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I

Proverb

"Black and white are densities of more complicated grays."

-William Trevor, Excursions in the Real World

"If you get confused, listen to the music play."

-Robert Hunter and Jerry Garcia, "Franklin's Tower"
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Abstract

Understanding the mechanisms by which light signals are transmitted within a

plant to elicit changes in physiology and gene expression is a primary goal of current

research. Recently, significant insights have been gained regarding the signal

transduction pathway that is regulated by the red/far-red light receptor phytochrome.

Moreover, it has become clear that the phytochrome signaling pathway functions within

the context of a global regulatory network that exists in plants and permits fine control of

a multitude of responses to various environmental conditions. In this study, investigation

of the basic mechanisms of phytochrome signal transduction, and the way this signaling

pathway interacts with sugar signals was undertaken. Pharmacological studies of sucrose

signal transduction in a soybean cell culture demonstrated that sucrose is a potent inducer

of anthocyanin biosynthetic gene expression, and that its inductive effects are mediated

by the small signaling molecule cyclic GMP (cGMP). In addition, sucrose is an inhibitor

of phytochrome-regulated gene expression, but the manner in which it achieves these

effects remains undefined. It was also found that the signaling pathways of sucrose and

phytochrome synergistically interact to induce the expression of chalcone synthase. A

novel genetic screen was developed based on a phytochrome-dependent phenotype

induced in constant red and far-red light by the cGMP-dependent phosphodiesterase

inhibitor zaprinast in Arabidopsis thaliana. Mutations at a locus designated ZAP1 were

found to confer resistance to zaprinast in both red and far-red light, and resulted in plants

with elongated hypocotyls relative to wild type plants. Additional phytochrome­

regulated responses were also found to be altered in zapI mutants. The late flowering

phenotype of zapl mutants led to the discovery that the previously-identifiedJt mutant

was resistant to zaprinast in red light. Studies of gene expression in this mutant led to the

determination that mutations of the FT locus disrupt the synergistic integration of

phytochrome and sucrose signals, causing reduced expression of anthocyanin

biosynthetic genes. The results described here have strong implications for the nature of
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phytochrome signaling and the way it interacts with other pathways in a global regulatory

network.
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Chapter 1

Introduction

The environmental stimulus that produces the most profound effects on plants is

light. Light induces radical developmental changes in young plants, is instrumental in

establishing the period of biological rhythms, has profound influence on developmental

processes in older plants, and is the primary source of energy for the production of

glucose via photosynthesis (Kendrick and Kronenberg, 1994). Plants perceive light by a

group of regulatory molecules termed photoreceptors, different classes of which are

responsible for detecting light of different wavelengths. Light in the UV-B range is

detected by a specific receptor, whereas UV-A and blue light (B) are perceived by at least

one type of receptor, termed cryptochrome (Kendrick and Kronenberg, 1994). Red (R)

and far-red (FR) light are perceived by a class of photoreceptors termed the

phytochromes (Quail, 1991; Furuya, 1993). Studies of all of these photoreceptors has

been very intense over the last fifty years. The UV - B receptor is very poorly

characterized, as was the case with cryptochrome until recently, when a mutation in the

photoreceptor was identified, and it was subsequently cloned (Ahmad and Cashmore,

1993). The best characterized photoreceptors by far, though, are the phytochromes.

Phytochrome: Molecular Biology and Biochemistry

Phytochrome is comprised of a family of large proteins of approximately 120 kDa

to which are attached a linear tetrapyrrole chromophore (Furuya, 1993). They have been

demonstrated to be phosphoproteins, and exist as dimers in vivo (Hunt and Pratt, 1980).

Phytochrome is synthesized as an apoprotein that attaches its chromophore,

phycocyanobilin, by an autocatalytic mechanism (Furuya and Song, 1994). This

physiologically-inactive form of the photoreceptor is capable of absorbing light with a

peak in the R range of the visible light spectrum of 666 nrn, and is termed Pro

Absorbance of R converts the protein to its physiologically-active conformation, termed
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Pfr, which is able to absorb light with a peak absorbance in the FR range of the spectrum

at 730 nm. Absorbance of FR converts the active form, Pfr, back to its inactive form, Pr

(Furuya, 1993). Thus, phytochrome is a photoreversible molecule with an active and

inactive state that is dictated by the wavelength of light that it absorbs.

Phytochrome has been determined to mediate a number of physiological

responses that can be classified into three distinct groups based on the amount of light

required for induction. Very low fluence responses (VLFRs) can be stimulated by light

fluences totaling a mere 10-4-10-2 umol m-2, and may be induced by both Rand FR

(Smith et al., 1991). Because FR can induce the response as well as R, these responses

are not photoreversible. Low fluence responses (LFRs) can be induced by total light

fluences of 1-1000 umol m-2, and the inductive effects of Rare photoreversible by

subsequent FR treatment (Smith et al., 1991). High irradiance responses (HIRs) are

primarily induced in dark grown, etiolated plants by treatment with high fluence rate light

for extended periods of time (Smith et al., 1991). FR is a far more potent inducer of HIRs

than R, but R appears to be able to cause them under limited circumstances (Leu et al.,

1995). Because of the long duration of light treatment that is required to induce them,

HIRs are not photoreversible. All three types of response may be manifested at both the

physiological level and at the level of gene expression.

Biochemical characterization of phytochrome indicated that a large pool of

spectrophotometrically-detectable photoreceptor was present in etiolated plants that

rapidly disappeared shortly after light irradiation (Furuya, 1989). Subsequently, it was

found that phytochrome was present in light-grown plants, but at much lower levels than

those seen in etiolated plants (Pratt et al., 1991). It was proposed and later confirmed,

that two pools of phytochrome were present in plants, a light-labile pool termed type I,

and a light-stable pool termed type IT (Quail, 1991). Cloning of phytochrome genes from

a number of species, including oat (Avena sativa) (Hershey et aI., 1985), rice (Oryza

sativa) (Kay et al., 1989a), and Arabidopsis thaliana (Sharrock and Quail, 1989� Clack et

4



aI., 1994), indeed demonstrated that phytochrome was encoded by a multigene family. In

A rabidopsis , five genes have been identified and termed PHYA, PHYB, PHYC, PHYD,

and PHYE (Sharrock and Quail, 1989; Clack et aI., 1994).

PHYA cDNAs were isolated from libraries constructed from RNA isolated from

etiolated seedlings that contain large amounts of spectrophotornetrically-detectable

phytochrome. Thus, it was thought that PHYA would encode type I phytochrome. RNA

gel blot analysis demonstrated that the PHYA gene was expressed at very high levels in

the dark, and that expression was rapidly repressed after the onset of light treatment (Kay

et aI., 1989b). Nuclear run-off transcription assays demonstrated that repression of rice

PHYA occurred directly at the level of transcription (Kay et aI., 1989b), and studies of oat

PHYA expression indicated that repression of transcription occurred within 5 minutes

after light illumination commenced (Lissemore and Quail, 1988). It thus appeared that

PHYA was an excellent candidate for type I phytochrome.

In order to understand how PHYA transcription is regulated, deletion analysis of

the oat PHYA promoter was undertaken. It was found that three regions of the promoter

within 1 kilobase (kb) of the transcriptional start site were required for activation of the

gene (Bruce and Quail, 1990; Bruce et aI., 1991). Two functionally redundant elements

termed PE 1 and PE2 are located distal to the transcriptional start site, whereas the third

element, termed PE3, is located within 100 bp of the transcriptional start site, and is

absolutely required for efficient PHYA transcription (Bruce et aI., 1991). In addition,

linker scanning mutagenesis identified a region immediately downstream of PE3 that

mediates the light-dependent repression of PHYA transcription, and has been designated

REI. Moreover, it was found that the PEl, PE3, and REI regions of the promoter are

protected from digestion in in vitro DNase I protection assays (Bruce et aI., 1991).

Through comparison of the rice and oat PHYA promoters, it was found that whereas PE3

and RE 1 are common to both promoters, PE 1 is not. A different sequence element that

was important for transcriptional activity, termed GT-2, was identified in the rice
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promoter (Dehesh et aI., 1990). The DNA binding protein that recognizes this element

and a similar element located in close proximity termed GT-3, was cloned and called GT -

2 (Dehesh et aI., 1992). It appears as though both oat and rice utilize similar promoter

elements proximal to the TATA box to regulate transcription, but diverge distally.

Nevertheless, both species require the presence of two positively-acting elements for

efficient PHYA transcription (Dehesh et aI., 1992).

Immunological detection of phyA in plant extracts indicated that the protein was

rapidly lost following light treatment (Pratt et aI., 1974). Studies of protein stability

indicated that the Pr form of phyA (phyAr) was stable for approximately 100 hours

(Quail et aI., 1973). Photoconversion of phyAr to phyAfr dramatically reduced the

stability of the protein, as the half life of phyAfr was determined to be 60 minutes (Quail

et aI., 1973). phyA degradation is energy dependent, and phyAfr becomes conjugated to

ubiquitin, a protein that tags proteins for rapid degradation (Pratt et aI., 1974; Shanklin et

aI., 1987; Finley and Chau, 1991). Searches for possible ubiquitination sites on phyA

identified the region of phyA between amino acids 742 and 790, that contains three

lysines that could serve as ubiquitin conjugation sites (Shanklin et aI., 1989).

Interestingly, this region of phyA appears to become exposed on the surface of the

molecule following conversion to phyAfr (Grimm et aI., 1988). In addition, a protein

motif termed the PEST sequence that has been found in numerous highly unstable

proteins, has been identified in phyA in a region adjacent to the chromophore (Vierstra

and Quail, 1985). At present, the precise phyA degradation mechanism has not been

conclusively determined.

A third mechanism controlling phyA abundance appears to function as well.

Specifically, the presence of a series of degradation products on RNA gel blots measuring

PHYA mRNA abundance indicates that the mRNA is very unstable. It was demonstrated

that these degradation products did not result from the RNA isolation procedure, and

reflected in vivo degradation (Seeley et aI., 1992). Unlike repression of PHYA
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transcription and Pfr degradation, though, mRNA degradation is not enhanced by light

treatment, as it is rapidly degraded both in the absence and presence of light. From this

work, it was determined that the half-life of PHYA mRNA is approximately 60 minutes, a

time substantially shorter than the observed 30 hour half lives of many soybean RNAs

(Silflow and Key, 1979; Seeley et aI., 1992). Clearly, a complex set of mechanisms have

evolved to ensure that phyA levels can be very tightly regulated.

Genes encoding PHYB, PHYC, PHYD, and PHYE were cloned from Arabidopsis,

and it was found that their sequences are considerably divergent from PHYA (Sharrock

and Quail, 1989; Clack et aI., 1994). Moreover, the sequences of PHYB-E, are divergent

as well, with PHYB and PHYD being the most homologous at 80% (Clack et aI., 1994).

The expression patterns of PHYB-E were very similar, in that expression of all four genes

appeared to be constitutive (Sharrock and Quail, 1989; Clack et aI., 1994), and expression

of PHYB was the highest of the four (Sharrock and Quail, 1989). There was no evidence

of light repression of any of these genes. In addition, immunological detection of phyB

and phyC demonstrated that the proteins are stable in the light, and that phyB is twenty

fold more abundant than phyC (Somers et aI., 1991). Antibodies that specifically

recognize phyD and phyE have not been reported, so it is not possible to assess their

relative abundances. Thus, PHYB -E are considered type II phytochromes (Sharrock and

Quail, 1989; Clack et aI., 1994). Identification of regulatory elements and factors that

bind them has not been performed on any of these promoters.

With the existence of multiple forms of phytochrome within the same plant and

within the same cell, it is difficult to ascribe particular physiological and molecular

functions to individual species. Progress has been made, however, because of the use of

transgenic plants that overexpress different phytochrome isoforms, and because of the

isolation of mutants that are deficient in different phytochrome species. The effects of

phytochrome mutation and overexpression on molecular and physiological aspects of

plant development will be considered.
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PHYA and PHYB overexpression

Cloned PHYA and PHYB genes have been overexpressed from the strong

constitutive 35S promoter of cauliflower mosaic virus (CaMV) in a number of different

species, including tobacco (Nagatani et aI., 1991b), tomato (Boylan and Quail, 1989), and

Arabidopsis (Boylan and Quail, 1991; Wagner et aI., 1991). Overexpression of either

isoform results in a dwarf phenotype of mature plants, and dramatically-shortened

hypocotyls of seedlings when grown in white light (W), indicating that the plants are

hypersensitive to light (Boylan and Quail, 1989; Boylan and Quail, 1991; Nagatani et aI.,

1991 b; Wagner et aI., 1991). Growth in R produces similar inhibition of hypocotyl

elongation in both the PHYA and PHYB overexpressers, whereas growth in FR evokes a

hypersensitive response in PHYA overexpressers only (Boylan and Quail, 1991;

McCormac et aI., 1993; Boylan et aI., 1994). This indicates that phyA and not phyB can

be activated by FR. Overexpression of these peptides routinely increases the amount of

phytochrome by 5-15 fold (Kay et aI., 1989c; Wagner et aI., 1991). A study examining

the effect of PHYB copy number demonstrates that two additional copies of the PHYB

gene are sufficient to induce the light hypersensitivity seen in overexpressing lines

(Wester et aI., 1994). Clearly, the cells are profoundly sensitive to the amount of active

phytochrome they contain, and respond accordingly.

Mutational analysis of phytochrome

Mutations affecting all phytochromes

Genetic screens were undertaken to isolate mutants of Arabidopsis that were

deficient in their response to light. In these screens, mutagenized seedlings were grown

in W, and plants that retained the morphology of dark-grown, etiolated seedlings were

selected as mutants (Koomneef et aI., 1980). Normally, light inhibits hypocotyl

elongation, induces the opening of the apical hook, and stimulates cotyledon expansion

and chloroplast development. The plants selected as mutants displayed the features of

etiolated seedlings, possessing long hypocotyls, closed apical hooks, and unexpanded
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cotyledons (Koornneef et aI., 1980; Chory et aI., 1989a). Three of these mutants, hyi,

hy2, and hy6 were demonstrated to have long hypocotyls in W, R, and FR. Resistance to

the latter two light treatments indicate defects in phytochrome, as they are unresponsive

to R growth inhibition, and have lost the FR-HIR. Moreover, spectrophotometric

analysis of these mutants demonstrated that they lacked detectable phytochrome

(Koornneef et aI., 1980; Chory et aI., 1989a). Immunochemical detection indicated that

hyI and hy2 contained detectable Phy apoprotein, but proteolysis assays indicated that it

was not photoreversible (Parks et aI., 1989). Subsequently, it was found that the

mutations in hyi, hy2, and hy6 could be rescued by phytochrome chromophore

precursors, demonstrating that the mutations affected chromophore biosynthesis (Parks

and Quail, 1991; Nagatani et aI., 1993). Given the likelihood that all phytochromes use

the same chromophore, these mutants are likely to be deficient in all phytochromes.

Mutations affecting PHYB

The initial screen for Arabidopsis light response mutants yielded one mutant,

termed hy3, which possessed a long hypocotyl in white and R light, yet had a normal

response to FR (Koornneef et aI., 1980). Subsequently, it was found that hy3 mutants

lacked detectable phyB polypeptide, whereas they possessed normal phyA (Nagatani et

aI., 1991 a; Somers et aI., 1991). Sequencing the PHYB gene in these mutants

demonstrated that it contained numerous lesions, confirming the identity of the HY3 locus

as PHYB (Reed et aI., 1993). Similar mutations that affect the long hypocotyl (lh) mutant

of cucumber (Cucumis sativa) and the elongated internode (ein) mutant of Brassica also

appear to affect PHYB (Lopez-Juez et aI., 1990; Devlin et aI., 1992). The temporarily red

light insensitive (tri) mutant of tomato (Lycopersicon esculentum) also lacks a phyB-like

polypeptide, but the effects of the deficiency are confined to the first two days following

the transition from dark growth to growth in R (van Tuinen et al., 1995b).
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Mutations affecting PHYA

The initial screens to isolate light response mutants in Arabidopsis did not yield

mutants in the PHYA gene. The fact that phyB mutants retained their FR HIR despite

being deficient in other phytochrome-mediated responses suggested that phyA mediated

the FR-HIR. Mutants that displayed the phenotype of etiolated seedlings when grown in

constant FR (FRc) were selected as potential mutants (Nagatani et aI., 1993; Parks and

Quail, 1993; Whitelam et aI., 1993). Since mutations in hyl, hy2, and hy6 also conferred

FR insensitivity, secondary screens to eliminate them from the pool were devised

(Nagatani et aI., 1993; Parks and Quail, 1993; Whitelam et aI., 1993). This resulted in the

isolation of several Arabidopsis phyA mutants whose identities were confirmed by

sequencing the PHYA gene and finding lesions, or demonstrating chromosomal

rearrangements of the PHYA gene in radiation-induced mutants (Dehesh et aI., 1993;

Whitelam et aI., 1993; Reed et aI., 1994). In addition to the Arabidopsis mutants, tomato

mutants that possessed elongated hypocotyls in B and low fluence rate R were isolated.

Subsequently, it was found that these mutants were not responsive to FR, and were

named far- red insensitive (jri). The fri mutation mapped very close to the known location

of the PHYA gene on chromosome 10, and the mutants were shown to lack

immunochemically-detectable phyA polypeptide and spectrophotometrically-detectable

type I phytochrome (van Tuinen et aI., 1995a). Thus, like the Arabidopsis mutants,

tomatofri mutants are considered PHYA deficient.

A second tomato mutant termed aurea (au), possesses elongated hypocotyls in W,

much like the phyB and hyl mutants of Arabidopsis (Koornneef et aI., 1985). Unlike

these mutants, though, au mutants were found to lack immunochemically- and

spectrophotometrically-detectable phyA, while retaining detectable phyB (Parks et aI.,

1987; Sharma et aI., 1994). The difference in light sensitivity relative to other phyA

mutants is difficult to explain, although it has been proposed that au affects chromophore
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biosynthesis. If this were the case, one would not expect that phyB would still be

functional. Identification of the nature of the au mutation clearly requires further study.

Involvement of phytochrome in physiological responses

The production of plants that overexpress phyA or phyB and the identification of

mutations that specifically affect each of these genes has allowed the investigation of the

different physiological roles each form of phytochrome plays. As mentioned earlier,

phytochromes playa major role in a number of physiological processes, including seed

germination, end-of-day light responses, and flowering, as well as regulating gene

expression. In addition to Rand FR perception and response, these phenomena and the

prospective roles of different phytochrome isoforms in them will be considered below.

Perception of red andfar-red light

The initial screens for Arabidopsis light response mutants utilized W for selection,

and the chromophore biosynthetic mutants hyl, hy2, and hy6, as well as the phyB mutant

were selected. All four mutants were found to be insensitive to Wand R, and the

chromophore mutants were also demonstrated to be insensitive to FR (Koomneef et aI.,

1980; Chory et aI., 1989a). As hyl, hy2, and hy6 are deficient in all phytochromes, it was

likely that a phytochrome other than phyB conferred FR light responsiveness. Isolation

of phyA mutants based on FR sensitivity bore out this prediction (Nagatani et aI., 1993;

Parks and Quail, 1993; Whitelam et aI., 1993). Measurements of sensitivity to different

wavelengths of light based on the degree to which hypocotyl elongation is inhibited has

proven to be a fairly accurate indicator of photoreceptor function. phyA mutants display

very long hypocotyls when grown in FR, and have slightly longer hypocotyls than WT in

R (Nagatani et aI., 1993; Parks and Quail, 1993; Whitelam et aI., 1993). Similar results

have been obtained with the phyA-deficientfri mutant of tomato, which is insensitive to

FR, and is also partially insensitive to R (van Tuinen et aI., 1995a). By contrast, phyB

mutants possess very long hypocotyls in R, yet retain WT responsiveness to FR

(Koomneef et aI., 1980). Thus it is possible to ascribe different light sensing functions to
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phyA and phyB. By virtue of the responsiveness of phyA mutants to Rand FR, one can

conclude that phyA is the sole mediator of responses to FR, and contributes to R

responsiveness to a lesser degree. That phyA is rapidly degraded and its production is

inhibited in R may explain why phyA does not contribute more to R responses.

Conversely, phyB appears to contribute only to R responsiveness, as it responds to FR

like WT plants. Work with phyAphyB double mutants bears out these assertions. The

double mutant shows equal insensitivity to FR as the phyA mutant alone, demonstrating

that additional loss of phyB does not further reduce FR-responsiveness (Reed et al.,

1994). Moreover, the double mutant is approximately 1.5 times longer than phyB

mutants alone when grown in R, demonstrating that removal of phyA eliminates

additional R-responsiveness (Reed et al., 1994).

Studies in plants that overexpress phyA or phyB support the results obtained from

the mutant studies. PHYA overexpression yields plants that are hypersensitive to W, R,

and FR (Boylan and Quail, 1991; Nagatani et al., 1991b; McCormac et al., 1993). This

clearly demonstrates that the presence of more phyA in cells than normal under light­

grown conditions confers additional R-responsiveness. Similarly, overexpression of

PHYB causes plants to display hypersensitivity to Wand R, yet there is no effect on FR­

responsiveness (Wagner et al., 1991; McCormac et al., 1993). If PHYB copy number is

increased from 2-4 copies per diploid genome and expression is regulated by the PHYB

promoter, plants display similar hypersensitivity to light as overexpressing plants which

increase the amount of phyB 15-fold (Wester et al., 1994). Thus, it is clear that cells are

extremely sensitive to the amount of active phytochrome they contain.

The differential sensitivity of phyA and phyB to FR indicates that intrinsic

differences between the molecules endow phyA with the FR-sensory capacity that phyB

lacks. Domain swapping experiments in which the chromophore-bearing amino terminus

of phyA was fused to the carboxy terminus of phyB demonstrate that plants that

overexpress this fusion possess the same FR hypersensitivity as plants that overexpress
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native phyA (unpublished data cited in Quail et aI., 1995). In the reciprocal experiment,

overexpression of a fusion of the chromophore-bearing amino terminus of phyB to the

carboxy terminus of phyA did not confer FR hypersensitivity (unpublished data cited in

Quail et aI., 1995). Thus, the ability to sense FR resides in the amino terminus ofphyA.
This photosensory specificity may reside in the first 52 amino acids at the amino

terminus, as deletion of these residues induces a dominant negative phenotype with

regard to FR sensitivity when expressed in vivo (Boylan et aI., 1994).

Germination

Numerous environmental factors have been demonstrated to affect the

germination of seeds, including light and temperature. The stimulatory effect of R on the

germination of Lactuca sativa seeds, and the reversibility of this effect by subsequent

treatment with FR was one of the first phytochrome-regulated responses to be discovered

(Borthwick et aI., 1952). Studies of germination with Arabidopsis plants containing null

mutations in PHYA andJor PHYB have greatly aided the identification of which

phytochromes are involved in germination. It was found that the germination of wild

type (WT) seeds in the dark was reduced relative to those germinated in constant R or W,

where germination rates approached 100% (Johnson et aI., 1994; Reed et aI., 1994;

Shinomura et aI., 1994). In addition, FR was found to reduce the level of germination

compared to seedlings grown in darkness (Reed et aI., 1994; Shinomura et aI., 1994).

phyA mutants showed similar germination responses as WT when grown in darkness, W,

and R, but germination in FR was totally absent (Johnson et aI., 1994; Reed et aI., 1994;

Shinomura et aI., 1994). A similar reduction in germination response to FR was seen in

putative phyA mutants of tomato (van Tuinen et aI., 1995a). Germination of phyB

mutants was virtually abolished in darkness, yet showed normal responses to constant R

and W (Reed et aI., 1994; Shinomura et aI., 1994). Pulses ofR were ineffective in

stimulating phyB germination (Cone and Kendrick, 1985). Interestingly, germination of
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phyB mutants in FR was enhanced relative to WT (Reed et aI., 1994; Shinomura et aI.,

1994).

The following conclusions can be drawn from these data. First, phyBfr is

responsible for dark germination. Loss of this photoreceptor completely abolished

germination in darkness. Since phyB is detectable in WT dry seed, whereas phyA is not,

it is likely that conversion of phyB r to phyBfr in dry seed stimulates germination

(Shinomura et aI., 1994). Indeed, briefly treating seeds with FR reconverts all phyBfr

back to phyfs}, and results in the loss of dark germination (Shinomura et aI., 1994).

Second, phyA is required for germination in FR. Loss of phyA by mutation completely

eliminates this response. It is interesting to note that germination of phyB seeds in FR

increases with longer periods of time in which the seeds are imbibed prior to FR

treatment (Shinomura et aI., 1994). This may be explained by the observation that

whereas dry seeds lack phyA and its promoter is inactive, imbibition results in a very

strong activation of PHYA transcription (Somers and Quail, 1995b). Thus, as phyA

accumulates over time, the ability to germinate in FR is acquired. This is supported by

the observation that tobacco seeds that overexpress phyA have the ability to germinate in

FR, unlike untransformed controls (McCormac et aI., 1991). Because phyA in imbibed

seeds is not immunochemically-detectable though, the amount of phyA required for this

response is exceedingly small (Shinomura et aI., 1994). Third, in constant W or R,

germination can be mediated by other photoreceptors, possible phyC, phyD, phyE, or the

blue light receptor cryptochrome. This conclusion may be drawn from the observation

that phyAphyB double mutants germinate like wild type seeds under these conditions

(Reed et aI., 1994). Finally, phyBr appears to antagonize phyA-mediated germination in

FR. In WT, germination in FR is low compared to dark-grown or W controls. Removal

of phyB by mutation results in a substantial increase in the ability to germinate in FR

(Reed et aI., 1994; Shinomura et aI., 1994). This indicates that the phyBr produced by FR

treatment represses the positive effects produced by FR activation of phyA.
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End-of-day FR and shade avoidance responses

It has been proposed that the primary function of phytochrome as a growth

regulator is to sense the ratio of R:FR, and induce responses in the plant that allow it to

thrive under these conditions (Smith, 1994). For instance, plants growing under dense

canopies frequently receive light that has been reflected from other plants which has been

depleted of R wavelengths via chlorophyll absorption, rendering it rich in FR. Thus

when R:FR is low, the cue transmitted via phytochrome stimulates growth so that the

plant can grow taller than its competitors and obtain R-rich light (Smith, 1994). This is

termed the shade avoidance response. Similarly, plants that receive high doses of FR

prior to darkness tend to elongate more during the ensuing dark cycle. This phenomenon

is termed the end-of-day FR response (EOD FR) (Smith, 1994). Because the effects of

these light treatments are observed in light-grown plants, type II phytochrome is thought

to mediate the responses. Indeed, mutations in PHYB block the EOD FR in Arabidopsis

and the ein mutant of Brassica (Nagatani et aI., 1991a; Devlin et aI., 1992), and block the

shade avoidance response of Arabidopsis, as assessed by hypocotyllength (Robson et aI.,

1993). Other markers for the shade avoidance response can be scored as well, including

petiole growth and early flowering. These phenotypes are not perturbed in Arabidopsis

phyB mutants, implicating another type II phytochrome in the response (Robson et aI.,

1993). phyA mutants display normal shade avoidance and EOD FR responses, indicating

that this isoform plays no role in the response (Nagatani et al., 1993).

Flowering

The effect of phytochrome action on flowering was first observed in studies of

short day plants that require long periods of darkness every day to induce flowering.

Treating these plants with light in the middle of their dark cycle is equivalent to

extending the period of light growth, with both treatments delaying the onset of flowering

(Borthwick and Hendricks, 1960). Plants possessing phyB deficiencies like the phyB

mutant of Arabidopsis have been shown to flower significantly earlier than WT (Goto et
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aI., 1991). Plants grown in light with a low R:FR also flower significantly earlier than

those grown under a high R:FR. phyB mutants flower earlier under these conditions as

well, demonstrating that another light-stable phytochrome is involved in this response

(Robson et aI., 1993). In general, phyA mutants flower at essentially the same time as

WT, but the promotive effect of flowering by day length extensions in Arabidopsis is

significantly reduced in phyA mutants (Bagnall et aI., 1995). This is expected because FR

is most effective at promoting flowering in this manner and a FR-HIR appears to be

involved, the induction of which must be mediated by phyA.

It may be predicted that if the loss of phyB results in early flowering, then

overexpression of PHYB should result in late flowering. This is not the case, however.

Like phyB mutants, plants that overexpress PHYB flower significantly earlier than the

untransformed controls. Similarly, whereas phyA mutations have little effect on

flowering under normal conditions, plants that overexpress PHYA flower early as well

(Bagnall et aI., 1995). It is clear that regulation of flowering time is mediated by a

number of factors, including light, but this process is much too complex to allow accurate

prediction of the effects on flowering caused by major perturbations of plant physiology.

Regulation of Gene Expression

Phytochrome has been shown to regulate the expression of a large number of

genes, in both a positive and negative manner. Genes that are positively-regulated by

light include those encoding the small subunit of ribulose 1,5-bisphosphate

carboxylase/oxygenase (RBCS), chlorophyll alb binding proteins (CAB), and chalcone

synthase (CHS), the enzyme that catalyzes the first committed step in anthocyanin

biosynthesis (Batschauer et aI., 1994). Genes that are negatively-regulated by light

include asparagine synthetase (AS1), PHYA, and PHYB (Lam et aI., 1994; Somers and

Quail, 1995a). Ascribing regulatory functions to particular forms of phytochrome has

again been addressed using phytochrome-deficient mutants. It has been found that the

induction of CAB expression by red light pulses is slightly reduced in the chromophore
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deficient mutant hyl (Chory et al., 1989a), and is normal in phyA and phyB mutants

(Reed et al., 1994), demonstrating that both forms are able to mediate induction. In

phyAphyB double mutants, however, normal induction of CAB is not observed.

