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Abstract
Ethylene response factors (ERFs) are downstream components of ethylene-signaling pathways known to play critical roles
in ethylene-controlled climacteric fruit ripening, yet little is known about the molecular mechanism underlying their mode
of action. Here, we demonstrate that SlERF.F12, a member of the ERF.F subfamily containing Ethylene-responsive element-
binding factor-associated Amphiphilic Repression (EAR) motifs, negatively regulates the onset of tomato (Solanum lycoper-
sicum) fruit ripening by recruiting the co-repressor TOPLESS 2 (TPL2) and the histone deacetylases (HDAs) HDA1/HDA3
to repress the transcription of ripening-related genes. The SlERF.F12-mediated transcriptional repression of key ripening-
related genes 1-AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2 (ACS2), ACS4, POLYGALACTURONASE 2a, and
PECTATE LYASE is dependent on the presence of its C-terminal EAR motif. We show that SlERF.F12 interacts with the co-
repressor TPL2 via the C-terminal EAR motif and recruits HDAs SlHDA1 and SlHDA3 to form a tripartite complex in vivo
that actively represses transcription of ripening genes by decreasing the level of the permissive histone acetylation marks
H3K9Ac and H3K27Ac at their promoter regions. These findings provide new insights into the ripening regulatory network
and uncover a direct link between repressor ERFs and histone modifiers in modulating the transition to ripening of climac-
teric fruit.
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Introduction
The ripening of fleshy fruits is a complex, genetically pro-
grammed process involving a series of physiological and bio-
chemical changes leading to profound alterations in fruit
color, texture, and flavor (Klee and Giovannoni, 2011;
Seymour et al., 2013). Fleshy fruits are traditionally classified
as climacteric and nonclimacteric types depending on
whether they experience an increase in respiration and eth-
ylene production at the onset of ripening (McMurchie et al.,
1972; Lelièvre et al., 1997). Climacteric fruits such as toma-
toes (Solanum lycopersicum), apples (Malus domestica), and
bananas (Musa sp.) exhibit a rapid rise in respiration and a
burst of ethylene production during ripening initiation,
whereas nonclimacteric fruits including citrus, strawberry
(Fragaria � ananassa), and grape (Vitis vinifera) lack these
characteristic bursts. Tremendous progress has been
achieved in uncovering the regulatory mechanism underly-
ing climacteric fruit ripening using tomato as a model sys-
tem (Liu et al., 2015a; Giovannoni et al., 2017; Li et al.,
2020a, 2020b, 2021).

Although fruit ripening is most likely orchestrated by
complex multi-phytohormonal control (Hao et al., 2015;
Shin et al., 2019), the plant hormone ethylene has long been
accepted as the main trigger of climacteric fruit ripening
(Burg and Burg, 1962; Alexander and Grierson, 2002;
Grierson, 2013), and blocking ethylene production or signal
transduction via mutation or downregulation of key genes
of ethylene biosynthesis or signaling pathways efficiently
blocks the ripening process (Lin et al., 2009; Liu et al.,

2015a). In addition to ethylene, transcription factors such as
RIPENING INHIBITOR (RIN), NONRIPENING (NOR),
COLORLESS NONRIPENING (CNR), APETALA 2a (AP2a),
and TOMATO AGAMOUS-LIKE 1 regulate fruit ripening
(Klee and Giovannoni, 2011; Karlova et al., 2014; Liu et al.,
2015a; Li et al., 2020a, 2020b). Moreover, epigenetic modifi-
cations such as DNA methylation, RNA methylation, and
histone modifications also play important roles in climac-
teric fruit ripening (Zhong et al., 2013; Liu et al., 2015b; Lang
et al., 2017; Lü et al., 2018; Zhou et al., 2019; Liang et al.,
2020). Importantly, the roles of both transcription factors
and epigenetic modifications in regulating fruit ripening are
mostly ethylene-dependent, further emphasizing the central
role of ethylene in regulating climacteric ripening.

Much progress has been made toward deciphering the
mechanisms by which plants perceive and respond to ethyl-
ene. The currently accepted model states that a linear signal
transduction pathway leads to the activation of downstream
transcriptional regulators known as ERFs(Benavente and
Alonso, 2006; Ju and Chang, 2015). Despite many studies
showing that ethylene signaling is instrumental in climac-
teric fruit ripening, how ethylene targets and modulates the
expression of specific ripening-related genes remains largely
unknown. ERFs form one of the largest plant transcription
factor families and are thought to directly regulate ethylene-
responsive gene expression. In this regard, these transcrip-
tion factors can potentially mediate the diversity of ethylene
responses such as those seen in various aspects of climac-
teric fruit ripening (Pirrello et al., 2012; Liu et al., 2016). ERFs

IN A NUTSHELL
Background: The ripening of fleshy fruits is a complex, genetically programmed process. Tomato (Solanum lyco-
persicum) has been widely used as a model system for studying fleshy fruit ripening. Although ripening is orches-
trated by a complex multi-phytohormonal control, the plant hormone ethylene has long been accepted as the
main trigger of ripening in climacteric fruits, and its downstream transcriptional regulators ethylene response
factors (ERFs) are responsible for the ethylene signal. Among these ERFs, several members have an Ethylene-re-
sponsive element-binding factor-associated Amphiphilic Repression (EAR) motif, the most common transcrip-
tional repressor motif identified in plants to date. However, the functional significance of EAR motif-containing
ERF proteins has yet to be determined in the context of fruit ripening and associated regulatory mechanisms.

Question: We identified the ERF gene, named SlERF.F12, which encodes a protein with an EAR motif and whose
expression levels dramatically decrease at the transition to ripening, therefore being an ideal candidate to play an
important role in controlling this process. However, the role of SlERF.F12 in fruit ripening and its regulatory
mechanism in fruit ripening remains unclear.

Findings: We demonstrate that SlERF.F12 negatively regulates the onset of tomato fruit ripening by recruiting
the co-repressor TOPLESS protein 2 (TPL2) and the histone deacetylases (HDAs) HDA1/HDA3 to repress the
transcription of ripening-related genes. We show that SlERF.F12 interacts with the co-repressor TPL2 via its C-ter-
minal EAR motif and recruits HDAs to form a tripartite complex. This complex actively represses transcription of
ripening genes by decreasing the level of acetylation at their promoter regions.

Next steps: We would like to know whether this regulatory module is conversed across other fruit species such
as kiwifruit, apple, pear, and banana. Based on our findings, we wish to develop strategies for the application of
our results to control the ripening time and shelf life of fruits.
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belong to the large AP2/ERF multi-gene family defined by
the presence of the AP2/ERF domain, which consists of ap-
proximately 60–70 amino acids (Riechmann et al., 2000).
ERF proteins bind to the GCC box or dehydration-respon-
sive element/C-repeat (DRE/CRT) cis-acting elements in the
promoter regions of ethylene-responsive genes (Ohme-
Takagi and Shinshi, 1995; Hao et al., 2002; Pirrello et al.,
2012) and play important roles in biotic and abiotic stress
responses in various plant species (Hao et al., 2002; Müller
and Munn�e-Bosch, 2015; Gu et al., 2017). While the involve-
ment of ERFs in phytohormone signaling and fruit ripening
is widely accepted (Li et al., 2007; Lee et al., 2012; Liu et al.,
2014, 2016), the specific roles and modes of action of most
ERF remain rather elusive.

Using tomato as a model plant, we previously identified 77
ERFs, which were divided into nine subfamilies (A–J) based
on their structural features (Pirrello et al., 2012; Liu et al.,
2016). Among these nine subfamilies, ERF.F subfamily mem-
bers are characterized by the presence of an Ethylene-respon-
sive element-binding factor-associated Amphiphilic Repression
(EAR) motif, the most common transcriptional repression
motif identified in plants to date (Kagale and Rozwadowski,
2011). Proteins with an EAR motif can repress gene expres-
sion via the recruitment and action of co-repressors, such as
SWITCH INDEPENDENT 3 (SIN3), SIN3-ASSOCIATED
POLYPEPTIDE 18 (SAP18), and TPL/TPL-RELATED, as well as
histone deacetylases (HDAs) (Song et al., 2005; Song and
Galbraith, 2006; Hill et al., 2008; Kagale and Rozwadowski,
2011; Causier et al., 2012; Wang et al., 2013; Ryu et al., 2014;
Kim et al., 2019). EAR motif-containing ERFs have been
shown to be involved in abiotic or biotic stress responses
such as salt, wounding, cold, drought, or pathogen attack in
several plant species (Ohta et al., 2001; Song et al., 2005; Cao
et al., 2006; Trujillo et al., 2008; Dong and Liu, 2010; Pan et al.,
2010; Zhang et al., 2010; Lu et al., 2011; Dong et al., 2012,
2015). However, the functional significance of EAR motif-
containing ERF proteins in fruit ripening and in their associ-
ated regulatory mechanisms are yet to be elucidated.

In this study, we demonstrate that the ERF.F subfamily
gene SlERF.F12, encoding a protein containing two typical
EAR motifs (LxLxL and DLNxxP), acts as a transcriptional re-
pressor of ripening-related genes. Our findings show that
SlERF.F12 represses fruit ripening by recruiting the co-
repressor TPL2 and the chromatin modifier proteins HDA1/
HDA3 to epigenetically repress the expression of ripening-
related genes. This study reveals the role and mode of action
of an EAR motif-containing ERF in fruit ripening and sheds
new light on the regulatory mechanism of climacteric fruit
ripening.

Results

SlERF.F12 acts as a transcriptional repressor and its
expression decreases during fruit ripening initiation
Members of the ERF.F subfamily are potential transcriptional
repressors (Pirrello et al., 2012; Liu et al., 2016), but to date,

their role and mode of action in fruit ripening remain largely
unknown. Mining the latest tomato reference genome
(SL4.0) to explore the ERF.F subfamily identified four novel
members (SlERF.F10, SlERF.F11, SlERF.F12, and SlERF.F13)
(Supplemental Figure S1A; Supplemental Table S1). Notably,
of these, SlERF.F12 (Solyc02g077840) contained two typical
EAR motifs, EAR1 and EAR2, located in the middle and the
C-terminal regions, respectively (Supplemental Figure S1, A,
and B). Remarkably, SlERF.F12 exhibited a dramatic decrease
in expression in tomato fruits at the transition to ripening.
SlERF.F12 showed relatively high transcript levels in vegeta-
tive tissues and in immature green (IMG) fruits, followed by
a sharp decrease at the onset of ripening, then remaining
low at the post-breaker (Br) stages (Figure 1A). The decrease
in SlERF.F12 expression occurred concomitantly with the ini-
tiation of fruit ripening, suggesting that downregulation of
this ERF might be required for a normal ripening progres-
sion. To investigate whether SlERF.F12 acts as a transcrip-
tional repressor, we generated constructs to examine the
ability of SlERF.F12, and variants with defective EAR motifs
(named SlERF.F12-mEAR1 and SlERF.F12-mEAR2), to inhibit
transactivation mediated by the strong VP16 activator from
Herpes simplex virus in transient expression assays
(Figure 1B). Both the intact (SlERF.F12) and SlERF.F12-
mEAR1 variant, mutated in the first EAR motif, repressed
VP16-promoted firefly luciferase (LUC) activity (Figure 1C).
In contrast, mutations in the C-terminal EAR motif (EAR2)
led to a loss of SlERF.F12 repression potential (Figure 1C),
suggesting that the transcriptional inhibition of SlERF.F12 is
mostly dependent on this C-terminal EAR2 motif. We also
generated a reporter construct with the ethylene-inducible
GCC box upstream of LUC in a plasmid that overexpresses
Renilla LUC (REN) as an internal control (Figure 1D).
Transient expression assays revealed that SlERF.F12 represses
the transcriptional activity of the LUC reporter, in contrast
to the mutated version SlERF.F12-DEAR2 lacking the C-ter-
minal EAR motif (Figure 1E). These data indicated that
SlERF.F12 represses the transcription of GCC box-containing
promoters in an EAR2-dependent manner.

