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NADPH: Nicotinamide adenine dinucleotide phosphate, NADP+ oxidized form
NDH: Respiratory Complex I-like NADPH
ndhO1: NDH defective T-DNA mutant (dysfunctional NdhO subunit)
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PnsL1: Photosynthetic NDH subunit of luminal location 1
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TU:  Transcriptional unit
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ABSTRACT

In plants, adapting photosynthesis to constantly changing light environments is crucial to ensure
viability. Cyclic electron flow (CEF) can modulate photosynthetic electron transport by increasing the
trans-0EUIAETEA DOTOTT COAAEATO jaB (Q 0EAO: (1) increases ATP synthesis balancing ATP/NADPH energy
budget and (2) activates non-photochemical quenching (NPQ). NPQ is the photoprotective process by
which harmful light energy excess is dissipated as heat. Delayed NPQ relaxation upon decreasing light
intensity hinders optimum photosynthetic efficiency and thus biomass production. Hence, improving
the understanding on how CEF regulates NPQ holds potential for future breeding prospects. The present
project focused on characterising the increased NPQ phenotype of two Arabidopsis thaliana Burren
cybrid lines (paternally derived nucleotype and maternal plasmotype), with a nuclear locus duplication:
dBursur and dBurc24 J0ATOAIAG-nucleotyperlasmotype), Duplicated PnsL1 was studied as candidate gene for
the phenotype, as it is part of the NAD(P)H dehydrogenase-like complex (NDH) that regulates one of the
main CEF pathways in Angiosperms. First, analysis of antecedent dBur phenotypic data showed that
upon long subjection to fluctuating light, the duplication had increasing effects on NPQ at 500 pmol
photons m-2s-1 but did not have any distinctive impact upon higher light intensities (1000 pmol photons
m-2 s-1). Under constant lower light intensities (200 umol photons m-2 s-1) the duplication was found to
decrease NPQ. Additionally, it was discovered that dBur phenotype was also plasmotype dependent.
Decreasing Bur plasmotype effects in NPQ (relative to C24) were found to be relevant at 200 pmol
photons m-2 s-1 and independent from the duplication. Second, to evaluate the implication of PnsL1 in
the dBur phenotype over-expression of the candidate gene was verified via real-time quantitative PCR
(RT-gPCR), also proving that PnsL1 expression is not regulated by increase in light intensity. Cloning of
CRISPR/Cas9 knock-out (KO) constructs was also attempted. Third, to assess whether distinctive dBur
phenotype could be explained by increased NDH activity, NPQ and NDH activity were measured in plants
receiving constant (200 pmol photons m-2 s-1) and fluctuating light treatment. When the light intensity
used for fluorescence measurements was rapidly shifted (from 200 to 1000 umol photons m-2 s-1) the
duplication resulted in NPQ decrease with a concomitant increase in efficiency of Photosystem Il (Bpsi).
These differences were linked to increased NDH activity owing to locus duplication, which was detected
for dBurc24 only. Altogether, this study provides a comprehensive characterisation of the dBur
photosynthetic phenotype that sets the basis for future research on PnsL1 over-expressing and KO lines.












generation, the cybrids43. The generated lines were screened for several phenotypic trait performance
under stable and fluctuating light in the Dynamic Environmental Photosynthetic Imaging (DEPI) system
in Michigan State University44. Within the evaluated panel, two cybrid Burren (Bur) lines stood out for
their increased NPQ: BurBurand Burc24 (nucleotyperlasmotype), However, these plants had to be excluded
from the study, as they were found to have the same de novo nucleotypic locus duplication, likely
originated in one of the Bur-WT paternal donors4t. The DNA duplication was detected in chromosome
2 zfrom 16200 to 16700kb approximately (Figure 2). Through short-read DNA sequencing and RNA
sequencing assays, a total of 83 genes belonging to this region were identified to be duplicated.

A duplication can consist of an extra copy of the entire genome (whole-genome duplication) or only one
or a few genes (small-scale duplication)4s. There are several consequences to this phenomenon,
although generally the immediate effect of gene duplication involves an increase in gene dosage. This
increase can, in some circumstances, enlarge the amount of gene expression implying changes on the
phenotype“6. Among the genes present in the duplication of Bur cybrids z from now referred to as
dBurc24 and dBurBur (Oduplicateds-nucleotypeplasmotyre) z one gene involved in CEF was found:
Photosynthetic NDH subunit of Lumenal location 1 (PnsL1, AT2G39470). This discovery led to
hypothesize that CEF could be the leading cause promoting increased NPQ induction in Bur cybrids
containing the duplication (dBur), and that PnsL1 may be a logical candidate to be responsible for this
phenotype.

NDH (chloroplast NAD(P)H dehydrogenase-like) is a chloroplastic protein complex with H* pump
activity that drives one of the two CEF pathways known to function in Angiosperms (Figure 1)4748 The
predominant one is known as the PGR5-PGRL1 protein pathway, whereas the one operating through
NDH complex is minor4950, Nevertheless, NDH is regarded as more energetically efficient, as it transfers
two times more H* per electron through the thylakoid membranel749, Both PSI cyclic pathways transfer
electrons to the PQ pool by boosting H* import to the lumen, thereby contributing to pmf formation and
increase in YpH4e.

The NDH must be coupled with PSI in order to fulfil its function in CEF4851, It is known to interact with
PSI via Lhca5 and Lhca6, two linker proteins that belong to the LHCI5L, They are essential to mediate the
association of NDH with two different copies of LHCI-PSI, allowing NDH-PSI supercomplex formation
(Figure 3)485152, NDH in Arabidopsis contains at least 30 subunits, 11 of them are encoded in the
chloroplast, whereas the rest z PnsL1 included z are encoded by nuclear genes (Figure 3)475053, PnsL1

Figure 3 | Schematic model of the NDH-PSI supercomplex in Arabidopsis. Subunit locations are based on protein stability
in mutant backgrounds and do not correspond to real positions in the 3D structure. Green letters represent plasmid-
encoded subunits. From46,
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(Equation 2)

Estimates of the variance components were generated by Restricted Maximum Likelihood (REML)
methods8. The models were run making use of the Ime4 package in R59. Estimated marginal means
computed with the emmeans package®® were used to deduce effect sizes as relative difference
percentage z (a/b z 1) x 100. Genotype comparisons were done for dBurBur/Bur-WT and dBurc24/Burce!,
whereas duplication and plasmotypic effect sizes were evaluated as 2 Copy nr./1 Copy nr. and C24/Bur.

2.3 Evaluation of PnsL1 expression in Bur

Confirmation of the increased PnsL1 expression in dBur cybrids was done in Bur nucleotype plants with
and without nucleus duplication (n = 8). These were grown in constant light (200 t 1Tl photons m-2s-1)
for 19 days in 16/8 h day/night cycle, before receiving sinusoidal light treatment half day. Each
biological replicate was sampled twice before and after light treatment, 30 minutes after the middle of
the light period (8:30 h) when light intensity was 200 and 500 t I Tl photons m2s-1, respectively.

Samples contained ~1 cmz2 of fresh leaf tissue that was instantly frozen in liquid nitrogen after removal.
Frozen plant material was grinded using glass beads of 2 and 3 mm with the help of a bead mill.
Extraction of total RNA was conducted by means of the Direct-zol RNA Miniprep Plus Kit (Zymo-
Research) AAATOAETC 0T TATORAAOOOA0I0 ETOO0OAGETTOs cDNA was directly synthesized from total RNA
making use of the SensiFAST cDNA Synthesis Kit (Meridian Bioscience). Reaction was carried out in a
final volume of 20 pL containing 4 pL of 40AT0Y TDA AOHAO, 1 L of reverse-transcriptase enzyme and 1
pg of RNA template. Complete reaction mix was incubated during 5 minutes at 25 °C, followed by 30
minutes at 42°C and 5 minutes at 85°C. cDNA was diluted 10x before proceeding with quantification.

Real time quantitative polymerase-chain reaction (RT-gPCR) was performed in a Bio-Rad CFX96 Real-
Time PCR Detection System using SensiFAST SYBR® No-ROX One-Step Kit (Meridian Bioscience) in a
total volume of 10 pL including cDNA template (3uM) and primers (3uM). Target PnsL1 gene PCR
80-120 bp fragment amplification covering exon-exon junctions, with 59-61°C melting temperature
(94.4% tested efficiency). RNA processing factor 3 (RPF3 or PPR, AT1G62930) was selected as reference
obtained froms? (99.6% tested efficiency). The gRT-PCR conditions were as follows: 3 minutes pre-
denaturation at 95 °C, followed by 40 cycles of denaturation at 95 °C for 10 sec + annealing at 60 °C for
15 seconds + extension 72 °C for 23 seconds, ending with a melting curve from 55 z 95 °C for 5 seconds.

