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Abstract The psbD blue light-responsive promoter (BLRP),
whose activation has been considered to require strong blue light,
is recognized only by SIG5 among six r factors of plastid RNA
polymerase in Arabidopsis. We found SIG5 transcript accumu-
lation was rapidly induced after a 30-min induction time by blue
light (470 nm) with an intensity threshold of 5 lmolm�2 s�1

through cryptochromes. Besides this weak blue light, the psbD
BLRP activation required the stronger light such as
50 lmolm�2 s�1 irrespective of blue or red light (660 nm). Thus,
the two independent light signalings, the cryptochrome-mediated
signaling to induce SIG5 transcription and the stronger light-
dependent signaling, cooperate to activate the psbD BLRP.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The photosystem II reaction center proteins, D1 and D2, are

intensively damaged under high irradiances [1,2]. To maintain

high rates of their synthesis, transcription of psbA and psbD,

the chloroplast genes encoding D1 and D2, respectively, are

elevated in response to light [3–5].

psbA and psbD are transcribed by plastid-encoded plastid

RNA polymerase (PEP), a eubacterial-type multi-subunit

enzyme in which the core enzyme consisting of the plastid-

encoded subunits (2a, b, b0, b00) is assembled with a nuclear-

encoded r factor [6–9]. PEP has been found to be different

from such a prokaryotic enzyme in being associated with

further additional proteins in chloroplasts (reviewed in [10]).

Transcription of psbA, as well as psaA and psaB encoding the

photosystem I reaction center proteins, is regulated by pho-

tosynthetic light via the redox state of plastoquinone pool in

mustard [11], while psbD transcription has been considered to
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be differentially regulated by high fluence of blue light in

various higher plants [3,5,12–18].

Under illumination, psbD transcription is activated from

190, 550, and 950 nucleotides upstream from the psbD

translation start codon in Arabidopsis [15]. Transcripts from

)190 and )550 positions are readily accumulated by light in a

similar profile to the 16S rRNA, the rbcL and psbA mRNAs,

whereas transcription from )950 position is relatively delayed

in time [15] and induced differentially by high fluence of blue

light such as 50 lmolm�2 s�1 under the blue light-responsive

promoter termed the psbD BLRP [12–18]. The psbD BLRP is

a r70-type but unique promoter that lacks the functional )35
promoter element [17,18]. In Arabidopsis, there occur six

genes for r factors, SIG1-6, which contain the highly con-

served sub-domains defined for eubacterial r70 factors [19–

21]. In addition to the above three transcripts of psbD gene,

transcripts from )256 position has recently been found [22].

Accumulation of )256 transcripts markedly and specifically

decreases in the sig2-deficient mutant [22], while light-acti-

vated accumulation of transcripts from the psbD BLRP se-

verely decreases in the SIG5-deficient mutant [23], suggesting

that the promoter for )256 transcription and the psbD BLRP

are recognized by different r factors and that SIG5 is re-

sponsible for blue light-dependent activation of the psbD

BLRP. SIG5 transcription is induced by blue light, but not by

red light [24]. However, the strength of monochromatic blue

light required for inducing SIG5 transcript accumulation is

lower than that for activating the psbD BLRP by one order of

magnitude [5,12–18,24].

Here,weanalyze the effectsof light intensity andwavelengthon

kinetic behaviors of SIG5 transcript accumulation and the psbD

BLRP activation, and show that at least two independent light

signals cooperate to activate the psbD BLRP: low fluence of blue

light to induce SIG5 transcript accumulation and high fluence of

light such as 50 lmolm�2 s�1 which is not restricted to blue light.

Furthermore, we determine cryptochromes rather than photot-

ropins as photoreceptor for blue light-dependent induction of

SIG5 transcript accumulationbymutational analyses.The roleof

high fluence light in the psbD BLRP activation is discussed.
2. Materials and methods

