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ABSTRACT

Leaf senescence is governed by a complex regulatory network involving the dynamic
reprogramming  of  gene  expression.  Age-dependent  induction  of
senescence-associated genes (SAGs) is associated with increased levels of
trimethylation of histone H3 at lysine 4 (H3K4me3), but the regulatory mechanism
remains elusive. Here, we found that JIMJ16, an Arabidopsis thaliana JmjC-domain
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containing protein, is a specific H3K4 demethylase that negatively regulates leaf
senescence through its enzymatic activity. Genome-wide analysis revealed a
widespread coordinated up-regulation of gene expression and hyper-methylation of
H3K4me3 at JMJ16-binding genes associated with leaf senescence in the
loss-of-function jmjl6 mutant compared to the wild type. Genetic analysis indicated
that IMJ16 negatively regulates leaf senescence, at least partly through repressing the
expression of positive regulators of leaf senescence, WRKY53 and SAG201. IMJ16
associates with WRKY53 and SAG201 and represses their precocious expression in
mature leaves by reducing H3K4me3 levels at these loci. The protein abundance of
IMJ16 gradually decreases during aging, which is correlated with increased
H3K4me3 levels at WRKY53 and SAG201, suggesting that the age-dependent
down-regulation of JMJ16 is required for the precise transcriptional activation of
SAGs during leaf senescence. Thus, JMJ16 is an important regulator of leaf
senescence that demethylates H3K4 at SAGs in an age-dependent manner.

INTRODUCTION

Leaf senescence is the highly ordered final stage of leaf development. This process is
characterized by the degradation of chlorophylls, nucleic acids, lipids, proteins, and
other macromolecules, and subsequently by programmed cell death and changes in
leaf color (Lim et al., 2007). The nutrients released during leaf senescence are
recycled to reproductive organs or actively growing young tissues (Woo et al., 2013).
Genome-wide transcriptional analyses revealed that dramatic changes in the
expression of thousands of senescence-associated genes (SAGs) occur during leaf
senescence; however, it is unclear how the transcriptional reprogramming of these
genes is regulated in a time-dependent manner (Li et al., 2012; 2014).

Various transcription factors, including NAC (NAM, ATAF, CUC), WRKY,
MYB, C2H2 zinc finger, bZIP (BASIC LEUCINE ZIPPER), and AP2
(APETALA2)/EREBP (ETHYLENE-RESPONSIVE ELEMENT-BINDING
PROTEIN) family proteins, play pivotal roles in the transcriptional regulation of
SAGs during leaf senescence in Arabidopsis thaliana (Balazadeh et al., 2008).
However, the expression of the genes encoding these transcription factors is also
regulated during leaf senescence, indicating that additional mechanisms determine the

onset of leaf senescence (Woo et al., 2013). For example, ORESARA1 (OREI, also
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known as ANAC092), a NAC transcription factor, positively regulates leaf
senescence (Kim et al., 2009). ORE1 expression increases during leaf aging, and this
increase is associated with an age-dependent, EIN2 (ETHYLENE-INSENSITIVE
PROTEIN2)-mediated decline in transcription of the microRNA miR164 (Kim et al.,
2009). Furthermore, WRKY53, a WRKY transcription factor, promotes leaf
senescence by regulating the expression of its target genes, including WRKY6,
WRKY22, and ORE9 (Miao et al., 2004; Robatzek and Somssich, 2002; Woo et al.,
2001; Zhou et al., 2011). WRKY53 expression increases at the onset of senescence but
is maintained at low levels before senescence (Ay et al., 2009). The age-dependent
induction of WRKY53 transcription is regulated by WHIRLY1 (WHY1), which
directly binds to the promoter region of WRKY53 and represses its expression (Miao
et al., 2013; Huang et al., 2018). During leaf senescence, WHY 1 gradually dissociates
from the WRKY53 promoter, and WRKY53 transcription is subsequently induced
(Miao et al., 2013). In addition, the induction of WRKY53 expression during
senescence is associated with increased trimethylation of histone H3 at lysine 4
(H3K4me3, a mark of actively transcribed chromatin) levels at the 5° end and coding
region of WRKY53 (Ay et al., 2009; Zhang et al., 2009). Genome-wide analysis of
changes in histone methylation during senescence revealed that a large proportion of
up-regulated SAGs are also associated with increased H3K4me3 levels (Brusslan et
al., 2012). However, how the H3K4me3 levels at WRKY53 and other SAGs are
regulated remains largely unknown.

Overexpression of SU(VAR)3-9 homolog SUVH2, which is involved in
RNA-directed DNA methylation, represses the expression of WRKY53 and other
SAGs by promoting ectopic H3K27me2/3 modifications (Ay et al., 2009; Liu et al.,
2014; Jing et al., 2016). However, the repression of WRKY53 expression prior to
senescence is not associated with silencing chromatin marks (such as H3K9me?2 and
H3K27me3) in the wild type, suggesting that increased H3K4me3 levels, rather than

decreased levels of silencing chromatin marks, underlie WRKY53 activation in the
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wild type (Ay et al., 2009). H3K4me3 methyltransferases and/or demethylases might
regulate the age-dependent dynamic regulation of H3K4me3 levels at WRKY53 and
other SAGs, but this remains to be elucidated (Yolcu et al., 2018). The Arabidopsis
genome contains six genes encoding homologs of lysine demethylase 5 (KDM5),
including JMJ14, JMJ15, IMJ16, IMJ17, IMJ18, and IMJ19 (Lu et al., 2008). Among
these, IMJ14, JMJ15, and JMJ18 have been shown to function as H3K4 demethylases
that regulate the transition to flowering (Lu et al., 2010; Yang et al., 2012a; 2012b).
However, the enzyme activities and functions of the other Arabidopsis KDM5 group
members have not been characterized.

In the current study, we demonstrated that Arabidopsis JMJ16 is a specific H3K4
demethylase that negatively regulates age-dependent leaf senescence through its
demethylase activity. Genome-wide analyses demonstrated that a loss-of-function
mutation in JMJ16 increases H3K4me3 levels and induces the expression of
numerous SAGs. Genetic and molecular analyses indicated that precociously
increased H3K4me3 levels in jmjl6 mutants at WRKY53 and SAG201, two known
positive regulators of leaf senescence (Miao et al., 2004; Hou et al., 2013), are
responsible for the early-senescence phenotype. Finally, we detected substantially
reduced levels of JMJ16 during the late stages of leaf development, which may be
responsible for the transcriptional activation of these SAGs. Together, these findings
uncover a mechanism by which an H3K4 demethylase regulates the transcriptional
reprogramming of SAGs during senescence by modulating H3K4me3 levels in an

age-dependent manner.

