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plant to high light intensity. Recently, the presence of natural variation for NPQ was demonstrated in
Arabidopsis thaliana. The physiology of NPQ has not yet been completely unravelled and evolution
might have developed different mechanisms to do photoprotection, therefore it is an interesting trait
to investigate. The nuclear genome of Ely induces higher NPQ values under high light intensity. In a
biparental population between the Ely and Col-0 accession, a QTL on chromosome 2 was shown to
have a large effect size on NPQ. In this thesis, this QTL was the basis in understanding the genetics and
physiology of NPQ. A near isogenic line (NIL) for this QTL was developed and homozygous lines with a
recombination in the QTL region were used for fine mapping of the gene of interest. This reduced the
size of the QTL from 250,000 bp to 25,709 bp. Nine candidate genes are located in this QTL, of which
two genes (PMM and CPFTSY) have previously been shown to be involved in photosynthesis pathways.
A system was built in which different light patterns could be programmed. This system was used to
study the long-term effect of the QTL in different environments on physiology. The QTL on
chromosome 2 resulted in a decrease in dry weight of 17% and 12% in respectively a constant and
slowly fluctuating light environment. A highly fluctuating light pattern resulted in an increase of 5% in
dry weight. This revealed the complexity of photosynthesis phenotyping and how photosynthesis
behaves dynamically under different light conditions. Acclimation to specific light fluctuations
influences NPQ measurements, which means that the manner of measuring NPQ influences the results
and makes it a complicated phenotype.


















application of triazine, there was selection on triazine resistance, which resulted in an increase of the
fitness of accessions with the PsbA mutation. Next to triazine resistance, this mutation affects
photosynthesis negatively and Ely might need for an alteration in the photosynthesis pathway to be
viable. This second scenario seems more likely since the period of application of triazine was only about
35 years (Flood et al., 2016), which is probably not long enough for a mutation to fixate in a population.
From this scenario it can be hypothesised that the Ely nucleotype increases the fitness of accessions
with a mutation in PsbA. However, the effect of the Ely nucleotype without presence of the mutation
in PsbA is unknown. Therefore, it is interesting to understand the effect of the Ely nucleotype on the
photosynthesis pathway.

To further investigate the influence of the Ely nucleotype on photosynthesis phenotypes, QTL mapping
of several photosynthesis related phenotypes was performed (Theeuwen and Logie, unpublished
data). A doubled haploid (DH) population was created, which originates from crosses between cybrids
with Ely nucleotype and Columbia (Col) plasmotype (E-C) and Col nucleotype and plasmotype (C-C).
From this data two major QTLs were found for NPQ, positioned on chromosome 2 (chr2) and
chromosome 4 (chr4) (Figure 4 and Figure 5). Previously, a large QTL for gE was already found on
chromosome 2 by Jung and Niyogi (2009). However, the region they defined covers 37 cM, which is
much larger than the QTL of 1.1 cM, as defined by Theeuwen and Logie. The effects seem to be
additive, because lines with the Ely genotypes for one of the QTLs on chromosome 2 and 4, as well as
the combination of the two, showed an increase in NPQ ( Figure 5). The results do not show a significant
difference between lines that have Ely on chromosome 2 combined with Col on chromosome 4 and
lines with the Ely genotype on both QTLs. Less lines were phenotyped with the Ely genotype on both
QTLs. Including more lines might give the opportunity to conclude whether the QTLs show epistasis or
additivity. Furthermore, it will decrease the number of genes within the QTL that currently includes 38
genes for the QTL on chromosome 2.
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Figure 4 QTL mapping of NPQ by use of DH lines of a cross between C-C and E-C. The lines were phenotyped in the DEPI (Dynamic Environmental Photosynthetic Imager) chambers at Michigan
State University. On the x-axis time in hours is shown. (a) Fluctuating light intensity during measurements in >mol/m2/s. Measurements have been performed over 5 and half a day, grey areas
are the nights when the light is turned off. During the days of fluctuating light, blocks of 20 minutes low light are alternated with 10 minutes of high light. (b) On the left y-axis the 5 different
chromosomes are shown, on the right y-axis the position on the chromosome is shown in cM. In the legend the LOD score based on Multiple QTL Mapping (MQM) is shown. Grey areas are
positions that do not show a significantly different phenotype between the Col and Ely nucleotype. (Theeuwen and Logie, Unpublished, 2019).
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Figure 5 NPQ data for QTL on chromosome 2 and chromosome 4. The first two letters show the alleles for chromosome 2,
the second two letters show the alleles for chromosome 4. AA means homozygosity for the Col allele, BB means
homozygosity for the Ely allele. Significance differences are shown by different letters, tested with Tukey. Both QTLs show an
increase in NPQ, as well as a significant interaction (p < 0.0001) between the two QTLs. (Theeuwen, unpublished data).

Aim

The main aim of this thesis is fine mapping of the NPQ QTL on chromosome 2 and to produce a NIL to
study the physiology behind the QTL. By doing this, the natural variation present between the Ely and
Col is used to unravel one of the mechanisms of NPQ. Fine mapping was performed to identify the
gene in the QTL on chromosome 2 that is responsible for the high NPQ phenotype of the Ely
nucleotype. The size of the QTL was reduced by extending the QTL analysis with lines that were
previously not phenotyped and by fine mapping. The QTL was expected to be reduced to 10 kb, based
on the number of recombinants expected for the 3,000 plants that were screened. The candidate
genes identified in the QTL region were analysed for genomic differences between Ely and Col with
lllumina and Oxford Nanopore Technology (ONT) sequencing data. Four differentially expressed genes
between Ely and Col in the original defined QTL region on chromosome 2 were analysed for
involvement in NPQ by allelic complementation. One of the genes, CPFTSY, is a likely candidate as this
gene was previously shown to be involved in NPQ. At the same time, the dominant allele for the QTL
on chromosome 2 was determined to study the phenotypic effect of the genetic inheritance of the Col
and Ely allele. Besides the genetics, the physiological effect of the QTL on chromosome 2 was
researched. The QTL was expected to be involved in NPQ relaxation, because the QTL also appeared
in the QTL analysis of the fast mechanism of NPQ, gE. To study the physiology of the NPQ gene on
chromosome 2, | produced a near isogenic line (NIL) with the QTL on chromosome 2 as an Ely
introgression in a background of Col. The effect of different light treatments on both NPQ as well as
biomass were analysed. In all of this we want to generate an overall insight in how to break down the
complexity of photosynthesis phenotypes and the effect of the underlying genetics. To do so, want to
investigate the potential of a NIL in breaking down this complexity.
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Figure 6 Measurement protocol Robin. After a dark adaptation period of 30 minutes, Fo and Fm were calculated by 8
measurements, respectively before and after a saturating light pulse. High and low light intensity, respectively 1000
umol/m?/s and 100 umol/m2/s were alternated to trigger NPQ with time intervals of 5 min. In the third high light period, a
saturating light pulse was applied for NPQ normalisation, to correct for differences between blocks that are measured at

minutes.

