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Phytochrome kinase substrate1 (PKS1) is a cytoplasmic protein that interacts physically with, and is phosphorylated by,
the plant photoreceptor phytochrome. Here, we show that light transiently increases PKS7 mRNA levels and concentrates
its expression to the elongation zone of the hypocotyl and root. This response is mediated by phytochrome A (phyA) acting
in the very low fluence response (VLFR) mode. In the hypocotyl, PKS1 RNA and protein accumulation are maintained only
under prolonged incubation in far-red light, the wavelength that most effectively activates phyA. Null mutants of PKS7 and
its closest homolog, PKS2, show enhanced phyA-mediated VLFR. Notably, a pks1 pks2 double mutant has no phenotype,
whereas overexpression of either PKS1 or PKS2 results in the same phenotype as the pks1 or pks2 single null mutant. We
propose that PKS1 and PKS2 are involved in a growth regulatory loop that provides homeostasis to phyA signaling in the
VLFR. In accordance with this idea, PKS1 effects are larger in the pks2 background (and vice versa). Moreover, the two
proteins can interact with each other, and PKS2 negatively regulates PKS1 protein levels specifically under VLFR con-

ditions.

INTRODUCTION

Light plays a prominent role throughout the life cycle of photo-
synthetic organisms (Fankhauser and Chory, 1997). Plants
have evolved a number of photosensory systems that allow
them to sense neighbors that compete for light and that influ-
ence every major developmental transition (Casal, 2000). The
phytochrome (phy) family of photoreceptors is essential for
sensing red light (R) and far-red light (FR) (Quail, 2002). The
characterization of phy mutants demonstrates that these pho-
toreceptors have crucial functions during seed germination,
seedling deetiolation, shade avoidance, and the transition from
vegetative to reproductive growth. Arabidopsis has five phyto-
chromes (phyA to phyE) classified into type I, or light labile
(phyA), and type I, or light stable (phyB to phyE). Among the
second class, phyB plays the most prominent role (Quail,
2002). The phytochromes exist in two spectral forms. Phyto-
chromes are synthesized as Pr (absorbing maximally R) in the
dark. Upon light absorption, Pr is photoconverted to Pfr (ab-
sorbing maximally FR). FR converts Pfr back to Pr. The classic
low fluence responses (LFRs) mediated by type-ll phyto-

1 These authors contributed equally to this work.

2 Current address: Department of Genetics, North Carolina State Univer-
sity, Raleigh, NC 27695.

3To whom correspondence should be addressed. E-mail christian.
fankhauser@molbio.unige.ch; fax 41-22-702-6868.

™ Online version contains Web-only data.

Article, publication date, and citation information can be found at
www.plantcell.org/cgi/doi/10.1105/tpc.014563.

chromes are induced by R and partially reversed by FR, sug-
gesting that for LFR, Pfr is the active form of phytochrome.

In contrast to the type-ll phytochromes, phyA functions in
two photosensory modes: the very low fluence response
(VLFR), which acts over a broad range of the visible spectrum,
and the high irradiance response (HIR) to FR (Casal, 2000).
These two modes of light perception are functionally different,
and genetic and molecular data indicate that they operate
through at least partially distinct pathways (Casal et al., 2000).
Unlike the LFR, the VLFR is irreversible (Botto et al., 1996),
whereas the HIR requires continuous irradiation or light pulses
with a high frequency (Shinomura et al., 2000). Moreover, phyA
in its VLFR mode antagonizes phyB working in the LFR mode,
whereas phyA in the HIR mode enhances phyB action in the
LFR (Casal, 2000). Thus, all three signaling modes of phyto-
chromes—VLFR, LFR, and HIR—are linked in a complex web
of interacting signaling pathways.

In addition to receptor photochemistry, light regulates phyA
at multiple levels. phyA protein levels decline sharply in re-
sponse to light as a result of transcriptional and post-transla-
tional regulation (Canton and Quail, 1999; Clough et al., 1999).
Also, the phosphorylation state of phyA is light dependent
(Lapko et al., 1999). Finally, light treatments regulate the sub-
cellular localization of phyA. Upon light perception, phyA,
which is cytoplasmic in the dark, accumulates in the nucleus,
where it localizes to nuclear foci (Kircher et al., 2002). Light also
induces phyA foci formation in the cytoplasm (Hisada et al.,
2000; Kim et al., 2000). These data suggest that upon light per-
ception, phyA triggers both nuclear and cytoplasmic events.
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Changes in the ion conductance of plasma membrane chan-
nels and the regulation of actin-based cytoplasmic motility are
the most rapid phytochrome-mediated events described (Folta
and Spalding, 2001; Takagi et al., 2003), although phytochrome
responses in the cytoplasm still are poorly understood (Guo et
al., 2001; Okamoto et al., 2001; Schaefer and Bowler, 2002). In
the nucleus, phytochromes can interact with transcription fac-
tors, and it has been proposed that phytochromes can modu-
late gene expression directly (Martinez-Garcia et al., 2000).
Although a large number of both nuclear and cytoplasmic sig-
naling components have been identified, the exact roles and
positions of most of these intermediates in the phytochrome-
signaling web are not well understood (Quail, 2002).

Purified oat phyA is an atypical Ser/Thr kinase (Yeh and
Lagarias, 1998), although the functional implications of this bio-
chemical activity have not been clearly established in vivo. It
has been proposed that the biochemical basis for the reduced
light sensitivity of phyA in the Lm-2 accession of Arabidopsis is
the reduced autophosphorylation activity (Maloof et al., 2001).
A number of proteins are phosphorylated by oat phyA in vitro
(Fankhauser et al., 1999). Among these is a cytoplasmic protein
of unknown function called phytochrome kinase substratel
(PKS1). PKS1 interacts with both phyA and phyB in vitro, and
its phosphorylation is stimulated by red light in vivo (Fankhauser
et al., 1999). We showed previously that overexpression of PKS1
interferes with normal phyB-mediated light signaling (Fankhauser
et al., 1999). Here, we show that PKS7 and its closest homolog,
PKS2, are regulated by light at several additional levels. phyA is
particularly important for this light regulation. Our analyses indi-
cate that PKS1 and PKS2 are involved primarily in the phyA-
mediated VLFR, mutually regulate the action of each other, and
can interact physically.

