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Circadian rhythms are found in organisms from cyanobacteria to plants and animals. In flowering plants, the circadian clock is
involved in the regulation of various physiological phenomena, including growth, leaf movement, stomata opening, and floral
transitions. Molecular mechanisms underlying the circadian clock have been identified using Arabidopsis (Arabidopsis
thaliana); the functions and genetic networks of a number of clock-related genes, including CIRCADIAN CLOCK ASSOCI-
ATED1, LATE ELONGATED HYPOCOTYL (LHY), TIMING OF CAB EXPRESSION1, GIGANTEA (GI), and EARLY FLOWER-
ING3 (ELF3), have been analyzed. The degree to which clock systems are conserved among flowering plants, however, is still
unclear. We previously isolated homologs for Arabidopsis clock-related genes from monocotyledon Lemna plants. Here, we
report the physiological roles of these Lemna gibba genes (LgLHYH1, LgLHYH2, LgGIH1, and LgELF3HI) in the circadian
system. We studied the effects of overexpression and RNA interference (RNAi) of these genes on the rhythmic expression of
morning- and evening-specific reporters. Overexpression of each gene disrupted the rhythmicity of either or both reporters,
suggesting that these four homologs can be involved in the circadian system. RNAi of each of the genes except LgLHYH?
affected the bioluminescence rhythms of both reporters. These results indicated that these homologs are involved in the
circadian system of Lermna plants and that the structure of the circadian clock is likely to be conserved between monocotyledons
and dicotyledons. Interestingly, RNAi of LgGIH1 almost completely abolished the circadian rhythm; because this effect
appeared to be much stronger than the phenotype observed in an Arabidopsis gi loss-of-function mutant, the precise role of

each clock gene may have diverged in the clock systems of Lemna and Arabidopsis.

Circadian systems are important devices that allow
organisms to adapt to the day/night cycle. Most
organisms, including cyanobacteria, plants, insects,
fish, and mammals, possess endogenous circadian
clocks. Circadian clocks in plants are involved in
various physiological behaviors, such as cell growth,
changes in stomata aperture, metabolism, and photo-
periodic flowering (Sweeney, 1987; Mas, 2005). These
circadian phenomena are thought to involve the reg-
ulation of gene expression. Molecular mechanisms
based on circadian oscillations have been revealed
using Arabidopsis (Arabidopsis thaliana), in which
clock-related genes have been isolated and analyzed.
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CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE
ELONGATED HYPOCOTYL (LHY) encode similar
Myb-related transcription factors, and their expression
levels circadianly oscillate with peaks occurring around
dawn (Wang and Tobin, 1998; Schaffer etal., 1998). Single
mutations in ccal or lhy shortened the period length of
the circadian rhythm, and the ccal [hy double mutant
showed a damped oscillation with an extremely short
period (Green and Tobin, 1999; Mizoguchi et al., 2002).
Overexpression of CCAI or LHY repressed their own
gene expression and disturbed the rhythmic expression
of other clock-controlled genes. Therefore, these genes
play a role in a negative feedback loop that presumably
forms the circadian timing machinery. LHY and CCA1
control the expression of circadian-controlled genes
through direct interactions with the evening element
in their promoters (Harmer and Kay, 2005). One target of
LHY/CCA1 is another clock gene, TIMING OF CAB
EXPRESSION1 (TOC1)/PSEUDO-RESPONSE REGU-
LATORI1 (PRR1), for which increased mRNA levels have
been observed in the early night (Makino et al., 2000;
Strayer et al., 2000; Alabadi et al., 2001). Available
evidence strongly suggests that LHY and CCA1 circa-
dianly repress the gene expression of TOC1 by directly
binding to an evening element in its promoter region
during the morning. In contrast, TOC1 positively regu-
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lates CCA1 and LHY expression by an unknown mech-
anism.

GIGANTEA (GI) is another clock-related gene that
plays an important role in circadian oscillations (Park
etal., 1999). A gi loss-of-function mutant as well as a GI
overexpressor showed short-period rhythms with
lower amplitudes (Mizoguchi et al., 2005). Recent com-
puter simulations have suggested that GI may form a
feedback loop with TOC1 independent of the TOC1-
LHY/CCA1lregulatory loop (Locke etal., 2006). EARLY
FLOWERING3 (ELF3) encodes a clock-related com-
ponent that transmits light-mediated signals to the
circadian clock, possibly through an interaction with
photoreceptors (Hicks et al., 2001; Liu et al., 2001). The
elf3 mutant showed an arrhythmic phenotype under
constant light (LL) conditions (Hicks et al., 1996). In-
terestingly, LHY was expressed at a lower level in the
elf3 mutant than in wild-type plants (Schaffer et al.,
1998), whereas TOC1 expression was maintained at a
higher level in the elf3 mutant (Alabadi et al., 2001). In
elf3 mutants, however, faint circadian rhythms were
preserved under constant dark conditions. ELF4, LUX
ARRYTHMO/PHYTOCLOCK1 (PCL1), and the PRR
series of genes (PRR3/5/7/9) also function in the Arabi-
dopsis circadian system (Matsushika et al., 2000; Doyle
et al., 2002; Hazen et al., 2005; Onai and Ishiura, 2005;
Mizuno and Nakamichi, 2005; McWatters et al., 2007).
A mathematical model has predicted that these genes
may be components of interlocking feedback loops that
include LHY/CCA1, TOC1, and GI (Locke et al., 2006).

