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ELF3 Encodes a Circadian Clock-Regulated Nuclear Protein
That Functions in an Arabidopsis PHYB Signal

Transduction Pathway
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Many aspects of plant development are regulated by photoreceptor function and the circadian clock. Loss-of-function
mutations in the Arabidopsis EARLY FLOWERING 3 (ELF3) and PHYTOCHROME B (PHYB) genes cause early flowering
and influence the activity of circadian clock-regulated processes. We demonstrate here that the relative abundance of
the ELF3 protein, which is a novel nucleus-localized protein, displays circadian regulation that follows the pattern of
circadian accumulation of ELF3 transcript. Furthermore, the ELF3 protein interacts with PHYB in the yeast two-hybrid
assay and in vitro. Genetic analyses show that ELF3 requires PHYB function in early morphogenesis but not for the reg-
ulation of flowering time. This suggests that ELF3 is a component of a PHYB signaling complex that controls early
events in plant development but that ELF3 and PHYB control flowering via independent signal transduction pathways.

INTRODUCTION

Light regulation of shoot development in higher plants ap-
pears to involve a complex interaction of several classes of
photoreceptors with factors that function in downstream
signaling pathways. The complexity of this system lies in
part in the number of functionally redundant photoreceptors
and in the potential for the downstream signal transduction
pathways either to directly influence the light-regulated out-
put response or to function via the input of signals to the cir-
cadian clock. These signaling pathways eventually influence
a number of major aspects of shoot morphogenesis, includ-
ing cell elongation, photosynthesis, and the transition to
flowering.

In Arabidopsis, there are five red/far-red light-absorbing
phytochromes (phytochrome A [PHYA], PHYB, PHYC, PHYD,
and PHYE) and at least two blue/UV-A light-absorbing cryp-
tochromes (CRY1 and CRY2) (Chory, 1997; Cashmore et al.,
1999). These two types of photoreceptors control many as-
pects of photomorphogenesis, and their functions overlap in
controlling physiological responses (Cashmore et al., 1999).
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The signal transduction network that is responsive to these
photoreceptors is beginning to be elucidated, and several
factors involved in phytochrome signal transduction have
been defined (Whitelam et al., 1993; Ahmad and Cashmore,
1996; Wagner et al., 1997; Genoud et al., 1998; Ni et al., 1998,
1999; Choi et al., 1999; Fankhauser et al., 1999; Halliday et
al., 1999; Hoecker et al., 1999; Hudson et al., 1999; Smith,
1999). PHYA and PHYB differ in their roles in plant develop-
ment, perhaps because of differences in their structural ac-
tivity—with PHYA being light labile and PHYB being light
stable—and in part because of the differential association of
downstream signaling pathways activated by these two pho-
toreceptors (Qualil et al., 1995). These distinctions have led to
the commonly held view that PHYA is a primary sensor of
continuous far-red light, whereas PHYB primarily mediates
the responses to continuous red light (Chory, 1997).

In plants, the circadian clock regulates many aspects of
development, including hypocotyl elongation and the photo-
periodic induction of flowering (Kreps and Kay, 1997).
Recently, several circadian clock-associated Arabidopsis
genes (e.g., CCA1, LHY, FKF1, and ZTL) have been impli-
cated in the control of plant photomorphogenesis, including
the control of hypocotyl elongation and flowering time
(Schaffer et al., 1998; Wang and Tobin, 1998; Nelson et al.,
2000; Somers et al., 2000). In addition, the photoreceptors
also regulate the entrainment of the endogenous circadian
oscillator to light/dark cycles and to modulating circadian
clock function (Millar et al., 1995; Somers et al., 1998). How-
ever, the relationship between these clock-associated genes
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and the photoreceptors that condition the clock to recog-
nize light/dark cycles is unclear.

Previous work has shown that Arabidopsis elf3 mutants
are defective in light perception or light-mediated signal
transduction; they also are defective in circadian rhythm re-
sponses when grown in constant light but not when grown
in constant dark (Hicks et al., 1996; Zagotta et al., 1996).
Recently, Reed et al. (2000) reported a possible indepen-
dent action of EARLY FLOWERING3 (ELF3) and PHYB to
control hypocotyl elongation and flowering time. In this
study, our goal was to elucidate ELF3 function in signal
transduction pathways that relate ELF3 to photoreceptor
function and the regulation of the circadian clock. We show
that ELF3 is a component of a PHYB signaling complex that
controls hypocotyl elongation, whereas ELF3 and phyto-
chrome control flowering via independent signal transduc-
tion pathways. This leaves open the possibility suggested by
Zagotta et al. (1996) that ELF3 interacts with cryptochrome
or with other potential blue light receptors such as FKF1 and
ZTL to regulate the photoperiodic induction of flowering in
Arabidopsis.

