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Programmed cell death (PCD) plays an important role during the
life cycle of higher organisms. Although several regulatory mech-
anisms governing PCD are thought to be conserved in animals and
plants, light-dependent cell death represents a form of PCD that is
unique to plants. The light requirement of PCD has often been
associated with the production of reactive oxygen species during
photosynthesis. In support of this hypothesis, hydrogen peroxide
and superoxide have been shown to be involved in triggering a
PCD response. In the present work, we have used the conditional
flu mutant of Arabidopsis to analyze the impact of another reactive
oxygen species, singlet oxygen, on cell death. Unexpectedly, the
light-dependent release of singlet oxygen alone is not sufficient to
induce PCD of flu seedlings but has to act together with a second
concurrent blue light reaction. This blue-light-specific trigger
of PCD could not be attributed to a photosynthetic reaction or
redox change within the chloroplast but to the activation of the
blue light�UVA-specific photoreceptor cryptochrome. The singlet
oxygen-mediated and cryptochrome-dependent cell death re-
sponse differs in several ways from PCD triggered by hydrogen
peroxide�superoxide.

oxidative stress

Throughout the life cycle of plants, programmed cell death
(PCD) is involved in a wide range of developmental pro-

cesses (1, 2). PCD also is closely associated with defense
reactions during plant–pathogen interactions or in response to
abiotic stress. The onset of this PCD has been linked to the
enhanced production of reactive oxygen species (ROS) (3, 4). In
plants, chloroplasts are by far the most important site at which
generation of ROS occurs. A variety of stress conditions that may
trigger PCD limit the ability of plants to use light energy for
photosynthesis and enhance the production of several ROS
within the plastid compartment (5). Many studies have shown
that the onset of PCD in plants is light-dependent (3, 6–10),
suggesting a close link between the impairment of light-
dependent photosynthetic electron transport under various
stress conditions, the release of ROS, and the induction of PCD.
For instance, generation of hydrogen peroxide and superoxide
during photosynthesis has been implicated in the induction of the
hypersensitive response, a hallmark of plant defenses during an
incompatible plant�pathogen interaction (11, 12). We have used
the conditional fluorescent ( flu) mutant of Arabidopsis to analyze
the impact of another ROS, singlet oxygen, that is generated
within the plastid (13), on cell death. The singlet oxygen-induced
cell death response of flu seedlings belongs to the class of
light-dependent PCD. Unexpectedly, however, the light-
dependent release of singlet oxygen alone is not sufficient to
induce PCD of flu seedlings, but has to act together with a second
concurrent blue light reaction. In plants two different families of
blue light photoreceptors exist, the phototropins (14) and the
cryptochromes (15–17). In the present work one of these pho-
toreceptors, cryptochrome 1 (CRY1), is shown to be responsible
for triggering the blue light-dependent, singlet oxygen-mediated
PCD in Arabidopsis. The release of singlet oxygen within plastids

of the flu mutant induces rapid changes in nuclear gene expres-
sion. The singlet oxygen-dependent up-regulation of a small
subset of these genes is selectively suppressed in CRY1-deficient
flu mutant plants. Previously the expression of these genes had
been associated with various abiotic and biotic stress conditions,
PCD, and oxidative stress but had not been shown to be under
the control of CRY1. Our results suggest that singlet oxygen-
mediated cell death is not confined to the flu mutant but may
play a more general role also in wild type under various
environmental stress conditions.

