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Short Summary:

Evening Complex (EC), a core component of circadiaaillator, negatively regulates leaf
senescence iArabidopsis thaliana. EC directly binds the promoter MYC2, which encodes

a key activator of JA-induced leaf senescence,rapcesses its expression. Collectively, our
results reveal a critical molecular mechanism itltsng how the core component of circadian

clock gates JA signaling to regulate leaf seneszenc
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Abstract

Plants initiate leaf senescence to reallocate greand nutrients from the aging to developing
tissues for optimizing growth fitness and reproductat the end of growing season or under
stress. Jasmonate (JA), a lipid-derived phytohoenaknown as an important endogenous
singal in inducing leaf senescence. However, whedmel how circadian clock gates JA
signaling to induce leaf senescence in plants nesnglusive. In this study, we show that the
Evening Complex (EC), a core component of circadiaaillator, negatively regulates leaf
senescence iWrabidopsis thaliana. Transcriptomic profiling analysis reveals that EC
closely involved in JA signaling and response, «iast with accelerated leaf senescence
unanimously displayed by EC mutants upon JA inductWe found that EC directly binds
the promoter oMYC2, which encodes a key activator of JA-induced &iescence, and
represses its expression. Genetic analysis furth@monstrated that the accelerated
JA-induced leaf senescence in EC mutants is aleddatmyc2 myc3 myc4 triple mutation.
Collectively, these results reveal a critical maleac mechanism illustrating how the core
component of circadian clock gates JA signalingetpulate leaf senescence.

Key words: Circadian clock/ Evening Complex/ JA signal/ leahescence/ MYC2
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Introduction

As an ubiquitous molecular time-keeping mechanismgadian clock provides an
adaptive advantage to higher plants by synchrogiiternal growth behaviors with external
daily changing environments (Sanchez & Kay, 20I6)e core oscillator function of plant
circadian clock is based on transcriptional-traimhal feedback loops, which constitute a
critical part of the self-sustaining oscillator @énham & McClung, 2015; Hsu & Harmer,
2014). Evening complex (hereafter as EC), comprise8ARLY FLOWERING3 (ELF3),
EARLY FLOWERING 4 (ELF4) and LUX ARRHYTHMO (LUX), fays essential roles in
plant circadian clock, as mutation of any EC congmis leads to circadian arrhythmia
(Helfer et al, 2011; Sanchez & Kay, 2016). LUX issemgle MYB domain containing
SHAQYF-type GARP transcription factor, targeting T™MXCG promoter element (LUX
binding site, LBS) through its specific DNA-bindimpmain (Helfer et al, 2011; Nusinow et
al, 2011). ELF3 and ELF4 are nuclear proteins withidentified biochemical function,
whereas ELF3 functions as an adaptor between LUX EBIbF4, thus forming a ternary
transcriptional repression complex. It has beenatetnated that EC represses the expression
of PRR7, PRR9, GIGANTEA andLUX itself (Chow et al, 2012; Helfer et al, 2011; Nusw et

al, 2011) within the circadian core oscillator.

EC is a critical component of core oscillator igukating circadian outputs (Mizuno et al,
2014). For example, EC directly regulates the egom of PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) andPIF5 to gate the hypocotyl growth in early evening
(Nusinow et al, 2011). Interestingly, ELF3 also ukges hypocotyl elongation in an
EC-independent manner by interacting with PIF4 emgeding its transcriptional activation
of the downstream target genes (Nieto et al, 20b5addition,elf3 mutant, but noelf4 and
lux mutants, displays a dark-induced early leaf-searese phenotype, implying that ELF3
can affect leaf senescence independent of EC-needi@manscriptional repression activity
(Sakuraba et al, 2014). However, it remains undfeB€-mediated transcriptional repression

is still involved in leaf senescence governed theotues.

As the last and inevitable stage of leaf develogienaf senescence is under the control
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of highly coordinated cellular processes to trigthex reallocation of nutrients and energy to
developing tissues or storage organs (Gan & Amadie5; Lim et al, 2007). Proper timing
of the onset of leaf senescence is critical fodsgeld, fruit ripening and biomass production
(Lim et al, 2007; Wu et al, 2012). A concerted aiai event is triggered upon leaf senescence,
such as rapid chlorophyll degradation, increasmefbrane ion leakage, and eventually the
decline of photochemical biosynthesis (Qi et all2)0 These biochemical processes are often
associated with an up-regulation of many seneseasseciated genes, such as
SENESCENCE-ASSOCIATED GENE12 (SAG12), SAG13, SAG29, SAG113, SENESCENCE4
(SEN4), and down-regulation of photosynthetic gene, sasRIBULOSE BISPHOSPHATE
CARBOXYLASE SMALL CHAIN (RBCS) (Gan & Amasino, 1995; Hortensteiner, 2006; Park
et al, 1998; Qi et al, 2015; Weaver et al, 1998lthdugh leaf senescence is basically
governed by the developmental cues, it is alsotlyigtegulated by various external and
internal signals through specific pathways, suckda&ness, drought, high salinity, pathogen
infection and phytohormones (Lim et al, 2007; Qiagt 2015). Leaf senescence is also
regulated by a distinct set of plant hormones,udicig ethylene, ABA, SA and JA (Miao &
Zentgraf, 2007; Qi et al, 2015; Qiu et al, 2015adlet al, 2016).

