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Phytochrome-regulated repression of gene
expression requires calcium and cGMP

multigene families (Quailet al., 1995). Each phytochromeGunther Neuhaus1,2, Chris Bowler3,4,
is thought to have a different physiological role andKazuyuki Hiratsuka5, Hiroshi Yamagata6 and
the recent availability of mutants deficient in individualNam-Hai Chua
phytochromes is allowing further definition of these speci-

Laboratory of Plant Molecular Biology, The Rockefeller University, ficities (reviewed in Millaret al., 1994; Quailet al., 1995;
1230 York Avenue, New York, NY 10021-6399, USA and1Institut für von Arnim and Deng, 1996). Some responses have now
Pflanzenwissenschaften, ETH-Zurich, Universita¨tstrasse 2, CH-8092 been linked to particular phytochromes, although thereZürich, Switzerland

nonetheless appears to be some overlap between the
Present addresses:2Institute for Biology II, Department of Cell functions of individual phytochromes within any given
Biology, Schaenzlestrasse 1, Freiburg, Germany,3Stazione Zoologica,

plant species (Reedet al., 1994).Villa Comunale, I-80121 Napoli, Italy,5Department of Molecular
The different phytochromes make up two distinctBiology, Graduate School of Biological Science, Nara Advanced

Institute of Science and Technology, 8916-5 Takayama-cho, Ikoma, classes, known as type I and type II (Quailet al., 1995;
Nara 630-01, Japan and6Laboratory of Biochemistry, Faculty of Smith, 1995). Type I phytochromes are the most abundant
Agriculture, Kobe University, Nada, Kobe 657, Japan

in dark-grown plants, but they are light labile due to the
4Corresponding author rapid degradation and/or sequestration of the Pfr form in

the light. In contrast, the type II phytochromes are present
The plant photoreceptor phytochrome A utilizes three in much lower amounts, but their stability in the Pfr form
signal transduction pathways, dependent upon calcium ensures that they are predominant in light-grown plants.
and/or cGMP, to activate genes in the light. In this Hence, type I phytochrome is thought to play a specific
report, we have studied the phytochrome A regulation role during the initial de-etiolation process, whereas type
of a gene that is down-regulated by light, asparagine II may be more important for mediating phytochrome
synthetase (AS1). We show that AS1 is expressed in responses in mature plants. Phytochrome A (PHYA) is
the dark and repressed in the light. Repression ofAS1 the only type I phytochrome to have been identified and
in the light is likely controlled by the same calcium/ it may in fact be the only molecular species within the
cGMP-dependent pathway that is used to activate type I pool (see Clacket al., 1994). Like the PHYA
other light responses. The use of the same signal apoprotein,PHYAmRNA abundance also decreases in the
transduction pathway for both activating and light (see Sharrock and Quail, 1989, and references
repressing different responses provides an interesting therein), particularly in monocotyledons, where down-
mechanism for phytochrome action. Using comple- regulation ofPHYA gene expression has been found to
mentary loss- and gain-of-function experiments we be mediated by an autoregulatory mechanism involving
have identified a 17 bp cis-element within the AS1 phytochrome itself (Lissemore and Quail, 1988).
promoter that is both necessary and sufficient for this In addition to PHYA, several other genes have been
regulation. This sequence is likely to be the target for found to be down-regulated by light. These include genes
a highly conserved phytochrome-generated repressor encoding NADPH protochlorophyllide oxidoreductase
whose activity is regulated by both calcium and cGMP. (Mösingeret al., 1985),β-tubulin (Colbertet al., 1990;
Keywords: calcium/cGMP/photomorphogenesis/ Tonoikeet al., 1994; Leuet al., 1995), asparagine synthe-
phytochrome tase (AS1) (Tsai and Coruzzi, 1990, 1991), the homeo-

domain proteins Athb-2 and Athb-4 (Carabelliet al.,
1993) and two genes denotedNPR1andNPR2in Lemna
(Okubara et al., 1993). Phytochrome regulates these

Introduction responses and two formal possibilities can be considered
to account for how it does so (Bruceet al., 1991): (i) PfrLight is perceived in plants by three major classes of
generates a repressor in the light; (ii) Pr generates anphotoreceptors: the phytochromes, the blue/UVA receptors
activator in the dark. Current knowledge of phytochrome(cryptochromes) and the UVB receptors (Quailet al.,
function would tend to favour Pfr repression as the most1995). Of these, the most intensively studied are the
likely mechanism, because much evidence implicates Pfr,phytochromes, which exist in two photo-reversible forms:
and not Pr, in controlling many other responses. However,the red light absorbing form, Pr, generally considered to
it has proved extremely difficult to design physiologicalbe physiologically inactive, and the far-red absorbing
experiments that could definitively distinguish betweenform, Pfr, known to mediate a broad range of plant
the two possibilities.responses to light (Quailet al., 1995; Smith, 1995; von

In this report, we present the results of experiments thatArnim and Deng, 1996). Some responses mediated by Pfr
can discriminate between Pfr repression and Pr activationcan be reversed by far-red light, which converts Pfr back
as possible mechanisms controlling the down-regulationto Pr.

In higher plants, the phytochromes are encoded by of gene expression in the light. Specifically, we have
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studied the signal transduction events stimulated by PHYA type andaureamutant tomato seedlings. For comparison,
to regulate expression of one of these negatively light equivalent experiments were also performed with aCAB–
regulated genes,AS1, using microinjection to deliver GUS reporter gene (Neuhauset al., 1993). Following
individual molecules into the cells of wild-type andaurea injection (under green safelight conditions where neces-
mutant tomato seedlings, as previously described (Neuhaussary) the seedlings were exposed to different light irradi-
et al., 1993). PHYA is present in etiolated seedlings of ations. As we would predict from expression of the
theaureamutant at 20% wild-type levels and is spectrally endogenousAS1andCABgenes,AS1–GUSwas expressed
inactive, whereas PHYB (a type II phytochrome) is present in injected cells of wild-type seedlings maintained in the
and active at normal levels (Sharmaet al., 1993). In dark but not in the light, whereasCAB–GUS was only
contrast to the behaviour of wild-type seedlings, chloro- expressed in the light (Table I). Furthermore, expression
plasts and anthocyanin pigments fail to develop within of AS1–GUS in the dark could be down-regulated by a
the hypocotyl cells of etiolatedaureaseedlings in response pulse of red light, but reactivated by 10 min of far-red
to light. However, a wild-type phenotype can be restored irradiation subsequent to the red light pulse. In contrast,
to aureahypocotyl cells by injection of exogenous PHYA CAB–GUSexpression could be stimulated in the dark by
(Neuhauset al., 1993). This system therefore allows the a pulse of red light and could be down-regulated by a far-
manipulation and subsequent dissection of the signal red light pulse given immediately after the red light
transduction pathways used by PHYA by identifying

irradiation (Table I). These results thus demonstrate thatagonists or antagonists of these responses. In this way,
in wild-type seedlings bothAS1–GUS and CAB–GUSwe have previously reported that the Pfr form of PHYA
expression are regulated by phytochrome, but that this(PfrA) acts through heterotrimeric G proteins to stimulate
regulation acts in opposite ways, in one case down-gene expression that results in chloroplast development
regulating and in the other case up-regulating expression.and anthocyanin biosynthesis (Neuhauset al., 1993).
Furthermore, the behaviour of theAS1–GUSgene in theseThree different signal transduction pathways downstream
injection experiments clearly reflects endogenousAS1of the G protein were subsequently identified that require
expression in pea, which has been previously shown tocGMP and calcium (Bowler and Chua, 1994; Bowler
be down-regulated at the level of transcription by whiteet al., 1994a). cGMP can stimulate genes such as chalcone
and red light (Tsai and Coruzzi, 1990, 1991).synthase (CHS) that are required for anthocyanin biosyn-

