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Stellingen

1. De far-red light-insensitive {fri) en temporarily red light-insensitive (rri) mutanten in
tomaat zijn respectievelijk fytochroom A en fytochroom B1 mutanten.

2. In monochromatisch rood licht fungeren zowel fytochroom A als B1 als hoofdrolspelers
in de anthocyaanbiosynthese in zaailingen van tomaat, terwijl micro-injectie studies
alleen een rol voor fytochroom A toekennen.

Dit proefschift.
Kunkel er al. (1996). Plant J. 10: 625-636.

3. Het eerder afbreken van het ontwikkelingsprogramma in de hp-1 er hp-2 mutanten in
tomaat onder continu verrood licht, in vergelijking met het wildtype, is een vitermate
interessant verschijnsel, mede gezien het feit dat ook de fenotypisch gelijkende
transgene tomaat waarin het PHYA3 van haver tot overexpressie is gebracht onder deze
omstandigheden een identieke respons vertoont.

Dit proefschrift.

‘

4. Inde schadowmijdende reaktie hebben fytochroom Bl en B2 zeer waarschijnlijk sterk
. overlappende functies.

Dit proefschrift.

5. Opbrengstderving in commercile gewassen door ongewenste schaduwmijdende
reakties als gevolg van een hoge plantdichtheid kunnen worden tegengegaan door het
via biotechnologische weg tot overexpressie brengen van fytochroom.

Robson et al (1996). Nai. Biotechnol. 14: 995-998,

6. De reorganisatie van LUW-DLO tot een Kenniscentrum Wageningen is nadelig voor de
positie van het eerste-fase onderwijs.

7. De exportheffing van de EU in de winter 1995/1996 op tarwe, om daarmee de tarweptijs
binnen de EU lager te maken dan die op de wereldmarkt, wekt de indruk dat de
liberalisering van markten alleen gehanteerd wordt, zolang het gunstig is voor de
consument,

B. De grootste nitdaging van alle genoomprojecten is het vinden van de precieze
biclogische functies van alle beschreven genen.

9. De beoordeling van wetenschappelijke-manuscripten en onderzoeksvoorstellen door
gelijken (het zgn. peer review) leidt vaak tot het beoefenen van wetenschap met
voorkennis.

10. Wetenschappelijke creativiteit komt vaak pas na zessen.
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11. Het is mogelijk géén toeval dat het opheffen van de leerstoel graslandkunde aan de
LUW samenvalt met de deplorabele toestand van de grasmat in de Amsterdam Arena.

12. Door geruchtmakende uitspraken van mgr. Muskens, zoals het toestaan dat armen een
brood mogen stelen, is de armoede in Nederland op de politicke agenda gezet.

13. Hetinbraakbeveiligingssysteem van het Botanisch Centrum is uitermate geschikt om een
circadiaan ritme te handhaven tijdens het schrijven van een proefschrift.

14, In Maastricht duurt de kortste dag een half uur langer dan die in Groningen.

15. "Mij lijkt slechts één ding zeker: mensen die beweren dat mensen die van dieren houden
niet van mensen houden, houden niet van mensen die van dieren houden".

Koos van Zomeren (1995). "Wat wil de koe".

16. Het veelvuldig voorkomen van de paam Kerckhoffs op lijsten van complicen en
gehangenen van de gevreesde Bokkenrijders-bende (tweede helft 18e eeuw) maakt de
naam Kerckhoffs berucht.

J.H.H. Kerckhoffs, emetitus-pastoor (1995). "300 jaar Kerckhoffs, een familie-kropiek”.

Stellingen behorende bij het proefschrift "Phystological functions of phytochromes in bmmo:
a study using photomorphogenic mutants”.

Huub Kerckhoffs,
Wageningen, 20 december 1996.




"Of the many intricate and beautiful control mechanisms living organisms have
evolved to optimize their survival in a variable and changing environment, none
is more elegant than the phytochrome system of plants”

Warren L. Butler, a pioneer in the study of phytochrome

Voor Pien
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Abstract

Kerckhoffs, L.H.J. (1996). Physiological functions of phytochromes in tomato:
a study using photomorphogenic mutants. PhD thesis, Department of Plant
Physiology, Wageningen Agricultural University, Arboretumlaan 4, NL-6703 BD
Wageningen, The Netherlands. xx + 195 pp., dutch summary.

