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Cryptochrome 1, Cryptochrome 2, and Phytochrome A
Co-Activate the Chloroplast psbD Blue
Light-Responsive Promoter
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The reaction center core of photosystem Il is composed of two chlorophyll binding proteins, D1 and D2, that are en-
coded by the chloroplast genes psbA and psbD. These chlorophyll binding proteins are damaged during photochemis-
try, especially under high irradiance. Photosystem Il function is maintained under these conditions through turnover and
resynthesis of D1 and D2. Blue light-activated transcription of psbD from a special light-responsive promoter is part of
the repair system. In this study, light-activated chloroplast and psbD transcription were studied after dark adaptation of
21-day-old light-grown Arabidopsis plants. lllumination of dark-adapted plants with red light increased chloroplast tran-
scription activity and transcription from the psbD light-responsive promoter. Blue light further increased chloroplast
transcription activity and stimulated differential transcription from the psbD light-responsive promoter. Photoreceptor
mutants showed that blue light-specific activation of chloroplast transcription and the psbD light-responsive promoter
involve cryptochrome 1 (cry1) or cryptochrome 2 (cry2) and phytochrome A (phyA). Blue light-induced activation of the
psbD light-responsive promoter was normal in det2-1 and hy5-1 but attenuated in det3-1. Therefore, cry1/cry2/phyA-
mediated blue light activation of the psbD light-responsive promoter in 21-day-old Arabidopsis plants does not involve

hy5, a transcription factor that mediates other phyA and blue light-induced responses.

INTRODUCTION

Light plays a central regulatory role in plant and chloroplast
development in addition to being the source of energy for
plant life (for reviews, see Mullet, 1988; Link, 1991; Chory,
1997). Information about light quality, intensity, and duration
is measured by a large number of different plant photore-
ceptors (reviewed by Briggs and Liscum, 1997; Chory, 1997;
Fankhauser and Chory, 1997; Briggs and Huala, 1999; Neff
et al., 2000). The selective blue light/UVA/UVB photorecep-
tors include the cryptochromes 1 and 2 (cry1l and cry2),
phototropin (nph1), carotenoids (i.e., zeaxanthin), and other
less well characterized blue light photoreceptors (reviewed
by Briggs and Huala, 1999). The red light photoreceptors in-
clude the phytochromes, protochlorophyllide holochrome,
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and chlorophyll. Although the red light photoreceptors are so
named because they absorb red light, these pigments also
absorb and respond to blue light via their soret absorption
bands (Schafer and Haupt, 1983). The plant photoreceptors
modulate germination, hypocotyl and leaf elongation, pho-
totropism, leaf and chloroplast development, stomatal con-
ductance, onset of flowering, circadian rhythms, and
nuclear and chloroplast gene expression (reviewed by
Briggs and Liscum, 1997; Chory, 1997; Fankhauser and
Chory, 1997; Briggs and Huala, 1999; Neff et al., 2000). The
extent of each photoreceptor’s influence varies with plant
species, stage of development, and gene examined.

Light drives primary photochemistry that generates ATP
and reducing power for carbon fixation and all other aspects
of plant growth and development. The primary photochemi-
cal reactions occur in photosystem | and photosystem I,
large protein complexes that provide a precise scaffold for
the pigments and cofactors that mediate vectorial primary
charge separation and electron transfer steps. Exposure of
plants to high light, especially under conditions of abiotic
stress, limited cardon dioxide availability, or excess carbon,
often results in photodamage to the photosynthetic appara-
tus (Barber and Andersson, 1992; Melis et al., 1992; Aro et
al.,, 1993; Melis, 1999). Photosystem II, the site of oxygen
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evolution, is particularly susceptible to damage when plants
are subjected to high light intensities (Barber and Andersson,
1992; Melis et al., 1992; Aro et al., 1993). The photosystem Il
reaction center chlorophyll binding proteins D1 and D2 are
most often damaged under these conditions (Mattoo et al.,
1984; Ohad et al., 1985). Plants are able to repair damaged
photosystem |l complexes through disassembly of photo-
system Il complexes, synthesis of new D1 and D2 subunits,
and reassembly of the proteins and cofactors into functional
complexes (Melis, 1999). In mature leaves, synthesis of D1
and D2 is primarily needed to repair photosystem Il com-
plexes after subunit turnover. At this stage of development,
the genes encoding D1 and D2 are differentially expressed
relative to other plastid genes (Baumgartner et al., 1993;
Christopher and Mullet, 1994). Differential expression of
psbA involves light-activated transcription (Klein and Mullet,
1990; Chun et al., 2001), extraordinary RNA stability (Deng
and Gruissem, 1987; Mullet and Klein, 1987; Rapp et al.,
1992; Baumgartner et al., 1993; Kim et al., 1993), and light-
regulated translation (Klaff and Gruissem, 1991; Danon and
Mayfield, 1994; Kim and Mayfield, 1997). In contrast, psbD
transcripts are differentially maintained in mature chloro-
plasts primarily because of the activity of an unusual blue
light-activated promoter (Gamble and Mullet, 1989; Sexton
et al., 1990a).

Higher plant psbD genes are located in a complex chloro-
plast operon that, in some plant species, also contains
psbC, psbK, orf62, and trnG (Sexton et al., 1990b). In barley,
this operon is transcribed from at least three different pro-
moters. One of these promoters, the psbD light-responsive
promoter (psbD-LRP), is selectively activated by illumination
of plants with high-fluence blue/UVA light (Gamble and Mullet,
1989; Christopher and Mullet, 1994). Transcription from the
psbD-LRP is low early in leaf development and in cotyle-
dons but increases during leaf and plant development
(Christopher, 1996; Christopher and Hoffer, 1998). In mature
light-grown plants, transcripts derived from the psbD-LRP
are the most abundant psbD RNAs (Christopher and Mullet,
1994). The psbD-LRP is conserved among cereals, dicots,
and black pine (Christopher et al., 1992). However, this pro-
moter is not present in the liverwort Marchantia polymorpha
(Ohyama et al., 1986) and three non-green algae that grow
in low light or underwater environments (Kowallik et al.,
1995; Reith and Munholland, 1995; Stirewalt et al., 1995).
This is consistent with a role for the psbD-LRP in high-light,
UV-A-rich environments, conditions that promote PSII photo
damage. Accumulation of psbD-LRP transcripts is also reg-
ulated by circadian cycling, providing yet another level of
control over transcription from this promoter (Nakahira et
al., 1998; Thum et al., 2001).

