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Zusammenfassung

Mutationen entstehen im Kern als zufallige Fehler in den normalerweise hochprazisen
Prozessen der DNA-Replikation und -Reparatur. Dadurch verandert sich die Primarsequenz
der genetischen Information eines Organismus. Diese Fehler reichen von einzelnen
Nukleotidsubstitutionen bis hin zu groR¥flachigen Chromosomenumlagerungen. Sie haben
vielfaltige Ursachen: Endogene Ursachen umfassen spontane chemische Instabilitdten der
DNA-Basen und Schaden durch Stoffwechselprodukte wie reaktive Sauerstoffspezies; exogene
Ursachen sind beispielsweise Umweltmutagene wie chemische Produkte. Aus evolutionarer
Sicht stellt diese molekulare Unvollkommenheit ein zweischneidiges Schwert dar: Sie ist die
einzige Quelle neuer genetischer Variationen, die die Anpassung antreibt. Gleichzeitig sind die
meisten phanotypverandernden Mutationen schadlich und belasten die Fitness kontinuierlich,
was biologische Funktionen beeintrachtigen kann. Angesichts dieser standigen Bedrohung
durch Degradation haben Organismen komplexe und energieintensive Korrektur- und
Reparaturmechanismen entwickelt. Die Tatsache, dass alle Keimbahnmutationen an die
nachste Generation weitergegeben werden, unterstreicht, dass diese Systeme nicht unfehlbar
sind und ihre Wirksamkeit durch interne und externe Faktoren beeintrachtigt werden kann.

Die Rate, mit der diese Fehler in der Keimbahn auftreten (die Mutationsrate), ist ein
fundamentaler Parameter der Evolutionsbiologie. Historisch gesehen wurde die Mutationsrate
als relativ stabile, artspezifische Konstante betrachtet. Dieses Paradigma wurde jedoch durch
ein differenzierteres Verstandnis, die Drift-Barriere-Hypothese, abgeldst. Diese besagt, dass
die Mutationsrate ein evolvierbares Merkmal ist, dessen untere Grenze durch die Starke der
natirlichen Selektion im Verhaltnis zur genetischen Drift begrenzt wird. Diese moderne
Sichtweise wurde durch das Aufkommen von Mutationsakkumulationslinien-Experimenten in
Verbindung mit der Sequenzierung des gesamten Genoms erméglicht. Diese erlauben die
direkte, unverzerrte Schatzung von Mutationsraten und -spektren und haben das Feld von
indirekten Schlussfolgerungen zu direkten empirischen Messungen geflihrt.

Eine zentrale Herausforderung in der Mutationsratenforschung besteht darin, dass die
wichtigsten unmittelbaren Einflussfaktoren auf die Plastizitat der Mutationsrate typischerweise
isoliert untersucht werden, wodurch die Auswirkungen von Stérvariablen unbericksichtigt
bleiben. Diese Dissertation schlie3t diese Liicke durch eine gezielte, mehrstufige
Dekonstruktion der Mutationsrate in der Modellzuckmiicke Chironomus riparius. Dabei werden
die Beitrage intrinsischer Lebenszyklusbeschrankungen, naturlicher Umweltfaktoren und
anthropogener Stressoren systematisch getrennt betrachtet. Durch den Aufbau eines
hierarchischen Rahmens, ausgehend von der intrinsischen biologischen Basislinie bis hin zu
zunehmend komplexen Umweltbelastungen, geht diese Arbeit Giber monofaktorielle
Erklarungen hinaus und entwickelt ein mechanistisch fundiertes, vielschichtiges Verstandnis
der Mutagenese.

In Kapitel 1 habe ich durch die Auswahl von Individuen an den Extremen der nattrlichen
Generationszeitverteilung unter konstanten thermischen Bedingungen gezeigt, dass das
Entwicklungstempo ein Mutationsminimum bei der haufigsten Generationszeit der Population
erzeugt, wo replikationsabhangige und zeitabhangige mutagene Krafte gemeinsam minimiert
werden. In Kapitel 2 isolierte ich direkt den thermischen Effekt auf das endogene oxidative
Milieu und zeigte ein U-formiges ROS-Profil entlang des 6kologisch relevanten



Temperaturgradienten. Ich konnte nachweisen, dass extreme Kalte und Hitze mechanistisch
unterschiedliche oxidative Belastungen darstellen, die zusammensetzungsspezifische
antioxidative Reaktionen erfordern. Kapitel 3 stellt diesen nattrlichen Faktoren einen
anthropogenen gegenuber und zeigt, dass chronische BaP-Exposition die Mutationsrate in der
Keimbahn erhéht und die Fitness Gber einen ROS-unabhangigen Adduktionsweg reduziert, fir
den sich Uber drei Generationen keine adaptive Toleranz entwickelte.

Ich integrierte diese Ergebnisse in der Allgemeinen Diskussion unter drei konzeptionellen
Themen. Abschnitt 1 synthetisiert Kapitel 1 und Kapitel 2 und schlagt die Hypothese der
,Konvergenz von Optima“ vor. Diese besagt, dass die Mutationslast in einem 6kologischen
Fenster minimiert werden kann, in dem die Wirkung mehrerer unabhangiger mutagener
Faktoren gleichzeitig reduziert ist. Abschnitt 2 analysiert die molekularen Fingerabdrticke
verschiedener mutagener Faktoren, indem er die Ergebnisse aus Kapitel 1, Kapitel 2 und
Kapitel 3 zusammenfiihrt und zeigt, dass unterschiedliche Stressoren charakteristische
molekulare Signaturen erzeugen. Abschnitt 3 vergleicht die Reaktionen von Organismen auf
wiederkehrende und neuartige Selektionsdriicke und zeigt so eine grundlegende Asymmetrie in
der evolutionaren Kapazitat auf.

Diese Dissertation schlie3t die Liicke zwischen den durch die Drift-Barriere definierten
evolutionaren Beschrankungen und den proximaten Mechanismen, die die tatsachliche
Mutationsrate in der Natur bestimmen. Um die Variation der Mutationsrate zu verstehen, ist es
letztlich notwendig zu wissen, warum sie entsteht, wie sie Gber unabhangige molekulare
Mechanismen wirkt und welche Populationen am starksten betroffen sind, wenn die
Evolutionsgeschichte keine optimierte Verteidigung bietet.



Summary

At its most fundamental level, mutation originates as a random error in the general and overall high-
fidelity processes of DNA replication and repair, altering the primary sequence of an organism's
genetic information. These errors can range from single nucleotide substitutions to large-scale
chromosomal rearrangements. They arise from multiple sources: endogenous sources include
spontaneous chemical instabilities in DNA bases, damage from metabolic by-products like reactive
oxygen species, and exogenous sources including environmental mutagens such as chemical
products. From an evolutionary perspective, this molecular imperfection represents a profound
double-edged sword: it is the sole source of the novel genetic variation that fuels adaptation, yet the
vast majority of phenotype altering new mutations are deleterious, imposing a constant fithess load
that can disrupt biological function. Given this constant threat of degradation, organisms have
evolved complex and energy-intensive proofreading and repair pathways. The fact that all germline
mutations persist to be passed to the next generation underscores that these systems are not
infallible, and their efficacy can be compromised by both internal and external factors.

The rate at which these errors occur in the germline (the mutation rate) is a fundamental parameter
in evolutionary biology. Historically, the mutation rate was treated as a relatively stable, species-
specific constant. This paradigm, however, has been superseded by a more nuanced
understanding, the Drift-Barrier hypothesis, which posits that the mutation rate is an evolvable trait
whose lower limit is constrained by the power of natural selection relative to genetic drift. This
contemporary view was made possible by the advent of mutation accumulation lines experiments
coupled with whole-genome sequencing, which allow for the direct, unbiased estimation of mutation
rates and spectra, moving the field from indirect inference to direct empirical measurement.

A primary challenge in mutation rate research is that the key proximate drivers of mutation rate
plasticity are typically studied in isolation, failing to resolve the effects of confounding variables. This
dissertation addresses this gap through a targeted, multi-stage deconstruction of the mutation rate
in the model non-biting midge Chironomus riparius, systematically partitioning the contributions of
intrinsic life-history constraints, natural environmental modulators, and anthropogenic stressors. By
building a hierarchical framework from the intrinsic biological baseline outward to increasingly
complex environmental challenges, this work moves beyond single-factor explanations toward a
mechanistically grounded, multi-layered understanding of mutagenesis.

By selecting individuals at the extremes of the natural generation time distribution under constant
thermal conditions, in Chapter 1 | demonstrated that developmental tempo creates a mutational
minimum at the population's modal generation time, where replication-dependent and time-
dependent mutagenic forces are jointly minimized. In Chapter 2 | directly isolated the thermal effect
on the endogenous oxidative environment, demonstrating a U-shaped ROS profile across the
ecologically relevant thermal gradient and revealed that cold and heat extremes impose
mechanistically distinct oxidative challenges requiring composition-specific antioxidant responses.
Chapter 3 contrasts these natural drivers with an anthropogenic one, showing that chronic BaP
exposure elevates the germline mutation rate and reduces fitness through a ROS-independent
adduction pathway, for which no adaptive tolerance emerged over three generations.

| integrated these findings under three conceptual themes in the General Discussion. Section 1
synthesises Chapter 1 and Chapter 2 to propose a "Convergence of Optima" hypothesis,
suggesting that mutational load may be minimized in an ecological window where the effect of



multiple independent mutagenic drivers are simultaneously reduced. Section 2 deconstructs the
molecular fingerprints of distinct mutagenic drivers by synthesizing the findings from Chapter 1,
Chapter 2, and Chapter 3, demonstrating that different stressors generate characteristic molecular
signatures. Section 3 contrasts organismal responses to recurrent versus novel selective
pressures, demonstrating fundamental asymmetry in evolutionary capacity.

This dissertation bridges the gap between the ultimate evolutionary constraints defined by the Dirift-
Barrier and the proximate mechanistic drivers that determine the realised mutation rate in nature.
Ultimately, understanding mutation rate variation requires knowing why it arises, how it operates
across independent molecular pathways, and which populations are most exposed when
evolutionary history provides no optimised defence.



General Introduction
1. Foundational Role of Mutation in Evolution
1.1. Mutation as the Ultimate Source of Genetic Variation

Mutation is a fundamental biological process defined as a permanent, heritable alteration to the
nucleotide sequence of an organism's genome (Crow, 1970). For these alterations to be
evolutionarily significant, they must occur in the germline, allowing for their transmission to
subsequent generations. This distinguishes them from somatic mutations, which are restricted to
the individual and do not contribute to the heritable variation of a population (Lesecque et al., 2012).
As the sole process that generates novel alleles, germline mutation provides the essential raw
material upon which evolutionary forces such as natural selection and genetic drift act. The process
is inherently stochastic with respect to fithess; mutations do not arise in response to an organism's
needs but rather provide a random spectrum of genetic possibilities that is the prerequisite for all
adaptive change (Raynes and Sniegowski, 2014).

The spectrum of mutational events is vast, encompassing a range of molecular scales. The most
frequent are small-scale events, primarily single base substitutions where one nucleotide is replaced
by another (Sniegowski et al., 2000). These are further classified as transitions (purine to purine or
pyrimidine to pyrimidine) or transversions (purine to pyrimidine or pyrimidine to purine). Small
insertions and deletions (indels) also contribute significantly to variation and can cause frameshifts
within coding regions or disrupt key functional elements, such as splice sites, in non-coding DNA
(Eyre-Walker et al., 2006). At the broadest scale are large-scale structural variations, such as
chromosomal duplications, deletions, inversions, and translocations (Agarwal et al., 2023). These
substantial rearrangements can have profound phenotypic consequences by altering gene dosage,
disrupting gene function, modifying regulatory architecture, or creating novel gene fusions. These
alterations arise from a combination of endogenous sources, such as errors in DNA replication and
repair, and exogenous sources, such as environmental mutagens (Maki, 2002). This continuous
influx of variation, from the smallest point mutation to the rearrangement of entire chromosome
arms, is the foundational prerequisite for evolution.

1.2 The Evolutionary Paradox of Mutation: A Double-edged Sword
1.2.1 The Cost of Mutation

While mutation is the indispensable engine of adaptation, it presents a profound evolutionary
paradox. Organisms are complex, highly integrated systems whose genetic architecture has been
optimised by long-term natural selection for robust physiological function. Consequently, random
perturbations to this architecture are statistically far more likely to disrupt function than to improve it
(Eyre-Walker et al., 2006). The direct consequence is that the vast majority of new mutations with
discernible phenotypic effects are deleterious, ranging from mildly detrimental to unconditionally
lethal (Keightley and Lynch, 2003).

This constant, unavoidable influx of harmful alleles imposes a persistent fithess burden on
populations, a concept formalized as mutational load (Agrawal and Whitlock, 2012; Haldane, 1937).
Mutational load quantifies the proportional reduction in a population's mean fitness relative to a
hypothetical, mutation-free genotype. This load, arising from the continuous input of new deleterious



mutations, is a primary component of the broader "genetic load" and represents one of the most
persistent evolutionary challenges faced by all organisms (Baer et al., 2007; Lynch et al., 1999).
This inescapable burden establishes a powerful and persistent selective pressure, the response to
which has fundamentally shaped the evolution of molecular systems.

1.2.2 Genomic Defence: The Architecture of DNA Repair

In response to the persistent selective pressure imposed by mutational load, organisms have
evolved a sophisticated and multi-layered defence system dedicated to maintaining genomic
integrity (Marteijn et al., 2014). These DNA repair pathways are among the most ancient and
conserved cellular mechanisms, with origins tracing back to the “Last Universal Common Ancestor”,
underscoring their fundamental importance (Aravind et al., 1999; Makarova et al., 1999). Life has
responded not by eliminating mutation entirely but by evolving complex, energy-intensive molecular
machinery to minimize its rate.

The first line of defence is intrinsic to the process of DNA replication. DNA polymerases possess a 3'
to 5' exonuclease (proofreading) activity that detects and excises mis-incorporated nucleotides,
increasing replication fidelity by several orders of magnitude (Kunkel, 2004a). For errors that
escape this initial surveillance, or for damage arising from other sources, a suite of dedicated repair
pathways exists. The mismatch repair (MMR) system scans newly synthesised DNA to correct
base-base mismatches and small indels (Kunkel and Erie, 2015). To counteract DNA damage,
pathways such as base excision repair (BER) remove single damaged bases, nucleotide excision
repair (NER) removes bulkier lesions, and homologous recombination (HR) provides high-fidelity
repair for double-strand breaks (Hoeijmakers, 2001).

The construction, maintenance, and operation of this entire enzymatic arsenal represent a
significant energetic investment (Lynch, 2012). This significant metabolic expenditure underscores
that genomic fidelity is a complex, multi-component trait under strong selective maintenance,
purchased at a high cellular cost.

1.2.3 Constraints on a Zero Mutation Rate

Despite the remarkable sophistication of these genomic maintenance systems, they remain
inherently imperfect, ensuring that a non-zero mutation rate persists across all life. This
imperfection arises from fundamental physical and cellular constraints that operate at two distinct
levels. First, at the molecular level, DNA polymerases and repair enzymes face inherent kinetic
constraints rooted in the biophysics of kinetic proofreading (Kunkel, 2004b). The chemical
mechanisms governing nucleotide discrimination operate through multiple sequential checkpoints,
each requiring finite time for thermodynamic discrimination between correct and incorrect base
pairs (Hopfield, 1974). This creates an unavoidable speed-accuracy trade-off: achieving higher
fidelity demands slower catalysis to allow sufficient time for proofreading steps, while rapid
replication necessarily reduces discrimination time and increases error rates. These intrinsic error
rates cannot be eliminated without severely reducing catalytic speed to levels incompatible with
cellular function. Second, at the cellular level, genomic fidelity systems impose substantial
metabolic costs (Lynch, 2011). DNA replication and repair machinery consume an estimated ~2-
10% of total cellular energy budgets in rapidly dividing cells (Lynch and Marinov, 2015), and the
material investment required to build and maintain increasingly sophisticated repair pathways
eventually outweighs the fitness benefit gained from marginal improvements in accuracy. Together,



these physical and metabolic constraints ensure that mutation rates remain above zero even under
strong purifying selection.

Beyond these metabolic and kinetic constraints, a non-zero mutation rate is an evolutionary
necessity (Sniegowski et al., 2000). A hypothetical organism with perfect DNA repair (i.e., y = 0)
would have a mutation rate of zero, effectively halting the input of new genetic variation. While this
would maximise current fitness by eliminating the mutational load, it would create an evolutionary
dead end, leaving the population with no capacity to adapt to future environmental changes
(evolvability) (Kirschner and Gerhart, 1998).

Therefore, the persistence of mutation is the result of a complex balance. The effectiveness of DNA
repair is not maximised but is instead optimised to a point where the benefits of maintaining current
genomic integrity are weighed against the costs of repair and the long-term necessity of generating
novel variation (de Vries, 1914). It is this small but persistent stream of mutations, escaping the
grasp of even the most efficient repair systems, that ensures the raw material for evolution is never
fully exhausted.

2. The Evolving Concept of the Mutation Rate

The spontaneous mutation rate (u), which quantifies the rate at which new mutations arise per unit
of time (e.g., per site per generation), is one of the most fundamental parameters in evolutionary
biology (Baer et al., 2007). As the ultimate source of all genetic variation, this rate dictates the
amount of raw material available for natural selection and genetic drift, thereby setting the pace for
adaptation and evolutionary change. In contrast, given that the vast majority of mutations with
phenotypic effects are deleterious, y also determines the constant influx of harmful alleles that
imposes a mutational load on populations (Lynch et al., 1999). Consequently, understanding the
forces that govern this critical parameter has been a central goal of the field, and its
conceptualisation has undergone a profound transformation, from a static constant to a dynamic
and evolvable trait.

2.1 Classical View of u: A Species-Specific Constant

The modern, dynamic view of the mutation rate represents a significant shift from earlier paradigms.
The intellectual groundwork for treating mutation rate as a measurable parameter was laid by the
classic experiment of Luria and Delbrick (1943), which addressed whether mutations arise
spontaneously or as a directed response to environmental pressures (Luria and Delbriick, 1943).
Their landmark fluctuation test demonstrated that resistance mutations arise spontaneously and
randomly before any selective pressure is applied. This established the fundamental principle of
mutation as a stochastic, undirected process, yet one that could be treated as a measurable
statistical parameter at the population level.

This concept was later integrated into a powerful theoretical framework by Motoo Kimura with his
Neutral Theory of Molecular Evolution (Kimura, 1983, 1968). Kimura proposed that the vast majority
of evolutionary change at the molecular level is driven by the random genetic drift of selectively
neutral mutations. A critical consequence of this theory is that for neutral alleles, the rate of
substitution (the rate at which new variants become fixed in a population) is precisely equal to p.
This provided a profound theoretical link between the microevolutionary process of mutation and



macroevolutionary patterns, reinforcing the idea that a relatively constant rate of evolution implied a
relatively constant underlying mutation rate.

Empirical support for this constant rate paradigm was synthesised by John Drake in 1991 (Drake,
1991). By surveying a diverse array of DNA-based microbes, Drake discovered a surprising
consistency: the mutation rate per genome per replication was remarkably stable, clustering around
a value of ~0.003. This observation, known as Drake's Rule, suggested that natural selection had
driven mutation rates down to an evolutionarily optimised constant, reflecting a fundamental trade-
off between the fithess costs of deleterious mutations and the metabolic costs of maintaining high-
fidelity DNA replication and repair machinery. Within this consensus framework, py was treated as a
fixed parameter inversely correlated with genome size.

However, this classical paradigm faced a crisis of empirical inadequacy as genomic data
accumulated from the 1990s onward. The assumption of constant rates was systematically violated
by the discovery of massive mutation rate heterogeneity (Hodgkinson and Eyre-Walker, 2011).
Rates were found to vary by orders of magnitude across different phylogenetic lineages, far
exceeding what could be explained by genome size or physiological constraints. Crucially, studies
revealed that multicellular eukaryotes maintain mutation rates substantially above Drake's constant
and far above their apparent physiological minimums (Baer et al., 2007). Furthermore, mutation
rates showed systematic correlations with life-history traits (e.g., generation time, fecundity, size at
maturity, lifespan) and exhibited significant variation between species, populations, and even sexes
within species (Kong et al., 2012; Martin and Palumbi, 1993), as well as substantial intra-genomic
variation across chromosomes and genomic regions, demonstrating that p is not a fixed constant
but a highly flexible and plastic trait (Sung et al., 2012).

2.2 The Drift-Barrier Hypothesis

The systematic failure of the classical paradigm to account for the vast heterogeneity in mutation
rates necessitated a new theoretical framework, which was provided by Michael Lynch's Drift-
Barrier Hypothesis (Lynch, 2010; Lynch et al., 2016). While some prior studies had documented
mutation rate variation across taxa (Kondrashov, 2003; Sniegowski et al., 2000), the Drift-Barrier
hypothesis provided a unifying population-genetic framework that quantitatively predicted the
equilibrium mutation rate based on the balance between natural selection and random genetic drift.
This hypothesis posited that the lower limit of the mutation rate is determined not solely by
physiological constraints, but fundamentally by the efficacy of selection relative to drift, which is
inversely proportional to effective population size (Ne).

The hypothesis treats the mutation rate as a quantitative trait, where anti-mutator alleles that
increase fidelity are beneficial due to the reduction in deleterious mutations. However, the key
insight is that the fithess advantage conferred by each successive improvement in fidelity shows
diminishing returns; as the mutation rate gets lower, the selective advantage of a slightly better anti-
mutator allele becomes so small that it is effectively neutral. Eventually, as mutation rates decline
and repair fidelity improves, the fithess advantage conferred by each successive anti-mutator allele
becomes vanishingly small. When this advantage falls below a critical threshold (s = 1/(2Ne)),
selection becomes too weak relative to drift to reliably fix beneficial alleles. This threshold, inversely
proportional to Ne, constitutes the "drift barrier." In small populations (low Ne), this drift barrier is high:
genetic drift dominates whenever s = 1/(2Ne), meaning that selection cannot efficiently fix anti-
mutator alleles unless their fitness benefit is large. In large populations (high Ne¢), the threshold is



low, allowing selection to detect and fix alleles with even tiny fithess advantages. Consequently,
species with large effective population sizes, such as bacteria and unicellular eukaryotes, can
evolve exceptionally low mutation rates, while multicellular eukaryotes with chronically smaller Ne
equilibrate at mutation rates orders of magnitude higher (Lynch et al., 2016).

This paradigm changed the understanding of mutation rate variation across taxa. The central,
testable prediction of the Drift-Barrier hypothesis is that per-nucleotide mutation rate should
correlate negatively with effective population size across species. This prediction has been robustly
supported by empirical data (Sung et al., 2012), explaining the patterns the classical paradigm could
not. It clarifies why species with enormous effective population sizes, like bacteria, face a weak drift
barrier and can evolve exceptionally low mutation rates. Conversely, it explains why most
multicellular eukaryotes, with their chronically smaller effective population sizes, face a strong drift
barrier and equilibrate at mutation rates orders of magnitude higher. The Drift-Barrier hypothesis
thus provides the modern foundation for treating p not as a fixed parameter, but as a dynamic,
evolvable trait whose equilibrium is dictated by the population-genetic environment.

2.3 Direct Measurement of Mutation Rate

The paradigm shift from viewing y as a static parameter to an evolvable trait was driven by a
methodological revolution that moved the field from indirect inference to direct empirical
measurement. Historically, mutation rates were estimated via indirect methods that fell into two
main categories (Kondrashov and Kondrashov, 2010). The first approach used phylogenetic
inference, which estimates mutation rates indirectly by calculating the rate of nucleotide
substitutions between species over evolutionary time. This method assumes a molecular clock,
which hypothesises that substitution rates remain approximately constant over time, and divides the
observed sequence divergence by the estimated divergence time to infer the average mutation rate
(Bromham and Penny, 2003). The second approach, pioneered by Luria and Delbriick and refined
by Drake, employed phenotypic screens using reporter loci, specific genes (such as antibiotic
resistance markers in bacteria or coat color loci in model organisms), where mutations produce
easily scorable phenotypic changes (Drake, 1991; Luria and Delbriick, 1943). By counting the
frequency of mutant phenotypes in large populations and applying fluctuation analysis, researchers
could estimate mutation rates at these specific loci, which were then extrapolated to genome-wide
rates. However, phylogenetic approaches suffer from a critical and unavoidable flaw: they measure
substitution rates (the rate at which new mutations become fixed in a population) rather than the
raw mutation rate (the rate at which all non-lethal mutations initially occur in the germline)
(Bromham and Penny, 2003). Reporter loci methods are similarly biased, as they can only detect
mutations with detectable phenotypic effects, missing the vast majority of silent and synonymous
mutations (Bromham and Leys, 2005). This introduces a profound selection bias, as purifying
selection systematically removes deleterious mutations, causing substitution rates to underestimate
the true mutation rate. This created a fundamental attribution problem, making it impossible to
disentangle observed rate variation caused by true differences in mutation from that caused by
differences in selection intensity or demographic history.

The conceptual and technological breakthrough that resolved this impasse was the coupling of
mutation accumulation (MA) experiments with whole-genome sequencing (WGS). The MA method
involves propagating numerous parallel lineages through extreme, single-individual bottlenecks for
many generations. This experimental design creates conditions where genetic drift becomes the
overwhelming evolutionary force, rendering natural selection almost completely ineffective at



filtering out mutations. In standard MA experiments, where each generation passes through a single
individual (Ne = 1), the power of drift is maximised. Under these conditions, mutations that would
normally be eliminated by selection in natural populations which including mildly and moderately
deleterious alleles can instead accumulate randomly via genetic drift, regardless of their fitness
effects (Halligan and Keightley, 2009; Lynch et al., 2016). By uncoupling the process of mutation from
the filtering effects of selection, MA lines allow nearly all non-lethal mutations to accumulate,
providing an unbiased sample of the mutational spectrum that would be invisible to phylogenetic
methods.

The MA experimental design itself predates genomic sequencing, but the advent of WGS
transformed it into the modern gold standard by enabling the direct, unbiased detection of all
mutations across the genome. By sequencing the genomes of the founding ancestor and the
evolved MA lines, researchers can directly count the de novo mutations that have accumulated. This
MA-WGS approach provides several critical advantages (Katju and Bergthorsson, 2019) over
phylogenetic methods:

Unbiased Rate Estimates: It measures the instantaneous mutation rate, free from the confounding
filter of natural selection (Lynch et al., 2016).

Complete Mutational Spectra: It captures the full spectrum of mutational events except the lethal
mutations but including the deleterious mutations that would be purged in nature and thus are
invisible to phylogenetic analysis (Keightley et al., 2009).

Mechanistic Insight: It reveals characteristic mutational signatures (e.g., strand-specific patterns,
context-dependent rates) that provide direct insights into the underlying molecular processes of
mutation (Schrider et al., 2013; Uchimura et al., 2015).