In injected cells ofaureaseedlings both reporter genesthesis, whereas calcium and calcium-activated calmodulin
were insensitive to the light conditions:AS1–GUS was(CaM) can stimulate other genes (e.g. chlorophyll a,b
expressed both in the light and in the dark, whereasCAB–binding protein genes,CAB) necessary for partial chloro-
GUS was never expressed (Figure 1 and Table I). Theplast development. A third pathway, that requires both
lack of expression inaurea of CAB–GUS, even in thecalcium and cGMP, is utilized to stimulate genes encoding
light or after a red light pulse, is consistent with its knownthe photosystem I (PSI) and cytochrome b6f (cyt. b6f)

complexes (e.g. the gene encoding ferredoxin NADP1 requirement for Pfr, because, unlike in the wild-type,
oxidoreductase,FNR). The combination of these three etiolatedaurea seedlings are largely deficient in phyto-
pathways therefore leads to full chloroplast development chrome (Sharmaet al., 1993). Furthermore, the fact that
and anthocyanin biosynthesis. in aurea AS1–GUS is expressed under all conditions

Using similar experiments we wanted, specifically: (i) to implies that Pfr normally repressesAS1–GUSexpression
address whether PfrA, PrA or both controlAS1regulation, in the light but that in phytochrome-deficient cells it is
(ii) to determine whetherAS1regulation requires calcium expressed constitutively.
and/or cGMP or whether other signalling molecules are We have previously found that injection of PHYA into
utilized and (iii) to identify specificcis-elements within hypocotyl cells of etiolatedaurea seedlings in the light
the AS1promoter which are targets of PHYA regulation. can restore chloroplast development and anthocyanin bio-
Our results show that PfrA repressesAS1expression in synthesis and can activate expression ofCAB–GUS, CHS–
the light and that it does so via the calcium/cGMP- GUS and FNR–GUS reporter genes (Figure 1 and Table
dependent pathway used to activate other responses, suchII; Neuhaus et al., 1993; Bowler et al., 1994a). To
asFNRgene expression. Hence, probably the same signaldetermine whether PHYA could also regulateAS1–GUS
transduction pathway is used to simultaneously ‘turn on’ expression, we co-injectedAS1–GUStogether with PHYA
and ‘turn off’ different events. Onecis-element within the

into aurea hypocotyl cells. We found that injection ofAS1promoter, which in our assay system displays all the
PfrA (i.e. injection of PHYA in white light conditions)properties of the intact promoter, is highly homologous to
was able to down-regulateAS1–GUSexpression inaurea,the RE1 element within the oatPHYA gene, previously
whereas injection of the Pr form (PrA) (i.e. injection ofproposed to be a target for phytochrome autoregulation
PHYA in green safelight conditions) could not (Figure 1(Bruceet al., 1991).
and Table II). Furthermore injection of PrA, followed by
its conversionin situ to PfrA by a red light pulse could

Results also inhibit expression. This down-regulation by red light
could, however, be relieved by subsequent irradiation withAS1–GUS is negatively regulated by PfrA
far-red light (Table II). These results thus demonstrateTo examine the regulation ofAS1 by phytochrome, a
that PHYA can controlAS1–GUS expression and that itplasmid containing 559 bp of the peaAS1promoter (Tsai,
does so in an opposite way compared withCAB–GUS,1991) fused upstream of the gene encoding the reporter
CHS–GUSandFNR–GUS(Neuhauset al., 1993; Bowlerβ-glucuronidase (AS1–GUS) was injected into sub-

epidermal hypocotyl cells of 7- to 10-day dark-grown wild- et al., 1994a).
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Table I. Photoregulated expression ofAS1–GUSandCAB–GUS in the wild-type andaureamutant

Genotype Reporter gene Light conditions No. injections No. activations Efficiency (%)

wt AS1–GUS D 132 12 9.0
wt AS1–GUS L 210 0
wt AS1–GUS R 85 0
wt AS1–GUS R/FR 89 9 10.1
wt CAB–GUS D 79 0
wt CAB–GUS L 132 10 7.6
wt CAB–GUS R 55 6 10.9
wt CAB–GUS R/FR 57 0
au AS1–GUS D 76 8 10.5
au AS1–GUS L 131 13 9.9
au AS1–GUS R 95 7 7.4
au AS1–GUS R/FR 71 8 11.3
au CAB–GUS D 68 0
au CAB–GUS L 122 0
au CAB–GUS R 62 0
au CAB–GUS R/FR 64 0

A summary ofAS1–GUSandCAB–GUSexpression in response to different light conditions in hypocotyl cells of etiolated wild-type (wt) andaurea
(au) seedlings. Following injection of the reporter genes, the seedlings were either transferred to the dark (D) or to white light (L) for 48 h.
Seedlings transferred to the dark were injected under green safelight conditions. For phytochrome photoreversibility experiments, seedlings injected
under green safelight were irradiated with red light (R) or red light followed by far-red light (R/FR) prior to incubation in the dark for 48 h, as
described in Materials and methods. The total number of injections is shown, together with the number of GUS-positive cells observed in each
experiment. The efficiency of GUS activation is expressed as a percentage.

Fig. 1. Phenotypes of injectedaureahypocotyl cells after microinjection with signalling intermediates. TheAS1–GUS, CAB–GUS, CHS–GUSand
FNR–GUSpanels show images of cells injected with the reporter genes alone (–) or co-injected with PfrA, GTPγS, calcium, cGMP or calcium plus
cGMP. GUS activity was examined as previously described (Neuhauset al., 1993) following incubation of injected material for 48 h in white light.
Images ofCAB–GUS, CHS–GUSandFNR–GUSexpression patterns are derived from repetitions of previous experiments (Neuhauset al., 1993;
Bowler et al., 1994a). Actual experimental data are shown in Table II. The chloroplasts and anthocyanin panels show representative images of
chlorophyll and anthocyanin fluorescence (visualized as described; Neuhauset al., 1993; Bowleret al., 1994a) observed prior to GUS staining in
cells injected with the different signalling intermediates. Chloroplasts generated by PfrA, GTPγS and calcium plus cGMP contain all the
photosynthetic machinery, whereas those generated by calcium lack cyt. b6f and PSI (Neuhauset al., 1993; Bowleret al., 1994a). All images were
taken from hand cut sections made through the injected regions of hypocotyls and are derived from independent injections into different seedlings.
Approximate intracellular concentrations: PfrA, 20 000 molecules; GTPγS, 50µM; calcium, 2µM; cGMP, 50µM. Arrows indicate the injected cells.
Scale bars in bright field micrographs represent 500µm, those in fluorescent micrographs 10µm.
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Table II. Down-regulation ofAS1–GUSexpression in theaureamutant by PfrA and its signalling intermediates

Co-injected material Light conditions Efficiency (%) (No. activations/No. injections)

