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Introduction

Fleshy fruits represent an important food source for humans. The
ripening of fleshy fruits is a unique developmental process that
Arabidopsis and rice lack, involving dramatic changes in color,
texture, flavor and nutrition. Fruit ripening usually commences
after growth ceases. The ripening process is controlled by a com-
plex network of endogenous factors and exogenous cues (Sey-
mour ¢t al, 2013), and unraveling its regulatory network is
therefore important for developing strategies to improve nutri-
tional and sensory qualities (Giovannoni et al., 2017).

Tomato has been used as a model system to study the mechanism
underlying the regulation of fruit ripening because of relative ease of
genetic transformation, short life cycle and well-annotated genome
(Giovannoni ez al., 2017). The plant hormone ethylene is consid-
ered the main trigger of the tomato ripening process. Ethylene is
biosynthesized by two key enzymes, aminocyclopropane-1-
carboxylate (ACC) synthase (ACS) and ACC oxidase (ACO), and

initiates ripening-related transcriptional responses via a series of

Summary

e The ripening of fleshy fruits is a unique developmental process that Arabidopsis and rice
lack. This process is driven by hormones and transcription factors. However, the critical and
early regulators of fruit ripening are still poorly understood.

e Here, we revealed that SIMJ7, an H3K4 demethylase, is a critical negative regulator of fruit
ripening in tomato.

e Combined genome-wide transcription, binding sites, histone H3K4me3 and DNA methyla-
tion analyses demonstrated that SIJMJ7 regulates a key group of ripening-related genes,
including ethylene biosynthesis (ACS2, ACS4 and ACO®), transcriptional regulation (RIN and
NOR) and DNA demethylation (DML2) genes, by H3K4me3 demethylation. Moreover, loss
of SIJMJ7 function leads to increased H3K4me3 levels, which directly activates ripening-
related genes, and to global DML2-mediated DNA hypomethylation in fruit, which indirectly
prompts expression of ripening-related genes. Together, these effects lead to accelerated fruit
ripening in sljmj7 mutant.

e Our findings demonstrate that SUMJ7 acts as a master negative regulator of fruit ripening
not only through direct removal of H3K4me3 from multiple key ripening-related factors, but
also through crosstalk between histone and DNA demethylation. These findings reveal a novel
crosstalk between histone methylation and DNA methylation to regulate gene expression in
plant developmental processes.

signal transduction processes (Gray et al., 1994). The complex reg-
ulatory network of tomato fruit ripening has been well character-
ized. Several transcription factors, such as RIN, NOR and CNR,
have been identified as the major regulators that regulate fruit
ripening in concert with ethylene signaling (Thompson ez al,
1999; Vrebalov ez al., 2002; Manning ez al., 20006).

In addition, DNA methylation, a conserved epigenetic modifi-
cation generally associated with transcriptional inactivation (Law
& Jacobsen, 2010; He et al., 2011), has been found to be essen-
tial for tomato fruit ripening (Zhong ez al., 2013). In tomato,
repression or loss of function of the DEMETER-like DNA
demethylase DML2 has been shown to result in DNA hyperme-
thylation and inhibition of ripening (Liu ez al.,, 2015; Lang ez al.,
2017). Moreover, DML2 activates the demethylation of the RIN,
NOR and CNR promoter regions, thereby allowing these gene
expressions (Liu ez al, 2015). Yet, despite it being known that
tomato fruit ripening is controlled by the complex roles of
ethylene, ripening-related transcription factors and DMIL2-
mediated DNA demethylation, it is unknown whether other
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types of epigenetic modifications play a role in this process.
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Histone lysine methylation is another type of epigenetic modifi-
cation, which mainly occurs at K4, K9, K27 and K36 of histone
H3. In general, H3K27 and H3K9 histone methylation are related
to inactive chromatin and gene silencing, whereas H3K4 and
H3K36 methylation are associated with gene activation
(Kouzarides, 2007). These marks are written by histone methyl-
transferases and erased by histone demethylases (Liu et 2/, 2010).
Two types of enzymes with distinct mechanisms, lysine-specific
demethylase 1 (LSD1) and Jumonji C (JmjC) domain-containing
proteins (JM]s), have been identified to be erasers of histone methy-
lation (Shi et al, 2004; Tsukada et al, 2006; Lu et al, 2008).
LSD1 family proteins acts only mono- and dimethylated lysine,
and JMJs have demethylase activities towards to mono-, di- and
trimethylated lysine. Histone demethylases have been extensively
studied in the model plants Arabidopsis and rice. In Arabidopsis,
AgM]s (AgMJ11-AdJM]J31) represent the majority of histone
demethylase and play essential roles in the regulation of seed dor-
mancy/germination, organ morphogenesis, vegetative development
and floral transition as well as in abiotic stress responses (Cheng
et al., 2020). Recent works reported a critical role of the repressive
mark H3K27me3 in the regulation of fruit ripening (Liang ez 4/,
2020; Z. Li et al, 2020), and that SIJM]J6, a histone H3K27me2/3
demethylase, promotes tomato fruit ripening by activating
ripening-related genes (Z. Li et al, 2020). However, the role of
H3K4, an activation mark, in the regulation of fleshy fruit ripening
and the underlying mechanism in relation to the interplay among
epigenetic modifications remains unclear.

Our preliminary results showed that SUMJ7, a KDMS5/
JARIDAl-type JM], has histone H3K4 demethylase activity,
and the transcription level of S//MJ7 was enormously upregu-
lated and then decreased during fruit ripening in tomato. We
hypothesized that SJM]7-mediated histone H3K4 demethyla-
tion is implicated in the regulation of fruit ripening in tomato.
Here, we identified that SIJMJ7 acts as a repressor of fruit ripen-
ing in tomato. SIJM]J7 was confirmed to specifically demethylate
mono-, di- and trimethylated lysine of H3K4 and to directly
repress expression of DML2, leading to global DNA hyperme-
thylation in tomato fruit. Moreover, combined genome-wide
transcription, binding sites, histone modification and DNA
methylation profile analyses revealed that SIJM]7 integrates the
transcriptional regulators, ethylene biosynthesis and other
ripening-related factors with H3K4me3 and DNA demethyla-
tion to regulate fruit ripening. Our study of fruit ripening
reveals a novel molecular link between histone demethylation
and DNA demethylation.

Materials and Methods

Plant material and growth conditions

The tomato plants used in this study were in the Ailsa Craig
background and grown in a glasshouse at 23°C under a 16 h: 8
h, light : dark cycle. Flowers were tagged at anthesis. Fruit devel-
opment and ripening stages were recorded as days post-anthesis
(dpa). Pericarp tissues of the fruits were collected, immediately
frozen in liquid nitrogen and stored at —80°C undil use.

© 2021 The Authors
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Construction of SIJMJ7 overexpression lines and sljmj7
mutants

SIUMJ7 <cDNA was isolated using gene-specific primers and
cloned into a pBI121-GFP vector (p35S: GFP). pBI121-SIJM]7-
GFP vector was transformed into wild-type (WT) plants by
Agrobacterium-mediated (GV3101) infection as described previ-
ously (Fillatti ez al, 1987). The transgenic lines were selected for
kanamycin resistance. To generate s/jm;7 knockout mutants, two
SIIM]7-specific targets were designed using the online CrisPr 2.0
program (http://cbihzau.edu.cn/CRISPR2/) (Liu et al., 2017).
The fragment containing the first Bsal site, sgRNA1, tRNA,
sgRNA?2 and the second Bsal site were amplified from tRNA vec-
tor (pHLW-sgRNA-tRNA) using primers (sgRNAI primer,
GAATCAGCAATATGGAGTCCTGG; sgRNA2 primer, TACCA
TATTTCTGTGCGTTGTGG), and then inserted into the lin-
earized Cas9 binary vector (pPTG-sgRNA-Cas9-AtU6-1) as previ-
ously described (Wang er al., 2018). The Cas9 binary vector was
provided by Dr Yifei Liu (South China Botanical Garden, CAS).
The construct was then transformed into WT plants using the
method described earlier. The mutated genomic sites in the
transgenic plant genome were amplified by PCR and confirmed
by Sanger sequencing. The primer pairs used for vector con-
struction and mutational analyses are listed in Supporting
Information Dataset S1.

