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ABSTRACT

In Arabidopsis, photoperiodic flowering is controlled by the regulatory hub gene CONSTANS (CO), whereas
floral organ senescence is regulated by the jasmonates (JAs). Because these processes are chronologi-
cally ordered, it remains unknown whether there are common regulators of both processes. In this study,
we discovered that CO protein accumulates in Arabidopsis flowers after floral induction, and it displays a
diurnal pattern in floral organs different from that in the leaves. We observed that altered CO expression
could affect flower senescence and abscission by interfering with JA response, as shown by petal-
specific transcriptomic analysis as well as CO overexpression in JA synthesis and signaling mutants. We
found that CO has a ZIM (ZINC-FINGER INFLORESCENCE MERISTEM) like domain that mediates its inter-
action with the JA response repressor JAZ3 (jasmonate ZIM-domain 3). Their interaction inhibits the
repressor activity of JAZ3, resulting in activation of downstream transcription factors involved in promoting
flower senescence. Furthermore, we showed that CO, JAZ3, and the E3 ubiquitin ligase COI1 (Coronatine
Insensitive 1) could form a protein complexin planta, which promotes the degradation of both CO and JAZ3
in the presence of JAs. Taken together, our results indicate that CO, a key regulator of photoperiodic flow-
ering, is also involved in promoting flower senescence and abscission by augmenting JA signaling and
response. We propose that coordinated recruitment of photoperiodic and JA signaling pathways could
be an efficient way for plants to chronologically order floral processes and ensure the success of offspring
production.
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INTRODUCTION to promote extreme changes in external cues that are harmful

for plant development, the length of the day (photoperiod) is a
The timing of flowering and senescence needs to be strictly gov-  gojid signal on which the plant can reliably base crucial
erned to successfully complete the annual developmental pro- developmental decisions (Ettinger et al., 2021).

gram (Korner and Basler, 2010). Choosing the wrong time of
the year to form a flower may be as deleterious for a plant as
de_Ciding th‘e wrong moment to initiate flower senesctence and Published by the Molecular Plant Shanghai Editorial Office in association with
fruit formation (Thomas, 2013). Although global warming tends  Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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In the Arabidopsis photoperiodic flowering pathway, the BBX
gene CONSTANS (CO) constitutes a hub that controls the
expression of the florigen gene FLOWERING LOCUS T (FT)
(Samach et al., 2000) in the leaf phloem (Andrés and Coupland,
2012). FT protein migrates to the emerging primordia to trigger
the flowering process and eventual production of fruits (An
et al.,, 2004). CO is controlled by the circadian clock at the
mRNA level and by photoreceptors and ubiquitin ligases at
the posttranslational level, resulting in fine-tuned regulation
(Suarez-Lépez et al., 2001; Valverde et al., 2004; Kinoshita and
Richter, 2020). In Arabidopsis and other annual species, the
coincidence of CO expression with its protein stability in the
evening of an extended day ensures FT production at the
optimal time that would maximize the success of the offspring
(Austen et al., 2017). The photoperiod pathway is evolutionarily
conserved from algae to higher plants and constitutes one of
the earliest examples of developmental regulation in plants
(Serrano-Bueno et al, 2017). Using the gene-regulatory
network centered on CO, plants can impart day length
information to key physiological processes other than floral
transition, such as carbon metabolism (Ortiz-Marchena et al.,
2014), stomatal opening (Ando et al., 2013), photoprotection
(Gabilly et al., 2019; Tokutsu et al., 2019), and lipid metabolism
(Deng et al., 2015).

Jasmonates (JAs) are lipid-derived phytohormones that regulate
multiple stress responses (Kazan, 2015; Wasternack and
Feussner, 2018). In addition, JAs are also involved in many
developmental processes, including flower development and
senescence (Howe et al.,, 2018; Wasternack and Feussner,
2018). Under basal conditions, JA-related transcription factors
(TFs) are repressed by JAZ (JASMONATE-ZIM DOMAIN) repres-
sors through their interaction with the adaptor protein NOVEL IN-
TERACTOR OF JAZ, the transcriptional corepressor TOPLESS,
and histone deacetylases, which contribute to locking chromatin
in a silenced state. JAZ proteins also prevent recruitment of the
MEDIATOR complex, which interacts with the general transcrip-
tional machinery and is required for transcriptional activation (An
et al., 2017; Howe et al., 2018; Zhai et al., 2020). Environmental
stress as well as endogenous developmental processes induce
accumulation of the bioactive form of the hormone (+)-7-iso-
JA-lle (JA-lle) (Fonseca et al., 2009; Sheard et al., 2010). JA-lle
directly binds to the Coronatine Insensitive 1 (COI1)-JAZ core-
ceptor, triggering ubiquitination and degradation of the JAZ re-
pressors and, therefore, releasing the TFs that finally activate
JA responses (Chini et al., 2007, 2009, 2016; Maor et al., 2007;
Thines et al.,, 2007; Saracco et al., 2009; Fernandez-Calvo
et al., 2011; Howe et al., 2018). Among the JAZ-repressed TFs,
the master regulator MYC2 and other MYC family members
(i.e., MYC3, MYC4, and MYC5) play a primary role in regulating
most JA-mediated physiological responses (Lorenzo et al.,
2004; Fernandez-Calvo et al., 2011; Qi et al., 2015; Zander
et al., 2020).

JAs are also important endogenous signals promoting leaf senes-
cence. Senescent plants accumulate high levels of JA-lle, leading
to the activation of several TFs, including MYC2, MYC3, and
MYC4, which, in turn, induce senescence-associated gene
(SAG) expression by directly binding to their promoter regions
(Qi et al., 2015; Hu et al., 2017; Howe et al., 2018). JAs also
regulate several processes in flower development, such as
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stamen elongation, anther and pollen maturation, flower
senescence, and flowering time (Mandaokar et al., 2006;
Mandaokar and Browse, 2009; Song et al., 2011; Qi et al.,
2015; Zhai et al., 2015; Acosta and Przybyl, 2019). Although the
JA signaling pathway is highly redundant, specific components
regulating discrete flower development processes have been
identified (Chini et al., 2016; Howe et al., 2018). For example,
JAZ repressors interact with pairs of TF activators, such as
MYB21/MYB24 and TARGET OF EAT1 (TOE1)/TOE2 to control
JA-mediated stamen development and flowering time, respec-
tively, suggesting that JA signals are converted into tissue- and
stage-specific outputs by specific TF-JAZ complexes. Expres-
sion of the JA-lle receptor COI1 in discrete flower parts is also
tightly regulated, strengthening the notion of the importance of
tissue and stage specificity in JA-mediated responses (Jewell
and Browse, 2016).

Here we present an example of systemic regulation where, by re-
cruiting photoperiodic and JA signaling, plants can coordinate
two processes: floral initiation and senescence. This example
of regulatory plasticity can help us understand how plants
have evolved to respond to external stimuli and may be used
to design new strategies to improve fitness in a changing
environment.

RESULTS

CO presence in flowers and genetic analyses suggest a
role of CO in flower senescence and abscission

Changes in CO expression have a strong effect on the floral tran-
sition (Samach et al., 2000), and the phenotypes associated with
its overexpression and suppression are early and late flowering,
respectively (Simon et al., 1996; Table 1). Surprisingly, plants
with altered accumulation of CO also showed clear differences
in flower phenology; plants overexpressing CO under the 35S
promoter, namely 35S:CO, 35S:CO:CTAPi, and 35S:CO:GR
(co-2) treated with the steroid dexamethasone (Simon et al.,
1996), exhibited accelerated flower senescence and abscission
compared with wild-type Columbia-0 (Col-0), whereas the trans-
fer DNA-null mutant plants, co-70 and untreated 35S:CO:GR
(co-2), had a significant delay (p < 0.001) in both parameters
(Figure 1A; Table 1; Supplemental Figure 1A and 1B). The first
flower showing senescence and abscission symptoms according
to Bleecker and Patterson, 1997 under long-day (LD, 16 h light/
8 h night) conditions was the flower at positions 5 and 6,
respectively (detailed in Supplemental Figure 2A and 2B), both,
in Col-0 and Ler wild types (WTs).. In contrast, CO-
overexpressing flowers showed accelerated responses, with
senescence and abscission symptoms observed at positions
2-3 in 35S:CO and 35S:CO:CTAPi and 1-2 in dexamethasone-
treated 35S:CO:GR (co-2), whereas co-710 and untreated
35S:CO:GR (co-2) flowers exhibited delayed responses, with
symptoms observed at positions 8-10 and 9-11, respectively
(Figure 1A; Table 1; Supplemental Figure 2A and 2B). To
confirm these phenotypes at the molecular level, the
expression of the senescence marker genes SAG713 and
SAG29 (AtSWEET15) in flowers was analyzed (Yin et al., 2015;
Dhar et al., 2020). 35S:CO plants showed an induction in mRNA
levels, whereas co-70 showed a clear reduction in SAG gene
expression (Figure 1B). We also monitored senescence in
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Flowering time®

Plant(condition) Rosette Cauline Senescence” Abscission®
Col-0 (long days) 14.0+1.3 3.9x+04 51+0.9 6.6 +1.3
35S:CO 45+0.8 1.5+05 1.8+0.6 2.8+0.6
co-10 452 +2.6 85+1.5 84+1.2 9.7+1.0
35S:CO:CTAPi 7.3+0.6 23+04 22+0.8 3.2+0.7
Ler-0 7.8+09 24+05 49+0.8 59+09
35S:CO:GR (co-2) +DEX? 7.4+05 1.6 £ 05 1.2+04 1.6+0.5
35S:CO:GR (co-2) -DEX® 163+ 1.1 48 +1.1 9.3+1.0 11.0+1.0
Col-0 (short days) 57.5+3.5 121 +1.8 8.6+1.1 9.6+1.1
Col-0 (RL) 34.2 + 3.6 9.0+1.8 82+1.2 89+1.2
Col-0 (BL) 5.6 +0.6 25+0.6 3.0+ 0.7 3.9+0.8
35S:FT 27+08 20+0.6 4.4+ 0.5 53+04
Ft-10 36.2+23 88+1.5 56+1.0 6.6 +1.0
aos1-1 13.0+ 11 43+0.7 15.0+1.9 16.0+1.9
aos7-1 35S:CO 55+0.5 1.5+05 51+1.0 6.3+1.0
aos1-1 co-10 432+ 3.4 88+1.8 19.6 £ 1.5 21.0+1.1
coi 1-1 149+1.9 3.7+0.6 144 +2.0 16.0+ 2.3
coi 1-1 35S:CO 5.4+0.6 1.4+05 28+1.1 3.8+1.1
co-10 pCO-CO 13.9+1.0 3.6+0.8 6.2+ 0.6 7.8+0.6
co-10 pCO-CO'281A+K282A4p 16.3 2.4 3.3+0.7 8.6 +0.8 10.8 + 0.9
€0-10 pCO-CO'281A+K282A41 1 142+23 3.6+1.2 8.1+0.8 10.8 + 1.1

Table 1. Flowering time, senescence, and abscission from the different genotypes, mutants, and crosses used in this study.

