




















1.3 The plant circadian oscillator

The Arabidopsis circadian oscillator is a network of interlocking transcription-translation
feedback loops that generates free-running rhythms in gene expression (Fig. 1.3) (Hsu and
Harmer, 2014; Hotta et al., 2007). The phase of these emergent rhythms is entrained by
external cycles in light and temperature cues and internal cycles in sugar metabolism to
maintain rhythms with a robust near 24 h period (Green et al., 2002; Hsu and Harmer, 2014).

Figure 1.3 Schematic of the circadian oscillator transcription-translation feedback loop showing
relative timing of action of each component. Taken from Hsu and Harmer (2014). Subjective day is
represented by white area, subjective night is represented by grey area. Solid red arrows indicate

activation, dashed red represent conditional activation. Black line with bars represent repression.

One feedback loop in the circadian oscillator involves the MYB-like transcription factors
CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and ELONGATED HYPOCOTYL (LHY) (Fig.
1.3). CCA1 and LHY physically interact with each other and peak in transcript and protein
levels in the morning (Lu et al., 2009). CCA1 and LHY repress expression of TIMING OF CAB
EXPRESSION (TOC1) through binding to an element in the TOC1 promoter called the evening
element (EE) (Rawat et al., 2011). This leads TOC1 expression to peak around dusk. To close
this loop, TOC1 reciprocally represses expression of CCA1 and LHY via the transcription
factor CCA1 HIKING EXPEDITION (CHE) (Pruneda-Paz et al., 2009).



An interlocking loop of the oscillator involves REVEILLE 8 (RVES) (Fig 1.3) (Rawat et al.,
2011). RVES8 is a MYB-like transcription factor which activates TOC1 through binding to the
EE. RVES also activates the expression of LUX ARRHYTHMO (LUX), PSUEDO-REPONSE
REGULATOR 5 (PRR5), EARLY FLOWERING 3 (ELF3) and ELF4 through the same
mechanism (Hsu et al., 2013). LUX, ELF3, and ELF4 interact to form the ‘evening complex’
that acts to repress expression of PRR9 (Nusinow et al., 2011). Similarly, TOC1 represses the
expression PRR9 as well as PRR7. Along with PRRS, PRR7 and PRR9 act to repress the
expression of the RVE8, completing another feedback loop of the circadian oscillator (Hsu et
al., 2013). In this loop, other members of the RVE family, RVE4 and RVEG6 act redundantly to
the function of RVES8 (Hsu et al., 2013).

There are further interactions between the discussed components of the circadian oscillator
including the conditional activation of expression of PRR9 by RVE8. CCA1 and LHY also
promote the expression of PRR9, which in turn, represses the expression of CCA1 and LHY
(Fig. 1.3) (Nakamichi et al., 2010).

Circadian rhythms of the oscillator function to regulate many processes, so that activity is
matched to diel changes in the environment. Many vital plant functions are regulated by the
circadian oscillator; for instance, rate of starch degradation at night is proportional to expected
night length (Graf et al., 2010). Moreover, a wild-type circadian oscillator is required for correct
growth and development — biomass accumulation, stomatal opening, and flowering, among
other essential processes are disturbed by arrhythmic/altered circadian oscillators (Paajanen
et al., 2021). Thus, lack of a wild-type circadian oscillator, such as in the short-period mutant
toc1-1, long period mutant zt/-1, and arrhythmic period mutant CCA7-ox, causes aspects of
plant fitness to be significantly reduced (Dodd et al., 2005). The lack of a wild-type circadian
oscillator in each of these genotypes is driven by loss or function or miss expression of a ‘core’

component of the oscillator (Fig. 1.3).

1.3.2 Circadian Gating

One type of circadian regulation is “circadian gating” (Hotta et al., 2007; Paajanen, Dantas
and Dodd, 2021). This is the process whereby the sensitivity of a pathway to a stimulus is
regulated by the circadian oscillator, such that a stimulus of identical magnitude provided at
different times of day produces a response whose magnitude depends on the time of day.
Therefore, circadian gating can lead to graded responses to stimuli, this is simplified into two
scenarios in Figure 1.4 — a time when there is a strong response and a time when there is a

weak response. Circadian gating of responses has been shown for many different essential
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plant processes. For instance, during early establishment, hypocotyl growth of Cosmos
bipinnatus was shown to be most responsive to wind stimuli when it was applied during the
day (Gaal and Erwin, 2005). Furthermore, the rate of induction of CHLOROPHYLL A/B
BINDING PROTEIN 2 (CAB2) expression, a protein involved in light harvesting, by light is
dependent on the time of day (Millar and Kay, 1996). There is also circadian gating of
induction of genes involved in the rapid shade-avoidance such that induction in response to
low-red;far-red light is greatest during the day (Salter et al., 2003). Similarly, the
responsiveness of stomatal aperture to changes in light intensity was shown to the greatest
during the first half of the subjective day, whilst the greatest response to cold was during the
day (Gorton, Williams and Assmann, 1993; Dodd et al., 2006). In each of these instances,
circadian gating enables changes to the sensitivity to the system to be altered across the day
such that plants only respond to a stimulus when it is advantageous to do so (Hotta et al.,
2007).
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Figure 1.4 Diagrammatic representation of circadian gating. Reproduced from (Paajanen et al.,
2021).Circadian gating can be defined is when the sensitivity of a pathway to a stimulus is regulated by
the circadian oscillator, such that a stimulus of identical magnitude provided at different times of day
produces a response whose magnitude depends on the time of day. The lefthand side of the diagram
represents a scenario when the gate is “closed” meaning the circadian oscillator is regulating the system

such that there is only a weak response to the stimulus. The right hand side of the diagram represents
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a scenario when the gate is “open” meaning the oscillator has primed the system to respond strongly

to the stimulus.

1.3.2 Circadian control of photosynthesis

Circadian rhythms are evident across many aspect of photosynthesis (Dodd et al., 2014). In
Arabidopsis, circadian oscillations have been shown in a wide range of chlorophyll
fluorescence parameters, such as, F./Fm, Y(Il), NPQ (Litthauer et al., 2015; Yarkhunova et al.,
2018). Rhythms in Y(II) have also been shown in marimo and Marchantia polymorpha, but are
absent in Picea abies (Cano-Ramirez et al., 2018; Cuitun-Coronado et al., 2022; Gyllenstrand
et al., 2014). Similarly, circadian rhythms have also been shown in another output parameter,
delayed fluorescence (Gould et al., 2009). Circadian regulation of F./F, may enable plants to
maintain a greater level of F./Fm, as in genotypes with altered free-running periods, toc1
(<20hrs) and ztl (~28hrs), F./Fn is significantly reduced compared to wild-type (Dakhiya et al.,
2017). Whilst the mechanisms which underly these rhythms in output variables of
photosynthesis are yet to be elucidated, they are thought to reflect oscillations in components
of photochemistry, for instance, in the activity of PSIl (Dodd et al., 2014). Beyond circadian
gating of CAB2 expression, many genes encoding components of the light harvesting complex
have circadian rhythms in promoter activity and transcript abundance (Millar et al., 1992).
Oscillations in post-translational modifications of D1, a subunit of PSII, have also been shown
in Spirodela, despite no rhythms in transcript abundance of D1 being evident (Booij-James et
al., 2002).

In addition to light harvesting, in Arabidopsis, mangoes, and Phaseolus vulgaris there are
oscillations in the rate of CO; assimilation, showing aspects of the carbon fixation are also
under circadian regulation (Dodd et al., 2005; Allen et al., 2000). This rhythm is thought to be
distinct from rhythms in stomatal conductance, as in Phaseolus vulgaris, rhythms in CO;
assimilation occur when stomatal conductance and intracellular [CO-] is constant. Similarly,
there is clear circadian regulation of transcript levels of components of the Calvin cycle for
carbon fixation, and, in pathways of degradation of fixed carbon (Farré and Weise, 2012; Graf
et al., 2010).

1.4 Sigma factor 5

SIG5 is the sigma factor most commonly associated with regulating chloroplast gene

expression in response to changes in abiotic conditions. At the chloroplast genome, SIG5



binds to PEP to induce expression of psbD blue light-responsive promoter (psbD BLRP)
(Nagashima et al., 2004). This operon contains three genes, psbD, psbC and psbZ, which
encode the proteins D2, CP43 and a YCF9 protein respectively (Nagashima et al., 2004).
Each of these proteins are components of PSII induction of SIG5 to drive expression of psbD
BLRP has been shown in tissue exposed to a wide range of conditions, for instance; low

temperature, high light, salt and high osmolarity (Fig 1.5A,B) (Nagashima et al., 2004).
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Figure 1.5 Summary of transcriptional responses of SIG5 in response to different abiotic stimuli
and circadian regulation of this. (A,B) 10 or 11 day old Col-0 (and sig5-2) plants following treatment
with growth light (50 pmolm=2s~', G), low temperature (4°C, LT), salt (250 mM, NaCl), mannitol (250
mM, Man) or high light (1000 pmolm=2s~', HL). (A) SIG5 mRNA induction following each treatment
relative to G, reproduced from Nagashima et al. (2004). (B) psbD BLRP mRNA induction following each
treatment relative abundance of Col-0 in growth light conditions, reproduced from Nagashima et al.
(2004). (C,D,E) Transcript abundance of SIG5, psbD BLRP, or psbDC of 11 day old Col-0, sig5-2,
and/or sig5-3. Plants grown under 12L/12D cycles then transferred into constant light 24 h before
experiments commenced. (C) Samples collected from plants held in 19°C and growth light conditions,
reproduced from Noordally et al. (2013). (D) Plants treated with 50 pmolm=2s~" blue light or control prior
to each timepoint, samples for SIG5 and psbD BLRP collected 1 and 2 h respectively after treatment



commencement, reproduced from Noordally et al. (2013). (E) Plants treated with 3h 4°C or 19°C prior

before each sampling timepoint, reproduced from Cano Ramirez (2018).

Beyond induction of expression in response to changes in abiotic conditions, SIG5
transcription is under circadian regulation and this is thought to drive circadian rhythms in
expression of psbD BLRP (Fig. 1.5C) (Noordally et al., 2013a). In addition to rhythms in
expression, experiments have shown circadian gating of the level of induction of SIG5 in
response to cold and high light (Fig. 1.5D,E) (Cano-Ramirez and Panter, under revision;
Noordally et al., 2013). This gating is such that induction of SIG5 upon challenge with cold or
high light is maximal around subjective dawn and midday respectively. Here, peak SIG5
induction in response to dawn would correspond to the time of day when cold conditions can
drive increased photodamage — in the presence of light (Fig. 1.5E) (Cano-Ramirez and Panter,
under revision). Similarly, greatest induction of SIG5 by light treatments falls at midday, the
time of day when high light is most likely to occur (Fig. 1.5D) (Noordally et al., 2013a). As
discussed, the process of PSIl subunit replacement following photooxidation is multistep,
making it time and resource intense. Therefore, whilst currently not shown experimentally,
gating of SIG5 transcript induction might drive time-of-day appropriate increases in the
proteins encoded by psbD BLRP to correspond to the times of day when the photosynthetic
apparatus is most at risk of photodamage by the conditions (Cano-Ramirez and Panter, under

revision).

