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Deciphering the regulatory network of the NAC
transcription factor FvRIF, a key regulator of strawberry
(Fragaria vesca) fruit ripening
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Abstract

The NAC transcription factor ripening inducing factor (RIF) was previously reported to be necessary for the ripening of octoploid
strawberry (Fragaria X ananassa) fruit, but the mechanistic basis of RIF-mediated transcriptional regulation and how RIF activity is
modulated remains elusive. Here, we show that FVRIF in diploid strawberry, Fragaria vesca, is a key regulator in the control of fruit
ripening and that knockout mutations of FVRIF result in a complete block of fruit ripening. DNA affinity purification sequencing
coupled with transcriptome deep sequencing suggests that 2,080 genes are direct targets of FvRIF-mediated regulation, including
those related to various aspects of fruit ripening. We provide evidence that FvRIF modulates anthocyanin biosynthesis and fruit
softening by directly regulating the related core genes. Moreover, we demonstrate that FVRIF interacts with and serves as a substrate
of MAP kinase 6 (FYMAPK6), which regulates the transcriptional activation function of FvRIF by phosphorylating FVRIF at Thr-310.
Our findings uncover the FvRIF-mediated transcriptional regulatory network in controlling strawberry fruit ripening and highlight
the physiological significance of phosphorylation modification on FvRIF activity in ripening.

Introduction

Strawberries (Fragaria spp.) are important fleshy fruits with
high economic value worldwide due to their attractive appear-
ance, delicious taste, and nutritional value (Basu et al. 2014;
Giampieri et al. 2014). The nutritional composition of straw-
berry fruits includes micronutrients, such as vitamin C, miner-
als, and folates, and nonnutrient elements, such as phenolic
compounds, which are beneficial for human health
(Giampieri et al. 2014). The cultivated species is commonly

the octoploid strawberry Fragaria X ananassa, in which gene
function analysis is challenging due to its quite complicated
genetic background (Edger et al. 2019). By contrast, the diploid
woodland strawberry (Fragaria vesca), which possesses a much
simpler genetic background, short life cycle, and mature trans-
genic systems, has emerged as a model system for studying fruit

development and quality in nonclimacteric fruits.
Ripening is a complex process in the final phase of fruit de-
velopment. The formation of fruit quality, including color,
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IN A NUTSHELL

Background: Strawberry is an important horticultural crop with a high economic value worldwide. Various factors
regulate the ripening of strawberry fruit, including the plant hormone abscisic acid (ABA), epigenetic modifications,
and transcription factors. In a previous study, the transcription factor ripening inducing factor (RIF) was reported to
be necessary for the ripening of strawberry fruit, but the regulatory network mediated by RIF remains unclear.

Question: What are the direct target genes of RIF in strawberry? How is the transcriptional activity of RIF modulated?

Findings: We found that RIF in diploid strawberry (Fragaria vesca, FvRIF) functions as a key regulator in controlling
fruit ripening, and loss of function of FVRIF leads to a complete blockage of the ripening process. DNA affinity puri-
fication sequencing coupled with RNA sequencing identified 2,080 genes as potential direct targets of FVRIF, including
genes involved in anthocyanin biosynthesis, cell-wall degradation, and sugar metabolism. We demonstrate that FvRIF
regulates various aspects of fruit ripening by directly modulating core sets of genes involved in these processes.
Furthermore, we show that FvRIF physically interacts with the kinase FvMAPKG6, which phosphorylates and regulates
FVvRIF activity.