This methodological advancement provided the high-resolution, unbiased data necessary to
rigorously test modern hypotheses. By enabling direct measurement of the instantaneous mutation
rate free from selection bias, MA-WGS made it possible to test the Drift-Barrier hypothesis's core
prediction: a negative correlation between effective population size and per-site mutation rate
across taxa (Lynch, 2010; Lynch et al., 2016). Empirical studies using this approach have robustly
confirmed this prediction (Sung et al., 2012), while also revealing the true extent of mutation rate
heterogeneity and plasticity, cementing the modern paradigm of y as a dynamic, evolvable, and
environmentally responsive trait.

. Mechanistic Drivers of Mutation Rate Plasticity

The Drift-Barrier hypothesis provides a powerful population-genetic framework for understanding the
ultimate evolutionary equilibrium of the mutation rate, explaining broad-scale patterns of variation
across the tree of life. However, this paradigm treats p as a unified parameter and does not, by
itself, detail the proximate molecular and physiological processes (Wei et al., 2022). To understand
the observed plasticity of this trait, it is necessary to deconstruct it into its component drivers. The
logical starting point for this deconstruction is to establish the baseline mutation rate governed by
intrinsic drivers inherent to an organism's life history and developmental strategy (Martin and
Palumbi, 1993; Thomas et al., 2010). Only after this intrinsic baseline is characterised can the
modulatory effects of extrinsic factors, such as natural environmental variables and anthropogenic
pressures, be accurately contextualized and assessed.

10



3.1 Intrinsic drivers: Life-History and the Replication-Time Damage

Beyond the Drift-Barrier constraint, the realised mutation rate in any organism at any moment is
shaped by proximate mechanistic forces. These forces arise from the fundamental biological
processes required for development, survival, and reproduction (Roff and D. A., 2002; Stearns and
S. C., 1992). Generation time, a core life-history parameter and physiological constraint, is subject
to two simultaneous mutagenic components: replication-dependent errors that scale with the
number of cell divisions, and time-dependent damage that accumulates as a function of
chronological exposure (Maki, 2002). These forces exert distinct pressures on the germline, yet
experimentally disentangling their relative contributions has remained a major challenge.

It is critical to distinguish between physiological constraints and environmental stressors when
discussing mutagenic drivers. Physiological constraints (such as generation time and cell cycle
dynamics) are intrinsic properties of the organism's developmental program (Sniegowski, 1997),
whereas environmental stressors (such as temperature extremes and chemical pollutants) are
extrinsic challenges imposed by external conditions (Bickham et al., 2000; Nauman et al., 1978).
Generation time is not a stressor acting upon the organism but rather a life-history parameter that
reflects the organism's evolved developmental strategy under selection.

3.1.1 Replication-Dependent Mutagenesis and the Generation Time Effect

The first intrinsic mechanism governing mutation rate plasticity is replication-dependent
mutagenesis, formalized as the Generation Length Hypothesis (GLH) (Douzery et al., 1995; Ohta,
1992). This model posits that because germline mutations arise primarily from copy errors during
DNA replication, organisms with shorter generation times (which require more cell divisions per unit
of time) will exhibit a higher mutation rate per year (Martin and Palumbi, 1993). This prediction
arises from the fundamental observation that DNA polymerase errors occur at each replication
cycle, meaning the total mutational burden scales with the number of germline cell divisions (Coop
et al., 2008).

The proximate mechanism underlying replication-dependent mutagenesis is the speed-fidelity
trade-off in DNA replication itself (Fitzsimmons et al., 2018). This trade-off is rooted in the
biophysics of kinetic proofreading: high-fidelity DNA polymerases perform multiple, sequential
quality control steps, each of which requires a finite amount of time (Kunkel, 2004b). At the
organismal level, rapid development compresses the cell cycle, particularly the S-phase (DNA
synthesis phase), which in turn reduces the time available for these proofreading mechanisms to
operate effectively. This temporal pressure can increase polymerase error rates and allows more
misincorporated bases to escape post-replicative MMR surveillance before being fixed as
permanent mutations (Lynch, 2010).

The GLH therefore predicts that rapid development will lead to a higher mutation rate per unit of
time (p/day or y/year) and may produce a distinct mutational signature biased towards replication-
associated errors (Niccum et al., 2018). Specifically, transition mutations (A—~G, C—T) preserve
Watson-Crick-like purine-pyrimidine geometry because both purines and both pyrimidines share
similar base sizes, causing minimal helical distortion. In contrast, transversions (purine to
pyrimidine) introduce major geometric distortions that are more readily detected by proofreading
exonucleases (Kunkel, 2004b). Under accelerated cell cycles, when proofreading time is
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compressed, the already-subtle transitions become even more likely to escape detection, leading to
an elevated transition-to-transversion ratio (Ts/Tv) (Alexandrov et al., 2013).

3.1.2 Time-dependent Mutagenesis: Chronological Accumulation of DNA Damage

In contrast to replication-dependent errors, the time-dependent model of mutagenesis proposes that
a significant component of the germline mutation rate accumulates as a function of chronological
time, independent of the number of cell divisions (Lindahl, 1993; Maki, 2002). This model posits that
the germline is constantly exposed to damage from endogenous mutagens such as reactive oxygen
species (ROS), spontaneous hydrolytic degradation, and background radiation, with a longer
window of exposure leading to a greater mutational load (Ames, 1983; Halliwell and Gutteridge,
1990). Critically, these time-dependent processes operate continuously in both mitotically active
and quiescent cells, meaning their contribution to mutagenesis is decoupled from replication cycles
(Gao et al., 2016).

Time-dependent damage arises from two major endogenous sources. First, spontaneous hydrolytic
reactions, such as depurination and deamination, continuously degrade DNA even in the absence of
replication (Pak, 2008). These processes follow first-order reaction kinetics and proceed at rates
determined primarily by temperature and pH. Consequently, a germline cell that exists for a longer
chronological duration accumulates proportionally more baseline damage (Lindahl, 1993). The
second major source is oxidative damage from ROS, which are unavoidable byproducts of
mitochondrial respiration (Poetsch, 2020). The most mutagenic lesion is 8-oxo-7,8-dihydroguanine
(8-0x0G), formed by ROS-mediated oxidation of guanine. During replication, 8-oxoG frequently
mispairs with adenine rather than cytosine, resulting in a G—T transversion if the lesion escapes
repair mechanisms (David et al., 2007a). Because ROS production is continuous and metabolically
driven, oxidative DNA damage accumulates over chronological time even in non-replicating cells.

The time-dependent model, therefore predicts that organisms with prolonged generation times will
accumulate a higher mutation rate per generation (p/generation) due to extended chronological
exposure. The mutational spectrum under time-dependent damage is expected to show an elevated
proportion of transversions, particularly C—A and G—T mutations resulting from oxidative lesions,
leading to a lower Ts/Tv ratio compared to replication-dominated regimes (Bush and Goriely, 2023;
Wang and Obbard, 2023).

These two mechanistic forces operate simultaneously, and their relative contribution depends on
repair efficiency: when DNA repair is fast, mutations primarily arise during replication, whereas
when repair is slow, lesions persist and mutations accumulate over chronological time (Gao et al.,
2016). The total mutational burden is therefore the integrated product of both replication-dependent
and time-dependent processes, with generation time determining which force dominates (Beichman
et al., 2024).

3.2 Extrinsic Drivers I: Natural Environmental Modulation

The intrinsic, life-history-dependent mutations do not operate in isolation but are continuously
modulated by the organism's external environment. These extrinsic drivers can be broadly
categorised into biotic and abiotic components (Hoffmann and Hercus, 2000; Parsons et al., 2005).
Biotic pressures, such as competition, predation, and parasitism, act as potent physiological
stressors that can force a reallocation of metabolic energy away from high-fidelity DNA maintenance
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(Cucchi et al., n.d.; Kirkwood, 1977). In contrast, it is often the abiotic environment that dictates the
fundamental baseline for physiological operation and genomic integrity. These non-living drivers
encompass a vast range of physicochemical stressors that can be directly mutagenic, including
ionizing radiation, ultraviolet (UV) radiation, and genotoxic chemicals such as heavy metals
(Ellegren, 2006). Among this constellation of abiotic factors, ambient temperature represents
arguably the most fundamental and pervasive driver influencing mutagenesis (Bestion et al., 2015).

3.2.1 Temperature as a Key Abiotic Driver

The significance of temperature is exceptionally pronounced in ectotherms, organisms whose
internal physiological state is inextricably linked to ambient thermal conditions (Angilletta and M. J.,
2009; Gillooly et al., 2001). Unlike endotherms, which maintain thermal homeostasis, the core body
temperature of an ectotherm fluctuates with its environment. This makes temperature a uniquely
powerful driver of mutation rate plasticity because it simultaneously influences mutagenesis through
two distinct but interconnected pathways: an indirect pathway mediated by life-history modulation
and a direct pathway mediated by cellular physiology (Waldvogel and Pfenninger, 2021).

The indirect pathway operates over developmental timescales (de Souza et al., 2025). Ambient
temperature governs the rate of development and thus determines generation time, linking
temperature directly to the intrinsic mutagenic forces discussed previously. Higher temperatures
accelerate development, increasing cell division rates and thereby amplifying replication-dependent
mutagenesis, while simultaneously reducing chronological exposure time and thus minimizing time-
dependent damage accumulation. Conversely, lower temperatures prolong development, reducing
the rate of cell divisions per unit time but extending the window for time-dependent damage from
oxidative stress and spontaneous degradation (Gao et al., 2016). Temperature thus acts as an
external modulator that simultaneously affects both replication-dependent and time-dependent
mutagenic pathways.

Independent of this life-history modulation, temperature exerts a powerful, direct influence over the
biochemistry of organisms. The kinetics of virtually all biochemical processes, from the rate of
spontaneous DNA degradation to the efficiency of enzymatic DNA repair, are temperature-
dependent (Dohnalova et al., 2024; Pohl et al., 1982). Furthermore, temperature governs the overall
metabolic rate, which in turn controls the production of endogenous mutagens (Abele et al., 2002;
Lushchak et al., 2005). For an ectotherm, ambient temperature is therefore a master variable that
simultaneously modulates the rate of DNA damage, the efficiency of DNA repair, and the tempo of
life history. The primary molecular mechanism mediating this direct effect is the production of ROS.

3.2.2 The Mechanism of Oxidative Stress

Reactive Oxygen Species (ROS) are a group of highly reactive oxygen-containing molecules that
are the unavoidable byproducts of normal aerobic metabolism (Balaban et al., 2005; Halliwell and
Gutteridge, 2015). The principal endogenous source of ROS in most non-photosynthetic eukaryotes
is the mitochondrial electron transport chain (ETC) (Murphy, 2009). From ETC | and Ill an estimated
~1-2% of consumed oxygen "leaks" and prematurely reacts with molecular oxygen, generating the
superoxide radical (Turrens, 2003). This primary radical initiates a biochemical cascade that
produces other ROS species. Superoxide radical converted by superoxide dismutase (SOD) to the
more stable, membrane-permeable hydrogen peroxide (Wong et al., 2017). In the presence of
reduced transition metals (Fe®*, Cu®), hydrogen peroxide can undergo the Fenton reaction to
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generate the highly reactive hydroxyl radical, which is the most damaging ROS species (Halliwell
and Gutteridge, 2015).

It is critical to understand that ROS are not exclusively detrimental; their role in the cell is context-
dependent. At low, controlled concentrations, they are essential components of cellular functioning
(Sies, 2017). Hydrogen peroxide, for instance, acts as a critical second messenger in numerous
signaling pathways by reversibly oxidizing specific protein residues, thereby regulating metabolism,
stress responses, and development (D’Autréaux and Toledano, 2007). Furthermore, a controlled
"oxidative burst" is a cornerstone of the innate immune system: phagocytic cells such as neutrophils
and macrophages deliberately generate large quantities of ROS to destroy invading pathogens,
oxidizing their cellular components and DNA (Nathan and Cunningham-Bussel, 2013). A mild
elevation in ROS can also trigger a beneficial hormetic response, leading to the upregulation of
protective mechanisms that can increase an organism's resilience to subsequent stress (Costantini,
2014).

The damaging nature of ROS emerges only when this homeostatic system is imbalanced. Oxidative
stress occurs when the rate of ROS production chronically overwhelms the cell's capacity to
neutralize them. In this state, excess ROS indiscriminately attack all major classes of biomolecules:
lipid peroxidation degrades cellular and organellar membranes, protein oxidation causes misfolding
and inactivation of critical enzymes, including those involved in DNA repair itself, and, most critically
for mutagenesis, ROS directly attack DNA (Shokolenko et al., 2009). While oxidative stress causes
a wide spectrum of DNA lesions, the most critical for mutagenesis is the oxidation of guanine
bases. Among these, oxidized purine bases are particularly mutagenic because they frequently
mispair during DNA replication, leading to transversion mutations if not corrected by the DNA repair
system (David et al., 2007b). The characteristic mutational signature of oxidative stress is an
elevated proportion of transversions, particularly C—A and G—T substitutions, resulting in a
reduced Ts/Tv ratio (Alexandrov et al., 2013).

To manage this constant threat and maintain redox homeostasis, organisms have evolved a
complex, multi-layered antioxidant defence system. This system includes non-enzymatic and
enzymatic components (Monaghan et al., 2009). The non-enzymatic layer consists of small-
molecule scavengers that directly neutralize ROS. The most important of these is the tripeptide
glutathione (GSH), the primary intracellular redox buffer, which is complemented by dietary
antioxidants like vitamins C and E (Surai et al., 2016). The second, enzymatic layer is a dedicated
protein machinery that catalytically detoxifies specific ROS in a multi-step process (Fridovich,
1995). The primary line of defence is SOD, which converts the initial superoxide radical into
hydrogen peroxide (Wong et al., 2017). The resulting hydrogen peroxide is then neutralized to
water by two major enzyme classes: Catalase (CAT) and the Glutathione Peroxidase (GPx) family
(Hewitt and Degnan, 2023). Additional enzymatic defences include the thioredoxin and
peroxiredoxin systems, which provide further ROS scavenging capacity and maintain cellular redox
balance (Rhee et al., 2005). This intricate system provides the mechanistic link between
environmental stress, such as non-optimal temperatures, and mutagenesis.

3.3 Extrinsic Drivers Il: Anthropogenic Stressors

Beyond the natural drivers to which populations have co-evolved, organisms now face an
escalating class of extrinsic pressures: anthropogenic environmental pollutants (Bickham et al.,
2000). These compounds, including industrial chemicals, pesticides, and byproducts of combustion,
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represent evolutionarily novel mutagens (Hendry et al., 2017). While life has had billions of years to
develop sophisticated defences against natural mutagens, it has no such deep evolutionary history
with the thousands of synthetic compounds released in the last two centuries. This lack of pre-
existing, specific defence pathways means that these novel mutagens can be uniquely potent,
capable of overwhelming or bypassing an organism's established genomic maintenance systems.
The resulting elevation in germline mutation rate not only increases mutational load and reduces
immediate fitness through the accumulation of deleterious alleles, but also has long-term
evolutionary consequences by increasing the supply of genetic variation, which may facilitate
adaptation under changing environments but more commonly imposes a mutational load (Oziolor et
al., 2019). In populations exposed to pollutants, elevated mutation rates may create a genetic load
that reduces fitness, but whether this leads to mutational meltdown or provides raw material for
adaptive evolution depends critically on Ne, the strength of selection, and the distribution of
mutational effects.

Among the most widespread of these pollutants are Polycyclic Aromatic Hydrocarbons (PAHSs), a
class of persistent organic contaminants formed during the incomplete combustion of fossil fuels,
tobacco, and organic matter. PAHs are ubiquitous in industrialized environments, accumulating in
air, water, and soil (Abdel-Shafy and Mansour, 2016). The archetypal PAH is Benzo[a]pyrene
(BaP), a potent and ubiquitous environmental mutagen (Xue and Warshawsky, 2005). BaP itself is
chemically inert; it is a pro-mutagen that requires metabolic activation by the organism's own
Cytochrome P450 enzymes (Nebert and Dalton, 2006). This process, which evolved to detoxify
natural compounds, paradoxically converts BaP into its ultimate carcinogenic form: (+)-anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE) (Baird et al., 2005).

It is critical to distinguish temporal novelty (recent anthropogenic introduction) from mechanistic
novelty (unprecedented biochemical challenge). PAHs as a chemical class are not temporally novel
since they also arise naturally from wildfires and volcanic activity, exposing organisms sporadically
over evolutionary history (Balmer et al., 2019). Nonetheless, industrial-scale PAH pollution
introduces two distinct forms of novelty. First, concentration novelty: anthropogenic PAH exposure
involves mutagenic doses orders of magnitude above natural background levels, overwhelming
detoxification and repair systems evolved for sporadic, low-level exposure. Second, mechanistic
novelty: the metabolic activation of BaP generates stereochemically complex bulky DNA adducts
(BPDE-dG) that impose distinct structural challenges to nucleotide excision repair (NER). While
NER is the evolutionarily conserved pathway for bulky lesion recognition, the efficiency of BPDE
adduct removal is highly sequence-context dependent and often inefficient (Pfeifer et al., 2002).
The precise structural features of BPDE adducts that impair NER recognition remain incompletely
understood, suggesting that these lesions present an evolutionarily unprecedented repair challenge
distinct from the small base modifications (e.g., oxidative damage, depurination) that constitute the
majority of endogenous DNA damage (Geacintov et al., 2002; Scharer, 2003). Thus, while PAHs
themselves are not evolutionarily novel, the scale and biochemical specificity of industrial BaP
exposure constitute a mechanistically unprecedented mutagenic pressure (Baird et al., 2005; Pfeifer
et al., 2002).

3.3.1 Differentiating Mechanisms of Action

The mutagenicity of BaP highlights the critical importance of differentiating the molecular
mechanisms of anthropogenic pollutants. While BaP metabolism can generate secondary ROS-
mediated effects (Burczynski et al., 2000; Miller et al., 2010), its primary mutagenic action occurs
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via a direct DNA adduction pathway (Pfeifer et al., 2002). This mechanistic distinction is critical, as
the work in this dissertation demonstrates that mutagenic concentrations of BaP increase the
germline mutation rate in C. riparius without a corresponding increase in organismal ROS
production (Chapter 3), highlighting its molecular pathway (Kucab et al., 2019). The highly reactive
BPDE metabolite physically and covalently binds to DNA, predominantly at the N? position of
guanine, forming a large, helix-distorting BPDE-N2-dG adduct (Geacintov et al., 2002; Hess et al.,
1997). This bulky lesion stalls high-fidelity DNA polymerases, forcing the engagement of error-
prone translesion synthesis (TLS) polymerases to bypass the damage. The mutational outcome of
TLS bypass is polymerase-specific and context-dependent. While mammalian somatic studies
predominantly report G—T transversions (Petljak and Alexandrov, 2016), germline systems and
alternative TLS polymerase repertoires can produce transition-biased spectra depending on which
polymerase (e.g., Pol n vs. Pol ) is recruited and the sequence context surrounding the adduct
(Prakash et al., 2005; Waters et al., 2009).

This mechanistic distinction is fundamental for assessing the evolutionary impact of anthropogenic
pollution. The natural stressors discussed previously, such as temperature, primarily modulate the
rate of endogenous, ROS-mediated damage, a threat for which organisms have evolved robust and
adaptable defences (e.g., antioxidant systems, base excision repair) (Costantini, 2014; Halliwell and
Gutteridge, 2015). In contrast, the direct adduction pathway of BaP presents an evolutionarily novel
challenge. The bulky adducts generated by BaP are repaired by the NER pathway, which
recognizes helix-distorting lesions. Unlike BER, which is highly specific for small base modifications,
NER must accommodate a diverse array of bulky lesions, making it less substrate-specific and also
less efficient for any single lesion type (Lankoff et al., 2008). Notably, adaptive evolution in
response to PAH pollution has been documented in some populations (e.g., Atlantic killifish in
Elizabeth River; (Reid et al., 2016)), demonstrating that resistance is possible but likely requires
specific genetic variation and large population sizes. Consequently, an organism's capacity to
evolve resistance to adduct-forming mutagens is far more constrained than its ability to adapt to
oxidative stress. Failing to differentiate these pathways risks severely underestimating the
persistent mutational load imposed by such pollutants, as their primary impact is invisible to assays
that only measure oxidative damage.

4. The Model System and Research Gap
4.1 Justification of Chironomus riparius as a Model System

The theoretical framework established in the preceding sections requires a model organism that is
not merely convenient, but one that possesses a specific combination of ecological, biological, and
experimental attributes. To deconstruct the mutation rate into its intrinsic, natural, and anthropogenic
drivers, a system is needed that bridges environmental realism with genomic tractability. The non-
biting midge Chironomus riparius has emerged as a model system particularly well-suited for this
multi-layered investigation.

Its ecological relevance is paramount. As a ubiquitous, sediment-dwelling larva in freshwater
ecosystems, C. riparius is widely used as a model organism for toxicological research and is an
OECD-recommended bioindicator for sediment toxicity (OECD, 2010; Vogt et al., 2007). Its
ecological niche in benthic habitats, where pollutants such as PAHs accumulate, makes it an
ecologically relevant system for studying the mutagenic impacts of anthropogenic contamination.
Biologically, C. riparius is an ectotherm whose physiology is inextricably linked to ambient
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temperature. This makes it an ideal subject for disentangling the dual influence of temperature on
mutagenesis. Crucially, the species exhibits significant natural variation in its generation time under
constant thermal conditions, providing the exact experimental leverage needed to isolate generation
time from temperature and disentangle the relative contributions of replication-dependent and time-
dependent mutagenic processes.

Finally, these attributes are matched by profound experimental tractability. A short generation time
(~3-4 weeks) and high fecundity (300-1,000 eggs/female) (Oppold et al., 2016; Pfenninger and
Nowak, 2008) make multi-generational MA experiments feasible, providing the statistical power
necessary to detect subtle changes in mutation rates. This is supported by the availability of a high-
quality, annotated reference genome (~200 Mb) (Pettrich and Waldvogel, 2025) and extensive
transcriptomic resources (Foucault et al., 2019), which are the essential prerequisites for the whole-
genome sequencing approaches central to this work. In summary, C. riparius occupies a unique
niche, combining the environmental realism of an aquatic bioindicator with the genomic and
experimental tractability of a classic laboratory model, making it the ideal system to execute the
systematic deconstruction of the mutation rate that this dissertation proposes.

4.2 The Central Research Gap: A Systematic Deconstruction of Mutagenic Drivers

Despite a growing body of research on mutation rate plasticity, our understanding of the proximate
mechanisms remains critically fragmented. The primary limitation of the current literature is that
different classes of mutagenic drivers (e.g., intrinsic life-history constraints, natural environmental
modulators, and anthropogenic perturbations) have been studied largely in isolation or confounded
with one another (Green et al., 2024; KraSovec et al., 2017; Monroe, 2023; Oman et al., 2022). This
creates three fundamental gaps in our mechanistic understanding.

First, the relative contribution of replication-dependent versus time-dependent mutagenesis to the
baseline germline mutation rate remains empirically unresolved, particularly in ectotherms where
generation time and temperature are naturally confounded. While theoretical models propose that
both processes contribute under some conditions (Gao et al., 2016), direct experimental tests that
isolate generation time from environmental variables are lacking. Without establishing this intrinsic
baseline, it is impossible to accurately interpret mutation rate variation in natural populations.
Second, even for well-studied natural environmental drivers like temperature, the mechanistic
pathways remain poorly resolved. Temperature can affect mutation rates through multiple routes:
indirectly by modulating generation time (linking to the intrinsic drivers discussed above), and
directly by altering the biochemical kinetics of DNA damage and repair (Gillooly et al., 2001). The
"U-shaped" temperature-mutation rate relationship observed in C. riparius (Waldvogel and
Pfenninger, 2021) exemplifies this mechanistic ambiguity; without disentangling indirect (generation
time) from direct (physiological) effects, the causality remains unresolved. Third, the mutagenic
impact of anthropogenic pollutants cannot be properly contextualized without first characterizing the
natural baseline and understanding which molecular pathways they perturb. For instance, do
pollutants increase mutation rates by amplifying existing ROS-mediated oxidative stress, or do they
act through entirely distinct mechanisms such as direct DNA adduction? This distinction is critical for
predicting long-term evolutionary consequences and adaptation potential.

Therefore, the central research gap is the lack of a systematic, hierarchical deconstruction that
establishes the intrinsic baseline of mutagenesis, then layers on natural environmental modulators
while disentangling their pathways, and finally contextualizes anthropogenic impacts against this
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well-defined mechanistic foundation. Such a framework is necessary to move from descriptive
observations of mutation rate variation to a predictive, mechanistic understanding of mutagenesis.

. Dissertation Aims and Chapter Outline

This dissertation bridges the gap between ultimate evolutionary constraints and proximate
mechanistic drivers of mutation rate variation. While the Drift-Barrier hypothesis predicts that
effective population size determines the minimum mutation rate a species can achieve through
evolutionary optimization of anti-mutator alleles, it does not explain the mechanistic processes
generating variation within this evolutionary ceiling (Figure 1). The realised mutation rate at any
moment reflects how cellular machinery responds to immediate physiological demands, a question
of proximate causation (Baer et al., 2007).

By systematically deconstructing the drivers of mutagenesis in the model ectotherm Chironomus
riparius across three empirical studies, this work reveals the proximate mechanisms generating the
patterns of mutation rate variation that evolutionary theory predicts but does not mechanistically
explain. Mutation rate variation occurs within the evolutionary ceiling imposed by the drift barrier
and is driven mechanistically by three distinct forces: (1) intrinsic variation in organismal life history
(generation time), (2) environmental variations in a key abiotic factor (temperature), and (3)
exposure to anthropogenic chemicals.
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Figure 1: A conceptual framework for the proximate drivers of the realized germline
mutation rate. The Drift-Barrier hypothesis defines the evolutionary lower limit of the
mutation rate, below which selection cannot overcome genetic drift given finite
effective population size (N¢). Within this constraint, the realized mutation rate is
shaped by distinct proximate drivers as intrinsic life-history parameters (generation
time), natural abiotic modulators (temperature), and anthropogenic stressors
(benzo[a]pyrene, BaP). Each pillar represents a mechanistically independent
mutagenic axis studied in this dissertation; their combined influence determines the
realized mutation rate. This work systematically deconstructs these drivers to reveal
that mutation rate variation above the Drift-Barrier limit is mechanistically structured
rather than stochastic.

Chapter 1 establishes the intrinsic biological baseline by experimentally isolating developmental
tempo from thermal stress. Rearing individuals at constant temperature (20 °C) while exploiting
natural variation in generation time revealed a U-shaped mutation rate relationship, with the
minimum coinciding with the population's mean generation time (~26 days). Distinct mutational
signatures emerged at extremes: rapid development elevated daily mutation rates with replication-
associated fingerprints, while prolonged development elevated per-generation rates with oxidative
damage signatures.

