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Abstract

Abstract

Plants, algae and cyanobacteria can produce chemical energy in the form of organic com-
pounds by using light in a process called photosynthesis. In a natural environment, light
intensity changes from low to high in a mattese€ondgs) during the day. Tése rapid
changes create a challenging environment that requires specific acclimation and protec-
tion mechanisms for the plant to survive. One of these mechanisms is cyclic electron flow
(CEF), mediated by PGRS5, in which electrons are transferred fromaelskd the plas-
toquinone (PQ) pool. Indeed, plants without active P@&ibliated CEF have a lethal
phenotype under fluctuating light (FL) conditions. This alternative photosynthetic elec-
tron pathway to the lire electron flow (LEF) allows an additional trsfer of protons

from the stroma to the lumen and a release of electrons from PSI, maintaining a proper
ATP/NADPH ratio and protecting PSI from owesduction. In plants, the key protein for

this electron pathway is PGRS5, but its molecular mechanismiohaatd how the elec-

trons are transferred from PSI to the PQ pool is still unclear. To elucidate this mechanism
and to identify additional components of light acclimati@suppressor screen Waes-
formedin pgr5 under FL,using random mutagenesiSeveral suppressor mutamere
obtainedof the lethal phenotype piyr5under FL. In thighesis four of these suppressors

are described in more detail, including the mechanisms by which they allow acclimation
to FL in the absence of PGR5. The most afitiway to suppress the lethal FL phenotype

of pgrSwas to downregulate LEF, in particular by reducing PSII activity. In addition, the
abundance and activity of FBPase was identified as a possible key regulatory point to
allow pgr5survival under FLCausdive mutationsvereidentifiedin two genes encoding
proteins of completely unknown function. One of them, in the supprpgsbrS261is

the affected protein S261, which is involved in the assembly of thesCgoimplex, as
recently described.

In the seond part of this work, the phenotype of mutants with different levels of PGR5
was studied in detajlincluding newpgrb mutants generated by CRISPR/Cas§r5-
Cas#landpgr5-Cas#2 By analysing photosynthetic performance, proteomic composi-
tion and growthunder high light (HL) conditions, differences between the nere ob-
served Interestingly, the origingdgr5-1 mutant showed significant differences from the
newpgr5-Caslines, most likely caused by an SNP in the CGL20a gene, which is present
in pgr5-1 but not inpgr5-Cas Furthermore, it was found that mutants lacking both
PGRL1 and PGR5 behaved differently under HL than mutants lacking only PGR5, sug-
gesting an additional function of PGRL1 in the absence of PGR5
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Zusammenfassung

Zusammenfassung

Pflanzen, Algen un@€yanobakterien kdnnen mit Hilfe von Licht chemische Energie in
Form von organischen Verbindungen erzeugen. In einer nattrlichen Umgebung &ndert
sich die Lichtintensitat im Laufe des Tages innerhalb von Sekunden von schwach zu
stark. Diese schnellen Veramdagen erfordern spezielle Anpassungsd Schutzme-
chanismen, damit die Pflanze Uberleben kann. Einer dieser Mechanismen ist der PGR5
abhéangige zyklische Elektronenflus8EF), bei dan Elektronenaus dem PSI in den
PlastochinorPool (PQ) geleitet werdenflBnzen ohne aktiven PGRErmittelten CEF
zeigen einen letalen Phanotyp unterBédingungen. Dieser alternative photosyntheti-
sche Elektronenfluss zum linearen Elektronenfluss (LEF) ermdglicht einen zusatzlichen
Protonentransfer vom Stroma zum Lumen umter Elektronentransport vom PSI,
wodurch das ATP/NADPH erhaltnis aufrechterhalten und das PSI vor tibermalliger Re-
duktion geschuitzt wird. In Pflanzen ist das Schlusselprotein fur diesen Elektronenweg
PGRS5, wobei der molekulare Wirkmechanismus und die tdmgrhg von Elektronen

vom PSI zum P€Pool noch unklar sind. Um diesen Mechanismus zu untersuchen und
weitere Komponenten der Lichtanpassung zu identifizievendeein pgr5-Suppressor
Screen durchgefihrt. Durch zuféllige MutagenssedenSuppresseMutanten die den
letalen Phanotyp vopgr5 unter FL unterdriickeryeneriert In dieser Arbeit werden vier
dieser Suppressoren genauer beschrieben, einschlie3lich der Mechanismen, die die Ak-
klimatisierung an FL in Abwesenheit von PGR5 ermdgiicHger effizienteste Weg zur
Unterdrickung des letalen FRhanotyps vopgr5war die Herunterregulierung von LEF,
insbesondere durch die Reduktion der PHtivitat. Dartiber hinaus wurde festgestellt,
dass die Anreicherung und Aktivitat der FBPase einliciigr Schliisselregulator ist, um

das Uberleben vopgr5 unter FL zu ermoglichen. Mutationen in zwei Genarden
identifiziert, die fur Proteine mit vollig unbekannter Funktion kodieren. Eine davon ist im
Suppressopgrs S261zu finden, wobei das betroffe Protein S261, wie kurzlich be-

schrieben, an der Bildung des Cyt-Komplexes beteiligt ist.

Im zweiten Teil dieser Arbeivurdeder Phanotyp von Mutanten mit unterschiedlichen
Mengen an PGR5, einschlie3lich nepgr5-Mutanten, die mit CRISPR/Cas9 ergéu
wurden pgr5-Cas#1lundpgr5-Cas#2untersuchtBei der Analyse der photosynthetischen
Leistung, detProteinzusammensetzungd des Wachstums unteochlicht (HL) wur-
den Unterschiede zwischen den Linidesigestellt Interessanterweise zeigte die ur-
sprunglichggr5-1 Mutante signifikante Unterschiede zu den neugn®dCasLinien, die
hochstwahrscheinlich auf einen SNP@®L20aGen zurickzufihren sind, derpgrs-

Vil



Zusammenfassung

1 aber nicht irpgr5-Casvorhanden ist. Dartuber hingwurdefestgestelltdass sich Mu-
tanten, denen sowohl PGRL1 als auch PGR5 fehlte, unter HL anders verhielten als Mu-
tanten, denen nur PGR5 fehlte, was auf eine zuséatzliche Funktion von PGRL1 in Abwe-
senheit von PGR5 hindeutet.
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Introduction

1. Il ntroducti on

1.1 Pl ant s

Plantsaredefined as multicellular organisms with cell walls containing cellulose and the
ability to photosynthesise. They aessile organisms, influenced by their environment

and changing conditions, with no form of protection other than their own. The process of
photosynthesis converts light energy into chemical energy and produces organic matter
from water and carbon dioxidehile producing oxygen. The ability of plants to photo-
synthesise, together with other photosynthetic organisms such as algae and cyanobacteria,
has made life oearth as we know itpossible. Due to the high abundance of plants and
algae orearth, our plaet is referred to as "The Green Planet". In this thesis, one of the

most widely used plant model organisrsabidopsis thalianawas usedFigurelA).

Plants evolved from one or more eukaryotic cells that formed a symbiotic relationship
with cyanobacteria, which were ingested but not digested by the cell and formed an orga-
nelle, the platid (Figure1B). The plastid has its own chromosome, but parts of the an-
cestral genome of the formerly fré@ing cyanobacteria have been transfdristo the
nucleus of the eukaryotic cell. The newly formed organelle, called a chloroplast, is able
to carry out photosynthesis for the host cell and provide it with the resources it needs.
This created a codependency between these cells. From thisypeintirsymbiont, dif-

ferent lineages were derived, which are: Glaucophytes, Rhodophytes and Chloroplastida
(Loffelhardt2006) Plants belong to the Chloroplastida, which evolvedhighly diver-

gent branch.

1.2 Chl oropl ast

The chloroplast is surrounded by a dodlalgered membrane and has its own chromo-
some with a size of 1545515 bp and 123 genes @mnabidopsis thalianp(Stadermann

et al., 2016) The majority of chloropladbcalised proteins are encodedhe nuclear ge

nome and imported into the organelle after translation. The relocalisation of the coding
sequence of about 95 % of the chloroplast proteins took place during the evolution from
free-living cyanobacteria to a symbiotic plant organ@l&eine et al., 2009)For proteins
encoded in the chloroplast genome, the chloroplast has its own translation machinery.
The chloroplast ribosom&Q@Sribosome) isrery similar to the ones prokaryotesChlo-

roplast proteins encoded by nuclear genes are imported from the cytosol. Localisation is

17



Introduction

determined by the chloroplast transit peptidéRjc an amino acid sequence at the N
terminus of the prein that is cleaved postanslationally before import into the chloro-
plast (Richter & Lamppa, 2002)These proteins are thémroducedinto their specific
localisation in the chloroplast, which can be in the stroma or the thylakoieh The
chloroplast can be divided into two parts: the stroma and the thylakoids, where the
thylakoid itself consists of a thylakoid membrane anduheen EigurelC).

13 Thyl akoid membrane

Thylakoids consist of a membrane that encloses an inner space called the lumen. They
are found in plants, algasd organisms that do not have plastids, such as cyanobacteria.
It is a trait inherited from the assimilation of the ancestral cyanobacteria. The protein
complexes essential for photosynthesisiateggral membrane protein complexékhe
thylakoid membrae is organised into grana, which are stacks of membranes connected
by lamellae, individual sections of the thylakoid membrane. The thylakoid membrane
divides the chloroplast into two compartments: the lumen and the stroma. In the light
driven photosyntheti reactions, electrons, driven by light as an energy source, move
through the electron transport chain (ETC), which takes place across the thylakoid mem-
brane, and all the complexes associated with it have their own essential role. The com-
plexes of the thylkoid membrane involved in the ETC are photosystem II (PSII), the
cytochrome bf complex (Cyt laf) and photosystem | (PSI). The ligtitiven reaction

starts at PSIl and is fuelled bbaarge separation after excitatipwhich excites an elec-

tron to ahigher energy state and transports it via plastoquinone (PQ) tosiCxit ICyt

bef and PQ, protons are pumped from the stroma into the lumen to create a proton gradi-
ent. This proton gradient is used by ATP synthase, also located in the thylakoid mem-
brane,to generate ATP from ADP and. From Cyt laf, the electron moves on to PSI,
which it reaches with the help of plastocyanin (PC). At PSiclih@rophyllis excited by

light energyand the electron isansferred to ferredoxin (Fdjhe reduced F& usedo

reduce NADP to NADPH in a reaction mediated by ferredoxin NADPH reductase
(FNR). This electron transport pathway is also known as the linear electron flow (LEF).
The ATP and NADPH are then used in the CaBansonBasham (CBB)cycle to fix

COr and poducetriosephosphatéFigure 1D). In an alternative pathway, an electron is
transferred from PSI via the proton gradient regulator 5 (PGR5) dtAREP)H dehy-
drogenasdike complex (NDH) back to Cytéh From there, the electron is transferred to
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PSI, which completes the cycle. This pathway is called cyclic electron flow (CEF). In the

CEF, there is only a proton gradient and no net production ofNAD

C
Calvin-Benson-
Stroma Bassham-cycle
&
&ATPase
Lumen

Figurel: From plant to the thylakoid membrane.A. An adult plant in the early stages of floweritsgy.

Plant cell with nucleus, vacuole, mitochondria and chloroplast (grée®epresentation of a chloroplast
with doublelayered outer membrane and thylakoid membrane organised into grana and |@mella.
Thylakoid membrane with indication of stroma and lumen side and visualisation of thylakoid membrane
complexes and proteins (RSCyt bsf, NDH complex, PSI, PC, FNR, Fahd ATPase) as a schematic
representation of the CalviBensonBassham cycland PQ.E. protein complex of PGR5, PGRL1 and
PGRL2

1.3.1 PSII

PSIl is the starting point for photosynthetic reactions. It is a complex consisting of several
subunits that are assembled by several assembly fédiokelsen & Rengstl, 2013The
electrons transported across the thylakoid membrane come from thespldaterg com-

plex at PSII, where watés oxidised, releasing:OH" and electronesThese electrons are

then taken into the oxidised PSII reaction centre. The reaction centre is composed of the
D1 and D2 subunits, which bind a dimer of chlorophyliCal(@@), which has anaximum
absorption at 680 nm. The PSII reaction centre is therefore called P680. This dimer col-
lects the excitation absorbed by tGé&l localised in thdight-harvesting complexes Il
(LHCIIs) and othelight-harvesting complex of PS(LHCbs). The LHCIIs associad

with Chla andChl b form the antenna of PSII, which harvests light energy. The proteins
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of these complexes akdicbsand can be divided into two groups according to their abun-
dance: minor for low abundance proteins (Lhcb4, Lhcb5 and Lhcb6) and maloglio
abundance proteins (Lhcbl, Lhcb2 and Lhcb3). The major LHCIIs occur as-hatero
homotrimers linked to the PSII core via the mintichs In addition, the heterotrimers

or homotrimers of Lhcbl, Lhcb2 and Lhcb3 can be transferred to PSI througihphos
ylation by STN7 in a process known as state transition (see bdlbe/)D1 subunit has

an additional role in protecting PSII by acting as a predetermined breaking point in the
event of overexcitation. Due to this protective mechanism, the D1 subsné high

turnover rate and needs to be resynthesised reg@artyi et al., 2015)

1.3.2 PSI

PSlis a transmembrane protein complex that binds LHCI and is one of the essential com-
ponents for linear and cyclic electron transkectrons are donated to PSI by PC. PC is
located on the lumen side of the thylakoid membrane and is a eaipdarg protein. Fd

is the electron acceptor of PSI. Fd itself is an-salphur protein in the stroma of the
chloroplast that links PSI to th&NR. The LHCI consists of four subunits, Lhcal, Lhca2,
Lhca3 and Lhca4. The Chl incorporated into the LHCIGiEa andChl b, together with
carotenoids. The LHCI themselves are bound to PSI in dimers, one dimer is formed by
Lhcal and Lhca4, the other bjada2 and Lhca3. The light energy at PSl is collebted

the Chlitself in theLhcasfrom where it isransferred to the reaction centre, which con-
sists of a&Chl adimer (P700) bound via PsaA and PSaB. SimilarlySkelusters (k, Fa

and kg) and phylloguinones are located in the core of (@81 et al., 2015)PSI is much

more exposed to photosynthetic inhibition and damage by reactygen species (ROS)
generation than PSII. If damage occurs to PSI, repaiower ompared to PSII due to

the less efficient repair mechanism.

1.3.3 Cyt bef

The Cyt Iaf complex is a multiprotein transmembrane complex that links PSIl and PSI in
electron traner via PQ and PC, respectively. During electron transfer through the com-
plex, one proton is transferred from the stroma to the lumen for each electron. Electrons
reaching the Cytdb complex come from the PQ pool and are transferred to the PC or
returnedto the PQ pool to transfer an additional proton to the lumen. This process is
known as the Q cycle. The Cydfltomplex consists of CytshCyt f, the Riesk@rotein

which has a F£&; cluster, and smaller proteins. The assembly and disassembly of this
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conmplex is still notfully understoodPage et al., 2004; Sandovbbnez et al., 2022;
Schwenkert et al., 2007)he Cyt lsf complex is an important regulator of electron flow.
Electron flow can be dowregulated when the lumen is highly acidified and photosyn-

thetic control is induce(Malone et al., 2021)

1.3.4 ATP synthase

The ATPase is a muisubunit complex located in the thylakoid lamella that produces
ATP from ADP sing the proton motive force (pmf) generated by the ETC. This is
achieved by a rotational motianf  tsuibenit Dhe protons that fuel the motions enter

the ATPase from the luminal side and are released after a complete rotation of the head
(Cingolani & Duncan, 2011)The head has three binding sites for ADP, which pass
through three different conformations: open, tight and loAsdéhe same time, three
ADPs can bind to the synthase subunit, allowing the production of three ATPs from ADP

and phosphate for one complete rotation.

1.3.5 CBB-cycle

The CBBcycle is a reaction in the chloroplast stroma that fixes G organic com-
pounds/sugars. Several proteins are involved, with Rubisco, the most abundant protein
on earth, being a key player in the cycle. The G@§Ble uses ATP and NADPH produced
during the ETC. The ATP/NADPH ratio is important for the proper tioning of the

cycle and is tightly regulated. The CBBFcle can be divided into three main steps. The
first is carboxylation. In this step, G@ fixed via Rubisco antivo molecules o8-phos-
phoglycerate (GA) areformed from ribulosel,5-bisphosphat¢RuBP). In the next

step, reduction, -PGA is used to synthesise glyceraldeh@dghosphate (G3P) using

ATP and NADPH. G3P is then used to produce glucose, as well as sugars and other or-
ganic molecules that are essential in the plant's metabolic path@@#iyds also used in

the final three steps of the CBBcle: regeneration. In the final step, regeneration, RuBP

is made again using GAP and ATP. Throughout this reaction, ATP and NADPH are used
in a ratio of 1:5, which results in a higher demand for ATdn tior NADPH.

Activation of the CBBcycle is light dependent and occurs mainly through redox activa-
tion. Redox regulation consists of the ptranslational modification of a protein by the
formation of sulphur bridges between cysteines and is modulgteédidredoxin en-
zymes. These modifications cause a change in the conformation of the protein, activating

or inactivating it. Most of the enzymes of the CB¥&le are redox sensiti®lichelet et
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al., 2013) In particular, fructosd.6-bisphosphatse(FBPase) is rederegulated and is
redoxactivated by thioredoxin f (Trx f) and thioredoxin m (Trx m) at the onset of light
(Cejudo etal., 2019) Inactivation occurs by oxidation by the protein ACHT2 in the dark
(Yokochi et al., 2021)FBPase catalyses the reaction of fructephd@sphat to fructose
1,6-bisphosphate in the regeneration step. Surprisingly, the protein itself is not essential
for plant survival, as shown by Livingston et al. (2010). In their experiments, a knockout
line of the FBPaseh¢ef] was found to be growth retardadd to have highly induced
CEF(Livingston et al., 2010)

14 LEF and CEF

Linear and cyclic electron flow are stronghtertwined. Both move electrons through a
light-driven reaction. In the linear electron flow a proton gradient is built up and NADP
is reduced to NADPH, whereas in the cyclic electron flow only a proton gradient is built
up. The cyclic electron flow iBighly dependent on the LEF because the electrons trans-
ferred in the CEF initially come from the LEF.

1.4.1 LEF

The LEF is a lighdriven electron transfer from water to the target, NADPstarts at

PSIl where light is collected by the LHClésd the PSII itslf. The excitation igrans-

ferred to the PSII reaction core (P680). ThereQhka dimer is excited (P680*) and an
electron is then transferred to the pheophytin (PHE). The PHE in turn reduces the first
plastoquinone in the electron chain,. @rom Q, Q» plastoquinone is reduced, which
finally binds two electrons and two protons from the stroma side. When these two elec-
trons and protons are bound, thepgastoquinone is replaced by an unreduced PQ and
released into the intermembrane space. Meanwhiéedisplaced electron fro@hl a is
replaced by an electron that is released by oxidising water. As a result of this reaction,

elemental oxygen and protons are released.