Plant morphogenesis is influenced greatly by the irradiance, quality, direction and
periodicity of the ambient light. At least three different photomorphogenic
photoreceptors have been distinguished: (i) the red light (R)- and far-red light
(FR)-absorbing phytochromes; (ii) the UV-A and blue light (B)-absorbing crypto-
chromes; and (iii) the UV-B photoreceptor. The phytochromes, which are the best
characterized photosensory photoreceptors, are encoded by a small multigene
family. In tomato (Lycopersicon esculentum Mill.) five phytochrome genes have
been cloned: PHYA, PHYBI, PHYB2, PHYE and PHYF. In this thesis a genetic
approach is used to assign functions to the different phytochrome types in tomato.
Two classes of phytochrome mutants in tomato were analyzed both molecularly
and physiologically: (i) phytochrome photoreceptor mutants: far-red light-
insensitive (f#i) mutants, deficient in phytochrome A (phyA); temporarily red
light-insensitive (#ri) mutants, deficient in phytochrome Bl (phyB1) and a
phytochrome chromophore biosynthesis mutant aurea (au); (i) signal transduction
chain mutants: high-pigment-1 (hp-1), high-pigment-2 (hp-2), atroviolacea (atv)
and Intensive pigmentation (Ip). In adult plant stages fri mutants are hardly
phenotypically distinguishable from wild type (WT) in white light (WL). The
phyB 1-deficient tri mutants are only insensitive during the first two days upon
transition from darkness to R. The t#i mutants are slightly taller than the WT when
grown in WL. The kinetics of stem elongation rate of these mutants were
determined very precisely using a custom-built plant growth-measuring apparatus
as well as their response to vegetational shade light. The immature fruits of Ap-/
and Ap-2 mutants have higher chlorophyll levels and are darker-green in colour
than WT. The signal transduction chain mutants ail exhibit exaggerated
phytochrome responses, i.e. high anthocyanin synthesis and short hypocotyl length
compared to WT. Anthocyanin biosynthesis that accumulated during a 24-h period
of different monochromatic irradiations was determined. At 660 nm the fluence
rate-response relationships for induction of anthocyanin in WT are complex,
showing a low fluence rate response (LFRR) and a fluence rate dependent high
irradiance response (HIR), which have been attributed to phyA and phyB1,
respectively. The Ap-I mutant exhibits a strong amplification of bath the LFRR
and HIR. The atv mutant shows strongest amplification of the HIR component.
The Ip mutant exhibits an exaggerated anthocyanin response in B. The results are
discussed in relationship to the published work on photomorphogenesis.

Keywords: photomorphogenesis, phytochrome, mutants, tomato, Lycopersicon
esculentum Mill., plant physiology.
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Introduction
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environment before seed resources are exhausted (see Fig 1'1). he selection
pressure for an efficient transition from heterotrophic growth, utilizing stored seed
reserves, to a green autotrophic self-sufficient photosynthetic plant (de-etiolation)
has ied to the evolution of an impressive battery of photoreceptors. Once
established, plants have to be able to compete for available photosynthetic light
with their neighbours and most species respond to light direction by growth
orientation (phototropism) and to subtle changes in light quality caused by
neighbouring plants by a stimulation of elongation growth (shade-avoidance
response). The transition from vegetative growth to flowering is also synchronized
with the seasons and plants again use photoreceptors to perceive daylength as a
reliable signal for the time of year. To be able to respond to this important array
of different light signals, plants utilize at least three photoreceptor systems: a
UV-B photoreceptor {Yatsuhashi et al., 1982; Beggs and Wellman, 1985),
UV-A/blue light (B) photoreceptors (Ahmad and Cashmore, 1993; Liscum and
Briggs, 1995) and the most extensively studied red light (R)/far-red light (FR)-
reversible phytochromes (Sage, 1992 and references therein).

