ATCC® 12633™), Pseudomonas flu-
orescens (ATCC® 13525™) and Novosphingo-
bium capsulatum (ATCC® 14666™). Bacterial
species were chosen based on their abilities to
grow well in the same medium and to tolerate
rapidly fluctuating temperatures of the exper-
iment. Before the experiments, the clones had
evolved for 79 days in thermal cabinets (Lab
Companion, ILP-12; Jeio Tech, Seoul, Korea) in
two temperature regimes: constant temperature
of 30 °C for the whole period, and fluctuating
temperature cycling as follows: 20-30-40-30-
20 °C each temperature kept for 2 h (for details
see Saarinen et al. 2018). This corresponded to
ca. 86 generations in all species and treatments.
The constant temperature was near the optimal
temperature for all the bacterial species, when
the maximum growth rate and yield were mea-
sured (Saarinen et al. 2018). Serratia marcescens
was chosen as an invader because it is known to
dominate the other study species, i.e. reflecting
typical invasive species in this respect, and is
also easy to distinguish from the other species
when using DNase agar plates (Smith ez al. 1969,
Ketola et al. 2017).

Competition experiments

Our study design allowed us to separate the
effects of the environment during competition,
the evolution of the invader and the evolution
of the competitor species (constant vs. fluctuat-

ing temperature in all cases) on the competitive
success of S. marcescens. In this experiment,
the competitive success was calculated as the
proportion of the S. marcescens colonies in the
total colony count including also the competitor
species colonies. This means that there was no
defined threshold value for the competitor spe-
cies’ displacement. The invader clone that had
evolved in either constant or fluctuating tem-
perature competed with the competitor species’
clone that had also evolved in either constant
or fluctuating temperature. We implemented
competition experiments in two environments
which matched the conditions during bacterial
evolution, one with constant (30 °C) and the
other with fluctuating (20-30-40 °C, at two-hour
intervals) temperature. Altogether we had eight
different treatment combinations.

In the competition experiment, we used one
clone per replicate population (n = 8) for each
bacterial species. After the evolution (see “Study
species”), clones were isolated from each of the
populations and frozen at —80 °C (1:1 in 80%
glycerol). At first, we propagated all study species
separately from frozen samples for three days at
30 °C and measured clones’ inoculum sizes as
optical densities (OD) in temperature-controlled
spectrophotometers (Bioscreen C®, Oy Growth
Curves Ab, Ltd., Helsinki, Finland). After that,
one clone from each S. marcescens population
was chosen randomly to compete with one clone
from each population of its competitor species in
biculture. The initial invader-to-competitor ratio
was 1:24. This experiment was repeated with all
three competitor species (P. putida, P. fluorescens,
N. capsulatum). In total there were 192 competi-
tion experiments.

The experimental microcosms were 15 ml
centrifuge tubes (Sarstedt, Numbrecht, Ger-
many) containing 3 ml of sterile nutrient broth
medium (10 g of nutrient broth powder [Difco,
Becton, Dickinson & Company, Sparks, MD]
and 1.25 g of yeast extract (Difco) in 1 1 of ster-
ile ddH,0). We initiated the competition exper-
iments by pipetting 2 pl of S. marcescens and
48 ul of one of its competitor species into all of
the 192 tubes. Species were inoculated concur-
rently so that there was an equal opportunity for
consuming the resources. Half of the tubes were
kept in constant (30 °C) and half in fluctuating
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(see “Study species”) temperatures. The tube
caps were kept loose to ensure the gas exchange.
We allowed the species to compete for three days
(72 h), after which we sampled 500 pl of bac-
terial suspension from each tube into cryotubes
containing 500 pl of 80% glycerol and stored
them at —80 °C for later analysis.

Determination of competitive success

To determine the competitive success of S. mar-
cescens, we counted the invader colonies in
each sample after three days of competition. We
plated all the 192 frozen samples in a random
order. We used a standard dilution-series tech-
nique, i.e., we pipetted 100 pl of thawed bacte-
rial suspension into 900 pl of sterile ddH,O and
repeated the tenfold dilution six times to achieve
10-fold and 10-°-fold dilutions of the original
samples. These dilutions allowed us to count
separate colonies on agar plates. The discrim-
ination of species, S. marcescens or other, was
conducted on DNase test agar plates (Becton,
Dickinson and Company, Sparks, MD; premade
at Tammertutkan maljat, Tampere, Finland).
DNase plates allow for separation of the invader
colonies from the competitor species colonies
because only S. marcescens can break down
DNA enzymatically, which is seen as a clear halo
around the colonies (Smith ez al. 1969, Ketola
et al. 2017). After two to three days of propa-
gation at room temperature, we counted the S.
marcescens colonies and all bacterial colonies
on each plate to estimate the competitive success
() of the invader expressed as the proportion of
S. marcescens colonies in the total colony count.