Measurement of physiological parameters

To measure ethylene production, five fruits were sealed in a 500
ml container for 2 h at 25°C. One milliliter of headspace gas was
withdrawn and analyzed using a Hewlett-Packard 5890 series gas
chromatograph equipped with a 25 m HP-PLOT Q capillary
column (Agilent Technologies, Santa Clara, CA, USA) and a
flame ionization detector. The chlorophylla/b contents were
measured using a UV1800 spectrophotometer (Shimadzu,
Kyoto, Japan). Carotenoids from tomato pericarp were extracted
as previously described (Xu ez 4/, 2006). In brief, 300 mg of
pericarp tissue was ground in liquid nitrogen and extracted in
250 pl of methanol, 500 of chloroform and 250 pl of 50 mM
Tris-buffer (pH 7.5, containing 1 M NaCl). After centrifugation,
the chloroform phase was collected and dried under a stream of
nitrogen. The residue was dissolved in 100 pl methanol and ana-
lyzed by high-performance liquid chromatography with a Waters
Symmetry Shield RP18 reverse-phase column (4.6 X 250 mm X
5 pm) as previously described (Zheng ez al., 2015).

Histone demethylation assay

Two assays were performed to determine the histone demethyla-
tion activity of SIJMJ7. The in vivo histone demethylation assay
was performed as previously described (Lu et al, 2011). In brief,
pBI121-35S-SIJMJ7-GFP and pBI121-35S-SIjM]7"1288A/E2904_
GFP mutant recombinant vectors were transformed into
Agrobacterium rtumefaciens (GV3101) and then transfected into
Nicotiana benthamiana leaves. The infiltrated leaves were used
for isolation of nuclei, and immunostaining was then
New Phytologist (2022) 233: 1202-1219
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performed with anti-histone methylation-specific antibodies
(listed later) followed by detection with Alexa Fluor 568-
conjugated goat anti-rabbit (Invitrogen) secondary antibodies.
Nuclear localization was visualized using 4’ 6-diamidino-2-
phenylindole (DAPI) staining. The fluorescence signals were
observed and images were acquired under a laser confocal
microscope (Leica, Wetzlar, Germany) at X40 magnifications.
For Western blot analysis, histones were extracted from the
leaves of WT and transgenic plants using a Total Histone
Extraction Kit (Epigentek, Farmingdale, NY, USA). The anti-
bodies used in the histone demethylation assay were as follows:
anti-H3 (ab1791; Abcam, Cambridge, MA, USA), and-
H3K4mel (A2355; ABclonal, Wuhan, China), anti-H3K4me2
(07-030; Millipore, Darmstadt, Germany), anti-H3K4me3
(07-473; Millipore), anti-H3K9mel (A2358; ABclonal), anti-
H3K9me2 (07-441; Millipore), anti-H3K9me3 (07-442; Milli-
pore), anti-H3K27mel (A2361; ABclonal), anti-H3K27me2
(07-452; Millipore), anti-H3K27me3 (07-449; Millipore),
anti-H3K36mel (A2354; ABclonal), anti-H3K36me2 (ab9049;
Abcam) and anti-H3K36me3 (ab9050; Abcam). For invitro
demethylation assay, SUM]J7-GFP was immunoaffinity-purified
from transiently expressing tobacco leaves. The demethylation
assay was carried out as previously described with minor modi-
fications (D. Li et al, 2020). In brief, enzyme and calf thymus
histones (Sigma H9250) were incubated in reaction buffer (150
mM NaCl, 20 mM HEPES-NaOH, 50 uM Fe(NHy),(SOy),,
1 mM a-ketoglutarate, 2mM ascorbate, pH 8.0) for 6h at
30°C. Then the reaction product was analyzed by Western blot

using the antibodies mentioned earlier.

Western blot

Protein extracts were separated on 15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis gels and transferred to
polyvinylidene difluoride (PVDF) membranes blocked in 5%
bovine serum albumin overnight at 4°C. Primary antibody was
added at a ratio of 1: 1000 and incubated overnight at 4°C. The
PVDF was washed three times with Tris-buffered saline with
0.1% Tween-20 for 15 min each time. Secondary antibody was
added at a ratio of 1 : 5000 and incubated for 2-3 h at room tem-
perature. After washing three times with Tris-buffered saline plus

Tween-20, the membranes are visualized using ChemiDoc
Touch Imaging System (Bio-Rad Hercules, CA, USA).

Real-time quantitative PCR assay

Total RNA was extracted using the HiPure Plant RNA Mini kit
(Magen, Guangzhou, China), followed by reverse transcription.
The first-strand cDNA was used for real-time quantitative poly-
merase chain reaction (RT-qPCR) in the ABI7500 Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA)
using a THUNDERBIRD™ SYBR™ qPCR Mix (Toyobo,
Osaka, Japan). ACTIN (Solyc03g078400) was used as the internal
control. All RT-qPCRs were normalized using the C, value corre-
sponding to the reference gene. The relative expression levels
were calculated with the formula 2722C . Three independent
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biological replicates were used in the analysis. The primers used
for RT-qPCR analysis are listed in Dataset S1.

RNA-seq analysis

Total RNA isolated from sfjmj7-1 and WT fruits at 38 dpa was
extracted using the HiPure Plant RNA Mini kit (Magen). The
mRNA-seq library was constructed using the mRNA-Seq Kit
(Illumina, San Diego, CA, USA) and then sequenced on Illumina
HiSeq 2500 by Novogene Co. (Beijing, China), with three inde-
pendent biological replicates. The low-quality reads with > 10%
unknown nucleotides and the percentage of Q-value (<20) base
> 50% were filtered out. The clean reads were aligned to the
tomato genome (SL3.0) using HisaT2 (v.2.0.1) with the default
parameters. HTSEQ v.6.0 was used to count the reads numbers
mapped to each gene, and fragments per kilobase of exon model
per million mapped fragments (FPKM) was used to estimate
gene expression levels. The differendally expressed genes were
identified using DESeq, with an absolute value of log,(fold
change) (sfjmj7vs WT) > 1 and an adjusted P-value (false discov-
ery rate (FDR)) < 0.05 set as the threshold criteria. Gene func-
tional classification was carried out with the DaviD functional
annotation clustering tool (https://david.nciferf.gov/gene2gene.
jsp) (Huang et al., 2009).

Chromatin immunoprecipitation sequencing analysis

Tomato pericarp tissue was fixed in 1 X phosphate-buffered saline
containing 1% formaldehyde. Nuclei were purified using one-step
Percoll gradient centrifugation. Chromatin DNA was sonicated
with a Sonic Dismembrator (Thermo Fisher Scientific) to generate
fragments of 300-500 bp. Anti-H3K4me3 and anti-GFP antibod-
ies (ab290, Abcam) were used for immunoprecipitation as previ-
ously described (Ricardi ez al, 2010). The immunoprecipitated
DNA was used for chromatin immunoprecipitation sequencing
(ChIP-seq) DNA library preparation using a NEBNext DNA
Library Prep Master Mix Set for Illumina. All the libraries were
sequenced on the lllumina HiSeq X Ten platform in PE150 mode.
Three biological replicates were prepared for each line. The clean
reads were mapped to SL3.0 using BowTE2 (v.2.2.3) (htep://
bowtie-bio.sourceforge.net/bowtie2/index). Differential ~enrich-
ment was assessed with Macs2, HoMER and DESEQ2 with an
FDR cut-off of <0.001. The regions with differential histone
modification were intersected with the annotated genes to obtain
the target genes using BEDTOOLS. The alignments were converted
to wiggle (WIG) files. The data were then imported into the Inte-
grated Genome Browser for visualization.