The PQH transfers its electrons to the Cyf bomplex and the two protons to the lem

The electrons in the Cytshbhcomplex have a higher tendency to be transferred via the
Rieske ironsulphur cluster and Cyt f to plastocyanin. In a lower potential pathway, the
electrons are transferred back to the PQ pool, allowing the transfer abadldgrotons

from the stroma to the lumen via the PQ. This cycle is called the Q cycle. This cycle
generates a pmf. The electron that was transferred to the PC via the higher potential path-

way is transferred through the lumen to the PSI.
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The PC binds tohie PSI and transfers the electron, which reduces the PSI. In order for
the electrons to be transferred further, the reactive centre of the PSI must be excited. This
is achieved by the LHGAnd PSI itselfwhich photoexcites the P700. The excitation ox-
idises the PSI and transfers the electron through the Ehe R and kg, which in turn

reduce the Fd. In the final steps of the LEF, the Fd binds to the FNR, which in turn gen-
erates NADPH from NADPand H by reducing the formeiFgure?2).

1.4.2 CEF

There are two alternative pathways for cyclic electron flow in higher plants. Both path-
ways are lighdriven and recycle electrons from PSI. One pathway is mediated by the
PGR5 proteirand is known as the antimycingensitive CERMunekage et al., 2002;
Ruhle et al., 202]1)the other is antimycin Ansensitive and is mediated by the NDH
complex. In both pathways, electrons are transported from PSI to Fd. From Elécthe
trons are accepted by the NDH complex and gwaplyedinto the PQ poo{Schuller et

al., 2019) In PGR5mediated CEF, the electrons are transferred via PGR5 to thedQ

but the exact mechanism is still unclear. At the PQ pool, the two pathways intertwine
again and the electrons then take the same route as in the LEF back to PSI, which closes
the cycle and gives the pathway its name. The idea of a CEF was firssguidpoArnon

et al. in 1954He proposedthat CEF generates ATP and maintains the ATP/NADPH
ratio (Arnon et al., 1954)ATP is generated by ATP synthase using a pmf generated dur-
ing photosynthetic electron transport. The pmf is generated in both the LEF and CEF

pathways by pumping prate from the stroma into the lumen in thee@le Figure2).

1.4.2.1NDH-mediated CEF
The NDH complex is the key element for NBhediated CEF. The NDH complex is L

shaped and consists of at least 28 subunits that are nuclear or plastid ¢8tddathi,

2016). It is a homologue of complex | of the respiratory chain found in bacteria and mi-
tochondria. The NDH complex is found in cyanobacteria, algae and plants. In cyanobac-
teria, it is the predominant CEF patlyvcompared to the PGREpendent CEF. During
evolution, this pathway has lost its importance and only plays a minor role in higher
plants. The electrons transferred through the NDH complex to plastoquinone are received
from Fd(Schuller et al., 2019)The complexity of the NDH complex requires an assem-
bly involving proteins such as CRRBRlashimoto et al., 2003When these proteins are

knocked out, a strong reduction of the complex can be det@gtéstiimoto et al., 2003)
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1.4.2.2PGR5mediated CEF

PGR5mediated CEF requires the protein PGR&unekage et al., 2003nd its bind-
ing/regulatory partners PGRL(DalCorso et al., 20089nd PGRLZRUhle et al., 2021)
(Figure 1E) to transfer electrons from Fd to the PQ pool. PGRS5 is a rather small protein
with 133 amino acids and 70 amino acids in its mature form and is localised in the chlo-
roplast(Munekage et al., 2002PGR5 is thought to be bound to the thylakoid membrane
by the thylakoid membrane protein PGR({lalCorso et a).2008) In a recently pub-
lished paper on the evolution of PGR5, bacterial ferritin was proposed to be an ancestor
of PGR5(Leister et al., 2022)nterestingly, the PGRS5 protein can be found in algae such
asChlamydomonas reinhardt@nd in cyanobacteria. The PGRtediated CEF pathway
exists in all theserganisms, but plays different roles of importance. In addition, there are
two isoforms of the PGRL1 protein in plants, PGRL1a and PGRL1b. PGRL1b is less
abundant than PGRLIRalCorso et al., 2008PGRLL1 is localised in the thylakoid mem-
brane and has twoembrane domains. The exposedadd Gtermini contain cysteines

that allow binding of other proteins and potential regulation of CEF by P@GRrile et

al., 2013) Its role in CEF is to stabilise and protect PGR5 from degrad@idinle et al.,
2021)and also to regulate the activity of the protébkegawa & Motohashi, 2020)
PGRL1 is also found in algae such@samyamonas reinhardtjibut only one homo-
logue. In this organism, PGR5 and PGRL1 form a sagpearplex with PSI, Cyt éh and

LHCI that promotes CERwai et al., 2010; Steinbeck et al., 201B) cyanobacteria, a
protein with weak homology, synPGRL1, can interact with Arabidopsis PGR5 expressed
in SynechocystigDann & Leister, 2019)In Dann and Leister's work, an effect on CEF
was demonstrated by knocking out synPGRDanNn & Leister, 2019)The last and re-
cently identified part of the PGRbBediated CEF is PGRL2, a protein found on the basis
of itshomology to PGRLIRUuhle et al., 2021PGRL2 is found in highedgnts and some
algae. Like PGRL1, it has two transmembrane domains and an expoaed Stermi-

nus. The work of Rihle and colleagues showed that PGRL2 is involved in the degradation
of PGRS5 in the absence of PGRL1 or when the activity of PGR5 is impg&igde et

al., 2021) One of the main differences between the NDH complex and FaRitated

CEF is the activation time. The NDH complex seems to work at a steady level, which is
low in plants, but in ta presence of high levels ob®, an overaccumulation of the

complex is observe(btrand et al., 2015as can be seen in theeflmutant line, which
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Is a knockout line of the plastid FBPase with high NEldpendent CERLivingston et
al., 2010)

Calvin-Benson-
Bassham-cycle

Stroma

NADP® NADPH
NDH-mediated

PGER5-mediated

Sl

CEF

H»0 1/20,+2H* H*

e |

Figure2: Schematic representation of linear and cyclic electrofiow. The LEF and its associated com-
plexes are shown in blue. The CEF andaisociated proteins and complexes are shown in orange. The
ATPase that uses the pmf is highlighted in yellow. The sink for the products of photosynthesis is visualised
in red (CalvinBensonrBasham cycle).

Antimycin A (AA) caninhibit the PGR&mediated CEFAA binds to the Q side of the
mitochondrial cytochrome bcl compléXu et al.,1996) This binding suppresses the
respiratory chairfYu et al., 1996)In contrast, no similar binding is observed at the Cyt

bef complex in the chloroplast. However, a specific effect of antimycin A can be observed
in chloroplasts, namely the suppression of P@igliated CEFMunekage et al., 2002)

In the search for the binding site of AA, PGRL1 was one of the potential candidates based
on in vitro interactionHertle et al., 2013)Although the protein that connects PSI and

the PQ pool through electron transfer is still unknown, it should have the function of a
ferredoxin pastoquinone reductase (FQR), an essential component of the-@ER5

The FQR is thought to be a single protein or complex capable of reducing the PQ pool by
oxidising Fd and closing the gap between PSI and the &yiomplex (Hertle et al.,

2013) In initial in vitro assays, PGRL1 showed the ability to reduce DMBQ, an analogue
of PQ, by oxdising Fd(Hertle et al., 2013)making it a strong candidate to be the FQR.
This woudd imply that PGRL1 is an essential protein required for P@R8iated CEF.

The subsequent discovery of PGRL2 as an additional protein involved in PGR5 CEF
showed thatinder certain conditions PGR5 canidsufficient to mediate electron flow

from Fd to he PQ pool. Further experiments showed that the target of AA is PGR5 or a
closely associated complex or protéRihle et al., 2021)Furthermore, in a paper by
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Sugimoto and colleagues, PGRS frétmus taedavas expressed in Arabidopsis, result-
Ing in increased insensitivity to AfSugimoto et al., 2013)n this work, the amino atti
responsible for the AA sensitivity was found to be a valine in the third position of the
mature Arabidopsis PGRSugimoto et al., 2013)

Redox regulation of a proteagan be mediated by axposed cysteine pair and PGR5 has
only one cysteine. PGRL1, on the other hand, has 4 exposed cysteines, makiag-it
didate for redox regulation of PGRBediated CEF. The work of Hertle and colleagues
suggested a link between the regulation of CEF and the exposed cysteines in the PGRL1
protein. It was suggested that PGRL1 undergoes a conformational change by forming
sulphur bonds between the cysteines. This either activates or inactivates PGRL1 through
regulation of the sulphur bridgéertle et al., 2013)Possible candidates for regulation

of PGR5mediated CEF were NTRC and Trx m4, both located in the stroma of the chlo-
roplast. The interaction between PGR5 and NTR&kanen et al., 2018nd the de-
pendence of a strongly induced NPQ in the NTRC knockout titre) (on the PGR5
mediated CERENaranjo et al., 202139trengthened the idea of a PGR&diated CEF re-

dox regulation. Furthermore, regulation of PGiRE&diated CEF was demonstrated by the
discovery of a complex consisting of PGRL1 and Trxm4 that indeswhe activity of
PGR5CEF by forming(Okegawa & Motohashi, 2020The PGREmediated activation

of CEF is not fully understood, and one of the mechanisms involved would be the disso-

ciation of the Trx m4&PGRL1 interactin.

15 Shotredrm protection mechanism of
on P@&RI I ated CEF

The photosynthetic apparatus requires additional protection or adjustments of the
thylakoid complexes to survive under HL or changing light conditions. These protective
mechanisms are to some extent dependent on adtated CEF, through induction by

acidification of the lumen (NPQ) or faster reduction of the PQ pool (state transition).

1.5.1 NPQ

NPQ is a protective mechanism of PSII that dissipates the excess energy athzal, a
thereby reducing LEF. It can be divided
which describes energyependent quenching and represents the main part of NPQ in
plants, qT (state transition), which is tteocationof LHCII between PSII and RSand
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gl, which represents photoinhibition. The energy of an excited Chl in PSII can be dissi-
pated in three different ways. The excitation energy can be emitted as fluorescence from
the Chl (a component used to measure PSII activity via PAM measureroanta)so be

used to drive photochemistry (gP) or can be dissipated as heat via NPQ. If the excitation
energy of Chl is not utilised, a triplet Chl can be formed, which generates & sixle

gen molecule leading to photooxidic damage of PSIl. An esseatieof the gE compo-

nent of NPQ is the xanthophyll cycle. Activation of the cycle is dependent on the pH
gradient in the | umen and (Rfuadel&iDikeyg, 193 ak act
Violaxanthindeepoxidase catalyses the conversion of violaxasttimto zeaxanthin via

the intermediate product anteraxanthin. Zeaxanthin is a carotenoid involved in quenching
overexcitation energstrand & Kramer, 20149nd is bound to LHCII in the presence of
PsbS. The PsbS protein belongs to the family of LHCs and binds to PSII idepgidd-

ent manner, and acidification of the lumen activates the proteins involved in the xantho-
phyll cycle (Niyogi et al., 200% Neutral pH promotes the binding of violaxanthin and
PsbS, whereas at low pH PsbS binds to zeaxanthin, making PsbS a critical component for
the induction of NP@Niyogi et al., 2005) The activation of NPQ can be observed par-
ticularly in saturating light and in therdi s of illumination after dark adaptation of the
plant. The darko-light induction of the NPQ is highly dependent on the PG&R&liated

CEF and the acidification of the lumen by this pathway. Indeed, this effect can be used to
estimate PGRBnediated CEFRactivity (Munekage et al., 2002)-or example, in lines

with a defect in PGRBnediated CEF, no induction of NR@n be observed after dark
to-light transitions. Other lines may show an ceiretuced NPQ, which may originate

from different mechanisms, such as a more active NDH compleafl mutant line
(Livingston et al., 201Q)ower accumulation of ATP synthasgl160(Rhle et al., 2014)

or a more active PGR5 CEfrc (Naranjo et al., 2021 he induction and relaxation of

NPQ was used in approach to produce plants tlaae better able to cope with changing
light conditions and have a higher yield production compared to the conventional plants.
Faster induction and relaxation of NPQ wehieved bythe generation of genetically
modified tobacco, called VPZ lines. In geelines, the protein PsbS, thelaxanthinde-
epoxidase and the zeaxanthin epoxidase were overexpressed, resulting in tobacco lines
that required a shorter time frame for NPQ apd downregulation(Kromdijk et al.,

2016) Under field conditions, a significarmdrease in yield was observed in the VPZ
lines (Kromdijk et al., 2016)In the approach to reproduce this effect in Arabidopsis or

potato, no beneficial growth could be observed by VPZ expre¢SarciaMolina &
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Leister, 2020; Lehretz et al., 202®&)hile in soybean, a higher yield of fresh and dry
weight could be achievee Souza et al., 20223howing that a deeper understanding

of the complexity of photosynthesis is needed. This is one of the aims of this work.

1.5.2 PGR5-mediated CEF and its rokin fluctuating light acclimation

Light intensity can change from low (e.g. when the sun is obscured by a cloud) to high
(direct sunlight) several times a day. These changes can occur in a matter of s, and the
plant needs to adapt quickly to the new conditions to avoid damage to theyptiotts
apparatus. Therefore, fluctuating light (FLYrequent undenaturalconditions.

The knockout lines of PGR50gr5-1) and PGRL1 fgrllab) are not affected in growth
under constant light conditions such as long day (LD) or shorti@EZorso et al., 2008;
Munekage et al., 2002hut under FL the phenotype of these lines changes drastically and
lethality can be observed after a short growth period, in contrast to WE (Ranizler et

al., 2022; Ruhle et al., 2021; Suorsa et al., 20kPplants without functional PGR5,
stromal ovetreduction occurs due to a decreased ATP:NADPH ratio, which is triggered
by a lower ATP production by ATP syntha3de imbalance in the ATP:NADPH ratio
affects the efficiency of the CBBycle, leading to an overaccumulation of NADPH and

a reduced need for its production. This, in turn, affects the electron flow from R$iRto F
and increases the acceptide limitationof PSI. In the absence of CEF and the ever
reduction of the stroma (lower consumption of NADPH), PSI is-oaduced and ROS

are generated in the active cerasan the FeS clustenshich photoinhibits PSlYamori

& Shikanaj 2016andFigure3). This dservation revealed the previously unknown role
of PGR5mediated CEF under FL. The PGRtediated CEF is not only responsible for
balancing the ATP:NADPH ratio, but also for protecting PSI from light dar(tagersa

et al., 2012) CEF provides PSI with an additional electracceptor that prevents over
reduction of PSI, which would lead to the generation of ROS in P700 and the accumula-
tion of photooxidative damad&uorsa et al., 2012[rurthermore, photosynthetic control

is induced by the establishment of a proton gradient on the lumenvanch down
regulates the LEF to P§Yamamoto & Shikanai, 2019)n addition, acidification of the
lumen induces a protective mechanism called-plostochemical quenching (NPQ),
which downregulates the activity of the LEF on the PSII side. PSI does not have an ef-
fective repair medism like PSII, which makes it more sensitive to light damage
(Kudoh & Sonoike, 2002)nd dlthese regulatory mechanisms ultimately allow the plant

to survive under FL conditions. In the CEF mutant backgropgib(1 andpgrilaby), the
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artificial suppression of lethality under FL can be achieved by reducing PSII activity
(Suorsa et al., 201@yr, as in thepgrllab pgri2line, by restoring the accumulation and
activity of PGR5RUhle et al., 2021)

Calvin-Benson-
Bassham-cycle
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Figure3 Schematic representation of LEF and CEF in g@gr5knockoutline. The LEF and its associated
complexes are shown in blue. The CEF andstociated proteins and complexes are shown in orange. The
ATPase that uses the pmf is highlighted in yellow. The sink for the products of photosynthesis is visualised
in red (CalvinBensonBassham cycle). The strength of the electron flow and the pmfdiated by the
thickness of the line. The formation of ROS is visualised in theaB&lred star

1.5.3 State transition

State transition is a mechanism that helps the plant adapt to a light source that would alter
the balance between the activity of PSidl&51. Depending on the light source, there is

a transfer of LHCIIs from PSII to PSI or back. The movement of the anteimiggered

by reversible phosphorylatiom particular, the transferred LHCIIs are the main antennae

of PSII (Lhcbl, Lhcb2 and Lh&) (Allen, 1992) STN7 is the kinse that catalyses the
switch from state | to state(Bonardi et al., 2005)This reaction is reverddy theprotein
phosphasePPH1/TAP38(Pribil et al., 2010) The signal that induces the shitthe
reduction state of the PQ pool. If the light received by the plant excites mainly PSII, the
PQ pool will be more reduced, inducing state Il. In the case of a light source that mainly
excites PSI, the antenna is dephosphorylated and switches tb(stater et al., 1997)

In the process of state transition, the heterodimer consisting of the main antenna is trans-
ferred, of which only Lhcb1 and Lhcb2 can beogphorylated, Lhcb3 affects the time
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frame required for the switdidamkjaeret al., 2009)Interestingly, lines lacking the pro-
teins involved in PGRBnediated CEF show altered LHCII phosphorylation compared to
WT or mutants lacking other compone(/®ihle et al., 2021)
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2. Aims of t he Wor k

The aim of this work was to investigate PGR&diated CEF and its role in plant light
acclimation and to identify novel components involved in this process. To achieve this,
the following steps were taken

1. Identification and nvestigation of alternative acclimation mechanisms by per-
forming apgr5 supressor screen under fluctuating light

2. In-depth characterization o$electedogr5 suppressomutantsand study of their
role in light acclimation

3. Detailed study of different lines with different PGR5 levels and functionality

The overall aim was to improve our understanding of how plants respondttafing
light conditions depending on the PGRediated CEF and to uncover new aspects in-
volved in this process.
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3. Mat esanad | Med hod

31 Chemical s

Chemicals that were used in the experiments were purchased from Applichem (Darm-
stadt, Germany), InvitrogeiW\(altham USA), Roth (Kalsruhe, Germany) and Sigia
drich (St. Louis USA).

32 Pl ant Materi al

The twoArabidopsis thalianaaccession€olumbia0 (Col0) and Columbigb (Colb),
also known as glabia, were used as wye controls in this work. The knockoline
pgr5-1 was used for thpgr5 suppressor screéMunekage et al., 2002Jhe suppressor
lines were generated Ipgr5-1 EMS mutagenesis. Seeds of the lipgs5-1 (Munekage

et al., 2002, pgrl (Munekage et al.,, 2009nd pgr5-1 pgrl (Yamamoto & Shikanai,
2019)were provided by Prof. Dr. Shikanai. TheDNA linespam68(Armbruster et al.,
2010) psadl(lhnatowicz et al., 2004pgrllab(DalCorso et al., 200&ndcgl160(Ruhle

et al., 2014)were first described in the group of Prof. Dr. Leister. The krmgline of
NTRC (ntrc) (PerezRuiz et al., 2006yvas provided by Prof. Dr. Cejudo. The knemkt

line of FBPase was previously described in the work of RG@szalez and colleagues
(RojasGonzélez et al., 201%nd was obtained from the NASC Institute collection {GK
472G06). Thepgrs-Caslines were generated by introducing a CRISPR/Gas&truct
specific for PGR5 into the Cdl background. All double mutant lines further character-
ised in this work were generated by crossing the single mutant lines or by introducing a
CRISPR/Cas9 construct specific for the target gene into the seleatiegkbund (CeD

or pgr5-1). Overexpression lines of PGR5 in thegeneration were provided by Prof.
Dr. Shikanai.

