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ABSTRACT

Chloroplasts evolved from an ancient cyanobacterial endosymbiont more than 1.5 billion years ago. During

subsequent coevolution with the nuclear genome, the chloroplast genome has remained independent,

albeit strongly reduced, with its own transcriptional machinery and distinct features, such as

chloroplast-specific innovations in gene expression and complicated post-transcriptional processing.

Light activates the expression of chloroplast genes via mechanisms that optimize photosynthesis, mini-

mize photodamage, and prioritize energy investments. Over the past few years, studies have moved

from describing phases of chloroplast gene expression to exploring the underlying mechanisms. In this re-

view, we focus on recent advances and emerging principles that govern chloroplast gene expression in

land plants. We discuss engineering of pentatricopeptide repeat proteins and its biotechnological effects

on chloroplast RNA research; new techniques for characterizing the molecular mechanisms of chloroplast

gene expression; and important aspects of chloroplast gene expression for improving crop yield and stress

tolerance. We also discuss biological and mechanistic questions that remain to be answered in the future.
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INTRODUCTION

Chloroplasts are a type of double membrane–bound cytoplasmic

organelle found in plants, algae, and some protists. The ‘‘energy

factories’’ of the cell, they are the site where photosynthesis takes

place, converting light energy into chemical energy to sustain life

on Earth. Chloroplasts are likely derived from an ancient photo-

synthetic cyanobacterium that was engulfed by a eukaryotic

host cell, giving rise to an ancestral eukaryotic plant cell more

than 1.5 billion years ago (Archibald, 2015). However, during

subsequent endosymbiotic evolution, the chloroplast genome

shrank markedly, as most genes of cyanobacterial origin were

transferred into the nucleus or lost altogether (Martin et al.,

2002; Daniell et al., 2016). In land plants, the chloroplast

genome generally ranges in size from 120 to 160 kb and

exhibits a highly conserved structure. It comprises a single

circular DNA molecule with a quadripartite structure in which

two copies of a 26-kb inverted repeat region separate it into

one large and one small single-copy region (Daniell et al., 2016;

de Vries and Archibald, 2018).

On average, the chloroplast genomes of land plants have re-

tained about 120 genes with conserved content. Most of these

genes are particularly important for plant viability because they

encode core subunits of the photosynthetic apparatus and the
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gene expression system of chloroplasts (i.e., RNA polymerase

subunits, ribosomal proteins, ribosomal RNAs [rRNAs], and

transfer RNAs [tRNAs]). Substantial alteration of chloroplast

gene expression can kill plants, underscoring the importance of

these genes even in a reduced complement (Zhang et al., 2020).

Similar to those of bacteria, most chloroplast genes are organized

as operons transcribed from single promoters and are separated

by relatively small non-coding intergenic regions. However,

coevolution of the chloroplast and nuclear genomes also allowed

many chloroplast-specific innovations in the gene expressionma-

chinery to arise. Primary chloroplast transcripts must undergo

complicatedpost-transcriptional processingsteps to formmature

mRNA, such asRNA editing, RNA splicing, 50 and 30 trimming, and

intercistronic cleavage (Barkan, 2011). These post-transcriptional

processing events ensure that transcripts in chloroplasts have

proper stability and secondary structures more suitable for trans-

lation by chloroplast 70S ribosomes (Zoschke and Bock, 2018;

Zhang et al., 2020). However, chloroplast genes are not

constitutively expressed, and light is one of the most important
ications 4, 100611, September 11 2023 ª 2023 The Author(s).
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environmental cues that switches on their expression through at

least two layers of regulation, transcriptional and translational.

Numerous discoveries have substantially expanded our under-

standing of chloroplast gene expression over the last several

years. However, systematic summary and discussion of chloro-

plast gene expression are generally lacking. Here, we highlight

recent advances and emerging principles that govern chloroplast

gene expression in land plants, especially at the levels of tran-

scription, post-transcriptional processing, and translation.

Because the activation of chloroplast gene expression is tightly

controlled by light, we also discuss current proposed mecha-

nisms for light-induced transcription and translation of these

genes. Finally, we discuss a number of biological and mecha-

nistic questions about chloroplast gene expression that remain

to be answered.

TRANSCRIPTION

Chloroplast genes are transcribed by two distinct polymerases:

nucleus-encoded polymerase (NEP) and plastid-encoded poly-

merase (PEP). NEP is a phage-type RNA polymerase composed

of a single catalytic subunit, whereas PEP is a bacterial-type,

multi-subunit RNA polymerase (Yagi and Shiina, 2014; Borner

et al., 2015). Three typical NEPs have been identified in land

plants, including plastid-targeted RpoTp, mitochondrion-

targeted RpoTm, and dual-targeted RpoTmp that is localized to

both chloroplasts and mitochondria (Borner et al., 2015). These

NEPs share a strong evolutionary relationship with T3/T7

phage-type polymerase. Unlike chloroplasts that have both

NEP and PEP, mitochondria contain only NEP for transcription,

and the unique PEP of chloroplasts may be associated with their

photosynthetic function.

The NEP promoter is characterized by a conserved YRTA motif

upstream from the transcription start site. A subfamily of NEP

promoters has an additional GAA box about 18- to 20-nt up-

stream of the YRTA motif (Weihe and B€orner, 1999; Ortelt and

Link, 2021). The PEP promoter is distinct from the NEP

promoter and retains the –35 (TTGACA) and –10 (TATAAT)

consensus sequence motifs, resembling bacterial s70 promoters

(Ortelt and Link, 2021). Except for the rpoB operon and the accD

gene, which are exclusively transcribed by NEP, most genes in

chloroplasts are transcribed by both NEP and PEP (Ortelt and

Link, 2014). Currently, at least 215 transcription start sites of

PEP and NEP have been determined in mature chloroplasts of

Arabidopsis using Terminome-seq (Castandet et al., 2019).

The activities of both NEP and PEP increase considerably with

chloroplast development. However, PEP activity undergoes a

more pronounced increase than NEP activity. In mature chloro-

plasts, PEP serves as the major transcriptional machinery and

produces more than 80% of all primary plastid transcripts

(Cahoon et al., 2004; Zhelyazkova et al., 2012; Kindgren and

Strand, 2015). The activities of NEP and PEP are much higher

in young leaves than in old leaves, although old leaves still

maintain substantial chloroplast transcription activity (Zoschke

et al., 2007). Although NEP and PEP are still active in plastids of

non-photosynthetic tissues, their activities are much lower

compared with that in mature chloroplasts of photosynthetic tis-

sues (Puthiyaveetil et al., 2021).
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During evolution, chloroplasts of land plants inherited the PEP

catalytic core from the ancestral cyanobacterium but lost all

genes encoding transcription factors, several s factors, and

nucleoid-associated proteins (e.g., the HU protein that was first

named the U factor in Escherichia coli strain U93 and later

renamed HU because the U factor shared many characteristics

with eukaryotic histones) (Drlica and Rouviere-Yaniv, 1987; Yagi

and Shiina, 2014). With the acquisition of novel host cell–

derived polymerase-associated proteins (PAPs), the PEP tran-

scription apparatus, or PEP complex, of land plants became

more complicated. In addition to transcriptional initiation, tran-

scriptional pausing by the PEP complex has an essential role in

transcriptional output. Transcription by the PEP complex is also

highly induced by light, which helps chloroplasts synchronize

their gene expression program to support the needs of photosyn-

thesis. We focus below on our current understanding of the PEP

complex, highlighting PAP functions, transcriptional pausing, and

light-induced transcription.
The PEP complex is a hybrid system with a prokaryotic
core and peripheral PAPs of eukaryotic origin

The PEPcatalytic core is composedofa, b, b0, and b0 0 subunits that
are encoded by the plastid genes rpoA, rpoB, rpoC1, and rpoC2,

respectively. Similar to bacterial RNA polymerase, a s factor is

required for PEP to recognize its target promoters harboring the –

35 and –10motifs. Plants factors belong to the bacterial s70 family

and contain all four conserved s domains also found in bacterial s

factors. In landplants,genesencodings factorswere transferred to

the nucleus and duplicated several times, yielding many nuclear

copies (Fu et al., 2021). For example, there are as many as six s

factors in Arabidopsis (Arabidopsis thaliana), named SIG1 to SIG6

(Macadlo et al., 2020; Puthiyaveetil et al., 2021).

However, distinct from bacterial RNA polymerase, PEP has ac-

quired many PAPs for executing RNA biosynthesis. Twelve

PAPs have been identified in Arabidopsis chloroplasts, PAP1 to

PAP12 (Steiner et al., 2011; Pfannschmidt et al., 2015). These

PAPs bind specifically and tightly to the Rpo catalytic core,

formingwell-conservedprotrusions as in other RNApolymerases,

although the 3D map resolution of the PEP complex is currently

insufficient to determine the relative positions of these PAPs

within the PEP complex (Ruedas et al., 2022). All these PAPs are

necessary for chloroplast transcription and show a low level of

functional redundancy. Loss of function of each PAP results in

similar phenotypes: a severe block of chloroplast transcription

and an albino (cells devoid of chlorophyll) phenotype,

resembling that seen in knockout mutants of chloroplast rpo

genes (Pfalz et al., 2006; Garcia et al., 2008; Myouga et al.,

2008; Arsova et al., 2010; Schroter et al., 2010; Steiner et al.,

2011; Gao et al., 2011; Yagi et al., 2012; Chang et al., 2017).

Limited functional information is available on each PAP based on

experimentation. PAP5, also named PLASTID TRANSCRIPTION-

ALLY ACTIVE 12 (pTAC12) and HEMERA, can bind to single-

stranded RNA and single-stranded DNA, suggesting that PAP5

may localize close to the active sites of the PEP complex and

facilitate the positioning of tethered DNA and/or RNA (Pfalz

et al., 2015). PAP5 andPAP3/pTAC10 are also required for forma-

tion and/or stability of the entire PEP complex (Pfalz et al., 2015;

Chang et al., 2017). PAP8/pTAC6 contains an RNA-binding motif
e Author(s).



Figure 1. Proposed model for the function of mTERF5-induced
pausing and preferential binding of the PEP complex to
chloroplast promoters.
(A) PEP complex distribution as a function of position along chloroplast

genes. The model for PEP occurrence was redrawn according to Palomar

et al. (2022). TSS, transcription start site.

(B) A working model for mTERF5-induced pausing in regulating psbEFLJ

transcription is proposed based on Ding et al. (2019) and Meteignier et al.

(2020). The PEP complex represents the major transcriptional machinery

in chloroplasts and is composed of the core enzyme and PAPs. PAP8/

pTAC6 is one of 12 PAPs. mTERF5 serves as a transcriptional pausing

factor and induces PEP pausing at the psbEFLJ polycistron by binding to

the +30 to +51 region relative to the transcription start site of this gene.

mTERF5 interacts with pTAC6 outside of the PEP complex and helps

recruit additional pTAC6 proteins into the PEP complex to enhance its

activity, thereby positively regulating psbEFLJ transcription. In addition,

transcriptional pausing caused bymTERF5may provide time and location

for the action of unknown RNA-binding proteins or the folding of nascent

RNA, thus improving RNA stability.
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homologous to a rhinoviral RNA-dependent RNA polymerase and

shows RNA-binding activity in vitro, suggesting a role in handling

nascent RNA from the PEP catalytic core (Chambon et al., 2022).

PAP10/THIOREDOXIN Z contains a thioredoxin domain; together

with its interacting protein PAP6/FRUCTOKINASE-LIKE 1,

PAP10 is thought to confer redox regulation of transcriptional ac-

tivity (Arsova et al., 2010; Schroter et al., 2010; Diaz et al., 2018;

Yang et al., 2021). Two other paralogous proteins with superoxide

dismutase domains, PAP4/FE SUPEROXIDE DISMUTASE 3 and

PAP9/FE SUPEROXIDEDISMUTASE 2, are implicated in protect-

ing the PEP complex from reactive oxygen species produced by

the photosynthetic apparatus (Myouga et al., 2008; Favier et al.,

2021). Crystal structure analysis of recombinant PAP9 showed

a fold similar to that of iron ormanganese superoxide dismutases,

although its catalytic center is coordinated with a zinc ion (Favier

et al., 2021).

Transcriptional pausing exists in chloroplasts

In bacteria and metazoans, RNA synthesis by RNA polymerase is

discontinuous. RNA polymerase tends to pause (from several

seconds to minutes or even longer) at specific DNA regions, a
Plant Commun
phenomenon termed ‘‘transcriptional pausing’’ (Core and

Adelman, 2019; Wissink et al., 2019). Transcriptional pausing is

a major regulatory mechanism for transcription, as it allows time

for paused RNA polymerases to make regulatory decisions at

specific genomic locations and thereby modulate transcriptional

output (Landick, 2021; Noe Gonzalez et al., 2021).

In metazoans, pausing of RNA polymerase II (Pol II) at promoter-

proximal positions is a key rate-limiting step in transcriptional

output and an essential point at which opposing or reinforcing

signals are integrated (Core and Adelman, 2019). Promoter-

proximal pausing by RNA Pol II also controls gene expression

by opening chromatin architecture in the vicinity of promoters

(Core and Adelman, 2019). Transcriptional pausing is also

implicated in diverse gene regulatory mechanisms such as

transcription–translation coupling in bacteria (Larson et al.,

2014), splicing (Akhtar et al., 2019), RNA folding (Muniz et al.,

2021), and genome stability (Saponaro et al., 2014; Lavigne

et al., 2017). In Arabidopsis, RNA Pol II in the nucleus pauses at

approximately 20%–40% of protein-coding genes, and pausing

both over promoter-proximal regions and after the polyadenyla-

tion site influences transcriptional efficiency (Hetzel et al., 2016;

Zhu et al., 2018; Kindgren et al., 2020).

