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Abstract

Almost all species on Earth possess circadian rhythms that align their physiological processes
with suitable times of day and year based on predictable changes in the light cycle. While it is
known that natural variations exist in photoperiodic responses regulated by the circadian clock,
there are currently no studies assessing the effect of latitudinal variations in daylength on the
properties of plant circadian genes. This thesis investigated the association of the properties of
the circadian clock with daylength in two woodland strawberry (Fragaria vesca L.) clones
originating from Italy (45°N) and Northern Norway (69°N). Plants were grown under two
simulated daylengths (18h photosynthetic light/6h twilight and 15h photosynthetic light/1h
twilight/8h dark) corresponding with the summer photoperiod at each latitude. Real-time gPCR
was used to analyze the expression of eight circadian clock genes present in the leaves over a
time-course of 48 hours. Six of the genes (FVLHY, FVYRVE8, FVPRR9, FVYPRR7, FVYPRR5, and
FvLUX) expressed clear circadian oscillations of transcription levels in both daylengths, with
significantly longer phases of expression under the longer daylength. Interestingly, there were
only differences in expression between the two clones 3.3% of the time, demonstrating a lack
of specific latitudinal responses in circadian clock properties in this species. All genes
maintained transcriptional rhythms in constant darkness except for two (FVYPRR9 and FYPRDX)
where transcription was completely abolished. FvPRDX also had no rhythm of transcription,
though other studies have shown that the oxidation cycles of peroxiredoxin proteins do exhibit
circadian rhythmicity. One gene (FVvTOC1) had an irregular rhythm that warrants further testing
due to its central role in the circadian pacemaker. This study shows that the oscillations of
circadian clock transcription levels in F. vesca from a lower latitudinal origin are highly
entrainable to the long daylength conditions that are characteristic of northern latitudes. While
the circadian clock is able to acclimate its oscillation timing with the external daylength,
photoperiodic outputs controlled by the clock, such as flowering time, do not exhibit the same
level of plasticity to sudden changes in daylength. This provides an important resource for

understanding the circadian clocks contribution to adaptability.
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INTRODUCTION

Circadian Rhythms

The Earth has been rotating on its axis around the sun since the beginning of its formation,
about 4.5 billion years ago (BYA). This rotation brings about daily changes in the light cycle
creating one of the most predictable seasonal cues for plants and other living organisms. Almost
all species on Earth have biological rhythms that are aligned with the daily and seasonal light
cycles to help predict when to perform activities such as sleep, movement, and photosynthesis
(Bhadra et al., 2017; Eriksson & Millar, 2003). When these biological rhythms display an
oscillation cycle of about 24 hours, they are called circadian rhythms. Circadian rhythms are
present in all domains of life and control proper timing of biological functions. They regulate
everything from entire cellular function in single-cell organisms to seasonal timing of flowering
or tuber formation and onset of bud dormancy in preparation for winter in plants (Golden, 2003;
Martinez-Garcia et al., 2002). Animal behaviors are also largely determined by circadian
timing, from daily sleep-wake cycles to hormone cycling, reproductive timing, metabolism and
many immunoregulatory responses (Chaix et al., 2016; Cox & Takahashi, 2019). These
occurrences are not strictly responses to the external environment. They are internally generated
rhythms that align with the external light cycles to be prepared for, instead of trying to keep up

with, the constant change.

Circadian rhythms are driven by an endogenous molecular clock that shares a set of
distinguishing characteristics among both eukaryotes and prokaryotes (Saini et al., 2019). They
are entrained by daily light cues (e.g. dawn and dusk), called zeitgebers (ZT, German for time
givers) which determine the phase of the cycle. With the onset of light at dawn each morning,
the timing is “reset”, and the phases can stay in sync with the daily and yearly changes.
Circadian rhythms are also self-sustaining, and continue even under free-running conditions
(absence of a light cycle), though with a period that slightly strays from 24 hours (Blnning &
Pfeffer, 1989). The clock also maintains accurate timing over a wide range of temperatures to
control for daily fluctuations, called temperature compensation (Gould et al., 2006). This robust
awareness of changes in the environment allows organisms to keep track of time and stay in

sync with the regular diurnal and seasonal changes.



Evolutionary Origins

Since the emergence of cellular life approximately 3.5 BYA, the daylength has slowly
lengthened from a roughly 6-hour cycle (due to the impact of the formation of the moon) to
today’s 24-hour cycle (Lathe, 2004). Therefore, even in a largely unstable climate, life on Earth
has always evolved in an environment with predictably stable rhythms of light. Early life forms
had to harvest and store energy from the sun as well as protect themselves from the harmful
ultraviolet (UV) radiation that was not filtered by the Earth’s atmosphere 3-4 BYA (Dvornyk
et al., 2003; R. A. Hut & Beersma, 2011). This created a natural selection pressure to align
physiological processes with certain phases of the diurnal cycle to exploit resources as well as

mitigate stress.

Circadian rhythms are so conserved among lineages that they appear to have emerged very
early on in life (Hurley et al., 2016). One universally conserved protein marker, peroxiredoxin
(PRDX), is present among all domains of life and has been shown to exhibit rough circadian
oscillations under free-running conditions (constant light), suggesting an early component in
the evolution of metabolic circadian rhythms (Edgar et al., 2012). This protein arose ~ 2.5
billion years ago during the Great Oxidation Event (GOE), when species had to survive through
a newly oxygenated atmosphere and needed control of intracellular peroxide levels and by-
products produced by the electron transport chain (Hall et al., 2009; Loudon, 2012). There is
no clear evidence of origin, but there is evidence that single-cell organisms and individual cells
in multicellular plants and animals display circadian rhythms, indicating the primordial

necessity of circadian timekeeping (Merrow et al., 2005).

Selective Advantages

Clocks with similar molecular systems have evolved separately in each of the four kingdoms,
indicating the selective advantage to having a time-keeping mechanism (Young & Kay, 2001).
The primary functions of plant circadian clock genes are to provide plants with information on
the daily environmental changes, control developmental processes, predict resource
availability, and be prepared for abiotic stresses (Dodd et al., 2005; Kim et al., 2017; Mas &
Yanovsky, 2009). Many important metabolic processes are under circadian regulation,
including net carbon assimilation, starch metabolism, and the production of sugars by
photosynthesis (Dodd et al., 2005; S. L. Harmer et al., 2000). Since plants are sessile and
constantly exposed to environmental stresses, clock-dependent integration of these downstream

physiological and developmental processes is crucial for enhanced fitness and growth (Nagel
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& Kay, 2012). Having mechanisms to anticipate predictable environmental stresses helps, for
example, to protect against harmful UV radiation by producing genes encoding the enzymes in
phenylpropanoid biosynthesis pathways before dawn, forming a kind of “phenolic sunscreen”
(S. L. Harmer et al., 2000). In higher plants, about 40% of cold-responsive genes and 50% of
heat-responsive genes are under circadian control (Covington et al., 2008; Mizuno &
Yamashino, 2008). Responses to abiotic stresses are so integrated with circadian timing that a
stimulus given at an unusual time of the day will not produce the same response as if it were
given at the expected time of day (Greenham & McClung, 2015). For example, a light signal
given in the afternoon or evening doesn’t induce the same degree of response as a light signal
given in the morning, a term called circadian gating. Thus, having a properly functioning
circadian clock provides a significant adaptive advantage to respond to the diurnal changes in
light (Green et al., 2002).

Circadian Clock Research and Modern Progression

The influence of circadian rhythms on adaptation, fitness and success has become a profound
area of research in the past few decades. Awareness of the impact of circadian clocks on not
only physiology, but biochemistry, biophysics, and ecology has created a unifying interest
among scientists (Sharma, 2006). From the earliest reports of diurnal leaf movements to
present-day understanding of the preserved transcription-translation feedback complex, we are

now able to investigate the plasticity of the circadian clock and how it influences behavior.

The first reports of circadian rhythms arose in the 1700’s when M. de Mairan discovered the
persistence of diurnal leaf movements under constant darkness (Blinning & Pfeffer, 1989). Leaf
movement was the subject of all early circadian observations in plants because it was the only
known function to be under circadian control. In the late 1800°s to early 1900’s, circadian
rhythms started to receive attention as a heritable mechanism that had interesting properties
which were endogenously generated and not just driven by external indicators (McClung,
2006).

The first clock gene was cloned in Drosophila in 1984, followed by identification of rhythmic
expressions of light-harvesting genes in plants which began the modern-day molecular analyses
of the circadian clock. (Kloppstech, 1985; Reddy et al., 1984). Genetic approaches have
allowed for direct identification and characterization of clock genes as well as the mechanisms,
mostly in the model plant, Arabidopsis (Kevei et al., 2006; Matsuo et al., 2008; Yon et al.,
2012). Arabidopsis became the model organism for plants because of its close relation to



thousands of species and the genomic resources and methods that became available from
widespread use (Somerville & Koornneef, 2002). The development of genome-wide expression
profiling has allowed for novel proteins and pathways of the circadian clock to be identified,
shedding light on a wide-array of regulation from physical interactions, signal transductions,
protein modifications, and post-translational control (H. Huang et al., 2016; Mas, 2005). Early
analyses of transcription rates of gene expression in Arabidopsis showed that roughly 480
MRNA (gene) levels exhibited circadian changes, which we now know to be upwards of 722
target sites being regulated by just a single circadian clock gene ( Hsu et al., 2013; Adams et
al., 2018).

