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Introduction

Sunlight is the primary source of energy for the biosphere on Earth, that directly or indirectly
sustains most of known life forms. Biomass is accumulated by plants and other organisms
through harvesting light energy in the process of photosynthesis. Consisting of a multitude of
reactions, the photosynthesis can be broadly divided into the light-dependent reaction and the
light-independent (dark) reaction, the latter also known as the Calvin-Benson cycle. The whole
process takes place in chloroplasts. The light-dependent reaction occurs in thylakoid
membranes, and it transforms light energy into chemical energy stored in ATP and NADPH
molecules (Figure 1). This energy is used in the Calvin-Benson cycle (occurring in chloroplast
stroma) to fixate atmospheric CO, molecules, and after a series of reactions synthesize glucose.

Chloroplast

2H* H'

H'+ NADP*  NADPH ([ ATP )

*“NADP*
reductase

Light

ATP
Thylakoid synthase

membrane

Thylakoid
space

H:0 1/20; + 2H*

2H' H'

Figure 1. Schematic overview of light-dependent reaction of photosynthesis. Reproduced from "Light Dependent
Reactions of Photosynthesis", by BioRender, March 2021, retrieved from https://app.biorender.com/biorender-
templates/t-60oaydggabd6aisooasyi3g9di-light-dependent-reactions-of-photosynthesis Copyright 2021 by BioRender.

The light-dependent reaction is a component of photosynthesis where light is captured by
photosystems I and II (PSI and PSII), that are embedded in the thylakoid membrane.
Photosystems capture light through antennae systems composed of light harvesting complexes
(LHCs), which are aggregates of proteins and photosynthetic pigments (mainly chlorophyll and
carotenoids) (Croce & van Amerongen, 2020). Light intercepted by LHCs excite pigment
molecules, which are capable of passing excitement energy among LHCs, until it eventually
reaches the reaction centre, located in the middle of PSI and PSII (Figure 2). Reaction centre
contains two chlorophyll molecules - so called special pair - that use excitation energy to reduce
primary acceptors and initiate electron transport that eventually leads to synthesis of energy
carrying molecules (Figure 1). However, not all excitation energy is passed to the reaction centre
to be used in the light-dependent reaction.
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Figure 2. Structure of photosystem Il embedded in a thylakoid membrane. Light is captured by pigment molecules
located in light harvesting complex, and transferred to reaction centre, where it is used to transfer electrons from water,
resulting in its splitting. Reproduced from https://courses.lumenlearning.com/wm-biologyi/chapter/reading-light-
dependent-reactions/.

Chlorophyll excitation energy that is not directly involved in photosynthesis (qP, number 2 in
figure 3) can be dissipated via a number of other possible pathways. In a scenario that plants
want to avoid, excited chlorophyll molecules can return to their ground state by so-called
intersystem crossing, which produces reactive oxygen species (ROS) in the process (number 4
in figure 3) (Miiller et al., 2001). Due to the destructive effect of ROS on biological structures
like proteins and DNA this pathway of chlorophyll conversion is associated with damage and
should be protected against by bringing excited chlorophyll to its ground state by one of the
other pathways (Kasahara et al., 2002). Except already mentioned photochemistry (2), other safe
pathways are: chlorophyll fluorescence, reemission of an absorbed photon with a longer
wavelength (1); non-photochemical quenching (NPQ), dissipation of energy in the form of heat

(3).

4/ 1Chl*
A
3Chi*
1
10,* ) fluorescence
photochemistry (qP)
3
0, heat (NPQ)
Chl

1,1} 11

Figure 3. Possible fates of energy loss by chlorophyll excited by light ("Chl’). 'Chl’can return to its ground state (Chl) by
emitting light - fluorescing (1), by passing excitation energy to reaction centre and eventually electron acceptors, thus



performing photochemistry (2), or by emitting heat — phenomenon of NPQ (3). Lastly, a pathway involving a step of
3ChI, that leads to creation of reactive oxygen species (4). Reproduced from Miller et al., 2001.

While the phenomenon of NPQ is linked to thermal dissipation, the term itself refers to the
quenching of chlorophyll fluorescence, which is being used as a proxy to study NPQ (details
about the method are explained in box 1)((Harbinson, 2018). Thermal dissipation cannot be
directly measured since heat is being emitted in such small quantities, and such short
timescales, that are beyond resolution of our measurement techniques. As a result of this
indirect method of measurement, NPQ is a collective term that encompasses several distinct
phenomena manifesting through a decrease in fluorescence (quenching), not all of which result
in thermal dissipation of excess excitation energy (Malnoé, 2018). The exact number and
fragmentation of those phenomena is not universally agreed upon, nonetheless, for the purpose
of this thesis following components are assumed:

e qE: fast component of NPQ. It occurs when light harvesting complexes of photosystem
IT (LHCII) detach from PSII core and change their conformation from light harvesting
state, which is nearly 100% efficient in transferring excitation energy to the reaction
centre, to aggregated state that does not transfer this energy, but releases it in form of
heat (Croce & van Amerongen, 2020; Ruban et al., 2007).

e gZ: zeaxanthin dependent component of NPQ. Associated with the effect of zeaxanthin
on LHCII proteins, promoting conformational change to the quenching state (Nilkens
et al., 2010).

e ql: slow component of NPQ, represents photoinhibition due to damage of PSII, often
degradation of D1 protein (Aro et al., 1993).

e qT: transition component of NPQ, that redistributes excitation energy between
photosystems. Result of migration of LHCII subunits to PSI, that does not lead to heat
dissipation (Quick & Stitt, 1989). Its contribution to NPQ in higher plants is negligible
(Goss & Lepetit, 2015).

e gM: reduction in fluorescence as a result of chloroplast movement, which does not lead
to thermal dissipation (Cazzaniga, Dall'Osto, et al., 2013; Malnoé, 2018).

NPQ is largely an inducible process that can provide dynamic protection against photodamage.
Flexibility of NPQ is a crucial characteristic in natural conditions, where intensity of light
fluctuates greatly at timescales ranging from months - seasonal changes, to (sub)seconds - the
effect of clouds passing, or leaves movement in the canopy (Kaiser et al., 2018). NPQ is a
mechanism of protection that is able to respond to changes in light intensity at timescales as
short as seconds.

In order to achieve that response, different components of NPQ do not operate on the same
timescale. Their induction and relaxation time can range hugely: for example qE need just
seconds to minutes to be activated, and a few minutes to be fully relaxed; qZ activates and
relaxes in 10-15 minutes; and ql relaxation requires repairing of damaged reaction centres, and
can take hours or days (Chow et al., 1989). When light intensity rapidly rises, before NPQ is
induced, damage can accumulate. Conversely, after a drop in light intensity and before
relaxation of NPQ, energy is needlessly dissipated, though it could be used in light reaction
(figure 4). Due to the essential role of rapid NPQ response in light use optimisation gE, as the
fastest component of NPQ), is of high interest when considering potential of improving plants’
photosynthetic performance.
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Figure 4. Dynamics of NPQ and sunlight. In order to avoid damage to photosynthetic apparatus when NPQ is too low
relative to light intensity, and waste of energy when it is too high despite lower illumination, NPQ needs to closely follow
the pattern of light intensity by quickly inducing and relaxing heat dissipation. Reproduced from Ruban 2017.

