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Chloroplasts in land plants have a 
small genome consisting of only 

100 genes encoding partial sets of pro-
teins for photosynthesis, transcription 
and translation. Although it has been 
thought that chloroplast transcription is 
mediated by a basically cyanobacterium-
derived system, due to the endosymbiotic 
origin of plastids, recent studies suggest 
the existence of a hybrid transcription 
machinery containing non-bacterial 
proteins that have been newly acquired 
during plant evolution. Here, we high-
light chloroplast-specific non-bacterial 
transcription mechanisms by which land 
plant chloroplasts have gained novel 
functions.

Evolutionary Footprint  
of the Chloroplast Genome

Chloroplasts are plant organelles that 
are responsible for photosynthesis. It is 
generally accepted that the chloroplasts 
are derived from a single endosymbiotic 
event in which the ancestor of the plant 
lineage engulfed a green photosynthetic 
cyanobacterium more than one billion 
years ago. Although green algal cells con-
tain only chloroplasts, land plant plastids 
differentiate into specialized plastid types 
that can be distinguished by their struc-
ture, pigment composition (color) and 
function. Chloroplasts are found mainly 
in the leaves, whereas plastids convert 
into non-photosynthetic amyloplasts and 
chromoplasts that accumulate starch and 
a variety of secondary metabolic products 
in roots and fruits, respectively. All types 
of plastids are derived from undifferenti-
ated proplastids in meristematic tissues, 
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and plastid differentiation is controlled by 
environmental and tissue-specific cues.

Plastids have their own genome, whose 
size and number of genes decreased drasti-
cally during plant evolution as compared 
to genomes of living cyanobacteria. The 
unicellular cyanobacterium Synechocystis 
sp. PCC6803 genome is 3,573,471 bp 
and contains 3,317 genes, whereas the 
Arabidopsis thaliana plastid genome 
(154,478 bp) consists of only 87 protein-
coding genes for photosynthesis, lipid 
metabolism, RNA polymerase and ribo-
some components, along with 37 tRNA 
and 4 rRNA genes.1,2 Most cyanobacte-
rial protein-coding genes have been lost 
or transferred to the host nuclear genome 
during plant evolution. On the other 
hand, chloroplast proteome analyses iden-
tified more than 3,000 proteins in chlo-
roplasts, indicating that chloroplasts are 
semi-autonomous and largely dependent 
on nuclear-encoded proteins.3

Chloroplast gene expression is generally 
mediated by prokaryotic machinery anal-
ogous to cyanobacterial RNA polymerase 
and ribosomes. However, no homologues 
of bacterial transcription factors or bacte-
rial nucleoid proteins have been found in 
higher plant genomes. On the other hand, 
recent proteomic analysis of higher plant 
chloroplasts has identified a number of 
plant-specific non-bacterial eukaryotic 
type proteins that are likely involved in 
plastid gene expression. These eukaryotic 
type chloroplast proteins might be newly 
acquired from the host genome after 
the endosymbiotic event, and might be 
involved in the regulation of plastid dif-
ferentiation and the adaptation of plastids 
to the land environment. This implies that 
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growth phase. Thus, it is suggested that 
only the essential sigma factor σ70 has been 
retained in chloroplasts, while other non-
essential alternative sigma factors were lost 
during the early evolution of the green 
plant lineage. The sigma factor gene copy 
number in chloroplasts may have increased 
as a result of genomic duplication to sup-
port plastid differentiation in land plants. 
The σ70 recognizes a consensus promoter 
sequence that is characterized by -10 and 
-35 core elements spaced at 17-19 nt. Such 
promoter sequences are commonly found 
upstream of chloroplast-encoded genes. 
Molecular characterization of Arabidopsis 
sigma factors AtSIG1-AtSIG6 demon-
strated that they have specific and par-
tially overlapping roles in transcription of 
photosynthesis and ribosomal RNA genes 
(For review see ref. 5).