Analysis of obtained Ct values was conducted according to Livak & Schmittgeni0 2:¥¥% methods?, in
which the target gene expression is estimated by calculating the base 2 logarithm (2"s<t) of the Ct
difference respect to the reference gene (3#0 E #0 targetg Ct rer). 2VsCt was then used to calculate the gene
expression relative to Bur-WT 2"t geometric mean (229%#), Relative expression of PnsL1 was inferred
in OATTO0ATO0 ATA O0ETOOTEAAIG OA TDIA 0A00 DAO OADAOAOA. Additionally, in order to study the expression
fold change before- and after-light treatment, 22¥¥# values were deduced by relativisation to own 2Msct
estimates prior to sinusoidal light application. Statistical analysis was performed using single 2sct
values per sample, applying analysis of variance (ANOVA) in each treatment and two-sample t-test to
compare expression before and after treatment.



2.4 Cloning of PnsL1 Knock-Out constructs

Cloning of CRISPR/Cas963 Knock-Out (KO) vectors was conducted via Golden Gate Assemblys4 with the
purpose of studying the effect of PnsL1 function loss in Bur. The goal was to obtain two different types
of constructs. One containing two single guide RNA sequences (SgRNA) to ensure complete lack of Pnsl1
expression in all Bur plants. The second encasing solely one sgRNA, so as to KO only one of the two gene
copies in the dBur cybrids.

20 nucleotide guide sequences were generated based on the PnsL1 coding sequence (AT2G39470),
targeting the first or the second exon. CRISPOR.orgs5 (http://crispor.org) web tool was used for the
guide RNA sequence design, introducing the respective exon sequence, selecting A. thaliana as reference
genome and Streptococcus pyogenes Cas9 (spCas9) as Protospacer Adjacent Motif (PAM). Oligos with
the highest specificity scores downstream to the PAM sequence (NGG) were selected, accounting for
possible off-targets. All guide sequences with best predicted efficiency targeted the non-coding
complementary DNA strand. Reverse complement sequences located in the coding DNA strand were
generated using the https://www.bioinformatics.org/sms/rev_comp.html tool. Selected oligos were
then matched against whole genome sequencing data containing information on Bur allelic variants
(compared to Col-0). This ensured that regions enclosing single nucleotide polymorphisms (SNPs) were
not picked as guide sequences. Lastly, cloning sequences were added A) 0EA vi ATA Tk the 20nt oligos: viz
ATTGz20nt guide sequencezol ATA uizAAACZ20nt guide reverse complement sequencezai (Table 1).

Targeted exon Name oligo (20 nt) | Primer orientation | 3ANOATAA vi z of
Exon 1 Pnsll E1 1F Forward ATTGACCACAGCGGATTGAGAGTG
Exon 1 Pnsil E1 1R Reverse AAACCACTCTCAATCCGCTGTGGT
Exon 1 Pnsll E1 2F Forward ATTGTTGGTGAGAAACCACCACAG
Exon 1 Pnsil E1 2R Reverse AAACCTGTGGTGGTTTCTCACCAA
Exon 2 Pnsll E2 1F Forward ATTGAAACAACAAGCTTTGAGTGA
Exon 2 Pnsil E2 1R Reverse AAACTCACTCAAAGCTTGTTGTTT
Exon 2 Pnsil E2 oF Forward ATTGCAAGCTTTGAGTGATGGATT
Exon 2 Pnsl1 E2 2R Reverse AAACAATCCATCACTCAAAGCTTG

Table 1 | Guide RNA sequences for PnsL1 (AT2G39470) CRISPR/Cas9 (spCas9) Knock-Out constructs. Forward guide
sequences correspond to 20nt oligos located in the non-coding DNA strand, downstream to the PAM site (NGG). Reverse
complement guide sequences pertain to the coding strand. Nucleotides highlighted in yellow correspond to manually added
cloning sequences that do not belong to the targeted oligonucleotide. These are required to insert the hybridized oligos in level
1 shuttle vector.

Forward and reverse sequences were diluted in MiliQ water and mixed at 10 uM, denatured at 98°C for
5 min and hybridized by cooling down at room temperature. Annealed oligos consisted of the
complementary 20nt guide RNA sequences with the cloning primers flanking A) vi- ends as single
stranded overhangs. 1:200 dilutions (50 fmol/ul) were prepared to proceed with cloning.

First, sgRNA transcriptional units (TU) were assembled by cloning the designed guide RNA sequences
in 0sgRNA OEQ(IA OAAOTO06 (Figure 4)es67. Three different shuttle vectors were employed: M1E
(pDGE331), M1 (pDGE332) and M2E (pDGE334). These contain specific overhangs for posterior cloning
00ABO ETOT OEA 00AAEDEATOTOOATORTO WAETT OAAOT06 as a single sgRNA TU (M1E, to clone into recipient
vector directly) or as two consecutive sgRNA TUs (M1 and M2E, with overlapping overhangs). Different
oligo combinations were planned, and guide RNA sequences were cloned into the shuttle vectors
accordingly.

The restriction/ligation was performed in a total volume of 10 pL containing 20 fmol (b @ TC) of the
shuttle module, 50 fmol of hybridized oligos, Bpil (0.3 u/ul), BSA (0.1 pg/ul), T4 DNA Ligase (0.03 u/ul)
and T4 DNA 1x ligation buffer, diluted in Milli-Q water. The restriction/ligation reaction was carried out
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2.5 Phenotyping

Phenotyping assays were ATTAOAAA £T 0EA 02TAET6 PSI PlantScreen™ system, automated platform that
enables simultaneous screening of up to 20 Arabidopsis plants.

One major phenotyping experiment was carried out to assess photosynthetic performance of the
different genotypes. 180 plants of both Bur and Col background genotypes were included. These were
separated in two light treatment groups, 60 plants 0#1TO0AT0 I£CE0S (n = 6 Bur and n =5 Col) and 120
plants 0&IOAOOAGETC 1ECEDS (n = 12 Bur and n = 11 Col). Growth conditions were kept constant for both
groups during the first 19 days at ¢rn ¢ 111 photons m-2s-1in 12h light/darkness cycle. The last 5 days
0EA 0&IOA0OAGETC 1ECENS COTOD 0ARAEOAA A TECED 00AAD T ATO AAOAA TT 0EA ord day of the DEPI system from
Michigan State University (Suplementary Figure 1)44 4E0 ATTOFO0AA T AAUO x<EOE OOETOOTEAAIG
illumination that was raised every 30 minutes with 8-minute periods with doubled light intensity, so
that the peak was 10mm t I'T1 photons m-2s-1, Plants were then phenotyped in the Robin 24 days after
sowing.

A schematic representation of the phenotyping protocol can be found in Figure 6. This was employed to
infer photosynthetic parameters based on the pulse amplitude modulation (PAM) of chlorophyll
fluorescence yield technique?. Phenotyping started at 8am when plants were in the last hour of their
night period. This allowed direct assessment of four 4 x 5 randomized AITAEO §op O#TTO0ATOS do
0&I0A0OATCOq <EOETO0 DOETO AAOE AAADOAGETTS 4EA 0AGO T OEA DIATO0 <A0A AAOE-adapted during 30
minutes in an opaque box before measurements. Once introduced in the Robin, plants were further dark
adapted for 10 minutes. The fluorescence in the darkness was determined (F,). This was followed by a
saturating light pulse (SP) applied to block all PSII reaction centres, obtaining the maximum peak of
chlorophyll fluorescence (Fm).

Furd Fml0

Fmfd
Frb

&

] ]

Figure 6 | Phenotyping protocol for CEF & NPQ monitoring. First, 10 minutes of adaptation in darkness (grey shaded areas)
with a saturating light pulse at the end (Fm). Subsequently the post-illumination fluorescence increase is measured after 20
Tl T-2s1and 200 t 11 T-2s1 periods, when turning off actinic light (red marked areas, depicted in Figure 5). Actinic light
is then turned on (&i] and another pulse is applied (Fmi). Light is turned off later and far-red light is supplied. Finally, an
additional saturating pulse is given (&I ) and actinic light is turned on at 1000 t T Tl T-2s-1. The last step from darkness to
saturating pulse is repeated. Numbers on top of the plot sections indicate light intensity in E T T-2s1. Dots correspond to
points where absolute fluorescence was measured. Y axis corresponds to raw fluorescence values (arbitrary units, a.u.), X axis
depicts duration time (minutes). Protocol designed by Tom Theuween.
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Actinic light (AL) z here also referred to as low light (LL) z was turned on next in two periods of 5
minutes at 20 and 200 t I'TT photons m-2s-1, each with 50 seconds of darkness added at the end. NDH
activity was measured after every period as described in71, by monitoring the post-illumination
fluorescence raise (PIFR) in the dark (Figure 7). Chlorophyll fluorescence was quantified right after
turning AL off, taking the minimum value recorded during the first 12 seconds (F.i, and the maximum
at the peak of the fluorescence increase (Fp), between 24 and 36 seconds after darkness. The
fluorescence difference (Fpz Fol) was normalised against the Fr, value (Equation 3).

sy 0y 0g2
000 —/——= (Equation 3)

Figure 7 | Schematic model of transient fluorescence increase after turning off actinic light. Increase in fluorescence is caused
by the recycling of electrons throughout the chain, attributed to NDH supercomplex activity.