To successfully modify NPQ (specifically qE), its regulation needs to be understood. gE is not
directly regulated by the intensity of incoming light, but by several biochemical factors, all
linked to the protonation of thylakoid lumen, induced in light-reaction. Proton gradient across
thylakoid membrane - the difference in pH - triggers NPQ, however this relationship is not
linear, as other factors are involved as well (Ruban, 2016). One of those factors are carotenoids
- violaxanthin and zeaxanthin that are involved in NPQ onset and relaxation. Zeaxanthin is
synthesised from violaxanthin by an enzyme activated by the change in pH, namely de-
epoxidase. By binding to LHCII proteins, zeaxanthin likely changes the kinetics of LHCII
conformation change and thus modulates NPQ (Baker, 2008; Horton et al., 1996; Sacharz et al.,
2017). Zeaxanthin plays a role both in gE, and in the gZ component of NPQ, since only a fraction
of violaxanthin can be converted to zeaxanthin quickly enough to participate in gE, the rest is
involved in slower qZ response (Jahns et al., 2001; Kress & Jahns, 2017). Another interesting factor
is PsbS protein, which acts as a sensor of lumen protonation by undergoing conformational
change with lumen acidification. It is a catalyst necessary for the rapid onset of aggregated
(dissipative) state, as well as quick disaggregation of LHCII (Nicol & Croce, 2021). Despite our
knowledge of key components, many details of NPQ operation and regulation are not fully
understood, for example how PsbS and zeaxanthin interact with LHCII on a molecular scale
(Ruban & Wilson, 2020). This gap leaves room for discoveries of new factors and mechanisms.

Despite incomplete understanding, a proof of concept for improving plant productivity by
manipulating NPQ has been provided. By overexpressing genes encoding PsbS protein,
violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase (ZEP) Kromdijk et al. (2016) created
tobacco plants with higher NPQ dynamics. PsbS concentration is associated with rapid
induction and relaxation of qE and higher NPQ amplitude (Li et al., 2002; Zia et al., 2011). VDE
and ZEP are enzymes in the xanthophyll cycle, responsible for zeaxanthin and violaxanthin
interconversion. Zeaxanthin activity stimulates both qE and qZ, thus increased activity of VDE
and ZEP (Nilkens et al., 2010). Such modified plants showed a 15% increase in biomass
production in field conditions (Figure 5).






Despite its detrimental effect on photosynthesis, the PshA mutation got fixed in the population,
as it confers resistance to a herbicide, atrazine, which binds to the D1 protein. Though Ely’s
plasmotype encodes a compromised photosystem II component, Ely’s nucleus confers increase
in NPQ levels (Flood et al., 2020). This effect is demonstrated when the Ely nucleotype is
combined with plasmotypes containing a wild type variant of PshA gene (Figure 6).
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Figure 6. Effect of Ely nucleotype on NPQ is demonstrated when combined with plasmotype from other accessions. NPQ
level of Ely nucleotype is significantly higher than NPQ of other nucleotypes. Flood, Theeuwen, unpublished data.

The origin of this Ely’s nucleus high NPQ phenotype is unclear. Either variation conferring it
was present in the population before the occurrence of the PshA mutation, or it arose as an
adaptation compensating for deficient photosynthesis. Regardless of the origin, selective
pressure for atrazine resistance due to abundant use of this herbicide across the British railway
system led to the wide spread Ely in England (Flood et al., 2016). As Ely’s high NPQ is a result
of natural variation, discovery of genetic factors contributing to this phenotype might lead to
insights about mechanisms driving it, and potentially create promising targets in breeding for
more dynamic NPQ in crops, using existing genetic variation.

To localise genes responsible for observed effect, quantitative trait loci (QTL) mapping was
conducted between Ely and Col-o, trying to identify positions in the genome that are associated
with NPQ. This method has proven to be useful in identifying genes contributing to complex
traits (Koornneef et al., 2004). In order to enable differentiation between Ely and Col-o alleles,
every locus has to be homozygous, thus crosses between those two nucleotypes were selfed for
multiple generations to eliminate heterozygosity. Created in this way biparental double haploid
(DH) population was phenotyped and association between loci alleles and traits was assessed.
Most significant QTLs found in this study are located in two regions, on chromosomes 2 and 4
(Theeuwen, unpublished data). The chromosome 2 QTL is linked to higher NPQ and faster NPQ
relaxation (qE component), and is visible only after fluctuating light treatment (figure 7). On
the other hand the chromosome 4 QTL that contributes to higher efficiency of PSII (®PSII) is
visible regardless of light treatment (figure 8). These locations are likely to contain alleles
beneficially affecting photosynthetic performance, and in case of the chromosome 2 QTL also
an adaptation to dynamic light conditions.
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Figure 7. QTL map of NPQ on biparental double haploid population, showing differences between Col and Ely
nucleotype. The upper plot shows the light treatment over 5.5 days of changing light treatment. The lower plot is the
QTL plot with on the left y-axis the chromosome numbers and on the right y-axis the position on the chromosome in
cM. On the x-axis the time is equal to the time in the plot of the light intensity and the QTLs are therefore appearing
under this light condition. Grey areas are not significant QTLs. In red marked the most significant region, the QTL on
chromosome 2, induced during the second day of fluctuating light treatment. Theeuwen, unpublished data.

Figure 8. QTL map of efficiency of PSII on biparental double haploid population, showing differences between Col and
Ely nucleotype. The upper plot shows the light treatment over 5.5 days. The lower plot is the QTL plot with on the left y-
axis the chromosome numbers and on the right y-axis the position on the chromosome in cM. On the x-axis the time is
equal to the time in the plot of the light intensity and the QTLs are therefore appearing under this light condition. Grey
areas are not significant QTLs. In red marked the most significant region, the QTL on chromosome 4. Theeuwen,
unpublished data.



The chromosome 2 QTL likely contains 9 genes, out of them 5 contain small differences in
sequence (SNPs and INDELs), when compared to Col-o alleles (Put, unpublished data). Each of
those genes can be responsible for observed phenotype, however only two of them, namely
CPFTSY (AT2G45770) and PMM (AT2G45790), were previously found to be involved in
photosynthesis, therefore they are more promising candidates (Ntagkas et al., 2018; Walter et
al., 2015).

Only one gene located at the chromosome 4 QTL bears functional relation to photosynthesis,
namely KEA2 (AT4Go0630). It is an ion channel importing protons and exporting potassium
ions through the inner envelope of chloroplasts. (Theeuwen and Logie, unpublished data;
Aranda Sicilia et al. 2021).

Ideally QTL mapping would allow to identify a single gene, however QTLs encompass multiple
genes. Precision with which it is possible to localise QTLs depends on genotyping density
applied to mapping population. On a genome-wide scale it is impractical to achieve density that
would allow to identify a single gene. To overcome this limitation, QTL mapping with higher
resolution (so called finemapping) can be performed on a different mapping population,
consisting of lines bearing introgressions only in the QTL region.

This kind of population was developed for the QTL on chromosome 2. However, the QTL on
chromosome 4 poses practical difficulties hindering the progress in creation of mapping
population: it is located near FRIGIDA (At4goo650) gene controlling flowering time (Johanson
et al., 2000). The Ely allele of FRIGIDA results in late flowering phenotype, and substantial
elongation of generation time, rendering breeding of populations with Ely introgression in this
area inefficient. It was speculated that the effect of the QTL on efficiency of PSII might be linked
to major metabolic changes that occur in plants when flowering is initiated. However, an
experiment in which late flowering variant of FRIGIDA was introgressed to Col-o showed that
®PSII is not different between late and early flowering Col-o, therefore it was concluded that
FRIGIDA is not responsible for the QTL effect on ®PSII (Flood, 2015, page 83).

To study the mechanism of QTL gene’s effect near isogenic lines (NILs) can be constructed.
When a QTL is sufficiently narrow, it can be introgressed into a background of a different
genome. This allows for a direct comparison between a phenotype produced by a wild type
genome and a NIL, where observed difference can be clearly attributed to the QTL (Koornneef
et al., 2004).

