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Rice Phytochrome Is Biologically Active in Transgenic
Tobacco
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To investigate the mechanisms of phytochrome action in vivo, we have overexpressed rice phytochrome in
transgenic tobacco plants. A full-length rice phytochrome cDNA was fused to the cauliflower mosaic virus 35S
promoter and transferred to tobacco. The progeny of some of the transgenic plants contain large amounts of rice
phytochrome mRNA in green leaves. Extracts prepared from overexpressing plants contain twofold to fivefold more
spectrophotometrically detectable phytochrome than extracts from control plants. Species-specific, anti-phyto-
chrome monoclonal antibodies were used in immunoblots to discriminate between rice and tobacco phytochrome
apoproteins in fractions eluted from a DEAE-Sepharose column. Red minus far-red difference spectra of the partiaily
purified rice phytochrome from the transgenic plants indicate that the rice phytochrome assembles with chromophore
and is photoreversible. Analysis of the circadian pattern of Cab mRNA levels in transgenic plants versus controls
demonstrates that the overproduction of rice phytochrome extends the duration of the free-running rhythm of Cab
gene expression. The rice phytochrome is, therefore, biologically active in the transgenic tobacco plant, which

establishes a system for in vivo functional analysis of phytochrome.

INTRODUCTION

Plants utilize light both as an energy source to drive
photosynthesis and as a stimulus to trigger a series of
developmental events ranging from germination to flow-
ering (Kendrick and Kronenberg, 1986). Higher plants
grown in the dark are termed etiolated. They lack chloro-
phyll, have elongated stems, and are arrested in normal
development. llumination of etiolated plants results in a
shift to normal growth, chlorophyli synthesis, and, hence,
greening. The light-dependent development of plants is
termed photomorphogenesis, which is a complex process
resulting from the combined action of several photorecep-
tors (Shropshire and Mohr, 1983; Kendrick and Kronen-
berg, 1986). The best characterized of these is the red
light photoreceptor, phytochrome.

Phytochrome is a chromoprotein consisting of an apo-
protein (monomer 118 kD to 125 kD) and a linear tetrapyr-
role attached to the N-terminal domain (Vierstra and Quail,
1986; Furuya, 1987), and exists as a dimer in solution
(Jones and Quail, 1986; Tokutomi et al., 1989). Phyto-
chrome is synthesized in the dark as the red absorbing
form, Pr, that is physiologically inactive. Absorption of red
light by Pr converts the molecule to the far-red form Pfr,
which initiates the biological response to light. Pfr can be
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converted back to the Pr form by absorbing far-red light.
Phytochrome, therefore, serves as a biological switch,
being activated by red light and attenuated by far-red light.
Under natural conditions of solar radiation, the relative
amounts of Pr and Pfr are indicative of the ratio of red/far-
red light to which the plant is exposed. This information
influences a variety of developmental programs; for ex-
ample, to detect shading and induce stem elongation, to
promote seed germination, or to sense daylength and
determine the shift from vegetative growth to flowering
(Shropshire and Mohr, 1983; Kendrick and Kronenberg,
1986). it has recently been shown that at least two physi-
cally distinct forms of phytochrome exist in green tissues
of pea and oat (Abe et al., 1985; Shimazaki and Pratt,
1985; Tokuhisa, Daniels, and Quail, 1985). Type | or “light-
labile” phytochrome is abundant in etiolated tissue and
declines upon illumination; type Il phytochrome is poorly
characterized, but appears not to be depleted by light
(Konomi, Abe, and Furuya, 1987). One of the most inter-
esting problems concerning phytochrome regulation is the
assignment of specific functions to distinct molecular
species.

The underlying basis for phytochrome-regulated plant
development is the modulation of gene expression pat-
terns by phytochrome (Cuozzo, Kay, and Chua, 1988;
Nagy, Kay, and Chua, 1988a). Our laboratory and others
have previously shown that specific cis-acting elements
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and trans-acting factors are essential in mediating light-
regulated transcription (Kuhiemeier, Green, and Chua,
1987; Nagy, Kay, and Chua, 1988a). At the other end of
the transduction pathway, much is known about the phys-
ical properties of phytochrome in vitro (Kendrick and Kro-
nenberg, 1986; Furuya, 1987). In contrast to the knowl-
edge on phytochrome and light-responsive gene expres-
sion, almost nothing is known about the transduction
pathways and their components. Although a number of
mutants have been isolated that are depleted in active
phytochrome (Adamse et al., 1988), transduction mecha-
nisms remain a mystery.