AS1–GUS CAB–GUS CHS–GUS FNR–GUS C and A

D 9.2 (12/130) n.d. n.d. n.d.
L 10.0 (37/372) (0/110) (0/113) (0/123)

PHYA (20 000) D 7.8 (10/128) n.d. n.d. n.d.
PHYA (20 000) L (0/251) 10.8 (11/102) 9.9 (10/101) 8.8 (9/102) C and A
PHYA (20 000) R (0/135) n.d. n.d. n.d.
PHYA (20 000) R/FR 6.2 (8/129) n.d. n.d. n.d.
GTPγS (50µM) D (0/85) n.d. n.d. n.d.
GTPγS (50µM) L (0/300) 12.4 (13/105) 13.0 (15/115) 11.8 (13/110) C and A
GTPγS (50µM) R (0/72) n.d. n.d. n.d.
GTPγS (50µM) R/FR (0/59) n.d. n.d. n.d.
CTX (5000)1 GTPγS (1 µM) L (0/129) n.d. n.d. n.d. C and A
Ca21 (2 µM) L 9.3 (20/215) 13.2 (14/106) (0/110) (0/117) C
CaM (10 000) L 11.5 (15/131) n.d. n.d. n.d. C
cGMP (50µM) L 9.4 (23/244) (0/113) 13.7 (16/117) (0/109) A
Ca21 (2 µM) 1 cGMP (50µM) L (0/296) 8.3 (9/109) 10.0 (11/110) 8.9 (10/113) C and A
CaM (10 000)1 cGMP (50µM) L (0/176) n.d. n.d. n.d. C and A
CaM (3000)1 cGMP (110µM) L 10.1 (15/148) n.d. n.d. n.d. A
CaM (100 000)1 cGMP (50µM) L (0/152) n.d. n.d. n.d. C
CaM (10 000)1 cGMP (3.5µM) L (0/152) n.d. n.d. n.d. C

PHYA and other compounds were co-injected withAS1–GUS, CAB–GUS, CHS–GUSor FNR–GUS into aureahypocotyl cells at the concentrations
given (expressed as estimated final intracellular concentrations in number of molecules, unless stated otherwise) as described (Neuhauset al., 1993;
Bowler et al., 1994a,b). Efficiency of GUS activation (expressed as %) following different treatments is shown, together with actual experimental
data in parantheses (showing the total number of injections and the number of activations). GUS activity was examined 48 h post-injection.
Phytochrome photoreversibility experiments were performed as described in the Table I legend and in Materials and methods. For white light
experiments, PHYA injections were carried out in white light, whereas for dark, red and far-red experiments, injections were performed under green
safelight conditions. Hence, in the former experiments, PHYA was in the PfrA form, while in the latter it was injected in the PrA form. Calmodulin
was activated by calcium (CaM) as previously (Neuhauset al., 1993). A subset of injected cells were examined for chlorophyll (C) and anthocyanin
(A) fluorescence in order to confirm previous results (see Figure 1) (Neuhauset al., 1993; Bowleret al., 1994a,b). In injected cells kept in the dark
and in cells treated with red and/or far-red light pulses, no fluorescence was observed (Neuhauset al., 1993). n.d., not done.

Down-regulation of AS1–GUS by PfrA requires down-regulation. This has also been shown forCAB–GUS
activation, indicating that the only light-dependent stepcalcium and cGMP

Previous microinjection experiments inaurea, together between PfrA and nuclear gene regulation is likely to be
photoreceptor activation (Neuhauset al., 1993).with pharmacological studies in soybean SB-P cells, have

led to the identification of three major signal transduction Injection of calcium and activated calmodulin (CaM)
have been found to stimulateCAB–GUS expression andpathways used by PfrA to control chloroplast development

and anthocyanin biosynthesis (Neuhauset al., 1993; partial chloroplast development in etiolatedaurea hypo-
cotyl cells (Figure 1 and Table II; Neuhauset al., 1993).Bowler and Chua, 1994; Bowleret al., 1994a,b). It was,

therefore, of interest to determine whether these pathways Conversely, injection of cGMP can stimulateCHS–GUS
expression and anthocyanin biosynthesis (Figure 1 andare not only used for activation of these responses but

also for down-regulation of other responses, e.g. negative Table II; Bowleret al., 1994a). These molecules therefore
control distinct subsets of PfrA responses and act down-regulation ofAS1expression. To test this, we co-injected

a range of previously characterized molecules known to stream of G protein activation (Neuhauset al., 1993;
Bowler et al., 1994a). To determine if these previouslystimulate various PfrA responses. Activation of heterotrim-

eric G proteins, by injection of GTPγS and cholera toxin characterized PfrA signalling intermediates also regulate
AS1expression, they were co-injected withAS1–GUSinto(CTX), has been shown to stimulate full chloroplast

development and anthocyanin biosynthesis inaureahypo- aurea. Interestingly, neither calcium, activated CaM nor
cGMP alone (at concentrations previously found to becotyl cells (Neuhauset al., 1993) and to activate the

reporter genesCAB–GUS, FNR–GUS and CHS–GUS effective, 2µM, 10 000 molecules, and 50µM, respect-
ively, estimated final intracellular concentrations; Neuhaus(Figure 1 and Table II; Bowleret al., 1994a). In contrast,

co-injection of GTPγS and CTX withAS1-GUS in aurea et al., 1993; Bowleret al., 1994a,b) could down-regulate
AS1–GUSexpression in the light inaureacells (Figure 1led to down-regulation ofAS1–GUS and, unlike with

PfrA, this response was now unaffected by the light and Table II). However, a combination of calcium or
activated CaM together with cGMP was able to effectivelyconditions (Figure 1 and Table II). Hence, the response

was now light-independent, i.e. it had been uncoupled from blockAS1–GUS expression (Figure 1 and Table II),
suggesting that the down-regulation ofAS1–GUSby PfrAthe normal stimulus. These data therefore demonstrate that,

as for CAB–GUS, FNR–GUS and CHS–GUS activation is controlled by the same signalling molecules that it uses
to activate other responses. Specifically, it appeared that(Neuhauset al., 1993; Bowleret al., 1994a), the PfrA-

mediated down-regulation ofAS1–GUSrequires G protein AS1–GUS down-regulation may be controlled via the
same calcium/cGMP-dependent pathway we have foundactivation and also reveal that there are no light-requiring

steps downstream of G protein activation forAS1–GUS to activate expression of genes encoding PSI and cyt. b6f
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Table III. Effects of PfrA signal transduction inhibitors on reporter gene expression in wild-type cells

Inhibitor Efficiency (%) (No. activations/No. injections)

AS1–GUS CAB–GUS CHS–GUS FNR–GUS

(0/132) 9.1 (10/110) 9.8 (9/92) 13.5 (12/89)
Genistein (0/139) 14.0 (17/121) (0/92) 18.8 (13/69)
Trifluoperazine 13.2 (16/121) (0/83) 18.7 (14/75) (0/122)
Staurosporine 14.4 (18/125) (0/92) 24.7 (20/81) (0/119)

Efficiency of GUS activation (expressed as %) following different treatments is shown, together with actual experimental data in parentheses
(showing the total number of injections and the number of activations). Etiolated wild-type seedlings were injected and subsequently incubated for
48 h in white light. Treatment with inhibitors was as described (Bowleret al., 1994b). Concentrations of inhibitors: genistein, 100µM;
trifluoperazine, 200µM; staurosporine, 60 nM.

components, such asFNR (Figure 1 and Table II; Bowler these different compounds. For comparison, we also
examined the expression ofCAB–GUS, CHS–GUS andet al., 1994a).