RESULTS

ELF3 Encodes a Novel Nuclear Protein

Cloning of ELF3 revealed that this gene encodes a novel
695-amino acid protein without any significant homology to
proteins of known function (Hicks et al., 2001). A recent re-
port indicates that the ELF3 gene is transcribed in nematode
feeding structures that form in Arabidopsis roots upon in-
fection by sedentary nematodes (Puzio et al., 1999), but the
relationship of this transcriptional activity to the role of ELF3
in flowering and circadian clock function is not apparent.
The predicted ELF3 protein has glutamine/threonine-rich se-
quences in the C-terminal region and a nuclear localization
signal within the glutamine/threonine—rich region, suggesting
that ELF3 may function as a transcription factor (Peterson et
al., 1990; Lee et al., 1994). Database searches have identi-
fied putative ELF3 homologs in several plant species as well
as a very similar duplicate gene, named ESSENCE OF ELF3
CONSENSUS (EEC), in Arabidopsis. Analysis of these se-
quences, shown in Figure 1A, revealed several highly con-
served domains in the related proteins, suggesting that
ELF3 function may be conserved between dicots and
monocots.

The cellular localization of the ELF3 protein was deter-
mined using isolated nuclear and total protein fractions from
wild-type and elf3 mutant seedlings. As shown in Figure 1B,
total protein from wild-type seedlings revealed no binding of
the ELF3 antibody, whereas the nuclear protein fraction
showed strong binding of antibody to a protein of an approx-
imate molecular weight of 77 kD as predicted for ELF3. Im-

munoblots of these same protein fractions with the antibody
against the chloroplast-localized B-subunit of the ATPase
complex demonstrated that the purified nuclear fractions have
only minor cytoplasmic protein contamination. All e/f3 mu-
tants tested lacked protein detectable by the ELF3 antibody.
Thus, as predicted by sequence analysis (Hicks et al., 2001),
all elf3 mutant alleles tested are likely to be null alleles.

Light and the Circadian Clock Regulate ELF3 Protein
Accumulation in Nuclei

In related studies, it was determined that the level of ELF3
transcript cycles with a circadian periodicity that is not af-
fected by the relative lengths of the light/dark periods, sug-
gesting that ELF3 activity is regulated, at least in part, by a
circadian clock (Hicks et al., 2001; Covington et al., 2001). Im-
munoblot analysis, shown in Figure 2A, demonstrated that
the ELF3 protein accumulates in the nucleus in a periodic
manner when seedlings are grown in a 12-hr-light/12-
hr-dark photoperiod. Interestingly, ELF3 protein accumula-
tion reaches a maximum level just before the onset of the
dark phase of the 24-hr-light/dark cycle. This pattern of
protein oscillation is nearly identical to that observed for the
ELF3 transcript, suggesting that transcriptional regulation
of the ELF3 gene is a key mechanism controlling ELF3
function in photomorphogenesis. To determine whether
ELF3 protein accumulation is regulated in a circadian man-
ner, we examined the level of ELF3 protein after a 48-hr pe-
riod before which plants were moved from 12/12 to either
constant light (LL) or constant dark (DD). After this 48-hr ac-
climation period and during the subsequent 48-hr period in
either LL or DD conditions, plants were sampled for levels
of ELF3 protein. The accumulation of ELF3 in nuclear ex-
tracts increased after shifting plants to LL (Figure 2B) and
has a circadian component, with the maximum occurring in
the subjective night of the subsequent LL condition (Figure
2C), as demonstrated for the ELF3 transcript (Hicks et al.,
2001; Covington et al.,, 2001). The absolute level of the
ELF3 protein decreases when the light condition shifts from
12/12 to DD (Figure 2D), making it difficult to determine if
the circadian regulation of ELF3 continues in the subse-
quent DD condition (data not shown). The rapid decrease in
the amount of ELF3 protein in DD may indicate that ELF3
has little, if any, role in regulating circadian clock function in
the dark. This hypothesis is consistent with the previous
observation that e/f3 null mutant seedlings displayed nearly
normal circadian clock output function when grown in DD
(Hicks et al., 1996).