Chapter 2 characterised the direct physiological impact of temperature. Reactive oxygen species
production exhibited a U-shaped relationship across an ecologically relevant thermal gradient (4-28
°C), with minimum ROS production at 12-18 °C. Cold and heat extremes impose mechanistically
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distinct oxidative challenges, each eliciting composition-specific antioxidant responses,
demonstrating that temperature extremes generate compositionally distinct ROS profiles and
corresponding antioxidant responses.

Chapter 3 contrasts these natural processes with an anthropogenic pollutant, benzo[a]pyrene
(BaP). Chronic BaP exposure across five generations increased germline mutation rates (1.2-fold at
100 pg/L) while simultaneously reducing survival and fecundity, demonstrating that elevated
mutagenesis directly compromises fitness. Critically, no evidence of adaptive tolerance emerged
over three generations, suggesting that either the population lacked the necessary standing genetic
variation or that selection was insufficient to overcome the mutational load imposed by BaP. Most
importantly, BaP exposure did not elevate ROS levels under our in vivo assay, arguing against
elevated organismal oxidative stress as the primary proximate mechanism in this setup, and
supporting a ROS-independent pathway.

Collectively, these chapters execute a systematic deconstruction of the germline mutation rate,
moving from intrinsic biological constraints to extrinsic environmental modulators. By integrating
these distinct layers of causality, this dissertation aims to disentangle the mechanistic layers under
the ceiling set by the Drift-Barrier hypothesis. This approach is fundamental for predicting
evolutionary trajectories, as it reveals not only how mutation rates vary, but why specific
environmental futures pose distinct challenges to genomic integrity.
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Abstract

The spontaneous mutation rate (u) is shaped by two distinct forces: the passage of chronological time, inevitably associated
with mutation accumulation, and the speed of development, where rapid replication contributes to error rates. Disentangling
these forces has been a major challenge, particularly in ectotherms. Testing the distinct predictions of the classic replication-
dependent generation length hypothesis and the time-dependent accumulation model, we experimentally assessed individ-
uals with naturally short (15 days) and long (38 days) generation time (GT), which is mainly determined by differences in de-
velopmental speed in the midge Chironomus riparius. To overcome the challenges of swarm-mating, we employed a parent-
offspring pedigree reconstruction approach using pooled sequencing of siblings to infer parental allelic composition. We es-
timated the de novo mutation rates by whole genome sequencing. We found that Long-GT groups accumulated 1.2-fold more
total mutations per generation (i/gen), consistent with time-dependent mutagenic processes. Conversely, Short-GT groups
exhibited a nearly two-fold higher mutation rate per day (1/day) and a trend toward a transition-biased mutational spectrum
(Ts/Tv ratio = 1.14 vs. 0.89), a pattern consistent with a replication-dependent errors in DNA. These results suggest that the
overall mutation load is the product of these two interacting processes. Integrating our data with previous studies and life-
history data, we show that the daily mutation rate followed a non-linear relationship with respect to developmental speed, and
that the species’ generation time mode coincides with its minimum. This suggests that the developmental speed is, amongst
other factors, selected to optimize the mutational load by balancing between replication accuracy and developmental speed.

Keywords germline mutation rate, molecular clock, drift-barrier hypothesis, fitness costs, deleterious mutations

erate mutations and how they scale with life history remain de-
bated.
Two primary mechanisms are hypothesized to explain the gen-

Introduction

Spontaneous mutations are the ultimate source of all genetic

variation, yet the forces that govern their rate (1) remain a cen-
tral topic in evolutionary biology (Lynch et al., 2016). Historically,
the mutation rate was often treated as a stable constant, a view
foundational to the molecular clock hypothesis (Zuckerkandl &
Pauling, 1965). However, it is now clear that u varies substantially
between species, individuals, and even sexes (Lynch et al., 2023;
Wang & Obbard, 2023; Zhu et al., 2024). The drift-barrier hypothe-
sis provides the current evolutionary framework for this variation,
proposing that selection acts to lower p only until the cost of fur-
ther optimization outweighs the benefit, a threshold determined
by the power of genetic drift (Lynch, 2010; Lynch et al., 2016). While
this hypothesis sets the expectation for the ultimate lower limit of
win a species, the proximate physiological mechanisms that gen-

Received: 15 December 2025. Revised: 12 February 2026. Accepted: 19 February 2026

eration time (GT)-dependent mutation rate variation. The first
mechanism is a replication-dependent model (Drake, 1991), of-
ten formalized as the generation length hypothesis (Li et al., 1987,
Ohta, 1995). This model posits that because germline mutations
arise primarily from copy errors during DNA replication, organisms
with shorter GTs will therefore exhibit a higher mutation rate per
time unit. In contrast, the “time-dependent” model, proposes that
the rate of development is a critical factor (Lindahl, 1993; Maki,
2002). This model suggests that the germline DNA is constantly
exposed to damage from endogenous mutagens such as reactive
oxygen species (ROS), radiation, and spontaneous chemical mod-
ification of DNA bases (e.g., deamination, oxidation), with a longer
window of exposure leading to a greater mutational load (Ames,
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1983; Halliwell & Gutteridge, 1990; Shokolenko et al., 2009). These
two forces, replication-dependent and time-dependent error, ex-
ert distinct pressures on the germline, but experimentally disen-
tangling their relative contributions has remained a major chal-
lenge. In part because theoretical models show that both pro-
cesses can, under different assumptions about repair efficiency,
lead to mutation accumulation that scales with cell divisions (Gao
etal., 2016), which in turn contributes to a broader scaling conflict
where evolutionary predictions differ depending on the time units
used (Beichman et al., 2024).

Ectotherms exemplify the difficulty of separating these forces
because their life-history schedules are inextricably linked to am-
bient temperature. In these organisms, environmental tempera-
ture dictates developmental speed: warmer conditions compress
GT, while colder conditions prolong it (Gillooly et al., 2001). This
environmental control complicates the interpretation of muta-
tion rate variation, as illustrated by the recently described “U-
shaped” relationship between temperature and mutation rate in
the midge Chironomus riparius (Waldvogel & Pfenninger, 2021).
While elevated mutation rates in the heat are readily explained
by metabolic stress, the high mutation rates observed in the cold
are puzzling. Crucially, these cold-reared individuals exhibit dras-
tically prolonged GTs. This raises a critical causality dilemma: Is
the high mutation rate in the cold a direct physiological con-
sequence of thermal (cold) stress, or is it simply the indirect
effect of the extended chronological time allowing for greater
mutation accumulation, as predicted by the time-dependent
damage?

Here, we address this question by experimentally disentangling
the effects of chronological time and developmental speed on the
germline mutation rate. We utilized the non-biting midge C. ripar-
ius lives as major component of the benthos communities in small
streams and ditches. As ectothermic organisms, their GT strongly
depends on the ambient temperature Oppold et al. 2016. The
species is multivoltine, with, in dependence of local climatic con-
ditions, as much as 15 generations per year (Oppold et al., 2016).
The species has no winter resting stage or diapause; development
of larvae s stalled below ~10-12 °C and development continues if
this temperature is exceeded (Pfenninger et al. 2023). Most of their
life time (>90%) the midges spend on going through four larval
stages after hatching from an egg-rope. After pupation and emer-
gence, mating almost immediately takes places by females flying
into swarms of males, which makes identification of parent pairs
difficult. The adult midges live only a few days; both sexes usually
die shortly after a single reproduction. Their life-span is therefore
nearly identical to their GT and any difference in GT is determined
by the developmental speed of the larvae (Foucault et al., 2019),
and not in a differential life span as fully developed adults. Their
short GT in conjunction with a large number of offspring [400-800]
and a high effective population size (Waldvogel et al. 2018) per-
mits rapid adaptation (Pfenninger, 2017), which results in adaptive
tracking of environmental variation (Pfenninger & Foucault 2022).
For the experiment C. riparius reared under identical, benign ther-
mal conditions were employed, drawing on the significant natu-
ralintrinsic variation in GT (Foucault et al., 2019). By selecting the
earliestand latest reproducing individuals from a single cohort, we
created “short” and “long” GT groups at a constant, stress-reduced
temperature. This design allowed us to isolate the mutational con-
sequences of developmental speed driven GT from those of ambi-
enttemperature. We simultaneously tested the predictions of both

replication-dependent and time-dependent models, with the for-
mer predicting to affect the mutation rate per generation, muta-
tion rate and the mutational spectrum.

Material and methods

Experimental design and rearing

This study employed a modified parent-offspring triad design
to assess the effect of reproductive timing on germline muta-
tion rates in Chironomus riparius. Because the species’ swarm-
mating behavior prevents direct identification of parents, their
genotypes were instead reconstructed from pooled sequencing
of their offspring (Oppold & Pfenninger, 2017). The experiment
was initiated with 10 egg ropes, ensuring a genetically diverse
starting cohort. To control for environmental variation, the re-
sulting larvae were reared at a constant 20 °C with a 16:8 hr
light/dark cycle and ad libitum feeding and constant aeration
(Foucault et al., 2019).

From this mixed sample with several thousand individuals, two
experimental groups were established based on the reproductive
timing of the adults. The Short-GT group was founded using the
first 10 egg ropes produced by the earliest emerging adults (14-
17 days post-hatching, mean = 15.6). The Long-GT group was
founded using 10 egg ropes produced by late-emerging adults (38
days post-hatching) (Sup. Data). We established 20 independent
biological lines (10 Short-GT, 10 Long-GT), each representing a dis-
tinct genetic background, because all were descending from dif-
ferent parental pairs.

For each line, the offspring were reared under standardized
conditions to the third larval instar stage (L3), at which point 10
individual larvae were sampled for individual sequencing from
each line (n = 200). The remaining siblings from each line (sev-
eral hundred) were pooled to generate a “parental pool” for in sil-
ico parental genotype reconstruction (n = 20 pools, Figure 1A).
While this pooling approach precludes the identification of indi-
vidual parents’ genotypes, it is a robust method for accurately re-
constructing parental allele occurrences at each locus in species
with a large number of offspring, with potential biases mitigated
by high sequencing depth and stringent variant filtering criteria
(Oppold & Pfenninger, 2017).

Integration with external life-history data

To contextualize our findings in relation to the species’ typical life
history, we compiled generation length data from 1,796 control
individuals from previous experiments (Bulut et al., 2024; Rigano
et al., 2025; Waldvogel & Pfenninger, 2021). This distribution was
plotted to visualize the most frequent GT of C. riparius under stan-
dard laboratory conditions. As a visual inspection of the plot sug-
gested the mixture of two normal distributions, we used the R-
module mixtools (Benaglia et al., 2009) to assess the statistical sig-
nificance and estimate parameters.

Whole-genome sequencing and
bioinformatic analysis

We extracted genomic DNA from the 200 individual L3 lar-
vae (100 per group) and the 20 corresponding sibling pools.

920z YoJe\ L€ uo 1senb Aq 022558/010BEIbABIAS/E60L 0 L/10P/BI0IE-00UBADE/}}OIAS/WO0"ANO"DILSPEOE/:SAJY WOI) PEPEOJUMO(]



Evolution Letters, 2026, Volume 0, Issue 0

Genetically

(A) EXPERIMENTAL DESIGN
variable

; & Jc N
i (& <.
population (1
b i

¥ i
%
X Long GT:

Short GT:
12 earliest 12 late
emerging emerging

individuals 1 \ individuals

10 egg-clutches
per treatment

PER EGG-CLUTCH (=REPLICATE)

Single
female

U __| Genome-wide position-wise
compar' on

PooIS Q

WGS

Parental allelic A/A/A/A

A/T Genotype
composition

(B) 0.25
oy "
&
S 02
o \
(]
&
2015
2
5
@
g o \
2
Q
2 005
o~ Short GT Long GT
1 l
10 15 20 25 30 35 40 45

Generation length [days]

Figure 1. Experiment and natural variation in GTs. (A) Schematic representation of the experimental design and the mutation detection process. (B)
Frequency distribution of 1796 GT measurements. The red and black solid lines represent the inferred distinct underlying normal distributions, and the
dashed line is the inferred mixed distribution. The blue arrows indicate the GT of the Short and Long GT groups.

Paired-end whole-genome sequencing was conducted on an Il-
lumina platform at Novogene following the methodology of
Waldvogel & Pfenninger (2021). Raw read quality was assessed
using FastQC. The raw reads then processed using a bioinfor-
matics pipeline based on GATK Best Practices (Van der Auwera
et al., 2013). Forward and reverse reads were first merged us-
ing PEAR v0.9.6 (Zhang et al., 2014). Merged reads were then
mapped to the C. riparius reference genome v.4 (Pettrich et
al., 2024) using the BWA-MEM algorithm (Li, 2013). To en-
sure high data quality, duplicate reads were identified and re-
moved using Picard tools v1.123 (“Picard Tools—By Broad Insti-
tute,” n.d.), and low-quality reads were filtered with SAMtools
(Lietal., 2009).

To identify de novo mutations, we analyzed the BAM files
from each triad (pooled parents and their 10 individual off-
spring) with the mutation caller accuMUlate (Winter et al.,
2018). The resulting candidate mutations were filtered using
a custom script with the following criteria: mutation probabil-
ity > 0.90; probability of exactly one mutation in the triad > 0.90;

probability of correct descendant genotype > 0.90; number
of mutant reads in the parental pool = 0; mapping quality
difference < 2.95; and strand bias or pair-mapping rate dif-
ference > 0.05. This multi-layered filtering strategy generates
a high-confidence set of de novo single-nucleotide mutations
(SNMs). Finally, all candidate mutations passing the filtering
were manually inspected using the IGV to confirm the mutations
(Robinson et al., 2011).

To detect small insertions and deletions (indels) (DePristo et
al., 2011), we utilized the GATK HaplotypeCaller on the pro-
cessed BAM files (Keightley et al., 2009; A. Oppold & Pfenninger,
2017). Candidate indels were filtered using GATK’s standard
hard-filtering recommendations [QualByDepth (QD) < 3.0, Fisher-
Strand (FS) > 200.0, ReadPosRankSum < —20.0, StrandOddsRa-
tio (SOR) > 3.00]. To ensure high confidence, we applied the
same pedigree constraints used for SNMs. Finally, all candidate
indels were manually curated by visual inspection of read align-
ments using the IGV to rule out mapping artifacts or alignment
errors.

920z YoJe\ L€ uo 1senb Aq 022558/010BEIbABIAS/E60L 0 L/10P/BI0IE-00UBADE/}}OIAS/WO0"ANO"DILSPEOE/:SAJY WOI) PEPEOJUMO(]



Evolution Letters, 2026, Volume 0, Issue 0

Table 1. Overview of results per GT group.

Mean Total per
Mean genera- genera-
callable tiontime Total mu- tion Total per
Group sites [days] tations w day 1 SNMs SNM Indels Indelp  Ts/Tvratio
Short GT 6.08E + 09 15 67 1.1E-08 1.5E-11 57 9.40E-09 10 1.70E-09 1.14
Long GT 5.83E+ 09 37.7 79 1.4E-08 7.9E-12 12 1.20E-08 7 1.20E-09 0.89

Note. Mean number of callable sites, mean GT in days, total mutations, total per generation L, total per day p, (SNMs) number of single nucleotide mutations, (SNM
W) single nucleotide mutation rate, (Indels) total number of indels, (Indel p) indel rate, and (Ts/Tv ratio) transition vs. transversion rate.

Statistical analysis of mutation rates and
spectra

We used a Bayesian implementation of a Poisson test (Bayesian-
FirstAid R package) (Baath, 2014) to estimate the respective me-
dian mutation rates along with their 95% high-density interval
(HDI) and statistically compare mutation rates between the short
and long GT groups. The spontaneous mutation rate (i) per site
per generation was estimated by dividing the number of vali-
dated SNMs by the total number of callable genomic sites times
the generational passages. The mutation rate per day (u/day)
was calculated by dividing the mutation number by the mean
number of callable sites multiplied by the cumulated number
of days from egg-laying to reproduction for each line. The mu-
tational spectrum was analysed by calculating the transition-to-
transversion (Ts/Tv) ratio and comparing the proportion of tran-
sitions between groups with a Bayesian proportion test (Baath,
2014). To compare the mutation rates obtained from short and
long GTs with those from GTs of average length, we combined
our data with previously published mutation rate estimates un-
der control conditions for C. riparius (Bulut et al., 2024; Rigano
et al., 2025; Waldvogel & Pfenninger, 2021). The pooling of these
datasets is justified by the highly standardized experimental con-
ditions employed across all studies, including identical rearing
temperatures (20 °C), light cycles, feeding protocols, and the use
of the same bioinformatics pipeline (accuMUlate) with identical
parameters for mutation calling. While we cannot completely rule
out subtle batch effects from separate experiments, use of sev-
eral studies, highly standardized rearing protocols and identical
bioinformatic pipelines minimize this possibility and provide the
best available data for assessing the mutation rate at intermediate
GTs.

We used the same additional data sets to test whether the muta-
tion spectrum of intrinsically slow or fast reproducing individuals
is similar to the mutation spectrum of individuals whose develop-
mental speed is forced by temperature. We included data on the
mutational spectra of the three controls mentioned above in ad-
dition to the temperatures 12, 14, 17, and 23 °C from (Waldvogel
& Pfenninger, 2021). Data for 26 °C was left out as this temper-
ature is already highly stressful for the midges and was shown
to bias the spectrum strongly. We used the normalized (mean
= 0, s.d. = 1) per generation rates for each of the six spectral
categories as input for a Principle Component Analysis (PCA).
We assessed significance of the resulting axes with a broken
stick model. Since only the first axis was above random expec-
tations, we calculated Euclidean distances of the PCA1 scores
and clustered the resulting distance matrix with the neighbor-

joining algorithm. Calculations were performed with PAST 4.07b
(Hammer, 2001).

Results

Experimental groups fall into the extreme
tails of the population GT distribution

An analysis of 1,796 individuals from control conditions of previ-
ous experiments revealed that the mean GT for C. riparius under
standard laboratory conditions was 26.4 (s.d. 2.3) days (Figure 1B).
However, the GT data were much better described by a mixture of
two normal distributions (p single mode < 1 x 107), The esti-
mated parameters of these two distributions were a mean GT of
25.3 £ 1.2 days for the first mode and 28.3 & 2.3 days for the sec-
ond, with relative proportions of 0.62 and 0.38, respectively. The
distribution showed that the individuals recruited for the Short-GT
and Long-GT group fall into the extremes of the natural GT varia-
tion (Figure 1A).

Per-generation mutation rate is higher in
the long-GT group

The mean GT difference between the first and the last reproduc-
ing individuals from the same cohort was 22.5 (1.6 s.d.) days.
From overall over 1.1 x 10%° callable genomic sites, we identi-
fied 146 high-confidence de novo mutations (129 SNMs and 17
indels). Offspring from the short generation group accumulated
67 mutations (57 SNMs and 10 indels), while the long generation
group accumulated 79 mutations (72 SNMs and 7 indels). The es-
timated total mutation rate (i) for the short generation group
was 1.1 x 1078 per site per generation (95% HDI = 8.6 x 10~ -
1.4 x 10~%). The rate for the long generation group was 1.4 x 10~8
per site per generation (95% HDI = 1.1 x 1078-1.7 x 10~8) (Table
1). This represents, with a posterior probability of 89.2% an in-
crease (median = 1.2-fold increase) in the germline mutation rate
per generation in the offspring of parents that reproduced later
(Figure 2A).

To assess the sensitivity of our pipeline to germline mosaicism
(mutations arising early in gametogenesis and thus present in
multiple siblings) (Latta et al., 2013; Rahbari et al., 2016), we per-
formed a secondary analysis removing the “probability of exactly
one mutation in the triad” filter. We re-screened the data allow-
ing for variant calls to appear in more than one individual off-
spring within a triad. This sensitivity analysis yielded no additional
high-confidence de novo mutations, indicating that early germline
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Figure 2. The effect of GT on the per-generation mutation rate. (A) Posterior probability distribution of the rate ratio (A_long/A_short) of the
per-generation mutation rate between the long and short GT groups. The median rate ratio is 1.2, indicating a 1.2-fold higher rate in the Long-GT group.
The 95% HDI is [0.89, 1.7]. The posterior probability that the rate in the Long-GT group is higher than in the Short-GT group (ratio >1) is 89.2%. (B) In
contrast, the per-day mutation rate ratio between short and long generation groups has a median of 1.9, signifying a 1.9-fold higher rate in the short
group. The 95% HDI is [1.4, 2.7]. The posterior probability that the rate in the short group is higher than in the long group (ratio >1) is 100%. (C) Mutation
rate per generation. (D) Mutations per day. Error bars correspond to 95% HDI. The solid red line shows the best-fit quadratic functions.

events are rare in our dataset and that the singleton filter did not
artificially deflate the mutation rate estimates.

Per-day mutation rate is higher in the
Short-GT group

In contrast to the per-generation rate, the mutation rate per day
was nearly two-fold higher in the Short-GT group. The estimated
daily rate (u/day) for the Short-GT group was 1.5 x 107! per
site per day (95% HDI = 1.2 x 1071-1.9 x 10711), while the
rate for the Long-GT group was 7.9 x 1072 per site per day
(95% HDI = 6.3 x 10712-9.8 x 10712) (Table 1). Bayesian analy-
sis showed a posterior probability of 100% that the daily rate in

the Short-GT group was higher than in the Long-GT group, with a
median rate ratio of 1.9 (Figure 2B).

The relationship between daily i and GT is
non-linear

Using the mutation rates inferred under stress-free control condi-
tions for intermediate generation length in other studies (Bulut et
al., 2024; Rigano et al., 2025; Waldvogel & Pfenninger, 2021) and
unpublished data suggested that the relationship between GT and
mutation rate is non-linear, as evidenced by the non-overlap of the
95% HDl intervals to both short and long GT groups (Figure 2C and
D). To visualize the potential non-linear relationship between mu-
tation rate and GT, we plotted a quadratic curve, which suggested
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Figure 3. Analysis of mutational spectra. (A) Heatmap showing the absolute counts of the six SNM types. The y-axis categorizes mutation types, with
transitions (C > T, T > C) in the third and fifth rows and transversions. The x-axis separates the two experimental groups. The spectrum is biased toward
transitions in the Short-GT group (7s/Tv = 1.14) and is more balanced in the Long-GT group (Ts/Tv = 0.89). (B) The relative frequencies of specific
mutation types. Bayesian proportion test indicated an 79.0% posterior probability that the proportion of transition mutations was higher in the short
group (95% Cl for difference: —0.098, 0.24). (C) Biplot of principal component analysis of the per generation mutation rates for each mutation spectrum
class for current data along with controls and different temperatures taken from previous studies (see text). Please note that only the first PCA
summarized more variation than expected from random expectations. (D) Neighbor-joining tree of Euclidian distance among mutational spectra along

PCAL, rooted with the spectrum at 20 °C.

a nadir around 26 days for the per day rate and 29 days per gener-
ation (Figure 2C and D).

Mutational spectra and indels differ
between GT groups

There was evidence that the single nucleotide mutational spec-
trum was shifted between the two groups. The short-generation
group exhibited a Ts/Tv ratio of 1.14, while the long-generation
group had a Ts/Tv ratio of 0.89 (Figure 3A). A Bayesian propor-
tion test indicated an 79.0% posterior probability that the propor-
tion of transitions was higher in the short-generation group (esti-
mated group difference 95% Cl: —0.10-0.23). This was driven by
C > Atransversions which showed a trend toward being more fre-
quentin the long-generation group (posterior probability = 0.858)
(Figure 3B).

To further test for signatures of replication-dependent stress,
we analyzed the accumulation of small insertions and deletions
(indels) up to 5 base pairs (Sun et al., 2012; Tanay & Siggia, 2008).
We identified a total of 17 validated de novo indels. The Short-GT
group accumulated 10 indels (1.64 x 10~° per site/gen), while the
Long-GT group accumulated 7 (1.20 x 10~° per site/gen, posterior
probability 86.6%). However, indels constituted a larger fraction
of the total mutations in the Short-GT group (17.5%) compared to
the Long-GT group (9.7%, posterior probability 86.6% of being dif-
ferent). More importantly, in the Short-GT group, the daily influx
of indels was 3.4 times higher in the rapidly developing groups
(1.1 x 1071%vs. 3.2 x 107! per day and site, posterior probability
99.4%), consistent with the hypothesis that compressed replica-
tion schedules increase the propensity for polymerase slippage.

Only PCAl summarized more variance than expected, ac-
counting for 54.8% (Figure 3C). The axis was most highly (0.91)
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correlated to the G<>A transition, but all other classes except
G<>T and C<>T were also important determinants. It divided
mutational spectra from all controls and moderately low tempera-
tures on the left part (G<>A transition deficient) from the extreme
warm and cold temperatures and the long and short GTs on the
right (G<>A enriched), with 20 °C close to the center. Clustering
the Euclidean distances along PCA1 and rooting it with 20 °C re-
produced the pattern, but clustered the mutational spectrum of
the short generation with 23 °C and those of the long generation
with 12 °C (Figure 3D).

Discussion

Our study provides direct experimental evidence that the germline
mutation rate is shaped by the interaction between two dis-
tinct forces tied to GT. By isolating GT, driven by developmental
speed from temperature in Chironomus riparius, we demonstrate
that a “replication-dependent” mutational regime, hinting to a
speed-fidelity trade-off, dominates at short GTs, while a “time-
dependent” regime, governed by mutation accumulation over
time, prevails at long GTs. This finding helps resolve the dichotomy
between time and replication-dependent models of mutagene-
sis. It provides empirical support for theoretical frameworks pre-
dicting that mutation accumulation depends on the interplay be-
tween mutation accumulation and repair efficiency (Gao et al.,
2016). While the current study is restricted to our model system,
there is little reason to believe that these processes should act
principally differently in other ectotherms.

A replication-dependent model drives
mutagenesis at short GTs

The mutational signature of the Short-GT group is a pattern con-
sistent with replication-dependent errors. These individuals ex-
hibited a nearly two-fold higher mutation rate per day than the
Long-GT group, likely a direct cost of their compressed devel-
opmental schedule. The elevated daily mutation rate, combined
with a bias toward transitions (7s/Tv = 1.14) and a higher rela-
tive frequency of indels, are molecular signatures frequently as-
sociated with replicative polymerase errors, which are expected
to occur more often when developmental processes are accel-
erated (Kunkel, 2004; Lindahl, 1993; Lynch, 2010). This happens
potentially by altering DNA replication dynamics; for instance,
mutation rates are known to be higher in genomic regions that
replicate late in S-phase (the DNA synthesis phase of the cell cy-
cle), a state that may be more prevalent under temporal pres-
sure (Stamatoyannopoulos et al., 2009). In systems ranging from
viruses to yeast, such errors are a known constraint on rapid
growth (Liu & Zhang, 2021; Regoes et al., 2013), and our results
demonstrate this principle operating in the germline of a com-
plex animal as well, providing strong evidence for a replication-
dependent mutational load due to overly fast reproduction. Al-
though the shift in the mutational spectrum was subtle, the daily
rate of de novo indels was significantly higher in the Short-GT
group (posterior probability = 99.4%). This elevated daily influx
of replication errors is consistent with the molecular signatures of
high-speed DNA synthesis and supports our mechanistic interpre-
tation.