Next steps: We next wish to identify the transcription factors that directly bind to the promoter of FVRIF and regulate
its expression. Moreover, our work suggests a number of transcription factors as the targets of FvRIF. It will be inter-

esting to explore their function in the regulation of strawberry fruit ripening.

texture, flavor, and aroma, is determined by ripening (Fenn
and Giovannoni 2021). A better understanding of the mech-
anistic basis underlying fruit ripening will not only facilitate
genetic engineering for the control of ripening but will also
promote the development of new strategies for the improve-
ment of fruit quality or extension of fruit shelf life. The ripen-
ing of strawberry, a classical nonclimacteric fruit, is regulated
by various factors, among which the plant hormone abscisic
acid (ABA) acts as a critical regulator, manipulating the ex-
pression of genes that determine quality attributes. ABA af-
fects multiple physiological responses throughout strawberry
fruit ripening, and its concentration increases along with fruit
ripening progression (Chai et al. 20171; Jia et al. 20171; Ji et al.
2012; Jia et al. 2013; Chai and Shen 2016). In addition to
ABA, epigenetic modifications, including DNA 5-methylcyto-
sine (5mC) methylation and mRNA N°-methyladenosine
(m®A) methylation, also play an important role in the regu-
lation of strawberry fruit ripening (Cheng et al. 2018). In re-
cent years, a number of transcription factors (TFs) have been
identified and functionally characterized as regulators of fruit
ripening or quality formation in strawberry (Sanchez-Gomez
et al. 2022). For example, FAMYB10 and FaMYB1, members of
the R2R3-type MYB TF family, regulate the biosynthesis of
phenylpropanoids, flavonoids, and anthocyanins in straw-
berry fruit (Aharoni et al. 2001; Lin-Wang et al. 2010;
Medina-Puche et al. 2014). The MADS-box proteins
FaMADS9 and FaSHP (SHATTERPROOF) are associated
with strawberry development and ripening (Seymour et al.
2011; Daminato et al. 2013), while the MYB and DNA binding
with One Finger (DOF)-like TFs FaEOBIlI (Emission of
Benzenoid II) and FaDOF2 can promote the biosynthesis of
eugenol, a volatile phenylpropanoid in ripe strawberry
(Koeduka et al. 2006; Molina-Hidalgo et al. 2017). Despite
the significance of TFs in the control of fruit ripening and

acquisition of quality traits, high-throughput identification
of TF binding sites has not been reported in strawberry, prob-
ably due to the technical challenges caused by the complex
metabolite components present in strawberry. Thus, our un-
derstanding of the transcriptional regulatory networks re-
garding strawberry fruit ripening and how these TFs
orchestrate ripening is still very limited.

NAC (NAM, ATAF, and CUC) TFs constitute a family of TFs
specific to plants, with more than 100 members in Arabidopsis
(Arabidopsis thaliana) (Riechmann et al. 2000). Most NAC pro-
teins contain a conserved N-terminal DNA-binding domain
(BD) and a variable C-terminal domain (Olsen et al. 2005).
Recently, a NAC TF, FaRIF (ripening inducing factor), was re-
ported as an essential positive regulator of fruit ripening in octo-
ploid strawberry, as revealed by the numerous ripening-related
responses that were altered after the repression of FaRIF expres-
sion by RNA interference (RNAIi) (Martin-Pizarro et al. 2021).
However, the direct targets modulated by FaRIF and the me-
chanisms underlying FaRIF-mediated transcriptional regulation
are poorly understood. Moreover, how FaRIF activity is regulated
has not been uncovered. Such information is critical to elucidate
the regulatory cascade controlled by FaRIF and to understand
the connections with other regulatory networks controlling
strawberry fruit ripening.

Due to the critical role of TFs in controlling gene expression
in diverse biological contexts, their activity needs to be tightly
regulated. Posttranslational modifications, including phosphor-
ylation, SUMOylation, ubiquitination, acetylation, glycosylation,
and methylation, represent an important layer of regulation for
TF activity (Filtz et al. 2014). Such modifications can rapidly and
reversibly modulate virtually all aspects of TF activity, such as
stability, subcellular localization, transcriptional activities, and
interactions with cofactors. Among the extensively studied
posttranslational modifications, phosphorylation appears to
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be a ubiquitous mechanism that affects TF activity. Protein
phosphorylation, which may occur at serine (S or Ser), threo-
nine (T or Thr), or tyrosine (Y or Tyr) residues, is catalyzed
by protein kinases including MAP kinases (MAPKSs), receptor-
like kinases, calcium-dependent protein kinases (CDPKs), and
sucrose nonfermentingl-related protein kinases 2 (SnRK2s)
(Komis et al. 2018; Yip Delormel and Boudsocq 2019; Soma
et al. 2020). Although substantial advances have been achieved
in understanding the regulatory effects of protein phosphoryl-
ation on the activity of TFs in model plants such as Arabidopsis,
relatively little information is known in horticultural crops
so far.