RESULTS

JMJ16 represses leaf senescence

IJMIJ16 (also known as PKDM7D) is a member of the KDMS5 group of proteins, which
mediate demethylation of mono-, di-, and trimethylated H3K4 (H3K4mel/2/3) in
humans (Lu et al., 2008). We found that jmjl6 loss-of-function mutants

(Supplemental Figure 1A and 1B) accumulated higher levels of ROS (reactive oxygen
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species) than wild type (Supplemental Figure 1D and 1E). Since increased ROS levels
and dynamic changes in H3K4 methylation homeostasis are often associated with leaf
senescence in Arabidopsis (Woo et al., 2013; Ay et al., 2009; Brusslan et al., 2012;
Pan et al, 2018), we speculated that JMJI6 might regulate leaf senescence.
Consistent with our speculation, we observed an early leaf senescence phenotype in
6.5-week-old jmjl6 T-DNA insertion mutant lines grown under long-day conditions,
i.e., jmjl6-1, -2, and -3, but not in the wild type (Figure 1A; left panel). The early leaf
senescence phenotype of the jmjl6 mutants was even more pronounced in 8-week-old
plants grown under long days (Figure 1A; right panel). On the other hand, mutations
in other KDMS5 family genes, including JMJ14, JMJI7, and JMJ18, did not lead to
altered leaf senescence (Supplemental Figure 2). Moreover, the chlorophyll content
and photochemical efficiency of photosystem II (Fv/Fm), two physiological
parameters that decrease during leaf senescence (Oh et al., 1996), were lower in the
jmjl6 mutants compared to the wild type (Figure 1B and 1C). In addition, the
expression of the senescence-associated gene SAGI2 was up-regulated in leaves 5 and
6 of 6.5-week-old jmjl6 plants, but not in the wild type (Figure 1D). Genetic
transformation of jmjl6-1 with JMJI6 genomic DNA completely rescued its
early-senescence phenotype (Figure 1E; Supplemental Figure 3A, 3C and 3D). These
results indicate that JMJ16 represses leaf senescence. In addition to the
early-senescence phenotype, the jmjl6 mutants exhibited silique abortion, which was
also rescued by the expression of JMJI6 (Figure 1F; Supplemental Figure 3B). We
also noticed that the jmj/6 mutants exhibited slightly earlier flowering than the wild
type (Supplemental Figure 1F). Although the jmj/4 mutation causes early flowering
(Lu et al., 2010), it did not affect leaf senescence (Supplemental Figure 2A). Thus, it
is unlikely that the slightly accelerated transition to flowering causes the strikingly

carly leaf senescence of jmj!6.

JMJ16 specifically demethylates H3K4 methylation

To examine the histone demethylase activity of JMJ16, we transiently expressed
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IMJ16-YFP-HA in wild tobacco (Nicotiana benthamiana) leaves and compared the
histone modification levels in transfected and non-transfected cells, as previously
described (Lu et al., 2010). In JMJ16-YFP-HA-expressing cells, H3K4mel/2/3
signals were substantially reduced (Figure 2A and 2C), whereas mono-, di-, or
trimethylation levels at H3K9, H3K27, and H3K36 were not affected (Supplemental
Figure 4A). Transient expression of JIMJ16m-YFP-HA, in which His381 and Glu383
(two conserved iron-binding amino acids) of JMJ16 were replaced with alanine,
abolished the H3K4 demethylase activity, indicating that the conserved iron-binding
amino acids are critical for the H3K4 demethylase activity of IMJ16 (Figure 2B and
20).

We then measured the H3K4 demethylase activity of JMJ16 in vitro as described
previously (Yang et al., 2010). Similar to GST-JMJ14s9s (Yang et al., 2010), affinity
purified recombinant protein GST-JIMJ16670 (A 670 amino acid fragment of JMJ16
containing the JmjN, JmjC and CSHC2 zinc finger domains) exhibited demethylation
activity for mono-, di-, and trimethylated H3K4, but not for H3K9, H3K27 or H3K36,
in vitro (Figure 2D; Supplemental Figure 4B). To confirm that JMJ16 has H3K4
demethylase activity in Arabidopsis, we generated transgenic Col-0 plants
overexpressing JMJ16-YFP-HA (referred to as JMJ16 OE; Supplemental Figure 5),
and examined the global mono-, di-, and trimethylation levels at H3K4.
Overexpression of JMJ16-YFP-HA caused a globally decrease in di- and
trimethylation but an increase in monomethylation levels at H3K4, which is similar to
what was observed for JMJ14-YFP-HA overexpression (Figure 2E and 2F). The
global hypermethylation of H3K4mel in JMJ16-YFP-HA overexpression plants
might have occurred because the expression level of IMJ16 was not sufficient to
catalyze the formation of enriched monomethylated H3K4 due to elevated
demethylation of H3K4me2/3 in these plants. Taken together, these results indicate

that JMJ16 is an H3K4-specific demethylase in Arabidopsis.
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JMJ16 negatively regulates the transcription and H3K4me3 levels of its target
genes

Since JMJ16 is an H3K4me3 demethylase (Figure 2) and H3K4me3 is associated
with active gene transcription (Zhang et al., 2009), we wanted to evaluate the direct
effect of depletion of JMJ16 on the transcription of its target genes. To identify
IMJ16-regulated genes at the genome-wide scale, we sequenced RNA from leaves 5
and 6 of 5-week-old wild type and jmji6-1 plants (Supplemental Data Set 1). At this
stage, the leaves were in the mature stage and fully expanded and exhibited no visible
yellowing in either the wild type or jmjl6-1 mutant. A total of 10.6 million (65.3%)
and 13.8 million (73.8%) clean reads were uniquely aligned to the Arabidopsis
reference genome, which were mapped to 15,988 and 15,842 genes in the wild type
and jmj16-1, respectively (TPM (Transcripts Per Kilobase Million) > 1). Among these,
3,355 genes were up-regulated (fold change > 1.5) and 2,594 genes were
down-regulated (fold change > 1.5) in jmjl6-1 compared with the wild type
(Supplemental Data Set 1).