Data are the mean + SD of at least 50 plants.

* Plants at 10 days after germination were treated with dexamethasone (DEX) (10 uM) once per week until end of experiment.

®Number of rosette (excluding cotyledons) and cauline leaves.
PFlower positions of the first flower showing senescence symptoms.
°Flower positions of the first flower showing abscission symptoms.

9Plants at 10 days after germination were treated with dexamethasone (10 uM) once per week until the end of the experiment.

different light regimens (Table 1; Supplemental Figure 1C and 1D)
that promote natural destabilization of the CO protein, affecting
Arabidopsis flowering time (Table 1). In short days (8 h light/
16 h dark)), CO mRNA levels are lower during daytime
compared with those under LDs (Austen et al., 2017), whereas
growth under LDs in chambers supplemented with lights of
different monochromatic wavelengths promotes changes in the
stabilization of the protein mediated by different photoreceptors
(Valverde et al., 2004). Under blue light (BL)-enriched
conditions, cryptochromes and PhytochromeA stabilize CO
(Valverde et al., 2004; Liu et al., 2008), whereas growth under
red light (RL)-enriched conditions promotes CO degradation
through a PhytochromeB-mediated signal (Valverde et al.,
2004; Lazaro et al., 2015). Plants senesced earlier under LDs
than short days, and although BL promoted early senescence
and abscission, RL delayed them (Table 1; Supplemental
Figure 1C and 1D). These results strongly suggested a role of
CO in control of flower senescence and abscission. Because
the main target of CO in the floral transition is the florigen gene
FT (Samach et al., 2000), we also analyzed flower senescence
and abscission in FT-overexpressing and -knockout mutant
plants (Table 1; Supplemental Figure 1B). However, in contrast
to the co-70 mutant and CO overexpressor, the ft-10 mutant
and 35S:FT plants showed no significant differences in flower

senescence and abscission compared with the WT, suggesting
that CO regulation of these traits is independent of FT.

This previously unnoticed phenotype suggested a different func-
tion for CO in Arabidopsis flowers than canonical floral induction
in leaves and prompted us to analyze CO expression and protein
accumulation in floral organs. First, expression of CO was moni-
tored in Col-0 plants transformed with a fusion of the 2-kb CO
promoter with the mGFP6 reporter gene by measuring GFP fluo-
rescence in 10-day-old seedlings and mature flowers using a
fluorimeter (Supplemental Figure 3A). CO promoter activity was
visible in seedlings and even more so in flowers. Then we
examined the promoter activity of CO in floral organs, namely
sepals, petals, stamens, and carpels, by confocal microscopy
(Figure 1C). The promoter activity of CO seemed to be higher in
all floral organs than in leaf organs and was not restricted to
vascular cells as in leaves (An et al., 2004) but was widely
distributed in diverse floral organ cells (Supplemental
Figure 3B). pCO:mGFP6 fluorescence and CO mRNA levels in
petals were higher at stage 12 than at the more mature stages
14 and 16 (Supplemental Figure 3C and S3D). The broad
distribution of fluorescence in mature floral whorls also
suggested a role of CO in flowers other than its canonical role
in flower initiation.
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Figure 1. CO promotes flower senescence and abscission.

co-10

Molecular Plant

B BSAG29
O0SAG13
1.5 1 b’
: +
2 b
g a —=
5 a
s 1 1=
S c
% _I_c‘
4
0.5 _I—l
Col-0 35S5:CO co-10
D 15
(]
€ 4 jol
ﬁ N IS
< 05 "}’ N
N ~ s N
o {3‘ ” v é
(&) 0 )
0 - T T T T T T \
0 4 8 12 16 20 24
- 5
>
£ 4
€ 3
3
g 2
8 1
0+ T T T T T T \
0 4 8 12 1620 24
[ ]
ZT(h)
KDa

3 50
aCOp “ ) -q37

PonceauE > - £ ;
| et v?i” e 2o JE T
0 4 8 12 16 20

(A) Flower senescence and abscission phenotypes of WT, 35S:CO, and co-10 plants. Flower positions for senescence (S) and Abscission (A) phenotypes

are marked by white arrows.

(B) gRT-PCR analyses of SAG13 (light gray) and SAG29 (dark gray) in WT, 35S:CO, and co-10 flowers at stage 14 (plants grown under LDs and sampled
at ZT16). ACT2 was used as a control. Error bars indicate standard deviation (SD) from three independent experiments. P < 0.05, one-way ANOVA and

Tukey’s test.

(C) Confocal images of epidermal cells in floral organs (sepal, petal, stamen, carpel) of pPCO:mGFP6 plants. Left panels: GFP fluorescence. Right panels:

merged fluorescence and bright field image. Scale bars represent 40 pm.

(D) Time-course gRT-PCR analysis of CO expression (top panel) in WT petals (stage 14, LD). ACT2 was used as a control. R.e., relative expression. Error
bars, SD from three independent experiments. Bottom panel: 24-h CO protein accumulation analysis in WT petals (stage 14, LD) and quantification of
protein levels in three immunoblot replicates (+SD) using «CO. Ponceau staining was used as a control. Arrowheads point to the CO double band.

We then determined CO mRNA and protein levels in WT whole
flowers (Supplemental Figure 4A), confirming the presence of
CO transcript and protein in flowers of Col-0. Predictably, CO
transcript and protein levels were higher in flowers of 35S:CO
plants than in WT flowers and absent in flowers of co-70 mutants
(Supplemental Figure 4B). To further characterize the specific
expression of CO in petals we analyzed CO expression in WT
petals over a 24-h cycle (Figure 1D, top panel). In LD CO mRNA
followed a diurnal expression pattern with peaks at Zeirgeber
Time (ZT) 12 and ZT20, differing from the leaf expression

pattern, in which the highest expression was observed in the
evening at ZT16 (Supplemental Figure 4C). During an LD cycle,
the CO protein in petals peaked at ZT20 into the night
(Figure 1D, bottom panel), again differing from the CO pattern
in leaves where CO protein peaks at ZT12-ZT16 (Valverde
et al., 2004; Andrés and Coupland, 2012). However, in plants
growing in different light regimens, CO was equally expressed
in petals (Supplemental Figure 4D), whereas the protein levels
showed a similar pattern as described in leaves (Valverde et al.,
2004; Supplemental Figure 4E), suggesting that photoreceptors

Molecular Plant 15, 1710-1724, November 7 2022 © 2022 The Author. 1713



Molecular Plant

UBI10
A e o
MERI-5 ATRNS1
' DIN11
SAG13
)
A-PTF-1
<]
Response to \
jasmonicacid \ Arcike
/" ATGLK1
on H,. size
ATEXTT o AT1G66330 _ATSRG1 (X
. ° o >
ATBT4 AWAC1 " A=NEET . 15
Py ADC, AT3G15356 e . 21
o 8
ces HaY AtMDAR3 [ ] } AISW.EET15
. . s
y NSH!

. ANACOS6 JAZ9 senescence fold change
ATJRG21 ® 8
CORI3 ATVSP2

(] ATVSP1 6

AtcaPEs L] °
LGRT7 AIAZ1 4
ATDHAR1
° AOS
GGP/ AINPF6.2 | @ . 2
] JAS1
¥ 1ol NATA1
e o °
FAMT
JA associated WT ZT16 vs ZT4
KAT2
ATLOX4
16 AtMYB24
ANACO55 162 656 TPL
HR4 PYL6
SPTASE11 ATRNS1
ATSENT 6 RGLG4
ATEBP | . ATTPS03
ATWRKY70 ATEXT1
SSL5 AEP3
THI2.1 - ATBT4
AT3G51440

0BP2
SS2
ATSSL4

Control of senescence by photoperiod and jasmonates in Arabidopsis

B
WT ZT16 vs ZT4
JA synthesis 83 719 JA signaling
HR4 5 ik 5
SPTASE11 -
ATTPSO3 19 0 1 46 ANACO055
ATEXTL o
SSLS ATRNS1
AEP3 0 RGLG4
ATBT4 2 9
ATSEN1 0
AT3G51440 MYB24
08BP2
52 1
ATSSL4
ATEBP
ATWRKY70 KAT2
ATLOX4
CEP1
D ATKTI @
° ® ATPDI5
EVR @
" Cell death fold chan
CAT2 ® ge
O NSH3 _ ATEXT1 5
[
ATCADS ® . H24 oRAP28 4
o ATEBP & ANACO56
ALPHA-DOX1 @ AtCAPE9 3
JAO2 @ 2
© at3g51440
o g ;
GLYl1se o ATVSP2 size
Responseto ~ MAT1 ®:
jasmonicacid  xrsen1@ @ RCA @ o
0
SEE L
ACLA-1 @ ® SWEET15
uBl10 ® ® saG13

AKIN10 AtNPF7.3

Figure 2. CO participates in regulating the expression of JA-associated genes.

(A) GO enrichment analysis for upregulated genes identified in the comparison of 10-day-old 35S:CO versus WT seedlings (LD, ZT16). The diagram
shows GO terms of interest and associated differentially expressed genes with corresponding fold changes.

(B) Venn diagram showing JA-associated genes upregulated in WT petals (stage 14, LD) at ZT16 versus ZT4. Full names and description of abbreviations

for gene annotations are included in Supplemental Data 1.

(C) Venn diagram showing JA-associated upregulated genes in WT petals (stage 14, LD) at ZT16 versus ZT4 overlapping with JA-associated genes
downregulated in the co-10 versus WT (petals, ZT16) pairwise comparison. Full names and description of abbreviations for gene annotations are included

in Supplemental Data 1.

(D) Gene Ontology (GO) enrichment analysis for upregulated genes in the 35S:CO versus WT pairwise comparison in petals (stage 14, LD, ZT4). The
diagram shows GO terms of interest and associated differentially expressed genes with corresponding fold changes.

are also involved in CO stability in floral organs. The differences in
CO expression and protein turnover in leaves and flowers also
hinted at a different mechanism for regulation of CO in flowers.