Evolution Letters, 2026, Volume 0, Issue 0

Time-dependent DNA decay increases the
mutational load at long GTs

Conversely, the Long-GT group exemplifies the time-dependent
accumulation, but with a critical temporal nuance. These groups
accumulated a 1.2-fold higher mutation rate per generation, con-
firming that a longer chronological window allows for a greater to-
tal accumulation of mutations (Latta et al., 2013; Thomas et al.,
2010). Despite this higher generational total, however, the daily
influx of mutations was significantly lower than in the Short-GT
group. The mutational spectrum gave a hint on the resolution of
this apparent paradox. The shift to a lower Ts/Tv ratio (0.89) is in-
dicative of a greater relative contribution from time-dependent
DNA damage, such as oxidative lesions that are known to produce
transversions (La et al., 2023; Wang & Obbard, 2023). This indicates
that while the chronological clock of mutation accumulation is al-
ways ticking, its daily rate is substantially lower than the rate of er-
ror introduction during rapid replication. This demonstrates that
while the chronological “clock” is a persistent source of mutations,
its per-day impact on the total mutation rate is small compared to
the errors introduced by the “replication fidelity clock” when de-
velopment is accelerated.

Resolving the scaling conflict

Recent models in vertebrates propose that GT effects can be ex-
plained by a “weighted average” of rapid embryonic mutation
rates and slower germline stem cell rates (Thomas et al., 2018;
Venn et al., 2014). In mammals, GT differences often result from
extending the adult phase (where cell division is slow). In C. ripar-
ius, the adult phase is inherently short (1-2 days) and of relatively
fixed duration compared to the larval stages. Consequently, the
observed difference in GT was entirely caused by the speed of lar-
val development. Therefore, the “weighted average” model of em-
bryonic vs. adult rates cannot explain our data. Instead, the physi-
ological process of rapid larval growth itself appears to incur a cost
in replication fidelity. The “U-shaped” relationship where the pop-
ulation mean GT coincides with the mutational minimum (Figure
3), likely reflects the crossover point where the costs of rapid repli-
cation errors and the costs of slow development (time-dependent
accumulation) are jointly minimized.

The population’s mean developmental
time coincides with the mutational
minimum

Bayesian analysis showed that the 95% HDI for the mutation rates
at intermediate generation lengths did not overlap with those
from either the short or the long GT groups. This indicated a pos-
terior probability of nearly 100% that the mutation rate at the
nadiris truly lower than at the extremes. These distinct mutational
regimes predict that the daily mutational burden should be a non-
linear (perhaps quadratic) function of GT, but the evolutionary rel-
evance of this pattern hinges on whether the species’ natural life
history coincides with this minimum.

The distribution of GT of over 1,700 individuals from earlier
studies (see above) revealed that the mean of the GT for C. ripar-
jus under these experimental conditions lies between the nadirs of
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both the daily mutation rate (Figure 2C) and the generational mu-
tation rate (Figure 2D). Even more interestingly, the analysis of the
GT distribution revealed that it is significantly better described by
a mixture of two normal distributions (Figure 1B). The two-modal
distribution is consistent with a model where an allele of large ef-
fect segregates in the population in addition to polygenic varia-
tion (Jain & Stephan, 2015). Crucially, because these groups were
reared underidentical conditions, the observed differences reflect
intrinsic variation, driven by genetic background or developmen-
tal noise rather than phenotypic plasticity. This polygenic basis
implies that there is substantial phenotypic variation of this trait
in natural populations (Barghi et al., 2019) if not all contributing
loci are fixed. The non-linear reaction norm of the mutation rate
in relation to GT found here therefore means that the mean mu-
tation rate in natural populations is likely to be higher than that
measured in the laboratory at optimal GT, regardless of other nat-
ural (Waldvogel & Pfenninger, 2021) and anthropogenic (Bulut et
al., 2024; Rigano et al., 2025) factors that may increase it.

In principle, earlier reproduction should increase individual
fitness by producing more direct and later generation offspring
faster, particularly in a species with a predominantly semelparous
life history such as C. riparius, where fitness is largely determined
by a single, successful reproductive event following maturation
(Brommer et al., 2002). If there is genetic variation in developmen-
tal speed, there should be a selective pressure toward early repro-
duction. Experimental evolution on developmental time clearly
showed a strong and rapid selective response, indicating a broad,
polygenic basis for GT variation (Caliendo, 2025). However, a
shorter developmental time is inevitably associated with costs,
and the mutational load associated with a higher mutation rate is
likely one of them (Leslie etal.,2017). While some theories propose
that higher mutation rates could be adaptive under stressful con-
ditions by increasing “evolvability” (Metzgar & Wills, 2000), theo-
retical and empirical evidence show that mutational load tends
to overall decrease population fitness (Grossen & Ramakrishnan,
2024; Lynch et al., 2016). Our data reveal a striking concordance:
the population’s modal GT (~26 days) coincides with the nadir of
the mutation rate. While ecological drivers such as predation risk,
resource availability, and temperature are undoubtedly selective
forces determining GT (Luhring et al., 2018; Twardochleb et al.,
2023), this coincidence suggests that the species’ molecular ma-
chinery has co-evolved to minimize mutational load atits most fre-
quent developmental pace. At this optimum, development is slow
enough to maintain high replication fidelity, mitigating the costs
of speed, yet rapid enough to avoid the substantial accumulation
of time-dependent mutations, mitigating the costs of time. A first
step toward demonstrating this would be to prove that individu-
als with extreme GTs are less fit than individuals at the supposed
optimum. It would also be interesting to see whether individual
mutation rates along the GT gradient exhibit dynamic cryptic ge-
netic variation, as is the case with temperature (Pfenninger et al.,
2025).

Mutational spectra suggest that deviation
from optimal GT per se influences
mutation rates

Our findings hint at a surprising resolution of the temperature-
mutation paradox previously described in ectotherms. A prior

study in C. riparius reported a U-shaped relationship between tem-
perature and mutation rate, where u increased significantly un-
der both heat stress and cold conditions (Waldvogel & Pfenninger,
2021). While the elevated rate in the heat was explained by
metabolic stress and increased ROS production, the high mu-
tation rate in the cold has remained puzzling, as lower tem-
peratures where reproduction is still possible typically suppress
metabolic rate and ROS generation in this species (Bulut et al.,
2025; Lalouette et al., 2011). According to expectations, the place-
ments of mutational spectra along the significant first PCA axis
grouped the mutational spectrum of the Long-GT group with the
spectrum of the coldest temperature (12 °C), while the Short-GT
group clustered with the highest temperature (23 °C). However,
the largest separation of mutational spectra existed between this
group of extreme temperatures/GTs on the one hand and all spec-
tra recorded at evolutionary optimal temperatures/GTs (14 and 17
°C) on the other. Under the assumption that similar spectra signify
similar mutational processes (Rahbari et al., 2016), this suggested
that the either intrinsically or thermally driven deviation from the
evolutionary optimal GT per se might govern mutation rates. The
divide along the (insignificant) PCA2 indicated, however, that the
mutational processes for external temperature and intrinsically
driven GT extremes were not completely identical. However, the
similar spectral pattern found for extreme GTs calls into question
the hypothesis that ROS caused by metabolic stress is the major
reason for an increased mutation rate at moderately elevated tem-
peratures.

Methodological implications for
non-model organisms

Assignificant challenge in estimating spontaneous mutation rates
in non-model organisms is the difficulty of isolating mating pairs
in species with complex reproductive behaviors, such as swarming
(Downe & Caspary, 1973; Foucault et al., 2019). Our study validates
a parent-offspring triangulation design where parental allelic
compositions are reconstructed in silico from pooled offspring se-
quencing. This approach successfully identified high-confidence
de novo mutations without requiring physical isolation of the par-
ents, nor the sequencing of the parents themselves. This method-
ology offers a robust framework for future mutation rate stud-
ies in a wide range of organisms where standard parent-offspring
trio sequencing is logistically unfeasible but many siblings are
available.

Implications for life-history evolution

The current view of mutation rate evolution acknowledges that
while ultimate limits may be set by the drift-barrier (Lynch et al.,
2016), the realized rate is a highly plastic trait shaped by an organ-
ism’s internal and external environment (Sharp & Agrawal, 2018).
Our dual-mechanism optimization model provides a novel hy-
pothesis for an environmentally independent part of this lability
by suggesting a direct link between an organism’s GT and its mu-
tational load.
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ABSTRACT

Oxidative stress, caused by reactive oxygen species (ROS), poses a major challenge for organisms facing temperature fluctua-
tions. This study provides the first direct in vivo measurements of ROS production together with transcriptome analysis of oxi-
dative stress genes across a broad range of ecologically relevant temperatures in insect larvae of the dipteran midge Chironomus
riparius. We observed a U-shaped pattern of oxidative stress, with minimal ROS levels within an optimal thermal window

(12°C-18°C) and significantly elevated stress at both cold and warm extremes. Crucially, our findings reveal distinct underlying

molecular mechanisms for ROS generation at these extremes: at low temperatures, predominantly ROS produced is of the su-

peroxide group, linked to hypoxia-induced hemoglobin autoxidation. Conversely, at high temperatures, the hydrogen peroxide
group dominates, associated with increased metabolic rate and heat stress signaling pathways. Transcriptomic analysis shows
that C. riparius's antioxidant defense system adapts accordingly, selectively upregulating mechanisms to counteract the specific
dominant ROS type at different temperatures. This mechanistically differentiated oxidative stress at different temperatures and

the modulated organismic response reflect the ecological niche and evolution of C. riparius.

1 | Introduction

In their natural habitats, most organisms are subjected to a
range of temperatures throughout their lifespan. Temperature
can vary across multiple temporal and spatial scales, rang-
ing from gradual changes across seasons overlain by multiday
weather periods and rapid fluctuations over the course of a sin-
gle day, as well as spatial thermal heterogeneity within the hab-
itat. These fluctuations are especially pronounced in temperate
regions, where seasonal shifts in temperature can be substan-
tial, requiring organisms to cope with prolonged periods of sub-
optimal or stressful conditions (Heise et al. 2007). Given that
temperature influences the rate of all chemical reactions, each
temperature represents a distinct environmental condition that
ultimately affects organismal fitness (Kiekebusch et al. 2024).

Deviations from the optimal temperature range that the or-
ganism is adapted to may therefore result in increased stress,
diminished fitness, and in the extreme, mortality (Gasparrini
et al. 2015).

A primary consequence of temperature-related stress is the dis-
ruption of cellular homeostasis, which elicits a complex, inte-
grated stress response. This response is multifaceted, involving
an array of protective mechanisms. A key component is the up-
regulation of heat shock proteins (HSPs), which function as mo-
lecular chaperones to refold denatured proteins and maintain
cellular integrity under thermal duress (Hagymasi et al. 2022).
Concurrently, organisms often engage in membrane remod-
eling, adjusting the lipid composition of cellular membranes
to maintain optimal fluidity and function across different
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temperatures, a process known as homeoviscous adaptation
(Los and Leusenko 2025). Another reason for temperature-
related stress is the production of reactive oxygen species (ROS)
(Szechyniska-Hebda et al. 2022). ROS are highly reactive mol-
ecules that necessarily occur in every living cell. The majority
of ROS generated within cells is produced by mitochondria
as an unavoidable by-product of the electron transport chain,
primarily by complexes I and III (Hernansanz-Agustin and
Enriquez 2021; Pfenninger and Foucault 2020). The actual ROS
composition produced depends strongly on the stress-inducing
conditions and the organism's condition and may thus vary
widely (Das and Roychoudhury 2014). While the broader cellu-
lar stress response is critical for survival, this study focuses on
providing a mechanistic understanding of the oxidative stress
component of thermotolerance.

To prevent the damage caused by ROS, cells have evolved so-
phisticated antioxidant defense systems that include both non-
enzymatic and enzymatic components. The non-enzymatic
antioxidant system, whose basic concept is to produce bait
substances that are oxidized by ROS instead of essential cell
components (e.g., vitamin C, glutathione, etc.; Chinta and
Andersen 2008; Liu et al. 2020). On the other hand, the en-
zymatic antioxidant system produces diverse enzymes to di-
rectly turn ROS into less harmful substances. This system
encompasses superoxide dismutase, catalase, glutathione per-
oxidase, thioredoxin, peroxiredoxin, and glutathione transfer-
ase (Jomova et al. 2024). Antioxidant enzymes are distributed
throughout various cellular compartments to counteract ROS
wherever they occur (Nwachukwu et al. 2021). However, ROS
molecules are not only harmful; they are essential for a multi-
tude of cellular processes, including signaling and the defense
against xenobiotic agents. As a result, cells attempt to maintain
a delicate equilibrium between ROS production and removal by
the antioxidant systems (Mackova et al. 2024; Sikder et al. 2025).

If ROS molecules are not swiftly scavenged, they cause wide-
spread damage to macromolecules, which translates directly
into fitness costs. The oxidation of metabolic enzymes (pro-
teins) can impair energetic efficiency, while damage to cell
membranes (lipids) can disrupt cellular transport and signal-
ing, directly impacting growth and survival (Ntawubizi and
Mukamuhirwa 2024). Crucially, oxidative damage to DNA not
only compromises somatic cell function but can also introduce
mutations into the germline, a link that is a powerful mecha-
nism for evolutionary change (Dowling and Simmons 2009).
Therefore, understanding how organisms manage oxidative
stress is fundamental to explaining variation in key life history
traits such as metabolic efficiency, growth rate, and transgener-
ational genomic integrity.

Studies of temperature-induced ROS effects have predomi-
nantly focused on plant systems, resulting in a substantial body
of literature on the mechanisms and impacts of oxidative stress
(Devireddy et al. 2021). The few prior studies in animals exam-
ining temperature-related oxidative stress employed indirect
methods, such as measuring enzyme activity and/or gene expres-
sion of antioxidative genes (Yang et al. 2024; Zhang et al. 2015).
Moreover, previous studies investigating ROS production have
predominantly focused on high (Farahani et al. 2020; Zhang
et al. 2014) or low (El-Saadi et al. 2023; Lebenzon et al. 2023)

temperature conditions, and only a few have examined both
thermal extremes within the same framework (Cui et al. 2011;
Yang et al. 2010).

To our knowledge, no study has yet systematically measured
ROS production in vivo across a continuous, ecologically rele-
vant temperature gradient in an insect model. This represents a
significant research gap, particularly because physiological re-
sponses to temperature are rarely linear. Thermal performance
curves typically show that stress is minimized within an opti-
mal window and overproportionally increases at both colder
and warmer extremes (Portner et al. 2006). In C. riparius spe-
cifically, this U-shaped pattern has been documented for spon-
taneous mutation rates (Waldvogel and Pfenninger 2021). Based
on these theoretical grounds and empirical observations, we hy-
pothesize that overall ROS levels will also exhibit a U-shaped
pattern, with minimal production within an optimal thermal
window and significantly elevated levels at both cold and warm
extremes.

This study aims to test this hypothesis by providing the first
direct in vivo measurements of ROS production across a broad
thermal gradient in C. riparius, alongside a transcriptomic
analysis of its antioxidant defense system. Characterizing this
relationship is critical for understanding the evolutionary impli-
cations of thermal stress. Variation among individuals in their
ability to manage ROS can create fitness differentials, providing
the raw material for natural selection to act upon (Huchzermeyer
et al. 2022). Therefore, by dissecting the mechanistic underpin-
nings of temperature-induced oxidative stress, we are investigat-
ing a key physiological process that can determine a population's
capacity to adapt to rising average temperatures and increased
thermal extremes, or conversely, highlight its vulnerability in
the face of climate change (Said and Nassar 2022).

2 | Material and Method
2.1 | Test Animal and Experimental Design

We selected the nonbiting midge Chironomus riparius for this
study due to a combination of its ecological, practical, and phys-
iological attributes. Ecologically, it is a widespread freshwater
insect in temperate regions, central to benthic food webs, where
its aquatic larvae are naturally exposed to significant daily
and seasonal temperature fluctuations (Oppold et al. 2016).
Practically, it is a well-established model organism in ecotox-
icology and evolutionary biology, with standardized rearing
protocols and extensive genomic resources available (Foucault
et al. 2019; Pettrich et al. 2024). Physiologically, C. riparius
possesses a unique hemoglobin-based respiratory system that
makes it highly tolerant of hypoxia but also particularly suscep-
tible to specific forms of oxidative stress linked to hemoglobin
autoxidation, providing a useful system for investigating these
mechanisms.

As a widespread freshwater insect, C.riparius inhabits riv-
ers, lakes, and ponds across diverse climatic zones, including
Hessen, Germany, where our lab population originates. In this
region, temperature fluctuates seasonally and geographically,
with an annual mean of approximately 9.74°C (Waldvogel and
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Pfenninger 2021). Seasonal averages provide a more nuanced
perspective: during spring and summer (May to September), the
main reproductive period temperatures typically range from
13°C to 18°C, while occasional summer heatwaves or warmer
microhabitats may push temperatures higher. In contrast, win-
ter temperatures (November to February) often drop below 5°C,
sometimes approaching 2°C (Oppold et al. 2016).

All experimental animals originated from a long-term labo-
ratory culture established in 2015 (Oppold et al. 2016) with
individuals from the Hasselbach stream in Hessen, Germany
(50°12’N, 8°37’E). The stock population is maintained under
controlled conditions at 20°C on a 16:8 light:dark photoperiod.
Cultures are housed in plastic tray aquaria containing a 1.5cm
layer of fine sand (>0.2um) and are supplied with constant
aeration. Larvae are fed ad libitum with commercial fish food
(TetraMin). To minimize inbreeding and prevent significant
laboratory adaptation, the culture is maintained with a large
breeding population size (> 500 individuals per generation) and
is refreshed every 2years with new wild-caught individuals
from the source population. All larvae used in the experiments
were reared under these standard conditions until the start of
the thermal treatments.

For all experiments, L3-stage larvae were selected from this
stock culture, due to their established physiological robustness
and active metabolic state, making them highly responsive to
thermal stressors. This stage avoids the practical challenges as-
sociated with handling smaller L1 and L2 larvae and the con-
founding physiological and transcriptomic changes related to
beginning metamorphosis in L4 larvae (Eberhardt et al. 2025).
A total of 20 L3-stage larvae were collected from this labora-
tory culture for each treatment and placed in 24-well plates. The
plates were filled with 2.5 mL of the medium described in detail
in (Foucault et al. 2018; Oppold et al. 2016).

We used a relatively recently developed method to measure
ROS levels in living organisms (Kang et al. 2013). The use of
cell-permeable fluorogenic probes allows for the measurement
of ROS-related fluorescence intensity within the cells of living
organisms. Two different reagents were used to identify the
different ROS under different temperatures: CellROX Orange
(Thermo Fisher cat. no. C10443) and CellROX Red reagents
(Thermo Fisher cat. no. C10422). In the reduced state, the re-
agents are nonfluorescent. However, following oxidation by
ROS, they exhibit fluorogenic signals at 545/565nm for CellROX
Orange and 640/665nm excitation/emission wavelengths for
CellROX Red. CellROX Orange is capable of detecting five dis-
tinct ROS, including hydrogen peroxide, hydroxyl radical, nitric
oxide, peroxynitrite anion, and superoxide anion. In contrast,
CellROX Red only detects two ROS, namely the hydroxyl radical
and superoxide anion, which are also part of CellROX Orange.
The difference between the CellROX Red and the CellROX
Orange signal thus gives a hint at the relative proportion of the
two ROS groups produced. Even though these substances are
present in excess in the cells, they cannot scavenge all ROS mol-
ecules upon their emergence; the method nevertheless allows an
accurate relative estimation of ROS production (Wu et al. 2019).

Single L3 larvae were placed in a single well of a 24 well-plate
(Greiner Bio-One 662,160) in a climate chamber with a 16:8

light/dark cycle and a light intensity of 5501x, without active aer-
ation. The relatively large surface-to-volume ratio of the 2.5mL
medium in the wells allowed for sufficient passive oxygen dif-
fusion to support larval respiration over the 24-h experimental
period, minimizing systemic hypoxia as a confounding factor.
The 24-h exposure duration was specifically chosen to capture
the acute oxidative stress response to temperature shifts, re-
flecting ecologically relevant rapid fluctuations experienced by
C. riparius larvae in their natural habitats. Experiments were
conducted under a 16:8 light/dark cycle to account for potential
influences of circadian rhythm on physiological responses. The
study employed seven distinct consecutive temperature regimes,
encompassing 4°C, 8°C, 12°C, 16°C, 20°C, 24°C, and 28°C. In
total, we measured 20 larvae per temperature treatment. Larvae
were randomly selected from a continuously breeding pop-
ulation pool, and due to the asynchronous nature of the pop-
ulation, individuals likely originated from different females.
Consequently, sampling on consecutive days is not expected to
introduce systematic variation.

2.2 | Reactive Oxygen Species Measurement

Following 24h of treatment, the well plates were placed in a
styrofoam box for transportation to the microscope to prevent
any abrupt temperature change. ROS levels were estimated for
a total of 20 larvae per temperature and CellROX dye type. Two
larvae had to be excluded from further analysis because they
died in the process (one from the 20°C treatment group and one
from the 28°C treatment group for CellROX Orange).

A preliminary experiment with different concentrations of
CellROX stock solution (0.5-2.5uL per 2.5mL of medium; re-
sults not shown) helped us to determine the final working con-
centrations for the main experiments. Each larva was stained
with CellROX Orange at a final concentration of 1.5uM (0.75uL
of 5mM stock per 2.5mL medium) and CellROX Red at a final
concentration of 2.5uM (1.25uL of 5mM stock per 2.5mL me-
dium). These concentrations were optimized to provide detect-
able signals with a non-detrimental concentration.

ROS levels were quantified in live larvae using a ZEISS Axio
Imager 2 microscope with 10X magnification. The images were
captured using AxioVision Rel. (v. 4.8) with an HXP 120 C flu-
orescence lamp (Item Number: 423013-9010-000), with max-
imum light intensity and 1-s exposure time. We furthermore
employed the “43 HE” (BP 550/25 HE, FT 570 HE, BP 605/70
HE, Item Number 489043-9901-000) filter, which excites blue
light at approximately 550nm, transmitting emitted red flu-
orescence above 570nm and filtering out the remaining blue
excitation light, thus registering only red fluorescence around
605nm. As the L3 larvae were too large for complete body im-
aging, fluorescence measurements were consistently performed
in the first abdominal segment (Figure S2). This segment was
selected due to its identifiability, accessibility, and suitability for
consistent fluorescence measurement across all individuals.

The fluorescence field images were analyzed using the
Image] Fiji software (version 2.15.0). Images were converted
to 8-bit grayscale from RGB color images to eliminate color
differences, to be able to solely calculate light intensity. The
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CellROX Orange and CellROX Red dyes exhibited differential
brightness under identical fluorescence illumination condi-
tions. Consequently, distinct thresholds were applied to the
respective reagent treatments. Because the maximum fluo-
rescence light intensity was applied, consequently the back-
ground noise (background light) was elevated. Therefore,
the auto threshold was set too high to lower the background
noise. The mean values were taken as a measure of fluores-
cence intensity. It should be noted that the fluorescence in-
tensity measured represents the relative amount of reagent
that has entered the cell and undergone oxidation by binding
to ROS, rather than an absolute quantification of ROS pres-
ent within the cell. However, the optimized concentration
of CellROX reagents used was sufficient to capture the ROS
present within the cells across all conditions, ensuring that
our measurements reflect true differences in ROS production.
While direct quantification of dye uptake or its intrinsic tem-
perature sensitivity was not performed, the optimized nonle-
thal concentrations of reagents were applied uniformly across
all temperature treatments to ensure consistent and relative
measurements of ROS dynamics in vivo.

2.3 | Gene Expression Analysis

For gene expression analysis, a distinct experimental setup was
employed compared to the acute ROS measurements, designed
to capture transcriptional responses and adaptive changes over
longer periods. A total of 45 L3 larvae were collected from the
lab culture for each temperature treatment. The larvae were ex-
posed to specific temperature treatments in glass bowls filled
with sand and medium, as previously described (Foucault
et al. 2019). Unlike the CellROX experiments, the temperatures
used for transcriptomics were 5°C, 10°C, 15°C, 20°C, and 25°C.
This difference in temperature ranges between the CellROX and
transcriptomic experiments was due to logistical constraints and
financial considerations inherent to each distinct experimental
setup, though both ranges effectively cover ecologically rele-
vant thermal conditions for C. riparius. Larvae were provided
with aeration and permitted to feed at their discretion, which
was essential for these longer-term exposures (2-5days) to
allow for complete transcriptional responses and to account for
temperature-dependent developmental rates. As developmental
time depends on temperature in this ectothermic organism, the
duration of exposure varied accordingly: 2days for 25°C, 3days
for 20°C, 4days for 15°C and 10°C, and 5days for 5°C.

For each temperature treatment, multiple replicates of larvae
were utilized, with 12 individuals per 25°C, 15°C, and 10°C
groups, and 11 individuals per 20°C and 5°C groups. For each in-
dividual larva, a separate RNA library was prepared. RNA was
extracted using the Direct-zol RNA Miniprep Kits (R2053; Zymo
Research) according to the manufacturer's manual. Library
preparation and sequencing were conducted at Novogene on a
NovaSeq X Plus instrument.

2.4 | RNA Data Analysis

The FASTQ files were aligned to the C. riparius reference
genome v4 (Pettrich et al. 2024) which was pre-indexed for

efficient mapping. Alignment was performed using HISAT2 (v.
2.1.0; Kim et al. 2019). Subsequently, the resulting SAM files
were sorted and converted to BAM format using Samtools (v.
1.20; Li et al. 2009). Finally, read counts for each gene per in-
dividual sample were quantified using FeatureCounts (version
2.0.6; Liao et al. 2014).

Raw counts were subsequently normalized using DESeq2 (v.
3.19; Love et al. 2014) with read counts <10 in at least 4/5 of all
tested temperatures were excluded to remove lowly expressed
genes and reduce noise, resulting in the selection of 118 genes. In
this study, we focused on ROS-related genes and their specific re-
action norms to different temperatures only. To this end, protein
sequences of 134 ROS-related proteins from the model organ-
ism Drosophila melanogaster were downloaded from UniProt
on 30 June 2024. Drosophila was selected as a well-annotated
insect model, which is a dipteran and a close phylogenetic rel-
ative of C. riparius, making its ROS-related protein set a highly
relevant reference (Akinyemi et al. 2018; Bag and Mishra 2020;
Yang et al. 2024). Subsequently, the C. riparius genome was que-
ried against the downloaded protein database using BLASTX (v.
2.12.0; Camacho et al. 2009) to identify and extract the corre-
sponding genes, including those related to mitochondrial ETC
components. With this approach, nine previously annotated
genes were discovered in the C. riparius genome and incorpo-
rated into the analysis. The C. riparius protein set was queried
against the UniProtKB protein database using the InterProScan
(v. 5.52) software to obtain the gene name.

