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The phytochrome family of photoreceptors has a well-defined role in regulating gene expression in response to
informational light signals. Little is known, however, of the early steps of phytochrome signal transduction.
Here we describe a new Arabidopsis mutant, far1 (far-red-impaired response), which has reduced
responsiveness to continuous far-red light, but responds normally to other light wavelengths. This phenotype
implies a specific requirement for FAR1 in phyA signal transduction. The far1 locus maps to the south arm of
chromosome 4, and is not allelic to photomorphogenic loci identified previously. All five far1 alleles isolated
have single nucleotide substitutions that introduce stop codons in a single ORF. The FAR1 gene encodes a
protein with no significant sequence similarity to any proteins of known function. The FAR1 protein contains
a predicted nuclear localization signal and is targeted to the nucleus in transient transfection assays. This
result supports an emerging view that early steps in phytochrome signaling may be centered in the nucleus.
The FAR1 gene defines a new multigene family, which consists of at least four genes in Arabidopsis. This
observation raises the possibility of redundancy in the phyA-signaling pathway, which could account for the
incomplete block of phyA signaling observed in the far1 mutant.
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Just as animals modify their behavior in response to sen-
sory information, so plants modify their growth and de-
velopment according to information on light conditions
from a system of photoreceptors (Kendrick and Kronen-
berg 1994). Among the best characterized of these pho-
toreceptors are the phytochromes. The phytochromes
are able to absorb red (R) and far-red (FR) light via a bilin
chromophore covalently attached to the phytochrome
polypeptide. The absorbed energy causes a photorevers-
ible conformational change in the protein. Photoreceptor
activation requires absorption of a photon that causes a
phytochrome molecule to convert to the biologically ac-
tive Pfr form. The Pfr form can then transfer information
on the light environment to downstream-signaling path-
way elements, leading to changes in gene expression. By
this means, plants can optimize their growth and devel-
opment to the prevailing light conditions (Kendrick and
Kronenberg 1994).

In Arabidopsis, five phytochromes, designated phyA
through phyE, have been characterized. They are all
soluble chromoproteins of 120–130 kD encoded by
single-copy members of the PHY gene family (Sharrock

and Quail 1989; Clack et al. 1994). This family shows
extensive amino acid sequence homology among its
members, but differential transcriptional and post-trans-
lational regulation (Quail 1998). The transcription of the
PHYA gene is strongly reduced in response to light, and
phyA is specifically and rapidly degraded when in the
active Pfr form. The other four phytochrome genes and
proteins are less strongly regulated in response to light
(Quail 1991; Clough and Vierstra 1997; Hirschfeld et al.
1998).

Differential roles of individual phytochromes in light
perception have been revealed by the photoperception
phenotypes of null mutants in the PHY genes. Responses
to continuous FR (FRc) are eliminated in phyA null mu-
tants (Dehesh et al. 1993; Whitelam et al. 1993) implying
that phyA alone mediates the FRc responses. Mutations
in the PHYB gene strongly reduce responses to continu-
ous R (Rc) whereas the FRc responses are unaffected
(Reed et al. 1993), thereby showing that phyB functions
specifically in Rc perception.

Whereas the phytochromes are well characterized, the
pathway by which they affect downstream processes
such as gene expression is not. Research on the genetics
and biochemistry of phytochrome signal transduction
has been intensive, but our understanding remains frag-
mentary. The biochemical characterization of purified
phytochrome preparations has revealed protein kinase
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activity (Ahmad et al. 1998; Yeh and Lagarias 1998). Far-
ther downstream in the pathway, analysis of potential
second-messenger involvement in phytochrome signal-
ing has been addressed by microinjection and pharmaco-
logical techniques (e.g., Bowler et al. 1994). These tech-
niques gave evidence for the involvement of cyclic GMP,
G proteins and calcium/calmodulin in phytochrome sig-
naling. However, genetic evidence for the involvement
of these components has so far been lacking.

For a complete understanding of the phytochrome-sig-
naling pathway, the genes encoding the proteins in-
volved must be characterized. One approach is to screen
expression libraries for phytochrome interaction part-
ners. Using the yeast two-hybrid system, Ni et al. (1998)
recently isolated PIF3, a phyA- and phyB-interacting pro-
tein with strong homology to basic helix–loop–helix
transcription factors. Reverse genetic evidence indicates
a requirement for PIF3 for normal phyA and phyB signal
transduction in vivo (Ni et al. 1998).

Mutants with altered light perception provide another
way to access the components of light-signaling path-
ways. Many well-characterized Arabidopsis mutants are
available that show altered light responses, but are not
allelic to photoreceptor mutations. These mutants can
be divided into three main categories.

The first category of photosignal transduction mutants
includes loci designated cop, det, and fus. These mutants
grow in darkness as if they were subject to light stimuli
(McNellis and Deng 1995; Chory et al. 1996; Wei and
Deng 1996). A number of these loci have been cloned
(e.g., Deng et al. 1992; Li et al. 1996). The phenotypes of
these mutants indicate that these components are nega-
tive regulators of morphogenic signals, possibly shared
by many signaling pathways (Mayer et al. 1996). These
components appear to be part of one or more mecha-
nisms of transcriptional repression, which are central to
the control of plant gene expression. However, work on
these components has so far not explained how signals
are transmitted from the phytochromes to these repres-
sors of photomorphogenesis.