On the basis of sequence similarities to the Arabi-
dopsis clock-related genes, homologous genes were
isolated from a number of plants (Boxall et al., 2005;
Ramos et al., 2005; Murakami et al., 2007). Compre-
hensive analysis was carried out in rice (Oryza sativa)
after the complete genomic sequence of this model
monocotyledonous plant was determined (Murakami
etal., 2007). OsCCA1 (also called OsLHY), OsZEITLUPE
(OsZTL), OsPCL1, and the OsPRR gene family were
characterized by mRNA expression profiles that were
similar to those of their Arabidopsis counterparts
(Izawa et al., 2002; Murakami et al., 2003, 2007). It was
suggested, however, that the ELF3- and ELF4-related
genes found in the rice genome may not be ortholo-
gous to the Arabidopsis counterparts, and it was men-
tioned that those homologs may not show circadian
mRNA expression profiles (Murakami et al., 2007).
Because Arabidopsis ELF3 and ELF4 show robust cir-
cadian rhythms in their expression levels, a divergence
in the functions of these clock-related genes may have
occurred between these species. Overexpression of the
rice clock-related genes in Arabidopsis demonstrated
that OsPRR1 and OsZTL and their Arabidopsis homo-
logs produced similar effects on circadian rhythms,
whereas the circadian rhythm in the OsCCA1 over-
expressor appeared to be almost normal (Murakami
etal., 2007). As shown in this example, it is still unclear
whether or not clock-related homologs are function-
ally conserved among flowering plants. To date, only a
few reports clearly demonstrate the functions of clock-
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related genes in species other than Arabidopsis due to
a lack of loss-of-function mutants for these genes
(Hecht et al., 2007).

Lemna plants (duckweeds), a group of monocotyle-
donous plants with tiny, floating bodies, exemplify
intragenus variability in the photoperiodic flowering
response; Lemna gibba G3 is a long-day plant, whereas
Lemna paucicostata 6746 is a short-day plant (Hillman,
1961a). These plants have been extensively analyzed
because their close evolutionary relationship sug-
gested they would be good model organisms for com-
paring the mechanisms underlying the regulation of
day lengths. Recently, clock-related gene homologs have
been isolated from both Lemna species (Miwa et al.,
2006). Examination of their expression profiles under
several light-dark conditions revealed that they were
similar in these two Lemna species and were also similar
to those of the Arabidopsis genes. In this report, we
present functional analyses of the Lemna clock-related
homologs of LHY, GI, and ELF3 using a semitransient
gene expression system that allowed us to monitor the
circadian expression of bioluminescent reporters in
response to the overexpression or RNA interference
(RNAI) of clock-related genes. Using a morning-specific
and an evening-specific promoter (Nakamichi et al,,
2004), we were able to observe various effects of the
clock-related genes on the circadian system. We show
that LgLHYH1, LgGIH1, and LgELF3H1 are involved in
the circadian clock, although the effects of overexpres-
sion or knockdown of these genes are not always the
same as those observed in Arabidopsis.

RESULTS

A semitransient bioluminescent reporter system
with an AtCCAI promoter was used to analyze the
circadian rhythms of Lemna plants (Miwa et al., 2006).
The reporter construct was introduced into plants
using a particle bombardment method, and the result-
ing bioluminescence was continuously monitored. The
reporter activity peaked during the morning phase as
was observed in Arabidopsis (Nakamichi et al., 2004).
The circadian rhythm (period length, approximately
25 h) continued under LL conditions but was severely
damped in constant darkness (DD; Fig. 1, A and C;
Table I). To examine various aspects of the circadian
system of Lemna plants, we used an evening-specific
promoter in the bioluminescent reporter system.
Arabidopsis TOC1/PRR1, a critical component of the
circadian clock, displays a rhythmic promoter activity
that peaks during the evening phase (Alabadi et al.,
2001). In Lemna, the AtPRRI::luc reporter construct
functioned as an evening-specific reporter as was
observed in Arabidopsis (Fig. 1, A and D; Table [;
Nakamichi et al., 2004). The circadian rhythmicity
continued under LL conditions for more than 5 d,
whereas it was damped in DD within two cycles (Fig.
1D). This similarity of the clock-controlled promoter
behavior between Lemna and Arabidopsis implied that
the circadian system for gene expression is likely to be
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Figure 1. The semitransient bioluminescence reporter monitoring system. A, Schemes of the reporter constructs. Structures of the
AtCCAT and AtPRR1 promoter regions that drove the firefly luciferase gene (LUQ) are shown. Both reporters were constructed as
translational fusion genes. Black boxes denote exons of coding regions, and +1 denotes the first base of start codon. (Nakamichi
et al., 2004). B, Schemes of the effector constructs. The overexpression effector construct (Ox-construct) and RNAi-mediated
knockdown construct (RNAi construct) were derived from the pBI221 vector, in which the coding region or the RNAi construct was
under the control of the CaMV 35S promoter and the NOS terminator (Miwa et al., 2006). The cDNA regions used for the RNAi
constructs and Ox-constructs for each gene are shown in Supplemental Figure S1. For the control experiments, we used a control
vector without any insertion (pBI22TAGUS). C, Rhythmic expression of bioluminescence following the introduction of the
AtCCAT:: luc reporter into L. gibba. Plants that were cultured under 12-h-light/12-h-dark conditions were subjected to particle
bombardment. They were treated with an additional 12-h-light/12-h-dark entrainment cycle and then were transferred to a
bioluminescence monitoring machine under the experimental light conditions. Bioluminescence profiles of the plants in LL (gray
circles) or DD (black circles) are shown (Miwa et al., 2006). The time since the last 12-h dark period is indicated. D, Rhythmic
expression of bioluminescence following the introduction of the AtPRR1:: luc reporter. Measurements were performed as in C.

conserved between these plants. Because Lemna and
Arabidopsis are monocotyledonous and dicotyledon-
ous plants, respectively, the circadian system appears
to be conserved among flowering plants.