1.1 Phytochrome

1.1.1 Discovery of phytochrome

In the early twenties Garner and Allard discovered that the length of the day was
the critical factor in the control of flowering. This discovery of photoperiodism
(Gamer and Allard, 1920) was a scientific breakthrough and the practical
consequences have been enormous for the horticultural industry. Subsequent
studies at the U.S. Department of Agriculture Research Center (Beltsville, MD,
USA) concentrated on the mechanism of this photoperiodic control (Parker et al.,
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Figure 1.1. Tomato seedlings grown for 6 days in either darkness (left) or continucus white light
(right), resulting in an etiolated and a de-etiolated phenotype, respectively.

1946). This research quantified the efficiency of various narrow wavebands of
radiation (action spectra) in inhibition of flowering of short-day plants. However,
it was a study of lettuce germination, which was a follow-up of observations by
Flint and McAlister (1935), which led directly to the discovery of a photo-
reversible pigment by Borthwick et al. (1952a). In this classical paper, it was first
proposed that a photoreversible pigment acted as a switch: it could be turned on
by red light (R) with a maximum at 660 nm or off by far-red light (FR) with a
maximum at 730 nm, and in multiple alternating R an FR irradiations the final
position determined the response. Borthwick et al. (1954) strengthened the case
for a single pigment being involved in two photo-interconvertible forms: a FR-
absorbing (active) form (Pfr} and a R-absorbing (inactive) form (Pr). Other reports
demonstrated similar photoreversible control of flowering (Borthwick et al.,
1952b), leaf and hypocotyl elongation (Downs, 1955), pigmentation of the tomato
fruit cuticle (Piringer and Heinze, 1954) and straightening of the plumular hook
of etiolated bean plants (Withrow ef al., 1957). Hundreds of these classical
phytochrome-mediated responses have been described (Correll et al., 1977;
Shropshire Jr. and Mohr, 1983).
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In 1959 Butler and his colleagues were able to detect the pigment directly by in-
vivo differential spectrophotometry in dark (D)-grown maize seedlings and
showed it to be a protein by denaturation upon boiling (Butler ef al., 1959).
Shortly afterwards Borthwick and Hendricks (1960) officially proposed the term
phytochrome (from the Greek words for ‘plant’ and '‘colour’) for “the pigment
controlling photo-responsive development of plants”.

Since its discovery, phytochrome has been found in representatives of all major
groups within the plant kingdom, including angiosperms, gymnosperms, ferns,
bryophytes and algae.

1.1.2 Molecular properties of phytochrome

It was not until the early eighties that Vierstra and Quail (1983) developed a fully
reliable isolation and purification procedure which yielded a full-size 124-kDa
phytochrome from etiolated oat seedlings, and made an extensive characterization
of the phytochrome molecule possible (Furuya and Song, 1994).

Phytochrome is Y-shaped, generated by dimerization of two identical monomers
(Jones and Erickson, 1989). Each monomer is compased of an apoprotein of
approximately 1100 amino acids, which consist of two discrete domains: an NH,-
terminal domain of about 74 kiDa that contains a linear open-chain tetrapyrrole
chromophore (phytochromobilin) covalently linked via a thiol-ether linkage to a
cysteine residue (located about 320 residues from the NH, terminus}), and a
COOH-terminal domain of about 55 kDa that possesses the site(s) responsible for
dimerization (Romanowski and Song, 1992; Edgerton and Jones, 1992). As a
result of interactions between the polypeptide (apoprotein) and the chromophore,
which absorbs light maximally in the 600-760 nm waveband, phytochrome is a
photochromic pigment, i.e. can be repeatedly interconverted by light between two
photo-isomers. A simplified scheme for this photoconversion is:

R
Pr ==~ Pfr

FR

The absorption bands of the two forms overlap. Because of this a photo-
equilibrium (¢) is being established, i.e. the proportion of total phytochrome
molecules as the Pfr form at photoequilibrium. The precise value of ¢ depends on
the wavelength applied (light quality). Using the formulae of Mancinelli (1994)
the value of ¢ at equilibrium for FR and R is about 0.02 and 0.87, respectively.
Under conditions of constant illumination, phytochrome cycles continuously
between its two forms (i.e. phytochrome cycling).
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The actual phototransformation itself between the two forms involves a cis- to
trans-isomerization of one of the double bonds within the tetrapyrrole chromo-
phore, a re-orientation of the chromophore relative to the polypeptide (becoming
more exposed) and multiple conformational changes within the polypeptide,
especially near the NH,-terminus (Vierstra, 1993; Furuya and Song, 1994).