Results
In the dark, the conditional flu mutant of Arabidopsis accumu-
lates the photosensitizer protochlorophyllide (Pchlide) that upon
illumination transfers its excitation energy to ground state triplet
oxygen, thereby elevating it to excited singlet oxygen (13, 18).
The release of singlet oxygen in the flu mutant had been
measured previously by using two different fluorescent sensors,
that are both highly selective for singlet oxygen, dansyl-2,2,5,-
tetramethyl-2,5-dihydro-1H-pyrrole (13, 19), and singlet oxygen
sensor green (20). The generation of singlet oxygen starts within
the first minute of illumination and has been shown to be
confined to plastids (13, 21). Twenty-four hours after the
dark-to-light shift, seedlings develop necrotic lesions (Fig. 1A).
As had been shown previously, the majority of detectable singlet
oxygen was seen to be released within the first 10 min of
reillumination (13, 21). To examine the effect of light in a more
specific manner on the death induced in flu, seedlings kept for
15 h in the dark were exposed to white light for 1 h at 100 �mol
of photons per squared meter per second (henceforth, photons
will be assumed, e.g., 100 �mol�m�2�s�1) to allow the production
of singlet oxygen and were then either maintained under white
light at the same fluence rate or transferred to the dark for the
following 23 h. Under continuous illumination seedlings died
(Fig. 1 A), but remained alive and green, when transferred to the
dark (Fig. 1B). This result indicates that the release of singlet
oxygen during the first hour of reillumination is not sufficient to
trigger the onset of PCD during a subsequent dark period.
Similar to previous studies that had demonstrated the light-
dependency of PCD (3, 6–10), the execution of PCD requires
continuous illumination also in flu seedlings, suggesting that in
addition to the initial light-dependent release of 1O2 a second
light reaction is involved in triggering the cell death response.

The proposed additional light reaction was investigated by
testing different light qualities for their ability to induce PCD in
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flu. After the 15 h dark period and 1 h of reillumination with
white light, seedlings were transferred to either blue or red light
for the remaining 23 h. The light intensities during this period
were reduced from 100 �mol�m�2�s�1 for the white light treat-
ment to lower fluence rates for the red and blue light to minimize
a possible oxidative stress caused by the release of singlet oxygen
during the 23-h illumination period. When exposed to fluence
rates of �5 �mol�m�2�s�1 seedlings did not show a cell death
response (data not shown). However, at f luence rates of 10
�mol�m�2�s�1, flu seedlings may show a similar response to blue
light as those kept for 24 h at 100 �mol�m�2�s�1 of white light
(Fig. 1D), whereas under red light no cell death response could
be detected (Fig. 1C). Seedlings exposed for 24 h to either red
or blue light at 10 �mol�m�2�s�1 without the initial 1 h white light
treatment at 100 �mol�m�2�s�1 did not show the cell death
response (Fig. 1 E and F). The lower light intensity was still
sufficient to sustain growth of the plants (A.D., unpublished
results).

These results obtained with intact seedlings were confirmed
and extended by using a protoplast system that had been
established previously to characterize and quantify the death

response in flu induced by the release of 1O2 (22). Protoplasts
from wild-type and flu seedlings were isolated after the 15 h dark
period and were exposed for 1 h to white light. The protoplast
suspension was then divided into four aliquots which were either
maintained under white light or transferred to the dark, or to
blue or red light, respectively. Dead cells were detected by
staining protoplasts with Evans blue dye (8, 22) 24 h after the
initial release of singlet oxygen. Almost all of the flu protoplasts
kept under white light or transferred to blue light died during this
incubation, whereas those transferred to the dark or to red light
were protected from PCD (Fig. 2A).

Enhanced levels of singlet oxygen trigger cell death responses
that may range from necrotic reactions resulting from photooxi-
dative damage to the activation of a genetically controlled PCD
(21). The extent of cell damage caused by the cytotoxicity of
singlet oxygen was determined by analyzing protoplasts prepared
from seedlings of flu and flu-executer1. The executer1 mutation
has been shown to abrogate the singlet oxygen-mediated collapse
of seedlings and defines a genetically controlled cell death
response (21). When protoplasts of flu-executer1 were exposed
for 24 h to white light (100 �mol�m�2�s�1) after singlet oxygen
production, the majority of them survived similar to flu proto-
plasts shifted to the dark or to red light after 1 h of white light
treatment (Fig. 2 A). The percentage of dead cells was only
slightly higher than in protoplast suspensions isolated from
control wild-type seedlings, suggesting that during the first hour
of white light exposure only a small fraction of protoplasts was
physically damaged because of the toxicity of singlet oxygen
(Fig. 2).

