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In Arabidopsis, phytochrome A (phyA) is the major photoreceptor both for high irradiance responses to far-red light and
broad spectrum very low fluence responses, but little is known of its signaling pathway(s). rsfI was isolated as a recessive
mutant with reduced sensitivity to far-red inhibition of hypocotyl elongation. At the seedling stage rsfl mutants are affected,
to various degrees, in all described phyA-mediated responses. However, in adult rsfI plants, the photoperiodic flowering
response is normal. The rsf] mutant has wild-type levels of phyA suggesting that RSF1 is required for phyA signaling rather
than phyA stability or biosynthesis. RSF1 thus appears to be a major phyA signaling component in seedlings, but not in

adult, Arabidopsis plants.

Light is arguably the most important abiotic factor
influencing plant growth throughout their life cycle.
To detect changes in their light environment plants
have evolved several classes of photoreceptors (Ken-
drick and Kronenberg, 1994). Two families of blue-
light photoreceptors, the cryptochromes and the pho-
totropins, have been characterized molecularly
(Briggs and Huala, 1999; Cashmore et al., 1999). At
the other end of the visible spectrum the phyto-
chromes sense both red (R) and far-red (FR) light
(Quail et al., 1995; Whitelam and Devlin, 1997; Neff et
al., 2000). In Arabidopsis the apoprotein components
of phytochrome are encoded by a small gene family
PHYA-PHYE (phytochrome A-E; Quail et al., 1995).
Phytochrome apoproteins covalently bind to phyto-
chromobilin, a linear tetrapyrrole chromophore
(Lagarias and Rapoport, 1980).

Light responses are classified into very low fluence
responses (VLFRs), low fluence responses, and high
irradiance responses (HIRs; Kendrick and Kronen-
berg, 1994). Careful photobiological analysis of phyA
and phyB single and double mutants has lead to the
conclusion that these two photoreceptors respond to
light by different modes of action (Reed et al., 1994;
Quail et al., 1995; Shinomura et al., 1996, 1998, 2000;
Yanovsky et al., 1997; Casal et al., 1998). PhyB is a
major R/FR reversible low fluence response photo-
receptor, whereas phyA plays a prominent role both
for the broad spectrum VLFR and the FR-HIR. The
mechanism of phyA action for those two types of
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light responses appears to be distinct (Shinomura et
al., 1996, 2000; Yanovsky et al., 1997). In addition to
numerous seedling phenotypes phyA adult plants are
also defective in the perception of daylength exten-
sion (Johnson et al., 1994; Reed et al., 1994). Mutants
deficient in phytochromobilin biosynthesis are af-
fected in all known phytochrome responses suggest-
ing that all phytochromes bind the same chro-
mophore (Chory et al., 1989; Parks and Quail, 1991;
Davis et al., 1999; Muramoto et al., 1999).

Molecular and genetic approaches suggest that sig-
naling downstream of phyA and phyB splits into at
least three branches (Deng and Quail, 1999; Neff et
al., 2000). A phyB specific branch is altered in mu-
tants such as redl1, pef2, pef3, and pocl (Ahmad and
Cashmore, 1996; Wagner et al., 1997; Halliday et al.,
1999). Mutants in the psi2 and pefl genes define a
branch implicated in both phyA and phyB signaling
(Ahmad and Cashmore, 1996; Genoud et al., 1998). A
phyA-specific signaling branch is defined by mutants
such as fhyl, fhy3, fin2, spal, farl, patl, and eidl
(Whitelam et al., 1993; Hoecker et al., 1998; Soh et al.,
1998; Hudson et al., 1999; Bolle et al., 2000; Buche et
al., 2000). The existence of both overlapping and
specific phyA or phyB signaling pathways has also
been deduced from the analysis of phytochrome sin-
gle and double mutants (Reed et al., 1994; Casal and
Mazzella, 1998; Neff and Chory, 1998).