A second category of mutants exhibit light-dependent
phenotypes. They show no phenotype when grown in
darkness, and aberrant light responses mediated by more
than one photoreceptor. They are thus likely to be defi-
cient in shared regulators specific to light signaling. Ex-
amples include hy5 and pef1 (Ahmad and Cashmore
1996; Oyama et al. 1997). The HY5 gene product, a bZIP
protein, is now known to interact with COP1 (Ang et al.
1997). The pef1 locus, which shows a loss of Rc and FRc
signaling, may also encode a positive regulator such as
HY5. The psi2 mutant causes hypersensitivity to R and
FR light but has no dark phenotype (Genoud et al. 1998).
Currently, neither PEF1 nor PSI2 are characterized at the
molecular level.

The third class of mutants shows a perturbation in
signaling from a single photoreceptor, such as phyA or
phyB. Mutants in integral components specific to the
phyA-signaling pathway would be expected to show
strong effects on FRc perception, but limited effects on
Rc responses. Mutations in integral, phyB-specific sig-

naling components would be expected to show strong
phenotypes in Rc, but no phenotype under FRc. Because
they are specific to a single photoreceptor, the compo-
nents encoded by loci identified by mutations such as
these are likely to mediate early steps in the signaling
pathway.

Mutants that show enhanced phyA- or phyB-specific
signaling are likely to encode early, negatively acting
signaling components. Such mutants have been de-
scribed in the poc1 mutant and the spa1 mutant
(Hoecker et al. 1998; Halliday et al. 1999). The poc1 mu-
tant is hypersensitive to Rc as a result of aberrant over-
expression of the phytochrome-interacting protein PIF3
under Rc (Halliday et al. 1999). The spa1 mutant is a
loss-of-function mutant specifically enhanced in phyA
signaling (Hoecker et al. 1998). The SPA1 locus has been
cloned, and encodes a WD-repeat protein with a specific
role in the negative regulation of phyA signaling
(Hoecker et al. 1999). Because of this specificity, SPA1 is
likely to be involved in a signaling step close to the phyA
photoreceptor (Hoecker et al 1998). However, because
SPA1 is a suppressor of phyA signaling, its action is
likely to be a modulating one on phyA itself, or on phyA-
specific components of the pathway. For this reason,
SPA1 may not be an integral component of the phyA-
signaling pathway.

In the case of positively acting signaling components,
the expected phenotype would be a loss of sensitivity to
Rc or FRc specifically. Both classes of mutant have been
reported, the Rc-specific class consisting of red1, (Wag-
ner et al. 1997), pef2 and pef3 (Ahmad and Cashmore
1996), and the FRc-specific class of fhy1, fhy3 (Whitelam
et al. 1993) and possibly fin2 (Soh et al. 1998). No mo-
lecular characterization of any of these loci has yet been
reported.

To characterize potentially positively acting compo-
nents of phyA signaling, we chose to examine FRc-spe-
cific, loss-of-signal-transmission mutants. As these mu-
tants show a loss of positive signal transmission, they
are likely to be deficient in components of the phyA
pathway that participate directly in relaying the signal.
Also, it is likely that previous mutant screens, such as
those identifying fhy1 and fhy3 in this class (Whitelam
et al. 1993), did not fully saturate the pathway. We there-
fore carried out a new screen to isolate more mutants of
this type. Here we describe the characterization of far1,
a phyA-specific, loss-of-signaling mutant of Arabidopsis.
We also report positional cloning of the far1 locus and
the molecular characterization of the FAR1 gene prod-
uct.

Results

Mutant screening and isolation

Transgenic Arabidopsis seedlings (designated AOX)
overexpressing the PHYA gene from Avena (Boylan and
Quail 1991) were mutagenized with the ethyl ester of
methanesulfonic acid (EMS). The M2 generation of mu-
tagenized plants was screened for individuals displaying
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a long hypocotyl phenotype after 3 days of treatment
with FRc of ∼10 µmoles/m2 per sec. Twelve potential
mutants were isolated that showed a FRc-specific long
hypocotyl phenotype in the next generation and that seg-
regated independently from the transgene in the first
backcross to the wild-type No-0 background. Once free
of the AOX transgene, these mutant lines were further
backcrossed twice before further analyses were per-
formed. Genetic complementation analysis revealed that
these mutants fell into two complementation groups,
one of seven lines and one of five. Crosses to mutants
described previously revealed that the former group was
allelic to fhy3 (Whitelam et al. 1993). The latter group
did not correspond to phyA, fhy1, or fhy3 (Whitelam et
al. 1993). This group showed the degree of partial domi-
nance characteristic of many photoreceptor loss-of-func-
tion mutations [such as phyA (Whitelam et al. 1993)].
This new locus was called far1 (far-red impaired re-
sponse) and the five alleles were numbered far1-1
through far1-5. Because the far1-5 line also carries a cla-
vata-type mutation, which was not removed by the first
two backcrosses, it was not used for the physiological
characterization of the mutant phenotype.