1.6 Aims and Scope

The aim of this thesis is to investigate the physiological significance of previously-
demonstrated molecular evidence of circadian gating of mechanisms that respond to cold and
high light. For this work, the SIG5 response mechanism was focussed on as an experimental
model. This larger aim was refined into three over-arching questions, each of which forms the

focus of an experimental results chapter.

1) How do photoprotective mechanisms act to support photosynthetic efficiency under
increasing durations of cold and/or high light conditions?

2) Are there circadian rhythms or circadian gating in the response and recovery of
photosynthetic efficiency following exposure to short-term cold and/or high light
conditions?

3) How is the circadian- and SIG5-mediated regulation of photosynthetic efficiency in
response to short-term cold and high light conditions influenced by leaf developmental
stage?
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To investigate these questions, chlorophyll fluorescence approaches were selected as an
experimental tool to investigate responses to experimental conditions. Arabidopsis thaliana
was used as an experimental model plant, because the basis of the circadian oscillator both
molecular and genetic have been well established. The findings from my experiments provide
informative new insights into how regulation by the circadian oscillator and SIG5 shape the
response of photosynthetic efficiency to short-term exposure to cold and/or high light

conditions.
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2 Materials and Methods

2.1 Plant material and growth conditions

Experiments were carried out using Arabidopsis thaliana . Experiments investigating the role
of SIG5 used T-DNA insertion mutant sig5-3 in the Col-0 background (Noordally et al., 2013b).
For experiments investigating the role of the circadian oscillator, seeds harbouring single copy
T-DNA insert 35S::CCA1 plants in the Col-0 background were included (Wang and Tobin,

1998). For all experiments, seeds were obtained from the same generation of parent plants.

Seeds were surface sterilised with 70% (v/v) ethanol and then with 20% (v/v) sodium
hypochlorite for 1 and 10 minutes respectively. Seeds were then washed in sterile water and
suspended in 0.1% (w/v) agar. Seeds were plated evenly in an 8x8 grid onto 100 mm square
petri dishes containing half strength (w/v) Murashige and Skoog basal salts mixture (Duchefa
Biochemie) dissolved in 0.8% (w/v) Agar solution, buffered with a potassium hydroxide

solution to pH6.8.

Following seed plating, dishes were wrapped in foil and seeds were stratified for 3 days in
darkness at 4 °C before cultivation. Cultivation occurred in Sanyo MLR-352 plant growth
chambers at 19 °C under 12 h light /12 h dark cycles, with 110 umol m?s™ intensity white
light, until seedling age was 11 days. For 28 day old plants, seedlings were grown to 11 days
old on petri dishes as described, then transplanted into pots of Levington F2 Starter compost
(five seedlings per pot), and grown for a further 17 days under the same chamber conditions.

Plants were watered with DI water every 4-5 days.

Plants/plates used for timecourse experiment were transferred to continuous light conditions

24 hours before experiments began.

2.2 Cold and high light treatment conditions

Across experiments, plants were subjected to four external treatment conditions; control, high
light, cold, and high light and cold. Treatments were designed to be provided within the growth

chambers. The conditions of each treatment were:

- Control — 19 °C and 110 ymol m?s™ intensity white light provided by growth chamber
- Cold — 4 °C and 110 ymol m?s™ intensity white light provided by growth chamber
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- High Light— 19 °C and 700 pmol m?s™ intensity, provided by increased chamber light
intensity (200 ymol m2s™) supplemented with red and blue light by an LED panel (500
pumol m2s™).

- High Light and Cold — 4 °C and 700 umol m?s™ intensity, combination of the cold and

high light treatments as described.

Spectra of each light treatment (control and high light) are provided in Figure 2.1.
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Figure 2.1 Light spectra of control and high light treatments. Measurements were taken using a
LI-180 Spectrometer. (A) Control light treatment, provided by chamber LED tube lights. (B) High light
treatment, provided by increased chamber LED tube light intensity supplemented with red and blue light

provided by LED panel.
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2.3 Measurement of effective PSIl quantum yield

Effective PSIl quantum yield, Y(Il), was measured using an IMAGING PAM MAXI chlorophyll

fluorescence system with pulse amplitude modulation (Walz GmbH, Effeltrich, Germany).

2.3.1 Calculation of Y(ll)

Y(ll) was calculated as (F'm — F')/F’'m, where F’'m represents maximum fluorescence emitted
after a saturating pulse of light and F’ is the chlorophyll fluorescence emission of the plant
tissue. F', is measured by exposing light adapted tissue to a saturating light pulse (SP) which
closes the reactions centres of the photosynthetic apparatus, maximising the emitted
fluorescence. F’ is measured as the chlorophyll fluorescence emission of the plant tissue
under the actinic light (AT) conditions, meaning Y(Il) can be measured at any given light

conditions.

To investigate maintenance of Y(ll) under treatment conditions, Y(Il) was measured, using a
saturating light pulse intensity of 845 ymol m™s™", immediately following the tissue exposure
to treatment conditions, meaning AT is equal to the light intensity of each experimental abiotic
treatment condition. To investigate rate of recovery in Y(ll) following treatment conditions, at
each timepoint/treatment length Y(II) was also measured 15, 30, 45, and 60 minutes after the
treatment. Recovery occurred in darkness at 19 °C under the IMAGING PAM MAXI system
under measuring light (MP) pulses (frequency 1 Hz), meaning recovery Y(Il) measurements
were obtained under dark adapted states of the same length as the recovery time after
treatment. Meaning in this case, F’ = F, and F', = Fin, where F; and Fr, are zero and maximum
chlorophyll fluorescence in a dark adapted tissue respectively. Therefore, for recovery
measurements, Y(ll) = F.J/Fn, (where F, = Fn — Fo), another common measure of
photosynthetic efficiency. The order of application of light pulses for the measurement of all of

these parameters is shown in Figure 2.2.

The IMAGING PAM MAXI system provides images of plant material under the camera with
false colour mapping that corresponds to Y(Il). Plates of 11 day old seedlings used in
experiments also contained late germinating seedlings. In images, these appear as circles of
colour that are much smaller than the 11 day old seedlings. Y(Il) measurements of these

younger seedlings have been excluded from analysis.
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measurement of measurement of

variables for F,/F,, variables for Y(II)
calculation calculation

Figure 2.2 Light treatments used for measurement of chlorophyll fluorescence variables. For
measurement of variables for the calculation of Fv/Fm, (1) Fo is measured from dark adapted tissue
under measuring light pulses (MP), then (2) Fm is measured by exposing the plant to a saturating pulse
of light (SP). For measurement of variables for the calculation of Y(lII), (1) F is measured as fluorescence
after/whilst the tissue is exposed to experimentally chosen light conditions (AT), then (2) F'm measured
by exposing the tissue to a SP. Grey line is a representative trace of the expected direction of change

in emitted chlorophyll fluorescence following each light treatment.

2.3.2 Tissue selection for measurement of Y(ll)

To investigate the role of leaf developmental stage in the circadian regulation of Y(ll),
experiments were carried out with both 11 and 28 day old plants. When measuring 11 day old
seedlings, cotyledons were for selected, whilst for measurements of 28 day old plants, the
widest unobstructed region of the outermost rosette leaves were selected. This selection is

shown in Figure 2.3.
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Figure 2.3 Plant tissue selection for effective PSIl quantum yield measurements. Red circles
indicate regions of leaves that were selected for measurement. In both cases only leaves which were
fully exposed were selected. (A) cotyledon selection of 11 day old seedlings. (B) outer rosette leaf

selection of 28 day old plants.

2.3.3 Equipment technical issues

Technical issues with the IMAGING PAM MAXI system controller unit caused occasional miss-
flashing of the saturating light pulse at a lower light intensity than required for the measurement
of Y(ll). This is a known system failure by the manufacturer. At timepoints where this error
occurred, there was mismeasurement of Y(ll) of all the seedlings/plants. These

mismeasurements were easily identifiable in the dataset and manually removed from analysis.

2.4 Data analysis

Data were formatted and analysed with R (v.4.1.3, RStudio, 2022). Plots were produced using
R packages ggplot2, ggpubr, ggpattern (Wickham, 2016; Kassambara, 2020; FC and Davis,
2022).

2.4.1 Removal of late germinating seedlings from cotelydon
measurements

Data collection of Y(ll) of 11 day old seedlings also captured Y(Il) of late germinating seeds

on the plates. These needed to be removed from the dataset before statistical analysis.
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Under the same conditions, late germinating seeds have lower Y(ll) than 11 day old seedlings,
and recovery in Y(II) upon transfer to the measuring chamber is also reduced. Therefore, late
germinating seedlings were outliers in the dataset. As a large number of data points were
collected, manual outlier removal was not possible and could introduce experimenter bias.
Therefore, using the knowledge of slower recovery from treatments, younger seedling
exclusion was conducted using scaled Cook’s Distances of the 15 minute recovery Y(Il)
measurements. To calculate Cook’s Distances, first all measurements of each plant genotype
under each condition at each timepoint were fitted to a linear regression model. Then the
Cook’s Distance of each measurement is calculated as the normalised change in this model
when that measurement is removed from the model. Therefore, the larger the Cook’s
Distance, the larger the influence of this individual measurement on the model, and the greater
the possibility that this measurement is an outlier in the dataset. Through empirical
assessment, it was determined that excluding seedlings having Y(ll) values more 2 scaled
Cook’s Distances below their relative mean was sufficient to remove the late-germinating
seedlings from the dataset whilst conserving values recorded from comparable 11 day old

seedlings.

In experiments using 28 day old plants, there were no late germinating seedlings as these
plants were removed during transplantation of seedlings to compost. Therefore, no outlier

removal methods were used for data collected from 28 day old seedlings.

2.4.2 Calculation of rate of recovery

Rate of recovery was for each seedling/leaf calculated using Equation 2.1.

Y(IDrx — Y(D;

[2.1] rate of recovery = "

Where x is time in recovery after treatment in minutes, Y(Il) is Y(ll) after following x time in

recovery, and Y(ll); is Y(ll) immediately after the treatment.

