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Abstract
Chloroplasts are the metabolically active, semi-autonomous organelles found in plants, algae and cyanobacteria. Their main 
function is to carry out the photosynthesis process involving a conversion of light energy into the energy of chemical bonds 
used for the synthesis of organic compounds. The Chloroplasts’ proteome consists of several thousand proteins that, besides 
photosynthesis, participate in the biosynthesis of fatty acids, amino acids, hormones, vitamins, nucleotides and secondary 
metabolites. Most of the chloroplast proteins are nuclear-encoded. During the course of evolution, many genes of the ances-
tral chloroplasts have been transferred from the chloroplast genome into the cell nucleus. However, these proteins which 
are essential for the photosynthesis have been retained in the chloroplast genome. This review aims to provide a relatively 
comprehensive summary of the knowledge in the field of the chloroplast genome arrangement and the chloroplast genes 
expression process based on a widely used model in plant genetic research, namely Arabidopsis thaliana.
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Abbreviations
cpDNA	� Chloroplast genome
IRs	� Inverted repeats
LSC	� Long single copy section
mtDNA	� Mitochondrial genome
NCBI	� National Center for Biotechnology Information
NEP	� T3/T7 phage-type RNA polymerases
PAPs	� Polymerase associated proteins
PEP	� Bacterial-type multi-subunit RNA polymerase
SIG	� Sigma factors, transcriptional initiation factors
SSC	� Short single copy section
TAIR	� The Arabidopsis Information Resource

Introduction

The first two plants in which the chloroplast genome 
(cpDNA) was successfully sequenced were tobacco (Nico-
tiana tabacum, Ohyama et al. 1986) and liverwort (March-
antia polymorpha, Shinozaki et al. 1986). Since then, the 
cpDNA of 3721 plant species including green algae and both 
terrestrial and aquatic plants have been described. They are 
available in the National Center for Biotechnology Informa-
tion (NCBI) organelle genome database. Such a significant 
progress in the field of chloroplast genetics has been accom-
plished by the advancement of the high-throughput sequenc-
ing technologies over the last several years. A real break-
through in the cpDNA study has come along with the fully 
sequenced genome of Synechocystis sp. PCC6803, a bacteria 
from the phylum of the cyanobacteria (Sato et al. 1999). It 
is one of the best known primitive photosynthetic organism 
widely used for research on photosynthesis, the assimilation 
of carbon and nitrogen and the evolution of plastids (Mar-
tin et al. 2002). Synechocystis quickly received status as a 
model microorganism due to its characteristic features, such 
as: a fully sequenced genome, both auto and heterotrophic 
mode of nutrition and a simple photosynthetic apparatus. 
Studies conducted on Synechocystis genome remarkably 
contributed to a better understanding of the plants cpDNA 
and also provided the key arguments confirming the endo-
symbiotic theory of the chloroplast origin (Timmis et al. 
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2004). Moreover, these works were used to determine the 
degree of similarity between modern living plants and their 
ancestors. Thanks to this it was possible to trace the process 
of a mass gene transfer from the precursors of the present 
chloroplasts towards the cell nucleus. In the process of genes 
transfer not every gene ended in the host genome, some of 
them were lost. Eventually, the phylogenetic comparative 
studies that were conducted between Arabidopsis thaliana 
and various microorganisms’ species have shown that over 
4500 genes encoding plants proteins have cyanobacterial ori-
gin (Martin et al. 2002). At this point it is worth mention-
ing that the chloroplast proteome comprises approximately 
3000 proteins from which the vast majority is encoded in the 
nucleus (Zoschke and Bock 2018).

The chloroplasts of the higher plants are the metabolic 
centers that simply sustain life on Earth by conducting the 
photosynthesis. In this process, plants use solar energy, 
water, mineral soils and carbon dioxide to synthesize 
organic compounds. The byproduct of this process is oxy-
gen released into the atmosphere. Moreover, plastids are an 
essential environment for a number of biochemical processes 
such as the synthesis of amino acids, nucleotides, fatty acids, 
phytohormones, vitamins but also assimilation of sulfur and 
nitrogen (Daniell et al. 2016). Many of the metabolites syn-
thesized in chloroplasts are necessary to maintain a proper 
communication between the different parts of the plant. 
These metabolites also play an important role in plant reac-
tion to both the biotic and the abiotic stresses (Daniell et al. 
2016).

Chloroplasts are the semi-autonomous organelles contain-
ing several thousand proteins that participate mainly in the 
photosynthesis process but also in a biosynthesis pathways 
of many relevant compounds, i.e. fatty acids (Brehelin et al. 
2007; Vidi et al. 2006; Lippold et al. 2012) and jasmonate 
(Schaller et al. 2005). The majority of the chloroplast pro-
teins are encoded by the nuclear genome. The translation 
of these genes takes place on eukaryotic 80 s ribosomes. 
Transport of these proteins from the cytoplasm to the light 
of the chloroplast is complex and it depends on both the 
transported protein’s structure as well as the outer and inner 
envelope membranes protein translocons (Sun and Zerges 
2015). Short amino acid sequence located at the N-terminal, 
called the transit peptide allows the recognition and trans-
port of the protein of interest through the outer and inner 
envelope membranes via translocons called TOC (translo-
con on the outer chloroplast membrane) and TIC (translocon 
on the inner chloroplast membrane). Import of the nuclear-
encoded chloroplast protein is modulated through the ubiq-
uitin E3 ligase SP1. Depending on the developmental stage 
or environmental stimuli, SP1 promotes the degradation of 
TOC complexes (Ling et al. 2012). On the other hand, a 
more recent study indicates an essential role of the cpDNA 
encoded conserved hypothetical chloroplast YCF2 protein in 

the nuclear-encoded proteins translocation across the inner 
membrane through the TIC (Kikuchi et al. 2018).