We have previously proposed (Nagy, Kay, and Chua,
1988a) that one valid approach toward elucidating the
mode of phytochrome action in vivo is the generation of
dominant mutations in the phytochrome response by
overexpression of wild-type and mutant phytochrome mol-
ecules in transgenic plants. This should exaggerate the
normally subtle effects exerted by the photoreceptor, thus
revealing its mechanism of action for specific responses.
This approach will also allow the study of structure-func-
tion relationships to be made in vivo, as well as dissecting
the spatial and temporal components of phytochrome reg-
ulation by the judicious choice of promoters. As an initial
step toward these goals, we have chosen to overproduce
type | rice phytochrome in transgenic tobacco by using the
358 promoter of cauliffower mosaic virus (CaMV; Odell,
Nagy, and Chua, 1985). Rice phytochrome was used, as
this allows us to discriminate between the transgenic
phytochrome and the endogenous molecule by using
monoclonal antibodies. Overproduction of rice phyto-
chrome mRNA was observed in a number of transgenic
plants, as was the authentic rice apoprotein. The rice
apoprotein assembles with chromophore to produce a
photoreversible phytochrome. Overexpression of the rice
phytochrome results in altered expression patterns of the
endogenous tobacco Cab genes.

RESULTS

Overproduction of Rice Phytochrome mRNA in Trans-
genic Tobacco

Arice type | phytochrome cDNA (Kay et al., 1989a, 1989b)
containing the entire protein coding sequence, 3’-untrans-
lated region, and 50 base pairs (bp) of 5’-untransiated
leader was fused to the CaMV 35S promoter. A 3’ polyA
addition site derived from the pea rbcS-E9 gene was
placed at the extreme 3’ end. Figure 1 shows the entire
chimeric construct. The construct was transferred to to-
bacco (var SR1), and primary transformants were grown
to maturity and selfed. The transgenic F,; seeds were
germinated on kanamycin and grown for 6 weeks in a
growth chamber. At this time, leaves were harvested from
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Figure 1. RNA Gel Blot Analysis of Total RNA Isolated from
Transgenic Tobacco Plants Containing the 35S Rice Phytochrome
cDNA.

Tracks a to d, total RNA (25 ug) from leaves of four independent
transgenic tobacco plants grown in the light. Track e, total RNA
(50 ug) from wild-type (WT) tobacco. Track f, poly(A*) RNA (5 uQ)
isolated from etiolated rice leaves. The blot was probed with a
250-bp cDNA fragment specific for rice phytochrome mRNA. KB,
kilobases.

several plants and RNA was isolated and analyzed by RNA
gel blots using a rice phytochrome cDNA probe. As con-
trols, RNA from wild-type tobacco was included as well as
poly(A*) RNA isolated from etiolated rice leaves. Tracks f
and e in Figure 1 show a signal that corresponds to the
authentic 4.2-kilobase rice phytochrome mRNA in the rice
poly(A*) RNA, whereas no hybridization is detected with
wild-type tobacco total RNA (track e), demonstrating the
specificity of the rice cDNA probe. We have analyzed a
total of 20 independent transgenic plants and only results
from four of them are shown. The transgenic tobacco
RNAs (tracks a to d) contain various levels of rice phyto-
chrome RNA, with BN1 being the highest expressor (track
a) and BF1 the lowest (track b). BN1 transgenic F, plants
were, therefore, chosen for further study.

BN1 Transgenic Tobacco Contains Increased Levels
of Phytochrome

To investigate whether the high level of rice phytochrome
mRNA in the BN1 transgenic tobacco results in an increase
in the amount of phytochrome, extracts were prepared
from light-grown plants that were either dark-adapted for
3 days, or were harvested at the end of a 12-hr light cycle.
The crude extracts were fractionated on DEAE-Sepha-
rose, and the fractions containing spectrophotometrically
detectable phytochrome were pooled. Red minus far-red
difference spectra were recorded for pooled fractions from
both BN1 and wild-type extracts to measure the amount



of photoreversible phytochrome present. The results of
this analysis are presented in Table 1. In extracts prepared
from plants at the end of the photoperiod, BN1 contains
about twice as much extractable phytochrome as the wild-
type. However, when the plants are transferred to dark-
ness for 3 days, the phytochrome level preferentially in-
creases in the BN1 plant. Thus, in extracts prepared from
dark-adapted leaves, BN1 contains about fivefold the
amount of phytochrome compared with the wild-type. This
presumably reflects the greater rate of resynthesis of rice
phytochrome in the dark, which is under the control of a
strong, constitutive promoter. However, to demonstrate
unequivocally that the increase in phytochrome level is due
to the transgene, the plants were analyzed further.