Identification of the components and mechanisms controlling the circadian clock have led to
questions of what characteristics of the environment have driven this level of complexity and
variation (Troein et al., 2009). Different approaches can be employed to study circadian clock
gene expression in response to different environmental conditions. An effective method is the
use of quantitative real-time polymerase chain reaction (qQRT-PCR) assays, which utilizes
reverse-transcription of the mRNA of interest and reliable reference genes to measure changes
in target gene expression (Lambret-Frotté et al., 2015; Freitas et al., 2019; Jose et al., 2020).
Combined with the availability of genomic data, specific primers for individual genes can be
designed to identify the molecular basis of the impact of environmental changes on the

circadian clock.

The Molecular Circadian Clock

Circadian rhythms are cell-autonomous and driven by a set of core genes called the circadian
clock that oscillate at the transcription and translational levels. The circadian clock shares a
structural similarity across all domains of life, though genetic components vastly differ between
kingdoms (Saini et al., 2019). A commonality of all circadian clocks is the use of a basic
transcription-translation feedback loop (TTFL) where the accumulation of translated protein
directly inhibits transcription of its own gene (Figure 1). The TTFL is regulated by post-
transcriptional control of mRNA abundance as well as post-translational mechanisms which
play a critical role in generating and maintaining the daily rhythm (Kojima et al., 2011;
Romanowski & Yanovsky, 2015). Even prokaryotes utilize interlocking feedback loops as well
as a post-translational oscillator (PTO), though the molecular mechanisms in prokaryotic
circadian clocks consist of protein domains and signal transductions nonhomologous to

eukaryotes (Golden, 2003; Hurley et al., 2016). The multitude of regulation is necessary to



impart temporally coordinated gene expression to outputs of physiological processes such as
metabolism, hormone signaling, and responses to stresses (Chaix et al., 2016; Troncoso-Ponce
& Mas, 2012).

External stimulus
induces transcription

DNA begins being
transcribed to
mRNA (gene)

Protein degrades mRNA translated to
£ protein

[ Transcription ] [Protein accumulates]
suppressed

Figure 1. Simplification of the transcription-translation feedback loop (TTFL). Transcription of
double-stranded DNA to single-stranded RNA by RNA polymerase is induced by a signal, of
which mRNA is translated into a gene product (protein). The accumulation of protein will then
suppress the transcription of the gene. Transcription will begin again either by signal or
degradation of the protein, forming a “loop”.

Present clock models have been derived from a few well studied model species. Due to the
conserved nature, these models have provided valuable insight into the time-keeping abilities
of all life on Earth. The prokaryotic clock model species, cyanobacteria (Synechoccus
elongatus), has the oldest known clock mechanism consisting of three oscillating, multi-
functional Kai proteins (A, B, and C) (Cohen & Golden, 2015). The eukaryotic clock has been
widely studied in four model species: Neurospora (fungi), Drosophila (fruit flies), mouse
(mammals), and Arabidopsis (plants) (Harmer, 2009; Andreani et al., 2015). Fungal and animal
clocks share TTFL architectural similarities that are not found in plants, consisting of a positive
arm activator and a negative arm inhibitor of gene expression (Hurley et al., 2016). Plant
circadian clock TTFL components also differ between higher plants (angiosperms and
gymnosperms) and lower plants (bryophytes and algae) mostly in complexity and number of
genes involved (Karlgren et al., 2013; Linde et al., 2017). Despite differences between specific



components, circadian oscillator genes and proteins share a remarkable structural similarity

across kingdoms (Saini et al., 2019).

The Plant Circadian Clock

Plant circadian clock components are defined by their oscillatory phase of expression with
general morning, daytime, and evening-phased genes. Though the genes have specific times of
expression, recent studies have emphasized the complexity of the circadian system with highly
connected networks of regulation versus simple morning and evening feedback loops (Hsu &
Harmer, 2014). The interplay of clock activators and repressors is responsible for the generation
of the TTFL which keeps the clock components expressed during the right phase of day. Figure
2 represents a simplified model of the main components in the core Arabidopsis circadian
oscillator by (Hsu & Harmer, 2014).
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Figure 2. The plant circadian clock (Hsu & Harmer, 2014). This image shows a simplified
transcriptional molecular clock mechanism in Arabidopsis thaliana. Components are grouped
by family, REVEILLE family in yellow, PSEUDO-RESPONSE-REGULATOR family in
blue, and evening complex (EC) in green. Grouping and placement also indicate general phase
of expression, moving from left to right, morning phased (CCA1, LHY, RVE4, RVE6, and
RVES8) are in yellow, day-time phased (PRR9, 7, and 5) are in blue, and evening phased
(TOC1, LUX, ELF4, and ELF3) are in blue and green. Components containing the evening
element (EE) in their promotor region are marked by a red box. Arrows indicate
transcriptional activation while bars indicate transcriptional repression. White area indicates
daytime, gray area indicates night-time.



Morning-Phased Genes

In Arabidopsis, two morning-expressed genes, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1),
and LATE ELONGATED HYPOCOTYL (LHY), are essential components to the core clock.
Accumulation of CCA1 and LHY proteins function as transcriptional repressors of their own
transcription as well as many other clock genes (Alabadi et al., 2001; Adams et al., 2015). As
CCA1 and LHY levels decline throughout the day, daytime and evening phased genes are then
transcribed which further represses transcription of CCALl and LHY (Wang & Tobin, 1998;
Alabadi et al., 2001). LHY is a crucial component to the central oscillator as well as overall
plant fitness. A loss or mutation can result in a disrupted rhythm leading to delayed
developmental processes such as longer hypocotyls, late flowering, and loss of viability
(Schaffer et al., 1998; Wang & Tobin, 1998; Green et al., 2002). CCA1 and LHY are two
partially redundant MYB-domain containing transcription factors that belong to the small
REVEILLE subfamily including the close homologues, REVEILLE 8 (RVES8), RVE6, and
RVE4. RVES is amorning-expressed gene that is a necessary component of the circadian system
due to its direct transcriptional activation of evening elements (Rawat et al., 2011). Less is
known about the function of RVE4 and RVESG, other than that they play partially redundant roles
with RVES8 (Hsu et al., 2013). Recently, two novel transcription regulators were also identified
to be morning-phased genes and components of the light-signaling pathways, NIGHT LIGHT
INDUCIBLE AND CLOCK-REGULATED 1 (LNK1) and LNK2 (De Leone et al., 2019).

Daytime-Phased Genes

Daytime expressed genes play roles within the regulation of both morning and evening-phased
complexes of the clock. Members of the PSEUDO-RESPONSE-REGULATOR gene family
(PRR9, PRR7, PRR5, and PRR3) are repressed by LHY and are said to express sequentially
throughout the day in Arabidopsis (Matsushika et al., 2000; Adams et al., 2015). PRR9, 7, and
5 function as transcriptional repressors of the morning genes CCA1, LHY, RVES8, LNK1, and
LNK2 (Nakamichi, 2020).

Evening-Phased Genes

An evening-expressed PRR, TIMING OF CHLOROPHYLL A/B BINDING PROTEIN 1 (TOC1
or PRR1), is an indispensable gene to the core clock network, which functions to repress
expression of morning-expressed genes at night (Huang et al., 2016). An Evening Complex
(EC) composed of LUX ARRYTHMO (LUX) also known as PHYTOCLOCK 1(PCL1), and



EARLY FLOWERING 3 & 4 (ELF3 & ELF4) downregulates transcription of TOCL1 after dusk,
allowing transcription of CCA1 and LHY to restart the next dawn (Nusinow et al., 2011; Adams
et al., 2015). RVES is the main transcriptional activator of evening genes by targeting an
evening element (EE) motif in their promoter regions (Rawat et al., 2011). Models of the
complex plant clock framework have led us to understand the connection of the morning,
daytime, and evening-phased genes in a three-component repressilator which acts via sequential
repression of: 1) CCAL/LHY repress the EC (LUX, ELF3, and ELF4); 2) the EC represses PRR
genes (PRR9, PRR7, PRR5, and TOC1); and 3) PRR genes repress CCAL1/LHY (Pokhilko et al.,
2012).

The Circadian Clock and Photoperiod

The rotation combined with the axial tilt of the earth gives rise to characteristic photoperiod
(daylength) variations at different latitudes. The photoperiod can range from a very long daily
photosynthetic light period of 24 h during summer and no photosynthetic light period during
the winter at latitudes above the Arctic Circle (66°N), to a nearly constant 13 h photoperiod at
the equator (Hut et al., 2013; Mglmann et al., 2021). Mid-latitudes (23°N - 66°N) experience a
substantial change in photoperiod, from 15h of photosynthetic light during the summer to 10h
during the winter, but that is far less extreme than the 24h sunlight/darkness experienced near

the poles.