Phytochrome is synthesized as Pr, the chromophore being exported from the
plastids and assembled with apoprotein in the cytoplasm. Upon photoconversion
to Pfr (Hendricks, 1964) it becomes active and initiates the diverse array of
responses under its control. One of the most rapid effects triggered by Pfr is an
alteration of gene expression, involving either transcriptional activation and
repression of specific genes (Quail, 1991; Thompson and White, 1991; Li ez al.,
1993; Terzaghi and Cashmore, 1993). Paradoxically, R can be viewed not only as
necessary for converting phytochrome to the physiologically active Pfr form, but
also for initiating the rapid breakdown of the Pfr pool (Vierstra, 1994). Moreover,
Pfr down regulates the de-novo synthesis of Pr (Colbert, 1991).

f
1.1.3 Evidence for at least two pools of phytochrome

Early physiological data already provided evidence that not all the phytochrome
is destroved by light (Downs et al., 1957). Biochemical data later suggested that
at least two pools of phytochrome exist, one labile that predominates in etiolated
plants and the other stable and present at a low concentration that predominates
in light-grown plants (Butler and Lane, 1965; Siegelman and Butler, 1965;
Hillman, 1967). Both a light-labile and a light-stable phytochrome were also
detected by/spectrophotometry (Brockmann and Schifer, 1982). Subsequently,
immunochémical studies defined two different phytochrome types in oat and pea
(Abe et al.).1985; Hilton and Thomas, 1985; Shimazaki and Pratt, 1985; Tokuhisa
et al., 1985). An important step forward was the observation that the phytochrome
types in pea differ in their amino acid sequence and therefore must be the products
of different genes (Abe et al., 1989). The classical light-labile phytochrome,
predominant in etiolated tissue, decays in the light to a very low level in pea (Abe
et al., 1985) or to an undetectable level in oat (Pratt et al., 1991). This
phytochrome has been named type I (Furnya, 1989; 1993). The light-stable
phytochrome, which was revealed in light-grown pea tissue was named type II.
Both type I and IT are photoreversible, but differ in: (i) the stability of their Pfr
forms; (i) immunochemical and spectral properties; (iii) their proportions present
in the plant at different stages (e.g. etiolated and de-etiolated seedlings); and (iv)
their differential contribution to the regulation of different responses (Mancinelli,
1994).
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: 1.1.4 The phytochrome multigene family

Direct molecular evidence that angiosperms contain several types of phytochrome
encoded by a small multigene family was provided initially from studies with
Arabidopsis. These phytochrome (PHY) genes were designated by PHYA through
PHYE (Sharrock and Quail, 1989; Clack et al., 1994). The PHYA gene which
encodes the PHY A apoprotein was closely related to genes cloned earlier from oat
(Hershey et al.,, 1985; Hershey er al., 1987, Grimm et al., 1988), zucchini
(Sharrock et al., 1986), pea (Sato, 1988), maize (Christensen and Quail, 1989) and
rice (Kay et al., 1989a). All these genes encode the phytochrome that accumulates
to relatively high levels in eticlated seedlings (Quail, 1991; 1994; Pratt, 1995).
The phytochrome, formerly known as light-labile phytochrome, etiolated phyto-
chrome or type I phytochrome, corresponds to phytochrome A (phyA; Quail,
1994). The other PHY genes characterized, PHYB, PHYC (Sharrock and Quail,
1989), PHYD and PHYE (Clack et al, 1994) , encode for phytochrome apoproteins
PHYB through PHYE, respectively. After insertion of the chromophore these
apoproteins form phytochrome B through phytochrome E (phyB-E) (Quail et al.,
1994). The light-stable phytochrome, green-plant phytochrome or type II phyto-
chrome (Quail, 1994) is composed of phyB and presumably other phytochromes.
Study of their properties is not easy since they are present at very low levels.
Pairwise comparisons of the deduced amino-acid sequences among all five PHY
yield identities of 46-56 %, with the exception of the comparison between PHYB
and PHYD, which yields greater than 80 % identity (Clack er al., 1994). Conse-
quently, these five PHYs can be assigned to four subfamilies: PHYA, PHYB
{which includes PHYD), PHYC and PHYE (Pratt, 1995).