PfrA signal transduction pathways have been found to FNR–GUSunder the same conditions. As predicted from
previous experiments inaurea (Bowler et al., 1994b),be subject to cross-talk regulation, which has been termed

reciprocal control (Bowleret al., 1994b). For example, CAB–GUS, CHS–GUS and FNR–GUS were expressed
in the light in these wild-type seedlings (Table III).activity of the calcium/cGMP-dependent pathway has been

found to be inhibited by high concentrations of cGMP, Furthermore, as already observed inaurea, CHS–GUS
expression was inhibited by genistein, whereasCAB–GUSbut not activated CaM, and to be able to function with

significantly lower amounts of cGMP (at least 6-fold) than andFNR–GUS expression were inhibited by trifluoper-
azine and staurosporine (Table III). These results revealdoes the cGMP-dependent pathway. To examine whether

regulation ofAS1–GUS expression was also modulated the consistency of data obtained fromaurea and wild-
type seedlings.by these phenomena, we co-injected different concentra-

tions of activated CaM and cGMP. Indeed, high concentra- AS1–GUS, however, was not expressed in the light, as
previously observed (Table I), and this down-regulationtions of cGMP (110µM) injected with activated CaM

(3000 molecules) were no longer effective in down- by light was found to be sensitive to trifluoperazine and
staurosporine, but not to genistein (Table III). Based onregulating AS1–GUS, whereas, in the presence of high

concentrations of activated CaM (100 000 molecules) and these data, together with that presented in Table II, it is
therefore highly likely that the same signal transductionnormal amounts of cGMP (50µM), down-regulation was

still observed, as it was when co-injecting low levels of pathway (i.e. the calcium/cGMP-dependent pathway) is
used by PfrA to control both up-regulation of some genescGMP (3.5µM) with activated CaM (10 000 molecules)

(Table II). Again, these results indicated thatAS1–GUS (e.g. FNR–GUS) and down-regulation of others (e.g.
AS1–GUS).down-regulation by PHYA was likely mediated by the

same calcium/cGMP-dependent pathway that has been
previously characterized as activating other responsesThe target of calcium and cGMP regulation within

the AS1 promoter(Bowler et al., 1994b).
It was interesting to observe that in these experiments The above data imply that there is a target(s) within

the AS1promoter for PfrA-mediated down-regulation bywith PfrA signalling intermediates, phenotypes character-
istic of both dark- and light-exposed material were mani- calcium and cGMP. Most simply, PfrA may act via calcium

and cGMP to activate a repressor that binds to such afested concurrently in the same cell, e.g. although injection
of calcium or activated CaM alone in the light resulted in sequence. To date, the best characterizedcis-acting element

found to be important for phytochrome-mediated down-CAB–GUSactivation and biogenesis of partially developed
chloroplasts and injection of cGMP alone resulted inCHS– regulation is RE1, an 11 bp GC-rich sequence centered

at –75 bp within the oatPHYA promoter (Bruceet al.,GUSactivation and anthocyanin pigment biosynthesis, in
both cases these cells could not down-regulateAS1–GUS 1991). When the RE1 sequence is mutated by linker

scanning mutagenesis, this promoter retains maximal(Figure 1 and Table II).
As further evidence thatAS1–GUS down-regulation expression following a far-red light pulse but is no longer

down-regulated by a red light pulse (Bruceet al., 1991).was mediated by the previously characterized calcium/
cGMP-dependent pathway, we tested the effect onAS1– Interestingly, the RE1 core sequence, TGGG, is present

within other PHYA promoters and can also be found inGUS expression of previously characterized pharmaco-
logical agents. Genistein (an inhibitor of tyrosine and the promoters of all genes so far characterized as being

down-regulated by light (Figure 2). Examination of thehistidine protein kinases; Huanget al., 1992) is known to
inhibit the cGMP-dependent pathway, whereas trifluoper- AS1promoter sequence revealed the presence of two such

sequences, albeit on the opposite DNA strand with respectazine (a calmodulin antagonist; Massomet al., 1990) and
staurosporine (a non-specific protein kinase inhibitor; to monocotyledonPHYA promoters, showing significant

homology with the RE1 core sequence, one centered atRüegg and Burgess, 1989) both inhibit the two calcium-
dependent pathways (Bowleret al., 1994b). For these –43 and the other centered at–160 (Figure 2). Thus, it

appeared possible that these elements may be the targetsexperiments, we injected dark-grown wild-type seedlings
and then incubated them in the light in the presence of for PfrA-mediated repression within theAS1promoter. To
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determine whether these sequences were required for (i.e. 5000 molecules) was sufficient to cause this effect,
although higher concentrations were more effective (Tabledown-regulation ofAS1–GUS by light, we performed
IV). In contrast, a tetramer of an RE3 element containingcompetition experiments using a tetramer of the most
a mutated core sequence (RE3m) (Figure 2) was not ableproximal RE1-related element within theAS1 promoter
to inhibit down-regulation by light, even when injected at(denoted RE3, centered at–43) (Figure 2). Similar competi-
an 80-fold molar excess (i.e. 100 000 molecules) per celltion experiments have recently been performed in tobacco
(Table IV). The sensitivity ofAS1–GUSdown-regulationcotyledon cells to study regulation of the cauliflower
to competition specifically by the RE3 tetramer thereforemosaic virus (CaMV)–90 35S promoter (Neuhauset al.,
strongly implies that a light-activated repressor indeed1994).
interacts with the RE3 element and that its removal (byCo-injection of AS1–GUS (5000 molecules) with a
competition) results in release of repression of theAS1plasmid containing the RE3 tetramer sequence into wild-
promoter in light. Conversely, we have found that introduc-type cells indeed resulted in inhibition of the down-
tion of a large excess ofAS1–GUSmolecules by micropro-regulation of AS1–GUS normally observed in the light
jectile bombardment also results in de-regulated expression(Table IV). A 4-fold molar excess of the competitor
(data not shown), suggesting again that a repressor is
being titrated out. When co-injected intoaurea cells,
neither RE3 nor RE3m had any effect onAS1–GUS
expression, i.e. the reporter gene was always expressed
(Table IV). This is consistent with the notion that inaurea
this repressor is either not present or not active, due to
the phytochrome deficiency in mutant seedlings.