CO participates in the control of flower senescence and
abscission mediated by JA

To further characterize the role of CO in the senescence and abs-
cission responses shown in the previous section, we analyzed
data from a transcriptomics study comparing WT and CO-overex-
pressing whole seedlings under LD conditions at ZT16. The analysis
revealed a significant effect of CO overexpression on the aging pro-
cess and senescence (Figure 2A and Supplemental Figure 5A-5C).
Expression of many SAG genes (SAG13, ATBCB, and
ATSWEET15) showed pronounced upregulation in 35S:CO plants
compared with WT plants (Supplemental Figure 5C). Remarkably,

a significant number of JA-associated genes (25 of 201;
Supplemental Data 1), including JA synthesis, signaling, and
response genes, were also upregulated in 35S:CO plants
(Figure 2A and Supplemental Figure 5A; Supplemental Table 1).
Because JA is a phytohormone that is emerging as a key player in
control of senescence (Jibran et al., 2013; Fang et al., 2016), the
results suggested a possible age-related senescence association
between CO overexpression and the JA pathway.

This hypothesis was reinforced by a transcriptomic analysis
comparing RNA sequencing (RNA-seq) data from petals
collected at ZT4 and ZT16 from WT, co-10, and 35S:CO plants;
these time points were chosen because it has been demon-
strated that CO activity is different in the morning than in the eve-
ning (Valverde et al., 2004; Supplemental Data 2). Genes
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upregulated in the WT at ZT16 were compared with those at ZT4
by Gene Ontology (GO) enrichment analysis; the JA pathway was
significantly enriched. Several JA marker genes were significantly
upregulated at ZT16 compared with ZT4, indicating that the JA
signal in petals is preferentially activated in the
evening (Figure 2B and Supplemental Figure 6A). In co-10
mutants, 6 of 22 JA-associated genes were downregulated,
particularly at ZT16 (Figure 2C), and according to GO
enrichment analysis, the JA pathway was not significantly
induced, indicating that CO was important to trigger the JA
pathway (Supplemental Figure 6B and 6C). Of the 22 JA-
associated genes activated at ZT16, only those related to the
JA response were significantly repressed in co-10 plants,
suggesting that CO is probably involved in activating the late
responses mediated by the JA pathway rather than early
responses, such as biosynthetic processes. Petals of 35S:CO
flowers showed high expression of JA-associated genes,
particularly at ZT4 (Figure 2D), indicating an enrichment of JA
pathway genes when CO was overexpressed. Genes activated
by CO in petals significantly differed from those activated
in seedlings, hinting at a different role of CO in these two
tissues (Supplemental Figure 7A). In petals, marked differential
expression was observed in Col-0 compared with seedlings. In
this sense, although expression of JA response genes in petals
was significantly altered in WT and co-710 samples, CO leaf target
genes (such as FT and SOC1) showed no significant differences
in expression at ZT4 or ZT16 in petals in contrast to other genes
involved in the photoperiodic response, such as CDF3 or CDF5
(Supplemental Data 2; Supplemental Figure 7B). The accuracy
of the RNA-seq data was confirmed by selection of a set of
random genes and quantification by gRT-PCR using cDNA
from the same RNA samples. The Pearson correlation coeffi-
cients between qRT-PCR and RNA-seq data were 0.9718367,
0.9544037, 0.8568816, 0.9424255, and 0.9574517 for TOCT,
HY5, PRR7, LEA3. and CCAT1, respectively, indicating a good
correlation between experimental approaches (Supplemental
Figure 8). Overall, our transcriptomic analysis suggests that CO
may promote accelerated senescence through transcriptional
regulation of JA response genes.

We also crossed the CO mutant and overexpression line with
plants carrying mutations in genes involved in JA synthesis (allene
oxide synthase 1 [aos1-1]; Park et al., 2002) and signaling
(coronatine insensitive 1 [coi1-1]; Xie et al., 1998) and analyzed
the effect on flower senescence and flowering time (Table 1;
Figure 3 and Supplemental Figures 2-9). AOS1 is one of the
first enzymes involved in JA synthesis, and COI1 is an essential
component of the receptor complex involved in almost all JA-
dependent responses (Chini et al., 2007; Thines et al., 2007).
Aos1-1 35S:CO and coi1-1 35S:CO plants showed no significant
difference in flowering time compared with 35S:CO plants
(Table 1; Supplemental Figure 9A and 9B), although the coi?-1
mutant has been reported to show a small acceleration of flower-
ing time compared with WT plants under LDs (Robson et al.,
2010; Zhai et al., 2015). Although this may be caused by CO
ectopic expression, a small effect on flowering time was
observed in the double mutant aos7-7 co-70 compared with
co-10 plants, supporting the specific effect of CO on the
process (Supplemental Figure 9C). Phenotype analysis of
flowers of aos7-1 35S:CO and coi7-1 35S:CO compared with
the single mutants showed that the delayed floral senescence
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and abscission characteristics of the aos7-1 and coi7-1 mutants
were strongly suppressed by CO overexpression. In contrast, flo-
ral senescence and abscission were enhanced in aos7-1 co-10,
supporting the hypothesis that CO affects JA-mediated flower
senescence downstream of AOS1 and COI1 (Figure 3A-3D and
Supplemental Figures 2 and 9D). Accordingly, 35S:CO, aos7-1
358:CO, and coi1-1 35S:CO plants showed SAG73 and SAG29
transcript levels that were significantly higher than those of the
single mutants aos7-1 and coi7-1 (Figure 3E and 3F).

CO interacts with JAZ3 through its ZIM-like domain and
inhibits its activity

Because we found no significant differences in JA levels between
35S:CO and co-10 flowers, even though they show differences in
transcriptional expression of JA-associated genes, we decided
to explore whether CO can regulate the JA response in flowers
at the protein level. CO can directly interact with proteins involved
in JA signaling (such as JAZ proteins), some of which (such as
JAZ3) are conspicuously expressed in petals (Supplemental
Figure 10A), as well as COI1 and MYC2. The CO protein has
three distinct domains (Figure 4C): two amino-terminal b-boxes,
the middle part, and the C-terminal domain (CCT-CONSTANS,
CO-like, and TOC1) (Tiwari et al., 2010; Valverde, 2011). To
identify the domain of CO putatively mediating the interaction
with JA signaling components, we cloned the three domains of
CO in the bait vector pJG4-5 and the complete open reading
frames of interactors in the prey vector pEG202 to perform yeast
two-hybrid (Y2H) assays. The Y2H assays showed that JAZ3 in-
teracted with the middle part of CO, whereas COI1 and MYC2
showed no interaction (Figure 4A and Supplemental
Figure 10B). Similar tests with added coronatine, a bacterial
toxin that mimics JA-lle (Howe et al., 2018), and a direct ligand
of COI1 that promotes JAZ-COI1 interaction also produced nega-
tive results (Supplemental Figure 10B).

Next we performed transient bimolecular fluorescence comple-
mentation (BiFC) assays of the Yellow Fluorescenct Protein
(YFP) in Nicotiana benthamiana, in which we cotransformed the
N-terminal part of YFP (YFN) fused to the complete CO protein
and the C-terminal part of YFP (YFC) fused to JA signaling-
related proteins and controls (Figure 4B and Supplemental
Figure 11A and 11B). A strong YFP nuclear signal was
observed under confocal microscopy in cells expressing CO
with JAZ3 (Figure 4B, top panel) but also with JAZ1 and JAZ5
and, at a weaker intensity, with JAZ6 and JAZ12 (Supplemental
Figure 11A), roughly coinciding with expression of these genes
in petals (Supplemental Figure 10A) and suggesting specificity
in CO-JAZ interaction. Unexpectedly, in this assay, we detected
CO binding to COI1 (Figure 4B, bottom panel), whereas MYC2
and many other JAZ proteins did not show interaction with CO
(Supplemental Figure 11A). These results confirmed the CO-
JAZ interaction and also suggested that the CO-COI1 interaction
detected by BiFC may be indirect, possibly mediated by other
partners, likely endogenous Nicotiana JAZs, present in the plant
and absent in yeast.

To verify whether the effect of CO on JA-responsive genes is due
to the physical interaction between CO and JAZs and not to tran-
scriptional regulation, we performed chromatin immunoprecipi-
tation (ChIP)-gPCR experiments using CO-specific antibodies
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Figure 3. Genetic interaction between the
35S:CO line and JA pathway mutants coi1-1
and aos1-1.

(A and B) Flower senescence and abscission
phenotypes of coi7-1 and coi1-1 35S:CO plants
and aos7-1 and aosi-1 35S:CO plants as in
Figure 1A.

(C and D) Position of flowers showing yellowing
(dark gray) and A (light gray) in 35S:CO, coit-1
35S:CO, and coi1-1 plants © and in 35S:CO,
aos1-1 35S:CO, and aos1-1 plants (D). Error bars,
SD of more than 50 inflorescences.

(E and F) gRT-PCR analyses of SAG13 (light gray)

c 20 - . D 20 - *kk and SAG29 (dark gray) in 35S:CO, coi1-1 35S:CO,
c ok - k% and coi1-1 flowers © and in 35S:CO, aos17-1
o o i 35S:CO, and aos?-1 flowers (F) at stage 14
-:7‘, 15 1 mSenescence ‘5 15 lSene.scgnce (plants grown under LD and sampled at ZT16).
o OAbscission ] O Abscission ACT2 was used as a control. Error bars, SD from
2'10 7 §10 T ***L three independent experiments.
o
£51 —— 251 T
my o ]
0 - 0 - characteristics of a ZIM-like domain (ZIM*),
358:CO coi1-1  coi1-1 358:CO aos1-1 aos1-1 including a TIFY-like motif (NIKY in the
358:Cc0 358:C0 CO sequence, amino acids 235-238)
E F (Figure 4C). To test the function of the CO
BSAG29 4 , BSAG29 ZIM* domain in the interaction with JAZ3,
=5 1 DSAG@ o c |:|SAG1j: - we mutated the middle part of CO,
S4 -g 3 disrupting the NIKY motif ZIM* (236A+K237A)
% ﬂ‘ g n.s. |_I:k (middle*; Figure 4C). Y2H assays showed
£31 _ns. ) So | that modification of the CO NIKY motif
,’,‘,2 o disrupted the interaction between the
o S 1 - middle part of CO and JAZ3 (Figure 4C,
21 ks bottom panel), suggesting an undescribed
E -_X—‘ & critical role of the intermediate ZIM-like
0 35S:CO coi1-1 coi1-1 0 - 358:CO aos1-1 aos1-1 domain of CO in the CO-JAZ3 interaction.
35S:CO 358:CO

in 35S:CO and co-10 seedlings. First, we analyzed the FT pro-
moter as a control target gene, observing significantly higher
enrichment of the CORE1/2 site (Tiwari et al., 2010) when
comparing 35S:CO plants with co-70 mutants (control).
However, the analyzed amplicons in other JA-responsive
gene (JAZ1, JAZ3) promoters did not show significant
differential enrichment (Supplemental Figure 12). These results
demonstrate that JA-responsive genes are not direct targets
of CO.