2.5 | Statistical Analysis

All statistical analyses and data visualizations were performed
in R version 4.4.1 (“R: A Language and Environment for
Statistical Computing | BibSonomy” n.d.).

2.6 | Analysis of ROS Data

To test for a significant effect of temperature on overall ROS
levels (Relative Fluorescence Intensity, RFI), we performed an
Analysis of Variance (ANOVA). To test our hypothesis of a U-
shaped relationship between temperature and ROS, we fitted a
second-order polynomial regression model to the data. The fit
of this model was compared to a linear model using the Akaike
Information Criterion (AIC) to confirm that the polynomial
model provided a better description of the data.

2.7 | Differential Gene Expression Analysis

Differential gene expression analysis was performed to iden-
tify genes with significant expression changes between the
temperature (15°C) and each of the other thermal treatments
(5°C, 10°C, 20°C, and 25°C). The analysis was conducted in R,
using the DESeq2-normalized count data for the 118 selected
ROS-related genes as input. The limma package (v. 3.60.2)
was employed for its robust statistical framework (Ritchie
et al. 2015). Prior to modeling, the normalized expression
values were log2-transformed, with a pseudocount of 1 added
to accommodate zero values. A linear model was then fitted
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for each gene, and empirical Bayes moderation was applied
to increase statistical power. Contrasts were established to
compare each temperature group against the 15°C, since it is
close to the optimal temperature. p values were adjusted for
multiple testing using the Benjamini-Hochberg method to
control the false discovery rate. The results were visualized
as volcano plots using the ggplot2 package, where the x-axis
represents the log, fold change and the y-axis represents the
negative log , of the adjusted p value. Genes were colored ac-
cording to their ROS target classification (superoxide, hydro-
gen peroxide, general ROS) to highlight the response patterns
of different functional groups.

2.8 | Principal Component Analysis (PCA)

To explore coordinated temperature-dependent responses in the
antioxidant system, we conducted a principal component analy-
sis (PCA) exclusively on 23 genes known to be directly involved
in ROS production or scavenging (Ryan et al. 2020). The goal
was to identify dominant patterns of variation in gene expres-
sion across the temperature gradient and to uncover how anti-
oxidant systems respond collectively under thermal stress. The
normalized gene expression data for these antioxidant genes
were imported into R and preprocessed by applying z-score nor-
malization. PCA was performed using the “prcomp()” function
to capture the major axes of variation in antioxidant gene ex-
pression across temperature treatments. Gene loadings obtained
from the PCA rotation matrix were combined with ROS target
annotations, where the sign and magnitude of the loading in-
dicate the direction and strength of a gene's contribution to the
variance along a principal component, providing insight into
its expression pattern across temperatures. Sample metadata,
including temperature, were extracted from sample identifiers
and merged with PCA scores. Additionally, a broken stick model
was used to assess the significance of the variance explained by
each principal component.

Visualization of the PCA results was carried out using the gg-
plot2 package (Wickham et al. 2019). A biplot was generated,
displaying samples in the PC1-PC2 space with points colored
by temperature and gene loadings represented as scaled arrows.
Complementary boxplots were also created to compare the
distribution of principal component scores across temperature
treatments, with custom color scales applied for clarity.

3 | Results

3.1 | Temperature Dependent Stress Levels Across
Temperatures Detected via ROS

The stress levels of larvae as measured by the relative fluores-
cence intensity (RFI) of ROS exhibited a significant temperature
dependence (ANOVA, F(6, 133)=64.02, p<0.001), indicating
relative changes in oxidative activity across the thermal gra-
dient. RFI was highest at the two temperature extremes and
lowest between 12°C and 18°C, which indicates an optimal tem-
perature range (Figure 1). Fitting a second-order polynomial
regression model to the data revealed a U-shaped relationship
between temperature and RFI (goodness of fit: R2=0.6, p value

<2.2e-16; formula: 44.91672+ 30.85863*x+ 298.3746*x?). The
polynomial regression model fitted better to the data compared
to the linear model, according to AIC values of 1250 and 1377,
respectively.

3.2 | Characterization of ROS Types Under
Different Temperature Conditions

When assessing the relative abundance of ROS species across
temperatures, it becomes evident that the qualitative contribu-
tion of different ROS groups, inferred from the differential sensi-
tivity of the CellROX probes, changes with temperature. At 4°C,
the superoxide group (detected by CellROX Red) predominated,
indicating a higher relative contribution of these species. In con-
trast, at 24°C and 28°C, there was an elevated level of the hydro-
gen peroxide group (inferred from the CellROX Orange signal,
encompassing hydrogen peroxide, nitric oxide, and peroxyni-
trite), suggesting their increased relative contribution at warmer
temperatures (Figure 2). At optimal temperatures, the overall
amount of ROS was lower than at the extremes, and the superox-
ide group appeared to be more prominent. It is important to note
that Figure 2 serves as a qualitative illustration of the shifting
ROS profiles; the quantitative data showing the distribution and
variance of total ROS and the statistical support for the signifi-
cant effect of temperature are presented in Figure 1.

A key observation emerged when analyzing the normalized data
(Figure 2). At 12°C and 20°C, the relative signal from CellROX
Red, which detects superoxide and hydroxyl radicals, surpassed
that of the broader-spectrum CellROX Orange probe. As thisis a
mathematical consequence of normalizing two probes with dif-
ferent baseline signals and sensitivities, we further explored the
biological meaning of this signal crossover.

3.3 | Principal Component Analysis of ROS
Associated Genes Under Different Temperature
Conditions

To investigate the overall transcriptional response to tempera-
ture, we first analyzed the gene expression profiles from our 58
individual larva samples (11-12 biological replicates per tem-
perature treatment). Principal component analysis (PCA) was
performed on normalized read counts of 23 antioxidant genes
directly related to either ROS production or scavenging to deter-
mine temperature-dependent expression patterns. Significant
PCs were revealed using the Broken Stick model (Data S1),
where the first three principal components (PCs) capture dif-
ferent aspects of gene expression variation, with PC1, PC2, and
PC3 explaining 24.2%, 16.2%, and 10.8%, respectively. Together,
they explained more than 50% of the data (Figure 3A).

The PCA biplot showed a clear temperature-dependent cluster-
ing of the samples. The low-temperature samples (5°C-10°C)
formed distinct clusters in the negative PC1 region, while the
high-temperature samples (20°C-25°C) clustered in the positive
PC1 region. Intermediate temperature samples (15°C) occupied
transitional positions between these clusters, indicating a grad-
ual shift in gene expression patterns across the temperature
gradient.
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FIGURE1 | Boxplot depicting the relative fluorescence intensity (RFI) across different temperatures based on CellROX Orange measurements,
which detects a broader spectrum of ROS. The distribution of RFI across temperatures fits a parabolic distribution (R?>=0.5997; F-statistic: 105.1 on
2 and 137 DF, p value: <2.2e-16). The line shows the fitted regression with a 95% confidence interval (shaded area).

Analysis of PC scores across temperatures revealed system-
atic variation in gene expression patterns. PC1 scores showed
a strong correlation with temperature, transitioning from neg-
ative values at low temperatures to positive values at high tem-
peratures, indicating that genes with positive loadings on PC1
are increasingly expressed at higher temperatures, and vice
versa. PC2 scores showed another clear distinction between low
temperature (5°C) and high temperature (20°C-25°C), while
the 10°C and 15°C data sets fell in the middle. This suggests a
threshold of regulation in the antioxidant response system. PC3
provided additional information on cold-temperature-specific
responses, particularly in the 5°C data (Figure 3B; Data S1).

3.4 | Differential Gene Expression Highlights a
Strong Cold-Stress Response

To investigate the expression changes of individual genes, we
compared each temperature treatment to the 15°C baseline.
Genes were considered significantly differentially expressed if
they had a False Discovery Rate (FDR) p value <0.05. This anal-
ysis revealed a starkly asymmetric transcriptional response to
thermal stress (Figure S1). The most profound and widespread
changes occurred at the cold extreme (5°C), where numerous
antioxidant genes were significantly up- or downregulated, in-
dicating a large-scale transcriptomic reprogramming. In strik-
ing contrast, the responses to milder cold (10°C) and warm

temperatures (20°C and 25°C) were far more subdued at the in-
dividual gene level. Very few genes passed the stringent thresh-
old for statistical significance, suggesting a different regulatory
mechanism is at play in response to moderate versus extreme
cold stress.

3.5 | Gene Contributions to Temperature Response

Based on the PCA (Figure 3A), gene loadings were obtained to
determine the contribution of the 23 antioxidant genes directly
related to either ROS production or scavenging to the tem-
perature response. In PC1, thioredoxin-2, two mitochondrial
thioredoxin isoforms, two superoxide dismutase variants, perox-
iredoxin-6, catalase isoform X2, and mpvi7-like protein 3 showed
strong positive loadings (0.2-0.4), indicating higher expression
levels at elevated temperatures. In contrast, dual oxidase exhib-
ited a negative loading, suggesting increased expression at lower
temperatures.

PC2 and PC3 captured variation associated with cold responses.
Strong positive loadings in PC2 were observed for superoxide dis-
mutases, mpvl7-like protein 2, mitochondrial glutathione peroxi-
dase, and peroxiredoxin-5, indicating their greater contribution
under cold conditions. Negative PC2 loadings for catalase iso-
form X2 and sestrin homologs suggested differential antioxidant
activation at intermediate temperatures. PC3 was dominated by
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FIGURE2 | Normalized fluorescence intensity of ROS indicated by orange bars (total measured ROS by CellROX Orange) and red bars (subset of
ROS by CellROX Red) at temperatures ranging from 4°C to 28°C. This figure illustrates the relative abundance and qualitative shifts of different ROS

species across temperatures, inferred from the differential sensitivity of CellROX Orange and CellROX Red. Total measured ROS includes superox-

ide, hydroxyl radical, hydrogen peroxide, nitric oxide, and peroxynitrite anion. The subset of ROS consists of superoxide and hydroxyl radicals. The

figure is based on normalized fluorescence intensity data, with orange bars representing total ROS pool and red bars representing the superoxide

and hydroxyl radical subset. Green segments, with corresponding numerical values, illustrate the difference between total and subset ROS levels

(CellROX Orange—CellROX Red), representing the combined contribution of hydrogen peroxide, nitric oxide, and peroxynitrite anion. For quanti-

tative data and statistical validation of the overall temperature effect, refer to Figure 1.

high negative loadings from sestrin isoforms, peroxiredoxin-5,
and thioredoxin domain-containing protein 15, indicating a spe-
cific role for hydrogen peroxide detoxification at low tempera-
tures (Figure 3C; Data S1).

4 | Discussion

Organisms need to be able to cope with a variety of different
temperatures across different time scales and magnitudes.
Even though water bodies may buffer temperature fluctuations
to a certain extent, in water bodies of temperate regions, and
especially small water bodies, temperatures may change on a
seasonal, daily, and even minute time scale. Thus, organisms
inhabiting these regions need to be adapted to cope with vary-
ing conditions, but they may still be vulnerable to temperature
extremes. Temperature extremes can exert strong stress on or-
ganisms; however, the detection and quantification of this stress
are not always easy. This study presents the first direct in vivo
measurements of ROS under a broad range of temperatures in
an insect. In contrast to earlier studies that employed indirect
methods, such as enzyme activity assays or in vitro ROS mea-
surements (Cui et al. 2011; Jia et al. 2011; Yang et al. 2010; Zhang
et al. 2015), our direct in vivo measurements of ROS provide a
more comprehensive and precise understanding of ROS pro-
duction in response to a range of temperatures encountered by
the species in their natural habitat. While acknowledging the
theoretical potential for CellROX compounds to induce minor

background oxidative responses, our optimized nonlethal con-
centrations and consistent application across all treatments
ensured that the observed temperature-dependent differences
accurately reflected biological variation rather than probe-
induced artifacts.

4.1 | Temperature-Dependent Stress Response

Our findings demonstrated that ROS levels in C. riparius fol-
lowed a U-shaped pattern across the temperature gradient, with
potentially elevated oxidative stress at both upper and lower
temperature extremes. The increased ROS levels at the extreme
temperatures aligned with observations in other ectotherms,
where temperature extremes challenge cellular homeostasis.
For instance, in ectothermic species like fish and amphibians,
either heat or cold stress can lead to increased ROS (Paital and
Chainy 2014).

In ectotherms at high temperatures, the metabolic rate in-
creases, leading to higher oxygen consumption and elevated
ROS production as a metabolic by-product (Rollins-Smith and
Le Sage 2023). Consistent with the generally increased meta-
bolic rate observed at higher temperatures (Holden et al. 2022;
Payne et al. 2025), our transcriptomic analysis identified
a linearly increasing expression pattern for five NADH de-
hydrogenase genes and an exponential increase for a cyto-
chrome c reductase gene with increasing temperature, which
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FIGURE 3 | PCA of antioxidant gene expression across five temperatures, showing temperature-specific patterns and the contribution of ROS-
targeted genes to variation along principal components. (A) Biplot of the first two principal components derived from a principal component analysis
(PCA) of 23 antioxidant gene expression profiles across five temperature treatments (5°C, 10°C, 15°C, 20°C, 25°C). Samples are color coded by tem-
perature, and vectors indicate each gene's contribution to the observed variation along PC1 and PC2; the direction of the arrow indicates the tempera-
ture range where that gene's expression is higher. Genes are labeled and colored according to their primary ROS target, with gray for general (non-
specific) antioxidants, blue for hydrogen peroxide-related antioxidants, and red for superoxide-related antioxidants. (B) Boxplots of sample scores for
PC1, PC2, and PC3 across all temperature treatments, illustrating shifts in overall gene expression patterns. Letters indicate statistically significant
differences among temperatures within each principal component (Tukey's HSD test, p <0.05) (Data S1). (C) Contribution of 23 ROS production or
scavenging candidate genes to PC1, PC2, and PC3. Genes are again categorized by primary ROS target, using the same color scheme as in panel A.

is consistent with enhanced expression of components within
complexes I and III of the electron transport chain. This pat-
tern likely reflected a response to elevated energy demands.
As temperatures rise, cellular ATP requirements increase,
driving the need for efficient mitochondrial ATP production
(Twardochleb et al. 2023). The observed increasing pattern
in mitochondrial gene transcription may therefore serve to
increase the flow of electrons through the electron transport
chain to meet these heightened energy demands under ther-
mal stress (Park and Kwak 2014).

On the other hand, at lower temperatures, mitochondrial func-
tion is disrupted as enzyme function slows down and oxygen
consumption is decreased, leading to increased electron leakage

from the mitochondrial electron transport chain and subsequent
enhancement of ROS production (Jergensen et al. 2023). In ac-
cordance with this, we observed a general decreasing pattern
of complex I and III genes at lower temperatures, which may
represent a compensatory metabolic adjustment rather than dys-
function, aligning with diminished energy requirements in cold
conditions. This decreasing trend of the specific genes in cold
conditions might be a strategy to conserve energy and minimize
ROS production specifically from the electron transport chain's
activity, which is particularly useful in low-temperature envi-
ronments where ATP demand decreases (Colinet et al. 2017).

While our direct in vivo ROS measurements provided an un-
precedented view of real-time oxidative activity, future studies
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should complement these findings by quantifying specific ox-
idative damage biomarkers to fully assess the consequences of
this stress.

4.2 | Different ROS Profiles Across the
Temperature Gradient

Beyond the observed U-shaped stress response, our approach
of using different CellROX reagents further disentangled these
responses: at low temperatures, the superoxide group (superox-
ide and hydroxyl radical) appears to predominate, whereas at
high temperatures, the hydrogen peroxide group (hydrogen per-
oxide, peroxynitrite anion, and nitric oxide) suggests a greater
contribution.

We propose that the signal crossover at 12°C and 20°C, where
the normalized CellROX Red signal surpassed the Orange,
reflects a significant, temperature-specific shift in the ROS
composition. At 20°C, a temperature supporting high meta-
bolic activity, the targeted production of superoxide is a critical
component of cellular signaling pathways (Averill-Bates 2023;
Sies and Jones 2020). The elevated CellROX Red signal here
is powerfully substantiated by our transcriptomic data, which
reveal that expression loadings for key superoxide-scavenging
genes are significantly correlated with the higher Red signal
at this exact temperature (Park et al. 2012). This indicates a
direct biological response: the cell is actively enhancing its
defense machinery to manage a higher, physiologically rele-
vant flux of superoxide. Conversely, the crossover at the mild
cold-stress temperature of 12°C likely results from altered mi-
tochondrial electron transport efficiency, leading to increased
superoxide leakage (Zhao et al. 2019). Therefore, we interpret
this signal crossover not as a methodological artifact, but as a
key finding that distinguishes between two distinct modes of
ROS production: a managed flux for cellular signaling near
optimal temperatures and mitochondrial leakage in response
to cold.

At low temperatures (e.g., 4°C), the elevated ROS production
was largely driven by hypoxia-induced hemoglobin autoxi-
dation. In C. riparius larvae, hemoglobin levels are known to
be high and increase further under hypoxic conditions (Choi
et al. 2000). Under such low-oxygen environments, reduced
oxygen diffusion promotes autoxidation of oxyhemoglobin to
methemoglobin (Lushchak 2011), a process that generates su-
peroxide radicals and, to a lesser extent, hydrogen peroxide (Yan
et al. 2020). Furthermore, diminished peroxidase activity under
these hypoxic conditions favors the Fenton reaction, thereby
forming hydroxyl radicals. Such molecular mechanisms not
only explain the ROS profile observed at low temperatures but
may also account for the associated developmental delays ob-
served below 15°C (Alter et al. 2024).

At elevated temperatures, the predominance of the hydrogen
peroxide group aligns directly with our transcriptomic find-
ings. We observed a general trend of temperature-dependent
upregulation for genes encoding key components of the mi-
tochondrial electron transport chain. This transcriptional
response suggests an increased capacity for mitochondrial
respiration, which would elevate the rate of electron flow

and, consequently, the leakage of superoxide anions from the
ETC (Messina et al. 2023). Upregulated superoxide dismutase
activity then converts these anions into hydrogen peroxide
(Murphy 2009). Beyond this general metabolic response, heat
stress triggers additional molecular responses such as in-
creased nitric oxide production through the modulation of ni-
tric oxide synthase that promote the formation of peroxynitrite
when superoxide reacts with nitric oxide (Piacenza et al. 2022;
Figure S3).

The observed molecular processes reflect the knowledge about
the ecology of C. riparius populations. Elevated temperatures
accelerate larval development, thereby reducing generation
time, which principally increases fitness (Foucault et al. 2019).
However, the trade-offs are significant: increasing temperatures
increasingly compromise larval survival, reduce pupation suc-
cess, and thus overall impair adult reproductive fitness (Foucault
et al. 2018; Nemec et al. 2013). Experiments have shown that
while optimal growth and relatively short generation times are
maintained between 16°C and 23°C (Oppold et al. 2016), expo-
sure to temperatures around 28°C leads to a notable decline in
population growth (Nemec et al. 2013). This suggests that the
benefits of accelerated growth rates at elevated temperatures are
counterbalanced, among others, by the physiological costs of the
increased ROS production shown here.

Our findings may also have evolutionary implications for the
species. The mutation rate response across temperatures re-
ported by Waldvogel and Pfenninger (2021) exhibited an opti-
mality pattern, superficially similar to the one observed in our
ROS measurements. Observed mutation rates had their min-
imum at ~18°C and increased with increasing temperatures,
but also towards colder temperatures, reaching a maximum at
12°C (Waldvogel and Pfenninger 2021). Below this temperature,
reproduction is not possible anymore in C. riparius, and there-
fore, transgenerational mutation rates could not be measured.
However, the current study has shown that ROS levels had their
minimum at 12°C and therefore may not be the sole or primary
driver for the increased mutation rate observed at this tempera-
ture. One plausible hypothesis is that the extended generation
times at cold temperatures (Oppold et al. 2016) allow even low
ROS levels or other mechanisms more time to inflict DNA dam-
age (Beal et al. 2019) and thus increase mutation rates. However,
the overwintering generation of C. riparius in nature is exposed
for several months to much lower temperatures down to 4°C
(Pfenninger et al. 2023). The increased ROS level at these cold
temperatures observed here could thus still be a major driver of
mutagenesis in natural populations, due to the interplay of in-
creased oxidative cold stress and extended exposure time during
hibernation.

It is crucial to interpret these findings in the context of our
study design, which utilized a single laboratory population orig-
inating from a temperate climate in Germany. Given the broad
geographical distribution of C. riparius across diverse climatic
regimes, from the Mediterranean to Northern Europe, local ad-
aptation in thermal physiology is highly probable (Waldvogel
et al. 2018). Therefore, the specific thermal optima and stress
thresholds we report here are certainly not universal for the
species. This underscores that population-specific variation is a
critical factor, and our study provides a foundational baseline for

Ecology and Evolution, 2025

90f13

85UB017 SUOWIWIOD BA1E81D) 8|qeatidde ay) Aq peuienof a2 seollie YO ‘8sn JO So|nl o} Akelq 18Ul JUO A8]IAN UO (SUOIPUOD-PUE-SLLISIWI0D A8 | AReiq | puljuo//:Sdny) SUONIPUOD Pue Sws | 81 88S *[5202/2T/2T] U0 A%iqiauliuo A8|IM * Jend 1jeyds|pseo B1equepouss - Ining seing Aq §29z. '€999/200T 0T/I0p/W00" Ao |1 AReiq1puljuo//sdny wouy pepeojumod ‘2T ‘G202 ‘852.5h02



future comparative population studies aimed at dissecting the
genetic basis of local thermal adaptation.

Furthermore, the responses documented in this study rep-
resent the acute plastic response to a novel thermal environ-
ment, as all larvae were reared at a constant 20°C. It is well
established that an organism's thermal history can profoundly
shape its physiological and molecular responses to stress. For
example, acclimation history, through which an individual
gradually adjusts to a new thermal regime, can lead to the
restructuring of metabolic pathways or the accumulation of
protective molecules, potentially dampening the acute ROS
production we observed upon a sudden temperature shift
(Shama et al. 2014). Similarly, transgenerational plasticity,
often mediated by maternal effects, can preprogram off-
spring for the environment their parents experienced (Bonzi
et al. 2025). A mother exposed to colder conditions might pro-
vision its eggs with specific antioxidants or transcripts that
alter the baseline stress response of its larval offspring, lead-
ing to a different oxidative stress profile than the one we mea-
sured (Marks and Lailvaux 2024). Therefore, while our results
provide a crucial baseline for understanding the immediate
mechanisms of thermal stress, they should be interpreted as
one component of the broader thermal biology of C. riparius.

4.3 | Molecular Mechanisms of Antioxidant
Defense Across Temperature Gradients

Our RNA-Seq approach, which analyzed individual larvae, al-
lowed us to capture interindividual variation in gene expression,
which is crucial for understanding the full spectrum of plastic
responses and genetic variation within a population (Pfenninger
et al. 2025). This analysis revealed a targeted gene expression
response by which C. riparius reacted to temperature-induced
oxidative stress, corroborating the physiological level results ob-
served above. At higher temperatures (20°C-25°C), our analy-
sis revealed a response favoring the management of hydrogen
peroxide. Our transcriptomic data provide a direct mechanistic
basis for this observation. We saw a general trend of upregula-
tion for genes encoding key components of the mitochondrial
electron transport chain (ETC), such as NADH dehydrogenases
(Complex I) and cytochrome c reductase (Complex III). This
suggests an increased metabolic rate and electron flow to meet
higher energy demands, which inevitably increases the leakage
of superoxide from the ETC (Murphy 2009). The cellular re-
sponse to this primary challenge was evident in the concurrent
positive contribution of superoxide dismutase variants, whose
function is to convert this excess superoxide into hydrogen
peroxide. Consequently, the system then activated defenses to
manage this secondary product, as shown by the strong contri-
bution of hydrogen peroxide-neutralizing enzymes like thiore-
doxins, peroxiredoxin-6, and catalase isoform X2 to the variance
in gene expression at warm temperatures, as revealed by our
PCA (Figure 3C). Thus, the ROS profile at high temperatures
appears to be a direct consequence of an elevated metabolic rate
(Pamenter et al. 2018), followed by a coordinated, two-step en-
zymatic defense. However, it is important to note that our tran-
scriptomic analysis did not include the 28°C treatment, which
elicited the highest physiological ROS production. Future stud-
ies incorporating this upper thermal limit would be valuable for

elucidating the transcriptional signatures associated with the
transition from adaptive response to acute heat stress.

Conversely, the response to colder conditions (5°C-10°C) was
mechanistically distinct. Physiologically, these temperatures
were dominated by superoxide anion oxidant, a pattern that
cannot be explained by an elevated metabolic rate. Our tran-
scriptomic analysis, however, provides a compelling molecu-
lar explanation. The transcriptional reprogramming at cold
temperatures was the most pronounced observed across the
entire gradient, with a large number of genes being signifi-
cantly differentially expressed at 5°C (Figure S1). Central to
this response was the significant upregulation of dual oxidase,
a membrane-bound enzyme known to be a potent producer of
superoxide (Donko et al. 2005). This specific gene induction
offers a direct molecular source for the observed superoxide
surge, fitting the physiological data perfectly. Furthermore
the antioxidant system, in turn, mounted a complex defense
tailored to this specific threat. The primary challenge of su-
peroxide under cold temperatures, was met with a complex
regulation of superoxide dismutase variants (Figure 3C), whose
role is to convert superoxide to the less reactive hydrogen per-
oxide. However, this enzymatic conversion creates a second-
ary oxidative challenge. Accordingly, the cold response also
involved the regulation of hydrogen peroxide scavengers, as
indicated by the strong contribution of genes like peroxiredox-
in-5 and mpvl17-like protein 2 to the variance observed in the
PCA at low temperatures (Figure 3C). This reveals a sophis-
ticated, multi-step defensive strategy. The cold-temperature
response, therefore, appropriately emphasizes primary su-
peroxide management, but also prepares for its secondary
byproducts. This seemingly counterintuitive production and
management of multiple ROS species at low temperatures may
serve critical signaling functions, potentially activating cold-
adaptive pathways or maintaining cellular redox homeosta-
sis despite reduced metabolic activity (Jergensen et al. 2023;
Murphy 2009).