To relate the activity of the repressor to PfrA and to
the PfrA signalling intermediates, we performed experi-
ments inaureaco-injectingAS1–GUSwith RE3 or RE3m,
together with various signalling intermediates. Normal
repression ofAS1–GUS by PfrA co-injection intoaurea
cells in light could indeed be inhibited in the presence of
sufficient amounts of the RE3 tetramer (an 8-fold molar
excess), although RE3m was not able to inhibitAS1–GUS
repression by PfrA (even at an 80-fold molar excess)
(Table V). Hence, we can conclude that down-regulation
of AS1–GUSvia RE3 in light is due to PfrA repressionFig. 2. RE1-related elements withinPHYApromoters and the peaAS1

promoter. Sequences were derived from the following sources: oat rather than PrA activation. Furthermore, repression of
PHYA, Hersheyet al., 1985; ricePHYA, Kay et al., 1989; maize AS1–GUS expression by co-injection of calcium and
PHYA, Christensen and Quail, 1989; peaPHYA, Sato, 1988; cGMP could be similarly competed by the RE3 tetramer,
Arabidopsis PHYA, Deheshet al., 1994; peaAS1, Tsai, 1991. The

but not by RE3m (Table V). These data thus indicate thatconserved core sequence TGGG is shown in bold and is underlined.
the RE3 element within theAS1 promoter is necessaryThe central nucleotide within the sequences (from which the

numbering is based) is indicated by an arrow. The TGGG sequence for PfrA-mediated repression ofAS1–GUS and requires
can also be found within the promoters of other light down-regulated either calcium, cGMP or both.
genes:Lemna NPR1andNPR2(Okubaraet al., 1993) and soybean
tubB1and tubB2 (Guiltinan et al., 1987; Tonoikeet al., 1994). The The RE3 repressor is a target for calcium and
sequence of the RE3 element used in competition experiments is based

cGMPon the RE1-related element within the peaAS1promoter centered at
The experiments described above do not demonstrate–43. The control oligonucleotide sequence RE3m contains a mutated

core sequence. For more information see Materials and methods. unequivocally that RE3 is a negative element regulated

Table IV. Summary of competition experiments in wild-type andaureahypocotyl cells

Genotype Target (conc.) Competitor (conc.) No. injections No. activations Efficiency (%)

wt AS1–GUS (5000) 145 0
wt AS1–GUS (10 000) 150 0
wt AS1–GUS (5000) RE3 (1000) 123 0
wt AS1–GUS (5000) RE3 (5000) 145 7 4.8
wt AS1–GUS (5000) RE3 (10 000) 130 12 9.2
wt AS1–GUS (5000) RE3 (100 000) 130 20 15.4
wt AS1–GUS (5000) RE3 m (1000) 115 0
wt AS1–GUS (5000) RE3 m (10 000) 149 0
wt AS1–GUS (5000) RE3 m (100 000) 140 0
au AS1–GUS (5000) 161 17 10.6
au AS1–GUS (5000) RE3 (1000) 109 11 10.1
au AS1–GUS (5000) RE3 (10 000) 121 14 11.6
au AS1–GUS (5000) RE3 (100 000) 120 13 10.8
au AS1–GUS (5000) RE3 m (10 000) 125 14 11.2
au AS1–GUS (5000) RE3 m (100 000) 119 13 10.9

Injected etiolated seedlings were maintained in white light for 48 h prior to analysis of GUS activity. Concentrations of target and competitor DNA
injected into cells is shown in number of molecules as estimated final intracellular concentration. For further details see Materials and methods.
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Table V. Competition experiments inaureacells using PfrA and signalling intermediates

Co-injected material Competitor (conc.) No. injections No. activations Efficiency (%) C and A

– – 85 11 12.9 –
PHYA (20 000) 125 0 C and A
PHYA (20 000) RE3 (1000) 124 0 C and A
PHYA (20 000) RE3 (10 000) 126 9 7.1 C and A
PHYA (20 000) RE3 (100 000) 119 16 13.4 C and A
PHYA (20 000) RE3m (10 000) 132 0 C and A
PHYA (20 000) RE3m (100 000) 133 0 C and A
CaM (10 000)1 cGMP (50µM) 129 0 C and A
CaM (10 000)1 cGMP (50µM) RE3 (1000) 121 1 0.8 C and A
CaM (10 000)1 cGMP (50µM) RE3 (10 000) 124 10 8.1 C and A
CaM (10 000)1 cGMP (50µM) RE3 (100 000) 131 15 11.5 C and A
CaM (10 000)1 cGMP (50µM) RE3m (10 000) 132 0 C and A
CaM (10 000)1 cGMP (50µM) RE3m (100 000) 131 0 C and A

PHYA and signalling intermediates were co-injected withAS1–GUS (5000 molecules) and competitor plasmids in white light into hypocotyl cells of
etiolatedaureaseedlings. Competitor plasmids contain tetramers of either the RE3 or RE3m sequences (see Materials and methods). GUS activity
was examined after 48 h white light incubation. Concentrations are in number of molecules unless stated otherwise. Abbreviations are as used in
previous tables. As in the experiments for Table II, a subset of injected cells were examined for chlorophyll (C) and anthocyanin (A) fluorescence, to
confirm previous observations (Neuhauset al., 1993; Bowleret al., 1994a).

Table VI. Expression of35S–RE3–GUSand35S–RE3m–GUS in wild-type andaureahypocotyl cells

Genotype Signaling compound Construct Light conditions No. injections No. activations Efficiency (%)

wt 35S–RE3–GUS D 85 9 10.6
wt 35S–RE3–GUS L 151 0
wt 35S–RE3m–GUS D 85 8 9.4
wt 35S–RE3m–GUS L 149 18 12.1
au 35S–RE3–GUS D 80 7 8.8
au 35S–RE3–GUS L 112 15 13.4
au 35S–RE3m–GUS D 85 8 9.4
au 35S–RE3m–GUS L 129 17 13.2
au PHYA (20 000) 35S–RE3–GUS D 86 7 8.1
au PHYA (20 000) 35S–RE3–GUS L 141 0
au PHYA (20 000) 35S–RE3m–GUS D 89 8 9.0
au PHYA (20 000) 35S–RE3m–GUS L 139 16 11.5
au Ca21 (2 µM) 35S–RE3–GUS L 125 20 16.0
au CaM (10 000) 35S–RE3–GUS L 121 19 15.7
au cGMP (50µM) 35S–RE3–GUS L 131 19 14.5
au CaM (10 000)1 cGMP (50µM) 35S–RE3–GUS L 145 0
au CaM (10 000)1 cGMP (50µM) 35S–RE3m–GUS L 109 18 16.5

Etiolated seedlings maintained in the dark (D) after injection were initially injected under green safelight conditions, while those incubated in white
light (L) subsequent to injection were injected under normal white light conditions. GUS activity was analyzed 48 h post-injection.GUS reporter
gene constructs were injected at estimated final intracellular concentrations of 10 000 molecules. Abbreviations are as used in previous tables.

by both calcium and cGMP. It is possible, for example, gene in either wild-type oraurea cells. Clearly then, the
RE3 element is both necessary and sufficient to mediatethat RE3 is a target for only one of the PfrA signalling

intermediates and that repression ofAS1–GUSby calcium light repression and can function in a heterologous context.
We tested whether RE3 itself was a target for PfrA,and cGMP is mediated by interactions between the RE3

binding factor and other DNA binding proteins recognizing and for calcium and cGMP, by injecting35S–RE3–GUS
into aurea cells together with these signalling inter-different cis-elements within theAS1 promoter. To test

the role of the RE3 element more precisely, we inserted mediates. Consistent with the above data, co-injection
with PfrA in light resulted in repression ofGUSexpressionthe RE3 tetramer between the35S B domain (–343 to

–90) and the minimal–4635STATA box, which is normally from 35S–RE3–GUS but not from 35S–RE3m–GUS,
whereas injection of PrA (performed under a green safe-constitutively expressed in both light and dark (Lam and