Over the past several years, the architecture of the psbD-
LRP has been intensively investigated in vitro (Kim and Mullet,
1995; To et al.,, 1996; Nakahira et al., 1998; Kim et al.,
1999b) and in transgenic plants (Allison and Maliga, 1995;
Thum et al., 2001). The plastid-encoded RNA polymerase
(PEP), which is similar in structure and function to bacterial

RNA polymerases, transcribes the psbD-LRP (Hajdukiewicz
et al., 1997; Nakahira et al., 1998; Hess and Bdrner, 1999;
Kim et al., 1999b). A —10 sequence (TATTCT) immediately
upstream of the site of transcription initiation is essential for
psbD-LRP activity (To et al., 1996; Nakahira et al., 1998; Kim
et al., 1999b; Thum et al., 2001). Unlike most PEP promot-
ers, the psbD-LRP does not require a —35 prokaryotic-like
transcription element (TTGACA) for activity (To et al., 1996;
Nakahira et al., 1998; Kim et al., 1999b; Thum et al., 2001).
Instead, this function is replaced by a sequence immediately
upstream from —35, named the AAG-box, which binds an
activating factor, termed AGF, that is required for transcrip-
tion from this promoter. A basic helix-loop-helix DNA bind-
ing protein encoded by the nucleus is a component of the
AGF complex (Baba et al., 2001). The AGF is thought to act
like bacterial transcription activators by binding and posi-
tioning the chloroplast RNA polymerase on the psbD-LRP
(Allison and Maliga, 1995; Kim et al., 1999b). A second com-
plex, termed PGTF, binds upstream of the AGF (Kim and
Mullet, 1995). The binding of this complex to DNA is de-
creased by ADP-dependent phosphorylation, leading to the
suggestion that PGTF binding modulates the activity of the
psbD-LRP in response to light/dark cycles (Kim et al.,
1999a).

Our understanding of how light regulates chloroplast tran-
scription and differential transcription from the psbD-LRP is
still rudimentary. Early analysis of light induction demon-
strated that high-fluence blue light activates the psbD-LRP
(Gamble and Mullet, 1989; Christopher and Mullet, 1994).
However, the blue light photoreceptor involved has not
been identified. During leaf development, red and far-red
light also modulate psbD-LRP activity, presumably through
photosynthetic electron transport and phytochrome, re-
spectively (Christopher, 1996). Recent advances in our un-
derstanding of blue and red light photoreceptors and the
availability of photoreceptor and light-signaling mutants
provide an opportunity to clarify the photobiology of blue
light activation of the psbD-LRP. In this study, analysis of
Arabidopsis photobiology mutants showed that blue light
activation of the psbD-LRP is mediated by cry1 or cry2 and
phytochrome A (phyA). To our knowledge, the psbD-LRP is
the first plastid-encoded gene that shows this type of pho-
toreceptor dependence.

RESULTS

Light Modulates psbD-LRP Transcript Levels in
21-Day-Old Arabidopsis Plants

Primer extension assays shown in Figure 1 were used to
characterize light-modulated changes in psbD and rbcL
transcript abundance in 21-day-old Arabidopsis thaliana plants
of the ecotype Landsberg erecta (Ler). Consistent with pre-
vious analysis (Hoffer and Christopher, 1997), transcripts



derived from the psbD-LRP were located 950 bp upstream
of the psbD open reading frame (Figure 1, transcripts
marked psbD-LRP). The two smaller psbD transcripts
shown in Figure 1 are derived either from processing the
950-nucleotide transcript or from uncharacterized promot-
ers downstream of the psbD-LRP (Figure 1, psbD #2 and
psbD #3). Transcripts derived from rbcL were also analyzed
using primer extension assays (Figure 1B). Light-induced
changes in psbD and rbcL transcript abundance were char-
acterized in plants grown for 21 days in continuous white
light and then transferred to darkness for 48 hr. After dark
adaptation, plants were illuminated with red light or blue
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light at 30 wE-m~2-sec~" for an additional 48 hr. Primer ex-
tension assays showed that transcripts arising from the
psbD-LRP decreased in abundance within 6 hr after the
transfer of plants to darkness and declined further during
the 48 hr of dark treatment (Figure 1A, lanes 2 to 5). Dark
treatment also caused a decrease in rbcL RNA level; how-
ever, the decrease in transcript abundance occurred slowly
(Figure 1B, lanes 2 to 5). When 48-hr dark-adapted plants
were illuminated with blue light, psbD-LRP transcript levels
increased within 6 hr, reached a maximum between 12 and
24 hr, and remained elevated in plants illuminated for 48 hr
(Figure 1A, lanes 6 to 9). lllumination of dark-adapted plants
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Figure 1. Light-Induced Changes in psbD and rbcL Transcript Levels in 21-Day-Old Arabidopsis Plants.

The abundance of psbD (A) and rbcL (B) transcripts was monitored using primer extension analysis in response to a 48-hr dark adaptation (D)
and subsequent illumination with blue (B) or red (R) light (both at 30 wE-m~2-sec~) for an additional 48 hr. The lanes labeled W represent tissue
from plants grown for 3 weeks (wk) under continuous white light. Tissue samples were taken at the time points indicated above each of the

lanes.