AL was turned on at 200 t T Tl photons m2 s for other 2 minutes, and the steady chlorophyll
fluorescence state was measured (&), indicator of the stable photosynthetic rate. Via application of
another SP, maximum fluorescence during AL illumination was obtained (Fmi). Active photosynthetic

%o — (Equation 4)

NPQ values were then acquired by determining the reduction in fluorescence between Fn and Fni, which
corresponds to the non-photochemically quenched energy (Equation 5)33.72;

0LV _— — P (Equation 5)

Next AL was turned off and far-red (FR) light was activated for 20 seconds, in order to achieve relaxation
of the fast components of NPQ. By supplying an additional SP (Fmii) short- and long-term recoveries were
estimated as indicators of qE and qgl, respectively (Equations 6 & 7)73,

Vgt O
Vat O no Vet

no

(Equation 6 & 7)

Finally, high intensity light was supplied at 1000 t I'TT photons m-2s- for 1 minute. & ATA &} were
obtained in the same manner so as to measure all parameters again under high light (HL).

In the produced dataset values corresponding to dead plants were manually removed. Data analysis was
carried out for light treatment per separate, focusing on exploring the genetic variability. A mixed model
was designed to get BLUES for genotype effects, including the blocks as random effects (Equation 8). A
second model was also applied to study the plasmotype and copy.nr effect as well as their interaction
(Equation 9). REML method was applied to calculate variance components with the Ime4 package.
Estimated marginal means computed with the emmeans package were utilised to evaluate contrasts
among genotypes.

Q OQSEZO(DI’]Q OGS(JOQ - (Equation 8)

O OENDET  DIOTGEOONQ  GERD ET8 DIDTGEOONQ  BIEGR - (Equation9)
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Figure 8 | Relative effect sizes of the nuclear locus duplication in photosynthetic performance. Four photosynthetic
phenotypes are depicted: Efficiency of phosystem Il (BBesii, green), overall non-photochemical quenching (NPQ, black), fast-
response NPQ (gE, yellow) and photoinhibition slow NPQ (gl, blue) A) DEPI light system from Michigan State University.
Three consecutive days are shown, with constant (day 1), sinusoidal (day 2) and fluctuating light intensity (day 3), starting
at 12 h. The black line indicates the light intensity under which all of the parameter values were measured. Nights are
represented by grey shaded areas. B) Relative effect size of the nuclear locus duplication estimated by comparing dBurc24 vs.
Burcol calculated as (dBurc24/Burcel 7 1) *100. C) Relative effect size of the nuclear locus duplication estimated by comparing
dBurBurys, Bur-0 calculated as (dBurBur/Bur-0 z 1) *100. Dots on the lines represent time points where significant differences
were found between genotypes (p < 0.05).

3.1 NPQ phenotype in dBur is affected by nuclear locus duplication and the plasmotype

As a first step in the analysis, the unpublished DEPI data involving the dBur cybrids was analysed with
an emphasis on the duplication. To evaluate its impact on photosynthetic performance, examination of
the phenotype concentrated TT Bpsi, NPQ, gE and gl parameterst 3psi was employed as a proxy for total
photosynthetic efficiency, which is negatively affected by increases in NPQ. To investigate NPQ, besides
focusing in total NPQ, gE was also studied as the principal NPQ component, while gl was employed as
indicator of photoinhibition under the received light. The duplication relative effect size was estimated
by comparing dBurBur to Bur-0 and dBurc24 against Burce! (based on the assumption that C24 and Col
plasmotypes are not different4). Figure 8 displays the developement of the Bpsi, NPQ, gE, and gl
parameters as a function of time and lighting conditions (constant "flaté sinusoidal and fluctuating light,
Figure 8 A). The analysis revealed that the duplication effect in was largest at the peak of the sinusoidal
day (500 umol photons m-2 s-1), and that was hardly decreasing in the fluctuating light. Right at the
middle of the sinusoidal day (44 h) dBurc24 had up to 17% higher qE (p = 0.03) and ~ 15% more NPQ
than Burco! (p < 0.001) (Figure 8 B). dBurBur on the other hand, only exhibited a relative increase in NPQ
of 7-8% (p S 0.03) that was significant (Figure 8 C). This observation suggested that the phenotype was
less pronounced in combination with the Bur plasmotype present, implying the possible occurrence of
a plasmotypic effect that initially was not considered. As a result, the subsequent analysis concentrated
on the plasmotype and nucleotype impacts on NPQ, as well as their interaction.

The study of the DEPI data focusing on copy number and plasmotype indeed revealed the occurrence of
divergent effects in NPQ. In Figure 9, relative effect sizes of copy number and plasmotype are estimated
AO OATOAIAG 008 00FTCIAG ATA C24 vs. Bur. During the first day of the DEPI treatment, the C24 plasmotype
exhibits significantly higher gE when compared to the Bur plasmotype (Figure 9 B). In constant light
conditions, the relative effect difference in qE is about 6 to 14% during most of the day (16 -24h,p S
0.02). At the beginning of the sinusoidal day, the C24 plasmotype presents 6.5% higher gE than Bur,
when light is about 200 pmol photons m-2 s (Figure 9 B). The increase in light intensity however
diminishes the differences in plasmotypic effects. It is not until the light returns to 200 z 250 pumol
photons m-2 s-1 that the relative effect size becomes visible again (Figure 9 B). The opposite occurs with
NPQ and gl, where the C24 plasmotype shows to have a 4 to 5% lower effect than Bur as light intensity
increases (p S mnu( (Figure 9 B). Lastly, the light fluctuations on the third day show that the plasmotypic
relative effect sizes in qE resemble the ones observed on the sinusoidal day. During the first two hours,
gE is significantly higher in C24 than Bur, approximating 13% difference when light is 250 umol photons
m-2 s-1 (Figure 9 B). Once again, when light intensity increases distinctive plasmotypic effects disappear,
but when returning to lower intensities at the end of the fluctuations, gE returns to be higher in C24
when contrasted to Bur, reaching maximum difference of 16% at 70h (p = 0.0003) (Figure 9 B). Similarly,
total NPQ in the C24 plasmotype appears to be considerably higher than the Bur only at the end of the
day, by 7% (72h, p =0.03). gl, on the other hand, is lower in the C24 than the Bur plasmotype at the start
of the oscillations (4 % at 62h, p = 0.017). Bpsu appears to be mostly unaffected by the different
plasmotypes throughout the whole DEPI treatment (Figure 9 B).

When looking at copy number (Figure 9 C), it is noticeable that the relative effect size of the duplication
under constant-day conditions is to lower NPQ rather than increase it. Overall NPQ is relatively reduced
in dBur throughout the 12 hours of the first day, with the difference being the greatest towards the end
(23.96h), with a 9% drop (pairwise comparisons 1 copy.nr z 2 copy.nr, p = 0.02). gl follows a similar
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Figure 9 | Relative effect sizes of the nuclear locus duplication and the plasmotype in photosynthetic performance. Four
photosynthetic phenotypes are depicted: Efficiency of phosystem Il (13psii, green), overall non-photochemical quenching (NPQ,
black), fast-response NPQ (qE, yellow) and photoinhibition slow NPQ (gl, blue) A) DEPI light system from Michigan State
University. Three consecutive days are shown, with constant (day 1), sinusoidal (day 2) and fluctuating light intensity (day 3),
starting at 12 h. The black line indicates the light intensity under which all of the parameter values were measured. Nights are
represented by grey shaded areas. B) Relative effect size of the C24 plasmotype compared against the Bur plasmotype,
calculated as (C24/Bur - 1) *100. C) Relative effect size of the nuclear locus duplication over the single copy of the locus,
estimated as (double/single - 1) *100. Dots on the lines represent time points where significant differences were found between
plasmotypes or locus copy number (p < 0.05).

trend, with the highest decline in dBur (11 %) near the end of the day (22.99 h) (p = 0.029). gE is more
stable throughout the day, hovering around a negative impact size of 5%, with only three significant
dips of 6-7% (p = 0.04) at 17, 20, and 21h. Relative drops in NPQ in dBur do not appear to have a
significant influence on Bpsi though, which is 1% higher during the first half of the day (12 z 18h) (p <
0.01) (Figure 9 C). Nonetheless, when settings are altered on the second day and sinusoidal light is
provided, the locus duplication effectin NPQ turns positive when compared to sBur (Figure 9 C). All NPQ
parameters are higher in dBur than sBur as light intensity rises, peaking around the middle of the day
and decaying towards the end. Overall NPQ and gl in dBur peak at maximum light intensity by 10% (500
umol photons m-2s-1, 44 h) (p S 0.001), whereas maximum duplication effects in qE are detected at 13%
(43 h) (p = 0.003). No meaningful effects are detected for s (Figure 9 C).