Chua, 1990). The artificial promoter was placed upstream light) and subsequent incubation of seedlings in darkness
did not result in35S–RE3–GUSor35S–RE3m–GUSrepres-of GUS (35S–RE3–GUS). When injected into wild-type

cells, we found that expression of this reporter gene was sion (Table VI). Furthermore, although injection of neither
calcium, activated CaM nor cGMP alone had any repress-now repressed in light, in the same way as wasAS1–GUS

(Table VI). Furthermore, consistent with the behaviour of ive effect, as withAS1–GUS, a combination of activated
CaM with cGMP resulted in repression of35S–RE3–GUS.AS1–GUS, 35S–RE3–GUS was not repressed in injected

aurea cells by light (Table VI). The RE3m tetramer, This was not observed with35S–RE3m–GUS (Table VI).
These experiments therefore demonstrate that RE3 is ahowever, could not confer light repression on the reporter
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target for both calcium and cGMP and that, at least in show that PHYA can specifically mediate this expression
pattern (Figure 1 and Table II).these experiments, it can mediate light repression in an

identical manner to the intactAS1promoter. The down-regulation ofAS1–GUSby PfrA requires G
proteins, calcium and cGMP (Figure 1 and Table II),
previously characterized as signalling intermediates forDiscussion
PfrA-mediated activation of anthocyanin biosynthesis and
chloroplast development (Bowleret al., 1994a). By allThe work presented in this manuscript is a continuation

of our use of the tomatoaurea mutant for dissection of known criteria (Bowleret al., 1994b), this down-regulation
appears to be controlled by the same signal transductionPHYA signal transduction. We have previously used this

mutant to identify positively acting signalling inter- pathway that is used to activate theFNRpromoter: down-
regulation is blocked by high concentrations of cGMP butmediates controlling PfrA-activated chloroplast develop-

ment and anthocyanin biosynthesis (Neuhauset al., 1993; not CaM, it can be inhibited by trifluoperazine and
staurosporine but not by genistein and it requires onlyBowler et al., 1994a). Unfortunately, several inadvertant

mistakes in data presentation were made in these articles low concentrations of cGMP (Tables II and III). Hence,
PfrA appears to use the same signal transduction pathway[see Erratum,Cell, 1994,79(4)]. Although these mistakes

did not affect the conclusions of our experiments, we have to both activate (e.g.FNR) and down-regulate (e.g.AS1)
different genes. This implies that there are differentnonetheless repeated key experiments relevant to the

essential features of the scheme. Our new experiments oppositely acting targets for the same PfrA signal transduc-
tion pathway, an efficient and mechanistically simpleconfirming the identity of the three signalling pathways

controllingCAB, CHSandFNRgene expression are shown means for concurrently activating and repressing different
responses. The identification of other phytochromein Figure 1 and Table II. Additionally, a combination of

microinjection experiments inaurea and physiological responses that are oppositely regulated by a single PfrA
signalling pathway will allow a better assessment ofanalyses in SB-P cultures has allowed us to begin to

understand cross-talk phenomena acting between different the physiological importance of this novel regulatory
mechanism.PfrA signal transduction pathways (e.g. reciprocal control)

(Bowleret al., 1994b) and other experiments have revealed It has been proposed that expression of genes that are
down-regulated by light, such asAS1, may be modulatedthat distinct phytochrome-responsivecis-elements are con-

trolled by calcium and cGMP (Wuet al., 1996). by phytochrome either by Pfr repression in light or by Pr
activation in the dark (Bruceet al., 1991). AlthoughThe phenotype of theaureamutant is rather complex.

Although likely to be a mutation affecting chromophore current knowledge would tend to favour the former
mechanism, the lack of experimental tools has made itbiosynthesis (Terry and Kendrick, 1996), biochemical and

physiological experiments have clearly indicated that the impossible to distinguish definitively between these two
possibilities. Concerning the regulation ofAS1by phyto-mutation affects primarily PHYA, i.e. functional PHYA is

absent in dark-grown seedlings and the mutant displays chrome, our current experiments have demonstrated:
(i) that in wild-type cellsAS1–GUScan be down-regulatedtype II phytochrome-regulated end of day far-red responses

(van Tuinenet al., 1996). However, theaureaphenotype by red light whereas inaurea it cannot (Table I); (ii) that
co-injection of PfrA in aurea can preventAS1–GUSis not wholly consistent with that ofArabidopsis phyA

null mutants (Whitelam and Harberd, 1994) nor with expression in light (Table II). This information would
suggest that PfrA is the mediator ofAS1down-regulationrecently isolated tomatophyAmutants (van Tuinenet al.,

1995). We nonetheless believe that the signalling pathways in light and that in its absenceAS1–GUS is expressed
regardless of whether PrA is present or not. However, aselucidated in this and previous articles are controlled by

PHYA, because injection of PHYA should rescue only with previous data, these experiments do not prove that
PfrA, and not PrA, is the active molecule. More definitivePHYA-mediated events. This is supported by recent

observations that injection intoaurea of recombinant experiments, however, have shown: (i) that it is possible
to prevent PfrA-mediated down-regulation ofAS1by co-reconstituted PHYA produces identical responses, whereas

equivalent concentrations of PHYB do not (Kunkel injection of a specific tetramer sequence corresponding to
a putativecis-element within theAS1 promoter (Tableet al., 1996).

In the present report, we have performed a series of IV); (ii) that this sequence by itself is sufficient to
confer PfrA-mediated down-regulation on a heterologousmicroinjection experiments to elucidate how PHYA down-

regulates expression of certain nuclear genes in light. In constitutively active35S promoter (Table VI). These
observations therefore provide compelling evidence thatparticular, we have used the promoter of the peaAS1gene

as a target. Tsai and Coruzzi (1990) have previously PfrA is the mediator ofAS1down-regulation in light and
that it functions by activating a putative repressor thatshown that this gene is highly expressed in the dark

but rapidly down-regulated in light. Moreover, down- binds to thiscis-element.
The 17 bpcis-element, denoted RE3, that we haveregulation is mediated by phytochrome primarily at the

transcriptional level (Tsai and Coruzzi, 1991). In agree- identified as the binding site of the putative repressor, is
centered at–43 and contains the TGGG core motif that isment with this data, our current results show that anAS1–

GUSchimeric gene is down-regulated by phytochrome in present within the promoters of all other genes so far
characterized as being down-regulated by light (Figure 2).wild-type tomato cells, whereas in theaurea mutant it

is expressed constitutively, regardless of the irradiation Another similar sequence is centered at–160 bp (although
its activity has not currently been tested). The importanceconditions (Figure 1 and Table I). Furthermore, by restor-

ing negative light regulation of theAS1–GUS gene in of cis-elements containing the TGGG core motif was
initially inferred from studies with the oatPHYApromoter.aurea by co-injection with PfrA, we have been able to
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In this latter case, linker scanning mutagenesis indicated these signalling molecules may activate the RE repressor
is currently open to speculation, although they may notthat an 11 bp sequence containing a TGGG motif, denoted

RE1, was a target for Pfr-mediated negative regulation modify DNA binding directly, because no differences in
binding of nuclear factors in response to changing Pfr(Bruce et al., 1991). In loss-of-function experiments, we

have corroborated this data by showing that a co-injected levels have been detected in footprint analyses of the oat
PHYApromoter (Bruceet al., 1991).RE3 tetramer can prevent down-regulation ofAS1–GUS

mediated by light in wild-type cells (Table IV) and by In summary, the results presented here provide a good
view of a plant signal transduction pathway. We havePfrA and CaM and cGMP inaurea cells (Table V),

although a tetramer containing a mutated core sequence identified both the most upstream component (PfrA) and
the most downstream component (a 17 bpcis-element)(RE3m) is ineffective. The simplest interpretation of these

results is that the RE3 tetramer is able to compete away and have information about some of the signal transduction
intermediates and their effective concentrations. Mosta repressor that binds this sequence within theAS1

promoter. If this is the case, a constitutively active activ- significantly, it is becoming clear that different responses
can be controlled via the same signalling network. In theator/enhancer must also interact with theAS1 promoter.