In tomato there is evidence that the PHY family is composed of even more than
five members (Pratt, 1995; Hauser et al., 1995). The polymerase chain reaction
(PCR)-derived gene fragments for five tomato PHYs have been sequenced. Four
of these genes, PHYA, PHYBI, PHYB2 and PHYE, are members of previously
identified PHY subfamilies, while the fifth, PHYF, is identified as a member of a
new PHY subfamily. PHYA, PHYBI, PHYB2 and PHYE fragments encode amino-
acid sequences that share 8898 % sequence identity with their Arabidopsis
counterparts. The PHYF fragment, however, encodes a polypeptide that shares
only 65-74 % sequence identity with previously identified Arabidopsis phyto-
chromes. Phylogenetic studies suggest that PHYF might be widespread among
angiosperms (Hauser et al., 1995). As in Arabidopsis, two of these genes (PHYB1
and PHYB?2) have been identified as members of the PHYB subfamily (Pratt et al.,
1995). In addition to the two B-type genes in Arabidopsis and tomato, there is
preliminary evidence for three PHYBs in Daucus (Mathews ef al., 1995). Kern et
al. (1993) have also suggested that tobacco and potato might each have two
PHYBs. Thus, the size of the PHYB subfamily, and its plasticity among different
plant groups, is unclear. In sorghum, three PHYs (PHYA, PHYB and PHYC) have
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been identified by sequence comparisons of PCR fragments to known PHYs (Pratt,
1995). There is also evidence for additional PHYs in the sorghum genome (Pratt,
1995}. Many other complete PHY clones have been obtained and sequenced from
non-angiosperms, including mosses, lycopods, ferns and algae, as well as in
gymnosperms, establishing that the PHY family is widespread throughout the plant
kingdom (Pratt, 1995).

1.1.5 Phytochrome-mediated response modes

It has become clear that phytochromes function via different response modes
(Mancinelli, 1994) dependent on the fluence rate and duration of the incident
light.

1.1.5.1 Detection of the dark-to-light transition
In the detection of the onset of light two main response modes can be
distinguished: -

(i} Very low fluence response {VLFR}. The VLFRs (Blaauw et al., 1968; Raven
and Spruit, 1973; Mandoli and Briggs, 1981), are saturated at extremely fow
fluences of about less than 100 nmol.m 2, comparable to the quantity of light
emitted by a few firefly flashes. The VLFRs are not reversible by FR, but can even
be induced by FR alone. The VLFRs have been observed in D-imbibed seeds or
seedlings grown in total D, in which all of the phytoclrome is present as Pr (Smith
and Whitelam, 1990). In this respect care must be taken using ‘safelights’, because
exposure to dim-green safelight can elicit and even saturate a VLFR.

(ii) Low fluence response (LFR). The LFRs are the classical phytochrome-
mediated responses. They are induced by a single pulse of R, and show rever-
sibility by subsequent FR. The effectiveness of FR in reversing the inductive
effects of R decreases and is eventually lost as progressively longer D intervals are
inserted between R and FR. The LFR obeys the Bunsen-Roscoe law (i.e.
reciprocal relationship between the fluence rate and duration of incident light).
The photon fluences required for saturation of the response by R vary from 1 to
1000 pmol.m%, corresponding to a proportion of total phytochrome as Pfr, ranging
from 0.01 to 0.87, the latter value being equivalent to the ¢ value at equilibrium.
The LFRs are observed in imbibed seeds, etiolated seedlings and light-grown
plants (Smith and Whitelam, 1990).