Photoperiod sensitivity determines the geographical range over which a plant can grow (Chen
et al., 2020). Plant species with a large geographic spread are subject to a wide range of
photoperiods throughout the year which has led to local genetic variations that influence their
adaptability to different environmental conditions (Santamaria et al., 2003; Paolucci et al.,
2019). This has created latitudinal variations in photoperiodic responses such as flower timing,
dormancy, and germination to align with the different timing of environmental cues. The
circadian clock is essential for matching these physiological processes with the photoperiod, so
understanding the circadian function underlying latitudinal variations within a species can
reveal important selection pressures (Hut et al., 2013; Greenham et al., 2017). Several studies
have investigated latitudinal variations of circadian rhythmicity in animals such as Drosophila,
parasitic wasps, and beetles, showing circadian rhythms have geographic variations, with life
at higher latitudes losing the strong rhythmicity seen at lower latitudes, denoting clear
involvement of natural selection on circadian rhythmic parameters within different
environments (Bloch et al., 2013; Bertolini et al., 2019; Paolucci et al., 2019; Abe et al., 2021).



The latitudinal variation in plant circadian clock properties, however, is not well understood.
Plants have a crucial necessity to be able to detect changes in the photoperiod due to their
dependence on light for photosynthesis and their immobility. Variations in plant circadian
periods have been observed along latitudinal gradients by differential leaf movements, but leaf
movements are only one of many outputs controlled by the circadian clock (Michael et al.,
2003; Greenham et al., 2017). To fully understand the evolutionary adaptation of the circadian
system with latitude, studies must be done to relate its molecular function with photoperiodic

adjustment.

Fragaria vesca

The genus Fragaria, commonly known as strawberry, belongs to the Rosaceae family and is
estimated to have originated in the Pliocene to Pleistocene Epoch’s (Late Tertiary to Quaternary
Period) with an estimated origin of 1.0-4.1 MY A based on a fossil calibrated relaxed molecular
clock analysis by Njuguna et al. (Njuguna et al., 2012). Fragaria contains approximately 24
known species with natural ploidy levels ranging from diploid (2n = 14) to decaploid (10n =
70) as well as a full range of sexual systems from self-compatibility to dioecy (Hummer et al.,
2009; Liston et al., 2014).

The strawberry plant is a low-growing, typically 10-20 cm in height, herbaceous perennial that
spreads primarily by stolons (runners) which shoot away horizontally to form new plants. The
exact origin of the common name “strawberry” predates cultivation and has many theories of
why they are called “strawberries”, with many names in other languages such as jordbar in
Norwegian, jordgubb or smultron in Swedish, and aardbei in Dutch all meaning “earth berries”.
The leaves, flowers, stolons, and fruit all grown from the crown, which is a short, thickened
stem with the roots at the base of the plant. The leaves grow in a rosette around the crown and
are comprised of 3 separate leaflets, called a “trifoliate” with toothed margins, usually 4-5 cm
in width at maturity. The bright red “berry” is not a true fruit, it consists of dry achenes (seeds)
on the outside of the fleshy modified receptacle. The fruit, leaves, and stem are highly
nutritious, containing essential micronutrients such as vitamin C, vitamin K, folates, potassium,
iron, and polyphenolic compounds such as tannins, lignans, flavonoids, and ellagic acid which
have antioxidant, anti-inflammatory, antidiabetic, and anticancer properties (Muthukumaran et
al., 2017; Baby et al., 2018).

Woodland (wild) strawberries, Fragaria vesca, are much smaller than the common strawberry

crop, Fragaria x. ananassa, and can be found growing along the edges of wooded areas, in



fields, and even along sidewalks. F. vesca has a wide geographic distribution in cool, temperate
climates (37°N-70°N with average temperatures below 30°C) across the northern hemisphere
throughout North America, Northern Asia, Europe, and Northern Africa. The fruits of the wild
plants were harvested long before they were cultivated, which began in Europe in the 1300’s
when the French began transplanting them from the wilderness to their garden’s (Darrow,
1966). The modern strawberry crop species wasn’t created until the mid-1700’s by a cross
between the North American strawberry, F. virginiana, and the Chilean strawberry, F. chiloensi
(Hancock et al., 2010). This hybrid strawberry, F. x ananassa, has one of the most complex

genomes among crop plants (2n=8x=56).

In addition to strawberries being a popularly consumed fruit, they are also an excellent proposed
model plant for studying genetic mechanisms. F. vesca has one of the smallest fully sequenced
genomes (2n=14, ~240 Mb) and shares a significant amount of sequence identity with crop
species, F. x ananassa (Edger et al., 2019; Folta & Davis, 2006; Shulaev et al., 2011). Many
studies defining the circadian clock framework, as well as the basic concepts of plant biology,
have been done using the model species Arabidopsis thaliana (Shulaev et al., 2011). The diploid
woodland strawberry, F. vesca, is an analogous model organism for testing these principles that
has been largely under-studied in comparison to A. thaliana. F. vesca s small genome, compact
stature, as well as it’s quick generation time and ease of propagation, are all exceptionally useful
for controlled laboratory experiments making it an ideal genetic model plant to understand the

role that the circadian clock plays in its adaptation.

Thesis Aims

Major developments have been made in understanding the molecular mechanisms driving
circadian rhythms, but studies identifying the latitudinal variation and adaptability of plant
clock systems are lacking, especially under long photoperiods at high latitudes. The aim of this
thesis was to identify the effect that daylength conditions have on natural variance in circadian
clock gene oscillations in two populations of a single species, Fragaria vesca, originating from
Italy (45°N) and Northern Norway (69°N). Different properties of phase, amplitude, and period
of several circadian clock genes were analyzed to identify if population variation from different
latitudinal origin has a role in photoentrainment of the circadian clock. Further aims of this
research include discussion of the circadian clock’s role in adaptation, as well as assessing how
the knowledge of this relationship can be utilized to optimize agricultural activity of important

related crop species.
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MATERIALS AND METHODS

Plant Material

Four distinctive clones of Fragaria vesca were obtained from the research laboratory at the
University of Helsinki (Dr. Timo Hyténen) and raised at the Klimalaboratorium at Holt, Tromsg
with the Institute for Arctic and Marine Biology at the University of Tromsg, Norway. The
clones originated from Italy; 11 (Tenno, Ville del Monte, Tennosee 45°93°N 10°81’E) and 14
(Da Salorno, Pochi, Alto, Adige, Italy, 46°23°N 11°23” E), and Northern Norway; N2 (Altal,
Leirbukta 69°10° N 23°67° E) and N13 (Indre Nordnes 69°53” N 20°38” E).

Experimental Set-Up

At the beginning of January 2020, plants were grown under 12-hour daylengths at +18°C to
produce runners. The runners were transplanted every couple of weeks, until enough plants
were produced for the experimental design to begin light treatments. In June 2020, 125 young
plants from each clone were transplanted into 9-cm pots filled with peat soil and perlite 1:1
[v/v]. Plants at the beginning of treatment consisted of about 3-5 small trifoliate leaves 1-3 cm
in width and 2-4 cm in height. The daylength treatments were carried out in separate phytotrons
(growth chambers) at a constant temperature of 18°C from 19 June 2020 to 8 July 2020 and
sampling occurred from 6 July 2020 to 8 July 2020, taking all leaves from 3 biological replicates
of each clone from the 2 light treatments. At the 24-hour mark (ZT24), half of the plants from
each treatment (36/clone) were moved to a dark treatment room and concurrently sampled to
identify free-running periods. Sampling occurred every 4 hours for 48 hours, giving 13 time
points (of which 6 include dark treatment) and 114 samples/clone. At the end of sampling,
plants averaged 10 cm in height with 3-6 leave that averaged 5 cm in length. After sampling, 3
biological replicates of each clone were cut down to the soil from each growth room, dried in

an oven at 60°C for 24 hours and weighed.

Daylength Conditions

Daylength conditions were applied to the plants using fluorescent tubes (PHILIPS Cool White
MASTER TL-D Super 80 58W/840, Eindhoven, The Netherlands) to simulate photosynthetic
light and light emitting diodes (LED, PHILIPS Softone 18W) to simulate non-photosynthetic

twilight. Lighting was automatically controlled in the phytotrons using computer-controlled
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timer switches. Two daylength treatments were applied to the plants, simulating a summer

daylength in Northern Norway (18h photosynthetic light, 6h non-photosynthetic light/twilight,

hereafter referred to as “Norway”) and a summer daylength in Italy (15h photosynthetic light,

1h total non-photosynthetic light/twilight, 8h darkness) with ZTO at 08:00, along with a dark

treatment room (Figure 3).

18h light 6h twilight

Northern s
Norway (69°N) I l ] l I
0o 4 8 12 16 20 24 28 32 36 40 44 48
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taly (45°N) | [ [
0o 4 8 12 16 20 24 28 32 36 40 44 48
oy

28 32 36 40 44 48

Figure 3. Daylength treatments. The two simulated daylength treatments for Northern Norway (18h
photosynthetic light, 6h twilight) and Italy (15h photosynthetic light, 1h total twilight, 8h
dark), along with the dark (D) treatment, all contained in separate phytotrons. The times
indicate the 13 timepoints (zeitgebers, ZT) of sampling (every 4h) including the 6 sampling
times in the dark treatment.