Expression is usually detectable within 4 hours, but instead, expression is not detectable

until 12 hours after treatment in the double mutant, indicating that another phytochrome

has taken over the function (Reed et al., 1994). In the case of CHS, it has been found that

induction by both Rand FR is absolutely dependent on the presence of phyA (Bames et

aI., 1996b). phyA mutants display no detectable CHS expression in FR and considerably

reduced expression in R, although B-mediated induction is normal (Barnes et al., 1996b).

Repression of PHYA and PHYB expression is also mediated by phytochrome. Use

of promoter:: �-glucuronidase (GUS) fusions in mutant backgrounds has demonstrated

that repression of PHYA expression can be mediated by either phyA or phyB when

treated with W (Somers and Quail, 1995a). This is important because it allows proper

repression of PHYA expression under all conditions in which phytochrome is active.

PHYB repression, however, is mediated almost solely by phyB itself under the conditions

tested (Somers and Quail, 1995a). It remains to be determined whether phyA can

mediate repression under growth in FR. Because the intricacies of gene regulation clearly

extend to the level of individual photoreceptors, no blanket statements can be made with

regard to which isoform modulates gene expression. Rather, differential regulation will

have to be assessed on a case by case basis.

Genetic Analysis of Phytochrome Signaling

The earliest genetic screens have proven fruitful in producing mutations that

directly affect the photoreceptors themselves (Koomneef et aI., 1980). Despite cloning

the genes encoding the photoreceptors, little insight has been gained regarding the steps

through which a phytochrome-mediated signal is transduced. The phytochrome-mediated

effects of light on plant development, morphology, physiology, and gene expression have

been used as the basis for a large number of genetic screens designed to identify
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components of the phytochrome signaling pathway. Recent efforts to identify signaling

components by genetic means have focused on the isolation of gain-of-function and loss­

of-function mutants.

Gain-of-function mutants

Isolation of loss-of-function phytochrome mutants was achieved by selecting

mutant plants that retained an etiolated, dark-grown phenotype despite being grown in the

light (Koornneef et al., 1980). It was therefore reasoned that gain-of-function mutants

could be isolated by selecting mutants possessing a light-grown morphology despite

growth in the dark. A large number of mutations isolated in this manner have been found

to be of the fusca (Jus) class of mutants, which were originally isolated based on

accumulation of abnormally high amounts of anthocyanin in the seed coat (Castle and

Meinke, 1994; Misera et al., 1994). These mutations have also been designated de­

etiolated (det) and constitutively photomorphogenic (cop) (Chory et a1., 1989b; Deng et

a1., 1991). Thus, copl is allelic to fusl , detl to Jus2, cop8 to fus8, cop9 to Jus7, coplO to

fus9, and copll to fus6 (Misera et al., 1994). All of these mutants possess short, thick

hypocotyls, open, expanded cotyledons, and no apical hook when grown in the dark

(Chory et al., 1989b; Deng et a1., 1991; Wei and Deng, 1992; Castle and Meinke, 1994;

Wei et al., 1994). This morphology is very similar to that of light-grown plants. In

addition, the plants produce large amounts of anthocyanin in the dark, a phenomenon that

usually requires light stimulation. Examination of gene expression demonstrated thatfus

plants express the light-inducible genes CAB, RBCS, and a number of chloroplast­

encoded genes at very high levels in the dark (Chory et al., 1989b; Deng et al., 1991; Wei

and Deng, 1992; Wei et al., 1994). The CBS gene was expressed in the wrong cell types

at exceedingly high levels, reflecting the large amount of anthocyanin that accumulates in

mutant plants (Chory and Peto, 1990). In detl plants, despite aberrant gene expression in

the dark, CAB and RBCS are shut off in a normal manner when light-grown plants are

returned to darkness (Chory et al., 1989b). In these fus mutants, chloroplast maturation
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begins in the dark (Chory et aI., 1989b; Deng et aI., 1991; Wei and Deng, 1992; Wei et

aI., 1994), and plastids abnormally develop into chloroplasts in the roots of detl and copl

plants, rather than starch-containing amyloplasts (Chory et aI., 1989b; Deng and Quail,

1992a). Germination is light-independent in the detl mutant, whereas it is regulated

normally by phytochrome in the otherJus mutants tested (Chory et aI., 1989b; Deng et aI.,

1991; Wei and Deng, 1992; Wei et al., 1994). Unlike WT plants, fits mutants develop

true leaves during extended growth in the dark, and produce pale green, dwarf plants

when grown in the light (Chory et aI., 1989b; Deng et aI., 1991; Wei and 1?eng, 1992;

Wei et aI., 1994). Weak alleles of detl and copl have been isolated and are fertile, but all

cop8, cop9, coplO andfits6 alleles are lethal (Misera et aI., 1994). Clearly, these mutants

display very pleiotropic phenotypes, seemingly causing the constitutive activation of a

number of light-dependent processes.

The wild type DETI protein was proposed to act as a negative regulator of

photomorphogenesis, as the recessive nature of the mutation indicates that

photomorphogenesis can proceed in the dark only in the absence of DETI (Chory et aI.,

1989b). Cloning the DETI gene did not reveal significant insights into the mechanism by

which DET 1 functions. DETl is expressed at very low levels, and is not regulated by

light. In addition, no significant homology to other proteins was found, although DET 1

appears to contain nuclear localization signals (Pepper et aI., 1994). DET I-GUS fusion

proteins expressed in transfected Arabidopsis protoplasts did, indeed, localize to the

nucleus, supporting the proposition that DET1 is a nuclear protein (Pepper et aI., 1994).

Nevertheless, how DET1 functions to repress photomorphogenesis is not known.

The recessive nature of the copl mutation also placed it in the same proposed

negative regulator class as DETI (Deng et aI., 1991). Cloning of the COPI gene yielded

some possible insights into how the WT protein functions. WT COPl contains a

proposed Zn2+ -binding domain of the ring finger class, putative coiled-coil forming

domains, and WD-40 repeats reminiscent of the �-subunit of the heterotrimeric GTP-
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binding protein (G protein) transducin (Deng et aI., 1992b). It has been proposed that the

WD-40 repeats of COP1 allow it to interact with signal transduction pathway components

and migrate to the nucleus to interact with DNA (Deng et aI., 1992b). It has been found

that COP1 bears significant homology to TAFn80, a Drosophila protein that is a

component of the general transcriptional activator TFIID (Dynlacht et aI., 1993). In

addition, the WD-40 repeats of such global transcriptional repressors as SSN6 and TUP1

have been implicated in the formation of repressive chromatin structures (Cooper et aI.,

1994). It is possible that the negative regulatory function of COP 1 may be achieved in a

similar manner. It has recently been shown that COPl-GUS fusion proteins are present

in the nucleus in the dark, and cytoplasm in the light, consistent with the notion that

COP1 regulates photomorphogenesis by repressing transcription in the dark. Similarly, it

has been shown that light can stimulate the relocation of COP 1 from the nucleus to the

cytoplasm (von Arnim and Deng, 1994). It should be noted, however, that dark-grown

plants of the same age as those that are assayed for COP I localization after being shifted

to the light, were not tested as a control. It is therefore possible that COP I-GUS migrates

to the cytoplasm independently of light. Nevertheless, like DET1, COPI likely plays a

role in regulating a number of light-dependent processes.

Cloning of COP9 and FUS6 gave little indications of their mode of action in vivo.

FUS6, though, displays homology to the human GPS I protein, which is able to suppress a

yeast gpa mutation that affects an a subunit of a heterotrimeric G protein involved in

mating pheromone signaling (Castle and Meinke, 1994). Antibodies produced against

COP9 have been used to immunoprecipitate a large protein complex that is greater than

500 kDa (Wei et aI., 1994). This complex elutes as a larger complex with a broad elution

profile from dark-grown plants, and elutes at a smaller size with a narrow elution profile

from light-grown plants. Moreover, studies of cop8 andjUs6 demonstrate that the

complex is not detectable in these mutants, indicating that in WT plants, COP8 and FUS6

are part of this complex or are required for its formation or stability (Wei et aI., 1994). It
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is quite intriguing to propose that this large complex is an important light-dependent

regulator of photomorphogenesis.

The genes defined by these jus/det/cop mutations have been proposed to be

negative regulators of light responses. The major weakness of the studies of these

mutants is that specificity for phytochrome and light signaling has not been demonstrated,

as the possible activation of other pathways has not been investigated. Recent results

demonstrate that a number of pathways are derepressed in some of these mutants (Dr.

Raphael Mayer, The Rockefeller University, personal communication). It has been found

that in copl and cop9 mutants, defense-related genes and genes regulated by hypoxia are

aberrantly induced, with higher expression observed in cop9 plants. By contrast, only

defense-related genes are overexpressed in detl plants. It is clear that the effect of

mutations in jus/det/cop genes is not confined to phytochrome signaling. Given the fact

that high levels of hormones like cytokinin can induce de-etiolation likeJus/det/cop

mutations, it is possible that the phenotypes seen in these mutants are not specific to light

(Chory et aI., 1994). At this point, it is impossible to distinguish the effects of

derepressing one pathway from another.

Another gain-of-function mutation that is not of the jus/det/cop class is the

Arabidopsis mutant det2. This mutation is very similar to detl in that it possesses a short

hypocotyl, no apical hook, and open, expanded cotyledons when grown in the dark

(Chory et aI., 1991). Like detl, it accumulates anthocyanin in the dark, but CHS

expression is not as high. In addition, the derepression of light-inducible genes in the

dark is significantly less than that of detl. There is no chloroplast development in the

dark in det2 plants, and although leaves are initiated during dark growth, they arrest, and

no more are produced (Chory et aI., 1991). Light-grown plants are dwarves compared to

WT, but in det2 plants, leaf senescence is delayed and repression of light-inducible genes

is delayed upon dark adaptation (Chory et aI., 1991). Cloning of DET2 provided

significant insights into the function of the WT protein. Homology to animal steroid
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biosynthetic enzymes indicated that DET2 is necessary for the synthesis of plant steroid

hormones termed brassinosteroids. Indeed, growth of det2 mutants on brassinosteroids

completely rescued the mutant phenotype (Li et aI., 1996). Thus, whereas det2 does not

define a light signaling intermediate, it clearly demonstrates that brassinosteroids are an

important part of the regulatory network governing light-regulated development (see

below).

The cop4 mutant of Arabidopsis was isolated based on its lack of an apical hook

and open, expanded cotyledons as a dark-grown plant, while retaining an elongated

hypocotyl (Hou et aI., 1993). cop4 mutants display cellular differentiation in their

cotyledons that is more like light-grown plants than those grown in the dark, yet plastids

remain undifferentiated. In addition, a number of light-inducible genes are expressed in

the dark in cop4 plants, and promoter: :GUS fusion experiments indicate that the

misregulation of CAB expression occurs between -1281 and -250 of the promoter. cop4

mutants also display aberrant shoot gravitropic responses, a known phytochrome­

regulated response (Hou et aI., 1993). It is possible that the cop4 mutation may identify a

component in the light signaling pathway.

Recently, transgenic screening approaches to identify mutations that primarily

affect gene expression have been undertaken. Using plants that contain the CAB3

promoter fused to a hygromycin resistance gene has permitted the isolation of mutants

that survive when grown on hygromycin in the dark. Under normal conditions, the CAB3

promoter is inactive in the dark and the seedlings are sensitive to hygromycin. In the

dark overexpression of cab 1,2, and 3 (doc], doc2, doc3) mutants of Arabidopsis,

however, expression of the resistance gene from the CAB3 promoter in the dark allows

the plants to survive (Li et aI., 1994). Overactivity of the transgene reflects higher levels

of expression of endogenous CAB in the dark, with higher levels seen in doc] than doc2

and doc3. The levels of CAB expression in the light are equivalent to WT, so the effect of

the mutation is confined to the dark. The doc mutants look like WT, except doc] is
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shorter in stature (Li et aI., 1994). These mutations may affect the repression mechanism

that shuts off CAB expression in the dark, whereas the CAB induction mechanism

functions normally. Thus, it is possible to genetically-separate the mechanism of light

dependent gene induction and repression.

The light independent photomorphogenesis (lip) mutation of pea (Pisum sativum)

appears to confer a det-like phenotype. This mutant possesses a short epictoyl, an open

apical hook, and enlarged apical bud when grown in the dark (Frances et aI., 1992).

Dark-grown lip plants undergo some cellular differentiation, and chloroplasts partially

develop. In addition, light-inducible genes are aberrantly expressed in the dark, and

induction of these genes by light is greater in lip mutants, though the kinetics of gene

expression are like WT. Dark-grown plants contain less spectrally and

immunochemically detectable phytochrome, indicating that phytochrome expression may

be repressed in the dark. Finally, adult light grown plants develop as dwarves (Frances et

al., 1992). These mutants are similar to jus/det/cop mutants, yet lack noticeable

anthocyanin accumulation and are not lethal. This may reflect a different type of

mutation, or lip may simply be leaky.

The high pigment (hp) mutant of tomato is notable for its dark green plants and

fruits, and its shorter stem heights when grown in monochromatic light (von Wettstein­

Knowles, 1968). It gets its name from the fact that it produces copious amounts of

anthocyanin in red light. Double mutant studies with the phyA-deficient aurea mutant

demonstrate that penetrance of hp absolutely requires type I phytochrome (Adamse et al.,

1989). Experiments have demonstrated that hp mutants contain normal amounts of

phytochrome and are not hypersensitive to Pfr levels (Peters et aI., 1992). Thus, it

appears that the hp mutation affects the amplification of phytochrome signals. As it is

recessive, it is likely that HP acts to antagonize the step at which the phytochrome signal

is amplified to produce its response. For example, one photon of light activates one

phytochrome molecule which interacts with multiple secondary signaling intermediates.
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These intermediates interact in tum with multiple downstream effectors. This effectively

amplifies the initial light signal. HP may act to rein in this step to maintain a measured

light response.

Like the doc mutants, the increased chalcone synthase expression 1 (icxI) mutant

of Arabidopsis was isolated based on a transgenic screening approach. This mutant was

selected based on higher levels of CHS:: GUS expression in dim light than WT (Jackson

et aI., 1995). The mutant displays similar increased expression of the endogenous CHS

gene, and other anthocyanin biosynthetic genes are overexpressed as well. In addition,

icxI mutants accumulate twice as much anthocyanin as WT, and display an aberrant

distribution of trichomes on the surface of leaves (Jackson et aI., 1995). The similarity of

icxI to hp with regard to anthocyanin accumulation suggests that the Arabidopsis mutant

may be hp-like. More work needs to be done with icxI to determine which photoreceptor

system is affected in this mutant.

The mutants described above all produce a marked effect on the expression of

light-inducible genes. Other putative light mutants have been isolated whose primary

effect is on morphology. Two of these Arabidopsis mutants have been termed det3 and

diminuto (dim). Both mutations cause plants to adopt a de-etiolated phenotype when

grown in the dark (Cabrera y Poch et aI., 1993; Takahashi et aI., 1995). Moreover, det3

mutants develop like light-grown plants in the dark, producing rosette leaves and

eventually flowering (Cabrera y Poch et aI., 1993). Neither dim nor det3 exhibit any

chloroplast development in the dark, light-inducible genes are not expressed, and light­

grown plants of both mutants are extremely reduced in stature (Cabrera y Poch et aI.,

1993; Takahashi et aI., 1995). Cloning of DIM did not give any indication of its mode of

action, as it bears no significant homology to other known proteins, although it is

predicted to possess an FAD-binding domain (Takahashi et aI., 1995). Recently, it has

been shown that like det2, dim can be complemented by brassinosteroids (Dr. Nam-Hai

Chua, The Rockefeller University, personal communication). It is clear, though, that it is
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possible for a plant to develop with light-grown morphology without altering the normal

regulation of light-inducible gene expression.

The cop2, cop3, and altered meristematic program 1 (ampI) mutants of

Arabidopsis are similar to det3 and dim in that they partially develop as light-grown

plants in the dark, without affecting light-inducible gene expression (Chaudhury et aI.,

1993; Hou et aI., 1993). These three mutants have no apical hooks in the dark, and

develop open, expanded cotyledons, yet retain elongated hypocotyls. Both amp1 and

cop2 also develop true leaves in the dark (Chaudhury et aI., 1993; Hou et aI., 1993).

amp1 mutants flower significantly earlier than WT, and have accelerated vegetative

growth, producing more leaves in a shorter period of time than WT. Because amp1

mutants contain six-fold higher levels of cytokinin than WT, the effects of this mutation

may not be restricted to light signaling (Chaudhury et aI., 1993). The cop3 mutant has

been found to express ethylene-inducible genes at a lower level then WT (R. Mayer,

personal communication). This is consistent with the fact that it is allelic to hookless

(hIs), a mutation identified in a screen for ethylene mutants that do not produce apical

hooks in the dark. Cloning of hls indicates that the protein bears homology to acetylases,

and recent data have indicated that HLS is necessary for restricting the spatial distribution

of the auxin indole-3 acetic acid (IAA) in the region of the apical hook (Dr. Joseph Ecker,

University of Pennsylvania, personal communication). Thus, hls/cop3 mutants may have

little direct involvement in light-dependent signaling.

Loss-of-function mutants

Compared to the wealth of putative gain-of-function mutants that have been

isolated, relatively few loss-of-function mutants aside from the photoreceptors have been

identified. In the initial screen for Arabidopsis light response mutants, only one

mutation, hy5, did not define a photoreceptor. The long hypocotyl phenotype in W, R,

FR, and B indicates that hy5 mutants are insensitive to these wavelengths of light, while

retaining sensitivity to UV-B (Koomneef et aI., 1980). hy5 mutants behave like WT with
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regard to germination, chlorophyll production, and flowering time, but produce less

anthocyanin in the light than WT (Chory, 1992). Some genetic studies have placed hy5

in pathways parallel to light signaling, and others indicate functional interactions with

copl (Chory, 1992; Ang and Deng, 1994). To date, however, no definitive role in any

signal transduction pathway has been confirmed for HY5.

The far-red elongated hypocotyll and 3 ifhyl andjhy3) mutants of Arabidopsis

have been isolated based on their etiolated appearance when grown in constant FR

(Whitelam et aI., 1993). Both of these mutants develop normally under other light

conditions, and they have been determined to be non-allelic to phyA mutants. Thus, they

appear to define phyA- and FR-specific signaling intermediates. jhyl plants have been

shown to be deficient in FR-mediated induction of CHS and other anthocyanin

biosynthetic genes. As these genes are regulated by a cGMP-dependent branch of the

phytochrome signaling pathway (see below), jhyl may specifically disrupt this branch

(Barnes et aI., 1996b). phyA mutants are defective in FR-mediated germination, but jhyl

mutants behave like WT (Johnson et al., 1994). Thus, jhyl appears to be involved in

phyA signaling, but is not involved in all phyA-dependent responses. jhy3 has not been

as well-characterized, but its responses to growth in monochromatic light indicates that it

is hypersensitive to R (Whitelam et aI., 1993). In addition,jhy3 flowers earlier than WT

(Bagnall et aI., 1995). More work with this mutant is required to assign it a particular

role in phyA signaling.

The last group of loss-of-function mutants were isolated based on a transgenic

phenotype in Arabidopsis. Expression of CAB3::alcohol dehydrogenase (ADH) fusions

in the light results in the death of the plant when grown on allyl alcohol. CAB

undere xpressed 1 (cuel i mutants survive this treatment because CAB expression is

significantly reduced under all light wavelengths tested, including R, FR, and B (Li et aI.,

1995). The mutant does not green in the interveinal regions, as CAB and RBCS

expression is reduced in mesophyll cells only. This results in a plant with a reticulated
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appearance. CAB is expressed normally in other regions like paraveinal tissue. cue},

therefore, represents a mutation that affects light-dependent gene expression in mesophyll

cells only (Li et aI., 1995). It is reported that many other cue mutants have been isolated,

and it is possible that some of them may define specific steps of the phytochrome

signaling pathway (Li et aI., 1995; Dr. Joanne Chory, Salk Institute, personal

communication).

The purpose of isolating both gain-of-function and loss-of-function mutants in the

same signaling pathway is to be able to utilize epistasis testing to order the activity of

each gene product in a linear pathway. Epistasis testing was used with the mutants

described above, and pathways were proposed based on their epistatic relationships

(Chory, 1992). It should be noted, however, that the epistatic relationships are not

necessarily valid. For instance, it was found that all of the jus/det/cop mutants were

epistatic to mutations in phytochrome and the blue light receptor when grown in both the

dark and the light (Chory, 1992). To demonstrate epistasis, the phenotype of one mutant

must mask that of the other. In dark-grown plants, photoreceptor mutants do not possess

a phenotype different from wild type, whereas jus/det/cop mutants do. jus/det/cop

mutants cannot be considered epistatic to the photoreceptors in dark-grown plants,

because there is no specific photoreceptor-deficient phenotype in the dark to mask. In

light-grown plants, the jus/det/cop mutant phenotype is clearly epistatic to the phenotype

of photoreceptor mutations. Nevertheless, the demonstration that jus/det/cop mutants

display derepression of a number of different signaling pathways (R. Mayer, personal

communication), indicates that activation of a parallel pathway may be able to bypass

photoreceptor deficiencies, and makes the claim of epistasis less valid. It must be

demonstrated that the phenotypes of jus/det/cop mutants result solely from derepression

of light signaling before epistasis can be claimed. From the studies described above, a

role in the phytochrome signaling pathway that has been partially defined by biochemical

analysis (see below) can only be tentatively ascribed to FRY1.
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Biochemical Analysis of Phytochrome Signaling

Like all receptors, phytochrome initiates a signal transduction pathway that

ultimately results in physiological processes like seed and spore germination, leaf

unrolling, protoplast swelling, and the activation and repression of specific R-responsive

genes. Until recently, identification of signaling molecules that convey phytochrome

signals has proven difficult, with only a few specific molecules being implicated to

function in this pathway. In the last few years, a number of putative signaling molecules

have been identified by biochemical means. In this section, the known components of the

phytochrome signaling pathway will be described.

GTP binding proteins

Pharmacological studies of the protoplast swelling response to R first implicated

G proteins as a component of the phytochrome signaling pathway. Protoplasts that had

been electroporated to induce uptake of GTP-y-S, a non-hydrolyzable analogue of GTP

and an activator of G proteins, swelled in darkness. Conversely, cells electroporated with

GDP- �-S, a GDP analogue that inhibits G proteins, were incapable of swelling in

response to R (Bossen et aI., 1990). Subsequently, it was found that binding of GTP-y-S

in crude extracts of etiolated oat seedlings was enhanced by R (Romero et aI., 1991). In

addition, treating etiolated seedlings with cholera toxin, a compound that ADP­

ribosylates heterotrimeric G proteins and activates them, induced CAB gene expression,

and inhibited PHYA gene expression (Romero et aI., 1991). These data indicate that by

activating G proteins, it is possible to stimulate a red light response in the absence of

light. Further, these data indicated that the G proteins involved were heterotrimeric G

proteins, and not small G proteins such as RAS.

These observations were confirmed and extended in microinjection experiments

in the phyA-deficient aurea mutant of tomato. Microinjection of purified oat phyA into

individual au hypocotyl cells, followed by R treatment, stimulated three light-regulated

processes, chloroplast development, anthocyanin production, and activation of the
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expression of a GUS reporter gene fused to a wheat CAB promoter (Neuhaus et al.,

1993). These phenomena were seen in the injected cells only, indicating that the

phytochrome response is a cell-autonomous event. Subsequently, cells injected with

GTP-y-S in the absence of phyA were able to respond in an identical manner as those

injected with purified phyA and treated with red light. Similarly, cells injected with

cholera toxin alone were capable of inducing all three responses (Neuhaus et al., 1993).

This effect was enhanced by co-injection with low concentrations of GTP-y-S. In a

related experiment, cells into which purified phyA and GDP- �-S were injected and

subsequently treated with R were unable to respond like those cells injected with phyA

alone (e.g. no chloroplasts developed, anthocyanin was not produced, and the CAB ::GUS

fusion was not induced; Neuhaus et al., 1993). Subsequent experiments in a

photomixotrophic cell culture supported these observations (Romero and Lam, 1993).

All of these data strongly indicate that heterotrimeric G proteins are involved in the

phytochrome-regulated signal transduction cascade.

Heterotrimeric G proteins are known to act very early in mammalian signal

transduction pathways, stimulating other molecules that cause the production of new

secondary signaling molecules (Simon et al., 1991). It is therefore of great interest to

identify signaling molecules that act downstream of phytochrome and its associated G

proteins.

Calcium

The possibility that calcium ions (Ca2+) played a role in the phytochrome signal

transduction pathway was first postulated based on observations that calcium played

important roles in mammalian signal transduction, and that phytochrome appeared to

control ion fluxes across the plasma membrane (Roux and Yguerabide, 1973; Haupt and

Weisenseel, 1976). This proposal was expanded by the suggestion that the Pr to Pfr

conversion induced by R caused an increase in cytosolic levels of calcium which, in turn,

had direct effects, or acted through calcium binding proteins to activate enzymes and alter
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cellular metabolism (Roux, 1984). A large number of examples in the years that

followed appear to support this model, at least in general terms.

Fern spore germination, leaf unrolling, and protoplast swelling

It has been shown that fern spore germination is controlled by phytochrome

(Wayne and Hepler, 1984). It was found subsequently that spores did not germinate if

Ca2+ was not supplied in the medium. Moreover, inhibitors of Ca 2+ uptake like La 3+

and C02+ also blocked germination, but were only effective if they were present in the

medium before R treatment (Wayne and Hepler, 1984). Addition after R treatment had

no effect, indicating that the Ca2+ requirement is transient. Treatment of spores with a

Ca2+ ionophore in the dark also stimulated germination, demonstrating that the response

pathway is poised to respond, and that control of Ca 2+ uptake is the key regulatory step in

the germination response (Wayne and Hepler, 1984). Atomic absorption studies have

demonstrated that spores contain more Ca 2+ after R treatment, consistent with the model

that phytochrome regulates Ca 2+ uptake (Wayne and Hepler, 1985). Inhibition of the

Ca2+ -binding protein calmodulin (CaM) also blocked germination, indicating that CaM

may transmit Ca2+ signals to downstream targets (Wayne and Hepler, 1984).

Two other phenomena have also been shown to be regulated by phytochrome in a

Ca2+ -dependent manner, leaf unrolling in monocots and protoplast swelling (Bossen et

al., 1988; Viner et al., 1988). It is thought that the two phenomena are related to the same

process, as a correlation between the two has been established (Zhou et aI., 1990). Both

leaf unrolling and protoplast swelling are induced by R, but Ca2+ must be supplied in the

medium for the response to occur (Bossen et aI., 1988; Viner et al., 1988). Incubation

with inhibitors of slow, "L-type" voltage gated Ca2+ channels like verapamil and the

dihydropyridine nifedipine specifically inhibited the R-mediated responses (Tretyn et aI.,

1990). As with the case of spore germination, leaf unrolling and protoplast swelling

could both be induced by treatment with Ca2+ ionophores in the absence of R (Viner et

al., 1988; Tretyn et aI., 1990). Fluorescence imaging of wheat leaf protoplasts
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demonstrated that Ca 2+ levels indeed rise after R treatment, but that the increase is

transient, returning to normal levels within one minute after irradiation (Shacklock et aI.,

1992). In addition, the transient Ca 2+ increase could be inhibited by subsequent FR

treatment. In the wheat experiments, protoplasts swelled soon after the Ca2+ transient

was observed.

Ultimately, it was shown that release of Ca 2+ from caged molecules in protoplasts

caused an increase in cytoplasmic Ca 2+ levels followed shortly thereafter by protoplast

swelling (Shacklock et aI., 1992). These data conclusively demonstrate that Ca2+ is a

mediator of red light-induced protoplast swelling. Protoplasts, however, are not capable

of activating light-regulated genes in response to R. One cannot conclude, therefore, that

the swelling effects seen in protoplasts are induced by the same signal transduction

pathway that is responsible for stimulating the transcription of genes in response to light.

Gene expression

Studies performed in a photomixotrophic soybean cell line and microinjection in

intact plants have allowed examination of the role played by Ca 2+ in the induction of R­

responsive genes. Experiments performed with inhibitors of CaM action, have

demonstrated that CaM is involved in the induction of CAB gene expression in soybean

cells in response to light (Lam et aI., 1989; Bowler et aI., 1994b). Treating dark-adapted

cells with the Ca2+ ionophore ionomycin slightly induced CAB expression, indicating that

Ca2+ is capable of inducing gene expression in the absence of light (Lam et aI., 1989).

Microinjection experiments have conclusively demonstrated that Ca2+ is capable

of inducing the expression of some R-inducible genes (Neuhaus et aI., 1993).

Microinjection of Ca 2+ into au cells to a concentration of 500 nM is sufficient to induce

expression of a CAB:: GUS reporter gene construct and stimulate partial chloroplast

maturation independently of phyA and R. This concentration of Ca2+ did not induce

anthocyanin production, however (Neuhaus et aI., 1993). The observed minimum

concentration of Ca 2+ required to induce these processes is in close agreement with the

31



levels of Ca2+ observed in wheat leaf protoplasts following R irradiation (Shacklock et

aI., 1992). It was also found that inhibitors of Ca 2+ and CaM action could block the

induction of CAB:: GUS and endogenous CAB expression, and chloroplast maturation that

was stimulated by G protein agonists in both cell culture and microinjection experiments

(Neuhaus et aI., 1993; Bowler et aI., 1994b). Injection of activated CaM with a threshold

concentration of 5000 molecules was also sufficient to induce expression of CAB::GUS,

and to promote partial chloroplast maturation (Neuhaus et aI., 1993). From these data, it

is clear that Ca 2+ /CaM plays a very important role in the phytochrome signal transduction

pathway, but some other signaling molecule must be required to stimulate anthocyanin

accumulation.