Molecular details of phytochrome signaling are
starting to emerge (Neff et al., 2000). The subcellular
localization of phytochromes is light regulated. They
are cytoplasmic in the dark and appropriate light
treatments trigger nuclear translocation of both phyA
and phyB (Sakamoto and Nagatani, 1996; Kircher et
al.,, 1999; Yamaguchi et al.,, 1999). The half-life of
phyA is up to 100-fold longer in the dark than in the
light. This light lability is believed to result from
light-dependent ubiquitination of phyA (Clough et
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al., 1999). In addition, phyA is a light-regulated Ser/
Thr protein kinase (Yeh and Lagarias, 1998). PhyA
autophosphorylates and transphosphorylates Cryl,
Cry2, and PKS1 (Ahmad et al., 1998; Yeh and Lagarias,
1998; Fankhauser et al., 1999). PKS1, a cytoplasmic
protein, is an inhibitor of phyB signaling (Fankhauser
et al., 1999). Phytochrome-mediated phosphorylation
of the blue-light photoreceptors Cryl and Cry2 pro-
vides a potential molecular link for the co-action of
blue- and R-light signaling (Mohr, 1986; Ahmad et
al.,, 1998). In the nucleus phyB interacts with the
bHLH transcription factor PIF3; this interaction may
directly modulate the expression of light-regulated
genes (Martinez-Garcia et al., 2000). It is interesting
that two phyA signaling genes SPA1 and FARI are
also localized in the nucleus (Hoecker et al., 1999;
Hudson et al.,, 1999). However it is unlikely that
phytochrome signaling occurs exclusively in the nu-
cleus. The fact that NDPK2, a phytochrome interact-
ing protein, and PAT1, a phyA signaling component,
are found in the cytoplasm is in agreement with this
view (Choi et al., 1999; Bolle et al., 2000).

To construct a coherent model for phytochrome sig-
naling we need to identify as many components of this
network as possible. To this end we have screened for
mutants specifically affected in phyA signaling and
identified a new mutant rsfl, with reduced sensitivity
to FR light. The initial characterization of this mutant
shows that not all phyA-mediated responses are af-
fected in these plants. This confirms the view of a
branched signaling pathway for phyA-mediated re-
sponses (Barnes et al., 1996; Soh et al., 1998).

RESULTS

To identify novel components of the phyA signal-
ing pathway we screened the T-DNA collection de-
scribed in Weigel et al. (2000) for mutants with a long
hypocotyl under FR light. The rsf1 (reduced sensitiv-
ity to FR light) mutant was identified after analysis of
26,000 T2 seedlings corresponding to 2,600 indepen-
dent T-DNA insertion lines. Crosses of rsf1 to Colum-
bia (Col-7) determined that the mutant was recessive
and was not caused by a T-DNA insertion since there
was no cosegregation of the Basta (ammonium glu-
fosinate) resistance and the rsfl mutant phenotypes.
To map the mutation we crossed the rsfl mutant (in
the Col-7 background) to Landsberg-0 carrying the er
mutation. Mutants were scored in FR light in the F,
generation. Using PCR-based markers on DNA pre-
pared from 65 plants we determined that the rsfl
locus maps within 1 centiMorgan of the PVV4
marker on the top of chromosome I (Konieczny and
Ausubel, 1993). A number of other FR insensitive
mutants have already been described, but none of
them is located in the vicinity of PVV4 (Soh et al,,
1998; Hudson et al., 1999). Since the map position of
the fhyl mutant is not available wecrossed the rsf1
mutant with fiyl mutants. The F,; progeny of the
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cross had a wild-type phenotype in FR light, whereas
there was segregation of mutant and wild-type seed-
lings in the F, (data not shown). Thus RSF1 is a new
locus important for de-etiolation in FR light.

