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Photoperiodic flowering in Arabidopsis is controlled not only by floral activators such as GI, CO and FT, but also by
repressors such as SVP and FLC. Double mutations in LHY and CCAT (lhy;ccal) accelerated flowering under short days,
mainly by the GI-CO dependent pathway. In contrast, /hy;ccal showed delayed flowering under continuous light (LL),
probably due to the GI-CO independent pathway. This late-flowering phenotype was suppressed by svp, flc and elf3.
However, how SVP, FLC and ELF3 mediate LHY/CCA1 and flowering time is not fully understood. We found that /hy;ccal
exhibited short hypocotyls and petioles under LL, but the molecular mechanism for these effects has not been elucidated.

To address these questions, we performed a screen for mutations that suppress either or both of the /hy;ccal pheno-
types under LL, using two different approaches. We identified two novel mutations, a dominant (del/7) and a recessive
(phyB-2511) allele of phyB. The flowering times of single mutants of three phyB alleles, hy3-1, dell and phyB-2511, are al-
most the same and earlier than those of wild-type plants. A similar level of acceleration of flowering time was observed
in all three phyB mutants tested when combined with the late-flowering mutations co-2 and SVPox. However, the effect
of phyB-2511 on lhy;ccal was different from those by hy3-1 or dell. svp-3 did not strongly enhance the early-flowering
phenotypes of phyB-2511 or dell. These results suggest that light signaling via PhyB may affect factors downstream of
the clock proteins, controlling flowering time and organ elongation. phyB mutations with different levels of effects on
lhy;ccal-dependent late flowering would be useful to determine a specific role for PHYB in the flowering pathway con-

trolled by lhy;ccal under LL.

Introduction

In many prokaryotic and eukaryotic organisms, biological clocks
mediate the responses of several physiological and molecular pro-
cesses to diurnal changes in environmental conditions such as
light quality and quantity, temperature and humidity. Circadian
thythms persist with a period close to 24 h in the absence of
any environmental time cue, and are generated by an endogenous
timing mechanism. The basic principles of circadian clocks have
been addressed for many organisms, including cyanobacteria,
Neurospora, Arabidopsis, mice and human. The clock consists of
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oscillating molecules that form a negative auto-regulatory feed-
back loop."?

In Arabidopsis, the oscillatory molecules thought to compose
the clock include the single-MYB transcription factors LATE
ELONGATED HYPOCOTYL (LHY) and CIRCADIAN
CLOCK ASSOCIATED 1 (CCA1), as well as five PSEUDO
RESPONSE REGULATOR (PRR) proteins, PRR1 (also
known as TOCI), PRR3, PRR5, PRR7 and PRR9.*® LHY and
CCAI have high sequence similarity, and the transcript and pro-
tein levels of both genes cycle with peak expression at dawn.®*
Overexpression of either gene abolishes the circadian rhythms
of gene expression and leaf movement. In addition, plants over-
expressing LHY or CCAI exhibit long hypocotyls and delayed
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flowering, whereas loss-of-function alleles of either gene cause a
shortening of the free-running period (FRP) and early flower-
ing.*>71% Furthermore, LHY and CCA1 can suppress their own
expression, suggesting that both genes act very close to the oscilla-
tor.”8 TOC1 contains a domain similar to the receiver domain of
two-component response regulators, but lacks the residues essen-
tial for the function of typical response regulators.'** In addition,
the carboxyl terminus of TOCI contains a domain implicated in
nuclear localization that is also found in the CONSTANS pro-
tein, a regulator of flowering time. 7OCI mRNA abundance
peaks in the evening, and mutations in the gene cause a short-
period phenotype that is independent of light.!"'? The 70OCI
transcript level is constant and low in lines overexpressing LHY
or CCAI, which indicates possible transcriptional repression by
LHY and CCAL in a direct or indirect manner.?