Cyclic GMP

In microinjection experiments in mutant au cells, it was found that whereas

injecting Ca2+ /CaM stimulated partial chloroplast differentiation and CAB:: GUS

expression, it did not induce anthocyanin biosynthesis (Neuhaus et aI., 1993).

Subsequent experiments demonstrated that injection of cyclic GMP (cGMP) induced

anthocyanin biosynthesis (Bowler et aI., 1994a). It was also found that co-injection of

cGMP with CHS::GUS reporter fusions, resulted in GUS expression. Moreover, cGMP

did not stimulate CAB:: GUS expression (Bowler et aI., 1994a). Similar results were

obtained in a light-responsive soybean cell culture. Incubation of cells with a membrane­

permeable cGMP analogue, 8-Br-cGMP, in the dark, resulted in induction of endogenous

CHS expression, whereas the endogenous CAB genes remained uninduced (Bowler et aI.,

1994a). Co-injection of Rp-cGMPS, a specific cGMP inhibitor, into au along with

purified phyA selectively blocked R-induced anthocyanin production and CHS::GUS

induction, whereas induction of CAB: :GUS was unaffected, and chloroplasts partially

developed (Bowler et aI., 1994a). Production of anthocyanin stimulated by GTP-y-S was

also inhibited by Rp-cGMPS, indicating that cGMP acts downstream of the

heterotrimeric G protein(s) (Bowler et aI., 1994a). These experiments demonstrated that
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cGMP functions as a component of the phytochrome signaling pathway, and that cGMP

and Ca2+ regulate separate responses.

Immunofluorescence studies of the immature chloroplasts whose development

was induced by injection of Ca 2+ /CaM indicated that they only contained the components

of photosystem II (PS II), light harvesting complexes (LHC) I and II, and ATP synthase

(Neuhaus et aI., 1993). They completely lacked the components of photosystem I (PS I),

and cytochrome b6f. Microinjection of cGMP could not stimulate any chloroplast

maturation, yet when cGMP and Ca 2+ /CaM were co-injected, the chloroplasts developed

fully (Bowler et aI., 1994a). Moreover, the amount of cGMP required to activate PS I

and cytochrome b6f genes was ten-fold lower than that required to activate the

anthocyanin biosynthetic genes (Bowler et aI., 1994a). These data indicate that whereas

the Ca 2+ /CaM and cGMP branches of the pathway regulate separate responses, they also

function together to control the production of PS I and cytochrome b6f. These results

were supported by the observation that a promoter::GUS fusion of the ferredoxin NADP

oxidoreductase (FNR) gene, whose product is a component of PS I, was only induced

when both Ca 2+ /CaM and cGMP were co-injected (Bowler et aI., 1994a).

Phosphorylation

The discovery that purified oat phytochrome contained an associated protein

kinase activity raised the possibility that phytochrome initiated its signal transduction

chain by phosphorylation (Wong et aI., 1986). Other studies demonstrated, however, that

the associated kinase activity could be separated from phytochrome upon further

purification (Grimm et aI., 1989; Kim et aI., 1989). The associated kinase activity was

possessed by a 60 kDa protein that existed in aggregates of approximately 450 kDa in

native polyacrylamide gels (Grimm et aI., 1989). Immunoblotting experiments revealed

that phytochrome was not a component of the 450 kDa complex. Attempts to stimulate

by phosphorylation an intrinsic kinase activity of phytochrome were unsuccessful

(Grimm et aI., 1989). These data clearly indicated that oat phytochrome was not a protein
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kinase. This is in contrast to phytochrome from the moss Ceratodon purpureus, which

contains a protein kinase domain that is catalytically active in vitro (Thummler et aI.,

1992; Algarra et aI., 1993), although the functional relevance of this kinase domain

remains to be determined.

Nevertheless, it has been shown that phytochrome is phosphorylated in vivo (Hunt

and Pratt, 1980). It is possible that the associated kinase may help regulate phytochrome

activity, as it has been demonstrated that the associated kinase phosphorylates

phytochrome in its serine-rich amino terminus (McMichael and Lagarias, 1990). One or

more serines in this region appear to be necessary for regulation of phytochrome activity

(Stockhaus et aI., 1992), as mutation of the first ten serines at the amino terminus to

alanine resulted in phytochrome molecules that possessed greater biological activity in

vivo than the wild type molecule. Alteration of these serines removes potential

phosphorylation sites, and, apparently, attenuation of phytochrome activity by negative

regulators. The activity of the purified phytochrome-associated kinase has been shown to

be stimulated by both Ca 2+ and cGMP (Grimm et aI., 1989). This observation raises the

possibility of a negative feedback regulatory mechanism in which phytochrome activity is

inhibited by its second messengers.

Whereas phosphorylation of phytochrome itself may be important,

phosphory lation of molecules downstream is likely to be necessary to transduce and

amplify the initial light signal. Indeed, it has been shown that light stimulates the

reversible phosphorylation of a number of proteins. In the case of pea nuclear proteins,

light-stimulated phosphorylation was shown to be Ca-t-dependent (Datta et aI., 1985).

Similarly, phosphorylation by a casein kinase of a DNA binding activity termed AT-I,

which binds to AT-rich regions of some light-regulated promoters, was found to alter the

binding activity (Datta and Cashmore, 1989). G box binding factors (see below) of

parsley (Petroselinum crispum) were found to be phosphorylated in response to light

treatment, and subsequently translocate to the nucleus (Harter et aI., 1994). In addition,
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other proteins have been identified in oat coleoptile tips and wheat leaf protoplasts that

are phosphorylated upon light treatment (Otto and Schafer, 1988; Fallon et aI., 1993).

Transcription Factors

The changes in gene expression regulated by the phytochrome signaling pathway

are ultimately mediated by transcription factors. Over the past ten to fifteen years,

numerous groups have identified elements in the promoters of light-regulated genes that

are required for proper transcriptional regulation. The elements identified include

palindromic G-boxes (CACGTG) (lzawa et aI., 1993), GT boxes (GGTTAA) (Green et

aI., 1987) , AT-rich sequences (Datta and Cashmore, 1989), and CA-rich sequences (Sun

et aI., 1993). Factors that bind these elements have been identified in electrophoretic

mobility shift assays, and in many cases, have been cloned.

As described earlier, GT-2 is a factor that binds to the GT-2 and GT-3 boxes of

the rice PHYA promoter (Dehesh et aI., 1990). The protein contains a putative DNA

binding domain termed the trihelix motif, and contains acidic domains that are

reminiscent of transcriptional activators (Dehesh et aI., 1992). A similar DNA binding

activity termed GT-1 was identified by its ability to bind the GGTTAA-containing box II

element of the pea RBCS-3A promoter (Green et aI., 1987). The observation that removal

of box II from the promoter reduces transcriptional activity supports the notion that the

factor that binds it is a transcriptional activator (Green et aI., 1987). Cloning of this

factor revealed that like GT-2, GT-1 contains a trihelix motif and acidic domains

(Gilmartin et aI., 1992; Perisic and Lam, 1992). In addition, GT-l has been shown to

bind its target sequence as a dimer (Hiratsuka et aI., 1994).

The promoters of numerous light-inducible genes also contain elements termed G­

boxes that contain an ACGT core that are flanked by additional nucleotides that

determine DNA binding specificity. The factors that bind these elements generally

belong to the basic-leucine zipper (b-Zip) class of proteins that bind their target

sequences as dimers (Izawa et aI., 1993). Mutation of these elements from a number of
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promoters, including parsley (Petroselinum crispum) CHS, dramatically reduces

transcriptional activity (Block et al., 1990). The G-box element within the parsley CHS

promoter is located within a 56 base region designated Unit I. The Unit I element has

been shown to be light responsive (Weisshaar et aI., 1991), but the specific factors that

function as activators via Unit I binding are not known. Three b-Zip proteins designated

CPRF-l, CPRF-2, and CPRF-3 were cloned based on their abilities to bind the Unit I G­

box (Weisshaar et al., 1991). The G-box sequence (CACGTG) is also the consensus

binding site for myc transcription factors (CANNTG; Roth et aI., 1991). Ten bases

downstream lies a putative binding site for myb transcription factors (CrrAACGrrG)

which has also been demonstrated to be required for proper transcriptional activity (Block

et aI., 1990; Roth et al., 1991). The proximity of myc and myb binding sites is potentially

important because the maize genes Rand B, which regulate anthocyanin biosynthesis, are

of the myc and myb classes of transcription factors, respectively (Dooner et aI., 1991). It

is not known which factors, b-Zip or myc/myb confer light responsiveness.

Other sequence elements have been identified in light-responsive promoters that

are important for proper gene activation. These elements include CA-rich and AT-rich

sequences of the Arabidopsis CAB140 promoter and pea CAB and RBCS promoters,

respectively (Datta and Cashmore, 1989; Sun et aI., 1993). Deletion or mutation of the

CA-l and AT-1 elements is correlated with reduced promoter activity. DNA binding

activities, named, not surprisingly, CA-l and AT-I, have been identified, and it has been

determined that the binding activities of both are altered by phosphorylation (Datta and

Cashmore, 1989; Sun et al., 1993). The kinase activity that phosphorylates AT-1 was

deduced to be an NIl-type casein kinase based on phosphate donor specificity and

divalent cation requirements (Datta and Cashmore, 1989). Phosphorylation is likely to

play an important role in regulating the terminal elements of the signaling pathway, and

identification of phosphorylation requirements for factor binding activity supports this.

Nevertheless, it has not been definitively established that any of the cloned transcription
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factors or identified binding activities are specific targets of the phytochrome signaling

system. Moreover, demonstration that specific promoter elements are targets of one

signaling pathway or another remains to be achieved.

A Model of Phytochrome Signaling

The information obtained from the biochemical analyses described above allows

the construction of a basic model of the phytochrome signaling pathway (Figure 1). It is

proposed that photoconversion of Pr to Pfr causes a structural change in the phytochrome

molecule that allows it to interact with at least one heterotrimeric G protein and activate

the signaling pathway. The mechanism by which phytochrome, a cytosolic molecule,

interacts with membrane-localized G proteins is unclear, but there is some evidence that

phytochrome can interact with membranes (Sineshchekov et aI., 1994). The activated G

proteins stimulate three distinct signaling pathways. The first pathway requires

Ca2+ ICaM, and activates the expression of the genes encoding PS II, the two light

harvesting complexes, RBCS and ATP synthase. The second pathway requires high

levels of cGMP, and stimulates the expression of anthocyanin biosynthetic genes. The

third pathway requires both Ca 2+ ICaM and low levels of cGMP, and stimulates the

expression of the genes encoding PS I and the cytochrome b6f complex.

The different levels of cGMP required to activate the cGMP and Ca2+ IcGMP

pathways allows flexibility in which genes are activated depending on the light

conditions the plant encounters. In low levels of light, the Ca2+/cGMP pathway would be

activated despite low levels of phytochrome pathway activity, and PS I components

would be synthesized, allowing photosynthesis to proceed. In high levels of light,

phytochrome signaling would be activated to maximal levels, stimulating production of

anthocyanin biosynthetic genes. In high levels of light, anthocyanins would be necessary

because they would protect the plant from UV damage. In low levels of light, the danger

of UV damage is minimal, and anthocyanins are not required. Thus the plant does not

have to expend energy on unnecessary protein synthesis.
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Figure 1: Model of the phytochrome signal transduction pathway (adapted from Bowler

et aI., 1994b).
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A second level of regulation was observed in microinjection and cell culture

experiments. It was found that if the Ca2+ /CaM pathway were inhibited, genes regulated

by the cGMP pathway were superinduced (Bowler et aI., 1994b). This indicated that the

Ca2+ /CaM pathway negatively-regulated the cGMP pathway in vivo. Indeed, it was

found that increased levels of calcium that would hyperactivate the Ca 2+ /CaM pathway

tended to repress the cGMP pathway. Conversely, it was found that high levels of cGMP

could negatively regulate the Ca2+ /CaM and Ca 2+ /cGMP pathways as well (Bowler et aI.,

1994b). This phenomenon of cross-regulation has been termed reciprocal control. Thus,

it appears that the activity of the phytochrome signaling pathways is controlled by very

precise mechanisms that confer a high degree of flexibility in responding to various light

conditions.

A Global Regulatory Network

Considerable evidence has been accumulated that demonstrates that physiological

and molecular responses to phytochrome may be modified by a variety of other factors.

In particular, phytochrome-regulated processes have been shown to be enhanced or

repressed by hormones, sugars (Tsukaya et aI., 1991), organellar signals (Taylor, 1989),

biological rhythms (Nagy et aI., 1986), developmental programs (Kubasek et aI., 1992),

cell type-specific signals (Li et aI., 1995), temperature (Leyva et aI., 1995), and other

photoreceptor systems (Mohr, 1994). Moreover, phytochrome modulates responses

mediated by these other pathways as well. All of this evidence demonstrates that the

phytochrome signaling pathway is part of a much larger, global regulatory web that

governs the responses of a plant to the vast majority of environmental conditions it

encounters in its life cycle.

Among the hormones that interact with phytochrome signaling, abscisic acid

(ABA), cytokinins, and brassinosteroids achieve notable effects. ABA has been found to

effectively inhibit the expression of a number of phytochrome-inducible genes, including

CAB and RBCS (Bartholomew et aI., 1991). Moreover, it has been found to be a potent
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inducer of genes that are negatively-regulated by light (Williams et aI., 1994), and ABA

degradation may also be enhanced by phytochrome activity (Kraepiel et aI., 1994). All of

these observations underscore the antagonistic relationship between phytochrome and

ABA signaling.

It has been found that mutations of the DETl locus can be phenocopied by the

addition of exogenous cytokinin. The effects of cytokinin treatment include the induction

of light-regulated genes in the absence light (Chory et aI., 1994). Moreover, the ampl

mutant, which displays partial photomorphogenesis in the dark, possesses six-fold higher

levels of cytokinin than WT (Chaudhury et aI., 1993). Similarly, det2 mutations also

cause a light-grown appearance in the dark (Chory et aI., 1991). Demonstration that det2

and dim plants can be rescued by brassinosteroids indicates that they play an important

role in the maintenance of an etiolated morphology (Li et aI., 1996; N.-H. Chua, personal

communication). One can predict that phytochrome activity represses brassinosteroid

effects and enhances cytokinin activity to induce photomorphogenesis.

Similarly, sugars, temperature, and blue light photoreceptor systems have all been

shown to enhance phytochrome responses (Tsukaya et aI., 1991; Mohr, 1994; Leyva et

aI., 1995). In addition, sugars have also been observed to have antagonistic effects on

photosynthetic gene expression (Sheen, 1990). The interplay of phytochrome signaling

with circadian rhythms is equally complex, because light signals establish the period of

biological clocks, and the clocks modulate the levels of gene expression in both the dark

and the light (Millar and Kay, 1991). Understanding the mechanisms by which each

signal transduction pathway interacts with another is crucial to understanding global

mechanisms regulating a plant's response to its environment.

In the studies described here, new approaches are taken to investigate

phytochrome signal transduction and the interactions of this pathway with others in the

global regulatory web. A novel genetic screen has been developed to isolate new mutants

that specifically affect phytochrome signaling. The mutants obtained from this screen are
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analyzed to identify the effects their mutations have on phytochrome signaling, and what

role the WT gene products play in the transmission of phytochrome signals. An

examination is made of the signaling pathway regulated by sucrose, the predominant

form in which carbohydrate is stored and transported in higher plants (Salisbury and

Ross, 1985). The effects of sucrose on stimulating and repressing the expression of

phytochrome-regulated genes is examined in order to understand the nature of the

interaction between the two pathways. Ultimately, these studies provide a clearer insight

into the mechanisms of phytochrome signal transduction, and the manner in which it

functions in the context of a global regulatory network.
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Chapter 2

Characterization of Sucrose-Dependent Signaling

Aside from the profound effects light has on plant development, it is essential for

the most important set of chemical reactions on earth, photosynthesis. The radiant energy

possessed by photons of light is harvested by chlorophyll and converted into usable

chemical energy in the form of ATP and NADPH. This energy is then used in the dark

reactions of the Calvin Cycle for the fixation of atmospheric carbon and production of

glucose, which is subsequently converted into sucrose, the principal form in which

carbon fixed during photosynthesis is stored and transported (Salisbury and Ross, 1985).

Clearly, regulation of photosynthesis and carbohydrate metabolism is of critical

importance to plants.

As described previously, light induces the expression of genes encoding

components of the photosynthetic apparatus, and phytochrome transduces a significant

portion of these light signals via the tripartite pathway described above (Figure 1). At a

certain point, though, significant amounts of sugars have been produced, and signals from

within photosynthetic cells (source tissues), as well as from organs to which sugars are

transported (sinks), stimulate and repress the expression of genes required for sugar

metabolism and photosynthesis itself (Neales and Incoll, 1968). It has been demonstrated

that sugars stimulate the expression of metabolic genes like sucrose synthase and ADP­

glucose pyrophosphorylase (Muller-Rober et aI., 1990; Karrer and Rodriguez, 1992).

Moreover, sugars have been demonstrated to repress the transcription of the starch

hydrolytic enzymes a- and p-amylase as well as inhibit photosynthetic rate, chlorophyll

biosynthesis, and genes encoding components of the sugar-recycling glyoxylate cycle

(Edelman and Hanson, 1971; Yu et aI., 1991; Goldschmidt and Huber, 1992; Graham et

aI., 1994; Mita et aI., 1995).
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Similarly, sugars have been shown to have profound effects on the expression of

phytochrome-inducible photosynthetic genes. Sheen (1990) first demonstrated that high

levels of glucose, fructose or sucrose repressed the expression of light-inducible

promoter: : reporter gene fusions in maize mesophyll protoplasts. The response of these

reporter constructs demonstrated that regulation occurred at the transcriptional level.

Subsequently, these observations were confirmed with sugars at concentrations that are

much closer to physiological levels, although glucose and fructose were more than twice

as effective at inhibiting gene expression than sucrose (Jang and Sheen, 1994). Similar

experiments performed in light-responsive cell suspension cultures of Chenopodium

rubrum and Brassica napus have demonstrated that sugars could repress the expression

of endogenous RBCS and CAB genes, respectively (Harter et aI., 1993; Krapp et aI.,

1993).

Conversely, sugars have also been shown to enhance the expression of

phytochrome-inducible genes and physiological processes. It has previously been shown

that sucrose stimulated the accumulation of anthocyanin in flowers, a phenomenon that

was enhanced when the plant hormone gibberellin was added as well (Weiss and Halevy,

1989). Similarly, accumulation of anthocyanins in the fus6 mutant of Arabidopsis

thaliana was found to require the presence of sugars in the medium (Castle and Meinke,

1994). Osmotic substitutes like sorbitol had no stimulatory effect, demonstrating that the

sugar itself was required. Moreover, expression of CHS::GUS fusions in Arabidopsis

was found to be activated by sugars, with sucrose being the most potent inducer (Tsukaya

et aI., 1991). The induction of this anthocyanin biosynthetic gene correlates well with the

observed sugar-dependent increases in anthocyanin production seen previously. The

light- and nitrate-inducible nitrate reductase (NR) gene was similarly found to be

activated by sucrose (Cheng et al., 1992). The induction of CHS and NR was observed

using promoter: : reporter gene fusions, demonstrating that control occurred at the

transcriptional level.
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The positive and negative effects sucrose has on phytochrome-inducible genes

indicates that the signal transduction pathways regulated by each may functionally

interact in vivo. To better understand the nature of these interactions, the regulation of

phytochrome-responsive genes by sucrose was examined in a light-inducible soybean

(Glycine max) cell suspension culture. Such analysis has proven to be very effective in

the past, as it played a significant role in the elucidation of the phytochrome signal

transduction pathway (Neuhaus et aI., 1993; Bowler et aI., 1994a). The experiments

described below investigate the sucrose-mediated induction of CHS, and repression of the

phytochrome-mediated induction of CAB as well as PSAD, a gene that encodes a protein

that is an integral component of photosystem I. The results indicate that sucrose induces

CHS expression via a cGMP-dependent pathway, and that repression of CAB and PSAD

occurs through a heretofore undescribed mechanism.

Sucrose-mediated induction of CHS expression

Preliminary experiments indicated that sucrose stimulated CHS expression in both

the dark and the light. These data are consistent with the observation that sucrose

stimulated expression of a CHS::GUS transgene in Arabidopsis plants (Tsukaya et aI.,

1991). To measure the responsiveness of soybean suspension cultures to sucrose, a dose

response test was performed. Cells that had been adapted to darkness for three days were

treated with different concentrations of sucrose, ranging from 1-250 mM. As a control

for osmotic effects that may arise from sucrose treatment, equimolar concentrations of the

non-metabolizable monosaccharide mannitol were added to separate cultures in parallel.

Following three hours of sugar treatment in continuous darkness, cells were harvested,

RNA was isolated, and CHS mRNA levels were assessed by gel blot analysis. It was

found that CHS expression was induced to increasing levels in a dose dependent manner,

such that a maximal induction of 15-fold over dark controls was observed at extracellular

sucrose concentrations of 100 mM (Figure 2A and 2B). At sucrose concentrations of 1

mM, a level that reflects those observed under physiological conditions, a 2-fold increase
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Figure 2: RNA gel blot analysis of dose responsive induction of CHS in response

to sucrose. (A) 10 day old light-grown SB-P soybean cell cultures were adapted for 3

days in darkness. An aliquot of cells was harvested as a dark control (D), and cells were

split into 30 ml cultures. Mannitol (M) or sucrose (S) was added to each culture to the

final concentrations listed above the lanes (mM), and cells were further incubated in the

dark for 3 hours prior to harvest. RNA gel blots were sequentially hybridized with a CHS

cDNA and an I8S rDNA. (B) Quantification of the induction of CHS expression by

sucrose. mRNA levels were quantified by phosphorimage analysis, and CHS mRNA

levels were normalized to I8S rRNA levels to correct for differences in loading.
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of CBS expression was observed. Similar concentrations of mannitol had no effect on

CBS expression, demonstrating the requirement for sucrose in this response. At sucrose

concentrations above 100 mM, CBS mRNA levels declined. At these concentrations,

strong osmotic effects may occur, and other pathways that repress CBS expression may

be induced.

To further investigate the effects of sucrose on CBS expression, an extended time

course of sucrose treatment was performed. In this experiment, dark-adapted cultures

were treated with 10 mM sucrose in the dark for 18 hours. Gel blot analysis of RNA

harvested over the duration of the time course demonstrated that CBS was induced to

appreciable levels (Figure 3). CBS mRNA was clearly detectable within one hour of

sucrose addition, and reached maximal levels three hours after treatment began.

Subsequently, CBS expression declined, such that by twelve hours, levels were similar to

those of dark controls. Parallel treatments with mannitol produced little measurable

effect on CBS expression.

It is striking that the time course of CBS expression in response to sucrose is

remarkably similar to that observed in cultures induced with light (Bowler et al., 1994a).

In the case of light, a similar rapid induction and equally rapid decline of CBS mRNA

levels was observed. It was also found that the phytochrome-mediated induction of CHS

was insensitive to the protein synthesis inhibitor cycloheximide (CHX), demonstrating

that the light response pathway does not require de novo protein synthesis (Dr. Chris

Bowler, UNINA, Italy, personal communication). To address the same question with

regard to sucrose, dark adapted cells were treated with sucrose in the absence or presence

of 30 ug/rnl CHX. It was found that sucrose-mediated induction of CBS is also

insensitive to CHX, displaying identical levels of CHS expression as well as identical

kinetics (Figure 4). This demonstrates that a sucrose response pathway pre-exists in cells,

allowing a rapid response to changing sugar levels.
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Figure 3: RNA gel blot analysis of the time course of induction of CHS

expression by sucrose. 10 day old light-grown cultures were adapted to darkness for 3

days, after which an aliquot of cells was collected as a dark control (D). The large culture

was split into 2x21 0 ml cultures to which mannitol or sucrose was added to a final

concentration of 10 mM. Cells were further incubated in darkness, and aliquots were

harvested at the times indicated (hours). RNA gel blots were hybridized with a CBS

cDNA and an I8S rDNA.
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Figure 4: RNA gel blot analysis of the effect of cycloheximide on sucrose-induced

CHS expression. 10 day old light-grown cultures were adapted to darkness for 3 days,

after which an aliquot was collected as a dark control (D). Cells were split into 2x90 ml

cultures to which sucrose was added to a final concentration of 100 mM. Cycloheximide

was added to a final concentration of 30 ug/ml (+CHX) or water was added as a control (­

CHX). Cells were further incubated in the dark, and aliquots were harvested at the times

indicated (hours). RNA gel blots were hybridized with a CHS cDNA and an I8S rDNA.
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The similarity of light and sucrose induction of CHS raised the possibility that the

two stimuli utilized similar signaling pathways to induce CHS expression. An additional

characteristic of phytochrome induction of CHS is that it is sensitive to the general

tyrosine kinase inhibitor genistein (Bowler et aI., 1994b). Figure 5A shows the effect of

genistein on the sucrose-induced expression of CHS. It was found that at increasing

genistein concentrations, the ability of sucrose to induce CHS expression was

significantly inhibited. Quantification of this phenomenon determined that inhibition of

CHS expression was 75% at the lowest concentration tested (50 �), and increased to

approximately 90% (Figure 5B). Virtually identical genistein sensitivity was also seen

when the cells were induced with 100 mM sucrose as well (data not shown). These

results differ from those seen in experiments investigating phytochrome-mediated

induction of CHS, as expression was completely abolished with 100 JlM genistein

((Bowler et aI., 1994b); Figure 9, compare CHS expression in Mannitol-Gen and

Mannitol+Gen samples at the 3 hour time point). This difference may reflect an intrinsic

difference between the two pathways.

The decline of CHS expression in extended treatments with light has been

attributed to rapid turnover of cGMP, the molecule responsible for phytochrome­

mediated induction of CHS (Figure 1). It has been proposed that cGMP turnover may be

mediated by a cGMP-dependent phosphodiesterase (cGMP PDE), as it was demonstrated

recently that the decline of CHS mRNA levels during prolonged light treatments could be

blocked by zaprinast, a specific inhibitor of cGMP PDEs (Bowler et aI., 1994b). This

observation supports the idea of cGMP turnover as a means of reducing signal flow
4t

through the cGMP pathway during prolonged light treatment. Given the strong similarity

between the regulation of CHS expression by sucrose and the cGMP-dependent pathway

of phytochrome, it was possible that sucrose may utilize cGMP as well to regulate CHS

expression. If this were the case, the decline of CHS mRNA levels seen in extended

sucrose treatments may result from activity of a cGMP PDE.
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Figure 5: RNA gel blot analysis of dose responsive repression of sucrose-induced

CHS expression by genistein. (A) 10 day old light-grown cultures were adapted to

darkness for three days, at which time an aliquot of cells was collected as a dark control

(D). Cells were split into 7x30 m1 cultures to which mannitol (1 culture, M) or sucrose (6

cultures, S and those treated with genistein) was added to a final concentration of 10 mM.

To five of the sucrose-treated cultures, genistein was added to the final concentrations

indicated above the lanes (JlM). All cultures were incubated for 3 hours in darkness

following sugar addition. RNA gel blots were hybridized with a CHS cDNA and an I8S

rDNA. (B) Quantification of the repression of CHS expression by genistein. mRNA

levels were quantified by phosphorimage analysis, and CHS mRNA levels were

normalized to I8S rRNA levels to correct for differences in loading.
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To test this hypothesis, zaprinast was used in extended sucrose treatments in an

attempt to block the decline of CHS mRNA levels. Zaprinast has recently been found to

enhance the expression of CHS in Arabidopsis plants (see below). To confine its effects

to the time period during which CHS levels decline, zaprinast was added during the

period when decline in expression had begun. In this experiment, dark adapted cells were

treated with levels of sucrose that stimulate a maximal response (100 mM) for 12 hours in

the dark, at which time CHS mRNA levels are declining (Figure 3). Zaprinast was then

added, and the expression of CHS over the next 10 hours was observed. It was found that

in untreated cells, CHS expression was still detectable 15 hours after sucrose treatment

began, but declined thereafter (Figure 6). In zaprinast-treated cells, however, CHS

mRNA levels persisted for an additional 7 hours, remaining detectable 22 hours after the

initiation of sucrose treatment (Figure 6). These results suggest that the decline of CHS

expression results from the activity of a zaprinast-sensitive molecule that is likely to be a

cGMP PDE, and that induction of CHS occurs via a cGMP-dependent step. The latter

assertion was borne out in a series of microinjection experiments in the au mutant of

tomato, in which it was found that Rp-cGMPS, a specific inhibitor of cGMP-dependent

processes, specifically blocked the sucrose-mediated induction of CHS (McGrath et aI.,

manuscript in preparation).

Previous studies have demonstrated that the hexose sugars glucose and fructose

can activate the expression of a number of genes, including CHS (Tsukaya et aI., 1991).

