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Summary of the dissertation

Biological rhythms are adaptations to periodically changing environmental conditions.
The non-biting midge Clunio marinus (Diptera: Chironomidae) is known for the link
between its reproduction and the tidal regime. The short-lived adults emerge when most
of the intertidal habitat is exposed. The spring low tides occur at location specific times
on days around the full moon and new moon. C. marinus populations at the European
Atlantic coast are locally adapted to the day time and lunar phase of the spring low tides.
This timing is achieved through the combination of an circadian and circalunar rhythm.
While the circadian rhythm is controlled by a transcriptional-translational feedback loop,

the molecular workings of the circalunar rhythm are not understood yet.

As tides are almost neglectable in the Baltic Sea, the local Clunio populations have
adapted to lay the egg clutches in the open sea instead of an exposed intertidal substrate.
This simultaneously removed the selective pressure to time the reproduction to the lunar
phase and allowed for lunar-arrhythmic emergence throughout the entire mating season.
In arctic habitats of the Atlantic coast tides are still present. During the mating season
the sun illuminates the habitat around the clock, preventing the perception of moon light.
C. marinus changed from circadian-circalunar-controlled emergence to circatidal rhythms
in polar day conditions. The adults emerge every day at every low tide throughout the
mating season. In my thesis, I investigated these cases of lunar-arrhythmicity in Northern
European Clunio populations. By exploring the genetic features linked to the evolution
of the here described ecotypes of C. marinus, we step further towards understanding the
enigmatic circalunar rhythms. My investigations resulted in one published article, one

published preprint and an additional chapter.

The first article had two aims: First, I investigated the ability of short mitochondrial
fragments to recover the whole mitochondrial biogeography of geographically distinct pop-
ulations. DNA barcodes are short, conserved genomic fragments and commonly used to
reconstruct the biogeography of species. With my Clunio populations as example I wanted
to point out what issues can arise from blindly using those highly conserved DNA frag-
ments. The second aim was to get the basic mitochondrial biogeography of all distinct
population as a foundation to the investigations into the evolution of lunar-arrhythmic

ecotypes.
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My second chapter is separated into two parts. At first I take a look at the evolution
of lunar-arrhythmicity in the studied populations. Population structure and admixture
analyses in addition to the mitochondrial biogeography were combined to identify the his-
torical scenario which lead to the evolution of lunar-arrhythmic populations. Secondly, I
used direct genomic comparisons to find differentiated regions and adaptive loci between
rhythmic populations from the Atlantic coast and the arrhythmic populations from the
Baltic Sea specifically. Established laboratory cultures of two sympatric populations were
crossed for further insight into the nature of the maintenance of both populations under
gene flow. In my article I identify genetic variants differentiated between lunar-rhythmic
and lunar-arrhythmic populations. Genetic clusters affected by those genetic variants com-
prise genes for the control of circadian rhythms, neuronal development, mating behavior,

responses to hypoxia and sodium ion transport.

In my third chapter I performed a crossing experiment to identify putative genotypes
linked to lunar-rhythmic phenotypes. By crossing two sympatric populations with differ-
ing ecotypes, I was able to raise an F2 generation with a mix of rhythmic and arrhythmic
phenotypes. With the use of PCR-primers designed specifically for differentiated regions
between the grandparent genomes I obtained genotypes for six distinct loci per chro-
mosome of 237 individuals. The QTL analysis revealed multiple significant loci on all

chromosomes with nine investigated phenotypes linked to lunar-rhythmicity.

My thesis takes a large step towards the understanding of the circalunar rhythms
in C. marinus by comparing rhythmic to naturally occurring arrhythmic populations. I
generated a comprehensive genomic resource for geographically and ecologically distant
populations of the same species. Genomic screens for ecotype-adaptive loci identified a
putative involvement of circadian clock genes in circalunar rhythms of C. marinus. A
crossing experiment between rhythmic and arrhythmic ecotypes of the sympatric Bergen
populations hinted towards the involvement of multiple loci across the genome in lunar-
rhythmicity. The addition of further genetic markers could identify a link of the circadian

clock to circalunar rhythms as well as unravel the maintenance of sympatric ecotypes.
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Zusammenfassung der Dissertation

Biologische Rhythmen sind Anpassungen an sich periodisch verandernde Umweltbe-
dingungen. Die Zuckmiicke Clunio marinus (Diptera: Chironomidae) ist bekannt fiir ihre
an die Gezeiten gekoppelte Fortpflanzung. Wenn der Grofteil der Gezeitenzone trock-
engefallen ist schliipfen die kurzlebigen adulten Insekten. Zu ortsspezifischen Zeiten um
die Vollmond- und Neumond-Tage kommen Springniedrigwasser vor. C. marinus Popula-
tionen der Européischen Atlantikkiiste sind lokal an die Tageszeiten und die Mondphasen,
in der die Springniedrigwasser vorkommen angepasst. Die Kombination von circadia-
nen und circalunaren Rhythmen ermoglicht diese zeitliche Koordinierung. Wéahrend der
circadiane Rhythmus durch eine Transkriptions-Translations-Riickkopplungsschleife kon-
trolliert wird, kann die molekulare Funktionsweise des circalunaren Rhythmus bisher nicht

nachvollzogen werden.

Da der Tidenhub in der Ostsee zu vernachlassigen ist, legen dortige Clunio-Populationen
als Anpassung die Gelege auf offener See anstatt dem Substrat der freigelegten Gezeiten-
zone ab. Gleichzeitig verschwindet der Selektionsdruck, das Fortpflanzen zeitlich an die
Mondphasen anzupassen und so wird ein lunar-arrhythmisches Schliipfen wéhrend der
gesamten Paarungszeit moglich. In arktischen Gebieten des Atlantischen Ozeans sind
die Gezeiten immer noch prasent. Mondlicht kann aber hier wahrend der Paarungszeit
nicht wahrgenommen werden, weil die Sonne das Habitat rund um die Uhr beleuchtet.
Unter Polartag-Bedingungen hat C. marinus von einem circadian-circalunar-kontrollierten
Schliipfen zu einem circatidalen Rhythmus gewechselt. Die ausgewachsenen Tiere schliipfen
jeden Tag zu jedem Niedrigwasser wahrend der Paarungszeit. Ich habe in meiner Disser-
tation diese Félle lunarer Arrhythmizitéit in nordeuropéischen Clunio-Populationen un-
tersucht. Durch die Erforschung genetischer Merkmale welche an die hier beschriebenen
C. marinus C)kotypen gekoppelt sind, kommen wir dem Verstandnis dieser enigmatischen
circalunaren Rhythmen ein ganzes Stiick ndher. Meine Untersuchungen resultieren in

einem publizierten Artikel, einem veroffentlichten Preprint und ein zusétzliches Kapitel.

Der erste Artikel hatte zwei Ziele: Zuerst untersuchte ich die Leistungsfahigkeit kurzer
mitochondrialer Fragmente, die gesamt-mitochondriale Biogeographie geographisch un-
terscheidbarer Populationen wiederherzustellen. DNA-Barcodes sind kurze, konservierte
genomische Fragmente und werden héufig verwendet um die Biogeographie einer Art zu
rekonstruieren. Mit dem Beispiel meiner Clunio-Populationen wollte ich hervorheben,

welche Probleme auftreten konnen, wenn diese hoch konservierten DNS Fragmente blin-
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dlings verwendet werden. Das zweite Ziel war das Erlangen einer grundlegenden mitochon-
drialen Biogeographie aller unterscheidbarer Populationen als Fundament nachfolgender

Untersuchungen in die Evolution lunar-arrhythmischer Okotypen.

Mein zweites Kapitel ist unterteilt in zwei Abschnitte. Zuerst sehe ich mir die Evolu-
tion der lunaren Arrhythmizitdt in den untersuchten Populationen an. Die Struktur der
Populationen und ADMIXTURE Analysen wurden zusétzlich zu der mitochondrialen Bio-
geographie kombiniert um das historische Szenario zu identifizieren, welches zur Evolution
von lunar-arrhythmischen Populationen fiihrte. Zweitens verwendete ich direkte genomis-
che Vergleiche, um differenzierte Bereiche und angepasste Loci explizit zwischen rhythmis-
chen Populationen der Atlantikkiiste und den arrhythmischen Populationen der Ostsee zu
finden. Um ein ndheres Versténdnis fiir die Art der Aufrechterhaltung zweier Populationen
unter Genfluss zu bekommen, wurden etablierte Laborkulturen von zwei sympatrischen
Populationen gekreuzt. Ich identifiziere in meinem Artikel genetische Varianten, welche
zwischen lunar-rhythmischen und lunar-arrhythmischen Populationen differenziert sind.
Gen-Cluster, die von diesen genetischen Varianten betroffen sind, setzen sich zusammen
aus Genen fiir die Kontrolle des circadianen Rhythmus, Entwicklung des Nervensystems,

Paarungsverhalten, Reaktion auf Sauerstoffmangel und Natriumionentransport.

In meinem dritten Kapitel fiihrte ich ein Kreuzungs Experiment durch um mogliche
Verbindungen zwischen Genotypen und lunar-rhythmischen Phanotypen zu identifizieren.
Durch die Verkreuzung zweier sympatrischer Populationen mit unterschiedlichen Oko-
typen konnte ich eine F2 Generation mit einer Mischung aus rhythmischen und arrhythmis-
chen Phéanotypen heranziehen. Speziell fiir differenzierte Bereiche zwischen den Genomen
der Grofleltern entworfener PCR-~Primer wurden verwendet um Genotypen fiir sechs un-
terscheidbare Loci je Chromosom von 237 Individuen zu erhalten. Die QTL Analyse
ergab, dass mehrere signifikante Loci auf allen Chromosomen mit allen neun untersuchten

Phéanotypen eine Verbindung to lunarer Rhythmizitdt haben.

Meine Dissertation kommt dem Verstehen von lunaren Rhythmen in C. marinus einen
groflen Schritt naher, durch den Vergleich von rhythmischen zu natiirlich vorkommenden
arrhythmischen Populationen. So erstellte ich eine umfangreiche genomische Ressource
von geographisch und 6kologisch unterscheidbarer Populationen derselben Art. Genomis-
che Suchen nach Okotyp-angepassten Loci identifizierten eine mégliche Beteiligung von
den Genen der circadianen Uhr an den circalunaren Rhythmen von C. marinus. Ein

Kreuzungsversuch zwischen dem rhythmischen und arrhythmischen Okotyp der sympa-
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trischen Bergen Populationen lieferten Hinweise auf eine Beteiligung mehrerer Loci an
lunarer Rhythmizitat auf dem gesamten Genom. Zusatzliche genetische Marker konnten
eine Verbingung der circadianen Uhr mit den circalunaren Rhythmen identifizieren sowie

Hinweise zu der Aufrechterhaltung sympatrischer Okotypen entschliisseln.
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1 General introduction

1.1 The origin of natural cycles in the environment

There are periodic environmental conditions on earth to which almost all life on earth
is constantly exposed to. Prominent periods in nature are from short to long tidal cycles,
day-night (diel) cycles, lunar (synodic) cycles and annual cycles. All these cycles originate
from the planetary movements and relative positions of the earth, moon and sun (Brown,
1960). The rotation of the earth around its axis causes both the tidal and the diel cycle.
One full rotation of the earth around its axis takes 24 hours resulting in the change from day
to night (Fig. 1A:a) (Brown, 1960; Neumann, 2014; Palmer, 1995). The movement of the
moon around the earth is much slower than the earth’s rotation and one full cycle (synodic
month) takes 29.53 days (Fig. 1A:3). The water masses of the oceans being constantly
pulled toward the moon and the sun, while the earth keeps the 24-hour rotations, causing
tidal waves along most ocean coastlines. As the moon’s position is moving throughout the
synodic month, the daytime of the tidal cycle takes 12.4 hours and occurs parallel to the

synodic month.

A B C
Sun
) New
Moon - 1~ - First Last Moon
& quarter quarter
) @S @
[ = |
\ ¢ Full
>~ — ﬁB Moon

Figure 1: Natural cycles and their effects on Earth.

(A) Schematic origin of the two major geophysical cycles affecting intertidal zones. The
moon’s orbit is marked as a dashed line. The earth’s (o) and moon’s () rotation direction
are shown as three arrowheads. Edited from Brown (1960). (B,C) Effects of the relative
angle between the moon and the sun to the earth on the tidal amplitude at (B) the first
(left side gray circle) and last quarter (right side gray circle) of the synodic month and
at (C) days around the full moon (empty circle) and new moon (gray circle). The pulled
water masses are depicted as black ovals around the schematic earth. The directions of

gravitational pulls are shown as black arrows. Edited from Palmer (1974).
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This periodicity results in the same daily timing of tidal waves every 14.77 days, on the
full moon and the new moon days (Neumann, 2014). Finally, annual cycles are observed
on earth as seasons and result from the position of the earth on its elliptic orbit around

the sun, which takes 365.25 days for one full cycle (Brown, 1960).

1.2 Fundamentals of biological rhythms

Organism in periodic environmental conditions have to adapt by anticipating the tim-
ing of the cycles and prepare for them (Neumann, 2014). Biological rhythms are an
observable response in a cell, organism or population and an evolutionary adaptation to
periodically imposed changes of the environment (Aschoff, 1981a). Biological rhythms
are synchronized or entrained by an external stimulus (“zeitgeber”) which is part of a
natural cycle. Rhythms are further distinguished between exogenous or endogenous by
checking the presence of the “free-running” period when the zeitgeber has been removed
after the initial entrainment (Aschoff, 1981b; Pittendrigh, 1960). An exogenous rhythm
is only expressed as direct reaction to the zeitgeber. If the zeitgeber is not perceived
by the organism, the observed rhythm stops after the last entrained cycle as it does
not have a self-sustaining endogenous oscillator (Aschoff, 1981b; Daan, 1982; Pittendrigh,
1960). Without the zeitgeber, an endogenous rhythm will free-run over several cycles
before it fades to arrhythmicity. This observation is the product of an endogenous oscil-
lator called the “biological clock”, which is entrained and synchronized by the zeitgeber
(Aschoff, 1981b; Daan, 1982; Pittendrigh, 1960). The circadian clock is the most exten-
sively studied and best understood endogenous oscillator to this day. The core oscillator
is a genomic complex of multiple transcription-translation feedback loops, modulated by
sunlight as zeitgeber through degradation of a core protein and following interruption of
the loop during the day (Golombek and Rosenstein, 2010). Meanwhile, the basic molecular

mechanism of other rhythms, like the circalunar rhythm is yet to be identified.

1.3 Two unique biological rhythms of intertidal organisms

Not just the periodic diel occurrence of the low and high tides is determined by the
lunar phase as described in section 1.1, but also the water level amplitude between them.
This has strong implications on coastal areas periodically exposed and submerged by the
tidal regime (intertidal zone). The angle and the gravitational-pull-direction of the moon
in relation to the earth and the sun changes throughout the synodic month (Fig. 1B,C)
(Palmer, 1995). The direction of the gravitational pull affects the tidal amplitude in the
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way, that in the first and third quarter of the synodic month the gravitation of the moon
and sun work in different directions to each other. This causes the lowest tidal amplitudes,
the neap tides, which at low tide keep most of the intertidal zone submerged (Fig. 1B).
In contrast, the highest tidal amplitude occurs when the gravitational pull of the sun
and moon work in the same plane around the full moon and new moon days (Fig. 1C)
(Neumann, 2014; Palmer, 1995). Along the European Atlantic coast there are low tides
occur every 12.4 hours. Depending on various geophysical factors, total tidal amplitudes
reach from a few centimeters to more than 10 meters, around full moon and new moon
days (“spring tides”: e.g. Roscoff, France with > 10 m tidal amplitude; Fig. 2; Neumann
(2014)). Two clock systems are known as a specific evolutionary adaptation to the tidal
regime. One is the circatidal clock, as a direct response to the changing sea level and is
described to oscillate in a 12.4 hour time frame (Neumann, 2014). As an example, the
crustacean Furydice pulchra exhibits characteristic tidal swimming behavior related to the
local tidal regime as well as the circadian rhythm (Zhang et al., 2013). It was shown, that
the circatidal and circadian rhythms can be dissociated by environmental and molecular
manipulation of the circadian clock. This implied the presence of an independent circati-
dal clock (Zhang et al., 2013). The second clock system known in intertidal organisms
are circalunar clocks. They are entrained to the moon-dependent zeitgebers which are
moonlight, tidal turbulence (Neumann, 1966) and tidal temperature fluctuations (Kaiser,

2014; Neumann and Honegger, 1969).

Figure 2: Photographs of the intertidal zone at the Marine Station Biologique

de Roscoff (Brittany, France).
Both pictures were taken by Nico Fuhrmann on 25.04.2018, the left at 15:21 (CEST), the
right at 19:18 (CEST).

18



Circalunar clocks oscillate in a 14.77- (circasemilunar) or 29.54-day (circalunar) cycle
(Naylor, 1982; Neumann, 2014; Palmer, 1995). In Platynereis dumerilii, a lunar-rhythmic
marine Polychaeta, the transcription of circadian clock genes was chemically inhibited to
test the presence of an independent circalunar clock (Zantke et al., 2013). Interestingly
when no circadian oscillation was observed the circalunar rhythm was still functioning.
Both studies in Eurydice pulchra and Platynereis dumerilii proved the independence of
the circatidal and circalunar clocks to the circadian clock. However, both circatidal and
circalunar clocks were so far studied based solely on behavior and their link to the circadian
clock (Neumann, 1967; Zantke et al., 2013), but on the cellular and molecular level they

remain unknown.

1.4 The circalunar clock model Clunio marinus

The marine non-biting midge Clunio marinus (Diptera: Chironomidae) is extensively
studied for their lunar-rhythmic adult emergence patterns. Depending on food supply,
seasonal temperature or substrate location in the intertidal, even under common garden
conditions the lifecycle takes from 45 to 95 days (Neumann, 1966, 1986). The longest life
stage are the larvae, which build tubes from surrounding substrate in regularly submerged
rocky areas. After a few days of pupation the short lived adult insects emerge to mate
and deposit the egg clutches on exposed substrate (Kaiser, 2014; Neumann, 1966, 1986).
The emergence of adults is strictly tied to few hours right before one of the two spring
low tides, which occur twice in the synodic month (see section 1.1). The circadian clock
synchronizes the adult emergence to the location-specific daytimes of the spring low tides.
A circalunar rhythm narrows the days of emergence down to hit only few days of the
synodic month when the spring tides occur (Kaiser, 2014; Neumann, 1966, 1986). As
part of the population synchronization to few specific days of the synodic month, the last
larval instar is capable to arrest its development until the timepoint approaches to pupate
and emerge (Neumann, 1986). As mentioned above, C. marinus is population-specific
genetically adapted to their local tidal regime in lunar and diel emergence time (Kaiser,
2014; Kaiser et al., 2011, 2010, 2021; Neumann, 1966, 1986). Kaiser et al. (2011) were
able to show evidence for the genetic control of both the circadian and the circalunar
rhythms. Hybridization of two Atlantic C. marinus populations differing in circadian and
circalunar emergence resulted in an intermediate emergence distribution for both rhythms
in the first generation offspring. The emergence distribution of the back crosses shifted

towards the emergence distribution of the parental population. Further investigations
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found with quantitative trait loci mapping (QTL) two genomic regions linked to circadian

and circalunar timing (Kaiser et al., 2016).

1.5 Lunar-arrhythmic Clunio populations in Northern European

habitats

The majority of described and characterized European C. marinus populations show
the characteristics described previously in section 1.4. Specifically their larval substrate
in rocky areas, the circadian and circalunar emergence of the adult insects and the egg de-
position in the exposed intertidal zone (Kaiser, 2014; Neumann, 1966, 1986). Populations
with these described ecological characteristics will further be summarized as “Atlantic
ecotype”. Previous studies identified Clunio populations in other European coastal areas
which form two distinct lunar-arrhythmic ecotypes. The first “Baltic ecotype” inhabits
rocky areas of the Baltic Sea where the tidal regime is largely neglectable. Due to the
geophysical properties of the connection between the Baltic Sea and the Atlantic ocean the
tidal amplitude is too small to expose large parts of the substrate (Endraf}, 1976a; Neu-
mann, 1966; Palmén and Lindeberg, 1959; Remmert, 1955). The Baltic ecotype exhibits
a lunar-independent diurnal emergence throughout the emergence seasons. Individuals
emerge after the sunset throughout dusk into the night (Endraf, 1976a; Heimbach, 1978;
Neumann, 1966). Additionally, the Baltic ecotype’s egg clutch properties and females egg
deposition behavior differs from the Atlantic ecotype. The female lays the egg clutch in
the open water by pushing the tip of the abdomen through the water surface. The re-
leased egg clutch is able to sink through the water body to the submerged larval substrate
(Endraf8, 1976b; Neumann, 1966). Egg clutches of the Atlantic ecotype are deposited on
exposed intertidal substrate and stick to it (Neumann, 1966). When females lay them on
the water surface, the egg clutches tend to swim and not sink. Investigations into the egg
clutch properties identified an ecotype-specific difference in the surface structure of the
gelatinous mass which encloses the eggs as likely cause for swimming or sinking abilities
(Endraf}, 1976b). Finally, the Baltic ecotype’s larvae are also found in deeper substrates
as the larvae of the Atlantic ecotype (Neumann, 1966).

The first population of the second lunar-arrhythmic ecotype was discovered and field-
described in Tromsg (Norway) (Neumann and Honegger, 1969; Remmert, 1965). Pop-
ulations of this “Arctic ecotype” emerge in the Atlantic intertidal zone when the water
temperatures rise above 5°C. In high arctic latitudes, this condition is met only during

few months in summer (Pfliiger, 1973). Moonlight is an unreliable zeitgeber in the arc-
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tic habitat, because the Midnight Sun is constantly present throughout their emergence
season (Neumann and Honegger, 1969; Pfliiger, 1973; Remmert, 1965). The egg clutch
deposition and their properties do not differ from the Atlantic ecotype. But in contrast
to the Atlantic ecotype a circalunar or circadian rhythm is not observable in the Arctic
ecotype’s adult emergence. The emergence of adults is linked to the larval habitat falling
dry during the low tides twice per day (Neumann and Honegger, 1969; Pfliiger, 1973;
Remmert, 1965). Previous studies on the emergence of the Arctic ecotype show that the
populations most likely do not exhibit a circatidal clock. Most likely an hourglass-timer-
system is entrained by the temperature fluctuations and light intensity changes resulting
from the tidal regime. This system is responsible for the observable exogenous circatidal
rhythm (Pfliiger, 1973; Pfliiger and Neumann, 1971). All individuals, which finished their
pupal development will emerge with the current low tide. Individuals in development will
postpone the emergence until the following ebb is expected in 11-13 hours. Additionally,
the Arctic ecotype changed the larval substrate from rock settled algae patches to sandy
mudflats (Neumann and Honegger, 1969; Pfliiger, 1973; Remmert, 1965).