The genes GIGANTEA (GI), CONSTANS (CO) and
FLOWERING LOCUS T (FT) promote flowering in the pho-
toperiodic pathway. Under short days (SD), mutations in the
circadian clock genes LHY and CCAI (lhy;ccal) cause misexpres-
sion of GI, impaired control of circadian and diurnal rhythms,
and accelerated flowering through the abundance of CO and
FT mRNAs.! In contrast, /hy;ccal delays the flowering of
Arabidopsis under continuous light (LL)."*" Mutations in the
SHORT VEGETATIVE PHASE (SVP), FLOWERING LOCUS
C (FLC) or EARLY FLOWERING 3 (ELF3) genes suppress the
late-flowering phenotype of /hy;ccal under LL. However, it is still
not clear how /by;ccal delays the flowering of Arabidopsis under
LL and why even a short dark period can overcome the late-
flowering phenotype. Finding the missing link between the light
signal and proteins such as LHY, CCA1, ELF3, SVP and FLC is
important for understanding how SVP and FLC delay flowering
more strongly in /by;ccal plants than in wild-type plants under
LL. To this end, we screened for suppressor mutations other than
svp, flc and elf3 that show the late-flowering and semi-dwarf phe-
notypes of /hy;ccal under LL.

Although there is likely an important step controlled by light
that switches flowering time in /by;ccal, we had no direct experi-
mental evidence for it. In Arabidopsis, five phytochromes (phyA-
E), two cryptochromes (cryl and cry2), two phototropins (photl
and phot2) and three members of the ZEITLUPE (ZTL) family
(ZTL, FKFI and LKP2) have been shown or suggested to func-
tion as photoreceptors or light-sensing proteins.’>"

Here, we report the identification of the dominant early flower-
ing and long hypocotyl 1 (dell) mutant, which shows early-flow-
ering and long-hypocotyl phenotypes under SD, and is a novel
strong allele of phyB. Another novel allele of phyB, phyB-2511, was
isolated as a suppressor of the semi-dwarf phenotype of /by;ccal
under LL. The expression of clock-component genes such as
LHY, CCAI, TOCI and PRR9Y was not significantly affected by
the dell mutation under either LL or LD. All of the mutations
of three phyB alleles, hy3-1, dell and phyB-2511, suppressed the
short-hypocotyl phenotype of /py;ccal under LL. All three phyB
mutations partially suppressed the late-flowering phenotype of co
and SVPox plants. However, the suppression of the late-flowering
phenotype of lhy;ccal by phyB-2511 was much weaker than that
caused by delI or hy3-1, suggesting that phyB negatively regulates
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one of the LHY/CCAI-dependent controls of F7 expression that
differ from the GI-CO pathway and the ELF3-SVP pathway.
Furthermore, svp;phyB double-mutant plants did not flower ear-
lier than sup or phyB plants. Based on these results, we propose a
model in which the phyB-mediated process plays an important
role downstream of LHY and CCAL1 to control flowering time
and organ elongation under LL.

Results

Screen for an arabidopsis mutant with both early-flowering and
long-hypocotyl phenotypes under short days. To identify muta-
tions that affect both photoperiodic flowering and organ elonga-
tion responses and functionally interact with the clock proteins
LHY and CCA1, M, populations of EMS-mutagenized Ler seeds
were screened for plants with early-flowering and long-hypocotyl
phenotypes under SD.

Of five candidate mutants recovered in four independent pools
of M, seedlings, one mutant line with the most severe phenotype
was named dell and studied further. The M, plant was self-fertil-
ized, and both the early-flowering (Fig. 1A) and long-hypocotyl
(Fig. 1B) phenotypes of the M, progeny were confirmed under
SD. These results indicate that the mutant phenotypes of dell
are heritable.

Circadian and diurnal rhythms of clock gene expression in
dell mutant plants. To determine whether the phenotypes of
dell are caused by a disruption of circadian rhythms, we exam-
ined the expression patterns of genes encoding clock components
under LL conditions. The expression patterns (e.g., amplitude,
phase and period) of CCAI and PRRY in dell were similar to
those in wild-type plants under LL (Fig. 2A and B).

To investigate whether expression of the clock genes LHY
and TOCI was entrained in light-dark cycles, we assessed their
expression patterns under LD. The expression patterns of both
LHY and TOCI in dell were similar to those in wild-type plants
(Fig. 2C and D). These results suggest that the early-flowering
and long-hypocotyl phenotypes of dell are not due to changes
in expression patterns of key clock components. The de/l muta-
tion might affect flowering time and organ elongation via factors
downstream of the circadian clock, if the circadian clock and
DELI function in a common genetic pathway.

dell as a novel allele of phyB. To map and identify the dell
mutation and to test whether it is recessive or dominant, a mutant
plant of the M, progeny (Ler) was crossed with Columbia (Col)
wild type. The F plants derived from this cross flowered ear-
lier than the wild type and later than de/l plants under SD
(Fig. 3A-C). The hypocotyl length of the F, plants was also
intermediate between those of wild-type and e/l plants under
SD (Fig. 3E-G). These results suggest that de/l behaves as a
semi-dominant mutation.