To examine if these hexoses had similar effects in soybean cell cultures, equimolar

concentrations of sucrose, glucose, and fructose were added to dark-adapted soybean

cultures. It was found that all three were able to induce CHS expression, but sucrose was

most effective, whereas glucose was least effective (Figure 7). The effectiveness of

sucrose at inducing CHS expression is consistent with previous results, but glucose had

been found to be more effective than fructose. The differences between the two sets of

results may reflect the fact that in this study, cultured cells were used, whereas in the
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Figure 6: RNA gel blot analysis of the effect of zaprinast on the decline of CHS

mRNA levels following prolonged induction by sucrose. 10 day old cultures were

adapted to darkness for 3 days, at which time an aliquot of cells was collected as a dark

control (D). Cells were split into 2x21O m1 cultures to which mannitol or sucrose was

added to a final concentration of 100 mM. Cells were incubated for a further 12 hours in

darkness, at which time aliquots of cells were collected to assess CHS expression prior to

zaprinast treatment (12). Both subcultures were split into 2x90 ml cultures to which

zaprinast was added to a final concentration of 100 JlM (+Zap), or dimethyl sulfoxide

(DMSO) was added as a control (-Zap). Cells were further incubated in darkness, and

aliquots were collected at the times indicated (hours). RNA gel blots were hybridized

with a CHS cDNA and an I8S rDNA.
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Figure 7: RNA gel blot analysis of the effect of glucose and fructose on CHS

expression. 10 day old light-grown cultures were adapted to darkness for 3 days, at

which time an aliquot of cells was harvested as a dark control (D). Cells were split into

4x90 ml cultures to which mannitol, sucrose, glucose, or fructose was added to final

concentrations of 10 mM. Cells were incubated further in darkness, and aliquots were

harvested at the times indicated (hours). RNA gel blots were hybridized with a CHS

cDNA and an I8S rDNA.
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previous study, experiments were performed in whole leaves or young plants. Moreover,

the expression of the endogenous CBS gene was determined in these experiments,

whereas the activity of CBS: :GUS fusion genes were assayed in the Arabidopsis system

(Tsukaya et aI., 1991).

Effects ofsucrose on phytochrome-regulated gene expression

As described earlier, sugars have been demonstrated to repress the expression of a

number of photosynthetic genes, including RBCS and CAB (Harter et aI., 1993; Krapp et

aI., 1993). Early experiments in soybean cells demonstrated that sucrose inhibited the

expression of CAB and PSAD, targets of the Ca2+- and Ca2+/cGMP-dependent pathways

of phytochrome, respectively (Neuhaus et aI., 1993; Bowler et aI., 1994a). The effects of

sucrose on gene expression over an extended time course in the light was examined.

Dark-adapted soybean cells were pre-incubated with 10 mM sucrose or mannitol for 3

hours prior to a shift to constant R (50 urnol rrr? s"). Samples taken immediately prior to

the shift to R demonstrate that sucrose induced CBS expression (Figure 8). It was found

that whereas light induced CBS mRNA to modest levels in mannitol-treated cultures, the

combination of sucrose and R elevated CBS expression to much higher levels. Moreover,

the kinetics of CHS expression in R+sucrose more closely resembled those seen in light

alone, declining by 6 hours in light-treated cells, and by 9 hours in dark-adapted cells

(compare Figure 3 and Figure 8). Expression of both CAB and PSAD was found to

increase rapidly in mannitol-treated cells, such that within 6 hours of light treatment,

maximal levels of expression were reached. The expression levels of PSAD remained

high during the remainder of the time course, whereas CAB mRNA levels declined,

perhaps reflecting the circadian regulation of this gene (Nagy et a1., 1986; Millar and

Kay, 1991). In the presence of sucrose, however, the expression of both genes was

reduced (Figure 8). A higher degree of repression was observed at sucrose concentrations

of 100 mM (data not shown). These data demonstrate that sucrose is capable of
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Figure 8: RNA gel blot analysis of the effect of sucrose on phytochrome-inducible

gene expression. 10 day old light-grown cultures were adapted to darkness for 3 days, at

which time an aliquot of cells was harvested as a dark control (D). Cells were split into

2x 180 mI cultures to which mannitol or sucrose was added to a final concentration of 10

mM. Cells were incubated for a further three hours in the dark, at which time aliquots of

cells were harvested (0). Cultures were shifted to constant red light (50 J.1lTIol m-2 s+),

and aliquots were harvested at the times indicated (hours). The times reflect the onset of

light treatment. RNA gel blots were hybridized with a CHS cDNA, CAB cDNA, PSAD

cDNA, or I8S rDNA. A schematic representation of the experiment is indicated below.
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repressing the expression of targets of both the Ca 2+ - and Ca 2+ IcGMP-dependent

pathways of phytochrome in soybean cells.

The high levels of CBS expression induced by sucrose and the dependence of this

pathway on cGMP suggest that sucrose stimulates the production of large amounts of

cGMP to achieve its inductive effects. It has previously been demonstrated that the

expression of Ca2+- and Ca2+/cGMP-dependent pathway target genes may be repressed

by high levels of cGMP in both soybean cells and microinjection experiments in au

hypocotyls (Bowler et al., 1994b). This repression mechanism has been termed

reciprocal control. It is possible that the high levels of cGMP produced by sucrose

signaling functions in a similar manner, resulting in the repression of genes induced by

the Ca 2+ - and Ca2+ /cGMP-dependent pathways. It has been shown that cGMP-dependent

reciprocal control is inhibited by genistein (Bowler et aI., 1994b). Thus, if sucrose

utilizes reciprocal control mechanisms to repress gene expression in soybean cells, it may

be possible to relieve that repression with genistein.

In this experiment, dark-adapted cells were treated with mannitol or sucrose, with

or without genistein for 3 hours prior to shift to R (Figure 9, bottom). Samples taken

prior to the shift to R demonstrate that genistein inhibits the induction of CHS by sucrose

(Figure 9). Upon shift to R, light stimulated the induction of CBS in mannitol-treated

cells to a lesser degree, but this induction was inhibited by genistein, an observation that

is consistent with previous results. Whereas genistein inhibited the expression of CBS in

response to either R or sucrose alone, it did not effectively inhibit CHS expression when

the two acted in concert (Figure 9, compare Sucrose-Gen and Sucrose+Gen). Both CAB

and PSAD are induced in mannitol-treated cells, and unlike CBS, are not inhibited by

genistein. Sucrose inhibited the expression of both genes, however, but genistein was

unable to significantly relieve that repression (Figure 9). These data suggest that sucrose

does not utilize reciprocal control to inhibit gene expression. This conclusion is

supported by microinjection experiments in au hypocotyls, in which it was determined
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Figure 9: RNA gel blot analysis of the effect of genistein on the sucrose-mediated

repression of phytochrome-inducible gene expression. 10 day old light-grown cultures

were adapted to darkness for 3 days, at which time an aliquot of cells was harvested as a

dark control (D). Cells were split into 4x90 ml cultures, of which, 2 received mannitol

and 2 received sucrose to final concentrations of 100 mM. 1 mannitol-treated and 1

sucrose-treated culture were treated with 125 JlM genistein (+Gen), and the remaining 2

cultures were treated with dimethylsulfoxide (DMSO) as a control (-Gen). The cultures

were incubated in the dark for a further 3 hours, at which time aliquots were harvested

(0). Cells were then shifted to constant red light (50 umol rrr? sJ), and aliquots were

harvested at the times indicated (hours). The times refer to the onset of light treatment.

RNA gel blots were hybridized with a CBS cDNA, CAB cDNA, PSAD cDNA, or 18S

rDNA. A schematic representation of the experiment is indicated below.
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that repression of CAB by sucrose did not require cGMP (McGrath et aI., manuscript in

preparation). Thus sucrose induces and represses gene expression by two separate

mechanisms that utilize different downstream signaling components.

To examine whether sucrose and fructose were effective inhibitors of gene

expression, dark-adapted cells were treated with either sucrose, glucose, or fructose for 3

hours prior to a shift to R. It was found that whereas sucrose effectively inhibited the

expression of both CAB and PSAD, neither glucose nor fructose had much effect (Figure

10). These results are in contrast to those obtained in maize mesophyll protoplasts and

autotrophic Chenopodium cultures (Sheen, 1990; Krapp et aI., 1993; Jang and Sheen,

1994). In these systems, glucose and fructose were both potent inhibitors of

photosynthetic gene expression. The discrepancies between these results may be

reconciled by the manner in which the experiments were conducted. In the soybean

experiments, sugars are added to dark-adapted cultures, and the ability to prevent the

induction of genes is assayed. In the maize and Chenopodium systems, sugars are added

to light-grown cultures in which active transcription of photosynthetic genes is occurring

(Sheen, 1990; Krapp et aI., 1993; Jang and Sheen, 1994). In this case, the ability to shut

off the active transcription of photosynthetic genes is assayed. The inhibition of

quiescent genes and repression of actively-transcribed genes may occur by fundamentally

different mechanisms. Physiologically, this may reflect the metabolic status of cells in

planta. Photosynthetically-active cells produce large amounts of hexose sugars

(Salisbury and Ross, 1985). When a threshold concentration of glucose or fructose is

achieved, a signal could be transmitted to repress the transcription of photosynthetic

genes. Conversely, cells that have taken up sucrose during dark periods may contain high

amounts of sugars during the first few hours after light illumination, and not require the

production of more. Photosynthetic genes could then be actively repressed.
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Figure 10: RNA gel blot analysis of the effect of glucose and fructose on

phytochrome-inducible gene expression. 10 day old light-grown cultures were adapted to

darkness for 3 days, at which time an aliquot of cells was harvested as a dark control (D).

Cells were split into 4x120 ml cultures to which mannitol, sucrose, glucose, or fructose

were added to final concentrations of 10 mM. Cells were incubated for a further 3 hours

in darkness, at which time aliquots of cells were harvested (0). Cultures were shifted to

constant red light (50 umol rrr? s+), and aliquots were harvested at the times indicated

(hours). The time refers to the onset of light treatment. RNA gel blots were hybridized

with a CAB eDNA, PSAD eDNA, or I8S rDNA. A schematic representation of the

experiment is indicated below.
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Synergistic interactions between sucrose and phytochrome

The observation that genistein does not effectively inhibit CHS expression when

phytochrome and sucrose act in concert (Figure 9), suggests that a new, genistein­

insensitive induction mechanism has been established. This may reflect a synergistic

relationship between sucrose and phytochrome in which both act in concert to promote a

beneficial physiological response under certain conditions. For example, under high light

conditions, harmful ultraviolet rays may cause severe damage in plant cells. Under these

conditions, though, large amounts of sugars would be produced by photosynthesis, and

the sucrose produced would act in concert with phytochrome, both acting through cGMP,

to produce protective anthocyanins.

The synergistic relationship between sucrose and phytochrome is easily seen in

the induction of CHS by R in A rabidops is . Without sucrose present, R induces CHS

expression transiently, reaching a peak at 2 hours, and declining rapidly thereafter

(Figures IIA and lIB). Addition of sucrose to the medium stimulates CHS expression to

significantly higher levels. In addition, expression persists for 18 hours, declining rapidly

by 24 hours (Figures IIA and lIB). The level of induction and dramatic alteration of

kinetics is too strong to be explained by a simple additive interaction. Clearly, the two

pathways act together in a manner that renders CHS expression subject to a different

method of regulation.
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Figure 11: RNA gel blot analysis of the synergistic interactions of sucrose and

phytochrome that regulate CHS expression in Arabidopsis thaliana. A. Wild type

Arabidopsis seedlings were grown for 4 days in constant darkness on IX MS salts with or

without 90 mM sucrose. Seedlings were subsequently shifted to constant red light (35

umol rrr? s+), and samples were collected over the next 24 hours at the time points

indicated (hours). The time refers to the onset of light treatment. RNA gel blots were

hybridized with a CHS cDNA and an 18S rDNA. B. mRNA levels were quantified by

phosphorimage analysis, and CHS mRNA levels were normalized to 18S rRNA levels to

correct for differences in loading.
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Chapter 3

Characterization of a Novel Phytochrome-Dependent Phenotype in

Arabidopsis thaliana

Genetic analysis of light signal transduction pathways has resulted in the isolation

of the photoreceptors phyA (Nagatani et aI., 1993; Parks and Quail, 1993; Whitelam et

aI., 1993), phyB, and cryptochrome, as well as the identification of genetic loci required

for phytochrome chromophore biosynthesis (Koornneef et aI., 1980; Chory et aI., 1989a).

None of the putative gain-of-function mutants isolated so far has been demonstrated to

specifically affect light signaling, and of the few loss-of-function mutants that have been

isolated, only fhyl has been shown to disrupt phytochrome-dependent signaling at the

morphological level and at the level of gene expression (Whitelam et aI., 1993; Barnes et

aI., 1996b). It is therefore of great interest to isolate new mutants that specifically disrupt

phytochrome-dependent signaling.

The genetic screens for mutants that retain elongated hypocoty Is in W have likely

been saturated (Millar et aI., 1994), and none of the screens for gain-of-function mutants

that possess light-grown features in the dark has yielded a phytochrome pathway-specific

mutant. New transgenic screening approaches have yielded new mutants that may

specifically affect phytochrome signaling (Jackson et at, 1995; Li et aI., 1995), and

physiological analysis of photoreceptor mutants has indicated that it may be possible to

screen for new mutants based on well-characterized, phytochrome-mediated responses

(Johnson et aI., 1994; Bagnall et aI., 1995). A third method exploits the pharmacological

sensitivity of the phytochrome signaling pathway to various chemicals that disrupt or

enhance pathway function. It has been found that the Ca2+- and Ca2+/cGMP-dependent

branches of the phytochrome pathway may be specifically disrupted by agents that

interfere with Ca2+ and CaM activity, like nifedipine and trifluoperazine, respectively

(Bowler et al., 1994b). Moreover, the same pathways may be blocked by the general
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kinase inhibitor staurosporine. Similarly, the cGMP- and Ca 2+ /cGMP-dependent

branches may be disrupted with cGMP antagonists like Rp-cGMPS, whereas only the

cGMP-dependent pathway may be inhibited by the general tyrosine kinase inhibitor

genistein (Bowler et aI., 1994b). In addition, the cGMP-dependent phosphodiesterase

(cGMP PDE) inhibitor zaprinast inhibits the desensitization of the signaling pathway to

constant light (Beavo and Reifsnyder, 1990; Bowler et aI., 1994b). All of these

compounds have been found to have effects at the level of single cells (Neuhaus et aI.,

1993) .

In this section, the effects of zaprinast on phytochrome-mediated processes in

Arabidopsis thaliana are investigated. Zaprinast was found to induce a novel,

phytochrome-dependent phenotype in whole seedlings, alter normal physiological

responses to FR, alter cellular ultrastructure, and cause profound effects on phytochrome­

regulated gene expression. The effects of zaprinast are investigated under different light

regimes and in the context of different mutants that are defective in light signaling. The

results suggest a role for a target of zaprinast, likely to be a cGMP PDE, in phytochrome

signaling, and a model of the effects of zaprinast on the primary phytochrome signal

transduction pathway is proposed.

It was found that when WT seedlings were grown on sucrose in the presence of

zaprinast under constant high fluence rate R (35 urnol m-2 s+), they developed a striking

phenotype. Under normal conditions, seedlings grown under R possess short hypocotyls

and open, expanded green cotyledons. Under these conditions, phytochrome regulates

the inhibition of hypocotyl elongation, induction of the genes necessary for proper

chloroplast development, and induction of agravitropic growth (Chory et aI., 1989a;

Robson and Smith, 1996). When grown in the presence of zaprinast, however,

hypocotyls are markedly shorter, cotyledons are bleached and relatively unexpanded, and

they exhibit an exaggerated agravitropic response (Figure 12). The exaggerated

agravitropic response seen in zaprinast-treated seedlings is very interesting because when
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Figure 12: The effect of zaprinast on the development of wild type Arabidopsis

thaliana. Wild type seedlings were grown for 5 days in constant red light (35 umol m-2

s+) on media containing IX MS salts with 90 mM sucrose. The two seedlings on the left

are untreated controls, and the two seedlings on the right were treated with 175 J..lM

zaprinast for the duration of the experiment. Scale bar = 2 nun.
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sucrose is present in the medium, the hypocotyls of light-grown seedlings normally

display strong negative gravitropism, growing vertically (0°) (Caspar and Pickard, 1989).

These observations suggest that zaprinast causes the seedlings to over-respond to light.

Namely, hypocotyl elongation is inhibited to a greater degree, and a stronger

phytochrome signal overcomes the gravitropic response stimulated by sucrose.

Nevertheless, the phenotype caused by zaprinast may be explained by three different

possibilities. First, zaprinast may be generally toxic to young seedlings. Second, the

toxicity may be light-dependent, resulting from a breakdown of the drug over extended

light treatments, producing toxic degradation products. Third, the toxicity may be

dependent on the activity of the phytochrome signaling pathway. It is proposed that a

cGMP PDE may mediate cGMP turnover during prolonged light treatment, resulting in

the down-regulation of the cGMP pathway (Bowler et al., 1994b). If this PDE were

inhibited by zaprinast, cGMP may accumulate to very high levels and cause the dramatic

effects seen in zaprinast-treated plants.

Subjective assessment of dose response experiments indicated that 175 �

zaprinast produced the most reproducible response of the concentrations tested.

Moreover, it was found that sucrose was absolutely required for the inhibition of

hypocotyl elongation and cotyledon bleaching phenotypes (data not shown), but was

dispensable for induction of the agravitropic phenotype. It has been demonstrated

recently that phytochrome-dependent agravitropic responses are mediated by a VLFR, a

response that would be predicted to activate the pathway to very low levels (Robson and

Smith, 1996). Thus, the very low levels of cGMP that may accumulate in the presence of

zaprinast when no stimulus such as light is applied may be sufficient to stimulate

agravitropism. In addition, it was found that effectiveness of the drug decreased at lower

fluence rates of R (see below), and constant light treatment was required, as dark intervals

during treatment appeared to allow seedlings to recover from the effects of zaprinast (data

not shown). To investigate the mechanism by which zaprinast achieves its effects, WT
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and mutant Arabidopsis seedlings of different genotypes were grown on zaprinast in

darkness or under various light conditions.

Effects ofzaprinast on hypocotyl elongation

Dark-grown WT seedlings display a typical etiolated appearance, possessing

elongated hypocotyls, closed apical hooks, and unexpanded cotyledons (Figure 13).

Identical dark-grown phenotypes are possessed by the phytochrome chromophore­

deficient hyl mutant (Parks and Quail, 1991), aphyB null mutant (Reed et al., 1993), the

blue light receptor-deficient hy4 mutant (Ahmad and Cashmore, 1993), a phyA null

mutant (Reed et al., 1994), a phyAphyB double mutant, and the putative phyA signal

transduction mutantjhyl (Whitelam et al., 1993) (Figure 13). Growth on zaprinast in the

dark does not induce dramatic morphological changes in seedlings of any genotype

(Figure 13). Seedlings still possess long hypocotyls, closed apical hooks, and

unexpanded cotyledons. Despite the fact that the hypocotyls remain long, zaprinast­

treated seedlings are measurably shorter by 25-30% (Figure 17A; Table 1). This result

may reflect the fact that seeds are treated with high fluence rate white light (40 umol rrr?

s+) to induce germination. phyBfr that is produced by this treatment may be present

during early seedling development and stimulate the production of cGMP which causes

the observed hypocotyl shortening.

When seedlings are grown in constant R, WT, hy4, phyA, andjhyl seedlings

possess short hypocotyls, and open, expanded green cotyledons (Figure 14). By contrast

hyl, phyB, and phyAphyB mutants retain elongated hypocotyls, relatively unopened

apical hooks, and small, green cotyledons (Figure 14). This disparity results from the fact

that phyB is the primary perceiver of R, and because the latter three mutants do not

possess normal phyB, they cannot undergo normal photomorphogenesis. Growth of

seedlings on zaprinast induces a dramatic phenotype in WT, hy4, phyA, andjhyl

seedlings, as they possess extremely short hypocotyls, small, bleached cotyledons, and

display exaggerated agravitropism (Figure 14). Measurement of hypocotyllengths
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Figure 13: The effect of zaprinast on the development of dark-grown Arabidopsis

seedlings. Seedlings of the genotypes indicated to the left of each panel were grown for 5

days in constant darkness on media containing IX MS salts with 90 mM sucrose, with or

without 175 J,JM zaprinast present in the medium for the duration of the experiment. The

two seedlings on the left of each panel are untreated controls, and the two seedlings on

the right were treated with zaprinast. Scale bar = 2 mm.
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Figure 14: The effect of zaprinast on the development of red light-grown

Arabidopsis seedlings. Seedlings of the genotypes indicated to the left of each panel

were grown for 5 days in constant red light (35 umol m-2 s+) on media containing IX MS

salts with 90 mM sucrose, with or without 175 J..LM zaprinast present in the medium for

the duration of the experiment. The two seedlings on the left of each panel are untreated

controls, and the two seedlings on the right were treated with zaprinast. Scale bar = 2

mm.
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indicates that these mutants are inhibited approximately 75% by zaprinast (Figure 17B;

Table 1). The phyB-deficient mutants, however, still possess longer hypocotyls, green

cotyledons, and relatively unopened apical hooks (Figure 14). Moreover, hypocotyl

elongation in these mutants is only inhibited by approximately 25% (Figure 17B; Table

1). This value is very close to that observed in dark-grown seedlings (Table 1). These

data indicate that zaprinast requires intact phyB to achieve its effects in R.

When grown in constant FR, WT, phyB, and hy4 seedlings possess short

hypocotyls, open apical hooks, and expanded, yellow cotyledons (Figure 15). Greening

does not occur in FR because the formation of chlorophyll requires red light (Salisbury

and Ross, 1985). Seedlings of the hy1 , phyA, and phyAphyB genotypes, however, possess

long hypocotyls, closed apical hooks, and unexpanded cotyledons (Figure 15). fhyl

plants also possess long hypocotyls, but they have open apical hooks, and small expanded

cotyledons (Figure 15). These four mutants look like etiolated seedlings because they

lack phyA, the photoreceptor activated by FR that regulates a FR high irradiance response

(HIR), or lack a component of the phyA signaling pathway. When grown on zaprinast,

WT, phyB, and hy4 seedlings are dramatically inhibited, possessing extremely short

hypocotyls, small cotyledons, and display an exaggerated agravitropic response (Figure

15). Hypocotyl elongation is inhibited by approximately 80% in these plants (Figure

17C; Table 1). By contrast, the FR-insensitive phenotype is not altered by zaprinast in

mutants deficient in phyA or phyA signaling (Figure 4). Moreover, hypocotyl elongation

in these mutants is inhibited only by 15-20%, a level similar to that seen in dark-grown

controls (Figure 17C; Table 1). Thus, it is clear that phyA signaling is required for

zaprinast to produce its effects in FR.

WT, phyB, phyA, andfhyl seedlings grown in constant B possess short

hypocotyls, and open, expanded green cotyledons (Figure 16). This contrasts with hy4,

phyAphyB, and hyl mutants, which possess elongated hypocotyls in B, relative to WT

(Figure 16). This phenotype is expected of hy4, because it lacks the blue light receptor
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Figure 15: The effect of zaprinast on the development of far-red light-grown

Arabidopsis seedlings. Seedlings of the genotypes indicated to the left of each panel

were grown for 5 days in constant far-red light (5 umol m-2 s+) on media containing IX

MS salts with 90 mM sucrose, with or without 175 JlM zaprinast present in the medium

for the duration of the experiment. The two seedlings on the left of each panel are

untreated controls, and the two seedlings on the right were treated with zaprinast. Scale

bar=2mm.
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Figure 16: The effect of zaprinast on the development of blue light-grown

Arabidopsis seedlings. Seedlings of the genotypes indicated to the left of each panel

were grown for 5 days in constant blue light (20 umol rrr? s+) on media containing IX

MS salts with 90 mM sucrose, with or without 175 �M zaprinast present in the medium

for the duration of the experiment. The two seedlings on the left of each panel are

untreated controls, and the two seedlings on the right were treated with zaprinast. Scale

bar=2mm.
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cryptochrome, and is unable to respond to blue light signals. The long hypocotyls

possessed by phyAphyB and hyl mutants is unexpected because they contain intact

cryptochrome signaling systems, and should respond normally to B. It is known

however, that phytochrome absorbs light in the B region of the spectrum, and may be

activated by it (Mancinelli, 1994). When all seven genotypes are grown on zaprinast in

the presence of B (20 umol rrr? s -1), their hypocoty Is are all significantly shortened by

approximately 60% (Figures 16 & 17D; Table 1). The notable exception to this is

phyAphyB, which is only shortened by approximately 50% (Table 1). These data imply

that the hypocotyl shortening induced by zaprinast in constant B requires either phyA or

phyB. hy1 mutants, which are presumably deficient in all phytochromes, are affected in a

similar manner to WT, perhaps reflecting the leakiness of this mutation, the penetrance of

which may be masked under these conditions by high fluence rate B.

The following conclusions may be drawn from these data. First, it is clear that the

effect of zaprinast is not merely the result of general toxicity. Uniform hypocotyl

shortening is observed in the dark in all genotypes tested (Table 1), but the dramatic

effects on growth that are observed in some light-grown plants are not manifest in the

dark. Second, the effect of zaprinast on growth is light-dependent, but it is not a general

light-dependent toxicity such as that observed with the herbicide norflurazon (Susek et

aI., 1993). Rather, the observation that only certain genotypes are affected whereas

others are normal under different light conditions rejects the notion of general light­

dependent toxicity. Third, the effect of zaprinast is phytochrome-dependent, and

moreover, requires the presence of the appropriate type of phytochrome to produce its

effects under different light conditions. phyB is the primary mediator of responses to R,

and mutants that lacked phyB were found to be insensitive to zaprinast under these

conditions. Similarly, phyA is the sole mediator of responses to FR, and mutants that

lack phyA or phyA signaling were insensitive to zaprinast when treated with FR.
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Figure 17: The effect of zaprinast on the hypocotyl elongation of Arabidopsis

seedlings grown in darkness, red light, far-red light, and blue light. Seedlings were

grown under each light condition as described in the legends to Figures 13-16. A

representative sample of these seedlings was plated out on agar plates that were

subsequently photographed with a scale bar included. The images were projected, the

hypocoty I lengths were measured, and the actual hypocotyI lengths were calculated based

on the scale bar contained in the projected image. A. Dark; B. Red light; C. Far-red light;

D. Blue light. The hypocotyllengths represent the mean of 30 seedlings. Standard errors

are indicated by the error bars. In cases where no error bar is present, the standard error

was too small to be visible in the figure.
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Table 1: Effect of zaprinast on hypocotyl elongation in the genotypes listed. Seedlings
were grown for 5 days in darkness or constant red (35 umol m-2 sec+), far-red (5 urnol
m-2 sec+), or blue (20 umol m-2 sec+) light. The hypocotyls of zaprinast-treated and

untreated seedlings were measured, and the numbers listed in the table represent the

percent inhibition by zaprinast relative to untreated controls.

Genotype Dark Red Far-red Blue

Wild type 33 76 79 60

hyl 26 25 11 60

phyB 21 25 81 61

hy4 24 77 79 60

phyA 36 70 17 66

phyAphyB 30 16 19 48

fhyl 30 77 13 71
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It may be argued that mutants with long hypocotyls simply may not be inhibited

enough under different light conditions to behave like WT in the presence of zaprinast.

The hypocotyls of insensitive mutants, however, were found to be inhibited to the same

degree under light-grown conditions as those of all genotypes when treated with zaprinast

in the dark. As many of the mutations tested are known null mutations in the

photoreceptors, this suggests that any increased sensitivity to zaprinast requires intact

photoreceptors or an intact signaling pathway. Second, in the one experiment where they

were tested, long hypocotyl hy5 (Koomneef et aI., 1980) mutants were found to possess

hypocotyls of equal length to WT when both were grown on zaprinast in R (data not

shown). Therefore, even mutants with elongated hypocotyls may be inhibited to the same

short length as WT if their phytochrome signaling systems are intact. From these data, it

is clear that zaprinast may be used to gauge the activity of the phytochrome signaling

pathway under all conditions in which it is active.

The requirement for the inclusion of sucrose in the medium to induce the

phenotype observed in zaprinast-treated seedlings raises the question of why

phytochrome activation alone is not sufficient to induce the phenotype. Studies of gene

expression have demonstrated that phytochrome stimulates its cGMP-dependent pathway

transiently and to low levels (Barnes et aI., 1996b). The dramatic effects on hypocotyl

elongation and cotyledon bleaching produced by zaprinast appear to require prolonged,

high level activity of the pathway. It has been found that the ability of phytochrome to

stimulate anthocyanin accumulation, and most likely the expression of anthocyanin

biosynthetic genes as well, decreases over time under conditions of continuous

illumination by light, as the primary wavelengths of light that promote the expression of

anthocyanin biosynthetic genes shift from red to blue (Mancinelli, 1983).

The light-dependent induction of anthocyanin biosynthetic genes, which are

targets of the cGMP-dependent pathway of phytochrome, is regulated by a developmental

program as well, and expression of these genes is inhibited by 4 days after germination
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(Kubasek et aI., 1992), an event that occurs during the time frame of this experiment.

The presence of sucrose in the medium may help overcome the insufficient levels of

expression produced by phytochrome alone, and may bypass some of the developmental

regulatory mechanisms that appear to repress the activity of the pathway. This may be

accomplished by the synergistic interactions of phytochrome and sucrose that result in

hyperactivation of this pathway that is observed at the level of gene expression (Figure

11).