Based on the positive interation between CO-JAZ, we compared
the domain structures of both protein families. We found that BBX
proteins similar to CO (CO-like), ZIM proteins, and JAZ proteins
belong to a superfamily of plant GATA-like TFs (Manfield et al.,
2007) and share several structural features (Supplemental
Figure 13). Some ZIM proteins contain the characteristic ZIM
domain and an internal CCT similar to the CO terminal CCT.
JAZ proteins contain a highly conserved region, the TIFY motif
(TIFF/YXG), within the ZIM domain that mediates homo- and het-
eromeric interactions between most JAZs (as well as the interac-
tion with the NOVEL INTERACTOR OF JAZ adaptor protein)
(Chini et al., 2009; Chung and Howe, 2009). After performing
sequence homology analysis, we found that the middle part of
CO, which mediates the interaction with JAZ3, has

Next, we explored the physiological role of

the CO-JAZ3 interaction in Arabidopsis.
We transformed co-70 mutant plants with a construct contain-
ing the CO promoter fused to a mutated form of CO (pCO-
CO*236A+K237A) “including the same modifications in the NIKY
motif assayed previously in the Y2H assay. A co-10 plant trans-
formed with the same WT construct (pCO-CO) was used as a
control. As shown in Figure 4D and 4E, flower senescence
and abscission were delayed in co-10 pCO-CO*!286A+K237A)
transgenic lines (2 and 11) to an extent similar to that in the
co-10 mutant parent (Figure 1A). In contrast, control co-10
pCO-CO plants showed senescence and abscission similar to
those of the WT plants. tThe delay in flower senescence and
abscission of co-10 pCO-CO*(236A+K237A) yransgenic lines
(Table 1) was accompanied by a reduction in the mRNA levels
of SAG13 and SAG29 compared with co-70 pCO-CO control
plants (Figure 4F). These data suggest that the CO-JAZ3
interaction is a limiting factor in the CO-mediated flower senes-
cence and abscission response. However, the flowering time
of co-10 pCO-CO* transgenic lines was similar to that of
Col-0 and co-710 pCO-CO plants and significantly different
from that of co-710 mutants (Table 1; Figure 4G and
Supplemental Figure 14), suggesting that the mutation does
not affect the flowering function of CO. Therefore, the CO
NIKY motif is important for CO-mediated regulation of JA
responses in flowers but not CO-dependent regulation of

1716 Molecular Plant 15, 1710-1724, November 7 2022 © 2022 The Author.



Control of senescence by photoperiod and jasmonates in Arabidopsis Molecular Plant

A B C Middle
N YFP Bright field | —
& > ;
0(\ _\_0 % T
O v x ‘
[
BBOX . ﬁ 8
. w 278 QFNIKYGSSGTHYND
Middle . E 233 QLTIFYAGSVCVYDD
CCT
\.
RO
BBOX 8 o,
i = [e] Middle o
Middle 2 =0 “ 1
ccT D,
Middle® -
co-10 co-10 E Senescence Abscission
pCO-CO pCO-CO*(1236A+K237A 12 —— 14 - ok
%%k
L 2 e
g g E= 5 104 = *
w =
o ° 0 i
2 6 g 8 2]
el 1L
g 4 : Z 4
o 3 4
it i
2 54
0 0 -
H  col-0 €0-10 pCO-CO*IZ3EAK237A) 441
B co-10pco-cO B co-10
E  co-10 pCO-COX23AK2TA) #2
*kk G
F 2 7 kK 60 -
s o L 50 - O Cauline ORossette ==
) ek [} I
0 ] 40 A T
g— g n.s.
g 1 - BSAG13 S 30 - - ns.
o OSAG29 2 L0 —
> S = =
- © + T T
5 @ 10 A
[
* - #2 #11 O Col-0 co-10 H2_#1 co-10
Col-0 co-10 ————t pCO-CO co-10

pCO-CO co-10
pCO_CO*(IZSGA*KZNA)

pCO.CO*(\ZSSAW(ZS‘/A)

Figure 4. A TIFY-like motif mediates the interaction between CO and JAZS.

(A) Y2H assays showing the interaction between different parts of CO (BBOX, middle, and CCT), COI1, and JAZ3. Shown are 3-day-old colonies grown in
different selective media.

(B) BiFC assays showing the interaction between YFC:CO and YFN:JAZ3 (top panels) and YFC:CO and YFN:COI1 (bottom panels) in Nicotiana leaf
epidermal cells. Positive and negative controls are shown in Supplemental Figure 11. Left panels: reconstituted YFP fluorescence. Right panels: bright-
field images. Scale bars represent 40 um.

(C) Top: cartoon showing the conserved JAZ-interacting motifs in CO (top, NIKY) and JAZ3 (bottom, TIFY). Bottom: Y2H assay showing the lack of
interaction between JAZ3 and the middle domain of CO mutated in the NIKY motif (Middle*(236A+K237A) '|mages show 3-day-old colonies.

(D) Flower S and A phenotypes of the WT, co-10 pCO:CO, and two independent co-10 plant lines expressing pCO-CO*(236A+K237A) pysition of flowers is
as in Figure 1©.

(E) Position of flowers showing yellowing (left) and A (right) in WT, co-710 pCO:CO, and two independent co-70 plant lines expressing pCO-
CO*(1236A+K237A) Error hars, SD of more than 50 inflorescences.

(F) gRT-PCR analyses of SAG13 (dark gray) and SAG29 (light gray) in flowers (stage 14) of WT, co-70 pCO:CO, and two independent co-70 plant lines
expressing pCO-CO *1236A+K237A) (lants grown under LD and sampled at ZT16). ACT2 was used as a control. Error bars, SD from three independent
experiments.

(G) Comparison of flowering time in the WT, co-10, co-10 pCO:CO, and two independent co-10 lines expressing pCO-CO*!236A+K237A) (hottom). Flowering
time measurement: light gray bars, rosette leaves; dark gray bars, cauline leaves. Error bars, SD of more than 50 plants.
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flowering time, revealing an uncharacterized dual role of CO in
regulating flower development.

COI1 targets both CO andJAZ3 for degradation

We then investigated the relationship between CO and JAZ3 and
determined whether the interaction of CO with JAZ3 (and other
JAZ proteins) could affect CO activity. Because of the high func-
tional redundancy of JAZ proteins (Chini et al., 2016), we used the
aos1-1 and coi1-1 mutants, which are severely affected in JA
signaling. Although CO expression was roughly similar in aos7-1
35S:CO and coi1-1 35S:CO plants compared with 35S:CO lines
(Supplemental Figure 15A and 15B) at the protein level, the two
lines displayed a significantly higher amount of CO protein than
35S:CO plants (Figure 5A and 5B). CO levels were also higher in
coi1-1 and aos7-1 single mutants than in Col-0 plants, and this
was particularly evident in the coi7-7 mutant, which had CO levels
similar to those of the cop7-4 mutant (Supplemental Figure 15C
and 15D). These results showed that the lack of synthesis or
signaling of JA stabilized CO protein levels in the petals.
Because COI1, as well as COP1, is an E3-ubiquin ligase, these re-
sults also suggested that CO may be a target for degradation by
COI1 (Thines et al., 2007).

To test the possible interaction of COI1 with the JAZ3-CO
complex detected by BiFC, we first confirmed the interaction
between YFN:COI1 and YFC:JAZ3 and reconstitution of
YFP (Supplemental Figure 11A) and then performed a co-
immunoprecipitation (colP) assay using N. benthamiana leaves
transiently expressing CO, YFN:COI1, and YFC:JAZ3. Following
IP with GFP-trap, which recognizes reconstituted YFP, we de-
tected CO protein in the lysates of these leaves using «CO and
aGFP (Figure 5C). These results show that CO, JAZ3, and COI1
can form a complex. For further confirmation, we performed an
in vivo fluorescence resonance energy transfer (FRET) assay
using Nicotiana expressing CO fused to CYAN FLUORESCENT
PROTEIN (CO:CFP), YFN:COI1, and YFC:JAZ3. Only when
CO:CFP was coexpressed with YFN:COI1 and YFC:JAZ3,
which reconstituted the YFP signal, was the FRET signal
detected, confirming the triple interaction (Figure 5D, top
panel). To quantify the interaction, the obtained results were
normalized using the normalized FRET (Ngret) method (Xia and
Liu, 2001; Figure 5D, bottom graphic), and the significant
differences compared with the controls strongly supported the
direct in vivo interaction between CO, JAZ3, and COI1.

Identification of the CO-JAZ3-COI1 complex and the increased
CO stability in coi7-1 mutant protein extracts led us to investigate
degradation of CO by COI1. We performed sequential immuno-
blot measurements of CO protein levels in lysates of Nicotiana
leaves expressing a hemagglutinin (HA):CO fusion incubated
for 30 min with lysates from COI1- and JAZ3-overexpressing
plants (Figure 5E and Supplemental Figure 16A). A decrease in
HA:CO protein levels was observed when the HA:CO lysate
was incubated with the lysate from COI1-expressing leaves,
but this effect was dramatically enhanced when HA:CO lysate
was incubated with a mixture of lysates from COI1- and JAZ3-
expressing leaves (Supplemental Figure 16A). A similar
experiment with the recombinant Arabidopsis TF FLOWERING
LOCUS M (FLM) and the native Nicotiana protein
GLYCERALDEHYDE-3-PHOSPHATE DESHYDROGENASE

Control of senescence by photoperiod and jasmonates in Arabidopsis

(GAPDHC) showed no significant degradation (Supplemental
Figure 16A and 16B). Although CO transcript levels in flowers
of co-10 pCO-CO*!236A+K237A)  transgenic lines were not
significantly different from those in Col-0 and co-10 pCO-CO
plants (Supplemental Figure 16C), protein levels were
significantly higher (Figure 5F and Supplemental Figure 16D),
suggesting that the lack of interaction between JAZs and CO
promoted CO accumulation in vivo. Because Nicotiana extracts
may have natural sources of JAs, we decided to test whether
external treatment with Methil jasmonate affected the
degradation of CO and JAZ3. Treatment of Nicotiana extracts
accumulating HA:CO, YFC:JAZ3, and YFN:COI1 with Methil
jasmonate significantly enhanced the degradation of CO and
JAZ3 (Figure 5G; Supplemental Figure 16F and 16G). Therefore,
our results suggest that JA mediates the formation of a protein
complex between CO-JAZ3-COI1 that promotes CO and JAZ3
degradation.

