The Plant Cell, Vol. 19: 1964-1979, June 2007, www.plantcell.org © 2007 American Society of Plant Biologists

In Vivo Visualization of Mg-ProtoporphyriniX, a Coordinator
of Photosynthetic Gene Expression in the Nucleus and
the Chloroplast™

Elisabeth Ankele,! Peter Kindgren,! Edouard Pesquet,! and Asa Strand?
Umeé Plant Science Centre, Department of Plant Physiology, Umea University, S-901 87 Umed&, Sweden

The photosynthetic apparatus is composed of proteins encoded by genes from both the nucleus and the chloroplast. To ensure
that the photosynthetic complexes are assembled stoichiometrically and to enable their rapid reorganization in response to a
changing environment, the plastids emit signals that regulate nuclear gene expression to match the status of the plastids. One of
the plastid signals, the chlorophyll intermediate Mg-ProtoporphyriniX (Mg-ProtolX) accumulates under stress conditions and
acts as a negative regulator of photosynthetic gene expression. By taking advantage of the photoreactive property of
tetrapyrroles, Mg-ProtolX could be visualized in the cells using confocal laser scanning spectroscopy. Our results demonstrate
that Mg-ProtolX accumulated both in the chloroplast and in the cytosol during stress conditions. Thus, the signaling metabolite
is exported from the chloroplast, transmitting the plastid signal to the cytosol. Our results from the Mg-ProtolX over- and
underaccumulating mutants copper response defect and genome uncoupled5, respectively, demonstrate that the expression of
both nuclear- and plastid-encoded photosynthesis genes is regulated by the accumulation of Mg-ProtolX. Thus, stress-induced

accumulation of the signaling metabolite Mg-ProtolX coordinates nuclear and plastidic photosynthetic gene expression.

INTRODUCTION

Proper function of the plant cell depends on the regulated and
reciprocal interaction between its different compartments. This
includes not only the exchange of metabolic intermediates and
energy equivalents but also information. The genetic information
of the plant cell is divided between three different compartments,
the nucleus, mitochondria, and chloroplasts. However, the ma-
jority of the organellar proteins are encoded in the nucleus, and
the presence of genes encoding organellar proteins in different
cellular compartments presents the complex problem to coor-
dinate the activities of the different genomes of the plant cell
(Surpin and Chory, 1997; Surpin et al., 2002; Richly et al., 2003).
To achieve this coordination, mechanisms to orchestrate nuclear
and organellar gene expression have evolved and these include
both anterograde and retrograde controls (Rodermel and Park,
2003). Anterograde mechanisms (nucleus-to-plastid) coordinate
gene expression in the plastid with cellular and environmental
cues that are perceived and choreographed by genes in the
nucleus. This type of traffic includes nuclear-encoded proteins
that regulate the transcription and translation of plastid genes.
Retrograde (organelle-to-nucleus) signaling, on the other hand,
coordinates the expression of nuclear genes encoding plastid
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proteins with the metabolic and developmental state of the
plastid (Susek et al., 1993; Strand et al., 2003).

The photosynthetic apparatus is composed of proteins en-
coded by genes from both the nucleus and the chloroplast. For
example, in the photosynthetic electron transport complexes of
the thylakoid membrane, the core subunits are encoded by the
chloroplast genome, and the peripheral subunits are encoded by
the nuclear genome. In the stroma, the large subunit of ribulose-1,
5-bis-phosphate carboxylase/oxygenase (Rubisco) is chloro-
plastically encoded, whereas the small subunit is nuclear en-
coded. To ensure that all these photosynthetic complexes are
assembled stoichiometrically and to enable their rapid reorgani-
zation in response to a changing environment, the plastids emit
signals that regulate nuclear gene expression to match the status
of the plastids (Mayfield and Taylor, 1984; Burgess and Taylor,
1988; Taylor, 1989; Susek et al., 1993; Beck, 2005). It is now clear
that several different plastid processes produce signals influ-
encing nuclear photosynthetic gene expression (Beck, 2005;
Nott et al., 2006), and it has been demonstrated that different
signals are produced at different developmental stages (Sullivan
and Gray, 2002). One of the plastid signals, the chlorophyll
intermediate Mg-ProtoporphyrinlX (Mg-ProtolX) was revealed by
characterization of the genome uncoupled (gun) mutants (Susek
et al., 1993; Mochizuki et al., 2001; Larkin et al., 2003; Strand
et al., 2003).

The gun mutants are Arabidopsis thaliana mutants in which the
communication between the chloroplast and the nucleus has
been disrupted (Susek et al., 1993). Using the genome-uncoupled
mutants gun2 and gun5, with restrictions in defined steps in
tetrapyrrole biosynthesis, conclusive evidence was provided
that Mg-ProtolX acts as a signaling molecule initiating retrograde
communication between the chloroplast and the nucleus (Strand
et al., 2003; Nott et al., 2006). Mg-ProtolX has been shown to



accumulate under stress conditions affecting the structure and
function of the thylakoid membrane and acts as a negative
regulator of nuclear-encoded photosynthesis genes (Strand
et al., 2003; Wilson et al., 2003). In the genome-uncoupled
mutants gun2 and gun5, Mg-ProtolX does not accumulate to the
same critical amount during stress due to reduced flux through
the tetrapyrrole pathway. As a result, the plastid signal is lost in
these mutants and expression of a large number of nuclear
genes encoding chloroplastic proteins directly associated with
the photosynthetic reaction is maintained (Strand et al., 2003).

Although there is clear biochemical (Kropat et al., 1995, 1997,
2000) and genetic (Susek et al., 1993; Larkin et al., 2003; Strand
et al.,, 2003) evidence for Mg-ProtolX-mediated plastid-to-
nucleus communication, it remains unclear how the signal is
transmitted from the chloroplast, where it is synthesized, to the
nucleus. Is Mg-ProtolX emitted from the chloroplast itself or does
it interact with chloroplast-localized signaling proteins that as a
consequence are emitted from the chloroplast and transduce the
plastid signal further? Second, does accumulated Mg-ProtolX
also affect the expression of the genes encoded in the plastids
and thereby synchronize the photosynthetic gene expression
from the two genomes? To test whether Mg-ProtolX itself is
exported from the chloroplast to the cytosol, it was possible to
take advantage of the photoreactive property of tetrapyrroles.
Thus, Mg-ProtolX could be visualized in the cells using confocal
laser scanning spectroscopy, and our results demonstrate that
Mg-ProtolX accumulates both in the chloroplast and in the cy-
tosol during stress conditions. Furthermore, we tested the ex-
pression of plastid-encoded genes in the Mg-ProtolX over- and
underaccumulating mutants copper response defect (crd) and
gun5, respectively (Strand et al., 2003; Tottey et al., 2003),
and found that expression of the plastid-encoded photosynthe-
sis genes also respond to the accumulation of Mg-ProtolX,
demonstrating that Mg-ProtolX coordinates nuclear and plasti-
dic photosynthetic gene expression.

