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Many plants monitor day-length changes throughout the year and
use the information to precisely regulate the timing of seasonal
flowering for maximum reproductive success. In Arabidopsis thali-
ana, transcriptional regulation of the CONSTANS (CO) gene and post-
translational regulation of CO protein are crucial mechanisms for
proper day-length measurement in photoperiodic flowering. Cur-
rently, the CYCLING DOF FACTOR proteins are the only transcription
factors known to directly regulate CO gene expression, and the mech-
anisms that directly activate CO transcription have remained un-
known. Here we report the identification of four CO transcriptional
activators, named FLOWERING BHLH 1 (FBH1), FBH2, FBH3, and FBH4.
All FBH proteins are related basic helix-loop-helix-type transcription
factors that preferentially bind to the E-box cis-elements in the CO
promoter. Overexpression of all FBH genes drastically elevated CO
levels and caused early flowering regardless of photoperiod,
whereas CO levels were reduced in the fbh quadruple mutants. In
addition, FBH1 is expressed in the vascular tissue and bound near the
transcription start site of the CO promoter in vivo. Furthermore, FBH
homologs in poplar and rice induced CO expression in Arabidopsis.
These results indicate that FBH proteins positively regulate CO tran-
scription for photoperiodic flowering and that this mechanism may
be conserved in diverse plant species. Our results suggest that the
diurnal CO expression pattern is generated by a concert of redundant
functions of positive and negative transcriptional regulators.

photoperiodism | developmental transition | circadian clock

he precise alignment of flowering timing with season is crucial

for successful reproduction. Various plants monitor photo-
period (day-length) changes throughout the year and use the in-
formation to regulate the timing of flowering (1). Photoperiodic
flowering regulation is mediated by complex interactions between
internal timekeeping mechanisms termed “circadian clocks” and
“external environmental stimuli,” such as light and temperature
(2). In Arabidopsis thaliana, the circadian-clock-regulated tran-
scriptional regulation of the CONSTANS (CO) gene and the light-
dependent posttranslational regulation of CO protein are the
most crucial mechanisms for day-length measurement in photo-
periodic flowering (3-6). In this mechanism, expression of the
floral integrator gene FLOWERING LOCUS T (FT) is induced
only when the CO protein expression coincides with the presence
of light. FT protein synthesized in the leaf vasculature that moves
to the shoot apical meristem (SAM) is thought to be the long-
sought mobile floral induction signal “florigen” (7). At the SAM,
FT binds to the bZIP transcription factor FD to initiate the ex-
pression of the floral meristem identity genes (8, 9). In addition,
the CO/FT functional modules, as well as the daily expression
patterns of CO homologs in flowering regulation, are widely
conserved in many plant species (10, 11). Thus, to understand
general seasonal flowering mechanisms, it is important to un-
derstand the regulatory mechanisms of the CO/FT module.

To induce FT under specific day-length conditions, the timing of
daily CO transcription needs to be precisely regulated. Arabidopsis
possesses a number of factors that regulate CO transcription, such
as GIGANTEA (GI), FLAVIN-BINDING, KELCH REPEAT,

3582-3587 | PNAS | February 28,2012 | vol. 109 | no.9

F-BOX 1 (FKF1), RED AND FAR-RED INSENSITIVE 2
(RFI2), LONG VEGETATIVE PHASE 1 (LOV1), FIONA1
(FIO1), LIGHT-REGULATED WD1 (LWD1)/2, and CYCLING
DOF FACTOR (CDF) proteins (12-21). The timing of the ex-
pression of all these genes is precisely regulated throughout the day
by the circadian clock. Except for GI and FKF1, all of them are
negative regulators of CO, and the mechanisms by which these
proteins regulate CO transcription are largely unknown (12-21).
Among these transcriptional regulators of CO, CDF1 is the only
transcription factor known to directly bind to the CO promoter (15,
22), although LOV1 and FIO1 also contain DNA-binding motifs (18,
19). Overexpression of all CDF genes led to a decrease of CO
transcripts and delayed flowering in long days (15, 21, 22). CDF1 was
originally identified as an interacting protein of the FKF1 Kelch-
repeat domain where a potential substrate for protein degradation
binds (15). FKF1 absorbs blue light through its Light, Oxygen, or
Voltage (LOV) domain (14, 22), and after light absorption, FKF1
binds to GI and functions as an SCF E3 ubiquitin ligase complex to
target CDF proteins for degradation on the CO promoter (15, 21,
22). This mechanism enables plants to induce CO during late after-
noon under long-day (LD) conditions. All CDF proteins are CO
transcriptional repressors, and no transcriptional activators have
been yet identified. To elucidate the mechanisms by which daily CO
expression is controlled in combination with the CDF repressors, we
attempted to identify additional CO regulators. Here we report a set
of transcriptional activators of CO.