DISCUSSION

In this work, we describe a previously unidentified function of the
main photoperiodic regulator CO in flower senescence and
abscission. In previous studies, CO was identified as being differ-
entially expressed in the shoot apical meristem during the early
stages of floral differentiation, and although CO was upregulated,
FT, its maintarget, was not (Wellmeretal., 2006; Chen etal., 2018).
This hinted to a possible different role of CO compared with that
described in induction of flowering by photoperiod (Suarez-
Lépez et al., 2001; Serrano-Bueno et al., 2021). Here we
describe the presence of CO protein in floral organs with a novel
pattern of expression and a role in flower senescence. Under
natural conditions where CO abundance is reduced, such as in
the CO mutants or under short day or RL conditions, flower
senescence decreases, whereas under conditions in which CO
protein is more abundant, such as under LD or BL conditions or
in CO-overexpressing plants, flower senescence is enhanced
(Figure 1; Table 1; Supplemental Figure 1). The implication of
different light and CO functions in the flower raises interesting
questions regarding the long-known delay of senescence by RL
(Sakuraba, 2021) and may explain why RL has been used to
augment longevity in roses and other ornamental flowers in
traditional horticulture and cut flower markets (Heo et al., 2004).
Identification of senescent and abscission responses in the
flowers of co mutant plants also indicated a different role of CO
in flowers other than the canonical floral transition function in the
leaves. To avoid out-of-season flowering, CO activity is modu-
lated by complex translational and post-translational regulation
mechanisms (Valverde et al., 2004; Andrés and Coupland,
2012). In flowers, we observed that CO mRNA accumulated at a
high level in different floral organs and showed a diurnal pattern
of expression different from that in the leaves.

Comparison of transcriptomics data between leaves and petals
also indicated that CO overexpression caused upregulation of
genes associated with senescence, aging, and cell death, pro-
cesses regulated by the hormone jasmonic acid. In WT
petals, JA-associated genes are preferentially activated in the
evening, as described previously in other organs (Jewell and
Browse, 2016). co mutation and CO overexpression altered this
daily expression pattern, with gene expression decreasing in
the co-10 knockout and increasing in CO-overexpressing plants
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Figure 5. COI1 promotes the degradation of
both CO and JAZ3.

(A) a2CO immunoblot analysis of CO protein
accumulation in 35S:CO, coi1-1, and coif-1
35S:CO flowers, at stage 14 from plants grown
under LD. Samples were collected at ZT16, and
quantification of protein levels was perfomed in
three replicates. Ponceau staining was used as a
loading control.

(B) «CO immunoblot analysis of CO protein
accumulation in 35S:CO, aos7-1, and aos?-1
35S:CO flowers (stage 14, LD, ZT16, and quanti-
fication of protein levels in three replicates). Pon-
ceau staining was used as a loading control.

CFP:CO
YFP:FLM

-10 (C) Co-immunoprecipitation of CO, YFN:COI1,
HA:CO HA:CO and YFC:JAZ3 from N. benthamiana leaves using
B HA:CO  pvicon YFN:con GFP-trap and detection with «CO (top panels) or
—_ Xk YFC:JAZ3

Sg - E - R o a aGFP (bottom panels).
3 T (D) FRET analysis of CO, COI1, and JAZ3. CO was
=z 1 OHA - - fused to CFP, and YFP was reconstituted by
34 YFN:COI1/YFC:JAZ3. CFP:HY5 and YFP:FLM
g AGAPC v i o == were used as negative controls. The proteins
8 0 355:C0 aos1-1 were co-expressed in N. benthamiana leaves, and

: aos1-1 K .
358:C0 normalized FRET (Ngger) was measured in 10
aCO B S sue F cells.
Ponceau --‘ aCo - - (E) HA immunoblot analysis of HA:CO accumula-
GGAPC e chl - tion after co-incubation with N. benthamiana ly-
sates expressing COI1 and COI1-JAZ3. Ponceau
c Col-0 p(c:(gjgo #2 60_1:11 staining and immunodetected GAPDHC (oGAPC)
co + . + PCO-CO 281A+K262A were used as loading controls.
(F) 2CO immunoblot analysis of CO accumulation
YFN:COM - f G YEN:COI1 YEN:COI1 in flowers of WT, co-10 pCO:CO, and two inde-
YFC:JAZ3 - + + YFC:JAZ3 YFC:JAZ3 pendent co-70 plant lines expressing pCO-
co CO*IZ36A+K23TA) grown under LD and collected at
Input | — — =X MeJA - + N + ZT16 (bottom panel). Ponceau staining and
¥ O aGAPC-immunodetected GAPDHC were used as
Pulldown ‘ﬂ aHA S = HA:CO loading controls.

. . (G) Immunoblots showing HA:CO (aHA) and
Input - % oGFP ". ' “ | vrcuaza YFP:JAZ3 (2GFP) degradation with (+) or without
Pull down S - Ponceau — WS (—) MeJA (2 mM) addition. Incubation time was

(Figure 2). The fact that the canonical gene targets of CO, FT, and
SOCT1 were not altered in the evening or in the co-70 mutant also
suggested that the role of CO in petals was different from that in
leaves (Supplemental Data 2; Supplemental Figure 7). CO
overexpression induced senescence and abscission responses
in association with COI71, a key JA perception component, and
AOST, an essential JA biosynthetic element whose mutant is
unable to accumulate the active form of the hormone (Park
et al., 2002). Consequently, co mutation in the aos7-1 back-
ground delayed senescence, supporting the involvement of CO
in JA signaling modulation (Table 1). Surprisingly, aos7-1 (lack
of JA) and coi1-1 (lack of JA signalling) mutants accumulated
high levels of CO protein in the flower, supporting CO stability
mediated by COI1 ubiquitin ligase as part of the molecular
mechanism involved..

CO is able to interact with JAZ proteins. Although JAZ-DELLA
binding has been described and has linked gibberellins with the
JA signaling pathway (Hou et al., 2010), this is the first evidence
of CO being able to directly interact with these regulatory
elements (Figure 4). This interaction is independent of
JA and can by itself induce senescence, as suggested by

Molecular Plant 15, 1710-1724, November 7 2022 © 2022 The Author.

30 min. Ponceau staining was used as a control.

analysis of CO overexpression in coi7-1 and CO overexpression
in aos7-1 mutant plants, which suggests a novel mechanism
regulating the senescence response (Figure 6). We show that
the CO-JAZ3 interaction is due to a structural feature of JAZ re-
pressors and CO, which share a ZIM domain, including a TIFY
motif (NIKY in the central part of CO) that promotes JAZ-CO bind-
ing. Mutation of the NIKY motif prevented CO-JAZ interactions;
the altered motif failed to complement the senescence responses
without altering the flowering time of the CO knockout plants
(Figure 4). The ZIM motif mediates JAZ dimerization (Chini
et al,, 2009; Chung and Howe, 2009); thus, binding of CO
to this motif may effectively sequester JAZ3, keeping it
from inhibiting MYC TFs and thereby activating senescence.
Finally, the accumulation of ZIM* CO in vivo, the results of
pull-down and FRET experiments, and the augmented degrada-
tion of CO-JAZ3 in the presence of JA (Figure 5) strongly
suggest that CO-JAZ3-COI forms a complex that triggers degra-
dation of the CO and JAZ3 proteins.

Our data support a model where, under basal conditions (in
the absence of JA), binding of CO to JAZ3, and probably to
other JAZs, sequesters the JAZ component and keeps it from
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Figure 6. A proposed model illustrating the role of the CO-JAZ3-COI1 interaction in controlling flower S and A in plants.

The current hormone signaling model (left, red background) explains JA activation of S response through the COI1-mediated degradation of JAZ dimers
that inhibit TFs (including MYCs) regulating S-related genes. CO (green) can sequester JAZ3 (red), keeping it from repressing TFs (purple) and thereby
inducing S. CO-JAZ3 complex is targeted for degradation by COI1, which further activates the S program, acting through the CO (photoperiod) and

hormone pathway (green background).

repressing MYCs and/or other TFs (Zhai et al., 2015), promoting
senescence. High levels of JA induced JAZ3-CO binding to COI1
and promoted JAZ3-CO degradation, further inducing senes-
cence (Figure 6). Therefore, we propose that, by recruiting CO
to a well-established hormonal regulatory pathway, plants can
modulate senescence and incorporate temporal/seasonal regu-
lation into the system. This may be a paradigm of how plants
can use their plasticity to intertwine different regulatory pathways
to control specific tissue and time cues. Understanding these
regulatory processes and studying new variants may be impor-
tant in our race to make plants resilient to global climate change
and may also allow us to develop important biotechnological ap-
plications in flower longevity and crop production.

METHODS

Plant materials and growth conditions

All Arabidopsis strains used in this study are of the Col-0 or Ler back-
ground. Arabidopsis mutants co-70 (Robson et al., 2001), ft-10 (Yoo
et al., 2005), coi1-1 (Xie et al., 1998), and aos7-1 (Park et al., 2002)
have been described. The plants 35S:CO:GR (co-2) in the Ler back-
ground and 35S:CO:CTAPi (Col-0) were generated by Simon et al.
(1996) and Serrano-Bueno et al. (2020), respectively. 35S:CO:GR
(co-2) plants were left untreated, or the steroid dexamethasone
was added at 10 days after germination (10 uM) once a week to acti-
vate CO nuclear import. The genotypes coi-1 35S:CO, aos1-1 co-
10, aos1-1 35S:CO, pCO(2Kb):mGFP6, pCO:CO, and pCO-
COX1236A+K23TA) \ere generated in this study. Plants were grown
in controlled cabinets on peat-based compost. Seeds were
incubated for 4 days at 4°C in the dark before sowing under LD or
short day cycles with temperatures ranging from 22°C (day)
to 18°C (night). For light quality experiments, light-emitting
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diode chambers (CLF floraLEDs, CLF Plant Climatics) were
used, with white light (50 umolm 2s") enriched with BL
(50 pumol m~2 s, peak 470 nm) or RL (50 pmolm=2s~", peak
670 nm) and a half-bandwidth of 20 nm.

Analysis of flower senescence and abscission

Flower senescence and abscission were analyzed in controlled
environment cabinets by scoring the positions of the first flower
with senescence/abscission symptoms. Flower positions were
defined according to the numbering system of Bleecker and
Patterson (1997), which identifies flower position 1 as the
topmost flower with visible white petals. Data are expressed as
the mean of at least 50 individuals + standard deviation (SD).

Analysis of flowering time

Flowering time was analyzed in controlled environment cabinets
by scoring the number of rosette (excluding cotyledons) and
cauline leaves. Data are expressed as the mean of at least 50 in-
dividuals + SD.

RNA extraction and qRT-PCR)

One microgram of TRIzol-isolated RNA was used to synthesize
cDNA with the Quantitec Reverse Kit (QIAGEN, 205311) following
the manufacturer’s instructions and diluted to a final conce-
ntration of 10 ng pl~'. The primers for gPCR are listed in
Supplemental Table 2. gPCRs were performed using an SYBR
Fluorescein Kit (Bioline, BIO-96020) on an iQTM5 multicolor
real-time PCR detection system (Bio-Rad). The initial concentra-
tions of candidate and reference genes were calculated by means
of LingRegPCR software v.11.0 (Ruijter et al., 2009). Normalized
data were calculated by dividing the average of at least three
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replicates of each sample from the candidate and reference
genes. ACT2 was used as a control.