RESULTS

PKS1 RNA and Protein Levels Are Induced Rapidly upon
Light Perception

PKS1 is a phytochrome binding protein that plays a role in light
signaling (Fankhauser et al., 1999). The levels of PKST mRNA are
similar in seedlings grown for several days in the dark or in the
light (Fankhauser et al., 1999). To test for early and direct effects
of light on PKS1 expression, etiolated seedlings were irradiated
for 1, 2, 4, or 18 h with white light (W). In dark-grown seedlings,
the amount of PKS7 mRNA was low, but it increased dramatically
within 1 h of light treatment. This rapid induction was transient,
because by 2 h of irradiation, PKST mRNA levels decreased pro-
gressively (Figure 1A). Therefore, PKS1 is an early-light-respon-
sive gene and its mRNA is unstable. PKS1 protein levels followed
the mRNA pattern, with a delay of ~2 h, reaching its maximum at
4 h after the light was turned on and then decreasing (Figure 1B),
which suggests that PKS1 also is short-lived in W.

PKS1 mRNA Levels Are Induced in the Shoot and Root
Elongation Zones

Light exposure of etiolated seedlings inhibits hypocotyl elonga-
tion and promotes root elongation. Dark-grown seedlings ini-
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Figure 1. Rapid and Transient Light Regulation of PKS1 Expression.

(A) RNA gel blot analysis of light-treated etiolated seedlings probed with
a PKS1 probe. After 5 days of growth in darkness (D), etiolated seed-
lings were transferred to W and harvested after 1, 2, 4, or 18 h.

(B) Immunoblot analysis of etiolated seedlings treated as described in
(A) and probed with antibodies against PKS1 and DET3 as a loading
control.

tiate cell elongation at the base of the hypocotyl, and during
day 3, the elongation zone moves to the upper part of the hy-
pocotyl, to become restricted to just beneath the hook from
day 4 to day 6 (Gendreau et al., 1997) (Figures 2A and 2D). The
root elongation zone is located just above the root tip. To de-
termine in which part of the seedling PKS7 was expressed, we
generated transgenic plants with a B-glucuronidase (GUS) re-
porter gene under the control of the PKS7 promoter. In eti-
olated seedlings (2 or 3 days old), the PKS1 promoter was
weakly active in the hypocotyl (Figures 2B and 2E). In 2-day-old
etiolated seedlings, after 4 h of W, PKS1 expression was in-
duced in hypocotyl basal cells and in the cells just above the
root tip (Figure 2C). In 4-day-old etiolated seedlings illuminated
for 4 h, the expression became intense in three areas: the up-
per part of the hypocotyl just beneath the hook, a ring exactly
at the bending level of the cotyledons, and the elongation zone
of the root (Figure 2F). This repartitioning of PKS71 promoter
activity was observed at 1 h after the light treatment (data
not shown) but was strongest after 4 h of irradiation (Figure 2).

These data indicate that PKS1 expression is induced by light
in cells that change their elongation rate—both in hypocotyl
cells, which reduce their elongation rate, and in root cells,
which increase their rate of elongation. The pattern was tran-
sient in the hypocotyl, but PKS7 expression stayed high in the
root even after several days of growth in the light (see supple-
mental data online). The difference between the transient PKS1
induction in the hypocotyl and the sustained PKS7 induction in
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the root may be attributable to an important difference in
growth between those two tissues. The root elongation zone
remains active much longer than the hypocotyl elongation
zone, which grows for only a few days.

phyA Plays a Prominent Role in the Regulation of
PKS1 Expression

Because PKS1 is a phytochrome-interacting protein, we in-
vestigated its expression under the wavelengths that most effi-
ciently activate phyA (i.e., FR) or phyB (i.e., R). PKS2 (At1g14280),
the closest homolog of PKS1 in the Arabidopsis genome, was in-
cluded in the analysis. These genes are located on top of chro-
mosome Il and in the middle of chromosome |, respectively, two
regions that arose from recent genome duplication. The PKS1
mRNA level exhibited a peak at ~1 to 2 h in response to R or FR
(Figure 3A). The early light induction was much weaker for PKS2,
but a second increase in PKS2 mRNA levels occurred after 18 h

A B/ C /%
| 2
:‘l)t:’r:egation t“

D E ¢ Fe 7 4
L ti
o | f /
* 4 5

Figure 2. PKS1 Expression Is Induced in Elongation Zones upon Trans-
fer to the Light.

PKS1 is expressed in the elongation zones of the hypocotyl and the
root. Two- and 4-day-old dark-grown PKS7-GUS seedlings were trans-
ferred to W for 4 h and stained for GUS expression before and after
transfer to the light.

(A) Scheme of the hypocotyl elongation zone in a 2-day-old seedling.
(B) Seedling grown for 2 days in the dark.

(C) Seedling grown for 2 days in the dark and transferred to the light
for 4 h.

(D) Scheme of the hypocotyl elongation zone in a 4-day-old seedling.
(E) Seedling grown for 4 days in the dark.

(F) Seedling grown for 4 days in the dark and transferred to the light for
4 h. The insets show greater magnifications of the root and hypocotyl
elongation zones.

(Figure 3A). This biphasic induction of PKS2 mRNA levels proba-
bly is the result of its circadian control (data not shown).

We investigated the contributions of phyA and phyB to the
light regulation of PKS expression by comparing the wild type
with null alleles of phyA (phyA-211) and phyB (phyB-9). As ex-
pected, the lack of phyA abolished the FR induction of PKS1
and PKS2 mRNAs, confirming that phyA is necessary to induce
the expression of PKS71 and PKS2 in FR (Figure 3B). After
transfer to R, PKS1 and PKS2 mRNAs accumulated to wild-
type levels in phyB-9 (data not shown). In phyA-211, the rapid
and transient induction of PKS7 and PKS2 mRNA in R was di-
minished, and the second PKS2 peak was not much affected
(Figure 3B). Although we cannot exclude a role for phyB, these
results indicate that phyA is responsible for PKS7 and PKS2
expression in FR and plays a more significant role than phyB in
the acute induction of PKS71 and PKS2 by R.