Effects ofzaprinast on chloroplast development

As described above, the effects of zaprinast were not confined to the inhibition of

hypocotyllength. One of the most striking phenotypes was the bleached cotyledons

possessed by sensitive plants when grown in R (Figure 12) and constant W (data not

shown) in the presence of zaprinast. To investigate the defect that causes the cotyledons

to appear bleached, cotyledons were examined by transmission electron microscopy. It

was found that when WT seedlings were grown in the dark, zaprinast had little effect on

the cellular structure (data not shown). This is in stark contrast to the effect of zaprinast

when seedlings were grown in constant R (data not shown). The most obvious difference

is the presence of large amounts of nutrient storage bodies in the forms of starch granules,

lipid droplets, and protein bodies in the cells of light-grown, zaprinast-treated plants. In

addition, cells from zaprinast-treated seedlings appear to lack a large central vacuole. In

contrast, cells from untreated plants possess very little stored nutrients compared to

zaprinast-treated plants, and contain large central vacuoles.

These differences may be reconciled by the observation that zaprinast-treated

seedlings do not exhibit any marked growth in the light compared to control seedlings.

Because growth does not proceed, there is no need to break down stored nutrients into

usable forms. Thus, storage bodies would not disappear over the course of zaprinast

treatment. Other experiments have determined that storage bodies do not disappear and

subsequently reaccumulate over the 5 day time course, supporting this argument (data not
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shown). Similarly, dark-grown zaprinast-treated seedlings do not possess the large

number of storage bodies possessed by their light-grown counterparts. This may be

explained by the fact that a large amount of cell elongation and division occurs during

dark growth. Since zaprinast has little effect on dark growth, breakdown of stored

nutrients would occur at a similar pace as that seen in control seedlings, resulting in no

observable ultrastructural differences in the dark. The lack of an observed central

vacuole in light-grown zaprinast-treated plants may be explained by the fact that the

vacuole does not tend to form in plants until most protein storage bodies are broken down

(Matile, 1975; Hara and Matsubara, 1980). Therefore, the continued presence of storage

bodies in zaprinast-treated plants prevents the normal formation of the vacuole.

Closer analysis of the plastids has suggested the reason why light-grown

zaprinast-treated seedlings possess bleached cotyledons. Plastids from dark-grown

control and zaprinast-treated seedlings were morphologically indistinguishable from each

other (Figure 18). Both plants possessed etioplasts that contained large prolamellar

bodies and little thylakoid membrane development. The prolamellar body contains large

amounts of protochlorophyllide (PC) and the enzyme protochlorophyllide

oxidoreductase, which catalyzes the conversion of PC to chlorophyllide upon light

illumination, permitting chlorophyll biosynthesis to proceed (Barnes et aI., 1996a). The

prolamellar body disappears upon light treatment, and a normal chloroplast containing

significant thylakoid membrane development and a large number of grana stacks is

formed (Figure 18). This does not occur in light-grown zaprinast-treated seedlings.

Plastids of these seedlings do not contain prolamellar bodies, but thylakoid development

is significantly retarded, and no grana stacks are formed (Figure 18). Zaprinast does not

induce chloroplast development in the dark (Figure 18), consistent with the observation

that it does not induce photomorphogenesis in dark-grown seedlings (Figure 13).

Moreover, the light-dependent dispersal of the prolamellar body is unaffected by

zaprinast (Figure 18). Thus, the primary effect of zaprinast on plastid development is the
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Figure 18: Transmission electron microscopic analysis of the effects of zaprinast

on plastid development in wild type Arabidopsis . Wild type seedlings were grown in

darkness or constant red light (35 urnol rrr? s+) for 5 days on media containing IX MS

salts and 90 mM sucrose, with or without 175 J1.M zaprinast. Representative seedlings

were selected from each growth condition, fixed and examined by electron microscopy as

described in Materials and Methods. P: prolamellar body; S: starch granule; L: lipid

droplet; Th: thylakoid membrane; G: grana stack. Magnification: Dark: 20,000X; Red:

13,850X
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inhibition of thylakoid membrane development, and subsequent grana stack formation.

Such poorly developed plastids would produce a bleached cotyledon phenotype.

Effects ofzaprinast on phytochrome-dependent CAB gene expression

The bleached cotyledons cannot result from a light-dependent modification of

zaprinast that renders it toxic to plastids, because earlier experiments demonstrated that

zaprinast does not cause this phenotype in the cotyledons of all light-grown plants.

Rather, the effect of zaprinast is correlated with phytochrome signaling. In order to

determine if zaprinast altered the expression of phytochrome-inducible genes that may be

required for proper chloroplast formation, gel blot analysis of RNA isolated from plants

grown in constant R or FR in the presence of zaprinast was performed. It was found that

in untreated control plants, both Rand FR induced the expression of CAB to very high

levels over a 48 hour time course (Figures 19 and 20B, and 21 and 22B, respectively). In

both cases, expression of CAB displayed the circadian oscillations that have been

previously observed (Millar and Kay, 1991). In the presence of zaprinast, however, CAB

expression was markedly reduced in both Rand FR (Figures 19, 20B, 21, and 22B,

respectively). Zaprinast did not appear to dramatically affect circadian cycling, as peaks

and troughs of expression were still apparent. CAB genes encode the chlorophyll AlB

binding proteins that reside in the thylakoid membranes in the chloroplasts. Therefore,

by inhibiting the expression of genes that are required for normal chloroplast assembly

and function, zaprinast may cause the bleached cotyledon phenotype that is observed.

The repression of CAB expression by zaprinast is not unexpected. It was found

previously that zaprinast inhibited the expression of CAB genes in soybean cells, and the

expression of a CAB: :GUS fusion construct in microinjection experiments in au cells

(Bowler et al., 1994b). This inhibition was also caused by high levels of cGMP, or by

compounds that stimulated cGMP accumulation like sodium nitroprusside. In each of

these cases, the repressive effects of these compounds on CAB: :GUS expression could be

relieved by directly blocking cGMP-dependent processes with the inhibitor Rp-cGMPS
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Figure 19: RNA gel blot analysis of the effect of zaprinast on red light-

inducible gene expression. Wild type seedlings were grown for 4 days in constant

darkness for 4 days on media containing IX MS salts with 90 mM sucrose, without (­

Zaprinast) or with (+Zaprinast) 175 JlM zaprinast. Seedlings were then transferred to

constant red light (35 umol m-2 sI). Samples were harvested over the next 48 hours at

the times indicated (hours), RNA gel blots were sequentially hybridized with cDNAs of

CHS and CAB], and an ]8S rDNA.
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Figure 20: Quantification of the effect of zaprinast on red light-induced CHS

and CAB gene expression. Seedlings were grown and treated with red light as described

in the legend to Figure 19. mRNA levels of CHS (A.) and CAB (B.) were determined by

phosphorimage analysis, and were corrected based on I8S rRNA levels to control for

loading errors.
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(Bowler et al., 1994b). Thus, it appears that zaprinast inhibits CAB expression by raising

cGMP concentrations in the cell to abnormally high levels. Negative regulation of Ca2+­

dependent CAB expression by cGMP is termed reciprocal control. Zaprinast was also

found to inhibit normal phytochrome-mediated chloroplast development in au via cGMP

as well (Bowler et al., 1994b). Thus, the data obtained in Arabidopsis seedlings extend to

the level of whole plants the observations that zaprinast inhibits the expression of genes

and development of chloroplasts that is regulated by the Ca 2+ - dependent pathway of

phytochrome. These data clearly suggest that cGMP-dependent reciprocal control

functions in whole plants as well.

Effects ofzaprinast on phytochrome-dependent CHS expression

Zaprinast has been shown to inhibit the desensitization of CHS expression during

extended light treatments in soybean cells, suggesting that a cGMP PDE regulates

activity of the cGMP-dependent pathway of phytochrome (Bowler et al., 1994b). In

addition, the effects of zaprinast on CAB gene expression suggest that cGMP accumulates

to much higher levels in zaprinast-treated plants. To examine the effects of zaprinast on

the expression of CHS in whole plants, gel blot analysis of RNA isolated from plants

treated with constant R or FR was performed. In constant R, CHS in untreated plants was

induced to high levels, peaking between 6 and 12 hours after treatment commenced

(Figures 19 and 20A). Expression rapidly declined shortly thereafter, returning to basal

levels by 24 hours. A second small peak of expression that is observed at 36 hours is

consistent with the observation that CHS expression may be regulated in a circadian

manner to some degree (Deikman and Hammer, 1995). Zaprinast stimulated higher

levels of CHS expression over the entire duration of the time course (Figures 19 and

20A). It was found, however, that despite the fact that levels of CHS mRNA were higher

overall, they still declined rapidly after 18 hours. Moreover, the kinetics of that decline

were similar in both zaprinast-treated and control plants (Figure 20A), indicating that a
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Figure 21: RNA gel blot analysis of the effect of zaprinast on far-red light-

inducible gene expression. Wild type seedlings were grown in constant darkness for 4

days on media containing IX MS salts with 90 mM sucrose, without (-Zaprinast) or with

(+Zaprinast) 175 JlM zaprinast. Seedlings were then transferred to constant far-red light

(5 umol m-2 s"). Samples were harvested over the next 48 hours at the times indicated

(hours). RNA gel blots were sequentially hybridized with cDNAs of CBS and CAB] , and

an ]8SrDNA.
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Figure 22: Quantification of the effect of zaprinast on far-red light-induced CHS

and CAB gene expression. Seedlings were grown and treated with red light as described

in the legend to Figure 21. mRNA levels of CHS (A.) and CAB (B.) were determined by

phosphorimage analysis, and were corrected based on I8S rRNA levels to control for

loading errors.
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desensitization mechanism operates in R independently of the zaprinast-sensitive

component.

In constant FR, CHS expression is induced to high levels in untreated controls,
•

reaching maximal expression by 24 hours and declining thereafter, such that expression

returns to basal levels by 48 hours (Figures 21 and 22A). Treatment with zaprinast

results in higher levels of CHS expression with similar amplitude and kinetics over the

first half of the time course (Figures 21 and 22A). Whereas CHS mRNA levels decline

over the second half of the time course in untreated controls, CHS expression is

maintained at higher levels for an additional 12-18 hours in zaprinast-treated plants

before declining. In this case, because zaprinast can delay desensitization for a

significant period of time, it is likely that a zaprinast-sensitive target such as a cGMP

PDE is at least partly responsible for the declining CHS levels observed in control plants.

The normal desensitization kinetics observed in the presence of zaprinast in R as

well as the eventual decline of CHS expression in FR indicate that another mechanism to

negatively regulate this branch of the phytochrome signaling pathway may exist. One

obvious possibility is the destruction of phyA. It has been shown that phyA is required

for CHS induction in R as well as FR (Barnes et aI., 1996b), although sucrose can bypass

this requirement in phyA mutants (Figure 23). In constant R, if phyA is required for

induction, sucrose may be able to stabilize phyAfr for an extended period of time,

allowing strong induction of CHS, before being degraded after 18 hours. Experiments

with phyA mutants, however, indicate that this is not the case. Figure 23 shows that CHS

expression is induced in phyA mutants in the presence of sucrose, and zaprinast enhances

this induction. Nonetheless, just as in the WT, CHS levels rapidly decline in phyA

mutants regardless of the presence of zaprinast (Figures 23 and 24A). Moreover, the

kinetics of the decrease of CHS expression in phyA mutants with and without zaprinast

are comparable to those seen in WT (compare Figures 20A and 24A). These data suggest

that a third mechanism that negatively regulates the cGMP-dependent branch that is
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Figure 23: RNA gel blot analysis of the effect of zaprinast on red light-induced

gene expression in phyA mutants. phyA seedlings were grown in constant darkness for 4

days on media containing IX MS salts with 90 rnM sucrose, without (-Zaprinast) or with

(+Zaprinast) 175 JlM zaprinast. Seedlings were then transferred to constant red light (35

umol rrr? s+). Samples were harvested over the next 48 hours at the times indicated

(hours). RNA gel blots were sequentially hybridized with cDNAs of CBS and CAB1, and

an 18SrDNA.
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Figure 24: Quantification of the effect of zaprinast on red light-induced CHS

and CAB gene expression in phyA mutants. Seedlings were grown and treated with red

light as described in the legend to Figure 23. mRNA levels of CHS (A.) and CAB (E.)

were determined by phosphorimage analysis, and were corrected based on 18S rRNA

levels to control for loading errors.
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independent of both phyA degradation and cGMP PDE activity is present in plants,

functions primarily in R and perhaps to some degree in FR. It is also interesting to note

that the expression of CAB is still significantly repressed in zaprinast-treated phyA

mutants, demonstrating that under R conditions, phyA is not a primary mediator of

reciprocal control (Figures 23 and 24B).

Effects ofzaprinast on anthocyanin accumulation

A prediction that may be made based on the expression of CHS in the presence of

zaprinast is that CHS enzyme levels will be increased. Because CHS performs the first

committed step in anthocyanin biosynthesis (Shirley et al., 1995), it is possible that FR­

stimulated anthocyanin accumulation may be enhanced. To test this, WT seedlings were

grown in the dark on sucrose with or without zaprinast for 4 days, and were subsequently

maintained in darkness or shifted to constant FR for an additional 3 days. Anthocyanins

were extracted, and it was found that zaprinast had no effect on the accumulation of

anthocyanins in the dark (Figure 25). By contrast, zaprinast increased the level of

anthocyanin produced in FR by approximately 5 fold (Figure 25). These data confirm

that zaprinast is able to enhance phytochrome-mediated responses at both the molecular

and physiological levels.

Effects ofzaprinast on gravitropic responses

An additional phenotype of zaprinast treatment was the enhanced agravitropic

response observed in plants grown on zaprinast in both Rand FR. This phenotype was

striking because sucrose normally promotes negative gravitropism in the hypocotyls of

light-grown plants through the action of statoliths, gravity sensors contained in plastids

that are composed entirely of starch (Audus, 1962). Since zaprinast-treated seedlings

contain significantly more starch than untreated controls (data not shown), they should be

even more likely to exhibit negative gravitropism. This is not the case, however. It has

been demonstrated that the agravitropic response of the hypocoty Is of Arabidopsis

seedlings is regulated by phytochrome (Robson and Smith, 1996). Hypocotyls of
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Figure 25: Quantification of anthocyanin levels in zaprinast-treated seedlings. Wild

type seedlings were grown in constant darkness for 4 days on media containing 1 X MS

salts and 90 mM sucrose, with or without 175 J,tM zaprinast. Seedlings were

subsequently maintained in darkness or transferred to constant far-red light (5 urnol m-2

s+) for an additional 3 days prior to extraction and quantification of anthocyanins.

Relative levels of induction express the difference of the absorbances at 530 nm and 657

nm per 50 seedlings. The levels represent the average of three experiments. Error bars

indicate the standard error. Where error bars are not present, the standard error was

smaller than can be represented at this scale.
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etiolated seedlings grown without sucrose are vertical, displaying negative gravitropism,

whereas pulses of R or W can induce hypocotyls to grow at random angles instead of

vertical, displaying agravitropism. Recent work has demonstrated that agravitropism can

be stimulated by either phyA or phyB (Robson and Smith, 1996). For that reason, it is of

interest to characterize the gravitropic phenotype induced by growth on zaprinast.
WT seedlings were grown vertically on plates without sucrose, with or without

zaprinast, in constant darkness for 5 days. Subsequently, the plates were photographed,
and the angles of the hypocotyls were measured relative to vertical. It was found that

without zaprinast, hypocotyls of WT seedlings displayed strong negative gravitropism.

The frequency distribution of seedlings growing at various angles displays strong

clustering around vertical (00) (Figure 26A). An accurate measure of the degree of

agravitropism is expressed by the standard deviation of the distribution of the angles of

the hypocotyls of seedlings relative to vertical (Liscum and Hangarter, 1993; Robson and

Smith, 1996). In the case of the untreated seedlings, the standard deviation of 150 is very

similar to that observed in other studies (Liscum and Hangarter, 1993; Robson and Smith,

1996; Table 2). In contrast, zaprinast induced the hypocotyls of seedlings to grow at a

wide range of angles in the absence of light. The frequency histogram of these seedlings

demonstrates that there is a random distribution of angles relative to vertical (Figure

26B). The calculated standard deviation of 700 is very similar to that observed for light­

grown seedlings (Liscum and Hangarter, 1993; Robson and Smith, 1996; Table 2).

Therefore, it appears that zaprinast is able to induce this phytochrome-dependent

phenomenon in the absence of light.

It has been found that the incidence of increased randomization of hypocotyl

angles in the dark results from a VLFR produced by the photoconversion of Pr to Pfr in

seeds prior to germination (Robson and Smith, 1996). Thus, it is possible that zaprinast

prevents the degradation of cGMP that may be produced by this VLFR, and an

agravitropic response results. To test this, phytochrome-deficient mutants were examined
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Figure 26: The effect of zaprinast on gravitropic growth in wild type. Wild type

seedlings were grown in constant darkness on vertical plates for 5 days on media

containing IX MS salts, without (A.) or with (B.) 175 MM zaprinast. The plates were

photographed, the images were projected, and the orientations of hypocotyls relative to

vertical (0°) were determined. Hypocotyls growing to the left of vertical are designated

negative (-), and those growing to the right of vertical are designated positive (+). The

results are expressed as a histogram of the number of seedlings growing at each angle

relative to vertical.
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Table 2: Effect of zaprinast on gravitropism in etiolated Arabidopsis mutants deficient in

phytochrome or phytochrome signaling. Seedlings were grown for 5 days in constant

darkness in the absence or presence of 175 IlM zaprinast. The angles of the hypocotyls
relative to vertical were subsequently measured. SD refers to the standard deviation of

the frequency distribution of the angles of plants relative to vertical (0°). The angles of at

least 175 seedlings in each treatment were measured in each experiment. Low SD values

reflect strong negative gravitropism whereas high SD values reflect more random

distributions.

Genotype SD

Wild type-zaprinast 15°

Wild type+zaprinast 70°

phyA -zaprinast 14°

phyA +zaprinast 71°

phyB -zaprinast 15°

phyB +zaprinast 76°

phyAphyB-zaprinast 16°

phyAphyB+zaprinast 72°

jhyl-zaprinast 13°

jhyI +zaprinast 85°
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for their agravitropic responses to zaprinast. phyA, phyB, and phyAphyB mutants all

displayed strong negative gravitropism in the dark in the absence of zaprinast (Table 2).

By contrast, zaprinast induced the randomization of hypocotyl growth in each of these

mutants in the absence of light (Table 2). These results are particularly striking in the

case of the phyAphyB double mutant because it has been found that light cannot induce

randomization in these plants (Robson and Smith, 1996). The phyA signal transduction

mutantjhyl was also tested, and it was found that it displayed normal negative

gravitropism in the absence of zaprinast (Table 2). Like the other mutants, the

hypocotyls of jhyl plants were similarly randomized by zaprinast (Table 2).

These data demonstrate that the stimulus for the agravitropism observed in

zaprinast-treated seedlings does not originate from phyA or phyB. Because phyAphyB

double mutants do not display randomization even in the light, it is thought that phyC,

phyD, and phyE do not contribute to gravitropic responses. Moreover, the sensitivity of

jhyl to zaprinast demonstrates that the signaling pathway that regulates gravitropism does

not require FHY1 for normal activity. It is interesting to note that the cop4 mutant of

Arabidopsis which possesses an open apical hook and expanded cotyledons in the dark,

as well as expression of some light-regulated genes, also displays aberrant shoot

gravitropism (Hou et al., 1993). The reason for the agravitropic phenotype that is

induced by zaprinast is not clear. Since there is some inhibition of hypocotyl elongation

in the dark in addition to the induction of agravitropism, the two phenomena may be

related. Both may result from cGMP that accumulates during development

independently of light, although the signaling pathways that may produce cGMP are

unknown. Conversely, either or both responses may result from non-specific effects of

zaprinast that occur by a mechanism that is currently undefined.

The phenotypes displayed by zaprinast-treated plants may all be explained by the

hypothesis that zaprinast induces overactivation of the cGMP-dependent branch of the

phytochrome signal transduction pathway (Figure 27). In this model, cGMP levels would
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Figure 27: Model of the effects of zaprinast on the phytochrome signal transduction

pathway in Arabidopsis thaliana.
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accumulate to very high levels, and the plant would respond to them in a manner

proportional to those levels. It has been found that plants grown under higher fluence

rates of light are shorter than those grown under low fluence rates (Mancinelli, 1994) (see

below). In this situation, increased flow through the signaling pathway causes the plant

to inhibit hypocotyl elongation to a greater degree. Similarly, in plants that contain zero,

one, two, or four copies of the PHYB gene, those that contain four copies are shorter than

those with no PHYB, and those with one or two copies possess intermediate lengths

(Wester et aI., 1994). Clearly, plants are exquisitely sensitive to the amount of signal

produced by phytochrome. The high levels of cGMP caused by zaprinast also inhibit

proper chloroplast development and CAB gene expression through a cGMP-dependent

reciprocal control mechanism, as has been seen in soybean cells and microinjection

experiments in au hypocotyls (Bowler et aI., 1994b). Consistent with its proposed role as

an inhibitor of cGMP PDEs, zaprinast inhibits the desensitization of CHS to FR, and

increases the expression level of CHS. This results in 5-fold greater levels of anthocyanin

produced in FR. Finally, zaprinast induces agravitropic responses in dark-grown plants,

possibly through a cGMP-dependent mechanism. These results demonstrate that

zaprinast may be a powerful tool for assaying the function of the cGMP-dependent

branch of the phytochrome signal transduction pathway, and may be useful for the

isolation of mutants that specifically affect this branch.
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Chapter 4

Isolation and Characterization of Zaprinast-Resistant Mutants of

Arabidopsis thaliana

The phenotype induced by the cGMP-dependent phosphodiesterase inhibitor

zaprinast in WT seedlings of Arabidopsis thaliana clearly requires the activity of

phytochrome. The fact that mutants that are deficient in phytochrome or phytochrome

signaling are resistant to the effects of zaprinast under different light conditions suggests

that phytochrome signaling mutants may be isolated based on resistance to zaprinast.

Given the likelihood that zaprinast achieves its effects by allowing cGMP to accumulate

to very high levels, it is possible that mutations that specifically affect the cGMP­

dependent branch of the phytochrome signaling pathway may be isolated. Moreover, the

resistance of phytochrome-deficient mutants to zaprinast under R (phyB) and FR (phyA)

suggests that mutations that affect phytochrome-dependent cGMP production in response

to light may be recovered. Such mutations would affect components that act early in the

pathway, such as phytochrome itself, a heterotrimeric GTP-binding protein (G protein),

or an as yet unidentified component (Figure 28A). Additionally, components that act

later in the pathway, such as guanylyl cyclase, could also be affected. One could

distinguish between mutations in early acting and late acting components based on

patterns of gene expression. Mutations that affect early steps would very likely affect the

expression of genes that are targets of both the cGMP- and Ca2+/CaM-dependent

signaling branches. A mutation that affects a component that functions later in the

pathway may specifically affect the expression only of genes that are the targets of the

cGMP-dependent branch.

A second class of mutations would have no effect on cGMP production, but

would affect downstream signaling components that are directly or indirectly regulated

by cGMP, such as kinases, phosphatases, or transcription factors (Figure 28B). These
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Figure 28: Regions of the phytochrome signaling pathway that may be mutated

in zaprinast-resistant mutants of Arabidopsis . A. Early-acting components that regulate

cGMP production. B. Components whose activities are regulated by cOMPo C. cOMP­

dependent phosphodiesterase. Elements indicatedin red are those affected by mutations.
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mutations would cause reduced expression of target genes of the cGMP-dependent

pathway, and would be predicted to have little effect on the activity of the Ca 2+ /CaM­

dependent pathway. A third class of mutations would directly affect the cGMP PDE

itself (Figure 28C). Such a mutation would render the PDE insensitive to zaprinast, but

not affect intrinsic phophodiesterase activity. This would allow normal cGMP turnover

in the presence of the inhibitor. Mutations of this sort would be expected to have little

effect on the expression of cGMP-dependent pathway target genes. In addition, the

absolute requirement for sucrose to induce the zaprinast phenotype suggests that

mutations that alter the integration of phytochrome and sucrose signals may be isolated as

well. Such mutants would be distinguished by normal expression of phytochrome­

regulated genes in the absence of sucrose, whereas stimulation of gene expression by

sucrose may be altered. Finally, mutations that affect the uptake of zaprinast from the

medium may be recovered as well.

In this study, a genetic screen was performed in order to isolate new mutations

that disrupt phytochrome signaling. Four mutants were recovered from the screen, and

two were characterized in detail. These two mutants were found to be allelic, and

affected phytochrome-dependent processes at the physiological level. It was found that

the zaprinast-resistant mutants flowered later than WT plants, so previously identified

late-flowering mutants were tested for zaprinast sensitivity as well. Of those tested, two

were found to be resistant to zaprinast, and one was characterized in further detail.

Studies of gene expression in the mutant demonstrate that phytochrome-dependent

signaling is not altered, but the integration of sucrose signals with those of phytochrome

is affected.

Isolation ofzaprinast-resistant mutants ofArabidopsis thaliana

The Landsberg erecta (L(er)) ecotype of Arabidopsis was selected for screening

because the majority of photomorphogenic mutants isolated to date are of this ecotype

(Koornneef et aI., 1980; Whitelam et aI., 1993), and problems of ecotype differences
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would be avoided in any subsequent double mutant studies. Moreover, tests of other

ecotypes for zaprinast sensitivity indicated that drug sensitivity is ecotype dependent. For

instance, the Columbia ecotype is sensitive to zaprinast, whereas the WS ecotype is not

(data not shown). In addition, polymorphic genetic markers have been identified in L(er),

making it useful for subsequent genetic mapping (Bell and Ecker, 1994). To isolate

zaprinast-resistant mutants, 150,000 EMS-mutagenized M2 seeds representing 37,500

M 1 parents were screened. Seedlings were grown on media containing MS salts, 90 mM

sucrose, and 175 JlM zaprinast for 5 days under constant high fluence rate R (35 umol rrr?

s+), Mutants were selected as plants possessing elongated hypocotyls, large, expanded

green cotyledons, and reduced agravitropism relative to WT plants when grown in the

presence of zaprinast. By this selection scheme, 150 putative mutants were selected and

transferred to soil. As predicted, several of these putative mutants possessed phenotypes

similar to hy mutants (data not shown), retaining elongated hypocotyls and closed apical

hooks, demonstrating that photoreceptor-deficient mutants may be recovered in this

screen. Seeds were harvested from the 50 plants that survived, and were rescreened

under identical conditions. Of these, 4 lines retained zaprinast resistance in the M3

generation, and were selected for further characterization. These 4 plants were isolated

from 3 independent pools, and were designated ZE20-1, ZE20-2, ZE35-2, and ZE47-1

(for zaprinast screen EMS pool #-isolate).

As adult plants all 4 mutants possess very similar phenotypes that are quite

different from WT, in that they are quite large, fertile plants, and have reduced apical

dominance that is reflected by increased numbers of secondary inflorescences relative to

WT (data not shown). The fact that the ZE20-1 and ZE20-2 mutants are so similar and

originate from the same pool suggests that these two mutants may be derived from the

same mutational event. ZE35-2 and ZE47-1 were selected for backcrossing and further

characterization. F} seedlings resulting from the backcross of ZE35-2 or ZE47-1 to WT

(WT plants were used as the pollen donor) were all sensitive to zaprinast in R (Table 3).
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Table 3: Genetic analysis of zaprinast resistant mutants.

Cross Generation Zaps Zapr Ratio of X2WT/mutant

L(er)xZE35-2 F} 13 0

F2 956 340 2.81 1.053a

L(er)xZE47-1 F} 22 0

F2 1422 482 2.95 O.lOJa
ZE35-2

Fl 0 32
xZE47-1

ax2 values are based on the prediction of 3: 1 segregation.
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These plants were removed from R and grown in low fluence rate W to allow recovery

from the effects of zaprinast. F 2 seedlings that resulted from the self-fertilization of F 1

plants displayed segregation of zaprinast resistance at a ratio of approximately 3

sensitive: 1 resistant for both mutants. Chi-square analysis indicated that zaprinast

resistance segregates as a single gene recessive mutation in both ZE35-2 and ZE47-1 (p>

0.25 and >0.50, respectively; Table 3), To test for allelism, the two mutants were crossed

with ZE47-1 used as the pollen donor. In the F 1 generation, all seedlings resulting from

this cross were resistant to zaprinast, demonstrating that the two mutations are allelic

(Table 3). The locus affected by these mutations will hereafter be referred to as ZAP1

(for zaprinast resistant), and the 35-2 allele will be referred to as zapI-I and 47-1 will be

referred to as zapl-2.

Effects of zap 1 mutations on hypocotyl elongation

As described above, zapI mutants were isolated based on their resistance to

zaprinast in constant high fluence rate R. Quantification of zaprinast resistance in zapI

mutants yielded surprising results. Whereas WT seedlings possessed dramatically

shortened hypocotyls and bleached cotyledons when treated with zaprinast, both zapI-I

and zapl-2 possessed longer hypocotyls and expanded, green cotyledons (Figure 29A).

Hypocotyl elongation was inhibited approximately 80% in WT seedlings, but zaprinast

inhibited hypocotyl elongation only 50% in zapl mutants (Figure 29B; Table 4). This

result is important, but may be secondary compared to the phenotype of zapI mutants in

the absence of zaprinast. Specifically, it was found that the hypocotyls of both mutants

were approximately 50% longer than those of WT plants (Figure 29B). As described

above, hypocotyllength is a fairly accurate measure of phytochrome pathway activity, as

mutants deficient in phytochrome or phytochrome signaling possess longer hypocotyls

than those of WT plants (Koomneef et aI., 1980; Nagatani et aI., 1993; Parks and Quail,

1993; Whitelam et al., 1993). These results suggest that zapl mutants are deficient in

responses to R, at least with regard to hypocotyllength.
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Figure 29: The effect of zapl mutations on zaprinast sensitivity in red light. A.