Rate of recovery for each length of time after treatment was calculated using the initial Y(Il)
measurement following the treatment. This method was chosen to gain insight into the timing
and presence of circadian regulation of processes which become active upon removal of the
tissue from the treatment conditions, and isolate these rhythms from any which are present in

the maintenance of Y(Il) under the treatments.
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2.4.3 Statistical analysis of duration of treatment experiments

Following outlier removal as previously described, Y(ll) and rate of recovery of the seedlings

were modelled (Equation 2.2)

[2.2] model of Y(II) < Imer(Y(II) ~ Plant Line x Length of Treatment x Treatment Type)

Visual inspection of diagnostic residual plots indicated the models fits were appropriate for the
datasets. These models were adapted as appropriate to carry out two-way ANOVA tests on
subsets of the data, and subsequent Tukey post-hoc analysis to carry out pairwise

comparisons. For each adapted model visual inspection of diagnostic plots was repeats.

2.4.4 Quantitative timecourse analysis

For timecourse analysis, mean Y(ll) and rates of recovery were calculated (Equations 2.3 and
2.4). For this, Y(ll) and rate of recovery were modelled with mixed effects linear models with

fixed effects of “Timepoint”, “Treatment”, and “Plant Line”, and a random effect of “Experiment

Repeat”, using the Imer function of R package Ime4 (Bates et al., 2015).

[2.3] model of Y(II) « Imer(Y(II) ~ Plant Line x Timepoint x Treatment Type+ Experimental
Repeat)

[2.4] model of RecoveryRate « Imer(RecoveryRate ~ Plant Line x Timepoint x Treatment Type

+ Experimental Repeat)

Visual inspection of diagnostic residual plots indicated the models fits were appropriate for the
datasets. Therefore, from these models, estimated marginal means and standard error of Y(II)
and rate of recovery were calculated, using R package emmeans (Lenth et al., 2022). Similar

methods have been used in earlier studies (Simon et al., 2020).

Quantitative timeseries analysis of Y(ll) and rate of recovery was carried out using R package
MetaCycle (Wu et al., 2019), using as input data the estimated marginal means of Y(ll) and
rate of recovery calculated as discussed. MetaCycle is a tool that incorporates several
algorithms for the identification of periodic data. For analysis, the outputs of the meta2D
method was used. The meta2D method integrates the outputs of three other common

circadian analysis algorithms, ARSER, JTK_CYCLE, and Lomb-Scargle. By integrating these
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three algorithms with the meta2d method, the major limitations of each individual method are

avoided.
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3 Impact of duration of cold and high light
conditions on maintenance of PSIl quantum

efficiency
3.1 Background

In a natural environment, fluctuations in environmental conditions can have varying durations.
For instance, plants may experience high light as both short sunflecks and prolonged direct
light on a clear day. Therefore, understanding the influence of condition duration on
maintenance of Y(Il) is an important aspect of understanding the response of photosynthesis

to these conditions in field.

Whilst many different mechanisms act together to maintain Y(ll), their rate of induction, and

contribution to maintaining Y(ll) varies under different conditions.

Fast acting mechanisms include ubiquitous ROS scavenging enzymes, which act rapidly to
limit ROS accumulation. The components of NPQ, whilst similarly fast acting, have varying
induction times. For example, the induction of gE can occur within seconds to minutes, but
induction of qT occurs over a longer timescale taking from 2-15 minutes (Yarkhunova et al.,
2018; Kress and Jahns, 2017). Although these mechanisms are sufficient to prevent ROS
accumulation during short periods of unfavourable conditions, they are quickly overwhelmed
upon prolonged exposure. Therefore, other mechanisms are required to maintain Y(ll) under

sustained fluctuations in the environment.

Upon prolonged exposure to photooxidative stress, other photoprotective mechanisms
become active. Under these conditions, ql, transcriptional changes, alterations in chloroplast
protein orientation and distribution, and chloroplast movements, all act to relieve pressure from
the rapidly activated systems (Yarkhunova et al., 2018; Kress and Jahns, 2017; Kasahara et
al., 2002). However, these processes have longer induction pathways and, therefore, any
influence they have on maintaining photosynthetic efficiency becomes apparent after longer
periods of altered external conditions. For example, upon exposure to high light, chloroplast

movements take between 120-180 minutes (Suetsugu et al., 2016).
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Induction times of many mechanisms are specific to the type of stimulus driving the
photooxidative stress. For example, the rate of induction and amplitude of responses of the
SIG5 pathway appears stimulus specific. Nagashima et al. (2004) showed SI/G5 transcript
levels peaked with a five-fold increase within 1 hour of high light irradiation (1000 umol m?s’
). In comparison, exposure to cold (4°C) led to a peak in SIG5 transcript levels three-fold
greater than ambient between 2 and 4 hours into the treatment (Nagashima et al., 2004).
These results however, conflict with data from the Arabidopsis eFP Browser

(https://bar.utoronto.ca), which shows that SIG5 transcript levels peak with an approximately

4.5 fold increase, 6 hours into cold treatment (Cano-Ramirez and Panter, under revision).

These distinct inductions of SIG5 transcripts upon exposure to each of cold and high light have
been shown to act downstream upon F./Fn (Nagashima et al., 2004; Cano-Ramirez and
Panter, under revision). Therefore, understanding the role of SIG5 in maintaining chlorophyll
fluorescence changes under varying durations of conditions that induce photooxidative stress
can provide insights into how responses to these conditions are coordinated, and also the

contribution of S/G5 induction to influence downstream photosynthetic efficiency.

Not only is understanding the response of photosynthetic efficiency under varying durations
of cold and/or high light treatments a biologically interesting question, the results of this

chapter were also informative for designing experiments in subsequent thesis chapters.

3.2 Results
3.2.1 Methodology and Experimental Design

To investigate the impact of stress condition duration on maintenance of Y(ll), Y(ll) of 11 day
old Col-0 (WT) seedlings was measured after exposure to cold (4°C, 110 ymolms™), high
light (19°C, 700 pmolm2s™"), and combined cold and high light (4°C, 700 umolm2s™), for 5, 45,
90, 180, or 360 minutes. These treatment lengths were selected to cover a range of induction
times of the mechanisms discussed. Experiments commenced 1 h after dawn. Here, it was
hypothesised that the greatest reduction in Y(ll), as a result of treatment, will occur at
intermediate treatment lengths (90 and 180 minutes), as this is when ROS scavenger
enzymes and the faster induced components of NPQ will have been overwhelmed, but

mechanisms which take longer to act are not yet contributing to maintaining Y(ll).
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To elucidate the contribution of SIG5 in maintaining Y(Il) under difference treatment lengths,
sig5-3 seedlings were included in experiments. It is hypothesised that Y(II) of wild-type and
sig5-3 seedlings will be similar under shorter treatment durations (5-45 minutes); whereas
under longer durations (90-360 minutes) there will be a greater reduction in Y(Il) in sig5-3

compared to wild-type due to a loss of SIG5 driven transcriptional changes.

Previous studies have shown circadian rhythms regulate or are involved in maintenance of
Y(ll), also referred to as F'gq/F'm (Litthauer et al., 2015). Therefore, to mitigate for any
underlying circadian influences, for each treatment duration, Y(ll) of a seedlings exposed to

control conditions (19°C, 110 umolm™s™") was measured.

3.2.2 Reduction in maintenance of Y(ll) is dependent on duration of
the treatment

Across the dataset of wild-type seedlings, maintenance of Y(ll) is influenced by both the
treatment conditions, and the duration of condition (ANOVA, Prreatment < 2X107®, Pauration < 2X10°
'®) (Fig. 3.1). Furthermore, the interaction between treatment type and duration also drove
changes in maintenance of Y(Il) (ANOVA, Preatmentauraion < 2x107'¢). This suggests, in
agreement with a wealth of literature, that presence and intensity of cold and high light
conditions impacts the ability of the system to maintain photosynthetic efficiency (Mishra et
al., 2011; Kasahara et al., 2002; Cano-Ramirez and Panter, under revision). To investigate
the nature of interactions between maintenance of Y(ll) and each treatment, the data was

subset by treatment condition (control + cold and/or high light).
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Figure 3.1 Impact of treatment duration on maintenance of Y(ll) depends of treatment type. Data
from 11 day old Col-0 (WT) seedlings exposed to (A, B, C) control (19°C, 110 umolm2s"), (A) cold (°C,
110 pymolm2s™), (B) high light (19°C, 700 umolm2s), (C) combined cold and high light (4°C, 700
pumolm2s') treatments for 5, 45, 90, 180, or 360 minutes. Error bars represent mean + SE calculated
from two independent experimental repeats. N=8-20 individual plants within each independent repeat.

Lower case letters represent significantly different results, p<0.05 (Tukey HSD comparisons).

3.2.2.1 Maintenance of Y(ll) under cold or high light conditions suggests
the response pathways act to support Y(ll)

For both cold and high light treatments, maintenance of Y(ll) was significantly reduced
compared to the control treatment (two-way ANOVA, peoid < 2X107'6, prigh iignt < 2x107°). This
suggests that both cold and high light drive photooxidative stress, Y(ll). There was also a
significant interaction between presence of cold or high light conditions and the duration of
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these treatments (two-way ANOVA, Prreatmentduration < 2X107'6). To elucidate the nature of this

interaction, Tukey post-hoc analysis for pairwise comparisons was carried out (Fig. 3.1).

For both cold and high light treatments, there was a general reduction in maintenance of Y(ll)
with increasing treatment duration (Fig. 3.1A, B). However, this decrease was not proportional
to the treatment duration. For treatment durations of 5 minutes, maintenance of Y(Il) was
comparable between seedlings under control and cold or high light conditions. This could
suggest that after this short treatment, the activity of ROS scavenging enzymes and NPQ were

sufficient to stem ROS accumulation and prevent significant photodamage.

By 45 and 90 minutes of treatment, there was a significant impact of both cold and high light
upon the maintenance of Y(Il). The impact of 90 minutes duration was greater than after 45
minutes, for both treatment types. This reduction in Y(lI) might be the combined result of
increased ROS accumulation from the prolonged treatments overwhelming ROS scavenger
enzymes and NPQ, and the treatment’s impact the efficiency of scavenger enzymes and NPQ.
Impacts of the treatment on the efficiency of photoprotective systems could include, for
instance, the reduction in activity of ROS scavenger enzyme caused by low temperatures (Li
et al., 2013).