ChIP-gPCR assay

Chromatin immunoprecipitation (ChIP)-qPCR assays were per-
formed as previously described (Gendrel ez al, 2005). Briefly,
the chromatin in tomato samples was sonicated into fragments
with an average length of 500bp; 10% of the sonicated
chromatin was used as the input control, and 90% was immuno-
precipitated with equal amounts of antibodies, including

© 2021 The Authors
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anti-H3K4me3, anti-GFP and anti-SIJMJ7 (anti-KDM5C,
ab34718; Abcam; herein referred to as anti-SIJM]J7) antibodies,
and antd-immunoglobulin G (ab231712; Abcam). The abun-
dance of immunoprecipitated chromatin was determined by RT-
qPCR using the primers listed in Dataset S1. Three biological
replicates were analyzed per line.

Whole-genome bisulfite sequencing

Whole-genome bisulfite sequencing (WGBS) was performed as
previously described (H. Huang er 2, 2019; S. Huang ez al.,
2019). Genomic DNA extracted from tomato pericarp was frag-
mented to an average size of 300-500 bp. Fragmented DNA was
end-repaired and ligated to a fully methylated adapter using a
NEXTflex Bisulfite-Seq Barcodes-6 Kit (51191; Bioo Scientific,
Austin, TX, USA). After bisulfite conversion using an EZ DNA
Methylation-Gold Kit (catalog number D5005; Zymo Research
Corp., Irvine, CA, USA) and PCR amplification, the high-
quality libraries were sequenced on an Illumina sequencing plat-
form in PE150 mode. The clean reads were mapped to the refer-
ence genome (SL3.0) with BSSEEKER software (Guo ez al., 2013).
CGmar Tools (Guo eral, 2018) was used to analyze the
sequencing depth of C bases across the genome, the differentially
methylated regions (DMRs), and the methylation level distribu-
tion in the gene body region and the regions 2 kb upstream and
downstream of the gene body for all samples. The methylation
level was determined by dividing the number of reads covering
each methylcytosine by the total number of reads covering that
cytosine, which was also equal to the methylcytosine/cytosine
ratio at each reference cytosine. The cIrcLIZE package (Gu ez al,
2014) was used to plot the distributions of methylated C sites,
DMRs and copy number variations in the genome.

McrBC-PCR and McrBC-qPCR analysis

Genomic DNA were extracted and purified from fruit pericarp
using the illustra DNA extraction kit Phytopure (Tiangen, Bei-
jing, China). 1 pg of genomic DNA was digested with McrBC
(New England Biolabs, Beverly, MA, USA), a methylation-
dependent restriction enzyme that cuts methylated but not
unmethylated DNA, for 5 h according to manufacturer instruc-
tions with or without guanosine triphosphate. McrBC-PCR and
MecrBC-qPCR were performed with 50 and 20 ng DNA, respec-
tively. The primers used for McrBC-PCR and McrBC-qPCR
analysis are listed in Dataset S1.

Analysis of publicly available WGBS data

Whole-genome bisulfite sequencing data from dmf2 and WT
tomato (GSE94903) (Lang et /., 2017) were analyzed.

Statistical analysis

Data are expressed as means & SE. Differences among treatments
were determined by ANOVA, followed by Student’s #test. Statis-
tical analysis was performed using Spss v.7.5 (SPSS Inc., Chicago,
IL, USA).

© 2021 The Authors
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Results

SUMJ7 is a repressor of fruit ripening

Among histone demethylases, JM]s have more diverse specifici-
ties, sequences and functions than LSD1 family proteins, which
have been classified into several subgroups, including the
KDMS5/JARIDA1 subgroup (Mosammaparast & Shi, 2010).
The KDMS5 subgroup is probably one of the most widely studied
JM]Js. Based on the sequences of Arabidopsis homologs, we iden-
tified four KDMS5/JARIDAl-type JMJs in tomato, named
SUMJ5 (Solyc04g009990.2.1), SIJMJ6 (Solyc06g008490.2.1),
SUMJ7 (Solyc02g069740.2.1) and SIJMJ8 (Solyc08g081000.2.1).
Phylogenetic analysis revealed that SIJMJ5, SIJMJ6, SIJM]7 and
SJM]J8 have high similarity to AJM]J16, AgMJ19, AJJM]14 and
AgJM]J17 in Arabidopsis, respectively (Fig. S1). AgM]J14 plays a
versatile role in regulating plant biological processes, including
flowering time (Lu et al, 2010), circadian rhythm (Song ez al.,
2019), RNA silencing (Le Masson ez al., 2012), RNA-directed
DNA methylation (Deleris ez 4/, 2010) and immune response
(D. Li er al, 2020). AJM]16 is a negative important regulator
of leaf senescence through demethylating H3K4 at senescence-
associated genes (Liu ez al, 2019), whereas AtJMJ17 regulates
ABA-responsive genes (Wang er al, 2021) and dehydration
stress response (H. Huang ez 4/, 2019; S. Huang et al., 2019).
Our previous study showed that the expression of S/JMJ7 is
more enormously upregulated during tomato fruit ripening,
compared with other KDMS5/JARIDA] members, implying
that SIJMJ7 might be implicated in the regulation of fruit
ripening in tomato. Therefore, we focused specifically on char-
acterizing the function and mechanism of action of SJM]J7 in
fruit ripening,.

We first generated 37 SI[/M]7 overexpression lines, from which
we selected two independent lines, S[/MJ7-OE7 and S[/M]7-
OEY, because of their significantly high expression levels of the
SIJM]J7 transcript (Fig. 1a) and the SIJM]J7 protein (Fig. 1b). We
also used the CRISPR-Cas9 gene editing system to construct
stable loss-of-function S//MJ7 mutants in which an sgRNA
specifically targeted the first exon of S//MJ7 (Fig. S2a), and
selected two independent lines with truncated proteins, sfjmyj /-1
and sijmj7-2 (with deletions of 203 and 61 bp, respectively, in
the first exon of S[/MJ7) (Fig. S2b). Neither the S[/MJ7 tran-
script (Fig. 1c) nor the SIJM]J7 protein (Fig. 1d) was detected in
these two mutant lines. Examination of these transgenic lines
revealed that the S//MJ7-OF lines displayed a late fruit ripening
phenotype (average 3.5 d late), whereas loss of function of SI/MJ7
accelerated fruit ripening (average 4.7 d earlier) (Fig. le). Fur-
thermore, SI/MJ7-OE fruits had lower ethylene production rates
and a-carotene and lycopene concentrations, but higher Chl con-
tent, than WT fruits at 38 and 42 dpa (Fig. 1f). In contrast to the
SIIMJ7-OF lines, sljmj7 mutants exhibited the opposite patterns
for all of these physiological traits, except for lycopene content at
42 dpa (Fig. 1f). These data suggest that SIJM]J7 functions as a
repressor of tomato fruit ripening. In addition, we also found
that s/jmj7 mutants exhibited an early flowering phenotype (no
shown data). Therefore, in addition to its involvement in
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Fig. 1 SIUMJ7 is a repressor of fruit ripening in tomato. (a) Analysis of the gene expression level of SIJMJ7 in the SIUIMJ7-OE7 and SIIMJ7-OE9 lines by
real-time quantitative polymerase chain reaction (RT-qPCR). Gene expression in the wild-type (WT) was set as 1. ACTIN was used as the internal control.
The data are presented as the means + SE of three replicates. The significant differences from the WT are indicated by asterisks (Student's ¢-test; **, P <
0.01). (b) Western blot analysis of the protein abundance of SUMJ7 in the SI/MJ7-OE7 and SIJMJ7-OE9 plants. An anti-GFP antibody was used for
detection, and an anti-ACTIN antibody was used for internal control analysis. (c) Measurement of the SIJMJ7 gene expression levels in the sljmj7-1 and
sljimj7-2 lines by RT-qPCR. Gene expression in the WT was set as 1. ACTIN was used as the internal control. (d) Western blot analysis of the protein
abundance of SUMJ7 in the sljmj7-1 and sljmj7-2 lines. An anti-SIJMJ7 antibody was used for detection, and an anti-ACTIN antibody was used for internal
control analysis. (e) Fruit phenotypes of the WT line, the SI/MJ7 overexpression lines SI/MJ7-OE7 and SIJMJ7-OE9, and the sljmj7 knockout mutants
slimj7-1 and slimj7-2 during the fruit-ripening process. The red arrows indicate the color break from the WT lines, the SI/MJ7-OE7 and SI/IMJ7-OE9 lines,
and the sljmj7-1 and sljmj7-2 lines. (f) Ethylene production rate (upper left), contents of total chlorophyll (upper right), a-carotene (lower left) and
lycopene (lower right) in the fruits of the WT, SIUMJ7-OE lines and sljmj7 mutants at 42 and 46 d post-anthesis (dpa). The data are presented as the mean
=+ SE of three replicates. The significant differences from the WT are indicated by asterisks (Student's t-test; **, P <0.01). (g) Protein abundance of SUMJ7
in tomato flowers and fruits at various developmental stages. EF, early fruit; IM, immature; MG, mature green. (h) The protein abundance of SUMJ7 in WT
fruits at the MG, color break (Br) and turning (Tu) stages. (i) Protein abundance of SUMJ7 in SI/JMJ7-OE7 fruits at the MG, Br and Tu stages.
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regulating fruit ripening, SJMJ7 might be implicated in flower-
ing regulation like its homolog AJJMJ14 in Arabidopsis.