To investigate whether these up-regulated genes in jmjl6-1 are directly
associated targets of JMJ16, we performed chromatin immunoprecipitation followed
by sequencing (ChIP-seq) to capture genome-wide direct binding targets of JMJ16. A
construct containing JMJ16-HA driven by the JMJI6 promoter was transformed into
jmjl6-1 (Supplemental Figure 6A to 6C). The expression of JMJ16-HA rescued the
early-senescence phenotype of jmjl6-1, indicating that the HA fusion proteins were
functional (Figure 3A). We performed ChIP-seq with anti-HA antibody in the leaves
of jmjl6-1 (as a negative control) and JMJ16-HA transgenic plants of the same stage
as those used in RNA-seq and identified 1,111 up-regulated genes with significantly
enriched binding (fold change > 2) in jmjl6-1 harboring JIMJ16-HA (Figure 4A;
Supplemental Data Set 2). These results indicate that highly up-regulated genes in

jmjl6-1 are direct targets of IMJ16.
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Since the homeostasis of H3K4me3 is dynamically maintained by the synergistic
effects of members of the methyltransferase and demethylase families, we were
interested in investigating whether the up-regulation of these JMJ16 target genes
exhibited significant changes in H3K4me3 modification at these loci. Thus, we
performed ChIP-seq using the anti-H3K4me3 antibody to identify genome-wide
hyper-methylated H3K4me3 loci in wild-type and jmjl6-1 leaves of the same stage as
those used in RNA-seq. In the jmjl6-1 mutant, H3K4me3 levels were increased at
least 1.5-fold for 4,539 genes compared with the wild type (Supplemental Data Set 3).
Among the 1,111 JMJ16 binding targets and transcriptionally up-regulated genes in
jmjl6-1, 370 genes exhibited hyper-methylation (fold change > 2) of H3K4me3
compared with the wild type (Figure 4A; Supplemental Data Set 4). These results
suggest that JMJ16 directly is associated with these 370 genes and dominantly
regulates H3K4me3 levels at these loci in wild-type plants. In jmjl6-1 plants, the
depletion of JMJ16 led to enhanced H3K4me3 levels at these loci, which
subsequently up-regulated the expression of these genes. Meta-gene analysis clearly
revealed increased H3K4me3 levels, especially at transcription start site (TSS)
regions, due to the depletion of JIMJ16 in jmjl6-1 (Figure 4D and 4F). Interestingly,
the direct JMJ16 binding regions of genes with enhanced H3K4me3 levels were
enriched in both the gene bodies and TSS regions (Figure 4E and 4F). Together, these
results strongly support the notion that JMJ16 primarily regulates gene expression
through the direct regulation of H3K4me3 levels in wild-type plants.

A comparison of JMJ16-associated genes and H3K4me3-hypermethylated genes
in jmjl6-1 with genes listed in the LSD 2.0 leaf senescence database (Li et al., 2014)
revealed that 325 genes were senescence-associated genes (Figure 4B; Supplemental
Data Set 5). Of the 325 H3K4me3 hypermethylated SAGs that were associated with
JMIJ16, 138 were transcriptionally up-regulated in jmjl6-1 (Figure 4C; Supplemental
Data Set 4). We selected five of these 138 overlapping SAGs to validate the RNA-seq

and ChIP-seq results. RT-qPCR and ChIP-qPCR analysis confirmed the up-regulated
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expression and increased H3K4me3 levels of all five genes, i.e., transcription factor
gene WRKYS53, SAG201, SAG13, Cysteine-Rich Receptor-Like Kinase gene CRK36,
and transmembrane protein gene At5g20790 in 5-week-old jmjl6-1 plants compared
with the wild type (Figure 4G to 41 and 4K to 4M; Supplemental Figure 7). These five
genes include two genes encoding known positive regulators of leaf senescence,
WRKY53 (Miao et al., 2004) and SAG201 (also known as SAUR36) (Hou et al., 2013),
as well as SAG13, CRK36, and At5g20790, which were all identified as JMJ16-target
genes (Supplemental Data Set 4). ChIP-qPCR analysis confirmed that JMJ16-HA was
directly associated with the chromatin regions of these genes (Figure 4J and 4N;

Supplemental Figure 7D, 7H and 7L).

The early-senescence phenotype of jmjl6 is at least partly due to up-regulated
WRKY53 and SAG201 expression

To determine if the early-senescence phenotype of jmjl6-1 is associated with
increased WRKY53 and/or SAG201 expression, we generated jmjl6-1 wrky53 and
jmjl6-1 sag20l double mutants by genetically crossing jmjl6-1 with the
delayed-senescence mutants, wrky53 and sag20l. Evaluation of age-triggered leaf
senescence in the wild type, double mutants, and the corresponding parental lines
indicated that both the wrky53 and sag20l mutations partially suppressed the
early-senescence phenotype of jmjl6-1 (Figure 5). Taken together, these results
indicate that JMJ16 regulates leaf senescence at least partly through regulating

WRKY53 and SAG201 expression.

Histone demethylase activity and specific domains of JMJ16 are required for the
regulation of leaf senescence

The fruit fly (Drosophila melanogaster) H3K4me3 demethylase, Lid, regulates
developmental processes independently of its demethylase activity (Li et al., 2010).
To determine whether the histone demethylase activity of JMJ16 is involved in the
regulation of leaf senescence, we expressed constructs containing JMJI6-HA or
JMJ16m-HA driven by the JMJI6 promoter in jmjl6-1 plants (Supplemental Figure

9
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6A to 6C). Although both IMJ16-HA and JMJ16m-HA were directly associated with
the chromatin region of WRKY53 (Figure 3D), the expression of JMJ16-HA, but not
IMJ16m-HA, rescued the early-senescence phenotype of jmjl6-1 and restored the
transcription and H3K4me3 of WRKY53 to wild type levels (Figure 3A to 3C),
indicating that the early-senescence phenotype of this mutant is associated with the
impaired histone demethylase activity of IMJ16.

JMJ16 contains five distinct domains, including the JmjN, JmjC, C5SHC2 zinc
finger (zf-C5HC2), F/Y-rich N-terminus (FYRN), and F/Y-rich C-terminal (FYRC)
domains (Lu et al., 2008). To determine which domains are required for JMJ16
function, we generated four JM.J16 mutant constructs harboring internal deletions of
the JmjN, JmjC, or zf-C5HC2 domains or both the FYRN and FYRC (FYRN/C)
domains driven by the JM.J16 promoter (Supplemental Figure 6A). Like jmj6 plants,
transgenic jmj16-1 plants expressing JmjN (Figure 3A to 3C; Supplemental Figure 6D
and 6E), JmjC (Figure 3A to 3C; Supplemental Figure 6F and 6G), or FYRN/C
(Figure 3A to 3C; Supplemental Figure 6] and 6K) internal deletion mutants of IMJ16
(referred to as JMJI6AJN-HA, JIMJ16AJC-HA, and JMJI6AFYR-HA, respectively)
exhibited an early-senescence phenotype, and the transcript and H3K4me3 levels of
WRKY53 were higher than those of wild type. By contrast, the expression of a IMJ16
deletion mutant lacking the zf~=CSHC2 domain (referred to as JMJI16AZF-HA) rescued
the early-senescence phenotype of jmjl6-1 and repressed the upregulated transcription
and H3K4me3 levels of WRKY53 in the jmjl6-1 genetic background (Figure 3A to 3C;
Supplemental Figure 6H and 61). These results indicate that the JmjN, JmjC, FYRN,
and FYRC domains, but not the zf~-CSHC2 domain, are required for the role of IMJ16
in the regulation of leaf senescence. We then investigated which domains of JMJ16
are required for its association with WRKY53. ChIP-qPCR analysis indicated that the
JmjC and FYR domains are essential for the association of IMJ16 with WRKYS53, but

the JmjN and zf~-C5SHC2 domains are not (Figure 3D).
Age-dependent down-regulation of JMJ16 may be responsible for the activation