5 | Conclusion and Future Directions

Thisstudy provides the firstdirectin vivo evidence for a U-shaped
pattern of oxidative stress across a broad temperature range in
the insect C. riparius, with minimal ROS levels observed within
a thermal window of 12°C-18°C. We demonstrate that this pat-
tern arises from mechanistically distinct challenges: superoxide
predominance at low temperatures, linked to hemoglobin au-
toxidation, and hydrogen peroxide predominance at high tem-
peratures, driven by increased metabolic rate. Correspondingly,
the transcriptional response of antioxidant genes is tailored to
counter the specific ROS type prevalent at each thermal extreme.
These findings establish that temperature extremes impose dis-
tinct forms of oxidative stress, a mechanism that plausibly im-
pacts organismal fitness and likely influences the ecology and
evolution of the species by exerting complex selective pressures.
While our results provide a crucial mechanistic baseline, future
work is needed to explore how these responses are modulated
by factors such as local adaptation, as our findings are based on
a single population. Further studies should also investigate the
transcriptional tipping point at extreme high temperatures and
how long-term acclimation and developmental plasticity alter
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these acute stress responses. Such research will be critical for
predicting the vulnerability and adaptive potential of freshwater
ectotherms in a changing world.
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The release of polycyclic aromatic hydrocarbons (PAHs) into the environment is posing a threat to ecosystems
and human health. Benzo(a)pyrene (BaP) is considered a biomarker of PAH exposure and is classified as a Group
1 carcinogen. However, it was not known whether BaP is mutagenic, i.e. induces inherited germline mutations.
In this study, we used a recently established method, which combines short-term mutation accumulation lines
(MAL) with whole genome sequencing (WGS) to assess mutagenicity in the non-biting midge Chironomus riparius.
The mutagenicity analysis was supplemented by an evaluation of the development of population fitness in three

successive generations in the case of chronic exposure to BaP at a high concentration (100 pg/L). In addition, the
level of ROS-induced oxidative stress was examined in vivo. Exposure to the higher BaP concentration led to an
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increase in germline mutations relative to the control, while the lower concentration showed no mentionable
effect. Against expectations, BaP exposure decreased ROS-level compared to the control and is thus probably not
responsible for the increased mutation rate. Likewise, the higher BaP concentration decreased fitness measured
as population growth rate per day (PGR) significantly over all generations, without signs of rapid evolutionary
adaptations. Our results thus highlighted that high BaP exposure may influence the evolutionary trajectory of

organisms.

1. Introduction

The release of anthropogenic substances into the environment usu-
ally causes negative effects at all levels of biological organization, from
the molecule up to the community and ecosystem (Zhang et al., 2018).
The unifying factor is their effect on population fitness, which on the one
hand integrates all processes within individuals and on the other hand is
decisive for the organism’s role in the ecological community and thus for
the ecosystem (Szther and Engen, 2015; Shaw et al., 2008). However, as
species are not static but evolve, anthropogenic stressors with a negative
impact on population fitness also represent selection factors that can
trigger evolutionary adaptation (Charlesworth, 1971; Murray, 1990).
The same stressors can also induce mutations that, although essential for
evolution, in the vast majority of cases have a negative impact on fitness
(Baer et al., 2005; Eyre-Walker et al., 2006). These long-term conse-
quences, which alter not only current demography but also the future
evolutionary trajectory of species, are the focus of the emerging research
field of evolutionary ecotoxicology.

Polycyclic aromatic hydrocarbons (PAH) represent one of the most
important polluting compounds, ubiquitously present in all environ-
mental compartments (Adeniji et al., 2019). Their heterocyclic aromatic
ring structure, hydrophobicity, and thermostability make them highly
persistent in the environment (Patel et al., 2020). Moreover, PAH rep-
resents a legacy of contemporary society as their increasing presence in
the environment was associated with car use and urban sprawl (Van
Metre et al., 2000). BaP is one of the most prevalent PAH pollutants in
the urban environment. It is formed during the incomplete combustion
of organic matter like wood and certain types of fossil fuels such as
petrol and diesel and reaches the environment mainly in exhaust gasses,
as well as in cigarette smoke (Bukowska et al., 2022; Phillips, 1983). It
accumulates in the sediment carried by runoff water, particularly if the
runoff encounters vehicles, road surfaces, or deposits of combustion
byproducts. Moreover, it has been described as genotoxic and carcino-
genic in mammalian cells and has already been proven to inhibit DNA
repair, thereby likely promoting mutagenicity. It is the only PAH clas-
sified as carcinogenic in Group 1 (Baan et al., 2008). Benzo[a]pyrene has
been shown to increase ROS production and induce oxidative stress
(Baan et al., 2008). Under conditions of oxidative stress, ROS levels can
become excessive and cause damage to biomolecules such as DNA,
proteins, and lipids (Droge, 2002). Its accumulation in tissue caused
adverse metabolic, neuronal, and genotoxic effects in Chironomid and
Aedes larvae (Kagan and Kagan, 1986; Vicentini et al., 2017).

However, it is not known whether BaP has a mutagenic effect on
germ cells upon environmental exposure. Instead of mutations in so-
matic cells, mutations in germ cells are passed onto offspring for gen-
erations even if exposure to the substance has ceased. Despite being the
“fuel of evolution”, mutations have usually a detrimental effect on the
fitness of organisms (Lynch and Gabriel, 1990). Thus, measuring the
mutagenic effect of a toxic substance in germ cells is crucial because it
can irreversibly change the evolutionary trajectory of the population
under investigation. Indeed, mutagens behave differently from other
toxicants, which may exert a genotoxic action, but without necessarily
inducing an increased rate of mutagenicity. Ecotoxicological tests
represent a key tool for determining the toxicity of a substance and its
potential impact on the environment. However, these tests usually do
not focus on the direct measurement of mutagenicity. In this regard,
considering the evolutionary effects of anthropogenic emissions

increases the scope of environmental assessments and allows for an in-
tegrated assessment of emerging pollution problems.

Although it is reliable to test mutation rates in microorganisms or in
cell cultures, these do not consider the real complexity of a multicellular
organism, let alone an organism as a living system (Kirkland et al., 2007;
Knaap et al., 1988). However, the use of next-generation sequencing
(NGS) technology for the direct assessment of the mutagenicity of
chemicals is currently not yet widespread (Beal et al., 2019; Du et al.,
2017; Wamucho et al., 2019). There is a lack of established and stan-
dardized protocols, which means that thousands of chemicals currently
in use in Europe are not comprehensively evaluated for their potential
health and environmental risks (Doria and Pfenninger, 2021). In the
present study, we describe the application of a recently introduced
mutation rate test (Oppold and Pfenninger, 2017) as an effective eco-
toxicological mutagenicity test tool for metazoan organisms. The testis a
combination of short-term mutation accumulation (MA) lines, whole
genome sequencing (WGS), and dedicated data analysis. For this, we
used Chironomus riparius, a non-biting freshwater midge that is widely
distributed in Europe, Asia, and North America. It is used as a test spe-
cies in ecotoxicological assessment of water and sediments and four
validated tests are included in the OECD Guidelines for the Testing of
Chemicals (OECD, 2010). C. riparius has already been used as a model
organism for mutagenicity tests, evaluating the toxicity of Cadmium
(Cd) in a multigenerational scenario (Doria and Pfenninger, 2021). In
addition, the genomic analysis was complemented by a multigenera-
tional study over three successive generations, assessing changes in
population fitness over time, in particular, whether constant exposure
leads to rapid adaptation, as has been shown for other stressors in
C. riparius (Foucault et al., 2019; Nowak et al., 2009; Pfenninger and
Foucault, 2020). Because oxidative stress is known as a major agent to
induce mutations (Aitken and Krausz, 2001), we measured oxidative
stress through the quantification of reactive oxygen species (ROS).

2. Materials and methods
2.1. Test compound

Benzo[a]pyrene (BaP) (Merck, Germany) was prepared by diluting it
with dimethyl sulfoxide (DMSO) and kept as a 1% stock solution. The
BaP exposure was continued for 5 generations at concentrations of 10
pg/L and 100 pg/L. The concentrations were chosen, because the lower
value represents high environmentally relevant concentrations
(Bukowska et al., 2022), and the higher was a just not yet lethal con-
centration in an exploratory 24 h acute test with freshly hatched larvae
(data not shown). BaP was added to the medium in corresponding
amounts at the beginning of every generation.

2.2. Chemical analysis

To determine the final concentration of BaP, sediment, and water
samples were collected and sent to Fresenius SGS Institut GmbH labo-
ratory for chemical analysis. Water samples were analyzed using gas
chromatography combined with mass spectrometric detection (GC-MS)
(DIN 38407-39:2011-09). Sediment samples were analyzed according
to DIN EN 14346:2007-03 by gas chromatography and subsequent
determination by mass spectrometry (GC-MS) (DIN IDO,
18287:2006-05).
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2.3. Mutation accumulation lines experimental design

For the experiment, one egg rope was raised under optimal condi-
tions to avoid premature selection pressure. After the successful repro-
duction of the G1 generation, egg ropes from the G2 generation were
collected to establish the next generation. The hatched clutches were
placed in glass bowls (20 cm diameter, 14 cm height) containing 1.5 cm
of sand and 1.150 L of medium with a conductivity between 550 and
650, and a pH value of around 8. The four groups were Control, 10 pg/L,
100 pg/L, and Solvent, with 15 replicates each. For conducting the next
generation, only one egg clutch was chosen. The mutation accumulation
lines were kept at 22 + 0.5 °C, 60% humidity, and 16:8 light and dark
periods. The bowls were aerated 24 h a day, and evaporation of the
medium was avoided by adding distilled water and adjusting the con-
ductivity when necessary. Because of the swarm fertilization of
C. riparius and the impossibility of determining the parents of specific
egg clutches, adults of the first generation were collected and used as a
pooled reference. At the end of the fifth generation, one randomly
chosen female was collected for DNA extraction.

2.4. Life cycle test

A chronic toxicity test was conducted according to the OECD
Guideline 233 to determine the toxicity of benzo[a]pyrene (BaP) to
C. riparius over a test period of 28 days (OECD, 2010). The same
experimental design was used with minor modifications to mutation
accumulation lines. Five egg clutches were selected to initiate the
experiment, and 30 first-instar larvae were placed in glass bowls. After
placing 30 individuals, BaP was added to the medium at a final con-
centration of 100 pg/L. In every generation, the glass bowls were
replaced with new sand, medium, and 100 p/L BaP was freshly added,
keeping the exposure concentration constant. Both the control and the
treatment were subjected to a life cycle test every generation. The
number of emerged adults was counted to determine mortality, which
corresponds to the subtraction of the emerged from the exposed larvae.
Adult sexes were recorded daily to determine the mean emergence time
(EmT50), i.e. when 50% of the females emerged. The number of adults
that emerged and their sexes were recorded daily to determine the mean
emergence time (EmT50). For fertility determination, all emerged in-
dividuals were placed in breeding cages according to their experimental
groups. The number of fertile laid eggs were counted, and the egg
numbers were determined according to. Non-fertile eggs rarely occur in
experiments, with the exception of certain experimental conditions that,
for instance, strongly influence sex ratios. Finally, all measured pa-
rameters were summarized in the population growth rate (PGR) (Nemec
et al., 2013).

2.5. Whole genome sequencing and bioinformatic analysis

DNA extraction was done with the Blood and Tissue QUIAGEN Kit by
following the manufacturer’s instructions. The whole genome
sequencing of both the reference pool and individuals was established
using the study (Doria and Pfenninger, 2021). Clean reads of individual
females of each mutation accumulation line and ancestors were
analyzed using the best practices of the GATK pipeline (McKenna et al.,
2010). First, the reads were paired with Pear (Zhang et al., 2014). The
reference genome v.4 (unpublished data) was used for mapping with
bwa-mem. Picard v.1.123 (https://broadinstitute.github.io/picard/)
was used for marking and removing duplicates, and low-quality reads
were removed using samtools with default parameters. The target lists
for realignments, vcf file creation, variant filtration, and base recali-
bration were created using GATK. The bam files were merged with
samtools merge (Danecek et al., 2021), and accuMUlate (Winter et al.,
2018) was used with the same reference genome and merged bam files.
The output was filtered with a custom bash script using the following
parameters: probability of a mutation ( > 0.90), probability of one
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mutation ( > 0.90), probability of correct descendant genotype ( >
0.90), N mutant in wt (=0), mapping quality difference ( < 2.95), and
stand bias ( > 0.05). The filtered mutation positions were then validated
using IGV. The mutation rate was estimated by multiplying the number
of mutations per generational passage by the callable sites. Finally, we
used a Bayesian implementation of the Poisson test to compare the
mutational rates between treatments with the R package Baye-
sianFirstAid (Baath, 2014).

2.6. ROS detection and image analysis

For each condition (control, 10p/L, and 100p/L), 10 L3 larvae were
collected and placed in 24 well plates. Plates were filled with 2.5 ml
medium as described in Foucault. CellROX Orange (Thermo Fisher cat.
no. C10443) reagents were used to identify ROS products. CellROX is an
oxidative stress reagent that is cell-permeable and suitable for live cell
ROS measurements. Within the reduced state, they are non-fluorescent
but after oxidation by ROS, they exhibit fluorogenic signals at 545/
565 nm for CellROX Orange. The reagent is localized within the cyto-
plasm and can detect 5 different ROS types (hydrogen peroxide, hy-
droxyl radical, nitric oxide, peroxynitrite anion, and superoxide anion).
After placing larvae on the well plates, 0.75 pl of CellROX Orange was
used per larva.

Well-plates were placed in a climate chamber with a 16:8 light/dark
cycle with 550 lux light intensity without aeration under 20 °C. After 24
h of treatment, well plates were placed in a styrofoam box to avoid the
temperature change effect. The ROS was measured in a live larva with
ZEISS Axio Imager 2 under 10x magnification. The images were taken
with AxioVision Rel. v.4.8. For fluorescence images, an HXP 120C
fluorescence lamp was used with maximum light intensity (Item Num-
ber: 423,013-9010-000). Fluorescence images were obtained from the
larva under filter set “43 HE” (BP 550,25 HE, FT 570 HE, BP 605/70 HE,
Item Number 489043-9901-000) with 1 s exposure. This specific filter
excites blue light around 550 nm, transmitting emitted red fluorescence
above 570 nm filtering out the remaining blue excitation light and
allowing only red fluorescence around 605 nm.

The fluorescence field images were analyzed by ImageJ Fiji (v.
2.15.0). Images were uploaded to ImageJ as an image sequence and
converted to 8-bit grayscale from RGB Color images to avoid color dif-
ference and only calculate light intensity. The same threshold was
applied to all images (Threshold: 23). After setting the threshold mea-
sure function was used. The mean values of each image were taken as
fluorescence intensity. The fluorescence intensity we measured is not the
actual ROS amount within the cell but the current amount of reagent
entered in the cell and oxidized by binding to ROS which is the
remaining amount after the cell’s antioxidant system scavenges ROS.
The data were analyzed with the R package BayesianFirtsAid (Baath,
2014).

2.7. Data analysis

The statistics program PAST® software (version 4.15) was used to
create the graphs. The R package BayesianFirstAid (Baath, 2014) was
used for the t-test to compare life-cycle parameters between treatments.

3. Results
3.1. Final BaP concentration

Final BaP concentrations of group 100 ug/L resulted in a BaP sedi-
ment content of 0.63 pg/kg after the first generation. After the second
generation, 0.19 ug/kg BaP, and after the third generation, 0.20 pg/kg
was detected. The final concentration of BaP was undetectable in all
generations of the 10 ug/L treatment.
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3.2. Mutation rate and spectrum

The mean read coverage per MAL ranged from 41.61 x to 87.83x and
the number of callable sites ranged from 33,153,776 to 169,912,242
(Table 2). In total, 2104 candidate mutations were identified, which
were subsequently filtered down to 104 credible mutations. In 100 pg/L
BaP, 5 transversion, and 27 transition mutations were identified with
TV/TS ratio of 0.19. In 10 pg/L BaP, 4 transversion, and 19 transition
mutations were identified, and TV/TS ratio was 0.21. For the control
and solvent groups, 6 transversion and 19 transition mutations, and 8
transversion and 16 transition mutations, respectively, were identified
(Table 1). For control, the TV/TS ratio was 0.31, and for SOL 0.5. The
ratio between the treatments and the control groups was not signifi-
cantly different in Fisher’s exact test (p = 0.1292).

The mutation rate estimate for the Control was p = 3.16 x 1072 (95%
HDI 2.1 x 10-9 and 4.6 x 10~°), and for 100 pg/L BaP was p = 3.51 x
1072 (95% HDI 2.6 x 10-9 and 5.3 x 10™°). The control/100 pg/L BaP
rate ratio was 1.2 as shown in Fig. 1, with 75.7% certainty this ratio
being larger than 1. The rate estimate for 10 pg/L BaP was p = 2.68 x
107° (95% HDI 1.8 x 10-8 and 4.2 x 10-8). The control/10 pg/L BaP
rate ratio (Fig. 1) was 1.1 (36.3% certainty). For the solvent group, the
rate estimate was p = 2.6 x 107° (95% HDI 1.8 x 10-8 and 4.1 x 10-8)
as well with a rate ratio of 1.1 (33.8% certainty).

3.3. Life cycle test

To increase statistical power, we combined the control and SOL
groups, as there were no mentionable differences between the groups in
any fitness parameters (mortality, EMT50, and fertility). In the first
generation (G1), mortality differences were generally very low, with no
evidence of significant differences between control and treatment (100
pg/LBaP) (median = —13, 95% HDI between —59 and 29). In the second
generation (G2), a large difference of means (—11, 95% HDI -19 and
—2.2) was found between control and treatment, with a posterior
probability of 98.7% that control was smaller than treatment. This ev-
idence had a large effect size of significantly increased mortality in
treatment (Cohen’s d = —2). The third generation (G3) also showed a
large difference of means (—16, 95% HDI -24 and —8.1) between control
and treatment, with a posterior probability of 99.7% that the control was
had a lower mortality than the treatment (Fig. 2a). This evidence had a
very large effect size (d = —2.8) (Table 3).

In the first generation no mentionable EmT50 difference was found
between control and treatment (Fig. 2b) (—0.24, 95% HDI -1.4 and
0.91), as well as in the second and third generation (0.001, 95% HDI -1.9
and 1.7; —0.45, 95% HDI -1.7 and 0.86) (Table 3).

Regarding fertility, in all three generations small differences of
means (G1 = 0.39, 95% HDI -0.13 and 0.87; G2 = 0.6, 95% HDI 0.15 and
1.1; G3 = 0.36, 95% HDI 0.19 and 0.54) were observed between control
and treatment, with a posterior probability of 94.7%; 99.2% and 99.9%
that control was bigger than treatment, respectively. This evidence had a
large effect size of significantly reduced fertility in all generations in the
treatment (G1 d = 1.2; G2d = 1.7; G3 d = 2.3). (Fig. 2¢) (Table 3).

In the first generation, differences in daily PGR were generally low,
with no evidence of relevant differences between control and treatment
(0.02, 95% HDI -0.2 and 0.05). In the second generation, a small dif-
ference of means (0.08, 95% HDI 0.03 and 0.12) was found between

Table 1
Mutation spectrum of C. riparius after 5 generations of 100 pg/L BaP exposure.
Treatments Transitions Transversion
G<>A C<>T A<>C C<>G A<>T G<>T
100 pg/L 11 16 - - 3 2
10 pg/L 6 13 1 1 1 1
CT 6 13 1 - 5 -
SOL 8 8 1 1 4 2
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Table 2
Mean coverage, number of callable sites, number of single nucleotide mutations
(SNM), and mutation rate (y) per treatment of C. riparius.

Treatment  Mean No. of Callable Sites ~ No.of SNM  Mean p Rate

Coverage
100 pg/L 49.9 1.7E+08 32 3.51E-09
10 pg/L 52.4 1.6E+08 23 2.68E-09
Control 51.6 1.6E+08 25 3.16E-09
Solvent 47.8 1.7E+08 24 2.60E-09

control and treatment, with a posterior probability of 99.7% that control
was bigger than treatment (Fig. 2d). This evidence had a very large ef-
fect size (d = 2.7). In the third generation, again a small difference of
means (0.07, 95% HDI 0.05 and 0.09) was found between control and
treatment, with a posterior probability of 100% that control was bigger
than treatment. This evidence had a huge effect size (d = 5.1) (Table 3).

3.4. Reactive oxygen species measurements

The fluorescence images were analyzed with ImageJ to determine
the red color density and intensity. The control group showed signifi-
cantly higher fluorescence intensity than the treatment group 10 pg/L
(30, 95% HDI 23 and 37, with posterior a probability of 100%, d = 4.3)
and 100 pg/L (29, 95% HDI 23 and 37, with a posterior probability of
100%, d = 4.2). There was no significant difference between the BaP
treatments (—0.53, 95% HDI -1.1 and 0.74) (Fig. 3).

4. Discussion

Our study investigated the microevolutionary responses of the midge
C. riparius to BaP exposure, assessed by directly measuring mutagenicity
and population fitness in a multigenerational setup. The results of our
study showed that multigenerational exposure to BaP resulted in a non-
significant increase in mutations at the lower exposure concentration
(10 pg/L) and a 1.2-fold increase compared to the control at the higher
concentration (100 pg/L). This concentration, however, exceeded the
levels typically found in natural habitats (Bukowska et al., 2022) and
was intended as the positive control. Nevertheless, the observed increase
in mutation rate was 1.2-fold rather modest. Temperatures with which
C. riparius is regularly confronted in their habitat (e.g. 12 °C and 26 °C),
showed much more pronounced effects, leading to 2.79- and 4.54-fold
increases in mutation rate, respectively (Waldvogel and Pfenninger,
2021). Analysis of the mutational spectrum in both control and treat-
ment groups revealed a shift towards transitions at the expense of
transversions in Fisher’s exact test (p = 0.1292), while no significant
difference in the mutation spectrum ratio was observed between the
groups. Therefore, although BaP in environmentally unrealistically high
concentrations induces an increased mutation rate, it is likely no
important driver of the mutation rate in natural habitats. However, or-
ganisms like C. riparius are subjected to multiple environmental stressors
in the wild (Pfenninger and Foucault, 2020). Such complex scenarios in
natural populations may exert additive, interactive, or even inhibitory
effects on mutation rates, thus warranting further investigation. Our
results showed that exposure to BaP at higher concentrations (100 pg/L)
exerted a mutagenic effect and that this rather modest effect can be
reliably traced already after a few generations. As only the number of
generational passages is relevant, the time necessary to perform the test
could be shortened, if more MAL were used. Likewise, the test could also
be adapted for different test species e.g. from other realms. We could
thereby show that it is possible to develop a practical and
easy-to-implement pipeline for rapid detection of germ cell mutagens in
a metazoan test organism. Further multigenerational studies on the ef-
fect of BaP and other potentially mutagenic substances on mutational
rates are essential to better assess evolutionary effects and influence on
the living environment.
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Table 3
Summary of Bayesian statistics for Emerged Adults, EmT50, Fertility, and PGR within generations between the control group and 100 pg/L group.

Mortality

Generation Mean of Control (95% HDI) Mean of 100 pg/L (95% HDI) Mean Difference PP (100 pg/L > Control) Effect Size (95% HDI)

Gl 14 (4.2-23) 27 (-14-71) ~13 (-59-29) 22.2% ~0.50 (~1.8-0.79

G2 2.6 (0.60-4.7) 13 (5.1-22) ~11 (-19--2.2) 1.3% -2 (—4--0.17)

G3 4.6 (1.4-7.8) 21 (13-28) ~16 (—24--8.1) 0.3% ~2.8 (~4.9--0.76)

EmT50

Gl 19 (18-19) 19 (18-20) ~0.24 (~1.4-0.91) 30.4% —0.31 (~1.5-0.89

G2 18 (18-19) 18 (17-20) 0.00077 (~1.9-1.7) 50.1% 0.00066 (~1.2-1.2)

G3 19 (19-20) 20 (19-21) ~0.45 (—1.7-0.86) 19.4% —0.54 (—1.8-0.68)

Fertility

Gl 1.2 (1.0-1.3) 0.83 (0.39-1.3) 0.39 (~0.13-0.87) 94.7% 1.2 (~0.33-2.8)

G2 1.6 (1.3-1.8) 0.97 (0.57-1.3) 0.60 (0.15-1.1) 99.2% 1.7 (0.30-3.2)

G3 1.3 (1.1-1.4) 0.92 (0.81-1.0) 0.36 (0.19-0.54) 99.9% 2.3 (0.81-3.9)

PGR

Gl 1.2(1.2-1.2) 1.2 (1.1-1.2) 0.016 (—0.023-0.054) 85.8% 0.73 (~0.64-2.1)

G2 1.2 (1.2-1.2) 1.1 (1.1-1.2) 0.08 (0.031-0.12) 99.7% 2.7 (0.46-4.8)

G3 1.2 (1.2-1.2) 1.2 (1.2-1.2) 0.067 (0.048-0.085) 100% 5.1 (1.9-8.3)
experimental groups compared to the control, for all generations
analyzed. Therefore, no effect of BaP exposure on the developmental

45 time of C. riparius was detected. However, fertility decreased signifi-

° cantly in all generations and was further significantly reduced in the

404 third. Reduced fertility is a common consequence of exposure to various

> contaminants (Nowak et al., 2007). Regarding BaP, multigenerational

% 354 studies with other organisms have yielded similar results, showing

= reduced fertility and reproduction in successive generations exposed to

8 304 o BaP (Mohamed et al., 2010; White et al., 1999). Mohamed et al. (2010)

§ reported a decrease in sperm production in male mice exposed to BaP in

R 259 the adult generation. In this case, the effects were even intergenera-

§ tional, as the effect was felt up to the F2 generation without the G2 or G3

o 204 generation being exposed to BaP. In another study, larvae of the fresh-

.2 water fish Pimephales promelas were exposed to BaP, and toxic effects on

% 151 reproduction were observed in subsequent generations (White et al.,

e 10 1999).

e o The PGR clearly decreased with BaP exposure, mainly due to the

5 observed loss of fertility. In all generations, the BaP-exposed group had a
significantly lower PGR value than the control. Although the effect of

0 b BaP as a stressor of C. riparius was confirmed, the PGR value was above
S .G < the critical value of 1 d™! despite the high stress. However, as we

‘g g— é‘ assessed the PGR per day, even a small decrease may have dramatic

O = = influences in the long run. For example, a population growing 8% less

Fig. 3. Comparison of relative fluorescence intensity among control, 10p/L,
and 100p/L.

While we could not show a mutagenic impact of environmentally
relevant concentrations of BaP, the picture was different when the direct
fitness effects of BaP were considered. Life cycle traits were assessed in a
multi-generation test conducted with C. riparius exposed to nominal BaP
concentrations of 0 (control) and 100 pg/L. Mortality, EmT50, fertility,
and PGR of control and exposed groups fluctuated between generations.
Despite the lack of significance, there was a tendency towards increased
mortality in the first generation. Furthermore, there was a significant
increase in mortality in the second and third generations. This effect
could be due to the lipophilic properties of BaP, which is absorbed by the
sediment (Leversee et al., 1982). Due to their sediment-bound lifestyle,
chironomid larvae are exposed throughout the larval stage to pollutants
in the sediment, thus absorbing the pollutant and accumulating it
(Markert et al., 2003). During larval development, lipids are mobilized
in the pupal stage and BaP previously stored in adipose tissue is released.
Therefore, the release of BaP could be the cause of the observed
increased adult mortality (Du et al., 2014).