We next examined SIJM]J7 protein expression profiles in WT
fruits at different ripening stages using Western blot with an anti-
SIJMJ7 antibody. SIJM]7 expression increased from the early
fruic (EF; 20 dpa) to the immature (IM; 30 dpa) to the mature
green (MG; 38 dpa) stages (Fig. 1g). However, the protein abun-
dance of SIJM]J7 markedly decreased in WT fruits from the MG
to the color break (Br; 42 dpa) to the turning stage (Tu; 46 dpa)
(Fig. 1h). Consistent with this pattern, a decrease in the SIJM]J7
protein abundance was also detected in S/MJ7-OE7 fruits from
the IM to the Br to the Tu stage (Fig. 1i). These data demon-
strate that the SIJM]J7 protein accumulates at the onset of tomato
fruit ripening but decreases at the Br stage. Together, these results
indicated that SIJM]J7 plays a role in regulating tomato fruit
ripening as a repressor.

SIJMJ7 is a site-specific histone H3K4 demethylase

As SIJM]7 contains a JmjC domain, which has a histone
demethylation function, we investigated whether SIJM]7 exerts a
specific type of histone demethylase activity iz vivo. GFP-fused
SJM]J7 was transiently expressed in the epidermal cells of tobacco
leaves, and the signal intensities of various histone lysine methyla-
tion marks were detected by immunofluorescence. SIJM]J7-GFP
was localized in the nucleus, and SIJM]J7-GFP expression
markedly decreased the signal intensities of mono-, di-, and
trimethylated H3K4 in the nucleus, with the greatest effect for
H3K4me3 (Fig. 2a). However, the methylation signals at the
H3K9, H3K27 and H3K36 sites showed no obvious changes
(Figs S3-S5). Moreover, the H3K4 demethylase activity of
SIJMJ7-GFP was abolished when His288 and Glu290, the two
conserved iron-binding amino acids (Fig. S6), were replaced with
alanines (Fig. 2b), suggesting that these amino acids are crucial
for the histone H3K4 demethylase activity of SIJMJ7. The H3K4
demethylase activity was further confirmed when we compared
the histone methylation profiles of WT, sjmj7 mutant and
SIM]J7-OF plants by Western blot. The degrees of mono-, di-,
and trimethylation at H3K4 but not H3K9, H3K27 and H3K36
were higher in sljmj7 mutant (Fig. 2c,d) and lower in S[/M]7-OF
plants (Fig. 2e,f) than those in WT plants. To confirm the iz
vitro enzymatic activity of SIJMJ7, we transiently expressed
SIIMJ7-GFP in tobacco leaf cells, and SIJMJ7-GFP was
immunoaffinity-purified. As shown in Fig. 2 (g,h), the SIJM]J7-
GFP decreased the levels of H3K4me3, H3K4me2 and
H3K4mel, rather than H3K9mel/2/3, H3K27mel/2/3 and
H3K36mel/2/3. Collectively, these data reveal that SIJM]7 is a
histone H3K4 site-specific demethylase in tomato.

SIUMJ7 represses target gene expression by demethylating
H3K4me3

Because SIJMJ7 is an H3K4me3 demethylase (Fig.2) and
H3K4me3 is usually associated with gene activation, we hypothe-
sized that SIJMJ7 might negatively regulate the expression of
ripening-related genes. To examine the role of SIJM]J7 in

© 2021 The Authors
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regulating fruit ripening, we analyzed the SIJMJ7-regulated tran-
scriptome by deep RNA sequencing (RNA-seq) of WT and sfjmj7-
1 fruits at 38 dpa. shmj7-1 was randomly selected for the remain-
der of study because smyj /-1 fruits exhibited an eatly fruit ripening
phenotype. At 38dpa, the WT fruits were at the MG stage,
whereas the sjmj7-1 fruits were at the break stage. Compared with
WT fruits, in shjmj7-1 fruits 3087 genes were upregulated and
2092 genes were downregulated (Datasets S2, S3). The functional
categories of the upregulated genes in the sfmj/7-1 mutant were
mainly related to photosynthesis, sugar metabolism, mitogen-
activated protein kinase (MAPK) signaling, starch and sucrose
metabolism and plant hormone signal transduction (Fig. 3a). By
contrast, the downregulated gene categories in the sfmj7-1 fruits
were mainly related to amino acid biosynthesis, cysteine and
methionine metabolism, and peroxisome and terpenoid-quinone
biosynthesis (Fig. 3a). RNA-seq analysis revealed that a number of
genes corresponding to ripening-associated processes, such as
ethylene biosynthesis, transcriptional regulation, carotenoid
biosynthesis, flavonoid/anthocyanin biosynthesis and cell wall
organization, were upregulated in the sfmj7-1 mutant (Fig. 3b).
The reliability of RNA-seq data was further confirmed by RT-
qPCR. The expression of nine fruit ripening-related genes, includ-
ing E8, NR, CHSI, PSYI, ZISO, LoxC, XYL1, PLI and PG2a,
were verified to be upregulated in the sfjmy7-1 fruits, and downreg-
ulated in the S[/MJ7-OE7 fruits, except for XYLI and PG24, com-
pared with WT fruies (Fig. S7). Taken together, these data
indicate that SIJM]J7 may suppress fruit ripening by regulating the
transcription of the genes involved in the ripening-related pro-
cesses, including ethylene biosynthesis, transcriptional regulation,
carotenoid biosynthesis, flavonoid/anthocyanin biosynthesis and
cell wall organization.

To identify the direct targets of SIJMJ7 on a genome-wide
scale, we performed ChIP-seq analysis with an anti-GFP anti-
body in the S[/MJ7-OE7 (with GFP tag) fruits at 38 dpa (MG
stage). A total of 8118 common peaks from three biological
replicates were identified and considered to correspond to the
direct binding sites of SIJM]J7 (Dataset S4). These binding sites
were randomly distributed on different chromosomes in
tomato (Fig. S8). Most of the SIJMJ7 binding sites (61.33%)
were located in gene body regions, while 19.11% and 19.56%
of the sites were located in intergenic and promoter regions,
respectively (Fig. 3c). Read density analysis further showed that
these SIJM]J7 binding sites were uniformly distributed between
the transcription start site (T'SS) and the transcription end site
(TES) (Fig.3d). Motif enrichment analysis demonstrated that
SUM]J7 bound to motifs of its potential targets such as Bapxl
(24.64%), LRF (22.02%), TCX2 (18.40%), SOLI (18.02%)
and NFI (13.78%) (Fig. 3e). It is suggested that SIJMJ7 may
be recruited to its targets by sequence-specific transcription
factors.