After 180 minutes of cold or high light treatment, the contribution of response mechanisms to
mitigate the impact of the treatments on Y(Il) can be clearly seen; there is no further reduction
in maintenance of Y(Il) of either treatment compared to the 90 minute treatment duration. For
both treatment types, some of this recovery in Y(II) might be attributed to outputs of
transcriptional response pathways. For instance, pathways upregulating psbD transcription
(e.g. by sigma factors) (Nagashima et al., 2004). For high light, my result differs from a
previous study by Kato et al. (2012) that found a further decrease in F./Fn, between high light
treatments of 120 minutes and 240 minutes length. These differences might be due to
differences in experimental conditions, because Kato et al. (2012) measured fluorescence of

detached leaves, and used a high light treatment (2500 umolm2s™).

For both cold and high light conditions, after 360 minutes there was a further reduction in
maintenance of Y(Il) from the level at 180 minutes. For high light, these results have similar
behaviour to previous experiments by Kasahara et al. (2002), which showed that F./Fn,
reduced by 20% after 1 h high light treatment and extended to a 30% reduction after 5 h.
Moreover, this result aligns with the result from Kato et al. (2012), suggesting the possible
difference in results suggested previously could be a result of the different treatment lengths

used in this experiment. This decrease in maintenance of Y(ll) could suggest that after 360
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minutes, photoprotective processes that sustain Y(ll) become overwhelmed by the impact of

this prolonged treatment.

3.2.2.2 Exposure to combined cold and high light conditions appears to
overwhelm photoprotective mechanisms

In contrast to exposure to cold or high light separately, exposure to a combined cold and high
light treatment reduced Y(Il) after just five minutes (Fig. 3.1C). In fact, under the combined
treatment of cold and high light, Y(ll) of treatments of all durations differed significantly from
their relative control. The impact of the treatment on maintenance of Y(Il) increased with each
treatment length (Fig. 3.1C). This reduction in Y(ll) at all treatment lengths suggests that the
intensity of simultaneous cold and high light is much greater than exposure to either cold or
high light conditions alone, driving rapid accumulation of ROS, and potentially overwhelming
the action of photoprotective mechanisms. This greater impact of combined cold and high light
aligns well with knowledge that electron transfer in the thylakoid membranes driving greater
photooxidative stress than would otherwise be observed at a given light intensity (Miura and
Furumoto, 2013).

3.2.3 In the presence of cold or high light the contribution of SIG5
to maintenance of Y(llI) was limited

Alongside significant influences of treatment condition and duration on maintenance of Y(ll),
when wild-type and sig5-3 seedlings were considered together, there was an influence of
genotype on maintenance of Y(II) (ANOVA, pPgenotype < 2x107'). Furthermore, there were
significant interactions between genotype and both treatment condition, and duration of
treatment contributed to differences in maintenance of Y(Il) observed (ANOVA, pgenotype:treatment
=0.0128, pgenotype:duration = 0.0425). To investigate these interactions further, the dataset was
subset by treatment condition and duration of treatment then analysed using Tukey post-hoc
analysis for pairwise comparisons (Fig. 3.2). Under control conditions, maintenance of Y(II)
for each treatment duration did not differ between wild-type and sig5-3 (one-way ANOVA, p =
0.159). Therefore, comparison between wild-type and sig5-3 under the cold and/or high light
conditions can be made, without the need for comparison between relevant measurements

under control conditions alongside.
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Figure 3.2 Role of SIG5 in maintenance of Y(Il) across treatment types and durations appears
minimal. Results obtained from 11 day old Col-0 (WT) and sig5-3 seedlings exposed to (A-O) control
(19°C, 110 ymolm2s™), (A-E) cold (4°C, 110 pmolm2s"), (F-J) high light (19°C, 700 umolm?s"), (K-O)
combined cold and high light (4°C, 700 umolms™') treatments for 5 (A, F, K), 45 (B, G, L), 90 (C, H, M),
180 (D, I, N), or 360 (E, J, O) minutes. Error bars represent mean + SE calculated from two independent
experimental repeats. N=8-20 individual plants within each independent repeat. Lower case letters
represent significantly different results, p<0.05 (Tukey HSD comparisons). Post-hoc analysis was

carried out independently for each plot.

3.2.3.1 Behaviour of sig5-3 under cold conditions reflected observations
of previous studies

Under cold conditions of durations 5-90 minutes, Y(ll) in sig5-3 was maintained at a level
similar to that of wild-type plants (Fig. 3.2A). However, following exposure to cold conditions
for 180 minutes, Y(ll) of sig5-3 was reduced compared to WT. Whilst this result suggests a
role of SIG5 in maintaining Y(ll) under cold conditions, it differs a previous observation by
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Cano-Ramirez et al. of chlorophyll fluorescence of sig6-3 under cold (Cano-Ramirez and
Panter, under revision). That study found F./Fn of sig5-3 was not significantly reduced below
the level of wild-type following 180 minutes of cold treatment. However, this difference from
my results may be due to the additional dark adaptation step involved in measuring Fv/Fn, vs
measuring Y(ll). Similar to Cano-Ramirez et al., when cold treatment length was extended, to

360 minutes, the reduction in sig5-3 below wild-type was lost.

3.2.3.2 Under high light conditions sig5-3 performed similar to WT

For high light no significant differences were found between maintenance of Y(Il) of wild-type
and sig5-3 genotypes (Fig. 3.2B). This result suggests the induction of SIG5 by treatment with
high light, shown by previous experiments, may not contribute significantly to maintaining
downstream photosynthetic efficiency (Noordally et al., 2013; Belbin et al., 2017). Additionally,
this result differs from those of experiments by Nagashima et al. (2004) which found a
difference sig5-2 plants had reduced F./F» compared to wild-type (Nagashima et al., 2004).
However, these results may not be directly comparable as the previous study used a different
mutant allele, different conditions for the high light treatment (1000 umolm2s™" intensity and 4

h treatment duration), and had a dark adaptation step before measurements were taken.

3.2.3.3 Intensity of combined cold and high light conditions limited
influence of SIG5 on maintenance of Y(ll)

Similar to results under high light conditions, there was no significant difference in Y(Il)
between wild-type and sig5-3 arising from any treatment duration of combined cold and high
light conditions. Again, this suggests a limited role of the previously shown induction of SIG5
in response to separate cold and high light conditions (Noordally et al., 2013; Belbin et al.,
2017; Cano-Ramirez and Panter, under revision). However, given that the sig5-3 mutation
affected Y(Il) under cold conditions, this result could instead reflect the intensity of the
combined cold and high light treatment. In other words, the ability of this treatment to drive
photooxidative stress is such that any actions of SIG5 to support a greater maintenance of

Y(Il) in wild-type than sig5-3 are lost.
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3.3 Discussion

Photooxidative stress reduces photosynthetic efficiency and plant fithess (Kromdijk, 2022). To
limit this, plants have evolved mechanisms to reduce damage to the photosynthetic apparatus.
Some of these processes involve long term ultrastructural and developmental changes.
However, in natural environments, plants may be exposed to a specific driver of photooxidative
stress for only a short period of time making adaptive structural changes unnecessary.
Therefore, plants have evolved mechanisms which make short term alterations to the system
to minimise irreversible damage and maintain photosynthetic efficiency. Studies have shown
that the induction of many of these response pathways is specific to both environmental
conditions and is intensity dependent (Nagashima et al., 2004; Cano-Ramirez and Panter,
under revision; Belbin et al., 2017). This chapter presented evidence that these mechanisms
act to support photosynthetic efficiency under increasing durations of cold and high light
conditions and that the intensity of combined cold and high light overwhelms the effectiveness

of these processes.

3.3.1 Under increasing durations of cold or high light conditions,
the contribution of photoprotective mechanisms in maintaining Y(ll)

is evident

A key result of this chapter is the lack of decrease in the level of Y(II) maintained from 90 to
180 minutes of cold or high light. This result differs from experiments by Kato et al. (2012)
which found Y(Il) continues to decrease under prolonged high light treatment. However, this
difference is likely due to many dissimilarities in experimental design, including but not limited
to the used of detached leaves, different treatment durations and high light irradiance in Kato
et al. (2012). For high light, this result differs from what is seen at protein level, where D1
protein levels continually decline from 1 to 3 h of high light irradiance (Zhang et al., 2010).
Therefore, these results provide new insights into the contribution of photoprotective
mechanisms, aside from photosystem protein turnover, in maintaining photosynthetic
efficiency. These results also show that interpretation of this kind of data is incredibly

dependent of experimental conditions, making comparisons between studies challenging.

Overall, assigning importance of different photoprotective mechanisms to explaining the
results of this chapter is limited by the number of interconnected processes which can work to

maintain Y(Il). However, these results — that varying induction times of different mechanisms
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influences photosynthetic efficiency under cold and high light — provide ample justification for

more resource-intensive biomolecular studies to investigate the underlying mechanisms.

3.3.2 Well established induction of SIG5 in response to cold and
high light may not contribute significantly in maintaining Y(ll) under

short-term exposure

As discussed, previous studies have considered the impact of cold or high light treatments on
chlorophyll fluorescence and the role of SIG5 in this process (Nagashima et al., 2004; Cano-
Ramirez and Panter, under revision). However, direct comparison of the results of this chapter
with those studies is hampered experimental design — previous studies have used the
parameter F./Fm to measure chlorophyll fluorescence. Measuring F./Fn requires a dark
adaption stage between exposure the treatment and measurement (Fig. 2-2). Therefore, the
decision to measure Y(Il) over F./Fn in this chapter’s experiments was driven by a desire to
gain the best insight into photosynthetic efficiency of the system under the treatment condition,
without this being confounded by the influence of the dark adaption stage (Guadagno et al.,
2018).

This difference in the response of different chlorophyll fluorescence parameters may explain
a result from this chapter. Here, there was a significant difference between Y(ll) of sig5-3 and
wild-type under after 3 h of cold conditions. This could suggest the role of SIG5 in supporting
photosynthetic efficiency differs between maintenance under cold versus recovery
immediately after the treatment. This hypothesis aligns with results of Nagashima et al.,
(2004), which identified impaired recovery in chlorophyll fluorescence of sigs-2 compared to
wild-type following a high light treatment. For this reason, recovery of Y(ll) after the treatments

was considered in experimental design within my subsequent chapters.

Apart from the difference that was present after 3 h cold treatments, these experiments found
Y(Il) of sig5-3 and wild-type under each treatment condition to be similar. This suggests that
the induction of SIG5 transcription upon exposure to many different conditions may not
contribute significantly to maintaining Y(Il) (Cano-Ramirez and Panter, under revision ;
Noordally et al., 2013). To consolidate this conclusion and confirm SIG5 activity is not the
driving factor behind the increase in Y(ll) observed between the 90 and 180 minute treatment
durations, it would be informative to compare SIG5 transcript abundance in parallel with and

under exactly the same conditions as the measurements of Y(Il). This would allow a direct
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comparison of S/G5 transcript levels under these conditions with the observed changes in
Y().