BN1 Plants Contain Rice Phytochrome Apoprotein

To determine whether the rice phytochrome mRNA results
in the production of authentic rice phytochrome apopro-
tein, protein extracts prepared from dark-adapted BN1
and wild-type plants were fractionated on DEAE-Sepha-
rose, and individual fractions were analyzed by spectro-
photometry and immunoblotting. Figure 2 shows the elu-
tion profile of a typical fractionation. The total protein
content of the elution profiles for both BN1 and wild-type
is very similar. In contrast, the spectrophotometrically de-
tectable phytochrome content is about fivefold higher in
BN1 than in wild-type. Note that the peak of eluting phy-
tochrome in the BN1 extract precedes that of the wild-
type extract by one or two fractions.

To discriminate between rice and tobacco phytochrome
apoproteins, we made use of monocot-specific and dicot-
specific monoclonal antibodies. Figure 3 shows the im-
munoblot analysis of DEAE-Sepharose fractions that con-
tain phytochrome. Fractions from the BN1 or wild-type
extract were analyzed by SDS-PAGE and immunoblotting
using either the anti-pea phytochrome monoclonal anti-
body, which detects tobacco phytochrome (Figure 3A), or
the anti-rye phytochrome monoclonal antibody, which
stains rice phytochrome (Figure 3B). Tobacco phyto-
chrome is present in both the BN1 and wild-type fractions
and is most abundant in fraction 9 of both extracts (Figure

Table 1. Phytochrome Content in Green Leaves of Dark-
Adapted or Light-Grown Transgenic (BN1) and Wild-Type (WT)
Tobacco Plants

Treatment Plant  Phytochrome Content
A(AA) unit/g, fresh wt
Light-grown BN1 0.199
WT 0.110
Dark-adapted BN1 0.930
WT 0.195
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Figure 2. Protein Profile and Phytochrome Elution Profile of
DEAE-Sepharose Chromatography of Extracts from Dark-
Adapted Tobacco Leaves.

(A) BN1 transgenic tobacco extract. Forty grams of leaves, fresh
weight, were extracted as described in Methods and fractionated
on DEAE-Sepharose by elution with a 0 M to 0.25 M KClI gradient.
Fractions were assayed for protein content and phytochrome by
spectrophotometry.

(B) Wiid-type tobacco extract. Wild-type tissue was extracted
and assayed by procedures identical to those in (A).

3A, tracks ¢ to j). Tracks a and b contain purified samples
of rice and tobacco phytochrome, respectively, and dem-
onstrate that the anti-pea phytochrome monoclonal anti-
body does not cross-react with rice phytochrome. The
standards in Figure 3B demonstrate the specificity of the
anti-rye monoclonal antibody for rice phytochrome. The
small ladder of bands beneath the largest fragment in each
of the standards is due to degradation of the purified
phytochrome samples during preparation and storage.
Figure 3B (tracks c to f) shows that a polypeptide of about
125 kD is stained by the anti-rye monoclonal antibody, and
this band is most abundant in fractions 7 and 8. Con-
versely, no staining is observed with this antibody with the
same fractions from the wild-type extract (tracks g to j).
Taken together, these results clearly demonstrate that
BN1 transgenic plants contain authentic rice phytochrome
apoprotein, which can be partially separated from the
tobacco phytochrome protein.
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Figure 3. Immunoblot Analysis of DEAE Fractions of BN1 and
Wild-Type Extracts.

(A) Detection of tobacco phytochrome apoprotein. The blot was
stained with mAP5. Lane a, 1.5 X 102 A(AA) units of rice
phytochrome. Lane b, 1.5 x 107 A(AA) units of tobacco (Tob)
phytochrome. Lanes c to f, 1/400 aliquot of fractions 7 to 10 of
BN1 extract. Lanes g to j, 1/400 aliquot of fractions 7 to 10 of

wild-type (WT) extract.

(B) Detection of rice phytochrome apoprotein. The blot was
stained with mAR14. Lane a, 5.9 X 1072 A(AA) units of rice
phytochrome. Lane b, 5.9 x 1072 A(AA) units of tobacco phyto-
chrome. Lanes c to f, 1/200 aliquot of fractions 7 to 10 of BN1
extract. Lanes g to j, 1/200 aliquot of fractions 7 to 10 of wild-
type extract.