Trimethylation of H3K4 is a global epigenetic mark that is
usually associated with gene activation (Klose & Zhang, 2007).
As SJM]J7 has H3K4 demethylase activity, we further examined
whether SJMJ7 regulates the expression of target genes by
removing H3K4me3. Genome-wide H3K4me3 profiles were
analyzed by ChIP-seq with an ant-H3K4me3 antibody in WT
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and sfjmj7-1 fruits at 38 dpa. A total of 1375 sites were identified  different gene regions, including the promoter-TSS, TTS, exons,
to have increased levels of H3K4me3 (fold change > 2) and 779 introns and intergenic regions, of which exons (33.11%) and
sites displayed decreases in H3K4me3 in the s/jmj7 mutant rela- introns (24.98%) accounted for the largest proportions across the
tive to the WT (Dataset S5). These sites exhibiting SIJM]J7- genome (Fig. 31). In addition, the distribution of H3K4me3 and
mediated H3K4me3 demethylation were distributed across ~ heat map analysis in the WT and sjmj7-1 mutant showed that
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Fig. 2 SUMJ7 is a histone H3K4 demethylase in tomato. (a, b) Analysis of the histone demethylase activity of SIJMJ7 in tobacco leaves by an
immunofluorescence assay. Nuclei transfected with SUMJ7-GFP (a) or SIMJ7H288A/E290A_GEP mutants (two conserved iron-binding amino acids mutation)
(b). Nuclei were stained with 4',6-diamidino-2-phenylindole staining (DAPI, blue, left). SUMJ7-GFP and SJMJ7m-GFP expression in Nicotiana
benthamiana nuclei was visualized by monitoring GFP fluorescence (green, middle). The histone methylation status was analyzed by immunostaining with
specific histone methylation antibodies (red, right). Bars, 50 um. Orange arrows indicate nuclei transfected with SIMJ7-GFP. (c) Detection of changes in
histone methylation levels in the wild-type (WT) and s/jmj7-1 and sljmj7-2 lines by Western blot. (d) Statistical analysis of (c). (e) Detection of changes in
histone methylation levels in the WT, SIJMJ7-OE7 and SIJMJ7-OE9 lines by Western blot. (f) Statistical analysis of (e). (g) In vitro demethylase activity of
SIIMJ7. Calf histone was incubated with (+) or without (-) tobacco cell-expressed SIJMJ7-GFP fusion protein and analyzed by Western blot using specific
antibodies indicated on the left. (h) Statistical analysis of (g). Antibodies against mono-, di-, and trimethylated K4, K9, K27 and K36 of histone H3 were
used to detect the presence of each modification. In (d, f, h), the immunoblot signals relative to the WT (set as 1) were quantified. The data are presented

as means + SE of three replicates (Student's t-test; *, P <0.05).

H3K4me3 sites were located mainly in promoter regions and 5'-
end regions of the gene body (Fig. 3g,h). In the sfmj7 fruit, the
elevated H3K4me3 levels might facilitate the expression of its tar-
get genes.

As H3K4me3 is found at the TSS of many expressed genes,
therefore mutation of a H3K4me3 demethylase will inevitably
impact gene expression. To discern the direct SIJM]7-regulated
genes, we combined the results from RNA-seq and two ChIP-seq
datasets (with the anti-GFP antibody and the anti-H3K4me3
antibody). These genes bound by SIJM]J7 with upregulated
expression and increased H3K4me3 levels in sfmj7 compared
with the WT were defined as direct targets of SIJM]J7, and the
other genes were considered to be indirectly regulated by SIJM]7.
As a result, a Venn diagram showed that 262 genes were directly
regulated by SIJM]J7-mediated H3K4me3 demethylation (Fig. 3i;
Dataset S6). These genes relate mainly to cysteine and methionine
metabolism; valine, leucine and isoleucine biosynthesis; MAPK
signaling pathway; and indole alkaloid biosynthesis (Fig. 3j).
Additionally, a number of genes related to ethylene biosynthesis
(ACS2, ACS4, ACS8 and ACOG), transcription regulation (RIN,
NOR and CNR), carotenoid biosynthesis (PSY1, PDS, PTOX,
CHY2, ZISO, GGPPS2 and CHSI), cell wall modification
(CEL2, XTH5, EXPI, XYL1, PG2a, TBG4, PLI, PL2 and PLS),
and flavonoid/anthocyanin biosynthesis (4CL, LoxB, LoxC and
BCATYI) were directly repressed by SIJM]J7-mediated H3K4me3
demethylation (Dataset S6). These data suggest that SIJM]J7
represses the expression of target genes, especially those associated
with fruit ripening regulation, by removing H3K4me3.

SIJMJ7 binds to key ripening-related genes and represses
their expression via H3K4me3 demethylation

As several ripening-related genes were found to be directly
repressed by SIJM]J7-mediated H3K4me3 demethylation, we fur-
ther confirmed the binding and H3K4me3 modification of
ethylene biosynthesis genes (ACS2 and ACS4) and transcription
regulators (R/N and NOR) by SIJM]7 using ChIP-qPCR. The
integrated genome browser visualization clearly showed that
SIJM]J7 was enriched in the gene body regions of the ripening-
related genes (Fig. 4a). Furthermore, the SIJM]7 binding sites
and H3K4me3 modification sites overlapped well on the
ripening-related genes (Fig. 4a,b). Two different loci (P7 and P2)
were selected to analyze the binding of SIJM]7 with the loci of
ACS2, ACS4, RIN and NOR genes. ChIP-qPCR verified that
SIJM]7 directly bound to these genes during fruit ripening (Fig.
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4c). We also analyzed H3K4me3 methylation status at the ACS2,
ACS4, RIN and NOR loci by amplifying two different loci (P
and P2). The H3K4me3 levels of these genes were significantly
higher in the sjmj7-1 mutant than in the WT (Fig. 4d). Addi-
tionally, the loci of the genes related to flavonoid/anthocyanin
biosynthesis (CHSI and LoxC) and carotenoid biosynthesis
(PSY1 and ZISO) were bound by SIJM]J7 and had significantly
higher H3K4me3 methylation levels in the sfmyj7-1 fruits than in
the WT fruits (Figs S$9-S11). RT-qPCR further confirmed that
the expression of the key ripening-related genes, including ACS2,
ACS4, RIN, NOR, CHSI, LoxC, PSYI and ZISO, were signifi-
cantly upregulated in the sfmj7-1 fruits and downregulated in
the SI/MJ7-OE7 fruits compared with the WT fruits (Figs 4e,
S7). To further elucidate the role of SIJM]J7-mediated demethyla-
tion of H3K4me3 in fruit ripening, we analyzed the binding
activity of SIJMJ7 at the binding regions and H3K4me3 level
changes on the chromatin of ACS2, ACS4, RIN and NOR, as well
as the expression of these genes in the WT during the ripening
process. Consistently, the binding of SIJMJ7 at the binding
regions on the chromatin of ACS2, ACS4, RIN and NOR
increased from EF to the MG stage and decreased as ripening
progressed (Br stage) (Fig. 4f); however, the H3K4me3 level
(Fig. 4g) and the transcription level (Fig.4h) of these genes
showed the opposite trends. Therefore, these findings demon-
strate that SIJM]7 directly represses the expression of a number
of key ripening-related genes by H3K4me3 demethylation during
tomato fruit ripening.