ChIP assays

ChlIP was performed as described previously (Bowler et al., 2004)
with minor modifications to improve the enrichment (Lau and
Bergmann, 2015). Plants were grown for 10 days under LD
conditions, and approximately 9 g of seedlings was harvested at
ZT12-ZT16. Plant tissue was crosslinked in a vacuum
concentrator in the presence of 1 mM disuccinimidyl glutarate for
10 min, 1% (v/v) formaldehyde for 20 min, and 0.125 M glycine to
stop crosslinking. The tissue was ground in liquid nitrogen, and
chromatin was isolated. Chromatin complex immunoprecipitation
was performed using an anti-CO antibody. After capturing immu-
nocomplexes, they were eluted from the beads. The crosslinking
between proteins and DNA was reversed, and the DNA was iso-
lated. Subsequent gPCR was performed as described previously.
Immunoprecipitated samples were normalized to a 10% reverse-
crosslinked fraction of each chromatin preparation. The relative
enrichment for each amplicon was normalized to that of the
ACT7 reference region. The primers used to measure DNA frag-
ment enrichment in the ChIP experiments are shown in
Supplemental Table 2.

RNA-seq and data analysis

Total RNA was extracted using an E.Z.N.A. Plant RNA Kit
(Omega) from 10-day-old whole seedlings or petals following
the manufacturer’s instructions. Two independent biological rep-
licates were processed for next-generation sequencing library
preparation. Libraries were prepared using 250 ng of total RNA
with the lllumina TruSeq Stranded mRNA protocol according to
the manufacturer’s instructions. Libraries were sequenced on
an lllumina NextSeq 500 High Output by generating 1 x 75-bp
single-end reads. Each biological sample from the different geno-
types generated approximately 20 million single-end reads. Qual-
ity analysis was performed using FASTQC, and mapping against
the reference genome TAIR10 from A. thaliana was done with
HISAT2 (Kim et al., 2019). For transcript assembly and gene
expression estimation in fragments per exon kilobase and
million mapped reads, StringTie2 software and the R Bio-
conductor package Ballgown v.2.20 were used (Kovaka et al.,
2019). Principal-component analysis for similarity analysis
between replicates was performed using the R package
FactoMineR v.2.33 (Le et al., 2008). The differential gene
expression analysis was performed using the Bioconductor R
package limma v.3.444 (Ritchie et al., 2015). To determine
upregulated and downregulated genes in ZT16 versus ZT4 a
fold-change of +2 and an adjusted p value of 0.05 were used,
and exclusively a fold-change of +1.5 was used for comparison
between genotypes. The GO and Kyoto Encyclopedia of Genes
and Genomes enrichment analyses were performed using the
Bioconductor R package clusterProfiler v.3.165 (Yu et al.,
2012). Data are available in the GEO NCBI database with
accession number GSE204774.

Protein analysis

Arabidopsis proteins were isolated from petals or flowers at stage
14 of plants grown on peat-based compost using TRIzol (Invitro-
gen) as described by the manufacturer. To isolate Nicotiana pro-
teins, 1 g of infected tissue was ground with a mortar and pestle in
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the presence of liquid nitrogen, resuspended in 2 ml of colP buffer
(Lazaro et al., 2012), and centrifuged for 10 min at 2350 g in a
microfuge at 4°C. The amount of protein was determined by the
Bradford assay (Bio-Rad) according to the manufacturer’s in-
structions, using ovalbumin as a standard. Proteins were sepa-
rated by SDS-PAGE using standard procedures, transferred to
polyvinylidene difluoride filters, and probed with «CO (Serrano-
Bueno et al.,, 2020), aGAPC (Valverde et al., 1999), aGFP
(Proteintech), or a«HA (Sigma-Aldrich, 12013819001). Blots
were developed with a chemiluminescent substrate according
to the manufacturer’'s instructions (Clarity Western ECL
Substrate, Bio-Rad).

ColP experiments were performed by transient assays in
N. benthamiana cells (Serrano-Bueno et al., 2020). In brief,
Agrobacterium tumefaciens GV3101 (pMP90) transformed with
35S:3XHA:CO (HA-CO), YFN:COI1, and YFC:JAZ3, were co-infil-
trated into young leaves of N. benthamiana as described below.
After 3 days, 1 g of infected tissue was ground as described
below, and 0.5 ml of lysate was incubated with 25 ul of washed
GFP-trap magnetic agarose beads (Chromotek, gtma-20) and
stirred for 2 h at 4°C in a rotor incubator. After three washes in
colP buffer, samples were eluted by adding 5x SDS-PAGE
loading buffer and incubating at 95°C for 5 min.

Microscopy

For BiFC experiments, CO, COI1, JAZs, MYC2, and controls were
cloned into pYFN43 and pYFC43 vectors (Ferrando et al., 2001) to
produce N-terminal fusions of the carboxyl (pYFC43) and amino
(PYFN43) parts of YFP. These constructs were introduced into
A. tumefaciens strain C58 and infiltrated into N. benthamiana
leaves together with p19 protein (Voinnet et al., 20083). The BiFC
protocol was performed as described previously (Serrano-
Bueno et al., 2020). The amino and carboxyl domains of AKINS
and AKIN10 sucrose-nonfermenting-related kinases were used
as positive controls (Ferrando et al., 2001) or FKBP12 (Serrano-
Bueno et al.,, 2020). FLM or empty vectors were used as
negative controls. BiFC images were visualized under a Leica
TCS SP2 confocal microscope set to 550 nm and analyzed with
Leica LCSLite software.

For FRET experiments, reconstituted YFP (YFN:COI1/YFC:JAZ3)
and CO-CFP constructs were introduced into N. benthamiana
leaves by agroinfiltration. Two to three days after transfection,
epidermal cells were visualized using a confocal laser scanning
microscope (Olympus FV3000). CFP was excited with a 458-
nm laser, and YFP was excited with a 514-nm laser. Band-pass
filters were adjusted to 465-479 nm and 520-545 nm in the
CFP and YFP detection channels, respectively. FRET was
measured using the sensitized emission technique with pre-
loaded Olympus software, and consequent analysis was per-
formed using the PixFret plugin for Imaged (Feige et al., 2005).
The acceptor and donor bleedthrough was determined, the
background was subtracted, and the Nggrer value was
computed for each nucleus because this method normalizes
differences in fluorescent protein levels (Feige et al., 2005).

Y2H

For Y2H assays, the CCT, middle, and b-box domains from CO
were cloned into the bait vector pJG4-5, and the full-length
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COI1,JAZ3, JAZ9, and MYC2 coding sequences were cloned into
the prey vector pEG202. The primers used to generate Y2H clones
are listed in Supplemental Table 2. EGY48 (MATa. trp1 ura3 his3
LEU2::pLex Aop6-LEU2) was used as the host strain for Y2H ex-
periments (Gyuris et al.,, 1993). Positive interactions were
detected by blue dye on Ura-His-Trp X-gal plates and growth on
GALGalactose-Ura—Trp-His-Leu + coronatine-selective plates.

Site-directed mutagenesis

Site-directed mutagenesis was performed to replace the NIKY
domain of CO according to the manufacturer’s instructions
(Muta-direct Site-Directed Mutagenesis, iNtRON Biotechnology).
All constructs were verified by DNA sequencing. The primers
used are listed in Supplemental Table 2.

Statistical analysis

The means + SD from at least three biological experiments are
shown. The statistical significance between means of the
different samples was calculated using a two-tailed Student’s ¢-
test. Observed differences were considered statistically signifi-
cant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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Supplementary Fig. S1 Light quality and photoperiod affect flower senescence and
abscission.

(A) Flower senescence and abscission phenotypes of 35S:CO:CTAPi, Ler and
35S:CO:GR (co-2) plants. 35S:CO:GR (co-2) plants were left untreated (-DEX) or treated
(+DEX) with the steroid dexamethasone (10 pM, once per week) (B) Position of flowers
showing yellowing (dark grey bars) and abscission (light grey bars) in Col-0, 35S:CO,
co-10, 35S:CO:CTAPI, 35S:FT, ft-10, Ler and 35S:CO:GR (co-2) +/-DEX plants. Error
bars indicate s.d. of > 50 inflorescences (C) Flower senescence and abscission
phenotypes of WT plants grown under SD, BL and RL (D) Position of flowers showing
yellowing (dark grey bars) and abscission (light grey bars) in WT plants grown under LD,

SD, BL and RL. Error bars indicate s.d. of > 50 inflorescences
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Supplementary Fig. S2 Detailed flower senescence and abscission in WT, 35S:CO,
c0-10, aos1-1 and 35S:CO aos1-1 plants.

(A) Set up of cut flowers from different developmental stages showing differences in
senescence and abscission (B) Examples of detailed pictures of flower stem insertion
position for senescence and abscission count. Arrows indicate the flowers used for

guantifying senescence and abscission.
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Supplementary Fig. S3 CO promoter activity in Arabidopsis flowers.

(A) Schematic diagram of the pCO:mGFP6 reporter used in this study. Bottom,
fluorescence measure of Arabidopsis transgenic lines expressing pCO:mGFP6. WT
plants were used as control. Light grey, flowers. Dark grey, seedlings (B) Epidermal cells
of floral organs (sepal, petal, stamen, carpel) and leaf of Arabidopsis transgenic lines
expressing pCO:mGFP6. Left panels, bright field, right panels GFP fluorescence. Scale
bar represents 160 um (C) Epidermal cells of pCO:mGFP6 petals in different
developmental stages, LD, ZT16 (12, 14 and 16 days). Bottom panel, fluorescence
activity of Arabidopsis petals expressing pCO:mGFP6 in Stages 12, 14 and 16, LD,
ZT16. Error bars, s.d. >50 petals (D) RT-gPCR analyses of CO expression in WT petals
in Stages 12, 14 and 16, LD, ZT16. ACT2 as control. Error bars, s.d. from three

independent experiments. Asterisks indicate significance, ** p<0.01, *** p<0.001.
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Supplementary Fig. S4 Correlation between floral CO protein accumulation and

flower senescence and abscission.