Rice Phytochrome Assembles with Chromophore in
Transgenic Tobacco

To demonstrate directly that the rice phytochrome poly-
peptide assembles with chromophore and is photorever-
sible, it is necessary to record difference spectra. Fraction
8 of the DEAE-Sepharose column was chosen for both
extracts, as this is the peak fraction of the rice phyto-
chrome in BN1 and contains only a small amount of the
tobacco phytochrome. Figure 4 shows red minus far-red
difference spectra for the concentrated fractions. Although
equivalent amounts of protein were used for both the BN1

and wild-type fractions, the former contains about 5 times
to 10 times more photoreversible phytochrome than the
latter. Therefore, this result demonstrates that, despite the
documented structural differences between monocot and
dicot phytochromes (Cordonnier, Greppin, and Pratt, 1984;
Sharrock, Lissemore, and Quail, 1986), rice phytochrome
apoprotein is able to assemble with the chromophore in
tobacco cells to produce a spectrally active photoreceptor.

Rice Phytochrome Is Biologically Active in Transgenic
Tobacco

Having shown that rice phytochrome mRNA, polypeptide,
and photoreversible holoprotein can be produced in to-
bacco, we wished to determine whether it is biologically
active. As our primary goal is to characterize the pathways
and transduction components of phytochrome-regulated
gene expression, we chose to investigate whether over-
production of rice phytochrome alters the expression of
endogenous tobacco genes. For this analysis, two possible
sources of tissue could be used: leaves from either etiol-
ated or light-grown plants. In etiolated tissue, there are
large endogenous pools of phytochrome, whereas, in
leaves from light-grown plants, the endogenous tobacco
phytochrome is greatly depleted. We therefore chose to
use leaves from light-grown plants, as the overproduction
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Figure 4. Difference Spectra of Phytochrome Extracted from BN1
or Wild-Type (WT) Plants.

Fraction 8 of the DEAE-Sepharose column (Figure 3) was concen-
trated by ammonium sulfate precipitation, and red (660 nm) minus
far-red (730 nm) difference spectra were recorded.



of type | rice phytochrome would raise the normally low
level of type | phytochrome in this tissue. Although most
studies on phytochrome-regulated gene expression have
been done with etiolated tissue, we have previously dem-
onstrated that phytochrome controls the level of Cab gene
transcription in leaves of light-grown plants by interacting
with a circadian clock (Nagy, Kay, and Chua, 1988b). Thus,
Cab mRNA can be detected in the morning but not in the
evening. Phytochrome appears to exert its influence by
regulating the abundance of Cab mRNA but not the timing.
When plants are transferred from light-dark cycles to con-
tinuous darkness, the Cab mRNA level continues to oscil-
late, but the level of expression decreases over 1 day or
2 days. We have proposed that this decrease is due to the
degradation of phytochrome during the dark period (Nagy,
Kay, and Chua, 1988b). We chose this system to test
whether the overproduction of rice phytochrome alters
tobacco Cab gene expression.

BN1 F, transgenic plants and control transgenic plants
that do not express rice phytochrome (BF1, see Figure 1)
were grown from seed for 6 weeks in a growth chamber
under a 12-hr light/12-hr dark cycle as described in the
schematic diagram shown in Figure 5. Day 0 is designated
as the last light/dark cycle before transferring the plants
to continuous darkness. Leaves were harvested at 10 am
and 10 pm on day 0, and on days 1 and 2 in darkness.
Total RNA was isolated and analyzed for Cab mRNA level
in slot-blot assays (Figure 5). In the control plants, the Cab
RNA level is high at 10 Am and barely detectable at 10 pm
on day 0, and rapidly decreases in level on days 1 and 2
in darkness. In contrast, the Cab RNA level in BN1 plants
cycles on each day, but dampens much less rapidly than
in the control. Identical slot-blots were also probed for the
mitochondrial 3-ATPase mRNA, which is a constitutively
expressed housekeeping gene (Boutry and Chua, 1985),
and demonstrates that equal amounts of RNA were loaded
in each slot. The same effect has been observed in the
homozygous F, progeny of BN1, demonstrating that this
molecular phenotype segregates with the transgene; we
have also observed a similar effect in the F, progeny of
BD1, an independent transgenic plant (S. Kay and M.
Deak, unpublished results). The observation that Cab
mRNA continues to cycle longer in the BN1 plants versus
the controls demonstrates that the rice phytochrome is
biologically active in the transgenic tobacco and is recog-
nized by the transduction chain that transmits the light
signal to the genome.

