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RIASSUNTO

11 cloroplasto ¢ P'organello fotosintetico delle alghe verdi e delle piante. Il
cloroplasto origino da un antenato simile ai cianobatteri tramite un antico evento
endosimbiontico, in maniera simile a quanto accaduto per il mitocondrio. Come
vestigi delle sue origini, il cloroplasto possiede un genoma che ancora esprime poche
proteine plastidiali. Come diretta conseguenza, il proteoma del cloroplasto ¢ un
mosaico di proteine codificate dal nucleo e dal cloroplasto stesso. Questo richiede
un importante scambio di informazioni tra i due genomi, per coordinare
I'espressione genica per la biogenesi del cloroplasto e per adattarlo alle esigenze
fisiologiche e ai cambiamenti nell’ambiente. La segnalazione retrograda ¢ una
collezione di vie molecolari generate dal cloroplasto per informare il nucleo del suo
stato di sviluppo e funzionale. Lo studio delle vie di segnalazione retrograda
coinvolte nella comunicazione di una perturbata omeostasi plastidiale ¢ un campo
di ricerca recente e dinamico. Nei nematodi, la via di segnalazione retrograda della
omeostasi proteica mitocondriale si affida all’estrusione di peptidi, prodotti dalla
degradazione delle proteine danneggiate, da parte del trasportatore ABC HAF-1
localizzato sulla membrana interna del mitocondrio. HAF-1 ¢ omologo al
trasportatore di peptidi mitocondriale MDL1 di lievito, che se rimosso causa
sensibilita al calore. In questo lavoro, i trasportatori ABC del cloroplasto di
Arabidopsis thaliana TAP1, NAP8 e ATHI12, non ancora caratterizzati, sono stati
identificati come 1 piu vicini omologhi sia di MDL1 che di HAF-1. La presenza di
questi trasportatori ¢ necessaria ai cloroplasti per estrudere peptidi quando esposti a
calore, e ognuno di loro, ¢ in grado di complementare la sensibilita al calore del
mutante di lievito And/1. Piante mutanti nei tre corrispettivi geni sono piu sensibili
a condizioni che perturbano 'omeostasi proteica plastidiale. Coerentemente, il
mutante triplo fallisce nel accumulare a livello di proteina, ma non a livello di
trascritto, la chaperona plastidiale CLPB3, , quando esposto ad alte temperature,

suggerendo un possibile ruolo per questi trasportatori nella regolazione post-
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trascrizionale di CLLPB3 e, in generale, nella protezione contro le minacce verso la

omeostasi proteica del cloroplasto.



ABSTRACT

The chloroplast is the photosynthesising organelle of green algae and plants.
The chloroplast originated from an ancient endosymbiosis event with a
cyanobacteria-like ancestor, similar to what occurred for the mitochondrion. As
vestiges of its origin, the chloroplast retains its genome which still encodes a few
plastid proteins. As a direct consequence, the chloroplast proteome is a mosaic of
nuclear- and plastid-encoded proteins. This requires an important exchange of
information between the two genomes, to coordinate gene expression for
chloroplast biogenesis and organelle adaptation to internal or external variations.
Retrograde signalling is a collection of pathways generated by the chloroplast to
inform the nucleus about its developmental and operational status. The study of the
molecular pathways involved in the communication of perturbed plastid protein
homeostasis is a recent and dynamic research field. In nematodes, a retrograde
signalling pathway triggered by the deterioration of the mitochondrial protein
homeostasis relies on the extrusion of peptides, produced by the proteolysis of the
damaged proteins, by the HAF-1 ABC transporter on the mitochondrial envelope,
paving the way for peptides as possible signalling molecules. HAF-1 is the homolog
of the MDL1 mitochondrial peptide transporter of yeast, which if removed causes
sensitivity to heat. In this work, TAP1, NAP8 and ATH12 uncharacterized ABC
transporters of the chloroplast in Arabidopsis thaliana were identified as the closest
homologues of both HAF-1 and MDLI. The presence of the transporters is
required to extrude peptides from chloroplasts upon heat exposure and each of
them could complement the heat sensitivity of Awd/l null mutant in yeast. Triple
mutant plants exhibit higher sensitivity to conditions that challenged the plastid
protein homeostasis, such as high temperature. Coherently, triple mutant plants
failed the up-regulation of CLPB3 plastid chaperone at the protein level, but not of

the corresponding transcripts, upon exposure to high temperatures, suggesting a



possible role for these transporters in the post-transcriptional regulation of CLLPB3

and, overall, in the protection of chloroplast protein homeostasis against threats.



INTRODUCTION

Chloroplasts are photosynthesizing organelles

The primary energy source for life on Farth is sunlight. Solar
electromagnetic radiation is absorbed and transformed into chemical energy, stored
as carbohydrates, by a chemical reaction, called photosynthesis. Eukaryotic
organisms can perform this reaction, thanks to the chlorophyll-containing
chloroplast, a specialized form of plastid. Plastids are extremely plastic organelles
that, starting from the undifferentiated proplastid, can develop in several types
according to developmental and environmental cues (Fig. 1). Nevertheless, the
chloroplast is the most ancient kind of plastid that, in addition to providing nutrients
to the cell, is also pivotal for the biosynthesis of a plethora of essential compounds
and the perception of both biotic and abiotic challenges (Lopez-Juez and Pyke,
2005; Jarvis and Lopez-Juez, 2013).

Disassembling Plastaglobule
—~ thylakoids

- Plastoglobule

., Caratenaid
erystal

Chromoplast
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e h

Figure 1 — Common types of plastids present in land plants. Plastids are extremely plastic organelles that,

Amyloplast

starting from the undifferentiated proplastid, can develop in several types according to developmental and
environmental cues. Some of the types of plastids can redifferentiate into other types as indicated by the arrows.
The differentiation implies the plastid proteome reorganization. Chloroplasts are the photosynthesising form of
plastids. Etioplasts produce chlorophyll precursors in darkness forming prolamellar bodies that upon light-
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driven induction rapidly develop into chloroplasts. Gerontoplasts are chloroplasts undergoing senescence
processes. Chromoplasts are plastids accumulating huge amounts of carotenoid pigments often found
Amyloplasts and elaioplasts have storage functions, accumulating starch granules or lipid-containing
plastoglobuli, respectively (Jarvis and Lopez-Juez, 2013).

The typical chloroplast of land plants is shaped as a lens with a diameter
between 5 and 10 um and a thickness of 3-4 um. According to the cell type and the
species, chloroplasts number varies from a few to hundreds. Chloroplasts are
defined by an envelope composed of the outer and the inner membranes, separated
by the intermembrane space. The envelope is the interface that mediates the
exchange of substances and information between the organelle and the cytoplasm
of the cell. The outer membrane is permeable to molecules up to 10 kDa, whereas
the inner membrane confers selectivity to the chloroplast (Fliigge, 2001). The inner
membrane delimits the stroma, a protein-rich aqueous environment, that acts as
cytosol of the organelle. It is the site of the carbon fixation reactions, it contains the
chloroplast genetic machinery and the thylakoids, the internal membranous system.
The thylakoids form a complex interconnected compartment, which encloses the

lumen (Mustardy and Garab, 2003).

Embedded in the thylakoids are large protein complexes which provide a
scaffold on which chlorophylls are precisely positioned to absorb photons and
transfer their energy to the reaction centres of the two photosystems (Grondelle et
al., 1994). Photosystem II exploits this energy to extract from water molecules their
electrons producing oxygen as a by-product (McEvoy and Brudvig, 2006). These
electrons flow from photosystem II to photosystem I through the electron transport
chain (Gould and Izawa, 1973). Electrons from photosystem II are accepted by the
plastoquinone, an aromatic and lipophilic molecule. Once reduced, the plastoquinol
diffuses in the thylakoid membrane towards the cytochrome bef where it is oxidized
donating its electrons. The electron transfer between the photosystem II and the
cytochrome through the plastoquinone pool pumps protons into the lumen

establishing a pH gradient across the thylakoid membranes (Okamura et al., 2000).
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In turn, the cytochrome transfers the electrons to the photosystem I through the
small copper-containing water-soluble protein plastocyanin (Gross, 1993). The
proton gradient is then dissipated by the ATP-synthase which converts the electro-
chemical gradient into ATP (Boyer, 1997). At last, electrons are transferred to the
NADP" which is reduced to NADPH by the photosystem I and ferredoxin (Karplus
et al., 1991). ATP and NADPH are invested in the Calvin-Benson cycle, where the
RuBisCO enzyme fixes carbon dioxide molecules into triose phosphate

intermediates which ultimately are converted into glucose in the cytoplasm (Cleland

et al., 1998).

Chloroplasts originated from an ancient endosymbiosis

Similar to what occurred to the mitochondrion, the chloroplast also
originated from an endosymbiosis event, roughly 1,5 billion years ago between a
eukaryotic host and a photosynthetic cyanobacteria-like prokaryote (Sagan, 1967;
Dorrell and Howe, 2012). An extraordinary diversity of photosynthetic eukaryotic
species arose from this event. Those that derived by the primary endosymbiosis are
grouped in the Archaeplastida clade and share the presence of primary plastids,
which are surrounded by an envelope composed of two lipid bilayers: the innermost
deriving from the cyanobacteria-like ancestor and the outermost descending from
the host eukaryotic cell (Dyall et al., 2004; Dorrell and Howe, 2012). Three major
lineages based on the characteristics of their photosynthetic organelles can be
recognised within the Archaeplastida: Glaucophyta, Rhodophyta and Chloroplastida
(Adl et al., 2005). The Glaucophyta possesses the most basal plastid, called cyanelle,
that still has, as vestiges of its prokaryotic ancestry, the peptidoglycan wall and the
typical cyanobacterial pigments phycobilins, in addition to chlorophylls. The
Rhodophyta has the rhodoplast which lacks the ancestral peptidoglycan wall but still
contains phycobilins and chlorophylls. Lastly, the Chloroplastida, in which the green
algae (Chlorophyta) and the land plants (Embryophyta) groups are placed, exhibits
the most derived kind of plastid, the chloroplast (Leebens-Mack et al., 2019).
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The establishment of a properly functioning photosynthesising organelle
from the endosymbiotic relationship between the host eukaryotic cell and
cyanobacteria-like prokaryotic cells required millions of years and several attempts
to stabilize the relationship. The first endosymbiosis events were most likely very
unstable and led to the quick lysis of the bacteria within the eukaryotic cytoplasm.
Eventually, the released prokaryotic DNA was integrated into the eukaryotic
genome (Dagan and Martin, 20006). This newly acquired genetic material was, at first,
impossible to express by the eukaryotic system due to the prokaryotic regulatory
elements, and thus, it simply accumulated within the host genome for a long time as
non-functioning nuclear plastid DNA or nuptDNA. This transfer of genetic
material, from both plastids and mitochondria, still occurs nowadays (Huang, 2005).
With time, the prokaryotic DNA sequences mutated until they could be expressed
by the eukaryotic system. In this way, these newly nuclear-encoded proteins, derived
from the genetic material of previous unsuccessful endosymbionts, could now be
used by the present endosymbionts, providing chances to prolong and modulate the
relationship. This phenomenon has likely occurred multiple times before a modern

photosynthetic organelle finally emerged (Howe et al., 2008).

The massive horizontal transfer of genetic material in favour of the nucleus
deprived the plastid genome of genes (Bock and Timmis, 2008). In Arabidopsis
thaliana, the plastome (Z.e. the plastid genome) bears only 130 genes encoding for
tRNAs, rRNAs and 85 proteins mainly involved in the photosynthetic process and
the plastid gene expression, instead, the other 2-3000 plastid-localised proteins are
nuclear-encoded (Lopez-Juez and Pyke, 2005). The reason why a small fraction of
the genes is still encoded by the plastome is not certain, however, a few explanations
have been hypothesised. For example, those genes encoding for highly hydrophobic
proteins, difficult to be imported into the chloroplast, would be favoured to be
maintained within the plastome (Daley and Whelan, 2005). Another hypothesis is
based on the observation that most of the plastid-encoded proteins have functions
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in energy metabolism. Indeed, being the photosynthetic process harmful to the
involved proteins, their genes would have been retained within the plastome to
assure a faster protein turnover (Allen, 2015). A plastid capable to perform
autonomously de novo protein synthesis would be able to rapidly satisfy its own
particular needs, whereas an exclusively centralized production of plastid proteins
in the cytosol would force the entire pool of the cellular chloroplasts to adapt to any
given perturbation, even if their operativity is satisfactory (Allen and Martin, 2016).
Accordingly, the local protein synthesis requires RNA polymerase, tRNA, rRNA
and ribosomal proteins, so also those genes were retained in the chloroplast (Maier
et al., 2013). Despite all of this, both the photosynthetic apparatus and the plastid
transcriptional and translational machinery still necessitate nuclear-encoded factors

to be functional.

Chloroplast and nucleus exchange information

As briefly resumed above, the origin and the evolutionary history of the
chloroplast have shaped its proteome as a mosaic of proteins, encoded by two
physically separated genomes. Notably, nuclear- and plastid-encoded proteins
assemble in hybrid multimeric complexes, requiring precise stoichiometry. The fact
that plastid-localised proteins are almost completely nuclear-encoded places the
nucleus in control over the plastid for its biogenesis, differentiation and
maintenance, however, at the same time, chloroplasts need to influence the nucleus.
As a consequence of this context, plant cells evolved effective communication
mechanisms that can be divided into anterograde pathways (i.e. nucleus-to-
chloroplast) and retrograde pathways (ie. chloroplast-to-nucleus) (Fig. 2). The
anterograde control mainly consists of nuclear-encoded plastid-localised proteins
involved in the transcription and translation of the plastid genetic material. On the
other hand, the chloroplast, through various retrograde signals, communicates
developmental, functional and environmental information. The nucleus reacts to

the retrograde signals by generating an anterograde correction, that is the
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modulation of its gene expression that results in the production of those nuclear-
encoded plastid proteins that can meet the chloroplast needs (Woodson and Chory,
2008; Jarvis and Lopez-Juez, 2013; Hernandez-Verdeja and Strand, 2018; Loudya et
al., 2020).

anterograde control

NUCLEUS CHLOROPLAST
genome WNuclear-encoded factors needed plastome
. for chloroplast biogenesis
//;_-_/-- “"-J\J
Vg
r/// \\
A ".I retrograde signalling
/
| | ,_.Il Signals informing the nucleus
"\é\ / about chloroplast operativity or development
R I
N
\ A

Nuclear-encoded factors useful
to cope with the issues

Figure 2 — Schematic representation of the reciprocal exchange of information between the nucleus
and the chloroplast. The anterograde control mainly consists of nuclear-encoded plastid-localised proteins
involved in the transcription and translation of the plastid genetic matetial. The chloroplast can emanate several
kinds of signals, collectively known as retrograde signalling, that transmit developmental, functional and
environmental information. The anterograde correction is the result of the teprogramming of the nuclear gene

expression according to those signals.

Examples of anterograde control mechanisms

The composition and the regulation of the chloroplast transcriptional and
translational machinery are bright examples of the anterograde control exerted by
the nucleus and the complexity of the interplay between the nucleus and the
chloroplast. The chloroplast has at least two very different RNA polymerases: the
multimeric Plastid Encoded Polymerase (PEP) and the monomeric Nuclear
Encoded Polymerase (NEP) (Borner et al., 2015). The PEP enzyme had been
inherited by the cyanobacteria-like ancestors and, consequently, it strongly
resembles the typical prokaryotic enzyme. The core enzyme is composed of «, 83, 3’
and 37 subunits encoded by 7paA, npoB, rpoCT and rpeC2 genes, respectively, which
are conserved in the plastome, as suggested by the name of the polymerase

(Hajdukiewicz et al., 1997). All these genes are essential for proper chloroplast
14



biogenesis, as mutations disrupting any of them result in albino or yellowish
phenotypes (Pfannschmidt et al., 2015). Like any prokaryotic RNA polymerase, PEP
requires o factors to recognize promoters and to initiate transcription (Tiller and
Link, 1995). In contrast to the core PEP subunits, plastid o factors are nuclear-
encoded (SIG7-6 genes in A. thaliana) and have both specialised roles and
overlapping functions (Lysenko, 2007; Woodson et al., 2013; Chi et al., 2015). In
addition to plastid o factors, also the nuclear-encoded PEP-associated proteins
(PAPs) are essential for PEP activity (Steiner et al., 2011). These proteins appear to
be a unique evolutionary achievement of land plants, as no orthologous have been
identified in the green algae Chlamydomonas reinhardtii (Surzycki, 1969; Pfalz and
Pfannschmidt, 2013). The chloroplast NEP enzyme, or RPOTp, is another
important component of the nuclear anterograde control over the plastid. In
Aprabidopsis, three RPOT genes are found in the nuclear genome. RPOT7 produces
the RNA polymerase of mitochondria, called RPOTm. RPOT2 encodes an enzyme
that is targeted to both the mitochondrion and the chloroplast while the RPOT3
gene produces the chloroplast RNA polymerase. NEP is a monomeric phage-
derived RNA polymerase, probably originated by the duplication of the RPOT7
gene, which is mainly responsible for the transcription of plastid housekeeping
genes, among them the PEP-encoding genes, reinforcing further the nuclear control
over the plastid gene expression (Hedtke et al., 1997; Hedtke et al., 2000). Moreover,
several transcripts of plastid-encoded genes require additional processing to fully
maturate, mediated by a plethora of nuclear-encoded proteins, mostly unknown
(Jacobs and Kick, 2011). Among these, the pentatricopeptide repeat proteins can
bind RNA, stabilize it and perform transcript maturation or transcript editing. These
functions could be essential for plant viability (Kotera et al., 2005; Schmitz-

Linneweber and Small, 2008a; Tadini et al., 2018).

As it happens for the transcriptional machinery, also the chloroplast
ribosome shares several features with that of bacteria (Mache, 1990). Both bacterial

15



and plastid ribosomes sediment at 70S and are formed by a small 30S and a large
508 subunit that consists of fRNAs and ribosomal proteins, named RPSs or RPLs
based on the ribosomal subunit they belong to. In _Arabidopsis thaliana, the
chloroplast ribosome is composed of 57 proteins. As for many chloroplast protein
complexes, the genes encoding for the ribosomal proteins are found both in the
plastid genome and in the nuclear genome. The plastid genome codes for 21
ribosomal proteins which correspond to roughly two-fifth of the total ribosomal
proteins (Sugiura, 1995; Yamaguchi et al., 2000; Yamaguchi and Subramanian, 2000;
Olinares et al., 2010; Tiller and Bock, 2014). Almost all the chloroplast ribosomal
proteins have an orthologue in E. ¢/ however, some differences in ribosome
composition are known. E. e/ Rpl25 and Rpl30 proteins are not found in
chloroplasts. In some species, including spinach, chloroplast RPL23 is substituted
by the corresponding protein of the cytosolic 80S ribosome subunit. Finally, PSRP2,
PSRP3, PSRP5 and PSRPG6 are identified as plastid-specific ribosomal proteins and
therefore have no orthologues in bacteria (Bubunenko et al., 1994; Yamaguchi et al.,
2000; Yamaguchi and Subramanian, 2000; Tiller and Bock, 2014; Bieri et al., 2017,
Zoschke and Bock, 2018). In addition to these differences in ribosome composition,
the conserved chloroplast ribosomal proteins present N- and C-terminal extensions,
together with internal expansions, that are responsible for the establishment of new
interactions with rRNAs, mRNAs, ribosomal proteins and regulatory factors that
are exclusive features of the chloroplast (Ahmed et al., 2016; Bieri et al., 2017; Graf
et al., 2017). Being a large part of the anterograde control, many nuclear-encoded
plastid ribosomal proteins are essential for chloroplast biogenesis and, consequently,
their mutation often results in the arrest of embryo development or severe pale

phenotypes and stent growth of seedlings (Romani et al., 2012).

Main sources of retrograde signals
As said, the production of nuclear-encoded plastid proteins which directly

influence the plastid gene expression is known as the anterograde control, which
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sets the chloroplast biogenesis and its genetic material under the regulation of the
nucleus. Nevertheless, the chloroplast emits a collection of signals, to transmit
information to the nucleus and eventually modify the nuclear gene expression and,
consequently, the composition of nuclear-encoded plastid proteins. Together, these
signals are collectively indicated as retrograde signalling that can be distinct into
“biogenic control” and “operational control” referring to those signals sent during
the differentiation of plastids or those released from mature chloroplasts in response
to physiological needs and environmental fluctuations, respectively (Chan et al.,
2016; Hernandez-Verdeja and Strand, 2018). To date, several main sources of
retrograde signals can be traditionally defined, the main ones being the activity of
the electron transport chain coupled with ROS development, the biosynthesis of
tetrapyrroles and the plastid gene expression (Inaba et al., 2011; de Souza et al., 2017,
Hernandez-Verdeja and Strand, 2018).

Opverall, the signals that can be correlated with the activity of the electron
transport chain appear to be mediated by the plastoquinone pool or by the
photosystem I acceptor site along with a variety of redox compounds such as
NADPH, thioredoxin and glutathione. However, the regulation of gene expression
by this pathway seems inconsistent among different organisms (Pesaresi et al., 2007).
In the green algae Dunaliella tertiolecta the regulation is thought to be coupled with
the plastoquinone pool, while in Chlamydomonas reinhardtii it is mediated by the
photosystem I (Escoubas et al., 1995; Shao et al., 2000). In Arabidopsis thaliana gene
modulation in response to short-term light fluctuation depends on the photosystem
I but the plastoquinone pool could have a role in long-term adaptation (Fey et al.,
2005). In addition, expression studies on ASCORBATE PEROXIDASE 2 upon
high-light treatment first suggested H>O, as a possible messenger (Karpinski et al.,
1999).
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Studies performed on the green algae Chlanydomonas reinbardtii demonstrated
that cells treated with inhibitors of the late steps of the tetrapyrrole biosynthesis
failed to accumulate transcripts of the light-harvesting complex (Beck et al., 2000).
These observations suggested that some intermediates of the tetrapyrrole
biosynthesis trigger the selective inhibition of nuclear gene expression encoding
plastid proteins. Similar to this, treatments with norflurazon, an inhibitor of the
phytoene desaturase hampering carotenoid biosynthesis, causes chloroplasts to
bleach and lead to the repression of photosynthesis-associated nuclear genes
(PhANGS) in Arabidopsis thaliana. The use of norflurazon-based screens led to the
identification of five mutants unable to repress PLANGs expression in these
conditions. All of the mutated genes encode plastid-located proteins and were
indicated as GUN (Genomes UNcoupled) genes (Susek et al., 1993; Mochizuki et al.,
2001; Koussevitzky et al., 2007). GUNT produces a pentatricopeptide protein, a
class of proteins usually able to interact with RNAs and often involved in their
maturation in chloroplasts (Koussevitzky et al., 2007; Schmitz-Linneweber and
Small, 2008a). GUNZ and GUN3 genes encode a heme oxygenase and a
phytochromobilin synthase, respectively, required for heme conversion into
phytochromobilin. Their mutation results in the accumulation of heme (Susek et al.,
1993; Mochizuki et al., 2001). GUN4 and GUN5 produce an Mg-ProtoIX-binding
protein and the H subunit of the Mg-chelatase, respectively. Both enzymes are
involved in chlorophyll biosynthesis and consequently, the mutants are paler than
the wild type (Mochizuki et al., 2001). Successively, gnn6, a gain of function mutant
overexpressing the ferrochelatase 1, upstream to GUN2 and GUN3 enzymes, was
found (Woodson etal., 2011). GUNZ to GUNG genes are all involved in tetrapyrrole
biosynthesis and the respective mutants have defects in the relative abundance of
the related metabolites, suggesting a positive role of tetrapyrroles for PALANGs
regulation during chloroplast biogenesis (Woodson et al., 2011; Hernandez-Verdeja
and Strand, 2018).
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Historically, studies on the barley mutants a/bostrians and Saskatoon, which
exhibit albino or variegated phenotypes due to mutations in nuclear genes, had first
suggested the possibility that the plastid gene expression generates retrograde signals
(Bradbeer et al., 1979). In these mutants, although the cytosolic ribosomes were
functional, the activity of plastid-located enzymes was reduced, together with the
expression of photosynthesis-associated nuclear genes (PALANGs) (Bradbeer et al.,
1979; Hess et al., 1994). Instead, the expression of the nuclear gene encoding for
the NEP RNA polymerase of the chloroplast was increased (Emanuel et al., 2004).
Similar results were obtained with the employment of inhibitors of chloroplast
transcription or translation such as lincomycin that, in plants, specifically inhibits
chloroplast protein synthesis leading to albino seedlings (Thomson and Ellis, 1972;
Inaba et al.,, 2011). The use of this drug has revealed that the already cited gun?
mutant is unable to repress PAANGs expression, a unique feature among the gun
mutants that display this phenotype only if treated with norfluorazon, suggesting
that GUN1 could have a role in retrograde signalling due to altered plastid gene
expression. Indeed, in contrast to the other GUN proteins, GUNT1 is not related to
tetrapyrrole biosynthesis but it is a pentatricopeptide protein (Koussevitzky et al.,
2007). As described eatlier, pentatricopeptide proteins are usually associated with
RNA maturation and regulation of plastid gene expression (Pfalz et al., 20006;
Schmitz-Linneweber and Small, 2008b). However, despite that GUN1 appeared to
bind DNA 77 vitro, immunoprecipitation assays performed iz vivo have failed to
detect any stable interaction of GUN1 with nucleic acids (Tadini et al., 2016).
Instead, GUN1 seems to be rather engaged in the regulation, possibly through
protein-protein interactions, of several plastid molecular mechanisms such as
tetrapyrrole biosynthesis, plastid transcription, translation, ROS regulation and
protein homeostasis (Colombo et al., 2016; Tadini et al., 2016; Wu et al., 2019;
Tadini et al., 2020b; Tadini et al., 2020a; Fortunato et al., 2022).
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The knowledge regarding the chloroplast retrograde signals has been
deepened during the past years but several aspects remain enigmatic. Notably, in
land plants, a specific signalling molecule is still unidentified and, indeed, the
retrograde signalling system should be considered as a complex network of signals

and pathways that are mostly unknown (Inaba et al., 2011; Hernandez-Verdeja and
Strand, 2018).

Chloroplast proteome biogenesis, maintenance and degradation

Up to 95% of plastid-localised proteins are nuclear-encoded. This implies
that a constant bulk of plastid proteins must be sorted, imported into the chloroplast
and processed for maturation. Additionally, mature proteins in the chloroplast
require proper folding and continuous quality check. Finally, old or terminally
damaged proteins must be removed (Paila et al., 2015; van Wijk, 2015; Nishimura
et al., 2016; Fu et al., 2022; Rochaix, 2022). In addition to the physiological protein
turnover, the photosynthetic process makes the chloroplast a difficult environment
for the organellar protein structures. The absorption of photons and the electron
flow require proteins to be highly functional, to guarantee safe energy conversion
avoiding ROS production (Suzuki et al., 2012). Thus, to achieve a regular import of
nuclear-encoded proteins and their maintenance, chloroplasts are equipped with
complex import machinery, numerous chaperones and a plethora of proteases

(Flores-Pérez and Jarvis, 2013; Paila et al., 2015; Nishimura et al., 2016).

Import of nuclear-encoded plastid proteins

The nuclear-encoded plastid precursor proteins are discernible from those
that are resident in the cytoplasm by the first N-terminal portion of their amino acid
sequences which act as a chloroplast-specific targeting signal called chloroplast
transit peptide (cTP). The exact features that define a chloroplast transit peptide are
still poorly understood since no consensus sequence can be identified even though

it is possible to detect it zz siico (Emanuelsson et al., 2000; Bruce, 2001). The
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chloroplast transit peptide recruits cytosolic sorting factors, such as HSP70, HSP90
and/or 14-3-3 proteins to bring the precutsor protein to the translocon complex on
the surface of the chloroplast (Lee et al., 2013). HSP70 and HSP90 also interact with
CHIP (Carboxyl-terminal Hsp70-Interacting Protein), a highly conserved cytosolic
E3 ligase (Ballinger et al., 1999). Together, these proteins exert a chloroplast protein
quality control by targeting unwanted chloroplast precursors to the proteasome to

prevent their accumulation in the cytosol (Lee et al., 2009).

The translocon complex can be described as two molecular gates embedded
on the outer and inner membranes of the chloroplast, which eventually interact to
form a channel allowing the precursor proteins in the cytoplasm to cross the
chloroplast envelope and reach the stroma (Paila et al., 2015). The translocon
components placed on the outer membrane are called TOC proteins (Translocon at
the Outer membrane of the Chloroplast), while those constituting the complex on
the inner membrane are known as TIC proteins (Translocon at the Inner membrane
of the Chloroplast). Both group names are followed by numbers indicating the

molecular mass in kDa of the corresponding proteins (Schnell et al., 1997).

TOC159 and TOC34 are membrane-bound GTPase receptors which
establish the first interactions with the client precursor protein (Chang et al., 2012).
The client protein is then inserted into TOC75 which forms the TOC channels
thanks to its B-barrel structure (Li and Chiu, 2010). Upon insertion into TOCT75, the
client protein engages the TIC complex since the translocon proteins on both
membranes physically interact (Schnell and Blobel, 1993). Recent studies have
highlighted that the ubiquitin-dependent modification of proteins located on the
chloroplast outer membrane is a pivotal event, at the basis of chloroplast adaptation
to stress conditions. SP1 E3 ubiquitin ligase is embedded in the outer envelope of
the chloroplast and, by ubiquitination of TOC components, confers the ability to

isolate the chloroplasts from the bulk of plastid precursor proteins in the cytoplasm,
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thus modulating the quantity and the quality of the imported precursor proteins
(Ling and Jarvis, 2015). The SP2 outer-membrane protein, thanks to its B-barrel
architecture, provides a channel through which ubiquitinated TOC components can
be extracted and eventually delivered to the proteasome, a process indicated as
CHLOroplast-Associated protein Degradation (CHLORAD). The extraction is
carried out by the cytosolic CDC48 AAA+ protein, which is also the motor of the
similar degradation process known as the Endoplasmic Reticulum-Associated
protein Degradation (ERAD) pathway, which inspired the name of the chloroplastic
one (Ling et al., 2012; Chen et al., 2020).

Despite that several components of the TIC complex have been
characterized, the precise nature of the import machinery of the inner membrane is
still not fully understood (Paila et al., 2015). The so-called TIC110 complex is
formed by at least TIC20, TIC21, TIC22, TIC40 and TIC110 proteins that were
shown to associate with client precursor proteins and with TOC complexes (Kessler
and Blobel, 1996; Kouranov et al., 1998; Chou et al., 2003). TIC20 and TIC21 share
similar structural organization and topology, both displaying four a-helices, and are
thought to form the TIC channel (Teng et al., 2006; Kovacs-Bogdan et al., 2011).
TIC110 contains two N-terminal a-helices and a large C-terminal region which
protrudes into the stroma (Jackson et al., 1998). It is still unclear if TIC110 could be
part of the TIC channel, however, a portion close to the transmembrane helices of
the stromal domain binds directly transit peptides providing a docking site for the
client proteins emerging from the TIC channel, whereas the rest of the stromal
domain could serve as a scaffold for the interaction of stromal chaperones involved

in the import process (Inaba et al., 2003; Paila et al., 2015).

The motor of the TIC110 translocon complex has been identified in CLPC
stromal chaperone, a member of the AAA+ protein family (ATPases Associated

with various cellular Activities) which forms a hexameric ring through which the
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emerging polypeptide chain is pulled (Nielsen et al., 1997). TIC40 mediates the
interaction between CLPC and TIC110 and stimulates the ATPase activity of CLPC
(Chou et al., 2006). However, several pieces of evidence indicate that also the
stromal chaperone with ATPase activity cpHSC70 (chloroplast Heat Shock Cognate
protein of 70 kDa) is a central component of the protein import motor and could
provide a second import pathway, parallel with the TIC40/CLPC system (Su and
Li, 2010; Paila et al., 2015). More recently, another heteromeric complex associated
with the TIC complex, referred to as 2-MD complex, that functions as an ATP-
dependent import motor was found in Arabidopsis thaliana and is composed of the
plastid-encoded Ycf2 protein, four nuclear-encoded FTSH-like proteins and the
nuclear-encoded FTSH12 and it appears to have a complementary role with that of

the TIC110 complex (Kikuchi et al., 2018).

A second 1 MDa protein complex has been found associated with precursor
client proteins at the inner membrane and TOC elements. It is composed of TIC20
and TIC21, which are also part of the TIC110 complex, TIC56, TIC100 nuclear-
encoded proteins and the plastid-encoded Tic214/Ycfl protein, (Kikuchi et al.,
2009). Tic214 displays six a-helices, is the first putative import component found to
be encoded by the plastome and, in tobacco, is essential for plant viability (Drescher
et al., 2000; Kikuchi et al., 2013). Interestingly, the components not shared with the
TIC110 complex are absent in Glaucophyta and Rhodophyta algae lineages and the
Poaceae land plant family, suggesting that the 1 MDa complex is not required in all
plastids (Drescher et al., 2000). It has been proposed that the TIC110 complex and
the 1 MDa complex could be two independent channels for precursor proteins,
however, since they share the TIC20 and TIC21 components and both complexes
were identified as associated with the same precursor client proteins, it seems
reasonable that they could function coordinately for import (Kikuchi et al., 2013;
Paila et al., 2015).
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Main chaperones and proteases of the chloroplast

To generate and maintain a fully functional chloroplast proteome a variety
of proteases are required for several purposes including removal of chloroplast
transit peptides, cleavage of the N-terminal methionine from plastid-encoded
proteins, additional N- or C-terminal cleavages for protein maturation, degradation
of unfolded, damaged or aggregated proteins and removal of unwanted proteins
upon developmental or environmental changes. The main known chloroplast
proteases and their direct chaperones, which function as adaptors, can be divided
into the ATP-dependent and the ATP-independent proteins. The ATP-dependent
group includes members from the LON, CLP and FTSH families, all classified in
the larger AAA+ (ATPases Associated with various cellular Activities) protein
family, whereas the ATP-independent members are from the DEG family (van
Wijk, 2015). The ATP-dependent members of the AAA+ superfamily bind and
hydrolyse ATP to power the conformational changes useful for unfolding the
protein substrates and, in Arabidopsis thaliana, the FTSH and CLP proteins are the
major conserved multimeric protease complexes of the chloroplast. Both proteolytic

systems evolved from prokaryotic ancestors and are conserved in all kingdoms of

life (Nishimura et al., 2016).

The FTSH (Filamentation Temperature Sensitive) family comprises
numerous membrane-embedded metalloproteases composed of one or two
transmembrane N-terminal domains, the ATPase domain and the proteolytic
domain with a zinc-binding motif (Fig. 3). These metalloproteases must interact in
homo- or hetero-hexamers to form the catalytic chamber that can control the access
of substrates (van Wijk, 2015). Arabidopsis thaliana genome encodes twelve FISH
genes, nine of them targeted to the chloroplast (Nishimura et al., 2016). The four
major isoforms are embedded in the thylakoids, with the catalytic domain facing the
stroma. The thylakoid FTSHs are divided into type A, consisting of FTSH1 and
FTSHS5, and type B, containing FTSH8 and FTSH2. The removal of all type A or
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type B proteases results in albino phenotypes (Yu et al., 2004; Zaltsman, 2005).
FTSH2 and FTSHS5 are the first and the second most abundant FTSH isomers in
the chloroplast as reflected by their loss-of-function mutants, resulting in
increasingly severe variegated phenotypes on true leaves indicating their importance
in thylakoid development. The severity of the phenotypes correlates with the
physiological abundance of the lost protease. Indeed, the f#s52 mutant shows leaves
with large white sectors, while in the fish5 mutant variegations are less extended.
Coherently, the double mutant results in an enhanced variegated phenotype with
only a few small green sectors. Additionally, both mutants show increased sensitivity
to high light. Conversely, fish1 and f#sh8 mutants and the double mutant are wild-
type-like (Takechi et al., 2000; Sakamoto et al., 2002; Sakamoto et al., 2003;
Zaltsman, 2005). The FTSH6 sub-plastidial localisation is still uncertain, however,
it has been linked with the regulation of thermomemory in Arabidopsis (van Wijk,
2015; Sedaghatmehr et al., 2016). FTSH7, FTSH9, FTSH11 and FTSHI12 are
localised at the chloroplast’s inner membrane. FTSH7 and FTSH9 are thought to
form a complex, although no additional information is available (Wagner et al.,
2012). FTSH12 has been mentioned above as part of the novel 2-MD complex
involved in protein import that comprises Ycf2 and four FTSHi proteins, which,
lacking the zinc-binding motif, are not catalytically active but retain the chaperone
activity (Kikuchi et al., 2018). FTSH11 forms homohexamer at the chloroplast inner
membrane and its loss has little or no impact on developing plantlets kept under
standard growth conditions. Nevertheless, FTSH11 is important to cope with heat
exposure, as the knock-out mutant displays hampered growth and sharp decreases
in the photosynthetic performance, if cultivated at temperatures higher than 30°C
(Chen et al., 2006; Chen et al., 2018). Detailed analyses of the mutant revealed its
interactions with proteins involved in photosynthesis and import, as probable
targets, and the chaperones HSP70, CPN60 and CLPB3, as putative substrate-
delivery partners (Adam et al., 2019).
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Figure 3 — Simplified representation of an FTSH protease. A single monomer is composed of a
transmembrane domain, an ATPase domain and the proteolytic domain which coordinates a zinc ion. To form
a functional FTSH protease, monomers must form a hexameric complex. In A. thaliana chloroplasts can be
found both homo- and hetero-complexes.

The serine-type CLP (CaseinoLytic Protease) machinery is the most
abundant stromal protease of the chloroplast and it is composed of several subunits
organised in rings (Fig. 4). The proteolytic core consists of two asymmetric
heptameric rings. The P-ring contains the catalytically active subunits CLPP3,
CLPP4, CLPP5 and CLPPG6 in a 1:2:3:1 ratio. The R-ring is composed of the catalytic
plastid-encoded subunit ClpP1 and the catalytically inactive CLPR1, CLPR2,
CLPR3 and CLPR4 proteins in a 3:1:1:1:1 ratio (Olinares et al., 2011a). The various
cipp and clpr null mutants in Arabidopsis thaliana exhibit several phenotypes affecting
embryogenesis, seedling development and chloroplast biogenesis (Kim et al., 2013).
The unique plastid-encoded ClpP1 subunit has been studied in tobacco and it is
essential for leaf development (van Wijk, 2015). Loss of CLLPP4 and CLPP5 is
incompatible with life, as the respective mutant embryos cannot complete their
development. The knock-out mutants c/pr2, cpr4 and cipp3 arrest their development
at the cotyledon stage however, when cultivated in heterotrophic conditions, they
can complete the life cycle. Interestingly, the ¢pr7 mutant displays only a mild
virescent phenotype because its functions can be partially replaced by CLPR3,
resulting in a hampered CLP complex (Kim et al., 2009; Kim et al., 2013). Protein
substrates are delivered to the proteolytic core by hexameric rings with chaperone

functions composed of CLPC1, CLPC2 and/or CLPD subunits. These HSP100
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class proteins present a C-terminal Protease Binding Domain (PBM) which mediates
the interactions with the proteolytic rings. The unfoldase activity of the hexamer
linearizes the target polypeptide facilitating its proteolytic degradation by the CLP
core rings (Lee et al., 2007; van Wijk, 2015). The knock-out mutations in CLLPCT
result in small pale plants, while ¢/pc2 and ¢/pd plants have no phenotype (Constan et
al., 2004; Sjogren et al., 2004). CLPC chaperones have been found associated with
the TIC complex and could function as a motor for the translocon machinery (Chou
et al., 2000; Paila et al., 2015). Additionally, they could be involved in protein quality
control during the import process by recruiting the CLP core protease at the
translocon to degrade misfolded proteins generated during their import (Nishimura

etal,, 2016).

—— CLPR2 :
R-ring heptamer
_ 3ClpP1,1 CLPRT, 1 CLPR2,
1 CLPR3, 1 CLPR4
“ CLPR1 catalytically inactive

CLPR3 —_
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CLPactive
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Figure 4 — Simplified representation of CLP protease complex subunits. The CLP core enzyme is
composed of two heptameric rings, the R- and the P-ring. The R-ring is catalytically inactive and contains three
ClpP1, one CLPR1, one CLPR2, one CLPR3 and one CLPR4 subunit. The P-ring is catalytically active and
features one CLPP3, two CLPP4, three CLPP5 and one CLPP6 subunit. The ClpP1 protein is the only one
encoded by the plastome. The chaperone rings are composed of CLPC1/C2 or CLPD proteins. By interacting
with the core enzyme, these rings deliver the substrates to the core enzymes. They promote CLP activity by
ATP hydrolysis.
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Another important plastid HSP100 chaperone is CLPB3. Similar to
CLPC/D chaperones, also CLPB3 forms homohexameric rings, although it lacks
the PBD sequence preventing its interaction with the CLP proteolytic core. CILPB3
depletion results in seedlings which germinate but soon die when grown on soil, or
in severe albinotic phenotype with thylakoid-deficient plastids when the seedlings
germinated on a sugar-containing medium. Additionally, ¢ppb3 mutants possess no
tolerance to increasing temperatures. Indeed, plants exposed to heat selectively up-
regulate CILPB3 transcripts while exhibiting no changes in CLLPC/D exptession
(Myouga et al., 20006; Lee et al., 2007). The biochemical characterization of CLBP3
demonstrated that it has high affinity with protein aggregates and it acts as an
unfoldase contributing to dissolve aggregates or to linearize its targets allowing for
their re-folding, functioning either alone or with the aid of cpHSP70/J20 chaperone
system (Pulido et al., 2016; Parcerisa et al., 2020). These pieces of evidence point to
two diversified roles for CLPC/D and CLPB3 chaperones. The ¢cpHSP70/J20
chaperone system functions as a hub that can dispatch its misfolded clients either
to the CLPC/D ring, which lineatizes them for their final degradation by the CLP
protease core or to CLPB3, which actively promotes the acquisition of their native

conformations (Pulido et al., 2010).

Degradation of chloroplasts

Chloroplasts are expensive organelles to maintain and, when damaged, can
be an additional source of hazard to cells, especially under stressful environmental
conditions, starvation or during senescence. Recent investigations revealed a variety
of pathways that cells employ to commit old or damaged chloroplasts for
degradation, achieving the maintenance of a functional pool of chloroplasts and the
redistribution of nutrients/resources (Woodson, 2016; Woodson, 2022).
Chloroplast portions or whole organelles can be delivered to the central vacuole by
vesicle-mediated pathways. Some pathways work with autophagosome-derived

vesicles. Autophagy is an ancient process for the degradation of cellular components
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in eukaryotic cells that requires the involvement of conserved ATG proteins, and
therefore, these degradation pathways are also referred to as ATG-dependent. The
other pathways that instead are executed by vesicles unrelated to the autophagosome
formation are indicated as ATG-independent (Fu et al, 2022). In some cases,
chloroplasts have been observed to bud large vesicles directly in the vacuole, known
as “bleb”. This event is triggered by the activity of the cytosolic PUB4 E3 ubiquitin
ligase that tags yet unidentified outer-membrane chloroplast proteins. Indeed, PUB4
removal suppresses chloroplast degradation and cell death in the mutant fz2, which
accumulates excessive 'O,, and promotes greening in the double mutant gun1 fish3,
which is defective in protein quality control mechanisms (Woodson et al., 2011;

Jeran et al., 2021; Lemke et al., 2021).

Chloroplast protein homeostasis as a source of retrograde signals
The development of a repressible chloroplast gene expression system that
specifically depletes C/pP7 expression in the green algae Chlamydomonas reinbardtii,
granted the ability to induce an imbalance of the chloroplast protein homeostasis
and study the cellular reaction to the event (Ramundo et al., 2014). Several
consequences arose in cells depleted of the CLP protease complex. They stopped
their proliferation and displayed progressive impairment of the photosynthetic
performance. Coherently, the expression of nuclear-encoded genes involved in
these processes was repressed. Conversely, the expression of nuclear genes encoding
chloroplast chaperones and proteases, and their accumulation at the protein level,
were steadily up-regulated. The accumulation of these proteins in chloroplasts can
counteract and mitigate protein aggregation and damage (Ramundo et al., 2014;
Ramundo and Rochaix, 2014). Several studies in Arabidopsis thaliana describe similar
phenomena. Indeed, mutants lacking FTSH or CLP proteins exhibit chloroplast
proteomes highly enriched in chaperones, proteases and ROS detoxifiers (Kim et
al., 2009; Kim et al.,, 2013; Adam et al., 2019; Dogra et al., 2019). Taken together,
these pieces of evidence strongly suggest that the perturbation of the chloroplast
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protein homeostasis triggers the generation of retrograde signals that promote the
nuclear production of plastid-localised protein quality control factors. These
molecular mechanisms are considered a chloroplast version of the Unfolded Protein
Response, a molecular mechanism first discovered in the yeast endoplasmic
reticulum when unfolded proteins accumulated due to defective folding capacity,
and successively found also in mitochondria of mammalian cells (Cox et al., 1993;
Zhao et al., 2002; Ramundo et al., 2014; Llamas et al., 2017; Qureshi et al., 2017,
Dogra et al., 2019).

The signalling pathways mediating the UPR in the endoplasmic reticulum
are very conserved and are well-studied (Hetz et al., 2015). Instead, the research in
the field of mitochondrial UPR was only recently boosted with the characterization
of a peptide-mediated mitochondrion-to-nucleus retrograde signalling pathway in
the roundworm Caenorhabditis elegans (Fig. 5) (Haynes et al., 2007; Haynes et al.,
2010). More into detail, the exposure of the animals to heat causes mitochondrial
proteins to damage and unfold. Unfolded proteins are prone to aggregate, therefore,
the mitochondrial soluble AAA+ CLPXP protease complex promptly degrades
them into peptides. These 6 to 20 residues long peptides are eventually extruded
into the cytoplasm, where promote the nuclear translocation of the ATFS1
transcription factor activating the expression of UPR-related genes. The peptide
efflux depends on the ABC transporters HAF-1, localised at the inner membrane of
the mitochondria (Haynes et al., 2010). Strikingly, HAF-1 is orthologous to the
previously reported ABC transporter MDL1 from Saccharomyces cerevisiae which also
mediates peptide extrusion from mitochondria upon heat incubation (Young et al.,
2001). These results have encouraged the re-evaluation of the human ABCB10
mitochondrial transporter which possesses a fair sequence identity with both MDL1
and HAF-1. ABCB10 also localises at the inner membrane of the mitochondrion,
and its activity has been associated with oxidative stress protection although it is not
clear yet if its substrates are peptides, heme intermediates or both (Liesa et al., 2012).
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Figure 5 — Graphical summary of the mitochondrial UPR described in C. elegans. Upon heat,

mitochondrial proteins are damaged and their unfolding is promoted. In these conditions, protein aggregates
could form threatening mitochondria functionality. The mitochondrial proteases degrade the damaged proteins
into peptides. The resulting peptides are then extruded into the cytoplasm by the ABC transporter HAF-1,
localised at the inner membrane of the mitochondria. In the cytoplasm, the peptides promote the translocation
of the ATFS1 transcription factor into the nucleus activating the expression of UPR-related genes (Haynes et
al., 2010).

ABC proteins

The ABC (ATP-Binding Cassette) proteins constitute one of the largest
protein families found in all living organisms (Higgins, 1992; Henikoff et al., 1997).
The vast majority of the ABC proteins act as transporters, as their general structure
features two transmembrane domains, which delineate a pore in the membrane, and
two soluble nucleotide-binding domains, which power substrates export. The
transmembrane domains are generally composed of four or six hydrophobic -
helices that appear to determine, or at least contribute, to the substrate selectivity of
the transporter. Nevertheless, the transmembrane domains of even closely related
ABC transporters exhibit low levels of sequence similarity, unlike the nucleotide-
binding domains which are strongly conserved and give the name to the protein
family (Higgins, 1992; Sanchez-Fernandez et al., 2001; Martinoia et al., 2002; Kang
et al.,, 2011). The survey of the superfamily reveals the modular construction of the
ABC transporters. The four core domains may be encoded by individual genes, by
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one gene encoding for a half-transporter (composed of a nucleotide-binding domain
and a transmembrane domain) which then homodimerizes, by two genes each
encoding half-transporters that form heterodimers or by a single gene coding for a
full-transporter. In addition, the organization of the domains in both half-
transporters and full-transporters is defined as forward, if the transmembrane
domain lies in the N-terminal portion and the nucleotide-binding domain is in the
C-terminal region, or as reverse in the opposite case (Higgins, 1992; Sanchez-

Fernandez et al., 2001; Kang et al., 2011).

Based on their domains structure and phylogenetic relationships and,
following the nomenclature system in use for animal transporters, the Arabidopsis
thaliana ABC proteins are currently classified into eight subfamilies, that re-organises
the previous nomenclature system (Fig. 6). The ABCA subfamily comprises eleven
forward half-transporters, previously part of the ABC Two Homolog (ATH) group,
and one forward full-transporter, from the ABC One Homolog (AOH). The ABCB
subfamily includes twenty-one forward full-transporters, former MultiDrug
Resistance (MDR), and seven forward half-transporters, previously belonging to the
Transporter Associated with antigen Processing (T'AP) and Transporter of the
Mitochondrion (ATM) subfamilies. The ABCC contains fifteen forward full-
transporters before indicated as Multidrug Resistance-associated Proteins (MRP),
that exhibit an additional N-terminal transmembrane domain. The ABCD subfamily
is represented by one forward half-transporter and one forward full-transporters
previously named Peroxisomal Membrane Proteins (PRP) due to their subcellular
localisation. The ABCE and the ABCF subfamilies consist of three and five
members, respectively, that lack any transmembrane domains and are, probably,
involved in other functions than transport. The ABCG is the largest subfamily and
it groups twenty-eight reverse half-transporters, formerly indicated as White-Brown
Complex homolog (WBC), and twelve reverse full-transporters, named Pleiotropic
Drug Resistance (PDR). Lastly, the ABCI subfamily contains twenty-one proteins
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that fold in single transmembrane, nucleotide-binding or accessory domains that, at

least some of them, can assemble into multi-subunit transporters, similar to what

occurs in prokaryotes (Sanchez-Fernandez et al., 2001; Verrier et al., 2008; Kang et

al., 2011).
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Figure 6 — Simplified graphical representation of the ABC protein subfamilies. ABCA, ABCB and ABCD
families contain forward full- or half-transporters. ABCC family groups forward full-transporters with an
additional N-terminal transmembrane domain. ABCE and ABCF families are composed of soluble proteins
with no transmembrane domains. In the ABCG family are found reverse full- or half-transporters. The ABCI

family contains proteins that represent single domains, that can interact to form complete transporters. Blue

rectangles represents transmembrane domains, red circles indicate nucleotide binding domains.
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AIM OF THE PROJECT

Several pieces of evidence support the notion that the chloroplast proteome
adapts in response to perturbed protein homeostasis to re-establish its optimal
functional state. Protein homeostasis perturbations can be due to genetic defects
that hinder the molecular mechanisms involved with the generation and
maintenance of the proteome or can result from external challenges. Either way,
proteome modification requires the nuclear gene expression to be re-programmed
to cope with the issues. To date, the modality by which the chloroplast
communicates to the nucleus the onset of challenges to its protein homeostasis has

been partially elucidated, but it is still an open topic that can be investigated deeply.

Chloroplasts and mitochondria share similar molecular features due to their
common evolutionary origin that forces the coordination of the organellar genomes
with the nuclear genome, which provides almost completely for the proteins of the
organelles. In Caenorbabditis elegans, a retrograde signalling pathway deputed to the
communication of folding stress in mitochondria and generated by the degradation
of damaged mitochondrial proteins and by the consequent extrusion of the
proteolytic products has been characterized. The translocation of the peptides is
associated with the presence of the HAF-1 ABC transporter in the envelope of the
mitochondria, and its loss correlates with increased sensitivity to protein
homeostasis threats. Moreover, HAF-1 is the homolog of the MDL1 ABC
transporter in Saccharomyces cerevisiae, which exerts the same peptide-translocation
activity from mitochondria into the cytosol. Additionally, ABC peptide transporters
have also been found in human cells, such as the TAP transporter, which is involved
in the immunological response, or the TAPL transporter which scavenges peptides

from the cytosol into the lysosome.

ABC transporters are part of a vast, ancient and conserved superfamily of

proteins that can recognize a plethora of substrates and translocate them across
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several biological membranes mediating a variety of functions. Arabidepsis thaliana
genome encodes 130 ABC proteins which are mostly uncharacterized and none of

them is reported to have peptide as substrate.

In light of this, it can be hypothesised the existence of a chloroplast retrograde
signalling pathway comparable to that described in mitochondria. Therefore, this

work aims to:

1. Identify, in Arabidopsis thaliana, the ABC transporter that could mediate
peptide extrusion from chloroplasts.

2. Detection and characterization of the putative peptide efflux from
chloroplasts.

3. Characterize the biological function of such transporter, particularly in
response to plastid protein homeostasis perturbations.

4. Attempt to link the function of the transporter with a putative retrograde
signalling pathway generated by protein degradation within the chloroplast

and mediated by the extrusion of the peptides.

To achieve these goals, a bioinformatic approach will be employed to identify
candidate proteins and their respective genes starting from the amino acid sequences
of HAF-1 and MDL1 peptide ABC transporters. The plastid-localisation of the
candidate proteins will be then verified by confocal microscopy. The detection of
peptide efflux from chloroplasts and its possible abolishment will be performed
directly on intact chloroplasts, isolated from wild-type and mutant plants, subjected
to stress able to promote protein degradation employing an experimental approach
inspired by the work accomplished for the characterization of the mitochondrial
peptide efflux. The putative extruded plastid peptides will be characterized by mass
spectrometry. The mutants exhibiting a reduction in efflux will be further

investigated to test their sensitivity to plastid protein homeostasis challenges.
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RESULTS AND DISCUSSION

Identification of candidate plastid peptide ABC transporters in A.
thaliana

It has been shown that the mitochondrial-located ABC transporters HAF-1
trom C. elegans and MDL1 from . cerevisiae are capable of releasing peptide-based
signalling molecules into the cytosolic compartment upon heat exposure (Young et
al., 2001; Augustin et al., 2005; Arnold et al., 2006; Haynes et al., 2010). On the other
hand, the plastid-located counterpart of such peptide transporters, together with a
peptide-mediated communication pathway, has been postulated but remains
unknown (Olinares et al., 2011b). To computationally identify candidate plastid
peptide transporters, the SwissProt protein sequence database of A. thaliana was
interrogated by BLASTp searches employing as queries the amino acid sequences
of both HAF-1 and MDLI1. The analyses produced 87 and 80 significant protein
hits (E value < 0,05) from HAF-1 and MDL1 queries, respectively, all annotated as
ABC transporters. Hits were then arbitrarily filtered for BLAST scores higher than
100 and plastid localization according to SUBAS5 database information. Among all
the hits from both searches, three common uncharacterized candidates satisfied
both criteria: TAP1 (Transporter associated with Antigen processing Protein) had
the highest score, followed by NAP8 (Non-intrinsic ABC Protein 8 or TAP-related
protein 1) and ATH12 (ABC Two Homolog 12).

36



Table 1 - Summary of BLASTp searches. The output of the BLASTp searches using either MDL1 or HAF-
1 aminoacidic sequences as queries against the Arabidopsis thaliana proteome from the SwissProt database. Only
hits predicted to localise in the plastid and with a BLASTp score higher than 100 are reported. TAP1, NAP8
and ATH12 proteins were the unique hits satisfying both criteria. The AGI codes and protein names atre
reported. E value indicates the probability of a random match. BLASTp Score indicates the overall strength of
the matches.

