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Abstract

Plastids are cellular organelles which originated when
a photosynthetic prokaryote was engulfed by the
eukaryotic ancestor of green and red algae and land
plants. Plastids have diversified in plants from their
original function as chloroplasts to fulfil a variety of
other roles in metabolite biosynthesis and in storage,
or purely to facilitate their own transmission, accord-
ing to the cell type that harbours them. Therefore
cellular development and plastid biogenesis pathways
must be closely intertwined. Cell biological, biochem-
ical, and genetic approaches have generated a large
body of knowledge on a variety of plastid biogenesis
processes. A brief overview of the components and
functions of the plastid genetic machinery, the plastid
division apparatus, and protein import to and targeting
inside the organelle is presented here. However, key
areas in which our knowledge is still surprisingly limited
remain, and these are also discussed. Chloroplast-
defective mutants suggest that a substantial number
of important plastid biogenesis proteins are still un-
known. Very little is known about how different plastid
types differentiate, or about what mechanisms co-
ordinate cell growth with plastid growth and division,
in order to achieve what is, in photosynthetic cells, a
largely constant cellular plastid complement. Further,
it seems likely that major, separate plastid and chloro-
plast ‘master switches’ exist, as indicated by the co-
ordinated gene expression of plastid or chloroplast-
specific proteins. Recent insights into each of these
developing areas are reviewed. Ultimately, this infor-
mation should allow us to gain a systems-level under-
standing of the plastid-related elements of the networks
of plant cellular development.

Key words: Chloroplast, light, photosynthesis, phytochrome,
plastid.

Introduction

Chloroplasts, arguably, define plant life. The overall
vegetative structure of a plant can be ultimately concep-
tualized as a set of organs (the leaves) occupied by cells
filled with chloroplasts and exposed to light and the
atmosphere, and accompanied by their ‘ancillary’ organs,
the roots and stem. In other words, plants are, effectively,
self-standing solar panels, with chloroplasts being the solar
‘cells’. Chloroplasts, however, do not just carry out photo-
synthesis (photoreduction of carbon, nitrogen, and sulphur),
but are central hubs in plant metabolism (Neuhaus and Emes,
2000). They manufacture fatty acids, aromatic and non-
aromatic amino acids (essential for protein synthesis, but
also for a vast array of plant secondary metabolites), purine
and pyrimidine bases, isoprenoids (like carotenoids and
sterols) and tetrapyrroles (like haem and chlorophyll). Most
of these functions are essential for every cell type, and
chloroplasts have integrated into cellular development path-
ways by differentiating into a variety of other, intercon-
vertible, non-photosynthetic plastid types (Whatley, 1978;
Waters and Pyke, 2004). In parallel with cellular differen-
tiation, the range of plastid types even includes a slimmed-
down, ‘meristematic cell’ equivalent, the undifferentiated
proplastid.

Like mitochondria, plastids are double-membrane organ-
elles derived from an engulfed endosymbiont, in their
case a photosynthetic cyanobacterium. Its closest, well-
characterized, known living relatives belong to the genus
Nostoc (Dyall et al., 2004; Martin et al., 2002), whose
genome encodes in excess of 5000 proteins (depending on
strain). Plastids have retained a semi-autonomous charac-
ter, a minimal genetic machinery, and genes for a small
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number of polypeptides, the expression of which needs to
be directed by the nucleus at appropriate times. However,
the majority of plastid proteins are encoded in the nucleus,
translated in the cytosol, imported into the organelle and
further targeted to one of its suborganellar compartments.
Plastids also need to grow and multiply to keep pace with
their ‘host’ cells, and increase their number by binary fis-
sion. Furthermore, plastids ‘report’ on their physiological
status to the nucleus of the cell, to ensure co-ordination
between the two genomes (Nott et al., 2006). This review
will attempt to summarize the recent, and dramatic, pro-
gress in these areas. However, it intends to argue that some
very important aspects of plastid biology remain very
poorly understood, to summarize recent insights into some
of the less-well-explored areas, and to suggest those areas
in which increased effort of inquiry could be justified.

A recent comprehensive update on plastid biology is
available (Mgller, 2004). Excellent reviews on plastid gen-
etics (Sugiura et al., 1998; Mache and Lerbs-Mache, 2001;
Wakasugi et al., 2001), plastid protein import (Jarvis and
Robinson, 2004; Bedard and Jarvis, 2005), division
(Osteryoung and Nunnari, 2003), interorganellar commu-
nication (Nott et al., 2006), and the role of the ancestral
organellar genome in the host (Timmis et al., 2004) have
been published. A more extensive overview of plastid de-
velopmental processes, and of the evidence for roles of
plastids in plant development, has been attempted else-
where (Lopez-Juez and Pyke, 2005).

Plastid biogenesis: the achievements

Endosymbiosis and the origin of plastid proteins

The evidence for an endosymbiotic origin of chloroplasts
is overwhelming. Initial cell biological observations noted
not only the morphological similarity of chloroplasts and
free-living cyanobacteria but also the apparent relative
autonomy of behaviour of chloroplasts within plant cells
(Martin and Kowallik, 1999). This included physical intra-
cellular movements, and even the production and sub-
sequent retraction from the body of chloroplasts and other
plastids, of transient projections, now called stroma tu-
bules or stromules and the subject of renewed interest
(Kohler and Hanson, 2000).

The endosymbiotic process has gained great new
insights in recent years. The availability of entire nuclear
and plastid genome sequences has made it possible to com-
pare those of photosynthetic eukaryotes with cyanobacteria
and non-photosynthetic eukaryotes (Martin et al., 2002;
Richly and Leister, 2004; Timmis et al., 2004). Cyanobac-
terial genomes, of Synechocystis and of two species of
Nostoc, are estimated to contain from 3000 to over 7000
genes. The chloroplast proteome has been estimated for
Arabidopsis and rice, based on the presence of transit pep-
tides in nuclear-encoded genes, predicted through a combi-

nation of computing algorithms (see below). The number of
chloroplast proteins thus predicted, with an obviously large
degree of uncertainty (Richly and Leister, 2004) ranges
from 2100 (Arabidopsis) to 4800 (rice). Meanwhile chloro-
plast genomes encode around 130 genes in total, of which
around 80 code for proteins (Martin et al., 2002; Lopez-
Juez and Pyke, 2005). It is obvious that (a) the majority of
the chloroplast ancestral genome is now located in the
nucleus of plant cells, and (b) the majority of plastid pro-
teins are encoded in the nucleus. A major outcome of these
studies, however, is the observation that an extensive
amount of reshuffling has taken place (genes in these ‘a’
and ‘b’ sets overlap only by about 50%), with both pre-
existing eukaryotic genes having been recruited into func-
tions located in the plastids, and cyanobacterial genes
having acquired novel plastid-unrelated functions in the
nucleus of plant cells (Martin et al., 2002; Timmis et al.,
2004). An example of the former is the carbon-reducing
Calvin cycle, which is composed of a number of enzymes of
both cyanobacterial and host origin. An example of the latter
is probably the range of bacterial sensory histidine kinases
now present in plants, which are absent in metazoans and
very rare in fungi. A note of caution has been introduced
by the analysis of the full genome of the unicellular red
alga Cyanidioschyzon merolae (Matsuzaki et al., 2004).
This tiny red alga (cell of 2 um diameter, with a single
chloroplast and a single mitochondrion) is predicted to have
a minimal photosynthetic eukaryote genome, with fewer
genes (5300) than Nostoc. Cyanidioschyzon does not, for
example, contain a gene for phytochrome, the light sensor
in plants derived from bacterial histidine kinases, and has
no nuclear-encoded histidine-kinase response regulators.
Whether this is a result of gene loss or reflects a smaller
contribution of the chloroplast ancestor’s genome than
otherwise thought, remains an open question. Its chloro-
plast, however, appears to be derived from the same, single
endosymbiotic event that gave rise to all extant chloroplasts.

Plastid genetics

Plastids possess a genome (plastome) of between 120
and 160 kbp that encodes between 120 and 135 genes (see
the Organelle Genome Megasequencing Program, http://
megasun.bch.umontreal.ca/ogmp, for a complete set of avail-
able genomes). Besides polypeptides, the genome encodes
eubacterial-type ribosomal and transfer RNAs. Many
plastome genes are organized in operons. Plastome-encoded
proteins include subunits of the eubacterial-type RNA poly-
merase (rpo), further genetic machinery (splicing and ribo-
somal proteins), photosynthetic polypeptides, including
several for the four main thylakoid complexes, NADH de-
hydrogenase genes, and a few polypeptides of other func-
tions (Sugiura et al., 1998; De las Rivas et al., 2002).
Plastids are highly polyploid, with plastomes probably
arranged as concatenated, long, linear molecules rather than
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small circles, and, in general, physically linked to the inner
plastid envelope through Plastid Envelope DNA-binding
(PEND) and other proteins (Sato et al., 2003; Wycliffe
et al., 2005). Plastome copy number, at least in leaf cells, is
very high (several thousand per nuclear genome), undergoes
a phase of proliferation in young cells (Baumgartner et al.,
1989) and in spite of reports to the contrary, remains con-
stant thereafter (Li et al., 2006). One possible explanation
for the highly polyploid nature of chloroplasts is the need to
synthesize very large amounts of photosynthetic proteins.
Another (not mutually-exclusive) reason is that it confers
protection against mutations that, in asexually reproducing
organisms (as these organelles are), accumulate without a
possibility of repair through recombination during sexual
reproduction. The occurrence of this protective gene con-
version mechanism has recently been proven to occur in
chloroplasts (Khakhlova and Bock, 2006).

Nuclear control of plastid gene expression

The expression of plastid-encoded genes is carried out by
two RNA polymerases of different origin (Shiina et al.,
2005). One is the plastid-encoded polymerase (PEP), which
has been retained from the ancestral endosymbiont, is
composed of three subunits (encoded by rpoA, B, and
C genes) and recognizes E. coli-like promoters (Suzuki
et al., 2004). The other is nuclear-encoded (NEP), phage-
type, made of a single subunit, and probably derived from
its homologue, the mitochondrial RNA polymerase (Hedtke
et al., 1997; Sato et al., 2003). In fact, three phage-type
polymerases are encoded in the nucleus of Arabidopsis,
one targeted to mitochondria, one to chloroplasts, and one
to both organelles (Hedtke et al., 2000). A mutation in the
dual-targeted NEP polymerase, RpoT,2, results in defects
only in plastid gene expression, and delayed greening and
leaf and root growth (Baba et al., 2004). A mutation in the
plastid-only NEP causes more severe defects in leaf devel-
opment and gene expression (Hricova et al., 2006), and the
combination of both of these mutations results in very early
seedling lethality (Hricova et al., 2006). Although genes
transcribed by both NEP and PEP polymerases exist, in
general, a sequential action occurs: genes with NEP pro-
moters are transcribed early in chloroplast development
and are involved in housekeeping functions, primarily con-
stituting the plastid genetic machinery, including the sub-
units of PEP. Thereafter PEP is involved in the
expression of photosynthesis-related genes (Hajdukiewicz
et al., 1997). Interestingly, a developmental changeover
seems to take place, with glutamyl-tRNA, a product of
PEP transcription that is also a precursor for chloro-
phyll biosynthesis, actively binding and repressing NEP,
and therefore ensuring that once a commitment to photo-
synthetic development has taken place, minimal resources
are ‘diverted’ (Hanaoka et al., 2005).