This study consisted of several approaches aiming to identify causal factors behind
chromosomes 2 and 4 QTLs phenotypes in Ely, as well as to shed light on the mechanism of
their effect. For chromosome 2 QTL finemapping was used to obtain a high resolution
association map of QTL on chromosome 2 and identify a gene or genes likely causing the high
NPQ phenotype. In order to match genes located in identified regions to physiological function,
phenotyping of NILs containing the QTL introgression was performed. The research aimed to
propose a candidate gene or genes and mechanism by which it causes observed effect. As
creating a population chromosome 4 QTL finemapping is impractical due to late flowering allele
of FRIGIDA within the QTL region, this research aimed to find an early flowering line containing
the chromosome 4 QTL phenotype. Moreover it attempted to propose a candidate gene or
together with a mechanism creating observed phenotype. Finally, a goal to assess the likelihood
of proposed genes being the underlying cause of both QTLs phenotype was pursued.









Materials and methods

Plant material

Biological material consisted of Arabidopsis thaliana seeds and plants of following genetic
characteristics:

e (Cybrids, as described by Flood et al. (2020), containing Col-o nucleotype and Col-o
plasmotype (C-C), and containing Ely nucleotype and Col-o plasmotype (E-C).

e DH biparental lines of Ely and Col-o

e DH466xCol segregating population

e NILs with Ely introgression of chromosome 2 QLT region on Col-o background

Seeds germination

Arabidopsis seeds were pre-sowed on petri dishes containing a layer of filtering paper covered
with 1 ml of demi water. Petri dishes were put in a dark room at 4 °C for 24-48 hours in order to
stratify seeds, and consequently transferred to a light room at 20 °C for another 24 hours to
trigger germination. After the germination start seedlings were sowed on rockwool blocks
soaked with Hyponex (water with mineral compounds vital for plant growth).

Growing conditions

Plants were grown in one of the two settings: climate chamber (a), or greenhouse compartment

(b):

a) Climate chamber had a day length of 12 hours, with constant light intensity of 200
pmol/m?/s, humidity of 70% day temperature of 20 °C and night temperature of 18 °C.
Plants were watered twice a week with Hyponex. Lamp system in the climate chamber
was adjustable in cases when specific light conditions were needed (e.g. fluctuating
light). Lamps were controlled by means of a compact circuit board - PyBoard, according
to a script written in the Python programming language. Table 7 in the appendix
contains exact values for light intensities in the climate chamber.

b) Greenhouse compartment had a day length of 16 hours with light intensity dependent
on weather conditions, enhanced with artificial lighting of 150 pmol/m?/s intensity.
Temperature was around 20 °C during the day and 18 at night °C. Plants were watered
twice a week with Hyponex.

DNA isolation

DNA was isolated by one of two methods: SPRI beads isolation (a) or CTAB isolation (b):

a) Leaf tissue (approximately 1 cm?) was collected in g6-well plates prefilled with 3 mm
glass beads. Tissue was frozen for approximately 20 minutes, and subsequently ground.
Extraction buffer consisting of 200 mM Tris-HCl, 25 mM EDTA and 1% SDS was added
to grinded tissue and incubated for an hour at 37 °C. After spinning down tissue debris,
supernatant was transferred to wells containing potassium acetate solution (25 mM)
with 1.75% Tween surfactant. After 10 minutes ice incubation and centrifugation



supernatant was transferred to plates containing SPRI paramagnetic beads and shaken.
Plates were put on a magnetic stand and the supernatant was removed. Beads were
washed 3 times with 80% ethanol, before resuspending in Milli-Q water to elute isolated
DNA.

b) Leaf tissue (approximately 1 cm?*) was collected in tubes prefilled with 3 mm glass beads.
Tubes were frozen in liquid nitrogen and subsequently the tissue was ground. CTAB
buffer (containing 1.4 M NaCl, 100 mM Tris and 20 mM EDTA) was added to grinded
tissue, samples were incubated in 65 °C for an hour. Chloroform and isoamyl alcohol
was added to samples in a 24:1 ratio. After mixing samples were centrifuged, and the
resulting top phase was transferred to tubes containing cold isopropanol. Samples were
incubated for at least an hour in -20 °C and centrifuged. Supernatant was removed, and
the pellet was washed twice with 96% ethanol, before diluting purified DNA in Milli-Q
water.

RNA isolation

RNA isolation was done with the use of Zymo Research Direct-zol RNA Miniprep Plus kit. Leaf
tissue (approximately 1 cm?) was collected in tubes prefilled with 3 mm glass beads. Tubes were
frozen in liquid nitrogen and subsequently the tissue was grinded. Samples were lysed with TRI-
reagent, spined down to remove debris and mixed with ethanol. Subsequently, they were
transferred to Zymo-Spin Columns to fix RNA, and washed with the provided RNA P wash
buffer. DNase treatment was conducted on samples , using DNase I in concentration of 6U/pl.
Columns were washed twice, with RNA pre-wash buffer and RNA wash buffer. Samples were
eluted in 50 pl of Milli-Q water.

cDNA synthesis

Before starting the cDNA synthesis reaction concentration and purity of isolated RNA was
tested on a NanoDrop device, and concentration was standardised by adding Milli-Q water.
Reverse transcription was done using iScrip Reaction Mix and iScript reverse transcriptase in
following conditions:

* 5 minutes at 25 °C
e 30 minutes at 42 °C
* 5 minutes at 85 °C

Before further use cDNA samples were diluted 10 times to avoid interference of reaction in
further experiments.

Gel electrophoresis

DNA and RNA samples were tested for quality using gel electrophoresis. Samples mixed with
loading dye 6x were loaded on 1% agarose gel containing ethidium bromide and separated for
approximately 40 minutes at 8o V potential. Separated samples were visualised using Bio-Rad
Molecular Imager Gel Doc XR System.



KASP

Kompetitive allele specific PCR (KASP) was one of the genotyping methods. To perform KASP
assay single nucleotide polymorphisms (SNPs) between tested accessions were selected, and
specific fluorescent forward primers were designed, while reverse primer was common for both
variants. To perform the reaction, KASP assay mastermix (LGC), designed primers and DNA
samples were mixed on a 96-well plate. KASP was performed in Bio-Rad CFXg96 Touch Real-
Time PCR Detection System with a following protocol (table 1):

Table 1. Reaction protocol used in KASP genotyping.

Step Temperature Time (minutes) Number of cycles
Activation 94 °C 15:00 1
Denaturation 94 °C 0:20 10
Annealing 64 °C (drop 0.6 °C per 1:00
cycle)
Denaturation 94 °C 0:20 26
Annealing 55 °C 1:00

KASP data was analysed through CFX manager software. Sequences of primers used in
genotyping can be found in the appendix (table 6).

gRT-PCR

Relative gene expression was tested by quantitative real-time polymerase chain reaction (qRT-
PCR). Primers for qRT-PCR were designed to yield a product of 80-130bp, have melting
temperature (Tm) within 0.5 °C from each other and span over introns, to avoid picking up
residual genomic DNA in cDNA samples. Each primer pair, both for target and reference genes
was tested for efficiency of amplification by performing a PCR reaction on a series of dilutions
(0x, 2x, 4%, 8%, 16X, 32X, 64x) of cDNA pooled from all available samples. Reaction setup consisted
of SYBR Green Supermix, primers in concentration of 3 pM each and cDNA template. Reaction
was performed in Bio-Rad CFX96 Touch Real-Time PCR Detection System with a following
protocol (table 2):

Table 2. Reaction protocol used in gRT-PCR.

Step Temperature Time (minutes) Number of
cycles

Activation 95 °C 3:00 1

Denaturation 95 °C 0:10 39

Annealing 60 °C (primers Tm) o:15

Measuring 72 °C 0:23 (followed by a plate read)

Melt curve 55-95 °C 0:05 (followed by a plate read) 1

Data was analysed using CFX manager software. For actual qRT-PCR primer pairs with
efficiency between 80% and 110% were selected. Reaction on cDNA of target samples was
performed following the same setup and protocol as primer efficiency test. Reference genes,
specifically PP2AA3 (AT1G13320), PPR (AT1G62930), UBQ7 (AT2G35635), SAND (AT2G28390)
and UBC9 (AT4G27960) were selected based on literature (Czechowski et al., 2005). Sequences



of primers used in genotyping can be found in the appendix (table 6). Data obtained from qRT-
PCR was analysed using ACt and AACt methods for the reference gene with lowest variability
across genotypes and treatments.