1.1.5.2 High-irradiance responses

In contrast to the inductive VLFR and LFR, the high-irradiance responses (HIRs)
require continuous, long term exposures to relatively high fluence rates (Mohr,
1972; Mancinelli and Rabino, 1978; Mancinelli, 1994). The term 'high' irradiance
response is a misnomer because the fluence rate required to cause these responses
is very much less than that provided by sunlight in the natural environment (Smith
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and Whitelam, 1990). These HIRs show no R/FR reversibility and do not obey the
Bunsen-Roscoe reciprocity law. The extent of the HIR is a function of
wavelength, irradiance and duration of the light treatment. Their action spectra
differ from the induction spectra of the classical phytochrome responses, showing
a sharp peak in the FR and a broad band of activity in the B (Schifer, 1976). The
HIR is only readily observed in etiolated seedlings, and as seedlings de-etiolate the
HIR become less evident (Smith and Whitelam, 1990). The HIR shows a
maximum activity at wavelengths that maintain a low Pfr concentration for a
prolonged period of time, yet give sufficient Pfr for a response. Depending on
species, etiolated seedlings usually show a FR-HIR, whereas on transfer to light,
seedlings exhibit a shift towards a R-HIR, reflecting a depletion of the labile pool
of phyA (Mancinelli, 1994).

Attempts to explain the fluence-rate dependency of the HIRs usually refer to the
importance of photochemical tunover (cycling) between Pr and Pfr (Hartmann,
1966). It has been hypothesized that a short-lived phytochrome intermediate might
participate in a reaction affecting growth; at higher rates of photoconversion, this
intermediate would build up to greater levels and thus confer a fluence-rate
dependence on the HIR (Cosgrove, 1994). Phytochrome is the pigment responsible
for the HIR in the R and FR region of the spectrum (Schifer, 1976). While the
irradiance dependence has not yet been fully explained, it is clear that
phytochrome acts in some way as a photon counter. Whether the considerable
activity of the B/UV-A region of the specirum is due to absorption by
phytochrome alone or other pigments is still an open question, although B very
effectively cycles phytochrome.

1.1.5.3 Phytochrome as a light-quality sensor

The photochromicity between Pr and Pfr means that phytochrome has the capacity
to sense small changes in the relative amounts of R and FR in the ambient
radiation. Assuming the photon fluence rate is sufficient to drive the photo-
conversions to photoequilibrium, a simple quantitative relationship exists between
the R:FR photon ratio ({) and the proportions of Pr and Pfr present {Smith and
Holmes, 1977). Sensing the R:FR ratio has been proposed as the fundamental
sensory function of phytochrome in green plants, since they compete with other
plants for available photosynthetic radiation (Smith, 1982). In the natural
environment the R:FR ratio is a sensitive indicator of shading, which results from
a relative increase in the proportion of FR to other wavelengths. Plants have
developed different strategies to adapt to vegetational shade, which can be viewed
as two extremes: shade tolerance and shade avoidance (Smith, 1994). Shade
tolerance involves relatively low growth rates, the conservation of energy and
resources and the development of photosynthetic structures that are especially
efficient at low light levels {(Smith, 1994). The opposite extreme, shade avoidance
is a syndrome of growth and developmental changes in which internode and
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petiole elongation is increased, as well as additional changes in photosynthate
partitioning and leaf performance, increase in apical dominance and acceleration
of flowering and senescence (Smith, 1994). As the name suggests, if successful,
shade avoidance has the overall effect of projecting the photosynthetic structures
(usually leaves) into those parts of the environmental mosaic in which the resource
of light is abundant. In a similar fashion, plants are able to detect near-neighbours
as a consequence of spectral quality of laterally reflected light (Ballaré et al.,
1987; 1950).

1.1.6 Phytochrome signal transduction

There is still only sketchy information about the chain of events which lie
downstream of photoreceptors involved in photomorphogenesis. However, it is
clear that they ultimately lead to modifications of growth and development, which
include the switching on and off of genes. The genes involved in plant signal
transduction that have been cloned so far were recently reviewed by Redhead and
Palme (1996). Progress has also been made at the level of transcription and factors
that interact with light-responsive promoters have been characterized (Batschauer
et al., 1994). However, there remains a large black box which can be loosely
defined as the 'signal transduction chain'. It is obvious that plant hormones will
play a key role in some responses. The signal transduction probably involves
phosphorylation of proteins, activation of heterotrimeric GTP-binding proteins (G-
proteins, which consist of three subunits denoted Gu, Gf and Gvy) and changes
in phosphatidylinositol and calcium metabolism (Roux, 1994; Bowler and Chua,
1994; Millar et al., 1994). For phytochrome, the au (gurea, see 1.5.1.1) mutant has
been used successfully as a phytochrome-deficient background in which
phytochrome and/or signal transduction activators and inhibitors have been micro-
injected (Neuhaus ez al., 1993). Using the hypocotyl as a test material it has been
shown (Fig. 1.2) that there are two signalling pathways resulting from activation