However, not all of the chloroplast proteins are encoded 
in the nuclear genome. Some of them are encoded by the 
chloroplast genome. The number of the genes encoded by 
the cpDNA varies between different plant species from 0 to 
315 (NCBI). Importantly, proteins encoded by some of these 
genes play a key role in the processes occurring in chloro-
plasts, especially photosynthesis. A majority of the proteins 
encoded by the cpDNA are synthesized by their own internal 
expression system. Undoubtedly, one of the most important 
elements of the mentioned system are the bacterial-type 70 s 
ribosomes (Barkan and Goldschmidt-Clermont 2000). They 
reflect the evolutionary origin of the plastids, thus reinforc-
ing the theory of endosymbiosis. In addition, the expression 
of proteins encoded by the cpDNA is regulated at various 
stages of this process, both by the transcription factors found 
in chloroplasts, as well as by those having a non-chloroplast 
origin (Sun and Zerges 2015). Moreover, the chloroplast pro-
teome undergoes significant rearrangements while the plant 
is exposed to different types of abiotic stresses (Watson et al. 
2018). Mostly, it concerns proteins involved in the photo-
synthesis. Goulas and coworkers observed a decrease in the 
abundance of ribulose-5-phosphate-3-epimerase and PsbO1 
under cold stress while Wilson and coworkers showed that 
oxidative stress influence on the depletion of the chloro-
plast phosphatase SAL1 (Goulas et al. 2006; Wilson et al. 
2009). Furthermore, heat may cause perturb in the import 
of the nuclear-encoded proteins (Heckathorn et al. 1998). 
Interestingly, most of the changes in the abundance of the 
chloroplast proteins caused by the abiotic stresses take place 
due to the post-transcriptional modification rather than by 
the alterations on the transcriptional level (Woodson and 
Chory 2008).

Size and arrangement of the cpDNA

At the beginning of the plastom arrangement studies, 
cpDNA was considered to form only a circular molecule 
inside the living plant cells (Mower and Vickrey 2018). 
Recent analyses based mainly on microscopy have shown 
a multibranched linear structures of cpDNA in many spe-
cies of angiosperms (Mower and Vickrey 2018). However, 
it is still uncertain which shape of the cpDNA is the most 
abundant. It differs between plant species and depends on 
many factors like cell development stage, tissue type and 
the experimental design (Mower and Vickrey 2018). Among 
plants the cpDNA size varies from 15,553 base pairs (bp) in 
Asarum minus to 521,168 bp in Floydiella terrestris (NCBI). 
Among terrestrial plants, the cpDNA is highly conserved, 
in terms of both structure and the content and order of the 
placement of particular genes (Shaw et al. 2007). In most 
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photosynthetic organisms, the cpDNA forms continuously 
packed structures called nucleoids (Morley et al. 2019a). 
On average, plant cells contain from 1000 to 1700 copies of 
chloroplast nucleoids. In turn, one chloroplast of the A. thali-
ana mesophilic cell can contain from 20 to 35 copies of the 
cpDNA (Zoschke et al. 2007). However, the cpDNA number 
is highly variable during the plant development (Oldenburg 
and Bendich 2015).

In the structure of the cpDNA, two identical fragments 
called inverted repeats (IR) can be distinguished. IRs are 
separated by one long single copy section (LSC) and one 
short single copy section (SSC) (Mower and Vickrey 2018). 
Among different plant species, the IR regions are highly con-
served and have a length ranging from 20,000 to 25,000 bp 
(Morley et al. 2019a).

Similarly, to the IR regions the chloroplast intron 
sequences can also be considered as highly conserved (Dan-
iell et al. 2016). Exceptions from this rule are a few plant 
species, such as barley (Hordeum vulgare), bamboo (Bam-
boo sp.), Cassava (Manihot esculenta) or chickpeas (Cicer 
arietinum) in which a loss of introns is observed in genes 
encoding some proteins. Like bacteria, many chloroplast 
genes are organized into operons whose transcription is car-
ried out using one or more promoters (Börner et al. 2015).

Gene transfer from chloroplasts to the cell 
nucleus

During the course of evolution, many genes of the ancestral 
chloroplasts have been transferred from the cpDNA into the 
cell nucleus. This process that also occurred in the second 
semi-autonomous organelles, which are mitochondria, is 
called endosymbiotic gene transfer (Ku et al. 2015). It has 
been estimated that around 18% of the genes from the A. 
thaliana nuclear genome have cyanobacterial origin (Ku 
et al. 2015). An example of the gene that has been "acqui-
sitioned" by the cell nucleus genome from the cpDNA is 
a gene coding the chloroplast translation initiation factor 
1 (INFA). A plant’s INFA protein is a homologue of the 
Escherichia coli infA gene product and has been identified 
in plants such as A. thaliana, soybean (Glycine max), tomato 
(Solanum lycopersicum) and Mesembryanthemum crystal-
linum. Studies carried out on A. thaliana and Soybean (Gly-
cine max), showed that the INFA gene is translated in the 
cytosol. However, due to the chloroplast transit sequence, 
which is attached to the formulated protein, the whole com-
plex goes to the appropriate compartment in the chloroplast 
(Daniell et al. 2016). A similar situation takes place in case 
of the RPL22 and RPL32 genes encoding ribosomal pro-
teins L22 and L32, respectively (Daniell et al. 2016). A 
more complex problem concerns the family of 12 chloro-
plast genes that encode a subunit of the chloroplast NAD(P)

H dehydrogenase (NDH) complex involved in photosyn-
thesis. The NDH complex is attached to the photosystem 
I (PS I) and mediates cyclic electron transport during the 
bright photosynthesis phase. The distribution of the NDH 
genes between the nuclear, mitochondrial and the chloroplast 
genome varies between plant species. Moreover, data gener-
ated by the full genome sequencing of plants such as black 
pine (Pinus thunbergii), saguaro (Carnegiea gigantea) or 
erodium cicutarium (Erodium cicutarium) shows a partial 
or complete deletion of genes from the NDH family. How-
ever, the lack of genes encoding the NDH dehydrogenase 
subunits does not disturb these plants from carrying out an 
efficient photosynthesis process (Daniell et al. 2016). The 
mass transfer of the genes from the cpDNA to the nucleus 
also took place in the case of a wide group of genes related 
to DNA repair and recombination process, called the RAR​ 
genes. Research in this field is of particular importance to 
medicine, due to high homology between the large num-
ber of genes involved in repair and recombination of DNA 
identified in the A. thaliana and human genes whose muta-
tions are considered to be caused by diseases such as breast 
cancer, non-lipid colon cancer or Cockayne syndrome (The 
Arabidopsis Genome Initiative 2000).