On the other hand, NEP is a phage-type 
chloroplast RNA polymerase that origi-
nated by gene duplication of a mitochon-
drial RNA polymerase gene. Although 
higher plants have one or two NEPs, 
green algae have none. NEP is required 
for transcription of housekeeping genes 
such as genes encoding PEP core subunits, 
ribosomal proteins and a lipid metabolism 
protein (accD). It is well known that PEP 
and NEP activities are inversely regulated 
during chloroplast development from 
seeds (white) to leaves (green).6,7 Briefly, 
NEP becomes active to produce the PEP 
transcription system and chloroplast 
translation machinery at an early stage 
of seed germination. Subsequently, PEP 
actively transcribes photosynthesis genes 
to construct and maintain the photosyn-
thesis system, while NEP activity gradu-
ally declines during the greening process. 
High NEP and low PEP activities are 
characteristic of non-green plastids, such 
as amyloplasts and chromoplasts in roots 
and colored fruits, respectively. During 
tomato fruit ripening, a subset of NEP-
dependent genes including accD, trnA and 
rpoC2 are specifically up-regulated.8 This 
coordinated functioning of the two RNA 
polymerases is essential for plastid differ-
entiation. Thus, chloroplasts inherited the 
bacterial-type transcription system from 
their cyanobacterial ancestor, but likely 
have evolved a complex transcription net-
work with multiple RNA polymerases to 
control plastid differentiation (Fig. 1D).

the chloroplast genome as rpoA, rpoB, 
rpoC1 and rpoC2 (except in the moss 
Physcomitrella patens in which the rpoA 
gene has been transferred to the nuclear 
genome), whereas all genes for plastid 
sigma factors have been transferred to 
the nuclear genome. Interestingly, green 
algae including Chlamydomonas rein-
hardtii, Chlorella and the most primitive, 
Ostreococcus tauri, have only one plas-
tid sigma factor, while land plants such 
as moss (five genes in Physcomitrella), 
ferns (three genes in Selaginella), dicots 
(six genes in Arabidopsis), and monocots 
(seven genes in rice) possess multiple sigma 
factors. Phylogenic analysis revealed that 
all chloroplast sigma factors fall into the 
σ70 family, members of which are respon-
sible for transcription of housekeeping 
genes in bacteria during the exponential 

higher plant chloroplasts have developed 
complicated gene expression systems sup-
ported by a number of eukaryotic pro-
teins, despite their dramatically reduced 
genome information.

Basic Transcription Machinery  
for the Chloroplast Genome

In angyosperms, chloroplast transcrip-
tion is mediated by two distinct types of 
RNA polymerases, plastid-encoded plas-
tid RNA polymerase (PEP) and nuclear-
encoded plastid RNA polymerase (NEP) 
(for review see ref. 4). PEP is a bacterial 
type enzyme that is composed of four 
core subunits (α, β, β′, β″) and a sigma 
factor allowing recognition of promoter 
sequences (Fig. 1A and D). Genes encod-
ing PEP core subunits are retained in 

Figure 1. Comparison of transcription systems in bacteria and plastids. (A) Bacterial RNA poly-
merase traffics from a promoter to a terminator. (B) Changes in compaction and DNA supercoiling 
in bacterial nucleoids is dependent on growth conditions. (C) The roles of abundant DNA binding 
proteins in bacterial nucleoid organization. (D) Plastid transcription machineries. (E) Changes in 
the intra-plastid localization of nucleoids during plastid differentiation. (F) Plant-specific DNA 
binding proteins involved in plastid nucleoid function.
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RNA polymerase subunits but also pTAC 
proteins. However, their primary func-
tions still remain unclear. Several pTAC 
proteins have also been identified as com-
ponents of PEP-A or co-immunoprecipi-
tated with PEP subunits, suggesting that 
some pTAC proteins interact directly with 
PEP (for review see ref. 18). For example, 
pTAC3 binds directly to the PEP complex 
and its defect results in decreased tran-
scriptional activity of PEP.9 Furthermore, 
chloroplast ChIP analysis demonstrated 
that the pTAC3 association pattern along 
the PEP-transcribed region is the same as 
that of the PEP core alpha subunit. These 
data suggest that pTAC3 associates with 
the PEP complex during transcription and 
is essential for PEP activity.