When lights are fluctuated on the
third day, the high variability A
caused by the duplication becomes
evident. Figure 10 displays a zoom
in of the last 12 h of the DEPI
treatment. It is worth noting that
NPQ and gE exhibit a similar trend:
the biggest effects of the
duplication are visible at the low

light (LL) conditions after a HL
. . . Phenotype B
period (Figure 10 B). Maximum o opsi
effect sizes in dBur when -~ NPQ
compared to sBur are detected o€
close to the middle of the -

fluctuating day (66-68 h). In
transitions from 8-minute HL to
20-minute LL intervals,
duplication relative effect size in
NPQ and gE shifts from being not
significantly different at HL (1000
umol photons m-2s-1), to increasing
to up to 10% when lights are
lowered (500 pmol photons m-2 s-
1) (NPQ p = 0.000, gE p < 0.05)
(Figure 10 B). The duplication also Figure 10 | Relative effect sizes of the nuclear locus duplication in

exhibits a distinguishable effect in photosynthetic performance. Four photosynthetic phenotypes are depicted:
the qE phenotype when compared Efficiency of phosystem Il (Bpsii, green), overall non—ph_oto_che_mlcal quenching

. . . (NPQ, black), fast-response NPQ (gE, yellow) and photoinhibition slow NPQ (ql,
to the single copy. During the first blue) A) 3rd day of the DEPI light treatment from Michigan State University,
half of the day, light raises after LL where fluctuating light is applied, starting at 60 h. The black line indicates the
periods reveal that the relative lighting conditions under which all of the parameter values were obtained. B)
effect in gE is negative. This is Relative effect size of the nuclear locus duplication over the single copy of the
locus, estimated as (double/single - 1) *100. Dots over the lines represent time

minimum at -11% at 61 h (p = points where significant differences were found between copy number (p <
0.009) and 63 h (p = 0.01), when  (g5)
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Relativisation of 2"<t before and after light treatment per genotype resulted in no significant differences
in expression (Figure 12). In conclusion, it was demonstrated that expression of PnsL1 does not increase
when subjected to sinusoidal light increase and thus it is probably not regulated by shifts in light
intensity.

3.3 Cloning of the CRISPR/Cas9 Knock-Out transformation vectors

So as to enable further investigation of potential implication of PnsL1 duplication on the dBur
photosynthetic phenotype, Golden Gate cloning of PnsL1 gene in CRISPR/Cas9 KO constructs was
attempted.

Starting with shuttle vector cloning, restriction and ligation reactions into shuttle vectors were
successful, as well as the following E. coli transformation. However, plasmid extraction via bacterial lysis
(Miniprep) yielded very low concentrations when measured with the Qubit fluorometer (Invitrogen),
ranging from 3 to 30 ng/pL. The bacterial culture and lysis were repeated with comparable results. The
acquired plasmid purifications did not include enough DNA material to assess if the constructs were the
right size by running them in an agarose gel after enzymatic digestion (1000 pg needed). The amount of
shuttle vector necessary to proceed with the cloning of the sgRNA into the transformation was not
particularly large. Therefore, the restriction ligation reaction was attempted anyways. The
transformation of bacteria with the reaction product resulted in the establishment of a few colonies on
selection plates. When these were grown over night and plasmid extraction was performed, the
technique produced low amounts in the same range as before. The digestion test (with Pstl) was tried
on up to 10 L of each DNA isolate, however when run in a gel, only the undigested positive control and
the digested negative control could be detected.

To try again, a step back was taken, and the restriction ligation reaction into the transformation vector,
as well as the subsequent stages, were carried out. However, the outcomes were consistent. Obtaining
such low concentrations made it difficult to fulfil the sequencing companUi0 standards (20 pL with 50
ng DNA/pL). At the end, PnsL1 gene Golden Gate cloning procedure in CRISPR/Cas9 KO constructs did
not result in the successful acquisition of the final transformation vector. Cloning activity had to be
halted because the project's time frame had come to an end. Glycerol stocks were made from the last
transformation's transformant colonies and preserved at - 80°C. Hopefully, they may be used to address
the arose difficulties in the future.

3.4 Confirmation distinctive dBur photosynthetic phenotype in the Robin

To assess whether differences in dBur NPQ phenotype could be induced in the Robin, Bpsi, NPQ, gE and
gl parameters were measured using two contrasting light intensities: Low light (LL, 200 umol photons
m-2 s-1) or high light (HL, 1000 umol photons m-2 s-1). Measuring photosynthesis with the applied
fluorescence methodology (Figure 6) revealed that dBur cybrids varied from the other genotypes
(Figure 13, Supplementary Figure 2). The display of variation produced by genotype effects was
significantly dependent not only in the measuring light, but also the received light treatment (constant
or fluctuating light). Differential performance was especially visible in plants treated with fluctuating
light (Figure 13, note that y axes differ per boxplot to highlight differences among genotypes). When
measurements were done following the administration of 200 umol photons m-2 s-1(LL) in the Robin, it
was discovered that dBur cybrids had greater gE than the sBur (dBurBurzsBurBur and sBurc24zdBurc24 p
< 0.0001), with dBurc24 at the top (dBurc24z dBursdurp = 0.0016) (Figure 13 E). However, this did not
appear to have an increasing effect in overall NPQ, since dBur cybrids showed to have lower NPQ values
rather than greater (p < 0.0001) (Figure 13 C). Photosynthetic efficiency was not affected when
measured at LL in the Robin, this since 0EAOA A0 TT ABFAOATAA ET BBpsi (Figure 13 A). Furthermore,
assessment of NPQ and gl showed that dBur cybrids not only had lower NPQ but also were less prone
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to photoinhibition under LL (p < 0.0001) (Figure 13 C & G). When NPQ was tested after the application
of 1000 umol photons m-2 s-1 (HL) in the Robin dBur cybrids not only exhibited lower gE values (p S
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0.0002) (Figure 13 F), but also lower NPQ (p < 0.0001) (Figure 13 D). Correspondingly, the cybrids with
the duplication proved to be more photosynthetically efficient under HL conditions, EAOETC EECEAQ Bps
values than sBur plants (Figure 13 B) (sBurBurzdBurBur p < 0.0001, sBurc24zdBurc24 p = 0.0069). In line
with this, dBur cybrids appeared to be less susceptible to photoinhibition (p < 0.0001) (Figure 13 H). A
similar pattern was detected in plants grown under constant conditions, however the differences among
genotypes were not as significative (Supplementary Figure 2). Results of the constant light treatment
resembled more the ones of the plants receiving fluctuation when parameters were assessed after
application of HL. Only NPQ, gE and gl were found to differ significantly upon HL (Supplementary Figure
2D, F&H).

Lastly, analysis of the interactions between the duplication and the plasmotype in the data collected
from plants receiving constant and fluctuating light treatment resulted in no significant outcome.
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3.5 NDH mutants confirm efficacy of PIFR phenotyping protocol

The first step towards examination of phenotypic variation in NDH activity lied in ensuring the efficacy
of the PIFR monitoring protocol in our experimental set up. As explained in section 2.2, PIFR was
scrutinised in darkness after application of both ¢t ATA ¢rm ¢ T DETOTTO T-2s1 (Figure 6). After 20
pumol photons m-2s-1, all genotypes in both constant and variable light treatments exhibited no increase
in chlorophyll fluorescence, indicating that it was not a sufficient light intensity to phenotype NDH
activity in our experimental settings. However, when measured after 200 pmol photons m-2s-1, the PIFR
could be observed in all of the Bur cybrids, as well as Col-0 (Figure 14 A). Furthermore, the fluorescence
increase could be identified regardless of the received treatment, either fluctuating (Figure 14) light or
constant light (Supplementary Figure 3). In line with prior research, PIFR was not detected in the crr2-
2,ndh0O1 and pnsl1 Col mutants (Figure 14 B). The absence of fluorescence increase in the NDH mutants
demonstrated that measuring PIFR after 200 pmol photons m-2 s-1in was a reliable method of evaluating
NDH activity in the Robin. As a result, only NDH activity measured after 200 t I Tl photons m-2 s-1 was

regarded in later assessment.