RESULTS

Visualization of Tetrapyrroles Using Confocal Laser
Scanning Spectroscopy

The possibility to use confocal laser scanning spectroscopy to
detect emission signals from specific tetrapyrroles was investi-
gated using authentic standards for the tetrapyrroles ProtolX
(Figure 1A), Mg-ProtolX (Figure 1C), and Mg-protoporphyrinIX-
methylester (Mg-ProtolX-ME) (Figure 1E) (Frontier Scientific). A
total of 40 pmol of each tetrapyrrole was applied to 3-mm
Whatman paper, and spectral emission was recorded following
405-nm diode laser excitation. ProtolX showed a clear emission
peak between 620 and 640 nm (Figure 1B), whereas Mg-ProtolX
and its methylester Mg-ProtolX-ME both showed emission
peaks between 580 and 600 nm (Figures 1D and 1F). To confirm
that the 580- to 600-nm emission peak was associated to the
Mg chelated form of ProtolX, spectral emission of ProtolX,
Mg-ProtolX, and Mg-ProtolX-ME in 3 N HCI (Mg removal condi-
tions according to Rebeiz et al., 1970) confirmed that the 580- to
600-nm and 620- to 640-nm emission windows are respectively
due to the chelated and unchelated forms of ProtolX (Figures 1B,
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1D, and 1F). In addition to the 580- to 600-nm emission peak, the
Mg-ProtolX and Mg-ProtolX-ME standards showed emission
peaks corresponding to ProtolX (Figure 1D and 1F). HPLC traces
of the Mg-ProtolX and Mg-ProtolX-ME standards demonstrated
that the standards were not pure and also contained ProtolX
(Figure 2). Using this method we cannot discriminate between
Mg-ProtolX and its methyl ester, Mg-ProtolX-ME. Mg-ProtolX-ME
has been shown to affect the expression of the nuclear-encoded
gene HSP70 in Chlamydomonas to the same extent as Mg-ProtolX
(Kropat et al., 1997). However, in Arabidopsis, Mg-ProtolX was
the only intermediate to significantly accumulate following
treatment with norflurazon to initiate plastid-to-nucleus commu-
nication (Figure 2D) (Strand et al., 2003). The emission peaks
detected from the dissolved tetrapyrrole standards by the con-
focal microscope were as expected between 620 and 640 nm for
ProtolX and Mg-ProtolX and between 580 and 600 nm for its
methyl ester (Hukmani and Tripathy, 1992). Thus, confocal laser
scanning spectroscopy could be used to visualize and discrim-
inate between Mg chelated forms of tetrapyrroles.

Verification of Emission Signals from Specific Tetrapyrroles
Using Mutants Affected in the Synthesis of Tetrapyrroles

Confocal laser scanning spectroscopy was used to determine
tetrapyrrole accumulation in vivo. Aminolevulinic acid (ALA), an
early precursor of tetrapyrroles, was fed to Arabidopsis seedlings
to amplify tetrapyrrole accumulation (Strand et al., 2003; Tottey
et al., 2003). ALA feeding enabled clear and stable visualization
of tetrapyrrole intermediates (Figures 3 to 5) that, with our micro-
scope, was not possible without ALA feeding. Mutants with
different lesions in the tetrapyrrole pathway (Table 1) were used
as controls for the specificity of the emission signals. We used a
T-DNA insertion mutant of the D-subunit of Mg-chelatase com-
plex (chld). The homozygote chld mutant is albino and unable to
synthesize Mg-ProtolX and consequently chlorophyll (Strand
et al., 2003). In addition, the gun5 mutant has a lesion in the
H-subunit of Mg-chelatase, and its accumulation of Mg-ProtolX
following stress conditions is strongly suppressed (Mochizuki
et al., 2001; Strand et al., 2003). As a complement, we used the
T-DNA insertion mutant crd of the CRD gene, encoding a
potential subunit of the cyclase enzyme complex involved in
chlorophyll biosynthesis downstream of Mg-ProtolX (Tottey
et al., 2003) (Table 1).

Emissions from ALA-fed chld, gun5, crd, and wild-type coty-
ledons are shown, and representative images were taken at 585
to 615 nm, 627 to 657 nm, and 680 to 710 nm for the specific
emission of Mg-ProtolX (Figures 3B, 3F, 3J, and 3N), ProtolX
(Figures 3C, 3G, 3K, and 30), and chlorophyll (Figures 3D, 3H,
3L, and 3P), respectively, and corresponding fluorescence emis-
sion spectra are presented (Figures 3Q to 3T). In the wild type,
clear emission peaks for ProtolX and chlorophyll were detected
(Figures 30, 3P, and 3T). By contrast, the chld mutant showed
almost no accumulation of chlorophyll, but a strong increase in
ProtolX accumulation was detected (Figures 3C, 3D, and 3Q).
This emission profile was expected as the chld mutant cannot
convert ProtolX to Mg-ProtolX. The leaky gun5 mutant showed
an emission profile similar to the chld mutant, but with relatively
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Figure 1. Calibration and Verification of Detection of Tetrapyrroles Using Confocal Laser Scanning Spectroscopy.

Emission spectra detected using confocal laser scanning spectroscopy from authentic standards for tetrapyrroles ProtolX ([A] and [B]), Mg-ProtolX ([C]
and [D]), and Mg-ProtolX-ME ([E] and [F]). Emission spectra before (solid line) and after (dotted line) removal of Mg from the protoporphyrin ring by acid
from Mg-ProtolX (D) and Mg-ProtolX-Me (F).

less accumulated ProtolX and more chlorophyll (Figures 3G,
3H, and 3R). The crd mutant showed a strong accumulation
of ProtolX (Figures 3K and 3S), and a slight accumulation of
Mg-ProtolX could be detected that was not observed in any of
the other seedlings (Figure 3S). The spectral traces shift in their

emission peak for chlorophyll from 5to 10 nm in the gun5 and crd
mutants. However, this small shift cannot be considered signif-
icant as fluorescent emission peaks are influenced by many
factors, such as ionic strength and pH; a clear example of this is
the spectral analysis of protoporphyrin IX where the emission
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Figure 2. HPLC Traces of Tetrapyrrole Standards and Sample Used for Visualization.

HPLC traces for ProtolX (A), Mg-ProtolX (B), Mg-ProtolX-ME (C), and wild-type (D) samples grown on norflurazon (NF) following ALA feeding.

varies depending on the pH (Figure 1B). Principal component
analysis of the emission spectra clearly demonstrated that spectra
from the wild type and the mutants are significantly different (see
Supplemental Figure 1 online), supporting the specificity of the
emission peaks.