Responses to FRc, mediated by phyA, are specifically
attenuated in far1 mutants

The phenotype of far1 seedlings grown under FRc of
moderate-to-high fluence rate includes longer hypocot-
yls and reduced expansion of cotyledons relative to the
wild type (Fig. 1A). When four alleles of far1 were treated
with a range of FRc fluence rates for 3 days, the far1
alleles showed a very similar phenotype. When grown in
the dark or under low fluence rates of FRc, far1 seedlings
displayed a hypocotyl length similar to the isogenic wild
type (No-0) (Fig. 1A). The response curve to FRc in the
mutants is, however, shifted, with the mutants showing
reduced inhibition of hypocotyl elongation at higher flu-
ence rates. As a control, the phyA-101 null mutant is
shown together with its isogenic wild type, the RLD ec-
otype. It can be seen that whereas elimination of the
phyA photoreceptor causes complete loss of FRc respon-
sivity, the far1 mutation reduces, but does not eliminate,
sensitivity to FRc.

The response of far1 alleles to a range of Rc fluence
rates is shown in Figure 1B. Although there is no de-
crease in responsiveness to Rc in the mutants, some of
the alleles show a marginal increase in sensitivity. In-
creased Rc sensitivity is also seen in the FRc response
mutant fhy3 (Whitelam et al. 1993) and may be due to
elevated levels of phyA (Fairchild and Quail 1998).

The phenotype of the far1 and wild-type seedlings
grown in the dark is shown in Figure 1C. There is no
effect of the mutation on any observable characteristic
when the seedlings are grown in the absence of light,
indicating that the mutant phenotype is light dependent.

Anthocyanin accumulation under FRc, as with other
FRc-induced responses, is dependent on phyA (Kunkel et
al. 1996). It thus provides a way to confirm that phyA
signaling, rather than some process specific to hypocotyl

elongation, is affected by the far1 mutation. The level of
anthocyanin was thus measured in FRc-grown far1 seed-
lings. As shown in Figure 2A, far1 seedlings grown under
FRc accumulated significantly less anthocyanin than the
wild type. Seedlings of the phyA null mutant phyA-101
entirely failed to accumulate anthocyanin in response to
FRc, compared with its RLD wild type. As expected, no
difference between the far1 and wild-type phenotypes
was observed in seedlings grown in the dark, confirming
that the effect of far1 on anthocyanin levels is also light
dependent.

The far1 phenotype is not caused by reduced levels
of phyA

It has been shown that the levels of phytochromes have
a significant and proportional effect on the sensitivity of
seedlings to light, both from overexpression studies and
the partial dominance of phyA and phyB mutations at
intermediate fluence rates (Boylan and Quail 1991;
Whitelam et al. 1993; Wester et al. 1995). For this reason
it was necessary to determine whether the reduced sen-
sitivity of far1 seedlings to FRc is due to lower levels of
phyA. In dark-grown seedlings no difference in phyA lev-
els between far1 and wild-type was detected (Fig. 3A).
FRc-grown far1 seedlings showed slightly increased lev-
els of phyA compared with the wild type (Fig. 3B). Thus,
the far1 phenotype is not the result of lower levels of
phyA.

The possibility was raised by this result that the phyA
detected by immunoblot analysis was in some way less
photoactive in the mutant than in the wild type. This
would result in altered degradation kinetics of phyA in
the far1 mutant, because phyA must perceive FRc and
convert to the Pfr form before it is degraded. Conse-
quently, phyA degradation time courses under Rc were
measured. As shown in Figure 3B, no substantial differ-
ence in the degradation rate of phyA is visible between
far1 and the wild type. This result demonstrates that the
phyA detected was photoactive, and that its capacity for
photoperception was not noticeably impaired by the far1
mutation.

Mapping and molecular identification of the far1 locus

Mapping populations were established by crossing far1
to the ecotypes Landsberg erecta (La-er) and Columbia
(Col-0). Using simple sequence length polymorphism
(SSLP, Bell and Ecker 1994) and cleaved amplified poly-
morphic sequence (CAPS; Konieczny and Ausubel 1993)
markers, we mapped the far1 locus to a region of chro-
mosome 4 between the SSLP marker nga8 and the CAPS
marker AG (Fig. 4). Analysis of recombination frequen-
cies indicated that the far1 mutation lay 14.4 cM south of
nga8 and 7.0 cM north of AG. We then narrowed down
the possible physical position of the far1 lesion to within
the sequenced ESSA1 contig (Bevan et al. 1998), close to
the photomorphogenic loci PHYD, PHYE, and COP9
(Fig. 4). Knowing the genomic sequence of the entire 1.9-
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Mb contiguous region, we were able to design CAPS
markers by synthesizing primers to amplify predicted
intergenic regions, which showed a high degree of poly-
morphism. The PCR products from the ecotypes Col-0,
La-er, and No-0 were sequenced. The sequence was ana-
lyzed for restriction polymorphisms between the ec-
otypes and the initial primers could then be used to gen-
erate CAPS markers if a suitable polymorphism was
found. Many such markers were developed; those that
were critical in the eventual positional cloning are
shown in Figure 4. These markers will be made available
to the compilers of CAPS marker databases.