Results

FBH1 and FBH2 Bind to the CO Promoter. Because the expression of all
known CO regulators is controlled by the circadian clock (6), we
screened the clock-regulated transcription factor library using a yeast
one-hybrid assay (23). Using a CO promoter fragment (500 bp), we
found one transcription factor that strongly increased LacZ reporter
activity (Fig. 14). The transcription factor (At1g35460) belongs to
the basic helix-loop-helix (PHLH) transcription factor family and
has not been previously characterized. There is a close homolog
(At4g09180) to the bHLH (74.4% identity over the entire amino acid
sequences) in the Arabidopsis genome; therefore, we included the
homolog in our assay. As these two genes encode bHLH proteins
that affect flowering time (as shown later), we named them
FLOWERING BHLH 1 (FBHI) and FBH2. Like FBH1, FBH2
increased LacZ activity, indicating that both proteins bind to the
CO promoter in yeast (Fig. 14). On the basis of the amino acid
sequences of their bHLH domains, both proteins were predicted to
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Fig. 1. FBH1 and FBH2 bind to the CO promoter. (A) Interaction of FBH1 and
FBH2 with CO promoter in yeast. Bars represent -galactosidase enzyme activ-
ities (Miller units) controlled by CO promoter fragments. The numbers on the
left denote the region of the promoter included in each reporter construct (the
CO transcription start site, +1). The number of E-box and G-box elementsin each
fragment is indicated. CDF1 binds to the Dof-binding site (—173 to —135) on the
CO promoter (15). (B) Interaction of FBH1 and FBH2 with E-box. The 20 bp of the
CO promoter fragment (=239 to —219) encompassing the E-box element (with
or without a mutation) was repeated four times and then fused to the minimum
promoter to drive LacZ expression. All data in A and B represent means + SEM
(n = 15). (C) EMSA of FBH1 and FBH2 proteins. The four E-box-repeat fragment
used in B was radioactively labeled. The same fragment and the mutated E-box-
repeat fragment were used as nonlabeled competitors in 1:20 and 1:100 ratios
(labeled vs. nonlabeled DNA).

preferentially bind to an E-box cis-element rather than a G-box (24).
The CO promoter fragment that we used contains three E-box
elements and one G-box element. Analysis of truncated CO pro-
moter fragments revealed that the shorter promoter fragment
(—288 to —1), which contains one E-box and one G-box element,
was sufficient for the FBH-dependent induction of the LacZ re-
porter (Fig. 14). However, both FBH proteins failed to induce
LacZ expression when the shortest CO promoter fragment (—196 to
—1) containing one G-box element and Dof-binding sites was used
(Fig. 14) (15). CDF1 could induce LacZ expression in the same
yeast strain (Fig. 14), indicating that the shortest CO promoter
fragment is functional. These results suggest that FBH1 and FBH2
bind to the region that contains E-box elements. To verify that the
E-box is an FBH binding site, we used a synthetic promoter that
possesses four repeats of the E-box elements derived from the CO
promoter (named as “4x E-box”) to control LacZ expression. Both
FBHI1 and FBH2 increased reporter activity (Fig. 1B). However,
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when the E-box elements were mutated (“4x Mut. E-box”) (24), the
FBHs no longer induced reporter expression. In addition, we fur-
ther confirmed the direct binding of both FBH proteins to the same
E-box elements by electrophoretic mobility shift assay (EMSA)
(Fig. 1C). These results suggest that FBH1 and FBH2 bind to the E-
box elements in the CO promoter in vivo.