SIUMJ7-mediated removal of H3K4me3 represses the
expression of DML?2 during fruit ripening

Strikingly, combined genome-wide transcription, binding sites
and histone modification profile analyses identified DML2, a key
DNA demethylase gene, as a direct target of SJMJ7 (Dataset S6),
implying that SIJM]J7 possibly indirectly regulates DNA methyla-
tion via DML2. To confirm the speculation, we investigated the
dynamic regulation of DML2 by SJM]7. The genome browser
visualization showed that SIJM]J7 binding occurred in the gene
body region of DML2 (Fig. 5a). Given that SIJM]7 was highly
expressed from EF to MG stages but decreased as ripening pro-
gressed (Br stage) (Fig. 1g—i), we next analyzed the dynamic bind-
ing of SJM]7 at the DML2 locus during fruit ripening. ChIP-
qPCR analysis showed that SIJM]J7 was highly enriched at the
DML2 locus in the WT fruits at 38 dpa (MG stage), whereas the
SJM]7 binding level significantly decreased at 42 dpa (Br stage)
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(Fig. 5b). To validate this result, we analyzed the dynamic bind-
ing of SUM]7 at the DML2 locus in the S[/M]J7-OF fruits at 42
dpa (MG stage) and 46 dpa (Br stage). Consistent with the results
described earlier, SIJMJ7 was highly enriched at the DML2 locus

New
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at the MG stage, but its binding was significantly decreased at the
Br stage in the S[/MJ7-OF fruits (Fig. 5¢c). These results suggest
that the binding of SIJMJ7 at the DML2 gene locus decreases
during early fruit ripening.
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Fig. 3 SIUIMJ7 represses target gene expression by demethylating H3K4me3 in tomato. (a) RNA-seq analysis of the SIJIMJ7-regulated transcriptome during
fruit ripening. Davip functional clustering analysis of the gene clusters in the s/jmj7-1 mutant that were upregulated (upper) and downregulated (lower)
compared with those in the wild-type (WT). Transcription levels of the representative ripening-related genes in the WT and sl/jmj7-1 mutant. (b) These
genes were group into five classes as indicated. (c) Distribution of SUMJ7 binding sites in different regions of annotated genes. (d) Normalized read density
of SIMJ7-GFP chromatin immunoprecipitation sequencing (ChIP-seq) signals in the gene bodies of SIMJ7 target genes and the same number of randomly
selected genes. (e) Binding motifs in SIIMJ7-targeted regions. The 10 most abundant motifs are listed. The size of the letter for each nucleotide represents
the conservation. (f) Distribution of sites with SIMJ7-mediated H3K4me3 demethylation in different regions of annotated genes of the s/jm;j7-1 mutant.
(g) The intensities of H3K4me3 in the WT and s/jmj7-1 mutant fruits. The region shown is from 0.5 kb upstream to 2 kb downstream of the transcription
start site (TSS). (h) Heat maps of the gene body regions of SIIMJ7 target genes ranked by H3K4me3 levels in the WT and s/jmj7-1 fruits. (i) Venn diagram
of the overlapping SIMJ7-targeted, SIMJ7-repressed and H3K4me3-demethylated genes. (j) Davip functional clustering analysis of the gene clusters with

binding of SIMJ7 and repression via SIMJ7-mediated H3K4me3 demethylation.

As previous work reported that induction of DML2 expression
occurs after the Br stage (Liu ez al, 2015), we next examined the
dynamic expression profile of DML2 in WT and sfjmj7-1 fruits
during fruit ripening. Consistent with the previous findings (Liu
et al., 2015), a burst of DML2 expression was detected at 42 dpa
(Br stage) in the WT fruits (Fig. 5d). Furthermore, DML2
expression in the sfmj7 mutant fruits were significantly upregu-
lated compared with those in the WT fruits at 38 and 42 dpa
(Fig. 5d). Therefore, SIJMJ7 may specifically repress DML2 gene
expression during fruit ripening.

Finally, we evaluated the dynamic change in the H3K4me3
level at the DML2 locus in WT and sljmj7-1 fruits. The genome
browser visualization showed that mutation of S//MJ7 in tomato
(slimj7-1) led to a significant increase in the H3K4me3 level at
the DML2 locus (Fig. 5¢). Consistent with the expression pattern
of DML2, the PI and P2 regions of DML2 had higher levels of
H3K4me3 at 42 dpa than at 38 dpa in the WT fruits (Fig. 5f).
Moreover, the H3K4me3 levels at the P1 and P2 regions of the
DML2 locus in the sfjmj7-1 mutant fruits were significantly ele-
vated compared with those in the WT fruits at both stages.
Notably, the fold changes between sfjmj7-1 and WT fruits were
markedly higher at 38 dpa than at 42 dpa for both regions (Fig.
5f). Collectively, these data suggest that SIJMJ7 directly and
specifically represses DML2 expression via H3K4me3 demethyla-
tion during fruit ripening.

The link between histone demethylation and DNA
demethylation

The direct repression of DML2 expression by SIJMJ7 prompted
us to investigate whether loss of function of S//MJ7 affects the
DNA methylome during fruit ripening. Wild-type and sfjmj7-1
fruits at 38 dpa were subjected to WGBS analysis with three bio-
logical replicates per line to determine the methylome. Differen-
tially methylated regions in three contexts — CG, CHG, and
CHH (where H denotes A, T, or C) — were determined by com-
paring the methylation levels in sfmj7 mutant fruits with those
in WT fruits. Over 91.9% of the genomic cytosines were covered
in each sample, and each methylome was sequenced with a cover-
age of at least 18-fold per DNA strand (Dataset S7). Compared
with the WT fruits, in the sfjmj7 fruits 11 585, 5081, and 203
DMRs in the CG, CHG, and CHH contexts, respectively, were
hypomethylated (hypo-DMRs) (Fig. 6a; Datasets S8-510). By
contrast, only 249, 978 and 74 DMRs in the CG, CHG and

© 2021 The Authors
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CHH contexts, respectively, were hypermethylated (hyper-
DMRYs) in the sfjmj7 mutant fruits compared with the WT fruits
(Datasets S11-S13). The overwhelmingly higher numbers of
hypo-DMRs than hyper-DMRs in the sfmj7 fruits than in the
WT fruits were consistent with activated DML2 expression, and
reveal that sfjmj7 mutation can cause global DNA hypomethyla-
tion in tomato fruits.

Previous work determined the DNA methylation profile of
dml2 mutants and identified a larger number of hyper-DMRs
than hypo-DMRs in these mutants (Lang er @/, 2017). In order
to explore the genes jointly regulated by SIJMJ7 and DML2 in
relation to DNA demethylation, we conducted a combined anal-
ysis of two methylome data, hypo-DMRs in sfmj7 vs WT and
hyper-DMRs dmi2 vs WT. The hyper-DMRs in dmi2 vs WT
were derived from published data (Lang ez al, 2017). Like
DML2 targets (16), hypo-DMRs also aggregated in chromoso-
mal arms in the sjmj7 mutant (Fig. 6b). Furthermore, broadly in
accordance with the fact that DML2 preferentially targets the
intergenic (IG) and transposable element (TE) regions in tomato
(Lang ez al., 2017), we showed that the hypo-DMREs in the sfjm;7
mutant were located mostly in the TE (25.72%), promoter
(24.12%), 1G (15.45%) and exon (14.69%) regions (Fig. 6¢c),
whereas the hyper-DMRs were enriched in the TE (44.66%),
intron (29.59%), and IG (13.88) regions (Fig. S12). We further
analyzed the overlapping hypo-DMRs in the s/jmj7 mutant and
hyper-DMREs in the dm/2 mutant in three contexts — CG, CHG
and CHH - and found that the hypo-DMRs in sjmj7 and the
hyper-DMRs in dmi2 overlapped well; 40.27% (2493 of 6191)
of the hypo-DMRs in the sfjmj7 mutant were hypermethylated
in the dml2 mutant (Fig. 6d; Dataset S14), indicating that
SIUM]J7 regulates DNA methylation via DML2.

