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fOh our igloo house is bigger now
We've made each brick of ice like stone
It's a fort that can't be broken

A place no one would ever find us

We were children now we've grown
We were children now we've grown

Oh
We were children now we've grown
We were children now we've grown

Nobody knows how loud your heart gets
'‘Cause we're a million miles away but I still hear you
And I'm going going going going to get you

I'll tell you all my memories and you will tell me yours

The colors of my favorite trees before the winter's war

The reasons you and me should talk about the great unknown
Without the distance in between and all the obstacles we've known

The things we know we just don't know
The things we know we don't knowo

How Loud Your Heart Gets
Lucius
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PREFACE

The PhD work presented in this thesis is summarized at the beginning of the thesis both in
English and in German. The first chapter provides an introduction about photosynthesis,
photosynthetic apparatus and regulation of photosynthesis under short and long term excess
of light. Light signaling and retrograde signaling are also introduced in this chapter, together
with photoreceptors and photoreceptors-mediated light signaling pathways. Subsequently, the
aims of this work are stated in the second chapter. A third chapter contains the main
experimental results produced during the PhD work. It is followed by the fourth chapter, in which
the most important results are discussed in the context of the current state of the art of this
research field. Finally, the fifth chapter offers concluding remarks and the future perspectives.

The experimental procedures and materials are provide in the last chapter.






SUMMARY

In natural environments photosynthetic organisms experience dynamic changes of light, which
are balanced by a number of short- and long-term mechanisms that have evolved to minimize
damage to the photosynthetic apparatus and ensure effective photosynthetic performance in
order to prosper in dynamic environments. Recent studies in Arabidopsis thaliana leaf
transcriptome and proteome revealed that hundreds of genes and proteins are subjected to
dynamic regulation under dynamic fluctuation of light (FL) compared to constant light (CL)
(Schneider et al., 2019; Niedermaier et al., 2020). The results of this PhD work contribute to
better understand the dynamic regulation of photosynthesis and the long-term strategies of
plants to acclimate their photosynthetic apparatus to photo-oxidative stress induced by excess
of light (EL).

The functional relationships between light perception, light signaling and molecular
mechanisms underlying the regulation of photosynthetic acclimation to EL have been
addressed through the characterization of the UV-A and blue light (BL) photoreceptor
CRYPTOCHROME 1 (CRY1). Functional and physiological characterization of the knock-out
(KO) mutants cry1-304 has revealed an essential and non-redundant role of CRY1 in providing
necessary components to sustain photosynthesis under both CL and FL conditions. In fact, the
lack of CRY1 in cry1-304 plants leads to a severe photosynthetic imbalance in terms of lower
photoprotection and electron transport capacities at the level of both photosystem Il (PSIl) and
photosystem | (PSI), revealing a strong limitation in the reactions downstream of PSI. The
phenotype observed under no-photoinhibitory conditions was further exacerbated under FL
conditions, where both PSII and PSI displayed intense photoinhibition together with strongly
decreased Non Photochemical Quenching (NPQ) and PSII electron transport capacity. The
severe growth phenotype observed in cry1-304 plants under both in HL and in FL reflects the
photo-oxidative stress and photosynthetic imbalance experienced under these conditions and
indicates that CRY1 is required for EL tolerance. As CRY1 is a very upstream factor in the light
signaling pathways, its effects certainly involve the contribution of multiple components that are
mis-regulated in cry1-304 mutant. Thus, further investigations are required to understand how
the light-dependent signaling networks, controlled by CRY1 and redox signals coming from the

chloroplast, are integrated during the process of long-term photosynthetic acclimation.



Since CRY1 has been detected in the nucleus and the cytoplasm, the localization-dependent
functions of CRY1 were also addressed. The physiological phenotypes of the previously
described transgenic lines overexpressing GFP-fused CRY1 in the nucleus, in the cytoplasm
or in both (Wu and Spalding, 2007) were characterized and compared with the same set of new
transgenic lines generated in this study without GFP fusion. Unfortunately, the latter lines did
not show rescue of the phenotype observed in cry1-304 mutants. Further efforts in characterize
the role of these specific localized CRY1 pools might contribute in the future in dissecting the
mechanisms by which cellular network components that involves multiple organelles and
subcellular compartments are coordinated and mediate global light signaling responses to

changing environments.

Lastly, the role of a gene with unknown function, AT3G56290, in photosynthetic acclimation to
EL was investigated as it was found upregulated in A. thaliana leaf transcriptome under FL
(Schneider et al., 2019) and described as a potential candidate that is involved in the integration
of light and plastid signaling (Ruckle et al., 2012). Gene co-expression analysis indicated a
possible functional relation with genes involved in chloroplast lipid and isoprenoid metabolism
and transcriptional regulation of photosynthesis. Targeted KO plants of AT3G56290 were
successfully generated by using the CRISPR/Cas9 technology. Although these lines showed
no evident changes in morphology, plant development or photosynthetic phenotypes when
compared with wild type (WT) under EL, they represent a first step to further characterize these
mutants and the potential role of AT3G56290 in acclimation to oxidative stress induced from
EL.



ZUSAMMENFASSUNG

In natirlichen Umgebungen erleben photosynthetische Organismen dynamische
Lichtveranderungen, die durch mehrere kurz- und langfristige Mechanismen ausgeglichen
werden. Diese Mechanismen haben sich entwickelt, um Schaden am photosynthetischen
Apparat zu minimieren und eine effektive photosynthetische Leistung zu gewahrleisten, damit
die Organismen in dynamischen Umgebungen gedeihen kdnnen. Eine kurzlich durchgefuhrte
Studie an der Blatt-Transkriptom und Proteom von Arabidobsis thaliana zeigte, dass hunderte
von Genen und Proteinen unter dynamischer Lichtschwankung (FL) auch dynamisch reguliert
werden im Vergleich zu konstantem Licht (CL) (Schneider et al., 2019; Niedermaier et al.,
2020). Die Ergebnisse dieser Doktorarbeit liefern einen Beitrag zum Verstéandnis der
dynamischen Regulation der Photosynthese und der langfristigen Strategien von Pflanzen zur
Anpassung ihres photosynthetischen Apparates an den photo-oxidativen Stress, der durch

einen Uberschuss an Licht (EL) induziert wird.

Die funktionellen Beziehungen zwischen Lichtwahrnehmung, Lichtsignalisierung und
molekularen Mechanismen, die der Regulierung der photosynthetischen Akklimatisierung an
EL zugrunde liegen, wurden durch die Charakterisierung des UV-A/Blaulicht-Photorezeptors
Cryptochrome 1 (CRY1) untersucht. Die funktionelle und physiologische Charakterisierung der
Knock-out (KO) Mutanten cry1-304 hat eine wesentliche und redundanzfreie Rolle des CRY1
bei der Bereitstellung der notwendigen Komponenten zur Aufrechterhaltung der Photosynthese
unter CL- und FL-Bedingungen aufgezeigt.

Das Fehlen von CRY1 in cryl-304-Pflanzen fihrt tatsdchlich zu einem starken
photosynthetisches  Ungleichgewicht in Bezug auf geringere Lichtschutz- und
Elektronentransportkapazitaten, sowohl auf der Ebene von dem Photosystem Il (PSlI) als auch
von dem Photosystem | (PSI). Dies zeigt eine strenge Einschréankung in den Downstream-
Reaktionen von PSI. Der Phanotyp unter nicht-photoinhibitorischen Bedingungen wurde unter
FL-Bedingungen weiter verscharft. AuRerdem zeigten PSIl und PSI unter FL-Bedingungen
eine intensive Photoinhibition, zusammen mi t ei ner st ar-photechkemiscthexger t en
L°schunght (N P G)ektromentédnspdttiSapakitat. Der Phanotyp mit schwerer
Wachstumsstdrung in cry1-304-Pflanzen (sowohl unter HL als auch in FL) spiegelt den unter

diesen Bedingungen auftretenden photo-oxidativen Stress und das photosynthetische



Ungleichgewicht wider und zeigt, dass CRY1 fur die EL-Toleranz erforderlich ist. Da CRY1 ein
hoher Upstream-Faktor in den Lichtsignalwegen ist, beinhalten seine Wirkungen sicherlich den
Beitrag mehrfacher Komponenten, die in dem cry1-304-Mutant fehlreguliert sind. Aus den oben
genannten Grinden sind weitere Untersuchungen erforderlich, um zu verstehen, wie die
lichtabhangigen Signalnetzwerke (gesteuert durch CRY1l und Redoxsignale vom
Chloroplasten) wéahrend des Prozesses der langfristigen photosynthetischen Akklimatisierung

integriert werden.

Der Photorezeptor CRY1 wurde im Zellkern und im Zytoplasma nachgewiesen, deswegen
wurden auch seine Funktionen in Abhangigkeit von seiner zellularen Lokalisierung analysiert.
In frGheren Arbeiten charakterisierten Wu und Spalding (2007) die physiologischen
Phanotypen der transgenen Linien, die GFP-fusioniertes CRY1 im Zellkern und im Zytoplasma
Uberexprimieren. In dieser Arbeit wurde ein neuer Satz transgener Linien ohne GFP-Fusion
erzeugt und mit denen von Wu und Spalding (2007) verglichen. Leider zeigten die Linien in
dieser Studie keine Rettung des in cryl-304-Mutanten beobachteten Phanotyps. Weitere
Bemuhungen zur Charakterisierung der Rolle dieser spezifischen lokalisierten CRY1-Pools
konnten in der Zukunft dazu beitragen, die Mechanismen zu analysieren, mit denen zellulare
Netzwerkkomponenten (die mehrere Organellen und subzellulare Kompartimente umfassen)
koordiniert werden und wie globale Lichtsignalreaktionen auf sich andernde Umgebungen

vermitteln.

Schlief8lich wurde in dieser Studie die Rolle von AT3G56290 bei der photosynthetischen
Akklimatisierung an EL untersucht. AT3G56290 ist ein spezifischer Kandidat mit unbekannter
Funktion, der hochreguliert im FL-Blatt-Transkriptom gefunden wurde (Schneider et al., 2019)
und als potenziell an der Integration von Licht- und Plastidensignalen beteiligt beschrieben
wurde (Ruckle et al.2012). Die Co-Expressionsanalyse ergab, dass dieses Gen funktionell mit
Genen verwandt sein konnte, die am Chloroplasten-Lipid- und Isoprenoid-Stoffwechsel sowie
an der Transkriptionsregulation der Photosynthese beteiligt sind. Gezielte KO-Pflanzen von
AT3G56290 wurden erfolgreich mit Hilfe der CRISPR/Cas9-Technologie erzeugt. Zuletzt
zeigten diese Linien im Vergleich zur Wildtyp (WT) keine offensichtlichen Veréanderungen in
der Morphologie oder in der Entwicklung der photosynthetischen Ph&notypen. Dennoch stellen
sie einen ersten Schritt zur weiteren Charakterisierung dieser Mutanten und ihrer potentiellen

Rolle bei der Akklimatisierung an den durch EL induzierten oxidativen Stress dar.



1. INTRODUCTION

1.1 Oxygen ic photosynthesis

Oxygenic photosynthesis is a biochemical process that allowed evolution of oxygen-dependent
lives on earth. It consists of a series of redox reactions in which in the presence of light (hv)
H>0 molecules are oxidized and inorganic carbon, in the form of carbon dioxide (CO,), is
reduced. The net product of these reactions is the formation of O, and carbohydrates (CgH120s)

6H,O+6CO,+ h v ¢H{-043+ 6 O

In Eukaryotes photosynthesis takes place in chloroplasts, specialized organelles surrounded
by two membranes, the outer envelope and the inner envelope, which together form the
chloroplast envelope (EM). Within the chloroplast the thylakoid membrane system further
defines an inner space (lumen) and an outer space (stroma). Thylakoids are organized in

stacked membrane regions (grana) connected by stroma lamellae (Figure 1.1).

Figure 1.1 Transmission electron microscopy
image of a tobacco chloroplast. Two envelope
membranes (EM) together with thylakoids
(stacked grana thylakoids, GT, and non-stacked
stroma thylakoids, ST) define the stroma (S).
PG, plastoglobuli. Figure was extracted from
»1 (Biochemistry and Molecular biology of plants
i 2nd edition Buchanan et al. 2000).

The photosynthetic process is composed of the light reactions (see section 1.1.1) and the dark
reactions (see section 1.1.2). The first phase takes place at the level of thylakoid membranes
and needs light energy to produce adenosine triphosphate (ATP) and reduced nicotinamide
adenine dinucleotide phosphate (NADPH). Four multi-subunits complexes localized in
thylakoid membranes are essential to drive the light reactions: PSIlI mediates water splitting by

oxygen-evolving complex (OEC) and reduction of plastoquinones (PQ).



Cytochrome bef complex (Cyt bef) mediates electron transfer between the two photosystems,
oxidizing the reduced PQ and reducing plastocyanins (Pc). PSI reduces the final electron
acceptor NADP* via ferredoxin (Fd) and Fd-NADP-oxidoreductase (FNR). This linear electron
transport (LET) from PSII to PSl is coupled with generation of proton motive force (pmf) that is
used to form ATP by ATP-synthase complex (ATPase). During the dark reactions, which
happen in the stroma, both ATP and NADPH are used to fix CO2 in organic compounds in the
Calvin-Benson-Bassham cycle (CBB cycle). The photosynthetic complexes are not distributed
uniformly over the thylakoid membranes. Indeed PSI and ATPase are mainly localized in the
stroma-exposed thylakoids, margins, and grana extremities, while most of PSII are located in
the stacked thylakoids of grana.

1.1.1 Light reactions

The four multi-subunits complexes localized in thylakoid membranes are responsible of three
processes that lead to the ATP and NADPH production: light harvesting, electron transport and

photo-phosphorylation.

1.1.1.1 Light harvesting

Light is absorbed through peripheral and internal antennae associated with both PSIl and PSI.
In eukaryotes the peripheral antennae are composted of pigment-protein complexes called
Light Harversting Complexes (LHC), containing chlorophylls (Chl) a and b and carotenoids
(Car). After light absorption, excited electrons in these pigments can decay through rapid
transfer of energy from a pigment to another until it reaches the photosystem reaction center
(RC) where charge separation takes place. A special pair of Chl associated to each RC. PSII
and PSI RCs have their maximum absorption peaks at 680 nm (red light) and 700 nm (far red
light), respectively, and thus are called P680 and P700.



1.1.1.1.1 PSIl reaction center and light harvesting complexes

PSIl is a large multisubunit protein complex containing a dimeric core and several peripheral
antenna complexes embedded in the membrane (Figure 1.2). The core complex is composed
of 20-23 protein subunits, depending on the organism (Figure 1.2 A and B). The RC is the
catalytic heart of the core and it consists of four subunits, PsbA (D1), PsbB (CP47), PsbC
(CP43) and PsbD (D2), which are also the largest membrane-intrinsic subunits. Charge
separation and electron transfer start in the photochemical RC, composing of PsbA and PsbD,
which bind in total six Chl. PsbA binds also two pheophytins. The internal antenna proteins of
the RC are formed by PsbB and PsbC, which bind 14 and 16 Chl respectively. These two
subunits are involved in light harvesting and transporting excitation energy from peripheral
antenna subunits towards the photochemical RC (Dekker and Van Grondelle, 2000; Nelson
and Yocum, 2006; Mitchell, 2011; Bobik et al., 2015; Roose et al., 2016; Wei et al., 2016; van
Bezouwen et al., 2017). Other small intrinsic subunits (PsbE, PsbF, PsbH, Psbl-M, PsbTc,
PsbX, PsbY and PsbZ) are present in all oxygenic photosynthetic organisms (Roose et al.,
2016; Wei et al., 2016; van Bezouwen et al., 2017). In plant-type PSII the OEC includes the
subunits PsbO, PsbP, PsbQ and PsbR. (Roose et al., 2016; Wei et al., 2016; van Bezouwen
etal., 2017). LHCII are heterotrimers composed of a different combination of Lhcbl, Lhcb2 and
Lhcb3. The dimeric plant core complex forms supercomplexes with up to six LHCII trimers.
These trimers are linked to the core complex by the minor monomeric antenna proteins Lhcb4
(CP29), Lhcb5 (CP26) and Lhcb6 (CP24) (Caffarri et al., 2004; van Bezouwen et al., 2017).
Lhcb4 binds three Car (one lutein, Lut, one violaxanthin, V, and one neoxanthin, N) and 13 Chl
(eight Chl a and four Chl b plus an additional Chl a/b site). Lhcb5 and Lhcb6 contain 13 and
10-11 Chl. Each LHCII monomer in the trimer contains 14 Chl (eight Chl a and six Chl b) and
four xanthophyll binding sites have been identified (see section 1.1.1.1.3) (Liu et al., 2004a;
Standfuss et al., 2005; Pan et al., 2011; van Bezouwen et al., 2017).
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Figure 1.2 Overviews of the dimeric PSII core associated with LHCIl. A) PSII core complex with the
assigned subunits; B) structure of the PSII-LHCII supercomplex from the lumenal side. The core region
(purple), the S-LHCII trimer (cyano), the M-LHCII trimer (green), CP29 (red), CP26 (yellow) and CP24
(pink) are shown. Figure modified from van Bezouwen et al., 2017.

1.1.1.1.2 PSI reaction center and light harvesting complexes

Contrarly to PSII, in higher plants PSI is a monomer and its periferal antenna, LHCI, is stably
associated with the core complex (Croce et al., 2002; Ballottari et al., 2004) (Figure 1.3). In
plant the PSI core complex consists of 12 subunits (PsaA, PsaB, PsaC, PsaD, PsaE, PsaF,
PsaG, PsaH, Psal, PsaJ, PsaK, and Psal). The two largest subunits, PsaA and PsaB, form a
symmetric dimer, which binds the majority of the pigments. LHCI is composed of four subunits
(Lhcal, Lhca2, Lhca3 and Lhca4) that are assembled into two heterodimers (Lhcal-Lhca4,
Lhca2-Lhca3) and linked at one side of the PSI core complex. A recent high resolution structure
from Pisum sativum (Mazor et al., 2015; Mazor et al., 2017) showed the PSI core subunits
arranged together with the four proteins of the LHCI complex to form a super-complex (Figure
1.3). PSI contains 214 prosthetic groups, including 156 Chl, 32 Car, and 14 lipids (Amunts et
al., 2010; Mazor et al., 2015). Two minor LHCI proteins, Lhca 5 and Lhca6, contribute to the
interaction of each PSI-LHCI with the chloroplast NADH dehydrogenase-1 like complex (NDH-
1 complex), by substitution of Lhca4 and Lhca2 (Otani et al., 2018). In addition to LHCI, also
LHCII can associate with PSI during state transition to modulate the distribution of excitation
energy between PSIl and PSI (see section 1.2.1). This LHCII-PSI association happens at the

opposite site of the LHCI-PSI association and it involves PsaH, PsalL, PsaK ( Ko u Si | et
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Figure 1.3 . Structure and organization of the
Pisum Sativum PSI-LHCI supercomplex. A)
PSI-LHCI from the stromal side of the
membrane. B) Pigment organization in PSI-
LHCI supercomplex. The central pigments of
the internal electron transport chain are
shown in red, Chl of the core antenna in
green, Chl a in LHCI in cyan and Chl b in
magenta, Car in blue and lipids in orange.
Figure modified from Mazor et al., 2015

1.1.1.1.3 Xanthophyll binding sites in antenna proteins

In the trimeric LHCII complex four xanthophylls binding sites have been identified, which are
termed based on their binding specificity (Figure 1.4). The L1 and L2 sites bind two Lut and
are associated with the two central transmembrane helices A and B. The site N1 is located in
the more peripheral helix B and binds N. The site V is located at the monomer interface and
binds V. Different antenna proteins share high sequence and structural similarity. Thus, a
similar protein structure has been predicted for the LHCII minor antennae Lhcb4, Lhcb5 and
Lhcb6, as well as for LHCI (Lhcal to Lhca4). However, they differ for the oligomeric state and
pigment composition. Indeed, Lhcbli 3 are organized in trimers, Lhcb4i 6 are monomers and
Lhcal/4 and Lhca 2/3 form dimers. Each monomer of the trimeric LHCII and dimeric LHCI binds
14 Chl, while monomeric Lhcb proteins (Lhcb4, Lhcb5 and Lhcb6) bind less Chl (13, 10-11
molecules). All the LHC proteins bind Lut in the L1 site, while the xanthophyll binding of the
other sites is variable and differs in each of the LHC subcomplexes (Morosinotto et al., 2003;
Standfuss et al., 2005; Wehner et al., 2006; Jahns et al., 2009; Di Valentin et al., 2009; Jahns
and Holzwarth, 2012). In LHCII the V molecules bound to antenna proteins have an important
role in photoprotection (see section 1.2.2.1), while the role of the LHCI-bound-V has not been
clarified yet. It is mostly accepted that the V molecules bound to LHCI proteins are involved in

antioxidant activities rather than energy dissipation (Wehner et al., 2004; Tian et al., 2017).
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Figure 1.4. Xanthophyll binding sites in spinach
LHCII structure (derived from Liu et al., 2004). L1
and L2 sites bind two Lut (in yellow) and are
associated with the two central transmembrane
helices A and B, N (orange) is bound to the N1
site located in the more peripheral helix B. V
(red) is bound in the V1 site at the monomer
interface. Chl a and Chl b are indicated in green
and blue, respectively. Figure from Jahns and
Holzwarth, 2012.