FBH1 and FBH2 Are Activators in the CO/FT Photoperiodic Flowering
Pathway. We postulated that if FBH1 and FBH2 are involved in CO
transcriptional regulation in vivo, overexpression of FBHs could
change CO expression levels, which consequently would alter
flowering time. Therefore, we analyzed the flowering phenotype of
FBH]I and FBH? overexpressors (35S:FBHI and 35S:FBH2, Fig. S1
A-D) under LD and short-day (SD) conditions. FBHI and FBH2
overexpressors showed a distinct early flowering phenotype re-
gardless of photoperiod (Fig. 2 A-C), which resembles that of the
CO overexpressors (25). This result suggests that the FBH over-
expressors may have increased levels of CO. As predicted, the CO
expression levels were elevated in the 35S:FBH lines in LD and SD
(Fig. 2 D and E and Fig. S1 O-Q), indicating that both FBH1 and
FBH2 induce CO transcription. Interestingly, even though the peak
CO levels in the 35S:FBH lines were almost 20 times higher than
those in wild-type plants, the daily CO expression patterns in 35S:
FBHs were very similar to the wild-type CO patterns in LD and SD
(compare the CO patterns in Fig. 2 D and E with those in Fig. S1 E
and F). Because the FBH transcripts are constitutively expressed at
high levels throughout the day in 35S:FBHs, this result suggests that
the transcriptional activity of FBHs may change throughout the day.

To determine the potential contribution of other CO regulators
to CO expression in the FBH overexpressors, we surveyed the daily
expression patterns of known CO regulator genes, such as GI,
FKF1, CDF1, and CDF2 (13, 15, 21, 22). Except for a slight re-
duction in the peak expression of GI, FKF1, CDFI, and CDF2 in
the 35S:FBH lines, the expression patterns of these genes re-
sembled the 355:FBHs and wild-type plants in LD and SD (Fig. S1
G-N). Our results indicated that elevated levels of FBHs directly
and specifically increased the amount of CO transcripts.

To elucidate potential causes of the early flowering phenotype of
the FBH overexpressors, we investigated expression levels of the
major flowering-time regulators, which function downstream of
CO. The abundance of FT mRNA was also highly increased in the
FBH overexpressors in LD and SD (Fig. 2 F and G and Fig. S1R).
FLOWERING LOCUS C (FLC) expression was slightly reduced,
and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
(SOC1) expression was not altered in the 35S:FBH lines (Fig. S1 S
and T) (25, 26). These results suggest that elevated FT levels may
induce early flowering in the 35S:FBH lines. To genetically evaluate
this possibility, we introduced the ft mutation into the 35S:FBH1
line. The 35S:FBH1 ft line showed an obvious late-flowering phe-
notype, which is similar to that of ¢, in LD and SD (Fig. S2 A-C).
This result supports the notion that the early flowering phenotype
of 358:FBH] is mainly due to the increase in FT levels, which is
likely caused by the elevated levels of CO.

We demonstrated that the elevated levels of FBHI and FBH2
are directly associated with increased CO expression. To further
analyze the FBH-dosage—dependent induction of CO, we used the
estradiol-mediated FBH inducible system (pERS-FBHI and
PERS-FBH?2) (27). p-Estradiol was applied to 10-d-old transgenic
and wild-type seedlings, and FBH1, FBH2, and CO gene expres-
sion was analyzed for 2 d (Fig. 2H). CO expression increased only
in plants in which FBHI or FBH2 expression was induced (Fig. 2
I-L). This result further indicates that the amounts of FBHI and
FBH? control the amplitude of daily CO oscillation.