Statistical analysis

The data generated in the experiment consists of many fluorescence measurements. Multiple
measurements, which were performed rapidly after each other were used to calculate the average
value of a parameter. An R-script was used to calculate the different fluorescence parameters, Fo, Fm
YR Y dAILES €20 IyR CY0 LMY SiSIE# These parameters were used to calculate the photosynthesis
phenotypes (Fluorescence measurements Robin, page 29). The data was analysed for each growing
environment separately.

A linear model (LM) was used to calculate the least square estimators (LSE) of the genotypes:
= + +

Compensation for differences between blocks was done by including the NPQ normalisation
measurement that was applied just before changing from high light to low light as a regression
parameter. A Tukey post hoc test was used to compare the different genotypes with h =0.05.

Effect of different growing environments on dry weight

Plant material

Three different A. thaliana genotypes were used C-C, E-C and DH6. For the plants grown in the tunnel,
the plants are the same as for the previous experiment of NPQ induction and relaxation.

Replications
For each growing condition 8 CRBs of 20 plants each were grown, of which 6 blocks were used for the
analysis. The blocks contained 8 C-C, 8 E-C and 4 DH6 replications.
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Plant material

DH6 is the line that was selected to produce a NIL of the chromosome 2 QTL. This line only contains
two C-C chromosome segments (start of chromosome 1 and 2) next to the segment of the QTL of
interest. C-C was used for backcrossing. After the first generation, the progeny of the crosses was used.

Growing conditions

Seeds were pre-sowed on a petri dish with filter paper and put in the cold room at 4 °C for 2 days, to
ensure homogeneous germination. The seeds were transferred to the tissue culture and after 1 day
sowed on rock wool blocks.

Plants were grown in the greenhouse at a light intensity of minimal 125 pmol/m?/s. Light intensity
depended on the intensity of sunlight. The day length was 16 hours, day temperature was 20 °C and
night temperature was 18 °C. Humidity was 70%. Plants were watered approximately 3 times a week
with Hyponex.

Crossing scheme

The following crossing scheme was used to develop the NILs (Figure 7). In the F1 the plants were
checked to be true F1s. In the F2 lines were selected that were heterozygous for the QTL region and
homozygous C-C for the rest of the genome. In the F3, 523 NILs were found, which was a bit less than
expected based on mendelian segregation. In this generation recombinants were also selected. In a
region of 250 kb, 57 recombinants were obtained. The progeny of these recombinants was screened
for homozygosity for the recombination.
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Reproduce DEPI phenotype
Plant material
The genotypes that were used in the experiment are C-C, E-C and DH®6.

Growing conditions

Seeds were pre-sowed on a petri dish with filter paper and put in the cold room at 4 °C for 3 days, to
ensure homogeneous germination. The seeds were transferred to the tissue culture and after 1 day
sowed on rock wool blocks.

Plants were grown in a climate chamber at a light intensity of 200 pumol/m?/s. The day length was 16
hours, day temperature was 20 °C and night temperature was 18 °C. Humidity was 70%. Plants were
watered two times a week with Hyponex for 10 minutes.

Replications
Seven replicates of C-C and DH6 were used and six replicates of E-C in one CRB of 20 plants.

Robin measurement
Fluorescence parameters were measured in the Robin after 19 days.

The third, fourth and fifth day of the DEPI treatment were simulated with two extra fluctuating days
(Figure 9). The fluctuation consists of alternating high and low light periods in which the high light
period lasts for 10 minutes and the low light period for 20 minutes. After each period, a far-red period
was applied to be able to calculate NPQt, sNOt, :sNPQt, gEt and glt. At the start of each day Fo and
Fm were measured. For the measurement, many different protocols were used. The protocol for the
FvFm measurement at the start of the day and the first protocol can be found in the appendix (2. Robin
measuring protocols, 3: FvFm measurement DEPI treatment and 4: First 3 cycles of the DEPI
treatment). The other protocols only differ in light intensity values.
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Figure 9 Light treatment during measurement in de Robin to reproduce the DEPI phenotype.

Statistical analysis

The photosynthesis phenotypes were calculated from different fluorescence parameters
(Fluorescence measurements Robin, page 29). A LM was used to calculate the LSE of the genotypes
for each photosynthesis parameter. A Tukey post hoc test was used to compare the different

genotypes.
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The Fluctor
The Fluctor is a climate chamber in which three compartments are separated and each has their own
light treatment (Figure 10):

1. DEPItreatment: simulation of the light treatment used in DEPI during a fluctuating day (Figure
11a). Light intensity values can be found in the appendix (S 2). Low light periods were 20
minutes long and high light periods 10 minutes. The average light intensity was 438 pmol/m?/s.

2. Constant: a constant light intensity which is the average light intensity of the DEPI system (438
umol/m?/s).

3. Maize: light intensity measured inside a maize canopy of a day with many fluctuations, during
summer (Figure 11b). A light sensor was attached to one of the leaves to measure the effect
of both shading of leaves and clouds. Average light intensity was 418 pmol/m?/s

The plants were on a 16-hour day rhythm.

I I I I — 600 113K Fa0dazl-ity3 6Y I4TS0

I I I I om0 59tL (ISI-IY Sy

T~

Figure 10 Set up of the Fluctor in the climate chamber. Three different light treatments that were separated from each other
by white plastic (red lines). The yellow lines are the different LEDs. In each treatment the growing area of plants is 80 cm x
120 cm.
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BLUEs were used in a scanone analysis of the R/qgtl package, including 478 markers with an interval of

250 kb. The LOD threshold was calculated per phenotype and was based on a permutation test with
1000 permutations.

Allelic complementation

Plant material

Four different T-DNA lines were selected because of differential expression, based on RNAseq data.
The four different T-DNA lines were knock-out lines of CPFTSY, DUF295, CAPRICE and CYCLIC
NUCLEOTIDE-GATED CHANNEL 12 (CNGC12).

By crossing a NIL of the QTL with each T-DNA line, lines were obtained with one knock-out allele of the
investigated gene and one allele from Ely. The T-DNA line was also crossed to Col which resulted in
lines with one knock-out allele and one Col allele. Next to these lines, the T-DNA line, C-C, E-C, NIL and
hetero NIL were measured. 24 CRBs of 20 plants were used in this experiment. Each block contained
two plants of C-C, E-C, NIL and hetero NIL and one plant of each T-DNA line and the crosses (T-DNA x
Col and T-DNA x NIL).

Growing conditions

Seeds were pre-sowed on a petri dish with filter paper and put in the cold room at 4 °C for 3 days, to
ensure homogeneous germination. The seeds were transferred to the tissue culture and after 1 day
sowed on rock wool blocks.

Plants were grown in a climate chamber at a light intensity of 200 umol/m?/s. The day length was 16
hours, day temperature was 20 °C and night temperature was 18 °C. Humidity was 70%. Plants were
watered two times a week with Hyponex for 10 minutes.