These results indicate that phyA is effective under R, a condi-
tion in which phyA is unable to mediate a HIR. Therefore, we in-
vestigated if the phyA-mediated PKS7 induction can be trig-
gered by a VLFR. The strong light induction of PKS7 by a single
or a few hourly pulses of FR indicates that phyA operating in
the VLFR mode is sufficient to induce PKS7 gene expression
(Figure 3C). Interestingly the PKS1 induction pattern in re-
sponse to pulses of light and when seedlings were shifted to
continuous light conditions were very similar (Figure 3). The
rapid PKS1 induction was always transient, suggesting adapta-
tion to the new condition.

The Expression Patterns of PKS1 and PKS2 Overlap Only
under FR

Under prolonged exposures (several days) to W, the hypocotyl ex-
pression of PKS1 vanished but the root expression remained (see
supplemental data online). To determine the role of the different
phytochromes in this response, seedlings bearing the GUS re-
porter gene placed under the control of the PKS7 or the PKS2
promoter were grown for 3 days under hourly pulses of FR, con-
tinuous FR, or hourly pulses of R (i.e., under conditions dominated
by the VLFR of phyA, the HIR of phyA, or the LFR of phyB, respec-
tively) (Yanovsky et al., 1997). PKS1 expression was induced in
the roots by all light treatments, although to different levels (Figure
4A). By contrast, PKS2 expression was never observed in the
roots (data not shown). Significant levels of PKS7 expression in
the hypocotyl were observed only under hourly or continuous FR,
whereas the effects of R pulses resembled those of W (Figure 4A;
see also supplemental data online). PKS2 expression was ob-
served in the cotyledons and the upper part of the hypocotyl un-
der all light conditions (Figure 4B). Thus, intense PKS1 and PKS2
expression overlapped only in the upper part of the hypocotyl un-
der prolonged exposure to hourly or continuous FR.

Light Quality Regulation of PKS1 Accumulation

PKS1 was induced transiently in response to W (Figure 1B). To
determine if this response was dependent on light quality, we
transferred etiolated seedlings to various monochromatic light
conditions. When transferred to R, PKS1 accumulated tran-
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Figure 3. phyA Controls PKS7 and PKS2 Expression.

(A) RNA gel blot analysis of 5-day-old dark-grown wild-type seedlings
transferred for 1, 2, 4, or 18 h to continuous R or FR and probed with
PKS1, PKS2, and ACT probes. D, darkness.

(B) RNA gel blot analysis of 5-day-old dark-grown phyA-211 seedlings
treated and probed as in (A).

(C) RNA gel blot analysis of 3-day-old dark-grown wild-type seedlings
treated with one, two, or four 3-min FR pulses at 1-h intervals and a
pks1, pks2 mutant treated with two FR pulses as a control. The mem-
brane was probed with PKS7 and ACT as a loading control. Col, Colum-
bia wild type.

siently, with a maximum at 4 h after the onset of light, reminis-
cent of the pattern in W (Figures 1B and 5A). By contrast, treat-
ment with FR induced a progressive accumulation of PKS1
(Figure 5B). The fact that in FR PKS1 protein levels increased
while the mRNA levels decreased suggests that PKS1 expres-
sion is regulated post-transcriptionally by phyA. With regard to
PKS1 mRNA induction, a single pulse of FR was sufficient to in-
crease PKS1 levels (Figure 5C), demonstrating that the light
regulation of PKS1 accumulation is via the VLFR. When the
hourly FR pulse treatment was extended to 18 h, the levels of
PKS1 remained high, as observed for PKS1 after transfer to
continuous FR (Figure 5C).
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Isolation and Characterization of pks1 and pks2
Null Mutants

To analyze the function of PKS1, we initially relied on the phe-
notypes resulting from the overexpression of PKS1 (Fankhauser
et al., 1999). However, the interpretation of a gain-of-function
phenotype is difficult in the absence of a loss-of-function phe-
notype. Therefore, we screened for null alleles of PKS7 and
PKS2. We found lines with a T-DNA inserted in the open read-
ing frame of both PKS7 and PKS2 (see Methods). The disrup-
tion of PKS1 and PKS2 was confirmed by RNA and protein gel
blot analyses in the case of PKS1 (Figures 3 and 5). We refer to
these alleles as pks1 and pks2. These mutant alleles allowed us
to show that our PKS1 antibody is specific to PKS1 and does not
recognize PKS2 in plant extracts (see supplemental data online).

To determine if PKS1 and PKS2 are involved specifically in
one branch of phytochrome signaling, we analyzed the pheno-
types of the single null mutants under hourly pulses of FR, con-
tinuous FR, or hourly pulses of R. These light conditions allowed
us to distinguish between phyA acting in the VLFR, phyA acting
in the HIR, or phyB acting in the LFR (Yanovsky et al., 1997). In

A PKS1:GUS

B PKS2:GUS
i :
D FRp FRc Rp

Figure 4. Light Regulates the Tissue-Specific Expression of PKS7 and
PKS2.

(A) PKS1-GUS transgenic seedlings grown for 3 days in darkness (D),
hourly pulses of FR (FRp), hourly pulses of R (Rp), or continuous FR
(FRc).

(B) PKS2-GUS transgenic seedlings treated as described in (A).
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Figure 5. Light Quality Regulates PKS1 Protein Accumulation.

(A) Immunoblot analysis of 5-day-old dark-grown wild-type seedlings
transferred for 1, 2, 4, or 18 h to continuous R.

(B) Immunoblot analysis of 5 day-old dark-grown wild-type seedlings
transferred for 1, 2, 4, or 18 h to continuous FR.

(C) Immunoblot analysis of 3-day-old dark-grown wild-type seedlings
treated with 1, 2, 4, or 18 hourly pulses of FR light and a pks7 mutant
treated with 2 FR pulses as a control.