Organization of genes in the A. thaliana 
chloroplast genome

Arabidopsis thaliana is one of the best known model 
plants, for decades widely used in various studies. Its 
cpDNA complete nucleotide sequence has been dem-
onstrated in 1999 (Sato et al. 1999). Depending on the 
different factors, the chloroplast genome of A. thaliana 
can take both the spatial form, namely circular and lin-
ear DNA molecule. (Oldenburg and Bendich 2015) It 
is composed of 154,478 base pairs and are more than 2 
times smaller than the mitochondrial genome (mtDNA), 
which has about 367,000 bp (Table 1). The A. thaliana 
cpDNA contains two IRs of 26,264 bp each and separating 
them LSC and SSC of 84,197 and 17,780 bp, respectively 

Table 1   General comparison of the A. thaliana nuclear, plastid and 
mitochondrial genomes (based on the TAIR10.1)

GC content (%) guanine-cytosine content

Nucleus Plastid Mitochondrium

Genome size (bp) 119,668,634 154,478 367,808
Number of genes 38,311 129 284
Number of protein 

coding genes
48,265 85 (87) 33

GC content (%) 36.05 36.3 44.8
tRNA 684 37 22
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(Fig. 1). The total content of adenine and thymine (A + T) 
in the A. thaliana cpDNA is 63.7% and is similar to the 
cpDNA of tobacco (62.2%), rice (61.1%) or maize (61.5%) 
(Maier et al. 1995) or Thunberg pine (61.5%) (Wakasugi 
et al. 1994). The percentage ratio of nitrogenous bases in 
cpDNA differs between regions. The IR sequences show 
the content of A + T pairs at level of 57.7%, while the 

LSC and SSC show 66.0% and 70.7%, respectively (Sato 
et al. 1999).

The A. thaliana cpDNA contains 87 open reading frames 
(ORF) including ORF77 (YCF15) duplicated gene or 85 
without that gene. Due to the duplication of 8 genes within 
the IRs, it is believed that the cpDNA encodes a total of 
79 proteins. In addition to eight duplicated genes encoding 

Fig. 1   A graphic presentation of the A. thaliana cpDNA map with 
marked lengths of two sequences of inverted repeats (IRs), long 
unique sequence (LSC) and short unique sequence (SSC). The color 
coding indicates fallowing genes: small subunit ribosomal proteins 
(yellow), large subunit ribosomal proteins (orange), hypothetical 

chloroplast open reading frames (lemon), protein-coding genes either 
involved in photosynthetic reactions (green) or in other function (red), 
ribosomal RNAs (blue), transfer RNAs (black). Gray color indicates 
introns (Original picture author: prof. Emmanuel Douzery)
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chloroplast proteins, three duplicated ribosomal RNA genes 
localized in IRs region can be distinguished. There is also 
one more RNA gene localized in LSC encoded 5S rRNA. 
The 3 mentioned ribosomal RNA duplicated genes create a 
cluster of 16S-23S-4.5S rRNA genes separated by two tRNA 
genes (TRN1 and TRNA). As many as 37 genes encoding 
tRNA molecules are located within the regions of LSC and 
SSC (Sato et al. 1999).

A comparison of the general characteristics of the nuclear, 
mitochondrial and chloroplast genome in A. thaliana is 
shown in Table 1. Presented data indicate that the cpDNA is 
smaller than the nuclear and mtDNA. However, the number 
of the protein coding genes encoded by the cpDNA is larger 
than those encoded within mtDNA. In turn, Table 2 presents 
a list of 87 protein coding genes located in the A. thaliana 
cpDNA. One duplicated gene namely ORF77 (YCF15) is 
not included in all sources. 45 genes of the cpDNA encode 
proteins related to the photosynthesis process. Among them, 
6 genes coding for protein subunits of the cytochrome b6f 
complex, 5 genes coding for proteins being a part of the 
photosystem I (PS I), 15 genes coding for proteins being 
a part of the photosystem II (PS II), 6 genes encoding the 
ATPase chloroplast subunits, 12 genes encoding the NADH 
dehydrogenase subunits and one gene encoding the RuBisCo 
large subunit. In addition, the A. thaliana cpDNA includes 
29 genes related to the gene expression processes, including 
4 genes encoding the chloroplast RNA polymerase subunits 
and 25 genes encoding protein components of the ribosomes 
(Sato et al. 1999). The list of chloroplast genes supplements 
12 genes with other and also not known yet, physiological 
functions (The Arabidopsis Information Resource (TAIR), 
The UniProt Consortium (UniProt).

Chloroplast transcription machinery

It is believed that chloroplasts emerged as a consequence of 
endosymbiosis between photosynthetic cyanobacteria and 
the ancestor of today’s eukaryotic plant cells followed by 
various genome rearrangements (Timmis et al. 2004). In 
comparison to the cyanobacteria genome size, which is ca. 
3 Mpz, the terrestrial plants’ cpDNA is 20 times smaller. 
Despite such a difference in size between those two genomes 
the expression of chloroplast genes is regulated by much 
more complex systems than cyanobacteria genes (Yagi and 
Shiina 2014). Importantly, the expression of chloroplast 
genes is strongly dependent on post-transcriptional regula-
tion, which includes the polycystronic mRNA processing, 
intron splicing and RNA editing (Yagi and Shiina 2014).

