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Forward Genetic Analysis of the Circadian Clock
Separates the Multiple Functions of ZEITLUPE1[W]

Éva Kevei, Péter Gyula, Anthony Hall, László Kozma-Bognár, Woe-Yeon Kim, Maria E. Eriksson,
Réka Tóth, Shigeru Hanano, Balázs Fehér, Megan M. Southern, Ruth M. Bastow, András Viczián,
Victoria Hibberd, Seth J. Davis, David E. Somers, Ferenc Nagy, and Andrew J. Millar*

Institute of Plant Biology, Biological Research Centre of the Hungarian Academy of Sciences, H–6726 Szeged,
Hungary (É.K., P.G., B.F., F.N.); School of Biological Sciences, University of Liverpool, Liverpool L69 7ZB,
United Kingdom (A.H.); Institute of Molecular Plant Science, University of Edinburgh, Edinburgh EH9 3JH,
United Kingdom (L.K.-B., A.J.M.); Department of Plant Cellular and Molecular Biology, Ohio State University,
Columbus, Ohio 43210 (W.-Y.K., D.E.S.); Umeå Plant Science Centre, Department of Plant Physiology, Umeå
University, SE–901 87 Umea, Sweden (M.E.E.); Department of Plant Developmental Biology, Max Planck
Institute for Plant Breeding Research, D–50829 Cologne, Germany (R.T., S.H., S.J.D.); Department of Biological
Sciences, University of Warwick, Coventry CV4 7AL, United Kingdom (M.M.S., R.M.B., V.H.); and Biologie
II/Institut für Botanik, University of Freiburg, D–79104 Freiburg, Germany (A.V.)

The circadian system of Arabidopsis (Arabidopsis thaliana) includes feedback loops of gene regulation that generate 24-h
oscillations. Components of these loops remain to be identified; none of the known components is completely understood,
including ZEITLUPE (ZTL), a gene implicated in regulated protein degradation. ztl mutations affect both circadian and
developmental responses to red light, possibly through ZTL interaction with PHYTOCHROME B (PHYB). We conducted a
large-scale genetic screen that identified additional clock-affecting loci. Other mutants recovered include 11 new ztl alleles
encompassing mutations in each of the ZTL protein domains. Each mutation lengthened the circadian period, even in dark-
grown seedlings entrained to temperature cycles. A mutation of the LIGHT, OXYGEN, VOLTAGE (LOV)/Period-ARNT-Sim
(PAS) domain was unique in retaining wild-type responses to red light both for the circadian period and for control of
hypocotyl elongation. This uncoupling of ztl phenotypes indicates that interactions of ZTL protein with multiple factors must
be disrupted to generate the full ztl mutant phenotype. Protein interaction assays showed that the ztl mutant phenotypes were
not fully explained by impaired interactions with previously described partner proteins Arabidopsis S-phase kinase-related
protein 1, TIMING OF CAB EXPRESSION 1, and PHYB. Interaction with PHYB was unaffected by mutation of any ZTL
domain. Mutation of the kelch repeat domain affected protein binding at both the LOV/PAS and the F-box domains, indicating
that interaction among ZTL domains leads to the strong phenotypes of kelch mutations. Forward genetics continues to provide
insight regarding both known and newly discovered components of the circadian system, although current approaches have
saturated mutations at some loci.

The circadian systems that drive 24-h biological
rhythms in many organisms evolved as an adaptation

to the Earth’s rotation and its attendant changes in
light and temperature conditions. The core of a circa-
dian system can be described as an oscillator; oscillator
components (clock genes/proteins) rhythmically reg-
ulate their own expression/activity (and that of each
other) through one or more negative feedback mech-
anisms at the transcriptional/translational level, gen-
erating a self-sustained oscillation (Young and Kay,
2001). Additional clock-associated factors, which do
not carry temporal information and which may not be
rhythmic, are required to set the period length of this
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oscillation close to 24 h and to adjust other rhythmic
properties. The oscillator regulates the expression of
overt rhythms through output pathways. The phase of
the oscillator (subjective time) is set to the objective
time of the environment by periodic environmental
signals (light and temperature) transduced by input
pathways. Light signaling to the plant clock is medi-
ated by several photoreceptors of the phytochrome
and cryptochrome families, which may themselves be
clock regulated (for review, see Fankhauser and Staiger,
2002; Millar, 2003). Increasing light fluence rates short-
ens the free-running period length in Arabidopsis
(Arabidopsis thaliana; Millar et al., 1995b), as in many
diurnal animals (Aschoff, 1979).

According to current models (for review, see Hayama
and Coupland, 2003; Salome and McClung, 2004, and
refs. therein), the central oscillator in Arabidopsis
involves the mutual regulation of at least three genes:
CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and
LATE ELONGATED HYPOCOTYL (LHY) are morning-
expressed genes that repress transcription of TIMING
OF CAB EXPRESSION 1 (TOC1). TOC1 is proposed to
form a second, interlocking loop with GIGANTEA
(GI; Locke et al., 2005), which maintains damping,
short-period rhythms in the lhy/cca1 double mutant
(Alabadi et al., 2002; Mizoguchi et al., 2002; Locke et al.,
2005). The evening-expressed genes TOC1, GI, EARLY
FLOWERING 3 (ELF3), and EARLY FLOWERING 4
(ELF4) are each required for expression of CCA1/LHY
to reach normal levels on the following morning
(Hicks et al., 1996; Fowler et al., 1999; Alabadi et al.,
2001; Doyle et al., 2002), although the mechanism of
this gene activation is unclear.