JA, a class of lipid-derived phytohormones, hasbeell documented in regulating leaf
senescence (He et al, 2002). The JA signal is pextdy CORONATINE INSENSITIVEL
(COI1), a F-box domain containing protein, whiclsuks in the recruitment of jasmonate
ZIM-domain (JAZ) transcriptional repressors for guotination and degradation (Thines et al,
2007; Xie et al, 1998; Xu et al, 2002), and de-espion of various downstream JA responsive
transcription factors, including MYC2, MYC3, and MY (Chen et al, 2011;
Fernandez-Calvo et al, 2011; Qi et al, 2015). The bHLH transcription factor family
MYC2, 3, 4 redundantly bindSAG29 promoter and activates its expression, leadinthé¢o
activation of JA-induced leaf senescence (Qi eR@l5). The NAC transcriptional factors,
ANACO019, ANACO055 and ANACO72, are also direct targets of MYC2 in mediating
JA-induced leaf senescence (Bu et al, 2008; Zlaly 015).

A few lines of evidence have revealed the involvetr@ circadian clock in regulating

JA signaling. First, the accumulation of jasmonatesn-phase peaking at the middle of
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subjective day, well in line with anticipated peak circadian-mediated insect feeding
behavior (Goodspeed et al, 2013; Goodspeed et0dR)2 Second, plant circadian clock
driven time-of-day susceptibility to necrotrophicnfal pathogenBotrytis cinerea, is
mediated by JA signaling (Ingle et al, 2015). ThilIME FOR COFFEE (TIC), a
circadian-clock mediator, acts as a negative regula JA signaling by repressing MYC2
protein accumulation at the post-translational l¢s&in et al, 2012). Intriguingly, thielYC2
transcription is also regulated by circadian clagkhough the mechanism is unknown (Shin
et al, 2012). In this study, we found that EC,raaiilian clock core complex, is involved in JA
signaling and response. Loss-of-function of EC Itesn JA-dependent early leaf senescence.
EC directly regulates JA-induced leaf senescencéibgling to theMYC2 promoter and
repressing its transcription. Our findings haveeaed a novel molecular mechanism

underlying circadian gated leaf senescence mediptdd.
Results
EC actsasanegative regulator of leaf senescence

The EC mutants includinglf3, elf4 andlux share a few common phenotypes, such as
arrhythmic circadian period, long hypocotyl, andledlowering (Nusinow et al, 2011).
Interesting, ELF3 inhibit dark-induced leaf seneseethrough post-translational suppression
of PIF4 and PIF5, independent of EC transcriptiorgkession activity. To determine if EC
could affect leaf senescence under physiologicatitions, we grewelf3-1 elf4-209 double
mutant,lux-6 (Supplemental Figure 1), and other EC mutants ulwhg day condition with
16 h light period. As reported previously, all tB€ mutants displayed long hypocotyl, long
petiole and early flowering phenotypes. No additpleenotypes were observed éf3-1
elf4-209 double mutant (Supplemental Figure 1), in linehwthe fact that ELF3 and ELF4
functioning in the same complex (Nusinow et al, D0TThelux-6 mutant also showed an
arrhythmic circadian period like other EC mutarsigplemental Figure 1H). Notably, the
tips of rosette leaves i@f3-1, elf4-209, elf3-1 elf4-209 andlux-6 became yellow but not in
the wild-type Col-0 in 5-week-old plants (Figure )LAo confirm the early leaf senescence
phenotypes, the ChIF (Chlorophyll Fluorescencepipaters were measured to estimate the

effective quantum vyield of photochemical energyvasgsion in PSIlI @PSII) (Mishra et al,
5
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2016). Indeed, the PSII efficiencies in EC mutamse significantly lower than that in Col-0
(Figure 1B and C). Moreover, the chlorophyll comsenf the third and fourth leaves were
much lower in EC mutants than that in Col-0 (FigLB, while the ion leakage was higher in
EC mutants than in Col-0 (Figure 1E). Compared ob-@ the expression of photosynthetic
genesRBCS andCAB1, was dramatically reduced in leaves of EC mut@ftgure 1F and G).
The expression 0B8AG12, a senescence marker gene which is not induceeér ustdess
conditions, was significantly increased in leavEEG mutantslux-6 has the lowest induction
of SAG12 compared talf3-1 and elf4-209 mutants and the double mutant, which might be
due tolux-6 itself is a weak allele ofLUX. The low induction is in line with higher
chlorophyll retention and lower ion leakage; howewown-regulation of RBCS is more
severe inlux-6 than in the other mutants, indicating that thdedé#nt EC mutants have
different impacts on the senescence program (Figtfe Taken together, the EC mutants
unanimously displayed early leaf senescence, itidg&C may act as a negative element in
leaf senescence regulatory network through itsstméptional repression activity, which is

distinct form ELF3-dependent and EC-independenbinbn of PIF4 and PIF5 activities.
Transcriptome profiling analysisreveals links between EC and JA signaling

To explore potential mechanisms underlying EC-mtedialeaf senescence, we
conducted RNA-sequencing using 10-day-tid-6 and Col-0 seedlings. Two biological
replicates were performed with the tissues hardest&ZT12, the peak expression time of EC
components. In total, we found 978 differentialkpeessed genes (DEGS) liax-6 mutant
compared to Col-0 with 2-fold cut-off (FDR<0.05)mdng which 72.5% (709/978) was
up-regulated, consistent with EC being a transomai repressor complex (Figure 2A, and
Supplemental Dataset 1) (Nusinow et al, 2011). fonal assignment of the DEGs by GO
enrichment analysis revealed a wide array of JAaigg-mediated biological processes,
including response to biotic stimulus, immune res® camalexin and phytoalexin
biosynthetic and metabolic processes, aging anthgag acid itself (Figure 2B and
Supplemental Figure 2). The collection of senesegrgulatory genes (SRGs)Anabidopsis
comprised of 192 genes involved in various reguatetworks underlying leaf senescence