Seedlings were grown for 5 days in constant red light (35 urnol m-2 s+) on MS salts with

90 mM sucrose, with or without 175 J..LM zaprinast present in the medium for the duration

of the experiment. The two seedlings on the left of each panel are untreated controls, and

the two seedlings on the right were treated with 175 J..LM zaprinast. Scale bar = 2 mm. B.

Quantification of the effect of zaprinast on hypocotyl elongation. Seedlings were grown

in the conditions described above, and were transferred to an agar plate on which they

were photographed. The photographs were projected, and the hypocotyllength of each

seedling was determined as described in Materials and Methods. The open bars represent

the mean hypocoty 1 length of control seedlings, and shaded bars represent those of

zaprinast-treated seedlings. Standard error bars that are not visible are too small to be

distinguished at this scale. Means represent the average hypocotyllength of 30 seedlings.

130



A.
zap1-1

zap1-2

B.
-

E 15

E
-

.c:
....

C)
c: 10CD

...J

>a
....

0
0

50
Co
>a

:::I:

e
CO
CD 0
:E I- ,.... N

3':
I I

,.... ,....

Q. Q.
as as
N N

Genotype



Similar experiments were performed with zapI mutants in FR. As before, WT

seedlings were significantly affected by zaprinast in FR, possessing extremely short

hypocotyls, and small, relatively unexpanded cotyledons (Figure 30A). As was observed

in R, zapI mutants were resistant to zaprinast in FR, possessing elongated hypocotyls and

large expanded cotyledons (Figure 30A). As described above, cotyledons do not green in

FR because the light-dependent conversion of protochlorophyllide to chlorophyllide

requires specific wavelengths of R that the seedlings do not receive in these experimental

conditions (Barnes et aI., 1996a). Zaprinast inhibited hypocotyl elongation in WT

seedlings by approximately 80%, whereas zapI mutants were inhibited by approximately

25% (Figure 30B; Table 4). zapl mutants were also significantly longer than WT plants

in the absence of zaprinast, and zap l-Z mutants were longer than those possessing the

zapl-I allele (Figure 30B). Because responses to FR are mediated solely by phyA (Reed

et aI., 1994), these data suggest that zapI mutations may affect the transduction ofphyA­

mediated signals.

Earlier results demonstrated that zaprinast inhibits hypocotyl elongation in B by

approximately 60%, regardless of genotype. In this experiment, zaprinast did not

effectively inhibit hypocotyl elongation in WT or zapI mutants when grown in constant

B (Figures 31A and 31B; Table 4). The reason for this discrepancy is not clear, as plants

displayed sensitivity to zaprinast in Rand FR when tested at the same time. It was also

found, however, that zapI mutants are significantly longer than WT when grown in B in

the absence of zaprinast (Figure 31B). As was observed in FR, zap l-Z mutants were also

longer than zap l-l seedlings. These results suggest that zapI mutations may affect the

proper transduction of B signals as well. Growth of seedlings on zaprinast in the dark

affected seedlings of all genotypes equally, inhibiting hypocotyl elongation

approximately 25%. In this experiment, elongation of the hypocotyls of WT seedlings

was again inhibited by 25% (Figures 32A and 32B; Table 4). Similarly, zapl mutants

were inhibited to the same degree in the dark. Moreover, comparison of seedlings grown

132



Figure 30: The effect of zapl mutations on zaprinast sensitivity in far-red light. A.

Seedlings were grown for 5 days in constant far-red light (5 umol m-2 s+) on MS salts

with 90 rnM sucrose, with or without 175 JlM zaprinast present in the medium for the

duration of the experiment. The two seedlings on the left of each panel are untreated

controls, and the two seedlings on the right were treated with 175 JlM zaprinast. Scale

bar = 2 mm. B. Quantification of the effect of zaprinast on hypocotyl elongation.

Seedlings were grown in the conditions described above, and were transferred to an agar

plate on which they were photographed. The photographs were projected, and the

hypocotyllength of each seedling was determined as described in Materials and Methods.

The open bars represent the mean hypocotyl length of control seedlings, and shaded bars

represent those of zaprinast-treated seedlings. Standard error bars that are not visible are

too small to be distinguished at this scale. Means represent the average hypocotyllength

of 30 seedlings.
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Figure 31: The effect of zapl mutations on zaprinast sensitivity in blue light. A.

Seedlings were grown for 5 days in constant blue light (20 umol m-2 s -1) on MS salts with

90 mM sucrose, with or without 175 �M zaprinast present in the medium for the duration

of the experiment. The two seedlings on the left of each panel are untreated controls, and

the two seedlings on the right were treated with 175 �M zaprinast. Scale bar = 2 mm. B.

Quantification of the effect of zaprinast on hypocotyl elongation. Seedlings were grown

in the conditions described above, and were transferred to an agar plate on which they

were photographed. The photographs were projected, and the hypocotyllength of each

seedling was determined as described in Materials and Methods. The open bars represent

the mean hypocotyllength of control seedlings, and shaded bars represent those of

zaprinast-treated seedlings. Standard error bars that are not visible are too small to be

distinguished at this scale. Means represent the average hypocotyllength of 30 seedlings.
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Figure 32: The effect of zapl mutations on zaprinast sensitivity in darkness. A.

Seedlings were grown for 5 days in constant darkness on MS salts with 90 mM sucrose,

with or without 175 IlM zaprinast present in the medium for the duration of the

experiment. The two seedlings on the left of each panel are untreated controls, and the

two seedlings on the right were treated with 175 IlM zaprinast. Scale bar = 2 mm. B.

Quantification of the effect of zaprinast on hypocotyl elongation. Seedlings were grown

in the conditions described above, and were transferred to an agar plate on which they

were photographed. The photographs were projected, and the hypocotyl length of each

seedling was determined as described in Materials and Methods. The open bars represent

the mean hypocotyl length of control seedlings, and shaded bars represent those of

zaprinast-treated seedlings. Standard error bars that are not visible are too small to be

distinguished at this scale. Means represent the average hypocotyllength of 30 seedlings.
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in darkness in the absence of zaprinast indicates that the hypocotyllengths of both WT

and zapl mutants, regardless of the allele, are equal (Figure 32B).

The results described above are quite intriguing. Zaprinast resistance was

observed in zapI mutants in both Rand FR, whereas hypocotyl elongation in the mutants

was inhibited in darkness to the same extent as that observed in WT seedlings. This

distinction is important because it demonstrates that the mutation does not affect the

uptake of zaprinast from the medium. If this were the case, there would be no significant

inhibition of hypocotyl elongation in zapI mutants in darkness. The resistance to

zaprinast in both Rand FR that is observed in zap1 mutants is similar to that possessed by

hy1 mutants, which are deficient in phytochrome chromophore biosynthesis and

presumably lack all phytochromes (Parks and Quail, 1991), and phyAphyB double

mutants. It is therefore possible that zapl mutations affect a protein that participates in

the transmission of signals from both phyA and phyB. This possibility is enhanced by

the observation that zap I mutants possess longer hypocotyls than WT in R, FR, and B in

the absence of zaprinast. Both hy1 and phyAphyB plants possess similar phenotypes.

Because phytochrome absorbs light in the blue region of the spectrum in addition to R

and FR, it may participate in some responses to B (Mancinelli, 1994). Neither phyA nor

phyB mutants possessed elongated hypocotyls in B, whereas the double mutant did,

suggesting that either phytochrome may contribute to a response to B. Mutations that

affect both phytochromes, such as hy1, or affect components that are common to the

signaling pathways of phyA and phyB, may confer some insensitivity to B. zapl

mutations, therefore, may affect a protein that is a common component to the phyA and

phyB signaling pathways.

Another mutation that confers insensitivity to R, FR, and B is hy5. This mutant

was isolated in a screen in W for long hypocotyl mutants, and was found to possess a

significantly elongated hypocotyl when grown in W (Koomneef et al., 1980). This

phenotype contrasts with that of zapI mutants, because their hypocotyls were found to be
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Table 4: Effect of zaprinast on hypocotyl elongation in the zaprinast resistant mutant

zapl under the indicated light conditions. Seedlings were grown for 5 days in darkness

or constant red (35 umol m-2 sec+), far-red (5 umol m-2 sec+), or blue (20 umol m-2

sec+) light. The hypocotyls of zaprinast-treated and untreated seedlings were measured,
and the numbers listed in the table represent the percent inhibition by zaprinast relative to

untreated controls.

Genotype Dark Red Far-red Blue

Wild Type 25 79 81 9

zapl-I 24 38 22 24

zap l-Z 14 42 28 31
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only slightly elongated when grown in W (Figure 35, compare -EOD FR lanes of WT and

zapl mutants). It may be argued that zapl mutants are merely weak alleles of hy5, but

this is unlikely because unlike zapl plants, hy5 seedlings are sensitive to zaprinast in R

(data not shown). Nevertheless, complementation tests must be performed to

demonstrate this conclusively.

Because zapl mutants possess long hypocotyls when grown in the light, it is

possible that they simply affect some of the elements that control the rate of cell

elongation at the cellular level, such as growth regulators like auxin or brassinosteroids

(Wang et aI., 1993; Romano et aI., 1995). This is unlikely because it was found that the

hypocotyls of WT and zapI mutants were of equal length when grown in the dark (Figure

5B), demonstrating that mutant plants elongate at the same rate as WT. It is also unlikely

that zapl mutations affect basic elements of the cell that mediate changes in cell

elongation such as cytoskeletal components (Shibaoka, 1994), because the cotyledons of

zapl mutants green normally in the presence of zaprinast, and cytoskeletal components

are not likely to be involved in processes like chloroplast development. The effects of

zapl mutations are also not confined to conditions in which seedlings are grown on

sucrose, because it was found that zap I mutants possess longer hypocotyls than WT in R,

FR, and B when grown in the absence of sugars (data not shown). It is therefore possible

that zapI mutations affect components of the phytochrome signaling system.

Effects ofzap1 mutations on phytochrome-regulated processes

Recent work with phytochrome-deficient mutants has uncovered the roles played

by individual forms of phytochrome in many physiological processes that are regulated

by this photoreceptor system. Similar studies with the phyA signaling mutantjhy1 have

demonstrated that it is involved in some phyA-regulated processes, but not all (Whitelam

et aI., 1993; Johnson et aI., 1994). To test whether mutations of the ZAP1locus

specifically affect phytochrome-regulated responses at the physiological level,
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anthocyanin production in FR, flowering time, end-of-day FR responses, and germination

were studied in zapI mutants.

Anthocyanin accumulation in far-red

Production of anthocyanin pigments is stimulated by a number of elicitors such as

pathogen attack and light, including UV-B, B/uV-A, R, and FR (Chappell and

Hahlbrock, 1984; Beggs and Wellmann, 1994). Anthocyanin production stimulated by R

and FR is mediated by phytochrome, and the FR response is mediated solely by phyA.

Moreover, the induction of anthocyanin accumulation by phytochrome requires the

presence of sugars in the medium. It has recently been found that FR stimulates

significant accumulation of anthocyanin in the presence of sucrose, but no anthocyanin is

detectable in its absence. Similarly, induction of anthocyanin in FR requires phyA, as

phyA null mutants do not produce anthocyanin in FR, regardless of the presence or

absence of sucrose. Mutations of the FRYl locus, which encodes a putative component

of the phyA signaling pathway, also inhibit the production of anthocyanin in FR (Dr.

Simon Barnes, The Rockefeller University, personal communication). Thus, the ability

to produce anthocyanin in FR appears to be an indicator of the function of the phyA

photoreceptor and associated signal transduction pathway.

For that reason, the ability of zapl mutants to produce anthocyanin in FR was

examined. Seedlings of WT and both alleles of zapI were grown in darkness on sucrose

medium for 4 days, and subsequently shifted to constant FR (5 umol m-2 s-l) or

maintained in darkness for an additional 3 days. Following treatment, anthocyanins were

extracted and quantified by spectrophotometry. It was found that neither WT nor zapl

plants produced detectable anthocyanin when grown solely in the dark. Both WT and

zapI-I produced comparable levels of anthocyanin after 3 days of FR treatment (Figure

33). zapl-2 mutants also produced anthocyanin in FR, but it was measurably lower than

the levels observed in both WT and zapl-I plants. These data suggest that the zapl-2

mutation is able to partially inhibit phyA-dependent anthocyanin accumulation.
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Figure 33: The effect of zapl mutations on anthocyanin production in far-red

light. Seedlings were grown for 4 days in constant darkness in I X MS salts containing 90

mM sucrose. Seedlings were subsequently treated with constant far-red light (5 umol m-2

s+) or were maintained in darkness for an additional 3 days. Anthocyanins were

extracted and measured as described in Materials and Methods. Open bars represent dark

grown controls, and shaded bars represent plants treated with far-red light. The mean

values of detectable anthocyanin of 50 seedlings in 3 independent experiments are

presented. Standard error values are indicated.
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Flowering time

By a mechanism that is regulated by a large number of factors, the vegetative

meristem undergoes a developmental conversion in which it ceases to produce vegetative

structures like rosette leaves, and produces an inflorescence containing reproductive

structures (Besnard-Wibaut, 1981). Flowering time has been shown to be regulated by

day length, and interruptions of dark periods with R or FR can promote flowering,

suggesting a role for phytochrome (Borthwick and Hendricks, 1960). A characteristic of

mutants that are deficient in phyB is that they flower early, suggesting that the

photoreceptor is required for normal flowering responses (Goto et aI., 1991). It may be

predicted that because the loss of phyB signals causes early flowering, increased phyB

signaling should cause plants to flower late. This is not the case, however, as it has been

found that transgenic plants that overexpress PHYB also flower early (Bagnall et aI.,

1995). Thus, any increased signaling that may result from phyB overproduction has the

opposite effect of that predicted. It is possible that the dramatic changes in physiology

that may result from the complete loss of phyB or its overproduction may be interpreted

by the plant as a significant stress, and other factors that regulate flowering may act to

promote early flowering. It would be interesting to determine the effect of subtly altering

the amount of phyB on flowering.

Because loss of phyB causes changes in flowering time, whereas null mutations in

PHYA have no effect, it may be concluded that flowering is a phyB-regulated response.

The long hypocotyl phenotype in R possessed by zapI mutants suggests a defect in phyB

responses. For that reason, the effect of zapI mutations on flowering time was

determined. Seeds of WT and both alleles of zapl were sown in soil, and grown under

light.dark cycles of 16h:8h. Plants were examined over the course of the next 35 days for

the emergence of the inflorescence, and the number of days which had passed until the

inflorescence was observed was considered the time to flowering (Koornneef et aI.,

1991). In addition, the number of rosette leaves was determined for each plant at the time

145



of inflorescence emergence, as there is a strong correlation between the number of rosette

leaves produced and flowering time (Koomneef et aI., 1991). For instance, plants that

flower early possess fewer rosette leaves than WT, whereas plants that flower late possess

more rosette leaves.

It was found that WT plants flowered within 29.5 days, and produced

approximately 8 rosette leaves during that time (Table 5). zapI-I mutants flower within

32 days, and zapl-2 mutants flower within 33. Both mutants produce approximately 10

rosette leaves during that time (Table 5). Thus, zapl mutants flower later than WT. The

differences in flowering time are more striking when the distribution of individual plants

flowering on each day is examined. Flowering of WT plants occurs primarily on days 29

and 30. zapl-I plants begin flowering on day 29, and continue flowering with a fairly

equal distribution through day 34. By contrast, zap l-Z mutants begin flowering on day

28, but the vast majority flower on day 34 (Figure 34). These data suggest that like their

effects on anthocyanin production, the zapI-I and zapl-2 mutations are different, with

zap l-Z having a more marked effect.

End-of-day far-red responses

Another indicator of phyB activity is measured by the end-of-day FR response

(EOD FR). It has been found that if plants that are grown under a light.dark cycle are

treated with FR immediately prior to shifting them to darkness, over time, they grow

taller than plants that did not receive FR treatment (Smith, 1994). It is thought that EOD

FR treatment converts all phytochrome back to the Pr form, and removes the inhibitory

effects on stem elongation produced by Pfr. Recent work withphyB mutants has

demonstrated that they are deficient in EOD FR responses, suggesting that conversion of

phyBfr back to phyB r relieves inhibitory effects on stem elongation during the

subsequent dark period (Nagatani et aI., 1991a; Devlin et aI., 1992). It was also found,

however, that some EOD FR responses, such as petiole growth, are unaffected in phyB

mutants, suggesting a role for another light-stable phytochrome (Robson et aI., 1993).

146



Table 5: Flowering responses of zap] mutants. Plants were grown in soil under 16

hour/8 hour day/night cycles until flowering. Flowering time refers to the number of

days from sowing to the appearence of the inflorescence. Number of rosette leaves refers

to the number of leaves produced during the vegetative phase of growth prior to the

appearance of the inflorescence. The numbers represent the means of 50 plants.

Genotype Flowering Time Number of Rosette Leaves
(Days +/. SE) (+/. SE)

Wild type 29.56 +/- 0.13 8.44 +/- 0.11

zapl-I 32.00 +/- 0.23 10.04 +/- 0.15

zapl-2 32.84 +/- 0.24 10.12 +/- 0.23
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Figure 34: The effect of zapl mutations on flowering time. Plants were sown in soil,

and grown for 35 days in a light.dark cycle of 16 h:8 h. Plants were observed every day

during that time period, until an inflorescence was detected. The day after sowing on

which the inflorescence was detected is considered the number of days to flowering.

Each bar represents the number of plants flowering on each day. The flowering time of

50 plants was determined for each genotype.
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Nevertheless, some EOD FR responses appear to be an indicator of phyB pathway

activity.

For that reason, the effect of zapl mutations on the EOD FR response was

assessed. WT, phyB, and both zapI mutants were grown on minimal medium without

sucrose for 3 days in white light with a lightdark cycle of 8h: 16h. Subsequently, some

seedlings were treated with FR for 15 minutes immediately before shifting them to

darkness. It was found that EOD FR treatments stimulated stem elongation in WT plants,

but had no effect on phyB plants (Figure 35). Both zapI-I and zapl-Z plants responded

like WT plants to EOD FR treatments, but the response of zapJ-2 plants was slightly

reduced (an increase of 1.6 mm vs. 2.0 mm). This difference is minimal, as WT plants

were 1.8 mm longer on average. Thus, zapI mutants appear to possess normal EOD FR

responses, at least with regard to hypocotyllength.

Germination

The observation that R promoted the germination of seeds was one of the first

processes demonstrated to be regulated by phytochrome (Borthwick et aI., 1952). Studies

of germination in mutants deficient in phytochrome or phytochrome signaling have

recently provided insights into the functions played by individual phytochromes in the

germination process. Specifically, it was found that germination in the dark is mediated

by phyBfr, and that phyls- may have inhibitory effects on germination in FR. Moreover,

phyA is absolutely required for germination in FR, but is dispensable for germination in

other conditions (Johnson et aI., 1994; Reed et aI., 1994; Shinomura et aI., 1994).

Mutations of the putative phyA signaling component FRY1 have no effect on

germination in FR, suggesting that it is not involved in this phyA-mediated response

(Johnson et aI., 1994). The germination of zapl mutants was examined in preliminary

experiments under different light conditions to determine if the WT protein is involved in

phytochrome-mediated germination. It was found that all genotypes tested germinated

robustly in Wand R (data not shown). In the dark, phyB mutations resulted in poor
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Figure 35: The effect of zapl mutations on end-of-day far-red responses. Seedlings

were grown on medium containing IX MS salts for 3 days in white light following a

light.dark cycle of 8 h: 16 h. Subsequently, half of the plants of each genotype were

treated with far-red light (5 umol m-2 s -1) for 15 minutes at the end of their light cycle,

whereas the remainder of the plants were placed in darkness immediately following their

light cycle. Following 5 days of this treatment, seedlings were placed on agar plates and

photographed, whereupon hypocotyllengths were determined as described in Materials

and Methods. The open bars represent the mean hypocotyllength of plants that did not

receive end-of-day far-red treatment, whereas shaded bars represent plants that received

end-of-day far-red treatment. Standard error bars are indicated. In cases where standard

error bars are not visible, the error was not large enough to be detectable at this scale.

The means represent the average hypocotyllengths of 40 plants.
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germination, confirming previous results, whereas germination rates in all other

genotypes was higher. In FR, both phyA and phyAphyB mutants germinated poorly,

whereas phyB mutants had enhanced germination. Strikingly, zap l-Z mutants also

germinated poorly in FR, whereas zapl-I mutants displayed relatively normal responses

(data not shown). These results suggest that the zapJ-2 allele disrupts phyA signaling to

prevent germination in FR.

The results presented here suggest that zapI mutations disrupt phytochrome­

dependent signaling. Reduced anthocyanin production and decreased germination in FR

caused by the zapJ-2 mutation indicate that the phyA-dependent signaling pathway is

disrupted, preventing normal physiological responses. This notion is supported by the

increased hypocotyllength in FR possessed by both zapl mutants in the absence of

zaprinast. Despite having no effect on EOD FR responses, both alleles of zapl caused

plants to flower measurably later than comparable WT plants. Moreover, both mutants

were less responsive to red light cues, resulting in increased hypocotyllengths compared

to WT plants. These data suggest that zapI mutations have effects on phyB-dependent

responses as well. It is clear from these data that zapI-I is a weaker allele than zap l-Z .

This is indicated by the reduced responsiveness to FR displayed by zapJ-2 plants with

regard to anthocyanin production, germination, and hypocotyllength. Nevertheless, the

zapI-I mutation is sufficient to confer resistance to zaprinast despite having little effect

on phytochrome-regulated responses other than hypocotyl elongation. Thus, it appears

that the screen for zaprinast-resistant mutants allows the recovery of very weak alleles in

addition to strong mutations that result in more dramatic loss of function.

Characterization ofadditional zaprinast-resistant mutants

As described above, it was found that zapI mutants flower later than WT plants.

It was therefore possible that a characteristic of mutants that are deficient in phytochrome

signaling may be altered flowering time. For that reason, late-flowering mutants that

have been previously described were obtained and screened for zaprinast resistance
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(Koomneef et aI., 1991). Seedlings of late-flowering mutants were grown on media

containing MS salts, 90 mM sucrose, and 175 JlM zaprinast for 5 days under constant

high fluence rate R (35 umol m-2 s+), As before, mutants with elongated hypocotyls and

green expanded cotyledons in the presence of zaprinast were considered zaprinast­

resistant. Of the 11 late-flowering mutants that were tested, 2 mutants, designated ft and

fha, were resistant to the drug. The resistance of these mutants was not as strong as that

seen in zapl mutants, as the hypocotyls of mutant seedlings were significantly shortened

by zaprinast, but not to the same degree as WT seedlings. In addition, the cotyledons of

the zaprinast-resistant late-flowering mutants greened to a large degree in the presence of

the drug, but not to the same degree as zapI mutants. Theft mutant was selected for

further characterization.

Effects of ft mutations on zaprinast-dependent inhibition ofhypocotyl elongation

The effect of zaprinast on hypocotyl elongation inft plants was examined in more

detail. As before, seedlings were grown under constant high fluence rate R (35 urnol m-2

s+) for 5 days. Under these conditions, zaprinast induced significant hypocotyl

shortening in both WT andft plants (Figures 36A and 36B), inhibiting hypocotyl

elongation 76% in WT and 64% inft seedlings (Table 6). In addition,ft mutants were

more resistant than WT seedlings to the bleaching effects of zaprinast on cotyledons,

although bleaching was still evident (Figure 36A). These data suggest thatft mutations

confer limited resistance to zaprinast under these conditions. Zaprinast resistance was

also tested under a lower fluence rate of R (16 umol rrr? s -I), with all other conditions

remaining the same. Under these conditions, it was found that zaprinast did not cause a

phenotype in WT seedlings as strong as that observed under higher fluence rate R. In

WT plants, hypocotyl elongation was still significantly inhibited (68%), but not to the

same degree, and cotyledons were only partially bleached. By contrast,ft mutants

displayed much higher resistance to zaprinast under these conditions, as hypocotyl

elongation was only inhibited 38%, and cotyledons were much greener (Figures 36A and
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Figure 36: The effect of ft mutations on zaprinast sensitivity in red light. A. Seedlings

were grown for 5 days in constant low fluence rate red light (16 umol m-2 s+) or constant

high fluence rate red light (35 umol rrr? s-l) on MS salts with 90 mM sucrose, with or

without 175 JlM zaprinast present in the medium for the duration of the experiment. The

two seedlings on the left of each panel are untreated controls, and the two seedlings on

the right were treated with 175 J..LM zaprinast. Scale bar = 2 mm. Seedlings were grown

in the conditions described above, and were transferred to an agar plate on which they

were photographed. The photographs were projected, and the hypocotyllength of each

seedling was determined as described in Materials and Methods. B. Mean hypocotyl

lengths of control (open bar) and zaprinast-treated (shaded bar) seedlings grown in

constant low fluence rate red light. C. Mean hypocotyllengths of control (open bar) and

zaprinast-treated (shaded bar) seedlings grown in constant high fluence rate red light. In

cases where standard error bars are not visible, the error was not large enough to be

detectable at this scale. The means represent the average hypocotyllength of 30

seedlings.
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36C; Table 6). In addition to zaprinast resistance in R,ft mutants also possessed slightly

longer hypocotyls than WT in the absence of the drug. This difference was observed

under both high and low fluence rate R (Figures 36B and 36C). It is interesting to note

that the hypocotyllengths of both WT and ft seedlings were shorter under high fluence

rate R. This indicates that increased activity of the phytochrome signaling pathway

results in less hypocotyl elongation, supporting the idea that zaprinast achieves its effect

on hypocotyl elongation by increasing signal flow through the signaling pathway.

The sensitivity of ft plants to zaprinast was also assessed under other light

conditions. In darkness, both WT andft seedlings were etiolated, and hypocotyls were of

equal length. Similarly, plants of both genotypes retained their etiolated appearance in

the presence of zaprinast, and hypocotyl elongation was inhibited to the same degree

(Figures 37 and 38A; Table 6). The insensitivity to zaprinast possessed by it mutants in

R was not observed in FR. Hypocotyl elongation in both WT andft plants was

significantly inhibited in the presence of zaprinast by approximately 70% (Figures 37 and

38B; Table 6). Moreover, cotyledon expansion was inhibited in WT and ft seedlings as

well (Figure 37). In B, zaprinast inhibited hypocotyl elongation by approximately 60% in

plants of both genotypes (Figures 37 and 38C; Table 6). This degree of inhibition by

zaprinast in blue is consistent with results obtained earlier (Figure 17). In the absence of

zaprinast, the hypocotyls of WT and ft seedlings were of comparable length when plants

were grown in the dark or constant FR (Figures 38A and 38B). When seedlings were

grown in B, the hypocotyls ofJt seedlings were slightly longer than those ofWT,

although the reason for this difference is unknown (Figure 38C). From these data, it is

clear thatJt confers weak resistance to zaprinast, and resistance is observed in R only.

This is interesting because ft was originally isolated as a late-flowering mutant, and

flowering time is regulated to a large degree by phyB, the photoreceptor that controls

most responses in R, and whose activity is required for zaprinast sensitivity in R (Goto et
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Figure 37: The effect of ft mutations on zaprinast sensitivity in darkness, far-red

light, and blue light. Seedlings were grown for 5 days in constant darkness, constant far­

red light (5 urnol rrr? s-I), or constant blue light (20 umol m-2 s+) on MS salts with 90

roM sucrose, with or without 175 �M zaprinast present in the medium for the duration of

the experiment. The two seedlings on the left of each panel are untreated controls, and the

two seedlings on the right were treated with 175 �M zaprinast. Scale bar = 2 mm.
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Figure 38: The effect of ft mutations on zaprinast-mediated inhibition of

hypocotyl elongation in darkness, far-red light, and blue light Seedlings were grown for

5 days in constant darkness (A.), constant far-red light (5 umol m-2 s+; B.), or constant

blue light (20 umol m-2 s+; C.) on MS salts with 90 mM sucrose, with or without 175 11M

zaprinast present in the medium for the duration of the experiment. Seedlings were

grown in the conditions described above, and were transferred to an agar plate on which

they were photographed. The photographs were projected, and the hypocotyllength of

each seedling was determined as described in Materials and Methods. Mean hypocotyl

lengths of control (open bar) and zaprinast-treated (shaded bar) seedlings grown in the

conditions described above. In cases where standard error bars are not visible, the error

was not large enough to be detectable at this scale. The means represent the average

hypocotyllength of 30 seedlings.
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Table 6: Effect of zaprinast on hypocotyl elongation in the late flowering mutant ft
under the light conditions listed. Seedlings were grown for 5 days in darkness or constant

red (high; 35 umol m-2 sec+), red (low; 16 umol m-2 sec+), far-red (5 urnol rrr? sec+), or

blue (20 umol m-2 sec+) light. The hypocotyls of zaprinast-treated and untreated

seedlings were measured, and the numbers listed in the table represent the percent
inhibition by zaprinast relative to untreated controls.