3.3 Pl ant Growth Conditions

Seeds of the different lines were stratified (in the dark and at 4 °C for 48 h) and sown on
potting soil (A210, Stedter). After stratification, the pots were transferred to growth
chambers at 22 °C and 60@humidity, but with different light conditions: Long Day (LD,

16 h of light at 100 pmol photons s and 8 h of darknessdhortday , 8 h of light at

100 pmolphotons it s* and 16 h of darkness), High Light (HL, 16 h of light at 500
umol photons it st and 8 h of darkness), fluctuating light (FL, 12 h light (with cycles
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of 5 min at 56lammdoll mph ot @ans 5@ Pand ™bdarklp hot on
control light (12 h2¢tangh2hdak)). PladtOwere gtonin p h o
for a period of timalepending on the specifexperiment, during which the parameters

of humidity and illumination were controlled. For seedling experiments, segtibeeds
weresownon0% (w/ v) MS medium (PhytoTechnol ogy
and 0.7 (w/v) agar plates with or without% (w/v) sugar. For sterilisation, seeds were

shaken in a solution containing 70 (v/v) EtOH and 0.0% (v/v) Tween20 for20 min,

followed by shaking in 996 (v/v) EtOH for 10 min. The seeds were then dried on sterile
Whatman filter paper under a clean hood and transferred to the MS medium in Petri
dishes. The Petri dishes were then wrapped in aluminium foil and storeefirgarator

at 4 °C for 48 h to stratify the seeds. After stratification, the plates were transferred to

different growth conditions as described above.

34 pgsbhppressor screen

To carry out thepgr5 suppressor screepgr5-1 seeds were mutagenised using ethylme-
thanesulphonate (EMS). The mutant plants were then propagated and selected for survival
under FL. A subsequent selection was made by Fv/Fm. The final candidates were back-
crossed withpgr5-1 and the causative mutationgm analysed by whole genome rese-

quencing.

3.4.1 EMS-Mutagenesis

Approximately 508600 mg of freshly harvested seeds (~ 20,00G&&ds) fronpgrs-1

were placed in a 50 ml tube containing 35 reOHand 30 mM EMS (SigmaAldrich, St.

Louis, USA). The EMS was firsgtolubilised by shaking the tube for 5 min. The seeds
were incubated in the EMS solution for 15 h with shaking. After 15 h, the seeds were
washed 30 times with 50 ml.B. The EMS solution was inactivated with 0.1 M NaOH.
Finally, the mutagenised seeds:jMere dried on Whatman filter paper overnight (O/N)
and sown in 40 batches of approximately 500skkeds each. Harvested seeds from each

batch (M) were later used for selection under the specific conditions.

3.4.2 Selection ofpgr5 suppressor underfluctuating light

For selection of theygr5 suppressor under FL, trays containing approximately 3,000
seeds of the Mgeneration were stratified. After stratification, the pfants were grown

for 4 weeks under FL conditions (122h 1igt
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stand 1 min at 59d). Mostoflthe mutamts died svithimthis time
frame. The surviving plants were selected and transferreditadoal pots which were
transferred to LD (16 h light at 100 pmol photorid sit and 8 h dark) growth conditions.

After two weeks of recovery under LD conditions, a second selection was made by meas-
uring Fv/Fm (see below). Plants with a high Fv/Fm valeee selected for backcrossing

with the M pgr5-1 line. The backcrossed lines;jfkvere propagated in batches of 8,000

seeds under FL conditions and selected again in the next generation (F

3.4.3 Whole genome extraction and sequencing

For each candidate sumgssor of interest, plant material from a pool ofl@0 F plants
selected under FL was ground to a fine powder using liquid nitrogen. The ground sample
was transferred to a beaker, kept cold on ice and mixed with 100 mL of cold extraction
buffer (0.4 M sarose, 10 mM TrigHCl (pH 7), 1% (v/v) betamercaptoethanol and 0.1

% (v/v) Triton X). The mixture was incubated for 10 min with stirring. After incubation,
the material was filtered through two layers of Mitath (Calbiochem) into a Falcon

tube andcentrifuged at 4 °C for 15 min at590g. The supernatant was discarded after
the centrifugation step and the pellet resuspended in 1 mL of extraction buffer. The dis-
solved sample was then transferred to a 1.5 mL Eppendorf tube and pelleted by a further
centrifugation step for 15 min at500g and 4 °C. Genomic DNA was extracted from the
enriched nuclear sample using a Qiagen DNA extraction kit (Qiagen DNeasy Plant Mini
Kit, Qiagen, Hilden, Germany) according to the manufacturer's instructions.

35 Phot ostyind hmeasur ement s

To study the photosynthetic activity of the different genotypes, in vivo measurements of
Chl fluorescence (using an Imagigm, DUAL-PAM and DUAL-KLAS-NIR, (Walz,
Effeltrich, Germany) and P700 absorption (using a DUBAM and DUAL-KLAS-NIR)

were performedA number of different protocols were used to monitor specific photo-
synthetic mechanisms: inductiwacovery curves (IRC), light curves (LC), fluctuating
light (FL) measurement and fast oxidation of P700 (P7000x) (see below). Photosynthetic
parameters wer calculated by the Spdecophotometer softwar€dKlughammer &
Schreiber, 2008; Schreiber & Klughammer, 2088) displayed as a graphused for
further analysis. Different PAMs were used depending on whether only the whole plant
and PSIl (Imaging’AM spectrophotometer Walz, Effeltrich, Germany) or individual
leaves and additionally PSI, PSII, Fd and PC (Dual/KiMI& spectrophotometer (Viia
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Effeltrich, Germany)) were examined. The absorption maxima of plastocyanin, ferre-
doxin and P700 were determined before the specific protocol was carried out with the
Dual/KLAS-NIR PAM.

3.5.1 Induction recovery curve (IRC)

To determine the photosynthetictivation/inactivation kinetics of PSI, PSII, Fd and PC,
IRC was performed. Plants were incubated in the dark for 30 min prior to measurement.
Fm and ko were determined by a saturation pulse (SP, 8,000 pmol photéss of 0.3

s) in the dark. Forty sater, actinic light was turned on for 360 s (induction period), fol-
lowed by 180 s of darkness (recovery). Yield measurements were made by applying sat-
uration pulses every 20 s for the duration of the curve. The intensity of the actinic light
was adjustedot mimic growth conditions or different irradiance intensities: control light
(110 umol photons rAs?), mild HL (280 pmol photons ras?), HL (580 umol photons

m? s?), strong HL (900 umol photons fst) or LL (50 pmol photons ms?Y).

3.5.2 IRC under diff erent CO2 concentrations

To measure the photosynthetic activity of PSII and PSI under different@fentra-
tions, measurements were performed with the Dual/KINAB PAM and the GFS000
gas exchange system (Walz, Effeltrich, Germany). The IRC measusmerg per-
formed as described above with an additional incubation of the leaf for 15 min under O

ppm, 400 ppm and 800 ppm €0

3.5.3 Fast oxidation of P700

The rapid oxidation of P700 was measured to provide information on CEF activity. For
the measurement, planwere incubated in the dark for 30 min. After the dark incubation,
the leaves were exposed to actinic light (600 pmol photofsnfor 5 s. The light was
then switched off for 2 s to allow complete reduction of P700, followed by 23 s of expo-
sure to fared (FR) light and recording of the oxidation state of P700. For analysis, the
data were normalised by setting the minimum to Othaeanaximum to 1. The normalised

data were used to determine the Higdf of P700 oxidation, expressedtasP7000x.

35



Materials and Methods

3.5.4 Light curve

In order to measure photosynthetic parameters at steady state with different illumination
intensities, a light curve was permed with the Dual/KLASNIR. The darkadapted leaf

was illuminated with actinic light. After 3 min a saturation pulse was applied and the light
intensity was increased stepwise from 0 pmol photoAs fio 830 pmol photons rhs

Levery 3 min.

36 Bl uei Wat( BN)

A 4 %-12 % native gradient gel wanadeas described ischagger et a[Schagger et

al., 1994) The gradiengel was loaded with the prepared samples and stained cathode
buffer (50 mM Tricine, 15 mM Bigris and 0.026 (w/v) Commassi&s; pH 7.0) and
anode buffer (50 mM Bigris; pH 7.0) were added. BNAGE was rurover nightat 30

mA per gel at #C. When theunning front of the sample reached the halfway point of
the gel, the stained cathodic buffer was replaced by unstained cathodic buffer (50 mM
Tricine and 15 mM BisTrisM; pH 7.0). Band separation was documented by scanning

after an additional 2 hours ofrming.

3.6.1 Thylakoid Extraction

The rosette of fivaveekold plants grown under 12 h of light (100 umol photonssh)

was harvested separately for each genotype. The samples were ground three times for 3
in a cold blender with thylakoid extraction buffer 1 (0.4 M sorbitol and 0.1 M Tricine pH
7.8). After the mixing step, the samples were filtered through two layers of Miracloth and
centrifuged at 4,000 g and 4 °C for 10 min. The supernatant was diseatidte pellet

was dissolved by gentle pipetting in extraction buffer 2 (20 mM HEPES pH 7.5 and 10
mM EDTA). The dissolved pellet was lysed on ice for 10 min and centrifuged at 10,000

g for 10 min at 4°C. Centrifugation enriched the thylakoid membranthapellet. The
supernatant was discarded and the pellet was resuspended in extraction buffer 2, followed

by Chl quantification.

3.6.2 Sample preparation for BN-PAGE

For samples to be loaded on the-Bige, a volume containing 250 pg Chl was washed
twice with wash buffer (25 mM B ris/HCI (pH 7.0) and 20 % glycerol). The pellet was
then resuspended in solubilisation buffer (25 mMBis/HCI pH 7.0, 20% glycerol and
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1 % n-dodecyibetaD-maltosid). The sample was then incubated on ice for 10 min, fol-
lowed bycentrifugation at 12,00@for 10 min at £C. Finally, the supernatant was trans-
ferred to a new reaction tube with 1/10 of the volume added as BN sample buffer (100
mM BisTris/HCI pH 7.0, 750 mM-&CA and 5% (w/v) Comassiei).

37 Protein Extmamonbbhoandnal ysi s
For immunoblotting analysis, proteins were extracted from whole leaves. Leaf material

from wellgrown Arabidopsis plants was weighed and disrupted using the TissueLyser Il
(Qiagen, Hilden, Germany). Sample buffer was added to the nhaesid :10 ratio and
incubated at 70 °C for 5 min, followed by centrifugation at 16,000 g for 10 min. The
supernatant was loaded onto 10 % TrieBi2S PAGE{Schagger, 2006Cathode buffer

(100 mM Tris, 100mM Tricine, 0.1 % (v/v) SDS and 1 mM EDTA; pH 8.9) and anode
buffer (200 mM Tris; pH 8.9) were used for the run. The gel was run until the running
front of the samples exited the gel. Separated proteins were transferred from the gel to a
polyvinylidene flworide (PVDF) membrane by seiy blotting with a threduffer sys-

tem (anode buffer I: 300 mM Tris; pH 10.4; anode buffer II: Tris 25 mM; pH 10.4; Ca-
thodic buffer: Tris 25 mM, aminoaproic acid 40 mM; pH 9.4). A PVDF membrane with

a pore size of 0.2 um waused for Western blotting of proteins smaller than 20 kDa,
while a pore size of 0.45 um was used for larger proteins. Transfer was performed using
a TransBlot Turbo system (BidRad, Hercules, USA). After blotting, the membranes
were dried and reactivatevith methanol to ensure protein binding to the membrane and
stained with Commassie Brilliant Blue. The staining of the membranes was used to visu-
alise proteins (Lhcs, Rubisco large subunit and Rubisco small subunit) by washing with
destaining solution (10 % acetic acid and 40 % methanol) for 15 min followed by des-
taining solution 1l (10 % acetic acid and 90 % methanol) for 5 min. Coomassie Brilliant
Blue staining of the larger Rubisco subunit was used as a loaded control. After scanning,
the blue staimg was completely removed by washing with methanol. Subsequently, non
specific signals on the membrane were minimised by blocking with 5 % milk iRTTBS

(20 mM Tris, 150 mM NaCl pH 7.5 and 0.25 % (v/v) Tween® 20) for 1 h at room tem-
perature, followed by @ incubation with primary antibodies. The primary antibodies
were used at a dilution in TBB(Tablel). The antibody was decanted and the membrane
was washed three times for 15 min with FB&nd shaking. At room temperature, the
membrane was incubatedgth the secondary antibody for one hour with shaking and then
washed three times with TBEB To visualse the signal on the membrane, ECL solution
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(Agrisera ECL kit Bright/SuperBright, Agrisera, Vannas, Sweden) was added and the
signal was detected using an ECL reader (Fusion FX, Vilber Lourmat, Ebeeigrd

Germany).

Tablel: Anti bodies used in the thesis.

antibody dilution | Dissolved in | Supplier

UCGL160 |1:5.000 |TBST Thilo Ruhle
U-CP47 1:2.000 |TBST Agrisera

U-Cyt b6 1:5.000 |TBST Agrisera

UCyt f 1:5.000 |TBST Agrisera

UFBPas 1:20.000 | TBST Agrisera

ULhcal 1:2.000 | TBST Agrisera

ULhcB2 1:5.000 | TBST Agrisera

UNDHB 1:1.000 | TBST Agrisera

UNTRC 1:2.000 | TBST Francisco Javier Cejudo
UPC 1:2.000 |TBST Agrisera

UPetC 1:5.000 |TBST Agrisera

UPGR5 1:2.500 | TBST Toshiharu Shikanai
UPGRL1 |1:10.000 | TBST Dario Leister
UPsaA 1:5.000 |TBST Agrisera

UPsaD 1:5.000 |TBST Agrisera

UPSBE/F |1:5.000 |TBST Agrisera

UPsbO 1:5.000 |TBST Agrisera
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38 DNAXxtraction

A leaf from a wellgrowrArabidopsis thalianglant was incubatedver night(for 12 h)

in 500 ul CTAB buffer (1% CTAB, 0.7 M NaCl, 500 mM Tris (pH 8.0) and 10 mM
EDTA; pH 8.0) at 65C. After incubation, the sample was incubated on ice for 10 min,
then 500 pl of chloroform was added and mixed by vigorous vortexing. The orgahic a
inorganic phases were separated by centrifugation for 10 min at 16,000 g@ndihe

upper phase was transferred to a new Eppendorf tube, 500 pl of isopropanol was added
and the mixture was centrifuged for 30 min at 16,000 g. The supernatant wagdemov
and the pellet was washed with 1 ml of%EtOH and dried. DNA was dissolved in-20

50 pl ddH20 and the concentration was measured using a NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, USA).

39 PCR

To amplify specific DNA sequences by PCR, 20 nucleotahg oligonucleotides were
designed to target the sequence of interest. The primer pairs were tested for specificity
using the Primer BLAST function of the webdiitiéps://www.ncbi.nlm.nilgov/tools/pri-

merblast/(27.01.2023)and Arabidopsis thalianavas selected as the target organism.
Primers with high specificity for the sequence of interest were selected and ordered from
Metabion (Planegg, Germany). PCR was performed using Verify Polymerase (PCR Bio-
systems Inc., Pennsylvania, USA) or Q5 Polyme(alsav England BioLabs, Ipswich,

USA) according to the manufacturer's instructions.

310 RNAxtraction

For RNA extraction, 60 mg of leaf material was harvested and frozen with liquid nitrogen.
The sample material was ground under freezing conditions at 30r Hzanin using the
Tissuelyzer (Qiagen Venlo, The Netherlands). After grinding, 1 ml of TRIzol (Thermo
Fisher Scientific, Waltham, USA) was added and mixed by inversion. After mixing, the
samples were centrifuged for 10 min at 4 °C and 12,000 g and thenaigpdés were
transferred to new Eppendorf tubes. The samples were then incubated at room tempera-
ture (RT) for 5 min, followed by the addition of 200 pl of chloroform and vigorous mix-

ing. The samples were incubated for a further 2 min at room temper&ilirarfd cen-
trifuged for 15 min at 4C and 12,000 g. After centrifugation, the upper phase was trans-

ferred to a new tube containing 500 pul of isopropanol and mixed by inversion. A further
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incubation step was performed at RT, followed by centrifugatiod@anin at 12,00Q

and 4°C. The pellet was washed with 1 ml of %bEtOH and centrifuged at 7,5QCfor

5 min at 4°C. The washing step was repeated a second time and the pellet was dried. The
RNA pellet was resuspended in ddHby incubation at 55 °C fdtO min. The concen-

tration of the isolated RNA was measured in a volume of 1 pl using a nanodrop.

311 DNase treat ment of RNA

From the total amount of extracted RNA, 10 pug of RNA was pelleted and dissolved in
DNase | reaction buffer mixed with 1 pl of DNase andubated at 37 °C for 10 min.
After incubation, EDTA (5 mM final concentration) was added and the sample was heated
to 75 °C for 10 min to stop the reaction. After inactivation, 3 M NaAcet was added in a
volume of 1/10 and twice the volume of the saniplEtOH. The RNA was then precip-
itated O/N at20 °C. The next day, the RNA was pelleted by centrifugation at 12,000 g
for 15 min at 4 °C, followed by washing with b EtOH. After washing, the RNA was
dissolved in ddBO and the concentration determined.

312 cDNASynt hesi s

To clone the genes of interest, cDNA was synthesised from extracted RNA. ThéYScript
cDNA Synthesis Kit (BieRad, Hercules, USA) was used according to the instructions.
500 ng of RNA was used as template. The cDNA was diluted to a corimenéa 2

ng/pl.

313 Gat eway <cl oning

For Gateway Invitrogen cloning, cDNA extracted from-Oalas used to generate a PCR
fragment of the gene of interest by PCR. Primers specific for the sequence of the gene of
interest and including the attb sequences westgded. A PCR was performed and the
fragment with the estimated size of the gene was purified from an agarose gel. The puri-
fied fragment was cloned into the donor vector (pDGRIR) by a BP reaction to gener-

ate an entry clone. The reaction was perforneep@ling to the manual (Gateway, Invi-
trogen, Waltham, USA) O/N and used to transform compé&tenbli cells. TheE. coli

cells were selected on an appropriate antibiotic and the surviving colonies were used to
inoculate a liquid LB culture. The culture svgrown O/N followed by plasmid extraction

via minprep (EasyPure Plasmid MiniPrep Kit; TransGentBah, Beijing, China). In the
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next step, the entry clone was combined with the destination vector (0 GWB5, pGWB14
and pBifc2in1-CC) in an LR reaction perfored according to the instructions in the man-
ual (Gateway, Invitrogen, Waltham, USA). An expression vector was generated from this
reaction and transformed inko coli, followed by selection for positive transformed col-
onies. A miniprep of a liquid cultureas performed from a positively selected colony.
The DNA obtained was transformed irdagrobacteriastrain GV3101, which was later

used for plant transformation by flower dipping.

3.14 CRI S-B&Rs

The different CAS lines of the genes of interest were generated by CRISPR/Cas in the
background of CaeD orpgr5-1. A vector with an oocytspecific promoter, the pHEE401

E (Wang et al.,, 2015)was ligated via a GoldenGate reaction with the guide RNAs
(gRNAs) designed using theeb tools CRISPORNttp://crispor.tefor.netd8.02.2023).

Inthe nextstepE.colicel | s (strain Dh5U) were transfo

cells were selected and used for miniprep. After checking for inaccuracies in the construct
by sequencing the gRNA DB3.agrobacteria (strain GV3101) were transformed with

the construct.