To initiate accumulation of Mg-ProtolX, we used norflurazon,
a noncompetitive inhibitor of carotenoid biosynthesis (Figure 2)
(Susek et al., 1993; Mochizuki et al., 1996; Strand et al., 2003).

When emissions from accumulated tetrapyrrole intermediates were
compared between control grown (Figure 3) and norflurazon-
treated seedlings, much higher amounts of Mg-ProtolX could be
detected in the norflurazon-treated seedlings (Figures 4B to 4J).
This observation confirmed published results demonstrating spe-
cific accumulation of Mg-ProtolX under stress conditions affect-
ing thylakoid structure (Figure 2D) (Strand et al., 2003; Wilson
et al., 2003). The crd mutant showed a significant accumulation

Table 1. Summary of Mutants and Transgenic Lines Used in Our Experiments

Gene No. At1962750 At5g13630
Name SCO1 chloroplast GUNS5, CHLH Mg-chelatase
translation H-subunit
elongation factor
Line SCO:GFP gun5 EMS mutation
leaky
Chlorophyll WT levels 80% of the wild type
content
Reference Albrecht et al. (2006) Mochizuki et al. (2001)

At1g08520 At3g56940
CHLD Mg-chelatase CHL27 Mg-ProtolX monomethyl
D-subunit ester (oxidative) cyclase

activity

crd1 SALK_009052
insertion in exon

Variegated 20 to 70% of
the wild type

chl27-as; Tottey et al. (2003)

chid SALK_150219
insertion in exon
Albino

Strand et al. (2003)
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Figure 3. Verification of Emission Signals from Specific Tetrapyrroles Using Mutants Affected in the Synthesis of Tetrapyrroles.

(A) to (P) Emission using confocal laser scanning spectroscopy from chld ([A] to [D]), gun5 ([E] to [H]), crd ([1] to [L]), and wild-type ([M] to [P]) control seedlings
that were ALA fed. Emissions from cotyledons are shown, and representative images were taken at 585 to 615 nm, 627 to 657 nm, and 680 to 710 nm for the
specific emission of Mg-ProtolX ([B], [FI, [J], and [N]), ProtolX ([C], [G], [K], and [O]), and chlorophyll ([D], [H], [L], and [P]), respectively. Bars = 50 pum.

(Q) to (T) Corresponding fluorescence emission spectra are shown from the plastids (solid line) and cytosol (dotted line). Emission spectra were
normalized to the maximum value for each measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping

(solid line) and excluding (dotted line) chloroplasts.
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Figure 4. Verification of Emission Signals from Specific Tetrapyrroles Using Mutants Grown on Norflurazon.

(A) to (L) Emission using confocal laser scanning microscopy from gun5 ([A] to [D]), crd ([E] to [H]), and wild-type ([l] to [L]) norflurazon-grown and ALA-
fed seedlings. Emissions from cotyledons are shown and representative images were taken at 585 to 615 nm, 627 to 657 nm, and 680 to 710 nm for the
specific emission of Mg-ProtolX ([B], [F], and [J]), ProtolX ([C], [G], and [K]), and chlorophyll ([D], [H], and [L]), respectively. Bars = 50um.

(M) to (O) Corresponding fluorescence emission spectra are shown from the plastids (solid line) and cytosol (dotted line). Emission spectra were
normalized to the maximum value for each measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping

(solid line) and excluding (dotted line) chloroplasts.

of Mg-ProtolX (Figures 4F, 4J, 4N, and 40), whereas the gun5
mutant demonstrated the opposite effect, underaccumulation of
Mg-ProtolX and overaccumulating ProtolX, relatively (Figures
4B, 4C, and 4M). We cannot discriminate between the emission
from Mg-ProtolX and Mg-ProtolX-ME, but HPLC traces showed
that no methyl ester accumulated in the wild type (Figure 2) or in

the crd and gun5 mutants (data not shown) following norflurazon
treatment. Taken together, using the different mutants with spe-
cific lesions in the tetrapyrrole pathway grown under different
conditions, we could demonstrate that the fluorescence emis-
sions were specific for the tetrapyrroles ProtolX, Mg-ProtolX,
and chlorophyll.
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In Vivo Visualization of Mg-ProtolX Accumulation
in the Cytosol

The snowy cotelydon 1 protein (SCO1) is localized to the stroma
of the chloroplast, and a SCO1:green fluorescent protein (GFP)
transgenic line (Albrecht et al., 2006) was used for the in vivo
localization of Mg-ProtolX. Seedlings from the SCO1:GFP line
were grown on norflurazon and ALA fed. The GFP-tagged SCO1
protein was clearly visualized in the chloroplasts of both hypo-
cotyls and cotyledons and in the plastids of the roots (Figures 5B,
5F, and 5J; see Supplemental Figures 2 to 4 online). Furthermore,
the GFP signal was distinctively localized to the chloroplasts
both in the green control and the norflurazon-treated seedlings,
demonstrating that the envelope membrane of the chloroplast
was not disrupted by the norflurazon treatment (see Supple-
mental Figures 2 to 4 online).

Accumulation of Mg-ProtolX (Figures 5C, 5G, 5N, and 50) and
ProtolX (Figures 5D, 5H, 5N, and 50) was clearly detected in the
photosynthetic tissues, cotyledons, and hypocotyls (see Sup-
plemental Figures 2 and 3 online). By contrast, no accumulation
of the chlorophyll intermediates could be detected in root tissue
(Figures 5K, 5L, and 5P; see Supplemental Figure 4 online). The
relative accumulation of the tetrapyrroles in the chloroplast and
the cytosol was calculated by averaging the emission from ten
positions, overlapping and excluding the chloroplasts (Figures
5N to 5P; see Supplemental Figures 2 to 4 online). The chloro-
plasts were clearly visualized with the GFP signal in the SCO1:
GFP line. In the mutant lines, chloroplastic and cytoplasmic po-
sitions were selected by bright-field microscopy (Figure 3 and 4).
Bright-field microscopy is not as accurate as using the GFP
chloroplast marker, and this may explain why we detect chlo-
rophyll outside the chloroplast in the mutants (Figure 3). The
confocal images clearly demonstrated that Mg-ProtolX and
ProtolX accumulated in the cytosol (Figures 3 to 5; see Supple-
mental Figures 2 and 3 online). Thus, the signaling metabolite
Mg-ProtolX is exported from the chloroplast to the cytosol. In the
cotyledon cells, similar amounts of Mg-ProtolX accumulated in
the chloroplast and the cytosol (Figure 5N; see Supplemental
Figure 3K online). The relative cytoplastic accumulation of Mg-
ProtolX was higher in the cotyledons compared with the hypo-
cotyls (Figures 5N and 50; see Supplemental Figures 2K and 3K
online). The cytosolic and chloroplastic accumulation of Mg-
ProtolX was confirmed with three-dimensional UV spectrometry
where spectral measurements were acquired in the volume of
the cotyledon cells above and through the chloroplasts (see
Supplemental Figure 5 online).