10



241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

of SAG expression during senescence

To further elucidate the role of IMJ16 in regulating chromatin modifications of SAGs
during leaf senescence, we determined the transcript levels, protein abundance and
chromatin association of JMJ16 with SAGs during different developmental stages.
JMJ16 transcript levels slightly increased in wild-type plants during the aging process
(Figure 6A and 6B). We examined JMJ16 protein levels in JMJI6-HA transgenic
plants (JMJI16-HA driven by the JMJI6 promoter expressed in the jmjl6-1
background). Immunoblot analysis using anti-HA antibody revealed that JMJ16-HA
protein levels were slightly lower in the leaves of 5-week-old plants compared to
4-week-old plants but were substantially lower in the leaves of 6.5-week-old plants
(Figure 6C). In contrast to the reduced JMJ16 levels, the levels of IMJ16 at WRKY53
and SAG201 were slightly higher in the leaves of 5- and 6.5-week-old plants
compared to 4-week-old plants (Figure 6D).

Next, we monitored the transcript and H3K4me3 levels of WRKY53 and SAG201
at three developmental stages. In the leaves of 4-week-old wild-type and jmjl6-1
plants, WRKY53 and SAG201 transcripts were barely detectable, although basal levels
of H3K4me3 modification were present at these loci (Figure 6E and 6F). These
results suggest that JMJ16 does not affect the transcription or H3K4me3 levels of the
SAGs at this stage, because if IMJ16 has an impact, H3K4me3 and the transcript
levels of the SAGs would be higher in jmjl6-1. However, in the leaves of 5-week-old
plants, the transcript and H3K4me3 levels of these SAGs were substantially higher
jmjl6-1 plants, but not in the wild type (Figure 6E and 6F), although no visible
yellowing of leaves was observed in either line, suggesting that JIMJ16 was able to
affect gene expression and that the transition to senescence had begun in jmjl6-1 at
this stage. In the leaves of 6.5-week-old wild-type plants, the transcript and H3K4me3
levels of the SAGs significantly increased (Figure 6E and 6F), along with a
substantial reduction in the level of IMJ16 (Figure 6C). Taken together, these results

suggest that the decreasing abundance of JIMJ16 protein during the aging process may
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be responsible for the increased H3K4me3 status and transcript levels of SAGs and

the subsequent activation of leaf senescence.

DISCUSSION

The dynamic changes in H3K4me3 levels during leaf senescence may be regulated by
H3K4me3 methyltransferases and/or demethylases; however, the enzymes that
catalyze these changes have been elusive (Yolcu et al., 2018; Kim et al., 2018). We
identified a JmjC domain-containing protein, JMJ16, which specifically demethylates
H3K4me in Arabidopsis (Figure 2; Supplemental Figure 4). Loss-of-function jmjl6
mutants exhibited an early-senescence phenotype, which was rescued by
complementation with JMJ16 (Figure 1). The conserved iron-binding amino acids in
the JmjC domain of JMJ16 are required for its enzymatic activity and its regulation of
leaf senescence (Figure 2B and 2C, and Figure 3A to 3C). RNA-seq and ChIP-seq
analyses revealed that many SAGs are regulated by JMJ16 during leaf senescence
through alterations of their associated H3K4me3 levels (Figure 4; Supplemental
Figure 7). JMJ16 directly associates with the chromatin regions of WRKY53 and
SAG201 and prevents precocious up-regulation of the transcription and H3K4me3
levels of these genes to maintain proper leaf aging. This finding is supported by the
genetic evidence that the wrky53 and sag201 mutations suppress the early-senescence
phenotype of jmj16 (Figure 4] and 4N, and Figure 5).

In general, a histone demethylase is targeted to its target sites through its own
DNA-binding domain or those of its partner proteins. For example, the H3K27
demethylase, RELATIVE OF EARLY FLOWERING6 (REF6), targets specific sites
through its four tandem arrays of C2H2 zinc-finger domains, which directly bind to
the CTCTGYTY motifs (Y=C/T) in its targets (Cui et al., 2016; Wang et al., 2018).
The H3K4 demethylase, JMJ14, directly interacts with NAC domain-containing
transcription factors through its FYRN/C domains, and the NAC transcription factors

are required for the recruitment of JMJ14 to its specific target sites (Zhang et al.,
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2015). The factors that determine the target specificity of JMJ16 are currently
unknown. JMJ16 contains JmjN, JmjC, zf-CSHC2, and FYRN/C domains (Lu et al.,
2008). Studies in budding yeast (Saccharomyces cerevisiae) revealed that the JmjN
domain is essential for the catalytic activity and protein stability of JmjC (Quan et al.,
2011; Chang et al., 2011; Klose et al., 2007; Liang et al., 2013). Expression of a
JMJ16 mutant protein lacking the JmjN domain did not rescue the early
senescence-related phenotypes of jmjl6, but it did not affect its association with
WRKY53, suggesting that the JmjN domain is critical for the catalytic activity of
JMIJ16 but does not affect its association with chromatin (Figure 3). In budding yeast
and mammals, the zf~-C5HC2 domain of JmjC proteins is thought to be involved in
DNA binding and is required for the protein’s function (Li et al., 2010; Liang et al.,
2013). Strikingly, however, in JMJ16, the zf-C5HC2 domain is dispensable for its
role in regulating leaf senescence and its association with chromatin (Figure 3),
suggesting that other domain(s) of JIMJ16 might be involved in its association with
chromatin, such as the FYRN/C domains, since JMJ16 lacking FYRN/C domains
could not associates with its targets and was subsequently not be able to rescue the
early-senescence phenotype of jmjl6 (Figure 3). Similar to JMJ14, the FYRN/C
domains of JMJ16 may interacts with transcription factors, which recruit this protein
to its specific target sites. The identification of JMJ16-interacting proteins should help
us decipher the detailed mechanism underlying how JMJ16 is recruited to specific
chromatin target sites and regulates the H3K4 methylation status of
senescence-associated genes.