GoldenGate reaction program

pHEE401E 1 pl (100 ng/ul) 37 °C 2 min

gRNA 2 ul (0.2 uM) 16 °C 2min | 30x
Cutsmart buffer 1.5 pl 50 °C 50 min

ATP 1.5 pl (10 mM) 80 °C 80 min
Ligase 1u 16 °C b

Bsal 1l

H20 7 u
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315 E. toansformation by heat shock

For tr ansf orHneolicultares, competéhtLsllEwere thawed on ice from a
-80°C frozen stock. After 5 min of incubation on ice, the plasmids were added to the cells
and the mixtures were incubated for 30 min@m iThe cells were then heated t0°@2

for 90s, followed by a further incubation on ice for 5 min. After the cold shock on ice, 1
ml of LB medium (0.8% (w/v) yeast extract, 0% (w/v) NaCl and 246 (w/v) peptone;

pH 7.5) was added to the cells and tfarred to 37 °C with shaking for 1 hour. In the
final step ofE. colitransformation, the cells were plated on LB medium containing the

appropriate antibiotic for O/N cell selection at 37 °C.

316 Tr ansf or Mad tuimerf acfi ens

Competent cells oAgrobacteriumumefacienstrain GV3101 were thawed on ice for 5
min, followed by the addition of 500 ng of the plasmid to be transformed into the cells
and further incubation on ice for 5 min. After incubation, the cells were shock frozen in
liquid nitrogen for 2 min and heat shocked by heating the cells t€3adr 1 min. After

heat shock, the cells were incubated in LB medium for 4 hours°&.Z8nally, the cells

were plated on LB plates containing the appropriate antibiotic for cell selection and se-
lected at 28C for 3 days.

3.17 Bl FiCnt er acti ochoaabtsayat GBR of prot

To analyse an interaction between two proteins, their coding sequences were cloned into
the pBIFG2in1-CC vector(Grefen & Blatt, 2012) The resulting vectors were trans-
formed intoagrobacteriastrain GV3101. After transformation, one colony was picked

and used for infiltration oflicotiana benthamiankaves.

318 GFP ocali zation of proteins

To localise proteins in the plant cell, a construct of the protein of interest fused to GFP
was expressed Nicotiana benthamiankaves. This construct was made by cloning the

CDS of the gene of interest into the Gateway vector pGWBS5. This vector was then trans-
ferred into GV3101 cells. The positively selected transformed cells were then used to

infiltrate Nicotiana benthamian#eaves.
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3.19 Nicotiana benthamiand e a f infiltration

Two-weekold Nicotiana benthamianglants grown under greenhouse conditions (22 °C,
60% humidity, 16 h light at 100 umol photons?s and 8 h dark) were selected for leaf
infiltration with transformedAgrobacterium tumefacierGV3101. The Agrobacterium
strains were grown O/N in LB medium plus the appropriate antibiotic for the selection at
28 °C with shaking. After 24 h of growth, @B was measured and cells were harvested
by spinning the cultures at 2,000 g for 20 min. The cells were resuspended in 5 ml infil-
tration medium (85 mM NafPQu, 15 mM NaHPQ: and 25 mM MgCI) at an Odgo
density of 0.3 and incubated for 2 h at 28 °C with stgkAfter incubation, the cells
were filled into a 1 ml syringe and carefully introduced into the abaxis of the leaves by
applying constant light pressure on the syringe. After infiltration, the leaves were care-
fully dried with a paper towel and transfairto the dark for 12 hours. After the dark
phaseNicotiana benthamianplants were grown for three days, followed by protoplast
extraction or detection of fluorescence signal in leaf discs.

320 Protopl ast extraction

For protoplast extraction, infiltrateicotiana benthamian&éaves were cut into small
strips (~1 mm) and incubated in an enzyme solution (%QWlacerozyme R10, 0.%
Driselase and 0.2 Cellulase "Onzuka" dissolved in 10 mM MES pH 5.6 and 10 mM
MgCL>) and protoplast medium (4.3 g/L MS, 0.4 ¢MES pH 5.6, 20 g/L sucrose and

80 g/L mannitol). Leaves are incubated in the enzyme solution for 2 hours in the dark
with constant shaking. After incubation in the dark, the protoplast solution was used for

detection and localisation of the protein wierest fused to GFP by microscopy.

321 Pi gment Measurements

Approximately 100 mg of fresh leaf material was frozen in liquid nitrogen and ground.
The measurement of Chl content was normalised to fresh weight (FW). The ground ma-
terial was then incubated in 2 80 % [v/v] acetone at 4 °C O/N in the dark with shaking,

and the sample was centrifuged to separate the extracted Chl in the supernatant from the
plant debris. The extract was measured according to the method described by Lichten-
thaler and WellburiiLichtenthaler & Wellburn, 1983 or the measurement of anthocy-
anins, 300 pl of 1 % [v/v] HCI in methanol was added to the ground material and the

anthocyanins of the leaves were extracted overnight by shaking at 4 °C without light.
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Approximately 500 pl of chloroform and 200 pl of dikd water were added to the sam-

ple and mixed vigorously. Phase separation was achieved by centrifugation at maximum
speed for 5 min. Then 400 pl of the upper phase was transferred to a new tube and made
up to a final volume of 800 ul by adding 400 pul eidified methanol (60 % methanol, 1

% HCI, 40 % water) to each tube. To calculate the anthocyanin content, the absorptions
at 530 nm and 657 nm were measured using a spectrophotometeisfgitr@100 pro;

Biochrom, Holliston, MA, USA). The measured valuesre entered into the formula

OLOTT® ¥ OQPUL X —

Neff and Chory 1998TV=total volume of extract (800ulFW= fresh weight.

322 Data analysis and visualizati on

Data analysis of PAM measurements, pigment levels or other measurements were ana-
lysed using the Microsoft Office Excel program. The significance of the values was cal-
culated using the web toghttps://astatsa.com/OneWay Anova_with TukeyHEI2/

02-2023)) using post hoc Tukey HSD. Charts and graphs were created uselgferal

figures were created using CorelDraw and later exported as JPG or PNG.

323 Bi oinformatic tool s

The sequences of genewgroteins were acquired from online resources: the Arabidop-
sis Information Resource (TAIR), which is a database dedicated to Arabidopsis research

(http://www.arabidopsis.ojgthe Universal Protein Resource {phot; http://www.uni-

prot.org), and the plant membrane protein database (Aramerhttprifaramemnon.ufi

koeln.de).

For the sequence alignment and the gati@n of phylogenetic tes, the program QI-
AGEN CLC Main Workbench was used.

To find thelocalizationof the T-DNA insertionsand primesfor genotypingthe webpage
T-DNA Express from the SALK institute was usédk://signal.salk.edu/cdiin/tdnaex-

ress.

The tool that was used to predict the structure of a protein and the interaction between
proteins is the web tool Alphafolddtfps://colab.research.google.com/github/sokryp-
ton/ColabFold/blob/main/AlphaFold2.ipyhb
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Calculation of significance was performed with the web tool-®ag ANOVA with
posthocTukey HSD fttps://astatsa.com/OneWay Anova_with_TukeyHSD/

For the generation of the expression map in the different tissues of Arabjdopsieb-

site BAR ePlant was useHt{ps://bar.utoronto.ca/eplahnt/

324 Accieemsu mber of genes and proteins
Gene ATG-number Accession
ACHT2 AT4G29670 Q8LCT3
CGL160 AT2G31040 082279
CFBP1 AT3G54050 P25851
LAP66 AT5G48910 Q9FI80
NTRC AT2G41680 022229
PAM68 AT4G19100 049668
PGR1 AT4G03280 Q9ZR03
PGR5 AT2G05620 Q9SL05
PGRL1A AT4G22890 Q8H112
PGRL1B AT4G11960 Q8GYC7
PGRL2 AT5G59400 F4KJ54
PSAD1 AT4G02770 Q9S7H1
S261 AT2G27290 AOAGS4EY72
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Table2: Vector-list

Resistance resistancén

Name in bacteria plants

tag usage

used for entry vector in

pDONR207 Genamycin non non Gateway cloning

used for entry vector in
pDONR221 Gentmycin non non Gateway cloning
(specific pBIFG2in1-CC)

used for overexpression o

protein of interest tagged
with

GFP (localization)

pGWB5 Kanamycin Hygromycin  GFP

used foroverexpression of

pGWB14  Kanamycin Hygromycin ~ HA protein of interest tagged
with HA-tag

used for overexpression

pGW7GH2 Spectomycin Hygromycin non

without tag
used for overexpression
. . GFR without tag and selection
pAlligator3 Spectomycin seedcoat non through

fast selection cassette

used to investigate interac

PBIFC- Spectomycin non split tion
2inl-CC YFP of two proteins at their C
terminus
Table3: Primer-list
Primername Sequenc® 3 6 Usage Genetarget
Genotyping
PAM68 LP TGATTCCACTTTAATGGCGTC

Genotyping| PAM68
PAM68 RP CTCAAGCATGCCTCTTCTGAG

PGRL1A LB CCAAAGAAGGAGGTGTTTTCC
Genotyping| PGRL1A
PGRL1A RB CAAGAGTTTCTCCAAGCGTTG

PGRL1B LB GTTTGGGAACACAGTGGCTT Genotyping| PGRL1B
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PGRL1B RB
PsaD1LB
PsaD1RB
NTRC Fw
NTRC Rv
PGR5 Fw

PGR5 Rv

LPAG6 RP

LPAGG LP

mTERF5_59 _LP

mTERF5_59 RF

CGL160LB

CGL160RB
PGR5CAS_fw
PGR5CAS rev
S261Casg-fwd
S261Casg-rv

ACHT2-Casg-
fwd

ACHT?2-Casg-rv
Hcefl LP
Hcefl RP

GBKT

LBb1.3

ATCAAGGAGGTCCACAAGTCT
ATGGCAACTCAAGCCGCCGG
TATGGTTTTGGATCGGAGACT
TCACCAACATGTGGCCC
TTCTTCATCTTCACACCCGA
AGGTGATCACTGAGTTTTGC
TTCTTTTTAAGACCTAAGCA

GATGA-
TATCGGGTTATTCGCTGAACGG

GTGAAAACGTTTCCGGTCTCG-
TACC

TCCATTGAACTCCAAGAGTGG
AACCGATAACCTGAAACCGAC

AAGTTAAGATTCCATTTTCG
CATC

TCCCTAAACATCACATCCTG C
TGCCTACTAGGTTGCGTGTG
CTGCTTCGATTTCTGCAATAG
ATTACTCTGGAACCTCTA

ACATCAACACCGGAAGTCACA

ATCTGCGTTCCGTGTTAAAA

TCAATAGCATCACCGTCTCT

GATATCTCAGCTCTTGGGTC

GATGTATCTCAGTCGGTTGG
ATATTGACCATCATACTCATTGC

ATTTTGCCGATTTCGGAAC
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Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

PsaD1

NTRC

PGR5
(Pgrs-1)

LPAGG6

MTERF5

CGL160

PGR5
(pgr5-cas)

S261Cas

ACHT2Cas

CFBP

GK-lines

SALK-lines



Materials and Methods

GCATCTGAATTTCATAAC- ) )
SAIL-LB Genotyping| SAIL-lines
CAATCTCGATACAC
CRISPRCas
S261 Cas fwd| ATTGTCCTCCGCCTTCTCACGGA
AAACTCCGTGAGAAGGCG- gRNA S26%Cas
S261_Cas_rv
GAGGA
CAS_ACT2 gR
ATTGACACGAACCACTTGGCTCT
NA s ACHT2-
gRNA
CAS_ACHT2 g | AAACAGAGCCAAGTGGTTCGTGT Cas
RNA _as C
Cloning
AAAAA-
attB1-S26%
ATG.f GCAGGCTTCATGGCGATGATGCT
-for i79-
TCTG Localiza S261
tion-GFP
attB2S26%tnon- AGAAAGCTGGGTCCTT-
stoprev GTCATCATCCTTCTC
GGGGACAAGTTTGTACAAAAAA-
BIFC-S261tFw | GCAGGCTTAATGGCGATGATGCT
TCTGCAAA
BIFC S261
GGGGACAACTTTGTATA-
BIFC-S261Rv GAAAAGTTGGGTGCTT-
GTCATCATCCTTCTCCTTGTC
GGGGACAAGTTTGTACAAAAAA-
BIFC-prpstFw GCAGGCTTAATGGCGTCTTT-
GGCTCAGCA
BIFC PRPS1
GGGGACAACTTTGTATA-
BIFC-prpstRv GAAAAGTTGGGTGAA-
TATCAACTGCAGAAGGAA
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PGR5attB3-fw

PGR5attB2-rev

GGGGACAACTTTGTATAA-
TAAAGTT-
GGAATGATGGCTGCTGCTTCGAT
TTCT

GGGGACCACTTTGTACAAGAAA-
GCTGGGTGAGCAAGGAAACCAA-
GCCTCTCT
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4. Resul ts

41 pg#lphenotype under control and f

The PGR&deficient linepgr5-1 (Munekage et al., 2002yas used to achieve the aims of
this work. Thepgr5-1 mutant was generated in an EMSessr(Shikanai et al., 1999)
The mutation in thePGR5gene (AT2G05620) resulted in an amino acid exchange at
position 130 (G130S) and destabilisation of the PGR5 pr{ithimekage et al., 2002)

It has been shown that in the absence of PGR5, the antimysangitive pathway of
CEF is severely compromis€¢Munekage et al., 2002; Ruhle et al., 2Q02&pulting in
retarded growth oeven plant death under FL and HL conditi¢Barbato et al., 2020;
Munekage et al., 2002; Suorsa et al., 2012; Tikkanen.,e2@10) Under LD growth
conditions (100 umol photons fist), thepgrs-1 mutant showed no differences in growth
compared to the WT control (G6). The duration of illumination, such akort dayor
12 h light / 12 h dark conditions, also had little effectpgn5-1 (Figure4A). However,
when plants were grown under fluctuating light (FL), plge5-1 mutant showed a lethal
phenotype at the seedling developmental stegpi(e4A) (Suorsa et al., 2012)Ynder
these conditions, plants are exposed to cycles of low light interrupted by high light peaks
repeated during the day; in our case, cycles of 5 ni gmol photons st and 1 min
at 500 umol photons ¥ for 12 h, followed by 12 h of darkne§Ekkanen et al., 2010)

Further examination of the amount of PGR5 protein detectable pytbel line showed
that the accumulation 6fGR5 was severely impaired, and in some cases only a minimal

amount of the mutant PGR&oscould be detectedr{gure4B).

In addition, the CEHelated parameters, maximum transient NPQ (tNPQmax), measured
as the NPQ maximum in daddapted leaves upon illuminatiMunekage et al., 2002)

and the parameter assessing the time required to oxidise half of the total P700
(tu2P7000x), were determined in thgr5-1 mutant. Efficient tNPQmax requires an active
PGR5mediated CEF, which leads to a rapid acidification of the lumen after a dark to
light transition(Munekage et al., 2002lPlants lacking PGR5 cannot induce +pioto-
chemical quenching at the level of the WT after a dark/light transitaguie 4C)
(Munekage et al., 2002 his defect in NPQ induction is explained by auest for-
mation of the proton gradient across the thylakoid membrane, which is one of the major
functions attributed to PGRB/unekage et al., 2002Furthermore, the measurement of

t12P7000x indicates the hdlife oxidation rate for fully reduced P700 using-fad light
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(FR), which preferentially oxidises PSI. The Hi# is prolonged by a more active CEF
because electrons are preferentially transferred to the PQ pool instead of the FNR, where
they would leave the reduction cycle of P{Qkegawa et al., 2008Thus, P700 is oxi-

dised faster in thpgr5-1 mutant than in the WT, indicatiraglower active CEFHigure

4C) (Nandha et al., 2007)

A Col-5 pgr5-1 B Col-5
100% 50% 25%  pgr5-1
= -
36 10 3
C &6 2
M t;; P7000x
[ tNPQy.x
1.6
g 1.2 =
e * % °
5 £
& [+3]
o 10.8 x
5
*% 10.4
0 0

Col-5 pgr5-1

Figure4: pgr5-1 shows a lethal phenotype under FL and impaired CEFelated parameters.A, Growth
phenotype of 3veekold Col5 andpgr5-1 plants grown under londay conditions (100 pmol photons m

2 s1) for 16 h light (LD) or 12 Hight / 12 h dark and the same genotypes grown for 3 weeks under fluctu-
ating light (12 h light, cycles of low light (50 pmol photong’ ) for 5 min and high light (500 pmol
photons 1t s3). The scale bar corresponds to 2 8nlmmunodetection of PGR&rotein extraction from

whole leaves of Ceb andpgr5-1 plants grown under LD conditions for 3 weeks. A%OQTris/Tricine gel

was loaded with 3 ng of sample. The numbers below indicate the intensity of the detected band relative to
the Col5 100% band.Coomassie Brilliant Blue (C.B.B.) represents protein loading. One representative
blot out of three is showiZ, Mean time required to oxidise %0 of P700 {.P7000x) (grey). Plants grown

under the LD conditions shown iA) were dark adapted for 30 mialtowed by illumination with actinic

| ight (660 -2shdor5 spthen theolight wasnswitched off for 2 s. After the dark period, the
plants were exposed to feed light (FR) and the P700 oxidation state was observed by measuring the
absorbape at 875 nm minus the absorbance at 830 nm. Mean of maximum transigritatechemical
quenching (tNPQmax) after a dark to light transition (white). Plants were dark adapted followed by 6 min
of actinic light (100 umol photons#s?) to induce photosythesis. After illumination, plants were allowed

to recover in the dark for 3 min. During the induction and recovery periodgphminchemical quenching
values were obtained by applying saturation pulses every 20 s. Eight replicates were measured for each
genotype. Error bars indicate + SD. Statistical differences were determined by Tukey's test (**=p < 0.01).
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4.2 pg+#lSuppressor screen

The lethal phenotype of plants deficient in PGRé&diated CEF under fluctuating light
wasthe starting point to identifgdditional factors such as proteins or pathways involved

in light acclimation under these conditions, which resemble natural light flux.