Sampling that occurred during dark phases occurred using a Heliospectra LED lamp at 550 nm

(green light) and an irradiance setting of 1 to minimize light disturbance. The irradiance for

each treatment room was adjusted to give similar total energy of photosynthetic light per day.

The total photosynthetic photon flux density (PPFD) in each chamber was measured using a
quantum sensor (LI1-1000, LI-COR Inc., USA). The Norwegian growth chamber had a PPFD
of 200 umol m=2 s~ photosynthetic light (over 18h), while the Italian growth chamber had a
PPFD of 243 umol m s~ photosynthetic light (over 15h). Both chambers had a PPFD of 3

umol m2 s non-photosynthetic light. Relative absorbance of the visible light spectrum was

measured at the level of the plants using a spectrophotometer (Jaz, Ocean Optics Inc., USA).

Spectral distributions of the photosynthetic light are shown in Figure 4.
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Figure 4. Relative absorbance spectrum. Spectrum of photosynthetic light in the two growth chambers.
Total growth light was equal for each treatment, with the Norwegian growth chamber having a
PPFD of 200 pmol m2 s~ photosynthetic light over 18 hours, and the Italian growth chamber
having a PPFD of 243 umol m2 s photosynthetic light over 15 hours.

RNA Extraction and Reverse-Transcription

All samples were collected in liquid nitrogen and stored at -80°C. Mortars and pestles were
autoclaved before use, and all plasticwares were autoclaved before use. Frozen leaf tissue was
ground to a fine powder in liquid nitrogen using a mortar and pestle, and then stored again at -
80°C.

Total RNA was extracted from all samples for two clones (N2 and 11, 114 samples each) using
the E.Z.N.A Total RNA Kit I (Omega Bio-tek Inc., USA, 2020) following a modified protocol
from Ouyang et al. (Ouyang et al., 2014). An amount of 150-200 mg of ground leaf tissue were
transferred into individual 2 mL RNase-free Eppendorf tubes. Samples were incubated at 65°C
for 10 min. in 1 mL of extraction buffer (2% CTAB, 2% PVP, 100 mM Tris-HCI (pH 8), 25
mM EDTA (pH 8), 2.0 M NaCl, 0.5g/L Spermidin (mixed and autoclaved), 2% -
mercaptoethanol added just before use). Chloroform:isoamyl alcohol (24:1, Sigma-aldrich )
was added, mixed, and centrifuged (10000 g, 4°C, 10 min.) twice, transferring the supernatants
to new tubes each time by pipetting, aiming not to disturb the lower suspension. Samples were
precipitated in 10 M LiClz (1/4 v) at -20°C overnight. The following day, samples were
centrifuged (4°C, 20 min., 15000 g) and washed with 70% ice-cold ethanol. DNase mix (40 pL
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nuclease-free H20, 5 pL DNase I, and 5 pL DNase I digestion buffer) was added and incubated
for 10 min. at room temperature. 150 pL of H20, 200 pL Total RNA Kit | buffer, and 200 puL
ice-cold absolute ethanol were added, respectively, and gently mixed. Samples were pipetted
onto Hi-Bind® columns and centrifuged (4°C, 1 min., 13000 rpm). The collection tube liquid
was discarded, 500 pL RNA Wash Buffer Il was added, centrifuged (4°C, 1 min., 13000 rpm),
and repeated. Columns were transferred to clean collection tubes and centrifuged (4°C, 1 min.,
13000 rpm). The tubes were incubated in 40 pL pre-heated H20 (70°C) for 1 min., centrifuged
(4°C, 1 min., 13000 rpm) and repeated with the eluate. 1 puL of sample was tested for purity
and concentration on a NanoDrop™ 2000 spectrophotometer (RNA-40 mode; A2so/A2s0 ,
A260/A230) (ThermoFisher, USA).

cDNA was synthesized in 10uL reactions from 0.75 ug RNA, by using 50 uM Oligo d(T)zo0
primer, and nuclease-free water following the Superscript 1V First-Strand cDNA Synthesis
Reaction protocol (Invitrogen, Carlsbad, CA, USA), omitting the RNAseOUT Recombinant

RNase Inhibitor. The reaction mixtures were incubated at 55°C for 30 minutes, and inactivated

at 80°C for 10 minutes, then stored at -80°C.

Primer Design

Sequences for the genes LHY, PRR9, PRR7, PRR5, RVE8, TOC1/APRR1, and LUX/PCL1 were
selected from the recently published paper that characterized the circadian clock genes in F.
vesca (Chen et al., 2018). Five of the gene primer sequences (LHY, PRR9, PRR7, PRR5, and
RVES8) and one reference gene primer sequence (GAPDH) were provided in the paper and
ordered from ThermoFisher. For genes without primer sequences listed, gene ID’s were
searched in the F. vesca genome database (Fragaria vesca Whole Genome v1.0 (build 8)
Assembly & Annotation) at the Rosaceae genome database (GDR, https:/www.rosaceae.org)
to get the genomic sequences. Entire gene sequences were uploaded to the NCBI Primer-
BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to design specific primers
according to the standard primer parameters: Melting temperature (Tm) of 58-60°C, primer
length of 20-24 nt, and a GC content of 50-60%. Gene primers were designed for TOC1 and
LUX using the NCBI Primer-Blast tool and ordered from ThermoFisher. The primer sequence
for PRDX had recently undergone primer design testing in the Klimalab at UiT in an
unpublished scientific report by Arpine Ayvazyan. An additional reference gene, MSI1, was

also previously tested at the Klimalab which had been proven to be a stably expressed gene
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under various experimental conditions (Mouhu et al., 2013). All primers and source are listed

in Supplementary Table 1.

Quantitative Real-Time PCR (qRT-PCR)

gRT-PCR assays were performed using a CFX96 Touch Real-Time PCR System (Bio-Rad,
Hercules, CA, USA) to analyze gene expression. Each 15 uL reaction mixture contained 1 uL
of cDNA template (10-fold dilution in sterile H20), 7.5 uL of SsoFast™ EvaGreen Supermix
(Bio-Rad), 1.5 uL (500 nM) of each primer, and 3.5 uL of sterile H20. gRT-PCR and melt curve
analyses were performed using the amplification cycling conditions: 1 denaturation cycle of
95°C for 2 m, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, ending with 1 cycle for the
melt curve analysis from 65-95°C in 0.5°C increments for 5 s. gRT-PCR quantification values
(Cq) are defined as the PCR cycle number that crosses an automatically detected threshold

signal.

A no-template control (NTC) was included for each gene assay to account for contamination
or non-gene specific products. The sample-maximization method (Hellemans et al., 2007) was
used for the experimental set up for qRT-PCR relative quantification, which minimizes
technical (run-to-tun) variation between the samples (Supplementary Figure 1 for example 96-
well plate set-up). In addition, inter-run calibrators (IRC’s) were included in every run to
calculate a calibration factor, if necessary, to proceed as if all samples were analyzed in the

same run (Hellemans et al., 2007).

Primer-Pair Efficiency

Each primer pair was tested via gRT-PCR following the conditions in the previous section. To
determine efficiency, a standard curve was created using 10-fold dilutions over 5 orders of
magnitude (10°-10) of pooled cDNA. PCR amplification efficiency was calculated in excel

using the equation:

Efficiency (%) = 10(-1/5lpe) _ 1) x 100

If standard curve efficiency of the primer was low or melt peaks indicated more than one RT-
PCR-amplicon, new primers were designed using the NCBI Primer-Blast tool with the same

parameters and re-tested via gRT-PCR.
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Statistical Analysis

Cq values for each gene over the thirteen timepoints were measured with the gPCR system. All
real-time qRT-PCR data was statistically analyzed in Jupyter Notebook; a Python language
based open-source web application. To determine if the control genes varied under
experimental conditions the candidate reference genes are presented as average Cq values
grouped by light treatment. A one-way ANOVA (analysis of variance) and post-hoc Tukey
HSD test was used to determine if there were statistically significant differences in candidate
reference gene expression under the different treatments. Target gene expression was then
normalized to MSI1 and presented as 229 values following a modification of the ACq method
(Schmittgen & Livak, 2008). A Students t-Test was applied to compare statistical significances
between clones under each treatment, between overall phase and amplitude between the
daylength treatments, as well as between daylength and dark treatments. Tables of significance
are listed in Appendix D. The real-time gRT-PCR results were confirmed by three biological
repetitions. The qPCR data (CSV files) as well as the Jupyter notebook are available through
GitHub in Appendix E.
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RESULTS

Plant Biomass

To directly compare gene expression between individual plants, they need to be generally in
the same developmental stage. The dry weight of each of the clones indicated no significant
difference in developmental stage due to treatment (Table 1). For sake of time along with labor
intensity for RNA extraction and genetic analyses for a large number of samples (114/clone),
two of the four clones (N2 and 11) were selected for analysis for this thesis. The other two clone

samples (N13 and 14) are stored in a -80°C freezer for future testing.

Table 1. Comparative plant biomass. Dry weight of each clone measured on a gram scale for each
treatment at the end of sampling. 11 and 14 clones originated from Italy, N2 and N13 clones
originated from Northern Norway. Clones in bold were used for analysis in this thesis. Values
represent mean + s.d. of 3 biological replicates.