All protein gel blots were probed with anti-PKS1 antibodies and anti-DET3
antibodies as a loading control. Col, Columbia wild type; D, darkness.

dark controls, hypocotyl growth was unaffected by the muta-
tions (wild type, 11.0 = 0.4 mm; pks1, 11.5 = 0.4 mm; pks2,
11.3 = 0.5 mm) and the cotyledons remained fully closed. Com-
pared with those in the wild type, hypocotyl growth inhibition and
cotyledon unfolding responses to hourly FR pulses were signifi-
cantly greater in pks7 and pks2 (P < 0.001) (Figures 6A and 6B).
The inhibition of hypocotyl growth and the unfolding of the coty-
ledons under hourly pulses of FR normally are mediated by phyA
(Yanovsky et al., 1997). The phyA mutation was epistatic to pks?
and pks2, because phyA, phyA pks1, and phyA pks2 showed no
response to hourly FR pulses (Figures 6A and 6B). This finding
indicates that phyA is required for the enhanced response to
hourly FR observed in pks71 and pks2. No differences among the
wild type, pks1, and pks2 were observed under hourly R pulses
(Figures 6C and 6D) or continuous FR (Figures 6E and 6F). Under

hourly R pulses, the pks1 or pks2 mutation also had no effect in
the phyA background (Figures 6C and 6D), indicating that phyA
signaling did not mask an effect of PKS1 or PKS2 on phyB sig-
naling. These experiments indicate that PKS1 and PKS2 selec-
tively affect the VLFR branch of phyA signaling. Despite the light
induction of PKS7 mRNA in the roots, we observed no obvious
root growth phenotypes in pks1 mutants (data not shown).

A Proper Balance of PKS1 and PKS2 Is Required for a
Normal VLFR

To test the genetic relationship between PKS71 and PKS2, we
created a pks1 pks2 double mutant and lines overexpressing
either PKS1 (PKS1-OX) or PKS2 (PKS2-OX) (see Methods)
(Fankhauser et al., 1999). Compared with those in the wild type,
hypocotyl growth inhibition responses to hourly FR pulses in-
creased significantly not only in pks7 and pks2 but also in PKS1
antisense (AS) (P = 0.03), PKS1-OX (P = 0.0015), and PKS2-
OX (P = 0.002) lines (Figure 7A and data not shown). Notably,
although the single pks7 and pks2 mutants showed enhanced
responses to hourly FR pulses, pks1 pks2 had a wild-type-like
response (P > 0.2) (Figure 7A).

To determine if the pks mutants have a broad effect on the
VLFR, we tested two additional responses mediated by the
VLFR pathway: cotyledon opening and blocking of greening.
The same pattern was observed for cotyledon unfolding, with
the exception of the pks2 single mutant, which lacked a statisti-
cally meaningful phenotype in this assay (Figure 7B). It has
been reported that greening under W is impaired by the previ-
ous growth of seedlings under continuous or hourly pulses of
FR (Barnes et al., 1996; Luccioni et al., 2002). This failure is
caused by the temporal separation of phy-mediated processes
(induced by R or FR) and a R-requiring step of chlorophyll syn-
thesis (Armstrong et al., 1995). Blocking of greening was en-
hanced in pks1, pks2 (P < 0.0001), and PKS7-AS exposed to
hourly pulses of FR (P < 0.05) (Figure 7C and data not shown).
No significant effects were observed for the overexpressers
(Figure 7C). As observed for hypocotyl growth and cotyledon
unfolding, although pks7 and pks2 single mutants showed en-
hanced blocking of greening, the double mutant was indistin-
guishable from the wild type (Figure 7C). None of the geno-
types affected the blocking of greening under continuous FR
(Figure 7D). These results indicate that the pks7 and pks2 single
mutants are selectively impaired in light perception during con-
ditions dominated by the phyA-mediated VLFR and that the pks
mutants affect all tested outputs of the phyA-mediated VLFR.

Negative Genetic Interaction between PKS1 and PKS2

The analysis of three physiological outputs (hypocotyl growth,
cotyledon unfolding, and blocking of greening) under hourly FR
pulses revealed a complex but robust pattern. The responses
to hourly FR were enhanced in pks1, PKS1-AS, and pks2 seed-
lings, but in all cases, the pks1 pks2 double mutant showed no
significant differences from the wild type. Furthermore, except
for the blocking of greening, PKS1-OX and PKS2-OX pheno-
copied the pks7 and pks2 single mutants. This finding suggests
that in the wild type, PKS1 and PKS2 could be components of
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a mutually regulated system and that a proper balance be-
tween the activity of these two gene products is required (Fig-
ure 8A). To explore this network in further detail, we analyzed
hypocotyl growth and cotyledon unfolding in lines that overex-
press PKS2 in the pks1 background and vice versa. Our model
predicts that in such genotypes, the response should be even
more perturbed than in the single mutants. pks7 PKS2-OX and
pks2 PKS1-OX behaved like the wild type when grown in the
dark, continuous FR, or hourly pulses of R (data not shown).
However, when grown under hourly pulses of FR, pks1 PKS2-
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OX, and pks2 PKS1-OX lines showed stronger hypocotyl growth
inhibition and cotyledon unfolding than their corresponding
parental lines (Figure 8B and data not shown). It is notewor-
thy that the effect of PKS1 overexpression on cotyledon un-
folding was significantly greater in the pks2 background than
in the PKS2 background, and the effect of PKS2 overex-
pression was significantly greater in the pks7 background than
in the PKS1 background (P = 0.04) (Figure 8C). These results
support the idea that PKS1 and PKS2 are pieces of a mutually
regulated system that modulates phyA’s VLFR.
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Figure 6. PKS1 and PKS2 Are Involved in the Regulation of the phyA-Mediated VLFR.

One-day-old seedlings of wild-type Columbia (Col) and pks1, pks2, phyA, pks1 phyA, and pks2 phyA mutants were exposed to hourly pulses of FR
([A] and [B]), hourly pulses of R ([C] and [D]), or continuous FR ([E] and [F]) for 3 days before measurements of hypocotyl length ([A], [C], and [E])
and the angle between cotyledons ([B], [D], and [F]). Data shown are means = SE from 32 replicate boxes (10 seedlings per box). Inhibition of hypo-

cotyl elongation is expressed as 1 — length in the light/length in the dark.
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Figure 7. A Proper Balance between PKS1 and PKS2 Is Required for a Normal VLFR.

(A) Hypocotyl growth inhibition under hourly pulses of FR. One-day-old seedlings of wild type Columbia (Col), of the pks1, pks2, and pks1 pks2 mu-
tants, and of transgenic seedlings overexpressing the PKS7 or PKS2 gene were exposed for 3 days to hourly pulses of FR before measurement of hy-
pocotyl length. Data shown are means *+ SE from at least 15 replicate boxes (10 seedlings per box). Inhibition of hypocotyl elongation is expressed as
in Figure 6.

