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1. De specifieke groeiwijze van de tomaat en de licht afwijkende rol van de
tomaat fytochromen, maken de tomaat voor genetisch/fotofysiologisch
onderzock tot een belangrijke aanvulling op de modelsoort Arabidopsis.

2. Het extreme fenotype van fytochroom B deficiénte mutanten in
Arabidopsis, Brassica rapa en komkommer heeft ten onrechte de indruk
gewekt dat fytochroom B in alle plantensoorten het dominante stabiele
fytochroom is.

3. Het ontbreken van een eind-van-de-dag verrood respons is niet altijd
diagnostisch voor fytochroom B deficiéntie.

dit proefschrift

4. Het feit dat micro-injectie met fytochroom A het chlorofylgebrek van de
aurea mutant kan opheffen, lijkt tegenstrijdig aan de waameming dat
fytochroom A deficiénte mutanten een normaal chlorofylgehalte hebben.

Neuhaus et al. Cell 73: 937-952
dit proefschrift

5. Aangezien fotomorfogenetische processen door een aantal genen met op
elkaar lijkende effecten gereguleerd worden, ieidt een mutatie in slechts één
van deze penen vaak tot een subtiel fenotype. Selectie in een mutante
achtergrond kan de herkenbaarheid van deze subticle fenotypen sterk
verbeteren,

6. De toenemende neiging om het directe nut van wetenschappelijk
onderzoek te willen meten, doet onrecht aan het lange termijn belang van
wetenschappelijk onderzoek. Om zich tegen deze tendens te kunnen verweren,
zou elke promovendus moeten beginnen met een cursus zelfverdediging.




7. Uit het feit dat schoolkinderen een half uur na de maaltijd opmerkelijk
beter presteren en ouderen na de maaltijd graag een dutje doen, kan de
conclusie getrokken worden dat promoties voortaan aileen nog plaats dienen
te vinden om 13.30 uur.

De Volkskrant, 19-10-1996

8. Promovendi zouden op 6 december volgens oud Hollandse traditie hun
promotie cadeau moeten krijgen.

9. Het beeld van de ideale wetenschapper neigt naar travestie: mannelijke
voortvarendheid overgoten met vrouwelijke voorzichtigheid.

10. Vakkenvullen bij de Landbouwuniversiteit levert in tegenstelling tot bij
de supermarkt financigle problemen op.

11. Bij het aardappelpitten slaat aardappelmoeheid toe zonder
aaltjesoverdracht.

12. Voor Erasmusstudenten is het te hopen dat de draagkracht van deze
wetenschappelijke brug bestand is tegen de stormen in het wetenschappelijk

onderwijs.

13. Als een vrouw niet zingt, werkt zij ook niet veel.

Egyptisch spreekwoord

Stellingen behorende bij het proefschrift
"Genetic analysis of photomorphogenic mutants in tomato"

Wageningen, ¢ december 1996 Ageeth van Tuinen
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Abstract

To sense light quality and quantity plants possess different groups of photo-
receptors. This thesis describes the isolation and characterization of several
photomorphogenic mutants in the model plant tomato. The use of a genetic
approach to determine the roles of the different photoreceptors in photo-
morphogenesis and to study their mode of action, is one of the most promis-
ing approaches used in photomorphogenic research. M, populations were
screened for aberrant seedling phenotypes in blue and/or red light (R). This
resulted in the isolation of two allelic mutants (ﬁi] and ﬁ-iz) that resembled
the phytochrome A (phyA)-deficient mutants of Arabidopsis in their far-red
light (FR) insensitivity. Immunochemically detectable phyA polypeptide is
absent as is the bulk of the spectrophotometrically detectable labile phyto-
chrome pool in etiolated f#i seedlings. The f+i locus mapped to chromosome
10 at a position similar to that of the PhyA4 locus on the RFLP map. Four
allelic mutants, that had longer hypocotyls under continuous R, were iso-
lated. These mutants are only insensitive to R during the first two days upon
transition from darkness to R and were designated i’ to i’ (temporarily
red light insensitive). Immunochemically detectable phyB1 protein is either
absent, reduced or truncated. The #i mutants differ from phyB-deficient
mutants found in other species in their relatively normal end-of-day FR and
supplementary daytime FR responses. The #i mutant gene and the PhyBI
gene were mapped to the same position on the RFLP map of chromosome 1.
The nature of the mutations in qu and yg-2 was analysed by crossing both
mutants with a ftransgenic tomato line that overexpresses oat phyA-3.
Immunochemically detectable oat PHYA-3 is present in both the aw, PhyA-3
and yg-2,PhyA-3 ‘double mutant’. However, spectrophotometrical analysis
revealed that it is non active, as indicated by the long-hypocotyl phenotype
of the ‘double’ mutants. The results were consistent with both mutants being
disturbed in the phytochrome chromophore biosynthesis. The three remaining
phytochrome genes (PhyB2, E and F), for which no mutants have been
found thus far, have also been mapped to the RFLP map of chromosomes 5,
2 and 7, respectively. In addition, it has been proved that there are two
distinct Ap loci, each with several alleles. The ip-2 gene has been located on
both the genetic and molecular linkage maps of chromosome 1.
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Chapter 1

General introduction




Chapter 1

Photomorphogenesis

Light plays a crucial role in the life cycle of plants. Plants not only need
light as a source of energy, but also use it as a source of information.
Depending on the light environment a different phenotype is displayed
(Fig. 1). This influence on plant morphology by light is called photomorph-
ogenesis and includes processes such as seed germination, de-etiolation,
shade avoidance, and induction of flowering (Kendrick and Kronenberg
1994). De-etiolation results from the transition of a dark-adapted seedling
(etiolated or exhibiting skotomorphogenesis), while below the soil surface, to
a light-adapted green photosynthetic plant. This involves inhibition of
hypocotyl growth, opening of the apical hook, expansion of the cotyledons,
development of chloroplasts and in addition accumulation of anthocyanins in
some species. Shade avoidance is the process by which plants respond to
changes in the spectral quality of the light environment, caused by the
proximity of other plants, enabling them to change their growth habit in an
attempt to reach open sunlight. To sense the quantity, quality, duration and
direction of light plants possess different types of photoreceptors.
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Figure 1. Schematic presentation of photomorphogenic developmental patterns of tomato
seedlings grown under various white light environments. After McNellis and Deng (1995).