Because polymorphisms were much more abundant
between Col-0 and No-0 (ecotype Nossen) than between
La-er and No-0 in the region of interest, fine mapping
was accomplished with a far1 × Col-0 F2 population. Us-
ing DNA preparations from a mapping population of 700
plants, two recombinants from the northern side and one
from the southern side were identified at markers CA22
and CA34, respectively. No recombinants were found at
CA2B. The far1 locus was hence genetically located to
65 kb between CA22 and CA34. ORFs and their flanking
regions that we judged likely to represent candidate
genes were amplified from the mutants and No-0 wild
type by PCR and sequenced. Six such putative genes
were located between markers CA22 and CA3. The
G → A/C → T substitution mutations expected from
EMS mutagenesis were located by comparison with PCR
products from genomic DNA isolated from the wild type
(No-0) and the genomic sequence already available (Col-

Figure 1. far1 seedlings are deficient in FRc-induced deetiola-
tion. (A) (Top) Response of the hypocotyl length of seedlings
grown under a logarithmic range of fluence rates of FRc. far1
seedlings (far1-1, far1-2, far1-3, and far1-4 alleles); wild-type
No-0; a phyA null mutant phyA-101 and its wild-type RLD were
grown for 3 days in the dark or under the indicated fluence rates
of FRc. Error bars, S.E.M. (Bottom) The photograph shows seed-
lings grown for 3 days under 10 µmoles/m2 per sec FRc. (B) (Top)
Fluence rate response curves for hypocotyl length of seedlings
grown under Rc. far1 seedlings (far1-1, far1-2, far1-3, and far1-4
alleles) and the wild-type No-0 were grown for 3 days in the dark
or under increasing fluence rates of Rc. Error bars, S.E.M. (Bot-
tom) The photograph shows seedlings grown for 3 days under 80
µmoles/m2 per sec Rc. (C) Photograph showing seedlings as in A
grown for 3 days in darkness.

Figure 2. Response of anthocyanin levels to FRc in wild-type
and mutant seedlings. The amount of anthocyanin accumulated
in seedlings of the far1 alleles (far1-1, far1-2, far1-3, far1-4), wild-
type No-0, the phyA-null mutant phyA-101, and the relevant
wild-type RLD was measured. Seedlings were grown for 3 days
under FRc (10 µmoles/m2 per sec) (Top) or in the dark (Bottom).
Error bars, S.E.M.

2020 GENES & DEVELOPMENT



0). All five far1 alleles were found to have G → A or
complementary C → T mutations within a single ORF,
located between position 179,800 and 182,000 on the
subcontig ATFCA2 (GenBank accession no. Z97337, Be-
van et al. 1998), within 2 kb of the marker CA2B (Fig. 4).
The marker CA2B hence provides a CAPS marker for the
FAR1 locus. No other mutations were detected in a total
of >50 kb of genomic DNA, which was sequenced in the
No-0 wild type and at least two far1 alleles.

Analysis of the genomic sequences produced indicated
a discrepancy between the genome project sequence and
the No-0 genome, extending the ORF in a 58 direction
from the gene predicted by the annotators (Bevan et al.
1998). The discrepancy was the T residue at 180,101 of
ATFCA2, which we found to be inserted in the database
relative to our genomic sequence. We believe this differ-
ence is due to an error in the Genome Project sequence

in GenBank (GenBank accession no. Z97337) as we have
also sequenced this region from Col-0 and find it to be
identical to our FAR1 sequence from No-0.

Isolation and analysis of cDNA sequence

By use of a PCR product spanning the ORF in which the
far1 mutations were located, a cDNA clone was isolated
from a l cDNA library derived from dark-grown seed-
lings (Kieber et al. 1993). One positive clone was identi-
fied from >300,000 phage, indicating a low abundance of
the transcript. Northern blot analysis, with RNA from
wild-type Arabidopsis, revealed a rare transcript of ∼3.1
kb. We have found no significant effects of light treat-
ment, tissue type, or developmental stage on the abun-
dance of this transcript (data not shown). Comparison of
the cDNA to the genomic sequence revealed a single
large exon spanning the ORF containing the far1 muta-
tions, followed by six smaller exons interspersed by in-
trons of 200 bp or less (Fig. 4).

RT–PCR techniques were used to extend the cDNA in
a 58 direction and check the original l clone for muta-
tions (one of which was found). The corrected and ex-
tended sequence of the cDNA has been submitted to
GenBank (accession no. AF159587). When the genomic
mutations are introduced to the reading frame of the
cDNA sequence, they all produce stop codons. The lo-
cations of the truncations are as follows: far1-3, Q212–
Stop; far1-4, Q253–Stop; far1-5, W364–Stop; far1-2, W419–
Stop; and far1-1, W559–Stop. The far1-2 mutant also has
a secondary mutation causing the substitution G413–E.

The FAR1 gene is a member of a multigene family
in Arabidopsis, and homologous transcripts exist
in other plant species

Searches of sequences submitted previously to GenBank
with BLAST2 (Altschul et al 1997) revealed that the con-
ceptual translation of the FAR1 cDNA gives a protein
sequence containing no significant homology to cur-
rently recognized proteins of known function (Fig. 5).
Use of the web-based program coils (http://dot.imgen.
bcm.tmc.edu:9331/seq-search/struc-predict.html) pre-
dicts that residues in the 600- to 700-amino-acid region
may form a coiled–coil structure (maximum probability
0.6) (Figs. 4 and 5). The FAR1 sequence also contains a
basic region, which could act as a nuclear localization
signal (NLS) (Figs. 4 and 5).