Protein BLASTp Identity Positives Total

ID Araport name E value Score Coverage % % length

MDL1 as query

AT1G70610 TAP1 1,39E-81 272 0,71 34,87 55,51 700

AT5G03910 ATH12 6,74E-50 184 0,72 31,53 49,71 634

AT4G25450 NAPS 3,37E-47 177 0,33 40,69 61,9 714
HAF-1 as query

AT1G70610 TAP1 6,56E-78 262 0,84 32,19 54,91 700

AT4G25450 NAP8 1,28E-52 192 0,71 30,54 48,60 714

AT5G03910 ATH12 7,37E-43 163 0,69 29,22 49,59 634

Plant ABC proteins are currently subdivided into 8 subfamilies, according
to their topology, domain composition and phylogenetic relationship (Sanchez-
Fernandez et al., 2001; Verrier et al., 2008; Kang et al., 2011). To assign the identified
candidates to an ABC protein subfamily, the amino acid sequences of TAP1, NAPS
and ATH12 were prompted in CCTOP and ScanProsite tools (de Castro et al., 2000;
Aszi O Dobson et al., 2015). For comparison, the sequences of HAF-1 and MDL1
were included as well. All of the proteins were predicted to possess an N-terminal
transmembrane domain (TMD), composed of six o-helices and a C-terminal
nucleotide-binding domain (NBD) (Fig. 7 A). TargetP software was employed to
highlight the organelle transit peptides required for mitochondrial or plastid
localisation (Fig. 7 A). The obtained data established that all of the analysed proteins
have identical domain compositions and topologies, compatible with their
classification in the ABCB half-transporter subclass. This is in agreement with a
previously published complete survey of the Arabidopsis ABC proteins where
TAP1, NAP8 and ATHI12 proteins are also named ABCB26, ABCB28 and
ABCB29, respectively, and cluster into a distinct group (Kang et al., 2011).
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Figure 7 — In silico analyses of candidate ABC transporters. A) Graphical representation of the indicated
ABC transporters. Chloroplast Transit Peptide (green), transmembrane domain (TMD, blue), nucleotide-
binding domain (NBD, orange) and transmembrane helices (yellow) are reported. To better show the similarities,
models have been aligned by the first amino acid of their first transmembrane helix. Protein models are drawn
to scale. B) Phylogenetic tree based on the alignment of the amino acid sequences from the indicated ABC
transporters. AtABCB1, AtABCB4 and AtABCB19 were included as outgroups. Percentages represent branch
probability based on 100 bootstrap repetitions. Numbers over branches indicate the phylogenetic distance. Tm,
T. thermophilus; Sc, S. cerevisiae; At, A. thaliana; Ce, C. elegans; Hs, H. sapiens. C) Phylogenetic tree based on the
alignment of the amino acid sequences from the transmembrane domains (TDM) of the indicated ABC
transporters.

To further corroborate 7 silico the homology of the candidate proteins, their
amino acid sequences were analysed with the multiple sequence alignment (MSA)
tool MUSCLE (Edgar, 2004). The analysis was performed including the sequences
of a subset of known peptide transporters found in several organisms, together with
the sequences of the Arabidopsis auxin transporters MDR1 (ABCB1), MDR4
(ABCB4) and MDR11 (ABCB19) as outgroup (Table 2). Subsequently, the analysis
was further processed through the PhyML software, which estimates maximum
likelihood phylogenies from MSA data (Guindon et al., 2009). TAP1, NAP8 and
ATH12 were clustered among the known peptide transporters, whereas, MDR
proteins were not (Fig. 7 B). TAP1 was arranged with the human peptide
transporters TAP1 (ABCB2), TAP2 (ABCB3) and TAPL (TAP-like protein,
ABCBY), whereas, NAP8 and ATHI12 were grouped with TmrAB peptide
transporters found in  Thermus thermophilus. MDL1, HAF-1 and ABCB10
transporters, found in the mitochondria of yeast, roundworm and human,
respectively, formed a group of their own. The NBD is the most conserved domain
in the ABC proteins, instead, the TMD is very variable, even among proteins from
the same species (Sanchez-Fernandez et al,, 2001). Therefore, to rule out the
possibility that TAP1, NAP8 and ATH12 were misleadingly clustered, the same
analysis was repeated with the sequences of the TMD portions from each

transporter. The obtained phylogenetic tree was strikingly alike (Fig. 7 C).
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Table 2 — List of the ABC proteins employed in the MSA analysis. The protein names, the organism of
origin, subcellular localisation, a brief description and the references found in the literature are reported in the
table. All of the transporters are confirmed peptide transporters, except for the human ABCB10 protein, which
substrate is still to be experimentally verified, and the A. #haliana MDR auxin transporters, here used as an

outgroup.
Pr:ggla;n Organism IS:) uct;?;gltjilgr: Description Reference
TmrABa Thermo plasma Euncdoﬁrlii;omolcigueksr Ef the (Nol et al,
TmrABb  thermophilus membrane uman compiex. The two 2017)
proteins heterodimerise.
MDL1 & ﬂ[[/?dl:ol.ﬂjfé"f mitochondria 1t form§ hoquimers. The null %grnﬁl :;liln
cerevisiae mutant is sensitive to heat. etal, 2013)
It forms homodimers. It mediates
Caenorhabditis . . retrograde.signalling il.l response to (Haynes et
HAF-1 y mitochondria  proteostasis perturbations by al, 2010)
oregans extruding peptides originated by '
protease activity.
It forms homodimers. It is proposed i
ABCB10  Homo sapiens  mitochondria  to translocate peptides and could be %“f;; ctal,
involved in the response to ROS.
TAP1 The two proteins heterodimerise. (Nijenhuis
(ABCB2) endoplasmic The TAP complex transfers peptides  ,nd
Homo sapiens ceticulum derived from the antigen processing ~ Himmerling,
TAP2 into the ER lumen contributing to 1996; Lehnert
(ABCB3) the immunological response. ctal, 2016)
o e .It forms homodimers. .It isinvolved  wyolgers et
PL Bty codepmte in the removal of peptides from the  al, 2005;
(ABCBY) reticulum cytoplasm into lysosomes and ER Zhao etal,
lumen. 2008)
MDR1
(ABCB1) (Noh et al,
MDR11 Arabidopsis plasma Full-transpotters mediating auxin %‘Sg‘i Lég (?Snd
(ABCB19) thaliana membrane  export and the associated signalling. Santcgl,ia etal.,
MDR4 2005)
(ABCB4)

The sequence similarity of TAP1, NAP8 and ATH12 with HAF-1 suggests
that they could function as peptide transporters involved in the generation of
retrograde signalling. Additionally, they were computationally predicted to be
plastid-located and, in virtue of their TMD, they should be embedded in a lipid
bilayer. Therefore, TAP1, NAP8 and ATHI12 are expected to localise in the
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chloroplast envelope. To validate this hypothesis, the coding sequences of the
candidate proteins were cloned in frame with that of GFP or RFP genes under the
control of the CaM1” 35§ constitutive promoter to obtain C-terminally tagged
proteins. The coding sequence of TIC20, encoding for a subunit of the Inner
membrane Translocon Complex of the chloroplast, was cloned as well as a marker
of the plastid envelope. The produced constructs were then introgressed into wild-
type plants by Agrobacterium-mediated transformation. Transformed plants were
subsequently crossed to generate Arabidopsis lines co-expressing GFP or RFP
tagged proteins as follows: 0¢I_AP7-GFP 0eTIC20-REP, 0e1"APT1-GFP 0eNAPS-REP,
0¢TAPT-GFP 0eATHT12-REP. Leaf tissue from these plants was then analysed via
Confocal Laser Scanning Microscopy (Fig. 8). The signal from TAP1-GFP appeared
to be surrounding the fluorescence of plastid chlorophylls, resembling the RFP
signal from the TIC20 chimaera. Moreover, NAP8-RFP and ATH12-RFP signals
were ring-shaped and perfectly overlapped with that from TAP1-GFP. In
accordance with these experimental observations, TAP1, NAP8 and ATH12 were
found in the envelope fraction by a mass-spectrometry-based analysis of the
chloroplast proteome (Ferro et al., 2010). Taken together, these observations are
compatible with the role envisaged for TAP1, NAP8 and ATHI12 as plastid
envelope-located peptide transporters, similar to what is described for

mitochondrial-located peptide extruders HAF-1 and MDL1.
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Figure 8 — Localisation of candidate peptide ABC transporters. Mesophyll cells from 0eTAP7-GFF
0¢TIC20-REP, eI APT-GEFP 0¢eNAPS-REP, 01T AP1-GFP 0e ATH12-REFP transgenic lines observed under the
confocal microscope. Blue channel: chlorophyll autofluorescence (Chl); green channel: GFP signal; red channel:
RFEP signal.
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TAP1, NAP8 and ATH12 mediate peptide efflux from chloroplasts

To investigate the molecular and physiological function of the candidate
transporters, single mutants bearing a T-DNA inserted in TAP7 (AT1G70610),
NAPS (AT5G03910) and ATHT2 (AT4G25450) gene loci were acquired from the
Nottingham Arabidopsis Stock Centre. The exact insertion sites in each mutant were
experimentally verified by PCR amplification followed by Sanger sequencing. The
tap1-1 allele resulted to bear the T-DNA insertion within the third intron, the T-
DNA in the #ap§-1 allele fell in the fourth intron and a#h72-1 allele had it in the tenth
exon (Fig. 9 A). The position of T-DNAs within the locus suggested the disruption
of the respective genes. The single mutants were then crossed to yield all the possible
combinations of double mutants and, subsequently, the triple mutant was generated.
No obvious phenotypes were noticeable in any of the mutants when grown under
standard conditions (Fig. 9 B). The absence of phenotype, however, is in line with
what was observed in the md/lAd and haf-1 mutants in yeast and nematode,
respectively, which behaved as the wild type under standard growth conditions
(Young et al., 2001; Haynes et al., 2010). Nevertheless, both these mutants struggled

if their protein homeostasis was perturbed (Haynes et al., 2010; Jarolim et al., 2013).
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Figure 9 — T-DNA insertional lines in candidate genes. A) Schematic representations of the indicated genes.
Exons ate represented as white boxes and introns as black lines. Models are in scale. T-DNA insertion sites,
start and stop codons are indicated. T-DNAs are not in scale. B) Pictures of 12 days old plants of the indicated
genotypes grown on soil under long-day photoperiod.
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Wild-type purified mitochondria that were exposed to heat in an incubation
buffer containing ATP extruded peptides, whereas the mitochondria isolated from
mdl1A and haf-1 mutants were deficient in this function (Young et al., 2001; Haynes
et al., 2010). The proposed role for TAP1, NAP8 and ATH12 ABC proteins, the
closest plastid-localised homologues of both MDL1 and HAF-1 peptide
transporters, is the translocation of peptides from chloroplasts, possibly mediating
a retrograde signalling pathway in response to stress. If this holds true, an increment
in plastid-derived peptides would be detected in the incubation buffer in which
isolated intact chloroplasts are resuspended when exposed to heat, similar to what
was observed from mitochondria of yeast and nematode, instead, this molecular
phenotype would be abolished when mutant chloroplasts are treated. Therefore, to
test this hypothesis, the experimental procedure performed to detect the peptide
efflux from purified mitochondria upon heat incubation was adapted for
chloroplasts (Haynes et al., 2010). Chloroplasts were isolated from wild-type and
mutant plants through Percoll gradients (Seigneurin-Berny et al., 2008). Isolated
chloroplasts were then incubated at 45° C to perturb the protein homeostasis, by
promoting protein misfolding and degradation, and possibly triggering peptide
efflux. ATP was added to the samples to support the ATP-dependent peptide
transport. As a control, wild-type chloroplasts were incubated at 25° C with ATP
ot, at 45° C in the absence of ATP. After the treatment, chloroplasts were pelleted
and supernatants were collected. Samples were cleaned through a 30 kDa cut-off
filter and successively processed with a solid-phase extraction column, to allow
enrichment in low molecular weight peptides. Finally, peptide concentration in each
sample was evaluated by UV spectrometry at 280 nm (Fig. 10 A). When treated at
45° C with ATP, wild-type chloroplasts produced a peptide extrusion of about twice
the amount of the control samples, where no heat or ATP was applied. The lack of
one or two of the transporters did not significantly affect the level of retrieved

peptides in the supernatants. Instead, when subjected to the same treatment,
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chloroplasts devoid of all three transporters extruded half the amount of peptides
in comparison with wild-type chloroplasts. The peptide efflux from triple mutant
was comparable to the one from untreated wild-type chloroplasts, in the presence
of ATP, or treated wild-type chloroplasts without ATP. These results suggest that
the identified putative plastid-located peptide transporters promote peptide efflux
upon heat treatment. Moreover, all three TAP1, NAP8 and ATH12 transporters
contribute to the total peptide efflux from chloroplasts upon heat exposure in an
ATP-dependent manner, showing functional redundancy and possible substrate
overlap. Hence, from now on TAP1, NAP8 and ATH12 proteins will be collectively
indicated as PPTs (Plastid Peptide Transporters) and ppts would be used in place of
tap1 nap8 ath12 name.
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Figure 10 — Chloroplast peptide efflux A) UV quantification of peptides recovered from the supernatants
after 1 hour of heat-incubation. Averages and standard deviations are shown. The value of wild-type chloroplasts
treated with heat and ATP has been set as 100% (green). Control samples are indicated in blue. Samples from
single double mutants are in grey. The triple mutant sample is indicated in red. Statistical significance has been
calculated with ANOVA one-way test and Tukey’s posthoc analysis. B) Pie chart indicating the distribution by
the origin of peptides recovered from the supernatant of wild-type chloroplasts. C) Distribution of the length
of peptides recovered from the supernatant of wild-type chloroplasts.
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Peptides recovered from heat-treated wild-type chloroplasts were analysed
by mass spectrometry, to attempt sequence identification. The average total number
of detected peptides from 2 independent experiments was 10629, derived from 481
different proteins (Table 3). Only proteins identified by peptides found in both
replicates were considered. 99,2% of the peptides mapped on the amino acid
sequences of plastid proteins, indicating that the chloroplast samples were virtually
pure. The majority of the plastid-derived peptides (57,1%) originated from thylakoid
proteins (Fig. 10 B). Luminal proteins contributed to the production of 18,9% of
the peptides, whereas the stromal proteins supplied 17,7% (Fig. 10 B). The
remaining portions of peptides were attributed to proteins localised in
plastoglobules (1%), envelope (0,5%) or unsorted ones (4,8%) (Fig. 10 B). About
50% of the peptides belonged to the Photosystem II proteins, the subunits of its
antenna complexes or the oxygen-evolving complex. According to the literature,
these proteins are both highly abundant in chloroplasts, tightly regulated by
proteases and prone to suffer severe damage upon heat treatments (Allakhverdiev
et al., 2008). Among all recovered peptides in wild-type heat-treated plants, the
length ranged from 8 to 25 amino acids, with the average peptide being 15 amino
acids long (Fig. 10 C). This feature is remarkably similar to those previously reported
for the peptide released by both MDL1 and HAF-1 (Augustin et al., 2005; Haynes
et al., 2010).
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Table 3 — Subset of the first 20 most represented proteins originating the detected peptides from heat-
treated wild-type chloroplasts. In the table are reported the AGI code, the protein ID from the Uniprot
database, the protein names and the sub-plastidial localisation according to the PPDB database of the first
twenty most represented peptide-producing proteins. The average amount of peptides detected from 2
independent experiments and the percentage (%) relative to the total amount of peptides for each protein are

indicated.

Araport ID Uniprot ID  Protein name PPDB localisation Cﬁ\lljﬁt %

ATCGO00280 P56778 psbC thylakoid 578 5,48
AT5G66570  P23321 PSBO1 lumen 508 4,81
AT2G39730  P10896 RCA stroma 386 3,66
AT3G50820  Q9S841 PSBO2 lumen 378 3,58
ATCGO00270  P56761 psbD thylakoid 372 3,52
AT1G06680 Q42029 PSBP1 thylakoid 334 3,16
AT4G05180 Q41932 PSBQ2 lumen 293 2,77
AT4G21280 Q9XFT3 PSBQ1 lumen 286 2,71
ATCGO00680  P56777 psbB thylakoid 241 2,28
AT5G01530 Q07473 LHCB4.1 thylakoid 219 2,07
AT3G08940  QIXF88 LHCB4.2 thylakoid 214 2,02
ATCG00020 P83755 psbA thylakoid 209 1,98
AT1G03600  QI9LR64 PSB27-1 thylakoid 155 1,46
AT1G79040  P27202 PSBR thylakoid 153 1,45
AT1G29930  P04778 LHCB1.3 thylakoid 146 1,38
AT2G34420 Q39141 Lhb1B2 thylakoid 131 1,24
AT3G46780  QI9STEF2 PTAC16 thylakoid 129 1,22
AT4G10340  QIXF89 LHCB5 thylakoid 129 1,22
ATCGO00710  P56780 psbH thylakoid 115 1,09
AT4G01050  QIM158 STR4 thylakoid 112 1,06
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However, the diminished peptide extrusion from triple mutant chloroplasts
could be attributed to differences in the protein degradation rate rather than peptide
extrusion. To rule out this possibility, the relative abundance of proteins was
monitored in heat-treated chloroplasts in the presence of ATP through western blot.
Chloroplasts from the wild type and the triple mutant were sampled before the
treatment, after 30 minutes and at the end of the incubation at 45° C. Samples
incubated with ATP but not exposed to heat and chloroplasts heat-treated without
ATP were included as a control (Fig. 11). PSBO and LHCB4 proteins were selected
as targets since a high amount of their peptides was found in the previous analysis.
The relative abundance of both proteins decreased gradually during the treatment
in both chloroplast populations, indicating that the diminished peptide efflux in the
triple mutant chloroplasts is to be attributed to the absence of the transporters rather
than impaired proteolysis. Notably, the presence of ATP alone did not cause protein
degradation. Instead, protein stability is lost if heat is applied even in the absence of
ATP, which could be due to both heat-induced cleavage and the activity of ATP-
independent proteases, such as DEG (Allakhverdiev et al., 2008; van Wijk, 2015).
In addition, the peptide efflux data have shown that the extrusion activity of heated
wild-type chloroplasts was not increased without ATP (Fig. 10 A). Taken together,
these data suggest that proteolysis is promoted by heat even in the absence of ATP,
nevertheless, in these conditions, the extrusion of the resulting peptides is

hampered.
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Figure 11 — Protein degradation in wild-type and ppts mutant chloroplasts. Immunoblots performed on

wild-type and triple mutant chloroplasts incubated as indicated using antibodies raised against PSBO and LHCB4

plastid proteins. Coomassie blue staining has been used as a loading control.
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PPTs can functionally replace MDL1 in S. cerevisiae

MDL1 ABC transporter of S. cerevisiae mitochondria mediates the extrusion
of peptides upon heat treatment into the cytoplasm (Young et al., 2001; Augustin et
al., 2005). Peptide production and extrusion have been involved in the regulation of
gene expression (Arnold et al., 2006). Moreover, the md/1A mutant strain is heat-
sensitive as revealed by a high-throughput screen, indicating that MDL1 activity is
involved in conferring the ability to survive high temperatures (Jarolim et al., 2013).
Since TAP1, NAPS8 and ATH12 ABC transporters appeared to contribute to the
plastid peptide efflux upon heat treatment (Fig. 10 A), it could be possible that the
heat-sensitive phenotype of 7d/14 mutant could be rescued by the introduction of
TAP1, NAPS and/or ATH12 genes.

To test this hypothesis, genetically modified yeast strains expressing either
T AP1, NAPS or ATH12 coding sequences in place of the endogenous MDIL7 gene
were generated. Three different recombination cassettes have been designed to bear
the T AP1, NAPS or ATH12 coding sequences (devoid of chloroplast transit
peptides) together with the KANMX resistance and cloned in a plasmid for
propagation in E. co/i. Each recombination cassette was flanked upstream and
downstream by 40 bp stretches homologous to the desired recombination sites in
the yeast genome. The recombination sites were designed to drive the replacement
of the entire MDL7 coding sequence downstream of the mitochondrial transit
peptide, allowing for the expression of the Arabidopsis proteins targeted to the
mitochondria. A similar recombination cassette bearing the KANMX resistance
only was designed to replace completely the MDIL.7 locus. The wild-type yeast strain
BY4741 was then transformed with the described DNA cassettes to yield wd/1.4
TAPT, mdl1A NAPS and md/1Ad ATHT12 transgenic strains and the null mutant
mdllA. The proper recombination of the constructs was verified by PCR

amplification and sequencing.
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The wild type and the obtained mutant strains were incubated in growing
conditions (28° C, 250 rpm) until the exponential phase was reached. Then, cell
cultures were divided into two subcultures (Mock and Heat). Before splitting,
aliquots were collected, serial diluted and plated on a complete medium as TO
samples. The Mock cultures were incubated in the previous growing conditions as
a control. The Heat cultures were incubated at 45° C, instead. After 2 hours both
cultures were sampled, and cells were plated on Petri dishes kept at 28° C for 3 days
to allow colony formation. The obtained colonies were then manually counted to
compare the TO sample with the Mock and the Heat ones to estimate cell growth
(expressed as a ratio) in the two conditions (Fig. 12 A). All the yeast strains grew
similarly when incubated at 28° C, while (Fig. 12 B) the temperature raised at 45° C
caused cell loss in all cultures. However, the md/14 Heat sample produced about -
60% of colonies relative to the TO sample whereas, the wild type and, importantly,
all the transgenic strains resulted in about -30% of negative growth (Fig. 12 B).
These results indicate that TAP1, NAP8 or ATH12 can rescue the heat-sensitive
phenotype of the md/14 mutant, demonstrating that each one of them can

functionally replace MDL1 protein in extruding peptides from mitochondria.
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The ppts triple mutant displays enhanced sensitivity to alterations of
chloroplast protein homeostasis

The previously described data support the model that TAP1, NAP8 and
ATH12 mediate peptide extrusion from chloroplasts upon heat exposure, similar to
what was observed in mitochondria of both nematode and yeast (Young et al., 2001;
Haynes et al., 2010). In addition, the mutants lacking the peptide transporters in
mitochondria resulted to be more susceptible to heat incubation, a condition that
perturbs the protein homeostasis of the organelle (Haynes et al., 2010; Jarolim et al.,
2013). Notably, PPT's were found to rescue the heat-sensitive phenotype of the yeast
mutant (Fig. 12 B). In light of this, pp#s triple mutant plants, being unable to generate
a peptide efflux from chloroplasts, could also be more sensitive to high
temperatures. To test this, the photosynthetic efficiency (F,/F,) of heat-treated
plants was evaluated since this parameter has been reported to be a good indicator
of plant health and to correlate with heat tolerance/sensitivity (Allakhverdiev et al.,
2008; Chen et al., 2018). 15 days old plants grown under standard conditions were
subjected to two different heat treatments. At first, plants were incubated at 45° C
for 2 hours in the dark (HS). In a second treatment, plants were first acclimated (1,5
hours at 37° C in the dark and 2 hours of recovery in standard conditions) before
the incubation (ACHS). Acclimation has been demonstrated to increase heat
tolerance by inducing the expression of heat-shock proteins that protect the cellular
environment (Chen et al., 1990; Havaux, 1993). To measure reference values, a 2-
hour-long incubation in the dark without shifts in temperature was performed
(Mock). The f#sh11 mutant was included in the analysis, as it lacks a transmembrane
protease involved in thermotolerance and protein quality control (Chen et al., 2006;
Chen et al., 2018; Adam et al., 2019). Overall, the HS treatment determined a
reduction in the photosynthetic parameter I,/ I, in all plants when compared to the
mock, while the acclimation affected positively the endurance to the heat stress, as

expected (Fig. 13 A). Wild-type photosynthetic efficiency decreased strongly after
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the HS treatment, while acclimation allowed it to endure better heat incubation,
mitigating the impairment of photosynthetic parameters. The F,/F, values
reduction was enhanced in the f#s/77 mutant in both treatments. Interestingly, the
ppts triple mutant appeared less capable to recover after heat exposure than the wild
type in both conditions. The greatest reduction in wild-type plants was observed in
plants that endured direct heat treatment. Instead, plants first subjected to
acclimation had the parameter F,/F), slightly lowered relative to the wild type (Fig.
13 A).

To challenge the pp#s triple mutant with alternative-to-heat plastid protein
homeostasis perturbations, the sensitivity to methyl viologen (MV) was evaluated as
well. Also known as Paraquat herbicide, MV is an oxidative agent that induces
protein misfolding by promoting ROS development and carbonylation (Manning-
Bog et al., 2002; Nystrom, 2005; Pulido et al., 2017). Wild-type, pp#s and fish11 plants
were sown on MS synthetic medium containing 1 or 2 pM MV and their
photosynthetic efficiency were evaluated after 9 days of growth (Fig. 13 B). The wild
type was marginally affected by the presence of MV, as its photosynthetic efficiency
decreased slightly compared to that observed in the mock. On the other hand, the
ftsh11 mutant was significantly more sensitive to the chemical treatment.
Remarkably, if the photosynthesis of pp#s triple mutant was just slightly diminished
at 1 pM MV relative to the wild type, it was greatly affected in 2 uM MV-treated
samples. These results indicate that the PPTs-mediated peptide efflux from
chloroplast participates at least in part with the defence of the chloroplast physiology

against conditions that threaten the plastid protein homeostasis.

56



A B
08 7 o Col-0 08 T * +  OCol0
g 77 . mppts % i YOM . mapts
S o6t . Ofshil S 067 ' @fshil
0205+ i, 05 1+
gy i g
S04 1 2oo0at
“og’ 03 + “og’ 03 +
E 02 g 02 +
01 + o1 +
o L o L L
Mock  HS  ACHS Mock  1uM  2pM
MV MV

Figure 13 — The ppts triple mutant is sensitive to plastid protein homeostasis perturbations A)
Photosynthetic efficiency measurements performed on 15 days old plants 2 days after the treatments. Averages
and standard deviations are shown. Asterisks indicate statistical significance relative to the wild type (Student’s
t-test p-value: * < 0,05; ** < 0,01; *** < 0,001). B) Photosynthetic efficiency measurements performed on 9
days old plants grown on medium containing the indicated concentration of methyl viologen (MV). Averages
and standard deviations are shown. Asterisks indicate statistical significance relative to the wild type in the same
condition (Student’s t-test p-value: * < 0,05; ** < 0,01; *** < 0,001).
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The absence of PPTs causes an altered accumulation of CLPB3
chaperone in chloroplasts

The pp#s triple mutant was found to be sensitive to both heat and MV
treatments, which are known to induce protein instability (Manning-Bog et al., 2002;
Feller, 2010). As described in previous sections, the depletion of the HAF-7 gene in
C. elegans leads to increased sensitivity to mitochondrial proteostasis perturbations.
This phenotype was due to the abolishment of the peptide-mediated retrograde
signalling that ultimately is required for HSP60 mitochondrial chaperone up-
regulation upon heat stress (Haynes et al., 2010). In 4. #haliana, the nuclear-encoded
plastid-located CLPB3 chaperone is up-regulated when the chloroplast protein
homeostasis is challenged (Myouga et al., 2006; Lee et al., 2007; Llamas et al., 2017).
Indeed, the CLPB3 plastid chaperone has the important function of resolving
aggregates of unfolded proteins in the stroma to avoid their toxic accumulation
(Llamas et al., 2017; Parcerisa et al., 2020). Hence, CLPB3 relative abundance was
evaluated as a marker of ongoing protein homeostasis maintenance and possible

chloroplast UPR molecular marker.

First, the amount of CLPB3 was probed via immunoblotting in total protein
samples harvested from 15 days old wild-type and pp#s triple mutant plants that were
grown on soil in standard conditions. Notably, on average, the amount of CLLPB3
in the pp#s triple mutant was about 65% more abundant than the wild type (Fig. 14
A and B). It was noticed that chloroplasts from the pp#s triple mutant were still able
to perform proteolysis upon heat exposure (Fig. 11) despite the hampered peptide
efflux. In yeast, it was demonstrated that mitochondria constantly extrude peptides
resulting from normal protein turnover (Augustin et al., 2005). Therefore, taken
together, these results suggest that the absence of PPT's could be per se a source of
plastid proteostasis alteration, possibly due to the not-extruded peptides derived

from plastid protein turnover.
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Next, the ability to up-regulate CLPB3 was evaluated in response to stress.
According to the observations made previously, pp#s triple mutant plants directly
exposed to 2 hours long heat treatments were particularly more sensitive than the
wild type (Fig. 13 A). Thus, wild-type and triple mutant plants grown in standard
conditions were moved in a pre-heated incubator at 45° C for 2 hours to deliver the
heat shock. After the treatment, plants were allowed to recover back to standard
conditions. Plants were sampled before the heat shock (preHS), immediately after
the treatment (2h HS), after 1 hour of recovery (1h Rec) and after 2 additional hours
of recovery (3h Rec). Total proteins were then extracted, fractionated on SDS-
PAGE and probed with CLPB3-specific antibodies. In the wild type, CLPB3
gradually increased its accumulation in all the considered time points reaching, in
the 3h Rec time point, about 3-fold the amount of the preHS sample (Fig. 14 C and
D). Instead, the pp#s triple mutant failed to over-accumulate CLPB3 during the same
time window. Importantly, CLPB3 in the treated mutant decreased to the preHS
sample by about 70% (Fig. 14 C and D). To understand whether gene expression
was altered as well, the expression of the CLLPB3 gene was tested by qRT-PCR at
the preHS and 1h Rec time points. Remarkably, the detected amount of CI.PB3
transcripts in both wild type and ppss triple mutant were comparable, which
increased about 4-fold after 1 hour of recovery from the heat treatment (Fig. 14 E).
According to these results, CLPB3 is steadily up-regulated in the wild type upon
exposure of the plants to heat. Such up-regulation is lost in the pp#s triple mutant at
the protein level, whereas transcripts accumulation appeared unperturbed, thus
providing pieces of evidence that PPTs could be involved in the positive post-
transcriptional regulation of CLPB3 upon stresses which eventually confers higher

tolerance to elevated temperatures.
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Figure 14 — The regulation of CLPB3 abundance in chloroplasts is
altered in ppts triple mutant. A) Immunoblot against CLPB3 on total
protein extracts from 15 days old wild-type and pp#s triple mutant plants.
Coomassie blue staining was used as a loading control. B) Quantification of
the CLPB3 relative abundance shown in A. Averages and standard deviations
are shown. The asterisk indicates statistical significance relative to the wild
type (Student’s t-test p-value < 0,05). C) Immunoblots against CLPB3 on total
protein extract obtained from 15 days old wild-type and pp#s triple mutant
plants before treatment (preHS), after 2 hours heat treatment (2h HS), after 1
hour recovery (1h Rec) and after 2 additional hours (3h Rec). Coomassie blue
staining was used as a loading control. D) Quantification of CLPB3 relative
abundance expressed as a logarithm. Averages and standard deviations are
shown. Asterisks indicate statistical significance relative to the wild type
(Student’s t-test p-value: * < 0,01; ** < 0,001). E) Relative expression of
CILPB3 gene at the indicated time points. Averages and standard deviations
are shown.
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Genetic interactions of ppts triple mutant with mutants impaired in
plastid proteases

In the effort to provide a plastid-specific perturbation of the chloroplast
protein homeostasis, a genetic approach was employed by introgressing mutations
in plastid proteases into the pp#s triple mutant background. In these conditions,
possible genetic interactions between the hampered plastid proteolytic machinery
and the putative peptide-mediated response could be revealed. Three mutants in
plastid proteases had been selected for this purpose. The fish77 mutant was
described in the previous section. The highly variegated fish2 mutant lacks a
thylakoidal transmembrane protease located on the thylakoid membranes. It is
required for the biogenesis and the preservation of photosystem II and in its
absence, the chloroplast protein quality control mechanisms are triggered as a
compensatory response (Takechi et al, 2000; Dogra et al., 2019). Finally, the
virescent ¢/pr1 has the CLP multisubunit stromal protease hampered since it lacks a
non-catalytic subunit of the core enzyme (Pulido et al., 2016; Llamas et al., 2017;
Pulido et al., 2017). Quadruple mutants were generated by manual crossing and
isolated through PCR-based screening. The obtained quadruple mutants displayed
no major differences from the phenotypes observed in the parental single mutants
(Fig. 15 A). Nevertheless, their photosynthetic efficiencies were measured to
evaluate if the functionality of chloroplasts was further perturbed by the
concomitant absence of the transporters. Measurements were performed on plants
grown on soil under standard conditions for 15 days. Interestingly, all of them
displayed a modest decrease in the F,/F), values relative to the single mutants (Fig.
15 B), indicating the existence of genetic interactions between the protease activity
and the peptide extrusion in chloroplasts and supporting a common role in

maintenance of plastid protein homeostasis

CLPB3 accumulation was altered in pp#s triple mutant plants, either in the
absence of stresses or after heat treatment (Fig. 14). To test whether CLPB3
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accumulation was somehow affected also in these conditions, its relative abundance
was evaluated as well (Fig. 15 C). As previously observed, the pp#s triple mutant
accumulated more CLLPB3 relative to the wild type. The same was observed for all
three mutants in plastid proteases. This was already detected by mass spectrometry
analyses in mutant backgrounds defective in the proteolytic activity mediated by the
protease of interest (Kim et al., 2013; Adam et al, 2019; Dogra et al., 2019).
Remarkably, CLPB3 was found to be less accumulated in fsh ppts mutants, whereas
in ppts clprl background it was more abundant. Such a result further supports the
interactions in place between protein degradation, peptide extrusion and the

activation of protein quality control systems.
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Figure 15 — Genetic interactions of ppts with mutants in plastid proteases. A) Pictures of 15 days old
plants of the indicated genotypes. B) Photosynthetic efficiency measurements performed on plants shown in C.
Averages and standard deviations are shown. Asterisks indicate statistical significance relative to the single
mutant of reference (Student’s t-test p-value: * < 0,05; ** < 0,01). C) Immunoblot against CLPB3 on total
protein extracts from 15 days old plants of the indicated genotypes. Coomassie blue staining was used as a

loading control.
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CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, the ability of chloroplasts to extrude peptides upon heat
treatment was investigated and linked to the presence, in the chloroplast envelope,
of TAP1, NAP8 and ATH12 ABC proteins and thus, here collectively designated as
PPTs, Plastid Peptide Transporters. Additionally, plants lacking all PPT's were found
more sensitive to conditions that pose challenges to chloroplast protein homeostasis

and are defective in the post-transcriptional regulation of CLPB3 plastid unfoldase.

PPTs proteins were identified as the closest plastid-located homologues of
MDL1 and HAF-1 mitochondrial peptide transporters (Young et al., 2001; Haynes
et al., 2010). The 7 silico analysis of PPT's amino acid sequences revealed that each
one possesses an N-terminal TMD composed of 6 transmembrane a-helices and a
C-terminal NBD. These observations, together with the data from a complete
survey of the Arabidopsis ABC protein, agreed with the classification of PPT's among
the ABCB half-transporters subclass (Kang et al., 2011). The localisation of PPT's
in the chloroplast envelope was experimentally corroborated by confocal
microscopy observations of mesophyll tissue expressing PPTs fluorescent
chimaeras. A mass spectrometry analysis has also reported PPT's in the chloroplast

envelope fraction (Ferro et al., 2010).

The PPT-dependent peptide efflux from isolated intact chloroplasts was
triggered by heat and the presence of ATP in the incubation buffer. This is
consistent with the putative molecular function of PPTs (transport of substrate
coupled with ATPase activity) in mediating the export of the peptides derived from
protein degradation in chloroplasts. This efflux was hampered in chloroplasts
isolated from ppts triple mutant plants, while those purified from single or double
mutants were still able to emit peptides, indicating that all three transporters exert
the same peptide-extrusion activity in the chloroplast envelope. The same

conclusions could be drawn from the results obtained by the yeast complementation
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assay. Indeed, the heat sensitivity of #d/1 was rescued by introducing any coding
sequence among the PPT genes corroborating further that the PPTs function is
translocating peptides between two compartments (Jarolim et al., 2013). From a
future perspective, the purification of PPT proteins would be instrumental to test
their activity also 7z vitro by coupling the ATP hydrolysis with the presence of their

substrate (Z.e. peptides) as recently reported (Saxberg et al., 2021).

The mass spectrometry analysis of the peptides extruded by wild-type
chloroplasts revealed that their length is comparable with that of the peptides
extruded by yeast and nematode mitochondria, suggesting that peptide ABC
transporters share an evolutionarily conserved mechanism of action, at least for
substrate recognition, despite little sequence similarity can be detected in this kind
of proteins (Sanchez-Fernandez et al.,, 2001; Augustin et al., 2005; Haynes et al.,
2010). This observation is also consistent with the successful complementation
observed in yeast. The extruded peptides were prevalently originated by proteins
forming or associated with Photosystem II, such as PsbC, LHCB4, and PSBO, to
name a few. Coherently, these proteins are particularly abundant in chloroplasts and
are fragile under heat stress (Allakhverdiev et al., 2008). In comparison, the peptides
extruded from the mitochondria of yeast and nematodes originated especially from
proteins forming the respiratory chain complexes, the TCA cycle or the ATP-
synthase which could be considered as mitochondrial equivalent (Augustin et al.,

2005; Haynes et al., 2010).

As mentioned, the observations through confocal microscopy of mesophyll
tissue co-expressing PPTs fluorescence-tagged chimerae, revealed, in addition to
their plastid-localisation, that PPTs are close suggesting possible interactions.
Indeed, PPTs, being half-transporters and, thus, requiring a partner molecule to
produce a complete functional transporter, could either form homodimers, as in the

case of MDL1 and HAF-1 or heterodimers, as occurs for TAP1 and TAP2 in H.
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sapiens (Nijenhuis and Himmerling, 1996; Young et al., 2001; Haynes et al., 2010).
The results obtained from both the peptide-efflux detection and the yeast
complementation assay support the idea that PPTs form homodimers, as the
presence of just one of the proteins was sufficient to either produce an efflux from
chloroplasts or to complement the yeast heat sensitivity (Young et al., 2001; Haynes
et al., 2010). Nevertheless, these observations provide indirect pieces of evidence
for this conclusion which will be reinforced by a Split-ubiquitin screen (Grefen et

al., 2007).

In C. elegans, the haf-1 mutant was found to be sensitive to a variety of
mitochondrial protein homeostasis perturbations and its ability to induce a mtUPR
was abolished (Haynes et al., 2010). The pp#s triple mutant, lacking the three PPT's
from chloroplasts, resulted to be vulnerable as well to both heat and MV treatments.
In addition, the introgression of mutations in chloroplast proteases, namely FTSH2,
FTSH11 and CLPRI1, within the ppfs mutant background led to diminished
photosynthetic performances as well in the quadruple mutants. This is in agreement
with the overall sensitivity of pp#s to perturbed protein homeostasis. These
observations are coherent with the hypothesised role of PPTs as mediators of a
retrograde signalling pathway involved in the response against chloroplast protein
homeostasis alterations. Indeed, although no changes at the transcript level were
detected, upon heat shock, pp#s mutant plants failed to upregulate CLPB3 proteins
in chloroplasts. CLPB3 resolves aggregates of unfolded proteins in the stroma,
therefore, the higher sensitivity of pp#s could be linked to the decreased amount of
CLPB3 and consequently to a loss of its protective action during the eatly events of
the cellular response to heat. Currently, it is not clear how the peptide efflux
contributes to CLPB3 regulation after heat treatment. Additionally, it remains to
investigate if PPT's activity influences nuclear gene expression. The transcriptome

analysis of the pp#s triple mutant both under standard conditions and after heat
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treatment will be performed to identify PPTs-dependent genes and to correlate the

PPTs-mediated peptide efflux with the retrograde signalling.

Interestingly, CLPB3 was also found to accumulate in larger amounts in pps
mutants than wild-type leaves before any external challenge was applied. This
indicates the presence of an already deteriorated protein homeostasis in chloroplasts
(Llamas et al., 2017; Parcerisa et al., 2020). Since it was observed that protein
degradation is unaffected by PPTs absence, it is reasonable to speculate that peptide
concentration is increased within chloroplasts of pp#s mutants. Peptides can interact
with proteins affecting their activity, folding, interaction and stability, therefore,
accumulating peptides within chloroplasts could provoke the imbalance in the
plastid protein homeostasis and trigger another retrograde signal which ultimately
leads to higher CLPB3 accumulation (Ferro et al,, 2014). It was interesting to
observe that the removal of the considered plastid proteases from the pp#s mutant
genetic background resulted in two different outcomes of CLPB3 accumulation in
plants grown in standard conditions. Loss of FITSH proteases (both FITSH2 or
FTSH11) correlated with a diminished accumulation of CLPB3, instead, if the CLP
protease complex was hindered, CLPB3 accumulation was even higher. The
experiments here described are not sufficient to explain in detail the reason behind
these differences and further investigation is required, however, it is tempting to
speculate that the removal of either FTSH2 or FTSH11 could lead to a decreased
rate of proteolysis and the consequentially reduced accumulation of peptides,
compensating for the lack of PPTs (Adam et al., 2019; Dogra et al., 2019). Instead,
the higher amount of CLPB3 in the ¢/pr1 ppts quadruple mutant could be due to the
additive effect that arose from the malfunctioning CLP complex and the abolition

of a putative PPTs-mediated retrograde signalling.

In conclusion, the data here reported can delineate a working model in

which PPTs are peptide transporter located on the chloroplast envelope (Fig. 16).
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Under standard growing conditions, PPTs could contribute to the removal of
peptides originated by the normal protein turnover from the stroma. Upon
challenges to the chloroplast protein homeostasis, peptide production is increased
due to a higher proteolysis rate of the accumulating damaged proteins. The resulting
peptides are then extruded from chloroplasts into the cytoplasm by PPTs. This
event has somehow a role in regulating CLLPB3 post-transcriptionally leading to its
higher accumulation in chloroplasts. The failed CLPB3 upregulation could be
responsible for the higher sensitivity of pp#s triple mutant to the chloroplast protein

homeostasis.
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Figure 16 — The working model of a putative PPTs-mediated retrograde signalling pathway. On the left
is reported, as a compatison, a graphical summary of the mitochondrial retrograde pathway mediated by HAF-
1 and extruded peptides (Haynes ez al., 2010). Stress caused by heat promotes protein unfolding and degradation.
The resulting peptides are then extruded into the cytoplasm by HAF-1. This event favours the translocation of
the ATFS1 transcription factor in the nucleus, where it triggers the expression of mtUPR-related genes (e
HSP60). On the right is depicted the proposed working model in Arabidopsis thaliana. Heat exposure causes
plastid protein degradation. Fueled by ATP, PPT's export peptides out of the chloroplast. It is still unclear if
peptides act as signalling molecules influencing nuclear gene expression or if are part of a post-transcriptional
regulation mechanism, or both. Nevertheless, ppzs triple mutant plants fail to promote CLPB3 chaperone
accumulation in chloroplasts upon heat treatment and are sensitive to perturbation of protein homeostasis
induced by heat or methyl viologen. Additionally, the concomitant removal of plastid proteases with PPTs
decreases the photosynthetic performance of the chloroplasts and results in CLPB3 misregulation at the protein
level.
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MATERIALS AND METHODS

Plant material and growth conditions

Arabidopsis thaliana Col-0 ecotype plants both wild type and T-DNA mutant
lines were cultivated in pots within growth chambers under standard conditions (16
h at 100 pmol photons m™” s™ light and 8 h dark, at 22°C temperature). T-DNA
insertion sites were determined by sending the PCR-amplified genomic regions of
interest to a company for Sanger-based sequencing analyses. Multiple mutants were
generated by manual crossing and identified by PCR-based segregation analyses of

F2 populations. The mutant lines are listed in Table 4.

Plants tested for heat and methyl viologen (Sigma) sensitivity were grown in
Petri dishes containing synthetic medium (Murashige and Skoog salt 0,4% w/v;
Phyto agar 1,5% w/v) with the addition, where indicated, of 1 or 2 uM MV. Heat
treatments on entire 15 days old plants grown in Petri dishes were performed by
incubating the Petri dishes in dark at 45°C for 2 h. Acclimation was petformed in

the same way at 37°C for 1,5 h when indicated.

Table 4 — List of T-DNA mutant lines employed in this work.

ID Araport  Gene Allele Line Reference
AT1G70610  TAPT tap-1 SALK_085664 this work
AT4G25450 NAPS nap8-1 SALK_151551 this work
AT5G03910 ATH72  ah12-1  SALK_052673 this work

AT2G30950 FISH2  fish2-2  SAIL_253_A03 (Tadini et al., 2020b)
AT5G53170 FISH11  fish11 SALK_033047 (Adam et al., 2019)
AT1G49970  CLPRT clprl-2 SALK_088407 (Llamas et al., 2017)
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Accession numbers

The Arabidopsis Genome Initiative accession numbers for the A. thaliana
genes mentioned in this work can be found at TAIR (https://www.arabidopsis.org):
TAPT (AT1G70610), NAPS (AT4G25450), ATH12 (AT5G03910), FISH2
(AT2G30950), FISH711 (AT5G53170), CLPR7 (AT1G49970), TIC20-11
(AT2G47840), PP2A4A3 (AT1G13320), CLPB3 (AT5G15450), I.LHCB4
(AT5G01530), PSBOT (AT5G66570).

Genomic DNA isolation from Arabidopsis thaliana

Genomic DNA was isolated from A. thaliana leaves or cotyledons. Samples
DNA extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM NaCl, 25 mM EDTA
and 0.5% (w/v) SDS) and precipitated with 0,8 volumes of isopropanol at 16,000 g
for 20 minutes. The pellet was then washed in 70% ethanol and resuspended in 200

ul of ddFH,O.

Total RNA isolation

The total RNA was extracted from liquid-nitrogen-freeze ground samples
using one volume of extraction buffer (300 mM NaCl, 50 mM TRIS-HCI pH 7,5,
20 mM EDTA, 0,5% SDS) and one volume of Acid Phenol followed by
solubilization at 55°C for 5 minutes. Samples were centrifuged for 2 min at 16000 g
at 4°C and the aqueous phases were collected and washed twice in chloroform. The
chloroform-cleaned aqueous phases were collected and mixed with one volume of
8 M LiCl, incubated for two hours at -20°C and centrifuged for 60 minutes at 4°C
at 16000 g. The pellet was then washed twice with 75% ethanol and resuspended in
80 ul of DEPC-treated water. Samples were used fresh or stored at -20°C for future

analyses.

Standard PCR, High Fidelity PCR and RT-qPCR
For genotyping of plant material 1 pl of DNA was used as a template for

PCR analysis. For this purpose, the PCR was performed in a total volume of 20 pl
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containing 2 pl of 10x PCR-buffer (Promega), 250 uM dNTPs, 100 pM for each
primer, 0,5 units of GoTaq polymerase (Promega). The PCR product was then

loaded on a 1% agarose gel.

cDNA for RT-qPCR analyses or cloning procedures were obtained from 1
pg of total RNA processed with iScript™ gDNA Clear cDNA Synthesis Kit
(BioRad) for genomic DNA digestion and first-strand cDNA synthesis.

The genes of interest for cloning procedures were amplified from Col-0
cDNA with the Q5 High-Fidelity DNA Polymerase (NEB). Reactions were
performed in a total volume of 50 pl each. The reaction contained 10 pl coloutless
reaction buffer 10X, 200 pM of each primer, 250 pM dNTPs and 1 unit of Q5 High-
Fidelity DNA Polymerase. The PCR products were loaded on a 1% agarose TAE
(150 mM Tris-HCI, 1.74 M Acetic acid, 1 mM EDTA) gel and then cut from the gel

and purified via the Qiagen gel extraction kit following the producet’s instructions.

RT-gPCR analyses were performed on a CFX96 Real-Time system (Bio-
Rad), using SYBR Green Master Mix (BioRad). Data obtained from three biological
and three technical replicates were analysed with the CFX Maestro software

(BioRad). Used primers are listed in Table 5.
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Table 5 — List of primers for Arabidopsis thaliana sequences used in this work. Underscored sequences
annealed on T-DNA left borders. wt: wild-type locus; mut: T-DNA insertion; goi: gene of interest; ref: internal
reference for RT-qPCR.

Target Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’) Note

Primers used for genotyping

TTCAGTGGCATACGAGGATGC CAGCATATCACCAATGTGCAC wt
TAP7
GCGTGGACCGCTTGCTGCAACTC CAGCATATCACCAATGTGCAC mut
AAGGGTTTTGATCCAGAAGG CCTGACTACCGAAGATAGAC wt
NAPE
GCGTGGACCGCTTGCTGCAACTC CCTGACTACCGAAGATAGAC mut
TCAAAAAGGCATAACTAGGG TACAGAGATCTCACGACAGG wt
ATH12
TCAAAAAGGCATAACTAGGG GCGTGGACCGCTTGCTGCAACTC  mut
CGCTTTTGATTGGTGGTTTG CGTCAACACTTACCTGCACC wt
FISH?2
GCATCTGAATTTCATAACCAATCTCGATACAC CGTCAACACTTACCTGCACC mut
TCCTCCTCTCCATACTTICTTCG CATGGTAACAATACCAGTGCG wt
FISHT11
GCGTGGACCGCTTGCTGCAACTC CATGGTAACAATACCAGTGCG mut
GTGGGCTTTTGCCTTCAC GAAGCATGCCAAAAGACGAG wt
CLPRT7
GTGGGCTTTTGCCTTCAC GCGTGGACCGCTTGCTGCAACTC  mut
Primers used for RT-qPCR
CLPB3 TGAATGCTGCAAGGTCAATC ACACGTGCCAGCTGTAAC goi
PP2A4 GACAAGGTTCACTCAATCCG TCGGATCCCATTACTGGAGC ref
Primers used for cloning procedures
TAPT *ATGGCTCAGCAAGTACTCGG **ATAAGACGGCATCGTTTTGTCTC -
NAPS *ATGGCGTCTGCAACGACTC ##*ACTCAAAGGCTAGTCTCTGAGTG _
ATH12 *ATGTCATTTCTCCTCCTAACACCG ** AAATCACGAGTCCAGCTGATG -
TIC20 *ATGGCGTCTCTGTGCCTTTC #AGAGTTGTCTACCGGCGGC -
attB1 site GGGGACAAGTTTGTACAAAAAAGCAGGCT*
attB2 site GGGGACCACTTTGTACAAGAAAGCTGGGT**

Cloning procedure and transgenic lines generation

First, an entry clone (pDONR207, Invitrogen) was produced using BP
Clonasell enzyme mix reaction (see the Invitrogen GATEWAY™ instruction
manual). After purification of the donor vector from E. co/i (QIAprep Spin Miniprep
Kit, following producer’s instructions) the LR reaction (LR Clonase II enzyme mix,

Invitrogen) was used to clone the gene of interest in the GFP (pB7FWG2) and RFP
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(PB7RWG2) destination vectors. GFP- or RFP-tagged transgenic lines were
generated by Agrobacterium-mediated transformation of wild-type plants, manual
crossing and PCR-based segregation analyses. Primer sequences employed in this

thesis are listed in Table 4.

Chloroplasts isolation and heat treatment

Intact chloroplasts were isolated from leaves (5 g fresh weight) harvested
from mature plants according to previous work (Kunst, 1998), with a few changes.
Samples were homogenized in 250 mL of homogenization buffer (45 mM sorbitol,
20 mM Tricine-KOH pH 8,4, 10 mM EDTA, 10 mM NaHCO; and 0,1% (w/v)
BSA fraction V, supplemented with proteinase inhibitor cocktail (cOmplete™,
COEDTAF-RO, Roche), filtered through a single-layer of Miracloth (Millipore) and
centrifuged for 7 min at 700 g at 4°C. The pellet was gently resuspended in
resuspension buffer (300 mM sorbitol, 200 mM Tricine-KOH pH 8,4, 2,5 mM
EDTA and 5 mM MgCl,). The suspension was centrifuged using a two-step Percoll
gradient (40%-80% (v/v) in resuspension buffer) at 4°C and 6500 g for 20 min.
Intact chloroplasts were collected at the interface of the percoll gradient and washed
once with the resuspension buffer. Samples were then normalized on the
chlorophyll quantity. Samples were heat treated at 45°C for 1h with a pre-heated
thermoblock. 3 mM ATP was added to the sample just before treatment. After stress
delivery, samples were centrifuged at 1000 g for 8 min. Supernatants were used for
peptide quantification and identification. Pellets were used for protein degradation
tests via immunoblots. Both fractions were immediately frozen in liquid nitrogen

and stored at -80°C until use.

Peptides purification, quantification and identification
Samples were first purified using Ultra-0.5 Centrifugal Filter Devices
(Amicon) and further purified and concentrated using the SPE Clean-up Kit

(Waters). Peptides were quantified through UV spectrometry at 280 nm. A
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calibration curve was realised using MS Compatible Yeast and Human Protein
Extracts (Promega) as a reference for peptide quantification. Normality and one-
way  ANOVA  test and Tukey HSD  were performed using
https:/ /www.statskingdom.com/. Standard parameters were used as indicated by

the tool.

Peptide detection was performed through Q Exactive™ Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (LC-MS/MS). Three independent
biological replicas were performed. Raw data were processed with MaxQuant v.
1.5.3.31, using default settings. Peptide-producing proteins were identified with the
Arabidopsis thaliana protein UniProt database (www.uniprot.org) and their subcellular

localisation  was  determined with The Plant Proteome Database

(http://ppdb.tc.cornell.edu/).

Protein Sample Preparation and Immunoblot Analyses

For immunoblot analyses, plant tissues or purified chloroplasts were
homogenized in Laemmli sample buffer (20% v/v glycerol, 4% w/v SDS, 160 mM
Tris-HCI pH 6,8, 10% v/v 2-metcaptoethanol) to a final concentration of 0,1 mg
ulL.—1 (fresh weight/Laemmli sample buffer). Samples were incubated at 65 °C for
15 min and, after a centrifugation step at 16000 g for 10 min, the supernatant was
incubated at 95 °C for 5 min. Samples were used fresh or stored at -20°C for future
analyses. Protein extracts corresponding to 4 mg (fresh-weight) seedlings were
loaded onto SDS-PAGE (10% [w/v] actylamide) gels and transferred to
polyvinylidene-difluoride (PVDF) filters (0.20 um pore size). Replicate membranes
were immuno-decorated with specific antibodies. The antibody specific for CLPB3,
LHCB4 and PSBO were obtained from Agrisera. Secondary antibodies Anti-rabbit
conjugated with HRP were obtained from Thermo. Immunodetection was
performed using the ChemiDoc imaging system (BioRad). Signals were quantified

with Imagelab software (BioRad) in at least three biological replicates.
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Photosynthetic efficiency measurements

Photosynthetic efficiency was evaluated using a Walz Imaging PAM
fluorometer (https://walz.com). The maximum quantum yield of the photosystem
2 (F,/F,) was measured from plants previously dark-adapted for 20 minutes.

Measurements were repeated at least in three biological replicates.

