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Sigma factors are the predominant factors involved in transcription regulation in bacteria. These factors can re-
cruit the core RNA polymerase to promoters with specific DNA sequences and initiate gene transcription. The
plastids of higher plants originating from an ancestral cyanobacterial endosymbiont also contain sigma factors
that are encoded by a small family of nuclear genes. Although all plastid sigma factors contain sequences con-
served in bacterial sigma factors, a considerable number of distinct traits have been acquired during evolution.
The present review summarises recent advances concerning the regulation of the structure, function and activity
of plastid sigma factors since their discovery nearly 40 years ago. We highlight the specialised roles and overlap-
ping redundant functions of plastid sigma factors according to their promoter selectivity. We also focus on the
mechanisms that modulate the activity of sigma factors to optimise plastid function in response to developmen-
tal cues and environmental signals. This article is part of a Special Issue entitled: Chloroplast Biogenesis.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

It is generally accepted that the plastids of vascular plants originated
from an ancestral cyanobacterial endosymbiont. The plastids have
retained bacterial-like gene expression machinery. However, the mas-
sive transfer of genes encoding components of the photosynthetic appa-
ratus to the nucleus after endosymbiosis together with the integration
of the organelles into plants with distinct developmental stages and
cell types has necessitated new strategies to coordinate the expression
of plastid and nuclear genes. As a result, eukaryotic features were also
acquired after plastids were incorporated into eukaryotic cells [1]. In
vascular plant plastids, for example, transcription is carried out by
both a nuclear-encoded phage-type RNA polymerase (NEP) and the
cyanobacterium-derived plastid-encoded RNA polymerase (PEP) [1,2].
Moreover, most homologues of bacterial transcription factors have
been lost in plastids, whereas a number of non-bacterial eukaryotic

type nucleic acid binding-proteins likely involved in plastid transcrip-
tion have been acquired during evolution [3,4]. Therefore, the plastid
transcriptional machinery represents a mixed system with prokaryotic
and eukaryotic traits [3,4]. It is therefore a good model to study tran-
scription mechanisms in an evolutionary context.

Transcription is roughly divided into the following three major
stages: initiation, elongation and termination [5]. Initiation is a dynamic
and highly regulated step of gene transcription in both bacteria and
eukaryotes. In eubacteria, the key players in transcription initiation
are sigma factors (σ), which associate with the catalytic core of RNA po-
lymerase (RNAP) to guide it through the essential steps of initiation,
which are promoter recognition and opening and synthesis of the first
few nucleotides of the transcript [6]. After RNA synthesis has started,
sigma factors are released from the RNAP. However, a population of
sigma factors is retained throughout elongation [6]. The PEP has evolved
from eubacterial-type RNAPs. Accordingly, sigma factors mediate tran-
scription initiation for PEP. Nevertheless, more complicated mecha-
nisms than those used by eubacteria have evolved to modulate the
activity of sigma factors through which plastid transcription is finely
regulated.

In past decades, the use of genetic and biochemical approaches
together with the ability to manipulate the plastid genome in several
species has significantly advanced our understanding of plastid tran-
scription at themechanistic level. The aimof this review is to summarise
recent advances in understanding the structure, function and regulation
of the plastid sigma factors. We also pay specific attention to the mech-
anism through which the activities of sigma factors are modulated to
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optimise plastid function in response to developmental cues and envi-
ronmental signals.

2. Overview of plastid sigma factors

The first report on a plastid sigma factor appeared almost 40 years
ago [7]. In this report, a putative plastid sigma factor protein was puri-
fied from a green alga, Chlamydomonas reinhardi, using biochemical
assays. Such proteins with sigma factor activity were subsequently
identified in red alga and higher plants [8–12]. Proteins associated
with sigma factor activity were initially named “sigma-like” factors [8,
9]. Sequence analysis of all cloned plastid sigma factors clearly revealed
the presence of the typical sigma factor domains. Together with func-
tional assays, these findings justify their assignment as true sigma
factors [12–14]. In contrast to the PEP core subunits, all of the sigma
factors from higher plants are nuclear encoded rather than plastid
encoded. Bacteria have a single essential housekeeping sigma factor
that promotes the transcription of thousands of genes and many alter-
native sigma factors that promote the transcription of a specialised
gene set required for adaptive stress [15]. In agreement with the multi-
ple sigma factors typically found in bacteria,more than one sigma factor
is usually found in plastids of higher plants [16–20]. This was also
revealed through the sequencing of the genomes of several plastid-
containing species including Arabidopsis (6 sigma genes), rice (Oryza
sativa) (6 genes), Sorghum biocolor (6 genes), Vitis vinifera (6 genes)
and Populus trichocarpa (7 genes) [21]. In particular, the six Arabidopsis
sigma factors designated SIG1–SIG6 were extensively studied. Recent
work with sigma factor mutants or antisense plants revealed that mul-
tiple sigma factors can have specialised roles and overlapping redun-
dant functions based on the promoters they recognise (see below for
details).

