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Abstract

Chlorophyll precursors, photosynthetic electron transport, and sugars have all been shown to be
involved in signaling from the chloroplast to the nucleus, suggesting the presence of multiple signaling
pathways of coordination between these two cellular compartments.

The endosymbiotic theory of chloroplast evolution proposes
that a photosynthetic prokaryote was engulfed by a eukary-
otic host to produce the eukaryotic plant cell. The ensuing
endosymbiosis resulted in gene transfer from the chloroplast
genome to the nuclear genome, and thus the chloroplast
contains both nucleus-encoded and chloroplast-encoded
components. The development of a fully functional chloro-
plast therefore depends on the coordinate expression of
nuclear and chloroplast genes in response to both develop-
mental and environmental signals. Chloroplast function
requires the import of both nucleus-encoded photosynthetic
proteins and cytoplasmic factors that regulate the expression
of chloroplast genes. The plastid also plays a role in nuclear
gene expression, with signals that originate in the chloro-
plast acting to regulate transcription of nucleus-encoded
photosynthetic genes. In the last ten years, many studies
have revealed the nature of nucleus-derived molecules that
affect chloroplast gene expression at all levels (reviewed in
[1-3]). Although it has been known for many years that the
expression of a subset of nuclear genes, whose products are
involved in photosynthesis, depends on the presence in the
cell of functional plastids [4], little progress has been made
in elucidating the signaling molecules or mechanisms
involved in this retrograde signaling. Several recent discov-
eries have made inroads into this complex mechanism [5-8]
and have begun to shed light on the black box of signaling
from the chloroplast to the nucleus.

Chlorophyll precursors signal from the
chloroplast

It has long been suspected that chlorophyll precursors play a
role in signaling to the nucleus. Indirect evidence came from
reports of the repression of nuclear photosynthetic genes in
Chlamydomonas reinhardtii by the addition of a specific
inhibitor of chlorophyll biosynthesis that results in chloro-
phyll-precursor accumulation [9,10]. The same chlorophyll
precursors have also been reported to act as inducers of
nucleus-encoded cytosolic and chloroplast-localized heat-
shock proteins [11,12].

Two recent papers, by Mochizuki et al. [5] and Meller et al.
[6], have identified proteins involved in chlorophyll biosyn-
thesis as regulators of light-stimulated expression of
nucleus-encoded photosynthetic genes such as those encod-
ing the light-harvesting chlorophyll a/b binding protein
(Lhcb), Rubisco small subunit (RbcS), chalcone synthase
(Chs) and ferredoxin-NADP reductase (Fnr).

Mochizuki and co-workers examined Arabidopsis genomes-
uncoupled (gun) mutants [13], in which Lhcb and RbcS
transcription is derepressed in the absence of functional
chloroplasts. Identification and analysis of several such gun
mutants suggested the existence of multiple signaling path-
ways. Cloning of the GUN5 locus identified its product as
the ChlH subunit of Mg-chelatase, a protein involved in
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chlorophyll synthesis, again suggesting that chlorophyll pre-
cursors act as a signal in one of these pathways. As shown in
Figure 1, Mg-chelatase is required for the production of Mg-
protoporphyrin IX monomethyl ester (MgProtoME). Inhibi-
tion of Lhcb gene expression in response to MgProtoME
accumulation [9], and a requirement for cytoplasmic
MgProtoME accumulation for the expression of Hsp70oa and
Hspzob [12], suggests that this precursor may act as a sig-
naling molecule between the chloroplast and the nucleus.
But Mochizuki et al. show that two other mutants that
disrupt the Chll subunit (and thus the activity of Mg-
chelatase) and have similarly pale chlorophyll phenotypes to
guns, do not show derepression of Lheb and RbcS transcrip-
tion. These data indicate that the ChlH subunit itself is
instrumental in providing the signal from the chloroplast
that regulates the expression of nuclear photosynthetic
genes, perhaps in response to changes in the flux of chloro-
phyll biosynthetic precursors such as MgProtoME.

Moller et al. isolated Arabidopsis long after far red (laf)
mutants displaying reduced hypocotyl-growth inhibition in
response to far-red light. These mutants also have an inabil-
ity to become green following treatment with far-red light,
and they have reduced expression of the light-regulated
genes Lhcb, Chs, and Fnr in far-red light. LAF6 was cloned
and shown to encode a novel plant member of the small
soluble ATP-binding-cassette transporter family (atABC1);
members of this family are usually involved in the import of
catabolites across membranes. AtABC1 has a functional
amino-terminal chloroplast-transit peptide and localizes to
the periphery of chloroplasts, consistent with having a posi-
tion at the inner envelope. The pale-green phenotype of laf6
seedlings suggested a deficiency in chlorophyll biosynthesis.
Subsequent analysis confirmed that laf6 mutants accumu-
late twice as much protoporphyrin IX (proto IX; see
Figure 1) and 40% less chlorophyll than wild-type seedlings.

If the accumulation of proto IX was the cause of the laf phe-
notype, treatment of seedlings with a herbicide that gives
rise to artificially high cytoplasmic proto IX levels should

result in the laf phenotype. This indeed proved to be the
case, as treatment of wild-type seedlings with flumioxazin,
an inhibitor of protoporphyrinogen IX oxidase (PPO),
resulted in the same phenotype as laf6. Overexpression of
atABC1 reduced the sensitivity of the seedlings to flumiox-
azin, as predicted. Given that PPO oxidizes protoporphyrino-
gen IX to proto IX in the chloroplast envelope (see Figure 2),
these results suggest that atABC1 is responsible for the
import of proto IX into the stroma. In the absence of atABC1
in the laf6 mutant, proto IX is not imported and it therefore
accumulates in the cytoplasm, resulting in repression of the
expression of Lhcb, Chs and Fnr. Both of these recent
studies [5,6] show the importance of the chlorophyll biosyn-
thetic pathway in chloroplast development and in signaling
between the chloroplast and nucleus.

