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We characterized the photobiology of light-activated chloroplast transcription and transcript abundance in mature primary
leaves by using the following two systems: transplastomic promoter-reporter gene fusions in tobacco (Nicotiana tabacum),
and phytochrome (phyA, phyB, and hy2) and cryptochrome (cry1) mutants of Arabidopsis. In both dicots, blue light and
UV-A radiation were the major signals that activated total chloroplast and psbA, rbcL, and 16S rrn transcription. In contrast,
transcription activities in plants exposed to red and far-red light were 30% to 85% less than in blue light/UV-A, depending
on the gene and plant species. Total chloroplast, psbA, and 16S rrn transcription were 60% to 80% less in the Arabidopsis
phyA mutant exposed to blue light/UV-A relative to wild type, thus definitively linking phyA signaling to these
photoresponses. To our knowledge, the major role of phyA in mediating the blue light/UV-A photoresponses is a new
function for phyA in chloroplast biogenesis at this stage of leaf development. Although rbcL expression in plants exposed
to UV-A was 50% less in the phyA mutant relative to wild type, blue light-induced rbcL expression was not significantly
affected in the phyA, phyB, and cry1 mutants. However, rbcL expression in blue light was 60% less in the phytochrome
chromophore mutant, hy2, relative to wild type, indicating that another phytochrome species (phyC, D, or E) was involved
in blue light-induced rbcL transcription. Therefore, at least two different phytochromes, as well as phytochrome-independent
photosensory pathways, mediated blue light/UV-A-induced transcription of chloroplast genes in mature leaves.

During chloroplast development, light quality and
quantity coordinate nuclear and chloroplast gene ex-
pression needed for the proper assembly and func-
tion of the multisubunit photosynthetic enzymes and
pigment-protein complexes (Mayfield et al., 1995;
Goldschmidt-Clermont, 1998; Leon et al., 1998). The
effects of light on chloroplast biogenesis are medi-
ated by the co-action of several photoreceptors. They
include the phytochromes (Quail, 1994; Pratt, 1995;
Smith, 1995; Chory, 1997), the protochlorophyllide
holochrome (Thompson and White 1991; Barnes et
al., 1996), and the blue light/UV-A photoreceptors
such as the flavoprotein, cryptochrome (Cashmore et
al., 1999), and photosystem-generated redox poten-
tials (Danon and Mayfield, 1994; Escoubas et al.,
1995; Alfonso et al., 2000). The photoreceptors initiate
signaling pathways that interact with each other and
with pathways initiated by developmental and
plastid-derived signals (Fuglevand et al., 1996; Casal
and Mazzella, 1998; Lopez-Juez et al., 1998; Neff and
Chory, 1998) to modulate gene expression at tran-
scriptional and post-transcriptional levels (Thomp-
son and White 1991; Quail, 1994; Mayfield et al.,
1995).

A great deal of information has been obtained from
genetic, biochemical, and molecular studies on the

photoreceptors and pathways involved in light-
regulated nuclear gene expression (Bowler et al.,
1994; Quail, 1994; Smith, 1995; Barnes et al., 1996;
Chamovitz and Deng, 1996; Chory, 1997; Zhong et
al., 1997; Cashmore et al., 1999). However, much less
is known about the individual photoreceptor species
and photosensory pathways that modulate gene ex-
pression in chloroplasts. In seedlings, red and far-red
light, mediated by phytochrome, are primary signals
that control the levels of light-induced chloroplast
mRNA (Link, 1982; Thompson et al., 1983; Zhu et al.,
1985) and RNA polymerase activities (Bottomley,
1970; Dubell and Mullet, 1995; Christopher, 1996).
Although phyA and the downstream nuclear protein,
DET1, have been shown to be involved (Pepper et al.,
1994; Dubell and Mullet, 1995; Christopher, 1996;
Christopher and Hoffer, 1998), the effects of mutants
for individual phytochrome species on chloroplast
transcription have not been examined directly.

Many of the studies of phytochrome involvement
in chloroplast gene expression have used seedlings as
experimental material and have focused on de-
etiolation (Link, 1982; Thompson et al., 1983; Zhu et
al., 1985; Bowler et al., 1994; Christopher and Mullet,
1994; Dubell and Mullet, 1995). In contrast, we know
very little about the photobiology of light-activated
transcription of chloroplast genes in green primary
leaves. This is important because several light-
regulatory mechanisms essential for photosynthetic
efficiency and adaptation occur in mature leaves
(Melis, 1991; Aro et al., 1993). In addition, the action
spectrum for various light-regulated processes (Fluhr
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et al., 1986; Cosgrove, 1994; Mohr, 1994) and the
types of phytochromes that predominate in tissues
(Chory et al., 1989; Quail, 1994) change during leaf
development. The types of RNA polymerases pre-
dominating in plastids also change during leaf devel-
opment, from a nuclear-encoded T7 phage-type in
immature plastids to a plastid-encoded Escherichia
coli-like RNA polymerase (PEP) in mature chloro-
plasts (Igloi and Kössel, 1992; Iratni et al., 1994; Al-
lison et al., 1996; Hajdukiewicz et al., 1997). The PEP
initiates transcription from s70-type promoters up-
stream from many chloroplast genes such as rbcL,
psbA, and the 16S rrn operon, which encode the large
subunit of Rubisco, the D1 protein of photosystem II,
and the ribosomal RNAs, respectively. Light modu-
lates the association of the PEP with promoters via
sigma factors and protein phosphorylation (Baginski
et al., 1997; Isono et al., 1997; Kim et al., 1998; Kana-
maru et al., 1999; Tan and Troxler, 1999)