F, progeny of the cross between dell and Col wild type were
grown under SD, and their flowering times were scored and com-
pared to those of dell (M,) and Col wild-type plants (Fig. 3D).
The hypocotyl lengths of the F, progeny were also measured
and compared to those of de/l (M,) and Col wild-type plants
(Fig. 3H). The de/l mutation was mapped to the upper arm of
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chromosome 2 based on early-flowering and long-hypocotyl phe-
notypes similar to those of de/l under SD. This result was con-
firmed by a different mapping strategy based on late-flowering
and short-hypocotyl phenotypes similar to those of wild-type
plants under SD. PHYB and ELF3 loci are located in this region.
Both phyB and ¢/f3 mutant plants show early-flowering and long-
hypocotyl phenotypes similar to those of de/1.'" Although e/f3
mutations alter both circadian and diurnal rhythms of clock gene
expression, phyB mutations do not strongly affect these expres-
sion patterns.”>*" Therefore, we sequenced the PHYB gene of
dell, and found a point mutation (C1078 to T) that causes a pre-
mature stop codon and truncates the PHYB protein (Q360 to
stop) (Fig. 4A).

Screen for a suppressor mutant of the semi-dwarf pheno-
type of lhy;ccal under LL. We recently demonstrated that /hy-
12;ccal-101 plants show a late-flowering phenotype under LL,'>"
but flower earlier than the wild type under LD and SD.>"* We
identified three suppressor mutations, svp, flc and elf3, based on
flowering time under LL. Furthermore, /hy-12;ccal-101 plants
have a semi-dwarf phenotype under LL."*" The svp and flc muta-
tions each suppress not only late flowering but also the semi-
dwarf phenotype (Niinuma K and Mizoguchi T, unpublished).
However, the effect of suppression on the semi-dwarf phenotype
is weaker than that on flowering time (Niinuma K and Mizoguchi
T, unpublished). Therefore, genetic screening was performed for
suppressors of the short-hypocotyl and short-petiole phenotypes
of lhy-12;ccal-101 using EMS-mutagenized /hy-12;ccal-101 seeds
under LL. A total of 76 suppressor candidates were identified and
named /hy;ccal EMS-mutagenized (lce). One mutant line with
the longest hypocotyl length, /ce2511, was subjected to further
analysis (Fig. 4B and C).

To separate the suppressor mutation from the /hy-12;ccal-101
mutations, lce2511 was back-crossed with wild type (Ler). We
obtained segregants without the /hy;ccal mutations but with
early-flowering and long-hypocotyl/petiole phenotypes similar
to those of phyB mutants. Then we sequenced the PHYB gene
of lee2511 and found a point mutation (G851 to A) in the first
exon. This mutation causes an amino acid substitution from G, ,,
to E; the allele was named phyB-2511 (Fig. 4A). To test whether
the phyB-2511 mutation was responsible for the long-hypocotyl
and early-flowering phenotypes, a complementation test between
phyB-2511 and the phyB mutant /y3-1 was performed. F, plants
obtained from crosses between phyB-2511 and hy3-1 showed phe-
notypes similar to those of phyB-2511 and hy3-I1 under LL. The
controls, F, plants obtained from crosses between wild type (Ler)
and phyB-2511 or hy3-1, showed phenotypes similar to those of
wild type (Ler) under LL (Fig. 4D and E). These results indicate
that the long-hypocotyl/-petiole and early-flowering mutations
present in the /ce2511 line are indeed phyB mutant alleles.

The effect of this amino acid substitution of phyB-2511 on
PHYB expression was examined. The expression of PHYB in
lhy-12;ccal-101 and lee2511 (lhy-12;cca-101;phyB-2511) was
compared by RT-PCR. The results suggest that the mutant phe-
notypes of phyB-2511 are caused by the amino acid substitution
(G,4,E), not a decrease in the PHYB mRNA level in lce2511
(Fig. 4F).
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Figure 1. Early-flowering and long-hypocotyl phenotypes of dell

under SD. Flowering time (A) and hypocotyl length (B) of wild-type

(Ler) and delT plants under SD. (A) The number of total leaves at the
time of flowering was scored, and the data are presented as mean + SE
(n = 8). (B) Means * SE (n = 10) of the hypocotyl lengths of wild type (Ler)
and del1 grown under SD for 14 days. Asterisks (*) represent statistical
significance compared to values of the wild type (Ler) (Student’s t test,
p < 0.05).