The Chloroplast Structures of the gun5 and crd Mutants
Are Indistinguishable from the Wild Type after
Norflurazon Treatment

To test in planta whether the observed accumulation of Mg-
ProtolX in the chloroplast also has an impact on expression of the
genes encoded in the plastid, we used the Mg-ProtolX under- and
overaccumulating mutants gun5 and crd, respectively (Strand
et al., 2003; Tottey et al., 2003). First, to eliminate the possibility
that the chloroplasts of the mutants are less affected by the
norflurazon treatment compared with the wild type, transmission

electron micrographs (TEMs) were retrieved from mesophyll cells
of the wild type, gun5, and crd from control and norflurazon-
treated seedlings. Under control conditions, the chloroplast struc-
ture of the gun5 mutant was indistinguishable from the wild type
(Figures 6A and 6B). Furthermore, under control conditions, nu-
clear photosynthetic gene expression is not different in the gun5
mutant compared with the wild type (Susek et al., 1993; Strand
et al., 2003), and the gun phenotype is only seen under stress
conditions where Mg-ProtolX accumulates in the wild type (Larkin
et al., 2003; Strand et al., 2003). The thylakoid structure was not
as condensed in the crd mutant as in the wild type and the gun5
mutant (Figure 6C). This could be explained by the lesion in
chlorophyll biosynthesis of the crd mutant (Tottey et al., 2003).
The norflurazon treatment results in photobleaching, and the
seedlings suffer from photooxidation of the thylakoid mem-
branes (Burgess and Taylor, 1988). As a result, the norflurazon-
treated seedlings displayed a structure similar to the prolamellar
body instead of properly developed thylakoid membranes. By
contrast, the envelope membrane was not affected by the
norflurazon treatment, demonstrating that the effect of norflur-
azon is specific to the interior thylakoid membranes (Figures 6D
to 6F). This was also demonstrated with the confocal images
using the SCO1:GFP line where the GFP signal was distinctively
localized to the chloroplasts (Figure 5). Following norflurazon
treatment, the chloroplast structures of the gun5 and crd mu-
tants were indistinguishable from the wild type (Figures 6D to 6F).

The crd mutant with a Lesion in the Tetrapyrrole Pathway
Downstream of Mg-ProtolX Does Not Exhibit
agun Phenotype

The accumulation of Mg-ProtolX results in decreased transcrip-
tion of nuclear-encoded photosynthetic genes (Burgess and
Taylor, 1988; La Rocca et al., 2001; Larkin et al., 2003; Strand
et al., 2003). The crd mutant was used to test the effect on
photosynthetic gene expression of a lesion in the tetrapyrrole
pathway downstream of Mg-ProtolX. Expression of the nuclear-
encoded genes LHCB1 and RBCS was investigated in the wild
type and the gun5 and crd mutants in control and norflurazon-
treated seedlings (Figures 7A and 7B). Under control conditions,
the expression levels of LHCB1 and RBCS were similar in the mu-
tants and wild type (data used in Figure 7). Following norflurazon
treatment, the gun5 mutant displayed the previously described
derepression of LHCB1 and RBCS compared with the wild type
(Mochizuki et al., 2001; Strand et al., 2003), whereas the crd mu-
tant did not display a genome uncoupled, gun phenotype (Fig-
ures 7A and 7B). The repression of LHCB1 and RBCS expression
in the crd mutant (Figures 7A and 7B) is consistent with what has
been reported for barley (Hordeum vulgare) mutants of the cy-
clase complex (Gadjieva et al., 2005) and confirms the role of
Mg-ProtolX as a negative regulator of nuclear-encoded photo-
synthesis genes.

Expression of Plastid-Encoded RNA
Polymerase-Dependent Genes Responds
to Accumulation of Mg-ProtolX

Plastid-encoded genes are transcribed by at least two types
of RNA polymerases: one is the nuclear-encoded plastid RNA



polymerase (NEP) and the other is the plastid-encoded RNA
polymerase (PEP). NEP mediates the transcription of house-
keeping genes (Hanaoka et al., 2005), whereas photosynthesis-
related genes are transcribed by PEP (Allison et al., 1996;
DeSantis-Maciossek et al., 1999). We investigated the effect
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on Mg-ProtolX accumulation on expression of a number of
PEP- and NEP-dependent genes (Table 2) following norflurazon
treatment.

Expression levels of the PEP-dependent genes psbA (chloro-
phyll binding protein D1) and psbD (photosystem Il [PSII] protein
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Figure 5. Visualization of Tetrapyrrole Accumulation.

Accumulation of tetrapyrroles visualized using confocal laser scanning spectroscopy of norflurazon-treated, ALA-fed SCO1:GFP Arabidopsis seed-
lings. Emission is shown for cotyledon ([A] to [D]), hypocotyl ([E] to [H]), and root ([I] to [L]), and their corresponding fluorescence emission spectra is
presented ([N] to [P]). Representative images were retrieved at 507 to 537 nm, 585 to 615 nm, and 627 to 657 nm for specific emission of GFP ([B], [F1,
and [J]), Mg-ProtolX ([C], [G], and [K]), and ProtolX ([D], [H], and [L]), respectively. Emission spectra were normalized to the maximum value for each
measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping (solid line) and excluding (dotted line)
chloroplasts. Merged images of the boxed areas in (B) and (C) with a 1.87-airy pinhole opening are illustrated in (M) (emission windows of 507 to 537 nm

for GFP and 585 to 615 nm for Mg-ProtolX). Bars = 10 pm.
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Figure 6. TEMs of Chloroplasts.

TEMs of Arabidopsis mesophyll cells showing the chloroplast structures
in control seedlings grown for 6 d in a 16-h-light/8-h-dark cycle of the
wild type (A), gun5 (B), and crd (C) and in seedlings grown for 6 d in a
16-h-light/8-h-dark cycle on 0.5 uM norflurazon for the wild type (D),
gun5 (E), and crd (F). Bars = 2 pm.

D2), encoding components of the PSII core, and psaA (photo-
system | [PSI] P700 apoprotein A) and psaC (PSI subunit VII)
genes, encoding components of PSI, and the rbcL gene, encod-
ing the large subunit of Rubisco, were significantly higher in the
gun5 mutant compared with the wild type or the crd mutant when
all genotypes were treated with norflurazon (Figures 8A to 8E).
Similar to the nuclear-encoded photosynthesis genes (Figure 7),
the expression of the plastid-encoded photosynthesis genes
psbA, psbD, psaA, psaC, and rbcL was derepressed in gun5
compared with the wild type or the crd mutant following
norflurazon treatment (Figures 8A to 8E). RNA gel blots were
performed to investigate whether there were any effects on RNA
processing following norflurazon treatment in the different geno-
types (see Supplemental Figure 6 online). The real-time PCR
results could be reproduced using RNA gel blots, and no differ-
ence in transcript sizes could be detected between the wild type
and the mutants.