Using this reporter system, we functionally ana-
lyzed the clock-related homologs from Lemmna. Over-
expression effector plasmids carrying a clock-related
gene under the control of the cauliflower mosaic virus
(CaMV) 35S promoter were used for a cotransfection
assay in which a reporter construct was introduced
together with the effector construct (Fig. 1B; Supple-
mental Fig. S1). We also used effector constructs for
RNAI in cotransfection assays to knockdown the ex-
pression of the clock-related homologs (Fig. 1B; Sup-
plemental Fig. S1). LgLHYH1, LgLHYH?, LgGIH1, and
LgELF3H1 were subjected to overexpression and knock-
down analyses using the morning-specific AtCCA1::luc
reporter and the evening-specific AtPRR1::luc reporter.
The effector constructs did not affect the luciferase ac-
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tivity driven by the constitutively active promoter
from ZmUBIQUITIN1 (ZmUBQ1; Supplemental Fig.
S2; Miwa et al., 2006).

LgLHYH1 Is a Clock Component That Functions
Similarly to Arabidopsis LHY/CCA1

LgLHYH] is an LHY/CCA1 homolog from L. gibba,
and its expression patterns under LD and LL condi-
tions parallel those of LHY/CCA1 (Miwa et al., 2006).
Overexpression of this homolog markedly damped the
bioluminescent circadian rhythm of the AtCCA1::luc
reporter (Fig. 2, A and C; Table I; Miwa et al., 2006). This
phenotype resembled that of LHY/CCA1-overexpressing
Arabidopsis plants (Schaffer et al, 1998; Wang and
Tobin, 1998). Namely, the overexpressed genes inhibited
their own expression and terminated the circadian
rhythmicity. Overexpression of LHY/CCA1 in Arabi-
dopsis also reduced the expression level of TOC1/PRR1
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Table I. Summary of circadian traits of AtCCA1::luc and AtPRR1::luc reporters in cotransfection assays

Averages of the period lengths, the phases, and the amplitudes = sp are shown. Amplitudes, period lengths, and phases were estimated using the

oscillation fits to sine curves (see ““Materials and Methods”). NA, No samples were applicable to the fitting; ox, overexpression construct.

Reporters
AtCCAT:: luc AtPRR1:: luc
Effector

Test:_.d Rhy‘?:r'nica Amplitude Period Phase” T(:?éd Rhy:‘horﬁica Amplitude Period Phase®

Control vector 12 12 0.61 £032 25.0*x14 323 1.1 12 12 0.20 £ 0.10 22.6 = 0.7 29.8 £0.6
(pBI22TAGUS)

LgLHYH1-0ox 9 9 0.10 £ 0.03 23.6 £2.0 309 *0.9 9 8 0.10 £ 0.01 223 =03 29.7 £0.2
LgLHYHT1-RNAI 9 8 0.40 £ 0.10 22.1 £ 1.1 287 =0.7 9 8 0.12 £ 0.02 226 0.6 273 *0.6
LgLHYHZ2-0x 9 0 NA NA NA 9 9 0.05 £0.02 21.7 0.5 30.6 £0.7
LgLHYHZ2-RNAI 9 8 0.57 £0.15 25.0* 05 325 *0.38 9 9 0.19 £ 0.04 229 *0.6 293 *0.8
LgGIH1-ox 9 9 0.10 £ 0.03 226 £22 281 x1.4 9 9 0.11 £0.03 225 *0.6 293 £0.7
LgGIHT-RNAI 9 0 NA NA NA 9 0 NA NA NA
LgELF3HT-ox 9 3 0.21 £0.02 32809 358 *0.9 9 0 NA NA NA
LGELF3HT-RNAI 9 6 0.14 £ 0.06 25.7 =33 34.6 3.2 9 0 NA NA NA
LgGIHT LgELF3H1- 6 0 NA NA NA 6 0 NA NA NA

double RNAi

“The sample with a bioluminescence trace properly fitted to a sine curve was counted as a rhythmic sample.

of the rhythm. “Hours in LL of the second trough of the rhythm.

PHours in LL of the second peak

(Alabadi et al., 2001). Then, we examined effects of
LgLHYHI overexpression on the AtPRR1::luc reporter
in Lemna plants using the cotransfection assay, which
resulted in a low-amplitude bioluminescence rhythm
that was phenotypically similar to the results obtained
with LHY/CCA1 overexpression in Arabidopsis (Fig. 2,
B and D; Table I).

Previous studies showed that knockout mutants of
either lhy or ccal in Arabidopsis exhibited short-period
circadian rhythms (Green and Tobin, 1999; Mizoguchi
etal., 2002). We introduced an LgLHYH1-RNAI construct
together with the AtCCA1::luc reporter into plants. The
bioluminescence rhythm showed a short-period pheno-
type (period length, approximately 22 h), suggesting that
the knockdown of endogenous LgLHYHI expression
affected the circadian rhythm of Lemna cells in the same
manner observed for LHY/CCA1 in Arabidopsis (Fig. 2, E
and G; Table I). The bioluminescence rhythm from the
AtPRR1::luc reporter construct was also affected by
cotransfection with the LgLHYHI-RNAI construct; the
phase advanced by approximately 2 h compared with
that observed for the control construct (Fig. 2, F and H;
Table I). The average period length, however, was almost
the same as that from the control sample (Table I).
Although the effects of RNAi on the AtPRR1::luc rhythm
were unclear, the similarities in the gene expression
patterns of Arabidopsis LHY/CCA1 and LgLHYHI as
well as the effects of gene overexpression and gene
knockout/knockdown on the circadian rhythms suggest
that the genes have similar functions in the clock systems
of these plants.

