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Cold acclimation has been shown to be attenuated by the degradation of the INDUCER OF CBF EXPRESSION1 protein by the E3
ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES1 (HOS1). However, recent work has suggested that
HOS1 may have a wider range of roles in plants than previously appreciated. Here, we show that hos7 mutants are affected in
circadian clock function, exhibiting a long-period phenotype in a wide range of temperature and light environments. We demonstrate
that hos1 mutants accumulate polyadenylated mRNA in the nucleus and that the circadian defect in hos7 is shared by multiple
mutants with aberrant mRNA export, but not in a mutant attenuated in nucleo-cytoplasmic transport of microRNAs. As revealed by
RNA sequencing, hos1 exhibits gross changes to the transcriptome with genes in multiple functional categories being affected. In
addition, we show that hos1 and other previously described mutants with altered mRNA export affect cold signaling in a similar
manner. Our data support a model in which altered mRNA export is important for the manifestation of hos? circadian clock defects
and suggest that HOS1 may indirectly affect cold signaling through disruption of the circadian clock.

INTRODUCTION

Plants sense cold temperatures and mount responses to survive
freezing, a process known as cold acclimation. The best char-
acterized molecular genetic pathway regulating cold responses
is the CBF (for C-repeat binding factor) pathway (Fowler and
Thomashow, 2002; Zhu et al., 2004; Chinnusamy et al., 2010). In
Arabidopsis thaliana, the expression of three of the CBF tran-
scription factors CBF1, CBF2, and CBF3, is induced in response
to low temperatures (Medina et al., 1999), and constitutive
overexpression of these genes is sufficient to increase freezing
tolerance (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Sharabi-
Schwager et al., 2010). The CBF proteins bind to characterized
cis-elements in cold-responsive genes to alter their expression
and induce pathways enabling cold survival (Stockinger et al.,
1997; Gilmour et al., 1998). Cold signaling can also affect CBF
transcription through calcium signaling (Yang et al., 2010) and
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calmodulin-binding transcription factor activity (Doherty et al.,
20009).

HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES1
(HOST1) has been proposed to be a key negative regulator of cold
signaling (Ishitani et al., 1998; Lee et al., 2001; Dong et al., 2006a).
HOS1 is a large protein that shares sequence similarity with Ring E3
ligases (Lee et al., 2001). In the nucleus, HOS1 attenuates the cold
response by the degradation of INDUCER OF CBF EXPRESSION1
(ICE1), a Myc-like basic helix-loop-helix transcription factor that
binds the promoter of CBF3 and is necessary and sufficient for the
upregulation of CBF3 expression in response to cold treatment (Lee
et al., 2001; Chinnusamy et al., 2003; Dong et al., 2006a; Miura et al.,
2007; Lee et al., 2012). hos1 mutants show constitutive expression
of cold-responsive genes, whereas HOS1 overexpression leads to
a reduction in CBF expression and increased sensitivity to freezing
(Ishitani et al., 1998; Lee et al., 2001; Dong et al., 2006a). In addition
to a role in cold acclimation, HOS1 has more recently been shown
to influence the abundance of the photoperiod sensor protein
CONSTANS (CO; Jung et al., 2012; Lazaro et al., 2012) and to
physically interact with components of the nuclear pore (Tamura
et al,, 2010).

The plant circadian clock is composed of an interlocking se-
ries of transcriptional negative feedback loops, and alterations
to the expression of any one of the genes can have profound
effects on the levels and timing of the others (Pokhilko et al.,
2012). Loss-of-function mutations in CIRCADIAN CLOCK
ASSOCIATED1 (CCAT), LATE ELONGATED HYPOCOTYL (LHY),
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the pseudo-response regulators PRR5 and PRR3, or TIMING OF
CAB EXPRESSION1 (TOCT) shorten the period of the circadian
clock, whereas loss of PRR9, PRR7, or ZEITLUPE (ZTL) lengthen
period, and mutations in GIGANTEA (Gl) and the evening complex
components LUX ARRHYTHMO (LUX), EARLY FLOWERING3
(ELF3), or ELF4 result in a reduction in amplitude and rhythm
robustness (Nagel and Kay, 2012). Loss of clock function not only
alters the expression of the clock genes themselves, but also has
physiological consequences, including altered flowering time
(Imaizumi, 2010), growth regulation (Nozue et al., 2007), and plant
fitness and vigor (Dodd et al., 2005). The circadian clock is also
essential for mounting a cold response (Dong et al., 2011; Seo
et al,, 2012).

CBF genes themselves are rhythmically expressed (Harmer et al.,
2000), and their cold induction is gated by the circadian clock
(Fowler et al., 2005). Perturbation of the circadian clock results in
altered cold responses in Arabidopsis and poplar (Populus spp;
Nakamichi et al., 2009; Ibafez et al., 2010; Dong et al., 2011), and
cold temperatures profoundly affect clock function (Bieniawska
et al., 2008). More interestingly, CCA7 and LHY can transduce
cold signals to CBFs through a mechanism that promotes cold-
regulated alternative splicing (Dong et al., 2011; James et al.,
2012; Seo et al., 2012).

HOS1 interacts with Arabidopsis structural nuclear pore com-
ponents and localizes to the nuclear envelope (Tamura et al., 2010;
Lazaro et al., 2012), suggesting that HOS1 has a more general
function in plant cells. Here, we show that HOS7 is necessary for
normal circadian rhythms and for mMRNA export out of the nucleus.
We demonstrate that mRNA export is essential for correct peri-
odicity of the circadian clock and that the effects of hos7 on cold-
regulated gene expression and circadian periodicity are shared by
nuclear pore mutants previously demonstrated to be required for
normal mRNA export. Our results show that HOS7 affects cold
signaling at least in part through altered mRNA export and that this
may be mediated by changes in clock gene expression.