ELF3 Interacts with PHYB in Vitro

To investigate possible mechanisms by which ELF3 functions
in photomorphogenesis, we conducted a yeast two-hybrid
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Figure 1. Sequence Comparison of ELF3 Homologs and Localization of the ELF3 Protein to the Nucleus.
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(A) Multiple sequence alignment shows four highly conserved regions within ELF3 and putative ELF3 homologs from Arabidopsis (AtEEC) and
other plant species (Cardamine oligosperma [cELF3], tomato [tELF3], rice [rELF3], and maize [mELF3]). Protein designations are given at left.
Amino acid residues are numbered at both left and right. Residues shaded in black indicate identity of at least three ELF3/ELF3-related se-
quences in the alignment; light-shaded residues indicate similarity to consensus. Nucleotide sequences from C. oligosperma were obtained by
sequencing polymerase chain reaction products using degenerate oligonucleotides to the Arabidopsis ELF3 gene and genomic DNA or cDNA
prepared from C. oligosperma seedlings. Sequences were aligned and analyzed using CLUSTAL W (Thompson et al., 1994) and PrettyBox (Ge-
netics Computer Group, Madison, WI). GenBank accession numbers for ELF3 and putative ELF3 homologs are as follows: AtELF3 (AC004747),
AtEEC (AB023045), tELF3 (AW093790, Al894513, Al488927, Al486934, and Al894398), rELF3 (AP000399), and mELF3 (Al637184).

(B) Total protein and protein from isolated nuclei were prepared from either wild-type (WT) or el/f3 mutant lines of Arabidopsis seedlings, electro-
phoresed, and transferred to a nitrocellulose membrane. Both total protein and nuclear protein immunoblots were probed with ELF3 polyclonal

antibody and B-ATPase antibody.
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Figure 2. Accumulation of the ELF3 Protein Is Regulated by Light
and the Circadian Clock.

Wild-type seedlings were germinated and grown for 14 days in a 12-
hr-light/12-hr-dark photoperiod (12/12). Tissue was then collected
every 4 hr (A). Seedlings were also transferred to LL or DD for 48 hr
for the collection of LL and DD tissues ([B] and [D], respectively).
ELF3 protein was detected with ELF3 antibody, and 0.5% Ponceau
S (Pon; Sigma) was used to stain the transferred membrane before
probing with ELF3 antibody.

(A) Accumulation of the ELF3 protein oscillates in 12/12.

(B) Accumulation of the ELF3 protein increases in LL and keeps os-
cillating in the nucleus.

(C) Repeat experiments of ELF3 protein accumulation in LL. Wild-
type seedlings were germinated and grown for 14 days in 12/12 and
transferred to LL for 48 hr before the collection of tissue every 4 hr
during the subsequent 48 hr. The level of ELF3 protein was deter-
mined by measuring anti-ELF3 signal relative to the Ponceau stain-
ing intensity of the transferred membrane before probing with ELF3
antibody. The results of two independent experiments are shown,
with ELF3 protein levels normalized to the highest level detected in
each experiment.

screen to identify proteins that interact with ELF3. Using
four independent ELF3 DNA fragments as bait clones,
shown in Figure 3A, we found that the screen identified sev-
eral novel proteins capable of interacting specifically with
ELF3 and two proteins known to function in light signal trans-
duction: ELF3 and PHYB. A clone encoding the C-terminal
domain of ELF3 was recovered and found to interact
strongly with the ELF3 bait protein, suggesting that ELF3
may form a dimer. Also, a clone encoding the C-terminal
domain of PHYB was isolated, and the interaction between
ELF3 and PHYB was further characterized. Yeast two-hybrid
experiments showed that ELF3 interacts only with the C-ter-
minal region of PHYB and that it is the N-terminal region of
ELF3 that facilitates this interaction (Figure 3B). Similar ex-
periments with cloned regions of the PHYA gene failed to
reveal any interaction between ELF3 and PHYA (data not
shown), suggesting that ELF3 interacts specifically with PHYB.
The interaction between ELF3 and PHYB was confirmed us-
ing full-length PHYB protein purified from yeast and in vitro
transcribed and translated ELF3. ELF3 binds both the red
and far-red light-absorbing forms of PHYB, even though the
two spectral forms have different protein conformations
(Figure 3C). Our observation that the ELF3 protein accumu-
lates in nuclei in the light (Figure 2C) along with the recently
reported light-dependent nuclear import of PHYB (Sakamoto
and Nagatani, 1996; Kircher et al., 1999) suggests that a
PHYB-ELF3 interaction in vivo could regulate aspects of
PHYB-mediated photomorphogenesis.