2.1. Plant materials
Arabidopsis thaliana was grown on compound soil (Jiffy7, Sakata

Seed) for 4 weeks at 22 �C under continuous white light (15
lmolm�2 s�1). The seeds used were: the wild type (ecotype Columbia);
blished by Elsevier B.V. All rights reserved.
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Fig. 1. Effect of light quality on the levels of r factor gene transcripts.
After dark-adaptation, the wild type plants were exposed to blue light
(closed bar) or red light (open bar) at the intensity of 5 lmolm�2 s�1

each for 90 min. The levels of SIG1-6 transcripts were determined by
quantitative PCR with the primers specific to each r factor gene. Each
value was normalized to that of ACT2, as described in Section 2, and
converted to a percentage of the highest transcript level. The data are
shown as mean values with standard deviation of three independent
measurements.
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the phototropin double-mutant, phot1phot2 (phot1-5phot2-1) (ecotype
Columbia) [25]; the cryptochrome double-mutant, cry1cry2 (hy4-
3cry2-1) (ecotype Wassilewskija) [26]; the cryptochrome single-mu-
tants, cry1 (hy4-3) (ecotype Wassilewskija) [27] and cry2 (cry2-1) [28].
The cry mutants were provided by Dr. Lin. Each plant was dark-
adapted for 24 h, and subsequently irradiated by white light (15
lmolm�2 s�1), blue light (470 nm, indicated fluences) or red light (660
nm, indicated fluences) for the indicated times at 22 �C using LED
panels (LED-B or LED-R, EYELA), before harvested for RNA
analysis. The photon-fluence rates were measured using a quantum
photometer (LI-250, Li-Cor).

2.2. RT-PCR
Immediately after light treatment, rosette leaves were harvested and

frozen in liquid N2, and total RNA was isolated using RNeasy plant
mini kit (Qiagen), followed by DNase I treatment (Qiagen). Total
RNA served as template for cDNA synthesis using reverse-trans-
criptase and oligo(dT)12–18 primer or random primer (Roche). We
analyzed the resulting cDNA by quantitative PCR method using
Light Cycler (Roche) with SYBR Green I (Roche) and gene specific
primers for each r factor gene, the sequence just downstream from
the psbD BLRP or the gene coding actin2 (ACT2), which has been
reported to expressed constitutively [29]. In order to determine the
levels of their transcripts quantitatively, we also carried out PCR
using each corresponding gene cloned into vector as template to
produce a standard curve. The resulting values were normalized on
the basis of ACT2 as an internal standard. For SIGs, the primers
used were as follows: for SIG1 (AB019942), 50-ggaagttgtgcgcttgtcta-30

and 50-caaacgcacattactcatagcc-30; for SIG2 (AB019943), 50-at-
caggtattccgtctgtgaag-30 and 50-acgtccactacgctctgtaag-30; for SIG3 (AB
019944), 50-agctgagaatggtgatcagag-30 and 50-cactttcttcctccagttgtg-30;
for SIG4 (AB021119), 50-gtcgtttagaggaggttcagc-30 and 50-accaacctac-
ggtaacaacg-30; for SIG5 (AB021120), 50-tgatatagtgagcttggactgg-30 and
50-cttgcagctctacctatttcg-30; for SIG6 (AB029916), 50-tcctcagaaaact-
agtgcgaag-30 and 50-ggaacttatccccatagcttca-30. The primers for ACT2
were 50-atgaatgggatcaaagtttc and 50-acaagtgcatcatagaaacg-30, to am-
plify 96-bp fragment of its 30 UTR. For the psbD BLRP, were used
50-ggaaatccgtcgatatctct-30 and 50-ctctctttctctaggcaggaac-30, as sense
and anti-sense primers, respectively, designated to amplify the frag-
ment from )887 to )801, just downstream from the psbD BLRP
transcription initiation site. In order to exclude a possibility that the
psbD BLRP transcripts analyzed using these primers might be con-
taminated with transcripts originating from promoters upstream, the
reverse transcription products were subjected to PCR using the se-
quence upstream from the psbD BLRP transcription initiation site
(50-agtaagtggacctaacccatcg-30) as sense primer without altering the
anti-sense primer. With these primers, there was no significant tran-
script accumulation observed under blue light illumination (50
lmolm�2 s�1). The specificity of each pair of the primers was ex-
amined using SIG1-6 DNAs cloned into pUC18 [24]: their cross-re-
activity was 0.01–0.00001% (data not shown). The fragments
amplified from cDNA showed a single band with the mobility cor-
responding to each mature mRNA size in agarose gel electrophoresis
and a sharp single melting peak identical to that from the corre-
sponding clone (data not shown).
The resulting cDNA was also subjected to PCR (preheated at 94 �C

