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ABSTRACT

Molecular bases of eukaryotic circadian clocks
mainly rely on transcriptional-translational feedback
loops (TTFLs), while epigenetic codes also play crit-
ical roles in fine-tuning circadian rhythms. However,
unlike histone modification codes that play exten-
sive and well-known roles in the regulation of cir-
cadian clocks, whether DNA methylation (5mC) can
affect the circadian clock, and the associated un-
derlying molecular mechanisms, remains largely un-
explored in many organisms. Here we demonstrate
that global genome DNA hypomethylation can sig-
nificantly lengthen the circadian period of Arabidop-
sis. Transcriptomic and genetic evidence demon-
strate that SUPPRESSOR OF drm1 drm2 cmt3 (SDC),
encoding an F-box containing protein, is required
for the DNA hypomethylation-tuned circadian clock.
Moreover, SDC can physically interact with another
F-box containing protein ZEITLUPE (ZTL) to diminish
its accumulation. Genetic analysis further revealed
that ZTL and its substrate TIMING OF CAB EXPRES-
SION 1(TOC1) likely act downstream of DNA methyl-
transferases to control circadian rhythm. Together,
our findings support the notion that DNA methyla-
tion is important to maintain proper circadian pace in
Arabidopsis, and further established that SDC links
DNA hypomethylation with a proteolytic cascade to
assist in tuning the circadian clock.

INTRODUCTION

The circadian clock allows living organisms to adjust the
tempo of endogenous life processes to the daily rhythms
imposed by the rotation of the earth and the earth’s revo-

lution around the sun (1,2). In higher plants, the circadian
clock regulates a myriad of daily and seasonal biological
processes, including photoperiodic hypocotyl growth, flow-
ering time, and biotic and abiotic stress responses (3—7). It
has also been suggested that the matching between the cir-
cadian period and the external photoperiod promotes pho-
tosynthesis and enhances vegetative growth (8). Hence, it is
critical for higher plants to maintain a proper circadian pe-
riod to synchronize the endogenous daily rhythms with the
ever-changing environmental signals (9,10).

The molecular bases of circadian clocks in many
eukaryotic organisms mainly rely on transcriptional—
translational feedback loops (TTFLs) (11). In Arabidopsis,
for example, morning-expressed CIRCADIAN CLOCK-
ASSOCIATED1 (CCAl) and LATE ELONGATED
HYPOCOTYL (LHY) directly repress the transcription of
TIMING OF CAB EXPRESSIONI (TOCI), PSEUDO-
RESPONSE REGULATORY (PRRY9), PRR7, PRRS,
PRR3 and the Evening Complex (EC) components EARLY
FLOWERING 3 (ELF3), ELF4 and LUX ARRYTHMO
(LUX) (12-14). Correspondingly, the transcript level
of each PRR sequentially reaches its respective peak
throughout the day, with an interval of 2-3 h from dawn
to dusk. In turn, the PRR proteins subsequently repress
CCAI and LHY transcription, thereby forming multiple
TTFLs (15-17). In addition to TTFLs, core clock com-
ponents are maintained at the post-translational level by
ubiquitination-mediated proteasomal degradation. For
example, the F-Box protein ZEITLUPE (ZTL) promotes
the 26S proteasome-dependent degradation of TOCI
and PRRS5 proteins in the darkness to keep the rhythm
robust (18,19). Interestingly, the ZTL protein itself also
oscillates, although its transcript level is constant at dif-
ferent time points during the day. Importantly, mutation
or mis-expression of any core clock component at either
the transcriptional or post-transcriptional level signifi-
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cantly alters the circadian clock, and even abolishes overt
rhythmicity under free-running conditions (20).

Epigenetic codes play critical roles in gene regulation (21—
24). In addition to histone modification, the other epige-
netic code, genomic cytosine methylation (5mC), is gen-
erally thought to cause chromatin compaction and gene
expression alteration, which contributes to trait variation
in a range of eukaryotic organisms (25). The SmC home-
ostasis reflects dynamic regulation among its establishment,
maintenance and removal in plants and animals (25,26).
The 5SmC methylation in mammals occurs virtually exclu-
sively in the CG context (27); its maintenance is via DNA
METHYLTRANSFERASE 1 (DNMT1) (28). DNA CG
methylation status of BMALI and PERIOD 2 (PER2), two
core components of the mammalian circadian clock, are
associated with obesity, metabolic syndrome, and weight
loss (29). In addition, the DNA hypermethylation of the
CG island of the BMALI promoter reduces its expression
and prohibits the recruitment of CLOCK proteins to their
common targets, disrupting the cellular circadian clock and
thereby contributing to the development of hematologic
malignancies (30). Maintenance of SmC in higher plants
is through distinct mechanisms depending on the cytosine
contexts, namely CG, CHG and CHH (H denotes A, T or
C) (31,32). The CG methylation is majorly maintained by
DNA METHYLTRANSFERASE 1 (MET1) (33), while
the CHG site is methylated by CHROMOMETHYLASE 3
(CMT3) and CMT2 in a redundant manner (34,35). In ad-
dition, CMT2 preferentially methylates CHH sites (36), and
together with DOMAINS REARRANGED METHYL-
TRANSFERASE 2 (DRM2) maintains CHH methylation
(26,32,34). DNA cytosine methylation controls many key
developmental processes in higher plants such as flower-
ing transition, immune response, and fruit ripening (37—
41). Loss of CG DNA methylation in met! produces the
late flowering phenotype in Arabidopsis, mainly through af-
fecting FLOWERING WAGENINGEN (FWA) expression
(42), while plants with a deficiency of the majority of non-
CG DNA methylation in drml drm2 c¢cmt3 triple mutants
displayed curled leaves and reduced stature phenotypes;
this is considered to be due to SUPPRESSOR OF drml
drm2 cmt3 (SDC) promoter demethylation (43). However,
whether DNA methylation is involved in the regulation of
the circadian clock in higher plants, and the associated un-
derlying molecular mechanisms, remain largely unknown.

In this study, we found that pharmacologically or ge-
netically reducing the global genomic cytosine methylation
level resulted in a significantly lengthened circadian period
in Arabidopsis. Furthermore, we identified SDC to medi-
ate DNA hypomethylation controlled circadian rhythms.
Moreover, SDC physically interacted with the ZTL pro-
tein to compromise its stability which might lead to de-
repression of TOCI, a substrate of ZTL. Collectively, our
findings indicate that DNA methylation is a new cellular
parameter mediated by SDC involved in the proteolytic cas-
cade to fine-tune the circadian clock.

MATERIALS AND METHODS
Plant materials and plasmid construction

For seedling growth, Arabidopsis seeds were sterilized and
plated on MS (Murashige-Skoog) plates with 3% sucrose
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and 0.7% agar. After stratification for three days at 4°C,
the plates were transferred to a growth chamber with a 12-
h light/12-h dark photoperiod at 22°C. Arabidopsis mu-
tant drml-2 drm2-2 cmt3-11t (ddc3), cmt2-3, and sdc
were ordered from Arabidopsis Biological Resource Cen-
ter (ABRC, the Ohio State University). To generate the
drml-2 drm2-2 ¢cmt2-3 cmt3—-11t (ddc2c3) quadruple mu-
tant, the homozygous drmi-2 drm2-2 cmt3—11t mutant was
genetically crossed with the ¢mt2-3 mutant. The homozy-
gous F2 plants of drmi-2 drm2-2 cmt2-3 cmt3—11t were
self-pollinated to obtain F3 progeny seeds for further as-
say. For the real-time luminescence assay, the above mutants
were respectively crossed with CCA1:LUC or LNK2: LUC
reporter lines. After PCR-based scoring, F3 homozygous
plants were used for a circadian phenotype assay. To an-
alyze the circadian phenotype of the met/-3 mutant, it
was crossed with CCAI:LUC reporter line. F2 progeny
seedlings were used for imaging. After PCR-based scoring,
the homozygous met/-3 and WT seedlings with circadian
reporters segregated from the same F2 seed pool were used
to analyze their respective circadian phenotypes. The mu-
tants used for circadian period analysis are listed in Supple-
mentary Table S1.