(A) psbD transcripts derived from the LRP (950 nucleotides) are indicated by an arrow and labeled as such. Two other psbD transcripts are
designated by an arrow and labeled psbD #2 and psbD #3. Lane ¢ shows some of the $X174-Haelll restriction fragments used as length

markers.
(B) rbcL transcripts are indicated by an arrow and labeled.
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with red light also increased psbD-LRP transcript abun-
dance within 6 hr (Figure 1, lane 5 versus 10). However,
psbD-LRP transcript levels declined when red light illumina-
tion was continued for 24 to 48 hr (Figure 1A, lanes 10 to
13). The abundance of other psbD transcripts changed to a
lesser extent during the dark-adaptation and illumination
treatments (Figure 1, psbD #2 and psbD #3).

Cry1 or Cry2 Can Mediate Blue Light Activation of
Chloroplast Transcription and Differential
Accumulation of psbD-LRP Transcripts

The results in Figure 1 show that both red light and blue light
can stimulate accumulation of transcripts from the psbD-
LRP, although the extent and kinetics of transcript accumu-
lation differ in the two light treatments. Figure 2 shows that
illumination of dark-adapted plants for 8 hr with red light in-
creased chloroplast transcription twofold, whereas illumina-
tion with blue light activated transcription fourfold (Figure 2,
Col-4). Red light could stimulate chloroplast transcription
through chlorophyll-driven photosynthetic electron transport
and/or phytochrome-induced changes in gene expression.
Blue light-induced increases in chloroplast transcription
could be mediated by chlorophyll, phytochrome, crypto-
chrome, and/or phototropin because these photoreceptors
have absorption bands in the blue. As a starting point, we
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Figure 2. Analysis of Light-Induced Chloroplast Transcription in
Cryptochrome Mutants.

Chloroplast transcription activity in the wild type (Col-4) and the
cryptochrome single and double mutants cry7-304, cry2-1, and
cry1-304 cry2-1 was monitored after a 24-hr dark adaptation fol-
lowed by illumination with red or blue light at 30 wE-m~2-sec~'. Total
chloroplast transcription activity is expressed as fmol 32P-UTP incor-
poration per 2.5 X 108 plastids in a 5-min run-on transcription as-
say. Light treatments are indicated below each bar in the figure.
Error bars indicate +sb.

analyzed blue light-induced activation of chloroplast tran-
scription in a CRY1 mutant (cry7-304), CRY2 mutant (cry2-1),
and a CRY1/CRY2 double mutant (cry7-304 cry2-1). Mutant
plants were dark-adapted and then illuminated with red or
blue light for 8 hr before chloroplast isolation and run-on
transcription assays. Figure 2 shows that illumination of
wild-type plants with blue light increased chloroplast tran-
scription fourfold; however, illumination of the cry7-304
cry2-1 double mutant with blue light increased chloroplast
transcription only twofold, the same as did red light. This re-
sult indicates that cryptochromes help mediate the blue
light-induced increase in overall chloroplast transcription
activity in older dark-adapted plants. Interestingly, partial blue
light activation of chloroplast transcription occurred in cry1-
304 and cry2-1, the single CRY mutants. This suggests that
either cry1 or cry2 can mediate blue light activation of chloro-
plast transcription after dark adaptation. A fluence response
study is needed to determine if cry1 and cry2 can indepen-
dently induce full activation of chloroplast transcription.

The involvement of cryptochrome in blue light-induced
psbD-LRP transcript accumulation was tested using several
single and double CRY mutants (Figure 3). As previously re-
ported (Christopher and Hoffer, 1998), blue light was able to
induce accumulation of psbD-LRP transcripts in CRY1 mu-
tants (Figure 3, lanes 4 to 9, hy4-1 and cry1-304). A similar
analysis was performed on cry2-1, a mutant that accumu-
lates no CRY2 apoprotein because of a complete deletion
of the CRY2 gene (Guo et al., 1998). lllumination of dark-
adapted cry2-1 plants with red and blue light showed that
cry2 was not essential for selective blue light-activated tran-
scription from the psbD-LRP (Figure 3A; cf. lanes 1 to 3 with
10 to 12). Arabidopsis plants overexpressing CRY7 or
CRY2, cry1-ox, and cry2-ox, respectively, also had similar
levels of blue and red light-induced accumulation of psbD
and rbcL transcripts compared with that of wild-type plants
of the Columbia ecotype (Col-4) (Figures 3A and 3B; cf.
lanes 1 to 3 with 13 to 15 and 16 to 18). In contrast, illumina-
tion of a CRY1/CRY2 double mutant (cry7-304 cry2-1) with
red or blue light induced only a small increase in psbD-LRP
transcript abundance compared with that in wild-type plants
(Figure 3A, lanes 19 to 21). Taken together, these results in-
dicate that blue light activation of the psbD-LRP can be me-
diated by either cry1 or cry2.

The possible involvement of phototropin and zeaxanthin
in blue light-induced accumulation of psbD-LRP transcripts
was tested in the phototropin minus NPH7 null mutant
nph1-5 (Huala et al., 1997) and in nph3-1 and nph4-1 plants
that are defective in phototropism (Liscum and Briggs, 1995).
Additionally, a phototropin/cry1 double mutant, nph1-5 hy4-
105 (Liscum and Briggs, 1995), was also analyzed. Blue
light-induced accumulation of psbD-LRP transcripts was
not significantly altered in any of these mutants (Figure 4,
lanes 4 to 15). Similarly, blue light-induced accumulation of
transcripts from the psbD-LRP and rbcL was not altered in
npq1-2 and npg2-1, mutants blocked in zeaxanthin biosyn-
thesis (Figure 4, lanes 16 to 21) (Niyogi et al., 1998).
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Figure 3. Analysis of psbD-LRP Transcript Accumulation in Cryptochrome Mutants.

Primer extension analysis of psbD (A) and rbcL (B) transcript levels in the wild type (Col-4), single cryptochrome mutants hy4-1, cry1-304, and
cry2-1, cryptochrome-overexpressing plants cry1-ox, cry2-ox, and the double mutant cry7-304 cry2-1. Dark-adapted plants (D) were illuminated

for 48 hr with blue (B) or red (R) light at 30 wE-m~2-sec™".