RESULTS

HOS1 Is Necessary to Maintain Wild-Type Circadian
Clock Periodicity

We screened hos7-3 and two novel alleles in Columbia (Col;
designated hos7-5 and hos1-6; see Methods) for circadian-period
defects using delayed fluorescence (Figure 1). Mutants harboring
these alleles showed a decrease in the amount of HOS7 RNA
(Figure 1B) and shared the previously described phenotypes of
other hos1 mutants, including early flowering and increases in
cold-responsive gene expression such as that of CBF3 (see
Supplemental Figure 1 online; Lee et al., 2001; Lazaro et al., 2012).
All three insertion lines exhibited significant lengthening of the
clock period compared with the wild type (Figures 1C to 1F). The
long-period hos1 mutant phenotype was observed when plants
were grown at 12, 17, or 27°C in either constant red or blue light or
in the dark (Figures 1C to 1F; see Supplemental Figure 2 online).
Alleles of hos1 in C24 (hos1-1) and Landsberg erecta (hos1-2) also
shared the long-period phenotype (see Supplemental Figure 3
online); therefore, the long-period phenotype of hos1 is common
between all types of alleles and accessions investigated. To

demonstrate that this phenotype was not specific to the delayed
fluorescence assay, we transformed the hos7-3 mutant with Iu-
ciferase (LUC) reporter lines under the control of the CHLORO-
PHYLL A/B BINDING PROTEIN2 (CAB2), COLD-REGULATED15a
(COR15a), or COLD, CIRCADIAN RHYTHM, AND RNA BINDING2
(CCR2) promoter. Compared with the wild type, hos7-3 had a sig-
nificantly longer period for all three reporter lines at all temperatures
tested (see Supplemental Figure 4 online). hos7-3 mutants also
showed a long-period phenotype for LHY:LUC, PRR9:LUC, PRRY:
LUC, and TOCT:LUC (see Supplemental Figure 5 online). Therefore,
HOST1 is required for the maintenance of circadian period in Arabi-
dopsis, and this phenotype is independent of accession, tempera-
ture, light quality, or output measured.

hos1 Does Not Require Individual Clock Components for the
Observed Long-Period Phenotype

Previously, HOS1 has been shown to exhibit E3 ubiquitin ligase
activity and to destabilize the ICE1 or CO proteins through
proteasomal degradation targeted by ubiquitination (Dong et al.,
2006a; Lazaro et al., 2012). In both of these cases, hos1 phe-
notypes are ascribed to the consequences of overaccumulation
of the target protein. We took a genetic approach to determine
whether HOS1 requires specific clock components for the long-
period phenotype and screened double mutants between hos1
and eight core clock components for altered rhythms in delayed
fluorescence at 12, 17, and 27°C in constant red light (Figure 2).
We did not find any clock mutant with a period phenotype that
was epistatic to hos7-3. Under these conditions, in cases where
single clock mutants had little effect on period, double mutants
had a period resembling the hos7-3 single mutant (cca? hiking
expedition2 [che-2], prr3-1, and prr5-11). Additive interactions
were observed between hos7-3 and toc7-101, lhy-20, prr7-11,
and prr7 prr5 double mutants, whereas elf3-1 and gi-201 led to
arrhythmic plants in this assay with or without the additional
hos1-3 mutation. Therefore, the hos1 long-period phenotype
is not dependent on misregulation of these individual clock
components.

We also tested whether hos7 mutants had altered hypocotyl
elongation, a characteristic shared by multiple circadian clock
mutants. In 12-h-light/12-h-dark (12L:12D) white-light cycles or
various fluences of constant red or blue light, hos7 had con-
sistently longer hypocotyls than the wild type, but when grown
in the dark, the hos1 hypocotyls were shorter (see Supplemental
Figures 6A to 6E online). Therefore, HOS1 is required for normal
hypocotyl elongation in Arabidopsis. We then screened the
double mutants for epistasis; all of the double mutant hypo-
cotyls were longer than those of the corresponding single clock
mutant in 12L:12D white-light cycles (see Supplemental Figure
6F online) or shorter when grown in the dark (see Supplemental
Figure 6G online), suggesting that the hos7 hypocotyl pheno-
type cannot be ascribed to overaccumulation of one of these
clock proteins. We were unable to isolate double mutants with
ccal (At2g46830), prr9 (At2g46790), or elf4 (At2g40080) mutants
because of their genomic proximity to the HOST locus.

To demonstrate that the circadian and hypocotyl phenotypes
are caused by the loss of HOS17, we created transgenic hos7-3
lines expressing translational fusions between HOS1 and cyan


http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.114959/DC1

mRNA Export Role in Circadian Function 4393

A B
s 1.2
= mExon 2
w
gO‘B :DExnnﬁm
Exon 2 Exon10
i " o
Primers Primers 304
- a -
@
£0.0
=z Col hos1-3 hos1-5 hos1-6

o)
o
R
O
3
o
(@]
[yS]
e
O
o
w
N

Jew

i
I

Q

O

hos1-3
RAE
o
(6]
o
&
15
Period
[h%]
[e]

)

hos1-5
RAE
o
[$)]
Period
(A%
D
. },r

0.0 . ; 20
1.0 32 =
© W £ /;—-""(J
%S 05 : o | ] ) B 26 |1
§ o i\_] ./;;:::2; k \g:i“} E ‘,—-.\.
J s‘f; Yo o
0.0 r : T 20 T
15 25 3515 25 3515 256 35 10 20 30
Period (h) Period (h) Period (h) Temperature (°C)
E 10 12°C 17°C 27°C FH 32
=7
P w o \
q é 0.5 o | - OOl A 2 26 v
g k o3} & | g~ 3

w

[+
O

"

hos1-5
RAE
o
13
ol
8
L]
.
Period
N
(o]
A /

© = &
v *
25 05 Y 1 1 2261 \fi-
-8 04 % e ® s
v *;D' S‘” o
0.0 : . . 20 '
15 25 3515 25 3515 25 35 10 20 30
Period (h) Period (h) Period (h) Temperature (°C)

Figure 1. Mutations to HOS7 Result in a Long-Period Circadian Phenotype across a Range of Physiological Temperatures and Light Conditions.

(A) Schematic diagram showing positions of the hos7 mutations across the HOS7 locus. Exons are shown in black boxes and introns in black lines. The
position of the hos7 mutations and allele designations are labeled. Triangles represent T-DNA insertions and the asterisk represents point mutations.
The primer positions in exons 2 and 10 are marked to illustrate the positions of gPCR primers used to produce the data in Figure 1B.

(B) gPCR data showing reduced levels of HOST mRNA expression in each of the hos7 mutants studied. Primers for exon 2 (dark gray bars) are located
upstream of and exon 10 (white bars) are located downstream of all hos7 mutations studied (see [A]). Seedlings were grown for 10 d before being
harvested at dawn. Data are averages of biological triplicate = se normalized for transcript abundance to UBQ10. Stars indicate significant difference to
the respective wild type as measured by Student’s t test where one star indicates P = 0.05 and two stars P = 0.01.