An interesting case is a Clunio population which was discovered in the Kviturd-
vikpollen close to Bergen (Norway). Their circalunar emergence distribution overall would
appear lunar-arrhythmic but with emergence peaks in the first and last quarter of the syn-
odic month when the neap tides occur (Koskinen, 1968; Neumann and Honegger, 1969).
First investigations into the circadian emergence pattern revealed occasionally the emer-
gence start in the late afternoon and the general emergence after dusk (Neumann and
Honegger, 1969). It was later shown by laboratory investigations of the field samples,
that at the location both an Atlantic and Baltic ecotype population existed in sympatry,
separated by their circadian and circalunar emergence timing (Heimbach, 1978). It was
also shown that hybridization between the Atlantic and Baltic ecotype under laboratory
conditions is possible and resulted in fertile offspring (Heimbach, 1978; Neumann, 1966).
Despite the lack of hybrid observations in the field at the expected intermediate times,
gene flow between both the ecotypes is a possible scenario. Therefore, this site is a valu-
able location to study the genomic maintenance and the potential genetic interactions of

two ecotypes.

Finally, the habitats of both lunar-arrhythmic ecotypes were inaccessible for intertidal
organisms during the last glacial maximum (LGM). While Northern Europe was covered
by massive glaciers, the Baltic Sea resulted from the landscape changing force of the ice

(Patton et al., 2017). After the glaciers retreated at the end of the LGM, the Norwegian

21



coast was accessible while the Baltic Sea remained a massive freshwater reservoir for a
few thousand years. About 8,000 years ago, it was connected to the Atlantic Ocean and
became a gradually brackish habitat with varying salinity concentrations. Additionally,
Chironomidae larvae head capsules characterized as Clunio species were found in 8,000
years old sediment samples from the German Baltic Sea basin (Hofmann and Winn, 2000).
This gives an additional approximate timeframe for the establishment of both the Arctic

and the Baltic ecotype.

1.6 Research aims of the thesis

While C. marinus is an established model for circalunar rhythms and local adaptation,
the focus of all studies with an aim on the genetic or genomic elements of these charac-
teristics remained limited to the ecologically uniform populations of the Atlantic ecotype
differing in circadian and circalunar timing (Kaiser et al., 2021). While closely related pop-
ulations isolated by distance allows to identify the minute differences which maintain local
adapted rhythmicity, potentially strongly conserved genes for the function of a putative
circalunar clock may stay hidden. This thesis is taking a different route to the genomic
mechanics of lunar-rhythmicity away from local adaptation of circadian and circalunar
emergence distributions. Instead the focus switches to identify the genomic differences

between the Atlantic ecotype and the above described lunar-arrhythmic ecotypes.

The first objective and foundation of the thesis was to find and sample populations
described in literature for whole genome sequencing and to establish laboratory strains.
Three lunar-arrhythmic populations and both sympatric populations from Bergen (see
section 1.5) were collected during several field trips. By adding two previously established
Atlantic ecotypes the whole genome set was composed out of 168 resequenced individual
nuclear and mitochondrial genomes. The second objective will take a look at the mito-
chondrial genomes of the geographically distinct populations of the data set. Focusing
on small fragments and their ability to reconstruct the mitochondrial biogeography in
Clunio. The third objective is a broad investigation in the evolutionary history, genomic
differentiations and detailed scans of ecotype-associated regions of the nuclear genome of
the lunar-arrhythmic populations. The fourth and final objective is an investigation into
possible links between quantitative trait loci (QTL) and lunar-rhythmic phenotypes in the
sympatric Bergen populations using low numbers of polymorphic markers from amplicon

sequencing data.
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1) Biogeographic signals of mitochondrial haplotypes in geographically isolated popu-
lations.
Previous studies on the geographic differentiation among geographically isolated Clunio
populations had troubles resolving the biogeography when using a standardized DNA frag-
ment for species identification (DNA barcode) (Kaiser et al., 2010). My first published
article investigates the biogeography of five isolated populations (120 individuals) using
mitochondrial sequences from the new compiled genomic set. Creating haplotype networks
for non-overlapping windows and statistical analysis, I evaluated each by the resolution of
the biogeographic pattern in comparison to the reconstruction of the entire mitochondrial
genome. The comprehensive genomic data set compiled during my thesis is an excellent
example to test the effectiveness in reconstructing the biogeography from small DNA frag-
ments in comparison to the entire mitochondrial genome. Furthermore, the analysis of the
entire mitochondrial genome provided insight into the ancestral distribution of haplotypes

and the evolution of distinct mitochondrial lineages in the studied Clunio populations.

2) Genetic signals of maintained ecological adaptations in isolated and sympatric eco-
types.
The second published article is strongly focused on the nuclear genome divergence between
the lunar-rhythmic and lunar-arrhythmic ecotypes. By first analyzing the population
structure and admixture present in all 168 samples and adding the mitochondrial diversi-
fication gathered from the previous article, I aim to resolve the historical scenario which
resulted in Baltic and Arctic ecotypes. The second part of the article aims to identify genes
involved in the formation of the Atlantic and the Baltic ecotype. The starting point were
the sympatric populations for the identification of the most divergent genotypes between
the two ecotypes. Crossing both under controlled conditions, revealed the heterogeneous
polygenic nature of the lunar-arrhythmic trait. The resulting crossing families provide ad-
ditional resources for further mapping of quantitative traits. The sampled genomic data of
72 individual genomes per ecotype provided another valuable resource, a window into the
diversity of the young Baltic ecotype. While overall genomic differentiation is high between
geographically distant populations, I was able to detect multiple genotype variants in one
differentiated genomic region associated with the presence or absence of the lunar rhythm.
These results and further investigations into the identities of affected genes are described

in the second article.
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3) Putative genetic markers linked to lunar rhythmicity are identified by QTL mapping.
By creating a crossing family from laboratory strains of two sympatric populations, I
was able to perform a QTL mapping experiment and identify genomic regions linked
to lunar-rhythmicity. The final dataset comprised 237 F2 individuals and four to six
genetic markers from each chromosome. The polymorphic markers were designed from
differentiated and ecotype-associated genetic variants between the parental populations.
Multiple phenotypes linked to lunar-rhythmicity were investigated. The analyses identified
multiple loci across the genome with interactive, additive and individual effects. Overall,
multiple identified QTLs and their varying effects indicate lunar-rhythmicity may be a

multi locus trait with causing QTLs on independent chromosomes.

The published articles and additional manuscript of my thesis took the first look
into this comprehensive compilation of genomic resource from ecologically divergent and
recently evolved populations from a single species of marine Chironomidae. These re-
sults provide genetic candidates and possible links to the loss of circalunar rhythms in
C. marinus. The circatidal timer strategy of the Arctic ecotype was not further investi-
gated in the presented results because only one population of this ecotype was available.
The generated data could still contain candidates which lead to the discovery of timer
controlling genomic regions or genes. Finally, the migration to habitats of low salinity,
oxygen stress or lacking of diel cycles within few generations demonstrates the ability to
rapidly adapt from standing genetic variation when facing changes in climate. QTL map-
ping provided conclusive results in favor of the hypothesis, that lunar-rhythmicity could

be affected by multiple loci across the genome.
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2.1 Abstract

DNA barcodes are widely used for species identification and biogeographic studies.
Here we compare the use of full mitochondrial genomes vs. DNA barcodes and various
other mitochondrial DNA fragments for biogeographic and ecological analyses. Our em-
pirical test dataset comprised 120 mitochondrial genomes from the genus Clunio (Diptera:
Chironomidae), comprising five populations from two closely related species
(Clunio marinus and Clunio balticus) and three ecotypes. From this dataset we extracted
cytochrome oxidase ¢ subunit I (COI) barcodes (658 bp) and we partitioned the mito-
chondrial genomes into non-overlapping windows of 750 bp or 1,500 bp respectively. We
calculated haplotype networks as well as several diversity indices and compared them to
those resulting from full mitochondrial genomes (15.4 kb). Full mitochondrial genomes
indicate complete geographic isolation between populations, but do not allow conclusions
on the separation of ecotypes or species. COI barcodes have comparatively few polymor-
phisms, ideal for species identification, but do not resolve geographic isolation. Many of
the similarly sized 750 bp windows have higher nucleotide and haplotype diversity than
COI barcodes, but still none of them resolve biogeography. Only when increasing the
window size to 1,500 bp two windows resolve biogeography reasonably well. Our results
suggest that the design and use of DNA barcodes in biogeographic studies must be care-

fully evaluated for each investigated species.

Keywords: DNA barcoding, mitochondrial genome, cytochrome oxidase I, haplotype

network, diversity, ecotype
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2.2 Introduction

DNA barcoding is a powerful and cost-effective tool for species identification (Adamow-
icz et al., 2019; Candek and Kuntner, 2015; Hebert et al., 2003). The formally accepted
DNA barcode for animals is a 658 bp fragment at the 5’-end of mitochondrial cytochrome
oxidase ¢ subunit I (COI; Hebert et al. (2003)). Today, the generation of DNA barcodes is
so easily done that the availability of reference libraries for matching the generated DNA
barcodes has become the major limiting factor in DNA barcoding (Candek and Kuntner,
2015; Ekrem et al., 2018). The use of DNA barcodes was soon extended to other purposes
such as ecological or biogeographic studies (Can et al., 2018; Janssen et al., 2019; Kress
et al., 2015; Lalonde and Marcus, 2019). However, DNA barcodes have known limitations
in resolving species in secondary contact, frequent hybridization, recent radiation and in-
complete lineage sorting (Kress et al., 2015; Moritz and Cicero, 2004). The development of
high-throughput sequencing (HTS) has further expanded the possibilities of DNA barcode
generation, allowing for sequencing large bulk samples of many species or individuals si-
multaneously. One major development was the use of HT'S-based DNA metabarcoding for
analyzing local biodiversity and monitoring species (Cristescu, 2014; Taberlet et al., 2012).
Other studies utilized HTS to sequence full mitochondrial genomes for better resolution of
species’ or biogeographic relationships (Delsuc et al., 2019; Paijmans et al., 2018). Studies
in fish (Chen et al., 2019) and insects (Djoumad et al., 2017; Gémez-Rodriguez et al.,
2017) have found severe discrepancies between the results obtained from COI barcodes
and full mitochondrial genomes, the latter clearly giving better resolution. However, the
possibility to obtain full mitochondrial genomes is limited by complex library preparation
procedures (for specifically targeting the mitochondrial genome) or high sequencing costs
(in case the mitochondrial genome is sequenced together with the much larger nuclear
genome). In this study we explore if it is possible to circumvent the sequencing of full
mitochondrial genomes by developing specific mitochondrial DNA fragments as markers
for the given research question and species. Clearly, conservation and diversity of mito-
chondrial and nuclear genomes varies along the sequence, as well as between populations,
ecotypes and species. In the light of that, it might be possible and maybe often also
necessary to pick the best suited mitochondrial DNA fragment or set of fragments for a
specific question. This will require some initial effort to find suitable fragments other than
the established DNA barcode, but may subsequently allow for combining the low costs of

sequence generation with sufficient resolution for biogeographic and ecological analyses.
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We explore the limitations and possibilities of this approach in a case study on an
empirical dataset for intertidal midges of the genus Clunio (Diptera: Chironomidae). In
Northern Europe, Clunio has three major ecotypes (Fig. 3A). Populations of
Clunio marinus (Fig. 3A, blue, Atlantic ecotype) require the larval substrates to be ex-
posed by the low tide for oviposition. They have a very short adult life (2-3 hours), which
is timed to the lowest low tides by a combination of circadian and circalunar clocks (Kaiser
et al., 2016; Neumann, 1986). Above the Arctic Circle, polar day interferes with the use
of circadian and circalunar clocks. This is why the Arctic ecotype of C. marinus (Fig. 3A,
yellow) has resorted to a tidal timing mechanism that makes midges of this ecotype emerge
during every low tide (Pfliiger, 1973). In the Baltic Sea the lack of tides renders circalunar
clocks obsolete as well. Baltic Clunio midges (Fig. 3A, green) are considered a separate
species Clunio balticus (Heimbach, 1978). They do not rely on exposed larval substrates,
but oviposit through the water surface so that the eggs sink to the submerged substrates,
independent of the tides (Endrafl, 1976). Baltic Clunio midges do not have a circalunar

rhythm and emerge and reproduce every day at dusk (Heimbach, 1978).

We sampled 120 Clunio individuals from the three ecotypes and five geographic loca-
tions, performed whole-genome sequencing and extracted the full mitochondrial genomes.
First, we calculated a haplotype network for the full mitochondrial genomes to obtain a ro-
bust assessment of biogeographic and ecological relationships. Compared to this gold stan-
dard, we then assessed the performance of COI barcodes in resolving these relationships.
Finally, we explored if sequences of other parts of the mitochondrial genome, sequences
of other sizes or combinations of sequences can more efficiently resolve biogeographic re-

lationships than COI barcodes do.
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2.3 Materials and Methods

Clunio sampling and determination. We analyzed field-caught individuals for five
populations (Fig. 3A; Tab. S1). For the lunar-rhythmic Atlantic ecotype C. marinus
we collected 23 individuals from Port-en-Bessin (Por-1SL; France, 2009) and 25 from
Helgoland (He-2SL1SL; Germany, 2005). For the lunar-arrhythmic Arctic ecotype of
C. marinus we collected 24 samples from Tromsp (Tro-tAR; Norway, 2018). For
C. balticus, the Baltic ecotype, we collected 24 individuals each from Sehlendorf
(Seh-2AR; Germany, 2017) and Ar (Ar-2AR; Gotland, Sweden, 2018). As species and
ecotypes are morphologically indistinguishable, we assigned all individuals based on their
behavior and emergence timing in the field. From each sampling campaign we also estab-
lished laboratory strains, which allowed us to confirm the respective ecotype and species
assignments. There are no females in the sample, as they are wingless and immobile and
therefore almost invisible in the field. All animals were directly collected in 99.98% ethanol

and stored at -20°C.

DNA extraction and amplification. DNA was extracted from whole individuals with
a salting out method (Reineke et al., 1998). DNA amount and purity were assessed with
a NanoDrop ND-1000 Spectrophotometer (PREQLAB Biotechnologie GmbH). In order
to allow or all intended analyses, genomic DNA was amplified using the REPLI-g Mini
Kit (QIAGEN) with volume modifications (Tab. S3). Resulting products were checked
for successful amplification by gel electrophoresis. Library preparation and sequencing
were performed by the Max Planck Genome Centre (Cologne, Germany) according to
standard protocols. All samples were subject to whole genome shotgun sequencing at

15-20 x coverage on an Illumina HiSeq3000 with 150 bp paired-end reads.

Sequence preprocessing, mapping and transformation. Sequencing reads were
trimmed for adapters and base quality using Trimmomatic (Bolger et al., 2014) with
parameters 'ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:8:true’, "TLEADING:20’, "TRAIL-
ING:20’, '"MINLEN:75". Overlapping paired end reads were merged with PEAR (Zhang
et al., 2014), setting the minimum assembled sequence length to 75 bp and a capping qual-
ity score of 20. The processed reads were mapped to the whole mitochondrial reference
genome of C. marinus (ENA accession CVRI01023763.1; Kaiser et al. (2016)). The mito-
chondrial reference genome does not contain the control region. The reads were aligned

with BWA-MEM (Li, 2013). From the mapped reads in SAM format we produced mi-
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tochondrial genome sequences in FASTQ format with BCFtools, SAMtools and the perl
script vefutils.pl (Li, 2010, 2011; Li et al., 2009). Finally, we transformed the FASTQ file
to FASTA and then PHYLIP format and combined all sequences into an alignment with
a custom script. All ambiguous bases were set to N, as most tools cannot handle degener-
ate base codes and we also do not expect degenerate bases in the haploid mitochondrion.
The resulting 120 full mitochondrial genomes are found in Supplementary Data 1. As
all individuals’ reads were aligned to the same reference sequence, the output sequences
were automatically aligned. Before analysis, multiple state positions (i.e. positions with
at least three different bases scored in different individuals) were identified using the R
package 'Biostrings’ 2.52.0 (Pages et al., 2019) and excluded from the alignment. For our
dataset, we excluded five positions with multiple states (Fig. 4-6: “A”-marked positions

at 5,353 bp, 5,919 bp, 8,705 bp, 10,955 bp and 11,660 bp).

From the corrected PHYLIP alignment we extracted the accepted COI barcode se-
quence based on the conserved primer pair LCO1490 and HCO2198 (Folmer et al., 1994).
We also extracted non-overlapping 750 bp or 1,500 bp windows. The remaining last win-
dow of 428 bp was excluded from the analysis due to its non-comparable size and because
it contained a gap. Extraction of the COI barcode and other sequence fragments was done

with a custom script.

Data analysis. Mitochondrial haplotype networks were calculated using the Median-
Joining algorithm (Bandelt et al., 1999) with Network 5.0.1.0 (fluxus-engineering.com).
Nucleotide and haplotype diversity, as well as the number of haplotypes, were calculated
with the R package 'pegas’ 0.11 (Paradis, 2010). In order to assess how well the populations
were separated in a haplotype network, we defined a “Population Separation Index” as

the fraction of individuals having a haplotype that is not shared between populations.

Figure preparation. Figures were prepared in R (Crawley, 2007). The map of Eu-
rope (Fig. 3A) was generated using the packages ’ggplot2’ (Wickham, 2016), ’ggrepel’
(Slowikowski, 2020), 'map’ (Brownrigg et al., 2018) and 'mapdata’ (Brownrigg, 2018). The
map was taken from the CIA World DataBank II (http://www.evl.uic.edu/pape/data/
WDB/). Schematic circular mitochondria (Fig. 4; Fig. 6) were generated using the R
package ’circlize’ (Gu et al., 2014). Histograms (Fig. 5) were created with the R package
'shape’ (Soetaert, 2018). Pearson correlation tests (Fig. S1) were calculated and plotted

using the R package ’ggpubr’ (Kassambara, 2017).
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2.4 Results and Discussion

Biogeography of Northern European Clunio populations. We first produced a
haplotype network for the full mitochondrial genomes (Fig. 3B). All haplotypes form per-
fectly isolated clusters according to geographic location. The position of each cluster in
the network does not reflect the geographic distance between the populations, but all clus-
ters diverge from two hypothetical haplotypes in the center of the network. This suggests
a single common origin of all populations, but perfect geographic isolation between the
maternally inherited mitochondrial genomes. This finding is congruent with a previous
study on European populations of C. marinus, which employed mitochondrial sequences
from the 3’-end of COI (i.e. not the standard COI barcode; Kaiser et al. (2010)). In
this study mitochondrial haplotypes were also perfectly private for each location. These
findings likely reflect the strong sexual dimorphism of the species: Females are wingless
and basically immobile, so that we must assume that their dispersal is very limited. As
a consequence, mitochondrial genomes are fully geographically isolated and divergent in
sequence already at the population level, i.e. on small geographic scales. This interferes
with making statements on the broader relationship of ecotypes or species. For exam-
ple, the mitochondrial genomes of C. balticus are different from those of C. marinus, but
due to the strong geographic isolation of the mitochondrial genomes, divergence between
populations of the same species is as pronounced as divergence between the two species
(Fig. 3B). In order to assess differentiation or gene flow between species or ecotypes, addi-
tional nuclear sequence data is required. The biology of the genus Clunio per se restricts

the informativeness of its mitochondrial DNA sequence.

Within each population, whole mitochondrial genomes are generally diverse. In our
sample of 23 to 25 individuals per population we rarely pick up the same mitochon-
drial genome twice (Fig. 3B). Usually, within a population, the individuals’ mitochondrial
genomes differ by 1 to 20 SNPs. Notably, in the Seh-2AR. population there is one mi-
tochondrial haplotype shared by five individuals that differs in more than 25 SNPs and
diverges from the other haplotypes at the center of the network. This suggests the local
coexistence of two divergent mitochondrial lineages in Seh-2AR, which both seem to date

back to the origin of the Northern European radiation of Clunio.

Assessment of the cytochrome oxidase ¢ subunit I barcode. From the full mito-
chondrial genomes, we extracted the COI barcode (658 bp) and assessed its performance

compared to the full mitochondrial genomes. First, we checked the obtained COI bar-
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Figure 3: Mitochondrial haplotype networks for 120 individuals from North-
ern European Clunio populations.

(A) Geographic distribution of the sampled populations. (B) Haplotype network for full
mitochondrial genomes (15.4 kb). Size of the circles is proportional to the number of
individuals carrying a haplotype; color corresponds to population identity as in Fig. 3A.
Short ticks on the lines connecting the haplotypes represent singe nucleotide polymor-
phism separating the haplotypes. (C) A network for the standard COI barcode (658 bp).
(D) A network for a combination of two selected 1.5 kb windows, comprising the full COI
and COIII as well as parts of ATP6 and ND3. The latter can resolve biogeographic signals

as obtained from full mitochondrial genomes, whereas the standard COI barcode cannot.
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codes against the Barcode Index Number (BIN) of the Barcode Of Life Data System v4
(Ratnasingham and Hebert, 2013). All barcodes matched the BIN of Clunio marinus.
Clunio balticus is not represented in the database. Thus, in order to assess if species
identification would be possible based on the COI barcode, we must consult the haplotype
network (Fig. 3C). Given that the small COI barcode can of course not harbor as much
variation as the entire mitochondrial genome, it is not surprising that the COI haplotype
network collapses compared to the full mitochondrial genomes (compare Fig. 3B,C). There
is a major COI haplotype shared by both species and all three ecotypes. Thus, species or
ecotype identification is not possible. The signature of strong geographic isolation between
populations which was picked up with the full mitochondrial genomes is also not visible
any longer. Furthermore, the little variation left in the COI network suggests relationships
that would not stand the test against full mitochondrial genomes, e.g. a connection of
Ar-2AR and Por-1SL, which are again populations from different ecotypes and species.
Thus, it becomes apparent that the COI barcode cannot be used for any statements on

biogeography, ecotypes or the two closely related species.

COlI barcode networks in comparison to 750 bp windows. Given the poor per-
formance of COI barcodes, we wanted to find out if this is a general effect of the short
length of the barcode, or if any other mitochondrial DNA sequence of similar length
would be able to resolve the biogeographic relationships identified based on full mito-
chondrial genomes. We therefore partitioned the whole mitochondrial genome into 20
non-overlapping 750 bp windows and calculated haplotype networks for all windows (Fig. 4).
The window from 1,501-2,250 bp comprises the entire COI barcode. All haplotype net-
works differ from each other and all are collapsed, usually showing one major haplotype
that is shared by a majority of the populations (Fig. 4). Some windows have almost no se-
quence variation (e.g. 13,501-14,250 bp, 16S rDNA). Other windows show some resolution
of  geographic  relationships, clearly  better than the COI  barcode
(e.g. 2,251-3,000 bp, the 3’ half of COI; 5,251-6,000 bp, COIIl and ND3). However,
none of these windows resolves the clear genetic isolation between all populations as ob-
served in the analysis of full mitochondrial genomes. Again, there are misleading haplotype
networks. For example, in the haplotype network for the window of 6,001-6,750 bp the
haplotypes of the two different lunar-arrhythmic ecotypes (Seh-2AR and Tro-tAR; green
and yellow) cluster together. This would suggest that the two arrhythmic ecotypes could
be closely related and possibly derived from each other, inconsistent with the signal from

the full mitochondrial genomes.
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Figure 4: Mitochondrial haplotype networks for 750 bp windows along the
Clunio mitochondrial genome.