Data analysis

We tested the effect of the environment tempera-
ture during competition, as well as that of the
evolution temperature of the invader and com-
petitor species, on the competitive success of S.
marcescens. We modeled the odds of encoun-
tering S. marcescens colonies in all bacterial
colonies on a DNase agar plate. As we had a
non-normal proportion data and the analysis
included random effects, we analyzed the results

with generalized linear mixed model (GLMMs;
Bolker et al. 2009). We used a binomial error
distribution and a logit link, and set the total
number of colonies on a plate as a denominator
to control for the total number of events in a trial.
All analyses were run in SPSS ver. 24.0 (IBM-
SPSS, Chicago, IL).

The three fixed factors were the environment
during competition, the evolution of the invader
and the evolution of the competitor species,
which all had two levels, constant and fluctuat-
ing temperatures. We fitted these three fixed fac-
tors, all their two-way interactions and the three-
way interaction as explanatory variables. The
identity of the S. marcescens clone, regardless
of its evolution regime, and the identity of the
competitor species were fitted as random factors.
This was done to control for the non-indepen-
dency of the observations, arising from the fact
that the competitive success of the same invader
clones was measured in two environments and
against several competitor species. In addition,
we also performed backward model selection for
the full factorial model to find the most reduced
model by removing effects for which p > 0.1.
This procedure did not change the biological
interpretation of the results.

To test the sensitivity of the main results, we
re-ran our model including also the fixed effect
of competitor species’ identity, and all possible
two- to four-way interactions with other fitted
factors. This allows test the responses of com-
petitor species to the environment temperature
during competition and the evolution temperature
of the invader and its competitor species. In addi-
tion, we tested a model in which the inoculum
sizes of both the competitor species’ clones and
the invaders’ clones were added as covariates to
control for the differences in starting cell den-
sities. Moreover, using the data from Saarinen
et al. (2018), we tested whether growth char-
acteristics of the invader clones at nearly opti-
mal thermal conditions (30 °C), extreme thermal
conditions (20 °C and 40 °C) or during thermal
fluctuations (see “Study species”) affected the
competitive success of the invader by includ-
ing them in the analysis as fixed covariates. As
all additional analyses confirmed our findings
from the full factorial model, in the following
we present the results from the full factorial and
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Fig. 1. The effects of (A) the environment temperature during competition, and (B) the three-way interaction of the
environment temperature during competition, the invader’s evolution temperature and the competitor’s evolution
temperature. Competitive success (u) is the proportion of Serratia marcescens colonies in the total colony count
after three days (72 h) of competition. Shown are the estimated marginal means with 95% confidence limits (CL).

the reduced models only. All count data, clones’
inoculum sizes and additional data of maximum
growth rates and yields are available at https://
doi.org/10.17011/jyx/dataset/68316.

Results

The full factorial model indicated high com-
petitive success of S. marcescens after three
days of competition (all-data mean u = 0.981,
95%CL = 0.949-0.993). In all the studied spe-
cies’ pairs, there was clearly one factor, the
environment temperature during competition,
which had an effect on the competitive success.
Serratia marcescens was more successful when

the environment temperature during competition
was fluctuating (u = 0.989, 95%CL = 0.969—
0.996) rather than constant (u = 0.968,
95%CL = 0.917-0.988, p = 0.001) (Fig. 1A and
Table 1). The invader’s evolution temperature,
the competitor’s evolution temperature, as well
as all the studied interactions had no effect on the
competitive success of S. marcescens (Fig. 1B
and Table 1). The random effect of the invader
clones’ identity was significant (O'zlogn =0.503,
SE =0.205, Z=2.447, p = 0.014), but the effect
of the competitor species identity was non-sig-
nificant (02logit = 0.271, SE = 0.275, Z = 0.985,
p =0.325).

The reduced model produced the same
results. The only difference was that competitive

Table 1. The results of the generalized linear mixed model testing the effects of the environment temperature during
competition, as well as the evolution temperature of the invader and the competitor species on the competitive suc-
cess (u) of Serratia marcescens after three days (72 h) of competition. Full model and the most reduced model after
backward model selection with removal criterion of p > 0.1; df1 was 1 for all factors and factor interactions.