Figure 14 | Post illumination
fluorescence increase (PIFR)

monitored in the dark after
application of 200 umol m-2 s1 in
plants receiving fluctuating light
treatment A) Arabidopsis thaliana
Col-0 and Burren wild-type (Bur-WT)
and cybrids containing nuclear locus
duplication (dBurBur and dBurc24) as
well as a single copy of the locus
sBurBur and sBurc24). B) A. thaliana
Columbia NDH defective mutants
crr2,ndhO and pnsl1. Lines represent
genotypic fluorescence means. Y axis
corresponds to raw fluorescence
values (arbitrary units, a.u.). X axis

depicts time (minutes).
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3.6 NDH activity is affected by the duplication and the plasmotype

PIFR monitoring in the Bur genotypes revealed considerable genetic variations in NDH activity. These
were discovered to be particularly reliant on the received light treatment, constant or fluctuating light
(Figure 15).

When plants received constant light treatment, dBurc24 showed to be the genotype with the highest NDH
activity (pairwise comparisons p < 0.05). sBurc24 also demonstrated to have increased NDH activity,
which was lower than its counterpart (pairwise comparison dBurc24 z dBurBur p = 0.0231) but higher
than the other cybrids. In terms of dBurBur, it was found that when exposed to constant light it was not
considerably different from either sBursur or Bur-WT (Figure 15 Constant light).

Under fluctuating light conditions on the other hand, only dBurc24 was found to exhibit higher NDH
activity when compared to the rest of the genotypes (pairwise comparisons p < 0.001). The remaining
cybrids, including dBursur, did not differ significantly from Bur- WT (Figure 15 Fluctuating light).

Finding increased NDH activity in dBurc24 proved that nuclear locus duplication and NDH activity were
correlated. On the other hand, the inability to detect any distinctive NDH activity in dBurBur under
constant or fluctuating conditions, provided additional evidence of the existence of a plasmotypic effect
determining the dBur photosynthetic phenotype. Analysis of the interaction between plasmotype and
copy number effect revealed the existence of significant interactions under fluctuating light only (p =
0.006).

Figure 15 | NDH activity in Bur-WT and Bur cybrids. Arabidopsis thaliana Burren-0 wild-type (Bur-WT) and cybrids
containing nuclear locus duplication (dBurBur and dBurc24) as well as a single copy of the locus (sBurBur and sBurc24) are shown.
Cybrid genotypes in the X-axis are denoted as double/single nucleotype-plasmotype. Facet titles indicate received light
treatment, constant (n = 6) and 5 days of light fluctuation (n = 11). NDH activity was quantified as described in71 (Fp z Fol) / Fm
by monitoring the post illumination transient fluorescence increase in the darkness after application of 200 umol photons m-2
s'1 actinic light (Figure 7). Bars represent arithmetic means + standard error (SE). Different letters at the top of the bars
represent statistically significant differences among genotypes within treatments (p z value < 0.05).
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Concluding, the study of the DEPI dataset has enabled to describe the dBur photosynthetic phenotype
under different light settings, unveiling the inherent effect of two genetic factors that were addressed
with consequent experiments.

4.2 Implication of PnsL1 in the distinctive photosynthesis phenotype of dBur

One of the main outcomes of this project has been the characterisation of existing phenotypic
divergences in NPQ caused by a nuclear locus duplication in dBur (Figure 9 B). From a total 83 genes
belonging to the duplicated region in chromosome 2, PnsL1 is a likely candidate driving these differential
adaptations because its involvement in CEF. Supposedly, the overexpression of PnsL1 might have a
boosting effect in NDH activity, which in turn could be influencing NPQ. Hence, the second goal of this
thesis focused on finding evidence of a link between PnsL1 expression and the dBur phenotype.

Via gPCR it was confirmed that PnsL1 is certainly overexpressed in dBur cybrids (Figure 11).
Furthermore, it was demonstrated that an increase in light intensity has no effect on the regulation of
PnsL1 expression (Figure 12). Biologically, this suggests that the possible effect of PnsL1 overexpression
involves a long-term effect, rather than a quick expression response to changing light circumstances.
The light-dependent, highly variable phenotype detected in dBur does not rule out this hypothesis, since
NDH activity is a very dynamic feature with a complicated participation in photosynthetic physiology
that is largely reliant on the environmentss,

Thanks to the expression analysis, it was established that PnsL1 duplication is associated with
alterations in photosynthetic phenotype. As part of the NDH complex, overexpression of PnsL1 may be
producing increased NDH activity that could be accountable for the detected differences. However, it
seems improbable that the duplication of a single gene, being a component of a highly conserved
complex composed of more than 30 proteins475355, is capable of increasing overall NDH efficiency. The
only reason this could be feasible is that PnsL1 is a pivotal gene for the effective functioning of the
complex, acting as a bottleneck for its viability. PnsL1 has been proven to be indispensable for NDH
complex accumulation in the thylakoid membranes due to its role in the stabilization of the NDH-PSI
supercomplex formationst5254, Consequently, presence of PnsL1 may be essential for the proper
functioning of the NDH dependent CEF, as impaired protein function results in deficient NDH activity54.
It may be a possibility that PnsL1h < EfAE £0 0OANOEOAA 0T OATAET06 . $H to PSI, could be able to favour NDH-
PSI supercomplex formation when found in more abundance, resulting in enhanced NDH activity.
Nonetheless, even though PnsL1 overexpression is correlated with the distinctive phenotype observed
in dBur, there is insufficient evidence to attribute causation. It is worth noting that PnsL1 is not the only
gene essential for NDH functioning. Many other complex subunits have also been proven to be
fundamental for the viability of the complex, such as NdhO or NdhM 475177 (Figure 3). Hence, even though
PnsL1 is a promising candidate due to its role, there is not enough proof to claim it is a critical gene in
NDH functioning. In order to assess the implication of PnsL1 in the dBur phenotype with more
consistency, further experimentation is needed.

To confirm that the PnsL1 duplication is behind the dBur phenotype establishment of mutant lines is
required. Over-expression of PnsL1 in both Bur-WT and sBur (as well as Columbia), followed by a
phenotypic comparison with dBur, should be a straightforward procedure to test this. Another
possibility would be to use the CRISPR/Cas9 technique to supress a single PnsL1 copy in dBur and assess
whether the phenotype is equivalent to their homologues lacking the locus duplication. In this project,
development of KO constructs for such experimentation was attempted leading to unsuccessful results.
Main problematics concerning the cloning efforts included obtaining of low plasmid concentrations and
few transformant colonies in the latter stages of the cloning process. Given that the plasmid purification
technique applied has already been perfectioned by research staff in our lab and proven to be a reliable
method in other experimental settings, it is probable that there could be an issue with the bacteria used.
Perhaps the selected transformant colonies did not contain the recombinant plasmid, suggesting that
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there could be a contamination problem?8, Before proceeding with the cloning work, the used Machl
E.coli cells should be double checked by plating them on LB-Agar plates containing Carbenicillin (100
pg/mL) and Spectinomycin (50 pg/mL) to guarantee that no bacterial growth is found.

4.3 Induction of the locus duplication phenotypic effect in the Robin

The third research question postulated in this study was whether higher NDH dependent CEF might be
the cause for the distinctive photosynthetic performance reported in the Bur plants with the locus
duplication. To address whether divergent NPQ dBur phenotype was associated with higher CEF via
NDH complex, phenotyping experiments were conducted in plants grown under constant and
fluctuating light conditions. First and foremost, these assays sought to determine if the NPQ phenotype
found in the DEPI could be induced in our facilities. The evaluation of the NPQ traits in dBur cybrids
utilizing the Robin led to results that could be related to the phenotype found in the DEPI system on
multiple occurrences. In other situations, however, the findings did not correspond entirely.