20 days after sowing, the plants were transferred to the Fluctor. Growing conditions are stated in the
experiment with the NILs (NILs in the Fluctor).

Robin measurement
Fluorescence parameters were measured in the Robin after 23 or 24 days.

The blocks were put in the Fluctor for 2.5 or 3.5 days before phenotyping. NPQt, tsPSII, tsNOt, sNPQt,
gEt and glt were measured with the same protocol as was used for fine mapping (Figure 15). Thisis a
protocol with six cycles of alternating high and low light intensities. Measurement protocol can be
found in the appendix (2. Robin measuring protocols, 5: First 6 cycles of alternating low and high light).

Statistical analysis

The photosynthesis phenotypes were calculated from different fluorescence parameters
(Fluorescence measurements Robin, page 29).BLUEs for the different lines were calculated by an
LMM that included the block effects as a random effect.

= +(1| )+
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separately by a LMM model. The different blocks were used as a random effect to correct for
dependency of observations.

+ (1 )+

= @ )+

Two different statistical tests were done, one that compared the different genotypes within a
growing environment and one that included a genotype x growing environment interaction. For both
analyses a Tukey post hoc test was performed! giiK b I' ntnp. The statistical differences for the
interaction between genotype and environment were calculated with the following models:

= + + ( )+

= + + ( )+

Fluorescence measurements Robin

The parameters can be easily measured and consist of the wavelengths that are not used in PQ or NPQ
and therefore re-emitted by the pigments (Baker, 2008). The different parameters are measured by
switching a measuring and actinic light on and off and giving saturating light pulses (Figure 17). The
measuring light is weak irradiance of <1 umol/m?/s and used to measure fluorescence of leaves in the
dark. F, is the measurement of a dark-adapted leave (about 20 minutes), at this moment the RC of PSII
will be fully oxidized and able to receive new electrons. The dark-adapted leave will be exposed to a
very short saturating light flash of about 1 second. By this flash, all RCs of PSII will be closed (fully
reduced) and NPQ is not yet triggered. The measured fluorescence is the maximum fluorescence (Fm)
as there is absence of both photochemical quenching mechanisms. The actinic (photosynthetic) light
will be turned on, photosynthesis is induced, and consequently NPQ will slowly start up and reduce
Tiz20S50Sy0S (2 1- &iSI-Re &l1-6S 6cue 1 yS& al-idl-ity3 f3Ki LiztaS @it lyouSI-aS Fiz20Sa0Sy0S 6CY i ¢KS
Subsequently, the actinic light will be turned off and Fo 01y'0S Y SI-4dISRe Ly iKS 6S3yylyal btv 14 Al
LINS&Sy IyR 14854 Cl to be lower than Fo. Slowly, NPQ starts to relax and fluorescence yield will return
to a steady state (Harbinson, 2013).
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Based on the QTL mapping approach with a Bonferroni threshold the identified QTL on chromosome
2 has a width of 250 kb. A gualitative analysis can reduce the size of the QTL by using observations of
individual recombinants within the previously defined QTL and compare the recombination position
with the NPQ values. Lines with a recombination within the range of the QTL defined by the MQM
analysis were selected. From this subset, representative lines with extreme NPQ values at timepoint
101.5214 were selected. The resolution of the genotypic data used for the qualitative analysis was
25,000 bp. If more than 50% of the SNPs in the window of 25,000 bp was from for example C-C, this
whole region was determined as C-C. This means that the window where the parent changes from one
to the other, the first half of the 25,000bp region between the two markers belongs to the first parent
and the second half of the region to the other parent. Based on line DH 37, the QTL starts at 18,812,500
bp and from line DH 23 and 362 it can be concluded that the QTL ends at 18,862,500 (Figure 19). This
leaves us with a QTL size of 50,000 bp. The qualitative analysis was performed on the genomic data
with markers every 25,000 bp. The qualitative analysis could potentially be performed on the 10,000
bp genomic data, however in some regions there were not enough SNPs present to identify if the
region was inherited from C-C or E-C. Furthermore, fine mapping will give more detail about the exact
size and position of the QTL and therefore the identified size was sufficient at this state.
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Figure 19 Qualitative analysis on NPQ at timepoint 101.5214 of a selection of DH lines to define the region of the QTL. On
the left side a plot is shown with the genotype data of the selected lines in the region of the QTL. On the right side a plot is
shown with the NPQ values at timepoint 101.5214 per line. The black lines in the left plot show the position of the QTL,
based on the qualitative analysis.

To investigate if next to the QTL on chromosome 2, other QTLs have a significant effect on NPQ values
at timepoint 101.5214, a separate QTL map was made for this phenotype (Figure 20). The QTL map
shows in total four QTLs with an MQM LOD score above the Bonferroni LOD threshold. The two QTL
with the highest LOD scores are on chromosome 2 at 74.61 ¢cM (18,500,000 bp) and on chromosome
4 at 0 cM with a LOD score of respectively 202.55 and 12.37. The other two QTLs are found at
chromosome 1 at 5.8 cM (500,000 bp) and 80.1 cM (22,250,000 bp) of 6.23 and 5.90, respectively. An
effect size plot shows that the QTL is not only highly significant, but also results in a large absolute
effect (Figure 21). The QTLs on chromosome 2 and 4 show significant interaction (p = 0.0009) and a
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Figure 29 Fluctor set-up. a) The pyboard is programmed to dim the five different light modules that are connected to the
different optocouplers. b) The system in the climate chamber, five different lamps are divided equally over the whole climate
chamber. c) The programmed light fluctuation pattern. d) The measured light fluctuations inside the climate chamber.

Investigating the genetics behind the QTL on chromosome 2

The higher NPQ value for Ely at the QTL on chromosome compared to C-C can be caused by large
structural differences or by one (or more) gene(s). To identify large structural variation in the region
of the QTL on chromosome 2, Tom Theeuwen used Oxford Nanopore Technology (ONT) sequencing
for a de novo assembly of the Ely accession. The de novo assembly was improved with lllumina reads.
Chromosome wide, there is not a lot of variation between the Col and Ely nucleotype (Figure 30a).
Zooming into the QTL region shows that no structural differences exist between both lines (Figure
30Db).
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recombination. The homozygous recombinants were transferred to the Fluctor 1.5 or 2.5 days before
measuring. The recombinants were measured with 5-minute cycles of alternating low and high light
intensities. The QTL map of the 4" cycle only shows significant LOD scores for phiNOt, but not for NPQt
(Figure 31). Since phiNOt is a component of NPQ, it was decided to use this phenotype for further
analyses.