To determine the light specificity of the rsfl phe-
notype we measured hypocotyl elongation in the
dark and under non-saturating intensities of blue, R,
and FR light (Fig. 1). Hypocotyl elongation was un-
affected in the dark and rsfl seedlings responded
normally to R light. However, rsf1 hypocotyl elonga-
tion was less inhibited in both FR and blue light.
Hypocotyl length in rsfl seedlings was intermediate
between the wild type and a photoreceptor null mu-
tant under both light conditions (Fig. 1). PhyA, fhyl,
and fhy3 seedlings also show hypocotyl elongation
phenotypes in both FR and blue light (Whitelam et
al., 1993). Fluence response curves in both R and FR
light confirmed that rsfl seedlings responded nor-
mally to R light and are less sensitive to all the tested
fluences of FR light (Fig. 1, B and C). However, unlike
phyA null mutants (phyA-211), they clearly re-
sponded to increasing fluences of FR light.

PhyA mutants are also largely impaired in cotyle-
don unfolding and expansion over a broad range of
FR-light fluence rates (Yanovsky et al., 1997; Fig. 2A).
In Rsfl mutants a cotyledon opening phenotype was
only apparent under FR fluence rates below 1 umol
m~? s ! (Fig. 2A). To test other phyA-dependent FR
responses we looked at anthocyanin accumulation in
constant FR light on Suc-containing plates (Neff and
Chory, 1998). As expected, phyA mutants accumu-
lated minute amounts of anthocyanin; rsfl mutants
accumulated slightly, but significantly lower, levels
than the wild type (Fig. 2, B and C). These results
show that at the seedling stage rsfl mutants are de-
ficient in all the FR responses tested, but to a much
lower extent than in phyA mutants.

To test if the rsfI mutation also affects phyA re-
sponses later in development we determined flower-
ing time in these plants. PhyA is required to sense
daylength extension, which is apparent in long days
(LD) where they flower later than the wild type. In
contrast, in short days (SD), flowering time is unaf-
fected (Johnson et al., 1994; Reed et al., 1994; Neff and
Chory, 1998; Soh et al., 1998). rsfl plants were indis-
tinguishable from wild type both in LD and SD using
two criteria to measure flowering time (days until
flowering and leaf number at flowering; Fig. 3). This
observation suggests that RSF1 is not required for all
phyA responses.

A defect in phyA-mediated responses could arise
from altered levels of the active photoreceptor or
from a defect in signaling downstream of phyA.
Western blotting of total proteins from wild-type and
rsfl seedlings was used to assess the level of phyA in
different growth conditions. rsfl seedlings had wild-
type levels of phyA under FR light, whereas rsfl
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Figure 1. rsf1 mutants are impaired in inhibition of hypocotyl elon-
gation in FR and blue light. Data are means = 2X s of at least 12
seedlings for each light treatment. All seedlings were grown at 22°C
in continuous light. A, Col (black bar), rsfl (white bar), and the
appropriate photoreceptor mutants were grown for 6 d in 30 umol
m~2 s~ blue (hy4, gray bar), 15 pmol m~% s™' R (phyB-9, hatched
to the left bar), or 10 umol m~2 s=" FR (phyA-211, hatched to the
right bar). B, Fluence rate response curve in continuous FR light of
Col, rsf1, and phyA-211 seedlings. C, Fluence rate response curve in
continuous R light of Col, rsf1, and phyB-9 seedlings.

mutants had the most obvious phenotype (Fig. 4A).
Dark-grown rsfl seedlings exposed to R light for
increasing amounts of time had the same phyA deg-
radation kinetics as wild-type seedlings (Fig. 4B).
This indicates that the light-dependent stability of
phyA is not affected in the rsfI mutant. Because phyB
plays a minor role in FR-light sensing (Neff and
Chory, 1998), we also tested the levels of phyB in rsf1
mutants. Western-blot analysis showed that rsfl
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Figure 2. Seedling phenotypes of rsfl mutants. A, Wild-type, rsf1,
and phyA-211 seedlings were grown for 4 d in continuous FR light
0.8 or 2 umol m~2 s, representative seedlings were photographed.
B, Picture of a representative wild-type and rsf1 seedlings grown for
4 d in continuous FR light on Suc-containing plates. Note that the
mutant still accumulates anthocyanin. C, Quantification of anthocy-
anin accumulation in phyA-211, rsf1, and wild-type seedlings. Seed-
lings were grown on Suc-containing plates under 8 umol m~?s~' FR
light for 4 d. The experiment was done in triplicate with 10 seedlings
for each measurement (mean = 2X Sg).