(C) to (F) Delayed fluorescence assays comparing the wild type (Col) to the hos1 alleles. Seedlings were entrained for 7 d in 12L:12D white-light cycles
at 22°C before transfer to experimental conditions of constant 12, 17, or 27°C and constant red light ([C] and [D]) or constant blue light ([E] and [F]).
Delayed fluorescence was then measured in several hos7 mutants (white circles) compared with wild-type data (Col, black circles).

(C) and (E) Plots showing period estimations produced via mathematical analysis plotted versus RAE for the wild type (Col) versus the hos7 mutants.
Data are from individual wells containing 10 to 20 seedlings.

(D) and (F) Plot illustrating the effect of temperature on the variable weighted mean of the period for the wild type (Col) versus hos1 mutants. Data are
variable weighted mean = se. Stars indicate significant difference to the respective wild type as measured by Student’s t test where one star indicates
P = 0.05 and two stars P =< 0.01.
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Figure 2. The Long-Period Phenotype in hos1 Does Not Require Selected Individual Clock Components.

(A) Delayed fluorescence assays comparing the wild type (Col, black circles) to hos1 (gray circles) and the single (white circles) and double (red circles)
mutants. Seedlings were entrained for 16 d in 12L:12D white-light cycles at 22°C before transfer to experimental conditions of constant 12, 17, or 27°C
and constant red light. Plots show period estimations produced via mathematical analysis plotted versus RAE. Data are from individual wells containing
10 to 20 seedlings.

(B) Plots illustrating the effect of temperature on the variable weighted mean of the period for the wild type (Col, black circles) to hos1 (gray circles) and
the single (white circles) and double (red circles) mutants. Data are variable weighted mean * sk. Stars indicate significant difference to the respective
wild type as measured by Student’s t test where one star indicates P = 0.05 and two stars P < 0.01.



fluorescent protein (CFP) under the 35S promoter and demon-
strated the HOS1-CFP fusion protein fully complemented both
the hos1-3 hypocotyl and period phenotypes (see Supplemental
Figure 7 online).

hos1 Mutants Show Protein and Promoter Rhythms Despite
Poor mRNA Rhythm Robustness

To determine if HOS1 is required for proper expression of the
core components of the circadian clock, RNA from the wild type
and hos7-3 was sampled every 2 h from seedlings growing in
constant red light or 12L:12D red-light cycles (see Methods).
Based on the analysis of previous long-period circadian clock
mutants, we expected the period of clock gene expression to be
lengthened and/or alterations in the amplitudes of expression for
some genes. However, the effects of hos7-3 on clock gene
expression were inconsistent with a typical long-period mutant
(Figure 3; see Supplemental Figure 8 online). In hos1-3, the
amplitude and rhythmicity of expression of the circadian clock
genes was significantly affected after 2 d in constant conditions
(Figure 3). Notable features under constant conditions were the
reduction in amplitude of CCAT7, LHY, and PRR7, whereas
PRR9, TOC1, GI, LUX, and ELF3 expression showed little evi-
dence of rhythmicity (Figure 3). In 12L:12D red-light cycles, the
most prominent effect of hos7-3 was on the amplitude of

CCA1
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expression, where, for instance, at 17°C the maximal expression
of LHY, CCA1, and PRR5 was reduced and peak expression of
PRR9, PRR7, TOC1, and ELF3 was increased (see Supplemental
Figure 6 online). The phase of peak expression in diurnal conditions
was largely unaffected in hos7-3 (see Supplemental Figure 8 online).
Overall pattemns of expression were similar when the plants were
grown at 27, 22, 17, or 12°C (see Supplemental Figure 8 online).
These analyses indicate that HOS1 is required not only for regulation
of cold signaling (Ishitani et al., 1998; Lee et al., 2001; Dong et al.,
2006a) and flowering time genes (Lazaro et al., 2012) but also for
correct expression of the core circadian clock genes at all these
temperatures and for robust mRNA rhythms in constant conditions.

Transcript analysis showed that hos7 exhibited poor mRNA
rhythms, whereas delayed fluorescence and promoter:LUC data
were rhythmic, albeit with a long period and lowered amplitude.
To determine if protein rhythms continue in the hos7 mutant, we
measured LHY protein abundance as well as LHY target gene
expression and promoter activity under conditions matching
those for the clock gene mRNA study in Figure 3. Quantitative
PCR (gPCR) revealed that endogenous CAB2 and CCR2 mRNA
rhythms were markedly less robust with no detectable oscil-
lations after 80 h under constant red light, in common with LHY
(Figure 4A). By contrast, LHY:LUC, CAB2:LUC, and CCR2:LUC
all oscillated with a long period in hos7-3 (Figures 4B and 4C).
LHY protein levels oscillated with a long period (Figure 4D), and
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Figure 3. Under Constant Red Light, HOS7 Is Required for Correct Expression of Clock Genes.

Plants were grown for 7 d under 12L:12D white-light cycles at 22°C followed by 2 d in 12L:12D red-light cycles at 17°C before being transferred to
constant red light at 17°C for sampling in biological triplicate at the Zeitgeber time (ZT) times indicated. The cDNA were analyzed by qPCR three times
for each biological replicate. Data presented are the average of three biological repeats = se. Transcript abundance levels were normalized to ACT7.
Blue diamonds with solid lines are data from the wild type (Col), whereas red squares with dotted lines are data from hos7-3.
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we observed reduced LHY protein levels in hos7-3 as would
have been predicted by the observed reduction in LHY mRNA
abundance (Figure 4A). Taken together, our evidence suggests
that mRNA rhythms are most strongly affected by the hos?
mutation and that clock protein abundance and promoter ac-
tivity exhibit more robust rhythms, although with a long period.