Photoreceptors

Phytochrome

The photoreceptor phytochrome exists in two forms: a red light (R)-absorb-
ing (Pr) and a far-red light (FR)-absorbing (Pfr) form. Absorption of R
converts Pr to physiologically active Pfr. This reaction is reversible. Absor-
ption of FR by Pfr reverts it back to inactive Pr. The phytochrome molecule
exists as a homodimer. Each monomer consists of an apoprotein to which a
tetrapyrrole chromophore is covalently attached (Terry et al. 1993). In higher
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plants the apoproteins are encoded by a small gene family (Pratt 1995; Quail
1994). However, it is assumed that all apoproteins carry the same chromoph-
ore (Riidiger and Thiimmler 1994; Terry et al. 1993). Phytochromes can be
classified into two types: a light-labile (or type I) type, in which Pfr is
rapidly degraded after formation by irradiation and a relatively light-stable
(or type I} type. The first is represented by phytochrome A (phyA), whereas
all other phytochromes determined so far seem to belong to the second type
(Quail 1994). The expression level of the various phytochrome genes in
tomato differs quantitatively between genes, per gene throughout the plant
life cycle, and in spatial distribution (Hauser et al. 1994; Pratt 1995).

Phytochrome mediated responses

In addition to multiple phytochromes, the phytochrome system is even more
complex due to the different modes of action. These modes are classified
according to the quantity of light required: very low fluence responses
(VLFR), low fluence responses (LFR) and high irradiance responses (HIR).
Saturation of VLFRs is reached at extremely low fluences (10 - 107!
pmol m'z) and Pfr concentrations. The VFLRs are not R/FR reversible, since
even FR can elicit enough Pfr to induce the response itself. The LFRs are
the classical R/FR reversible responses, which can be induced by a short
pulse of R (1 - 1000 pumol m'z). The LFR obeys the reciprocity law, ie a
response is independent of irradiation time or fluence rate (umol m?s!yata
given total fluence (umol m'z). The HIRs require continuous irradiation. The
extent of the HIR depends upon wavelength, irradiance and duration of the
light treatment. The HIRs are not R/FR reversible and the reciprocity law
does not hold. While the exact mechanism is not understood, the response is
related to the photon irradiance and the plant somehow counts photons,
which is reflected by the parameter phytochrome cycling rate (the rate of
interconversion of phytochrome between its two forms). The existence of a
light-labile (type I) phytochrome explains why FR is more effective than R,
since FR maintains a higher integrated phytochrome level for cycling in such
a case. For stable phytochromes R is more effective than FR, because it
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establishes a higher Pfr/Ptot ratio (where Ptot = Pr + Pfr) and more efficient-
ly cycles phytochrome (Mancinelli 1994).

In addition, responses, exhibited by fully de-etiolated plants, have been
identified, such as: photoperiodic, end-of-day and R:FR photon ratio percep-
tion responses. Photoperiodic responses are responses to the duration of the
light and dark periods in a 24 h cycle and include time keeping mechanisms.
The role of phytochrome in this is not fully understood (Vince-Prue 1994).
End-of-day responses are effects of the light-environment on the state of
phytochrome at the end of the daily light period and therefore on the
phytochrome status in the following dark period. The responses are R/FR
reversible and obey the reciprocity law. The R:FR ratio perception responses
are the basis of the shade avoidance response (Fig. 1): an increase in stem
growth as a result of decreasing R:FR ratios due to absorption of R and
transmission of FR by shading vegetation (Smith 1995). Both R:FR ratio
perception and end-of-day responses are thought to have a common underly-
ing mechanism.

Phytochrome sigral transduction
Although, phytochrome was discovered more than 50 years ago, its mode of
action remains unclear. The induction of the expression of particular genes
by light can be considered as the end point of a signal transduction chain.
Recently evidence has been provided for G-protein and calcium mediated
signal transduction, as found in many animal signal transduction chains.
Heterotrimeric G-proteins have been suggested to initiate the cascade
of events of the phytochrome signal transduction pathway (reviewed by
Miller et al. 1994), although this still has to be proved by purification and
characterization of the G-protein(s). It also has to be clarified as to whether
the putative plant G-protein(s) resembles its animal counterpart in its subcell-
ular localization as a membrane bound protein (Miller et al. 1994). Assuming
this is the case, phytochrome, being a soluble cytosolic protein, has either to
migrate to the membranes to activate the G-proteins or use an intermediate to
relay the signal.
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Microinjection of purified oat phyA into hypocotyl cells of the
phytochrome deficient aurea mutant of tomato, initiated chloroplast develop-
ment, chlorophyll a/b-binding protein gene expression and anthocyanin
production (Neuhaus et al. 1993). Further research by Bowler et al. (1994),
using the same methodology, revealed that Ca®*/calmodulin and cyclicGMP
appeared to act as transducers downstream of phyA and G-proteins, in both
paraliel and converging pathways, to regulate the above mentioned processes
(Fig. 2). The mechanism by which the G-proteins mobilize Ca®* has yet to
be determined and an answer to the question, whether other phytochromes
can share the phyA signal transduction pathway or have their own separate
pathways, has to be found.

cGMP > chs — *hocyanin

Pﬁ — G{“ oo \ chloroplast

/ development

Ca*— CaM cab

Figure 2. Biochemical model of PHYA signal transduction. Py activation of the o subunit
of heterotrimeric G proteins (Ga) leads, via cyclic GMP (cGMP) and Ca?*/Caimodulin
(Ca2+/CaM) dependent pathways, to expression of chalcon synthese (chs), ferrodoxin
NADP" oxireductase (f##) and chlorophyll a/b binding protein (cab) genes, resulting in
anthocyanin synthesis and chloroplast development. After Bowler et al. (1994).

Blue- and UV-A light-absorbing photoreceptors

Although, phytochrome also absorbs in the blue (B) and UV-A region of the
spectrum, it is generally accepted that there are additional B and UV-A
photoreceptors (Mohr 1994),
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Physiological arguments for specific B receptors came from B and UV
effects on processes such as phototropism and their effects on for instance
growth inhibition and pigment biosynthesis, that could not be explained by
absorption of these wavelength by phytochrome (Jenkins 1995; Senger and
Schmidt 1994).