To construct 35S:GFP-SDC and 35S: GFP-ZTL vectors,
their respective full length coding sequence (CDS) frag-
ments were subcloned into the Kpn I and X#o 1 sites of the
pENTR2B vector and then recombined to the pMDC45-
GFP vector using Gateway LR Clonase enzyme mix (In-
vitrogen) (24). To generate the CsVMV:SDC-HA and
CsVMV:FKFI-HA vector, the full length SDC and FKFI
fragments were subcloned into the Kpn I and Xma 1, Pac
I and Kpn 1 sites of the pCsVMV-HA3-N-1300 vector, re-
spectively (24). To construct the 35S:ZTL-FLAG vector,
the full-length ZTL fragment was amplified and then sub-
cloned into the Spe I and Kpn I sites of the p35S-FLAG-
1307 vector (44). The SDC overexpression transgenic lines
were generated by Agrobacterium-mediated transformation
of pCsVMV-SDC-HA or 35S:GFP-SDC by floral dipping.
After confirmation by protein immune blotting and RT-
gPCR, the independent T1 transgenic plants were screened,
and the lines with a 3:1 segregation ratio were self-pollinated
to obtain homozygous plants for further study. The primers
used for constructs and RT-qPCR are listed in Supplemen-
tary Table S2.

Luminescence real-time measurement and circadian rhythm
analysis

Arabidopsis seeds of Col-0 wild type and the indicated mu-
tants harboring CCAI:LUC, LNK2:LUC or CAB2:LUC
reporters were sterilized and plated on MS plates for strat-
ification about three days at 4°C. The plants were grown in
12-h light/12-h dark and 22°C for eight days and were then
transferred to MS plates with or without DNA methyltrans-
ferase inhibitors 5-Aza-dC (20 or 40 mg/l) or Zebularine
(100 mg/1) for circadian phenotype analysis under constant
red (LED light bulbs producing 660 nm wavelength for pho-
ton irradiance, light intensity 40 wmol/m?/s) or blue light
(LED light bulbs producing 470 nm wavelength photon ir-
radiance, light intensity 40 wmol/m?/s) at 22°C as noted.
Luminescence intensity derived from luciferase activity was
determined using a CCD camera (LN/1300-EB/1, Prince-
ton Instruments) as previously described (5). Luminescence
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image acquisition was conducted for up to 144 h with 20
min exposure time and 2-h intervals.

Statistical analysis of bioluminescence data

The time course of bioluminescence intensity was analyzed
using MetaMorph Microscopy Automation and Image
Analysis Software. Bioluminescence data were imported
into the Biological Rhythms Analysis Software System
(BRASS v2.14, available from www.amillar.org) to calcu-
late period lengths from individual traces using the Fourier
transform-nonlinear least-squares suite of programs. Data
were presented as mean = SEM and were analyzed by the
independent-samples #-tests when comparing two groups,
or one-way ANOVA followed by Fisher’s LSD test for com-
paring more than two groups.

RNA extraction and quantitative RT-PCR

After stratification under 4°C for three days, the Arabidop-
sis seedlings were grown in 12-h light/12-h dark at 22°C
for 8 or 10 days as noted. The samples were collected at
the indicated time points for RNA extraction. For the in-
filtrated leaves of N. benthamiana, the samples were har-
vested as indicated. For testing the transcript level, total
RNA was extracted with TRIzol reagent (Invitrogen). One
microgram of RNA was used for DNA removal and reverse
transcription, and cDNA synthesis was performed using a
PrimeScript@®) RT reagent Kit (TaKaRa) as according to
the manufacturer’s instructions (7). Quantitative PCR was
conducted with Real-time PCR SYBR Green Master Mix
(Toyobo, Japan). Specific gene transcription abundance was
normalized according to ACTIN2 and TUB4 transcription
expression. The gene-specific primers listed in Supplemen-
tary Table S2 were used for the quantification of corre-
sponding mRNA levels via quantitative RT-PCR using the
Applied Biosystem Quant Studio 3 detection system. To
examine the effect on the circadian period by 5-Aza-dC
using time-course RT-qPCR, Arabidopsis Col-0 seedlings
were grown on MS plates in 12-h light/12-h dark for eight
days and then were transferred to MS plates in the absence
or presence of 20 mg/1 5-Aza-dC under constant light con-
ditions. Samples were collected from LL48 h to LL116 h
at 4-h intervals under constant light conditions. RNA ex-
traction and quantitative RT-PCR were performed to mea-
sure the transcript levels of CCA7 and LHY in a time-course
manner.

Bimolecular fluorescence complementation (BiFC) assays

For the BiFC assay, the coding sequences of the 21 func-
tional identified circadian genes were cloned into Pac 1
and Spe 1 sites of a 2YC-pBI-cYFP vector using ClonEx-
pressTM (Vazyme, China). SDC was cloned into the 2 YN-
pBI-nYFP to obtain SDC-nYFP vector (24). N. benthami-
ana leaves were co-infiltrated with Agrobacterium contain-
ing the indicated plasmid combination. H2B-mCherry was
used as a nuclear-localization marker. The fluorescence sig-
nal was detected at 72 h after agroinfiltration with an Olym-
pus FV1000 MPE confocal microscope.

GST pull down assays

The full-length SDC coding region was fused to a GST tag
with Bam HI and Xho 1 sites to produce the GST-SDC
construct. The plasmid was transformed into Escherichia
coli BL21 strain, and the GST-SDC protein was induced
with 1 mM IPTG at 30°C for 3 h and then purified with
glutathione—agarose (Sigma, USA) according to the proto-
col described (45). The purified GST and GST-SDC beads
were incubated with an equal amount of N. benthamiana
leaves expressing ZTL-FLAG or FKFI-HA protein ex-
tracts. After washing as a previous method (46), GST pro-
teins were analyzed by SDS-PAGE and Coomassie Brilliant
Blue R250 staining. Pulled-down proteins were detected
by immunoblotting using FLAG antibody (M20008, Ab-
mart) or HA antibody (11867423001, Roche, Switzerland)
as noted.

Co-immunoprecipitation (Co-IP) assays

Co-IP assays were performed by agroinfiltration-based
transient expression of GFP-SDC/ZTL-FLAG or GFP-
SDC/FKFI1-HA combination in 5-week-old N. benthami-
ana leaves. Samples were collected after three days, and to-
tal proteins were extracted using ice-cold protein extrac-
tion buffer (50 mM Tris—CI, pH 7.5, 150 mM NacCl, 0.5%
Nonidet P-40 (v/v), 1 mM dithiothreitol, ] mM EDTA, 1
mM phenylmethylsulfonyl fluoride, 2 mM Na3;VOy4, 2 mM
NaF, 1 pg/ml aprotinin, 1 pwg/ml Pepstatin A, 5 pwg/ml
Leupeptin, 5 pg/ml Antipain, 5 wg/ml Chymostatin, 50
pM MGI132, 50 pM MGL15, 50 pM ALLN) (47). Im-
munoprecipitation was carried out with GFP-Trap beads
(GTMA-20-20rxns, Chromo Tek). Three microliters of the
input and 10 pl of the Co-IP sample (SDS loading buffer
added) were loaded. GFP-tagged SDC, FLAG tagged ZTL
and HA tagged FKF1 proteins were fractionated by 10%
SDS-PAGE (acrylamide: bisacrylamide, 37.5:1) gels. Im-
munoblotting was performed using a 1:2000 dilution of the
primary polyclonal anti-GFP antibody (Abcam ab6556), a
1:2000 dilution of the monoclonal primary anti-Flag an-
tibody (Abmart, M20008) or 1:1000 monoclonal primary
anti-HA antibody (Roche, 11867423001). The 1:3000 HRP-
linked anti-rabbit IgG, anti-mouse IgG or anti-rat IgG
were used as secondary antibodies accordingly. Chemilumi-
nescence reactions were performed with Supersignal west
pico chemiluminescent substrates (Thermo Fisher Scien-
tific, 34580EA).