hos1 Accumulates Polyadenylated mRNA in the Nucleus

From our expression analysis of core clock genes, it is clear that
hos1 alters clock gene mRNA amplitude. Therefore, we specu-
lated that HOS1 may be playing a functional role in regulating the
abundance of clock mRNA. In a proteomic screen, HOS1 inter-
acts with the nuclear pore proteins RNA EXPORT FACTOR1-
green fluorescent protein (GFP) and the nucleoporin Nup43-GFP
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(Tamura et al., 2010) and associates with the nuclear periphery
(Lazaro et al., 2012). Nuclear pore complexes are required for the
export of mRNA from the nucleus; mutating components of the
nuclear pore complex results in abnormal mMRNA export as shown
by in situ hybridization against poly(A)-containing mRNA (Dong
et al., 2006b; Parry et al., 2006; Wiermer et al., 2012). Therefore,
we used in situ hybridization to detect poly(A)-containing mRNA
to determine if HOS1 plays a role in nucleo-cytoplasmic mRNA
export. Like the previously described los4-1 mutant (Gong et al.,
2002, 2005), hos1 plants exhibited increased nuclear retention of
poly(A)-containing RNA in the nuclei compared with the appro-
priate wild-type control (Figure 5). There was no difference in the
in situ fluorescence when fixation was performed at dawn com-
pared with dusk in either wild-type or hos7-3 samples, and no
significant accumulation of signal was observed in another long-
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Figure 4. hos1 Mutants Exhibit Long Period but Robust Protein and Promoter Rhythms Despite Poor mRNA Rhythm Robustness.

(A) The expression of endogenous CAB2, CCR2, and LHY in the wild type (Col) and hos7-3 in constant red light (see Methods). Data are the average of
the three biological repeats + se. Transcript abundance levels were normalized to ACT7. Samples were taken at the Zeitgeber time (ZT) indicated. Blue
diamonds are data from Col, whereas red squares show data from hos7-3.

(B) Plots to show the normalized mean CAB2:LUC, CCR2:LUC, and LHY:LUC luminescence profiles for the wild type and hos7-3 mutant. Data are
presented as means = st. Transgenic seedlings containing the CAB2:LUC or CCR2:LUC reporter were entrained for 7 d in 12L:12D white-light cycles at
22°C before transferred to experimental conditions of constant 17°C and 2 d of 12L:12D red-light cycles followed by 6 d of constant red light.
Transgenic seedlings containing the LHY:LUC reporter were entrained for 6 d in 12L:12D white-light cycles at 22°C before transferred to experimental
conditions of constant white light at room temperature. hos7-3 (gray filled circles) is compared with wild-type data (black filled circles).

(C) Plots to show the period estimations for CAB2:LUC, CCR2:LUC, and LHY:LUC versus RAE for the wild type versus the hos7-3 mutant.

(D) Immunoblot analysis showing endogenous LHY levels in the wild type (Col) compared with hos7-3, with LHY-OX and /hy-20 lines as positive and
negative controls, respectively. The blots were reprobed using an antibody against UGPase for the loading control. Plants were grown for 7 d under
12L:12D white-light cycles at 22°C followed by 2 d in 12L:12D red-light cycles at 17°C before being transferred to constant red light at 17°C for
sampling at the Zeitgeber time (ZT) times indicated. These images are representative images from technical duplicates.
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Figure 5. HOS1 Is Required for Nucleo-Cytoplasmic mRNA Export.

(A) In situ hybridization with a fluorescein-labeled oligo(dT) probe in wild-type, hos1, los4, ztl (long period), and toc1 prr9 prr7 prr5 (t975) quadruple mutant
(arrhythmic) roots. Plants were fixed at dawn (unless otherwise indicated) after 2 weeks of growth under 12L:12D white-light cycles. Bars = 50 pm.
(B) In situ hybridization with a fluorescein-labeled oligo(dT) in wild-type, hos1, and sar1 roots counterstained with DAPI. Bars = 10 pm.

period mutant, ztl-105, or the arrhythmic toc1 pr5 prr7 prr9
quadruple mutant (Figure 5). Our data therefore suggest that while
HOS1 is required for normal mRNA export, this occurs in-
dependently of the circadian clock.

To determine if the increased signal observed in the in situ
hybridization was due to retention of a small number of mRNA
species to a high degree or a low-level retention of many genes,
RNA sequencing was performed using samples harvested at dawn
(see Methods). Of the total 15,070 genes present, 1308 were
upregulated in hos7-3 compared with the wild type, and 126 were
downregulated twofold or more (Table 1; see Supplemental Data
Set 1 online). AmiGO analysis (Carbon et al., 2009) of these up- or
downregulated genes showed that they fell into a wide range of
Gene Ontology classifications (see Supplemental Data Set 2 on-
line). This analysis shows that hos7 mutants exhibit a profound
misregulation of a large number of genes, most of which are mildly

upregulated. This effect is consistent with the expected con-
sequences of transcripts being retained in the nucleus, as in
eukaryotes mRNA degradation takes place in the cytoplasm
(Tourriere et al., 2002). Of the 12 genes that make up the core
circadian clock machinery (Pokhilko et al., 2012), seven genes
were significantly upregulated and none were significantly down-
regulated in the RNA sequencing data set at dawn (Table 1; the
numerical values for LHY, CCA1, and PRR9 were lower in hos1-3
compared with the wild type but failed significance testing). Using
gPCR, we were able to verify that expression of PRR5, TOCT,
LUX, ELF4, and ELF3 were upregulated in hos7-3 at dawn (Figure
6). The upregulation of these genes in hos7-3 was also observed in
the diurnal data set in Supplemental Figure 8 online even though
these genes were lowly expressed at dawn when this sampling
occurred, as would be expected for evening-phased genes. These
upregulated clock genes were predominantly evening-expressed

Table 1. Loss of HOS1 Results in Large Numbers of Upregulated Genes

Downregulated in hos7-3

Category Upregulated in hos71-3
Total number of genes 1308

Expressed C+E union 832

Circadian C+E union 400

Genes circadian expressed (%) 48.1

Differentially expressed clock genes

PRR5, PRR3, TOC1, LUX, ELF3, ELF4, CHE

126
49
35
71.4

None

Genes that are downregulated are also dominated by circadian-expressed genes. Analysis of RNA sequencing shows that reads map to 15,070 genes
expressed in the hos7 mutant at dawn. C+E union refers to the list of circadian-expressed genes defined by Covington et al. (2008). Significant gene

expression differences were calculated by Cufflinks (Trapnell et al., 2012).
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Figure 6. Mutants Resulting in Altered mRNA Export Exhibit Long-
Period Circadian Phenotypes and Alterations to Clock Gene Expres-
sion Similar to hos1.