In animals, the histone H3K9 methyltransferase, G9a, stabilizes the association of
both H3K4 methyltransferase (MLL2/KMT2D) and H3K4 demethylase
(Jaridla/KDMS5A) at transcriptionally repressive target genes, where Jarid1a/KDMSA
removes the MLL2/KMT2D-mediated active mark H3K4me3 (Chaturvedi et al.,
2012). The detailed examination of H3K4me3 levels at the WRKY53 and SAG201 loci

during leaf senescence performed in the current study suggested that H3K4me3
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modification is regulated by both H3K4me3 methylation and demethylation processes
(Figure 6). The H3K4me3 levels of SAGs in 4-week-old wild-type and jmjl6 leaves
were similar (Figure 6F), suggesting that H3K4me3 levels are tightly controlled
during this developmental stage in both the wild type and jmj/6 mutant. In the leaves
of 5-week-old (mature stage) JMJ16-HA complementation lines, the levels of
association of WRKY53 and SAG201 with JMJ16 were slightly higher than those of
the wild type (Figure 6D), but the H3K4me3 levels of the SAGs were not reduced in
the wild type (Figure 6F). In jmji6-1, however, H3K4me3 levels at these loci were
substantially up-regulated at the mature stage (Figure 6F), suggesting that H3K4
methylation activity may also be required to maintain balance between H3K4me3
methylation/demethylation status at the mature stage. In the leaves of 6.5-week-old
JMJ16-HA complementation lines, JMJ16 protein levels were substantially reduced
(Figure 6C), and H3K4me3 levels at WRKY53 and SAG201 were increased in the wild
type (Figure 6F), suggesting that the balance of H3K4me3 methylation/demethylation
started to shift towards methylation in the wild type. Taken together, these findings
suggest that the age-dependent increase in H3K4 levels of SAGs is regulated by both
H3K4 methyltransferase(s) and JMJ16 in Arabidopsis and that the gradually
decreasing levels of JMJ16 during leaf aging may contribute to the up-regulation of
H3K4me3 levels observed for the SAGs. Although the detailed mechanisms are
unknown, H3K4me3 methylation/demethylation are thought to be involved in
regulating aging in mammals (Greer et al, 2010). Thus, H3K4me3
methyltransferase/demethylase may have conserved functions in the regulation of

aging in both plants and mammals.

METHODS
Plant materials and growth conditions

All Arabidopsis thaliana lines used in this study were in the Col-0 background. The

jmj16-1 (SAIL_535 F09), jmjl6-2 (SAIL_80 F06), jmjl6-3 (SALK 029530),
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Jjmjl17-1 (SALK 014109), jmjl7-2 (SALK 037362), and sag20! (SALK 142329)
lines were obtained from the Nottingham Arabidopsis Stock Centre. The jmji4-1
(SALK 135712) and jmji8-1 (SALK 073422) were described previously (Lu et al.,
2010; Yang et al., 2012a). The wrky53 mutant (SALK 034157) was a gift from Dr.
Ulrike Zentgraf (Department of General Genetics, University of Tuebingen) and has
been described in a previous report (Miao and Zentgraf, 2007). The wrky53 jmjl6 and
sag201 jmjl6 double mutants were generated by genetic crossing of jmjl6-1 with
wrky53 and sag201, respectively. The primers used for genotyping are listed in
Supplemental Data Set 6. Surface-sterilized seeds were imbibed for 3 d at 4°C to
break seed dormancy. The stratified seeds were grown on MS plates for 6 days, and
the seedlings were transferred to soil. All plants were grown in a culture room at 22°C
under a 16-h-light (approximately 100 umol m™ sec'; five 6500 K T5 fluorescent

lamps plus one 2700 K T5 fluorescent lamp)/8-h-dark cycle.

Analysis of leaf senescence phenotypes

Rosette leaves of plants at the indicated developmental stages were detached and
photographed. The mature stage and early senescence (ES) stages mentioned in this
article were defined based on previous work, with minor modifications (van der
Graaff et al., 2006). Briefly, mature stage leaves indicate fully expanded leaves 5 and
6 of plants without a visible yellowing phenotype. Early senescence leaves represent
leaves 5 and 6 of plants with an approximately 10-25% tip-yellowing phenotype. The
chlorophyll content analysis method has been described previously (Porra et al., 1989).
The Fv/Fm ratio was determined using a PAM 2000 portable chlorophyll fluorometer
connected by a leaf-clip holder with a trifurcated fiber optic cable (Heinz Walz,

Germany) based on previous work (Cai et al., 2010).

Plasmid construction

To generate pCambial303-ProJMJ16:JMJ16, a fragment containing a 2.0-kb
promoter region and 3.2-kb genomic fragment of JMJI16 was amplified with primer
pairs MiniPro and genomicl-F Sall/ MiniPro and genomicl-R Ncol and cloned into
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the pBluescript vector to generate pBluescript-JIMJ16P/G1. pBluescript-JMJ16P/G1
was digested with Sa/l/Ncol and inserted into the Sal/l/Ncol sites of the pCambial303
vector to generate pCambial303-JMJ16P/G1. The remaining genomic fragment of
IMJ16 was amplified with the No-genomic2 F/No-genomic2-R primer pair and
digested with Ncol to generate a 5’-sticky/3’-blunt end insert (JMJ16G2).
pCambial303-JIMJ16P/G1 was digested with BszEIl, blunted with Mung bean enzyme,
and digested with Ncol. The digested JMJ16G2 insert was ligated into the
pCambial303-JIMJ16P/G1 vector to generate pCambial 303-ProJMJ16:JMJ16.

To generate pCambial300-ProJMJ16:JMJ16AIN-HA,
pCambial300-ProJMJ16:JMJ16AJC-HA, pCambial300-ProJMJ16:JIMJ16AZF-HA,
and pCambial300-ProJMJ16:JMJ16AFYR-HA, a genomic DNA fragment containing
the promoter and coding region of JMJ16 was amplified with the J16 Promoter Xmal
F/J16 No stop Sall R primer pair, and ligated into the pBluescript vector to generate
pBluescript-JMJ16P/G. Fragments containing each internal deletion were generated
using specific primers listed in Supplemental Data Set 6, and the wild-type JMJI6
genomic sequence in pBluescript-JMJ16P/G was replaced with each of these
fragments. These pBluescript-/JMJI16 deletion constructs were digested with
Xmal/Sall and ligated into the Xmal/Sall sites of the modified pCambial300-HA
vector.

To construct pCambial300-ProJMJ16:JMJ16-HA (XF2090), approximately 0.8
kb of the 3’UTR of JMJI16 was cloned using the CX9288 and CX9289 primers and
introduced into pCambial300-HA after Ncol digestion. The full-length genomic
region and native promoter of JMJI6 were then amplified using the CX9286 and
CX9287 primers and inserted into pCambial300-HA-UTR by Xmal and Pstl
digestion. pJMJ16:JMJ16m-HA (XF2091) was generated by site-directed
mutagenesis using a QuickChange Kit (Stratagene) with the HX2343 and HX2344
primers.

To construct pEG101-Pro35S:JMJ16-YFP-HA (XF2177), the full-length
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genomic coding region of JMJI6 was amplified using the CX3619 and CX3620
primers, cloned into pENTR/D-TOPO (Invitrogen), and introduced by the LR
reaction into the pEarleyGatel01 (pEG101) vector with a C-terminal YFP-HA tag.
pEG101-Pro35S:JMJ16m-YFP-HA (XF2178) was generated by site-directed
mutagenesis using a QuickChange Kit (Stratagene) with the HX2343 and HX2344
primers.