3.3.3 Combined cold and high light represents a scenario of great

photooxidative stress and irreversible photodamage

The results of this chapter have also provided experimental evidence that a combination of
cold and high light conditions represents a scenario of great photooxidative stress for the
photosynthetic apparatus (Fig. 3.1C). This supports other studies that have shown that cold
conditions reduce the irradiance at which photoinhibition occurs (Miura and Furumoto, 2013).
Many factors likely contribute to this, for example, prolonged cold increases membrane
viscosity which in turn restricts diffusion of plastoquinone, disrupting electron transfer (Li et al.,
2013). Beyond this study, another has shown that there are differences in gene upregulation
when tissue is exposed to cold and dark conditions vs cold and light conditions (Soitamo et
al., 2008). This difference in gene expression again suggests response to combined cold and

high light differs from exposure to cold alone.

3.3.4 Conclusions

This chapter provides experimental evidence that mechanisms acting to maintain
photosynthetic efficiency under photooxidative stress have varying induction times. This could
suggest that maintenance of Y(ll) under short fluctuations in environmental conditions is
limited by the rate of induction of these mechanisms. Further, experiments of this chapter
demonstrate the effectiveness of these mechanisms in maintaining Y(ll) is rapidly reduced
under scenarios that drive substantial photooxidation, such as combined cold and high light
conditions. Over the last century, there has been an acceleration in the frequency and intensity
of previously uncommon weather events, for instance, late spring frosts (Lamichhane, 2021).
Therefore, understanding the effectiveness of photoprotective mechanisms in mitigating

reductions in plant fithess under these conditions is increasingly important.

Not only does combined cold and high light occur during late spring frosts, because under
natural conditions they also occur to a lesser intensity regularly over the diel cycle at dawn.
Considering the results of this chapter in this context, circadian regulation of relevant gene

expression and induction of photoprotective mechanisms could increase plant fitness by
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aligning activity of these processes to the diel cycles in cold and high light, potentially
increasing plant fitness. Therefore, circadian regulation of maintenance of Y(ll) under cold

and/or high light was studied in the subsequent Chapters 4 and 5.
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4 Circadian regulation of maintenance and
recovery in effective PSIl quantum yield

following cold and high light conditions

4.1 Background

The role of the circadian oscillator in driving circadian rhythms in many aspects of
photosynthesis is well established (Dodd et al., 2014). However, the importance of this
regulation in supporting plant fithess is less well understood. To investigate this, Y(II) of
seedlings was measured as an indicator of photosynthetic efficiency, which ultimately could

be an indicator of a component of plant fitness (Molina-Montenegro et al., 2013).

4.1.1 Circadian regulation of maintenance photosynthetic efficiency
is well established

Circadian rhythms in maintenance of Y(ll) — also referred to in literature as F'¢/F'm» — have
previously been investigated. Under experimental control conditions, rhythms in Y(Il) have
been shown to occur in Arabidopsis, marimo and, Marchantia polymorpha (Litthauer et al.,
2015; Cano-Ramirez et al., 2018; Cuitun-Coronado et al., 2022). Moreover, in Arabidopsis,
rhythms have been identified in other photosynthetic parameters under steady state, e.g.

F\/Fm, and delayed fluorescence (Yarkhunova et al., 2018; Dakhiya et al., 2017).

Alongside rhythms in chlorophyll fluorescence parameters, transcript abundance of SIG5 and
its downstream targets are under circadian control (Noordally et al., 2013b). Furthermore,
SIG5 transcription is induced by exposure to multiple stress conditions (Nagashima et al.,
2004) and in response to both cold and high light treatments; this induction has been shown

to be circadian gated (Belbin et al., 2017) (Cano Ramirez, under review).

In natural environments light intensity changes with a diel cycle, increasing from dawn to a
peak during the day and then declining towards dusk. Similarly, temperature changes with a
diel cycle reaching a minimum prior to dawn (Cano-Ramirez et al., 2022). Therefore, the
coincidence of cold and light conditions also occurs with diel cycles, with both conditions

coinciding after dawn. Under these conditions, the system is at great risk of photoinhibition
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because the slowing of electron transfer by cold reduces the threshold of excitation energy
causing photodamage (Miura and Furumoto, 2013). Thus, circadian regulation might provide
a process that anticipates these fluctuations in conditions, thus improving the efficiency of the
system and contributing to plant productivity. Therefore, the hypothesis that Y(Il) might exhibit
distinct circadian rhythms under cold and high light conditions, compared to control conditions.
By understanding the role circadian regulation on maintenance Y(IlI) under fluctuating
conditions it might be possible to gain further insights into why there is circadian regulation of

photosynthesis overall.

Whilst there was a limited role of SIG5 in maintaining Y(Il) under cold and/or high light
conditions (Chapter 3) during time-independent measurements of Y(II), SIG5 may have a role
in circadian regulation of maintenance of Y(Il). Moreover, the peak in SI/G5 transcript
abundance 1 h after dawn coincides with the time of day when plants are most likely to
experience cold and high light conditions (Cano-Ramirez and Panter, under revision).
Combined with gating of SIG5 induction in response to cold and high light, this might enable
maximum upregulation of transcription of core PSIl subunits at times of day to when damage

is most likely to occur, optimising maintenance of photosynthetic efficiency across the day.

4.1.2 Understanding of the role of circadian regulation in recovery
of photosynthetic efficiency is limited

During periods of increased photooxidative stress, alterations occur to the photosynthetic
system to limit damage. Some of these changes work to increase maintenance of Y(Il) under
the driver of photooxidative stress. However others, with the goal of limiting long term damage
to the system, reduce Y(ll). For instance, NPQ competes with Y(Il) (Fig. 1.1). This means
increases in NPQ to dissipate excess energy and limit ROS accumulation, in turn, reduces
Y (II) (Kromdijk, 2022; Maxwell and Johnson, 2000). Therefore, upon the removal of the driver
of photooxidative stress, mechanisms such as NPQ must be relaxed to increase the efficiency
of the system under the new conditions. In spite of photoprotective mechanisms, following
prolonged photooxidative stress, irreversible damage to the photosynthetic apparatus is
inevitable (Chen et al., 2020). In addition, under oxidative stress replacement of photosystem
proteins is limited. For instance, oxidative conditions inhibit de novo synthesis of the subunit
D1, which is a major site of irreversible photooxidation of PSII (Nishiyama et al., 2001; Chen
et al., 2020). Therefore, replacement of most damaged proteins is likely to occur once the

drivers of oxidative stress have been lessened.
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Studies investigating the recovery in chlorophyll fluorescence following exposure to
photooxidative stress are limited in number. The premise of one study, by Gray et al. (2003),
was to consider recovery in chlorophyll fluorescence following cold treatments and how cold-
acclimation impacts this. However, given the light intensity used (2200 pmolms™), this could
instead be viewed as a study into recovery following cold and high light exposure. This study
found that even 80h after exposure to their experiment treatment, F./Fn of plants was still
reduced compared pre-treatment values. In contrast to Gray et al. (2003), another study
Khanal et al. (2017) found F./Fr of plants treated with 4 h of 1750 umolm™s™ had recovery to
a level similar to control plants after 24 h. This inconsistency in results combined with the
limited number of studies considering recovery of chlorophyll fluorescence following
photooxidative stress highlights the need for comprehensive studies to investigate this
process. The role of sigma factors in recovery following photooxidative stress has been
previously explored to a limited extent. Nagashima et al. (2004) suggested sig5-2 had impaired
recovery in F./Fn, following a high light treatment compared to wild-type. However, drawing
conclusions from the results of this study is limited due to a lack of any statistical analysis and

rather noisy data.

As previously discussed, many drivers of photooxidative stress such as cold and high light
may cycle in intensity with a 24 h period. Therefore, at certain times of day the system is more
likely to require the activity of mechanisms for recovery from this stress. Whilst little work aimed
to understand the role of circadian regulation in recovery in photosynthesis following
photooxidative stress, many studies have suggested links between the circadian oscillator and
cell redox state (Simon et al., 2019; Jiménez, Sevilla and Marti, 2021; Lai et al., 2012). As
photooxidative stress involves accumulation of ROS, this circadian regulation of cell redox
state could act downstream to influence recovery of photosynthetic efficiency following
photooxidative stress. Reviews such as that by Guadagno, Ewers and Weinig (2018) have
proposed measuring Y(Il) would be useful for investigating this because the dynamic nature

of Y(Il) allows small changes in chlorophyll fluorescence to be detected.
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4.2 Results

4.2.1 Methodology and Experimental Design

As experimental design differs between previous studies showing circadian rhythms in
chlorophyll fluorescence parameters, first it had to be established that rhythmicity of Y(Il) under
free running conditions could be identified. For this, Y(ll) was measured from the cotyledons
of 11 day old Col-0 (wild-type), and 35S::CCA1 (CCA1-ox) seedlings. Prior to each
measurement, seedlings were exposed to 3 h treatments of control conditions (19°C and 110
umolm2s™), with measurements obtained repeatedly over a 44 h time period. Prior to the start
of the experiment treatment, all seedlings were held in free-running (constant light and

temperature, 110 umolms™) conditions for 24 h.

Beyond this, to investigate whether there is circadian regulation of maintenance of Y(IlI) under
cold and/or high light conditions, separate to circadian regulation under control conditions.
Therefore, using the same experimental design as the above experiment, Y(II) of seedlings of
each genotype was measured following exposure to 3 h treatments of either cold (4°C and
110 ymolm™2s™), high light (19°C and 700 umolms™), or combined cold and high light (4°C
and 700 uymolm?s™'). 3 h long treatments with these conditions were selected, because
previous experiments have shown that this duration was sufficient for detection of the impact
of adaptive mechanisms. Moreover, this is the shortest duration of cold treatment necessary
to drive significant increases in SIG5 transcript levels (Cano Ramirez, under review). Seedling
age for experiments was chosen to be in line with previous studies investigating SIG5
transcript levels under cold and high light conditions (Cano Ramirez, under review; Belbin et
al., 2017).

To elucidate the involvement of SIG5 in the maintenance of Y(Il), sig5-3 seedlings were also
included in experiments. Here it was hypothesised that in the presence of the stress
treatments wild-type will out-perform sig5-3 at only the certain times of day. These times of
day of under-performance would correspond to times of greatest induction of SIG5 activity in
response to the stress conditions, representing the times when SIG5 is required to maintain

the photosynthetic apparatus under the conditions.