(A) Delayed fluorescence was performed on a range of nuclear pore—
associated mutants. Seedlings were grown in 12L:12D white-light cycles
for 16 d prior to transferring to constant 17°C and constant red light for
analysis. Each plot shows period estimations plotted versus RAE com-
paring the wild type (WT; black circles) and mutant (gray circles).

(B) and (C) RNA analysis comparing the expression of clock genes in
hos1 alleles, sar1-4 and los4-1, to their appropriate wild types. Plants
were grown for 2 weeks in 12L:12D white-light cycles and harvested in

transcriptional inhibitors, which may explain the fact that 71%
of the genes downregulated in hos7-3 had circadian expression
patterns (Table 1). Of the 1308 genes that were upregulated in
hos1, 48.1% of those were classified as circadian as analyzed by
Covington et al. (2008); this figure is not far from the calculated
value of 41.4% circadian-expressed genes within the whole ge-
nome (Covington et al., 2008). Therefore, we suggest that loss of
HOST1 directly causes upregulation of gene expression of a large
percentage of the genome through mRNA retention but that the
genes downregulated in hos7 are more likely to be affected in-
directly through the perturbation of circadian function.

Normal Nucleo-Cytoplasmic mRNA Export Is Required for
Circadian Periodicity and Expression of Clock Genes

To determine if the altered nuclear mRNA export is responsible for
the long-period phenotype observed in hos?, we assessed the
circadian period of four further lines in which nuclear pore function is
compromised: suppressor of axr1 (sar1-4), low expression of os-
motically responsive genes4 (los4-1), nuclear pore anchor (nua-3),
and the recently identified nucleoporin mutant nup707-1. SAR1,
LOS4, and NUA are all required for correct mRNA nuclear export
(Cemac et al., 1997; Gong et al., 2002, 2005; Dong et al., 2006b;
Parry et al., 2006; Xu et al., 2007), and NUP107 is a structural
nucleoporin that is part of the evolutionarily conserved Nup107-
Nup160 subcomplex with SART (Tamura et al., 2010; Clever et al.,
2012). In a manner resembling hos7 mutants, loss of any of these
genes led to a long period, as measured by delayed fluorescence
(Figure 6A). To demonstrate that the effect on period lengthening
was specific to mRNA export, we tested the hasty mutant (hst-7),
the Arabidopsis ortholog of the importin B-like proteins that are
involved in nucleo-cytoplasmic transport of microRNAs (Bollman
et al., 2003; Park et al., 2005). We found that the hst-7 mutant had
a wild-type period (Figure 6A). In further support of the role of MRNA
export in proper regulation of the circadian clock, the expression of
the core circadian clock components was altered in a similar
manner in los4-1 or sar1-4 at dawn (Figure 6B) or dusk (Figure 6C)
compared with the appropriate wild type. Our results therefore show
that period lengthening is a general consequence of disrupting
nucleo-cytoplasmic mRNA export in plants and reveal that hos7
mutants have a period defect resulting from an RNA export defect.

Cold Signaling Is Similarly Perturbed by hos1, sar1, and los4

Although loss of HOS7, LOS4, or SAR1 have been shown to result
in altered cold responses (Ishitani et al., 1998; Gong et al., 2002,
2005; Dong et al., 2006a, 2006b), these studies have not shown
that mutations in these genes lead to similar effects on cold-
responsive gene expression. One possibility is that timing of anal-
yses may significantly affect the outcome of experiments, as the
cold-signaling genes being monitored are under circadian regulation

triplicate at dawn CTO (B) or dusk CT12 (C). Data are shown relative to
the wild-type values for comparison. Data are averages of biological
triplicate = se normalized for transcript abundance to TUB9 (B) or
UBQ10 (C). Bar colors are as follows: hos7-3, blue; sar7-4, red; hos1-1,
green; and los4-1, purple.



(Harmer et al., 2000; Kreps et al., 2002), and loss of these nuclear
pore components alters circadian function (Figure 6). Therefore, to
determine whether cold signaling was perturbed similarly in these
mutants, we examined the expression of cold-signaling genes in
these mutants in parallel. Expression of CBF3 and RESPONSIVE
TO DESSICATION29A (RD29A) was assayed at 0, 8, and 12 h
after dawn in seedlings grown in 12L:12D white-light cycles at
22°C (Figures 7A to 7D). The mutations in los4 or sar1 led to similar
increases in the expression of CBF3 and its target gene RD29A as
observed in hos1 when compared with their wild types. Therefore,
when assayed in parallel, the hos1, sar1, and los4 mutants display
comparable perturbations of cold-responsive gene expression.

It has been recently demonstrated that differential splicing events
occur within LHY in response to cold stress and that plants in-
cubated at 4°C have an increased proportion of a nonfunctional
isoform of LHY in which exon E5a is retained (James et al., 2012).
We tested the hypothesis that altered cold signaling in hos7 mu-
tants was due to misexpression of LHY by comparing CBF3 and
RD29A expression in hos1 and hos1-3 Ihy-20 double mutants that
therefore lack both isoforms of LHY (Figures 7E and 7F). Expres-
sion of these genes in the double mutant was intermediate be-
tween that in /hy and hos1, showing that the mechanisms that
regulate alternative splicing of LHY alone do not account for the
increase in cold-induced gene expression in the hos1 mutant. This
work shows that HOS1 affects cold signaling through a pathway
that does not require LHY.

DISCUSSION

The circadian clock requires the rhythmic synthesis and degradation
of mRNAs encoding transcriptional regulators in plants. Here, we
show that loss of HOST results in period lengthening and the in-
ability to maintain normal mRNA rhythms under constant conditions
(Figures 1 and 3; see Supplemental Figures 1 to 5 online). The hos1
long-period phenotype is shared by four different mutants known to
disrupt the nuclear pore complex and/or mRNA export (Figure 6),
and we demonstrate that hos? mutants constitutively accumulate
polyadenylated mRNA in the nuclei (Figure 5). These data, together
with the double mutant analysis (Figure 2; see Supplemental Figure
6 online), suggest that the hos1 circadian defect is due to the loss of
nucleo-cytoplasmic mRNA transport, rather than to an interaction
with a specific clock protein. Demonstrating the specificity of the
nuclear defect, los4, sar1, and nua, which share hos1’s long-period
phenotype (Figure 6A), are unable to export mRNA to the cytoplasm
at normal rates (Figure 5; Gong et al., 2005; Parry et al., 2006; Xu
et al., 2007), whereas the hst-7 mutant, which affects microRNA
rather than mRNA export (Bollman et al., 2003), showed no circa-
dian clock phenotype (Figure 6A). Therefore, we conclude that a
nucleo-cytoplasmic mRNA export defect results in the circadian
clock defect observed in hosT mutants.