Genotype Dark Red (High) Red (Low) Far-red Blue

Wild type 33 76 68 74 60

ft 24 64 38 67 67

162



aI., 1991; Koomneef et aI., 1991). It is therefore possible thatft may affect a specific

component of the signal transduction pathway regulated by phyB.

ft inhibits raprinast-dependent effects on chloroplast development

The bleached-cotyledon phenotype caused by zaprinast in WT plants grown under

constant high fluence rate R was shown to result from the inhibition of proper chloroplast

development. Plastids of light-grown zaprinast treated seedlings had begun light­

dependent development, as evidenced by the lack of a prolamellar body, but development

was inhibited any further. Plastids of untreated seedlings developed chloroplasts with

complex thylakoid membrane systems and numerous grana stacks. By contrast, plastids

of zaprinast-treated seedlings displayed limited thylakoid membrane development and no

obvious grana stacks (Figure 18). Unlike WT seedlings,ft seedlings green in the

presence of zaprinast. Chloroplasts may therefore develop normally in this mutant. To

examine this question, transmission electron microscopic analysis of plastid development

was performed in ft plants.

In dark grown ft seedlings, the cells of zaprinast-treated and untreated seedlings

are similar, possessing remnants of nutrient storage bodies like starch granules, lipid

droplets, and protein bodies (data not shown). The etioplasts of treated and untreated

seedlings are similar as well, containing well-developed prolamellar bodies and limited

thylakoid membrane development (Figure 39). The appearance of the plastids in ft plants

are quite similar to those observed in WT seedlings (Figure 18). The dark staining of the

etioplast matrix observed in zaprinast-treated ft seedlings grown in the dark may be an

artefact of fixation and not an intrinsic property offt plastids, as a similar appearance has

occasionally been observed in the plastids of WT seedlings (data not shown). The

plastids of untreated light-grown ft mutants are virtually identical to those of their WT

counterparts, containing well-developed thylakoid membrane systems and grana stacks

(Figure 39). Plastids of light-grown, zaprinast-treatedft seedlings differed from their WT

counterparts in that they possessed more developed thylakoid membrane systems and
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Figure 39: The effect of ft mutations on the zaprinast-dependent inhibition of

chloroplast development. Seedlings were grown for 5 days in constant high fluence rate

red light (35 urnol rrr? s -1) on MS salts with 90 mM sucrose, with or without 175 J..1M

zaprinast present in the medium for the duration of the experiment. Seedlings were then

fixed as described in Materials and Methods, and plastids were examined by transmission

electron microscopy. Magnification: Dark: 20,000X; Red: 16,875X.
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some grana (Figure 39). Nevertheless, the resistance to zaprinast conferred by the

ft mutation did not completely eliminate the effects of the drug on phytochrome­

dependent plastid development. Despite containing thylakoid membranes and grana,

development of the plastids of zaprinast-treated seedlings is retarded compared to

untreated controls, which possess much more well-developed chloroplasts.

Effects of ft mutations on anthocyanin accumulation

As described earlier, accumulation of anthocyanin pigments in WT plants in FR is

dependent on the activity of phyA and its associated signal transduction pathway. phyB

mutants accumulate anthocyanin normally in FR, demonstrating that phyB is not required

for that response (S. Barnes, personal communication). Thus, if ft mutants are deficient

in phyB signaling, little or no effect on anthocyanin accumulation in FR would be

expected. To test this hypothesis, WT andft seedlings were grown in darkness in the

presence of sucrose for 4 days before either being shifted to constant FR or maintained in

darkness for an additional 3 days. Anthocyanins were subsequently extracted from dark­

grown and FR-treated plants, and quantified spectrophotometrically. It was found that

neither WT nor ft mutants accumulated detectable anthocyanins in darkness, whereas

both produced detectable pigments in FR (Figure 40). ft plants seem to produce slightly

less anthocyanin than WT, but the difference is statistically insignificant, demonstrating

that ft mutations do not affect the phyA-dependent process of anthocyanin accumulation

in FR.

Effects of ft mutations on gene expression

As described above, it may be possible to identify the regions of the signal

transduction pathway that are affected by zaprinast-resistance mutations, based on the

patterns of induction of marker genes for the individual branches of the phytochrome

signaling pathway. CHS is used as a marker for cGMP-dependent pathway activity, and

CAB is used as a marker for activity of the Ca2+ /CaM-dependent pathway. In the

following experiments, WT and ft seedlings were grown in the dark for 4 days, and were
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Figure 40: The effect of ft mutations on anthocyanin accumulation in far-red light.

Seedlings were grown for 4 days in constant darkness in IX MS salts containing 90 mM

sucrose. Seedlings were subsequently treated with constant far-red light (5 urnol m-2 s+)

or were maintained in darkness for an additional 3 days. Anthocyanins were extracted

and measured as described in Materials and Methods. Open bars represent dark grown

controls, and shaded bars represent plants treated with far-red light. The mean values of

detectable anthocyanin of 50 seedlings in 3 independent experiments are presented.

Standard error values are indicated.
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subsequently shifted to constant R or FR for the duration of the time course of induction.

RNA isolated from seedlings harvested at the time points indicated was analyzed by gel

blot hybridization analysis, and the levels of the different RNAs were determined by

phosphorimage quantification. Both CHS and CAB mRNA levels were corrected based

on values obtained from measurements of I8S rRNA abundance to account for

differences in loading.

WT and ft seedlings were treated with constant high fluence rate R (35 urnol m-2

s+) in the presence of 90 mM sucrose for 48 hours. Analysis of gene expression indicates

that CHS is induced in both WT andft seedlings with similar kinetics, achieving maximal

levels within 6 hours, remaining elevated for an additional 12 hours, and declining to

basal levels by 24 hours after the onset of illumination (Figure 41A). It is striking that

the level of CHS expression inft is only half of that observed in WT. ft mutations,

therefore, cause a 2-fold reduction in the amount of detectable CHS mRNA in R (Figure

41B). Conversely, both CAB mRNA levels in WT andft seedlings display similar

kinetics, and achieve similar levels of induction (Figures 41 A and 41 C). In this

experiment, CAB mRNA levels in ft seedlings are reduced relative to those observed in

WT, but in additional experiments, little difference was observed (data not shown). Thus,

ft mutations appear to specifically affect the expression of the targets of the cGMP­

dependent pathway of phytochrome in R.

In a similar experiment, WT and ft seedlings were treated with constant FR (5

umol rrr? s+) in the presence of 90 mM sucrose for 48 hours. Unlike the pattern of

expression observed in R, CHS expression was induced to high levels in WT plants,

achieving maximal expression within 12 hours, followed by a slow decline in expression,

returning to basal levels by 48 hours after the onset of illumination. Inft plants, CHS

expression shows very similar early kinetics to those observed in WT plants, and the

levels of induction are comparable. Unlike WT plants, however, CHS levels remain

higher for a longer period of time in ft seedlings, eventually returning to basal levels by
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Figure 41: RNA gel blot analysis of the effect ofjt mutations on red light-induced

CBS and CAB gene expression in the presence of sucrose. A. Seedlings were grown for

4 days in darkness on 1 X MS salts containing 90 mM sucrose. Seedlings were then

transferred to constant red light (35 J.1IIlol m-2 s+), Samples were harvested over the next

48 hours at the times indicated (hours). RNA gel blots were sequentially hybridized with

cDNAs of CBS and CAB1, and an 18S rDNA. mRNA levels were determined by

phosphorimage analysis, and the mRNA levels of CBS (B.) and CAB (C.) were

normalized relative to 18S rRNA levels.
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48 hours after the onset of illumination (Figures 42A and 42B). By contrast, the levels

and kinetics of CAB expression are virtually identical in WT and ft seedlings (Figures

42A and 42C). Once again, the effect of the ft mutation was restricted to the expression

of a gene that is a target of the cGMP-dependent pathway of phytochrome.

Patterns of gene expression were also observed in Rand FR in the absence of

sucrose. Following illumination of WT and ft seedlings with high fluence rate R (35

umol m-2 s+), CHS expression was rapidly induced, achieving maximal levels within 2

hours of illumination. Subsequently, CHS mRNA levels rapidly declined, returning to

basal levels by 6 hours after the onset of illumination (Figure 43A). Similarly, the

patterns of CAB gene expression in response to R was similar in both WT andft seedlings

(Figure 43A). The responses ofWT andft seedlings to FR (5 umol rrr? s-1) were also

observed to be comparable. CHS expression was rapidly induced in both strains within 2

hours, and returned to basal levels soon thereafter (Figure 43B). Moreover, CAB

expression in both WT and ft seedlings displayed similar kinetics and relative levels of

induction (Figures 43B). Phosphorimage analysis of mRNA levels in these experiments

confirm that little difference is observed between WT and ft plants with regard to CHS

and CAB expression in Rand FR in the absence of sucrose (data not shown).

These data suggest that the ft mutation has little effect on phytochrome-regulated

gene expression, as the only effects on gene expression were observed in the presence of

sucrose. In R, the ft mutation caused a two-fold reduction in CHS expression, whereas in

FR, the mutation caused a significant delay in desensitization. Little effect on CAB

expression was observed in either light treatment, suggesting that the mutation

specifically affects the way sucrose interacts with the cGMP-dependent branch of the

phytochrome signaling pathway to regulate gene expression. The disparate effects

produced by ft on CHS expression in Rand FR will be considered below (See

Discussion). Nevertheless, the patterns of gene expression suggest a reason for the

insensitivity of ft to zaprinast in R alone. The mutation caused a two-fold reduction in
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Figure 42: RNA gel blot analysis of the effect ofit mutations on far-red light-

induced CHS and CAB gene expression in the presence of sucrose. Seedlings were grown

for 4 days in darkness on IX MS salts containing 90 rnM sucrose. Seedlings were then

transferred to constant far-red light (5 umol m-2 s+). Samples were harvested over the

next 48 hours at the times indicated (hours). RNA gel blots were sequentially hybridized

with cDNAs of CHS and CABl, and an l8S rDNA. mRNA levels were determined by

phosphorimage analysis, and the mRNA levels of CHS (B.) and CAB (C.) were

normalized relative to l8S rRNA levels.
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Figure 43: RNA gel blot analysis of the effect ofit mutations on red and far-red

light-induced CHS and CAB gene expression in the absence of sucrose. Seedlings were

grown for 4 days in darkness on 1 X MS salts. Seedlings were then transferred to constant

red (35 umol m-2 s+; A.) or far-red light (5 umol m-2 s+; B.). Samples were harvested

over the next 24 hours at the times indicated (hours). RNA gel blots were sequentially

hybridized with cDNAs of CHS and CAB], and an ]8S rDNA.
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cGMP-pathway activity in R, and a weak insensitive phenotype was observed at the

morphological level. Interestingly, reducing the fluence rate of R two-fold allowed WT

seedlings to develop to the same degree in the presence of zaprinast as ft seedlings

developed at the higher fluence rate. There is therefore a correlation between the level of

cGMP-pathway activity leading to gene expression, and the degree of resistance to

zaprinast at the morphological level. By contrast, no effect on the level of CBS

expression was observed in FR, indicating that at the fluence rate used, the cGMP­

dependent pathway is fully active. Since the pathway appears to be fully active, ft

seedlings should and do remain completely sensitive to zaprinast. Given the phenotypes

possessed by zapl mutants, and the molecular defects observed in it mutants, it appears

that zaprinast resistance may be an important indicator of defects in phytochrome

pathway function or perturbed interactions between the phytochrome pathway and other

signaling pathways with which it has synergistic interactions.
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Chapter 5

Discussion

Regulation ofgene expression by sucrose

In this study, the ability of sucrose to regulate the expression of phytochrome­

responsive genes has been assayed in a light-responsive soybean cell culture. It was

found that sucrose strongly induces the expression of chalcone synthase ( CBS) and other

anthocyanin biosynthetic genes (Figure 3 and data not shown) in the absence of light, and

the kinetics of expression are reminiscent of those observed when phytochrome induces

CBS expression (Bowler et aI., 1994a). Specifically, induction of gene expression is very

rapid, reaches a peak within 3-6 hours of induction, and declines thereafter. Experiments

with the protein synthesis inhibitor cycloheximide demonstrated that CBS expression is

induced by sucrose via a mechanism that does not require new protein synthesis,

suggesting that a sucrose response pathway pre-exists in cells (Figure 4). It has

previously been shown that induction of CBS expression by phytochrome is sensitive to

the protein kinase inhibitor genistein (Bowler et al., 1994b). Experiments with this

inhibitor indicated that induction of gene expression by sucrose was similarly affected,

although the sensitivity of the sucrose signaling pathway to genistein was reduced (Figure

5).

It was found that the cGMP-dependent phosphodiesterase inhibitor zaprinast was

able to significantly delay the decline of CBS mRNA levels following prolonged

stimulation by sucrose (Figure 6). These results suggest that cGMP turnover is involved

in the mechanism of downregulating CBS expression, and, moreover, suggest that cGMP

plays a role in the sucrose-mediated induction of CBS as well. It was subsequently

demonstrated in microinjection experiments that the expression of a fusion of a multimer

of the Unit I element of the parsley CBS promoter to �-glucuronidase (GUS) is inducible

by sucrose in a cGMP-dependent manner. Moreover, microinjection experiments also
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demonstrated that induction of gene expression by sucrose requires the activity of GTP­

binding proteins (G proteins), although the particular class of G proteins involved

remains undetermined (McGrath et aI., manuscript in preparation).

It was also found that sucrose is a potent inhibitor of the phytochrome-dependent

expression of genes that are regulated by the Ca 2+ - and Ca 2+ /cGMP-dependent branches

of the phytochrome signaling pathway, CAB and PSAD, respectively (Figure 8). These

data are consistent with those obtained by other groups that demonstrated that light­

inducible gene expression may be suppressed by sugars (Sheen, 1990; Harter et aI., 1993;

Krapp et aI., 1993; Jang and Sheen, 1994). The involvement of cGMP in the induction of

CBS expression led to the hypothesis that repression of CAB and PSAD could be

mediated by a cGMP-dependent reciprocal control mechanism that has recently been

described (Bowler et aI., 1994b). Co-incubation of cultures with genistein, a previously

characterized inhibitor of cGMP-dependent reciprocal control, did not prevent sucrose

repression of CAB and PSAD (Figure 9). Moreover, microinjection experiments

confirmed that cGMP was not required for sucrose-mediated repression of CAB

expression and plastid development. It was found, however, that G proteins were

required for normal sucrose repression, much as they are in sucrose-mediated induction

of gene expression (McGrath et aI., manuscript in preparation).

From these data, the following model may be proposed to account for the effects

of sucrose on gene expression in plants (Figure 44). Sucrose activates 1 or more G

proteins within the cell that initiate 2 separate signaling events. First, following G protein

activation, cGMP accumulates to high levels, and its signals are transduced through a

genistein-sensitive component to induce the expression of anthocyanin biosynthetic genes

like CBS. Second, a G protein activates a signaling pathway that results in the repression

of the genes that are targets of the Ca2+- and Ca2+/CGMP-dependent branches of the

phytochrome signaling pathway. The mechanism of G protein activation is unknown.

Because sucrose uptake is mediated by a sucrose transporter which is a protein containing
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Figure 44: Model of the sucrose signal transduction pathway.
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12 transmembrane spanning domains (Riesmeier et aI., 1992), a G protein may be

coupled to it in a manner analogous to coupling to serpentine receptors (Wilkie et aI.,

1992), and may be activated by sucrose uptake. Alternatively, an intracellular sucrose

binding protein may interact with a G protein to stimulate its activity.

In Escherichia coli and Saccharomyces cerevisiae, sugar-regulated gene

expression has been studied in the context of the phenomenon of catabolite repression. In

both organisms, the presence of glucose in the medium has been shown to repress the

expression of genes whose products are required for proper metabolism of other

carbohydrates, like lactose and galactose (Saier, 1989; Gancedo, 1992). In E. coli, the

catabolite repression system is very simple and exquisitely sensitive, utilizing allosteric

control of enzyme activity and regulation of cAMP levels via a mechanism directly

regulated by a system of phosphate transfer to regulate gene expression. In the absence

of sugars recognized by sugar-specific enzyme II, phosphate groups are transferred from

phosphoenolpyruvate (PEP) to enzyme I, which, in tum, transfers phosphate to HPr.

Phosphate is then transferred to a complex of enzyme III and glucose (IIIgJc).

Phosphorylated IIIgle binds to adenylate cyclase, and activates it (Saier, 1989). Catabolite

activating protein (CAP) binds cAMP, and is then able to bind as a dimer to a 22 bp CAP

binding site, activating transcription of operons required for proper metabolism of a

variety of sugars (de Crombrugghe et aI., 1984). In the meantime, sugar permeases are

active, allowing the entry of many different sugars into the cell (Saier, 1989).

With glucose present in the medium, however, HPr transfers its phosphate to

enzyme II, which, in tum, transfers the phosphate to glucose. Because phosphorylated

enzyme I, HPr, and mgle are in equilibrium with each other, diversion of phosphate to

glucose effectively dephosphorylates mgle. This results in the inactivation of adenylate

cyclase, and dephosphorylated mgle binds to sugar permeases, reducing their affinities for

their specific sugars (Saier, 1989). Loss of cAMP via phosphodiesterase-mediated

hydrolysis renders CAP unable to bind its operator, and transcription is effectively shut
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off (de Crombrugghe et aI., 1984). At the same time, uptake of other sugars is

considerably reduced as well (Saier, 1989). Through this simple mechanism of

phosphate transfer, E. coli is able to maintain fine control of the transcription of sugar

metabolic genes.

Catabolite repression in yeast is significantly more complicated than it is in E.

coli. Repression is known to require the activity of hexokinases 1 or 2, as well as the

DNA binding proteins CYC8 and TUP1 (Gancedo, 1992). Hexokinases must

phosphorylate their target sugars in order to achieve catabolite repression, as loss of the

ability to phosphorylate glucose strongly correlates with the loss of catabolite repression

(Ma and Botstein, 1986; Ma et aI., 1989). It is unclear, however, what role sugar

phosphorylation plays in this process. CYC8 and TUP1 have been shown to associate in

a high molecular mass complex (Williams et aI., 1991), and both have been shown to

mediate the formation of repressive chromatin structures (Cooper et aI., 1994). Mutations

of the GRRI gene have also been demonstrated to result in loss of catabolite repression.

The wild type protein is part of a large complex that is localized to the cytoplasm, and it

has been proposed that GRR 1 is required for the generation of the intracellular signal that

causes glucose repression (Flick and Johnston, 1991).

Derepression of genes that are inactivated by catabolite repression is mediated by

a number of proteins, mutations of which result in the inability to reinduce the

transcription of repressed genes. These proteins include the kinase CAT1 and CAT3, a

protein that may act by stabilizing CAT1 or by preventing the function of a phosphatase

that is antagonistic to it (Celenza and Carlson, 1986; Celenza and Carlson, 1989). HAP2,

HAP3, and HAP4 appear to be transcription factors that associate in a complex in which

HAP2 and HAP3 mediate DNA binding, and HAP4 stabilizes the complex or alters its

conformation (Olesen et aI., 1987; Forsburg and Guarente, 1989). SNF2, SNF5, and

SNF6 are nuclear-localized proteins, but there is no evidence for DNA binding activity,

and their mode of action in mediating derepression is not known (Gancedo, 1992).
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Multicopy suppression screens to identify suppressors of catabolite repression identified a

protein, MSN 1, that is nuclear localized and is rich in acidic residues, but binds DNA

weakly (Estruch and Carlson, 1990). Despite the large number of mutants that have been

isolated, it is not clear how catabolite repression or derepression of inactivated genes is

accomplished in yeast.

The components of the pathway through which sucrose stimulates the

transcription of anthocyanin biosynthetic genes are currently unknown. In plants, it has

been found that inhibition of protein phosphatases 1 and 2A blocks sucrose-inducible

expression of a number of genes of sweet potato (Takeda et aI., 1994). The results

described in this study demonstrate that the protein kinase inhibitor genistein also inhibits

sucrose-mediated induction of CHS. Because genistein is an isoflavonoid (4',5,7-

trihydroxyisoflavone) and is itself a product of plant anthocyanin biosynthesis, it is

possible that its effects may result from feedback inhibition, and not from an effect on

kinases. Alternatively, it is possible that genistein defines a kinase that functions in a

sucrose signaling pathway. The roles played by different transcription factors in sucrose­

inducible gene expression will be considered below (see Synergistic interactions between

phytochrome and sucrose).

The mechanism of sugar-mediated repression of gene expression is similarly

unclear. It has been shown in an autotrophic cell culture of Chenopodium rubrum that

the repression of RBCS correlates with increased levels of hexose phosphates and UDP­

glucose, 2 predicted products of glucose metabolism (Krapp et aI., 1993). By contrast,

studies of photosynthetic gene expression in maize protoplasts have shown that treatment

of cells with glucose-6-phosphate has no effect on gene expression, suggesting that

hexose phosphates play no role in sugar repression (Jang and Sheen, 1994). The latter

study suggests that hexokinase serves as a sensor that distinguishes sugar levels and

transmits a signal that results in the repression of photosynthetic gene expression (Jang

and Sheen, 1994). Data described here suggest that this hypothesis is unlikely, because in
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soybean cells, the hexoses glucose and fructose were ineffective inhibitors of

photosynthetic gene expression relative to sucrose (Figure 10). As described above,

differences of cell culture and experimental methodology may explain this discrepancy,

but the fact remains that under different conditions, sucrose and hexoses inhibit gene

expression to different degrees.

Unlike catabolite repression in E.coli, in which the induction and repression of

gene expression are tightly linked to phosphate transfer, these two processes are

genetically separable in yeast (Gancedo, 1992), and biochemically-separable in plants.

The isolation of two different classes of mutants in S. cerevisiae suggests that two

different regulatory mechanisms function to maintain proper control of carbohydrate

metabolism. The manner in which these two mechanisms interact is unknown. In plants,

gene expression is inducible by cGMP, whereas repression of photosynthetic gene

expression is mediated by a mechanism that does not require cGMP. Nevertheless, recent

demonstration that both induction and repression of gene expression require the activity

of G proteins suggests that the two processes may share common upstream steps.

Synergistic interactions between phytochrome and sucrose

It is clear that the abilities of phytochrome and sucrose to induce CBS expression

separately is considerably reduced compared to that observed when the two act in

concert. Phytochrome stimulates CBS expression only transiently, peaking within 2

hours, and rapidly desensitizing thereafter, in both R and FR. By contrast, in the presence

of sucrose CBS mRNA levels are considerably higher, and expression persists for 18

hours in R and more than 24 in FR (Figure 11). Such a dramatic effect on gene

expression cannot be attributed to an additive interaction alone. Instead, the two

pathways appear to interact synergistically to regulate gene expression.

Mechanisms of transcriptional synergy appear to primarily occur at the level of

interactions between transcription factors. It has been shown that transcriptional synergy

that is mediated by ZEBRA, a non-acidic activator of the Epstein-Barr virus lytic cycle,
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occurs because it facilitates interaction of the basic transcriptional apparatus with the

TATA box. Moreover, it enhances interactions between the TFIID:TFIIA complex with

TFIIB, thus enhancing the ability to initiate transcription (Chi et aI., 1995). Similarly, it

has been found that the Drosophila developmental regulators Hunchback and Bicoid

synergistically interact through specific interactions with the TATA binding protein

(TBP)-associated factors (TAFn s) 60 and 110, respectively. Simultaneous interaction of

both transcription factors with these two TAFn s stimulates transcription to a much higher

level than either accomplishes alone (Sauer et aI., 1995). A third level of interaction is

seen between the homeodomain-containing protein DORSAL and the helix-loop-helix

transcription factor TWIST. In this case, TWIST enhances binding of DORSAL to its

operator, and stronger activation of the promoter is seen, as evidenced by increased

domains of target gene expression (Szymanski and Levine, 1995).

A fourth level of synergistic interaction is seen in which fibroblast growth factor

(FGF), which acts through a RAS-dependent pathway, and cAMP synergistically regulate

gene expression from the same cAMP responsive element. The synergistic interactions in

this case are mediated by the transcription factors ATF-3 and c-Jun, and FGF promotes

accumulation of both. Moreover, FGF promotes the formation of ATF-3:c-Jun

heterodimers that bind to the response element and activate transcription (Tan et aI.,

1994). A similar situation may exist in the case of phytochrome and sucrose. Both

synergistically stimulate transcription from the CHS promoter, and each may utilize the

Unit I element of the parsley CBS promoter to activate transcription. This element

contains binding sites for MYC- (CANNTG) and MYB-like (Cz'FAACGrrG) DNA

binding proteins (Block et aI., 1990). Moreover, the MYC-like site may also serve as a

binding site for basic-leucine zipper (b-Zip) transcription factors (Weisshaar et aI., 1991).

It remains to be determined whether the Unit I element may be synergistically-activated

by sucrose and phytochrome, and if so, which DNA binding elements are required for

synergy.
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The synergistic effect of sucrose and phytochrome on CHS expression raises

intriguing possibilities regarding the mechanism of synergistic interaction. One

possibility for increased mRNA levels is enhanced stability of CHS mRNA, as it has been

shown that cAMP enhances the stability of nitric oxide synthase mRNA in its synergistic

interactions with interleukin-Ip (Kunz et aI., 1994). Secondly, sucrose and phytochrome

may utilize different transcription factors that interact synergistically at the level of the

CHS promoter to enhance gene expression. This may be mediated by cooperative

binding, interaction with TAFn s, or facilitation of binding to the TATA box by the basic

transcriptional machinery. Third, since both phytochrome and sucrose utilize cGMP to

regulate CHS expression, interactions may occur upstream in the signal transduction

pathway that enhance production of cGMP, or hyperactivate kinase or phosphatase

activity. The expression of CHS in response to sucrose and phytochrome may provide an

excellent model system in which to investigate synergistic interactions between signal

transduction systems in higher plants.

ft: a mutation that affects the synergistic integration ofsucrose and phytochrome signals

ft is a mutation of Arabidopsis that causes plants to flower later than WT in both

short and long days (Koomneef et aI., 1991). By virtue of the late flowering phenotype

of zap] mutants, ft plants were tested for sensitivity to zaprinast, and it was found that

they were weakly insensitive to the drug under high light fluence rates. Under low light

fluence rates, ft plants were considerably more resistant to zaprinast than WT (Figure 36).

Studies of gene expression in ft yielded surprising results. It was found that CHS

expression in R in the presence of sucrose was reduced 2-fold compared to WT (Figure

41). In addition, expression of the same gene in FR in the presence of sucrose reached

levels equivalent to WT, but the desensitization of CHS to FR was considerably delayed

(Figure 42). In contrast, the expression of CHS in Rand FR in the absence of sucrose

was normal compared to WT (Figure 43). Under all conditions tested, CAB expression
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displayed kinetics and expression levels equivalent to those observed in WT plants.

These results suggest that the ft mutation affects the way in which phytochrome and

sucrose interact to regulate the activity of the cGMP-dependent pathway of phytochrome,

as measured by the expression of CHS.

The observation that ft affects normal induction of CHS in R, whereas it blocks

desensitization in FR is paradoxical. Such a mutation would not be expected to have two

seemingly disparate effects. It is possible, however, to deduce a role for wild type FT

protein, that would allow it to function in two different mechanisms. The recessive

nature of the ft mutation suggests that it is deficient in a positively-acting factor that

promotes flowering. In R, it is also deficient in a positively-acting factor that helps

integrate signals from sucrose and phytochrome to regulate the expression of cGMP­

responsive genes. Expression of CHS in response to sucrose or phytochrome alone is not

significantly affected in ft mutants, suggesting that the wild type protein plays little role

in either signaling pathway as it functions independently. Thus, one may predict that

interaction of the two signaling pathways results in modification of FT, allowing it to

enhance the expression of cGMP-responsive genes (Figure 45A).

Similarly, ft mutations result in the reduced ability to desensitize in FR,

suggesting that the mutant is deficient in a factor that promotes desensitization. It is

possible that a negative feedback mechanism that participates in desensitization of CHS

expression in the context of synergistic phytochrome and sucrose activation requires the

activity of FT to function properly. In this scenario, modified FT serves as the signal or

regulates the production of one that is recognized by the negative feedback mechanism,

resulting in its full activation and subsequent down-regulation of cGMP-dependent

pathway activity and CHS expression (Figure 45B).

ft mutations would be predicted to cause similar reductions in CHS expression in

FR as well as R, yet none are observed. This may be explained by the fact that a FR high

irradiance response (HIR) produces much stronger responses than prolonged irradiation
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Figure 45: A proposed role for FT in the synergistic regulation of gene expression by

phytochrome and sucrose. A. A proposed mechanism by which FT acts to integrate the

signals of sucrose and phytochrome. FT*: activated Ff that has been modified by the

sucrose and phytochrome signaling pathways. B. A proposed mechanism through which

Ff regulates desensitization of CHS. Ff*: as above; NFS: inactive negative feedback

system; NFS*: activated negative feedback system.
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with high fluence rate R (Mancinelli, 1994). Under FR HIR conditions, induction of

CBS receives strong inputs from sucrose, but receives much higher levels of stimulation

from phytochrome than may be observed in R. Consequently, a 2-fold reduction of

expression caused by the ft mutation may be masked by increased stimulation of gene

expression resulting from the FR HIR. This hypothesis may be tested in two ways. Most

simply, induction of CBS expression may be performed with significantly reduced levels

of FR, resulting in reduced stimulation of the cGMP-dependent signaling pathway by

phyA. The concomitant reduction in CBS expression may then allow the loss of function

caused by ft mutations to become visible at the level of gene expression. Second, ft may

be crossed into a genetic background that results in reduced levels of CBS expression in

FR in the presence of sucrose, such as fhy1 (S. Barnes, personal communication). This,

too, could allow a 2-fold reduction in mRNA levels to be observed by RNA gel blot

analysis.