A suppressor screen for the lethal phenotypegos-1 under FL was performed by mu-
tagenizing thepgrs-1 line (Mo) with EMS and selecting survivors in subsequent genera-
tions (Figure5). EMS generates random mutations leading to three possible outcomes: a
silent mutation, a nonsense mutation or a missense mutation. For the screen, approxi-
mately 20,000 M seeds were mutated according to the protocol desc(Meagle &
Mgller, 2007) The pgr5-1 mutant seeds, now called:Meeds, were propatgd under
standard LD growing conditions in batches of 500 plants, resulting imd@fe¢hes. The

next generation of plants @iwas selected under fluctuating light (low light 50 pmol
photons i st for 5 min followed by high light 500 umol photons?ws? for 1 minute)

in a sample size of 3,000 plants per trafger screening 273.00 pplants, the screening
process reached saturation as only gevererediscoveregthat werealready known to

be responsible for suppressiorhese M seeds were screened from the different M
batches (about 16 Mper 1 My). The surviving plantgr5-1 suppressor candidates) were
selected and further grown under standard light (100 pmol photdis3)riThe suppres-

sor candidates were genotyped for plge5-1 mutation and, after confirmation, a small
number of contaminants (WT allele for PGR5) were detected and removed. However, not
all suppressors produce seeds, which reduced the number of selecattMates from

496 to 332 M lines Figure6A). Since a PSII mutant in thegr5-1 background has al-
ready been described to be able to suppress the lethapty®fl under FL(Suorsa et

al., 2016)aFv/Fm screeningvasset up In an additional step, the Fv/Fm of the surviving
candidates was measured to distinguish between suppressoRShlitmutation (low
Fv/IFm) and othersHijgure6B). This was necessary because the activity of PSIl can be
affected in many ways, for example by assembly factors, stability proteins, or more di-
rectly by the abundance or activity of the switgithemselves. A quarter of the selected
suppressors showed a Wike Fv/Fm higher than 0.78, while Fv/Fm < 0.4, indicating
severe PSIl impairment, was observed in 14 selected supprdsgome 6B). Suppres-

sors with higher Fv/Fm (from 0.7) weselected anfdackcrossed to thegr5-1 line and

the resulting crosses were propagatedl ([Hgureb).
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Figure5: pgr5-1 suppressor screenpgr5-1 (Mo) seeds were mutated by EMS {)Mind propagated under
standard conditions of I6light (100 umol photons rhs?) in batches of 50@lants to produce Mgener-

ation seeds. Mlines were selected in samples of 3,000 plants undarfil@tuating light (low lightof 50

pumol photons n# s* for 5 min followed by high lightf 500 pmol photons ms? for 1 minute). Lines that
survived this condition were transferred to individual pots and grown under LD conditipssells were
produced from each line and stored. An additional selection step was performed by measuring the Fv/Fm
of the suppressor lige Lines with high Fv/Fm were backcrossed with thenbther line pgr5-1). The
generation resulting from this cross was designatexh& propagated under standard conditions to obtain

the K generation. The Fgeneration was selected under FL condititnsbtain plants of a line carrying

the causative mutation suppressing the lethal phenotype. The plants were then grown under standard con-
ditions for 3 weeks and used for DNA extraction and whole genome sequencing. Plants selected in the F
generation werpropagated to produce Beed
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Figure6: Analysis of Mz selection A, In the M, generation, 49@gr5-1 suppressors were selected under

FL. These suppressors were genotyped to exclude possibleypédontamination. Suppressors with the
pgr5-1 genotype were used to generateddneration lineB, Suppressors of the lethal phenotyppgib-

1 under FL wee further characterised by measuring Chl fluorescence and determining the maximum quan-
tum efficiency of PSIlI (Fv/Fm) after 30 min of dark incubation. Plants were grouped according to their
Fv/Fm values.

4.2.1 Identification of causative mutations in the selecteggr5-1 suppressors

From approximately 273,000 individualoNdlants at the start of the screen, 34 lines in
the F generation were selected under FL andhair WT-like Fv/Fm for resequencing

and further investigation of the causative mutation. Only meegder batch was selected

to avoid repeated resequencing of identical allelepldnts were grown under FL and
surviving candidates were used for genomic DNA extraction in pools of 100 plants. The
resequencing of these samples was performed by NovdGamebridge, UK) and the

data set analysed by Dr Tatjana Kleine. The single nucleotide polymorphisms (SNPs)

with annotated mutations and genes were provided for further analysis.

Based on the enrichment of SNPs with an allele frequency of 1, putativéivansata-

tions were selected for eaphr5-1 suppressor. In addition, the localisation of the protein
was consideredwith plastidlocalised proteins being favoured in the analysis. Chloro-
plastlocalised proteins are more likely to affect photosynthesis and related proteins. A
strong indicator of the causative mutation was the effect a point mutation would have on
the potein, ideally those mutations that produced a premature stop codon. Splicing de-
fects were also considered as a criterion for possible mutations that would suppress the
lethal phenotype gigr5-1 under FL.In a final step, the described function of thegible
candidates of the causative mutation was compared with already established methods to
suppress th@gr5-1 phenotype, such as dowegulation of LEF(Suorsa et al., 2016)
introduction of a more sensitive photosynthetic confr@mamoto & Shikanai, 2019)

or providing PSI with an additional electron acceptor as(Mdnekage et al2002)
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As with the first suppressor founpgr5-S1), many causative mutations were assigned to
genes encoding proteins involved in PSII assembly or stability. This was surprising be-
cause our previous selection was basea bigh Fv/Fm, meaning thahé criterion of

high Fv/Fm was not sufficient to discriminate R&llated suppressors from the rese-
guencing; moreover, the sheer number of possibilities for suppressimgy fEhenotype

by PSII defects seemed too large to be completetyudedout fromthe pool of rese-
guencing lines. In addition, the suppressor screen yielded many interesting mutations not
previously described to suppress the lethal phenotypgréfl: for example, a protein
involved in ion transport (PAALphikanai et al., 2003mutations leading to altered state
transitions (LHCB4.1 and PsHRe protein 1)(Che et al., 2020; de Bianchi et al., 2011)

and two suppressors carrying the causative mutations in proteins of unknown function
(AT2G04360 and AT2G27290T éble4 andFigure?).
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Table4: Causative mutations of the resequerted pgr5-1 suppressor lines.

Suppres-

<or Gene Name Localized nt AA Fv/IFm
Transport

pgrs-S61 G/A GIR 0.77

pgr5-S232  AT4G33520 PAA1 Plastid G/A G/R 0.79

pgr5-S367 G/A Cly 0.80

Calvin-BensonBasshamCycle
por5-S111  AT3G54050 FBPase Plastid CIT S/L 0.79
pgr5-S336  AT4G29670 ACHT2 Plastid GI/A R/* 0.80
PSlli-related

pgr5-S1 CIT W/* 0.62
AT5G48910 LPAG6 Plastid

pgrs-S37 G/A AV 0.63

pgr5S30 G/A GIE 0.44
AT4G14605 MTERF5 Plastid

pars5S277 G/A  splicing 0.77

pgr5S44 G/A G/D 0.62
AT1G06680 PsbP Plastid

pgr5-S341 G/A clY 0.71

pgr5-S251 AT3G01480 CYP38 Plastid G/A  splicing 0.80

pgr5-S290 AT1G02910 LPA1 Plastid C/T  splicing 0.50

pgr5-S355 AT1G71500 PSB33 Plastid G/A G/E 0.79

pgr5-S400 AT1G73530 ORRM6 Plastid cIT splicing  0.66

State Transition

pgr5-S81  AT5G01530 LHCB4.1 Plastid CIT AV 0.74

pgr5-S120 G/A Qr* 0.79

pgr5-S271 CIT Wi/ 0.79

par5-S327  AT3G55330 PsbRlike protein 1 Plastid G/A Qr* 0.81

pgr5-S386 G/A P/S 0.81

pgr5-S393 G/A Qr* 0.80

Cyt bef complex
pgr5-S89  AT5G54290 CcdA Plastid G/A M/ 0.73
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Unknown
pgrs-S42 G/A Q/* 0.69
pgr5-S141  AT2G04360 unknown Plastid cIT W/* 0.79
pgr5-S410 G/A R/* 0.83
pors-S261  AT2G27290 unknown Plastid CIT G/D 0.78

Suppressors marked in bold after confirming causative mutation

Calvin-Benson-
Bassham-cycle

Figure7: Schematical representation of thylakoid complexes and mechanisninfluenced by SNPs.
Complexes or mechanisms affected by a SNP were colour coded according to the number of hits for that
particular target. The lowest number of hits was 0 (white) and the highest number of SNPs found to affect
was 10 (cyan). Unknown proteins weneicatedasquestion mark (?).

43 Defect assembly of PSII spgpbesse
lunder FL, a proof of concept

In the resequencing data of both linpgr5-S1andpgr5-S37 a mutation was found in

the LPA66 gene, but at different positioigble 4). In line pgr5-S1, a mutation was
detected at position 1938 of the gene, just before the endogenous stop codon, resulting in
a premature stop codon. The lipgr5-S37carried the mutation in LPA66 at position
1048, resulting in an amino acid exchanigggre8A and B).

The fact that two independent alleles were found in the screen made LPAG6 a very likely
candidate for the causative mutation suppressing the lethal ghenéss additional evi-
dence, and to generate a line with a minimum of background mutaidfi3NA inser-

tion lineof LPAG6 (Figure8A, Cai et al. 2009 wascrossedvith pgr5-1 ard all resulting
lineswere testedor survival under FL. The suppressor lipgg5-S1andpgrs-S37were

able to suppress the lethal phenotype@fs-1 under FL, but showed retarded growth
compared to the wildype line (Col5). Furthermore, under contiaiht conditions (CL),
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pgr5-Slandpgr5-S37were smaller thapgr5-1 and WT plantsKigure8C). The single
T-DNA line (Ipa66) showed retarded growdspgr5-Slandpgr5-S37under control light
compared to the WT background line (€9l Surprisingly, the double mutant pgr5-1
andlpa66 showed slightly enhanced growth comparedpt66. Under FL, both lines
lpa66 and pgr5-1 Ipa66 resembled the suppressor lingg5-S1andpgr5-S37in their
growth and developmenfEigure8C).

G N
A »\\6\ \(X\
o) N
(9,‘9 6’%
\ {
¢ ®
5' 3!
I )
250bp
Ipa66é

Figure8: Mutating the geneLAP66 suppresses the lethal phenotype @igr5-1 under FL. A, Schematic
representation of thePA66gene (A'5G48910). The exonic sequence is marked in degly and the UTR
regions as light grey boxes. The orientation of the gene is indicated by the marking of the 5' and 3' ends.
The size of the gene is indicated by a scale baeleting to 25M®p. The positions of the mutations induced

by EMS treatment aredicated by an arrow and the name of the line represepged $1andpgr5-S37).

The nucleotide exchange found is givepamanthesed he T-DNA insertion site is marked with a triangle
and labelledpa66. B, Schematic representation of the Lpa66 prote scale. The Nand Gtermini of the
protein are labelled and thd@R is indicated by a green box. The mature protein is shown as a blue box.
The scale bar represents 300 amino addsitionof the mutated amino acids of the suppressor lines are
labdled accordingly and in brackets the detected mutation (*= stop co@p@rowth phenotype of Cel

5, pgr5-1, suppressor lineggrs-S1, pgr5-S37and double mutantgrs-1 Ipa6§ single FDNA insertion

line Ipa66 and Col0 plants grown for 5 weeks under canttlight conditions (CL, 12 h light 200 pumol
photons it s1 and 12 h dark) or fluctuating light (FL, 12 h light, cycles of low light (50 umol photons m
2sY for 5 min and high light (500 umol photons?ral). Scale bar correlates to 2 cm.

Whether the defect in the accumulation of PSBE/F and the maximum efficiency of PSII

(Fv/IFm), as occurs in the single lilga66, was present in the newly generated double
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mutant linepgr5-1 Ipa66 were of interesfCai et al., 2009)ThereforeFv/Fm was meas-
ured in thdpa66line and the double mutant line generated fpgrb-1 andlpa66. Inter-
estingly, both linegpa66 andpgr5-1 Ipa66showed a lower Fv/Fm value, 0.45 and 0.42
respectively, than the EMS linmr5-S1, 0.63. In all cases, these values were lower than
for Col-5 andpgr5-1, 0.80 and 0.79, respectivelyigure9A). However, the accumulation

of PSBE/F was lower ipgr5-S1than inpgr5-1 Ipa66and the single mutatpa66. Fur-
thermore, with respect to PGR5 and PGRL1 protein levels, a lower accumulation of
PGRL1 was detected in tipgr5-1 andpgr5-1 Ipa66linesas inthe Cot5 line andpa66.
Interestingly, the level of PGRL1 was rescued in the EMS suppresspglisé&lcom-
pared to thegr5-1 line. It was observed that in the mutant linpgr&-1, pgr5-1 Ipa6s,
andpgr5-SJ), the detectable amount of PGR5 w&% ®f the wild-type control (Cob).

A notable observation was a higher level of PGR5 detectable ipaééline compared

to the wildtype control (Cob) (Figure9B).
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Col-5 pgr5-1  pgr5-1ipa66  Ipa66 pgr5-51
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Figure9: Mutating LPAG6 affects the stability and the maximum quantum yield of the PSIIA, Gen-

otypes were grown under control conditions (12 h light, L@@l photons n? s) for 5 weeks. WT (Cel

5) and mutantfdgr5-1, pgr5-1 Ipa66 Ipa66 andpgr5-S1) plants were dark adapted. After dark adaptation,

a saturation pulse was applied and the maximum quantum yield (Fv/Fm) was calculated from Chl fluores-
cence. Ive replicates were measured and the + standard deviation was caldsjdtechunodetection of
PGRL1, PSBE/F and PGR5 from whole leaves-afegkold plants grown under CL conditions (12 h light
100 e mol “?mhaod 1@ h darkinCeb, pgr5-1, pgr5-1 Ipa6§ Ipa66 and pgr5-S1were used as
wild-type controls. For PGRL1 and PSBE/F detection, 1 ug of extracted proteins were loaded, while for
PGRS5, 3 ug of samples were loadedl@? Tris-Ticine gel and separated according to size. The proteins
were trasferred to a PVDF membrane by seainy blotting. The membrane was blocked witBemilk

for one hour and decorated with the specific antibodies against the detected proteins. C.B.B. staining was
performed as a loading control. Numbers below the detectetirbpresent quantification of band intensity
normalised to the 10% wild-type control.

In summarypy generating an additional allele, it was demonstrated that the mutation in
LPAG6 can suppress the lethal phenotypepgf5-1 under FL Furthermore, a reduced
accumulation of PSBE/F and a lower maximum PSII activity were observed in the found
suppressopgrs-S1, the TF|DNA line Ipa66and the generated double mutagt5-1 lap66
Interestingly, the accumulation of PGRL1 was restorgufjis-S1 Furthermoreprotein

levels of PSBE/F were more reduced in the EMS mutant lpgg%S1) than in the gen-
erated second allelpdr5-1 Ipa66 or the single mutant linpa66, suggesting a different

effect of the present mutation and possible affeatedtfonal regions.
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4.3.1 Ipa66suppresses the photosynthetic phenotype pgr5-1 under FL

Photosynthetic measurements were performed to study in more detail how a mutation in
LPAG6suppresses the lethal phenotyp@of5-1 under FL Using a DualPAM fluorim-

eter,a program that mimics the fluctuating light conditions was applied to analyze the
different photosynthetic parametefihe newly generated suppressor lpgg5-1 Ipa66

and its background linggr5-1 andlpa66were measured together with WT plants ¢(Col

5) as a controlThe effect of the mutations on the photosynthetic activity under FL was
analyzed for the different lines.

PSII activity (Y(Il)) wasmeasured aguantum yield by measuring the Chl fluorescence.
Y(Il) was only slightly affected in thegr5-1 line compared to Ceb. Interestingly, over

the time frame of the measurement, Y(l)pgr5-1 decreased after each HL period (1
min), but recovered in the dark phase at the end of the protocol, indicating that photoin-
hibition had ceased at least afterstimumber of LL/HL cycles. In contrast, both lines
lacking LPAG66 (pa66 andpgr5-1 Ipa6g showed a strongly inhibited Y(ll) parameter,
especially under LLRigure10A).

Furthermore, it was observed that NPQ was not induced in the HL peak of the FL PAM
measurements for thegrs-1 line, in contrasto the wildtype line(Col-5), as previously
describedSuorsa et al., 2012However, during low light, NPQ was not fully recovered

in the pgr5-1 mutant and remained higher than in WT plants. Interestimgh$6 and
pgr5-1 Ipa66 mutants showed a stronger induced NPQ thanSCdliring the first HL
peaks after the transition from dark incubation to light. However, after this initial phase
of darklight acclimation, the NPQ of these plants dropped below the WT level in the HL
phases ahrequired a longer time frame to relax in the LL phase. In addition, the double
mutant pgr5-1 Ipa6g maintained a more stable NPQ level over all HL peaks used in the

measurementgure10B).
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Figure 10: Photosystem Il parameters oflpa66-mutatn lines under FL. The different genotypes were

grown for 5 weeks under control conditions (12 h light, 100 umol photohsmWT (Col-5) and mutant

(por5-1, Ipa66 andpgrs-1 Ipa6g plants were darldapted (black bar) followed by illumination with ac-

tinic light (50 umol photons rs?, dark grey bar) for 5 min. After the low light illumination, the plants

were exposed to high lighior 1 min (500 pumol photons s?, white bar). The low light and high light
phases were repeated four times alternately, followed by a recovery period of 5 min in darkness (black bar).
During the induction and recovery periods, photosynthetic parameters were measured by applying satura-
tion pulses every 20 s during the low light and recovery periods and every 15 s during the high light period.
Three replicates were measured for each genofy/pBhotosystem two quantum yield (Y(Il)) was meas-

ured from Chl fluorescence in the plants descriBdAnalysis of the values of NPQ calculated from the
values measured i\]. + SDare shown as error bars.

By measuring PSI activity, it is possible to estimate the limitation of electrons from the
donor side of PS(Klughammer & Schreiber, 2008This allows the estimation of the
values for PSI activity (Y(1)), the limitation of PSI due to a deficit of electron dono
(electrons from PC) (Y(ND)) and the limitation of PSI activity due to a deficit of electron
acceptors (Y(NA)). Regarding the parameter representingpd(ii®-1 showed almost no
activity under HL, but recovered to the level of the WT in the LL phasémugh a
decrease was also observed after several peaks of HL. The decrease inpy(5 bf

correlated with an increase in Y(NA), while Y(ND) did not change with respect to the
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WT. The high limitation of PSI electron acceptors during HL, due to anexigetion of
the stroma, is characteristic for mutants lacking PGRS5, as desbef@@ bySuorsa et
al. (Suorsa et al., 2012; Suorsa et2016) Furthermore, thppa66mutant and the double
mutantpgr5-1 Ipa66did not reach the PSI activity of the WT jpgr5-1 during the LL
phase, with the Y(I) being almost half tlehthe WT. However, during the HL peaks, the
Y(I) of plants lackingpa66was almost at the WT level and higher than thaigrb-1,
even in the double mutapgr5-1 Ipa66 Interestingly, in the recovery part of the meas-
urement (dark phase), an owedudion of PSI was observed in both lines without
LPAGG, indicated by a higher Y(I) value than in the WT line without ligigre11A).
The low Y(l) of thelpa66 mutants correlated with the limitation of the donor side ob-
served in the different light phases, and this could explain why the double pgrtaait
Ipa66had a lower reduced PSI comparegdo5-1, protecting the plant fromverreduc-

tion on the PSI side and possible ROS formation in the active centre.

A study of donor restriction was conductddhe wild type (Cab) was slightly restricted

on the donor side in the initiation phase. This limitation was almost undetectalié at la
times in the LL phase. Under HL, Cbwas limited by its PSI activity on the donor side.
The linepgr5-1 showed no limitation of the PSI donor side in either HL or LL phase.
strong limitation of the donor side was observed in the LL phase in #sdda66 and
pgr5-1 Ipa66 In particular, in the HL phase, thea66line showed a limitation compara-
ble to the WT. Interestingly, the same level of limitation was measured ipgtel
Ipa66line as inlpa66, indicating that the photosynthetic phenotgi¢pa66 dominates
that ofpgr5-1 (Figure11B).