We also investigated expression levels of the NEP-dependent
genes RpoB, which encodes the RNA polymerase B-chain, and
AccD, which encodes the acetyl-CoA carboxylase B-subunit

(Hess et al., 1993; Liere et al., 2004). The promoters of ClpP
encoding an ATP-dependent protease and of Rp/33 encoding
ribosomal protein L33 contain both NEP and PEP motifs and are
believed to be transcribed by both types of RNA polymerases
(Hajdukiewicz et al., 1997; Liere et al., 2004). In the wild type, the
expression of these housekeeping genes was not repressed
by the norflurazon treatment, and no difference in expression lev-
els could be found between the gun5 mutant and the wild type
(Figures 9A to 9D). By contrast, the crd mutant showed repres-
sion for the expression of the AccD, Rpl33, and CIpP genes fol-
lowing norflurazon treatment. The repressed expression of the
housekeeping genes in the crd mutant could possibly be ex-
plained by the observed difference in the thylakoid structure in
the crd mutant (Figure 6), suggesting that other plastid signals
regulating the housekeeping genes could be activated in the
mutant. Thus, unlike the PEP-dependent photosynthesis genes,
expression of the plastid-encoded NEP-dependent housekeep-
ing genes could not be linked to the accumulation of Mg-ProtolX
using the over- and underaccumulating mutants crd and gun5,
respectively.

Mg-ProtolX Controls Expression of Plastid-Encoded
Photosynthesis Genes by Regulating the
Nuclear-Encoded Sigma Factors

PEP consists of core subunits encoded in the plastid genome
that assemble with one of the promoter specificity sigma factors
(SIG1-6) encoded in the nucleus (Hanaoka et al., 2005). Given the
specific derepression of the PEP-dependent genes following
norflurazon treatment in the gun5 mutant, we investigated the
expression of the nuclear-encoded sigma factor SIG7-6. In the
wild type, expression of the SIG7-6 genes was strongly repressed
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Figure 7. LHCB1 and RBCS Expression Levels.

Expression change following norflurazon treatment compared with the
green control in the wild type, gun5, and crd of the nuclear-encoded
LHCB1 (A) and RBCS (B) genes. Real-time PCR was used, and 78S
rRNA was used as internal standard for the different cDNA samples.
Each bar presented as log2 represents the mean (+x95% confidence
interval [CI]) of at least three independent experiments. Seedlings were
grown with and without 0.5 pM norflurazon for 6 d in a 16-h-light/
8-h-dark cycle.
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Table 2. Plastid-Encoded NEP- and PEP-Dependent Genes Used for Expression Analysis

NEP PEP NEP + PEP Gene Product Reference
accD Acetyl-CoA carboxylase B-subunit Liere et al. (2004)
rpoB RNA polymerase B-chain (Hess et al. (1993)
psaA PSI subunit Meng et al. (1988)
psaC PSI subunit DeSantis-Maciossek et al. (1999)
psbA PSII subunit Allison et al. (1996)
psbD PSII subunit Allison et al. (1996)
rbcL Rubisco large subunit Allison et al. (1996)
clpP ATP-dependent protease Liere et al. (2004)
rpl33 Ribosomal protein L33 Hajdukiewicz et al. (1997)

following norflurazon treatment (Figures 10A to 10F). The crd
mutant demonstrated the same expression pattern for the SIG7-6
genes as the wild type (Figures 10A to 10F). However, the gun5
mutant did not show any repression of the SIG2-SIG6 genes
following norflurazon treatment (Figures 10B to 10F). The SIG1
gene was repressed by the norflurazon treatment in the gun5
mutant but to a lesser extent than the wild type and the crd
mutant (Figure 10A). Consequently, the derepression of the
plastid-encoded photosynthesis genes in the gun5 mutant could
be matched with the maintenance of expression of the nuclear-
encoded plastidic sigma factors.

The NEP are encoded by the RPOT genes, and in Arabidopsis,
three RPOT genes have been identified: RPOMT and RPOPT
are directed to mitochondria and chloroplasts, respectively,
whereas the third, RPOT2, has dual targeting properties (Hedtke
et al., 1997, 2000; Baba et al., 2004). Expression of RPOPT was
not repressed in the wild type or in the gun5 mutant following
norflurazon treatment. However, the crd mutant demonstrated

a slight repression of the RPOPT expression. The expression
pattern for the different genotypes was similar to the expres-
sion of the NEP-dependent genes RpoB, AccD, ClpP, and
RpI33 (Figure 9). Expression of the RPOT2 gene could not be
detected in seedlings, and it is possible that this gene is ex-
pressed later during development. Expression of the NEP gene
did not respond to the accumulation of Mg-ProtolX, whereas the
sigma factors necessary for the function of the multisubunit
enzyme PEP appears to be controlled by the accumulation of
the plastid signal Mg-ProtolX. Thus, by controlling expression
of the sigma factors, the plastid factor Mg-ProtolX would be
able to coordinate nuclear and plastidic photosynthetic gene
expression.

DISCUSSION

Taking advantage of the fluorescent properties of tetrapyrroles,
we could use confocal laser scanning spectroscopy to visualize
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Figure 8. Expression of PEP-Transcribed Plastid-Encoded Genes.

Expression change following norflurazon treatment compared with green control in the wild type, gun, and crd mutants of the plastid-encoded PsbA (A),
PsbD (B), PsaA (C), PsaC (D), and RbcL (E) genes. Real-time PCR was used, and 78S rRNA was used as internal standard in the different cDNA
samples. Each bar presented as log2 represents the mean (=95% ClI) of at least three independent experiments. Seedlings were grown with and

without 0.5 wM norflurazon for 6 d in a 16-h-light/8-h-dark cycle.
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Figure 9. Expression of NEP-Transcribed Plastid-Encoded Genes.

Expression change following norflurazon treatment compared with green control in the wild type, gun5, and crd mutants of the plastid-encoded RpoB
(A), AccD (B), CIpP (C), and Rpl33 (D) genes. Real-time PCR was used, and 78S rRNA was used as internal standard in the different cDNA samples.
Each bar presented as log2 represents the mean (=95% Cl) of at least three independent experiments. Seedlings were grown with and without 0.5 uM

norflurazon for 6 d in a 16-h-light/8-h-dark cycle.

in vivo the subcellular localization of Mg-ProtolX and ProtolX
(Figures 3 to 5; see Supplemental Figures 2 and 3 online). We
confirmed the specificity of the emission signals for ProtolX and
Mg-ProtolX using mutants with specific lesions in the tetrapyr-
role pathway (Figures 3 and 4). Furthermore, the emission from
Mg-ProtolX and ProtolX was specific to photosynthetic tissues,

guns crd

and no emission of the wavelengths corresponding to the tetra-
pyrroles could be detected in root tissue (Figure 5; see Supple-
mental Figure 4 online). In addition, emission corresponding to
Mg-ProtolX could only be detected in the norflurazon-grown
seedlings (Figures 4 and 5). This observation confirmed pub-
lished results demonstrating specific accumulation of Mg-ProtolX
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Figure 10. Expression of SIG1-6 and RPOPT.