The ripening-associated expression pattern of SlERF.F12
prompted us to investigate whether its expression is under
the control of ethylene. To this end, performed RT-quantita-
tive PCR (RT-qPCR) to assess SlERF.F12 transcript levels in
mature green (MG) fruits treated with exogenous ethylene
or with 1-methylcyclopropene (1-MCP), an inhibitor of eth-
ylene perception. We used two known ethylene-responsive
genes, E4 and E8, as controls to validate the efficacy of the
treatments. Relative SlERF.F12 transcript levels were lower in
response to exogenous ethylene treatment but increased in
response to 1-MCP (Figure 1F), in line with the decreased
expression of this gene during ripening when tomato fruits
undergo elevated ethylene production. We also examined
the ethylene response of SlERF.F12 in the vegetative tissues
roots, stems, and leaves. SlERF.F12 transcript abundance de-
creased upon ethylene treatment in both roots and leaves
but not in stems, while it increased in response to
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treatment with 1-MCP (Supplemental Figure S2). These data
motivated an exploration of the physiological significance of
SlERF.F12 as a putative repressor of tomato fruit ripening.

SlERF.F12 represses the transition from the unripe
to ripe fruit stage
The downregulation of SlERF.F12 transcript levels at the tran-
sition from MG to Br stage, together with its negative regula-
tion by ethylene at the MG stage, suggested that this gene
may be a negative regulator of fruit ripening. To test this hy-
pothesis, we generated tomato lines with lower (by RNA in-
terference [RNAi]) or higher (by overexpression driven by the
cauliflower mosaic virus [CaMV] 35S promoter) SlERF.F12 ex-
pression. We obtained 10 independent homozygous
35S:ERF.F12-OE lines, from which we selected three lines
(ERF.F12-OE-A, ERF.F12-OE-B, and ERF.F12-OE-C) with repre-
sentative phenotypes and different expression levels for fur-
ther phenotypic and molecular analyses (Figure 2A). Likewise,
we generated eight ERF.F12-RNAi lines, from which we

selected three representative lines (ERF.F12-RNAi-A, ERF.F12-
RNAi-B, and ERF.F12-RNAi-C) for thorough characterization
(Figure 2B). We validated the specificity of SlERF.F12 downre-
gulation in the three RNAi lines by examining the relative
expression of all other members of the ERF.F subfamily by
RT-qPCR (Supplemental Figure S3).

Notably, all three SlERF.F12-OE tomato lines displayed a
significantly delayed onset of fruit ripening (P[N/A]5 0.05;
Figure 2, C and D), consistent with the hypothesis that
SlERF.F12 negatively regulates the transition to ripening. In
contrast, the downregulation of SlERF.F12 led to an ad-
vanced onset of ripening by 3–4 days (Figure 2, C and D).
Indeed, wild-type (WT) fruits reached the Br stage at 42-day
postanthesis (DPA) (Figure 2C), whereas the average time
from anthesis to Br stage extended to 45 DPA in SlERF.F12-
OE lines and shortened to 39 DPA in SlERF.F12-RNAi lines.
We next investigated climacteric ethylene production in
SlERF.F12-OE and SlERF.F12-RNAi fruits by monitoring ethyl-
ene production from 36 to 51 DPA. The peak of climacteric

Figure 1 ERF.F12 displays a ripening-related expression pattern and encodes a transcriptional repressor. A, Relative ERF.F12 transcript levels in dif-
ferent tissues, as assessed by RT-qPCR. 20 DPA, 20 DPA; Br + 3–15, 3–15 days after the Br stage. B, Schematic diagram of the double-reporter and
effector plasmids in the dual LUC assay for transcriptional inhibition assays. C, Transcriptional repression assays of ERF.F12. The dual LUC/REN re-
porter was co-transfected with individual effector plasmids into N. benthamiana leaf protoplasts. ERF.F12mEAR1, ERF.F12 with the core Leu resi-
dues of EAR1 changed to Ser. ERF.F12mEAR2, ERF.F12 with the core DLN motif of EAR2 changed to SSS. pBD, empty vector, negative control.
pBD-VP16, VP16 transcriptional activator domain, positive control. Asterisk indicates statistical significance using Student’s t test, P5 0.05. D,
Schematic diagram of the double-reporter and effector plasmids in the dual LUC assay for measuring transcriptional repressor ability of ERF.F12
on a promoter containing the GCC box. E, ERF.F12 represses transcription from a promoter containing a synthetic GCC box. The dual LUC/REN
reporter was co-transfected with individual effector plasmids into N. benthamiana leaf protoplasts. ERF.F12DEAR2, ERF.F12 with a deletion of
EAR2. Asterisk indicates statistical significance using Student’s t test, P5 0.05. F, ERF.F12 transcript levels in WT fruits at the MG stage treated
with ethylene (50 lL L–1) for 8 h or 1-MCP (1.0 lL L–1) for 12 h, as determined by RT-qPCR. E4 and E8 are ethylene-responsive marker genes.
Asterisks indicate statistical significance using Student’s t test, P5 0.05.
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ethylene production shifted from 44 DPA in the WT to 46
DPA in SlERF.F12-OE fruits (Figure 2E) and occurred 2 days
earlier in SlERF.F12-RNAi fruits than in WT. The amount of
ethylene produced did not differ substantially between WT

and OE lines but increased in RNAi lines. Because the accu-
mulation of carotenoids is a hallmark of tomato fruit ripen-
ing, we performed ultra-performance liquid chromatography
(UPLC) analysis of WT, SlERF.F12-OE, and SlERF.F12-RNAi

Figure 2 ERF.F12 represses the transition to fruit ripening and affects shelf life in tomato. A and B, Relative ERF.F12 transcript levels, in fruits at the
Br stage in WT, ERF.F12-OE (A), and ERF.F12-RNAi lines (B), as assessed by RT-qPCR. ERF.F12-OE-A, -B, and -C are three independent ERF.F12-over-
expressing lines. ERF.F12-RNAi-A, -B, and -C are three independent ERF.F12-RNAi lines. Asterisks indicate statistical significance using Student’s t
test, P5 0.05. C, Time from anthesis to the Br stage in WT, ERF.F12-OE, and ERF.F12-RNAi lines. Asterisks indicate statistical significance using
Student’s t test, P5 0.05. D, Different ripening stages in WT, ERF.F12-OE, and ERF.F12-RNAi lines. Fruits from overexpression lines show a delayed
ripening phenotype while RNAi lines ripen earlier. E, Ethylene production in WT, ERF.F12-OE, and ERF.F12-RNAi fruits at different ripening stages.
Values represent means of at least 15 individual fruits. F, Accumulation of carotenoids in WT, ERF.F12-OE, and ERF.F12-RNAi lines at different rip-
ening stages. G, Genotype and different ripening stages in WT and mutant lines (erf.f12-1 and erf.f12-2) generated by CRISPR/Cas9 genome editing.
The protospacer adjacent motif is underlined. Fruits from two independent lines show an earlier ripening phenotype. H, Time period from anthe-
sis to Br in WT, erf.f12-1, and erf.f12-2 mutants. Asterisks indicate statistical significance using Student’s t test, P5 0.05. I, Fruit firmness in WT,
ERF.F12-OE, and ERF.F12-RNAi lines at the Br + 7 stage. Average values were calculated for 20 individual fruits. Asterisks indicate statistical signifi-
cance using Student’s t test: *P5 0.05. J, WT, ERF.F12-OE, and ERF.F12-RNAi fruits were harvested at the Br + 7 stage and photographs were taken
after storing the fruits at room temperature for 20 days. K, PLW in WT and ERF.F12 transgenic fruits. The weight loss per fruit was measured every
5 days over 30 days of storage. Data are shown as means ± standard deviation (SD) (n = 20).
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fruits at 41, 44, and 47 �DPA, respectively. Total carotenoid
contents were lower in SlERF.F12-OE fruits compared to the
WT from 41 to 47 DPA (Figure 2F), consistent with the
delayed ripening of SlERF.F12-OE fruits. In contrast, total ca-
rotenoid contents (primarily due to the accumulation of ly-
copene) were higher in SlERF.F12-RNAi fruits compared to
the WT at all three stages examined (Figure 2F).

To further explore the role of SlERF.F12 in fruit ripening,
we also generated knockout (ko) mutants using clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) system. Accordingly, we
designed two specific single-guide RNAs and transformed
the corresponding constructs into the tomato cultivar
Micro-Tom (Figure 2G). We obtained two independent ho-
mozygous mutants in the T2 generation whose sequencing
across the target sites identified a 1-bp deletion in the first
target and a 5-bp deletion in the second target, giving rise
to the erf.f12-1 and erf.f12-2 mutants, respectively
(Figure 2G). Both mutations caused frameshifts predicted to
result in truncated proteins, likely resulting in complete loss-
of-function. Interestingly, consistent with the early ripening
initiation seen in SlERF.F12-RNAi fruits, both erf.f12-1 and
erf.f12-2 mutants reached the Br Stages 3–4 days earlier than
the WT (Figure 2, G and H). Moreover, SlERF.F12 ko fruits
exhibited earlier ethylene emission and softening
(Supplemental Figure S4, A and B). In addition, the early ac-
cumulation of transcripts for key ripening-related genes was
consistent with the advanced ripening initiation in SlERF.F12
ko mutants (Supplemental Figure S4C), supporting the idea
of a repressor function for SlERF.F12 in fruit ripening. Given
that both RNAi and ko lines displayed similar phenotypes
with regards to fruit ripening, and because the RNAi lines
were obtained first, we conducted subsequent physiological
and transcriptomic characterization using the RNAi lines.