To test the hypothesis that there could be circadian regulation recovery in Y(Il) following
photooxidative stress, immediately after initial measurements of Y(Il) seedlings were held in

darkness and Y(ll) was measured again, 15, 30, 45, and 60 minutes later (as the seedlings
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are held in darkness before the recovery measurements, Y(ll) under this condition is equal to

F./Fm). From each of these durations of recovery, a rate of recovery in Y(Il) was calculated.

4.2.2 Circadian regulation of maintenance of Y(ll) under cold and/or
high light conditions

Estimate marginal means of the response of Y(Il) to each treatment at each timepoint are
displayed, grouped by treatment type, in Fig. 4.1A-D. These means of response of Y(Il) to
each treatment have been repeated in Fig. 4.2A, C ,E, to allow for visual comparison between
mean Y(ll) in response to each stress treatment with Y(Il) under control conditions. To
consider whether there was circadian gating of the response of Y(Il) to each stress conditions,
the difference between mean Y(Il) under control and each stress treatment at each timepoint
was calculated and are shown in Fig. 4.2B ,D ,F. To elucidate differences between the
responses of Y(Il) of sigh-3 and CCA1-ox vs wild-type, the difference between these was

calculated for each treatment, this is shown in Fig. 4.3.
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Figure 4.1 Impact of treatment conditions on circadian features of effective PSIl quantum yield
(Y(I)) are treatment type specific. Measurements of 11 day old cotyledons of Arabidopsis thaliana
seedlings. Prior to measurement plants were exposed to 3 h treatments of (A) control (19°C, 110 ymolm-
2s™), (B) cold (4°C, 110 uymolm2s™), (C) high light (19°C, 700 umolms™"), (D) combined cold and high
light (4°C, 700 umolm2s). Plots show estimated marginal mean + SE for three independent
experimental repeats (two for CCA1-o0x), calculated using a mixed effects linear model which adjusted
values for the influence of random effect experimental repeat. N = 8-20 individual plants within each
independent repeat. Clear areas of panels indicate subjective day, grey areas of panels indicate
subjective night. Note, y-axes of each plot are to the same scale but cover different ranges to allow

visual inspection of rhythmicity of the traces.
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Figure 4.2 Changes in effective PSIl quantum yield (Y(ll)) across time differs under both control
and cold and/or high light conditions. Measurements of 11 day old cotyledons of Arabidopsis
thaliana seedlings. Prior to measurement plants were exposed to 3 h treatments of (A,B) cold (4°C, 110
umolms™), (C,D) high light (19°C, 700 umolm=s™), (E,F) combined cold and high light (4°C, 700
pumolm2s'), or (A.F) control (19°C, 110 pmolm2s'). (A,C,E) estimated marginal mean + SE for three
independent repeats (two for CCA1-ox), calculated using a mixed effects linear model which adjusts
values for the influence of random effect experimental replicate. N = 8-20 individual plants within each
independent repeat. Data repeated from Fig. 1 for treatment comparison. (B,D,F) difference is treatment
minus control mean whereby more negative differences reflect a greater impact of treatment on Y(ll)
compared to control conditions. p-values (meta2D, p<0.05) represent a test for statistically significant
rhythmicity, shown to three significant figures. Clear areas of panels indicate subjective day, grey areas
of panels indicate subjective night.
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Figure 4.3 Rhythmicity in differences between genotypes suggest role of SIG5 in circadian
gating of effective PSIl quantum yield (Y(Il)) in response to high light. Plots show difference in Y(Il)
between means of WT and each genotype under treatments of (A) control (19°C, 110 umolm2s'), (B)
cold (4°C, 110 ymolms™"), (C) high light (19°C, 700 umolm2s"), (D) combined cold and high light (4°C,
700 umolm2s") conditions. Estimated marginal means calculated from three independent repeats (two
for CCA1-ox) using a mixed effects linear model, adjusting values for the influence of random effect
experimental replicate. N = 8-20 individual plants within each independent repeat. Differences
calculated as mutant minus WT mean such that a more negative difference represents a greater
reduction in Y(Il) by the treatment in the mutant than WT. p-values (meta2D, p<0.05) represent a test
for statistically significant rhythmicity, shown to three significant figures. Clear areas of panels indicate
subjective day, grey areas of panels indicate subjective night. Note, y-axes of each plot are to the same

scale but cover different ranges to allow visual inspection of rhythmicity of the traces.
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4.2.2.1 Rhythmicity in maintenance of Y(ll) of sig5-3 under control
conditions suggests underlying circadian regulation

To investigate the maintenance of Y(Il) to cold and/or high light conditions, first the
maintenance of Y(II) under control environmental conditions was considered. In contrast to
previous studies, no significant rhythmicity in Y(Il) of wild-type was identified (Fig. 4.1A, Table
4.1) (Litthauer et al., 2015). This might reflect differences in experimental design, including
growing and measurement conditions. Similar to wild-type, no rhythm was found in
maintenance of Y(II) in CCA1-ox seedlings under control conditions (Table 4.1). Although this
might suggest a lack of circadian regulation of maintenance of Y(ll), a rhythm was present in
Y(Il) of sig5-3. This suggests SIG5 activity is under regulation by the circadian oscillator such
that it is SIG5 acts to support a more constant level of Y(ll) across time in wild-type. Hence,

when SIG5 activity is lost, a rhythm emerges in sig5-3.

Table 4.1 Summary of meta2d quantitative timecourse analysis of maintenance of effective PSII
quantum yield (Y(ll)) under cold and/or high light conditions. Y(ll) of 11 day old cotyledons
measured at 12 timepoints across a 44 hour subjective time period, following cotyledon exposure to 3
h treatments conditions. Analysis carried out on estimated marginal mean Y(lIl), calculated for each
timepoint of three (two for CCA1-ox) independent experimental repeats, N=8-20 individual plants within
each independent repeat. Estimated marginal means calculated using mixed effects linear models,
adjusting means for the influence of experimental repeat as a random effect. P-values obtained from
meta2d method analysis for statistically significant rhythmicity. Period, phase, and amplitude estimates
are excluded for experiments which did not yield statistically significant rhythms because these
measures are derived from poor fits to the data. Results shown to three significant figures. p<0.05 *,
p<0.01 **, p<0.001 ***

Treatment Genotype p-value Period est. Phase est. Amplitude
(h) (h) est. (Y(II))

Control WT 0.466 - - -

(19°C, 110 ymol m2s™')  sig5-3 4.95 x1095 ***  20.3 7.21 0.00910
CCA1-ox  0.811 - - -

Cold WT 0.698 - - -

(4°C, 110 ymol m2s™) sig5-3 0.714 - - -
CCA1-ox  0.936 - - -

High Light WT 0.000159 *** 24.0 22.3 0.0145

(19°C, 700 ymol m?s™)  sig5-3 2.29 x1008 *** 247 23.9 0.0162
CCA1-ox 0.112 - - -

Cold and High Light WT 0.188 - - -

(4°C, 700 umol m2s™) sig5-3 0.0473 * 26.2 19.7 0.0200

CCA1-ox 0177 - - -
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4.2.2.2 Under cold conditions SIG5 may support Y(ll) at certain times of
day

Rhythmicity was not detected in the maintenance of Y(ll) of wild-type, sig5-3, or CCA1-0x
following exposure to cold conditions (Table. 4.1, Fig. 4.1B). To investigate whether Y(Il) in
response to short-term cold differed from under control conditions, for each genotype the
difference between mean Y(II) under control and cold conditions at each timepoint was
calculated (Fig. 4.2B). Of these differences, a rhythm was found in the difference between
control and cold treated sig5-3 (Fig. 4.2B) This could suggest there is circadian gating of
maintenance of Y(ll) under cold conditions in sig5-3, such that the impact of cold conditions
on reducing Y(ll) of sigh-3 is smallest at dusk. This result appears inconsistent with the
transcript level dynamics, where gating of induction of SIG5 to cold treatment occurs in wild-
type and is lost in sig5-3 (Cano Ramirez, under review). However, lack of retention of gating
of SIG5 to cold upon the output variable Y(Il) could suggest that gating of SIG5 induction in
wild-type works to maintain a constant level of Y(Il) under cold conditions across the day by
being most active during times of greatest sensitivity to cold. Thus, when SIG5 activity is lost

in sig5-3, rhythmicity emerges in Y(ll).

4.2.2.3 SIGS5 is involved in circadian gating of maintenance of Y(ll) under
high light

Following treatment with short-term high light, rhythms were found in maintenance of Y(ll) of
both wild-type and sig5-3, whilst no rhythm was found in CCA1-ox (Table 4.1), suggesting
there is circadian regulation of the maintenance of Y(ll) under high light conditions. When the
difference between Y(ll) in response to high light compared to under control conditions was
considered for each genotype, rhythmicity was found in the difference for both wild-type and
sig5-3, but not CCA1-ox (Fig. 4.2D). For both wild-type and sig5-3, high light had the greatest
impact on maintenance of Y(ll) in the hours around subjective dusk (Fig. 4.2D). Moreover, the
estimated amplitude of the rhythmic difference in Y(II) of sig5-3 is greater than wild-type (wild-
type = 0.0108, sig5-3 = 0.0113, meta2d (Y(Il)), suggesting the impact of high light on sig5-3 is
greater at certain times of day. Alongside this difference in amplitude, the rhythm of mean Y(Il)
of sigh-3 showed a phase shift of ~1.6 h compared to wild-type (Table 4.1). For these reasons,
differences in the rhythms observed in sig5-3 compared to wild-type were considered.
Therefore, the difference between maintenance of Y(ll) under high light of wild-type and sig5-
3 at each timepoint was calculated (Fig. 4.3C). In contrast to the difference between wild-type
and sig5-3 under control conditions (Fig. 4.3A), the difference between Y(ll) these genotypes

in response to high light was rhythmic (Fig. 4.3C). This rhythm was such that under high light

43



sig5-3 most under-preformed wild-type ~4 h after subjective dusk, whilst, at subjective dawn,

sig5-3 preformed similar to wild-type.

Together these results suggests the presence of circadian regulation of maintenance of Y(Il)
under high light in both WT and sig5-3, which is absent from the arrhythmic genotype CCA1-
ox. This regulation is such that maintenance of Y(II) under high light is gated, whereby the
system is more sensitive to high light during the day. This is consistent with previous studies
that have shown induction of SIG5 by high light is greatest in the hours approaching dusk and
provides a line of evidence that this gating of SIG5 transcript induction in response to high

light acts downstream to influence Y(II) (Noordally et al., 2013b).