(A) (Top), RT-gPCR analyses of CO expression in WT flowers and leaves, LD, ZT16.
ACT2 was used as a control. Error bars, s.d. from three independent experiments.
(Bottom), aCO Immunoblot showing CO accumulation in WT flowers and leaves, LD,
ZT16 and quantification of protein levels in three replicates. Ponceau staining as control.
Error bars, s.d. from three independent experiments (B) (Top), RT-gPCR analyses of
CO expression in WT, 35S:CO and co-10 flowers, LD, ZT16. ACT2 was as control. Error
bars, s.d. from three independent experiments. (Bottom), aCO Immunoblot showing CO
accumulation in WT, 35S:CO and co-10 flowers, LD, ZT16 and quantification of protein
levels in three. Ponceau staining as loading control (C) (Top), time course RT-gPCR
analysis of CO expression in WT seedlings, LD. ACT2 as control. Error bars, s.d. from
three independent experiments. (Bottom), aCO immunoblots showing 24h accumulation
of CO in WT seedlings, LD (D) RT-gPCR analyses of CO expression in WT flowers grown
under WL, BL and RL, LD, ZT16. ACT2 as control. Error bars, s.d. from three
independent experiments (E) Left, aCO immunoblot showing CO accumulation in WT
flowers grown under WL, BL and RL, LD, ZT16. Right, quantification of protein levels in
three replicates by Western blot using aCO. Ponceau staining served as loading control.

Error bars, s.d. from three independent experiments.
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Supplementary Fig. S5 Jasmonate, aging and senescence associated genes are

up-regulated in 35S:CO seedlings.

(A) Diagram of fold-changes (logarithmic) showing JA-associated genes expression in
35S:CO vs WT pairwise comparison in seedlings, LD, ZT16 (B) Diagram of fold-changes
(logarithmic) of aging-associated genes expression in 35S:CO vs WT pairwise
comparison in seedlings, LD, ZT16 (C) Diagram of fold-changes (logarithmic) of SAGs
(Senescence-Associated Genes) in 35S:CO vs WT pairwise comparison in seedlings,
LD, ZT16. A list of the upregulated genes can be found in Table S1. See also
Supplementary Data 1, 2.



76

77
78

79
80
81
82
83

84

AtMYB24 . ANACD55

RGLGA g g GLY14
HR4 g ATETA ® /ATEBP Category
Leaf
SSL5g senescence Leaf senescence
® Response to AINPFZ.3 oo Response to jasmenic acid
AEXT jasmenic acid e o 3
* AIF ANACOSS  SiZE
5PTASE11 o ATSENT ® AtATG18ag . 20
|
ATGLN1;1
it A'I'I’PSO} AI\V:FTKWD * . N
\ ..“‘—-.‘ //.ATSERKA . =
pvi% 0B ATIG51440 CSAP R AOCT1 . =
L] AY
. AT1G16310 N TP %ﬁg
Ss2 el ATIGS0210 / 10\ aiachis .
AtsaG12Y \ \) .
ATSRG1
[} R 4
APET shea01 @ APTF
ASP3
arilist SAG13
B aalh
fold change
Response toiasmonicacid [ B [ | HEE B | | | | [ ]] HEEE 1o
teafsenescence [l [HIE HEEER BN N BN BN [ | | | | i
ENEEN EEEEN i EEEEEEE BN [ [ [ ] [ | | s
IS I L R Al G A B g g LSk i i AL Lo RS ol o A g P 4
G TG TS F L E S TS S e T e ST e FT o FeFFETHS
FETT ST TIEG VLGRS T s se T 568
T i
C
JA-associated genes
T JA biosynthesis genes JA signalling genes JAresponse genes

log.(fold-change)

Supplementary Fig. S6 Jasmonate, aging and senescence associated genes are

up-regulated during the afternoon in WT petals.

(A) (B) GO enrichment analysis of up-regulated genes in the ZT16 vs ZT4 pairwise
comparison in WT petals. Diagrams show GO terms of interest and associated
differentially expressed genes (DEGS), with corresponding fold-changes (C) Diagram of
fold-changes (logarithmic) of JA-associated genes expression in the WT petals ZT16 vs

ZT4 comparison. See also Supplementary Data 1, 2.
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Supplementary Fig. S7. Normalized expression of JA- and photoperiod-associated
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genes.

(A) Heatmap of normalized expression levels of JA-associated genes in WT seedlings
ZT16, petals ZT4 and petals ZT16. Notice how the activated or repressed genes show
an almost opposing expression (B) Normalized expression levels of photoperiodic
flowering-associated genes (CDFs and FBHs) in WT and co-10 petals, ZT4 and ZT16.
See also Supplementary Data 1, 2.
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Supplementary Fig. S8. RNAseq validation by real-time qPCR (RT-qPCR).

Five genes showing differential expression between some samples were randomly
selected confirm the RNAseq data (TOC1, HY5, PRR7, LEAS, and CCA1l). UBQ10 gene
was used as housekeeping. The normalized expression from RNAseq data is
represented in the first column and the relative expression resulting from RT-qgPCR
experiments is plotted in the second column. The Pearson correlation was calculated
between the RNAseq data values (FPKM) and RT-gPCR values (relative expression)

across all conditions.
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Supplementary Fig. S9 Phenotype of aos1-1 35S:CO, coil-1 35S:CO, and aosl-1

c0-10 crosses.

(A) (Top), flowering phenotype of coil-1 and coil-1 35S:CO in LD. (Bottom), flowering
time measure. Light grey bars, rosette leaves; dark grey bars, cauline leaves. Error bars,
s.d. of > 50 plants (B) (Top), flowering phenotype of aos1-1 and aosl1-1 35S:CO in LD.
(Bottom), flowering time measurement; light grey bars, rosette leaves; dark grey bars,
cauline leaves. Error bars, s.d. > 50 plants. (C) Flowering time measure of aos1-1 co-10
in LD. Light grey bars, rosette leaves; dark grey bars, cauline leaves. Error bars, s.d. of
> 50 plants. (D) Position of flowers showing yellowing (dark grey bars) and abscission
(light grey bars) in aos1-1 co-10 plants grown under LD. Error bars indicate s.d. of > 50

inflorescences.
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Supplementary Fig. S10 JAZs petal expression and Y2H interaction between CO-
COl1, CO-MYC2 and CO-JAZ3 by Yeast Two Hybrid assays.

(A) GUS staining showing pJAZs:GUS expression in floral buds (left) and petals (right).
Notice the coincide level of expression with the CO-JAZs interaction by BiFC in Sup FIG
S11) (B) Interaction between different CO domains (BBOX, Middle and CCT), COI1,
MYC2 and JAZ3 in Y2H assays in different selective media. COR: coronatine. Pictures
show 3-day-old colonies. Left panels show growth controls, middle panels show growth
assays, right most panels show the X-Gal staining with the positive result colonies

stained in blue.
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Supplementary Fig. S11 Interaction tests between CO-MYC2 and CO-JAZs by
molecular complementation (BiFC) assays.

(A) Confocal microscope images of BiFC assays showing the interaction between
YFC:CO and all YFN:JAZs and the lack of interaction between YFC:CO and YFN:MYC2
in agroinfiltrated Nicotiana leaves. JAZ3-COIl and CO-FKBP12 are used as positive
controls. Left panels, YFP fluorescence; right panels, bright field. Scale bars represent
40 um (B) Confocal microscope images of BiFC assays showing a positive control
interaction between YFN:AKIN10 and YFC:AKIN10, and negative controls using
YFC:FLM with CO, MYC2, COI1, JAZ9 and JAZ3. Left panels, YFP fluorescence; right

panels, bright field. Scale bars represent 25 um.
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Supplementary Fig. S12 Occupancy of CO at FT, JAZ1 and JAZ3, promoters.

The barplot shows the enrichment (% input) of amplicons located in FT, JAZ1 and JAZ3
promoters after ChlP experiments in 35S:CO and co-10 plants. CORE1/2 site within FT
promoter was used as positive control and putative CO binding sites in JAZ1 and JAZ3,
promoters were also tested. ACT7 TSS locus was used to normalize each genomic
region. Error bars indicate the standard errors for two biological replicates. Significant

differences were evaluated using Student’s test, * p < 0.01.
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Supplementary Fig. S13 Phylogenetic analysis of ZIM-containing proteins.

Selected protein sequences of JAZ (blue), ZIM red), BBX (yellow), PPD (green) and

TIFY8 (magenta) families were aligned using DiAling and PhyML apps and an unrooted

phylogenetic tree created with Treeview app (left). The cartoons to the right show the

protein structure including the common ZIM (ZIM-like domain or ZIM* in CO and MpCO,
light blue) in deep blue, and specific domains: Jas (JAZ family, red), CCT (ZIM and BBX
family, yellow); GATA (ZIM family, brown); B-boxes (BBX family, grey); PPD (PPD family,
green) and Jas* (PPD family, yellow). At: Arabidopsis thaliana, Mp: Marchantia

polymorpha.
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Supplementary Fig. S14 Flowering phenotype of co-10 pCO-CO* (236A+K237A)

Pictures showing differences in flowering time between WT, co-10, co-10 pCO:CO and

two co-10 independent lines expressing pCO-CO™1236A+K237A) Scale bars represent 1 cm.
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Supplementary Fig. S15 CO protein accumulation in coil-1 and aos1-1 mutants.

(A) RT-gPCR analyses of the CO gene in coil-1 and coil-1 35S:CO flowers, LD, ZT16.
ACT2 as control. Error bars, s.d. from three independent experiments (B) RT-gPCR
analyses of the CO gene in aosl-1 and aosl-1 35S:CO flowers, LD, ZT16. ACT2 as
control. Error bars, s.d. from three independent experiments (C) aCO immunoblot
analysis of CO accumulation in WT, coil-1 and copl-4 flowers, stage 14, LD, ZT16 and
protein quantification in three replicates + s.d. Ponceau staining as loading control (D)
aCO immunoblot analysis of CO accumulation in WT and aos1-1 flowers, stage 14, LD,
ZT16 and protein quantification in three replicates + s.d. Ponceau staining as loading

control.
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Supplementary Fig. S16. CO-JAZ3 interaction stabilizes the complex.

s —

(A) Quantification of protein levels in three replicates (x s.d.) of HA:CO accumulation
after co-incubation with N. benthamiana lysates expressing COI1 and COI1-JAZ3 for 30
min. Data is expressed as percentage of original protein at 0 min incubation time. Error
bars show s.d. from three replicates (B) aHA Immunoblot analysis of FLM accumulation
after co-incubation with N. benthamiana lysates expressing COI1-JAZ3 (C) RT-gPCR
analyses of CO in WT, co-10 pCO:CO and two co-10 independent plant lines expressing
pCO-CO*(1236A+K237A) jn flowers, LD, ZT16. ACT2 as control. Error bars indicate s.d. from
three independent experiments (D) Quantification of protein levels in three replicates (+
s.d.) of experiment in Fig. 5G (E) RT-gPCR analyses of COI1 (black), CO (dark grey)
and JAZ3 (light grey) in Nicotiana cells negative control (not agroinfiltrated), and
expressing YFN:COI1, HA:CO and YFN:JAZ3 constructs, respectively. Data is the media
of two different experiments + s.d.m. (F) Quantification of protein levels in three replicates
(x s.d.) of experiment in Fig. 5H. (G) aGFP immunoblot analysis of JAZ3 accumulation
in leaf extracts of Nicotiana agroinfiltrated with YFEN:COI1/YFC:JAZ3 at 0 and 30 min
incubation with (right panels) and without (left panels) CO and with (+) or without (-)