Light-dependent cell death in plants has often been associated
with photosynthetic electron transport that under excessive light
may generate elevated levels of hydrogen peroxide�superoxide.
These ROS have been implicated with triggering various cell
death reactions (3, 6–10, 23). The possible involvement of
light-driven electron transport in mediating the blue light-
dependent cell death response was tested by incubating wild-type
and flu protoplasts in the presence of 3-(3,4-dichlorphenyl)-1-
1-dimethylurea that is known to block forward electron transport
by binding to the secondary quinone electron acceptor of
photosystem II (PSII), QB. Cell death in flu protoplasts treated
with 3-(3,4-dichlorphenyl)-1–1-dimethylurea was not suppressed
(Fig. 5, which is published as supporting information on the

Fig. 1. Blue-light dependency of the cell death response induced in seedlings
of the flu mutant. Seedlings of flu were kept under continuous light for 5 days,
followed by 15 h of darkness and exposure to white light for 1 h at 100
�mol�m�2�s�1 to allow singlet oxygen production. The seedlings were subse-
quently placed for 23 h in white light at 100 �mol�m�2�s�1 (A), in darkness (B),
or in red (C) or blue (D) light, both at 10 �mol�m�2�s�1. (E and F) Control
seedlings that were kept for 24 h under red (E) or blue (F) light at 10
�mol�m�2�s�1 without the 1-h white-light treatment.

Fig. 2. Quantification of the blue-light-dependent cell death response
induced in protoplasts of the flu mutant. (A) After 15 h of darkness, proto-
plasts from wild type (wt) and flu were prepared and exposed to white light
(WL) for 1 h at 100 �mol�m�2�s�1 to allow singlet oxygen production. Proto-
plasts were subsequently placed in white light at 100 �mol�m�2�s�1, blue light
(BL) at 10 �mol�m�2�s�1, red light (RL) at 10 �mol�m�2�s�1, or in darkness (D) for
23 h, and the percentage of dead protoplasts was calculated. (B) After a 15-h
dark period, protoplasts from wild type, flu and the double mutant flu–
executer1 were transferred to white light at 100 �mol�m�2�s�1. The percent-
age of dead protoplasts was calculated 24 h after the light�dark�light treat-
ment. The percentage of dead protoplasts was calculated as described in ref.
22. The values represent the mean and standard deviations of four experi-
ments with protoplasts extracted from 400–500 seedlings for each sample. A
minimum of 100 protoplasts were counted per sample. ex1, executer1.
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PNAS web site). Hence, the proposed additional light reaction
needed for the execution of singlet oxygen-mediated cell death
cannot be attributed to a light-dependent signal derived from
photosynthetic electron transport.

In plants two families of photoreceptors are responsible for the
perception of blue light. The blue light-sensing cryptochromes
control several photomorphogenic responses in plants including
hypocotyl elongation, the setting of the circadian clock, and the
control of f lowering time (15–17), whereas the phototropins
control various light responses such as phototropism, plastid
relocation, and stomatal opening (14). In Arabidopsis, two
cryptochromes, CRY1 (15) and CRY2 (17), and two pho-
totropins, PHOT1 and PHOT2 (14) are involved in mediating
these responses.

The possible involvement of cryptochrome in mediating the
blue light dependency of PCD induced by singlet oxygen was
tested by crossing the flu mutant with cry1 and cry2 mutants and
with the double mutant cry1–cry2. As cryptochromes are able to
influence the expression of plastidic genes (24, 25) that could in
turn modify the production of the photosensitizer Pchlide in
plastids and in this way affect the severity of the singlet oxygen-
dependent cell death response, the concentration of Pchlide in
the double and triple mutants was determined and compared
with that in the original flu mutant. flu mutants kept in the dark
accumulate �10 times more Pchlide than the wild type, consis-
tent with previous reports (18), and the double mutants flu–cry1
and flu–cry2 as well as the triple mutant flu–cry1–cry2 accumu-
lated similar amounts of Pchlide as flu (Fig. 6, which is published
as supporting information on the PNAS web site). Although it is
conceivable that inactivation of CRY1 may affect the level of
other photosensitizing molecules we found no experimental
evidence to support this notion (data not shown).