Yeast strains generation

All yeast strains obtained in this work were derived from the Saccharomyces
cerevisiae BY4741 (genetic background S288C) strain, kindly donated by Prof.
Federico Lazzaro. For the generation of md/1A TAPT, mdllA NAPS and md/1
ATH12 strains, the DNA recombination cassettes were synthesised by the Duolix
company. The cassettes contain upstream coding sequences of T'AP7, NAPS or
ATHT12 without the portion coding for the respective chloroplast transit peptides.
Downstream, lies the KANMX locus from the pFAGa plasmid which confers to
yeast cells resistance against the G-418 kanamycin derivative for selection. Each
recombination cassette was flanked upstream and downstream by 40 bp stretches
homologous to the desired recombination sites in the yeast genome (Table 5). The
recombination sites were designed to drive the replacement of the entire MDIL7
coding sequence downstream of the mitochondrial transit peptide, allowing for the
expression of the Arabidopsis proteins targeted to the mitochondria. The
recombination cassettes were additionally flanked by EwRI restriction sites and
cloned into the pSEVA18 plasmid. For this purpose, the CDS of N.APS was edited
by substituting the thymine 1416 with cytosine to disrupt an internal EwRI
restriction site without altering the amino acid encoded by the edited codon. The
obtained plasmids were then propagated in E. co/z. Finally, the EcoRI digestion of
the purified plasmids provided the linear DNA utilized for yeast transformation.
Instead, the recombination cassette employed for the generation of the d/1.A null
mutant strain was obtained by High-Fidelity PCR amplification of the KANMX

locus using the pFAGa plasmid as a template. The used primers were designed to
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add 40 bp homologous able to replace completely the MDL7 locus through
homologous recombination (Table 5). Yeast transformation was carried out by the
lithium acetate/single-stranded carrier DNA/polyethylene glycol method (Gietz
and Woods, 2002). Strains selection was performed on a YPD medium containing
200 pg/ml G-418. The in-frame correct insertion of the recombination cassettes

was confirmed through PCR amplification and Sanger sequencing.

Table 6 — DNA sequences employed for yeast homologous recombination.

Target Sequence (5’ to 3’) Notes

Recombination sites

Used to replace in frame

GTTGTTGCGAAGTCAATTCGCATCAGCAAG — MDILT with T APT,
MPLT TP rGeacraran NAPS or ATH12

Used to replace in frame
downstream  ACTGTGGCATAGAAAAGTGATTCCATACTG — MDI1 with TAP1,

MDLT COGEAACTTC NAPS or ATH12
upstream CATTGAAATTTTACTAAGTTAAAGAAGAGG
MDL1 AAGGGCTCCA Used to delete MDI.7

Primers used for the generation of the recombination cassette for the generation of the
md(1A null mutant

ups tream CATTGAAATTTTACTAAGTTAAAGAAGAGGAAGGGCTCCAGACATGGAGGCCCA
MDI.1 GAATAC

downstream ACTGTGGCATAGAAAAGTGATTCCATACTGCGGCAACTTCCAGTATAGCGACCA
MDI.1 GCATTCAC

Yeast heat-shock treatment

Heat-shock treatments were performed as explained, with few changes
(Jarolim et al., 2013). Yeast cultures were grown (28° C, 250 rpm) until the
exponential phase was reached (0,5-0,6 OD¢u). Then, cultures were divided into two
subcultures (Mock and Heat). Before splitting, aliquots were collected, serial diluted
and plated on a complete YPD medium as TO samples. The Mock cultures were

incubated in the previous growing conditions as a control. The Heat cultures were
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incubated at 45° C instead. After 2 hours both cultures were sampled, and cells were
plated on Petri dishes kept at 28° C for 3 days to allow colony formation. The
obtained colonies were then manually counted to compare the TO sample with the
Mock and the Heat ones to estimate cell growth (expressed as a ratio) in the two

conditions.
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APPENDIX

During the three years of fellowship as a PhD student under Prof. Paolo
Pesaresi’s supervision, I have also contributed to research activities regarding
chloroplast biogenesis and the retrograde communication of chloroplasts which
resulted in published research and review articles and in the submission of a research

article which is currently under the revision process.

Published articles
8 Lasorella C, Fortunato S, Dipierro N, Jeran N, Tadini L, Vita F, Pesaresi P, de
Pinto MC (2022) Chloroplast-localized GUN1 contributes to the acquisition of

basal thermotolerance in Arabidopsis thaliana. Frontiers in Plant Science, 13, 5319.

(Accepted manuscript under preparation for final publication, the Authors’

proof is attached).

In this work, we investigate the heat-shock response in Arabidopsis wild-type
and gunl plantlets subjected to 2 hours of incubation at 45°C. My direct
contribution was: the analysis of the photosynthetic efficiency, the biochemical
analysis regarding the accumulation of plastid-precursor proteins in the cytosol

and the editing of the manuscript.

# Fortunato S, Lasorella C, Tadini L, Jeran N, Vita F, Pesaresi P, de Pinto MC
(2022) GUN1 involvement in the redox changes occurring during biogenic

retrograde signaling. Plant Sci 320: 111265
https://doi.org/10.1016/j.plantsci.2022.111265

In this work, we focused on the interplay between GUNT1 and redox regulation
during biogenic retrograde signalling. My direct contribution was: the
production of biological material which was then employed for the analyses, the
bioinformatic analysis of already published gene expression datasets and the

editing of the manuscript.
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# Jeran N, Rotasperti L, Frabetti G, Calabritto A, Pesaresi P, Tadini L. (2021) The
PUB4 E3 ubiquitin ligase is responsible for the variegated phenotype observed
upon alteration of chloroplast protein homeostasis in arabidopsis cotyledons.

Genes (Basel) 12: 1387
https://doi.org/10.3390/genes12091387

In this work, we have analysed the Arabidopsis double mutant gun fish5. The
double mutant seedlings display both variegated cotyledons and true leaves. We
attempted to suppress this phenotype by introgressing second-site mutations in
genes involved in plastid translation, plastid folding/import and cytosolic
protein ubiquitination. My direct contribution was: the isolation of the mutants,
the physiological and biochemical analyses of the mutants, the preparation of

the figures and the drafting of the manuscript.

# Barbato R, Tadini L, Cannata R, Peracchio C, Jeran N, Alboresi A, Morosinotto
T, Bajwa AA, Paakkarinen V, Suorsa M, et al (2020) Higher order
photoprotection mutants reveal the importance of ApH-dependent

photosynthesis-control in preventing light induced damage to both photosystem

IT and photosystem I. Sci Rep. doi: 10.1038/s41598-020-62717-1
https://10.1038/s41598-020-62717-1

In this work, we have generated a number of higher-order mutants by crossing
genotypes bearing defects in each of the short-term photoprotection
mechanisms, with the final aim to obtain a direct comparison of their role and
efficiency in photoprotection. My direct contribution was: the growth rate
analysis of mutants, the preparation of the figures and the drafting of the

manuscript.

# Tadini L, Jeran N, Pesaresi P (2020) GUN1 and Plastid RNA Metabolism:
Learning from Genetics. Cells 9: 2307
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https://doi.org/10.3390/cells9102307

In this review, we discuss the recently identified links between plastid RNA
metabolism and retrograde signalling by providing a new and extended concept
of GUNI1 activity, which integrates the multitude of functional, genetic and
physical interactions reported in the last years. My direct contribution was: the
bioinformatic analysis of already published gene expression datasets, the

preparation of the figures and the editing of the manuscript.

Tadini L, Jeran N, Peracchio C, Masiero S, Colombo M, Pesaresi P (2020) The
plastid transcription machinery and its coordination with the expression of
nuclear genome: Plastid-Encoded Polymerase, Nuclear-Encoded Polymerase

and the Genomes Uncoupled 1-mediated retrograde communication. Philos

Trans R Soc B Biol Sci 375: 20190399
https://doi.org/10.1098 /1stb.2019.0399

In this review, we discuss chloroplast transcription regulation and its
coordination with the expression of photosynthesis-associated nuclear genes.
Particular attention is given to the link between NEP and PEP activity and the
GUN1-mediated chloroplast-to-nucleus retrograde signalling. My direct
contribution was: the preparation of the included figure and table, the drafting

of part of the manuscript and the editing of the manuscript.
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Chloroplast-localized GUN1
contributes to the acquisition
of basal thermotolerance in
Arabidopsis thaliana
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and Maria Concetta de Pirto

Becdogy, University of San Aldo Maro. Ban, faly, *Degar
ano, Milano, |taly

Heat stress (HS] severely affects different cellular compartments operating in
metabolic processes and represents a critical threat to plant growth and yield.
Chloroplasts are crucial for heat stress response (HSR), signaling to the nucleus
the environmental challenge and adjusting metabolic and biosynthetic
functions accordingly. GENOMES UNCOUPLED 1 (GUNL1), a chloroplast-
localized protein, has been recognized as one of the main players of
chioroplast retrograde signaling. Here, we Investigate HSR In Arabidopsis
wild-type and gun! plantiets subjected to 2 hours of HS at 45°C. In wild-type
plants, Reactive Oxygen Species {ROS) accumulate promptly after HS,
contributing to transiently oxidize the cellular environment and acting as
signaling molecules. After 3 hours of physiclogical recovery at growth
temperature (22°C), the induction of enzymatic and non-enzymatic
antioxidants prevents cxidative damage. On the other hand, gun! mutante
fail to induce the oxidative burst immediately after HS and accumulate ROS and
oxidative damage after 3 hours of recovery at 22°C, thus resulting in enhanced
sensitivity to HS. These data suggest that GUNIL Is required to oxidize the
cellular environment, participating in the acguisition of basal thermotolerance
through the redox-dependent plastid-to-nucleus communication.
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Introduction

Plants are constantly exposed to abiotic stresses throughout
their entire life cyde, which heavily impact growth and yield,
The effects of climate change increase the frequency and
intensity of extreme events such as heat waves, compromising
plant develop and crop productivity imeversibly (Bita and
Gerats, 2013}, Ameng abiotic stresses, heat stress (HS) s
considered one of the most detrimental for plants, since
extreme temperature fluctuations cause impairment in

essential biochemical and physiological processes
(Hasanuzzamiun et al, 2013), As sessile organisms, plants
sense and respond to adverse environmental conditions
activating defense systems (Zhu, 2016) The study of the
mechanisms involved in plant perception and response to heat
has, therefore, a great relevance in the actual climatic scenario,
Considering that phatosynthesis-related processes are
sensitive to thermal fluctuations, chloroplasts have been
proposed as sensors of HS (Sun and Guo, 2016) Among the
plast protein compl the photosy 11, its oxygen-

lving complex, the electron port chain and the carbon
fixation system are particulacy prone to damage due 1o high

Hl
c
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nucleus the redox alterations occurring in plastids (Singh
et al, 2015; Hu et al, 2020}, In particular, ROS have been
observed to dicit and regulate antioxidant enzymes and Heat
Shock Proteins (HSPs) (Nishizawa et al, 2006; Volkowv o al,
2006; Dickinson et al, 2018), Moreover, the presence of heat
shock dements (HSE) in the promoter region of the Arabidopsis
APXT and APX2, topether with the increased thermo-sensitivity
of Arabidopsis mutants defective in the biosynthetic pathways of
antioxidants, supports the idea that a tight connection between
ROS homeostasis and acclimation to HS exists (Prueli o ol
2010%; Larkindale et al, 2005),

In the last decades, plastid-localized Genomes Uncoupled
(GUN) proteins have been identified as crucial in several
processes involved in grade signaling (Susek e al,, 1993
Mochizukd et al. 2001; Larkin et al. 2003; Strand o al., 2003
Koussevitzky et al, 2007; Woodson et al., 2011). Through
chemical alteration of chloroplast biogenesis and physiology
by either lincomycin (Lin) or norflurazon (NF} treatments,
respectively, six gun mutants were solated (Susck o ol 1993)
After exposure to NF, all gun mutants expressed photosynthesis-
associated nuclear genes (PhANGs), which on the contrary were
repressed in wild type seedlings, Thus, it has been assumed that
in GUN genes led to the uncoupling of nuclear gene

temperatures (Allakhverdiev et al, 2008). Furth heat
stress reduces the content of photosynthesis-associated
pigments and alters cell membrane stability by protein
denaturation and lipid peroxidation (Wise e al, 2004; Wahid
et al, 2007; Allakhwverdiev et al, 2008), The HS-mediated
damage to photosynthetic apparatus inhibits the excitation
energy transfer and the electron transport in the chloroplast,
leading to an overproduction of Reactive Oxypen Species (ROS)
and to an imbalance of redox b i (Wang et al, 2018).
ROS are produced in plastids in the formys of singlet oxygen,
superoxide anion (0,_), hydroxyl radicals and hydrogen
peroxide (Hy0,) (Noctor ¢f al, 2002). ROS accumulation is
controlled by scavenging and machinery, including
enzymes such as superoxide dismutase (SOD), ctalases (CAT),
ascorbate peroxidases (APX), and low molecular weight
metabolites, like ascorbate (ASC), glutathione {(GSH}),
tocopherols and carotenoids (Foyer and Noctor, 2013 Das
et al. 2015). Although ROS were initially recognized as toxic
by-products, a large number of evidence has shown the

important role that these molecules may have in many
essential plant processes (Famese ot al, 20165 Mittler, 2017).
The role of ROS as oxid ar comp of redox signaling
mostly depends on a fine balance between the production and
scavenging of these molecules in different organelles
(Mittler, 217}

In response to stress conditions, ROS can leave their
production sites and, acting as secondary messengers, activale
several signaling events (Pogson et o, 2008; Sweuld o al, 2012;
Sgobba et al, 2015}, In to high P for
instance, ROS act as g stgnals, itting 1 the

P
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expression (NGE) with respeat to the functional state of the
chloroplast (Mot o ol 2006). GUNL is a nudear-encoded
pentatricopeptide repeat protein with a C-terminal Small
MutS-Relate domain, described as key player of plastid-to-
nuclets retrograde signaling, response and adaptation to
environmental challenges and plastid development
{Koussevitehy et al, 2007; Wu et al, 2018; Pesaresi and Kim,
2019). Based on its amino acid sequence, GUNI was initially
identified as a nudeic acd-binding protein mvolved i DNA
metabolism, gene expression, and DNA repair in the plastids
(Koussevitzley et al, 2007). Successively, it has been propesed
that GUN1 interacts with proteins rather than with nudeic aads.
Among GUNI-interacting prote y of the tetrapyrrol
biosynthesis pathway and several f that participate in
plastid gene expression (PGE) and protein homeostasts, such as
plastid chag have been identified (Colombao et al., 2016
Fadini et al, 2016; Zhao ¢t al, 2019; Tadini et al,, 2020; Wa and
Hocl, 2021). The identification of GUN1 putative interactors
highlighted the role of GUNL as a hub of multiple retrograde
signaling pathways.

Despite the great attention on GUNI role in the
communication between chloroplast and nucleus, little
information exists about its invol t in the signaling
defense activated in response to HS. Here, we studied the role
and interplay of GUNI1 and redox signaling in heat stress
response (HSR). The results indicate that gunl mutants are
more sensitive to HS than wild-type plants and suggest that
GUNI could be required for basal thermotolerance,
participating in the ROS-dependent oxidization of cellular
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environment, which is the basis for communication of plastid
impairment to the nucleus.
Materials and methods

Plant materials, growth conditions and
heat stress treatment

The Arabidopsis (Amabidopsis thai genetic backgs
Col-0) guni-102 T-DNA insertion mutant was previously
deseribed i Tadin e al (2006), Wild type (wt) and gunl-102
(hereafter indicated as guni) seeds were surface-sterilized and
sown out on Murashige and Skoog medium {Duchefa, Haarlem,
The Netherlands) supplemented with 2% (wiv) sucrose and 1.5%
{(wiv) Phyto-Agar (Duchefa). After 2 days of stratification at 4°C
in the dark, plantlets were grown in a growth chamber for 15
days (22°C, 80 pmol m™ sec”’ on 16 W8 b light/dark cycles),

On day 15, Ambidopsis wild-type and gunl plants were
exposed to heat stress (45°C for 2 hours) according to Ling et al
(20081 To allow short-term and long-term physiological
recovery, plants were then incubated in growth conditions (22*
C) for 3 hours or 2 days, respectively. Samples for analysis were
collected before HS (C), i fiately after HS 1 and
after 3 hours (R) and 2 days (2d-RHS) of physiological recovery.
Control plants for the experiments of 2d-RHS were collected
after 17 days of growth at 22°C. Each biological replicate
consisted of 90 plantlets per condition. Five biological
replicates per timepoint were used while each experiment was
repeated at least three times.

To measure roet length in control, HS and recovery
conditions, agar plates were oriented vertically in comparable
growth conditions: deseribed above, To determine pigment
contents leaves were separated from the roots, frozen in lguid
nitrogen and stored at -80°C until analysis.

Determination of pigment content and
maximum quantumn yield of PSII

For pigment quantification, leaf samples (50 mg) were
ground in liquid nitrogen wath 80% acetone (1:20 w/v) and the
homogenates centrifuged at 20,000 g for 20 minutes at 4°C, The
supernatant absorbances at 663.2, 646.8 and 470 nm were
spectrophotomet rically measured according o Zhang amd
Kirkham (1996), Content of chlorophyll a (Chl a) and
chloraphyll b (Chl b), as well as total carotenoids (xanthophyll
and f-carotene). expressed as pg g' fresh weight, were
calculated according to Lichtenthuler (1987);

Chlorophylla = (12.25% - Awa) = (279 % Agsen)
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Chlorophyllb = (2150 x-Ags) = (510 x40

Carotenoids = (100~ x Ay, - 1,82x Chla - 85.2xChlb)/198

The maximum quantum yield of PSIL (Fy/Em) was measured
by using the Imaging PAM (Walz, Effeltrich, Germany) as
described in Tadini et ol (2012

Proteasome activity

Proteasome activity was determined spectrofluorometrically
by using the fluorogenic substrate Sue-LLYY-NH-AMC
(Calbiochem), according to Paradiso et al. (2020). Arabidopsis
plantlets were ground in liquid nitrogen and homogenized in a
1:3 (wiv) ratio with extraction buffer (30 mM Hepes-KOH, pH
7.2, 2 mM DTT, 2 mM ATP, 250 mM sucrose}. After
centrifugation at 20,000xg for 15 min at 4°C, supernatants
were collected. 660 pl. of samples, with Img mlL! protein
concentration, were mixed with 40 pl of assay buffer (100
mM Hepes-KOH, pH 7.8, SmM MgCl, 10 mM K, 2 mM
ATP). After 15 min of incubation at 30°C in the dark, the
reaction was started by the addition of the fluorogenic substrate.
The release of amino-methyl-coumarin (360 nm ex/460 nm em)
was monitored between 0 and 120 min by RF-6000
spectrofluorophotometer (Shimadzu Corporation, [apan).
Protein concentration was measured using Protein Assay
System (Bio-Rad, Hercules, CA, USA) according to Bradioed
(1676, with serum albumin as standard.

Determination of ROS and
oxidative markers

In it O, and H,0, accumulation n leaves was detected
with nitroblue tetrazolium (NBT) and 3.3-diaminobenzidine
(DAB), respectively, as described in Fortunato et ul. (2022),
The staining intensity was digitally acquired and quantified by
Image] software (hitps://imagef.nibgov/ij/). The rdative O, and
H, 0, levels were calculated as the percentage of NBT- and DAB-
stained area of leaves, respectively.

The level of lipld peroxidation was evaluated in terms of
malondialdehyde (MDA) content determined by the TBA
reaction, as described by Paradiso et al. (2008), The amount of
MDA-TBA complex was calculated using an extinction
coeflicient of 155 mM " cm™”.

Protein was spectiof ically determined by
measuring the content of carbonyl-groups reacting with
dinitrophenylhydrazine (DNPH), accerding to Ruomero
Poertas ot al. (2002), Carbanyl content was calculated using an

extinction coefficient of 22 mM ' em!
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Analysis of enzymatic and
non-enzymatic antioxidants

For uscorbate (ASC) and glutathione (GSH) analysis, 0.3 g of
samples were homogenized at 4°C with 1.8 mL 5% (vfv)
trichlorcacetic acid After centrifugation at 18,000 x g for 20
minutes, the supernatants were collected and ASC and GSH
levels were determined through the mlorimetric assay described
in die Pinto et al (1999).

For quantifying the enzgymatic antioxidant activities, 100 mg
of samples were ground to fine powder in liquid nitrogen and
mixed with 0.4 mL extraction buffer containing S0mM Tris-HCI
pH 7.5, 0.05% (w/v) cysteine, 0.1% bovine serum albumin, 1 mM
phenyimethanesulfonylfluoride, To determine the ascorbate
peroxidase activity, | mM ASC was added to the buffer. After
centrifugation at 20,000 x g for 20 minutes at 4°C, the
supernatants were used for the spectrophotometric analysis.

Superoxide dismutase (SOD, EC 1.15.1.1) and catalase
(CAT, EC 1.11.1.6] activities were spectrophotometrically
determined following the methods described in Parndise ot al.
(2020}, Ascorbate peroxadase (APX, EC 1.11.1.11) was assayed
according to de Pinto et al (20001

For Western Blot analyses of SOD, CAT and APX, total
proteins were extracted from plantlets as described by Fortunate
et ol (2022) and successively separated by SDS PAGE. Then,
proteins were electrophoretically transferred to polyvinylidene
fluoride membranes and incubated with the following specific
antibodies: L-ascorbate peroxidase primary polydonal antibody
{n. ASOE 368, Agrisera Viinnas, Sweden), which recognizes
thylakoidal, stromal and ecytosolic isoforms; Catalase
(peroxisomal marker) primary polyclonal antibody (n. AS09
501, Agrisera Vannas, Swedenk Fe-SOD primary polyclonal
antibody (n. ASD6 125, Agrisera Vinnas, Sweden), and the
FTSHS kindly donated by Wataru Sakamoto (Okayama
University). As secondary antibody, the horseradish peroxidase
(HRP)- comjugate Anti-Rabbit 1gG (Promega. Madison, WI,
USA) was used Chemiluminescent signals were detected and
quantified hy ChemiDoc MP Imaging System and Quantity
One® software {Bio-Rad Laboratories, Hercules, CA,
USA), respectively.

Quantitative real-time PCR

Total BNA extraction was achieved using the Nippon
Genetics Kit according to manufacturer protocol, using 50 myg
(fresh weight) of leal material. RNA concentration was
determined by measuring the absorbance at 260 nm with
NanoDrop2000 (Thermo Fisher Scentific, USA). ¢cDNA was
synthesized from 2pig of total RNA, using the iScript’ cDNA
Synthesis Kit purchased by Bio-Rad according to the
manufacturer’s instructions, Gene expression analysis (qPCR)
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was performed using the BIO-RAD CFX Connect system (Bio-
Rad, Hercules, CA, USA) employing 37.5 ng of cDNA for each
reaction and SsoAdvanced Unmversal SYBR Green Supermix
(Bio-Rad), according to the manufacturer’s instruction for the
detection system (Bio-Rad). Ubsguitini0) (At4gD5320) and
Acting (Atlg49240) were used as housekecping genes and
three technical replicates were pecformed for each biological
replicate (n=3). [n all experiments, no template controls were
also uwsed. Housckeeping data were normalized according to
Rieelel or al (20043,

Primers for quantitative real-time PCR (qRT-PCR) were
designed by using Primer3 software (httpd/pramer®atee/) and
then double-checked using net primer software (hitpe/ v
premierhiosoft.com/netprimer/), except for the housekeeper
primers (Giuntoli et al, 2017), Primer sequences used for

ive PCR (qPCR) analyses are reported in Table 51,
Separation of real-time PCR products on 2% (w/v) agarose
gels revealed singke bands of the expected molecular weight.
Relative quantification was performed according to the
comparative Ct (threshold cycle) method (27 (Livik and

Schmittgen, 2001},

Statistical analysis

The data were expressed as the means + standard error (SE).
One-way analysis of varance (ANOVA] followed by a post-hoe
Tukey's comparison test was used to calculate the difference
1 genotypes and Differences were considered
statistically significant at a p-value< 0,05, All statistical analyses
were performed by Minitab software (Minitab Inc., State

College, PA, USA),

Results

Heat stress sensitivity of wild type and
guni plantlets

To analyze heat stress sensitivity, growth rate parameters
were measured in 17-day-old wild type (wt) and gunl mutant
plantlets. Plants were grown for 13 days at 22°C and exposed for
2 hours at 45°C (Heat Stress, HS). Plantlets were then incubated
transferred in growth conditions to their optimal growth
conditions (22°C; see Materials and methods) for 2 days to
allow physiological recovery (2d-RHS), which was assessed by
monitoring the photosynthetic parameter Fv/Fm. As a control
(C), wt and gunl plants were grown at 22°C for 17 days. The
phenotypical analysis showed that, after 2 days of recovery from
HS (2d-RHS), gunl plantlets were significantly smaller than wi
(Figare LAY The visible phenotype was confirmed by measuring
whole plant fresh weight, which resulted significantly decreased
in gunl plantets subjected to HS but did not show significant
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Root Lenaht (em)

differences in wt plantlets, when compared w the untreated
controls {Fiure 11}, Root length did not change in HS-treated
wt while, on the contrary, gun! roots were shorter than wt,
already under control conditions, and the exposure to HS further
reduced root elongation (Figure 10), The photosynthetic
efficiency, measured as the maximum quantum yield of PSII
(Fy/Fm), resulted decreased in a similar way in wt and guwl
plantlets at 2d-RHS, when compared to contrel
{¥igure 2A). Consistently. chlorophyil 2 and b content did not
change significantly between wt and guni (Figures 208, C) On
the other hand, a significant drop in carotenoid accumulation
occurred in gunl mutant only (Figure 200).

To dissect more in detail the molecular mechanisms
underying gun ! sensitivity to heat, the transcript level of heat-
dependent genes was assessed by quantitative Real-Time PCR
{gRT-PCR) in 15 days-old plants before (C), right after the heat
stress (HS, 2 hours at 45°C) and upon 3 hours of recovery at 22°
C (R), when phenotypic differences were not detectable (1'able
52 To this aim, the expression level of heat shock factor A2
(HsfA2), a key r:gulumr of the heat stress response, and some
heat shock proteing (HSPs), was studied. A significant and
similar increase in the transcript levels of the nuclear HsfA2,
the cytosolic HSPI0I and HSF70 and the chloroplast HSP26
occurred in response 10 HS in both wt and gunl genotypes. After
3h recovery (R), HsfA2 and HSPIOJ expression decreased in
both genotypes, however, the reduction of both transcripts was

more marked in gunl than in wt (Figures 54, B), In addition, the
expression of HSP70 and HSP26 did not change significantly
after recovery (R) inwt, unlike in gund (Figures 3C, 1), To verify
whether in gun! mutants heat stress could induce cytosolic
felding stress, caused by the accumulation of plastid protein
precursors and over-accumulation of cytosolic HSPs, as
occurred when the mutants were grown in lincomycin
conditions (W et al, 2009; Tadini et al, 2000), proteasomal
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activity and accumulation of FTSHS plastid protease were
analyzed. The proteasome activity in wt and gun! plantlets
grown in contrel conditions, upon HS and after recovery did
not display significant differences (Figure 51). Moreaver, the
accumulation of FTSHS plastid protease pre-protein was not
detectable upon HS treatment, while resulted to be accumulating
in Lin-treated guni seedlings, suggesting that Lin and HS trigger

different i ling mechanisms {Figare 51).

PPING 55

ROS accumulation, oxidative markers,
and hydrophilic antioxidants in wild type
and gunl plantlets during HSR

ROS accumulation in response to HS was different between
control and mutant genotypes (Figure 1), Under control
conditions, the level of Oy, visualized by NBT-staining, was
significantly higher in guni leaf tissue than inwt (Figure 44).
Nevertheless, in the gunl genetic background, the accumulation
of 0. decreased after HS, reaching bottom values after recovery
(R}. On the other hand, in wi, HS caused a promptaccumulation
of Oy, which successively decreased during the R phase
(Figure 4A), Similarly, in wi, HaO, levels, visualized by DAB-
staining, increased after HS and returned to values comparable
with control during the recovery (R) (Figure 48). On the
contrary, in gunl, H;O, levels did not vary significantly after
HS, but showed a high accumulation after recavery (Figure 48).
Furthermore, the level of lipid peroxidation was higher in gun!
than in wt in control conditions (Figure SA). This exidative
marker did not vary significantly in response 10 HS in wt
plantlets, whereas it iently i d in guni 1o
return to a basdine level after recovery, In wi, protein oxidation
increased after HS and returned to values comparable with the
control afier recovery while, in gun! mutant background, the
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total level of protein carbonyl groups did not show significant
changes after HS and R (Figure 58). The total content of two
major hydrophilic antioxidants, ascorbate (ASC) and
glutathione {GSH), did not vary significantly between wit and
gunl, under control conditions (Figures 50,

1), In gunl, the
total content of the two antioxidants did not change either upon
HS or after recovery (R). On the other hand, in wt total
glutathione levels were lower after HS and both the
antioxidants increased after recovery (Figures 50, D),
Moreover, only in wild type scedlings HS reduced the
glutathione redox state, which retumed to values comparable

to control after recovery {Fign !

Behaviour of ROS scavenging enzymes
in wild type and gunl plantlets upon
heat stress

To darify the different accumulation of ROS in the two
genotypes during the HSR, the behavior of the main ROS
scavenging en:
catalase (CAT) and ascorbate peroxidase [(APX],

mes, namely superoxide dismutase (SOD),

was investigated.

Total SOD activity was similar in wi and gun ! under control
conditions and did not change significantly upon HS in both
genotypes. After recovery (R), u rise in SOD activity occurred in

wt control only {(Figure 64), The levels of FSD1 protein and
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transcript were analyzed by immunoblotting and qRT-PCR,
respectively (& cs 6B, C) FSDI protein accumulation was
higher in wt than in gunl under control conditions. In both

genotypes the protein level increased i response to HS,
remaining at a higher level than control also after recovery (R)
(Figure 61). In wt plantlets, after HS a decrease in FSDI
expression occurred, while during the recovery a clear and
significant increase in the transcript level was observed
(Fig ). The two thylakoidal Fe-S0D, FSD2 and FSD3
(Myouga = al, 2008), behaved differently when compared to
FSD1 (Fygures 603, B), which besides being present in the stroma
of the chloroplast is also lacalized in the cytoplasm and nuclei
{Dwakik et al J. In both the genotypes, HS caused a strong
decrease in FSD2 expression, which remained low in gan! and
1), On the other hand,

increased in wi after recovery (Figure
FSD3 expression did not change in gun in response to HS, while
in wt decreased after HS and increased after recovery
(Figure #E). HS reduced the expression of cytosolic and

chloroplastic copperfrine superoxide dismutases (CuZnSDI
and CuZnSD2, respectively) in both genotypes. However, after
recovery (R), the transcript level of CuZnSD1 and CuZnSD2 was
partially restored only in wt (Figur

In comtrol conditions, total CAT activity, together with

CAT2 protein and transcript levels were lower in gunl than in
wt (Flguwe 7). HS caused, however, transient inhibition of CAT
activity in wt only (Figu 1), Despite the decrease in CAT
"2 protein and transcript

activity observed in wit samples, C/
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ncreased after HS, while did not significantly change in gunl
(Figures 7B, C).

Moreover, after HS, total APX activity decreased in both
genotypes, with a greater intensity in wi than in gunl, However,
after recovery, APX activity was restored to control (C) level in
wt while further decreased in gunl (Iigure 8A), Western blotting
analysis showed that in wt. the accumulation of cytosolic and
stromal APX was slightly increased upon HS, while the decrease
of thylakoidal isoform was observed. On the other hand, in gl
samples, eylosolic and stromal APX isoenzymes showed a
progressive decrease while tAPX acc lated in o
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while 4 progressive increase after HS and in R was observed in
gunl mutants (Figure 80}

Discussion

Retrograde signaling pathways allow the information flux
from plastids to the nuclews. This intra-cellular communication
becomes critical during chloroplast biogenesis (bogenic contral)

of plastid h t in resy 1o

and upon

HS and decreased in R (Figure 501).

Inwt, the expression of cytosolic APXT was strongly reduced
after HS and significantly increased after recovery, while in guerd
not significant changes occurred (Figure 8C). The HS-inducible
APX2 showed, however, highly increased expression after HS in
both the genotypes. After recovery (R), APXZ transcript
remained high in wt and partially decreased in gun!
(Figure #C) At last, the expression of tAPX under control
conditions was significantly lower in gunl than in wi.
However, after HS a drop in tAPX transcript occurred in wt,
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en d stimuli (operational signaling) (Chan e al
2016). GUNI-dependent signaling has been proposed as one
of the main retrograde signaling pathways active during
chloroplast biogenesis (Tadini et al, 2020; Shimizo and
Muosuds, 2025 Wu and Bock. 2021). Mevertheless, multiple
evidence suggests that GUNI also operates in adult plants,
contributing 1o the op 1 control of chloroplasts (Cheng
el al, 200 1; Tading ¢t al, 2016, Guo et al., 2020). Indeed, GUN1
undergoes ta rapid tumnover by the Clp protease, unless it
becomes stable during the early stages of chloroplast
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biogenesis, and under stress conditions that trigger retroprade
signaling pathways (\Wu et al, 2018; Pesaresi und Kim, 201%),
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mmaamt

It has been recently reported that during biogenic retrograde
signaling, GUN1 mediates the formation of an HyO;- dependent

GUNI has been reported to be { for cold acch

as guni seedlings fail to develop green functional ¢ i

which might represent a redox-mediated
aimed to signal the perturbation of

when grown at 4°C (Marino e al, 2014), Moreover, the
mvolvemnent of GUNI m response to HS has been previously
indicated by showing that gunl mutants have reduced basal
thermotolerance but do not appear to be impaired in acquired
thermetolerance (Miller & al, 2007 In accordance, our data
indicate the gunl mutants are more sensitive to HS than wt, as
demonstrated by the reduced fresh weight and the inhibition of
root elongation at 2 days of physiological recovery from HS
(Figuse 1), Furthermore, at 2d-RHS, despite gran! mutants show
similar reduction in photosynthetic efficiency than wild type
plants, have a reduced content of carotenoids {Figure 2). The
decrease in carotenoids content may contribute to higher
sensitivity to HS, since these molecules sct not only as
quenchers of triplet chlorophyll and singlet oxygen but might
also stabilize and photo-protect the lipid phase of the thylakoid
membranes { Havaus, 1998),

The lowered heat tolemnce of gunl mutants is not due to
cytosalic folding stress, which instead occurs in response
lincomycin treatment (Figure S1; Wu et al, 2019 Tadinj et al,
2020}, suggesting the invol t of a diffe ignaling
mechanism. Moreover, the reduced basal thermotolerance of
gun! mutants cannot be explained by the failure in the induction
of HSPs, since in gunl, HsfA2 and the cytosolic and chloroplastic
HSPs analyzed were highly expressed after HS as in wild type
plants However, the higher decrease of HSFs after 3 hours of
recovery from HS corroborates the idea of a lower
thermotolerance of gun! mutants compared to wild type

[@TF] plants (Fgure 3; Ahn et al, 2004; Charng et al, 2007).
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chloroplast development (Fortunat et al, 2022),

A plethom of literature data indicate that environmental
stresses, including high remp lead to oxidative bursts of
O andfor H;Oy in plamts {Fover o al, 1997; Dat et al, 1998;
Vallelian-Bindschedler et al.. 1998). Accordingly, ROS produced
in chloroplasts can work as plastid signals to activate the
expression of penes coding for antioxidant enzymes and 1o
fine-tune the stress-responsive apparatus for more effective
adaptation to stresses (Sun and Guo, 2016), Chloroplasts have
been shown w play an important role in heat-induced ROS
acc lation and the subseq x| of nuclear heat-
responsive genes (Hu ¢ al., 2020). The chloroplast-produced
H:0; working as signaling molecule for the heat-associated gene

pression has been propesed as an i ing model for the
generation of diurnal patterns of thermotolerance (Dickinson
€t oL, 2018).

Our results show that in wt, immediately after HS, O, and
H;0; values increase, returning to values comparable to cantrol
conditions after 3 hours of physiological recovery, while a
transient increase in protein oxidation was observed
(Figures 4, 5B). This suggests that in this context ROS may
contribute to oxidizing the cellular environment temporarily,
triggering a signaling cascade, The il aof cellular
environment has been confirmed by the changes in the
glutathione redox state, which decreases after HS and returns
to values comparable to control during the physiological
recovery (Figure 500), These results are in accordance with
recent studies in which the redox-sensitive green fluorescent
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protein (roGFP2) was used to show that HS leads to increased
oxidation in both cytosol and nucleus compartments. By
analyzing transcript profiles of control and heat-stressed
plantlets, the authors suggest that heat-induced changes in the
nuclear redox state are essential for genetic and epigenetic
regulation of HSR (Babbur et al, 2021).

Inwt, the transient oxidative burst is also due to the lowered
total activity of APX and CAT occurring immediately after HS
! TA, 1. Analyzing the protein levels of different APX
isoenzymes, it should be noted that, despite the significant
decrease of the total activity, the levels of ortosolic and stromal
APX proteins increased At least for the cytosolic APX, two
observations could explain this apperent inconsistency: 1)
Immediately after HS, the expression level of APX2 transcript
significantly |nrr:a\\cd s t:xpcx.lcd (Fi

2002; Suauk) e al

igure 88 Panchuk ot al,
2018); 2) It has been
reported that after HS, APXI protein forms high molecular
weight complexes, loses the H,0, removal activity, and behaves
as chaperone protein. Interestingly, when plants are recovered
under physiological conditions, the APX protein returns to

dimeric or oligomenc form, recovering its H,O5- removal
activity required to prevent oxidative damage (Kawr el ul,
2021). On the other hand, protein and wanscript levels of
thylakoidal APX decreased immediately after HS. In this case,
the loss or inactivation of tAPX may function as a part of plastid
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to nucleus retrograde signaling as occurs in light-induced
photooxidative stress (Maruta ot al

Interestingly, also the decrease in ( AT activity did not
overlap with protein and transeript levels of CAT2, which
accumulate immediately after HS. CAT is a peroxisomal
enzyme with a pivotal role in redex regulation (Mmool
20112), It has been shown that CAT can physically interact with
al, 2020).
Thus, it is likely that, upon HS, CAT becomes restrained to the
cytosol and mediates redox signaling, as it occurs in
mammalians (Wall 18

In wi, 3 hours after phy Ulupua! recovery drom HS, both
non-enzymatic and enzymatic antioxidants significantly
increased, lowering ROS accumulation and preventing
oxidative damage (Figures 4-8), In particular, the increase in

cytosolic stress signaling proteins i plants (Fover

SOD activity is due to an increase in the expression level of

almost all the isoenzymes analyzed and the recovery in APX
activity is due to the increased protein and expression level of all
APX isoforms (Figure 8)

It is interesting to note that gunl muants grown under
physiological conditions show a higher Oy accumulation and a
greater level of lipid peroxidation than wt (Figure 1A, which
suggests that guni plastids are more indined to suffer ROS-
mediated damage (Ruckle et al, 2007 Fortunato et al,, 2022).
After HS, the decrease in O, implics the formation of more
reactive hydroxyl mdicals, which promptly react with lipids,
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SifCE 10 ahsence of a rise in HyO under HS may conteibute to increased

causing a further increase m lipid peroxidation (Vigure 5

Farmmer and Mo

r. 2013), However, unlike wt, gun! mutants CAT did not show significant differences (1

fail to induce an ouadative burst immediately after HS
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HGURE 8

heat oxidative damage, as already suggested for f5d2 and fsd3
mutants { Byvchkov et al,, 2023),

In gun! mutants, after 3 hours of physiological recovery
from HS non-enzymatic antioxidants, as well 50D and CAT
activity do not significartly change, whereas a decline in total
APX activity occurs, due to the failure in the rescue of the
protein levels of chloroplastic and cytesolic APX, As a
consequence, H,0, accumul becoming responsible for
oxidative damage. It has been reported that under
photooxidative stress the absence of tAPX more than sAPX
causes the accumulation of HyO; and oxidized proteins {Maruia
et ul . 2010y Moreover, in the absence of the eytosolic APX1, the
entire chloreplastic H.O4- sc ging system of Arabidopsis is
impaired (Davletova et al, 2005), Thus, in gun] mutants the
absence of the induction of APX1 expression (Figure 80), could
be in part responsible for the failure in
thermotolerance acquisition.

However, in gun! mutants, the behavior of 1APX deserves
more attention; ndeed, it should be noted that the expression
level of tAPX, which islower than wt under physiological growth
conditions, increased after HS and during the physiological
recovery, despite the failure in the accumulation of the protein
! . These results indicate that the expression of
tAPX gene is under the control of the GUNI-mediated signaling

Frontirs n Mam

114

1

VAP pellive expesssinn (24451
EE

pathway, albeit protein amount also appears to be subjected to
post-transcriptional regulatory mechanmisms that include
cytasolic mhibition of protein translation and ubigquitin-
mediated protein degradation (W et al. 200%; Tadini et al.
2020). This regulation has been described for several PRANGs-
encoded proteins and, among those, tAPX itsell (Wu
et al., 2019),

Conclusions

Our data suggest that the transient oxidative burst oceurring
after HS s mandatory in basal thermotolerance acquisition.
Indeed, in wt plants, ROS and oxidation of the cellular
environment function as signals w activate the expression of
genes adjusting stress-responsive systems for more successful
adaptation to HS,

After HS, gunl mutants fail to induce ROS accumulation
promptly, impairing the proper HSR. This leads to accumulating
ROS and oxidative damage during physiological recovery at
growth temperature, resulting in enhanced sensitivity to HS.

The tesults support the idea that GUNI is required 10
oxidize the cellular environment, participating in the
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acquisition of basal thermotalerance through the redox-
dependent plastid-to-nuclens communication.

Our results also indicate a pivotal role of tAPX in GUN1-
dcpundem HSR: further m\mr@ntm will be a:mcd af clarifying
b rrm s witvidd to: s ststl
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ABSTRAGT

Chloroplast biogenesis requires a tight communication between nucleus and plastids. By retrogmde signals,
plastids transmit information about their functional and developmental state to adjust nuclear gene expression,
accordingly. GENOMES UNCOUPLED 1 (GUN1), a chi last-bocalized protein i several develop-
mental and stress-related signals, is one of the main players of retogmde signaling.

Here, we foamed on the interplay between GUN] and mdox regulation during biogenic retvograde signaling,
by investigating redox parameters in Arabidopsis wild type and sunl seedlings, Dur data highlighe that during
biogenic retrograde signaling siperoxide anion (0. ad hydmgen peroxide (Hi0.) play a different vole in
response to GUN]. Under pd:yslolnguml conclitlons, even in the absence of o visible phenotype, sin] mutants
shew low activity of le U (50D) amd b il [APX), with an lnecreme in Oy

lation and lipkl peroxidat ing that GUN1 indirecty pretects chloroplasts from oxidarl
damage. In wild type seedlings, perturbation of chloroplast development with lincomycin couses HyOs accu-
mulation, in parallel with the decrease of ROS-remeval metabolites and enzymes. These redox changes do not
take place in gunl mutants which, in contrast, enhance SOD, APX and catalase activities. Our resules indicate thar
in response to lincomycin, GU‘NI is nccasa.ry far the HaO. -dcpﬂ:‘!m( an‘!nmu of cellular environment, which

might il to the red, plastid-te nuclews

1. Introduction depends on a fine balanee between the production nnd seavenging of
these mule“llm in different organelles [147. Aerobic metnbolian

Plant development, differentiation and appruprme P to 3 ROS in different compartments of plant cells [15
environmental fluctuntions require a mutual ion | 161, Chloroplasts represent a significant source of ROS, which comprise
plastids and the nucleus. By anterograde signaling, the nucleus exerts i production of nnglzt oxygen at photosystem [ and superoxide anion
control over the chloroplasts, while plastids, through retrograde (057) at P51 [1 7). The signaling activity and the simulmneous prevention
signaling, transmir information abour their developmental and fune-  of oxidative dnmﬂge takes place through the control of ROS levels,

tional state to adjust nuclear gene expression (NGE), accordingly [1.2]. which is made possible by e and n tie antioxid
Many components and dxstmcm? pm‘hvmys of retrogrnde signaling,  systems [16,14], Major non-enzymatic u.lmnudmlx include tamph
controlling chloropl i genic control) and plastid ho- erols, earotencids, ascorbate [ASC), nmi glutathione (GSH) 1181
meostasis in rrsponu' o cumonmentnl cues (operntional control), have gt the engymatic systems, sup i (SOD) catolyze
been identified in the last decades. These signali lecules include (=73 d.lsnm\:lmm to hydrogen peroxide (Hy04.)-HaO: is closely controlled
carotenoid oxidation produces  [34], intermediates of leﬂapynnle by the action of catalases (CAT), ASC peroxidases (APX), class IIl per-
b hesis (TPB) | 4.6 11, earbohyd bolires (7.7 P idases (POD) and thiol-dependent peroxidases (TPX), which include
I [9], phosg ch [10] and reactive mygen species peroxiredoxins [ 19] and GSH peroxidases (GPX) [20]. APX utilizes ASC
(ROS) [2.11-13]. to reduce hydrogen peroxide yielding fehyd bate (MDHA),
The role of ROS a3 oxid, OF COmp s of redox signaling mostly which ean be reconverted to ASC by either the action of MDHA

bait (MLG. de Pinto).
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reductase (MDHAR) or through the non-enzymatic disproportionation
to dehyd bate (DHA). Suk ly, DHA red (DHAR) re-
duces DHA to ASC utilizing GSH, which is oxidized to glutathione di-

Plont Science 320 (3022) 111265

et al 1321, Col-0 and gun1-102 seeds were surfoce-sterilized and sown
out on Murashige and Skoog i (Duchefs, Hoorlem, The

sulfide (GSSG) and regenerated to GSH by NADPH-dependent GSSSG
reductase (GR) [16].
Redm regu!n:mn ocourring in r.*eﬂ organelles enn also regulme

ignaling, greatly infl g plant to
"1 changes [15.21-24]. Cellulor redox a:guﬂ]mg hos been
proposed as a crucial i of retrograde signals deriving from or-

ganelles, which permit communication with the nudeus [25].

One of the main biogenic retrograde signaling parhways involves the
plastid localized GENOMES UNCOUFLED (GU'N’} pmmm, ldcntuﬂed in
experiments where plastid development was ch inhibited [26].

MNeth d with 2% (w/v} sucrose and 1.5% (w/v)
Phyto-Agar EDucheh} Lincomyein (Lin) was added ar the final con-
centration of 550 pM. After 2 days incubation at 4 “C in the dad,
seedlings were grown for 6 days (80 pmol m * sec ' on 16 by8 h
dark/light cycles),

232 ination of ROS and axidative moarkers

In situ Oy and Ha0; were detected with nitroblue retmzolinm (NBT)
and 3.3 diaminobenzidine (DAB), respectively, as described in Jambu-
nm‘.hm (2010} [40) with minor modifications. For anion superoxide

In these conditions, gum mutants failed to repress nucleus ded
Photosynthesis-Associnted Nuclenr Genes (PhANGs). Among the six
GUN proteins identified, GUN2-GUNG are directly involved in TPB,
giving rise to intermediate molecules with a possible role in biogenic
retrograde signaling [6,27-291. On the other hand, GUN1 is a nuclear
encoded pentatricopeptide repent (PPR) protein, with a C-terminal
Small MutS-Relate (SMR) domain, localized in the chloroplast, whn:h

v ion, seedlings were vacuum infiltrated (70-100 mbar) for 10
min in NBT-staining solution (50 mM phosphate buffer pH 6.4, 0.1%
(w/v) NBT, 10 mM sodium azide). After a further incubation for 15 min
with a new NET-staining solution, seedlings were exposed under cool
fuorescent light for 20 min. After the staining, seedlings were bleached
by a series of washing steps with 95% ethanol at 45 °C. Superoxide anion
was wumhzed a5 0 blue color produced by NBT precipitation. For H;Op

takes part in multiple processes to dinate NGE in resp

signals. Since the PPR and SMR proteins are involved in RNA memha
lisms and DNA repair and recombination [30,31 |, GUN1 was initially
proposed as n nucleic acid-binding protein acting in either plastid DNA
metabolism ot upl‘lI.L amd involved in plastid gene expression (PGE)
[29]. deme that GUNT § with pro-
teins more than with nueleic acids Co-immunoprecipitation and mass
spectrometry studies have detected nearly 300 different GUN] inter-
acting proteins, involved in severnl biological processes [32.33],
including plastid gene transcription, RNA-editing, translation, protein
import and indirectly TPB [ 34-145],

GUN1T protein level is very Low in most plant developmental stages,
sinee Clp protease rapidly degrades the protein after entering the chlo-
roplast (571, Only during the early stages of chloroplast biogenesis or
under stress conditions that perturb plastid protein bomeostasis, such as
lincomyrin (Lin) treatment, GUN] ascenmulates to detectable levels [33,
37]. When chlmuplazr ps:atun synrl'uzslx Bll!hlbﬂ'&d by Lin, Clp-protease
fails to 1 amount of GUN] protein in
the chloroplast [311. It has been recently proposed that GUN1 functions
as a hub by interacting with seveml protein partners and promoting
func(:on by bnnsmg enzymes in proxmury with their substrate, or the

il by specific interactors [35,

PP P 1
349].

Although a g 2 number of evid leslines, on one side, the
pivatal role of ROS and redox changes and, on the other side, the GUN1
protein in retrograde signaling to our knowledge very few data are
present in the liternture on the interplay between GUNL and redox
regulation during biogenic retrograde signaling.

Considering these premises, we aimed to study the potential
involvement of GUN1 in the conmol ofredox mmdanm occuTing upon

i of GUN1-d lent 1 ling. To achieve this
goal, we i igated redox F in is wild type (Col-0)
and gun] mutant seedlings grown both in presence and absence of Lin. In
particular, the levels of ROS, the main oxidative mockers, as well anti-
oxidant metabolites and the major ROS removal enzymes were
analyzed. Redox dmnges observed batween Col-0 and gun] seedlings in

to li yein have provided valuable insights into
the role of ROS and redox changes in the biogenie rrograde
communication,

2. Materials and methods
2.1, Plant materials and growth conditions

The Arabidopsis (Arabidopsis thaliana, genetic background Col-0)
gurt]-102 T-DNA insertion mutant wos previously deseribed in Tadini

seedlings were vacuum infiltrated (70-100 mbar) for 5
min with 100 mM phosphate buffer pH 7.4 0.1% 3 3'din-
minobenzidine (DAB) {w/v). The seedlings were incubnted under vac-
uum in the dark for 5-6 h wuntil brown precipimtes were observed.
Successively, stnined seedlings were bleached by a series of wash with
95% ethanol ot 45 “C. The staining intensity wos quantified on digiml
images by Image) software (hltps;’f:magﬂmh.gw/l}f) as reported in
[40]. The relative Oy and H0; levels wer ined as percentage of
NBT- and DAB-stained area of cotyledons, respectively.

The level of lipid peroxidation was evalunted in terms of mnlon-
dintdehyde (MDA) content determined by the TBA renction as deseribed
by Paradiso et al. [41]. The amount of MDA-TBA complex was caleu-
lated using an extinction coefficient of 155 mM ' em .

Protein idati was  spectroph ically o d by
measuring the content of :m'bonyi-graups reacting with dini
tophenylhydrazine (DNPH), ling to Romero Puertds et al [42].
Carbonyl content was caleulared using an extincrion coefficient of 22
mM " em™!

For the identification of sulfhydiyl groups, proteins were lobelled
with monobromobimane (mBBr) and separated by sodium dodecyl
sulfate (SDS)- Polynerylamide Gel ﬂeﬂmphmm IZPAGB] according to
De Gam et al. (2003) [43]. Quantitati lyses of the
mnin bands in the gels were performed using Quantity One ™ software
(Biorad).

23 Analysis of ic and i antioid:
For the determination of i ioxid: bidopsi
seedlings were I ized with four vel of cold 5% (w/v) meta-

phosphoric acid in hqu)d itrogen. The | 5 were

ar 20,000 g for 15 min ar 4 “C. Supematants were used to determine
contents and redox states of ASC and GSH according to de Pinto et al.
[24].

For the determination of joxid seedlings were
ground in liquid nitrogen and hnnmgemzed at 4 °Cina 1:8 (w/v) mtio
with the extraction buffer (50 mM Tris-HCl pH 7.5, 0.05% cysteine,
0.1% bovine serum albumin, 1 mM phenvimethanesulfonylfluoride-
PMSF). For the determination of APX activity, 1 mM ASC was added
to the extraction buffer. Homogenates were centrifuged ot 20,000 g for
15 min, and the supematants were used for spectrophotometric and
electrophoretic annlyses. Protein concentmtion was determined ac-
cording to Bradford [25], using bovine serum albumin as a standard.

Superoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT.
1.11.1.6) activities were sp ometrically i g o
Paradiso et al. [451.

Native PAGE of CAT and SOD were performed according to Villani
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et al. [47]. After the electrophoretic run, for CAT detenmination, gels
wete incubated for 15 min in 5 mM HaOa. The gels were washed with
distilled water and stained with 1% ferrichloride and 1% ferrieynnide
solution. CAT isoforms appeared as achromatic bands on a dark-blue
background. For 50D, gels were incubated in 36 mM sodium phos-
phate buffer (pH 7.8), containing 28 pM riboflavin and 28 mM
N'-Tetramethyl ethylenediamine for 25 min at room remperarnure. The
gels were washed with distilled woter and incubated in the dads for 30
min with a gentle shaker in 36 mM sodium phosphate buffer (pH 7.8),
containing 2mM NBT. After illumination under cool fluorescent light for
15 min, the solution was replaced with 36 mM sedium phosphate buffer
(pH 7.8) until achromutic bands on a grey background appeared.

Ascorbate peroxidase (APX, EC 1.11.1.11), dehydroascorbate
reductse (DHAR, EC: 1.85.1), monedehydroascorbate reductase
(MDHAR, EC: 1.6.5.4) and glutathione reductnse (GR, EC 1.6.4.2) ac-
tivities were determined according to de Pinto et al. [45],

Amtvny of clnss 111 peroxidases (POD, EC: 1.11.1.7) was measured
following the oxidation of 3,3',5,5"tet hylbenzidine (TMB) at 652
nm. The reaction buffer contained 50 mb sadium acetate biffer (pH
5.0), 0.1 mM H30;. and 0.2 mM TMB. The activity was caleulated using
an extinction coefficient of 26.9 mM" em

Glutathione peroxidase (GPX, EC: 1.11.1.9) sctivity was d inedl
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3. Results

2.1 ROS accumulation and oxidative markers differed in wild type and
guni seedlings both in presence and absence of Lin

Six-day-old wild type (Col-0) and gun] Arabidopsis seedlings grown
in the absence of Lin (control conditions, - Lin} did not show any visible
phenotypic difference (Fig. 1A). However, under control conditions, the
levels of 0. , visualized by NBT-stining, were significantly higher in the
cotyledons of gun1 seedlings than in Col-0 (Fig. 1B). On the other hand,
H0; levels, visualized by DAB-staining, did not differ b the two
genotypes grown under optimal control condi (Fig. 1C). In
of 550 puM Lin, when the proplastid-to-chloroplast transition is
completely suppressed (Fig. 1A), O, levels did not change in wild pe
seedlings but were significantly reduced, Le. under the limit of detec
tion, in gunl cotyledons (Fig. 1B}, Conversely, Lin trentment caused a
wvery specific increase in the aceumulation of H20: only in wild type
seedlings (Fig. 1C)

Furthesmore, under control eonditions, the level of lipid peroxida-
tion was higher in gunl with respect towild type seedlings. Interestingly,
the Lin treamment did not change lipid peroxidation in Col-0, while the
Samme lowered the level of this oxidative marker in gunl

llowing the NADPH oxidation at 340 nm in a 1 mlL reaction mixture
composed of 0.1 M Tris-HCI buffer (pH 8.0), 1 mM GSH, 0.2 mM
NADPH, 3 U GR and 50 uM HaOs. The activity was caleulated using an
extinction coefficient of 6.2 mM' cm

2.4. Western Blot of 0D, CAT and APX

Total proteins were extracted from sesdlings with 10% (w/v) TCA in
# 1:10 (w/v) tatio, The homogenates were centrifuged at 20,000 g for
15 min. Pellets were washed with 1 mL of acetone and resuspended in
100 mM Tris-HCI (pH 7.5}, 1 mM EDTA, 2% (w/v) SDS, 1 mM PMSF.
Proteins were separated by SDS PAGE and then mansferred on a poly-
vinylidene Quoride membrune, as described by Nigro et al. (491, Filters
were then incubated with the following specific antibodies: L-ascorbate
peroxidase primary polyelonal antibody (Agrisera Vannas, Sweden),
which recognizes thylakoidal, stromal and evtosolic isoforms; Camlase
(peroxisomal marker) primary polyclonal antibody (Agrisera Vannas,
Sweden); Fe-SOD primary polyclonal antibody (Agrisera Vannis, Swe-
den). The secondary antibody used was horseradish peroxidase (HRP)-
mujmr.: Anti- mbbu lgG EPmmegl Madison, W, USA). Filters were
d by ence using the Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientifie, Cleveland, OH,
LISA).