Interestingly, the SIJM]J7-bound key ripening-related transcrip-
tion factors RIN and NOR were hypomethylated in the sfjmj7
mutant compared with the WT (Fig. 6¢,f). This result was further
confirmed by McrBC-PCR and McrBC-qPCR (Fig. 6g,h). More-
over, the hypo-DMRs in the s/jmj7 mutant were found in a rela-
tively large number of genes related to ripening processes,
including ethylene biosynthesis (4CS2, ACS4, ACS8, ACOG), tran-
scription regulation (RIN, NOR), carotenoid metabolism (PSY1,
ZISO) and cell wall degradadon (EXPI, XYLI, TBG4, PL1, PL2,
PL8) (Datasets S15-S17; Fig. S13). As these genes have been
reported to be direct targets of DML2 (Lang e al., 2017), these
results suggest that SIJMJ7 may indirectly repress their expression
via DML2-mediated DNA demethylation in tomato fruit.
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Taken together, these findings demonstrate that SIJM]J7 may

regulate the DNA methylome by repressing DML2 expression Discussion

during fruit ripening. Moreover, SIJM]J7 may regulate the expres-  Histone methylation modification plays essential roles in mul-
sion of ripening-related genes via DML2-mediated DNA tiple developmental processes in plants, including flowering,
demethylation. shoot development, stem elongation and leaf senescence
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Fig. 4 SIJIMJ7 binds directly to key ripening-related genes and represses their expression by removing H3K4me3 in tomato. (a) Genome browser
visualization of the binding sites of the key ripening-related genes ACS2, ACS4, RIN and NOR detected by chromatin immunoprecipitation sequencing
(ChIP-seq) in the SI/IMJ7-OE fruits. (b) Genome browser visualization of the H3K4me3 levels of the ACS2, ACS4, RIN and NOR genes in the WT and
slimj7-1 fruits. (c) Verification of SUMJ7 binding to ACS2, ACS4, RIN and NOR genes by ChIP-quantitative PCR (ChIP-qPCR). Fruits of SI/MJ7-OE7 plants
at 38 d post-anthesis (dpa) were used for analysis. An anti-GFP antibody was used for immunoprecipitation, and immunoglobulin G (IgG) was used as the
negative control. (d) ChIP-qPCR analysis of the H3K4me3 levels of ripening-related genes in the WT and s/jmj7-1 mutant. An anti-H3K4me3 antibody was
used for immunoprecipitation. ACTIN was used as the internal control. (e) Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of ACS2,
ACS4, RIN and NOR expression levels in the WT, sljmj7-1 and SIJMJ7-OE7fruits at 38 dpa. ACTIN was used as the internal control. (f) The binding of
SIJMJ7 at the binding regions on the chromatin of ACS2, ACS4, RIN and NOR in WT fruit at 30, 38 and 42 dpa. (g) H3K4me3 levels on the chromatin of
ACS2, ACS4, RIN and NOR in WT fruit at 30, 38 and 42 dpa. (h) Expression of ACS2, ACS4, RIN and NOR in WT fruit at 30, 38 and 42 dpa. In (a, b), gene
structures of ACS2, ACS4, RIN and NOR are shown underneath. In (a), P7 and P2 indicate the amplified regions by ChIP-qPCR in (c). In (b), P7 and P2
indicate the amplified regions by ChIP-gPCR in (d). Bar, 1 kb. Three biological replicates were used for the fruits of the WT, SI/MJ7-OE lines and sljmj7
mutants. The data are presented as means + SE of three replicates (Student's t-test; **, P <0.01).

(Cheng ez al., 2020; He et al, 2021). However, the involve-
ment of histone methylation modification in fleshy fruit ripen-
ing, a unique developmental process that Arabidopsis lacks, is
poorly understood. Moreover, the interplay among different

epigenetic modifications to regulate gene expression is far from
fully understood. Here, we have identified the histone H3K4
demethylase SIJM]J7 as a negative regulator of tomato fruit
ripening, and revealed a novel crosstalk axis between histone
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Fig. 5 SIUIMJ7-mediated removal of H3K4me3 represses the expression of DML2 during fruit ripening in tomato. (a) Genome browser visualization of the
binding sites of SIMJ7 in the DNA demethylase gene DML2, as detected by chromatin immunoprecipitation sequencing (ChIP-seq). (b) ChIP-quantitative
PCR (ChIP-qPCR) analysis of the dynamic binding of SUMJ7 at the DML2 gene in the WT fruits. Fruits of the WT plant at 38 d post-anthesis (dpa) were
harvested for analysis. An anti-SIJMJ7 antibody was used for immunoprecipitation, and immunoglobulin G (IgG) was used as the negative control. (c)
ChlIP-gPCR analysis of the dynamic binding of SUMJ7 at the DML2 locus in SIJMJ7-OE fruits at 42 and 46 dpa. An anti-GFP antibody was used for
immunoprecipitation, and 1gG was used as the negative control. (d) Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of the expression
level of DML2 in the WT and s/jmj7 mutant fruits at 38 and 42 dpa. ACTIN was used as the internal control. (e) Genome browser visualization of the
H3K4me3 level at the DML2 locus in the WT and s/jmj7-1 fruits. (f) ChIP-gPCR analysis of the H3K4me3 level in the WT and s/jmj7-1 fruits at 38 and 42
dpa. ACTIN was used as the internal control. In (a, e), gene structures are shown underneath. In (a), P7 indicates the amplified regions by ChIP-qPCR in (b,
¢). In (e), P7 and P2 indicate the amplified regions by ChIP-qPCR in (f). All data are presented as means = SE of three replicates (Student's ¢-test; **, P <
0.01).
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demethylation and DNA demethylation in the precise control
of tomato fruit ripening. We have found that SIJMJ7 directly
represses the expression of genes involved in regulating multi-
ple crucial ripening processes, including ethylene biosynthesis,
and genes encoding key ripening-related transcription factors,

via H3K4me3 demethylation. ChIP-seq analysis showed that
mutation of shmj7 leads to a global increase in H3K4me3,
confirming the role of SIJM]J7 in H3K4 demethylation. More-
over, SIJM]J7 binds to and represses DML2, a DNA demethy-
lase required for fruit ripening, thus indirectly regulating the
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Fig. 6 Loss of function of SIJMJ7 causes genome-wide DNA hypomethylation in tomato fruits at 38 d post-anthesis (dpa) in tomato. (a) Boxplot analysis of
the hypo-differentially methylated regions (hypo-DMRs) in the wild-type (WT) and s/jm;j7-1 mutant fruits in three methylation contexts (CG, CHG and
CHH). Centerlines show the medians; box limits indicate the 25" and 75" percentiles as determined by R software; whiskers extend 1.5 x interquartile
range from the 25" and 75'" percentiles. *, P < 0.0001 (unpaired t-test with Welch's correction). (b) Density plots of the transposable elements (TEs),
genes and s/jmj7 hypo-DMRs on tomato chromosomes. (c) Distribution of the hypo-DMRSs in the s/jmj7-1 mutant across different genomic regions. IG,
intergenic region; UTR, untranslated region. (d) Venn diagram of the overlapping hypo-DMRs in s/jmj7-1 vs WT and hyper-DMRs in dm/2 vs WT in three
contexts — CG, CHG, and CHH. The DMRs in each strain were compared with those in the WT. Hyper-DMRs, hyper-differentially methylated regions. (e,
f) Genome browser visualization of the DNA methylation level of RIN (e) and NOR (f) in the WT and s/jmj7 mutant fruits, as determined by WGBS. The red
boxes indicate the areas of hypomethylation of RIN and NOR in the s/jmj7 mutant compared with the WT. Three biological replicates were used. (g) DNA
methylation levels of promoter regions of RIN and NOR in the WT and s/jmj7 mutant fruits by McrBC-PCR analysis. (h) DNA methylation levels of
promoter regions of RIN and NOR in the WT and s/jmj7 mutant fruits by McrBC-qPCR analysis. Methylated DNA can be digested by McrBC restriction
endonuclease, and thus higher gPCR signals indicate lower methylation levels. In (g, h), genomic DNA was digested overnight with McrBC, and the
negative control for the digestion, which was performed without guanosine triphosphate (GTP), was used as the standard. dpa, days post-anthesis. The

data are presented as the means =+ SE of three replicates (Student's t-test; **, P <0.01).

DNA methylome and ripening-related genes via DML2-
mediated DNA demethylation.