Suppression of the short-hypocotyl phenotype of lhy;ccal
by phyB-2511 under LL. Recently, we demonstrated that /hy-
12;ccal-101 plants have a semi-dwarf phenotype under LL."
The mutants svp, flc and elf3 show a partially suppressed semi-
dwarf phenotype of /py;ccal (Niinuma K and Mizoguchi T,
unpublished). However, the molecular mechanisms underly-
ing the regulation have not been elucidated. To investigate the
relationship between phyB mutations and the short hypocotyls
of lhy;ccal plants, three phyB alleles, hy3-1, dell and phyB-2511,
were used. Wild type (Ler), lhy-12;ccal-101, and three triple-
mutant lines, lhy-12;ccal-101:hy3-1, lhy-12;ccal-101;dell and
lhy-12;ccal-101;phyB-2511 were grown under LL and the hypo-
cotyl lengths were observed (Fig. 4G). The short-hypocotyl phe-
notype of lhy;ccal was suppressed by all three phyB mutations.
These results indicate that phyB is involved at least in part in
the control of these developmental processes, along with LHY
and CCALl. The suppression of the elongated-organ phenotype
of lhy;ccal by phyB-2511 was much weaker than the suppression
caused by hy3-I or dell (Fig. 4G).

The suppression of the late-flowering phenotype of lhy;ccal
by phyB-2511 is much weaker than that of dell and hy3-1
under LL. To investigate whether the phyB mutation affects
the late-flowering phenotype of /hy;ccal under LL, three phyB
alleles, hy3-1, dell and phyB-2511, and three triple-mutant lines,
lhy-12;ccal-101:hy3-1,  lhy-12;ccal-101;dell and  lhy-12;ccal-
101;phyB-2511 were grown under LL and their flowering
times were compared (Fig. 5A). The three phyB mutant plants
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Figure 2. Analysis of CCAT and PRR9 mRNA levels in wild type (Ler) and delT grown under LL, and diurnal expression of the clock genes LHY and TOC1
under light/dark cycles in wild-type (Ler) and del, or LHY (C) and TOCT (D) under LD (16 h light/8 h dark) cycles. Abundance of CCA7 (A) and PRR9 (B)
mRNA in wild type (Ler) and dell. The plants were entrained to LD cycles (16 h light/8 h dark) for 8 days and transferred to LL (A and B). The plants were
grown under LD cycles for 8 days (C and D). The analysis was performed just before the transfer to LL (circadian time; CT). White and black boxes along
the horizontal axis represent light and dark periods, respectively. Zeitgeber Time (ZT) 0 indicates the time point just before lights were turned on. Blue
and pink lines represent wild type (Ler) and dell, respectively. Quantification was performed as described in the Materials and Methods section.

exhibited a similar extent of the early-flowering phenotype under
LL. dell and hy3-1 suppressed the late-flowering phenotype of
lhy-12;ccal-101 under LL, and both /hy-12;ccal-101;hy3-1 and
lhy-12;ccal-101;dell produced fewer leaves than wild-type plants
under LL. However, the suppression by phyB-2511 was much
weaker than that by 4y3-1 or dell (Fig. 5A). These results sug-
gest that the acceleration of flowering time by phyB-2511, with
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the G, ,E substitution, is different from those of the other two
alleles, hy3-1 and dell, in the /hy;ccal background under LL.
The late-flowering phenotype of co-2 is partially suppressed by
phyB mutations under LL. CO was the first gene identified as a key
regulator of the photoperiodic control of flowering time. Since then,
many studies have demonstrated how CO acts as a central molecule

in controlling flowering under different photoperiodic conditions.
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Figure 3. Frequency of distribution of flowering time and hypocotyl length. Data from wild-type (Col; A), del1 (B), F, (C) and F, (D) plants are derived
from crosses between dell (Ler) and wild-type (Col) grown under SD. Data from wild type (Col; E), delT (F), F, (G) and F, (H) plants are derived from
crosses between the dell (Ler) and wild-type (Col) grown under SD for 14 days.