ELF3 Is Involved in PHYB-Mediated Red Light
Responses but Not in Flowering

To further analyze ELF3 function in phytochrome-mediated
early photomorphogenesis, we analyzed elf3-1 single mu-
tants and double mutants of elf3-1 with the phytochrome
mutations phyA-211 and phyB-9. As shown in Figure 4A,
consistent with previous reports (Neff and Chory, 1998;
Reed et al., 2000), the phyA-211 mutation confers an altered
far-red response, whereas the phyB-9 mutation renders
seedlings defective in red light response. The elf3-1 single
mutant seedlings displayed increased hypocotyl elongation
in red light but not in far-red light, similar to that observed in
phyB-9 mutants, supporting the hypothesis that ELF3 is in-
volved in at least one PHYB signal transduction pathway
regulating aspects of seedling development. The mean hy-
pocotyl length of elf3-1 phyB-9 double mutants in red light
was similar to that of elf3-7 single mutants and phyB-9 single
mutants, indicating that PHYB and ELF3 function in the same
pathway with regard to hypocotyl development. However,

(D) Accumulation of the ELF3 protein decreases rapidly when plants
are transferred to DD.
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Figure 3. ELF3 and PHYB Proteins Interact in the Yeast Two-Hybrid System and in Vitro.

(A) Diagram of the GAL4 DNA binding domain (GBD):ELF3, ELF3 N-terminal domain (N-ELF3), ELF3 intermediate domain (M-ELF3), and ELF3
C-terminal domain (C-ELF3) fusions used as bait to test for protein—protein interactions in the yeast two-hybrid system.

(B) Yeast two-hybrid results with various ELF3 bait constructs and the C-terminal PHYB (C-PHYB) prey plasmid isolated in the initial yeast two-
hybrid screen performed with ELF3. Different combinations of plasmids are represented by numbers 1 to 7. Yeast colony growth is shown under
different selection media, and the quantitation of ELF3-PHYB interactions is shown by the production of B-galactosidase. GAD, Gal 4 activation
domain; GBD, Gal 4 DNA binding domain. Error bars indicate *SE.

(C) In vitro interaction of ELF3 and full-length PHYB in the far-red light-absorbing form (PfrB) and in the red light-absorbing form (PrB). PHYB
was expressed as a glutathione S-transferase (GST) fusion protein (PHYB-GST). Autoradiography of the 35S-labeled ELF3 protein and Coo-
massie blue staining of total protein are shown on the same gel.
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Figure 4. Genetic Interaction of elf3-1 with phyB and phyA Mutations.

(A) Hypocotyl length of seedlings grown under dark, white light, red light, and far-red light conditions.

(B) Flowering time for wild-type (Columbia ecotype [Col]) and mutant plants grown under long-day (18-hr-light/6-hr-dark; 200 pmol m=2 sec™!
white fluorescent light) or short-day (9-hr-light/15-hr-dark; 150 pmol m=2 sec™" cool-white fluorescent light) growth conditions. Flowering time
was determined by the number of rosette leaves produced by a plant with a 1-cm inflorescence height.

Error bars indicate *SE.

the mean hypocotyl length of elf3-1 phyB-9 double mutants Under blue and green wavelengths of light, hypocotyl elon-
in white light was much longer than that of either the elf3-1 gation in elf3-1 mutant seedlings is less responsive than it is
or phyB-9 single mutants, suggesting that the elf3-1 muta- in wild-type seedlings (Zagotta et al., 1996), indicating that
tion renders seedlings less sensitive to other wavelengths of ELF3 is at least partially responsive to these wavelengths of

light, perhaps via the action of blue light photoreceptors. light.



In contrast to the elf3-1 phyB-9 double mutant, elf3-1
phyA-211 double mutant seedlings produced elongated hy-
pocotyls in both red and far-red light (Figure 4A). Thus, PHYA
and ELF3 appear to function in separate signal transduction
pathways to control aspects of seedling development.

When flowering time of the elf3-1, phyA-211, and phyB-9
single and double mutants was examined in long-day and
short-day photoperiods, a somewhat complicated picture
was revealed, and this discrepancy most likely is due to the
number of developmental pathways that impinge on the
vegetative-to-floral transition (Koornneef et al., 1995; Jackson
and Thomas 1997; Koornneef and Peeters, 1997; Levy and
Dean, 1998). Previous studies (Neff and Chory, 1998; Reed
et al., 2000) and our observations (Figure 4B) show that
phyB mutants flower slightly earlier than do the wild-type,
whereas phyA mutants flower slightly later than do the wild-
type, and that both types of mutants remain sensitive to
photoperiod. Two notable results in this analysis were the
partial suppression of the early flowering phenotype of elf3-1
by the phyA-211 mutation and the complete suppression of
the photoperiodic response of the phyB-9 mutant by the in-
troduction of the elf3-1 mutation (Figure 4B). The elf3-1
phyB-9 double mutants also flowered earlier than did elf3-1
in both long-day and short-day photoperiods, and this addi-
tive effect is consistent with the observation of Reed et al.
(2000), which suggests that ELF3 may function indepen-
dently of PHYB in the regulation of flowering. PHYA is con-
sidered to be an essential component of the photoperiodic
pathway in Arabidopsis and other long-day plants (Koornneef
et al., 1995; Jackson and Thomas, 1997; Koornneef and
Peeters, 1997; Levy and Dean, 1998). Interestingly, the elf3-1
phyA-211 double mutants retained sensitivity to photope-
riod and initiated flowering later than did elf3-71 single mu-
tants in short-day photoperiods, suggesting that PHYA also
controls flowering independently of ELF3.