The results of EmT50 showed no significant effects for the

per day would have after only 14 days half the size of an undisturbed
growing population.

While many organisms are unable to adapt to changing environ-
mental conditions, C. riparius is known for its adaptability to environ-
mental stressors (Doria et al., 2022; Khosrovyan et al., 2022). However,
in the present study, we could not confirm an adaptation of C. riparius to
BaP exposure. One reason might be that the effect of BaP exposure might
not have been detrimental enough to trigger a rapid adaptation
response, so detecting potential adaptation would have required more
generations. Other, mutually non-exclusive reasons might have been i)
lacking genetic variation for the particular trait in the laboratory pop-
ulation, ii) adaptation happened but the accumulation of mutations may
have had an accumulating negative effect on fitness, thus veiling the
adaptation. Further studies with a modified experimental design would
be required to test this hypothesis.

The direct assessment of ROS activity by fluorescence intensity was
performed with living C. riparius larvae exposed to nominal BaP con-
centrations of 0 pg/L (control), 10 pg/L, and 100 pg/L. Some studies on
BaP exposure suggested that DNA damage is caused by ROS production
(Saunders et al., 2006; Vicentini et al., 2017). In a study conducted on
Chironomus sancticaroli Strixino & Strixino larvae, it was found that BaP
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exposure caused genotoxic effects and biochemical changes usually
associated with oxidative stress (Vicentini et al., 2017). Contrary to
these results, our study, however, showed lower ROS levels in both
treatments than in the control group. This discrepancy might have two
reasons: First, the study by Vincentini et al. did not measure ROS activity
directly, but antioxidative enzyme activity. However, such activity was
shown to be time-dependent rather than concentration-related, as
exposure to 10 pg/L and 100 pg/L BaP initially increased antioxidant
enzyme activity in the first 24 h, but subsequently reduced to control
level after 48 h (Guo et al., 2021). Second, the direct measurement as
employed here presents the equilibrium between metabolic ROS pro-
duction and antioxidant activity, it is possible that BaP either had a
negative impact on metabolism or stimulated antioxidant activities to an
extent that pushed the level under that of the control. In any case, our
results suggested that the observed increase of mutation rate was not
related to an increased ROS production, but rather involved other, un-
known processes.

5. Conclusion

The results of our multigenerational study show that high BaP
exposure led to an increased mutation rate and negatively impacted the
demographic dynamics of C. riparius, thus altering the eco-evolutionary
trajectory of the population. A rapid adaptive effect could not be
observed but cannot be excluded over longer time frames. The results of
this study thus demonstrated the importance of multigenerational
studies for ecological risk assessment, as the evolutionary effects of most
ecotoxicologically relevant chemical inputs such as BaP are still
unknown.
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General Discussion
Introduction: Deconstructing the Mutational Phenotype

For decades, the germline mutation rate (u) was treated as a static species-specific constant, a
view formalized by Drake's Rule and foundational to the molecular clock hypothesis (Drake, 1991;
Zuckerkandl and Pauling, 1965). However, the accumulation of high-fidelity genomic data has
dismantled this paradigm, revealing that y is a highly plastic, quantitative trait that fluctuates
significantly in response to metabolic demands, developmental tempo, and environmental stress
(Baer et al., 2007). While current theoretical frameworks, notably the Drift-Barrier Hypothesis,
successfully provide a population-genetic explanation for the ultimate lower limit of p by linking
replication fidelity to effective population size (Ne), they do not specify the proximate mechanistic
pathways through which this equilibrium is realised.

This thesis bridges the gap between ultimate evolutionary constraints and proximate physiological
drivers. It demonstrates that the realised mutation rate is not a random deviation but the
mechanistic outcome of physiological constraints, biochemical specificity, and environmental
novelty. By systematically deconstructing the drivers of mutagenesis in the model ectotherm
Chironomus riparius, this work reveals that mutation rate variation is mechanistically structured:

a. Intrinsic Constraints: Shaped by the optimization of life-history traits (Generation Time).
b. Natural Modulation: Driven by the specificity of oxidative stress (Temperature).
c. Anthropogenic Disruption: Caused by mechanistic novelty (Chemical Pollutants).

To elucidate this hierarchy, the following discussion synthesises the empirical findings into three
conceptual layers. Section 1 integrates findings from Chapters 1 and 2 to propose the
"Convergence of Optima" hypothesis, suggesting that organisms concentrate their life history within
ecological windows where molecular damage is inherently minimized. Section 2 deconstructs the
molecular fingerprints of distinct mutagenic drivers, contrasting the signatures of replication- and
time-dependent errors, the differential oxidative signatures characterizing both cold and warm
extremes, and the mechanistically distinct pathway of anthropogenic adduction. Finally, Section 3
explores the evolutionary implications of this framework, contrasting the organism's resilience to
recurrent natural challenges against its vulnerability to evolutionarily novel pollutants.

1. The Convergence of Optima

Within the evolutionary ceiling imposed by the Drift-Barrier, realised mutation rates can vary
substantially in response to immediate physiological and environmental conditions (Lynch, 2010;
Lynch et al., 2016). Organisms operate across a range of developmental tempos and thermal
environments, each imposing distinct physiological demands on cellular machinery (Angilletta and
M. J., 2009; Gillooly et al., 2001). Some conditions minimize the mutation rate (u), while others
elevate it through increased replication errors, oxidative damage, or metabolic dysfunction (Pyo et
al., 2025). Throughout this section, | distinguish between the fithess optimum (conditions
maximizing survival and reproductive output) and the mutation rate minimum (conditions yielding
the lowest p). An "optimum" in the context of mutation rate refers to the environmental or
physiological state where mutation rate is minimized, not through evolved improvements in repair
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machinery per se, but through reproductive schedules concentrated within conditions that reduce
the damage burden on existing repair systems (Chatterjee and Walker, 2017).

Ectotherms exhibit thermal performance relationships where physiological traits are maximised
within a narrow thermal range and decline at both cold and warm extremes (Angilletta Jr., 2009;
Huey and Stevenson, 1979). While endotherms also show thermal sensitivity, the effect is most
pronounced in ectotherms whose body temperature tracks ambient conditions directly. For mutation
rate specifically, this framework raises a critical question: when multiple independent environmental
factors modulate p (e.g., generation time and temperature), do their respective minima align? If the
generation time that minimizes p also corresponds to the thermal window where oxidative stress is
minimal, this convergence would suggest that organisms concentrate reproductive activity under
conditions where multiple mutagenic pressures are simultaneously reduced. Such convergence
could arise through two non-exclusive mechanisms: (1) organisms have adapted their DNA repair
machinery to function optimally under locally prevalent conditions, exhibiting population-specific
repair kinetics tuned to the thermal and developmental regime, or (2) organisms concentrate
reproductive activity within thermal and developmental windows where damage input to existing,
evolutionarily constrained repair systems is minimized.

For ectotherms, temperature modulates germline mutation rates through two pathways: an indirect
pathway (temperature determines developmental tempo and thus generation time) and a direct
pathway (temperature alters ROS production and metabolic efficiency). Chapters 1 and 2 were
designed to partition these effects: Chapter 1 isolated generation time variation at constant
temperature (20°C), while Chapter 2 measured ROS production across an ecologically relevant
thermal gradient (4-28°C). Together, these approaches reveal how developmental tempo and
thermal physiology independently constrain mutation rate.

1.1 The Ecological Reproductive Window

The empirical findings from Chapters 1 and 2 reveal a striking convergence between two mutagenic
mechanisms that, although deeply entangled in nature, were experimentally partitioned to isolate
their distinct contributions. Under natural conditions, temperature simultaneously modulates both
generation time (the indirect pathway) and cellular oxidative stress (the direct pathway);
consequently, these effects become indistinguishable in wild populations. The mean generation
time (26.4 days) identified under laboratory conditions at 20°C and the thermal window where ROS
production is minimized (12-18 °C), both coincide with the May-September reproductive period
when C. riparius concentrates reproductive effort in temperate habitats (Oppold et al., 2016;
Pfenninger and Nowak, 2008). This convergence predicts that total germline y, arising from
replication-dependent errors, time-dependent damage, and oxidative stress, is minimized during the
periods and under the conditions where natural populations actively reproduce. The developmental
axis isolates intrinsic life-history constraints on replication fidelity versus damage accumulation,
while the physiological axis isolates extrinsic thermal effects on ROS production. Together, these
axes reveal that mutation rate variation below the Drift-Barrier ceiling reflects organism-environment
interactions across multiple independent physiological dimensions (Figure 2).

This convergence does not imply that y minimization is the direct target of natural selection. Rather,
it reflects the fact that selection acts on immediate fithess components such as survival, growth rate,
fecundity, which are themselves mechanistically constrained by the same physiological processes
governing p (Lande and Arnold, 1983; Lynch, 2010). Furthermore, oxidative stress imposes direct
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fitness costs independent of mutagenesis: ROS damages cellular proteins, lipids, and membranes,
impairing metabolic efficiency, reducing locomotor performance, and increasing mortality risk
(Metcalfe and Alonso-Alvarez, 2010; P. Monaghan et al., 2009). Similarly, thermal extremes impose
direct fitness costs through impaired enzyme kinetics, disrupted osmoregulation, and oxygen
limitation, all of which reduce survival and reproductive output regardless of their impact on
germline p (Portner, 2002; Verberk et al., 2016). In the lab population, originated from Hasselbach,
peak reproductive success occurs at 20°C with modal generation times of 25.3-28.3 days. Natural
selection favors this reproductive timing because these conditions maximise survival, growth rate,
and fecundity. While the y minimum is a correlated outcome as a mechanistic byproduct of the
physiological optima that selection directly targets (Lande and Arnold, 1983), mutational load does
impose fitness costs, meaning some component of selection acts to reduce p as part of the broader
optimization of life-history traits under these conditions.

Temperature (°C)
4 8 12 16 20 24 28

100

1.5e-081

Long-GT, p:1.4x10°8

L75
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Figure 2: The Convergence of Optima. Overlay of the U-shaped profiles of the de
novo germline mutation rate (dark blue line, bottom and left axes) and physiological
reactive oxygen species, measured as Relative Fluorescence Intensity (RFI) (orange
line, top and right axes), in Chironomus riparius. The orange shaded area represents
the thermal range where ROS production is at its lowest, whereas the blue shaded
area highlights the peak reproductive days. The graph illustrates the alignment of the
minimum points of two independently tested mutagenic drivers: generation time
constraints (Chapter 1) and temperature-dependent ROS production (Chapter 2). This
convergence suggests that the mutation rate does not merely fluctuate randomly
below the evolutionary Drift-Barrier ceiling; rather, it reflects an ecological optimization
where organisms concentrate their reproductive activities under environmental and
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developmental conditions that simultaneously minimize multiple sources of mutagenic
damage and metabolic load.

This distinction resolves an apparent paradox with the Drift-Barrier hypothesis. The Drift-Barrier
predicts that direct selection on mutation rate is too weak to overcome genetic drift in populations
with finite effective size, preventing the evolution of arbitrarily low mutation rates through further
refinements in replication fidelity and DNA repair machinery (Lynch, 2010; Lynch et al., 2016). Yet
we observe that our C. riparius laboratory population concentrates reproduction under conditions
where p is demonstrably minimized. The resolution is that populations do not just evolve lower
mutation rates through genetic refinement of repair machinery, but may also exhibit reproductive
schedules concentrated within ecological and phenological windows where the mutagenic burden
on existing repair systems is reduced. This ecological optimization operates below the Drift-Barrier
ceiling: the organism cannot evolve better repair machinery, but it can reduce the damage load by
concentrating activity within favorable environmental conditions. Thus, y variation below the Drift-
Barrier ceiling reflects organism-environment interactions rather than adaptive refinement of repair
machinery itself. This corresponds to mechanism (2) proposed earlier: rather than evolving
population-specific repair machinery tuned to local conditions (mechanism 1), organisms may
reduce P by concentrating reproduction within environmental windows where damage input is
minimized. Distinguishing between these mechanisms requires different experimental approaches.
Evidence for mechanism (1) would come from comparing repair enzyme kinetics, proofreading
fidelity, or antioxidant capacity across populations adapted to different thermal regimes. Our current
data cannot evaluate this mechanism. While the current data are consistent with mechanism (2), it
cannot exclude mechanism (1) operating simultaneously.

It is critical to note that the convergence patterns documented here reflect the German laboratory
population (originally sourced from Hasselbach, Hesse, Germany, (50°12'N, 8°37'E), and regularly
refreshed with field-collected individuals). This population is adapted to temperate Central
European thermal regimes, where May-September water temperatures naturally range from 13-
18°C. High-latitude populations (e.g., Swedish populations experiencing colder, shorter summers)
and low-latitude populations (e.g., Spanish populations experiencing warmer, longer summers)
would be expected to exhibit shifted modal generation times, thermal optima, and seasonal
reproductive schedules corresponding to their local climatic conditions (Foucault et al., 2019; Nieto-
Blazquez et al., 2025). Whether the convergence between mutation rate minima and reproductive
timing is maintained across these geographically divergent populations (suggesting a general
principle of y optimization) or whether different populations exhibit distinct optima reflecting local
adaptation of repair machinery, remains an open question requiring comparative common-garden
experiments across latitudinal gradients.

While the convergence between the mean generation time (~26 days), the mutational minimum,
and the ROS minimum is striking, it is critical to acknowledge the correlational rather than causal
nature of this relationship as currently demonstrated. Chapter 1 isolated generation time variation
under constant thermal conditions (20 °C), while Chapter 2 characterised ROS production across a
thermal gradient (4-28 °C) without direct measurement of generation time-dependent ROS variation
within individuals. Consequently, | have not yet directly tested whether Short-GT individuals at 20°C
actually exhibit elevated ROS levels, nor whether Long-GT individuals at 20°C experience
increased oxidative stress despite extended development.
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Two alternative interpretations must be considered. First, the U-shaped relationships observed for
mutation rate (as a function of GT) and ROS (as a function of temperature) may reflect independent
optimization processes that coincidentally converge at similar norms without direct mechanistic
linkage. Second, the observed patterns may genuinely reflect a unified physiological optimum, but
proving this requires direct experimental integration: measuring ROS levels specifically in short-GT
versus Long-GT individuals reared at identical temperatures, or alternatively, tracking both mutation
rates and ROS production simultaneously across a combined GT x temperature matrix. Until such
integrative experiments are conducted, the 'Convergence of Optima' hypothesis should be
interpreted as a compelling pattern warranting mechanistic validation rather than as conclusive
evidence of optimised life-history integration. Future work should prioritise closing this experimental
gap to establish whether generation time and thermal optima are mechanistically coupled or
represent parallel but independent axes of physiological constraint.

Regardless of which interpretation proves correct, the mechanistic framework developed here
(partitioning direct thermal effects from indirect generation-time effects) resolves a long-standing
puzzle in the U-shaped relationship between temperature and germline y observed by Waldvogel &
Pfenninger (2021) in C. riparius across 12-26°C. At the warm extreme, elevated mutation rates are
readily explained by direct oxidative stress, as high temperatures increase metabolic rate and ROS
production. The cold extreme, however, presents an apparent paradox: Chapter 2 demonstrated
that ROS levels at 12°C are within the minimal range observed across the thermal gradient, yet
Waldvogel & Pfenninger observed significantly elevated mutation rates at this temperature. The
resolution lies in the indirect pathway. Cold temperatures drastically prolong generation time (43
days at 12°C versus 17 days at 26°C), and Chapter 1 demonstrated that Long-GT lines accumulate
proportionally more mutations per generation due to extended chronological exposure to time-
dependent damage. Critically, mutational spectrum analysis provides direct empirical support for
this indirect mechanism: the spectra of Long-GT individuals clustered with the 12°C treatment, while
Short-GT spectra clustered with the moderately elevated 23°C treatment. In contrast, control
populations and intermediate optimal temperatures (14°C, 17°C) formed a distinct cluster,
separated along the primary axis of spectral variation from both extremes. This pattern reveals that
deviation from the optimal generation time, whether imposed intrinsically through life-history
variation or extrinsically through thermal modulation of developmental tempo, produces similar
mutational signatures. Importantly, this spectral similarity between moderate thermal elevation
(23°C) and intrinsic acceleration (Short-GT) challenges the hypothesis that ROS-mediated oxidative
stress is the primary driver of p increases at moderately elevated temperatures. While the other
effects of temperature on cell physiology cannot be neglected, the dominant mutagenic pathway at
moderate thermal deviations appears to be the indirect effect of temperature. This demonstrates
that even in the absence of direct experimental integration between Chapters 1 and 2, the
partitioning approach yields novel insights into the mechanistic basis of thermal effects on germline
mutation rates.

. Distinct Molecular Routes to Mutagenesis

The evolutionary persistence of high germline p despite strong selection against deleterious
mutations remains a central puzzle in evolutionary genetics. Drift-Barrier framework provides a
population-genetic explanation for this paradox, predicting that multiple independent DNA repair
pathways, each constrained by finite effective population size, contribute additively to the total
mutation rate (Lynch, 2010; Lynch et al., 2016). This prediction rests on the observation that DNA
repair involves numerous semi-independent pathways, each specialised for distinct classes of DNA

76



lesions, and that the evolutionary optimization of each pathway is limited by genetic drift (Baer et
al., 2007). Consequently, reductions in one component of the mutation rate may have minimal
impact on the overall rate if other pathways remain unchanged (Schrider et al., 2013). While this
multi-pathway architecture is well established at the molecular level, and recent studies have
demonstrated mutational spectrum variation across environments in yeast (Bae et al., 2015), stress
conditions in bacteria (Maharjan and Ferenci, 2017), and genotoxic exposures in nematodes
(Machado et al., 2025), integrating mechanistically distinct mutagenic axes (life-history variation,
natural physiological stress, and anthropogenic chemical exposure) within a single ecological model
organism remains rare. Such integration is critical for testing pathway fragmentation as it operates
across various range of mutagenic pressures experienced by natural populations, where
confounding effects of divergent genetic backgrounds, life histories, and repair machinery evolution
are controlled.

The mechanistic basis for pathway fragmentation lies in the lesion-specific recognition and
processing by distinct repair systems. DNA repair pathways have evolved to handle different
classes of damage: mismatch repair (MMR) corrects base to base mismatches and small insertion-
deletion loops that arise during DNA replication, base excision repair (BER) removes chemically
altered bases such as those produced by oxidation or spontaneous deamination, nucleotide
excision repair (NER) excises bulky helix-distorting adducts, and translesion synthesis (TLS)
employs specialised error-prone polymerases to bypass lesions that stall replicative polymerases
(Kunkel and Erie, 2015; Sale et al., 2012; Scharer and O. D., 2013; Wallace, 2014). These
pathways operate with substantial independence: repair of oxidative lesions by BER does not
enhance the correction of replication errors by MMR, nor does improved NER capacity reduces the
mutagenic burden imposed by endogenous oxidative damage. Critically, this specialization can be
seen in different mutagenic sources leave distinct molecular fingerprints in the mutational spectrum.
Replication errors are characterised by transition-biased spectra and elevated indel frequencies,
reflecting polymerase misincorporation and slippage during DNA synthesis (Kunkel, 2004b;
Streisinger et al., 1966). Oxidative damage, by contrast, produces transversion-enriched signatures,
(Hahm et al., 2022; Shibutani et al., 1991). Bulky adduct-forming mutagens generate highly specific
signatures dictated by the chemistry of the adduct and the fidelity of translesion polymerases
recruited for bypass (Pfeiffer and Kirkegaard, 2005). Recent experimental work has confirmed that
mutational signatures reflect the joint influence of DNA damage type and the efficiency of pathway-
specific repair, with different lesions induced by the same genotoxin being processed by separate
repair pathways, thereby producing complex but interpretable spectral shifts (Huang and Zhou,
2021). This framework suggests that experimentally partitioning mutagenic sources within a single
organism should reveal distinct molecular signatures corresponding to the engagement of different
repair pathways.

However, empirical tests of pathway fragmentation face complementary methodological challenges.
Between-species comparisons confound the source of mutagenic pressure with species-specific
differences in genetic architecture, life history, and repair machinery evolution (Baer et al., 2007),
making it difficult to determine whether observed differences reflect distinct mutagenic mechanisms
or adaptive differences in repair capacity. Second, while recent within-species studies have
successfully isolated specific mutagenic axes, these studies typically focus on a single class of
mutagenic pressure (e.g., exogenous chemical mutagens, metabolic stresses, or environmental
shifts) and often employ genetic manipulation of repair pathways to reveal signatures. What
remains lacking is an integrated assessment across mechanistically distinct mutagenic axes within
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a single organism. To address this gap, | systematically characterised molecular fingerprints arising
from three mechanistically distinct mutagenic axes within a single organism, Chironomus riparius:
intrinsic variation in organismal generation time (Chapter 1), thermal effects on ROS production
(Chapter 2), and exposure to the anthropogenic PAH, BaP (Chapter 3). By examining these axes
within the same species under controlled laboratory conditions, this design minimizes confounding
from genetic architecture and repair machinery evolution while capturing the diversity of mutagenic
sources relevant to ecological and evolutionary dynamics.

The following sections explore the evolutionary implications of this fragmentation. Section 2.1
examines how pathway independence constrains multi-pathway optimization under the Drift-Barrier
framework and limits cross-protection against combined mutagenic pressures. Section 2.2
discusses the consequences for molecular clock assumptions in phylogenetic inference, where
generation time does not equal evolutionary time.

2.1 Pathway Independence and Limited Cross-Protection

The mechanistic fragmentation documented above implies that total germline mutation rate
represents the sum of contributions from distinct mutagenic axes: p_total = py_replication +
M_oxidative + y_adduct. Generation time variation demonstrates this additivity directly: Short-GT
cohorts accumulate mutations primarily through replication errors (transition-biased, elevated
indels), whereas Long-GT cohorts accumulate mutations through time-dependent oxidative damage
(transversion-enriched, reduced indels). The shift in mutational spectrum reflects a shift in the
balance between these two components, not a simple increase or decrease in a single mutagenic
process. BaP exposure reveals a second, chemically independent axis: bulky adduct formation
elevates p through a pathway that operates independently of oxidative stress, as demonstrated by
reduced ROS levels in BaP-exposed larvae despite elevated mutation rates (Chapter 3). Thermal
stress adds a third axis: cold and heat extremes generate compositionally distinct ROS profiles that
impose oxidative damage through different molecular routes, as evidenced by oxidant-specific
transcriptomic responses (Chapter 2). Critically, these three mutagenic axes engage distinct repair
machinery (Mao and Wyrick, 2019).

Because these repair pathways operate independently, improving fidelity along one axis provides
only limited protection against damage from other sources. This creates an evolutionary constraint
with diminishing returns: selection on g must simultaneously optimise multiple repair systems, but
enhancing one pathway reduces only that component of the total mutation rate. For example, if
M_replication = 3x107°, y_oxidative = 3x107°, and y_adduct = 2x1079, then total uy = 8x107°. A 50%
improvement in MMR fidelity, which halves replication errors to 1.5x107°, would lower total y to only
6.5%107%, representing a 19% reduction in the overall mutation rate. The oxidative and adduct
components remain unchanged, continuing to contribute 5.5x107° to the mutational load. This
limited cross-protection has been predicted theoretically (Baer et al., 2007; Schrider et al., 2013),
but this empirical demonstration across three pathways within a single organism provides direct
support for this prediction. The implication is that even substantial improvements in one repair
system yield only modest reductions in total mutation rate, because multiple independent pathways
continue to contribute to the mutational input (Baer et al., 2007; Gifford et al., 2024).

Under the Drift-Barrier framework, each repair pathway evolves toward a fidelity optimum where the
selection coefficient for further improvement falls below the threshold at which genetic drift
dominates, approximately s ~ 1/(2Ne) (Lynch, 2010; Lynch et al., 2016). For C. riparius, with an
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estimated effective population size of Ne ~ 108, this threshold is big enough to allow individual
pathways to approach their theoretical minima (Lynch and Marinov, 2015; Sari, 2026). MMR can be
refined to near-maximal proofreading fidelity, BER can be tuned to excise oxidative lesions
efficiently, and NER can be optimised to recognize bulky adducts with high specificity. However, in
order to reduce p substantially, optimizing all pathways simultaneously presents a fundamentally
different challenge (Baer et al., 2007; Lynch, 2011). The fixation of beneficial mutations at multiple
independent loci requires that alleles improving MMR, BER, and NER must either all arise and fix
sequentially in the same lineage, or arise in different lineages and then be brought together through
recombination (Barton and Turelli, 1989; Lynch et al., 2016). Because fixation probabilities are
multiplicative rather than additive (Lynch, 2010), the compound probability P_total = P_MMR x
P_BER x P_NER decreases sharply as the number of pathways increases. This creates a system-
level drift barrier that is effectively stronger than the drift barrier acting on any single pathway
(Lynch, 2020; Schiffman and Ralph, 2022). Bacteria, with N approaching ~ 109, can efficiently fix
beneficial mutations across dozens of repair pathways simultaneously, achieving y as low as 107°
per site per generation (Sung et al., 2012). In contrast, even organisms like C. riparius, with Ne¢ ~
10° that is high among metazoans, while large enough to optimise individual pathways, cannot
simultaneously refine all pathways with the same efficiency. The result is that spontaneous mutation
rate remains relatively high, approximately 2.1 x 107° per site per generation (Oppold and
Pfenninger, 2017; Waldvogel and Pfenninger, 2021), because it sums multiple independently
constrained components, each equilibrating near its own drift-limited ceiling but not simultaneously
pushed lower.

This multi-mutational-pathway structure has two broad evolutionary consequences. First, it creates
diminishing returns for selection on y: improving fidelity in one pathway yields only modest
reductions in total u because other pathways continue to contribute substantially to the mutational
load (Baer et al., 2007). This helps to explain why multicellular eukaryotes with moderate Ne¢
maintain germline mutation rates orders of magnitude higher than those of large-Ne microbes,
despite the strong fitness costs of deleterious mutations (Lynch, 2011; Schrider et al., 2013).
Second, and more importantly for contemporary environmental change, it implies that adaptation to
one mutagenic regime does not automatically confer protection against others. Section 1
demonstrated that C. riparius minimizes damage input by concentrating reproduction under
conditions where both replication errors and oxidative stress are reduced. However, this ecological
optimization strategy provides no defence against evolutionarily novel mutagens. Mechanisms that
optimise replication fidelity and buffer endogenous oxidative stress do not mitigate the additional
burden imposed by adduct-forming pollutants such as BaP. Populations experiencing combined
stressors therefore face compounded mutational loads delivered through distinct molecular routes.
From a predictive perspective, this means that risk assessments or evolutionary forecasts that
consider stressors in isolation will systematically underestimate the long-term mutational and fitness
costs experienced by natural populations, particularly in Anthropocene environments where
recurrent natural drivers and anthropogenic mutagens act simultaneously.