On the other hand, the maize whirly 
1 (WHY1/pTAC1) protein has been iden-
tified in the Chloroplast RNA Splicing 
1 (CRS1) protein complex, which pro-
motes the splicing of the chloroplast atpF 
group II intron.19 ZmWHY1 is part of the 
plant-specific non-bacterial ‘Whirly’ pro-
tein family, members of which have been 
described as DNA-binding proteins and 
are localized at nucleoids in chloroplasts 
and mitochondria. Genome-wide DNA or 
RNA immunoprecipitation assays showed 
that ZmWHY1 is associated with maize 
chloroplast DNA and with a subset of 
plastid RNAs including atpF transcripts. 
Moreover, ZmWHY1 is required for PEP-
dependent transcription, but not directly 
involved in either DNA replication or 
global plastid transcription. Although it 
is not clear whether the WHY1 protein 
is associated with PEP, its DNA binding 
pattern and association with the chloro-
plast RNA splicing complex suggest that 
WHY1 is involved in post-transcriptional 
regulation at chloroplast nucleoids and 
the coupling of transcription and splic-
ing. In addition to the role of WHY1 in 
chloroplasts, it has been reported that 
AtWHY1 also acts as a nuclear transcrip-
tion factor regulating the salicylic-acid 
dependent defense system.20 Likewise, 
pTAC12/HEMERA protein is also local-
ized to both nuclei and chloroplasts, and 
is involved in phytochrome light signal-
ing.21 These dual-localized pTAC proteins 
might be involved in the crosstalk between 
chloroplast and nuclear gene expression. 
genome uncoupled 1 (GUN1) has been 

plastid elongation regulators, since they 
possess similarity to the NusG domain 
and the nuclear transcription elongation 
factor TFIIS, respectively.10,11 Molecular 
characterization of these factors in PEP-
dependent transcription will provide 
insight into the PEP elongation mecha-
nisms. Termination of chloroplast RNA 
polymerase activity was found to occur 
at intrinsic bacterial-like terminators in 
vitro.12 However, most chloroplast 3' ter-
mini are generated by RNA processing 
rather than by termination at accurate 
positions in vivo.13

Novel Plant-Specific  
Transcriptional  

and Post-Transcriptional  
Regulators in Plastids

It is known that the molecular size of the 
PEP complex changes during leaf devel-
opment.14 In mustard, two distinct PEP 
complexes have been identified in chloro-
plasts: PEP-A and PEP-B, which differ in 
terms of subunit composition, functional 
properties and abundance during etio-
plast-to-chloroplast conversions. PEP-B 
consists of four proteins corresponding to 
the predicted sizes of PEP core subunits, 
whereas PEP-A is larger than PEP-B and 
contains at least 13 additional polypep-
tides. Etioplasts in dark-grown seedlings 
contain PEP-B, whereas PEP-A is predom-
inant in chloroplasts. The PEP complex 
likely alters in size and activity through 
PEP-A-associated proteins during chloro-
plast development.

Plastid transcriptionally active chromo-
somes (pTACs) have been isolated from the 
chloroplast membrane by treatment with 
Triton X-100 followed by gel filtration.15 
Electron microscopic observation revealed 
huge protein-DNA complexes with a 
mesh-like structure.16,17 Thus, pTACs are 
assumed to be a part of plastid nucleoids. 
Proteomic analysis of pTAC proteins has 
identified 18 novel non-bacterial pro-
teins that are named pTAC1—pTAC18, 
together with PEP core subunits, DNA 
gyrase, DNA polymerase and some ribo-
somal proteins.10 Interestingly, most pTAC 
gene-inactivated mutants display a chlo-
rophyll-deficient phenotype and reduced 
PEP transcription activity, suggesting that 
PEP transcription requires not only core 

Missing Parts for Chloroplast 
Transcription

The molecular understanding of tran-
scriptional regulation in bacteria is well 
advanced. The transcription cycle com-
prises multiple steps including initiation, 
elongation and termination (Fig. 1A). 
RNA polymerase complexes with differ-
ent types of σ factors recognize different 
promoter sequences and initiate transcrip-
tion of specific sets of genes. Gene-specific 
transcriptional activation and repression 
are also regulated by DNA-binding tran-
scription factors, although they are not 
part of the holoenzyme (RNAP core-σ 
complex). The sigma factor is released 
from the RNA polymerase holoenzyme 
during the transition from initiation to 
elongation, and the RNA polymerase 
complex is converted into an elongation 
complex (EC). The EC slides along DNA 
with the assistance of elongation regu-
lators such as NusA, NusG and GreA. 
Bacterial transcription is terminated by 
two mechanisms: Rho protein-dependent 
termination and intrinsic terminator 
sequence-dependent (Rho-independent) 
termination.