In the present study, we generated stable knockout mutants
of FVRIF, the ortholog of FaRIF in diploid F. vesca, using a clus-
tered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated nuclease 9 (Cas9)-mediated gene editing,
and showed that FVRIF functions as a master regulator in con-
trolling strawberry fruit ripening. Compared to the FaRIF-RNAi
lines (Martin-Pizarro et al. 2021), the mutants display a more
severe ripening-inhibited phenotype whereby fruits never
turn red, indicating that the flexible application of CRISPR/
Cas9 gene-editing approach is an efficient strategy to explore
gene function in strawberry. A DNA affinity purification se-
quencing (DAP-seq) approach coupled with transcriptome
deep sequencing (RNA sequencing [RNA-seq]) analysis sug-
gests that FVRIF directly regulates 2,080 genes involved in vari-
ous aspects of fruit ripening, such as anthocyanin biosynthesis,
cell-wall degradation, and sugar metabolism. Furthermore, we
demonstrate that FvRIF physically interacts with the kinase
FVMAPK®6, which phosphorylates and regulates the transcrip-
tional activity of FVRIF. Thus, our study contributes to the un-
derstanding of the transcriptional regulatory network mediated
by FVRIF and uncovers links between protein translational
modification and TF activity.

Results

FvRIF functions as a master regulator in the control of
strawberry fruit ripening

We identified FvRIF (FvH4_3g20700), the ortholog of FaRIF
from F. X ananassa (maker-Fvb3-4-augustus-gene-182.31),
in the genome of the diploid strawberry, showing 100% pro-
tein sequence identity with FaRIF (Supplemental Fig. S1). A
phylogenetic analysis showed that FvRIF is most closely re-
lated to CmNAC-NOR (nonripening) from melon (Cucumis
melo) and CsNAC56 from sweet orange (Citrus sinensis), fol-
lowed by SINOR and SINOR-like1 from tomato (Solanum ly-
copersicum) and NtNAC56-like in tobacco (Nicotiana
tabacum) (Fig. 1A). We analyzed RIF expression in F. vesca
and F.Xananassa by reverse transcription quantitative
PCR (RT-gPCR), showing that FVRIF is highly expressed in
fruits and increases during ripening in diploid strawberry
(Fig. 1B), similar to FaRIF in octoploid strawberry (Fig. 1C).
Notably, besides FVRIF, there are 11 additional homologous
genes that share greater than 50% sequence similarity with
FaRIF (Supplemental Fig. S2A). Expression analysis of these
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homologous genes in various tissues and ripening in F. vesca
revealed that 5 of these genes are not detectably expressed,
while the remaining 6 genes are expressed at differential le-
vels (Supplemental Fig. S2B).