Transcriptional pausing has also been examined in Arabidopsis

chloroplasts. A global run-on analysis suggested that transcrip-

tional pausing is a widespread phenomenon that occurs at about

30% of all chloroplast genes (Zhu et al., 2018; Ding et al., 2019).

This conclusion was supported by a high-resolution map of PEP

binding patterns along chloroplast genes, which showed that

PEP is frequently non-uniformly distributed, with a tendency to

accumulate in close proximity to and downstream of transcription

start sites (Palomar et al., 2022). This result indicated that the

early elongation of the PEP complex is more prone to pause

over promoter-proximal regions than to move forward further

downstream (Figure 1A). However, the mechanism that

establishes this widespread promoter-proximal pausing is un-

clear. Moreover, decreasing transcriptional initiation of the PEP

complex by knocking outSIG2 orSIG6 results in an overall reduc-

tion in PEP occurrence both over promoter-proximal regions and

further downstream. This observation indicates that PEP pausing

is tightly coupled with transcriptional elongation (Chi et al., 2015;

Palomar et al., 2022) and suggests that it might generally regulate

transcriptional output in chloroplasts.

Transcriptional pausing in chloroplasts canbe regulatedbyprotein-

aceous trans-factors in a gene-specificmanner.MITOCHONDRIAL

TRANSCRIPTION TERMINATION FACTORs (mTERFs) were origi-

nally identified inmitochondria ofmetazoans. However, themTERF

family has expanded during the evolution of land plants, and its

members are localized to mitochondria and/or chloroplasts

(Kleine, 2012). mTERF5/MTERF DEFECTIVE IN ARABIDOPSIS1 is

a member of the mTERF family that induces the PEP complex to

pauseat thepsbEFLJ locusbybinding to the+30 to+51 region rela-

tive to the transcription start site. mTERF5 also helps to recruit

PAP8/pTAC6, an essential subunit of the PEP complex, into the

paused PEP complex, yielding an enhanced PEP complex that

maypromote transcriptional elongation and thuspositively regulate

psbEFLJ transcription (Figure 1B) (Ding et al., 2019). In addition,

stabilization of the 50 ends of processed psbE RNA is clearly lower

in mterf5 mutants, suggesting that transcriptional pausing caused
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 3
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by mTERF5 also regulates RNA stability (Meteignier et al., 2020).

Considering that RNA stability is often maintained by RNA-binding

proteins, mTERF5-induced pausing may facilitate the action of un-

known RNA-binding proteins to improve the stability of psbE RNA.

Overall, transcriptionalpausing inchloroplasts representsan impor-

tant point for the recruitment of regulatory proteins and for coupling

transcription and post-transcriptional processes, such as RNA

stability.
The PEP complex is activated by light-induced redox
changes

Light is the major driver initiating transcription in chloroplasts of

land plants. In the nucleus, light promotes the expression of genes

encodingPAPs throughhistoneH4acetylationby thenucleosome

acetyltransferase of the H4 complex at the early stage of light

signaling (Barrero-Gil et al., 2022). In addition, light activates the

formation of the PEP complex by eliminating PHYTOCHROME-

INTERACTING TRANSCRIPTION FACTORs, which in turn syn-

chronously generate a nucleus-to-plastid signal involved in s fac-

tors (Yang et al., 2019; Yoo et al., 2019; Hwang et al., 2022). Thus,

formation of the PEP complex is strongly controlled by light.

In mature chloroplasts, light globally activates the association of

the full PEP complex with promoters to start transcription (Finster

et al., 2013). PLASTID REDOX INSENSITIVE2 (PRIN2) is a key

component required for PEP complex activation in response to

light. PRIN2 is a redox-regulated protein that localizes to chloro-

plasts (Kindgren et al., 2012) and forms a dimer via its Cys68–

Cys68 disulfide bond in the dark. Exposure to light activates

photosynthetic electron transport and triggers the reduction of

thioredoxins within chloroplasts. Thioredoxins convert the

PRIN2 dimer into the active PRIN2 monomeric form. PRIN2

monomers then activate the full activity of the PEP complex,

potentially via their interaction with PAP10/THIOREDOXIN Z

(Diaz et al., 2018). These findings highlight a signal transduction

pathway that connects light-derived electron transport in the

thylakoids to activation of the PEP complex. In addition, the

activity of the PEP complex and of s factors is tightly controlled

by phosphorylation events that are mediated by redox-

regulated plastid transcription kinases (Baginsky et al., 1999;

Schweer et al., 2010; T€urkeri et al., 2012; Ibrahim et al., 2020;

Puthiyaveetil et al., 2021). The redox status of the

plastoquinone pool affects the phosphorylation of SIG1, which

in turn regulates transcription of the photosystem reaction

center genes psaA/B and psbA (Shimizu et al., 2010). Hence,

light-induced modification via phosphorylation of the PEP com-

plex and s factors may represent another mechanism by which

transcription can be initiated in the light. Because mature chloro-

plasts have completed the biogenesis of the PEP complex, light-

induced redox changes in chloroplasts would play a major role in

starting or impeding transcription upon diurnal cycles, whereas

light signaling in the nucleus is necessary for initiating chloroplast

biogenesis and maintaining turnover of the PEP complex.
POST-TRANSCRIPTIONAL
ALTERATIONS OF CHLOROPLAST RNAs

In cyanobacteria, gene expression is regulated mainly at the level

of transcriptional initiation, whereas post-transcriptional control

ismore prominent in the chloroplasts of land plants. Primary chlo-
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roplast transcripts are produced from polycistronic operons and

undergo extensive processing (e.g., 50 and 30 trimming, as well as

intercistronic cleavage). In addition, over the course of chloro-

plast evolution, two eukaryotic features were recruited to chloro-

plasts: the acquisition of introns and the modification of specific

nucleotides within RNA molecules, which is termed RNA editing

(Germain et al., 2013). To accommodate these new features,

numerous nucleus-encoded RNA-binding proteins were ac-

quired in the context of nucleus–chloroplast coevolution, opening

up new possibilities for more precise regulation of chloroplast

genes and offering greater flexibility for chloroplast biogenesis

and plant adaptation.
Intercistronic cleavage and terminal RNA processing

A particularly pronounced feature of chloroplast gene expression

in land plants is the great complexity of mature RNA isoforms

arising frompolycistronic transcript processing by ribonucleases.

The chloroplast contains two types of ribonucleases: exonucle-

ases and endonucleases (Stoppel and Meurer, 2012). Similar to

those of bacteria, exonucleases in chloroplasts remove

successive nucleotides from the end of an RNA molecule in

either the 50/30 or 30/50 direction, whereas endonucleases

carry out intercistronic RNA cleavage, yielding discrete RNA

fragments. To date, three chloroplast exonucleases have been

identified in Arabidopsis: RNase J with 50/30 specificity and

RNase R and polynucleotide phosphorylase with 30/50

specificity (Stoppel and Meurer, 2012; Manavski et al., 2018).

Among the endonucleases, RNase E and RNase J are the most

likely to execute internal RNA cleavage (Stern et al., 2010;

Barkan, 2011). PROTEINACEOUS RNASE P and RNase Z

(TRZ2) are required for maturation of tRNAs (Stoppel and

Meurer, 2012). CHLOROPLASTSTEM-LOOPBINDINGPROTEIN

OF41kDaaandb (CSP41aandCSP41b) are uniqueRNA-binding

endoribonucleases in photosynthetic organisms. Arabidopsis

CSP41 complexes are also thought to stabilize non-translated

target mRNAs and precursor rRNAs in the absence of light (Qi

et al., 2012; Leister, 2014). Two miniribonuclease III members

(RNC3 and RNC4) cleave the 23S�4.5S rRNA precursor to

produce the mature 50 end of the 23S RNA and the 30 end of the

4.5S RNA (Hotto et al., 2015). As with ribonucleases in other

organisms, the substrate preferences of these chloroplast

ribonucleases are determined largely by RNA structure and less

by RNA sequence (Stern et al., 2010; Manavski et al., 2018).

Intercistronic processing of primary transcripts is initiatedbychlo-

roplast endonucleases (such as CSP41 and RNases E

and J) cleaving the RNA in unprotected and unstructured regions.

Next, the resulting 50 and 30 termini are trimmed by exonucleases.

To formproper 50 termini, the 50 ends of chloroplast transcripts are
predominantly protected by RNA protectors that serve as barriers

against 50/30 exonucleases. By contrast, the 30 ends of

chloroplast transcripts are often protected by secondary struc-

tures in the 30 untranslated region (UTR) of RNAs formed by

short-inverted repeat sequences (Figure 2). In particular, most

RNA protectors that act on chloroplast transcripts are

pentatricopeptide repeat (PPR) proteins, which passively bind to

terminal RNA regions to prevent their degradation by

exonucleases. Typical PPR proteins harbor repeating 35-amino-

acid motifs that present a long superhelical RNA-binding surface,

whereby the exact sequence of each PPR repeat dictates the
e Author(s).



Figure 2. Model for intercistronic cleavage and termini
processing of chloroplast RNAs.
In chloroplasts, primary RNAs are cleaved by endonucleases (such as

RNases E and J, CSP41) often in intergenic regions, giving rise to new

RNA precursors. The 50 and 30 ends of chloroplast RNAs are protected

against degradation by exonucleases via the specific binding of RNA

protectors, such as PPR proteins, and/or stem–loop RNA structures.

Moreover, those factors bound to 50 termini can also remodel RNA

structures, which in turn stimulates translation initiation.
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nucleotide to which it will bind (the one-repeat:one-nucleotide

binding mode) (Barkan et al., 2012; Yin et al., 2013; Shen et al.,

2016). PPR proteins bind to the 50 ends of transcripts to prevent

50/30 exonuclease invasion and sometimes also compete with

stem–loop structures and release ribosomal-binding sites

(i.e., the Shine–Dalgarno [SD] sequence). For instance, SUP

PRESSOR OF THYLAKOID FORMATION 1 in Arabidopsis and

its ortholog PPR53 in maize (Zea mays) stabilize the 50 ends of

the 23S precursor RNA and ndhA (Wu et al., 2016; Zoschke

et al., 2016; Zhou et al., 2017; Li et al., 2021). In addition, some

PPR proteins also protect and define the 30 ends of transcripts

that lack short inverted repeat sequences (Figure 2). For

example, PPR10 binds to the intergenic regions of atpI–atpH

and psaJ–rpl33 transcripts and serves as a barrier against RNA

degradation from either the 50 or 30 direction (Pfalz et al., 2009).

The PPR protein CHLOROPLAST RNA PROCESSING 1 cooper-

ates with the S1-domain-containing RNA chaperone PETB/

PETD STABILIZING FACTOR to bind to the intergenic regions of

petB–petD, stabilizing the 30 ends of petB transcripts and promot-

ing petD translation (Jiang et al., 2019).

To date, numerous PPR and non-PPR protectors have been

found in chloroplasts, most of them specific to land plants, re-

flecting tight nucleus–chloroplast coevolution since the initial

endosymbiosis event. A summary of known chloroplast RNA pro-

tectors, including their preferential targets and classification of

their domains, is given in Table 1.

RNA splicing

RNAsplicing is anessential step for chloroplast gene expression in

which removal of intronic sequences from precursor RNAs and

connection of the remaining sequences produces mature RNAs

and tRNAs with correct genetic information. The chloroplast ge-

nomesof landplantshave17–21 introns.Basedon their conserved
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sequencesandsplicingmechanisms,mostchloroplast intronscan

be classified as group II introns, with only one group I intron in trnL

(de Longevialle et al., 2010; Germain et al., 2013).

All of these introns have lost the ability to self-splice owing to

degeneration of RNA structures and loss of intron-encoded ma-

turases over the course of evolution. Efficient splicing of these de-

generated chloroplast introns must be stimulated by a set of addi-

tional proteins. Among chloroplast introns, only the trnK intron

encodes the maturase MatK that is involved in splicing of several

group IIA introns (Zoschke et al., 2010). Besides this intron-coded

MatK,many nucleus-encoded splicing factors havebeen identified

that localize to the chloroplast, such as the RNase III-domain pro-

tein RNC1 of maize (Watkins et al., 2007), the plant organelle RNA

recognition protein what’s this factor (WTF1), also from maize

(Kroeger et al., 2009), and ACCUMULATION OF PHOTOSYSTEM

ONE 1 from maize and Arabidopsis (Watkins et al., 2011). A

summary of chloroplast splicing factors can be found in several

detailed reviews (de Longevialle et al., 2010; Schmitz-Linneweber

et al., 2015; Wang et al., 2022; Zeng et al., 2022).