RNA-sequencing analysis

For the DNA methyltransferase inhibitor treatment, Ara-
bidopsis Col-0 seedlings were grown under 12-h light/12-h
dark conditions and 22°C on the MS plates for nine
days and were then transferred to plates containing 40
mg/L 5-Aza-dC or an equal volume of DMSO solution.
The treated seedlings were collected at ZT1 and ZT13 of
the next day for RNA extraction. For RNA-sequencing
with the ddc2c¢3 quadruple mutants, the seedlings were
grown under 12-h light/12-h dark conditions and 22°C
for 8 days and then transferred to constant white light
conditions. Samples were collected at LL24 and LL36.
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Total RNA was extracted with TRIzol reagent (Invitro-
gen) and treated with DNase I (Thermo Fisher). RNA
quality was assessed using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA) and Qubit® RNA Assay Kit in Qubit® 2.0
Fluorometer (Life Technologies, CA, USA). For 5-Aza-dC
treatment, both the RNA-sequencing and differential gene
expression analyses were performed by RedtreeTech Inc.
For RNA-seq of Col-0 and ddc2¢3 at LL24 and LL36, the
sequencing were performed on Illumina Nova-seq platform
with paired-end 150 bp at BerryGenomics (Beijing, China).
The analysis was performed on a commercial server in
which computational pipelines was pre-established (8
omics Gene Technology Co. Ltd, Beijing, China). The
details for RNA-Sequencing and differential gene ex-
pression analyses were as previously described (7,45).
RNA-seq raw data have been deposited in the Gene
Expression Omnibus database under accession number
GSE153510. The sequence tracks can be accessed at public
sessions (http://genome.ucsc.edu/cgi-bin/hgPublicSessions)
by manually searching with either genome assembly
name ‘hub_329263_araThal’ or session name ‘Mecha-
nism of 5mC controlled Arabidopsis clock pace’, and
the processed data in bigwig format were deposited
to github (https://github.com/Yuanyuanzhang-IBCAS/
Transcriptomedata.git). The source code for differen-
tial expression genes analysis was deposited to github
(https://github.com/Yuanyuanzhang-IBCAS/source-
code-for-Mechanism-of-5mC-controlled- Arabidopsis-
clock-pace.git). Meanwhile, the python packages,
modules, software, scripts and configuration files
were deposited to Zenodo (10.5281/zenodo.4435146,
https://zenodo.org/record/4435146#. X _SISxmpS71).  All
the experimental results were validated critically step by
step by the company including RNA quality control,
libraries size and reads quality, and the RNA-seq data were
validated using RT-qPCR.

Hypocotyl length measurements

Arabidopsis seeds were sown on MS medium containing 1%
sucrose and stratified at 4°C for 3 days. Then, the plates were
transferred to 12-h light/12-h dark conditions to grow for
an additional 5 days. The hypocotyl length was measured
with ImageJ software (48).

ZTL Protein degradation assay in planta

To obtain the CsVMV:ZTL-LUC fusion vector, a LU-
CIFERASE (LUC) fragment was cloned into a pCsVM V-
1300 vector with Xma I and Nco 1 sites, and then a ZTL
fragment was subcloned to the Kpn I and Xma I sites of
the pCsVMV-LUC-1300 vector. The Agrobacterium carry-
ing either CsVMV:ZTL-LUC or GUS-HA plasmids indi-
vidually, as well as 35S:GFP-SDC or 35S: GFP were mixed
and co-infiltrated into N. benthamiana leaves. The LUC
signal was detected with a CCD camera (LN/1300-EB/1,
Princeton Instruments) after two days of infiltration. An
alternative assay for degradation was agro-infiltration of
ZTL-FLAG and GUS-HA as well as 35S:GFP-SDC or
35S:GFP into N. benthamiana leaves. After 3 days, the to-
tal protein was extracted, and the ZTL protein abundance
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was detected by immunoblotting. To examine the degra-
dation rate of ZTL by SDC, GFP-ZTL proteins expressed
from N. benthamiana leaves as well as protein extracts from
Arabidopsis wild-type Col-0 or SDC-HA overexpressing
plants were incubated for 0, 1, 2 and 3 h. Total proteins
were extracted, and the GFP and HA antibodies were used
to detect the ZTL protein abundance and SDC expres-
sion respectively. For ZTL protein degradation by SDC in
Arabidopsis, 35S: GFP-SDC overexpression lines and Col-0
were grown on MS plates for 10 days, and the seedlings were
collected at ZT0 and ZT12. Total proteins were extracted as
described above, and the anti-ZTL antibodies were used to
blot the ZTL protein abundance.

RESULTS

Chemically inhibiting DNA methyltransferase activity
lengthened the circadian period

To examine the effect of genomic cytosine methylation
on the circadian clock in planta, we first tested the
DNA methyltransferase inhibitors 5-Aza-2'-deoxycytidine
(5-Aza-dC) and Zebularine (Zeb). The two cytidine
analogs could covalently bind to the active sites of
DNA methyltransferases to prevent their enzyme activ-
ities (49-53). These reagents were used to treat Ara-
bidopsis Columbia (Col-0) seedlings that stably harbored
CCAI:LUC, LNK2:LUC or CAB2:LUC reporters. After
being grown in a 12-h light/12-h dark photocycle for eight
days, the above-indicated seedlings were transferred to con-
stant red light conditions in the absence or presence of 5-
Aza-dC or Zeb. A significant lengthening of the circadian
period (~0.64 h) was observed in the 20 mg/l 5-Aza-dC
treatment (24.14 + 0.11 h) compared to the mock treatment
(23.5 £ 0.03 h) as shown by the real-time bioluminescence
assay (Figure 1A—C and Supplementary Figure S1A, C).
An even more pronounced circadian period change (~1.32
h) was observed under 40 mg/l 5-Aza-dC (24.82 £+ 0.07
h) treatment, indicating that a dose-dependent effect exists
(Figure 1A—C and Supplementary Figure S1A, C). Similar
to 5-Aza-dC, Zeb treatment also significantly lengthened
the circadian period by about 0.7 h, as reflected by the three
circadian reporters (Figure 1D-F and Supplementary Fig-
ure S1B, C, and Supplementary Table S3). To further con-
firm the effect of 5-Aza-dC on the circadian clock, the tran-
script patterns of CCAI and LHY, two core circadian com-
ponents, were analyzed by a time course RT-qPCR assay.
A significant phase delay of endogenous CCAI and LHY
was clearly observed on the fifth day in the constant light
conditions, consistent with the lengthening of the circadian
period in the plants with introduced circadian reporters
(Figure 1G and H), suggesting bona fide effects of these
reagents.