The transcription of chloroplast genes in angiosperm 
plants is carried out by two types of RNA polymerases, 
the bacterial-type multi-subunit RNA polymerase (PEP) 

encoded by the cpDNA and the T3/T7 phage-type RNA 
polymerases (NEP) encoded by the nucleus genome.

PEP is an enzyme composed of many subunits. Although 
most of the genes for PEP subunits have been transferred to 
the nuclear genome, genes coding α, β, β′ and β″ subunits 
of the PEP’s core are retained in the cpDNA. One of the 
fundamental differences between the PEP core subunits is 
their molecular weight. The α subunit has a mass of 38 kDa, 
β—120 kDa, β′—85 kDa, β″—185 kDa (Liere and Börner 
2007). Similarly, to bacteria, in most terrestrial plants, the 
RPOA gene encoding α subunit of the PEP core, together 
with the genes of the ribosomal proteins are organized into 
one operon under the control of the same promoter. Contra-
rily, RPOB, RPOC1 and RPOC2 genes encoding β, β′ and 
β″ subunits of the PEP core respectively, form a separate 
operon designated as RPOBC (Börner et al. 2015). Besides 
the core subunits, PEP is composed of additional protein 
factors encoded by the nuclear genome including sigma 
factors and the polymerase associated proteins (PAPs). The 
chloroplast sigma factors, which in fact stands for the bac-
terial transcription initiation factors, play a crucial role in 
the chloroplast-encoded gene transcription. Sigma factors 
regulate transcription on different developmental and fitness 
stages by recognition of the specific promoters, which allow 
a whole complex of the PEP to start polymerization. It seems 
likely that the second highlighted PEP’s factor, the PAPs 
are involved in almost every single step of the transcription 
(Pfannschmidt et al. 2015).

NEP is a single-subunit enzyme. One protein performs 
the entire transcription from the recognition of the promoter 
to the end of the process, regardless of the DNA template 
structure (Börner et al. 2015). The NEP polymerase has 
evolved through the duplication of the nuclear gene encod-
ing the mitochondrial RNA polymerase and shows a high 
similarity to the phage-type RNA polymerases, also made 
of one subunit (Börner et al. 2015). Three types of NEP 
polymerases are distinguishable. All three types of the NEP 
polymerase are encoded by the RPOT genes. The RPOT 
abbreviation comes from the full name, the RNA polymer-
ase of the phage T3/T7 type. In monocotyledonous plants 
RPOTp polymerase occur, whereas in dicotyledonous plants 
RPOTp and RPOTmp have been identified (Yagi and Shiina 
2014). In addition, the third enzyme form the NEP family, 
RPOTm occurred in the mitochondria.

Both PEP and NEP are essential for the transcription of 
chloroplast proteins. Even though NEP and PEP recognize 
different promoters, many chloroplast genes have promoters 
recognized both by PEP and by NEP. The promoters recog-
nized by NEP can be divided into three types, designated as 
Ia, Ib and II (Morley et al. 2019b). All promoters belonging 
to the Ia type are characterized by a conserved core motif 
designated by the abbreviation YRTa. In the Ia type promot-
ers several nucleotides are located above the transcription 
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Table 2   Representation of all A. thaliana protein-coding genes encoded by cpDNA (Sato et al. 1999)

Gene Localization 
within the 
cpDNA

Biological function of a 
gene product

Name of a gene product Intron presence Number of aminoacids

1 RPOAab LSC Transcription RNA polymerase α subunit 
(PEP)

No 329

2 RPOBab LSC Transcription RNA polymerase β subunit No 1072
3 RPOClab LSC Transcription Podjednostka β′ polimerazy 

RNA (PEP)
Yes 680

4 RPOC2ab LSC transcription RNA polymerase β″-subunit No 1376
5 RPL2ab IR Translation Ribosomal protein L2 Yes 274
6 RPL2ab IR Translation Ribosomal protein L2 Yes 274
7 RPL14ab LSC Translation Ribosomal protein L14 No 122
8 RPL16ab LSC Translation Ribosomal protein L16 yes 135
9 RPL20ab LSC Translation Ribosomal protein L20 No 117
10 RPL22ab LSC Translation Ribosomal protein L22 No 160
11 RPL23ab IR Translation Ribosomal protein L23 No 93
12 RPL23ab IR Translation Ribosomal protein L23 No 93
13 RPL32ab LSC Translation Ribosomal protein L32 No 52
14 RPL33ab LSC Translation Ribosomal protein L33 No 66
15 RPL36ab LSC Translation Ribosomal protein L36 No 37
16 RPS2ab LSC Translation Ribosomal protein S2 No 236
17 RPS3ab LSC Translation Ribosomal protein S3 No 218
18 RPS4ab LSC Translation Ribosomal protein S4 No 201
19 RPS7ab IR Translation Ribosomal protein S7 No 155
20 RPS7ab IR Translation Ribosomal protein S7 No 155
21 RPS8ab LSC Translation Ribosomal protein S8 No 134
22 RPS11ab LSC Translation Ribosomal protein S11 No 138
23 RPS12ab IR Translation Ribosomal protein S12 Yes 123
24 RPS12ab IR Translation Ribosomal protein S12 Yes 123
25 RPS14ab LSC Translation Ribosomal protein S14 No 100
26 RPS15ab SSC Translation Ribosomal protein S15 Yes 88
27 RPS16ab LSC Translation Ribosomal protein S16 Yes 79
28 RPS18ab LSC Translation Ribosomal protein S18 No 101
29 RPS19ab LSC Translation Ribosomal protein S19 No 92
30 PETAab LSC Photosynthetic apparatus Cytochrome f No 320
31 PETBab LSC Photosynthetic apparatus Cytochrome b6 Yes 215
32 PETDab LSC Photosynthetic apparatus Cytochrome b6/f complex 