1.1.1.2 Photosynthetic electron transport

In the grana-localized PSII, D1, D2 and Cyt bsse coordinate the molecules involved in the charge
separation: the special Chl a pair (P680), another Chl a molecule (Chlp;), pheophytin (Phe) and
the quinone acceptors, PQa and PQg. The photons excite P680 to P680*, which donates the
electron to Chlp;. Once P680 undergoes charge separation, it becomes oxidized (P680*) and
recovers neutrality by accepting an electron from the H,O splitted by OEC. OEC splits water
molecules, releasing O, and H* in the lumen (H*»). Chlp: reduces Phe, which in turn donates
one electron to PQa tightly bound to the RC (Figure 1.5). Following the transport of two
electrons to the mobile acceptor PQsg, it becomes protonated to plastoquinol (PQH?) by taking
two H* from the stroma (H"ow) and it diffuses in the membrane. Reduction of PQH: contributes
to the formation of an electrochemical gradient across the thylakoid membrane by transferring
H* from the stroma (H*w) to the lumen (H%,). (Tikhonov, 2017). The Cyt bsf complex
interconnects PSII and PSI, transferring electrons from PQH- to Pc, a water-soluble protein
that serves as the primary electron donor of PSI. Cyt bef is organized in a functional dimer in
which each monomer consists of four subunits: the iron-sulfur Rieske protein, Cyt bg, Cyt f and
the subunit IV. Four redox centers provide the catalytic function of this complex: an iron-sulfur
cluster, two hemes of Cyt bg and one heme f. Two PQ binding sites, Q. (quinol oxidase) and
the Qi (quinone reductase) are located in the Rieske protein and in the stromal side of the
complex, respectively (Yamashita et al., 2007). The Q. has high affinity for PQH, which
releases two H* in the lumen (H%x,). Two electrons proceed in two different chains according to
the Q-cycle mechanisms (Mitchell, 1975) (Figure 1.5).
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One electron is transferred to Pc through the high potential chain, while the other electron is
directed to PQ at the Q; site in the low potential chain. Through two sequential steps of PQ
reduction at Qj, two protons are taken from the stroma to regenerate PQH,. The net products
of the Q-cycle are thus two reduced Pc, four H* pumped into the lumen (4 H*%,), two H*
consumed in the stroma (2 H*.y) and one PQH- regenerated when two molecules of PQH: are
oxidized. The reduced Pc diffuses through the lumen to PSI (P700%) which transfers the
electron to Fd in the stroma (Tikhonov, 2017). PsaA and PsaB proteins coordinate a special
pair of Chl a which represent the primary electron donor (P700). When the light induces charge
separation of P700, it donates an electron to the following electron acceptors and becomes
oxidized. P700 is re-reduced by the electron coming from PSII and Cyt bef via Pc. In PSI the
electron chain procedes in two branches (A and B) to other two pairs of Chl (Chl, and Chlz) and
one phylloquinone (A:). The two branches converge at Fy, the first of the three [FeS]. clusters,
followed by Fa and Fgs. The PSI electron transport ends with the reduction of Fd. Electrons are
then transferred from reduced Fd to NADP* via FNR. To synthesize one molecule of NADPH,
two reduced Fd need to be oxidized (Figure 1.5). The LET overall results in oxidation of two
H>0 molecules, synthesis of one NADPH and pumping of six H* into the lumen (Tikhonov,
2017).

Stroma NADP*
(pHom)

2H:ut\ p:
~ 1C
P

P (&
"PQ{_ PQH :

- L
PQH, —n(pQHz);-*bs /
N

Lumen
H,0 1/20,+2HF  (pH,) 2H7

Photosystem I b,f complex Photosystem |

Figure 1.5 Schematic representation of LET in the thylakoid membrane of chloroplasts. Figure was
modified from Tikhonov, 2017.
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1.1.1.3 Photo -phosphor ylation

During LET the H* released in the lumen by OEC and at Cyt bef generates pmf, a trans-thylakoid

potentialthati ncl udes an electric () and a chemical (o
the ATPase to generate ATP from ADP and inorganic phosphate (Boyer et al., 1977; Cukier

and Nocera, 1998; Mitchell, 2011; Junge and Nelson, 2015). Like PSI, the ATPase is

exclusively located in stroma lamellae. Chloroplast ATPase consists of 26 protein subunits, 17

of which are completely or partially embedded in the membrane. ATP synthesis is catalyzed

by the hydrophilic head (cF1) which face the stroma and it is powered by a rotary motor (cFo),

located in the membrane. cFicont ai ns 11 ®utbluthli)t,s whU3be3 tche rotar
containins 14 subunits (aib2c10) each of which possess a conserved protonatable glutamate.

cFo confers a hydrophilic channel spanning the membrane to allow dissipation of pmf which

drives the catalytic activity. ATPase catalyze the synthesis of three ATP per revolution (Hisabori

et al., 2013; Hahn et al., 2018a). The chloroplast “Ysubunit has a region of ca. 40 amino acid

conserved in green algae and higher plants which is thought to work as a redox-controlled

inhibitor of ATP hydrolysis. In this region two cysteine residues work as redox sensor and are

target of redox regulation via thioredoxins (Trx) and NADPHZlependent thioredoxin reductase

(NTRC) (Carrillo et al., 2016; Hahn et al., 2018a; Nikkanen and Rintamaki, 2019). (see section

1.3.2).

1.1.2 Dark reactions

Inorganic carbon in the form of CO: is fixed into carbohydrate via the CBB cycle (Bassham et
al., 1954), which consumes the ATP and NADPH produced during the light reactions and
regenerate ADP, Pi and NADP*. Overall, the synthesis of one molecule of glyceraldehyde 3-
phosphate (G3P) requires nine molecules of ATP and six molecules of NADPH, with a ratio of
ATP/NADPH about 1.5.

6NADPH + 9 ATP + 3 CO2 Y 6 NADP+ + 9 ADP

The activity of the light and dark reactions is coordinated. Since the light reactions strongly
impact the stroma environment in which the dark reactions occur, the CBB activity is modulated
based on the activity of the light reactions. Many regulatory enzymes of the CBB cycle have
their optimal activity at pH values of ca. pH 8. When the electron transport is active in the light,
alkalization of the chloroplast stroma concomitant with lumen acidification leads to a light

dependent shift in pH from pH 7 in the dark to pH 8 in the light.
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The increased stromal pH is accompanied by an increased concentration of Mg?* in the stroma.
Furthermore, also the redox state of the stroma is subjected to changes as a consequence of
the reduction of Fd and NADP*. Reduction of disulfide groups of some key enzymes of the
CBB such as fructose-1,6-bisphosphatase (FBPase), seduheptulose-1,7-bisphosphatase
(SBPase), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and phosphoribulokinase
(PRK), is essential for their activation and can be achieved via the ferredoxin/thioredoxin
system (Yoshida et al., 2015; Buchanan, 2016; Nikkanen et al., 2016; Nikkanen and Rintamaki,
2019; Sharkey, 2019).

1.2 Photoprotection mechanisms to prevent photo -oxidative stress

In natural environments photosynthetic organisms are exposed to highly dynamic
environmental factors and they experience constantly changing conditions that affect their
physiology and photosynthetic performance. Variable environmental conditions (irradiance,
temperature, water and gas availability) can easily lead to overreduction of electron transport
chain, limiting photosynthetic efficiency. In particular sunlight intensity can change quickly and
dramatically, and the changes can last for a short or long time. In order to respond to dynamic
fluctuations of irradiance, the photosynthetic apparatus requires dynamic regulation of light
harvesting and electron transport at different levels (Aro et al., 1993; Niyogi, 1999b; Krieger-
Liszkay, 2005; Allahverdiyeva and Aro, 2012; Kono and Terashima, 2014; Chaux et al., 2015;
Gururani et al., 2015; Li et al., 2018; Schneider et al., 2019). Indeed, when absorbed light
energy exceeds the photosynthetic utilization capacity of plants, overreduction of electron
transport chain can lead to the production of reactive oxygen species (ROS) at level of both
PSIl and PSI and consequently photo-oxidative stress (Aro et al., 1993; Niyogi, 1999b; Krieger-
Liszkay, 2005; Allahverdiyeva and Aro, 2012; Chaux et al., 2015; Gururani et al., 2015; Li et
al., 2018). The balance between the absorption and the utilization of light energy requires
continuous regulation of light harvesting and electron transport. Multiple mechanisms act in
concert to prevent excessive damage and to avoid oxidative stress induced by EL. These
mechanisms are commonly referredas A phot oprotectiond and incl ude
of EL, dissipation or re-directioning of the absorbed EL and excess electrons, ROS scavenging
and repair mechanisms (Figure 1.6). Some of them are constitutively present, such as the
carotenoids bound to photosystems, which also exert an antioxidant function. Other protection

mechanisms are activated by EL at different timescales.
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Despite these numerous photoprotective defense mechanisms, damage to the photosynthetic
machinery still occurs and requires turnover and replacement of damaged proteins. Prolonged
EL triggers sustained gquenching mechanisms to ensure dissipation of EL. If photodamage is
not avoided, limited or repaired, it leads to a decreased efficiency of photosynthesis, termed
Aphotoinhibitiono. Al so, l ong term acclimati on
expression to regulate light harvesting and increase the synthesis of several antioxidant
molecules (Havaux and Kloppstech, 2001; Xu et al., 2017). These gene expression changes
are induced by the EL perceived in the chloroplast and signaling between chloroplast and
nucleus gene expression are mediated by chloroplast-to-nucleus retrograde signaling (see

paragraph 1.3). Photoreceptors contribution in these processes is described in paragraph 1.4.

Thermal dissipation Degradation/repair
Light / . Hirzie- 4: —
LIGHT —— harvesting Photochemistry _— oxidative Photoinhibition
damage

|

Adjustment of
Chl antenna
size

Carbon fixation
Photorespiration
Alternative electron

transport pathways
around PSI

Figure 1.6. Schematic diagram of photoprotective processes occurring within chloroplasts. Figure re-
adapted from (Niyogi, 1999a)

1.2.1 Adjustment of light harvesting

Short-term alteration of the relative antenna sizes of PSII and PSI can occur during the so-
called Astate transitionso, i n which LHCI | can
balance the distribution of excitation energy transfer between the two photosystems. This
mechanism is triggered by electron transfer at the level of Cyt bef, where the binding of PQH.
to Qo subunits serves as a signal for the activation of the STN7 kinase (Bellafiore et al., 2005),

which phosphorylates LHCII. Phosphorylated LHCII moves from PSII to PSI in a conformation

t

called AState I 10. LHCII is then dephosphoryl ated

to the initial d¢Pobilftalrb2080).i on AState |0
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During long-term acclimation to EL changes in the size of the antennae associated with PSI|
and PSI, through changes in LHC gene expression and/or LHC protein degradation, are
required to balance light absorption and utilizaton( Par ké et al . , Jabkewski
et al., 2003; Ballottari et al., 2007; Timperio et al., 2012). A.thaliana plants exposed to HL
showed 52% less Chl associated with PSII antenna proteins compared to the CL plants; on the
contrary, low light (LL) acclimated plants underwent a 46% increase in PSIl Chl content
(Ballottari et al., 2007). In particular, the levels of Lhcbl, Lhcb2 and Lhcb3 (LHCII) are strongly
increased in LL, whereas it is decreased in HL (Ballottari et al., 2007). At the level of PSI, Lhca
proteins do not display major changes during acclimation to different light conditions (Ballottari
et al., 2007), except Lhca5 and Lhca6 which were found increased in HL and FL conditions
(Rolland et al., 2017; Schneider et al., 2019).

1.2.2 Thermal dissipation of excess absorbed light energy

When Chl absorbs light, it is excited from its ground state to 'Chl*. It can relax to the ground
state by emitting light (fluorescence), by fueling photochemical reaction, or by being de-excite
by thermal dissipation (Figure 1.7), in the so called NPQ. Under EL conditions, when
photochemical reactions and NPQ processes are not able to deal with the absorbed excess
photons, the excitation energy is accumulated in the antennae and increases the lifetime of
1ChI*, resulting in increased production of Chl triplets (*Chl*) by intersystem crossing (Mller et
al., 2001). Even though 3Chl* are not harmful per se, they are stable enough to react with O,
generating singlet oxygen and other ROS (Krieger-Liszkay, 2005). NPQ thermally dissipates
the fraction of absorbed EL through the de-excitation of 1Chl*. NPQ has multiple components
which are differently activated and deactivated depending on the duration and the intensity of
EL (Jahns and Holzwarth, 2012).

Figure 1.7. Possible destiny of

excited Chl. When Chl is excited

4 from its ground state to its singlet

g excited state, 1Chl* can be brought

1 back to the ground state by 1)

10,* ” fluorescence emitting fluorescence, 2) providing

photochemistry (qP) energy for photochemistry, or 3)

3 dissipating the energy in form of

o, heat (NPQ) heat. Alternatively, Chl* can be

converted to 4) 3Chl* which can

react with Oz and produce 'O:*.
Figure from (Mdller et al., 2001).
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The energy-dependent quenching (gE) is the fastest component and it is activated and relaxed
in a few seconds. gE is triggered by pH-dependent activation of PSII subunit S (PSBS) protein
(Niyogi et al., 2000; Li et al.,, 2002; Holt et al., 2004; Li et al., 2004) and Zeaxanthin (2)
accumulation (Nilkens et al., 2010) (Figure 1.8, see section 1.2.2.2). Prolonged steady-state
EL leads to activation of the Z-dependent quenching component (qZ), which is activated more
slowly than gE and it relaxes in the time scale of minutes (Nilkens et al., 2010) (see section
1.2.2.3). Persistent EL triggers sustained photoinhibitory quenching processes, qH and ql,
which are slowly activated and slowly reversed (see section 1.2.2.4) (Demmig-Adams, 1990;
Adams and Demmig-Adams, 1992; Demmig-Adams and Adams, 1993; Niyogi et al., 1998;
Jahns and Holzwarth, 2012; Malnoé et al., 2018; Malnoég, 2018; Amstutz et al., 2020).

1.2.2.1 Violaxanthin cycle

Z has a central role in photoprotection in chloroplasts, as it is involved in both ROS scavenging
and quenching of *Chl*, contributing directly or indirectly to all the components of NPQ, except
gH. Violaxanthin de-epoxidase (VDE) catalyzes the two-step de-epoxidation of V to A and to
Z. The VDE activity requires ascorbate as cofactor and it is located in the lumen, where lumen
acidification (pH values <5.8) triggers VDE activation (Figure 1.8 ). The de-epoxidation of V to
Z occurs in the lipid phase of the thylakoid membrane. Activation of VDE is pH dependent: at
pH values higher than 6.5 VDE is mobile in the lumen, while when the pH decreases below 6.5
it is able to attach to the thylakoid membranes (Fufezan et al., 2012). The reverse epoxidation
reaction from Zto V (Z A A A V) is catalyzed by the stroma localized zeaxanthin epoxidase
(ZEP). This reaction is observed under LL or darkness, because under moderate HL VDE
reaction is much faster than ZEP. The ZEP activity occurs at pH values about 7.5 and it needs
NADPH and O; as cofactors (Figure 1.8).

The re-conversion of Z to V via epoxidation reactions catalyzed by ZEP are slower compared
to the de-epoxidation reaction (Niyogi et al.,1997; Jahns et al., 2009; Nilkens et al., 2010;
Jahns and Holzwarth, 2012; Kress and Jahns, 2017).
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De-epoxidation M on B Epoxidation
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Figure 1.8 Violaxanthin cycle. Lumen acidification (ca 5.8) activates V de-epoxidase (VDE) which
catalyzes the sequentialde-e poxi dati on of V to A avndeactivhatesvDE and
causes the slow reconversion of Z to V catalyzed by Z epoxidase (ZEP). Figure modified from (Jahns et
al., 2009)

Release of V from its binding sites in the antenna proteins and diffusion of V to the lipid phase
are essential for de-epoxidation. Furthermore, it represents the rate-limiting steps for de-
epoxidation, which explains the slower de-epoxidation from V to A compared to the de-
epoxidation of A to Z (Latowski et al., 2000; Latowski et al., 2002; Jahns et al., 2009). The
conversion of V to Z in the thylakoid membrane is highly dependent on the binding affinity (and
thus the ability to be released) of V to its binding sites, which differs in each antenna protein
(Jahns et al., 2009; Kress and Jahns, 2017). Xanthophyll binding sites in antenna proteins
LHCII and LHCI are described in section 1.1.1.1.3 (see Figure 1.4). In general, V is loosely
bound to the V1 sites (in LHCIl and Lhca3) and thus it is easily releasable and rapidly
convertible to Z (within about 10 min), contributing to the fast activated gE component of NPQ.
V bound to the L2 sites is less releasable and thus slowly convertible to Z (within about 60 min
in Lhcb6 and Lhca4) or not convertible at all (in Lhcb4, Lhcal, Lhca2), suggesting that the first
might contribute to the slowly activated qZ component and eventually to gl. V bound to L1 is
not convertible to Z (Bassi and Caffarri, 2000; Jahns et al., 2001; Morosinotto et al., 2003; Liu
et al., 2004b; Wehner et al., 2004; Standfuss et al., 2005; Wehner et al., 2006; Jahns et al.,
2009; Di Valentin et al., 2009; Nilkens et al., 2010; Jahns and Holzwarth, 2012; Kress and
Jahns, 2017).

Different views about the quenching function of Z in the antenna system or in the membrane

has been proposed: (i) a direct quenching function of Z in gZ requires xanthophyll exchange in

the V1 site of LHCII trimers and in the inner L2 site of the minor antennae ( Dal | 6 Ost o
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2012). This would imply first the release and the diffusion to the lipid phase of the thylakoid
membranes of the V bound to the V1 and L2 site and re-binding of the Z to those specific
bindingsites( Dal | 6 Os t o (ip becaask the release df23-bound V and the re-binding
of Z after de-epoxidation would require a huge structural reorganization another view proposes
that Z might act indirectly in the membrane or at the periphery of antenna complexes and that
it has an more indirect role, especially in gZ and qgl, for which is possible to observe a close

correlation of their relaxation with Z epoxidation (Kress and Jahns, 2017).

1.2.2.2 The rapidly activated NPQ: energy -dependent quenching (qE)

The fast activation of gE allows a fine control of the absorbed EL. Indeed, qE is quickly activated
under EL (10-200 s) but it also rapidly relaxes when light intensity decreases (10-60 s) and
pH decreases, all owi ng fydixation. dhd fiEucempomerm af NROQf

o

depends on opH that is responsi bl e -flependeragE) i vati on

and VDE for Z accumulation (Z-dependent qE), ensuring that gE occurs only when absorbed
EL needs to be dissipated. PSBS protein is a 22-kDa integral membrane protein composed of
four helices and located in the thylakoid membrane of plants. Its function in gE was discovered
20 years ago (Niyogi et al., 2000) and a number of structural and functional information has
been collected. However, its mechanism of action has not been completely dissected yet.
PSBS has been found as dimer both in the inactive and active form (Fan et al., 2015) but
several evidences proposed that PSBS is a dimer in the inactive form and acts as monomer in
the active NPQ state (Correa-Galvis et al., 2016; Sacharz et al., 2017). Under EL the increased

ppH |l eads to protonat i a@mesexgosedto thd thylpkioieé lungeh, which mat e

have been shown to be essential to induce a conformational change leading to PSBS activation
(Li et al., 2004; Liguori et al., 2019). However, what happens after PSBS activation and how it
can trigger the quenching of the absorbed EL is highly debated. Even though PSBS is a
member of the LHC multigenic family and two putative Chl-binding sites are conserved in its
sequence (Jansson et al., 2000), the recent PSBS crystal structure, obtained at pH 5, clearly
shows that these sites are necessary to stabilize the structure but they do not bind pigment
(Fan et al., 2015), suggesting that PSBS is not a quencher itself (Croce, 2015; Fan et al., 2015).

Protonation drives a systematic unfolding of a PSBS region which induce conformational

r

e ¢

changes and it seems to be i mpoos, gossiblydodkiogtoLiCllot ei nT pr

(Liguori et al., 2019) (Figure 1.9 ). While in vivo evidences are needed to better clarify the PSBS

mechanism of action, PSBS activation has been proposed to induce conformational changes
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in the LHCII through direct interaction with LHCII proteins. Indeed, in the dark-adapted state
PSBS has been found to interact both with PSII core and LHCII proteins, while in the gE-active
light-adapted state the interaction with LHCII trimers, and particularly with Lhcbl, has been

documented (Correa-Galvis et al., 2016; Sacharz et al., 2017).

In the dark-adapted state, synthesis of gE-active Z represents the liming-step for the qE
induction. The generation of the Z-dependent gE happens within about 1i 3 min upon
illumination. Within this short time, a limited amount of Z can be synthetized through de-
epoxidation of a specific pool of V bound to the V1 site of LHCII trimers (see paragraphs
1.1.1.1.3 and 1.2.2.1) (Nilkens et al., 2010). Furthermore, it seems that the presence of Z
promotes the further interaction between PSBS and LHCII, involving not only the LHCII trimers
(Correa-Galvis et al., 2016) but also the binding to the minor LHCII antenna Lhcb4, Lhcb5 and
Lhcb6 (Sacharz et al., 2017).

g,?-_a'} T PSbSX Psll Figure 1.9. Model of PSBS activation and conformational

change upon protonation of glutamate residues exposed to
the luminal side of thylakoid membrane. Under EL PSBS is
activated and deactivated by increased or decreased H*
concentration in the thylakoid lumen. Multiple glutamates act

lumen

[_Sensing |
PsbS m

lumen-exposed
glutamates

Protonated
fraction

345678
e as pH sensors and their protonation trigger a conformational
change, exposing regions possibly involvedinprotei n1T pr ot ei n
5 . . . . .
High interactions. Figure from Liguori et al., 2019.
pH
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1.2.2.3 The slow Z -dependent NPQ component (QZ )

gZ is a separate phase, distinct from gE and it is uniquely dependent on Z, which, except for
its synthesis, does not require lumen acidification. This PsbS- and pH-independent gqZ
quenching process is generated within 10-20 min and involves probably the V pool bound to
the more slowly releasable L2 binding sites in the LHCII (see sections 1.1.1.1.3 and 1.2.2.1).