The haplotype networks are based on the same data of 120 individuals as Fig. 3B, but
only non-overlapping 750 bp windows along the mitochondrial were analyzed. Haplotype
networks for each window are plotted around a schematic mitochondrion with genes (yellow
arrows) and RNAs (black arrows). Colors of the haplotypes correspond to population
identity as in Fig. 3A. The window of 1,501-2,250 bp comprises the entire COI barcode.
Multiple state positions that were removed from analysis are indicated by small arrows on

the schematic mitochondrion (“A”; see 2.3).
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In order to more systematically assess which mitochondrial windows are better suited
for resolving the known complete geographic isolation between populations, we calculated
a Population Separation Index (PSI; Fig. 5A). As clearly sequence variation is the limiting
factor for resolution, we compared the PSI to nucleotide diversity (), haplotype diversity
and the total number of haplotypes for each window (Fig. 5B-D). All measures of diversity
are correlated with the PSI (Fig. S1). The correlation is strongest for haplotype diversity,
suggesting it can be used as a predictor for finding more suitable mitochondrial sequence
windows for the design of diagnostic mitochondrial fragments. For example, the COI
barcode has a haplotype diversity of 0.74 and windows with haplotype diversity > 0.8 show
better geographic resolution of populations than the COI barcode (Fig. 4; Fig. 5A,C).

1,500 bp windows can resolve biogeography in the genus Clunio. Finally, we
tested if larger mitochondrial fragments could give sufficient resolution for separating
the populations in our sample. We partitioned the whole mitochondrial genome into
10 nonoverlapping 1,500 bp windows. This size was chosen because 1,500 bp are the
limit of what can be sequenced on a Sanger sequencer if PCR amplicons are sequenced
from both ends. Increased sequence length clearly increases haplotype diversity (com-
pare Fig. 5C,;H) and the resolution of the resulting haplotype networks (Fig. 6). There
is one window in which all populations have separate haplotypes (4,501-6,000 bp, ATP6,
COIII and ND3). For several other windows all populations but one pair are separated
(e.g. 1,501-3,000 bp, COI; 9,001-10,500 bp, ND4, ND4L and ND6). Again, haplotype
diversity is the best predictor of population separation (Fig. 5F-I; Fig. S1).

One imperfection that remains also with the 1,500 bp windows is that the center of
the haplotype networks always is occupied by existing haplotypes, indicating that there
are mitochondrial genomes that lack mutations relative to the ancestral haplotype. If
the corresponding individuals are from a single population, as they are for window 4,510-
6,000 bp, this would suggest that this population is ancestral to the others. This conclusion
conflicts with the results from the full mitochondrial genomes. By combining the DNA
fragments from window 1,501-3,000 bp (also containing the COI barcode) with window
4,510-6,000 bp, the resulting haplotype network (Fig. 3D) has no haplotype in its cen-
ter and shows the same biogeographic relationships as the full mitochondrial genomes.
This illustrates that a combination of two carefully picked diagnostic mitochondrial DNA

fragments can give as much resolution as the sequencing of full mitochondrial genomes.
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Figure 5: Population separation and measures of diversity along the mitochon-
drial genome in windows of 750 bp (A-D) and 1,500 bp (F-I).

Population separation and diversity are plotted relative to a schematic mitochondrial
genome (E) with position of genes (yellow arrows) and RNAs (black arrows). Pop-
ulation Separation Index (PSI), i.e. the fraction of individuals carrying haplotypes
that are not shared between populations, is plotted in light brown for 750 bp windows
(A) and 1,500 bp windows (F). Nucleotide diversity (7) is given in red for 750 bp win-
dows (B) and 1,500 bp windows (G). Haplotype Diversity is given in light blue for
750 bp windows (C) and 1,500 bp windows (H). The number of haplotypes is given in
light gray for 750 bp windows (D) and 1,500 bp windows (I). In panels A-D the standard
COI barcode is fully comprised in the window from 1,501-2,250 bp, whereas in panels F-I
the COI barcode is represented by a hatched bar. On the right-hand side values for the
full mitochondrial genome are given for comparison. Multiple state positions that were re-
moved from analysis are indicated by small arrows on the schematic mitochondrion (“A”;

see 2.3).
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Figure 6: Mitochondrial haplotype networks for 1,500 bp windows along the
Clunio mitochondrial genome.

The haplotype networks are based on the same data of 120 individuals as Fig. 3B, but
only non-overlapping 1,500 bp windows along the mitochondrial were analyzed. Haplo-
type networks for each window are plotted around a schematic mitochondrion with genes
(yellow arrows) and RNAs (black arrows). Colors of the haplotypes correspond to popu-
lation identity as in Fig. 3A. Multiple state positions that were removed from analysis are

indicated by small arrows on the schematic mitochondrion (“A”; see 2.3).
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2.5 Conclusions

We assessed the use of COI barcodes and other mitochondrial fragments in ecological
and biogeographic studies based on a comprehensive set of 120 complete mitochondrial
genomes from two species of the genus Clunio. These mitochondrial genomes carry a
strong signal of complete geographic isolation of Clunio populations, likely due to the fact
that Clunio females are wingless and therefore very limited in their dispersal. This sig-
nal severely limits all other conclusions that can be drawn from mitochondrial sequences.
In particular, an assessment of the differentiation of ecotypes or species clearly requires
additional nuclear sequence data. Our results underline that any statement based on mi-
tochondrial sequence data must be carefully evaluated in the light of the given species’
biology. Further, we systematically assessed if short mitochondrial sequences of different
length and in different positions of the mitochondrion can capture the strong geographic
signal obtained from full mitochondrial genomes. None of the short sequences gave suf-
ficient resolution and some were severely misleading. These results illustrate the known
caveats of drawing ecological, evolutionary or biogeographic conclusions from a single short

DNA sequence.

For the case of Clunio in Northern Europe, a combination of two 1,500 bp sequences
was able to recapitulate the full picture obtained from mitochondrial genomes, suggesting
it can pay off to make an initial investment into genetic marker development for a specific
question. After generating a limited set of whole mitochondrial (and possibly nuclear)
genomes, suitable sequence markers can be identified based on diversity indices or haplo-
type networks. In our study a combination of two large sequences was required. Combining
several sequences is costly when using Sanger sequencing, but easily feasible with HTS,
where multiplex PCRs for many indexed individuals can be sequenced in a single run.
The sequence length limitations imposed by Illumina sequencing, still the standard HTS
technology for DNA metabarcoding, can be overcome in two ways: Long sequences can
be subdivided into several small ones, requiring higher PCR multiplexing. Alternatively,
sequencing libraries can be prepared by treating non-indexed large PCR, products as if
they were DNA samples. Tnb-based library preparation is available non-commercially
(Hennig et al., 2018), reducing its costs but requiring molecular laboratory infrastructure
for expressing and purifying the enzyme. Clearly, developing sequence markers requires
more effort than obtaining standard DNA barcodes. At a certain point it may be more
efficient to move to low-cost SNP genotyping (e.g. ddRAD-seq; Peterson et al. (2012)), or

even whole genome sequencing.
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In the light of the trade-off between investment and analytical power, the interesting
open question becomes: Is it necessary to develop new sequence markers for all species
and all questions? Or are there regions of the mitochondrion that generally work better as
high-resolution markers than others? For Clunio only the window around ATP6 and ND3
separated all populations. ATP6 has also proven a good marker in certain moths (Djoumad
et al., 2017), birds (Kerr, 2011) and fish (Perdices and Doadrio, 2001). A second promising
window in Clunio contained the full COI gene, which would be particularly convenient, as
it includes the standard COI barcode used for species identification in animals. Finally,
as a high degree of genetic variation increases resolution for biogeographic studies, the
control region of the mitochondrion is another candidate marker (Zhang and Hewitt, 1997).
The control region was not assessed for Clunio, as the reference mitochondrial genome
contains a gap in this position due to unresolved tandem repeats, immediately highlighting
possible problems in assessing this region. Eventually, only a thorough evaluation of whole
mitochondrial genome datasets for other species will reveal if there is a common “magic

barcode” for biogeographic and ecological studies in animals.
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3.1 Abstract

Adaptive ecotype formation is the first step to speciation, but the genetic underpin-
nings of this process are poorly understood. While in marine midges of the genus Clunio
(Diptera) reproduction generally follows a lunar rhythm, we here characterize two lunar-
arrhythmic ecotypes. Analysis of 168 genomes reveals a recent establishment of these
ecotypes, reflected in massive haplotype sharing between ecotypes, irrespective of whether
there is ongoing gene flow or geographic isolation. Genetic analysis and genome screens re-
veal patterns of polygenic adaptation from standing genetic variation. Ecotype-associated
loci prominently include circadian clock genes, as well as genes affecting sensory percep-
tion and nervous system development, hinting to a central role of these processes in lunar
time-keeping. Our data show that adaptive ecotype formation can occur rapidly, with on-
going gene flow and largely based on a re-assortment of existing and potentially co-adapted

alleles.

Keywords: Local adaptation, reproductive timing, lunar rhythm, biological clocks, sym-

patric speciation, gene flow, Chironomidae, marine ecology
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3.2 Introduction

Understanding the processes underlying local adaptation and ecotype formation is a
vital theme in evolutionary ecology (Kawecki and Ebert, 2004; Savolainen et al., 2013),
but also increasingly important for conservation of biodiversity in the face of climate
change and deterioration of natural habitats (Hoffmann et al., 2015). Adaptation in re-
productive timing is at particular risk, as under rising temperatures it can be severely
mismatched with the environment (Thackeray et al., 2016). Major open questions for
understanding the process of adaptation are to what extent it requires novel mutations
or reuses existing genetic variation, and how these different paths of adaptation are con-
strained by population history and genome architecture (Savolainen et al., 2013; Yuan
and Stinchcombe, 2020). Answering these questions generally requires identification of the
adaptive genetic loci. For obtaining a broad understanding, this tedious endeavor must
be undertaken in a diverse array of model and non-model organisms. Here we present a
study on the recent evolution of ecotypes in marine midges of the genus Clunio (Diptera:
Chironomidae), which in adaptation to their habitat differ in oviposition behavior and

reproductive timing, involving both circadian and circalunar clocks.

Circalunar clocks are biological time-keeping mechanisms that allow organisms to an-
ticipate lunar phase (Neumann, 2014). Their molecular basis is unknown (Andreatta
and Tessmar-Raible, 2020), making identification of adaptive loci for lunar timing both
particularly challenging and interesting. In many marine organisms, circalunar clocks
synchronize reproduction within a population. In Clunio marinus they have additional
ecological relevance (Kaiser, 2014). Living in the intertidal zone of the European Atlantic
coasts, C. marinus requires the habitat to be exposed by the tide for successful oviposi-
tion. The habitat is maximally exposed during the low waters of spring tide days around
full moon and new moon. Adult emergence is restricted to these occasions by a circalu-
nar clock, which tightly regulates development and maturation. Additionally, a circadian
clock ensures emergence during only one of the two daily low tides. The adults reproduce
immediately after emergence and die few hours later. As tidal regimes vary dramatically
along the coastline, C. marinus populations have evolved various local timing adaptations
(Kaiser, 2014; Kaiser et al., 2011; Neumann, 1967). Analysis of these timing adaptations
gave first insights into the genetic underpinnings of circalunar clocks (Kaiser and Heckel,

2012; Kaiser et al., 2016).
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In addition to the above-described lunar-rhythmic Atlantic ecotype of C. marinus,
literature reports two lunar-arrhythmic ecotypes of Clunio in the Baltic Sea (Endra8,
1976a; Palmén and Lindeberg, 1959; Remmert, 1955) and in the high Arctic (Neumann
and Honegger, 1969; Pfliiger and Neumann, 1971) (see Fig. 7 for a summary of defining
characteristics of the three ecotypes). In the Baltic Sea the tides are negligible and the
Baltic ecotype oviposits on the open water, from where the eggs quickly sink to the sub-
merged larval habitat at water depths of up to 20 metres (Endraf}, 1976b; Remmert, 1955).
Reproduction of the Baltic ecotype happens every day precisely at dusk under control of
a circadian clock (Heimbach, 1978). There is no detectable circalunar rhythm (Endraf,
1976a). Near Bergen (Norway) the Baltic and Atlantic ecotypes were reported to co-occur
in sympatry, but in temporal reproductive isolation. The Baltic ecotype reproduces at
dusk, the Atlantic ecotype reproduces during the afternoon low tide (Heimbach, 1978).
Therefore, the Baltic ecotype is considered a separate species — C. balticus. However,
C. balticus and C. marinus can be successfully interbred in the laboratory (Heimbach,
1978). In the high Arctic there are normal tides and the Arctic ecotype of C. marinus
is found in intertidal habitats (Neumann and Honegger, 1969). During its reproductive
season, the permanent light of polar day precludes synchronization of the circadian and
circalunar clocks with the environment. Thus, the Arctic ecotype relies on a so-called tidal
hourglass timer, which allows it to emerge and reproduce during every low tide. It does

not show circalunar or circadian rhythms (Pfliiger and Neumann, 1971).

The geological history of Northern Europe (Patton et al., 2017) and subfossil Clunio
head capsules in Baltic Sea sediment cores (Hofmann and Winn, 2000) suggest that the
Baltic Sea and the high Arctic were colonized by Clunio after the last ice age, setting a
time frame of less than 10,000 years for formation of the lunar-arrhythmic ecotypes. In
this study, we confirmed and characterised these ecotypes in field work and laboratory
experiments. Sequencing 168 individual genomes highlighted the evolutionary history
of the three ecotypes, the processes underlying ecotype formation and major molecular

pathways determining their ecotype characteristics.
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Figure 7: Northern European ecotypes of Clunio and their lunar rhythms.
The Atlantic, Arctic and Baltic ecotypes of Clunio differ mainly in their lunar rhythms
(B-H), circadian rhythms (Fig. S2), as well as their habitat and the resulting oviposition
behavior (see Supplementary Note 5.3). (A) Sampling sites for this study. (B-H) Lunar
rhythms of adult emergence in corresponding laboratory strains under common garden
conditions, with 16 hours of daylight and simulated tidal turbulence cycles to synchronize
the lunar rhythm. In Arctic and Baltic ecotypes the lunar rhythm is absent (E,G,H) or
very weak (F). Por-1SL: n=1,263; He-1SL: n=2,075; Ber-1SL: n=230; Tro-tAR: n=209;
Ber-2AR: n=399; Seh-2AR: n=380; Ar-2AR: n=765.
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3.3 Results

Clunio ecotypes and their lunar rhythms. Starting from field work in Northern
Europe (Fig. TA), we established one laboratory strain of the Arctic ecotype from Tromsp
(Norway, Tro-tAR; see 3.5 for strain nomenclature) and three laboratory strains of the
Baltic ecotype, from Bergen (Norway, Ber-2AR), Sehlendorf (Germany; Seh-2AR) and Ar
(Sweden; Ar-2AR). We also established a strain of the Atlantic ecotype from Bergen (Ber-
1SL, sympatric with Ber-2AR) and used two existing Atlantic ecotype laboratory strains
from Helgoland (Germany; He-1SL) and Port-en-Bessin (France; Por-1SL). We confirmed
the identity of the ecotypes in the laboratory by the absence of a lunar rhythm in the
Baltic and Arctic ecotypes (Fig. 7B-H), their circadian rhythm (Fig. S2B-H) and their
oviposition behavior (for details see Supplementary Note 5.3). The Baltic ecotype from
Bergen (Ber-2AR, Fig. 7F) was found weakly lunar-rhythmic. In crossing experiments
between the Ber-2AR and Ber-1SL laboratory strains, the degree of lunar-rhythmicity
segregates within and between crossing families (Fig. S3), suggesting a heterogeneous
polygenic basis of lunar-arrhythmicity. Genetic segregation implies that the weak rhythm
in Ber-2AR is due to genetic polymorphism. The Ber-2AR strain seems to carry some
lunar-rhythmic alleles, likely due to gene flow from the sympatric Atlantic ecotype (see

results below).

Evolutionary history and species status. We sequenced the full nuclear and mito-
chondrial genomes of 168 fieldcaught individuals, 24 from each population (23 for Por-1SL,
25 for He-1SL). Based on a set of 792,032 single nucleotide polymorphisms (SNPs), we
first investigated population structure and evolutionary history by performing a principal
component analysis (PCA; Fig. 8A-B) and testing for genetic admixture (Fig. 8C). We
also constructed a haplotype network of complete mitochondrial genomes (Fig. 8D). There

are four major observations.

First, there is strong geographic isolation between populations from different sites. In
PCA, clusters are formed according to geography (Fig. 8A-B, Fig. S4). Mitochondrial
haplotypes are not shared and are highly divergent between geographic sites (Fig. 8D). In
ADMIXTURE, the optimal number of genetic groups is six (Fig. S5), corresponding to
the number of geographic sites, and there is basically no mixing between the six clusters

(Fig. 8C; K = 6).
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Figure 8: Genetic structure and evolutionary history of Northern European

Clunio ecotypes.

(A,B) Principal Component Analysis (PCA) based on 792,032 SNPs separates popula-
tions by geographic location rather than ecotype. (C) ADMIXTURE analysis supports
strong differentiation by geographic site (best K = 6), but a notable genetic component
from the Baltic Sea in the Bergen populations (see K = 2 and 3). The Bergen populations
are only separated at K = 7 and then show a number of admixed individuals. (D) Hap-

lotype network of full mitochondrial genomes reveals highly divergent clusters according

to geographic site, but haplotype sharing between Ber-1SL and Ber-2AR. (E) Correlated

1SL Ber-1SL | Bel r-ZAR Seh-2AR| Ar-2Al
Por-1SL

Drift parameter

allele frequencies indicate introgression from Seh-2AR into Ber-2AR.
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Second, and much in contrast to the above, the sympatric ecotypes in Bergen are
genetically very similar. In PCA they are not separated in the first four principal compo-
nents (Fig. 8A-B) and they are the only populations that share mitochondrial haplotypes
(Fig. 8D). In the ADMIXTURE analysis, they are only distinguished at K = 7, a value
larger than the optimal K. As soon as the two populations are distinguished, some indi-
viduals show signals of admixed origin (Fig. 8C; K = 7), indicative of ongoing gene flow
and incomplete reproductive isolation. These observations question the species status of
C. balticus, which was based on the assumption of temporal isolation between these two
populations (Heimbach, 1978). Given that genetic differentiation rather corresponds to
geography than to ecotype (Fig. 8), we consider all three ecotypes part of a single species,

C. marinus.

Third, the data suggest that after the ice age Clunio colonized northern Europe from
a single source and expanded along two fronts into the Baltic Sea and into the high
Arctic. The mitochondrial haplotype network expands from a single center, which implies
a quick radiation from a single ancestral haplotype (Fig. 8D). In line with this, 34% of
polymorphic sites are polymorphic in all seven populations and 93% are polymorphic
in at least two populations (Fig. S6). In the light of the detected strong geographic
isolation, this reflects a large amount of shared ancestral polymorphism. Separation of
the Baltic Sea populations along PC1 and the Arctic population along PC2 (Fig. 8A),
suggests that Clunio expanded into the high Arctic and into the Baltic Sea independently.
Congruently, nucleotide diversity significantly decreases towards both expansion fronts
(Fig. S7; Tab. S4). Postglacial establishment from a common source indicates that the
lunar-arrhythmic Baltic and Arctic ecotypes must be derived from the lunar-rhythmic

Atlantic ecotype.

Fourth, ADMIXTURE analysis reveals that sympatric co-existence of the Atlantic
and Baltic ecotypes in Bergen likely results from introgression of Baltic ecotype individ-
uals into an existing Atlantic ecotype population. At K = 2 and K = 3 the two Baltic
Sea populations Seh-2AR and Ar-2AR are separated from all other populations and the
two Bergen populations Ber-2AR and Ber-1SL show a marked genetic component coming
from these Baltic Sea populations (Fig. 8C). Congruently, TreeMix detects introgression
from Seh-2AR into Ber-2AR (Fig. 8E), but no other introgression events (Fig. S8). The
genetic component from the Baltic is largely shared between the two Bergen popula-
tions, underscoring again that the Baltic and Atlantic ecotypes in Bergen are not fully

reproductively isolated. However, the Baltic genetic component is slightly larger for the
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Baltic ecotype Ber-2AR population than for the Atlantic ecotype Ber-1SL population. The
small fraction of introgressed alleles by which the Bergen populations differ might deter-
mine Baltic ecotype characteristics. Interestingly, the Arctic ecotype also shares a small
genetic component with the Baltic populations (Fig. 8C, K = 2), leaving open whether
it evolved lunar-arrhythmicity independently from the Baltic ecotype or whether arrhyth-

micity alleles from the Baltic were carried all the way north.

Incomplete lineage sorting and introgression. All subsequent analyses of the evo-
lutionary processes and genomic loci underlying ecological adaptation were focussed on
the Atlantic and Baltic ecotypes, represented by three populations each. First, we recon-
structed the genealogical relationship between 36 individuals (six from each population)
in 50 kb windows (n=1,607) along the genome, followed by topology weighting. There
are 105 possible unrooted tree topologies for six populations, and 46,656 possibilities to
pick one individual from each population out of the set of 36. For each window along the
genome, we assessed the relative support of each of the 105 population tree topologies by
all 46,656 combinations of six individuals. We found that tree topologies change rapidly
along the chromosome (Fig. 9A; Fig. S9; Supplementary Data 2). The tree topology ob-
tained for the entire genome (Fig. S10) only dominates in few genomic windows (Fig. 9A,
black bars “Orig.”), while usually one or several other topologies account for more than
75% of the tree topologies (Fig. 9A, grey bars “Misc.”). Hardly ever do all combinations of
six individuals follow a single population tree topology (Fig. 9A, stars), which implies that
in most genomic windows some individuals do not group with their population. Taken
together, this indicates a massive sharing of haplotypes across populations and high levels
of incomplete lineage sorting. In such a highly mixed genomic landscape, it is close to
impossible to separate signals of introgression from incomplete lineage sorting. Still, we
highlighted genomic windows that are consistent with the detected introgression from the
Baltic ecotype into both Bergen populations (Fig. 9A, yellow bars “Intr.”; all topologies
grouping Por-1SL and He-1SL vs. Ber-1SL, Ber-2AR, Seh-2AR and Ar-2AR). Regions

consistent with introgression are scattered over the entire genome.