subunit 4
Yes 160

33 PETGab LSC Photosynthetic apparatus Cytochrome b6/f complex 
subunit 5

No 37

34 PETLab LSC Photosynthetic apparatus Cytochrome b6/f complex 
subunit 6

No 31

35 PETNab LSC Photosynthetic apparatus Cytochrome b6/f complex 
subunit 8

No 29

36 PSAAab LSC Photosynthetic apparatus Photosystem I P700 apopro-
tein A1

No 750

37 PSABab LSC Photosynthetic apparatus Photosystem I P700 apopro-
tein A2

No 734

38 PSACab SSC Photosynthetic apparatus Photosystem I subunit VII 
(iron-sulfur center)

No 81

39 PSAIab LSC Photosynthetic apparatus Photosystem I reaction 
center subunit VIII

No 37
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Table 2   (continued)

Gene Localization 
within the 
cpDNA

Biological function of a 
gene product

Name of a gene product Intron presence Number of aminoacids

40 PSAJab LSC Photosynthetic apparatus Photosystem I reaction 
center subunit IX

No 44

41 PSBAab LSC Photosynthetic apparatus Photosystem II reaction 
center protein D1

No 353

42 PSBBab LSC Photosynthetic apparatus Photosystem II CP47 chlo-
rophyll apoprotein

No 508

43 PSBCab LSC Photosynthetic apparatus Photosystem II CP43 chlo-
rophyll apoprotein

No 473

44 PSBDab LSC Photosynthetic apparatus Photosystem II reaction 
center protein D2

No 353

45 PSBEab LSC Photosynthetic apparatus Photosystem II cytochrome 
b559 alpha subunit

No 83

46 PSBFab LSC Photosynthetic apparatus Photosystem II cytochrome 
b559 beta subunit

No 39

47 PSBHab LSC Photosynthetic apparatus Photosystem II 10 kDa 
phosphoprotein

No 73

48 PSBIab LSC Photosynthetic apparatus Photosystem II protein I No 36
49 PSBJab LSC Photosynthetic apparatus Photosystem II protein J No 40
50 PSBKab LSC Photosynthetic apparatus Photosystem II protein K No 61
51 PSBLab LSC Photosynthetic apparatus Photosystem II protein L No 38
52 PSBMab LSC Photosynthetic apparatus Photosystem II protein M No 34
53 PSBNab LSC Photosynthetic apparatus Photosystem II protein N No 43
54 PSBTab LSC Photosynthetic apparatus Photosystem II protein T No 33
55 PSBZab LSC Photosynthetic metabolism Photosystem II subunit 

PsbZ
No 62

56 ATPAab LSC Photosynthetic metabolism ATP synthase CF1 subunit 
alpha

No 507

57 ATPBab LSC Photosynthetic metabolism ATP synthase CF1 subunit 
beta

No 498

58 ATPEab LSC Photosynthetic metabolism ATP synthase CF1 subunit 
epsilon

No 132

59 ATPFab LSC Photosynthetic metabolism ATP synthase CF0 subunit I Yes 184
60 ATPHab LSC Photosynthetic metabolism ATP synthase CF0 subunit 

III
No 81

61 ATPIab LSC Photosynthetic metabolism ATP synthase CF0 subunit 
IV

No 249

62 NDHAab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 1

Yes 360

63 NDHBab IR Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 2

Yes 389 or 512

64 NDHBab IR Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 2

Yes 389 or 512

65 NDHCab LSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 3

No 120

66 NDHDab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 4

No 506 or 500

67 NDHEab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 4L

No 101

68 NDHFab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 5

No 746

69 NDHGab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 6

No 176
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start sequence. NEP’s type Ib promoters contain an addi-
tional conservative motif in their structure, called “GAA 
box”, which is located between the18th and 20th nucleo-
tide above the YRTa motif. Assays carried out on mutated 
tobacco have indicated a crucial role of the GAA motif for a 
proper recognition of the promoter conducted by NEP (Liere 
and Börner 2007). Contrarily, type II promoters all consist 
of the NEP promoters lacking the YRTa motif.

Many promoters recognized by PEP polymerase resem-
ble bacterial σ70 promoters, characterized by two motifs of 
canonical sequences spaced from the transcription start site 
by 10 and 35 nucleotides. The first motive, 10 nucleotides 
away from the transcription site, is the TAT​AAT​ sequence, 
while the second motif—remote from the transcription site 

by 35 nucleotides—is the TTG​ACT​ sequence. Due to the 
huge diversity among plants, the location of the canonical 
sequences of certain PEP promoters may vary. For example, 
in barley’s cpDNA, the TAT​AAT​ sequence is located 3–9 
nucleotides upstream from the transcription start site, while 
TTG​ACT​ is located 15–21 nucleotides from the same tran-
scription initiation site (Börner et al. 2015). PEP is mostly 
responsible for the transcription of chloroplast genes, whose 
protein products are in a various way associated with the 
photosynthesis. Although some of the genes coding pro-
teins involved in photosynthesis are also transcribed by NEP 
(Yagi and Shiina 2014).