seedlings had normal levels of phyB (Fig. 4C). The
fact that rsfl mutants have phenotypes in FR light,
but not R light, makes it very unlikely that this mu-
tant is defective in phytochrome chromophore bio-
synthesis. We therefore conclude that this gene is
required for phyA-mediated signaling.
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Figure 3. rsf1 plants have no flowering time phenotype in LD or SD.
LD are 16 of h light, 8 h of night; SD are 9 h of light, 15 h of night.
Values are the means = 2X sg, with at least 18 plants for each
photoperiod condition.
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Figure 4. rsfl mutants have wild-type levels of phyA and phyB.
Proteins were extracted from 6-d-old seedlings, separated on 8%
(w/v) SDS-PAGE gels, and blotted onto nitrocellulose. The membrane
was probed with mAA1-3 or mBA2, monoclonal antibodies directed
against phyA and phyB, respectively (Shinomura et al., 1996). The
amido black-stained membrane is shown as a loading control.
A, Seedlings were grown for 6 d in continuous 8 pmol m~? s~ FR
light. B, Seedlings were grown for 6 d in the dark, or for the same
total duration of which the last 1, 2, 4, or 15 h was in constant 100
pmol m~2 s7" R light. C, Seedlings were grown for 6 d in the dark.

DISCUSSION

We have identified a novel locus implicated in a
subset of phyA-mediated responses. The most obvi-
ous phenotype is the reduced inhibition of hypocotyl
elongation in FR light. However, rsfl seedlings are
also affected in de-etiolation in blue light. This ob-
servation is not surprising since phyA, fhy1, and fhy3
also have long hypocotyls in both blue and FR light
(Whitelam et al., 1993). Thus the blue-light phenotype
could be a consequence of reduced phyA signaling,
although it is possible that RSF1 is also involved
in cryptochrome-mediated blue-light signaling. The
analysis of double mutants will allow us to address
this point genetically.

rsfl is most likely involved in phyA signaling
rather than the regulation of phyA accumulation. A
functional phytochrome photoreceptor comprises the
apoprotein and phytochromobilin, a linear tetrapyr-
role chromophore. Two results make it unlikely that
RSF1 is involved in apoprotein or chromophore bio-
synthesis. First, the rsfl mutant has a phenotype in
FR light, but not R light. A defect in chromophore
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biosynthesis would also affect phyB signaling, which
would be visible in R-light-grown seedlings and later
in development (Chory et al., 1989; Parks and Quail,
1991). The fact that rsfl mutants have no seedling
phenotype in R light and look wild type as adult
plants is inconsistent with this idea (Figs. 1 and 3).
Second, the rsfl mutants have wild-type levels of
both phyA and phyB (Fig. 4). In contrast, in light-
grown chromophore-deficient mutants, the level of
phyA is higher than in the wild type, presumably
because in the light apoA retains a “Pr-like” confor-
mation, which is more stable than PfrA (Parks and
Quail, 1991). Figure 4B shows that this is not the case
in rsfl mutants, since light induced phyA degrada-
tion is unaffected in rsf1 seedlings. It is notable that in
our hands phyA degradation kinetics in response to
R-light irradiation were somewhat slower than those
reported by others. This might be due to ecotype
differences (Hoecker et al., 1998; Hennig et al., 1999;
Hudson et al., 1999).