As the circadian period varies among different Arabidop-
sis ecotypes due to their natural geographic origin (54), we
further examined the effect of 5-Aza-dC treatment on the
circadian clock in a few additional natural accessions, in-
cluding Cvi (Cape verde islands), Ws (Wassileskija) and Ler
(Landsberg erecta) (Supplementary Figure SID-F). Consis-
tent with previous findings (55,56), the Cvi ecotype showed
a relatively shorter circadian period (21.93 4 0.16 h) with-
out treatment compared to Ler (23.65 + 0.08 h) and Ws
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Figure 1. Chemically inhibiting DNA methyltransferases activity lengthens circadian period. (A, B) Normalized luminescence traces of Col-0 CCA1:LUC
(A) and Col-0 LNK2:LUC (B) in the absence or presence of DNA methyltransferases inhibitor 5-Aza-dC (20 or 40 mg/1). The indicated Arabidopsis seeds
harboring CCA1:LUC or LNK2:LUC reporters, were entrained in 12-h light/12-h dark at 22°C for 8 days, and were then transferred to the plates with
different concentration of DNA methyltransferase inhibitors 5-Aza-dC (20 or 40 mg/1) for image acquisition under constant red light conditions at 22°C.
For Col-0 with CCA1:LUC reporter, 0 mg/l 5-Aza-dC, n = 19, 20 mg/1 5-Aza-dC, n = 18, 40 mg/1 5-Aza-dC, n = 18. For Col-0 with LNK2: LUC reporter,
0 mg/l 5-Aza-dC, n = 18, 20 mg/1 5-Aza-dC, n = 18, 40 mg/1 5-Aza-dC, n = 15. White and gray regions indicate subjective day and night respectively. (C)
The estimated circadian period in (A) and (B) calculated by Fast Fourier Transform Nonlinear Least Squares (thereafter as FFT-NLLS) analysis. Letters
(a, b, ¢) indicate significant differences by one-way ANOVA followed by the Fisher’s LSD test. (D, E) Normalized luminescence traces of CCAIl:LUC
(D) and LNK2: LUC (E) in the absence or presence of Zebularine. The indicated Arabidopsis seeds harboring CCAI: LUC or LNK2:LUC reporters, were
grown in 12-h light/12-h dark at 22°C for 8 days, and were then transferred to the plates with different concentration of DNA methyltransferase inhibitors
Zebularine (100 mg/1) for image acquisition under constant red light conditions at 22°C. For Col-0 with CCAI: LUC reporter, 0 mg/1 Zeb, n = 23, 100 mg/1
Zeb, n = 29; for Col-0 with LNK2: LUC reporter, 0 mg/1 Zeb, n = 25, 100 mg/1 Zeb, n = 26. (F) The estimated circadian period in (D) and (E) calculated
by FFT-NLLS analysis. (G, H) Temporal transcriptional patterns of CCAI (G) and LHY (H) under the constant light conditions with the treatment of
5-Aza-dC. Arabidopsis Col-0 grown in 12 h light/12 h dark for 8 days, and then were transferred to constant light conditions in the absence or presence of
20 mg/1 5-Aza-dC. Samples were harvested from LL48 h to LL116 h with 4-h intervals as noted. From (A) to (F) at least three independent experiments
were carried out and achieved similar results. (I) Circadian phenotype of the tested Arabidopsis ecotypes treated by 5-Aza-dC. Arabidopsis ecotype Cvi, Ler
and Ws with CCAI:LUC reporter were examined in the absence or presence of 20 mg/1 5-Aza-dC. In (C), (F) and (I), For Cvi with CCA1:LUC reporter,
0 mg/l 5-Aza-dC, n = 19, 20 mg/1 5-Aza-dC, n = 18; for Ws with CCA/:LUC reporter, 0 mg/1 5-Aza-dC, n = 28, 20 mg/1 5-Aza-dC, n = 28, for Ler with
CCAI:LUC reporter, 0 mg/l 5-Aza-dC, n = 17, 20 mg/1 5-Aza-dC, n = 16; data represent mean =+ s.e.m. (***P < 0.001, Student’s 7-test).

(23.83 4+ 0.05 h) (Figure 1I). Nevertheless, all examined
ecotypes displayed a significantly lengthened circadian pe-
riod with a range of 0.68-1.37 h after 20 mg/l 5-Aza-dC
treatment compared to their respective mock-treated con-
trols (Figure 11 and Supplementary Table S3) (Cvi 23.30

lengthen the circadian period in the tested Arabidopsis ac-
cessions.

Genetically disrupting DNA methyltransferases altered cir-

+ 0.22 h; Ler 24.68 + 0.07 h, and Ws 24.51 &+ 0.04 h).
Taken together, we conclude that pharmacological inhibi-
tion of DNA methyltransferase activity could significantly

cadian pace

In plants, the 5-methylcytosine in a distinct cytosine con-
text is maintained by different DNA methyltransferases.
It is well known that CG methylation is maintained by



METI and CMT3 is the main CHG methyltransferase,
while mCHH (where H=A, T or C) is generally maintained
by DRM2 and CMT?2 (26,34). To examine which cyto-
sine contexts are involved in the regulation of the circadian
clock, we introgressed a series of DNA methyltransferase
mutants into wild type plants that harbored the CCA1:LUC
reporter and measured their circadian phenotypes. The ho-
mozygous met -3 mutant, presumably with the CG methy-
lation nearly lost in the whole genome and associated with
lower fertility (33,57), displayed a significant lengthening of
the circadian period of about 1 h (Figure 2A-C and Sup-
plementary Table S4) (Col-0 23.14 £ 0.04 h, met1-3 24.10
4+ 0.06 h; P < 0.001, #-test), suggesting that CG methy-
lation is involved in the regulation of the circadian clock.
To determine whether the modulation of the circadian pe-
riod depends on light quality, we further examined the cir-
cadian phenotypes of the above mutants under continuous
monochromatic blue light. A significantly lengthened circa-
dian period was similarly observed under continuous blue
light conditions in met /-3 mutants (Figure 2D-F and Sup-
plementary Table S4) (Col-0 23.35 £ 0.07 h, meti-3 24.41
4 0.04 h; P < 0.001, z-test), indicating that the effect of CG
hypomethylation on the clock tempo is likely independent
of light quality. Interestingly, we found that the met/-3 mu-
tant exhibited a more pronounced decrease in rhythmicity
under red light than under blue light (Supplementary Fig-
ure S2A and B).

Next, we examined the effect of non-CG (CHG and
CHH) methylation on the circadian clock. Although the
emt2-3, emt2-3 cmt3—11t, drml-2 drm2-2 and drml-2
drm2-2 emt2-3 (ddc2 ) mutants exhibited similar circadian
periods to the control plants (Supplementary Figure S3A-
D), the drml-2 drm2-2 c¢mt3—11t (ddc3) triple mutant, in
which CHG methylation was dramatically reduced (58), dis-
played a lengthened circadian period by ~0.9 h as measured
with the CCAI:LUC reporter and approximately 0.7 h with
the LNK2: LUC reporter (Figure 3A—C and Supplementary
Figure S3E and F) (Col-0 23.08 £ 0.06 h and ddc3 23.99
=+ 0.05 h for CCA1:LUC; Col-0 23.21 4+ 0.04 h and ddc3
23.98 + 0.05 h for LNK2:LUC; P < 0.001, ¢-test). Since
DRMI, DRM2, CMT2 and CMT3 are collectively respon-
sible for non-CG methylation, non-CG methylation in the
Arabidopsis genome was nearly eliminated in the drmi-2
drm2-2 emt2-3 emt3—11t (ddc2c¢3) quadruple mutant (59).
Notably, the ddc2c¢3 quadruple mutant exhibited a signifi-
cantly lengthened circadian period by about 0.8 h (ddc2c3
24.08 £ 0.05 h), with a slightly increasing trend (though not
statistically significant) relative to that of the ddc3 triple mu-
tant (23.99 £ 0.05 h) (Figure 3A—C). A significantly length-
ened circadian period (by about 0.8 h) was also observed
under continuous monochromatic blue light (Figure 3D-F
and Supplementary Table S5) (Col-023.23 + 0.03 h; ddc2c3
24.02 +0.07 h). Together, these data suggested that the non-
CG methylation level was also important for the modula-
tion of the circadian clock, in which CHG methylation plays
a major role. Collectively, our data clearly demonstrated
that DNA cytosine methylation is a novel cellular parame-
ter involved in modulating the circadian clock in Arabidop-
sis, irrespective of light quality.

Abnormal hypocotyl growth is considered as a hallmark
of an altered circadian clock (60,61). Thus, the hypocotyl
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length of the ddc3 mutant grown under 12-h light/12-h dark
was examined. Indeed, we found that the ddc3 and ddc2c3
mutants displayed a significantly shorter hypocotyl pheno-
type compared to that of wild type plants (Figure 3G and
H, Supplementary Table S6), implying that non-CG DNA
methylation-mediated circadian period alteration may con-
fer changes in clock-controlled outputs such as hypocotyl
growth. The mechanistic connection between the oscillator
and hypocotyl growth is still unknown.