SlERF.F12 inhibits fruit softening and prolongs shelf
life
To examine the effects of the altered expression of SlERF.F12
on fruit softening, a major ripening-associated phenomenon,
we assessed fruit firmness in the WT, SlERF.F12-OE, and
SlERF.F12-RNAi lines at the red-ripe (Br + 7) stage.
Compared to WT, SlERF.F12-RNAi fruits displayed acceler-
ated softening (Figure 2I), while SlERF.F12-OE fruits exhibited
higher firmness than the WT (Figure 2I). To address the in-
fluence of SlERF.F12 overexpression and silencing on tomato
fruit shelf life, we harvested WT, SlERF.F12-OE, and
SlERF.F12-RNAi fruits at the Br + 7 stage and stored them at
room temperature. Control WT fruits started to wrinkle af-
ter 10–15 days of storage at room temperature (Figure 2J),
while SlERF.F12-RNAi fruits exhibited the first wrinkling
symptoms as early as 7–10 days into storage (Figure 2J). In
contrast, SlERF.F12-OE fruits displayed delayed senescence,
occurring after 15–20 days of storage (Figure 2J). These data
indicated that upregulation of SlERF.F12 in SlERF.F12-OE lines
results in extended fruit shelf life and a delayed appearance
of wrinkling symptoms. In addition, downregulation of

SlERF.F12 resulted in higher physiological loss of water
(PLW) values than in the WT, while SlERF.F12 overexpression
led to lower PLW values (Figure 2K), further supporting the
effects of disrupting SlERF.F12 expression on fruit shelf life.

The expression of ripening-related genes is altered
in SlERF.F12 transgenic fruits
To gain molecular insight into the modified ripening pro-
cesses in the SlERF.F12 transgenic lines, we performed tran-
scriptome deep sequencing (RNA-seq) of SlERF.F12-OE,
SlERF.F12-RNAi, and WT fruits at 41 DPA. We identified a
total of 2,650 differentially expressed genes (DEGs) between
the WT and SlERF.F12-OE lines, of which 1,105 were downre-
gulated and 1,545 were upregulated in SlERF.F12-OE fruits
(Figure 3A; Supplemental Data Set 1). In addition, we
detected 3,698 downregulated genes and 1,477 upregulated
genes in SlERF.F12-RNAi lines compared to the WT
(Figure 3A; Supplemental Data Set 2). Because of the con-
trasting fruit ripening phenotype between SlERF.F12-OE and
SlERF.F12-RNAi lines, we focused on the DEGs with contrast-
ing expression in SlERF.F12-OE and RNAi fruits. Overall,
1,050 genes displayed an opposite expression pattern in
SlERF.F12-OE and RNAi fruits, consisting of 345 genes upre-
gulated in SlERF.F12-RNAi fruits but downregulated in OE
lines, and 705 genes downregulated in SlERF.F12-RNAi fruits
but upregulated in OE lines (Figure 3A; Supplemental Data
Set 3). Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation pathway analysis revealed that multiple meta-
bolic pathways are affected, such as carbon metabolism,
starch and sucrose metabolism, fatty acid metabolism, lino-
leic acid metabolism, monoterpenoid biosynthesis, and bio-
synthesis of amino acids (Figure 3B), indicating that multiple
processes are affected during ripening when the normal ex-
pression of SlERF.F12 is disrupted. Consistent with the accel-
erated ripening in SlERF.F12-RNAi lines and the delayed
ripening of SlERF.F12-OE lines, key ripening-related genes
were induced in SlERF.F12-RNAi fruits and repressed in OE
fruits, such as ethylene biosynthetic and responsive genes (1-
AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2
[ACS2], ACS4, 1-AMINOCYCLOPROPANE-1-CARBOXYLATE
OXIDASE 1 [ACO1], E4, E8), lycopene biosynthesis gene
(PHYTOENE SYNTHASE 1 [PSY1]), fruit softening genes
(POLYGALACTURONASE 2a [PG2a], PECTATE LYASE [PL]),
and key ripening regulators (RIN, NOR) (Figure 3, C and D;
Supplemental Data Set 3). To confirm the regulatory role of
SlERF.F12 in the expression of fruit ripening-related genes,
we assessed their transcript levels in WT, SlERF.F12-OE, and
SlERF.F12-RNAi fruits from 39 to 47 DPA by RT-qPCR.
SlERF.F12 transcript levels were higher in SlERF.F12-OE lines
compared to WT and lower in SlERF.F12-RNAi lines, as
expected (Figure 4A). The peaks of transcript abundance for
ACS2, ACS4, and ACO1, three key genes involved in climac-
teric ethylene production, occurred with a delay in
SlERF.F12-OE fruits but shifted earlier in SlERF.F12-RNAi fruits
compared to the WT (Figure 4, B–D). This shift in peak ex-
pression timing matched the timing of ethylene peaks in
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SlERF.F12-OE and SlERF.F12-RNAi fruits. In addition, tran-
script levels of other ripening-related genes, such as the ca-
rotenoid biosynthesis gene PSY1; the fruit softening-related
genes PL and PG2a; the ethylene response gene E4; and the
key ripening regulator genes RIN, NOR, and CNR were lower
in SlERF.F12-OE fruits and higher in SlERF.F12-RNAi fruits
than in WT during early ripening stages (from 39 to 41
DPA) (Figure 4, E–K). These results were in agreement with
the delayed ripening initiation in SlERF.F12 overexpression
lines and the advanced onset of ripening in RNAi lines.

SlERF.F12 affects plant growth and regulation of
flowering time
Given the relatively high expression of SlERF.F12 in vegeta-
tive tissues, we examined its function in vegetative growth
and development. Notably, the size of 6-week-old SlERF.F12-
OE plants was not significantly different from that of WT,
but SlERF.F12-RNAi plants were shorter (Supplemental
Figure S5, A–C). In addition, SlERF.F12-RNAi plants exhibited
an early flowering phenotype (Supplemental Figure S5, B
and D), suggesting a potential role for SlERF.F12 in delaying

the initiation of flowering. To investigate whether the al-
tered plant growth and flowering time were related to ethyl-
ene, we assessed the transcript levels of genes involved in
ethylene biosynthesis or response in 6-week-old leaves. We
detected higher transcript levels for ethylene biosynthesis
genes (ACS2 and ACS6) and ethylene responsive genes (E4
and E8) in SlERF.12-RNAi lines (Supplemental Figure S5E).
We also investigated the effect of the altered expression of
SlERF.F12 on leaf senescence, but we observed no obvious
difference in leaf senescence between OE or RNAi lines and
the WT after incubation in the dark for 2 weeks
(Supplemental Figure S6, A and B). In contrast, etiolated
SlERF.F12-RNAi seedlings were hypersensitive to ethylene,
while sensitivity to the phytohormone was slightly lower in
seedlings overexpressing SlERF.F12 (Supplemental Figure S7).
In addition, triple response assays showed that etiolated
erf.f12 seedlings are more sensitive to ethylene than WT
(Supplemental Figure S8). Moreover, erf.f12 plants exhibited
reduced size and early flowering compared to the WT, indi-
cating altered vegetative growth and reproductive develop-
ment in SlERF.F12 ko mutants (Supplemental Figure S9, A–

Figure 3 RNA-seq profiling of ERF.F12-OE and ERF12-RNAi fruits. A, Venn diagram showing the overlap between downregulated and upregulated
genes that were differentially expressed in ERF.F12-OE and ERF.F12-RNAi fruits compared to WT at the 41 DPA stage. B, KEGG pathway analysis of
1,050 genes with an opposite expression pattern in ERF.F12-OE and ERF.F12-RNAi fruits. C and D, Comparison of ripening-related gene expression
patterns obtained by RNA-seq in ERF.F12-OE (C) and ERF.F12-RNAi fruits (D). Data are shown as means ± standard deviation (SD) from three bio-
logical replicates. Asterisks indicate statistical significance using Student’s t test, P5 0.05.
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C). In agreement, the expression of ACS2, ACS6, E4, and E8
was upregulated in erf.f12 plants (Supplemental Figure S9D).
Leaf senescence assays showed no obvious differences in
chlorophyll loss between SlERF.F12 ko mutants and the WT
(Supplemental Figure S9, E and F). Taken together, these
results indicate that, in addition to its role in the initiation
of fruit ripening, SlERF.F12 also participates in plant growth
and flowering time, at least partly through alteration of eth-
ylene production or sensitivity.

SlERF.F12-mediated repression of ripening-related
genes is dependent on the EAR motif
As shown above, the delayed ripening of SlERF.F12-OE fruits
was associated with the downregulation of ripening-related
genes, suggesting that SlERF.F12 may act as a negative regula-
tor of the transcriptomic reprogramming associated with fruit
ripening. To investigate this possibility, we examined the abil-
ity of SlERF.F12 to directly regulate the transcription of
ripening-related genes using transient expression assays. We

generated dual LUC reporter plasmids by individually fusing
the ACS2, ACS4, PG2a, and PL promoter sequences to the
firefly LUC reporter, using REN LUC driven by the 35S pro-
moter as an internal control (Figure 5A). Co-transfection of
the proACS2:LUC, proACS4:LUC, proPG2a:LUC, or proPL:LUC
reporter constructs with the pro35S:SlERF.F12 effector in
Nicotiana benthamiana leaf protoplasts resulted in signifi-
cantly reduced luminescence intensity (Figure 5B), revealing
the capacity of SlERF.F12 to repress the transcription of these
ripening-related genes. Notably, this repressing activity was
lost in the effector construct 35S:SlERF.F12DEAR2 lacking the
C-terminal EAR motif (Figure 5B). These results suggested
that SlERF.F12-mediated repression of the ripening-related
genes is dependent on the presence of the C-terminal EAR
motif (EAR2).

To further examine the ability of SlERF.F12 to bind to the
promoter of ripening-related genes, we conducted chroma-
tin immunoprecipitation (ChIP) followed by qPCR (ChIP-
qPCR) experiments using 39-DPA tomato fruit expressing