Full model Reduced model
F df2 p F df2 p
Environment during competition 141.679 182 0.001 155.031 186 0.001
Invader’s evolution 0792 14 0389 0815 14 0.382
Competitor’s evolution 1533 182 0.217 3.184 186 0.076
Environment during competition x invader’s evolution 0.001 182 0.981
Environment during competition x competitor’s evolution 1.624 182 0.204
Invader’s evolution x competitor’s evolution 0.256 182 0.614
Environment during competition x invader’s evolution x competitor’s evolution  0.165 182  0.685
AIC = 1153.181 AIC = 1139.420
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success of the invader seemed insignificantly
higher when the competitor species had evolved
in fluctuating (u = 0.982, 95%CL = 0.952—
0.994) rather than in constant temperature
(1 =0.980, 95%CL = 0.945-0.993, p = 0.076;
see Table 1). The AIC value for the reduced
model was slightly better than that for the full
model (see Table 1).

Discussion

Ongoing climate change is increasing fluctuations
in global temperature (IPCC 2018), and therefore
can potentially increase chances of successful
species invasions now and in future (Stachowicz
et al. 2002, Parepa et al. 2013). Despite that, very
few studies have tested this prediction (Kreyling
et al. 2008, Lee & Gelembiuk 2008, Ketola et al.
2013, Saarinen et al. 2019). Experimental eval-
uation of the relative importance of ecological
and evolutionary processes, which affect species’
invasion success at different timescales is also
lacking (Lee 2002, Facon et al. 2006). In our
manipulative laboratory experiment, we quanti-
fied the effect of temperatures fluctuating on the
ecological timescale and during the evolution of
the invader and its competitor on the competitive
success of the invader. We found that fast tem-
perature fluctuations in the environment during
competition clearly facilitated competitive suc-
cess (Fig. 1A and Table 1). However, we did not
detect any evidence for the effect of fluctuating
temperatures during invaders’ or its competitor’s
evolution, or the interactions between the stud-
ied factors on the outcome of the competition
(Fig. 1B and Table 1).

In accordance with our hypothesis, S. marc-
escens was more successful, when the tempera-
ture during competition was fluctuating, rather
than when it was constant (Fig. 1A and Table 1).
This result indicates that disturbed environments
are more prone to invasions than less disturbed,
and is consistent with the results of previous
studies carried out on plants and bacteria (Burke
& Grime 1996, Davis et al. 2000, Li & Stevens
2012, Saarinen et al. 2019). Our study is among
the first ones to show experimental evidence that
fluctuations in temperature, not just in resource
availability, could also affect species’ competi-

tive success, and potentially its ability to invade
(Davis et al. 2000, Melbourne et al. 2007, Liu
et al. 2012, Saarinen et al. 2019). Experiments
providing data on fluctuations in other environ-
mental factors and their interactions could offer
interesting insights (Kreyling et al. 2008, Parepa
et al. 2013). However, it should be remembered
that disturbed and fluctuating environments may
differ, and besides the anthropogenic pressure,
there is also natural variation in environmental
conditions which could affect species’ invasion
success (Ricciardi & Maclsaac 2000, Winkler
et al. 2008). Contrary to competitive exclusion,
environmental fluctuations can also act as a
factor promoting species’ coexistence and main-
taining diversity (Chesson 2000).

Unexpectedly, we found that evolution of S.
marcescens in the fluctuating temperature had
no effect on its competitive success (Fig. 1B
and Table 1). This contradicts the notion that
adaptation to fluctuating environments improves
species’ invasiveness (Lee & Gelembiuk 2008).
Some earlier studies found evidence for the
higher invasion success of species and popula-
tions that evolved in disturbed habitats (Baker
1974, Winkler et al. 2008, Foucaud ez al. 2010,
Ketola et al. 2013, Saarinen et al. 2019). Also,
permissively fluctuating temperatures can select
for enhanced performance traits such as faster
growth rate (Colinet et al. 2015). In our study,
all bacterial cultures were initiated from clones
of replicate populations which had evolved in
specific environments. Even when starting from
a homogeneous gene pool, the evolutionary
time in an experimental setup closely similar
to ours, is sufficient for adaptations to occur in
response to selection (Ketola et al. 2013). This
suggests that within a given time the selection
for improved competitive ability was not very
strong. Alternatively the lack of results could be
due to clone-specific evolution of growth traits
that could mask treatment effects. However, our
additional analyses indicated that the competi-
tive success of S. marcescens was not explained
by its growth characteristics nor the ability to
compete with other species (resource or interfer-
ence competition).