(A) psbD transcripts derived from the LRP (950 nucleotides) are indicated by an arrow and labeled as such. Other psbD transcripts are desig-
nated by an arrow and labeled as psbD #2 and psbD #3. Lane ¢ shows several $X174-Haelll restriction fragments that were used as size

markers.
(B) rbcL transcripts are designated by arrows and labeled.

PhyA Is Required for Blue Light Induction of
the psbD-LRP

Blue light-induced increases in chloroplast transcription in
dark-adapted Arabidopsis are attenuated in plants lacking
functional phyA (Chun et al., 2001). Figure 5 shows that blue
light-induced accumulation of psbD-LRP transcripts was
also attenuated in phyA plants (Figure 5, lane 2 versus lane
5). Plants lacking phytochrome B showed normal blue light-
induced accumulation of the psbD-LRP transcripts (data not
shown). Run-on transcription assays were used to further
analyze the influence of phyA on light-induced activation of
psbD-LRP transcription (Table 1). Chloroplasts from dark-
adapted wild-type and phyA plants transcribed psbD-LRP
and rbcL at low rates (ratio of 0.5). lllumination of wild-type
and phyA plants with red light for 7 hr increased transcrip-
tion from both promoters, although activation of transcrip-
tion from the psbD-LRP was greater than it was from rbcL
(ratio of 2.3) (Table 1). In wild-type plants, blue light in-
creased transcription from the psbD-LRP and rbcL promot-
ers more than did red light and increased the ratio of
transcription of psbD-LRP to rbcL from 2.3 to 5.4 (Table 1).

In contrast, illumination of phyA plants with blue light in-
creased transcription from rbcL and psbD-LRP to the same
extent (ratio of 1.8). These results show that phyA, in addi-
tion to cry1 or cry2, is required for differential blue light—
induced transcription from the psbD-LRP.

Blue Light-Induced Accumulation of psbD-LRP
Transcripts in DET/HY5 Mutants

The COP/DET/HY5 genes play important roles in light-mod-
ulated plant growth, development, and gene expression
(Kwok et al., 1996; Wei and Deng, 1996; Deng and Quail,
1999). The action of these genes is regulated by the phyto-
chrome and cryptochrome signaling pathways (Whitelam
and Devlin, 1998). Therefore, the COP/DET/HY5 genes could
be involved in cryptochrome- and phytochrome-mediated
activation of psbD-LRP transcript accumulation in older
plants after dark adaptation. To test this possibility the mu-
tants det2-1, det3-1, and hy5-1 and their corresponding
wild-type plants were grown in continuous light for 21 days,
dark-adapted for 48 hr, and then illuminated with blue or red
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Figure 4. Light-Induced Accumulation of psbD-LRP Transcripts Is Not Altered in Phototropin (nph) and Zeaxanthin (npq) Blue Light Photorecep-

tor Mutants.

Primer extension analysis was used to monitor psbD-LRP (A) and rbcL (B) transcript levels in the wild type (Col-4), in the single mutants nph1-5,
nph3-1, nph4-1, npq1-2, and npg2-1, and in the double mutant nph7-1 hy4-105. Dark-adapted plants (D) were illuminated for 48 hr with blue (B)

or red (R) light at 30 wE-m~2-sec™".

(A) psbD transcripts derived from the psbD-LRP (950 nucleotides) are indicated by an arrow and labeled as such. Other psbD transcripts are
designated by an arrow and labeled as psbD #2 and psbD #3. Lane ¢ shows $X174-Haelll restriction fragments used as size markers.

(B) rbcL transcripts are indicated by an arrow and labeled.

light for an additional 48 hr. Figure 6 shows changes in rbcL
and psbD-LRP RNA levels in mutant and wild-type plants
when dark-adapted plants are illuminated with either red or
blue light. Most of the mutants showed blue light-induced
changes in psbD-LRP and rbcL transcript abundance that
were similar to those in wild-type plants. However, blue
light-induced accumulation of psbD-LRP transcripts in det3-1
plants was attenuated compared with that of the controls
(Figure 6A, lanes 1 to 3 versus lanes 7 to 9).

DISCUSSION

Light regulates numerous aspects of chloroplast transcrip-
tion through the action of chlorophyll, cryptochrome, and
phytochrome, as shown in Figure 7. Light-induced in-
creases in chloroplast transcription are partly the result of
photosynthetic electron transport and associated changes
in stromal pH, redox state, and the ratio of ATP/ADP and
NADPH/NADRP in chloroplasts. In addition, as shown in this

study, photoreceptors such as cry1, cry2, and phyA that are
located in the cytoplasm/nucleus modulate chloroplast tran-
scription activity and differential use of plastid promoters
such as the psbD-LRP. The combination of photosynthesis,
photoregulation, and circadian cycling (Krupinska, 1992;
Nakahira et al., 1998; Thum et al., 2001) helps plants acti-
vate and modulate chloroplast transcription during the light
phase and in response to varying light environments.

In this study, transfer of 21-day-old Arabidopsis plants
grown in continuous light to darkness caused the abun-
dance of psbD-LRP transcripts to decrease significantly
within 6 hr. In contrast, the abundance of rbcL transcripts
changed more slowly and to a smaller extent in response to
light/dark treatment. The slow change in rbcL mRNA level
after light/dark treatment is likely due in part to the stability
of rbcL transcripts. This interpretation is consistent with a
half-life of rbcL transcripts of 15 to 33 hr in the expanded
portion of barley leaves (Kim et al., 1993) and increased sta-
bility of rbcL transcripts in dark-treated plants (Shiina et al.,
1998). No direct measurement of the stability of psbD-LRP
transcripts has been reported. However, the relatively rapid



decline of these transcripts upon transfer of plants to dark-
ness suggests a half-life of <6 hr. Therefore, changes in the
rate of transcription from the psbD-LRP during dark/light cy-
cles and in response to various light conditions have a rapid
and significant impact on the potential for chloroplasts to
synthesize D2 and CP43 in vivo.