The majority of known components of the Arabi-
dopsis circadian system have been identified by for-
ward genetics (for review, see Southern and Millar,
2005, and refs. therein), several from limited screens
for mutants with altered circadian timing under con-
stant light, and others from flowering time screens.
Each gene (including TOC1 and ZEITLUPE [ZTL]) was
represented by one or, at most, two alleles. Recently, a
large-scale screen was reported for mutants that al-
tered rhythmicity of several clock-regulated luciferase
(LUC) reporter genes under constant light (Onai et al.,
2004); one of the mutated genes was identified as an
allele of a putative DNA-binding protein gene, PHY-
TOCLOCK1 (Onai and Ishiura, 2005). In contrast, a
LUC screen preceded by a screen for long-hypocotyl
seedlings and followed by rapid array-based mapping
identified several alleles of TOC1, ELF3, ELF4, and the
same DNA-binding protein gene, here termed LUX
ARRHYTHMO (LUX; Hazen et al., 2005a, 2005b).

ZTL was the first component of the plant circadian
system to be implicated in regulated proteolysis. ZTL,
LOV KELCH PROTEIN 2 (LKP2), and FLAVIN BIND-
ING, KELCH REPEAT, F-BOX 1 (FKF1) form a protein
family with a unique signature of three protein do-
mains: an N-terminal Period-ARNT-Sim (PAS)-like
LIGHT, OXYGEN, VOLTAGE (LOV) domain, a central
F-box motif, and a C-terminal domain of six kelch re-

peats that are predicted to form a b-propeller (Kiyosue
and Wada, 2000; Nelson et al., 2000; Somers et al., 2000;
Schultz et al., 2001). F-box proteins are important
target-specifier components of the Skp1/Cullin/F-box
(SCF) type of E3 ubiquitin ligases (Vierstra, 2003). The
F-box motif interacts with the Skp1 protein, while
the C terminus is often responsible for binding the
target protein. ZTL is assembled into an SCFZTL com-
plex in vivo together with a SKP1-like protein (ASK1),
AtCUL1, and AtRBX1, which are core components of
characterized SCF complexes in Arabidopsis (Han
et al., 2004). Complex formation requires the presence
of a functional F-box domain of ZTL. Transient reduc-
tion in AtRBX1 levels phenocopies the long-period
phenotype of ztl mutants, strongly supporting the role
of an SCFZTL complex in the regulation of circadian
rhythms (Han et al., 2004). The proposed function of
ZTL is to target the TOC1 protein for degradation
(Más et al., 2003). Surprisingly, TOC1 can interact with
ZTL through the LOV/PAS domain and not the kelch
repeats (Más et al., 2003; Yasuhara et al., 2004). The
ztl-1 mutation in the kelch domain nonetheless abol-
ished the ZTL-TOC1 interaction, suggesting that the
b-propeller supports protein interactions at the LOV/
PAS domain.

The unusual LOV/PAS domain of ZTL suggested
that ZTL function could be light regulated because the
equivalent domain in other proteins (notably FKF1;
Imaizumi et al., 2003) can bind a flavin chromophore
that is photoactive in blue light. Subsequent results
have significantly modified this early proposal, re-
vealing a complex picture. Circadian rhythms in ztl
mutants have a long-period phenotype that is light
dependent: The circadian period is longer under low
rather than high fluence rates of constant red or blue
light (Somers et al., 2000). This is broadly consistent
with the more rapid degradation of TOC1 protein in
darkness than in light (Más et al., 2003). The putative
ZTL chromophore was not expected to absorb red
light significantly, but a physical interaction was dem-
onstrated between ZTL and the C-terminal fragments
of phytochrome B (PHYB) and cryptochrome 1 (CRY1)
photoreceptor proteins (Jarillo et al., 2001) such that
these photoreceptors might be involved in ZTL func-
tion. The known ztl mutants also had short hypocotyls
because the red light-controlled inhibition of hypo-
cotyl elongation was hyperresponsive in the mutants;
for this phenotype, ztl mutations did not affect blue-
light responsiveness (Somers et al., 2000, 2004). Our
data discriminate among these overlapping pheno-
types, all of which are affected by ZTL function.

We report a large-scale screen to identify circadian
clock mutants using a LUC reporter gene under con-
stant darkness. The 104 mutants recovered identify
several new clock-affecting genes. In addition, 11 ztl
alleles include amino acid substitutions in all three
domains of the ZTL protein. Most of the mutants share
similar phenotypes. Only mutation of the LOV/PAS
domain uncoupled the function of ZTL in red-light
responses from its function in the circadian system.
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Protein interaction assays show that altered interac-
tions with known partner proteins do not explain the
phenotype of the ztl mutations, although the strong
effects of seemingly disparate mutations are likely due
to contributions of multiple domains to each protein
interaction.

RESULTS

Isolation of Novel Circadian Mutants

Seeds carrying the CHLOROPHYLL a/b-BINDING
PROTEIN (CAB2; also known as LHCB1.1):LUC re-
porter in the C24 accession (Millar et al., 1995a) or the
CAB2:LUC1 reporter in the Wassilewskija (Ws) acces-
sion (Hall et al., 2001) were treated with ethyl methane
sulfonate (EMS). Seedlings of the M2 generation were
tested in two laboratories for LUC activity over 36 h in
constant darkness (DD), following entrainment under
12-h-light/12-h-dark photoperiods (LD 12:12). This
interval covers the first peak of CAB2:LUC(1) expres-
sion in darkness, which occurs at Zeitgeber time (ZT)
26 to 27 in wild-type plants (Fig. 1A). ZT0 is defined as
the time of the last dark-light transition; ZT26 is 2 h
after the first predicted dawn in darkness. Seedlings
with a variety of altered luminescence patterns were
selected. Period could not be assessed because the
initial screen covered less than two circadian cycles
and because the expression of CAB2:LUC damps to a
low level in darkness (Fig. 1A). Table I shows that the
combined screen identified 104 heritable circadian
mutants of several types, with a bias in the Ws screen
toward late-phase mutants (64% of the total mutants
recovered); few arrhythmic mutants were identified. A
higher rate of mutant recovery from the Ws popula-
tion was due in part to the stronger luminescence
of the LUC1 reporter, which allowed more accurate
mutant scoring. The Ws population also showed a
higher level of mutagenesis as judged by M1 seed
mortality, adult plant fertility, and the frequency of
visible phenotypes in the M2 generation (A. Hall,
unpublished data). Mutant phenotypes were con-
firmed in the M3 generation in DD and also tested
under constant red light to distinguish between period
length and phase mutants.