Figure 31 QTL map of fine mapping with homozygous recombinants in the F4 at the 4t cycle of fluctuating light with 5-
minute intervals. The marker positions are on the x-axis and the 6 different photosynthesis phenotypes on the y-axis. There
were only significant marker positions for phiNOt, that exceeded the LOD score threshold that was calculated by a
permutation test.
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Figure 32 QTL map of phiNOt at the 4t cycle of fluctuating light with 5-minute intervals. The markers used for the analysis are shown on the x-axis. The LOD threshold (1.56) was based on a
permutation test.
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Figure 34 a) Zoom in of QTL map of phiNOt at the 4t cycle of fluctuating light with 5-minute intervals. The LOD threshold
(1.56) was based on a permutation test. Only markers inside the QTL region defined with the data of the DEPI system are
shown. b) These genes are found inside the QTL interval defined by fine mapping. This information is based on the genome
browser Arabidopsis 1,001 Genomes.

Table 2 Candidate genes in QTL region of position 18,849,338 to 18,875,047. Expression in leaves was based on functional
annotation information from TAIR about the plant structures in which the genes are expressed.

Position (bp) Function Expressed
in leaves

18,851,088 ¢ 18,853,741 At2g45770  CPFTSY LHCP integration into isolated Yes
thylakoids

18,854,555 ¢ 18,855,184 At2g45780 Unknown No

18,855,675 ¢ 18,858,018  At2g45790 PHOSPHO- Cytoplasmic Yes

MANNOMUTASE = phosphomannomutase

18,857,941 ¢ 18,859,278 | At2g45800 @ PLIM2A Regulates actin cytoskeleton No
organization.

18,859,472 ¢ 18,862,970  At2g45810 RNAHELICASE6 DEA(D/H)-box RNA helicase Yes
family protein

18,862,953 ¢ 18,864,741  At2g45820 REMORIN 1.3 Control plasmodesmata Yes
aperture and functionality

18,865,923 ¢ 18,868,542  At2g45830 DTA2 Downstream target of AGL15 2 No

18,869,153 ¢ 18,871,786  At2g45840  DUF821 O-glucosyltransferase rumi-like No
protein

18,871,479 ¢ 18,873,972  At2g45850 AHL9 Hook motif DNA-binding family  Yes
protein
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CYCLIC NUCLEOTIDE-GATED CHANNEL 12

The T-DNA line of CNGC 12 does not show significant differences with one of the parents (C-C and NIL)
or the progeny of the crosses (Figure 36). The phenotype of the crosses is almost equal to the mutant,
which means that both the Col as well as the Ely allele had no effect on the phenotype. The other
photosynthesis phenotypes showed patterns similar NPQt (S 8). We can exclude CNGC12 from the
candidate genes.
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Figure 36 NPQt values of the allelic complementation experiment of CNGC12 for the 6th cycle of 5-minte low and light light
alternations. M is the mutant line of CNGC12. The black letters on the top indicate the significantly different groups for a
tukey post hoc test for comparing different genotypes, with h = 0.05. 24 replicates were used for the mutant and the
crosses. For the other genotypes n = 48. Error bars indicate the standard errors.

CPFTSY

The T-DNA line, the NIL and the NIL crossed to Col show almost equal phenotypes with values of 3.66,
3.68 and 3.67 respectively (Figure 37). C-C is statistically different from the NIL and CPFTSY x NIL, but
not from the mutant. CPFTSY x Col shows a NPQt value between the mutant and C-C but is not
significantly different from both lines. The other photosynthesis phenotypes showed patterns similar
NPQt (S 9).
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Figure 37 NPQt values of the allelic complementation experiment of CPFTSY for the 6th cycle of 5-minte low and light light
alternations. M is the mutant line of CPFTSY. The black letters on the top indicate the significantly different groups for a
tukey post hoc test for comparing different genotypes, with h = 0.05. 24 replicates were used for the mutant and the
crosses. For the other genotypes n = 48. Error bars indicate the standard errors.

CAPRICE

C-C is statistically different from the NIL, the mutant and the cross of the mutant and the NIL (Figure
38). The NPQt value of the cross between the mutant and Col is in between the value of the mutant
and C-C. The other photosynthesis phenotypes showed patterns similar NPQt (S 10).

Figure 38 NPQt values of the allelic complementation experiment of CAPRICE for the 6th cycle of 5-minte low and light light
alternations. M is the mutant line of CAPRICE. The black letters on the top indicate the significantly different groups for a
tukey post hoc test for comparing different genotypes, with h = 0.05. 24 replicates were used for the mutant and the
crosses. For the other genotypes n = 48. Error bars indicate the standard errors.
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Figure 40 NPQt values for C-C, E-C and the NIL in different growing environments. The constant environment is a constant
light intensity of 430 and the DEPI growing environment is the same light treatment as was used in DEPI experiments. The
light intensity in the maize growing environment is based on measurements outside during a highly fluctuating day. Blue
letters on the top indicate the significantly different groups for a tukey post hoc test for genotypes within a growing
environment. The black letters on the bottom indicate the significantly different groups for a tukey post hoc test for
interaction between genotypes and growing environments.

The patterns for the dry weight of different genotypes is similar for the constant and DEPI growing
environment (Figure 41). However, in the DEPI growing environment C-C shows a trend towards a
lower value, and E-C and the NIL towards a higher value compared to constant light. These differences
are not significant, but there is a trend that E-C and the NIL perform relatively better under fluctuating
conditions versus constant than C-C. The dry weigth in the maize growing environment is the lowest
for all genotypes. The average light intensity was lower in the maize growing environment, namely 418
umol/m?/s, compared to 438 pmol/m?/s. In all growing environments, C-C has the highest dry weight,
except for the maize growing environment. The NIL obtained the highest biomass, although it is not
significantly different from C-C. The biomass of the NIL is 5% higher than the biomass of C-C.
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Figure 41 Dry weight of C-C, E-C and NIL in different growing environments. The constant environment is a constant light
intensity of 430 and the DEPI growing environment is the same light treatment as was used in DEPI experiments. The light
intensity in the maize growing environment is based on measurements outside during a highly fluctuating day. Blue letters
on the top indicate the significantly different groups for a tukey post hoc test for genotypes within a growing environment.
The Black letters on the bottom indicate the significantly different groups for a tukey post hoc test for interaction between
genotypes and growing environments.

Mapping the phenotype as was measured in the Robin with the dominance experiment

An experiment was performed in which the dominance of the alleles of the QTL on chromosome 2 was
investigated (Figure 27). These plants were grown under a constant light intensity and consequently
measured in the Robin with 12 cycles of 5-minute alternating low and high light intensity. No difference
in NPQ was observed between C-C and the NIL but there was a difference between E-C and C-C. This
means that a different gene than the one responsible for the effect of the QTL on chromosome one
causes the different phenotype. It can partly be explained because of the epistatic interaction between
the Ely alleles on chromosome 2 and 4. However, this cannot fully explain the difference between E-C
and C-C. Therefore, | setup an experiment to identify which QTL causes the difference in NPQ between
C-C and E-C for the measurement with the 12-cycle protocol in the Robin. Due to the limited capacity
of the Robin it was not possible to include all DH lines and therefore | selected 13 DH lines from the
DH population. DH lines were only selected if the QTL on chromosome 2 was Col and the total set of
DH lines had to represent both E-C and C-C alleles at the other chromosome segments.