The overall rate of chloroplast transcription is higher in il-
luminated plants compared with that in dark-adapted plants.
Low transcription activity in dark-grown plants has been
correlated with inactivation of the PEP by increased phos-
phorylation and the redox state of dark-adapted chloro-
plasts (Figure 7) (Tiller and Link, 1993; Baginsky et al., 1999;
Tullberg et al., 2000). Activation of chloroplast transcription
after illumination of dark-adapted plants is consistent with
the influence of chlorophyll-driven photosynthetic electron
transport. In the current study, illumination of dark-adapted
plants with red light caused an increase in transcription from
both psbD-LRP and rbcL (Table 1). Red light also increased
the abundance of psbD-LRP transcripts to a small extent in
wild-type plants, CRY1/CRY2 double mutants, and in plants
lacking phytochrome (Figures 3 and 5, data not shown).
These results suggest that illumination of 21-day-old dark-
adapted plants with red (or blue) light activates overall chlo-
roplast transcription and transcription from rbcL and the
psbD-LRP in part through chlorophyll-driven photosynthetic
electron transport (Figure 7, Chl/PET). Further analysis is
needed to characterize the specific mechanisms involved in
this activation.

Cry1 or Cry 2 Can Mediate Blue Light Activation of
Chloroplast Transcription and Differential
Transcription of the psbD-LRP

lllumination of dark-adapted plants with blue/UVA light acti-
vates overall chloroplast transcription and differentially in-
creases transcription from the psbD-LRP (Christopher and
Mullet, 1994; Christopher, 1996; Hoffer and Christopher,
1997; Chun et al., 2001). In this study, illumination of dark-
adapted plants with blue light increased overall chloroplast
transcription fourfold, whereas illumination with red light
caused a twofold increase (Figure 2). However, illumination
of CRY1/CRY2 double mutants with blue or red light re-
sulted in a similar twofold increase in chloroplast transcrip-
tion. This result shows that the cryptochrome contributes to
the reactivation of chloroplast transcription after dark adap-
tation. In the absence of cry1 and cry2 function, red light
and blue light probably activate chloroplast transcription
through chlorophyll-driven electron transport and/or the
phytochrome signaling pathway. Plants containing either
cryl or cry2 show a partial blue light-specific increase in
overall chloroplast transcription. This result suggests that
cry1 and cry2 can both mediate blue light activation of over-
all chloroplast transcription. Further study is required to de-
termine if cry1 or cry2 is sufficient for full induction of this
response and to elucidate the mechanism of activation.
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Figure 5. Light-Induced Accumulation of psbD-LRP Transcripts Is
Reduced in phyA Mutants.

Primer extension analysis was used to monitor psbD-LRP (A) and
rbcL (B) transcript levels in the wild type (Ler) and phyA mutants.
Plants were dark-adapted (D) and then illuminated for 48 hr with
blue (B) or red (R) light at 30 wE-m~2-sec~'.

(A) psbD transcripts derived from the psbD-LRP (950 nucleotides)
are indicated by an arrow and labeled as such. Other psbD tran-
scripts are designated by an arrow and labeled as psbD #2 and
psbD #3. Lane ¢ shows $X174-Haelll restriction fragments used as
size markers.

(B) rbcL transcripts are indicated by an arrow and labeled.

lllumination of plants with blue light caused a greater in-
crease in transcription from both rbcL and psbD-LRP rela-
tive to plants illuminated with red light. In addition, blue
light-activated transcription from psbD-LRP to a greater ex-
tent than did rbcL (Table 1). The differential blue light activa-
tion of psbD-LRP transcription was paralleled by differential
accumulation of psbD-LRP transcripts in blue light (Figure
3). Mutants lacking either cry1 or cry2 still showed differen-
tial accumulation of psbD-LRP transcripts in blue light (Fig-
ure 3, lanes 4 to 12). However, differential blue light-induced
accumulation of psbD-LRP transcripts was not observed in
a CRY1/CRY2 double mutant (Figure 3, lanes 19 to 21). This
result indicates that cryptochrome is required for differential
blue light activation of psbD-LRP and that both cry1 and
cry2 can transduce the blue light signal involved. Analysis of
phototropin and zeaxanthin mutants showed that these po-
tential photoreceptors were not involved in blue light-induced
transcription from psbD-LRP (Figure 4).

The cry1 and cry2 photoreceptors have related amino
acid sequences, and both photoreceptors contain a pterin
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Table 1. Blue Light-Induced Transcription of the psbD-LRP Is Reduced in PhyA-Deficient Plants?

Light Treatment

Wild Type phyA
Gene Dark Red Light Blue Light Dark Red Light Blue Light
psbD-LRP 0.1 £0.2 0.9 0.2 8.1 £ 0.7 0.2 +0.2 0.8 =0.3 2.8 +04
rbelL 0.2 £ 0.1 0.4 0.1 15+01 0.3 = 0.1 0.4 = 0.1 1.6 0.2
Ratio of LRP:rbcL 0.5 2.3 5.4 0.7 2.0 1.8

aWild-type and phyA plants were dark-adapted for 24 hrs and then exposed to 8 hrs of additional darkness, red or blue light (15 wE:-m~2-sec™").
Gene- and promoter-specific transcription activities were measured using run-on transcription assays (mean *sD). The ratio of transcription
from the psbD-LRP versus the rbcL promoter is shown in the lower portion of the Table. Units: 1 = 0.1 fmols UMP incorporated (5 X 107 plas-

tids-kb-10 min)~1.