Genomic regions associated with ecotype formation. Next, we applied three ap-
proaches to identify genomic regions associated with divergence between Atlantic and
Baltic ecotypes. First, genomic windows which are dominated by tree topologies that

group populations according to ecotype were highlighted (Fig. 9A, red bars “Ecol.”).
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Figure 9: Genome screens for haplotype sharing and genotype-ecotype asso-
ciations.

(A) Topology weighting of phylogenetic trees for 36 individuals from the Baltic and
Atlantic ecotypes, as obtained from 50 kb non-overlapping genomic windows. Windows
were marked by a bar if they were dominated by one kind of topology (w, > 75%). Most
windows are not dominated by the consensus population topology (“Orig.”; Fig. S10),
but by combinations of other topologies (“Misc.”). Windows dominated by topologies
that separate the Baltic and Atlantic ecotypes (“Ecol.”) are mostly on chromosome 1.
Windows consistent with introgression are found all over the genome (“Intr.”). (B) Dis-
tribution of outlier variants (SNPs and Indels) between the six Baltic and Atlantic ecotype
populations, after global correction for population structure (X! X statistic). Values below
the significance threshold (as obtained by subsampling) are plotted in grey. (C) Associ-
ation of variant frequencies with Baltic vs. Atlantic ecotype (e BPp,.). Values below the
threshold of 3 (corresponding to p = 1073) are given in grey, values above 10 are given in
red. (D) Genetic differentiation (Fgr) between the sympatric ecotypes in Bergen. Values
above 0.5 are given in black, values above 0.75 in red. (E) The distribution of SNPs with
Fsp > 0.75 in the Baltic vs. Atlantic ecotypes. Circled numbers mark the location of the
eight most differentiated loci (see Fig. 11). Centromeres of the chromosomes are marked
by a red “C”.
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Second, we screened all genetic variants (SNPs and indels; n=948,128) for those that
are overly differentiated between the six populations after correcting for the neutral co-
variance structure across population allele frequencies (see 2 matrix, Fig. S11A-B). Such
variants may indicate local adaptation. At the same time, we tested for association of
these variants with ecotype, as implemented in BayPass (Gautier, 2015). Overly differen-
tiated variants (X'X statistic; Fig. 9B) and ecotype-associated variants ecotype (eBPy;
Fig. 9C) were detected all over the genome, but many were concentrated in the middle
of the telocentric chromosome 1. Tests for association of variants with environmental
variables such as sea surface temperature or salinity find fewer associated SNPs and no
concentration on chromosome 1 (Fig. S11D-E), confirming that the detected signals are

not due to general genome properties, but are specific to the ecotypes.

Third, we expected that gene flow between the sympatric Ber-1SL and Ber-2AR pop-
ulations would largely homogenize their genomes except for regions involved in ecological
adaptation, which would be highlighted as peaks of genetic differentiation. The distribu-
tions of Fgr values in all pairwise population comparisons confirmed that genetic differen-
tiation was particularly low in the Ber-1SL vs. Ber-2AR comparison (Fig. S12; Fig. S13).
Pairwise differentiation between Ber-1SL and Ber-2AR (Fig. 9D) shows marked peaks on
chromosome 1, most of which coincide with peaks in X‘X and eBP,,.. Notably, when
assessing genetic differentiation of Baltic vs. Atlantic ecotype (72 vs. 72 individuals;
Fig. 9E; Fig. S14), there is not a single diagnostic variant (Fgp = 1), and even vari-
ants with Fgp > 0.75 are very rare (n=63; Fig. 9E). Genetic divergence (d,,), nucleotide
diversity (7) and local linkage disequilibrium (2) of the two Bergen populations do not
show marked differences along or between chromosomes (Fig. S15). The cluster of ecotype-
associated variants on chromosome 1 overlaps with three large blocks of long-range linkage

disequilibrium (LD; Fig. S16).

However, the boundaries of the LD blocks do not correspond to the ecotype-associated
region and differ between populations. LD blocks are not ecotype-specific. Local PCA
of the strongly ecotype associated region does not reveal patterns consistent with a chro-
mosomal inversion or another segregating structural variant (Fig. S17). Thus, there is
no obvious link between the clustering of ecotype-associated loci and structural variation.
Notably, genetic differentiation is not generally elevated in the ecotype-associated cluster
on chromosome 1, as would be expected for a segregating structural variant, but drops
to baseline levels in between ecotype-associated loci (Fig. 9D). Taken together, numerous

genomic loci — inside and outside the cluster on chromosome 1 — are associated with eco-
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logical adaptation and none of these are differentially fixed between ecotypes, suggesting

that ecotype formation relies on a complex polygenic architecture.

Adaptation from standing genetic variation. We next investigated whether adap-
tive alleles underlying ecotype formation rather represent de novo mutations or standing
genetic variation. We selected highly ecotype-associated SNPs (X!X > 1.152094, thresh-
old obtained from randomized subsampling; e BP,,,. > 3; n=3,976; Fig. SI8A) and assessed
to which degree these alleles are shared between the studied populations and other pop-
ulations across Europe. Allele sharing between the Bergen populations is likely due to
ongoing gene flow, and hence Bergen populations were excluded from the analysis. In
turn, allele sharing between the geographically isolated Seh-2AR, Ar-2AR, Por-1SL and
He-1SL populations likely represents shared ancient polymorphism. Based on this compar-
ison, we found that 82% of the ecotype-associated SNPs are polymorphic in both Atlantic
and Baltic ecotypes, suggesting that the largest part of ecotype-associated alleles originates
from standing genetic variation. We then retrieved the same genomic positions from pub-
lished population resequencing data for Atlantic ecotype populations from Vigo (Spain)
and St. Jean-de-Luz (Jean, southern France) (Kaiser et al., 2016), an area that is poten-
tially the source of postglacial colonization of all locations in this study. We found that
90% of the alleles associated with the Northern European ecotypes are also segregating
in at least one of these southern populations, underscoring that adaptation in the North

involves a re-assortment of existing standing genetic variation.

Ecotypes differ mainly in the circadian clock and nervous system development.
We then assessed how all ecotype-associated variants (SNPs and indels; Xt X > 1.148764;
eBP,,. > 3, n=4,741; Fig. S18B) may affect C. marinus’ genes. In a first step, we
filtered the existing gene models in the CLUMA1.0 reference genome to those that are
supported by transcript or protein evidence, have known homologues or PFAM domains,
or were manually curated (filtered annotations provided in Supplementary Data 3; 15,193
gene models). Based on this confidence gene set, we then assessed the location of variants
relative to genes, as well as the resulting mutational effects (SnpEff (Cingolani et al., 2012);
Fig. S19; statistics in Tab. S5). The vast majority of ecotype-specific variants are classified
as intergenic modifier variants, suggesting that ecotype formation might primarily rely on

regulatory mutations.
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The ecotype-specific SNPs are found in and around 1,400 genes (Supplementary Data
4; Supplementary Data 5). We transferred GO terms from other species to the Clunio
confidence annotations based on gene orthology (5,393 genes; see section 3.5 and Sup-
plementary Data 6). GO term enrichment analysis suggests that ecological adaptation
prominently involves the circadian clock, supported by three of the top four GO terms
(Fig. 10A). In order to identify which genes drive GO term enrichment in the top 40 GO
terms, we extracted the genes that harbour ecotype-associated SNPs (168 genes; Fig. 10B;
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Figure 10: GO term analysis of ecotype associated SNPs.

(A) The top 40 enriched GO terms are listed for the 1,400 genes that are found to be
affected by ecotype-associated genetic variants (e BP,,. > 3). For each GO term the sig-
nificance level (black line, top y-axis) and the observed-expected ratio of genes annotated
to the respective GO term (blue bars, bottom y-axis) are given. (B) The top 40 GO terms
are driven by 168 genes. Hierarchical clustering of genes and GO terms reveals major
signals in the circadian clock and nervous system development (more details in Supple-
mentary Data 7). (C) Most GO terms are consistent with the known ecotype differences
and selected genes are highlighted for all of them. Notably, basically all core circadian

clock genes are affected.
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Supplementary Data 7). We individually confirmed their gene annotations and associated
GO terms. Clustering the resulting table by genes and GO terms reveals two dominant sig-
natures (Fig. 10B). Many GO terms are associated with circadian timing and are driven by
a small number of genes, which include almost all core circadian clock genes (Fig. 10B,C).
As a second strong signal, almost half of the genes are annotated with biological processes
involved in nervous system development (Fig. 10B,C). GO term enrichment is also found
for ecdysteroid metabolism, imaginal disc development and gonad development (Fig. 10).
These processes of pre-pupal development are expected to be under circalunar clock con-
trol. The fact that circalunar clocks are responsive to moonlight and water turbulence
(Neumann, 2014) renders the finding of GO term enrichment for “auditory behaviour”
and “phototaxis” interesting. Furthermore, many of the genes involved in nervous system
development and sodium ion transport, also have GO terms that implicate them in light-
and mechanoreceptor development, wiring or sensitivity (Supplementary Data 6). With
the exception of “response to hypoxia” and possibly “sodium ion transmembrane trans-
port”, there are very few GO terms that can be linked to the submerged larval habitat of
the Baltic ecotype, which is usually low in salinity and can turn hypoxic in summer. There

is a striking absence of GO terms involved in metabolic processes or immune response.

Taken together, the detected GO terms are highly consistent with the known ecotype
differences and suggest that ecotypes are mainly defined by changes in the circadian clock
and nervous system development. A previously unknown aspect of Clunio ecotype forma-
tion is highlighted by the GO terms “male courtship behaviour”, “inter-male aggression”
and “copulation” (Fig. 10). These processes are subject to sexual selection and considered

to evolve fast. They could in the long term entail assortative mating between ecotypes.

Strongly differentiated loci correspond to GO-term enriched biological pro-
cesses. While GO term analysis gives a broad picture of which processes have many
genes affected by ecotype-associated SNPs, this does not necessarily imply that these
genes and processes also show the strongest association with ecotype. Additionally, ma-
jor genes might be missed because they were not assigned GO terms. As a second line
of evidence, we therefore selected variants with the highest ecotype-association by in-
creasing the eBP,,. cut-off to 10. This reduced the set of affected genes from 1,400 to
69 (Supplementary Data 8; Supplementary Data 9). Additionally, we only considered
genes with variants that are strongly differentiated between the ecotypes (Fsp > 0.75,

compare Fig. 9E), leaving thirteen genes in eight distinct genomic regions (Fig. 11A; num-
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bered in Fig. 9E). Two of these regions contain two genes each with no homology outside
C. marinus (indicated by “NA”, Fig. 11A), confirming that GO term analysis missed ma-
jor loci because of a lack of annotation. Three other regions contain the — likely non-visual
— photoreceptor ciliary Opsin 1 (cOps1) (Velarde et al., 2005), the transcription factor
longitudinals lacking (lola; in fruit fly involved in axon guidance (Crowner et al., 2002) and
photoreceptor determination (Zheng and Carthew, 2008))and the nuclear receptor tailless
(tll; in fruit fly involved in development of brain and eye (Suzuki and Saigo, 2000)), un-

derscoring that ecotype characteristics might involve differential light sensitivity.
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Figure 11: The 13 most differentiated ecotype-associated genes.

(A) Loci with highly ecotype-associated variants were selected based on eBP,,. > 3
and Fsp(Baltic — Atlantic) > 0.75. There are 13 genes in eight distinct genomic loci.
(B-G) An overview is given for the six loci with identified genes. In each panel, from
top to bottom the sub-panels show the gene models, Fgr values of genetic variants in
the region, local linkage disequilibrium (LD) and genetic diversity (7). Fsp values are
coloured by ecotype association of the variant (red: eBP,,. > 10; black: 10 > eBP,,. > 3;
grey: eBP,,. < 3). LD and genetic diversity are shown for the six populations indepen-

dently, coloured-coded as in Fig. 7 and Fig. 8. The are no strong signatures of selection.
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Interestingly, tll also affects development of the neuroendocrine centres involved in
ecdysteroid production and adult emergence (de Velasco et al., 2007). Even more, re-
annotation of this genomic locus revealed that the neighbouring gene, which is also affected
by ecotype specific variants, is the short neuropeptide F receptor (sNPF-R) gene. Among
other functions, sSNPF-R is involved in coupling adult emergence to the circadian clock
(Selcho et al., 2017). Similarly, only 100 kb from ¢Ops1 there is the differentiated locus of
matriz metalloprotease 1 (Mmp1), which is known to regulate circadian clock outputs via
processing of the neuropeptide pigment dispersing factor (PDF') (Depetris-Chauvin et al.,
2014). In both cases, the close genetic linkage could possibly form pre-adapted haplotypes
and entail a concerted alteration of sensory and circadian functions in the formation of
ecotypes. In the remaining two loci, soz100B is known to affect male gonad development
(Nanda et al., 2009) and the ecdysone-induced protein 93F is involved in response to
hypoxia in flies (Lee et al., 2008), but was recently found to also affect reproductive cycles
in mosquitoes (Wang et al., 2021). In summary, only two out of the top 13 ecotype-
associated genes were comprised in the top 40 GO terms (Fig. 11A). Nevertheless, all
major biological processes detected in GO term analysis (Fig. 10) are also reflected in the
strongly ecotype-associated loci (Fig. 11), giving a robust signal that circadian timing,
sensory perception and nervous system development are underlying ecotype formation in

C. marinus.

Finally, we assessed the top 13 strongly ecotype-associated loci for signatures of selec-
tive sweeps in genetic diversity and LD (Fig. 11B-G). Despite these loci being the most
differentiated between ecotypes in the entire genome, there is at best a mild reduction in
genetic diversity and a mild increase in LD (Fig. 11B-G). If selection acted on these loci,
it must have been very soft, underscoring a history of polygenic adaptation from standing

genetic variation and continued recombination.
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3.4 Discussion

Inspired by classic literature, we confirmed the existence of three distinct ecotypes
of C. marinus in Northern Europe. Based on the analysis of 168 genomes, these eco-
types form a single genetic species, exchange genetic material where they occur in sym-
patry, and established very recently from a common ancestor. While ecotype-associated
alleles differ in allele frequency, they are largely shared between ecotypes, which sug-
gests that adaptation primarily involves standing genetic variation from many differ-
ent loci. A similar re-use of existing regulatory variation has been found in ecotype
formation in sticklebacks (Chan et al., 2010; Kingman et al., 2020; Verta and Jones,
2019) or mimicry in Heliconius butterflies (Edelman et al., 2019). However, while in
Heliconius alleles are shared over large evolutionary distances via introgression, Clunio
ecotypes diverged recently from a common source, as is illustrated by massive and genome-
wide shared polymorphism. Combined with the observation that many genes from the
same biological processes have ecotype-associated alleles, this draws a picture of polygenic
adaptation, involving many pre-existing alleles with probably small phenotypic effects.
Particularly for adaptation in circadian timing this scenario is highly plausible. The an-
cestral Atlantic ecotype comprises many genetically determined circadian timing types that
are adapted to the local tides (Kaiser, 2014; Kaiser et al., 2016, 2021; Neumann, 1967).
Existing genetic variants conveying emergence at dusk were likely selected or re-assorted

to form the Baltic ecotype’s highly concentrated emergence at dusk.

Besides circadian timing, the ecotypes differ in circalunar timing and oviposition be-
havior. In our study the vast majority of GO terms and candidate genes is consistent
with these functions, leaving little risk for evolutionary “story-telling” based on individual
genes or GO terms (Pavlidis et al., 2012). We propose that good congruence between
known phenotypic differences and detected biological processes could be a hallmark of
polygenic adaptation, as only polygenic adaptation is expected to leave a footprint in
many genes of the same ecologically relevant biological process. In turn, because of the
polygenic architecture, pinpointing individual genes’ contributions to a specific phenotype
will require additional experiments. Genetic manipulation may not be very informative
when assessing highly polygenic traits (see e.g. (Zhang et al., 2021)). But QTL mapping
with recently developed refined statistical algorithms for detection of polygenic signals may
hold some promise (Wellenreuther and Hansson, 2016). Based on our genomic comparison

of lunar-rhythmic and lunar-arrhythmic ecotypes, we propose three not mutually exclu-
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sive hypotheses on molecular pathways involved in the unknown circalunar clock. Firstly,
Clunio’s circalunar clock is known to tightly regulate ecdysteroid-dependent development
and maturation just prior to pupation (Neumann and Spindler, 1991). Congruently, our
screen identified ecotype-associated genes in the development of imaginal discs and genital
discs, and in ecdysteroid metabolism. Lunar-arrhythmicity may rely on an escape of these
processes from circalunar clock control. Secondly, it has been hypothesized that circalu-
nar clocks involve a circadian clock (Blinning and Miiller, 1961) and such a mechanism
has been experimentally confirmed in the midge Pontomyia oceana (Soong and Chang,
2012). Thus, the overwhelming circadian signal in our data might be responsible for
both circadian timing adaptations and the loss of circalunar rhythms. Thirdly, Clunio’s
circalunar clock is synchronized with the external lunar cycle via moonlight, as well as
tidal cycles of water turbulence and temperature (Neumann, 2014). Our data suggests
that sensory receptor development, wiring or sensitivity might differ between ecotypes.
Interestingly, some Atlantic ecotype populations are insensitive to specific lunar time cues,
either moonlight or mechanical stimulation by the tides (Kaiser, 2014). These pre-existing
insensitivities may have been combined to form completely insensitive and hence lunar-
arrhythmic ecotypes. This scenario would fit the general pattern of polygenic adaptation

through a re-assortment of standing genetic variation, which emerges from our study.

In several species, genes involved in complex behavioral or ecological syndromes were
found to be locked into supergenes by chromosomal inversions, e.g. in Heliconius butter-
fly mimicry (Joron et al., 2011) or reproductive morphs of the ruff (Kiipper et al., 2016).
While we observe a clustering of ecotype-associated alleles in Clunio, there is no obvious
connection to an underlying structural variant (SV). Possibly, the SV is so complex that
it did not leave an interpretable genomic signal. Alternatively, Clunio’s long history of
genome rearrangements (Kaiser et al., 2016) may have resulted in a clustering of ecolog-
ically relevant loci without locking them into a single SV. Clustering could be stabilized
by low recombination, consistent with the observed three LD blocks, which — while not
ecotype-specific — all overlap with the differentiated region. FEpistatic interactions be-
tween the clustered loci and co-adaptation of alleles might further reduce the fitness of
recombinants and lead to a concerted response to selection. Such an interconnected adap-
tive cluster might allow for more flexible evolutionary responses than a single, completely
linked supergene. Further studies will have to show whether such a genome architecture

exists, whether it facilitates adaptation and whether it might itself be selected for.
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3.5 Methods

Nomenclature of ecotypes. We expanded the existing naming convention of
C. marinus timing types (Kaiser et al., 2021) to also include Baltic and Arctic ecotypes.
Names of populations and corresponding laboratory strains consist of an abbreviation for
geographic origin followed by a code for the daily and lunar timing phenotypes. Daily
phenotypes in this study are emergence during the first 12 hours after sunrise (“1”) or,
emergence during the second 12 hours after sunrise (“2”) or emergence during every low
tide (“t” for tidal rhythm). Lunar phenotypes in this study are either emergence dur-
ing full moon and new moon low tides (“SL” for semi-lunar) or arrhythmic emergence
(“AR”). As a consequence, the Arctic ecotype is “tAR”, the Baltic ecotype is “2AR” and
the Atlantic ecotype populations in this study are all of timing type “1SL” (while other
timing types exist within the Atlantic ecotype (Kaiser et al., 2021)).

Fieldwork and sample collection. Field samples for genetic analysis and establish-
ment of laboratory strains were collected in Sehlendorf (Seh, Germany), Ar (Sweden),
Tromsg (Tro, Norway) and Bergen (Ber, Norway) during eight field trips in 2017 and 2018
(Tab. S2). Field caught adult males for DNA extraction were directly collected in 99.98%
ethanol and stored at -20°C. Females are immobile and basically invisible in the field, un-
less found in copulation. Laboratory strains were established by catching copulating pairs
in the field and transferring multiple fertilized egg clutches to the laboratory (Tab. S2).
Samples and laboratory strains of the sympatric ecotypes in Bergen were collected at the
same location but at different daytime. Additional samples and laboratory strains from
Helgoland (He, Germany) and Port-en-Bessin (Por, France) were collected and described
earlier (Kaiser et al., 2010, 2016, 2021), but had previously not been subject to whole

genome sequencing of individuals.

Laboratory culture and phenotyping of ecotypes. Laboratory strains were reared
under standard conditions (Neumann, 1966) at 20°C with 16 h of light and 8 h of dark-
ness. Atlantic and Arctic ecotype strains were kept in natural seawater diluted 1:1 with
deionized water and fed with diatoms (Phaeodactylum tricornutum) and powdered nettles
(Urtica sp.). The Baltic ecotype was kept in natural Sea water diluted 1:2 and fed with di-
atoms and powdered red algae (90%, Delesseria spp., 10% Ceramium spp., obtained from
F. Weinberger and N. Stéarck, GEOMAR, Kiel). For entrainment of the lunar rhythm all

strains were provided with 12.4 h tidal cycles of water turbulence (mechanically induced
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vibrations produced by an unbalanced motor, 50 Hz, roughly 30 dB above background
noise, 6.2 h on, 6.2 h off) (Neumann, 1978; Neumann and Heimbach, 1979).

Assignment of strains to ecotypes was confirmed based on their phenotypes as recorded
in laboratory culture. Oviposition behavior was assessed during standard culture main-
tenance: Baltic ecotype eggs are generally found submerged at the bottom of the culture
vessel, Atlantic and Arctic ecotype eggs are always found floating on the water surface or
on the walls of the culture vessel (see Supplementary Note 5.3). Daily emergence times
were recorded in 1 h intervals by direct observation (Seh-2AR, Ar-2AR) or with the help
of a fraction collector (Honegger, 1977) (Ber-1SL, Ber-2AR, Tro-tAR, Por-1SL, He-1SL;
Fig. S2). Lunar emergence times were recorded by counting the number of emerged midges
in the laboratory cultures every day over several months and summing them up over sev-
eral tidal turbulence cycles. Emergence data for He-1SL was taken from (Neumann, 1983),

emergence data for Por-1SL was taken from a manuscript in preparation (Brisevac et al.).

DNA extraction and whole genome sequencing. For each of the seven populations,
24 field caught males (23 for Por-1SL, 25 for He-1SL) were subject to whole genome se-
quencing. DNA was extracted from entire individuals with a salting out method (Reineke
et al., 1998) and amplified using the REPLI-g Mini Kit (QIAGEN) according to the man-
ufacturer’s protocol with volume modifications (Tab. S3). All samples were subject to
whole genome shotgun sequencing at 15-20x target coverage on an Illumina HiSeq3000
sequencer with 150 bp paired-end reads. Library preparation and sequencing were per-
formed by the Max Planck Genome Centre (Cologne, Germany) according to standard
protocols. Raw sequence reads are deposited at ENA under Accession PRJEB43766.