Daylength Treatment

Clone Italy (15L:8D) Northern Norway (18L:6h twilight)
11 1.02+0.14¢ 0.96+0.23¢g
14 0.62+0.20¢g 0.62+0.23 g
N2 0.64+0.22 g 0.84+0.37 g
N13 0.62+0.15¢g 0.39+0.13¢g

Sample Preparation Validation

Using the gRT-PCR method to measure gene expression requires a set of carefully chosen
parameters beginning with extraction of high-quality RNA with no contamination of DNA or
other metabolites produced by the plant. Total RNA vyields measured by Nanodrop averaged
309.8 £ 175.4 ng/ul (n= 110) and 246.2 + 98.1 ng/ul (n= 112) for N2 and I1, respectively.
Samples that had yields < 15 ng/ul were omitted from analysis (Supplementary Table 2).
Absorbance ratios measured by Nanodrop averaged 1.96 + 0.21, and 2.10 + 0.14 for 260/280
and 1.24 + 0.57, 1.57 + 0.54 for 260/230, for N2 and 11, respectively. Low 260/230 absorbance
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ratios presented potential concern due to indication of possible contamination of proteins or
polyphenols that could inhibit downstream PCR amplification, but analysis via gel
electrophoresis showed clear bands of 28S and 18S RNA bands, indicating intact RNA
fragments (Figure 5).

Figure 5. Gel electrophoresis results for RNA extraction. Double bands indicate intact 28S (top) and
18S (bottom) RNA fragments.

Primer-Pair Efficiency

Optimal primer design is essential for successful qRT-PCR reactions. Primer pairs for each of
the genes gave single peaks on the melt curve analysis, indicating singular amplified fragments.
Primer efficiency (E%) values averaged 116 + 9.8%. Regression coefficients (R?) averaged
0.98 + 0.02 (Supplementary Table 1). From standard curve analysis, a 10x dilution of cDNA
was selected as optimal (Cq value between 20 and 30 cycles) for all genes and was used for all
gRT-PCR assays.
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Reference Gene Stability and Expression Validation

Choosing a stably expressed reference gene that is unaffected by the treatment is one of the
most crucial aspects when performing comparative gene expression studies to provide the most
accurate and reliable results. The average amplification of Cq values varied between the
candidate genes, Figure 6 and Figure 7 show their distributions. The average Cq value for MSI1
was 28.17 + 0.68, and 21.68 + 1.00 for GAPDH. The ANOVA tests indicated significant
differences only in GAPDH expression in N2, between Italian and D-Italian treatments
(p=0.001), Norwegian and D-lItalian treatments (p=0.001), and Italian and D-Norwegian
treatments (p=0.04) (Supplementary Table 7). For all gene expression analysis, MSI1 was
chosen as the reference gene. All no-template controls (NTC) in the gPCR assays confirmed no
contamination or non-gene specific products of the primer mix. Inter-run calibrators (IRC’s)
also confirmed no significant difference in a one-way ANOVA (p=0.06) of Cq measurements

between any run, allowing direct comparison of gene expression between plates.
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Figure 6. GAPDH expression by treatment. Comparison of cycle quantification values for GAPDH
expression in all samples. D-Italy indicates plants moved to dark from Italian treatment, and
D-Norway indicates plants moved to dark from Norwegian treatment.
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Figure 7. MSI1 expression by treatment. Comparison of cycle quantification values for MSI1
expression in all samples. D-Italy indicates plants moved to dark from Italian treatment, and
D-Norway indicates plants moved to dark from Norwegian treatment.

Expression Profiles of Circadian Clock Genes

A total of eight Fragaria vesca genes, FVLHY, FYPRR9, FVPRR7, FVPRR5, FVRVES, FvLUX,
FVTOCL, and FvPRDX, were selected to identify circadian rhythm expression levels in
woodland strawberries using gqRT-PCR. Gene expression is shown as relative expression (2-4¢d
analysis) over the course of 48 hours under the various treatments. During analysis, samples
that had consistently high Cq values (greater than 30 cycles) for multiple genes were removed
from gRT-PCR analysis due to likely skewed gene expression from lower total RNA (10
samples, Supplementary Table 3). Of the eight genes analyzed, six expressed clear circadian
oscillations of transcription levels in both treatments, while two (FVTOC1 and FvPRDX) had
variable rhythms. The same six genes also had significantly longer phases of expression under
the longer daylength (Supplementary Table 6). FvLHY, FVRVES, FvPRR7, FYPRR5, FVTOC1,
and FvLUX maintained transcriptional rhythms in constant darkness, with significant shifts in
the phase of expression in all but FvTOC1 (Supplementary Table 5).

FvLHY (Figure 8), and FVRVES (Figure 9), two morning-expressed genes in the REVEILLE
family that act in opposing ways on other components in the circadian clock, had only 3 total

timepoints where gene expression was significantly different between the clones. FVLHY
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expression was significantly different between the clones in the Norwegian daylength at ZTO
(p=0.02), and in the Italian daylength, ZT32 (p=0.03), while FYRVES8 was only significantly
different between the clones in the Italian daylength at ZT40 (p=0.03).
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Figure 8. Relative expression of FVLHY. A: Italian (15:8) daylength. B: Norwegian (18:6) daylength.
White bars indicate photosynthetic light, striped bars indicate non-photosynthetic light
(twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.

Response to dark treatment varied between clonal origin as well as between the two daylength
treatments. Expression of FYLHY underwent a phase shift in N2 when moved to dark from the
Norwegian daylength, with significantly different expression at ZT36 (p=0.001), ZT40
(p=0.01), and ZT48 (0.01), but had only one significantly different expressed timepoint when
moved to dark from the Italian daylength at ZT48 (p=0.01). 11 only had one significant
differential expression of FYLHY when moved to dark from the Italian daylength, at ZT48
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(p=0.02). A longer phase of expression was seen in the Norwegian daylength with significant
differences in amplitudes of expression at ZT8 (p=0.04), ZT12 (p=0.01), ZT16 (p=0.01), ZT36
(p=0.01), and ZT48 (p=0.0003).

Expression of FYRVES8 was only significantly different in N2 when moved to dark from the
Norwegian treatment at ZT32 (p=0.04), and ZT40 (p=0.007). A longer phase of expression was
seen in FYRVES as well with significant differences in amplitudes of expression at ZT12
(p=0.03), ZT16 (p=0.002) and ZT36 (p=0.02).
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Figure 9. Relative expression of FVRVES. A: Italian (15:8) daylength. B: Norwegian (18:6) daylength.
White bars indicate photosynthetic light, striped bars indicate non-photosynthetic light
(twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.

FVPRRY (Figure 10), a member of the PSEUDO-RESPONSE-REGULATOR family, showed
only 1 timepoint where gene expression was significantly different between the clones, in the
Italian daylength at ZT36 (p=0.01). There was a large difference between amplitude of
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expression as well as phase between the daylength treatments with significant differences at 9
timepoints, ZT4 (p=0.0002), ZT8 (p=0.007), ZT16 (p=0.01), ZT20 (p=0.0001), ZT28 (p=0.04),
ZT36 (p=0.02), ZT44 (p=0.004), and ZT48 (p=0.04).

FVPRRO transcription was completely abolished under both dark treatments for both clones. N2
had significant differences for 4 of the timepoints when moved to dark from the Norwegian
daylength, ZT28 (p=0.008), ZT32 (p=0.04), ZT36 (p=0.03), and ZT48 (0.007), as well as 5 of
the timepoints when moved to dark from the Italian daylength, ZT28 (12:00, p=0.006), ZT32
(p=0.006), ZT36 (p=0.003), ZT44 (p=0.012), and ZT48 (p=0.02). I1 also had significant
differences for 3 of the timepoints when moved to dark from the Norwegian daylength, ZT32
(p=0.0004), ZT36 (12:00, p=0.009), ZT44 (p=0.01), and 3 of the timepoints when moved to
dark from the Italian daylength, ZT32 (p=0.009), ZT36 (p=0.003), ZT48 (p=0.03).
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Figure 10. Relative expression of FVPRR9. A: Italian (15:8) daylength. B: Norwegian (18:6)
daylength. White bars indicate photosynthetic light, striped bars indicate non-photosynthetic
light (twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.
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Another member of the PRR family, FYPRR7 (Figure 11), had no significant differential
expressions between clones for either of the daylengths. Movement to dark caused significant

differences at some timepoints in both clones. When moved to dark from the Norwegian

daylength, both clones had significant differential expression at ZT48 (p=0.03 for N2, and
p=0.0003 for 11). When moved to dark from the Italian daylength, N2 had significant
differential expression at ZT28 (p=0.02), and ZT44 (p=0.005), while 11 only had significant

differential expression at ZT48 (p=0.02). The difference in amplitude of expression was only

significant between daylength treatments when peak expression was lowest at ZT20 (p=0.004),
ZT24 (p=0.04), ZT44 (p=0.006), and ZT48 (p=0.006).
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Figure 11. Relative expression of FVPRR7. A: Italian (15:8) daylength. B: Norwegian (18:6)