Chloroplast RNA splicing and ribosome maturation (CRM) pro-

teins are more general splicing factors and include CRS2-

associated factor 1 (CAF1) and CAF2, chloroplast RNA splicing

1 (CRS1), and CRM family member 2 (CFM2) and CFM3 (de

Longevialle et al., 2010). CAF1/2 bind to CRS2 to form

complexes. CRS2–CAF1 complexes are necessary for the

splicing of seven introns (ycf3 intron 1, trnG, rpl16, petD,

rps16, clpP intron 1, and rpoC1), and CRS2–CAF2 complexes

are required for the splicing of five introns (ycf3 intron 1,

ndhA, ndhB, petB, and rps12 intron 1) (Ostheimer et al., 2003;

Asakura and Barkan, 2006). Because CRS2–CAF1/2

complexes are required for different sets of group IIB introns

with only one overlapping intron substrate, ycf3 intron 1, there

must be some recognition mechanism by which CRS2–CAF1/

2 complexes target distinct introns. The PPR protein

PHOTOSYSTEM I BIOGENESIS FACTOR2 interacts with CAF1

and CAF2 and may contribute to the specificity of the CRS2–

CAF1 and CRS2–CAF2 complexes toward ycf3 intron 1 (Wang

et al., 2020). A similar mode of action was also reported for

the PPR protein EMBRYO DEFECTIVE 1270 (EMB1270), which

appears to be required for the splicing of clpP1 intron 2, ycf3

intron 1, ndhA, and ndhB through its specific interaction with

the splicing factor CFM2 (Zhang et al., 2021). Considering that

PPR proteins bind to RNA in a sequence-specific manner, inter-

actions between specific PPR proteins and general splicing fac-

tors such as CAF1/2 and CFM2 may help target their constitu-

ent complexes to the corresponding introns to form the full

splicing complexes.

Distinct from other chloroplast introns, rps12 intron 1 is the only

intron that is trans-spliced in land plants, meaning that two par-

tial rps12 transcripts transcribed from different parts of the chlo-

roplast genome are spliced together into one functional RNA.

The rps12 intron 1 is split into rps12 introns 1a and 1b; rps12

intron 1a lies between rpl20 and clpP1, whereas rps12 intron

1b is approximately 30 kb away and co-transcribed with ndhB

and rps7 (Glanz and K€uck, 2009). Thus, the splicing of rps12

intron 1 is more complex than that of other cis-splicing

introns, requiring the rps12 precursors to be cleaved and

brought together prior to regular splicing. The PPR proteins
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 5



Name Organism Domain Target(s) Reference(s)

AtBFA2 Arabidopsis
thaliana

PPR atpF–atpA IGR Zhang et al., 2019

AtCRP1; ZmCRP1 A. thaliana;
Zea mays

PPR petB–petD IGR; psaC
50 UTR; petA 50 UTR

Ferrari et al., 2017; Fisk et al.,
1999; Schmitz-Linneweber

et al., 2005

AtHCF152 A. thaliana PPR psbH–petB IGR; petB
50 UTR; psbH 30 UTR

Nakamura et al., 2003, 2004

AtPGR3; ZmPGR3 A. thaliana;
Z. mays

PPR petL 50 UTR; rpl14–rps8
IGR; ndhA 50 UTR

Cai et al., 2011; Rojas et al.,
2018; Yamazaki et al., 2004

AtPPR5; ZmPPR5 A. thaliana;

Z. mays

PPR trnG (UCC) intron Beick et al., 2008

AtSVR7; ZmATP4 A. thaliana;

Z. mays

PPR atpF–atpA IGR; psaJ–rpl33

IGR; atpB/E 50 UTR
Zoschke et al., 2012, 2013b

ZmPPR10 Z. mays PPR atpH 50 UTR; psaJ 30 UTR Pfalz et al., 2009; Prikryl et al.,

2011

PpPPR_21 Physcomitrium

patens

PPR psbI–ycf12 50 UTR Ebihara et al., 2019

PpPPR_38 P. patens PPR clpP–rps12 IGR Hattori et al., 2007; Hattori

and Sugita, 2009

AtCRR2 A. thaliana PLS-class PPR-DYW rps7-ndhB IGR Hashimoto et al., 2003

AtEMB175; ZmPPR103 A. thaliana;

Z. mays

PLS-class PPR-DYW rpl16 50 UTR Hammani et al., 2016

AtSOT1; ZmPPR53 A. thaliana;

Z. mays

PPR-SMR rrn23 50 end; ndhA 50 UTR Li et al., 2021; Wu et al., 2016;

Zhou et al., 2017; Zoschke et al.,

2016

AtBSF; ZmBSF A. thaliana;

Z. mays

S1 domain petB–petD IGR; petA 50 UTR Jiang et al., 2019

28RNP Spinacea

oleracea

RRM motif psbA, rbcL, petD, rps14 30

UTRs

Schuster and Gruissem,

1991

AtCP31A A. thaliana RRM motif 30 ends of psbB, psbD,

psaA/B, atpB, ndhB,

and ndhF

Kupsch et al., 2012;

Tillich et al., 2009

AtCP29A A. thaliana RRM motif 30 ends of psbB, psbD,

psaA/B, atpB, and ndhB

Kupsch et al., 2012

AtCP33A A. thaliana RRM motif multiple transcripts in

chloroplasts

Teubner et al., 2017

AtHCF107; ZmHCF107 A. thaliana;

Z. mays

HAT (half a TPR) psbH 50 UTR Hammani et al., 2012;

Sane et al., 2005

AtHCF145; PpHCF145 A. thaliana;

P. patens

TMR domain;

SRPBCC domain

psaA 50 UTR Lezhneva and Meurer,

2004; Manavski et al., 2015

AtPrfB1/AtHCF109 A. thaliana ribosomal release
factor; SPF and

GGQ motifs

transcripts with UGA
stop codons

Meurer et al., 2002

AtPrfB3 A. thaliana homologous to PrfB1 petB 30 UTR Stoppel et al., 2011

Table 1. Summary of known chloroplast RNA protectors and their targets.
IGR, intergenic region
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EMBRYO DEFECTIVE 2654 and PPR4 bind to the 30 end of

rps12 intron 1a and the 50 end of rps12 intron 1b,

respectively. Their binding was proposed to be an early event

that is a prerequisite for the proper folding of domain 3 of

rps12 intron 1, which is ready for the formation of the splicing

complex via general factors such as the CRS2–CAF2

complexes (Schmitz-Linneweber et al., 2006; Aryamanesh

et al., 2017; Lee et al., 2019).
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Chloroplasts have a rather small genome. However, numerous

splicing factors are required for chloroplast gene expression.

RNA splicing in plant chloroplasts appears to be particularly com-

plex. Compared with those in their prokaryotic ancestors, introns

in chloroplasts are newly invented and no longer have the ability

to self-splice (Wang et al., 2022). In order to stimulate self-splicing

of introns, numerous splicing factors may have arisen to

compensate for the degenerated chloroplast introns in the
e Author(s).



Figure 3. Proposed model for C-to-U RNA editing in the
chloroplasts of flowering plants.
The DYW domain alone tends to be in an inactive state, with a catalytic

center closed by the gating domain. In editosomes, the deaminase activity

of DYW is activated, which is accompanied by changes in the confor-

mation of its gating domain and repositioning of the catalytic center ar-

chitecture. In chloroplasts, the editosome is a large multi-protein complex

that contains PLS-class PPR specificity factors and many non-PPR ed-

iting factors, such asMORF/RIP, ORRM1, and OZ1. Among these factors,

MORF proteins can increase the RNA-binding activity of PLS-type PPRs,

thus helping the editosome bind to the sequence upstream of its cognate

target site.

Gene expression in chloroplasts Plant Communications
context of nucleus–chloroplast coevolution. It remains unknown

why so many splicing factors have arisen in plant chloroplasts.

Presumably, these splicing factors may be required for plant

growth and development and are regulated in response to envi-

ronmental stresses.

The DYW domain is the catalytic domain for C-to-U
editing in plants

In plants, RNA editing mainly involves deamination reactions that

target specific cytidines (Cs) in organellar RNAs and convert them

to uridines (Us). This phenomenon is nearly omnipresent in land

plants but entirely absent in green algae (Takenaka et al., 2013;

Yan et al., 2018; Small et al., 2020). Typical flowering plants

edit 20–60 sites in their chloroplast transcripts, mostly located

in protein-coding transcripts with only a few sites in tRNA, introns,

non-coding regions, or UTRs (Ichinose and Sugita, 2016; Edera

et al., 2018). These C-to-U editing events are necessary for the

proper function of organellar proteins and optimal plant growth;

they change the coding sequences of RNA, introducing transla-

tion start sites (AUG) and modulating secondary structures that

influence the stability and/or splicing of RNAs (Shikanai, 2015;

Small et al., 2020).

PLS-class PPR proteins are considered to be the core compo-

nents for execution of RNA editing. They are distinguished from

the typical PPR (P-class) proteins because they contain charac-
Plant Commun
teristic repeating triplets of P, L (long variants of P), and S (short

variants of P) motifs (Lurin et al., 2004; Cheng et al., 2016).

Approximately half of all PLS-class proteins harbor a C-terminal

DYW domain, which was named after its conserved Asp-Tyr-

Trp (D-Y-W) triplet residues (Lurin et al., 2004). Sequence

alignments have demonstrated that the DYW domain exhibits

some similarity to known cytidine deaminases from other

kingdoms and contains a conserved HxE(x)nCxxX catalytic-site

signature, suggesting that the DYW domain might be the deam-

inase catalytic entity of the organellar RNA editing complex

(Salone et al., 2007; Schallenberg-R€udinger et al., 2013). The

PPR-DYW protein PPR56 from the moss Physcomitrium patens

can execute effective C-to-U editing of its corresponding target

ccmFC transcript on its own without additional cofactors

(Oldenkott et al., 2019; Hayes and Santibanez, 2020).

Considering the definitive function of PLS-class PPR domains

in RNA substrate recognition, these findings show that the

DYW domain serves as a cytidine deaminase during RNA editing.

Recently, the high-resolution structure of a DYW domain

was resolved from the chloroplast editing factor ORGANELLE

TRANSCRIPT PROCESSING 86 (OTP86DYW) of Arabidopsis

(Takenaka et al., 2021). Unlike deaminases in other organisms,

the deaminase fold of OTP86DYW is interrupted by an inserted

gating domain, which restrains entry of the substrate cytidine

into the catalytic site. Upon activation, the OTP86DYW gating

domain alters its conformation and triggers the repositioning of

the active site architecture, which recruits a water molecule as a

fourth ligand between a zinc ion and the catalytic residue E894

to attack the cytidine for deamination (Takenaka et al., 2021). In

this way, the DYW domain alone tends to remain in an

autoinhibited state, and its catalytic ability is only activated after

transport into the organelle (Figure 3). This autoinhibition

mechanism of DYW proteins would offer protection for RNAs in

the cytosol from the damage of off-target editing events. In addi-

tion, the deaminase activity exerted by the DYW domain exhibits

a different preference for the nucleotides close to the RNA editing

sites, indicative of a complicated interplay betweenRNA substrate

elements and the DYW domain during RNA editing (Maeda et al.,

2022). In addition to canonical C-to-U editing, ‘‘reverse’’ editing

(U-to-C) was also detected in the organelles of three land plant

clades (hornworts, lycophytes, and ferns) (Small et al., 2020).

This U-to-C editing is phylogenetically correlated with a subgroup

of DYW domains, referred to as DYW:KP, which display a

conserved Lys-Pro (KP) dipeptide at the start of the domain

(Gerke et al., 2020; Gutmann et al., 2020). Designer DYW:KP pro-

teins can exhibit U-to-C editing activity in bacteria and human cell

cultures (Ichinose et al., 2022). This result raises the interesting

question of how the relatively minor sequence differences

between DYW:KP and the canonical DYW domain can lead to a

complete reversal of a theoretically irreversible reaction. Based

on the structures of OTP86DYW, we hypothesize that minor differ-

ences in amino acid sequences between DYW:KP and canonical

DYW domains affect the catalytic pocket to accept the presence

of an amine acceptor or donor and execute the C-to-U deaminase

or ‘‘reverse’’ reaction.