Although PEP is plastid encoded, the transcription of
PEP-transcribed genes is also under nuclear control. This
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is a consequence of sigma-70 factors, which in eubacteria
determine promoter specificity of the RNA polymerase,
being encoded in the nucleus of plant cells (Isono et al.,
1997). In Arabidopsis, six sigma factors exist with par-
tially discrete functions. For example, SIG6 is a sigma
factor that acts early and generically in chloroplast devel-
opment (Ishizaki et al., 2005). SIG6 function is probably
taken over by SIG3 and SIG1. SIG1 is a general sigma
factor but is expressed later that SIG6 (Ishizaki et al.,
2005). SIG3 is constitutively expressed, but the protein
associates with plastid internal membranes which are not
well developed early on (Privat et al., 2003). SIG2, mean-
while, is involved in transcription of tRNAs, including
the precursor of chlorophyll, Glu-tRNA (Kanamaru et al.,
2001). One example of a regulatory circuit has recently
been uncovered: a number of plastid-encoded photosyn-
thetic genes, including psbD, are induced by intense blue
and red light (Mochizuki et al., 2004), probably as an
adaptive response to the fact that the polypeptides they
encoded are damaged by high light, and need to be turned
over. The photoreceptors are the nucleo/cytoplasmic phyto-
chrome A and cryptochromes, their primary action being
the induction of AsSIGS gene expression. The SIG5 protein
then activates the psbD blue light-responsive promoter
(Nagashima et al., 2004; Tsunoyama et al., 2004).

The specific role of SIG5 beautifully illustrates how the
nucleus holds control over plastid gene expression. As
indicated earlier, this is one direction in a two-way traffic
of control processes between the nucleus and the plastid.
The physiological status of the plastids sets in motion sig-
nalling processes which, in turn, control the expression
of nuclear-encoded, plastid-related genes (reviewed by
Nott et al., 2006).

Protein import and targeting

The endosymbiotic event, followed by transfer of genes to
the nucleus, posed obvious challenges for the cell. One was
the need to import proteins synthesized in the nucleo/
cytoplasm into the organelle, i.e. across the double enve-
lope. Second was the routing of these imported polypep-
tides, either to remain in the stroma, be targeted into the
thylakoid membrane or the thylakoid lumen, or indeed end
as components of either chloroplast envelope or its inter-
membrane space (a total of six possible destinations; Jarvis
and Robinson, 2004). While the import stage, the uptake
of proteins, is a novel process, the re-routing is equivalent
to an ancient, pre-existing prokaryotic process, protein tar-
geting or secretion, and indeed some pathways used by
chloroplasts are shared with eubacteria.

The translocation of polypeptides across the envelopes
is carried out by the Toc (translocon of the outer envelope
of chloroplasts) and Tic (translocon of the inner envelope
of chloroplasts) complexes (Fig. 1). The structure and
evolution of these have been the subject of excellent re-
views (Soll, 2002; Jarvis and Robinson, 2004; Bedard and
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Fig. 1. Plastid protein import and thylakoid targeting mechanisms.
Components of the translocon of the outer (Toc) and inner (Tic)
membrane of chloroplast, and associated chaperones/heat shock proteins
(HSP), 14-3-3 proteins, signal processing peptidase (SPP) and thylakoid
processing peptidase (TPP) are shown. The signal recognition particle
(SRP) is involved in the membrane integration of a few thylakoid proteins,
while the secretory (Sec) or the twin-arginine or ApH (Tat) systems import
proteins into the lumen. Adapted from Lépez-Juez and Pyke (2005) and
reprinted by kind permission of UBC press, Vancouver.

Jarvis, 2005). The complexes recognize cytosolic proteins
that carry a plastid transit peptide, an N-terminal sequence
of between 20 and 100 amino acids, with surprisingly
little conservation, except for a high content of hydroxy-
lated and small amino acids and a low content of large
and acidic amino acids (i.e. having a positive charge
overall). Toc is composed of five transmembrane proteins.
One, Toc75, which is likely to form the pore complex,
has a transmembrane [B-barrel structure and is part of an
ancient family of outer membrane proteins (OMPs)
present in eubacteria and organelles (Moslavac et al.,
2005). Two other core polypeptides, Toc 159 and Toc34,
jointly contribute to the recognition of plastid transit
peptides. These proteins function through a cycle of GTP
hydrolysis, are of eukaryotic origin, and their mode of
action has been extensively explored, although uncertain-
ties remain as to whether, for example, the receptor Toc
159, in soluble form, directs plastid protein precursors
from the cytosol towards the pore, or awaits them, as
a membrane protein at the pore. The Tic complex is less
fully understood, with conflicting evidence as to whether
Tic20 or Ticl10 form the pore (Bedard and Jarvis, 2005).
The driving force for translocation is probably provided
by chaperones and cochaperones part of, or associated
with, Tic (Hsp93 and Tic40; Chou et al., 2003). After
import, the N-terminal transit peptide is removed by
a stromal processing peptidase.

Not all plastid proteins are imported through Toc/Tic
complexes. Envelope proteins have unique properties. Outer
envelope proteins often do not contain transit peptides

(Hofmann and Theg, 2005), and some inner envelope
proteins have been shown to be routed by novel, Toc-
independent pathways (Nada and Soll, 2004). One outcome
of the systematic identification of plastid proteins is the
large number of experimentally-determined envelope-asso-
ciated proteins that, instead of containing transit peptides,
are computationally predicted to be targeted to the endo-
membrane, secretory pathway (Kleffmann et al., 2004).
This prediction reflects the fact that they contain a nearly-
N-terminal transmembrane domain, that resembles a cleav-
able signal peptide, but that is in fact used to target directly
to the chloroplast envelope, and is never cleaved (Lee
et al., 2001; see below).

Diversity of import pathways

The most important recent insight into plastid protein
import pathways has probably been that they are, to some
extent, substrate-specific (Kessler and Schnell, 2006). This
prevents low-abundance but essential proteins from being
out-competed by the much more abundant photosynthesis-
related ones, and is possible thanks to the existence of
small gene families for most of the translocon components.
For example, for the four homologues of Toc159 encoded
in the Arabidopsis genome, a deficiency in AtTocl159
causes a loss of photosynthetic proteins, and a phenotype
which is most clear in leaves, while a double defect in
AtToc132 and AtToc120 leads to low import of housekeep-
ing proteins and defects in non-photosynthetic tissues
(Kubis et al., 2004). Similarly, loss of AtToc33 has a clear
photosynthetic impact and reduces import of photosynthesis-
associated proteins, while loss of the highly homologous
AtToc34 does not reduce import of photosynthetic
proteins, but instead affects root growth (Constan et al.,
2004). Although the study of this specialization of import
receptors has been carried out primarily in Arabidopsis,
it is likely to be a general phenomenon, at least in angio-
sperms (Voigt et al., 2005). Even the outer envelope pore
itself, Toc75, exists in two versions with different
specificities (Baldwin et al., 2005).

Once in the stroma, routing of polypeptides destined to
cross into the thylakoid lumen requires a second transit
peptide, and uses two possible routes, both homologous
to secretion/export pathways in bacteria. The Sec path-
way translocates unfolded proteins using ATP hydrolysis
(Schuenemann et al., 1999). The alternative, Tat pathway
translocates fully folded proteins and uses the photosyn-
thetic pH gradient as the source of energy (Jarvis and
Robinson, 2004). Finally, among thylakoid membrane
proteins, a few use components of the bacterial ‘signal
recognition particle’ pathway for integration, but the
majority are inserted without the assistance of any other
known proteins, and so are thought to possess intrinsic bio-
physical properties that allow ‘spontaneous’ membrane
insertion (Jarvis and Robinson, 2004).



Plastid division

Plastids cannot arise by de novo biogenesis due to the
presence of their independent genome. Instead new plas-
tids arise through the division of a pre-existing organelle.
As with bacterial division, plastid division is easily ob-
served under the microscope (Lopez-Juez and Pyke, 2005).
Recent years have seen dramatic progress in our under-
standing of plastid division as a result of successful forward
and reverse genetic approaches (Osteryoung and Nunnari,
2003; Margolin, 2005; Fig. 2). A classical genetic approach
(the isolation of plastid division mutants in Arabidopsis,
and identification of the corresponding genes) was pio-
neered by Pyke and Leech (1992) and has yielded Arc3
(Shimada et al., 2004), Arc5 (Miyagishima et al., 2003),
Arc6 (Vitha et al., 2003), and Crumpled Leaf (Asano et al.,
2004). Meanwhile a reverse genetics approach (the identifi-
cation of homologues in plants of bacterial division genes)
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Fig. 2. Plastid division components. Components currently known to
play a role in the plastid division process. MinD and MinE play a role
in the location of the plastid division apparatus. FtsZ and the plastid
division (PD) outer and inner rings physically carry out the constriction.
Arc3 and Arc6 help assemble the FtsZ ring. GC plays a poorly-
understood role. CDTla may help co-ordinate plastid and nuclear
division. MSL2 and MSL3 probably helps release ionic/hydrostatic
pressure generated by the division. Arc5 carries out the final envelope
separation. Adapted from hépez-Juez and Pyke (2005) and reprinted by
kind permission of UBC press, Vancouver.
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was pioneered by Osteryoung and Vierling (1995) and has
yielded FtsZ1, FtsZ2 (Vitha et al., 2001), and MinE (Itoh
et al., 2001). A combined approach, in which a mutation
was isolated and the mutant gene was identified by homol-
ogy to prokaryotic division proteins, has yielded, arcli/
MinD (Fujiwara et al., 2004), and GCI/AtSulA (Maple
et al., 2004; Raynaud et al., 2004).

Two plastid division rings have been visualized under
the microscope and shown to be made of constituents other
than those mentioned in the paragraph above (Miyagishima
et al., 2001). The overall division process involves the
sequential assembly at the envelopes of FtsZ1/2 (the Z
ring) and the plastid division rings, in the mid-organelle
plane of a plastid. FtsZ1 and 2 are GTPases able to form
polymers, and are related to tubulin. The central assembly
location of these rings is determined by the MinD and
MinE proteins, which act to prevent ring formation at the
tips of the organelle. These proteins act together (Aldridge
and Mgller, 2005). The assembly of the rings is aided by
Arc6 and Arc3 (Shimada et al., 2004; Maple et al., 2005).
Constriction of the three rings begins, in the case of the
Z ring, by removal of subunits. Once a substantial con-
striction has taken place, Arc5 assembles into a further
ring. Arc5 is a dynamin-related protein. Dynamins are
involved in vesicle formation and generally membrane
‘pinching’ in eukaryotes, including mitochondrial divi-
sion. In keeping with this proposed function, the ring of
Arc5, on the outer envelope of chloroplasts, forms at the
stage of membrane constriction (Gao et al., 2003;
Miyagishima et al., 2003; Fig. 2).

The membrane constrictions necessary during plastid
division are likely to generate increased hydrostatic pres-
sure inside the plastids. By the laws of dimensionality,
two daughter plastids carrying the same amount of enve-
lope membrane as their progenitor will always contain
a lower combined volume. While this had not been given
consideration before, Haswell and Meyerowitz (2006) have
recently examined the function of two Arabidopsis pro-
teins, MSL2 and MSL3, that are homologous to bacterial
mechanosensing ion channels and have chloroplast transit
peptides. Both proteins localize in patches on the chloro-
plast envelope associated with the division protein MinE.
Simultaneous disruption of MSL2 and MSL3 results in het-
erogenous plastid populations, with some plastids becom-
ing enlarged and spherical-shaped. The authors interpreted
their observations as consistent with a role for MSL2 and
MSL3 in the relief of turgor associated with division.