BLAST searches revealed sequence from the Arabidop-
sis genome project that contained previously unde-
scribed genes with striking amino-acid-level similarity
to FAR1 (Fig. 5). To date, three such genes have been
identified, one on the ESSA II contig south of FAR1 on
chromosome 4 (BAC F18F4) and two on chromosome 2,
located on BACs T32F6 and T20P8. We identify these
genes as FAR1-Related Sequences FRS1, FRS2, and FRS3
in the order of their submission to the database. The
shared motifs between the conceptual translations of
these sequences can be clearly seen in Figure 5. Note

Figure 3. Phytochrome A levels in the far1 mutants. (A)
Steady-state phyA levels measured by protein blot. The figure
shows the bands detected by the phyA-specific monoclonal an-
tibody 073D (Hirschfeld et al. 1998). Protein loading was equal-
ized by Bradford assay, and is identical within each panel. Seed-
lings were grown for 3 days in the dark (top) or under FRc (10
µmoles/m2 per sec) (bottom). Bottom lanes contain 1.5× the
protein loading of the top blot. (B) Time course of phyA loss in
response to Rc. Seedlings of the four far1 mutant alleles and the
wild type (No-0) were grown for 2 days in darkness, then sub-
jected to 0, 1, 2 or 4 hr of RC (16 µmoles/m2 per sec) before
protein extraction. PHYA protein was assayed as above.
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that the putative NLS in FAR1 is conserved in FRS2, but
not in FRS1 or FRS3, which we predict to be cytoplasmic
proteins. Interestingly, although FRS2 has the highest
amino acid similarity score to FAR1, FRS1 is predicted to
be its closest evolutionary relative by use of the neigh-
bor-joining method. FRS3 is the least similar to FAR1 by
all analyses used (data not shown).

EST sequences in cotton and rice, the conceptual
translations of which share substantial amino acid se-
quence similarity to FAR1, are present in the dbEST da-
tabase [accession nos. AI054610, AI055286 (cotton),
C72410, D43616 (rice)]. This observation provides evi-
dence for the presence of conserved, expressed FAR1-like
sequences in other plant species including monocotyle-
dons. The absence of Arabidopsis ESTs, not only for
FAR1 itself but also for FRS1 and FRS2, may be due to
low expression in the tissues used to create the libraries.
On the other hand, FRS3 has two Arabidopsis ESTs,
GenBank accession nos. N37149 and T14215. The ESTs
with GenBank accession nos. T20465 and T14014 en-

code sequences homologous to, but not identical with,
FAR 1 and FRS 1, FRS 2, and FRS 3, implying a still larger
gene family is present in Arabidopsis.

FAR1 has a functional nuclear localization signal

The FAR1 amino acid sequence contains the monopar-
tite NLS RKRK, which, together with other basic resi-
dues nearby, could contribute to nuclear localization
(Fig. 5). To investigate whether FAR1 could be targeted
to the nucleus, the complete coding region of the FAR1
cDNA was isolated from first-strand cDNA by RT–PCR.
The resulting sequence was fused to the 38 end of the
GUS reporter gene in a modified version of the vector
pTEX2, as described by Hoecker et al. (1999). The vector
containing the GUS–FAR1 fusion protein was intro-
duced with a particle gun into onion epidermal cells as
described earlier (Ni et al. 1998). After incubation in
white light and treatment with the X-gluc substrate,
GUS staining in transformed cells due to the GUS–FAR1

Figure 4. Positional cloning of the far1 mu-
tant locus. The position of the far1 locus is
shown on the genetic map; recombination fre-
quencies were calculated from a population of
88 plants. We chose the markers shown on
the basis of the RI map of Lister and Dean
(http://genome-www.stanford.edu/Arabidop-
sis/). We narrowed the physical location of
far1 to the highlighted region of chromosome
4, close to the photomorphogenic loci shown,
using the publicly available markers CM 4-6
and sc5. Bevan et al (1998) described the se-
quence of this region. A number of markers
throughout this region (part of the ESSA1 con-
tig) were generated (only key markers map-
ping within 1 cM of far1 are shown). Using
these markers, we located far1 between CA22
and CA34, with 0 recombination at CA2B. By
directly sequencing the 65 kb between CA22
and CA34 from mutant and wild-type DNA,
we discovered the indicated mutations in the
gene shown, all of which cause the introduc-
tion of stop codons in the same large ORF.
The intron structure derived from cDNA
clones is shown along with the regions encod-
ing the predicted coiled–coil domain and
nuclear localization signal.
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fusion was found to be localized to the nucleus, whereas
the GUS-only control was mainly seen in the cytoplasm
of the onion cells (Fig. 6). The position of nuclei was
confirmed by DAPI staining (Fig. 6).

Discussion

The availability of Arabidopsis mutants selectively im-
paired in responsiveness to either Rc or FRc indicates the
existence of components that act in separate signaling
pathways, specific to either phyB or phyA, respectively
(Quail 1998). The far1 mutant described here represents
such a mutant, with a phenotype specific to phyA sig-
naling. Prior to the recent cloning of SPA1, a negative
regulator of the phyA pathway (Hoecker et al. 1999), no
pathway-specific phytochrome-signaling components
had been molecularly identified. The identification of
the FAR1 gene sequence here provides the first insight
into the molecular nature and function of a positively
acting component specific to a single phytochrome-sig-
naling pathway.