The nature of one B receptor was e¢lucidated by cloning the HY4 gene
in Arabidopsis (Ahmad and Cashmore 1993, 1996). When mutated this gene
leads to a partially defective B response (Koornneef et al. 1980). The HY4
gene encodes a protein, called cryptochrome 1 (CRY1), which has homology
to microbial DNA photolyases. These flavoproteins catalyze B-dependent
repair of DNA and have both flavin and pterin chromophores (Senger and
Schmidt 1994). In-vitro experiments revealed that the CRY1 protein is able
to bind both flavins and pterins (Lin et al. 1995b; Malhotra et al. 1995).
Overexpression of the CRY1 protein in transgenic tobacco plants proved that
the CRY1 protein functions as a B/UV-A photoreceptor (Lin et al. 1995a).

Phototropism, which is a specific B response, appears to be encoded
by a photoreceptor different from cryptochrome 1 (Jenkins et al. 1995).
Reymond et al. (1992) showed that B stimulates phosphorylation of a non-
phosphorylated membrane protein, which is severely reduced in the nph!
mutants. These mutants lack the phototropic response, but hypocotyl elonga-
tion is still inhibited by B. The NPHI protein is presumed to be the non-
phosphorylated membrane protein and the photoreceptor responsible for
phototropic responses in Arabidopsis (Liscum and Briggs 1995). Based on
physiological evidence and the observation that the Ay4 mutant responds
normally to other B responses, such as stomatal opening and chloroplast
development, the presence of additional B and UV-A receptors (Jenkins et al.
1995) is obvious.

UV-B

Most of the physiological effects of UV-B cause damage, in particular to
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DNA. Plants can either use shielding or repair mechanisms to limit the
harmful effects of UV-B. Exposure to UV-B induces gene expression of
genes encoding components related to flavonoid biosynthesis, leading to
increased levels of UV-absorbing pigments, including anthocyanins. In
Arabidopsis, mutants that are disturbed in DNA repair or flavonoid bio-
synthesis have been found. However, little is known about UV-B photore-
ceptors or their signal transduction (Jenkins et al. 1995).

Interaction between photoreceptors

Both phytochrome and B photoreceptors play a role in the control of pro-
cesses such as hypocotyl elongation and anthocyanin synthesis (Mancinelli
1994). The mechanism by which the photoreceptors coact is complicated by
the fact that B/UV-A activates phytochrome (Mohr 1994). Two hypothesis
for coaction have been postulated by Mohr (1994): an independent coaction,
by which both photoreceptors independently cause the same terminal
response, and an interdependent coaction, by which the photoreceptors
depend upon each other to produce the final response.

Experiments by Mohr and co-workers (Mohr 1994) favour the hypo-
thesis that B and UV-A lead to an increased responsiveness to phytochrome,
which is the actual effector of the de-etiolation response. A similar con-
clusion was reached for the action of CRY1 in B (Ahmad and Cashmore
1996).

Photomorphogenic mutants

To understand the complex process of photomorphogenesis, it is necessary to
find out what are the specific roles of the various phytochromes, the B/UV-A
photoreceptors, the UUV-B photoreceptor(s) and their mechanisms of coaction.
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In the last decades the genetic approach, i.e. the search for mutants deficient
in one of the photoreceptors or regulatory mutants, which display a distorted
photomorphogenesis, has proved successful in dissecting the complexities of
photomorphogenesis.

The initial screens for photomorphogenic mutants, which led to the
identification of the first photoreceptor mutants in Arabidopsis (Koornneef et
al. 1980), were performed in white light (WL). However, in later years,
broad-band B, R and FR were used to select mutants deficient in photorec-
eptors, which detect discrete spectral regions, or defective in their
transduction chain(s). Transduction chain mutants for a photoreceptor should
have the same pleiotropic phenotype as the photoreceptor mutant, but in
contrast to the latter should possess a photoreceptor that is still active in vivo
(Koornneef and Kendrick 1994; Whitelam and Harberd 1994).

Another way of finding out the roles in photomorphogenesis specific
to one type of photoreceptor, providing the gene for the photoreceptor has
been cloned, is to use transgenic plants that over- or underexpress that
particular photoreceptor. Transgenic plants overexpressing deletion deriva-
tives of phytochrome A and B genes have been very useful in identifying the
NH,-terminal chromophore bearing domain as necessary for photosensory
specificity and the COOH,-terminal domain for regulatory activity.
Photochemically active, missense mutants for phyA and phyB were selected.
Sequence analysis revealed that 76% of the mutations resided in the same
region of the COOH-terminal domain. The observation that regulatory
activity of the photoreceptors requires COOH-terminal domain sequences
common to both phyA and phyB is proved by the fact that one mutation was
detected in both phyA and phyB (Quail et al. 1995; Wagner et al. 1996).

Photoreceptor mutants

Phytochrome
Phytochrome proteins are encoded by a small number of genes. In Arabid-
opsis, for instance, five phytochrome genes (4-E) have been isolated (Quail

10
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1994). To unravel the roles of the different phytochrome species in photo-
morphogenesis, mutants deficient in specific phytochromes are essential
tools. Three classes of phytochrome photoreceptor mutants have been
identified so far. Chromophore mutants, which are deficient in the
biosynthesis of the chromophore, and therefore deficient in all types of
phytochrome, have been found in Arabidopsis (Koornneef et al. 1980; Parks
and Quail 1991), Nicotiana plumbaginifolia (Kraepiel et al. 1994) and also
recently in pea (Weller et al. 1996). Phytochrome A-deficient mutants have
been described for Arabidopsis (Dehesh et al. 1993; Nagatani et al. 1993;
Parks and Quail 1993; Whitelam et al. 1993). Phytochrome B-deficient
mutants have been reported in several species including Arabidopsis (Reed et
al. 1993), Brassica rapa (Devlin et al. 1992), cucumber (Lopez-Juez et al.
1992) and pea {(Weller et al. 1995).

The phenotype, for seedlings growing in continuous light, of these
three mutant classes in all species analyzed is: phyA-deficient mutants are
insensitive to FR; phyB-deficient mutants are insensitive to R, and phyto-
chrome chromophore mutants are insensitive to both R and FR. The identifi-
cation of these mutants has enabled specific responses to be attributed to
different phytochromes. The FR-HIR for hypocotyl growth inhibition was
assigned to phyA, whereas the effectiveness of R in inhibition appeared to be
regulated mainly by phyB. Since the phyB-deficient mutants fail to respond
to EODFR and daytime supplemental FR, it was proposed that phyB is also
involved in the classic R/FR reversible LFRs (Smith 1995).