for 10 min, then 35 cycles, each of 94 �C for 30 s, 53 �C for 30 s, and 72
�C for 1 min), using AmpliTaqGold (Applied Biosystems). The primers
used were: for SIG5, to amplify 650-bp fragment, 50-ag-
gaataatgtgaagaaggaaaaac-30 and 50-tctttgctttatatatctccactct-30; for
ACT2, the same primers as described above.
Fig. 2. SIG5 transcript levels in illuminated leaves of the wild type,
phot1phot2, cry1cry2, cry1 and cry2. Each plant grown under contin-
uous white light was exposed to darkness (D), and subsequently illu-
minated for 90 min with white light (WL, 15 lmolm�2 s�1), red light
(RL, 5 lmolm�2 s�1) or blue light (BL, 5 lmolm�2 s�1). (A) SIG5
transcript levels were determined by quantitative PCR. Each value was
converted to a percentage of that of the wild type exposed to WL. The
data are shown as mean values with standard deviation of three in-
dependent experiments. (B) Semi-quantitative RT-PCR products from
SIG5 (upper panel) and ACT2 (lower panel) were separated in 2%
agarose gels and visualized by ethidium bromide staining. Lanes 1: the
wild type; lanes 2: phot1phot2; lanes 3: cry1cry2.
3. Results and discussion

3.1. Blue light-specific induction of SIG5 transcript

accumulation and its photoreceptor

We examined the effects of blue light and red light on ac-

cumulation of transcripts from each r factor gene. Illumina-

tion of dark-adapted plants with blue light at 5 lmolm�2 s�1

caused an extensive induction of SIG5 transcript accumulation

in comparison to that under red light of the same intensity

(Fig. 1), being consistent with the previous report [24]. Such a
blue light-specific induction was observed only in SIG5 among

the six r genes: accumulation of transcripts from the other five

r factor genes was induced by red light as well as by blue light.

The induction efficiency of blue light to red light on SIG5

transcript accumulation was approximately 10 times as high as

on transcript accumulation from the other r factor genes.

To determine the photoreceptor mediating the induction of

SIG5 transcript accumulation, we compared the effects of
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lights on SIG5 transcript accumulation in the wild type, the

double mutants of cry1cry2 and phot1phot2, lacking crypto-

chromes (cry) 1 and 2, and phototropins (phot) 1 and 2, re-

spectively, and the cry single mutants. After dark adaptation

of plants grown under continuous lights, SIG5 transcript ac-

cumulation disappeared in all the plants examined (Fig. 2A

and B). The quantitative PCR analyses showed that the sub-

sequent illumination with blue light caused a sharp contrast in

SIG5 transcript accumulation between the wild type and

cry1cry2 (Fig. 2A). Illumination of the wild type with blue

light (5 lmolm�2 s�1) for 90 min dramatically increased the

level of SIG5 transcripts. Blue-light illumination of cry1cry2,

however, hardly caused an increase in the level of SIG5 tran-

scripts, while that of phot1phot2 increased the level of SIG5

transcripts almost to the wild-type level. Blue-light illumina-

tion of the single mutants, either cry1 or cry2, expressing cry2

or cry1 to the wild-type level, respectively [28,30], induced

SIG5 transcript accumulation to a nearly half of the wild-type

level. These results indicate that cryptochromes rather than

phototropins are photoreceptor to mediate the blue light-spe-

cific induction of SIG5 transcript accumulation, and both cry1

and cry2 function as photoreceptor. This is consistent with the

recent report that mutational deficiency of Ser/Thr protein

phosphatase, PP7, which acts downstream of cryptochrome,

causes a decrease in SIG5 transcript accumulation [31]. Since

transcripts from ACT2 accumulated at the equivalent level in

all the cases examined (Fig. 2B), we used it as an internal

standard for normalization, as described in Section 2.
Fig. 3. Kinetics of SIG5 transcript accumulation under illumination
with blue light or red light. (A) After dark adaptation, the wild type
(d, solid line) and cry1cry2 (s, dot line) plants were exposed to illu-
mination with blue light (5 lmolm�2 s�1) for the indicated times. SIG5
transcript levels were determined by quantitative PCR. (B) Dark-
adapted plants of the wild type were exposed to illumination with red
light (50 lmolm�2 s�1) for the indicated times. Transcript levels were
analyzed for SIG5 (m, solid line) and SIG2 (�, dot line) by quantitative
PCR. Each value was converted to a percentage of the highest tran-
script level in (A).
3.2. Kinetics of SIG5 transcript accumulation in response to

blue light and red light

Kinetic analyses showed that illumination with low fluence

blue light (5 lmolm�2 s�1) rapidly increased the level of SIG5

transcripts after an induction time of 30 min in the wild type,

while such a blue light-dependent induction of SIG5 transcript

accumulation was not observable in cry1cry2 (Fig. 3A). In

contrast to SIG5, red light as well as blue light caused the

induction of SIG2 transcript accumulation, as shown in Fig. 1.