In addition to PPR-DYW proteins, many essential non-PPR editing

factors have been acquired by flowering plants, such as RNA-

EDITING FACTOR INTERACTING PROTEIN 1/MULTIPLE

ORGANELLAR RNA EDITING FACTOR (MORF), ORGANELLE
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RNA RECOGNITION MOTIF PROTEIN, the RNA helicase

INCREASED SIZE EXCLUSION LIMIT 2, and ORGANELLE ZINC

FINGER proteins (Takenaka et al., 2012; Sun et al., 2013, 2015;

Bobik et al., 2017; Gipson et al., 2022). These PPR factors and

non-PPR editing factors form diverse and large multi-protein com-

plexes, also termed editosomes, that perform RNA editing (Sun

et al., 2016; Sandoval et al., 2019). Among the non-PPR editing fac-

tors,MORF9binds to the Lmotif close to theconcave surfaceof the

PLS triplet and therefore alters the angle between two helices of the

L motif, ultimately leading to considerable compression of the PPR

superhelix (Haagetal., 2017;Yanetal., 2017;Yangetal., 2018). This

compressed conformational change by MORF9 markedly in-

creases RNA-binding activity by PLS-type PPR proteins (Figure 3)

(Yan et al., 2017; Royan et al., 2021). However, our understanding

of the roles of other non-PPR components within editosomes re-

mains rudimentary.
Plastid non-coding RNAs

Plastidnon-codingRNAs (pncRNAs) range in length from15nt to>3

kilonucleotides (knt) and are abundant in chloroplasts (Hotto et al.,

2011). The majority of pncRNAs derive from intergenic, intronic,

and antisense regions and seem to be generated by readthrough

from the adjacent genes followed by complicated RNA

processing events. A small portion of pncRNAs are thought to be

primary transcripts controlled by their own promoters

(Zhelyazkova et al., 2012; Castandet et al., 2019; Anand and

Pandi, 2021). Ribonucleases are involved in the biogenesis of

pncRNAs. The chloroplast 30/50 exonuclease polynucleotide

phosphorylase is required for the 30 end maturation of many

pncRNAs (Germain et al., 2011; Hotto et al., 2011). Loss of the

30/50 exonuclease RNase R results in almost complete deletion

of both sense and antisense (as) psbK RNAs as well as a

considerabledecrease inAS5asRNA.Virus-inducedgenesilencing

ofRNaseJcausesanaccumulationofnc-rbcL-accDintprecursor (a

pncRNA corresponding to rbcL and accD intergenic regions) and

minor alterations for other pncRNAs. RNase E stabilizes the accu-

mulation of aspsbK and nc-rbcL-accDint RNAs (Hotto et al.,

2011). Some PPR proteins, such as PPR10 and SUPPRESSOR

OF THYLAKOID FORMATION 1/PPR53, are involved in

generating chloroplast small pncRNAs (sRNAs), also termed

‘‘PPR footprints’’ (Pfalz et al., 2009; Wu et al., 2016; Zoschke

et al., 2016).

pncRNAs play a role in regulating various aspects of chloroplast

gene expression at the post-transcriptional level. The AS5 asRNA

is antisense to the chloroplast rrn5–trnR region and may have a

regulatory role in 5S rRNA maturation (Hotto et al., 2011;

Sharwood et al., 2011). A long transcript antisense to ndhB is

suggested to regulate ndhB RNA editing or stability (Georg

et al., 2010). asRNAs for psbT may interact with psbT mRNA to

prevent translation of psbT and protect psbT mRNA from

nucleolytic degradation (Zghidi-Abouzid et al., 2011). In

addition, a systematic analysis of chloroplast sRNAs indicates

that chloroplast sRNAs might serve as competitors of mRNAs

for PPR proteins to regulate RNA metabolism (Ruwe et al., 2016).
CHLOROPLAST TRANSLATION

In chloroplasts, translation is performed by a bacterial-type 70S

ribosome that is composed of a 50S large subunit and a 30S small
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subunit. The chloroplast genome encodes a full set of tRNAs, all

rRNAs, one quarter of all proteins comprising the 50S large sub-

unit, and approximately half of all proteins forming the 30S small

subunit. The remaining ribosomal subunits are encoded by the

nuclear genome. Although the chloroplast and bacterial 70S ribo-

somes share a common ancestor, their structures and opera-

tional mechanisms have diverged during evolution. In addition,

chloroplast translation is highly regulated by light and coordi-

nated with the thylakoid membrane system to achieve optimum

photosynthetic performance. Here, we discuss the variations in

ribosomes from bacteria to chloroplasts, translation dynamics,

and the pathways that activate translation in response to light.
Differences between chloroplast and bacterial
ribosomes

The structure of chloroplast ribosomes is generally similar to that

of bacterial 70S ribosomes but has some distinct features

(Zoschke and Bock, 2018). Chloroplast ribosomes contain a

4.5S rRNA in addition to a complete set of sequences

homologous to bacterial rRNAs (23S, 16S, and 5S rRNA) with

analogous functions. The 23S rRNA confers peptidyl

transferase activity, and the 16S rRNA comprises the decoding

center and acts as a scaffold during ribosome assembly

(Shajani et al., 2011). An equivalent to chloroplast 4.5S rRNA

does not exist in bacteria, but the chloroplast 4.5S rRNA is

homologous to the 30 terminus of the 23S rRNA, suggesting

that the 4.5S rRNA may have arisen from fragmentation of the

23S rRNA during evolution (Edwards and K€ossel, 1981; Maier

et al., 2013). In addition, the chloroplast 23S rRNA is post-

transcriptionally cleaved at two ‘‘hidden break’’ sites after assem-

bly of the 50S subunit, generating three distinct fragments of

�0.5, 1.2, and 1.1 kb (from the 50 to the 30 end). These ‘‘hidden

break’’ cleavages are required for chloroplast translation and

are produced by specific enzymes such as RNA helicase RH39

(Nishimura et al., 2010; Bieri et al., 2017).

The protein composition of the chloroplast ribosome has also

changed over the course of evolution since the initial endosymbi-

osis. The chloroplast ribosome lacks equivalents to the bacterial

large ribosomal protein subunits Rpl25 and Rpl30. All orthologs of

the E. coli ribosome are present in the chloroplast 70S ribosome

but exhibit N- and C-terminal chloroplast-specific extensions

compared with their bacterial counterparts (Yamaguchi and

Subramanian, 2000; Ahmed et al., 2016). These extensions

substantially reshape the mRNA entry and exit sites on the 30S

small subunit as well as the polypeptide tunnel exit and the

binding site of the signal recognition particle on the 50S small

subunit (Bieri et al., 2017; Perez Boerema et al., 2018). These

changes reflect specific chloroplast adaptations for translation

initiation and protein targeting.

Chloroplasts also have several new components with no clear

E.colihomologs,designatedasplastid-specific ribosomalproteins

(PSRPs) 1–6. PSRP1was first identified as the ortholog of the bac-

terial cold-shockproteinpY (Sharmaetal., 2007,2010),but a2.9- to

3.1-Å resolution structure of the spinach (Spinacia oleracea) 70S

ribosome obtained by cryoelectron microscopy revealed that

PSRP1binds to themRNAchannel of thesmall subunit and ishighly

similar to light-repressed transcript A of cyanobacteria from the

long hibernation-promoting factor family (Perez Boerema et al.,
e Author(s).
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2018). PSRP2/RPS22, PSRP3/RPS23, andPSRP4/bTHXc arepre-

sent in the small ribosomesubunit, andPSRP5/RPL37andPSRP6/

RPL38 are present in the large ribosome subunit (Bieri et al., 2017;

Perez Boerema et al., 2018). Based on the structure of the 70S

ribosome, PSRP1 localizes to the mRNA channel and interacts

with the 16S rRNA residues that form the decodingcenter, possibly

preventing the binding of tRNAs, which suggests that it may have

important roles in translation activity. Other PSRPs are genuine

plastid-specific ribosomal proteins that structurally compensate

for rRNA domains modified over evolution (Sharma et al., 2007;

Bieri et al., 2017; Perez Boerema et al., 2018).
Translation mechanisms and ribosome pausing

In chloroplasts, translation is highlydynamic andentails fourmajor

steps: initiation, elongation, termination, and ribosome recycling.

During initiation, the 30S small ribosome subunit is recruited to the

ribosome-binding sitewith thehelpof the initiation factors IF1, IF2,

and IF3 (Sijben-M€uller et al., 1986; Campos et al., 2001; Miura

et al., 2007; Zheng et al., 2016). About two thirds of chloroplast

genes possess bacterial-type SD sequences and use them to

initiate translation. The SD sequence complementarily interacts

with the anti-SD sequence in the 16S rRNA to ensure proper posi-

tioning of the initiation complex (Bieri et al., 2017; Scharff et al.,

2017). The remaining one third of chloroplast genes lack an SD

sequence, suggestive of alternative mechanisms for chloroplast

translation initiation. In these cases, a relative lack of RNA

secondary structure at the 50 UTR, which may be regulated by

trans-acting factors, facilitates correct translation initiation

(Scharff et al., 2011; Nakagawa et al., 2017). Binding of the 50S

subunit converts the preinitiation complex into the complete 70S

ribosome, which can then enter the elongation state of

translation. Similar to that in bacteria, translation elongation in

chloroplasts requires many prokaryotic elongation factors, such

as EF-Tu, EF-G, and EF-Ts (Zoschke and Bock, 2018). During

decoding of mRNA into an amino acid sequence, chloroplasts

use the standard genetic code with a minimal set of tRNAs

through mechanisms of wobble or superwobble base pairing

(Alkatib et al., 2012). Translation termination occurs when the

ribosome reaches a stop codon (UAA, UAG, or UGA) in the RNA

and requires ribosome release factors RF1/PrfA (for UAA and

UAG) and RF2/PrfB1 (for UAA and UGA) (Meurer et al., 2002;

Motohashi et al., 2007). After termination, the chloroplast 70S

ribosomes are subsequently disassembled by ribosome

recycling factors to allow for their reuse in the next round of

initiation (Tiller and Bock, 2014; Zoschke and Bock, 2018).

However, our understanding of how these regulatory factors

control translation in chloroplasts remains rudimentary.

The feedback regulation of translation represents an elegant

means of robustly fine-tuning Rubisco levels. The translation of

the plastid-encoded Rubisco large subunit RbcL is regulated by

its nucleus-encoded partner, the Rubisco small subunit RbcS

(Rodermel et al., 1988, 1996; Khrebtukova and Spreitzer, 1996).

The downregulation of RbcS restrains the assembly of RbcL,

and the resulting unassembled RbcL represses its own

translation, possibly by direct RNA binding (Wostrikoff and

Stern, 2007), thus ensuring the stoichiometry of Rubisco.

Chloroplast ribosomes are prone to pausing at conserved sites

on RNAs in seed plants such as Arabidopsis and maize
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(Zoschke et al., 2013a; Gawronski et al., 2018). Such ribosome

pausing is often induced by a combination of factors including

RNA structure, internal SD sequences, and presence of

positively charged amino acids. Moreover, ribosome pausing

may help the insertion of transmembrane domains from

photosynthetic apparatus components into the thylakoid

membrane in the correct orientation, the integration of

cofactors, and efficient protein folding, thereby ensuring correct

assembly of photosynthetic complexes (Gawronski et al.,

2018). The position features associated with ribosome pausing

are conserved in photoautotrophic plants but less so in

parasitic species with reduced photosynthetic capacity

(Gawronski et al., 2018; Trosch et al., 2018), suggesting that

ribosome pausing is a general mechanism that facilitates the

biogenesis of photosynthetic complexes.
Chloroplast translation is triggered by light-induced pH
changes and photosystem II (PSII) damage

In landplants,chloroplastscandynamicallychangetranslation rates

in response to environmental stimuli, especially light, throughout

theirwhole lifecycle. Light-induced regulationof translationcouples

the major energy-consuming step (protein synthesis) to the major

energy-producingstep (photosynthesis) inchloroplasts. Inaddition,

as lightcausesconstantdamage to the reactioncenterproteinD1 in

PSII, light-induced translation ensures the coordination of D1 pro-

tein synthesis with the need to repair PSII.

Translation elongation in chloroplasts is activated rapidly after a

shift from darkness to light (Chotewutmontri and Barkan, 2018).

In lysed barley (Hordeum vulgare) chloroplasts, light-activated

translation elongation is regulated by light-induced changes

in lumen pH (M€uhlbauer and Eichacker, 1998). The pH of

the thylakoid lumen is affected by the cytochrome b6f complex

that pumps protons from the stroma. Light-stimulated translation

elongation is considerably reduced in cytochrome b6f mutants

or upon treatment with pH uncoupler agents, but this plastome-

wide translational response is not obviously affected by ATP -

supply, reduced thioredoxin, or plastoquinone redox state

(Chotewutmontri and Barkan, 2020). These findings

demonstrate that light-induced pH changes globally activate

chloroplast translation at the level of elongation, but how this

pH change increases translation elongation is still unclear. A po-

tential mechanism for general light-stimulated translation elonga-

tion in chloroplasts may rely on proteins that can orchestrate

translation, such as the translation factor PSRP1 and/or EF-Tu

(Perez Boerema et al., 2018; Zoschke and Bock, 2018).

In chloroplasts, only psbA RNA experiences substantially

increased ribosome occupancy in response to light–dark shifts

and high light exposure (Chotewutmontri and Barkan, 2018;

Schuster et al., 2020). In mature chloroplasts, this psbA-

specific activation is triggered by signals from PSII repair and is

distinct from the plastome-wide translation response triggered

by light-induced pH changes (Chotewutmontri and Barkan,

2020; Chotewutmontri et al., 2020). Nascent D1 produced by

psbA is transferred to the HIGH CHLOROPHYLL FLUORES-

CENCE 244 (HCF244)/ONE HELIX PROTEIN 1 (OHP1)/OHP2

complex with the help of HCF136. The presence of D1 in the

HCF244 complex is thought to inhibit the ability of the HCF244

complex to activate the recruitment of ribosomes to psbA
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 9



Figure 4. A schematic model showing chloroplast translation
triggered by light-induced pH changes and PSII damage.
Chloroplast translation is rapidly activated after a shift from darkness to

light. Upon illumination, the plastome-wide activation of translation elon-

gation is triggered by light-induced changes in pH. Moreover, psbA

translation is also activated by another light-induced regulatory pathway,

the HCF244/OHP1/OHP2-centered autoregulatory circuit. Light causes

constant damage to PSII, which requires replacement of damaged D1 by

de novo synthesis of D1 proteins. HCF136 helps nascent D1 peptides

insert themselves into the HCF244/OHP1/OHP2 complex, repressing its

ability to activate ribosome recruitment to psbARNA. The HCF244/OHP1/

OHP2 complex delivers nascent D1 to photodamaged PSII, then releases

the HCF244/OHP1/OHP2 complex to activate psbA translation. Given

that HCF173 binds to the 50 UTR of psbA RNA for translation initiation, a

D1-less HCF244 complex is thought to communicate with HCF173 for the

activation of psbA translation. The schematic model is drawn according to

Chotewutmontri et al. (2020).
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transcripts. It is unclear whether the interaction of the HCF244

complex with the nascent D1 occurs in the stroma or at the thyla-

koid membrane. Considering that OHP1 and OHP2 are tightly in-

tegrated at the thylakoid membrane (Li et al., 2019), it is most

likely that the interaction of the HCF244 complex with the

nascent D1 occurs at the thylakoid membrane. Light damages

the PSII reaction center D1 protein, triggering delivery of

nascent D1 by the HCF244/OHP1/OHP2 complex. A D1-less

HCF244 complex recovers the ability to activate psbA translation

(Figure 4). This autoregulatory mechanism contributes to

explaining two long-standing questions in plant biology: (i) how

chloroplasts perceive light to activate translation from psbA tran-

scripts, and (ii) how the psbA translation rate is coupled to the

need for nascent D1 during PSII repair.