Figure 4 Relative expression of ripening-related genes in WT, ERF.F12-OE, and ERF.F12-RNAi lines during the ripening process. A, Relative ERF.F12
expression in WT, ERF.F12-OE, and ERF.F12-RNAi lines. B–K, Relative expression of ethylene biosynthesis genes ACS2 (B), ACS4 (C), ACO1 (D); ca-
rotenoid synthesis genes PSY1 (E); fruit softening-related genes PG2a (F), PL (G); ethylene-responsive genes E4 (H); and ripening regulators RIN (I),
NOR (J), and CNR (K) in WT, ERF.F12-OE, and ERF.F12-RNAi lines. Total RNA was extracted from the indicated fruits at different ripening stages
(39, 41, 43, and 47 DPA). Relative mRNA levels of each gene in WT at 39 DPA were normalized to 1, using SlActin gene as an internal control.
Data are shown as means ± SD from six biological replicates. Asterisks indicate statistical significance using Student’s t test, P5 0.05.
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Figure 5 ERF.F12 represses the transcription of ripening-related genes by binding to their promoters. A, Schematic diagram of the double-reporter
and effector plasmids used in the transient expression assay. B, The repressive effect of ERF.F12 on the transcription of ACS2, ACS4, PG2a, and PL
is dependent on the presence of the C-terminal EAR motif. The double reporter plasmid was co-transfected with individual effector plasmids into
N. benthamiana protoplasts. ERF.F12DEAR2, ERF.F12 lacking the C-terminal EAR motif. Each value represents the mean of six biological replicates.
Asterisks indicate statistical significance using Student’s t test, P5 0.05. C, Schematic diagram of promoters and primer positions used in ChIP-
qPCR assays. D, Anti-FLAG ChIP-qPCR showing specific binding of ERF.F12 to the promoters of ACS2, ACS4, PG2a, and PL. Control ChIP was per-
formed without antibody. E and F, EMSA showing the direct binding of intact ERF.F12 (E) and truncated ERF.F12 (F) to the promoters of PG2a
and PL via the GCC box or DRE box. The sequences of the WT probes containing the GCC box or DRE box were labeled with biotin. Competition
for ERF.F12 binding was performed with 50� and 500� cold probes containing the WT GCC box (GCCGCC), DRE box (CCGAC) or mutated
controls (AAAAAA or AAAAA). The symbols – and + represent absence and presence, respectively, and + + indicates increasing amounts.
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the SlERF.F12-FLAG using anti-FLAG antibodies for immuno-
precipitation. We designed specific primers across promoter
regions of the four ripening-associated genes that include
the putative ERF binding cis-elements, while primers across
the 30-untranslated region served as negative control
(Figure 5C). We normalized the binding of SlERF.F12 to the
input DNA fragments. SlERF.F12 bound to the promoters of
the ripening-related genes ACS2 and ACS4 (ethylene biosyn-
thetic genes), as well as PG2a and PL (cell wall-related
genes), as determined by qPCR (Figure 5D). Moreover, elec-
trophoretic mobility shift assays (EMSAs) showed that both
SlERF.F12 and its truncated SlERF.F12 variant lacking the C-
terminal EAR motif can bind directly to a DNA probe con-
taining the GCC box or DRE/CRT box present in the PG2a
and PL promoters (Figure 5, E and F). These results indicated
that SlERF.F12 represses the transcription of ripening-related
genes through direct binding to cis-elements in their
promoters.

SlERF.F12 interacts with TPL2 through the C-
terminal EAR motif
To elucidate the molecular mechanisms of SlERF.F12-
mediated transcriptional repression, we performed a yeast
two-hybrid (Y2H) screen to identify putative interactors, using
SlERF.F12 as bait to screen a tomato fruit Y2H cDNA library.
From a total of 201 positive clones, we identified 19 different
genes, 2 of which were predicted to encode TOPLESS proteins
(TPL2 and TPL4) (Supplemental Table S2). Because TOPLESS
(TPL) proteins were previously reported to interact with EAR
motif-containing transcription factors (Kagale and
Rozwadowski, 2011), we performed a targeted Y2H assay to
investigate the potential for interaction between SlERF.F12
and all known members of the tomato TOPLESS protein fam-
ily (SlTPL). Only SlTPL2 and SlTPL4 exhibited a specific inter-
action with SlERF.F12 (Figure 6A). To validate these
interactions in vivo, we performed co-immunoprecipitation
(Co-IP) assays following transient co-infiltration of SlERF.F12-

Figure 6 ERF.F12 interacts with TPLs via the C-terminal EAR motif. A, Y2H assays between ERF.F12 and TPLs. TPL1, TPL2, TPL3, TPL4, TPL5, and
TPL6 were used as bait, and ERF.F12 used as prey. Empty-BD and Empty-AD were co-transformed as negative controls. B, In vivo Co-IP assays of
ERF.F12 with TPL2 and TPL4. ERF.F12-HA was transiently co-infiltrated with TPL2-FLAG or TPL4-FLAG in N. benthamiana leaves by Agrobacterium-
mediated infiltration. GFP-FLAG was used as a negative control. Total proteins were extracted from infiltrated leaves and used for immunoprecipi-
tation with anti-FLAG antibody. Immunoblots were probed with anti-FLAG antibody to detect TPLs and with anti-HA antibody to detect ERF.F12.
C, The interaction between ERF.F12 and TPL2/4 is dependent on the C-terminal EAR motif. TPL2 and TPL4 were used as bait. ERF.F12 protein frag-
ments generated by different deletions and mutated ERF.F12 in different EAR motifs were used as prey. ERF.F12DAP2 lacks the N-terminal AP2/
ERF domain deleted; ERF.F12-AP2 harbors the AP2 domain but lacks both EAR motifs; ERF.F12-EAR2 is the C-terminal EAR motif; ERF.F12DEAR2
lacks the C-terminal EAR motif. ERF.F12-mEAR1 has a mutated EAR1 motif; ERF.F12-mEAR2 has a mutated EAR2 motif. D, ERF.F12 interacts with
TPL2 and TPL4 through the C-terminal EAR motif in vitro. In an in vitro Co-IP assay, TPL2-FLAG and TPL4-FLAG bind to ERF.F12-HA and
ERF.F12mEAR1-HA, but not ERF.F12mEAR2-HA. GFP-FLAG was used as a negative control.
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HA and SlTPL2/SlTPL4-FLAG constructs in N. benthamiana
leaves. We observed clear Co-IP of SlERF.F12-HA with both
SlTPL2-FLAG and SlTPL4-FLAG, but not with GFP-FLAG con-
trol (Figure 6B). Since SlERF.F12 contains two EAR motifs, we
generated versions of SlERF.F12 lacking either �EAR1 or EAR2
to investigate whether both motifs are essential for the inter-
action with TPL2/TPL4. Y2H assays showed that deletion of
the C-terminal EAR2 (SlERF.F12DEAR2) or its mutation
(SlERF.F12mEAR2) abolishes the interaction between
SlERF.F12 and TPLs (Figure 6C), whereas altering the other
motif had no effect, indicating that EAR2, but not EAR1, is es-
sential for the interaction between SlERF.F12 and SlTPL2/
TPL4. In agreement, SlTPL2 and SlERF.F12 only
co-immunoprecipitated when the EAR2 motif was present,
confirming that EAR2 is the key motif required for the inter-
action between the two proteins in vivo (Figure 6D). The in-
teraction of SlERF.F12 with TPL2/TPL4 suggested that these
proteins might form a transcriptional repressor complex to
negatively regulate the expression of ripening-related genes.

SlERF.F12-TPL2 forms a protein complex that
represses the transcription of ripening-related genes
To investigate whether the interaction between SlERF.F12
and TPL2/TPL4 is involved in the transcriptional repression
of ripening-related genes, we conducted transient expression
assays using SlERF.F12 and SlTPL2/TPL4 as effectors with the
promoters of ripening-related genes driving the transcription
of firefly LUC as reporter constructs (Figure 7A). Co-
transfection of the reporter constructs with SlERF.F12 and
TPL2 effector constructs in N. benthamiana leaf protoplasts
repressed transcription of the reporter gene (Figure 7B). In
contrast, co-transfection of SlERF.F12 with TPL4 did not re-
sult in a significant repression of the transcription of the re-
porter genes. These results suggested that SlERF.F12 forms a
repression complex in vivo specifically with TPL2, but not
with TPL4, to negatively regulate the transcription of ripen-
ing-related genes.

These data raised the possibility that SlTPL2 might be in-
volved in the regulation of fruit ripening. Accordingly, we
generated stable tomato RNAi lines targeting SlTPL2. We
obtained ten independent SlTPL2-RNAi lines showing signifi-
cant downregulation of SlTPL2, from which we selected two
representative lines (TPL2-RNAi-A and TPL2-RNAi-B) for
phenotypic and molecular characterization (Figure 7C).
SlTPL2-RNAi fruits exhibited an advanced transition to rip-
ening compared to the WT, reaching the Br stage 4–5 days
earlier than WT (Figure 7, D and E). In line with the early
ripening phenotype, ethylene production was higher in
SlTPL2-RNAi fruits at both 36 and 41 DPA (Figure 7F).
Genes involved in ethylene biosynthesis (ACS2 and ACO1),
carotenoid metabolism (PSY1), cell wall degradation (PG2a,
PL), and ripening regulation (RIN, NOR, and CNR) as well as
ethylene-responsive genes (E4 and E8) were all upregulated
in SlTPL2-RNAi fruits relative to the WT, as shown by RT-
qPCR (Figure 7G). These data favored the hypothesis that
the early transition to ripening in SlTPL2-RNAi lines is due

to the premature expression of key regulators of ripening,
thus revealing that TPL2 also plays a negative role in fruit
ripening, consistent with its interaction with SlERF.F12.

To gain more insight into the role of the SlERF.F12–TPL2
complex in regulating fruit ripening, we transiently expressed
TPL2 or TPL4 in ERF.F12-OE-A fruits at the MG stage.
Overexpression of SlTPL2 in ERF.F12-OE-A fruits resulted in a
delayed initiation of fruit ripening compared to control
ERF.F12-OE-A fruits expressing the mock GFP construct
(Figure 8A). In contrast, similar experiments with SlTPL4 had
no effect. Consistent with the observed delayed ripening,
the relative transcript levels of the ripening-related genes
ACS2, ACS4, PG2a, and PL were lower in TPL2 overexpressing
fruits compared to those overexpressing TPL4 or GFP in the
same ERF.F12-OE-A genetic background 5 days after infiltra-
tion (Figure 8B). In addition, we also transiently expressed a
35S:TPL2-RNAi construct in ERF.F12-OE-A fruits at the MG
stage, which revealed that silencing of SlTPL2 in the
SlERF.F12-OE genetic background advances the initiation of
ripening compared to the control expressing 35S:GFP
(Figure 8C). These data suggested that the repressive effect
of SlERF.F12 on ripening initiation can be mitigated by the
downregulation of SlTPL2. The increased transcript levels of
ripening-related genes were in line with the advanced ripen-
ing initiation in the SlERF.F12-OE lines silenced for TPL2
(Figure 8D). Altogether, the data further supported the no-
tion that the recruitment of TPL2 by SlERF.F12 plays an im-
portant role in negatively regulating the initiation of tomato
fruit ripening through the transcriptional repression of a set
of ripening-related genes.

SlERF.F12 forms an in vivo tripartite complex with
TPL2 and HDA1/3
HDAs such as HDA19 and HDA6 are additional components
of the TPL-dependent transcriptional repression complex in
Arabidopsis (Arabidopsis thaliana; Long et al., 2006; Wang
et al., 2013). To explore whether the SlERF.F12–TPL2 com-
plex recruits HDAs to repress the transcription of ripening-
related genes in tomato, we performed Co-IP assays to test
the in vivo interaction between the SlERF.F12–TPL2 complex
and SlHDA1 and SlHDA3, two key HDAs previously reported
to regulate tomato fruit ripening (Guo et al., 2017, 2018).
Interestingly, SlERF.F12-HA co-immunoprecipitated with
both SlTPL2-FLAG and SlTPL4-FLAG, but not with GFP-
FLAG (Figure 9A), confirming the ability of SlERF.F12 to in-
teract with these two TPLs. Moreover, SlHDA1-HA and
SlHDA3-HA co-immunoprecipitated with SlTPL2-FLAG, but
not with SlTPL4-FLAG (Figure 9A), revealing the specific in-
teraction between SlTPL2 and SlDHA1/3 in vivo. In addition,
our Co-IP assays showed that SlERF.F12 can interact with
both SlDHA1 and SlHDA3 in vivo (Figure 9B). To examine
whether SlERF.F12 recruits TPL2 and HDA1 to the pro-
moters of SlERF.F12 target genes, we performed DNA pull-
down assays with a biotin-labeled PG2a promoter. The PG2a
promoter pulled down SlTPL2 and SlHDA1 only in the pres-
ence of SlERF.F12 (Figure 9C), suggesting that SlERF.F12,
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SlTPL2, and SlHDA1/3 may form a tripartite complex to re-
press the transcription of ripening-related genes in vivo and
that SlTPL2 might be required as an adaptor protein be-
tween SlERF.F12 and SlHDA1/3.