Are the remaining plastid components shared between
daughter organelles simply by a process of random seg-
regation brought about by physical separation? In the case
of chloroplasts, specific processes dividing the thylakoid
complex into two halves during organelle division seemed to
be revealed by mutants in the ARTEMIS gene. In such
mutants, chloroplasts showed separate and distinct thyla-
koid systems within incompletely separated organelles
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(Fulgosi et al., 2002). The original ARTEMIS gene has
recently been shown to be a mistaken merger of two
separate open reading frames; one of them, Al/b4 (Gerdes
et al., 2006), encodes a member of the Alb3/Oxal/YidC
family of proteins, involved in the insertion of other proteins
in membranes of chloroplasts, mitochondria, and bacteria.
The reason for the phenotype of the original ARTEMIS mu-
tant is not fully understood. In terms of the segregation of
the nucleoids, in which the plastid genome copies are con-
tained, they arrange themselves before division into a retic-
ulum associated with the envelope. This is assisted by the
PEND protein, which probably allows their equitable
partition (Terasawa and Sato, 2005).

Plastid biogenesis: the challenges

Do we know the majority of plastid proteins?

In spite of tremendous progress in recent years, and the
availability of whole genome sequences, it is clear that we
are nowhere near having a complete catalogue of the pro-
teins that function in plastid biogenesis and, therefore, are
far from a full list of plastid functions or developmental
processes (Leister, 2003). There are two large areas of
uncertainty: the list of plastid-localized proteins, and the
catalogue of proteins necessary for plastid biogenesis,
whether or not they are plastid localized.

Plastid-localized proteins have been catalogued on the
basis of our understanding of plastid protein import. A
number of algorithms predicting the presence of plastid
transit peptides in user-supplied sequences have been
developed, of which TargetP (Emanuelsson et al., 2000),
which also predicts other subcellular destinations, appears
to show the lowest rates of both false positive and false
negative predictions. Use of TargetP on the full Arabidop-
sis genome led to a prediction of 3100 plastid-targeted
proteins. Simultaneous use of a combination of algorithms
(which decreases the number of false positive predictions,
although it obviously increases the false negatives) pre-
dicts 2100 plastid-targeted proteins in Arabidopsis and,
surprisingly, 4800 in rice, which has a similar total num-
ber of genes (Richly and Leister, 2004). Besides the uncer-
tainty in bioinformatics predictions, a major caveat to the
completeness of these lists has emerged from proteomics
programmes, in which total proteins of diverse plastid
types, or plastid fractions, are being detected by mass
spectrometry methods (van Wijk, 2004, and references
therein; Kleffmann et al., 2006). A major outcome is that
a substantial number of proteins present in the outer chloro-
plast envelope, that often do not contain a plastid transit
peptide, are predicted to be targeted to the secretory path-
way. In the case of the homologous proteins OEP14 (pea)
and OEP7 (Arabidopsis), it has been shown that the
domain that TargetP wrongly identifies as the hydropho-
bic core of a signal peptide for the endomembrane system,

in fact targets the protein to the outer chloroplast envelope
and remains present, presumably as a transmembrane span,
in the mature protein (Lee et al., 2001; Hofmann and Theg,
2005). The number of such proteins (predicted as targeted
to the secretory pathway, but actually present in the
chloroplast envelope) is larger than previously thought
(Kleffmann et al., 2004). One further caveat to the use of
bioinformatics to predict the final list of plastid proteins
has been raised by the case of the Arabidopsis CAHI
carbonic anhydrase (Villarejo et al., 2005). This protein is
correctly predicted to be targeted, through a cleavable
signal peptide, to the secretory pathway, but only tran-
siently while it is N-glycosylated on its way towards the
chloroplast stroma, its final destination.

Do we know the majority of proteins/processes
involved in plastid biogenesis?

The eventual catalogue of proteins required for plastid bio-
genesis, regardless of their location, shows an even greater
uncertainty at present. A number of mutants detected on
the basis of defects in chloroplast development have been
analysed (Lopez-Juez and Pyke, 2005). These include
mutants defective in chloroplast and leaf mesophyll devel-
opment, and variegated mutants (Sakamoto et al., 2003).
A direct screen for defective chloroplast biogenesis (clb)
mutants has been carried out by Gutiérrez-Nava et al.
(2004), who searched among existing stock-centre collec-
tions for albino seedlings that do not result from photo-
oxidative damage, and identified six such loci. The loci
identified through these various mutant classes are in-
volved in the assembly or function of the plastid genetic
machinery (for example Pesaresi et al., 2006; Albrecht
et al., 2006), including pentatricopeptide repeat proteins
with RNA-binding roles (Lurin et al., 2004; Cushing
et al., 2005; Gothandam et al., 2005), and the assembly or
repair of protein complexes requiring proteolytic steps
(Chen et al., 2005; Sakamoto, 2006). Novel roles for such
classes of proteins probably remain to be uncovered, as
shown by the role of a tetratricopeptide repeat protein in
the regulation of transcription (Weber et al., 2006) or the
possible signalling-related role of an intermembrane pro-
tease (Bolter ef al., 2006). One class of mutations uncov-
ered surprisingly frequently in screens for mutants with
obvious chloroplast defects, affects genes involved in the
methyl-erythritol 4-phosphate pathway of isoprenoid bio-
synthesis in plastids (Estévez et al., 2000; Rodriguez-
Concepcién and Boronat, 2002). Among the six CLB genes,
the two thus far identified at the molecular level encode
two enzymes in this pathway (Gutiérrez-Nava et al., 2004;
Guevara-Garcia et al., 2005). These mutations cause devel-
oping chloroplasts to arrest at the proplastid stage. The
reason why defects in this pathway should be a frequent
cause of albinism is unclear and, as mentioned, unrelated to
loss of carotenoids and consequent photo-oxidative damage.
Since both abscisic acid and gibberellins are isoprenoid



derivatives, one possibility is the existence of yet-undiscovered
hormonal control of chloroplast development.

Will these classes of mutations encompass the majority
of the processes required for plastid biogenesis? This is
probably far from the case. Evidence for this is provided
by a large-scale mutant screen carried out by Budziszewski
et al. (2001). They identified, in a population of 38 000 in-
sertional mutant lines, over 500 seedling-lethal mutants.
Interestingly, ~85% of the mutants exhibited albino, yellow
or pale cotyledons, indicative of defective chloroplasts. For
23 mutants, 18 of which showed an albino or pale pheno-
type, the mutated gene was identified. Seven of those 18
genes encoded proteins whose function was either un-
known or of unsuspected plastid relevance (like pyrimidine
permease or Zn-finger protein). A simple extrapolation,
ignoring the possibility of multiple alleles at single loci,
would estimate 165 genes of unsuspected plastid-related
function to be detected by this mutant screen alone. This
gives an indication of the scale to which our understanding
of plastid biogenesis is incomplete. A much smaller screen,
for defects in expression of the nuclear photosynthetic
gene Lhch (cue mutants; Li et al., 1995; Lopez-Juez et al.,
1998; Vinti et al., 2005), has identified seven mutant loci
causing defective plastids. While CUE! encodes a plastid
envelope transporter (Streatfield et al., 1999; Voll et al.,
2003), progress towards the cloning of CUES has nar-
rowed it to a region of chromosome 5 containing 20 genes,
none of which was previously suspected to play a role in
plastid biogenesis or function (D Maffei, JR Bowyer, E
Lépez-Juez, unpublished results).

The evidence above suggests that, as has been proposed
(Leister, 2003), large-scale screens for plastid biogenesis-
defective mutants are still justified. One systematic existing
approach is the maize Photosynthetic Mutant Library (http://
chloroplast.uoregon.edu). Such genetic approaches, how-
ever, would still only uncover genes of non-redundant
function. Clearly we are still a long way from a compre-
hensive catalogue of plastid biogenesis genes.

How are plastids integrated into the plant
developmental programmes?

In spite of many years of observations, our knowledge
about the make-up and development of different types of
plastids, other than chloroplasts, is still limited (Neuhaus
and Emes, 2000; Waters and Pyke, 2004; Kleffmann e? al.,
2006). Figure 3 shows plastids visualized using a RecA
transit peptide-targeted red fluorescent protein (Haswell and
Meyerowitz, 2006). An Arabidopsis seedling probably
contains plastids with many different functions (photosyn-
thetic, large chloroplasts in leaf and cotyledon mesophyll
and in hypocotyl cortex, smaller plastids in epidermis and in
roots), but also different cells of an Arabidopsis seedling are
occupied by plastids to very different extents. For example,
in cotyledons, epidermal cells have a very small plastid
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complement compared with mesophyll cells, and in roots
the pericycle cells have a larger complement than cortical
or epidermal cells (Fig. 3). Interestingly, a gene expression
atlas of the Arabidopsis root has identified a substantial
level of expression of photosynthesis-related genes in peri-
cycle cells (Birnbaum et al., 2003). Clearly both ‘plastid
type’ and ‘cellular plastid compartment size’ are character-
istic of the cell type, and its stage of differentiation.

Very little work is being carried out to understand the
mechanisms and possible signalling pathways presumably
underlying these plastid differentiation responses, or the
relative contributions to them of the nucleus and the
plastid. One recent insight has come from the analysis of
plastid protein import mechanisms. As described earlier,
different isoforms of components of the Toc complex
have different specificities, and as a result it is likely that
separate Toc complexes primarily import either photo-
synthetic or non-photosynthetic, housekeeping proteins
(Kessler and Schnell, 2006). This has been confirmed di-
rectly through an analysis of knock-out mutants of indi-
vidual isoforms. One unexpected observation was the
correlative change in protein import and in expression of
the corresponding gene. For example AfToc33 or AtTocl59
mutants show defects both in the rate of import of photo-
synthetic proteins and in the expression of photosynthesis-
related nuclear genes (Kubis et al., 2003, 2004). By
contrast AtToc34 or AtTocl32/120 mutants display defects
in the import of non-photosynthetic proteins and in the
expression of their genes (Constan et al., 2004; Kubis
et al., 2004). This brings about a positive feedback mech-
anism that could potentially play an important role in
plastid differentiation. For example, a cell type expressing
low levels of Toc33 and high levels of Toc34, would
import photosynthetic proteins with low efficiency and
eventually, as a consequence, would express low levels
of photosynthesis-related genes, which would in turn lead
to the development of non-photosynthetic plastids.