When measuring gk after 200 pmol photons m-2 s-1on the first day of the DEPI treatment (constant or
0£1A06 AAU), the C24 plasmotype shows considerably greater gE (6-14%) than the Bur plasmotype (Figure
9 B). Under the same conditions, there is no duplication effect (Figure 9 C), which again suggests that
the plasmotype (NdhG) is playing parlty different role than the duplication (PnsL1). A similar trend is
found in the Robin, where measuring gE at 200 umol photons m-2 s-1in plants grown in constant light
settings (n = 6) leads to a non-significant rise in gE in due to the duplication (Supplementary Figure 2 E).
Note that in the Robin the plasmotype effect can be perceived too, as dBurc24seems to have greater qE
than dBurBur, and sBurc24 appears to be over sBursur (Supplementary Figure 2 E). The lack of significant
plasmotypic divergence might be attributed to the fact that the plasmotype effect in the DEPI flat day
does not arise until 3 h after exposure to 200 pmol photons m-2 s-1. The Robin measurements, on the
other hand, were conducted in the first hour in the morning and only lasted about 30 minutes. This
suggests that the phenotype may take some time to emerge, meaning that there was insufficient waiting
time to trigger significant plasmotypic differences. Additionally, it is worth noting this gE pattern
resembles the one identified in the Robin after 200 pmol photons m-2 s-1 in plants receiving fluctuating
light (n = 11) (Figure 13 E), which does result in significant differences. It is also possible that the small
number of plant replicates in constant light conditions is insufficient to detect these significant
variations (n =6 vs. n = 11). The Robin assays were planned to be completed in a single day. Including
the same plant replicates in both treatments made this impossible due to the small number of plants
that could be phenotyped at a time (20) and the long duration of the phenotyping protocol (40 minutes
in total). Moreover, because photoprotection especially is critical upon fluctuating light, analysing NPQ
and NDH under these circumstances was prioritised.

The decreasing duplication effects in NPQ reported on the first day of the DEPI system (Figure 9 C) could
not be identified in the Robin in plants receiving constant light treatment (Supplementary Figure 2 C).
As with gE, this most likely occurs because of the timing component, as the duplication does not result
in lower NPQ until 8 hours after light exposure.

When it comes to the DEPI fluctuating day, when measurements are conducted in the low light (LL)
periods (when light intensity is around 200-250 pmol photons m-2 s-1), the C24 plasmotype exhibits
increased gE relative to Bur (Figure 9 B). This impact may be reflected in the plants receiving fluctuating
light treatment when measured in the Robin as well. When gE is measured after 200 umol photons m-2
s, there is a considerable increasing effect not only caused by the duplication, but also by the C24
plasmotype (Figure 13 E). dBurc24 shows to have greater gE than dBurBur, sBurc24 has higher gE than
sBursur as well, although it does not vary statistically from Bur-WT. The plasmotypic effect can also be
found in gl values obtained in the Robin in such conditions (Figure 13 G). dBur lines show gl reduced
values, but the presence of the C24 plasmotype prevents photoinhibition more efficiently. Looking at
the DEPI data at the beginning of the fluctuation day (200-250 pumol photons m-2 s1), both the
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duplication and the plasmotype have negative effects in gl (Figure 9 B, Figure 10 B), which is in line with
our findings. Regarding NPQ, increasing effects of the duplication in the DEPI fluctuation setting (Figure
10 B) only become obvious at LL periods of 300-500 umol photons m-2 s-1, conditions that were not
tested in the Robin. In our setting measuring NPQ at 200 umol photons m-2 s-1 results in a negative
duplication effect in plants that received light fluctuation (Figure 13 C). This also occurs in the DEPI
system, since at the start of the fluctuations, when light is 200 pumol photons m-2 s-1, NPQ is in fact 5%
lower in the lines with the locus duplication (Figure 10 B). From the results obtained in the high light
(HL) periods in the DEPI fluctuation, the duplication shows to have a lowering impact on gE during 62 -
65h when the light intensity increases from 700 (-10%) to 1000 (-5%) umol photons m-2 s-1 (Figure 10
B). The negative effect size of the duplication does not fade until strong light is exposed for prolonged
periods of time. This may explain why, when measured in the Robin, the cybrids with duplication have
lower qE after application of HL (1000 pmol photons m-2 s-1) (Figure 13 F). Total NPQ on the other hand,
does not appear to be influenced by the duplication upon DEPI HL (Figure 10 B). This contradicts the
Robin's findings, since dBur cybrids exhibited lower NPQ when tested after 1000 umol photons m-2 s-1,
both in plants receiving constant and fluctuating light treatments (Figure 13 D, Supplementary Figure 2
D). Same occurs with gl. While in HL in DEPI appears to cause a continuous increase in gl in the plants
with the locus duplication (Figure 10 B), in our settings the effect is right the opposite (Figure 13 H).
Finally, when measuring with HL in the Robin an increasing duplication effect in 3ps Was detected in
dBur plants receiving fluctuation treatment (Figure 13 B). This impact could not be detected in the DEPI
data. In fact, prolonged exposure to fluctuations happened to decrease 3esi (Figure 10 B).

The discrepancies between the two datasets might be attributed to a variety of factors. In the DEPI
system, all plants are brought into the measuring facilities and allowed a day to acclimatize prior to
measurements. Because the Robin is not a high-throughput system, transportation of the plants and 30-
minute dark adaptation was required prior to measurements. As a result, the NPQ phenotype can be
potentially influenced by plant acclimation responses. Furthermore, the DEPI method enables tracking
the progression of photosynthetic parameters in real time. This is especially beneficial to study
fluctuation effects, as light changes can occur gradually while the phenotype is monitored. In the Robin
light shifts from 200 to 1000 umol photons m-2 s occur significantly faster, which may have different
physiological consequences. This might be the reason for the observed disparities in NPQ and gl in
plants treated with variable light, as abrupt changes in light intensity may not cause the expected NPQ
or gl increase, while steady transitions to high light can. Moreover, there are a few concerns in
comparing DEPI fluctuation to plants treated with oscillating light treatment in our study. In the Robin,
real-time monitoring of NPQ under variable light was not possible. Instead, 5 days of fluctuating light
treatment was applied prior to the measurements. This was done under the assumption that the genetic
factors causing the known physiological differences would have a rather constant effect on the
phenotype. Therefore, longer subjection to fluctuation would result in a constitutively larger NPQ,
similar to the one detected in the DEPI. However, the divergent dBur NPQ phenotype has shown to be
very changeable and strongly reliant on light conditions and exposure time. For this reason, to
investigate this trait in a more reproducible manner, a static camera system allowing high throughput
monitoring would be preferable.

In summary, although the dBur phenotype assessed in the Robin did not entirely correspond to the one
characterised in the DEPI system, it was confirmed that differences in the photosynthetic phenotype
owing to the duplication were indeed inducible in the Robin. Moreover, the distinct impact of the C24
plasmotype over the Bur plasmotype described in the DEPI data (Figure 9 B) could be detected in the
Robin too (Figure 13 E). In accordance with the DEPI analysis, assessment of interactions between the
plasmotype and copy number yielded the same results. No significant interactions were found,
supporting the existence of additive genetic effects that could be evaluated individually. The analysis of
both datasets revealed that differentiating plasmotype effects arise at 200 umol photons m-2s-1 and are
mostly associated with gE. Because gE is the NPQ component that is directly activated by 3-pH increase
in the lumen3335237, it might be possible that the found divergencies between plasmotypes are due to the
NdhG mutation in the Bur plasmotype, which causes a decrease in NDH complex H* pump activity7s.

26



When it comes to the influence of the duplication, both DEPI and Robin results showed that its relevance
becomes prominent at higher light intensities. In the DEPI dataset, increasing duplication effects on NPQ,
gE and gl are at their peak around 500 pumol photons m-2 s-2when prolonged fluctuations are applied
(Figure 10 B). The Robin results on the other hand show that short application of 2000 umol photons m-
2 51 has the opposite effect, as NPQ, gE and gl are reduced in dBur (Figure 13 D, F & H). But most
importantly, the duplication seems to maintain Bpsi levels higher when light is rapidly switched to
stronger intensities (Figure 13 B). After 1 minute of exposure to 1000 umol photons m-2 s-1, 3ps;; dBurur
is up to 10% greater than in sBurBur (p < 0.0001), whereas in dBurc24 itis about 7% higher than in sBurc24
(p =0.0069). This is especially interesting, as capacity to hold higher [3ps; upon abrupt exposure to high
light might contribute to greater photosynthetic efficiency, which could result in biomass increase®.
Notwithstanding, the DEPI data shows that extended subjection to light fluctuations can have the
opposite effect in Bpsi, as it is relatively reduced due to the duplication (3-4% decrease, Figure 10 B).
The outcome of both DEPI and Robin studies indicate that the consequences of the duplication are very
intricate and strongly reliant on the light environment. This suggests that the duplication, potentially
via PnsL1, is influencing a complex photosynthetic regulatory system, possibly through increased NDH
activity.

4.4 The link between NDH activity & NPQ and its biological relevance

After validating in the Robin that it was possible to induce differences in the photosynthetic phenotype
owing to the duplication, the latter study focused on assessing whether the detected differences in Bpsi
or NPQ related parameters could be linked to higher NDH activity in dBur.