Photoreceptor mutants and chimeric promoter-
reporter gene fusions in transplastomic chloroplasts
potentially represent useful systems with which to
begin defining the photobiology of chloroplast gene
expression in mature leaves. Therefore, in this study
we determined the effects of spectral quality on chlo-
roplast transcription and mRNA accumulation in the
following two systems: transplastomic tobacco (Nico-
tiana tabacum) lines containing the uidA reporter gene
driven by the rbcL and 16S rrn promoters; and wild-
type and several photoreceptor mutants (phyA, phyB,
hy2, and cyrptochrome1 [cry1]) of Arabidopsis. The
mutants phyA and phyB are defective in the major
phytochrome species, A and B, respectively (Quail,
1994), whereas hy2 is defective in chromophore bio-
synthesis, making it severely deficient in all phyto-
chrome activities (Smith, 1995). The cry1 mutation is
impaired in a high-fluence blue light photoreceptor,
cry1 (Cashmore et al., 1999). Mature phyA and cry1
plants grown in white light resemble the wild-type
phenotype (Whitelam et al., 1993; Ahmad et al.,
1998), whereas phyB and hy2 are yellow-green. We
provide direct evidence that blue light and UV-A, but
not red or far-red light, were primary signals for
activating chloroplast transcription in mature leaves
and that phyA mediated the psbA and 16S rrn, but not
the rbcL, photoresponses. Another phytochrome spe-
cies, as well as a distinct blue photosensory pathway,
also influenced chloroplast transcription.

RESULTS

We initially examined the effects of spectral quality
on chloroplast transcription and mRNA accumula-
tion in two transplastomic lines of tobacco. Each line
differed in the gene-specific promoters driving tran-
scription of the uidA reporter gene. The two promot-
ers were derived from the 16S rrn operon and the
light-activated rbcL gene, respectively. The non-
consensus type plastid promoter transcribed by the

nuclear-encoded T7 phage-type was not present in
the 16S rrn promoter-uidA transgene (Zoubenko et
al., 1994). A third transplastomic line, which had a
promoterless uidA transgene, served as a negative
control, as did wild-type tobacco.

In Figure 1, a uidA gene-specific probe was used to
detect uidA mRNA levels in transgenic plants ex-
posed to red, blue, or white light or UV-A radiation,
and the uidA RNA levels were quantitated. Steady-
state uidA mRNA levels driven by the 16S rrn pro-
moter were higher in plants exposed to blue light,
white light, or UV-A, relative to red light and dark
controls (Fig. 1). The highest mRNA levels were ob-
served in the blue light and UV-A treatments. For the
16S rrn promoter, similar uidA mRNA levels oc-
curred in plants exposed to red light or darkness (Fig.
1). UidA mRNA levels driven by the rbcL promoter
were slightly higher in plants exposed to blue and
white light relative to red light, UV-A, or darkness
(Fig. 1). About 2-fold higher levels of uidA mRNA
were detected in the line with the rbcL promoter
exposed to red light relative to dark controls. Overall,
uidA mRNA levels were 80% to 90% lower when
driven by the rbcL promoter relative to the 16S rrn
promoter (Fig. 1), which is in agreement with differ-
ences in the expression of these genes from other
species and experiments (Rapp et al., 1992; Dubell
and Mullet, 1995; Shiina et al., 1998). This experiment
suggested that the respective promoters driving uidA
transcription controlled differences in mRNA accu-
mulation in response to light quality, although RNA
stability effects could not be ruled out.

Figure 1. Analysis of the effects of spectral quality on transcription of
chloroplast promoters (rbcL and 16S rrn) fused to the uidA gene in
transplastomic tobacco plants. The transplastomic lines contained
the 16S rrn promoter-uidA gene (16S Pr), rbcL promoter-uidA gene
(rbcL Pr), or the promoterless uidA gene. Dark-adapted plants were
exposed to 12 h of red or blue light at 18 6 2 mmol m22 s21, white
light at 100 6 10 mmol m22 s21, or UV-A radiation at 18 6 2 mmol
m22 s21. Equal amounts of total cell RNA (12 mg) from each treat-
ment were analyzed. Radioactivity for the bands corresponding to
uidA mRNA was quantitated for each treatment from three separate
duplicated experiments to estimate the relative mRNA level. Values
from the promoterless control were subtracted from the values for
plants containing the promoter-bearing constructs. Means 6 SD are
shown.
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It is possible that sequences in the untranslated
leader, which is fused to the uidA coding sequence in
the rbcL construct, could influence chloroplast
mRNA accumulation, via mRNA stability, in re-
sponse to light (Shiina et al., 1998). Thus, in Figure 2
we used the lysed chloroplast run-on transcription
assay to determine transcription rates directly in
chloroplasts from the transgenic lines exposed to
darkness, red, and blue light. These treatments were
chosen because they represented the major extremes
in uidA mRNA accumulation (Fig. 1).

Promoter-specific and total chloroplast transcrip-
tion were measured in mature tobacco leaves (Fig. 2).
Transcription activities from the 16S rrn and rbcL
promoters were over 5- and 2-fold higher, respec-
tively, in plants exposed to blue light relative to red
light or darkness (Fig. 2, A and B). Overall, transcrip-
tion from the rbcL promoter was less than one-tenth
of transcription from the 16S rrn promoter (Fig. 2B),
which resembled differences in mRNA levels (Fig. 1).
Transcription from both promoters was moderately
higher in plants exposed to red light compared with
darkness. Total chloroplast transcription in plants
exposed to blue light was over 2-fold higher than red
light and darkness (Fig. 2C). In summary, blue light
significantly stimulated total and promoter-specific
transcription in tobacco chloroplasts (Fig. 2), and this
stimulation was correlated with an increase in
steady-state mRNA levels (Fig. 1).