(Supplemental Dataset Q)i et al., 2014; Sakuraba et al., 2014). Nearlyol8f the SRGs
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(25/192,p=1.4e-7, hypergeometric test, Supplemental Fig@)ewas present in the DEGs in
lux-6 mutant. In line withlux-6’s early leaf senescence phenotypes, 19 out oRSh8RGs
(p=2.5e-6, hypergeometric test) were up-regulateduding ORE1 (ORESARA 1), NAP and
MYC2 (Figure 2C), whereas only 6 SRG®=0.017, hypergeometric test) were
down-regulated inlux-6 mutant (Supplemental Figure 3B). In total, ca. %
senescence-promoting of SRGs (16/871.2e-7, hypergeometric test, Supplemental Figure
3C) were overlapped with the up-regulated geneduwa6 mutant. However, only 3
senescence-inhibiting SRG%=0.2, hypergeometric test) overlapped with the doggulated
genes inux-6 mutant (Supplemental Figure 3D).Anabidopsis, there is a significant overlap
(18 genes, ~10%) between 192 SRGs and 190 JA-reispogenes (Supplemental Figure 3E).
Since GO enrichment analysis indicated that JAedl®iological processes were affected in
lux-6 mutant (Figure 2B), we found a significant numbéDEGs (16, all up-regulated) in
lux-6 that overlapped with the 190 JA-responsive gemedl.le-4, hypergeometric test)
(Figure 2D).

Notably,MYC2, WRKY70, JAZ7 andLOX3 were found in both the 19 SAGs (Figure 2C)
and 18 JA-responsive (Figure 2D) overlapping geaelsy implicating that EC might be
involved in JA-induced leaf senescence. Consistith this notion, MYC2 and its
downstream key factors involved in leaf senescemdection, such as&lNAC019, ANAC055
and ANACO072 (Zhu et al, 2015), were up-regulated lux-6 mutant in RNA-seq analysis
(Figure 2E-F). To validate the RNA-seq results, jJPFICR (Supplemental Figure 4) was
conducted to confirm the elevated expression okleg inlux-6 mutant. Taken together,
results of the transcriptome profiling analysis gegfed that EC might regulate JA induced

leaf senescence via its transcriptional repressobinity.
EC isinvolved in JA-induced leaf senescence

To substantiate the idea that EC may regulate Jhided leaf senescence, we
comprehensively examined JA-induced leaf senescenE€ mutants such dsx-6, elf3-1,
elf4-209 andelf3-1 elf4-209 using previously well-established protocols (Qakt2015; Shan
et al, 2011). We choose 3-weeks old Cadle8;6, elf3-1, elf4-209 andelf3-1 elf4-209 mutants

to analyze the JA-induced leaf senescence phenotypmn senescence was still not initiated
7
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in the EC mutant leaves (Supplemental Figure 5mgaed to the wild-type Col-0ux-6,
elf3-1, elf4-209 andelf3-1 elf4-209 mutants displayed accelerated JA-induced leafssemee
(Figure 3A). All the EC mutants treated with MeJAowed significant lower chlorophyll
contents (Figure 3B and Supplemental Figure 6) mndh higher levels of membrane ion
leakage (Figure 3C). Consistent with the physia@abphenotypes, the expression level of
JA-induced SAGsSAG13, SAG29, SAG113, andSEN4) was significantly up-regulated in EC
mutants (Figure 3D-G). By contrast, the expressiophotosynthetic related geRBCS was

appreciably reduced in EC mutants (Figure 3H).

The EC mutants includingf3, elf4 andlux share a few characteristic phenotypes, such
as circadian arrhythmia, long hypocotyl, and efldwering. Furthermore, ELF3 serves as a
protein adaptor to recruit ELF4 and LUX respeciuvel form Evening Complex, whilst LUX
acts as a transcription factor. To further validdwe results of loss-of-function analyses, we
generatedELF3 andLUX overexpression lines; however, the protein leveBBP-LUX was
relatively low (Supplemental Figure 7) probably dwwethe fact that EC can repress the
expression ofLUX itself (Helfer et al, 2011). Nevertheleds|.F3 overexpression plants
displayed late flowering phenotypes as previousported (Covington et al, 2001; Kim et al,
2005; Nieto et al, 2015; Yu et al, 2008) (Suppletakrigure 8). In contrast to EC
loss-of-function mutants, the 3-weeks olBLF3 overexpression lines exhibited a
staying-green phenotype with the MeJA treatmenguife 4A), accompanied with higher
chlorophyll contents and lower membrane ion leakage the leaves (Figure 4B-C).
Furthermore, the expression 8AG13, SAG29, SAG113, and SEN4 was not significantly
induced by MeJA, while the level ®8BCS gene was notably higher (Figure 4D-H). As for the
transgenic lineELF3-OE show a general shift in development with stronglglayed
flowering, we also analyzed JA-induced leaf senese@henotype dELF3 overexpression
line and Col-0 when both lines have first flowe&milarly, ELF3 overexpression line
exhibited a staying-green phenotype with the Me&Atment (Supplemental Figure 9). Taken

together, EC components appeared to be negatiwaters in JA-induced leaf senescence.
EC directly gates JA-induced MYC2 expression

To narrow down the underlying mechanisms of EC-lattedi leaf senescence induced by
8
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JA, we hypothesized that some of the crucial JAaigg components might be targets of EC.
We searched the LUX binding site (LBS, GATWCG elaethend found at least two LBS in
the promoter ofCOI1, JAZ1, MYC2, MYC3 andMYC4 (Supplemental Table 1). The direct
repressive roles of LUX protein on these genes wested by using a transient expression
analysis inN. benthamiana. Results showed that onMYC2 was significantly repressed by
LUX (Figure 5A-B). This result was further corrolated inArabidopsis protoplast transient
expression assay, in which LUX was capable of s=ing the expression MYC2 but not
COI1 (Figure 5C). GiverMYC2 is considerably up-regulated limx-6 mutant (Figure 2E and
Supplemental Figure 4A), and this up-regulation wsgecially evident in the evening upon
MeJA-induction (Supplemental Figure 10), we propod@atMYC2 is likely a direct target of

EC in mediating JA-induced leaf senescence.