In addition to the results for rhythmicity in Y(ll), from visual inspection, at all timepoints
maintenance of Y(ll) in response to short-term high light CCA1-ox was reduced compared to
WT for all timepoints (Fig. 4.1C). This could suggest underlying circadian regulation of the
response to high light which acts to supports a greater level of Y(Il) in WT.

4.2.2. Under cold and high light SIG5 may support maintenance of
Y(I1)

Similar to the control, under cold and high light conditions, rhythmicity was absent from the
maintenance of Y(Il) of wild-type or CCA1-ox but was found in sig5-3 (Table 4.1, Fig. 4.1D).
To elucidate whether circadian gating was present in the maintenance of Y(Il) under cold and
high light conditions, the difference between Y(ll) control and this condition was calculated
(Fig. 4.2E,F). No rhythmicity was detected for these differences in any genotype tested. This
suggests there is not circadian gating of maintenance of Y(Il) under cold and high light. For
completeness, the difference between Y(llI) of each genotype and wild-type under was
calculated (Fig 4.3D). Interestingly, when the differences between the genotypes were tested
for rhythmicity, a rhythm was present in the difference between Y(II) of wild-type and sig5-3.
This could suggest there is circadian gating of SIG5 activity in wild-type, which works to
support maintenance of Y(ll) are certain times of day, to maintain a more constant level of

Y(ll) across the day.
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4.2.3 Circadian regulation of rate of recovery in Y(ll) after exposure
to cold and/or high light conditions

Estimate marginal means of the rate of recovery in Y(ll) to each treatment at each timepoint
are displayed, grouped by treatment type, in Fig. 4.4. To elucidate differences between the
rate of recovery in Y(II) of sig5-3 and CCA1-ox vs wild-type, the difference between these was
calculated for each treatment, this is shown in Fig. 4.5. To consider whether there was
circadian gating of rate of recovery in Y(Il) to each of the stress conditions, the difference
between mean rate of Y(II) under control and each stress treatment at each timepoint was

calculated and are shown in Fig. 4.6.
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Figure 4.4 Circadian features emerge in rate of recovery in effective PSIl quantum yield (Y(ll)).
Measurements of 11 day old cotyledons of Arabidopsis thaliana seedlings. Prior to measurements
plants were exposed to 3 h treatments of (A) control (19°C, 110 umolms™), (B) cold (4°C, 110 pmolm-
25", (C) high light (19°C, 700 ymolm2s), (D) combined cold and high light (4°C, 700 umolm2s). At
each timepoint, Y(ll) measurements were taken 0, 15, 30, 45, and 60 minutes after the treatment. Rate
of recovery was calculated for each seedling as ((Y(Il) at time x after treatment ) — Y(Il) at time 0)/ x.
Plots show estimated marginal mean + SE for three independent experimental repeats (two for CCA1-
ox), calculated using a mixed effects linear model which adjusted values for the influence of random
effect experimental repeat. N = 8-20 individual plants within each independent repeat. p<0.05 *, p<0.01
** p<0.001 ***, representing results of meta2D method test for statistically significant rhythmicity. Note
y-axis scales differ between plots. Clear areas of panels indicate subjective day, grey areas of panels

indicate subjective night. Note, y-axes of each plot are to the same scale but cover different ranges to
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Figure 4.5 Differences between WT and genotype suggests circadian involvement in recovery
in effective PSIl quantum yield (Y(ll)) following treatments. Measurements of 11 day old cotyledons
of Arabidopsis thaliana seedlings. Prior to measurements plants were exposed to 3 h treatments of (A)
control (19°C, 110 pmolm2s™), (B) cold (4°C, 110 umolms), (C) high light (19°C, 700 umolm-?s™), (D)
combined cold and high light (4°C, 700 umolm2s'). At each timepoint, Y(Il) measurements were take
0, 15, 30, 45, and 60 minutes after the treatment. Rate of recovery calculated for each seedling as
((Y(ll) at time x after treatment ) — Y(II) at time 0)/ x. Estimated marginal means of rates of recovery at
each timepoint calculated using mixed effects linear models, adjusting means for influence of random
effect experimental repeat. Three (two for CCA1-ox) independent experimental repeats were carried
out, N=8-20 individual plants within each independent repeat. Timecourse analysis was carried out on
calculated difference between means of WT and genotype under each treatment at each timepoint
(difference = mutant — WT), whereby greater differences reflect greater impact of the conditions on rate
of recovery in Y(Il) of mutant over WT. p < 0.05 *, p < 0.01 **, p < 0.001 ***, represent meta2D method
test for statistically significant rhythmicity, integrated in legend for clarity. Note, y-axes of each plot are
to the same scale but cover different ranges to allow visual inspection of rhythmicity of the traces. Clear

areas of panels indicate subjective day, grey areas indicate subjective night.
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Figure 4.6 Minimal apparent circadian gating of recovery in effective PSII quantum yield (Y(ll))
following cold and/or high light treatments. Measurements of 11 day old cotyledons of Arabidopsis
thaliana seedlings. Prior to measurements plants were exposed to 3 h treatments of (A) control (19°C,
110 ymolm2s), (B) cold (4°C, 110 ymolm2s), (C) high light (19°C, 700 ymolms), (D) combined
cold and high light (4°C, 700 umolms'). At each timepoint, Y(Il) measurements were take 0, 15, 30,
45, and 60 minutes after the treatment. Rate of recovery was calculated for each seedling as ((Y(Il) at
time x after treatment ) — Y(ll) at time 0)/ x. Estimated marginal means of rates of recovery at each
timepoint were calculated using mixed effects linear models, adjusting means for the influence of
experimental repeat as a random effect. Three (two for CCA1-0x) independent experimental repeats
were carried out, N=8-20 individual plants within each independent repeat. Timecourse analysis was
carried out the calculated difference between means under control and cold and/or high light treatments
at each timepoint (difference = treatment — control), whereby larger differences reflect a greater rate of
recovery after treatment compared to recovery after control conditions. p<0.05 *, p<0.01 **, p<0.001
*** representing results of meta2D method test for statistically significant rhythmicity. Note, y-axes of
each plot are to the same scale but cover different ranges to allow visual inspection of rhythmicity of

the traces. Clear areas of panels indicate subjective day, grey areas of panels indicate subjective night.
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4.2.3.1 SIG5 many have a limited role in circadian regulation of
recovery/dark adaptation after exposure control conditions

In this chapter, measurements of Y(ll) 15, 30, 45, and 60 minutes after the environmental
stress treatment are considered ‘recovery’ measurements, and from these the rate of recovery
of Y(Il) following treatments was calculated. Following exposure to the control conditions, the
rate of recovery could alternatively be considered the rate of dark adaptation. Dark adaptation
is @ common step in experiments measuring chlorophyll fluorescence and involves the

relaxation of NPQ. Therefore, first circadian regulation of this dark adaptation was considered.

Similar to maintenance of Y(ll), no rhythm was detected in the mean rates of recovery in Y(II)
for wild-type or CCA1-ox (Fig 4.4A ,Table A.1). However, rhythmicity was found in the recovery
rates calculated from later recovery measurements of sig5-3 (45 and 60 minutes after transfer
to dark) (Fig 4.4A ,Table A.1). Visual inspection of these rhythmic rates shows recovery is
lowest 4 hours after subjective dawn, this then increases across the day to peak at the greatest
rate around subjective dusk (Fig. 4.4A). This could suggest a role of SIG5 besides from a
stress response element. When the difference between of mean rate of recovery of wild-type
and sig5-3 was considered (Fig. 4.5A, Table A.3), a rhythm was found in the rate 30 minutes

after transfer to dark conditions, further supporting a role of SIG5 in dark adaptation.

4.2.3.2 Circadian rhythms in recovery did not emerge following cold
conditions

The rate of recovery in Y(ll) following exposure to cold conditions was not rhythmic in any of
the genotypes (Fig. 4.4B, Table A.1). This result carried through to difference between rate
of recovery between control and cold treatment for each genotype (Fig. 4.6A, Table A.2), and
the difference between rate of recovery between wild-type and sigs-3 and CCA1-ox under
after exposure to cold conditions (Fig. 4.5B, Table A.3). This suggests there is not circadian
gating of the rate of recovery in Y(Il) following exposure to cold conditions. This could mean
that rhythms and circadian gating of SIG5 transcript induction following cold conditions do not
contribute to downstream recovery/replacement of the photosynthetic apparatus following the

end of cold conditions (Cano-Ramirez and Panter, under review).
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4.2.3.3 SIGS is involved in circadian regulation of recovery following
high light conditions

Following high light treatments, there were circadian rhythms in the rates of recovery of all
three genotypes (Fig. 4.4C, Table A.1). For wild-type and sig5-3 this rhythm was such that
rate of recovery is greatest around subjective dusk. Rate of recovery following high light then

decreased across the subjective night, being lowest around subjective dawn.

A rhythm was also present in the later mean rates of recovery of CCA1-ox (Fig. 4.4C, Table
A.1). This is surprising because CCA1-ox is an arrhythmic period mutant where circadian
rhythms of expression of both the circadian clock, and clock output genes, are disrupted.
Therefore, one might expect a rhythm in Y(Il) to be absent. Circadian oscillator characteristics
differ between leaf cell types such that mesophyll cells have a much lower amplitude oscillation
of some clock components compared to other tissues (Endo et al., 2014). Therefore, the
rhythm observed in CCA1-ox could be a consequence of constitutive expression of CCA1
under the 35S driving CCA1 expression in tissues where it would otherwise not be present. In
addition to the rhythmicity of recovery that was present in CCA1-ox, CCA1-ox also had a
slower mean rate of recovery following high light than wild-type across the whole timeseries,
suggesting that correct circadian oscillator function is essential for effective recovery following

high light conditions.

To investigate whether these rhythms represented circadian gating of rate of recovery in Y(II)
following high light, the difference between mean recovery rate under the control and high light
treatments was calculated (Fig. 4.6B, Table A.2). Surprisingly, only one significant rhythm in
these differences was detected — the rate of wild-type recovery of the wild-type, 30 minutes
after removal from high light. This suggests the presence of circadian gating of rate of recovery
in Y(II) such that recovery from high light driven photooxidative stress is faster during the
subjective day. Further, lack of a rhythm in any of the sig5-3 differences could indicate SIG5

involvement in the circadian gating of this recovery.