The QTL map of the DH lines does not show significant QTLs at the 12! measuring cycle under high
light (Figure 42). However, the beginning of chromosome 3 does show a trend towards significantly
different gE values. The BLUEs of the NPQt values for the different DH lines are all not significantly
different from each other (Figure 43). This is probably due to the low heritability of the traits. The
heritability values were between 0% and 9%.
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Figure 42 QTL map to map the Robin phenotype. Scanone QTL mapping was performed on the data of the 12t cycle with 5-
minute interval alternating low and high light. 13 DH lines and C-C and E-C were included in the analysis. Six different
photosynthesis phenotypes were mapped. No QTLs exceed the LOD threshold that was calculated based on a permutation
test.

Figure 43 BLUEs of NPQt values for the different DH lines at the 12th cycle of 5-minute interval alternating low and high
light.
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The effect of growing environment and acclimation on NPQ

In all the photosynthesis phenotyping experiments NPQ values differed for the same genotype
because the measurement of NPQ is influenced by many different factors. The light intensity was
either constant, slowly fluctuating or highly fluctuating. Besides the effect of the growing
environment, | researched the effect of acclimation. Table 5 shows a summary of the differences in
NPQ between E-C and C-C and between the NIL and C-C for the experiments performed during this
thesis. With these values, the effect of the chromosome 2 QTL on NPQ could be examined as well as
the fraction of the E-C phenotype that is explained by the QTL on chromosome 2. For the DEPI
phenotyping data, there is only an effect of the allele on chromosome 2 measured, because a NIL
was not available when the experiment was performed.

Table 5 Effect size of NPQ of E-C and the NIL compared to C-C in percentage, using different growing environments,
measuring protocols and phenotyping machines. Acclimation in the Fluctor means that the plants were sown in the Fluctor
and grown there during the whole growing period up until just before measuring in the Robin. Short acclimation in the
Fluctor was done by growing plants under a constant light intensity and exposing the plants for 2 or 3 days to the DEPI
treatment in the Fluctor just before measurement in the Robin.

Effect size NPQ E-Cvs C-C NiLvs C-C Effect of the Ely Fraction of E-C
(%) (VA) allele on phenotype

chromosome 2 (%) explained by QTL

Robin (dominance, 12 cycles) 16.9 0.8 4.8

DEPI (NPQ) 28.1 17.3 61.7

Fluctor constant (acclimation) 43.0 1.3 2.9

Fluctor DEPI (acclimation) 31.9 4.3 135

Fluctor Maize (acclimation) 65.9 -3.3

Fluctor DEPI allelic 27.7 9.7 35.2

compementation (short

acclimation)
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during relaxation. It is proposed to repeat the experiment and measure relaxation and induction in
separate experiments.

The effect of different growing environments

We have seen that NPQ induction and relaxation behaves differently for plants that were grown under
different environmental conditions. This raised the question whether dry weight is also affected by
differences in growing conditions and if this difference is caused by the QTL on chromosome 2.
Therefore, C-C, E-C and DH6 were grown in three different environments. In the climate chamber the
light intensity is constant, in the greenhouse relatively constant and in the tunnel highly fluctuating.
The dry weight of DH6 did not differ from C-C in any of the growing environments, which means that
there was no effect of the QTL on chromosome 2 on dry weight in all growing environments. E-C does
show a difference in dry weight for the tunnel and the greenhouse compared to the other genotypes.
Many nucleotypic effects can underly this difference. When comparing dry weight over the different
growing environments, the dry weight in the tunnel is higher for all genotypes. The plants in the tunnel
were grown for a longer period with shorter day lengths. This resulted in a longer vegetative phase
before bolting and the plants were harvested later. The vegetative phase for A. thaliana is relatively
short compared to crops. Therefore, it would be interesting to study the effect of a longer vegetative
growing phase by growing A. thaliana with shorter day lengths in the greenhouse and climate chamber.
Under these conditions there will be potentially more differences in dry weight. In previous research
overexpression of VDE, PshS and ZEP was shown to increase tabacco dry weight with 15% (Kromdijk et
al., 2016). However, dry weight is a snapshot measurement and does not evaluate development over
time. In the Robin, leaf area can be measured, which has previously been shown to highly correlate
with dry weight (Poorter & Remkes, 1990). Measuring leaf area over time can give more insight in the
development of biomass production. It would also be interesting to look into the relationship between
the shoot and the root biomass. This would give a more precise idea about the total amount of biomass
produced, however this is a destructive measurement and can only be done once.

The complexity of photosynthesis phenotyping

As mentioned before, photosynthesis is a complex process. The QTL mapping data from the DEPI
system shows that many different genes underly different photosynthesis parameters. This research
shows that next to the light protocol used for the measurement, the growing environment also has an
effect on photosynthesis phenotypes. The QTL on chromosome 2 was mapped based on
measurements in the DEPI system, but measurements in the Robin with an adapted measuring
protocol, did not show higher NPQ for DH6 compared to C-C. This gives an extra dimension to the
complexity of a genotype x environment interaction. The way of measuring and the environment
before the measurement also has an influence on the phenotype. Keller et al. (2019) also noticed that
most photosynthesis research is performed under constant conditions, while these are not
representative of the outside growing conditions in which most crops are grown. They established the
new photosynthesis parameterst CliHKCA I-yR ClHIKCIj0, which account for fluctuating light conditions.
Rascher & Nedbal (2006) also stressed the importance of understanding photosynthesis under
fluctuating light conditions as this represents natural outside conditions better. It is important to
simulate specific natural conditions because we showed that the measuring protocol has an effect on
the results, and we eventually want our crops to grow better under natural conditions. High-
throughput phenotyping platforms, such as DEPI, can contribute to a better understanding of
responses to acclimation of different light fluctuations. Next to the interaction of genotype x
environment x acclimation, photosynthesis response can be measured with different phenotypes. For
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example, NPQ, qE and ©sPSII. Therefore, we should include another parameter to our interaction which
leaves us with an interaction term of genotype x environment x acclimation x phenotype.