MYC2, together with MYC3, MYC4 has been shown asaanelerator of JA-induced
leaf senescence, through competing with the bHILéH fictors bHLHO3, bHLH13, bHLH14
and bHLH17 in regulatin@AG29 expression (Qi et al, 2015). Consistently, we tbthat the
SAG29 expression was dramatically increased in JA-indueaves of EC mutants (Figure
3E). However, we found that thdYC2 promoter, rather than th®AG29 promoter, was
associated with LUX protein in a yeast one-hybsday (Figure 5D and Supplemental Figure
11). Two LBS, site 1 (GATTCT) and site 2 (GATATGyere found at -695 bp and -598 bp,
respectively, upstream dflYC2 start codon. To investigate whether EC repredddC2
through direct binding to its promotar vivo, chromatin immunoprecipitation (ChlP) assay
using pELF4:ELF4-HA and 35S.GFP-LUX transgenic lines was performed with tissue
harvested at ZT 12. Significant enrichment was &bim the MYC2 promoter LBS site 2
region (Figure 5E). By contrast, there was lesscbenmrent for LBS site 1 region and no
enrichment for the region around start codon ared rtbgative controAPX3 (Figure 5E).
Taken together, we concluded that EC could BMMC2 promoter directly to suppress its

transcription, which might be accounted for theeet of EC on JA-induced leaf senescence.
MYC2isrequired for EC-mediated leaf senescence induced by JA

To determine if MYC2 was genetically required foCimediated leaf senescence

induced by JA, we constructetf3-1 myc2 double mutant. Phenotypic analysis demonstrated
9
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that the accelerated JA-induced leaf senescend&il mutant was reverted by introgression
of myc2 mutation, as evidenced by the delayed JA-inducafl denescence idf3-1 myc2
double mutants (Figure 6A-C).

MYC2 belongs to the Ille bHLH transcription fact@mily, which also includes MYC3
and MYC4. MYC2, 3, and 4 act redundantly in acadleg JA-induced leaf senescence, as
myc2 myc3 myc4 triple mutant showed greatest attenuation of JAwed leaf senescence (Qi
et al, 2015). As expected, tHex-6 myc2 myc3 myc4 quadruple mutant exhibited a
comparable staying-green phenotype justys? myc3 myc4 mutant when treated with MeJA
(Figure 6 D-F). The chlorophyll contents and icaklage inux-6 myc2 myc3 myc4 quadruple
mutant were indistinguishable from th@c2 myc3 myc4 mutants. Collectively, our genetic
analyses unequivocally demonstrated that the HeHbfactors are required for EC-mediated

leaf senescence induced by JA.
Discussion

By synchronizing the daily and seasonal environalefining cues, circadian clock
coordinates a myriad of rhythmic biological pro@ss#o provide higher plants with adaptive
advantage and fitness. However, the precise ma@eoamechanisms by which circadian clock
regulates its output is largely unknown. EC commbm@re not only essential for sustaining
the core oscillator, but also involved in direcguation of circadian outputs, such as
rhythmic hypocotyl elongation (Nusinow et al, 201Among the EC components, ELF3 is
known to regulate dark-induced leaf senescence ugiirorepressing PIF4 in an
EC-independent manner (Liu et al, 2001; Nieto et 2015; Sakuraba et al, 2014).
Unexpectedly, here we found that all EC mutantpldised precocious leaf senescence in
plants grown under normal conditions. Transcriptgpnefiling analysis revealed that EC
appeared to regulate JA signaling via its transiomal repression activity. This idea is further
supported by early leaf senescence upon JA indugtiall EC mutants. We further identified
MYC2 as a direct transcriptional target of EC and destrated thaMYC2 acted downstream
of EC genetically to mediate JA induced leaf seamese. Together, our findings have
delineated a novel pathway in which leaf senescencedulated by an EGFYC2 molecular

module.
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PIF4 and PIF5 are direct targets of EC in regulating rhythmigbgotyl elongation
(Nusinow et al, 2011). The transcript level RifF4/PIF5 is significantly increased in our
transcriptome profiling data (Supplemental Datasdtiterestingly, ELF3, but not ELF4 and
LUX, inhibited the dark-induced leaf senescenceubh repressin@IF4/PIF5 (Sakuraba et
al, 2014), implicating an independent role of ELR3egulating dark-induced leaf senescence.
Interestingly, thepif4 pif5 double mutant did not show early senescence phegestypon JA
induction, suggesting that EC-mediated leaf semescenduced by JA does not involve
PIF4/PIF5 (Supplemental Figure 12). On the other hand, aeithyc2 myc3 myc4 triple
mutant norMYC2 OE plants showed any abnormal dark-induced leaf semnes phenotypes
(Supplemental Figure 13). Hence, the dark- and ntiged leaf senescence display a
dichotomy in the complex senescence network MYE&2 plays a specific role in mediating

JA-induced leaf senescence regulated by EC.