Red-light illumination of cry1cry2 induced SIG2 transcript

accumulation in a similar manner to that of the wild type (data

not shown), suggesting that the induction deficiency of SIG5

transcript accumulation in cry1cry2 is not due to the ecotype

difference of cry1cry2 (Wassilewskija) from the wild type

(Columbia).

Accumulation of SIG2 transcripts, which remained to some

extent after 24-h dark adaptation, was enhanced by red-light

illumination, but it occurred with an induction time of 180 min

(Fig. 3B). Such a red light-induction of SIG2 transcript accu-

mulation (Fig. 3B) was much slower than blue-light induction

of SIG5 transcript accumulation (Fig. 3A). The origin of such

a difference in the kinetic features between blue-light and red-

light inductions remains to be examined.

We next examined blue light intensity dependency of SIG5

transcript accumulation. The blue light-induced accumulation

of SIG5 transcripts required blue light with a fluence threshold

of about 5 lmolm�2 s�1 (Fig. 4), being consistent with the

fluence threshold for the cryptochrome activation by phos-

phorylation [32,33]. The level of SIG5 transcripts increased

with the exposure time from 30 to 120 min, and then decreased

after prolonged blue light treatment. An increase in intensity

up to 10 lmolm�2 s�1 did not make a difference in the kinetics

of SIG5 transcript accumulation. In cry1cry2, however, such a

blue light-induced SIG5 transcript accumulation was hardly

observed at either 5 or 10 lmolm�2 s�1 up to 240 min.
Fig. 4. Effect of blue light intensity on kinetics of SIG5 transcript ac-
cumulation. Dark-adapted plants of the wild type (closed symbols) and
cry1cry2 (open symbols) were illuminated with blue light at the
intensities of 1 (+, solid line), 3 (j, dot line), 5 (m, solid lines) and
10 (d, dot lines) lmolm�2 s�1 for the indicated times. SIG5 transcript
levels were determined by quantitative PCR. Each value was converted
to a percentage of the highest transcript level.
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3.3. Cooperative effects of blue light and high fluence light on

the process of the psbD BLRP activation

The present results suggest that the blue light requirement

for the psbD BLRP activation is presumably due to that for

SIG5 transcription. In contrast to SIG5, however, the accu-

mulation of transcripts from the psbD BLRP was hardly in-

duced by illumination with low fluence (5 lmolm�2 s�1) of

blue light for 180 min (Fig. 5A). As reported previously [24],
Fig. 5. Effect of blue light and red light on accumulation of transcripts
from the psbD BLRP. (A) Dark-adapted plants of the wild type (D)
were exposed to illumination for 180 min with blue light (5
lmolm�2 s�1, BL5) or red light (50 lmolm�2 s�1, RL50) alone, or
simultaneously with both these lights (5 lmolm�2 s�1 blue light and 50
lmolm�2 s�1 red light, BL5+RL50). Transcript levels from the psbD
BLRP were determined by quantitative PCR, as described in Section 2.
The data are shown as mean values with standard deviation of three
independent measurements. (B) Dark-adapted plants of the wild type
were initially illuminated with red light (50 lmolm�2 s�1) for 180 min,
followed by shift to blue light (5 lmolm�2 s�1) for the times indicated.
Transcript levels were analyzed for SIG5 (�, dot line) and the psbD
BLRP (m, solid line) by quantitative PCR with their specific primers.
(C) Dark-adapted plants were initially illuminated with blue light (5
lmolm�2 s�1) for 180 min, followed by shift to red light (d, solid line)
or blue light (s, dot line) at the intensity of 50 lmolm�2 s�1 each for
the times indicated. Transcript levels from the psbD BLRP were de-
termined by quantitative PCR. Each value was converted to a per-
centage of the highest transcript level.
high fluence of red light (50 lmolm�2 s�1) alone hardly acti-

vated the psbD BLRP (Fig. 5A). Interestingly, accumulation of

the psbD BLRP transcripts appeared at a high level, when

dark-adapted plants were illuminated with low fluence of blue

light together with high fluence (50 lmolm�2 s�1) of red light

(Fig. 5A).