Because CO is expressed mainly in vascular tissues (Fig. 2M) (28,
29), we analyzed whether the FBH overexpression affects the CO
spatial expression pattern using the CO promoter-fused p-glucu-
ronidase (CO:GUS) reporter (28). CO:GUS activity in the 35S:
FBH seedlings was higher than that in the wild-type CO:GUS plants
but was still restricted mainly to the vascular tissues (Fig. 2 M-O),
even though both FBH1 and FBH?2 are ubiquitously expressed (Fig.
S1.A-D). In addition, ectopic GUS activity was observed in stomata
in leaves and root tips (Fig. 2 M-O and Fig. S2 D and E). These
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Fig. 2. FBH1 and FBH2 control CO expression levels. (A) Flowering phenotypes of plants overexpressing FBHT (355:FBHT) and FBH2 (355:FBH2) under different
photoperiods. Error bars depict SEM (n = 6). Asterisks (*) denote significant difference (P < 0.001) between each overexpressor and wild-type plants. The experiment
was repeated at least twice, and similar results were obtained. (B and C) Representative pictures of 355:FBH plants in LD (B) and SD (C). The pictures were taken just
after the plants bolted. (B) Wild type, 27 d old; 355:FBH1, 18 d old; and 355:FBH2, 18 d old in LD. (C) Wild type, 70 d old; 355:FBH1, 28 d old; and 355:FBH2, 28 d old in
SD. (Scale bars,10 mm.) (D-G) Daily expression patterns of CO (D and E) and FT (F and G) in 355:FBH1, 355:FBH2, and wild-type plants in LD and SD. The FT expression
pattern of wild type in LD (blue dashed line) was superimposed on SD data (G). All of the results (D-F), except G, were normalized to the highest values in the wild-
type sample (the maximum value of wild type was set to 1). FT levels in SD (G) were normalized to the peak FT expression value in the wild type in LD. (H) Seedlings
that possess pER8-FBH1 or pER8-FBH2 constructs were treated with p-estradiol at day 10 at the onset of light (ZT 0). The arrowhead indicates the start time point of
p-estradiol application. Seedlings were harvested starting at 1 h after the onset of light (ZT 1) and then at 3-h intervals for 2 d. (I-L) FBH1, FBH2, and CO mRNA
expression in wild-type plants and pER8-FBH1 and pER8-FBH2 transgenic plants after p-estradiol application. The samples treated with and without p-estradiol are
indicated by (+) and () symbols, respectively. FBH1 and FBH2 levels were normalized to the average value in the wild-type () sample [the average value from all of
the wild-type (-) time points was set to 1]. The CO level was normalized to the maximum value of the wild-type (=) sample [the maximum value of wild type (-) was
set to 1]. Values represent means + SEM from three biological replicates in D-G and in /-L. The bars above the graphs represent light conditions: white bars, light
periods; black bars, dark periods. (M-R) Spatial expression patterns of CO and FT gene in 355:FBH plants. Twelve-day-old wild-type (M), 355:FBH1 (N), and 355:FBH2
(O) plants carrying the CO:GUS reporter gene and wild-type (P), 355:FBH1 (Q), and 35S5:FBH2 (R) plants carrying the FT:GUS reporter gene were analyzed. Whole-
mount staining of seedlings, cotyledons, and the first set of leaves are shown with scale bars (0.5 mm). Staining of root tips is shown with scale bars (0.1 mm).

results indicate that FBH1 and FBH2 activity is somehow restricted
to the vascular tissue. We also analyzed the effects of FBH over-
expression on the spatial pattern of F7T (Fig. S2 F and G) and found
that GUS activity was strongly enhanced in the 35S:FBH lines, but
the tissue-specific expression pattern of FT was not altered (Fig. 2 P-
R). This could be due to the increased levels of CO without a large
alteration of its spatiotemporal expression pattern in these lines.