It is interesting to note that constitutive overexpression of HOS7
does not result in either circadian arrhythmia or a short period, as
occurs for many clock components (reviewed in McClung, 2006);
instead, HOS1 overexpression rescues the clock defect in hos71-3
to an approximately wild-type period (see Supplemental Figure 7
online). This observation is therefore not consistent with HOS71
playing a central role in the circadian clock. This work also shows
that hos1 affects signaling and gene expression by mechanisms
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other than or in addition to the degradation of specific proteins
such as ICE1 and CO (Dong et al., 2006a; Lazaro et al., 2012).
Currently it is not clear whether the E3 ubiquitin ligase activity of
HOSH1 is necessary for its role in the promotion of mRNA export.
Double mutant analysis suggests that HOS7 modifies the delayed
fluorescence and hypocotyl elongation phenotypes observed in the
clock genes analyzed (Figure 2; see Supplemental Figure 6 online),
suggesting that HOS7 may not act on the circadian clock through
one specific component. However, double mutants with all clock
genes could not be isolated due to the close genomic proximity of
HOS1 with CCA1, PRRY9, and ELF4. Thus, it remains possible that
hos1 could show a strong genetic interaction with these mutants.
Although the hos1 long-period phenotype is shared by mu-
tants lacking four different nuclear pore-associated proteins,
it is not clear precisely how disruption of mRNA export affects
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Figure 7. Expression of Cold Signaling Genes Analyzed in Parallel Indi-
cates Similar Perturbations in hos1 as in sar1-4 and los4-1 and This Per-
turbation Does Not Require LHY.

Expression analysis of CBF3 ([Al, [C], and [E]) and RD29A ([B], [D], and [F])
in the wild type (Col, dark-blue diamonds; C24, light-blue diamonds), hos1
alleles (hos7-3, red squares; hos1-1, pink squares), mMRNA export mutants
(sar7-4, dark-green triangles; los4-1, light-green triangles), lhy (lhy-20, purple
circles), and hos1-3 Ihy-20 double mutants (hos7lhy, orange Xs). Plants
were grown for 2 weeks under 12L:12D white-light cycles and harvested at
dawn (CTO0), 8 h after dawn (CT8), or at dusk (CT12). Data are averages of
biological triplicate + se normalized for transcript abundance to UBQT0.
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period. A simple explanation would be that altered export of
clock gene RNAs results in a reduced ability to maintain period
and rhythms of mRNA abundance. In hos1 mutants, gross
changes in the transcriptome were revealed by RNA sequencing,
affecting genes in multiple functional categories rather than spe-
cifically circadian- and cold-regulated processes. Because LHY
protein rhythm and target-gene promoter activity appear more
rhythmic than those of the corresponding mRNAs (Figure 4), our
data strongly suggest that hos7 mutants are disrupted in circa-
dian rhythms primarily because of alterations occurring at the
RNA level. The best explanation for the unusual hos7 circadian
phenotype is that because protein synthesis occurs in the cyto-
plasm, as long as a rhythm of mRNA export is maintained, is
it possible to get long-period oscillations of promoter:LUC and
protein levels without robust total mMRNA rhythms. Furthermore,
as we measured total MRNA, which includes RNA retained in the
nucleus as well as that in the cytoplasm, it is possible that the
population that is available for translation is sufficiently rhythmic in
hos1 to drive oscillations. An effect of hos7 on circadian protein
nuclear import is unlikely in our view, as Saccharomyces
cerevisiae mutants defective in nuclear protein import are not
viable: Indeed, early embryo-lethal pore mutants have been
described in Arabidopsis (Braud et al., 2012).

Loss of HOS1, LOS4, or SAR1 have all been reported to result in
altered cold responses; however, the effects of the mutations do
not give consistent phenotypes, including two alleles of LOS4 with
apparent opposite alterations to cold-signal transduction (Ishitani
et al., 1998; Gong et al., 2002, 2005; Dong et al., 2006a, 2006b).
Here, we show that when analyzed together, two hos1 alleles, los4
and sari, all show similarly altered cold signaling; expression of
CBF3 and RD29A are upregulated in each mutant when assayed
8 to 12 h after dawn (Figures 7A to 7D). Expression of cold-
signaling genes, including CBF3 and RD29A, is under circadian
control, with maximal expression occurring at 8 to 12 h after dawn
(CT8 to CT12) (Harmer et al., 2000; Mockler et al., 2007). Because
circadian function is disrupted in mutants with aberrant mRNA ex-
port (Figure 6A), and the circadian clock is required for normal cold
responses (Dong et al., 2011; Seo et al., 2012), one possibility is that
cold signaling is perturbed as a consequence of altered circadian
function. Our analysis of hos7-3 lhy-20 double mutants reveals an
intermediate effect on CBF3 and RD29A expression (Figures 7F and
7G), showing that if HOS1 does affect cold signaling in part through
the clock, then this pathway is not solely dependent on LHY.
Analysis of hos? lhy ccal triple mutants could confirm that cold-
signaling defects in hos7 mutants do not result from the interaction
between mRNA export and circadian clock function.

los4 and sar1 mutants share a suite of phenotypes with hos?1
plants, including early flowering (see Supplemental Figure 1 online;
Ishitani et al., 1998; Gong et al., 2005; Parry et al., 2006; Lazaro et al.,
2012), defective cold signaling (see Supplemental Figure 1 online;
Figure 7; Ishitani et al., 1998; Lee et al., 2001; Gong et al., 2005;
Dong et al., 2006a, 2006b), and circadian rhythms (Figure 6). This
suggests that these phenotypes share a common cause. Our data
show that loss of HOS7 causes mRNA retention and this has large
consequences for gene expression in hos1 mutants. Further studies
of abiotic signaling pathways need to discriminate between the direct
and indirect mechanisms through which alterations to these proteins
result in the phenotypes and gene expression changes observed.