Relaxation of this phase requires 10-60 minutes (Nilkens et al., 2010).
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1.2.2.4 gH and Inhibitory quenching (ql)

The antenna quenching component gqH is a sustained slowly reversible form of energy
dissipation that has been recently included within the several NPQ components (Malnoé et al.,
2018; Malnoé&, 2018). It includes mechanisms that previously has been attributed to the
component qgl, but it is independent of known components required for other types of NPQ,
such as P SB Smatiod, (Brogkp ¢t al.f 20%3). This component was thus termed gqH
to differentiate it from gl (Malnoé et al., 2018; Malnoé&, 2018). gH component requires the plastid
lipocalin (LCNP) (Malnoé et al., 2018; Malnog&, 2018) and its activation is prevented by
SUPRESSOR OF QUENCHING-1 (SOQZ1) under non-stress conditions (Brooks et al., 2013).
LCNP is a soluble protein of 29 kDa localized in the thylakoid lumen, whose expression is
increased during abiotic stress (Malnoé et al., 2018; Malnoé&, 2018). Determining the interactors
of LCNP will provide insights in this newly described NPQ component. Speculations suggest
that LCNP might act in the proximity or within the antenna proteins, triggering a conformational
change that promote a dissipative state (Malnog&, 2018). SOQL1 is a chloroplast-localized
membrane protein of 104 kD containing a thioredoxin-like and a b-propeller domain located in
the lumen and a haloacid-dehalogenase domain exposed to the chloroplast stroma. SOQ1 was
proposed to prevent formation of gH maintaining the efficiency of light harvesting (Brooks et
al., 2013; Malnoé et al., 2018; Malnoég, 2018). Redox regulation of its activity was proposed
based on the presence of the thioredoxin-like domain (Brooks et al., 2013; Malnoé et al., 2018;
Malnog, 2018).

The last component of NPQ, gl, reflects the processes that are associated with inactivation,
degradation and replacement of photodamaged PSII components, especially the D1. gl has
been associated with PSII photoinhibition rather than regulation of light harvesting. This very
slow component develops slowly in the case of persistent EL (more than 30 min) and it is almost
irreversible, taking several hours for relaxation which requires PSII repair processes and D1
turnover. gl also includes mechanisms for sustained quenching, as demonstrated by retention
of high level of Z, which is very slowly reconverted to V (Nilkens et al., 2010; Jahns and
Holzwarth, 2012; Townsend et al., 2018). It is not clear whether Z contribution to gl involves a
direct interaction between Z and the PSII RC, if its function is limited to the protection of the

PSII antenna proteins or if it is restricted to antioxidative function (Jahns and Holzwarth, 2012).
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The sustained Z retention together with sustained downregulation and photoinhibition of PSII
correlate with the slow Z epoxidation in this phase due to the gradual downregulation of ZEP
after exposure to strong EL for a few hours or longer (Reinhold et al., 2008). In several higher
plant species, degradation of ZEP protein was observed under photoinhibitory conditions in
parallel with the D1 protein of PSIlI (Bethmann et al., 2019). Retention of high levels of Z
accompani ed by -irglepsntdeatiemeryy disspgatien and down-regulation of PSII
activity has been observed under severe stress, as documented in overwintering evergreen
plants (Verhoeven et al., 1998; Adams lll et al., 2002; Oquist and Huner, 2003; Adams et al.,
2004; Yamazaki et al., 2011), and It has been associated with PSII photoinhibition and the gl
component of NPQ (Bethmann et al., 2019).

1.2.3 Photosynthetic control at level of Cytb  6f

In order to avoid PSI over-reduction, Cyt bef activity is thought to be finely regulated. Indeed,
when PSI is limited by the availability of stromal acceptors (acceptor side limitation), electrons
in excess can directly react with O or with the PSI FeS clusters leading to photodamage of PSI
RC and PSI photoinhibition (Tiwari et al., 2016). In response to the EL-induced luminal
acidification, the affinity of Q, sites for PQH; seems decrease, allowing a lower rate of electron
transfer from PQH. to Pc and limiting in this way the amount of PSI electron donors and
protecting PSI from photodamage induced by EL (Nishio and Whitmarsh, 1993; Joliot and
Johnson, 2011; Colombo et al., 2016; Tikhonov, 2018). Photosynthetic control is strictly
depending on o@pH for its fcyliceléciron ranspart {CER) has
been reported (Colombo et al., 2016; Yamamoto and Shikanai, 2019) (see paragraph 1.2.4).

1.2.4 Cyclic electron transport around PSI

During the light reactions ca. three H* are theoretically released in the lumen per each
transported electron. The synthesis of a single molecule of ATP requires 4.7 H* (Petersen et
al., 2012). Thus, for every four electrons transported in the LET, two molecules of NADPH and
2.6 molecules of ATP are produced, leading to an ATP/NADPH ratio approximatively of 1.3. In
C3 photosynthesis under non-photorespiratory conditions, the fixation of one molecule of CO;
in the CBB cycle requires three ATP and two NADPH, with a ratio of 1.5 (Arnon and Chain,
1975). The short ATP supply would slowdown photosynthesis at the final acceptors of LET,
causing overreduction of LET components. In order to increase ATP/NADPH ratio, alternative

pathways operate around PSI.
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Among them, CET is able to re-address the electrons from PSI acceptors (Fd) to PQH: at Cyt
bef, preventing the formation of further NADPH while increasing ATP production. Indeed, the
electron recycling by CET provides an additional contribution to the generation of pmf needed
for ATP synthesis and it balances the ATP/NADPH ratio according to the CBB cycle demand,
consequently alleviating overreduction of PSI acceptors. Two major CET pathways have been
described so far and they are unevenly distributed among photosynthetic organisms (Peltier et
al.; Munekage et al., 2004; Yamori and Shikanai, 2016; Alboresi et al., 2019; Storti et al., 2020b)
(Figure 1.10).The first depends on Proton Gradient Regulator 5 (PGR5) and PGR5-Like 1
(PGRL1) proteins (Munekage et al., 2002; DalCorso et al., 2008) and the second is mediated
by NDH-1 complex, a multimeric complex which shares structural and evolutionary aspects
with the mitochondrial respiratory complex | (Peltier et al.; Shikanai, 2015). The pmf formation
is mostly due to LET, but CET also contributes to pmf generation: in isolated chloroplasts of
A.thaliana the CET contribution to pmf has been estimated to be about 35% independently of
NADPH production, balancing the ATP/NADPH; a contribution of ca. 30% and 5% has been
estimated for PGR5- and NDH-1-dependent CET pathways, respectively (Kawashima et al.,
2017).

The first CET pathway mediated by PGR5 and PGRL1 proteins is important in photoprotection
under several environmental conditions and at different developmental stages, including under
HL and FL (Munekage et al., 2002; DalCorso et al., 2008; Munekage et al., 2008; Suorsa et
al., 2012; Suorsa et al.,, 2013; Suorsa, 2015; Colombo et al.,, 2016; Suorsa et al., 2016).
Recycling electrons from Fd to PQ, the PGR5-PGRL1-dependent pathway should contribute
to pmf formation with the release of four H in the lumen for every two electrons during the Q
cycle. In A.thaliana pgr5 mutants, the reduced pmf causes impairment of NPQ induction
(Munekage et al., 2002; Kalituho et al., 2007), besides it does show much lower NPQ than what
expected from the contribution of this pathway to pmf (Kawashima et al., 2017). Also, pgr5
shows saturation of PSII electron transport at lower light intensity than in the WT. The resulting
LET over-reduction accompanied by lower levels of ATP synthesis limits the CBB cycle and
leads to a strong acceptor side limitation, and consequently PSI photodamage (Munekage et
al., 2002; Kalituho et al., 2007). This also explains the lethal phenotype of pgr5 mutant under
certain regimes of FL (Tikkanen et al., 2010; Suorsa et al., 2012; Tikkanen et al., 2012;
Allahverdiyeva et al., 2015; Suorsa et al., 2016).
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NDH -1 complex has been proposed to pump four H* into the lumen in addition to the 4 H*
translocated by the Q cycle at Cyt bef, thus translocating eight H* for every two electrons
transported (Shikanai and Yamamoto, 2017). However, in contrast to what has been shown for
pgr5 mutants, mutants lacking NDH-1 activity analyzed in several species such as M.
polymorpha, P.patens, N.tabacum, A.thaliana and O. sativa and under several conditions
showed very mild photosynthetic and growth phenotypes (Endo et al., 1999; Ishikawa et al.,
2008; Yamori et al., 2011; Ueda et al., 2012; Martin et al., 2015; Yamori et al., 2015; Yamori et
al., 2016; Storti et al., 2020a). Recently it has been shown that NDH-1 supports the lumen
acidification in PSI-photoinhibited chloroplasts (Rantala et al., 2020). A physiological role of
NDH in FL and in dark to light transitions has been recentily proposed based on studies in O.
sativa (Yamori et al., 2016), A. thaliana (Strand et al., 2017) and P.patens (Storti et al., 2020a).
In P.patens mutants lacking the subunit NDH-M an increased PSI acceptor side limitation
during limiting light condition and in the dark was observed, suggesting that NDH could be
active in maintaining PSI acceptor side oxidized also in the darkness or under limiting light
intensities, when the light-driven electron transport is reduced and thus the NDH activity could

become physiologically more relevant (Storti et al., 2020a).

In A.thaliana and P.patens the lack of both the PGR5/PGRL1-dependent and NDH-dependent
pathways causes much larger defect in electron transport capacity and growth compared to the
two single mutants depleted either in PGR5 or NHD-1 activity (Munekage et al., 2004; Storti et
al., 2020b), suggesting that the two pathways might have a redundant function in pmf formation.
Genes encoding components of both NDH-1 and PGR5-PGRL1 pathways were found
upregulated under FL compared to CL conditions (Schneider et al., 2019). Also, both PGR5
and NDH-1 systems were reported to be upregulated by PSI photoinhibition to protect the
remaining functional PSI RC by enhancing the pH-dependent regulation of electron transfer
from PSII to PSI (Rantala et al., 2020). Because of the slow turnover and less efficient repair
mechanisms compared to PSIl (see paragraph 1.2.6), PSI is efficiently protected by the
presence of multiple, redundant mechanisms to ensure its stability under several environmental
conditions. The redundancy of CET pathways underlines that not only they serve as regulatory
mechanisms to respond to dynamic environmental changes, but they are also indispensable
for photosynthesis, as demonstrated by the drastic impairment of photosynthesis and plant

growth observed when they are completely absent (Munekage et al., 2004; Storti et al., 2020b).
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The CET-dependent pmf, especially related to the PRGR5-PGRL1 pathway, it is also important
to trigger those mechanisms that are dependent on lumenal pH for their activation, such as
NPQ (see paragraph 1.2.2) at the level of PSIl and photosynthetic control at Q, sites in the Cyt
bef (see paragraph 1.2.3) (Colombo et al., 2016; Suorsa et al., 2016; Yamamoto and Shikanai,
2019) (Figure 1 ..10) . The estimated contribution of CET pathways to the total electron transport
(Kawashima et al., 2017) does not correlate with the severe phenotype observed in mutants
lacking both CET pathways (Munekage et al., 2004; Storti et al., 2020b). Rather than generate
a sustained electron transport, the main biological role of CET is to protect PSI from over-
reduction and damage by modulating photosynthetic control and slowing down the ETR to PSI
and eventually allowing for re-oxidation of stromal acceptors (Kanazawa et al., 2017;
Yamamoto and Shikanai, 2019; Rantala et al., 2020; Storti et al., 2020a; Storti et al., 2020Db).
Thus, CET protects photosystem | at both donor and acceptor sides, by increasing PSI donor
side limitation and relaxing the acceptor side limitation (Yamamoto and Shikanai, 2019; Storti
et al., 2020b). The strength of photosynthetic control and CET needs to be finely regulated to
optimize electron distribution between PSIl and PSI and to avoid the photoinhibition of both

photosystems (Yamamoto and Shikanai, 2019).
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Figure 1.10. Physiological functions of PSI CET. In angiosperms, the two partially redundant pathways,
PGR5/PGRL1-dependent pathway and the NDH-dependent pathway, contribute to generate pmf of
across the thylakoid membrane. The @pH is used
of NADPH in order to increase the ATP/NADPH ratio; The consequent acidification of the thylakoid lumen
contributes to other regulatory mechanisms, such as the downregulation of electron transport through
the Cyt b6/f complex (photosynthetic control) and the induction of thermal dissipation (QE component)
in PSII. These functions are essential to protect photosystems from irreversible photodamage. The solid
black arrows indicate LET, the solid red arrows indicate CET around PSI, and the solid blue arrows
indicate the movement of H+. Figure from Yamori and Shikanai, 2016.
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1.2.5 Chloroplast ROS production and  scave nging

The photoprotective mechanisms described in the previous sections are essential to limit the
ROS production in the thylakoid membrane and thereby protect the photosynthetic apparatus
from severe photodamage. However, ROS production is part of normal consequence of
photosynthetic electron transport (PET) and it occurs at the levels of LHC (especially LHCII)
and RCs of both PSII and PSI. Higher rates of ROS are generated when plants are exposed to
environmental conditions that lead to saturation of PET (e.g EL or decreased CO; availability),
requiring an increased antioxidant capacity which is acquired during long-term acclimation to
those conditions. In the following sections, ROS production sources and scavenging systems

in chloroplasts will be introduced.

1.2.6.1 ROS production in photosynthetic electron transport

PET reactions in the thylakoids lead to the production of several ROS, including the hydroxyl
radical (OH'), the superoxide anion radical (O2’), singlet oxygen (*O) and hydrogen peroxide
(HO02) (Lei ster, 2017, Cz ar n o Asktlee majority of IChl s pocated ik
LHCs, generation of *Chl* within the LHCs occurs commonly. However, it is also more easily
scavenged by the antenna Car. 'O, is the most common ROS generated during the PET
processes, especially at level of PSIl. As unsaturated fatty acid side chains are abundant in
thylakoid membrane, reaction between 'O, and these lipids can occur and produces
hydroperoxides, initiating peroxyl radical chain reactions in the thylakoid membrane. On the
PSII electron donor side, perturbation of the enzymatic activity of the OEC can be coupled with
incomplete oxidation of water to H.O,, which can react with the PSIll-bound metals in a
subsequent reaction, forming OH:. Even though the production of 1O, by charge recombination
in the RCs has been described to mostly occur at level of PSIl under photoinhibitory conditions,
has also been described in PSI. Under EL the transient state of the excited P600 and P700
chlorophyll in PSII and PSl is de-excited to the triplet state ((P680 and 3P700) which can react
with O, to produce 'O, (Takagi et al., 2016). 'O, production in RCs can be quenched by Car,
tocopherol, PQ, and ascorbate (Miret and Munné-Bosch, 2015; Leister, 2017; Czarnocka and
Kar pi Es k $ince '@,0slhighly reactive, its generation in RCs can damage lipids, critical
pigment cofactors, and protein subunits. In PSIlI the D1 damage has been largely described
(see section 1.2.6.1) especially the D1 protein, resulting in photo-oxidative inactivation of the

entire RC and consequently PSII photoinhibition (Aro et al., 1993; Niyogi, 1999a;
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Allahverdiyeva and Aro, 2012; Li et al., 2018). 1O, seems to be one of the major cause of light-

induced loss of PSII activity ( Ha v a u x , 201 4; Pospzgil, 2016;

Also at Cyt bef, plastosemiquinone (PQ-) can react with molecular oxygen and produce Oz".
PSI is the major site of ROS production in the PET (Takagi et al., 2016). Compared to PSII,
PSIis more tolerant to EL but it is very sensitive to excess of electrons coming from PSI electron
donors on the lumenal side, or/and insufficient capacity of electron acceptors at the stromal
side (Tiwari et al., 2016). In these conditions electrons can reduce O, during the Mehler reaction
and produce O, which is known to inactivate PSI iron-sulfur (FeS) clusters and cause PSI
inhibition (Kono and Terashima, 2016; Takagi et al., 2016; Tiwari et al., 2016; Tikkanen and
Grebe, 2018; Lima-Melo et al., 2019a; Yamamoto and Shikanai, 2019) (see section 1.2.6.2).
At level of PSI ROS are generated by both excess electrons and EL: excess of electrons from
PSIl to PSI can be reduced by downregulating PSII activity and therefore LET. However, EL
affects both photosystems and can induce formation of triplet P700, which trigger the
production of O to cause PSI photoinhibition (Takagi et al., 2016). Even though triplet P700 it
is usually rapidly quenched by carotenoids, a contribution from O, generated from triplet P700
to photoinhibition under EL cannot be excluded (Takagi et al., 2016; Shimakawa and Miyake,
2018).

1.2.6.2 ROS scavenging

In order to balance redox activities and ROS production and prevent severe photodamage,
chloroplasts possess both enzymatic and non-enzymatic antioxidants (Noctor et al., 2000; Bela
et al., 2015). Enzymatic antioxidants include a broad range of enzymes such as superoxide
dismutases, catalases, ascorbate peroxidases, glutathione reductases,

monodehydroascorbate reductases , dehydroascorbate reductases , glutathione peroxidases

(GPXs) and glutathione-S-transferases ( Czar nocka and .Keanenlly, @sderi ,

oxidative stress conditions the activity of these enzymes (or some isoforms of these enzymes)
increases as with enhanced tolerance of plants to such kind of stress (Kornas et al., 2010; Dietz
and Pfannschmidt, 2011). In A. thaliana two GPXs, GPX1 and GPX7, are localized in the
chloroplast and their expression is induced under both HL and FL (Bela et al., 2015; Schneider
et al., 2019). Photoinhibition of PSIl has been observed in plants with depletion in chloroplast
GPX activity compared with WT, which were more sensitive to long-term photo-oxidative stress
(Chang et al., 2009).
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Besides enzymatic ROS scavengers, also non-enzymatic antioxidants such as ascorbic acid,

gl ut at h-ioawphergl antd) Car are important to mitigate ROS produced during
photo/oxidative stress. Ascorbic acid is the most abundant antioxidant compound in plants and

it serves as electron donator to a broad range of enzymatic and non-enzymatic reactions. It

also participates in the regeneration of tocopherols and, in its reduced state acts as the cofactor

of VDE in the xanthophyll cycle ( Czar nocka and Kar pi Gs ki , 2018;
(Hasanuzzaman et al ., 2017; Czarnock.docahetblsKar pi E
are lipophilic antioxidants, efficient in scavenging O, (protecting PSlI) and, as they prevent the

propagation of lipid peroxidation by lipid radicals, are essential in protecting biological

me mb r a n ®copherdl (vitamin E) has the highest antioxidant power and its levels change

significantly in response to environmental stress conditions, conferring tolerance to adverse

conditions such as EL (Havaux et al., 2005; Traber and Stevens, 2011; Czarnocka and

Kar pi @&Es k Car aredifioph8ig antioxidants, involved not only in light absorption and NPQ

but also in ROS scavenging, as demonstrated by their increased levels under abiotic stress

conditons( Ni sar et al ., 2015; Cz.arnocka and Karpi Esk

1.2.6 Photoinhibition and repair of photodamaged proteins in the
photosynthetic apparatus

When the ROS production exceeds the capacity of ROS scavenging, cellular compounds and
macromolecules are oxidized, leading to photodamage of proteins in the RCs and/or photo-
inactivation of RC with consequent decrement in the maximum photosynthetic efficiency named
photoinhibition. The net loss of photosynthetic activity occurs only when the rate of

photodamage exceeds the rate of repair (Allahverdiyeva and Aro, 2012).

1.2.6.1 PSIlI repair

Photoinhibition is caused by dynamic imbalance between PSII photodamage and the turnover
(inactivation, degradation, repair and replacement) of its components. When the photodamage
of proteins in the PSII RC is not compensated by efficient repair mechanisms, PSIlI becomes
downregulated and/or inactivated, with a consequence of decrease in photosynthetic efficiency.
The D1 and D2 proteins contain binding sites for all the redox-active cofactors involved in the
primary and secondary electron transfer in PSIl. However, D1 protein more frequently

undergoes irreversible oxidative photodamage by ROS generated in PSII.
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Repair processes of PSII D1 protein have been described in detail (Baena-Gonzalez and Aro,
2002) and its turnover has been shown to be an essential requisite for PSIl recovery from
photoinhibition. Under moderate EL, photoinhibition is reversible and the damaged D1 is
removed, degraded and replaced with a neo-synthetized D1. However, under severe EL
photoinhibition can be irreversible due to aggregation of D1 which prevent its removal and
therefore the turnover (Aro et al., 1993; Allahverdiyeva and Aro, 2012; Yamamoto, 2016). After
photodamage occurred, the LHCII antenna complex and OEC are separated from the PSII
dimer to allow a partial disassembly of the core proteins. After monomerization of the PSII,
monomers that need to be repaired migrate from the grana to the stroma-exposed membranes,
where the degradation of the damaged D1 protein by specific proteases and the synthesis of
the new D1 protein take place. Only the damaged PSII monomers are moved and repaired and
the rest of the PSII proteins remains intact. Following the degradation of photodamaged D1,
the de novo synthesized D1 protein is co-translationally inserted into the thylakoid membrane
into the PSII monomers, and after re-assembly of the other subunits they can migrates back to
the grana thylakoids (rewied by Allahverdiyeva and Aro, 2012). Interestingly, a close correlation
of ZEP regulation and degradation with PSII photoinhibition and D1 repair has been recently
reported in A. thaliana, P.sativum, N. benthamiana and S. oleracea during prolonged exposure

to strong HL stress (Bethmann et al., 2019).

1.2.6.2 PSI repair

PSI is generally tolerant to HL but it is very sensitive to excess of electrons, conditions that
occur either by delivery of excess electrons from the donor side (PSII) or by over-reduction of
the electron acceptors at the acceptors side when CET and cytbsf photosynthetic control are
not efficient and/or stromal metabolism is slowed down. Under EL all the photoprotective
mechanisms acting at the level of PSII, including NPQ, state transition and PSIl photodamage
itself, indirectly protect PSI against excess of electrons. However, when PSI photodamage
occurs a long and costly process of repair is necessary to recover photosynthetic efficiency.
Contrarily to PSII repair processes, in which PSIlI repair and photodamage happen
concomitantly and photoinhibition is manifested as a sign of imbalance between these two
events, repair of PSI starts only after plants are shifted to non-stressful conditions (Zhang and
Scheller, 2004). PSI repair is a very slow process and still incomplete even after one week
(Zhang and Scheller, 2004; Sonoike, 2011; Allahverdiyeva and Aro, 2012).
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PSI photoinhibition studied in A.thaliana exposed to 8 h of chilling stress revealed that the
damaged PSI was not degraded during the 8 h of light-chilling treatment, but after 12 h of
recovery at 20°C (Zhang and Scheller, 2004). Unlike photodamaged PSII, the PSI core
complex is not repaired but completely degraded. Also, while PSII fully recovered after 8 h at
20°C, the amount of PSI per leaf area remained low even after 1 week at 20°C (Zhang and
Scheller, 2004). Thus, while in PSII repair the D1 protein undergoes a very fast turnover and
the rest of the subunits are mostly recycled, all the PSI core subunits seem to be completely
degraded while LHCI proteins are degraded much more slowly and to a smaller extent than the
core subunits (Reviewed by Sonoike, 2011; Allahverdiyeva and Aro, 2012). PSI photoinhibition
cause permanent loss of PSI activity and photoinhibited PSI RCs complexes are not repaired
and/or replaced during the photoinhibitory conditions (Kudoh and Sonoike; Sonoike, 2011).
Since the presence of light- absorbing pigment in the photoinhibited complexes that have lost
the capacity to transfer electron can cause the further production of ROS and secondary
damages, removal of P700 Chl without protein degradation has been postulated (Kudoh and
Sonoike; Sonoike, 2011; Pinnola and Bassi, 2018) and loss of Chl absorption associated with
photobleaching during the light treatment has been shown in photoinhibited LHCI-PSI
(Ballottari et al., 2014). When plants are shifted back to recovery conditions destruction of P700
together with degradation of the PSI core proteins can occur (Zhang and Scheller, 2004;
Allahverdiyeva and Aro, 2012; Chaux et al., 2015; Tiwari et al.,, 2016; Kono et al., 2017;
Shimakawa and Miyake, 2018; Tikkanen and Grebe, 2018; Kadota et al., 2019; Lima-Melo et
al., 2019a; Shimakawa and Miyake, 2019; Rantala et al., 2020).