Mutants were placed on the genetic map. Greater
than five mutant lines were identified that did not map
close to clock-associated genes, including lines with a
long or short period in constant red light and one line
with altered phase but no significant period change;
three of these lines are shown in Figure 1. To identify
mutants that were allelic with known clock-associated

Figure 1. Identification of additional clock-associated genes and toc1
alleles. A, Luminescence rhythm of transgenic Arabidopsis ecotype
C24 carrying the CAB:LUC transgene over one light/dark cycle
followed by constant darkness. Luminescence was monitored for the
interval ZT12-ZT48 during the genetic screen (horizontal line), captur-
ing only the first peak in darkness. White box, time axis, light interval;
black box, darkness. ZT0 is defined as the time of the last light-dark
transition. Tc58 (B), Tc308 (D), and Tc557 (F) were identified as
mutants displaying late-phase, short- or long-period-length pheno-
types, respectively. The short-period mutants Tc442 (E) and Tc522 (C)
represent toc1 alleles, named toc1-8 and toc1-9, respectively. The plots

show the rhythmic expression of the CAB2:LUC (Tc58, C24 back-
ground) or CAB2:LUC1 (the rest of the mutants, Ws background)
markers in the mutants and corresponding wild types in constant red
light at approximately 5 mmol m22 s21 intensity. G, Approximate
position and distribution of the mutations among the five chromosomes
of the Arabidopsis genome.

Circadian Functions of ZEITLUPE
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genes, the TOC1, ELF3, GI, or ZTL gene was amplified
and sequenced from mutant lines that showed both
tight genetic linkage to the relevant locus and the
phenotype expected for toc1, elf3, gi, or ztl mutants.
This identified two new toc1 alleles with predicted
mutations in the pseudoresponse regulator domain
(Supplemental Fig. 1; Supplemental Table I) and the
short-period phenotype characteristic of previously
described toc1 alleles (Fig. 1). One elf3 and two gi
alleles will be described elsewhere (L. Kozma-Bognár
and A. Hall, unpublished data). Here we characterize
11 new alleles of ZTL (Fig. 2), including one with a
novel phenotype in red light.

New Mutations within the ZTL Gene

The positions of the 11 newly identified and the two
previously published ztl mutations within the ZTL
protein sequence are shown in Figure 2 and listed in
Supplemental Table I. All are caused by G-to-A tran-
sitions in the nucleotide sequence, as expected of EMS
mutations. In ztl-21, a G-to-D amino acid substitution
is predicted in the second half of the LOV/PAS do-
main in a residue that is conserved within the ZTL/
FKF/LKP2 protein family in Arabidopsis. ztl-22 causes
an E-to-K change that lies at a conserved position in
the F-box domain of ZTL and other F-box proteins
from plants, mammals, and fungi (Patton et al., 1998).

Table I. Summary of the mutant screen

Phenotypes of CAB:LUC expression in constant darkness were classified as: early, Early phase; late, late phase; arrhyt, arrhythmic; low amp, low
amplitude; high level, high level of luminescence; and form, altered rhythmic waveform.

Accession
M2 Plants

Tested

M2 Plants

Selected

M3 Lines

Retained

Circadian Phenotype in 36 h DD

Early Late Arrhyt Low Amp High Level Form

C24 40,000 574 25 11 13 1 0 0 0
Ws 5,800 545 79 16 54 5 2 1 1

Figure 2. Predicted mutations in the ZTL protein. ZTL possesses three distinct domains: a LOV/PAS domain, an F-box domain,
and a C-terminal domain consisting of six kelch repeats. Amino acid sequences comprising the six kelch repeats are aligned. The
newly identified alleles of ztl are named ztl-21 to ztl-31; previously identified ztl-1 and ztl-2 mutations are also indicated.
Genetic backgrounds and allele sequences are listed in Supplemental Table I.
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Nine further mutations were identified within the kelch
repeats, six of which cause substitutions of equivalent
amino acids within different repeats (ztl-23 and ztl-30;
ztl-25, ztl-27, and ztl-28; ztl-26 and the previously
identified alleles ztl-1 and ztl-2). Two nonsense muta-
tions (ztl-29 and ztl-31) were identified toward the
C-terminal end of the kelch repeat domain.

Kelch repeat domains form a b-propeller structure
to which each full repeat contributes one propeller blade;
a zip-lock blade comprising the partial first and last
repeats closes the propeller (Li et al., 2004). The posi-
tions of the mutated residues in the ZTL kelch repeats
were mapped onto the structure of the six-bladed kelch

domain of diisopropylfluorophosphatase (Fig. 3). The
mutations are all predicted to fall in loops on the ex-
ternal faces of the propeller, not within the b-strands in
the depth of the blades. Six of the seven kelch residues
with missense mutations are clustered on a single face
of the propeller. In ztl-31, only the extreme C-terminal
loop is lost from the predicted product, whereas in
ztl-29, the C-terminal blade is lost. Mutations in all
three predicted domains of ZTL protein were recov-
ered, which provided an opportunity to obtain more
detailed information on the function of the different
domains.

Quantitative Differences in the Circadian Phenotypes
of ztl Mutants

All of the ztl mutants showed a late-phase pheno-
type of CAB2:LUC(1) expression under the screening
conditions (Fig. 4A; data not shown) and all had a long
period of CAB2:LUC(1) expression under constant red
or blue or red and blue light (Supplemental Table II).
We therefore focused on a subset of alleles that affect
each ZTL domain and each genetic background. The
rhythmic expression of well-characterized promoter:
LUC1 fusions (CAB2, CCR2, or CCA1) was examined
in the ztl mutants under constant white, red, or blue
light and during dark adaptation. All of the ztl alleles
displayed long-period phenotypes in all conditions; in
general, ztl-21 plants showed a weaker phenotype com-
pared to the other alleles, whereas ztl-31 plants had
the longest periods and also lower rhythmic ampli-
tude (Fig. 4B; Supplemental Fig. 2; Supplemental Table
II; data not shown). This quantitative difference in
phenotype was replicated when we tested a circadian
output that is distinct from gene expression, the leaf
movement rhythm (Fig. 4C).