Sequence data processing, genotyping and SNP filtering. Raw sequence reads
were trimmed for adapters and base quality using Trimmomatic v.0.38 (Bolger et al.,
2014) with parameters 'ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:8:true’, 'LEADING:20’,
"TRAILING:20’, "MINLEN:75’. Overlapping paired end reads were merged with PEAR
v.0.9.10 (Zhang et al., 2014), setting the minimum assembled sequence length to 75 bp
and a capping quality score of 20. Assembled and unassembled reads were mapped
with BWA-MEM (Li, 2013) to the nuclear reference genome (Kaiser et al., 2016) (ENA
accession GCA_900005825.1) and the mitochondrial reference genome (ENA accession
CVRI01023763.1) of C. marinus. Mapped reads were sorted, indexed, filtered for mapping
quality (-q 20’) and transformed to BAM format with SAMtools v.1.9 (Li et al., 2009).
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Read group information was added with the AddOrReplaceReadGroups.jar v.1.74 script
from the Picard toolkit (http://picard.sourceforge.net/) (DePristo et al., 2011).

For the nuclear genome, SNPs and insertion-deletion (indel) genotypes were called us-
ing GATK v.3.8-0-ge9d806836 (McKenna et al., 2010). After initial genotype calling with
the GATK HaplotypeCaller and the parameter ’-stand_call_conf 30’, base qualities were re-
calibrated with the GATK BaseRecalibrator with ~knownSites’ and genotype calling was
repeated on the recalibrated BAM files to obtain the final individual VCF files. Individual
VCF files were combined using GATK GenotypeGVCFs. SNP and indel genotypes were
filtered with VCFtools v.0.1.14 (Danecek et al., 2011) to keep only biallelic polymorphisms
(’- -max-alleles 2’), with a minimum minor allele frequency of 0.02 (’- -maf 0.02’), a min-
imum genotype quality of 20 (- -minQ 20’) and a maximum proportion of missing data
per locus of 40% (- -max-missing 0.6’), resulting in 792,032 SNPs and 156,096 indels over
the entire set of 168 individuals. For certain analyses indels were excluded with VCFtools
(’- -remove-indels’). Reads mapped to the mitochondrial genome were transformed into

mitochondrial haplotypes as described in Fuhrmann and Kaiser (2021).

Population genomic analyses. Mitochondrial haplotype networks were calculated us-
ing the Median-Joining algorithm (Bandelt et al., 1999) with Network v.10.1.0.0 (fluxus-
engineering.com). Nuclear SNP genotypes were converted to PLINK format with VCFtools.
SNPs were LD pruned with PLINK v.1.90b4 (Chang et al., 2015) and parameters - -indep-
pairwise 50 10 0.5’ as well as - -chr-set 3 no-xy no-mt - -nonfounders’. Principal Compo-
nent Analysis (PCA) was performed in PLINK using the option ’- -pca’ with the options
default settings. The pruned BED file from PLINK was used as input to ADMIXTURE
v.1.3.0 (Alexander and Lange, 2011), with which we assessed a series of models for K =1 to
K = 10 genetic components, as well as the corresponding the cross-validation error
(- -cv’). Migration was further tested by converting the SNP data to TreeMix format
with the vcf2treemiz.sh script (Ravinet, 2018) and running TreeMix v.1.13 (Pickrell and
Pritchard, 2012) with default parameters and the southernmost Por-1SL as root popula-

tion.

Population estimates along the chromosomes were calculated in 100 kb overlapping
sliding-windows with 10 kb steps. Nucleotide diversity (7) was calculated for SNPs with
VCFtools - -window-pi’. For the genome-wide average, calculations were repeated with
200 kb non-overlapping windows. Linkage disequilibrium (LD; as r2) was calculated in

VCFtools with - -geno-r2’. Local LD was calculated with ’- -ld-window-bp 500°. Pre-
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liminary tests showed that local LD decays within a few hundred base pairs (Fig. S20).
For long range LD minor allele frequency was filtered to 0.2 (- -maf 0.2’, resulting in
335,800 SNPs), only values larger 0.5 were allowed with ’- -min-r2 0.5’ and the ’- -1d-
window-bp 500’ filter was removed. Pairwise Fgp was calculated with VCFtools ’- -weir-
fst-pop’ option per SNP and in sliding windows. For calculation of genetic divergence
(dyy), allele frequencies were extracted with VCFtools - -freq’ and d,, was estimated

from allele frequencies according to Delmore et al. (2015).

Phylogenomics and topology weighting. Nuclear genome phylogeny was calculated
for a random set of six individuals from each population, without Tro-tAR (n=36). For
windowed phylogenies, the VCF file was subset into non-overlapping 50 kb windows using
VCFtools ’- -from-bp - -to-bp’. SNP genotypes were transformed into FASTA alignments
of only informative sites with the vef2phylip.py v.2.3 script (Ortiz, 2019) and parameters
-m 1 -p -f’. Heterozygous genotypes were represented by the respective ITUPAC code
for both bases. Whole genome and windowed phylogenies were calculated with IQ-TREE
v.1.6.12 (Nguyen et al., 2015) using the parameters '-st DNA -m MFP -keep-ident -redo’ for
the windowed and ’-st DNA -m MFP -keep-ident -bb 1000 -bnni -nt 10 -redo’ for the whole
genome phylogenies. Topology weighting was performed on the windowed phylogenies with

TWISST (Martin and Van Belleghem, 2017) and the parameter - -method complete’.

Association analysis. Population-based association between genetic variants (SNPs
and indels) and ecotype, as well as environmental variables (Tab. S6) was assessed in Bay-
Pass v.2.2 (Gautier, 2015).  Allele counts were obtained with VCFtools option
- -counts’. Analyzed covariates were ecotype, sea surface salinity (obtained from Hordoir
et al. (2019)) and average water temperature of the year 2020 (obtained from weather-
atlas.com, accessed 27.04.2020; 16:38), as given in Tab. S6. BayPass was run with the
MCMC covariate model. BayPass corrects for population structure via € dissimilarity
matrices, then calculates the XX statistics and finally assesses the approximate Bayesian
p value of association (eBP,.). To obtain a significance threshold for X*X values, the
data was randomly subsampled (100,000 genetic variants) and re-analyzed with the stan-
dard covariate model, as implemented in baypass_utils.R. All analyses we performed in

three replicates (starting seeds 5001, 24306 and 1855) and the median is shown.
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SNP effects and GO term enrichment analysis. Gene annotations to the
CLUMA1.0 reference genome (Kaiser et al., 2016) were considered reliable if they fulfilled
one of three criteria: 1) Identified ortholog in UniProtKB/Swiss-Prot or non-redundant
protein sequences (nr) at NCBI or PFAM domain, as reported in Kaiser et al. (2016).
2) Overlap of either at least 20% with mapped transcript data or 40% with mapped pro-
tein data, as reported in Kaiser et al. (2016). 3) Manually annotated. This resulted in a
15,193 confidence genes models. The location and putative effects of the SNPs and indels
relative to these confidence gene models were annotated using SnpEff 4.5 (Cingolani et al.,
2012) (build 2020-04-15 22:26, non-default parameter -ud 0’). Gene Ontology (GO) terms
were annotated with emapper-2.0.1. (Huerta-Cepas et al., 2017) from the eggNOG 5.0
database (Huerta-Cepas et al., 2019), using DIAMOND (Buchfink et al., 2015), BLASTP
e-value < 1le71Y and subject-query alignment coverage of > 60%. Conservatively, we only
transferred GO terms with “non-electronic” GO evidence from best-hit orthologs restricted
to an automatically adjusted per-query taxonomic scope, resulting in 5,393 C. marinus
gene models with GO term annotations. Enrichment of “Biological Process” GO terms in
the genes associated with ecotype-specific polymorphisms was assessed with the weight01
Fisher’s exact test implemented in topGO (Alexa and Rahnenfiihrer, 2010) (version 2.42.0,
R version 4.0.3).

Figure preparation. Figures were prepared in R (Crawley, 2007). Data were han-
dled with the ’data.table’ (Dowle et al., 2020) and ’plyr’ (Wickham, 2011) packages.
The map of Europe was generated using the packages ’'ggplot2’ (Wickham, 2016) and
'ggrepel’ (Slowikowski, 2020), 'maps’ (Brownrigg et al., 2018) and 'mapdata’ (Brownrigg,
2018). The map was taken from the CIA World DataBank II (http://www.evl.uic.edu/
pape/data/WDB/). Circular plots were prepared using the R package ’circlize’ (Gu
et al., 2014). Multiple plots were combined in R using the package 'Rmisc’ (Hope,
2013). The graphical editing of the whole genome phylogeny was done in Archeopteryx
(http://www.phylosoft.org/archaeopteryx; Han and Zmasek (2009)). Final figure combi-
nation and graphical editing of the raw plot files was done in Inkscape. Neighbor Joining
trees of the () statistic distances from BayPass were created with the R package ’'ape’
(Paradis and Schliep, 2019). In all plots the order and orientation of scaffolds within the

chromosomes follows the published genetic linkage map (Kaiser et al., 2016).
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4.1 Abstract

The mapping of quantitative trait loci (QTL) in the F2 offspring of phenotypically
divergent lines is a powerful tool to identify linkage between the phenotypes and genomic
loci. Sympatric populations provide the unique opportunity to study diverging genetic
characteristics between individuals which are able to exchange genetic material and share
the same ancestry. While most of the genome is mixed between the populations, differenti-
ated loci stand out. The life-cycles of diverging Clunio marinus ecotypes are very unique,
as adults emerge either synchronized around full moon and new moon days or every day.
A crossing experiment was performed between the sympatric Clunio ecotypes Ber-1SL
and Ber-2AR with the aim to identify QTLs linked to lunar-rhythmic emergence of the
adult insects. As the degree of diversification between both populations is known from
previous studies, in this approach a set of genetic markers is used to directly investigate
divergent loci while still covering large stretches of the chromosomes. The F2 generation
was sequenced using custom designed amplicon primers to cover differentiated genomic
loci between the parental populations and to identify informative polymorphic markers in
them. The resulting dataset after filtering is comprised of 237 F2 individuals and between
four and six polymorphic markers on the three chromosomes. Even with this limited
marker set it was possible to detect QTLs linked to lunar-rhythmic phenotypes. Multi-
ple QTLs across the genome were discovered by varying phenotypes which are linked to
lunar-rhythmicity. The promising results from the dataset shows that detecting significant
QTLs with a low number of known polymorphic markers is possible in these sympatric
populations. Further analyses with additional genetic markers should follow this study to

obtain a higher resolution of the QTL numbers and positions linked to lunar-rhythmicity.
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4.2 Introduction

In many cases phenotype variation between distinct populations is linked to specific
genotypes. While we can use diversity statistics and genome comparisons to identify
genetic variation, these methods cannot link genetic functionality to phenotypes (Stinch-
combe and Hoekstra, 2008). The functional genetic variants underlying a phenotype in
a population are often obscured by ecological adaptations, unique life histories and puta-
tively admixed population structure (Broman and Sen, 2009; Stinchcombe and Hoekstra,
2008). Quantitative trait loci (QTL) mapping is a powerful method to detect linkage
between a polymorphic marker and phenotypes. This is achieved in a QTL experiment
through the observation of an appropriate number of crossing over events at genetic loci of
interest. QTL mapping success depends on the number of observed recombination events
in the F1 and F2 offspring. Detection power increases with offspring and genetic marker
number. Through targeted crossings experiments between populations of distinct pheno-
types, present genetic composition and population structure is mixed which allows to trace
the causing genotypes of a heritable phenotype through the crossing over events in F1, F2

or backcross generations (Broman and Sen, 2009; Stinchcombe and Hoekstra, 2008).

Sympatric ecotypes, populations or species can experience similar ecological condi-
tions and have opportunities to exchange genetic material through gene flow. Differ-
ing characteristics like behavior, emergence times or ecological niche occupation would
stand out in an admixed population dynamic, if selected for. These are ideal condi-
tions for a QTL study on diverging phenotypes. Such a sympatric populations scenario
occurs between Clunio populations at the Kviturdvikpollen close to Bergen (Norway).
Clunio marinus is a marine non-biting midge (Diptera: Chironomidae) with a peculiar
adult emergence timing in diverging ecotypes (Fuhrmann et al., 2021). The
Atlantic ecotype of Clunio marinus inhabits rocky intertidal zones and is perfectly adapted
to the local tidal regime. The emergence of adults, mating and egg deposition is linked to
the dry-falling of the larval substrate during spring low tides around full moon and new
moon days (Kaiser et al., 2016; Neumann, 1986). The Baltic ecotype of
Clunio marinus has lost the lunar-rhythmicity with the lack of strong tides in the Baltic
Sea (Endra8, 1976; Palmén and Lindeberg, 1959; Remmert, 1955). In the Kviturdvikpollen
near Bergen the lunar-rhythmic Atlantic ecotype Ber-1SL and the lunar-arrhythmic
Baltic ecotype Ber-2AR coexist (Heimbach, 1978). The loss of lunar-rhythmicity in one of

the sympatric populations and the maintenance of this ecotype under gene flow with an
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Atlantic ecotype population (Fuhrmann et al., 2021) is the ideal initial condition for QTL
mapping of the lunar-rhythmic emergence phenotype. Laboratory strains of both natural
populations were established and numerous crossing experiments performed between the
Atlantic and Baltic ecotype. For the presented QTL mapping analysis the F2 offspring of

12 different F1 siblings from one pair of grandparents were selected (Fig. 12).

In QTL mapping individual phenotypes are linked to the present genotypes (Broman
and Sen, 2009). Since every individual can emerge only once in their life, the rhythm can
only be observed on population level in the case of Clunio adult emergence. Depending
on the overall population emergence distribution the individual diel and lunar emergence
times can be used to distinguish between “rhythmic” and “arrhythmic” individuals. In
lunar-rhythmic populations, emerging in the populations’ main peak would qualify an in-
dividual for the “rhythmic” phenotype. However, lunar-arrhythmic populations have an
equally distributed emergence of individuals. This makes phenotyping in crossing exper-

iments between rhythmic and arrhythmic populations very difficult. Arrhythmic individ-
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Figure 12: Lunar emergence patterns of the studied crossing family.

(A) One single pair cross between the sympatric Ber-1SL and Ber-2AR strain resulted
in an phenotypically distinct F1 family. The F1 siblings could freely mate and only the
fertilized eggs were raised as separate F2 families (see section 4.3 Materials and Methods).
The overall F2 emergence distribution shows an arrhythmic emergence with a pronounced
increase in emerging individuals at the time when the parental lunar-rhythmic Ber-1SL
population is emerging as well. (B) When plotting the F2 families individually, it becomes
apparent that there are highly rhythmic families (e.g. F2-34.10) and completely arrhyth-
mic families (e.g. F2-34.3 and F2-34.4), suggesting that this F2 generation is segregating
for rhythmicity alleles.
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uals would emerge around the time of the rhythmic populations’ peak as well as outside
of the peak days. Therefore, it is impossible to assign the individuals within the peak to

either phenotype with certainty when crossing arrhythmic and rhythmic phenotypes.

The aim of this study is to identify QTLs of lunar-rhythmic phenotypes in a cross-
ing family of two sympatric-ecotype Clunio laboratory strains with a limited number of
genetic markers. As the degree of differentiation between the parental strains is known
from previous studies, the presented analyses attempts to investigate those loci directly
for a potential link to lunar-rhythmicity. Therefore, few but precisely located and selected
genetic markers were selected. From whole-genome resequencing of both grandparents,
six specific genetic markers for each chromosome were selected and amplified in a mul-
tiplex PCR using F2 samples as template. The crossing-dataset is composed of 272 F2
individuals from a single crossing family. A possibility to get around the individual phe-
notype uncertainty described above is to utilize the differing phenotype ratios between
the peak and every other emergence time. Rhythmic phenotypes should increase during
and disappear outside of the peak. The contrast can be increased by removing flanking
regions of the peak in which the ratio between the phenotypes is closer to be equal. By
doing so one can create a binary phenotype which can be used to identify rhythmic QTLs
based on phenotype ratio and remove phenotyping uncertainty. Three binary lunar-subset

phenotypes were defined by excluding specific flanking days around the defined day of the
rhythmic peak (Fig. 13).
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Figure 13: Selection of three binary lunar-subset phenotypes.

For all three subsets the selected (blue; yellow) and removed (red) individuals (see sec-
tion 4.3 Materials and Methods) from the actual F2 emergence distribution are marked
by the color of the emergence day in the turbulence cycle. Individuals which emerged in

the range of the rhythmic peak (blue) and in the days of arrhythmic emergence (yellow)
are included for the binary phenotype.
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Additionally, six non-binary lunar-rhythmicity-linked phenotypes were selected. The
phenotype “developmental time” refers to the number of days from fertilization of the
eggs to the emergence of the adult insect. Directly linked to the lunar-rhythm are
“exact emergence day”, “emergence distance to day 9”7, “emergence distance to day 10”
and “emergence distance to day 9/10” as they refer to the adult emergence day in the
15-day turbulence cycle the cultures were entrained to. Finally, the individuals were phe-
notypically scored by “chance of being arrhythmic”, defined as the expected fraction of
lunar-arrhythmic individuals at each day in the artificial lunar cycle. Several QTLs linked
to lunar-rhythmicity were detected in almost all investigated phenotypes. QTLs identi-
fied with the binary lunar-rhythmicity subsets, interactive, additive or individual effects in
multiple analytical runs were discovered with manually fitted QTL models. Ultimately the
limited but precisely selected genetic markers were able to detect significant QTLs linked
to lunar-rhythmicity in the investigated crossing family. More genetic markers should
be added to obtain a higher resolution of the specific QTL positions which are linked to

lunar-rhythmicity in Clunio.
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4.3 Materials and Methods

Culture conditions, crossing experiment and sample collection. The labora-
tory strains Ber-1SL and Ber-2AR were used for QTL mapping experiments (see section
3.5). All laboratory cultures were kept in 18 hours of light and six hours of darkness,
entrained by 12.4 hours tidal cycles of water turbulence (mechanically induced vibrations
produced by an unbalanced motor, 50 Hz, roughly 30 dB above background noise, 6.2 h on,
6.2 h off) (Neumann, 1978; Neumann and Heimbach, 1979). Larvae were kept in natural
seawater diluted 1:1 with deionized water. Ber-2AR was fed with diatoms
(Phaeodactylum tricornutum) and powdered red algae (90% Delesseria spp., 10%
Ceramium spp., obtained from F. Weinberger and N. Stdrck, GEOMAR, Kiel).
Ber-1SL and progeny from the crosses (F1 and F2 generations) were fed with diatoms

and powdered nettles (Urtica sp.) (Neumann, 1978; Neumann and Heimbach, 1979).

The circadian emergence of Ber-2AR under the above described constant laboratory
conditions is five hours later than the sympatric strain Ber-1SL. To cross the parental
strains, the L:D regime of the Ber-2AR strain was reset five hours before the schedule
of Ber-1SL. Because the F1 would emerge in an intermediate diel time to the parental
strains (Heimbach (1978); Kaiser et al. (2011); Fuhrmann, unpublished data), immediate
collection of the crosses was limited by the light shut down for the night time. Further-
more, the presented crossing family was one among 33 others which were emerging at the
same time, adding another logistical difficulty for immediate crossing selection in the F1
generation. To obtain the F2 generation, all F1 individuals were allowed to freely mate
within their own culture box. Adults and egg clutches were collected the next morning
after diel emergence ended. Adult insects were preserved in 99.98% ethanol and stored at
-20°C until DNA extraction. Egg clutches were only labeled as new F2 family, if fertil-
ization was successful. For only two F2 families of the presented crossing experiment are

both and for four more at least one parent clearly identified.

DNA extraction, sequencing and read preparation of the grandparents. Grand-
parents of one successful crossing family were selected for the QTL mapping experiment
(Fig. 12) and prepared by Kerstin Schaefer. Family 34 has the most promising and di-
verse emergence distributions. The F1 appeared mostly rhythmic and the F2 was a mix
between rhythmic and arrhythmic individuals with a high sample size of 272 F2 indi-
viduals. Genomic DNA of these two samples was extracted using a salting out method

(Reineke et al., 1998) and due to low genomic DNA yield (female: 0.51 ng/ul; male:
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0.39 ng/ul) amplified using the REPLI-g Mini Kit (QIAGEN) according to the manufac-
turer’s protocol with volume modifications (Tab. S3). They were then subject to whole
genome shotgun sequencing at 10-15x target coverage on an Illumina HiSeq3000 sequencer
with 150 bp paired-end reads. Low-input library preparation and sequencing were per-
formed by the Max Planck Genome Centre (Cologne, Germany) according to standard

protocols.

Raw sequence reads were trimmed for adapters and base quality using Trimmomatic
v.0.38 (Bolger et al., 2014) with parameters 'TILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:8:
true’, 'LEADING:20’, "TRAILING:20’, '"MINLEN:75’. Overlapping paired end reads were
merged with PEAR v.0.9.10 (Zhang et al., 2014), setting the minimum assembled sequence
length to 75 bp and a capping quality score of 20. Assembled and unassembled reads were
mapped with BWA-MEM (Li, 2013) to the nuclear reference genome (Kaiser et al., 2016)
(ENA accession GCA_900005825.1) of C. marinus. Mapped reads were sorted, indexed,
filtered for mapping quality (’-q 20’) and transformed to BAM format with SAMtools
v.1.9 (Li et al., 2009). Read group information was added with the AddOrReplaceRead-
Groups.jar v.1.74 script from the Picard toolkit (http://picard.sourceforge.net/) (DePristo
et al., 2011).

SNPs and insertion-deletion (indel) genotypes were called using GATK v.3.8-0-
£e9d806836 (McKenna et al., 2010). After initial genotype calling with the GATK Haplo-
typeCaller and the parameter -stand_call_conf 30’, base qualities were recalibrated with
the GATK BaseRecalibrator with ’~knownSites’ and genotype calling was repeated on
the recalibrated BAM files to obtain the final individual VCF files. Individual VCF
files were combined using GATK GenotypeGVCFs. SNP and indel genotypes were fil-
tered with VCFtools v.0.1.14 (Danecek et al., 2011) to keep only biallelic polymorphisms
(’- -max-alleles 2’), with a minimum minor allele frequency of 0.02 (’- -maf 0.02’), a min-
imum genotype quality of 20 (- -minQ 20’) and a maximum proportion of missing data

per locus of 40% (’- -max-missing 0.6’), resulting in 656,368 variants.

Identifying potential genetic markers between sympatric populations. Low
coverage whole genome sequencing would be the ideal approach for a similar QTL ex-
periment. But the extremely low genomic DNA yield, which is also expected in the
F2 individuals makes an amplification necessary in any case. Additionally, the chosen
grandparent strains have besides distinct peaks an overall low genomic differentiation.