There is a small group of chloroplast genes unrelated to 
photosynthesis, which are transcribed exclusively by the 

Table 2   (continued)

Gene Localization 
within the 
cpDNA

Biological function of a 
gene product

Name of a gene product Intron presence Number of aminoacids

70 NDHHab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit 7

No 393

71 NDHIab SSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit I

No 172

72 NDHJab LSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit J

No 158

73 NDHKa Or PSBGb LSC Photosynthetic metabolism NADH-plastoquinone oxi-
doreductase subunit K

No 225

74 RBCLab LSC Photosynthetic metabolism RuBisCo large subunit No 479
75 ACCDab LSC Photosynthetic metabolism acetyl-CoA carboxylase, 

carboxyl transferase 
subunit beta

No 488

76 CLPPab LSC Protelitic function CLP protease ATP binding 
subunit

Yes 196

77 MATKab LSC Probable splicing factor intron maturase K No 526 or 504
78 YCF1ab IR Protein transport Hypothetical protein 

ArthCp087
No 1786

79 YCF1ab IR Protein transport Hypothetical protein 
ArthCp070

No 343

80 YCF2ab IR ATPase activity Conserved hypothetical 
chloroplast protein YCF2

No 2294

81 YCF2ab IR ATPase activity Conserved hypothetical 
chloroplast protein YCF2

No 2294

82 YCF3ab LSC Probable photosystem I 
complex assembly

photosystem I assembly 
protein YCF3

Yes 168

83 YCF4ab LSC Probable photosystem I 
complex assembly

photosystem I assembly 
protein YCF4

No 184

84 YCF5b or CCSAa SSC cytochrome complex 
assembly

Cytochrome c biogenesis 
protein CCSA

No 328

85 YCF10b or CEMAa LSC Probable proton transporter Envelope membrane protein No 229
86 ORF77b or YCF15b IR Unknown function Uncharacterized protein 

YCF15
No 77

87 ORF77b or YCF15b IR Unknown function Uncharacterized protein 
CYF15

No 77

a Information about gene available in NCBI
b Information about gene available in TAIR
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NEP. It includes the ACCD gene encoding the acetyl-CoA 
carboxylase subunit in dicotyledonous plants; the RPL23 
gene coding for the ribosomal protein L23; CLPP gene 
encoding the ATP-dependent proteolytic subunit of ClpP 
protease in monocotyledonous plants; and the RPOB gene 
encoding the β-subunit of the PEP’ core in all higher plants 
(Liere and Börner 2007). Thus, chloroplast genes can be 
divided together with their promoters into 3 categories: 
genes transcribed only with the participation of NEP poly-
merase, genes transcribed only with the participation of PEP 
polymerase and genes that are transcribed both by NEP and 
by PEP polymerase (Hajdukiewicz 1997). In the case of 
dicotyledonous plants where two different NEP have been 
distinguished, the expanded division of the promoters can 
be proposed. The activity of RPOTp and RPOTmp vary in 
tissues at various stages of a plant development. In A. thali-
ana, the increased activity of RPOTmp is observed mainly 
in young dividing cells and photosynthetically inactive tis-
sues, whereas the boosting activity of RPOTp is observed in 
green, photosynthetically active tissues. Differences in the 
structure of the promoters recognized by both types of NEP 
polymerase were also detected. Interestingly, both NEP and 
PEP are active at all stages of plant development in plas-
tids of the unbleached tissues such as roots, fruits or seeds. 
Constant activity of these polymerases is related to their 
participation in the transcription of the housekeeping genes 
such as genes encoding tRNA (Börner et al. 2015).

The regulation and control 
of the chloroplasts’ proteins expression

The expression of the genes encoded by cpDNA is largely 
dependent on an extensive group of nuclear origin factors. 
In turn, these factors regulate expression of the plastid genes 
in response to various developmental and environmental sig-
nals (Barkan and Goldschmidt-Clermont 2000). Regulation 
factors are widely present at different stages of the plas-
tid genes expression including transcription, RNA editing, 
RNA post-transcriptional modification, RNA splicing and 
translation.

Nuclear control of chloroplast gene 
transcription

The transcription of the cpDNA genes is controlled by dif-
ferent factors of nuclear origin. The primary factors affect-
ing the cpDNA genes transcription are NEP polymerase and 
additional or so-called non-core subunits of PEP polymerase. 
In the group of the additional subunits of PEP polymerase, 
the additional nuclear-encoded protein factors (PAPs) and 

transcriptional initiation factors (sigma factors, SIG), are 
distinguishable.

It is well known that in overall, PAPs are essential in the 
transcription regulation. However, some of the PAPs’s precise 
functions remain unestablished. On the contrary, the SIGs are 
crucial for specific binding of PEP polymerase to the promot-
ers of the respective genes (Chi et al. 2015). As many as six 
different SIGs are involved in the transcription of A. thaliana’s 
genes. The plant’s SIGs of bacterial origin show homology to 
their ancestors only through the conservative region located 
at the end of their molecule. The so-called non-conservative 
region appears to be decisive for the function of the particu-
lar SIG. The SIGs are regulated by the phosphorylation of 
the specific sequences within mentioned non-conservative 
region. Research on the SIGs’s activation has been conducted 
almost exclusively on SIG1 and SIG6. The SIGs phosphoryla-
tion seems to be a complex process conducted by different 
enzymes. In 1996, Baginsky and his group suggested that the 
phosphorylation of SIG6 is conducted by a PEP-associated 
Ser/Thr protein kinase named plastid transcription kinase 
(PTK; Baginsky 1997). In addition, in literature PTK is com-
monly abbreviated as cpCK2 due to the similarities between 
catalytic components of PTK and the subunit of casein kinase 
2 (CK2). Although, it has been demonstrated that cpCK2 uses 
SIG6 as a substrate for regulatory phosphorylation, SIG6’s 
most sensitive phosphorylation site is not typical for cpCK2. 
Therefore, it entailed the hypothesis of other kinase(s) involved 
in this process (Chi et al. 2015). The phosphorylation of the 
SIGs can both initiate and block the transcription of the genes 
recognized by PEP polymerase complex. The type of promoter 
recognized by a given factor seems decisive in this process. 
For example, phosphorylation of the SIG6 factor is crucial for 
transcription of the ATPB gene but has no effect on PSBA gene 
transcription. In turn, the lack of phosphorylation of the SIG1 
factor reduces the transcription of both the DOGA and PSBA 
genes (Chi et al. 2015). A brief description of the all 6 identi-
fied in A. thaliana SIGs is demonstrated in Table 3.