2.5 Differentiol expression analyses

Differential expression datn have been retrieved from published
on Gene E ion Repository (GEQ; himps:/www.nehi.nlm

niligov/geos; GEO accession GSEST70) (29] and analyzed using

GEO2R online tool (https: /www.nchi nlmunih. gov/ geo/geoin).

]

2.6 Statistical analysis

The data were expressed as the menns of five different experiments
+ standard error (SE). One-way analysis of variance (ANOVA) followed
by a post-hoe Tukey's comparison rest was used to ealeulare the differ-
ence between genotypes and treatments. Differences were mdemd
statistically significant at a p-value < 0.05. All the i

seedlings (Fig 2A). With respect to protein oxidation, the levels of
protein carbonyl groups did not show differences between the two ge-
notypes grown wsder control conditions, while a marked inerease
occurted in Gol-0 seedlings treated with Lin (Fig 2B). Sulthydiyl groups
of proteins, labelled with mBBr and separated by SDSPAGE, were
slightly higher in gun] with respect to wild type seedlings grown under
control conditions. Treatment with Lin cavsed n morked oxidstion of
protein sulthydiyl groups in both genotypes, although more evident in
wild type seedlings (Fig 2C).

3.2 Behavior of ROS scavenging enzymes in wild type and gun seedlings

To clarify the different Oy levels found in the two genotypes the
netivity of SOD was investignted. Under control conditions, total SOD
activity in gun] was significantly lower than in wild type seedlings.
Maoreover, Lin treatment did not affect the activity of this enzyme in Col-
0, while indueed n significant incresse in gunl seedlings (Fig. 4A)
Changes in SOD oactivity were confirmed by Native PAGE analysis
(Fig 3B), where the SOD isoenzyme activity was lower in gun] than in
wild rype seedlings under control conditions, while both Mn/Fe-50D
and Cw/Zn-S0D activides markedly inerensed in gunl seedlings
treated with Lin. A similar behavior could be observed by monitoring the
changes in the nmount of Fe-80D protein by immunoblot and densito-
metric analysis (Fig. 3C).

To explain the different H;0, lation in the two genotypes the
behavior of the two directly involved in the | of this
ROS, namely CAT and APX, was investignted (Figs. 4. 5). In control
conditions, CAT activity did not differ significantly among the two ge-
notypes (Col-0 and guni), as shown by spectrophorometric analysis and
Native PAGE. On the contrary, the presenee of Lin in the growth medium
induced a significant reduction of CAT nctivity only in Col-0 seedlings
(Figs. 4A, 4B). Interestingly, the protein level of CAT2, analyzed by
westemn blotting, was much higher in guni seedlings under bath control
and Lin treatment conditions (Fig. 4C).

Regarding APX enzymie, its activity was lower in gunl seedlings
under control conditions; however, the pressnce of Lin determined a
reduction of the enzyme aetivity in Col-0 and an enhancement in gunl

were performed by Minitab software (Minitab Ine., State College, Pﬁ
UsA).

(Fig. 5A). Western blotting showed that the various APX iso-
enzymes behaved differently. Indead, Lin inhibited the accumulation of
thylakoidal APX in both the genotypes, as thylakoid formation itself is
inhibired, and caused a dear increase in the eytosolic isoenzymes only in
gun] seedlings, especially upon Lin treatment (Fig. 5B, C).

The expression analysis of genes coding for different isoforms of
SO0, CAT and APX, taken from published micronrmy experiments s in
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Col-0 eunl
550 uM Lin - Lin 550 uM Lin

C 034:113
.
Fig. 1. A Eati ide anion (03 ) and hyd ¥ ide (Ha04) in Amabidopsi W\H*}’P’(Q’lﬂ]mlzﬂn!wedhm.yminﬂwabmuurwwm
of 550 uM i-mumyt:m (Lml Erpnsulnuv: images of (A) phenatypes, (B) O } 1 by [NBT). ng and (C) Ha0y

1 by i benzidine [DAB)-staming. The experiments of Ou and Ha0; detection were repeated thiee tines showing l:wuduclhl: resulis. In
{B) and (C) the percentage avea & standard ervors of 60 cotyledons (20 for each experiment) stained with NBT and DAB, respectively, is reported insde the images.
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Fig. 2. Dui.mvz markers m&rahulnp-- ml-! twe (Cal-0) and gun] sesdlings aftes six days of growth in the absence (control) or presence of lincamyein (Lin). (A)
Lipid idd 1 as it and (B) protein oxidation measured 2 total protein cathony] groups. The values are the means & standard
erron of five independent experiments, Diffesent letters indicate significant differences obtained by one-way ANOVA test [P - 0.05). (C) Representative image from
three independent experiments of the levels of sulfhydnd protein groups. Proteing were labelled with ' i [mBBr) and 1 by sadium dodecyl
sulphate-polvacrylamide gel electophovesis, Each well was loaded with 100 pg of proteins. To control for loading, gel was stained with Coomassie Brilliant Blue
{CBB); quantification of signals (by Quantity One) relative to Col-0 without Lin (100%) is provided above the panel
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Fig. 3. Soperoxide dismutase (SOD) behaviour in wild type (Col0) and miml seedlings after six days of growth in the absence (control) or presence of lincomycin
{Lin}. (A} Total SOD activity of Arabidopsis seedlings {Col-0 and @ml}, grown in the absence or presence of Lin. The values are the means + standard errors of five
inlependent experiments. Different letters indicate significant differences obtained by one-way ANOVA test (P < 0.05), (B) Representative image from three in-
dependent experiments of Native Polvacrylamide Gel Electropharesis of S0D. Each well was Joaded with 150 jig of proteins. To control for leading, gel was stained
with Coomassie Brilliant Blue (CBB). (C) Representative image from three independ i of Fe-50D & bl otting; each well was Joaded with 30 pg of
proteins. Rebl band, stained with Coomassie Brilliant Blue (CBB), was used as a loading control between genotypes. The decrease in RebL in the "Lin” lanes confimed

the action of the teatment. Quantification of signals (by lmaged) velative to the Col-0 without Lin (1009] is povided below the panel.

Koussevitzky, et al (2007) [29], showed that genes encoding the
plastid-located FSD1, €SD2, tAPX and APX4, as well the gene coding for
CAT2, were downregulated by Lin in Col-0 plants. On the other hand,
Lin wentment induced the expression of APX2, and CDS3 in gunl mu-
tants. Moreover, in Lin-treated plants many of the genes coding for the
different SOD (FSD1, FSD2, FSD3, CSD3) and APX (APX2, APX3, APX4,
APX6, TAFX) isoforms were upregulated in gund compared to Col-0
(T 51}

With respert to GPX, its activity did not differ significantly in the two
genotypes grown under control conditions., while it appeared to be
significantly higher in Lin-treated Gol-0 seedlings (Fiz. 6A). J..i.n treat-
ment in Col-0 ilings caused a rep of genes g the
rhimcplnstu GPJLs I!IJ.II!F]\-' GPX1 and GPX7, and an induction ofGPX:%
and GPXB (Tuble 5 ]

hmuLmly, PDD activities did not change in the two genotypes under
control conditions and incrensed only in wild type seedlings grown in
presence of Lin (Fig. 6B).

g g K} ]

3.3 Hydrog { and were more oxidized only in
wild type seedlings grown in presence of Lin

The different redox environment of wild type and gunl mutants
grown in presence of Lin was confirmed through the analyses of the two
major hydrophilic antioxidants, ASC and GSH (Fiz. 7). Under conmol
conditions, total contents, and redox state of the two antioxidants did
not vary significantly between Col-0 and gun . However, Lin wiggered a
reduction in total ascorbate content in both the genotypes, although this

decrease was significantly greater in Col-0 than in gun] seedlings
(Fig. 7A). On the other hand, total glutathione levels were lowered anly
in Col-0 grown in presence of Lin (Fig. 7C), Furthermore, the presence of
Lin affected the oxidation of both antioxidants only in wild type seed-
lings (Figs. 7B, 7C)L

Toclarify the different redox state of ascorbate and glutathione in the
two genotypes, the netivity of the enzymes involved in the reduction of
the oxidized forns of the two metabolites was determined. The activities
of the three enzymes, namely MDHAR. DHAR and GR did not show
significant differences between the two genotypes grown umder control
conditions (Fig. #). Lin treatment wos responsible, instead, for the in-
crease in the activities of MDHAR and GRin gun] seedlings (Fig. #A and
). On the contiary, Lin led to an induction of DHAR activity only in Col-
0 seedlings (Fig 6B).

4. Diseussion

GUN1-dependent signaling has been proposed as one of the main
retrograde signaling pathways active during plastid biogenesis, Our
results indicate that during the GUN1-dependent biogenic retrograde
communication Oy and HO0; might contribute differently to the

hloron

" leus ref 1

o g ion

Under optimal physiologieal conditions, except for a small percent-
nge of ehlorophyll-deficient variegated cotyledons (50, gunl mutants
are mostly phenotypically indistinguishable from wild wpe (Fig. 1A)
However, gun] mutents, grown in contol conditions, aceumulate a
higher 0y amount and o greater level of lipid peroxidation than Col-0
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Fig. 4, Catalase (CAT) behaviour in response to lineomyein (Lin) in wild type (Col-0) and gun1 seadlings. (A) Total CAT activity of Arabidopsis seedlings (Col-0 and
gunt), grown in the absence [control) or presence of Lin, The values are the means + standase] ervors of five independent experiments. Different letters indicate
significant differences obtoined by one-way ANOVA test (P < 0.05). (B) Representative imnge from three independent experiments of Native palyaery smide gel
electrophoresis of CAT. Each well was loaded with 50 pg of proteins. To control fn Toading, gel was stained with Coomasie Brilliant Blue (CBB). (C) Representative
image of western blotting of CAT2. Each well was leaded with 10 pg of proteins; Rebl band, stained with Coomassie Brilliant Blue [CBB), was used as a loading
econtrol between genotypes. The decreme in BebL in the “Lin® lanes confirmed the action of the treatment. Quantification of signals (by ImageJ) relative o the Col-
0 without Lin {100%) is provided below the panel
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Fig. 5. Ascorbote peroxidose (APX) in wild type (Col-0) and gun? seedlings after six dove of growth in the absence {control ) or presence of lincomyein (Lin). (A) Total
APX activity of Arabidopals seedlings (Col-0 and gunl), grown in presence or absence of Lin. The values are the means © standand ecrors of five independent ex-
petiments. Different letters indicate slgnificant differences obtainel by ane-way ANOVA test (P = 0.05). (B) Representative image of westein blotting of CAT2; each
well was Isaded with 10 pg of proteins. Rebl band, stained with Cosmassie Brillinnt Blue (CBE), was used s a landing control benween genotypes. The decrease in
Rebl in the "Lin® lines confirmed the action of the meamment tAPX, sAPX and ¢APX are thylacaidal, stromal and eyresslic APX, respectively. (C) Quantifieation of
tAPX, sAPX and cAPY immunoblat signals (by ImageJ) relative to Col-0 without Lin (100%).
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Fig. 6. Lincomycin increases slutathione peroxid
POD activity of Armbidopsi:

[GPX) and class 111 peroxidases (POD) activities onl
seedlings (Col-0 and gunl), grown in the absence (control) or presence of lincomycin. The values are the means +
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inlependent experiments, Different letters indicate sisnificant differences obtained by one-way ANOVA test (P < 0.05).
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seedlings (Figs. 1B, 2A). 07 acc | in gun] mwmnts moy compared with Col-0 plants [50,57], could be related to the

contribute to cellular injuries oxidizing the iron-sulfur centers of pro-
teins; moreover, Oy con lead to the formation of hydroxyl radicals,
which promptly react with lipids, causing perexidation [51.52]. The
accumulation of Oy in gun] oecurs in parallel with a significant dedine
in the activities of SOD and APX, two main players of ROS removal
{Figs 5). SOD, eatnlyzing the dismutation of Oy to HyO,, represents
the primary line of resistance ngninst ROS [53]. [n different plant spe-
cies, high activities of SOD contribute to improve resistance to high light
intensities [54,55]. Moreover, in Ambidopsis chloroplastic APX has
been shown to play a significant role for photoprotection [55,561. Thus,
the more sensitive phenotype to photo-oxidative stress observed in gun]

high Oy accumulation and the low activity of SOD and APX (Figs. 1, 3
1), suggesting that gmi plastids are more incined to suffer
ROS-mediated damage. Accordingly, the modest percentage of gun?
cotyledons that fail the greening process [50] could be related to the
photo-protective  functions provided by GUN1 during chloroplast
biogenesis. Our data support the idea that GUN] optimizes chloroplast
biogenesis minimizing the quences of fnilures in developing chlo-
roplasts, mainly preventing, or at least reducing, photo-oxidative dam-
age [* 1. The higher 0y level in gun] control conditions could also
explain the enhanced sensitivity to low concentrations of Lin and nor-
Aurazon,when plastid functions are only mild impaired [59.¢

124



& Fartumato etal.

A B
E‘ - e
n D Linoorrysn - n
- - g T
O x _ﬂ
g =
Em g
= .
E -
3 E
. E
g £
z (=]
g
i
E £
x [ 4
2 i
g (]

& ef\

Fig. 8. Effects of lmcomyrin on sscorbate-glitathione recyeling enzymes of Col-0 and gl A

(B} dehydroascorbate reductose (DHAR) and (C) ghitathi 1 (GR) of
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psis sesdlings, (A) Mono:d bate red (MDHAR),
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lincomycin, The values are the means + standand ervors of five independent experiments. Different betters indicate significant differences obtained by oneway

ANOVA test (P 0.05).

The block of translation in the chloroplast of wild type Amabidopsis
seedlings by 550 uM Lin suppresses chloroplast development and im-
pacts retrograde signaling, causing a strong downregulation of PhANGs
(11, Our results show that Lin treatment of Arabidopsis Col-0 seedlings
causes an incrense in the level of H0; (Fiz 1€). Due to its quite long

required for the PGE-depends of ASC bi }

indeed, Lin morkedly decrenses the Irnnscnpt levels of many genes
involved in ASC bicsynthesis in the wild-type plants but does not
significantly affect the expression of these genes in the gun! mutants
I A lowered ASC synthesis and therefore o lowered ROS buffering

apaci m Lin-treated seedlings might be part of the cause for the

half-life, its capability to move across the plasma k and to
oxidize proteins, among ROS, H,0, is considered the crurinl signali
molecule | Hence, HoOy can trgger retrograde ling from

. It is interesting to point out that eellular ASC
l is may affect NGE, particularly the expression of defense

chloroplasts to the nucleus reprogramming NGE [63,64], Intracellular
H20a levels can influence cellular redox regulation lemding to the
oxidation of protein thiols [65]. By using 10GFPZ an in vive reporter of
redox changes, it has been shown that the treatment of Ambidopsis
plants with Lin increases the oxidation of cytosol and nuclei, suggesting
thar this exidation can work as a redox signal that permits eommuni-
cation between chloroplasts and the nucleus [25]. Gonsistently, our re-
sults indicate that high H.0; levels in Ambidopsis Lin-treated Col-0
seedlings nourJ.uLe wuh a higher protein cxidation, measured as in-
crease in carl ins as well as ion of protein sulfhydryl
groups (Fig. 5B, C) The effect of Lin in increasing the oxidation of
cellular environment of wild type seedlings has been confirmed by the
decrense of redox sate of the two major hydrophilic antioxidants, ASC
and GSH (Fig. 7B, D), Crosstalk between redox pools of different cellular
compartments, possibly transferved by n redox shift in cellular mmpo
nents, hns also been considered eritical for controlling NGE [66,6°
Thus, our results indicate that the FaOs-dependent oxidation of cellular
environment caused by Lin treatment could act as a redox signaling
communicating to the oucleus the impairment of chloroplast
development.

It has been previously proposed thar plastid redox state and GUN1-
dependent signaling ean be interconnected [32.64]. Our data show
that eontrary to what happens in wild rype plonts, gun ] mumnts grown
in of Lin donot late HaO and do not have an oxidized
cellular environment, as shown by the unchanged levels of oxidized
proteins and the maintepance of redox state of ASC and GSH pools
(Figs. 1C, 7B, G, 7B, D). The preservation of the reduced forms of ASC
and GSH in Lin-trented gunl mmutants is justified by the inerease in the
activities of MDAR and GR (Fig 8). Thus, the redox-dependent
communication from plastids to nucleus occurting in wild type seed-
lings fails in guni mutants, The data emphasize the idea of an involve-
ment of GUNL in the control of the HzOx-dependent redox changes
oeeurring during hiogenic retrogimde signaling.

Consistently, also the decrease in the content of GSH and ASC
oecurring in Lin-weated Col-0 seedlings is GUN1-dependent (Fig. 7). Our
data are in accordmee with litemture dotn showing that GUN1 is

genes [69,70].

In wild type plants, Lin also induvces a decrease in the activities of
CAT and APX, which may contribute to the overaccumulation of HyO2
[ 1, 5). Western blotting analysis (Figs. 5B, 5C), as well tmn-
scriptomic data (Table 51), highlight that the decrease in APX activity is
particularly due o the thylnkoidal isoform. R hably, it has been
shown that when the expression of tAPX was silenced in leaves, levels of
oxidized protein in chloroplasts increased in the absence of stress (121
Moseover, in Lin-treated Gui—ﬂ seedlings, also the dn]moplu.sut GPX,
namely GPX] and GPX7, are & gulated (Table 51), d ga
severe impairment of the chlorplastic HyOy-removal enzymes. On t]le
other hand, the non-chlorcplastic GPX3 and GPXS increase, explaining
the higher GPX activity (Fig. 6A) and suggesting their invelvement in
maintaining the thicl/disulfide balance [20]. Finally, the increase in
POD activity observed in Lin-treated Col-0 plants (g 6B) highlight the
different bel of clnss 11 idnses, which are closely connected
with ROS dynamies, working in both H20z detoxification and produe
tion, mainly in the apoplast and vacuole [711. The rise in POD acn\qr}'
may indicate a contribution of these to HaOy nec I
caused by Lin. In Lin-treated Col-0 seedlings, the differential responses
of CAT and APX on one side and POD on the other indicate that
perturbation  of  chloroplast  development  wiggers  specific
GUN1-dependent redox ing and si pathwnys,

The behavior of gun] mutants grown in presence of Lin is very
different from that of wild type plants, which show a significant increase
in SOD, CAT end cytosolic APX (FL ). It has been recenty reported
that in Lin-trented gun] mutants, an altered chloroplast protein import
couses an overaceumulation of unimported precursor with a subsequent
cytusalic proteotoxic stress [33,59], Thus, it is plausible to assume that
the increase in the ROS removal enzymes, ubsen'ed in gunl mutants,
mny represent an indirect to the s stress,
resembling what oeouts in response to heat stress [

1. The increase in
50D activity can explain the decrease in 0y accumulation observed in
the gunl mutants after the Lin treatment. Moreover, in Lin-treated gunl
mutants, the induction of APX2 and the failure in CAT2 downregulation
(Tahle 51), followed by the incrense in the nctivity of both the enzymes
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(Figs. 4, 5), significantly contribute to the maintenanee of low Hy04
levels, inhibiting the oxidative signaling to the nueleus.

5. Conclusions

This sudy revealed that during the GUNI-depencent t

PlantScience 330 (2022F 111265

the plasticfial puetsbolise MECPR regulutes expresbug of nuclear syes.sesponse
genes, Call 149 (2012) 15251595,

[10] G.M. Estayilio, P.A. Crisp, W. Pemalciwony, M, Winz, D. Collinge, C. Canie,
E Giraud, J, Whelmn, P, David, H. Javot, G Gresley, B Hell, E Masis, B, Pugeon.
Evidence fce o SALL-PAP chlorophet retcegzade pathway that functions in diought
=l high Hght ol gualing fn Arlddopeis. Plant Cell 23 (2011) 3992 4012,

(g : Bolmadel, N. Jaspest, M, Asil, B, Musiles-Roebes, V0. Mausine, Expresion of

retrogmde signaling 0, aniH,D,mlghlphyudlﬂu!lﬂmh Dunng
dehwummwdawﬂyhymubpmlmm
GUN1 nppears toinfl he O lation, through the regulati
of SOD and APX enzyme activities, Dla}'inslraislnmmhlglheu—
ganelles from petentinl oxidative damage. On the other hand, in
to Lin GUNI diates the f ion of an Hz0z-

a redox signal
mmcahngh:ﬂnnudeusﬂ:epu‘hnbahnnnfdﬂuqﬂnstﬂwdqz
ment [25].

Further investigation will be aimed at understanding whether the
oxidation of the cellular environment is a common event when PGE is
altered and to explore the mole cular mechanisms through which GUNT
mediates cellutar oxidation.
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Abstract: During a plant's life cycle, plastids undergo several modifications, from undifferentiated
pro-plastids to either photosynthetically-active chloroplasts, ezioplasts, chromoplasts or storage
organelles, such as amyloplasts, elaioplasts and proteinoplasts. Plastid proteome rearrangements
and protein homeostasis, together with intracellular communication pathways, are key factors for
correct plastid differentiation and functioning. When plastid development is affected, aberrant
organelles are degraded and recycled in a process that involves plastid protein ubiquitination. In this
study, we have analysed the Arabidopsis gun1-102 fish5-3 double mutant, lacking both the plastid-
located protein GUN1 (Genomes Uncoupled 1), involved in plastid-to-nucleus communication, and
the chloroplast-located FTSHS (Filamentous temperature-sensitive H5), a metalloprotease with a
role in photosystem repair and chloroplast biogenesis. gun1-102 fish5-3 seedlings show variegated
cotyledons and true leaves that we attempted to suppress by introgressing second-site mutations
in genes involved in: (i) plastid translation, (ii) plastid folding,/ import and (iii) cytosolic protein
ubiquitination. Different phenotypic effects, ranging from seedling-lethality to partial or complete
suppression of the variegated phenotype, were observed in the corresponding triple . Cur
findings indicate that Plant U-Box 4 (PUB4) E3 ubiquitin ligase plays a major role in the target
degradation of damaged chloroplasts and is the main contributor to the variegated phenotype
observed in gunl-102 ftsh5-3 seedlings.

Keywords: chloroplast; ubiquitination; variegated phenotype; protein homeostasis

1. Introduction

Albinotic and variegated mutants have been widely used to investigate chloroplast
biogenesis and the communication pathways between the nuclear-cytosolic compartment
and chloroplasts [1-3]. Among these, Arabidopsis fishs (varl) and fish2 (varl) mutants,
devoid of two subunits of the thylakoid transmembrane metalloprotease complex FTSH
(Filamentation Temperature Sensitive protein H), responsible for photosystem 11 (PSIT)
biogenesis and repair, and characterized by a leaf variegated phenotype, contributed
greatly in revealing the strict link between chloroplast protein homeostasis and proper
chloroplast biogenesis [4-5]. Transmission electron microscopy analyses of ftsh2 and ftsh5
leaves revealed, indeed, correctly-shaped chloroplasts in the green sectors, while the white
sectors showed miss-shaped plastids with highly vacuolated organelle structures [5,9].
Furthermore, second-site SUPPressor screens aimed to idenlif'y mutations able to suppress
the fish leaf variegated phenotype, so-called Suppressors of Variegation (SVR), allowed the
identification of several nuclear genes encoding plastid-located proteins mostly involved in
rENA maturation, translation, protein folding and protein degradation [3,10-14]. Overall,
these findings indicated that the differentiation of functional chloroplasts requires an
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optimal balance between the rate of plastid protein synthesis and the activity of the plastid
protein quality control machinery [15].

Recently, the variegated phenotype was also observed in cotyledons of fish? and fIsh5
seedlings upon introgression of the gunl knock-out mutation (for further details see Tadini
etal. [16]). GUN1 is a chloroplast-localized pentatricopeptide repeat (PPR) protein required
during the early stages of chloroplast biogenesis and upon alterations of plastid gene
expression and chloroplast protein homeostasis [16-21]. In particular, gunl fish2 cotyledons
are characterized by the presence of highly vacuolated plastids, without any traces of
thylakoid membranes, while gun1 ftshi cotyledons show a less severe albino-variegated
phenotype and possess cells with either functional chloroplasts or plastids with budding
vesicles, an evidence of the ongoing plastid degradation process [16].

Recent studies have highlighted that the ubiquitin-dependent modification of proteins
located on the chloroplast outer membrane is a pivotal event, at the basis of chloroplast
adaptation to stress conditions, involving either targeted protein removal through the
ubiquitin-proteasome system, or selective, whole-chloroplast degradation, based on the
severity of the chloroplast damages [22-24]. Suppressor of PT11 locusl (SP1} and Plant
U-Box 4 (PUB4) are the two main E3 ubiquitin ligases reported to be invalved in chloroplast
ubiquitination, so far [22,24,25]. SP1 is embedded in the outer envelope of the chloroplast
and, by ubiquitination of Translocon of Outer membrane of Chlorplast (TOC) components,
confers the ability to isolate the chloroplasts from the bulk of plastid precursor proteins
in the cytoplasm, thus modulating the quantity and the quality of the imported pre-
proteins [22,23,26]. On the other hand, PUB4 is soluble in the cytoplasm and acts on still
unidentified proteins located on the chloroplast outer envelope, serving to target damaged
chloroplasts for degradation in response to ROS stress. This would provide a chloroplast
quality control mechanism to reduce the risk of further ROS accumulation [24,27].

In this work we attempted to suppress the variegated phenotype of gun1-102 ftshs-3
cotyledons through the introgression of additional mutations in nuclear genes, encoding
proteins with roles in: (i) plastid translation, (ii) plastid folding/import and (iii) cytoso-
lic protein ubiguitination. We demonstrated that the introgression of pubd-7 mutation
into the gunl-102 ftsh5-3 genetic background suppresses the variegated phenotype of
gunl-102 ftsh5-3 cotyledons. In particular, the degenerating gun1-102 ftsh5-3 plastids are
replaced by functional chloroplasts in guni-102 ftsh5-3 pubd-7 cotyledons, indicating that
the PUB4-dependendent chloroplast quality control mechanism is active in gun1-102 fish5-3
cotyledons and is at the basis of the variegated phenotype.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana, genetic background Col-0) wild-type and mutant
seeds were grown on soil in a climate chamber under long-day conditions (16 h at 100 umol
photons m~? 5! light and 8 h dark, at 22 °C temperature). Genetic loci and T-DNA
flanking regions of insertional mutant lines used in this work are described in Figure 51.
Primer sequences for genotype determination are listed in Table 51. Multiple mutants were
generated by manual crossing and identified by PCR-based segregation analyses of F2
populations, with the only exception being the gun1-102 ftsh5-3 pubd-7 mutant, where the
pub4-7 mutant allele was generated using the CRISPR-Cas9 genome editing strategy. In
particular, the gunl-102 ftsh5-3 pubd-7 triple mutant was generated by targeting the fourth
exon of the PLIB4 locus in the gunl-102 fish5-3 mutant background using the pHEE401E
vector described by Xing et al. [28]. Mutant plants carrying the mutation of interest and
deveid of the Cas9 endonuclease were selected in the T3 generation. Primer sequences
used for guide RNA design are listed in Table 51. Cotyledon and leaf area were determined
by the Image] software (hitp: / /imagej.nih gov /if /index. himl, accessed on 15 August 2021).
The Variegation Index (V.1.) was calculated as the ratio of green area over the total area of
the organ.
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2.2 Chiorophyll Fluorescence Measurements and Chlorophyll Quantification

The imaging Chl fluorometer (Walz Imaging PAM; https:// walz.com/, accessed on
15 August 2021) was used to measure in vivo Chl a fluorescence. Six plants of each genotype
were analyzed at 6 and 12 days after sowing (DAS) and average values plus-minus standard
deviations were calculated. Dark-adapted plants were exposed to blue measuring beam
{intensity 4) and a saturating light flash (intensity 4) to obtain the maximum quantum yield
of PSIL, Fo/ Far. A 5-min exposure to actinic light (36 pmol photons m 251 ) allowed for the
calculation of the effective quantum yield of PSIL, Yy. For Chl quantification, 100 mg (fresh
weight) of 6 DAS seedlings were ground in liquid nitrogen and extracted in 90% acetone.
Chlorophyll (Chl) a and b concentrations were measured according to Porra et al. [29].
Measurements were performed in triplicate.

2.3. Transnuission Electron Microscopy (TEM) Analyses

For TEM observations, tissue samples from fully expanded cotyledons of Col-0, fish5-3,
pubd-2 and guni-102 fish5-3 pubd-7 seedlings were prepared according to Tadini et al. [16].
In particular, 6 DAS seedlings were fixed in 3.3% (v/v) paraformaldehyde and 1.2% (v/v)
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 "C for 2 h and post-fixed in 1%
Os0y in the same buffer for 2 h. Samples were then dehydrated in an ethanol series and
embedded in Spurr’s resin. Ultrathin sections were stained with 2% uranyl acetate and
lead citrate and observed with a Jeol 100SX TEM (Jeol; https:/ /www jeol.co.jp/, accessed
on 15 August 2021} operating at 80 KV.

2.4, Quantitative Real-Time PCR (gRT-PCR) Analyses

Total RNA was isolated from 6 DAS Col-0 and mutant seedlings. For qRT-PCR
analyses, 1 ug of total RNA was treated with iScript™ gDNA Clear cDNA Synthesis Kit
{Bio-Rad; https:/ /wwwbio-rad.com/, accessed on 15 August 2021) for genomic DNA
digestion and first-strand ¢cDNA synthesis, qRT-PCR analyses were performed on a CEX9%
Real-Time system (Bio-Rad; https:/ /www.bio-rad com/, accessed on 15 August 2021)
using primer pairs listed in Table §1. PP2AA3 (AT1G13320) transcripts were used as
internal reference, as described [30]. Data obtained from three biological and three technical
replicates for each sample were analyzed with the Bio-Rad CFX Maestro 1.1 (v 4.1) (Bio-Rad;
https:/ /www.bio-rad.com/, accessed on 15 August 2021).

2.5, Protein Sample Preparation and Inmunoblol Analyses

For immunoblot analyses, cotyledons from 6 DAS seedlings were homogenized in
Laemmli sample buffer (200 [v/7] glycerol, 4% [w/v] SDS, 160 mM Tris-HCI pH 6.8, 108
[v/v] 2-mercaptoethanal) to a final concentration of 0.1 mg uL. 1 (fresh weight/Laemmli
sample buffer). Samples were incubated at 65 °C for 15 min and, after a centrifugation step
at 16,000 % g for 10 min, the supernatant was incubated at %5 °C for 5 min. Protein extracts
corresponding to 4 mg (fresh-weight) seedlings were loaded onto SDS-PAGE (10% [w/ 0]
acrylamide) gels and transferred to polyvinylidene-difluoride (PVDF) filters (0.20 wm pore
size). Replicate membranes were immuno-decorated with specific antibodies.

Intact chloroplasts were isolated from 100 mg (fresh weight) 6 DAS seedlings according
to Kunst [31], with a few changes. Samples were homogenized in 1 mL of 45 mM sorbitol,
20 mM Tricine-KOH pH 8.4, 10 mM EDTA, 10 mM NaHCO; and 0.1% (w/v) BSA fraction
V, supplemented with proteinase inhibitor cocktail (cOmplete™, COEDTAF-RO, Roche;
https:/ /www.roche.com/, accessed on 15 August 2021), and centrifuged for 7 min at
700 g. The supernatant was discarded, while the pellet was washed twice with 1 mL
of homogenization buffer. After a centrifugation step (7 min at 700 g), the pellet was
collected as the intact chloroplast fraction. The level of signals was quantified by the Image]
software (http:/ /imagejnib.gov /ij/index html, accessed on 15 August 2021).

Antibodies specific for LHCBS (AS01 009), VIPP1 (AS06 145), CLPB3 (AS09 439),
cpHSC70-1 (ASO8 348), CPN60 (AS12 2613), HSPI0-1 (AS08 346) and UBQ11 (ASO8 307A)
were obtained from Agrisera (hitps:/ /www.agrisera.com /, accessed on 15 August 2021).
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The HSC70-4 antibody was purchased from Antibodies-online (https:/ /www.antibodies-
online.com/, accessed on 15 August 2021).

2.6. Accession Numbers

The Arabidopsis Genome Initiative accession numbers for the genes mentioned in
this work can be found at TAIR (https:// www.arabidopsis.org/, accessed on 15 August
2021): GUIN1 (AT2G31400), FTSH5 (AT5G42270), FUGT (AT1G17220), PRPS21 (AT3G27160),
cpHSEC70-1 (AT4G24280), SP1 (ATIG63900), PLIB4 (AT2G23140), PP2AA3 (AT1G13320) and
HSFA2 (AT2G26150).

3. Results
3.1, The Cytosolic E3 Ubiquitin Ligase PUB4 Is Responsible for the Variegated Phenotype
Observed i Cotyledons and Leaves of gun-102 ftsh5-3 Seedlings

To dissect the molecular mechanisms responsible for the variegated phenotype ob-
served in gunl-102 fish5-3 cotyledons and true leaves, as a consequence of chloroplast
protein homeostasis perturbation ([16]; Figures 1a and 2a), we introgressed mutations in
genes involved in: (i} plastid translation, fug1-3 and prps21-1 [32,33]; (ii} plastid protein fold-
ing/import, cphsc70-1 [34,35]; (iii) cytosolic protein ubiquitination, spl-3 and pubd-7 [22,24]
(see Figure 51 and Table 1), with the aim of identifying Arabidopsis triple mutants able
to suppress the gunl-102 fish5-3 double mutant phenotype. The large majority of the
mutations investigated are caused by T-DNA insertions in the transcribed regions of the
genes of interest, resulting in knock-outalleles. The only exception is represented by figl-3
knock-down allele caused by a T-DNA insertion in the promoter region of At1g17220 locus
(see Figure 51). Moreover, since the PLIB4 and GUNT loci are located on adjacent regions
of chromosome 2, the PLIB4 gene was silenced in the gun1-102 fish5-3 genetic background
by using the CRISPR-Cas9 gene editing strategy. In particular, the pubd-7 allele is due
to a frameshift mutation caused by the insertion of a Thymine in the fourth exon of the
At2g23140 gene, in position +1804 from the transcription starting site (see Figure 51).

Table 1. List of mutant lines analysed in this study. Gene names, AGI accession numbers, subcellular localization of the
gene products, functions and references where mutant alleles have been described are included.

Subcellular

Gene Name  AGI Code Localization Allele Function

PPR protein involved in chloroplast-to-nucleus

GLIN1 At231400 chloroplast stroma gunl-102 [19] ication and mai e of plastid
protein homeostasis [16-15,20].
Transmembrane protease involved in thylakeid

FTSHS At5g42270  chloroplast thylakoids fahis-3[19] biogenesis and PSII maintenance by removal of
damaged D1 subunit [].

FUG1 Atgl7220  chloroplast stroma fugl-3[32] z‘;‘;‘;:“o:'f;?l' eseenthliine plistid peotein

. Structural component of the 305 plastid ribosome
: 21119
PRPS21 ABg27160 chloreplast stroma prps2i-1[19] subunit [36].
; Plastid chaperone involved in protein import and
70- sc70-1 [34 ; e
pHSC70-1 Atg24280 chloreplast stroma ephisc70-1 [34] folding processes [34],
E3 ubiquitin ligase involved in the regulation of
e plastid protein import and component of
sp1 Atlg63900 g;“].’;“;ﬁt:’:';:"_'et" spl-3[22 CHLORAD, i.e., ubiquitination and
P pe retro-translocation of outer membrane proteins

for pre dependent degradation [22],

PLIBE A2g23140 — pubd-2 |24] E3 ubiquitin ligase associated with the selective

pubd-7 [This work]  degradation of ROS-damaged chloroplasts [24].
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Bright field F./F,

Figure 1. Visible phenotypic characteristics and photosynthetic performance of Arabidopsis Col-0 and mutant seedlings at
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colyledon stage. (a) Visible phenotypes and maximum quantum yield of PSIL (Fy/ Fiy) of Col-0, gunl-102, fish5-3, gund-102
ftsh3-3, fugl-3, quni-102 ftsh5-3 fugl-3, prps21-1, guni-102 fish5-3 prps21-1, ephsef0-1, gunl-102 fish5-3 cphse70-1, spl-3,
gunl-102 fish3-3 spl-3, pubd-2, gunl-102 ftsh5-3 pubd-7 cotvledons at six days after sowing (DAS) grown on soil. Scale bar
corresponds to 1 mm. F; /F, parameter was measured through the IMAGING PAM Fluorimeter (Walz) and reported
both in false colour (black equals to 0, violet to 1) and as average = standard deviation of six independent measu.

N.D.: not detected. Asterisks indicate statistical significance with respect to Col-0) (white) or gun1-102 fish3-3 (red) as
evaluated by Student’s i-test and Welch correction (* pr< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ***** p < 0.00001; ns:
not significant). (b) Average Variegation Index (V.L.) calculated as ratio between the green area over the total area of the
cotyledon of Col-0 and mutant seedlings grown on soil at 6 DAS. Error bars indicate standard deviations of at least six
independent measurements. Asterisks indicate statistical significance with respect to Cold} (black) or gun1-102 ftsh3-3 (red)
as evaluated by Student’s t-test and Welch correction (* p < (L.05; ** p < 0.01; ** p < 0.001; ** p < 0.0001; ***** p < 0.00001; ns:
not significant). (c) Average area in mm? of single cotyledons of the indicated genotypes grown on soil at 6 DAS. Error

bars indicate standard deviations of at least six independent measurements, Asterisks indicate statistical significance with
respect to Col-0 (black) or gunl-102 fish5-3 (red) as evaluated by Student’s f-test and Welch correction (* p < 005, p < 0.01;
= p < 0.001; *** p < 0.0001; ***** p < 0.00001; ns: not significant).

The obtained triple mutants were analysed at 6 DAS (Figure 1) and 12 DAS (Figure 2)
to evaluate the Variegation Index (V.1; see also Materials and Methods) and the total
organ area in cotyledons and the first true leaves (Figures 1b,c and 2b.c). Furthermore,
the functionality of chloroplasts was also assessed by determining their photosynthetic
performance through the measurement of Fr/Fy, (Maximum quantum yield of PSIT) and Yy
(Effective quantum yield of PSIl) parameters (Figures 1a, 2a and 52a), (b). Strikingly, the
gunl-102 ftsh5-3 pubd-7 triple mutant was the only one showing a marked improvement of
all the considered parameters at 6 and 12 DAS.

The significant increase in V.1. in both cotyledons and leaves, as well as the higher
values of both F, /Fy, and Yy parameters, together with the increased total area of both
cotyledons and first true leaves (see Figures 1c and 2¢), indicated that the pubd-7 allele
in gun1-102 ftsh5-3 pubd-7 seedlings was the only second-site mutation able to suppress
the variegated phenotype of gunl-102 ftsh5-3 cotyledons and leaves. Indeed, gunl-102
fsh5-3 prps21-1 seedlings showed an even exacerbated phenotype in terms of V.I. and pho-
tosynthetic performance at the cotyledon stage, while the gun1-102 ftsh5-3 cphsc70-1 triple
mutant exhibited seedling lethality. In the latter case, the few seedlings able to germinate
showed reduced white cotyledons virtually devoid of chloroplasts, as their photosynthetic
parameters were undetectable. Only in the case of gun1-102 flsh5-3 sp1-3 and gunl-102
ftsh5-3 fugl-3 cotyledons was the non-additive effect observed in terms of variegation and
photosynthetic parameters, However, the total area of cotyledons slightly increased in
gml‘f—-ID?ﬂerS-}_fi.rgI—ﬁ. Conversely, introgression of sIJ‘I—S led to a small but significant
reduction in cotyledon size while, at 12 DAS, the first true leaves of guni-102 ftsh5-3 spil-3
plants were notably smaller than those of guni-102 ftsh5-3. Interestingly, gun1-102 fisha-3
prps21-1 and guni-102 ftsh5-3 fugl-3 true leaves showed a statistically significant increase in
VI in comparison with the leaves of gunl-102 fish5-3 double mutant, indicating that both
the plastid protein synthesis rate and cytosolic protein ubiquitination could contribute to
the onset of leaf variegation, upon perturbation of chloroplast protein homeostasis.

133



e 2021, 12, 1367 7of15

Bright field Fy i P

Variegation Index

Figure 2. Visible phenotypic characteristics and photosynthetic performance of Arabidopsis Col-0 and mutant seedlings at
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two-leaves stage. (a) Visible phenotypes and maximum quantum yield of PSIL (Fo/Fyp,) of Col-0, gunl-102, fish5-3, guni-102
ftsh3-3, fugl-3, qunl-102 ftsh3-3 fugl-3, prps21-1, gund-102 fishd-3 prps21-1, ephscT0-1, gunl-102 ftsh3-3 cphse70-1, sp1-3,
g1n1-102 ftsh5-3 sp1-3, pubd-2 and gun1-102 fish5-3 pubd-7 true leaves at 12 days after sowing (DAS) grown on soil. Scale bar
corresponds to 1 om. Fi/Fy,, parameter was measured through the IMAGING PAM Fluorimeter (Walz) and reported in false
colour (black equals to 0, viclet to 1) and as average + standard deviation of at least six independent measurements; N.D.:
not detected. Asterisks indicate statistical significance with respect to Cold) (white) or gunl-102 ftshi-3 (red) as evaluated by
Student’s t-test and Welch correction (* p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001; ***** p < (,00001; ns, not significant),
(b) Average Variegation Index (V.L) calculated as ratio between green area and total area of the leaf of Col-0 and mutants
grown on soil at 12 DAS. Error bars indicate standard deviations of at least six independent measurements, Asterisks
indicate statistical significance with respect to Caol-0 (black) or gunl-102 fishi-3 (red) as evaluated by Student’s !-test and
Welch correction (* p < (L05; ** pr < 0.01; ** p < 0.001; **** p < 0.0001; **** p < 0.00001; ns: not significant). (c) Average area in
mm? of single first leaves of the indicated genotypes grown on soil at 12 DAS. Error bars indicate standard deviations of at

least six independent measurements, Asterisks indicate statistical significance with respect to Col-0 (black) or grn?-102
[ftsh5-3 (red) as evaluated by Student’s i-test and Welch correction (* p < 0.05; ** p < 0.01; ** p < 0.001; **** p < (.0001;
w22 < 00000 ; ns: not significant).

3.2. PUB4 E3 Ubiquitin Ligase Plays @ Major Role in Chloroplast Degradation upon Alteration of
Plastid Protein Homeostasis

To further investigate the role of PUB4 as a component of the chloroplast quality
control machinery (see also [16]), thin sections of cotyledons from the Col-0, gun1-102
[tsh5-3 double mutant, pubd-2 T-DNA insertional mutant (Figure S1) and gun1-102 ftsh5-3
pubd-7 triple mutant were analysed by Transmission Electron Microscope (TEM) (Figure 3a).
Chloroplasts of Col-0 and pub4-2 cotyledons appeared to be correctly shaped, with the
proper thylakoid ultrastructure organization in grana stacks and stroma lamellae and
abundant starch granules in the stroma, as in the case of gunl-102 and ftsh5-3 chloroplasts
{Figure 3a; see also Tadini et al. [16]). In agreement with the V1. values, several plastids
devoid of thylakoid membranes and with large vesicles either inside the stroma (Figure 3a)
or budding from the envelope, as also reported in Tadini et al. [16], were observed in
gunl-102 ftsh-3 cotyledon cells, indicating advanced chloroplast degradation.

On the contrary, gunl-102 fish5-3 pub4-7 cotyledons contained functional chloroplasts
with severely altered shape, but that were still able to accumulate thylakoid membranes or-
ganized in grana and stroma lamellae and that were capable of performing photosynthesis,
as proven by the accumulation of starch granules (Figure 3a). The suppression of gunl-102
[tsh5-3 variegated phenotype, achieved by the introgression of pub4-7 mulation, was also
investigated by measuring the cotyledon chlorophyll content through a spectrophotometer-
based assay (Figure 3b). Chlorophyll content was similar in Col-0, guni-102, fish5-3 and
pubd-2 cotyledons, while it was reduced to about 8% of control levels in gunl-102 ftsha-3
seedlings. In agreement with previous observations (Figures 1 and 3a), gun1-102 fish5-3
pub4-7 cotyledons showed almost double the amount of chlorophyll compared to the
variegated gunl-102 ftsh5-3 cotyledons.
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3.3. The Absence of PUB4 E3 Ubiguitin Ligase Activity Increases Cytosolic Protein Folding Stress

Immunoblot analyses of total protein extracts from Col-0, gun1-102, fishis-3, pubd-2,
gun-102 ftsh5-3 and gunl-102 ftsh5-3 pubd-7 cotyledons were performed to monitor the
accumulation of components of the thylakoid electron transport chain, i.e, LHCB5, of
thylakoid membrane biogenesis/maintenance, such as VIPP1 [37,38], of the plastid protein
homeostasis machinery, such as CLPB3, cpHSC70-1 and CPN60 [34,39,40] and of the plastid
pre-protein guidance complex and molecular markers of the cytosolic folding stress, as in
the case of HSC70-4 and HSP#0-1 cytosolic chaperones [17,26,41] (Figure 4a).

nmol chl a+b / mg FW

gurtl G0 NS G“p\-\@a\"é xhh “37“ &
(= & Tl ¢
: N t]
&
¢
&
g

Figure 3, Chloroplast ultrastructure and chlorophyll content of Arabidopsis Col-0 and mutant
cotyledons. {a) TEM micrographs of chloroplasts in mesophyll cells of ColH), grn1-102 fish3-3, pubd-2
and gunl-102 fish5-3 pubd-7 cotyledons at 6 DAS. Ultrathin sections of cotyledons from Col-0 and
mutant seedlings were stained with 2% uranyl acetate and lead citrate and examined by TEM. Scale
bars correspond to 1 pm. The main cellular structures are indicated (sg: starch granule; thk: thylakoid
membranes; ve: budding vesicles; mt: mitochondrion; va: vacuole), (b) Cotyledon chlorophyll
content of the indicated Arabidopsis genotypes grown on soil at 6 DAS. The total chlorophyll content
is normalised on the cotyledon fresh weight (nmol Chl a + b/ mg FW). Asterisks indicate statistical
significance with respect to Col-0 (black) or gun1-102 fish5-3 (red) as evaluated by Student's f-test and
Welch correction (** p < 0.01; *** p < 0.001; ns: not significant).
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Figure 4. Protein and transcript accumulation in Arabidopsis Col-0 and mutant cotyledons, () Immuno-blot analyses of total
protein extracts from cotyledons of Col-0, g -102, fish5-3, gun1-102 fish3-3, pubd-2 and gan1-102 fish5-3 pubd-7 grown on soil at
6 DAS. PVDF filters bearing fracbonated total proteins were incubated with antibodies raised against LHCBS antenna protein,
VIPP1 plastid membrane chaperone, CLPB3 plastid unfoldase, cpHSCT0-1 plastid chaperone, CPN6{ plastid chaperonin,
HSPA-1 cytosolic chaperone, HSC70-4 cytosolic chaperone and UBQ11 ubiquitin protein, Cs ie Brilliant Blue (CBB)
stained SDS-PAGE is induded as loading control. (b) Immuncblot analyses of chloroplast protein extrads from Col-0, grnl-102,
ftshS-3, gunl-102 fish5-3, pubd-2 and gund-102 fish5-3 pub4-7 grown on soil at 6 DAS. PVDF filters bearing fractionated proteins
were incubated with antibodies raised against UBQI1 ubiquitin protein. CBB-stained SDS-PAGE is included as loading control,
(¢) Relative expression level of HSEAZ gene d ined by qRT-PCR analyses of total RNA extracted from cotyledons of Col-0,
i -102, fish5-3, gun1-102 fsh5-3, pubd-2 and gunl-102 fish5-3 pubd-7 grown on soil at 6 DAS. Error bars indicate standard
deviations of three replicates. Asterisks indicate statistical significance with respect to Col-0 (black) or gunI-102 fish5-3 (red) as
evaluated by Student’s t-test and Welch correction (* pr < 0.05; *** p < 0.001; ns: not significant).
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In agreement with previous observations, the higher level of LHCBS in guni-102
[ftsh5-3 pubd-7 cotyledons with respect to gunl-102 fish5-3 further supported the ability
of pub4-7 mutation to suppress the variegated phenotype of gunl-102 ftsh5-3 cotyledons.
Furthermore, the accumulation of VIPP1 appeared comparable among all the genotypes
except for gunl-102 fish5-3 pub4-7, which showed a slight increase in VIPP1 levels, while
CLPB3, cpHSC70-1 and CPN60 resulted unchanged in all the genotypes. Interestingly, the
accumulation of HSC70-4 and HSP20-1 cytosolic chaperones increased markedly in both
the guinl-102 ftsh5-3 double mutant and gun1-102 ftshs-3 pubd-7 triple mutant (Figure 4a)
in line with what observed in gun] single mutant upon Lincomycin treatment [16,17],
pointing to a relatively high cytosolic protein folding stress in both mutant backgrounds.
Fina.lly, the total protein ubiquitination level was assessed by a UBQ11 specific .mlibody.
Owerall, no evident difference in total signal intensity was observed between wild-type
and the different mutant samples. However, the protein ubiquitination pattern in guni-1(12
ftsh5-3 cotyledons showed two relatively strong bands at around 70 and 55 kDa (see arrow
heads in Figure 4a), not detectable in Col-0 and in the single mutant cotyledons, Strikingly,
the band at 55 kDa was also visible in gun1-102 fish5-3 pub4-7 cotyledons, while the signal
at 70 kDa disappeared in the triple mutant genetic background (Figure 4a). The lack of
important discrepancies in the ubiquitination levels among all of the genotypes, even
in the absence of PUB4 E3 ubiquilin ligase enzyme, pmmpted us to investigate whether
major differences could be observed at the chloroplast level, given the ability of PUB4
to promote chloroplast degradation upon alteration of plastid protein homeostasis (see
above). To this aim, intact purified chloroplasts were isolated from cotyledons of Col-0
and mutant seedlings and chloroplast proteins probed with the UBQ11 specific antibody
(see Figure 4b). While chloroplast ubiquitination levels of Col-0, gun1-102 and ftsh5-3
chloroplasts were rather similar and most of the ubiquitination signal was concentrated in
a single band migrating at around 30 kDa, the plastid ubiquitination levels increased largely
in the gunl-102 ftsh5-3 genetic background, where signals of ubiquitinated proteins could
be also detected at molecular weights different from the 30 kDa main band (Figure 4b).
Intriguingly, a large part of the increased ubiquitination signals disappeared upon depletion
of PUB4 activity in gunI-102 flsh5-3 pub4-7 chloroplasts (Figure 4b). In addition, the relative
expression of HSFA2 transcription factor, a key regulator of the chloroplast-related nuclear
stress response [42,43], was assessed via qRT-PCR (Figure 4c). Consistently with the
increase in cytosolic chaperone accumulation (see Figure 4a), HSFA2 transcripts were
strongly up-regulated in gunl-102 fish5-3 and, to an even larger extent, in gunl-102 ftsh5-3
pubd-7 seedlings.

4. Discussion

Variegated mutants represent an important genetic tool to investigate chloroplast
biogenesis and to dissect the functional interactions of different pathways involved in
plastid differentiation, chloroplast protein homeostasis, chloroplast quality control and
degradation. In this manuscript, we studied the GUNI1-mediated plastid development
and degradation, in the context of altered plastid protein homeostasis, as shown by the
variegated phenotype of gun1-102 ftsh5-3 seedlings.

As the gun-102 f1sh5-3 double mutant possesses chloreplasts prone to suffer terminal
damages, the recovery of gunl-102 fish5-3 pubd-7 phenotype observed in cotyledons and
true leaves (Figures 1 and 2) suggests that PUB4-mediated ubiquitination is the preferential
pathway for degrading and recycling damaged chloroplasts upon alteration of plastid pro-
tein homeostasis (Figure 5). These observations are in agreement with previous studies, in
which ROS-damaged chloroplasts in Arabidopsis plants lacking the plastid ferrochelatase
2 (fc2-1) exhibited a PUB4-dependent increase in poly-ubiquitinated proteins [24]. The al-
tered shape of chloroplasts observed in guni-102 ftsh5-3 pubd-7 cotyledons (Figure 3a) is
compatible with the early steps of the degradation process, not effectively achieved or
delayed due to the absence of PUB4 protein activity, as previously reported [24]. In line
with this, the up-regulation of the stress-responsive gene H5FA2, here used as molecular
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marker of damaged chloroplasts and the related nuclear stress response [42,43], observed
in guni-102 ftsh5-3, was comparable or even higher in gunl -TﬂE_ﬂshS-.’i pubd-7, proving that
pubd mutation does not suppress the damage itself (Figure 4). It is tempting to explain the
higher HSFA2 expression asa consequence of the increased number of chloroplasts in cells
that, although defective, are still performing photosynthesis and, consequently, generating
ROS and other stress-related signals. Worth noticing, HSFA2 expression is triggered by a
GUNI-indepentent retrograde signalling pathway, as previously observed [43]. Further-
more, the introgression of pub4-7 mutation does not suppress the increased cytosolic folding
stress observed in gunl-102 fish5-3 cotyledons (Figure 4), and previously described in gunl
seedlings upon lincomycin treatment [16,17] as proven by the over-accumulation of the
cytosolic chaperones HSC70-4 and HSP90-1 and the increased total protein ubiquitination
level. Noteworthy is that the comparison between gun1-102 ftsh5-3 and gunl-102 ftsh5-3
pub4-7 ubiquitination profiles, performed, for example, by mass spechrometry analyses
of ubiquitin-enriched protein extracts, seems to be an optimal strategy to identify those
chloroplast outer envelope proteins that are modified by the PUB4 ubiquitin ligase.

On the contrary, the sp1-3 mutation, which abolishes the activity of a transmembrane
ubiquitin ligase responsible for controlling TOC protein complex composition and activity,
does not suppress variegation in gun1-102 ftsh5-3 cotyledons and leaves (Figures 1 and 2).
SP1 activity has been recognized as essential for chloroplast biogenesis in etiolated seedlings
and to play a role in the tolerance of abiotic stresses, by modulating the import rate of
photosynthetic proteins, and, therefore, to prevent ROS accumulation [22,25,26]. In light of
this, the gun1-102 fish5-3 sp1-3 triple mutant is devoid of an additional level of chloroplast
quality control mechanism that results in an overall decrease in plant growth with respect to
gun1-102 ftsh5-3 (Figures 1 and 2), Taken together, these observations corroborate the model
in which ubiquitination of specific chloroplast proteins triggers different mechanisms of
stress tolerance, in cotyledons and leaves, not only in response to abiotic stresses but also
as adaptation to genetic defects,

The introgression of cphsc7i-1 mutation, impaired in plastid protein import and protein
folding [34,35], into the gun1-102 ftsh5-3 genelic background led to a complete seedling
lethal phenotype. This is in agreement with previous results, as GLINT was shown to have
functional interactions with FTSHS5 and ¢pHSC700-1 loci [16,17]. The fact that flsl5-3 ephse70-
1 double mutant displays no additive phenotype compared to cphsc70-1 (Figure 53), while
the gunl-102 fish3-3 cphsc70-1 shows seedling-lethality (Figure 1), suggests that plastid
protein import, protein folding and plastid proteolysis act synergistically for achieving the
correct chloroplast development and GUN]1 is essential for such orchestration.