Mutations in the CO gene delay flowering under LD but not
SD. However, the phyB-dependent acceleration of flowering is
partially but not completely suppressed by the co mutation even
under SD.?* The accumulation of CO protein in phyB mutant
plants even under SD explains how the co mutation affects the
early-flowering phenotype of phyB.** One possible explanation
for the weak suppression by phyB-2511 was that the activation
of the CO protein is more impaired in phyB-2511 than in hy3-1
or dell. To test this possibility, we constructed co-2;phyB double
mutants using three phyB alleles. co-2 partially suppressed the
early-flowering phenotypes of hy3-1, dell and phyB-2511 under
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LL. There were no significant differences in the flowering times
of the three co-2;phyB mutants under LL (Fig. 5B). These results
are consistent with previous findings that phyB can accelerate
flowering in both CO-dependent and -independent pathways.*
The late-flowering phenotype of SVPox is partially sup-
pressed by phyB mutations under LL. Overexpression of SVP
(SVPox) delays flowering under LL, LD and SD."* SVPox;co-2
produces more leaves than either SVPox or co-2, indicating
that SVPox and co-2 show delayed flowering, at least in part,
in distinct pathways."* We expected that SVPox;phyB-2511
would produce significantly more leaves than SV/Pox;/y3-1 and

Volume 6 Issue 8



A 851

1078

1342

I — ]

phyB-2511
GGA—GAA
G284 to E

del1
CAG—TAG
Q360 to STOP

Ice2511

T

~ >

Ihy;
ccal Ice2511

PHYB (35) W
TUB (25)

lhy;ccal (

hy3-1
CAG—TAG
Q448 to STOP
C 10
E 9 »
E s 1
= T
D 6
c
8 5
= 4
£ 3
8 2
B 1
=
. N A
> N
S A
\‘* ¥
E 16
E 4 *
Enl [0 s
&=
“g’, 10
s 8]
> 6
S 4
2
i 2
I o 4
" r AT At
M PN IS N
) ‘?@' < g@g
G E 4
En S
=
g 10
o 8
> 6
S 4l
2
& 2
T o
Ler thy; hy3-1 thy;  deit jny; PhyB Ihy;
cecal ccal; ccal; -2511 ccal;
hy-1 del phyB-
2511
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as new phyB alleles. (A) Positions of the del1, hy3-1 and phyB-2511 mutations. (B) A photo of wild -type (Ler), lhy-12;ccal-101 and Ice-25111 grown under
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cal significance compared to values of the wild type (Ler) (Student’s t test, p < 0.01). (F) Analysis of PHYB mRNA levels in lhy-12;ccal-101 and Ice-2511
grown under LL. (G) Means + SE (n = 15) of the hypocotyl lengths of wild type (Ler), Ihy-12;ccal-101, hy3-1, lhy-12;ccal-101;hy3-1, phyB-2511, lhy-12;ccai-

101;,phyB-2511, del1 and lhy-12;ccal-101;del1 grown under LL for 10 days.

SVPox;dell, if the lower activation of the CO protein in phyB-  (Fig. 5C). This result suggests that the weak suppression of the
2511 than in dell or hy3-1 were responsible for the phenotype late-flowering phenotype of /hy;ccal by phyB-2511 cannot sim-
of lhy;ccal;phyB-2511. However, similar numbers of leaves were  ply be explained by possible differences in the CO activation
produced by SVPox;phyB-2511 and SVPox;hy3-1 under LL  mechanism.
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To test whether phyB and SVP regulate flowering
time in a common genetic pathway, we constructed
three sup;phyB double mutants, svp-3;hy3-1, svp-
3;dell, and svp-3;phyB-2511, and compared their
flowering times to those of control plants. The syp-3
mutation did not enhance the early-flowering pheno-
type of the dell (Fig. 6A). These results suggest that
SVP regulates flowering time in one of the phyB-
dependent pathways (Fig. 6B).