POST-TRANSLATIONAL PROCESSING
AND QUALITY CONTROL

Newly synthesized precursor proteins inside chloroplasts require

N-formylated methionine excision, protein cleavage, and proper

folding to generate fully functional products (van Wijk, 2015;

Gao et al., 2023). The N-terminal methionine excision of

precursor proteins in chloroplasts is initiated by deformylation,
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and methionine aminopeptidase then removes N-terminal

methionine from precursor proteins (Meinnel and Giglione,

2022). In particular, the D1 precursor must undergo cleavage of

the C-terminal tail by an endopeptidase named carboxyl

terminal peptidase (Che et al., 2013).

Proteases are key components of the protein quality control sys-

tems in chloroplasts and play important roles in promoting cor-

rect protein folding and removing damaged proteins. Regulation

of protein degradation in chloroplasts has recently been reviewed

(Gao et al., 2023; Sun et al., 2023). The D1 protein of the PSII

reaction center is encoded by the chloroplast psbA gene; it

inserts into the PSII complex with its five transmembrane helix

domains that are connected by lumenal and stromal loop

domains (Inagaki, 2022). D1 is always photodamaged by light.

Therefore, degradation of photodamaged D1 is essential for

ensuring efficient D1 turnover and PSII repair. Here, we mainly

discuss the role of proteases in degradation of photodamaged

D1. A series of studies have demonstrated that Deg and FtsH

proteases are involved in this degradation: Deg1, Deg5, and

Deg8 cleave the lumenal-side loops of D1 (Kapri-Pardes et al.,

2007; Sun et al., 2007), and Deg7 cleaves its stromal-side BC

loop (Sun et al., 2010). Deg7 is also involved in degradation of

the chloroplast-encoded PSII subunits D2, CP43, and CP47

(Sun et al., 2010). FtsH2 has been suggested to regulate D1

degradation at the CP43 formation step during PSII repair (Kato

et al., 2009). However, the detailed processes and proteolytic

sites of FtsH-mediated D1 degradation remain unclear and

should be investigated further in the future (Kato et al., 2009;

Chi et al., 2012; Kato and Sakamoto, 2018; Yi et al., 2022).
PPR PROTEINS COULD BE ENGINEERED
AS TOOLS FOR MANIPULATING
CHLOROPLAST GENE EXPRESSION

Characterization of the molecular mechanisms by which PPR

proteins regulate chloroplast gene expression offers opportu-

nities for designing PPR tools for RNA manipulation that could

be used in chloroplast RNA research. Typical PPR proteins

contain repeating 35-amino-acid motifs that stack into a long su-

perhelical RNA-binding surface that interacts with RNA via an

elegant one-repeat:one-nucleotide binding mode (Barkan et al.,

2012; Yin et al., 2013; Shen et al., 2016). The combination of

the 5th and 35th residues at each PPR motif is considered to

be the ‘‘PPR code’’ that is responsible for specific RNA base

recognition. PPR codes that are relatively specific for A, U, C,

or G are fairly well understood, and numerous PPR codes have

been deciphered (Barkan et al., 2012; Shen et al., 2016; Yan

et al., 2019). Engineered PPR proteins with custom RNA-

binding specificity have been created by either altering the PPR

code of natural proteins (Zhou et al., 2017; Colas des Francs-

Small et al., 2018) or completely redesigning the protein

according to the consensus PPR motif (Coquille et al., 2014;

Gully et al., 2015; Shen et al., 2015, 2016; Miranda et al., 2018;

McDermott et al., 2019; Yan et al., 2019). Because natural

PPRs often contain a C-terminal domain with specific functions,

an engineered PPR can also be fused to a specific domain to

fulfill a custom function. For example, a PPR domain with a

C-terminal RNA endonuclease domain can act as an artificial

sequence-specific RNA endonuclease that cleaves specific
e Author(s).
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RNA targets. Therefore, engineered PPRs might be used as tools

to investigate the functions of chloroplast RNAs and thereby

reveal molecular mechanisms of chloroplast gene expression.

Maize PPR10 binds upstream of the atpH ribosome-binding site

and activates atpH expression by preventing 50–30 exonucleolytic
degradation and improving its translational efficiency (Pfalz et al.,

2009; Prikryl et al., 2011). On the basis of PPR10 characterization,

an exciting on/off switch for plastid transgenes has been

developed (Rojas et al., 2019). A PPR10 variant with new

sequence specificity was designed, and its corresponding

binding site was inserted upstream of a chloroplast transgene

encoding a green fluorescent protein (GFP). Driving expression of

this PPR10 variant by an ethanol-inducible promoter resulted in

�20-fold induction of the GFP reporter; GFP accumulated to

�15% of the soluble protein in leaf tissues. In the absence of

ethanol, there was no detectable expression of the PPR10 variant,

and protection of GFP mRNA within chloroplasts was abolished,

leading to only trace expression of the GFP reporter (Rojas et al.,

2019). A PPR10-based system was also applied to tissue-

specific expression of a plastid-encoded GFP in potato tubers,

andGFP accumulated to 1.3%of the total soluble protein in the tu-

bers (Yu et al., 2019). Modified PPR proteins can thus be exploited

as tools for controlling plastid gene expression in future research.
POTENTIAL ROLES OF NEW
TECHNIQUES FOR ELUCIDATING
MOLECULAR MECHANISMS OF
CHLOROPLAST GENE EXPRESSION

The use of new techniques and approaches will be important for

increasing our understanding of chloroplast gene expression.

Cryoelectron microscopy can solve molecular structures with a

resolution below 2 Å, and it is increasingly accessible and cost

effective (Danev et al., 2019). Chloroplast gene expression

machineries include PEP and NEP for transcription, ‘‘a possible

editosome’’ for RNA editing, ‘‘a possible spliceosome’’ for RNA

splicing, and the ribosome for translation. Elucidating the

structures of these gene expression machineries by

cryoelectron microscopy would reveal how they control

chloroplast gene expression at the molecular level.

Various high-throughput sequencing-based techniques have

rapidly emerged, providing an opportunity for quantitative

genome-wide assessments of chloroplast gene expression with

unprecedented depth and resolution. Global run-on sequencing

and native elongating transcript sequencing are powerful tools

for characterizing nascent RNA to determine the positions, relative

levels, and orientation of transcriptionally engaged RNA polymer-

ases genome wide (Zhu et al., 2018). Transcriptional pausing in

chloroplasts was found to be a regulatory point for gene

expression (Ding et al., 2019). Thus, global run-on sequencing

and native elongating transcript sequencing can be exploited to

explore the functions of transcriptional pausing in chloroplasts by

monitoring the dynamic responses of paused RNA polymerase to

developmental and external stimuli. Structure sequencing is a

quantitative and high-throughput method that offers genome-

wide details on RNA structure at single-nucleotide resolution

(Deng et al., 2018). Structure sequencing could be used to map

the RNA structures of chloroplast transcripts and to investigate
Plant Commun
the roles of RNA structure in regulating RNA splicing, RNA

stability, and translation within chloroplasts. In addition, genome-

wide association studies are used to identify genetic variants that

are statistically associated with a particular trait (Abdellaoui et al.,

2023). Thus, changes in chloroplast gene expression, e.g., the

abundance of psbA transcripts, could be used in genome-wide

association studies to determine which genetic variants are

involved in regulation of chloroplast gene expression.

Single-cell omics is revolutionizing our understanding from the

tissue to the single-cell level, enabling us to access individual

cell modalities, such as genomes, transcriptomics, and epige-

nomics (Wen et al., 2022). Leaves have a complex cellular

architecture with heterogeneous cell types. For example, C4

photosynthesis is performed in mesophyll and bundle sheath

cells of leaves, and single-cell sequencing could be used to

characterize chloroplast gene expression in these distinct cell

types. Single-cell sequencing also enables us to monitor chloro-

plast gene expression over the course of chloroplast biogenesis

in specific cell types.

Chloroplast transformation is a powerful tool to investigate many

aspects of chloroplast gene expression; it can identify the regula-

tory elements of chloroplast genes, reveal the mechanism and

evolution of plant RNA editing, and characterize the functions of

pncRNAs (Ruf and Bock, 2011; Sharwood et al., 2011). A new

method for chloroplast transgene introduction was recently

developed. Unlike classical chloroplast transformation, this

method does not require foreign transgene insertion into the

chloroplast genome; instead, the foreign transgene is amplified

as an independent entity named the ‘‘minichromosome’’

(Jakubiec et al., 2021). This method could be used to reveal the

functions of regulatory elements of chloroplast genes. In

addition, two protein-only base editors have been developed

that can induce targeted C-to-T and A-to-G base editing in chlo-

roplast DNA (Kang et al., 2021; Mok et al., 2022). These base

editors will enable us to explore regulatory elements of

chloroplast genes in situ and provide an opportunity to optimize

photosynthesis and improve crop yield by altering the coding

sequences of chloroplast genes, e.g., modifying RbcL to

enhance Rubisco activity and CO2 assimilation.
CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Over the course of host–endosymbiont coevolution, the chloro-

plast has not only inherited some prokaryotic principles but also

developed many new features of gene expression, such as

highly complex RNA polymerases, as well as diverse RNA

cleavage, splicing, and editing mechanisms. These combined

factors ensure correct chloroplast gene expression. Over the

past few years, extensive studies focused on chloroplast gene

expression have advanced from describing phases to exploring

their underlying gene expression mechanisms. Here, we discuss

the next wave of questions that will improve our understanding

in this field.

Chloroplast genesaremainly transcribedby thePEPcomplex that

consists of bacterial-like core subunits and at least 12 additional

components, the PAPs. All PAPs are required for the transcription
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activity of the PEP complex. However, our understanding of PAPs

remains rudimentary. Future studies should thereforeaddress two

major issues: where PAPs are located within the PEP complex,

and how they coordinately control the transcriptional activity of

the PEP complex. In addition, transcriptional pausing is wide-

spread in chloroplasts and has an important role in regulating

chloroplast transcription. As this mechanism is newly emerging,

many gaps in our understanding remain. Most importantly, future

research should aim to explore the causes and biological func-

tions of transcriptional pausing by PEP.

The maturation of RNAs in chloroplasts requires a set of post-

transcriptional processing events, such as intercistronic cleav-

age, RNA termini trimming, RNA splicing, and RNA editing

(Zhang and Lu, 2019). Intercistronic cleavage and termini

trimming of RNAs in chloroplasts are accomplished by

ribonucleases and RNA-binding proteins, but how chloroplasts

initiate the endonucleolytic cleavage and the interplay between ri-

bonucleases and RNA-binding proteins remain largely unclear. In

addition, the ion imbalance of K+ and Na+ significantly impairs

chloroplast rRNAmaturation by altering their secondary structure

and reducing helper protein interactions with chloroplast rRNA

transcripts (DeTar et al., 2021). Hence, how chloroplast ion

homeostasis directly modulates RNA folding and RNA–protein

interaction should be considered in the future.

To date, numerous splicing factors (e.g., PPR, CRM, plant organ-

ellar RNA recognition proteins) in chloroplasts have been identi-

fied that help remove introns from precursor RNAs (Wang et al.,

2022). These splicing factors regulate the splicing of distinct but

overlapping intron sets. Although chloroplast splicing events

have been described over several decades, the specific

mechanisms by which these splicing factors activate the self-

splicing ability of introns have not yet been uncovered.

In flowering plants, C-to-U RNA editing is executed by multi-

protein editosome complexes in which the PPR protein confers

the RNA-binding specificity, MORF proteins regulate the

binding activity of PPR domains, and the DYW domain cata-

lyzes the deaminase activity (Yan et al., 2017; Small et al.,

2020; Royan et al., 2021). However, the functions of other

editosome components, such as the RNA helicase

INCREASED SIZE EXCLUSION LIMIT 2 or ORGANELLE RNA

RECOGNITION MOTIF PROTEIN and ORGANELLE ZINC

FINGER proteins, remain largely unknown, and determination

of their precise roles is an important future direction. In

addition, a recent study revealed that there are complex

interplays between RNA substrates and editosomes, whereby

the DYW domains show distinct preferences for the

neighboring nucleotides of RNA editing sites (Maeda et al.,

2022). In light of these questions, the field anxiously awaits

structural studies of RNA bound to a DYW domain and/or

even the complete editosome.