Protoplasts from wild-type, flu, flu–cry1, flu–cry2, and flu–
cry1–cry2 seedlings were isolated after the 15 h dark period and
were kept under white light for 1 h to allow singlet oxygen
production to occur and were subsequently transferred to blue
light. The percentage of dead protoplasts was calculated 1, 4, 8,
and 24 h after the light�dark�light treatment. As shown in Fig.
3A, the number of protoplasts of flu that had died during the
incubation rapidly increased and reached �50% after 8 h and
80% after 24 h, whereas the number of dead protoplasts of
wild-type seedlings remained at an almost constant low level. In
contrast to protoplasts of flu, those extracted from flu–cry1
seedlings exhibited a strong suppression of the singlet oxygen-
induced cell death response (Fig. 3A) down to the level of flu
control protoplasts shifted to the dark (Fig. 2 A). In protoplasts
of the double mutant flu–cry2, however, only a minor reduction
of the percentage of dead protoplasts was detected (Fig. 3A).
The preponderance of the role played by CRY1 over that of
CRY2 during the induction of PCD was confirmed by results
obtained with the triple mutant flu–cry1–cry2. Protoplasts ob-
tained from this mutant line showed the same extent of sup-
pression of singlet oxygen-mediated PCD as the flu–cry1 double
mutant (Fig. 3A), consistent with CRY2 not being essential for
mediating the blue light-dependent induction of PCD.

Similar experiments were also done with protoplasts of flu–
phot1, flu–phot2, and flu–phot1–phot2 seedlings. Inactivation of
either PHOT1 or PHOT2 or both phototropins did not affect the
rapid increase of the singlet oxygen-induced cell death response
of flu protoplasts (results not shown). Thus, 1O2-mediated cell
death responses in flu seem to be controlled by blue light and
CRY1. To confirm that CRY1 and blue light are indeed the
main factors in mediating the light dependency of the PCD
induced in flu, the blue light- and white light-dependent induc-
tions of PCD were compared in protoplasts extracted from
wild-type, flu, and flu–cry1 seedlings. As shown in Figs. 2 and 3B,
no obvious difference in the percentage of dead cells was
detected in protoplast suspensions obtained from flu seedlings

after they were exposed to either white light or blue light after
the initial 1 h white light treatment. This suggests that blue light
is sufficient and necessary for the execution of PCD in flu.
Moreover, no obvious difference in the suppression of cell death
of protoplasts extracted from flu–cry1 seedlings was detected
after they were transferred to blue or white light (Fig. 3B).

So far little is known about how CRY1 might interfere with
the singlet oxygen-dependent signaling of PCD in Arabidopsis.
CRY1 is localized within the nucleus (16), whereas singlet
oxygen is generated within the plastid compartment (13). Shortly
after the release of singlet oxygen massive changes in the
expression of nuclear genes are induced (13, 22). Because of the
short half-life of singlet oxygen, it seems unlikely that this ROS
leaves the plastid compartment and directly controls nuclear
gene activities (26, 27). Instead, singlet oxygen-derived second
messengers may be expected to be involved in retrograde control
of nuclear gene expression. As a first step toward identifying
nuclear genes that are under the control of both singlet oxygen
and CRY1 and that may be involved in activating the cell death
response of flu seedlings, total RNA extracted from flu, flu–cry1,
cry1, and wild-type seedlings reilluminated for six hours was