1.2.6.3 Turnover of other proteins during photodamage

PSII repair has been studied for a long time and described in details (Adir et al., 2003) while
PSI recovery from photoinhibition has been difficult to study and some of the mechanisms have
been reported only in the last few years (Zhang and Scheller, 2004; Sonoike, 2011; Tiwari et
al., 2016). A rapid turnover comparable to D1 protein has been recently reported for protein
within the cytbsf and the chloroplast NDH-1 complex, indicating a role of cytbsf and the NDH-
lin photodamage and photoinhibition (Chotewutmontri and Barkan, 2016; Li et al., 2017; Li et
al., 2018).
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1.3 Long -term acclimation to EL requires Chloroplast  -to-nucleus retrograde
signaling

Long-term responses are globally called acclimation and involve reprogramming and regulation
of nuclear and chloroplast gene expression. Persistent changes in the surrounding environment
lead to the activation of longZerm mechanisms which are slowly activated and slowly reversed.
Responses such as reduction in LHC antennae size, PSI/PSII ratio, and the total number of
RCs and LHC antennae are the result of transcriptional, translational and proteolytic regulation
to adjust PET and metabolic sinks to better exploit the available excitation energy. Also the
synthesis and accumulation of antioxidant molecules are induced or more pronounced during
acclimation to EL (Havaux and Kloppstech, 2001; Xu et al., 2017). All these changes provide
high flexibility to adjust photosynthetic performance to the changing environment. The
acclimatory changes are ultimately reflected in chloroplast ultrastructure as well as plant growth
and morphology. Molecular mechanisms of long-term acclimation involve communications
between multiple cell compartments, cell types and organs (Davis et al., 2013; Wientjes et al.,
2013; Dietz, 2015; Schumann et al., 2017). Chloroplast multi-subunits complexes in the
photosynthetic apparatus, the transcription and the translation machineries, as well as the
ancillary proteins needed for their folding and assembling, contain proteins encoded in both the
nuclear and the plastid genomes (Timmis et al., 2004; Woodson and Chory, 2008; Leister et
al., 2017). Thus, accurate coordination and regulation of the gene expression in these two
compartments is essential for the proper functioning of the chloroplast metabolism. The plastid-
encoded-plastid RNA polymerase (PEP) is a multi-subunit enzyme complex composed of
plastid-encoded core subunits associated with a nuclear-encoded sigma factor (SIG), which
directs and specifies the transcription initiation of plastid-encoded genes (PEG). SIGs are
involved in acclimation processes as demonstrated by changes in their expression under
different environmental conditions (Fujiwara et al., 2000; Tsunoyama et al., 2002; Nagashima
et al., 2004; Onda et al., 2008). Numerous nuclear-encoded proteins (NEP) of plastids affect
chloroplast activity and its gene expression through the so-called anterograde signaling.
Chloroplast is also able to perceive its functional state and transmit this information to the
nucleus through retrograde signaling in order to modulate and coordinate the nuclear gene
expression (NGE) of NEP accordingly (Timmis et al., 2004; Woodson and Chory, 2008; Leister
et al., 2017).
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Chloroplast retrograde signals can be related to chloroplast biogenesis (biogenic control) or its
operation in response to environmental changes (operational control) (Pogson et al., 2008;
Estavillo et al., 2011; Woodson et al., 2011; Ramel et al., 2012; Xiao et al., 2012; Avendafo-
Vazquez et al., 2014, Kleine and Leister, 2016; Phua et al., 2018).

The Car biosynthetic inhibitor norflurazon (NF) causes severe photooxidative damage which is
accompanied by photobleaching, defects in chloroplast biogenesis and differentiation, and
repression of gene expression of NEP such as LHCB1.2. NF has been used in the past to
identify a collection of A. thaliana mutants which can accumulate LHCB1 mRNA despite the
plastid development and chloroplast biogenesis had been blocked by the NF treatment
(Pogson et al., 2008; Kleine and Leister, 2016). As these mutants seem to lack important
component of retrograde signaling and communication between the nuclear and chloroplast
genomes, they were named figenomes uncouGJN®do (GU
were identified in the first screening (Susek et al., 1993). Except GUNL, the other four were all
found to be involved in tetrapyrrole biosynthesis (Susek et al., 1993; Mochizuki et al., 2001;
Larkin et al., 2003), while GUN1 seems to integrate multiple retrograde signals derived from
defects in the chloroplast redox state, plastid gene expression, proteostasis and tetrapyrrole
biosynthesis both in seedlings and adult plants by interacting with proteins involved in these
processes (Gray et al., 2003; Kleine and Leister, 2016; Tadini et al., 2016; Llamas et al., 2017,
Pesaresi et al., 2019). Interestingly, a second screening identified other GUN mutants with
more subtle phenotypes compared to the previous ones. This second screening identified some
mutants that were allelic to the UV-A and blue light (BL) photoreceptor CRYPTOCHROME-1
(CRY1) and LONG HYPOCOTYL-5 (HY5), a transcription factor (TF) that is responsible for
activation of many light-responsive genes. These findings suggest an interaction between
plastid-to-nucleus retrograde signaling and nucleus-to-plastid light signaling. It has been
proposed that plastid signals may maodify light signaling, which plays an important role both in
biogenic and operational control (Ruckle et al., 2007). The operational control of chloroplast
retrograde signaling is linked to the function of the photosynthetic light reactions and guides
the acclimation of the photosynthetic machinery to environmental changes to optimize
photosynthetic performance, influencing also development, growth and physiological
responses. Since changes in the chloroplast redox state reflect functional perturbation in
photosynthesis caused by environmental fluctuations, redox signals from photosynthesis serve

as the initial plastid signals that are mediated to the nucleus.
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Environmental changes affect PET and result in changes in the redox state of the PET
components (see section 1.3.1), such as the PQ pool, or those coupled to the PET, such as
the thioredoxin pool (see sectionl.3.2). Another important component of retrograde signaling
directly connected to the PET functioning and redox state is the production of ROS (Pogson et
al., 2008; Pfalz et al., 2012) (see section 1.3.3).

1.3.1 Redox state of PET components

The energetic state of PET reflects the functional balance between PSIl and PSI as well as the
balance between the PET and the energy consumed by metabolism. Excitation energy
distribution and PET are dynamically regulated at the level of both photosystems and Cyt bef
to rapidly rebalance the redox state of PET upon environmental changes. The failure to
effectively maintain PET generates signals by which the chloroplast can transmit information
about environmental stress conditions and induce long-term acclimation responses through
regulation of NGE. The redox state of PQ is very sensitive to any imbalance in the relative
activities of PSIl and PSI, as it is the intermediate electron carrier that connects PSIl and Cyt
bef in PET (Gray et al., 2003; Pfalz et al., 2012; Gollan et al., 2015; Tikhonov, 2018). Under
conditions favoring PSII, PSI becomes rate-limiting and the PQ pool receives more electrons
from PSII than it can deliver to PSI, resulting in reduction of PQ. Under conditions favoring PSI
the opposite situation is established and the pool becomes oxidized. In photosynthesis the PQ
redox state controls phosphorylation of LHCII and the relative allocation of the mobile antenna
between the two PS (termed state transitions; described in the section 1.2.1). (Gollan et al.,
2015). State transition is important for maintaining the redox blance of PET and minimizes the
formation of PSll-derived reactive molecules (Tikkanen et al., 2014a; Mekala et al., 2015).The
failure in regulating state transition induces a prominent imbalance in PET and over-reduction
of the PQ pool, which initiates light-responsive retrograde signaling mechanisms. The rate of
PQH;oxi dati on i s c o nhepesturdecNGE prgfile bhsezvedgopptants lacking

PGR5 (see section 1.2.4) h i gnediated) bont®l oft REE in maj or

chloroplast signaling (Gollan et al., 2015; Gollan et al., 2017).
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1.3.2 Redox st ate of the components coupled with PET: thioredoxins

The Chloroplast TRX system provides protection against oxidative damage in fluctuating
environments as it coordinates the activity and the rate of photosynthetic light reactions with
carbon flow and metabolic processes downstream to PET, as well as the metabolism of ROS
produced within the chloroplast during photosynthetic reactions, accordingly with the
environmental conditions. TRXs regulate directly and indirectly several chloroplast processes
by inducing reductive cleavage of a disulfide bond in the target proteins, increasing or
decreasing their activity (Pogson et al., 2008; Leister, 2017; Nikkanen et al., 2018; Nikkanen
and Rintamaki, 2019). TRXs targets participate in several metabolic pathways and stress-
response: many enzymes in the CBB cycle, starch biosynthesis, chlorophyll biosynthesis and
proteins involved in CET and state transition are target of TRXs. (Nikkanen and Rintamaki,
2014; Leister, 2017; Nikkanen and Rintamaki, 2019).

Two classes of TRX can be distinguished depending on the sources of reducing power: (i)
NADPH-dependent chloroplast thioredoxin reductase (NTRC) is reduced by NADPH, which is
generated both in the light by PET and in the darkness in the Oxidative Pentose Phosphate
Pathway; (i) Ferredoxin-thioredoxin reductases (FTR) are reduced by fd produced during PET
in the light (Pérez-Ruiz et al., 2006; Schirmann and Buchanan, 2008; Nikkanen et al., 2016;
Nikkanen et al., 2018; Nikkanen and Rintamaki, 2019). In the darkness a small fraction of NTRC
is already partially active due to NADPH produced in the Oxidative Pentose Phosphate
Pathway. During the dark to light transitions this NTRC pool transiently activates CET (see
section 1.2.4) that helps to alleviate the pressure at the PSI acceptor side before the full
activation of the CBB cycle (Thormdahlen et al., 2017; Nikkanen et al., 2018; Nikkanen and
Rintamaki, 2019). Also, under light intensities limiting photosynthesis, NTRC activates the ATP
synthase (see section 1.1.1.3) and redox-regulated enzymes of the CBB cycle (see section
1.1.2), increasing the electron sink capacity of the stroma and alleviating the PSI acceptor side
limitation (Carrillo et al., 2016; Nikkanen and Rintamaki, 2019). In conjuction with NTRC activiy
(Nikkanen et al., 2016; Nikkanen and Rintamaki, 2019), FTR types TRXs are activated under
growth light and higher irradiance, by the photosynthetically reduced fd and further activate
CET, to avoid over-reduction of the photosynthetic electron transport chain and allow efficient
oxidation of PSI, protecting it from photodamage (Nikkanen et al., 2018; Nikkanen and
Rintamaki, 2019).
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1.3.3 ROS signaling

The maintenance of a balance between ROS production and ROS scavenging ensures energy
and metabolic fluxes, adjusting different cell functions and triggering acclimation responses
against oxidative stress through retrograde signaling (Pfalz et al., 2012; Suzuki et al., 2012;
Czarnocka and Kar pi EsAmongtheRDS groducEddyriagPET, QH), DS )
and O have a short lifetime and it is unlikely that they can leave the chloroplast and acts as
signal in the nucleus. However, OH- might be formed in the nucleus from H.O- (Leister, 2017)
and both Oz~ and 'O have been associated with regulation of NGE, with specific transcriptome
signatures (Scarpeci et al., 2008; Leister, 2017). It has been proposed that 'O,-dependent
retrograde signaling pathway uses second messenger metabolites, initiated in the thylakoid
membrane (Havaux, 2014; Wang et al., 2016; Leister, 2017). For example, during the 'O, -

mediated lipid peroxidation, quenching of 'O, by chl or opl ast anti-oxidant

carotene) gives rise to reactive electrophile species (RES), that can act as second messengers
to relay the O; signal beyond the chloroplast (Farmer and Mueller, 2013; Leister, 2017). H20;
signaling is known to occur under both biotic and abiotic stress. It is produced by SOD-mediated
dismutation of Oz or via oxidases activity. Compared to the other ROS, it is more stable and
able to cross membranes. Besides the chloroplast, H-O, production takes place also in the
apoplasts, mitochondria, and peroxisomes, which makes it difficult to distinguish chloroplast-
signaling from signaling triggered in other cellular compartments. It has been proposed that
H.O, produced in chloroplasts might reach the nucleus avoiding the transit in the cytosol
through the chloroplast stromules, which provide physical connections with the nucleus
(Farmer and Mueller, 2013; Leister, 2017; Mullineaux et al., 2020).

36

<



1.4 Photo receptors mediated light signaling

Light information is perceived both at the level of chloroplast and via photoreceptors.
Photoreceptors are sensors that transmit light information, allowing plants to adjust physiology
and development according to the light environment (Figure 1.11). As described in the previous
section, the plastid signals generated under EL are able to influence the nuclear and chloroplast
gene expression through retrograde signaling (Figure 1.11 A). However, this transcriptional
adjustment, which is part of acclimation processes to photo-oxidative stress, seems to involve
several signaling pathways, in which photoreceptors also play direct and indirect roles (Figure
1.11 B) (Kleine et al., 2007; Alboresi et al., 2011; Fankhauser and Ulm, 2011b; Engelhard et
al., 2014; Consentino et al., 2015; Fortunato et al., 2015; Rusaczonek et al., 2015; Pearce et
al., 2016; Petroutsos et al., 2016; Demarsy et al., 2018). Variations in light environment are
sensed by photoreceptors, which are photo-reversible proteins with a prosthetic group/cofactor
or an intrinsic amino acid (tryptophan) as a ¢ hr o mo p h o r eDarhiibéaAdnGarwadho,
2018). Plants possess multiple and specialized classes of photoreceptors that are able to
perceive the light environment in terms of quality and quantity (Figure 1.12). In A. thaliana five
classes of photoreceptors have been identified (Figure 1.12 A) (Kami et al., 2010), which are

conserved in most higher plants.

UV-B (2801 315 nm) is sensed by ULTRAVIOLET-B RECEPTOR-8 (UVRS8) (Kliebenstein et al.,
2002; Rizzini et al., 2011a; Cloix et al., 2012), UV-A and BL perception (3151 500 nm) involves
three classes of photoreceptors: |) cryptocromes (CRYs; CRY1, CRY2 and CRY3), II)
phototropins (PHOT; PHOT1 and PHOT?2) and Ill) zeitlupe family (ZTL; FKF1 and LKP2)
(Fankhauser and Staiger, 2002). Although CRY3 (or cry-DASH) belongs to the CRY family, it
is thought to be involved in DNA repair and its role in light perception is not clear (Pokorny et
al., 2008; Zirak et al., 2009; Gartner, 2017). Lastly, five phytochromes (PHY; PHYA-PHYE)
mainly absorb red (RL, 6007 700 nm) and far-red light (FRL 6001 700 nm) (Rockwell et al., 2006;
Jiao et al., 2007; Franklin and Quail, 2010; Kami et al., 2010; Rockwell and Lagarias, 2010).
Photoreceptors are essential to perceive light and trigger light-dependent processes controlling
the developmental transitions and physiological responses to sustain plant growth and
development. For example, PHYs, CRYs, and UVR8 photoreceptors are involved in regulation
of de-etiolation, during which plants switch from the growth in darkness (skotomorphogenesis)

to the growth in the light (photomorphogenesis) (Figure 1.13 B).
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Photomorphogenesis includes many changes in seedling morphology, such as a short
hypocotyl and open green cotyledons, which require a broad reprogramming of gene
expression for the photosynthetic lifestyle (Jiao et al., 2007; Kami et al., 2010; Podolec and
Ulm, 2018). Other photomorphogenic processes mediated by photoreceptors include
germination, phototropism, shade avoidance, leaf and rosette morphogenesis, chloroplast
movement and flowering transition (Jiao et al., 2007; Kami et al., 2010; Podolec and Ulm,
2018). Several of these photomorphogenic responses are largely governed by the

photosynthetically active, visible light spectrum (4007 700 nm).
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Figure 1.11. EL perception and gene expression regulation through plastid and photoreceptor signaling.
A) Light stress perception by chloroplast triggers retrograde signaling to the nucleus to regulate the
nuclear gene expression in response to photo-oxidative stress. B) Light signaling via photoreceptors
leads to transcriptional regulation of light-responsive genes, many of which encode proteins in plastids
(anterograde signaling).

1.4.1 Light signaling mediated by diffe  rent photoreceptors converge in
regulation of the central hub COP1/SPA complex

Upon light activation UVR8, CRY1, CRY2 and PHYs physically interact with TFs as well as with
the E3 ubiquitin ligase system. This central light signaling hub is composed of
CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA-105
(SPA) proteins (Figure 1.12 C) and represents a major repressor of photoreceptor-mediated
photomorphogenic responses (Podolec and Ulm, 2018). The COP1 E3 ubiquitin ligase activity

depends on SPA accessory proteins.
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In A. thaliana genome contains four genes encoding SPA proteins (SPA1-4), which share
functional redundancy (Hoecker, 2005; Fittinghoff et al., 2006). It has been shown that after
COP1 homodimerization, it directly interacts with two of the four possible SPA proteins, forming
COP1/SPA tetrameric complexes with nuclear E3 ubiquitin ligase activity (Zhu et al., 2008;
Podolec and Ulm, 2018). COP1/SPA regulates the stability of photomorphogenesis-promoting
TFs that regulate the expression of many light responsive genes (Figure 1.12 C) Thus, the
photoreceptor-mediated inhibition of COP1/SPA repressive activity results in activation of light-

responsive genes and photomorphogenic responses (Figure 1.12 C).

The activity of the COP1/SPA complex is required during seedling etiolation in the dark, which
is inhibited by light signaling mediated by the action of PHYs, CRYs and UVR8 (Reviewed by
Podolec and Ulm, 2018; Lau et al., 2019). The convergence of the photoreceptor signaling
pathways at COP1/SPA enables plants to integrate different light signals to trigger appropriate
photomorphogenic responses in response to the light environment (reviewed by Podolec and
Ulm, 2018; Lau et al., 2019). However, the interactions of light-activated photoreceptors with
the COP1/SPA complex are distinct for each photoreceptor. Both CRY1 and CRY2 interact
directly with COP1 (Wang et al., 2001; Yang et al., 2001). However, whereas the CRY1-COP1
interaction is dependent on SPA proteins, the CRY2- COPL1 interaction does not involve them
(Holtkotte et al., 2017; Podolec and Ulm, 2018). RL-activated PHYA and PHYB interact with
SPA proteins and inhibit COP1/SPA complex activity by disrupting the interaction between
COP1 and SPA proteins, releasing TFs such as HY5, LONG HYPOCOTYL IN FAR-RED 1
(HFR1), LONG HYPOCOTYL AFTER FAR-RED 1 (LAF1) and CONSTANS (CO) from the
COP1/SPA1 repression (Lu et al., 2015b; Sheerin et al., 2015; Podolec and Ulm, 2018). UV-
B-activated UVRS8 interacts directly with COP1, but in contrast to PHYs and CRYs it does not
interact with SPA and the COP1i SPA interaction remains intact upon interaction with UVR8
(Favory et al., 2009; Rizzini et al., 2011b; Heijde et al., 2013; Huang et al., 2013; Podolec and
Ulm, 2018) (Figure 1.12 C).
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Figure 1.12. Photoreceptors and their roles in photomorphogenesis. A) Different photoreceptors
identified in A. thaliana. B) Light-grown WT seedlings undergo photomorphogenesis (open green
cotyledons, short hypocotyl) as opposed to dark-grown seedlings that undergo skotomorphogenesis
(closed cotyledons, apical hook, elongated hypocotyl). Photoreceptor mutants grown in light resemble
dark-grown WT seedlings, whereas dark-grown copl and spal234 mutants exhibit constitutive
photomorphogenesis. C) Regulation of photomorphogenesis by photoreceptors and the COP1/SPA
complex: Light-activated photoreceptors inactivate the COP1/SPA complex through various
mechanisms, repressing its E3 ubiquitin ligase activity and stabilizing photomorphogenesis-promoting
TFs. In darkness, photoreceptors are inactive and photomorphogenesis-promoting TFs are ubiquitinated
by the COP1/SPA complex and degraded by the 26S proteasome. Figures B) and C) were modified from
Podolec and Ulm, 2018
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1.4.2 Transcriptional regulation via photoreceptors through HY5