antennae and an FAD chromophore that mediate light-
dependent responses either through changes in protein
conformation or by electron transfer (Ahmad and Cashmore,
1993; Lin et al.,, 1996b; Cashmore et al., 1999). Some re-
sponses mediated by the cryptochromes can be induced by
either cry1 or cry2, whereas others are induced primarily by
one of these photoreceptors (Ahmad et al., 1998; Briggs
and Huala, 1999; Cashmore et al., 1999). For example, cry1
or cry2 can accelerate flowering, but cry2 selectively blocks
phytochrome B (phyB) inhibition of flowering (Lin et al.,
1998; Mockler et al., 1999; Lin, 2000a, 2000b). Cry1 has a
primary role in induction of CHS, anthocyanin synthesis,
and inhibition of hypocotyl elongation, whereas cry?2 is pri-
marily responsible for blue light-mediated cotyledon expan-
sion (Lin, 2000a, 2000b). The selective involvement of one of
the two photoreceptors may be related to differences in the
stability, expression, or signaling pathways used by cry1
and cry2. For example, cry1 is stable in illuminated plants,
whereas cry2 shows light-induced turnover (Ahmad et al.,
1998; Lin, 2000a, 2000b). CRY71 and CRY2 have different
expression patterns and interact with different downstream
factors (Ahmad et al., 1998; Cashmore et al., 1999; Lin,
2000a, 2000b). The activation of chloroplast and psbD-LRP
transcription in mature leaves by both cry1 and cry2 could
be explained if both photoreceptors induce a common cel-
lular state (i.e., calcium flux) that is required for activation of
the psbD-LRP. Alternatively, signaling may occur selectively
through cry1 and cry2, but both pathways activate tran-
scription from the psbD-LRP. The involvement of cry1 in
psbD-LRP activation is consistent with the need for induc-
tion of this promoter in plants exposed to high-light irradi-
ance where cry2 levels may be low as a result of light-
induced turnover of this photoreceptor. On the other hand,
plants, or leaves of plants grown in low light, may benefit
from psbD-LRP activation by cry2 that accumulates under
these conditions. Plants grown in low light increase the
amount of chlorophyll antennae associated with photosys-
tem Il, making them susceptible to damage by moderate
light intensity and light flecks. In contrast, CHS gene activa-
tion and anthocyanin synthesis induced primarily through

cry1 are required for screening under high-light conditions
but may be less important in plants grown in low light,
thereby reducing the need for cry2 activation of this re-
sponse.

PhyA Is Required for Blue Light Activation of
psbD-LRP Transciption

Blue light-induced transcription from the psbD-LRP and ac-
cumulation of psbD-LRP transcripts were attenuated in plants
lacking phyA (Figure 5, Table 1) but not phyB (data not
shown). In contrast, blue light-induced rbcL transcription
was not altered by mutation of phyA (Table 1). Therefore,
photoactivation of cry1 or cry2 and phyA is required for dif-
ferential light-induced stimulation of the psbD-LRP in 21-day-
old dark-adapted Arabidopsis. PhyA was recently reported
to be required for full blue light activation of chloroplast
transcription in dark-adapted Arabidopsis plants and to in-
crease transcription of psbA and rrn16 transcription in these
plants (Chun et al., 2001). It is possible that the phyA-
dependent blue light activation of psbA and rrn16 also in-
volves cry1 and cry2, as observed for the psbD-LRP in this
study. Experiments are under way to test this possibility to
understand the full complement of plastid genes under cry1/2
and phyA regulation.

This study and the results of Chun et al. (2001) show that
illumination of plants with blue light is sufficient to stimulate
responses mediated by cry1/2 and phyA as expected based
on the absorption spectra of these photoreceptors (Schafer
and Haupt, 1983). Other phyA-mediated responses such as
cotyledon expansion, hypocotyl growth inhibition, and
LHCB gene expression can also be activated by blue light
(Whitelam et al., 1993; Hamazato et al., 1997; Neff and Chory,
1998). Christopher and Mullet (1994) showed that light-induced
accumulation of psbD-LRP transcripts required blue light
with a fluence threshold of 1 wE-m~2-sec~' and saturation at
100 pE-m~2-sec~'. The finding that blue light induction of
this response requires both cry1/2 and phyA implies that the
earlier fluence response data represent a combination of the



requirements for both photoreceptors. It is possible, there-
fore, that low-fluence blue light saturates the response me-
diated by cry1/2, whereas high-fluence blue light is required
for phyA-mediated signaling (or vice versa). Separate analy-
sis of each photoreceptor’s fluence requirement may help
clarify the reason why plants use cry1/2 and phyA to regu-
late transcription from the psbD-LRP.

PhyA plays a central role in chloroplast development dur-
ing early seedling development in dicots. For example, leaf
development, plastid DNA synthesis, and transcription are
activated in pea seedlings by continuous far-red light treat-
ment mediated by phyA (Dubell and Mullet, 1995). In seed-
lings, phyA probably activates chloroplast development and
transcription by derepressing leaf and chloroplast develop-
mental program through its action on a subset of the HY5/
COP/DET/FUS gene products. During light-induced plant
development, the levels of phyA and PHYA gene expression
decrease dramatically (Quail, 1994; Reed, 1999) and blue
light becomes an important regulator of chloroplast gene
expression and nuclear genes such as RBCS and CHS
(Mohr, 1994). However, phyA is present and functional in
light-grown plants (Clack et al., 1994), and dark adaptation
of light-grown plants leads to the reaccumulation of phyA
(Hunt and Pratt, 1980; Smith, 1995). Therefore, the role of
phyA observed here is consistent with the activity associ-
ated with this photoreceptor in light-grown plants.
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Mechanism of Blue Light-Induced Transcription from
the psbD-LRP in Green Leaves

Light-regulated transcription of the psbD-LRP is controlled
at several levels and by multiple photoreceptors as shown in
Figure 7. Cry1/2 and phyA are required to fully activate tran-
scription from the psbD-LRP, but the molecular basis of co-
regulation is not known. PhyA has been shown to phosphor-
ylate cry1 and cry2 (Ahmad et al., 1998); therefore, co-regu-
lation could occur through direct interaction. Alternatively,
output from the phyA signaling pathway could regulate the
cry1/2 signaling pathway (or vice versa), or both pathways
could modulate a common downstream regulator of psbD-
LRP activity. The COP/DET/HY5 genes regulate many light-
induced events in leaf and chloroplast development, and the
activity of these genes is modulated by the cryptochrome
and phytochrome signaling pathways (Whitelam and Devlin,
1998). For example, hy5, a bZIP transcription factor, acts as
a positive component in the transduction of light signals
perceived by both phytochromes and blue/UV-A photore-
ceptors, and cop1 inhibits the activity of hy5 (Ang et al.,
1998; Chattopadhyay et al., 1998; Khurana et al., 1998;
Whitelam and Devlin, 1998). However, cry1/2- and phyA-
mediated activation of chloroplast transcription and psbD-
LRP transcription was not altered in 21-day-old det2 or
hy5 plants (Figure 6). Therefore, the cry/phyA signaling