Fig. 3. The effect of light quality and the cryptochrome mutations on the
extent of cell death in flu. (A) After a 15-h dark period, protoplasts from wild
type, flu, the double mutants flu–cry1 and flu–cry2, and the triple mutant
flu–cry1–cry2 were kept under white light (WL) at 100 �mol�m�2�s�1 for 1 h to
allow singlet oxygen production and then transferred to blue light (BL) at 10
�mol�m�2�s�1. The percentage of dead protoplasts was calculated 1, 4, 8, and
24 h after the light�dark�light treatment. (B) After 15 h of darkness, proto-
plasts from wild type, flu, and the double mutant flu–cry1 were exposed to
white light for 1 h at 100 �mol�m�2�s�1 to allow singlet oxygen production.
Protoplasts were subsequently placed in white light at 100 �mol�m�2�s�1 or
blue light at 10 �mol�m�2�s�1 and the percentage of dead protoplasts was
calculated 1, 4, 8, and 24 h after the dark�light treatment. The percentage of
dead protoplasts was calculated as described in ref. 22. The values represent
the mean and standard deviations of four experiments with protoplasts
extracted from 400–500 seedlings each. A minimum of 100 protoplasts were
counted per sample.
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analyzed. Because the release of singlet oxygen during the first
hour of reillumination of flu seedlings was necessary, but not
sufficient for the induction of the cell death response, a blue
light-dependent modulation of singlet oxygen-induced gene
expression changes may be required for the ultimate execution
of PCD during the subsequent reillumination period. First, the
total number of genes activated differentially in seedlings by
singlet oxygen after six hours of reillumination was assessed by
comparing global changes in gene expression of flu seedlings
with those of wild-type seedlings. Total RNA was first tran-
scribed into cDNAs and then into biotinylated complementary
RNAs that were hybridized to Affymetrix chips representing
�24,000 genes or �95% of the total genome of Arabidopsis.
Genes with a 3-fold or greater differential expression that were
either up-regulated or down-regulated in flu relative to wild type
were selected. A total of 972 genes belonging to this group were
identified. 588 genes were up-regulated, and 384 were down-
regulated. The possible impact of cryptochrome on the expres-
sion of these genes was determined by comparing transcript
levels in flu and flu–cry1. None of the genes that were down-
regulated in flu relative to wild type after six hours of reillumi-
nation were significantly altered in their expression level after
the inactivation of CRY 1. On the other hand, among the 588
genes that were up-regulated in flu relative to wild type, the
expression of only a small subset of 34 genes was selectively
repressed in flu–cry 1 seedlings (Table 1, which is published as
supporting information on the PNAS web site). The identifica-
tion of these genes reveals two findings. First, in contrast to
previous expression studies of cryptochrome-deficient mutants
that had found a large proportion of blue light-activated genes
to encode plastid proteins (28), only 3 of the 34 genes up-
regulated in flu and repressed in flu–cry 1 seedlings were
predicted to encode plastid proteins. Second, the expression of
all of the 34 genes has been associated previously with various
abiotic and biotic stress conditions, PCD, and oxidative stress
caused by norflurazon treatment, but had not been shown to be
under the control of cryptochrome (www.genevestigator.
ethz.ch�at) (29). None of these genes are rapidly up-regulated
during the first 30 min of reillumination. Thus, CRY1-dependent
gene activation seems to be a secondary step affecting genes that
are distinct from those directly controlled by the initial singlet
oxygen-mediated retrograde signaling. Two of the Cry1-
dependent genes, At1g61120 and At4g21830, that encode a
putative S-linalool synthase and a methionine sulfoxide reduc-
tase domain-containing protein, respectively, were selected for
a more detailed quantitative analysis of transcript changes after
various lengths of reillumination.

The plastidic methionine sulfoxide reductase had recently
been linked to cold and oxidative stress (30–32).

Transcript concentrations of the two singlet oxygen- and blue
light-responsive genes At1g61120 and At4g21830 increased in flu
during the first three hours of reillumination (Fig. 4A). Tran-
scripts of At1g61120 continued to accumulate in flu during the
following 9 h of reillumination, whereas those of At4g21830
reached a maximum between 3 and 6 h of reillumination and
declined afterward (Fig. 4A). The singlet oxygen-mediated
induction of both genes was repressed in flu–cry1 seedlings (Fig.
4 B and C). In cry1 seedlings without the flu mutation transcripts
reached similar levels as wild type, suggesting that in the absence
of the initial release of singlet oxygen cryptochrome-dependent
regulation of these genes plays only a minor role (Fig. 4 B and
C). The flu and flu–cry1 seedlings released similar amounts of
singlet oxygen shortly after the beginning of reillumination as
indicated by the rapid and drastic up-regulation of ERF1 and
ACS6 in both mutant lines after 1 h of light exposure (Fig. 4D).