To fully investigate the function of FVRIF in strawberry, we
generated stable FVRIF knockout mutants in diploid straw-
berry (F. vesca cv. Ruegen) using CRISPR/Cas9-mediated
gene editing. We used 2 single guide RNA (sgRNA) expression
cassettes containing different target sequences (T1 and T2)
to specifically target the first exon of FvRIF (Fig. 1D). After
transformation, we genotyped the positive seedlings ob-
tained based on hygromycin resistance by PCR, followed by
DNA sequencing. We identified 3 independent homozygous
mutant lines (Fvrif-1, Fvrif-6, and Frif-13) in the second gen-
eration. Lines Fvrif-1 and Fvrif-6 harbored a 1- and 40-bp de-
letion, respectively, while line Furif-13 carried 2 deletions of 1
and 25 bp (Fig. 1E). All mutants were predicted to produce
nonfunctional truncated FvRIF proteins. We chose the mu-
tant lines Fvrif-6 and Fvrif-13 with longer deletions for ana-
lysis. Immunoblot analysis using an affinity-purified specific
anti-FVRIF polyclonal antibody generated in this study de-
tected a band corresponding to the predicted size
(~38 kD) of the full-length FvRIF only in the wild type, but
not in the Fvrif-6 or Fvrif-13 mutant lines, indicating that
FVRIF is successfully knocked out in these lines (Figs. 1F and
S3). We predicted potential off-target sites in the strawberry
genome by CRISPR-P (version 2.0, http://crispr.hzau.edu.cn/
CRISPR2/). Of the 3 potential off-target sites identified, 2
are located in intergenic regions, and 1 is located in the cod-
ing region of FvH4_6g41601. We genotyped the sequences
containing these potential off-target sites through direct se-
quencing of the PCR products from genomic DNA flanking
the potential target sites. We detected no mutation in any
of the 3 potential off-target sites (Supplemental Fig. S4), sug-
gesting the specific mutation for FVRIF.

Fvrif-6 and Furif-13 mutant lines displayed similar and clear
inhibition of ripening phenotypes (Fig. 1G). The fruits in the
mutants failed to fully ripen and remained white at the final
ripe stage (Figs. 1G and S5, A to C), suggesting that FvRIF acts
as a master regulator in controlling strawberry fruit ripening.
Consistent with the color phenotype, the anthocyanin con-
tent decreased by >90% in fruits of the Fvrif lines at 28 d
postanthesis (DPA) (Fig. 1H). By contrast, fruit softening
was markedly inhibited in the Fvrif lines, which exhibited ap-
proximately 18-fold higher fruit firmness compared to the
wild type (Fig. 11). Moreover, levels of the major sugars
were altered in fruits of the Fvrif lines, with significantly lower
levels for sucrose, glucose, and fructose compared to the wild
type (Fig. 1)). Fvrif-1 only exhibited a slight delay in fruit ri-
pening (Supplemental Fig. S6), probably due to its 1-bp
deletion.

To confirm the positive role of FvRIF in the regulation of F.
vesca fruit ripening, we also generated stable FVRIF overex-
pression lines (FVRIF-OE-L20 and FvRIF-OE-L21) in diploid
strawberry: these overexpression lines displayed phenotypes
opposite to those seen in the Furif lines (Fig. 1, G to )).


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://crispr.hzau.edu.cn/CRISPR2/
http://crispr.hzau.edu.cn/CRISPR2/
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad210#supplementary-data