SDC is a candidate target to mediate the DNA
hypomethylation-controlled circadian clock

The enrichment of the DNA cytosine methylation within
the promoter region is usually correlated with the degree
of gene transcriptional repression. Hence, we reasoned that
the SmC level might directly affect the transcription of cer-
tain core clock components, which would subsequently af-
fect the circadian period. We were thus led to investigate the
transcript abundance of candidate clock genes at the whole-
genome level. RNA-sequencing was used to identify dif-
ferentially expressed clock genes after 5-Aza-dC treatment
under12-h light/12-h dark conditions. Surprisingly, among
the 346 and 626 up-regulated genes at ZT1 and ZT13, re-
spectively (Supplementary Dataset S1), none of the known
clock genes had a cut-off of over 1.5 (log, fold change, P <
0.05) (Supplementary Figure S4A and B). Furthermore, for
the ddc2c¢3 mutant under constant white light conditions,
only 163 and 105 up-regulated genes were identified at L1.24
(subjective dawn) and LL36 (subjective dusk), respectively,
and again no clock genes were identified in these groups
(Figure 4A, B and Supplementary Dataset S2). Moreover,
neither were clock genes present in the up-regulated gene
list from the met/—3 mutant from a public database (62).
Nonetheless, our current transcriptomic analysis suggested
that DNA hypomethylation control of circadian rhythms
may not act through directly releasing the transcriptional
inhibition of known clock components, but instead likely
acts through other unknown factors.

To identify the novel potential factors that mediate DNA
hypomethylation modulation of the circadian clock, we ex-
amined the co-regulated genes between 5-Aza-dC-treated
wild-type and the DNA methyltransferase mutants, as both
exhibited a lengthened circadian period. In total, seven
common genes were found among the lists of up-regulated
genes (Figure 4C and D), and their CG or non-CG methy-
lation levels were indeed reduced in met! or ddc3 mutants
(Figure 4E and Supplementary Figure SSA, B), while no
co-occurring down-regulated genes were found (Supple-
mentary Figure S6A). Furthermore, we compared these
seven common up-regulated genes with up-regulated genes
in the ddc3 mutant and found that the transcript lev-
els of AT3G30720 (Qua-Quine Starch, QQS), AT2G17690
(SDC) and AT2G34655 were elevated in both met! and
ddc3 mutants (Supplementary Figure S6B). Among these,
AT2G34655 encodes a hypothetical protein composed of
only 22 amino acids, while the transcript of QQS encodes
a protein of 59 amino acids that was shown to modulate
starch biosynthesis (63). Interestingly, SDC, which was pre-
viously identified as an imprinted gene encoding an F-box
containing protein (43), had the highest fold change among
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Figure 2. Loss function of CG DNA methyltransferase MET! elongates circadian period. (A, D) Normalized bioluminescence traces of CCAI:LUC in
Col-0 and met/-3 mutant. The indicated Arabidopsis plants grown in 12-h light/12-h dark for 8 days, and then were transferred to constant red (A), or blue
light conditions (D) for image acquisition with 2-h intervals. Under red light conditions, Col-0, n = 42, met1-3, n = 55 (A—C); under blue light conditions,
Col-0, n = 16; met1-3, n = 43 (D-F). White and gray regions indicate subjective day and night respectively. (B, E) Scatter plot showing relative amplitude
error (R.A.E.) versus circadian period of Col-0 and met/-3 mutant under continuous red (B) or blue (E) light conditions. (C, F) The estimated circadian
period in Col-0 and met/-3 mutant by FFT-NLLS analysis. Data represent mean + s.em. (¥***P < 0.001, Student’s z-test).

the seven overlapped genes (Figure 4A, B and D). Impor-
tantly, the SDC promoter contains high levels of cytosine
DNA methylation (64), including both CG and non-CG
contexts in Col-0, but these levels were markedly diminished
or almost eliminated in both the met/ and ddc3 triple mu-
tants and were negatively correlated with higher raw reads
of mRNA (Figure 4E). Previously, the expression of SDC
was shown to be activated in endosperm after fertilization
or by external heat stress (65,66). To examine whether SDC
is a potential causal factor for mediating DNA methylation-
controlled circadian rhythms, the temporal expression level
of SDC was examined by time-course RT-qPCR in the
ddc2c3, metl mutant and Col-0. We found that SDC dis-
played extremely low expression in Col-0, but strong and
rhythmic expression in the ddc2¢3 and met1-3 mutants (Fig-
ure 4F and Supplementary Figure S7), suggesting that it
may be involved in the regulation of the circadian clock.
Together, these data suggested that SDC may be a candi-
date target involved in mediating the DNA methylation-
modulated circadian clock.

SDCis required for the DNA hypomethylation-controlled cir-
cadian clock

To detect the role of SDC in the circadian clock, we initially
generated SDC-overexpressing lines in Col-0 CCAI:LUC
background. Two individual homozygous CsVMV:SDC-
HA overexpression lines were obtained. Both lines con-
tained dramatically higher SDC transcript levels (Figure
5A), and SDC protein abundance was examined by im-
munoblotting (Figure 5B). Notably, these overexpression

lines displayed a longer circadian period of about 0.5 h un-
der either constant red (Figure 5C and D, Supplementary
Table S7) (CsVMV:SDC-HA L1 23.34 £ 0.06 h and L2
23.38 £ 0.06 h, Col-0 22.82 4+ 0.04 h) or blue light con-
ditions (Supplementary Figure SSA-C and Supplementary
Table S8; CsVMV:SDC-HA L124.47+£0.07 hand L2 24.40
+ 0.06 h, Col-0 23.54 4+ 0.06 h) compared to the control.
Similarly, two individual homozygous 35S:GFP-SDC over-
expression lines also exhibited longer circadian periods by
about 0.9 h under constant blue light conditions (Supple-
mentary Figure S§D-H), suggesting that SDC is involved
in the modulation of the circadian period. To genetically ex-
amine whether DNA methylation modulated the circadian
period through SDC, due to the lower fertility of the met1-3
mutant, we crossed the ddc2c¢3 mutant with the sde mutant.
As shown in Figure 5E and F, under constant red light con-
ditions, (Col-0 23.20 £ 0.05 h, ddc2¢3 23.93 £ 0.08 h, sdc
23.25 £ 0.06 h, ddc2¢3 sdc 23.26 £ 0.06 h) (Supplementary
Table S7) and constant blue light conditions (Supplemen-
tary Figure S9A, B) (Col-0 23.58 + 0.03 h, ddc2¢3 24.42 +
0.03 h, sdc 23.73 + 0.07 h, ddc2c3 sdc 23.82 + 0.04 h) (Sup-
plementary Table S9), the lengthened circadian period of
ddc2c3 could be completely reverted by the SDC null muta-
tion, indicating that SDC was required for a non-CG DNA
hypomethylation-regulated circadian period. We also mea-
sured the circadian period of the sdc mutant in the presence
of the DNA methylase inhibitor 5-Aza-dC. The period was
significantly elongated after the inhibitor treatment in the
sdc mutant, but the extent was significantly compromised
relative to the corresponding period change in Col-0 plants
(Supplementary Figure SI0OA-D), indicating that SDC par-
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Figure 3. Deficiency of non-CG DNA methyltransferases affects circadian clock and photoperiodic hypocotyl growth. (A) Normalized bioluminescence
traces of CCAI1:LUC in drmi1-2 drm2-2 cmt3—11t (here abbreviated as ddc3) triple mutant, drmI1-2 drm2-2 cmt2—3 cmt3—11t (here abbreviated as ddc2¢3)
quadruple mutant and Col-0 under continuous red light conditions. The indicated Arabidopsis plants entrained in 12-h light/12-h dark for 8 days, and
then were transferred to constant red light conditions for image acquisition with 2-h intervals. Col-0, n = 25; ddc3 mutant, n = 38; ddc2¢3 mutant, n =
24. (B) Scatter plot showing the estimated circadian period versus R.A.E. of Col-0, ddc3 and ddc2¢3 mutants under continuous red light condition. (C)
Statistic analysis of the circadian period in Col-0, ddc3 and ddc2c3 mutants. Col-0, n = 25, ddc3, n = 38, ddc2c3, n = 24. Data represent mean =+ s.e.m.
(***P < 0.001, Student’s z-test). (D) Normalized bioluminescence traces of CCAI:LUC in ddc2¢3 quadruple mutant and Col-0 under continuous blue
light condition. The indicated Arabidopsis plants entrained in 12 h light/12 h dark for 8 days, and then were transferred to constant blue light conditions
for image acquisition with 2-h intervals. Col-0, n = 21; ddc2¢3 mutant n = 34. (E) Scatter plot showing the estimation of circadian period versus R.A.E. in
Col-0 and ddc2c¢3 mutant under continuous blue light conditions. (F) Statistic analysis of the circadian period in Col-0 and ddc2c¢3 mutants. Data represent
mean =+ s.e.m. (***P < 0.001, Student’s z-test). (G and H) Hypocotyl phenotype and length measurements of Col-0, ddc3 and ddc2¢3. Seeds were sown on
MS plates and stratified at 4°C for 3 days, and then were transferred to 12 h light/12 h dark conditions for 5 days at 22°C. Col-0, n = 32; ddc3 mutant, n
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one-way ANOVA followed by the Fisher’s LSD test.