As a final process in leaf development, leaf se@ese is fundamentally important for
plant fitness and reproductive growth (Lim et &02). Here we delineate a JA-induced leaf
senescence pathway under the regulation of EC remsdriptional repression dYC2,
implicating that EC components are important forinteaning the proper timing of leaf
senescence (Figure 7). However, the early leafseenee in EC mutants cannot be solely
attributed to the impact on JA signaling. A numbemaster transcription factors involved in
ABA and ethylene response were also found highlraegulated in our transcriptome data,
such asviYB96, ABI5 andERF1/6/11 (Lee et al, 2016; Sakuraba et al, 2014). Furtheentbe
transcript levels of NAP and ORE1l, two key components of age-dependent and
ethylene-mediated SAGs (Guo & Gan, 2006; Rauf,2@13), were appreciably up-regulated
in lux-6 mutant. The elevated expressiorN&P andOREL was further validated in senescent
leaves of EC mutants (Supplemental Figure 14). Elercis possible that the early leaf
senescence phenotype in EC mutants is an outcomseatdy multiple senescence signaling
pathways. In support of this notion, the combinat@ffect by converging multiple
downstream pathways has also been observed in BFsMmediated dark-induced leaf
senescence. In that scenario, PIF4/PIF5 directtynptesOREL transcription by binding to

its promoter and also by indirectly regulatiddBl5 and EIN3 expression via unknown
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mechanisms. Hence this circuit similarly integraeBA-, ethylene- and age-dependent
senescence pathways. To further investigate whé&i@ledirectly represseNAP expression,
we performed a yeast one-hybrid assay and fourid_th§ was unable to bintlAP promoter
(Supplemental Figure 15A-B). We also failed to detedirect repressive role of LUX protein
on NAP transcription (Supplemental Figure 15C-D). The$aipt levels oNAP andOREL,
two key components of age-dependent and ethylertatee SAGs, were up-regulated
slightly in lux-6 mutant at earlier stages, but dramatically up-ra&gal in senescent leaves of
EC mutants at later stages. It is plausible thaddiE€ctly repressellYC2 at the transcription
level, while indirectly affect$ORE1 and NAP expression through its circadian downstream
target, such a$l, LNK1, PRR7 or PRR9. At later stage, multiple senescence signaling
pathways were all activated by transcriptional adscand converged to regul&@&E1 and
NAP expressior{Chow et al, 2012; Herrero et al, 2012; Mizunole815). This hypothesis

awaits further investigation.

It has long been known that JA signaling pathwaymsler an intimate control of
endogenous circadian oscillators. First, jasmonaesumulation is circadian regulated,
peaking in the middle of the day and lowermostighin(Goodspeed et al, 2012). Second,
JA-responsive genes are preferentially expressethén morning according to pervious
microarray data (Covington et al, 2008). Third,.analation of MYC2 protein is repressed at
post-translational level by TIC (TIME FOR COFFER)crucial circadian component with
unknown biochemical function, providing time-of-daggulation of jasmonate signaling in
Arabidopsis (Shin et al, 2012). Finally, the timing of JA acauation and signaling is tightly
associated with the defense of biotic stressedudimgy insect and necrotrophic fungal
pathogen (Goodspeed et al, 2013; Goodspeed e0H2; 2ngle et al, 2015). Despite these
previous findings, the transcriptional link betwe@e core oscillator and JA signaling is still
lacking. Our findings here on ERIYC2s role in JA-induced leaf senescence fills this
knowledge gap. MYC2 acts as a positive regulatosasfescence via activating its targets
such asSAG29, PAO and ANAC019/055/072 (Qi et al, 2015; Zhu et al, 2015). The Evening
Complex directly binds toMYC2 promoter and represses its transcription to modulat

JA-induced leaf senescence. In addition, the JAiractation was reduced in EC mutants

12
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which might have caused by an uncharacterized tesdiegulation (Figure 7A). Finally, the
abundance of EC complex peaks at night and reéssergets, consistent with the fact that
JA-responsive genes are mainly expressed in theningor(Covington et al, 2008). The
dynamic control ofMYC2 expression by circadian components appears tonbenportant
mechanism in multiple biological processes. The ntepart that involved inMYC2

activation remains to be an interesting topic tdufe investigation.
Materialsand Methods
Plant materials and growth conditions

The Arabidopsis seeds were sterilized with 10% NaClO for 10 nient plated on Murashige
and Skoog medium (Sigma-Aldrich) with 3% sucroseatdgied at 4°C for 2 d, then
transferred to a grow housing chamber with 12 htlig2 h dark or 16 h light/8 h dark as

indicated.
Chlorophyll measurement

Chlorophyll measurement was performed as deschlegolre (Qi et al, 2015; Sakuraba et al,
2014). The weight of detached leaves was recort/aBor chlorophyll extraction, leaves
were incubated in 80% acetone (v/v) in the darkg #me volume was recorded as V.
Absorbance was measured at 645 and 663 nm, archki®phyll contents were calculated

with the formula of (8.02A663+20.21A645)*V/W.
M easurement of membraneion leakage

For membrane ion leakage measurement, seven lefwessch treatment were incubated in
deionized water with gentle shaking overnight. Thaductivity was measured before (C1)
and after (C2) boiling for 10 min with an electrorcuctivity meter. The ratio of C1.C2

represents the membrane ion leakage rate.
Measurement of the effective PS 11 quantum yield (®pg)

For the photosynthetic efficiency, the whole plamtsre dark-adapted for 30 min before
measurements and thbps, of each plant was measured using IMAGING-PAMM-sgrie