Divergence of the Functions of LgLHYH2 and LgLHYH1

LgLHYH? is another homolog of Arabidopsis LHY/
CCA1; the encoded proteins share six conserved re-
gions in their amino acid sequences (Miwa et al., 2006).
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The disrupted circadian rhythm of the AtCCAI::luc
reporter activity observed following overexpression of
this gene implied that it was involved in the circadian
clock (Fig. 3A; Table I; Miwa et al., 2006). We examined
the effects of LgLHYH? overexpression on the rhythmic
activity of the AtPRRI::luc reporter (Fig. 3B); over-
expression markedly attenuated the rhythmicity and
lowered the bioluminescence activity, indicating that
overexpression of LgLHYH? produced similar effects
through the evening-specific promoter and the morning-
specific promoter. This phenotype paralleled the phe-
notype observed in LgLHYHI-overexpressing cells
(Fig. 2D).

We then examined effects of LgLHYH?2 knockdown
using an LgLHYH2-RNAIi construct as the effector
in the cotransfection assay. Experiments using the
AtCCA1::luc reporter produced peak and trough times
during the bioluminescence rhythms that were essen-
tially the same in LgLHYH?2-RNAi-expressing cells and
control cells (Fig. 3, C and E; Table I). This suggested
that the LgLHYH?2-RNAI effector construct did not affect
the rhythmic activity of this promoter. The LgLHYH?2-
RNAI effector also did not influence the AtPRR1::luc
reporter (Fig. 3, D and F; Table I). To confirm that this
effector worked in the cotransfection assay, we exam-
ined effects of the LgLHYH2-RNAIi construct on the
arrhythmic phenotype induced by the overexpression of
this gene. We introduced both the LgLHYH2-RNAi and
the LgLHYH?2-overexpression constructs into plants to-
gether with the AtCCA1::luc reporter. The RNAi con-
struct completely rescued the arrhythmic phenotype
(Supplemental Fig. S3), suggesting that this RNAi effec-
tor suppressed the expression of genes with homologous
sequences. We also introduced the LgLHYHI-RNAi
and LgLHYH?2-RNAI effector constructs together in the
cotransfection assays to check for functional redun-
dancies. The bioluminescence rthythms of AtCCA1::luc
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Figure 2. Effects of overexpression and knockdown 300000 20000
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and AtPRR1::luc were similar to those observed in the
assays using only the LgLHYHI-RNAI effector con-
struct (Supplemental Fig. S4). These results implied
thatif LgLHYH2 plays a role in the circadian system, its
function is different than that of LgLHYHI.

LgGIH1 Is a Pivotal Clock Component in Lemna

We previously reported that LgGIH1 and Arabidop-
sis GI showed similar expression rhythms under LD
and LL conditions (Miwa et al., 2006). Overexpres-
sion of this gene damped the rhythmicity of the
AtCCA1::luc reporter (Fig. 4A; Table I, Miwa et al.,
2006). We then examined the effects of LgGIH1 over-
expression on the AtPRR1::luc rhythm. The rhythmic-
ity of the AtPRR1::luc reporter was less affected than
that of AtCCA1::luc, suggesting that LgGIH1 may play
different roles in the regulation of the morning-specific
and evening-specific reporters (Fig. 4B; Table I).

We then examined the effects of LgGIH1 knockdown
using an LgGIH1-RNAIi effector construct in the co-
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transfection assay. This treatment abolished the circa-
dian rhythmicity of both reporters (Fig. 4, C and D),
which strongly suggested that LgGIH1 is essential for
the circadian rhythm under LL conditions. After 12 h
of LL, the expression level of AtCCA1::luc was re-
duced to the lowest level observed for the control
bioluminescence rhythm (Fig. 4C). A previous report
demonstrated that a gi mutant in Arabidopsis sus-
tained a robust circadian rhythm under moderate
temperature conditions (17°C and 22°C), whereas the
rhythm was markedly attenuated at 27°C (Gould et al.,
2006). Moreover, the level of CCA1 mRNA was re-
duced to the lowest levels observed in wild-type
plants. Thus, the results from the LgGIH1 knockdown
experiments appeared to parallel the phenotypes ob-
served in the Arabidopsis gi mutant at higher temper-
atures. Then, we tested whether or not the arrhythmic
phenotype induced by LgGIHI knockdown in Lemna
plants was temperature dependent. In experiments
performed at a lower temperature (20°C), LgGIH1
knockdown resulted in an arrhythmic phenotype as

Plant Physiol. Vol. 146, 2008
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300000 20000 Figure 3. Effects of overexpression and knockdown
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was observed with our standard conditions at 25°C
(data not shown). This suggested that LgGIH1 is likely
to play an essential role in the circadian system
irrespective of the temperature. Although the severity
of the effects of knockdown/knockout and overex-
pression varied between Lemna and Arabidopsis,
LgGIH1 and Arabidopsis GI are likely to have similar
functions in the respective clock systems of these
plants.

Involvement of LgELF3H1 in the Circadian Clock

We next examined the effects of LgELF3HI1 over-
expression on the AtCCA1::luc reporter. This effector
construct damped the rhythmicity and lengthened the
period to approximately 33 h (Fig. 5A; Table I). This
phenotype was similar to that observed in Arabidopsis
overexpressing ELF3 (Covington et al., 2001). We then
examined the effects of LgELF3H1 overexpression on

300000 20000 Figure 4. Aberrant circadian rhythms of the biolumi-
A e B nescent reporters caused by cotransfection with the
= . effector constructs of LgGIH1. AtCCAT::luc and
2 200000 x12 B 12000 AtPRR1:: luc expression patterns under LL conditions
B -‘}) are shown in the left (A and C) and right panels (B and
& 100000 & 8000 D), respectively. The overexpression construct
*2 ‘U::j 4000 (LgGIH1-0x; A and B) and RNAi construct
3 3 (LgGIHT-RNAi; C and D) were introduced together
‘i’ 0 # % 0 with each reporter and bioluminescence traces are
2 250000 C o 18000 D shown as black circles. The traces for the control
§ § 14000 vector are superimposed on the panels (gray circles).
© o Plots with a magnified scale are also shown in A.
‘E 150000 ‘E 10000 Measurement procedures were the same as those
2 E; described in Figure 1. The cotransfection assays were
o &0 repeated at least nine times for each reporter. Data

. 2000 ] are representative of the independent experiments.