FVRIF-mediated ripening regulatory network in strawberry

THE PLANT CELL 2023: 35; 4020-4045 4023

A CINACS68 (Cla97C03G059250) D Target 1 PAM — sgRNA1
MaNAC1 (gi:103989192) T1: 5-CTGCGAGCCGGAAGACGAGTCGG-3’ (bottom strand)
MaNAC?2 (gi:103989589) - FVRIE
OSNACS (gi:4325008) -  Target2 PAM sgRNA2
SINAC1 (gi:543917) T2: 5-GGAAGCGGAATCCCGGCGGTAGG-3’ (bottom strand)
SINAP1 (gi:101244582) [Z71 Exon === |ntron () Target site
SINAP2 (gi-101248665) E Fvrif-1 (1-bp deletion)
OsNACS (gi:4343630) WT: TGGAGAGCACCGACTCGTCTTCCGGCTCGCAGCCGC
AtNAC2 (gi:820790) Allele1: TGGAGAGCACCGACT-GTCTTCCGGCTCGCAGCCGC
AINAM (gi:841721) Alle!e2: TGGAGAGC.ACCGACTfGTCTTCCGGCTCGCAGCCGC
AINAC25 (gi:842404) Fvrif-6 (40-bp deletion)
i WT: GCACCGACTCGTCTTCCGGCTCGCAGCCGCCGCCGCAGCCAAACCT
FVRIF (gi:101306695) ACCGCCGGGATT
CmNAC-NOR (gi:103493347) Allele1: GCACCGACT- - - - -« == cmmmeme o GCCGGGATT
CsNAC56 (gi:102611907) Allele2: GCACCGACT- - - - -« - == mmmeeme o GCCGGGATT
CsNAC25 (gi:102614981) Fvrif-13 (1-bp and 25-bp deletion)
SINOR (gi:778200) WT: CCGACTCGTCTTCCGGCTCGCAGCCGCCGCCGCAGCCAAACCTACCGCCGG
e GATTCCGCTTCCACCCCACCGATG
NINACSE-like (gi:107789325) Allele1: CCGACT-GTCTTCCGGCTCGCAGCCGCCGCCGCAGCCAAACCTACCG: - ATG
SINOR-like1 (gi:101247735) Allele2: CCGACT-GTCTTCCGGCTCGCAGCCGCCGCCGCAGCCAAACCTACCG- - ATG
B C G
56 §% DPA 17 20 24 25 26 47
® I 20
R4 3
S 815
€L I (8
: $ 10
t 2 = L
(0]
2 = = 2 5
© - ©
& 0 T :I: T \= T T T T T &
RT ST LE FL SGMGLGTFRF RTST LE FLSGMGLGTFRF
F H _ 5
[
2o 4
O W g%
S c§3
5o ) FVRIF-OE-L20
40 KD e ant-FVRIF 8 o
L
£= 1
25 kD—] _ & 0
anti-H3 FVRIF-OE-L21
| Kk J
10 kil :§\ 400 ** § 600 *kk g 500 5 *kk
z g: I g *xk  —— g kot - z 400 *kk
s 74 I "o 300 Sk ES o ool . > Sk =
5 D — o 400 *kk o Kk
£ 6 £ T £ — € 300+ —
7.5 - z = z =
g 10 ** g 20 £ £ 200
£ 08+ ™ s 8 200 8
= 061 2 100 2 2
5 0.4 - = 8 2 & 100
& 0.2 == S s — = S ——
0 - 1T 1 1 T 71 @ 0 L © 0 T T T T T Lt 0-
SN & N OO KD N 0 & O N O KD N
&SP ESTAROI gS PP AR AN
4 % & OQ' < QA‘ OQ/ OQ/ < ¥ OQ’ O((’ < (<4‘ & OQ/
e e e G
QA QA QA QA (<4 QA QA (<4

Figure 1. Mutation of FVRIF leads to the inhibition of strawberry fruit ripening. A) Phylogenetic analysis of FVRIF. The phylogenetic tree was gen-
erated by MEGA (version 10.1.8). Bootstrap values from 500 replicates for each branch are shown. At, A. thaliana; Cl, C. lanatus; Cm, C. melo; Cs, C.
sinensis; Fv, F. vesca; Ma, M. acuminata; Nt, N. tabacum; Os, Oryza sativa; S|, S. lycopersicum. B), C) Expression pattern of RIF in diploid strawberry
(FVRIF, B) and octoploid strawberry (FaRIF, C) as determined by RT-qPCR. FL, flower; LE, leaf; RT, root; ST, stem. Values are means + standard error of
mean (SEM) from 3 biological replicates using ACTIN (FvH4_6g22300) as an internal control. D) Diagram of the sgRNAs with different target se-
quences (T1and T2) designed to specifically target exon 1 of FVRIF. E) Genotyping of mutations mediated by CRISPR/Cas9 gene editing in the Furif-1,
Fvrif-6, and Fvrif-13 mutant lines. Red letters, sgRNA targets; Green dashed lines, edited sites; Blue letters, protospacer adjacent motif (PAM). The
transgenic plants in the second generation were genotyped by Sanger sequencing of the genomic regions flanking the target sites. F) Absence of
FVRIF protein in the Furif-6 and Furif-13 lines. Nuclear proteins were extracted from wild-type (WT) and mutant fruits at 28 DPA and subjected
to immunoblot analysis using an anti-FvRIF antibody. Histone H3 was used as the internal control. G) Phenotypes of strawberry fruits from WT,
Fvrif mutants or FVRIF overexpression lines. Scale bar, 0.5 cm. H) to J) Changes in anthocyanin contents H), fruit firmness 1), and sugar contents
J) in the mutants and overexpression lines at 28 DPA. Values are means + SEM from 3 biological replicates. Statistical significance was determined
by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Together, our data support the notion that FvRIF
functions as a global regulator in the control of different
ripening-related responses in strawberry fruit.