Little is known about mutants for the other type II phytochromes
(C-E). It is therefore not clear if these are simply redundant phytochromes,
with a function similar to phyB, that have no specific phenotype when
mutated, because phyB can supplement for their loss. However, it is not
excluded that their physiological role depends on their specific expression
pattern or that they have specific functions and their absence causes only
subtle phenotypes. That the absence of one of the type II phytochromes can
cause only a subtle phenotype was recently proved by the fact that the
Arabidopsis Ws ecotype was found to carry a naturally-occurring deletion

11
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allele of the phytochrome D gene and was shown to lack the PHYD apoprot-
ein. PhyD seems to regulate several of the same R responses as phyB, which
is indicated by the additive phenotype of a double mutant lacking both phyB
and phyD (Sharrock 1996).

B/UV-A

Arabidopsis is the first and so far only species for which a mutant (hy4) has
been isolated, in which hypocotyl elongation is inhibited to the same extent
as wild type (WT) in R and FR, but is less inhibited in B.
Spectrophotometric (Koornneef et al. 1980) and immunochemical analysis
(Somers et al. 1991) revealed that the phytochrome content did not differ
from WT. The HY4 gene has been cloned and encodes the CRY1 protein
(Ahmad and Cashmore 1993), which is identified as a B photoreceptor (Lin
et al. 1995a). A search for phototropic mutants resulted in the isolation of the
nph mutants (Khurana and Poff 1989; Liscum and Briggs 1995) and pro-
vided substantial evidence for a specific B photoreceptor, controlling
phototropism (Jenkins et al. 1995; Liscum et al. 1992). The fact that a
hy4,hyl double mutant, in contrast to double mutants lacking both phyto-
chrome A and B, still responds to B is explained by the trace of phytochrom-
es present due to leakiness of the Ay/ mutant (Ahmad and Cashmore 1996;
Koornneef et al. 1980; Young et al. 1992). However, in UV-A the hypocotyl
elongation of the Ay4hy/ double mutant is inhibited to a greater extent than
in B (Koormneef et al. 1980; Young et al. 1992), suggesting that another
photoreceptor is involved in the UV-A controlled hypocotyl elongation. Data
on hypocotyl elongation in UV-A of triple mutants lacking the PHYA,
PHYB and CRY1 proteins are eagerly awaited to support this hypothesis.

Regulatory mutants

Mutants defective in signal transduction are needed to enlighten the black
box of events from light perception to final response. Mutants deficient in
signal transduction of a photoreceptor would be expected to have a similar
phenotype to that of photoreceptor-deficient mutants for the photoreceptor

12
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concerned, but they should still contain the active photoreceptor. Thus far,
the Arabidopsis hy5 (Koornneef et al. 1980) and fhyl-I (Whitelam et al.
1993) mutants are candidates of this type. The Ay5 mutant has a long
hypocotyl in B, UV-A, R and FR, indicating that HYS is necessary for
modulating responses to phytochrome and the B/UV-A photoreceptors
(Koormmneef et al. 1980). The fhyl-1 mutant displays an elongated phenotype
in FR, but not in R and WL and in this resembles the phyA-deficient
mutants. However, it has normal levels of spectrophotometrically and
immunochemically detectable phyA (Whitelam et al. 1993). Johnson et al.
(1994) showed that the fhy/-/ mutant is affected in some, though not all,
phyA mediated responses, indicating that the phyA signal transduction
pathway has at least two branches and that FHY1 is involved with one of
these branches.

Several research groups have searched for mutants exhibiting light-
regulated responses in the absence of light. This has resulted in the isolation
of the det (Chory et al. 1989, 1991) and cop (Deng and Quail 1992, Hou et
al. 1993, Wei and Deng 1992) mutants of Arabidopsis. Recently, it has been
shown that some det and cop mutants are allelic to the previously isolated fus
mutants (Miséra et al. 1994). It is suggested that the DET/COP/FUS gene
products are required to repress photomorphogenic development in darkness.
The pleiotropic effects of the mutations imply that the DET/COP/FUS gene
products act before branching of the pathway leading to specific light-
regulated responses (McNellis and Deng 1995). One possibility is that the
proteins function in close proximity with each other in the same pathway, for
instance by the formation of multisubunit protein complexes. This seems to
hold true for the COP9, COP8 and COPl1 proteins (Wei et al. 1994a).
Alternatively, the loci might define multiple parallel pathways that control
the developmental switch from skotomorphogenesis to photomorphogenesis
(Chory 1993; Miséra et al. 1994). Mutants of the DET2 locus display a
photomorphogenic morphology in darkness, but do not develop chloroplasts
(Chory et al. 1991), thus demonstrating that chloroplast development is
separable from other aspects of photomorphogenesis. Recently, it was found

13
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that the der2 mutant phenotype in dark, as well as in light, can be restored to
WT by low concentrations of brassinostercids. The DET2 protein probably
encodes a reductase involved in brassinosteroid biosynthesis (Li et al. 1996).
Light might act by modulating this hormone-like signal transduction pathway
by regulating the biosynthesis of the brassinosteroids or by altering the
responsiveness of the cells to brassinosteriods.

Based upon genetic interaction between Ay5 and cop mutants (Wei et
al. 1994a, 1994b) the cumrent hypothesis is that signals from phytochrome
and other photoreceptors converge at or before HYS, probably upstream of
the COP/DET/FUS complex. The HY5 protein might be involved in the
control of COPL nuclear localization and/or activity of the formation of the
COP9 complex (Ang and Deng 1994),

In tomato yet another class of regulatory mutants is represented by the
hp mutant, which exhibits exaggerated phytochrome responses, although no
difference in the phytochrome content compared to WT has yet been found
(Adamse et al. 1989; Peters et al. 1989, 1992). In contrast to the cop/det/fiss
mutants this mutant resembles WT in darkness and only shows an exagger-
ated response in the light. Normal photomorphogenesis of the tomato
seedling requires coaction of the B receptor and phytochrome (Oelmiiller and
Kendrick 1991), a prerequisite which is lost in the Ap mutant. Peters et al.
(1992) proposed that the HP gene product inhibits the amplification of the
phytochrome response, whereas this inhibiting effect can be overcome by B.

Scope of the thesis

For the research here tomato has been chosen as a model system. Tomato
has the advantage of being easier to handle than Arabidopsis in physiological
experiments concerning hypocotyl elongation and anthocyanin content. The
genetic and molecular (RFLP) marker maps are well defined and provide a
solid basis for positional cloning strategies.

14
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The tomato distinguishes itself by the fact that the phytochrome gene
family comprises at least 9 and probably as many as 13 genes (Pratt 1995).
Five of these genes are characterized and their expression patterns deter-
mined (Hauser et al. 1995; Pratt 1995; Pratt et al. 1995). It is obvious that
elucidation of the pathways leading to photomorphogenic responses in
tomato requires identification and characterization of specific photomorph-
ogenic mutants.