FBH1 Binds Near the Transcription Start Site of the CO Promoter in
Vivo. To understand the mechanism of FBH-dependent CO
regulation, we examined the spatial expression pattern of FBHI
by analyzing the FBHI-promoter—controlled GUS expression
pattern (FBHI:GUS). We presumed that if FBH1 is a CO
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regulator, its spatial expression pattern should overlap with the
CO pattern. FBH1:GUS activity was predominantly detected in
the vascular tissues (Fig. 3 A-C), validating our prediction.
Next, we investigated whether FBH1 directly associates with the
CO promoter in vivo using a chromatin immunoprecipitation (ChIP)
assay. For the ChIP assay, we used transgenic plants expressing a
FLAG-tagged FBH1 regulated by the FBHI promoter (FBHI:
FLAG-FBHI) and 355:FLAG-FBH1 plants. First, we confirmed that
CO levels were elevated in the FBHI:FLAG-FBHI and 355:FLAG-
FBHI lines in a dosage-dependent manner, indicating that the
FLAG-FBH1 protein is functional (Fig. S3 A-F). To investigate
FBH1 binding to the CO promoter, we harvested LD-grown plants
at Zeitgeber time 4 (ZT4) when CO expression is at the trough level
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Fig.3. FBH1 associates with the CO promoter. The spatial expression pattern of
FBH1 was determined by histochemical staining of GUS activity in FBH1:GUS
plants. Whole-mount staining of a seedling (A), a cotyledon (B), and a first leaf
(C) are shown. (Scale bars, 0.5 mm.) (D) Schematic representation of the CO locus
and the locations of nine amplicons for ChIP analysis. White and gray boxes
represent exons and either 5'- or 3’-UTR. The At5g15833 gene encodes micro-
RNA. (E-H) Binding of FLAG-FBH1 to the CO promoter in vivo. Two-week-old LD-
grown seedlings, which possess either FBH1:FLAG-FBH1 (E and F) or 355:FLAG-
FBH1 constructs (G and H) and the wild-type plants were harvested at 4 and 13 h
after the onset of light (ZT 4 and ZT 13). ChIP assays were performed using FLAG-
FBH1 plants with the anti-FLAG antibody, FLAG-FBH1 plants without the anti-
body, and wild-type plants with the anti-FLAG antibody. The amount of
immunoprecipitated DNA was quantified by gPCR using primers specific to each
amplicon. Values represent the average immunoprecipitation efficiencies (%)
against the total input DNA + SEM of at least three biological replicates.

and at ZT 13 when daytime CO expression is at its peak. We ana-
lyzed the FLAG-FBH1-specific enrichment of DNA fragments on
different CO locations (amplicons 1-9; see Table S3 for detailed
information) using quantitative PCR (qPCR) (Fig. 3D). In the
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FBHI:FLAG-FBHI plants, FLAG-FBH1-specific enrichment was
detected from all chromatin samples harvested at ZT 4 and ZT 13
(Fig. 3 E and F) with the highest level in amplicons 5, 6, and 7, which
are adjacent to the CO transcriptional start site. Amplicon 5 (posi-
tion: —430 to —273) and amplicon 6 (position: —301 to —89), both of
which contain one E-box, largely overlap with the region important
for the FBH-dependent transcription in yeast (Fig. 1). Amplicon 7
(-89 to +66) also contains one E-box in the 5'-UTR of CO. Com-
parison of the results derived from both time points revealed
a higher enrichment in the sample harvested at ZT 13 (Fig. 3 E and
F), which coincides with up-regulation of the CO transcript (Fig.
S1E). Similar trends were observed when we used the 355:FLAG-
FBH] plants (Fig. 3 G and H). Together with our yeast one-hybrid
and EMSA results, we propose that FBH1 binds to the CO chro-
matin to regulate CO transcription in vivo. Because FBH1 protein
similarly accumulated throughout the day in LD and SD (Fig. S3 G-
I), FBH1 may require some posttranslational modification or some
other unknown proteins to induce CO expression.

FBH1 Homologs Have an Overlapping Function as CO Activators. To
complement our overexpression analysis, we analyzed the mutant
phenotype. Because FBH1 and FBH2 have 74% amino-acid-
sequence identity and the overexpressors have similar phenotypes,
we aimed to obtain an fbhl fbh2 double mutant to analyze the loss-
of-function phenotype. As only the FBH2 T-DNA insertion mutant
(fbh2-1) was available in public collections (Fig. S3/), we generated
independent fbhl fbh2 double-mutant lines in which FBHI mRNA
was down-regulated by two different artificial microRNA (amiRNA)
constructs (amiRFBH1-1 fbh2-1 and amiRFBHI-2 fbh2-1). When we
analyzed CO and FT expression in the amiRFBH1 fbh2 lines, we did
not detect any differences compared with wild-type plants (Fig. S3
K-R). This result may indicate either that the 10-30% of remaining
FBHI mRNA is enough to maintain the normal mechanisms of CO
regulation or that there are yet other proteins (i.e., other relatively
closely related bHLH proteins) that function redundantly with
FBH1 and FBH2 to compensate for the loss of both genes.