Sequencing

Sequenced fragment was amplified using high fidelity PCRBIO VeriFi Polymerase. Sequences of
used primers can be found in the appendix (table 6).PCR product was separated using gel
electrophoresis, and subsequently purified from a gel fragment using Macherey-Nagel
NucleoSpin Gel and PCR Clean-up XS Columns. Sequencing was performed by MinlON
sequencer by Oxford Nanopore Technologies.

Phenotyping

DEPI finemapping

Dynamic Environmental Photosynthesis Imager (DEPI), described by Cruz et al. (2016), is a high
throughput phenotyping system located at Michigan State University. The DEPI system was
used to measure photosynthetic parameters of recombinant NIL population with Ely
introgression at chromosome 2. Collected data was used for finemapping of the QTL on
chromosome 2. Prior to the measurements plants were grown in steady light at 100 pmol/m?/s.

During the measurements light conditions followed a scheme outlined in figure 10: a day of
steady light, followed by a day of sinusoidal light and a day of highly fluctuating light, another
steady light day and 1.5 day of fluctuating light.

Robin

The Robin PSI PlantScreen system was used to phenotype Arabidopsis plants. It is capable of
measuring up to 20 plants at once, by monitoring chlorophyll fluorescence. Principle of
chlorophyll fluorescence imaging (box 1) was used to measure efficiency of photosystem II (a)
and NPQ relaxation and induction (b).

a) PSII efficiency measurements were conducted on DHg lines (with C-C and E-C as
controls) and keaz T-DNA knock-out lines (with C-C and E-C as controls) using the PAM
method. Both experiments were designed in randomised blocks, on 120 plants. Plants
were measured approximately 3 weeks after germination.

b) NPQ relaxation and induction experiment was conducted on C-C, E-C and NIL (Col with
Ely introgression) genotypes. Prior to measurement plants were subjected to light
treatment simulating conditions in (DEPI) system, consisting of a sequence of 4
consecutive light regimes: sinusoidal day, fluctuating day, constant day, and sinusoidal
day, followed by another fluctuating day in the middle of which measurements are taken
(Cruz et al., 2016)(figure 10). Measuring protocol includes 30 minutes dark adaptation,
followed by a period of light fluctuating 7 times from high (1000 pmol/m?/s) to low light
(100 pmol/m?/s) with intervals of 5 minutes, designed to induce NPQ. Subsequently,
lights are turned off and NPQ measurements are taken every 30 seconds. Every block
had an NPQ measurement starting point delayed by 5 seconds relative to the previous
one, in order to increase overall density of time points with available data. After a period
of relaxation NPQ was induced by intense light (1000 pmol/m?/s) with measurements
taken for 3 minutes in an analogous manner. Plants were measured approximately 3
weeks after germination.



Figure 10. Diagram of light intensities in DEPI and DEPI-simulating light regime. Consecutive days separated by a grey
rectangle indicating night. Light regimes include steady light day, sinusoidal light day, and highly fluctuating light day.

Data analysis

Finemapping data consisted of multiple fluorescence parameters. The best linear unbiased
estimates (BLUEs) were calculated for these parameters. QTL analysis was done using the
Haley-Knott regression method for 2533 phenotypes. Analysis used 18 markers in the mapped
region. Assumed genotyping error rate was 0.01. To determine LOD threshold Haley-Knott
regression with 1000 permutations was performed with alpha equal to 0.05.

NPQ relaxation and induction comprised multiple chlorophyll fluorescence measurements. For
measurements taken in close proximity an arithmetic mean was taken to determine the value
of a parameter. NPQ was calculated according to principles outlined in box 1. Analysis of
variance (ANOVA) model was performed for each genotype, with a post hoc Tukey’s test with
alpha equal to 0.05).

Data obtained in ®PSII experiments was first scanned for outliers that were removed from the
analysis. Remaining data was used to create a linear model correcting for trays used in
measurement. Post hoc Tukey’s test with alpha equal to 0.05 was performed to determine
significance of results.

Results

Chromosome 2 QTL

Analysis of OTL finemapping data

In order to obtain higher resolution data on association of positions in the chromosome 2 QTL
and NPQ, finemapping was conducted in the DEPI system under changing light treatment
(figure 10). Population used in this experiment is composed of 54 DH lines with Ely introgression
in Col-o background within the chromosome 2 QTL region (figure 11 A). Introgressions had
varied length and location. Strongest association between NPQ and genetic markers was
observed during fluctuating days, time point of 57.5369 hours from the measurements
beginning having the strongest association. Marker with the strongest association was at
position 18861385, and markers bordering it were at positions 18855185 and 18866058, delimiting
area of the peak (green bars on figure 11). LOD significance threshold for this mapping is at 1.61,
based on Haley-Knott regression method with 1000 permutations (figure 1 C).

NPQ values recorded at time of highest LOD score value (57.5369 hours) in genotypes that
contain Ely alleles in the peak region tend to be higher than in genotypes containing Col-o
alleles, however many outliers can be observed in both groups (figure u B).



Two lines, named 24_Bog and 25_Fo4 have recombination points within the peak region. They
were selected for further genotyping in order to determine their recombination point with
greater precision with a goal of narrowing down the observed peak region.

A. B.

Figure 11. Genetic map of finemapping population (A),
corresponding NPQ values (B) and LOD score map of
the population for NPQ at time point 57.5369 hours
(C). Red horizontal line represent LOD significance
threshold (1.61). The peak of the map is between
18855185 and 18866058 values is marked with green
vertical lines. Two genotypes in the population have a
recombination point between those markers, 24_Bog
and 25_Fo4. Plants having Ely genotype in highlighted
region tend to have higher NPQ. Positions on x axis
are equally spaced and do not reflect physical distance
between markers.




Genotyping of selected DH lines

To narrow down the size of the QTL, two recombinant lines from QTL finemapping (24_Bog
and 25_Fo4) containing recombination point in the area of the peak (between positions 18855185
and 18866058) were selected for genotyping. KASP primers were designed to for all single
nucleotide polymorphisms (SNPs) in this region between Ely and Col-o genotypes annotated in
Salk Arabidopsis 1,001 Genomes browser. Genotyping revealed an approximate position of
recombination in those lines (figure 12). 24_Bog line has recombination point between positions
18859717 and 18861385, while 25_Fo4 line has recombination point between positions 18862737
and 18866058. One marker (18857542) gave results contrasting with surrounding markers,
therefore it was subjected to further testing. It was used to genotype 10 more individuals of
24_Bog genotype, as well as 10 other genotypes from recombinant population. All results
confirmed validity of the marker, and its unexpected result only in 24_Bog recombinant.

Figure 12. Genotyping of QTL region of DH24 and DH25 lines with marked locations of tested markers. Exact positions
of selected markers are numbered. Recombination points are marked halfway between two markers scoring differently.

Two QTL ranges have emerged as a result of finemapping and genotyping of the selected DH
lines, broad range (between positions 18855185 and 18866058, 10873 bp long) and narrow range
(18859717 and 18866058, 6341 bp long)(figure 13).
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Figure 13. Range of the chromosome 2 QTL defined in finemapping and genes present in the region. Red lines delimit
broad range, blue lines delimit narrow range.

Sequencing of PMM in DH24 line

In order to understand the result of 18857542 marker, area surrounding it, including whole PMM
gene and its promoter region was sequenced (approximately 3100 bp in total). Sequencing
revealed that the fragment in 24 _Bog genotype resembles Col-o wild type sequence, in
accordance with results of other markers, but not with 18857542 marker.