Consequently, theAS1promoter would be constitutively future, as other specific gene targets are linked to specific
pathways, as their activation/repression thresholds inactive in the dark, due to the absence of active repressor,

whereas activation of the repressor by PfrA in light would response to calcium and/or cGMP become defined and as
the influence of reciprocal control on their expression isblock activity of this positive element and hence inhibit

expression. Such a mechanism has also been proposed for investigated, it may become possible to interpret complex
physiological responses to light in terms of the functioningautoregulation of oatPHYA (Bruceet al., 1991).

The most convincing evidence that this sequence binds of this rather simple signal transduction circuitry.
a PfrA-generated repressor was derived from gain-of-
function experiments: when placed within the constitutive

Materials and methods35Spromoter (between the B domain and the–46 TATA
box) the RE3 tetramer was sufficient to confer light DNA constructs
repression in wild-type cells and PfrA-mediated repression The AS1 promoter was cloned using the polymerase chain reaction

(PCR) from pea genomic DNA prepared as described (Pruitt andin aureacells (Table VI). Again, the RE3m tetramer was
Meyerowitz, 1986). Based on the original published sequence, primersineffective. Furthermore, both calcium (or CaM) and
were designed for PCR in order to generate anXbaI–ScaI fragment ofcGMP were required to reproduce the repression mediated559 bp, which has been shown to be sufficient to mediate light down-

by PfrA in aurea (Table VI), indicating that the putative regulation in transgenic tobacco (Tsai, 1991). This fragment contains
559 bp of promoter sequence upstream of the transcription start site.repressor that binds to RE3 requires both signalling
The fragment was cloned as a transcriptional fusion to aGUS reportermolecules for activation.
gene (Jeffersonet al., 1987) containing a downstream poly(A) additionThe homology between RE1 and RE3, at both the
sequence from the peaRBCS3Cgene (Fluhret al., 1986) in plasmid

structural and functional levels, would strongly suggest pBluescript IISK. Other reporter gene constructs,CAB–GUS, FNR–GUS
that they are binding sites for the same (or at least a andCHS–GUS, have been previously described (Bowleret al., 1994a).

RE3 was made by annealing the following two sets of oligonucleotides:highly related) repressor, even though the RE1 and RE3
59-GATCTGGTGGGAGCTAG-39 and 59-GATCCTAGCTCCCACCA-cis-elements are present on opposite DNA strands within
39. RE3m was made with 59-GATCTGGACCGAGCTAG-39 and 59-their respective promoters. It has been proposed that RE1GATCCTAGCTCGGTCCA-39. Each of the two sets of oligonucleotides

binds a critical repressor that acts as the molecular switchwere ligated and the 68 bp fragments (tetramers) were cloned into the
BamHI site of pBluescript IISK. To construct35S–RE3–GUSand35S–controlling expression of oatPHYA (Bruce et al., 1991).
RE3m–GUS, the RE3 and RE3m tetramer fragments respectively wereOur current results support this view and indicate, in
inserted between the CaMV35SB domain (–343 to –90) and the–46addition, that the activity of this repressor is not limited
minimal promoter. The synthetic promoters were then fused upstream

to PHYA regulation but is also utilized in inactivating of a GUSreporter gene and the peaRBCS3Cpoly(A) sequence (Benfey
other genes that are down-regulated by light. Indeed, we and Chua, 1990).
have found that the RE3 sequence is both necessary

Microinjectionand sufficient to mediate this expression pattern. This
Seven- to 10-day-old etiolated seedlings of wild-type tomato (Lyco-information, together with the fact that RE sequences are
persicon esculentumcv. Moneymaker) and the long hypocotyl mutant

present within the promoters of all light down-regulated aurea(W616 genotypeau/au) were used in all experiments. Techniques
genes, infers that the repressor is well conserved and thatfor the microinjection and subsequent analysis ofaurea subepidermal

hypocotyl cells have been described (Neuhauset al., 1993; Bowleret al.,it may be critical for inactivating expression of such genes
1994a) and essentially the same protocols were followed for injectionin light. The isolation and characterization of this factor
and analysis of wild-type seedlings. Preparation and handling of injectionor complex will clearly be important for elucidation of solutions were performed as described previously (Neuhauset al., 1993;

the light-mediated repression mechanism. Bowler et al., 1994a), as was the treatment of injected seedlings with
pharmacological inhibitors (Bowleret al., 1994b). Purified oat PHYAAlthough we have found that the RE3 repressor requires
was stored in the dark as the PrA form. Hence, PHYA injections inboth calcium and cGMP for activation (Table VI), it is
green safelight conditions introduced PrA into the cells, whereas injec-not known whether RE elements within the promoters of
tions under normal (i.e. white light) conditions introduced PfrA.

other light down-regulated genes are regulated in the same Plasmids for microinjection were prepared using Qiagen and were
manner. The presence of a family of repressor proteins stored in injection buffer at concentrations between 0.2 and 1µg/µl

(Neuhauset al., 1993, 1994). Both reporter gene and competitor plasmidseach with a particular requirement for calcium and/or
were injected in the circular form. For competition experiments, thecGMP and with different binding affinities for the RE
target and competitor DNA were mixed immediately prior to injection.sequence, controlled by sequences around the TGGG core, Due to a technical refinement we now routinely use micropipettes

would allow fine tuning of individual responses in spite with an aperture diameter of 0.3–0.5µm (calculated as described;
Schnorf et al., 1994). The estimated volume delivered during eachof the utilization of common signalling molecules. How
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injection is 1 pl and the estimated cell volume is 160 pl (calculated as Huang,J., Nasr,M., Kim,Y. and Matthews,H.R. (1992) Genistein inhibits
described previously; Neuhauset al., 1993). Hence, pipette concentrations protein histidine kinase.J. Biol. Chem., 267, 15511–15515.
of reagents are 160 times higher than those shown in the tables. ThisJefferson,R.A., Kavanagh,T.A. and Bevan,M.W. (1987) GUS fusions:β-
differs from our initial microinjection protocol (Neuhauset al., 1993), glucuronidase as a sensitive and versatile gene fusion marker in higher
in which we estimated an injection volume of 5 pl. plants.EMBO J., 6, 3901–3907.