To construct pGEX-5X-1-JMJ14s96, a 1,788 bp cDNA fragment of JMJI4 was
amplified with primer pairs J14 (596) Sall F and J14 (596) Notl R. The PCR product
was digested with Sall/Nofl and inserted into the Sa/l/Nofl sites of the pGEX-5X-3
vector to generate pGEX-5X-3-JMJ145¢s.

To construct pGEX-5X-1-JMJ16670, a 2,010 bp cDNA fragment of JMJI6 was
amplified with primer pairs J16 (670) Xbal F and J16 (670) Sall R. The PCR product
was digested with Xbal/Sall and inserted into the Xbal/Sall sites of the

pGEX-5X-1-Myc vector to generate pGEX-5X-1-JMJ16¢7.

Transgenic plant generation

The pCambial303-ProJMJ16:JMJ16, pCambial300-ProJMJ16:JMJ16-HA,
pCambial300-ProJMJ16:JMJ16m-HA, pCambial300-ProJMJ16:JMJ16AIN-HA,
pCambial300-ProJMJ16:JIMJ16AJC-HA, pCambial300-ProJMJ16:JMJ16AZF-HA,
and pCambial300-ProJMJ16:JIMJ16AFYR-HA constructs were transformed into
Agrobacterium tumefaciens cells (strain GV3101) and then stably transformed into
jmjl6-1 mutant plants using the floral dip method (Clough and Bent, 1998).
pEG101-Pro35S:JMJ16-YFP-HA was stably transformed into Arabidopsis wild-type

Col-0 as described above.

In vivo histone demethylation assay

The procedures used for the in vivo histone demethylation assay were described
previously (Lu et al, 2011). Briefly, pEG101-Pro35S:JMJ16-YFP-HA and
pEG101-Pro35S:JMJ16m-YFP-HA constructs were transformed into Agrobacterium
tumefaciens cells (strain EHA105), and the cells were then infiltrated into Nicotiana
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benthamiana leaves. To determine the specific histone methylation status,
immunostaining was performed using histone methylation-specific antibodies
(H3K4me3: Millipore 07-473, 1:100; H3K4me2: Millipore 07-030, 1:500; H3K4mel:
Millipore 07-436, 1:100; H3K9me3: Millipore 07-442, 1:100; H3K9me?2: Millipore
07-441, 1:200; H3K9mel: Millipore 07-450, 1:100; H3K27me3: Millipore 07-449,
1:100; H3K27me2: Millipore 07-452, 1:100; H3K27mel: Millipore 07-448, 1:100;
H3K36me3: Abcam ab9050, 1:100; H3K36me2: Millipore 07-274, 1:100; and
H3K36mel: Millipore 07-548, 1:100) and Alexa Fluor 488-conjugated goat
anti-rabbit (1:200, Invitrogen). The YFP and Alexa Fluor 488 fluorescent signals were
photographed under a fluorescence microscope (Olympus BX51). ImageJ (National
Institutes of Health) software was used to quantify the fluorescent signals in

immunolabeled nuclei as described previously (Lu et al., 2011).

In vitro histone demethylation assay

An in vitro demethylation assay was performed as previously described, with minor
modifications (Yang et al., 2010). Briefly, GST-JIMJ14595, GST-JMJ166790 and GST
proteins were expressed in E. coli and affinity purified with Glutathione Sepharose 4B
resin (GE Healthcare). 4.0 ug of calf thymus histones (Sigma H9250) were incubated
with affinity-purified GST-JMJ14s9 (1 ug), GST-IMJ16679 (2 nug) or GST (5 ug) in
40 ul reaction buffer (20 mM Tris-CI pH 7.5, 150 mM NaCl, 50 uM Fe(NH4)2(S04)s,
1 mM a-ketoglutarate, 2 mM ascorbate) for 5 h at 37°C. The reaction product was
analyzed by protein gel blot analysis with anti-H3K4me3 (Abcam ab8580),
anti-H3K4me2 (Millipore 07-030), anti-H3K4mel (Millipore 07-436), H3K9me2
(Millipore 07-441), H3K9mel (Millipore 07-450), H3K27me3 (Millipore 07-449),
H3K27me2 (Millipore 07-452), H3K27mel (Millipore 07-448), H3K36me3 (Abcam
ab9050), H3K36me2 (Millipore 07-274), H3K36mel (Millipore 07-548) and anti-H3

(Abcam ab1791).

RNA extraction and RT-qPCR analysis
Total RNA was extracted from seedlings and rosette leaves with TRIZOL (RNAiso
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Plus TaKaRa) and reverse transcribed with a Revert Aid First Strand cDNA Synthesis
Kit (Thermo Scientific). RT-qPCR analysis was performed on a MP3000 instrument
(Stratagene) with SYBR Premix ExTaq (TaKaRa), 40 cycles were used for all gPCR
analyses. Primer sequences for RT-qPCR analysis are listed in Supplemental Data Set

6.

Chromatin immunoprecipitation assay (ChIP) and library preparation

ChIP was performed as described previously with minor modifications (Lu et al.,
2011). Briefly, 1 g of tissue from leaves 5 and 6 at the indicated developmental stages
from Col-0, jmjl6-1 and transgenic jmjl6-1 plants expressing full-length JMJ16,
IMJ16m, JmjN, JmjC, zf-CSHC2 or FYRN/C internal deletion mutants driven by its
own promoter were harvested, ground in liquid nitrogen, and cross-linked with
formaldehyde. Anti-HA (Sigma H6908), anti-H3K4me3 (Millipore 07-473) and
anti-H3 (Abcam ab1791) were used for immunoprecipitation as described previously
(Zhang et al., 2015). Immunoprecipitated DNA was used for ChIP-seq DNA library
preparation or qPCR analysis. A ChIP-seq library was constructed using the

NEBNext® DNA Library Prep Master Mix Set for [llumina® (NEB, E6040S).

ChIP-seq and RNA-seq analysis

ChIP-seq reads were aligned to the Arabidopsis thaliana genome (TAIR10 release)
using Bowtie 2 (Langmead and Salzberg, 2012) with default parameters and the local
alignment model. Duplicated reads and low mapping quality reads (MAQ<30) were
identified and removed using Samtools (Li et al., 2009). Enriched intervals were
identified using MACS (Zhang et al., 2008) with default parameters. Density maps of
reads for visualization were based on counts of the 200-bp extension of sequencing
reads in the 3’ direction (as described in Ernst et al., 2011) followed by RPGC (Reads
Per Genomic Content) normalization. Hypermethylation of H3K4me3 between the
jmj16 mutant and wild type were detected using the ChIPDiff program with a 1.5-fold
change as described previously (Lu et al., 2011). Significantly enriched regions of
JMJ16 were identified based on 2-fold change comparing to the jmjl6-1 genetic
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background. RNA-seq reads were firstly aligned to the Arabidopsis thaliana
transcriptome (based on the TAIR10 annotation) using TopHat 2 (Kim et al., 2013)
with default parameters for further visualization in IGB (Integrated Genome Browser
from BioViz) with ChIP-seq data. Meanwhile, RNA-seq reads were remapped and
quantitatively evaluated using Salmon (Patro et al., 2017). Differentially expressed
genes between the jmjl6-1 mutant and wild type were identified using 1.5-fold
change as the cut-off. Meta-gene analysis and heatmap plotting were performed using

deepTools (Ramirez et al., 2016).