A Col det2 det3 Ler hy5
®DBR DBR DBR DBR DBR
1353—
- - - w= < psbDLRP
872— @ psbD #2
603— - - — R — - G — S ... 4 PSOD#3
d
1 2 3 4 5 6 7 9 19 20 21 22 23 24
B hy5
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Figure 6. Analysis of psbD-LRP Transcript Accumulation in det2, det3, and hy5 Mutants.

Primer extension analysis of the blue and red light effects on psbD (A) and rbcL (B) transcript levels in det2-1, det3-1, and hy5-1 mutants and
their wild-type Arabidopsis ecotypes such as Columbia (Col) and Landsberg erecta (Ler). All plants were grown for 3 weeks in continuous light,
dark-adapted (D) for 2 days, and then illuminated for 48 hr with blue (B) or red (R) light at 30 pE:-m~2-sec~1.

(A) Transcripts derived from the psbD-LRP are indicated by an arrow and labeled as such. Other psbD transcripts are designated by an arrow
and labeled as psbD #2 and psbD #3. Lane ¢ shows $X174-Haelll restriction fragments used as size markers.

(B) rbcL transcripts are indicated by an arrow and labeled.
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Figure 7. Diagram of Pathways and Components Involved in Light-
Regulated Transcription from the psbD-LRP in Light-Grown Plants.

Chloroplast transcription mediated by PEP is modulated by light
through the action of chlorophyll (Chl), cryptochrome (cry1, cry2),
and phytochrome (phyA). Light-driven photosynthetic electron
transport (PET) can modulate chloroplast transcription by changing
stromal pH, ATP/ADP and NADPH/NADP ratios, and redox state.
Blue light is shown modulating nuclear gene expression through
cryl, cry2, and phyA, and red light through phyA. Nuclear genes en-
coding plastid-localized sigma factors (o), putative anti-sigma fac-
tors (AoF), kinases (K), and phosphatases (P) are shown as possible
targets for light regulation. The rbcL promoter contains —10 and
—35 promoter elements, whereas the psbD-LRP consists of a —10
element and upstream protein binding sequences (AAG box, PGT
box). The activity of PEP, the DNA binding complexes AGF and
PGTF, is modulated by phosphorylation, redox state, and possibly
the relative abundance of different sigma factors.

Sigma factors (o™, ™M, M) designate the involvement of different
unspecified sigma factors. Phosphorylated (p) and oxidized (ox) pro-
tein complexes are noted.

pathways involved in psbD-LRP activation do not act
through hy5 or det2 at this stage of plant development.
However, blue light-mediated activation of psbD-LRP was
attenuated in det3-1 plants. Dark-grown det3-1 has short
hypocotyls, expanded cotyledons, and differentiated leaves,
but chloroplast development and expression of photosyn-
thetic genes are inhibited (Cabrera y Poch et al., 1993).
Light-grown det3-1 plants have reduced stature and apical
dominance, which may be explained by impaired sugar up-
take into vacuoles and modified carbohydrate levels in the
cytoplasm (Schumacher et al., 1999). Sugars are known to

inhibit expression of photosynthetic genes, and this may
also explain the attenuated response of the psbD-LRP to
blue light in this mutant.

The cry1/2 and phyA signaling pathways most likely regu-
late the synthesis of one or more nuclear-encoded proteins
that selectively increase the affinity of the PEP for the psbD-
LRP. The psbD-LRP lacks a functional —35 element found in
promoters of many other plastid genes such as rbcL and
requires an upstream activating complex (AGF) for tran-
scription (Figure 7). In bacteria, special sigma factors are in-
volved in the recognition of promoters lacking —35 promoter
elements (Helmann and Chamberlin, 1988). Moreover, six
different nuclear genes encoding putative plastid sigma
factors have been identified in Arabidopsis (Tanaka et al.,
1997; Allison, 2000; Fujiwara et al., 2000). Therefore, it is
possible that blue light activates the synthesis of a plastid
sigma factor that enhances transcription from the psbD-
LRP. Alternatively, blue light could modulate synthesis of
anti-sigma factors or a kinase/phosphatase (Christopher et
al., 1997) that modulates activity of the psbD-LRP. For ex-
ample, T4 bacteriophage encode an anti-c’® factor that
binds to and modifies 670 recognition of —35 promoter ele-
ments (Hughes and Mathee, 1998). This activity enhances
transcription from promoters that lack a —35 element but
bind the activator, MotA, in the —30 region (Hughes and
Mathee, 1998). Further analysis is required to clarify the
specific mechanism involved in blue light induction of the
chloroplast psbD-LRP.