The evidence that FAR1 is a component specific to
phyA signaling is as follows. The absence of a phenotype
in dark-grown far1 seedlings establishes that the effect of
the mutation is light conditional. This observation indi-
cates a specific requirement for the locus in the trans-
mission of light signals. The FRc specificity of the light-
conditional phenotype establishes that the requirement
for this locus is specific to phyA signaling. The FRc
specificity is unlikely to be due to FRc-induced changes
in FAR1 transcript levels, as RNA blot analysis indicates
that the expression of FAR1 is constitutive (data not
shown). The FRc specificity could also have been ex-
plained by reduced levels of active phyA, but the data in
Figure 3 demonstrate that phyA is present in at least
normal levels in the far1 mutant alleles and that it is
capable of actively perceiving light. Any deleterious ef-
fect on chromophore biosynthesis would be expected to
reduce all phytochrome responses, such as phyB re-
sponses to Rc, as well as phyA responses to FRc. No such
decrease in Rc responsiveness is observed in far1 (Fig. 1).
As there is also no visible increased elongation of the
white-light-grown adult far1 mutant, compared with the

Figure 5. Alignment of the FAR1 amino acid
sequence with homologs from the gene family
in Arabidopsis. The conceptual translation of
the FAR1 cDNA is presented, aligned to amino
acid sequences predicted from genomic se-
quence from the Arabidopsis genome project.
Residues identical to those in FAR1 are high-
lighted in black; those in gray are conserved
substitutions. The putative coiled–coil and
nuclear localization signal sequences of FAR1
are indicated.
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wild type (data not shown), the phenotype is consistent
with a specific effect of the loss of FAR1 on phyA sig-
naling, leaving other phytochrome-signaling pathways
unaffected.

The marginal increase in Rc sensitivity exhibited by
some of the mutant alleles could be the consequence of
elevated phyA levels in the mutant (Fig. 3). Because
phyA is responsible for the perception of very low flu-
ence rates of Rc, higher phyA levels can enhance this
response (Boylan et al. 1991). Higher levels of phyA un-
der FRc, and increased Rc sensitivity, have been reported
for the FRc hyposensitive fhy3 mutant (Whitelam et al.
1993; Fairchild and Quail 1998). This observation im-
plies that elevated phyA levels and increased Rc sensi-
tivity may be a general consequence of reduced phyA
signal-transduction activity. The elevated phyA levels
could be a consequence of decreased feedback down-
regulation of the PHYA promoter (F. Canton and P.H.
Quail, unpubl.) or a result of a link between phyA deg-
radation and signal transduction.

Regardless of the mechanism, observed overexpression
of phyA in fhy3 and far1 might be expected to partially
compensate for the reduced signaling, thereby tending to
reduce the severity of their phenotypes. The partial
block of FRc sensitivity in the far1 mutant must there-
fore be viewed in the context of a plant that has higher
than normal levels of phyA, and thus far1 may have a
more significant effect on phyA signaling than is appar-
ent from its phenotype in FRc.

The genetic analysis performed here indicates that
FAR1 is a new locus, not allelic to photomorphogenic
mutants reported previously. The genetic evidence also
indicates that the far1 mutations are partially dominant
(data not shown), and that they are due to the introduc-
tion of stop codons in an ORF of the FAR1 genomic
coding sequence. The far1 mutant phenotype is therefore

due to loss of function of the FAR1 protein, and the par-
tial dominance of the mutation is almost certainly due
to haploinsufficiency in the heterozygote. Because loss
of FAR1 function causes a loss of phyA signaling, FAR1
must either be an integral component of the transduc-
tion pathway or a positive regulator of it.

The loss of an essential integral pathway component
would be expected to completely stop signal transmis-
sion in a single phyA-signaling pathway. The far1 mu-
tant still has substantial phyA-signaling activity. FAR1
may therefore be a positive regulator of one or more
phyA-specific pathways, or it may be an essential com-
ponent of only one of multiple, partially redundant
phyA-signaling pathways. Alternatively, because FAR1
is encoded by a member of a multigene family, there may
also be genetic redundancy between FAR1 and one of the
other members, FRS1, FRS2, FRS3, and perhaps more
proteins. Therefore, these homologous gene products
may transmit a reduced phyA signal in the absence of
FAR1.

The components of the phyA and phyB signal trans-
duction pathways in which mutants have been isolated
may be placed in a tentative order, largely on the basis of
interpretation of the mutant phenotypes. Molecular and
reverse-genetic evidence indicates that a shared signal-
ing component, PIF3, binds phyA and phyB directly. This
result, combined with the genetic evidence for compo-
nents specific to either phyA or phyB, gives rise to the
proposal that there may be multiple signaling pathways
from phyA and phyB, some of which are specific to phyA
or phyB and some of which are shared (Ni et al. 1998). In
this case, FAR1 would act in one or more of the phyA-
specific pathways, as represented in Figure 7A (i). Alter-
natively, a single phyA-pathway model can be postu-
lated, with some components being specific to phyA and
others being shared with phyB. Because far1 appears to
be specifically blocked in phyA signaling, its action in a
single-pathway model could therefore be placed up-
stream of that of components shared between phyA and
phyB signaling (Fig. 7A, ii). The reality is likely to be
more complex and could include elements from both
models.