Although chloroplast ribosomes show substantial deviations

from the bacterial ribosome, a number of studies on their function

and structure have demonstrated that the basic function and cat-

alytic mechanism of the chloroplast translation apparatus are

conserved. However, our understanding of the molecular mech-

anisms bywhich chloroplast translation is regulated remains rudi-

mentary. In the future, we should focus on identifying novel RNA
12 Plant Communications 4, 100611, September 11 2023 ª 2023 Th
cis-elements and proteinaceous trans-factors and exploring their

roles in regulating translation in chloroplasts.

In contrast to that of bacteria, the coupling of translation and tran-

scription in the chloroplasts of land plants is believed to be relaxed,

perhaps because chloroplast RNAs are stablewhen not covered by

ribosomes and exhibit a longer half-time than bacterial RNAs, and

translation initiation of numerous mRNAs is activated by post-

transcriptional processing. However, there is also evidence that

transcription–translation coupling has not been fully lost in chloro-

plasts. Electronmicrographs from 1982 showed ribosomes associ-

atedwithnascent transcripts (RoseandLindbeck,1982). Inaddition,

several ribosomal proteins co-purify with the PEP complex (Pfalz

et al., 2006), and many translation-related factors are enriched in

plastid nucleoids in a ribonuclease-sensitivemanner,which is ahall-

mark for proteins tethered to nascent transcripts (Majeran et al.,

2011). Moreover, pTAC13/NusG associates with the PEP complex

via PAP9 as well as two 30S ribosome subunits, RPS5 and

RPS10. Hence, pTAC13/NusG might link the translational

apparatus to the main chloroplast RNA polymerase, PEP (Xiong

et al., 2022). Taken together, these observations suggest that

further analysis of the relationships between the transcriptional

and translational apparatus will be necessary to improve our

understanding of chloroplast gene expression.

Light is one of the most important environmental cues required to

start transcription. Despite several fresh insights into the

signaling steps of the activation of transcription and translation

by light, our knowledge of how light switches on gene expression

within chloroplasts is still limited. Therefore, identifying new

signaling components that link light and chloroplast gene expres-

sion would be a very important step forward. Another comple-

mentary approach could be to explore the influence on chloro-

plast gene expression mediated by other internal and external

triggers, such as temperature, ion balance, osmotic status, phy-

tohormones, and circadian rhythms.

Recent studies suggest that manipulation of RbcL and D1 with

enhanced abundance can improve crop yield and stress toler-

ance. Supplementing RbcL of nuclear origin together with the

RbcS and Rubisco assembly chaperone RAF1 results in

a >30% increase in Rubisco content, a 15% increase in CO2

assimilation, and a 27% increase in fresh weight in maize

(Salesse-Smith et al., 2018). The artificial nuclear D1 imported

into the chloroplast through the chimeric RbcS signal peptide

leads to enhanced thermotolerance and a considerable

increase in biomass accumulation in Arabidopsis, tobacco,

tomato, and rice (Chen et al., 2020). Presumably, this artificial

nuclear D1 synthesis complements nascent D1, which helps

the rapid repair of damaged PSII under conditions of heat and

high-light stress. In addition, as discussed above, modified

PPR proteins might be used as a tool to improve crop yield and

environmental stress resistance by regulating the expression of

chloroplast genes. Clearly, it will be a challenge to elucidate the

role of chloroplast gene expression in improving crop yield and

stress, and these topics should be investigated extensively in

future work.
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Fernández, A.P., Tellgren-Roth, C., Kleine, T., Small, I., and

Strand, A. (2012). The plastid redox insensitive 2 mutant of

Arabidopsis is impaired in PEP activity and high light-dependent

plastid redox signalling to the nucleus. Plant J. 70:279–291.

Kleine, T. (2012). Arabidopsis thaliana mTERF proteins: evolution and

functional classification. Front. Plant Sci. 3:233.

Kroeger, T.S., Watkins, K.P., Friso, G., van Wijk, K.J., and Barkan, A.

(2009). A plant-specific RNA-binding domain revealed through

analysis of chloroplast group II intron splicing. Proc. Natl. Acad. Sci.

USA 106:4537–4542.

Kupsch, C., Ruwe, H., Gusewski, S., Tillich, M., Small, I., and Schmitz-

Linneweber, C. (2012). Arabidopsis chloroplast RNA binding proteins

CP31A and CP29A associate with large transcript pools and confer

cold stress tolerance by influencing multiple chloroplast RNA

processing steps. Plant Cell 24:4266–4280.

Landick, R. (2021). Transcriptional pausing as a mediator of bacterial

gene regulation. Annu. Rev. Microbiol. 75:291–314.

Larson, M.H., Mooney, R.A., Peters, J.M., Windgassen, T., Nayak, D.,

Gross, C.A., Block, S.M., Greenleaf, W.J., Landick, R., and

Weissman, J.S. (2014). A pause sequence enriched at translation

start sites drives transcription dynamics in vivo. Science

344:1042–1047.

Lavigne, M.D., Konstantopoulos, D., Ntakou-Zamplara, K.Z., Liakos,

A., and Fousteri, M. (2017). Global unleashing of transcription

elongation waves in response to genotoxic stress restricts somatic

mutation rate. Nat. Commun. 8:2076.

Lee, K., Park, S.J., Colas des Francs-Small, C., Whitby, M., Small, I.,

and Kang, H. (2019). The coordinated action of PPR4 and EMB2654

on each intron half mediates trans-splicing of rps12 transcripts in

plant chloroplasts. Plant J. 100:1193–1207.

Leister, D. (2014). Complex(iti)es of the ubiquitous RNA-binding CSP41

proteins. Front. Plant Sci. 5:255.

Lezhneva, L., and Meurer, J. (2004). The nuclear factor HCF145 affects

chloroplast psaA-psaB-rps14 transcript abundance in Arabidopsis

thaliana. Plant J. 38:740–753.

Li, X., Luo, W., Zhou, W., Yin, X., Wang, X., Li, X., Jiang, C., Zhang, Q.,

Kang, X., Zhang, A., et al. (2021). CAF proteins help SOT1 regulate the

stability of chloroplast ndhA transcripts. Int. J. Mol. Sci. 22, 12639.

Li, Y., Liu, B., Zhang, J., Kong, F., Zhang, L., Meng, H., Li, W., Rochaix,

J.D., Li, D., and Peng, L. (2019). OHP1, OHP2, and HCF244 form a
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 15

http://refhub.elsevier.com/S2590-3462(23)00122-0/sref64
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref64
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref65
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref65
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref65
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref65
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref66
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref66
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref66
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref66
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref67
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref67
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref67
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref68
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref68
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref68
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref69
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref69
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref69
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref70
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref70
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref70
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref71
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref71
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref71
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref72
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref72
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref72
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref72
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref73
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref73
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref73
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref73
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref74
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref74
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref74
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref74
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref74
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref75
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref75
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref75
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref75
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref75
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref76
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref76
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref77
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref77
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref77
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref77
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref78
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref78
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref79
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref79
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref79
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref80
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref80
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref80
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref80
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref80
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref81
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref81
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref81
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref82
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref82
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref82
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref83
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref83
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref83
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref84
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref84
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref84
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref84
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref85
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref85
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref85
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref85
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref86
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref86
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref87
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref87
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref87
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref87
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref88
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref88
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref88
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref88
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref88
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref89
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref89
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref90
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref90
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref90
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref90
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref91
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref91
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref91
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref91
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref91
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref92
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref92
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref93
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref93
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref93
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref93
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref93
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref94
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref94
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref94
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref94
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref95
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref95
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref95
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref95
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref96
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref96
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref97
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref97
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref97
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref98
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref98
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref98
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref99
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref99


Plant Communications Gene expression in chloroplasts
transient functional complex with the photosystem II reaction center.

Plant Physiol. 179:195–208.

Lurin, C., Andrés, C., Aubourg, S., Bellaoui, M., Bitton, F., Bruyère, C.,

Caboche, M., Debast, C., Gualberto, J., Hoffmann, B., et al. (2004).

Genome-wide analysis of Arabidopsis pentatricopeptide repeat

proteins reveals their essential role in organelle biogenesis. Plant Cell

16:2089–2103.

Macadlo, L.A., Ibrahim, I.M., and Puthiyaveetil, S. (2020). Sigma factor

1 in chloroplast gene transcription and photosynthetic light

acclimation. J. Exp. Bot. 71:1029–1038.

Maeda, A., Takenaka, S., Wang, T., Frink, B., Shikanai, T., and

Takenaka, M. (2022). DYW deaminase domain has a distinct

preference for neighboring nucleotides of the target RNA editing

sites. Plant J. 111:756–767.

Maier, U.G., Zauner, S., Woehle, C., Bolte, K., Hempel, F., Allen, J.F.,

and Martin, W.F. (2013). Massively convergent evolution for

ribosomal protein gene content in plastid and mitochondrial

genomes. Genome Biol. Evol. 5:2318–2329.

Majeran, W., Friso, G., Asakura, Y., Qu, X., Huang, M., Ponnala, L.,

Watkins, K.P., Barkan, A., and van Wijk, K.J. (2012). Nucleoid-

enriched proteomes in developing plastids and chloroplasts from

maize leaves: a new conceptual framework for nucleoid functions.

Plant Physiol. 158:156–189.

Manavski, N., Schmid, L.M., and Meurer, J. (2018). RNA-stabilization

factors in chloroplasts of vascular plants. Essays Biochem. 62:51–64.

Manavski, N., Torabi, S., Lezhneva, L., Arif, M.A., Frank, W., and

Meurer, J. (2015). HIGH CHLOROPHYLL FLUORESCENCE145

binds to and stabilizes the psaA 50 UTR via a newly defined repeat

motif in Embryophyta. Plant Cell 27:2600–2615.

Martin, W., Rujan, T., Richly, E., Hansen, A., Cornelsen, S., Lins, T.,

Leister, D., Stoebe, B., Hasegawa, M., and Penny, D. (2002).

Evolutionary analysis of Arabidopsis, cyanobacterial, and chloroplast

genomes reveals plastid phylogeny and thousands of cyanobacterial

genes in the nucleus. Proc. Natl. Acad. Sci. USA 99:12246–12251.

McDermott, J.J., Watkins, K.P., Williams-Carrier, R., and Barkan, A.

(2019). Ribonucleoprotein capture by in vivo expression of a designer

pentatricopeptide repeat protein in Arabidopsis. Plant Cell

31:1723–1733.

Meinnel, T., and Giglione, C. (2022). N-terminal modifications, the

associated processing machinery, and their evolution in plastid-

containing organisms. J. Exp. Bot. 73:6013–6033.
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and Cobessi, D. (2022). Three-dimensional envelope and subunit

interactions of the plastid-encoded RNA polymerase from Sinapis

alba. Int. J. Mol. Sci. 23:9922.

Ruf, S., and Bock, R. (2011). In vivo analysis of RNA editing in plastids.

Methods Mol. Biol. 718:137–150.

Ruwe, H., Wang, G., Gusewski, S., and Schmitz-Linneweber, C.

(2016). Systematic analysis of plant mitochondrial and chloroplast

small RNAs suggests organelle-specific mRNA stabilization

mechanisms. Nucleic Acids Res. 44:7406–7417.

Salesse-Smith, C.E., Sharwood, R.E., Busch, F.A., Kromdijk, J.,

Bardal, V., and Stern, D.B. (2018). Overexpression of Rubisco

subunits with RAF1 increases Rubisco content in maize. Nat. Plants

4:802–810.

Salone, V., R€udinger, M., Polsakiewicz, M., Hoffmann, B., Groth-

Malonek, M., Szurek, B., Small, I., Knoop, V., and Lurin, C. (2007).

A hypothesis on the identification of the editing enzyme in plant

organelles. FEBS Lett. 581:4132–4138.

Sandoval, R., Boyd, R.D., Kiszter, A.N., Mirzakhanyan, Y., Santiba�nez,

P., Gershon, P.D., and Hayes, M.L. (2019). Stable native RIP9
Plant Commun
complexes associate with C-to-U RNA editing activity, PPRs, RIPs,

OZ1, ORRM1 and ISE2. Plant J. 99:1116–1126.

Sane, A.P., Stein, B., andWesthoff, P. (2005). The nuclear gene HCF107

encodes a membrane-associated R-TPR (RNA tetratricopeptide

repeat)-containing protein involved in expression of the plastidial

psbH gene in Arabidopsis. Plant J. 42:720–730.

Saponaro, M., Kantidakis, T., Mitter, R., Kelly, G.P., Heron, M.,

Williams, H., S€oding, J., Stewart, A., and Svejstrup, J.Q. (2014).

RECQL5 controls transcript elongation and suppresses genome

instability associated with transcription stress. Cell 157:1037–1049.