Therefore, we expanded our search for FBHI (or FBH2) homo-
logs. On the basis of previous phylogenetic analyses, there are four
more bHLH genes in the same clade as FBHI and FBH?2 (24, 30).
The deduced amino acid sequences of these four genes contain
highly conserved bHLH domains; however, they have diverse
sequences other than the bHLH domains. We successfully cloned
three of these bHLHs (At1g51140, At2g42280, and At1g05805) and
tested whether they could also induce early flowering when over-
expressed. Overexpression of Atlg51140 and At2g42280 (named
FBH3 and FBH4) also caused an early flowering phenotype (Fig. S4
A-E). This is likely due to a high amount of FT expression (Fig. S4
F-M) caused by increased CO expression in LD and SD (Fig. 4 A-
D). Similar to the FBHI and FBH?2 overexpressor phenotypes, the
spatial and temporal expression patterns of CO were largely re-
stored in the 35S:FBH3 and 35S:FBH4 lines (Fig. 4 A-D and Fig. S4
N-P). In addition, yeast one-hybrid analysis demonstrated that
FBH3 and FBH4 bind to the same CO promoter regions through
the E-box elements (Fig. S4 O and R).

Temporal expression pattern analysis of all four FBH genes
revealed that they are expressed throughout the day in LD and
SD (Fig. S5 A-H). FBH4 (and possibly FBHI) transcription
showed a diurnal oscillation pattern under constant light con-
ditions (Fig. S5 B and H), indicating the involvement of circa-
dian-clock regulation. Promoter:GUS analysis revealed that the
FBH3 promoter is active mainly in the vascular tissues and that
FBH4 is expressed in the stomata as well as in leaf vascular tis-
sues (Fig. S5 I-K). Together with the expression pattern analyses,
our results indicate that FBH3 and FBH4 have similar functions
to FBH1 and FBH2 with regard to CO transcriptional regulation.

Because our results indicated that the four FBH proteins
might have redundant functions, we analyzed the phenotype of
fbhl fbh2 fbh3 fbh4 quadruple mutants. To generate the fbh
quadruple mutants, we used the FBHI amiRNA construct, fbh2-
1 (Fig. S3J), the FBH3 T-DNA insertion line (Fig. S6 A and B),
and two FBH4 amiRNA constructs (35S:amiRFBH4-1 and 358:
amiRFBH4-3) (Fig. S6 C-F). Two independently established
quadruple mutant lines [35S:amiRFBHI-2, fbh2-1, fbh3-1 and
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Fig. 4. FBH1 homologs regulate CO transcription. (A-D) CO mRNA expres-
sion in 355:FBH3, 35S5:FBH4, and wild-type plants in LD and SD. (E and F) CO
mRNA expression in two independent fbh quadruple mutants and wild-type
plants in LD and SD. (G-J) CO mRNA expression in Arabidopsis plants con-
stitutively expressing poplar FBH (35S:PtFBHT1), rice FBH (355:0sFBHT), and
wild-type plants in LD and SD. All of the results were normalized to the
highest value in the wild-type sample. Values represent mean + SEM from
three biological replicates for all experiments.

358:amiRFBH4-1 (#29) and 35S:amiRFBHI-2, fbh2-1, fbh3-1
and 35S:amiRFBH4-3 (#2)] were chosen for detailed analysis.
CO expression analysis revealed a larger than 50% reduction of
CO expression in the first 6 h of the dark periods in LD and SD
in the quadruple mutants (Fig. 4 E and F), suggesting that the
FBH proteins are major activators of CO especially in the be-
ginning of the night. In LD, there is a slight reduction in after-
noon CO expression (Fig. 4F). This could cause lower expression
of FT and subsequently later flowering of the quadruple mutants
in LD (Fig. S6 G-J). These results imply that the four FBH
proteins are activators of CO transcription in Arabidopsis.