Since SlERF.F12 repressed the transcription of ripening-
related genes in combination with SlTPL2 and SlHDA1/3, we
postulated that SlERF.F12 transgenic fruits may exhibit al-
tered histone acetylation levels at ripening-related genes. To

Figure 7 TPL2 enhances the repression of transcription of ripening-related genes by ERF.F12 and represses fruit ripening. A, Schematic diagram of
the double-reporter and effector plasmids used in the transient expression assay. B, Repression by ERF.F12 co-transformed with TPL2 or TPL4 of
the transcription of ripening-related genes ACS2, ACS4, PL, and PG2a. The double reporter construct was co-transfected with individual effector
plasmids into N. benthamiana protoplasts. Each value represents the means of six biological replicates. Asterisks indicate statistical significance us-
ing Student’s t test, P5 0.05. C, Relative TPL2 transcript levels assessed by RT-qPCR in fruits at the Br stage in WT and TPL2-RNAi lines. Asterisks
indicate statistical significance using Student’s t test, P5 0.05. D, Ripening phenotype of TPL2-RNAi lines. WT, TPL2-RNAi-A, and TPL2-RNAi-B
fruits at 32, 34, 36, 39, 41, 43, 45, and 47 DPA are shown. E, Time from anthesis to the Br stage in WT, TPL2-RNAi-A, and TPL2-RNAi-B lines.
Asterisks indicate statistical significance using Student’s t test, P5 0.05. F, Ethylene production in WT, TPL2-RNAi-A, and TPL2-RNAi-B fruits at 36
DPA and 41 DPA. Values represent means of measurements of at least 15 individual fruits. Asterisks indicate statistical significance using Student’s
t test, P5 0.05. G, Relative expression of ethylene biosynthesis genes ACS2, ACO1; carotenoid biosynthesis genes PSY1; ethylene-responsive genes
E4, E8; fruit softening-related genes PG2a, PL; and ripening regulators RIN, NOR, and CNR in WT, TPL2-RNAi-A, and TPL2-RNAi-B lines. Total RNA
was extracted from the indicated fruits at 36 and 41 DPA. Relative transcript levels of each gene in WT at 36 DPA were normalized to 1, with
SlActin as an internal control. Data are shown as means ± SD from six biological replicates. Asterisks indicate statistical significance using Student’s
t test, P5 0.05.
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test this hypothesis, we first examined whether the H3K9Ac
and H3K27Ac histone marks were regulated by SlHDA1 by
assessing global acetylation levels in SlDHA1-OE and
SlDHA1-RNAi fruits at 41 DPA. The levels of both H3K9Ac
and H3K27Ac were lower in SlHDA1-OE fruits but increased
in SlHDA1-RNAi lines compared to control WT lines
(Figure 10A). This result suggested that SlHDA1 can deacety-
late the two histone H3 residues in tomato fruits. We also
performed ChIP assays using antibodies against H3K9Ac and
H3K27Ac to assess the acetylation levels at the promoter
regions of ripening-related genes in SlERF.F12-OE, SlERF.F12-
RNAi, and WT fruits at 41, 43, and 47 DPA ripening stages.
Compared to the WT, H3K9Ac and H3K27Ac levels were
lower in SlERF.F12-OE fruits at the promoter regions of
ACS2, ACS4, PG2a, and PL, which are targets of SlERF.F12
(Figure 10B). In contrast, H3K9Ac and H3K27Ac levels at the
promoter regions of these ripening-related genes were
higher in SlERF.F12-RNAi fruits than in WT (Figure 10B),
consistent with their higher transcript levels in these trans-
genic lines.

To validate the requirement for HDA activity in SlERF.F12-
mediated ripening inhibition, we treated WT and SlERF.F12-
RNAi fruits at 36 DPA with the HDA inhibitor trichostatin

A (TSA). We observed an acceleration of ripening in TSA-
treated WT fruits compared to untreated control fruits
(Figure 10C). However, we saw no change in the ripening of
SlERF.F12-RNAi lines treated with TSA relative to untreated
controls (Figure 10C). Notably, RT-qPCR analysis showed
that the relative expression levels of ripening-related genes
ACS2, ACS4, PG2a, and PL are higher in TSA-treated WT
fruits, whereas we observed no significant change in TSA-
treated SlERF.F12-RNAi fruits compared to their controls
(Figure 10D). This result indicated that HDA activity is re-
quired for the repression of ripening-related genes by
SlERF.F12. Taken together, this study supports a model
whereby SlERF.F12 recruits the TPL2-HDA1/3 repression
complex to repress the transcription of key ripening-related
genes by affecting histone acetylation levels at the promoter
regions (Figure 11). Interestingly, the role of ERF.F12 in the
transition to ripen appears to be conserved in several cli-
macteric fruit species. This conclusion is supported by the
mining of publicly available transcriptomic data, which indi-
cated that SlERF12 homologs in kiwifruit (Actinidia chinen-
sis), apple, banana (Musa acuminata), and pear (Pyrus
bretschneideri) are downregulated at the onset of ripening,
similar to our results in tomato (Supplemental Figure S10).

Figure 8 The repression of fruit ripening by ERF.F12 is dependent on TPL2. A, Ripening phenotype produced by transient overexpression of TPL2
or TPL4 in ERF.F12-OE-A fruits at 35 DPA. The photograph was taken 5 days after Agrobacterium-mediated infiltration. 35S:GFP was used as nega-
tive control. B, Relative transcript levels of TPL2, TPL4, ACS2, ACS4, PG2a, PL, RIN, NOR, CNR, E4, E8, PSY1, and b-LCY in fruits transiently express-
ing either GFP, TPL2, or TPL4 5 days after Agrobacterium-mediated infiltration. Each value represents the means of six biological replicates.
Asterisks indicate statistical significance by Student’s t test, P5 0.05. C, Ripening phenotype produced by transient TPL2 silencing by RNAi in
ERF.F12-OE-A fruits at 35 DPA. The photograph was taken 5 days after Agrobacterium-mediated infiltration. D, Relative expression levels of TPL2,
ACS2, ACS4, PG2a, PL, RIN, NOR, CNR, E4, E8, PSY, and b-LCY in fruits transiently expressing either GFP or silencing TPL2 by RNAi 5 days after
Agrobacterium-mediated infiltration. Each value represents the means of six biological replicates. Asterisks indicate statistical significance by
Student’s t test, P5 0.05.
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Discussion
ERFs are downstream components of ethylene signaling by
directly regulating ethylene-responsive gene expression, sug-
gesting that these transcription factors play important roles
in ethylene-dependent developmental processes, including
ripening of climacteric fruit (Pirrello et al., 2012; Liu et al.,
2015a, 2016; Li et al., 2020a, 2020b). However, although sev-
eral ERF genes have been shown to be involved in fruit rip-
ening (Li et al., 2007; Lee et al., 2012; Liu et al., 2014; Sun
et al., 2018), the roles and modes of action of most ERFs in
regulating climacteric fruit ripening have remained elusive.
Here, we demonstrate that SlERF.F12, an EAR motif-contain-
ing ERF.F subfamily member, acts as a repressor of fruit rip-
ening by forming a repressor complex with SlTPL2 and
SlHDA1/SlHDA3 to negatively regulate the transcription of
key ripening-related genes in tomato. Our study uncovers a
direct link between repressor ERFs and histone modifiers
such as HDAs in modulating the transition to ripening. This

new result broadens our knowledge of the regulatory net-
work controlling climacteric fruit ripening and provides
insights into the roles of EAR motif-containing ERFs in regu-
lating the ultimate steps of fleshy fruit development.

ERFs are classified as transcriptional activators or repress-
ors (Fujimoto et al., 2000; McGrath et al., 2005; Pirrello et al.,
2012) and we show here that SlERF.F12 contains two typical
EAR motifs known to confer a transcriptional repressor ac-
tivity (Ohta et al., 2001; Song et al., 2005; Yang et al., 2005;
Yin et al., 2010; Han et al., 2016; Li et al., 2019). SlERF.F12 re-
pressed the expression of ripening-related genes ACS2, ACS4,
PG2a, and PL by binding to their promoters (Figure 5). This
repressor activity was alleviated at the onset ripening by the
downregulation of SlERF.F12, which can also be induced by
exogenous ethylene treatment, thus promoting the progres-
sion of ripening. Conversely, the overexpression of SlERF.F12
resulted in delayed fruit ripening, concomitantly with the
downregulation of a set of key ripening-related genes

Figure 9 ERF.F12 interacts with TPL2 and HDA1/3 in vivo. A, In vivo Co-IP assays of ERF.F12 with TPL2/4 and TPL2/4 with HDA1/3. TPL2-FLAG or
TPL4-FLAG was co-infiltrated with ERF.F12-HA, HDA1-HA, or HDA3-HA in N. benthamiana leaves by Agrobacterium-mediated infiltration. Total
proteins were extracted and immunoprecipitated with anti-FLAG antibody. GFP-FLAG was used as negative control. Immunoblots were probed
with anti-FLAG antibody to detect TPLs and anti-HA antibody to detect ERF.F12 and DHA1/3. B, In vivo Co-IP assays of ERF.F12 with HDA1 and
HDA3. ERF.F12-FLAG was co-infiltrated with HDA1-HA or HDA3-HA in N. benthamiana leaves by Agrobacterium-mediated infiltration. GFP-FLAG
was used as negative control. Total proteins were extracted and immunoprecipitated with anti-FLAG antibody. Immunoblots were probed with
anti-FLAG antibody to detect ERF.F12 and with anti-HA antibody to detect HDA1 and HDA3. C, TPL2 and HDA1 bind to the PG2a promoter
through ERF.F12. Recombinant TPL2-HIS and HDA1-HIS were incubated with a biotin-labeled PG2a promoter DNA fragment (500 bp) together
with GST or GST-ERF.F12 and pulled down with streptavidin agarose beads. Immunoblots were probed with anti-GST or anti-HIS antibody.
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(Figures 3 and 4). The transition to ripening in fleshy fruits
like tomato is genetically programmed and involves an intri-
cate interplay between multiple phytohormones and devel-
opmental factors. Although the precise underlying
mechanisms remain unclear, it is largely accepted that both
activators and repressors are at play (Liu et al., 2015a, 2015b;
Li et al., 2021). Therefore, some activators may decrease the
repressive effects of SlERF.F12 on ripening-related genes,
which might explain why the delayed onset of ripening was
not very strong in the overexpression (OE) lines. Combining
reverse genetics approaches, physiological methods, Co-IP,
and ChIP-qPCR assays, our study clearly showed that the
transcriptional repressor SlERF.F12 plays a negative role in
the transition to ripening in tomato fruits by recruiting the
co-repressor TPL2 and the HDAs HDA1/HDA3 to repress

the transcription of ripening-related genes. In this regard,
our data uncovered a new layer of complexity of the mecha-
nisms controlling the initiation of ripening.