Kay,S.A., Keith,B., Shinozaki,K. and Chua,N.-H. (1989) The sequence
of the rice phytochrome gene.Nucleic Acids Res., 17, 2865–2866.Phytochrome photo-reversibility experiments

Kunkel,T., Neuhaus,G., Batschauer,A., Chua,N.-H. and Scha¨fer,E. (1996)For red/far-red experiments, all procedures for the preparation and
Functional analysis of yeast-derived phytochrome A and Bsubsequent injection of etiolated seedlings were performed under green
phycocyanobilin adducts.Plant J., 10, 625–636.safelight conditions (0.25µE/m2/s) [type TL40W/17 (Phillips) with

Lam,E. and Chua,N.-H. (1990) GT-1 binding site confers light-responsiveplexiglass filters PG303/3 mm and PG627/3 mm]. Injected seedlings
expression in transgenic tobacco.Science, 248, 471–474.were then either irradiated with red light (1.18µE/m2/s) [type TL40W/

Leu,W.-M., Cao,X.-L., Wilson,T.J., Snustad,D.P. and Chua,N.-H. (1995)15 (Phillips) with a red plexiglass filter (PG501/3 mm)] for 1 min or
Phytochrome A and phytochrome B mediate the hypocotyl-specificwere irradiated for 1 min with red light (1.18µE/m2/s) followed by 10
downregulation ofTUB1 by light in Arabidopsis. Plant Cell, 7,min of far-red light (0.2µE/m2/s) [120W Linestra lamp (Osram) with a
2187–2196.plexiglass combination of one layer red (PG501/3 mm) and two layers

Lissemore,J.L. and Quail,P.H. (1988) Rapid transcriptional regulation byblue (PG627/3 mm)]. Subsequently, the seedlings were returned to
phytochrome of the genes for phytochrome and chlorophyll a/b-darkness for 48 h before analysis.
binding protein inAvena sativa. Mol. Cell. Biol., 8, 4840–4850.

Massom,L., Lee,H. and Jarrett,H.W. (1990) Trifluoperazine binding to
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Rüegg,U.T. and Burgess,G.M. (1989) Staurosporine, K-252 and UCN-
Bruce,W.B., Deng,X.-W. and Quail,P.H. (1991) A negatively acting

01: potent but nonspecific inhibitors of protein kinases.TrendsDNA sequence element mediates phytochrome-directed repression of
Pharmacol. Sci., 10, 218–220.phyAgene transcription.EMBO J., 10, 3015–3024.

Sato,N. (1988) Nucleotide sequence and expression of the phytochromeCarabelli,M., Sessa,G., Baima,S., Morelli,G. and Ruberti,I. (1993) The
gene inPisum sativum: differential regulation by light of multipleArabidopsis Athb-2and-4 genes are strongly induced by far-red-rich
transcripts.Plant Mol. Biol., 11, 697–710.light. Plant J., 4, 469–479.

Schnorf,M., Potrykus,I. and Neuhaus,G. (1994) Microinjection technique:Christensen,A.H. and Quail,P.H. (1989) Structure and expression of a
routine system for characterization of microcapillaries by bubblemaize phytochrome-encoding gene.Gene, 85, 381–390.
pressure measurement.Exp. Cell Res., 210, 260–267.Clack,T., Mathews,S. and Sharrock,R.A. (1994) The phytochrome

Sharma,R., Lo´pez-Juez,E., Nagatani,A. and Furuya,M. (1993)apoprotein family in Arabidopsis is encoded by five genes: the
Identification of photoinactive phytochrome A in etiolated seedlingssequences and expression ofPHYD andPHYE. Plant Mol. Biol., 25,
and photo-active phytochrome B in green leaves of theaureamutant413–427.
of tomato.Plant J., 4, 1035–1042.Colbert,J.T., Costigan,S.A. and Zhao,Z. (1990) Photoregulation of

Sharrock,R.A. and Quail,P.H. (1989) Novel phytochrome sequences inβ-tubulin mRNA abundance in etiolated oat and barley seedlings.
Arabidopsis thaliana: structure, evolution, and differential expressionPlant Physiol., 93, 1196–1202.
of a plant regulatory photoreceptor family.Genes Dev., 3, 1745–1757.Dehesh,K., Franci,C., Sharrock,R.A., Somers,D.E., Welsch,J.A. and

Smith,H. (1995) Physiological and ecological function within theQuail,P.H. (1994) TheArabidopsisphytochrome A gene has multiple
phytochrome family.Annu. Rev. Plant Physiol. Plant Mol. Biol., 46,transcription start sites and a promoter sequence motif homologous
289–315.to the repressor element of monocot phytochrome A genes.Photochem.

Terry,M.J. and Kendrick,R.E. (1996) Theaurea and yellow-green-2Photobiol., 59, 379–384.
mutants of tomato are deficient in phytochrome chromophore synthesis.Fluhr,R., Moses,P., Morelli,G., Coruzzi,G. and Chua,N.-H. (1986)
J. Biol. Chem., 271, 21681–21686.Expression dynamics of the pearbcS multigene family and organ

Tonoike,H., Han,I.-S., Jongewaard,I., Doyle,M., Guiltinan,M. anddistribution of the transcripts.EMBO J., 5, 2063–2071.
Fosket,D.E. (1994) Hypocotyl expression and light downregulation ofGuiltinan,M.J., Ma,D.-P., Barker,R.F., Bustos,M.M., Cyr,R.J.,
the soybean tubulin gene,tubB1. Plant J., 5, 343–351.Yadegari,R. and Fosket,D.E. (1987) The isolation, characterization

Tsai,F.-Y. (1991) Molecular biological studies of the light-repressed andand sequence of two divergentβ-tubulin genes from soybean (Glycine
organ-specific expression of plant asparagine synthetase genes. Ph.D.maxL.). Plant Mol. Biol., 10, 171–184.
thesis, Rockefeller University New York, NY.Hershey,H.P., Barker,R.F., Idler,K.B., Lissemore,J.L. and Quail,P.H.

Tsai,F.-Y. and Coruzzi,G.M. (1990) Dark-induced and organ-specific(1985) Analysis of cloned cDNA and genomic sequences for
expression of two asparagine synthetase genes inPisum sativum.phytochrome: complete amino acid sequence for two gene products

expressed in etiolatedAvena. Nucleic Acids Res., 13, 8543–8559. EMBO J., 9, 323–332.

2563



G.Neuhaus et al.

Tsai,F.-Y. and Coruzzi,G. (1991) Light represses transcription of
asparagine synthetase genes in photosynthetic and nonphotosynthetic
organs of plants.Mol. Cell. Biol., 11, 4966–4972.

van Tuinen,A., Kerckhoffs,L.H.J., Nagatani,A., Kendrick,R.E. and
Koornneef,M. (1995) Far-red light-insensitive, phytochrome A-
deficient mutants of tomato.Mol. Gen. Genet., 246, 133–141.

van Tuinen,A., Hanhart,C.J., Kerckhoffs,L.H.J., Nagatani,A.,
Boylan,M.T., Quail,P.H., Kendrick,R.E. and Koornneef,M. (1996)
Analysis of phytochrome-deficientyellow-green-2andaureamutants
of tomato.Plant J., 9, 173–182.

von Arnim,A. and Deng,X.-W. (1996) Light control of seedling
development.Annu. Rev. Plant Physiol. Plant Mol. Biol., 47, 215–243.

Whitelam,G.C. and Harberd,N.P. (1994) Action and function of
phytochrome family members revealed through the study of mutant
and transgenic plants.Plant Cell Environ., 17, 615–625.

Wu,Y., Hiratsuka,K., Neuhaus,G. and Chua,N.-H. (1996) Calcium and
cGMP target distinct phytochrome-responsive elements.Plant J., 10,
1149–1154.

Received on December 19, 1996; revised on February 5, 1997

2564