daylength. White bars indicate photosynthetic light, striped bars indicate non-photosynthetic
light (twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)

treatment. Each datapoint represents mean + S.E. of three biological replicates.
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FVPRR5 (Figure 12) had no significant differential expression between the clones in either

daylength treatment. However, there was a significant difference between amplitude of
expression between the treatments, at ZT8 (p=0.01), ZT16 (p=0.002), ZT20 (p=0.002), ZT44
(p=0.01), and ZT48 (p=0.02), exhibiting a longer phase of expression under the Norwegian

daylength for both clones. Both clones had sustained expression levels of FvPRR5 when moved

to dark from the Norwegian treatment at ZT48 (p=0.01 for N2, p=0.004 for 11), as well as in
the Italian daylength, N2 had significantly different expression at ZT44 (p=0.005), while 11 had
significantly different expression at ZT36 (p=0.04), and ZT48 (p=0.03).
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Figure 12. Relative expression of FVPRR5. A: Italian (15:8) daylength. B: Norwegian (18:6)
daylength. White bars indicate photosynthetic light, striped bars indicate non-photosynthetic
light (twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.
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FVTOCL1 (Figure 13), a critical gene in the core transcription network of the clock, exhibited a
rough, long phase of expression that occurred throughout the evening and into the morning,
with lowest levels of expression 4h after dawn. There were no significant differences in
expression between the clones, between the daylength treatments, or when moved to the dark

treatment due to large standard errors.
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Figure 13. Relative expression of FVTOC1. A: Italian (15:8) daylength. B: Norwegian (18:6)
daylength. White bars indicate photosynthetic light, striped bars indicate non-photosynthetic
light (twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.

FvLUX (Figure 14), a part of the EC, had only one significant difference in expression between
the clones in the Italian daylength at ZTO (p=0.02), though the average relative expression
values were still quite close (0.101 for 11 and 0.058 for N2). Movement to dark caused
significant differences in expression in the Italian daylength for N2 at ZT44 (p=0.04) and for
11 at ZT32 (p=0.04), while in the Norwegian daylength N2 had a significant difference at ZT48
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(p=0.01) and for I1 at ZT40 (p=0.02), signifying some difference in phase and amplitude of
expression in the dark treatment. Phases between the two treatments were significantly different
at ZT8 (p=0.01), ZT44 (p=0.03), and ZT48 (p=0.007), signifying a slight longer phase in the
Norwegian daylength.
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Figure 14. Relative expression of FVLUX. A: Italian (15:8) daylength. B: Norwegian (18:6) daylength.
White bars indicate photosynthetic light, striped bars indicate non-photosynthetic light
(twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.

FVPRDX (Figure 15), a gene encoding a peroxiredoxin protein, did not show any clear phase
or rhythm of mMRNA transcription levels, with no significant differences between the treatments,
and only one significantly different expression timepoint between clones in the Italian
daylength at ZT44 (p=0.04). Movement to dark, however, did cause significant differential
expression in both treatments. In N2, when moved to dark from the Norwegian daylength there

27



was a significant difference at ZT44 (p=0.01) and ZT48 (p=0.007), and when moved to dark
from the Italian daylength there was a significant difference at ZT40 (p=0.0006) and ZT48

(p=0.0005), corresponding with a decrease in expression without light. 11 only had a significant

difference in expression when moved to dark from Italian at ZT32 (p=0.04), and ZT40 (p=0.04).
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Figure 15. Relative expression of FVPRDX. A: Italian (15:8) daylength. B: Norwegian (18:6)
daylength. White bars indicate photosynthetic light, striped bars indicate non-photosynthetic
light (twilight), and black bars indicate total night. Black bar across bottom indicates dark (D)
treatment. Each datapoint represents mean + S.E. of three biological replicates.
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DISCUSSION

Photoperiodic Entrainment

Latitudinal differences in photoperiod have led to natural variations in circadian clock outputs
such as period of leaf movement and distinct daylength response phenotypes observed in
flowering ( Michael et al., 2003; Giakountis et al., 2010; Greenham et al., 2017). In this study,
six of the circadian clock genes had significant differences in phase of expression between the
two simulated summer daylengths. This demonstrates distinctive circadian responses to the
different lengths of photosynthetic light, as well as light conditions at night. Remarkably, there
were only significant differences in expression between the clones 3.3% of the time
(Supplementary Table 4). Thus, latitudinal origin did not have a significant effect on
photoentrainment, suggesting that plant clock systems have the capacity to adapt to
photoperiods outside of their original range of daylength conditions. This is especially
noteworthy for the Italian clone, which has never been subject to the very long daylength

conditions at northern latitudes.

All genes maintained transcriptional rhythms in constant darkness, except for two (FvPRR9 and
FVPRDX) where transcription was completely abolished. The observation of maintained
rhythms under free-running conditions (constant light or darkness) has been well established in
studies dating back to the 1700’s (Bunning & Pfeffer, 1989). Free-running transcriptional
rhythms of clock genes in Arabidopsis have been published previously, with different effects
under light vs. dark conditions (Wang & Tobin, 1998; Schaffer et al., 1998; Strayer, 2000;
Matsushika et al., 2000; Alabadi et al., 2001; Rawat et al., 2011). Here, however, FvPRR9
expression levels and rhythm were lost in conjunction with the loss of the light cycle. This is
consistent with a previous study in Arabidopsis that found very low PRR9 mRNA levels in
dark-grown etiolated plants (Makino etal., 2001). In addition to regulating the central oscillator,
PRR9 plays a large role in modulating light input to the circadian clock, hence explaining the
loss of transcription in the absence of light (Eriksson et al., 2003; Farré et al., 2005). This also
confirms that observations of free-running periods are different in constant light versus constant

darkness.

Importance of Clock Genes

The circadian genes here were chosen for their specific roles in the plant clock system. Both

FVRVES and FvLHY had a strong morning phase of expression, even in the Norwegian
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daylength which had low levels of non-photosynthetic light at night, emphasizing the
dependence on the predictable onset of photosynthetic light at dawn for timing of expression.
LHY directly interacts with abscisic acid (ABA) pathways, which play a large part in tolerance
of drought and osmotic stress (Adams et al., 2018). This could explain why transcription begins
before dawn, to accumulate the particular genes needed to be prepared for a hot or dry day.
While LHY is a key repressor of all other genes in the clock (Adams et al., 2015), RVES8 is a
direct transcriptional activator of evening-phased genes as well as involved in temperature
compensation and light signaling (Hsu et al., 2013). The transcription profiles of the morning-
phased genes are very similar, but their protein accumulation patterns are quite different,

signifying their differential roles in maintaining proper clock timing (Rawat et al., 2011).

In Arabidopsis, the PRR’s have been identified to express in sequential waves after dawn
starting with PRR9, followed by PRR7, PRR5, PRR3, and ending with TOCL1 in the evening
(Makino et al., 2001). A recent study characterizing the circadian clock genes in Fragaria vesca
discovered that PRR9, PRR7, and PRR5 have general afternoon phases instead of sequential
waves of expression (Chen et al., 2018). Chen et al. also discovered that F. vesca doesn’t have
homologues of the Arabidopsis genes AtPRR3, AtRVE4, or AtCCAL. Here, PRR9, PRR7, and
PRRS5 were confirmed to have roughly similar phases of expression in the afternoon in F. vesca
with corresponding shifts in the phase with the later afternoon in the Norwegian daylength.
These afternoon-phased genes act as transcriptional repressors of CCAl and LHY in
Arabidopsis (Nakamichi et al., 2010), and coincided with the timing of decreased LHY
expression in F. vesca here, confirming similarities in clock gene functions across higher plants
(Song et al., 2010).

FVTOC1’s phase of expression occurred throughout the evening and had lowest expression in
late morning when FVLHY had the highest expression, providing supporting evidence of the
association of reciprocal repression between TOC1 and morning genes (Huang et al., 2012).
This gene also had the largest variance in expression, a possible attribute of suboptimal primer
design that requires further testing. TOC1 is central to the pacemaker function and also plays a
part in reciprocal regulation with promoters of ABA pathways to maintain cellular homeostasis
(Legnaioli et al., 2009). FvTOC1’s extended phase of expression from afternoon into early
morning has been reported in previous studies and aligns with TOC1’s close association with
ABA to regulate drought stress via processes such as stomatal closure, which largely occur at
night (Strayer, 2000; Makino et al., 2001; Pokhilko et al., 2013).
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Lastly, LUX along with the other components of the Evening Complex (EC), directly regulate
PRR9 in Arabidopsis, as well as play an important role in growth in the early evening,
corresponding with FVLUX’s short phase of expression right before dusk (Helfer et al., 2011;
Nusinow et al., 2011). The EC regulates the circadian gating of hypocotyl growth in the early
evening by repressing the expression of phytochrome interacting factors PIF4 and PIF5, which
help regulate plant responses to differential red (R), far-red (FR), and blue light throughout the
day, and are not activated again until the following morning by interacting with LHY (Nusinow
etal., 2011; Sun et al., 2019). Thus, the components in the clock system are directly dependent
on the proper transcriptional timing of all other transcription factors in the TTFL to stay in sync

with the external photoperiod.