PMM expression

gRT-PCR was used to assess expression of PMM gene in E-C compared to C-C. Plants were
sampled at 3 consecutive days, on a day of steady light, and two days of fluctuating light, each
day 6 samples per genotype were collected. RNA isolation and cDNA resulted in a loss 4 samples
due to mislabelling. qRT-PCR was performed on the following number of samples (Table 3):




Table 3. Number of obtained cDNA samples per day per genotype for qRT-PCR targeting PMM gene expression.

Cc-C E-C
Steady light 6 5
Fluctuation day1 6 5
Fluctuation day2 6 4

PP2AA3 (AT1G13320), PPR (AT1G62930), UBQ7 (AT2G35635) and SAND (AT2G28390) were used
as reference genes. UBQ7 was excluded from the analysis due to significantly lower detection in
measured samples compared to other reference genes. SAND was excluded due to higher
standard deviation of expression level across measured samples in comparison to other
reference genes. Analysis using delta Ct and delta delta Ct methods indicated that there are no
significant differences between expression of PMM in C-C and E-C plants across measured
conditions (figure 14).
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Figure 14. Relative PMM expression in Ely and Col-o across 3 light conditions normalised against PP2AA3 gene, using
delta Ct method. Error bars indicate standard deviation of samples.

NPQ relaxation and induction

To assess whether the chromosome 2 QTL affects induction and relaxation pattern of NPQ,
NILs containing an Ely introgression of chromosome 2 QTL in Col-o background were
phenotyped in Robin. After a period of dark adaptation NPQ was induced by fluctuating light,
and subsequently light was turned off to measure NPQ) relaxation. Due to limited capacity of
Robin system measurements were taken in separate block, 20 plants per block. Every
subsequent block had delayed time of measurement beginning by 5 seconds. For a period of 5
minutes NPQ was measured at intervals of 30 seconds. Subsequently NPQ was induced by

intense light with measurements taken for 3 minutes in an analogous manner. Genotypes used
were C-C, E-C and NILs.
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Figure 17. NPQ induction in C-C, E-C and NILs during 265 seconds of measurement in darkness. In order not to disturb NPQ relaxation with light pulses used to measure fluorescence,
the experiment was split into 6 trays, each containing all genotypes. Every tray was measured with 30 second interval, starting point for every tray was different (from o to 25 seconds).
Above graph is a result of overlay of all trays. Stars denote significant results: green, where E-C differs from C-C; blue where NIL differs from C-C; purple bold where both, E-C and NIL
differ from C-C.



Chromosome 4 QTL

Early flowering recombinant

In search for an early flowering recombinant, that would simultaneously contain chromosome
4 QTL DH466 line was crossed with Col-o and segregating population F2 was genotyped using
KASP method. Markers in regions potentially containing Ely introgressions were targeted, and
plants were assessed for flowering time, using phenotype arising from FRIGIDA allele as a
marker. In a population of 211 recombinants, none was found to have FRIGIDA and
neighbouring marker of a different allele, indicating that in none of them recombination has
occurred in this region. Four individuals (Dog, Fo1, Go7 and Go8) were selected as candidates
to develop NILs, based on their mostly Col-o background and shortened QTL region on
chromosome 4 (figure 18). Recombination point of those genotypes is located between two
markers for which it has scored differently.

Figure 18. Beginning of chromosome 4 in plants from segregating population DH466 x Col-o. In heterozygous areas
both Col-o and Ely alleles were detected. Tick on x axis denote markers used in mapping (except positions o and 60000).
Recombination point is marked halfway between markers for which a genotyped have scored differently.

DH9 NIL phenotyping

DHg is an early flowering line that was a promising candidate for developing a NIL with
chromosome 4 QTL, as it contains a short Ely introgression at the beginning of chromosome 4.
NILs were developed from this line, keeping the chromosome 4 introgression. Efficiency of PSII
was measured for DHg and two NILs in order to assess whether they contains the QTL. DHg
NIL Ely contains Ely introgression at the beginning of chromosome 4, while NIL Col, serving as
a control, contains Col-o fragment there. Both NILs contain Col-o genotype in all other areas of
the genome. Experiment indicated that NIL developed from DHg line is not different from Col-
o in efficiency of PSII (figure 19) and other photosynthetic phenotypes. The DHg line has lower
efficiency of PSII due to introgressions of Ely genotype in other areas of the genome.
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Figure 19. Efficiency of PSII for C-C, E-C and DH9, and NILs developed from DHg. Letter on top denotes statistical group
to which a genotype belongs. While E-C and DHg group independently, NILs are not different from C-C.

KEA2 and EMB3127 expression

gRT-PCR was performed on ¢cDNA synthesised from C-C (10 sampled plants) and E-C (9
sampled plants) grown in constant light conditions, targeting KEA2, EMB3127 (AT4G00620) and
genes. PPR, PP2AA3 and UBCg (AT4G27960) were used as reference genes. UBCg was excluded
from the analysis due to large deviation in measured expression for this gene. Analysis for PPR
and PP2AA3 using delta Ct and delta delta Ct indicated no significant difference in expression
of EMB3127 and KEA2 between C-C and E-C (figure 20).
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Figure 20. EMB3127 and KEA2 normalised expression using delta Ct method against PPR reference gene. Error bars
indicate standard deviation across measured samples. No differences in relative expression are significant.






KEA2 knockout phenotyping

Since KEA2 is a candidate gene influencing efficiency of PSII, KEA2 T-DNA knockout lines were
assessed for this trait. The experiment revealed that KEA2 knockouts differ from Col-o in
efficiency of PSII, as well as in other photosynthetic traits (figure 22).
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Figure 22. Efficiency of PSII for C-C, E-C and kea2 knockout line. Letter on top denotes statistical group to which a
genotype belongs. While E-C is not different from either C-C or keaz, C-C and keaz differ significantly.

Discussion

Chromosome 2 QTL

Based on the QTL finemapping the size of the chromosome 2 QTL was determined to be
between positions 18855185 and 18866058 (broad range, 10873 bp). In order to further narrow
down this range two DH recombinant lines (24_Bog and 25_Fo4) were genotyped. Primers for
KASP genotyping were based on SNPs between Col-o and Ely annotated in SALK Arabidopsis
1,001 Genomes browser. SNPs located closer than 100 base pairs to each other were excluded
due to possible distortion of results in a KASP method. Therefore the resolution was the highest
possible when using this approach. Selected recombinant lines had the cross over within the
QTL, and possessed the QTL phenotype, thus identifying their recombination point would
consequently narrow down the QTL range. The QTL defined by recombination points of 24_Bog
and 25_Fo4 lines is located between positions 18859717 and 18866058 (narrow range, 6341 bp).
The QTL defined in finemapping is approximately 6,3 - 10,8 kbp long (narrow and broad range
respectively), while before the finemapping the size was approximately 1 250 kbp.

However, this interpretation could not be readily accepted with high certainty for two reasons.
Firstly, only two DH recombinant lines were used in this genotyping, and their phenotype
cannot be confidently linked to the QTL, as in this population phenotype is variable, making
inferences about presence of the QTL difficult. Some individuals with Col-o alleles in the QTL
have high NPQ, while others with Ely alleles have low NPQ (figure n1). It is possible that 24_Bog
and 25_Fo4 lines are such phenotypic outliers and their phenotype does not reflect the presence
of the QTL. Confidence could be gained by using more recombinant lines, however in the
available population only those two have their recombination points in the broad range of the



QTL. Moreover this approach is labour intensive and is not a guarantee of more certain results,
therefore methods other than finemapping are desirable to verify candidate genes. Secondly,
marker at position 18857542 indicates possibilities of unexpected genetic phenomena in this
region of the 24_Bog genotype, as the behaviour of this marker could not be explained. This
might have altered the 24_Bog line’s phenotype.