DISCUSSION

We have recently reported the isolation and characteriza-
tion of the gene encoding rice type | phytochrome (Kay et
al., 1989a, 1989b). To study the mechanisms of phyto-
chrome function in vivo, we chose to introduce the rice
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Figure 5. Analysis of Cab mRNA Cycling in BN1 and Control
Transgenic Tobacco.

Total RNA was isolated from plants under the regime shown.
Slot-blots were performed with 5 ug of RNA per slot and probed
for either Cab mRNA (CAB) or g-subunit of the mitochondrial
ATPase (B-ATP).

phytochrome cDNA under the control of the constitutive
35S promoter into tobacco plants. The expression of the
monocot phytochrome in the dicot background has the
advantage that monoclonal antibodies can discriminate
between phytochrome molecules from the two species.
This strategy resulted in the successful synthesis and
assembly of spectrally active rice phytochrome in the
transgenic tobacco plants. Overproduction of rice phyto-
chrome in transgenic tobacco has allowed us to address
questions regarding phytochrome-regulated Cab gene
expression in vivo, as we can demonstrate that the damp-
ing of the rhythm in Cab mRNA level can be attenuated by
increasing the cellular level of phytochrome. It should now
be feasible to introduce mutant forms of the rice phyto-
chrome molecule and measure the effects on endogenous
tobacco gene expression. This will provide valuable infor-
mation on the structure-function relationships for the pho-
toreceptor in planta. The manipulation of rice phytochrome
in transgenic tobacco, therefore, provides a powerful tool
for investigating the in vivo mechanisms of phytochrome-
regulated gene expression.

We can also address the kinetics of synthesis and
degradation (Schafer, 1978) of both the transgenic rice
and tobacco phytochromes. In this respect it is interesting
to note that the rice phytochrome present in BN1 plants is
degraded in the light. Fivefold higher levels of phytochrome



780 The Plant Cell

are observed in the leaves of dark-adapted BN1 plants
versus leaves harvested in the light. It is therefore likely
that the Pfr-specific degradation apparatus of tobacco
recognizes the rice phytochrome as a substrate. We ten-
tatively predict that Pfr degradation is the primary control
mechanism regulating phytochrome levels in the light, as
the large overexpression of rice phytochrome mRNA in
light grown leaves (Figure 1) is not reflected in the level of
spectrophotometrically detectable phytochrome in this tis-
sue (Table 1). More detailed analysis, using transgenic
plants that express different levels of rice phytochrome
mRNA, is underway to investigate the relative contribution
of mRNA abundance and Pfr degradation to regulating the
levels of active phytochrome.

Keller et al. (1989) have recently expressed functional
oat phytochrome in transgenic tobacco. Interestingly, the
progeny of the plants that overexpressed high levels of
oat phytochrome exhibited morphological phenotypes,
such as semi-dwarfism and reduced apical dominance. No
observations were presented on the expression of endog-
enous tobacco genes in these plants. It is therefore striking
that, in our population of transgenic plants, no morpholog-
ical phenotype was observed that segregated with the
transgene in a statistically significant way. Three possible
explanations may account for this difference in our obser-
vations: (1) BN1 plants have not overproduced sufficient
amounts of rice phytochrome; (2) the transgenic rice phy-
tochrome is an aberrant molecule, or rice phytochrome is
less active than oat phytochrome in tobacco plants; (3)
different cultivars of tobacco exhibit differential sensitivity
to transgenic phytochromes.

The first explanation is unlikely because, although Keller
et al. (1989) observed 20-fold more phytochrome in over-
producers versus controls, the absolute levels of phyto-
chrome produced in BN1 (per gram, fresh weight) are
similar to those in the transgenic tobacco plants containing
oat phytochrome. The difference in ratio is explained by
the fact that we have partially purified phytochrome before
spectral analysis, allowing us to detect the low level of
phytochrome in green leaves of control plants harvested
in the light. This directly affects the calculated ratio of
detectable phytochrome between overproducers and con-
trols. The rice phytochrome present in BN1 has identical
molecular weight, immunoreactivity, and spectral proper-
ties of authentic rice phytochrome, and is therefore highly
likely to be authentic. This is corroborated by the obser-
vation that the rice phytochrome alters Cab gene expres-
sion and is therefore functional. It is possible that BN1
does not exhibit morphological phenotypes due to the
particular cultivar of tobacco used in our experiments
(SR1) versus that used in the previous study (xanthi). We
are currently investigating whether various tobacco hosts
display differential sensitivity to the overproduction of rice
phytochrome.