Gene Regulation

Rhythmic transcription of mMRNA is necessary for the molecular clock to maintain the rhythm
of its core oscillator, however this is not the case for the PRDX protein. (Kojima et al., 2011).
PRDX is not a specific clock component, but has been proposed as a possible link of the
evolutionary origin of circadian rhythms due to its conserved nature across taxa (Edgar et al.,
2012). The oxidation cycles of PRDX exhibit circadian rhythmicity that persist under constant
darkness, but are independent of RNA transcription or protein synthesis ( O’Neill et al., 2011;
Edgar et al., 2012). Evidence of this was supported here by 1) no clear rhythm of PRDX
transcription levels, and 2) the loss of PRDX transcription in constant darkness. This steady
level of transcription in PRDX under different daylengths was also seen in a recent study in
potato cultivars where LHY exhibited the same strong diurnal pattern (Mglmann et al.
unpublished). This highlights the fact that mMRNA levels do not always correlate with changes
in protein levels due to multiple levels of regulation through post-transcriptional control,
protein-protein interaction, and post-translational modifications such as phosphorylation of
proteins (Leloup 2009; Pruneda-Paz and Kay, 2010; Cox and Takahashi 2019; Saini et al.,
2019). Post-transcriptional control is imperative for the circadian clock to maintain its robust
rhythms of mMRNA expression as well as controlling other circadian regulated genes (Kojima et
al., 2011). Very recent analyses have identified the role of small RNA’s (sSRNA) in epigenetic
gene-silencing pathways and the role of intrinsically disordered proteins in maintaining
robustness of the circadian system (Pelham et al., 2020; Tiwari et al., 2020; Zhou et al., 2021).
Micro RNA’s (miRNA) modulate gene expression either at the post-transcriptional level by
degrading RNA or at the translation level by blocking protein biosynthesis, and have been

associated with differing light intensities (Tripathi et al., 2019). The development of methods
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to analyze post-transcriptional regulations will continue to lead us to a greater understanding of

the intricate complexities of gene regulatory processes (Kojima et al., 2011).

Expression Validation

Recent studies have highlighted the importance of carefully validating reference gene
candidates because novel reference genes may perform better than the traditionally used
housekeeping genes (Lambret-Frotté et al., 2015). The candidate reference genes chosen for
this study were GAPDH and MSI1. GAPDH is a commonly used reference gene due to its role
in glycolysis and subsequent stable expression levels but has received scrutiny in recent years
as an unsuitable reference gene because its transcription levels significantly differed under
experimental settings (Radoni¢ et al., 2004). MSI1 is a conserved WD-40 repeat protein
involved in histone deacetylase complexes which control chromatin metabolism and abscisic
acid levels that has been successfully used as the normalization gene in expression studies in
F.vesca ( Mouhu et al., 2009, 2013; Mehdi et al., 2016). This study found significantly different
expression levels of GAPDH under different light treatments, further emphasizing the need to

validate reference genes for each assay and not to choose a candidate based on its popularity.

Circadian Variation in Crop Species

While Arabidopsis thaliana, the typical plant model, can be used to represent the Brassicaceae
family, an economically and agriculturally important crop family, Fragaria vesca can be used
to represent the Rosaceae family, an economically significant family containing Prunus (peach,
cherry, apricot, almond, plum), Rubus (blackberry, raspberry), Malus (apple), Pyrus (pear) and
many species of ornamental trees and shrubs (rose, hawthorn, potentilla, cotoneaster,
pyracantha) (Shulaev et al., 2008). Studies identifying how species adapt to northern latitudes
are becoming necessary due to a warming climate making these areas more available for plant
production ( Mueller et al., 2015; Ettinger etal., 2021). The wild species of strawberry, F. vesca,
is a valuable potential model organism due to their natural wide geographic range and shared
sequence identity with the highly valued crop species, F x. ananassa. Observing the natural
entrainment of the circadian clock in a clone from lItaly to a Northern Norwegian summer
daylength provides meaningful insight to the general adaptability of this species. Due to the
conserved nature of the circadian clock and relatively recent formation of F x. ananassa, it can
be hypothesized that the cultivated strawberry should also exhibit a similar level of entrainment

in its circadian clock.

32



However, in contrast to the entrainment of the clock observed here, shifts in experienced
photoperiod often impose constraints on phenological responses such as flowering time, one of
the most important traits in crop yield (Ettinger et al., 2021). In strawberries, flowering occurs
when CONSTANS (CO) mRNA expression levels coincide with light in the afternoon of long
days, leading to the expression of FLOWERING LOCUS T (FT) (Kurokura et al., 2017). Even
though CO expression is regulated by the circadian clock and the circadian clock is able to
entrain to changes in the photoperiod, photoperiodic responses are complex traits with many
loci that have stricter responses to changes in daylength (Yanovksy & Kay, 2003; Giakountis
et al., 2010). Still, the circadian clock should be taken into account when choosing and
modifying future crop species. Having a robust circadian rhythm will likely contribute to better
adaptation to higher latitudes. Artificial selection in crop species to be more productive at
different latitudes through modified flowering time, maturation time, and yield has indirectly
been selecting for modifications of circadian clocks for years without any previous knowledge
of circadian rhythms (Li and Lam, 2000). Now, with our current understanding of the circadian

clock’s importance and pliability, we can make informed decisions for the future of production.

Future Research

A key aspect of the circadian clock function is its plasticity under a wide range of temperatures
(Gil & Park, 2019). Keeping the temperature constant (18°C) enabled us to isolate the impact
that photoperiod has on mRNA transcriptional entrainment of the core circadian clock genes in
woodland strawberries. On the other hand, a controlled temperature of 18°C doesn’t reflect
natural fluctuations of daily temperatures. Though the clock exhibits temperature
compensation, it does not mean that small fluctuations will not have some effect on rhythmic
output. Removing environmental noise was relevant for the purpose of this study to identify the
specific effect of photoperiod on circadian entrainment. Additionally, using fluorescent lights
as a light source is also different from daily variations in solar radiation. These results would
benefit from a parallel study in the field to identify differences in laboratory vs environmental
conditions on circadian clock entrainment. Perhaps the natural, cooler summer climate along
with very long photosynthetic days in northern Norway would not be as suitable for entrainment

of the Italian clone.

The plants of F. vesca have been moved around by humans for hundreds of years which may
have obscured natural selection of photoperiodic ecotypes (Heide & Sgnsteby, 2007). The

clonal nature of this plant can also raise speculation, as the observations in this study are
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assuming each of the clones represent their original locations. Despite this, genome sequencing
has provided evidence that these clones are are more evolutionarily similar with the clones in
their original regions (Hytonen, unpublished), thus the similarities between the clones observed
here shed light on the adaptability of the clock. The two other clones that were not analyzed for
this thesis are planned to be analyzed in the future, which will give information about

replicability of this study, as well two more sources of data from each origin.

An interesting feature of this study was how quickly the clock was able to entrain to the new
photoperiod. It would be interesting to know if it took the full two weeks to establish, or if it
only takes a few days to adjust. Further studies involving transcriptomics comparing clock
performance before and after introduction to a new daylength can identify deeper genetic

involvement and the expression changes that occur during the transition.

CONCLUSIONS

In this study, latitudinal origin did not affect photoentrainment of circadian gene expression in
the woodland strawberry, Fragaria vesca. Six of the eight genes analyzed expressed clear
circadian oscillations of transcript levels where the phase and rhythm were nearly identical in
both the Italian and Northern Norwegian clone under each simulated daylength. These genes
also had significantly longer phases of expression under the longer daylength that is a
characteristic of summers at northern latitudes. This highlights the remarkable plasticity of the
circadian clock mechanism, even when the processes it regulates, such as flowering time,
develop a strict daylength response phenotype. While it was previously known that circadian
rhythms are advantageous, this direct gene expression analysis has improved our understanding
of the adaptation potential of the plant circadian oscillator. Future work involving parallel field
studies as well as analogous studies in different species will further our knowledge of

photoperiodic entrainment in plants.
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Appendix A —

Supplementary Table 1. Primer sequences and efficiency (E%). Genes: Full names, Gene ID’s (GDR, http:/www.rosaceae.org; Fragaria vesca Whole

Primers

Genome v1.0 (build 8), gene primer sequences, and standard curve data: Slope, y-intercept, coefficient of determination (R?) and E%.