Members of class II ERFs containing the EAR motif, ini-
tially identified in Arabidopsis (Ohta et al., 2001), have been
shown to function as negative regulators by interacting with
co-repressors like TPL and SAP18, as well as HDA19 (Kagale
and Rozwadowski, 2011; Wang et al., 2013; Ryu et al., 2014;
Li et al., 2019). In Arabidopsis, the class II repressor ERFs
ERF3, ERF4, and ERF7 play important roles in regulating ab-
scisic acid and abiotic stress responses by interacting with
the co-repressors SAP18 or SIN3, which in turn interact and
form a repressor complex with HDA19 (Song et al., 2005;
Yang et al., 2005; Song and Galbraith, 2006). Arabidopsis
ERF12, another EAR motif-containing ERF, was also recently

Figure 10 ERF.F12 repression of fruit ripening requires HDA1 activity. A, Global H3K9Ac and H3K27Ac acetylation levels in WT, HDA1-OE, and
HDA1-RNAi fruits at 41 DPA. Band intensities were normalized relative to total histone H3 loading controls. B, ChIP analysis of H3K9Ac and
H3K27Ac levels at the ACS2, ACS4, PG2a, and PL promoters in WT, ERF.F12-OE-A, and ERF.F12-RNAi-B fruits at 41, 43, and 47 DPA. Data are shown
as means ± SD with six biological replicates. C, TSA treatment inhibits promotion of fruit ripening in ERF.F12-RNAi lines. Fruits were infiltrated with
10-lM TSA at 36 DPA. The photographs were taken 7 days after infiltration. D, Relative transcript levels of ACS2, ACS4, PG2a, and PL 5 days after
TSA treatment. Each value represents the mean of six biological replicates. Asterisks indicate statistical significance by Student’s t test, P5 0.05.

1264 | THE PLANT CELL 2022: 34; 1250–1272 Deng et al.



shown to interact with TPL to regulate seed dormancy by
repressing the expression of DELAY OF GERMINATION 1 (Li
et al., 2019). MaERF11 and CpERF9, two EAR-containing
transcriptional repressors, have been reported to repress the
expression of ripening-related genes by directly recruiting
MaHDA1 and CpHDA3 in banana and papaya (Carica pa-
paya), respectively (Han et al., 2016; Fu et al., 2019). Here,
we demonstrated that tomato SlERF.F12 interacts with the
co-repressor SlTPL2 via its C-terminal EAR motif to recruit
the ripening-associated HDASs SlHDA1 and SlHDA3, form-
ing a complex that represses the transcription of ripening-
related genes. Our findings suggest that the recruitment of
chromatin-remodeling factors such as HDAs to epigeneti-
cally repress gene expression appears to be an important
mechanism for the functions of these transcriptional
repressors. Our study also demonstrates that an EAR motif-
containing ERF interacts with TPL and recruits HDA proteins
to regulate fruit ripening in tomato.

Altogether, the data support a model where SlERF.F12
acts as a negative regulator of tomato fruit ripening, prior to
the onset of ripening through its interaction with the co-
repressor TPL2 and the histone modifiers HDA1 and HDA3.
These proteins form a complex to epigenetically repress the
transcription of ripening-related genes. At the onset of rip-
ening, SlERF.F12 expression is downregulated, likely due, at
least in part, to the rise in climacteric ethylene production.
Low SlERF.F12 abundance prevents the formation of the tri-
partite complex SlERF.F12-TPL2-HDA1/3 and therefore
favors higher acetylation levels of permissive histone marks
at the promoter regions of ripening-related genes, which
promotes their active transcription (Figure 11). Overall, our
study uncovers the molecular factors and underlying mecha-
nisms that link ERFs and epigenetic control of transcription
during the transition to ripening of tomato fruits.
Interestingly, as a preliminary investigation, mining publicly

available transcriptomic data corresponding to the ripening
initiation of kiwifruit, apple, pear, and banana suggested a
putatively conserved role for ERF.F12 homologs in the transi-
tion to ripen in several climacteric fruit species. It remains
to be determined whether this regulatory network is ubiqui-
tous to all climacteric fruits.

Materials and Methods

Identification of ERF.F subfamily members
The Pfam (Mistry et al., 2021) domain of the AP2/ERF do-
main (PF00847) was used to identify the tomato ERF family
by the HMMER tool (P-value5 1e–5) referring to the classi-
fication of Nakano et al. (2006) and Pirrello et al. (2012).
The phylogenetic tree of the ERF.F subfamily was generated
by MEGA X software (Kumar et al., 2018). The aligned
sequences were analyzed using DNAMAN version 8.0 soft-
ware (Lynnon Biosoft, San Ramon, CA, USA; https://
www.lynnon.com/).

Construction of plasmids and plant transformation
The full-length coding sequences of SlERF.F12 or SlERF.F12
with a 3xFlag sequence were cloned into the pBI121 vector
to generate SlERF.F12-OE or SlERF.F12-FLAG constructs. A
424-bp fragment of SlERF.F12 and its reverse complement
sequence was cloned into pBI121 on either side of an intron
from ACTIN2 (At3g18780) for the RNAi construct. The
pFASTCas9/ccdB binary vector for plant CRISPR/Cas9-
mediated genome editing was kindly provided by Dr Li
Zhengguo (College of Life Sciences, Chongqing University).
Two target sequences of SlERF.F12 were designed with the
CRISPR-P online tool (http://crispr.hzau.edu.cn/cgi-bin/
CRISPR2/CRISPR). Double-stranded DNA of target sequences
was generated by PCR and cloned into pFASTCas9/ccdB
binary vector by Golden Gate Assembly. The final constructs

Figure 11 Tentative model of the role of ERF.F12 in repression of ripening initiation. A, Before the onset of ripening initiation (i.e. MG stage),
ERF.F12 is highly expressed and its encoded protein interacts with the co-repressors TPL2 and recruits HDA1 and HDA3 to form a repressor com-
plex that epigenetically represses the transcription of ripening-related genes such as ACS2, ACS4, PG2a, and PL. B, During the onset of ripening ini-
tiation (i.e. Br stage), ERF.F12 transcript levels decrease upon climacteric ethylene production or other developmental/phytohormonal signals,
which result in a reduction of ERF.F12 available to form an ERF.F12–TPL2–HDA1/3 complex, leading to histone modification and activation of the
expression of ripening-related genes.
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pBI121-SlERF.F12-OE, pBI121-SLERF.F12-FLAG, pBI121-
SlERF.F12-RNAi, and pFASTCas9/ccdB-SlERF.F12 were
sequenced and transformed into the tomato cultivar Micro-
Tom via Agrobacterium (Agrobacterium tumefaciens)-medi-
ated transformation. Stable inheritance of transgenes was
followed until theT2 generation in 10 independent overex-
pression lines and 8 independent RNAi lines. Six indepen-
dent transgenic lines (ERF.F12-OE-A, ERF.F12-OE-B, ERF.F12-
OE-C, ERF.F12-RNAi-A, ERF.F12-RNAi-B, and ERF.F12-RNAi-C)
were used for subsequent experiments. Similarly, two dis-
tinct homozygous mutants (erf.f12-1 and erf.f12-2) derived
from two different guide RNAs of the T2 generation were
used for further analysis.

Plant materials and growth conditions
Tomato plants (S. lycopersicum L. cv Micro-Tom) and de-
rived transgenic lines were grown under standard green-
house conditions under a 14-h-day/10-h-night photoperiod,
25�C/20�C day/night temperature, 80% relative humidity,
and 250-mmol m–2 s–1 light intensity supplemented with
fluorescent lights (Foshan Electrical and Lighting Co., Ltd,
Foshan, China; LED T8, 16W). Flowers were tagged on the
day of anthesis to evaluate fruit developmental and ripening
stages. MG refers to the stage when fruits start to develop a
white color (around 35–38 DPA for WT) prior to color de-
velopment, while Br indicates the stage when one part of
the fruit starts to generate a slight yellow color (around 41
DPA for WT). The fruit samples were harvested at different
developmental and ripening stages at 39, 41, 43, and 47
DPA. Upon harvesting, the pericarps were frozen immedi-
ately in liquid nitrogen, and stored at –80�C until use.

RNA isolation and RT-qPCR analysis
Total RNA was extracted from fruit pericarp at various
stages of ripening using Plant RNA Purification Reagent
(Invitrogen, Waltham, MA, USA; 12322-012) according to
the manufacturer’s instructions. First-strand cDNAs were re-
verse transcribed from 2 lg of total RNA using an
Omniscript Reverse Transcription kit (Takara, Shiga, Japan;
RR047) following the manufacturer’s instructions. Gene-spe-
cific primers were designed with Primer Express software
(PE-Applied Biosystems, Waltham, MA, USA) and verified by
BLAST analysis against the tomato genome sequence
(SL4.0). qPCR was performed as described by Pirrello et al.
(2006) using 2�SYBR Green qPCR Mix (Vazyme, Nanjing,
China; Q431-02) on a Bio-Rad CFX384 Real-Time PCR
System (BIO-RAD, Hercules, CA, USA). The primer sequen-
ces used in this study are listed in Supplemental Data Set 4.
A melting curve was generated for each sample at the end
of each run to ensure the purity of the amplified products.
SlActin (Solyc11g005330) was used as the internal control.
The data were calculated using the internal control and the
2(–DDCt) method (Pirrello et al., 2006). Six biological repli-
cates were analyzed, each consisting of three technical
replicates.

Transcriptome deep sequencing (RNA-seq)
Total RNA was extracted from 41-DPA fruits for the WT,
SlERF.F12-OE, and SlERF.F12-RNAi lines with three indepen-
dent biological replicates. The RNA was then sent for RNA-
seq library construction and high-throughput sequencing at
Novogene (Beijing, China). The libraries were sequenced on
an Illumina NovaSeq 6000 instrument as 150-bp paired-end
reads. For data analysis, paired reads were mapped to the
tomato reference genome SL4.0 with the ITAG4.0 annota-
tion using HISAT 2 (Kim et al., 2015) with default parame-
ters. In total, more than 188 million clean reads were
obtained, of which �96% mapped to the tomato reference
genome (SL4.0). A P 50.05 and an absolute Log2 ratio 42
were used as the threshold to judge the significance of gene
expression differences (St�ephane and Claverie, 1997). KEGG
analysis of the DEGs was performed using the ClusterProfiler
package in R (Yu et al., 2012).