The WT showed a low level of limitation on the acceptor side of PSI in the LL phases,
with a peak at the beginning of the HL phases of the measurefmkimitation compa-
rable to that oftte wild-type control (Colb) was observed in the LL phases of the meas-
urement in theogr5-1 line. In the HL phaseggr5-1 showed the strongest observable
acceptor side limitation of all lines. The single lipa66 also had a strong limitation at
the begnning of the measurement, but after acclimation to light, Y(NA) dropped below
the level of Col0, being almost zer@he same level of limitation on the acceptor side of
PSI was observed in the HL as in the LL of the measurernmtetestingly, in the doud
mutantpgr5-1 Ipa66 Y(NA) was always higher than in the singga66mutant, but lower
than inpgr5-1 and even in the WT (after the ddight transition), thus suppressing the
pgr5-1 phenotype together with the recovery of Y(I) under Hig@re11C).
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Figure 11: Photosystem | parameters ofpa66-mutatn lines under FL. The different genotypes were
grown for 5weeks under control conditions (12 h light, 100 umol photodsth WT (Col5) and mutant

(pgr5-1, Ipa66 andpgrs-1 Ipa6§ plants were darladapted (black bar), followed by illumination with ac-

tinic light (50 umol photons ms?, dark grey bar) for 5 m. After low light, plants were exposed to high

light for 1 min (500 umol photons fs?, white bar). The low light and high light phases were alternated
four times, followed by a recovery period of 5 min in darkness (black bar). During the inductictand

ery periods, photosynthetic parameters were measured by applying saturation pulses every 20 s during the
low light and recovery periods and every 15 s during the high light period. Three replicates were measured
for each genotypd, The quantum yiel of photosystem | (Y(I)) was revealed by measuring the absorbance

at 875 nm minus 830 nr, Donokside limitation of PSI was calculated from the measurements shown in
(A). C, Acceptorside limitation of Photosystem | was calculated from the measuresigme in Q).

Error bars represent + SD.

64



Results

In conclusion, the results of the photosynthetic measurements showed a lower PSII activ-
ity in bothlpa66 andpgr5-1 Ipa66lines. Both mutants were able to induce NPQ in the

HL phases, even when PGR5 was missing in the double nagemi Ipa66 Further-

more, a strong doneside limitation of PSI was detected in both mutant lipa$6 and

pgr5-1 Ipa6§ leading to lower PSI activity compared to WT agu5-1. The mutant lines

Ipa66 andpgr5-1 Ipa66were less limited in PSI activity by accepsde than the WT
andpgr5-1 lines in the LL and HL phases. Overall, the introduced downregulation of
LPAG66through a FTDNA insertion in thepgr5-1 background partially suppressed the
photosynthetic phenotype pfr5-1, which is comparable to the observation of Suorsa
and colleagues in these5  pngutar§ ling(Suorsa et al., 2016)

4.3.2 From representativemutant lines of thylakoid complexes, only PSI|

mutants can suppresgrs-1 lethal phenotype under FL
As demonstrated earlier, the first suppressors identified ipgtescreen primarily im-
pacted the integrity of PSITherefore, the question of whether mutations affecting other
components of the electron transport chain would yield similar resultse wbamregu-
lation of LEF at various points could suppress the lethal phenotypgr®fl under FL
to the same extent as observed ingge>-1 Ipa66line was raisedTherefore, different
mutant lines with defects in the assembly or function of thylakoid lon@ne complexes
involved in LEF, such as Cystor PSI, were generated in addition to PEbr the anal-
ysis of the PSII complex, the limeam68 which shows a reduced accumulation of the
PSII core subunitéArmbruster et al., 2010yvas selected and crossed wtir5-1. As a
mutant line for Cyt f, pgrl, which shows an impaired Rieskeotein (Yamamoto &
Shikanai, 2019)was chosen. To show the effect of reduced PSI accumulation on the
phenotype opgr5-1, psadl(lhnatowicz et al., 2004¥ere selected-urthermore, the line
cgl16Q which exhibits a defect in ATPasassembly and displays a highly induced NPQ
as a photosynthetic phenotype, was ygglter et al., 2023; Rihle et al., 2014) addi-
tion, thentrc mutant, which lacks the chloroplast NADRIg¢pendent thioredoxin NTRC
(PerezRuiz et al., 2006and has a strong inducti of NPQ(Naranjo et al., 2016)as
included as a control to know whether high induced NPQ alone can supprgssthe
phenotype under FL. All tlse mutantspgam68 pgrl, psadl cgl160 and ntrc) were
grouped under the name of photosynthetic electron transport (PET) lines.
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To analyse the growth phenotype of the PET lines under FL and CL, théypaldton-

trols Col0 and Col5 were usedpgr5-1 showed the previously described lethal pheno-
type under FL; after five weeks of growth, fgr5-1 mutant was unable to produce true
leaves and died at the cotyledon stage. However, undepdth,1 showed a Wlike
growth phenotype. The single mutant Bipgrl, psadl cgl160andntrc, which were used

to generate the double mutant lines watr5-1, showed a retarded growth phenotype
under FL compared to CL, similar to WT plants or even more pronounced. In contrast,
the growth of thgpam68mutant was enhaed under FL compared to CL. Interestingly,
decreasing PSI or increasing NPQ in fgr5-1 background ggr5-1 psadl, pgrsL
cgl160andpgr5-1 ntrc) did not suppress thggrSlethal phenotype under FEiQurel?2).

Only a cross opgr5-1 with a mutant showing a decrease in PSIl was able to survive and
grow under FL conditionsThis was observed in thpgrs-1 pam68line. Furthermore,
pgrl has been described to suppresspghes-1 phenotype at the photosynthetic level
(Yamamoto & Shikanai, 20197 germination under FL wagbserve, but nogrowth
(Figure12). Under CL, a similar growth to that of the single lines was exhibited by the
double mutants lineggr5-1 pam68andpgr5-1 pgrl However, the linepgrs-1 psadl
andpgr5-1 cgll60were slightly smaller than the single lings&dlandcgl160 (Figure

12). Interestingly, in the@gr5-1 ntrc line, a recovery of thatrc phenotype was observed

and the double mutant was larger and greenenttragFigurel2) (Naranjo et al., 2021)
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Figure 2: Growth phenotype of PET-
lines under CL and FL. Growth pheno-
type of 5 weelold WT controls (Col0
and Colb), single mutant linespgrs-1,
pam68, pgrl, psadl, cgllémdntrc) and
double mutant linep@r5-1 pam68, pgrs
1 porl, pgr51 psadl, pgrsl cgll60and
pagr5-1 ntrc) grown under control light
conditions (12h of light 106 mo |  p |
m?2stand 12h of darkness) asdme gen-
otypes grown5 weeks under fluctuating
light (12 h light, cycles of low light (50
pumol photons & s1) for 5 min and high
light (500 umol photons rhs?). Scalebar
correlates to 2 cm.
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4.3.3 Protein accumulation in thephotosynthetic electron transportsingle and

double mutants
To investigate how the protein content of the PET lines would be affected by crossing the
individual lines into thepgr5-1 backgroundimmunodetection assays of selected proteins
were performed to represent the protein compositidASif, Cyt kf, PSI and CEF, as
well as CGL160 and NTRC. Detection was performed on proteins extracted from whole

leaves harvested fromBeekold plants grown under control conditions.

Specific accumulation and degradation of proteins were observed in the different PET
lines The pgr5-1 line showed a slightly lower accumulation of CP47, Cyt f, PsaD,
CGL160, NTRC and PGRLZ1. In thgr5-1 line, PGRS5 itself was strongly reduced to the
point of being undetectable. The other single lipesn(68 pgrl, psadl cgl160andntrc)
showed a reduction in the accumulation of their specifically affected complexes and a
comparable level of PGR5 to the WTtdrestingly,ntrc showed a more pleiotropic phe-
notype with an overall reduction in the proteins detected. When the individual lines were
crossed into thpgr5-1 background, a reduction of PGR5 was observed in all lines. In the
double mutant linep@r5-1 pam68 pgr5-1 pgrl, pgr5-1 psadlpgrs-1 cgll60andpgrs-

1 ntrg), no changes were observed with respect to the single lines for the other proteins
detected by immunodetectioRigure13A and B).

Taken together, these results show that the introduction pgthel mutation in the PET
lines did not alter protein levels in most cases. In addition, a recovery of the acooimulati
of PGR5, CGL160 and LhcB2 was observed ingges-1 pam68ine. Interestingly, the

line pgr5-1 pam68which survives best under FL, had the most proteins recovered to WT
levels compared tpgr5-1 and Coi5. It was also observed that PGR5 itself wasriyea
undetectable in all lines with thegr5-1 mutation. However, a slight accumulation of
PGR5 was detected pgr5-1 pam68 which is an interesting starting point for further

investigations
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Figure B: Immunodetection

of selected proteins in the gen-
erated PET-lines. The plants
were grown under 12h of ligh
(100 umol photons nt s*) and

12h darkness for five weeks be
fore the samples were hal
vested.A, The single mutant
lines pgr51, pam68 pgrl,

psadl cgl160 and ntrc were

used with the wild type contro
Col-0. B, The double mutants
pgr5-1 pam68 pgr5-1 pgrl,

pgr5-1 psadl pgrS-1 cgl160
and pgr5-1 ntrc together with
the wild type Col5 were har-
vested for samples. The de
tected proteins were extracte
from whole leaf samples ant
loaded according to the fres
weight (PGR5 detection 3¢
leave material and for other de
tections 1ug) onto a Trgicine

page. From the wild type con
trols (Col0 and Col5) dilu-

tions of 50 % (0.50) and 25 ¥
(0.25) were loaded. Aftesize

separation, the proteins wetr
transferred onto a PVDmem-

brane and stained with Coc
massie Brillant Blue (C.B.B.)
to visualize protein loading, fol-
lowed by decorating with spe
cific antibodies. Antibodies,
which detect the following pro-
teins were usedCP47, LhcB2,
Cyt f, Pc, PsaD, PsaA, Lhcal
CgL160, NTRC, PGRL1 anc
PGRS.
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4.3.4 Photosynthetic performance of PETFines under different light conditions

The measurements described in section 4.3.1, which mimic the light conditions in the FL
growth chamber, wengerformedwith all the different PET lines (single and double mu-
tants) as well as WT plants (C9) serving as a controFrom these measuremerniae
measurement point during the LL phase (1020 s after the start of the measurement in the
third LL phase) and one during the HL phase (1200 s after the start of the measurement
in the third HL phase) were selected. The parameters Y(ll), NPQ, Y(I)Y @td) were
compared between these poirftarthermore, the Fv/Fm value of all lines was analyzed,
which represents the maximum efficiency of PSIl and can be affected by photoinhibition

of PSII or a lower amount of PSII

The maximum efficiency of PSII, regsented by the Fv/Fm value, was similar to the wild
type in all mutantspgr5-1, parl, pgr5-1 pgrl, psadl pgr5-1 psadl cgll6Q pgr5-1
cgl16Q ntrc andpgr5-1 ntrc), except fopam68andpgr5-1 pam68in which the Fv/Fm
values were strongly affected. Thiss an expected result given the function of PAM68
in PSIl assembly and the lower accumulation of the PSII core syBumbruster et al.,
2010)

Under LL, a similar activity of PSIl was observed in G&l pgr5-1, cgll6Q pgr5-1
cgl16Q ntrc andpgr5-1 ntrc. However,psadlandpgr5-1 psadl as well apam68and
pgr5-1 pam68 showed low or even no PSII activity. An increased level of Y(IlI) was
observed in thpgrlandpgr5-1 pgrllines. Regarding HL, as expected, Y(II) was always

lower in all lines compared to LL and there were almost no differences between them.

The NPQ vales in the LL phase showed thagr5-1, pam68and pgrl can induce a
stronger NPQ than the other PET linggr5-1 and the WT control under these conditions.
The linexpgr5-1, pam68 pgr5-1, pgrl, cgl160andpgr5-1 cgl160had a slightly increased
NPQ levelcompared to the WT line (Cal), ntrc andpgr5-1 ntrc. In the third HL phase,
NPQ induction was detectable at or above the WT level inpdne68 pgr5-1 pam68
psadl pgr5-1 psadlcgl16Q pgr5-1 cgll60andntrc lines. However, NPQ induction was
lower in hepgr5-1, pgrl, pgr5-1 pgrlandpgr5-1 ntrclines, at a comparable levélig-
urel14).

In the LL phase, comparab¥l) was observed in the linegl16Q ntrc, pgr5-1, pgrs-1
pgrl andpgr5-1 cgl160to the WT The linespam68 psadl pgr5-1 psadlandpgrs-1
ntrc showed slightly lower activity. Noteworthy was the increased Y () value ipdghke

line compared to all other lines. An almost complete loss of PSI activity was observed in
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lines pgr5-1, pgr5-1 psadl pgr5-1 cgll60and pgr5-1 ntrc. In the single mutanires
(pam68§ pgrl, cgll60andntrc), Y(I) values comparable to the WT (C®) were meas-
ured. Interestingly, the lingggr5-1, pam68and psadlshowed a higher activity of PSI,
with pgr5-1 pam6&having the highest.

The WT line (Col5) and the mutant lingsgr5-1, pgr5-1 pgrl, psadl pgr5-1 psadl
cgl16Q pgr5-1 cgl16Q ntrc and pgr5-1 ntrc showed low donor side limitation of PSI
under LL. The linepam68 pgr5-1 pam68andpgrl showed a stronger donor limitation
of PSl activity. Under HL, the WT line (C&) and all single lines excepgrs-1 (pam68
pgrl, psadl cgll60andntrc) showed high donor limitation of PSI. Of the double mutant
lines, onlypgr5-1 pam68showed donor side limitatiorfrigure14).

pgrs-1 ntre
0 I ]

Figurel4: Heatmap of photosynthetic activity at distinct time points under FL of PEFlines. WT (Col-

5) and mutantggr5-1, pam68, pgrsl pam68, pgrl, pgrd pgrl, psadl, pgrsl psadl, cgl160, pgrd
¢gl160, ntrcand pgr5-1 ntr¢) plantsgrown for5 weeks under control conditions (b2ight, 100 umol
photons it s?), were dark adapteandfollowed by 5 min of illumination withow actinic light 60 pumol
photons it s%). After the illumination with low lightplants were subjected to higlatiniclight for 1 min
(500 umol photons nt s%). Low light and high light phasavere repeatd alternately four times followed
by a recovery phas# 5 min in the dark. Over the time frame of induction and recovieeyphotosynthetic
parameters were measured by applying saturation pulses every 20 s in the low light phase and recovery
phase and every 15 s in the high light phase. For each genttisgeereplicates were measured. The pa-
rametes Fv/Fm Y(II), NPQ, Y(I), Y(ND) and Y(NA) were represented aolour coded. For the LLthe
time point 102G wasselected and for the Hithe time point 1208.

In order to analyse the effects of the lack ofadtént photosynthetic components in com-
bination with the lack of PGR3he photosynthetic performance of the PET lines was
analyzed under different conditianSL (100 pmol photons rms?) and HL (500 pmol
photons 1t s1). For the measurements using GldadL, the photosynthetic activitgfter

40 s of illumination, which represents the induction phase of photosyn#reksis the

time point of 300 s after the start of illumination, which corresponds to the steady state of
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photosynthesisvereexamined The thesis does not show the HL and steady state meas-

urements.

In this experiment, the focus was on the parameters representing PSII and PSI activity
under CL in the transient phase from darkness to light. With reg&8Itat was found
thatpam68andpgr5-1 pam68ines exhibited the lowest PSII activity adaptation to CL,
as expected for mutant lines with deficiencies in PSII assefAbtybruster et al., 2030

In addition topam68 the lines with the lowest Y(Il) wegsadlandpgr5-1 psadlSim-

ilar PSII activity was observed in the witgpe control (Colb) and the mutant linggyrs-

1, parl, pgr5-1 pgrl, cgll6Q pgr5-1 cgll6Q ntrc, andpgr5-1 ntrc. Interestingly, the
highest transient NPQ was observed in mutants affected in PSII and A&lme&8and
psadl Although onlypam68could suppress thegrs-1 lethal phenotype under FL, sug-
gesting that a higher transient NRQobserved ipgr5-1 psadland pgr5-1 pam68does

not cause the suppressiolm contrast, more differences in PSI activity were observed
between the single PET lines and the double mutantggrthl (Figure15A). The high
Y(NA) characteristic opgr5-1 was also observed in the double mutants, but in this case
the rescue of the higbgr5-1 Y(NA) corresponded to thpgr5 suppressor phenotype:
pgr5-1 pam68andin pgr5-1 pgrlto a lesser extent{gure15B). The measured values
that were not shown in the thesis of therent lines under Clat thesteady state (300
s)andHL (500 umol photons rms?) asin the transient phase (40 s) were similar to the

measurements of CL in the transient ph&sgure15).
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Figure15: Photosynthetic activity of PSIl and PSI under 10Qumol photons m? s? at induction-phase

of PET-lines. Five-weekold (12 h light, 100 umol photonsfs') WT (Col5) and mutantpgrs-1, pam68

par5-1 pam68pgrl, pgr5-1 pgrl, psadl pgr5-1 psad1cgl16Q pgr5-1 ¢gl16Q ntrc andpgrs-1 ntro) plants

were dark adapted, followed by induction of photosynthesis by exposure to actinic light (100 pmol photons
m?2 s?) for 6 min. After illumination, the plantwere allowed to recover in the dark for 3 min. During the
induction and recovery periods, photosynthetic parameters were measured by applying saturation pulses
every 20 s. Five replicates were measured for each genotype. To analystitigtianof theplants during

the induction phase, the data were analysed 40 s after the start of illumiAatigmantum yield of photo-
system Il (Y(II)), quantum yield of neregulated energy dissipation (Y(NO)) and quantum yield of non
photochemical quenching (Y(NPQWere measured from Chl fluorescence in the plants descrihed.
Quantum yield of photosystem | (Y(1)), dorside limitation of photosystem | (Y(ND)) and accepsate
limitation of photosystem | Y(NA) were revealed by measuring the absorbance at 8750880 nm.

Error bars represent + SD.
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In conclusion, the results of the HL and LL measurements under FL showed that, of all
the parameters analysed, onlydscreasing the limitation of the acceptor sidd) can

be recovered in HL, as happensp@am68 and this seems to be the reason \phy5
survives under FL with this mutation. When the acceptor restriction is reduced to a certain
level, the plant is able to suppress the lethal phenotypgréfl. This was clearly ob-
served in the double mutant lipgr5-1 pam68(Figure 14, Figure 15B), which showed
growth under FL conditiond={gure 12). Furthermore, the ability toave at least a low

level of PSI activity (Y(1):pgr5-1 = 0.04,pgr5-1 pam68= 0.64 ancpgr5-1 pgrl=0.21)

under HL ensured survival, as could be observed ipd¢in®1 pgrlline (Figurel4). In
particular, the induction of NPQ was not sufficient for the survivalgo®-1, as observed

in thepgr5-1 cgl160line. Another interesting result was the suppression of the photosyn-
thetic phenotype daftrc by introducing thggr5-1 mutation, which was studied in more

detail in the work of Naranjo and colleagyBsranjo et al., 2021)

44 Activity and regylcdati as peofitptth € n€ B
supppgdabethay under FL

In the pgr5 screen mutants related to CBBycle activity, such apgr5-S111 a mutant

for the fructose 1;®isphosphatse(FBPaselwas found Indeed, it has already been de-
scribed that an FBPase mutamtefl, can induce NDHCEF and compensate for the ab-
sence of PGR%Livingston et al., 2010)Iin addition, the suppresspgr5-S336with a
mutation in the gene encoding the atypical Cystidis thioredoxin 2 (ACHT2) protein

was also identified, which belongs to the thioredoxin family and has recently been de-
scribed to redoxegulate (inactivate) the FBPg&®okochi et al., 2021)The link between

the CBBcycle and the regulation of CERade these mutants a very interesting subject

for further investigation.