We have previously proposed (Nagy, Kay, and Chua,

1988b) that the damping of the Cab mRNA rhythm in
extended darkness is due to degradation of Pir in the dark.
The observation that BN1 plants exhibit an extended Cab
free-running rhythm supports this hypothesis. However,
as the level of phytochrome in BN1 is twofold higher than
that in controls, and the normal haif-life of monocot Pfr in
oats is only 60 min (Vierstra and Quail, 1986), the magni-
tude of the effect over 2 days is surprising. It is possible
that the degradation rate of rice Pfr is slower than that of
the endogenous tobacco molecule in the dark. Alterna-
tively, the overproduced type | rice phytochrome may be
interfering with the regulation of Cab gene expression by
the endogenous type | or type Il tobacco phytochrome.
These results raise two interesting points concerning
the biological function of phytochrome. The first is that the
introduced type | rice phytochrome is functional in green
leaves, a tissue in which it is normally greatly depleted.
This notion is further supported by observations in the
tomato aurea mutant that is depleted in type | “light-labile”
phytochrome (Adamse, Kendrick, and Koornneef, 1988).
Light-grown aurea plants are deficient in Cab gene expres-
sion (Sharrock et al., 1988) and chiorophylt accumuiation,
but not in classical “light-stable” phytochrome responses
such as end-of-the-day far-red stimulation of stem elon-
gation (Adamse et al., 1988). The overproduction of trans-
genic phytochrome, therefore, provides direct evidence for
the function of type | phytochrome in green leaves. The
second point is the possibility for interaction between
functionally distinct forms of phytochrome. We would have
predicted that the Cab expression rhythm is controlled by
“light-stable” phytochrome (Adamse, Kendrick, and Koorn-
neef, 1988) that has a much longer Pfr half-life. However,
the effect of the type | rice phytochrome on the Cab gene
free-running rhythm demonstrates that type | phytochrome
is able to affect a classical “type II” response. These
experiments have taken the first step toward elucidating
the interaction between phytochrome and the endogenous
circadian clock in regulating Cab gene expression.

METHODS

Plant Material

Tobacco plants (var SR1) were maintained in sterile culture on
MS medium to provide leaves for transformation experiments.
Regenerated transgenic tobacco were maintained in a growth
chamber under an 18-hr light/6-hr dark regime, grown until ma-
turity, and selfed. F, seeds were germinated on MS medium
containing kanamycin, and resistant seedlings were transferred
to pots and placed in a growth chamber. For extraction of phy-
tochrome, leaves were harvested from light-grown (12-hr light/
12-hr dark) plants at the end of the photoperiod or from similar
plants irradiated with 5 min far-red light (Nagatani et al., 1989) at
the end of the photoperiod and then kept in the dark for 72 hr.



One week prior to Cab gene analysis, the plants were placed in a
growth chamber on a 12-hr light/12-hr dark cycle.

Constructs and Transformation Experiments

A fullHlength cDNA clone was constructed by fusing a cDNA clone
(cohy$5, +411 to +3691, relative to translation initiation) with the
5’ fragment (—50 to +410) derived from the genomic clone phy18
(Kay et al., 1989a, 1989b). This was then cloned into the Smal
site of pPMONS530-E9 (Cuozzo et al., 1987). The resulting construct
was transferred to tobacco via Agrobacterium-mediated leaf disc
transformation (Horsch et al., 1988).

Phytochrome Extraction and Analysis

Al procedures for phytochrome partial purification, extraction, and
detection were performed as described by Nagatani et al. (1989).
Phytochrome was partially purified from leaves of light-grown
transgenic plants by DEAE-Sepharose chromatography. Immu-
noblot analysis was performed using the anti-rye phytochrome
monoclonal antiserum mAR14, which was prepared as described
in Nagatani et al. (1983), and the anti-pea phytochrome monoclo-
nal antibody mAP5 (Nagatani et al., 1984). Phytochrome was
measured with a recording spectrophotometer (Hitachi model
3410). One A(AA) unit is defined as the amount of phytochrome
that shows 0.001 photoreversible absorbance-difference change
between 660 nm and 730 nm when dissolved in 1 mbL in a 1-cm
path-length cuvette.