FBH Genes Are Widely Conserved Activator Genes in the CO/FT
Flowering Pathway in Plants. The CO/FT modules as well as the
daily expression patterns of CO homologs are widely conserved
in many plant species (11). Therefore, we hypothesized that CO
transcriptional mechanisms including the FBH function might be

3586 | www.pnas.org/cgi/doi/10.1073/pnas.1118876109

conserved in other plants. As a primary attempt to examine this
hypothesis, we analyzed the function of FBH homologs from
poplar (a LD tree) and rice (a SD plant) in Arabidopsis. Two
representative FBH homologs from poplar and rice (named
PtFBHI and OsFBH], respectively) were chosen on the basis of
a homology search and phylogenetic analysis (31) (see the amino
acid sequence alignment of FBH1 homologs in Fig. S7 and our
phylogenetic analysis in Fig. S8). Overexpression of both PtFBHI
and OsFBH] drastically increased CO expression levels in Ara-
bidopsis in LD and SD (Fig. 4 G-J and Fig. S9 A-F). The 35S:
PtFBHI plants showed early flowering in both LD and SD (Fig.
S9G), and the 35S:OsFBH1 plants showed early flowering in LD
(Fig. S9H). Because CO protein is constantly degraded in SD
(32), the elevated CO levels in 358:OsFBHI plants may not be
sufficiently high to overcome the posttranscriptional regulation
of CO in SD. Nevertheless, these results imply that PFFBH1 and
OsFBH1 have a similar function to Arabidopsis FBHs. In addi-
tion, there are several E-box elements in 1 kb of the promoter
regions of both the poplar and rice CO ortholog genes (Fig. S9I).
This evidence further indicates that PPFBH1 and OsFBH1 pre-
sumably regulate their own CO ortholog expression in poplar
and rice, respectively.

Discussion

FBH Proteins Are Transcriptional Activators of CO. It is not surprising
that multiple redundant factors are involved in CO transcriptional
regulation because it is the crucial mechanism in the photoperi-
odic flowering pathway. Interestingly, except for FKF1 and GI, all
of the factors currently identified before this work are repressors
of CO expression (12-21). That may indicate that CO activators
are highly redundant or also involved in the processes necessary
for plant survival. To overcome a potential genetic redundancy,
we applied a reverse genetics approach to find additional CO
regulators (23). We identified that FBH1 directly binds to the CO
promoter (Figs. 1 and 3); on the basis of homology, we also
identified three more bHLH proteins, FBH2, FBH3, and FBH4,
which have a similar function to FBH1 (Figs. 2 and 4; and Fig. S4).
Our genetic analysis revealed that all of the FBHs are transcrip-
tional activators of CO. Ectopic overexpression of FBH drastically
increased CO expression levels but did not alter the spatiotem-
poral expression patterns of CO (Figs. 2 and 4; Fig. S4). These
results also let us infer that all of the FBHs may be posttransla-
tionally activated at a specific time of the day mainly in the leaf
vasculature and/or may work together with unidentified vascular-
specific factors to regulate CO transcription.
Circadian-time—dependent activation of transcriptional acti-
vators is a conserved mechanism in mammalian, insect, and fungal
clock circuits. The mammalian positive circadian regulators,
CLOCK and BMALL, and their insect counterparts, Drosophila
CLOCK and CYCLE, are bHLH-domain—containing transcrip-
tional activators that induce gene expression of negative regu-
lators (33, 34). Their daily protein expression profiles do not show
robust oscillation as negative regulators do; however, the phos-
phorylation states of these proteins change throughout the day
and alter their binding abilities to the cis-elements (35, 36). A
similar circadian change in the DNA-binding ability of the fungal
clock activator WHITE COLLAR complex is also regulated by
time-dependent phosphorylation (37). Therefore, one possible
posttranslational mechanism that controls FBH function could be
phosphorylation-dependent changes in DNA-binding abilities.
The latter possibility is also supported by our data. In the qua-
druple mutants in LD, two distinct peaks of CO (at around ZT 13
and at dawn) were observed (Fig. 4F). Because FBH over-
expression drastically elevated CO levels from afternoon to night in
LD (Fig. 2 D and E and Fig. 4 A-D), this result implies that other
functionally redundant transcriptional activators contribute to the
regulation of LD-specific daytime CO expression (as well as the
end-of-night CO expression). Because the expression of FBH
mRNAs and FBH1 protein do not show robust daily oscillation
(Figs. S3 and S5), time-dependent changes in FBH activity could
also be regulated by the potential spatiotemporal expression of
the coactivators. Our next challenges will be to identify other
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coactivators of CO and also to decipher the molecular relationship
between multiple CO regulators and FBH function in terms of
controlling the precise timing of daily CO expression.