At the start of this research project only a few photomorphogenic
mutants of tomato were available. The au mutant has been used extensively
in an attempt to understand the nature of the lesions (Parks et al. 1987;
Sharrock et al. 1988), to study its photophysiology (Adamse et al. 1988) and
more recently to investigate phytochrome signal transduction (Bowler et al.
1994). However, due to contradictory results it was not clear as to whether
this was a specific phyA-deficient or a chromophore mutant. This was also
the case for the yg-2 mutant, which resembles the ax mutant in its phenotype
(Koornneef et al. 1985).

The second category of mutants available is illustrated by the hp
mutant, which had been characterized as having an exaggerated phytochrome
response (Adamse et al. 1989; Peters et al. 1989). Due to conflicting litera-
ture about allelism tests, it was not clear whether there were two Ap loci or
only one locus having two alleles (Mochizuki and Kamimura 1986; Soressi
1975).

This thesis describes the isolation and characterization of new photo-
morphogenic mutants (Chapters 2 and 3) and further analysis of the au and
yg-2 mutants (Chapter 4). The five characterized phytochrome genes, the
new mutants and the hp-2 locus were mapped to the genetic and/or molecu-
lar marker maps (Chapter 5). The nature of the various available and putative
photomorphogenic mutants in tomato is discussed, as are the perspectives to
use these mutants in understanding photomorphogenesis (Chapter 6).

15
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Account

Chapters 2-5 of this thesis have already been published or are in press. These
and other publications, arising from or related to this study, in which I am an
author, are given below.

Adamse P, Peters JL, Jaspers PAPM, Van Tuinen A, Koornneef M,
Kendrick RE (1989) Photocontrol of anthocyanin synthesis in tomato
seedlings: a genetic approach. Photochem Photobiol S0: 107-111

Peters JL, Van Tuinen A, Adamse P, Kendrick RE, Koornneef M (1989)
High pigment mutants of tomato exhibit high sensitivity for phytochrome
action. J Plant Physiol 134: 661-666

Peters JL, Wesselius JC, Georghiou KC, Kendrick RE, Van Tuinen A,
Koornneef M (1991) The physiology of photomorphogenetic tomato
mutants. In: Phytochrome properties and biological action. Thomas B,
Johnson CB (eds), Springer Verlag, Heidelberg, pp 237-247

Koomneef M, Van Tuinen A, Kerckhoffs LHJ, Peters JL, Kendrick RE
(1992) Photomorphogenetic mutants of higher plants. In: Progress in Plant

Growth Regulation. Proceedings 14" International Conference on Plant
Growth Substances. Karssen CM, Van Loon LC, Vreugdenhil D (eds),
Kluwer Academic Publishers, Dordrecht, pp 54-64

Kendrick RE, Kerckhoffs LHJ, Pundness AS, Van Tuinen A, Koornneef M,
Nagatani A, Terry MJ, Tretyn A, Cordonnier-Pratt M-M, Hauser B, Pratt
LH (1994) Photomorphogenic mutants of tomato. Euphytica 79: 227-234

Kendrick RE, Peters JL, Kerckhoffs LHJ, Van Tuinen A, Koomneef M
(1994) Photomorphogenic mutants of tomato. In: Molecular Botany:
Signals and the Environment. Bowles DJ, Gilmartin PM, Knox JP, Lunt
GG (eds), Portland Press, London, pp 249-255

Van Tuinen A, Kerckhoffs LHIJ, Nagatani A, Kendrick RE, Koomneef M
(1995) Far-red light-insensitive, phytochrome A-deficient mutants of
tomato. Mol Gen Genet 246: 133-141

16




Chapter |

Van Tuinen A, Kerckhoffs LHJ, Nagatani A, Kendrick RE, Koornneef M
(1995) A temporarily red light-insensitive mutant of tomato lacks a light-
stable, B-like phytochrome. Plant Physiol 108: 939-947

Van Tuinen A, Hanhart CJ, Kerckhoffs LHJ, Nagatani A, Boylan MT, Quail
PH, Kendrick RE, Koornneef M (1996) Analysis of phytochrome-deficient
yellow-green-2 and aurea mutants of tomato. Plant J 9: 173-182

Kerckhoffs LHJ, Van Tuinen A, Hauser B, Cordonnier-Pratt M-M, Nagatani
A, Koornneef M, Pratt LH, Kendrick RE (1996) Molecular analysis of #ri-
mutant alleles in tomato indicates the #/ locus is the gene encoding the
apoprotein of phytochrome B1. Planta 199: 152-157

Van Tuinen A, Cordonnier-Pratt M-M, Pratt LH, Verkerk R, Zabel P,
Koomneef M The mapping of phytochrome genes and photomorphogenic
mutants of tomato. Theor App! Genet (in press)

Kerckhoffs LHJ, De Groot NAMA, Van Tuinen A, Schreuder MEL,
Nagatani A, Koornneef M, Kendrick RE Physiological characterization of
exaggerated-photoresponse mutants of tomato. J Plant Physiol (in press)

Kerckhoffs LHJ, Schreuder MEL, Van Tuinen A, Koornneef M, Kendrick
RE Phytochrome control of anthocyanin biosynthesis in tomato seedlings:
analysis using photomorphogenic mutants. Photochem Photobiol (in press)

17



Chapter 2

Far-red light-insensitive,
phytochrome A-deficient
mutants of tomato

Ageeth van Tuinen
Huub Kerckhoffs
Akira Nagatani
Dick Kendrick
Maarten Koornneef

Published in Mol Gen Genet (1995) 246: 133-141




Chapter 2

Abstract We have selected two recessive mutants of tomato with slightly longer
hypocotyls than the wild type, one under low fluence rate (3 pmol m? 5') red light (R}
and the other under low fluence rate blue light These two mutants were shown to be
allelic and further analysis revealed that hypocotyl growth was totally insensitive to far-
red light (FR). We propose the gene symbol f1i (far-red light insensitive) for this locus
and have mapped it on chromosome 10. Immunochemically detectable phytochrome A
polypeptide is essentially absent in the fri mutanis as is the bulk spectrophotometrically
detectable labile phytochrome pool in etiolated seedlings. A phytochrome B-like
polypeptide is present in normal amounts and a small stable phytochrome pool can be
readily detected by spectrophotometry in the fri mutants. Inhibition of hypocotyl growth by
a R pulse given every 4 h is quantitatively similar in the fri mutants and wild type and the
effect is to a large extent reversible if R pulses are followed immediately by a FR pulse.
After 7 days in darkness, both fri mutants and the wild type become green on transfer to
white light, bwt afier 7 days in FR, the wild-type seedlings that have expanded their
cotyledons lose their capacity to green in white light, while the fri mutants de-etiolate.
Adult plants of the fri mutants show retarded growth and are prone to wilting, but exhibit
a normal elongation response to FR given at the end of the daily photoperiod The
inhibition of seed germination by continuous FR exhibited by the wild type is normal in
the fri mutants. It is proposed that these f1i mutants are putative phytochrome A mutants
which have normal pools of other phytochromes.