tially mediates the effect of 5-Aza-dC on circadian rhythms, S10). Together, we conclude that SDC is a novel circadian
in contrast to the sdc mutant fully reverting the lengthened regulator that mediates DNA methylation-controlled circa-
period in the ddc2¢3 mutant. This could be due to 5-Aza- dian period and hypocotyl length.

dC working as a cytidine analog, thereby affecting multiple
%ﬁiﬁi lff)vf)llv\?i f;gfg;f:flz‘fh as genome stability (67)in SDC directly interacts with the ZTL protein to affect its sta-

Moreover, the shorter hypocotyl phenotype of the ddc2c¢3 bility

mutant grown under different photoperiod conditions (12- SDC encodes an F-box protein, a critical subunit for sub-
h light/12-h dark, 8-h light/16-h dark and 16-h light/8-h strate recognition in SCF (Skp, Cullin, F-box) type E3
dark) was also markedly rescued by the loss-of-function of ~ ubiquitin ligase complex that catalyzes ubiquitination of
SDC (Figure 5G and H, Supplementary Figure S11A-D, target proteins for degradation. To further gain insights

and Supplementary Table S10). In addition, plants overex- into the potential targets of SDC in circadian clock reg-
pressing SDCalso exhibited shortened hypocotyllength,re-  ulation, we performed a bimolecular fluorescence comple-
sembling the ddc2¢3 quadruple mutant (Figure 5G and H, mentation (BiFC) assay in N. benthamiana leaves to screen

Supplementary Figure S11A-D, and Supplementary Table for interacting proteins from about 20 functional verified
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Figure 4. SDCis a candidate target to mediate DNA hypomethylation lengthened circadian period. (A, B) Volcano plot showing the differentially expressed
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was reduced and its transcriptional abundance was correspondingly increased in ddc3 and metl mutants. Data were extracted from the published database
(64). (F) Temporal expression pattern of SDC in ddc2c3 mutant and wild type Col-0 under constant white light condition.

Arabidopsis circadian core proteins. Among these proteins,
BiFC analysis showed that SDC-nYFP could interact with
ZTL-cYFP or FKF1-cYFP (Figure 6A, bottom panels)
and cYFP tagged JMJDS, PRRS5, and ELF4, but none of
the other tested clock components (Supplementary Figure
S12). Moreover, no fluorescence signals were observed in
the negative control combinations (Figure 6A, top panels).
As overexpression of SDC lengthened the circadian period,
we reasoned that the mutation of its targets should also dis-
play a lengthened circadian period. Thus, we focused on
ZTL and FKFI, but not JMJD5, PRRS5 or ELF4, as their
null mutations resulted in significantly longer circadian pe-
riods (46,68,69). To validate whether SDC directly inter-

acts with ZTL or FKF1, we next carried out Glutathione
S-transferase (GST) pull-down assays. Immunoblot anal-
ysis showed that the GST-fused SDC proteins bound to
both ZTL-FLAG and FKF1-HA proteins that were ex-
pressed from N. benthamiana leaves, whereas GST alone
did not (Figure 6B and Supplementary Figure SI3A), sug-
gesting that SDC physically interacts with ZTL and FKF1
in vitro. To further substantiate their interaction in vivo,
we conducted a co-immunoprecipitation (Co-IP) assay by
co-expressing GFP-SDC and ZTL-FLAG or FKF1-HA in
leaves of N. benthamiana using GFP Trap beads. Consis-
tently, both ZTL-FLAG and FKF1-HA proteins could be
specifically detected in the immunoprecipitated complex by
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In vivo Co-IP assay of SDC with ZTL-FLAG. N. benthamiana leaves were agro-infiltrated with the indicated plasmid combinations. Proteins were extracted
and immunoprecipitated with GFP-Trap beads. Immunoblot detection was performed using GFP or FLAG antibodies as noted. (D, E) Agrobacterium
containing ZTL-FLAG and GFP-SDC or GFP were co-infiltrated in the N. benthamiana leaves for 2 days. Samples were collected and total protein was
extracted. ZTL and SDC protein abundance was detected by western blot using FLAG or GFP antibody, respectively. Data represents mean =+ s.e.m. (n
=06, ¥**P < 0.001, Student’s 7 test). (F, G) ZTL abundance was reduced in the presence of SDC. N. benthamiana leaves were Agro-infiltrated with ZTL-
LUC and GFP-SDC or GFP, 2 days later, the Luciferase signaling intensity was detected with CCD camera. The relative bioluminescence intensity of the
co-infiltrated N. benthamiana leaves with GFP and reporter was set as 1. Data represents mean + s.em. (***P < 0.001, Student’s 7 test). (H) ZTL protein
abundance in Arabidopsis seedlings of GFP-SDC overexpressing transgenic lines at ZT0 and ZT12. Seeds of two Arabidopsis GFP-SDC overexpression
transgenic lines and Col-0 were sterilized and plated on MS medium with 3% sucrose. After stratification, the plates were transferred into a growth chamber
with 12h light/12 h dark photoperiod at 22°C for 10 days. The seedlings were harvested at ZT0 and ZT12 for immunoblot. ZTL and GFP antibody was
used for detecting ZTL and GFP-SDC, respectively. HSP90 antibody and CBB were used as the loading controls.



GFP-SDC (Figure 6C and Supplementary Figure S13B).
Taken together, these results demonstrated that SDC di-
rectly interacted with ZTL and FKF1 in vitro and in vivo.

Previously, ZTL and FKF1 were characterized as F-box
domain-containing blue-light photoreceptors that predom-
inantly function in the regulation of the circadian clock
and flowering time, respectively, by recognizing distinct
downstream targets (18,19,70). We first investigated the
rosette leaves number in the Col-0, sdc mutant and the
CsVMV:SDC-HA L1 and L2 overexpression lines under
16 h light/8 h dark conditions, but there was no signifi-
cant difference (Supplementary Figure S14A, B). It is pos-
sible that SDC has additional targets that may antagonize
its role in flowering time regulation through FKF1 or SDC
does not affect FKF1 protein abundance, which await to
be further explored. As malfunction of ZTL significantly
lengthened the circadian period, we subsequently examined
whether SDC influenced the stability of ZTL. After inject-
ing the Agrobacterium-containing ZTL-FLAG with either
GFP-SDC or GFP constructs into N. benthamiana leaves,
immunoblot detection showed that the ZTL-FLAG pro-
tein abundance was modestly decreased when co-expressed
with GFP-SDC, but not GFP (Figure 6D and E), while
the level of ZTL transcript was comparable in both sam-
ples (Supplementary Figure SI15A), indicating that SDC
may promote the degradation of ZTL. Furthermore, we
co-infiltrated Z7TL-LUC with GFP-SDC or GFP in N. ben-
thamiana leaves. The bioluminescence signal of ZTL-LUC
was significantly reduced in the presence of GFP-SDC, but
not GFP (Figure 6F, G and Supplementary Figure S15B).
To measure the degradation rate of ZTL by SDC, we in-
cubated GFP-ZTL protein expressed from N. benthamiana
leaves as well as protein extracts from Arabidopsis wild-type
Col-0 or SDC-HA overexpressing plants for 1, 2 and 3 h. We
found that the ZTL protein was gradually reduced in Col-0,
and the degradation was enhanced in SD C-H A overexpress-
ing lines (Supplementary Figure S16A and B). Further, the
destabilization of ZTL was largely inhibited by MG132
treatment (Supplementary Figure S16C and D), suggesting
SDC might affect ZTL protein turnover likely through 26S
proteasome pathway. To further verify the degradation of
ZTL in Arabidopsis, we compared the ZTL protein level in
Arabidopsis Col-0 and two SDC-HA overexpression lines.
Although the overexpression of SDC did not evidently in-
fluence the ZTL protein amount at ZTO, it significantly pro-
moted the degradation of ZTL at ZT12 (Figure 6H), while
the ZTL transcript levels in these materials were compara-
ble at ZT12 (Supplementary Figure S15C). Taken together,
these results demonstrate that SDC facilitated the turnover
of ZTL protein in vivo.