Light triggers transcriptional reprogramming of ca 35% of the whole A. thalianabs g e n o me
(Tepperman et al., 2004). The perception of light by photoreceptors activates several
intermediary TFs that belong to diverse families and specifically act downstream of either single
or multiple photoreceptors (Gangappa et al., 2013b; Gangappa and Botto, 2016). Among the
TFs that integrate signals from photoreceptors, HY5 emerges as a central regulator of
fundamental developmental processes such as seedling development in terms of cell
elongation, cell proliferation, chloroplast development, pigment accumulation, and nutrient
assimilation (Gangappa et al., 2013b). HY5 acts downstream to PHYs, CRYs, and UVR8 and
plays a key role in promoting photomorphogenesis in all light conditions. Indeed, hy5 mutant
seedlings exhibit very long hypocotyl under RL, BL, FRL and UV-B light (Gangappa and Botto,
2016). Also, HY5 stability seems to be directly proportional to the increasing light intensity,
indicating a key role of HY5 in dynamic response to environmental cues such as EL (Osterlund
et al., 2000; Gangappa and Botto, 2016). HY5 is a basic domain/leucine zipper (bZIP) TF which
is able to bind to several consensus sequences in promoters of many genes (Gangappa and
Botto, 2016) to regulate their transcription. Besides its role in photomorphogenesis, HY5 has
also been shown to induce transcriptional regulation of genes involved in anthocyanin
biosynthesis, chlorophyll biosynthesis, sucrose metabolism, and ROS signaling (Table 1.1)
(Gangappa and Botto, 2016). Interestingly HY5 induces its own expression in all light conditions
by directly binding to its own promoter, suggesting a mechanism of autoregulation (Abbas et
al., 2014; Binkert et al., 2014; Gangappa and Botto, 2016). HY5 regulates both early and late
anthocyanin biosynthetic genes (Shin et al., 2007; Shin et al., 2013; Gangappa and Botto,
2016), and it is also required for chlorophyll and carotenoids biosynthesis (Toledo-Ortiz et al.,
2014) and components of LHCBs (Lee et al., 2007; Toledo-Ortiz et al., 2014). The most
important genes involved in some of these HY5-regulated pathways are reported in Table 1.1
(re-adapted from Gangappa and Botto, 2016). HY5 acts also in synergy with other TFs such
as HYH (ELONGATED HYPOCOTYL 5-HOMOLOG) and members of the B-box (BBX) family
(Gangappa et al., 2013b). HY5 and HYH act both as heterodimers and homodimers, mediating
light-regulated expression of overlapping as well as distinct target genes (Holm et al., 20023;
Jing et al., 2013). HYH is predominantly involved in BL signaling and its function partially
overlaps with that of HY5. Indeed, the accumulation of HYH protein is dependent on the

presence of HY5 and its expression is induced by HY5 itself (Holm et al., 2002a).
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Pathway

Target gene

Light signaling

HY5 (ELONGATED HYPOCOTYL-5)

BBX-22 (B-BOX DOMAIN PROTEIN- 22)

COP1 (CONSTITUTIVE PHOTOMORPHOGENIC-1)

FHL ( FHY1-LIKE)

HYH (ELONGATED HYPOCOTYL 5-HOMOLOG)

HFR1 (LONG HYPOCOTYL IN FAR-RED 1)

Photosynthesis -related
genes

CAB1/ LHCB1.3 (LIGHT-HARVESTING CHLOROPHYLL A/B 1.3)

PSY (PHYTOENE SYNTHASE)

LHCA4 (PHOTOSYSTEM I LIGHT HARVESTING COMPLEX)

PORC (PROTOCHLORPHYLLIDE OXIDOREDUCTASE C)

GUNS5 (GENOME UNCOUPLED 5)

ELIP-2 (EARLY LIGHT INDUCED PROTEIN 2)

RBCS-1A (RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A)

ROS-related genes

APX2 (ASCORBATE PEROXIDASE 2 SIGNALING)

SIB1 (SIGMA FACTOR BINDING PROTEIN 1)

ERF4 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 4)

SIB4 (SIGMA FACTOR BINDING PROTEIN 4)

NDB2 (NAD(P)H DEHYDROGENASE B2)

Anthocyanin biosynthesis

CHS (CHALCONE SYNTHASE)

CHI (CHALCONE ISOMERASE)

FLS (FLAVONOL SYNTHASE)

MYB12 (MYB DOMAIN PROTEIN 12)

MYB111 (MYB DOMAIN PROTEIN 111)

PAP1 (PRODUCTION OF ANTHOCYANIN PIGMENT1)

MYBD (MYB-LIKE DOMAIN)

Table 1.1 Key genes that are regulated by HY5 (modified from Gangappa and Botto, 2016).
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1.4.3 Phytochromes

The PHYs are a multigenic family that in A. thaliana is composed of five PHYs (PHYA-PHYE)
(Quail, 1994; Wang and Wang Deng, 2004; Krahmer et al., 2018). PHYA is most abundant in
dark-grown seedlings and undergoes rapid degradation upon exposure to RL or white light,
while PHYB-PHYE are light-stable (Somers and Quail, 1995; Clough and Vierstra, 1997;
Clough et al., 1999; Wang and Wang Deng, 2004; Rattanapisit et al., 2016). In light-grown
plants PHYB is the most abundant isoform, while PHYC-PHYE are less abundant (Hirschfeld
et al., 1998; Wang and Wang Deng, 2004).

PHYs are dimeric apoproteins with covalently linked to phytochromobilin, a linear tetrapyrrole
that functions as chromophore ( Chen and Chor y-Dam®ahdCarvdlhd, 20h8).c o
PHYs sense primarily RL and FRL (600-750 nm). RL is absorbed by the inactive form of PHY
(Pr), which absorbs maximally at 660nm. Upon RL illumination, the Pr form undergoes
conformational changes and thereby become converted to the biologically active form (Pfr)
which absorbs maximally at 730 nm. Concomitantly, PHY moves from the cytosol to the
nucleus, where, besides the interaction with COP1/SPA1 system, it regulates transcription
through direct binding to PHYTOCHROME INTERACTING FACTORS (PIFs) (Ngoc Pham et
al., 2018).

PIFs negatively regulate photomorphogenesis by interacting with PHYs and thereby hindering
the promoter binding of the latters (Ngoc Pham et al., 2018; Al-Sady et al., 2006; Castillon et
al., 2007; Leivar and Quail, 2011; Leivar and Monte, 2014). Also, PIFs facilitate phosphorylation
and proteolysis of PHYs. In the darkness PIF1 interacts with COP1 to enhance the repressive
activity of the COP1/SPA complex. Upon exposure to light, PIF1 is destabilized in a PHY-
dependent process, which contributes to inactivation of the COP1/SPA complex (Xu et al.,
2014; Zhu et al., 2015). Upon absorption of FRL or via slow dark reversion in the absence of
light, the Pfr form is converted back to the Pr form and moves back to the cytosol (Kendrick
and Kronenberg, 1994; Quail, 1994; Wang and Wang Deng, 2004; Franklin and Quail, 2010;
Krahmer et al., 2018).
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Phytochromes are involved in shade avoidance response (SAR), which allows plants to sense
the presence of neighbor plants and involves several reprogramming at the level of growth and
metabolism to better cope with potential shading and competition for light. While several PHYs
contribute to SAR, PHYB plays a patrticularly prominent role. Indeed, phyB KO mutants display
classical SAR traits such as perturbed seedling deetiolation, altered leaf morphology with
elongated petiole, small leaf blades and reduced biomass (Yang et al., 2016; Krahmer et al.,
2018). A complex regulatory network involving all PHYs and especially PHYB has been shown

to participate in a wide range of processes which indirectly affect photosynthesis.

RL induces the formation of Chl in A. thaliana WT seedlings within hours (Ghassemian et al.,
2006; Krahmer et al., 2018), while sequential PHY depletion in RL-grown phyB, phyABDE, and
phyABCDE mutant seedlings leads to concomitant reduction in chlorophyll levels (Hu et al.,
2013; Krahmer et al., 2018). Short-term irradiation of plants with low-intensity RL, which
increases the content of Pfr, has been associated with an increased accumulation of Car and
flavonoids and a shift in the balance between oxidants and antioxidants towards the latter
(Krahmer et al., 2018 Kreslavski et al., 2018). Indeed, PHYs regulate positively HY5 and
negatively PIFs, which alters the transcription and the abundance of various photosynthetic
components such as CAB genes (encoding for LHCs), Rubisco small subunit (Thompson and
White, 1991; Krahmer et al., 2018; Kreslavski et al., 2018), as well as Chl and Car biosynthetic
genes, such as PHYTOENE SYNTHASE (PSY), PROTOCHLOROPHYLLIDE REDUCTASE C
(PORC) VDE and GUNS5 (Leivar et al., 2009; Krahmer et al., 2018).

Together with CRYs, PHYs also contribute to transcriptional regulation of proteins involved in
chloroplast metabolism and the CBB cycle (e.g Rubisco and Rubisco activase) and play a role
especially at medium to high fluence light (Fox et al., 2017; Krahmer et al., 2018). Indeed, under
these conditions the quadruple phyA;phyB;cryl;cry2 mutant displayed reduced levels of Chl,
LHCs, and the CBB-cycle proteins together with reduced CO: fixation (Fox et al., 2017).
Interestingly, PHYB also influences stomatal density and leaf thickness, two other important

factors for leaf photosynthetic performance (Boccalandro et al., 2009; Krahmer et al., 2018).
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1.4.4 Cryptochromes

CRYs are the only photoreceptors present across the most lineages and are widely distributed
in bacteria and eukaryotes (Lin and Todo, 2005; Chaves et al., 2011), indicating a vital role
during the evolution of organisms on earth. Their function has evolved differently in different
organisms, undergoing diverse specialization. In plants CRYs govern several developmental
processes in response to UV-A and BL, such as light-mediated suppression of hypocotyl
elongation, control of flowering time, promotion of leaf and cotyledon expansion and root
growth, resetting of circadian clock, regulation of chlorophyll and anthocyanin biosynthesis and

other physiological and developmental processes (Yu et al., 2010).

CRYs are flavoproteins consisting of an apoprotein with two prosthetic groups (Figure 1.13 A),
the N-terminal photolyase homology-related domain (PHR) and a CRY C-terminal extension
domain (CCE). The PHR domain has high homology to DNA photolyases but without
photolyase activity and it contains the non-covalent binding site for two chromophores, 5, 10-
methenyl tetrahydrofolate (MTHF) and flavin adenine dinucleotide (FAD). FAD is a
chromophore for BL while MTHF chromophore is a derivative of pterine that acts in the UV-A
region, transferring excitation energy to FAD, which is a catalytic cofactor ( D 6 A Abiamido
and Carvalho, 2018). On BL /JUV-A|l i gh't exposur e, the pteri-n

chro

harvesting antenna pi gme n tod energyhoitheltatatytic aafiastdr,er s t h ¢

FAD. The FAD chromophore can exist in multiple redox states (Figure 1.13 B): oxidized
(FADo), semiquinone ( FADHA) , and f ul)l Bachoféehdse stated haé difiarBni
absorption characteristics: the maximum absorption for FADox is 450 nm, while that for pterin
is 380 nm (Saxena et al., 2005; Hoang et al., 2008; Mishra and Khurana, 2017). Notably, FAD
is oxidized in the dark-adapted state of the receptor and it becomes reduced in the presence
oflight , forming the neutral radical ( FADHA)
Subsequent to FAD reduction, flavin re-oxidation occurs in a light-independent reaction, leading
to the production of ROS (Consentino et al.,, 2015; El-Esawi et al., 2017). In addition to
perceiving the light, the PHR domain is also responsible for the dimerization of CRY. Moreover,
photoactivation of CRYs requires BL-dependent phosphorylation events which take place at
multiple sites along the CCE domain. BL-dependent phosphorylation correlates with the
physiological activities of CRYs and the level of phosphorylation increases with increasing BL
fluence rate and irradiation periods (Shalitin et al., 2002; Shalitin et al., 2003; Tan et al., 2013;
Liu et al., 2016).
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In A. thaliana three CRYs were identified (CRY1, CRY2, and CRY3). The amino acid sequence
of CRY2 contains a nuclear localization signal (NLS) which targets CRY2 to the nucleus
(Kleiner et al., 1999), while CRY1 lacks NLS and has been detected both in the nucleus and
cytoplasm in both dark and light conditions without a drastic change of relative subcellular
concentrations (Cashmore et al., 1999; Wu and Spalding, 2007; Yu et al., 2010). Considering
the dual localization of CRY1, a mechanism of nucleus-to-cytoplasm translocation has been
proposed, which supposedly occurs upon transition from dark to BL (Ahmad et al., 1998; Yang
et al., 2000; Lin and Shalitin, 2003). Such relocation of CRY1 was observed in wheat (Xu et al.,
2009) but not in rice (Matsumoto et al., 2003). The functions of these two pools of CRY1 with
different subcellular localizations are still unclear. Since regulation of gene expression is
generally associated with nuclear localization and CRY1 is known to regulate gene expression
of a large number of light-regulated genes, it is usually assumed that CRY1 exerts its function
(i.e. active) when it is in the nucleus. However, a study carried out by Wu and Spalding (2007)
has demonstrated separate functions for nuclear and cytoplasmic CRY1 in controlling distinct
processes related to photomorphogenesis in A. thaliana seedlings. The nuclear CRY1 protein
seems to be responsible for BL-dependent inhibition of hypocotyl elongation, whereas the
cytosolically localized CRY1 may mediate BL stimulation of cotyledon expansion and root
elongation (Wu and Spalding, 2007; Yu et al., 2010). In contrast, CRY2 appears to complete
its post-translational life cycle in the nucleus and mediates floral induction and inhibition of

hypocotyl elongation (Yu et al., 2007).

The light-stable CRY1 acts under relatively high-intensity BL, while the light-labile CRY2 acts
mainly under low-intensity BL during early seedling development (Ahmad et al., 1998a; Lin et
al., 1998; Lin, 2002; Shalitin et al., 2002). For example, during de-etiolation of A. thaliana at
low light fluence rates both CRY1 and CRY2 contribute to the BL-induced inhibition of hypocotyl
elongation and promotion of cotyledon expansion; at higher light fluence rates, CRY2 is
degraded and the light-stable CRY1 is thought to mediate the BL responses (Liu et al., 2017).
Among CRYs, only CRY1 and CRY2 are thought to function as photoreceptors in light signaling
pathways, while CRY3, which is localized in chloroplast and mitochondria (Kleine et al., 2003),
seems to be a DASH protein that serves for repairmen of UV-damaged organelle DNA in a
light-dependent manner ( Mi shra and Khur a-bDanjdo adddaglho, RAZH.mi c o
Both CRY1 and CRY?2 interact with COP1 and SPA1 protein (reviewed by Liu et al., 2016;
Podolec and Ulm, 2018).
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1.4.4.1 Role of CRY1 in light -responsive gene expression and photo  -oxidative

stress

In A. thaliana CRY1 and CRY?2 regulate ca. 45 BL-induced genes encoding proteins which tend
2014). BL and CRYs are responsible for the
induction of proteins involved in both photosynthetic light reactions (e.g D2), and the CBB cycle

to be localized in chloroplasts (Ohgishi et al.,
(e.g phosphoribulokinase, sedoheptulose bisphosphatase, and fructose bisphosphate
aldolase) (Ohgishi et al., 2004). Some of these genes were also found upregulated in leaf

transcriptome of FL-treated A. thaliana plants compared to CL plants (Schneider et al., 2019).

As described in paragraph 1.3, it is known that specific nuclear-encoded SIGs of PEP RNA
polymerase activate subsets of plastid gene promoters, inducing the transcription of important
components of the photosynthetic machinery such as PSIlI RC proteins D1 and D2, encoded
by psbA and psbD, respectively (Onda et al., 2008). Transcription of SIGs in A. thaliana is
2008; Mellenthin et al., 2014;

2017). In particular, SIG1 was strongly increased under RL, while BL illumination

regulated by photoreceptors and photosynthesis (Onda et al.,
Belbin et al.,
of dark-adapted plants rapidly and strongly increased the level of both SIG5 and SIG1, and

slowly induced a low/medium transcription of SIG2, SIG3, SIG4 and SIG6 (Onda et al., 2008).
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Interestingly, BL induction of SIG5 showed a two-phase fluence response: a lower-fluence
induction followed by an enhancement in response to increasing fluence rates. Both CRY1 and
CRY2 are involved in the lower-fluence induction of SIG5, while only CRY1 is responsible for
the greater induction observed under higher fluences (Onda et al., 2008). SIG5 was also found
to be upregulated in WT leaf transcriptomes of A. thaliana in EL conditions, such as HL and FL
(Kleine et al., 2007; Schneider et al., 2019). Notably, the CRY-dependent rapid induction of
SIG1 is mostly mediated by CRY1 at both lower and higher BL fluences (Onda et al., 2008). It
has been proposed that SIG5 may promote light-responsive transcription in plastids through
the activation of its expression by photoreceptors. In particular, the circadian regulation of
plastid transcription mainly depends on BL and CRYs whereas the response to RL to FRL ratio
was found to involve PHYs and photosynthetic signals (Belbin et al., 2017). Numerous studies
have demonstrated the contribution of CRYs in acclimation responses to HL stress by looking
at the regulation of redox equilibrium of PET, Chl a to Chl b ratio (Chl a/b) and LHCB contents
underHL( Wal t er s et al ., 1999 ; -DdmidctandrCareatho, 20IL8). ,

In A. thaliana the BL- and CRY1-dependent transcriptional induction of HL-responsive genes
has been investigated by comparing cryl and hy5 knock-out (KO) mutants with WT under BL,
CL and HL (Kleine et al., 2007). PSII photoinhibition and photobleaching was observed in cryl
KO plants (cry1-304) under HL. Furthermore, analysis of seedling leaf transcriptome revealed
48 genes that were differentially expressed in cry1-304 compared to WT under the CL and 77
genes under the HL condition. Interestingly, the expression of HY5 was induced by HL
exposure in WT and the response was dependent on CRY1, as HY5 was downregulated in
cryl compared to WT both under CL and HL. Among the 77 HL-induced genes, 26 were
commonly misregulated also in hy5 KO mutant, indicating that those genes are under the

control of CRY1 through light signaling pathways mediated by HY5 (Kleine et al., 2007).

Consistent with the involvement of both CRY1 and HY5 in the induction of anthocyanin
biosynthetic genes, genes encoding the TFs PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT1; MYB75) and PAP2 (PRODUCTION OF ANTHOCYANIN PIGMENT2, MYB90),
both involved in the regulation of anthocyanin biosynthesis components, were found
downregulated in cryl and hy5 KO mutants under HL (Kleine et al., 2007). Some of these
strongly HL-induced genes code for stress-related proteins, such as GPX7 and EARLY LIGHT
INDUCED PROTEINs (ELIP) 1 and 2, which were found misregulated in both cry1-304 and
hy5 mutants (Kleine et al., 2007). GPX7 is a chloroplast GPX with a crucial role in regulation of

photo-oxidative tolerance during acclimation to photo-oxidative stress (Chang et al., 2009).
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ELIPs are thylakoidal proteins typically expressed under environmental conditions inhibiting
photosynthesis such as HL, UV and cold stress (Hayami et al., 2015, Adamska et al., 1999). It
is thought that ELIPs are involved in protective mechanisms (Adamska et al., 1999) and their
expression increases in condition of PSII photodamage (Heddad et al., 2006). Interestingly the
expression SIG5, GPX7 and ELIPs was also upregulated (3-4 fold change or more) in leaves
of WT during acclimation to photo-oxidative stress induced by FL (Schneider et al., 2019).
Under these conditions also BLUE-LIGHT INHIBITOR OF CRYPTOCHROMES-1 (BIC1),
which encodes a protein that inhibits light-induced dimerization and activation of CRYs, was
upregulated together with HYH, but not HY5 (Schneider et al., 2019). These observations
further support a role of BL and especially CRY1 in acclimation to EL. However, the
mechanisms by which CRY1 controls acclimation to EL and photooxidative stress are not yet

understood.

In a screening to identify the genes involved in the integration of light and plastid signaling,
mutants that were allelic to CRY1 and HY5 were identified as GUN mutants suggesting an
interaction between retrograde signaling and light mediated anterograde signaling (Ruckle et
al., 2007) (see paragraph 1.3). In cryl mutants treated with inhibitors of chloroplast biogenesis
the LHCB mRNA accumulation was less impaired compared to treated WT, indicating that
CRY1 represses LHCB expression when chloroplast biogenesis is blocked. (Ruckle et al.,
2007; Larkin and Ruckle, 2008). In crylgunl double mutants LHCB was synergistically
derepressed, suggesting that CRY1 and GUNL1 are responsible almost of the entire repression
of LHCB in BL. These data indicate that a plastid signal can convert CRY1 into a negative
regulator of LHCB (Larkin and Ruckle, 2008). Plastid signals that affect photomorphogenesis
in A. thaliana are dependent on GUN1 and CRY1 (Ruckle and Larkin, 2009). These evidences
suggest that GUN1 and CRY1 contribute to integrate chloroplast function with
photomorphogenesis (Ruckle et al., 2007; Larkin and Ruckle, 2008; Ruckle and Larkin, 2009;
Ruckle et al., 2012).

In this context, the role of CRY1 in ROS signaling and ROS production during CRYs inactivation
deserve some considerations (Consentino et al., 2015; El-Esawi et al., 2017). Recently, it has
been reported that plant CRYs release ROS including H-02 and O2* during reoxidation of the
flavin cofactor from the light-activated radical (FADHA or reduced (FADH) state back to the
oxidized (FADox) dark-adapted state. ROS production by CRYs has also been proposed to
play a signaling role in response to BL exposure, which acts additively and complementary to

the known signaling mechanisms (Consentino et al., 2015; El-Esawi et al., 2017).

49



Despite their capacity to produce ROS, it would not be predicted to have a great impact on
overall ROS production in the cell, as the CRY photocycle is relatively slow (several minutes)
and therefore only a few molecules of ROS would be generated in this timescale. However, as
they are localized in the nucleus it has been proposed that the amount of ROS produced in this
compartment might be powerful enough to directly contribute to ROS signaling by increasing
the local concentration of ROS near TFs to which CRYs have not been reported to bind directly,
but which are assembled into the same complexes (Consentino et al., 2015; El-Esawi et al.,
2017). For example, G-Box binding TFs are known to bind promoter elements related to HL
stress signaling and are localized in close proximity to CRYs in the nucleus, as both are bound
either directly or indirectly to COP1 (Gangappa et al., 2010; Gangappa et al., 2013d; Gangappa
et al., 2013c). Thus, light activation and inactivation of CRYs could provide a localized burst of
ROS that may be sufficient to induce a transcriptional response around light- and stress-

responsive G-box promoters (Consentino et al., 2015; El-Esawi et al., 2017).