All plastid sigma factors belong to the superfamily of σA/σ70 and
have sequences homologous to the conserved regions 1.2, 2, 3, and 4
of bacterial sigma factors (Fig. 1). In addition, conserved regions of
some plant sigma factors can replace σ70 regions of Escherichia coli
[12]. It was therefore proposed that plastid sigma factors could adopt
a similar spatial configuration and perform a function analogous to
that of their bacterial homologues. However, plastid factors lack the
1.1 region of bacterial factors [22] (Fig. 1). In addition, plant sigma fac-
tors also display considerable variation in conserved domains [22–24].
These changes might confer different affinities for core enzyme, diverse
ratios of abortive and processive transcription, anddifferent preferences
in choosing sequences of σ70-type promoters to plastid sigma factors
compared to those of E. coli. Region 2 of SIG5 is one such example. In
bacteria, regions 2.1 and 2.2 (two sub-regions of region 2) form the
main domain that binds to the RNAP core [25,26]. Regions 2.1 and 2.2

ofmost plant sigma factors display high similarity to E. coli sigma factors
except for SIG5, which has the lowest similarity to the common consen-
sus in these two regions. Due to this difference, it has been proposed
that the interaction between SIG5 and the core enzyme is weaker than
the interactions between core enzyme and other sigma factors. Conse-
quently, SIG5 is less competitive in binding the core, but a holoenzyme
comprising SIG5 has a lower level of abortive transcription [22]. Such a
property may be critical for stress-inducible trans-factors like SIG5 [27].
For details on the similarities and differences in structure and function
between bacterial and plastid sigma factors, we refer readers to the re-
view of Lysenko [22].

The conserved region (CR), which is localised in the C-terminal re-
gion of sigma factors, is strikingly uniform in both sequence and length.
However, the N-terminal half of the plant sigma factors does not share
significant homology with bacterial factors. This region was named
the UCR (unconserved region), and its role is only starting to be eluci-
dated [23,24,28]. Schweer et al. identified two regions containing
cpCK2 phosphorylation sites in the UCR of SIG6 [29]. One covers the re-
gion marked by Ser-94 and Ser-95, while the other spans several serine
residues between Ser-174 and Ser-180. Similarly, Thr-170 in the UCR of
SIG1was also demonstrated to be a phosphorylation site [30]. By study-
ing various phosphorylation-site mutants both in planta and in vitro,
they demonstrated that the phosphorylation sites within UCR are criti-
cal for the activity and specificity of SIG6 [29]. In addition, the UCR of
SIG6 was found to be responsible for the interaction of SIG6 with
other partners [31]. The UCR function of other plastid sigma factors
has not yet been elucidated.

3. Sigma-associated plastid promoters

Although sigma factors do not specifically bind promoters on their
own, all specific recognition of promoters by RNAP is mediated by
sigma factors [6]. In accordance with the cyanobacterial origin of PEP,
despite many variable features, two conserved sequence motifs com-
monly known as the −35 region (TGACA) and −10 region (TATAAT)
of typical bacterial sigma-recognised promoters are found upstream of
many plastid genes [32,33]. Because such plastid σ70-type promoters
are used by PEP, they are also called PEP promoters. The plastid σ70-
type promoter can be fully recognised by E. coli RNAP in vitro, suggest-
ing its similarity to the eubacterial σ70 promoter [34–36]. It is interest-
ing that the plastid genes of Chlamydomonas do not contain valid −35
elements [37], whose function might be served by a more remote se-
quence in the coding region of some plastid genes of Chlamydomonas
[38–40].

The function of these elements was dissected by in vitro transcrip-
tion experiments. Several of these studies were carried on the psbA

Fig. 1. Structural organisation of sigma factors. (A) Domains and associated functions of E. coliσ70 proteins. 1.1-4.2 indicate different conserved regions of E. coliσ70 proteins. UCR indicates
an unconserved region. Consensus for the−35 hexamer (−35 to−30), the extension−10 element (−15 to−13), the−10 hexamer−12 to−7), and discriminator DNA (−6 to−1,
with an optimal GGG−6 to −4), relative to the transcriptional start are shown in the lower lane. The vertical arrow indicates the transcription initiation site. (B) Structural scheme of
plastid sigma factors. TP indicates the transit peptide.
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