To assess the impact of the ztl mutations under
light/dark cycles, the diurnal expression pattern of
CCA1:LUC1 and CCR2:LUC1 was tested under short-
day conditions (Supplemental Fig. 2, A and C). CCA1:
LUC1 activity in wild-type seedlings started to in-
crease in anticipation of lights on, when acute light
induction of CCA1 expression sharply increased ac-
tivity to a peak 1 to 2 h after lights on. The ztl mutants
showed evidence of a late circadian phase, with little
or no increase in CCA1 expression before dawn. To-
gether with a reduced acute response to light, this led
to peak expression at ZT4-6 compared to ZT1-2 in the
wild type (Supplemental Fig. 2A). The reduced light
response is consistent with CCA1 RNA data for other
ztl alleles (Somers et al., 2004). CCR2:LUC1 activity
also peaked 2 to 4 h later in the night in ztl mutants
compared to wild type (Supplemental Fig. 2C).

ZTL Protein Is Expressed in ztl Mutants

ZTL protein levels were measured in the mutant
plants by western analysis. Data obtained from repre-
sentative mutant lines carrying single point mutations
within each functionally important domain are shown

Figure 3. Location of mutated residues in the ZTL kelch repeats.
Mutated residues (red spheres) were mapped onto the six-bladed kelch
domain structure of diisopropylfluorophosphatase (structure 1e1a).
Numbers correspond to ztl alleles where the particular position is
mutated (ztl-27 and ztl-28 affect the same position, G452). Ribbon
diagrams of the b-propeller are color ramped from blue to green from
the N to the C terminus. A, Face view (bottom surface as shown in B). B,
Side view (from the top as shown in A). The pictures were drawn in
MolScript (Kraulis, 1991; Esnouf, 1997) and rendered in Raster3D
(Merritt and Murphy, 1994).
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in Figure 5. The results show that all mutants tested
expressed at least the wild-type level of the protein,
except ztl-31 (Fig. 5, A and B). ZTL mRNA levels also
showed little or no effect of the mutations (Supple-
mental Fig. 4). ztl-31 was expected to express a protein
truncated by 2.6% (16 amino acids; Fig. 2) and, con-
sistent with this, the ZTL antibody recognized a pro-
tein with slightly reduced molecular mass in extracts
from ztl-31 (Fig. 5B; data not shown). ZTL levels
overall were apparently reduced in this line, although
ZTL mRNA levels were unaffected or slightly in-
creased (Supplemental Fig. 3), suggesting that the
truncated protein was unstable, although an effect on
the polyclonal epitope cannot be ruled out.

ZTL protein levels normally oscillate diurnally, with
a maximum at ZT13 and a minimum at ZT1 under LD
12:12 cycles. This diurnal oscillation of the protein
level is controlled posttranslationally through circa-
dian phase-specific degradation (Kim et al., 2003).
Although most of the ztl mutant lines showed wild-
type oscillations (data not shown), three lines were
aberrant. ztl-22, which carries a mutation in the F-box
domain, showed strongly elevated levels of ZTL at
ZT1 and moderately elevated levels at ZT13 relative to
wild type (Fig. 5B). A G-to-D substitution in the fourth
kelch repeat (ztl-27) also enhanced ZTL protein accu-
mulation at ZT1 (Fig. 5B). ztl-31 resulted in much
lower levels of mutant protein at both times (Fig. 5B).
In these three mutants, particularly in the stronger al-
lele ztl-31, phenotypic differences might relate to var-
iation in ZTL protein levels; in the other lines, any
differences in the mutant phenotypes are likely to re-
flect altered function of the mutant proteins rather
than differences in their accumulation.

Novel Light Dependence of the LOV/PAS Mutant ztl-21

A major aspect of ZTL function is in mediating light
responsiveness. The free-running period of circadian

Figure 4. ztl mutations affect several output rhythms under various
light conditions. CAB2:LUC1 rhythm of ztl mutants in DD (A) and in
constant red light of approximately 5 mmol m22 s21 light intensity (B);
leaf movement rhythms in ztl mutant and wild-type seedlings under
continuous white light (C). Flowering time of the new ztl alleles was
determined under long-day conditions (16-h light/8-h dark) and ex-
pressed as the number of rosette leaves at the time of bolting (D). Error
bars represent SE values in C and D.

Figure 5. ZTL protein expression levels in the ztl mutant plants. Immu-
noblots showing ZTL protein levels in extracts from wild-type (WT) and
ztl mutant plants growing under LD 12:12. Samples were harvested at
13 h after dawn (ZT13; A) or at ZT1 and ZT13 (B), as indicated. Minimal
and maximal ZTL accumulation normally occurs at ZT1 and ZT13,
respectively, in these conditions. Arrows show ZTL position.
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rhythms in wild-type Arabidopsis decreases with in-
creasing fluence rates of light. Consequently, fluence
rate response curves (FRCs; constructed by plotting
period values as a function of the log of fluence rate)
for Arabidopsis rhythms show a negative slope. The
slope is more negative for ztl-1, ztl-2, and the null ztl-3
mutants than for the wild type because their long-
period phenotype is exaggerated at low fluence rates
of either red or blue light (Somers et al., 2000, 2004). In
contrast, the inhibition of hypocotyl elongation by red
light was specifically enhanced in ztl mutants, with
little effect on the response to blue light (Somers et al.,
2000, 2004).