The extent of the integration of plastids into the biology
of the cell is manifest in the roles played by plastids in
whole plant development and phenotype. Many lines
of evidence support these roles, but the underlying rea-
sons are very poorly understood. Inhibition of plastid trans-
lation in sectors of chimeric plants (Ahlert et al., 2003)
causes developmental arrest, including an inhibition of cell
division, in the sectors affected. The same consequences
follow the targeted knockout of essential plastome genes,
clpP1 and AccD (Kuroda and Maliga, 2003; Kode et al.,
2005). Global blockage of plastid translation can be
achieved through mutations in non-redundant aminoacyl-
tRNA synthetases, and this (when observed in segregating
populations of heterozygous plants) leads to arrests at the
middle, transition stage of embryogenesis (Berg et al.,
2005). The import of nuclear-encoded proteins, including
the RNA polymerase, is essential even earlier for embryo
survival, because a defect in the outer envelope main pore
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Fig. 3. Diversity of plastids in different cells. (A) Chloroplasts in spongy mesophyll cells of the first leaf. (B) Epidermal cell plastids (wide
arrowheads), above chloroplasts in the mesophyll (narrow arrowheads) in a cotyledon side view. (C) Chloroplasts in hypocotyl. (D) Plastids in root
(note that they are clearly visible primarily in the pericycle cells, arrowhead, surrounding the central vascular strand). All fluorescence micrographs
obtained from an Arabidopsis line containing plastid-targeted dsRed fluorescent protein. The contour of the tissue has been highlighted in each case.

Scale bars 25 um.

component, AtToc75-1II, causes arrest of embryogenesis at
the two-cell stage (Baldwin et al., 2005).

Besides being essential for cellular development, organ-
ellar genomes (plastids and mitochondria) can, in spite of
their high degree of conservation and slow evolution, con-
tribute substantially to plant phenotype later in develop-
ment. This is shown by lines of maize bearing cytoplasms
of distantly-related teosinte species (Allen, 2005). How such
influence takes place, and earlier in development what the
nature of the essential plastid function is (it is unlikely to be
simply the loss of essential metabolites; Ahlert et al., 2003;
Gutiérrez-Nava et al., 2004) remains unknown.

How do plastids respond to their cell’s circumstances?

Two plastid types of major crop and biotechnological im-
portance are starch-storing amyloplasts (Andon et al., 2002;
Balmer et al., 2006) and carotenoid-storing chromoplasts
(Bramley, 2002). In both cases their differentiation is under
endogenous, hormonal control. For example, chromoplasts
in tomato fruit differentiate from chloroplasts during fruit
ripening, which is partially ethylene-dependent (Alba et al.,
2005). Ethylene must play a role in chromoplast differen-
tiation, as judged from the phenotype of the Never Ripe
ethylene receptor mutant (Wilkinson et al., 1995). How-
ever, there is also evidence that plastid-derived signals are
involved in the intriguing plastid conversion circuitry,

perhaps in a feedback loop. For example, a chloroplast-
localized heat shock protein is required for the transition
from chloroplasts to chromoplasts, and elevating its expres-
sion accelerates the conversion (Neta-Sharir et al., 2005). A
role for the carotenoid accumulated in chromoplasts, lyco-
pene, as a signal has been postulated (Barr et al., 2004).
One further aspect of the integration of plastids within
their host cells is the ability to respond to environmental
signals that the cell responds to. Perhaps the clearest exam-
ple of this is the biogenesis of chloroplasts in photosynthetic
cells only in the light, and the continued fine-tuning of
chloroplast composition to the prevailing conditions. Evi-
dence described earlier demonstrated the way in which cyto-
solic photoreceptors can control the expression of plastid
genes, by regulating the nuclear expression of a plastid-
targeted sigma-70 factor. The rapid biogenesis of chloro-
plasts is a major response during seedling establishment, and
this is reflected by the fact that the first dark-to-light tran-
sition of seedlings (the ‘de-etiolation’ process) brings about
massive gene expression reprogramming (Ma et al., 2001;
Tepperman et al., 2001), and around 50% of the genes
eventually affected encode plastid-targeted proteins. Some
evidence supports the notion that the subset of chloroplast
development responses to light is, to an extent, separable
from other light responses. For example, defects or muta-
tions in plastid biogenesis affect the light response of
photosynthesis-related genes specifically (Lopez-Juez et al.,



1996, 1998; Vinti et al., 2005). However, a screen to iden-
tify components of the pathway of light control of chloro-
plast development has been performed based on reporting
Lhcb expression in a light perception-deficient background
(Hills, 2002; A Hills, T Shindo, Y Niwa, E Loépez-Juez,
unpublished results) and the two mutants that have been
identified to date have defects in both photosynthesis-
related genes and de-etiolation in general.

When/how are plastid growth and division controlled?

Given that a specific plastid subtype (the proplastid) has
evolved to facilitate inheritance of plastids, it is reasonable
to presume that instead of plastid inheritance being left to
chance, mechanisms to co-ordinate plastid and cell div-
ision would also have evolved. This, indeed, appears the
case, but the mechanisms remain very poorly understood.
In Cyanidioschyzon, the ‘minimal’ red alga, the connection
between cell and organelle division is tight and inescapable,
since each cell has a single mitochondrion and a single
plastid (Nishida et al., 2005), although inhibition of DNA
synthesis, surprisingly, acts as a signal for multiple chloro-
plast divisions. In plants the situation is necessarily more
complex, as cell growth and division are not obligately
coupled, and because different cells carry different plastid
complements (Fig. 3). It has long been known that in cereal
leaves (Hashimoto and Possingham, 1989; Baumgartner
et al., 1989) plastid proliferation and plastome replication
take place rapidly in post-meristematic cells. In young dicot
leaves, light that causes chloroplast differentiation but not
full cell enlargement, activates plastid DNA replication, but
not an increase in plastid numbers (DuBell and Mullet,
1995). This suggests separate links between differentiation
and plastid growth, and between cell enlargement and
plastid division.

Mesophyll cells observed under a microscope show a
remarkably constant degree of occupancy by chloroplasts,
even when cell size changes markedly, for example, as a
response to the environment (Weston et al., 2000). A
strict correlation appears to exist between the size of the
cell and that of its plastid compartment (Pyke, 1997), even
when comparing mesophyll cells of multiple species (Pyke,
1999) or examining cells vastly enlarged as a result of a
prevention of mitosis (Jasinski et al., 2003). Obviously
mechanisms for sensing plastid density, controlling both
plastid growth and division, would explain this behaviour,
but the nature and action of such mechanisms remain
poorly understood. One suggestion put forward by Pyke
(2006) is that MscS-like (MSL) proteins, the mechanosens-
ing plastid envelope ion channels (Haswell and Meyerowitz,
2006), play a role in such density-sensing, at least in
mesophyll cells, where chloroplasts occupy the cytoplasm
in one layer until they can touch, even compress each
other. Such mechanosensors could play a similar role in
other cells with a low density of plastids, if they acted in
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stromules, the tubules that protrude from plastids more fre-
quently in such cell types (Pyke, 2006). If this model were
to hold true, it would need to link plastid/cell size ratios
to plastid growth, because the constancy of the chloroplast
compartment can be seen even when plastid division is
prevented, for example, in the arc6 mutant (Pyke, 1999).
As to the processes underlying chloroplast growth,
photosynthetic components obviously accumulate, but the
increase in plastid genome copy number seems to precede
this accumulation (Baumgartner et al., 1989). Importantly,
and perhaps unsurprisingly, an increase in plastid ribo-
somes and the capacity for protein synthesis also precedes
the build-up of the photosynthetic apparatus (Harrak et al.,
1995). This may be of importance, since genes involved
in plastid protein synthesis may play regulatory and rate-
limiting roles in photosynthetic development (Pesaresi et al.,
2006). It is interesting that genes for cytoplasmic ribosomal
and translation-related proteins seem to play important,
equivalent roles in cellular growth (Li et al., 2005). Perhaps
a greater understanding of the regulation of the synthesis
of the plastid translation machinery would help to uncover
fundamental mechanisms of plastid growth control.

Links between plastid and cell division also exist, even
though uncoupling of these is obviously possible (Jasinski
et al., 2003). Multiplication of plastids can be triggered by
cytokinin (but not auxin) in dark-grown cotyledons, and
under those conditions a simultaneous increase in FsZ ex-
pression can be observed (Ullanat and Jayabaskaran, 2002).
FisZ expression also mimics that of a cell cycle-associated
gene in cell cultures (El-Shami et al., 2002). At(CDTIa and
AtCDTIb are genes encoding related forms of a key com-
ponent of the complex of proteins needed to initiate nuclear
DNA replication (the pre-replication complex). Interestingly
AtCDTla contains sequence for a predicted chloroplast
transit peptide, fusion proteins with a green fluorescent
protein-reporter are targeted to both nuclei and plastids,
and a double mutant for both CDTI genes shows, besides
cell cycle-related defects, pale leaves whose mesophyll cells
contain large, unevenly divided chloroplasts (Raynaud et al.,
2005). Thus AtCDT1 proteins are strong candidate constit-
uents of the link between plastid and cell division.

Can the size of the plastid compartment be altered?

Given the roles of plastids as subcellular factories, the
ability to manipulate the size of their cellular complement
could have important implications for the biology of the
plant and for its biotechnological exploitation. Mesophyll
cells appear to have reached close to a maximum in chloro-
plast occupancy, but in other cell types increases in the
plastid complement are physically possible. It has been
seen earlier that both chloroplast biogenesis and leaf devel-
opment are tightly regulated by light signalling pathways.
A number of proteins are known to play positive and
negative regulatory roles in light signalling, as revealed
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primarily by the phenotype of defective mutants. While
genetic studies of light signalling (Schifer and Bowler,
2002) have focused on seedling morphology in Arabidop-
sis, mutant tomato plants have been particularly useful in
uncovering plastid-related phenotypes. In tomato, a high
pigment-2 mutant (hp-2), with fruit enriched in the chro-
moplast pigment lycopene, is defective in LsDETI, the
orthologue of Arabidopsis light-signalling negative regula-
tor DETI (Mustilli et al., 1999). Another mutant with
a similar fruit-pigment phenotype, ip-1, shows an elevated
plastid DNA copy number (Yen ef al., 1997), and displays
fruit pericarp cells with a small but significant increase in
plastid cell index (the ratio between plastid and cell pro-
jected areas) of between 13% and 29% (Cookson et al.,
2003). A greater increase in plastid cell index in hp-/
occurs in leaf palisade mesophyll cells, whose morphology
resembles that observed in high light-grown leaves (Weston
et al., 2000). hp-1 is defective in the tomato UV-damaged
DNA-binding protein 1, LsDDBI, gene (Liu et al., 2004).
DDB1la and DET1 physically interact and act together in
Arabidopsis (Schroeder et al., 2002). It appears, therefore,
that exaggerated light signalling causes increased fruit
plastid pigment content (Liu et al., 2004) and increases in
the cellular plastid complement which, although small, are
significant as they demonstrate that such plastid comple-
ment is not developmentally fixed, since it can be influ-
enced by environmental signals.

Are there chloroplast master controllers?

The radically different phenotype of plastids in photosyn-
thetic compared with non-photosynthetic tissues could most
easily be explained if mechanisms existed that simulta-
neously controlled a large number of genes encoding chlo-
roplast proteins. Arguably, however, plastids play central
roles, other than in photosynthesis, in the biology of spe-
cific cell types. A biologically economical way of building
such plastids would be to have co-ordinated control of genes
encoding plastid proteins, irrespective of whether they are
directly related to photosynthesis. In other words, the exis-
tence of both ‘chloroplast-specific’ and ‘plastid-generic’
master switches could be anticipated. Evidence has emerged
that is consistent with the existence of both kinds of cen-
tralized regulation of gene expression.