0 : : — 0 : :
0 24 48 72 96 0 24 48 72 96

Time in constant light (h)
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Figure 5. Aberrant circadian rhythms of the biolumi- 160000

nescent reporters caused by the effector constructs of
LgELF3H1. AtCCAT::luc and AtPRR1::luc expres-
sion patterns under LL conditions are shown in the
left (A and C) and right panels (B and D), respectively.
The overexpression construct (LgELF3HT-ox; A and
B) and RNAI construct (LgELF3H1-RNAi; C and D)
were introduced together with each reporter and
bioluminescence traces are shown as black circles.
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the AtPRRI::luc reporter. This treatment markedly
damped the bioluminescence rhythm (Fig. 5B). There-
fore, the overexpression of LgELF3H1 disrupted the
circadian regulation of both the morning-specific and
evening-specific promoters.

We also examined effects of LgELF3H1 knockdown
on the AtCCA1::luc reporter. Whereas the biolumines-
cence level of this reporter in the control experiment
gradually decreased under LL conditions, treatment
with the RNAI construct maintained the biolumines-
cence at approximately the level of the first peak of the
rhythm (Fig. 5C). Although the bioluminescence level
was affected by this construct, the rhythmicity was
sustained with an approximately wild-type period
length (Table I). This contrasted with the phenotypes
observed in the Arabidopsis elf3 mutant, in which the
mRNA expression level of LHY decreased without
circadian rhythmicity (Schaffer et al.,, 1998). On the
other hand, the circadian rhythm of the AtPRR1::luc
reporter was severely disrupted by the knockdown
of LgELF3H]1. Similar to the control bioluminescence
trace, the bioluminescence level rapidly increased for
approximately 12 h after the sample was exposed to
light, which was followed by a more moderate in-
crease for the next approximately 12 h (Fig. 5D). After
24 h under LL conditions, the bioluminescence re-
mained at a high level with small fluctuations. In
the Arabidopsis elf3 mutant, the expression of TOC1/
PRR1 remains high without any apparent rhythmicity
(Alabadi et al., 2001), suggesting that the role of
LgELF3H1 in the circadian clock is similar to that of
ELF3 in Arabidopsis, although knockdown/knockout
of these two genes produced different effects on morning-
specific gene expression.

Double Knockdown of LgGIH1 and LgELF3H1

The effects of RNAi of LgGIH1 and LgELF3H1 on the
reporter expression levels were markedly different
(Figs. 4, C and D, and 5, C and D). Knockdown of
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Time in constant light ()

LgGIH1 decreased the bioluminescence levels pro-
duced by both AtCCAIl::luc to the lowest levels
observed during the wild-type rhythm, whereas
knockdown of LgELF3HI increased and maintained
the signals at levels equivalent to the peak wild-type
level (Fig. 6, A and C). Knockdown of LgELF3H]1 also
increased the signal of AtPRRI::luc, but that of
LgGIH1 did not (Fig. 6, B and D). To dissect the genetic
relationship between these two genes, the knockdown
effector constructs targeting LgGIHI1 and LgELF3HI
were both cotransfected with either the AtCCA1::luc
(Fig. 6E) or AtPRR1::luc (Fig. 6F) reporter. For both
reporters, the concurrent knockdown of both genes
decreased the bioluminescence levels, and the traces
were essentially the same as those observed for the
knockdown of LgGIHI alone. This suggested that
LgGIH1 knockdown is epistatic to LgELF3H1 and that
LgGIH1 is likely to function in circadian gene regulation
downstream of LgELF3H1. It was genetically demon-
strated that the late flowering phenotype induced by a g
mutation was epistatic to the early flowering pheno-
types induced by an elf3 mutation (Chou and Yang,
1999). Thus, the structure of the genetic relationship
between GI and ELF3 appears to be conserved between
Lemna and Arabidopsis.

DISCUSSION

In this report, we clearly demonstrated functional
similarities between clock-related gene homologs
from L. gibba and Arabidopsis (Table II). Our previous
study showed that mRNA accumulation rhythms of
LgLHYH1, LgGIH1, and LgELF3H1 were similar to
those of their Arabidopsis counterparts (Miwa et al.,
2006). Moreover, we have shown here that the effects
of the loss-of-function of these Lemna genes on the
circadian system were comparable to those observed
for the corresponding Arabidopsis mutants. These
similarities provide conclusive evidence that the genes
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Figure 6. Double RNAi experiments for LgGIHT and

LgELF3H1. AtCCAT::luc and AtPRR1::luc expres-
sion patterns under LL conditions are shown in the
left (A, C, and E) and right panels (B, D, and F),
respectively. The LgGIHT-RNAi (A and B) or
LgELF3HT-RNAI (C and D) construct was introduced
together with each reporter and the bioluminescence
traces are shown as black symbols. The traces for the
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control vector are superimposed on the panels (gray
circlesin A, B, C, and D). Both the LgGIH1-RNAi and
LgELF3H1-RNAI constructs were introduced together
with each reporter and the bioluminescence traces
are shown as solid circles (E and F). The traces for the
LgGIHT1-RNAi construct alone or the LgELF3H1-
RNAIi construct alone are superimposed on the
panels (gray symbols in E and F, respectively). Mea-
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surement procedures were the same as those de-
scribed in Figure 1. The cotransfection assays were
repeated at least six times for each reporter. Data are
representative of the independent experiments.
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are orthologs, which have similar functions as clock
components. Therefore, the genetic structures of the
circadian oscillators are likely conserved between
monocotyledon and dicotyledon plant species; i.e.
the basic clock components of circadian systems are
likely conserved among flowering plants. Recently,
clock-related homologs with essentially conserved
expression profiles have been isolated from several
plant species (Boxall et al., 2005; Ramos et al., 2005;
Murakami et al, 2007). Our studies using Lemna
strongly support the idea that those clock-related
homologs have conserved functions in the various
circadian oscillators.