Our results indicate that FBH levels regulate the amplitude of
daily CO oscillation. Even changing the amplitude of CO ex-
pression altered overall FT levels (Fig. 2). This implies that
plants can regulate not only the timing of CO expression but also
the amount of CO levels to control the overall amount of FT.
Having redundant FBH proteins may enable Arabidopsis plants
to accurately tune the expression level of CO as well as to in-
crease a dynamic range of CO expression levels by regulating
four different FBH expressions, so that plants can respond to
various internal and external conditions more precisely and ro-
bustly for flowering.

FBH Homologs May Regulate CO Orthologs in Other Plant Species.
Our study also suggests that FBH homologs may function as
transcriptional activators of CO homologs in other plants. The
daily expression patterns of CO orthologs are very similar (11),
indicating that transcriptional regulatory mechanisms may be also
conserved. We demonstrated that PFFBH1 (poplar FBH) and
OsFBH1 (rice FBH) have a similar function to FBHs in Arabi-
dopsis (Fig. 4). Our phylogenetic analysis indicated that there is at
least one (usually more) bHLH that belongs to the same clade of
FBH (designated as IX, Fig. S8) in all angiosperms (Arabidopsis,
poplar, rice, tomato, maize, and grape) examined. In addition, we
found that the multiple E-box elements (but not G-boxes) exist on
1-kb upstream regions of the PtCO2 and Hdl promoters (Fig.
S9I). These results also indicate that E-box-binding factors (pos-
sibly bHLHs in the FBH clade) may participate in the CO tran-
scriptional regulation. Although it is beyond the scope of this
current analysis, it would be intriguing to test the function of
PFBH1 and OsFBH1 in poplar and rice, respectively.
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In summary, our data indicate that, together with circadian-
clock-regulated repressors, plants may possess overlapping mech-
anisms to regulate the expression levels of CO (and CO orthologs)
by a group of related transcriptional activators to precisely regulate
the timing of expression for successful reproduction.

Materials and Methods

The Colombia-0 accession was used as wild type for all experiments. The ft-101
mutant was described previously (28). Procedures for A. thaliana husbandry;
yeast one-hybrid, EMSA, and ChlIP assays; and the GUS-staining experiment were
described previously (38-41) and were carried out with modifications detailed in
the S/ Materials and Methods. FBH1, FBH2, FBH3, FBH4, PtFBH1, and OsFBH1
coding regions were cloned into the pB7WG2 binary vector to generate each
overexpressor line. For making the amiRNA constructs that specifically reduce the
amount of FBH1 and FBH4 mRNA, specific FBH1- and FBH4-targeted amiRNA
sequences were introduced into the miR319 backbone plasmid (pRS300). The
resulting 35S-promoter—driven FBH1 and FBH4 amiRNA expression cassettes
were cloned into pPZP221 or pH7WG2 binary vectors, respectively. FBH1 and
FBH2 p-estradiol-inducible lines were generated by transformation with the
PER8 plasmid containing the FBHT and FBH2 coding regions. For expression
analysis, seedlings were grown on plates containing 1x Linsmaier and Skoog
media (Caisson) containing 3% sucrose under LD, SD, or 12 h light/12 h dark
conditions for 10 d and harvested. The gene expression levels were measured by
qPCR analyses. Detailed information is provided in S/ Materials and Methods. All
primer sequences used in this project are listed in Tables S1-S3.
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