To further assess ELF3 function in PHYB and phyto-
chrome signal transduction, we generated transgenic Arabi-
dopsis lines that constitutively overexpressed the ELF3
protein (ELF3-OX; Figure 5A) and evaluated these overex-
pression lines, phyB-9, phyB-9 ELF3-OX double mutants, a
phytochrome chromophore mutant (hy2-200; Parks and Quail,
1991; Zagotta et al., 1996), and hy2-200 ELF3-OX double
mutants for hypocotyl elongation and flowering time (Table
1). When grown in monochromatic red light, the ELF3-OX
seedlings displayed extremely short hypocotyls, which is in-
dicative of enhanced sensitivity to red light. The phyB-9
ELF3-OX seedlings showed reduced responsiveness to red
light compared with that of the ELF3-OX seedlings, and their
responsiveness was similar to that of the phyB-9 single mu-
tants for this phenotype. These findings support the hypoth-
esis that ELF3 regulates hypocotyl elongation in response to
red light mainly through the activity of PHYB (Figure 5B and
Table 1).

The ELF3-OX plants initiate flowering much later than do
the wild-type in long-day photoperiods and at the same time
as do the wild-type in short-day photoperiods (Table 1). The
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Figure 5. Genetic Interactions of the ELF3 Overexpression (ELF3-
OX) Line with the phyB Mutation.

(A) Protein gel blot of the total protein of young seedlings with ELF3
antibody, showing that both ELF3-OX and phyB ELF3-OX plants
overexpress the ELF3 protein. Pon, Ponceau S; WT, wild type.

(B) Hypocotyl length of wild-type, ELF3-OX, elf3-1 mutant, phyB
mutant, and phyB ELF3-OX double mutant seedlings (shown left to
right) grown under constant red light. Bar = 1 cm.

(C) Flowering time for wild-type, ELF3-OX, elf3-1 mutant, phyB mu-
tant, and phyB ELF3-OX double mutant plants (shown left to right)
grown in long-day conditions. Bar = 1 cm.

late flowering phenotype in long-day photoperiods, caused
by the overexpression of ELF3, suppresses the early flower-
ing phenotype of the phyB-9 mutation. In fact, ELF3-OX is
epistatic to the phyB-9 mutation with regard to flowering
time in long-day photoperiods (Figure 5C). On the basis of
these findings and the results of the elf3-1 phyB-9 double
mutant (Figure 4B), it appears that ELF3 can influence the
timing of the floral transition independently of PHYB function.

The hy2-200 ELF3-OX plants showed a phenotype similar
to that of phyB-9 ELF3-OX in flowering time and red light re-
sponses, indicating that ELF3 regulates the timing of floral
transition independently of phytochrome function. This hy-
pothesis is consistent with previous observations regarding
the flowering time of elf3-1 hy2-200 double mutants (Zagotta
et al., 1996).
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Table 1. Hypocotyl and Flowering Characteristics of Wild-Type, Mutant, and ELF3-OX Plants?

Flowering Time*

Flowering Timed

Genotype Hypocotyl Lengtht LD SD LD SD
Col-0 5.6 + 0.55 (21) 10.8 = 1.36 (20) 64.6 = 5.10 (10) 29.0 + 2.02 (20) 102.4 + 6.41 (10)
ELF3-OX 2.9 + 0.52 (27) 42.5 = 4.42 (16) 57.0 =1.37 (47) 60.6 = 7.53 (16) 96.9 = 0.92 (47)
elf3-1 12.4 = 0.94 (27) 5.15 = 0.73 (20) 6.6 = 2.95 (17) 20.8 + 1.26 (20) 471 £6.59 (17)
phyB-9 14.6 = 0.86 (20) 717 =1.34 (18) NA 25.8 = 1.98 (18) NA
phyB-9 ELF3-OX 10.0 = 0.70 (19) 441 £5.21(27) NA 64.4 + 9.58 (27) NA
hy2-200 14.24 + 0.85 (15) 2.77 £ 0.80 (13) NA 20.00 = 4.19 (13) NA
hy2-200 ELF3-OX 10.08 = 0.65 (16) 35.39 = 11.38 (18) NA 61.17 = 5.35(18) NA

a Arabidopsis seedlings overexpressing ELF3 have a reduced sensitivity to red light in hypocotyl elongation, and they flower late in cool-white
light long-day conditions. Mean hypocotyl length (in millimeters) and flowering time *=SE are indicated. The number of plants measured for each

character and genotype is indicated in parentheses.