The suppressqgr5-S111had a point mutation in tHéCEF1gene (AT3G54050), which
encodes the chloroplast FBPagkerefore, a second allele of this line, designaigd
hcefl wasgenerated by crossing theDNA insertion knockout line of HCEF1 with
pgr5-1 to confirm the mutatioiphenotype relationshig he newly generated double mu-
tant and the originally found supprespor5-S111showed a slightly lower growth than
pgr5-1 and theN T control (Cot5) under CL. In addition, thegr5-S111line was slightly
paler than the double mutapgr5-1 hcefl This stunted and pale phenotype was more
stronglypronounced in the single mutamtefl Under FL, bothpgr5-S11landpgr5-1

74



Results

hceflsurvivedbut showed a retarded growth phenotype compared to CL. This result con-
firmed the results of the screen. Furthermore, the growth of the bicgfttmutant under

FL was similar to its phenotype under CL conditiofRig(re16).

Col-5 pgr5-1 pgr5-5111 pgr5-1 hcef1 hcef1

Figurel6: Knock-out lines ofhceflin the background of pgr5-1 growth phenotype Growth phenotype

of 5-weekold Col5, pgr5-1, suppressor lineggr5-S111 double mutant linggr5-1 hcefland single T

DNA insertion linehceflplantsgrown under control light condition€[, 12h of light 100e mol phot ons
m?stand 12h of darknessy fluctuating light EL, 12 h light, cycles of low light (50 umol photons?a

1 for 5min and high light (500 pmol photonss?). Scalebar correlates to 2 cm.

The causative mutation in the suppressor figes-S336was predicted to be in the gene
ACHT2(AT4G29670). To prove that this mutation was responsible for the survival of
pgr5-1 under FL, an additional allele using CRISPR/@&ss generatedA target se-
guence located near the point mutation caused by EMS treatment in the first exon of
ACHT2was selectedFigurel7A). The mutation created by CRISPR/Cas resulted in the
insertion of an extra nucleotide at position 231. Both mutations, the EMSnpatation

and the additional nucleotide insertion, resulted in premature stop codons in the thiore-
doxin domain of ACHT2 at positions 7pdr5-S33§ and 87 pgr5-1 acht2Cas and
acht2Cag, respectivelyfigurel7B). The growth phenotype pfyr5-S336under control

light conditions was similar to that of Gblandpgr5-1. The single mutant linacht2
Caswas grown under CL and FL conditions as the WT {§opgr5-S336was severely
impaired in growth but survived the FL treatment. The double mutarpdrel acht2

Cas as the second allele, was also able to survive under FL with a growth comparable to
pgr5-S336in FL and CL, proving that the mutation in AT2 was the causative one
(Figurel7C).
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Figurel7: A premature stop-codon in ACHT2 allowspgr5-1 survival under FL conditions. A, Sche-

matic representation of tAeCHT2gene. The exonic sequence is shown in dark grey, the intronic sequences
are shown as black thin lines and the UTR regions are shown as light grey boxes. The orientation of the
gene isindicated by the marking of the 5' and 3' ends. The size of the gene is indicated by a scale bar
correlating to 250 bp. The position of the EMS mutation is indicated by an arrow and thedab& 339

as a nucleotide exchange (C/T). The insertion sidieebadditional nucleotide by homologous recombina-

tion after the cut by CRISPR/Cas is indicated by an arrow and the correspondingdabd! écht2Cas
andacht2Cag and insertionA). B, To-scale visualisation of the ACHT2 protein with marked ¢gireen)

and thioredoxin domain (orange). The &d Gtermini of the protein are marked with the corresponding
letters (N and C). The premature stop codons resulting from the EMS mutation and the nucleotide insertion
are marked with arrows and the corresiog labels (EMSHgr5-S336(R/*)) and CAS pgr5-1 acht2Cas
andacht2Cas(*))). The scale bar represents 50 amino adtjsGrowth phenotype of-&eekold Col5,

pgr5-1 andacht2Casplants, suppressor linggrs5-S336andpgrs-1 acht2Casgrown under cotrol light
conditions (12 h light 100 pmol photons?ms® and 12 h dark) and the same genotypes with additional
double mutant line grown for 5 weeks under fluctuating light (12 h light, cycles of low light (50 pmol
photons 1t s2) for 5 min and high ligt (500 pmol photons rhs?). Scale bar corresponds to 2.cm

4.4.1 Photosynthetic phenotype of suppressor lingsgr5-1 hcefland pgr5-S336

Since the two EMS lines foundgr5-S111andpgr5-S336 as well as the second alleles
generatedpgr5-1 hceflandpgr5-1 acht2Cas were able to suppress the lethal phenotype
of pgr5-1 under FL further analysis was proceeddthe mechanism behind the survival
of the suppressor lines througheredphotosynthetic activity in terms of FL acclimation
and CEF activity was inwtigated, as it has already been postulated thaic#fémutant
exhibits stronger CERLivingston et al., 2010)The double mutantpgr5-1 hcefland
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pgr5-1 acht2Cas along with Col5, pgr5-1 andacht2Casas controls, were used for the

measurements

To determine CERhe fluorescence of the active center of PSIl and the absorption of
P700 were simultaneousiyeasuredFigure 18A). Both photosystems are activated by
applying the measurement light at a low light intensity. Due to this low light induction,
theobserved changes in fluorescence and P700 absorption were mainly due to CEF. The
PSII fluorescence was used to calculate the plastoquinone reduction state by the minimum
fluorescence (§ minus the measured fluorescence under far red light)(FRormaised

to the maximum fluorescencex(Fobserved in the samplEigure18B). The maximum

P700 absorbance corresponds to oxidised P700 (P700ux)Ximerequired to oxidize

50 % of the P700 {-P7000x) during the FR application was calculatieidure 18C).

Both the reduction of the plastoquinone pool and the oxidation of P700 are mainly due to
the activity of the CEF under these low light conditigf&egawa et al., 2008; Rihle et

al., 2021)

In terms of plastoquinone pool reduction, the double mytgrt1 hceflandacht2Cas
behaved like the WT control (G8), while a lower level of reduction was measured in
both pgr5-1 andpgr5-1 acht2Caslines Figure 18B). A faster oxidation of P700 was
observed in thegrs-1 line compared to the WT, consistent with previous descriptions
(Okegawa et al., 2008; Ruhle et al., 2Q2hg double lingpgr5-1 hceflhad almost the
samet1,P7000x as the wild type with no significant differences. However, this suppres-
sion was not detectable in lipgr5-1 acht2Cas which had a shortei,P7000x than
pgr5-1 and presumably lower GEactivity, but a stronger electron flux from the PSI to
the FNR(Figure 18C). The same observation of faster oxidation of the P700mwzedte

in theacht2Casline compared to Ceb, suggesting that the knodut of ACHT2 gen-
erates the higher electron sink at the PTi@@restingly, the photosynthetic phenotype of
pgr5-1in P700 oxidation and PQ reduction was suppressed by knocking out HCEF1, in
agreement with Livingstone et al. 20@0vingston et al., 2010)

Therefore, the higher CEF pgr5-1 hceflwas dependent on the NDH complex, since
PGR5 vas missing in the double mutant of FBPase and PE&5-(1 hcef), but in the
acht2 mutant the NDHdependent CEF is not upregulated, explaining the suppression
phenotype opgr5-1 hceflbut not ofpgr5-1 acht2Cas In fact, an opposite trend was
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observeddr CEF, witht1,P7000x being slightly faster pgr5-1 acht2Casthan inpgr5-

1 andsignificanty faster inacht2Casthanin WT.
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Figure B: P700 oxidation rate
and plastoquinone reduction can
be complemented to wildtype
levels inpgr5-1 by knocking out
HCEF1 but not ACHT2. A, From
five-weekold plants (Col, pgrs-
1, pgr51 hcefl acht2Cas and
par5-1 acht2Cag, Chl a fluores-
cence and P700 absorption wi
measured. The measurement w
performed after 1 hour of dark in
cubation on single leaves by appl
ing a low intensity measuring ligh
(1e mo |l p h?sY) aver atimm
frame of 3 min at a time point of 3!
and 90s ater start of the measure
ment a saturation pulse was aj
plied. One minute after time poini
0, illumination FR light was ap-
plied for 60 s to achieve oxidatiol
of P700.B, Average of Chh fluo-
rescence measured il)(at the sta-
ble level (b} minus the miniral
state (rr) Normalisedo the max-
imum measured fluorescence (Frr
representing the reduction of pla:
toquinone under FR lighC, Rep-
resentation of the normalize
P7000x under FR light from the
measurements described ii)(
The normalization wagerformed
to the maximum and the minimur
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with the average above, the accor
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To comprehend the suppression mechanism beggriell acht2Cas the same measure-
ments agslemonstrated ifrigure10, simulating FL conditionsvas conductedThis was

done to gather information on PSIl and PSI activity under these conditioménes used

in these measurements were a vijide control (Col), pgr5-1, acht2Casand the dou-

ble mutant linepgr5-1 hceflandpgr5-1 acht2Cas The results of the knoegut lines of
ACHT2 (acht2Casandpgr5-1 acht2Cas)experiment were highly aistpated due to the
absence of observed cyclic electron flow (CEF) in the previous experiment. It was ex-
pected that the FL measurement could provide a possible explanation for the survival and
shed light on the observed phenomenfotower Y(NA) was expedd for theacht2Cas

line and thepgr5-1 acht2Casline due to the higher FBPase activity resulting from lower
oxidation in the absence of ACHTZokochi et al., 2021)This would lead to a greater
demand for NADPH and therefore electrons from B&ihe FNR, which would reduce

the possibility of overeduction of PSI.

An interesting observation at the beginning of the measurement was that {hgriie
acht2zCasshowed an Fv/Fm close to(Q.95+ 0.03) a higher value than the other lines
(Col-50.84 + 0.01pgr5-10.88 + 0.05andpgr5-1 hcefl0.88 +0.04), and specifiacht2
Cas(0.77 £ 0.02) In line pgr5-1 acht2Cas a higher Y(Il) was observed during the LL
phases, whereas Wpgr5-1 andpgr5-1 hceflbehaved more similarly=gurel9A). The
acht2Casline showed the lowest Y(II) values compared to the other.linggestingly,

the double mutarpgr5-1 hceflsuppressed the impaired NPQ inductiorpgf5-1 and
was able to induce NPQ during the HL peaks, reaching almost the WT level in the last
HL peak of the measuremeAtstrong induced NPQ was observed inalsat2Casline,
particularly in the HL peaks, wth were more strongly induced compared to the WT at
the beginning of the measurementthe other two linespgr5-1 andpgr5-1 acht2Cas

no induction of NPQ was observdeiqure19B).
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Figure19: Photosynthetic activity around PSII in pgr5-1 hcefland pgr5-1 acht2Casunder FL. Dif-

ferent genotypes were grown f& weeks under control conditio(s2 h light, 100 pmol photons ths?).

WT (Col-5) and mutantggr5-1, pgr5-1 hcefl acht2Casandpgr5-1 acht2Cag plants were dark adapted
(Black bar), followed by 5 min of illumination with actinic lighQ umol photons m s?, dark grey bar).

After the illumination with low light, plants were subjected to high light for 1 min (@®@! photons ni

s, white bar). Low light and high light phases repeated alternately four times followed by a recovery phase
for 5 min in the dark (black bar). Over ttime frame of induction and recovery, the photosynthetic param-
eters were measured by applying saturation pulses every 20 s in the low light phase and recovery phase and
every 15 s in the high light phase. For each genotype three replicates were még<Rinetbsystem two
quantum yields (Y(Il)) were measured &Yl fluorescence in the described pla@sDetermined values

of the NPQ calculated from the values measured)n£ SD are represented as error bars.

The activity of PSI under FL was higherthre LL phase and decreased in the HL phase.
This decrease in the HL phase was more pronounced in the mutanpgreg, (pgrs-1
hcefl acht2Casandpgr5-1 acht2Cag than in the wild type (Ceb). In the low light
phases, between the HL peaks, the double mptabtl hceflhad the lowest Y(I)Kig-
ure20A). Donorsidelimitation was observedithe wildtype control (Cob) and in the
pgr5-1 hceflandacht2Casmutant lines. This induction of doneide limitation in the
pgr5-1 background by theceflmutation indicates a restoration of photosynthetic control
by establishing a proton gradiemirdugh the substitution of PGRbediated CEF by
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NDH-mediated CEF. No difference was observed betweepdtiel line and thepgrs-

1 eight2Casline, neither of which showed donside limitation(Figure20B). Focusing

on the acceptor side limitation of PSI, €&oshowed a smaller increase in HL, while the
mutant linegpgr5-1, pgr5-1 hceflandpgrs-1 acht2Casshowed a strong acceptor side
limitation under this condition, almost reaching the maximum 1. During the LL phases,
par5-1 andpgr5-1 hceflshowed a steadily increasing level of acceptor side limitation,
which was stronger in thegr5-1 hcefllines. Interestingly, a slightly lower Y(NA) was
observed during LL in thpgr5-1 acht2Casline compared to thegr5-1line. In addition,
acht2Casshowed a marked difference in strongly reduced Y(NA) compared t5,Col
indicating a stronger electrdlux away fom PSlat the PSI acceptor sideigure20C).

In summary, the photosynthetic measurements revealed thagrié hceflline exhib-
ited a stronger induced CE&lJowing this line toinduceNPQ andestablish photosyn-
thetic control (Y(ND))in a manner comparable to the wilghbe control. This adaptation
allowed thepgr5-1 hceflline to survive under FL conditionk contrasttheacht2Cas
line and thgogr5-1 acht2Casline did not exhibit CEF recovery, but a lower PSI acceptor
side limitation was observed. This observation aligns with a more activecg&8 and
implies a higher electron demand frorl Resulting in a fasteoxidation of the PSI
However, further experiments are needed to fully verify this result.
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Figure20: PSI activity and acceptor side limitation inpgr5-1 hcefland pgr5-1 acht2Casunder FL.
Different genotypes were grown f@& weeks under control conditions (fi2ight, 100 umol photons s

D). WT (Col5) and mutant fgr5-1, pgr5-1 hcefl, achtas and pgrsl acht2Cag plants were dark
adapted (Black bar), followed by 5 min of illumination with actinic ligh@ (1mol photos m? s, dark

grey bar). After illumination with low light, plants were subjected to high light for 1 min (5@ photons

m? s, white bar). Low light and high light phases repeated alternately four times followed by a recovery
phasefor 5 min in thedark (black bar). Over the time frame of induction and recovery, the photosynthetic
parameters were measured by applying saturation pulses every 20 s in the low light phase and recovery
phase, and every 15 s in the high light phase. For each gertbingmereplicates were measuréd.Quan-

tum yields of Photosystem | (Y(l)) were uncovered by measuring the absorption at 875nm minus 830nm.
B, Donorside limitation of PSI was calculated from the measurements showk).ilC{ Acceptorside
limitation of Ptotosystem | was calculated from the measurements represented Thé error bars rep-
resent = SD.
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From the plant photosynthetic activity under different€@ncentrations was measured
to seewhethe higher FBPase activity could rescue it by misregogatts activity (less
oxidation in the absence of ACHY ZI'he different CQ@concentrations can increase or
downregulate the activity of the CBBycle The plant was subjected to measurements
of photosynthetic activity using O ppm @Q@ownregulation), 400 ppm C{(atmos-
pheric concentration, normal activity), and 800 ppm (hanced activity due to lower
CQOz limitation). It was shown that when a higher amount ob@rovided, the limita-
tion of the CBBcycleis lifted to some ext& and a higher electron flow from the PSI to
the FNR takes plag@an et al., 201). This effect can be used to enhance the photosyn-
thetic phenotype in the suppressor line to the point that it caleteetedn the single
line (acht2cag compared to the wild type control as well apgr5-1 compared to the
double mutantggr5-1 acht2cas.

The photosynthetic measurement which wasductedo investigatethe photosynthetic
activity under different C® concentrationsto monitor photosynthetic parameters in
dark-adapted plantsvas theso-called induction recovery curve (IRCyhe IRC were
taken during illumination with actinic light at a growth light intensity of 200 pmol pho-

tons m? s, followed by a recovery period in the dark

A lower Y(NA) was observed in thecht2Casline compared to the wittype control at
different CQ concentrations. Only at atmospheric concentration did the kowgickne
behave similarly to the Cd line. It was found that the oxidation of PSI by the acceptor
side is less limited in thacht2Casline, particularly at low C®@levels.Interestingly,a
lower Y(NA) was observed in the double mutant lpgg5-1 acht2Cascompared to the
pgr5-1line. Under all the different C&roncentrations, thegrs-1 acht2Casline showed

a higher electron flow from PSI to Fd as an electroceptor Figure21A, B andC).

The result of the measurement of Y(NA) under different C&ncentrations indicates a
higher activity of the CBRylce, resulting in a higher demand for NADPH. NADPH is
produced fom NADP" and H and requires reduction energy from Fd via the FNR. This
results in ahigher electron demartirough the=NR in the mutant linesa¢ht2Casand
pgr5-1 acht2Cag than in their specific background (E®landpgr5-1). This, in turn,
oxidisesPSI faster and more efficiently, allowing a partial substitution of the PG&5
diated CEF as an electron sink from PSI in the absence of PGR5
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A m I Figure ZL: Y(NA) is dependent on CQ
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concentration in acht2 mutant lines.
Five-weekold plantswere grown under
control conditions (121 light, 100 umol
photons n? s%). WT (Col-5) and mutant
(pgr5-1, acht2Cas and pgril acht2
Cag plants were dark adapted under d
ferent concentrations of GQ0 ppm CQ,
400 ppm CQ and 800 ppm Cg), fol-
lowed by6 min of induction of the pho-
tosynthesis by subjecting to actinic ligt
(100 pumol photons ras?, white bar)and
stable predetermined GGamounts (0
ppm CQ, 400 ppm C®@ and 800 ppm
CQ,). After the illumination, plants re-
covered for 3 min in the dark @atk bar).
Over the time period of induction and r
covery, the photosynthetic paramete
were measured by applying saturatic
pulses every 20 s. For each genotype fi
replicates were measurefl, Acceptor
side limitation of Photosystem | was ca
culated from the measurements of #fe
sorption at 875nm minus 830nm at 0

ppm CQ. B, 400 ppm CQ@andC, 800
ppm CQ. The error bars represent + SI
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45 New proteins pdebmbtpipriesd oby stchhe en

In thepgr5screen, two proteins with unknown functions were identiflégt most likely
causative mutatiainthe lines for the suppression of the letplaénotypewnere located
in thegene AT2G04360942 and in the gene AT2G27298Z6). The suppressor mu-
tation in the gen&42was not further characterised in this work.