Ethylene and 1-MCP treatments in different tissues
Four-week-old WT tomato plants were placed in sealed
boxes and treated with 50-lL L–1 ethylene or 1.0-lL L–1

1-MCP for 24 h. The plants were separated into three tissues:
roots, stems, and leaves. The separated tissues were frozen
immediately in liquid nitrogen and stored at –80�C until
RNA isolation. WT fruits were harvested at the Br stage and
treated with 50-lL L–1 ethylene or 1.0-lL L–1 1-MCP for
24 h in sealed boxes. Fruit pericarps were immediately frozen
in liquid nitrogen and stored at –80�C until use. Total RNA
was extracted from roots, stems, leaves, and fruit pericarps;
RT-qPCR was performed as described by Pirrello et al.
(2006). The primer sequences used in this study are listed in
Supplemental Data Set 4.

Ethylene production measurements
Ethylene production was measured as described by Liu et al.
(2014) with minor modifications. Briefly, fruits at different
ripening stages were harvested and placed in open 120-mL
jars for 2 h to eliminate the effect of wounding stress. The
jars were sealed and incubated for 2 h at room temperature,
and 1 mL of headspace gas was injected into an Agilent
7890B gas chromatograph equipped with a flame ionization
detector. Ethylene production from fruits was compared
with ethylene standards of known concentrations and nor-
malized by fruit weight.

Fruit firmness
At least 20 fruits per line were harvested at the Br + 7 stage
and their firmness was assessed using Harpenden calipers
(British Indicators Ltd., Burgess Hill, UK) as described by
Ecarnot et al. (2013).

Determination of carotenoid contents
Tomato fruits of different lines were harvested at 41, 44, and
47 DPA and the pericarp tissue was freeze-dried and ground
into a fine powder. Each sample (100 mg of fruit powder)
was extracted in hexane: acetone: ethanol (2:1:1, v/v/v) con-
taining 0.01% (v/v) butylated hydroxytoluene (BHT). After
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30 s of agitation and 20 min of ultrasonic treatment, the
mixture was centrifuged at 13,000g for 5 min. The superna-
tant was collected and the extraction steps were repeated
twice as above. The extracts were dissolved in a 6:3:1 (v/v/v)
solution of acetonitrile: methanol: methyl tert-butyl ether
(MTBE) and subjected to UPLC analysis. For carotenoid
analysis, a Dionex Ultimate 3000 Series UPLC (Thermo
Scientific, Waltham, MA, USA) was used and the samples
were separated on a 100 � 2.1 mm 1.9-lm Hypersil Gold
C16 column (Thermo Scientific) using 75% (v/v) acetonitrile
and 25% (v/v) methanol as mobile phase A and MTBE with
0.1% (v/v) BHT as mobile phase B. The run parameters were
set as follows: 0.8 mL/min at 28�C: 0–2 min, 15% B; 2–
2.5 min, 15%–25% B; 2.5–3 min, 25%–60% B; 3–4 min, 60%–
95% B; 4–4.2 min, 95%–15% B; and 4.3–6 min, 15% B.
Detection was performed at 448 nm for lutein, zeaxanthin,
a-carotene, b-carotene, c-carotene, and lycopene. Three in-
dependent biological replicates were used for the analysis.
Compounds were quantified using standards purchased
from Sigma-Aldrich (St Louis, MO, USA; https://www.sigmaal
drich.com/).

Triple response assay
The triple response assay was performed as described previ-
ously (Liu et al., 2013) with modifications. Surface sterilized
seeds of SlERF.F12-OE and SlERF.F12-RNAi lines were allowed
to germinate and grow on half-strength Murashige and
Skoog (MS) medium in darkness at 25�C for 7 days. The
seedlings were then treated with 20-lL L–1 ethylene or 1.0-
lL L–1 1-MCP for 16–24 h in darkness. The seedling triple re-
sponse was scored by assessing hypocotyl and root length.
For each line, at least 50 seedlings were measured.

Dark-induced leaf senescence assay
Dark-induced leaf senescence experiments were performed
based on the method described by Ma et al. (2018). Briefly,
10-week-old leaves from WT and transgenic plants were de-
tached and placed on water-soaked filter papers in petri
dishes with the adaxial side facing up. The petri dishes were
then placed in darkness at room temperature for 14 days
with the filter papers changed every 5 days. Chlorophyll was
extracted from leaves with a mixture of ethanol and acetone
(2:1, v/v) and the absorbance values at 663 and 645 nm
were measured with a V-1000 spectrophotometer (AOE
INSTRUMENTS Ltd, shanghai, China). Total chlorophyll con-
tents were calculated following the formula:

Chlorophyll a + b = (8.02 � OD645 + 20.21 � OD663) �
solvent volume/leaf weight.

Transient expression assays
The transcriptional activity assay was performed based on
the method described by Han et al. (2016) with modifica-
tions. The effector constructs were generated by amplifying
the coding sequences of SlERF.F12, SlERF.F12mEAR1 (muta-
tion of the first EAR motif), and SlERF.F12mEAR2 (mutation
of the second, C-terminal, EAR motif) without stop codon

and inserted into pBD-VP16 vector, while the GAL4:LUC re-
porter construct containing five copies of the GAL4-binding
element driving expression of the LUC gene and an internal
control REN driven by the CaMV 35S promoter was used as
the reporter. For another set of constructs for another tran-
scriptional activity assay, the coding sequences of SlERF.F12
and the truncated fragment SlERF.F12-DEAR2 (lacking the C-
terminal EAR motif) were cloned into pGreenII 62sk vector
as effectors; five copies of the GCC box and 35S minimal
promoter were cloned into pGreenII 0800-LUC vector up-
stream of firefly LUC.

For the transactivation assays to test the regulation of
SlERF.F12 and TPL on the ACS2, ACS4, PG2a, and PL pro-
moters, each relevant promoter fragment was cloned into
pGreenII 0800-LUC, while the coding sequences of SlERF.F12,
SlTPL2, SlTPL4, and SlERF.F12DEAR2 were individually cloned
into the pGreenII 62sk vector as effectors.

Mesophyll protoplasts were isolated from N. benthamiana
leaves; the effector and reporter constructs were co-
transfected into protoplasts by polyethylene glycol-mediated
transfection as described by Huang et al. (2013). At �10–
16 h after transfection, LUC and REN activities were mea-
sured using a dual LUC assay kit (Promega, Madison, WI,
USA; E1910) according to the manufacturer’s instructions.
The results are expressed as the ratio between LUC and
REN activity from six independent biological replicates.

Agrobacterium-mediated transient gene expression
in tomato fruits
The SlTPL2 coding sequence was cloned into the pBI121
vector to generate the SlTPL2 overexpression construct. To
generate the SlTPL2-RNAi construct, a 380-bp SlTPL2 frag-
ment and its reverse complement sequence were cloned
into pBI121 on either side of an intron from ACTIN2
(At3g18780). The resulting plasmids were introduced into
Agrobacterium strain GV3101. Agrobacterium-mediated
transient expression was performed by infiltrating the bacte-
ria into the pericarp of 35-DPA fruits at the fruit shoulder.
The infiltrated fruits were collected after staying on-vine in a
greenhouse at 22–25�C for 5 days. RT-qPCR was performed
as described by Pirrello et al. (2006) and all primers are listed
in Supplemental Data Set 4.

Y2H library screening
Total RNA was isolated from a mix of tomato fruits at dif-
ferent developmental and ripening stages; the cDNA library
was constructed using SMART cDNA Library Construction
Kit (Clontech, Mountain View, CA, USA; 634901) by Protein
Interaction Ltd., Wuhan, China. The coding sequence of
SlERF.F12 was cloned into the bait vector pGBKT7. The
resulting bait vector pGBKT7-SlERF.F12 was transformed in
the yeast Y2HGold strain (Clontech; 630498) and plated
onto synthetic-defined (SD) medium lacking Trp at 30�C for
3 days. Competent cells were prepared from positive clones
and transformed with the prey Y2H AD library. The co-
transformants were then grown on SD medium lacking Trp,
Leu, His, and Ade at 30�C for 5 days. Clones with a diameter
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42 mm were restreaked onto selective SD medium contain-
ing X-a-gal to validate the interaction between SlERF.F12
and potential interactors. Blue clones were then grown in
liquid SD medium lacking Trp and Leu for 16 h; plasmids
isolation from yeast cells was performed according to the
Yeast Plasmid Extraction Kit (Protein Interaction; PT1176).
The inserts in each prey plasmid were identified by PCR us-
ing primers T7 and 30AD, sequenced and analyzed by BLAST
against the tomato genome (https://solgenomics.net/tools/
blast/).

Y2H assay
Y2H and b-galactosidase activity assays were performed
according to the procedure of the Matchmaker Gold Y2H
System (Clontech). The coding sequences for SlERF.F12 and
truncated fragments derived from SlERF.F12 including
SlERF.F12DAP2 (73-154 amino acids without the AP2 do-
main), SlERF.F12-AP2 (1–72 amino acids), SlERF.F12-EAR2
(92–154 amino acids), SlERF.F12-DEAR2 (1–91 amino acids),
SlERF.F12mEAR1 (mutation of the first EAR motif), and
SlERF.F12mEAR2 (mutation of the second, C-terminal EAR
motif) were cloned into pGADT7 as prey constructs.
Similarly, the coding sequences for SlTPL1, SlTPL2, SlTPL3,
SlTPL4, SlTPL5, and SlTPL6 were cloned into pGBKT7 to gen-
erate the bait constructs. Different pairs of bait and prey
constructs were co-transformed into yeast strain AH109 and
grown on SD medium lacking Leu and Trp (SD–Leu–Trp)
for 2 days. The yeast cultures were tested on SD medium
lacking Leu, Trp, His, and Ade and containing 4-mg/mL X-a-
Gal for blue color development.

EMSA
EMSA was performed as described by Han et al. (2016). The
sequences encoding full-length or the N-terminus of
SlERF.F12 were cloned into pGEX-4T-1; the resulting gluta-
thione S-transferase (GST) fusion proteins were produced in
BM Rosetta (DE3) Competent Cells by induction with 0.5-
mM isopropyl-b-D-1-thiogalactopyranoside for 5 h at 30�C.
The recombinant protein was purified with Glutathione
Sepharose 4B (GE Healthcare, Chicago, IL, USA) according to
the manufacturer’s instructions. EMSA was performed using
an EMSA kit (Thermo Fisher; 20148) according to the manu-
facturer’s instructions. The probes containing a GCC box or
DRE/CRT motif derived from the PG2a or PL promoters
were labeled with biotin using a DNA 30-End Biotinylation
Kit (Thermo Fisher; 89818) and annealed to form double-
stranded oligonucleotides. The same unlabeled DNA frag-
ment was used as an unlabeled competitor, while probes in
which the GCC box or DRE/CRT motif was changed to
AAAAAA or AAAAA were used as mutated probes. The
probes were incubated with the fusion protein at room
temperature for 30 min in binding buffer (10 mM Tris–HCl,
pH 8.0, 10-mM MgCl2, 5-mM DTT, 10% [v/v] glycerol and
50-ng/mL Poly [dI•dC] as nonspecific competitor). The reac-
tion products were analyzed by 5% (w/v) native polyacryl-
amide gel electrophoresis and transferred to nylon

membranes for chemiluminescent detection (Thermo Fisher;
20158).