Discussion

The third flowering pathway controlled by LHY
and CCA1l may be active in phyB-2511 but not in
hy3-1 or dell. We recently demonstrated that the
clock proteins LHY and CCAL control flowering time
through at least two independent pathways. One is
the GI-CO pathway, which functions as an activator
of FT expression and is highly conserved in plants."”
LHY and CCAL set the phase of GI expression under
light/dark cycles such that the downstream events,
including expression of the CO mRNA and activa-
tion of the CO protein by light, can occur at precise
times of the day. The other is the SVP-FLC pathway,
which negatively regulates F7 expression, thus delay-
ing flowering time."*! To understand the molecular
mechanisms underlying the developmental control by
LHY and CCA1 in Arabidopsis, we performed many
types of genetic screens using clock mutants and the
wild type. From this process, we obtained two novel
phyB mutant alleles, dell and phyB-2511 (Fig. 4A).
Each of the phyB mutations hy3-1, dell and phyB-
2511 accelerated flowering time under LL as single
mutations (Fig. 5). However, interestingly, the sup-
pression of the late-flowering phenotype of /hy;ccal
by phyB-2511 under LL was much weaker than that
by hy3-1 and dell (Fig. 5A). To elucidate why phyB-
2511 did not strongly suppress the late flowering of
lhy;ccal, we compared the effects of these phyB alleles
on the CO-dependent and SVP-FLC pathways. All
three phyB mutations suppressed the late-flowering
phenotype of co-2 under LL. However, there were
no significant differences among the flowering
times of the co-2;dell and co-2;phyB-2511 mutants
under LL (Fig. 5B). The late-flowering phenotype of
SVPox was also suppressed by the three phyB muta-
tions. Although the suppression by dell was stron-
ger than that by /y3-1 or phyB-2511, there were no
significant differences between the flowering times
of the SVPox;hy3-1 and SVPox;phyB-2511 mutants
under LL (Fig. 5C). These results suggest that dif-
ferent activities to control SVP or CO in the three
phyB mutants are unlikely to be responsible for the
weaker suppression of the late-flowering phenotype
of lhy;eccal by phyB-2511 (Fig. 5A). They also sug-
gest that the clock proteins LHY and CCALI control
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Figure 5. Suppression of the late flowering of lhy-12;ccal-101, co-2 and SVPox by hy3-
1, phyB-2511 and del7 under LL. (A-C) The numbers of cauline (CL) and rosette (RL)
leaves at the time of flowering were scored, and the data are presented as mean + SE
(n = 20). (A) Wild type (Ler), Ihy-12;ccal-101, hy3-1, lhy-12;ccal-101;hy3-1 phyB-2511, lhy-
12;ccal-101;phyB-2511, del1 and lhy-12;ccal-101;del1. Asterisks (*) represent statistical
significance compared to the values of Ihy-12;ccal-101 (Student’s t test, p < 0.01). (B)
Wild type (Ler), co-2, hy3-1, co-2;hy3-1 phyB-2511, co-2;phyB-2511, del1 and co-21;del1.
Asterisks (*) represent statistical significance compared to the values of co-2 (Stu-
dent’s t-test, p < 0.01) and double asterisks (**) represent no significance between
two plants (Student’s t test, p > 0.01). (C) Wild type (Ler), SVPox, hy3-1, SVPox;hy3-1
phyB-2511, SVPox;phyB-2511, del1 and SVPox;del1 plants grown under LL. Asterisks (¥)
represent statistical significance compared to the values of SVPox (Student's t test,

p < 0.01) and double asterisks (**) represent no significance between two plants
(Student’s t test, p > 0.01).
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plants (Student’s t test, p > 0.01). (B) A hypothetical model. For details, see text.

flowering time via at least three distinct pathways (Fig. 6B). The
early-flowering phenotype of the p/yB mutants was not enhanced
by svp-3, suggesting that SVP functions downstream of PhyB in
one of the PhyB-dependent processes (Fig. 6B). All three path-
ways appear to be impaired in Ay3-1 and dell. In phyB-2511, the
regulation of the SVP pathway and the CO pathway by PhyB
seemed to be impaired, but that of the pathway including the
unknown factor X did not.

PhyB proteins consist of the N-terminal chromophoric and
the C-terminal dimerization moieties. These are further divided
into a few sub-domains. The open tetrapyrrole chromophore
is covalently attached to the GAF (cGMP phosphodiester-
ase, adenylate cyclase, FhlA) domain residing in the center of
the N-terminal moiety. The GAF domain is flanked by the
N-terminal PAS (PER, ARNT and SIM) and C-terminal PHY
(phytochrome-specific GAF-related) domains. In the C-terminal
half of the PhyB, two successive PAS domains and the histidine-
kinase-related domain (HKRD) are found.