To characterize the effect of the mutant ZTL proteins
on light signaling, FRCs were measured for CAB2:
LUC(1) rhythms and hypocotyl elongation under red
and blue light (Fig. 6; Supplemental Fig. 4). Hypocotyl
length in dark-grown plants was the same in all geno-

types, indicating that the differences observed were
light dependent (data not shown). The new alleles were
similar to ztl-1 for both circadian and hypocotyl phe-
notypes under blue light (Supplemental Fig. 4). ztl-31
again showed the greatest lengthening of the circadian
period, with slightly weaker effects in ztl-21. Under
red light, however, ztl-21 showed qualitatively differ-
ent behavior from the other alleles (Fig. 6).

At high fluence rates of red light, ztl-21 and the other
ztl mutants had a circadian period about 3.5 h longer
than wild-type plants. Only ztl-21 maintained this
3.5-h period lengthening across the whole range of red
light intensity (Fig. 6B; see also Fig. 4B), giving a FRC
with the same gradient as the wild type. The period of
the other alleles increased to 8 to 12 h longer than wild
type at the lowest fluence rates, as previously reported.
ztl-21 seedlings also showed little or no defect in
hypocotyl elongation at any fluence rate of red light

Figure 6. Effect of ztl mutations on the free-running period length and hypocotyl elongation under different fluence rates of red
light. FRCs were determined from the period of CAB2:LUC (in C24 background) or CAB2:LUC1 (in Ws background) reporter
gene activity under continuous red light (A and B). Plants were entrained in LD 12:12 for 7 d prior to free run in constant light.
Hypocotyl length of 4-d-old seedlings grown in continuous red light (C and D) of indicated fluence rates. Data were normalized
to the hypocotyl length of the corresponding dark-grown controls. Error bars represent SE values.
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(Fig. 6D). Under long photoperiods of white light,
ztl-21 plants flowered with the wild type in contrast to
the modest delay in flowering time observed for kelch
mutations (Fig. 4D; Somers et al., 2000; Kim et al.,
2005). Thus, the LOV/PAS mutant ztl-21 affected the
circadian period, but did not affect responses to red
light either by shortening the circadian period or by in-
hibiting hypocotyl elongation or photoperiod sensing.

We and others have demonstrated that ZTL affects
the circadian period of light-grown plants transferred
to constant darkness (dark-adapting plants; Supplemen-
tal Fig. 2B). These plants initially have a light-adapted
complement of photoreceptors, some of which are
thought to remain active for hours to days in darkness.
To test the dependence of ZTL function on photore-
ceptor signaling more stringently, circadian rhythms
of CCR2:LUC1 activity were tested in dark-grown
seedlings compared to dark-adapting seedlings (Table
II; Supplemental Fig. 5). ztl mutant and wild-type seed-
lings were grown for 3 d in darkness under entrain-
ment from 12 h 26�C/12 h 22�C temperature cycles,
then transferred to constant 22�C for period assays also
in darkness. ztl mutants showed an identical, long mean
period under these conditions as in dark adaptation,
indicating that ZTL regulates the circadian system
without ongoing photoreceptor signaling (Table II).

Protein Interactions in ztl Mutants

The domain structure of the ZTL protein family,
together with published data, suggests that ZTL func-
tion might be understood at the molecular level in
terms of its physical interactions with degradation
targets (including TOC1), the SCF complex (through
ASK1), and the phytochrome and cryptochrome pho-
toreceptors. To test this notion, representative muta-
tions located in the three different domains of ZTL
(LOV/PAS, ztl-21; F-box, ztl-22; kelch repeats, ztl-27)
were introduced into the full-length ZTL cDNA. The
corresponding mutant proteins were expressed in
yeast (Saccharomyces cerevisiae) and tested for interac-
tion with ASK1, TOC1, and the N-terminal domain
(PHYBN; amino acids 1–621), the C-terminal domain
(PHYBC; amino acids 645–1,272), or full-length phy-
tochrome B. Protein gel-blot analysis confirmed that

the mutated protein fusions were expressed in yeast at
similar levels to wild-type protein fusions (data not
shown). The ZTL-ASK1 interaction was most severely
affected by the mutation in the PAS domain and also
reduced by the F-box and kelch mutations (Fig. 7A).
The TOC1-ZTL interaction was abolished by the PAS
and kelch mutations, as shown by the absence of yeast
growth under selective conditions, whereas the F-box
mutation had no significant effect (Fig. 7B).

The interaction between PHYBC and full-length ZTL
protein was not affected by the mutations (Fig. 7C).
However, reporter activity was significantly increased
when PHYBC, fused to the DNA-binding domain of
GAL4 (bait), was coexpressed with ZTL fused to the
activation domain of GAL4 (prey). Similar results were
reported by Jarillo et al. (2001), who also verified the
ZTL-PHYBC interaction with in vitro binding studies.
We observed no interaction between PHYBC and ZTL
when these proteins were expressed in the inverted
configuration (PHYBC as prey, ZTL as bait; data not
shown). ZTL failed to interact with PHYBN in the
presence or absence of the phycocyanobilin chromo-
phore, regardless of whether reconstituted PHYBN was
in the Pr or Pfr conformation (Fig. 7D; Supplemental
Fig. 6). In contrast, PHYBN interacted strongly with
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3)
in a Pfr-dependent manner, as reported previously
(Shimizu-Sato et al., 2002). Full-length PHYB showed
some transactivation of the b-galactosidase reporter
gene when expressed alone as bait (Fig. 7D), but ex-
pression of ZTL as prey did not enhance this expres-
sion, regardless of the chromophore state (Fig. 7D;
Supplemental Fig. 6). In the absence of interaction with
full-length PHYB and of any effect of ztl mutations, the
significance of the ZTL-PHYBC interaction is unclear.