METHODS

Plant Material and Growth

Seed stocks of Arabidopsis thaliana photomorphogenic mutants
hy5-1, det2-1, det3-1, npq1-2, npq2-1, phyA, and hy4-1 were ob-
tained from the Arabidopsis Biological Resource Center (Ohio State
University, Columbus). Dr. Winslow Briggs (Stanford University, Palo
Alto, CA) provided seeds for the nph1-5 (Huala et al., 1997), nph3-1,
and nph4-1 (Liscum and Briggs, 1995) mutants. Seed stocks of cry7-
304, cry2-1 (Guo et al., 1998), H3 (cry2-ox) (Lin et al., 1998), and
cry1-304 cry2-1 (Mockler et al., 1999) were provided by Dr. Chentao
Lin (University of California, Los Angeles). Dr. Margaret Ahmad (Uni-
versité Paris) provided the seed stock for the cry7-ox mutant, over-
expressing the cry1 apoprotein (Lin et al., 1996a). Seed stock for the
nph1-1 hy4-105 double mutant (Liscum and Briggs, 1995) was pro-
vided by Dr. Emmanuel Liscum (University of Missouri, Columbia).
To investigate light-regulated transcription from the psbD-LRP, all
Arabidopsis photomorphogenic mutant seeds and their respective wild-
type ecotypes were sterilized and plated on half-strength Murashige
and Skoog phytagar plates, pH 5.7 (Thum et al., 2001). After cold
treatment at 8°C for 24 hr, the seeds on the plates were germinated
and grown under continuous white light (120 wE-m~2-sec~') at 23°C
for 7 days. Seedlings were then transplanted to pots containing
Metro-Mix 360 (Scotts-Sierra Horticultural Products Company,
Maryland, OH) and watered with half-strength Hoagland solution.
Plants were grown for another 2 weeks in continuous white light (120



wE-m~2-sec') and then dark-adapted for 48 hr at 23°C. After dark
adaptation, plants were either harvested or illuminated for 48 hr with
red or blue light (30 pE-m~2-sec~") at 23°C before harvesting for RNA
analysis. To determine the effect of blue and red light on plastid tran-
scription in wild-type Col-4 and the cryptochrome mutants cry1-304,
cry2-1, and cry1-304 cry2-1, seeds were planted in large flats con-
taining Metro-Mix 360 and watered with half-strength Hoagland so-
lution. After cold treatment at 8°C for 24 hr, plants were grown for 21
days under continuous white light illumination (120 wE-m~2-sec™").
Plants were then dark-adapted for 24 hr and illuminated with red (30
wE:m~2-sec) or blue (30 wE:-m~2-sec™") light for an additional 8 hr
before chloroplast isolation and run-on transcription assays.

Light Sources

Photon fluence rates of white, blue, and red light mentioned above
were measured using a quantum photometer (model LI-1800; LI-
COR Inc., Lincoln, NE). White light was obtained from fluorescent
light tubes (model F72T12/CW; Philips Lighting Company, Somerset,
NJ) plus incandescent bulbs (60 W; General Electric). Actinic Blue
7100k light tubes (peak at 420 nm; CORALIFE, Pembroke Pines, FL)
were used as the blue light source. Red light was obtained by pass-
ing fluorescent light (model F48T12/CW; Philips Lighting Company)
plus incandescent light through a red Plexiglas filter (3.0 mm thick,
for above 600 nm, peak at 650 nm; Acme Glass Co., Bryan, TX). Far-
red light was obtained by passing incandescent bulbs (60 W) through
a far-red filter. All light experiments were performed in light-tight
temperature-controlled growth chambers.

RNA Isolation and Primer Extension Analyses

All experiments, from seedling growth to light treatments to primer
extension analyses, were performed at least two times. RNA was iso-
lated from cotyledons and leaves as described by Kim et al. (1993).
Primer extension analysis was performed according to Kim and Mullet
(1995). Primers used in this study were as follows: (1) for psbD tran-
scripts: 5'-GTCATAGTGATCCTCCTATTC-3', complementary to nu-
cleotide positions 34,445 to 34,465 of the RNA-like strand of the
tobacco psbD gene (Shinozaki et al., 1986) (previously, this primer
was used to detect the psbD blue light-induced transcript produced
from various dicot and monocot plants; Christopher et al., 1992); and
(2) for rbcL transcripts: 5'-GTAGGGAGGGACTTATGTC-3', comple-
mentary to positions 57,573 to 57,591 of the RNA-like strand of to-
bacco rbcL (Shinozaki et al., 1986), which is a conserved site in
several rbcL genes (Crossland et al., 1984) (previously, this primer
was used to detect the rbcL transcript produced from various mono-
cots [Christopher et al., 1992] and dicot plants).

Plastid Run-on Transcription Assays

Intact plastids were isolated from wild-type Col-4 and the crypto-
chrome mutants cry7-304, cry2-1, and cry1-304 cry2-1, which were
grown and treated as described above. Plastid isolation was per-
formed according to Mullet and Klein (1987), in which all manipula-
tions were performed in a light-tight cold room (4 to 8°C) under red or
blue light, depending on the light treatment of the plants. Plastid con-
centration was determined by counting in a hemacytometer. Plastid
run-on transcription assays were performed according to Mullet and
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Klein (1987), in which a plastid concentration of 10° per pL of reac-
tion mixture and 15 pCi of 32P-UTP (specific activity 800 Ci/mmol)
were used per reaction. Plastid transcription was performed for 5 min
at 25°C in red light (plastids isolated from red light-illuminated plants)
or blue light (plastids isolated from blue light-illuminated plants). Re-
actions were stopped by spotting aliquots on DE-81 paper (Hallick et
al., 1976). Incorporation of 32P-UTP was quantitated by washing the
spotted DE-81 paper extensively in 5% Na,HPO,, followed by wash-
ing in water and ethanol (Hallick et al., 1976). Filters were air dried
and counted in a scintillation counter. Femtomoles of 32P-UTP incor-
porated per 2.5 X 108 plastids was determined from the specific ac-
tivity of 32P-UTP. These experiments were performed twice; each
individual reaction within the experiment was performed in triplicate.
Isolation of Arabidopsis chloroplasts and run-on transcription assays
for psbD-LRP and rbcL promoter activities was as previously de-
scribed (Hoffer and Christopher, 1997). Chloroplasts were isolated
from Arabidopsis plants grown for 27 days at a photoperiod of 11.5
hr of light (white light, 90 to 110 wE-m~2-sec~') and 12.5 hr of dark.
Plants were dark-adapted for 24 hr and then placed in 8 hr of red or
blue light or kept in the dark. Red and blue light fluences were 15
wE-m~2-sec™ (+3 nE:‘m—2-sec™).
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