Discussion
The light requirement of PCD has often been associated with the
production of ROS during photosynthesis. The initiation of PCD
during an incompatible plant-pathogen interaction or in re-
sponse to elicitor treatment may occur in the dark (23) but the
subsequent execution of lesion formation has been shown to
require light and to depend on the generation of hydrogen
peroxide�superoxide during photosynthesis (3, 11, 23). Plants
under light stress may generate these two ROS by using photo-
respiration or the reduction of molecular oxygen by photosystem
I to keep the acceptors of PSII in a partially oxidized state, thus
minimizing the risk of photoinhibition (33, 34). Once the plant’s
capacity to quench excess light energy is no longer sufficient to
avoid photoinhibition, enhanced levels of singlet oxygen may be
produced by PSII. Because conditions favoring the release of
enhanced levels of hydrogen peroxide�superoxide during pho-
tosynthesis differ from those that stimulate the generation of
singlet oxygen, perception of these different ROS by the plant
may be expected to evoke different stress responses. Even
though both groups of ROS may trigger a cell death response,
singlet oxygen-mediated cell death indeed differs from hydrogen
peroxide�superoxide-dependent cell death responses in several
ways. During the pathogen-induced initiation of PCD in the dark
a rapid activation of the 9-lipoxygenase (LOX) pathway has been
shown to endorse the rapid enzymatic production of oxylipins
within the cytosol that seem to play an essential role in estab-
lishing the host’s resistance in at least some incompatible
plant�pathogen interactions (35, 36). During the light-
dependent spreading of necrotic lesions, hydrogen peroxide�

Fig. 4. Activation of two selected genes in the flu mutant and their sup-
pression in the flu–cry1 double mutant. (A–C) Two of the genes shown in Table
1 and identified by cluster analysis as being up-regulated in flu and down-
regulated in flu–cry1 6 h after a dark�light shift (At1g61120, putative S-
linalool synthase; At4g21830, methionine sulfoxide reductase domain-
containing protein) were selected for an independent determination of their
transcript levels by real-time quantitative PCR. Results shown are mean val-
ues � SD of four measurements from two independent experiments. Five-
day-old seedlings of wild type, cry1, flu, and flu–cry1 grown under continuous
light at 100 �mol�m�2�s�1 were shifted to the dark for 15 h and reexposed for
various lengths of time to white light. Total RNAs were extracted, and tran-
script levels were determined as described in Materials and Methods. (A)
Relative expression levels of these two genes in flu versus wild-type plants
after the dark�light shift. (B and C) The effect of the inactivation of CRY1 on
the relative expression levels of At1g61120 (B) and At4g21830 (C) in flu
(flu�flu–cry1) and in wild-type (cry1�wt) plants after the dark�light shift. (D)
Rapid induction of the two singlet oxygen-dependent genes ACS6 and ERF1
(28) in flu and flu–cry1 1 h after the dark�light shift.
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superoxide supports the massive nonenzymatic release of vari-
ous lipid peroxidation products and at the same time suppresses
the activity of the 9-LOX pathway (23). Singlet oxygen, however,
activates the 13-LOX pathway within the plastid compartment,
but not the 9-LOX pathway, and leads to the rapid enzymatic
formation of a subset of oxylipins that are distinct from those
generated during plant-pathogen interaction (13). In addition to
its dependence on the release of hydrogen peroxide�superoxide
the spreading of cell death during an incompatible interaction is
further enhanced by a second light reaction that is mediated by
phytochrome (37). As shown in the present work singlet oxygen
is necessary, but not sufficient to trigger the cell death response
of the flu mutant and requires also a second light-dependent
reaction. However, in contrast to the light-dependent stimula-
tion of PCD during plant-pathogen interaction, this additional
light reaction requires the activation of the UVA�blue light-
absorbing photoreceptor CRY1.