Therefore, instead of using restriction site associated DNA markers on whole genome am-
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plification products for each individual, genomic differentiation data from chapter 3 was
used to identify potential candidate markers near the highest differentiated areas in equally
spaced regions across the genome for amplicon sequencing (Fig. 9D; Fig. S12 “Ber-2AR
vs. Ber-1SL”). Using a custom R-script (Crawley, 2007) with the packages 'data.table’
(Dowle and Srinivasan, 2020), 'dplyr’ (Wickham et al., 2020) and ’tidyr’ (Wickham, 2020)
the VCF of the grandparents was filtered for homozygous loci. The conditions were,
first homozygous in both grandparents, and secondly, they had to be differentiated. This

filtering reduced the entire genotype set to 53,097 population-unique homozygous alleles.

As equally spaced genetic markers across the genome of Clunio were needed, the ref-
erence genome was subdivided into six regions per chromosome. The summed length
of the chromosomal scaffolds per region was set to be of comparatively equal base pair
length within the chromosome boundaries. Potential candidate loci within these regions
with respect to the highest FST values and the number of additional population-unique
homozygous alleles in the upstream and downstream 500 base pair range were selected
(Fig. 14). Based on the putative genetic-marker-loci, Kerstin Schaefer designed primer
pairs which covered fragment lengths from 227 bp to 925 bp in approximately 100 bp
steps per chromosome (Tab. S10). The primer pairs were tested in PCR experiments on
field sample DNA from each sex and each population (Ber-2AR-female; Ber-2AR-male;
Ber-1SL-female; Ber-1SL-male).

DNA extraction, sequencing, read preparation and genotype calling of the F2
generation. DNA extraction of the F2 individuals was performed using the QuickEx-
tract DNA Extraction Solution (Lucigen, QE0905T) according to manufacturer’s protocol
with modifications. Instead of vortexing before incubation, an autoclaved pestle was used
to grind the sample. The resulting genomic DNA concentration was as expected from
the grandparents very low (between 0.28 ng/pl and 1.39 ng/pl in test measurements).
All steps above were performed by Kerstin Schaefer. The extracted genomic DNA was
finally used for a multiplex PCR with all previously generated and tested Primers (see
section 4.3). Multiplex PCR was performed for each chromosome primer set (six primer
pairs) separately. The QIAGEN Multiplex PCR Kit (206143) was used to prepare a plate-
master-mix for each 96-well plate. The PCR program started with 15 minutes at 95°C
followed by 40 cycles of denaturation at 94°C for 30 seconds, 90 seconds of annealing at
57°C, the elongation at 72°C for 90 seconds and closed with 72°C for 10 minutes. Library

preparation and demultiplexing of the samples after sequencing was performed at the MPI
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for Evolutionary Biology. All PCR products were first sequenced with 150 bp paired-end
reads at the MPI on the MiSeq Micro and MiSeq 600 cycles (spike in 10%), and addition-
ally on an Illumina NovaSeq 6000 each at the Competence Centre for Genomic Analysis

(CCGA) Kiel. The approximated final coverage among the samples is between 300x to
400x.

Raw read preprocessing was performed in the same way until the finally merged VCF
as for the grandparents (see section 4.3). The final VCF contained the grandparents and
the entire F2 generation. SNP and indel genotypes were again filtered with VCFtools
v.0.1.14 and similar parameters as in section 4.3, with the exceptions of a minimum minor
allele frequency of 0.25 (- -maf 0.25’) and a maximum proportion of missing data per

locus of 30% (- -max-missing 0.7”), resulting in 57 remaining loci for QTL mapping.

Quality filtering of genetic markers, genotypes and individuals and selected
quantitative traits. The genotype information was extracted from the VCF and sum-
marized to represent only the available information about homo- or heterozygosity per
individual and genotype (A/A; B/B; A/B; NA). The grandfather’s alleles were set as
A’ and the grandmother’s alleles as 'B’. Heterozygous sites are uninformative, since we

need to see recombination between the grandparent genotypes to successfully identify a
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Figure 14: Location of the designed genetic markers across the genome of
Clunio.

The Manhattan plot shows the genetic differentiation (Fsr) between the populations
Ber-2AR and Ber-1SL. The Fgr values are color-coded in grey (Fgr < 0.5), black
(0.5 < Fgp < 0.75) and red (Fsp > 0.75). The genetic markers are marked with black
lines at their exact location on the chromosomes. Below the plot are the scaffold ID’s,

subdivided by color changes between gray and black to their respective assigned regions

on the chromosomes.
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QTL. Because there were almost no fully differentiated loci between the parental pop-
ulations, there is a possibility that the grandparents share the same heterozygous or
even homozygous genotypes at one or more loci. Therefore, loci were removed which
were not differentiated between the grandparent or homozygous in one of them (see sec-
tion 4.3). The sequenced PCR products varied in length (Tab. S10), which resulted in the
presence of multiple genotypes within some of the markers. If more than one genotype
remained at a marker location the majority consensus genotype state (homo- or heterozy-
gous) was selected. After read preprocessing, mapping, genotype calling and initial filter-
ing of the 18 genetic markers from each chromosome, 15 remained for the QTL analysis
(chromosome 1: five markers; chromosome 2: four markers; chromosome 3: six markers).
The next step was to filter individuals with more or equal to 50% missing genotypes per

chromosome, reducing the initial 272 F2 individuals to 237 (Supplementary Data 10).

Nine different quantitative traits were selected for the presented QTL mapping ap-
proach. The binary traits were three different lunar-rhythmic subsets (Fig. 13). The
subsets excluded individuals from the flanks of the emergence distribution and separated
the remaining individuals in within the peak (rhythmic) and outside the peak (arrhythmic)
(Fig. 13; Supplementary Data 11-13). The following non-binary traits were considered as
well. “Developmental time” as the number of days from fertilization to emergence of each
individual. The “exact emergence day” in the 15-day turbulence cycle. The “chance of
being arrhythmic” is defined as the fraction of expected lunar-arrhythmic individuals on
each day of the artificial lunar cycle. The number of individuals, which emerged from the
parental lunar-arrhythmic Ber-2AR strain, was divided by the total number of individuals

which emerged on the given day in Ber-2AR and Ber-1SL together.

The “emergence distance to day 9”7, “emergence distance to day 9/10” and “emergence
distance to day 10” are defined as the distance of the individuals emergence day to the set
emergence peak day (day 9, 9/10 or 10). As example, individuals emerging on day 6 or 12
are three days distant from day 9. Based on the emergence distribution of the rhythmic
parental population Ber-1SL under turbulence entrainment, day 9, 9/10 and 10 were
selected as the main peak days for rhythmic emergence. The Kolmogorov-Smirnov test
and the Shapiro-Wilk test of normality performed in R resulted in a significant deviation
from a normal distribution in the traits mentioned above (Fig. 16-17A). Hence these traits

were treated as non-parametric in posterior analyses.
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Statistical analysis and identification of quantitative traits using R/qtl. The
previously mentioned input sample dataset (n=237) was analyzed using the R package
'qtl” (Broman et al., 2003). The pairwise recombination fractions were estimated, likely
genotyping errors were identified and different marker orders for each chromosome were
assessed. No apparent problems or errors were found, except for the marker order on
chromosome 3. In all datasets the original fourth marker (marker number 16.1 on scaffold
52; see Fig. 14) was dropped as suggested by R/qtl because of a sudden switch from one

to the other homozygous parental genotype and back in multiple samples (Fig. S21).

The genome scans with different QTL models followed the calculation of conditional
genotype probabilities in 5 ¢cM distances and simulated genotypes from 64 imputations
with the same distance. The non-parametric phenotypes limited the options to genome
scans with a single QTL model and the scanone (method = “em”) function. Significance
thresholds were always set at top 5% of the logarithm of the odds (LOD) scores for 1000
permutations. In cases where a locus crossed the set threshold in a single QTL scan,

additionally estimated Bayesian credible intervals were used to identify the QTL interval.

For the binary lunar-rhythmicity phenotypes the three lunar-subsets (set 1: n=177;
set 2: n=198; set 3: n=144) were quality checked in the same way as the non-parametric
phenotypes before the QTL scans. Again, only the marker on chromosome 3 was dropped
as in the non-binary phenotype analysis. The binary phenotypes allowed an additional
single QTL scan using the Haley-Knott regression method, with multiple imputations
in place of a maximum likelihood approach. On top, a two-dimensional genome scan for
QTLs was possible using binary phenotypes. In the case of the lunar-subsets, based on the
high LOD score results of the two-dimensional genome scans for QTLs, QTL subsets were
created using the function makeqtl(). By doing so, only those QTLs were included which
appear to be involved in the phenotype and perform an analysis of variance (ANOVA).
Additive and interactive effects between individually selected QTL models were calculated

using the fitqtl() function (Tab. S7-S9).
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4.4 Results and Discussion

Binary “lunar-rhythmicity” phenotypes detect a single QTL and interactions
between two chromosomes. As described in section 4.2 discrimination between rhyth-
mic and arrhythmic individuals in a circalunar emergence distribution is not possible by
the phenotype alone. Three binary phenotypes were used to cover the different ratios
of rhythmic and arrhythmic genotypes between the emergence peak and the remaining
emergence distribution. To keep the ratios different, the flanking days of the peak were
excluded (Fig. 13). In the first and second (Fig. 15A,B) lunar-subset a QTL was identi-
fied in the single QTL model scan passing the LOD score threshold (“Lunar-subset 17:
2.41 LOD; “Lunar-subset 2”: 2.4 LOD; “Lunar-subset 3”: 2.44 LOD). The QTL spans
the third genetic marker on chromosome 2 according to the Bayesian credible interval.
In the third lunar-subset (Fig. 15C) a LOD score peak is visible, but does not pass the
threshold. In the two-dimensional QTL model scans all sets show some evidence for inter-
active QTLs within and between all chromosomes (Fig. 15D-F, yellow areas in the upper

left triangles).

In the area of the third genetic marker of chromosome 2, interaction is only detected
with the entire chromosome 3 but not chromosome 1. A stronger signal is visible for an
additive QTL (Fig. 15D-F, yellow areas in the lower right triangles). Evidence is visible for
additive effects between this area and the entirety of every other chromosome, including
the rest of chromosome 2. The subsequently performed analysis of variance (ANOVA)
on selected subsets of QTLs with high interactive or additive LOD scores revealed a
different picture (Tab. S7-S9). Lunar-subsets 2 and 3 are fairly similar. In the general
additive model significant additive effects are present across the chromosomes in subset 2
(Tab. S8, Model: y ~ Q1+ Q2+ Q3+ Q4+ Q5+ Q6) and an additive interaction between
chromosome 1 and 2 in subset 3 (Tab. S9, Model: y ~ Q1+ Q2+ Q3+ Q4+ Q5+ Q6). In
the pairwise models QTL interactions between chromosome 1 and the end of chromosome
3 were identified in both subset 2 and 3 (Tab. S8-5.38, Model: y ~ Q1 + Q3 + Q1 : Q3).
On the other hand, there is significant evidence for the stand-alone QTL on chromosome
2 in the other two pairwise models (Tab. S8-S9, Model: y ~ Q1 + @2 + Q1 : Q2 and
y~ Q24+ Q3+ Q2 : Q3). Lunar-subset 1 did not show any significant additive effects
between any QTLs on the chromosomes (Tab. S7, Model: y ~ Q1 + Q2 + Q3 + Q4).

Additionally, the interactive and additive effects between chromosome 1 and 3 do not

reappear as significant, but a QTL on chromosome 2 and 3 show evidence for single and ad-
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ditive effects. The lunar-subset 2 is the largest dataset with 198 individuals remaining from
the whole dataset, has the most significant results and is at least in the two-dimensional
QTL model scan and the ANOVA comparable to subset 3, which has the lowest remaining
number of individuals with 147. In regards to ANOVA, subset 1 differs most from the
others but has 177 individuals still remaining. The main difference to subset 2 is, that
day 6 was excluded in addition to day 7, while in subset 3 day 6 to 8 were excluded
(Fig. 13). By excluding day 6 it appears, that the composition of the genotypes changed
so much, that the significant QTLs switched from chromosome 1 and 3 interactive to chro-
mosome 2 and 3 additive effect. This change could be recovered by additionally excluding
day 8, reducing the genotype ratio in the set. Evidence points to an involvement of the
reoccurring high LOD score QTL on chromosome 2 in lunar-rhythmicity in single and
two-dimensional QTL scans. An interaction between the QTLs on chromosome 1 and 3
was identified by ANOVA. While the range of the Bayesian credible interval is very broad
and the high LOD scores are limited to chromosome 2, the two-dimensional QTL model
scan and manual fitting of specific QTL models identify interactive and additive QTLs on
chromosome 1 and 3 to be involved with the lunar-rhythmic trait as well. But only four
genetic markers on chromosome 2 are not sufficient to pinpoint the exact location of this
lunar-rhythmic QTL. But the detection of one significant QTL on chromosome 2 in every
subset shows the effectiveness of the population-emergence oriented binary phenotyping
and the presence of a strong genetic component with which the phenotype differences can

be explained.

It also indicates the presence of a genotype characteristic in all subsets which distin-
guished lunar-rhythmic from lunar-arrhythmic population emergence. This is a different
result from previous population genomic investigations, which discovered numerous loci
predominantly concentrated across the entire chromosome 1 linked to the same ecotypes
investigated in this study (Fuhrmann et al., 2021). These discrepancies could have orig-
inated from the design of the previous study in which multiple populations from diverse
geographic locations were mixed and analyzed. These potentially strong differences in
ecological adaptations to each geographic habitat could have overlayed the divergent loci
responsible for lunar-arrhythmicity in one ecotype. Such divergent ecological adaptations
are absent in the present QTL analyses of the sympatric populations. On the other hand
could these discrepancies also indicate different genetic solutions to lunar-arrhythmicity
within the same ecotype. This would identify the lunar rhythm as a multi loci trait with

varying causing genetic variants.
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Figure 15: Results of the single and two-dimensional QTL model scans of all
“lunar-subset” phenotypes.

Each column depicts the single and two-dimensional QTL model scans for lunar-subsets 1
(A,D; n=177), 2 (B,E; n=198) and 3 (D,F; n=144). In the first row (A-C) are the stan-
dard single QTL model scan across the three chromosomes. The LOD scores calculated
with the scanone (method = “em”) function (blue) and Haley-Knott regression method
(red) are shown for each genetic marker (bottom strokes). The LOD score threshold
(“lunar-subset 1”: 2.41 LOD; “lunar-subset 2”: 2.4 LOD; “lunar-subset 3”: 2.44 LOD;
top 5%, see section 4.3 Materials and Methods) for significant scores is marked as hor-
izontal line. If a LOD score passed this threshold, the Bayesian credible interval was
calculated and the range marked with a horizontal line/stroke at the bottom of the plot,
colored like the respective algorithm used. In the second row (D-F) are two-dimensional
QTL model scan as heatmap. In the upper left triangle of the heatmaps, the evidence for
a local improvement of interactive over additive QTLs (LOD;) is plotted. The evidence
for a local improvement of the full two-locus QTL model (additive and interactive; LODy)
over the null model is plotted in the lower right triangle of the heatmaps. The numbers
on the left side of the scale corresponds to the LOD;, numbers on the right correspond to

the LODy values.
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Individual phenotyping can identify significant QTLs linked to lunar-
rhythmicity. While phenotyping of lunar-rhythmicity is difficult on an individual ba-
sis (see section 4.2 Introduction) some individually scorable phenotypes can be linked to
rhythmic emergence of the adult insects despite being non-binary (e.g. “exact emergence
day”). QTLs with significant LOD scores were found for many of those non-binary indi-
vidual phenotypes through R/qtl single QTL model scans (Fig. 16-17B). The strong signal
at the beginning of chromosome 1 in the phenotype “developmental time” is remarkable
in several ways (Fig. 16B: “Developmental time”). First, it is the strongest signal among
the non-binary phenotypes. Second, the phenotype is in rhythmic individuals affected by
the circalunar rhythm. Their development will be arrested to time the emergence exactly
for the next genetically controlled peak in the lunar month (Kaiser et al., 2011; Neumann,
1986). This links developmental time of the individuals to lunar-rhythmicity, enabling
rhythmic individuals to “wait” for the right time to emerge. Arrhythmic individuals will
emerge whenever they are ready. And third, all genetic markers but the first and last are
significantly affected by the QTL, which is supported by the Bayesian credible interval
(Fig. 16B: “Developmental time”). It spans all three markers and extends into the area
before the last marker. Because many additional markers are missing in that area, the
exact range of the QTL cannot be estimated, but it covered already the first half of the
most differentiated area between the populations (Fig. 14). Therefore, the QTL of the
“developmental time” phenotype could be spanning the entire differentiated and ecotype-
associated area on chromosome 1 (see section 3.3; Fig. 9). By the evidence provided in the
previous chapter on that exact region, this phenotype could be involved in lunar-rhythmic

synchronization of Clunio populations.

The phenotype “exact emergence day” is indirectly associated with lunar-rhythmicity.
While it is genetically determined when rhythmic individuals emerge (Kaiser et al., 2011),
arrhythmic individuals will still emerge on any day. This causes the density of the appear-
ing phenotypes to be similar to a normal distribution (Fig. 16A: “Exact emergence day”).
The QTL scan is comparing all 15 possible emergence days in which the only difference
is the fraction of the genotypes of rhythmic individuals among the arrhythmic. The iden-
tified QTL of this phenotype is located at the first marker of chromosome 1 (Fig. 16B:
“Exact emergence day”). The Bayesian confidence interval stretches across the first three
markers as well, which indicates that the end of the telocentric chromosome 1 could be
involved as well since the beginning is not covered by genetic markers (Fig. 16B: “Exact

emergence day”). The third phenotype “chance of being arrhythmic” has only one QTL
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which reaches close to the LOD score significance threshold (Fig. 16B: “Chance of be-
ing arrhythmic”). The phenotype is calculated from the emergence distributions of the
parental populations and is therefore not an individual phenotype, but imposed on the

individuals. The resulting sample groups seem to be poorly composed to detect significant

QTLs.
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Figure 16: QTL mapping of the non-binary phenotypes “developmental time”,
“exact emergence day” and “chance of being arrhythmic” (left to right).
There are three panels (A-C) for each phenotype. (A) The density histograms depict the
distribution of individuals across the phenotype ranges. Kernel density estimate based on
this distribution is plotted as red line, an estimated normal distributed curve based on
the mean and standard deviation of the dataset is plotted as blue line. The significance
level of the Kolmogorov-Smirnov test and the Shapiro-Wilk test of normality are shown
in the upper right corner of each plot as p-value symbols. (B) Single QTL model scans
across the three chromosomes. The LOD scores calculated with the scanone (method
= “em”) function are shown for each genetic marker (bottom strokes). The LOD score
threshold (“developmental time”: 2.35 LOD); “exact emergence day”: 2.24 LOD); “chance
of being arrhythmic”: 2.31 LOD; top 5%, see section 4.3 Materials and Methods) for
significant scores is marked as horizontal line. If a LOD score passed this threshold, the
Bayesian credible interval was calculated and the range marked with a horizontal line at the
bottom of the plot. All p-value symbols correspond to: **** - (0-0.0001; *** - 0.0001-0.001;
** - 0.001-0.01; * - 0.01-0.05; ns - 0.05-1.
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Finally, the non-binary phenotypes “emergence distance to day 9”, “emergence dis-
tance to day 9/10” and “emergence distance to day 10” were investigated and are based
on the emergence day of each individual. Instead of comparing 15 different phenotypes
as with the “exact emergence day”, only eight are compared by merging the days with
the same distance to the defined 'main peak’ of the distribution (Fig. 17B). This differ-
ence seems to dramatically shift the outcome of the single QTL model scan. With all the
one-sided-distributed phenotypes “emergence distance to day X” a QTL with significant
LOD score appears on chromosome 2 (Fig. 17B). The respective Bayesian credible inter-
val spans almost the entire chromosome in the first two phenotypes, except for the first
genetic marker (Fig. 17B: “Emergence distance to day 9”, “Emergence distance to day
9/10”). The last phenotype “emergence distance to day 10” could not identify a signifi-
cant QTL, but indicates a similarly positioned and close to significance threshold QTL on

chromosome 2 as before (Fig. 17B: “Emergence distance to day 10”).

Interestingly, the more abstract phenotypes “chance of being arrhythmic”, “emergence
distance to day X” indicated a similarly positioned QTL, as found with the lunar-subsets
on chromosome 2 in the single QTL model scans. This position appears to have some
involvement in lunar-rhythmicity when investigating the individual phenotypes as well.
However, the significant QTLs on chromosome 1 in “developmental time” and “exact
emergence day” should be noticed. The detection of these QTLs could either hint towards
additional causative genotypes for lunar-rhythmicity or indicate that developmental time
as example is not linked to lunar-rhythmicity. Nonetheless, the reoccurring QTL on chro-
mosome 2 detected via several lunar-emergence linked phenotypes highlights the presence
of a potential lunar emergence controlling loci on this chromosome. The low number of
investigated markers does not allow to conclude if lunar-rhythmicity is controlled mainly
by a single genomic loci or it may be a multi loci or polygenic trait. More QTLs even on

chromosome 2 could be involved in lunar-rhythmicity but more markers are needed.
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Figure 17: QTL mapping of the non-binary phenotypes “emergence distance
to day 9”, “emergence distance to day 9/10” and “emergence distance to day
10” (left to right).

(A) The density histograms depict the distribution of individuals across the phenotype
ranges. Kernel density estimate based on this distribution is plotted as red line, an esti-
mated normal distributed curve based on the mean and standard deviation of the dataset
is plotted as blue line. The significance level of the Kolmogorov-Smirnov test and the
Shapiro-Wilk test of normality are shown in the upper right corner of each plot as p-value
symbols. (B) Single QTL model scans across the three chromosomes. The LOD scores
calculated with the scanone (method = “em”) function are shown for each genetic marker
(bottom strokes). The LOD score threshold (“emergence distance from day9”: 2.41 LOD;
“emergence distance from day 9/10”: 2.41 LOD; “emergence distance from day 10”:
2.36 LOD; top 5%, see section 4.3 Materials and Methods) for significant scores is marked
as horizontal line. If a LOD score passed this threshold, the Bayesian credible interval
was calculated and the range marked with a horizontal line at the bottom of the plot.
All p-value symbols correspond to: **** - (0-0.0001; *** - 0.0001-0.001; ** - 0.001-0.01;
*~0.01-0.05; ns - 0.05-1.
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4.5 Conclusions

The presented QTL mapping in this study is the first attempt to identify significant
QTLs linked to lunar-rhythmicity between the sympatric Clunio ecotypes from Bergen
(Norway). Although the analyzed data is limited by only four to six genetic markers
per chromosome in 237 F2 individuals, it is remarkable how three significant QTLs could
be identified at different chromosomal positions. Three reduced datasets of 144 to 198
individuals detected one predominating reoccurring QTL on chromosome 2 using binary
phenotyping. However, an exact location of the lunar-rhythmicity linked QTLs was not
possible due to the low genomic coverage of the limited genetic marker set, leaving it open

whether it is a single locus, or a cluster of multiple loci on chromosome 2.