It was hypothesised that this region might be affected by gene conversion that happened in the
parental line of 24_Bog. To test this hypothesis, the region surrounding the 18857542 marker, of
a total length of approximately 3100 bps was sequenced by MinION sequencer. Results did not
show any large differences between Col-o and 24_Bog sequences, so gene conversion is not an
adequate explanation. Most notably, the SNP targeted by the 18857542 marker primers was also
the Col-o variant.

Another speculated explanation is the presence of a transposable element of this fragment
elsewhere in the genome, that was preferentially picked up by KASP. In order to test it, a KASP
reaction was performed on an isolated fragment that was used for MinION sequencing. Despite
sequencing indicating Col-o allele, KASP again indicated Ely allele. Discrepancy between
sequencing and KASP result, as well as unexpected behaviour of the 18857542 marker remain
unexplained.

The broad range of the QTL defined in the finemapping includes following genes: promoter
region of At2g45780, At2g45790, At2g45800, At2g45810, At2g45820 and promoter region of
At2g45830 (figure 23). Narrow range based on genotyping of 24_Bog and 25_Fo4 lines
correspond to the location of only three genes: At2g45810, At2g45820 and promoter region of
At2g45830. Characteristics of above mentioned genes, based on The Arabidopsis Information
Resource (TAIR) website (arabidopsis.org) are presented in table 4.

Table 4. Genes located withing chromosome 2 QTL region, their function and tissue of expression.

Code Other names Involved in Expression tissue
At2g45780 - Unknown Root, shoot apical
meristem, axis of
inflorescence
At2g45790 PMM, L-ascorbic acid All tissues
PHOSPHOMANNOMUTASE biosynthesis pathway
At2g45800 PLIM2A Actin filament Mature flower
bundle assembly
At2g45810 RH6, RNA HELICASE 6 Immunoprecipitation All tissues
with mRNA

decapping complex
members DCP1 and

DCP2
At2g45820 REM1.3, REMORIN 1.3 Defence response to  All tissues
virus, membrane raft
localization
At2g45830 DOWNSTREAM TARGET OF  Chemical Siliques, leaves,
AGLi5 2, DTA2 homeostasis roots, seeds

Genotyping indicated only 3 genes as possible causes of the QTL effect, however for above
mentioned reasons the narrow QTL range is not based on solid enough evidence, therefore the



broad range is still considered. Out of the genes listed in the table, only one is known to be
involved in processes related to photosynthesis - At2g45790 (PMM).

Despite PMM being a primary candidate, the role of other genes cannot be excluded. Sequence
variation between Col-o and Ely within narrow range is small, consisting of only 6 SNPs, none
of them in coding regions. SNP density in a broad range is of similar magnitude (figure 23).
Literature does not mention any relation of At2g45780, At2g45800, At2g45810, At2g45820 or
At2g45830 genes to photosynthetic function.

Figure 23. Genes present in the area of QTL. Red lines mark the broad QTL range, while blue lines mark the narrow QTL
range. Track on the bottom marks SNPs in Ely in reference to Col-o.

Despite the location of coding sequence of At2g45780 gene just outside the broad QTL region,
the density of sequence variation within it might be an indication of its importance. It harbours
5 SNPs in its coding sequence, and one 8 bp deletion, moreover it shares 26 bp upstream
deletion with PMM, as well as 2 upstream SNPs. However, due to a low expression of this gene
in young leaves, and lack of expression in mature leaves, it is an unlikely candidate to impact
photosynthesis. Moreover, scarce information regarding this gene available in literature makes
speculations about its function impossible.

Closely outside of the primary QTL region (1.5 — 4 kbp) there is a gene whose functionality is
closely related to photosynthesis is located - AT2G45770 (CPFTSY). Upstream of it, before the
end of a previous gene’s coding sequence, there are 9 SNPs, 2 deletions (2 and 33 bp), and 2
insertions (1and 2 bp). Within its coding sequence CPFTSY has 2 SNPs, one of them is annotated
by SnpEff as having a moderate effect and is located in an exon. The gene is expressed primarily
in leaves, especially young ones. Protein produced by CPFTSY gene is involved in protein import
into chloroplast thylakoid membrane, as it is responsible for docking of nuclear encoded light
harvesting complex protein (LHCP) in the thylakoid membrane (Ziehe et al., 2018). Large
structural variation and functional involvement in photosynthesis point at CPFTSY as an
alternative candidate to PMM, despite its location outside of the finemapping region.

PMM is a promising prime candidate, as except for its location, a number of clues support PMM
as a probable cause of the chromosome 2 QTL effect. Enzyme produced by PMM gene,
phosphormannomutase, converts D-mannose-6 to D-mannose-1-P, thus being involved in
biosynthesis of L-ascorbic acid (ascorbate, AsA) via major pathway in plants proposed by
Smirnoff and Wheeler (2000)(figure 24). PMM can affect plant photosynthetic performance
through its impact on concentration of two compounds: ascorbic acid, and an intermediate step
in the Smirnoff-Wheeler pathway, GDP-mannose.

Level of PMM expression affects concentration of both molecules in tissues. Species having
higher expression of PMM accumulate more ascorbate, moreover overexpression of this gene in
tobacco leads to elevated ascorbate concentration (Badejo et al., 2009). Conversely, PMM
downregulated Arabidopsis mutants accumulate less ascorbic acid and are sensitive to high
temperatures, although this sensitivity is thought not to be linked to lowered ascorbic acid
concentration, but rather to the GDP-mannose depletion (Hoeberichts et al., 2008).



GDP-Mannose is a crucial substrate in protein modification, specifically N-glycosylation. Its
depletion can cause defects in protein glycosylation, a process that is well known to play
multiple roles in plants’ stress response regulation (Kang et al., 2015; Liu et al., 2018; Zhang et
al., 2009). Mutants of the N-glycosylation process also display lower photosynthesis efficiency,
including lower levels of NPQ (Jiao et al., 2020). This observation is in line with glycoproteome
analysis that revealed the importance of this process to photosynthesis and carbon metabolism
(Wang et al, 2020). Since N-glycosylation plays a vital role in stress response and
photosynthesis, the strongest association of the chromosome 2 QTL with NPQ after
introduction of fluctuating light is not surprising, as rapidly fluctuating light can induce
photodamage. Another molecule produced downstream of PMM activity is also a well
established factor in photosynthetic processes.
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Figure 24. Smirnoff-Wheeler pathway of L-ascorbic acid biosynthesis from D-GGlucose-6-P in plants with highlighted
step of PMM activity. Reproduced from Smirnoff et al. (2000).

This molecule is ascorbic acid that plays multiple roles in photosynthesis and photoprotection
(Ivanov, 2014; N. Smirnoff & Critchley, 2000)(figure 25). It is an electron donor that can be
oxidised to monodehydroascorbate (MDA). Lumenal AsA can provide electrons to PSII. It is
involved in scavenging hydrogen peroxide, a reaction catalysed by ascorbate peroxidase (APX),
as well as scavenging of superoxide, hydroxyl radicals and singlet oxygen. However most
importantly in the context of NPQ, it is a cofactor of violaxanthin de-epoxidase (VDE), an
enzyme crucial for inducing NPQ response (Miiller et al., 2001). It was observed that ascorbic



acid deficient mutants of Arabidopsis have lower levels of NPQ due to limited activity of VDE
(Miller-Moulé et al., 2002).

Figure 25. Roles of ascorbic acid in photosynthesis and photoprotection. AsA acts as an electron donor, conversely MDA
acts as an electron acceptor. AsA is also a cofactor for VDE converting violaxanthin to zeaxanthin. A carrier system for
movement of AsA across thylakoid membrane (dashed arrows) has not been identified. Reproduced from Smirnoff &
Critchley (2000).