METHODS

Plant Materials

The genotypes and accessions described herein are as follows. The wild
types are Col, C24 expressing RD29A:LUC (C24) (Ishitani et al., 1997), or
Landsberg erecta. The hos1 mutants are hos7-17 (Ishitani et al., 1998), hos1-2
(Lazaro et al., 2012), hos1-3 (SALK_069312), hos7-5 (SALK_131629), and
hos1-6 (SALK_052108). Circadian clock mutants used have been described
and are lhy-20 (Michael et al., 2003), che-2 (Pruneda-Paz et al., 2009), prr9-10
(Ito et al., 2003), prr7-11 (Yamamoto et al., 2003), prr5-11 (Yamamoto et al.,
2003), prr3-1 (Para et al., 2007), toc1-101 (Kaczorowski, 2004), gi-207 (Martin-
Tryon et al., 2007), lux-5 (Hazen et al., 2005), elf3-1 (Hicks et al., 1996), and
ztl-105 (SALK-069091) (Martin-Tryon et al., 2007). Previously published
mRNA export mutants were obtained from the Nottingham Arabidopsis
Stock Centre and have been previously described: sar7-4 (SALK_126801)
(Parry et al., 2006), los4-1 (Gong et al., 2005), nua-3 (SAIL_505_H11)
(Xu et al., 2007), nup107-1 (SALK_057072) (Wiermer et al., 2012,
Clarkson et al., 1997), and hst-7 (Bollman et al., 2003).

Growth Conditions

For RNA extraction, hypocotyl measurements, confocal microscopy, and
mRNA retention, experiments seeds were surface sterilized and stratified
at 4°C for 2 to 4 d on Murashige and Skoog (MS) agar (Melford) and 0.9%
agar (Sigma-Aldrich) with no Suc added to the media based on Macgregor
et al. (2008). For the diurnal RNA measurements in Supplemental Figure 6
online, 0.5X MS and 1.2% agar were used. Unless noted, standard
growth conditions were for 2 weeks in 12L:12D white-light cycles
(80 ymol/m?/s) at 22°C.

For delayed fluorescence and luminescence techniques a chlorine gas—
based methodology was used for sterilizing seeds (Clough and Bent, 1998).
The seed was then sown in groups of 10 to 20 seedlings on microtiter plates
containing MS media and 1.5% agar. After 2 d at 4°C, seedlings were grown
for either 6 d for luciferase experiments or 15 d for delayed fluorescence
experiments in 22°C under 12L:12D white-light cycles (80 umol/m?/s white
light). After this time in growth conditions, plates were transferred to ex-
perimental conditions at dawn of the 7th or 16th day.

DNA Constructs and Plant Transformation

The 35S:HOS1-CFP lines were created by cloning the full-length cDNA (long
isoform according to Lee et al., 2012) using ligation-independent cloning from
a pET-YSBLIC3C intermediate vector (Alzari et al., 2006) into a Cambia binary
vector (pPCV-CFP-H) between a 2x35S promoter and a 3’ fusion to the CFP
sequence. The HOST wild-type cDNA was amplified from plasmid available
from the ABRC using HITEL-HOS1 forward primer and HITEL-HOS1 reverse
primer as detailed in Supplemental Data Set 3 online. The COR15a:LUC
transgene was made using InFusion cloning where 2.9 kb of the genomic
region upstream of COR15a start was placed at the Stul site of a pPCV-based
binary vector (LUC-NOS pPCV) (Téth et al., 2001). The primers used were
pCOR15A_F and pCOR15A R (see Supplemental Data Set 3 online). The
CAB2:LUC+ transgene (Hall et al., 2002) and the CCR2:LUC transgene (Doyle
et al., 2002) were previously described. hos7-3 plants were transformed
with these constructs using standard Agrobacterium tumefaciens—mediated
transformation and selected on the appropriate antibiotics. Single insert,
homozygous transgenic plants were used in all the assays.

Primers

All primers used for genotyping and qPCR are described in Supplemental
Data Set 3 online. Unpublished primers were designed by hand or aided
by SIGnAL iSct primers (http://signal.salk.edu/tdnaprimers.2.html) or
Primer3 (Rozen and Skaletsky, 2000).
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Luminescence and Delayed Fluorescence

Luciferase analysis was performed on 7-d-old seedlings, measuring lumi-
nescence every 2 h. Luciferase experimental conditions consisted of constant
temperature of 12, 17, or 27°C and 2 d in 12L:12D red-light cycles followed by
constant red light (30 umol/m?/s). Luciferase experimental conditions for
Supplemental Figure 4 online were room temperature in constant white light
(40 umol/m?/s). The delayed fluorescence technique was performed on 16-d-
old seedlings, measuring delayed fluorescence every hour in 12, 17, or 27°C
and constant red or blue light (30 umol/m?%/s) (Gould et al., 2009). Both lu-
minescence and delayed fluorescence were measured and processed as
previously described (Gould et al., 2006, 2009). Data analysis was performed
on Biodare (http://www.biodare.ed.ac.uk) using BRASS (available from www.
amillar.org). BRASS produces individual period estimates as well as relative
amplitude errors (RAESs) via fast Fourier transform nonlinear least-squares
analysis (Plautz et al., 1997).

Gene Expression Analysis

For Figure 1B, plants were grown using the standard plant growth conditions
described above for 10 d and harvested in triplicate at dawn into liquid
nitrogen. RNA was extracted using the standard protocols for Qiagen
RNeasy plant mini kit, and 1 pg of RNA was converted into cDNA using with
Invitrogen’s SuperScript Il reverse transcriptase and oligo(dT) 12-18 primer.
qPCR was performed on the resulting cDNA using Agilent Technologies
Brilliant Il Ultra-Fast SYBR Green gPCR master mix and ROX Passive
Reference Dye on a Stratagene Mx3000P real-time PCR system with the
recommended settings for SYBR Green (with dissociation curve). Data were
analyzed with MxPro-Mx3005P v4.10 software. The transcript abundance
levels were normalized to UBIQUITINT0 (UBQ10) (Gould et al., 2006).