The stimulatory effects of blue light on tobacco
chloroplast transcription and RNA accumulation
raise the question of whether this response was spe-
cific to tobacco or whether it existed in other plant
species. The types of photoreceptors involved in me-
diating the activation of chloroplast transcription by
blue light in mature leaves are also not known.
Therefore, to answer these questions we measured
total (Fig. 3) and gene-specific (Fig. 4) chloroplast
transcription in mature dark-adapted wild-type Ara-
bidopsis and phyA mutant plants exposed to five
spectral regimes. The phyA mutant was chosen be-
cause previous research with far-red light suggested
that phyA was involved in chloroplast transcription
in etiolated pea (Dubell and Mullet, 1995) and barley
(Christopher, 1996) seedlings.

Total chloroplast transcription was highest in dark-
adapted wild-type plants exposed to blue light, white
light, or UV-A radiation (Fig. 3). Red and far-red light
had minimal stimulatory effects on transcription rel-
ative to the dark controls (Fig. 3). The level of chlo-
roplast transcription in plants exposed to blue light,
white light, and UV-A radiation was lower by 40%,
56%, and 72%, respectively, in the phyA mutant rel-
ative to wild-type plants. Hence, blue light and UV-A
significantly induced total chloroplast transcription
in mature leaves of wild-type Arabidopsis plants as
in tobacco and this response was attenuated in the
phyA mutant.

In Figure 4 we determined the effects of spectral
quality on the transcription of two light-responsive
chloroplast genes, psbA and rbcL, as well as the 16S

Figure 2. Analysis of total and promoter-specific chloroplast transcrip-
tion rates in response to spectral quality in chloroplasts from mature
leaves of tobacco. A, The lysed run-on transcription assay was per-
formed on equal amounts of purified chloroplasts from dark-adapted
transplastomic tobacco plants containing the 16S rrn promoter-uidA
gene (16S rrn) or the rbcL promoter-uidA gene (rbcL) exposed to 12 h
of additional darkness (D), or equal fluences of red (R) or blue (B) light
(18 6 2 mmol m22 s21). Transcripts produced in the lysed run-on assay
were hybridized to non-radioactive uidA gene-specific and vector-
specific DNAs attached to nylon membranes. To visualize bands,
rbcL-labeled panels were exposed to x-ray film 5-fold longer than for
the 16S panels. B, Radioactivity hybridized to gene-specific DNAs was
quantitated, after subtracting background hybridization to the vector,
for each treatment from two replicates of two independent experi-
ments. Transcription activity (means 6 SD) is expressed as fmol
[32P]UMP incorporated (1 3 108 chloroplasts)21 (10 min)21. C, Total
chloroplast transcription rates were measured in wild type treated as in
A and B. Rates are expressed as pmol [32P]UMP incorporated (1 3 108

chloroplasts)21 (10 min)21. The data represent the means 6 SD of two
independent experiments with two replicates.

Blue Light/UV-A, phyA, and Chloroplast Transcription

Plant Physiol. Vol. 125, 2001 1959



rrn in wild-type and phyA mutant plants. The overall
values of gene-specific transcription rates descended
in the following order: 16S rrn . psbA . rbcL. In
general, transcription of each gene was higher in
wild-type plants exposed to all light regimes relative
to dark controls (Fig. 4). However, the degree of
transcriptional activation depended on the specific
gene and light treatment. PsbA, rbcL, and 16S rrn
transcription were stimulated 12-, 8-, and 18-fold,
respectively, in wild-type plants exposed to white
light relative to dark controls (Fig. 4). Transcription
of these genes increased markedly, from 11- to 16-
fold, in wild-type plants exposed to blue light or
UV-A radiation relative to dark controls (Fig. 4).
However, psbA, rbcL, and 16S rrn transcription were
30% to 80% lower in wild-type plants exposed to red
or far-red light relative to blue light, white light, and
UV-A radiation. The significant activation of chloro-
plast gene transcription in response to blue light and
UV-A (Fig. 4) resembled the response of total chlo-
roplast transcription to these light regimes (Fig. 3). In
general, rbcL transcription rates in Arabidopsis chlo-
roplasts were 10- to 20-fold higher than in tobacco
chloroplasts (Figs. 2 and 4). This could be due to
differences between the two species, leaf age, or other
factors.

16S rrn, psbA, and rbcL transcription were 20% to
80% less, depending on the light treatment, in the
phyA mutant compared with wild-type plants (Fig. 4),
especially psbA and 16S rrn transcription in blue light,
white light, and UV-A. In contrast, rbcL transcription
in the phyA mutant exposed to blue or red light was
similar to the wild-type controls (Fig. 4C). These re-
sults indicate that phyA is involved in blue light-,

UV-A-, red light-, and far-red light-induced 16S rrn
and psbA transcription and UV-A-induced rbcL tran-
scription. However, phyA is not involved in mediat-
ing blue light- and red light-induced rbcL transcrip-
tion. In addition, rbcL, psbA, and 16S rrn transcription
were higher in the phyA mutant exposed to blue light
relative to red light and darkness, suggesting that
another photoreceptor besides phyA was also in-
volved in light-activated chloroplast transcription.

We focused next on identifying photoreceptors in-
volved in blue light-induced rbcL transcription. We
analyzed rbcL expression in five mutants, cry1, phyA,
phyB, hy2, and the phyA/phyB double mutant (Fig.