(B) Cotyledon unfolding under hourly pulses of FR. Experimental conditions were as in (A).

(C) Blocking of greening under hourly pulses of FR. One-day-old seedlings of the wild type, of the pks1, pks2, and pks1 pks2 mutants, and of trans-
genic seedlings overexpressing the PKS1 or PKS2 gene were grown for 3 days in darkness or under hourly pulses of FR and transferred subsequently
to W for 2 days before harvest for chlorophyll content determination. Data shown are expressed relative to controls transferred to W without FR
pulses and are means * SE from at least eight replicate samples.

(D) Blocking of greening under continuous FR. Experimental conditions were as described for (C) except that the seedlings were grown in continuous
FR instead of hourly pulses of FR.

Molecular Interactions between PKS1 and PKS2 ) i i )
tions (Figure 8D). PKS1 protein levels were enhanced in the

Our genetic experiments suggest a negative interaction be- pks2 background under hourly pulses of FR but not in the dark,
tween PKS1 and PKS2. To begin to investigate the molecular under R pulses, or under continuous FR (i.e., specifically under
basis of this interaction, we analyzed PKS1 protein levels in the the conditions in which the enhanced light response of pks2
wild-type and pks2 backgrounds under different light condi- mutants was observed) (Figure 8D). Therefore, PKS2 is a nega-



I,
O
)
c
==
aw
)
=
-

[ Pk
\~\___/,VLFRS HIRs
B [CICol Npks2  EpKs1-ox MIPKS1-0X pks2] C

pks1 Rpks1 pks2 lIPKS2-0X ZPKS2-0X pks1

40 PKS10X vs PKS1 PKS20X vs PKS2

@ 2
o o

o
% 4@ 7| =
g 7| s
° / b
2 30 7, s
> 21 Z 20
g 7| T
220- % c
: o
2 2
o ©

PKS2 pks2 PKS1 pksi

D . dark . FRp FRc Rp

Col pksl pks2  Col pksl pks2 Col pksl pks2  Col pksl pks2

DET3 S s s, s T syt e TS

E PKS1 PKSZ_ PKS1 y PKS2 . PKS1 PKSZI PKS1 . PKS2 Iloaded
GST GST GST GST GST GST GST GST beads
B PKS1 PKS1 PKS1 PKS1
— 116 =
o e - -
: - 31 -
-/
Coomassie autorad

Figure 8. Interactions between PKS1 and PKS2 in phyA-Mediated VLFR.

(A) Model of the genetic interactions between PKS1 and PKS2. phyA mediates both a HIR and a VLFR. PKS1 and PKS2 affect the VLFR only. Our ge-
netic data are consistent with a model in which PKS1 and PKS2 negatively regulate each other. The proper balance between their activities is required
for a normal VLFR. In the wild type, the positive regulator functions of PKS1 and PKS2 are masked because they mutually inhibit each other. More-
over, phyA positively regulates PKS1 expression in the VLFR mode.

(B) Cotyledon unfolding under hourly pulses of FR. One-day-old wild-type Columbia (Col) seedlings, pks1, pks2, and pks1 pks2 mutant seedlings,
PKS1-OX and PKS2-OX transgenic seedlings, and seedlings containing the pks7 mutation with PKS2-OX or the pks2 mutation with PKS1-OX were
exposed for 3 days to hourly pulses of FR. The pks2 PKS1-OX and pks1 PKS2-OX lines show stronger VLFR than their parental lines. Data shown are
means * SE from 22 replicate boxes.

(C) The effect of PKS1-OX is larger in the pks2 background than in the PKS2 background, and the effect of PKS2-OX is larger in the pks1 background
than in the PKS1 background. The differences between normal and overexpression levels were calculated from the data shown in (B).

(D) Immunoblot analysis of wild-type Columbia and pks7 and pks2 grown in darkness, hourly pulses of FR (FRp), hourly pulses of R (Rp), or continu-
ous FR (FRc) for 3 days and probed with anti-PKS1 and anti-DET3 sera as a loading control.

(E) In vitro interaction between PKS1 and PKS2. PKS1 or GST-PKS1 was bound on glutathione agarose beads. Radiolabeled PKS1 or PKS2 was
loaded onto the GST or GST-PKS1 beads, and specifically bound proteins were eluted and separated by SDS-PAGE. The first two lanes of the gels
represent the input of radiolabeled PKS1 and PKS2. Coomassie blue staining and autoradiography of the same gel are shown.
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tive regulator of PKS1 accumulation in VLFR conditions. Be-
cause pks2 mutants showed an enhanced VLFR (Figure 6) and
PKS1 protein was induced by a VLFR (Figure 5), this experi-
ment also demonstrated that PKS2 affects another output of
the VLFR.

The genetic interactions between PKS7 and PKS2 suggest
that the two gene products might interact physically. To test
this hypothesis, we performed glutathione S-transferase (GST)
pulldown experiments. GST and GST-PKS1 were expressed in
Escherichia coli and purified on glutathione agarose beads. In
vitro transcribed and translated PKS1 or PKS2 was loaded on
these beads. After extensive washes, the specifically bound
proteins were eluted with reduced glutathione and separated
by SDS-PAGE. This experiment showed that in vitro, PKS1 can
interact with itself and with PKS2, but neither protein interacted
with GST alone (Figure 8E). The genetic interactions and the
partially overlapping expression patterns of PKS7 and PKS2 in-
dicate that these interactions might be meaningful in vivo. Be-
cause PKS1 also can interact with phyA (Fankhauser et al.,
1999), our results suggest that PKS2 can interact with phyA in-
directly via PKS1. Given that PKS1 and PKS2 are highly related
proteins, we tested for a direct interaction between PKS2 and
phyA. Like PKS1, PKS2 interacted with the His kinase-related
domain of phyA in the yeast two-hybrid assay (see supplemen-
tal data online).