Genome-wide identification of FVRIF binding sites
To better understand FvRIF-mediated transcriptional regula-
tion of fruit ripening, we performed DAP-seq to unravel FVRIF
binding sites at the genome scale. DAP-seq has been recently
employed to capture genome-wide DNA binding sites of TFs
in their native sequence context (O’Malley et al. 2016; Galli
et al. 2018 Wu et al. 2020; Nishida et al. 2021). For
DAP-seq analysis, we used recombinant FvRIF fused to the
HaloTag sequence to purify sheared genomic DNA from
strawberry fruits. We prepared 2 independent biological re-
plicates for DAP-seq and DNA “input” negative control li-
braries and analyzed them by high-throughput sequencing.
The numbers of total clean sequencing reads and mapping
rate for each replicate are shown in Supplemental Table S1.
We consistently detected a total of 9,902 enriched peaks, cor-
responding to 7,899 genes, in both biological replicates
(Fig. 2A; Supplemental Data Sets S1 to S3), which were
thus considered as high-confidence FvRIF binding regions.
The width of the binding sites ranged from 240 to 1,500 bp
(Supplemental Fig. S7A), and the binding sites were highly
centered on transcriptional start sites (TSS) (Fig. 2B). A de-
tailed analysis of the binding profiles revealed that, although
FVvRIF bound to 5" UTRs (4.4% of the binding sites), 3" UTRs
(5.0%), exons (14.8%), introns (12.5%), and intergenic regions
(26.4%) (Fig. 2C), most binding sites (37.0%) were located
within promoter regions (up to 2-kb upstream from a TSS)
(Fig. 2C; Supplemental Data Set S4), which is consistent
with FvRIF being a TF with DNA-binding ability and gene
regulatory activity. Moreover, the binding sites of FvRIF
were distributed evenly across the length of all 7 F. vesca
chromosomes, suggesting that FVRIF shows no preference
for a specific chromosome (Supplemental Fig. S7B).

To gain more insight into the DNA-binding properties of
FvRIF, we conducted a de novo motif prediction based on
the FvRIF-bound regions identified in our DAP-seq data using
the Homer (version 3) tools, allowing the identification of 4 en-
riched motifs. The most enriched motif was represented by
TACGTACGTAAC, which accounted for 4,649 FVRIF binding
peaks (Fig. 2D). It is worth noting that the nucleotide sequence
of this motif is derived from the core sequence CGT[G/A], a
previously reported NAC recognition motif (Simpson et al.
2003; Ernst et al. 2004), confirming the reliability of our
DAP-seq data. The flanking bases may determine the binding
specificity and fine-tune the affinity of FVRIF. We identified 3
other motifs, TAGCTA(A/G)C, CTTC(A/G)TTT, and
AGAAAGAA, which were present in 4,473, 3,500, and 2,222
FVRIF binding peaks, respectively (Fig. 2D).