The point mutations caused premature stop codons both in
dell and hy3-1, and most part of the C-terminal moiety of the
PhyB was lost in these mutants. By contrast, the amino acid
substitution occurred in the GAF domain in phyB-2511. The
domains outside of the GAF of phyB-2511 protein may regulate
flowering time via the pathway X.

Functional interactions between the clock proteins LHY and
CCAL1 and the photoreceptor PhyB in the control of organ elon-
gation in arabidopsis. The overexpression of PhyB delays flower-
ing, shortens the length of the hypocotyl, and causes increased
sensitivity to red light. /hy;ccal mutant plants have similar pheno-
types, such as late flowering and short hypocotyls, under LL, and
greater sensitivity to continuous red light.>!*® The late-flowering
and short-hypocotyl phenotypes of lhy;ccal were suppressed by
the new strong allele de/I under LL (Figs. 4G and 5A). These
results suggest that increased levels of p/yB mRNA or PhyB pro-
tein, or enhanced PhyB signaling activity, occur in /hy;ccal under

LL.
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The effect of phyB-2511 on the short-hypocotyl phenotype of
lhy;ccal was also weaker than the effects of /y3-1 and dell (Fig.
4G). The X shown in Figure 6B might be involved in the control
of both flowering time and hypocotyl elongation.

Although dell suppressed both the late-flowering and short-
hypocotyl phenotypes of /hy;ccal under LL, dell single mutant
plants flowered earlier and had longer hypocotyls than the wild
type (Fig. 1). The phenotypes of /hy-12;ccal-101;dell were inter-
mediate between those of wild-type and de/l plants under LL
(Figs. 4G and 5A). Therefore, an alternative explanation is also
possible: the two clock proteins LHY and CCA1 and the photo-
receptor PhyB are not in a single linear genetic pathway, but func-
tion in parallel pathways that affect a common downstream target
directly or indirectly. For example, some plant hormones have
been shown to be involved in hypocotyl elongation. Both the cir-
cadian clock and PhyB have been reported to affect the expression
levels of key genes involved in the biosynthesis or signaling of GA
and auxin. These plant hormone signaling events are candidates
for the common downstream targets of LHY/CCALI and PhyB.

The partial suppression of the /4y;ccal phenotypes by phyB can
also be explained by multiple functions for these proteins. We pre-
fer the idea that LHY/CCA1 and PhyB have both common and
distinct targets for the control of organ elongation in Arabidopsis.
If this is true, mutations other than svp, flc and phyB that suppress
the /hy;ccal phenotypes under LL should be recovered in further
genetic screenings. If the proteins identified in screening interact
with LHY/CCA1, SVP/FLC and PhyB, and function as hubs,
these proteins might be candidates for the common targets. The
X shown in Figure 6B would be one candidate for the common
targets.

This is the first demonstration to identify suppressors of the
semi-dwarf phenotype of the /hy;ccal under LL. Although one
may think that LL condition is artificial, we think that this condi-
tion is quite important to investigate effects of loss-of-function of
clock on developmental controls of plants. This is simply because
light/dark cycles have strong impact on the entrainment of the
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clock and the effects of the clock-mutation can be masked by LD
or SD conditions. If LHY, CCA1 and phyB function in a single
linear genetic pathway, complete suppression should be observed
in phenotypes in the /by;ccal;phyB triple mutants. However, as
already known, LHY/CCA1 and phyB are multi-functional pro-
teins and therefore have shown to control flowering time and organ
elongation via more than two independent pathways. Phenotypes
of phyB-2511 could be explained by (1) a potential novel func-
tion of it on the LHY/CCA1l-dependent pathway or (2) weaker
allele of it than de/I and hy3-1. In Figure 6B, we have shown
that LHY/CCALI seems to control flowering time via more than
three independent pathways: the SVP-pathway, CO-pathway
and X-pathway. Presence of the X-pathway has been suggested
based on findings in this work, for the first time. Recently, we
have found that SVP controls both flowering time and organ
elongation in the downstream of LHY/CCA1 (Niinuma K and
Mizoguchi T, unpublished). The mechanism includes one of the
plant hormone pathways and this is based on our findings on
protein-protein interaction between SVP and a positive factor of
the plant hormone pathway. Also, we have identified a candidate
of the X shown in Figure 6B as an enhancer of the phenotypes
of lhy;ccal under LL (Miyata K and Mizoguchi T, unpublished).
This enhancer is a novel protein without any homology to pro-
teins reported in public databases. A comparison between phyB-
2511 and other phyB mutants such as hy3-1 and dell would be
useful for identifying such common targets.