®In red light.

¢Number of rosette leaves on plants with a 1-cm inflorescence.
dDays from sowing to 1-cm inflorescence.

DISCUSSION

ELF3 Encodes a New Clock-Associated Protein

A number of photoreceptors, DNA binding proteins, and
proteins possessing PER-ARNT-SIM (PAS)-related domains
have been identified as being involved in circadian clock
function and regulation in eukaryotes (Dunlap, 1999; Somers
et al., 2000). Previously, it was shown that the ELF3 gene
product likely functions in a light-input pathway to the circa-
dian oscillator (Hicks et al., 1996). Our results on ELF3 pro-
tein oscillation in various photoperiodic conditions further
demonstrate that ELF3 is closely associated with circadian
clock function. However, sequence analysis of the ELF3
protein reveals no significant homology with proteins of
known function. ELF3 has one Arabidopsis homolog (EEC),
and the sequence alignment of ELF3 with EEC and with ho-
mologs in other plant species demonstrates that ELF3 has
four highly conserved domains (Figure 1A), indicating that
ELF3 encodes the first member of a newly defined gene
family. Protein blot analysis showed that the ELF3 protein
localized to nuclei, which suggests that ELF3 may function
directly to regulate gene expression.

ELF3 Has a Functional Role in PHYB Signaling in
Early Morphogenesis

The defect in red light-dependent inhibition of hypocotyl
elongation in elf3 mutant plants and the hypersensitivity of
red light-dependent inhibition of hypocotyl elongation in
ELF3-overexpressing plants establish that ELF3 functions in
PHYB signaling in early morphogenesis. The suppression of
the hypersensitive red light-dependent inhibition of hypo-
cotyl elongation of ELF3 overexpression by a phyB mutation

further suggests that there is a functional interaction be-
tween ELF3 and PHYB signaling.

Zagotta et al. (1996) found that elf3 mutant seedlings
were less responsive to all wavelengths of light than were
wild-type seedlings in light-mediated inhibition of hypocotyl
elongation. We found that elf3 has little effect on far-red
light responses, indicating that ELF3 may not be involved in
PHYA signaling. Dowson-Day and Millar (1999) also sug-
gested that circadian dysfunction may cause aberrant hypo-
cotyl elongation patterns in elf3 mutants. Our genetic data
demonstrate that there are additive effects on hypocotyl
elongation in both elf3-1 phyB-9 double mutants and phyB-9
ELF-OX double mutants under different light conditions.
Similar additive effects on hypocotyl elongation were ob-
served in elf3-1 35S::PHYB double mutants (Reed et al.,
2000), suggesting that both ELF3 and PHYB act redundantly
with other proteins or photoreceptors to control hypocotyl
elongation.

ELF3 Interacts Directly with PHYB

The in vitro binding of ELF3 to PHYB indicates that the inter-
action exhibits a significant degree of molecular specificity.
Observations using the yeast two-hybrid system demon-
strate that ELF3 interacts with itself in the C-terminal region
of the protein. Thus, ELF3 may form a homodimer to regu-
late its own function. The PHYB C-terminal domain, which
we initially isolated from the screen of a two-hybrid library
by using ELF3 as the bait, interacts specifically with the
ELF3 N-terminal region. We did not attempt to use the yeast
two-hybrid system to monitor ELF3 interaction with the full-
length PHYB because the GAL:full-length phytochrome fu-
sion product was unable to enter the yeast nucleus (Ni et al.,
1998). However, given that the C-terminal domain of phyto-
chrome was reported to play a critical role in signal transfer



to downstream components (Quail et al., 1995; Wagner et
al.,, 1996), ELF3 binding to the PHYB C-terminal domain
may be involved in signaling in vivo.

In the yeast two-hybrid system, ELF3 interacts specifically
with PHYB but not with the same C-terminal region of PHYA
(data not shown). This result is consistent with the genetic
data showing that ELF3 has no functional role in far-red light
responses. Together with the genetic evidence for ELF3 in-
volvement with PHYB signaling, this finding supports the
conclusion that ELF3 is likely to be a direct modulator of sig-
nal information from PHYB through a physical interaction
with PHYB.