Gene ontology (GO) enrichment analysis of the genes that
contained FVRIF binding sites revealed a significant over-
representation (P < 0.05; hypergeometric test) of categories
such as “regulation of transcription,” “phytohormone-mediated
signaling pathway,” “regulation of cell-wall organization or
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biogenesis,” and “developmental maturation” (Fig. 2E), indicat-
ing that FVRIF may directly control multiple biological pathways
relevant to fruit ripening.

Identification of FvRIF-regulated genes by
transcriptome analysis

To identify genes that are transcriptionally regulated by FvRIF
during fruit ripening, we performed comparative transcrip-
tome analysis through transcriptome deep sequencing
(RNA-seq) using fruits from 3 independent biological repli-
cates of the wild type and mutants (Fvrif-6 and Furif-13) at
28 DPA. In total, we obtained 405 million reads after trim-
ming, 97.0% of which mapped to unique loci in the reference
genome. A bioinformatic analysis identified 8,138 differen-
tially expressed genes (DEGs), with 3,365 downregulated
(Log,(fold-change [FC]) < —1; false discovery rate [FDR] <
0.05) and 4,773 upregulated (Log,(FC) > 1; FDR < 0.05) genes
in the Fvrif-6 line relative to wild type (Fig. 3A; Supplemental
Data Set S5). Similarly, 3,299 downregulated (Log,(FC) < —1;
FDR < 0.05) and 4,683 upregulated genes (Log,(FC) > 1; FDR
<0.05) were differentially expressed in the Fvrif-13 line
(Fig. 3B; Supplemental Data Set S6). The overlap between
the DEGs identified from each mutant defined 2,747 down-
regulated and 3,959 upregulated DEGs (Fig. 3, C and D;
Supplemental Data Set S7). We obtained a high Pearson’s
correlation coefficient by comparing the transcriptomes of
the 2 mutant lines, confirming their high transcriptional simi-
larity (Supplemental Fig. S8). Notably, FVRIF mRNA levels
were significantly lower in both lines compared to wild
type (Supplemental Fig. S9, A and B), suggesting that genome
editing might cause RNA instability due to frameshift
mutations.

Next, we performed a GO enrichment analysis to identify bio-
logical processes enriched among the DEGs. This analysis re-
vealed enrichment for processes such as “regulation of
ABA-activated signaling pathway,” “regulation of secondary
metabolic process,” and “glucose metabolic process” (Fig. 3E),
supporting a function for FvRIF in the control of fruit develop-
ment and ripening. Interestingly, some well-known ripening-
related genes, e.g. FWCHST-encoding chalcone synthase (CHS), in-
volved in flavonoid biosynthesis (Hoffmann et al. 2006;
Nakayama et al. 2019), FvPL2-encoding pectate lyase (PL), re-
sponsible for cell-wall disassembly (Jimenez-Bermudez et al.
2002), and FNCED5-encoding 9-cis-epoxycarotenoid dioxygen-
ase, implicated in ABA biosynthesis (Ji et al. 2012), exhibited al-
tered mRNA levels in the Furif lines (Supplemental Fig. S10).

Determination of FvRIF-regulated direct target genes
We next sought to determine the FvRIF-regulated direct target
genes by comparing the 7,899 FvRIF binding genes identified in
our DAP-seq analysis with the 6,706 DEGs in the RNA-seq ana-
lysis of the Furif lines. We identified 2,080 genes in common be-
tween the DAP-seq and RNA-seq analyses, suggesting they are
direct targets of FVRIF (Fig. 4A; Supplemental Data Set S8).
Among them, 769 genes (37.0%) represented targets positively
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Figure 2. Genome-wide identification of FVRIF binding sites through DAP-seq. A) DAP-seq using 2 biological replicates reveals 9,902 high-
confidence FVRIF binding peaks. B) Metaplot of FVRIF binding sites. The FVRIF binding sites are centered on the TSS. TES, transcription end site.
C) Distribution of FVRIF binding peaks across genomic features. D) DNA logos of enriched DNA binding sites for FVRIF as determined by Homer
(version 3). The P-values are shown. E) Top enriched GO terms of FvRIF-bound genes determined by DAP-seq. Bigger dots indicate more genes.