Statistical analysis
Data were analyzed by Student’s #-test or one-way ANOVA with Tukey’s honestly

significant difference test (Supplemental Data Set 7).

Accession Numbers

Sequence data from this study can be found in the Arabidopsis Genome Initiative
database under the following accession numbers: CRK36 (At4g04490), elF4a
(At3g13920), JIMJ14 (At4g20400), JMJ16 (At1g08620), JMJI17 (Atl1g63490), JMJ18
(At1g30810), SAGI2 (At5g45890), SAGI3 (At2g29350), SAG201 (At2g45210),
UBC21 (At5g25760), WRKY53 (At4g23810). RNA-seq and ChIP-seq data from this
article can be found in the Gene Expression Omnibus data library under accession

number GSE115362.

Supplemental Data

Supplemental Figure 1. Characterization of jmj/6 T-DNA insertion mutants.
Supplemental Figure 2. Mutation in JMJ16, but not JMJ14, JMJ17 or JMJI18, causes
early senescence phenotype.

Supplemental Figure 3. Additional examples of JMJ16 complementation transgenic
plants.

Supplemental Figure 4. JMJ16 does not exhibit H3K9, H3K27, or H3K36

demethylase activity in vivo or in vitro.
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Supplemental Figure 5. JIMJ16 expression levels in JMJI16 OF transgenic plants.
Supplemental Figure 6. Characterization of transgenic plants expressing JMJ16
mutant proteins.

Supplemental Figure 7. Transcript and H3K4me3 methylation levels of JMJ16-HA
associated genes are up-regulated in jmj16-1.

Supplemental Data Set 1. Differentially expressed genes in jmj16-1.

Supplemental Data Set 2. JMJ16 target genes.

Supplemental Data Set 3. Hypermethylation of H3K4me3 in jmj6-1.

Supplemental Data Set 4. JMJ16 target genes with upregulated expression and
hyperH3K4me3 in jmji6-1.

Supplemental Data Set 5. LSD 2.0 genes with JMJ16 binding and hyperH3K4me3
injmjl6-1.

Supplemental Data Set 6. Primers used in this study.

Supplemental Data Set 7. Parameters used for ANOVA statistical analyses.
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Figure 1. Leaf senescence phenotypes of jmj16 T-DNA insertion mutants and complementation transgenic plants.

(A) Leaf senescence phenotypes. Plants were grown under long-day conditions for 6.5 weeks (left panel) or 8 weeks
(right panel).

(B) to (D) Chlorophyll content (B), Fv/Fm ratio (C), and expression level of SAG72 (D) in leaves 5 and 6 of 6.5-week-
old plants. Relative expression was normalized to that of elF4a. Error bars represent + SD (n=3). Different letters
indicate significant differences among genotypes based on one-way ANOVA with Tukey’s honestly significant
difference test (P < 0.0001).

(E) Leaf senescence phenotypes of 7-week-old wild-type, jmj16, and complementation plants.

(F) The jmj16-1 mutant exhibits an aborted silique phenotype, which is rescued by the expression of JMJ16. Six-week-
old plants were photographed; a magnified view of the area in the rectangle is shown in the bottom panel. Arrow
indicates aborted silique. COM indicates the expression of JMJ16 driven by its own promoter in jmj16-1.
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Figure 2. JMJ16 is an H3K4 demethylase.

(A) IMJ16-YFP-HA exhibits H3K4me1/2/3 demethylase activity in Nicotiana benthamiana leaves.

(B) Mutations in conserved Fe (ll) binding amino acids (JMJ16m-YFP-HA) abolish its H3K4me1/2/3 demethylase
activity in Nicotiana benthamiana leaves. In (A) and (B), JMJ16-YFP-HA and JMJ16m-YFP-HA expression in Nicotiana
benthamiana nuclei (arrows) was visualized by monitoring YFP fluorescence (green, middle panel). The histone
methylation status was analyzed by immunostaining with specific histone methylation antibodies (red, right panel). The
location of nuclei was visualized using DAPI staining (blue, left). Scale bars indicate 5 um.

(C) Statistical analysis of the levels of fluorescent signals in (A) and (B). At least 25 pairs of JMJ16-YFP-HA- or
JMJ16m-YFP-HA-expressing versus non-expressing nuclei in the same field of view were analyzed. Error bars
represent + SD. Different letters indicate significant differences based on one-way ANOVA with Tukey’s honestly
significant difference test (P < 0.01).

(D) GST-JMJ16670 exhibits H3K4me1/2/3 demethylase activity in vitro. E. coli-expressed and affinity purified GST-
JMJ16670 was incubated with calf thymus histone, and the H3K4 methylation status were determined using methylation-
specific antibodies. GST-JMJ14s596 was used as a positive control and anti-H3 was used as a loading control.

(E) Global H3K4 methylation status of 10-day-old plants. JMJ14 OE and JMJ16 OE indicate the expression of JMJ14-
YFP-HA and JMJ16-YFP-HA driven by the 35S promoter in Col-0, respectively. Methylation-specific antibodies were
used to determine the global H3K4 methylation status. Anti-H3 was used as a loading control.

(F) Quantification analysis of (E). Immunoblots of three biological replicates were quantified, each replicate means that
immunoblots were performed using freshly prepared protein extracts from Col-0, JMJ14-OE and JMJ16 OE (#14-3 and
#18-3). Error bars represent + SD. Different letters indicate significant differences among genotypes based on one-way
ANOVA with Tukey’s honestly significant difference test (P < 0.05).
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Figure 3. The demethylase activity and JmjN, JmjC, and FYR-rich domains of JMJ16 are required for the regulation of
leaf senescence.

(A) Quantification of the leaf senescence phenotypes of 7-week-old plants grown under long-day conditions, as
mentioned in Supplemental Figure 2. Error bars indicate + SE.

(B) RT-gPCR analysis of WRKY53 expression levels. elF4a was used as an internal control.

(C) ChIP-gPCR analysis of H3K4me3 methylation status at the WRKY53 locus. Anti-H3 and actin were used as internal
references for ChIP-qgPCR.