It is not easy to reconcile an action of FAR1 upstream
of PIF3 with the direct interaction of PIF3 with phyA. A
phyA-specific component such as FAR1 could, however,
still act upstream of PIF3 binding phyA (Fig. 7B, i), for
example, by being involved in the transport of phyA
from cytoplasm to nucleus. In darkness, phyA appears to
be confined to the cytosol (Kircher et al. 1999) and to
interact with PIF3 [thought likely to be constitutively
nuclear (Ni et al. 1998)], it presumably must be imported
into the nucleus in response to light. If FAR1, and also
possibly FHY1 and FHY3, were involved in nuclear
transport of phyA, they would be positive facilitators of
phyA signaling rather than direct participants in signal
transfer.

Action of FAR1 after PIF3 binding could also result in
a specific effect on phyA signaling, however. An example
of how this could occur is in a regulatory complex of
phyA, PIF3, and FAR1, which are all required for full

Figure 6. Subcellular location of a GUS–FAR1 fusion protein
in transiently transfected onion cells. Shown is the GUS stain-
ing pattern of onion epidermal cells transfected by particle bom-
bardment. The GUS–FAR1 fusion transfection is shown at left,
together with a DAPI-stained fluorescence micrograph to dem-
onstrate the location of the nuclei. A control GUS transfection
is shown at right. Bar, 50 µm.
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transmission of the phyA signal (Fig. 7B, ii). FAR1 could
act after PIF3, binding and yet still be specific to phyA.

It is intriguing that the majority of likely phytochrome
signal-transduction components that have been charac-
terized at the molecular level are nuclear localized. This
has been known for some time of the components likely
to act later in the pathway [such as HY5 (Oyama et al.
1997) and COP1 (Deng et al. 1993)]. The transcriptional
repressor COP1 is not constitutively nuclear, but its
nuclear abundance is regulated by light, and its site of
action is thought to lie in the nucleus, in which it inter-
acts with HY5 (von Arnim et al. 1994; Ang et al. 1998).
However, less predictable was the fact that the upstream
components characterized recently, such as PIF3 [which
directly binds phytochromes (Ni et al. 1998) and SPA1
which is phyA specific (Hoecker et al. 1999)] would also
be nuclear localized. It appears, therefore, that the

nucleus is emerging as an important venue for events
both early and later on in phytochrome-signal transduc-
tion.

This notion is supported here by the finding that the
FAR1 protein is also targeted to the nucleus, suggesting
a role in phyA-regulated gene expression. The roles
FAR1 might play are highly speculative, however, given
our lack of knowledge of its structure or biochemistry.
The one structural feature indicated by the FAR1 amino
acid sequence is the putative coiled–coil structure (Fig. 4
and 5). Similar structures are involved in mediating spe-
cific protein–protein interactions, such as homo- or het-
erodimerization or oligomerization, in other signaling
systems (Kohn et al. 1997). Many other light-signal
transduction components have such a predicted struc-
ture, for example, COP1 (Deng et al. 1993) and SPA1
(Hoecker et al. 1999). FAR1 could interact with other
signaling components such as these by this coiled–coil
structure.

PIF3 shares strong homology to the DNA-binding do-
mains of basic helix–loop–helix transcription factors,
suggesting a direct link between phytochromes and tran-
scriptional regulation. In contrast, the FAR1 and SPA1
sequences lack canonical DNA-binding motifs. Al-
though FAR1 lacks obvious homology to DNA-binding
proteins, it could still bind DNA via a previously unde-
scribed structure. It is perhaps more likely, however,
that FAR1 does not bind DNA itself but regulates tran-
scription by interacting with DNA-binding complexes,
in the manner of a coactivator. If this is the case, then
the FAR1 gene family may represent a new class of tran-
scriptional regulators.

Material and methods

Growth of seedlings

Seeds dried for 10 days under anhydrous CaSO4 were surface
sterilized with 20% bleach (1.05% sodium hypochlorite), 0.03%
Triton X-100 for 10 min, washed five times with sterile water,
and sown on growth medium (GM) (Valvekens et al. 1988) with-
out sucrose, containing 1% agar. After stratification for 5 days
at 4°C, induction of germination by 3 hr irradiation with white
light, and subsequent storage for 21 hr in the dark at room
temperature, the plates were transferred for 3 days to appropri-
ate light conditions at 21°C. The light sources used are de-
scribed elsewhere (Wagner et al. 1991). The fluence rates of light
were measured with a spectroradiometer (model LI-1800, Li-
Cor, Lincoln, NE).