The effects of PMM on ascorbate accumulation, as reported in literature, are due to altered
expression of this gene. Ely has a 26 bp deletion 201 bp upstream of the beginning of the PMM
coding sequence (Theeuwen, Put, unpublished). Moreover the region upstream of PMM, up to
the end of the next gene on the same strand, At2g45770, contains 36 SNPs or short indels. Only
two of them are located before the start codon of a neighbouring gene, At2g45780. The sequence
was assessed by SnpEff, a software predicting an impact of variations on genes. All of the
abovementioned changes have been assessed by SnpEff as not affecting protein sequence.

Upstream sequence variations were a plausible cause of PMM expression change. However, as
was shown in the PMM expression experiment, across three days the levels of PMM expression
did not change in Ely, despite application of the fluctuating light treatment that triggers the
chromosome 2 QTL phenotype (figure 14). Therefore if PMM is causing the high NPQ
phenotype, its expression may differ at other times than samples were taken at, or might be
specific to tissue. Alternatively PMM can cause an effect through structural variation or higher
translation rate of mRNA.

Although no data supporting this idea were collected, variation in the sequence upstream of
PMM might cause alteration in 5" untranslated region (UTR) secondary structure and therefore
changes in protein production (Leppek et al., 2018). The Ely variant contains 2 SNPs inside the
gene compared to Col-o, both of them in an intron. Based on this observation it can be
speculated that the effect could be caused by an alternative splicing of PMM pre-mRNA caused
by intronic SNPs. This would result in a different variant of PMM protein, with potentially
higher activity and more efficient conversion of D-Mannose-6-P to D-Mannose-1-P.

Variations in PMM activity could affect concentrations of two downstream molecules that play
a crucial role in photosynthesis, GDP-mannose and ascorbic acid. Involvement of both
molecules could serve as an explanation of observed phenotype. To test whether PMM is



responsible for observed phenotype through structural variation in produced protein, two
approaches are recommended. Firstly, the PMM enzyme activity in planta can be assessed.
Secondly, the concentration of ascorbic acid and GDP-Mannose in leaves can be measured. Both
experiments would shed light on the importance of PMM in producing high NPQ phenotype.

In case of no promising results of experiments involving PMM enzymatic activity and ascorbic
acid or GDP-mannose concentration in Ely, the focus of identifying genes causing high NPQ
phenotype can be shifted towards CPFTSY and At2g45780, starting with an analysis of their
expression, followed by knockout phenotyping.

Phenotyping of NPQ relaxation and induction was performed to learn more about the
chromosome 2 QTL effect on NPQ dynamics, as the QTL was shown before to contribute to
high NPQ value in Ely after the fluctuating light treatment in the DEPI system (Theeuwen,
unpublished data). Data obtained in this experiment indicates statistically significant results
only in some measurements, likely due to procedural imperfections or equipment limitations.
For this reason conclusive information cannot be confidently inferred from this experiment.
Nonetheless, looking at patterns of significant differences might provide clues about the effect
of the chromosome 2 QTL.

It was observed that the QTL cannot account for all the differences in NPQ dynamics observed
between E-C and C-C, as out of 21 time points at which E-C is significantly different from C-C,
only in 11 of them NIL differs as well. Measurements where E-C differs from NILs seem to be
concentrated in the first 70 seconds. It is therefore likely that the effect of chromosome 2 QTL
plays a role in NPQ relaxation (approximately 120-300 seconds), and not immediately following
the high light illumination. Therefore other QTLs are a probable cause of E-C’s fast relaxation
in the first approximately 70 seconds. Chromosome 5 QTL (along with chromosome 2 QTL)
bears a potential for explaining the mechanism of fast NPQ relaxation in Ely, thus further
research on this area is needed.

Insight gained with this experiment might focus on timescales attributed to qE and might
overlook a slightly slower NPQ component, qZ. As these components both rely on zeaxanthin
and consequently on ascorbic acid, PMM might manifest its activity more clearly in longer
measurements, connected to qZ component of NPQ (10-15 minutes).

Chromosome 4 QTL

Initial QTL mapping showed the peak of chromosome 4 QTL effect roughly at the beginning of
chromosome 4. It was specified to be located between positions 237500 and 262500 (25 kbp
lenght). Those positions are based on recombination points of particular individuals from the
mapping population that, based on phenotyping, are assigned to a group that has, or does not
have the Ely phenotype. Inferred recombination points are placed halfway through between two
markers that score differently. However in mapping populations phenotypic outliers
(individuals having a given phenotype despite genotype suggesting it should belong to the
opposite group) are not uncommon. Therefore it is important to point out that QTL borders
defined in this way are not strict, and based only on high likelihood, hence the responsible gene
can as well be positioned slightly outside of this region. Assumed QTL region is centred around
a position with highest association with phenotype (LOD score).

This region is in close proximity to the FRIGIDA gene that controls flowering time, with the Ely
allele being late flowering and the Col-o allele early flowering. Creating finemapping population



for this QTL is impractical, as segregating population could not be bred at the same time due to
discrepancy in flowering time - late flowering allele delays generation time for at least two
months due to a need for vernalisation in cold for several weeks. Moreover, pleiotropic effects
of two variants of FRIGIDA could interfere with the phenotype (Lovell et al., 2013).

For this reason creation of an early flowering NIL for this QTL is highly desirable. One candidate
for NIL development was DHg line, since in the beginning of chromosome 4 it has a small Ely
introgression. Robin phenotyping for ®PSII indicated that DHg line does not contain the QTL,
as it behaves like Col-o for photosynthetic traits, most notably ®PSII. However this result
allowed to narrow down the size of the QTL, by identifying the recombination point of DHg
line at the beginning of chromosome 4. Genotyping of this line showed it has a recombination
point after the marker at position 260617, placing the left border of the QTL there. The new QTL
range spans from 260617 to 262500, and its length is shortened to 1883 bp.

The defined QTL points at only 2 genes as potential candidates (table 5). At4go0630 is mostly
within the region, while At4go0620 has only its promoter there.

Table 5. Genes located within chromosome 4 QTL region, their function and tissue of expression.

Code Other names Involved in Expression tissue
At4goo620 EMB3127, EMBRYO Tetrahydrofolate Seed, roots, leaves,

DEFECTIVE 3127 interconversion axis of inflorescence,

flowers

At4qgoo630  ATKEA2, K+ Chloroplast organization, All

EFFLUX potassium  ion  transport,

ANTIPORTER 2, proton transmembrane

KEA2 transport, regulation of

photosynthesis

At4g00620 (EMB3127) was considered an easy to test candidate, as only the promoter region is
located within the QTL, therefore only the expression difference or translation rate for this gene
could affect the phenotype (figure 26). The qRT-PCR experiment targeting EMB3127 in C-C and
E-C did not find a significant difference in expression between the genotypes. Considering this
result and reported function, it is unlikely that EMB3127 is responsible for high ®PSII phenotype
of the chromosome 4 QTL, though translation rate was not researched.
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Figure 26. Genes in a region around the chromosome 2 QTL with borders marked with red lines at positions 260617 and
262500.

The right border of the QTL was based on less strict premises than the left border, which was
based on phenotyping of DHg line whose recombination point is known with greater precision.
Hence it is more likely that a gene on the right side of the QTL region is causing the phenotype,
than a gene on the left side. However, a gene closest to the QTL on the right side, At4goo650
(FRIGIDA) was already shown not to be affecting ®PSII (Flood, 2015, page 83).



Therefore, based on its location right in the QTL region and its functional profile, At4goo630
(KEA2) was selected as a main candidate. To test this hypothesis phenotyping for ®PSII was
conducted on homozygous keaz T-DNA knockout line in Col-o background. It showed that kea2
knockout has significantly lower efficiency of PSII than wild type Col-o, despite the presence of
functional KEA1 gene. Similar results have been reported before, supporting KEA2 as a candidate
for this QTL (Kunz et al., 2014).