The observation that rsfl affects only a subset of
phyA-mediated responses (e.g. those at the seedling
stage versus flowering time) reveals branching in the
signaling pathway downstream of phyA. This possi-
bility has been reported previously (Johnson et al.,
1994; Barnes et al., 1996; Soh et al., 1998; Yanovsky et
al., 2000). In this respect, rsfl mutants are similar to
fin2 mutants, for example (Soh et al., 1998). In both
cases hypocotyl elongation and anthocyanin accumu-
lation are defective, but flowering time is similar to
wild type. However, the lack of a flowering time
phenotype in rsfI mutants should be interpreted with
caution. In our LD growth conditions phyA mutants
only make 20% more leaves than the wild type (Neff
and Chory, 1998). Since at the seedling stage the rsfl
mutants have weaker phenotypes than phyA mu-
tants, a flowering phenotype might be difficult to see
in our experimental setup. Extending daylength with
a period of low-fluence-rate incandescent light could
address this issue more rigorously (Johnson et al,,
1994). However, it is important to note that the mod-
erate FR-light phenotypes observed in the rsfl mu-
tant are not the result of a missense allele. We iden-
tified a 13-bp deletion in the mutant rsfI1 gene, which
should result in a truncated protein lacking 60% of
the open reading frame (M. Mindrinos, J. Spiegelman,
J. Lutes, C. Fankhauser, J. Chory, and P. Oefner, un-
published data).

Far1 null alleles have very obvious defects in both
anthocyanin accumulation and hypocotyl elongation,
but their flowering time phenotype has not been
reported. It is interesting that those mutants are still
responsive to FR light. This might be the manifesta-
tion of gene redundancy, as FARI belongs to a small
gene family (Hudson et al., 1999). Probably the best-
studied case is fhy3-1, where an elegant set of photo-
biological experiments have demonstrated that this
mutant is affected in FR-HIR, but not phyA-mediated
VLER (Yanovsky et al., 2000). Future characterization
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of the rsfl mutant will determine if this locus is also
required for phyA-mediated VLFR. A more system-
atic analysis of available phyA signaling mutants
should allow us to determine if the two forms of
phyA photoperception require a different set of sig-
naling intermediates. The currently available mu-
tants supports this view (Yanovsky et al., 1997, 2000);
however it is possible that some signaling compo-
nents are required for both.

MATERIAL AND METHODS
Plant Material

The progeny of 2,600 independent Arabidopsis ecotype
Col-7 transformants generated by Weigel et al. (2000) were
screened in FR light as described (Nagatani et al., 1993). We
screened about 10 T2 seeds per original transformant.
Seeds were surface sterilized and, except for the anthocy-
anin measurement experiment, plated on Petri dishes on
one-half Murashige and Skoog medium and 0.7% (w/v)
phytagar. Plates were stored in the dark at 4°C for 3 d.
Germination was induced by a white-light treatment; the
seedlings were then grown in the appropriate light condi-
tions for 4 to 6 d depending on the experiment.

Light Sources and Flowering Time Determination

All experiments except the original FR-light screen (see
above) were performed in a E-30LED (Percival, Boone, IA)
using either the blue (Amax 469 nm), R (Amax 667 nm), or
the FR (Amax 739 nm) diodes, at 22°C in continuous light.
Light intensities were determined with a spectroradiom-
eter (LI-1800, LiCor, Lincoln, NE) or with an photometer
(IL1400A, International Light, Newburyport, MA) equipped
with an SEL033 probe with appropriate light filters.

Flowering time was determined as described (Blazquez
and Weigel, 1999). In brief, seeds were stratified for 3 d at
4°C and plants were grown at 23°C in LD (16 h of light, 8 h
of darkness) or SD (9 h of light, 15 h of darkness) under a
mixture 3:1 cool-white:Gro-Lux fluorescent lights.

Hypocotyl Length and Anthocyanin Accumulation

Measurements of hypocotyl length and anthocyanin ac-
cumulation were performed as described (Neff and Chory,
1998). For anthocyanin accumulation the seedlings were
grown on one-half Murashige and Skoog medium, 1.5%
(w/v) Suc, and 0.7% (w/v) phytagar in 8 pmol m~?s ~' FR
light for 4 d.

Western Blotting

About 30 6-d-old seedlings were grown under appropri-
ate light conditions. Proteins were extracted as described in
(Haldrup et al., 1999), separated on 8% (w/v) SDS-PAGE
gels, and western blotted. The blots were probed with
mBA2 or mAA1-3 antibodies as described (Shinomura et
al., 1996).
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