Schallenberg-R€udinger, M., Lenz, H., Polsakiewicz, M., Gott, J.M.,

and Knoop, V. (2013). A survey of PPR proteins identifies DYW

domains like those of land plant RNA editing factors in diverse

eukaryotes. RNA Biol. 10:1549–1556.

Scharff, L.B., Childs, L., Walther, D., and Bock, R. (2011). Local

absence of secondary structure permits translation of mRNAs that

lack ribosome-binding sites. PLoS Genet. 7, e1002155.

Scharff, L.B., Ehrnthaler, M., Janowski, M., Childs, L.H., Hasse, C.,

Gremmels, J., Ruf, S., Zoschke, R., and Bock, R. (2017). Shine-

Dalgarno sequences play an essential role in the translation of plastid

mRNAs in tobacco. Plant Cell 29:3085–3101.

Schmitz-Linneweber, C., Lampe, M.K., Sultan, L.D., and Ostersetzer-

Biran, O. (2015). Organellar maturases: a window into the evolution of

the spliceosome. Biochim. Biophys. Acta 1847:798–808.

Schmitz-Linneweber, C., Williams-Carrier, R., and Barkan, A. (2005).

RNA immunoprecipitation and microarray analysis show a

chloroplast pentatricopeptide repeat protein to be associated with

the 59 region of mRNAs whose translation it activates. Plant Cell.

7:2791–2804.

Schmitz-Linneweber, C., Williams-Carrier, R.E., Williams-Voelker,

P.M., Kroeger, T.S., Vichas, A., and Barkan, A. (2006). A

pentatricopeptide repeat protein facilitates the trans-splicing of the

maize chloroplast rps12 pre-mRNA. Plant Cell 18:2650–2663.

Schr€oter, Y., Steiner, S., Matth€ai, K., and Pfannschmidt, T. (2010).

Analysis of oligomeric protein complexes in the chloroplast sub-

proteome of nucleic acid-binding proteins from mustard reveals

potential redox regulators of plastid gene expression. Proteomics

10:2191–2204.

Schuster, G., and Gruissem, W. (1991). Chloroplast mRNA 30 end

processing requires a nuclear-encoded RNA-binding protein. EMBO

J. 10:1493–1502.

Schuster, M., Gao, Y., Sch€ottler, M.A., Bock, R., and Zoschke, R.

(2020). Limited responsiveness of chloroplast gene expression during

acclimation to high light in tobacco. Plant Physiol. 182:424–435.

Schweer, J., T€urkeri, H., Link, B., and Link, G. (2010). AtSIG6, a plastid

sigma factor from Arabidopsis, reveals functional impact of cpCK2

phosphorylation. Plant J. 62:192–202.

Shajani, Z., Sykes, M.T., and Williamson, J.R. (2011). Assembly of

bacterial ribosomes. Annu. Rev. Biochem. 80:501–526.

Sharma,M.R., D€onh€ofer, A., Barat, C., Marquez, V., Datta, P.P., Fucini,

P., Wilson, D.N., and Agrawal, R.K. (2010). PSRP1 is not a ribosomal

protein, but a ribosome-binding factor that is recycled by the

ribosome-recycling factor (RRF) and elongation factor G (EF-G). J.

Biol. Chem. 285:4006–4014.

Sharma, M.R., Wilson, D.N., Datta, P.P., Barat, C., Schluenzen, F.,

Fucini, P., and Agrawal, R.K. (2007). Cryo-EM study of the spinach

chloroplast ribosome reveals the structural and functional roles of

plastid-specific ribosomal proteins. Proc. Natl. Acad. Sci. USA

104:19315–19320.

Sharwood, R.E., Hotto, A.M., Bollenbach, T.J., and Stern, D.B. (2011).

Overaccumulation of the chloroplast antisense RNA AS5 is correlated
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 17

http://refhub.elsevier.com/S2590-3462(23)00122-0/sref132
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref132
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref133
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref134
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref134
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref134
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref135
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref135
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref135
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref136
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref137
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref137
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref137
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref137
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref137
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref138
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref138
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref138
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref138
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref139
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref139
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref139
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref139
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref140
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref140
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref140
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref141
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref141
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref141
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref142
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref142
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref142
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref142
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref143
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref143
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref143
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref143
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref143
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref144
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref144
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref145
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref145
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref145
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref145
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref146
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref146
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref146
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref146
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref147
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref147
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref147
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref147
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref147
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref148
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref148
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref148
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref148
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref148
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref149
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref149
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref149
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref149
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref150
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref150
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref150
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref150
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref150
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref151
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref151
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref151
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref151
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref151
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref152
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref152
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref152
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref153
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref153
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref153
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref153
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref154
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref154
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref154
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref230
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref230
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref230
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref230
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref230
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref155
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref155
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref155
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref155
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref156
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref157
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref157
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref157
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref157
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref158
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref158
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref158
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref158
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref159
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref159
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref159
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref159
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref160
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref160
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref161
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref162
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref162
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref162
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref162
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref162
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref163
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref163


Plant Communications Gene expression in chloroplasts
with decreased abundance of 5S rRNA in vivo and inefficient 5S rRNA

maturation in vitro. RNA 17:230–243.

Shen, C., Wang, X., Liu, Y., Li, Q., Yang, Z., Yan, N., Zou, T., and Yin, P.

(2015). Specific RNA recognition by designer pentatricopeptide repeat

protein. Mol. Plant 8:667–670.

Shen, C., Zhang, D., Guan, Z., Liu, Y., Yang, Z., Yang, Y., Wang, X.,

Wang, Q., Zhang, Q., Fan, S., et al. (2016). Structural basis for

specific single-stranded RNA recognition by designer

pentatricopeptide repeat proteins. Nat. Commun. 7, 11285.

Shikanai, T. (2015). RNA editing in plants: machinery and flexibility of site

recognition. Biochim. Biophys. Acta 1847:779–785.

Shimizu, M., Kato, H., Ogawa, T., Kurachi, A., Nakagawa, Y., and

Kobayashi, H. (2010). Sigma factor phosphorylation in the

photosynthetic control of photosystem stoichiometry. Proc. Natl.

Acad. Sci. USA 107:10760–10764.

Sijben-M€uller, G., Hallick, R.B., Alt, J., Westhoff, P., and Herrmann,

R.G. (1986). Spinach plastid genes coding for initiation factor IF-1,

ribosomal protein S11 and RNA polymerase alpha-subunit. Nucleic

Acids Res. 14:1029–1044.

Small, I.D., Schallenberg-R€udinger, M., Takenaka, M., Mireau, H., and

Ostersetzer-Biran, O. (2020). Plant organellar RNA editing: what 30

years of research has revealed. Plant J. 101:1040–1056.

Steiner, S., Schr€oter, Y., Pfalz, J., and Pfannschmidt, T. (2011).

Identification of essential subunits in the plastid-encoded RNA

polymerase complex reveals building blocks for proper plastid

development. Plant Physiol. 157:1043–1055.

Stern, D.B., Goldschmidt-Clermont, M., and Hanson, M.R. (2010).

Chloroplast RNA metabolism. Annu. Rev. Plant Biol. 61:125–155.

Stoppel, R., and Meurer, J. (2012). The cutting crew - ribonucleases are

key players in the control of plastid gene expression. J. Exp. Bot.

63:1663–1673.

Stoppel, R., Lezhneva, L., Schwenkert, S., Torabi, S., Felder, S.,

Meierhoff, K., Westhoff, P., and Meurer, J. (2011). Recruitment of a

ribosomal release factor for light- and stress-dependent regulation of

petB transcript stability in Arabidopsis chloroplasts. Plant Cell

23:2680–2695.

Sun, T., Bentolila, S., and Hanson, M.R. (2016). The unexpected

diversity of plant organelle RNA editosomes. Trends Plant Sci.

21:962–973.

Sun, T., Germain, A., Giloteaux, L., Hammani, K., Barkan, A., Hanson,

M.R., and Bentolila, S. (2013). An RNA recognition motif-containing

protein is required for plastid RNA editing in Arabidopsis and maize.

Proc. Natl. Acad. Sci. USA 110:E1169–E1178.

Sun, T., Shi, X., Friso, G., Van Wijk, K., Bentolila, S., and Hanson, M.R.

(2015). A zinc finger motif-containing protein is essential for chloroplast

RNA editing. PLoS Genet. 11, e1005028.

Sun, X., Fu, T., Chen, N., Guo, J., Ma, J., Zou, M., Lu, C., and Zhang, L.

(2010). The stromal chloroplast Deg7 protease participates in the repair

of photosystem II after photoinhibition in Arabidopsis. Plant Physiol.

152:1263–1273.

Sun, X., Peng, L., Guo, J., Chi, W., Ma, J., Lu, C., and Zhang, L. (2007).

Formation of DEG5 and DEG8 complexes and their involvement in the

degradation of photodamaged photosystem II reaction center D1

protein in Arabidopsis. Plant Cell 19:1347–1361.

Sun, Y., Li, J., Zhang, L., and Lin, R. (2023). Regulation of chloroplast

protein degradation. J. Genet. Genomics. https://doi.org/10.1016/j.

jgg.2023.02.010.

Takenaka, M., Takenaka, S., Barthel, T., Frink, B., Haag, S., Verbitskiy,

D., Oldenkott, B., Schallenberg-R€udinger, M., Feiler, C.G., Weiss,

M.S., et al. (2021). DYW domain structures imply an unusual
18 Plant Communications 4, 100611, September 11 2023 ª 2023 Th
regulation principle in plant organellar RNA editing catalysis. Nat.

Catal. 4:510–522.

Takenaka, M., Zehrmann, A., Verbitskiy, D., H€artel, B., and Brennicke,

A. (2013). RNA editing in plants and its evolution. Annu. Rev. Genet.

47:335–352.

Takenaka, M., Zehrmann, A., Verbitskiy, D., Kugelmann, M., H€artel,

B., and Brennicke, A. (2012). Multiple organellar RNA editing factor

(MORF) family proteins are required for RNA editing in mitochondria

and plastids of plants. Proc. Natl. Acad. Sci. USA 109:5104–5109.

Teubner, M., Fuß, J., K€uhn, K., Krause, K., and Schmitz-Linneweber,

C. (2017). The RNA recognitionmotif protein CP33A is a global ligand of

chloroplast mRNAs and is essential for plastid biogenesis and plant

development. Plant J. 89:472–485.

Tiller, N., and Bock, R. (2014). The translational apparatus of plastids and

its role in plant development. Mol. Plant 7:1105–1120.

Tillich, M., Hardel, S.L., Kupsch, C., Armbruster, U., Delannoy, E.,

Gualberto, J.M., Lehwark, P., Leister, D., Small, I.D., and

Schmitz-Linneweber, C. (2009). Chloroplast ribonucleoprotein

CP31A is required for editing and stability of specific chloroplast

mRNAs. Proc. Natl. Acad. Sci. USA 106:6002–6007.

Tr€osch, R., Barahimipour, R., Gao, Y., Badillo-Corona, J.A.,

Gotsmann, V.L., Zimmer, D., M€uhlhaus, T., Zoschke, R., and

Willmund, F. (2018). Commonalities and differences of chloroplast

translation in a green alga and land plants. Nat. Plants 4:564–575.

T€urkeri, H., Schweer, J., and Link, G. (2012). Phylogenetic and functional

features of the plastid transcription kinase cpCK2 from Arabidopsis

signify a role of cysteinyl SH-groups in regulatory phosphorylation of

plastid sigma factors. FEBS J. 279:395–409.

vanWijk, K.J. (2015). Protein maturation and proteolysis in plant plastids,

mitochondria, and peroxisomes. Annu. Rev. Plant Biol. 66:75–111.

Wang, X., Wang, J., Li, S., Lu, C., and Sui, N. (2022). An overview of RNA

splicing and functioning of splicing factors in land plant chloroplasts.

RNA Biol. 19:897–907.

Wang, X., Yang, Z., Zhang, Y., Zhou, W., Zhang, A., and Lu, C. (2020).

Pentatricopeptide repeat protein PHOTOSYSTEM I BIOGENESIS

FACTOR2 is required for splicing of ycf3. J. Integr. Plant Biol.

62:1741–1761.

Watkins, K.P., Kroeger, T.S., Cooke, A.M., Williams-Carrier, R.E.,

Friso, G., Belcher, S.E., van Wijk, K.J., and Barkan, A. (2007). A

ribonuclease III domain protein functions in group II intron splicing in

maize chloroplasts. Plant Cell 19:2606–2623.

Watkins, K.P., Rojas, M., Friso, G., van Wijk, K.J., Meurer, J., and

Barkan, A. (2011). APO1 promotes the splicing of chloroplast group

II introns and harbors a plant-specific zinc-dependent RNA binding

domain. Plant Cell 23:1082–1092.

Weihe, A., and B€orner, T. (1999). Transcription and the architecture of

promoters in chloroplasts. Trends Plant Sci. 4:169–170.