The complexity of phenotyping photosynthesis and the influence of acclimation can be illustrated by
different experiments in this research. For example, no difference between DH6 and C-C was measured
with a relatively short measuring protocol of 12 cycles of alternating low and high light in the Robin.
However, when the fluctuating light treatment of a whole day as in DEPI was applied during
measurement in the Robin, this difference was present. The Robin can only measure a tray of 20 plants
at a time, which means that the DEPI treatment cannot be used for measuring in a high throughput
fashion. For this reason, the Fluctor was build. This is a climate chamber, in which 3 separate light
conditions can be programmed. There is full control of light intensity within a range of intensities and
sub second level control. The difference between the short and long phenotyping protocol is one of
the many comparisons that we made from the different experiments in this study related to the effect
of acclimation and the measuring protocol that was used. To illustrate the effects, Table 5 summarises
all previously mentioned effect sizes of E-C, the NIL or the Ely allele on chromosome 2 for different
acclimations and measuring protocols. As we see, both the whole Ely nucleotype as well as the QTL on
chromosome 2 respond differently for different growing environments. Furthermore, the part of the
E-C phenotype that was caused by the QTL on chromosome 2 differed between environments. For
example, in the maize growing environment in the Fluctor, the E-C nucleotype increased NPQ most,
but the NIL resulted in a decrease in NPQ. The effect size of the Ely allele on chromosome 2 in DEPI
explained more than half of the phenotype of E-C. This is the highest fraction of all growing
environments. The NIL will be soon measured in the DEPI system, which will answer the question if
this was due to epistatic interactions or a highly controlled way of measuring many plants
simultaneously.

To break down the complexity of photosynthesis it is useful to know which genes underly different
photosynthesis phenotypes. To eliminate the potential effect of Ely alleles of other genes, it was
decided to develop a NIL for the QTL on chromosome 2. NILs are shown to be more useful for mapping
than a RIL, because it eliminates epistatic effects and masking effects of major QTLs (Keurentjes et al.,
2007). The NIL was developed by selfing of the selected plants in each generation. It would have been
more efficient to backcross the selected plants in the F1 to C-C. By doing this, less plants should have
been screened in the F2. To produce a NIL from DH6, only two Ely chromosome segments had to be
replaced with Col. Backcrossing to C-C would significantly speed up the production of a NIL from a DH
line of which more chromosome segments should be substituted by the other parent. In the F3 of a
cross between DH6 and C-C a NIL, with a homozygous Ely introgression for the QTL on chromosome 2
in a background of C-C. This NIL was used for physiological experiments. During development of the
NIL also heterozygous recombinants in the QTL were selected in the F3. In the next generation
homozygous recombinants were selected for fine mapping.

Fine mapping

The recombinants that were selected during the development of the NIL were used for fine mapping.
The theory behind fine mapping is that the recombinant lines recombine in different positions in the
QTL. After phenotyping the recombinants, the genotype and the phenotype of the lines can be used
to determine which exact QTL region is responsible for the phenotype. This can reduce the number of
candidate genes significantly. Prior to fine mapping, the size of the QTL was 50,000 bp. 17 of the
recombinants were found to recombine within this region. This leaves us with a theoretical resolution
of 3,041 bp. The distance between the markers differs, but the two closest markers are at a distance
of 3,783. To achieve the theoretical resolution, more markers should be tested.
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<al7>=>checkPoint,"startFo_Lss 9"
<al7+PreSatPulse-TS>=>checkPoint,"endFo_Lss 9"
<b17+TS*2>=>SatPulse(SatPulseDuration)
<b17+TS*2>=>mpulse2
<b17+TS*2>=>checkPoint,"startFm_Lss 9"

<b17 + SatPulseDuration >=>checkPoint,"endFm_Lss 9"
:<b17+2*TS>=>checkPoint,"timeVisual"

<al8,al8+(PreSatPulse/8)..b18-TS>=>mfmsub
<al8>=>checkPoint,"startFo_Lss 10"
<al8+PreSatPulse-TS>=>checkPoint,"endFo_Lss 10"
<b18+TS*2>=>SatPulse(SatPulseDuration)
<b18+TS*2>=>mpulse2
<b18+TS*2>=>checkPoint,"startFm_Lss_10"

<b18 + SatPulseDuration >=>checkPoint,"endFm_Lss_10"
:<p18+2*TS>=>checkPoint,"timeVisual"

rhkkkkkhkkkkk M easu relng |nd UCtiOn*********************

Induce_act_light_period=300s;#### standard setting: 300s ####
Induce_act_light_time_interval = 30s;#### standard setting: 30s ####
Induce_act_light_intensity = 77.6;#### standard setting: 1000 mMol/s ##H##

a21=a20+Induce_act_light time_interval
a22=a21+Induce_act_light_time_interval
a23=a22+Induce_act_light_time_interval
a24=a23+Induce_act_light_time_interval
a25=a24+Induce_act_light_time_interval
a26=a25+Induce_act_light_time_interval
a27=a26+Induce_act_light_time_interval
a28=a27+Induce_act_light_time_interval
a29=a28+Induce_act_light_time_interval
a30=a29+Induce_act_light_time_interval

<a20-2*TS-Batch>=>S|_Act2(Induce_act_light_intensity)
<a20-2*TS-Batch>=>act2(Induce_act_light_period)

b20=a20+PreSatPulse
b21=a21+PreSatPulse
b22=a22+PreSatPulse
b23=a23+PreSatPulse
b24=a24+PreSatPulse
b25=a25+PreSatPulse
b26=a26+PreSatPulse
b27=a27+PreSatPulse
b28=a28+PreSatPulse
b29=a29+PreSatPulse
b30=a30+PreSatPulse
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<fmp_end_7, fmp_end_7 + second_act_measurements .. end_period_7 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _7 - dark/FR relaxation

start_dark_period_7 =end_period 7 + TS
start_FR_period_7 = start_dark_period_7 + dark_period
end_FR_period_7 = start_FR_period_7 + FR_period
<start_FR_period_7>=>FAR(FR_light_period)
<end_FR_period_7>=>SatPulse(pulse_duration)
<end_FR_period_7>=>mpulse2
end_7=end_FR_period 7+ 1s

<start_dark_period_7, start_dark_period_7 + dark_FR_measurements ..
end_FR_period_7>=>mfmsub

;cycle 8 - periods

start_period_8=end_7

end_period_8 = start_period 8 + total_period_duration

first_act end 8 =end_period 8 - 20s

fp_start_8 =first_act_end_8 - 2s;start for F' measurements

fmp_end_8 =first_act_end_8 + 1s;start for 20s Act light period

<start_period_8 - TS>=>act2(total_period_duration) ;set Act light for the given period
<start_period_8 - TS>=>S|_Act2(77.9);set Act light intensity during period
<first_act_end_8>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_8>=>mpulse2;measure Fm'

;cycle 8 - measurements

<start_period_8, start_period_8 + first_act_measurements .. fp_start_8 - TS>=>mfmsub ;general F'
measurments, just for monitoring, no calculations done on this

<fp_start_8, fp_start_8 + f_measurements .. first_act_end_8 - TS>=>mfmsub;higher intensity F'
measurments for F'

<fmp_end_8, fmp_end_8 + second_act_measurements .. end_period_8 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _8 - dark/FR relaxation

start_dark_period_8 =end_period 8 + TS

start FR_period_8 = start_dark_period_8 + dark_period
end_FR_period_8 =start FR_period_8 + FR_period
<start_FR_period_8>=>FAR(FR_light_period)
<end_FR_period_8>=>SatPulse(pulse_duration)
<end_FR_period_8>=>mpulse2

end_8 =end_FR_period_8 + 1s

<start_dark_period_8, start_dark_period_8 + dark_FR_measurements ..
end_FR_period_8>=>mfmsub