Whereas basic clock components are conserved,
their precise roles in the circadian oscillator appear
to have slightly diverged. For example, the GI gene
appears to have different roles in Lemna and Arabi-
dopsis. RNAi of LgGIH1 markedly attenuated the
rhythmicity of two different circadian reporters,
whereas a null mutation in Arabidopsis GI resulted
in a temperature-dependent phenotype that produced
disordered circadian rhythms at elevated tempera-
tures (Gould et al., 2006). We have not observed the
recovery of circadian rhythmicity in cells expressing
the LgGIHI-RNAI construct under various tempera-
ture conditions (data not shown). This suggests that
unlike Arabidopsis GI, LgGIH1 is essential for the
circadian oscillation. As predicted in a mathematical
model, other genes may compensate for the function of
GI in the circadian clock system of Arabidopsis; these
genes may not be present in Lemna (Locke et al., 2006).
Overexpression of LgGIH1 resulted in a severe damp-
ing of the morning-specific expression rhythm of
AtCCA1::luc, whereas no significant effects on the
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evening-specific AtPRR1::luc reporter were observed
(Fig. 4, A and B; Table I). This phenomenon is likely to
parallel the low expression level of the LgLHYHI
morning clock gene, because RNAi of LgLHYH1 did
not affect the circadian rhythmicity of the evening-
specific AtPRR1::luc reporter. In contrast, overexpres-
sion of GI in Arabidopsis resulted in a damping of the
evening-specific expression rhythm of CCR2 but not
of the morning-specific expression rhythm of LHY
(Mizoguchi et al., 2005). This difference in the effects
of GI overexpression on rhythmic gene expression
implies a divergence of the regulatory machineries for
circadian gene expression in these two species.
Lemnahave atleast two LHY homologues (LgLHYH1
and LgLHYH?2), which show high sequence similari-
ties to Arabidopsis LHY/CCA1 and its rice homolog

Table Il. Summary of effects of Lemna clock-related genes on the
circadian rhythms of two reporters

Reporters
Effector
AtCCAT:: luc AtPRR1:: luc
LgLHYH1-ox Low amplitude, short Low amplitude

period

LgLHYH1-RNAi Short period Phase advance

LgL HYHZ2-0x Arrhythmic, low level Low amplitude
LgLHYHZ2-RNAI Normal Normal
LgGIH1-ox Phase advance, low level Normal
LgGIH1-RNAi Arrhythmic, low level Arrhythmic
LgELF3HT-ox Low amplitude, long Arrhythmic
period
LgELF3HT-RNAi Low amplitude Arrhythmic
LgGIHT LgELF3H1- Arrhythmic, low level Arrhythmic
double RNAi
1959
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OsCCA1l (Miwa et al., 2006). Although both Lemna
homologs show circadian gene expression rhythms, the
phase of the LgLHYH? rhythm is delayed compared to
the LgLHYH1 rhythm and also to those of LHY/CCA1
homologs in other species (Miwa et al., 2006). Because
LgLHYHI1 and LgLHYH?2 show almost equivalent de-
grees of homology to LHY/CCA1 homologs in other
species, the functional diversity between the two Lemna
homologs was intriguing. Our RNAi assays to assess
their functions in circadian rhythms suggested that
only LgLHYH1 is involved in the generation of circadian
oscillations. RNAi-mediated knockdown of LgLHYH1
produced a short-period length for the AtCCAI::luc
reporter, which was comparable to the phenotypes
observed in ccal and lhy Arabidopsis mutants. The
period length of the AtPRRI::luc rhythm, however,
was not affected by the LgLHYHI-RNAIi construct in
Lemna plants. Different effects on the period lengths of
these gene expression profiles mediated by morning-
and evening-specific promoters were not observed
in the Arabidopsis mutants (Mizoguchi et al.,, 2002).
Thus, the circadian system in Lemna plants may contain
morning- and evening-specific oscillations that are more
weakly coupled than those of Arabidopsis. Although
the physiological functions of LgLHYH2 are unclear, its
overexpression represses circadian gene expression and
suspends circadian oscillations as was observed for
LgLHYH1. Because both these proteins are presumably
transcription factors with similar MYB-type DNA-binding
regions, they may share downstream target genes. The
expression rhythm of LgLHYH? lagged the expression
of LgLHYH1 by approximately 4 h, which may be
important for the functional divergence of these
clock components. Knockdown of LgLHYH1 shortened
the period length and altered the phase, although the
effects were not as severe as those observed in the
Arabidopsis [hy/ccal double loss-of-function mutant.
Another gene may compensate for the knockdown of
LgLHYH], although we have not isolated any addi-
tional LHY/CCA1 homologs from Lemna. It should be
noted that rice, a model monocotyledonous plant, has
only one LHY/CCA1 homolog inits genome (Murakami
et al., 2007). Because Lemna is also a monocotyledon,
LgLHYHI1 may be the only functionally conserved
ortholog in this plant genus. Overexpression analysis
with LgGIH1 seemed to support this idea. The expres-
sion of the morning-specific promoter of AtCCA1 was
dramatically repressed, suggesting that other morning-
specific genes, such as LgLHYHI, and any potential
LgLHYH1 homolog were also repressed. Even under
such conditions, the circadian expression of the evening-
specific promoter of AtPRR1 was robust. Therefore,
normal gene expression of any potential LgLHYH1
homolog would not be required for the rhythmic ex-
pression of evening-specific genes. Thus, it is possible
that LgLHYH1 is a functionally relevant ortholog of
OsCCA1, and OsCCA1 and LgLHYH1 may have similar
functions in the respective circadian systems.