DISCUSSION

Several pieces of evidence indicate that PKS1 and PKS2 play a
global role in a discrete branch of phyA signaling. First, pks1
and pks2 showed enhanced cotyledon opening, inhibition of
hypocotyl elongation, and blocking of greening responses to
brief pulses of FR but not to continuous FR or hourly pulses of
R. These results indicate that PKS1 and PKS2 specifically af-
fected the VLFR pathway of phyA but not the HIR of phyA or
the LFR of phyB (Figure 6). Second, a phyA null allele was com-
pletely epistatic over the pks1 and pks2 mutations under pulses
of FR (Figure 6). Third, pks1 and pks2 retained normal levels of
phyA in light conditions in which a phenotype was observed
(data not shown). Moreover, W or R caused only transient in-
creases of PKS1 expression in the hypocotyl and overall PKS1
protein, whereas FR maintained sustained levels of PKS1 hypo-
cotyl expression and PKS1 protein (Figures 4 and 5). This light
regulation pattern is consistent with a role in phyA signaling.
To our surprise, a pks1 pks2 double mutant abolished the ef-
fect of the single mutants, suggesting that PKS1 and PKS2 act
antagonistically (Figure 7). Moreover, overexpression of PKS1
or PKS2, or the elimination of PKS1 and PKS2 activity, gave
rise to identical phenotypes (Figures 7A and 7B) without caus-
ing cosuppression of the endogenous genes (data not shown).
Based on these data, we propose a genetic model in which
PKS1 and PKS2 act as positive regulators of the VLFR while
mutually inhibiting the activities of each other (Figure 8A). The
mutual inhibition explains why in the wild type the role as posi-
tive regulators of PKS1 and PKS2 is masked, explaining the ab-
sence of an obvious phenotype of the pks1 pks2 double mutant
during the phyA VLFR. According to this model, when the bal-
ance between PKS1 and PKS2 is disrupted, the VLFR should

be even more perturbed. To test this notion, we overexpressed
PKS1 in a pks2 mutant background and vice versa. In accor-
dance with our proposal, these seedlings showed stronger re-
sponses to FR pulses than the single mutants or the single
overexpressers (Figures 8B and 8C). From these genetic data,
we conclude that a balance between PKS1 and PKS2 is neces-
sary for a normal VLFR.

The mode of interaction between PKS1 and PKS2 is not well
understood at present. Nevertheless, we found that PKS2 af-
fected PKS1 expression specifically under the light conditions
in which a phenotype was observed. A pks2 mutant grown un-
der FR pulses expressed more PKS1 protein than the wild type
(Figure 8D). The in vitro interactions of PKS1 with itself and
with PKS2 also were relevant in this context (Figure 8E). The
overlapping expression patterns of PKS71 and PKS2 in the hy-
pocotyl of FR-grown seedlings suggest that these interactions
might occur in vivo (Figure 4). It is conceivable that PKS1-
PKS1 and PKS1-PKS2 have different activities. The enhanced
accumulation of PKS1 in a pks2 background indicates that
PKS2 might destabilize PKS1 protein (Figure 8D). Alternatively,
because PKS1 protein and mRNA levels were induced by a
VLFR, the enhanced PKS1 protein levels in the pks2 mutant
might be the result of the greater VLFR observed in this mu-
tant.

Under some circumstances, phyA and phyB display the
same genetic relationship as PKS1 and PKS2 in the phyA
VLFR. Both single mutants delay flowering under long days at
low temperatures, but the phyA phyB double mutant has no
phenotype (Halliday et al., 2003). Moreover, an early-flowering
phenotype is observed when phyB is overexpressed or missing
(Bagnall et al., 1995). Similarly, both the absence and the over-
expression of PKS1 and PKS2 led to an enhanced VLFR (Figure
7). Interestingly, the genetic interactions between phyA and
phyB are clearly context dependent. By analogy, it is possible
that the interaction between PKS1 and PKS2 will be different in
a different context.

The phytochrome VLFR, LFR, and HIR signaling branches
are connected to each other. In particular, the phyA-mediated
VLFR antagonizes some phyB-mediated responses (Cerdan et
al., 1999). Several loci that affect the VLFR have been posi-
tioned relative to the point of connection between the VLFR
and the LFR. Specifically, CP3, VLF1, and VLF2 are proposed
to act in VLFR signaling downstream of the branch that regu-
lates the LFR, and DIM/DWARF1/EVE1 and SPA1 would be up-
stream of this branch (Baumgardt et al., 2002; Quinn et al.,
2002). Based on overexpression analysis in R, it has been pro-
posed that PKS1 can be a negative regulator of phyB signaling
(Fankhauser et al., 1999). Considering that an enhanced VLFR
can impair the phyB-mediated LFR and that PKS1 overexpres-
sion led to an increase VLFR (Figure 7), PKS1 could be posi-
tioned upstream of the branch that connects the VLFR and the
LFR. This suggests that the previously reported reduced phyB
signaling in PKS1-overexpressing plants (Fankhauser et al.,
1999) could be partially an indirect effect (via the VLFR en-
hancement). In addition, the ectopic expression of PKS1 also
could lead to direct effects on phyB action. Both possibilities
are consistent with the direct physical interaction observed be-
tween PKS1 and both phyA and phyB (Fankhauser et al., 1999).
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In the wild type, the effects on phyB presumably are limited as
a result of the restricted PKS1 expression pattern (see below).

The spatial regulation of PKS7 expression correlates with
some of the physiological outputs. Light promotes a rapid in-
duction of PKS1 expression in the elongation zones of both the
hypocotyl and the root (Figure 2). Because the rate of cell elon-
gation is modulated by light, this specific expression pattern
suggests a function for PKS1 in light-modulated cell expansion.
The pks1 hypocotyl growth phenotype under pulses of FR is
consistent with this view (Figure 6). Moreover, the ring-like
structure of PKS1 expression observed at the base of the coty-
ledons might be relevant in view of the cotyledon-opening phe-
notype observed in pks1 mutants (Figures 2 and 6). However,
we observed no obvious root-growth phenotypes in pks7 mu-
tants in spite of the light-induced PKS1 expression in this organ
(data not shown).