Expression of KEA2 was not found to be different between C-C and E-C (figure 20), so the
phenotype could be explained by structural variation in KEA2 protein. Sequence variation
between Col-o and Ely is abundant in KEA2 (figure 27). Coding sequence and upstream region
up to the end of a previous gene’s coding sequence contain 92 SNPs and indels, the biggest of
which is 16 bp insertion, 8 of them were annotated by SnpEff as having a moderate effect, one
has high effect. Abundance of KEA2 sequence variation can affect the protein activity in a
number of ways: alternative splicing of pre-mRNA, altered level of translation per mRNA
molecule, different efficiency or activity of produced protein. To understand the nature of KEA2
variation more research is needed, however KEA2 is a promising candidate for causing an
increased efficiency of PSII in Ely nucleotype.
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Figure 27. Sequence variation between Ely and Col-o in the chromosome 4 QTL area.

KEA2 has two homologues, KEA1 and KEA3. While KEA3 protein is located in the thylakoid
membrane, KEA1 is located in the inner chloroplast envelope, just like KEA2. KEA proteins are
K+/H+ antiporters that import protons to the compartment, while exporting potassium cations.

KEA proteins play an important role in maintaining homeostasis in chloroplast compartments
(Kunz et al., 2014). Both stroma and thylakoid lumen need specific conditions to perform their
function, such as pH and ionic composition (Finazzi et al., 2015). During the day thylakoids
while capturing the light produce protons that acidify lumen, and also get released to stroma
via ATP synthase. In order to maintain electrochemical balance, thylakoids release potassium
cations to stroma (Pottosin et al., 2005). Since stroma requires consistent ionic composition to
perform Calvin cycle and assimilate carbon, excess of potassium ions can be removed by KEA1
and KEA2 efflux antiporters.

Moreover, stroma also needs to be slightly alkaline for optimal functioning. Aranda Sicilia et al.
(2021) proposed a model for KEA mediated pH regulation in chloroplast compartments (figure
28). At the beginning of illumination, when protons are taken from stroma by an electron
transport chain, stroma is alkalised in a matter of seconds (number 1 in figure 28). The initial
alkalization overshoot is compensated by brief KEA1 and KEA2 activity that takes less than a
minute. Later with an influx of protons by ATP synthase, steady pH gradient is maintained.
When illumination is stopped, stroma is neutralised by proton influx by KEA1 and KEA2 to halt
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Appendix

Table 6. Sequences of primers used in the study.

Name
(target)
PMM 1
F
PMM 1
R
PMM 2
F
PMM 2
R
4_324150
A1
4_324150
A2

4324150
C1

4_373728
A1

4_373728
A2

4373728
6!
4423078
A1
4423078
A2
4_423678
C1

4478284
A1

4478284
A2

4478284
G
FOLD44
F
FOLD4-1
R
FOLD4-2
F
FOLD4-2
R

KEA2-1 F

KEA2-1R

Type
gqRT-
PCR
gqRT-
PCR
qRT-
PCR
qRT-
PCR

KASP
KASP
KASP
KASP
KASP
KASP
KASP
KASP
KASP
KASP
KASP
KASP
qRT-
PCR
gqRT-
PCR
gqRT-
PCR
gqRT-
PCR
qRT-
PCR

qRT-
PCR

Experiment

PMM gRT-PCR
PMM gRT-PCR
PMM gRT-PCR

PMM qRT-PCR
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
Chromosome 4
finemapping
KEA2, EMB3127
gRT-PCR
KEA2, EMB3127
gRT-PCR
KEA2, EMB3127
gRT-PCR
KEA2, EMB3127
gRT-PCR
KEA2, EMB3127
gqRT-PCR
KEA2, EMB3127
qRT-PCR

Sequence

GCAGCTTGGCAAAACAGTCA
TCTCCAAGGTGCAGCTTCAG
ATCACCCATTGGTCGCAACT

CCGCTCACGAAGTTCAGCTA
GAAGGTGACCAAGTTCATGCTCGCTATACCTTAAA
ATTGATATTTGAATTTTAA
GAAGGTCGGAGTCAACGGATTCGCTATACCTTAAA
ATTGATATTTGAATTTTAT

AGTATTAAATTAAATATTGAAAAGTGTATA
GAAGGTGACCAAGTTCATGCTAATTGATCTGGCCA
CGACATCTTG
GAAGGTCGGAGTCAACGGATTAATTGATCTGGCCA
CGACATCTTC

GCGTTAAAATATGCAAAGGACTCTAGTCTA
GAAGGTGACCAAGTTCATGCTTATGCAGATCTGAA
GCAGCACG
GAAGGTCGGAGTCAACGGATTGTTATGCAGATCTG
AAGCAGCACA

CTGTCCTTATCCACAGCCTCAGAA
GAAGGTGACCAAGTTCATGCTGTGCTCGTATTGTT
CCTAATTCG
GAAGGTCGGAGTCAACGGATTAACTGTGCTCGTAT
TGTTCCTAATTCA
GAGTACAGAGAAGATATAGATGTCTTACTT
AGGTGTGATGGCTGATGCAA
AACATGATCCAAGTGCTGCG
TGGACAGCCAAACATGGTCA
CAATCGATATCCACGCGCAG
GGCTGTGGTCGTGTTACTGA

CCAAGAGCTTCAGCAATGGC









gqRT-

UBC9 R PCR  gRT-PCR AGGGCTCTTCCTTAAGGACAGTATTTGTG
EBQU— gléTR' qRT-PCR TTTCCACTGGCACATACCAA

EBQU— gléTR' qRT-PCR AACGAGGGAGTCTCGGATCT

S?ND—Z gléTR' qRT-PCR ATGAGGTTGCATCGGCTAA

SAND2 Rl qRT-PCR CCGCCCTTAACAAAACCTC

Table 7. Changes in light intensities in sinusoidal and fluctuating light regimes in the climate chamber. Each day finishes
at 16 hours.

Sinusoidal day Fluctiating day
Time (h) Intensity Time (h) Intensity Time (h) Intensity
(umol/m?/s) (umol/m?/s) (umol/m?/s)
0 39 o 39 8.0311 500
0.5 8o 0.1853 78 8.2164 1000
1 123 0.5019 8o 8.5331 497
1.5 167 0.6872 161 8.7183 994
2 210 1.0039 123 9.035 489
2.5 253 11892 246 9.2203 977
3 294 1.5058 167 9.5369 475
35 333 1.6911 333 9.7222 949
4 370 2.0078 210 10.0392 455
4.5 402 2.1931 420 10.2242 on
5 431 2.5097 253 10.5411 431
5.5 455 2.695 506 10.7261 862
6 475 3.0117 294 11.0428 402
6.5 489 3.1969 588 11.2283 805
7 497 3-5136 333 11.545 370
7.5 500 3.6989 667 11.7303 739
8 500 4.0156 370 12.0469 333
8.5 497 4.2008 739 12.2322 667
9 489 4.5175 402 12.5486 294
9.5003 475 4.7028 805 12.7342 588
10.0003 455 5.0194 431 13.0506 253
10.5003 431 5.2047 862 13.2361 506
1 402 5.5214 455 13.5525 210
11.5003 370 5.7067 o1 13.7378 420
12.0003 333 6.0233 475 14.0547 167
12.5006 294 6.2086 949 14.2397 333
13.0003 253 6.5253 489 14.5569 123
13.5003 210 6.7106 977 14.7417 246
14.0003 167 7.0272 497 15.0586 8o
14.5003 123 7.2125 994 15.2439 161
15.0003 8o 7.5292 500 15.5606 39

15.5003 39 7.7144 1000 15.7456 78