Plastid redox state and sugars are involved in
signaling from the chloroplast

The expression of nucleus-encoded photosynthetic genes,
such as Lhcb, has been shown to be repressed in the pres-
ence of high levels of sugar (reviewed in [14]). It has also
been proposed that photosynthetic electron transport is
required to activate Lhcb transcription [15]. Oswald et al. [7]
investigated whether these two effects operate through a
common signaling pathway. They showed that photosyn-
thetic electron transport is essential for the generation of a
chloroplast signal that activates transcription of Lhcb and
RbcS. This transcriptional activation did not depend on
sugar status, implying that it is an independent event.
Sucrose feeding repressed the transcription of Lhcb and
RbcS, however, suggesting that the two pathways may inter-
act in controlling the expression of these nuclear genes.

In studies of a mutant of the maize Sucrose export defective
(Sxd1) gene, Provencher et al. [8] reported accumulation of
sugars in photosynthetic bundle sheath cells as a result of a
defect in sucrose export to the vascular parenchyma cells. The
sxd1 mutant did not show repression of the nucleus-encoded
photosynthetic genes Lhcb and RbcS, despite accumulation
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The pathway of chlorophyll biosynthesis. Solid arrows represent single steps; dashed arrows represent multiple steps; open
arrows represent catalysis by an enzyme. Abbreviations: protogen IX, protoporphyrinogen IX; proto IX, protoporphyrin IX;
MgProto, Mg-protoporphyrin IX; MgProtoME, Mg-protoporphyrin monomethyl ester; PPO, protoporphyrinogen IX oxidase.
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A model of the role of atABCI| and PPO in chlorophyll
biosynthesis. PPO oxidizes protogen IX to proto IX in the
chloroplast envelope (dark gray), whereupon it is imported
back into the stroma by atABC| and an integral membrane
protein. In the laf6 mutant (shown in blue), proto IX import
is inhibited, allowing its accumulation in the cytoplasm. In
the presence of flumioxazin (shown in green), PPO is
inhibited, allowing protogen X into the cytoplasm where it
is oxidized non-specifically to proto IX, thus mimicking the
laf6 phenotype. Adapted from [6]; for abbreviations, see
Figure | legend.

of high sugar levels. This result implies that SXD1 has a role
in repression of Lhcb and RbceS in response to high sugar
levels. On the basis of this observation and the localization of
Sxd1 to the chloroplast, the authors proposed that SXD1
might play a role in the sugar-sensing mechanism involved
in chloroplast-to-nucleus signaling.

A model of chloroplast-to-nucleus signaling

The four papers described above [5-8] have provided evi-
dence for the involvement in signaling between the chloro-
plast and nucleus of components of the chlorophyll
biosynthetic pathway, the redox state of the chloroplast, and
sugars. It is clear that there are multiple signaling pathways
that result in repression or stimulation of the same set of
nuclear genes in response to different cellular or environmen-
tal cues. These recent discoveries call for a revision of the
model proposed to describe signaling from the chloroplast to
the nucleus (Figure 3). Chlorophyll precursors, such as
MgProtoME and proto IX, accumulate in response to reduced
rates of chlorophyll synthesis. These precursors may enter
the cytoplasm and bind to factors that signal the repression of
expression of nucleus-encoded photosynthetic genes. Alter-
natively, they may bind to Mg-chelatase at the chloroplast
inner envelope, upon which the Mg-chelatase would send a
signal that resulted in the repression of transcription. It has
been shown that chloroplast electron transport is required
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for the activation of expression of nucleus-encoded photo-
synthetic genes, and the redox-sensitive molecules thiore-
doxin or glutathione may be involved in this signal
transduction, possibly through an as-yet unidentified inner-
envelope component. Sugars also affect expression of
nucleus-encoded photosynthetic genes and may act via Sxd1
in the chloroplast or hexokinase in the cytoplasm [14],
sending a signal to repress the expression of photosynthetic
genes when a source of carbon is abundant. It has also been
proposed that cytoplasmic kinases and phosphatases may
play a role in signaling from the chloroplast to the nucleus
[15-17]. Several of the signaling pathways described above
may use common kinases and phosphatases as transducers
of the signal, a frequent occurrence in eukaryotic cells.

Undoubtedly, there is still much to be discovered in this
complex field. It will become increasingly difficult to study
individual pathways in isolation, as one can envisage an
elaborate network of crosstalk between the pathways. As
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A summary of the pathways of chloroplast-nucleus signaling
proposed in this article. H, | and D are the ChIH, Chll and
ChID subunits of Mg-chelatase, respectively; the octagons
represent possible receptors for proto IX (pink) and
MgProtoME (orange), respectively; the yellow ovals
represent unidentified chloroplast envelope proteins
involved in signal transduction. Plus and minus signs denote a
positive or negative effect on transcription in the nucleus,
respectively.
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these recent papers have shown, however, the search for ret-
rograde signaling components that pass from the plastid
back to the nucleus is gathering momentum.
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