ZTL acts in the same pathway with non-CG methylation to
affect clock pace and hypocotyl growth

To investigate the effect of SDC on ZTL-mediated circadian
period, we constructed an agro-transformation GFP-SDC
vector in Col-0 and z¢#/-3 mutant. After these materials were
evaluated by RT-qPCR and western blotting (Supplemen-
tary Figure S17A and B), two independent GFP-SDC over-
expression lines and GFP-SDC ztl-3 transgenic lines as well
as the z¢/-3 mutant were used for circadian period measure-
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ment in constant red light conditions. The results demon-
strated that although overexpression of SDClengthened the
circadian period in Col-0 wild type plants, we didn’t observe
further lengthening. Instead, a slight shortening circadian
period in the GFP-SDC ztl-3 transgenic lines than that in
the zt/-3 mutant was observed, indicating that ZTL is re-
quired for the effect of SDC overexpression on lengthening
circadian period (Figure 7A and B, Supplementary Table
S11 and Supplementary Figure S18A), supporting a notion
that hypomethylation mediated circadian clock changes are
predominantly through de-repression of SDC, which likely
further promotes ZTL turnover.

To further investigate whether ZTL is a downstream tar-
get of SDC to mediate DNA hypomethylation-lengthened
circadian period, a ddc2c3 ztl quintuple mutant was gener-
ated by genetic crossing of ddc2¢3 with z¢/-3, a null mutant
of ZTL (71). Homozygous F3 plants were used for exam-
ining the circadian clock phenotype. Consistent with a pre-
vious report (71), we found that zz/-3 displayed a long cir-
cadian period but a delayed phase relative to Col-0. Impor-
tantly, there was no significant difference between the cir-
cadian period of the ddc2c¢3 ztl-3 quintuple mutant (27.24
4+ 0.17 h) and the z¢/-3 single mutant (27.0 + 0.09 h). How-
ever, the circadian phase of ddc2¢3 ztl-3 quintuple mutant is
similar to that of Col-0 wild type but not z#/-3 mutant (Fig-
ure 7C-E, Supplementary Table S12, and Supplementary
Figure S18B), indicating that ZTL likely acts in the same
pathway as non-CG methyltransferases with respect to reg-
ulating the circadian period, but not the phase. However,
we failed to detect the evident change of ZTL protein level
in ddc2c¢3 mutant at ZTO or ZT12 (Supplementary Figure
S19), which might be due to the relative lower SDC expres-
sion in ddc2¢3 mutant than SDC overexpression lines, or
the sensitivity of the native ZTL antibody is not efficient to
distinguish the subtle change of the ZTL protein in ddc2c3
mutant.

Moreover, there was no additive effect between ddc2c¢3
and zt[-3 regarding photoperiodic hypocotyl growth, as
demonstrated by the similar hypocotyl lengths of ddc2¢3 ztl-
3 and the z¢/-3 single mutant (Figure 7F and G, Supplemen-
tary Table S13), suggesting that Z7TL acts in the same ge-
netic pathway as non-CG DNA hypomethylation to modu-
late the circadian clock.

ZTL controls the circadian period mainly through de-
grading the circadian core proteins TOCl and PRRS
(18,19). TOCl1 is the predominant factor in regulation of the
circadian period (46). Hence, to further examine whether
ZTL and its substrate protein TOCI act in the same path-
way as non-CG DNA methyltransferase, we next obtained
a ddc2c3 tocl quintuple mutant and conducted a circadian
phenotype analysis. Intriguingly, we found that the length-
ened period in the ddc2c¢3 mutant was significantly compro-
mised in the ddc2c3 tocl quintuple mutants, with a similar
circadian period as in the foc/ mutant (Supplementary Fig-
ure S20A-C and Supplementary Table S14) (Col-0 23.08
=+ 0.06 h, ddc2c¢3 24.11 £ 0.08 h, toc/-21 20.20 £ 0.15 h,
ddc2c3 toc1-21 19.72 4+ 0.08 h), indicating that TOC/ is a
major downstream factor of ddc2c3 as well as ZTL. Alto-
gether, we propose that the lengthened circadian period in
ddc2c3 is mainly caused by DNA methylation diminution
in the SDC promoter that leads to the aberrant high expres-
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Figure 7. Non-CG methylation controlled circadian clock and hypocotyls growth is in the same genetic pathway with ZTL. (A, B) Normalized CCA1:LUC
traces (A) and circadian period (B) of Col-0, GFP-SDC overexpression lines, zt/-3 and GFP-SDC overexpression lines in z7/-3 mutant. The indicated
Arabidopsis plants grown in 12-h light/12-h dark for 8 days, and then were transferred to constant red light for image acquisition with 2-h intervals. Col-0
n=20, GFP-SDCL1,n=19, L2, n=33; ztl-3, n =31; and GFP-SDC ztl-3 L1 = 47, L2 = 35. Letters (a, b, ¢) indicate significant differences, by one-way
ANOVA followed by the Fisher’s LSD test. (C-E) Normalized CCA1: LUC traces (C), scatter plot (D) and circadian period (E) of Col-0 (n = 28), ddc2¢3,
ztl-3 and ddc2c3 ztl-3 plants. The indicated Arabidopsis plants grown in 12-h light/12-h dark for § days, and then were transferred to constant red light
conditions for image acquisition with 2-h intervals. Col-0, n = 28; ddc2c3, n = 90; ztl-3, n = 49; ddc2c3 ztl-3, n = 22. Letters (a, b, ¢) indicate significant
differences, by one-way ANOVA followed by the Fisher’s LSD test. (F, G) Plant phenotype (F) and hypocotyl length (G) of Col-0, ddc2¢3, zt/-3 and ddc2¢3
ztl-3. Seeds were sown on plates and stratified at 4°C for 3 days and were then transferred to 12-h light/12-h dark conditions to grow for additional 5 days.
Col-0, n = 33; ddc2¢3, n = 38; ztl-3, n = 44; ddc2c3 ztl-3, n = 77. The hypocotyl length was measured with ImagelJ software. Scale bar, | mm. Letters (a, b,
¢) indicate significant differences, by one-way ANOVA followed by the Fisher’s LSD test.

sion level of SDC. Subsequently, the activated SDC facili-
tates the turnover of ZTL, which leads to the de-repression
of TOCI and finally causes circadian period elongation and
short hypocotyl (Figure 8).

In addition, genome-wide DNA methylation analysis
of Arabidopsis has identified thousands of differentially
methylated regions (DMRs) for local adaptation, while dif-
ferent ecotypes exhibit varying circadian periods due to ge-
ographical origin (72,73). Intriguingly, we found that the
expression of SDC was significantly distinct among ge-
ographical groups, with fold differences in the hundreds

(Supplementary Figure S21) (74), implying that SDC likely
contributes to the variation in circadian period in differ-
ent ecotypes for their local adaptation. Hence, whether
there are epialleles of SDC in mediating DNA methylation-
controlled circadian pace for better regional adaptation
awaits further investigation.