A common phenotype of the Arabidopsis detl and the
tomato /p-2 mutants is the partial development of chloro-
plasts in cells or under conditions where they would not
normally appear. This includes semi-developed chloro-
plasts instead of etioplasts in dark-grown cotyledon cells
(Mustilli et al., 1999) but also, crucially, instead of pro-
plastids in root cells (Chory and Peto, 1990; Mustilli
et al., 1999). One possible interpretation is that control
elements for the transcription of genes involved in chloro-
plast biogenesis are common to both light and tissue-
specific signals. Several photosynthesis-related gene

promoters have been extensively analysed for the presence
of light-regulated elements. Different versions of one such
element, called G-box, are common and have been shown
to, in combination with other elements, confer both light
responsiveness and plastid-dependent expression (Puente
et al., 1996). A short, single element (CMAS) in the
tobacco RbcS8B promoter is sufficient to confer light-
dependent expression to a reporter gene in Arabidopsis
(Martinez-Hernandez et al., 2002). Importantly, the re-
porter gene is expressed in leaf, but not in root tissue, and
disappears from leaves when chloroplasts are photodam-
aged by treatment of seedlings with norflurazon. Again this
suggests the existence of photosynthetic gene-regulatory
mechanisms shared by light and tissue-specific signals, and
by signals of plastid-to-nucleus communication. Similar
commonality has been found in the regulatory signals of
other photosynthesis-related genes, even in cases where
they act at the post-transcriptional rather than transcrip-
tional level (Helliwell et al., 1997; Sullivan and Gray,
2002).

Large-scale gene expression profiling experiments have
also provided evidence in this direction. Richly et al.
(2003) used a custom-made array of gene-sequence tags
to examine the expression of 3292 genes, greatly enriched
for those encoding chloroplast-targeted proteins. They mon-
itored changes in gene expression caused by 35 different
environmental or genetic conditions. They observed three
different broad classes of regulation: in two (their classes
one and three) the majority of genes were up- or down-
regulated, respectively. Conditions that caused a class one
response included high light, the gun/ and gun5 mutations
that lead to expression of photosynthesis-related nuclear
genes in the absence of functional plastids (Susek et al.,
1993; Mochizuki et al., 2001), and the ppil mutation
(causing reduced plastid protein import; Kubis et al., 2003).
Conditions that caused a class three response included the
cuel mutation, which causes defective plastid biogenesis,
and loss of Lhcbl expression (Streatfield et al., 1999).
Richly and collaborators interpreted their data as evidence
for the existence of a ‘master switch’. This acted in a binary
mode (on in class one/off in class three), and controlled
genes for plastid-targeted proteins (regardless of their rela-
tion to photosynthesis, as proved by the ‘on’ condition in
the ppil mutant). An extension of this analysis to a total of
101 conditions (Biehl et al., 2005) provided further in-
sights: a total of 23 distinct clusters of co-expressed genes,
known as regulons, could be identified. Two of those clus-
ters showed the tightest co-regulation, and contained pri-
marily genes for either the photosynthetic light reactions or
for plastid protein synthesis (the largest number being
chloroplast ribosomal proteins). These two clusters escaped
the previous ‘plastid master switch’ model, but they them-
selves, in turn, on the basis of their tight co-regulation,
uncovered a second master switch, this one specific for
‘chloroplast’ function.



Evidence suggesting the existence of large-scale co-
regulation of genes for chloroplast biogenesis has also been
obtained. Global gene expression changes taking place spe-
cifically in shoot apical meristematic regions, and separately
in cotyledons when etiolated Arabidopsis seedlings are first
exposed to light, have been examined (E Dillon, G Beemster,
L Bogre, E. Lopez-Juez, unpublished data). Broad clusters
of genes showing co-ordinated expression were identified,
and in a small number of these clusters genes associated with
‘plastid’, ‘chloroplast’, or ‘thylakoid’ descriptions (gene on-
tology terms) were statistically over-represented. The small
number of clusters and relatedness of expression pattern
within each of them was such that just a few upstream
regulatory factors could, in theory, be responsible for the
co-ordinated induction of a large number of chloroplast
function-related genes.

The search for plastid master switches

What could the nature of such master switches be?
Genetic approaches have uncovered a number of genes
worth exploring as candidates. Not surprisingly, studies of
light signalling provide several of them. The Arabidopsis
hy5 mutant shows limited and delayed responses to light,
including reduced expression of photosynthesis-related genes
(McCormac and Terry, 2002). While the reduction is not
dramatic, the fact that HY5 encodes a G-box binding bZIP
transcription factor makes it of significance. Maize Golden
2 was first identified as a bundle-sheath specific chloroplast
defective mutant, but it was later found that both maize and
Arabidopsis contain two Golden 2-like (GLK) genes, and
when both are simultaneously mutated, defective chloro-
plasts, showing a severe reduction in thylakoids, are seen
in every photosynthetic cell (Fitter et al., 2002). GLK genes
are attractive candidates for being regulatory switches for
‘chloroplasts’ in photosynthetic cells because they encode
transcription factors conserved in all lineages of land plants,
including bryophytes, but not in photosynthetic single-cell
organisms (Yasumura et al., 2005). However, their role
cannot be fundamental since the chloroplast development
defect in double mutants is, again, not strong. Transcription
co-activators may be as important as transcription factors in
controlling or co-ordinating states of activity of transcrip-
tional complexes. The Arabidopsis HAF2 gene encodes a
protein homologous to TATA box-binding factors in yeast,
and has histone acetyl-transferase activity (Bertrand et al.,
2005). Interestingly, HAF2 knockouts show an obvious
‘slow greening’ phenotype, similar to the one in virescent
cue mutants (see above), and reduced/delayed expression of
photosynthesis-related genes.

Overall, then, there are some leads towards the un-
covering of ‘chloroplast master switches’, but they are far
from having been identified. Recently, an elegant genetic
screen was designed in an attempt to identify chloroplast
regulatory factors directly (Niwa et al., 2006). Kobayashi,

Plastid biogenesis 21

Niwa and collaborators generated activation-tagged muta-
tions on callus tissue that had been previously transformed
to express a herbicide detoxifying activity under the
control of a photosynthetic gene promoter. Normally such
promoters are silent in colourless callus, but the activation
tagging procedure can, potentially, turn them active and
cause herbicide tolerance. In this way the ces (callus
expression of RbcS) 101 mutant was successfully identi-
fied. The nature of the CESIOI/ gene, a receptor-like
kinase, raised the possibility of proteins involved in the
sensing of extracellular (potentially intercellular-commu-
nication) signals being critical activators of chloroplast
biogenesis. What such signals could be is currently in the
realm of speculation, but both the results of this work and
its experimental approach seem highly promising.

Towards plastid systems biology

Successfully uncovering such master regulatory genes
would not be the end of the road. Such ‘switches’ would
need to be integrated into overall networks that together
underlie the growth and development of plants. It is known
that such integration is necessary, and phenomena that have
been described earlier, such as the existence of plastid
‘developmental signals’, are either mechanisms or manifes-
tations of the fact that the integration does take place.
Already over 15 years ago it was postulated that chloroplast
biogenesis could be nothing but a manifestation of a ‘leaf
mesophyll cell’ initiation programme, with chloroplast and
leaf development activities tightly intertwined (Chory and
Peto, 1990).

A powerful method to uncover co-ordination of wide bio-
logical processes has become available with the ability to
monitor, through microarray experiments, global gene ex-
pression. Such a technique is being used to address many
separate environmental or developmental situations, in many
different laboratories, but through only a small number of
technology platforms, making it possible to compare results
from hundreds, even thousands of experiments, at least in
the Arabidopsis model. Bioinformatic tools to monitor such
data are being developed and refined (Zimmerman et al.,
2004; Toufighi et al., 2005). Figure 4 shows a comparison
of the expression profiles of a number of key genes playing
a role or potentially regulating aspects of plastid biology
referred to earlier, across Arabidopsis individual tissues or
developmental stages. The comparison uses Expression
Browser (Toufighi et al., 2005). It is clear that genes for pro-
cesses biochemically very distinct, such as plastid division,
plastid gene expression, and expression of nuclear photo-
synthetic genes, show very tight co-regulation patterns,
while within a single process, such as plastid protein import,
homologous components clearly associate with distinct
process (see Toc33 or Tocl59 association with FtsZ1, MinD
and Arc6, a subset of chloroplast division genes, while
Toc34 or Toc 132 associate much more closely with mitotic
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Fig. 4. Cluster tree showing similarity in expression pattern across development of genes representative of processes or candidate regulators
discussed in the text. The tree was elaborated using the Expression-browser tool of the Botany Array Resource (http://bbc.botany.utoronto.ca/affydb/
cgi-bin/affy_db_exprss_browser_in.cgi). Columns of the ‘heat map’ represent samples of different tissues or developmental stages across the
Arabidopsis life cycle. The scale represents the ratio of each tissue’s expression level relative to median expression levels in all tissues. Note, for
example, the similarity in expression pattern between a photosynthetic protein, plastid division proteins, and the import receptors AtToc33 and
AtToc159, while those of the isoforms of the import receptors, AtToc34 and AtTocl132 respectively, resemble much more closely the expression
pattern of cell cycle-related genes like Histone or cyclins, suggesting a role for these in plastid maintenance in rapidly-dividing cells.

and DNA-synthesis cyclins and Histone 2A, cell division
genes of high activity in both shoot and root apical meri-
stems). The associations may reflect the sharing of transcrip-
tional regulatory mechanisms. While many key transcription
factors playing roles in embryo development in Xenopus
have been known for a number of years, it is only now that
networks that link them together into biological processes
are being drawn (Longabaugh er al., 2005). Only such
interlinking networks can achieve full descriptive and
predictive power, the ultimate aim of ‘systems biology’.

We are clearly in the infancy of a ‘plastid systems bi-
ology’ era. Our understanding of how diverse cells differ-
entiate distinct plastid types, particularly chloroplasts, of the
correct type, to an extent that constitutes an appropriately-
sized cellular plastid complement, is only beginning. Such
an understanding could bring obvious rewards (for example,
to manipulate the size of the plant’s ‘plastid factory’), and
can only be expected to expand dramatically in the next
few years.

Acknowledgements

I am grateful to Edyta Dillon, Gerrit Beemster, Laszlo Bogre,
Douglas Maffei, and John R Bowyer for allowing the inclusion of
interpretations of data prior to publication, to International Journal of
Development Biology for permission to reproduce, with modifica-
tions, Figs 1 and 2, and to Elizabeth Haswell for kindly providing the

RecARed fluorescent plastid reporter line used to generate Fig. 3.
Work in the author’s laboratory has been or is funded by BBSRC
grants GO7782, PO7790, C19322, and studentship C125.

This manuscript is dedicated to the memory of Professor JR
Bowyer (1955-2006), exceptional scientist and outstanding human
being, whose discussions and insights were a continuous source of
help and inspiration.

References

Ahlert D, Ruf S, Bock R. 2003. Plastid protein synthesis is
required for plant development in tobacco. Proceedings of the
National Academy of Sciences, USA 100, 15730-15735.

Alba R, Payton P, Fei Z, McQuinn R, Debbie P, Martin GB,
Tanksley SD, Giovannoni JJ. 2005. Transcriptome and selected
metabolite analyses reveal multiple points of ethylene control
during tomato fruit development. The Plant Cell 17, 2954-2965.

Albrecht V, Ingenfeld A, Apel K. 2006. Characterization of the
Snowy cotyledon 1 mutant of Arabidopsis thaliana: the impact of
chloroplast elongation factor G on chloroplast development and
plant vitality. Plant Molecular Biology 60, 507-518.