;cycle 9 - periods
start_period_9=end_8
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fmp_end_12 =first_act_end_12 + 1s;start for 20s Act light period

<start_period_12 - TS>=>act2(total_period_duration) ;set Act light for the given period
<start_period_12 - TS>=>S|_Act2(77.9);set Act light intensity during period
<first_act_end_12>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_12>=>mpulse2;measure Fm'

;cycle _12 - measurements

<start_period_12, start_period_12 + first_act_measurements .. fp_start 12 - TS>=>mfmsub ;general
F' measurments, just for monitoring, no calculations done on this

<fp_start_12, fp_start 12 +f measurements .. first_act_end_12 - TS>=>mfmsub;higher intensity F'
measurments for F'

<fmp_end_12, fmp_end_12 + second_act_measurements .. end_period_12 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _12 - dark/FR relaxation

start_dark _period 12 =end_period_12 + TS
start_FR_period_12 = start_dark_period_12 + dark_period
end_FR_period_12 =start FR_period_12 + FR_period
<start_FR_period_12>=>FAR(FR_light_period)
<end_FR_period_12>=>SatPulse(pulse_duration)
<end_FR_period_12>=>mpulse2

end_12 =end_FR_period_12 + 1s

<start_dark_period_12, start_dark_period_12 + dark_FR_measurements ..
end_FR_period_12>=>mfmsub
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3: FvFm measurement DEPI treatment
TS=50ms

include default.inc ;Includes standard options, do not remove it !
include light.inc ;Includes standard options, do not remove it !
; Written by Sanne Put as a fast fluctuating light protocol

__LightA=0
__LightB=0
__Lightintensity=<25.1>

Shutter=3
Sensitivity=1
Super=100
FAR=20

;general parameters
period_Fv_Fm =60s
pulse_duration = 800ms
first_act_measurements = 60s
second_act_measurements = 10s
f_measurements = 200ms

;FvFm measurment (after dark adaptation during night)

start_period FvFm =0s

end_period_FvFm = start_period_FvFm + period_Fv_Fm

first_act_end_FvFm =end_period_FvFm - 20s

fp_start_FvFm = first_act_end_FvFm - 2s;start for F' measurements
fmp_end_FvFm =first_act_end_FvFm + 1s;start for 20s Act light period
<start_period_FvFm>=>act2(period_Fv_Fm) ;set Act light for the given period
<start_period_FvFm>=>S|_Act2(0);set Act light intensity during period
<first_act_end_FvFm>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_FvFm>=>mpulse2;measure Fm'

; measurements

<start_period_FvFm, start_period_FvFm + first_act_measurements .. fp_start_FvFm - TS>=>mfmsub
;general F' measurments, just for monitoring, no calculations done on this

<fp_start_FvFm, fp_start_FvFm + f_measurements .. first_act_end_FvFm - TS>=>mfmsub;higher
intensity F' measurments for F'
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4: First 3 cycles of the DEPI treatment
TS=50ms

include default.inc ;Includes standard options, do not remove it !
include light.inc ;Includes standard options, do not remove it !
; Written by Sanne Put as a fast fluctuating light protocol

__LightA=0
__LightB=0
__Lightintensity=<25.1>

Shutter=3
Sensitivity=1
Super=100
FAR=20

;general parameters
period_Fv_Fm =60s
total_period_durationl = 1120s
total_period_duration2 = 640s
pulse_duration = 800ms
first_act_measurements = 60s
second_act_measurements = 10s
f_measurements = 200ms

Act_intensity period 1=12.4
Act_intensity _period_2 = 15.0
Act_intensity period_3=15.1

dark_period = 4s

FR_period = 16s
FR_light_period = 5s
dark_FR_measurements = 1s

;FvFm measurment (after dark adaptation during night)
start_period_FvFm =0s

end_period_FvFm = start_period_FvFm + period_Fv_Fm
first_act_end_FvFm = end_period_FvFm - 20s

fp_start_FvFm = first_act_end_FvFm - 2s;start for F' measurements
fmp_end_FvFm = first_act_end_FvFm + 1s;start for 20s Act light period
<start_period_FvFm>=>act2(period_Fv_Fm) ;set Act light for the given period
<start_period_FvFm>=>S|_Act2(0);set Act light intensity during period
<first_act_end_FvFm>=>SatPulse(pulse_duration);duration of saturating pulse

<first_act_end_FvFm>=>mpulse2;measure Fm'

; measurements
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<start_period_FvFm, start_period_FvFm + first_act_measurements .. fp_start_FvFm - TS>=>mfmsub
;general F' measurments, just for monitoring, no calculations done on this

<fp_start_FvFm, fp_start FvFm + f_measurements .. first_act_end_FvFm - TS>=>mfmsub;higher
intensity F' measurments for F'

;<fmp_end_1, fmp_end_1 + second_act_measurements .. end_period_1 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;FvFm - Take images
;<fmp_end_1+TS>=>checkPoint,"startFt_Lss"
;<end_period_FvFm>=>checkPoint,"endFt_Lss"

;<first_act_end_FvFm+TS>=>checkPoint,"startFm_Lss"
;<first_act_end_FvFm+pulse_duration-TS>=>checkPoint,"endFm_Lss"

;cycle 1 - periods

start_period_1 =end_period_FvFm

end_period_1 = start_period 1 + total _period_durationl

first_act end_1=end period 1 -20s

fp_start_1 =first_act_end_1 - 2s;start for F' measurements

fmp_end_1 =first_act_end_1 + 1s;start for 20s Act light period
<start_period_1>=>act2(total_period_durationl) ;set Act light for the given period
<start_period_1>=>S|_Act2(Act_intensity_period_1);set Act light intensity during period
<first_act_end_1>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_1>=>mpulse2;measure Fm'

;cycle _1 - measurements

<start_period_1, start_period_1 + first_act_measurements .. fp_start_1 - TS>=>mfmsub ;general F'
measurments, just for monitoring, no calculations done on this

<fp_start_1, fp_start_1 +f measurements .. first_act_end_1 - TS>=>mfmsub;higher intensity F'
measurments for F'

<fmp_end_1, fmp_end_1 + second_act_measurements .. end_period_1 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _1 - dark/FR relaxation
start_dark_period_1=end_period_1+TS

start FR_period_1 =start_dark_period_1 + dark_period
end_FR_period_1 =start FR_period_1 + FR_period
<start_FR_period_1>=>FAR(FR_light_period)
<end_FR_period_1>=>SatPulse(pulse_duration)
<end_FR_period_1>=>mpulse2
end_1=end_FR_period_1 + 1s

<start_dark_period_1, start_dark_period_1 + dark_FR_measurements ..
end_FR_period_1>=>mfmsub