Expression change following norflurazon treatment compared with the green control in the wild type, gun5, and crd of the nuclear genes encoding the
different sigma factors SIG1 (A), SIG2 (B), SIG3 (C), SIG4 (D), SIG5 (E), and SIG6 (F) genes and the NEP RPOPT (G) using real-time PCR. 18S rRNA was
used as internal standard in the different cDNA samples. Each bar presented as log2 represents the mean (+95% CI) of at least three independent
experiments. Seedlings were grown with and without 0.5 wM norflurazon for 6 d in a 16-h-light/8-h-dark cycle.



under conditions affecting the thylakoid structure (Strand et al.,
2003; Wilson et al., 2003).

Mg-ProtolX accumulation initiates retrograde communication
between the chloroplast and the nucleus (Strand et al., 2003;
Strand, 2004) and functions as a negative regulator of nuclear
photosynthetic gene expression (Beck, 2005). However, until
now, it has been unclear how the Mg-ProtolX signal is trans-
duced from the chloroplast, where it is synthesized, to the
nucleus. Our confocal images clearly demonstrated that Mg-
ProtolX accumulated both in the chloroplasts and the cytosol
under stress conditions (Figure 5; see Supplemental Figures 2
and 3 online). These results show that the signaling metabolite
Mg-ProtolX is exported from the chloroplast to the cytosol, via a
still unknown mechanism, transmitting the plastid signal to the
cytosol. The SCO1:GFP line (Albrecht et al., 2006) demonstrated
that the GFP signal was restricted to the chloroplasts, confirming
that the integrity of the plastid envelope membranes was not
affected by norflurazon treatment, ALA feeding, or handling of
the material during the microscopy studies (Figure 5; see Sup-
plemental Figures 2 to 4 online). Intact envelope membranes
following norflurazon treatment were also demonstrated with the
TEMs (Figures 6D to 6F). The intermediate ProtolX accumulated
in the cytosol in all genotypes tested, both under control condi-
tions and following norflurazon treatment (Figures 3 to 5). This
further demonstrated that artifacts did not cause the observed
export of tetrapyrroles during the experiments. Furthermore, the
relative cytoplasmic accumulation of Mg-ProtolX and ProtolX
was consistently greater in the cotyledons compared with the
hypocotyls (Figures 5N and 50; see Supplemental Figures 2 and
3 online), suggesting that the export mechanism(s) is more active
in leaf tissue compared with hypocotyls and that the export of
tetrapyrroles is an active and regulated process. Supporting this
conclusion, Kropat et al. (1995, 1997, 2000) demonstrated in
Chlamydomonas that the light-responsive gene HSP70, encod-
ing a heat shock protein, could be induced in the dark by feeding
Mg-ProtolX to the cells. However, if the cells were fed ProtolX,
the chloroplast-derived Mg-ProtolX could not access the cytosol
in the dark, suggesting that the export mechanism was light
regulated (Kropat et al., 2000; Beck, 2005). Efflux of related
molecules, such as heme, heme precursors, phytochromobilin,
and chlorophyll degradation products, has been observed from
chloroplasts (Thomas and Weinstein, 1990; Matile et al., 1992;
Jacobs and Jacobs, 1993; Terry et al., 1993), and it is feasible
that the export mechanism is promiscuous and that the same
transport route(s) could be used by Mg-ProtolX and ProtolX.
Mutant analysis of Arabidopsis suggests that a plastid-localized
ABC transporter—like protein may be involved in the translocation
of ProtolX across the envelope membrane (Moller et al., 2001).
Furthermore, a mitochondrial peripheral-type benzodiazepine
receptor from Arabidopsis was demonstrated to transport
ProtolX (Lindemann et al., 2004), and the GUN4 protein, which
was demonstrated to bind both ProtolX and Mg-ProtolX and to
be localized to the envelope of the chloroplast (Larkin et al.,
2003), may also be involved in the export of tetrapyrroles from the
chloroplast. Therefore, while the route(s) for transport of tetra-
pyrroles or the components involved in this transport is not
known, our protocol for visualization of ProtolX and Mg-ProtolX
accumulation in the plant cell may help identify the components
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involved in the transport of tetrapyrroles across the envelope
membranes.

Identification of signaling metabolites emitted from the organ-
elles used in retrograde communication is novel in plants. How-
ever, yeast (Saccharomyces cerevisiae) has been shown to use
heme synthesized in the mitochondria to regulate transcription of
nuclear genes encoding mitochondrial proteins (Forsburg and
Guarente, 1989). Heme synthesis is directly correlated to oxygen
levels in the cellular environment and when cells are grown
aerobically heme is synthesized in the mitochondria and im-
ported to the nucleus where it activates the transcription factor
HAP1 (Kwast et al., 1998). Binding of heme to HAP1 permits
HAP1 to bind upstream activation sequences, promoting tran-
scription of many genes required for oxygen use and the ROX1
gene, encoding the aerobic repressor that represses genes
encoding proteins required for anaerobic growth (Zhang and
Hach, 1999). Our results demonstrated that Mg-ProtolX accu-
mulated evenly through the cytosol, and our confocal images do
not imply that Mg-ProtolX accumulated specifically in the nu-
cleus. These data suggest that Mg-ProtolX likely binds a regu-
latory protein in the cytosol and modifies the activity and/or the
translocation of this protein, perhaps through a photoreactive
action. As a consequence, expression of nuclear-encoded pho-
tosynthetic genes is inhibited. A sequence motif that mediates
gene activation by Mg-ProtolX has recently been identified in
Chlamydomonas. Analysis of the HSP70A promoter revealed
two regulatory regions that each confers responsiveness to Mg-
ProtolX and light (von Gromoff et al., 2006). Mutational analysis of
one of those regulatory regions and an alignment with promoters
of other Mg-ProtolX-inducible genes uncovered the sequence
motif (G/C)CGA(C/T)N(A/G)N15(T/C/A)A/T/G) that may confer
Mg-ProtolX responsiveness (von Gromoff et al., 2006). At this
point, the components recognizing the accumulation of Mg-
ProtolX and the trans-acting factors controlling the expression of
photosynthetic genes remain to be discovered, and identifying
these factors is a challenging task for the future. Nevertheless,
our results demonstrate that the subsequent component in the
Mg-ProtolX-mediated plastid-to-nucleus pathway should be a
cytosolic protein.