Plant material and EMS mutagenesis

A transgenic Arabidopsis line, No-0, containing one copy of an
oat phyA overexpression construct, was used for the EMS mu-
tagenesis. Boylan and Quail (1991) described the transgenic line
(AOX). Fifty thousand seeds were mutagenized for 12 hr with
0.2% (EMS) and sown on soil. These M1 plants were grown up
in 50 families of 1000 individual plants each and the M2 seeds of
each family were pooled. About 3000 M2 seeds of each family
were then sown as described above on agar plates containing
GM medium (1% sucrose) under FRc for 3 days and seedlings
displaying a long hypocotyl phenotype were selected. These

Figure 7. Models for the possible action of FAR1. (A) Genetic
models of the pathway of phytochrome signal transduction. In
the multiple-pathway model (i) specific and shared signaling
components can transduce signals independently of one an-
other. In the alternative single-pathway model shown (ii), loci
specific to a single phytochrome-signaling pathway (e.g., FAR1)
are shown upstream of those components shared by multiple
pathways (e.g., PIF3). (B) Speculative molecular modes of action
for FAR1. Although we speculate in A that FAR1 is upstream of
PIF3 on the basis of genetic data, its biochemical action may lie
before that of PIF3 (i) or after it (ii). Either could produce a
specific effect on phyA signaling.
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seedlings were recovered on sucrose-containing medium from
the FRc treatment and grown up in the greenhouse.

Genetic analysis

The selected M2 seedlings were crossed with No-0 wild-type
plants. The resulting F1 seedlings were heterozygous for the
AOX transgene as well as the mutation causing the phenotype.
F1 seedlings were propagated to the F2 generation, which segre-
gated for the AOX transgene as well as the mutation. One hun-
dred F2 seeds were sown on GM without sucrose, and the seed-
lings exhibiting the longest hypocotyl under FRc were selected,
recovered from the FR treatment, and grown up in the green-
house. Seeds of the next generation were grown on GM contain-
ing 80 mg/ml kanamycin as selectable marker to test for sen-
sitivity to the antibiotic, that is, the absence of the AOX trans-
gene, and on nonselective medium under FRc to confirm the
mutant phenotype.

For the complementation analysis with the mutants fhy1 and
fhy3, the new mutant lines, once free of the AOX transgene,
were crossed with these mutants. Control crosses were made
with their respective wild-type ecotypes (La-er and Col-0, re-
spectively). The F1 seeds were grown for 3 days under FRc and
the hypocotyl length was measured. To confirm the presence of
genetically distinct loci, F1 seedlings were grown to the F2 gen-
eration, when segregation of the mutant phenotype was con-
firmed by the presence of seedlings displaying a wild-type phe-
notype. In all cases, the analysis of the F2 confirmed the result
of the allelism test of the F1 generation.

Mapping of the far1 locus

F2 plants of the different far1 alleles were grown in the green-
house under continuous white light and were crossed with
plants of the ecotypes La-er and Col-0. The F1 seeds of these
crosses were germinated on GM without sucrose under white
light as described below, transferred to soil, and grown to seed in
the greenhouse. The F2 seeds were sown on GM without su-
crose and grown for 3 days under FRc (10 µmoles/m2 per sec).
The seedlings showing the elongated hypocotyl phenotype of
the homozygous far1 mutant were recovered on sucrose-con-
taining medium. After greening, the plants were transferred to
soil and grown up in the greenhouse. At this stage, leaf material
was used to extract genomic DNA (Edwards et al. 1991), which
was subsequently used to map the far1 locus with SSLP and
CAPS markers. The F3 seeds of the selected plants were col-
lected and tested for their mutant phenotype. The results from
any F2 individuals giving segregating F3 populations were dis-
carded. DNA sequencing to determine polymorphisms, muta-
tions, and gene structure was from PCR products and l clones
with ABI chemistry and a 373 DNA sequencer (Perkin Elmer,
Foster City, CA).

Analysis of seedling anthocyanin levels

Seeds were grown on GM containing 2% sucrose under FRc (10
µmoles/m2 per sec) or in the dark. Subsequently, anthocyanins
were extracted from the seedlings under green safelight and an-
thocyanin content was spectrophotometrically determined as
described by Schmidt and Mohr (1981). Thirty seeds were used
per extraction and each data point represents the mean of two
duplicate experiments.

phyA extraction and immunoblot detection

For phyA extraction, 200 seeds of each line were sown on GM
medium as described above and grown for 3 days under FRc (10

µmoles/m2 per sec) or in the dark. Subsequently, seedlings were
collected under green safelight and frozen in liquid nitrogen.
After grinding the plant material with a mortar and pestle, pro-
teins were extracted as described by Wagner et al. (1991) with
the exception that, for protection from proteolytic degradation,
a proteinase inhibitor cocktail (Boehringer Mannheim, India-
napolis, IN) supplemented with 2 mM PMSF was used. Transfer
of the proteins onto a PVDF membrane after separation on a 7%
SDS-PAGE under denaturing conditions was performed as de-
scribed by Wagner et al. (1991). Blocking of the membrane was
done overnight with 1× TBS, 0.1% Tween 20 followed by 2 hr in
1× TBS, 0.1% Tween 20; 5% fat-free milk powder. Antibody
incubations and washing were done in 1× TBST, 0.5% fat-free
milk powder with the phyA-specific monoclonal antibody mAb
O73D (Hirschfeld et al. 1998) and a anti-mouse antibody (Pro-
mega) suitable for detection with a chemiluminescent system
(SuperSignal; Pierce, Rockford, IL).

Transient transfection of GUS fusions into onion cells

The full-length coding region of the FAR1 gene was isolated
from first-strand c-DNA by proofreading RT–PCR and checked
for mutations against genomic sequence. The sequence thus
generated was fused to GUS in the transient expression vector
TEX2 with a modified polylinker, as used by Ni et al. (1998).
The transfection, staining and microscopy were all performed as
in Ni et al. (1998).
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