Chlorophyll Fluorometer. Minimum fluorescence irgén () was measured under a weak
13
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ML (wavelength 650 nm). A saturating pulse (SPYyed light (5000umol photons ms:, for
0.8s)was applied to the leaf to estimate the maximuraréiacence in the dark-adapted state
(Fm). After 40 s, the chlorophyll fluorescence @ung basically stable, and then open
photochemical light AL (54mol photons ms?, for 4 min). During illumination with AL, a
saturating pulse (SP) of red light was appliedh® leaf per 20s to estimate the maximum
fluorescence (FM The steady-state fluorescence (Ft) was recaidedg AL illumination as

well. The quantum yield of PS Il [Y(Il)] was calatéd as Y(II) = (Fm’-Ft)/Fm’.
JA-induced leaf senescence assay

Leaf senescence assay was performed as describeidysly (Qi et al.,, 2015; Yue et al.,
2012) with some modifications. The third and fourtisette leaves from 3-week-old or
4-week-old plants were detached, rinsed in distMater or MES buffer, and then floated on
6 mL of distilled water or MES buffer supplied witihock (add 6uL 75% ethanol) or
methyl-jasmonate (add @ 0.1 M MeJA to adjust working concentration as 100 MeJA)
and kept in dark at 22 °C for 3 d to 5 d according|

Dark-induced |leaf senescence

Detached fourth and fifth rosette leaves of threekvold plants were floated on 6 mL of
distilled water, or whole plants were incubatedcwmplete darkness with the indicated

periods.
RNA-Seq analysis

For the RNA-Seq experiments, plants were grown uh@econditions at 22°C for 10 days
and harvested at ZT12. RNA-sequencing was perforiogd(ANNOROAD, Beijing).

Sequencing libraries were generated using NEBNé#x@a™ RNA Library Prep Kit for

lllumina® (#E7530L, NEB, USA) following manufacturer’s recorendations and index
codes were added to attribute sequences to eagblesahime clustering of the index-coded
samples was performed on a cBot cluster generatystem using HiSeq SR Cluster Kit
v4-cBot-HS (lllumina) according to the manufactigenstructions. After cluster generation,
the libraries were sequence don an lllumina Hiskdqfggm and 50 bp single reads were

generated. Raw data was processed with Perl stoigissure the quality for further analysis.
14
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The filtering criteria are as follows1) Remove the adaptor-polluted reads. Reads camgain
more than 5 adapter-polluted bases were regardedig#or-polluted reads and have been
filtered out; 2) Remove the low-quality reads. Readth the number of low quality bases
(phred Quality value less than 19) accounting forenthan 15% of total bases are regarded
as low-quality reads; 3) Remove reads with numb& bases accounting for more than 5 %.
As for paired-end sequencing data, both reads haen filtered out if any read of the
paired-end reads are adaptor-polluted. The obtailezoh data after filtering were subjected to
statistical analyses to determine their quantitg goality, including Q30, data quantity and
base content statistics, etc. Then high-qualitydseaere aligned against thabidopsis
thaliana reference genome sequence (TAIR10 Genome Rele@be)apHat (version2.0.12).
DESeq (v1.16) was used for differential gene exgpoesanalysis using a model based on the
negative binomial distribution. Thevalue could be assigned to each gene and adjbsted
the Benjamini and Hochberg’s approach for coningllthe false discovery rate. Genes with
0<0.05 and |log2_ratiel are identified as differentially expressed ge(i28Gs). The GO
(Gene Ontology, http://geneontology.org/) enrichtmeh DEGs was implemented by the
hypergeometric test, in whightvalue is calculated and adjustedcpgalue. GO terms with
0<0.05 were considered to be significantly enrichEte Integrative Genomics Viewer (IGV)
was used to visualize the reads for selected g&wsinson et al, 2011; Thorvaldsdottir et al,

2013).
RT-gPCR

Seedlings were grown under LD for 10 d and samplese harvested at ZT12. For the
analysis of JA-induceMYC2 expression, plants were treated withi 5@ MeJA (Aladdin) or
0.035% ethanol (Mock) for 1 h at different timestloé day with 4 h interval. Total RNA was
extracted using a TRIzol RNA extraction kit (Inaityen) and treated with RNase-free DNase
| (Thermo Fisher). 1uyg RNA was used to synthesize cDNA using M-MLV Reeer
Transcriptase (Promega). Quantitative PCR was pedd using SYBR Green Real-time
PCR Master Mix (Toyobo, Osaka, Japan) accordinthéomanufacturer’s instructions on a
Mx3000P instrument (Stratagene, La Jolla, CA, U3k following PCR program was used:
95°C for 2 min, followed by 40 cycles of 95°C fdb %, 55°C for 15 s and 72°C for 15 s,
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followed by a melting-curve program. Gene exprassigas normalized byACTIN2
expression. Experiments were repeated with at lgase biological and three technical
replicates. Data represent meanszs.d. of threaieadireplicates. Primers used for real-time

PCR assay are listed in Supplemental Table 2.
Yeast one-hybrid analysis

For yeast one-hybrid assay, the coding sequendeUdf was inserted into pGAD424 to
generate pGAD424-LUX. The 1,500 pYC2 promoter and 2,000 bAG29 and 2,000 bp
NAP promoter were inserted into pLacZi vector to geteerthe MYC2p:Pcycl-LacZ,
SAG29p: Pcycl-LacZ and NAPp: Pcycl-LacZ reporter plasmid, respectively. These constructs
were transformed into théaccharomyces cerevisiae EGY48 strain and the X-gal staining was
carried out accordingly. Transformed yeast wascsete on synthetic complete medium

lacking Ura and Leu (Lin et al, 2007).
Transient transcriptional activity assay in tobacco