DISCUSSION

To identify components of the Arabidopsis circa-
dian system, we screened approximately 46,000 M2
seedlings from two EMS-mutagenized populations,
recovering 104 mutants with altered temporal patterns
of CAB:LUC reporter gene expression (Table I). The
short duration of the screen (36 h) allowed a relatively
high throughput of up to 4,000 seedlings per week per
luminescence counter. Forward genetic screens of this
type might seem to be approaching saturation, given
that we identified alleles of TOC1, ELF3, GI, and ZTL,
and a similar approach using prescreening for mutants
with long hypocotyls identified alleles of ELF3, ELF4,
and TOC1 (Hazen et al., 2005a). The success of this
direct screen for altered patterns of dynamic gene
expression in Arabidopsis is a testament to the power
of LUC reporter methods. The screens are not strictly
saturated because both screens also identified muta-
tions in genes not previously described as clock af-
fecting. Characterization of these genes is likely to give
new insights into the mechanisms of the Arabidopsis
circadian system. The screens have not identified

Table II. Free-running period estimates for dark- or light-grown ztl
and wild-type seedlings

Seedlings were grown in constant darkness under temperature cycles
(12-h 26�C/12-h 22�C) for 3 d or at constant temperature (22�C) under
12-h white light/12-h dark cycles for 6 d. All plants were transferred to
constant temperature (22�C) and darkness at ZT12 and rhythmic
CCR2:LUC1 activity was recorded during the following 6 d.

Genotype

Temperature-Entrained

Etiolated Plants

Light-/Dark-Entrained

Plants

Period (h) 6SEM Period (h) 6SEM

C24 (wild type) 27.75 0.20 27.05 0.07
ztl-22 33.20 0.51 33.56 0.10
ztl-27 36.49 0.80 36.43 0.36
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Figure 7. Mutations in ZTL affect protein-protein interactions. Interaction of full-length wild-type and mutant ZTL proteins with
ASK1 (A), with TOC1 (B), with the C-terminal fragment of the Arabidopsis PHYB (PHYBC; C), and with the N-terminal fragment
and the full-length PHYB (PHYBN and PHYB, respectively; D). The relative efficiency of the interactions was quantified by
measuring b-galactosidase activity. Error bars represent SE values. D, Gray bars represent enzyme activity values measured from
red light-pulsed (35 mmol m22 s21 for 5 min) cultures and black bars represent values from cultures treated with a red light pulse
followed by far-red irradiation (25 mmol m22 s21 for 5 min). Also, in D, values from the PIF31 PHYBN interaction are plotted on
the axis shown at the top, but values from all the other cultures are plotted on the axis at the bottom. AD and BD correspond to
controls transformed with empty vectors expressing the activation and DNA-binding domains of GAL4, respectively. Growth on
selective (ALW) and nonselective (LW) media was recorded. Growth on selective and nonselective media for D is shown in
Supplemental Figure 6.
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new cca1 or lhy loss-of-function alleles (T. Schultz, per-
sonal communication), for example, which had clear
phenotypes in our conditions (data not shown). How-
ever, the proportion of mutants in previously identi-
fied genes is high, suggesting that future screens might
retain the LUC reporter approach, but monitor differ-
ent components of the circadian system (as initiated in
Onai et al., 2004), perhaps under different environ-
mental conditions.

Characterization of the New ztl Alleles

The LOV/PAS, F-box, and kelch repeat domains of
ZTL and their associated biochemical functions were
first predicted on the basis of protein sequence ho-
mology. These predictions have recently been tested
by analysis of the physical interactions between ZTL
and various protein partners (Más et al., 2003; Han
et al., 2004; Yasuhara et al., 2004). The set of new ztl
alleles with mutations in each domain provided the
first opportunity to determine the phenotypic effects
of impaired function of the native LOV/PAS and F-box
domains in planta in comparison to the previously
isolated kelch mutant (ztl-1 and ztl-2) and null (ztl-3)
alleles. Each of the alleles tested showed a long-period
phenotype (Fig. 4; Supplemental Fig. 2; Table II; Sup-
plemental Table II), regardless of the lighting condi-
tions (constant red, blue, or white light; darkness) and
the particular overt rhythm (CAB2, CCR2, or CCA1
expression; leaf movement). The amplitude of the
rhythms was slightly reduced by the mutations, partic-
ularly in DD (Supplemental Fig. 2B). ztl-31 (expressing
a truncated ZTL protein at very low levels; Fig. 5B)
displayed the strongest circadian phenotype and ztl-21
(the LOV/PAS mutant), the weakest. However, these
differences were quantitative, indicating that ZTL func-
tion was significantly reduced in each of the mutants.
Mutant ZTL protein accumulated to significant levels
in each line, except ztl-31 (Fig. 5); thus all three protein
domains contribute to ZTL function in the Arabidopsis
circadian system.

The F-Box Domain and SCF Interaction Mutated in ztl-22

The F-box mutant (ztl-22) alone had constitutively
higher ZTL levels relative to wild type, although the
period was similar to the strongest allele (ztl-31),
which had very low levels of ZTL (Fig. 5). This
suggests that ZTLztl-22 protein is functionally inactive
and that inactivity stabilized the protein. The ztl-22 mu-
tation had no effect on the TOC1-ZTL interaction (Fig.
7B), indicating that reduced interaction with this deg-
radation target did not contribute to the phenotype. A
double amino acid substitution in the F-box domain has
previously been shown to eliminate interaction with
ASK1 in yeast and abrogate SCFZTL complex formation
in vivo; the mutant ZTL protein was also stabilized in
vivo (Han et al., 2004). This is consistent with reduced
participation in the SCF complex, leading to reduced
degradation of ZTLztl-22 protein both in the light and

in the dark (Fig. 5). However, the ztl-22 mutation
reduced, but did not eliminate, the interaction of
full-length ZTL with full-length ASK1 (Fig. 7A). Given
its strong phenotype in vivo, it is likely that the ztl-22
mutation disrupts the interaction with Skp1-like pro-
teins other than ASK1 more severely, indicating that
other ASK proteins are important in the SCFZTL com-
plex (see also Han et al., 2004).