PKS1 is part of a positive feedback loop in which phyA sig-
naling in the VLFR mode increases PKS1 abundance (Figures 3
and 5). A single pulse of FR induces PKS1 expression, indicat-
ing that VLFR signaling is sufficient to strongly enhance PKS1
expression (Figure 3). mRNA levels also are transiently light
regulated in a phyA-dependent manner in response to continu-
ous FR and R (Figure 3) (Tepperman et al., 2001). The acute
light induction followed by a slow return to the baseline (dark
levels) is typical of an adaptive response. Such response pat-
terns are observed frequently during chemotaxis (Tyson et al.,
2003). A change in the environment induces a large response
followed by adaptation to the new environment. This type of re-
sponse allows the organism to respond to changing levels
rather than to absolute levels of a given stimulus. Although the
overall PKST mRNA levels are induced transiently by W, R, and
FR, the expression in the hypocotyl apparently is more stable
under prolonged FR treatments (Figures 1, 3, and 4). In addition
to the previously reported phosphorylation (Fankhauser et al.,
1999), PKS1 accumulation is modulated post-transcriptionally
by phyA as a result of either regulated translation or protein
degradation. The latter is revealed by the transient increase of
whole-seedling PKST mRNA and the sustained increase in
PKS1 protein under hourly pulses and continuous FR (Figures 3
and 5). Moreover, PKS1 is negatively regulated by PKS2,
whose gene displays phyA-regulated light induction. Thus, sig-
nals emanating from phyA control PKS1 at different levels, in-
cluding via PKS2; in turn, the balance between PKS1 and PKS2
controls phyA signaling.

The development of an optimal body plan for photosynthetic
growth is critical for seedling establishment. Here, we present
data for a complex network in which PKS1 and PKS2 nega-
tively regulate each other. Moreover, both PKS1 and PKS2
positively regulate VLFR signaling; in turn, both proteins (partic-
ularly PKS1) are regulated positively by phyA signaling. This
can be described as a combination of positive and negative
feedback loops (Figure 8A). In epidermal growth factor signal-
ing, a positive feedback loop is created by the downstream
mitogen-activated protein kinase (MAPK) that activates phos-
pholipase A,, which via the production of arachidonic acid acti-
vates protein kinase C, a positive regulator of epidermal growth
factor signaling upstream of MAPK. This results in sustained
activation in response to stimuli of short duration (Bhalla and
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lyengar, 1999). However, in mouse fibroblasts, it is the combi-
nation of this positive feedback loop and the negative feedback
formed by the MAPK-activated transcription of MAPK phos-
phatase that enables the system to mount several types of
response patterns (Bhalla et al., 2002). By analogy, the PKS1-
PKS2 regulatory feedback loops likely combine a flexible regu-
lation of VLFR in the developmental context (Luccioni et al.,
2002) with robustness against fluctuations of the light signal or
of unrelated variables in the environment.

METHODS

Plant Material and Growth Conditions

All alleles used in this study are in the Arabidopsis thaliana Columbia-O
background. Seeds were surface-sterilized for 3 min in 70% ethanol and
0.05% Triton X-100 and for 5 min in 100% ethanol and sown on 0.8%
agar water in clear plastic boxes (42 X 35 mm?2 X 20 mm) for the physi-
ological analysis or in Petri dishes containing half-strength Murashige
and Skoog (1962) medium, 0.7% phytagar, and 1.5% sucrose for RNA
gel blot, protein gel blot, and tissue expression analyses. Plates were
stored in the dark at 4°C for 3 days, and germination was induced either
by 1 h of red light (R) for the phenotypic analysis or by 6 h of white light
(W; 80 wmol-m~2-s~1) for the other experiments. Light intensities were
determined with an International Light IL1400A photometer (Newbury-
port, MA) equipped with an SEL033 probe with appropriate light filters.

Transgenic Plants

PKS2-overexpressing lines were obtained by amplifying the full-length
PKS2 cDNA with BamHI adaptors just 5’ of the ATG and 3’ of the stop
codon by PCR. This PCR fragment was cloned into the BamHI site of the
binary vector pCGN18 in the sense orientation under the control of the
35S promoter to yield construct CF208. To drive the GUS reporter gene
under the control of the PKS7 or PKS2 promoter, 2068 or 538 bp up-
stream of the ATG of PKS1 or PKS2, respectively, was cloned into the
pCB308 binary vector in the Xbal-BamHI sites (Xiang et al., 1999) to yield
pPL5 or pPL8, respectively. The relatively short promoter region of PKS2
was selected because 500 bp upstream of the PKS2 ATG, another open
reading frame starts. Those constructs were transformed into Arabidop-
sis Columbia-O plants via the Agrobacterium tumefaciens spray method
(Weigel et al., 2000). Transformants with a 3:1 segregation ratio were
self-fertilized, and the homozygous progeny were selected. PKS2-over-
expressing lines were selected by RNA gel blot analysis. The three se-
lected lines expressed 13-, 16-, and 22-fold more PKS2 than the wild
type. For each promoter-GUS construct, several lines with the same ex-
pression pattern were analyzed further.

Hypocotyl Length, Cotyledon Opening, and
Chlorophyll Accumulation

One-day-old seedlings were exposed either to hourly pulses of R or far-
red light (FR; 40 pmol-m~2-s~") for 3 min or to continuous FR (2.5
wmol-m~2-s77); control seedlings were kept in darkness. Details of the
light sources were described by Yanovsky et al. (2000). Three days later,
hypocotyl length was measured to the nearest 0.5 mm with a ruler in the
10 longest seedlings of the 15 sown per box (this eliminates late-germi-
nating seedlings). The angle between the cotyledons was measured in
the same seedlings with a protractor. Each experiment was conducted
on at least four independent occasions. Seedling data were averaged
per box (one replicate) and analyzed (analysis of variance).
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To investigate the phyA-mediated blocking of greening under FR, 25
seeds were sown per box. One-day-old seedlings were transferred to
hourly pulses for 3 min (40 wmol-m~2-s~7) or continuous (2 pmol-m~-2-s~1)
long-wavelength FR provided by an incandescent lamp in combination
with a water filter and an RGO filter (Schott, Mainz, Germany) or kept in
darkness. Three days later, the seedlings were transferred to continuous
fluorescent W (100 wmol-m~2-s~7) for 2 days. The seedlings were har-
vested in N,N’-dimethylformamide and incubated in darkness at —20°C
for at least 3 days. Absorbance was measured at 647 and 664 nm, and
chlorophyll levels were calculated according to Moran (1982).