To examine the effect of high fluence light on activating the

psbD BLRP separately from that of blue light, we used red

light for high fluence irradiance (50 lmolm�2 s�1) and low

fluence of blue light (5 lmolm�2 s�1) to induce SIG5 transcript

accumulation without any effect on the psbD BLRP activation.

When plants were initially exposed to high fluence of red light,

the level of SIG5 transcripts increased with an induction time

of 30 min in response to the subsequent shift to low fluence of

blue light (Fig. 5B), in a similar profile to blue-light induction

of SIG5 transcript accumulation without red-light preillumi-

nation (Fig. 3A). The transcript accumulation from the psbD

BLRP followed that from SIG5 but with a timelag (Fig. 5B).

On the other hand, in plants pretreated with low fluence of

blue light to accumulate SIG5, the level of the psbD BLRP

transcripts increased immediately in response to the sub-

sequent shift to high fluence of red light (Fig. 5C). In the blue

light-preilluminated plants there was no significant difference

in the efficiency of the psbD BLRP activation between red light

and blue light (Fig. 5C). These results indicate that these two

light signaling pathways function differentially but coopera-

tively to activate the psbD BLRP.

The psbD BLRP has been considered to require high fluence

of blue light to be activated, as described in Section 1 [5,12–18].

Those results, however, are obtained by using monochromatic

lights. The present results obtained using various combinations

of blue and red lights clearly show that requirements of blue

light and high fluence light for the psbD BLRP activation are

attributed to the different origins. One is the induction of the

nuclear gene SIG5 transcript accumulation through crypto-

chrome-dependent signaling. The other is a high light-depen-

dent event which supposedly occurs in plastids. The

mechanism by which high light functions on the activation of

the psbD BLRP remains to be revealed, but two different

scenarios likely to imply its role would be developed from the

previous reports.

The psbD BLRP contains the well-conserved upstream cis-

elements, AAG box and PGT box, which are the binding sites

of nuclear-encoded AAG box-binding factor (AGF) and PGT

box-binding factor (PGTF), respectively [14,17,34,35]. Con-

trary to AGF constitutively binding to AAG box, PGTF is

suggested to bind to PGT box light-dependently so as to ac-

tivate the psbD BLRP, based on the finding that ADP- rather

than ATP-dependent PGTF phosphorylation results in loss of

the affinity for the PGT box in vitro [36]. The psbD BLRP

activity might be controlled by the blue light-dependent in-

duction of SIG5 transcription in the nucleus and by high flu-

ence light-dependent phosphorylation/dephosphorylation of

PGTF in plastids independently.

Alternatively, plastid transcription kinase (PTK) has been

identified as one of the PEP-associated accessory proteins, to

catalyze phosphorylation of PEP core enzyme and/or r factor

ATP-dependently, resulting in inactivation of PEP [10,37,38].

The psbD BLRP activity might be controlled by the blue light-

dependent induction of SIG5 transcription in the nucleus via

cryptochrome-mediated signaling and by posttranslational

modification of SIG5 and/or PEP core through PTK via high
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fluence light-dependent signaling in plastids. Such a PTK-

mediated mechanism has been found only in Sinapis alba so far

[37,38].

Recently, a novel FAD-bound protein, At-cry3, has been

identified as a chloroplast-targeted cryptochrome-like protein

in Arabidopsis [39]. It has been shown that the psbD BLRP

activation is mediated by blue light through cry1 or cry2 [40],

which accumulates in the nucleus constitutively or in the cy-

tosol in the light, respectively [41]. This is well explained by the

present result that the accumulation of transcripts from the

nuclear gene SIG5 is induced through cry1 and cry2 (Figs. 2

and 3). Such an induction of SIG5 transcript accumulation is

unlikely to be mediated through the chloroplast-targeted cry3.

On the other hand, cry3 might be involved in the high light-

dependent event for the psbD BLRP activation in chloroplasts.

However, based on the present results that high fluence of red

light is equivalent to that of blue light in the psbD BLRP ac-

tivation (Fig. 5C), the cry3 involvement in this event appears

to be unlikely. This should be clear.
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