Is not clear yet whether these elements are subjected to redox regulation and how ROS interact
with these TFs to alter their transcriptional regulation. ROS-responsive elements in the
promoters of the responsive genes, have been described (He et al., 2018) and Intra-or
intermolecular disulfide bond formation serves as a direct regulatory switch for several TFs
(Antelmann and Helmann, 2011; He et al., 2018). For example, The A. thaliana bZIP16 binds
to the HL-responsive G-box-containing LHCB2.4 and a conserved cysteine residue was shown

to be necessary for redox regulation and enhancement of DNA binding activity (He et al., 2018).
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2. AIMS OF THE THESIS

Extensive studies in the past have advanced our knowledge on regulatory mechanisms of
photosynthesis and photoprotection. However, most of these studies were conducted in plants
that were grown under CL, which is very different from dynamically changing light environments
found in nature. In this work | studied dynamic regulation of photosynthesis and long-term
strategies of plants to acclimate their photosynthetic apparatus to photo-oxidative stress
induced by EL in the model organism A. thaliana. A previous study carried out in our research
group (Schneider et al., 2019) have identified many differentially expressed genes in leaves
of A. thaliana under photo-oxidative FL conditions compared to CL conditions. Long-term
acclimatory responses involve reprogramming, regulation and coordination of nuclear and
chloroplast gene expression and therefore communications between multiple cell
compartments, cell types and organs is an essential requisite (Davis et al., 2013; Wientjes et
al., 2013; Dietz, 2015; Schumann et al., 2017). A role of circadian clock and light signal, in
particular the CRY-dependent BL signaling, in orchestrating the global adjustments of gene
expression during acclimation to dynamic EL (i.e. FL) conditions has been proposed (Schneider
et al., 2019), which may operate in parallel with, or interact with the chloroplast-to-nucleus
retrograde signaling (Kleine et al., 2007; Ruckle et al., 2007; Larkin and Ruckle, 2008; Ruckle
and Larkin, 2009; Ruckle et al., 2012)

Thus, this study first addresses the question about the functional relationship between CRY1-
dependent BL signaling and plant photosynthetic acclimation to different light conditions (i).
Since CRY1 has been found in the nucleus as well as in the cytoplasm (Cashmore et al., 1999;
Wu and Spalding, 2007; Yu et al., 2010), an attempt was also made to inspect the physiological
functions of nuclear and cytoplasmic localization of CRY1 in photosynthetic acclimation to EL
(ii). Additionally, possible functions of an interesting candidate gene, which was upregulated in
A. thaliana leaves under FL (Schneider et al., 2019) and has been suggested as one of the
genes involved in the integration of light and plastid signaling (Ruckle et al., 2012), were also

investigated (iii).
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In concrete, the aims, questions and approaches of each section are as follows:
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(i)

(ii)

(iii)

To characterize the role of CRY1 in photosynthetic acclimation by comparing the
cryl KO mutant, cry1-304, with the corresponding WT plants under different light
conditions. To further examine the previously described HL sensitive phenotype of
cryl-304 (Kleine et al.,, 2007) and to evaluate the photosynthetic and growth
responses under FL regimes. To find out the cause of the EL sensitivity of this

mutant.

To study the photosynthetic phenotypes of the previously described transgenic A.
thaliana lines overexpressing CRY1 exclusively in the nucleus, in the cytoplasm, or
in both (Wu and Spalding, 2007). To generate the same set of new CRY1 transgenic
lines but without the fusion to green fluorescent protein (GFP) to rule out possible
side effects of GFP on CRY1 activity. To validate the photosynthetic phenotypes
related to specific CRY1 localization in these new lines.

To infer possible functions of the candidate gene (AT3G56290) via in silico
analyses, such as protein sequence and phylogenetic analysis as well as gene co-
expression analysis. To generate targeted KO lines of AT3G56290 by means of the
CRISPR/Cas9 method (Hahn et al., 2017a; Hahn et al., 2017b) and characterize
their photosynthetic phenotypes under different light conditions (CL, FL and HL) to

assess physiological consequence of the gene mutation.



3. RESULTS

3.1 Characterization cryl-304 of under EL

In order to clarify the role of CRY1 in photosynthetic acclimation, the photosynthetic and growth

phenotypes were analyzed in plants of wildtype (WT Col-0) and CRY1 KO mutant (cry1-304)

under EL. Plants grown under conmisd)mereedxposed | i ght
to a dynamic EL (fluctuating light, FL, abrupt HL pulses of 1000 pmol photons m? s for 30 s

every 10 min in the background of CL) or to constant EL (high light, HL, 1000 e mol pho
2 s1) and compared with the plants that stayed under CL. Leaf growth and photosynthetic

parameters were monitored during long-term EL exposure, along with the analyses of protein

levels, pigment composition, and gene expression.
3.1.1. Visual and Growth phenotypes under HL and FL

Under CL little differences were observed between WT Col-0 and cry1-304 (Figure 3.1). As
expected, cryl-304 plants showed elongated petiole compared to WT Col-0 (Ahmad and
Cashmore, 1996; Ahmad and Cashmore, 1997; Ahmad et al., 2002; Millenaar et al., 2009;
Keller et al., 2011). However, they were very sensitive to HL, as reported previously (Kleine et
al., 2007), showing photobleaching of leaves already on the second day of the treatment. This
severe phenotype was not observed in the WT Col-0 under the same conditions, even though
it showed some typical HL responses, such as anthocyanin accumulation (Chalker-Scott, 1999;
Gould, 2004; PAGE et al., 2012; Maier and Hoecker, 2015) and leaf curling (Mishra et al.,
2012), which were not observed in HL-treated plants of cryl-304. The FL treatment did not
cause bleaching or cell death in cryl-304 and WT Col-0 (Figure 3.1 A) . Leaf growth was
monitored for six days by measuring the projected leaf area every two days by using the
GROWSCREEN-FLUORO (Jansen et al., 2009). Under CL the projected leaf area of cry1-304
increased exponentially as it did in WT Col-0. Leaf expansion was slowed down both in WT
Col-0 and cry1-304 in the HL and FL conditions compared to the CL condition. The projected
leaf area of cry1-304 decreased in HL because the cotyledons and first true leaves bleached
and thus were not detected as leaf area (Figure 3.1 B ). Growth impairment was observed in
cry1-304 under both FL and HL treatments compared to the CL and WT Col-0 in the same

conditions.
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Since the FL treatment did not cause leaf bleaching in cry1-304, but it still had a clear effect on
the growth phenotype, the following analyses were performed focusing on the FL-treated plants

in comparison with the CL-treated plants.
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Figure 3.1. Visual and growth phenotypes of WT Col-0 and cry1-304 growing under different light
regimes (constant low light, CL, fluctuating light, FL and constant high light, HL). A) Visual phenotypes
of representative plants before the onset of the light treatments (day 0) and at the end of the treatments
(day 8). B) Leaf expansion growth monitored as changes in the total projected leaf area (cm?) for six
days. Data are mean values + SD (n = 10-26 plants).

3.1.2. Induction of photosynthetic responses at the level of PSIl in cryl-304 in
comparison with WT and other photoreceptor mutants and hy5hyh

While some light signaling pathways are mediated by specific photoreceptors, other signaling
components can interact with multiple photoreceptors. Indeed, many photoreceptors signaling
pathways converge in the transcriptional activation of genes controlled by HY5 by inactivating
the COP1/SPA1 complex in the nucleus (Osterlund et al., 2000; Gangappa and Botto, 2016;
Podolec and Ulm, 2018; Lau et al., 2019b). This has been shown for CRY1, CRY2 (Wang et
al., 2001; Yang et al., 2001; Mao et al., 2005; Fankhauser and Ulm, 2011), PHYA (Saijo et al.,
2003) and PHYB (Lu et al., 2015a), as well as for UVRS8 (Cloix et al., 2012). In order to check
whether the CRY1-mediated photosynthetic acclimation to EL is influenced by other major
photoreceptors (CRY2 and PHYB) or involves light-responsive transcription factors (HY5
and/or HYH), plants of CRY1CRY2 double KO (crylcry2), PHYB KO (phyB) and HY5HYH
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double KO (hy5hyh) mutants were studied under the FL condition along with WT Col-0 and
cryl-304. Since the hy5hyh mutant is in Wassilewskija (Ws) background, Wt Ws was also
included as the control for this line.

The Chl fluorescence parameters related to PSII activity were evaluated by measuring light
induction curves in mature leaves after three days of CL and FL exposure (Figures 3.2 7 3.4).
The maximum quantum yield of PSII in the overnight dark-adapted state (F./Fm) in mature
leaves is shown in Figure 3.2 A, together with the color-coded images (Figure 3.2 B)
illustrating the heterogeneity among different leaves within the rosette. CL-treated plants of
cryl-304 displayed comparable values of F./Fn with WT Col-0 and the other genotypes
analyzed (Figure 3.2 A). However, after three days of exposure to FL cry1-304 exhibited
significantly lower F./Fy values compared to CL-plants and to the other genotypes under the
same conditions, indicating PSII photoinhibition, especially in the mature leaves. In contrast,
F./Fn did not change much in the other genotypes. Although FL-treated plants of phyB also
showed significantly lower F./Fn, compared to WT Col-0 under the same condition, their values
did not significantly differ between FL and CL. In both conditions phyB tended to have lower
F./Fn values than WT Col-0 (Figure 3.2 A), especially in young leaves (Figure 3.2 B ) which

were not used for the light induction measurements.

The induction measurements (Figure 3.3 ) showed reduced quantum yield of PSII in the light
(Y(@) in both CL and FL-treated plants of cryl-304 compared to all other genotypes.
Consequently, the CL-treated plants of cry1-304 had lower relative electron transport rate of
PSII (ETR(II)) than the other genotypes at the end of the light induction measurements, with a
decrease of ca. 33% compared to WT Col-0. Notably, the FL-treated plants of cry1-304 showed
full reduction of PSIlI (zero Y(Il)) upon illumination and no sign of photosynthetic induction
(leading to re-oxidation of PSII or increase in Y(II)) until the end of the 260-s exposure to the
blue actinic light (AL) intensity of 550 umol photons m? s1. In contrast, the other genotypes as
well as the CL plants of cryl-304 were capable of increasing Y(Il) during the 260-s light
induction and thus also ETR(Il) values derived thereof. A slightly lower ETR(Il) was also
observed in the CL plants of crylcry2 compared to WT Col-0 (ca. 16% less) but the FL plants
of this mutant were able to perform photosynthetic induction to achieve ETR(Il) values

comparable with WT Col-O0.
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The light-induced development of NPQ (Figure 3.3 and 3.4) was comparable in all the
genotypes analyzed, except for cry1-304. NPQ tended to be lower in the CL plants of cry1-304
compared to the corresponding plants of WT Col-0 and the other genotypes. The FL-treated
plants of WT Col-0, phyB, WT Ws and hy5hyh tended to increase the NPQ capacity after 3-d
exposure to FL (Figure 3.3), especially in young leaves (Figure 3.4 B). In contrast, NPQ
developed quickly in the CL plants of cry1-304 upon illumination but it did not increase further
(Figure 3.3). The FL-treated plants of cryl-304 had even lower NPQ levels and there was
almost no relaxation of NPQ during the 60-s dark recovery, indicating that their NPQ was not
rapidly reversible gE. When the NPQ values measured after 160 s of AL illumination were
compared (Figure 3.4 A), the CL and FL plants of cry1-304 had ca. 42% and 81% lower NPQ
respectively, compared to the corresponding plants of WT Col-0, especially in the mature
leaves (Figure 3.4 B ). Somewhat reduced levels of NPQ were also found in mature leaves of
the FL plants of crylcry2 and phyB compared to WT Col-0 after 160 s of AL illumination, but
these mutants did not display severe NPQ impairment as found in cry1-304 plants (Figure 3.4
A). Indeed, CL- and FL-treated crylcry2 had ca. 14% and 26% lower NPQ values, respectively,
compared to WT Col-0 in the same conditions, while in CL- and FL-treated phyB plants NPQ
was 13% and 15% lower than WT Col-0O under the same conditions (Figure 3.4 A).

It should be noted that the NPQ levels shown in Figures 3.3. and 3.4 do not include
photoinhibitory quenching (gl) that was already present in some of the plants prior to the AL
illumination, as can be noted by the low values of F./Fn reported in Figure 3.2 A. Thus, the
NPQ data in Figures 3.3 and 3.4 represent only the fraction of NPQ that developed during the

AL illumination.

Overall, the results in Figures 3.1 T 3.4 confirm the high sensitivity of cry1-304 to EL, and in
addition, suggest its limited ability to rapidly activate photosynthesis and develop NPQ
(specifically gE) upon illumination. These limitations were already detected in the CL plants of
cry1-304 but were strongly exacerbated following a few days of FL exposure. The phenotype
observed in crylcry2 plants was milder compared to cry1l-304. The depletion of CRY2 in
crylcry2 double mutant does not seem to intensify the negative effects on photosynthetic
responses observed in the cryl single mutants, but it rather alleviates a part of these effects,
suggesting that CRY1 and CRY2 do not have redundant roles in acclimation to EL. Thus, the
roles of CRY2, PHYB, HY5 and HYH in photosynthetic acclimation to EL examined in the CL

and FL conditions seemed to be minor compared to CRY1.
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At the level of PSII, cryl-304 was the only genotype that displayed strikingly lower
photosynthetic and photoprotective capacity both under CL and EL conditions and were not

able to acclimate to EL (neither to FL nor to HL).
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Figure 3. 2: Maximum quantum yield of PSII in the overnight dark-adapted state (F./Fm) after three days
under CL and FL. A) FJ/Fm values of the mature leaves used for the photosynthetic induction
measurements shown in Figure 3.3. Significant differences between the genotypes as well as between
the light conditions (CL and FL), and the interaction (genotype X light condition) were assessed by two-
way ANOVA followed by Tukeyd gnultiple comparison test. Different letters in the panel indicate
significant differences in comparison to the corresponding WT: cry1-304, crylcry2 and phyB were
compared to WT Col-0 and hy5hyh to WT WSs. Letter shared in common between the genotypes indicate
not significant difference between their mean (c, PO 0:;D0,1 P O. LOwefcd&sd and uppercase
letters are for the comparison between the genotypes under CL and FL, respectively. The differences
between the light treatments within the same genotype (FL vs CL) were assessed by unpaired
independent Student t-test and significant differences are indicated by asterisks(* * P O 0. 01
Mean values + SD are shown (n = 3-11 plants). B) Spatial heterogeneity of Fv/Fm in whole rosettes. The
color bars on the right show the scale of the color code.
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Figure 3.3: Characterization of PSII activity after three days under CL and FL in leaves of overnight
dark-adapted plants of WT Col-0, cry1-304, crylcry2, phyB, WT Ws and hy5hyh. Photosynthetic
induction was evaluated for 260 s under actinic light (AL) illumination of ca. 550 umol photons m2 s,
during which saturation pulses (SPs) were triggered every 20 s. The AL period was followed by 60 s of
dark relaxation. Y(II), quantum yield of PSII; ETR (ll), relative electron transport rate of PSIl; NPQ, non-
photochemical quenching. Mean values + SD are shown (n = 3-11 plants).
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Figure 3.4. NPQ measured after 160-s of AL illumination in WT Col-0, cry1-304, crylcry2, phyB, WT Ws
and hy5hyh after three days under CL and FL. A) NPQ values of the mature leaves used for the
photosynthetic induction measurements shown in Figure 3.3. Significant differences between the
genotypes as well as between the light conditions (CL and FL), and the interaction (genotype X light
condition) were assessed by two-way ANOVA followed by Tukeyd snultiple comparison test. Different
letters in the panel indicate significant differences in comparison to the corresponding WT: cry1-304,
crylcry2 and phyB were compared to WT Col-0 and hy5hyh to WT Ws (B,PO0 . 05 ; D and.
Lowercase and uppercase letters are for the comparison between the genotypes under CL and FL,
respectively. The differences between the light treatments within the same genotype (FL vs CL) were
assessed by unpaired independent Student t-test and significant differences are indicated by asterisks
** P O 0. 01.Meanvatues@ S arddsbalvih (n = 3-11 plants). B) Spatial heterogeneity of
NPQ after 160-s AL illumination. The color bars on the right show the scale of the color code. Note that
NPQ values were divided by four (NPQ/4) to use the scale between 0 and 1.
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3.1.3. Photosynthetic response of  cryl -304 to different light intensities

The response of PSII (Figure 3.5) and PSI (Figures 3.6 and 3.7) to increasing light intensities
was evaluated by measuring rapid light response curves in mature leaves of cry1-304 and WT
Col-0 after three days of exposure to CL and FL. Unlike the induction measurements, in which
dark-adapted whole plants were suddenly exposed to blue AL of 550 umol photons m? st and
the PSII parameters were calculated for selected areas of mature leaves (Figure 3.3), rapid
light response curves were measured in mature leaves detached immediately before the
measurements from dark-adapted plants and exposed to stepwise increase in the intensity of
red AL.

As already shown in Figure 3.2 A, at the level of PSII (Figure 3.5) FL-treated cry1-304 plants
showed higher photoinhibition (i.e. lower F./Fn) compared to CL condition and WT Col-0 under
the same conditions (Figure 3.5 A). Also, cryl-304 plants displayed lower values of Y(ll),
ETR(Il) and NPQ compared to WT Col-0 regardless of whether they were treated with CL or
FL (Figure 3.5 B). However, FL-treated plants of cryl-304 displayed strongly decreased
ETR(Il) compared to WT Col-0 under the same conditions and to CL cry1-304 plants. NPQ
levels were also lower in FL plants of cryl-304 compared to WT Col-0, but they were not
significantly different from CL plants of cry1-304 at light intensities lower than 480 umol photons

m2s1. At higher light intensities they were not able to upregulate NPQ capacity further, showing

lower values compared to CL plants. At the highest light intensity (830 € mo | phosdns

NPQ in cryl-304 was ca 44% (CL) or ca. 65% (FL) lower than the corresponding values
measured in the WT Col-0.

To check whether the EL-induced inhibition of PSII activity in cry1-304 depends on the severity
of FL treatment, an additional experiment was conducted by exposing plants to a milder FL
treatment (FL2) in which the light intensity was changing sigmoidally between HL (ca. 20 s) and
CL every 5 min during the light period in the growth chamber (Figure S.1). In both genotypes
the FL2 treatment led to Y(II) and ETR(Il) values which were between the CL and FL plants
(Figure S.1). As for NPQ, the FL and FL2 plants of WT Col-0 had similar values except at very
low light intensities (< 80 pmol photons m?2 s*) in which the FL plants showed stronger NPQ
than the FL2 plants (Figures 3.5 B and S.1 B). Interestingly, when the FL2 treatment caused
mild reduction of F./Fn (Figure S .1 A), Y(Il) and ETR(ll) in cry1-304 (Figure S.1 B ), this mutant
did not show suppression of NPQ but was able to enhance the NPQ capacity compared to the
CL plants (Figure S.1 B).
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These results indicate that the inhibitory effects of FL observed in cry1l-304 depend on the
severity of the treatment. In addition, while mature leaves of cry1-304 had reduced capacities
for ETR(Il) and NPQ (especially qE) compared to the corresponding leaves of WT Col-0 under
all light conditions examined, a part of the severe NPQ inhibition found in this mutant under the
FL condition seems to be a consequence of impaired electron transport to build up a pH

gradient ( pepH) across the thylakoid membrane.
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plants of WT Col-0 and cry1-304. The
intensity of AL was gradually
increased in 14 steps from 0 to 830
pmol photons m2 s1 with 90 s of
dwell time at each step. Y(ll),
guantum vyield of PSIl; ETR (ll),
relative electron transport rate of
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In parallel to Chl fluorescence, also P700 redox changes were monitored during the
measurements of rapid light response curves (Figure 3.6 ). The maximum photo-oxidizable
P700 (Pm), which reflects the functional PSI, was slightly but not significantly lower in CL-
treated plants of cry1-304 compared to WT Col-0 (Figure 3.6 A). Lower values of Pm were
observed in both WT Col-0 and cry1-304 plants after three days of FL exposure, indicating PSI
photoinhibition. However, FL-treated plants of cryl-304 displayed more severe PSI
photoinhibition, as indicated by Pm which was decreased to ca. 23% of the WT values under
the same condition and to ca. 21% of the CL cryl-304 plants. FL2 treatment caused
intermediate Pm values, which were reduced to 44% and 39% of the values observed in FL2-
treated plants of WT Col-0 and CL cry1-304 plants, respectively (Figure S.2 A).

The Pmé values deter mi ned th@L-andEL-tréatedplants diWT e r

Col-0 remained stable at ca 1.2 and 1, respectively, during the exposure to different light

intensities from 0 to 830 pmol photons m2 s1. In contrast, in CL-treated cryl-304p | ant s,

strongly decreased from ca 1.0 to 0.1, inversely proportional to the increase of light intensity,
indicating a decreased ability of PSI to re-oxidize and thus a decreased capacity to release
electrons to the downstream acceptors (Figure 3.6 B ). In FL and FL2-treated cry1-304 plants
P m6 luesavere already low at low light intensities and they did not decrease further, remaining
stable at ca. 0.2 (Figure 3.6 B and S.2 B).

Accordingly, as PSI parameters are calculated from Pm values, the quantum yield of PSI (Y(I))
was found to be limited by a strong increase in PSI acceptor side limitation (Y(NA)), indicating
that the PSI capacity was largely limited (90-95%) by saturation of its electron acceptors
(Figures 3.6 C and S.2 C). Except at the lowest light intensities, Y(l) decreased as with the
increasing intensity of the AL in both WT Col-0 and cry1-304 (Figures 3.6 C and S.2 C). In the
CL and FL2 plants of WT Col-0, this was accompanied by a large increase in PSI donor side
limitation (Y(ND)) and little changes in Y(NA), suggesting growing limitation on the PSI donor
side with minor limitation on the acceptor side at higher light intensities (Figures 3.6 C and S.2
C). On the contrary, the decrease in Y(l) coincided with a marked increase in Y(NA) with nearly
no increase in Y(ND) in the CL and FL2 plants of cry1-304, meaning that PSI efficiency was
limited by the acceptor side (Figures 3.6 C S.2 A). Only when PSII activity was severely
impaired in cryl1-304 plants by the FL treatment (Figure 3.5 B), Y(ND) increased and Y(NA)
decreased (Figure 3.6 C). Still, the FL plants of cry1-304 had higher Y(NA) than the FL plants
of WT Col-0.