The study of NDH activity under constant light conditions revealed that the plasmotypic effect is
certainly present, since cybrids carrying the C24 plasmotype showed increased NDH activity compared
to the Bur plasmotype (Figure 15 Constant). The duplication effect can also be observed, with dBurc24
showing higher activity than sBurc24, Under these conditions, both copy number (p = 0.033) and
plasmotype (p < 0.0001) effects are significant. Nonetheless, similar to the NPQ related phenotypes,
interactions between plasmotype and copy number are not significant (p = 0.15893), indicating that
their influence on NDH activity under constant light is additive. Exposure to fluctuating light, on the
other hand, uncovers an intriguing occurrence. Increased NDH activity is only observed in dBurc24,
whilst sBur €24 is no different from Bur-WT (Figure 15 Fluctuating light). Yet plasmotype effects are still
significant (p <0.0001), just like the copy nr. (p <0.0001). Interestingly, the interaction between the two
components is significant in this situation (p = 0.006), showing the presence of epistatic effects. A
significant interaction between copy number and plasmotype effects involves the existence of a
functional associationg® influencing NDH activity. The notion that the duplication effect is only
noticeable in the presence of the C24 plasmotype insinuates that there may be an interplay between the
plasmotype and the duplication, which in turn affects the efficiency of the NDH complex under
fluctuating light.

The fact that no significant differences in the NDH phenotype were found between sBurBurand dBursur
does not exclude the hypothesis that the duplication has an increasing effect in NDH activity. It is
important to consider that NDH activity is measured in the dark, meaning that it is an indicative
measurement. Hence, failing to detect higher NDH activity in dBursur in darkness does not directly imply
that the duplication is not affecting NDH in the light, when photosynthesis is active. Hence, the
duplication effect might just be masked, possibly by the Bur plasmotype. Deficient NDH activity caused
by impaired NdhG function is a plausible explanation for the inability to find any differences in the NDH
between sBurBurand dBurBur, The NdhG mutation can affect total NDH activity under both constant and
fluctuating light conditions. From the combination of the DEPI and Robin data, it can be deduced that
the plasmotype effects have a more evident influence on the photosynthetic phenotype under
constant/lower light intensities (200 umol photons m-2 s-1). Copy number and plasmotype effects are
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Figure 16 | NDH-dependent CEF and its photoprotective role preventing photodamage. Upon fluctuating light or
sudden changes from low to high light, NDH complex could protect the photosynthetic machinery by avoiding the
accumulation of electrons throughout the chain. A) In wild-type plants, high light supply causes the accumulation of
reducing power in the electron transfer system, promoting CEF activity and NPQ activation through H* build-up in the
lumen. B) In NDH defective mutants, CEF rate drops, which leads to over-reduction and damage at PSI first. Decrease in H*
reduces NPQ and excess of energy can no longer be dissipated, causing over-accumulation of electrons in the system.
C)Enhanced NDH activity in overexpressing mutants might increase overall photosynthetic efficiency by improved electron
transfer rate. Long subjection to high light intensity might be necessary to raise 3D enough to boost NPQ. NPQ: Non-
photochemical quenching, PSI/11: Photosystem I/11, PQ: Plastoquinone, Cyt bef: Cytochrome bef complex, Fd: Ferredoxin, e-
: electron, H*: proton. Figure inspired by 90
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theory. When subjected to light variation over an extended amount of time, no differences due to the
duplication were detected in the HL periods. After transitioning to LL though, plants containing the
duplication showed to have relatively larger NPQ when light intensity was between 300-500 pumol
photons m-2 s-1, This might indicate that, during the 8 minutes of HL, NPQ induction is no different in
dBur. However, upon shifting to LL phase, it is possible that NDH activity is stimulated in an attempt to
reduce oxidative stress generated by HL exposure, depositing H* in the lumen and impeding NPQ
relaxation. In line with this, monitoring photosynthetic efficiency under fluctuating light in NDH
deficient rice crr6 mutants revealed that in the low light phase of the oscillations NPQ, electron
transport rate and CO, assimilation were reduced®. On the other hand, gradual increase of light
intensity during the sinusoidal day resulted in substantially greater NPQ in dBur at 300-500 pmol
photons m-2s-1 (Figure 9 C). In this situation, it might be possible that persistent exposure to raising light
could provide enough time for enhanced NDH to elevate 3pH, thereby activating NPQ. However, the
present hypothesis does nhot explain why long-term subjection to raising or fluctuating light results in
higher gl in plants containing the duplication (Figure 10 B). Despite the fact that larger gl does not affect
BBrsu in the sinusoidal day (Figure 9 C), subjection to fluctuations does reduce Bpsii by 4% in the presence
of the duplication. This is certainly a paradoxical outcome, as higher CEF is associated with less
photoinhibition®,

In addition to reducing oxidative stress in intense or variable light, NDH driven CEF has proven to be
particularly relevant in low light (200 umol photons m-2 s-1)92294, Studies have shown that failure in NDH
function in rice crré mutants results in decreased CEF and NPQ when grown in low light conditions®2.
Similarly, in Arabidopsis mutants with deficient NDH activity (crr4-2) the magnitude of the proton
motive force is decreased 9. Accordingly, measurement of NDH activity in the Robin revealed that NDH
activity was prominent under constant/low light settings (Figure 15). Moderate acidification by higher
CEF through the NDH complex might explain why under these circumstances a mild increase in gE was
found (Figure 13 E). Because light reactions limit photosynthesis at low light intensity, NDH dependent
CEF may be necessary to energize photosynthesis in such circumstances. Under sub-saturating light
conditions, NDH dependent CEF may be able to regulate the redox state of the intermediate electron
carriers and generate additional H* gradient to ensure correct ATP supply®2, Furthermore, it has been
demonstrated that photoinhibition of PSII stimulates CEF and increases p700 oxidation under low
light®3, lending credence to the photoprotective function of NDH being active in sub-saturating
conditions. As a result, low-light activation of CEF primarily enhances ATP production, which is
required for PSII to operate efficiently®. This might explain why, in the DEPI system, dBur exhibits
EECEAO Bpsii (%1) in constant/low light setting (Figure 9 C).

The possibility of improving photosynthetic efficiency sets hopeful prospects to boost crop
production49697, Improving the efficiency of light reactions by modulation of NDH dependent CEF may
contribute to this goal. As a dynamic electron transmitter, it can safeguard photosystems from damage
caused by HL or variable light. As a highly efficient proton pump, it increases the amount of ATP
produced and balance ATP/NADPH budget, which can boost photosynthetic efficiency under both high
and low light circumstances. However, the consequent increase in H+ for greater ATP synthesis might
come at a cost, as by exacerbating 3pH NPQ is triggered, which constrains the overall photochemical
reactions?’.

The pertinent question is whether overexpression of a gene like PnsL1, which may result in greater CEF
via NDH, would be beneficial to improve yield. The combination of phenotyping experiments carried out
in this project with the analysis of previously collected data has enabled to determine that the
photosynthetic phenotype caused by potentially higher NDH activity is more variable than expected,
very dependent on the light environment and subjection time to specific light conditions. The
duplication appears to modestly favour photosynthetic efficiency in constant/low light conditions (%1)
(Figure 9 C). Same occurs upon abrupt changes from LL to HL where 3psi is found to be 7-10% higher
in the dBur lines (Figure 13 B). On the other hand, 3psi is decreased up to 4% due to duplication when
plants are subjected to longer fluctuations (Figure 10 B). Nevertheless, in order to assess the relevance
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Supplementary Figure 2| Photosynthetic performance of Bur-WT and Bur cybrids. Arabidopsis thaliana Burren-0 wild-type
(Bur-WT) and cybrids containing nuclear locus duplication (dBurBur and dBurc24) as well as a single copy of the locus (sBurBur
and sBurc24), receiving the constant light treatment (n = 6). Cybrid genotypes in the legend are denoted as double/single
nucleotype-plasmotype. Light intensity applied to infer photosynthetic parameters is displayed at the top of the plot columns,
low light (LL, 200 pmol photons m-2 s'1) and high light (HL, 2000 umol photons m-2 s-1). Bpsi refers to the efficiency of
photosystem Il under applied light conditions, measured as (Fm'-Fp)/Fm'. NPQ represents the photochemical quenching of light
energy surplus activated as a protection mechanism against high light, estimated as Fm/Fm' - 1. qE is the fast NPQ component
triggered by H* accumulation in the lumen, inferred as (Fm/Fm") Z (Fm /Fm™). gl represents the photoinhibitory NPQ occurring
=<EAT Bpsii is damaged, calculated as (Fm'- Fm")/ Fm'". See section 2.2 in Materials & Methods for further explication of the
calculations. Boxes represent interquartile ranges with medians (black horizontal line) + spread of the data (whiskers). Note
that scales in y axes differ per plot. Different letters on top of the boxes represent statistically significant differences across
genotypes (p < 0.05).
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Supplementary Figure 3 | Post
illumination fluorescence increase
(PIFR) monitored in the dark after
application of 200 pmol m-2 s in
plants receiving constant light
treatment. A) Arabidopsis thaliana
Col-0 and Burren wild-type (Bur-WT)
and cybrids containing nuclear locus
duplication (dBurBur and dBurc24) as
well as a single copy of the locus
(sBurBur and sBurc24). B) A. thaliana
Columbia NDH defective mutants
crr2, ndhO and pnsll. Lines represent
genotypic fluorescence means. Y axis
corresponds to raw fluorescence
values (arbitrary units, a.u.). X axis
depicts time (minutes).