;Take images
<fmp_end_1+TS>=>checkPoint,"startFt_Lss"
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fp_start_3 =first_act_end_3 - 2s;start for F' measurements

fmp_end_3 =first_act_end_3 + 1s;start for 20s Act light period
<start_period_3>=>act2(total_period_durationl) ;set Act light for the given period
<start_period_3>=>SI_Act2(Act_intensity_period_3);set Act light intensity during period
<first_act_end_3>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_3>=>mpulse2;measure Fm'

;cycle _3 - measurements

<start_period_3, start_period_3 + first_act_measurements .. fp_start_3 - TS>=>mfmsub ;general F'
measurments, just for monitoring, no calculations done on this

<fp_start_3, fp_start_3 +f measurements .. first_act_end_3 - TS>=>mfmsub;higher intensity F'
measurments for F'

<fmp_end_3, fmp_end_3 + second_act_measurements .. end_period_3 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _3 - dark/FR relaxation

start_dark_period_3 =end_period 3+ TS

start FR_period_3 = start_dark_period_3 + dark_period
end_FR_period_3 =start FR_period_3 + FR_period
<start_FR_period_3>=>FAR(FR_light_period)
<end_FR_period_3>=>SatPulse(pulse_duration)
<end_FR_period_3>=>mpulse2
end_3=end_FR_period_3 + 1s

<start_dark_period_3, start_dark_period_3 + dark_FR_measurements ..
end_FR_period_3>=>mfmsub

;Take images
<fmp_end_3+TS>=>checkPoint,"startFt_Lss"
<end_period_3>=>checkPoint,"endFt_Lss"

<first_act_end_3+TS>=>checkPoint,"startFm_Lss"
<first_act_end_3+pulse_duration-TS>=>checkPoint,"endFm_Lss"
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<end_FR_period_2>=>SatPulse(pulse_duration)
<end_FR_period_2>=>mpulse2
end_2=end_FR _period 2+ 1s

<start_dark_period_2, start_dark_period_2 + dark_FR_measurements ..
end_FR_period_2>=>mfmsub

;Take images
<fmp_end_2+TS>=>checkPoint,"startFt_Lss"
<end_period_2>=>checkPoint,"endFt_Lss"

<first_act_end_2+TS>=>checkPoint,"startFm_Lss"
<first_act_end_2+pulse_duration-TS>=>checkPoint,"endFm_Lss"

;cycle _3 - periods

start_period 3=end 2

end_period_3 = start_period_3 + total_period_duration

first_act end_3=end _period 3 - 20s

fp_start 3 =first_act_end_3 - 2s;start for F' measurements

fmp_end_3 =first_act_end_3 + 1s;start for 20s Act light period
<start_period_3>=>act2(total_period_duration) ;set Act light for the given period
<start_period_3>=>S|_Act2(43.7);set Act light intensity during period, 500 umol
<first_act_end_3>=>SatPulse(pulse_duration);duration of saturating pulse
<first_act_end_3>=>mpulse2;measure Fm'

;cycle _3 - measurements

<start_period_3, start_period_3 + first_act_ measurements .. fp_start_3 - TS>=>mfmsub ;general F'
measurments, just for monitoring, no calculations done on this

<fp_start_3, fp_start_3 +f measurements .. first_act_end_3 - TS>=>mfmsub;higher intensity F'
measurments for F'

<fmp_end_3, fmp_end_3 + second_act_measurements .. end_period_3 - TS>=>mfmsub;F'
measurements to have light relax, before a potential dark/FR relaxation

;Addition _3 - dark/FR relaxation

start_dark_period_3 =end_period 3+ TS
start_FR_period_3 = start_dark_period_3 + dark_period
end_FR_period_3 =start FR_period_3 + FR_period
<start_FR_period_3>=>FAR(FR_light_period)
<end_FR_period_3>=>SatPulse(pulse_duration)
<end_FR_period_3>=>mpulse2
end_3=end_FR_period_3+ 1s

<start_dark_period_3, start_dark_period_3 + dark_FR_measurements ..
end_FR_period_3>=>mfmsub

;Take images
<fmp_end_3+TS>=>checkPoint,"startFt_Lss"

<end_period_3>=>checkPoint,"endFt_Lss"
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<fmp_end_6, fmp_end_6 + second_act_measurements .. end_period_6 - TS>=>mfmsub;F'

measurements to have light relax, before a potential dark/FR relaxation

;Addition _6 - dark/FR relaxation

start_dark_period 6 =end_period 6 + TS
start_FR_period_6 = start_dark_period_6 + dark_period
end_FR_period_6 = start_FR_period_6 + FR_period
<start_FR_period_6>=>FAR(FR_light_period)
<end_FR_period_6>=>SatPulse(pulse_duration)
<end_FR_period_6>=>mpulse2
end_6=end_FR_period 6+ 1s

<start_dark_period_6, start_dark_period_6 + dark_FR_measurements ..

end_FR_period_6>=>mfmsub

;Take images
<fmp_end_6+TS>=>checkPoint,"startFt_Lss"
<end_period_6>=>checkPoint,"endFt_Lss"

<first_act_end_6+TS>=>checkPoint,"startFm_Lss"
<first_act_end_6+pulse_duration-TS>=>checkPoint,"endFm_Lss"
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Light Intensity (umollmzls)

S 3 QTL analysis of phiNPQ on biparental DH population, extended with late flowering lines. 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. The legend shows positive and negative LOD scores. A positive LOD score indicates a higher BLUEs for C-C
than E-C, a negative LOD scores vice versa. The threshold is a LOD score of 4.776 (p < 1.7e-05) and the QTL analysis was based on an MQM analysis, with markers every 250,000 bp.
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S 6 Qualitative analysis with all recombinant lines included. On the left side a plot is shown with the genotype data of the
selected lines in the region of the QTL. On the right side a plot is shown with the NPQ values per line. The black lines in the
left plot show the position of the QTL, based on the qualitative analysis.
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S 7 Photosynthesis phenotypes of the allelic complementation experiment of DUF for the 6t cycle of 5-minte low and light
light alternations.

S 8 Photosynthesis phenotypes of the allelic complementation experiment of CNGC12 for the 6th cycle of 5-minte low and
light light alternations.
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S 9 Photosynthesis phenotypes of the allelic complementation experiment of CPFTSY for the 6th cycle of 5-minte low and

light light alternations.
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S 10 Photosynthesis phenotypes of the allelic complementation experiment of CAPRICE for the 6th cycle of 5-minte low and

light light alternations.
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S 12 Photosynthesis phenotypes for C-C, E-C and the NIL in different growing environments. The constant environment is a
constant light intensity of 430 and the DEPI treatment is the same light treatment as was used in DEPI experiments. The
light intensity in the maize growing environment is based on measurements outside during a highly fluctuating day. Blue
letters on the top indicate the significantly different groups for a tukey post hoc test for genotypes within a growing
environment. The black letters on the bottom indicate the significantly different groups for a tukey post hoc test for
interaction between genotypes and growing environments.
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