Aldridge C, Mgller SG. 2005. The plastid division protein
AtMinD1 is a Ca>*-ATPase stimulated by AtMinEl. Journal of
Biological Chemistry 280, 31673-31678.

Allen JO. 2005. Effect of teosinte cytoplasmic genomes on maize
phenotype. Genetics 169, 863-880.

Andon NL, Hollingworth S, Koller A, Greenland AJ, Yates 3rd
JR, Haynes PA. 2002. Proteomic characterization of wheat
amyloplasts using identification of proteins by tandem mass
spectrometry. Proteomics 2, 1156—1168.


http://bbc.botany.utoronto.ca/affydb/cgi-bin/affy_db_exprss_browser_in.cgi
http://bbc.botany.utoronto.ca/affydb/cgi-bin/affy_db_exprss_browser_in.cgi

Asano T, Yoshioka Y, Kurei S, Sakamoto W, Sodmergen,
Machida Y. 2004. A mutation of the CRUMPLED LEAF gene
that encodes a protein localized in the outer envelope membrane
of plastids affects the pattern of cell division, cell differentiation,
and plastid division in Arabidopsis. The Plant Journal 38,
448-459.

Baba K, Schmidt J, Espinoso-Ruiz A, Villarejo A, Shiina T,
Gardestrom P, Sane AP, Bahlerao RP. 2004. Organellar gene
transcription and early seedling development are affected in the
rpoT,;2 mutant of Arabidopsis. The Plant Journal 38, 38—48.

Baldwin A, Wardle A, Patel R, Dudley P, Park SK, Twell D,
Inoue K, Jarvis P. 2005. A molecular-genetic study of the
Arabidopsis Toc75 tamily. Plant Physiology 138, 715-733.

Balmer Y, Vensel WH, Dupont FM, Buchanan BB, Hurkman
WJ. 2006. Proteome of amyloplasts isolated from developing
wheat endosperm presents evidence of broad metabolic capabil-
ity. Journal of Experimental Botany 57, 1591-1602.

Barr J, White WS, Chel L, Bae H, Rodermel S. 2004. The
GHOST terminal oxidase regulates developmental programming
in tomato fruit. Plant, Cell and Environment 27, 840-852.

Baumgartner BJ, Rapp JC, Mullet JE. 1989. Plastid transcription
activity and DNA copy number increase early in barley
chloroplast development. Plant Physiology 89, 1011-1018.

Bedard J, Jarvis P. 2005. Recognition and envelope translocation
of chloroplast preproteins. Journal of Experimental Botany 56,
2287-2320.

Berg M, Rogers R, Muralla R, Meinke D. 2005. Requirement
of aminoacyl-tRNA synthetases for gametogenesis and embryo
development in Arabidopsis. The Plant Journal 44, 866-878.

Bertrand C, Benhamed M, Li YF, Ayadi M, Lemonnier G,
Renou JP, Delarue M, Zhou DX. 2005. Arabidopsis HAF2 gene
encoding TATA-binding protein (TBP)-associated factor TAF1,
is required to integrate light signals to regulate gene expression
and growth. Journal of Biological Chemistry 280, 1465-1473.

Biehl A, Richly E, Noutsos C, Salamini F, Leister D. 2005.
Analysis of 101 nuclear transcriptomes reveals 23 distinct reg-
ulons and their relationship to metabolism, chromosomal gene dis-
tribution and co-ordination of nuclear and plastid gene expression.
Gene 344, 33-41.

Birnbaum K, Shasha DE, Wang JY, Jung JW, Lambert GM,
Galbraith DW, Benfey PN. 2003. A gene expression map of the
Arabidopsis root. Science 302, 1956-1960.

Bolter B, Nada A, Fulgosi H, Soll J. 2006. A chloroplastic inner
envelope membrane protease is essential for plant development.
FEBS Letters 580, 789-794.

Bramley PM. 2002. Regulation of carotenoid formation during
tomato fruit ripening and development. Journal of Experimental
Botany 53, 2107-2113.

Budziszewski GJ, Lewis SP, Glover LW, et al. 2001. Arabidopsis
genes essential for seedling viability: isolation of insertional
mutants and molecular cloning. Genetics 159, 1765-1778.

Chen G, Bi YR, Li N. 2005. EGY1 encodes a membrane-
associated and ATP-independent metalloprotease that is required
for chloroplast development. The Plant Journal 41, 364-375.

Chory J, Peto CA. 1990. Mutations in the DETI gene affect cell-
type-specific expression of light-regulated genes and chloroplast
development in Arabidopsis. Proceedings of the National Academy
of Sciences, USA 87, 8776-8880.

Chou ML, Fitzpatrick LM, Tu SL, Budziszewski G, Potter-
Lewis S, Akita M, Levin JZ, Keegstra K, Li H-M. 2003.
Tic40, a membrane-anchored co-chaperone homolog in the chloro-
plast protein translocon. The EMBO Journal 22, 2970-2980.

Constan D, Patel R, Keegstra K, Jarvis P. 2004. An outer envelope
membrane component of the plastid protein import apparatus plays
an essential role in Arabidopsis. The Plant Journal 38, 93—106.

Plastid biogenesis 23

Cookson PJ, Kiano JW, Fraser PD, Romer S, Schuch W,
Bramley PM, Pyke KA. 2003. Increases in cell elongation,
plastid compartment size and phytoene synthase activity underlie
the phenotype of the high pigment-I mutant of tomato. Planta
217, 896-903.

Cushing DA, Forsthoefel NR, Gestaut DR, Vernon DM. 2005.
Arabidopsis embl75 and other ppr knockout mutants reveal
essential roles for pentatricopeptide repeat (PPR) proteins in plant
embryogenesis. Planta 221, 424-436.

De las Rivas J, Lozano JJ, Ortiz AR. 2002. Comparative analysis
of chloroplast genomes: functional annotation, genome-based
phylogeny and deduced evolutionary patterns. Genome Research
12, 567-583.

DuBell AN, Mullet JE. 1995. Continuous far-red light activates plastid
DNA-synthesis in pea leaves but not full cell enlargement or an
increase in plastid number per cell. Plant Physiology 109, 95-103.

Dyall SD, Brown MT, Johnson PJ. 2004. Ancient invasions: from
endosymbionts to organelles. Science 340, 253-257.

El-Shami M, El-Kafafi S, Falconet D, Lerbs-Mache S. 2002. Cell
cycle-dependent modulation of FsZ expression in synchronized
tobacco BY?2 cells. Molecular Genetics and Genomics 267, 254-261.

Emanuelsson O, Nielsen H, Brunak S, von Heijne G. 2000.
Predicting subcellular localization of proteins based on their N-
terminal amino acid sequence. Journal of Molecular Biology 300,
1005-1016.

Estévez JM, Cantero A, Romero C, Kawaide H, Jiménez LF,
Kuzuyama T, Seto H, Kamiya Y, Leon P. 2000. Analysis of the
expression of CLAI, a gene that encodes the 1-deoxyxylulose
5-phosphate synthase of the 2-C-methyl-p-erythritol-4-phosphate
pathway in Arabidopsis. Plant Physiology 124, 95-103.

Fitter DW, Martin DJ, Copley MJ, Scotland RW, Langdale JA.
2002. GLK gene pairs regulate chloroplast development in diverse
plant species. The Plant Journal 31, 713-727.

Fujiwara MT, Nakamura A, Itoh R, Shimada Y, Yoshida S,
Mgller SG. 2004. Chloroplast division site placement requires
dimerization of the ARCI11/AtMinD1 protein in Arabidopsis.
Journal of Cell Sciences 117, 2399-2410.

Fulgosi H, Gerdes L, Westphal S, Glockmann C, Soll J. 2002.
Cell and chloroplast division requires ARTEMIS. Proceedings of
the National Academy of Sciences, USA 99, 11501-11506.

Gao H, Kadirjan-Kalbach D, Froehlich JE, Osteryoung KW.
2003. ARCS, a cytosolic dynamin-like protein from plants, is part
of the chloroplast division machinery. Proceedings of the National
Academy of Sciences, USA 100, 4328-4333.

Gerdes L, Bals T, Klostermann E, Karl M, Philippar K,
Hunken M, Soll J, Schunemann D. 2006. A second thylakoid
membrane-localized Alb3/Oxal/YidC homologue is involved in
proper chloroplast biogenesis in Arabidopsis thaliana. Journal of
Biological Chemistry 281, 16632-16642.

Gothandam KM, Kim ES, Cho HJ, Chung YY. 2005. OsPPR1,
a pentatricopeptide repeat protein of rice is essential for the chloro-
plast biogenesis. Plant Molecular Biology 58, 421-433.

Gutiérrez-Nava MDL, Gillmor CS, Jiménez LF, Guevara-
Garcia A, Leon P. 2004. Chloroplast biogenesis genes act cell
and noncell autonomously in early chloroplast development.
Plant Physiology 135, 471-482.

Guevara-Garcia A, San Roman C, Arroyo A, Cortés ME,
Gutiérrez-Nava MD, Leon P. 2005. Characterization of the
Arabidopsis c¢lb6 mutant illustrates the importance of post-
transcriptional regulation of the methyl-p-erythritol 4-phosphate
pathway. The Plant Cell 17, 628—643.

Hajdukiewicz PTJ, Allison LA, Maliga P. 1997. The two RNA
polymerases encoded by the nuclear and the plastid compartments
transcribe distinct groups of genes in tobacco plastids. The EMBO
Journal 16, 4041-4048.



24 Lopez-Juez

Hanaoka M, Kanamaru K, Fujiwara M, Takahashi H, Tanaka K.
2005. Glutamyl-tRNA mediates a switch in RNA polymerase use
during chloroplast biogenesis. EMBO Reports 6, 545-550.

Harrak H, Lagrange T, Bisanzseyer C, Lerbs-Mache S,
Mache R. 1995. The expression of nuclear genes encoding
plastid ribosomal-proteins precedes the expression of chloroplast
genes during early phases of chloroplast development. Plant
Physiology 108, 685-692.

Hashimoto H, Possingham JV. 1989. DNA levels in dividing and
developing plastids in expanding leaves of Avena sativa. Journal
of Experimental Botany 40, 257-262.

Haswell ES, Meyerowitz EM. 2006. MscS-like proteins control
plastid size and shape in Arabidopsis thaliana. Current Biology
16, 1-11.

Hedtke B, Borner T, Weihe A. 1997. Mitochondrial and
chloroplast phage-type RNA polymerases in Arabidopsis. Science
277, 809-811.

Hedtke B, Borner T, Weihe A. 2000. One RNA polymerase
serving two genomes. EMBO Reports 1, 435—440.

Helliwell CA, Webster CI, Gray JC. 1997. Light-regulated
expression of the pea plastocyanin gene is mediated by elements
within the transcribed region of the gene. The Plant Journal 12,
499-506.

Hills AC. 2002. Regulation of chloroplast biogenesis by light and
plastid-viability signals. PhD thesis, University of London.

Hofmann NR, Theg SM. 2005. Chloroplast outer membrane protein
targeting and insertion. Trends in Plant Science 10, 450-457.

Hricova A, Quesada V, Micol JL. 2006. The SCABRA3 nuclear
gene encodes the plastid RpoTp RNA polymerase, which is re-
quired for chloroplast biogenesis and mesophyll cell proliferation
in Arabidopsis. Plant Physiology 141, 942-956.