For transcriptional activity assay in tobacodgrobacterium tumefaciens AGL carrying
various fusion expression vectors (effector: GFPXLd GFP; reporterCOIl1pro:LUC-1300,
JAZ1pro:LUC-1300, MYC2pro:LUC-1300, MYC4pro:LUC-1300 and NAPpro:LUC-1300)
were cultured overnight. Each reporter vector ghiwth GFP-LUX or GFP effector vector
were then co-transformed into tobacco leaves usingyringe infiltration method. The
luciferase signal was detected using a CCD cameraays after infiltration. The

bioluminescence intensity of LUC signals was queeatiby Metamorph software.
ChlP assay

To confirm Evening Complex binMYC2 promoterin vivo, chromatin immunoprecipitation
(ChlIP) assay was carried out usipgLF4:ELF4-HA and 35:GFP-LUX transgenic plants
(Zhang et al, 2013). HA and GFP antibody was usedirhmunoprecipitation. The DNA
products of IP were analyzed by RT—-gPCR. Data \weesented as meants.d, n=3. Primers

used in this assay were shown in Supplemental Table

Arabidopsis protoplast transient expression analysis
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For transient expression assay, a 1,500’2 promoter and 1,055 bpOI1 promoter were
amplified to generate thelYC2pro:LUC and COl1pro:LUC reporter construct. The coding
sequence of LUX was inserted into pBI221 vector aunthe control of theCaMV35S
promoter. The plasmid carrying the GUS gene unlercontrol of theCaMV35S promoter
was used as an internal control for data normabaatThe effector: reporter: GUS
co-transformed to protoplast as a ratio of 5:31 TUC and GUS activities were measured

separately, and the LUC/GUS ratio was presentemasalized gene expression.
JA measurement

Approximately 50 mg fresh weight ground leaf tissugere extracted with 1 mL 80%
MeOH/H,O with 10 ng internal standard and shaken overragtC. The samples were then
centrifuged at 9,000 rpm for 5 min. The upper phaas collected and dried under streaming
nitrogen and resuspended in 400 5% acetic acid/ ethyl acetate and 4d0 H,O. After
blending, the samples were centrifuged at 9,000 fpb min, and the upper phase was
collected and dried under streaming nitrogen asdsgended in 3QL MeOH and 100uL
H,O and incubated for 2 h at -2G. Samples were then centrifuged at 12,000 rpn7 fmin,
and the upper phase was collected and dried utid@nsng nitrogen and resuspended in 30
uL BSTFA and 3uL pyridine, and incubated 30 min at -8D. The analysis of JA constituents
was performed using GC-TOF/MS Pegasus IV massspeeter.
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Figure L egends

Figure 1. Precocious leaf senescencein EC mutants.

(A) The senescence phenotypes of 5-week-old plantswArindicate senescent leaves.

(B) Chlorophyll a fluorescence analysis indicated yeadnescence in EC mutants. Arrows
indicate senescent leaves.

(C) Chlorophyll a fluorescence parametebg, measurements. Error bars represent SE
(n>24).

(D-E) Chlorophyll content) and ion leakageH) in the third and fourth leaves of different
plants. The chlorophyll content of EC mutants a&tative to Col-0, which was set as 100. For
ion leakage measurement, the conductivity was meddaefore (C1) and after (C2) boiling
for 10 min with an electro-conductivity meter. Thatio of C1:C2*100 represents the
membrane ion leakage rate. Three biological refggavere performed. Error bars represent
SD.

(F-H) Quantitative real-time PCR analysis for photosgtithgeneRBCS (F), CABL1 (G) and
senescence associate g&A6&12 (H) of the senescent leaves, usé@TIN2 as an internal

#JCT(GENE)-CT(ACTIN?)

control. Y axis is calculate with this formula I. Three biological replicates

were performed for Figure F-G and four biologicaplicates were performed for Figure H.
Error bars represent SPand ** indicate significant difference in compson with Col-0 at
p<0.05 ando<0.01 (-test), respectively.

Figure 2. Transcriptome profiling analyseslink EC to JA signaling.

(A) Differential Expressed Genes (DEGSs) betwker6 and wild-type Col-0.

(B) Functional assignment of the DEGs by GO analysisyepresentg value.

(C) Overlap of up-regulated DEGs with leaf senescargelatory genes (SRGs). Fisher’s
exact test was used to calculate grealue. Heatmap shows up-regulated SRG$uxA6.
Scale represents fold change.

(D) Overlap of DEGs inux-6 with JA-responsive genes. Fisher’s exact test wsel to
calculate the p-value. Heatmap shows up-regulatedegdponsive genes ihux-6. Scale

represents fold change.
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(E-F) Visualization of RNA-seq coverage profiles ffYC2, ANAC019, ANACO55 and
ANACO072 by using Integrative Genomics Viewer (IGV) brows&cale represents reads

counts.

Figure 3. Circadian EC components modulate JA-induced |eaf senescence.

(A) The third and fourth rosette leaves from 3-weeakants were detached and senescence
phenotypes of detached leaves treated with modR@nM MeJA in the dark for 60 h.

(B-C) Chlorophyll 8) and ion leakageQ) measurement of the detached leaves as shown in
(A). The chlorophyll content in the Col-0 with Mockeatment was defined as 1@Dne
sample t-test was used for this analysis. For @akdge measurement, the conductivity was
measured before (C1) and after (C2) boiling forniid with an electro-conductivity meter.
The ratio of C1:C2*100 represents the membranddakage rate. Three biological replicates
were performed. Error bars represent SD.

(D-H) Quantitative real-time PCR analysis§G13 (D), SAG29 (E), SAG113 (F), andSEN4

(G) and photosynthetic gef®BCS (H) from detached leaves as shownA),(usingACTIN2

as an internal controlY axis is calculate with this formula 2°T(CENE-CTACTINZ] -~ Three
biological replicates were performed. Error banggresent SD. * and ** indicate significant

difference in comparison with Col-0 pt0.05 andp<0.01 (-test), respectively.