At last, in line with previous observations [10,32,33], the suppression of variegated
phenotype was effectively achieved in gun1-102 fish5-3 true leaves by reducing the plastid
translation rate, driven by the introgression of either fugl-3 or prps21-1 mutated alleles.
Strikingly, this compensatory effect failed to occur in cotyledons, proving further that the
pathways that underlie chloroplast biogenesis in cotyledons and leaves are characterized
by substantial differences.
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b) gunl-102 fish5-3
c) gunl-102 fish3-3 pub4-7
© HEPD $ rup4
@ HSCN ® Ubiquitin
Figure 5. Schematic overview rep ing the pubd-mediated suppression of variegation. (a) In

Col-0seedlings, cells display functicnal chloroplasts, physiological eytosolic folding stress and clear
vacuoles, (b) On the contrary, chloroplasts in advanced degradation stages and vacuoles filled with
electron-dense material are visible in gun1-102 fish3-3 variegated cotyledons. The electron dense
material inside the vacucle might derive from plastid degradation. The expression of the stress-
responsive HSFA2 nuclear gene is strongly up-regulated, in response to signals from chlaroplasts
with altered protein homeostasis. Furthermore, the accumulation of cytosolic chap

HSP90 and HSC70, is increased, while the removal of damaged chloroplasts is f'avuurl,d by PUB4
ubiquitin ligase. () The absence of PUB4 in the gun1-102 fish5-3 pubd-7 genetic background largely
p the degradation of d ged chloroplasts, resulting in the suppression of variegation in
both cotyledons and true leaves. Nevertheless, damaged chloroplasts, still functioning, trigger
stress-related retrograde signals and lead to even higher HSFA2 expression levels.
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Supplementary Materials: The following are available online at htips / / www.mdpi.com/ article/
10,3390/ genes1 2091387 /51, Figure 51: Graphical rep ions of the loci ioned in this study,
Figure 52 Photosynthetic performance of Arabidopsis Col-0 and mutant seedlings, Figure 53: Visible
phenotypic characteristics and Variegation Index of Arabidopsis Col-0 and mutant seedlings at
cotyledon stage, Table S©: Sequences of oligonucleotides employed for the molecular characterization
of mutant lines.
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Higher order photoprotection
mutants reveal the importance of
ApH-dependent photosynthesis-
control in preventing light induced
damage to both photosystem Il and
photosystem |

Roberto Barbato!™, Luca Tadini’, Romina Cannata’, Carlotta Peracchio’, Nicolaj Jeran®,
Alessandro Alboresi’, Tomas Morosinotto’, Azfar Ali Bajwa®, Virpi Paakkarinen®,
Marjaana Suorsa®, Eva-Mari Aro® & Paolo Pesaresi’

Although Ilght is essential for photosynthesis, when in extus, it may damage the photosynthetic
apparatus, leading to a pher known as p was thought as a
light-induced damage to photosystem II; howeuer, itis now (Iezr that even photosystem | may become
very vulnerable to light. One main wa!utﬁlstsc of light induced damage to photosystem Il (PSIl)is

the increased turnover ofthe reaction center protein, D1: when rate of degradation exceeds the rate of
syrlt hesis, loss of PSIl activity is observed. Wrth respect to photosystem | (PSI), an excess ofelectrons,
instead of an excess of light, may be very dang Plants p a ber of mect le
toprevent, or limit, such damages by safe th | dissipation of light energy (non-photochemical
quenching, NPQ), slowing-down of electron transfer through the intersystem transport chain
(photosynthesis-control, PSC) in co-operation with the Proton Graduem Regulation (PGR) proteins,
PGRS and PGRLY, collectively called as short-termph hanisms, and the redistribution
of light between photosystems, called state transitions {rnsp cnsible of luorescence quan ching at PSII,
qT), is superimposed to these short term photoprotective mechani Inthisr ript we have
generated a number ofhlghnr order mutants by crossing genotypes carrying defects in each of the
short-term pl P tien { 15, with the final aim to obtain a direct comparison of their role
and efficiency in photoprotection. We found that mutants carrying a defect in the ApH-dependent
photosynthesis-control are characterized by photoinhibition of both photosystems, irrespectively of
whether PSBS-dependent NPQ or state transitions defects were present or not in the same individual,
demonstrating the primary role of PSC in photoprotection. Moreover, mutants with a limited capability
todevelop a strong PSBS-dependent NPQ, were characterized by a high turnover of the D1 protein and
high values of Y(NQ), which might reflect energy quenching precesses occurring within the PSl| reaction
center.

Photoinhibition of photosynthesis is a long-known phenomenon'. Due to the discovery of the high turnover
Di-protein® and its subsequent recognition as a main component of PSIT reaction center harboring most of PSTT
redox cofactors™, photoinhibition was thought as the increase of degradation rate for the D1 over its synthesis
or, more in general, as an unbalance between damage and repair of PSIF, The repair cycle of PSIL is now a
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well-established ph inwhichd d PSIL centers, localized in the grana domain, undergo mono-
merization, pamal dismantling and lateral mlgramm to the stroma-expased regions, where newly synthesized
Di-proteins, co-translationally inserted in the th{laknui membrane, substitute the damaged ones; reassembly
of repaired centers, back migration to grana membranes and dimerization close the cycle®*, Post-translational
mudifications of some subunits, such as reversible phosphorylation of D1, D2, CP43 and PSBH subunits, may
have a regulative role in the process”.

Although photoinhibition has since long been considered as a process dealing with PSIL it s now clear that,
under some conditions, also PSI may be highly vulnerable to light. Among them, irradiation with high light in
the cold (at least in chilling-sensitive species), was first described as a condition affecting P51 Electrons from
PST could generate superoxide radicals which, once reduced to hydrogen peroxide; could react with iron-sulfur
centers on the :LLeplor side of the PSI, pmducmg urc‘\’emhk d.unagrs'" In addition, mutations such as pgr5, in
which the ability to develop a full ApH trans-thy is impaired, make PSIvery sensitive to light,
both in growth chamber'! 2 and field conditions® . because of over-reduction o{dectrun acceptors'’. Owing to
the absence of high turnover rates for PSI subunits, d 1o this phot very d for plants. In
this kind of mutants, PSLl was also found to be highly vulnerable to hght“. to the attnt that PSI damage/ repair
cyele has been proposed as a photoprotection mechanism for PSI™

Plants possess a number of different mechanisms able to regulﬂte the use of light'*. Excess of absarbed light is
thermally dissipated in a process defined as non-photochemical quenching (NPQ) which, in turn, comprises a
number of different processes. Among them, the principal, fastest and more investigated is gE (energy-dependent
quenching), whose formation depends on low luminal pH, synthesis of zeaxanthin through the xanthophyll cycle,
protonation of PSBS protein and participation of Lheb proteins'® !, Depending on the redox state of Q,, LHCIT
may be phosphorylated by the STN? kinase and act as an antenna also for PSI, re-equilibrating the distribution
of light between the two photosystems'™ !, resulting in a quenching of fluorescence known as qT™. In addition,
inactivated PSTT centers could act as quenchers, the extent of which is defined as 1%,

The trans-thylakeidal pH gradient is formed by the action of the linear electron transport (LET) and the cyclic
electron transport (CET). In LET, electrons released from water in PSIT are transferred to NADP/Ferrodoxin
via PSI, with cytochrome b./f connecting the two photosystems and generating ApH used for ATP synthesis.
[n CET, electrons may be recycled from NADPH or ferredoxin to plastoquinone and then to cytochrome b /f,
producing ApH which can be used to synthesize ATP without accumulation of reduced species. As stated above,
ApH is essential for the activation of NPQ; it is also essential for photosynthesis-control, Le. the slowing down
of electron transfer from cytochrome by/f to PSI, which limits the amount of electrons reaching PSI. In mutants
with defects in ApH formation, such as pgrs (not able to photo-accumulate PT00° ), not only PSI but also PSIT is
very sensitive 1o high light™. As a consequence, the PGRS protein should be regarded also asa component of the
phataprotective machinery, Whether CET itselfhasa role in photoprotection is still a matter of discussion. Cyclic
electron transport is tumposcd nftwn palhwa'vs the ﬁnt one depending on the PGRS/PGRLI complex sensitive
to Antimycin A, the second d insensitive to Antimycin A. While mutants
lmpalred in the PGR5/PGRL1 p.llhway Lannnl :c-cmnuhlem in the light, NDH mutants such as crr2-2, err-3,
errd-2"" and crrd-3* can, with the former being more light sensitive than the latter™, Mureuver it should also be
reminded that PGR5/PGRLL proteins could affect the ApH regulation also ina CET-i i A,

Although photoprotection is considered as a mechanism preventing PSII from phnk!]nh]b]hon its rcl:nmn-
ship with D1 protein turnover is far from clear. Even less clear is the relative importance of the different described
mechanisms in protecting PSII from photoinhibition. also through the high- lu.muver of the DI protein,

In this paper, we analyzed light sensitivity of mutants carrying defects on the pl tive PSBS-d '
NP (npg4-1), defects an trans-thylakoidal pH gradient formation (pgrs, pgr!l'ab] ‘and defects on the regula-
tory mechanism of state transitions (stn7 stn&) which was then compared with that of higher order mutants, in
which PSBS-dependent NPQ, ApH formation and state transitions were depleted in different combinations. We
found that rI.ic‘;hr sensibility was higher when the ability to form ApH was impaired, irrespectively of whether
PSBS-dependent NPQ or STN7-dependent state transitions were operative or not, indicating that the ApH, pos-
sibly by means of photosynthesis-control mechanism, is one main shori-term photoprotective mechanism in
leaves of higher plants. In addition, photoinhibition of PSIT appears to be a further strategy to limit PSI damage
and balance the activity of both photosystems.

Results

Arabidopsis plants devoid of short-term regul mechanisms highlight the primary impor-
tance of ApH-dependent photosynthesis- mmml kr optimal PSI al:tnrlty In order to dissect the
interconnections and the relative importance of short-term p tive mecl ions that abolish

PSBS-dependent NPQ) (npgd-1, lacking the PSBS subunit of phmnﬁysnem 11}, ApH mutants (pgrs and pgrila
En’fb henceforth referred to as pgrilab, devoid of the PGR3-PGRLI protein complex) and thylakoid protein
osphorylation (stn7 stn8, lacking the thylakoid-associated STN kinases) have been combined with the aim to
ohlaln both higher order mutants {upq-# 1 pgritab, npgd-1 pgrs) and the sextuple mutant, lacking the entire set
of short-term regulatory mech fter referred to as A5TeM (Fig, 1A). Worth to note that about 25% of
PGRLI protein isstill dvtlcrtah]c in pgrs and mpqd-1 pgr3 thylakoids (Fig, 1B), whereas no accumulation of PGRS
protein is observable in pgr.'inb and npqd-i pgrlab (see also Dal Corso ef al. 7). As shown in Fig. 14,C, a marked
reduction in the growth rate is observed in the stn7 stn8 and in the ASTeM mutants when grown under optimal
conditions {growth light i y of 100 pmeol photons m—* s~ !, over a photoperiod of 16 hlight/8 h dark). In par-
ticular, stn7 stng and ASTeM gmwth rates appear comparable to Col-0 until 14 days after sowing (DAS), whereas
they diverge at 18 DAS resulting in rosettes with a decreased size at 24 DAS (Fig. 1A.C). No major differences are,
instead, observed in the total chlorophyll content (Chla + bl and Chi afb ratio between the entire set of mutants
and Col-0 (Fig. 10), with the exception of pgr5 leaves that accumulate less chlorophyll without changing the Chl
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Figure 1. Phenotypes of Col-0 and mutant plants lacking short-term photoprotective mechanism, such as the
npg4-1 mutant lacking the PSBS subunit responsible of NP, the pgrflab and per5 mutants devoid of the PGRS
PGRLI protein complex that contributes to the formation of the ApH transthylakoidal gradient, the stn7 and
sing mutants lacking the thylakoid STN kinases and the sextuple ASTeM mutant with no short-term regulatory
mechanisms. (A) Images of Col-0 and mutant plants grown under long-day conditions in a growth chamber
for 24 days. The size bar corresponds to 1 cm. (B) Immunoblots of fractionated total proteins from Col-0Dand
mutant leaves probed with antibadies specific for PSBS, PGRLIA, PGRS, STN7 and STNS proteins. (C) Growth
rate measurements of plants grown under long-day conditions in a growth chamber for 24 days. Leaf area is
expressed as cm® (DAS, Days after sowing). (D) Chlorophyll content expressed as g myg ~ leaf fresh weight

{ histogram) and ratio between Chla and Chlb (curve). Pigments were extracted from adult plants grown under
long-day conditions in a growth chamber for 24 days, Bars indicate the standard deviation and the asterisks
represents the statistical significance (**p-valiee < 0,01), as evaluated by ANOVA test and Student t-test,

a/b ratio. To confirm the main role of PGR5-PGRLI protein complex in the formation of the proton motive force
{pmf}, Col-0, upq4-1, pgr3, npqd- 1 pgrs, stn7 stng and ASTeM plant lines were subjected to the kinetic analysis
of the electrochromic pigment absorbance shift (ECS) (Fig, 2). Leal material adapted to moderate-light (50 jumol
photons.m s~ ') was exposed for 5 min to red actinic light (LED, 500mol photons m* s '), then relaxed in the
dark for 30seconds (Fig. 2A), and the ECS relaxation kinetic was measured during the light-to-dark transition
(Fig 2B). Asdescribed in Fig. 2A B, npg4-1 and stn7 stn8 mutants showed an ECS kinetic similar to Col-0 contral,
generating a comparable pmf. On the contrary, pgrS-containing plant lines showed a marked difference in ECS
relaxation kinetics, revealing a significantly reduced (~30% drop) capability of pgr5, npg4-1 pers and A5TeM in
generating pmf, when acclimated to moderate-light conditions (50 jumol photons m~* s~'), These findings are
in line to what ]Jm-‘wusly reported™=+"*. An identical analysis was performed after 4h exposure to 500 pmol
photons m =5 " white light, and comparable differences between pgrs-containg plants and Col-0 were observed
{Fig. 514,B).

n addition, the effective quantum yield of PSIL[Y(11), see Fig, 3A], d after dark-adap and at
increasing actinic light intensities (0 to 829 pmol-photons m-25!) was generally comparable among the dif-
ferent genotypes, despite the PSBS-dependent NPQ [Y(NPQ)] resulted to be completely abolished in the
npqd-1-containing genotypes and dramatically decreased in pgriiab and pgr5 mutants, in which reached 40%
of Col-0 level, after exposure to high light (Fig, 38). In agreement with these observations, values of the Y(NO)
parameter, indicating the energy quenching processes occurring within the PS1I reaction center™", rapidly
raised as light intensity increased in the mpqd-i-containing mutants, whereas ApH mutants, showed a peculiar
kinetic, characterized by a upq4-like behavior, at moderate light intensities, and lower values at higher light inten-
sity (=400 pmolm- %5 '), as the mutants succeeded Lo establish a proton gradient in the lumen and to induce
the PshS-dependent NPQ (Fig. 3C, see also Tikkanen ef al.*.). In agreement with that, the fraction of open PSII
centers” (gL, Fig. 3D) resulted to be higher in Col-0and stn7 stn8 leaves than the rest of the genetic backgrounds,
particularly at moderate light intensities (100-350 jumol photons m~*s~"),

Anidentical experimental set-up was used to assess PS1 activity in the different genetic backgrounds (Fig. 3E-G).
In particular, the quantum yield of PSI, Y (1), was relatively high in Col-0, npgd-1 and stn7 stns mutant plants
even at high light intensities (till around 500 pmol-m-*s 1), whereas single and multiple mutants devoid of the
PGRS-PGRLI protein complex showed a marked drop of PSI yield at moderate-to-high light intensities (=100
jumol-photons m %5~ '), as a consequence of their inability to efficiently oxidize the P700 chlorophyll pair (Fig. 3E,
Tikkanen et al feco et al. ™). As a matter of fact, the kinetic of Y{NA) parameter, he quantum yield of
non-photachemical energy dissipation in PST due to acceptor side limitation (Fig, 3F), was similar in npgd-1, stn?
sin# and Col-0 leaves, reaching peaks at low light intensities (around 20-40 pmol photons.m %5 ') and showing
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Figure 2. In vivo kinetic of ECS dark relaxation, measured in Col-0, npg4-1, pgr5, npq4-1 pgrs, stn? stnd and
ASTeM plants adapted to moderate-light (50 pmol photons-m s -!). (A) Detached leaves were exposed to
actinic light (500:mol photons m~* s=') for 5min and ECS relaxation was measured during the light-to-dark
transition (Time 0), White boxes indicate actinic light illumination, while black boxes indicate dark recovery.
(B) The proton motive force (pmf) was calculated, accordingly. Measurements were performed in at least 3
biclogical replicates, average values and standard deviations are indicated ECS signals were normalized on
PSI -+ PSII charge separation signals (see Fig. S1C,1). Bars indicate the standard deviation and the asterisks
represents the statistical significance (**p-valiee <0,01; ***p-value < 0,001) as evaluated by ANOVA test and
Student t-test. Note, that we preferred to report the pmf rather than ApH values, since the real partitioning of
the prifbetween its two components (AW and ApH) is still debated™,

a strong decrease at higher light conditions, as soon as the photosynthetic control is engaged. On the other hand,
PGR-devoid mutants showed a rapid increase of Y(NA) values, reaching a plateau at light intensity values higher
than 300 ymal-photons m s ', as a consequence of the over-reduction of PS] acceptor side. Similarly, the Y(ND)
values, i.e. the non-photochemical PSI quantum yield of donor-side limited heat dissipation (Fig, 3G), showed
the incapability of PGR-devoid mutants to accumulate P700 in the oxidized form, as previously described™ 74,
Overall, our findings highlight the primary importance of proton gradient regulation (PGR)-dependent
photosynthesis-control with respect to PSI yield, especially under moderate actinic light intensities.

Photoinhibition of PSIl is phenomenologically linked to the lack of ApH-dependent
photosynthesis-control and the consequent over-reduction of PSI reaction centers.
Photoinhibition of Col-0 and mutant plants was evaluated via the maximum quantum yield of PSII (Fv/Fm),
measured after 2 hours of exposure to 130, 500 or 1000 pmol.m s ' oflight (Fig. 4A). The results clearly show
that mutants lacking either the TN kinases and, surprisingly, even the PSBS protein behaved very similarly to
Col-0. On the contrary, single and higher order mutants devoid of the ability to form a fu.l.lfm_a"(see also Fig. 2)
were strongly photoinhibited, with no major differences between ASTeM and the pgrilab and pgr3 mutants.
Thus, it seems that the impairment of ApH-dependent photosynthesis-control confers enhanced light sensitivity,
irrespectively of whether NPQ or state transitions are developed or not. In particular, when the negative slopes of
trend lines obtained from Fig. 44 (used to estimate phatcinhibition ) were plotted as a function of State Transitions
{Figs. 4Band 52, ST%, percentage of state transition with respect to Col-0 values), PSBS-dependent NPQ [Fig, 4C;
YiINPQ)]and YIND) (Fig. 4D} values, a clear association with photoinhibition was only displayed by the lines
containing the pgr mutations. Indeed, stn? stnd and ASTeM leaves, bath devoid of the State Transitions mecha-
nism, had very different slope values: much smaller, therefore indicating higher photoinhibition, in ASTeM with
respect W sin? sind (Fig. 4B). Similarly, a higher slope value, i.e. less photoinhibition, was observed in npg4-1
leaves with respect to ASTeM plants lacking both ApH-dependent photosynthesis-control and NPQ (Fig. 4C).
Thus, taking these findings together, it appears clear that the ApH-dependent photosynthesis-contral plays a
major role in photoprotection.

To further characterize the functionality of PSILin the different genetic backgrounds, fluorescence decay
measurements in the 10 *~107 sec time-range were performed on dark-adapted and HL-treated plants, irradiated
with high-light (500 jimol-photons m~*.s-'} for either 2 or 4 hours (Fig. 5). A single-turnover saturating flash
was used to trigger the reduction of Q,, with a single electron, extracted from the donor side of PSII, leading
to increased fluorescence yield. The subsequent dark-induced re-oxidation of (3, - resulted in the relaxation of
fluorescence yield and exhibited three main decay phases: fast, middle and slow™. For each phase, amplitude and
decay time constant were determined, as reported in Table 1. In the case of dark-adapted Col-0 (Fig. 5A), the
fast phase, raised from re-oxidation of Q, - by plastoguinone bound to Qy site in the dark, contributed to 82% of
total amplitude, with a time constant {'T,) of 309 ps. The middle phase, originated from re-oxidation of Q, - by
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of PSIT functi y Y{IT), YINPQ), Y(NO), and qL were measured afler 30 min of dark adaptation
nnd upon exposure to increasing light intensities. (E-G) PSI efficiency was also evaluated, through the
quantification of Y(I}, Y{ND) and Y(NA) p ters; (PPFD, ph hetic photon flux density).

plastoquinone molecules in reaction centers with empty Qy site at the time of the flash light, displayed 9.5% of
total amplitude with a time constant (T, of 17 ms. Finally, the slow phase that arises from a back-reaction of
the 8, state of the water-oxidizing complex with Q, -, which is populated via the equilibrium between Q,-Q,
and Q,Q,~, had a 8,8% relative amplitude with a time constant (T,) of 4.2 sec. Comparable amplitude values for
the three phases could also be observed for all the dark-adapted mutant genotypes, although clear differences
were present in the time constants of the middle phase, ranging from a minimum value of 13 ms, observed in
#pqd-1 pers, to 65ms calculated for ASTeM, indicating that under standard growth conditions PSIL is worl

in a similar way in Col-0 and mutant thylakoids. However, when plants were exposed to high light for 2 and
4 hours a totally different scenario appeared. In particular, Col-0 leaves irradiated with high light for 2 or 4hours
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Figure4. Levels of PSIT photoinhibition with respect to the absence of State Transitions (5T), PSBS-dependent
NPQ [Y(NPQ)] and ApH-dependent photosynthesis-control [ Y(NDIL. (A) Photoinhibition was estimated by
measuring the Y(IT) p after 2h of exp: to 130, 500 and 1000 pmol-photons m-*s ! of actinic light.
“The slopes of the trend linesin (A) were plotted vs either state transition percentage {ST%) with respect to Col-0
level (see also Fig. 52) (B}, Non-Photochemical-Quencing [Y{NPQ)] (C), and PSI donor site limitation Y(ND)
(D). Measurements are shown as average + s.d. of three biological replicates. Note that NPQ and Y{ND) values
refer to Fig. 3B.C, respectively, al 829 pmol-photons m- s ¥ of light.

decreased the total amplitude of 4 and 11%, respectively, as a result of a reduction of the fast phase and the con-
comitant increase of the middle and slow phase (Fig. 54 and Table 1). T, and T, remained in the order of 0,3ms
and 15-30 ms, irrespectively of the irradiation length, whereas a marked shortening of T, was observed upon
ﬁh light exposure. A similar situation was observed in npg4-1 (Fig. 5B) and stn7 stn8 (Fig. 5C) leaves, but major
erences were detected in mutants defective in ApH formation and, therefore, the photosynthesis-control reg-
ulatory mechanism (Fig. 5D-H). First ofall, a loss of a total amplitude between 25% and 30% is observed in all
genotypes after 4 hours of high light exposure, due to a marked loss of the fast phase and the increase of middle
and slow phase (Table 1), In addition, while T) remained in the order of 0,3ms both T, and T, values showed
marked further confirming the over-reduction of the dectron transport chain in the absence of 4 normal
ApH transthylakoidal gradient.

Thylakoid ?mtem phospherylation doas not have a majorimpact on D1 protein turnover and
PSII photoinhibition. The level of PSI photoinhibition was also measured as the maximum PSII quantum
yield (Fv/Fim), in dark-adapted leaves and in leaves exposed to either optimal growth light (GL, 100 pmel photons
m s 'Y orstressful high light (HL, 500 pmol photons m 2 s~ ') for 60, 120 and 240 minutes, in absence or pres-
ence of Lincomyein (Lin) (Fig. 6). Under GL condition, where there is no effect of light on Fv/Fm, the addition
of Lin leads to a partial loss of PSILactivity, linked to the inhibition of the de nove synthesis of D1 and, more in
general, of plastid-encoded proteins (not shown). Under HL conditions, in the absence of Lin, a general decrease
of Fv/Fm values after 60 mimutes of HL exposure could be appreciated, more obvious in pgri lab and npgd-1 pgr-
[1ab mutants (Fig, 6A). A similar trend was observed after 120 minutes of HL treatment, nhexeas the exposure
to HL for 240 min indicated that photosynthesis-control devoid are more ptibleto hibition
than Col-0, stn7 stn8 and npq4-1, confirming the data reported in Fig. 4A. As expected, in presence of Lin, all
genotypes displayed a similar trend as in GL but with & much larger susceptibility to the HL treatment, as revealed
by the considerable decrease of Fv/Fm after 120 and 240 min of HL exposure (Fig. 6B). In particular, Col-0 Fv/Fm
was reduced of about 40% after HL treatment for 240 min in presence of Lin, whereas npg4- ! pgr5 and ASTeM
mutants showed the largest PSIT photoinhibition, with Fv/Fm values reduced by 80 and 75%, respectively, in
comparison to ds:k-adntg:d samples.

In addition to PSII photoinhibition evaluated by fluorescence-based methods (PAM, single turnover flash),
the same samples were also analyzed for the ability to accumulate D1 protein by immunoblot analyses under GL
and HL conditions with and without Lin treatments (Fig, 7). In all tested genotypes, D1 sccumulation was not
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Figure 5. Chloraphyll fluorescence decay, measured in Col-0{A), npgd-1 (B), stn7 stn& (C), pgr3 (D), mpqd-1
piritab (E), npgd-1 pgrs (F), pgrital (G) and ASTeM (H) leaves after dark adaptation and exposure to HL for 2
and 4 hours. Chlorophyll fluorescence values are ted in the y-axis, where maximum fluorescence was setto 1.
‘The X-axis indicates the decay time scale, from 104 to 10" sec. Measurements are shown as mean & s, n=3.

affected under GL conditions in the absence of Lin treatment, whereas leaves incubated overnight with 2,3mM
of Lin and then exposed to GL for 240 min, showed decreased D1 amount similar to the levels observed after HL
exposure for 240 min in the absence of Lin. However, when the HL exposure was combined with the Lin treat-
ment, differences became evident. In particular, 1 accumulation was markedly decrease in npg4-1, per3, pgrilab,
npad-1 pgrilab, npgd-1 pers and ASTeM with respect to Col-0 amount. Interestingly, no additive effects were
observed when the accumulation of D1 protein in npg4-/ thylakoids was compared with npqd-1 pgrrlilab and
npq4-1 pgrs and the ASTeM sextuple mutant, ina ent with the Fv/Fm values reported in Figs. 44 and 6B,
On the contrary, Col-0 and the stn? stn§ mutant mmn comparable and marginal decrease of D1 amount after
240 min of HL.

The fact that Col-0 and the stn7 stnd double mutant do not show major differences with respect to PSTT yield
under HL stress conditions with and without Lin, points to a marginal role of thylakoid protein phosphorylation
with respect to PSII pl tion. To i i urther this aspect, the thylakeid phosphorylation pattern
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Table 1. Chlorophyll fluorescence decay ie ditule and time constant din Col-0and

mutants after dark adaptation and 2 and 4 hours ou"high-lig:; (HL) exposure. The time constants of flucrescence
decay, indicated as t,,, and related to fast, middle and slow phases, are reported. The total amplitude of the flunrescence
decay, measured in dark-adapted samples, was set to 100. The amplimde of fluorescence decay kinetic for each phase
is indicated as percentage of total amplitude. Measurements were performed in triplicates, average values + 5.d, are
indicated. Data are grouped in three blocks (i.e. Fast phase, Middle phase, Slow phase). In each group, identical letters
mean that there are not significant differences at the level of p-value < 0,05, as evaluated by ANOVA test,
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Figure 6. Photoinhibition of PSIT esti d as Y(IT} decrease, upon irradiation of dark-adapted leaves (values
corresponding to § min ) with high-light (60, 120 and 240 min of 500 mol photons-m-*s-'), in absence (A} or
presence (B) of Lincomycin, measured in Col-0 and mutants. Measurements are shown as mean = s.d,, n=3,

SCIENTIFICREPORTS | 20200 10:6770 | hutps:idol ergf10.1038/s41598-020-62717-1

150



WWww, natu re.cum}scient-lﬁcre portsf

A
Lin « Lin _alin thin
I = — 3
i —————
| e
) S — -
s,
L
g
i
g per s
b " &
O 30 80 V30 M0 0 30 60 120 180 M 60 130 240 30 60 120 240 (min)
0l Gl (11} ML

st 0B 120 Mo ime

HL HL
Figure 7. Immunoblot analyses of PSIL integrity in Col-0 and mutants impaired in NPQ, ApH-dependent
photosynthesis-control and State Transitions mechanisms. (A) Col-0, npgd-1, pgrilab, pers, npad-1 ;’xﬁh’lb
and npg4-1 pgr3 mutants were dark-adapted in absence or presence of Lincomycin (0min, +/— Lin) and then
exposed t growth-light (GL) and Iugih-lighl (HL) for 30, 60, 120 and 240min. The accumulation of D1 subunit
of PSIT was investigated via immunoblot. (B} DI accumulation was tested in Col-0, stn7 stn& and ASTeM
mutants after dark-adaptation (0 min, +/— Lin} and upon 60, 120 and 240 min HL exposure, in absence or
presence of Lincomyan.

was monitored in plants devoid of either NPQ or ApH-dependent photosynthesis-control and in the corre-
sponding mutants where both mechanisms are inactivated (Fig. 8). In agreement with previous observations,
tﬁeelpusum of Col-0 leaves to GL led to a general increase in phosphorylation of all main phosphoproteins,
i.e. LHCIL D1 and D2, over time (0-to-240 min ), whereas CP43 was already strongly phosphorylated in our
experimental conditions. The addition of Lin increased the phosphorylation level of PSII-core proteins even in
the absence of light and a comparable accumulation of PSTI-core phosphoproteins was maintained until 120 min
of GL exposure, On the contrary, P-LHCII signal reached its peak at 60 min, markedly decreased at 120min and
disappear after 240 min of GL with Lin treatment. HL exposure in the absence of Lin maintained a relatively high
accumulation of CP43, D1 and D2 phosphoproteins, comparable to what observed at 120-240 min of GL con-
ditions, throughout the tested time points. However, LHCII phosphorylation was barely detectable after 30 min
and disappeared after 60 min exposure to high light, The addition of Lin to HL conditions resulted in a gradual
loss of phasphorylation levels. In general, the PSH-core phosphorylition pattern observed in mutant plants (see
Fig. 8) was very similar to Col-0 under the different light regimes in presence or absence of Lin, although the
accumulation of PSII core phosphoproteins was markedly higher in upT;-f thylakoids and clearly reduced in
pgritab in comparison to Col-0. Notably, the D1 phosphoprotein was barely detectable in pgriiab thylakoids even

r 240min of GL exposure. On the contrary, the LHCII phosphorylation pattern, upon HL illamination, was
markedly different between Col-0 and mutant plants devoi‘rPGR proteins. In particalar, LHCII phosphorylation
was retained in pgr mutants upon high light treatment, unlike Col-0 and npgd-1 thylakoids where high light
exposure suppressed LHCIT phosphorylation. This phosphorylation pattern resembles the one of fap 38 mutant™®
andis vcftainlrthe consequence of the high reduction state of the thylakoid electron transport carriers, including
Cyt bf, upon depletion of the ApH-dependent photosynthesis control.

PSll photoinhibition guarantees PSl integrity. In order to evaluate the impact of P51 photoinhibition
on PSTintegrity, Fv/Fm and Pm (the maximal change of the P700 signal upon quantitative transformation of F700
from the fully reduced to the fully oxidized state) parameters were measured from dark-adapted and HL-treated
(2and 4hours) plants, in either absence or presence of Lin (Fig. 83 and Table 2). In the dark, Fv/Fm did not shown
any marked difference among genolypes (p< 0,05), whereas the Pmdparamer was higher in Col-0, npqd-1, stn7
58, than all pgr-containing mutants (p < 0,05). The Fy/Fm values slightly decreased Ev) increasing the length of
exposure to HL, while addition of Lin led to a marked drop of Fv/Fm values (see Table 2). On the other hand, Pm
values remained higher than 0,40 at the different HL regimes, irrespectively of the presence or absence of Lin,
On the contrary, PGR-devoid mutants were highly sensitive to high light conditions, displaying Fv/Fm values in
the range of 0,65-0,31, much lower than 0,78 observed in Col-0 (Fig. 53 and Table 2), In addition, PST activity
was found to be lower than 0,15 in pgr3, npqd-1 pgritaband npqt‘ffgrs thylakoids under the same conditions,
Interestingly, the addition of Lin to the high-light treatment restored PSI activity in PGR-devoid mutants, while
PSII efficiency dropped to values even lower than 0,30, as in the case of pgr3, npgd-1 pgrs and ASTeM leaves.
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Figure 8. Thylakoid protein phosphorylation pattern. Thylakoid membranes were isolated from Col-0, single
and multiple mutants, fractionated onto SDS-PAGE, transferred onto nitrocellulose membranes and probed
with a palyclonal anti-phosphothreanine antibody. Levels of phosphorylation of CP43, D2, DI and LHCIl are
shown over time (0-to-240 min} upon exposure to optimal growth light (GL) and high-light (HL} conditions,
Lincomycin treatment was performed overnight in the dark where indicated (+Lin). One representative
immunoblot {n=3) for each genotype is shown,

Overall, these findings indicate thal in the absence of the PGR-dependent photosynthesis control, a marked inhi-
bition of PSIT activity is beneficial to prevent PSI inactivation, highlighting further the primary importance of
h hesis control in photop ction of PSL

P

Discussion

Light induced inactivation of PSIT causes enhanced degradation of the D1 protein, while the PSIT recovery relies
on de nove synthesis of D1, Under PSLI photoinhibitory conditions (high light), activity and stability of PSLis not
affected, unless high light treatment is performed in cold environment' or in mutant backgrounds lacking the
PGRS/PGRL1 complex, in which the ability to form a normal ApH and activate the photosynthesis-control is not
working properly''%,

A large number of molecular processes have been suggested o function as protection mechanisms against an
excess of light. Among those, the most relevant consists in the formation of the PSBS-dependent component of
NPQ. Nevertheless, several authors argued that NPQ could have only alittle role in the direct photoprotection
of PSII, while could be important for the PSIT recovery', Our data from PSBS-depleted mutants are in line with
these findings, as npg4-1 plants show sensitivity to high light similar to wild type. Accordingly, in a very recent
study is reported that npg4-1 mutant, after 10h irradiation with 1500 pmol photons m—* s~ showed a Fv/Fm
ratio of about 0.48-0.50 whereas for the wild type the ratio was about 0.58-0.607, However, the fact that high
light irradiation, combined with Lincomycin treatment, led to the enhanced degradation of D1 in nipg4- I mutant,
indicated that, in mutant background devoid of PSBS, the turnaver of D1 is constitutively higher. A similar effect
on D1 turnover in PSBS-less mutant was previously reparted™. Thus, the loss of PSIT activity is not observed as
long as the rate of damage does not exceed the rate of repair™, indicating that the absence of PSBS-dependent
NPQ is compensated by up-regulation of PSII repair. From these observations, we can suggest that the ability to
engage a full NPQ might actually act as a signal aimed to regulate the D1 turnover, as well as a direct photopro-
tection mechanism meant to prevent D1 degradation. From a redox point of view, a reduced level of NPQ corre-
lates with a higher accumulation of centers with a reduced Q. As Q, Q, 15 in equilibrium with Q,Q; -, it could
be expected that in PSBS-less mutants a higher fraction of centers could accumulate a semi-reduced secondary

uinone acceptor, which, according to previous works™*!, could play a role as a photosensitizer for enhanced

egradation of the D1 protein. This could be the mechanism by which the turnover of D1 protein in the npg4-1
mutant is constitutively higher with respect to the wild-type, although it has to be taken into account that the high
turnover rate of D1 and the accumulation of reduced Q, is not usually associated with reduced NPQ in wild-type
leaves under physiological conditions.

Furthermore, it should be noted that Y(NO) reflects the energy quenching processes occurring within PSLI
reaction center with Q, in a reduced state, and that the reduction of Q, has been suggested to be a major require-
mentand a prerequisite for an efficient PSIT reaction centre quenching . Therefore, the substantial increase of
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Table 2. Photosynthetic efficiency of PSIT and PSI din Col-Dand after dark adaptation and
exposure for 2and 4 hours to high-light (HL) in either absence or presence of Lincomycin, Chl fluorescence
ion and P700* absorban ce were recorded to monitor PSITand PST activity, respectively. Photosynthetic

efficiency related to PSIT and PSI (F,/F, and Pm), respectively, were calculated as reported in Materials and
Methods, Measurements were performed at least in triplicates, average values + s.d. areindicated. Lower case
letters are referred to Fv/Fm, whereas upper case letters are referred to Pm. Same letter mean no significant
differences at the level of p-value < 0,05, as detected by ANOVA test,

Y{NO) observed in the npg4-I-containi and in pgr at moderate light intensities (see Fig. 3),
also suggest the activation of PSIL reaction  center quenching, as a compensatory mechanism for an effective pho-
tnprnla.uon. although this aspect s still debated.

ition to that, with defect in buildi trans-thylakoidal pH gradient, such as pgr5 and

Jab, show enhanced de, adatmn of D1, su'ml:l.rly to PSES-less mutant. In purtlcnlm, in PGR-devoid mutants,

treatment with high ].\gﬁ caused a strong inactivation of PSII, even in the absence of lincomycin. As they are
able to engage about 40% of the NPQ observed in wild type and are much more sensitive to light than PSBS-less
plants (where the extent of NPQ) is near zero), we conclude that, at least in our experimental conditions, the
PGR-dependent photosynthesis-control act as an efficient photoprotection mechanism.

Furthermore, unlike wild type and mpg4-1 plants, the photosynthesis-control depleted mutants are not able
to photo-accumulate P700%, as their YIND) is near zero at any light intensity due to the low values of both
thylakoid proton gradient { ApH) and proton motive force (pmf} they can develop™. At the same time, they are
characterized by the overreduction of PSLacceptors, observed as an increase of Y{NA), Thus besides PSIL, PS1is
also photodamaged in these likely because of impairment of iron-sulfur clusters'. As no additive phe-
notypic effects are observed between the photesynthetic characteristics of ApH mutants {pﬁrs and pgrllab) and
the ones of higher order mutants (npg4-1 pgr3, npq4-1 pgrilab, ASTeM), it can be concluded that the short-term
light adaptation is b depending on the photosynthesis-control regulatory mechanism. Accordingly, mutants
iascllllqng n%NDH depguigeme%ﬂ sj::sch as t‘rrgh;. crr? 3, crrd-2" but snllg;db?e%vphmo m.cumulaw ngiym more
light resistant than the pgrs mutant, deficient in CET and unable to photoacc late P700 in the oxidized form®,

Itis noteworthy that PSI photodamage in PGR-depleted mutants can be markedly reduced through the inhibi-
tion of PSIL activity, as a consequence of the fact that the amount of electrons injected in the intersystem tr
chain is decreased. This indicates that the photosynthesis-control is the main regulator of photosynthetic electron
transport and that PSI1 photoinhibition is the very last option to reduce PSI photodamage”. On the other hand,
damages to P51 are relevant in inducing inactivation of PSIE the acceptor side of PSI] becomes over-reduced and
this, in turn, increases the rate of charge recombination with formation of 'P&80" and PSIT inactivation. Tn addi-
tion, the absence of ApH-dependent photosynthesis-control affects the value of pmf*, and this could alter the
electron transfer between (), and Q,, promoting PSII inactivation.

Ov:rall, it appears clear that the ApH-dependent photosynthesis control is essential for safeguarding the
entire p hetic elect t chain in the thylakoid b and its failure induces a rapid and
coordinated inactivation of both PSIT and PSL ApH-dependent photosynthesis-control thus maintains the opti-
mal balance between the two main power-units of the photosynthetic apparatus.

Methods

Plant material and growth conditions.  Arabidapsis thaliana single mutant lines were obtained from the
Arabidopsis Stock Center (http://arahidopsis.info/). The npg4-1 mutant was described in Li et al.”, the pgriia
peri1h (also referred as perl Jab) double mutant in Dal Corso ef al”, pgr5 in Munckage ef al 2 and the stn? stn8 dou-
ble mutant in Bonardi ef al", All mutant lines are in the Columbia-0 {Col-0) genetic background, except for pgrs
that has been isolated in Columbia gl1. The multiple mutants were obtained by manual crossing and PCR-based
segregation analyses. Arabidopsis plants were grown under controlled growth-chamber conditions as described
previously', with a growth light intensity of 100 wmol photons m * 5 ', over a photoperiod of 16h light/8 h
dark. High light treatment, otherwise stated, was performed with a light intensity of 500 pmol phmona mig!
for the indicated duration. l.l.nmmyan treatment was performed by floating detached leaves overnight in a solution
of lincomycin (1 mgml ' o ponding to a conc of 2, 3mM) in water.

Chlorophyll quantification and growth rate measurements.  For chlorophyll quantification, 50mg of
leaves from 4-week-old Arabidopsis plants were ground in liguid nitrogen, Ground material was resuspended in
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90% acetone and centrifuged ay 16,000 ¢ for 5min. Chl aand b concentrations were measured according to Porra
et al. . Chlorophyll measurements were performed in triplicate. Growth rate was determined by evaluating the
leaf area with Image] 1.43u (http:/fimagej nih gov/ijf/index html) software. 12 plants per genotype were measured.

Immunnhlot analyses. Thylakeid isolation was performed as reported”” from 4-week-old plants. For
lyses, thylakoid proteins, corresponding to 3 pg of chlorophyll, were prepared as described™
and fractionated hy\u\ PAGE (12% wiv acrylamidz*), Proteins were then transferred onto polyvinylidene dif-
luoride membranes™, and replicate filters were immunodecorated using specific antibodies. The PGRS-specific
antibody was obtained from Toshiharu Shikanai, Phospho-Threonine Antibody from Cell Signaling Technology,
Psh from Agrisera whereas D17, PGRLIA™, STN7 and STN&™ antibodies were produced in our laboratory.

Chlorophyll a fluorescence. I vivo chlorophylla fluorescence and P700 absorbance were measured at dif-
ferent light intensities using the Dual-PAM 100 (Walz, http:/www,walz. com/) asfrtwuudy described® The PSIT
Fv/Fm, Y(IT), YINO), Y(NPQ) parameters, together with PSIyield [Y(T}], Pm, donor side Y(ND) and acceptor
side Y{NA) imitations, were calculated as reported™ %, In the case of Fv/Fm parameter, measurements were per-
formed after 20 min of dark adaptation. State transitions measurements were performed as previously described™.
In particular, state transitions were monitored on detached leaves with the Dual PAM-100 fluorometer. Leaves
were exposed Lo & 800 ms flash of saturating white light to determine E,,, and subsequently illuminated for 15 min
with 25 pmol photonsm *s ' red light {PST1 light) directly in the PAM fluorometer. Far-red (PSI) light (intensity
step 15) was turned on, and after 15 min the maximum fluorescence yield in state | (F,,) was determined. The
far-red light was then switched off and the fluorescence recorded for 15 min, after which the maximum fluores-
cence yield in ate 2 (F,,,) was determined, The relative change in fluorescence was caloulated as F.=[(F, - F) — (
Fi- FM(F,- F), where F and F, designate fluorescence in the presence of PSI light in state 1 and stare 2, respec-
tively, while Fy and F, designate fluorescence in the absence of PSI light in state 1 and state 2, respectively. Decay
of flash-induced chlorophyll fluorescence was measured by the double mudulallon ﬂmmme{er FL-3500 (PSI,
Brno, Czech Republic) and data were analyzed as described™. Multicomp of the d
curves was performed by using a fitting function with two exp ial ¢ and one hyperbolic compo-
nent; Fy, - Fy=Aexp(=t/'T)) + AZexp(—1/Ty) + Ay/(1 + b"T,) Ay By lsthevnnﬂhle fuorescence yield, Fy is the
basic fluorescence before the flash, A, to A; are the amplitudes and T, to T are the time constants. Very slowly
decaying fluorescence is described by a constant A, amplitude. All measurements were performed after 20min
dark adaptation.

Electrochromic pigment absorbance shift measurements.  In vivo electrochromic pigment absorb-
ance shift (ECS) analyses were performed with alTs-10 spectrophotometer (Biologic, France) on detached leaves,
adapted to moderate-light (50 ymol photons-m—5~') or treated with high-light (500 xmol photons-m—s~*) for
240 min. Leaf material was exposed to red actinic light {300mol photons m— 5!} for 5min and ECS relaxation
was measured during the light-to-dark transition. Data were collected as the difference between the signals at 520
and 546 nm as described by Cruz et al.™ and Avenson ef al.”". The amplitude of the ECS signal was normalized to
the signal corresponding to one PSI -+ PSII charge separation, calculated after the application of xenon-induced
ECS signals, The pimf was evaluated following FCS relaxation kinetics after actinic light switch off.

Dataanalysis. Data (statistics analysis, data fitting) were analysed by using the software package OriginPro
9.0 (Microcal SR2: Northampton MAOL060 USA).
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Abstract: GUN1 (genomes uncoupled 1), a chloroplast-localized pentatricopeptide repeat (FPR)
protein with a C-terminal small mutS-related (SMR) domain, plays a central role in the retrograde
communication of chloroplasts with the nucleus. This flow of information is required for the
coordinated expression of plastid and nuclear genes, and it is essential for the correct development
and functioning of chloroplasts. Multiple genetic and biochemical findings indicate that GUNI is
important for protein homeostasis in the chloroplast; however, a clear and unified view of GUN1's
role in the chloroplast is still missing. Recently, GUN1 has been reported to modulate the activity of
the nucleus-encoded plastid RN A polymerase (NEP) and modulate editing of plastid RN As upon
activation of retrograde communication, revealing a major role of GUN1 in plastid RNA metabolism.
In this opinion article, we discuss the recently identified links between plastid RNA metabolism and
retrograde signaling by providing a new and extended concept of GUN1 activity, which integrates
the multitude of functional genetic interactions reported over the last decade with its primary role in
plastid transcription and transcript editing.

Keywords: GUN1; RNA polymerase; transcript accumulation; transcript editing; retrograde signaling

1. Introduction

The GUN1 (genomes uncoupled 1) protein is a pentatricopeptide repeat (PPR}-containing protein
that localizes to plastids and relays signals to the nucleus after exposure to either norflurazon (NF) or
lincomycin (Lin) treatment [1,2]. Although these inhibitors block distinctly different processes—NF
inhibits carotenoid binsynthesis by non-competitively binding to phytoene desaturase [3], while Lin is
a plastid-specific inhibitor of 705 ribosomes and plastid translation [4]—both drug treatments have
been shown to reduce levels of plastid transcripts, indicating that a GUN1-dependent pathway is
triggered by perturbation of transcription in the plastids [5]. The involvement of plastid transcription in
signaling to the nucleus was initially deduced from the observation that treatment of barley seedlings
with tagetitoxin, an inhibitor of the plastid-encoded RNA polymerase (PEF; [6]), decreased transcription
of members of the nuclear RbeS and Lhch] gene families, without altering plastid DNA replication [7].
Later studies have shown that loss of sigma factor 2 (SIG2) or 6 (S1G6}—each of which is utilized by the
PEP to transcribe specific sets of plastid genes [8-10]—also activates retrograde signaling [11]. The fact
that nuclear gene expression is restored in sig2 gunl and sigé gunl double mutants has provided further
support for the key role of plastid transcription in triggering a GUN1-dependent retrograde response [11].

Here, we propose a new model for GUN1 function in plastids and GUN 1-mediated retrograde
communication, which integrates the interactions observed between GUN1 and the machinery that
controls plastid protein homeostasis with the recently discovered role of GUN1 in plastid RNA
metabolism [12-16]. The many additive phenotypic effects and the very few suppressor phenotypes

Cells 2020, 9, 2307; doi: 10339 cells91 02307 www.mdpicomijournalicells

157



Cells 2020, 1, 2307 20£13

observed in higher-order (compound) mutants containing gun] together with mutations affecting
various aspects of plastid protein homeostasis, sugar sensing, and plastid osmosis can all be interpreted
as pleiotropic phenotypic effects of a primary alteration in plastid transcription and plastid transcript
editing attributable to the lack of the GUN1 protein under conditions that would otherwise trigger
plastid-to-nucleus retrograde communication,

2. GUN1 and the *A-rpo Phenotype”

GUNI1 does not appear to bind directly to RNAs [17], unlike typical PPR proteins [17]. But it
is targeted to an organelle, the chloroplast, and has recently been reported by two independent
laboratories to influence plastid transcript accumulation [13-15]. In particular, following perturbation
of PEP activity, a peculiar pattern of plastid transcription, designated as the “A-rpo phenotype”,
is typically observed in different plant species [14,18-20]. For example, Arabidopsis seedlings lacking
proteins required for PEP-mediated transcription and regulation, such as sigma factors (sigé; [21]),
PEP-associated proteins (pap2 and pap8; [22]), and the plastid redox insensitive 2 (prin2) protein [23,24],
show a decrease in the expression of genes, coding for subunils of the photosynthetic apparatus
(petB, psaB, psbA, psbB, psbC, psbD}, rbel), which are normally transcribed by PEP (see Figure 1).
Conversely, the expression levels of nucleus-encoded RNA polymerase (NEP)-dependent transcripts of
genes, encoding the core subunits of the PEP enzymes (rpoA, rpoB, rpeC1), ribosomal subunits (rps2 and
rps15), yefl (translocon at inner envelope membrane of chloroplasts 214), and clp’l (a subunit of the
350-kDa chloroplast Clp complex), increase significantly (Figure 1). A similar plastid gene expression
pattern is observed in seedlings impaired in plastid transcript maturation (pdinl; [25]) and in seedlings
grown in the presence of Lin (Col-0 + Lin) or altered in plastid protein synthesis by depletion of plastid
ribosomal proteins [ 14]. Strikingly, gunl cotyledons have shown a limited increase in the accumulation
of NEP-dependent transcripts when grown in the presence of Lin (gunl + Lin, [14]; see also Figure 1)
and when the gunl mutation is introgressed into genetic backgrounds lacking plastid ribosomal
subunits [14]. Furthermore, the same set of NEP-dependent transcripts is highly downregulated after
treatment of gl seedlings with NF (gunl + NF), but their levels do not exhibit major changes in
Col-0 + NF and gun5 + NF seedlings, implying a specific role for GUN1 in NEP-dependent transcript
accumulation (Figure 1). Recently, a similar observation has been reported based on a comparison of
the plastid gene expression profiles of cuel (chlorophyll a/b-binding protein-underexpressed 8) and
cued gunl mutants: ie, the “A-rpo phenotype” characteristic of cuef seedlings is almost completely
abolished in cue8 gunl cotyledons [13].

The “A-rpo phenotype” is thought to be part of the regulatory mechanisms that serve to modulate
the activities of NEP and PEP enzymes during plastid differentiation and in the course of responses
of mature chloroplasts to environmental cues [27,24-11]. The physical interaction of GUN1 with
NEF, as revealed by co-immunoprecipitation studies and bimolecular fluorescence complementation
(BiFC) assays [14], seems to lie at the basis of the GUN1-mediated accumulation of NEP-dependent
plastid transcripts following activation of retrograde communication, possibly favored by decreased
competition for template binding and/or increased availability of dNTPs. As an alternative explanation,
Loudya et al. proposed that GUN1 sustained chloroplast DNA (cpDNA) replication under specific
conditions, as demonstrated by copy numbers of cpDNA, which were reduced by half in cue8 gunl
chloroplasts with respect to the single mutants and wild-type plants [13].
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Figure 1, Expression analyses of a subset of PEP- and NEP-dependent plastid genes in different genetic
backgrounds and after treatments that alter PEP activity. Values are expressed as the logarithm of the
fold-change (logy-FC) relative to wild-type seedlings grown under optimal conditions. Dataare retrieved
from the literature in the case of sig6 [26], pap2 and papd [27], prin2 [23], and pdm1 (pigmeent-deficient
mubant 1) [28] and from the GEO public repository in the case of gunl, Col-) + Lin, gunl + Lin
(GEQ accession GSES770; [2]), Col-0 + NF, guutl + NF, and gun’5 + NF (GEO accession GSE12887[2]).
Lincomycin treatment of wild-type Arabidopsisseedlings (Col-0 + Lin) leads to a drop in PEP-de pendent
transeript accumulation. As an adaptive response, NEP-dependent transcript levels are increased
in plastids, giving rise to what is known as the “A-rpo phenotype”. Similar behavior is observed in
mutants, such as sigh, pap2, pap8, prin2, and pdm1, which lack either nucleus-encoded plastid proteins
required for PEP activity (SIG6, PAP2, PAPS, PRIN2) or mRNA maturation factors (FDM1). However,
gunl seedlings grown in the presence of lincomycin (gunl + Lin) show an impaired “A-rpe phenotype™:
ie., NEP-dependent transcripts show a very limited degree of upregulation. Similarly to lincomyein,
gunl seedlings grown on norflurazon<containing medium (gund + NF) undergo severe repression
of PEP-dependent genes, and repression is even more pronounced if NEP-dependent transcripts
are considered. On the contrary, Cel- and gun3 (genomes uncoupled 5) seedlings in the presence of
norflurazon (Col-0 + NF and gun3 + NF) show a wild-type-like plastid gene expression, indicating that
the drastically reduced accumulation of PEP- and NEP-dependent transcripts upon NF treatment is a
characteristic of the gunT genetic background.

3. GUN1 and Plastid RNA Editing

Like several other PPR proteins (for a review, see [32]), GUN1 has also been reported to influence
plastid RNA editing [12], i.e., the enzymatic conversion of specific cytidines (Cs) to uridines (Us) in
mRNAs, such that the information in mature RNAs deviates from that encoded in the plastid genome.
The link between plastid retrograde signaling and plastid RN A editing was initially reported by Kakizaki
et al. [33]. The authors demonstrated that RNA editing in plastids was indeed affected under conditions,
such as Lin and NF treatments, that triggered plastid-to-nucleus signaling. In particular, reduced RNA
editing levels were observed in rpsi4 transcripts and RNAs encoding NAD(F) dehydrogenase (NDH)
subunits when Arabidopsis seedlings were treated with either of these drugs. However, directevidence
for a causal relationship between altered RNA editing and plastid signaling was lacking, and the
proteins inveolved remained unknown. This issue has now been clarified by the recent demonstration
that GUN1 interacts with an essential component of the plant RNA editosome—multiple organellar
RNA editing factor 2 (MORF2)}—and affects the editing of multiple plastid RN A sites during retrograde
signaling. In particular, gun? seedlings treated with NF affect the RN A editing levels at 11 sites in
plastids, indicating the high specificity of GUN1 for target RN As, Intriguingly, all the edited sites
are in NEP-dependent transcripts encoding subunits of the ATP-dependent Clp protease, the NDH
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complex, the ribosomes, photosystem I, and core subunits of PEP. Furthermore, treatment of gunl
mutants with either NF or Lin leads to similarly increased RNA editing levels only at the rps12-i-58
site, while comparable decreases are observed for rpoC1-488, pshZ-50, and rpeB-551 editing sites [12].
RMNA editing is usually associated with amino-acid substitutions in protein-coding sequences or is
used to create start/stop codons, thus serving as a correction mechanism for otherwise defective
transcripts. As a matter of fact, mutants with altered RNA editing in plant organelles exhibit defects in
development and growth, including pale and albino phenotypes [34-37]. In this specific case, GUNI is
responsible for the exchange of three highly conserved amino-acid residues in the  subunit of the PEP
core, known to be the catalytic site of the enzyme, and one in the rpoCl-encoded [’ subunit, also part
of the PEP core but with unknown function. Therefore, it is tempting to hypothesize that changes
in RNA editing levels for rpoB and rpoC1 ultimately affect the activity of PEP, This, together with
the impairment of GUN 1-dependent regulation of NEP activity, might be the primary cause of the
altered plastid transcript accumulation patterns observed in gunl cotyledons upon NF- or Lin-based
stimulation of plastid communication with the nucleus ([14]; see also Figure 1).