Ishizaki Y, Tsunoyama Y, Hatano K, Ando K, Kato K, Shinmio
A, Kobori M, Takeba G, Nakahira Y, Shiina T. 2005. A
nuclear-encoded sigma factor, Arabidopsis SIG6, recognizes
sigma-70 type chloroplast promoters and regulates early chloro-
plast development in cotyledons. The Plant Journal 42, 133—144.

Isono K, Shimizu M, Yoshimoto K, Niwa Y, Satoh K, Yokota A,
Kobayashi H. 1997. Leaf-specifically expressed genes for poly-
peptides destined for chloroplasts with domains of 70 factors of
bacterial RNA polymerases in Arabidopsis thaliana. Proceedings
of the National Academy of Sciences, USA 94, 14948-14953.

Itoh R, Fujiwara M, Nagata N, Yoshida S. 2001. A chloroplast
protein homologous to the eubacterial topological specificity
factor MinE plays a role in chloroplast division. Plant Physiology
127, 1644-1655.

Jarvis P, Robinson C. 2004. Mechanisms of protein import and
routing in chloroplasts. Current Biology 14, R1064-R1077.

Jasinski S, Leite CS, Domenichini D, Stevens R, Raynaud C,
Perennes C, Bergounioux C, Glab N. 2003. NtKIS2, a novel
tobacco cyclin-dependent kinase inhibitor is differentially expressed
during the cell cycle and plant development. Plant Physiology
and Biochemistry 41, 667-676.

Kanamaru K, Nagashima A, Fujiwara M, Shimada H, Shirano
Y, Nakabayashi K, Shibata D, Tanaka K, Takahashi H. 2001.
An Arabidopsis sigma factor (SIG2)-dependent expression of
plastid-encoded tRNAs in chloroplasts. Plant and Cell Physiology
42, 1034-1043.

Kessler F, Schnell DJ. 2006. The function and diversity of plastid
protein import pathways: a multilane GTPase highway into plastids.
Traffic 7, 248-257.

Khakhlova O, Bock R. 2006. Elimination of deleterious mutations in
plastid genomes by gene conversion. The Plant Journal 46, 85-94.

Kleffmann T, Hirsch-Hoffmann M, Gruissem W, Baginsky S.
2006. Plprot: a comprehensive proteome database for different
plastid types. Plant and Cell Physiology 47, 432—436.

Kleffmann T, Russenberger D, Von Zychlinski A, Christopher W,
Sjolander K, Gruissem W, Baginsky S. 2004. The Arabidopsis
thaliana chloroplast proteome reveals pathway abundance and
novel protein functions. Current Biology 14, 354-362.

Kode V, Mudd EA, Iamtham S, Day A. 2005. The tobacco plastid
accD gene is essential and is required for leaf development. The
Plant Journal 44, 237-244.

Kohler RH, Hanson MR. 2000. Plastid tubules of higher plants
are tissue-specific and developmentally regulated. Journal of Cell
Science 113, 3921-3930.

Kubis S, Baldwin A, Patel R, Razzaq A, Dupree P, Lilley K,
Kurth J, Leister D, Jarvis P. 2003. The Arabidopsis ppil
mutant is specifically defective in the expression, chloroplast
import, and accumulation of photosynthetic proteins. The Plant
Cell 15, 1859-1871.

Kubis S, Patel R, Combe J, ef al. 2004. Functional specialization
amongst the Arabidopsis Tocl59 family of chloroplast protein
import receptors. The Plant Cell 16, 2059-2077.

Kuroda H, Maliga P. 2003. The plastid c/pPl protease gene is
essential for plant development. Nature 425, 86—89.

Leister D. 2003. Chloroplast research in the genomic age. Trends
in Genetics 19, 47-56.

Lee YJ, Kim DH, Kim YW, Hwant I. 2001. Identification of
a signal that distinguishes between the chloroplast outer envelope
membrane and the endomembrane system in vivo. The Plant Cell
13, 2175-2190.

Li H-M, Culligan K, Dixon RA, Chory J. 1995. CUEI:
a mesophyll cell-specific positive regulator of light-controlled
gene-expression in Arabidopsis. The Plant Cell 7, 1599-1610.

Li C, Potuschak T, Colon-Carmona A, Gutiérrez RA, Doerner P.
2005. Arabidopsis TCP20 links regulation of growth and cell
division control pathways. Proceedings of the National Academy
of Sciences, USA 102, 12978-12983.

Li WM, Ruf S, Bock R. 2006. Constancy of organellar genome
copy numbers during leaf development and senescence in higher
plants. Molecular Genetics and Genomics 275, 185-192.

Liu YS, Roof S, Ye ZB, Barry C, van Tuinen A, Vrebalov J,
Bowler C, Giovannoni J. 2004. Manipulation of light signal
transduction as a means of modifying fruit nutritional quality in
tomato. Proceedings of the National Academy of Sciences, USA
101, 9897-9902.

Longabaugh WJR, Davidson EH, Bolouri H. 2005. Computa-
tional representation of developmental genetic regulatory net-
works. Developmental Biology 283, 1-16.

Lopez-Juez E, Pyke KA. 2005. Plastids unleashed: their develop-
ment and their integration in plant development. International
Journal of Developmental Biology 49, 557-577.

Lopez-Juez E, Jarvis RP, Takeuchi A, Chory J. 1998. New
Arabidopsis CAB-underexpressed (cue) mutants suggest a role for
plastids in the regulation of nuclear gene expression by light.
Plant Physiology 118, 803-815.

Lopez-Juez E, Streatfield S, Chory J. 1996. Light signals and
autoregulated chloroplast development. In: Briggs WR, Heath
RL, Tobin EM, eds. Light regulation of plant development.
ASPP Symposium Series, 144—-152.

Lurin C, Andres C, Aubourg S, ef al. 2004. Genome-wide analysis
of Arabidopsis pentatricopeptide repeat proteins reveals their
essential role in organelle biogenesis. The Plant Cell 16, 2089-2103.

Ma L, Li J, Qu L, Hager J, Chen Z, Zhao H, Deng XW. 2001.
Light control of Arabidopsis development entails co-ordinated
regulation of genome expression and cellular pathways. The Plant
Cell 13, 2589-2607.

Mache R, Lerbs-Mache S. 2001. Chloroplast genetic system of higher
plants: chromosome replication, chloroplast division and elements of
the transcriptional apparatus. Current Science 80, 217-224.



Maple J, Fujiwara MT, Kitahata N, Lawson T, Baker NR,
Yoshida S, Moller SG. 2004. GIANT CHLOROPLAST 1 is
essential for correct plastid division in Arabidopsis. Current
Biology 14, 776-781.

Maple J, Aldridge C, Mgller SG. 2005. Plastid division is
mediated by combinatorial assembly of plastid division proteins.
The Plant Journal 43, 811-823.

Margolin W. 2005. FtsZ and the division of prokaryotic cells
and organelles. Nature Reviews Molecular Cell Biology 6,
862-871.

Martin W, Kowallik KV. 1999. Annotated English translation
of Mereschkowsky’s 1905 paper ‘Uber Natur und Urspring
der Chromatophoren im Pflanzenreiche’. European Journal of
Phycology 34, 287-295.

Martin W, Rujan T, Richly E, Hansen A, Cornelsen S, Lins T,
Leister D, Stoebe B, Hasegawa M, Penny D. 2002. Evolution-
ary analysis of Arabidopsis, cyanobacterial, and chloroplast
genomes reveals plastid phylogeny and thousands of cyanobac-
terial genes in the nucleus. Proceedings of the National Academy
of Sciences, USA 99, 12246-12251.

Martinez-Hernandez A, Lopez-Ochoa SL, Argiiello-Astorga G,
Herrera-Estrella L. 2002. Functional properties and regulatory
complexity of a minimal RBCS light-responsive unit activated by
phytochrome, cryptochrome, and plastid signals. Plant Physiology
128, 1223-1233.

Matsuzaki M, Misumi O, Shin-IT, et al. 2004. Genome sequence
of the ultrasmall unicellular red alga Cyanidioschyzon merolae
10D. Nature 428, 653-657.

McCormac AC, Terry MJ. 2002. Light-signalling pathways
leading to the co-ordinated expression of HEMAI and Lhch
during chloroplast development in Arabidopsis thaliana. The
Plant Journal 32, 549-559.

Miyagishima SY, Takahara M, Mori T, Kuroiwa H, Higashiyama
T, Kuroiwa T. 2001. Plastid division is driven by a complex
mechanism that involves differential transition of the bacterial
and eukaryotic division rings. The Plant Cell 13, 2257-2268.

Miyagishima S, Nishida K, Mori T, Matsuzaki M, Higashiyama
T, Kuroiwa H, Kuroiwa T. 2003. A plant-specific dynamin-
related protein forms a ring at the chloroplast division site. The
Plant Cell 15, 655-665.

Mochizuki N, Brusslan JA, Larkin R, Nagatani A, Chory J.
2001. Arabidopsis genomes uncoupled 5 (GUNS) mutant reveals
the involvement of Mg-chelatase H subunit in plastid-to-nucleus
signal transduction. Proceedings of the National Academy of
Sciences, USA 98, 2053-2058.

Mochizuki T, Onda Y, Fujiwara E, Wada M, Toyoshima Y.
2004. Two independent light signals cooperate in the activation
of the plastid psbD blue light-responsive promoter in Arabidopsis.
FEBS Letters 571, 26-30.

Mgller SG. 2004. Plastids. Oxford, UK: Blackwell Publishing.

Moslavac S, Mirus O, Bredemeier R, Soll J, von Haeseler A,
Schleiff E. 2005. Conserved pore-forming regions in polypeptide-
transporting proteins. FEBS Journal 272, 1367-1378.

Mustilli AC, Fenzi F, Ciliento R, Alfano F, Bowler C. 1999.
Phenotype of the tomato high pigment-2 mutant is caused by
a mutation in the tomato homolog of DEETIOLATED]. The Plant
Cell 11, 145-157.

Nada A, Soll J. 2004. Inner envelope protein 32 is imported into
chloroplasts by a novel pathway. Journal of Cell Science 117,
3975-3982.

Nagashima A, Hanaoka M, Shikanai T, Fujiwara M, Kanamaru
K, Takahashi H, Tanaka K. 2004. The multiple-stress responsive
plastid sigma factor, SIGS5, directs activation of the psbD blue
light-responsive promoter (BLRP) in Arabidopsis thaliana. Plant
and Cell Physiology 45, 357-368.

Plastid biogenesis 25

Neta-Sharir I, Isaacson T, Lurie S, Weiss D. 2005. Dual role for
tomato heat shock protein 21: protecting photosystem II from oxi-
dative stress and promoting color changes during fruit maturation.
The Plant Cell 17, 1829-1838.

Neuhaus HE, Emes MJ. 2000. Non-photosynthetic metabolism in
plastids. Annual Review of Plant Physiology and Plant Molecular
Biology 51, 111-140.

Nishida K, Yagisawa F, Kuroiwa H, Nagata T, Kuroiwa T.
2005. Cell cycle-regulated, microtubule-independent organelle
division in Cyanidioschyzon merolae. Molecular Biology of the
Cell 16, 2493-2502.

Niwa Y, Goto S, Nakano T, Kakaiya M, Hirano T, Tsukaya H,
Komeda Y, Kobayashi H. 2006. Arabidopsis mutants by
activation tagging in which photosynthesis genes are expressed in
dedifferentiated calli. Plant and Cell Physiology 47, 319-331.