oo CHS ------ Anthocyani

cGMP - CHS - bios;gt{msi:
phyA ——@a~ G-protein(s) FNR
(PSI)

ens Chloroplast

- developlr)nem
Ca'——p CaM CAB
(PSTI)

Figure 1.2. A model of phyA signal wransduction pathways. Anthocyanin biosynthesis was
monitored by chalcone synthase (CHS) gene expression. Photosystem I (PSI) and I (PSII)
development were monitored by ferrodoxin NADP* oxidoreductase (FAR) and chlorophyll a/b-
binding protein (CAB} gene expression, respectively. After Bowler ef al. (1994a; 1994b).
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of heterotrimeric G-protein(s): one leading to anthocyanin biosynthesis which
requires cyclic GMP (cGMP) and a second, which requires both calcium and
calmodulin (CaM), induces the gene expression of chlorophyll a/b-binding
proteins (CAB). However, both pathways have ‘crosstalk’ and are both required
for full development of the functional plastids (Neuhaus et al., 1993; Bowler and
Chua, 1994; Bowler et al., 1994a; 1994b).

1.1.7 Function of phytochromes

It has been recognized for some time that the complexity and diversity of
responses attributed to phytochrome are inconsistent with the action of a single
molecular species of the photoreceptor. The realization that phytochrome is a
family of photoreceptors encoded by multiple, divergent genes could explain all
the different modes of phytochrome-mediated responses by assuming that the
different, but closely related phytochromes have specialized regulatory roles in
controlling the overall response of plants to the complexities of the light
environment. Clues about the possible functions of the different phytochrome
types can be obtained from expression studies. In Arabidopsis, tobacco and
tomato, expression of the different PHYs are somewhat constitutive, with PHYA
mRNA almost always predominating (Adam et al., 1994; 1996; Somers and Quail,
1995; Hauser ef al., 1995; in press). However, a pronounced negative photo-
regulation of PHYA mRNA upon illumination is observed (Sharrock and Quail,
1989; Clack et al., 1994; Pratt, 1995). Specific differences in PHY expression
patterns are more evident in tomato. On a whole-plant basis, large differences (up
to 1000-fold) in transcript levels occur among the different PHYs, but also
substantial differences exist in the expression level of individual PHY throughout
the life cycle and within the plant (Wang ef al., 1993; Pratt, 1995; Hauser et al.,
in press). Notably, PHYE mRNA is several fold more abundant in mature plants
than in seedlings, in contrast to all other transcripts, whose abundance peaks at an
earlier age. While PHYF mRNA is normally present at a very low level, it reaches
the level of other transcripts in fruits of mature plants (Hauser et al., 1995, in
press). Indications of differences in distribution, provide clues to the functions of
some of the previously uncharacterized phytochromes. Their confirmation by
studies at the protein level with specific antibodies to the individual phytochromes
are cagerly awaited (Pratt, 1995).

In recent years our understanding of phytochrome action and function has been
significantly advanced through the analysis of photomorphogenic mutants and
phytochrome overexpression studies (see 1.5).
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1.2 Blue light/UV-A photoreceptors