The ft mutation would also be predicted to affect the proposed negative feedback

mechanism in R as well, yet no effect on desensitization is observed. This difference

may be reconciled by the fact that desensitization in Rand FR appears to occur by

different mechanisms. In R, it is observed that following peak CBS expression between

12 and 18 hours after the onset of illumination, mRNA levels rapidly decline to basal

levels by 24 hours. By contrast, CBS expression peaks between 18 and 24 hours in FR,

and slowly desensitizes, returning to basal levels by 48 hours. Even in phyA mutants,

expression of CBS in R rapidly declines after 18 hours, ruling out a role for phyA decay

as a desensitization mechanism. Thus, there appears to be a mechanism through which

activity of the cGMP pathway is dramatically reduced after 18 hours in R, that does not

function in FR. Consequently, the FT-dependent negative feedback mechanism may not

function until after 24 hours of constant stimulation, by which time, CBS expression in R

has already returned to basal levels, thereby masking the penetrance of this aspect of the

ft mutation.
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Evidence for a negative feedback mechanism is indirect at best at this time.

Experiments investigating the effects of zaprinast on gene expression demonstrated that

in FR, mRNA levels of CHS remained higher for an extended period of time, but

eventually returned to basal levels. Because CAB levels remained repressed over this

time period, it is not likely that zaprinast degradation allowed desensitization to occur.

Rather, it is possible that a desensitization mechanism that functions independently of a

cGMP PDE exists in plants. Testing this hypothesis is not feasible in Arabidopsis , as

specific mutants that alter desensitization of CHS in FR have not been identified. It has

been found, however, that CHS levels decline in soybean cells after prolonged treatment

with sucrose in the dark. Because this mechanism functions late in the time course of

sucrose treatment, it is possible that it may be synthesized de novo after the onset of

treatment. If this is the case, it may be possible to inhibit the synthesis of the components

of the negative feedback system with cycloheximide. Because Arabidopsis mutants that

are deficient in desensitization in FR are not available, proving the existence of such a

mechanism is currently neither straightforward nor possible.

Based on these experiments, the role of FT in the promotion of flowering and the

regulation of gene expression is becoming clearer. Recent work has demonstrated that

plants grown in constant darkness are able to flower as long as their apical meristems are

in contact with sucrose (Martinez-Zapater et aI., 1995). These data suggest that proper

transport of sucrose or transmission of sucrose-dependent signals to the meristem is an

important factor in the induction of flowering. In genetic studies of 12 late flowering

mutants, the ft mutation was proposed to disrupt processes that act very early to promote

the transition of the apical meristem from vegetative growth to reproductive growth

(Koornneef et aI., 1991). If ft is deficient in the integration of sucrose signals with those

of the flowering time regulator phyB, meristems of mutant plants may not receive enough

of a factor that promotes the vegetative to reproductive transition, resulting in late

flowering.
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The role ofZAPJ in phytochrome-dependent signaling

Mutants that were resistant to the effects of zaprinast in constant R were isolated,

and 4 were found to retain zaprinast resistance in the M3 generation. These 4 plants were

derived from 3 separate pools of mutagenized seed, and the 2 plants that were selected for

further characterization were found to be allelic. zapl mutants segregate in a manner

consistent with single gene recessive mutations (Table 3). Adult zapI mutant plants are

very different in appearance from their isogenic WT counterparts, displaying reduced

apical dominance, large stature, and increased fertility (data not shown). Further testing

demonstrated that zapJ mutants were resistant to zaprinast in both Rand FR, retaining the

general sensitivity in darkness that is observed in plants of all other genotypes that have

been tested. In addition, zapI mutants possess elongated hypocotyls relative to WT in the

absence of zaprinast in R, FR, and B, with and without sucrose present in the medium

(Figure 29, Figure 30, and Figure 32; data not shown). In W, however, zapl mutants are

only slightly longer than WT in the absence of sucrose, and the hypocotyllengths of WT

and zapI plants are equivalent in darkness (Figure 35).

Because hypocotyllength is an accurate indicator of photoreceptor pathway

activity (Koornneef et al., 1980), other physiological responses that are known to be

regulated by phytochrome were examined in zapI mutants. It was found that the zapJ-2

mutant, which possesses a strong allele of zapl , produces reduced levels of anthocyanin

in FR in the presence of sucrose (Figure 33). In addition, preliminary evidence indicates

that zap l-Z seeds do not germinate well in constant FR, while retaining normal

germination in other light conditions (data not shown). Because these two responses are

known to be regulated by phyA, the loss of function displayed by zap l-Z plants suggests

that their molecular lesion may partially disrupt phyA-dependent signaling. It was also

found that both zapJ mutants flowered later than WT plants, producing inflorescence

meristems approximately 4 days later than WT, and producing 2 more rosette leaves

during that time (Table 5). Because flowering time is known to be regulated in large part
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by phyB, these data suggest that zap] mutations disrupt phyB signaling. It was found,

however, that zap] mutants displayed normal increases in hypocotyllength in response to

end-of-day FR treatment, another response that is regulated by phyB (Figure 35). Thus,

zap] mutations may disrupt only a subset of phyB-regulated responses.

The phenotype of zap] mutants is entirely novel. Previously-identified loss-of­

function mutants have specifically disrupted the photoreceptors in all but a few cases. In

the cases of jhy1 andjhy3, their insensitivity to light is confined to FR (Whitelam et aI.,

1993). Like zap] plants, hy5 mutants are insensitive to R, FR, and B (Koornneef et aI.,

1980), but hy5 plants, however, are sensitive to zaprinast in R, whereas zapI plants are

resistant to the drug. Moreover, zap] plants are only modestly longer than WT plants in

W, whereas hy5 mutants are significantly longer (Koornneef et aI., 1980). It is for that

reason that zap1 mutants were not previously isolated in screens for long hypocoty 1

mutations in W. Similarly, their hypocotyls are not as long as those of jhy1 andjhy3 in

the absence of sucrose in FR, rendering them inconspicuous in a screen for FR­

insensitive plants.

zapl mutants also possess a phenotype that has not been observed before in long

hypocotyl mutants. Specifically, they undergo normal photomorphogenesis in the light,

despite retaining elongated hypocotyls. The apical hooks open, cotyledons open and

expand, and radial expansion occurs in the hypocotyI. This phenotype is not observed in

all previously-isolated mutations, in which the apical hooks may open, but cotyledon

expansion is retarded (Koornneef et aI., 1980). Moreover, radial expansion of the

hypocotyls of hy mutants does not occur to the same degree as it does in zapl mutants

(RBM, unpublished observation). There are two possible explanations why zap] mutants

possess the phenotypes they do. First, the mutations may simply be leaky, and if some

residual protein function remains, normal photomorphogenesis may occur to a large

degree. Alternatively, the zapl mutation may affect only a subset of phytochrome­

regulated processes. This possibility is more likely given the fact that some phyB -
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regulated processes like flowering time are altered, whereas others like EOD FR

responses appear normal. Mutations affecting only subsets of responses have been

isolated in the ethylene response pathway of Arabidopsis (Ecker, 1995). In this system,

disruptions of the ethylene receptor ETR1 cause complete loss of ethylene responsiveness

(Bleecker et al., 1988), whereas mutations in the EIN3 and EIN6 genes only affect some

processes controlled by ethylene (Lawton et al., 1994; Roman et al., 1995).

Based on the phenotypes of the two alleles of zapl , it is possible to tentatively

assign a role for the wild type gene product in the phytochrome signal transduction

pathway. The mutants are insensitive to zaprinast in both Rand FR, much like phyAphyB

double mutants. These data suggest that ZAP 1 functions as a component in the pathways

regulated by both phyA and phyB. These data are supported by the observation that in

the absence of zaprinast, zapl mutants possess longer hypocotyls than WT plants in R

and FR as well, with and without sucrose (Figure 29, Figure 30, and data not shown),

indicating that they do not perceive these light signals as efficiently as WT plants. In

addition, strong alleles of zapI produce less anthocyanin than WT plants and do not

germinate as well in FR, indicating a defect in phyA responses. Finally, both zapI

mutants flower later than WT, suggesting a defect in phyB responses, although they

retain WT EOD FR responses. All of these data suggest that ZAP 1 functions in the

pathways regulated by both phyA and phyB, but appears to contribute more to phyA­

dependent responses.

Isolation ofnovel mutations that affect phytochrome signaling

The lessons learned from the isolation of zaprinast-resistant mutants have

implications for the isolation of new mutations that disrupt phytochrome signaling. It

appears likely that the screen for loss-of-function mutations based on long hypocotyl

length in W is saturated (Millar et al., 1994). Thus, novel screens must be developed.

From the results described here, it is clear that drugs that have phytochrome-dependent

effects may be used to isolate loss-of-function mutations, and it is likely that similar
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approaches may be devised to allow the isolation of phytochrome-dependent gain-of­

function mutations as well. Characterization of zap] mutants and other loss-of-function

mutants like fhyl have demonstrated the utility of measuring the effect of a mutation on

phytochrome-regulated physiological processes (Johnson et aI., 1994). Genetic screens

that take advantage of well-characterized phytochrome-dependent physiological

responses in addition to the inhibition of hypocotyl elongation should be explored to

allow the isolation of mutations that have more subtle effects. Mutations that confer

subtle effects on phytochrome responses may yield significant insights into the

mechanisms by which this photoreceptor system controls plant growth and development.

Conclusions

In this work, the mechanisms by which phytochrome and sucrose regulate a

diverse group of responses ranging from germination to gene expression have been

investigated. Pharmacological analysis of gene expression in a soybean cell culture has

resulted in the discovery that sucrose induces the expression of anthocyanin biosynthetic

genes via a cGMP-dependent signaling pathway. This observation coupled with similar

observations made with regard to phytochrome signaling has profound implications for

the way in which different signal transduction pathways function in the context of a

global regulatory network. The observation that sucrose and phytochrome synergistically

interact to regulate the expression of CHS raises questions of how the two pathways

interact to achieve their combined effects. One possible insight has been gained through

the analysis of the late flowering mutation it, which was found to reduce the level of CHS

expression in R, and to delay the desensitization of this gene in FR, when sucrose and

phytochrome acted in concert. In addition, the development of a genetic screen based on

sensitivity to the cGMP phosphodiesterase inhibitor zaprinast in R has resulted in the

isolation of mutants that disrupt some phytochrome-regulated processes. Further
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characterization of these mutants may yield significant insights into the nature of the

phytochrome signal transduction pathway.
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Chapter 6

Materials and Methods

Plant Material

Growth of Arabidopsis thaliana

Wild type Arabidopsis thaliana plants of the Landsberg erecta ecotype were used

for all experiments. Seeds were obtained from laboratory stocks, or were purchased from

Lehle Seeds (Round Rock, TX). The Arabidopsis mutants hyl-l (Koornneef et aI.,

1980), phyB-5 (formerly phyB-8-36 and hy3-8-36) (Koornneef et aI., 1980), hy4-2.23N

(Koornneef et aI., 1980),jt-l, andfha-l (Koornneef et aI., 1991) were obtained from the

Arabidopsis Biological Resource Center (Columbus, OH). The mutant phyA-201

(formerly frel-l) (Nagatani et aI., 1993) was provided by Dr. Akira Nagatani, phyA-

201phyB-5 was generated and provided by Dr. Andrew Millar (University of Warwick,

UK), and fhyl (Whitelam et aI., 1993)was kindly provided by Dr. Garry Whitelam

(University of Leicester, UK).

For growth under aseptic conditions, seeds were sterilized as follows: Seeds are

soaked in a solution of 2.6% sodium hypochlorite (Clorox) containing 0.1 %

polyoxyethy lene sorbitan monolaurate (Tween 20) for 10 minutes. This solution was

diluted 2 fold with sterile water, seeds were pelleted by 1 second centrifugation, and the

supernatant was discarded. Seeds were subsequently rinsed at least 3 times with sterile

water, discarding the supernatant each time after pelleting the seeds as described above.

Seeds were resuspended in 0.15% low melting point agarose (SeaPlaque, FMC

Bioproducts, Rockland, ME). Seeds were then plated on solid media (varies depending

on the experiment, see below). For growth in soil, seeds were suspended in 0.15% low

melting point agarose, and stored at 40 C for 24 hours prior to sowing in soil (Metromix

2000, Scotts Sierra Horticultural Products, Marysville, OH). The growth conditions in

soil were variable depending on the experiment (see below).
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Soybean cell culture

The SB-P cell culture of soybean (Glycine max) which was first described by

Hom et aI. (1983) was used for all experiments. Cells were grown under

photomixotrophic conditions (atmospheric C02) in KNI medium (IX MS salts (JRH

Biosciences, Denver, PA), 15 mM sucrose, 0.1 mg/l thiamine (Sigma, St. Louis, MO), 0.2

mg/l kinetin (Sigma), and 1 mg/l a-naphthalene acetic acid (NAA; Sigma), pH 5.7; Lam

et aI., 1989). Cells were maintained in 50 ml cultures constantly shaking in constant

white light (50 umol m-2 sec+), and were subcultured (5 ml per 50 ml culture) every 2

weeks. 500 ml cultures for the experiments described herein were established by

inoculating 500 ml KNI medium with a 2 week old 50 ml culture, were grown -10 days

in the conditions described above, and were dark-adapted for 3-4 days prior to

experimental treatments. All subsequent manipulations of dark-adapted cells were

performed under green safelight conditions.

After dark-adaptation, large cultures were split, and solid sucrose, mannitol,

glucose, or fructose was added to yield equimolar final concentrations. For dark

experiments, time courses commenced immediately upon addition of sugar, whereas in

red light experiments, cells were incubated for three hours in the dark after sugar

addition, and were subsequently shifted to constant red light (50 umol m-2 sec+),

Samples were collected on filters by vacuum filtration and immediately frozen in liquid

nitrogen.

Light conditions

Red light was generated by F48T12/2364NHO fluorescent bulbs (Osram

Sylvania, Danvers, MA; Parks and Quail, 1993), and filtered through 1 layer of #2793 red

plexiglas (Laird Plastics, Hicksville, NY). Far-red light was generated by

F48T12/232NHO fluorescent bulbs (Osram Sylvania) and filtered through 1 layer of

FRF red filter #067894 (West Lake Plastics, Lenni, PA; Parks and Quail, 1993). Blue

light was generated by General Electric F20T12-B fluorescent bulbs (Tudor Electric,
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New York, NY), and filtered through 1 layer of #2424 blue plexiglas (Dayton Plastics,

Columbus, OH; Liscum and Hangarter, 1991). Fluence rates of red and blue light were

measured with a LI-189 Quantum Radiometer (Li Cor, Lincoln, NE), and fluence rates of

far-red light were measured with a IL1400A RadiometerlPhotometer (International Light,

Newburyport, MA).

RNA isolation and analysis

Total RNA from Arabidopsis seedlings and soybean cells was isolated by the

following method (Lam et aI., 1989). Tissue was frozen with liquid N 2 and ground to a

fine powder with a mortar and pestle. The powder was transferred to 4.5 ml ATA

extraction buffer (50 mM Tris-Cl, pH 8.0, 300 mM NaCl, 5 mM EDTA, pH 8.0, 2%

sodium dodecyl sulfate (SDS), 2 mM aurintricarboxylic acid (ammonium salt; Sigma),

and 0.1 % (v/v) �-mercaptoethanol) and vortexed. 0.7 ml ice cold 3 M KCl was added,

and the solution was incubated on ice for 15 minutes. Samples were centrifuged at 8800

xg for 20 minutes, and the supernatant was mixed with 2 ml 8 M LiCl. RNA was

precipitated for 6 hours at 40 C. Samples were centrifuged at 8800 xg for 20 minutes, and

the supernatant was discarded. The pellets were resuspended in 2 mI sterile distilled

H20, and extracted with 1 ml borate-buffered phenol and 1 ml CHCI3. Samples were

centrifuged at 8800 xg for 15 minutes, and the aqueous phase was transferred to a new

tube containing 0.2 ml 5 M NaCl and 6 ml 100% ethanol. Samples were precipitated at

-800 C for 45 minutes, and were centrifuged at 8800 xg for 20 minutes. The supernatant

was discarded, the pellets were washed with 1 ml 80% (v/v) ethanol, and the samples

were centrifuged at 8800 xg for 5 minutes. Pellets were briefly air dried and were

resuspended in 0.1-0.2 ml sterile distilled H20, depending on the size of the pellet. The

concentration of total RNA was determined by measurement of optical density at 260 nm

in an Ultrospec III spectrophotometer (Pharmacia LKB Biotechnology, Cambridge, UK).

Samples containing 10-20 ug total RNA were lyophilized and resuspended in

loading buffer (50% (v/v) formamide, 6.5% (v/v) formaldehyde, 0.5X RNA gel running
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buffer (see below), and 116 volume gel loading dye (50% (v/v) glycerol, 1 mM EDTA,

pH 8.0, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF», and heated to

65° e for 15 minutes. RNA was separated on 2.2 M formaldehyde gels that were run for

approximately 4 hours in IX RNA gel running buffer (0.1 M 3-(N-

morpholino)propanesulfonic acid (MOPS) (pH 7.0), 40 mM sodium acetate, 5 mM

EDTA (pH 8.0» at 70 V essentially as described in Sambrook et aI. (1989). Gels were

stained with I ug/ml ethidium bromide in 1 liter IX RNA gel running buffer for 20

minutes at room temperature, were destained in 1 liter lx RNA gel running buffer for 3

hours at room temperature, and were subsequently photographed to assess equal loading.

RNA was transferred to positively-charged nylon membranes (Boehringer Mannheim,

Indianapolis, IN) in lOX sse (1.5 M NaCl, 150 mM Na citrate) overnight. Blots were

rinsed for 10 minutes in 2X sse (300 mM NaCl, 30 mM Na citrate), air dried, and baked

at 80° e for 1 hour.

The following DNA fragments were used as probes: a 1.1 kb Hin dIII fragment of

soybean CAB(Walling et aI., 1986), a 0.4 kb Hin dlll-Eco RI fragment of soybean

CHS (Estabrook and Sengupta-Gopalan, 199 I), a 0.8 kb Eco RI fragment of soybean

PsaD (Dr. Hiroshi Yamagata, unpublished results), a 1.5 kb Eco RI fragment of

Arabidopsis 18S ribosomal DNA (Takahashi et aI., 1995), a 0.9 kb Pst I-Xba I fragment

of Arabidopsis CHS (Feinbaum and Ausubel, 1988), and a 0.5 kb Ava II fragment of

Arabidopsis CAB1 (Leutweiler et aI., 1986). Probes were labeled by random primed

labeling using a Megaprime DNA labeling kit according to the manufacturers instructions

(Amersham, Arlington Heights, IL). RNA gel blots were hybridized to labeled probes in

hybridization buffer containing 6X sse (900 mM NaCl, 90 mM Na citrate), 0.1 % (w/v)

SDS, 0.1 % (w/v) non-fat dry milk, 50% (v/v) formamide, 7.5% (w/v) dextran sulfate, 100

mg/ml denatured salmon sperm DNA (Sigma), and IX Denhardt's reagent, at 55° e for

12-18 hours. Blots were washed with washing buffer (3X sse (450 mM Nael, 45 mM

Na citrate), 0.5% (w/v) SDS) at 55° e 2 times, 1 hour per wash. Blots were exposed to
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XAR-5 film (Eastman Kodak, Rochester, NY) for 1-2 days with an intensifying screen at

-800 C. Quantification of signals on RNA gel blots was performed on a Molecular

Dynamics Phosphorimager (Sunnyvale, CA) according to the manufacturer's instructions.

RNA gel blots were routinely stripped for subsequent reprobing by the following

method. Blots were vigorously shaken in boiling stripping buffer (0.1 X SSC (15 mM

NaCl, 1.5 mM Na citrate), 1 % (w/v) SDS) for 15 minutes. The buffer containing the

blots was boiled for 5 minutes in a microwave oven, and shaken for an additional 15

minutes. This step was then repeated. Subsequently, blots were thoroughly rinsed with

distilled water, and prehybridized for 15-20 minutes at 55° C prior to subsequent

hybridization with a new probe.

Chemical treatments ofsoybean cells

Genistein (Biomol, Plymouth Meeting, PA) was dissolved in DMSO to a final

concentration of 74 mM, and was tested at various concentrations in a dose response

experiment. In subsequent experiments, 125 �M genistein, which was found to be very

effective at inhibiting sucrose induction of CBS, was used. Cycloheximide (Sigma) was

dissolved in water to a concentration of 30 mg/ml and, was used at 30 ug/ml. Zaprinast,

which was generously provided by Dr. Les Bell (Monsanto Co., St. Louis, MO), was

dissolved in DMSO to 100 mM immediately prior to use, and was used at 1 00 �M. This

concentration was found to be effective in both soybean cells (Bowler et aI., 1994b) and

animal cells (Tremblay et aI., 1988).

Electron microscopic analysis

Six plants from each condition (Wild type or ft , +/- 175 �M zaprinast, grown for 5

days in darkness or constant red light (35 umol m-2 sec+j) were fixed in 3%

glutaraldehyde in 100 mM cacodylate, pH 7.4 for 3 hours on ice in the refrigerator. This

is to ensure that the dark grown plants are not exposed to light during fixation. The

plants were then post-fixed in 2% osmium tetroxide in the same buffer for 2 hours on ice

in the hood. All samples were treated en bloc with uranyl acetate (Farquhar and Palade,
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1965), dehydrated in alcohol followed by treatment with propylene oxide. Subsequently,

the plants were infiltrated and embedded in Spurr low viscosity resin per the vendor's

instructions (Electron Microscopy Sciences, Fort Washington, PA).

Semi-thin sections were cut with glass knives, and stained with methylene blue­

azure II (Richardson et aI., 1960) for light microscopic evaluation. For ultrastructural

study, 60 nm sections were made with a Diatome diamond knife on a Reichert-Jung

Ultracut E microtome (Microscopical Optical Consulting, Inc., Valley Cottage, NY) and

collected on Formvar-carbon coated copper grids. The thin sections were stained with

uranyl acetate and lead citrate (Reynolds, 1963), and were examined in a Jeol 100 CX

electron microscope (lEOL, Peabody, MA) operated at 80 kv.

Genetic screen for zaprinast resistant mutants

800 ethyl methane sulfonate (EMS)-mutagenized seeds of the Arabidopsis

ecotype Landsberg (erecta) (Lehle Seeds) were sterilized and resuspended in agar as

described above, and were plated on 150 mm round plates containing solid medium (IX

MS salts (lRH Biosciences), 90 mM sucrose, 175 JlM zaprinast, 0.8% Bacto agar (Difco,

Detroit, MI)). Seeds were vernalized at 4° C for 4 days, and were treated with white light

(40 umol m-2 sec 1 ) for 30 minutes to induce germination. Seedlings were grown under

constant high fluence rate red light (35 umol m-2 sec+; see above) for 5 days. Mutants

were selected as seedlings that possessed longer hypocotyls, open, expanded green

cotyledons, and reduced agravitropism compared to the wild type, and were transferred to

soil. Plants were grown at 20° C in a 16 hour:8 hour light.dark cycle until they set seed.

Seeds were harvested, and were subsequently rescreened under identical conditions.

Positive mutants were selected, transferred to soil, and allowed to set seed.

Genetic analysis ofzaprinast resistant mutants

Zaprinast-resistant mutants were grown in soil to flowering, and were backcrossed

to wild type Landsberg (erecta), with the wild type plant serving as the pollen donor. F 1

seeds of that cross were tested for zaprinast sensitivity as described above. The sensitive
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plants were placed in low fluence rate white light (10 umol m-2 sec+) to recover, at

which time they were transferred to soil to set seed. F2 seedlings of at least 12 individual

F 1 plants were scored for zaprinast sensitivity as described above. A Chi-square

Goodness of Fit test (Ambrose and Ambrose, 1981) was performed using the data

obtained from this experiment to test the prediction that the mutants possessed single

gene recessive mutations. To test for allelism, zaprinast-resistant mutants were grown in

soil to flowering, and were crossed to each other as described in the text. F 1 seedlings of

this cross were tested for zaprinast sensitivity as described above.

Hypocotyllength measurements

Seeds of different genotypes were sterilized and resuspended as described above,

and were sown on 0.8% agar medium containing IX MS Salts (JRH Biosciences) and 90

mM sucrose, with or without 175 j.lM zaprinast. Seeds were treated with white light (40

umol m-2 sec+) for 30 minutes to induce germination, and were subsequently grown at

20° C for 5 days under the light conditions described in the text. 30 seedlings were

selected at random from the populations on the plates for each condition (light+z­

zaprinast; e.g. red+Z-zaprinast) for each genotype, and were laid on the surface of agar

plates. A scale bar was included on each plate. The plates were photographed, and the

slides were projected on a screen. Hypocotyls of the projected seedlings were measured

by hand with a ruler, and the actual hypocotyllength was determined based on the scale

bar on each photographed plate. Mean hypocotyllengths, standard deviations, and

standard errors were calculated for each genotype under each condition using the

spreadsheet program Microsoft Excel. Results were plotted as histograms using the

graphing program Cricketgraph, and percent inhibition by zaprinast was calculated by the

formula (1.OO-(Length+zaprinast/Length-zaprinast)).

Anthocyanin assays

Seeds were sterilized and resuspended in agar as described above, and sown on

0.8% agar medium containing IX MS salts and 90 mM sucrose. 175 uM zaprinast was
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included in one experiment (see above). Seeds were vernalized at 4°C for 4 days, and

were subsequently treated with white light (40 umol m-2 sec+) to induce germination.

Plates were wrapped in aluminum foil, and grown in darkness at 20° C for 4 days, at

which time some plates were transferred to far-red light (5 umol m-2 sec+) while controls

were maintained in darkness for 3 days. Anthocyanins were extracted as previously

described (Adamse et aI., 1989). 3 sets of 50 seedlings for each sample in replicate

experiments were placed in microcentrifuge tubes, and ground using a plastic grinding

tool in 500 ul anthocyanin extraction buffer (1 % (v/v) HCI in methanol). Samples were

kept in darkness at room temperature overnight to extract the anthocyanins from the

tissues. 333 ul of sterile distilled H20 were added to each sample, and each sample was

subsequently extracted with 500 ul CHCb. The absorbance of the aqueous phase was

measured at 530 nm and 657 nm (Lange et aI., 1971). Anthocyanin levels are expressed

as (AS30-A6S7/50 seedlings).

Gravitropism measurements

Seeds were sterilized and resuspended in agar as described above, and sown on

0.8% agar medium containing IX MS salts with or without 175 j.lM zaprinast. Seeds

were vernalized at 4°C for 4 days, and were wrapped in aluminum foil with no light pre­

treatment. Seedlings were grown vertically on plates for 5 days in darkness. The plates

were photographed, and the images projected on a screen. The angles relative to vertical

of the hypocotyls of 200 seedlings were measured by hand with a protractor. Left of

vertical was designated negative, and right of vertical was designated positive. The mean

and standard deviations of each data set were determined using the spreadsheet program

Microsoft Excel, and the number of seedlings at each angle were plotted as a histogram

using the graphing program Cricketgraph. The degree of agravitropic growth is

expressed by the standard deviation of the angles, as previously described (Liscum and

Hangarter , 1993; Robson and Smith, 1996).
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Flowering time measurements

50 seeds of each genotype were resuspended in 0.15% low melting point agarose,

and were vernalized for 24 hours at 4° C. Subsequently, the seeds were sown in soil, and

grown at 20° C under a light.dark cycle of 16 hours:8 hours. The plants were examined

every day for the emergence of the inflorescence, and the day on which the inflorescence

was first observed was designated as the number of days to flower (Koornneef et aI.,

1991). The number of rosette leaves was also determined. The mean number of days to

flower and the mean number of rosette leaves at flowering was calculated for each

genotype as well as the standard errors using the spreadsheet program Microsoft Excel.

For the distribution of the number of plants flowering on each day, a histogram was

plotted using the graphing program Cricketgraph.

End-oj-day Far Red treatments

Seeds of each genotype were sterilized and resuspended in agar as described

above, were sown on 0.8% agar containing IX MS salts, and were vernalized for 4 days

at 4°C. The plants were then grown for 3 days in a light.dark cycle of 8 hours: 16 hours.

Subsequently, half the plants of each genotype received a 15 minute treatment with far­

red light (5 umol m-2 sec+) prior to the shift to darkness, whereas the other half were

immediately placed in darkness (Nagatani et aI., 1991a). This treatment was carried out

for 5 days. Subsequently, 40 seedlings for each treatment were laid on agar plates with a

scale bar, and were photographed. The pictures were projected on a screen, and the

hypocotyllengths were measured by hand with a ruler. The actual hypocotyllength was

determined based on the scale bar on each plate. The mean hypocotyl length, standard

deviation, and standard error was calculated for each data set using the spreadsheet

program Microsoft Excel. The results were presented as a histogram using the graphing

program Cricketgraph.
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Germ ina tion

Seeds were sterilized and resuspended in agar as described above, and were sown

on plates containing 0.6% agar only. Plates were immediately wrapped in aluminum foil

and placed at 40 C to imbibe and vernalize for 19 hours. The beginning of seed

imbibition is measured from the time of the first rinse with sterile distilled H20 during

the seed sterilization process (Shinomura et aI., 1994). Seeds are then grown in the dark,

or under constant red (35 umol m-2 sec+), far red (5 urnol m-2 sec+), or white light (40

umol m-2 secl) for 7 days, at which time, the degree of germination is assessed. A seed

is considered to have germinated if, at the minimum, the radicle has penetrated the seed

coat (Shinomura et aI., 1994).
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