As explained in section 4.2, it is difficult in the case of Clunio to determine discrete
rhythmicity phenotypes. This is not trivial since the rhythmicity is an observation of the
entire population, which increases resolution with increasing numbers of individuals. In
this study different ways to obtain high ratios for a binary lunar-rhythmicity phenotype
was tested, by excluding various flanking days of the main peak in the emergence dis-
tribution (Fig. 13). All three lunar-subsets were effective in detecting the same QTL on
chromosome 2. This indicates, that the population-emergence based binary phenotyping
and subsetting of the initial dataset is a successful way to identify significant QTLs. The
only accurate individual phenotypes are “developmental time”, “exact emergence day”
and “emergence distance to day X”. Although both “developmental time” and “exact
emergence day” point to a completely different QTL on chromosome 1 instead of chro-
mosome 2, they do as well detect significant QTLs. All phenotyping ultimately lead to
significant QTLs indicating a multi loci phenotype in contrast to a genome wide regulated
trait. Under a genome wide trait, no significant QTL is expected. If many loci all across
the genome play a role in the phenotype, no QTL on their own would stick out like the
here identified QTLs. But as mentioned, it is not possible with the low number of genetic
markers in this study to determine how many QTLs are linked to lunar-rhythmicity or

where they are exactly located on the chromosomes.

The here analyzed crossing family between the sympatric lunar-rhythmic Ber-1SL and
the lunar-arrhythmic Ber-2AR laboratory strains is an optimal candidate for QTL map-
ping. The high number of 237 F2 individuals and their broad emergence distribution
(Fig. 12) shows an intermediate phenotype between arrhythmic emergence and a con-

centrated peak in which arrhythmic and rhythmic individuals overlap. Non-binary and
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binary phenotyping leads to the identification of few QTLs on different chromosomes,
with individual and additive or interactive effects. The most prominent QTL reappears
on chromosome 2 with multiple independent phenotyping approaches. Despite the funda-
mental link of several phenotypes with lunar-rhythmicity, the analyses detected multiple
QTLs which hints towards a multi loci trait with few causative QTLs. These results are
a further step towards the molecular understanding of lunar-rhythmicity in one of the few
model organisms of the lunar chronobiology field and shows the strength of sympatric
ecotypes in QTL mapping. The limitation in genetic markers may not affect the ability
to detect significant QTLs, but it makes the identification of the exact position difficult.
A higher genetic marker density would be needed to pinpoint QTL positions with greater

certainty.
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5 General discussion

In section 1.6 I outlined the goals of my thesis, which were targeted in chapter 2, 3
and 4. I first investigated the abilities of short DNA fragments to recover the whole mi-
tochondrial biogeography. This was followed by a detailed analysis of the studied Clunio
populations, focusing on the genomic differences between the Atlantic and Baltic ecotype
at the end. I identified ecotype-associated loci and the genes they affected. Finally, I
conducted a QTL mapping to find phenotype-linked genetic markers in the genome of F2
offspring between the sympatric parental populations Ber-1SL and Ber-2AR. The results
of the experiment pointed towards multiple significant loci linked to lunar-rhythmicity
spread across different chromosomes. As all chapters extensively discuss their results, I
will use the general discussion to focus on the compiled dataset, the putative molecular
basis and the importance of arrhythmic strains in deciphering the enigmatic circalunar
rhythms.

(5.1) Why the studied populations were chosen, what effects did this have on the results
and what this dataset may have missed.

(5.2) Which implications have the identified ecotype-associated loci on the putative molec-
ular function of circalunar rhythms in Clunio and are there alternative explanations for
the identified loci.

(5.3) At the end, I want to provide conclusive remarks on the significance of the arrhythmic

ecotypes and further research opportunities on lunar-arrhythmicity in Clunio.

5.1 Geographic range of lunar-arrhythmic ecotypes in the present

dataset

The collected populations used for genetic and ecological evaluation in both articles
represent a large geographic range covering distinct ecotypes. All five new populations
were not discovered but established by myself. They were chosen from previous field ex-
cursions (Seh-2AR, first discovered by Tobias S. Kaiser in 2016) or from literature sources
(Ar-2AR, found by Per Brink in Olander and Palmén (1968); Ber-2AR and Ber-1SL, de-
scribed by Heimbach (1978); Tro-tAR, Neumann and Honegger (1969)). This decision
was made to ensure the successful recovery and establishment of the targeted populations.
In the course of the project I then established and raised all five strains to stable indi-
vidual numbers for common garden experiments and different crossing experiments. To

underline the general importance of my field work, two of the established populations are
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currently also used by other projects in the research group. Previous studies found with
larger geographic distance between populations genetic differentiation increases between
the Clunio populations (Kaiser et al., 2010). As expected, strong geographic separation is
present in both nuclear and mitochondrial genomes of all populations, as shown in section
2 and 3. This could cause problems with the discovery of ecotype-associated loci in a ge-
ographically distant dataset if not taken into account. Two valuable sample populations
are the sympatric populations to identify the ecotype-specific genomic changes without

the geographic background.

The overrepresentation of the Baltic ecotype in the present dataset is partially caused
by the extensive study on Baltic Sea Chironomidae by previous authors, and the lack
of collected material between the locations near Bergen and Tromsg. It is known that
Clunio populations have a locally adapted reproductive timing (see section 1.3; Kaiser
(2014); Kaiser et al. (2011, 2010); Neumann (1966, 1986))and populations are often found
by chance in suitable locations. This becomes obvious from the vast variety of Clunio
populations in the Brittany (Kaiser et al., 2021). Not just different timing strains, but two
ecotypes can occupy the same location possibly by the larvae inhabiting different depths as
the sympatric ecotypes from Bergen show (Heimbach, 1978; Neumann, 1966). In contrast
to the Atlantic and Baltic ecotype larvae which inhabit algae patches on rocks (Neumann,
1966; Olander and Palmén, 1968; Remmert, 1955), the Arctic ecotype is predominantly
found on sandy mud flats (Neumann and Honegger, 1969). Among the known C. marinus

ecotypes, this substrate switch is unique.

Taken together, there is a realistic chance to find more Arctic ecotypes below the Arctic
cycle in the same area as an Atlantic ecotype population, given that the
Baltic ecotype could successfully migrate to the Atlantic ecotype’s habitat as well. In
fact, during my field trip in Tromsg, I took a two-day trip 320 km south to Bodg and
discovered an undescribed Clunio population. But this population was not included in
my thesis, as no laboratory strain could be established and the emergence could not be
tracked properly in the field with insufficient emergence numbers. I discovered on a sepa-
rate trip to Trondheim another Clunio population and was able to establish a laboratory
culture. Due to time limitations, the population could not be integrated into the analyses.
Emergence under laboratory conditions suggested an hourglass-timer-controlled circatidal

emergence similar to the Tromsg population (Fuhrmann, unpublished).
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The identified ecotype-associated loci from section 3 show not just a circadian clock
involvement in the ecotype formation, but also direct responses to habitat adaptations
(e.g. “Response to hypoxia” and “Sodium ion transport”; see section 3.3; see Fig. 10).
As in contrast to the Baltic ecotype no circadian or circalunar rhythm is observable in
the Tro-tAR population (see section 3.3; see Fig. S2E-H), ecotype-associated variants
could identify additional or different regions correlating to lunar-arrhythmicity in the
Arctic ecotype. But additional populations of the Arctic ecotype should be included to
identify ecotype-associated loci and rule out locally adaptive loci of the Tro-tAR popula-

tion.

Presented evidence from divergent population structure in PC1-4 (see Fig. 8A-B) and
the local adaptive radiation of mitochondrial haplotypes from a uniform ancestral haplo-
type (see Fig. 3B and Fig. 8D) point towards an independent loss of lunar-arrhythmicity in
Baltic and Arctic ecotypes. But population admixture with few genetic groups suggests a
Baltic movement towards the Norwegian coastline. The question remains if the PCA and
mitochondrial data are heavily influenced by the geographic separation, hiding a Baltic
introgression or migration directed towards the Arctic habitat. As this scenario would
question the independence of the Arctic ecotype’s lunar-arrhythmicity, an additional pop-
ulation demography analysis was considered. Using the sequentially Markov coalescent
(SMC) for example could infer the approximate time of the migration split towards the
Norwegian coast and Baltic Sea before the ecotype formation. Then a potential later in-
trogression from a Baltic ecotype into the lunar-rhythmic Ber-1SL to form the sympatric
Ber-2AR there. And finally, a potential contact between the Arctic and the Baltic ecotype
after the initial migration or alternatively the independent loss of lunar-rhythmicity in arc-
tic habitats (Dutheil, 2020; Terhorst et al., 2017). However, as the correct recovery of the
recombination breakpoints is critical, our scaffolded reference genome lacks long connected
genomic stretches and could mislead the analysis or cause false positives. Furthermore,
geological analyses (Patton et al., 2017) and sediment cores (Hofmann and Winn, 2000)
suggest a migration event less than 10,000 years ago. As SMC analyses are more reli-
able and of a higher resolution, the further the analysis reaches back in time. Although
the algorithm implemented in SMC++ (Terhorst et al., 2017) provided low error rates in
more recent time ranges, both issues of the fragmented Clunio genome and the time frame
we expect for the population split led to the decision to drop the reconstruction of the

population demography in this thesis.
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5.2 The putative molecular basis of circalunar clocks in

Clunio marinus

While the results of this thesis could provide first candidates linked to lunar-
arrhythmicity, the molecular function or existence of circalunar clocks in the studied or-
ganisms remains a mystery. This is a solid starting point for functional annotations and
targeted knockouts. But here I want to discuss the implications and alternative explana-
tions for the identified genes. Among the ecotype-associated hits from section 3.3 were
circadian clock genes like period, cycle, clock and timeless and others. This suggests a
scenario in which the circadian clock may be involved in the circalunar rhythm, as already
discussed in section 3.4. The identified candidate genotypes could be targeted by genome
editing (e.g. CRISPR gene editing; Bak et al. (2018)) or transcription silencing via RNAi
(Cerutti and Casas-Mollano, 2006) to assess their involvement in the lunar-rhythmicity in

Clunio.

Another possible and less exciting explanation to the ecotype-association of circadian
clock genes could be the ecotype specific diversification rate of the circadian rhythm. As
explained in section 1.4, the Atlantic ecotype is characteristic for the local adaptation of
the lunar day and daytime emergence distributions. The daily emergence time is strongly
linked and likely selected to one of the low tides on the circalunar determined days. The
time of the low tides varies along the coastline with the progressing tidal waves (see
Fig. S2B-D; Kaiser et al. (2011)). The Baltic ecotype on the other hand has a fixed
circadian emergence around dusk and into the first hours of darkness (see Fig. S2F-H;
Heimbach (1978)). Without largely exposed intertidal substrate and the ability to lay
the egg clutches on the open water, the Baltic ecotype is not bound to emerge into the
spring low tides. While adult insects can emerge every day and find a mating partner,
the average life-span of few hours imposes quite a strong selection on a uniform circadian
emergence time. The transition from high to low light intensities at dusk is a similar
suitable synchronization time and is not locally specific as the diel occurrence of the
spring low tides. This difference in circadian variability and fixation between the Atlantic
and Baltic ecotype could possibly cause the ecotype-association of circadian control, while
unidentified genes of the circalunar control could remain hidden as lesser associated. The
major weak point of this hypothesis is that previous quantitative trait loci (QTL) mapping
between different timing strains of the Atlantic ecotype did not pick up any of the core

circadian clock genes identified in my thesis (Kaiser et al., 2016). Suggesting circadian
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timing variation is maybe not linked to genetic variability in the core circadian clock genes.

Furthermore, an ecotype-association for genotypes between all identified lunar-
arrhythmic populations would provide much more insight into the loss of circalunar rhythms
in Northern European C. marinus ecotypes. Specifically interesting is the switch from a
circalunar-circadian-emergence to a circatidal emergence pattern in the Arctic ecotype
(see section 1.5). In contrast to the behavioral egg deposition and abiotic factor adapta-
tions of the Baltic ecotype, the Arctic ecotype has a much more similar ecology than the
Atlantic ecotype. The only differences being the circatidal emergence and the switch in
larval substrate. In Drosophila melanogaster, pupation is strictly hormone regulated and
timed by the decline of a transcription repressor early on in puparium formation (Akagi
et al., 2016). A similar timer system is observable in Clunio. The pupation start is set by
the circalunar rhythm 5-6 days before the emergence of the adult insects (Neumann, 1966,
1986). On the day of emergence a timer is set for the circadian emergence into the correct
daytime (e.g. daytime of the low tide). This is an ancestral hourglass-timer-system linked

to the circadian clock to time the emergence of the adult insects from the pupa.

It was proposed before, that the circatidal timer of the Arctic ecotype could be a
fragment of the circadian oscillator, a downstream and independent timing process of the
“bypassed” clock or a novel timing system evolved in the Arctic ecotype independently
(Pfliiger, 1973). A novel timing mechanism in this ecotype is highly unlikely, due to the
possible timer regulated circadian emergence in the Atlantic ecotype. If the circatidal
timer is a functional part of the circadian clock, all other circadian processes present in
the other ecotypes could be missing or possibly distorted. However, it is known from other
organisms under polar day conditions, that circadian rhythms can be maintained by other
environmental cues than diel cycles (Ware et al., 2020; Williams et al., 2015). And that
the light intensity in the habitat of Clunio still changes with the diel cycle between 1 and
100 kLux (Pfliiger, 1973). Therefore, disentangling the circadian clock from the circatidal
timer is possibly very difficult, as the only known circadian behavior in Clunio so far was
the emergence of adult insects. Behavioral experiments are very limited without further

investigations into circadian larval behavior (e.g. migration, feeding, sleep).

A good way to control the functionality of the circadian clock would be through the
identification of cycling transcripts of core clock genes or known global neuronal modula-
tors for sleep from D. melanogaster (e.g. Shaker, sleepless; Dubowy and Sehgal (2017)).

Alternatively, if the clock itself is unlinked from the circatidal timer and has no function

109



in the Arctic ecotype at all, it is likely drifting unlinked from any selective force and the
core genes would show high variability within populations or between them. For further
investigations into the loss of circalunar rhythms in general and the circatidal rhythm

specifically, additional Arctic ecotype populations should be added to the dataset.

5.3 An outlook to the research on lunar-arrhythmicity in

Clunio marinus

There are two strategies to decode the molecular function of complex systems like
biological rhythms. A reverse genetic approach works through the identification of core
components and their effect on the whole system. This can mean, aiming at a specific
target and taking it out or suppressing it, to break or alter the system. A prominent ex-
ample is the discovery of the first core component of the circadian clock through mutants
of the period gene in D. melanogaster (Hardin et al., 1990). However, rhythmic systems
as biological clocks are nested within much more complex system networks and identifying
specific putative targets can be a great challenge. Therefore, naturally occurring arrhyth-
mic relatives of rhythmic organisms provide a point of comparison to identify these targets.
Such a target-unspecific comparison of closely related organisms with different rhythmic
phenotypes is the opposite strategy, a forward genetic approach. In chronobiology, the sec-
ond discovered core circadian clock gene timeless was discovered through forward genetic

screening (Sehgal et al., 1994).

In the presented work I used the latter strategy to tackle the capability of C. marinus
to link their reproduction to the changing tidal regime over the synodic month. This first
genomic comparisons between the lunar-rhythmic and lunar-arrhythmic ecotypes provided
evidence for a circadian involvement in the formation of the studied ecotypes. While I
discussed the implications of these results in section 5.2, it does visualize the strength
of comparing naturally occurring opposite phenotypes to get substantially closer to the
function of enigmatic systems. Nonetheless the presented work is only the starting point
to identify what gave rise to the lunar-arrhythmicity both in the Baltic Sea and the high

arctic latitudes.

The ecotype-associated hits from my analysis were containing neuronal development
and responses to abiotic factors besides circadian control. Further loci related to lunar-
arrhythmicity could likely be hidden under the genetic noise of the adaptation to the Baltic
Sea habitat. Also, the BayPass (Gautier, 2015) thresholds were set higher to reduce the
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results to the most significant hits. Additional genome screens should be considered to find
other potential candidates. As mentioned in section 5.1 and 5.2, the ecotype associations
have to be extended to incorporate the Arctic ecotype and its adaptations as well. More
populations would need to be collected, sequenced and added to the genomic dataset.
Only if all ecotypes are geographically diverse and represented in equal numbers, more
specific candidates involved in the loss of lunar-rhythmicity can be reliably identified. To
filter ecotype specific adaptations aside from the rhythmic control, several independent
calculations with varying ecotype grouping could be considered (e.g. Arctic compared to

Atlantic and Baltic ecotype).

Finally, one further experiment with the Arctic or Baltic ecotype alone is thinkable. A
selection experiment for a specific circalunar emergence range on the arrhythmic popula-
tions over many generations could impose a selective pressure to regain lunar-rhythmicity.
Ideally, the selection would be applied in combination with turbulence entrainment and
due to the 15-day period of the turbulence cycle, also collected in circasemilunar periods.
If imposed artificial rhythmic selection is able to turn an arrhythmic population back to

the ancestral rhythmic state is an open question which was never tested before in Clunio.

It should be noted, that the establishment of the populations originated from field-
caught copulating pairs in most cases over a short range of days or randomly drawn time
points. But no initial periodicity was observed in any arrhythmic populations’ first labo-
ratory generations. As the establishment of the laboratory culture is a strong bottleneck
on the gene pool, a scenario in which randomly drifting phases of lunar-rhythmicity are
overlapping and mimic lunar-arrhythmicity in the field is unlikely. In the case of a success-
ful selection of a lunar-rhythmic laboratory type from a lunar-arrhythmic ecotype, both
the laboratory type and the original ecotype population could be used for QTL mapping
and exactly pinpoint which genomic regions caused this evolution. And both geographic

separation and other ecotype differences would be absolutely neglectable.

An arrhythmic phenotype in D. melanogaster played a key role to identify one of
the core circadian clock gene timeless (Sehgal et al., 1994). In a similar forward genetic
approach this thesis highlighted how naturally occurring lunar-arrhythmic Clunio popu-
lations set the path to understanding the enigmatic circalunar rhythms. The presented
cases of lunar-arrhythmicity in arctic and tide-free habitats have potentially much more

genomic adaptations to offer for future chronobiological research into Clunio marinus.
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Supplementing Notes

Oviposition behavior in the Baltic ecotype

Because of the lack of tides in the Baltic Sea, the Baltic ecotype cannot rely on the tides
to expose the larval substrates for egg deposition. Therefore, in contrast to the Atlantic
and Arctic ecotypes, the Baltic ecotype does not oviposit on exposed larval substrates, but
on the water surface, from where the eggs sink to the bottom of the sea. This change in
oviposition preference is accompanied by a specific behavioral change, namely the bending
of the female’s abdomen down through the water surface (Endraf}, 1976), which ensures
that the egg masses are not caught in the water’s surface tension. Additionally, the

Baltic ecotype’s egg jelly is reported to have slightly differing properties (Endraf}, 1976).

In our laboratory culture, the animals are kept in plastic boxes with a constant water
level, so that larval substrates are never exposed. Under these conditions, most of the
Baltic ecotype’s egg masses will be found submerged at the bottom of the culture box,
as expected. Very rarely egg masses are deposited on the walls or the lid of the box.
The Atlantic and Arctic ecotypes will — in the absence of exposed larval substrates —
also oviposit on the water surface. However, as they lack the characteristic banding of
the female abdomen during oviposition, their egg masses will be trapped in the water’s
surface tension and cannot sink to the bottom of the culture box. Their egg masses will
always float on the water surface, usually with the female still sticking to the egg jelly.

These floating egg masses often form aggregations on the water surface.

We used these differences in where the egg clutches are found in our laboratory cultures

to additionally confirm ecotype identity of our laboratory strains.
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Endral, U. (1976). Physiologische Anpassungen eines marinen Insekts. II. Die Eigen-
schaften von schwimmenden und absinkenden Eigelegen. Marine Biology, 36(1):47-60.
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Supplementing Tables

Table S1: Sampling sites for all examined Clunio populations.

Population Location Latitude Longitude Year Collector

Code Name

Ar-2AR (Swe- | Ar, Gotland 57°55°06.0” N | 18°56’19.0” E | 2018 Nico

den) Fuhrmann

He-2SL  (Ger- | Helgoland 54°11’19.2” N | 7° 52’ 10.3” E | 2005 Tobias

many) Kaiser

Por-1SL Port-en- 49°21°00.0" N | 0° 45’ 10.0” W | 2009 Tobias

(France) Bessin Kaiser

Seh-2AR Sehlendorf 54°18°29.0" N | 10°43’30.0" E | 2017 Nico

(Germany) Fuhrmann,
Tobias
Kaiser

Tro-tAR (Nor- | Tromsg 69°41°04.0" N | 18°53’59.0” E | 2018 Nico

way) Fuhrmann
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Table S2: Sampling sites and sampling campaigns for the five newly established

laboratory strains in this study.

On sampling dates in squared brackets egg clutches for setting up laboratory cultures were

collected from copulating pairs on the water surface. Samples from underlined dates were

used for genomic analyses of the wild populations.

Sampling Coordinates Ecotype Laboratory | Field Sam- | Founding

Site Strain ples Egg
Clutches

Sehlendorf 54° 18’ 29” | 10° 43’ 30” | Baltic Seh-2AR [05/2017], 69

(Germany) N E [06/2017]

Ar  (Got- | 57° 55" 06” | 18> 56’ 19" | Baltic Ar-2AR (08/2018] 36

land, Swe- | N E

den)

Kviturdvik- | 60° 15’ 58”7 | 05° 14’ 52” | Baltic Ber-2AR 06/2017, 40

pollen N E [08/2018]

(Norway)

Kviturdvik- | 60° 15’ 58” | 05° 14’ 52” | Atlantic Ber-1SL 06,/2017, 60

pollen N E [08/2018]

(Norway)

Tromsg 69° 41’ 04” | 18° 53’ 59” | Arctic Tro-tAR [06/2018], 47

(Norway) N E [07/2018]
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Table S3: Volume modifications for the REPLI-g Mini Kit QIAGEN 150025
whole genome amplification kit (QIAGEN).

MM - Master Mix.