In chloroplasts, it has been clearly 
shown that promoter recognition by PEP 
is also conferred by sigma factors in a 
similar manner to that in bacteria. Several 
promoters in higher plant chloroplasts 
have unique cis elements.4 However, no 
transcription factors or DNA-binding 
proteins that are conserved between bac-
teria and higher plants have been identi-
fied. In contrast to the initiation steps, 
much less is known about the post-initi-
ation steps. Recently, we have developed 
a chloroplast ChIP assay, and analyzed 
the binding of PEP core subunit, α, along 
chloroplast DNA.9 The association of PEP 
is enriched at promoter-proximal regions, 
and its signal attenuated toward termi-
nation regions, similar to the distribu-
tion patterns of E. coli RNAP, suggesting 
that PEP-dependent transcription ini-
tiation, elongation and termination steps 
are regulated by mechanisms similar to 
those of bacteria. However,  for PEP and 
NEP elongation and termination factors 
remain unidentified. Plastid transcrip-
tionally active chromosome 13 (pTAC13) 
and Etched 1 (ET1) are candidates to be 
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development. Furthermore, recent pro-
teomic analysis of maize chloroplast 
nucleoids during chloroplast development 
identified not only basic proteins involved 
in DNA replication, repair and tran-
scription, but also a number of proteins 
involved in post-transcriptional events 
such as RNA processing and editing.30 
It is suggested that the plastid transcrip-
tion system is spatially and functionally 
coupled to post-transcriptional events at 
plastid nucleoids. Interestingly, most of 
the proteins involved in post-transcrip-
tional processes in plastid nucleoids are 
not related to bacterial proteins. Further 
characterization of plastid nucleoid pro-
teins should provide insights into the co-
evolution of non-bacterial proteins with 
the basic plastid transcription system.

Summary

Proteomic analysis of plastid transcrip-
tion machinery such as pTACs and plas-
tid nucleoids has raised the question of 
why plastid transcription requires many 
additional factors besides the basic tran-
scription machinery to transcribe a small 
genome encoding only a hundred genes. 
It is likely that almost all pTAC and 
plastid nucleoid proteins were acquired 
when plants became adapted for life 
on land, as evidenced by the absence of 
homologous proteins in green algae such 
as Chlamydomonas reinhardtii. It is rea-
sonable that green algae have simplified 
their transcription regulatory system in 
chloroplasts by reducing the number of 
cyanobacterium-derived regulatory fac-
tors, since green alga chloroplasts exist 
in a stable environment, the cytoplasm 
of the host cells. Furthermore, chloro-
plasts of green algae stay green even in the 
dark, suggesting a lack of light-dependent 
regulation of chloroplast development. 
Indeed, chloroplasts of green algae such 
as Chlamydomonas retain only one sigma 
factor and have acquired no NEP. By 
contrast, chloroplasts in land plants dif-
ferentiate into several different types of 
plastids in response to cell differentiation. 
To gain a plastid differentiation system, 
chloroplasts were forced to develop both 
repression (green to white) and activation 
(white to green) systems for photosyn-
thetic machinery. The acquisition of the 

One of the major bacterial nucleoid 
proteins, HU, has been identified in the 
red alga Cyanidioschyzon merolae and 
in apicomplexa. However, mosses and 
higher plants have lost all bacterial-type 
nucleoid proteins, including HU,25 sug-
gesting that higher plants have adopted 
novel eukaryotic-type proteins as nucle-
oid proteins to compact plastid DNA 
and regulate nucleoid function. It should 
be noted that chloroplasts in land plants 
contain several unique proteins as plastid 
nucleoid proteins (Fig. 1F). Sulfite reduc-
tase (SiR) is a 70 kDa soluble protein and 
one of the most abundant proteins in the 
plastid nucleoid. SiR induces the com-
paction of plastid DNA and effectively 
represses chloroplast transcription activ-
ity in vitro. These results suggest that SiR 
may regulate the global transcriptional 
activity of chloroplast nucleoids through 
changes in DNA compaction.26 Moreover, 
small molecular proteins containing a 
eukaryotic SWIB (SWI/SNF complex B) 
domain have been recently identified in 
TAC fractions.27 Among them, SWIB4, 
which is localized in both plastid nucle-
oids and cellular nuclei, has a histone H1 
motif and could functionally complement 
an E. coli mutant lacking the histone-like 
nucleoid structuring protein H-NS, indi-
cating that SWIB4 might be a counter-
part of the bacterial nucleoid proteins that 
is involved in the maintenance of nucleoid 
structure.