The transcription of the genes encoded by cpDNA can also 
be affected by smaller molecules like rare nucleotides. Recent 
studies show an arising interest in these molecules. They are 
considered as the novel signaling molecules evoking response 
of plant to different types of biotic and abiotic stresses. In this 
case they were called alarmones (Pietrowska-Borek 2014). 
In vitro studies shown that under various stress conditions, 
guanosine tetraphosphate (ppGpp) is produced in plastids 
and then binds to the β-subunit of PEP polymerase, inhibiting 
RNA synthesis (Liere et al. 2011).
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The control of the chloroplast RNA editing 
and RNA post‑transcriptional modification 
mediated by nucleus

RNA editing, as one of the post-transcriptional gene expres-
sion processes, alters the identity of nucleotides so that infor-
mation about the protein encoded in mRNA differs from the 
prediction of genomic DNA. The editing events include the 
deletion, insertion and base substitution of nucleotides. The 
first demonstrated modification of the RNA molecule medi-
ated by the RNA editing has been observed in mitochon-
drial mRNA of kinetoplastide protozoa (Benne et al. 1986; 
reviewed in Benne 1986). An example of the RNA edition 
occurring in the chloroplast might be the conversion of cyto-
sine into uracil in the flowering plants. The whole process 
of the RNA edition depends on specific proteins. Around 40 
editing spots at the chloroplast RNA of the flowering plants 
have been located, to which specific proteins bind. These 
proteins contain repeating elements that bind to the 5′ end 
motifs of the related RNA sequence at a distance of 20–25 
nucleotides from the edited nucleotide. Then, this RNA–pro-
tein complex reacts with other proteins. It is suggested that 
the latter proteins are specific linkages between the complex 
and the unknown enzyme molecule with deaminase activ-
ity (Takenaka et al. 2013). There is strong evidence that the 
process of chloroplast RNA editing involves factors encoded 
only by nuclear genes. The editing of chloroplast RNA was 
detected in a barley mutant lacking plastid ribosomes and 
in the presence of chloroplast translation inhibitors (Barkan 
and Goldschmidt-Clermont 2000).

One of the most important stages of post-transcriptional 
RNA processing is a process called RNA maturation. This 
process involves egzo- and endonucleolytic processing of 
mRNA. In case of the terrestrial plants, the 5′ end of the 
mRNA is often changed. In this process, the most prominent 

molecules are proteins belonging to the PPR protein family, 
which in the case of A. thaliana has more than 450 individu-
als. An example is PPR10 protein encoded by the PPR10 
gene. Mutation within PPR10 gene causes changes in the 
accumulation of transcripts that are not subject to egzoonu-
cleotide processing. The only explanation for this situation 
could be the hypothesis that the PPR10 protein has the 5′ and 
3′ protective function of the RNA end of the transcripts of 
some genes. Another protein belonging to the PPR protein 
family is PGR3 protein stabilizing the RNA of the PETL 
operon and thus responsible for the correct translation pro-
cess of the PETL and NDHA gene (Shikanai and Fujii 2013).

Splicing of the chloroplast genes

Only a few chloroplast genes contain a non-coding intron 
sequences in their structure. This group includes the RPOCl 
gene encoding the β’ subunit of PEP, the RPL2 gene encod-
ing the CL2 protein of the large (50S) ribosomal subunit, 
or the RPS16 gene encoding the CS16 protein of the small 
(30S) ribosomal subunit. All of the genes encoded by the 
cpDNA containing introns are described in Table 2. Introns 
of the chloroplast genes can be divided into two groups, 
type I and type II introns. Both types are often called self-
trimming introns, but some studies showed that in case of 
group I introns this statement is true only under in vitro con-
dition. There were no nuclear mutations directly affecting 
the chloroplast group I intron processing. However, genetic 
analysis of the genomes clearly indicated factors affecting 
the group II intron splicing. It has been demonstrated that 
mutations within the nuclear coded CRS1 gene from maize 
negatively affects the splicing of the intron from the chlo-
roplast-coded ATPF gene. The same study shows that the 

Table 3   Description of the A. thaliana sigma factors (σ) family members (Yagi and Shiina 2014; Börner et al. 2015; Chi et al. 2015)

Sigma factor (σ) Description and function

SIG1 The sigma factor characterized with the highest abundance. It is expressed during the latest stage of the leaf development. It 
binds to the promotors of genes encoding proteins included in PS I and PS II. It plays an important role in PS I acclimatiza-
tion to the light quality changes. It is involved in the WRKY3 dependent biotic stress response

SIG2 Involved in the transcription of several tRNAs such as the DOGJ gene and the ATP operon. Participates in signaling between 
plastid and nucleus. Cooperates with SIG6 in the chloroplast development process. It is also believed that SIG2 is a key fac-
tor favoring PEP polymerase over NEP in transcription at early plant development stages

SIG3 Involved in the transcription of PSBN, ATP and antisense RNA into PSBT. Mutants without SIG3 factor do not show pheno-
typic changes

SIG4 It regulates the transcription of the NDHF gene. Factor-free mutants do not show phenotypic changes
SIG5 SIG5 expression is induced by a wide range of abiotic stresses. SIG5 is involved in the transcription of the PSBD gene and 

in the developmental processes on the embryonic stage. It is believed that SIG5 plays a significant role in the control of 
circadian regulation of plastid gene transcription

SIG6 Expressed during the initial stages of chloroplast biogenesis. It cooperates with SIG2 in the chloroplast development process, 
as evidenced by anatomical chlorophyll disorder in mutants lacking SIG6. SIG6 is involved in the transcription of ATP 
genes. It interacts with the DG1 protein and participates in the signaling between plastid and nucleus
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CRS2 gene affects the normal splicing of many introns from 
the second group (Barkan and Goldschmidt-Clermont 2000).