Thus far, mainly two different modes of blue light-dependent
control of stress responses have been analyzed. CRY1 has been
shown to control the phenylpropanoid pathway by regulating its
key enzyme, chalcone synthase that stimulates the synthesis of
various protectants such as anthocyanins in UVA�blue light-
treated plants (38). In the flu mutant the release of singlet oxygen
does not enhance the level of chalcone synthase transcripts and
does not stimulate anthocyanin accumulation.

A second blue light-dependent activity that may conceivably
affect the singlet oxygen-mediated cell death response is the blue
light-dependent turnover and synthesis of the D1- and D2-
proteins encoded by the plastid DNA (39, 40). Both proteins
form part of the core of PSII and have been implicated with the
detoxification of singlet oxygen and the photoprotection of PSII
(41, 42). The blue light-dependent synthesis of D2 has been
attributed to the CRY1-dependent transcription of nuclear
genes encoding sigma factors that within the plastid form part of
the plastid-encoded RNA polymerase and are thought to confer
different promoter specificities to the plastid-encoded RNA
polymerase during chloroplast gene transcription in response to
various developmental and environmental cues (43, 44). Sigma
5 in particular has been shown to be required for the transcrip-
tion of the D2 protein. Inactivation of CRY1 impedes the
blue-light dependent expression of SIGMA5, blocks the tran-
scription of the D2 protein gene and thus would be expected to
impair the photoprotection of PSII and enhance singlet oxygen-
mediated stress responses. However, contrary to this predicted
cell death-promoting consequence of CRY1 inactivation, the
singlet oxygen-mediated cell death response as shown in the
present work is suppressed in the flu–cry1 double mutant and
thus is unlikely to be caused by a reduced turnover rate of the D2
protein. This conclusion is supported by the transcript concen-
trations of PsbD in flu, flu–cry1, and wild type, that reached
similar levels in all three lines (N.S.C., unpublished results).

Upon the release of singlet oxygen rapid and drastic changes in
nuclear gene expression have been shown to affect �5% of the
genome of Arabidopsis thaliana (13). At least some of these gene
expression changes seem to be linked to visible singlet oxygen-
mediated stress responses such as seedling lethality and growth
inhibition and cell death responses of mature plants (13, 21).
Because generation of singlet oxygen is restricted to the plastid
compartment, its effect on nuclear gene expression implies retro-
grade control of nuclear genes by plastid-derived signals. Activation
of a very small subset of these nuclear genes was found to depend
on the presence of blue light. CRY1 has been shown to be localized
within the nucleus (16), and it seems to confer the blue light-
dependent control to the 34 singlet oxygen-responsive genes iden-
tified in the present study. Interestingly, these genes were not found
among the nuclear genes that were rapidly and transiently up-
regulated in the flu mutant right after the dark-to-light shift (13).
Thus, the CRY1-dependent genes represent a distinct and separate

set of genes whose activation followed the initial singlet oxygen-
mediated signaling and reached its maximum only after 6–12 h of
reillumination. This result is in close agreement with our findings
that the initial release of singlet oxygen is mandatory but not
sufficient to trigger the cell death response and that the subsequent
blue light-dependent activation of CRY1 is required for the exe-
cution of cell death. All of the singlet oxygen-up-regulated genes
that were repressed in cry1–flu had previously been associated with
either responses to various abiotic and�or biotic stresses that may
invoke cell death or directly with the activation or suppression
of PCD.

Based on these results it is tempting to suggest that the singlet
oxygen-mediated cell death program is not restricted to the flu
mutant grown under nonpermissive light�dark cycles but may
play a more general role during various adverse environmental
conditions that hitherto has remained unnoticed.