DISCUSSION

The circadian clock is constantly and dynamically adjusted
by internal and external signals such as metabolites, hor-
mones and photoperiod; this is termed circadian plastic-



sssss

NA hypermethylation & DNA hypomethylation

!
SDC transcript \/\,1\/\/ W
: ‘
@ | g
: 1l
L 4 3 e
l E J_ Nucleus
N
y v

Proper circadian period Lengthened circadian period and
and hypocotyl shorter hypocotyl

Figure 8. A proposed working model for DNA methylation controlled cir-
cadian clock. In the wild type (left panel), high levels of DNA methyla-
tion at the SDC promoter significantly limits its transcription, thus subse-
quently caused relatively higher ZTL protein level which further promotes
the degradation of TOCI protein to maintain a proper circadian period
and hypocotyl length. However, when pharmacological perturbation or ge-
netic mutation caused DNA hypomethylation at the SDC promoter (right
panel), its transcriptional inhibition is released. The elevated SDC level
likely further reduces ZTL protein stability, which caused higher TOCl1
protein level and thus resulted in lengthened circadian period and shorter
hypocotyl.

—-

ity (75). However, the modification of circadian pathways
through genomic methylation remains largely unexplored in
many organisms. Here we showed that both CG and non-
CG hypomethylation could significantly lengthen the circa-
dian period in Arabidopsis. Surprisingly, RNA expression
dataset analyses and promoter methylation profiles from
publicly available data did not identify any of the known
clock components for which their transcript levels displayed
significant changes. This may be due to the limited number
of time points or inconsistent light conditions among ex-
periments. Thus, a higher resolution time course of RNA-
sequencing may be useful for identification of differentially
expressed clock genes. Instead, we found that SDC was up-
regulated under whole genome hypomethylated DNA con-
ditions, while it was silenced in Col-0 under normal growth
conditions due to the high level of methylation of its pro-
moter. Consistently, overexpression of SDC mimicked the
lengthened period found in the DNA methylation mutants
(Figure 5C and D), while its mutation could dramatically
revert the lengthened circadian period in the ddc2¢3 mu-
tant (Figure 5E and F). These analyses support the notion
that elevated transcript levels of SDC are responsible for
the period effects in the methylation mutants. Intriguingly,
the effect of DNA methylation on circadian phase was not
rescued by the Z7'L null mutation (Supplementary Figure
S18), indicating that other downstream factors of SDC may
be involved in DNA-methylation caused circadian phase
changes. One of the candidates might be FKF1, as it also
interacted with SDC (Supplementary Figure S13) and was
shown to affect circadian parameters in concert with ZTL
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(76). It will be interesting to test this hypothesis in the future
by genetic and biochemical analyses.

Hypocotyl growth dynamics have long been thought to
be due to a coincidence mechanism between the endoge-
nous circadian clock and external day length (77). Here we
found that the short hypocotyl phenotype in the ddc2c¢3 mu-
tant was also complemented by the sdc mutant resembling
Col-0 (Figure 5G and H), suggesting that SDC is also cru-
cial for DNA hypomethylation causing the short hypocotyl.
This could likely attribute to the activated proteolytic cas-
cade of SDC-ZTL-TOCI that resulted in the higher TOC1
protein abundance, as it has been demonstrated that TOC1
can directly interact with PHYTOCHROME INTERACT-
ING FACTORs (PIFs) to sequester their activity to pro-
mote hypocotyl elongation (78-80).

SDC is silenced in vegetative tissues but expressed in en-
dosperm after fertilization, where it exhibited an increase
by 2- to 5-fold at 2 DAP (days after pollination). How-
ever, the endosperm development in the null sdc mutant
is normal and produced viable seeds, suggesting that SDC
is not required for endosperm development (66,81). Nev-
ertheless, epigenetic suppression of SDC seems to be es-
sential for development, since non-CG DNA methylation
mutants as well as SDC overexpression lines with high ex-
pression of SDC displayed a curled leaf phenotype during
vegetative growth. Recently, it was reported that SDC is
also activated in the nrpdl-3 pkl-1 or nrpel—11 pki-1 dou-
ble mutants, which lacks both RADM pathway and chro-
matin remodeling activity and exhibits a curled leaf phe-
notype that is strongly correlated with the up-regulation of
SDC (82). These results suggest that in addition to non-CG
DNA methylation, PKL acts synergistically with RdAdDM
to repress SDC gene transcription. In addition, the expres-
sion of SDC could be induced in young developing leaves
by environmental stimuli such as high temperature (65). A
long-term heat stress experiment demonstrated that the sdc
mutant showed significantly reduced biomass by approxi-
mately 30% compared to the corresponding wild type (65).
These results suggest that SDC overexpression may con-
tribute to the recovery of plant biomass after heat stress.
However, we found no known circadian component exhibit-
ing obvious changes in the transcriptome database of wild-
type or sdc mutants during the recovery from heat stress
entrainment (65). Hence, whether the higher temperature-
induced SDC expression (65) could subsequently modulate
the circadian clock to adapt to the unfavorable warm con-
ditions should also be addressed. It is possible that an en-
hanced SDC level causes higher TOCI protein abundance,
which may at least inhibit the overgrowth of the petiole or
hypocotyl in warm temperature (78—80), consistent with the
contribution of SDC to the recovery of plant biomass after
heat stress (65).

Ubiquitination-dependent degradation plays an impor-
tant role in removal of unfolded or unnecessary proteins as
well as maintaining protein stability. F-box proteins are re-
sponsible for recognizing substrates and subsequent ubiq-
uitination by interacting with SKP1 and Cullinl to form
a functional SCF-type E3 ligase complex (83). Intrigu-
ingly, two E3 ligases synergistically regulating the same bi-
ological phenomenon has been demonstrated. For exam-
ple, F-box proteins EIN3 BINDING F-BOX protein 1/2



3778 Nucleic Acids Research, 2021, Vol. 49, No. 7

(EBF1/2) degrade the transcription factor PIF3 in darkness
to promote photomorphogenesis, while RING-finger type
E3 ligase COP1 can target EBF1/2 for degradation, causing
PIF3 protein accumulation (84). In our findings, the F-box
domain-containing protein SDC interacted with another
F-box protein ZTL and recruited ZTL for degradation. It
has been shown that the ZTL-mediated circadian period is
regulated through the degradation of the substrates TOC1
and PRRS in the evening (18,19), in which TOCI plays a
more pronounced role (46,47). Our genetic evidence fur-
ther showed that ZTL and its downstream target TOCT1 act
in the same pathway as DNA hypomethylation in its effect
on clock pace and hypocotyl growth. Therefore, we propose
that the proteolytic cascade of SDC-ZTL-TOCI connected
DNA methylation to the circadian clock (Figure 8). To sum-
marize, DNA hypomethylation plays an important role in
maintaining proper circadian period mainly through the re-
duction of SDC promoter methylation, thereby increasing
its transcript level. Furthermore, elevated SDC levels subse-
quently facilitates the turnover of ZTL protein, which likely
results in higher TOCI protein levels, longer circadian pe-
riod and a shortened hypocotyl (Figure 8). Our findings
demonstrate that the DNA methylation and protein ubiq-
uitination cooperate to maintain proper circadian protein
accumulation and the internal clock rhythm.

Lastly, the role of DNA cytosine methylation in fine-
tuning the circadian clock may be an evolutionarily con-
served mechanism in both plants and mammals. It has
been reported that circadian period change by an altered
light-dark cycle requires de novo DNA methylation in mice
(85,86). Importantly, the level of DNA methylation at some
CG sites tends to increase with age in mammals (87). The
improper DNA methylation could trigger abnormal clock
gene expression, thus contributing to the occurrence of can-
cer (88). Our findings in a model plant may shed new light
on the effects of DNA methylation on mammalian circa-
dian period regulation. In closing, the role of 5SmC home-
ostasis in assisting to tune the circadian period may opti-
mize plant growth and development by synchronizing the
internal growing phase with ever-changing environmental
cues.
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