Figure 4. Analysis of the influence of phyA and light quality on
gene-specific chloroplast transcription rates in mature leaves of wild-
type (WT) and the phyA mutant of Arabidopsis. A, Transcription of
the rbcL, psbA, and 16S genes were measured in purified chloro-
plasts using the lysed run-on assay as described in “Materials and
Methods.” A representative blot from the blue light treatment is
shown. B, Quantitation of 16S rrn transcription in wild-type (black
bars) and the phyA mutant (hatched bars). Light treatments are as
described in Figure 3. C, Quantitations of rbcL and psbA transcrip-
tion are shown. Transcription activities (means 6 SD) for all genes are
expressed as fmol [32P]UMP incorporated (1 3 108 chloroplasts)21

(10 min)21. The data represent four independent experiments with
two replicates each.

Figure 3. Analysis of the influence of phyA and light quality on total
chloroplast transcription rates in mature leaves of Arabidopsis. Plants
were dark-adapted for 36 h and were then exposed to 12 h of
additional darkness (D), or 18 6 2 mmol m22 s21 of red light (R),
far-red light (fR), blue light (B), or UV-A radiation (UV) or 100 6 10
mmol m22 s21 white light (W) as described in “Materials and Meth-
ods.” Lysed run-on transcription activities (means 6 SD) are ex-
pressed as pmol [32P]UMP incorporated (1 3 108 chloroplasts)21 (10
min)21. The data represent four independent experiments with two
replicates each.
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5A). The degree of rbcL mRNA accumulation was
10% lower in the cry1 mutant relative to wild type in
blue and white light (Fig. 5A). This experiment indi-
cates that cry1 is not the major photoreceptor medi-
ating light-induced accumulation of rbcL mRNA. No
effect of the phyA and phyB mutants and the double
mutant phyA/phyB were observed on light-induced
rbcL expression (Fig. 5). However, blue light-induced
rbcL mRNA accumulation was 60% lower in the hy2
mutant relative to wild-type plants. The results indi-
cate another phytochrome species (phyC, D, or E)
was involved in blue light-induced rbcL expression.

PsbA transcription was 6- to 10-fold higher in the
phyA mutant exposed to blue light relative to dark

controls (Fig. 4). Thus, the phyA mutant did not abol-
ish the stimulatory effect of blue light on psbA tran-
scription. This raised the question whether any other
photoreceptors besides phyA were involved in blue
light-induced psbA expression. Therefore, we ana-
lyzed psbA expression in the same series of mutants
(Fig. 5B). The accumulation of psbA mRNA was over
40% lower in the phyA, digenic phyA/phyB, and hy2
mutants exposed to blue or white light relative to
wild-type controls, whereas psbA mRNA levels were
10% to 20% lower in the phyB mutant. No additive
effect of phyB with phyA was observed. In the hy2
mutant a moderate 10% to 15% increase in psbA
mRNA levels occurred in blue and white light com-
pared with dark controls.

DISCUSSION

Blue Light/UV-A Activate Chloroplast Transcription in
Mature Leaves of Two Dicots

In this study we employed two complementary
systems, transplastomic promoter-reporter gene fu-
sions in tobacco and Arabidopsis photoreceptor mu-
tants, as a means to begin elucidating the photosen-
sory pathways that regulate chloroplast gene
expression in mature leaves. Previous research on the
role of phytochrome in chloroplast gene expression
depended on varying light quality and fluence treat-
ments of wild-type plants, particularly, seedlings
(Bottomley, 1970; Link, 1982; Thompson et al., 1983;
Zhu et al., 1985; Dubell and Mullet, 1995; Christo-
pher, 1996). To our knowledge no studies have used
the two systems described here to examine the pho-
tobiology of chloroplast transcription and to measure
chloroplast transcription directly in a phytochrome
mutant. Although the Arabidopsis system allowed
the analysis of the effects of phytochrome and cryp-
tochrome mutants on light-activated chloroplast
transcription and mRNA accumulation, the routine
transformation of Arabidopsis chloroplasts is not yet
possible. Therefore, the tobacco system enabled us to
analyze, in parallel, the photobiology of light-
activated promoter-reporter gene fusions in trans-
genic chloroplasts. We provide direct evidence that
blue light and UV-A are major signals responsible for
the activation of chloroplast transcription in the two
dicots, whereas red and far-red light had much
smaller effects.

Although we measured transcription and RNA ac-
cumulation in response to light, RNA stability also
contributes to chloroplast mRNA abundance (May-
field et al., 1995; Shiina et al., 1998). In the tobacco
plants exposed to red light, uidA mRNA levels driven
by the rbcL promoter increased more than the corre-
sponding transcription rate (Figs. 1 and 2). Red light
may have differentially enhanced the stability of the
rbcL-59-uidA RNA. In Arabidopsis, rbcL and psbA
mRNA accumulation (Fig. 5) was correlated with
transcription rates (Fig. 4), but did not increase pro-

Figure 5. Analysis of the influence of blue light, cry1, and phyto-
chrome on rbcL and psbA expression in Arabidopsis chloroplasts
from mature leaves. Relative rbcL (A) and psbA (B) mRNA levels were
determined by quantitating radioactive bands on RNA gel blots that
hybridized with gene-specific probes. The total cell RNAs were
isolated from dark-adapted wild-type (W.T.) and cry1, phyA, phyB,
phyA/phyB, and hy2 mutant plants exposed to 15 h of additional
darkness (DK), or 18 6 2 mmol m22 s21 blue (BL) or white 100 6 10
mmol m22 s21 (WL) light. RNA levels in wild-type plants exposed to
blue light were set at 100. The values for the other treatments are
expressed relative to 100.
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portionally relative to dark controls because mRNA
levels remained high in the dark due to enhanced
stability of these RNAs (Kim et al., 1993). Also, we
cannot rule out an influence of RNA stability in the
hy2 background. The approach used here can be com-
bined with chloroplast transcription inhibitors such
as tagetitoxin to assess the roles of RNA stability in
the photobiology of chloroplast gene expression.