4. Genetic Evidence for GUN1's Interactions with the Plastid Protein Homeostasis Machinery

Genetic evidence indicates that GUN1 plays an essential role during the early stages of chloroplast
development in response to functional |mp1lrmr:nt of plastid gene expression, plastid protein import,
plastid protein degradati i t e of plastid osmosis (see Tables 1 and 2 for

ion, sugar r, OF
details), This notion is based on the addrhve phenotypic effects observed when the gunl mutation is
introgressed by manual crosses into genetic backgrounds, exhibiting defects in plastid transcription,
transcript maturation and editing, plastid protein synthesis, import or degradation, or sugar sensing.
Among, the 31 gunl-containing higher-order mutants listed in Tables 1 and 2, 20 are characterized by
additive phenotypic effects with respect to the single mutants (see also Figure 2). These include viable
pale-green plants with reduced growth and photosynthetic performance, albino seedlings unable to grow
autotrophically, and one embryo-lethal combination. These enhanced phenotypes, leading in some cases
to non-viable double mutants, reveal the importance of GUN1 function in the plastid. They confirm that
GUNI1 activity indeed supports plant development by optimizing chloroplast biogenesis—and hence
photosynthetic effidency—even when plastid gene expression is impaired by genetic modifications,

Table 1. Visible phenotypic characteristics of Arabidopsis mutants altered in plastid protein homeostasis
and crossed with gunl. Arabidopsis mutants affected in plastid transcription, plastid transcript
maturation and editing, plastid translation, plastid protein import, and plastid protein degradation
have beencrossed manually with different gun? alleles, including guni -1, gun1-9, gun 1-101°, guni-1029,
gunl-103%, The phenotypic characteristics of single and higher-order mutants, together with the existence
of physical interactions between the corresponding proteins with GUNI, are reported. Superseript a—e
letters specify the gun] alleles introgressed in the different mutant backgrounds reported in the Table,
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Ineight genetic backgrounds, the gun 1 mutation does not exacerbate the original mutant phenotype.
The lack of any additive effect in gund fishi-1 and guni ftsh8-1 cotyledons and leaves can be ascribed to
the fact that defective FtsH1 can be complemented by the major FtsH5 (type A} subunit, while FtsH8 can
be replaced by the major FisH2 (type B) subunit of the heteromeric filamentation temperature-sensitive
(FtsH) metalloprotease associated with thylakoids (for a review, see [45]). Indeed, unlike fish2 and
fish5, single ftsh1-1 and ftshS-1 mutants do not display any visible phenotype [14], indicating that lack
of either product does not perturb the activity of the FtsH metalloprotease, This can explain why
GUN1-mediated retrograde signaling is not required in fishi-1 or fish#-1. Moreover, no additive effects
are observed when the gunl mutation is combined with gun2, gund, and gun5 single mutants [46,47].
Indeed, the double mutants gunl gun2, gunl gund, and gunl gun5 accumulate chlorophylls to very
similar levels and display growth rates comparable to those of gun2, gund, and gun5 single mutants
(see Table 2). Conversely, gun2 gund and gund gun5 double mutants are characterized by a more extreme
chlorophyll phenotype than that of the corresponding single mutants. The exacerbation of the single
mutant phenotype is even more prominentin gun2 gun5, in which chlorophyll is undetectable [46,47].
Overall, these functional interactions allow us to exclude a major role for GUN1 in the tetrapyrrole
biosynthetic pathway, which provides chlorophylls and other tetrapyrrole end-products, such as heme,
siroheme, and phytochromobilin.

On the other hand, gunl prin2-1, gunl bpg2-2, and gunl prps21-1 double mutants are
also indistinguishable from the visible phenotypes of plastid redox insensitive 2-1 (prin2-1; [23]),
brassinazole insensitive pale green 2-2 (bpg2-2; [40]), and plastid ribosomal protein s21-1 (prps21-1; [17]).
respectively. In particular, comparison of prps21-1 with gunl prps21-1 mutants seems to support the
existence of an ‘impairment threshold’ in plastid gene expression, below which the activity of GUNI is
not required, or at the least, GUN]1 activity is so low that its complete loss does not exacerbate the
corresponding double mutant phenotypes. As a matter of fact, the prps21-1 single mutant accumulates
more PEP-dependent (rbcl and psbA) and NEP-dependent (rpoA and rpl12-3') transcripts than the
prplll-1 single mutant [14], possibly explaining the marked difference between the albino-lethal
phenotype of gund prpi11-1 seedlings and the pale-green phenotype of gun prps21-1 planis.

Only in three cases, gunl-containing higher-order mutants display an attenuated (suppressor)
phenotype with respect to single mutants. For instance, the callus tissue formation observed in the shoot
apex of the msi2 msl3 double mutant is suppressed in the gunl msl2 msi3 triple mutant, which results in
the formation of green and normally shaped true leaves. Clearly, this genetic interaction highlights a
major role of GUN1 protein in chloroplast biogenesis during the switch from leaf cell proliferation
to expansion and differentiation [458]. The direct involvement of GUN1 in chloroplast biogenesis
and, as a consequence, in cotyledon and leaf greening is further supported by the suppression in
the gunl sg1 double mutant of the delayed-greening phenotype seen in sg1 plants, which is itself
characterized by newly formed albino leaves that gradually turn green and become fully green by
3 weeks after germination ([35]; see also Table 1). Similarly, the guni prps1-1 double mutant shows less
severe bleaching of cotyledons and leaves and increased photosynthetic performance and growth with
respect to the prps1-1 single mutant due to GUNI-dependent control of the accumulation of the plastid
ribosomal protein 51 (PRPS1; [17]).
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Table 2. Visible phenotypic characteristics of Arabidopsis mutants altered in tetrapyrrole biosynthesis
and other functions and crossed with gunl. Arabidopsis mutants affected in tetrapyrrole biosynthesis,
plastid osmosis, sugar metabolism, and plastid gene expression are crossed manually with different
guni alleles, including gun1-1*, gun1-9", guni-101°. The phenotypic characteristics of single and
higher-order mutants, logether with the existence of physical interactions between the corresponding,
proteins with GUN1, are reported. Superscript a—c letters specify the gun1 alleles introgressed in the
different mutant backgrounds reported in the Table.

Additive (A),

. Single Mutant Name Do ble Mutant Physical
Locus Function Suppressor . Rek
and Phenotype () Effect Interaction
Tetrapymole Biosynthesis
gun: long hypocotyl;
A2p26670  GUNZ heme oxygenase  pale green cotyledons; wlentical to gun No effect No [46]
reduced growth
; g pale groen
At3E5a400 Gﬁm h'g':; '.“ cotyeldons and leves; dentical to gund N effict No 47
L reduced growth
=) gun®; pale green
Asgagap  GUNE CHIH subunital o) ong and leaves; ilentical to gun3 Mo effect No 1471
Mg-chelatase 7 4
reduced growth
Other Plastid Fundtions
MSL2 and MSL3! twi
members of the
MiscS-like family of "‘:‘i:ﬁ ¥: “}“;a o abolished callus
mechanosensitive iom S ° * formation at the shoot
AtSgliden, 4 ins the shuot apical
Atlg3E200 channels. They are g : el apex; langer, greener, & Mo [45]
localized in the plastid o ki u::”; 2 and mom normally
envelope and ane the :'“_m i shaped true leaves
required for normal h PH
plastid size and shape
INV-E: & s y
sicy-182°: sugar-mducible
chloroplast-targeted " oy yelion-192
alkaling/neutral kil yellow enhanced ety ledon
AE2510 invertase that is cotyleduns upon phenotype duc to.a A No [49]
implicated in the eatint el 1 Turther decrease of
development of the I oF fumctic o chlomphyll content
photosynthetic F‘; i 5!.11;1:: il
apparatus pla
enf2-19: enlarged fil
. cx pression domain2
ENFZ a expression
mutant—mature leaves
‘““"’PI""MI geted are pale green, more
peatein st 0 serrated, and narrower
Atlgalann bacterial polyamine - e albires-seedling lethal A No 509
A et T ottt than WT, in less than 1%
P[“_ ﬁ”“‘r" of cases, enf2-1 forms
needle-li ke leaves;
AL chloroplast

development s deliyed

5. GUN1: A Major Chec_kpmnt for the Control of Developmental Defects during Chloroplast
Bi

is and Mitiga

of the Deleterious Effects of Stress

GUNI1 is a very low-abundance protein with a very short half-life and has never been detected
in analyses of the plastiid proteome. However, its stability and amount increase upon activation
of retrograde signaling, as a consequence of the reductionfinhibition of Clp protease activity [51].
Nevertheless, it is reasonable to assume that even under conditions that activate the retrograde
signaling pathway(s), GUN1 is unlikely to have a direct regulatory effect on the many highly abundant
proteins that make up the plastid protein homeostasis machinery. A more realistic view suggests that
most of the genetic interactions observed in the last decade and reported in Tables 1 and 2 can be
ascribed to pleiotropic effects.

The recent findings that point to a primary and direct role of GUNI in plastid RNA
metabolism imply that the protein stimulates NEIP activity and alters editing levels of a few
NEP-dependent transcripts [12-16] and offer a novel perspective on GUNI activity. In particular,
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the decreased accumulation of NEP-dependent transcripts, i.e,, transcripts encoding mainly rRNA,
tRNA, and housekeeping proteins, and the reduced editing levels of some of them observed in guni
seedlings upon either NF or Lin treatments, straightforwardly explain the additive effects observed in
gunl-containing double mutants with defects in (i} plastid transcription, (ii) plastid transcript maturation
and editing, and (iii) plastid translation. Moreover, the reduced accumulation of NEP-dependent yefl
transcripts [14], which code for the Tic214 subunit of the 1-MDa TIC (translocon at the inner envelope
membrane of chloroplasts) complex involved in protein import into the stroma [52], could explain the
enhanced/altered phenotypes of the double mutants gund ticdl)-4, gunl ppi2, gunl cphsc70-1, and gunl
cpel-1, all of which are defective in plastid protein import. Similarly, the albino-seedling lethal
phenotype of gunl fish2-3 and the severely variegated cotyledons typical of gund fish5-3 could be due
to the concomitant alteration of the thylakoid-associated heteromeric metalloprotease FisH and the
stromal Clp protease,

With respect to suppressor phenoty pes, gene expression analysis has revealed that the introduction
of gunl into plants carrying the sg1 genetic background partially rectifies the imbalance in the expression
of chloroplast-related genes caused by the sg1 mutation [35]. For example, the gunl s¢1 double mutant
shows increased expression of Rbel and accD (both of which are expressed at very low levels in
51} and much reduced expression of rpoB, relative to that in sg1. Therefore, it seems that gunl can
partially correct the imbalance in levels of chloroplast-related genes in sg1, thereby suppressing the
deleterious phennlypes. Similarl)r, the increased accumulation of PRPS1 protein observed in the ]eaky
prps1-1 mutant in the absence of the GUN1 protein (gunl prps1-1; [17]) could be related to the lack
of upregulation and editing of ClpP1 transcripts encoding a subunit of the major plastid stromal
protease. As a consequence, PRPS] may be degraded less efficiently [17,51]. The suppression of the
msi2 msl3 double mutant phenotype seen in gunl msl2 msi3 seedlings is more difficult to explain [45].
Certainly, GUN1-mediated retrograde communication is only one of the many regulatory pathways
and feedback loops that govern dynamic cell identity decision-making at the plant shoot apex. It may
be speculated that the absence of this communication still permits proper leaf differentiation, even in
the presence of plastid dysfunctions in the shoot apex.

This large collection of genetic and molecular data related to GUN1 function can now be integrated
into a model, which is based on the following lines of evidence (Figure 2):

a. GUN1 is present in very low amounts as long as chloroplast biogenesis proceeds normally,
i.e,, in the absence of stresses/dysfunction of developing plastids. As a matter of fact, the gunl
mutant is hardly distinguishable from wild-type plants under optimal chloroplast biogenesis
conditions (Figure 2a).

b. GUNI1 prolr:in levels increase when stresses and/or alterations of plaslid functions occur
during chloroplast biogenesis. Under these conditions, NEF activity is favored relative to
PEF in the developing chloroplasts, This, together with the ensuing retrograde inhibition of
photosynthesis-associated nuclear gene (PhANGs) expression, results in pale cotyledons and/or
leaves in the best-case scenario. Therefore, the prevention of photo-oxidative damage seems to
prevail over the optimal organization of the photosynthetic apparatus and its capacity for light
absorption (Figure 2b).

c Lack of GUN1 disables, at least partially, retrograde signaling and its repressive influence on
PhANGs and causes major alterations in plastid RNA metabolism, including reduced NEP
activity and changes in editing levels of RNAs encoding subunits of the ATP-dependent Clp
protease, the NDH complex, the ribosomes, photosystem 11, and the core of the PEP enzyme
(Figure 2c). When the gunl mutation is introgressed into genetic backgrounds with defects in
either the plastid protein homeostasis machinery (see as examples scad-1, sgl, prpll 1-1, prpsi-1,
ftsh5-3, prin2-1, bpg2-2, fishl-1; for further details, refer to Table 1), sugar sensing (sicy-192;
for further details, refer to Table 2), or plastid osmosis (nsi2 msi3; for further details, refer to
Table 2), the corresponding higher-order mutants show a range of phenotypes. (i) In most cases,
anexacerbated phenotype isobserved, as a consequence of the fact that gun1-associated alterations

164



Cells 2020, 9, 2307 90F13

are added to the impairments caused by the original mutant backgrounds as, for instance, in the
case of scad-1 gunl-102, prpll1-1 guni-102, ftsh5-3 gunl-102 (for further details, see Table 1).
(ii) In a few cases, no additive phenotype is detected, either because GUNI activity is not required
under that specific plastid perturbation, or is rather limited, as in the case of prin2-1 guni-1,
bpg2-2 gunl-101, fish1-1 gun1-102 (for further details, see Table 1). (iii) In a small minority of
cases, a suppressor phEnotype is observed as a consequence of the abi.lity of_gun T-associated
alterations to mitigate the imbalances caused by the initial mutant backgrounds. This is the case
of sg1 gun1-1 and prpsi-1 gun1-102 double mutants and ms!2 msl3 guni-9 triple mutant.

Overall, GUNI seems to modulate photosynthetic efficiency in cotyledons and leaves to minimize
the consequences of malfunctions in developing chloroplasts, primarily with a view to preventing,
or at least reducing, photo-oxidative damage.

a) wild type

woai | gual-103
-t g e it2
k-2 gund-152

H no additive
bty po

i guntF
Hog 12 g 101
fukl. st 162

iii) wppm;wr_ -
phenotype

agd gual-}
gl - H12
el ) gun @

K

Figure 2. Schematic overview of the role of GUN1 protein during the early stages of chloroplast
biogenesis. (a) Under optimal conditions, i.e., environmental and genetic conditions, the abundance of
the GUNI protein is rather low, and no GUNI-dependent negative retrograde signal is sent from the
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developing chloroplasts to the nucleus to downregulate the expression of PRANGs. As a result,
proper chloroplast biogenesis occurs in cotyledons and leaves. (b) Under conditions that alter plastid
activity, i.e., genetic defects that impair plastid gene expression (PGE), plastid protein homeostasis
(proteostasis), sugar sensing, and plastid osmosis, the abundance of GUN1 protein increases in
developing chloroplasts. As a consequence, NEP activily is favored over PEP, changes in plastid
RNA editing levels take place, and a CUN1-dependent negative signal reaches the nucleus and
reduces expression of PRANGs. In this scenario, seedlings show defects in chloroplast development,
photosynthetic performance, and growth. (¢) The importance of the GUNI protein in chloroplast
biogenesis becomes evident when the gunl mutation is introgressed into Arabidopsis mutants with
defects in PGE, protepstasis, sugar ing, and maintenance of plastid osmosis. Under these
conditions, chloroplast biogenesis is altered, and the GUN1-dependent negative retrograde signal is
absent. These conditions, in most of the analyzed cases (20 out of 31, 64.5%), result in exacerbated
phenotypes, characterized by a marked reduction in leaf pigmentation and reduced photosynthetic
performance and growth. Only in few cases (25.8%), the lack of GUN1 protein fails to cause additive
phenotypic effects, while in the remaining three cases (9.7%), lack of GUN1 suppresses the mutant
phenotypes. pl, proplastid; nu, nucleus; chl, chloroplast.

6. Conclusions and Open Questions

Over the past decade, several labs worldwide have collected important pieces of genetic and
molecular information concerning the role of GUN1 during the early stages of chloroplast biugenesis.
The very recent data on the involvement of GUN1 in plastid RNA metabolism obtained in our
lab, almost concomitantly with the labs of Joanne Chory and Enrique Lopez-Juez, allow us to
integrate all the information now available into a unified model, which is schematically depicted
in Figure 2 [12-16]. As yet, little can be said about how GUNT1 is recruited to modulate transcript
accumulation and editing under conditions that trigger retrograde communication. Furthermore,
the molecular mechanism(s) that link(s) plastid RN A metabolism to retrograde signaling deserve(s)
further study. The changes in editing levels of transcripts encoding subunits of the NDH complex
prompt the speculation that alteration of NDH activity could affect the redox state of plastids,
thereby triggering retrograde communication. In addition, modification of Clp protease activity,
as a consequence of a GUN1-dependent influence on clpP RNA metabolism, could be at the basis
of the unfolded protein response signaling pathway [39,53-55]. Similarly, altered expression of the
plastid gene yefl could provide the connection between plastid protein import, cytosolic folding
stress, and plastid precursor protein-mediated retrograde communication [14,44]. Further analyses
of GUN1 and its involvement in plastid RNA metabolism will provide important clues to the
molecular mechanisms at the root of the coordination of plastid-nucleus gene expression. In this
context, we suggest the use of GUN1 chimeras expressed under the control of the wild-type GUN1
promoter—which can be obtained by the recently developed CRISPR/Cas%-mediated gene targeting
approach [56]—to resolve remaining ambiguities in GUN1 function—introduced, most probably, by
the use of GUN1 over-expressing lines for molecular studies. This strategy, designed in several labs
to boost the very low abundance of the GUN1, might have led to the identification of interacting
partners that are not essential for its function, as a consequence of the rather sticky nature of the protein,
as highlighted by the identification of several protein interactors [57]. In the end, GUN1 may turn out
to an “almost” typical plastid PPR protein, as indicated by its involvement in RNA metabolism.
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Plastid genes in higher plants are transeribed by at least two different RNA
polymerases, the plastid-encoded RNA poly (PEP), a bacteria-like
core enzyme whose subunits are encoded by plastid genes (rpod, rpoB,
rpoCl and rpoC2), and the nuclear-encoded plastid RNA polymerase
(NED), amommeﬂcbaderinpl‘nge—typeRNApolymse Both PEP and

NEF enzymes are active in non-green pl, and in chloropl at all
developmental stages. Their transcriptional activity is affected by endog
ous and exogenous factors and requires a strict iination within the

plastid and with the nuclear gene expression machinery. This review focuses
on the different molecular mechanisms underlying r:hlmoplnst transcription
dation and its dination with the phot h iated nuclear
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This article is part of the theme issue ‘Retrograde signalling from endo-
symbiotic organelles”.

1. Introduction

Compared to its cyanobacterial ancestor, the transcriptional apparatus of the
land plant chloroplast is more complex and reflects the evolutionary integration
of a prokaryotic gene expression system into a eukaryotic host cell. Unlike bac-
teria, chloroplasts of angiosperms and the moss Plyscomitrella patens require at
least two different RNA polymerases to ensure transcription of plastid genes:
the plastid-encoded polymerase (PEP), a multimeric bacterial-type enzyme [1],
and, in addition, the nuclear-encoded polymerase (NEP), a monomeric T3-17
bacteriophage-type enzyme [2,3]. Correct plastid development and functionality
necessitate the interplay of both PEP and NEP enzymes, together with nuclear-
encoded factors, such as sigma-like factors (Sig) and PEP-associated proteins
(PAPs) [4-8]. These are just a few examples of nuclear factors that exert control

© 2020 The Autharls) Published by the Royal Society. All ights reserved.
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over the plastid gene expression (PGE), since the nuclear
genome encodes most of the plastid proteins [9]. On the
other hand, chloroplast biogenesis and functionality also
require tight coordination of the transcription of thousands
of nuclear genes with the expression of the relatively few plas-
tid genes, This coordination is achieved through an extensive
flow of information from developing plastids to the nucleus,
via biogenic retrograde signalling, and from mature chloro-
plasts to the nucleus, via operational retrograde signalling
[10-12]. The GUN1 {genomes uncoupled 1) protein, a pentatri-
copetide repeat protein that localizes to plastids, was proposed
as the central node relaying information from multiple
retrograde signalling pathways that regulate photosynthesis-
assoclated  nuclear  genes  (PRANGs)  expression  [13].
Interestingly, the involvement of GUN1 in relaying signals
after norfluorazon (NF) and lincomycin (Lin) treatments
[13], and after impairment of protein import [14] and PGE
[15-17] raises the possibility that each of the treatments or
mutant genetic backgrounds may affect a similar process,
thereby using GUN1 as a common signalling component
[18]. Intriguingly, GUN1 and NEP proteins have some features
incommon including the fact that (i) NEF, as GUNI, should be
found in plastid nuclecids, since plastid DNA is exclusively
located in these domains; (i) the NEP polymerase and the

(PAPs) [6]. PAPs are an evolutionary conquest of solely land  [JE}

plants, as no PAP orthologues were found in Chilamydomonas
remfrardtii 16,28]. Intriguingly, functional studies on PAP knock-
out mutants indicate that PAP proteins are required for
PEP-mediated transcriptionand regulation [29-36], contributing
to establish a subdomain in the plastid nucleoid where
PEP-mediated transcription takes place 6]

3. Origin and evolution of nudear-encoded

polymerase

In the early 19905, researchers postulated the existence of a
nuclearencoded and plastid-located RNA polymerse, NEP.
The first evidence came from the obligate parasitic angios

Epifagus wirgiiona that possesses plastids with a reduced
genome (just nine genes are retained), deprived of all rpo
genes |37, and from the barley mutant albostrians deficient
in plastid ribosomes [38] and therefore unable to synthesize
the PEP core subunits. Despite the absence of PET, plastid tran-
scripts were detectable both in Epifagns virgiirfimm and in
albostrians  barley mutant, suggesting the existence of a
nuclear-encoded plastid RNA polymerase. In the same
period, a 110kDa polypeptide was purified from spinach

GUN1 protein have never been detected in plastid f lic
analysis [6,19,20], most probably as a consequence of their
very low abundance; and (iii) they are highly active during
early stages of chloroplast biogenesis [2.21]. This review
focuses on the recently discovered molecular mechanisms at
the basis of the regulation of chloroplast transcription and its
coordination with PRANGs expression during early stages of
chloroplast development and upon alteration of plastid
protein homeostasis in Arebidopsis cotyledons. Particular
emphasis s given to the link between NEP and PEDP activity
and the GUNIl-mediated chloroplast-to-nucleus retrograde
bidopsis cotyledons [22-24].

< ication in

2. The plastid-encoded RNA polymerase

The PEP catalvtic core is made of @ (it ocours as a dimer and
serves as a stabilizing agent of the PEP core), # (the catalytic
subunit), & {unknown function) and g (DNA binding
function) subunits, encoded by the plastid rpoA, rpoB, meCl
and rpoC2 genes, respectively, and inherited from the cyanobac-
terial ancestor [25], Studies performed in barley, tobacoo and
Ambidopsis showed that rpe genes are essential for proper chlor-
oplast biogenesis, as mutants lacking any PEP subunit exhibit an
albino or yellowish phenotype [26]. As in any other bacterial
RNA pol the PEP enzyme needs sigma factors (o) for
promater recognition and nitiation of transcription [27]. Genes
coding for plastid sigma factors are located in the nuclear
genome, thus, PGE is strictly controlled by the nucleus. In Arabi-
dopsis thaliama, six different sigma factors, SIG1-51G6, have been
identified. Their spedfic functions in chlaroplast physiology
have not been fully understood yet, however, the investigation
of knockout mutants has provided the first insights [5]. The
PEPenzyme is located in the nucleoids and the Rpo core subunits
jointly with one of the sigma factors form the holoenzyme that,
upon light exposure, recruits additional subunits driving chlorm-
plasts biogenesis. Different nucleus-encoded proteins, unrelated
to bacterial transcription factors, are consistently co-purified
with PEP and collectively are named PEP-associated proteins

171

chloroplasts via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The purified polypeptide actively synthesized
RNA in the presence of supercoiled DNA template and
nucleoside triphosphates, showing [ of a sing le-subuni
RNA polymerase of the T3-T7 bacteriophage type [39]. The
plant genome era, inaugumted by the release of the Ambidopsis
Hialiana genome, allowed the identification of three nuclear
genes, called RPOT, coding for phage-like RNA polymerases,
targeted to mitochondria (RPOTI/RpoTm), chlomplasts
(RPOT3/RpoTp) and to both organelles (RPOT2/RpoTmp)
[40,41]. In general, the three RPOT genes are present in eudico-
tyledon plants, while RPOT2, encoding the dual-located
RpoTmp, is absent in monocots and early-diverging angios-
perms [4243]. The basal angiosperm Nuphur adwena, for
instance, has two mitochondrial RNA polymerases and a
proper NEE which could be considered the phylogenetically
earliest RpoTp enzyme in higher plants [44] Unicellular
green algae, such as C. reinhardtii, Ostreococcus favri and Thalas-
siosira psewdonma, also have a single gene for the RpoTm and
no RpoTmp enzyme [43,45]. This feature is in common with
fungi and mammals, as well as the spike-moss Selagine by moel-
Tendorffii [4346]. However, the nuclear genome of the moss
P. patens bears three RPOT gene as in Amabidopsis. However,
one gene codes for an exclusively mitochondrial polymerase,
while the other two produce two duallocated RpoTmp
enzymes [3]. In the light of these phylogenetic data, the NEP
enzyme app 1t origh from  dupli of the
RPOTT gene, which could have occurred multiple times in
the evolution of land plants, as three copies of RPOT genes
are present in messes and dicot plants bul not in spike-
mosses and monocots, Alternatively, the extra dual-located
enzyme could have been lost during evolution [43,44].

NEF, like PEE is essential for chloroplast transcription.
Knocking out the RPOTZ or RPOT3 genes in Amibidopsis
yields plants with delayed chioroplast biogenesis, while the
rpot rpotd double mutant is characterized by chlorophyll
deficiency and a complete arrest of growth early in develop-
ment [47], indicating partially overlapping functions of
RpoTp and RpoTmp in chloroplast gene transcription.
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Figure 1. Schematic overview of the GUN1-dependent coordination of plastid and mudlear transcriptional machinery in three different scenarios: early stages of
chiomplast development (a], altered protein homeostasis (b} and alterad protain homeostass in the absence of GUN1 protein (c). The role of GUNT becomes evident
when chloroplast biogenests is altered either by chemical treatments (lincomycin of norflurazon) or genetic defects that impair plastid protein homeostasis (see
panels indicated a< altered protenstasis) [15,16,24]. Under these conditions, GUN1 has been reported to {i) Interact with NEF and favour accumulation of NEP-
dependent transaripts, induding yef? that encodes the Tic14 subunit of the protein translocon at the inner envelope membrane of chloroplasts [24]; (i) interct
with MORF2, a component of the Editosome protein complex, and edit NEP-dependent transcripts, including rpoB and rpoCl, but also rps12, rps?4, ndhB and ndhD
mRNAs [22); (iil) inveract with cpHSC70-1 and regulate plastid protein import (this detail is not shawn) [23]. Overccumulation of prepeoteins in the cytosol of gun?
cotyledon celis induces the accumulation of cytosolic HSP9O proteins that favour PhANGS tramscription [23.24]. This could be obtained by either 265 proteasome-
dependent degradation of negative transcriptional requlators or activation, thmugh HSP90-promating folding, of pasitive ones (transcription factors, TFs). 1t is con-
celvable that a similar mechanism could be active even at early stages of chloroplast development [21], to fine-tune the chioroplast and nudear transcription
machineries with respect to the developmental needs. However, under these conditions the accumulation of preproteins and downstream components of the
signalling pathway have not been desaribed yet. Note that the lhlctness and bnghmess of lines and shapes is directly proportional to the activity of the spedific
process. ¢TF, chloroplast transite peptide; TOC, translocon at the outer chioropl TIC, translocon at the inner chloraplast me mbrane; Lin, lincomycin; NF,
norflurazon; prp, plastd nbosomal protein mutants; PGE, plastid gene expression, defined as transaription and translation rate of plastid-encoded genes,

4. Nuclear-encoded polymerase and AF e prstnge, sHOR RpoTand RpcTip ire ks

| X present in dry seeds. Furthermore, a dramatic accumulation

pEastld—enfoded DO|)’!T1EH5E and their of RpoTp protein occurs shortly after imbibition, and its

role in plastid gene expression nceoanesd siivity 1eids 19,4 bigher aisamletion of BEP

. . o core proteins as well. Upon seed germination, NEP activities

Data obtained during the last two éecafies indicate that both st b iots in and peak at 2-3 days after germina-

PEP an.d NEP Wiyw"?ﬁ are active in all B‘N_"“ and m_m- tinn, leading to increased accumulation of NEP-dependent

green tissues, but with different dq;mesn?f activity acmft.img ceripts, followed by a wwrw drop as RPOT3 gene
to the developmental stages and Iph_vs!ologmi conditions mprewun decreases [5152]. Mor . gene exp

(figure 1). As a matter of fact, Amabidopsis dry seeds already studies revealed that RPOT3 is mainly active in green photo-

contain several transcripts of the plastid transcription machin- synthetic tissues while RPOT2 plays its role in dividing and
ery, such as the NEP RPOT2 and RPOT3, the PEP core rpod, r{on-gmm cells 53] 5

7p0B, rpoC1, rpoCl, and the nudear-encoded PEP-associated When seed germination takes place in darkness, the
sigma _f"':“’“‘l SIG2 and SIC5 [48A49] ‘F}""’"" PEP core eoplasts tum into etioplasts, where a soluble inactive form
tmnsciipts dertve from chiomoplasts present in photosynthiet- of the PEP holoenzyme, termed PEP-B and made of core pro-
cally. moitve Asabidopels embrys; befare dedifferentistion ta teins only, is present. Upon illumination, the PEP complex
small non-green plastids, termed eoplasts, occurs during late tarts mmg with several PAP proteins and becomes

embryo and seed maturation. In addition, during stratification
(72 h at 4°C in the dark) several plastid house keeping genes, chromosome (pTAC) megadalton complex. This more com-
including rpod, rpoB, rpeCl and rpeC2, and many nuclear plex enzyme, named PEP-A, increases the PEP activity and
genes encoding SIGL-6 factors and the RpoTp, RpOTMP  jous to the transcription of Photasynthesis-Associated Plastid-
snzymes anactively transcribed 48,30, Encoded Genes (PhAPGs) and cotyiedm greening, [34,54,55].

part of the membrane-bound plastid transcription active
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NUCLEAR CONTROL OF PEP ACTIVITY (NCP), a dual-tar-
geted nuclear/ plastidial protein, also known as MRL7-L
(Mesophyli-cell RNAi Library line 7-like) [56] and SVR4-
like (Suppressor of Variegation 4-like) [57] because of its
essential role in chloroplast biogenesis [56,57], is required
for both the nuclear and plastidial signalling steps of
PRAPGs activation, promoting the assembly of the PEP com-
plex upon illumination (58], In particular, NCP mediates the
degmdation of two repressors of chlomoplast biogenesis in the
nucleus, PIF1 and PIF3, thus participating in the phyto-
chrome-mediated  signalling at the basis of chloroplast
biogenesis. NCI” also has a paralog in Ambidopsis, At4g28590
also known as ECB1 (Early Chloroplast Biogenesis 1) [59],
SVR4 (Suppressor of Variegation 4) [57] and MRL7 (Meso-
phyll-cell RNAi Library line 7), which was renamed Regulator
of Chloroplast Biogenesis (RCB) [60]. Like NCI RCB is also a
dual-targeted nuclear / plastidial protein required for the degra-
dation of the nuclear transcriptional regulators PIF1 and PIF3
and for PEP assembly and PRAPGs expression in the plastids.
These data support a model in which phytochromes control
PHAPGs expression through light-dependent double nuclear
and plastidial switches that are linked by evolutionarily
conserved and duakbalized regulatory proteins.

Following PEP-A assembly, the enzyme takes over most
of the transcription activity, including mRNAs, rRNAs and
most of the IRNAs [61-65], while the NEP enzyme remains
active to perform the transcription of rpoB (forming an
operon with rpeCl and rpeC2), accD (in dicots), cfpf, atpE,
alpl, genes coding for ribosomal proteins and a few tRNAs,
and, in dicots, yefl and yof2 until senescence.

5. Plastid-encoded polymerase regulation

PEP promoter recognition and transcription initiation are
mediated by ¢"-like factors, as occurs in prokarvotes [27].
Ambidopsis has six different sigma factors, SIG1SIGa. All
Ambiclopsis sig knockout mutants fail to accumulate wild-type
levels of plastid transcripts nevertheless, only sig? and sigh
displayed a pale-green phenotype, suggesting a more relevant
nole in plastid transcription and chloroplast development [66]
Furthermore, only a partial functional redundancy among Arati-
dopsis SIG factors during early steps of seedling development has
been revealed, indicating gene-specific functions [4,5].

Unlike their bacterial counterparts, the plastid sigma factors

of plastid SIG factors is not conserved among bacteria and chlor- [0

oplasts, and makes plastid SIG factors incompatible with the
transcription machinery of bacteria [70,71].

SIG factors alse contribute to the construction of PEP-A
holoenzyme, together with the 12 true PAP proteins, identified
through genetic and biochemical studies, and shown to be
essential for chloroplast biogenesis in Ambidopsis |6]. Indeed,
all pap mutants display an albinotic/ chlorotic phenotype, cor-
roborating the hypothesis that PAP profeins are fundamental
for PEP activity, as Rpo-core subunits. In particular, PAPs ane
invol v functions [34], including:

ed in 4
(i) DNA/RNA metabolism-related gene expression regu-
lation, as in the case of PAP1, 2, 3, 5, 7 and 12. For
instance, PAP1 and PAP2 display pentatricopeptide
repeat (FPR) motifs, known to be involved in RNA
metabolism [72] and PAP3 is predicted to interact
with RMNAs through its S1-like domain [35].
(ii) Redox-dependent gene regulation and protection
against oxidative stresses, as in PAP4, 6, 9 and 10. As
an example, PAP10/TrxZ physically interacts with the
PLASTID REDOX INSENSITIVE 2 (PRIN2) protein, a
key regulator of PEDP activity, capable of transducing
the redox state of thylakoid membranes into regulation
of PEP-dependent transcription [73,74]. In particular,
PAPI0 interacts with the PRIN2 dimer and through its
thioredoxin domain causes the reduction of inter-mol-
ecular disulfide bridges and the release of PRIN2
monomers, that are then able to boost the transcription
of PEP-dependent genes, providing a mechanistic link
between photosynthetic electron transport and acti-
vation of phot hetic gene exp

Chlomoplast transcription has also been reported to be under
the control of phytohormones during the greening of etioplasts
[75] and in fully developed chloroplasts of barley (Hordewm oul-
gare L) In particular, stimulatory effects of cytokinin (6~
benzyladenine BA) and repressive effects of methyl jasmonate
(MeJA), auxin (indole-3-acetic acid, TAA) and gibberellic acid
(GA3) on chloroplast gene expression at the levels of transcription
and transcript accumulation of both NEP- and PEP-transcribed
genes have been reported [76,77]. More detailed information is
available for abscisic acid (ABA). In particular, it has been
shown that exogenously supplied ABA represses the transcrip-
tion of plastd genes during greening and in fully mature

SIG1, SIG2 and SIG6 can be modified post-tanslationally by
phosphorylation at the N-terminal variable region in fully
mature chloroplasts [467]. SIG2 and SIG6 phospharylation
have been related to alterations in the promoter binding effi-
ciency of PEP [68] Similarly, SIG1 phosphorylation is
regulated in a redox-dependent manner and serves to adapt
PSI1/ Psl stoichiometry to light changes by modulating the rela-
tive transcription of the photosynthesis reaction centre genes
pshA (photosystem 11, PSI) and psaA(B (photosystem 1, PSI),
indicating that phosphorylation is also needed to adapt the
PEP-dependent transcription to the redox state of the thylakoid
electron transport chain [67]. Lastly, a role for SIG6 in the oper-
ational retrograde signalling during singlet oxygen stress has
been reported [69). In particular, a genetic screen uncovered a
sigh mutant (soldat8) that was able to survive the high levels
of singlet oxygen in the Ambidopsis flu mutant that has uncon-
trolled tetrapyrrole synth This regulatory mechani

originated after the endosymbiosis event, since the N-terminal
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chloropl in barley Jeaves, with the exception of psbA, pshD
and a few other genes that remain as active as in untreated
leaves [78]. Based on these findings, ABA seems to coordinate
the repression of photosynthesis genes in the nuclear and chlor-
oplast genomes while leaving active those chloroplast genes
that are needed for the protection of the PSIT reaction centres
from damage by reactive oxygen species (ROS) [73]. This adap-
tive response involves the ABA-adivated expression of RSH2
and RSH3 nuclear genes, coding for enzymes in the chloroplast
that synthesize guancsine-3, 5'-bisdiphosphate (ppGpp), an
inhibitor of chloroplast transcription. [n particular, ppGpp was
shown to inhibit transeriptional activities of purified PEP prep-
arations it vitro [79]. In addition, an assay based on the in
planta incorporation of the base analogue 4-thiouridine into nas-
cent chloroplast RNA demonstrated that the accumulation of
ppGpp inhibits the transcription of PEP-dependent and, to a
lesser extent, of NEP-dependent genes in developing seedlings
[80], resembling the ancient bacterial stress-signalling pathway
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known as the stringent response (for a review see [81]). Further-
more, relatively high ABA levels inarease the amount of SIGS by
activating the expression of its gene in the nucleus leading to a
subpopulation of SIGS-PEF. The SIG5-PEP transcribes chlom-
plast genes from specific promoters, resulting i the observed
escape of a few plastid genes (psbA, pshD) from the otherwise
general downregulation of transeription of chlo oplast genes [78].

6. Nuclear-encoded polymerase requlation

Although PEP regulation has been widely characterized and
several regulatory factors identified, only a few pieces of infor-
mation on NEP activity regulation are currently available.
Firstly, the tRNA-Clu is able to bind and inhibit the activity of
NEP in vitm, displaying specificity compared to tRNA-Val,
RNA-Gly and IRNA-Trp, used as control [51]. The tRNA-Glu
is different from the other plastid-encoded tRNAs, since it is
not only involved in plastid protein synthesis but is the substrate
the synthesis of 5-ami ulinic acid, an early step of the tet-
rapyrrole biosynthesis pathway that leads to chlorophyll, heme
and phytochrome production. In particular, the tRNA-Gl, mas-
sively transcribed by PEP during the greening process, has a
pivotal role in the switch between NEP and PEP activity, by inhi-
biting the NEP-dependent transcription in a threshold manner,
once the greening has occurred [51]. A second regulatory mech-
anism of NEP activity was initially observed in tobacco leaves
through the impairment of the plastid rpeB gene, encoding, the
freubumit of the PEP enzyme. In particular, an entire class of
plastid transcripts was found to accumulate at high level upon
the complete loss of PEI® activity [62,82]. Such an adaptation
mechanism, termed as “Arpe phenotype’, was then reproduced
in tobacco leaves upon depletion of the rpod, poB, poCT and
poC2 genes [83], encoding the core complex of the PEP
enzyme, Later, the Arpo adaptive response was described in
nearly every mutant identified as PEP regulator and impaired
in PEP-dependent gene expression in Arabidopsis, including
mutants with PAP gene expression defects (for further details,
see table 1), together with many other mutants affected in the
accumulation of key players of chloroplast protein homeostasis,
such as PPR proteins involved in mENA metabolism (CRP1 and
PPR4), plastid ribosemal proteins (PRPL11 and PRPS21), cha-
perones (CLPR1 and cpHSP70-1), and the iron superoxide
dismutase FSD2 and FSD3 (table 1). Moreover, impairment of
chloroplast translation upon lincomycin treatment activates the
Amo adaptive response in Arabidopsis seedlings [1324]. More
generally, it appears that every genetic- or chemical-induced
impairment of plastid protein homeostasis leads to the upregu-
lation of NEP-dependent transcripts, as an attempt by the PGE
machinery to intain non-pk hetic plastid functions
by expressing housekeeping genes. Strikingly, we have recently
reported that GUNT protein is able to physically interact with
NEP in chloroplasts of Ambidopsis cotyledons and is required
for the Arpo adaptive response, providing an important
link between plastid transcription and the GUN1-mediated
plastid-to-nucleus retrograde communication [24],

7. Interplay between plastid transcription
requlation and retrograde signalling

Due to the chimeric nature of PEP enzyme, made of subunits
encoded by both the plastid and the nuclear genome, and the

174

nuclear localization of NEP encoding genes, it is clear that the I}

coordinated transcription of plastid and nuclear genes is
essential for proper development of all plastid types. This
coordination takes place through the nuclear control of PGE
and the retrogrde signalling pathways [10].

In the case of chloroplast biogenesis, multiple pieces of evi-
dence on the coordination of plastid transcription and PhANGs
expression have been reported. In particular, the status of plas-
tid transcription and translation as a trigger for retrograde
signalling has been demonstrated by repression of PiLANGs
expression upon chemical treatments, for instance with the
plastid translation inhibitor lincomycin or by rifampicin,
which selectively inhibit the PEP enzyme [12,66]. More specifi-
cally related to PEP-dependent transcription, increasing
evidence indicates that several factors involved in the coordi-
nation of plastid and nuclear transcriptional machineries are
characterized by the presence of both the chloroplast transit
peptide (€TP) and the nuclear localization signal (NLS) in
their peptide sequence, implying a plastid and nuclear dual
localization [20]. These proteins have potential access to plas-
tid and nuclear DNA and, therefore, they can be directly
involved in the coordination of gene expression in both com-
partments. Among them are NCP and RCB, described
above, and PAP, =5, =7, =8, =9 and =12. Currently, only in
the case of PAPS/pTACI2 has the dual localization been
experimentally confirmed [88,100], Indeed, PAPS seems to
be involved in the red light-mediated skotomorphogenesis-
to-photomorphogenesis tmnsition, through the physical inter-
action and degradation of phytochrome-interacting-factors
PIFland PLF3, thereby affecting gene expression in the nucleus
[101-103], similarly to NCP* and RCB. Interestingly, genes
coding for PAPs were found to be expressed in non-green tis-
sues before the assembly of the PEP-A complex, which is
induced in the light. It is, therefore, possible to speculate that
the NLS-containing PAP proteins can form two different com-
plexes, one in the nucleus and one in the chleroplast, and
modulate gene expression in both compartments by interact-
ing with different kinds of RNA polymerases [26]. In this
scenario, a nuclear PAT complex could assemble in the dark
at first, mediating the early steps of plastid development by
interacting with RNA polymerase 1, and upon illumination
migrate to the chloroplast to form PEP-A, in a sort of NLS-
¢TP competition which could determine the PAD protein intra-
cellular localization.

In addition to dual-located proteins, proteins specifically
located in plastids are also able to coordinate plastid and
nuclear gene expression. For instance, PRIN2 has been
reported to be able to trigger retrograde signalling in response
to light, besides its direct regulation of PEP activity, [73,74].

Furthermore, depletion of SIG2 and SIG6 in Arabidopsis
allowed demonstration that the activity of both sigma factors
is the source of retrograde signals that promote PRANGs
expression [66]. The addition of the gunl mutation in sigh
mutant led to a global reduction of 72 plastid transcripts,
both PEP- and NEP-dependent, suggesting a possible invol-
vement of GUN1 in the regulation of the plastid and
nuclear transeriptional machineries. The physical interaction
between PAPS/pTACH and GUNI observed by Tadini ef al.
[15] points further to a direct link between PEP activity
modulation and retrograde signalling.

More recently, Tadini and co-workers demonstrated that
GUNT plays a central mle in the regulbstion of NEP activity,
thus creating a direct link between retrograde signalling and
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Table 1. List of genes/proteins whose impairments result in the activation of the Arpo adaptive response, ie. increase accumulation of NEP-dependent [}

transcripts upon depletion of PEP activity.

gene atcession phenotype
plastid transeription requlation

St62 AT1G08540 pale

SiGé AT2636990 pale

61 ATSGET570 delayed greening
PAP2/pTACZ AT1G74850 pale
PAP3TACTO ATIGAE500 albino
PAP4/FSD3 AT5623310 pale
PAPS/TACIZHMR A12G34640 pale
PAPS/FLNT AT3G54090 albino
LNz AT1669200 virescent
PAP7HTACI AT4G20130 albino
PAPS/pTACG AT1621600 albino
PAPS/FSD2 AT5651100 pale

PAPTO0 T AT3G0G730 albino
PAPT2pTACT AT5624314 albino
PIACS AT4613670 pale
PRINZ ANG10s22 albino
ECBI/MRLT/SVR4/RCB AT4G28590 tall/albino
MRL-LSVRS-LANCP IT2G31840 tall/albino
plastid transeripts matumtion

(RP1 AT5642310 albino
PrR4 ATSG04E10 embryo-ethal
POM1 AT4G18520 albino
pl_nid_ translation

PRPSZI AT3627160 pale
PRPLTT AT632990 pale

plastid proteostasis maintenance

Hse21 AT4G27670 none (22°C); albine (30°C)
pHSC7D-1 AT4G24280 variegated
LRy AT1G49970 virescent

PEP/NEP-dependent transcription (figure 1). In paricular,
GUNT was shown to interact physically with RpoTp and to
have a direct role in the upregulation of NEP-dependent tran-
scripts upon perturbation of plastid protein homeostasis, e
during the Arpr adaptive response [24] Concomitantly, GUN1
has been reported to have a direct role in RNA editing by phys-
ically interacting with the MULTIPLE ORGANELLAR RNA
EDITING FACTOR 2 (MORF2), a member of the so-called plas-
tid RNA Edi which is involved in editing nearly all sites
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mobecular defect refs

reduced PEP activity [66]

reduced PEP activity |66, 84]

reduced PEP activity [84,85]

reduced PEP activity; 29
RHA maturation

reduced PEP activity [B6]

rduced ROS scavenging; [87]
reduced PEP activity

reduced PEP activity; (88,89
altered phytochrome signalling

mduced PEP activity [89]

reduced PEP activity [89,90]

reduced PEP activity [90]

reduced PEP activity 129]

rduced ROS savenging; [87]
reduced PEP activity

reduced PEP activity [34]

reduced PEP activity 51

reduced PEP activity [92]

reduced PEP activity; [73.74)
impaired redox-mediated retragrade signaling

reduced PEP activity; [56,57,60]
altered phytochrome signalling

reduced PEP activity; [57.58]
altered phytochrome signalling

impaired plastid mRNA maturation (93]

impaired plastid mRNA maturation [94]

impaired plastid mANA maturation [951

reduced plastid ribosome activity 24961

reduced plastid ribosome activity (15,2497}

reduced PEP activity under heat stress [92]

reduced plastid import capadity; [24,98]
impaired protein quality control

impaired protein quality control [99]

of plastid RN A [22], in agreementwith previous studies where a
link between plastid signalling and RNA editing was shown
[18,104]. Consistent with this, gun! mutant cotyledons have
differential efficiency of RNA editing (C->U) levels of 11 sites
in the plastid transcriptome, after norflurazon or lincomycin
treatment, compared to wild type Intriguingly, the target
genes were NEP-dependent, including transcripts of PEP core
subunits #and § [22] The rpoB and rpoCT editing sites have
been observed in previous studies and lead to amino acd
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changes in the protein sequence [105). However, the biological
meaning of such editing events and the impact on the tran-
scripts is not always clear, BNA editing is usually associated
with the restoration of conserved codons or aims to recreate
start/stop codons serving as a correction for otherwise defective
transcripts [106]. In this specific case, GUNI is responsible for
three amino acid changes in rpoB sequence (S113F, 5184 L and
5811 L) and one in rpeCT (5163 L) [22]. The edited residues are
highly conserved in several species, suggesting that the lack of
GUNI leads to the production of altered forms of PEP core pro-
teins. In this scenario (figure 1), GUNI appears to be part of a
protein complex that act as a positive regulator of both NEP-
and PEP-dependent transcription, and that could contribute
tothe increase of cellular RN A amount observed during germi-
nation or even to the doubling of plant cell RNA detected within
48 h under stress conditions, i.e. in response to herbicide-
induced Mg-protoporphyrin and heme accumulation or a
high level of sugar treatment, as previously reported [107]
According to this model, GUNI-dependent closure of the
photosynthetic  apparatus, by repressing  photosynthesis-
associated nuclear gene expression, would contribute further
to protection from oxidative stress [107]. Alternatively, the
GUN1-dependent increased acc lation of NEP-dependent

the mechanism by which the activity of plastid transcription gl

machinery s coordinated with the nuclear gene expression
apparatus [22-24]. A direct connection between GUNT and the
NEP-PEP plastid RNA polymerases has been provided by
both the physical interaction of CUNT with RpoTp and its role
in favouring the NEP-dependent transcript accumulation upon
alteration of plastid protein homeostasis [24], and by the edit-
ing-level changes observed in roB and 1poCl transcripts,
which encode subunits of plastid-encoded RNA polymerase
[22]. In agreement with previous studies [66,74], it is conceivable
that the alteration of the activity of the plastid RNA polymerases
results in abnormal transcription of a specific set of plastid genes
and, possibly, in the source of the GUNT-dependent retrograde
signalling, Furthermore, the altenad transeription of the NEP-
dependent ycf! gene, which encodes the Tic214 subunit of the
1 MDa TIC complex [24], together with the GUN1-cpHSC7(0-1
(chloroplast heat shock protein 70-1) interaction [23], have pro-
vided the connection between cytosolic folding stress and the
GUNI-dependent retrograde signalling, HSPY0, induced by
cytosolic preproteins, has been verified to sustain the expression
of nudear photosynthesis-related genes [23], pointing to a poss-
ible connection  of GUNI-metrograde  signalling and  the

transcripts upon depletion of PEP activity would serve to main-
tain the house keeping functions of plastids, reducing to a
minimum the photosynthesis-dependent oxidative damage.

Interestingly, the over-accumulation of unimported precursor
proteins { preprofeins) observed in the cytosol of gunl cotvledon
cells upon growth in the presence of lincomycin (figure 1)
induces upregulation of cytosolic Heat Shock Protein 90
(H5P90) and in turn sustains the expression of PRANGs, indical-
ing that this pathway might play a key role in the coordination of
plastid and nudear gene transcription [2324]. In particular,
H590 could mediate retrograde communication by either
Tepressing negative regulators of transcription (for example,
through delivery to the 265 proteasome for degradation) such
as abscisic add insensitive 4 (ABI4) [13], although its role in retro-
grade signalling has been questioned recently [108], or by
activating a positive regulator of transcription {for example,
though promoting folding or refolding of a lramm'pﬁon
factor) such as Elongated Hypocotyl 5 (HYS) [109] and
Galder-Like 1/2 (GLK1/2) [110], reparted to be involved in m{-
rograde ¢ jcation and ired for coordi d m
of key genes in chloroplast hmgene‘ﬂa [1m,12).

8. Condluding remarks and future perspectives

The field of plastid-to-nucleus signalling has been very dynamic
over the last few years, and there have been several major break-
throughs leading 0 a much more advanced understanding of
the mechanisms involved in plastid and nuclear genome cross-
talk. Three recent studies have identified GUNI-interacting

proteins in Arabidopst , contributing to unravelling

Yoo,
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Abstract

The chloroplast proteome is a dynamic mosaic of plastid- and nuclear-encoded proteins. Plastid
protein homeostasis is maintained through the balance between de nove synthesis and proteolysis.
Intracellular communication pathways, including the plastid-to-nucleus signalling and the protein
homeostasis machinery, made of stromal chaperones and proteases, shape chloroplast proteome based
on developmental and physiological needs. However, the maintenance of fully functional chloroplasts
15 costly and under specific stress conditions the degradation of damaged chloroplasts is essential to
the maintenance of a healthy population of photosynthesising organelles while promoting nutrient
redistribution to sink tissues. In this work, we have addressed this complex regulatory chloroplast-
quality-control pathway by modulating the expression of two nuclear genes encoding plastid
ribosomal proteins PRPS1 and PRPL4. By transcriptomics, proteomics and transmission electron
microscopy analyses, we show that the mcreased expression of PRPSI gene leads to chloroplast
degradation and early flowering, as an escape strategy from stress. On the contrary, the
overaccumulation of PRPL4 protein is kept under control by increasing the amount of plastid
chaperones and components of the unfolded protein response (cpUPR) regulatory mechanism. This
study advances our understanding of molecular mechanisins underlying chloroplast retrograde
commumication and provides new insight into cellular responses to impaired plastid protein

homeostasis.
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Introduction

Chloroplasts are plant cell organelles of cyanobacterial origin that perform essential metabolic and
biosynthetic funections including photosynthesis and fatty acid biosynthesis. The Arabidopsis
chloroplast proteome is estimated to consist of several thousand proteins, most of which are encoded
by the nuclear genome and post-translationally imported into the organelle (Knuec ef al., 2014). The
plastid genome, encoding about a hundred proteins, 1s expressed by transcriptional and translational
machineries that conserve many bacteria-like elements. For instance, the chloroplast ribosome shares
several features with that of the model organism E. coli, used as the reference in early investigations
(Mache, 1990). Almost all the chloroplast nbosomal proteins have an orthologue in E. coli, however,
few differences i ribosome composition, protein domamn organisation and function have been
described (Bubunenko et al., 1994; Yamaguchi er al., 2000: Yamaguchi & Subramanian, 2003 Tiller
& Bock, 2014; Ahmed er al., 2016; Graf et al., 2017; Bieri et al., 2017; Zoschke & Bock, 2018).