RNA Extraction and Analysis

Total RNA was extracted from leaves and analyzed in RNA gel or
slot-blots as described previously (Nagy, Kay, and Chua, 1988c;
Kay et al., 1989a). The rice cDNA probe used in Figure 1 was a
250-bp Pstl-EcoRI fragment derived from the 3’ end of the cphy 5
rice phytochrome cDNA clone (Kay et al., 1989a). Coding se-
quence probes were used from the wheat Cab-7 gene (Lamppa,
Nagy, and Chua, 1986) and the B-subunit of the mitochondrial
ATPase (Boutry and Chua, 1985).

ACKNOWLEDGMENTS

We are very grateful to Irene Roberson, Kathy Ward, Ellen Leheny,
and Yasuko Kimura for expert technical assistance and to Hugh
Williams for photography. We wish to thank Profs. Eberhard
Schafer (Freiburg, Federal Republic of Germany) and Richard
Kendrick (Wageningen, The Netherlands) for many lively and
helpful discussions. S.A.K. was supported by a Postdoctoral
Fellowship from the Winston Foundation. This work was sup-
ported by a grant from The Rockefeller Foundation.

Received June 19, 1989.

Rice Phytochrome in Transgenic Tobacco 781

REFERENCES

Abe, H., Yamamoto, K.T., Nagatani, A., and Furuya, M. (1985).
Characterization of green tissue-specific phytochrome isolated
immunochemically from pea seediings. Piant Cell Physiol. 26,
1387-1399.

Adamse, P., Kendrick, R.E., and Koornneef, M. (1988). Photo-
morphogenetic mutants of higher plants. Photochem. Photobiol.
48, 833-841.

Adamse, P., Koornneef, M., Bakker, J., Wesselius, J., and
Kendrick, R.E. (1988). Light grown plants of a tomato aurea
mutant contain phytochrome and exhibit phytochrome re-
sponses. Plant Physiol. 86, 138.

Boutry, M., and Chua, N.-H. (1985). A nuclear gene encoding the
beta subunit of the mitochondrial ATPase in N. plumbaginofolia.
EMBO J. 4, 2159-2165.

Cordonnier, M.-M., Greppin, H., and Pratt, L.H. (1984). Charac-
terization by enzyme-linked immunosorbent assay of monoclo-
nal antibodies to Pisum and Avena phytochrome. Plant Physiol.
74,123-127.

Cuozzo, M., O’Connel, K., Kaniewski, W., Fang, R.-X., Chua,
N.-H., and Tumer, N. (1987). Viral protection in transgenic
plants expressing the cucumber mosaic virus coat protein or
its antisense RNA. Biotechnology 6, 549-557.

Cuozzo, M., Kay, S.A., and Chua, N.-H. (1988). Regulatory
circuits of light-responsive genes. In Temporal and Spatial
Regulation of Plant Genes, D.P.S. Verma and R.B. Goldberg,
eds (Vienna: Springer-Verlag), pp. 131-146.

Furuya, M., ed (1987). Phytochrome and Photoregulation in
Plants. (Tokyo: Academic Press).

Horsch, R., Fry, J., Hoffman, N., Neidermeyer, J., Rogers, S.,
and Fraley, R. (1988). Leaf disc transformation. In Plant Molec-
ular Biology Manual, S.B. Gelvin and R.A. Schilperoort, eds
(Dordrecht, The Netherlands: Kluwer Academic), pp. A5, 1-9.

Jones, A.M., and Quail, P.H. (1986). Quaternary structure of 124-
kilodalton phytochrome from Avena sativa L. Biochemistry 25,
2087-2995.

Kay, S.A., Keith, B., Shinozaki, K., Chye, M.-L., and Chua, N.-
H. (1989a). The rice phytochrome gene: Structure, autoregu-
lated expression, and binding of GT-1 to a conserved site in the
5’ upstream region. Plant Cell 1, 351-360.

Kay, S.A., Keith, B., Shinozaki, K., and Chua, N.-H. (1989b). The
sequence of the rice phytochrome gene. Nucl. Acids Res. 17,
2865-2866.

Keller, J., Shanklin, J., Vierstra, R.D., and Hershey, H.P. (1989).
Expression of a functional monocotyledonous phytochrome in
transgenic tobacco. EMBO J. 8, 1005-1012.