Detection of phyA-Dependent and -Independent
Photosensory Pathways

In Arabidopsis, phyA signaling was definitively
linked to blue light/UV-A-induced chloroplast gene
transcription. The 60% to 80% decrease in blue light-
induced psbA and 16S rrn transcription in the phyA
mutant is an indication that phyA is playing a major
role in these photoresponses. The phytochromes ab-
sorb blue light in vitro and in vivo (Butler et al., 1964;
Mohr, 1994) and phyA has been proposed to play at
least a minor role in blue light responses for some
time, independent of and dependent on crypto-
chrome (Reed, 1999; Lin, 2000) However, phyA has
been primarily associated with mediating the high-
irradiance responses to far-red light, particularly
during germination, seedling de-etiolation and estab-
lishment, chloroplast development, and the response
to very low fluence light (Chory et al., 1989; Bowler et
al., 1994; Quail 1994; Dubell and Mullet 1995; Smith,
1995; Barnes et al., 1996; Furuya and Schäfer, 1996;
Neff and Chory, 1998). The finding that phyA is
playing a major role in mediating the response of
chloroplast transcription to blue light/UV-A in ma-
ture leaves is, to our knowledge, a new function for
this photoreceptor at this stage of chloroplast biogen-
esis. Additional examples of phyA mediating blue
light responses are cotyledon expansion and hypo-
cotyl inhibition (Whitelam et al., 1993; Neff and
Chory, 1998), seed germination (Shinomura et al.,
1996), and Lhcb gene induction (Hamazato et al.,
1997).

There is precedence for a role of phyA in mature
green tissue. Although phyA levels and gene expres-
sion drop precipitously in illuminated plants (Quail,
1994; Smith, 1995; Reed, 1999), its’ levels can increase
during dark-adaptation (Hunt and Pratt, 1980; Smith,
1995). In addition, a small amount of phyA may be
adequate to regulate processes in mature tissue as
less than 5% of the total phytochrome levels are
required for phyA interactions in vitro (Ahmad et al.,
1998). PhyA may modulate chloroplast transcription
by sensing circadian periods (Zhong et al., 1997),
which also affect chloroplast transcription (Krupin-
ska, 1992; Nakahira et al., 1998).

It has been well-documented that cry1, cry2, and
NPH1 are three of the known blue light photorecep-
tors in Arabidopsis (Christie et al., 1998; Cashmore et
al., 1999). However, cry1 did not significantly influ-
ence blue light-activated psbA and rbcL expression

(Fig. 5) and, previously, blue light-induced psbD ex-
pression (Christopher and Hoffer, 1998). NPH1 and
the photolabile cry2 operate at much lower fluences
(Christie et al., 1998; Guo et al., 1999) than the high
fluences used here. High, but not low fluence, light
activates chloroplast transcription in dicots and
monocots (Gamble and Mullet, 1989; Christopher
and Mullet, 1994; Dubell and Mullet, 1995; Christo-
pher, 1996). We did not test the cry2 and nph1 mu-
tants. However, with the recent finding that phyA
can phosphorylate cry1 and cry2 (Ahmad et al.,
1998), it would be valuable to test the cry1-cry2 dou-
ble, phyA-cry1-cry2 triple, and phyC, D, and E,
mutants.

PhyA was not involved in blue light-induced rbcL
transcription (Fig. 4C). PhyA involvement also varies
for blue light-induced nuclear gene expression (Oel-
müller and Kendrick, 1991). Our results with the hy2
and cry1 mutants (Fig. 5A) suggest that another phy-
tochrome species such as phyC, D, or E was involved
in rbcL expression, with a minor modulatory role for
cry1. The results with psbA expression (Fig. 5B) indi-
cate that there were phyA- and phyB-dependent and
phytochrome-independent modes of blue light-
induced psbA expression. Therefore, light-induced
chloroplast transcription involves multiple phyto-
chromes and blue light/UV-A signaling, as does
seedling development (Quail, 1994; Smith, 1995;
Chory, 1997; Casal and Mazzella, 1998).

The lack of a role for phyA in blue light-activated
rbcL transcription raises questions about the mech-
anism regulating the photobiology and gene selec-
tivity of the transcription apparatus. The light-
responsiveness of rbcL, psbA, and 16S rrn transcription
depends on the PEP (Allison et al., 1996), which pre-
dominates in mature leaves. Multiple photosensory
pathways can interact by regulating distinct transcrip-
tion factors that modulate the PEP. Several nuclear-
encoded sigma factors have been identified in chloro-
plasts (Isono et al., 1997; Kanamaru et al., 1999; Tan
and Troxler, 1999) and some are light-induced. There-
fore, it seems reasonable to hypothesize that blue light
acting via phyA would regulate at least one sigma
factor, whereas a phyA-independent sigma factor may
control rbcL transcription.