This is the case, for instance, of the S1 protein, encoded by rps4 gene, the largest ribosomal
protemn present in E. coli 305 subunit essential for cell viability (Kitakawa & Isono, 1982). Sl
promotes the translation initiation step by recognising diverse mRNA leaders and mediating their
interaction with the ribosome (Sorensen er al., 1998; Hajnsdorf & Boni, 2012). Furthermore, S1 is
found in E. eoli cells both as ribosome-associated- and as free-subunit in cytoplasm (Subramanian,
1983; Kalapos et al., 1997; Delvillani et al., 2011), and it is responsible for its own post-
transcriptional regulation (Skouv et al., 1990). S1 bears six homologous non-identical repeats known
as S1 domains, members of an ancient RNA binding OB-fold family (Subramanian, 1983; Bycroft er
al., 1997). It has been proposed that the six S1 domains have a partial functional specialisation, which
correlates with their relative position (Salah et al., 2009). In particular, domains 1 and 2 mediate the
interaction with the ribosome (Giorginis & Subramanian, 1980; Byrgazov et al., 2015), domains 3.
4, 5 and 6 are responsible for RNA binding and unfolding (Subramanian, 1983; Duval ef al.. 2013;
Cifuentes-Goches et al.. 2019), with domains 5 and 6 also involved in transeription stimmlation and
autoregulation (Bomi er al., 2000; Sukhodolets er al., 2006). Recently, domains 4 and 6 have been
shown to be implicated i ribosome dimerization and hibernation under stress (Beckert er al., 2018).

Unlike S1, the 4rabidopsis thaliana Plastid Ribosomal Protein Small subunit 1 (PRPS1) is
characterised by three S1 domains. Its function was charactenised by exploiting the knock-down allele
pipsl-1, which produces about one-tenth of wild-type PRPS1 transcripts resulting in one-third of
wild-type PRPS1 protemn levels mn adult plants. Such impairment i prps/-/ mutants affects the
overall plant growth rate and results in pale leaves due to decreased translation in chloroplasts

(Romani et al.. 2012). 4. thaliana PRPS1 has been found to genetically and physically interact with

183



82
83
24
85
86
87
28
89
50
91
92
93
94
95
956

104
105
106

bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

the nuclear-encoded plastid protein GUN1 (Tadini et a/., 2016). As a consequence, the depletion of
GUNI1 in the prpsi-1 genetic background leads to the partial rescue of the mutant phenotype,
restoring to wild-type-like levels both PRPS1 abundance and the chloroplast translation capacity
(Tadini er al,, 2016). These results indicate a direct negative regulation of PRPSI, and therefore of
chloroplast tanslation, by GUNI, possibly due to its relations with the chloroplast protein
homeostasis machinery (Colombo er al., 2016; Tadim et al., 2016). Further investigations revealed
the involvement of PRPS1 and plastid translation in retrograde signalling upon heat-stress. Under
such conditions, the diminished chloroplast translational capacity of prpsi-I prevents the up-
regulation of the HSFA2 gene, a master regulator of the chloroplast Unfolded Protein Response
(Nishizawa er al., 2006: Yu et al., 2012). Accordingly, seedlings and adult prpsi-1 plants are unable
to cope with high temperature showing low survival rates with respect to the wild-type (Yu er al.,
2012). Interestingly, the introgression of gun/ mutation in prpsl-1 genetic background rescues its
low survival rate in such conditions (Tadini et al., 2016). In addition, attempts to constitutively
overexpress PRPSI gene resulted in a virescent phenotype and in the decrement of PRPS1 protein
levels (Yu er al., 2012).

Taken together, these observations indicate that chloroplast gene expression is largely
controlled at the translational and post-translational level and set the chloroplast translation as a
crucial step for the genesis of chloroplast-to-nucleus retrograde signalling pathways (Zoschke &
Bock, 2018; Wu et al., 2019). Furthermore, the peculiar features of ribosomal protein S1 identified
during studies on E. coli and Arabidopsis thaliana, make it an interesting subject for deeper
investigations regarding its role i chloroplast biogenesis, translational regulation and the

interconnection with the protein homeostasis maintenance and retrograde communication.

These aspects have been investigated in the present manuseript, where we demonstrate that
the knock-out of PRPST gene is incompatible with chloroplast biogenesis and embryo development.
Further, we assessed that PRPSI is unable to functionally replace S1 in E eoli cells, and its
overexpression inhibits cell growth, as in the case of the endogenous S1 protein (Briani et al., 2008;
Delvillani er al., 2011). We also show that PRPS1 protein accumulation in chloroplasts is prevented
post-translationally by the plastid CLP protease complex, while its constitutive over-expression
promotes chloroplast degradation via micro- and macro-autophagy (Woodson, 2022), and induces
early flowering. This adaptive response is organised af the very beginning of PRPSI transcript over-
accunmilation, as revealed by the transcriptome profile of short-term induced PRPSI expression lines.
On the contrary, the over-accumulation of Plastid Ribosomal Protein Large subumt 4 (PRPL4)
(Bryant et al., 2011; Romani et al., 2012), here used as control, is tolerated by chloroplasts and leads
to the accumulation of transeripts and proteins, such as chaperons and proteases, that are part of the
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chloroplast-derived Unfolded Protein Response mechanism (cpUPR: Ramundo & Rochaix, 2014;
Ramundo er al . 2014; Pérez-Martin er a/., 2014; Llamas er al., 2017).
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Materials and methods
Bioinformatic analyses

SI  domain  sequences have been identified wusing InterPro  online  tool
(https://www.ebi.ac.uk/interpro/). Multiple sequence alignment was performed with MUSCLE online
tool (https://www.ebi.ac.uk/Tools/msa/muscle/) and represented as phylogenetic tree employing

PhyML (https://toolkit. tuebingen. mpg.de/tools/phyml) and iTOL (https://itol.embl.de/).
Plant material and growth conditions

The PRPSI/prpsi-2 heterozygous mutant lines were generated by targeting the first exon of PRPS]
locus in Arabidopsis thaliana wild-type (Col-0) genetic background, using the pDe-CAS9 vector
described by Fauser et al. (2014) (guide RNA sequence is listed in Table S1). PRPS1/prpsl-2
heterozygous plants, devoid of CAS9 T-DNA, were selected based on the mutation in PRPS/
sequence. prpsl-2 pPRPSI:-:PRPS] complemented lines were obtained by ntrogressing PRPS!
genomic locus, mcluding the pPRPST promoter region, in PRPSI/prpsl-2 heterozygous plants and
by selecting prpsi-2 viable plants carrying the pPRPSI::PRPSI construct. eePRPSI and oe PRPL4
Iines were obtained by Agrobactenum-mediated transformation of Arabidopsis Col-0 genetic
background with the coding sequences of PRPSI and PRPL4 genes, under the control of CaMV355
promoter (pB2GW 7 plasmid; https://gatewayvectors.vib.be/), indPRPS! and indPRPL4 lines were
obtained by cloning the PRPS! and PRPL4 coding sequences in the Dexamethasone (DEX)-inducible
pOp/LhG4 system (Samalova et al.. 2005) and by Agrobacterium transformation of Arabidopsis Col-
0 plants. prpsI-1 (SAIL_560_B02), prpll1-1 (GABI_380H05), clpcl-1 (SALK_014058C) and cipd-
1 (SALK_110649C) T-DNA lines were described n previous works (Pesaresi er al.. 2001 Sjdgren
et al., 2004; Romani et al., 2012; Pulido et al., 2016) and manually crossed for obtaining prpsl-1
piplll-1, prpsl-1 clpel-1, prpsi-1 clpd-1 double mutants. Primers required for gene cloning and
mutant line isolation are listed in Table S1. Wild-type and mutant seeds were grown on soil in climate
chambers under long-day (150 pmol m™ sec™ 16 W8 h light/dark cycles) and short-day (150 pmol
m~ sec”’ 8 I/16 h light/dark cycles) conditions. For growth experiments on Dexamethasone, seeds
were surface-sterilised and grown for 16 days (80 pmol m™ sec™ on a 16 W8 h light/dark cycle) on
Murashige and Skoog mednun (Duchefa) supplemented with 1% (w/v) sucrose and 1.5% Phyto-Agar
(Duchefa), Dexamethasone was added at the final concentration of 2 pM. Growth rate was determined

by Imagel software (https://imagej nih.gov/).
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Whole-mount preparation and optical microscopy

To analyse defects in embryo development, siliques of Col-0 and heterozygous PRPSI/prpsi-2 plants
were manually dissected and cleared as reported in Tadimm er al,, 2018, Developing seeds were
observed using a Zeiss Axiophot D1 microscope equipped with differential interface contrast optics.

Images were documented with an Axiocam MRe5 camera (Zeiss).
E. coli strains

PRPSI coding sequence was cloned into pQE31-pREP4 plasmid system (primers are listed in Table
S1), under the control of bacteriophage TS5 promoter fused upstream to JacQ operator sequences.
PRPS1-pOE31-pREP4 and rpsA-pQE31-pREP4 plasmids (Briam et al., 2008) were then transferred
into araBp-rps4 conditional expression strain C-5699, in which the rpsd gene is expressed in
presence of 1% (w/v) arabinose and repressed in presence of 0.4% (w/v) glucose., To obtain the
FPRPSI overexpressing strain, PRPSI-pQE3 ]1-pREP4 plasmids were introduced into the E. coli C-1a
strain (Sasaki & Bertani, 1965), while rpsd-pOE31-pREP4 strain C-5691 was used as control (Briani
et al., 2008; Delvillani er al., 2011).

Chlorophyll a fluorescence measurements

The Imaging Chl a fluorometer (Walz Imaging PAM; https://www walz.com/) was used to determine
Chl fluorescence in vivo. Eight plants for each genotype and condition were analysed at 18 days after
sowing (DAS). Average values plus-minus standard deviations were then calculated. 20 min dark-
adapted plants were exposed to blue measuring light (intensity 4) and a saturating light flash (intensity

4) was used to calculate the maxinmm quantum yield of PSII, Fv/Fm.
Nucleic acid analyses

For qRT-PCR analyses, 1 pg of total RNA were treated with 1Script™ gDNA Clear cDNA Synthesis
Kit (Bio-Rad; https://www.bio-rad.com/) for genomic DNA digestion and first-strand cDNA
synthesis. qRT-PCR analyses were performed on a CFX96 Real-Time system (Bio-Rad;
https://www .bio-rad.comy/), using primer pairs listed in Table S1. PP24A43 (AT1G13320) transcripts
were used as internal reference, as described in Czechowski et al. (2005). Data obtained from three
biological and three technical replicates for each sample were analysed with the Bio-Rad CFX

Maestro 1.1 (v 4.1) (Bio-Rad; https://www bio-rad.com/).
In vive Translation Assay

The in vive translation assay was performed essentially as previously described (Tadini et al., 2012).

indPRPS1 leaf discs (6 mm m diameter) were vacuum-mfiltrated m liquid MS mednum supplemented
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with 1% (w/v) sucrose and, where indicated, 2 uM Dexamethasone. After 6-hours exposure to 80
umol photons m™ s~ white light, leaf discs were incubated with a buffer containing 1 mM K-HPO.—
KH:PO: (pH 6.3) and 0.05% (v/v) Tween-20, supplemented with 20 pg/ml cycloheximide, to inhibit
cytosolic translation. [*°S]methionine was then added (0.1 mCi/ml) and leaf discs were vacuum-
infiltrated and exposed to light (80 pmol photons m™* s7'). 5 leaf discs were collected at each time
point (15 and 30 min). Total proteins extraction and Tris-glycine SDS-PAGE fractionation is
described below. Signals were detected using the Phosphonmager GE Healthcare Life Sciences
(https://www.gehealthcare com/).

Isolation of PRPS1-containing protein complexes

The isolation of PRPS1-containing complexes was performed according to previous works (Barkan,
1998; Merendino er al., 2003). 100 mg of leaf fresh weight were ground in liquid nitrogen and
resuspended in 1 ml 0.2 M Tris-HCL, pH 9, 0.2 MKC1, 35 mM MgC12, 25 mM EGTA, 0.2 M sucrose,
1% Triton X-100, 2% polyoxyethylene-10-tridecyl ether, supplemented with 300 pg/ml heparin, 100
pg/ml chloramphenicol and 25 pg/ml cycloheximide. The extract was then solubilised with 0.5%
(w/v) sodium deoxycholate for 5 min on ice. After centrifugation (15 min at 10000g), 800 pl of
supernatant was loaded onto 3.6 ml 15-35% (w/v) sucrose gradients in polysome gradient buffer (40
mM TrisHCI pH 8, 20 mM KCI, 10 mM MgClz, 100 pg/ml chloramphenicol and 500 pg/ml heparin).
Sucrose gradients were centrifuged in SW60 rotors (Beckman) for 18 h at 180000 g at 4 °C. 9
fractions of 400 1l each were collected from the top of the tube and subjected to SDS-PAGE

fractionation. E. celi ribosome fractionation was performed accordingly to Delvillani et al. (2011).
Transmission electron microscopy (TEM)

TEM analyses were performed as described previously (Jeran er al., 2021). Plants were grown for 16
days on MS synthetic medium supplemented with 1% (w/v) sucrose and, where indicated, 4 pM
Dexamethasone. Plant material was vacuum-infiltrated with 2.5% glutaraldehyde, in 100 mM sodium
cacodylate buffer, for 4 h at room temperature and mcubated overnight at 4 °C. Samples were rinsed
twice with 100 mM sodium cacodylate buffer for 10 min each, and post-fixed in 1% (w/v) osmium
tetroxide in 100 mM cacodylate buffer for 2 h at 4 °C. After washings. samples were counterstained
with 0.5% (w/v) uranyl acetate overnight at 4 °C, n the dark. The tissues were then dehydrated by
increasing concentrations of ethanol (70%, 80%, 90%; v/v), 10 min each. Samples were then
dehydrated with 100% ethanol for 15 min and permeated twice with 100% propylene oxide for 15
min. Epon-Araldite resin was prepared mixing properly Embed-812, Araldite 502, dodecenylsuccinic
anhydride (DDSA) and Epon Accelerator DMP-30. Samples were infiltrated first with a 1;2 mixture
of Epon-Araldite and propylene oxide for 2 h, then with Epon-Araldite and propylene oxide (1:1) for

188



232
233
234

235

236
237
238
239
240
241
242
243
244
245
246

bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

1 h and left in a 2:1 mixture of Epon-Araldite and propylene oxide overnight at room temperature.
Samples were then mcubated in pure resin before polymerisation at 60 °C for 48 . Ultra-thin sections
of 70 nm were then cut with a diamond knife (Ultra 45°, DIATOME) and collected on copper grids
(G300-Cu, Electron Microscopy Sciences). Samples were observed by transmission electron
microscopy (Talos L120C, Thermo Fisher Scientific) at 120 kV. Images were acquired with a digital
camera (Ceta CMOS Camera, Thermo Fisher Scientific).

Protein sample preparation and immunoblot analyses

For mmmunoblot analyses, total proteins were prepared as described (Tadini er al., 2020c¢). Plant
material was homogenised in Laemmli sample buffer [20% (v/v) glycerol, 4% (w/v) SDS, 160 mm
Tris-HCl pH 6.8, 10% (v/v) 2-mercaptoethanol] to a concentration of 0.1 mg ul™ (leaf fresh
weight/Laemmli sample buffer). Samples were incubated for 15 mun at 65°C and, after a
centrifugation step (10 min at 16 000 g), the supernatant was incubated for 5 min at 95 °C. Protein
samples corresponding to 4 mg (fresh weight) of seedlings were fractionated by SDS-PAGE 10%
(w/v) acrylamide (Schigger & von Jagow, 1987) and then transferred to polyvinylidene difluonde
(PVDF) membranes (0.45 pm pore size). Replicate filters were imnmodecorated with specific
antibodies. Antibodies directed against AtHsp90-1 (AS08 346) and ClpB3 (AS09 459) were obtained
from Agrisera (https://www.agrisera.com/), AtHsc70-4 antibody was obtained from Antibodies-
online (https://www.antibodies-online.com/), antibodies directed against plastid ribosomal proteins
(PRPS1, PRPL4 and PRPSS) were obtained from Uniplastomic, while polyclonal S1 antibody was
kindly donated by U. Blasi (University of Vienna).

Transcriptome analysis

Total RNA was extracted from leaf discs harvested from indPRPS! and ind PRPL4 plants and vacuum
mfiltrated m either the absence or presence of DEX for 6 hours for a total of 5 biological replicates
for each group. Total RNA extraction was performed using RNeasy Mini Kit (Qiagen), according to
the manufacturer’s instructions. RNA concentrations and integrity were determined via NanoDrop
One C (ThermoFisher Scientific) and agarose-gel electrophoresis. Extracted RNA samples were sent
to Novogene for sequencing via high throughput lllumina NovaSeq platform which employ a paired-
end 150 bp sequencing strategy. Raw data were processed and mapped to the Arabidopsis genome
TAIR10 using STAR-RSEM software (Li & Dewey, 201 1). Differentially Expressed Genes (DEGs)
were identified through the R package EdgeR (v 3.15; Robinson er al., 2009). Called DEGs were
statistically filtered via Benjamini-Hochberg False Discovery Rate method (FDR < 0.05). GO enrich-
ment analyses were performed using agrnGO v2.0 online tool and further processed by REVIGO
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(Supek et al., 2011; Tian et al., 2017). The RNA-seq data were deposited in the Gene Expression
Omunibus data repository under the dataset identifier GSE205271.

Proteome analysis

Proteins were extracted from 1 g of plantlets following SDS/phenol method as described in Vannini
el al. (2021). Proteins were then digested with trypsin via Filter Aided Sample Preparation (FASP)
(Wisniewski, 2019). Peptides were analysed by LC-MS/MS as described by Paradiso et al. (2020).
Briefly, after LC separation peptides were sprayed into the mass spectrometer and eluting ions were
measured in an Orbitrap mass analyser set at a resolution of 35000 and scanned between m/z 380 and
1500. Data dependent scans (top 20) were employed to automatically isolate and generate fragment
1ons by higher energy collisional dissociation (HCD); Normalised collision energy (NCE): 25% in
the HCD collision cell and measurement of the resulting fragment 1ons was performed m the Orbitrap
analyser, set at a resolution of 17500. Peptide ions with charge states of 27 and above were selected
for fragmentation. Raw data were searched against the Arabidopsis thaliana TAIR protein database
(2010 version) with MaxQuant program (v.1.5.3.3), using default parameters. For the quantitative
analysis, the “ProteinGroups™ output files were filtered to retain only protein groups detected with at
least two peptides in at least three of the four biological replicates, and iu at least one analytical group.
The mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium
via the PRIDE (Perez-Riverol et al., 2019) partuer repository under the dataset identifier PXD034479.
Missing values were replaced with the R package imputeLCMD (v.2.1) using Hybrid imputation
method: imputation of left-censored missing data (missing values = 50% of number of replicas) was
done using QRILC method, instead missed at random data (< 50% of replicas) were imputed using
KNN method. Log2 transformed LFQ intensities were centred by Zscore nonmalisation method of
Perseus (https://www.maxquant.org/perseus/) and then subjected to Student’s Tests (S0=0.1,
FDR<0.05) in order to discover Differentially Abundant Proteins (DAPs). Hierarchical clustering
analysis was carried out using Perseus software and default parameters. DAPs categorisation was
achieved using TAIR GO annotation tool (https:/www.arabidopsis.org/tools/bulk/go/index.jsp). GO
term enriclhiment analysis was performed using the PANTHER classification system (Mi et al., 2021;
http://geneontology.org).
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Results
Depletion of PRPS] gene leads to embryo lethality

Previous studies reported on the Arabidopsis prpsi-I knock-down mutant phenotype, characterised
by pale-green leaves, reduced growth rate and photosynthetic performance, as result of hampered
plastid protein synthesis (Romani et al., 2012; Yu er al., 2012), However, the consequences of the
complete inhibition of PRPS1 protein accumulation in Arabidopsis plastids has not yet been
mvestigated. To fill thus gap, the nuclear PRPS] gene was edited by targeting the first exon of PRPS/
coding sequence using the CRISPR/Cas9 technology. Plant lines devoid of the CasO gene were
obtained in T2 generation and the DNA region complementary to the designed guide RNA was
sequenced (primers and guide RNA sequences are listed in Table S1). Only PRPSIprps]
heterozvgous plants, with wild-type-like plant size, leaf pigmentation and photosynthetic
performance, could be isolated and the resulting prps/-2 allele showed the deletion of a Cytosine in
the first exon (+80 bp from the transcription starting site), right downstream the ATG translation start
codon (+ 4 bp from ATG, Fig.1 A, B). This event disiupts the PRPST reading frame and mntroduces
a premature Umber STOP codon in place of Leu-11 (+108 bp from the transcription starting site)
(Fig. 1A). Furthermore, only PRPS1/prpsi-2 heterozygous and PRPSI/PRPS] homozygous plants
could be identified within the progeny of the self-fertilised PRPSI/pipsi-2 heterozygous line,
showing the 2-to-1 mendelian segregation ratio typical of mutations causing embryo lethality, as in
the case of other plastid ribosomal protein knock-out mutants (Bryant er al., 2011; Romani ef al.,
2012; Yin et al,, 2012). Accordingly, the observation of PRPSI/prpsi-2 developing siliques at 10
Days After Fertilisation (DAF) revealed one-quarter of the seeds to be albino (Fig.1 C), mdicating
that PRPSI is essential during early stages of embryogenesis and seed development. In particular,
optical section of cleared, whole-mount seeds from PRPS!/prpsi-2 siliques at 3 DAF showed that
around 25% of the embryos were arrested at the globular development stage, displaying a
disorganised cell division pattern similar to the ones previously described for other knock-out mutants
in essential plastid nbosomal proteins (Romani et al., 2012; Fig. 1 D). Furthermore, the defect in
embryo development was fully rescued in prpsi-2 pPRPSI::PRPSI plants, obtained by ntroducing
the PRPSI genomic DNA into the PRPSI/prpsl-2 genetic background and isolating wild-type
homozygous prpsl-2 plants carrying the pPRPSI::PRPSI construct (Fig. 1 C, D).
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PRPSI over-expression impairs chloroplast activity and biogenesis

Besides the embryo lethal phenotype caused by the prpsi-2 allele and the slightly pale cotyledons
and true leaves, together with hampered photosynthetic efficiency (F/Fu), typical of plants carrying
the knock-down prpsI-I allele (Fig. 2 A; see also Romaniet al., 2012; Yuetal., 2012), the CaMV355-
mediated over-expression of PRPS] gene in the Arabidopsis Col-0 background (oePRPSI), also
resulted in a visible phenotype, characterised by virescent young leaves with a marked drop in Fi/Fay
values (Fig. 2 A). Interestingly, 0ePRPS] seedlings were incapable of over-accumulating the PRPS1
protein (Fig. 2 B), showing an accumulation level lower than the one observed in prpsl-J leaves,
despite the PRPS] transcript level having been about two-fold the Col-0 control leaves (Fig. 2 C, see
also Tadimi et al. 2016). On the contrary, Col-0 plants carrying the CaMPV355:-PRPL4 construct
(0ePRPL4), here used as the control, were able to accumulate up to 25-30 fold more PRPL4
transcripts and ahmost double the amount of PRPL4 protein without affecting chloroplast biogenesis
and activity, as shown by oePRPL4 lines indistinguishable from Col-0 (Fig. 2 A, B, C).

In order to investigate this aspect further, PRPS! and PRPL4 coding sequences were cloned
mto the pOp/LhG4 vector, which allows the inducible over-expression of the two genes once the
glucocorticoid analogne dexamethasone (DEX) is provided. The two constructs were introduced into
Arabidopsis Col-0 genetic background, via Agrobacterium-mediated transformation, resulfing in the
dexamethasone-inducible lines indPRPS! and ind PRPL4. In the absence of DEX, the indPRPSI line
was virtually indistinguishable from Col-0 when grown on MS medium under sterile conditions for
16 days (Fig 2 A). Conversely, when the growth medium was supplemented with 2puM DEX,
indPRPSI seedlings showed a leafl virescent phenotype and a drop in photosynthetic performance,
together with a reduced accunmlation of PRPS1 protein resembling the phenotype of prpsi-1 and
0ePRPST lines (Fig 2 A, B). This was despite PRPS] transcripts accumulation to levels higher than
Col-0 control leaves (Fig. 2 C). On the other hand, the mducible overexpression of PRPL4 resulted
in an increased accumulation of PRPL4 transcripts and protein, similar to oePRPL4 seedlings (Fig. 2
B, C), without any impact on chloroplast activity and leaf greening (Fig. 2 A).

To understand how chloroplasts ultrastmicture organization is affected by the increased
expression of PRPSI gene, thin sections of emerging young leaves from 16 DAS seedlings were
observed under Transmission Electron Microscopy (TEM: Fig. 3). As expected, Col-0, prpsi-1,
indPRPSI - DEX, indPRPL4 = DEX, and oePRPL4 mesophyll cells displayed properly developed
chloroplasts with the typical organization in grana stacks and stroma lamellae (Fig. 3). However, both
the mduction (indPRPSI + DEX) and the constitutive mcreased expression of PRPSI caused the
formation of nuss-shaped and swollen chloroplasts containing enlarged plastoglobuli in the stroma
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(Fig. 3). Furthermore, large budding vesicles with electron dense material were detectable, suggesting
ongoing chloroplast degradation, resembling the fission-type ATG-independent micro-autophagy
(Woodson, 2016, 2022; Tadini er al., 2020¢; Jeran er al., 2021). In some cases, entire round-shaped
chloroplasts, detached from the plasma membranes and with still recognizable grana stacks, were
observed inside the vacuole, compatible with the ATG-dependent micro-autophagy process (Fig. 37;
Zhuang and Jiang, 2019; Woodson, 2022). To further prove that chloroplasts are indeed undergoing
vacuole-mediated degradation, we mvestigated the relative expression of genes associated with either
the chloroplast ATG-dependent or ATG-independent chloroplast quality-check and degradation
pathways (Fig. S1). Strikingly, both 4771 (Michaeli er al., 2014) and ATGEf (Liu er al., 2021)
transcripts were highly enriched in plantlets with increased PRPSI transeript accumulation, driven
by either CaMV335- or DEX-induced promoters (Fig. S1 A), whereas NPCI and VPSI5 (Lemke er
al., 2021) were the only genes of the ATG-independent pathway significantly up-regulated in
oePRPS1 plantlets (Fig. S1 B).

PRPS1 short-term increased expression inhibits plastid protein translation

To gain a dynamic view on PRPSI function, the kinetics of PRPSI transcript and protein
accumulation was monitored m leaf dises (6 mmn in diameter) from young leaves of indPRPSI
plantlets infiltrated with 2 pM DEX. Leaf discs were sampled at 0, 3, 6 and 24 hours after infiltration
(HAI) and transcript and protein accumulation were monitored by RT-qPCR (Fig. 4 A) and
immunoblotting (Fig. 4 B), respectively. As control, the same experimental set-up was used to
monitor the induction of PRPL4 expression (Fig. 4 A, C). The accumulation of PRPL4 and PRPS]
mRNAs indicated that both inducible lines were able to specifically express the related genes with
comparable kinetics and transcript amounts (Fig. 4 A). Both lines reacted to the presence of DEX
showing a hugh expression level of the related transcripts at 3 HAIL reaching the peak at 6 HAI and a
significant decrease at 24 HAL Nevertheless, the induction of PRPS1 expression failed to yield the
over-accumulation of PRPS1 protein. Indeed, PRPS1 protein level remained stable until 3 HAI, while
diminished to almost undetectable levels from 6 to 24 HAI (Fig. 4 B). Interestingly, other plastid
ribosomal proteins, such as PRPL4 and PRPS3, showed a marked decreased over time, indicating a
general alteration of plastid ribosome accumulation, and possibly of plastid translation. On the
contrary, the 24-hour mduction of PRPL4 resulted m more than two-fold accumulation of PRPL4
protein with respect to time 0 (Fig. 4 C). In particular, the increase in PRPL4 protein accumulation
was observed over time, starting from 3 HAI and reaching the largest amount at 6 HAI, while the

accumulation of PRPS1 and PRPSS plastid ribosomal proteins remained unaltered.
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To investigate the possible negative effect of PRPS! inducible expression on plastid protein
translation, indPRPSI leaf discs were mcubated in MS medium (+ DEX) for 6 hours and then
filtrated with **S-Methionine and cycloheximide, allowing for the detection of de novo synthesized
plastid-encoded proteins, while blocking the cytosolic translation. As shown by the pulse-labelling
experiment, the synthesis rate of RbcL and D1/D2 proteins were matkedly reduced in indPRPSI +
DEX, over 15 and 30 minutes, when compared to indPRPSI leaf discs in the absence of
dexamethasone (- DEX; Fig. 4 D), proving that PRPS] inducible over-expression leads to plastid
translation inhibition. This aspect was investigated further by isolating the PRPSI1-containing
complexes and monitoring the PRPS1-to-ribosome stoichiometry and the accumulation of “free”
PRPSI fraction, as previously reported in E. coli (Delvillani ef al., 2011). To do so, indPRPSI leaf
material (6 hours + DEX) was subjected to sucrose gradient fractionation and probed with the PRPS1
antibody (Fig. 4 E). As observed in Chlamydomonas (Merendino er al., 2003), PRPSI protein was
found in two distinct populations, as “Low Molecular Weight (LMW, free PRPS1 fraction)”, bound
solely to the mRNA, and as “High Molecular Weight (HMW)", comresponding to the S1 fraction
bound to the ribosome core. The increase of PRPSI presence in the LMW fractions of ind PRPSI +
DEX line, compared to the - DEX counterpart (Fig. 4 E, F), supports further the inlubition of plastid
translation observed in Fig. 4 D. Consistent with these data, we observed that PRSP1 was almost
absent in HMW fraction in oePRPS] samples (Fig. S2).

The over-accumulation of Arabidopsis PRPS1 protein inhibits Escherichia coli cell growth

Similarly to Arabidopsis, the depletion of the ribosomal protein S1 (Rpsl) in E. coli cells leads to
lethality (Kitakawa & Isono, 1982). Moreover, the down-regulation as well as the over-accumulation
of Rpsl impairs protein translation by altering the stoichiometry between Rpsl and the ribosome
core, leading to bacteriostatic effects (Briami et al., 2008; Delvillani et al., 2011 see also Fig. 5). The
E. coli S1 protein is 557 aa long with a molecular weight of 61.2 kDa and possesses six S1 domains
(Bycroftetal., 1997; Fig. 5 A) that are typical of several RNA binding proteins (Murzin, 1993; Arcus,
2002; Theobald er al., 2003). In 4. thaliana, the S1 homologous PRPS1 is markedly smaller, with
373 aa and a molecular weight of 40.5 kDa, as mature form. The in silico analysis of PRPS1 amino
acid sequence identified three S1 domains (Fig. 5 A), in agreement with early analyses of spinach S1
protem (Franzetti er al., 1992). In addition, PRPS1 protemn shows a lngh degree of identity (i.e. about
50%) with the S1 ribosomal proteins from cyanobacteria, which possess three S1 domains as well
(Sugita er al., 1995; Salah er al., 2009), In order to mvestigate the possible relationships between the
three S1 domains identified in PRPS1 and the six S1 domains in E. coli S1, the amino acidic sequences
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of each S1 domain were aligned and clustered in a phylogenetic tree (Fig. 53). The resulting tree
showed that domains 1 and 2 of PRPS1 are more similar to the corresponding domains of S1. while
the PRPS1 domain 3 clusters together with the domains 3, 4 and 5 of S1.

The possible functional homology between the two protemns was then investigaled by
introducing the PRPSI gene in E. coli cells, for over-expression and complementation assays. To
experimentally test the ability of PRPSI to complement S1 functions and to repress cell growth when
over-accumulated in bactenal cells, both rpsA (encoding the S1 protein) and PRPST coding sequences
were cloned into pQE3 1-pREP4 plasmid system under the control of pT5-lacO promoter in pQE3 1.
The plasmids were then mtroduced into the arabinose-dependent strain C-5699 (Briani et al., 2008),
in which the chromosomal sps4 gene is transcribed from the araBp promoter. generating indrps.4 and
indPRPS1 strains. Such systems provide a mechanism to deplete cells of the endogenous S1 protein
in absence of arabinose and presence of glucose (Briaui er al., 2008; Delvillani er af., 2011) and to
modulate the expression of either rps4 or PRPS! genes cloned in pQE3! depending on IPTG

concentration.

Both indrpsA and indPRPSI strains were cultured in three different conditions: Depletion
(0.4% glucose and no IPTG), Complementation (0.4% glhicose and 0.01 mM IPTG) and
Overexpression (1% arabinose and 1 mM IPTG). The growth conditions for the complementation
assay were experimentally optimized based on the growth of indrps4 E. coli strain, Cell growth was
measured every 45 minutes up to 225 minutes after the induction (MAL Fig. 5 B). At each tume point
cells were sampled, normalized on the optical density (ODsso) value, and the total protein extract was
used to detect the accumulation of S1 and PRPS1 proteins in both strains (Fig. 5 C). Under Depletion
conditions, both strains showed almost completely impaired growth rate, due to the limited
accumulation/absence of 81 protein. When grown in Complementation conditions, indrpsA cells were
able to actively replicate and showed comparable amounts of S1 protein at each time pomnt, indicating
that the experimental conditions were properly set up to induce a wild-type-like S1 protein
accummulation. On the other hand, ind PRPST cells failed to sustain growth in such conditions despite
the gradual accumulation of PRPSI protein, proving the mability of PRPS1 to complement the S1
function in E. coli. As expected, under Overexpression conditions, indrpsd strain growth was
inhibited due to the excessive amount of S1 protein (Fig 5 B, C). Strikingly, the over-accumulation
of PRPSI protein was effectively repressing the bacterial growth and led to S1 protein depletion, too
(Fig. 5 B, €). It is worth noting, that the overaccummlation of PRPS1 Arabidopsis protein was able to
repress the growth of E. coli cells, comparably to S1 overaccumulation, even when the overexpression
of either ips4 or PRPSI genes was achieved in the C-la E. coli strain, devoid of the conditional
depletion system of the endogenous S1 protein (Fig. S4 A). To better understand whether PRPSI
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protein is capable of interacting with £ coli ribosomes under overexpression conditions, we sampled
both indrpsd and indPRPS1 cells at 90 MAL Cell lysates were then fractionated into ribosome-
unbound (supematant, SN) and rbosome-bound (pellet, P) fractions and analysed wvia
nmmunoblotting to detect either S1 or PRPS1 protein localisation. Interestingly, PRPS1 was retrieved
in both ribosome-bound and -unbound fractions, similarly to S1 from E. coli, suggesting that the
Arabidopsis PRPS1 can compete for the rbosome core with E. coli S1 protein (Fig. S4 B). Taken
together, these data indicate that PRPS] protein 1s able to inlibit £. coli growth when over-expressed
n addition to the endogenous S1, whereas it is unable to fimctionally replace the E. coli endogenous

S1 protein.
PRPS1 accumulation is negatively regulated by chloroplast CLP protease complex

The phenotypes observed in Arabidopsis plants upon PRPSI overexpression indicate that the
abundance of PRPSI protein must be kept under a strict post-transcriptional control to prevent
inhibition of protein synthesis and chloroplast damage (see Fig. 2-4). This notion is supported further
by the inhibitory role of PRPS1 protein over-accumulation on £. coli cell growth (Fig. 5 and Fig. S4).
In order to investigate the molecular mechamsm responsible for controlling PRPS1 protein
abundance, leaf discs were infiltrated with DEX supplemented with lincomyein (LIN), a specific
inhibitor of plastid 708 ribosomes. Strikingly, a large accumulation of PRPS1 protein, most probably
as result of PRPS1 degradation suppression, could be observed even after 24 hours from DEX
infiltration, unlike the control sample (Fig. 6 A). Intriguingly, the most relevant chloroplast stromal
protease is represented by the CLP complex, which is composed by several nuclear-encoded subumnits
and one plastid-encoded component, ClpP1, that is part of central proteolytic core (van Wijk, 2015;
Llamas et al., 2017). To investigate whether the CLP complex could indeed be responsible for
mamtaming PRPS1 protein below levels that would otherwise canse damages to the chloroplast, we
crossed prpsi-1 with mutants altered either in chloroplast protein translation, prpllI-1, or lacking
two plastid chaperones required to feed CLP protease with protein substrates, elpel-I and clpd-I
(Pulido etal., 2016; Fig. 6 B). prpsl-1 prpll1-1 double mutant showed reduced growth rate (Fig. S5)
and a slight decrease in photosynthetic efficiency (Fw/Fa) with respect to prpllf-1 parental line.
Sunilar genetic interactions were observed in prpsi-1 clpel-1 double mutant, which showed a severe
reduction in growth rate with respect to prpsi-I and elpel-I single mutants. Interestingly, prpsi-I
cipd-1 double mutant showed partially restored growth rate, close to wild-type-like levels, and a slight
recovery of Fiw/Fyr parameter. Strikingly, the accumulation of PRPS1 protein increased about two-
fold m all the double mutants tested (Fig. 6 C) with respect to pipsl-1, further supporting the notion
that plastid translation and the CLP protease complex play an important role in controlling PRPSI1
abundance in the stroma of chloroplasts.
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Short-term induction of PRPSI and PRPL4 gene expression induces different nuclear gene

expression responses

The opposite behaviour of indPRPSI and ind PRPL4 plants in tenms of protein pattem accumulation
upon DEX-mediated induction of gene expression make them the ideal genetic material fo investigate
the primary nuclear gene expression response to changes in plastid ribosomal protein content. To this
aim, a transcriptome analysis was performed on leaf discs harvested from indPRPSI and indPRPL4
and vacuum mfiltrated m either the absence or presence of DEX. In particular, total leaf RNA was
extracted after 6 hows from infiltration, i.e., at the stage of maximal accumulation of PRPS! and
PRPL4 transcripts (see Fig. 4 A) and at the beginning of evident changes in protein pattern
accunulation (see Fig. 4 B and C), and subjected to [llumina sequencing. Principal component
analyses (PCA) of indPRPS1 and ind PRPL4 samples showed a clear separation between the untreated
and treated samples (Fig. S6), despite the short mduction time. The EdgeR package was used to
identify differentially expressed genes (DEGs, listed in Table 52), obtained by comparing data from
indPRPSI-DEX with indPRPSI+DEX, and indPRPL4-DEX with indPRPL4+DEX (Fig. 7 A).
Overall, 431 DEGs in indPRPS] upon DEX induction and 328 in indPRPL4 were identified. Among
them, 124 DEGs were in common between the two datasets, Next, the obtained DEGs were divided
nto up and down regulated genes both in indPRPSI and indPRPL4 datasets, obtaining indPRPSIUP,
indPRPLAUP, indPRPSIDOWN and ind PRPLSDOWN lists, which were further compared to isolate
unique DEGs in each group (Fig. 7 B, see also Table S2). As a result, among the up-regulated DEGs.
161 were uniquely found in indPRPS1 (Table S2 A) and 139 DEGs in indPRPL4 (Table S2 B), while
107 DEGs were up-regulated in both lines (Table S2 C). Among the down-regulated DEGs, 146 were
unique for indPRPSI line (Table 52 D), 45 unique DEGs for indPRPL4 (Table 52 E) and only 14
were commonly down-regulated (Table S2 F). Furthermore, among the 149 down-regulated DEGs in
indPRPS1, 3 were upregulated in indPRPL4 (Table 82 G).

To investigate the biological fimetions activated or repressed by the overexpression of either
PRPSI or PRPL4 genes, the imique DEGs found up- or down-regulated in indPRPSI or ind PRPL4
were analysed with agriGO v2.0 online tool (Tian er al., 2017). Next further analysis by REVIGO
(Supek et al., 2011) was preformed to retrieve Biological Process Gene Ontology terms and group
them into functional categories (Fig. 8; Table S3, 54, S5). The 161 DEGs up-regulated in indPRPS]
produced strongly enriched GO terms associated with responses to endogenous factors or
involvement in flowering and seeds production, such as “photoperiodism. flowering” (GO:0048573),
“response to karrikin” (GO:0080167), “vegetative to reproductive phase transition of meristem”
(GO:0010228) or “cellular response to hormone stimulus” (GO:0032870) (Fig. 8 A; see also Table
S3). On the other hand, the repressed biological functions found in indPRPSI were related to the
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production of secondary metabolites, defence against herbivores and oxidative stress such as
“glucosinolate biosynthetic process” (GO:0019761), “sulfur compound biosynthetic process”
(G0:0044272), “cell redox homeostasis” (GO:0045454) and “response to wounding™ (GO:000961 1),
to cite a few of them (Fig. 8 B; see also Table S4). Interestingly, the high enrichment in GO terms
associated with flowering and reproductive phase transition is in good agreement with the anticipated
flowering phenotype, calculated as number of rosette leaves at bolting, observed when PRPSI
transcripts are overexpressed (Fig. 9). In particular, in the case of plants cultivated on so1l under
growth chamber conditions, Arabidopsis Col-0 bolted with an average of about 10-11 rosette leaves
while the oePRPSI line showed an anticipated flowening time, bolting at the stage of 8 roselte leaves,
comparable to prpsi-1 behaviour (Fig 9 A, B). The same anticipated flowering time occurred under
short day growth conditions, with the wild-type bolting at 54 leaves while the overexpressing line
flowered at 37 rosette leaves on average (Fig 9 C). A similar observation was made when indPRPSI
line was grown on MS medium supplemented with 1% (w/v) sucrose and DEX, in which its number
of leaves at bolting was 5, similarly to cePRPSI (Fig. 9 D). Instead. when ind PRPSI was grown on
MS medium without DEX. the number of leaves at bolting was about 6-7, comparable to what
observed m indPRPL4 and Col-0 plants.

Conversely, the analysis of the activated biological processes in indPRPL4 showed a strong
enrichment in GO terms associated with abiotic stress responses and protein homeostasis such as
“response to hydrogen peroxide™ (GO:0042542), “response to high light intensity” (GO:0009644),
“response to heat” ( GO:0009408), “response to oxidative stress” (GO:0006979) and “protein folding”
(GO:0006457) (Fig. 8 C; see also Table S5). These activated cellular pathways are in agreement with
the observed increased levels of CLPB3, HSP90-1 and HSC70-4 proteins in indPRPL4 line upon
induction with DEX (see Fig. S7). In particular, CLPB3 protein abundance and even more the
abundance of HSP90-1 and HSC70-4 proteins largely increased already at 3 HAL in indPRPL4 leaf
disks, unhke in indPRPSI samples, possibly generated by the overload of the plasud foldmg
machmery caused by PRPL4 abundance and the consequent activation of chloroplast UPR.
Interestingly, the unique down-regulated DEGs found in indPRPL4 leaf disks resulted m no
significantly enriched GO terms.

Short-term induction of PRPSI and PRPL4 gene expression induces different changes in

proteomic profiles
To further investigate the molecular responses following the DEX-mediated induction of PRPSI and

FRPL4 genes, a proteomic analysis was performed on leaf tissue harvested from indPRPST and
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indPRPL4 plants and vacuum infiltrated either in the absence or presence of DEX and sampled, as in
the case of transcriptome analysis, after 6 hours of induction, PCA analysis revealed that
dexamethasone-mediated induction led to significant changes also at proteomic level (Fig. S8).
Comparing induced (+DEX) and control groups (-DEX), the abundances of 58 and 77 proteins were
altered in indPRPSI and indPRPL4 samples, respectively (T Student’s test, FDR < 0.05; listed in
Table $6). The minimal overlapping between the two datasets (only two common proteins) confirms
the different cellular responses following the induction of PRPS/! and PRPL4 genes (Fig. 10 A). In
particular, 27 and 31 proteins were up- and down-accumulated i indPRPS/ leaf discs, whereas 45
and 32 proteins were up- and down-accumulated 1 ind PRPL4 samples, respectively (Fig. 10 B).

GO enrichment analysis of differentially abundant proteins (DAPs) found in indPRPSI
samples revealed over-represented GO terms only among the down-accumulated proteins, probably
due to the small size of the data sel. The enriched Biological Process terms were “translational
elongation™ (GO:;0009658) and “chloroplast organization” (GO:;0006414) (Table S7). Among the
enriched Cellular Component terms, “ribosome-associated quality control (RQC) complex”
(GO:1990112), “transcriptionally active chromatin” (GO:0035327) and “chloroplast stroma”
(GO:0009570) were found (Table S8). All DAPs were grouped based on their GO annotations (Fig.
11). Proteins up-regulated in response to PRPS! induction were mainly involved in “anatomical
structure development” (GO:0048856), “catabolic process” (GO:0009056) and “response to light
stimulus™ (GO:0009416) (Fig. 11 A). In addition, the up-accumulated proteins in ind PRPSI plantlets
were mainly localed in “nucleus” (GO:0005634) and “cytoplasm™ (GO:0005737) (Fig. 11 B). Down-
regulated DAPs produced GO annotations such as “biosynthetic processes™ (GO:0009058), “RNA
binding” (GO:0003729), “translation” (GO:0006412) and “post-embryvonic development™
(GO:0009791) (Fig. 11 A). Among down-regulated proteins detected in indPRPSI samples we found
the regulator of fatty-acid composition 3 (RFC3; AT3G17170) which plays an important role in the
plastid IRNA processing (Nagashima er al., 2020). Many of these down-regulated proteins were
located i chloroplast and nucleus (Fig, 11 B).

The significantly enriched GO terms retrieved by analysing the up-regulated proteins detected in
indPRPL4 samples were mainly associated with mitochondrial electron transport chain and
mitochondrial ribosomes (Table $9). Moreover, GO annotation revealed that several DAPs in
indPRPL4 seedlings belong to “response to stress” (GO:0006950), as also detected by the
franseriptome analysis (Fig. 11 C). The GO annotation tool allowed to locate DAPs in ind PRPL4
plants especially in the nucleus, chloroplast and cytoplasm (Fig. 11 D). Ovwerall, our results, in
agreement with transcriptomic analysis, point out very specific proteomic changes following the
alteration of the two ribosomal proteins PRPS1 and PRPLA4. In fact, the induction of PRPS] leads to
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a general repression of translation, transcription and chloroplast organization. Conversely, the
increased amount of PRPLA protein promotes the cellular stress response, leading to a positive
regulation of proteins involved in RNA metabolism and translation, with a major contribution also

given by components of the mitochondrial metabolism.
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Discussion

Altered PRPS1 expression impairs chloroplast biogenesis

PRPSI 1s anuclear gene encoding the S1 protein of the plastid 308 small ribosomal subunits. Reduced
expression of PRPS! gene results in diminished plastid translation and decreased photosynthetic
efficiency (Romani et a/., 2012; Yu et al., 2012), while its disruption arrests embryo development at
the globular stage in Arabidopsis (see Fig. 1) and prevents greening of seedlings in rice (albino
seedling lethality 4; Zhon et al., 2021). Clearly, these observations indicate that PRPS] is an essential
gene required durng early stages of chloroplast biogenesis, as reported i the case of other essential
nuclear genes codmg for plastid ribosomal proteins (Bryant et al., 2011; Lloyd and Memke, 2012;
Romani et al., 2012). The apparent discrepancy between the early block of embrvo development in
Arabidopsis and the arrest of seedling greening in rice is in agreement with previous findings (Hess
et al., 1994; Zubko & Day, 1998; Ostheimer et al., 2003; Asakura & Barkan, 2006) and compatible
with the essential nature of farty acid biosynthesis during chloroplast biogenesis. In particular, the
lack of the plastid-encoded aceD-subunit of the multimeric acetyl-CoA carboxylase required for fatty
acid biosynthesis 15 responsible for the lethality of Arabidopsis embryos defective in plastid
translation (Bryant er al., 2011). In contrast, grass species contain a plastid-located monomeric acetyl-
CoA carboxylase that, differently from Arabidopsis, is encoded in the nucleus and translated in the
cytosol (Schulte er al, 1997, Chalupska et al., 2008). Therefore, fatty acid biosynthesis (and

embryogenesis) can continue even when plastid protein synthesis 1s affected in these species.

Intriguingly, the reduced accumulation of S1 protein can also be obtamed when PRPS! gene
expression, and the consequent transcript accumulation, is both constitutively increased in cePRPS1
and indPRPS1 + DEX seedlings (Fig. 2) and induced in indPRPS1 leaf discs for 24 hours (Fig. 4).
This finding. together with the very limited increase in transcript accumulation observed in 0ePRPSI
and indPRPS] + DEX seedlings, indicates the existence of post-transcriptional regulatory
mechanisms aimed to prevent PRPS1 over-accumulation, as shown previously (Yu eral., 2012). The
strict control on PRPSI gene expression and protein accumulation appears to be rather specific and
certainly it does not apply to PRPL4, a nuclear gene encoding a core subunit of the 50S plastid
nibosome, also essential for embryo development and plant viability (Bryant ef o/, 2011; Romam er
al., 2012). In fact, oePRPL4 and indPRPL4 + DEX lines were able to accumulate 25-30 tunes more
transcrpts, together with the double amount of PRPLA protein, in comparison to Col-0 and ind PRPL4
- DEX controls (Fig. 2, Fig. 4).
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Furthermore, the constitutive over-expression of PRPSI gene, driven in 16 DAS 0ePRPSI
and indPRPSI + DEX plantlets, resulted in the mmpainment of chloroplast differentiation and
physiology, leading to a virescent phenotype visible in the emerging leaves and in the vounger
portions of the leaves, corresponding to the tissue proximal fo the petiole. In particular, transmission
electron microscopy (TEM) observations of the chlorotic tissues revealed the presence of cells
displaying misshapen chloroplasts with altered thylakoid membrane ultrastructure and large
plastoglobuli in the stroma (Fig. 3). reported to be associated with the degradation of chlorophylls
and thylakoids in response to abiotic and biotic stresses or dining senescence (Rottet er al., 2015; Van
Wik & Kessler, 2017; Zechmamn, 2019). Moreover, the presence of vesicles budding from
chloroplasts and containing electron dense material, together with the observation of entire round
chloroplasts inside the vacuole (Fig. 3), indicates the ongoimg chloroplast degradation, similarly to
what reported in literature (Woodson, 2016; Zhuang and Jiang, 2019; Tadini et al., 2020; Jeran et al.,
2021). Coherently, the relative expression of A77] and ATGSS genes, involved in ATG-dependent
micro-autophagy, was enhanced upon PRPSI attempted over-accumulation (Fig. 3, Fig. SI1 A),
whereas the expression of genes involved in ATG-independent micro-autophagy was mildly
stimulated in oePRPSI (Fig. S1 B) (Lemke er al., 2021). Overall, these observations indicate that the
reduced accumulation PRPS! severely jeopardizes chloroplast integrity during leaf development.
leading to the dismantling of damaged and misshapen chloroplasts with the final aim to remove
reactive oxygen species—producing chloroplasts and redistnbuting nutrients to other tissues
(Woodson, 2022).

A fully functional proteostasis machinery is needed to control PRPS1 accumulation in
chloroplast stroma

All our attempts lo merease the abundance of PRPS1 protein failed (Fig. 2 and Fig. 4; Tadm er al..
2016) and, together with that, the accumulation of other plastid ribosomal proteins, such as PRPL4
and PRPSS, was reduced, as observed in indPRPSI + DEX leaf discs (Fig. 4), indicating that the
decreased abundance of PRPS1 protein has a deleterious effect on plastid ribosome stability. In
agreement with that, the pulse-labelling experiment conducted on indPRPS1I leaf material infiltrated
with DEX for 6 hours showed a severe inhibition of plastid protein translation and a larger fraction
of PRPSI protem freely associated to mRNA and not bound to actively translating ribosomes (Fig.
4). These findings explain the defects in leat greening observed in the different Arabidopsis lines
(Fig. 1 and Fig. 2) and support the role of PRPS1 as a stringently regulated translation factor rather
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than a “real” ribosomal protein, given its weakly and reversible association with the 30S subunit.

similarly to previous observations in £, coli (Delvillani er al., 2011).

S1 protein is the closest PRPS1 homologue in E. coli, and it is encoded by the essential gene
rpsA (Kitakawa & Isono, 1982). To gain possible insights on PRPS1 function, we attempted to rescue
E. coli cell lethality due to S1 depletion and to phenocopy the bacteriostatic effects of Sl
overaccumulation, by modulating the level of PRPS1 protein in £. celi cells (Fig. 5). Our data clearly
showed that PRPS1 is not able to functionally replace the endogenous S1, as cells depleted of rpsd
but with moderate amount of PRPSI, failed to grow (Fig. 5). According to previous studies, S1
protein exerts its functions in relationship with the specializations of its six S1 domains (Salah et al..
2009). The interactions with the ribosome relies on S1 domains 1 and 2 (Giorginis & Subramanian,
1980), whereas the ability to bind mRNAs has been associated with the S1 domains 3. 4 and 5
(Subramanian, 1983). As for domain 6, if removed together with S1 domain 5, the initiation of
translation is hampered (Boni et /., 2000; Salah et al., 2009) and together with domain 4, it is
implicated in ribosome dimerization and hibernation in stationary phase (Beckert er a/l., 2018).
According to our in silico analysis, S1 domains 1 and 2 of PRPS1 appeared to be more similar to the
respective domains 1 and 2 of S1, while domain 3 clustered together with domains 3, 4 and 5 of S1
(Fig. S3). The fact that PRPS1 1s a smaller protein and possesses three out of the six S1 domains
identified in S1, of which none could be associated with those required for translation initiation in £.
coli, could explain the inability of PRPS1 to functionally replace S1 protein. Nonetheless, PRPS1
overaccumulation blocked cells growth as much as S1 (Fig. 5, Fig. S4). It has been shown that S1
over accumulation inhibits translation since the excess of “free” 51 interacts with mRNAs,
preventing the ribosome loading (Delvillani et al., 2011; Boni et al., 2001, Skorski et al., 2006; Skouv
etal., 1990). However, PRPSI was found both in ribosome-bound and -unbound fractions, suggesting
that, although PRPS1 can interact with the ribosome core in E. coli cells, this interaction is rather
unfrutful. In this scenario PRPS1 would be able to mhubit E. coli growth by competig with the
endogenous S| protemn and mhibitng ribosome activity (Fig. S4). Nevertheless, PRPS1 is likely
capable of binding E. eoli mRNAs with the S1 domains 2 and 3, since E. coli and plastid mRNAs
share similar 5° UTRs with AU-rich sequences (Hirose & Sugiura, 2004), making E. coli transcripts
inaccessible to ribosomes and acting as a negative modulator of translation initiation. The inhibitory
role of PRPS1 protein on £ coli protein synthesis is corroborated further by the fact that the
accunmlation of PRPS1 upon overexpression reaches very rapidly the plateau level and
concomitantly leads to the decreased accumulation of S1 protein over time (Fig. 5 ), mimicking the

role of S1 as feedback effector of its own regulation at the translational level (Skouv ef al., 1990).
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Such regulatory mechanism has a different spatial constraint in photosynthetic eukaryotes
due to the physical separation of the nuclear/cytosolic compartments, where the PRPSI transcripts
and the precursor protein are synthesized, and the chloroplast stroma where the mature PRPS1 protein
plays its fimections. While the limited accumulation of PRPS] transcripts observed upon constitutive
expression allows us to hypothesize the existence of a cytosolic post-transcriptional regulatory
mechanism (Wu er al., 2019), our data strongly support the activation of a chloroplast stroma post-
translational regulatory mechanism. in response to PRPS! overexpression, mediated by the plastid
proteostasis maclinery (Fig. 6). In chloroplasts, the major soluble stromal protease is the CLP
complex, composed of multiple nuclear-encoded subunits with the addition of ClpP1 subunit, the
only one to be plastid-encoded (van Wijk, 2015). Consequently, ClpP1 abundance is susceptible to
senetic defects m plastid gene expression or to drugs inhibiting plastid translation (Llamas et al.,
2017). The co-infiltration of DEX with the plastid translational inhibitor lincomvein allowed a larger
accunmlation of PRPS1 protein (Fig. 6 A). Accordingly, an increased PRPS1 protein accumulation
(Fig. 6 C) could be achieved by introgressing the prpsl-1 knock-down allele into prpll1-1 genetic
background, in which the chloroplast translation 1s reduced (Pesaresi ef al., 2001). This is also in line
with the restoration of PRPS1 protein accumulation observed in prps! gunl and prps! rh350 double
mutants, as GUNI stimulates the activity of the Nuclear-Encoded Polymerase (NEP) that, among
other plastid house-keeping genes, is responsible of the transcription of clpFP1, while RH50 is
mvolved in plastid ribosome assembly and plastid translation (Tadin er al., 2016, 2020c,a,b; Paieni
et al., 2018). Intriguingly, GUN1 was also found to physically interact with the plastid protein
homeostasis machinery, including ClpC subunits (Tadini e al., 2016). Furthermore, a comparable
increase in PRPSI levels were also observed in the double mutants prpsi-1 elpel-1 and prpsi-1 clpd-
1 (Fig. 6 C), in which the two plastid chaperones required by CLP protease to interact with the
substrates are missing (Pulido er al., 2016). These pieces of evidence strongly point towards CLP
protease complex as one of the main regulators of PRPS1 protein abundance m Arabidopsis

chloroplasts.