Functions of ELF3 in the Intracellular Path of
PHYB Signaling

Two other proteins, PIF3 and PKS1, were recently reported as
interacting with PHYB and regulating PHYB signal transduc-
tion through one of several steps: translocation of PfrPHYB
to the nucleus; binding of PfrPHYB to the constitutively nu-
clear protein PIF3; and interaction of the PfrPHYB-PIF3
complex directly or indirectly with target genes (Ni et al.,
1998, 1999; Fankhauser et al., 1999; Smith, 1999; Martinez-
Garcia, et al., 2000). PKS1 negatively regulates phytochrome
signaling and was suggested to be important for retaining
phytochrome in the cytoplasm (Fankhauser et al., 1999). Our
data indicate that ELF3 is another nuclear factor required for
PHYB function. Given the evidence showing the genetic re-
dundancy of PHYB and ELF3 functions in early morphogene-
sis discussed above, it is possible that ELF3 and PIF3 act
redundantly in regulating PHYB downstream signaling.

ELF3 may function in PHYB signaling by interacting di-
rectly with DNA regulatory sequences, although there is not
an obvious DNA binding domain in the ELF3 protein. Alter-
nately, the PHYB-ELF3 complex may regulate gene expres-
sion by a PHYB-mediated modification of the ELF3 protein,
such as phosphorylation, that allows ELF3 to interact with
other proteins to control gene transcription. In fact, several
putative Arabidopsis transcription factors believed to inter-
act with ELF3 were isolated in the yeast two-hybrid assay
(X.L. Liu and D.R. Wagner, unpublished data), and these are
candidates for additional factors in a PHYB-ELF3 signal
transduction pathway.

The PHYB-ELF3 Complex May Modulate Circadian
Light Responses

The PHYB-ELF3 interaction appears to control red light in-
hibition of hypocotyl elongation in Arabidopsis. Previously,
elf3 mutants were shown to be defective in circadian rhythm
responses under LL, and the ELF3 gene product likely func-
tions in a light-input pathway to the circadian oscillator
(Hicks et al., 1996). PHYB has been reported to affect the in-
put of signals to the circadian clock (Millar et al., 1995; Somers
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et al., 1998), suggesting that the PHYB-ELF3 complex may
modulate circadian light responses. Strong support for the
functional importance of ELF3 and PHYB interaction gating
light response to the circadian clock was provided by stud-
ies showing that both loss-of-function mutations and gain-
of-function overexpression of ELF3 have strong effects on red
light, causing arrythmicity of cab2-luc transcription (Hicks et
al., 1996; Covington et al., 2001).

ELF3 Controls Flowering Independently of Phytochrome

Photoreceptors play a critical role in the photoperiodic in-
duction of flowering (Jackson and Thomas, 1997). Interest-
ingly, our genetic analysis showed that PHYB function is not
required for the delayed flowering phenotype of ELF3-OX
plants in long-day conditions, suggesting that ELF3 can reg-
ulate the initiation of flowering independently of PHYB pho-
toreceptor function. This raises the question of whether
other photoreceptors are able to regulate flowering via an
interaction with ELF3. Results presented here indicate that
PHYA is not a likely candidate for such a photoreceptor. The
suppression of the hy2 flowering-time phenotype by ELF3
overexpression suggests that other phytochromes are also
not likely candidates for such photoreceptors. However,
given the conservation of PHYB, PHYC, PHYD, and PHYE
sequences, and the fact that mutations in either PHYD or
PHYE alter flowering time (Devlin et al., 1998, 1999), these
two phytochromes appear to be the most obvious candi-
dates for testing this hypothesis. In addition, e/f3 mutations
are epistatic to cry7 and cry2 mutations with respect to floral
initiation (Zagotta et al., 1996; Mockler et al., 1999), and it is
possible that ELF3 controls the photoperiodic induction of
flowering directly via a cryptochrome-mediated pathway. Fi-
nally, the circadian clock has been implicated in the regula-
tion of the photoperiodic induction of flowering (Kreps and
Kay, 1997). Several circadian clock-associated Arabidopsis
genes (e.g., CCAT, LHY, FKF1, and ZTL) have been shown
to control flowering time (Schaffer et al., 1998; Wang and
Tobin, 1998; Nelson et al., 2000; Somers et al., 2000). Thus,
further analysis of additional photomorphogenic and circa-
dian clock pathways is necessary to determine whether
ELF3 regulates the induction of flowering via interactions
with any of these photoreceptors and/or via regulation of the
circadian clock.