The confocal images demonstrated that a significant amount
of Mg-ProtolX accumulated in the chloroplast in wild-type seed-
lings following norflurazon treatment (Figures 5N and 50; see
Supplemental Figures 2 and 3 online). The expression of plastid-
encoded genes is known to respond to changes in the environ-
ment (Pfannschmidt et al., 1999; Tullberg et al., 2000), and when
expression of the plastid-encoded genes was investigated
following norflurazon treatment, we found that expression of
photosynthesis-related genes was maintained in the gun5 mu-
tant compared with the wild type and the crd mutant (Figure 8).
Similar to the nuclear-encoded photosynthesis genes, expres-
sion of the plastid-encoded psbA, psbD, psaA, psaC, and rbcL
genes was severely repressed in the wild type and the crd mutant
by the norflurazon treatment, but expression was maintained in
the gun5 mutant (Figures 8A to 8E). By contrast, the expression
of genes encoding the housekeeping proteins, RpoB, AccD,
ClpP, and Rpl33, was not repressed by the norflurazon treatment
in the wild type, and the expression was not different in the gun5
mutant compared with the wild type (Figure 9), suggesting that it
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is not a general effect on chloroplast transcription in the gun5
mutant. Furthermore, the chloroplast structure of the gun5
mutant is indistinguishable from the wild type and the crd mutant
following norflurazon treatment (Figure 5), excluding differences
in sensitivity to the norflurazon treatment between the wild type
and the mutants as the cause for the differences in gene
expression. Thus, using the Mg-ProtolX over- and underaccu-
mulating mutants crd and gun5, respectively, we could link the
effect on the photosynthesis-related plastid-encoded genes to
the accumulation of Mg-ProtolX.

Plastid-encoded genes of higher plants are transcribed by at
least two types of RNA polymerases: NEP and PEP (Hanaoka
et al., 2005). NEP mediates the transcription of housekeeping
genes, such as the RpoB, AccD, ClpP, and Rpl33 (Table 2) (Hess
et al., 1994; Hajdukiewicz et al., 1997; Xie and Allison, 2002; Liere
et al., 2004), whereas photosynthesis-related genes, such as
psbA, psbD, and rbcL, are transcribed by PEP (Allison et al.,
1996; DeSantis-Maciossek et al., 1999). Our results demon-
strated that Mg-ProtolX specifically affects expression of the
PEP-transcribed photosynthesis genes. Expression of RpoB that
encodes the PEP B-chain was not repressed by the norflurazon
treatment (Figure 9A). However, the difference in expression of
the photosynthesis-related genes could be explained by a gun
effect on the nuclear-encoded promoter specificity factors of
PEP, the sigma factors (SIG1-SIG6) (Figure 10). The expression
of the SIG2-SIG6 genes was not repressed in the gun5 mutant
following norflurazon treatment; therefore, the expression of
the plastid-encoded photosynthesis genes could be main-
tained. However, at this point we cannot exclude an additional
regulatory role for the accumulated Mg-ProtolX inside the
chloroplast.

Thus, in addition to exerting control over nuclear-encoded
photosynthesis genes, stress-induced accumulation of Mg-
ProtolX also affects the expression of the plastid-encoded
photosynthesis genes by controlling the expression of the
sigma factors necessary for the function of the multisubunit
enzyme PEP. During the course of evolution, the chloroplasts
lost most of their genes to the nucleus and throughout the
gradual conversion from endosymbiont to organelle mecha-
nisms have evolved for the plant cell to orchestrate nuclear and
organellar gene expression. Our results demonstrate that ac-
cumulation of the signaling metabolite Mg-ProtolX coupled to
the export to the cytosol links the functional status of the
chloroplast to the nucleus, enabling the plant to synchronize the
expression of photosynthetic genes from the nuclear and plas-
tidic genomes.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana wild-type (Columbia) and mutant (gun5, chld,
SALK_150219, and crd, SALK_009052) seedlings (Mochizuki et al.,
2001; Tottey et al., 2003) were grown on 1X Murashige and Skoog (MS)
agar medium (Duchefa) containing 2% sucrose. Seedlings were vernal-
ized for 24 h/4°C in the dark and then grown for 6 d in a 16-h-light/8-h-dark
cycle at 23°C. Mg-ProtolX accumulation was induced by supplementing
1X MS agar medium with 0.5 uM norflurazon.

RNA Isolation and DNase Treatment

Total RNA was isolated using the RNeasy plant mini kit (Qiagen) accord-
ing to the manufacturer’s instructions. Total RNA concentration was
determined with a Nanodrop ND-1000 spectrophotometer. Before cDNA
synthesis, 5 ng of total RNA were DNase treated (Ambion) according to
the manufacturer’s recommendations.