Figure 4. ELF3 OE attenuates JA-induced leaf senescence.

(A) The third and fourth rosette leaves from 3-weeakants were detached and senescence
phenotypes of detached leaves treated with modR@nM MeJA in the dark for 96 h.

(B-C) Chlorophyll 8) and ion leakageQ) measurement of the detached leaves as shown in
(A). The chlorophyll content in the Col-0 with Mockeatment was defined as 100. One
sample t-test was used for this analysis. For @akdge measurement, the conductivity was
measured before (C1) and after (C2) boiling forndi® with an electro-conductivity meter.
The ratio of C1:C2*100 represents the membrandgakage rate.

(D-H) Quantitative real-time PCR analysis®G13 (D), SAG29 (E), SAG113 (F), andSEN4

(G) and photosynthetic gemBCS (H) from detached leaves as shownA),(usingACTIN2
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as an internal controlY axis is calculate with this formula “2CT(CEND-CTECTINI] - Three
biological replicates were performed. Error bangresent SD. * and ** indicate significant

differences in comparison with Col-O@t0.05 anp<0.01 (-test), respectively.

Figure5. LUX binds MYC2 promoter and repressits expression.

(A) Bioluminescence of co-transformation of eitla&#P or 35S GFP-LUX (GFP-LUX) with
MYC2p:LUC, COI1p:LUC, JAZ1p:LUC and MYC4p:LUC in N. benthamiana. Shown are
representatives of three trials with similar result

(B) Quantification of bioluminescence intensity as whoin (A). The relative
bioluminescence intensity in the tobacco leavesr@asformed with GFP and reporter vector
was defined as 100. Bar represents SE. (n>7).

(C) Transcriptional repression activity assayAmbidopsis protoplast transient expression
analysis. COl1pro:LUC and 35S GUS were used as a negative and internal control,
respectively. The effector: reporter: GUS co-transied to protoplast as a ratio of 5:3:2. The
relative LUC/GUS activity in the protoplast co-tshimrmed with GFP and reporter vector was
defined as 1. Three biological replicates wereqreréd. Error bars represent SE.

(D) Yeast one-hybrid analysis. The coding sequendeldf was inserted into pGAD424 to
generate pGAD424-LUX. The 1,500 bpyC2 promoter and 2,000 BAG29 promoter were
inserted into pLacZi vector to generaMYC2p:Pcycl-LacZ and SAG29p:Pcycl-LacZ
reporter, respectively. Blue color from X-gal stamindicating LUX binding.

(E) Chromatin immunoprecipitation assay using Col-&LF4pro:ELF4-HA and
35S GFP-LUX plants. Schematic representation on top indictitedocations of amplicons
for ChIP analysis oMYC2 promoter. Three biological replicates were perfedmError bars
represent SD* and ** indicate significant differences in coman with Col-0 atp<0.05

andp<0.01 (-test), respectively.

Figure6. ThelllebHLH factorsarerequired for EC-mediated control of leaf senescence

induced by JA.
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(A) The myc2-2 could revertelf3-1 fast leaf senescence phenotypes. The third andhfour
rosette leaves from 3-week-old plants were detaemedsenescence phenotypes of detached
leaves treated with mock or 10M MeJA in the dark for 60 h.

(B-C) Chlorophyll 8) and ion leakageQ) measurement of detached leaves as showf)in (
The chlorophyll content in the Col-0 with Mock tteeent was defined as 100. One sample
t-test was used for this analysis. For ion leakagasurement, the conductivity was measured
before (C1) and after (C2) boiling for 10 min wdh electro-conductivity meter. The ratio of
C1.C2*100 represents the membrane ion leakage Tdieee biological replicates were
performed. Error bars represent SD.

(D) The myc2 myc3 myc4 could revertiux-6 fast leaf senescence phenotypes. The third and
fourth rosette leaves from 3-week-old plants westached and senescence phenotypes of
detached leaves treated with mock or L®0OMeJA in the dark for 4 d.

(E-F) Chlorophyll €) and ion leakageH) measurement of the detached leaves as shown in
(D). The chlorophyll content in the Col-0 with Modleatment was defined as 100. For ion
leakage measurement, the conductivity was measefte (C1) and after (C2) boiling for
10 min with an electro-conductivity meter. The oadf C1:C2*100 represents the membrane
ion leakage rate. Three biological replicates wpegformed. Error bars represent SD.
Different letters indicate significant differenceéy one-way ANOVA analysis with SPSS
statistics softwarepk0.05). Capital letters compare with each othed Bnwercase letters

compare with each other.

Figure 7. Proposed model for EC-mediated leaf senescencein Arabidopsis.

(A) JA accumulation was reduced in EC mutants. Plaet® grown under 12-h light/12-h

dark condition for 10 d. Tissues were harvesteE8. Five biological replicates were

performed. Error bars represent SD. * and ** intecaignificant differences in comparison
with Col-0 atp<0.05 ando<0.01 (-test), respectively.

(B) Model of the role of circadian Evening Complex gpressing jasmonate-induced leaf
senescence. MYC2 acts as a positive regulator ridssence via activating its direct target
genes such aSAG29, PAO and ANAC019/055/072. The Evening Complex directly binds to

the MYC2 promoter and represses its transcription to meeulA-induced leaf senescence.
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Maybe, EC also exhibits a feedback regulation onpd@duction andJAZ1 expression to

indirectly balance the JA signaling pathway.
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