(D) ChIP-gPCR analysis of the association of JMJ16-HA and its mutant proteins with the WRKY53 locus. A specific
primer corresponding to the WRKY53 R1 region (indicated in Figure 4) was used in the ChIP-gPCR analysis. Actin
was used as an internal control.

Different letters indicate significant differences among genotypes based on one-way ANOVA with Tukey’s honestly
significant difference test (P < 0.0001).

Leaves 5 and 6 of 5-week-old long-day-grown plants were used for RT-gPCR and ChIP-gPCR analyses. Error bars
represent £ SD (n=3).
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Figure 4. The transcription and H3K4me3 methylation levels of many SAGs are upregulated in jmj16-1.

(A) Venn diagram showing the overlap among genes that are transcriptionally up-regulated in jmj16-1, H3K4me3
hypermethylated genes in jmj16-1 and JMJ16-HA associated genes.
(B) Venn diagram showing the overlap among SAGs from Arabidopsis LSD2.0, H3K4me3 hypermethylated genes in



jmj16-1 and JMJ16-HA associated genes.

(C) Venn diagram showing the significant overlap (Fisher’s exact test, p-value = 9.64E-178) between the 370 targets
from (A) and the 325 targets from (B).

(D) Normalized read density of H3K4me3 ChIP-seq signals at the TSS of JMJ16 target genes in Col-0 and jmj16-1.
(E) Normalized read density of JMJ16-HA ChlP-seq signals in the gene bodies of JMJ16 target genes and the same
number of randomly selected genes.

(F) Heatmaps of the gene body regions of JMJ16 target genes ranked by H3K4me3 levels in jmj16-1, showing
concordant pattern of ChlP-seq signals of JMJ16-HA and H3K4me3 in Col-0 and jmj16-1.

(G) and (K) Genome tracks of RNA-seq, anti-H3K4me3 and anti-HA ChIP-seq data for WRKY53 (G) and SAG201 (K)
loci in Col-0, jmj16-1 and JMJ16-HA plants. Structures of WRKY53 and SAG201. R1 and R2, specific regions used for
ChIP-gPCR analysis. Y axis value means normalized read counts.

(H) and (L) RT-gPCR analysis of WRKY53 (H) and SAG201 (L) expression levels. elF4a was used as an internal
control. Error bars represent + SD (n=3). Significant difference between Col-0 and jmj16-1 was determined by Student’s
t-test (****: P < 0.0001).

(I) and (M) ChIP-gPCR analysis of H3K4me3 methylation status at the WRKY53 (l) and SAG201 (M) loci. Anti-H3 and
actin were used as internal references for ChIP-qPCR. Significant difference between Col-0 and jmj16-1 was
determined by Student’s t-test (****: P < 0.0001).

(J) and (N) ChIP-gPCR analysis of the association of JMJ16-HA with the WRKY53 (J) and SAG2017 (N) locus. Specific
primers corresponding to the WRKY53 R1 region and SAG207 R2 region were used in the ChIP-gPCR analysis. Actin
was used as an internal control. Different letters indicate significant differences among genotypes based on one-way
ANOVA with Tukey’s honestly significant difference test (P < 0.0001).

Leaves 5 and 6 of 5-week-old long-day-grown Col-0, jmj16-1, and JMJ16-HA plants were used for RNA-seq, ChIP-seq,
gRT-PCR, or ChIP-gPCR analyses. Error bars represent £ SD (n=3).
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Figure 5. JMJ16 negatively regulates leaf senescence at least partly through WRKY53 and SAG201.

(A) and (B) wrky53 (A) and sag201 (B) mutations partially suppressed the early-senescence phenotype of jmj16. Leaf
senescence phenotypes of 7-week-old plants grown under long-day conditions.

(C) and (D) Quantification of the leaf senescence phenotype of 7-week-old plants grown under long-day conditions, as
mentioned in Supplemental Figure 2. The means from three independent experiments and 15 plants were determined
in each experiment. Error bars indicate + SE.

(E) to (J) Expression level of SAG12 (E and F), Fv/Fm ratio (G and H) and Chlorophyll content (I and J) in leaves 5 and
6 of 6.5-week-old plants. Relative expression was normalized to that of e/F4a. Error bars represent £+ SD (n=3). Different
letters indicate significant differences among genotypes based on one-way ANOVA with Tukey’s honestly significant
difference test (P < 0.0001; n.d. indicates not detected).
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Figure 6. JMJ16 regulates SAG expression in an age-dependent manner.

(A) Expression levels of JMJ16 and SAG12 in the leaves of long-day-grown wild-type plants at the indicated
developmental stages. Young: non-senescent and not fully expanded leaves; Mature: non-senescent and fully
expanded leaves; ES: early senescing stage leaves; LS: late senescing stage leaves. Relative expression was
normalized to that of e/F4a. Error bars represent + SD (n=3).

(B) Expression levels of JMJ16 and SAG12 in leaves 5 and 6 of long-day-grown wild-type plants at the indicated
developmental stages. Relative expression was normalized to that of e/F4a. Error bars represent + SD (n=3).

(C) JMJ16-HA protein levels in leaves 5 and 6 of long-day-grown JMJ16-HA (#9-7 and #10-3) transgenic plants at the
indicated developmental stages. Total protein extracts isolated from Col-0 or jmj16-1 were used as negative controls.
Anti-actin (EASYBIO BE0027) was used as a loading control. Anti-HA antibody (Sigma H6908) was used to detect
JMJ16-HA. JMJ16-HA indicates the expression of JMJ16-HA driven by the JMJ16 promoter in jmj16-1. 4 W, 5 W, and
6.5 W indicate 4-, 5-, and 6.5-week-old plants grown under long-day conditions, respectively.

(D) ChIP-gPCR analysis of the association of JIMJ16-HA with the WRKY53 (left) and SAG201 (right) loci at the indicated
developmental stages. Specific primers corresponding to the WRKY53 R1 region and SAG201 R2 region (indicated in
Figure 3) were used in the ChIP-gPCR analysis. Actin was used as an internal control. Leaves 5 and 6 of jmj716-1 and
JMJ16-HA plants were used for analyses. Error bars represent + SD (n=3).

(E) RT-gPCR analysis of WRKY53 (left) and SAG201 (right) transcript levels. elF4a was used as an internal control.
(F) ChIP-gPCR analysis of the H3K4me3 methylation status at the WRKY53 (left) and SAG201 (right) loci. Anti-H3 and
actin were used as internal references for ChIP-gPCR. Leaves 5 and 6 of long-day-grown Col-0 and jmj16-1 plants at
the indicated developmental stages were used in the RT-qPCR and ChIP-gPCR analyses. Error bars represent + SD
(n=3).

Different letters indicate significant differences based on one-way ANOVA with Tukey’s honestly significant difference
test (P < 0.0001; n.d. indicates not detected).
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