46 An unknown propegeilbeshapregsesder

The suppressgpgr5-S261 which has a SNP in a gene encoding an unknown protein
(AT2G27290, referred to &261, was discovered during tipgr5 screenThis mutation

is thought to be the most likely cause of the suppreddimnever, an additional line with

a mutation in th&26L gene was not found in the screen, so it was necessary to generate
an additional allele using CRISPR/Cas oDNA to prove the suppressor function of
S261.

To study S261 in more detail, kneokt lines in Col0 andpgr5-1 backgroundsvere
generatedising CRISPR/Cas technology. Téelines were used to characterise photo-
synthesis, growth under FL and CL, interaction of S261 with other proteins and protein

accumulation of thylakoid complexes.

The target for the generation of the CRISPR/Cas lin826@lwas selected in the first
exon. Toidentify the double mutan261 pgr5the seeds of the;generation of trans-
formedpgr5-1 plants were selected under FL and the survivors were transferred to LD
conditions to obtain thezigeneration in which the experents were performedo gen-

erat the single mutant line, the selecg&b1 pgrknockout lines were crossed with €ol

0, and the Tgeneration was screened to identify homozygous lines through sequencing
This approach was chosen because dyr&aiocking out S261 using CRISPR/Cas in €ol

0 resulted in seedling lethal plants

The mutation generated by CRISPR/Cas was of particular interest to determine whether
it resulted in a stop codon or a deletion/exchange of several aminoTaxi@scomplish

this, the g@nomic DNA of both CAS lines was sequen@egr5-1 S261Cas#landpgrs

1 S261Cas#3. Thesequenceshowed a deletion of 14 nucleotides from position 113 to
127 for line 1 and a deletion of 21 nucleotides from position 102 to 123 in the first exon
of S261for line 2 Figure22B). The deletion of nucleotides in lipgrs-1 S261Cas#1
resulted in a deletion of 4 amino acids and a frame shift with a premature stop codon at

position 38, which is at the end of the predict&®,drom position 1 to 39. In linpgrs-
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1 S261Cas#2 the deletion of the 21 nucleotides resulted in a deletidhamhino acids

from 36 to 43 without altering the reading frankég(re22C). Interestingly, 4 of these
amino acids belonged to tk&P and the newly geerated sequence was interpreted as a
mitochondrial transit peptide by the TargetP programme. Therefore, the delgign-in

1 S261Cas#2probably leads to a mislocalisation of the protein to the mitochondria in-
stead of the chloroplast, but this remaioeshown In the EMS lingpgr5-S261 the
suppressor mutation was located in the first exon and resulted in an amino acid exchange

at position 72, where a glycine was replaced by an aspartic acid.

The EMSpgr5-S261line found in thepgr5 screen showed similar growth pgr5-1 and
Col-5 under CL Figure 22A). The newly generated alleles of S261 by CRISPR/Cas:
pgr5-1 S261Cas#landpgr5-1 S261Cas#2 showed the same growth phenotypp@$-
S261under CL, however theline pgr5-1 S261Cas#1was slightly smaller. Furthermore,
both linespgr5-1 S261Cas#land pgr5-1 S261Cas#2survived under FL conditions
mimicking pgr5-S261 although alllhese lines showed a strong growth impairment com-
pared to Cob (Figure22A).

For the generation of the single mutant IB261using CRISPR/Cas, a selection was
performedon MS plates supplemented with hygromydiants that were successfully
transformedshould grow on hygromycin due to the resistance introduced by the
CRISPR/Cas fragmenuring the selection of the;Generaton, several plants were ob-
served to exhibit growth on the selection media but displayed a nearly complete lack of
pigmentation, appearing paleitial sequencing showed that these plants had an insertion
that resulted in a premature stop codon. Thesekaubdines could not reach the adult
state under CL conditionfn a further attemptto generate a single knodkt line, the
pgr5-1 S261Cas#landpgr5-1 S261Cas#2lines were crossed with the witgpe line

Col-0. In the T generation, a random selectiohl6 plants waanalyzed Eight of these
plants showed a pale phenotype. All selected plants were sequenced for a possible inser-
tion or deletionThe sequencing experiment revealed that the pale lines contained either
insertions or deletions, and in twbthe lines, the specific deletion matched the one iden-
tified in thepgr5-1 S261Cas#1lline. Similar to the hygromycin selection experiment, all
pale plants failed to reach the adult st&igre22A).

A green fluorescent protein (GFR)ggedvariantof the S261 protein wasxpressed in
the wild-type andlocalised in the chloroplasto this end, hte GFPtagged protein was
transiently epressed ifNicotiana benthamiankeaves, followed by protoplast extraction
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and visualisation by microscopy. The autofluorescené€ghbf was used as an indicator
of the location of the chloroplast and merged with the fluorescence signal from the GFP.
Thisresult indicated that the mature wilghe protein S261 was localised in the chloro-

plast Figure22D).
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Figure22: S261encodes a chloroplastocalized protein, the knock-out of which suppresseshe pgr5
phenotype A, Growth phenotype of-Bveeksold Col5, pgr5-1, suppressor lingsgr5-S261pgr5-1 S261
Cas#landpgrs-1 S261Cas#2under control (12h of light 100 m gphotons i s'and 12h of darkness)
andfluctuating lightconditions(12 h light, cycles of low light (50 pmol photons?s?) for 5min and high

light (500 umol photons rhis?). Scalebarcorrespondso 2 cm.B, Schematic representation of the gene
AT2G0436Q Exonic sequence is marked in dark gray, the UTR regions as bright grey boxes and intronic
sequence as a black Iine. The orientationT Teef the g
Size of the gene is indicated by a scale barespondingto 250bp. The dies of the mutations induced by

the EMS treatment are labeled by an arrow and the name of the representedrir®26). The found
nucleotide exchangén thepgr5Cas lines arstated imarenthese€, Alignment of the S26protein from

Col-0 (WT), the two generated CRISRRsalleles pgr5-1 S261Cas#landpgr5-1 S261Cas#2 and the
mutated protein in the EMS limgr5-S261 The intact transit peptide is marked with a green background.
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Thepredictedmitochondrid transit peptide is marked in pur@ead the amino acid exchangepofr5-S261

in cyan Premature stepodons found in the mutant lines are marked with a star and amino acid deletion is
indicated by a hypherD, Localization of the S26frotein through prain-GFP fusion.The S261GFP
proteinwas transiently expressedhlicotiana benthamiankaves and protoplast ereextracted from one

leaf to be visualized via fluorescence microscopy. Pictures were recorded from a positive transformed pro-
toplast. The priwplast itself was recorded through differential interference contrast image (DIC). Autofluo-
rescence of th€hl (auto) is visualized as red to localize the chloroplast. The-gigiral (GFP)s shown

in greenand indicates the location thfe S261 protein EP fusion. A merged picture of the autofluorescence

and the GFsignal (merged) was generated to show the overlapping localization.

Transmembrane domain analysis using the web tool TMHRMshowed that S261 has
one such domain, and thet€minus is expsed to the stroma and thet&minus to the
lumen(Sandovallbanez et al., 2022) he structure of the protein is shown schematically
in Figure23 (Figure23A and B). Protein S261 is conserved in green algae and plants. No
homologuecan be found in cyanobactertaerefore this protein falls intadhe category
fiConserved in Plant Lineage and Diatoms (CRL{P)gure23C).

By referring to the Klepikova atlas, which displays the expression patterns of genes in
different organelles of Arabidopsis, it was observed that S261 is predominantly expressed
in the leaes of the plant. Furthermore, its expression can be detected at all developmental
stagesIn addition to the predominant expression in the leaves, some level of expression
of S261 was also detected in the flonmgtigure23D).

Based on theeresults, S261 emerges as a transmembrane protein that exhibits conserva-
tion across plant species and diatoms. Its expression profile spans the entire duration of

plant growth, indicating its involvement throughout different developmental stages
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Figure23: Bioinformatical analysis of S261 A, Schematical representation of the Spfitein localized

in the thylakoid membran&ransmembrane domains are represented in blue ellipseg;amsmembrane
domains are drawn as black lines. Thylakoid membrane is visualized as a black line and greeB,square.
Transmembrane prediction of the S261 protein performed with TMHAMMC, Phylogenetical tree buil

by highest likelihoodanalysiswith CLC main workbench, with a bootstrap of 100. Orgasisgpresenting

green algae (green brown) and plants (green) were selected for the generation of EheExpaession

atlas based on the &pikova Atlas(Klepikova et al., 2016dpf the S261gene in Arabidopsis presented in

the different development stages and organs. Expression level is color coded with the level of expression
and correlating color represented in the legend.
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4.6.1 Cyt bef accumulates less in S261 mutant lines

Recently, Sandovdbafiez et al. described that the S261 protein is involved in the assem-
bly of the cytochrome db complex(Sandovallbanez et al., 2022)This finding is con-
sistent with our data opgr5 S261as a suppressor piyr5, as it has been shown that
downregulation of th€yt bsf complex in thegpgrl mutant suppresses the photosynthetic

phenotype opgr5-1 (Figure14, Figurel5andYamamoto & Shikanai, 2019)

To determine whether S261 is involved in the assembly of the £gbimplex the ac-
cumulation of the complex was detenedin the native state by separating extracted
thylakoids according to their size using a blue native (BN) sidadtitionimmunode-

tectionwas usedo determine which proteins were less abundant in the BN.

Thepgr5-1 mutantdid not show angleardifference in the thylakoid protein composition
on the BN compared to the wild type (€9l Interestingly, a lower intensity of the band
representing the proteins Cy, ICyt f and PSII monomer was observed in boghs-1
S261Cas lines #land#2 compared tggr5-1 (Figure24A). The EMS mutant lin@grb
S261showed the same protein patterrpgs5-1 or the wildtype control (Colbb) (Figure
24A).

To validate the results obtained from BN analysis, immunodetection experiments target-
ing Cyt f and Cyt bwere conductedAll mutant lines pgr5-1, pgr5-1 S262Cas#1 pgrs-

1 S261Cas#2andpgr5 S26) had almost no detectable PGR5. Lpgr5-1 showed a
slightly lower accumulation of Cyt f and Cy§ tompared to the wild type (G8). In the

pgr5 S261line, a reduction in the accumulation of Cytvias observe compared to the
par5-1line. Additionally, a slight reduction in the accumulation of Cyt f was ditected

in thepgr5-1 S261Cas#lline compared to thpgr5-1 line. Surprisingly, both thegrs-

1 S261Cas#landpgr5-1 S261Cas#2lines displayed a similar level of Cy§ bBccumu-

lation compared to thegr5-1 line. In themutant linespgr5-1 S261Cas#1 pgr5-1 S261
Cas#2andpgrb S261a slightbut visible increaseof PGR5compared tgpgr5-1 was de-
tectable(Figure24B andC).

The observations suggest that in the absence of PGR5, S261 does not play a significant
role in the stability or assembly of the Gyt complex or other thylakoid complexes.

This implies the existence of a previously unknown function of S261 that requires inter-

action with PGRS5 for its proper functioning.
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Figure24: Protein content of theS261lines. A, Scanof a BN-PAGE loaded with extracted thylakoids of
plants grown for five weeks undet.@onditions(12h of light 100e mo | p h%staod12h ofidark-
ness) The following genotypes were used: wiyghe control (Cols) and mutant linep@rs-1, pgrs-1 S261
Cas#1 pgr5-1 S261Cas#2andpgr5 S26). Sample coespondingo 30 pg ofChl were loaded. The BN

was documented throughcalor picture and a scan with a Typhody employing the Typhoon scan,
weaker bands can be visualized more effectivalthecolor picture, the complexes can be identified based
on their size, as well as the accumulatiorCbof and carotenoidsThe lanes were labeled with the protein
complexeddentified B, Immunodetection of Cyt f, CytsbPetC and PGRS5 from genotypes usedA (
Sample representing 3@ whole leave extractasloaded for PGR5 detectioand 5 pgfor Cyt f,Cyt by

and PetConto aTris-Tricin gel and separated accordantly their size. Proteins were transferred via semi
dry blotting onto a PVDFnembrane. The membrane was blocked with 5% milk for an hour and decorated
with the specific antibodies against the detected proteins. As a loading c@MBd. staining was per-
formed. One of four replicatesage chosen for the rementationC, Quantification of protein amount as

an average of 4 replicates of the western blots present&) in percentage of Céd. Error bars indicate

the standard deviation.
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4.6.2 S261 is predicted tdorm a complexwith PGR5, Fd and FNR

To investigate Wether unknown proteins found in thgr5 suppressor screen could in-
teract or form a complex with proteins involved in PGRé&diated CEFan interaction
prediction was performed using the online tool AlphafolB& the prediction the amino

acid sequence of S261, PGR5, Fd, FNR and the unrelated protein PRPS1 (plastid riboso-
mal protein S1) withoutheir cTP wasused The predicted interaction between PRPS1

and S261 was utilized as a negative conffble proteins PGR%d and FNR were ex-

amined in single interaction and in possible complex formation.

The interactions examined showed a high probability of interaction between S261 and
PGR5, as shown in the histogram generated by Alphafold 2. Furthermore, Fd and S261
could also interact, although with a lower probability than P&3261.A noteworthy
finding was that when Alphafold 2 was tasked with predicting the interaction between
S261 PGR5 and Fd, within a complex, the predicted interaction was more probable com-
pared tahe interactions with the individual proteins considered separatédyestingly,

the addition of FNR to the putative S2BGR5Fd complex decreased the likelihood of
this complex forming. Furthermore, the prediction of the possibility of interaction be-
tween PGRL1A and S261 was negative, similar to the prediction of PRPS1 and S261
(Figure 25A). Upon examination of the complex, it was observed that $2édomi-

nantly binds to PGRS5, acting as a bridge between PGR5 a(feidtaie 25B). Fdserves

as dink betweerthe FNRandthe complexconsistinof S26L, PGR5 and Fdejgure25C).

To validate the predicted interactions, a BIFC assay was performed for PGR5 and S261
In the BIFC experiment, the Dsred sigmeds utilizedasa control for the detection of
positive transformed cells. The YFP signal can only be detected if the proteins interact as
the Niterminus of YFP is fused to thet€rminus of PGR5 and thet@rminws of YFP is

fused to the @erminus of S261. When there is an interaction, the two halves of the YFP
protein fuse together to form an active YFP that can produce a light signal when excited.
An interaction was observed for the positive control (PERERL1A) and also for PGR5

and S261, confirming the accuracy of the AlphaFold 2 predicGomrespondingly, the
negative control S26PPRPS1 showed no YFP sign&iqure25D). In order to observe
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the localisation of the expressed proteinsaddition,Chl a fluorescence (auto) was de-
tected, serving as an indicator of chloroplast localizatiothe merged image, a perfect

overlapping of the YFP signal and t6éal a fluorescence was observdedure25D).

In conclusionthe interaction eveenPGR5 and S26has been confirmednteraction
of S261 with the other proteins involved in PGR&diated CEFRd and FNRhas a high
probability as predicted by the AlphaFold 2 tool. These results suggest an additional func-
tion of S261 beyond its rola the stability or assembly of the Cyf bomplex, but further

work is needed to elucidate its exact function.
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2 interaction prediction per-
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4.6.3 Photosynthetic activity ofpgr5-1 S261Caslines

Measurements of photosynthetic performance during an IRC and under FL were per-
formed to further investigate thpgr5 suppressor mechanism in thgr5 S261ine. The
IRC measurement would give a more general view of photosynthetic activity in lines

without S261, while the FL measurement was performed to directly investigate possible
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links between photosynthetic activeind the suppression of thgr5-1 lethal phenotype.
For the experiment, C& was used as a wikype control and the mutant genotypes were
the generated CAS linepdr5-1 S261Cas#landpgr5-1 S261Cas#3 andpgrs-1.

The following PSHrelated parametemsere calculated from the measur@tl fluores-
cence and analyzed in the IRC measurem&iith represents the quantum yield of PSII,
while NPQstands fononphotochemical quenchiny (NO) indicates energy dissipation
and can also be interpreted as thenfation of ROSand alditionally 1-gL reflects the
reduction state of the PQ po&lor PSII activity (Y(Il)), the wiletype control (Cols) and
pgr5-1 behaved similarly, while linepgr5-1 S261Cas#1andpgr5-1 S261Cas#2had
slightly lower PSII activity in the induction phadéidure26A). In the case of NPQ and
Y(NO), the linespgr5-1, pgr5-1 S261Cas#1 andpgr5-1 SBH1-Cast2 exhibited similar
induction patterns. NPQ showed minimal induction in these.li@esthe other hand,
Y(NO) indicated stronger energy dissipation compared to thetyplel control Cols in
these linegFigure26C and E). Regarding thedL data,pgr5-1 and the generated Cas
lines pgr5-1 S261Cas#landpgrs-1 S261Cas#3 were more reduced in the light phase
than the wild type (Ceb). Interestigly, line pgr5-1 S261Cas#1recovered its Y(II) in
the recovery phase, whereas Gohnd the other two linepgr5-1 and pgr5-1 S261
Cas#2J were completely oxidisedrigure26G).

The parameters representing the PSI side of photosynthetic activityréédting the
guantum yield of PSIY(ND) representing the donor side limitation of the PSI also known
as photosynthetic contrahd Y(NA)indicating the acceptor side limitation of P&iere
measured usinthe IRC protocobnd calculated out of the absorpti@n875 nm minus
830 nm All lines lacking PGR5 showed a lower activity of PSI (Y(I)). Howepegrs-1
andpgr5-1 S261Cas#lbehaved isilarly, with a slightly higher activity of PSI than the
line pgr5-1 S261Cas#2(Figure26B). In the linespgrs-1, pgr51 S261Cas#1 andpgrs-

1 S261Cas#2 no limitation of the value representing the desiole limitation of PSI
was observedDuring the induction phase, a lower supply of electrons from the donor
side was observed in the witgpe line. However, this observation was nwdewhen

the steady state was reach&hure 26D). Throughout the measurement, the detected
acceptorside limitation was higher in linggr5-1, pgr5-1 S26tCas#1 andpgr5-1 S261
Cas#2compared to the wildype line (Col5) (Figure26F).

In summary, no clear differencegere observedh the IRC between the single mutant
pgr5-1 and the double mutanpgyrs-1 S261Cas#landpgrs-1 S261Cas#2
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Figure26: IRC of S26ECassuppressor lines inpgr5-1 background. Five-weekold plantswere grown

under control conditions (12light, 100 pmol photons #s?). The genotypes weW'T (Col-5) and mutant

(pgr5-1, pgr5-1 S261Cas#1 and pgra S261Cas#3 plants, which were dark adapted, followed by 6 min

of induction of the photosynthesis by subjecting to actinic li§@0 (umol fhotons n? s, white bar). After

the illumination, plants were recovering for 3 min in the dark (black bar). Over the time frame of induction
and recovery, the photosynthetic parameters were measured by applying saturation pulses every 20 s. For
each gentype, five replicates were measuréq.Photosystem two quantum yield (Y(Il)asmeasured by

Chl fluorescence in the described plarBs.Quantum yield of Photosystem | (Y(I))asuncovered by
measuring the absorption at 8@ minus 83m. C, With the fuorescence measurementGiii, NPQ

was determinedd, Measurement of théonor-side limitation of PS[Y(ND)). E, Measuremenof quan-
tum-yield of nonregulated energy dissipation (Y(NO)j, Acceptorside limitation of Photosystem |
(Y(NA)) was calculateffom the measurements representedin G, The gL value was measured Gl
fluorescence in the described plants and subtracted from 1 to ackhiév&he Error bars represent + SD.
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