RNA Gel Blot Analysis

Experiments in monochromatic light were performed with a Percival
E-30LED growth chamber (Boone, IA) using either continuous R (120
pmol-m~2-s~7) or continuous FR (35 pmol-m~2-s~1) at 22°C. RNA was ex-
tracted from seedlings using TRIzol reagent (Gibco BRL). RNA gel blot
analysis was performed as described (Staiger et al., 2003). PKS71 and
PKS2 probes were generated by PCR and random priming. To ensure
the specificity of the probes, we amplified the regions of the cDNAs with
the lowest similarity between PKS7 and PKS2. We used a 500-bp frag-
ment for PKS1 amplified with CF269 (5'-TCGAAGCAGAGCGCGAAGA-3')
and CF270 (5'-GCTTGAATCACTCCCTTCA-3’) and a 420-bp fragment
for PKS2 amplified with CF134 (5'-CTGCCAGATCCAGAAGTTC-3') and
CF141 (5'-CTTCCTCTGCTCTAGCATTG-3’). Hybridization of the re-
spective loss-of-function mutants confirmed the specificity of the
probes. The ACT probe was described elsewhere (Leutwiler et al., 1986;
Armstrong et al., 1995).

Identification of pks1 and pks2

The pks1 and pks2 mutants were identified by PCR screening of 40,000
T-DNA insertion lines using the PKS17-specific primer CF123 (5’-TCC-
TTTCTTTTGTGGTCACGGGGGTAACA-3’) and the T-DNA-specific primer
JMRB1 (5'-GCTCATGATCAGATTGTCGTTTCCCGCCTT-3') for pks1
and the PKS2-specific primer CF164 (5'-GATGAGTTCTGGACCAGA-
AGACTCTGGAGT-3') and the T-DNA-specific primer JMLB1 (5'-GGC-
AATCAGCTGTTGCCCGTCTCACTGGTG-3’) for pks2. The PCR condi-
tions were as described by Krysan et al. (1996). The exact insertion site
was determined by sequencing the PCR product. For pks7, the insertion
is after the 67th codon. For pks2, the insertion is at the 359th codon. In
both cases, the kanamycin-resistant:kanamycin-sensitive ratio indicated
the presence of a single T-DNA in the line. To genotype pks1, we used
one pair of primers to detect the presence of the transgene (JMRB1 and
CF123) and a second pair to test for homozygosity (CF82 [5'-CTG-
GGTTTGTCAGAGACAGA-3'] and CF93 [5'-CCCTAATTCCACATATCT-
ACACACAAGCAA-3']). To genotype pks2, we used one pair of primers
to detect the presence of the transgene (JMLB1 and CF134 [5'-CTG-
CCAGATCCAGAAGTTCC-3']) and a second pair to test for homozygos-
ity (CF135 [5'-TGGAGTTCAGTGGATGTCGT-3'] and CF328 [5'-GCTTCT-
ACAGGGAATCTTGGA-3')).

Both mutants were backcrossed to the Columbia wild type before fur-
ther analysis. All double mutants were obtained by crossing. Putative
pks1 pks2 double mutants were selected in the F2 generation by geno-
typing. Putative pks1 phyA-211 and pks2 phyA-211 double mutants
were selected in the F2 generation in FR and screened for the pks1 or
pks2 mutation as described above.

In Vitro Interaction

In vitro interactions were performed essentially as described (Fankhauser
et al., 1999) except that GST and GST-PKS1 were expressed in Esche-
richia coli strain BL21 RIL (Stratagene). A full-length GST-PKS1 fusion

protein was obtained by cloning the PKS1 cDNA in frame with GST in the
BamHlI site of the pGEX-4T1 vector (Amersham Pharmacia) to vyield
pCF165. For in vitro transcription/translation, the full-length PKS7 and
PKS2 cDNAs flanked with the BamHI site were cloned into the BamHI
site of the pCMX-PL1 vector to yield pCF173 and pCF207, respectively.

Yeast Two-Hybrid Assay

Yeast two-hybrid assays were performed according to Gyuris et al.
(1993). We used bicoid cloned into pEG202 as a control bait (Gyuris et
al., 1993) and the last 293 amino acids of Arabidopsis PHYA cor-
responding to the His kinase-related domain cloned into pEG202
(pCF198) as a tester bait. As preys, we used the empty vector pJG4-5
(Gyuris et al., 1993) and full-length PKS1 or PKS2 cloned into pJG4-5
(pCF114 and pCF206, respectively).

Protein Gel Blot Analysis

Seedlings were harvested by grinding in a mortar under liquid N,. One
volume of 2X sample buffer (125 mM Tris, pH 6.8, 4% SDS, 20% glyc-
erol, 0.02% bromphenol blue, and 10% B-mercaptoethanol) was added
to 1 volume of seedling powder, boiled at 90°C for 10 min with a vortex,
and microfuged for 10 min, and the supernatant was kept. Proteins were
separated on 10% acrylamide SDS-PAGE gels and protein gel blotted in
100 mM 3-(cyclohexylamino)propanesulfonic acid, pH 11, and 10%
methanol for 1 h at 100 V onto a nitrocellulose membrane (Trans-blot;
Bio-Rad). The blots were probed with anti-DET3 antibody as de-
scribed (Schumacher et al., 1999) or anti-PKS1 antibody as described
(Fankhauser et al., 1999).

GUS Staining

GUS staining was performed according to Blazquez et al. (1997). Briefly,
transgenic seedlings were gently soaked in 90% cold acetone for 20 min
for prefixation and rinsed with water (under a green safelight). The cold
staining solution (2 mM 5-bromo-4-chloro-3-indolyl B-D-glucuronide, 2
mM ferrocyanide, and 50 mM sodium phosphate buffer) was infiltrated
on ice and then incubated at 37°C for 30 min to 2 h. Stained seedlings
were fixed for 30 min in each of the following solutions: 20% ethanol,
35% ethanol, FAA (50% ethanol, 5% formaldehyde, and 10% acetic
acid), 50% ethanol, and 43.5% glycerol. Seedlings were observed with a
binocular loop and photographed with a digital camera.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materi-
als, please contact Christian Fankhauser, christian.fankhauser@molbio.
unige.ch.
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