Introduction

The control of plant development by light involves different groups of
photoreceptors: those that absorb in the blue light (B), UV-A, UV-B, and the
red light (R)/far-red light (FR)-absorbing phytochromes. Together they
control processes of seedling development such as inhibition of hypocotyl
growth, opening of the apical hook, expansion of the cotyledons and the
accumulation of anthocyanin. Mutants deficient in one of these photorecep-
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tors can be used to reveal the contribution of the various photoreceptors and
their interaction in the regulation of photomorphogenic responses.

In Arabidopsis thaliana, the isolation and characterization of the
phytochrome-deficient mutants (reviewed by Koomnneef and Kendrick 1994),
the dlu mutants (Liscum and Hangarter 1991), and the evidence that the HY4
gene encodes a protein with characteristics of a B photoreceptor (Ahmad and
Cashmore 1993), proves that mutants for different photoreceptors can be
isolated and are useful tools for dissection of the complex network of light-
regulated responses in photomorphogenesis. Furthermore, Young et al
(1992) using the blu and Ay6 mutants and the blu/iy6 double mutant found
that the UV-A photosensory system caused inhibition of hypocotyl elonga-
tion by a process independent of the phytochrome and B photosensory
systems. The fact that phototropism and B inhibition of hypocotyl elongation
are genetically separable (Liscum et al. 1992) indicates that these processes
may be controlled by different B photoreceptors. Not only the B photo-
receptor system but also the R/FR-absorbing phytochrome system is more
complex than initially thought. For instance, in Arabidopsis the phytochrome
family consists of at least five different genes referred to as PHYA-E, which
encode apophytochrome PHYA-E, and form holophytochrome phyA-E,
respectively, after insertion of the chromophore (Quail 1994). To study the
role of each phytochrome species in photomorphogenesis, mutants are needed
which are deficient in one specific type of phytochrome. So far, three types
of phytochrome mutants have been characterized. Mutants deficient in phyB
have been reported in several species, including Arabidopsis (Reed et al.
1993), cucumber (Lopez-Juez et al. 1992) and Brassica rapa (Devlin et al.
1992), whereas mutants lacking phyA have only more recently been charac-
terized in Arabidopsis (Dehesh et al. 1993; Nagatani et al. 1993; Parks and
Quail 1993; Whitelam et al. 1993). The third type of mutant, represented by
the syl and hy2 mutants of Arabidopsis (Parks and Quail 1991) and the
recently described pew mutants of Nicotiana plumbaginifolia (Kraepiel et al.
1994), are apparently deficient in the biosynthesis of the phytochrome
chromophore.
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In tomato, which is an attractive model system because of its favour-
able size for physiological experiments, the extensively studied aurea mutant
has been considered a phyA-deficient mutant. However, there are indications
that this mutant might be a chromophore mutant (Sharma et al. 1993; A. van
Tuinen unpublished data). Since all phytochromes share the same chromo-
phore, a chromophore mutant will presumably be deficient in all types of
phytochrome. In an endeavour to search for type-specific phytochrome
mutants in tomato, we have screened for mutants at different wavelengths in
an attempt to avoid escape of mutants with minor phenotypic effects in white
light (WL). In this paper we present the isolation and characterization of a
mutant deficient in immunologically and spectrophotometrically active phyA.

Results and discussion

Mutant isclation and genetic characterization

The M, populations of tomato derived from EMS-treated seeds were
screened under continuous B and R. Two independently induced mutants,
1-7RL and 1-17BL, were selected for their slightly longer hypocotyls in R
and B, respectively. In a broad-band spectral scan both mutants, unlike the
wild type (WT) were shown to be completely insensitive to FR. We therefore
propose the gene symbol fri (far-red insensitive) for these mutants. Genetic
complementation analysis showed that the two mutants were allelic. The
1-7RL is more extreme than the 1-17BL and we refer to them as ﬁ-il and
fri, respectively. Under continuous FR the progeny of selfed F, plants from
the cross between the new mutant lines and the WT parent segregated in a
31 ()(2 = 3.59, P > 0.05) ratio of normal to elongated hypocotyls expected
for a monogenic recessive mutation. Data for fri% are given in Fig. 1.
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Figure 1. Frequency distrib-
ution of hypocotyl length of
tomato seedlings of the wild
type (cv. MM; open bars),
fri? mutant (filled bars), F
and F, generations after 7
days of continuous far-red
light (3 pmol m2 s).

When grown in FR, plants homozygous for the #i' and f- mutations do not
differ from plants grown in D. The hypocotyls are elongated, the apical
hooks closed and the cotyledons are unexpanded. The WT plants grown in
FR exhibit less hypocotyl growth inhibition than in B and R, and the
cotyledons remain yellow, but are fully expanded. Compared to WT the
hypocotyl of the ﬁz’] mutant is slightly elongated in B and R (Figs. 2, 3).
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D B R FR

Figure 2. Phenotype exhibited by tomato seedlings grown for 7 days after emergence in
darkness (D) and continuous broad band blue (B), red (R) and far-red (FR} light of
3 umol m? s, For each treatment, the seedling on the left is the wild type (WT, cv.
MM) and on the right is the 4 mutant.

When grown in a 16 h WL/8 h D cycle for 28 days, the f# mutants
are phenotypically barely distinguishable from WT, apart from their very
slightly retarded growth (Fig. 4). This retarded growth becomes more
obvious in plants grown in the greenhouse and the fr/ mutant plants wilt
strongly on sunny days. Preliminary data indicate that detached leaves of fri
mutant plants do not show an enhanced water loss, as is found in abscisic
acid-deficient mutants where this is due to their inability to close their
stomata (data not shown).