Developmental Change in Action Spectrum for
Chloroplast Transcription

In etiolated monocot and dicot seedlings phyA is
the predominant phytochrome species (Quail, 1994;
Smith, 1995) and it has been extensively shown that
red and far-red light are the primary signals stimu-
lating chloroplast transcription and mRNA accumu-
lation (Bottomley, 1970; Link, 1982; Thompson et al.,
1983; Zhu et al., 1985). In etiolated pea the activation
of chloroplast transcription is a high-irradiance re-
sponse to far-red light mediated by phyA (Dubell
and Mullet, 1995). The only exception is the psbD
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gene, which is selectively activated by high-fluence
blue light from a blue light-responsive promoter in
etiolated seedlings (Christopher and Mullet, 1994;
Chen et al., 1995). The major stimulatory effects of red
and far-red light on chloroplast transcription in dicot
seedlings are related to the stimulation of chloroplast
and leaf development (Chory et al., 1989; Dubell and
Mullet, 1995). In contrast, we observed that continu-
ous far-red and red light stimulated chloroplast tran-
scription in mature leaves to a much smaller degree
than did blue light/UV-A. We postulate that the ac-
tion spectrum for activating chloroplast transcription
changed during plant development. Similar develop-
mental changes in action spectrum have been reported
for rbcS and chs gene expression (Fluhr et al., 1986;
Mohr, 1994), hypocotyl development (Cosgrove,
1994), and the accumulation of chloroplast
glyceraldehyde-3-phosphate dehydrogenase (Mohr,
1994). PhyA signaling in mature, relative to etiolated,
tissue may be different because of changes in phyA
substrate specificities, interactions with other path-
ways, or the optical properties of the tissue.

Evolution of Phytochrome-Mediated Blue Light/UV-A-
Activated Chloroplast Transcription

From an evolutionary standpoint the emphasis on
blue light responsive transcription in chloroplasts is
consistent with the blue light-activation of photosyn-
thesis genes (psbA and psbD) in the cyanobacterium
Synechococcus (Tsinoremas et al., 1994). In a similar
manner, high-fluence blue light rather than red light
activates transcription of the barley chloroplast psbA
promoter when heterologously expressed in Synecho-
coccus (Tsinoremas et al., 1999). Cyanobacteria are
considered to be ancestors to the plant chloroplasts.
However, no cryptochrome genes were found in a
completely sequenced cyanobacterial genome,
whereas several novel variants of phytochromes
were identified, one of which influenced gene expres-
sion for the light harvesting apparatus (Kaneko et al.,
1996; Kehoe and Grossman, 1996; Lamparter et al.,
1997; Yeh et al., 1997). This suggests that photosen-
sory pathways linking phytochrome and photosyn-
thesis gene expression were established prior to the
endosymbiotic events that gave rise to plant chloro-
plasts. As ancestral genes for phytochrome (Quail,
1994) and chloroplast proteins such as Lhcb were
transferred to the nucleus, the photoregulation of
genes remaining in the chloroplast co-evolved with
the phytochromes to coordinate chloroplast and nu-
clear gene expression for the stoichiometric produc-
tion of photosystem subunits. Because transcription
of genes encoding photosynthesis functions is lower
in the phyA mutant exposed to white light, this raises
the question of whether the ability of the photosyn-
thetic apparatus to adapt to high light is impaired in
the mutant. Measurement of photosynthetic activity
in wild-type and phyA mutant plants under increas-
ing light intensity would answer this question.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Wild-type seeds from the Columbia and Landsberg
erecta ecotypes (Arabidopsis) were purchased from Lehle
Seeds (Round Rock, TX). Seeds of the cry1, phyA, phyB, and
hy2 mutants were obtained from the Arabidopsis Biological
Resource Center (Ohio State University). Seeds were
planted in flats containing water-saturated Jiffy potting
mix (Bentonville, AR) and chilled (5°C) overnight (14 h).
Plants were exposed to a photoperiod of 12 h of darkness
and 12 h of white light (fluorescent, 100 6 10 mmol m22

s21) at 22°C to 26°C for 28 d. To obtain dark-adapted
seedlings, the 28-d-old plants were placed in complete
darkness for 36 h. Following dark-adaptation, plants were
maintained in the dark or were exposed to the light sources
(described below) for 12 and 15 h (indicated in Figure
Legends) before harvesting. Tissue was harvested by quick
freezing in liquid nitrogen or was used fresh for chloro-
plast isolation. All manipulations of dark-grown plants
were performed in complete darkness or under a dim
green safelight as previously described (Christopher, 1996).

Seeds of wild-type and transplastomic tobacco (Nicotiana
tabacum var. Ottowa) lines pLAA24A, pLAA25A
(Zoubenko et al., 1994), and pWW11 (Shiina et al., 1998)
were used. The chloroplast genome of line pLAA25A con-
tains the promoterless uidA gene, whereas lines pLAA24A
and pWW11 contained the uidA gene under the control of
the tobacco chloroplast promoters for the 16S rRNA and
rbcL genes, respectively. Two copies of each transgene, one
in each copy of the inverted repeat, are present in the
plastid genomes. Tobacco plants were grown on Sunshine
Mix No. 4 (SunGro Horticulture, Bellevue, WA) under a
photoperiod of 10 h of darkness and 14 h of light at 24°C to
27°C for 42 d. Plants were dark-adapted for 36 h prior to
exposing them to 12 h red, blue, UV-A, and white light
treatments (described below). They were then harvested
for RNA or chloroplast isolation.