The Kelch Domain and ZTL Interactions

The predicted clustering of the new ztl mutations on
one face of the b-propeller formed by the kelch re-
peats, including several mutations in equivalent resi-
dues of different repeats, strongly suggests that the
mutated residues normally contribute to an interaction
surface that is important for ZTL function (Fig. 3). One
of the C-terminal truncations (ztl-29) eliminates the
closing blade of the propeller, also potentially disrupt-
ing an interaction surface. No partner protein that
interacts specifically with the ZTL kelch domain has
been identified. We replicated the PHYB-ZTL interac-
tion (Jarillo et al., 2001), but only in one bait/prey
configuration and not with full-length PHYB (Fig. 7, C
and D; Supplemental Fig. 6; data not shown). Because
the mutations tested had no effect on this interaction,
we have no evidence that any ztl phenotype is due to
impaired interaction with PHYB.

Our data suggest that the kelch domain is important
to support intermolecular interactions at the LOV/
PAS domain (as previously proposed by Más et al.,
2003) and also at the F-box domain. The kelch muta-
tion ztl-27 eliminated the TOC1-ZTL interaction (Fig.
7B) despite the fact that the LOV domain alone was
sufficient to interact with TOC1 in yeast, but the kelch
domain alone was not (data not shown). The ztl-27
mutation also reduced the interaction of ZTL with
ASK1, although this interaction is mediated primarily
by the F-box domain (Fig. 7A). ztl-27 was the only new
kelch mutation to affect the accumulation of ZTL pro-
tein in LD cycles (Fig. 5B; data not shown). ZTLztl-27

protein levels were increased during the photoperiod
(ZT1), with little effect on skotoperiod (ZT13) levels.
This effect has not been previously observed in the ztl-1
and ztl-2 kelch mutations (Somers et al., 2004) and is
consistent with a stabilization of ZTL protein through
an altered interaction with SCFZTL. Thus, some deter-
minants of ZTL stability lie outside the F-box domain:
The kelch domain is probably required to maintain the
proper structure of the entire ZTL protein, allowing
normal interactions with both TOC1 and Skp1-like
proteins. This structural role might depend on intra-
molecular interaction of the other ZTL domains with
the surface of the b-propeller.

The LOV/PAS Mutant ztl-21 Uncouples Red Light
Signaling from Circadian Function

ZTL controls the circadian period under all lighting
conditions, including in seedlings grown in complete
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darkness (Table II), resulting in a long-period pheno-
type in ztl mutants. However, the period phenotype of
most ztl alleles is light dependent, being more pro-
nounced at low fluence rates of constant red or blue
light (Figs. 4 and 6; Supplemental Fig. 4; Somers et al.,
2000, 2004). ZTL presumably enhances target degra-
dation under all conditions, although a proportion of
its activity is modulated by light (Más et al., 2003). In
contrast, the inhibition of hypocotyl elongation in ztl
mutants is hyperresponsive to red light, but little
different from wild type in blue light (Fig. 6; Supple-
mental Fig. 4; Somers et al., 2004). Taken together,
these results provide circumstantial evidence that the
short hypocotyl under red light is not secondary to
altered clock function because hypocotyl elongation
was unaffected under constant blue light despite the
clear long-period phenotype.

Our results demonstrate directly that ZTL function
in the control of hypocotyl elongation by red light is
distinct from its role in the circadian system because
the LOV/PAS mutant (ztl-21) uncouples these pheno-
types. ztl-21 plants had a long circadian period, but
showed no defect in hypocotyl elongation under red
light (Fig. 6D). The circadian clock in ztl-21 showed no
defect in sensitivity to red light: The change in period
length across the range of red-light fluence rates was
the same as in the wild type (Fig. 6B). Flowering time
in long days was also unaffected in ztl-21, although the
kelch mutation ztl-25 delayed flowering (Fig. 4D), as
previously reported for the null allele ztl-3 (Kim et al.,
2005) and the kelch mutation ztl-1 in the C24 genetic
background (Somers et al., 2000). In blue light, ztl-21
phenotypes were qualitatively similar to the other
alleles, but with a slightly weaker effect (Supplemental
Fig. 4). Thus ztl-21 links the red light-signaling func-
tions of ZTL in control of the circadian period and
hypocotyl elongation, leaving them intact and sepa-
rating them from a red light-independent (but blue
light-modulated) portion of ZTL circadian function. It
follows that the role of ZTL in red light signaling does
not require an intact LOV/PAS domain, whereas the
latter, red light-independent function of ZTL does.

The LOV/PAS domain alone is sufficient to mediate
ZTL interaction with its degradation target TOC1 (data
not shown; Más et al., 2003) and, as expected, the
LOV/PAS mutation in ztl-21 eliminated this interac-
tion (Fig. 7B). The ztl-21 mutation also reduced the
ASK1-ZTL interaction (Fig. 7A), suggesting that the
LOV/PAS domain can enhance ZTL interaction with
the SCF complex. Although the activity of ZTL in
targeting TOC1 for degradation is modulated by light
(Más et al., 2003), our results indicate that this quan-
titative change alone does not account for the various
phenotypes of ztl mutants under different light condi-
tions. At high fluences of red light, for example, ztl-21
displays a period length identical to the other alleles
(Fig. 6B), which could be taken to indicate similar,
elevated levels of TOC1 (Más et al., 2003). This level
of TOC1 is insufficient to alter hypocotyl elongation
because ztl-21 shows no hypocotyl phenotype under

these conditions (Fig. 6D). The hypocotyl phenotype
of the other alleles is more likely caused by altered
degradation of a target protein other than TOC1,
interacting with a ZTL domain other than LOV/PAS.
Most generally, the complexity of ztl mutant pheno-
types is due to the functions of several target proteins
that have differing requirements for interaction with
ZTL, all of which are affected by strong ztl mutations.
Analysis of allelic series in other clock-related genes
has also separated circadian function from the other
roles of TOC1 and GI genes (Más et al., 2003;
Mizoguchi et al., 2005).