Mutants with a similar D phenotype in FR, but which exhibit
hypocotyl inhibition by other wavelengths, have been shown to be phyA
mutants in Arabidopsis (Nagatani et al. 1993; Parks and Quail 1993;
Whitelam et al. 1993)
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Figure 3. ngocotyl length of tomato wild-type (WT, cv. MM, filled bars), fri' (open
bars) and fri* (hatched bars) mutant seedlings after 7 days continuous darkness (D), blue
(B), red (R) or far-red (FR) light of 3 umol m™? s™!. The mean hypocotyl length of at
least 25 seedlings from each light treatment is plotted. Error bars represent the SE of the
means.

WT fri!

Figure 4. Wild-type (WT) and ﬁ‘f} mutant tomato seedlings grown for 28 daysin a 16 h
white light (photosynthetically active radiation 100 pmol m2 s'l)/ 8 h dark cycle at 25°C.
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Mapping

Recent research indicates the presence of at least five phy genes in tomato, at
least three showing sequence homology to previously characterized phy genes
in Arabidopsis (Hauser et al. 1994). None of these genes has yet been
mapped to a specific chromosome in tomato. However, Sharrock et al.
(1988), using an RFLP for a phytochrome-coding sequence from Arabidop-
sis, which they presumed was phyd, mapped this locus on chromosome 10.
Since the phenotypic characteristics of the f+i mutants, as shown in Figs. 2
and 3, resemble those of the phyA-deficient mutants of Arabidopsis (Naga-
tani et al. 1993; Parks and Quail 1993; Whitelam et al. 1993), linkage
analysis was performed in F, populations derived from crosses of the fri
mutants with a tester line homozygous recessive for several morphological
markers on chromosome 10. Significant linkage was detected with all
chromosome 10 markers used. Estimates of recombination percentages and
map positions calculated from these data are given in Fig. 5.

if the f#f mutants are shown to be phyA mutants, like those in Arabi-
dopsis, then the PHYA gene of tomato is located on chromosome 10, a

prediction confirmed by recent experiments (A. van Tuinen, unpublished
data).
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Figure 5. Location of the f#i locus on tomato chromosome 10 and estimates of
recombination percentages between the fri locus and morphological markers specific for
chromosome 10. The map position of « is that on the linkage map published by Tanksley
(1993).
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Immunochemical and in vive spectrophotometrical analysis of
phytochrome

In extracts of etiolated seedlings of both fri mutants, immunochemically
detectable phyA polypeptide (PHYA) is essentially absent, yet both contain
WT levels of a PHYB-like apoprotein. Results for the ﬁ‘il mutant are given
in Fig. 6, but similar results were obtained for f#° (data not shown). The
very faint staining detectable in the fr/ mutants (estimated as less than 1% of
WT band by dilution studies) is quite likely due to the fact that the antibody
used for detection of PHYA, which was raised against pea PHYA, recognizes
other minor phytochrome species. Immunoblot analysis with specific anti-
bodies raised against tomato PHYA when available will prove whether the fri
mutants are slightly leaky or not.

Spectrophotometric analysis showed that total phytochrome in the WT
decreases during a 4 h R irradiation to the low level present in the fri
mutants (Fig. 6). However, the low level of total phytochrome in the fri
mutants is not susceptible to destruction during this 4 h irradiation with R,
indicating that it is light-stable.

4h R
W I
PHYA - e I
16kDa [T
PHYR _ S S
16 kDa

aaay [1erozoss | [ 1462006 | [1s2z00 | [ Laztoo: l

Figure 6. Immunoblot detection of phytochrome A and B polypeptide (PHYA and PHYB,
respectively) and in vive measurement of spectral activity of phytochrome in wild-type
{WT, ¢v. MM) and ﬁ'il mutant seedlings. Dark-grown seedlings of 4-day-old or seedlings
of the same age exposed to 4 h of red light (R) were used for the detection of PHYA and
PHYB with monocional antibodies mAP5 and mATI, respectively, in crude extracts. The
phytochrome content was measured using a dual-wavelength spectrophotometer and is
expressed as A (AA)/40 seedlings.
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Physiological characterization

De-etiolation

To obtain more detailed information about the resemblance between FR- and
D-grown fri mutant seedlings, leaf area per cotyledon and chlorophyll
content (characteristics of the de-etiolation process) were measured at
different times following transfer of D and FR pretreated seedlings to WL.
Figure 7 shows that the de-etiolation of the fri mutants follows the same
kinetics, regardless of the pretreatment given. Cotyledons of the fri mutants
expand in WL to a greater extent than those of the WT and have a higher
chlorophyll content expressed on a per g fresh weight basis. In contrast to
the f#i mutants, the WT is unable to green after a pretreatment with FR and
the fully expanded cotyledons lose their ability to produce chlorophyll,
shrivel up and eventually the seedlings die. The fri mutants are blind to FR
for the cotyledon expansion, but exhibit efficient chlorophyll biosynthesis
and cotyledon expansion upon transfer to WL.

Low fluence response for hypocotyl growth
Phytochrome not only exists in multiple types, but also works via different
modes: the low fluence response (LFR), which is R/FR reversible and a high
irradiance response (HIR) which is irradiance- and duration-dependent
(Mancinelli 1994).

In continuous low fluence broad-band R, the hypocotyl growth of the
J¥i mutants is only slightly less inhibited than the WT (Figs. 2, 3). Spectro-
photometric analysis showed that the PHYA pool is depleted after 4 h R
(Fig. 6). This suggests the involvement of phyB and/or other stable pool type
phytochrome(s) in the LFR of hypocotyl growth inhibition. It is therefore
expected that the phyA-deficient fi mutants display normal R/FR reversibil-
ity for hypocotyl growth inhibition. To test this hypothesis the effect of
pulses of R or R immediately followed by FR (both saturating for
phytochrome photoconversion) given every 4 h on hypocotyl growth inhibi-
tion were investigated (Fig. 8). As expected the R/FR reversibility of the hy-
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cotyledons of wild-type (WT,
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pocotyl growth inhibition is retained in the fri mutants. The fact that the au
mutant is more or less blind to R (Koornneef et al. 1985) and it is probably
deficient in all types of phytochrome, gives an additional indication of the
involvement of phyB and/or other phytochromes in the photocontrol of hypo-
cotyl growth inhibition.
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End-of-day far-red light response

The immunoblot analysis showed that D-grown seedlings, as well as WL-
grown fri mutant plants have WT levels of a PHYB-like apoprotein. Because
all mutants characterized as phyB deficient, i.e. Arabidopsis hy3 (Reed
1993), cucumber /i (Lopez-Juez et al. 1992) and Brassica ein (Devlin et al.
1992), lack the EODFR response, it is commonly accepted that this response
is mediated by phyB. The fii mutants respond to end-of-day FR (EODFR)
treatment with an increase in plant height qualitatively similar to WT (Fig.
9). This suggests that phyB functions normally and, moreover, that phyA has
little or no influence on stem elongation in WL-grown tomato plants.