It is evident that several B/UV-A absorbing photoreceptors mediate responses
such as hypocotyl extension, leaf development, phototropism and the transcription
of various genes (Liscum and Hangarter, 1994; Short and Briggs, 1994; Senger
and Schmidt, 1994; Jenkins et al., 1995; Ahmad and Cashmore, 1996). Photo-
tropic responses enable seedlings to orientate their cotyledons and primary leaves
for maximal photosynthetic light capture which is an important process during
seedling establishment in the light environment. The specific effects of B and
UV-A cannot be solely explained through the absorption of these wavelengths by
phytochrome. However, these B/UV-A photoreceptors have not been fully
characterized and their precise number has not been established (Jenkins et al.,
1995). The cloning of HY4 (Ahmad and Cashmore, 1993) encoding for a B-
photoreceptor, called cryptochrome (CRY1} and the finding of the nph (non-
phototropic hypocotyl) mutants at the NPH locus have helped to resolve the
situation. The NPHI gene encodes a putative photoreceptor mediating phototropic
responses (Liscum and Briggs, 1995; 1996). These discoveries are major
breakthronghs in B photomorphogenesis. The signal transduction components
through which they control plant gene expression and development are largely
unknown (Kaufman, 1993; Jenkins et al., 1995). There are indications that
phosphorylation mediated by a 120-kDa photoreceptor in phototropism is an early
step in the signal iransduction chain leading to curvature as a result of differential
growth (Reymond et al., 1992). Recently, it was established that the B/UV-A
phototransduction processes of CHS expression in Arabidopsis involve calcium,
but are independent from CaM (Christie and Jenkins, 1996).

1.3 UV-B photoreceptors

There is little information on the nature of the UV-B photoreceptors and their
signal transduction(s) (Jenkins e al., 1995). The action spectrum of the putative
photoreceptor shows a single intense peak at 290 nm and no action at wavelengths
longer than 350 nm (Yatsuhashi et al., 1982; Beggs and Wellmann, 1985).
Exposure to UV-B has various physiological effects on plants, most of them
indicative of damage to cellular components (Tevini and Teramura, 1989;
Stapleton, 1992). Plants have evolved several mechanisms to limit the potentially
damaging effects of UV-B, which involve either shielding by accumulation of
UV-absorbing compounds (Lois, 1994) or DNA repair (Quaite et al., 1994).

10
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1.4 Co-action between pigment systems

Mohr (1994) proposed a model of co-action between B/UV-A photoreceptors and
the phytochrome photoreceptor system. The Pfr is considered as the effector which
for instance causes anthocyanin synthesis through activation of gene expression,
while the B/UV-A effect is considered as amplifying responsiveness towards Pfr.
The study of co-action is inevitably complicated by the fact that B/UUV-A is also
absorbed by phytochrome leading to Pfr production and phytochrome cycling. In
the case of the ax mutant of tomato it has been proposed that activation of the
B/UV-A photoreceptor results in an increased phytochrome responsiveness to the
residual low amounts of phytochrome (below detection limits) enabling it to
survive in white light (Oelmiiller and Kendrick, 1991}, while the mutation is lethal
in R where phytochrome alone is excited.

Phototropism is controlled by a separate unrelated sensing system (Liscum and
Briggs, 1995; 1996). However, there is also an interaction with phytochrome in
which phyA is responsible for R-induced phototropic enhancement in Arabidopsis
(Parks et al., 1996). Janoudi and Poff (1992) suggested that phytochrome modifies
the phototropic response by modulating a component in the B signal transduction
pathway. Studies with various phytochrome mutants has identified phyA as
responsible for this enhancement (Liscum and Hangarter, 1994), An opposite
result was found when studying light interacting in the inhibition of hypocotyl
elongation in Arabidopsis seedlings. Here a strong synergism was found between
phyB and CRY1, while none was found for phyA and CRY1 (Casal and
Boccalandro, 1995).

1.5 Photomorphogenic mutants

Photomorphogenic mutants would be expected to have a strong pleiotropic
phenotype. since many responses are regulated by light and would be modified
when the mutation affects the photoreceptor itself (photoreceptor mutants) or steps
in the cascade of events immediately following the perception of light (signal-
transduction mutants). Photoreceptor mutants can be divided into two categories:
chromophore and type-specific apoprotein mutants (Kendrick and Nagatani, 1991;
Reed et al., 1992; Chory, 1993; Koomneef and Kendrick, 1994; Liscum and
Hangarter, 1994; Whitelam and Harberd, 1994).

1.5.1 Phytochrome photoreceptor mutants

1.5.1.1 Chromophore mutants
Mutants that are thought to be deficient in all types of phytochrome probably have
a defect associated with the common phytochrome chromophore, such as the Ay
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