cDNA Synthesis and Real-Time PCR

Using the iScript cDNA synthesis kit (Bio-Rad), cDNA was synthesized
using 1 ng of total RNA according to the manufacturer’s instructions.
cDNA was diluted 10-fold, and 2 pL of the diluted cDNA was used in a
20-pL iQ SYBR Green Supermix reaction (Bio-Rad). All reactions were
performed in triplicates. The following primers were used: chlorophyll a/b
binding protein (LHCB1, At1g29920): forward primer, 5'-GGAACGGAGT-
CAAGTTTGGA-3'; reverse primer, 5'-CAAAATGCTCTGAGCGTGAA-3';
Rubisco small subunit (RBCS, At1g67090): forward primer, 5'-CCT-
CCGATTGGAAAGAAGAA-3’; reverse primer, 5'-TACACAAATCCGT-
GCTCCAA-3’; photosystem |l protein D2 (psbD): forward primer,
5'-TCATGGTATACTCATGGATTGG-3'; reverse primer, 5'-GACCACCTA-
ATTGACACCAACG-3'; small ribosomal subunit 18 (18SrRNA): forward
primer, 5'-TCAACTTTCGATGGTAGGATAGTG-3'; reverse primer,
5'-CCGTGTCAGGATTGGGTAATTT-3’; chlorophyll binding protein D1
(osbA): forward primer, 5'-ATACAACGGCGGTCCTTATG-3'; reverse
primer, 5'-AGCAATCCAAGGACGCATAC-3'; photosystem | P700 apo-
protein A (psaA): forward primer, 5'-ACTACCACTTGGATCTGGAAC-3';
reverse primer, 5'-AAACGAGCACCGTGGAAATAC-3'; photosystem | sub-
unit VII (psaC): forward primer, 5'-ATAGGATGTACTCAATGTGTCC-3';
reverse primer, 5'-ATCTCTTACAACCAACACAGTC-3'; Rubisco large
subunit (rbcL): forward primer, 5'-GTGTTGGGTTCAAAGCTGGT-3'; re-
verse primer, 5'-GTGGAACTCCAGGTTGAGGA-3'; ATP-dependent Clp
protease protein (ClpP): forward primer, 5'-TGACATATAGTGCGAC-
TTGTCAG-3'; reverse primer, 5'-ATACTCCCTGCATTTAATTCCAG-3;
acetyl-CoA carboxylase B-subunit (AccD): forward primer, 5'-AAGCG-
GAAAGATTCGTGAAA-3’; reverse primer, 5'-TGTCGCATTGAATCCAC-
AAT-3’; RNA polymerase B-chain (RpoB): forward primer, 5'-CGA-
ATAGCCCCTTTTGATGA-3’; reverse primer, 5'-CCTGGATACTCGGG-
TTCAAA-3’; ribosomal protein L33 (Rp/33): forward primer, 5'-GCC-
AAGGGTAAAGATGTTCG-3'; reverse primer, 5-TAGGGGTGTTAT-
GCCGATTC-3’; sigma factor 1 (SIG7) (At1g64860): forward primer,
5'-GGAAGTTGTGCGCTTGTCTA-3’; reverse primer, 5'-GCTGTTCAT-
CAGAAGGCTCA-3'; sigma factor 2 (SIG2) (At1g08540): forward primer,
5'-CCTCAAACCTTCGGAAGTGA-3’; reverse primer, 5-TTTCTCCC-
TTGTACCCAACG-3’; sigma factor 3 (SIG3) (At3g53920): forward primer,
5'-TCGGCCACTATTTTAGTGC-3’; reverse primer, 5'-ATGGGGAAA-
GAAGTTTGGTCA-3’; sigma factor 4 (SIG4) (At5g13730): forward primer,
5'-AGGAGGTTCAGCTTTGCTTG-3’; reverse primer, 5-TTCTTCTT-
CCCTCTGCCACTG-3’; sigma factor 5 (SIG5) (At5g24120): forward
primer, 5'-TGATATAGTGAGCTTGGACTGG-3’; reverse primer, 5'-CTT-
GCAGCTCTACCTATTTCG-3'; sigma factor 6 (S/IG6) (At2g36990): for-
ward primer, 5'-GCAGCTACTCTTCTCCTTCCTC-3'; reverse primer,
5'-GTGGCTCCTGTGAGAGAACC-3'; RPOPT (At2g24120): forward
primer, 5'-TTGGAAGCCGTCTGCTAGAAC-3'; reverse primer, 5'-ATAC-
CTCCTCACCAGCTTAGA-3’; RPOT2 (At5g15700): forward primer,
5'-TACAGTAGGCGATGCCATTG-3’; reverse primer, 5'-CATACTGCT-
GACAACTTCTG-3'.

Thermal cycling consisted of an initial step at 95°C for 3 min, followed
by 40 cycles of 10 s at 95°C, 30 s at 55°C, and 10 s at 72°C. After that
a melting curve was performed. RT-PCR was monitored using the
MyiQTM single-color real-time PCR detection system (Bio-Rad). The
adjustment of baseline and threshold was done according to the man-
ufacturer’s recommendations. The relative abundance of all transcripts



amplified was normalized to the constitutive expression level of 18S rRNA
mRNA. Data were analyzed using LinRegPCR (Pfaffl, 2001; Ramakers
et al.,, 2003). Negative controls for RT-PCR were performed with the
RNA samples prior to cDNA synthesis to check for amplification of
genomic DNA. No amplification was observed in the samples for any of
the primers used.

RNA Gel Blots

RNA gel blots were done according to Strand et al. (2003).

HPLC Analysis

HPLC analysis was done according to the method described by Strand
et al. (2003). Leaf material was homogenized in acetone (0.1 M NH,OH,
8:2 [v/v]) and homogenized and centrifuged with ice-cooling. The residue
was resuspended again, and the same procedures described above were
repeated. The collected supernatants were mixed and centrifuged prior
to HPLC analysis. Column eluent was monitored by UV detection, and
Mg-ProtolX was identified and quantified using authentic standards.
ProtolX, Mg-protolX, and Mg-ProtolX methylester were purchased from
Frontier Scientific.

Confocal Spectroscopy

Reference spectra were obtained by spectral measurement from 410 to
750 nm under 405-nm diode laser excitation of commercially available
standard of ProtolX, MgProtolX, and MgProtolX-Me (Frontier Scientific)
by dot blot. Three-millimeter Whatman paper (3MMChr) was attached
using tape on a microscope slide, and 1 pL containing 40 pmol of the
standard was deposited onto the paper, its position marked by pencil,
and spectral scan xyz was performed with an SP2 confocal microscope
equipped with an inverted DMIRBE Il microscope (Leica). Six-day-old
seedlings grown with or without norflurazon were fed 3 mL of ALA solution
(10 mM 5-aminolevulinate [Sigma-Aldrich], 5 mM MgCl,, and 10 mM
KPO,, pH 7.0) under green safelight conditions and incubated for 13 h in
the dark to amplify the Mg-ProtolX accumulation. Confocal images were
acquired with an SP2 confocal laser scanning system equipped with an
inverted microscope (Leica) and a x40 water immersion objective (nu-
merical aperture of 0.75). Spectral measurements were performed using
a 10-nm window with an airy 1 pinhole opening from 415 to 710 nm with
the 405-nm ray line of a UV diode laser. Representative images were
taken from 507 to 537 nm, 585 to 615 nm, 627 to 657 nm, and 680 to
710 nm for the specific emission of GFP, Mg-ProtolX, ProtolX, and
chlorophyll, respectively. Emission spectra were calculated by averaging
measurements of 10 positions overlapping and excluding chloroplasts.
Spectra normalization was performed by relative readjustment of all the
spectral values within a 0 to 1 scale. Principal component analysis and
correlated loadings were performed with UV-scaled normalized spectra
using SIMCA v10.5 (Umetrics). Three-dimensional UV spectroscopy by
XYZ\ scans was performed on selected object of an ALA-fed norflurazon-
treated hypocotyl SCO1:GFP seedling over a 10-pum depth and every
10 nm between 415 and 705 nm. Spectra normalization was performed as
mentioned above.

TEM

Seedlings were grown for 6 d on 1X MS agar medium containing
2% sucrose, with or without 0.5 wM norflurazon. The preparation, em-
bedding, and cutting of the samples were done according to Keskitalo
et al. (2005).
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Principle Component Analysis (Covariant
Matrix) of Cotyledon Spectra from Wild-Type, gun5, crd, and chld
Seedlings.

Supplemental Figure 2. Emission from Cotyledons of ALA-Fed
Norflurazon and Control SCO:GFP Seedlings.

Supplemental Figure 3. Emission from Hypocotyls of ALA-Fed
Norflurazon and Control SCO:GFP Seedlings.

Supplemental Figure 4. Emission from Roots of ALA-Fed Norflur-
azon and Control SCO:GFP Seedlings.

Supplemental Figure 5. Subcellular Localization of GFP, Mg-ProtolX,
and ProtolX.

Supplemental Figure 6. RNA Gel Blots of PsbA, PsaC, ClpP,
and RpoB.
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