35



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

109.

Hohmann-Marriott, M. F. & Blankenship, R. E. Evolution of Photosynthesis.
http://dx.doi.org/10.1146/annurev-arplant-042110-103811 62, 5157548 (2011).

Long, S. P., Zhu, X.-G,, Naiduy, S. L. & Ort, D. R. Can improvement in photosynthesis increase crop
yields? Plant. Cell Environ. 29, 3152330 (2006).

Taylor, S. H. & Long, S. P. Slow induction of photosynthesis on shade to sun transitions in wheat
may cost at least 21% of productivity. Philos. Trans. R. Soc. B Biol. Sci. 372, (2017).

Ort, D. R. et al. Redesigning photosynthesis to sustainably meet global food and bioenergy
demand. Proc. Natl. Acad. Sci. 112, 852928536 (2015).

Zhu, X. G,, Long, S. P. & Ort, D. R. What is the maximum efficiency with which photosynthesis can
convert solar energy into biomass? Curr. Opin. Biotechnol. 19, 1537159 (2008).

Zhu, X.-G., Ort, D. R., Parry, M. A.J. & von Caemmerer, S. A wish list for synthetic biology in
photosynthesis research. J. Exp. Bot. 71, 221922225 (2020).

Ruban, A. V. Evolution under the sun: optimizing light harvesting in photosynthesis. J. Exp. Bot.
66, 7723 (2015).

Kromdijk, J. et al. Improving photosynthesis and crop productivity by accelerating recovery
from photoprotection. Science (80-.). 354, 8577861 (2016).

Murchie, E. H. & Niyogi, K. K. Manipulation of Photoprotection to Improve Plant Photosynthesis.
Plant Physiol. 155, 86792 (2011).

Long, S. P., Humphries, S. & Falkowski, P. G. Photoinhibition of photosynthesis in nature. Annu.
Rev. Plant Biol. 45, 6337662 (1994).

Werner, C., Ryel, R.J,, Correia, O. & Beyschlag, W. Effects of photoinhibition on wholeZplant
carbon gain assessed with a photosynthesis model. Plant. Cell Environ. 24, 27z40 (2001).

Zhu, X., Ort, D. R., Whitmarsh, J. & Long, S. P. The slow reversibility of photosystem Il thermal
energy dissipation on transfer from high to low light may cause large losses in carbon gain by
crop canopies: a theoretical analysis. J. Exp. Bot. 55, 116771175 (2004).

Garcia-Molina, A. & Leister, D. Accelerated relaxation of photoprotection impairs biomass
accumulation in Arabidopsis. Nat. Plants 2020 61 6, 9712 (2020).

Demmig-adams, B., Cohu, C. M., Stewart, J. J. & lii, W. W. A. Non-Photochemical Quenching and
Energy Dissipation in Plants, Algae and Cyanobacteria. Photosynthesis and Respiration vol. 40
(2014).

Blankenship, R. E. Molecular Mechanisms of Photosynthesis. in p 312 (Wiley Blackwell, London,
2014).

Ort, D. R. & Yocum, C. F. Oxygenic photosynthesis: the light reactions. vol. 4 (Springer Science &
Business Media, 1996).

Walker, B. J,, Kramer, D. M,, Fisher, N. & Fu, X. Flexibility in the Energy Balancing Network of
Photosynthesis Enables Safe Operation under Changing Environmental Conditions. Plants 2020,
Vol. 9, Page 301 9, 301 (2020).

Joliot, P. & Johnson, G. N. Regulation of cyclic and linear electron flow in higher plants. Proc.
Natl. Acad. Sci. 108, 13317713322 (2011).

Johnson, G. N. Physiology of PSI cyclic electron transport in higher plants. Biochim. Biophys. Acta
- Bioenerg. 1807, 3847389 (2011).

36






40.

41,

42,

43.

44,

45,
46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.
60.

61.

Pérez-Bueno, M. L., Johnson, M. P, Zia, A, Ruban, A. V. & Horton, P. The Lhcb protein and
xanthophyll composition of the light harvesting antenna controls the 3pH-dependency of non-
photochemical quenching in Arabidopsis thaliana. FEBS Lett. 582, 147771482 (2008).

Flood, P. J. et al. Reciprocal cybrids reveal how organellar genomes affect plant phenotypes. Nat.
Plants 6, 13721 (2020).

Ravi, M. et al. A haploid genetics toolbox for Arabidopsis thaliana. Nat. Commun. 2014 51 5, 178
(2014).

Ravi, M. & Chan, S. W. L. Haploid plants produced by centromere-mediated genome elimination.
Nat. 2010 4647288 464, 6157618 (2010).

Cruz, J. A. et al. Dynamic Environmental Photosynthetic Imaging Reveals Emergent Phenotypes.
Cell Syst. 2, 3652377 (2016).

Ohno, S. Evolution by gene duplication. (Springer Science & Business Media, 2013).

Hallinid, J. & Landryid, C. R. Regulation plays a multifaceted role in the retention of gene
duplicates. (2019) doi:10.1371/journal.pbio.3000519.

Shikanai, T. Chloroplast NDH: A different enzyme with a structure similar to that of respiratory
NADH dehydrogenase. Biochim. Biophys. Acta - Bioenerg. 1857, 101521022 (2016).

KougGil, R. et al. Structural characterization of a plant photosystem i and NAD(P)H
dehydrogenase supercomplex. Plant J. 77, 5682576 (2014).

Shikanai, T. Regulatory network of proton motive force: contribution of cyclic electron
transport around photosystem I. Photosynth. Res. 2016 1293 129, 2537260 (2016).

Munekage, Y. et al. Cyclic electron flow around photosystem | is essential for photosynthesis.
Nat. 2004 4296991 429, 5797582 (2004).

Peng, L., Fukao, Y., Fujiwara, M., Takami, T. & Shikanai, T. Efficient operation of NAD(P)H
dehydrogenase requires supercomplex formation with photosystem | via minor LHCI in
arabidopsis. Plant Cell 21, 362373640 (2009).

Otani, T., Kato, Y. & Shikanai, T. Specific substitutions of light-harvesting complex | proteins
associated with photosystem | are required for supercomplex formation with chloroplast NADH
dehydrogenase-like complex. Plant J. 94, 1227130 (2018).

Strand, D. D., DiAndrea, L. & Bock, R. The plastid NAD(P)H dehydrogenase-like complex:
structure, function and evolutionary dynamics. Biochem. J. 476, 274372756 (2019).

Ishihara, S. et al. Distinct Functions for the Two PsbP-Like Proteins PPL1 and PPL2 in the
Chloroplast Thylakoid Lumen of Arabidopsis. Plant Physiol. 145, 6682679 (2007).

Kato, Y., Sugimoto, K. & Shikanai, T. NDH-PSI Supercomplex Assembly Precedes Full Assembly
of the NDH Complex in Chloroplast. Plant Physiol. 176, 1728 (2018).

Hashimoto, M., Endo, T, Peltier, G., Tasaka, M. & Shikanai, T. A nucleus-encoded factor, CRR2, is
essential for the expression of chloroplast ndhB in Arabidopsis. Plant J. 36, 5417549 (2003).

Searle, S. R, Casella, G. & McCulloch, C. Variance Components. Wiley, New York (1992).

Patterson, H. D. & Thompson, R. Recovery of Inter-Block Information when Block Sizes are
Unequal. Biometrika 58, 545 (1971).

Bates, D., Sarkar, D., Bates, M. D. & Matrix, L. The Ime4 package. R Packag. version 2, 74 (2007).

Lenth, R. V. emmeans: Estimated Marginal Means, aka Lest-Squares Means. R package version
1.6.3. https://CRAN.R-project.org/package=emmeans. (2021).

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M. K. & Scheible, W. R. Genome-Wide

38