METHODS

Plant Materials and Growth Conditions

All mutations used in this study were in the Columbia ecotype (Col-0)
background of Arabidopsis thaliana. The genotypes of the various
mutant combinations were confirmed by the following polymerase
chain reactions. The elf3-1 mutation was identified using the primers
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5'-TGTTGGTCAGTCTTCTCCGA-3' and 5'-TCCCTACTGTCATTC-
AAGGG-3', followed by digestion with Hincll. The phyA211 mutation
was identified by amplifying genomic DNA with primers 5'-GTC-
ACAAGATCTGATCATGGC-3', 5'-AACAACCGAAGGGCTGAATC-3',
5'-TTATCCACAGGGTTACAGGG-3', and 5'-GCATTCTCCTTGCAT-
CATCC-3', followed by resolution of 1243- and 1136-bp fragments for
the wild type and a 1243-bp fragment for the phyA211 mutant. The
dCAPS marker used to identify the phyB-9 mutant and seedling growth
and light conditions were as described by Neff and Chory (1998).
Plants overexpressing ELF3 were obtained by in planta transfor-
mation of wild-type Col-0 with a pBI121 vector (Clontech, Palo Alto,
CA) containing the 35S promoter and ELF3 cDNA and genomic
clone. ELF3 cDNA was amplified with primers 5'-CCGGATCCA-
TGAAGAGAGGGAAAGATGAGGA-3' (A1) and 5'-CCCGGGTCGACA-
GGCTTAGAGGAGTCATAGCGTT-3' (A6) and cloned into BamHI and
Smal sites of pBl121, and the ELF3 cDNA in pBI121 was then re-
placed by a 4.0-kb Sacl fragment of ELF3 genomic clone. Homozy-
gous lines with a single T-DNA insertion of the ELF3 genomic clone
were selected for analysis and crosses. ELF3 overexpression was
confirmed by immunoblots of total protein with ELF3 antibody.

Generation of ELF3 Antibodies

An internal fragment of the ELF3 cDNA encoding 180 amino acids of
the ELF3 protein was amplified with primers 5'-GGATCCATGGCA-
ACGGAAAATCATTCACAA-3' and 5'-GTCGACTTAGTAGTTGGATTG-
TTGATGATGACCT-3' and cloned in BamHI and Sall sites of the
pET-30a(+) vector (Novagen, Madison, WI). The His-ELF3M180 fu-
sion protein was overexpressed in Escherichia coli and affinity puri-
fied using nickel-nitrilotriacetic acid agarose (Qiagen, Valencia, CA).
The purified His-ELF3M180 protein was used to immunize rabbits in
which to raise polyclonal antibodies. An His-ELF3M180 protein affin-
ity column was used to purify the ELF3 antibodies.

Isolation of Nuclei and Nuclear Proteins

The method of nuclei isolation was as follows: 5 to 10 g of 2-week-
old seedlings was homogenized in 30 mL of extraction buffer (50 mM
Mes, pH 8.5, 25 mM NaCl, 5 mM MgCl,, 30% glycerol, 5% sucrose,
10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 5 mg/mL chymostatin [Sigma], 5 mg/mL leupeptin [Sigma], 5
mg/mL antipain [Sigma], 0.5% Triton X-100, 15 mM spermine, and
0.5 mM spermidine) with a Polytron PT 2100 (Brinkmann, Westbury,
NY). The crude homogenate was filtered through eight layers of Mir-
acloth, and the nuclei were pelleted by centrifugation at 4°C and
34009 for 20 min. The nuclei pellet was then washed four times with
5 mL of extraction buffer (without Triton X-100) at 4°C and pelleted at
2200g for 10 min, 1700g for 10 min, 1700g for 8 min, and 1700g for
6 min, respectively. The isolated nuclei were resuspended in 500 pL
of homogenization buffer (40 mM 2-mercaptoethanol, 10% sucrose,
100 mM Tris HCI, pH 7.2, 5 mM EDTA, 2 mM PMSF, 5 mg/mL chy-
mostatin, 5 mg/mL leupeptin, and 5 mg/mL antipain) for determina-
tion of protein concentration.

Immunodetection of ELF3
Total protein was extracted from young rosette leaves of 20-day-old

seedlings grown in long-day conditions. One hundred milligrams of
tissue was ground with 500 p.L of homogenization buffer.

SDS sample buffer (5X) was added in the nuclear or total protein
extract, boiled for 3 min, and fractionated by 10% (w/v) SDS-PAGE.
Proteins were transferred to a nitrocellulose membrane and detected
with ELF3 antibody according to protocols described by Ausubel et
al. (1988).

Yeast Two-Hybrid System

A bait coding for the full-length ELF3 was constructed by cloning
ELF3 cDNA amplified by primers A1 and A6 into BamHI and Sall sites
of pGBDU-C1 (James et al., 1996). The bait was used to screen an
Arabidopsis AACT cDNA expression library for the yeast two-hybrid
system (Kim et al., 1997). Positive clones were tested by means of
bait plasmid loss for specificity.

Protein in Vitro Binding Analysis

In vitro transcription/translation of ELF3 was performed using the
TNT Coupled Wheat Germ Extract system (Promega, Madison, WI),
and in vitro binding of ELF3 to PHYB-glutathione S-transferase was
as described by Fankhauser et al. (1999).
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