MeJA (2 mM). Ponceau staining as loading control.
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Table $1. Jasmaonate, aging, senescence and flowering related genes up-regulated in 355:C0 seedlings vs WT.
ID Name GO term
Jasmonate related genes

Jasmonic acid biosynthetic processi/jasmonic acid
mediated signaling pathway

jasmonic acid biosynthetic process/Response to jasmonic
acid

jasmonic acid mediated signaling pathway/Response to
jasmonic acid

AT1G19640 JMT

AT5G42650 AOS CYPT4A DDE2

AT1G19180 AtJAZ1 JAZ1 TIFY10A

AT2G34070 TBL37 jasmanic acid mediated signaling pathway
AT2G029%0 ATRNS1 RNS1 jasmonic acid mediated signaling pathway/Aging
AT3G50480 HR4 Response to jasmonic acid
AT2G26690 AtNPFE.2 NPF6.2 Response to jasmonic acid
AT5G24780 ATVSP1 VSP1 Response to jasmonic acid
AT5G13220 JAST JAZ10 TIFYS Response to jasmonic acid
AT4G23600 CORIZ JRZ2 Response to jasmonic acid
AT4G34710 ADC2 ATADCZ SPE2 Response to jasmonic acid
AT1G76930 ATEXT1 ATEXT4 EXT1 EXT4 ORG5 Respaonse to jasmaonic acid
AT5GE67480 ATBT4 BT4 Response to jasmonic acid
AT5G24770 ATVSP2 V5P2 Response to jasmonic acid
AT3G09940 AIMDAR3 MDAR3 Response to jasmonic acid
AT4G26850 GGP VTC2 Response to jasmonic acid
AT3G15510 ANACO56 ATMNACZ NAC2 NARSA Response to jasmonic acid
AT3G44860 FAMT Response to jasmonic acid
AT2G39030 NATA1 Response to jasmaonic acid
AT3G16470 AtJACT JAL3S JR1 Response to jasmonic acid
AT1G70700 JAZS TIFYT Response to jasmonic acid
AT2G24850 TAT TAT3 Response to jasmonic acid
AT1G19570 ATDHAR1 DHAR1 DHARS Response to jasmonic acid
AT1G61120 GES TPS04 TPS4 Response to jasmonic acid
AT5G44420 LCR77 PDF1.2 PDF1.2A Response to jasmonic acid

Aging and senescence related genes
AT3G02150 A-PTF-1 bHLHb1 PTF1 TCP13 TFPD Leaf senescence

AT1G66330 Leaf senescence
AT2G43570 CHI Leaf senescence
AT1G17020 ATSRG1 SRG1 Leaf senescence
AT5GS51720 At-NEET NEET Leaf senescence
AT5G13170 AISWEET15 SAG29 SWEET15 Leaf senescence/SAG (Senescence-associated gene)
AT2G29350 SAG13 Aging/SAG (Senescence-associated gene)
AT3G49620 DIN11 Aging
AT4G05320 UBIMO UBQ10 Aging
AT4G30270 MERI-5 MERISB SEN4 XTH24 Aging
AT5G20230 ATBCB BCB SAG14 SAG (Senescence-associated gene)
Flowering related genes
AT1G65480 FT RSB8 Flowering
AT2G45660 AGL20 ATSOC1 SOCH Flowering
AT5GE2430 CDF1 Flowering
AT3G47500 CDOF3 Flowering
AT1G26790 CDF6 Flowering
220
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Table S2. Primers used in this study.

Notes Primer Name Primer Sequence Notes Primer Name Primer Sequence
For vector construction For ChIP-QPCR
pcogKny  POOFW  AMAAGCAGGGTTCTATTGTTACATATGATGT CORE_PFT_FW  GTGGCTACCAAGTGGGAGAT
CORE1-2site
mGFP6 PCORV  AGAAAGCTGGGTCTTCACAAGAAAATTGAAGAGGAGA CORE pFT RV TAACTCGGGTCGGTGAAATC
EOrIZgROR pJAZI_FW AGCTTTGTTATATTGGAGGTAGGA
GCO_FW  CCCGAATTCATGTTGAAACAAGAGAGTAAC pJAZ1 site
co pJAZI_FW TTGTCACGAGAGGGAGAAATG
qCO_RV GGGCTCCAGTCAGGAGCTGAMGAGTTTCC
pJAZ3_FW GCTTCGCATCTCGTGAATCAT
GSAG13_FW GTGCCAGAGACGAAACTC pJAZ3 site
SAG13 pJAZ3_FW GCAGTGTGTGGCGTTTCT
GSAG13_RV GCTGTATAGTGTGTGGT
ACT7 TSS_FW  GCGATGTTTGAGTTTCAATAAACGCTGC
GSAG29_FW  GCCACCAGGGAGAAMAGG ACTTTSS
SAG29 ACT7_TSS_FW  CTCACCTTCAGCATTCCAGTTCCA
qSAG29 RV CCACGAAATGTGTTACCATTAGAA RO
roer qTOCT_FW  AACGGGGTGAATGTTGATTT COBBOXDNA YTH_BBOX_FW  ATGTTGAAACAAGAGAGTAAC
qTOC1_RV ~ CGGTTCTCCTCTTCTTCTTCTTC cloning YTH_BBOX_RV TCAGGAGCTGARAGAGTTTCC
e GHYS_FW  GCTGAAGAGGTTGTTGAGGA COVidde Ona  YTHMiddle FW  ATGACGACTACTCACCACGAA
gHY5 RV TCTCCAAGTCTTTCACTCTGTTT cloning YTH_Middle_RV ~ TCATGGACTGAGTTGTGTTAC
GPRRT_FW  GGAAGTGGTAGCGGAAACTTGG COCCTDNA YTH_CCT_FW GCCGAATTCATGATAACAGTAACACAACTC
PRRT ;
gPRR7_RV ~ CGTACGTTCTTTGGGAAGGACG claning YTH_CCT RV GGGCTCGAGTCAGAATGAAGGAACAATCCC
gLEA3 FW  CCATGGGTTCCAGATCCTAAA YTH_GOI1_FW GCCCCATGGATGGAGGATCCTGATATGAG
LEA3 COI1 DNA cloning
gLEA3 RV  TGCTTGTTGTTCAAGAGAATAGC YTH_COI1_RV CCCGTCGACTCATATTGGCTCCTTCAGGACTC
GCCA1 FW  TTTTAAACCATACAAMAGATGTTCCATGGAAGC YTH_MYC2_FW  CCCAGATCTATGACTGATTACCGGCTACAACC
CCA1 MYC2DNA cloning
GCCAI_RV  GGAAGCTTGAGTTTCCAACCG YTH_MYG2_RV GCCCCATGGTTAACCGATTTTTGAAATCAAMCTTGE
qUBQI0 FW GAAGTTCAATGTTTCGTTTCATGT YTH_JAZO_FW CCCGAATTCATGGAMGAGATTTTCTGGGTTTGAG
UBQ10 - JAZ9 DNA cloning
qUBQ10 RV GGATTATACAAGGCCCCAAAA YTH_JAZ9_RV GCCGGATCCTTATGTAGGAGAAGTAGAAGAGTAATTG
gACT2_FW  GTAACATTGTGCTCAGTGGTGG YTH_JAZ3 FW CCCGAATTCATGGAGAGAGA CTCGGGTTG
ACT2 - JAZ3DNA cloning
GACT2 RV CTCGGCCTTGGAGATCCAGATC YTH_JAZ3_RV CCCCTCGAGTTAGGTTGCAGAGCTGAGAGAAGAAC

For site-directed mutagenesis

mutpNIKYCO_FW
CO*[236A K23TA
mutpNIKYCO_RV

19

GAA CAGTTCAATGCCGCATATGGCTCCTCAG

CTGAGGAGCCATATGCGGCATTGAACTGAAAATTC



Table S3. Vectors used in this study.

Vector name Source
For plant ti i ti For Yeast Two Hybrid assay
PCO(2Kb) mGFPE This study BD-CO-BBox Serrano-Bueno et al., 2020
pCO(2Kb).CO This study
PCO(2Kb): CO3eA-K2TA} This study BD-CO-Middle Serrano-Bueno et al., 2020
HogE s BD-CO-CCT Serrano-Bueno et al., 2020
YFCAKINTO Ferrando et al., 2001 BD-CO~EEAETA el This stud
; - . -Middle is study
YFN:AKINTO F do et al., 2001
£Irando et . AD-COI This study
YFC:FLM Serrano-Bueno et al., 2020 AD-MYC2 This study
YFN:FLM Serrano-Bueno et al., 2020  _AD-JAZ9 This study
AD-JAZ3 This study
YFC.CO Serrano-Bueno et al., 2020 For FRET assay ,
YEN-CO Serrano-Bueno et al, 2020 - CFP-CO This study
YEC GOl This stud CFP-HYS This study
- IS Sucy YEP-FLM This study
YEN.COI1 Th!s study For CO degradation assay
YFC:-MYC2 Th!s study HA-CO This study
YFN:MYC2 Thl_s _sludy HA-ELM This study
YFC.JAZ1 Chini et al., 2009
YFN.JAZ1 Chini et al., 2009
YFC.JAZ2 Chini et al., 2009
YFN:JAZZ Chini et al., 2009
YFC.JAZ3 Chini et al., 2009
YFN:JAZ3 Chini et al., 2009
YFC.JAZ4 Chini et al., 2009
YFN:JAZ4 Chini et al., 2009
YFC.JAZD Chini et al., 2009
YFN-JAZS Chini et al., 2009
YFC.JAZG Chini et al., 2009
YFN-JAZE Chini et al., 2009
YFC.JAZT Chini et al., 2009
YFN:JAZT Chini et al., 2009
YFC.JAZ8 Chini et al., 2009
YFN.JAZ8 Chini et al., 2009
YFC.JAZ9 Chini et al., 2009
YFN:.JAZ9 Chini et al., 2009
YFC:JAZ10 Chini et al., 2009
YFN-JAZ10 Chini et al., 2009
YFC.JAZ11 Chini et al., 2009
YFN-JAZ 11 Chini et al., 2009
YFN-JAZ12 Chini et al., 2009
224 YFN:JAZ12 Chini et al., 2009

225

226

20