For the constant light time-series data in Figure 3, seeds were grown for
7 d in 12L:12D white-light cycles (80 umol/m?/s) at 22°C followed by 2 d in
12L:12D red-light cycles (30 to 40 umol/m?/s) at 17°C before being trans-
ferred to constant red light at 17°C. Seedlings were harvested in triplicate at
the times indicated and frozen in liquid nitrogen. RNA was extracted and
a cDNA library prepared as in Figure 2B. The gPCR was set up using a liquid
handling robot (Tecan Freedom Evo) and run in a LightCycler 480 system
(Roche) using LightCycler 480 SYBR green master mix (Roche). Data were
analyzed with the Roche LightCycler 480SW 1.5 using advance relative
quantification based on the 2nd derivative max method. Each cDNA sample
was assayed in triplicate. The transcript abundance levels were normalized to
ACTIN7 (ACT7) (Hall et al., 2003).

For red diurnal time series data in Supplemental Figure 6 online, seedlings
were grown as for Figure 3 but harvested during 12-h red light and 12-h dark
cycles after a total of 13 d of growth into Ambion’s RNAlater and stored at
4°C overnight. Total RNA was extracted using GE Healthcare lllustra RNAspin
96 using a liquid handling robot (Tecan Freedom Evo). RNA was extracted
from three biological repeats. Total RNA (1 ug) was reverse transcribed using
the Invitrogen Superscript VILO cDNA synthesis kit according to the man-
ufacturer’s instructions. gqPCR analysis was done as in Figure 3.

For Figures 5 and 6, seedlings were grown for 14 d using the standard
growth conditions described above and then harvested in triplicate into liquid
nitrogen at the times indicated. RNA was extracted and cDNA synthesized as
in Figure 2B. gPCR was performed as in Figure 2B. The transcript abundance
levels were normalized to TUBULIN BETA-9 CHAIN (TUB9) (Koo et al., 2010)
for the analysis in Figure 5B and UBQ10 (Gould et al., 2006) for the analysis in
Figures 5C and 6.

RNA Sequencing and Analysis

Seeds were grown for 14 d using the standard plant growth conditions
described above and harvested at dawn in triplicate. RNA was extracted
using the standard protocols for Qiagen RNeasy plant mini kit with the
additional steps for DNase treatment. Five micrograms of RNA was submitted
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to sequencing using standard protocols for lllumina TruSeq (version 3)
technologies. The input material was spiked with ~1% Ambion ERCC RNA
spike-in mix. The resulting FASTQ files contained 262,407,174 reads for Col
and 258,662,478 reads for hos7-3. These were then filtered using the fastg-
mcf program from the ea-utils package (http://code.google.com/p/ea-utils/)
with the parameters -x 0.01 -q 20 -p 10 -u. Spike-in reads were removed using
Bowtie and the lower limit of detection quantified using custom scripts. The
remaining reads were aligned using Tophat v1.4.1 and the following pa-
rameters: -| 10,000 -r 50-mate-std-dev 100 -library-type fr-unstranded. The
TAIR10 reference sequence was used. The Cufflinks package was used to
quantify gene and isoform abundance using the -G flag. The 17 cuffcompare
and cuffdiff components of Cufflinks were used to quantify gene and isoform
differential expression (Trapnell et al., 2012). A false discovery rate of 5% was
used. All other settings were as per the default settings. Further analysis was
performed using the cummeRbund package (Trapnell et al., 2012).

Hypocotyl Assays

Seeds were exposed to 2 d of 12L:12D white-light cycles to induce
germination followed by 7 d at 22°C in either 12L:12D white-light cycles or
constant darkness. The plates were scanned and hypocotyl lengths
measured using Imaged (http://rsbweb.nih.gov/ij/).

In Situ Hybridization

In situ hybridization was performed on plants grown in the standard growth
conditions for 14 d and fixed at dawn or dusk of the 12L:12D white-light
cycles. Whole-mount in situ hybridization was performed as described (Engler
et al.,, 1994; Gong et al., 2005) with minor modifications. Microscopy was
performed on the root tissues using an IX81 motorized inverted microscope
(Olympus), equipped with a VS-LMS4 Laser-Merge-System with solid-state
lasers (488 nm/70 mW; Visitron System). The 4’,6-diamidino-2-phenylindole
(DAPI) was imaged with mercury lamp illumination of the IX81 microscope and
standard DAPI filter sets (377 = 50/406/447 = 60). For Figure 5A, the x40 lens
and standard GFP illumination settings were used with equivalent exposure
times. For Figure 5B, 5 pL of 10 ug/mL of DAPI in water was applied directly to
the roots on a slide and plants were mounted in 25 pL of Vectashield. Images
were taken using the X100 lens with standard settings for the Epi488 laser
and DAPI with equivalent exposure times across the images.

Protein Extraction and Immunoblotting

Protein was extracted using extraction buffer [50% ethylene glycol, 100 mM
Tris-HCI, pH 8.5, 150 mM (NH,),SO,, 10 mM EDTA, 60 mM NaHSO;, 1 mM
DTT, Roche complete EDTA-free protease inhibitor cocktail, and 0.1 M
phenylmethylsulfonyl fluoride]. The samples were ground in a tissue-lyzer
for at least 2 min and centrifuged for 5 min at 4°C. The supernatant was
removed to a new tube and kept at —80°C. Equal volumes of protein were
loaded onto precast RunBlue SDS Gel 4-12% (17-wells Expedeon) and run
according to the manufacturers’ guidelines. Protein transfer to Invitrogen’s
iBlot polyvinylidene difluoride membrane was accomplished using In-
vitrogen'’s iBlot protocol using Program P3 for a total of 8 min. Once
transferred, the membrane was blocked overnight and incubated with anti-
LHY antibody (Kim et al., 2003) for 2 h at room temperature and probed with
the secondary antibody anti-rabbit IgG-horseradish peroxidase (Insight
Biotechnology SC-2004) at a 1:3000 dilution. The blot was then reprobed
for UGPase using Millipore’s SNAP ID Western Blotting protein detection
system according to the manufacturer’s protocols. The anti-UGPase rabbit
polyclonal serum (Agrisera AS05-086) was used at 1:6000. Enhanced
chemiluminescence quantitation was performed with Millipore’s Immobilon
horseradish peroxidase chemiluminescent substrate (Fisher Scientific).
Detection was done using G-BOX iChemi chemical imager from Syngene
set for 1-, 3-, 5-, and 10-min exposures using GeneSnap image acquisition
software.
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Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
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(At2g39810), HST (At3g05040), LHY (At1g01060), LOS4 (At3g53110), LUX
(At3g46640), NUA (At1g79280), NUP107 (At3g14120), PRR3 (At5g60100),
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