LgELF3H1 knockdown resulted in a low-amplitude
rhythmic expression of AtCCA1 and AtPRR1 under LL

1960

conditions (Fig. 5, C and D; Table I). This appears to
parallel the arrhythmic phenotype induced by the elf3
mutation in Arabidopsis (Hicks et al., 1996; Schaffer
et al., 1998; Alabadi et al., 2001). Thus, it is likely that
the LgELF3H1 gene plays an important role in the
circadian system as has been shown for Arabidopsis
ELF3. In the rice genome, there are two ELF3-related
genes, of which functions in the circadian system are
not revealed (Murakami et al., 2007). Our functional
analysis using L. gibba clearly indicated that the ELF3
homolog plays an important role in the circadian
oscillations in monocotyledonous plants. Therefore,
it is likely that one or both of the ELF3 homologs are
involved in circadian rhythms in rice.

The functional conservation of ELF3 between L. gibba
and Arabidopsis is also supported by overexpression
analysis of these genes, which lengthened the period
of the circadian rhythms in both plants (Fig. 5A;
Covington et al.,, 2001). Our data also showed that
the genetic relationship between ELF3 and GI is con-
served in L. gibba and Arabidopsis, suggesting that the
genetic networks involving these genes are also con-
served (Fig. 6; Chou and Yang, 1999). Despite these
broad similarities in the roles of ELF3, the effects of
knockdown/knockout on the morning-specific gene
expression were different in these plants. Whereas the
knockdown of LgELF3H1 resulted in a higher level of
AtCCAl-promoter activity, the elf3 mutation inhibited
the accumulation of LHY mRNA (Fig. 5C; Schaffer
et al., 1998). This contrasts with the difference in the
effects of GI overexpression in these species; LgGIH1
overexpression severely lowered AtCCAI-promoter
activity in L. gibba, whereas the promoter was not
affected by GI overexpression in Arabidopsis (Fig. 4A;
Mizoguchi et al., 2005). These phenomena imply that
the genetic frameworks involving ELF3 and GI that
underlie the circadian oscillations are conserved be-
tween L. gibba and Arabidopsis, but the precise roles of
these genes have diverged, probably due to modifica-
tions of their molecular functions and/or networks.

A semitransient expression system using a particle
bombardment method in Lemna plants has allowed us
to functionally analyze clock-related genes. Moreover,
a number of characteristics of Lemna plants have
facilitated the use of this experimental system. The
flat, tiny body of this plant allows us to keep the whole
plant in small dishes under normal growth conditions
throughout the experiments. The flat, smooth surface
of the frond is suitable for the particle bombardment
method. In these procedures, exogenous genes are
introduced into mature epidermal cells. The circadian
reporter activity in a single type of cell allows us to
focus on the rhythmicity without variables introduced
by different tissues or developmental stages (Fukuda
et al., 2007). Together with these advantages, the
performance of the semitransient reporter expression
system is suitable for large-scale analyses of gene
functions. Hence, our reporter-effector experimental
system using Lemna plants can be used as a model for
plant circadian systems and should allow the dynamics
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of the associated intracellular signal transduction sys-
tems to be examined.

It should be noted that the semitransient expression
system has technical limitation when effector con-
structs are applied to it. The efficiency of an effector is
not directly accessible in our present semitransient
expression system because only tens to hundreds of
epidermal cells are transfected in our experiments
(data not shown). In other words, the expression levels
of overexpressed or knockdown target genes in the
transfected cells are unknown. This could cause diffi-
culty in interpreting effects of overexpression or knock-
down/knockout, especially when they are different
between our analysis of Lemna and that of other plant
species. For example, the disorder of the circadian
rhythms by the LgELF3HI overexpression appeared
much more severe than that of an Arabidopsis ELF3
overexpression transgenic plant (Fig. 5, Covington
et al., 2001). This might be attributed to the difference
of their expression levels. As well as the expression
levels of effectors, tissue specificity of circadian reporter
could cause the difference of circadian behaviors be-
tween transiently transfected cells and transgenic
plants. The circadian reporters expressing in different
tissues show distinct features of circadian rhythms
between them (Michael et al., 2003). The semitransient
expression system using particle bombardment only
allows expression of the reporter in the mature epider-
mal cells, while the luciferase reporter under the chlo-
rophyll a/b binding protein2 promoter that is well used in
Arabidopsis as circadian reporter is predominantly
expressed in mesophyll cells.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Lemna gibba G3 has been maintained in our laboratory for >40 years by
vegetative reproduction. L. gibba plants were kept in M medium with 1%
(w/v) Suc under LL conditions (Hillman, 1961b). Approximately 10 colonies
were picked from cultures and grown under 12-h-light/12-h-dark conditions
for 3 weeks to use in the bombardment experiments. The growth temperature
was maintained at 25°C + 1°C and the light intensity supplied by fluorescent
lamps (FLR40SW/M/36 or FL20SSW18; Mitshubishi/Osram) was approxi-
mately 25 uE m > s~ '. Colonies were grown in 100 mL of medium in 200-mL
Erlenmeyer flasks plugged with cotton. New stock cultures were made every
week, and well-grown plants were used for the experiments.

Reporter and Effector Constructs

The reporter constructs pSP1-CCA1::LUC-B and pSP1-APRR1::LUC were
kind gifts from Dr. Mizuno (Nakamichi et al., 2004). The pSP1-based ZmUBQ1
promoter-luc+ construct was described previously (Miwa et al., 2006). For
overexpression constructs, coding regions for clock-related genes were am-
plified using PCRs and cloned into pBI221 (CLONTECH; Supplemental Fig.
S1; Supplemental Table S1; Miwa et al., 2006). The pBI221 plasmid contains the
GUS gene under the control of the CaMV 35S promoter; the GUS region was
replaced with the coding region of the gene to be overexpressed.