Chromatin remodeling factors are crucial for the transcription
regulation in plants; however, how these factors target the down-
stream genes remains unclear. Recent emerging evidence suggests
that the JM] protein REF6/AtJM]12 may bind directly to their
targets via three tandem ZnF motifs (Cui ez 4/, 2016; Li ez al.,
2016). In addition to binding via direct recognition, JM] proteins,
such as AgM]J30 and AgM] 14, have been reported to be recruited
to their targets via interaction with DNA-binding transcription
factors, such as EFM, NACO050 and NACO052 (Yan et al, 2014;
Zhang er al., 2015). Unlike REF6/AgJM]12, the SIJMJ7 protein
has no similar tandem ZnF DNA-binding domains, suggesting
that SIJMJ7 may associate with its downstream genes via indirect
manners. In the present work, SIJMJ7 is enriched in the binding
motifs of a number of transcription factors, such as Bapx!l and
TCX2. These findings suggest that SIJMJ7 may be recruited to its
targets by interacting with transcription factors during tomato fruit
ripening. However, further biochemical and physiological experi-
ments are required to verify this hypothesis.

Histone methylation at H3K4 is usually related to gene activa-
tion and is reversibly regulated by histone H3K4 methyltrans-
ferases and demethylases (Berger, 2007). DNA methylation,
which is established by de novo DNA methyltransferases and
removed by DNA demethylases, is generally correlated with tran-
scriptional inactivation (Law & Jacobsen, 2010). Crosstalk
between DNA methylation and histone H3K4me3 demethyla-
tion has been previously reported in Arabidopsis. The histone
H3K4me3 demethylase AJM]J14 was found to be a component
of the RNA-directed DNA methyladon (RADM) pathway
(Deleris et al., 2010; Searle et al., 2010; Greenberg et al., 2013).
Mutations of /M/J14 lead to decreased DNA methylation level at
targets of domains rearranged methyltransferase 2-mediated
RdDM, which is related to the increased H3K4me3 methylation.
However, the direct interplay between H3K4me3 demethylation
and DNA demethylation, and the underlying interaction mecha-
nism are unknown in fleshy fruit ripening. Previously, repression
or mutation of DML2 has been shown to result in genome-wide
hypermethylation and inhibition of fruit ripening in tomato (Liu
et al., 2015; Lang et al., 2017). Here, we identified that DML2
represents a direct target of SIJM]J7. Indeed, following the specific
repression of DML2 expression by SIJMJ7 via H3K4me3

© 2021 The Authors
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demethylation at the MG stage, the protein abundance of SIJMJ7
decreases at the Br stage, and DML2 expression is activated. Con-
sistent with the early repression of DML2 by SIJM]7, loss of
function of S[J/MJ7 caused a global DNA demethylation in
tomato, resulting in accelerated fruit ripening. These findings
demonstrate that SIM]J7 regulates DNA methylation by specifi-
cally repressing DML2 expression during fruit ripening. More-
over, the direct repression of DML2 by SIJM]J7 in tomato fruit
suggests a novel crosstalk axis between histone demethylation and
DNA demethylation in plants. Previous studies have also sup-
ported the hypothesis that multiple types of epigenetic modifica-
tions may affect transcript stability. Zhou et 4/ (2019) reported
that DML2 stability is modulated by NG6-
methyladenosine (m6A), revealing a direct interaction between
DNA methylation and mRNA m®A methylation. Interestingly,
our recent study showed that DML2 is a target of SIJM]J6, a his-
tone H3K27 demethylase, and SIJMJ6 activates the expression of
DMIL?2 via removal of histone H3K27me3 (Z. Li et al., 2020).
Therefore, DML2 might be a central target of multiple epigenetic
modifications. A comprehensive analysis of the plant epigenome

transcript

will help to illuminate how these epigenetic modifications com-
bine to regulate the expression of DML2 and its mediated DNA
methylation.

In addition to the DNA methylation status, ethylene and key
ripening-related transcription factors have been shown to be cru-
cial regulators of fruit ripening in fleshy fruits (Wang ez af,
2020). In the present work, we showed that the expression of
ethylene biosynthesis genes (ACS2 and ACS4) was repressed by
SUM]J7-mediated removal of H3K4me3, indicating that SIJM]J7
plays an important role in modulating ethylene biosynthesis dur-
ing tomato fruit ripening. Additionally, previous studies have
shown that several transcription factors, including RIN and
NOR, act as key ripening regulators in tomato. These regulators
function upstream of both ethylene-dependent and ethylene-
independent ripening pathways to regulate the expression of a
large number of ripening-related genes (Vrebalov ez al., 2002;
Manning ez al., 2006; Giovannoni, 2007; Qin ¢t al., 2012). The
rin mutation causes fruit to fail to both produce elevated ethylene
and respond to exogenous ethylene, and effectively block fruit
ripening (Manning ez al., 2006). Interestingly, DML2 activates
the expression of RIN, CNR and NOR by demethylating the pro-
moter regions of these genes (Liu ez al, 2015). Here, we found
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Fig. 7 Proposed mechanism of SUMJ7 in the regulation of fruit ripening in tomato. During the onset of ripening, SUMJ7 is highly accumulated in fruits and
directly represses ethylene biosynthesis genes, key ripening transcription factors, and ripening-related metabolism genes via H3K4me3 demethylation.
Simultaneously, SUMJ7 directly represses DML2 expression, thus repressing the transcription of ripening-related genes via DNA methylation. The direct
and indirect suppression of ripening-related gene expression by SIJMJ7 leads to inhibited fruit ripening. At the color break stage, the protein abundance of
SIIMJ7 is diminished, resulting in the release of the inhibitory effects, thus initiating the ripening of tomato fruit. In this figure, all the indicated genes are
direct targets of SUMJ7 and the genes labeled in red are common direct targets of SIJIMJ7 and DML2. Arrows indicate activation, whereas blunt-ended

arrows indicate inhibition.

that SIJM]J7 directly targets and represses the expression of RIN
and NVOR via histone H3K4me3 demethylation. This repression
of RIN and NOR expression by SIJMJ7 demonstrates a crucial
role of histone H3K4me3 demethylation in genome-wide tran-
scriptional reprogramming during fruit ripening. Moreover,
DNA methylation analysis showed that the direct target genes of
SIJMJ7, which are involved in ethylene biosynthesis, pigment
biosynthesis and cell wall degradation, are hypomethylated in
slimj7 fruits, indicating that SIJM]J7 represses their expression via
not only H3K4me3 demethylation but also DML2-mediated
DNA demethylation. Collectively, these findings reveal that
SIJM]J7 may be a master fruit ripening regulator that coordinates
the fruit ripening process by regulating the expression of multiple
ripening-related regulatory factors.

In summary, we propose a working model of SIJM]7 in the
regulation of tomato fruit ripening. During the onset of ripening,
SJM]J7 greatly accumulates in fruits and directly represses the
expression of ethylene biosynthesis genes (ACS2, ACS4, ACS8
and ACOG), key transcription factors (RIN, NOR and CNR) and
downstream ripening-related genes (PSY1, PDS, PTOX, CHY2,
ZISO, GGPPS2, CHSI1, CEL2, XTH5, EXP1, XYL1, PG2a,
TBG4, PLI, PL2, PL8, 4CL, LoxB, LoxC, BCATI) via
H3K4me3 demethylation. Furthermore, SJMJ7 represses the
expression of the DNA demethylase DML2, thus indirectly

New Phytologist (2022) 233: 1202-1219
www.newphytologist.com

suppressing the transcription of ripening-related genes (RIN,
NOR, ACS2, ACS4, ACS8, ACO6, PSYI1, ZISO, EXP1, XYL,
TBG4, PLI, PL2, PL8, LoxC, BCATI) via DNA methylation.
The direct and indirect suppression of ripening-related gene
expression by SIJM]7 result in the inhibition of fruit ripening. At
the Br stage, with the decrease of SIJM]J7 accumulation, the
inhibitory effect is relieved, thus initiating the ripening of tomato
fruit (Fig. 7). These findings add our knowledge on the interplay
among various epigenetic modifications to regulate gene expres-
sion in plant developmental processes. Controlling the timing
and kinetics of H3K4me3 methylation in fruits may therefore
provide new strategies to prolong fruit shelf life.
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