Phases template Buffer D1 | Buffer N1 | MM: MM: MM: MM:
DNA Nuclease- | REPLI- REPLI- Adding
free water | g Mini | g Mini | total
Reaction DNA volume
Buffer Poly-
merase
Manu- 2.5 ul 2.5 pul 5l 10 nl 29 nul 1 pul 40 nl
facturers’
Volume
(suitable
for 15
reactions)
Edited 7.5 ul 1l 1.5 nl 0 pl 14.5 ul 0.5 ul 15 nl
Volume
Table S4: Wilcoxon rank sum test with continuity correction for significant

differences in nucleotide diversity (7) between populations, based on the arith-

metic mean of 200 kb genomic windows.

The lower-left part of the table shows the p-values and the upper-right part the correspond-

ing significance levels: **** - 0-0.0001; *** - 0.0001-0.001; ** - 0.001-0.01; * - 0.01-0.05;

ns - 0.05-1.
‘ Por-1SL ‘ He-1SL ‘ Ber-1SL ‘ Ber-2AR ‘ Seh-2AR ‘ Ar-2AR ‘ Tro-tAR
POI‘-lSL _ ‘ ns ‘ ns ‘ ns ‘ skkkok ‘ skskoskosk ‘ skokkk
Ber-1SL ‘ 0.3596 ‘ 0.006378 ‘ - ‘ ns ‘ ok ‘ ok ‘ ok
Ber-2AR ‘ 0.619 ‘ 0.1703 ‘ 0.1576 - ‘ Rk ‘ ko ‘ Fkox
Seh-2AR ‘ 5.63¢~ 10 ‘ 4.87¢7% ‘ 1.74¢™ 13 ‘ 1.93¢7% | - ‘ sokok ‘ ns
Ar-2AR ‘ 2.2¢716 ‘ 1.74e7 15 ‘ 2.2¢716 ‘ 2.2¢716 ‘ 0.0001517 ‘ - *
Tro-tAR ‘ 5.7e7 15 ‘ 5.68¢ 10 ‘ 2.2¢7 16 ‘ 1.27¢" ‘ 0.06954 ‘ 0.03893 ‘ -
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Table S5: SnpEff analysis for selected and all variants.

SnpEff was run on the selected BayPass variants in association with the ecotype and all
variants. For each analytical group (Region, Impact, Function, Variant) the total numbers
for each subgroup and the fractions in respect to the entire analytical group are given.
Additionally, the p-values for significant deviation between the selected and the entire

genome variants were calculated using Fisher’s exact test.

‘ Ecotype-associated variants (n=4,741) ‘ All variants (n=948,128) ‘

‘ n ‘ % ‘ n ‘ % ‘ p-value
Region
Exon 1061 | 19.06 239000 | 20.69 0.002538563
Intron 1821 | 32.71 389723 | 33.74 0.1053189
UTR 418 7.51 98365 8.52 0.0069941
Intergenic | 2209 | 39.68 413274 | 35.78 1.811437¢7°
Other 58 1.04 14663 1.27 0.1490632
Impact
High 31 0.56 10744 0.93 0.00251666
Low 612 10.99 141746 | 12.27 0.003404886
Moderate | 479 8.6 101698 | 8.8 0.6185761
Modifier 4445 | 79.85 900837 | 77.99 0.0008337278
Function
Missense 465 45.32 98560 43.06 0.1462238
Nonsense | 2 0.19 1670 0.73 0.04045629
Silent 559 54.48 128647 | 56.21 0.2698506
Variant
SNP 3890 | 82.05 792032 | 83.54 0.006363973
Indel 851 17.95 156096 | 16.46 0.006363973

Table S6: The three covariates used for association analysis in BayPass.

Covariates ‘ Ar-2AR ‘ Seh-2AR ‘ Ber-2AR ‘ Ber-1SL ‘ He-1SL ‘ Por-1SL
Ecotype (binary) ‘ 0 ‘ 0 ‘ 0 ‘ 1 ‘ 1 ‘ 1

Sea Surface Salinity (PSU) ‘ 7 ‘ 14.5 ‘ 31.5 ‘ 31.5 ‘ 31.3 ‘ 33.9
Average Water Temperature 2020 (°C) ‘ 7.5 ‘ 9.1 ‘ 8.9 ‘ 8.9 ‘ 10.1 ‘ 11.8
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Table S7: ANOVA table from manually fitted QTL model scans of lunar-subset
1.

Tests for additive effects are shown in one row per QTL. The test for two interactive
QTLs shows the specified QTLs and their positions separated by a colon. p-value symbols:
kR~ 0-0.0001; *** - 0.0001-0.001; ** - 0.001-0.01; * - 0.01-0.05; ns - 0.05-1.

QTL Position(s) ‘ LOD score Variance explained (%) | p-value (x?)

Model: y ~ Q1+ Q2+ Q3+ Q4

1@0.0 0.9243 2.108 0.1190 ; ns
2@30.0 0.6463 1.469 0.2258 ; ns
2@25.5 0.5442 1.235 0.2856 ; ns
3@110.0 1.2162 2.784 0.0608 ; ns

Model: y ~ Q14+ Q2+ Q1 : Q2

1@50.0 2.019 4.780 0.1574 ; ns
2@25.0 4.017 9.762 0.0051 ; **
1@50.0:2@25.0 1.136 2.658 0.2644 ; ns

Model: y ~ Q1+ Q3+ Q1: Q3

1@0.0 2.533 6.079 0.0699 ; ns
3@105.0 3.454 8.391 0.0143 ; *
1@0.0:3@105.0 1.766 4.196 0.0868 ; ns

Model: y ~ Q2+ Q3+ Q2 : Q3

2@30.0 4.151 9.802 0.00397 ; **
3@110.0 3.165 7.376 0.02384 ; *
2@30.0:3@110.0 1.740 3.979 0.09118 ; ns
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Table S8: ANOVA table from manually fitted QTL model scans of lunar-subset

2.

Tests for additive effects are shown in one row per QTL. The test for two interactive

QTLs shows the specified QTLs and their positions separated by a colon. p-value symbols:

iRk~ 0-0.0001; *** - 0.0001-0.001; ** - 0.001-0.01; * - 0.01-0.05; ns - 0.05-1.

QTL Position(s)

LOD score

Variance ex-

plained (%)

p-value (x?)

Model: y ~ Q1+ Q2+ Q3+ Q4+ Q5+ Q6
1@0.0 1.5223 2.959 0.03004 *
1@60.0 0.9530 1.840 0.11144 ns
2@15.0 0.5104 0.980 0.30877 ns
2@24.9 2.1899 4.290 0.00646 Hox
3@15.0 1.6636 3.239 0.02170 *
3@95.0 1.3712 2.661 0.04254 *
Model: y ~ Q14+ Q2+ Q1: Q2
1@60.0 1.763 3.686 0.229649 ns
2@24.9 4.917 10.674 0.000924 oAk
1@60.0:2@24.9 1.014 2.102 0.322996 ns
Model: y ~ Q14+ Q3+ Q1: Q3
1@10.0 3.021 6.697 0.0306 *
3@100.0 3.302 7.343 0.0187 *
1@10.0:3@100.0 2.753 6.083 0.0130 *
Model: y ~ Q2+ Q3+ Q2 : Q3
2@25.0 5.510 11.845 0.000291 ok
3@5.0 2.479 5.141 0.076376 ns
2@25.0:3@5.0 1.553 3.186 0.128088 ns
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Table S9: ANOVA table from manually fitted QTL model scans of lunar-subset
3.

Tests for additive effects are shown in one row per QTL. The test for two interactive
QTLs shows the specified QTLs and their positions separated by a colon. p-value symbols:
kR~ 0-0.0001; *** - 0.0001-0.001; ** - 0.001-0.01; * - 0.01-0.05; ns - 0.05-1.

QTL Position(s) LOD score Variance ex- p-value (x?)
plained (%)

Model: y ~ Q1+ Q2+ @3

1@0.0 1.329 3.744 0.04689 *
2@23.3 2.437 6.987 0.00365 ok
3@10.0 1.088 3.052 0.08173 ns

Model: y ~ Q14+ Q2+ Q1 : Q2

1@0.0 2.115 6.060 0.1361 ns
2@20.0 3.074 8.944 0.0279 *
1@0.0:2@20.0 1.024 2.883 0.3180 ns

Model: y ~ Q1+ Q3+ Q1:Q3

1@65.0 2.903 8.383 0.0376 *
3@100.0 3.416 9.947 0.0153 *
1@65.0:3@100.0 2.390 6.847 0.0265 *

Model: y ~ Q2+ Q3+ Q2 : Q3

2@23.3 3.932 11.363 0.00597 oK
3@10.0 2.723 7.720 0.05092 ns
2@23.3:3@10.0 1.834 5.126 0.07657 ns
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Table S10: Multiplex PCR primer pairs for QTL mapping between the sym-
patric populations Ber-1SL and Ber-2AR.

All primers were designed and tested by Kerstin Schaefer.

Chromosome ‘ Scaffold ‘ Primer name Sequence 5’-3’ Product length
1.10_f TTCCTGGAAATACTGCAGCAA b
8 278 bp
1.10r TCAACGAGATTTTCCGGTTTCA
2.1f ACACGAGATGAAACTCATGCG b
6 909 bp
2.1r CCAAGGTCTACGAAAAAGCAGC
3.2f CACGGTTAACATGCTTGAAGGA
53 484 bp
3.2 TCAAGTTCCAGCGCATTCGAT
1
4.1-f TGTGACTAACGGCAGGAAAGA
18 782 bp
4.1 ACAAAACGATTGGAAGCGACG
5.2_f AGGAAGTTTGCCACTCGGATA
17 378 bp
5.2 TGCCGAACTCTTTATGGATCA
6.14_f AGCGACACAGATGAAAGACGA
61 698 bp
6.14_r TGCGGCAATTTGTTTTAATGTCC
7.9.f ACCTCAATATGCACGTCCAGT
20 543 bp
7.9 TCTGATATGGTCGCAAGTGGT
8.3.f CCCCAGCGCTTTTCACATTT
47C 369 bp
8.3r TTTCCTCGGTTCTTCGTCCC
9.5 AGCTCCACTATTCCAAACAGCT -
4 P
9.5 GCCATCAGCCTTGAGAAATGC
2
10.1_f TGCTTTAAGGGGTCGTGCAA
50 925 bp
10.1_r CACGGATGTCAGCTCAGTGA
11.1_f TGATGATGACGCTAGCAGCA
47C 443 bp
11.1r TGTGGTCATTTCAGAAACGGT
12.7_f GCCTTGCAATAGCGCATACG
47F 849 bp
12.7r TAGGCTCTGGGGTATGGCTT
13.4_f GTTCCTTGCCACTCATTTGCT
10 450 bp
13.4r TGTCGCCAAACAGGATTTGTG
14.2_f TGGCAAATCAAGGACCAGACA
41A 740 bp
14.2r TCGACTTGAGGCATTATTGGGA
15.1_f CTCGATTCAGACCGTCCGATT
48 639 bp
15.1r GGCGTGACCTTCATGAAGAGA
3
16.1_f AGGCAGCTCACTTAGAAGACG
52 499 bp
16.1r TTGACTACCATGGCTGTGGAG
17.6_f TCTCACTTTTCACGACGCTTTT
45B 308 bp
176 TAGAAGCTGTTCCGCCTCAAG
18.8_f CCACTGAAACCATCGGGACA 097 1
3 p
18.8r AGAATGTGTGACTGTTGCAAAGT
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Supplementing Figures
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Figure S1: Correlation between measures of diversity and a Population Sepa-

ration Index (PSI).

The PSI was calculated as the fraction of individuals in haplotypes that are not shared

between populations. Correlations were calculated for 750 bp and 1,500 bp windows sep-

arately with Pearson’s Product Moment correlation as implemented in R.
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Figure S2: Circadian emergence rhythm of the studied Clunio strains under

laboratory conditions.
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(A) Geographic locations. (B-H) Circadian emergence rhythms of laboratory strains.

Dark shading indicates the dark phase, the middle of dark phase is defined as zeitgeber
time 0. Data for Ber-1SL (B; n=130), Ber-2AR (F; n=36) and Tro-tAR (E; n=99) was

recorded with a custom-made fraction collector in 1-h intervals under an artificial light

cycle with 16 h of light and 8 h of darkness (LD 16:8). Data for Seh-2AR (G; n=70)

and Ar-2AR (H; n=25) was recorded manually while performing crosses. Data of He-1SL
(C) and Por-1SL (D) was taken from Neumann (1966) and recorded under LD 12:12.
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Figure S3: Lunar emergence patterns of crosses between the Ber-1SL and
Ber-2AR strains.

Single pair crosses were set up between the Ber-1SL and Ber-2AR strains, resulting in
several F1 families, two of which are shown here (F1-31 and F1-34). F2 families were
obtained by letting the siblings within each F1 family mate freely with each other. Thus,
from each F1 we obtained several F2 families, which all go back to a single pair of parents.
F1-31 and F1-34 differ in the degree of lunar-rhythmicity, as do F2-31 and F2-34. When
plotting the F2 families individually, it becomes apparent that in F2-31 all families are
quite rhythmic. In contrast, in F2-34 there are highly rhythmic families (e.g. F2-34.10)
and completely arrhythmic families (e.g. F2-34.3 and F2-34.4), suggesting that this F2
generation is segregating for rhythmicity alleles. The observation suggests that in the cross
leading to F1-31/F2-31, the Ber-2AR parent carried a considerable fraction of rhythmic
alleles (basically “Ber-1SL” alleles), which rendered the resulting F1 and F2 generations
largely rhythmic. The Ber-2AR parent for the F1-34/F2-34 cross seemed to carry largely
arrhythmic alleles, as expected, which then segregate in the F2. Overall, we conclude
that the Ber-2AR strain seems to carry a certain fraction of lunar-rhythmic alleles. The
segregation of lunar-rhythmicity not only within but also between F2 families suggests a
heterogeneous polygenic architecture of the trait.
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Figure S4: Principal component analysis (PCA) of all individuals for all seven
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(A-J) The principal components (PCs) are plotted in pairs from 1-2 (A) to 19-20 (J). The

eigenvalue as fraction of total variance is given on the respective axes. The individuals

are color coded according to population (see legend). (K) Overview of the eigenvalue as

fraction of total variance for all 20 PCs.
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Figure S5: The results of the cross-validation test of the ADMIXTURE
analysis.

The optimal K is marked with a red downward directed triangle.
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Figure S6: Detected single nucleotide polymorphisms (SNPs) are largely
shared between the seven populations.
Of a total of 792,032 SNPs, 34% are found in all seven populations, whereas only 7% are

private to one of the seven populations.
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Figure S7: Nucleotide diversity m per population in 200 kb non-overlapping
windows across the genome.

Populations are colour coded as in Fig. TA and all individuals per population were used
for the analysis. The boxplots show the median, 25" and 75! quantile, data maximum
and minimum, and the outliers. The arithmetic mean is marked per boxplot as X’ and

the overall arithmetic mean as dashed line.
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Figure S8: TreeMix analysis for introgression events.

TreeMix was run for no, one or two migration events with five iterations each. Anal-
ysis with zero migration events yields the same structure of historic population splits
in all five iterations, congruent with the genome-wide consensus phylogeny (Fig. S10).
With one migration event, the algorithm stably detects introgression from Seh-2AR into
Ber-2AR. With two migration events, introgression from Seh-2AR into Ber-2AR is usu-

ally still detected (4 out of 5 iterations), but the second introgression event is random,

suggesting there is no reliably detectable second introgression event.
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Figure S9: Incomplete lineage sorting, as illustrated by the relative support
for 105 population topologies in 50 kb windows across superscaffolds 47C
and 18.

The heatmap shows the assigned topology weight for each topology per window rang-
ing from 0 (white, no support) to 46,656 (red, support by all trees). The supported
topologies change quickly along the chromosome. In almost all windows, several topolo-
gies are supported, which implies that individuals do not cluster according to population,
highlighting incomplete lineage sorting. Topology 15 (black mark on the left) is the whole-
genome consensus population topology. Topologies marked in red are separating popula-
tions according to ecotypes. Topologies marked in yellow are consistent with introgression.
(A) Superscaffold47C — the longest scaffold in the reference genome — gives an impression
of the genomic background, with highest overall support for topology 15. (B) Super-
scaffold 18, from the middle of chromosome 1, is strongly enriched for ecotype-associated

topologies (compare Fig. 9).
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Figure S10: Genome-wide consensus genealogy for six individuals from each
of the seven populations.

The same six individuals from each population were also used in the TWISST topology
weighting analysis. The genealogy is based on the whole genome SNP sequences, composed
of 792,032 positions. The SNPs were extracted from the VCF using the vcf2phylip.py v.2.3
script. The genealogy was calculated with IQ-TREE v.1.6.12 and graphically edited with

Archaeopteryx v.0.968.
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Figure S11: An overview of outlier and association analysis for ecotype (C),
sea surface salinity (D) and water temperature (E).

(A) Before assessment of outlier loci and association, the dataset was corrected for popu-
lation structure based on an €2 matrix, which is here visualized as a dissimilarity matrix.
Three independent runs (seeds 5001, 1855 and 24306) converge. (B) Q2 matrices can also
be visualized as Neighbor Joining trees. (C-E) Association of genetic variants with eco-
type (C), sea surface salinity (D) and water temperature (E) is assessed via the eBP,,.
score and plotted along the three chromosomes, color-coded in grey (eBP,,. < 3), black

(3 < eBP. < 10) and red (eBP,,. > 10).
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Figure S12: Pairwise Fg7 comparisons between all seven populations.

types is plotted in red. Other comparisons of Atlantic vs.

The specific populations of the comparison are written above each plot, color-coded for

specific comparisons. The comparison between the sympatric Ber-2AR and Ber-1SL eco-

are plotted in blue. All other comparisons are plotted in grey. The Fgr values are colour

coded in grey (Fgr < 0.5), black (0.5 < Fsr < 0.75) and red (Fsr > 0.75). The sympatric

ecotypes from Bergen are much less differentiated than all other populations.

138

Baltic ecotype populations



130000 -
120000 -
110000 -
1e+05 -

90000 -

80000 -

70000 -

60000

50000 -

40000

30000 -

20000

10000

0

SNPs

0

log(Fsr)

Figure S13: Distribution of Fgr values in all pairwise population comparisons.
Fgp values for 792,032 SNPs were categorized in 0.02 bins. The comparison between the
sympatric Ber-2AR and Ber-1SL ecotypes is plotted in red. Other comparisons of Atlantic

vs. Baltic ecotype populations are plotted in blue. All other comparisons are plotted in

grey.
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Figure S14: Genetic differentiation (Fsr) between Atlantic and Baltic ecotype.
Atlantic ecotype populations (Por-1SL, He-1SL, Ber-1SL) and Baltic ecotype populations
(Ar-2AR, Seh-2AR, Ber-2AR) were grouped. The Fgr values are color-coded in grey
(Fsr < 0.5), black (0.5 < Fgr < 0.75) and red (Fs7 > 0.75).
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Figure S15: Genetic divergence (d,,), nucleotide diversity (7) and short-range
linkage disequilibrium (r?) for the Ber-2AR vs. Ber-1SL comparison.

Summary statistics are based on 792,032 SNPs and were calculated in 100 kb sliding
windows with 10 kb steps. (A) Genetic divergence (d,,) based on allele frequencies.
(B, C) Nucleotide diversity 7. (D, E) Linkage disequilibrium measured as r%. Ber-1SL
and Ber-2AR are given in their respective population colors. The approximate position of
the centromeres are marked on each chromosome with red arrows. The position is based

on the data provided by Kaiser et al. (2016).
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Figure S16: Pairwise linkage disequilibrium (LD) across chromosome 1 of all
Atlantic and Baltic ecotype populations.

Pairwise LD was calculated as - -geno-r2’ in VCFtools with a ’- -maf 0.2’ filter and a LD
threshold of 0.5 2. The 72 values are color coded from 0.5 (blue) to 1 (red) in 0.1 steps.
The panels show the chromosome 1 r2 values for each population (A: Ber-1SL, B: He-1SL,
C: Por-1SL, D: Ber-2AR, E: Seh-2AR, F: Ar-2AR).
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Figure S17: Principal component analysis (PCA) of the Atlantic and
Baltic ecotypes for the highly ecotype-assocated region on chromosome 1

The highly ecotype-associated region on chromosome 1 ranges from superscaffolds 18 to
42. PCA for this region separates the ecotypes well, but does not show any patterns
characteristic for a polymorphic structural variant (SV) separating the ecotypes. Only
within the Por-1SL strain individuals cluster into three groups, suggestive of an overlap-

ping polymorphic SV within that strain.
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Figure S18: Selection of ecotype associated genetic variants based on X!X and
eBP,,. values.

(A) Ecotype-associated SNPs were selected based on an XX threshold of 1.152094 (as
obtained from subsampling) and eBPFP,,. thresholds of 3 or 10 respectively (corresponding
to p-values for association of 1073 or 107!%). SNPs above the XX threshold and with
eBP,,. > 3 are colored black, those with eBP,,. > 10 are colored in red. (B) Ecotype-
associated variants (SNPs and indels) were selected based on an X*X threshold of 1.148764
and the same eBP,,. thresholds.
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Figure S19: The effects of ecotype-associated genetic variants on genes, as

B All variants

B Variants associated with ecotype

239000
1061

*k

Exon

389723
1821

ns

98365

418

Intron UTR
Region

413274

fo2]
o
N
N

Hkkk

Intergenic

High

Low Moderate

Impact

98560

Missense

Nonsense
Function

128647

ns

559

Silent

Modifier

O

Fraction of variants

14663
58

Other

SNP InDel
Variant

compared to the genome-wide set of genetic variants.

SnpEff assesses genetic variants for their position relative to annotated gene models and
infers the effect that these variants have on the genes. We compared the locations and
effects of all variants in the dataset (n=948,128; black bars) to those of ecotype-associated
variants (n=4,741; grey bars) and tested for significant differences with Fisher’s exact
test. The absolute numbers for each class of variants are given above or inside the bar.
(A) The location of genetic variants relative to gene models. (B) The estimated impact
of these variants on the gene models. (C) The effect of variants that are found in coding

regions. (D) The proportions of SNPs vs. indels. p-value symbols: **** - 0-0.0001;

** - 0.0001-0.001; ** - 0.001-0.01; * - 0.01-0.05; ns - 0.05-1.
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Figure S20: Linkage disequilibrium (LD) decay in the studied C. marinus
populations.

Populations were analyzed separately and the corresponding lines in each plot are color-
coded. To make a pairwise LD calculation measured as r? feasible, the SNP set was
randomly subsampled to 25%. The distance between the SNPs was limited to 500 bp for
LD calculation. The resulting 72 values were then averaged within 30 average-distance-

classes.
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Figure S21: Order of the genetic markers and the present genotypes.
The input marker order corresponds to (Tab. S10) and (Fig. 14), but one excluded geno-
type on chromosome 1 and two on chromosome 2 as mentioned in section 4.3. Genotype

color codes: AA - red; AB - blue; BB - green.
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