Our findings are also in agreement with previous reports. In particular, by combimng
transcriptomic and proteomic analyses, Wu et al., 2019 were able to show that plastid ribosomal
proteins are regulated post-translationally, suggesting a protein degradation-based mechanism.
Moreover, in Chiamydomenas, CreS1 expression is induced by light, while CreSI protein levels
remain constant, pointing also in this case to the post-translational regulation of CreS1 abundance

(Merendino er al., 2003).

On the other hand, the constitutive over-accumulation of PRPL4 protein upon induction didn’t
affect neither the plastid translation nor the chloroplast ultrastructure (Fig. 2, Fig. 3, Fig. 4).
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Interestingly, chaperones both resident in the cytoplasm and in plastids were progressively up-
regulated as PRPL4 levels increased, indicating the activation of protein homeostasis mechanisms to
cope with the increased protein amount (Fig. S7). These different responses to the overexpression of
two plastid ribosomal proteins could be due to their intrinsic features and activities, having PRPSI
mRNA-binding properties which, if not kept under strict control, would have dramatic consequences
on chloroplast functionality.

PRPSI overexpression promotes early flowering while PRPL4 overaccumulation triggers
cpUPR

The switch from vegetative growth to reproductive growth is a pivotal event in plant
development, mostly dependent on the envirommental stimuli such as day length (photoperiodic
flowering) and temperature (vernalization) that plants perceive to determune the proper timing to
asstre successful reproduction, and ultimately the survival of the species (Frevtes er al, 2021).
However, plants subjected to a variety of stressful conditions can anticipate their flowering through
anew category of flowering response, known as stress-induced flowering, aimed to guarantee species
survival when they cannot adapt to unfavourable conditions (Takeno, 2016). Although the
mechanistic details behind the stress-induced flowering are still not fully understood, hormones seem
to be at least partially involved in these pathways as they are produced under stress and regulate gene
expression to cope with it (Takeno, 2016; Kazan & Lyons, 2016). This seems to be the case of plants
subjected to prolonged PRPS] overexpression and charactensed by an early flowering phenotype
regardless of day length (Fig. 9). In these plants, the stress seems to be caused by the reduced
chloroplast protein synthesis and the consequent accumulation of damaged proteins and, possibly, by
low sucrose concentration due to the reduced photosynthetic performance (see Fig. 2: Bolouri
Moghaddam and Van den Ende, 2013). Consistently, the transcriptomic profile of Arabidopsis lines
characterised by the short-term induction of PRPS] gene highhighted that the early nuclear gene
expression response to PRPS1 imbalance in chloroplasts is characterised by a robust enrichment of
up-regulated genes associated with the reproductive phase transition and the cellular response to
hormones, such as “photoperiodism, flowering”, “vegetative to reproductive phase transition of
meristem” and “cellular response to hormone stimulus” (Fig. 8 and Table 53), and by the concomitant
repression, amongst others, of genes mvolved in “cell redox homeostasis™, “response to wounding”,
“response to oxidative stress”, “response to water deprivation”. Accordingly, the circadian clock
regulators RVES and CO, the IDDS transcription factor and the Gibberellic acid enzyme gaiox!, all
positive modulators of flowering, are among the up-regulated genes. On the other hand, the

25

205



745
746
747
748
749
750
751
752
753
754

755
756
757
758
759
760

762
763
764
765
766
767
768
769
770
771
772

773
774
775
776
777
778

bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

tetratricopeptide thioredoxin-like protein 77L4, required for osmotic stress tolerance, BASSS and
BCAT4, mvolved in glucosinolate biosynthesis, PTR3. required for defences against pathogens, and
the transcription factor NAC0/9, involved in the response o dehydration, were found to be down-
regulated upon PRPS] induction (Tran ez al., 2004; Schuster er al,, 2006; Karim ef al., 2007; Sawada
et al., 2009; Lakhssassi ef al., 2012). Interestingly, the mass spectrometry analysis of the tissue
overexpressing PRPSI detected the increased accumulation of far-red insensitive 219 (FIN219;
AT2G46370) and the phytochrome associated protein phosphatase 2C (PAPP2C; AT1G22280), both
directly involved in the response to red, or far red light and in flower development (Hsieh er al., 2000;
Phee er al, 2008); while chloroplast-located proteins involved in “RNA metabolism™ and
“translation” where down-regulated.

In contrast. the results obtained from the transcriptomic and proteomic analyses performed on
indPRPL4 + DEX leafl discs showed markedly different results (Fig. 7-8, Fig. 10-11). The
overaccumulation of PRPL4 promoted abiotic stress responses and protein homeostasis such as
“response to hydrogen peroxide”, “response to high light intensity”, “response to heat”, “response to
oxidative stress” and “protein folding™ (Fig. 8 C). In particular, transcription factors involved in stress
responses such as DREB2A, DREB2C and WRKY26 (Sakuma er al., 2006; Chen er al., 2010; Li eral.,
2011), were found to be upregulated, together with proteins directly mvolved mn proteostasis
maintenance, such as small HSPs, CLPBI cytosolic unfoldase and the co-chaperone HOP3 (Sun er
al.,2001; Mishra & Grover, 2016; Fermandez-Bautista et a/., 2017; Toribio et al., 2020). Interestingly.
GOLST gene coding for a key enzyvine of raffinose family sugar synthesis, shown to enhance plant
resistance to oxidative damage, was also up-regulated (Panikulangara et al., 2004; Nishizawa et al.,
2008). These findings together with the increased accumulation of CLPB3, HSP90-1 and HSC70-4
proteins over time (see Fig. S7), comroborate the hypothesis that PRPL4 over-accumulation
contributes to generate pressure on the plastid folding machinery that, in turns, activates retrograde
signalling pathways ammed at triggering a chloroplast-related UPR. It can be envisaged that the
activated cpUPR contributes to the limited increase of PRPL4 protein abundance in Arabidopsis
chloroplasts, 1.e., two folds higher upon 24 HAI with respect to 0 HAI, despite the 30-fold increase
of PRPLA transcripts (Fig. 4 A and C).

Taken together these observations highlight the activation of different nuclear and cellular
responses upon up-regulation of PRPSI and PRPL4 gene expression and the consequent alteration of
plastid protein homeostasis. Whereas the PRPSI-related response mainly relies on chloroplast
breakdown with degradation and loss of chloroplast proteins, nucleic acids, pigments, lipids, and
polysaccharides, aimed to promote the remobilization of resources, such as carbon and nitrogen, in
favour of the anticipated reproductive phase, ie. an escape strategy from a stress condition, the
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PRPLA4-related response consists in the activation of a stress pathway, compatible with the chloroplast
UPE.
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Figure Legend

Figure 1 — Molecular description of prpsi-2 allele and the comresponding embryo-lethal phenotype.
A) Schematic representation of PRPSI gene. Exons are indicated as numbered white boxes, and
introns as black lines. Positions of start and stop codons with respect to the transcription initiation
site, as well as the CRISPR/Cas9-induced deletion (prpsi-2), are indicated. The PRPST reading frame
and corresponding amino acids in wild-type and prps/-2 mutant are also reported. B) Sequencing
electropherogram showing the single nucleotide deletion (coding strand) in prpsi-2 hetero- and
homozygous mutants with respect to Col-0. The red arrowhead indicates the position of the
CRISPR/Cas9-induced deletion. “N™ readings in PRPS1/prpsl-2 lines results from double peaks,
generated by Cas9-induced deletion in one of the two homologous chromosomes. C) Morphological
characteristics of developing seeds in siliques at 10 Days After Fertilization (DAF) of Col-0,
heterozygous PRPSI/prpsi-2 and prpsl-2 complemented with pPRPSI::PRPSI genomic locus.
Around one quarter of white seeds are clearly distingumshable among the green seeds of PRPSIjprpsl-
2 siliques. Bars =2 mm. D) Cleared whole mount of Col-0, heterozygous PRPSI/prpsi-2 and prpsi-
2 pPRPSI::PRPSI] complemented seeds containing embryos at the globular stage (3 DAF). Bars =
20 pm.

Figure 2 — Visible and molecular phenotypes of plantlets carrying altered amount of PRPS1 and
PRPL4 proteins. A) Visible phenotypes and photosynthetic efficiency (Fw/Fa) of 16 Days After
Sowing (DAS) plantlets grown on MS medium devoid (- DEX) or supplemented (+ DEX) with 2 pM
dexamethasone. On the left (bnght field), the visible phenotypes shown by Col-0, the knock-down
prpsl-1 mutant, 0ePRPS] and oePRPL4 constitutive over-expressing lines, indPRPL4 and ind PRPS1
inducible Iines. On the right panel (F/Fyy). the photosynthetic efficiency of each genotype is shown
both as false colour imaging and average values + standard deviations. Statistical significance
calenlated wia Student’s t-test (*** indicates P < 0.001: N.S. not significant). Scale bar = 1 cm. B)
Immunoblots of total protein extracts from Col-0, prpsl-1, 0ePRSPI, indPRPSI, 0oePRPL4 and
indPRPL4 16 DAS plants grown on MS medium devoid (- DEX) or supplemented (+ DEX) with 2
UM dexamethasone. PRPS1 and PRPL4 specific antibodies were used for immuno-decoration.
Coomassie Brilliant Blue (C.B.B.) stained gels are shown as loading control. Numbers show the
relative protein abundance with respect to Col-0 (indicated as 100). Standard deviation was below +
15%. One filter out of three biological replicates 1s shown. C) Relative expression values of PRPSI
and PRPL4 genes determined by qRT-PCR analyses of total RNA extracted from Col-0, prpsi-1,
0ePRSPI, indPRPSI1, 0ePRPL4 and indPRPL4 16 DAS plants grown on MS medium devoid (- DEX)
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or supplemented (+ DEX) with 2 pM dexamethasone. Results of one out of three biological replicates

are shown. Error bars indicate standard deviations of three technical replicates.

Figure 3 - TEM micrographs of chloroplasts in mesophyll cells of Col-0 (A) control, prps!-1 (B),
indPRPSI (C, G, H, 1, 1), indPRPL4 (D, E), 0ePRPL4 (F) and 0ePRPSI (K, L) leaves obtained from
16 DAS plantlets grown on MS medium supplemented, or not, with DEX. The young portion of
leaves, proximal to the petiole, showing the yellow to pale-green phenotype in 0ePRPSI and
indPRPS! lines, was used for the analyses. S: starch granules; White arrowhead: thylakoid
membranes; BV budding vesicles; P: Plastoglobules.

Figure 4 — Molecular features of indPRPSI and indPRPL4 lines upon DEX-induced gene expression.
A) Relative expression values of PRPST and PRPL4 genes determined by qRT-PCR analyses of total
RNA extracted from indPRPS] (circles, blue) and indPRPL4 (squares, green) leaf discs sampled at
0, 3, 6 and 24 Hours After Infiltration (HAI) with 2 pM dexamethasone (DEX). Data from one out
of three biological replicates are shown. Error bars indicate standard deviations of three technical
replicates. B) Immunoblots of total protein extracts from indPRPS1 leaf discs sampled at 0, 3, 6 and
24 HAI with 2 pM DEX. Filters were incubated with autibodies raised against PRPS1, PRPL4 and
PRPSS plastid ribosomal proteins. C.B.B.-stained gels are shown as loading control. Numbers show
the relative protein abundance with respect to 0 HAI (indicated as 100). Data from one out of three
biological replicates are shown. Standard deviation was below 15%. C) Inmunoblots of total protein
extracts from indPRPS4 leaf discs, sampled and analysed as in B, used as control. D) Total protein
extracts from Col-O and indPRPS] leaf discs previously incubated in DEX-containing MS medium
for 6 hours and then infiltrated with **S-Methionine in the presence of cycloheximide, an inhibitor of
cytosolic protein synthesis, The leaf proteins were sampled 15 and 30 mmutes afier labelling (MAL).
Rbel and D1/D2 proteins signals are indicated. The ponceau-stained filter is shown as loading
control. E) indPRPS! = DEX (6 HAI) leat material was subjected fo sucrose gradient fractionation
aimed to isolate PRPS1-contaning complexes. Filters were immuno-decorated with PRPS1 antibody
to show the accumulation of PRPS1 in Low Molecular Weight (LMW) and High Molecular Weight
(HMW) fractions. C.B.B.-stained gels are shown as loading control. F) Quantification of PRPS]
accumulation in LMW (1-5) and HMW (6-9) fractions as evaluated by Image Lab sofiware on

representative blots.
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Figure 5 — Comparison of PRPS] and S1 protein activities m E. coli cells. A) Schematic
representation of S1 and PRPS1 protemns. S1 domains are depicted as pink boxes, while the
chloroplast transit peptide (¢TP) of PRPS1 prolein as green box. Numbers indicate the position of
amino  acid residues. Domain  predictions are based on InterPro online tool
(https://www.ebl.acuk/interpro/). B) ODggo measuremnents of E. coli indrps4 (white symbols) and
indPRPS1 (blue symbols) strains grown under Depletion (0.4% glucose; squares), Complementation
(0.4% glucose + 0.01 mM IPTG; triangles) or Overexpression (1% arabmnose + 1 mM IPTG; circles)
conditions. Strains were sampled at 0, 45, 90, 135, 180 and 225 Minutes After Induction (MAI). Data
from one out of three biological replicates are reported, C) Inununoblots of total protein extracts from
indrps4 and indPRPSI E. eoli strains grown as described above sampled at 0, 45, 90, 135, 180 and
225 MAL using S1 and PRPS1 specific antibodies. C.B.B.-stained gels are added as loading controls.
Numbers show the relative protein abundance with respect to 0 MAIL Data from one out of three

biological replicates are shown. Standard deviation was below 15%.

Figure 6 — PRPS1 protein accumulation and the stromal CLP protease. A) Immunoblots of total
protein extracts from indPRPS leaf discs sampled at 0, 3, 6 and 24 HAI with 2 pM dexamethasone
alone (+ DEX) or supplemented with 550 pM lincomyein (+ DEX + LIN). Filters were incubated
with antibodies raised against PRPSI protem. C.B.B.-stained gels are shown as loading control.
Numbers below the immunoblots show the relative protein abundance with respect to 0 HAI
(indicated as 100). Data are derived from one out of three biological replicates. Standard deviation
was below 15%. B) Visible phenotypes and photosynthetic efficiency (Fw/Fy) of 16 Days After
Sowing (DAS) seedlings grown on soil. On top (bright field) panel, visible phenotypes of Col-0 and
pipsi-1,prpll1-1, clpcl-1, clpd-1, prpsi-1 prpll i-1, prps1-1 clpcl-1 and prpsi-1 clpd-1 mutants are
shown. On the bottom panel (FFyy), the photosynthetic efficiency of each genotype is shown both
as false colour imaging and average values + standard deviations. Scale bar = 1 cm C) Immunoblot
of total protein extracts from Col-0 and prpsi-1, prplll-1, clpel-1, elpd-1, prpsi-1 prplli-1, prpsl-
1 elpel-1 and prpsl-1 clpd-1 mutants obtamed by using a PRPS1 specific antibody. C B.B -stained
gels are shown as loading control. Numbers below the immunoblot show the relative protein

abundance with respect to Col-0. Standard deviation was below 15%.

Figure 7 - Comparison of RNAseq transcriptomes from ind PRPSI and indPRPL4 lines infiltrated or
not with DEX. A) Venn diagram showing the number of DEGs found i indPRPS] and indPRPL4
upon induction. B) Venn diagram showing the distribution of DEGs resulted from the companson of
indPRPSIUP, indPRPL4UP, ind PRPSIDOWN and indPRPL4DOWN lists. Unique DEGs in each
group are in bold. Group A: Unique up-regulated DEGs found i indPRPSI; Group B: Unique up-
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regulated DEGs found in ind PRPL4; Group C: Common up-regulated DEGs found in ind PRPSI and
indPRPL4; Group D: Unique down-regulated DEGs found in indPRPSI: Group E: Unique down-
regulated DEGs found in indPRPL4; Group F: Common down-regulated DEGs found in ind PRPSI
and indPRPL4; Group G: up-regulated DEGs found in ind PRPL4 but down-regulated in indPRPS..

Figure 8 — Analysis of the biological functions activated or repressed by the short-term
overexpression of PRPS! and PRPL4 genes. Significantly enriched GO terms identified through
agriGO v2.0 and REVIGO online tools retrieved from A) unique up-regulated DEGs found in
indPRPSI; B) unique down-regulated DEGs found in indPRPS1; C) unique up-regulated DEGs
found in indPRPLA4.

Figure 9 — Flowering time determination in Col-0, prpsi-I, eePRPSI, indPRPS! (+ DEX) and
indPRPL4 (+ DEX) lines. A) Pictures of representative plants at bolting grown on soil in long day
conditions. B) Average nmumbers + standard deviations of leaves at bolting observed in Col-0, prps -
1 and 0ePRPS] plants grown on seil in long day conditions. C) Average numbers + standard
deviations of leaves at bolting observed in Col-0, prps!-1 and eePRPS] plants grown on soil in short
day conditions. D) Average munbers + standard deviations of leaves at bolting observed i Col-0,
0ePRSPI, indPRPSI and indPRPL4 plants grown on MS medium devoid (- DEX) or supplemented
(+ DEX) with 2 yM dexamethasone in long day conditions. Statistical significance was calculated
via Student’s t-test (*** indicates P < 0.001).

Figure 10 — Comparison of proteome from indPRPSI and ind PRPL4 lines infiltrated or not with
DEX. A) Venn diagram showing the number of DAPs found in indPRFPS] and indPRPL4 upon
mduction. B) Venn diagram showing the distibution of DAPs resulted from the comparison of
indPRPSIUP, indPRPL4UP, indPRPSIDOWN and indPRPL4DOWN lists.

Figure 11 — Protein categorization based on Biological Process GO terms of DAPs found in
indPRPS1 (A) and indPRPL4 (C) samples and based on Cellular Content GO terms found of
indPRPS1 (B) and indPRPL4 (D) samples. Blue and red bars correspond to proteins that were up or
down accumulated, respectively.

31

211



bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity. It 15
made avaiiable under aCC-BY 4 0 International kcenss

A
prps1-2
GCG > G(-)G
80
¥ _
[ [Exon1 jeeed 2
i
76
START
prPS; ML Ala Ser leu Al Gin Gin Phe Ser Gly leu Arg Cys

ATG GCG TCT TTG GCT CAG CAA TTC TCG GGA TTG AGA TGT

Met Gly Leu Trp Leu Ser Asn Ser Arg Asp STOP
ATG GGT CTT TGG CTC AGC AAT TCT CGG GAT TGA

B C

A —

ACCA‘I‘GGCGTCT'{‘TGGCT

a all 0N PrPS1/prPSt-2
My ﬂf lanatlU o s
ACCATGGNNHNNTTNGNNN

dphansaph AP

ACCATGGGTCTTTGGCTC

PRPS1/prps1-2

prps1-2
PPRPS1::PRPS1

prpsi-
938 PPRPS1::PRPS1

939  Figure 1

32

212



bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It 15
made avaiiable under aCC-BY 4 0 International kcense

A
Bright field
|loePRPS1 [0EPRPLA
(% -
- DEX
[indPRPS1 indPRPLS
Cal-0 INGPRPS1
"_' + DEX
B
N ok oab N
- 4 \4’ \4
o & & & @& Dc} Qgc’ Q-QQQL
¥ g Q 3 Q 2
) o & _\‘\0 ® (\b & \b
— PRPS1
100 45 35 95 100 96 100 53 45 41 113 107
PRPL4
100 93 98 97 207 92 100 97 83 83 187 192
C.B.B.
(RbelL)
+ DEX
5
- “ PRPL4
PRPS1 1
30 40+
c 35
-% 25
g I‘
5 204 25
=
vyl 204
W
P 15 4
- ]0_.
= 10 +
o 05 5
no ﬁ i = o B
o\&quhqaoq%k Qquqq
0
Q;,Q“L Q‘QQ'QQ'CJ (Q‘ﬂ Q‘ Q’QQ'QQ'
Q‘ . bq 6 Q4 bqo & -\(\
940 - Dr:x v DE)< - DEX + DE)(

941  Figure 2

33

213



bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

942

943 Figure 3

214



bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

A
o PRPL4Y
0 L
5 % e
ot
E ER ® indPRPSI
% 01 = indPRPL4
LT RN
oFm® = ofee @
-10 I AR A SR 1 —
0 3 5 9 12 15 18 21 24
HAI
B C
indPRPS1 indPRPL4

PRPS1 mpmx
117 107
PRPL&
100 163 277 235
PRPS5

100 100 94 117
C.B.B.
(Rbcl)

0 3 6 24 HAI

100 93 40 7
PRPL4

o 100 80 68 33

[=]
* PRPSS

100 84 65 45

+DEX

C.B.B.
(Rbcl)
6 24 HAL

. o Ponceau
B (Rbct)
15 30 15 30 MAL

m
il

10+

indPRPS 1 W BEY
><| —— ﬂlPRPSI %ns B +DEX
%)
9, B Sapee— [CBE. E”“
o M e (Rbcl)  B05T
@05+
ﬁ" —— === slppps1 BT
o — o3+
+|| i lw-c.s.a, el
- J(Rbcl) :
LMW fractions HMW fractions L ]
-123356739;)9
944 LMW fractions HMW fractions
945  Figure 4

215



bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

A
51
1 19 87 103 171 1590 260 275 347 361 434 449 550 557
PRPS1
1 43 97 169 185 251 262 332 416
B
g ~- Depletion
8 -O- Complementation |/indrpsA
—— Overexpression
@ Depletion
e Complementation |indPRPS1
—4— Overexpression
01 +——————+——+—
0 45 90 135 180 225
MAI
C
fndrpsA
Depletion Complementation Dverexpression
- ———— —————
100 31 40 A2 24 36 100 96 95 75 83 100 100 110 109 152 170 208
R R -

C.B.B.
0 45 90 135 180225 0 45 90 135 180225 0 45 90 135 180225 MAIL
indPRPS1
Depletion Complementation Overexpression
—— o E=
100 10 ND ND ND 100 78 46 49 50 35 100 1 69 19 27

= e
100 68 57 51 96 232 100 155252 338 312 340 ND 100 118 110 113
C.B.B.

946 0 45 90 135 180 225

0 45 90 135 180225 0 45 90 135 180225 MAI

947  Figure 5

36

216



bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

A indPRPS1

PRPS1

100 105 70 12

100 107 81 B85
| C.B.B.
(RbclL)

0 3 6 24 HAI
+ DEX + DEX + LIN
B
=
2
£
=
@
£
L
-
o
C \'\ e o "
& " Y
& (_\Q(' qu
N W s N
9 & AN A AT B w6
r ] v
CF} Q& Q& Q“Q &
- PRPS1
100 38 96 64 0 58 98B 59
c.B.B
948
949  Figure 6

37

217



bioRxiv preprint doi: hitps:/fidol org/10.1101/2022 07 19 500576; this version posted July 19, 2022 Tha copynght holder for this prepnnt
which was not certified review) is the authorfunder, who has granted bioRxiv a license to lay the int in perpetuity. It s
{ Ry e )m avaiiable under aCC-BY 4 0 International kcense ST pe by

indPRP5 1 IndPRPLA

indPRPLY IndPRPS1

950

951  Figure7

38

218



bioRxiv preprint doi: hitps:/fidol org/10.1101/2022 07 19 500576; this version posted July 19, 2022 Tha copynght holder for this prepnnt
which was not certified review) is the authorfunder, who has granted bioRxiv a license to lay the int in perpetuity. It s
{ Ry e )m avaiiable under aCC-BY 4 0 International kcense ST pe by

Y Ve T IR TRCAT SN P et atr e’ b
000085007 “wabigenl wgobn’ b

T AT e St s

OGS rvasanim g tbvinw’ ¢
BT 0011 Vgt Sy )
GO 314 e repr00 0 s’

GOO0ETT ‘e 5 e ogrver |
a0 oo e —

D000 1 " w1 b1 et
-l aiFOR

3 g oot

Murbor
of genas
[
o

=g 10 FOR)
[

b
) of gre 1
I
3OC000H cabbrie prrms s |
[
ettt 1
L

e it
G AN e t rorgane B tstwace|
0O o bpar
G H00ID ~wmpatas 16 o ks Lt |
0 00U ™304 “wapones \o wookof §

o sen 000 i

] i,
E
g
i

D0+ 1 838 raprne b rbmpes orosund
D212y "nﬂ':t‘cll-v-ﬂllw- Rt

|

952 P dewidmed

953  Figure 8

39

219



bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

A
Col-0 prpsi-1 0ePRPS1
B c D
12 + *EE 70 - k% ExE EE T
il 5
10 + } &0 1 1] [
h 1 sl
w 8+ I [ ? { T
£ G T
; ol [ ]
2 8T | 4+
An 0 +
=
§ 4l
= 20 +
2
T 10 +
1] o o
S N B A D B b DA b
& & & & & ¢ &
- DEX + DEX
Figure 9
40

220



bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

indPRPS1 IndPRPLA

IndPRPLA IndPRPS I
up

956

957  Figure 10

41

221



bioRxiv prepnnt doi- hitps:/fdot.org/10.1101/2022 07 18 50576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

A F00ANGLT el
EOROURGIS b metntole orocen

SEIDENIE - reguletin of nesge e o e oo v bght

UERUIY N peecsndey ratansh¢ et

SORESTS  cartahvirate melnbolt srotets

GOCIATI  saporns ki

GLANATAT frowtn

0 BT - s et el s s

XD - gl Srnssisenion

wUF m DOWN

i

el pesteir m o 2pce
o R s alvds
SRO0EEE
soramama A —.—

00

GO ANON0LN - repracurtion
GUDURN PR - et
CO00MIE s
EIEM | - (i ciomp et tganation
GO0 catabel ¢ promas

BOO0017EY - KA bincing
- Downihest oL
UL

]
8
s

AOPOTEIN - dum s g

TOCEGME - Haaame L=

E
1]
2

GOHOORT M-ty doelepment

GO00ITISA-cull commmcation

GOAUDSY 7S -cartbonvdrate metabok: process

GO000ET g compound i process

d il protein modificatlon precess
GO I a7 I

GO0TLI538- protei frocess

600007275 v collabar anganbin dovelupnnt

iz process

j—

—

=

—

GO 004e556 anar ! struet:

GO DOOTT 1% respon dage stimihes

GONODEALI-trantiation  ———

G0:0007 165 signal tramsduction
——
———

G007 response 10 blotic stimlus
GOOOOMET-rws prnss 10 4 bistic stimulus
Bresss

50000003

BO.O097 8 T
T24-RNA binding
trarigart
GODOEL Y e ponss bo bght stimabin
bolis procens
e e e S —
o 5 10 15 20 29 0
% of proteins
D i

GODOTERIN -l will
600005576 - eatracelular region
GU-ODSEAS - st
GO-D5TTI - vacunle

B0 57 - Golgl acparatias

L 000G i il eticuim
GOOOTAG . i riem
~eytoglanm

chioropiast

GOD003631 - nuchea

958

959  Figure 11

960

42

222



961
962

964
965

966
967

968
969

970
971

973
974

975
976

977
978
979

980

982

983
984
985

986

988

989
990

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

References
Ahmed T, Yin Z, Bhushan S. 2016. Cryo-EM structure of the large subunit of the spinach
chloroplast ribosome. Scientific Reports 6: 1-13.

Arcus V. 2002. OB-fold domains: A snapshot of the evolution of sequence, structure and function.
Current Opinion in Structural Biology 12: 794-801,

Asakura Y, Barkan A. 2006. Arabidopsis orthologs of maize chloroplast splicing factors promote
splicing of orthologous and species-specific group II introns. Plant Physiology 142: 1656-1663.

Barkan A. 1998. Approaches to investigating nuclear genes that function in chloroplast biogenesis
in land plants. Methods in Enzymelogy 297: 38-57.

Beckert B, Turk M, Czech A, Berninghausen O, Beckmann R, Ignatova Z, Plitzko JM, Wilson
DN. 2018. Structure of a lubernating 1005 nbosome reveals an inactive conformation of the

ribosomal protein S1. Nature Microbiology 3: 1115-1121.

Bieri P, Leibundgut M, Saurer M, Boehringer D, Ban N. 2017. The complete structure of the
chloroplast 708 ribosome in complex with translation factor pY. The EMBO Journal 36: 475-486.

Bolouri Moghaddam MR, Van den Ende W. 2013. Sugars, the clock and transition to flowering.

Frontiers in Plant Science 4.

Boni I'V., Artamonova VS, Dreyfus M. 2000. The last RNA-binding repeat of the Escherichia coli
ribosomal protein S1 is specifically involved i autogenous control. Jowrnal of Bacteriology 182:
5872-5879.

Briani F, Curti 8, Rossi F, Carzaniga T, Mauri P, Deho G. 2008. Polynucleotide phosphorylase
hinders mRNA degradation upon ribosomal protein S1 overexpression in Escherichia coli. RNA 14:
2417-2429.

Bryant N, Lloyd J, Sweeney C, Myouga F, Meinke D. 2011. Identification of muclear penes
encoding chloroplast-localized proteins required for embryo development in Arabidopsis. Planr
FPhysiology 155: 1678-1689.

Bubunenko MG, Schmidt J, Subramanian AR. 1994. Protein substitution in chloroplast ribosome
evolution a eukaryotic cytosolic protein has replaced its organelle homologue (L23) in spinach.
Jowrnal of Molecular Biology 240: 28-41.

Bycroft M, Hubbard TJP, Proctor M, Freund SMV, Murzin AG. 1997. The solution structure of
the S1 RNA binding domain: a member of an ancient nucleic acid-binding fold, Ce/l 88: 235-242.

43

223



992
983

954
995
996

957
998
999

1000
1001
1002

1003
1004

1005
1006
1007

1008
1009

1010
1011
1012

1013
1014
1015

1016
1017

10138
1019

1020

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

Byrgazov K, Grishkovskaya I, Arenz S, Condevylle N, Temmel H, Wilson DN, Djinovic-Carugo
K, Moll L. 2015. Structural basis for the mteraction of protein S1 with the Escherichia coli nibosome.
Niicleic Acids Research 43: 661-673.

Chalupska D, Lee HY, Faris JD, Evrard A, Chalhoub B, Haselkorn R, Gornicki P. 2008. Acc
homoeoloci and the evolution of wheat genomes. Proceedings of the National Academy of Sciences

of the United States of America 105: 9691-9696.

Chen H, Hwang JE, Lim CJ, Kim DY, Lee SY, Lim CO. 2010. Arabidopsis DREB2C functions
as a transcriptional activator of HsfA3 during the heat stress response. Biochemical and Biophysical

Research Communications 401; 238-244.

Cifuentes-Goches JC, Hernandez-Ancheyta L, Guarneros G, Oviedo N, Hernindez-Sanchez J.
2019. Domains two and three of Escherichia coli ribosomal S1 protein confers 30S subunits a high

affimty for downstream A/U-rich mRNAs. Journal of Biochemistry 166: 29-40).

Colombo M, Tadini L, Peracchio C, Ferrari R, Pesaresi P. 2016. GUNI, a Jack-Of-All-Trades in
Chloroplast Protein Homeostasis and Signaling. Frontiers in Plant Science 7.

Crechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR. 2005 Genome-wide
1dentification and testing of superior reference genes for transcript normalization i arabidopsis. Plans
Fhysiology 139: 5-17.

Delvillani F, Papiani G, Dehd G, Briani F. 2011. S1 nbosomal protein and the mterplay between
translation and mRNA decay. Nucleic Acids Research 39: 7702-7715.

Duval M, Korepanov A, Fuchsbauer O, Fechter P, Haller A, Fabbretti A, Choulier L, Micura
R, Klaholz BP, Romby P, ef al. 2013. Escherichia coli Ribosomal Protein S1 Unfolds Structured
mRNAs Onto the Ribosome for Active Translation Initiation. PLoS Biology 11; €1001731.

Fernandez-Bautista N, Fernandez-Calvino L, Muiioz A, Castellano MM. 2017. HOP3, a member
of the HOP family in Arabidopsis, interacts with BiP and plays a major role in the ER stress response.
Piant Cell and Environment 40: 1341-1355,

Franzetti B, Carol P, Maches R. 1992, Characterization and RNA-binding properties of a
chloroplast S1-like nbosomal protein. Journal of Biological Chemistry 267: 19075-19081,

Freytes SN, Canelo M, Cerdin PD. 2021. Regulation of Flowering Time: When and Where?
Current Opinion in Plant Biology 63.

Giorginis S, Subramanian AR 1980. The major ribosome binding site of Escherichia coli ribosomal

224



1021

1022
1023
1024

1025
1026

1027
1028

1029
1030

1031
1032
1033

1034
1035
1036

1037
1038

1039
1040
1041

1042
1043

1044
1045

1046
1047

1048
1049
1050

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

protein S1 is located in its N-terminal segment. Journal of Molecular Biology 141: 393408,

Graf M, Arenz S, Huter P, Dénhdfer A, Novacek J, Wilson DN. 2017. Cryo-EM structure of the
spinach chloroplast ribosome reveals the location of plastid-specific nbosomal proteins and
extensions. Nucleic Acids Research 45: 2887-2896.

Hajnsdorf E, Boni I V. 2012, Multiple activities of RNA-binding protemns S1 and Hfq. Biochimie
94: 1544-1553.

Hess WR, Hoch B, Zeltz P, Hiibschmann T, Kossel H, Borner T. 1994. Inefficient 1pl2 splicing
in barley mutants with ribosome-deficient plastids. Planr Cell 6: 1455-1465.

Hirose T, Sugiura M. 2004. Multiple elements required for translation of plastid atpB mRNA lacking
the Shine-Dalgamo sequence. Nucleic Acids Research 32: 3503-3510.

Hsieh HL, Okamoto H, Wang M, Ang LH, Matsui M, Goodman H, Deng XW. 2000. FIN219,
an auxin-regulated gene, defines a link between phytochrome A and the downstream regulator COP1
in light control of Arabidopsis development. Genes and Development 14; 1958-1970.

Jeran N, Rotasperti L, Frabetti G, Calabritto A, Pesaresi P, Tadini L. 2021. The PUB4 E3
ubiquitin ligase is responsible for the variegated phenotype observed upon alteration of chloroplast

protein homeostasis in arabidopsis cotyledons. Genes 12: 1387,

Kalapos MP, Paulus H, Sarkar N. 1997 Identification of ribosomal protein 51 as a poly(A) binding

protein in Escherichia coli. Biochimie 79; 493-502.

Karim S, Holmstrom KO, Mandal A, Dahl P, Hohmann 8, Brader G, Palva ET, Pirhonen M.
2007. AtPTR3, a wound-induced peptide transporter needed for defence against virulent bacterial
pathogens in Arabidopsis. Planta 225: 1431-1445.

Kazan K, Lyons R. 2016. The link between flowering time and stress tolerance. Jowrnal of
Experimental Botany 67: 47-60.

Kitakawa M, Isono K. 1982, An amber mutation in the gene rpsA for ribosomal protein S1 in
Escherichia coli. Molecular and General Genetics MGG 185: 445447,

Kmiec B, Teixeira PF, Glaser E. 2014. Shredding the signal: Targeting peptide degradation in
mitochondria and chloroplasts. Trends in Plant Science 19: 771-778.

Lakhssassi N, Doblas VG, Rosado A, del Valle AE, Posé D, Jimenez AJ, Castillo AG, Valpuesta
V, Borsani O, Botella MA. 2012. The Arabidopsis TETRATRICOPEPTIDE THIOREDOXIN-

LIKE gene family is required for osmotic stress tolerance and male sporogenesis. Plant Phvsiology

45

225



1051

1052
1053
1054

1055
1056

1057
1058

1059
1060

1061
1062
1063

1064

1065
1066
1067

1068
1069
1070

1071
1072
1073

1074
1075

1076
1077

1078
1079
1080

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

158: 1252-1266.

Lemke MD, Fisher KE, Kozlowska MA, Tano DW, Woodson JD. 2021. The core autophagy
machinery is not required for chloroplast singlet oxygen-mediated cell death in the Arabidopsis
thaliana plastid ferrochelatase two mutant. BMC Plant Biology 21: 1-20.

Li B, Dewey CN. 2011, RSEM: Accurate transeript quantification from RNA-Seq data with or

without a reference genome. BMC Bioinformatics 12: 1-16.

Li S, Fu Q, Chen L, Huang W, Yu D. 2011. Arabidopsis thaliana WRKY25, WRKY26, and

WRKY33 coordinate induction of plant thermotolerance. Planta 233: 1237-1252.

Liu W, Liu Z, Mo Z, Guo S, Liu Y, Xie Q. 2021. ATGS8-Interacting Motif: Evolution and Function
in Selective Autophagy of Targeting Biological Processes. Frontiers in Plant Science 12: 2671,

Llamas E, Pulido P, Rodriguez-Concepcion M. 2017, Interference with plastome gene expression
and Clp protease activity in Arabidopsis triggers a chloroplast unfolded protein response to restore

protein homeostasis. PLoS Generics 13; 1-28.
Mache R. 1990. Chloroplast ribosomal proteins and their genes. Plant Science 72: 1-12.

Merendino L, Falciatore A, Rochaix JD. 2003. Expression and RNA binding properties of the
chloroplast ribosomal protein S1 from Chlamydomonas reinhardtii. Plant Molecular Biology 53:
371382

Mi H, Ebert D, Muruganujan A, Mills C, Albou LP, Mushayamaha T, Thomas PD. 2021.
PANTHER version 16: A revised family classification, tree-based classification tool, enhancer
regions and extensive API. Nucleic Acids Research 49: D394-D403.

Michaeli S, Honig A, Levanony H, Peled-Zehavi H, Galili G. 2014. Arabidopsis ATGS-
INTERACTING PROTEIN1 is mvolved in autophagy-dependent vesicular trafficking of plastid
proteins to the vacuole, The Plant Cell 26: 4084-4101.

Mishra RC, Grover A. 2016. ClpB/Hsp100 proteins and heat stress tolerance in plants, Critical
Reviews in Biotechnology 36: 862-874.

Murzin AG. 1993. OB(oligonucleotide/oligosaccharide binding)-fold: Common structural and
functional solution for non-homologous sequences. EMBO Jowrnal 12: 861-867.

Nagashima Y, Ohshiro K, Iwase A, Nakata MT, Maekawa 8, Horiguchi G. 2020. The bRPS6-
family protein RFC3 prevents mterference by the sphemng factor CFM3b dunng plastid rtRNA
biogenesis in Arabidopsis thahana. Plants 9.

46

226



1081
1082

1083
1084
1085

1086
1087
1088

1089
1080
1091

1092
1093
1054

1085
1096
1097

1098
1099
1100

1101
1102
1103
1104

1105
1106
1107

1108
1109
1110

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

Nishizawa A, Yabuta Y, Shigeoka S. 2008. Galactinol and raffinose constitute a novel function to
protect plants from oxidative damage. Plant Phyvsiology 147: 1251-1263.

Nishizawa A, Yabuta Y, Yoshida E, Maruta T, Yoshimura K, Shigeoka S. 2006. Arabidopsis
heat shock transcription factor A2 as a key regulator in response to several types of environmental

stress. Plant Journal 48: 335-547.

Ostheimer GJ, Williams-Carrier R, Belcher S, Osborne E, Gierke J, Barkan A. 2003. Group II
intron splicing factors derived by diversification of an ancient RNA-binding domain. EMBO Journal
22:3919-3929.

Paieri F, Tadini L, Manavski N, Kleine T, Ferrari R, Morandini P, Pesaresi P, Meurer J, Leister
D. 2018. The DEAD-box RNA helicase RHS0 1s a 235-4.55 tRNA maturation factor that fimetionally
overlaps with the plastid signaling factor GUN1. Plant Physielogy 176: 634-648.

Panikulangara TJ, Eggers-Schumacher G, Wunderlich M, Stransky H, Schiffl F. 2004.
Galactinol synthasel. A novel heat shock factor target gene responsible for heat-induced synthesis of
raffinose family oligosaccharides in arabidopsis. Plant Phyvsiology 136: 3148-3158.

Paradiso A, Domingo G, Blanco E, Buscaglia A, Fortunato S, Marsoni M, Scarcia P, Caretto S,
Vannini C, de Pinto MC. 2020. Cyclic AMP mediates heat stress response by the control of redox
homeostasis and ubiquitin-proteasome system. Plant Cell and Environment 43: 2727-2742.

Pérez-Martin M, Pérez-Pérez ME, Lemaire SD, Crespo JL. 2014, Oxidative stress contributes to
antophagy induction in response to endoplasmic reticulum stress in chlamydomonas reinhardtii. Plant

Physiology 166: 997-1008.

Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu DJ, Inuganti
A, Griss J, Mayer G, Eisenacher M, ef al. 2019. The PRIDE database and related tools and
resources in 2019: Improving support for quantification data. Nucleic Acids Research 47: D442
D450,

Pesaresi P, Varotto C, Meurer J, Jahns P, Salamini F, Leister D. 2001. Knock-out of the plastid
ribosomal protein .11 in Arabidopsis: Effects on mRNA translation and photosynthesis. The Plant
Jowrnal 27: 179-189.

Phee BK, Kim J I, Shin DH, Yoo J, Park KJ, Han YJ, Kwon YK, Cho MH, Jeon JS, Bhoo SH,
et al. 2008. A novel protein phosphatase indirectly regulates phytochrome-interacting factor 3 via
phytochrome. Biochemical Jowrnal 415: 247-255.

47

227



1111
1112
1113
1114

1115
1116
1117
1118

1119
1120

1121
1122

1123
1124
1125

1126
1127

1128
1129
1130
1131

1132
1133
1134

1135
1136
1137

1138
1139

1140

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

Pulido P, Llamas E, Llorente B, Ventura S, Wright LP, Rodriguez-Concepcién M. 2016.
Specific Hspl00 Chaperones Determine the Fate of the First Enzyme of the Plastidial Isoprenoid
Pathway for Either Refolding or Degradation by the Stromal Clp Protease in Arabidopsis. FLoS
Genetics 12.

Ramundo S, Casero D, Muhlhaus T, Hemme D, Sommer F, Crevecoeur M, Rahire M, Schroda
M, Rusch J, Goodenough U, ef al. 2014. Conditional Depletion of the Chlamydomonas Chloroplast
ClpP Protease Activates Nuclear Genes Involved i Autophagy and Plastid Protein Quality Control.
The Plant Cell 26: 2201-2222.

Ramundo S, Rochaix JD. 2014. Chloroplast unfolded protem response, a new plastid stress signaling
pathway? Plant Signaling and Behavior 9: 1-3.

Robinson MD, McCarthy DJ, Smyth GK. 2009. edgeR: A Bioconductor package for differential

expression analysis of digital gene expression data. Bioinformatics 26: 139-140.

Romani I, Tadini L, Rossi F, Masiero S, Pribil M, Jahns P, Kater M, Leister D, Pesaresi P. 2012,
Versatile roles of Arabidopsis plastid ribosomal proteins in plant growth and development, Plant
Journal 72: 922-934,

Rottet S, Besagni C, Kessler F. 2015. The role of plastoglobules in thylakoid lipid remodeling during
plant development. Biochimica et Biophysica Acta - Biocenergetics 1847: 889-899.

Sakuma Y, Maruyama K, Qin F, Osakabe Y, Shinozaki K, Yamaguchi-Shinozaki K. 2006. Dual
function of an Arabidopsis transcription factor DREB2A in water-stress-responsive and heat-stress-
responsive gene expression. Proceedings of the National Academy of Sciences of the United States of

America 103: 1882218827,

Salah P, Bisaglia M, Aliprandi P, Uzan M, Sizun C, Bontems F. 2009. Probing the relationship
between gram-negative and gram-positive 51 proteins by sequence analysis. Nucleie Acids Research
37: 5578-5588.

Samalova M, Brzobohaty B, Moore I. 2005 pOp6/LhGR: a stringently regulated and highly
responsive dexamethasone-inducible gene expression system for tobacco. The Plant Jowrnal 41: 919—
935.

Sasaki I, Bertani G. 1965. Growth abnormalities i Hfr denivatives of Escherichia coli stram C.

Jowrnal of general microbiology 40: 365-376.

Sawada Y, Toyooka K, Kuwahara A, Sakata A, Nagano M, Saito K, Hirai MY. 2009.

48

228



1141
1142

1143
1144
1145

1146
1147
1148
1149

1150
1151
1152

1153
1154
1155
1156

1157
1158
1159

1160
1161

1162
1163

1164
1165
1166

1167
1168

1169
1170

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

Arabidopsis bile acid:sodium symporter family protein 5 is involved in methionine-derived
glucosinolate biosynthesis. Plant and Cell Physiology cell physiology 50: 1579-1586.

Schigger H, von Jagow G. 1987 Trcine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Analvtical Biochemistry
166: 368-379

Schulte W, Topfer R, Stracke R, Schell J, Martini N. 1997. Multi-functional acetyl-CoA
carboxylase from Brassica napus is encoded by a multi-gene family: Indication for plastidic
localization of at least one 1soforn. Proceedings of the National Academy of Sciences of the United

States of America 94: 3465-3470.

Schuster J, Knill T, Reichelt M, Gershenzon J, Binder S. 2006. BRANCHED-CHAIN
AMINOTRANSFERASEA4 is part of the chain elongation pathway in the biosynthesis of methionine-
derived glucosinolates in Arabidopsis. The Plant Cell 18: 2664-2679.

Sjogren LLE, MacDonald TM, Sutinen 8, Clarke AK. 2004. Inactivation of the clpCl gene
encoding a chloroplast Hsp 100 molecular chaperone causes growth retardation, leaf chlorosis, lower
photosynthetic activity, and a specific reduction in photosystem content. Plant Physiology 136: 4114—
4126.

Skouv J, Schnier J, Rasmussen MD, Subramanian AR, Pedersen S. 1990. Ribosomal protein S1
of Escherichia coli is the effector for the regulation of its own synthesis. Jowrnal of Biological
Chemistry 265: 17044-17049.

Serensen MA, Fricke J, Pedersen S. 1998. Ribosomal protein S1 is required for translation of most,
it not all, natural mRNAs in Escherichia coli in vivo. Journal of Molecular Biology 280: 3561-569.

Subramanian AR. 1983, Structure and Functions of Ribosomal Protein S1. Progress in Nucleic Acid
Research and Molecular Biology 28: 101-142.

Sugita M, Sugita C, Sugiura M. 1995. Structure and expression of the gene encoding ribosomal
protein S1 from the cyanobacterium Synechococens sp. strain PCC 6301 striking sequence similarity
to the chloroplast rnbosomal protein CS1. Molecular and General Genetics MGG 246: 142-147.

Sukhodolets M V., Garges S, Adhya 8. 2006. Ribosomal protein S1 promotes transcriptional
cyeling. RNA 12: 1505-1513.

Sun W, Bernard C, Van Cotte B De, Van Montagu M, Verbruggen N. 2001. At-HSP17.6A.

encoding a small heat-shock protein in Arabidopsis, can enhance osmotolerance upon

49

229



1171

1172
1173

1174
1175
1176

1177
1178
1179
1180
1181

1182
1183

1184
1185
1186
1187

1188
1189
1150
1191

1192
1193
1194

1195
1196

1197
1158

1199
1200

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

overexpression. The Plant Jowrnal 27: 407-4135.

Supek F, BoSnjak M, Skunca N, Smuc T. 2011 Revigo summarizes and visualizes long lists of
gene ontology terms, PLoS ONE 6: €21800.

Tadini L, Ferrari R, Lehniger M-K, Mizzotti C, Moratti F, Resentini F, Colombe M, Costa A,
Masiero S, Pesaresi P. 2018. Trans-splicing of plastid 1ps]2 transcripts, mediated by AtPPR4, is
essential for embryo patterning in Arabidopsis thaliana. Planta 248: 257-265.

Tadini L, Jeran N, Peracchio C, Masiero S, Colombo M, Pesaresi P. 2020a. The plastid
transcription machinery and its coordination with the expression of nuclear genome: Plastid-Encoded
Polymerase, Nuclear-Encoded Polymerase and the Genomes Uncoupled 1-mediated retrograde
commmmumication, Philosophical Transactions of the Roval Societv B: Biological Sciences 375:
20190399

Tadini L, Jeran N, Pesaresi P. 2020b. GUN1 and Plastid RNA Metabolism: Leamning from
Genetics, Cells 9. 2307.

Tadini L, Peracchio C, Trotta A, Colombo M, Mancini I, Jeran N, Costa A, Faoro F, Marsoni
M, Vannini C, er al. 2020¢. GUN1 mnfluences the accnmulation of NEP-dependent transcripts and
chloroplast protemn import m Arabidopsis cotyledons upon perturbation of chloroplast protein
homeostasis. The Plant Journal 101: 1198-1220.

Tadini L, Pesaresi P, Kleine T, Rossi F, Guljamow A, Sommer F, Miihlhaus T, Schroda M,
Masiero S, Pribil M, er al 2016. GUNI1 Controls Accumnlation of the Plastid Ribosomal Protein S1
at the Protein Level and Inferacts with Proteins Involved in Plastid Protemn Homeostasis. Plant

physiology 170: 1817-30.

Tadini L, Romani I, Pribil M, Jahns P, Leister D, Pesaresi P. 2012. Thylakoid redox signals are
mtegrated mto organellar-gene-expression-dependent retrograde signaling i the prorsl-1 mutant.

Frontiers in Plant Science 3: 1-13,

Takeno K. 2016. Stress-induced flowering: The third category of flowering response. Journal of
Experimental Botany 67: 4925-4934.

Theobald DL, Mitton-Fry RM, Wuttke DS, 2003. Nucleic acid recognition by OB-fold protems.

Ammual Review of Biophysics and Biomolecular Structure 32 115-133,

Tian T,Liu Y. Yan H. You Q, Yi X, Du Z, Xu W, Su Z_ 2017. AgriGO v2.0: A GO analysis toolkit
for the agricultural comnmmnity, 2017 update. Nucleic Acids Research 45: W122-W129.

50

230



1202

1203
1204

1205
1206
1207
1208

1209
1210
1211
1212

1213
1214

1215
1216
1217

1218
1219

1220
1221

1222
1223

1224
1225
1226

1227
1228
1229

1230

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

Tiller N, Bock R 2014. The translational apparatus of plastids and its role in plant development.
Molecular Plant 7: 1105-1120.

Toribio R, Mangano S, Fermindez-Bautista N, Muioz A, Castellano MM. 2020. HOP, a Co-

chaperone Involved in Response to Stress in Plants. Frontiers in Plant Science 11: 1657,

Tran LSP, Nakashima K, Sakuma Y, Simpson SD, Fujita Y, Maruyama K, Fujita M, Seki M,
Shinozaki K, Yamaguchi-Shinozaki K. 2004. Isolation and functional analysis of arabidopsis
stress-inducible NAC transcription factors that bind to a drought-responsive cis-element in the early
responsive to dehvdration stress 1 promoter. The Planr Cell 16: 2481-2498.

Vannini C, Domingo G, Fiorilli V, Seco DG, Novero M, Marsoni M, Wisniewski-Dye F, Bracale
M, Moulin L, Bonfante P. 2021. Proteomic analysis reveals how pairing of a Mycorthizal fingus
with plant growth-promoting bacteria modulates growth and defense in wheat. Planr Cell and
Environment 44 1946-1960),

van Wijk KJ. 2015. Protein Maturation and Proteolysis in Plant Plastids, Mitochondria, and
Peroxisomes. Annieal Review of Plant Biology 66: 75-111.

Van Wijk KJ, Kessler F. 2017. Plastoglobuli: Plastid Microcompartments with Integrated Functions
1 Metabolism, Plastid Developmental Transitions, and Environmental Adaptation. Annual Review of
Plant Biology 68: 253-289.

Wisniewski JR. 2019. Filter Aided Sample Preparation — A twtonal. Analvtica Chimica Acta 1090:
23-30

Woodson JD. 2016. Chloroplast quality control - balancing energy production and stress. The New
phyvtolegist 212: 36-41.

Woodson JD. 2022. Control of chloroplast degradation and cell death n response to stress. Trends

in Biochemical Sciences.

Wu GZ, Meyer EH, Richter AS, Schuster M, Ling Q, Schittler MA, Walther D, Zoschke R,
Grimm B, Jarvis RP, ef al. 2019, Control of retrograde signalling by protein import and cytosolic
folding stress. Nature Planis 5: 525-538.

Yamaguchi K, Von Knoblauch K, Subramanian AR 2000. The plasthd nibosomal protems.
IDENTIFICATION OF ALL THE PROTEINS IN THE 30 § SUBUNIT OF AN ORGANELLE
RIBOSOME (CHLOROPLAST)*. Journal of Biological Chemistry 275: 28455-28465.

Yamaguchi K, Subramanian AR 2003. Proteomic identification of all plastid-specific ribosomal

51

231



1232

1233
1234
1235

1236
1237
1238

1239
1240

1241
1242
1243

1244
1245

1246
1247

1248
1249

1250

bioRxiv prepont doi: hitps:/fdot org/10. 11012022 07 19 500576, this version posted July 19, 2022 The copynght holder for this prepnnt
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license o display the preprint in perpetuity, It is
made avaiiable under aCC-BY 4 0 International kcense

proteins in higher plant chloroplast 305 ribosomal subunit. Eurepean journal of biochemistry 270:
190-205.

Yin T, Pan G, Liu H, Wu J, Li Y, Zhao Z, Fu T, Zhou Y. 2012, The chloroplast ribosomal protein
L21 gene is essential for plastid development and embryogenesis in Arabidopsis. Planra 235: 907-
921.

Yu HD, Yang XF, Chen ST, Wang YT, Li JK, Shen Q, Liu XL, Guo FQ. 2012. Downregulation
of chloroplast RPS1 negatively modulates nuclear heat-responsive expression of HsfA2 and its target
genes in Arabidopsis. PLoS Genetics 8.

Zechmann B. 2019. Ultrastructure of plastids serves as reliable abiotic and biotic stress marker. PLoS
ONE 14.

Zhou K, Zhang C, Xia J, Yun P, Wang Y, Ma T, Li Z. 2021. Albino seedling lethality 4;
Chloroplast 30S Ribosomal Protein S1 is Required for Chloroplast Ribosome Biogenesis and Early

Chloroplast Development in Rice. Rice 14: 1-12.

Zhuang X, Jiang L. 2019. Chloroplast degradation: Multiple routes into the vacuole. Fronriers in
Plant Science 10: 359.

Zoschke R, Bock R. 2018. Chloroplast translation: Structural and functional organization,
operational control, and regulation. Plant Cell 30: 745-770.

Zubko MK, Day A 1998. Stable albinism induced without mutagenesis: A model for ribosome-free
plastid inheritance. The Plant Journal 15: 265-271.

52

232