To further elucidate the contribution of SIG5 and the circadian oscillator to the rhythms in rate
of recovery, the difference between mean rates in wild-type vs sig5-3 or CCA1-ox were
determined (Fig 4.5C). Here, the difference between wild-type and sig5-3 was rhythmic at all
durations of recovery (Table A.3). Visual inspection of the difference suggests that sig5-3 had
a lower rate of recovery from high light wild-type compared with the wild-type during the
subjective day. This is consistent with results of Nagashima et al. (2004) which showed a

lower recovery rate F./Fn in sig5-2 following high light treatment compared to wild-type.
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However, during the night sig5-3 out-performed the wild-type, wild-type with a greater rate of
recovery from the photooxidative stress. From the data in Fig. 4.1C, during the subjective night
sig5-3 maintained a lower rate of Y(Il) than wild-type. As recovery from photooxidative stress
involves many mechanisms, rather than indicating that loss of functional SIG5 directly
increases recovery rate at certain times of day, i.e. SIG5 in wild-type plants inhibits recovery,
this result could instead suggest in that loss of active SIG5 leads to the upregulation of other
recovery mechanisms. The difference between the rate of recovery of WT and CCA1-ox in
response to short-term high light was rhythmic (Fig. 4.5C, Table A.3). This could suggest that
constitutive expression on CCA1 disrupts a component of the circadian regulation of recovery

in Y(Il) following short-term cold, but not another component.

4.2.3.4 Circadian regulation of recovery following exposure to cold and
high light is likely

The mean rate of recovery following treatment with cold and high light conditions was not
rhythmic for any genotypes tested (Fig. 4.4D, Table A.1). Similarly, the difference between
rate of recovery following control vs combined high light and cold was not rhythmic for any of
the genotypes used (Fig. 4.6C, Table A.2). However, there was a in the difference between
rate of recovery following cold and high light of wild-type and CCA1-ox, such that recovery
following cold and high light is more reduced in CCA1-ox compared to wild-type in the hours
either side of subjective dawn (Fig. 4.5D, Table A.3). This suggests that in wild-type plants
oscillator functions to support a greater rate of recovery of Y(Il) around subjective dawn.
However as with the rhythmicity under high light, this result could also be a consequence of

constitutive expression of CCA1-ox under the 35S promoter (Endo et al., 2014).

4.2.2 Summary of results

The statistical analysis for significant rhythmicity of all measurements has been summarised
in Table 4.2
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Table 4.2 Summary of results of test rhythmicity. Statistical analysis was carried out using meta2D

method of MetaCycle. Significant rhythms have been indicated p < 0.05. Significant rhythm in rate of

recovery of Y(II) has been indicated if one of more of the times since treatments rates of recovery

timeseries yielded a statistically significant rhythm

Treatment Parameter Genotype Maintenance of Y(II) Recovery in Y(ll)
significantly significantly
rhythmic? rhythmic?

Control Mean WT

(19°C, 110 ymolm2s™") sig5-3 N4 N4

CCA1-0x
Difference from sig5-3 v
WT CCA1-ox
Cold Mean WT
(4°C, 110 umolm2s™) sig5-3
CCA1-0x
Difference from WT
control sig5-3
CCA1-0x
Difference from sig5-3
WT CCA1-0x
High light Mean WT V4 V4
(19°C, 700 ymolm2s") sig5-3 N N
CCA1-ox v
Difference from WT v v
control sig5-3 v
CCA1-0x
Difference from sig5-3 v v
WT CCA1-0x J
Cold and High Light Mean WT
(7°C, 700 umolm2s™) sig5-3 N4
CCA1-0x
Difference from WT
control sig5-3
CCA1-0x
Difference from sig5-3 v
WT CCA1-ox J

52



4.3 Discussion

It is well established that proper functioning of the circadian oscillator is essential for enhanced
plant fitness (Dodd et al., 2005). Further circadian rhythms are evident in the environmental
responses of SIG5, a component involved in responding to changes in environmental
conditions (Cano-Ramirez and Panter, under review; Noordally et al., 2013). However, the
connection between this circadian regulation of SIG5 and plant fitness is less well understood
(Cano-Ramirez and Panter, under review). This chapter provides evidence that circadian
oscillator function, and the circadian regulation of SIG5, act to increase photosynthetic
efficiency under both control, high light, and conditions. Further, this chapter provides
preliminary evidence that maintenance and recovery of Y(ll) may each be under distinct

circadian regulation.

4.3.1 There is underlying regulation of maintenance of Y(ll) by both

the circadian oscillator and SIG5

This chapter shows clear evidence that SIG5 is involved in circadian regulation to support Y(II)
under control conditions (Table 4.2). This conclusion is drawn from the rhythm which emerges
in maintenance of Y(ll) of sig5-3 which was not present in wild-type. This could indicate that
rhythms in expression of SIG5 shown by Noordally et al. (2013) act to maintain a more
constant level of Y(ll) across the day in wild-type plants, thus when activity of SIG5 is lost in
sig5-3, a rhythm in Y(II) emerges. However, these measurements of maintenance of Y(Il)
under control conditions differed from results of Litthauer et al. (2015). It is possible this
discrepancy can be attributed to differences in experimental design, the major difference being
that Litthauer et al. (2015) measured Y(ll) under a lower light intensity than the plant growth
light. This suggests either the detectability or presence of rhythms of Y(ll) in Arabidopsis can

depend upon light conditions.

4.3.2 Circadian regulation supports maintenance of Y(ll) under
photooxidative stress conditions

Another interesting finding of this chapter was the presence of tight circadian regulation and
gating of maintenance of Y(ll) in response to treatment with high light (Table 4.2). In this
experiment there was a reduction in Y(ll) in response to short-term high light, in sig5-3 specific
times of day and an overall reduction in CCA1-ox compared to wild-type. This result suggests
Y(Il) in sig5-3 is an intermediate between what was observed in wild-type and CCA1-ox. This

differences in maintenance of Y(ll) across genotypes supports the model proposed by Cano-
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Ramirez and Panter (under review), which positions SIG5 as an anterograde signal which
conveys information from the circadian oscillator to regulate gene expression in the
chloroplast. In addition, this finding, of reduced Y(ll) in CCA1-ox is reminiscent of experiments
by Yarkhunova et al. (2018) who found reduced F.,/F’ in both the short-period mutant foc1
and long-period mutant zt/. This overall reduction maintenance of Y(II) in CCA1-ox compared
to wild-type indicates that underlying circadian regulation supports a greater level of Y(lI) in
response to short-term high light at all times. This finding of reduced functioning of CCA1-xo
aligns with the characterisation of CCA1-ox by Dodd et al. (2005) which showed CCA1-ox to
have a reduced rate of net CO fixation and reduced ariel biomass compared to wild-type.
Together, these findings provide evidence of the overall importance of circadian regulation of

photosynthesis in supporting components of plant fitness.

In contrast, in the response of Y(ll) to 3 h treatments of cold, and of combined cold and high
light, limited evidence of rhythmicity in the response of Y(Il) was found (Table 4.2). However,
Cano-Ramirez and Panter (under review) have shown rhythms in the amplitude of induction
SIG5 transcripts and its downstream targets in response to exposure to short-term cold.
Therefore, lack of rhythmicity in Y(Il) could indicate that exposure to cold conditions drives
post-translational regulation of SIG5 targets in the chloroplast which modifies circadian
regulation of Y(II) which is seen under control conditions and in response to short-term high
light. To investigate this, experiments of this chapter should be repeated and include tissue
collection simultaneous to Y(ll) measurements. Tissue could be sampled for SIG5 transcript
abundance, and protein abundance of the chloroplast proteins whose transcription is solely
regulated by SIG5, for instance D2 or CP43 (Nagashima et al., 2004). If cold induced post-
translational regulation was present, whilst rhythms of SIG5 would be present under separate
cold and/or high light, it would be expected that rhythms in protein levels would only be

observed in tissue treated with high light.

4.3.3 Rate of recovery in Y(ll) did not always reflect of maintenance
of Y(ll) suggesting distinct circadian regulation of these two
processes

Rhythms in maintenance of Y(Il) were often carried through to also be observed in recovery
from the environmental manipulation, although this was not always the case (Table 4.2). Under
control, high light, and combined cold and high light conditions, rhythmicity in some

parameters emerged only in the recovery phase.
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One of these differences between response and recovery was under control conditions. Here,
a rhythm in the difference in dark adaptation (recovery) between wild-type and sig5-3 which
was not found in the difference between Y(Il) of each genotype measurement immediately
after removal form control conditions. This could suggest involvement of SIG5 in dark
adaptation separate to any role in maintaining Y(Il) under control conditions. Another
difference found when comparing response vs recovery in Y(Il) was in the difference between
wild-type and CCA1-ox for each of these. For both the high light, and combined cold and high
light treatment, rhythmicity was found in the difference between rate of recovery of each
genotype but not in the difference between the response of each genotype to the treatments.
This could suggest, as hypothesised by many, that circadian regulation of cell redox state
influences recovery photosynthetic efficiency following oxidative stress (Guadagno et al.,
2018). These differences between maintenance and rate of recovery in Y(Il) could indicate a
separation in the circadian regulation of maintenance vs rate of recovery of Y(ll). This
highlights the importance of considering the impact of experimental design on experiments
using chlorophyll fluorescence to investigate responses to photooxidative stress conditions,
because the circadian regulation of recovery during dark adaptation steps may confound
results (Nagashima et al., 2004; Kato et al., 2012; Khanal et al., 2017; Cano-Ramirez and

Panter, under revision).

To further investigate the distinction between circadian regulation of the maintenance and
recovery of Y(Il) and elucidate molecular processes underlying the rhythms in Y(Il),
experiments of this chapter could be repeated such that other parameters are measured in
place of Y(ll). Because the existing literature on the circadian regulation of recovery of
photosynthetic efficiency in response to environmental cues is limited, there are many
directions in which follow up experiments could take to better understand this process. For
instance, the same equipment used to measure Y(Il) can also be used to measure Y(NPQ)
and Y(NO), these being regulated and non-regulated energy dissipation at PSII respectively.
Because other aspects of NPQ, for example expression of psbs, are under to circadian control
it is also possible the down-regulation of NPQ contributes to the rhythmicity observed in Y(II)
(Covington et al., 2008; Kromdijk, 2022). Therefore, measuring these parameters would
provide insight into whether rhythms observed in the difference in rate of recovery of Y(Il)
between wild-type and CCA1-ox following high light or cold and high light conditions was
driven by circadian regulation of in the rate of downregulation of NPQ. In addition to other
fluorescence measurements, tissue could be collected at each timepoint and time after
transfer to darkness. De novo synthesis of D1 is thought to be inhibited by ROS accumulation,
implying a distinction between protein turnover during maintenance under photooxidative

stress compared to recovery from it (Chen et al., 2020). Therefore, collected tissue could be
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