Kendrick, R.E., and Kronenberg, G.H.M., eds (1986). Photomor-
phogenesis in Plants. (Dordrecht: Martinus Nijhoff).

Konomi, K., Abe, H., and Furuya, M. (1987). Changes in the
content of phytochrome | and Il apoproteins in embryonic axes
of pea seeds during imbibition. Plant Cell Physiol. 28, 1443-
1451.

Kuhlemeier, C., Green, P.J., and Chua, N.-H. (1987). Regulation
of gene expression in higher plants. Annu. Rev. Plant Physiol.



782 The Plant Cell

38, 221-257.

Lamppa, G., Nagy, F., and Chua, N.-H. (1985). Light-regulated
and organ-specific expression of a wheat Cab gene in trans-
genic tobacco. Nature 316, 750-752.

Nagatani, A., Yamamoto, K., Furuya, M., Fukumoto, T., and
Yamashita, A. (1983). Production and characterization of
monoclonal antibodies to rye phytochrome. Plant Cell. Physiol.
24, 1143-1149.

Nagatani, A., Yamamoto, K., Furuya, M., Fukumoto, T., and
Yamashita, A. (1984). Production and characterization of
monocilonal antibodies which distinguish different surface struc-
tures of pea phytochrome. Plant Cell Physiol. 25, 1059-1068.

Nagatani, A., Kendrick, R.E., Koornneef, M., and Furuya, M.
(1989). Partial characterization of phytochrome | and Il in etiol-
ated and de-etiolated tissues of a photomorphogenetic mutant
(/h) of Cucumber (Cucumis sativus L.) and its isogenic wild type.
Plant Cell. Physiol., in press.

Nagy, F., Kay, S.A., and Chua, N.-H. (1988a). Gene regulation
by phytochrome. Trends Genet. 4, 37-42.

Nagy, F., Kay, S.A., and Chua, N.-H. (1988h). A circadian clock
regulates transcription of the wheat Cab-7 gene. Genes Dev.
2, 376-382.

Nagy, F., Kay, S.A., and Chua, N.-H. (1988c). Analysis of gene
expression in transgenic plants. In Plant Molecular Biology
Manual, S.B. Gelvin and R.A. Schilperoort, eds (Dordrecht:
Kluwer Academic), pp. B4, 1-29.

Odell, J.T., Nagy, F., and Chua, N.-H. (1985). Identification of
DNA sequences required for activity of a plant promoter: The
CaMV 35S promoter. Nature 313, 810-812.

Schafer, E. (1978). Variation in the rate of synthesis and degra-
dation of phytochrome in cotyledons of Cucurbita pepo L. during
seedling development. Photochem. Photobiol. 27, 775-780.

Sharrock, R.A., Lissemore, J., and Quail, P.H. (1986). Nucleotide
and amino acid sequence of a Cucurbita phytochrome cDNA
clone: ldentification of conserved features by comparison with
oat phytochrome. Gene 47, 287--295.

Sharrock, R.A., Parks, B.M., Koornneef, M., and Quail, P.H.
(1988). Molecular analysis of the phytochrome deficiency in an
aurea mutant of tomato. Mol. Gen. Genet. 213, 9-14.

Shimazaki, Y., and Pratt, L.H. (1985). Immunochemical detection
with rabbit polyclonal and mouse monoclonal antibodies of
different pools of phytochrome from etiolated and green Avena
shoots. Planta 164, 333-344.

Shropshire, W., Jr., and Mohr, H., eds (1983). Photomorphoge-
nesis. Encyclopedia of Plant Physiology, New Series, 16A and
16B (Berlin: Springer Verlag).

Tokuhisa, J.G., Daniels, S.M., and Quail, P.H. (1985). Phyto-
chrome in green tissue: Spectral and immunochemical evidence
for distinct molecular species of phytochrome in light grown
Avena sativa L. Planta 164, 321-332.

Tokutomi, S., Nakasako, M., Sakai, J., Kataoka, M., Yamamoto,
K.T., Wada, M., Tokunaga, F., and Furuya, M. (1989). A model
for the dimeric molecular structure of phytochrome based on
small-angle X-ray scattering. FEBS Lett. 247, 139-142.

Vierstra, R.D., and Quail, P.H. (1986). Phytochrome—The pro-
tein. In Photomorphogenesis in Plants, R.E. Kendrick and G.
Kronenberg, eds (Dordrecht, The Netherlands: Martinus
Nijhoff), pp. 35-60.