RNAI effector constructs were constructed using a MultiSite Gateway
Three-Fragment Vector Construction kit (Invitrogen; Supplemental Fig. S5). A
fragment of each clock-related gene was amplified in a PCR using two sets of
primers. The amplified regions, the direction of the RNAI region, and the
primer sequences are shown in Supplemental Figure S1 and Supplemental
Table S1. 5'-f and 3'-rv primers contained the same target sequence at an end
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of the amplicon for each target, and 5'-rv and 3’-f primers contained the same
target at the other end of the amplicon. 5'-f, 5'-rv, 3'-f, and 3'-rv primers
contained attB4, attB1, attB2, and attB3 sequences next to the target sequences,
respectively. An amplicon produced with 5'-f and 5'-rv primers was cloned
into the pDONR P4-P1R vector to make a pENTR-5" vector. An amplicon
produced with 3'-f and 3’-rv primers was cloned into the pDONR P2R-P3 to
make a pENTR-3’ vector. Between the attL1 and attL.2 regions, the pENTR-GUS
vector contains a GUS intron sequence (Ohta et al., 1990) and a spectinomycin-
resistant gene (Omega fragment) inside the intron. This drug-resistant gene was
used in the selection process after the LR-plus reaction to increase the efficiency.
These three vectors were integrated into a pBI221-based destination vector
(pBI221+DEST) using the LR-plus reaction. Between the CaMV 35S promoter
and the NOS terminator of pBI221, pBI221+DEST contains recombination
sequences used during the LR reaction. The RNAi expression vector expresses
the RNAi region under the control of the CaMV 35S promoter. As a control for
the effector construct, the control vector (pBI221AGUS) was used.

Particle Bombardment

pSP1-CCA1::LUC-B and pSP1-APRR1::LUC were used as bioluminescent
reporter constructs (Nakamichi et al., 2004). These plasmid vectors were
introduced using particle bombardment. A 25-uL aliquot of prewashed gold
particle suspension (1-um diameter; Bio-Rad) in 50% glycerol (60 mg mL™")
was mixed with the plasmid DNA mixture, in which a 3-ug aliquot of the
effector plasmid and 1 ug of pBI221 were mixed with 6 uL of reporter plasmid
DNA solution (0.5 mg mL™Y), 25 uL of CaCl, (2.5 M), and 1 uL of spermidine
(1 m). For the LgGIH1-LgELF3H1 double RNAi knockdown, the gold particle
suspension was mixed with 3 uL of reporter plasmid DNA solution, 2 uL of
the LgGIHI-RNAIi plasmid DNA solution (1 mg mL™Y), and 2 uL of the
LgELF3H1-RNAi plasmid DNA solution (1 mg mL™"). After vortexing for
3 min, the tube was briefly centrifuged. The supernatant was discarded, 200 uL
of 70% ethanol was added, and the samples were mixed well. The suspension
was briefly centrifuged and the supernatant was discarded. The DNA-coated
particles were washed again with 100% ethanol and resuspended in 30 wL 100%
ethanol. A helium gun device (GIE-III IDERA; Tanaka) was used for particle
bombardment according to the manufacturer’s instructions (vacuum, 800
hectoPa; helium gauge pressure, 5.0 hectoPa). Approximately 10 Lenna colonies
were set on a 35-mm polystyrene dish (Asahi Techno Glass) and covered with a
small piece of plastic mesh. The dish was set underneath the muzzle of the gun,
and 8 uL of the DNA-coated particle suspension was fired into the sample.
After the bombardment, 3 mL of medium containing firefly luciferin (1 mm
potassium salt; Biosynth) was added to the dish. The samples were cultured
under light-dark entrainment conditions for at least 1 d before bioluminescence
measurements began.

Bioluminescence Monitoring

Monitoring the bioluminescence of Lemna plants was basically done as
described previously (Miwa et al., 2006). The luminescence dish-monitoring
system used photomultiplier tubes (R329P; Hamamatsu Photonics K.K.) for
bioluminescence detection. To reduce the fluorescence signals from chloro-
phyll, a short-pass filter (SVO630; Asahi Spectra) was set at the detection site
of the photomultiplier tubes. Each dish was subjected to 30-s measurements of
bioluminescence every 30 min.

Time series of bioluminescence data were fitted with sine curves using
nonlinear least-squares fitting analysis. The following fitting function was
used:

Y(t) = Aexp(—et) cos(2m(t —a)/T) + bt +ct +d,

where T is circadian period, A is initial amplitude value, e is a coefficient for
exponential decay of amplitude, a is the phase offset, and bf* + ct + d is the
trend component for quadratic function. Time series data from 24 to 72 h were
applied to the fitting for AtCCAI::luc, and those from 24 to 96 h for
AtPRR1::luc. Optimal values for parameters (A, T, a, b, ¢, d, and ¢) were
estimated using the Gauss-Newton algorithm and the open-source statistics
software R (version 2.4.1). The representative amplitude for each time series
was calculated as A exp(—m‘)/(bt2 + ct + d)att=36h.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AB210848 to AB210851.
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Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Structure of the effector constructs.

Supplemental Figure S2. Effects of the knockdown of the four Lemna
clock-related genes and of LgELF3HI1 overexpression on ZmUBQ-
promoter activity.

Supplemental Figure S3. Suppression of the effects of LgLHYH2 over-
expression by LgLHYH2-RNAi knockdown.

Supplemental Figure S4. Double RNAi experiments for LgLHYH1 and
LgLHYH2.

Supplemental Figure S5. Procedures for the construction of RNAi vectors
using MultiSite Gateway technology.

Supplemental Table S1. Primer sequences for the RNAi constructs.
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