62

each

Pmoé



The ETR (I)/ETR(II) ratio, which is supposed to be related CET around PSI (Yamori et al., 2011;
Kono et al., 2014), was between 1 and 1.5 in the CL and FL2 plants of WT Col-0 (Figures 3.6
D S.2 B) while it increased up to >2 in the FL plants, especially at very low light intensities
(Figure 3.6 D) in which they exhibited strong NPQ induction (Figure 3.5 B). In comparison,
ETR()/ETR(II) was very low in the CL plants of cry1-304 (Figure 3.6 D), due mainly to their

low ETR(I) saturating at low light intensities (Figure 3.6 C). However, at 100 € mo | photons

2 571 (corresponding to the growth light condition in CL) the CL plants of the two genotypes had
similar ETR(I)/ETR(II) values (Figure 3.6 D). The PSII photoinhibition (Figure 3.5 A) and thus
the increase in Y(ND) (Figure 3.6 C) observed in the FL plants of cry1-304 resulted in a strong
increase in ETR(I)/ETR(II) (Figure 3.6 D and E). The ETR(I)/ETR(II) ratio also increased in the
cryl-304 FL2 plants and in both FL2 and FL plants of WT Col-0 compared to the CL plants
(Figures 3.6 D and E; S.2 D and E), suggesting upregulation of CET in both genotypes under

dynamic EL conditions.

To inspect the acceptor and donor side limitations of PSI more closely, traces of P700 signal
were extracted from the experiment shown in Figures 3.5 B and 3.6 C before, during and after
the saturation pulse (SP) at six different AL intensities (Figure 3.7 ). Between 0 and 75 pmol
photons m2 s the CL plants of cry1-304 and WT Col-0 showed similar patterns of P700
oxidation (upon SP) and reduction (during and/or after the SP). However, at light intensities
higher than the growth light in CL (100 umol photons m2 s'1) P700 oxidation became slower in
the cry1-304 CL plants, reaching the maximum only at the end of the 400-ms SP. Also, cryl-
304 FL plants always displayed relatively low P700 signal, which became especially low at
higher light intensities. Tiny peaks of P700 oxidation were induced by the SP in these plants at
all AL intensities, followed by also tiny and slow decline by re-reduction. Also, the re-reduction
of P700 after the SP was slower and less marked compared to CL plants and WT Col-0 under
the same conditions. At the same time, the data of cry1-304 FL plants, showing substantial
decrease in P700 signal (including the peak level) with increasing AL intensities, imply strong
reduction of P700 due to acceptor-side limitation. This is consistent with the progressive
decrease i n Pmbé6 v atreatedplants lofryl-304esthrtirig fromdidht intensity
higher than the growth light conditions and the very low but stable values observed in FL-

treated plants (Figure 3.6 B ). It should be noted that if the SP, applied to determine the maximal

m

P700 signal (Pm) and Pmé), was not fully oxidizi

calculated by usingPmandP mé val ues, such as Y(Il), Y(NA),

with caution, as these parameters assume full oxidation of P700 during the Pm determination.
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Figure 3.6 . Characterization of PSI after three days under CL and FL. Rapid light response curves were
measured in leaves of overnight dark-adapted plants of WT Col-0 and cry1-304. The intensity of AL was
gradually increased in 14 steps from 0 to 830 umol photons m-2 s with 90 s of dwell time at each step.
A) Pm, maximal change of the P700 signal upon transformation from the fully reduced to the fully
oxidized state, determined by far-red pre-illumination and application ofa SP.B) P mé, max i
of the P700 signal in a given light state upon application of a SP without far-red illumination. C) Y(),
quantum yield of PSI; Y(ND), quantum yield of PSI donor-side limitation; Y(NA), quantum yield of PSI
acceptor-side limitation; ETR(l), relative electron transport rate of PSI. D) Ratio between ETR (Il) and
ETR (I), ETR (I) /ETR () E) ETR (l) /ETR (ll) at the light intensity (100 pmol photons m=2 s%)
corresponding to the growth light in CL and the intensity of low-light periods in FL. Significant differences
between the genotypes as well as between the light conditions (CL and FL), and the interaction
(genotype X light condition) were assessed by two-way ANOVA followed by Tukeyd multiple comparison

test. Different letters in the panel show significant difference between cry1-304 and WT Col-0(P O O0..

Lowercase and uppercase letters indicate the comparison between the genotypes under CL and FL,
respectively. The differences between the light treatments within the same genotype (FL vs CL) were
assessed by unpaired independent Student t-test and significant differences are indicated by asterisks
* O 0. 05, .Meartval@s #SD QnG=B-p) are shown
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Figure 3.7: Changes in P700 redox
state during light response
measurements in WT Col-0 and cry1-
304 after three days under CL (black
lines) and FL (red lines). Traces of
P700 signal were extracted from the
experiment shown in Fig. 3.6 before,
during and after the SP at six different
AL intensities. Dark-yellow bar
indicates the SP. Light-yellow bars
denote the periods immediately
before and after the SP. Mean values
of three replicate plants are
presented for each genotype in both
CL and FL conditions. Error bars are
not shown for clarity. The P700 signal
was measured as difference of the
transmittance signals at 875 nm and
830 nm. A positive change of the
P700 signal indicate P700 oxidation,
a negative change indicates P700
reduction. A calibration was carried
out, so that the changes of the P700
signal are scaled in delta 1/Ix103
units.



3.1.4 Accumulation of Photos ynthetic proteins

The alterations of photosynthetic performance observed in cry1-304 plants at the levels of PSII
(Figures 3.2 T 3.5) and PSI (Figures 3.6 , 3.7, S.1 and S.2) can be a consequence of changes
in composition and/or accumulation of protein of the photosynthetic machinery. In order to test
this hypothesis, the accumulation of major components of PSII (D1, LHCBI) and PSI (PSA-A)
as well as thylakoid ATP synthase (ATP-C) were analyzed. Also, the accumulation of PSBS
and PGR5 was examined to investigate the possible cause of the low NPQ capacity and the
high ETRI/ETRII observed in this mutant. Moreover, the level of RBCL was considered as the
major component of the Calvin-Benson cycle (Figure 3.8). Representative Western blots are
shown in Figure 3.8 A. The samples of total leaf protein extracts were loaded based on their
total Chl contents. For comparison between genotypes and conditions, the protein levels were
expressed relative to WT Col-0 under CL (Figure 3.8 B).

Despite the contrasting pictures found in cry1-304 and WT Col-0 at the level of PSIl and PSI
activities, these plants had similar levels of all seven proteins examined both under CL and FL
conditions, with the single exception of D1 in FL (Figure 3.8 B ). The D1 content increased in
WT Col-0 from CL to FL while it remained unchanged in cry1-304. The PSBS protein levels
tended to increase in both genotypes from CL to FL, even though the increase was significant
only in WT Col-0 and not in cry1-304. The reduced NPQ capacity and the strong gE deficiency
observed in cryl-304 plants under CL an FL, respectively, cannot be explained by
corresponding changes in PSBS protein abundance. Similarly, the PGR5 protein levels did not
significantly differ between cry1-304 and WT Col-0 under both conditions, although WT Col-0
showed a small increase in PGR5 under FL compared to CL, which was not evident in cryl-
304. The marked differences in ETR(I)/ETR(Il) found between these two genotypes do not

seem to involve changes in the PGR5 protein level.
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Figure 3.8. Levels of key proteins of photosynthesis and its regulation (D1, LHCB1, PSBS, PSA-A,
ATPC, RBCL and PGRS5) in leaves of WT Col-0 and cry1-304 after three days under CL and FL. A)
Representative Western blots. B) Relative protein levels compared to WT Col-0 in CL. The loading
amounts of the samples were based on Chl cont-&nRATRK
C and RBCL; 5.0 g Chl for PSBS and
differences between the genotypes as well as between the light conditions (CL and FL), and the
interaction (genotype X light condition) were assessed by two-way ANOVA followed by Tukeyd multiple
comparison test. Different letters in the panel indicate significant difference between cry1-304 and WT
Col-0 (P O O0Lowescase and uppercase letters indicate the comparison between the genotypes
under CL and FL, respectively. Significant differences between the light treatments within the same
genotype (FL vs CL) are indicated by asterisks (* = O 0. 0 50Q1). Mean vRlue©+ SD.are shown (n
= 3-4 from 6 independent experiments).
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3.1.5 Pigment analysis

Pigment composition was analyzed in leaves of WT Col-0 and cry1-304 at the end of overnight
dark adaptation (dark-adapted) and after exposure to 260-s AL (ca. 55 0 & notohs mg &)
followed by 60 s of dark recovery (Figure 3.9 ). Under the conditions used in these experiments
the levels of Chl a and b did not differ between WT Col-0 and cry1-304 in both CL- and FL-
treated plants in dark-adapted and AL-exposed samples (Figure 3.9 A).

Besides PSBS, Z is another important component of NPQ and gE (Niyogi et al., 1997a; Niyogi
et al., 1997b; Niyogi et al., 1998). The strong AL illumination should activate VDE which
converts V to A and Z. The dark-adapted samples, on the other hand, should contain no or little

Z unless plants were already stressed while growing in the FL or CL condition.

Levels of individual pigments in the xanthophyll cycle were analyzed in both WT Col-0 and
cryl-304 plants (Figure 3.9 B). After AL exposure and 1-min dark recovery, the CL and FL
plants of WT Col-0 showed a decrease in V with a concomitant increase in both A and Z,
suggesting light-induced activation of VDE (Figure 3.9 B, Table 3.3). Accordingly, the de-
epoxidation state (DES) of the xanthophyll-cycle pigments increased in these plants from 0.2
in the dark to 0.6 or 0.7 after the AL illumination (Table 3.1). For cry1-304, in contrast, only the
CL-treated plants showed similar AL-induced V de-epoxidation; the plants in FL had higher
levels of A and Z even in the dark-adapted state (DES = 0.4) and AL neither induced further
increase in A and Z nor reduced the V content (Figure 3.9, Tables 3.1 and 3.3). However, the
size of the total xanthophyll-cycle pool (VAZ) was comparable between the two genotypes. The
growth light conditions (FL and CL) had a dominant influence on the accumulation of these
pigments and DES, with some interactions with genotype and/or AL exposure (Table 3.2). The
effects of AL (regardless of the growth light and genotype) were significant for A, VAZ and DES,
while A was the only component that showed a significant difference between cry1-304 and
WT Col-0 independently of the growth light and AL (Table 3.2). Except for A, genotypic

differences were found only in interaction with growth light condition.

Taken together, these results suggest that the NPQ deficient phenotype observed in cry1-304
(Figures 3.3 1 3.5) is not due to limited Z (or A) accumulation. The CL plants of this mutant are
able to operate the xanthophyll cycle normally. The dark retention of Z and A found in cry1-304
under FL (Figure 3.9 and Table 3.1) is consistent with their low F./Fn, (Figure 3.2 A).
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Figure 3.9. Leaf pigment composition in dark- and light-adapted leaves of WT Col-0 and cry1-304 after
three days under CL and FL. Leaf samples were taken before (dark-adapted) and after the 260-s AL
illumination (5 5 0 mok m2 s?) followed by 1-min dark recovery of the photosynthetic induction
measurements shown in Figs. 3.2 7 3.4. A) Chlorophyll a and chlorophyll b contents per leaf area B)
The levels of the xanthophyll-cycle pigments violaxanthin, anteraxanthin, zeaxanthin and the sum of the
three (VAZ) relative to the total Chl content. The number of replicate plants were four for each genotype
in both CL and FL conditions. Mean values = SD are shown. Results of statistical test are reported in
Tables 3.2 and 3.3. Pigment extraction and HPLC analysis were performed by Anh Banh (IBG-2, FZJ).
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CL FL

Genotype WT Col-0 cryl-304 WT Col-0 cryl-304
Dark-adapted 0.2 +0.0 0.2+ 0.0 0.2+0.0 04+0.1
After 260 s AL 0.6+0.1 0.6 +£0.0 0.7+0.0 05+0.1

Table 3.1. De-epoxidation state (DES) of VAZ calcuated as (A + Z)/ (V + A + Z). Samples for pigment

analysis were taken from overnight dark-adapted plants and after 260-s exposure to 2AL (550
s1) followed by 1-min dark recovery. Mean values + SD (n = 4) are shown. Results of statistical are

reported in Tables 3.2 and 3.3. Pigment extraction and HPLC analysis were performed by Anh Banh

(IBG-2, FZJ).

Factors Chi a Chi b \"J A z VAZ DES
Genotype 21.7 9.0 ns 0.0 ns 7.7 **= 1.9 ns 0.0 ns 0.0 ns
Short Light induction (Dark, AL) 13.2 7.6 ns 1.1 ns 19.6 *** 1.3 ns 113 * 16 *
Light condition (CL, FL) 13.8 * 18.1 * 63.2 *** 432 74.4 *** | 326 *** | 76.6 ***
Genotype 1.0 ns 4.0 ns 04 ns 1.1 ns 1.0 ns 2.1 ns 0.0 ns
x Short light induction (Dark, AL)
Genotype 15 ns 1.0 ns 11.2 *** 4.3 ** 52* 0.0 ns 6.3 ***
x Light condition (CL, FL)
Short light induction (Dark, AL) 0.3ns 0.6 ns 29 * 0.9 ns 0.1 ns 12 ns 16 *
x Light condition (CL, FL)
Genotype
x Short light induction (Dark, AL) 0.4 ns 0.3 ns 5.6 ** 7.3 *** 31" 1.1 ns 6.3 ***
x Light condition (CL, FL)

Table 3.2. Differences between the genotypes (WT Col-0 and cry1-304), the light conditions (CL and
FL) and the pigments levels in the dark or after 260 s of exposure to AL as well as the interactions
between these factors were tested by three-way ANOVA. Percentage of the contribution of these factor
to the total variation and significant levels (ns P >0.05,* O .05, ** P O 0 .afeteported* * P O

71



Tukey's multiple

- Chla Chl b \ A z VAZ DES
comparisons test

WT Col-0:CL Dark adapted vs.

WT Col-0:CL After 260 AL 0.62 ns 0.74 ns <0.001 <0.001 <0.001 0.93 ns <0.001

WT Col-0:FL Dark adapted

vs. WT Col-0-FL After 260 AL 0.65 ns 0.64ns | <0.001 <0.001 <0.001 0.19ns <0.001

WT Col-0.CL Dark adapted

vs. WT Col-0:FL Dark adapted 0.59 ns 0.75ns >0.99 ns 0.83 ns >0.99 ns 0.97 ns >0.99 ns

WT Col-0:CL After 260 AL

vs. WT Col-0-FL After 260 AL 0.79ns 0.8ns >0.99 ns 0.002 0.51ns 0.41ns 0.39ns

cry1-304.CL Dark adapted

vs. cry1-304:CL After 260 AL >099ns | >0.99ns | <0.001 <0.001 <0.001 0.58 ns <0.001

cry1-304:FL Dark adapted

vs. cry1-304'FL After 260 AL 0.88 ns 0.82ns >0.99 ns >0.99 ns 0.22 ns 0.56 ns 0.3 ns

V:Zg?%‘gg';fgg‘riﬂ:;i J >099ns | >099ns | 001* | <0001** | 086ns >099ns | 0.002*

V:fg:yfg%i';f‘iigg%g‘h 0.86ns | >0.99ns | 08ns 0.77 ns 0.93ns >0.99 03ns
WT Col-0:CL Dark adapted 016 ns | 0.44ns | >099ns | 0.99ns >0.99ns | >0.99ns | >0.99ns

vs. cry1-304:CL Dark adapted

WT Col-0:CL After 260 AL

vs. cry1-304 CL After 260 AL 0.86 ns 0.94 ns 0.98 ns 0.58 ns >0.99 ns 0.99ns >0.99 ns

WT Col-0:FL Dark adapted

N <0. Kkk <0. Kk X >0. <0. Kk
vs. cry1-304:FL Dark adapted 0.69ns 0.99 ns 0.001 0.001 0.95ns 0.99 ns 0.001

WT Col-0:FL After 260 AL

vs. cry1-304FL After 260 AL 0.96 ns >0.99 ns 0.11ns 0.98 ns 0.03 >0.99 ns 0.004

Table 3.3. Significant differences in pigment levels reported in Figure 3.8 and Table 3.1 were tested by
multiple comparison tests (Tukey). P values and significant symbols are reported (nsP >0.05,* O 0. 05,
** p O 0. 01,.Pvalues shewnn béld irdidate)the major points of difference between cry1-

304 and WT Col-0.
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3.1.5 CRY1-dependent gene expression

Under EL conditions the LHCIlI undergoes reorganization and its gene expression is
downregulated (Timperio et al.,, 2012). At the same time, genes involved in protective
mechanisms against photo-oxidative stress, such as the ROS scavengers, are upregulated
together with light-responsive genes (Karpinski et al., 1997; Tikkanen et al., 2014a). Previous
studies in FL (Schneider et al., 2019) and HL (Kleine et al., 2007) showed upregulation of ELIP2
and GPX7 in WT Col-0, both of which were shown to be misregulated in cry1-304 mutants
(Kleine et al., 2007). HY5 and HYH are light-responsive transcription factors known to act in
the downstream of light signaling pathways mediated by CRY1 and other photoreceptors. The
lack of CRY1 in cryl-304 seems to misregulate also HL-induced upregulation of HY5 gene

expression (Kleine et al., 2007).

In order to test if the photosynthetic phenotypes observed in cryl-304 mutants are related to
misregulation of these CRY1-regulated light- and stress-related genes, their expression was
analyzed in cry1-304 and WT Col-0 under CL and FL by gRT-PCR (Figure 3.10). LHCB1.2
was strongly and similarly downregulated in both WT and cry1-304 under FL. ELIP2 and GPX7
were significantly upregulated in the FL condition in both genotypes. Although cry1-304 under
CL showed downregulation of GPX7 compared to WT Col-0, FL-induced upregulation was
more pronounced in cry1-304. No significant changes were found for HY5 and HYH between
the two genotypes except that cryl-304 had lower expression of HYH in CL. Unlike the
upregulation found in the previous studies in HL (HY5, Kleine et al., 2007) and FL (HYH,
Schneider et al., 2019), the expression of these genes decreased in WT Col-0 after three days

of exposure to FL. This downregulation was not observed in cry1-304.

Overall, these results cannot explain the EL sensitive phenotype observed in cry1-304 plants
under FL. The GPX7 downregulation in CL-treated plants of cryl-304 confirm that CRY1
signaling takes part in regulating GPX7 gene expression. At the same time, the strong
upregulation of GPX7 in FL-treated cry1-304 suggests that these plants were experiencing high
levels of oxidative stress and in such conditions GPX7 expression is controlled by other factors
besides CRY1. Together, the substantial levels of gene expression and similar FL responses
of these CRY1-related genes in cryl-304 and WT Col-0 are indicative of additional factors

involved in regulating the expression of these genes.
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Figure 3.10 . Expression of LHCB1.2, ELIP2, GPX7, HY5 and HYH genes in WT Col-0 and cry1-304 after
three days of exposure to CL (black bars) and FL (yellow bars). Gene expression analysis was performed
in leaves harvested 2 h after switching on the light of CL or FL in the climate chamber. The values
reported are normalized to the expression level of RCE1 (RUB1 CONJUGATING ENZYME 1) in CL and
FL in both genotypes. Primers sequences are reported in table 5.1. Significant differences between the
genotypes as well as between the light conditions (CL and FL), and the interaction (genotype X light
condition) were assessed by two-way ANOVA followed by Tukeyd snultiple comparison test. Different

letters in the panels show significant differences between cry1-304 and WT Col-O (dorD, P O O..

Lowercase and uppercase letters are for the comparison between the genotypes under CL and FL,
respectively. Significant differences between the light treatments within the same genotype (FL vs CL)
are indicated by symbols (* * * P OMe@n valied 3§ SD are shown (n = 6, replicates coming from
three independent experiments)
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3.2 Role of differential subcellular localization of CRY1 in acclimation to EL

3.2.1 Characterization of CRY1 overexpression lines which are already available

The differential roles of nuclear and cytoplasmic CRY1 have been described only partially for
growth and developmental processes (Wu and Spalding, 2007), while questions regarding the
roles in photosynthetic acclimation remain unanswered. Thus, photosynthetic phenotypes were
analyzed in the transgenic lines reported in the study by Wu and Spalding (2007) in order to
compare acclimation processes in these lines. These authors generated the transgenic lines
by overexpressing CRY1 gene, which was fused to GFP (crylconta), in the KO mutant cryl-
304. In order to identify specific functions of CRY1 in the nucleus and in the cytoplasm, they
also generated crylns and crylnes, in which NLS or nuclear export signal (NES) was added to
the CRY1 gene to target CRY1 protein to the nucleus (crylns) or the cytoplasm (crylnes),
respectively (Wu and Spalding, 2007).

In the crylconrol line the GFP signal (fused to CRY1) was detected mostly in the nucleus but
also in the cytoplasm, whereas in crylyes it was only in the cytoplasm (Figure 3.11 A ). These
observations confirmed the original report of GFP localization in these plants by Wu and
Spalding (2007). In contrast, the exclusive nuclear localization of GFP signal could not be
confirmed in the plants of crylnis in this study. This genotype was therefore excluded from the
experiments. The CRY1 gene expression was hardly detectable in the background mutant
cryl-304, while it was partially recovered in crylconror and strongly increased in crylnes
compared to WT Col-0 (Figure 3.11 B).

Seedlings grown in the dark show enhanced hypocotyl elongation and cannot de-etiolate to
develop green cotyledons. When seedlings perceive the light through photoreceptors,
hypocotyl elongation is suppressed and cotyledons develop (Kami et al., 2010). According to
Wu and Spalding (2007), the inhibition of hypocotyl elongation is regulated by BL signaling via
the nuclear CRY1. In order to exclude the possible presence and activity of the cytoplasmic
CRY1 in crylnes, seeds of crylnes were germinated in the dark (Figure 3.12 A) or under low
BL (Figure 3.12 B ) together with cry1-304 and WT Col-0. In the dark all the genotype displayed
similar skotomorphogenic phenotypes characterized by hypocotyl elongation and inhibition of

cotyledon development.
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In BL the plants of cry1-304 showed elongated hypocotyl, as expected, while the hypocotyl

length of crylnes was intermediate between WT Col-0 and cryl-304. These observations

suggest, unlike in the original study by Wu and Spalding (2007), that BL- and CRY 1-dependent

suppression of hypocotyl elongation is partly active in the crylnes plants. Greening of cotyledon,

on the other hand, was not completely inhibited in any of the genotypes under BL (Figure 3.12
B), suggesting a minor role, if any, of CRY1 in greening.