Light Sources and Conditions

Fluences for red, far-red, blue, and white light were
measured using a quantum photometer (LI-COR, LI-1000,
Lincoln, NE) and a radiometer (model 65, YSI-Kettering).
Fluences of UV-A radiation (W m22) were measured using
a UVX radiometer with a UVX-36 sensor (UVP, Inc., Up-
land, CA). Fluences of visible light and UV-A radiation
were normalized using the radiometer and corrected for
detection efficiency. Red light (18 6 2 mmol m22 s21) of 650
to 670 nm band width with a peak at 658 nm was obtained
by passing white light (tungsten halogen 300 W, EXR
54392, Sylvania, Danvers, MA) through a red interference
filter (CBS-R, Carolina Biological Supply, Burlington, NC)
and filtered through clear heat-absorbing glass. Far-red
light (18 6 2 mmol m22 s21) greater than 700 nm was
obtained by passing incandescent light (60 W, GE) through
a far-red cut-off filter (CBS FR 750, Carolina Biological
Supply). Red and far-red light sources were cooled with a
fan. Blue light (18 6 2 mmol m22 s21) from 410 to 480 nm
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with a peaks at 440 and 420 nm was obtained by the
following two means depending on the number of plants
treated: (a) For plants in small pots, white light (tungsten
halogen 300 W, EXR 54392, Sylvania) was passed through
a narrow band width blue interference filter (B-1, Edmund
Scientific, Barrington, NJ); and (b) for large flats used in
chloroplast isolation, light from 100% actinic blue fluores-
cent light bulbs (40 W T12, 420 nm peak, Coralife, Carson
CA) was used. UV-A light (75–85 W m22, radiometer-
determined equivalent to 18 6 2 mmol m22 s21) from 330 to
405 nm with a peak at 365 nm (90% of total emission
contained in 330–395 nm) was obtained by using a black
light blue bulb (F15T8 BLB-15 W, Sylvania) housed in a
lamp (Spectronics, Westbury, NY). White light (100 6 10
mmol m22 s21) was obtained from cool-white bulbs
(F40CW-RS-WM 34 W, GE W-Miser).

Chloroplast Isolation and Transcription Assays

Arabidopsis and tobacco chloroplasts were isolated
from leaves as described (Hoffer and Christopher, 1997).
Intact chloroplasts were counted in a hemacytometer us-
ing a phase contrast microscope. Chloroplast transcrip-
tion activity was assayed using [a-32P]UTP and 1 3 108 of
purified chloroplasts at a final concentration of 9.1 3 108

chloroplasts mL21. Total chloroplast transcription activi-
ties from four experiments of duplicate samples (Arabi-
dopsis) or two experiments with duplicate samples (to-
bacco) were expressed as pmol [32P]UMP incorporated
(1 3 108 chloroplasts)21 (10 min)21. Radiolabeled run-on
transcripts were hybridized as described (Christopher,
1996) to non-radiolabeled gene-specific, single-stranded
antisense RNAs (1 pmol each psbA, rbcL, 16S rRNA, or
pSK vector; Rapp et al., 1992), or to 0.5 pmol (160 ng) of a
485-bp uidA gene-specific DNA fragment. Gene-specific
DNAs and RNAs were separated by agarose gel electro-
phoresis and transferred to nylon membranes. The levels
of radioactivity hybridized to the membranes were deter-
mined by liquid scintillation counting of excised bands
and by using an AMBIS 4000 Image Acquisition and
Analysis System (AMBIS, Inc., San Diego). Values of
counts hybridized to the pSK vector (Stratagene Cloning
Systems, San Diego) were subtracted from the gene-
specific values. Gene-specific transcription activities were
expressed as fmol [32P]UMP incorporated (1 3 108 chlo-
roplasts)21 (10 min)21 (kb)21.

RNA and DNA Gel-Blot Hybridization and Analysis

Total cell RNA was isolated from frozen leaf tissue (Ara-
bidopsis and tobacco) by extraction with acid phenol (pH
4.5) and was quantitated spectrophotometrically as de-
scribed (Hoffer and Christopher, 1997). RNA was sepa-
rated by electrophoresis on 1.5% (w/v) formaldehyde-1.2%
(w/v) agarose gels (16 mm MOPS [3-(N-morpholino)-
propanesulfonic acid], 4 mm NaOAc, and 1 mm EDTA, pH
7.0). RNA gel blots (Genescreen) containing equal amounts
of total cell RNA (12 mg) per lane were hybridized with
radiolabeled gene-specific probes as previously described
(Christopher, 1996).

Heterologous antisense RNA probes were derived from
linearized recombinant plasmids with DNA inserts specific
for the barley chloroplast genes, 16S rRNA, rbcL, and psbA
(Rapp et al., 1992). The RNA probes were synthesized and
radiolabeled with [a-32P]UTP (.800 Ci/mm, ICN Pharma-
ceuticals) using T3 and T7 RNA polymerases. A 485-bp
PCR product internal to the uidA gene (Jefferson et al.,
1987) was made using primers 59-TGCGGTCAC-
TCATTACGGCA and 59-AGTATCTCTATTGGAAGTGG.
The PCR contained 50 ng of plasmid DNA template
(pGUS1 for uidA), 2.5 units of Taq DNA polymerase, 50 mm
KCl, 10 mm Tris-HCl (pH 9.0), 1% (w/v) Triton X-100, and
0.2 mm for each of the dNTPs. The PCR consisted of 40
cycles of 1 min at 94°C, 1 min at 45°C, and 1.5 min at 72°C.
The resulting PCR product was gel-purified, diluted, and
used to make DNA blots to hybridize with radiolabeled
RNAs generated in the lysed plastid run-on transcription
assays and to make a radiolabeled uidA probe. The uidA-
specific PCR product was labeled with [a-32P]dATP (.800
Ci/mm, ICN Pharmaceuticals) by the method of Scho-
walter and Sommer (1989).