2.2 Implications for Molecular Clock Assumptions

The molecular clock hypothesis, rooted in the neutral theory of molecular evolution, posits that
genetic divergence accumulates at a roughly constant rate over time (Kimura, 1968; Zuckerkandl|
and Pauling, 1965), enabling the inference of divergence dates from sequence data when
calibrated with fossil evidence or biogeographic events (Bromham and Penny, 2003; Ho and
Duchéne, 2014). This framework has become foundational to evolutionary biology, underpinning

79



thousands of studies that date the Tree of Life (Blais and Archibald, 2021). However, classical
molecular clock models implicitly assume that mutations arise from a single, uniform process whose
rate scales predictably with life-history traits such as generation time (Ohta, 1995). While relaxed-
clock methods have been developed to accommodate rate variation among lineages, these
approaches treat such variation as a statistical phenomenon rather than as a consequence of
distinct mutational mechanisms (Drummond et al., 2006). The Section 2 findings challenge this view
by demonstrating that p variation reflects the shifting balance among multiple, mechanistically
distinct mutational pathways, each responding differently to environmental and physiological
conditions.

The identification of three mechanistically distinct mutagenic pathways reveals that substitution
rates do not simply scale with time or cell divisions, but instead reflect the relative contributions of
pathway-specific processes. Critically, the balance among these pathways shifts with environmental
context, as discussed earlier. This mechanistic heterogeneity poses a fundamental challenge to
phylogenetic inference, because closely related lineages occupying different thermal niches or
pollution gradients will accrue substitutions at different rates not due to demographic history or
selection, but due to exposure-dependent shifts in mutational input. Current models, which attribute
rate variation to factors like N. or diversification dynamics, may therefore systematically misattribute
pathway-driven rate differences to other evolutionary processes (Bromham, 2009; Bromham et al.,
1996).

This pathway-dependent rate heterogeneity directly explains a long-standing puzzle in molecular
clock calibration: the non-linear relationship between generation time and substitution rate.
Classical molecular clock models assume that mutation rates scale inversely with generation time,
predicting that organisms with shorter generation times should accumulate proportionally fewer
mutations per unit of chronological time (Gremer, 2023; Stearns, 1980). However, empirical
observations reveal substantial deviations. Chapter 1 provides a concrete illustration: individuals
with 15-day generation times exhibited a mutation rate of 1.1 x 1078 per site per generation, while
those with 37.7-day generation times exhibited a rate of 1.4 x 1078 per site per generation,
representing a 1.27-fold increase despite a 2.5-fold difference in generation time. When scaled to
annual rates, the pattern inverts: 15-day individuals complete approximately 24 generations per
year, yielding an annual mutation rate of 2.67 x 1077 per site per year, whereas 37.7-day individuals
complete only 10 generations per year, yielding an annual rate of 1.36 x 1077 per site per year. This
demonstrates a two-fold difference in annual mutation rate in the opposite direction relative to
generation-time scaling assumptions: shorter generation times lead to higher annual mutation rates,
not lower rates as classical models predict (Thomas et al., 2010). This generation time does not
equal evolutionary time. This pattern is robustly confirmed by recent meta-analyses across
eukaryotes. Lewin and Eyre-Walker (2025), analysing 133 species spanning arthropods to
mammals, found a strong negative correlation between p/year and generation time, with doubling
generation time reducing annual mutation rate by approximately 39%. This relationship is consistent
across all phylogenetic groups, from fungi to vertebrates (Lewin and Eyre-Walker, 2025; Wang and
Obbard, 2023). This pattern demands mechanistic explanation and raises a critical question for
phylogenetic inference: if generation time does not equal evolutionary time, what processes drive
this decoupling, and how do they bias molecular clock estimates?

The mechanistic basis for this decoupling lies in the pathway fragmentation documented in Section
2.1. As demonstrated in Chapter 1, generation time determines not merely the total mutation rate
but the mechanistic source of mutations. Organisms with shorter generation times accumulate
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proportionally more replication-associated errors, while those with longer generation times
accumulate proportionally more time-dependent oxidative damage. Critically, these distinct
mutational sources scale with time differently: replication-driven mutations accumulate
proportionally to cell divisions (tracking generational time), whereas oxidative damage accumulates
proportionally to chronological exposure (tracking absolute time independent of reproductive
cycles). This mechanistic heterogeneity means that lineages with different generation times are
accumulating different types of mutations that integrate into the genome through distinct temporal
processes. Consequently, phylogenetic models that assume a uniform mutational process will
systematically misattribute rate variation arising from shifts in pathway-specific contributions.

It is critical to acknowledge that these mutation rates were measured under controlled laboratory
conditions at a single, benign temperature of 20°C. In natural populations, organisms experience
multiple simultaneous mutagenic pressures: thermal fluctuations that modulate both generation time
and ROS production, exposure to ultraviolet radiation, background pollutants, and nutritional stress,
all of which can elevate mutation rates through pathway-specific mechanisms. The additivity
principle established in Section 2.1 predicts that these contributions sum: u_total = y_replication +
M_oxidative + p_adduct + y_other. Consequently, annual mutation rates in wild populations are
likely substantially higher than laboratory estimates, as multiple stressors act simultaneously rather
than in isolation. This has profound implications for molecular clock calibration: divergence time
estimates derived from laboratory-measured mutation rates will systematically underestimate the
true mutational input experienced by natural populations, particularly for lineages inhabiting
thermally variable or polluted environments. Furthermore, the relative contribution of each pathway
may vary across lineages depending on local environmental conditions, body size, and metabolic
strategy, introducing systematic bias into phylogenetic inference that cannot be corrected by simple
generation-time scaling (Bromham, 2011; Bromham et al., 1996). Relaxed molecular clock models,
which allow substitution rates to vary across branches, were developed to accommodate such rate
heterogeneity (Drummond et al., 2006). However, these models treat rate variation as a statistical
phenomenon rather than as a consequence of distinct mutational mechanisms operating under
different environmental regimes. These findings suggest that accurate divergence time estimation
requires not merely allowing rates to vary, but explicitly modelling the mechanistic sources of that
variation. Molecular clock models that assume rate variation reflects only demographic or selective
factors risk systematically misattributing pathway-driven differences, leading to biased divergence
time estimates across lineages with divergent life histories, thermal regimes, or pollution exposures
(Bromham, 2009; Ho and Duchéne, 2014).

. Evolved Plasticity and Asymmetric Vulnerability: Recurrent vs. Novel Selective Pressures

Evolutionary responses depend fundamentally on the temporal history of exposure. Organisms
facing repeated selective pressures can evolve anticipatory defences through two interacting
mechanisms (Ghalambor et al., 2007; Via et al., 1995). First, populations can maintain standing
genetic variation, meaning segregating alleles at fitness relevant loci that are already present before
a particular bout of selection begins (Barrett and Schluter, 2008; Hermisson and Pennings, 2017).
In fluctuating environments, this variation is repeatedly filtered and reshuffled, so alleles that are
advantageous under one set of conditions can increase in frequency when those conditions recur.
Second, populations can optimise coordinated stress responses through refinement of regulatory
architectures (Pigliucci et al., 2006). When selection persists across generations, this combination
enables rapid evolutionary shifts through allele frequency change rather than waiting for beneficial
mutations that arise only after the environment has changed (Messer and Petrov, 2013; Taus et al.,
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2017). Crucially, maintaining such variation requires selection strong enough to counteract genetic
drift, especially in moderate and small populations (Barrett and Schluter, 2008). Predictable
fluctuations can also favour phenotypic plasticity, the capacity to adjust phenotype without genetic
change (DeWitt and Scheiner, 2004). In some cases, consistently beneficial plastic responses may
become more constitutive over time through genetic assimilation (Pigliucci et al., 2006).

Novel stressors present a contrasting scenario. Populations may lack genetic variation for substrate
specific recognition, which can force reliance on generalist mechanisms that may fail to maintain
fitness (Bell and Collins, 2008; Hendry et al., 2017). By definition, these pressures have not
persisted long enough to build and refine specialised response architectures (Ghalambor et al.,
2007; Pigliucci et al., 2006). Adaptation must then proceed through slower routes, including
selection on rare alleles at low ancestral frequency or de novo mutations arising after exposure
begins (Hermisson and Pennings, 2017). Generalist pathways can sometimes be co-opted from
unrelated stress contexts (Moczek et al., 2011; Yeh et al., 2004). However, such co-option often
lacks the substrate specific optimization that characterises systems shaped by persistent selection.
When generalist responses are insufficient, populations can decline even when stress pathways are
strongly activated. This pattern reflects evolutionary lag, where environmental conditions shift faster
than adaptive evolution can proceed (Hoffmann and Sgro, 2011). The distinction explored in this
section is therefore not whether organisms respond, but whether evolutionary history has optimised
those responses to maintain fithess under challenge (DeWitt and Scheiner, 2004).

3.1 Temperature and Generation Time as Recurrent Challenges

Temperature and developmental timing represent recurrent challenges because both vary
predictably across seasons and habitats, imposing continuous selection over millions of years
(Angilletta Jr., 2009). This evolutionary history shapes the specificity of organismal responses
(Tomanek, 2015). In Chapter 2, C. riparius deployed distinct antioxidant defences matching specific
ROS profiles at thermal extremes. These are not generalised stress responses but oxidant specific
regulatory systems that recognize compositional shifts in the oxidative environment and deploy
appropriate protection (Abele et al., 2002). Similarly, Chapter 1 revealed that generation time
variation is maintained as a persistent life history polymorphism, with the populations mean
generation time of approximately 26 days converging with a mutational minimum where both per
day and per generation mutation rates are jointly reduced. This alignment suggests that recurrent
selection on developmental timing has shaped reaction norms balancing speed fidelity trade-offs,
predation risk, resource availability, and seasonal constraints (Roff and D. A., 2002; Stearns and S.
C., 1992). The key evolutionary insight is that these systems reflect millions of generations of
refinement, not passive physiological tolerance (Pdrtner, 2002).

In fluctuating environments, alleles conferring thermal tolerance or developmental plasticity are
repeatedly selected through natural selection, so beneficial variants remain available (Hermisson
and Pennings, 2017). Crucially, adaptation often proceeds through quantitative shifts in allele
frequencies and regulatory tuning rather than requiring qualitative innovations that arise only after
selection begins (Messer and Petrov, 2013). For traits with polygenic architecture like
developmental timing, where Chapter 1 showed that generation time exhibits continuous variation
rather than discrete states, this means selection can act on segregating variation to shift population
means without waiting for de novo mutations (Barrett and Schluter, 2008). The implication is that
when environmental conditions fall within the recurrent range, organisms can respond rapidly
because the underlying genetic and regulatory machinery is already present and has been
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optimised by long-term selection (Ghalambor et al., 2007). Recent work demonstrates that this
standing variation includes cryptic genetic variation (CGV) as heritable diversity phenotypically
silent under standard conditions but expressed under stress, which is selectively maintained at loci
subject to recurrent environmental fluctuations (Pfenninger et al., 2025). In C. riparius, genes under
fluctuating thermal selection are significantly enriched for both plasticity and CGV, providing a
reservoir of genetic diversity that can be rapidly mobilized when thermal stress intensifies beyond
typical ranges.

3.2 BaP as Evolutionary Novelty

Novel stressors constrain adaptation because populations lack genetic variation for substrate
specific recognition, forcing reliance on generalist mechanisms that often fail to maintain fitness
(Hendry et al., 2017; Sih et al., 2011). PAHs as a chemical class have been present at low
background levels from wildfires and volcanic activity over evolutionary time (Abdel-Shafy and
Mansour, 2016; Lundstedt et al., 2007). However, industrialization has increased PAH loads in
urban sediments by orders of magnitude above pre industrial background, creating exposure
regimes that are evolutionarily unprecedented in their scale (Nacci et al., 2010; Reid et al., 2016).
On the last two centuries since large scale fossil fuel combustion began, populations have not had
sufficient time to build standing variation for BaP specific recognition or repair proteins (Nacci et al.,
2010). This addresses a critical distinction: standing genetic variation maintain for traits under
recurrent selection, like thermal tolerance, where fluctuating temperatures have maintained allelic
diversity at relevant loci over millions of years (Angilletta Jr., 2009; Pedrosa et al., 2017). In
contrast, BaP specific tolerance would require variation at loci conferring enhanced recognition of
BPDE-dG adducts. Chapter 3 demonstrated that C. riparius lacks such substrate specific defences:
BaP elevated germline mutation rates 1.2-fold at 100 pg/L while decreased ROS levels, confirming
that mutagenesis proceeded through a pathway mechanistically distinct from oxidative damage
(Reid et al., 2016) (Chapter 3). The absence of adaptive response over three generations suggests
that alleles conferring BaP-specific tolerance are either absent or at extremely low frequency in this
population.

The mechanistic basis for this constraint lies in the distinction between specialist and generalist
repair pathways (Wallace, 2014). As established in Section 2, BPDE-dG adducts are processed by
NER and TLS, which recognize helix distorting lesions rather than specific chemical structures
(Scharer, 2003). This makes NER a generalist pathway that can accommodate a diverse array of
bulky lesions but lacks the substrate specific optimization characteristic of BER (Leibeling et al.,
2006). Building a BaP specific recognition system analogous to the oxidant specific defences would
require coordinated modifications across sensor proteins, metabolic enzymes, and repair machinery
(Nebert and Dalton, 2006). These are complex polygenic changes that unlikely to arise through
single mutations (Messer and Petrov, 2013). Furthermore, Section 2 demonstrated that pathway
independence creates limited cross protection: populations adapted to oxidative DNA damage
through refined BER and antioxidant systems gain no benefit against adduct forming mutagens that
operate through NER (Schrider et al., 2013). This explains why the composition specific ROS
defences in C. riparius, despite their sophistication, provides no protection against BaP
mutagenesis (Chapter 3).

Atlantic killifish populations provide an instructive contrast that clarifies what conditions permit
adaptation to novel chemical stressors (Whitehead et al., 2011). Fundulus heteroclitus populations
inhabiting PAH and PCB contaminated estuaries have evolved heritable tolerance to normally lethal
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pollutant levels (Nacci et al., 2010). Genomic analyses reveal convergent evolution through
modifications of AHR signalling pathways, with distinct molecular variants underlying adaptation in
independent populations (Reid et al., 2016). However, three critical features distinguish killifish
adaptation from my C. riparius experiment. First, tolerant populations experienced decades of
continuous contamination, corresponding to many tens of generations under field conditions where
complex pollutant mixtures imposed strong and consistent selection. Second, these populations
were already resident in contaminated habitats before severe pollution began, allowing selection to
act on standing genetic variation present within locally adapted gene pools. Third, adaptation-
imposed fitness costs: resistant populations show reduced performance in clean environments,
indicating evolutionary trade-offs rather than cost free improvements (Meyer and Di Giulio, 2003).
Our experiment tested a laboratory population across three generations at a high BaP
concentration (Chapter 3). The tested population likely lacked standing variation for BaP tolerance,
and the three-generation timeframe was insufficient for polygenic adaptation to proceed through
rare alleles or de novo mutations (Barrett and Schluter, 2008). The lesson from killifish is clear:
adaptation to novel mutagens is possible but requires abundant standing variation, many
generations of strong selection, and imposes evolutionary costs that constrain performance under
alternative conditions (Meyer and Di Giulio, 2003).

However, several lines of evidence suggest an alternative interpretation: at environmentally relevant
concentrations, existing generalist defences may be sufficient to protect the genome, rendering
specialised adaptation unnecessary, though this protection comes at a severe metabolic cost. First,
BaP exposure at 10 pg/L produced no detectable mutagenic effect, and even the extreme
concentration of 100 ug/L elevated mutation rates only 1.2-fold. This is substantially less mutagenic
than ecologically relevant thermal variation, which yielded 2.79- to 4.54-fold increases (Waldvogel
and Pfenninger, 2021). This suggests that generalist DNA repair pathways (such as NER) are
adequately counteracting the DNA damage, meaning BaP does not impose a strong enough
mutational load to drive selection for substrate-specific repair mechanisms in C. riparius. Second,
the observed decrease in ROS levels under BaP exposure strongly indicates the deployment of a
mismatched, generalist stress response. Literature shows that BaP exposure triggers a transient
upregulation of antioxidant genes at 24 hours, which returns to baseline by 48 hours (Vicentini et
al., 2017). Crucially, as demonstrated in Chapter 2, when an organism faces a true, continuous
oxidative stressor (like thermal extremes), ROS levels remain high despite the upregulation of
antioxidant defences. The fact that ROS levels decreased here implies that BaP is not primarily
generating ROS; rather, because C. riparius lacks a substrate-specific sensor for BaP, the
organism blindly deploys its broad-spectrum stress defences, including antioxidants, which
inappropriately scavenge baseline ROS. Third, this unoptimised deployment of generalist defences
directly explains the observed fitness costs. Over three generations, the primary fithess impacts
were reduced fertility and increased mortality. Activating and maintaining broad, generalist stress
mechanisms is highly energetically demanding. Because the organism cannot mount a tailored,
efficient response, it is forced to reallocate energy away from normal cellular processes and life-
history traits (e.g., reproduction) to sustain these generalist defences (Lynch, 2011). Therefore, the
lack of a massive mutational spike combined with a severe fitness decline indicates that current
defence mechanisms are sufficient to protect the genome, but because they lack substrate-specific
optimization, they drain the organism's energy budget. Ultimately, natural selection may not be
targeting specialised BaP defences because the generalist pathways prevent catastrophic genome
degradation, even though they impose a heavy metabolic consequence (Lynch, 2012).
Nevertheless, these hypotheses require further validation, and the limitations of this study
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(specifically the restriction to a three-generation timeframe and the absence of direct transcriptomic
data under BaP exposure) must be acknowledged.

3.3 Implications for Ecotoxicology and Evolutionary Risk Assessment

The asymmetry documented in the preceding sections has direct implications for predicting
evolutionary responses under rapid environmental change (Hendry et al., 2017). While populations
can adapt rapidly to recurrent challenges like temperature and generation time variation, they
exhibit severe asymmetric vulnerability when confronted with novel, industrial-scale stressors for
which no substrate-specific defences exist (Nacci et al., 2010; Whitehead et al., 2011). The most
vulnerable natural populations face a "triple threat": exposure to evolutionarily novel mutagens,
small effective population sizes that limit the efficiency of purifying selection, and low genetic
diversity that reduces the substrate for any adaptive response (Hoffmann and Sgro, 2011). These
factors create a compounded vulnerability that current conservation frameworks rarely anticipate
(Oziolor et al., 2019). As discussed, while environmentally relevant concentrations of pollutants
(e.g., 10 pg/L BaP) may not immediately overwhelm the genome due to the deployment of
generalist defences, this apparent resilience is precarious. The true evolutionary threat emerges
when the organism's energy budget, already drained by sustaining these unoptimised generic
defences, is forced to cope synergistically with other environmental stressors (Relyea, 2009).

Because natural populations face thermal stress, altered generation times, and anthropogenic
chemicals simultaneously, the mutational and metabolic burdens of these stressors compound
(Holmstrup et al., 2010). As established in Section 2, mutagenic pathways are mechanistically
independent: replication errors, targeted oxidative damage, and bulky adducts engage distinct
repair machinery. Therefore, their contributions to the total germline mutation rate are additive
rather than redundant (Baer et al., 2007). Crucially, thermal tolerance does not confer chemical
resilience (Chapter 3). Chapter 2 documented composition-specific antioxidant defences that
successfully buffer oxidative stress at thermal extremes, yet Chapter 3 demonstrated that these
same defences provided no protection against BaP-induced mutagenesis, which operates through
an independent adduction pathway. This limited cross-protection means that populations adapted to
variable thermal environments gain no evolutionary advantage against novel chemical mutagens
(Sih et al., 2011). When an organism is forced to simultaneously endure thermal extremes and
chemical pollution, the additive metabolic cost of running both targeted antioxidant defences and
generalist DNA repair systems can lead to energetic exhaustion, precipitating a collapse in overall
genomic maintenance and severe fitness declines.

Consequently, toxicological risk assessment frameworks that evaluate stressors in isolation
systematically underestimate the mutational and fithess costs experienced by wild populations
(Relyea, 2009). Extrapolating from single-compound laboratory exposures and assuming that
general stress tolerance predicts pollutant resistance obscures the long-term evolutionary burden of
combined stressors (Oziolor et al., 2019; Whitehead et al., 2011). To directly test the "energy
allocation" and additive mutation hypotheses proposed here, future experimental designs must
embrace multi-stressor complexity. A critical next step would involve exposing C. riparius to
environmentally relevant BaP concentrations while simultaneously rearing them at stressful thermal
extremes over an extended evolutionary timeframe. Pairing comprehensive fithess tracking with
whole-transcriptome sequencing would reveal whether the targeted, highly optimised thermal
antioxidant response falters when the organism is forced to concurrently sustain metabolically
demanding generalist defences against adduction. Only by investigating these proximate drivers in
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tandem can we accurately predict the evolutionary resilience of populations facing the compounding
genomic threats of the Anthropocene.

4. Conclusion: From Drift-Barrier to Proximate Mechanisms

The Drift-Barrier hypothesis successfully explains why germline mutation rates remain orders of
magnitude higher in multicellular eukaryotes than in microbes, defining the ultimate evolutionary
floor below which selection becomes too weak to drive further refinements in replication fidelity.
This dissertation bridges the gap between ultimate evolutionary constraints and proximate
mechanistic drivers of mutation rate variation. While the Drift-Barrier hypothesis sets the minimum
mutation rate a species can achieve through optimization of non-mutator alleles, it does not explain
the mechanistic processes generating variation within these limits. The realised mutation rate at any
moment reflects how cellular machinery responds to immediate physiological demands, a question
of proximate causation. The central question this thesis addresses is not why mutation rates cannot
evolve lower, but rather how and why they vary so dramatically within the constraints the Drift-
Barrier imposes. By systematically deconstructing mutation rate variation into intrinsic life-history
constraints, natural environmental modulators, and anthropogenic stressors, this work reveals that
the germline mutation rate is not a fixed parameter but a mechanistically structured and
environmentally plastic trait.

The first implication of this work concerns how organisms manage their mutational load when the
Drift-Barrier prevents further genetic refinement of DNA repair machinery. Section 1 suggests that
the realised p does not simply rest at a fixed physiological baseline, but instead reflects the
conditions under which natural selection has optimised immediate fithess components such as
survival, growth rate, and fecundity. The striking convergence between the modal generation time
of the C. riparius laboratory population and the thermal range of minimal ROS production which
both converging with the natural reproductive season in temperate habitats, is consistent with this
interpretation. Because selection favours the thermal and developmental conditions that maximise
fitness, and because these same conditions happen to minimize the mutagenic burden imposed on
existing repair systems, py minimization emerges as a correlated byproduct of fithess optimization
rather than as a direct target of selection. Crucially, however, this convergence is correlational
rather than causally demonstrated: Chapters 1 and 2 were conducted under separate experimental
conditions, and direct mechanistic integration has not yet been tested. Whether this pattern reflects
a general principle operating across ectotherm life histories or a population-specific outcome of
local adaptation in the German C. riparius population remains an open question requiring
comparative, multi-stressor experimental designs.

The second implication concerns the mechanistic structure of mutation rate variation and its
consequences for the molecular clock. Section 2 demonstrates that distinct environmental stressors
act through mechanistically independent pathways, each generating characteristic molecular
fingerprints in the mutational spectrum. Because these pathways respond differently to
environmental and physiological conditions, substitution rates in natural populations reflect not
simply the tempo of reproduction, but the shifting balance among multiple pathway-specific
mutagenic inputs. This has direct consequences for phylogenetic inference: closely related lineages
occupying distinct ecological regimes which are differing in thermal exposure, developmental
tempo, or pollution history, will accrue substitutions at different rates not due to divergence time or
selection, but due to proximate differences in mutagenic exposure. Molecular clock frameworks that
assume rate variation scales predictably with generation time or metabolic rate will systematically
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misattribute this pathway-driven heterogeneity, potentially biasing divergence time estimates and
reconstructions of ancestral mutagenic environments.

The third implication is that standard laboratory estimates of u, obtained under single-stressor,
near-optimal conditions, likely underestimate the mutational and fitness costs experienced by wild
populations. Because the mutagenic pathways operate independently, their contributions to the
total germline mutation rate are additive: p_total = p_replication + u_oxidative + u_adduct.
Consequently, adaptive optimization of one pathway confers no cross-protection against damage
arising from others. As demonstrated in this thesis, the composition-specific antioxidant defences
that buffer oxidative stress during thermal extremes provides no protection against BaP-induced
adduct formation. Moreover, at environmentally relevant BaP concentrations, generalist repair
pathways appear sufficient to prevent catastrophic mutational increases, yet the observed fitness
declines suggest that maintaining these unoptimised defences imposes a substantial metabolic
cost, though this energy allocation hypothesis requires direct transcriptomic validation. Taken
together, these findings indicate that toxicological risk assessments and evolutionary forecasts
based on single-stressor laboratory experiments will systematically underestimate the compounded
mutational and fitness burdens experienced by populations facing simultaneous natural and
anthropogenic challenges.

Taken together, this dissertation demonstrates that the germline mutation rate is not a passive
reflection of evolutionary history, but a dynamic trait which mechanistically structured by the
interaction between the organism's life history, its physiological environment, and the evolutionary
novelty of the stressors it faces. To formally test the predictions arising from this framework, future
research should prioritise three experimental directions. First, multi-stressor mutation accumulation
designs are essential to determine whether pathway-specific mutational contributions are strictly
additive or exhibit synergistic interactions, and whether the energy allocation costs of generalist
defences can be directly measured through whole-transcriptome profiling. Second, field-based
mutation accumulation studies across latitudinal gradients would test whether the convergence
between life-history and thermal optima documented here is a general principle of ectotherm
biology or a population-specific outcome of local adaptation. Third, developing phylogenetic models
that explicitly account for pathway-specific mutational contributions, rather than assuming a single,
uniform mutation rate would reduce systematic biases in molecular clock calibration and improve
divergence time estimation across lineages with divergent ecologies. Ultimately, the central
message of this thesis is this: understanding mutation rate variation requires knowing why it
arises, as a correlated byproduct of ecological fithess optimization operating beneath Drift-Barrier
constraints, how it operates, through mechanistically independent additive pathways that offer no
cross-protection, and which populations are most exposed to those encountering evolutionarily
novel stressors for which no optimised defence exists. Without this mechanistic foundation, neither
evolutionary forecasting nor toxicological risk assessment can be fully grounded in biological reality.
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