Germination experiments

Unlike the au mutant (Koornneef el al. 1985), seeds of the ﬁil mutant which
germinate in darkness are inhibited by continuous FR (Fig. 10). We conclude
that the phytochrome involved in this inhibition is not phyA.
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Figure 9. Plant height of 28-day-old wild-type (WT, cv. MM) and fi and f##° mutant
plants. After the 16 h daily white period (photosynthetically active radiation 60 pmol m>
s, plants were either submitted to an immediate 8 h dark (D) period (filled bars) or
given a 20 min FR pulse before the D period (hatched bars). Plant height was measured
after 12 daily cycles with this end-of-day far-red light treatment. Error bars represent the
SE of the mean.
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Figure 10. Final germination percentage of wild-type (WT, cv. MM) and f+' mutant
seeds in darkness {filled bars), continuous red light (oper bars) or far-red light (shaded
bars). Error bars represent the SE of the mean.

The role of phytochrome A in tomato

Phytochrome A-deficient mutants of tomato resemble the phyA mutants of
Arabidopsis. In both species the absence of a FR-HIR for hypocotyl inhibi-
tion and the rather normal phenotype in WL are the most obvious character-
istics. The effectiveness of phyA in the WT in continuous FR is explained by
the lability of the FR-absorbing form of phyA (PfrA), the steady-state level
of which is lower in FR, resulting in a higher integrated level of Pfr being
maintained than in R (Mancinelli 1994).

In the fri mutant, FR is still able to photoconvert phytochrome (deplete
Pfr), as shown in the EODFR, LFR and germination experiments in which
the fri mutants resemble WT. These responses are therefore apparently
mediated by other phytochromes, whose effectiveness is determined by the
photoequilibrium between the R-absorbing form of phytochrome (Pr) and Pfr
at any particular wavelength, meaning that R is more effective than FR. In
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contrast to the Arabidopsis phyA mutants, the tomato fri mutants show a
slightly reduced sensitivity to B and R, which allowed their initial selection
as mutants at those wavelengths. The explanation for the R effect is that
enough PfrA is presumably present during the prolonged exposure to
contribute to the inhibition by R. The B effect can be explained because in
tomato the effect of B is mediated via the phytochrome system (Mohr 1994),
whereas in Arabidopsis B acts independently (Koornneef et al. 1980; Young
et al. 1992). The most striking conclusion we can draw from the phenotypes
of the Arabidopsis phyA mutants and the putative tomato phyA mutants
reported here is the apparent absence of a role of this phytochrome species in
light-grown plants (Fig. 4). While young f#/ mutant plants grown in the
phytotron are only slightly retarded compared to the WT, the older plants in
the greenhouse exhibit strong wilting on sunny days, which presumably
accounts for their slower growth. The normal green leaf colour and growth
habit of the fri mutants in general is in strong contrast to the phenotype of
the au and yellow-green-2 (yg-2) mutants of tomato, which at both the
seedling and adult plant stage are characterized by an elongated and pale
green phenotype. We now assume that these effects, formerly attributed
exclusively to the phyA deficiency of these mutants (Adamse et al. 1988),
might be due to the deficiency of other phytochrome types and/or other
effects of a defect in tetrapyrrole biosynthesis.

Materials and methods

Plant material

Mutants were obtained by treating seeds of tomato (Lyvcopersicon esculentum Mill) cv.
Moneymaker (MM} with ethyl methanesulphonate (EMS) for 24 h in darkness at 25°C
(Koornneef et al. 1990). The population of M, plants was divided into groups of
approximately ten plants and, from each group, M, seeds were harvested. The M, seed
groups were screened for mutants with phenotypes devialing from WT in broad band R
and B.
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Genetic characterization

Seedlings used in all types of genetlc analyses were grown for 7 days after emergence
under continuous FR (3 pmol m? s7). Segregation ratios were determined by counting
the number of seedlings with WT and mutant hypocotyl length. The mutants obtained
were tested for allelism versus non allelistn on the basis of non-complementation versus
complementation to the WT phenotype in the F, plants.

Linkage analysis was done in F, populations derived from the cross of the ﬁ'z
mutant with linkage marker stock LA780 obtained from C.M. Rick and homozygous
recessive for markers yv, ¢, b, ag, r and 7, but WT for the » gene (U™) for which the cv.
MM is recessive. Most of the Fri” seedlings did not survive the transition to WL after the
7-day FR period necessary for the identification of f#i seedlings. The recombination
percentages are based on the ratio of fri plants recessive for a given marker, as a fraction
of the total number of fri seedlings tested (b) and estimated with the following formulae:

rR=100.\/5 re=1-r;

-100 | b(l-b)

[4 2‘/3
where
n = total number of plants; r,= estimate of recombination percentage for repulsion phase,
tc for coupling phase; s= standard deviation of r.

Map positions were calculated from the estimaled recombination percentages using
the computer program JOINMAP described by Stam (1993).

Growth of plants for phytochrome assays

Seeds of the ﬁ‘i mutant and WT were briefly incubated in WL with a 1% (v/v) solution
of commercial bleach for 3 min and then washed thoroughly w1th running tap water.
Seeds were sown on 0.6% (w/v) agar medium containing 0.46 g It of Murashige-Skoog
salts (Gibco, Gaithersburg, MDY} in plant tissue culture containers obtained from Flow
Laboratories (McLean, VA). Seedlin, gs were grown at 25°C for 4 days either in darkness
or irradiated with R (20 pmol m 1. white fluorescent tubes; [FL20S.W.SDL.NU;
National, Tokyo] filtered through 3 mm red acrylic [Shinkolite A102; Mitsibutsi Rayon,
Tokyo]) for 4 h prior to harvest. The upper 1 cm of the hypocotyls, including the
cotyledons, was harvested under dim green safelight after gently removing any remaining
seedcoats. For in vive spectrophotometry the samples were collected on ice and used
immediately. The samples for immunoblotting were frozen in liquid nitrogen and stored at
-80°C before analysis.
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