Co-IP assays
Synthetic pBTEX-HA and pBTEX-FLAG vectors were kindly
provided by Dr Fangming Xiao (Miao et al., 2014). The full-
length coding sequences of SlERF.F12, HDA1/3, TPL2/4, and
the sequences of SlERF.F12mEAR1 and SlERF.F12mEAR2 were
amplified and cloned into appropriate restriction sites in
pBTEX-HA or pBTEX-FLAG vectors. The pBTEX-SlTPL2/4-
FLAG vector was co-infiltrated with pBTEX-SlERF.F12-HA or
pBTEX-SlHDA1/3-HA into N. benthamiana leaves via
Agrobacterium (strain GV2260)-mediated transient expres-
sion. Similarly, the pBTEX-SlHDA1/3-HA vectors were tran-
siently co-infiltrated with pBTEX-SlERF.F12-FLAG in N.
benthamiana leaves or with pBTEX-GFP-FLAG as the con-
trols. Protein extraction was performed as described by
Huang et al. (2013). Anti-FLAG M2 magnetic beads (Sigma,
St Louis, MO, USA; M8823) were co-incubated with the pro-
tein extracts for 12–16 h at 4�C. Protein-bound beads were
washed with IP wash buffer (0.15-M NaCl, 50-mM Tris–HCl,
pH 7.5, 10% [v/v] glycerol, 0.1-mM phenylmethylsulfonyl
fluoride (PMSF), pH = 7.5) 6 times. The isolated protein
extracts were boiled for 5 min in 2 � SDS loading buffer, re-
solved by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred to polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked
in blocking buffer (1� Tris-buffered saline with 0.05% [v/v]
Tween-20 [TBST] with 5% [w/v] nonfat milk) for 2 h at
room temperature, followed by incubation with mouse anti-
HA (Cell Signaling Technologies, Danvers, MA, USA; #2367)
or rabbit anti-FLAG (Cell Signaling Technologies; #14793) an-
tibody for 1–2 h. After three washes in 1� TBST buffer for
15 min each, the membranes were incubated with secondary
antibodies (Cell Signaling Technologies, #14709 and #7074)
for 1 h, washed 3 times for 15 min each with 1� TBST
buffer, and visualized using an Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Burlington,
MA, USA; WBKLS0100).

DNA pull-down assay
DNA pull-down assay was performed as described by Oh
et al. (2014). Recombinant GST, GST-SlERF.F12 (from vector
pGEX-4t-1), and SlTPL2-HIS, SlHDA1-HIS (from vector
pET28a) proteins were produced in BL21 codon plus
Escherichia coli cells and purified. The PG2a promoter frag-
ment was amplified by PCR using 50-biotin-labeled primers
(Supplementary Data Set 4). SlTPL2-HIS (40 lg) and
SlHDA1-HIS (40 lg) were incubated with the biotin-labeled
DNA together with GST (40 lg) or GST-SlERF.F12 (40 lg)
protein in HKMG buffer (10-mM HEPES, pH 7.9, 100-mM
KCl, 5-mM MgCl2, 10% [v/v] glycerol, 1-mM DTT, and 0.5%
[v/v] NP-40) containing protease and phosphatase inhibitors
overnight. DNA-binding proteins were then pulled down
with streptavidin agarose beads (Sigma; 16-126) and ana-
lyzed by immunoblotting using anti-GST antibody (Cell
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Signaling Technologies; #2622) and anti-HIS antibody (Cell
Signaling Technologies; #9991).

Nuclei enrichment and immunoblotting
Enrichment of nuclei was performed as described Wang
et al. (2021a). Fruits from the WT, SlHDA1-OE, and SlHDA1-
RNAi lines at the 41-DPA stage were collected for nuclei iso-
lation. Fruit pericarp was ground into a fine powder in liquid
nitrogen and resuspended in buffer 1 (0.4-M sucrose, 10-
mM Tris–HCl, pH 8.0, 5-mM b-mercaptoethanol, and 1-mM
PMSF). The homogenates were filtered through two layers
of Miracloth and centrifuged at 5,000g for 30 min at 4�C.
The pellets were then resuspended in buffer 2 (0.25-M su-
crose, 10-mM Tris–HCl, pH 8.0, 5-mM b-mercaptoethanol,
and 1-mM PMSF) and placed in an ice bath for 30 min.
After centrifugation at 12,000g for 10 min at 4�C, the pellets
were boiled in 5� SDS–PAGE loading buffer (250-mM Tris–
HCl pH6.8, 10% [w/v] SDS, 0.5% [w/v] bromophenol blue,
50% [v/v] glycerol, 5% [v/v] b-mercaptoethanol, pH 6.8) for
5 min. The boiled samples were resolved on 12% (w/v) SDS–
PAGE and transferred to PVDF membranes. The membranes
were blocked in blocking buffer (1� TBST with 5% [w/v]
nonfat milk) for 2 h at room temperature and incubated
with antibodies (Cell Signaling Technologies; #4499, #9649,
and #8173) against H3, H3K9Ac, or H3K27Ac, respectively,
for another 2 h. The membranes were then washed 3 times
for 10 min each with 1�TBST and incubated for 1 h with
the secondary antibody (Cell Signaling Technologies; #7074).
The immune reactions were visualized using Immobilon
Western HRP Chemiluminescent Substrate (Millipore;
WBKLS0100) and ChemiDoc XRS + System (BIO-RAD,
Hercules, CA, USA).

ChIP assay
ChIP was performed as described by Zhang et al. (2015).
Chromatin extracts were obtained from fruits of the WT,
SlERF.F12-OE, SlERF.F12-RNAi, and SlERF.F12-FLAG lines at
different stages. All fruits were fixed with 1% (v/v) formalde-
hyde. The chromatin was sonicated with a Bioruptor system
(Qsonica, Newtown, CT, USA; Q800R2) with 30% power set-
ting for 10 s “ON” and 10 s “OFF” for 11 min to shear DNA
to an average length of 200–800 bp. Chromatin was then
immunoprecipitated by the addition of protein A agarose
beads and rabbit antibodies against FLAG (Cell Signaling
Technologies; #14793), H3K9Ac (Cell Signaling Technologies;
#9649), and H3K27Ac (Cell Signaling Technologies; #8173)
and incubated at 4�C overnight. After the incubation, the
beads were washed in the following buffers: once in low salt
buffer (150-mM NaCl, 0.1% [w/v] SDS, 1% [v/v] Triton
X-100, 2-mM EDTA, 20-mM Tris–HCl pH 8.0), once in high
salt buffer (500-mM NaCl, 0.1% [w/v] SDS, 1% [v/v] Triton
X-100, 2-mM EDTA, 20-mM Tris–HCl pH 8.0), once in LiCl
buffer (250-mM LiCl, 1% [w/v] sodium deoxycholate, 1%
[v/v] NP-40, 1-mM EDTA, 10-mM Tris–HCl pH 8.0), and
twice in TE buffer (1-mM EDTA, 10-mM Tris–HCl pH 8.0).
ChIP assays were performed with six biological replicates.
The crosslinking was then reversed by incubating at 65�C

overnight and then incubating with 50 -mg/mL Proteinase K
(Cell Signaling Technologies; #10012S) at 65�C for 3 h. The
immunoprecipitated chromatin was analyzed by qPCR.

TSA treatment
TSA was dissolved in DMSO and diluted to 10 lM in half-
strength MS liquid medium without sucrose. The diluted so-
lution was then infiltrated into the pericarp from the fruit
shoulder at the 36-DPA stage. The fruits were collected for
RNA isolation and RT-qPCR analysis after 1-week infiltration.

Identification of SlERF.F12 homologs in multiple
climacteric fruits
The following reference genomes were used for this analysis:
the tomato reference genome sequence SL4.0; the apple ref-
erence genome GDDH13 version 1.1; the banana genome
version DH-Pahang version 2; the pear genome Pbr_v1.0;
and the kiwifruit genome Red5_PS1_1.69.0. The protein-cod-
ing genes of each species were compared to infer orthology
using OrthoFinder (Emms and Kelly, 2015). The phylogenetic
tree of SlERF.F12 homologs was generated by MEGA X soft-
ware (Kumar et al., 2018).

RNA-seq reads and processed data were obtained from
public databases (Zhang et al., 2016; Hu et al., 2017; Li et al.,
2020a, 2020b; Liu et al., 2021; Wang et al., 2021b) and re-
trieved from the NCBI database repository (https://www.
ncbi.nlm.nih.gov/bioproject/) or the Genome Sequence
Archive at the National Genomics Data Center (http://bigd.
big.ac.cn/). For data analysis, paired reads were mapped to
the tomato reference genome (SL4.0) using HISAT 2 with
default parameters (Kim et al., 2015). The number of reads
with a mapping quality (MAPQ) value 420 was collected
for further analysis. The mapped fragments for each gene
were counted with featureCounts (Liao et al., 2014) and
transcripts per million were calculated.

Accession numbers
Sequence data from this article can be found in the Tomato
Genome Protein Sequences (ITAG release 4.0) database un-
der the following accession numbers: SlERF.F12 (Solyc02g0
77840), SlERF.F1 (Solyc10g006130), SlERF.F2 (Solyc07g064
890), SLERF.F3 (Solyc07g049490), SlERF.F4 (Solyc07g053740),
SlERF.F5 (Solyc10g009110), SlERF.F6 (Solyc12g005960), SlERF
.F7(Solyc03g006320), SlERF.F8 (Solyc01g067540), SlERF.F9
(Solyc05g013540), SlERF.F10 (Solyc11g045680), SlERF.F11
(Solyc11g045690), SlERF.F13 (Solyc04g072300), E4 (Solyc03
g111720), E8 (Solyc09g089580), ACO1 (Solyc07g049530),
ACS2 (Solyc01g095080), ACS4 (Solyc05g050010), PG2a (Solyc
10g080210), PL (Solyc03g111690), PSY1 (Solyc03g031860), b-
LCY1 (Solyc04g040190), RIN (Solyc05g012020), NOR (Solyc1
0g006880), CNR (Solyc02g077920), SlTPL1 (Solyc03g117360),
SlTPL2 (Solyc08g076030), SlTPL3 (Solyc01g100050), SlTPL4
(Solyc03g116750), SlTPL5 (Solyc07g008040), SlTPL6 (Soly
c08g029050), SlHDA1 (Solyc09g091440), SlHDA3 (Solyc0
6g071680), and SlActin (Solyc11g005330). The RNA-seq data
are available from the Genome Sequence Archive in the
National Genomics Data Center, Beijing Institute of
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Genomics, Chinese Academy of Sciences, under the acces-
sion number CRA004377 and is publicly accessible at http://
bigd.big.ac.cn/. Sequence alignments and machine-readable
tree files have been placed in the Dryad database and are
publicly accessible at https://datadryad.org/stash/share/
gjm79KPtOChdOfMn49mt2vqB_JlDpsBded7PNXgjTjE.
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Supplemental Figure S1. Identification of tomato SlERF.F
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Supplemental Figure S2. Relative expression of ERF.F12 in
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