Gene Gene ID
Target Genes

FVLHY genel8601
FVPRR9 genel8611
FVPRR7 genel8151
FVRVES genel8104
FVPRR5 genel2454
FvTOC1/ gene26055
APRR1

FvLUX/ gene30204
PCL1

FvPRDX genel5307

Reference Genes
FVvGAPDH gene07104

FvMSI1 gene03001

Full Name

Late Elongated Hypocotyl
Two-component response
regulator-like PRR95

Two-component response
regulator-like APRR 7

Reveille 8 protein
Two-component response
regulator-like APRR 5

Timing of CAB 1/ Two-component
response regulator-like APRR1

Transcription factor Lux arrhythmo/
Phytoclock 1

2-Cys peroxiredoxin

Glyceraldehyde-3-phosphate
dehydrogenase

WD-40 repeat protein Multicopy
suppressor of IRAL

Forward Primer (5’-3)

CACTCAGAAGCTGTGCAAGC
GTAGCAGGTGAGATGGCCAC
CTGCAGCAGCTCCACATTGC
GTCACAAGCTCATGTGCGCCA
CTGCAATGGCAATGCAAGTC
CCGTCCGATCAGTCCTCTTC
ACTTGCAGAAGTACCGCCTC

TCAGCGATCGTCATGGTGAG

CAGAAGACTGTTGATGGACC

TCCCCACACCTTTGATTGCCA

Reverse Primer (3’-5’)

GTAACTGGACTCAGAAGCTG
CAATGTGAGCTCTATGCACG
CGAGGTCGCTGTTCTGCTAG
CTGCTGAGCTATAGTCCGAAG
GAAGGATCAGTAACTTGACG
CTCGACTCGTCGTTATCGCA
CGCAACATGTGGTTGGTACG

CCAAGACCGCCTGATTTCCT

GCAGCCTTAATCTGGTCATAG

ACACCATCAGTCTCCTGCCAAG

Slope

-2.98

-2.97

Y-intercept

20.43
23.34
23.62
23.81
23.02
24.7

28.96

18.59

17.4

23.75

R2

0.96

0.99

0.99

0.97

0.99

0.99

0.92

0.98

0.99

Efficieny (%)

121.2
127.2
116.1
131.8
112

117.6
107.6

96.6

116.5

117.2

Source

Chen et al. 2018
Chen et al. 2018
Chen et al. 2018
Chen et al. 2018
Chen et al. 2018
NCBI Primer-

Blast

NCBI Primer-
Blast

Klimalab

Chen et al. 2018

Mouhu et al.
2013
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Appendix B — gRT-PCR 96-well plate set-up

piare 3 o s 0 a5 e 0 fp 0 Jsg ool ol ol |

A N2 1A N2 1B N2 2A N2 2B N2 3A N2 3B N2 4A N2 4B N2 5A N2 5B N2 6A N2 6B
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
B N2 7A N2 7B N2 8A N2 8B N2 8C N2 8D N2 9A N2 98B N2 9C N2 9D N210A  [N2108
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
c N210C  [N2120D  [N2121A |N2121B N211¢ [N221D |N212A [N2128 |N212¢ [N212D |N213A [N213B
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
) N213C  [N213D  |NTC 111A 1118 112A 1128 113A 1138 11 4A 1148
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
E 11 5A 1158 116A 1168 117A 1178 11 8A 1188 11 8C 118D 119A 1198
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
F 119C 119D 11 10A 11108 11 10C 11 10D 1111A 11118 1111C 1111D 11 12A 11128
GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE GENE
G 1112C 11 12D 1113A 11138 1113C 1113D NTC
GENE GENE GENE GENE GENE GENE GENE
H IRC_1.1 |irRc_2.1 [IRc_3_1
GAPDH  |GAPDH  |GAPDH

Supplementary Figure 1. 96-well plate set-up. Example used for each gene tested via qRT-PCR.
“IRC1_1” represents the inter-run calibrators, which used the same samples (11 5A_1, 11
5A 2, 11 6A_3) and gene (GAPDH) on every plate.
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Appendix C — Omitted Samples

Supplementary Table 2. Omitted samples from cDNA synthesis. Omitted samples due to low concentration (<15 ng/uL).

Sample ID  [Mucleic Acid Gone. |Unit 2607280 |260/230

MZ2_1A_2 4 |ng/ul 1.27 0.15

MZ2_4B_3 8.6 |ngful 2.08 0.03

M2 _10A_3 3.2 |ngful 1.88 0.09

M2_11C_2 & [ngiul 1.66 0.08

1_2B_2 11.2 |ngful 1.21 0.25

1_10B_2 0 | g/l 0 0

Supplementary Table 3. Omitted samples from gPCR analysis.

Sample ID |GAPDH |LHY LUX MS11 PROX PRRS PRR7 PRR9 RVES TOC1 Nuclaic Acid Conc. |Unit | 260/280| 260/230
N2_EA_1 32.63 32.48 31.68 33.13 32.33 3119 35.33 34.77 20.3 |ngipl 18] 024
11_1A_2 30.2 31.79 31.85 31.23 34.46 31.63 32.56 31.27 38.65 32.55 74.8 [ng/ul 23] 144
11_1B_2 32.81 35.37 39.16 37.29 34.56 34.75 37.61 214.9[ngft|  205) 172
11_7B_2 32.64 39.02 38.12 30.78 38.39 38.19 32.94 357 [mgful| 218 185
11_7B_3 33.37 30.84 33.42 32.34 33.87 31.48 468.9[ngfut| 24| 134
11_84_1 33.18 38.85 34.16 34.52 34.26 32.56 31.54 39.31 282|ngiut| 215 184
M_11B_1 31.18 32.05 31.06 30.66 32.47 235.4 [ngpl 2.15 1.43
11_138_3 33.78 30.75 33.39 31.94 36.08 30.48 99.3|ng/ut| 208 128
11_13C_1 36.82 39.12 39.78 35.51 37.28 35.88 39.01 228.6(ngft| 212|188
11_130_1 30.88 35.85 31.39 131.4 |ng/ul 2 0.58
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Appendix D — Significance Data

Supplementary Table 4. Students T-test results between clones. Significant differences in expression
of target genes between clones under each treatment.

treatment zeitgeber Target Ttest_ind p-value

Norway

Italy

0

0
20
32
36
40
44

LHY
LUX
PRDX
LHY
PRR9
RVES8
PRDX

-6.686 0.022
-4.247 0.024
-4.543 0.01
-3.095 0.036
-5.126 0.014
-3.763 0.033

-2.87 0.045

Supplementary Table 5. Students T-test results between dark (D) treatments. Significant differences in
expression of target genes (by clone) between treatments and respective dark treatments.

| Target

treatment Clone zeitgeber Ttest ind p-value Target treatment Clone  zeitgeber Ttest ind p-value
n 48 6.8536 | 0.0206 I 48 -5.8716| 0.0278
D-ltaly
N2 48 4.49| 0.0109 D-ltaly 44| -5.4255| 0.0056
N2
FvLHY 36 -12.8514| 0.001| FvPRR7 28 3.713| 0.0206
D-Norway | N2 40| -5.0725| 0.0148 b 48 | -18.4676| 0.0003
D-Norway
48 4.535| 0.0105 N2 48| -3.2555| 0.0312
32| -2.7786| 0.0499 48| -5.5906| 0.0305
FvRVE8 D-Norway | N2 n
40| -6.3776| 0.0078 D-ltaly 36 3.3612| 0.0437
36 8.6858 | 0.0032  |FvPRRS N2 44| -5.4963| 0.0053
n 32 47192 | 0.0092 I 48| -7.5601| 0.0048
D-Norway
48| -4.9319| 0.0387 N2 48 -3.8816| 0.0178
48 -3.342 | 0.0288 I 32 2.8892 | 0.0446
D-ltaly D-ltaly
44| -4.9195| 0.0079 N2 44 -2.923 | 0.0431
FvLUX
N2 36 6.324 | 0.0032 I 40 3.6383| 0.022
D-Norway
28 5.2141 | 0.0065 N2 48| -3.8238| 0.0187
FvPRR9 32 5.3077 | 0.0061 32 2.9229| 0.0431
I
44| -4.3486| 0.0122 40 3.4094 | 0.0422
D-Italy
[} 36 4.7323 | 0.0091 48 10.5395 | 0.0005
FvPRDX N2
32| 10.8471 | 0.0004 40 9.7167 | 0.0006
D-Norway 28 4.7624 | 0.0089 48 4.9222 | 0.0079
D-Norway | N2
32 2.8271 | 0.0475 44 3.9211| 0.0172
N2
48| -5.0853| 0.0071
36 3.856 | 0.0308
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Supplementary Table 6. Students T-test results between daylength treatments. Significant differences
in expression of target gene amplitude or phase between the two light treatments.

-8.31704

2E-05

(-]

-3.3344

0.00756

-
(=]

3.25111

0.00998

6.53468

7E-05

-2.28108

0.04848

-3.28663

0.0082

2.85512

0.02131

3.78312

0.00433

& R 8 B B8

2.29321

0.04752

Supplementary Table 7. Tukey-HSD results for GAPDH expression between treatments in N2.

group1 group2 meandiff p-adj lower upper reject
0| D-ltaly D-Norway | -0.6812 | 0.4309| -1.881| 0.5187 | FALSE
1| D-ltaly Italy -1.7095 | 0.001 | -2.7352 | -0.6838 | TRUE
2| D-ltaly Norway -1.6073 | 0.001| -2.633| -0.5816| TRUE
3| D-Norway | Italy -1.0283 | 0.0492| -2.054 | -0.0027 | TRUE
4| D-Norway | Norway -0.9261 | 0.0887 | -1.9518| 0.0996 | FALSE
5| Iltaly Norway 0.1022 0.9 -0.7129| 0.9173 | FALSE
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Appendix E — Jupyter Notebook

https://github.com/corinef/gPCR-analysis
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