MATERIALS AND METHODS

Plant Material and Growth Conditions

ztl alleles were isolated from EMS-mutagenized populations of the C24

accession carrying the CAB2:LUC reporter gene (Millar et al., 1995a) and of the

Ws ecotype carrying the CAB2:LUC1 reporter gene (Hall et al., 2001). The

mutant lines were backcrossed three times to the corresponding parental lines;

the mutations segregated as single, partially dominant loci (data not shown).

The CCR2:LUC1 and CCA1:LUC1 (Doyle et al., 2002) reporter gene constructs

were transformed into the mutant and wild-type lines via Agrobacterium-

mediated transformation (Clough and Bent, 1998). Expression of the reporter

genes was analyzed in at least five independent transgenic lines in each

background, with similar results in all transgenic lines of the same genotype.

Unless otherwise indicated, seedlings were grown under LD 12:12 at 22�C
prior to analysis and all measurements were carried out at constant 22�C.

Illumination was provided by cool-white fluorescent tubes or, where indi-

cated, by monochromatic LED light sources (red, lmax 5 667 nm; blue, lmax 5

470 nm). FRCs for hypocotyl elongation were obtained as described (Bauer

et al., 2004). Hypocotyl lengths at different fluences of light were normalized

to the corresponding dark-grown hypocotyl length to reflect solely the light-

dependent regulation.

Measurement of Flowering Time

Seeds were sown on soil and incubated for 2 d in darkness at 4�C. They

were subsequently transferred to long-day (16-h white light/8-h dark) con-

ditions. Light sources were fluorescent (cool-white) tubes producing a fluence

rate of approximately 60 mmol m22 s21. Flowering time was recorded as the

number of rosette leaves at the time when inflorescences reached 1-cm height.

The experiment was repeated twice using 30 to 40 plants per genotype.

Analysis of Luminescence and Leaf Movement Rhythms

LUC activity was measured either by low-light video imaging (groups of

5–10 seedlings) or with an automated luminometer (single seedlings), essen-

tially as described (Hall et al., 2003). For FRCs, circadian periods were

measured in seedlings transferred to constant illumination at the fluence rates

indicated. For Table II, seedlings were grown in darkness under 12-h 22�C/12-h

26�C for three cycles and transferred to constant 22�C at the time of the

predicted warm-cold transition for luminescence imaging. Leaf movement

rhythms were measured as described (Dowson-Day and Millar, 1999). All

rhythm data were analyzed with the Biological Rhythms Analysis Software

System (BRASS; Southern et al., 2006; available at http://www.amillar.org),

running fast Fourier transform nonlinear least-squares estimation (Plautz

et al., 1997). Variance-weighted mean periods within the circadian range (15–

40 h) and SEs were estimated as described (Hall et al., 2003), from 10 to 36

traces per genotype. Measurements for producing FRCs were repeated three

times; all the other results are representative of two independent experiments.

RNA Analysis

Total RNA extraction, northern blotting, and quantification of ZTL and 18S

rRNA specific signals were performed as described (Viczian et al., 2005). A

portion of the 18S rRNA gene was amplified using the 18S rRNA-F (5#-ggg-
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cctcgtcctttctctctttccattgc-3#) and 18S rRNA-R (5#-ttggagctcgctttcgcagttgttcgt-

ctttcataa-3#) primers and used as a template for random primed labeling to

produce the 18S rRNA-specific probe. The full-length ZTL cDNA was used as

a template to generate the ZTL-specific probe.

Immunoblotting

Extracts were prepared from 10-d-old Arabidopsis (Arabidopsis thaliana)

seedlings grown in LD 12:12. Ground tissue was resuspended in extraction

buffer (50 mM Tris-Cl, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol, 1 mM

phenylmethylsulfonyl fluoride, 5 mg/mL leupeptin, 1 mg/mL aprotinin,

1 mg/mL pepstatin, 5 mg/mL antipain, and 5 mg/mL chymostatin) by

vortexing and clarified by centrifugation at 14,000g for 10 min at 4�C.

Supernatant protein concentration was determined (Bio-Rad), concentrated

by TCA precipitation, and resuspended in urea/SDS loading buffer (40 mM

Tris-Cl, pH 6.8, 8 M urea, 5% SDS, 1 mM EDTA, and 2% 2-mercaptoethanol) to a

final concentration of 5 mg/mL. Forty micrograms of protein were separated

by SDS-PAGE (8%) and subjected to immunoblot analysis as described

previously (Kim et al., 2003).

Yeast Two-Hybrid Tests for Protein Interactions

All experimental procedures related to Figure 7, A to C, were performed as

described by Chien et al. (1991). Individual point mutations were introduced

into the full-length ZTL cDNA clones by site-directed mutagenesis. The phyB

N-terminal and C-terminal fragments contain amino acids 1 to 621 and 645 to

1,972, respectively. Yeast (Saccharomyces cerevisiae) cells were cotransformed

with different cDNA fragments cloned into pGADT7 and pGBKT7 vectors

(CLONTECH) in frame with the GAL4 transcriptional activator domain or

with the GAL4 DNA-binding domain, respectively. Transformed cells were

plated on Leu/Trp (LW) and Ade/Leu/Trp (ALW) complete supplement

mixture (CSM) agar plates and grown at 30�C for 5 d. For b-galactosidase

enzyme activity assay, three independent colonies were picked up from LW or

ALW plates and inoculated into LW CSM liquid media, and were shaken at

30�C until density reached OD600 of approximately 0.8, when the assay (using

O-nitrophenyl-b-D-galactopyranoside as substrate) was carried out (Yasuhara

et al., 2004). For documentation of the growth on selective medium, single

colonies from LW or ALW plates were diluted in 100 mL sterile water and 5 mL

of them were dropped on fresh LW and ALW plates. After 5 d of growth,

plates were scanned by a flat-bed scanner. Expression of the mutated ZTL

proteins in yeast was confirmed by western blotting using anti-c-Myc and

anti-HA antibodies (Sigma).

All manipulations involving reconstituted phytochromes (Fig. 7D; Sup-

plemental Fig. 6) were performed as described (Shimizu-Sato et al., 2002).
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