It has been proposed that plastid 
envelope DNA-binding protein (PEND) 
and MAR-binding filament-like protein 
(MFP1) are also unique nucleoid anchor 
proteins that bind both DNA and chlo-
roplast membranes. PEND is composed 
of a cbZIP domain and a C-terminal 
hydrophobic domain. The cbZIP domain 
is involved in dimerization of PEND and 
sequence-specific DNA binding, whereas 
the C-terminal hydrophobic domain is 
required for targeting the PEND protein 
to the chloroplast envelope membrane.28 
In contrast to PEND, MFP1 has been 
shown to be localized to the thylakoid 
membranes and its C-terminal domain 
has DNA binding activity.29 Thus, it is 
assumed that two anchor proteins are 
likely involved in the relocation of plas-
tid nucleoids from the envelope to thy-
lakoid membranes during chloroplast 

identified as a key player involved in the 
plastid-to-nucleus signaling that coor-
dinates nuclear gene expression with the 
chloroplast status via signaling molecules 
such as chloroplast-generated ROS and 
Mg-ProtoIX.22 Interestingly, GUN1 is co-
localized with pTAC2 in chloroplasts and 
has both DNA- and RNA-binding activi-
ties in vitro. Genetic analysis has implied 
that GUN1 integrates multiple signal-
ing pathways responsible for recognition 
of aberrant chloroplasts, which leads to 
ABI4-mediated repression of nuclear-
encoded genes, but the transcriptional 
roles of GUN1 and pTAC2 in chloroplast 
gene expression are still unknown.

Taken together, transcription by the 
bacterial type chloroplast RNA poly-
merase PEP is mediated by a number of 
pTAC proteins, which are not conserved 
in bacteria and have been likely acquired 
during higher plant evolution. pTAC 
proteins might be involved in plastid 
maintenance processes such as plastid dif-
ferentiation and the recognition of aber-
rant chloroplasts.

Plastid Nucleoid Proteins

In addition to gene-specific transcrip-
tional regulatory mechanisms, it has 
also been shown that global plastid tran-
scription activity is under the control of 
the spatial architecture of the genome. 
Bacterial DNA is packed into a protein-
DNA complex, a bacterial chromosome 
termed a nucleoid. DNA binding proteins 
such as HU, Fis, and H-NS induce com-
paction and supercoiling of DNA through 
their DNA binding activity (Fig. 1C).23 
Chloroplast transcription also occurs at 
nucleoids. In bacteria, nucleoid compac-
tion and DNA supercoiling are differen-
tially regulated depending on the growth 
phase and transcription status (Fig. 1B). 
Similarly, plastid nucleoids drastically 
change in size, morphology and localiza-
tion during chloroplast development.24 
The plastid nucleoid is located in the 
envelope membrane of immature pro-
plastids, whereas it relocates to the thy-
lakoids in mature chloroplasts (Fig. 1E). 
Relocation of plastid nucleoids might be 
involved in transcriptional regulation of 
plastid-encoded genes during chloroplast 
development.
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NEP type novel plastid RNA polymerase 
likely enabled a transcriptional switching 
system in chloroplasts, which allows selec-
tive transcription of a set of housekeep-
ing genes in non-photosynthetic tissues, 
such as roots and flowers. In addition, 
PEP accessory proteins, including a num-
ber of pTAC proteins, may be required 
for the establishment and maintenance 
of active transcription of photosynthesis 
genes through PEP. These non-bacterial 
factors have been probably acquired from 
host cells, since plant cells lost most of 
the cyanobacterium-derived regulatory 
proteins early during evolution of green 
algae. Finally, nucleoid architecture and/
or intra-chloroplast localization may be 
involved in the regulation of plastid tran-
scription activity in response to plastid 
differentiation, and the regulatory pro-
teins likely have been developed during 
plant evolution.

Taken together, land plants have 
acquired several novel non-bacterial pro-
teins that are involved in transcriptional 
and post-transcriptional regulation of 
plastid gene expression during chloro-
plast differentiation and adaptation to the 
environment. Further molecular charac-
terization of pTACs and plastid nucleoid 
proteins will provide insights into the 
complex regulatory mechanisms of plastid 
gene expression in response to plastid dif-
ferentiation and environmental cues.
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