Materials and Methods

Plant material, growth conditions and analysis of the organ-
elongation phenotypes of the phyB mutants. Arabidopsis thaliana
accessions Landsberg erecta (Ler) and Columbia (Col) were used
as the wild-type (WT) plants. The mutant lines /hy-12;ccal-101,
SVPox (Ler)," hy3-1 (Ler)," and co-2 (Ler),?* were described pre-
viously. Seeds were imbibed and cold-treated at 4°C for 3 days
in darkness before germination under light. Plants were grown
in controlled-environment rooms at 22°C. The light conditions
were LD (16 h light/8 h dark), SD (10 h light/14 h dark), or LL
(continuous white light) with a photon flux density of about 40
pmolm™s™. The hypocotyl lengths of 14-day-old plants were mea-
sured. The leaf blades and petioles of the third and fifth leaves
were measured 3 weeks and 30 days after sowing, respectively.?’

Measurement of flowering time. Flowering time was scored
by growing plants on soil under LD and LL and counting the
number of rosette and cauline leaves on the main stem after bolt-
ing. Data are presented as means + SE (n = 11). Flowering time
was measured at least twice, with similar results.

Preparation of RNA and semiquantitative RT-PCR. Plants
were sown as described above and grown on soil for 10 days.
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Aerial parts were used for RNA preparation. RT-PCR was per-
formed with 1 g total RNA using the SuperScript First-Strand
Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). cDNA
was diluted to 100 pl with TE buffer, and 1 pl diluted cDNA
was used for PCR amplification by TaKaRa Extaq (TaKaRa,
Shiga, Japan). The primer sequences used were as follows: CCAI
forward, 5-CG TGA AAG GTG GAC TGA GGA AGA AC-3,
CCAI reverse, 5-GCG GAA AGT GCT TGC GTT TGA TGT
C-3"; FT forward, 5-ACA ACT GGA ACA AAC CTT TGG
CAA TG-3', FT reverse, 5-ACT ATA TAG GCA TCA TCA
CCG TTC GTT ACT CG-3'; LHY forward, 5-GCC TGG
GAA CAA CGG TAC A-3', LHY reverse, 5-GGT CTT ACT
TGT TTC AAT GTC G-3'; PRRY forward, 5“TTT AGG CTT
TGT TGG TTT TAC-3', PRR9 reverse, 5-CTT TGA GCA
TGA GCA GTA GGA-3'; TOCI forward, 5-GAA TCC CTG
TGA TAA TGA TCT T-3', TOCI reverse, 5-CAA GAC CAC
CAT CAC GAG CAT GAA C-3'; PHYB forward, 5-TGA GCT
GCA GCA AGC TTT AC-3, PHYB reverse, 5-CAA GGA
AAAACT CTT CCCTC-3'; TUB forward, 5-CTC AAG AGG
TTCTCA GCA GTA-3', TUB reverse: 5"-TCA CCT TCT TCA
TCC GCA GTT-3" The cycles used for amplification were as
follows: 27 cycles for CCAI, LHY, PRR9 and TOCI; 33 cycles
for FT; 35 cycles for PHYB; and 25 cycles for TUB. The PCR
products were separated on 1.5% agarose gels and expression was
quantified using a Bio-Rad Molecular Imager (Molecular Imager
Fx, 1998, Bio-Rad Laboratories Inc.). The data are represented
relative to the maximum value among all data sets after normal-
ization to the TUB control. RT-PCR analyses were performed at
least twice and usually with independent RNA samples. Similar
results were obtained from two experiments.

EMS mutagenesis. dell was initially isolated from an M,
population of EMS-mutagenized /hy-12 seeds, as a mutant with
early-flowering and long-hypocotyl phenotypes under SD. The
procedure used for the mutagenesis has been reported in refer-
ence 13. dell;lhy-12 was backcrossed with Ler wild type, and the
dell single mutant was obtained. /by-12 did not affect the early-
flowering or long-hypocotyl phenotypes of de/l under SD, LD
or LL.

For the isolation of phyB-2511 as a suppressor of the semi-
dwarf phenotype of /hy-12;ccal-101 under LL, an M, population
of EMS-mutagenized /hy-12;ccal-101 seeds was used. The proce-
dure used for this mutagenesis has been reported in reference 13.
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