ACKNOWLEDGMENT

The authors would like to thank Dr. Lori Allison for
generously providing seeds of the transplastomic tobacco
lines (pLAA24A, pLAA25A, and pWW11).

Received August 9, 2000; returned for revision October 31,
2000; accepted November 28, 2000.

LITERATURE CITED

Ahmad M, Jarillo JA, Smirnova O, Cashmore AR (1998)
The CRY1 blue light photoreceptor of Arabidopsis inter-
acts with phytochrome A in vitro. Mol Cell 1: 939–948

Alfonso M, Perewoska I, Kirilovsky D (2000) Redox con-
trol of psbA gene expression in the cyanobacterium Syn-
echocystis PCC 6803: involvement of the cytochrome b6/f
complex. Plant Physiol 122: 505–515

Allison LA, Simon LD, Maliga P (1996) Deletion of rpoB
reveals a second distinct transcription system in plastids
of higher plants. EMBO J 15: 2802–2809

Aro E-M, Virgin I, Andersson B (1993) Photoinhibition of
photosystem II: inactivation, protein damage and turn-
over. Biochim Biophys Acta 1143: 113–134

Baginski S, Tiller K, Link G (1997) Transcription factor
phosphorylation by a protein kinase associated with
chloroplast RNA polymerase from mustard (Sinapis alba).
Plant Mol Biol 34: 181–189

Barnes SA, Nishizawa NK, Quaggio RB, Whitelam GC,
Chua N-H (1996) Far-red light blocks greening of Arabi-
dopsis seedlings via a phytochrome-A-mediated change
in plastid development. Plant Cell 8: 601–615

Bottomley W (1970) Deoxyribonucleic acid-dependent ri-
bonucleic acid polymerase activity of nuclei and plastids
from etiolated peas and their response to red and far-red
light in vivo. Plant Physiol 45: 608–611

Bowler C, Neuhaus G, Yamagata H, Chua N-H (1994)
Cyclic GMP and calcium mediate phytochrome photo-
transduction. Cell 77: 73–81

Chun et al.

1964 Plant Physiol. Vol. 125, 2001



Butler WL, Hendricks SB, Siegelman HW (1964) Action
spectra of phytochrome in vitro. Photochem Photobiol 3:
521–528

Casal JJ, Mazzella MA (1998) Conditional synergism be-
tween cryptochrome 1 and phytochrome b is shown by
the analysis of phyA, phyB, and hy4 simple, double and
triple mutants in Arabidopsis. Plant Physiol 118: 19–25

Cashmore AR, Jarillo JA, Wu YJ, Liu D (1999) Crypto-
chromes: blue light receptors for plants and animals.
Science 284: 760–765

Chamovitz DA, Deng X-W (1996) Light signaling in plants.
Crit Rev Plant Sci 15: 455–478

Chen SCG, Wu SP, Lo PK, Mon DP, Chen LFO (1995)
Regulation of plastid photosynthetic psbK-I-D-C gene ex-
pression by light in rice plants. Physiol Plant 93: 617–623

Chory J (1997) Light modulation of vegetative develop-
ment. Plant Cell 9: 1225–1234

Chory J, Peto CA, Ashbaugh M, Saginich R, Pratt L,
Ausubel F (1989) Different roles for phytochrome in
etiolated and green plants deduced from characteriza-
tion of Arabidopsis thaliana mutants. Plant Cell 1: 867–880

Christie JM, Reymond P, Powell GK, Bernasconi P,
Raibekas AA, Liscum E, Briggs WR (1998) Arabidopsis
NPH1: a flavoprotein with the properties of a photore-
ceptor for phototropism. Science 282: 1698–1701

Christopher DA (1996) Leaf development and phyto-
chrome modulate the activation of psbD-psbC transcrip-
tion by high-fluence blue light in barley chloroplasts.
Photosyn Res 47: 239–251

Christopher DA, Hoffer PH (1998) DET1 represses a chlo-
roplast blue light-responsive promoter in a developmen-
tal and tissue-specific manner in Arabidopsis thaliana.
Plant J 14: 1–11

Christopher DA, Mullet JE (1994) Separate photosensory
pathways coregulates blue light/ultraviolet-A-activated
psbD-psbC transcription and light-induced D2 and CP43
degradation in barley (Hordeum vulgare) chloroplasts.
Plant Physiol 104: 1119–1129

Cosgrove D (1994) Photomodulation of growth. In RE Ken-
drick, GHM Kronenberg, eds, Photomorphogenesis in
Plants. Kluwer Academic Publishers, Boston, pp 631–638

Danon A, Mayfield SP (1994) Light-regulated translation
of chloroplast messenger RNAs through redox potential.
Science 266: 1717–1719

Dubell AN, Mullet JE (1995) Differential transcription of
pea chloroplast genes during light-induced leaf develop-
ment: continuous far-red light activates chloroplast tran-
scription. Plant Physiol 109: 105–112

Escoubas JM, Lomas M, LaRoche J, Falkowski PG (1995)
Light intensity regulation of cab gene transcription is
signaled by the redox state of the plastoquinone pool.
Proc Natl Acad Sci USA 92: 10237–10241

Fluhr R, Moses P, Morelli G, Coruzzi G, Chua N-H (1986)
Expression dynamics of the pea rbcS multigene family
and organ distribution of the transcripts. EMBO J 5:
2063–2071

Fuglevand G, Jackson JA, Jenkins GI (1996) UV-B, UV-A,
and blue light signal transduction pathways interact syn-
ergistically to regulate chalcone synthase gene expres-
sion in Arabidopsis. Plant Cell 8: 2347–2357
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