Like invaders, competitor species could also
benefit from the evolution in fluctuating envi-
ronments (Saarinen ef al. 2019). Contrary to our
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hypothesis, the results did not show higher com-
petitive success of S. marcescens when the com-
petitor species had evolved in a constant-tem-
perature environment (Fig. 1B and Table 1). In
the reduced model, the effect of the competi-
tor’s evolution temperature was insignificant (p =
0.076; see Table 1) but pointing to better compet-
itive success of the invader when its competitor
had evolved in a fluctuating-temperature environ-
ment. Whether the species’ evolution in a constant
thermal environment could affect their adaptation
to thermally fluctuating environments is unclear.
For example, in the long-term study of tobacco
hornworm (Manduca sexta) (Kingsolver et al.
(2009) did not find divergence in the responses
of fluctuation- and constant-environment adapted
populations to fast temperature fluctuations. In
another experiment, populations of the pitcher
plant mosquito (Wyeomyia smithii) from different
geographic locations showed no genetic differ-
ences in their response to diurnal fluctuations
(Ragland & Kingsolver 2008). In both studies,
the between-population differences in life-history
traits were dependent on the mean temperature
rather than the variation in temperature (Ragland
& Kingsolver 2008, Kingsolver et al. 2009). On
the other hand, bacterial communities that had
adapted to constant conditions were found to be
more vulnerable to invasion, especially during
the early stages of the experiment (Saarinen et al.
2019). More studies are needed to assess whether
climate change can facilitate biological invasions
by favoring invasive species over their native
competitors (Stachowicz et al. 2002).

In addition, we found no effect of the inter-
action between the environment temperature
during competition and that during the invader’s
evolution (Fig. 1B and Table 1). This contra-
dicts the anthropogenically induced adaptation
to invade hypothesis and the previous findings
on invasive species, which show evidence that
pre-adaptation of organisms to matching envi-
ronmental conditions makes them more success-
ful in invading new areas (Ricciardi & Maclsaac
2000, Bossdorf et al. 2008, Winkler et al. 2008,
Foucaud et al. 2010, Hufbauer et al. 2012, Ham-
ilton et al. 2015). Along with this, none of the
interactions were found to affect the competitive
success of S. marcescens, pointing that the stud-
ied factors were not dependent on each other

(see Fig. 1B and Table 1). Some studies found
stronger evidence for these interactions, when
the environmental conditions during invasion,
the traits of the invader and the attributes of its
native competitors acted together (Kreyling et
al. 2008, Litchman 2010, Méchler & Altermatt
2012, Saarinen et al. 2019).

In our study, the detection of the effects of
temperature fluctuations on competition might
have been confounded by the high overall com-
petitive success of S. marcescens. Although we
cannot separate the effect of the overall compet-
itive success, it was clear that the temperature
fluctuations during competition improved the
success of the rare species. Previous studies
carried out with the same bacterial strains, but
setting S. marcescens against multiple species in
the same culture and adding the competitor spe-
cies frequently, did not find as pronounced inva-
sions (Ketola et al. 2017, Saarinen et al. 2019).
In addition, it could be argued that our artificial
community was too simple as we used only one
competitor species as “the community”. Indeed,
this is a simplification of nature, where also bio-
diversity and composition of native communities
are assumed to affect their resistance to invasions
(Davis 2009, Ketola et al. 2017). Recent studies
highlighted, for example, the importance of mul-
tiple invaders and the abundance of the invader
relative to that of the resident community as the
primary drivers of invasion (Kinnunen et al.
2018, Rivett et al. 2018). However, the aim of
our study was not to mimic the complexity of
natural communities, but to efficiently test the
theories of invasion biology (Naughton et al.
2015). The information emerging from microbial
studies is also important since climate change is
going to increase the spread of pathogens into
new habitats and hosts (Bennett & Hughes 2009,
Litchman 2010, Ricciardi ez al. 2017).

To conclude, we found that rapid tempera-
ture fluctuations during competition improve the
competitive success of S. marcescens, pointing
that the ecological context could be extremely
important also in invasions (Shea & Chesson
2002). Furthermore, we found no evidence
that evolution under fluctuating conditions or
competitors’ lack of adaptation to tolerate tem-
perature fluctuations makes the invader more
successful. Our findings show that the current
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environmental variation resulting from climate
change (IPCC 2018) could be the most prom-
inent factor in promoting species’ competitive
success in fluctuating environments. However,
further studies aiming at distinguishing the traits
of the invader, the attributes of its native com-
petitors and the environmental conditions during
invasion, should be undertaken (Facon et al.
2006, Lee & Gelembiuk 2008). Considering
these factors together would allow us to make
more accurate predictions of the species’ ability
to invade under novel, fluctuating climatic con-
ditions (Kreyling et al. 2008, Litchman 2010,
Michler & Altermatt 2012, Saarinen ef al. 2019).
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