Nott A, Hou-Sung J, Koussevitzky S, Chory J. 2006. Plastid-to-
nucleus retrograde signalling. Annual Review of Plant Biology 57,
739-759.

Osteryoung KW, Nunnari J. 2003. The division of endosymbiotic
organelles. Science 302, 1698—1704.

Osteryoung KW, Vierling E. 1995. Conserved cell and organelle
division. Nature 376, 473-474.

Pesaresi P, Masiero S, Eubel H, Braun HP, Bhushan S,
Glaser E, Salamini F, Leister D. 2006. Nuclear photosyn-
thetic gene expression is synergistically modulated by rates of
protein synthesis in chloroplasts and mitochondria. The Plant
Cell 18, 970-991.

Puente P, Wei N, Deng XW. 1996. Combinatorial interplay of
promoter elements constitutes the minimal determinants for light
and developmental control of gene expression in Arabidopsis.
EMBO Journal 15, 3732-3743.

Privat I, Hakimi MA, Buhot L, Favory JJ, Lerbs-Mache S.
2003. Characterization of Arabidopsis plastid sigma-like trans-
cription factors SIG1, SIG2 and SIG3. Plant Molecular Biology
51, 385-399.

Pyke KA. 1997. The genetic control of plastid division in higher
plants. American Journal of Botany 84, 1017-1027.

Pyke KA. 1999. Plastid division and development. The Plant Cell
11, 549-556.

Pyke K. 2006. Plastid division: the squeezing gets tense. Current
Biology 16, R60—R62.

Pyke KA, Leech RM. 1992. Chloroplast division and expansion is
radically altered by nuclear mutations in Arabidopsis thaliana.
Plant Physiology 99, 1005-1008.

Raynaud C, Cassier-Chauvat C, Perennes C, Bergounioux C.
2004. An Arabidopsis homolog of the bacterial cell division
inhibitor SulA is involved in plastid division. The Plant Cell 16,
1801-1811.

Raynaud C, Perennes C, Reuzeau C, Catrice O, Brown S,
Bergounioux C. 2005. Cell and plastid division are co-ordinated
through the prereplication factor AtCDT1. Proceedings of the
National Academy of Sciences, USA 102, 8216-8221.

Richly E, Dietzmann A, Biehl A, Kurth J, Laloi C, Apel K,
Salamini F, Leister D. 2003. Covariations in the nuclear chloro-
plast transcriptome reveal a regulatory master-switch. EMBO
Reports 4, 491-498.

Richly E, Leister D. 2004. An improved prediction of chloroplast
proteins reveals diversities and commonalities in the chloroplast
proteomes of Arabidopsis and rice. Gene 329, 11-16.

Rodriguez-Concepcion M, Boronat A. 2002. Elucidation of the
methylerythritol phosphate pathway for isoprenoid biosynthesis
in bacteria and plastids. A metabolic milestone achieved through
genomics. Plant Physiology 130, 1079—-1089.

Sakamoto W. 2006. Protein degradation machineries in plastids.
Annual Review in Plant Biology 57, 599-621.



26 Lopez-Juez

Sakamoto W, Zaltsman A, Adam Z, Takahashi Y. 2003. Co-
ordinated regulation and complex formation of YELLOW
VARIEGATED 1 and YELLOW VARIEGATED 2, chloroplastic
FtsH metalloproteases involved in the repair cycle of photo-
system II in Arabidopsis thylakoid membranes. The Plant Cell
15, 2843-2855.

Sato N, Terasawa K, Miyajima K, Kabeya Y. 2003. Organiza-
tion, developmental dynamics and evolution of plastid nucleoids.
International Review of Cytology 232, 217-262.

Schifer E, Bowler C. 2005. Phytochrome-mediated photopercep-
tion and signal transduction in higher plants. EMBO Reports 3,
1042-1048.

Schroeder DF, Gahrtz M, Maxwell BB, Cook RK, Kan JM,
Alonso JM, Ecker JR, Chory J. 2002. De-etiolated 1 and
damaged DNA binding protein 1 interact to regulate Arabidopsis
photomorphogenesis. Current Biology 12, 1462—-1472.

Schuenemann D, Amin P, Hartmann E, Hoffman NE. 1999.
Chloroplast SecY is complexed to SecE and involved in the
translocation of the 33 kDa but not the 23 kDa subunit of the
oxygen-evolving complex. Journal of Biological Chemistry 274,
12177-12182.

Shiina T, Tsunoyama Y, Nakahira Y, Khan MS. 2005. Plastid
RNA polymerases, promoters, and transcription regulators in
higher plants. International Review of Cytology 244, 1-68.

Shimada H, Koizumi M, Kuroki K, Mochizuki M, Fujimoto H,
Ohta H, Masuda T, Takamiya K. 2004. ARC3, a chloroplast
division factor, is a chimera of prokaryotic FtsZ and part of
eukaryotic phosphatidylinositol-4-phosphate 5-kinase. Plant and
Cell Physiology 45, 960-967.

Soll J. 2002. Protein import into chloroplasts. Current Opinion in
Plant Biology 5, 529-535.

Streatfield SJ, Weber A, Kinsman EA, Hausler RE, Li JM,
Post-Beittenmiller D, Kaiser WM, Pyke KA, Flugge UI,
Chory J. 1999. The phosphoenolpyruvate/phosphate translocator
is required for phenolic metabolism, palisade cell development,
and plastid-dependent nuclear gene expression. The Plant Cell 11,
1609-1621.

Sugiura M, Hirose T, Sugita M. 1998. Evolution and mechanisms
of translation in chloroplasts. Annual Review of Genetics 32,
437-459.

Sullivan JA, Gray JC. 2002. Multiple plastid signals regulate the
expression of the pea plastocyanin gene in pea and transgenic
tobacco plants. The Plant Journal 32, 763-774.

Susek RE, Ausubel FM, Chory J. 1993. Signal transduction
mutants of Arabidopsis uncouple nuclear CAB and RBCS gene
expression from chloroplast development. Cell 74, 787-799.

Suzuki JY, Ytterberg AJ, Beardslee TA, Allison LA, Wijk KJ,
Maliga P. 2004. Affinity purification of the tobacco plastid RNA
polymerase and in vitro reconstitution of the holoenzyme. The
Plant Journal 40, 164—172.

Tepperman JM, Zhu T, Chang HS, Wang X, Quail PH. 2001.
Multiple transcription-factor genes are early targets of phyto-
chrome A signalling. Proceedings of the National Academy of
Sciences, USA 98, 9437-9442.

Terasawa K, Sato N. 2005. Visualization of plastid nucleoids
in situ using the PEND-GFP fusion protein. Plant and Cell
Physiology 46, 649-660.

Timmis JN, Ayliffe MA, Huang CY, Martin W. 2004. Endo-
symbiotic gene transfer: organelle genomes forge eukaryotic
chromosomes. Nature Review Genetics 5, 123—136.

Toufighi K, Brady SM, Austin R, Ly E, Provart NJ. 2005. The
Botany Array Resource: e-Northerns, expression angling, and
promoter analyses. The Plant Journal 43, 153-163.

Tsunoyama Y, Ishizaki Y, Morikawa K, Kobori M, Nakahira Y,
Takeba Y, Shiina T. 2004. Blue light-induced transcription

of plastid-encoded psbD gene is mediated by a nuclear-encoded
transcription initiation factor, AtSig5. Proceedings of the
National Academy of Sciences, USA 101, 3304-3309.

Ullanat R, Jayabaskaran C. 2002. Light- and cytokinin-regulated
ftsZ gene expression in excised cucumber cotyledons (Cucumis
sativus). Plant Growth Regulation 38, 209-218.

Van Wijk KJ. 2004. Plastid proteomics. Plant Physiology and
Biochemistry 42, 963-977.

Villarejo A, Burén S, Larsson S, et al. 2005. Evidence for a protein
transported through the secretory pathway en route to the higher
plant chloroplast. Nature Cell Biology 7, 1224—1231.

Vinti G, Fourrier N, Bowyer JR, Lopez-Juez E. 2005.
Arabidopsis cue mutants with defective plastids are impaired
primarily in the photocontrol of expression of photosynthesis-
associated nuclear genes. Plant Molecular Biology 57, 343-357.

Vitha S, McAndrew RS, Osteryoung KW. 2001. FtsZ ring
formation at the chloroplast division site in plants. Journal of
Cell Biology 153, 111-119.

Vitha S, Froehlich JE, Koksharova O, Pyke KA, Van Erp H,
Osteryoung KW. 2003. ARC6 is a J-domain plastid division
protein and an evolutionary descendant of the cyanobacterial cell
division protein Ftn2. The Plant Cell 15, 1918-1933.

Voigt A, Jakob M, Klosgen RB, Gutensohn M. 2005. At least
two Toc34 protein import receptors with different specificities
are also present in spinach chloroplasts. FEBS Letters 579,
1343-1349.

Voll L, Hausler RE, Hecker R, Weber A, Weissenbock G,
Fiene G, Waffenschmidt S, Flugge UI 2003. The phenotype of
the Arabidopsis cuel mutant is not simply caused by a general
restriction of the shikimate pathway. The Plant Journal 36,
301-317.

Wakasugi T, Tsudzuki T, Sugiura M. 2001. The genomics of land
plant chloroplasts: gene content and alteration of genomic
information by RNA editing. Photosynthesis Research 70,
107-118.

Waters M, Pyke K. 2004. Plastid development and differentiation.
In: Mogller SG, ed. Plastids. Oxford, UK: Blackwell, 30-59.

Weber P, Fulgosi H, Piven I, Muller L, Krupinska K, Duong
VH, Herrmann RG, Sokolenko A. 2006. TCP34, a nuclear-
encoded response regulator-like TPR protein of higher plant
chloroplasts. Journal of Molecular Biology 357, 535-549.

Whatley JM. 1978. A suggested cycle of plastid developmental
interrelationships. New Phytologist 80, 489-502.

Weston E, Thorogood K, Vinti G, Lopez-Juez E. 2000. Light
quantity controls leaf-cell and chloroplast development in Arabidop-
sis thaliana wild type and blue light-perception mutants. Planta
211, 807-815.

Wilkinson JQ, Lanahan MB, Yen HC, Giovannoni JJ, Klee HJ.
1995. An ethylene-inducible component of signal-transduction
encoded by Never-Ripe. Science 270, 1807-1809.

Wycliffe P, Sitbon F, Wernersson J, Ezcurra I, Ellerstrom M,
Rask L. 2005. Continuous expression in tobacco leaves of
a Brassica napus PEND homologue blocks differentiation of plastids
and development of palisade cells. The Plant Journal 44, 1-15.

Yasumura Y, Moylan EC, Langdale JA. 2005. A conserved
transcription factor mediates nuclear control of organelle bio-
genesis in anciently diverged land plants. The Plant Cell 17,
1894-1907.

Yen HC, Shelton BA, Howard LR, Lee S, Vrebalov J,
Giovannoni JJ. 1997. The tomato high-pigment (hp) locus
maps to chromosome 2 and influences plastome copy number
and fruit quality. Theoretical and Applied Genetics 95, 1069-1079.

Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem W.
2004. GENEVESTIGATOR. Arabidopsis microarray database
and analysis toolbox. Plant Physiology 136, 2621-2632.