Materials and Methods
Plant Material and Growth Conditions. Seeds were sterilized and
sown under aseptic conditions on agar plates Gamborg B5
supplemented with 0.5% sucrose. Seedlings were grown for 5
days at 20°C in continuous light (100 �mol�m�2�s�1), trans-
ferred to the dark for 15 h and reilluminated for various lengths
of time under white light (100 �mol�m�2�s�1) blue light (10
�mol�m�2�s�1) or red light (10 �mol�m�2�s�1). Seedlings were
subjected to light from commercially available light sources:
Sylvania LUXLINE plus F18�860 for white light, Philips TLD
Blue 18W�18 for blue light, and Philips TLD Red 18W�15 for
red light. Mutants used in this work were flu1–3 (18), executer1
(21), cry1 (hy4-2.23N) (15), cry2 ( fha-1) (17), phot1 (nph1-5)
(45), and phot2 (cav1-1) (46). The background ecotype of
phot1 and phot2 was Columbia, and that of the others was
Landsberg erecta. For crosses of the phot mutants with flu, a
flu Columbia line was used that had been obtained by six
back-crosses of flu1-3 in Landsberg erecta with wild-type
Columbia. The flu, executer1, cry1, phot1, and phot2 mutations
were identified phenotypically as described by refs. 21 and 28,
respectively. Cry2 was identified by PCR (28). The mutations
in individual lines and double and triple mutant lines were
confirmed with DNA-based markers (28).

Protoplast Preparation and Determination of Cell Death. Arabidopsis
protoplasts were isolated from 5-day-old seedlings grown under
continuous light by incubating leaves for 15 h in the dark in the
presence of the digestion medium (Gamborg B5 medium: 0.5 M
mannitol�1.2% cellulase�0.8% macerozyme, pH 5.8). During this
dark period, cell walls were digested, and, at the same time, Pchlide
accumulated in cells of the flu mutant. Protoplasts were then
transferred to the light (100 �mol�m�2�s�1) and separated from
cellular debris by filtration through a 100-�m mesh filter (Milian,
Geneva, Switzerland), followed by flotation on a 0.4 M sucrose
solution at 60 � g for 10 min. They were then collected and
centrifuged at low speed (60 � g) for 5 min and washed. Finally,
protoplasts were resuspended in the culture medium containing MS
medium (supplemented with 0.4 M sucrose�0.4 M mannitol). The
percentage of dead cells was determined by staining protoplasts
with Evans blue dye (Sigma, St. Louis, MO), which was added to the
samples to a final concentration of 0.04%. The number of stained
cells was determined by using a light microscope.

Real-Time PCR. Wild-type, flu, cry1, and flu–cry1 plants were grown
for five days under continuous light and then darkened for 15 h.
Total RNA was extracted and prepared at time 0 and 1, 3, 6, and
12 h after reillumination according to Melzer et al. (47). RNA was
treated with RQ1 RNase-Free DNase (Promega, Madison, WI)
and reverse-transcribed by using random hexamers and SUPER-
SCRIPT TM II RNase H reverse transcriptase (Invitrogen, Carls-
bad, CA) according to the manufacturer’s recommendations. The
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ABI PRISM 7700 sequence detection system (Applied Biosystems,
Foster City, CA) was used to perform quantitative real-time PCR.
Relative mRNA abundance was calculated by using the compara-
tive cycle threshold (�Ct) method and normalized to the corre-
sponding ACTIN2 (At3g18780) gene levels. Equivalent efficiencies
between the different probes and our internal standard were
observed during the PCRs.

Primers used for the analysis were the following: At4g11280,
GTTTGATCCTGACCGGATTG and CCGCAACACTTAT-
GAACTCG; At3g2340, GCAACAAACCTATATTGACTCG
and GTCCCACTATTTTCAGAAGACC; At1g61120, CCGA-
TGTTCCAAGGTTGTCT and AATTTCGATGGCAACAC-
CTC; At4g21830, TCCAGCAACTGGATCTTTCC and
GGAGGAACCAGCAGAAGAGA; and ACTIN2, GTGTG-
TCTCACACTGTGC and CAGATCCTTCCTGATATCC.

Microarray Hybridization and Analysis. Detailed procedures are
provided in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.

Other Methods. Extraction and analysis of tetrapyrroles were done
as described in ref. 13.
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