Regulation of the chloroplast gene 
translation

The A. thaliana cpDNA contains a total of 129 protein cod-
ing and non-protein coding genes. Chloroplasts are equipped 
with a semi-autonomous expression apparatus that was 
inherited from their cyanobacterial ancestors. The last and 
at the same time one of the key stages of gene expression is 
the process of polypeptides chain synthesis on the mRNA 
matrix, i.e. translation. The complete translation process 
within the chloroplast stroma is possible due to the pres-
ence of the bacterial 70S ribosomes and a number of both 
nucleus and chloroplast encoded translational factors (Sun 
and Zerges 2015). Biochemical methods of protein identi-
fication were the main way to characterize plastid transla-
tion machinery. This method allowed the identification of 
the chloroplast ribosomal proteins encoded by the nuclear 
genome, translation initiation and elongation factors and 
tRNA synthetases (Barkan and Goldschmidt-Clermont 
2000).

The contribution of the translational factors to the chlo-
roplast genes expression regulation is closely dependent on 
the plant’s ontogenesis stage. Studies in the initial phases 
of chloroplast differentiation revealed high activity of PEP 
polymerase and, consequently, a drastic increase in mRNA 
encoding proteins of the photosynthetic apparatus. However, 
little is known about the regulation of translation in this pro-
cess. Well-known translation regulator in A. thaliana is the 
nuclear-encoded ATAB2 factor. This factor is responsible 
for the correct placement of the polycystronic mRNA of 
PSAA-PSAB and PSBC-PSBD operons on ribosomes (Sun 
and Zerges 2015). Another essential nuclear-encoded protein 
for proper expression of cpDNA encoded proteins is pen-
tatricopeptide repeat protein (LPE1). Lack of LPE1 protein 
cause in a decrease in psbN translation and a complete loss 
of psbJ translation (Williams‐Carrier et al. 2019). Recently, 
a CHLOROPLAST RIBOSOME ASSOCIATED (CRASS) 
protein has been identified. It is a nuclear-encoded protein 
interacting with proteins of the 30S subunit either directly or 
via another factor. CRASS is not essential for plant survival 
under controlled growth conditions. However, it supports 
ribosomal activity under stressful conditions, especially 
upon cold treatment, by playing a regulatory or stabilization 
role of the 30S subunit (Pulido et al. 2018). Studies focusing 
on the chloroplasts’ translation in the mature tissues indicate 
that light is the main external factor regulating this process. 
The energy in the solar rays reaching the chloroplasts affects 
the multilevel regulation of the synthesis and redox states of 
some biochemical elements of the photosynthetic apparatus. 

These changes ultimately lead to the modulation of the pro-
ton gradient (ΔpH) across the thylakoid membrane. In this 
way, among others, a pH-sensitive factor is activated and 
regulates translation of the PSBA gene encoding the photo-
system II core D1 protein. Another gene whose regulation at 
the level of translation has been well understood is the PSBB 
gene encoding the protein component of the CP47 complex, 
constituting the internal PSII energy antenna. This gene is 
regulated by the translational factors NAC2 and RBP40. 
Through the light-mediated redox reactions, these factors 
bind to each other by covalent linkages to form a PSBB gene 
translation-promoting complex. This activation consists of 
changing the secondary structure preventing the initiation of 
the translation process from occurring on chloroplast ribo-
somes (Sun and Zerges 2015).

Numerous studies on A. thaliana under the light stress 
were conducted. Transcriptomic analyses showed that this 
type of abiotic stress, among others, cause high accumula-
tion of mRNA of PSBA gene encoding D1 protein of photo-
system II (Sakurai et al. 2012; Walter et al. 2015; Adamiec 
et al. 2018). D1 protein is highly sensitive to the high light 
intensity and in case of any damage rapidly replacement. 
One of the co-translational factors responsible for this pro-
cess is the nuclear factor REP27. In opposite, translation of 
the RBCL gene encoding the RuBisCo is inhibited during the 
high light stress condition. The regulation of this process has 
not been described (Sun and Zerges 2015). The regulation 
of chloroplast gene expression by microRNA is still a very 
poorly understood process. Available literature data only 
indicate miR398 as a regulator of gene expression encod-
ing both cytoplasmic and chloroplast superoxide dismutase 
(Han-Hua et al. 2008).

Summary

During an event estimated to have happened over 1.2 billion 
years ago within the process of endosymbiosis, free-living 
cyanobacterium started to coexist inside a eukaryotic cell, 
which turned out to be essential for life as we know it. Dur-
ing the evolution of the plant cell the cpDNA undergone a 
substantial reduction. Many genes of the ancestral chloro-
plasts have been transferred from the cpDNA into the cell 
nucleus. Most of the chloroplast proteins are encoded by 
the nucleus, however the chloroplast genomes still encode 
between 50 and 200 essential proteins depending on the 
plant species. In comparison, cyanobacterial genomes 
encode several thousand proteins. Despite such a notable 
reduction of the encoded protein in the cpDNA, the expres-
sion of chloroplast genes is regulated by much more complex 
systems than cyanobacteria genes. Chloroplasts are consid-
ered to be half-independent organelle; however, they are in 
constant close relation with nucleus. The most pronounced 
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example of this relation is the presence of both PEP and 
NEP polymerases and the factors necessary for their proper 
functioning. The cpDNA differs between the plant species 
both in term of the size and the form they may take. Recent 
cpDNAs studies show that these molecules can take both a 
multi branched linear as well as circular structures. All this 
together gives an image of a diverse and quite complicated 
genetic system occurring inside chloroplasts. Understanding 
of chloroplast genetic machinery is one of the basic condi-
tions for a full explanation of the functioning of chloroplasts 
and the processes occurring in them, including photosynthe-
sis—the basic process that allows life on Earth in the form 
we know.
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