Wen, L., Li, G., Huang, T., Geng, W., Pei, H., Yang, J., Zhu, M., Zhang,

P., Hou, R., Tian, G., et al. (2022). Single-cell technologies: from

research to application. Innovation 3, 100342.

Wissink, E.M., Vihervaara, A., Tippens, N.D., and Lis, J.T. (2019).

Nascent RNA analyses: tracking transcription and its regulation. Nat.

Rev. Genet. 20:705–723.

Wostrikoff, K., and Stern, D. (2007). Rubisco large-subunit translation is

autoregulated in response to its assembly state in tobacco

chloroplasts. Proc. Natl. Acad. Sci. USA 104:6466–6471.

Wu, W., Liu, S., Ruwe, H., Zhang, D., Melonek, J., Zhu, Y., Hu, X.,

Gusewski, S., Yin, P., Small, I.D., et al. (2016). SOT1, a

pentatricopeptide repeat protein with a small MutS-related domain,

is required for correct processing of plastid 23S-4.5S rRNA

precursors in Arabidopsis thaliana. Plant J. 85:607–621.
e Author(s).

http://refhub.elsevier.com/S2590-3462(23)00122-0/sref163
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref163
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref164
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref164
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref164
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref165
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref165
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref165
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref165
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref166
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref166
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref167
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref167
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref167
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref167
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref168
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref168
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref168
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref168
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref168
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref169
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref169
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref169
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref169
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref170
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref170
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref170
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref170
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref170
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref171
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref171
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref172
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref172
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref172
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref173
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref173
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref173
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref173
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref173
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref174
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref174
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref174
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref175
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref175
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref175
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref175
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref176
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref176
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref176
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref177
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref177
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref177
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref177
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref178
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref178
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref178
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref178
https://doi.org/10.1016/j.jgg.2023.02.010
https://doi.org/10.1016/j.jgg.2023.02.010
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref180
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref181
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref181
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref181
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref181
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref182
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref182
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref182
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref182
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref182
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref183
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref183
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref183
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref183
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref183
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref184
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref184
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref185
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref185
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref185
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref185
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref185
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref186
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref187
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref187
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref187
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref187
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref187
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref188
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref188
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref189
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref189
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref189
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref190
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref190
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref190
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref190
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref191
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref191
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref191
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref191
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref192
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref192
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref192
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref192
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref193
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref193
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref193
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref194
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref194
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref194
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref195
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref195
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref195
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref196
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref196
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref196
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref197
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref197
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref197
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref197
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref197


Gene expression in chloroplasts Plant Communications
Xiong, H.B., Pan, H.M., Long, Q.Y., Wang, Z.Y., Qu, W.T., Mei, T.,

Zhang, N., Xu, X.F., Yang, Z.N., and Yu, Q.B. (2022). AtNusG, a

chloroplast nucleoid protein of bacterial origin linking chloroplast

transcriptional and translational machineries, is required for proper

chloroplast gene expression in Arabidopsis thaliana. Nucleic Acids

Res. 50:6715–6734.

Yagi, Y., and Shiina, T. (2014). Recent advances in the study of

chloroplast gene expression and its evolution. Front. Plant Sci. 5:61.

Yagi, Y., Ishizaki, Y., Nakahira, Y., Tozawa, Y., and Shiina, T. (2012).

Eukaryotic-type plastid nucleoid protein pTAC3 is essential for

transcription by the bacterial-type plastid RNA polymerase. Proc.

Natl. Acad. Sci. USA 109:7541–7546.

Yamaguchi, K., and Subramanian, A.R. (2000). The plastid ribosomal

proteins. Identification of all the proteins in the 50 S subunit of an

organelle ribosome (chloroplast). J. Biol. Chem. 275:28466–28482.

Yamazaki, H., Tasaka, M., and Shikanai, T. (2004). PPR motifs of the

nucleus-encoded factor, PGR3, function in the selective and distinct

steps of chloroplast gene expression in Arabidopsis. Plant J.

38:152–163.

Yan, J., Yao, Y., Hong, S., Yang, Y., Shen, C., Zhang, Q., Zhang, D.,

Zou, T., and Yin, P. (2019). Delineation of pentatricopeptide repeat

codes for target RNA prediction. Nucleic Acids Res. 47:3728–3738.

Yan, J., Zhang, Q., and Yin, P. (2018). RNA editing machinery in plant

organelles. Sci. China Life Sci. 61:162–169.

Yan, J., Zhang, Q., Guan, Z., Wang, Q., Li, L., Ruan, F., Lin, R., Zou, T.,

and Yin, P. (2017). MORF9 increases the RNA-binding activity of PLS-

type pentatricopeptide repeat protein in plastid RNA editing. Nat.

Plants 3, 17037.

Yang, E.J., Yoo, C.Y., Liu, J., Wang, H., Cao, J., Li, F.W., Pryer, K.M.,

Sun, T.P., Weigel, D., Zhou, P., and Chen, M. (2019). NCP activates

chloroplast transcription by controlling phytochrome-dependent dual

nuclear and plastidial switches. Nat. Commun. 10:2630.

Yang, J., Zhang, M., and Wang, X. (2018). Crystal structure of the

chloroplast RNA editing factor MORF2. Biochem. Biophys. Res.

Commun. 495:2038–2043.

Yang, Z., Liu, M., Ding, S., Zhang, Y., Yang, H., Wen, X., Chi, W., Lu, C.,

and Lu, Q. (2021). Plastid deficient 1 is essential for the accumulation

of plastid-encoded RNA polymerase core subunit b and chloroplast

development in Arabidopsis. Int. J. Mol. Sci. 22, 13648.

Yi, L., Liu, B., Nixon, P.J., Yu, J., and Chen, F. (2022). Recent advances

in understanding the structural and functional evolution of FtsH

proteases. Front. Plant Sci. 13, 837528.

Yin, P., Li, Q., Yan, C., Liu, Y., Liu, J., Yu, F., Wang, Z., Long, J., He, J.,

Wang, H.W., et al. (2013). Structural basis for the modular recognition

of single-stranded RNA by PPR proteins. Nature 504:168–171.

Yoo, C.Y., Pasoreck, E.K., Wang, H., Cao, J., Blaha, G.M., Weigel, D.,

andChen,M. (2019). Phytochrome activates the plastid-encoded RNA

polymerase for chloroplast biogenesis via nucleus-to-plastid signaling.

Nat. Commun. 10:2629.

Yu, Q., Barkan, A., and Maliga, P. (2019). Engineered RNA-binding

protein for transgene activation in non-green plastids. Nat. Plants

5:486–490.

Zeng, C., Jiao, Q., Jia, T., and Hu, X. (2022). Updated progress on group

II intron splicing factors in plant chloroplasts. Curr. Issues Mol. Biol.

44:4229–4239.
Plant Commun
Zghidi-Abouzid, O., Merendino, L., Buhr, F., Malik Ghulam, M., and

Lerbs-Mache, S. (2011). Characterization of plastid psbT sense and

antisense RNAs. Nucleic Acids Res. 39:5379–5387.

Zhang, L., Chen, J., Zhang, L., Wei, Y., Li, Y., Xu, X., Wu, H., Yang, Z.N.,

Huang, J., Hu, F., et al. (2021). The pentatricopeptide repeat protein

EMB1270 interacts with CFM2 to splice specific group II introns in

Arabidopsis chloroplasts. J. Integr. Plant Biol. 63:1952–1966.

Zhang, L., Zhou, W., Che, L., Rochaix, J.D., Lu, C., Li, W., and Peng, L.

(2019). PPR protein BFA2 is essential for the accumulation of the atpH/

F transcript in chloroplasts. Front. Plant Sci. 10:446.

Zhang, Y., and Lu, C. (2019). The enigmatic roles of PPR-SMR proteins in

plants. Adv. Sci. 6, 1900361.

Zhang, Y., Zhang, A., Li, X., and Lu, C. (2020). The role of chloroplast

gene expression in plant responses to environmental stress. Int. J.

Mol. Sci. 21:6082.

Zhelyazkova, P., Sharma, C.M., F€orstner, K.U., Liere, K., Vogel, J., and

B€orner, T. (2012). The primary transcriptome of barley chloroplasts:

numerous noncoding RNAs and the dominating role of the plastid-

encoded RNA polymerase. Plant Cell 24:123–136.

Zheng,M., Liu, X., Liang, S., Fu, S., Qi, Y., Zhao, J., Shao, J., An, L., and

Yu, F. (2016). Chloroplast translation initiation factors regulate leaf

variegation and development. Plant Physiol. 172:1117–1130.

Zhou, W., Lu, Q., Li, Q., Wang, L., Ding, S., Zhang, A., Wen, X., Zhang,

L., and Lu, C. (2017). PPR-SMR protein SOT1 has RNA endonuclease

activity. Proc. Natl. Acad. Sci. USA 114:E1554–E1563.

Zhu, J., Liu, M., Liu, X., and Dong, Z. (2018). RNA polymerase II activity

revealed by GRO-seq and pNET-seq in Arabidopsis. Nat. Plants

4:1112–1123.

Zoschke, R., and Bock, R. (2018). Chloroplast translation: structural and

functional organization, operational control, and regulation. Plant Cell

30:745–770.

Zoschke, R., Kroeger, T., Belcher, S., Sch€ottler, M.A., Barkan, A., and

Schmitz-Linneweber, C. (2012). The pentatricopeptide repeat-SMR

protein ATP4 promotes translation of the chloroplast atpB/E mRNA.

Plant J. 72:547–558.

Zoschke, R., Liere, K., and B€orner, T. (2007). From seedling to mature

plant: Arabidopsis plastidial genome copy number, RNA

accumulation and transcription are differentially regulated during leaf

development. Plant J. 50:710–722.

Zoschke, R., Nakamura, M., Liere, K., Sugiura, M., B€orner, T., and

Schmitz-Linneweber, C. (2010). An organellar maturase associates

with multiple group II introns. Proc. Natl. Acad. Sci. USA

107:3245–3250.

Zoschke, R., Qu, Y., Zubo, Y.O., B€orner, T., and Schmitz-Linneweber,

C. (2013b). Mutation of the pentatricopeptide repeat-SMR protein

SVR7 impairs accumulation and translation of chloroplast ATP

synthase subunits in Arabidopsis thaliana. J. Plant Res. 126:403–414.

Zoschke, R., Watkins, K.P., and Barkan, A. (2013a). A rapid ribosome

profiling method elucidates chloroplast ribosome behavior in vivo.

Plant Cell 25:2265–2275.

Zoschke, R., Watkins, K.P., Miranda, R.G., and Barkan, A. (2016). The

PPR-SMR protein PPR53 enhances the stability and translation of

specific chloroplast RNAs in maize. Plant J. 85:594–606.
ications 4, 100611, September 11 2023 ª 2023 The Author(s). 19

http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref198
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref199
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref199
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref200
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref200
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref200
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref200
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref201
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref201
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref201
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref202
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref202
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref202
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref202
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref203
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref203
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref203
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref204
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref204
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref205
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref205
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref205
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref205
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref206
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref206
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref206
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref206
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref207
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref207
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref207
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref208
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref208
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref208
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref208
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref209
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref209
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref209
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref210
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref210
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref210
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref211
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref211
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref211
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref211
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref212
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref212
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref212
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref213
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref213
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref213
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref214
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref214
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref214
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref215
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref215
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref215
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref215
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref216
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref216
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref216
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref217
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref217
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref218
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref218
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref218
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref219
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref220
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref220
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref220
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref221
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref221
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref221
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref222
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref222
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref222
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref223
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref223
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref223
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref224
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref224
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref224
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref224
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref224
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref225
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref225
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref225
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref225
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref225
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref226
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref226
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref226
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref226
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref226
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref227
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref227
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref227
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref227
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref227
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref228
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref228
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref228
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref229
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref229
http://refhub.elsevier.com/S2590-3462(23)00122-0/sref229

	Chloroplast gene expression: Recent advances and perspectives
	Introduction
	Transcription
	The PEP complex is a hybrid system with a prokaryotic core and peripheral PAPs of eukaryotic origin
	Transcriptional pausing exists in chloroplasts
	The PEP complex is activated by light-induced redox changes

	Post-transcriptional alterations of chloroplast RNAs
	Intercistronic cleavage and terminal RNA processing
	RNA splicing
	The DYW domain is the catalytic domain for C-to-U editing in plants
	Plastid non-coding RNAs

	Chloroplast translation
	Differences between chloroplast and bacterial ribosomes
	Translation mechanisms and ribosome pausing
	Chloroplast translation is triggered by light-induced pH changes and photosystem II (PSII) damage

	Post-translational processing and quality control
	PPR proteins could be engineered as tools for manipulating chloroplast gene expression
	Potential roles of new techniques for elucidating molecular mechanisms of chloroplast gene expression
	Concluding remarks and future perspectives
	Funding
	Author contributions
	Acknowledgments
	References