A Figure 3.11. A) Subcellular localization of chimeric

CRY1-GFP proteins in root. Root tips of 4-day old

Cry T conrol seedlings of crylcontrol, Crylnes, crylns and cryl-304 (as

: negative control) were observed by confocal microscopy

to detect the GFP signal. B) CRY1 gene expression in

leaves of crylcontrol and crylnes compared to WT Col-0

and cryl-304. Seeds of all genotypes were kindly
provided by Edgar Spalding (Wu and Spalding, 2008).

cry1-304

BLUE LIGHT

cry1-304 0
LY
L]
il
it

iy
=)
@
e
>
(&)

CryTnes
cryTues

e

TESNOFTINEANNE
+ + i 1 - -1 ' - -
j: 4 J YO - L,i __L_
LBl L‘. i 47T 4+ Pe,

e i
Figure 3.12 Visual phenotype of seedlings grown in the dark (left panel) or under low-fluence blue light

(right panel; ca.30 pmol photons m=2 s1). 4-day old seedlings of WT Col-0, crylnes and cryl-304 are
shown.
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With the aim to clarify the functions of nuclear- and cytoplasm-localized CRY1 in photosynthetic
acclimation, photosynthetic and growth phenotypes of crylconro and crylnes were analyzed
under CL and EL and compared with cryl-304 and WT Col-0. Under CL t her
visually detectable differences between the genotypes except crylconro (Figure 3.13 A ) which
showed constitutive inhibition of growth probably because of the strong accumulation of CRY1
in the nucleus, as reported previously (Wu and Spalding, 2007). Under FL and HL leaf
expansion was slowed down in all genotypes but especially cry1-304 and crylconro. While older
leaves of cry1-304 bleached under HL, neither crylconro NOr Crylnes showed a sign of bleaching.
In general, crylnes was more comparable with WT Col-0 than with cry1-304 under CL, FL and
HL conditions. While crylconror €xhibited photoinhibition and NPQ deficiency under FL as cryl-
304 did, crylnes showed F./Fn and NPQ phenotypes which were comparable with WT Col-0
under CL and FL (Figure 3.13 B ). These observations suggest that the nucleus-localized CRY1
in the crylconmol iS NOt able to rescue the photosynthetic phenotypes of CRY1-KO plants
observed at the level of PSII under EL conditions. On the other hand, the cytoplasmic CRY1 in
crylnes seemed to completely rescue the phenotypes of the fluorescence parameters (Figure
3.13 B) with minimal changes in visual growth phenotype compared to WT Col-0. The
unspecific localization of CRY1 in crylns, the very low CRY1 gene expression in crylcontol
(Figure 3.11 B ) and the rather ambiguous hypocotyl growth phenotypes found in crylnes under
BL (Figure 3.12 B) made it difficult to attribute the photosynthetic and photoacclimatory
phenotypes observed in these plants to specific CRY1 protein localization. Furthermore, while
the GFP fusion allows in vivo tracking of CRY1 protein localization, it may affect the CRY1
activity. To overcome these limitations, new CRY1-overexpressing lines were generated by

using a similar approach but without GFP.
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Figure 3.13. Visual phenotypes and photosynthetic characterization of WT Col-0, crylcontol, Crylnes and
cry1-304 growing under CL, FL and HL. A) Visual phenotypes of representative plants before the onset
of the light treatments (day 0) and at the end of the treatments (day 8). B) Spatial heterogeneity of Fv/Fm
and NPQ in whole rosettes of representative plants after 3-d exposure to CL and FL. The color bar at
the bottom shows the scale of the color code.

3.2.2 Generation of new CRY1 overexpression lines

New transgenic lines overexpressing CRY1 gene under the control of the cauliflower mosaic
virus promoter (35S) were generated to analyze the CRY1 functions in the nucleus and the
cytoplasm. Three constructs were made to transform cryl-304: 35S CRY1 without any
localization signal (Figure 3.14 A), 35S_NLS_CRY1 with the NLS (Figure 3.15 A) and
35S _NES_CRY1 with the NES (Figure 3.16 A). As in the study by Wu and Spalding (2007),
NLS and NES were introduced at the N-terminus of CRY1 gene. In addition, to identify possible
interaction partners of CRY1 in the nucleus and the cytoplasm, another type of constructs were
made by including the Gs tandem affinity purification tag (GSTAP) (Van Leene et al., 2008) in
the aforementioned constructs. Unfortunately, vector construction was not successful for
35S GSTAP_NLS CRY1 and no positive transformant could be isolated for
35S_GsTAP_CRY1. Only the transformation with 35S_GSsTAP_NES_CRY1 (Figures 3.17 A)

produced several independent transgenic lines.
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Plants in TO, T1 and T2 generation were first grown on selective medium containing Kanamycin
and surviving plants were transferred to soil to cultivate further for leaf and seed harvesting.
Using these leaf samples, the plants were then screened by PCR for the presence of 35S fused
to CRY1 in the genomic DNA. The results of PCR screening in T2 lines of 35S _CRY1,
35S NLS CRY1, 35S NES CRY1 and 35S_GsTAP_NES_ CRY1 are shown in Figures 3.14
B, 3.15 B, 3.16 B and 3.17 B, respectively. The CRY1 gene expression was also assessed in
the leaf samples of T2 plants to compare with WT Col-0 and cry1-304 (Figures 3.14 C, 3.15
C,3.16 Cand 3.17 C).

Since there is no functional anti-CRY1 antibody that is commercially available for plants, CRY1
protein levels could not be checked in the lines without GSTAP (35S_CRY1, 35S_NLS CRY1
and 35S _NES_CRY1). In the case of 35S_GsTAP_NES CRY1, accumulation of protein G
could be confirmed in several lines, in which CRY1 gene was highly expressed (Figure 3.17
C). The Gs tag contains protein G (with two 1gG-binding domains) and a small (38 amino acids)
streptavidin-binding peptide which are separated by two cleavage sites of tobacco etch virus
(Van Leene et al., 2008). The size of protein G is ca. 32 kDa and CRY1 is ca. 76 kDa, yielding
an expected total molecular weight of ca. 110 kDa. Protein bands were detected in the region
slightly higher than 100 kDa in a western blot of the selected 35S _GsTAP_NES_CRY1 lines
(Figure 3.17 C). The corresponding signal was absent in the negative control cry1-304. These
results suggest that CRY1 proteins linked to protein G were expressed and accumulating in
these transgenic lines. Since the vector construct of 35S_GsTAP_NES_CRY1 was the same
as that of 35S_NES_CRY1 except the presence of GSTAP tag in front, it can be assumed that
CRY1 protein could accumulate also in the 35S_NES_CRY1 lines overexpressing CRY1 gene.
Likewise, as the vectors of 35S CRY1 and 35S NLS CRY1 were identical with that of
35S_NES_CRY1 except the presence or absence of localization signal (NLS or NES), the
overexpression of CRY1 gene most likely led to CRY1 protein accumulation also in 35S_CRY1
and 35S_NLS_CRY1 lines. The efficacy of CRY1 protein targeting by the localization signals
was assumed to be the same as was shown by the GFP-fusion lines described in Wu and
Spalding (2007). Table 3.4 summarizes the outcome of genotypic characterization in the T2
plants of 35S_CRY1, 35S_NLS_CRY1, 35S _NES_CRY1 and 35S_GsTAP_NES_CRY1 lines.
A qualitative estimation of the levels of CRY1 gene expression in the transgenic lines in
comparison with WT Col-0 is also indicated. The introduction of CRY1 gene in genomic DNA

of cry1-304 mutant led to various levels of CRY1 gene expression in leaves.
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Two independent lines, which were strongly overexpressing CRY1 gene compared to the level
in WT Col-0, were selected from each of 35S _CRY1, 35S NLS CRY1 and 35S _NES CRY1
to continue with phenotyping. The overexpression of CRY1 gene was also confirmed in the T3

plants of some of the selected overexpressor (OE) lines (Figure 3.18).
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Figure 3.14. Construct and genotypic characterization of CRY1 OE lines under the control of 35S
promoter (35S_CRY1) A) Construct design showing the primers used for genetic screening of the plants
in T1 and T2 generation. B) Screening PCR on g DNA of the positively selected transgenic plants (based
on kanamycin resistance) in T2 generation. A region including both 35S and CRY1 gene coding
sequence was amplified by PCR. cry1-304 was used as negative control. cry1-304 was the background
of the transgenic lines. C) CRY1 gene expression was analyzed by reverse transcription-PCR (RT-PCR)
in leaves of plants positively screened in T2 generation. WT Col-0 and cry1-304 were included as positive
and negative control, respectively. For all the plants ACTIN-2 PCR product was also amplified as internal
reference and RNA was used as negative control. Plant transformation was done with the help of Ahn
Bahn (IBG-2, FZJ) and the selection of the positive lines with the help of the trainees Sven Gerlach and
Nadine da Silva.
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Figure 3.15 Construct and genotypic characterization of CRY1 OE lines with nuclear localization signal
under the control of the 35S promoter (35S_NLS CRY1) A) Construct design showing the primers used
for screening of the plants in T1 and T2 generation. B) Screening PCR on genomic DNA of the positively
selected plants in T2 generation. A region including both 35S and CRY1 gene coding sequence was
amplified in the positive plants. cry1-304 was used as negative control. cry1-304 was the background of
the transgenic lines. C) CRY1 gene expression was analyzed by reverse transcription-PCR (RT-PCR)
in leaves of plants positively screened in T2 generation. WT Col-0 and cry1-304 were included as positive
and negative control, respectively. For all the plants ACTIN-2 PCR product was also amplified as internal
reference and RNA was used as negative control. Plant transformation was done with the help of Ahn

Bahn (IBG-2, FZJ) and the selection of the positive lines with the help of the trainees Sven Gerlach and
Nadine da Silva.
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Figure 3.16. Construct and genotypic characterization of CRY1 OE lines with nuclear export signal under
the control of the 35S promoter (35S_NES_CRY1) A) Construct design showing the primers used for
screening of the plants in T1 and T2 generation. B) Screening PCR on genomic DNA of the positively
selected plants in T2 generation. A region including both 35S and CRY1 gene coding sequence was
amplified in the positive plants. cry1-304 was used as negative control. cry1-304 was the background of
the transgenic lines. C) CRY1 gene expression was analyzed by reverse transcription-PCR (RT-PCR)
in leaves of plants positively screened in T2 generation. WT Col-0 and cry1-304 were included as positive
and negative control, respectively. For all the plants ACTIN-2 PCR product was also amplified as internal
reference and RNA was used as negative control. Plant transformation was done with the help of Ahn
Bahn (IBG-2, FZJ) and the selection of the positive lines with the help of the trainees Sven Gerlach and
Nadine da Silva.
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Figure 3. 17. Construct and genotypic
characterization of CRY1 OE lines
with the nuclear export signal and
GsSTAP under the control of the 35S
promoter (35S_GsTAP_NES_CRY1)
A) Construct design showing the
primers used for screening of the
plants in T1 and T2 generation. B)
Screening PCR on genomic DNA of
the positively selected plants in T2
generation. A region including both
35S and CRY1 gene coding
sequence was amplified in the
positive plants. cry1-304 were used
as negative controls. cryl-304 was
the background of the transgenic
lines. C) CRY1 gene expression was
analyzed by reverse transcription-
PCR (RT-PCR) in leaves of plants
positively screened in T2 generation.
WT Col-0 and cryl-304 were
included as positive and negative
control, respectively. For all the
plants ACTIN-2 PCR product was
also amplified as internal reference
and RNA was used as negative
control. D) Western blot analysis to
confirm the presence of the protein G
in positive plants expressing the
GsTAP. The expected molecular size
of protein G is 32 kDa, that of CRY1
protein is 76 kDa. Plant
transformation was done with the
help of Ahn Bahn (IBG-2, FZJ) and
the selection of the positive lines with
the help of the trainees Sven Gerlach
and Nadine da Silva.

83



35S_CRY1 35S_NLS_CRY1 35S_NES_CRY1 332—;2;@'31—
ne | SRrAgerel e SRSl e |CRYLIMEl une | CRYLoene
#1.1.1 WT like #1.1.1 OE (+++) #2.1.1 KD #1.1.1 KD
#1.1.2 OE (+) #1.1.2 WT like #2.1.2 OE (++) #1.4.4 WT like
#2.1.5 OE (++) #1.1.3 OE (+++) #2.1.3 OE (+++) #1.4.9 OE (++)
#2.1.7 OE (+++) #2.1.1 KD #2.1.4 OE (+++) #1.3.4 OE (++)
#3.1.1 OE (+++) #2.1.2 KD #4.1.1 OE (+++) #1.6.16 OE (+)
#3.1.2 OE (+) #2.1.3 WT like #4.1.2 OE (+++) | #1.7.14 KD
#3.1.5 OE (+++) #3.1.4 KD #4.1.3 OE (+++) #1.10.2 KD
#5.1.1 KD #3.1.6 KD #4.1.6 OE (+++) #1.10.7 KD
#5.1.2 KD #5.1.1 KD #4.1.8 OE (+++) | #1.12.1 | OE (+++)
#7.1.2 KD #5.1.2 KD #2.1.7 OE (++)
#7.1.5 KD #5.1.3 WT like #2.1.9 OE (++)
#9.1.1 OE (+) #6.1.1 KD #2.1.10 KD
#9.1.2 WT like #8.1.2 KD #2.1.13 OE (++)
#8.1.3 OE (+++) #2.1.15 WT like
#9.2.2 KD #2.1.16 WT like
#9.2.10 KD #2.2.1 OE (+)
#11.1.3 KD #2.2.3 OE (+)
#12.2.1 KD #2.2.5 OE (+)
#12.2.3 OE (+) #2.2.6 KD
#10.3.3 KD #2.2.7 OE (+)
#10.3.5 KD #2.2.9 KD
#10.3.6 KD #2.2.12 KD
#10.3.8 OE (++) #2.2.16 WT like
#10.3.9 OE (+)

Table 3.4. Summary of genotypic characterization of transgenic lines 35S_CRY1, 35S _NLS_CRY]1,
35S_NES_CRY1 and 35S_GsTAP_NES_CRY1 in T2 generation. Transgenic plants expressing CRY1
are categorized as knock down-like (KD), WT-like or overexpressor (OE) based on the intensity of the
CRY1 PCR product compared to WT Col-0 and cry1-304. Different levels of CRY1 gene overexpression
are indicated with +, ++ and +++ symbols. The lines from 35S _CRY1, 35S _NLS CRY1l and
35S_NES_CRY1, which were selected for phenotypic characterization, are highlighted by light-grey
shading. The lines from 35S_GsTAP_NES_CRY1, which were positive for the presence of protein G,
are written in bold. Selection of the positive lines was performed with the help of the trainees Sven
Gerlach and Nadine da Silva

84



Figure 3.18 CRY1 gene expression analyzed by

AN e reverse transcription-PCR (RT-PCR) in leaves of
,\',\ .\‘.3 \\\%‘ 4\&‘ plants positively screened in T3 generation. WT Col-0
,\%‘]",\&‘5' ,Cf‘L ,0@ and cry1-304 were included as positive and negative
R & OQI\ Oq:* & V\(ff’ control, respectively.

3.2.3 Phenotypic characterization of the selec  ted CRY1 overexpressor lines

With the aim to clarify whether the overexpression of CRY1 in cry1-304 mutant can rescue the
CRY1 KO phenotype and whether the nuclear or the cytoplasmic fraction of CRY1 has a
predominant role in photosynthetic acclimation, two independent lines of the newly generated
35S _CRY1, 35S_NLS_CRY1and 35S_NES_CRY1 were examined for their phenotypes under
different light conditions and compared with WT Col-0 and cry1-304. Phenotypic traits related
to hypocotyl growth, shoot morphology, leaf growth and PSII parameters were analyzed in T3
generation plants of these lines. The phenotyping experiments described below (sections
3.2.3.1, 3.2.3.2 and 3.2.3.3) were performed by Nina Natascha Boots for her bachelor thesis
(Heinrich Heine University, 2019).

3.2.3.1 Visual phenotype of seedlings grown under LL and in the darkness

In order to evaluate the photomorphogenic phenotype, seeds of 35S _CRY1 (#3.1.1 and
#2.1.7), 35S_NLS_CRY1 (#1.1.3 and #8.1.3) and 35S_NES_CRY1 (#4.1.3 and #2.1.4) were
germinated in the dark or under LL and compared to WT Col-0 and cry1-304 (Figure 3.19).
Similar to the experiment described in Figure 3.12, all the genotypes showed hypocotyl
elongation and absence of de-etiolation in the dark, while under LL WT Col-0 and cry1-304
showed strong and little inhibition of hypocotyl elongation, respectively. All the CRY1 OE lines
displayed elongated hypocotyls under LL, as seen in cry1-304.
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A LIGHT

Figure 3.19 Visual phenotype of
seedlings of CRY1 OE lines grown
for 4 days A) in the dark B) or under
low light (100 pmol photons m2 s1)
1) WT-Col-0; 2) cry1-304; 3) 35S
_CRY1 #3.1.1; 4) 35S_ NES_CRY1
#4.1.3; 5) 35S_NLS_CRY1 #1.1.3; 6)
WT-Col-0; 7) cryl-304; 8) 35S
_CRY1 #2.1.7; 9) 35S_ NES_CRY1
B DARK #2.1.4: 10) 355_NLS_CRY1 #8.1.3.
Picture modified from Nina Natascha
B o o baghielor thesis (HHU, 2019).

3.2.3.2 Visual and Growth phenotype under EL

Plants of 35S_CRY1 (#3.1.5 and #2.1.7), 35S_NLS_CRY1 (#1.1.3 and #8.1.3) and
35S _NES_CRY1 (#4.1.3 and #2.1.4) were exposed to EL along with WT Col-0 and cry1-304.
Because it was not possible apply exactly the same HL and FL treatment as described in
section 3.1, slightly different regimes were used in this experiment, and they are called HL2
and FL2 for clarity. Compared to HL conditions in the section 3.1, in which plants were exposed
exactly to 1000 pmol photons m2 s1,in HL2 the light intensity ranged from ca. 600-800 to 1000
umol photons m?2 s? in the treatment area. To avoid positional effects and obtain results
comparable with the previous one, plants belonging to different genotypes were randomized
and rotated daily. In FL2 the light intensity was changing sigmoidally between HL (1000 pmol
photons m2 s, every ca. 20 s) and CL every 5 min during the light period in the growth

chamber, as described in 3.1.3.
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Under CL leaf morphological differences between the transgenic lines, WT Col-0 and cry1-304
were relatively small and all the CRY1 OE lines were more similar to cryl-304, having
somewhat elongated petioles and leaves compared to WT Col-0 (Figure 3.20 A). After seven
days in FL2 all the genotypes had flat leaves compared to the CL condition. The seven-days
exposure to HL2 caused photobleaching of cry1-304, as already described in section 3.1.1 for
HL-treated plants (Figure 3.1) and previously shown by Kleine et al. (2007). None of the
selected transgenic lines indicated rescue of the HL2 sensitivity of cry1-304. Pigmentation in
the abaxial leaf surface was also compared in the genotypes under the three light conditions.
Reddish coloration due to anthocyanin accumulation was seen in the lamina and petiole of
HL2-treated WT Col-0, whereas in cry1-304 and the CRY1 OE lines it was restricted to the
petiole (Figure 3.20 B). The role of CRY1 in anthocyanin biosynthesis and accumulation has
been established in different plant species including A. thaliana (Ahmad et al., 1995), tomato
(Ninu et al., 1999), Brassica napus (Chatterjee et al., 2006) and eggplant (Jiang et al., 2016).

Leaf growth was monitored by measuring the projected leaf area using the GROWSCREEN-
FLUORO method (Jansen et al., 2009) (Figure 3.21 B ). Under CL the projected leaf area of
WT Col-0, cryl-304 and the selected transgenic lines all increased exponentially. Leaf
expansion was slowed down in all the transgenic lines under both FL2 and HL2, in the same
way as in cry1-304. The inhibition of leaf expansion was especially evident under HL2 since
the effects of FL2 were milder. Compared to the experiment in Figure 3.1 B , HL2-treated plants
of cry1-304 showed negative or no leaf expansion (due to bleaching of older leaves) only in the
first few days of the HL2 treatment (Figure 3.21). Thereafter leaf expansion recovered in cryl-
304 as well as in the transgenic lines although these plants remained smaller than the

corresponding plants in CL until the end of the 7-d experiment.

These results indicate that the CRY1 gene overexpression in cry1-304 did not rescue the well-
known CRY1l-dependent phenotypes related to hypocotyl and petiole elongation or
anthocyanin accumulation. No sign of rescue was found also for EL-sensitive phenotype
assessed by photobleaching and growth impairment in HL. The findings do not agree with the

phenotypes found in crylcono and crylnes plants in the previous section (3.2.1).
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Figure 3.20. Visual phenotypes of WT Col-0, cry1-304, 35S CRY1, 35S_NLS CRY1 and

35S_NES_CRY1 before the onset of the CL, FL2 and HL2 treatments (day 0) and at the end of the

treatments (day 7). A) Representative plants shown from adaxial side. B) Abaxial leaf surface of

representative plants at the end of the treatments (day 7). Picture modified fromNi na Nat ascha Boot
bachelor thesis (HHU, 2019)
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Figure 3.21. Leaf expansion growth of WT Col-0, cry1-304, 35S CRY1, 35S NLS_CRY1 and
35S_NES_CRY1 monitored as changes in the total projected leaf area (cm?) for seven days of exposure
to CL, FL2 and HL2. Data are mean values + SD (n = 16-4 plants). The measurements were conducted
by Nina Boots for her bachelor thesis (HHU, 2019).
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