regulated by FvRIF, since they were downregulated in the Furif
lines, while 1,311 genes (63.0%) were considered as targets nega-
tively regulated by FVRIF, as they were upregulated in the Furif
mutant lines (Fig. 4A; Supplemental Data Set S8). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis showed that FvRIF-regulated direct target genes
are involved in multiple metabolic pathways, including “plant
hormone signal transduction,” “starch and sucrose metabol-
ism,” “phenylpropanoid biosynthesis,” and “flavonoid biosyn-
thesis” (Fig. 4B).

Consistent with the function of FVRIF in the control of fruit
ripening, we identified multiple genes associated with antho-
cyanin biosynthesis, cell-wall degradation, sugar metabolism,
and aroma compounds generation as direct target genes of
FVRIF (Fig. 4, C to F; Supplemental Table S2). Moreover,
FaPYR2 (pyrabactin resistance 2), an ABA receptor, was also
among the FvRIF-regulated direct target genes (Supplemental
Data Set S8). The expression of FVRIF was induced by ABA
(Supplemental Fig. S11), indicating that FvRIF may regulate
the ABA pathway via a positive feedback loop. Interestingly, a
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Figure 3. Transcriptome-based determination of FvRIF-regulated genes. A), B) Volcano plots revealing the DEGs in fruits of Fvrif-6 A) and Furif-13 B)
mutant lines compared to wild type (WT) at 28 DPA by RNA-seq. Down, downregulated; Up, upregulated. Genes with more than two-fold changes
in expression and FDR < 0.05 were considered as DEGs. C), D) Venn diagrams showing the overlapping downregulated C) and upregulated D) genes,
respectively, in fruits of the 2 mutant lines (Fvrif-6 and Furif-13). E) Top enriched GO terms of FvRIF-regulated genes as defined by RNA-seq analysis.

Bigger dots indicate more gene numbers.

large number of the FVRIF target genes (137, 6.6%) encoded TFs
(Supplemental Data Set S9), including ripening-related regula-
tors such as FUMYB10 (Medina-Puche et al. 2014; Castillejo
et al. 2020), FVSEP3 (Sepallata 3) (Pi et al. 2021), and FVARF2
(auxin-response factor 2) (Yi et al. 2022) (Supplemental
Table S2), suggesting that, besides the direct regulation of struc-
tural genes, FVRIF may indirectly regulate ripening by targeting
important TF genes.

FvRIF directly regulates key genes in the anthocyanin
biosynthetic pathway

Anthocyanins are the main pigments in strawberry fruits,
which are biosynthesized by a series of enzymes including
phenylalanine ammonia-lyase (PAL), CHS, chalcone-flava-
none isomerase (CHI), flavanone 3-hydroxylase (F3H), dihy-
droflavonol 4-reductase (DFR), and leucoanthocyanidin
dioxygenase/anthocyanidin synthase (ANS) (Castillejo et al.
2020). Interestingly, 6 genes in the anthocyanin biosynthetic
pathway were direct FvRIF-regulated targets (Fig. 4GC;
Supplemental Data Set S8), which is consistent with the dra-
matic decrease in the anthocyanin content of Furif fruits
compared to that in the wild type (Fig. TH) and supports a
direct role for FvRIF in this pathway. We thus selected 4
genes, i.e. FVCHS1, FvDFR, FvANS, and FvUFGT, which showed
enriched binding sites in their promoter regions in the
DAP-seq analysis (Fig. 5A), to validate the direct modulation

of the anthocyanin biosynthetic pathway by FvRIF through
these genes. To this end, we cloned the coding sequence of
FvRIF and specific promoter fragments (200 bp) for these tar-
get genes into the pGADT7 (activation domain [AD]) and
pAbAi vectors, respectively, which we then transformed in
pairs into yeast (Saccharomyces cerevisiae) to perform a
yeast 1-hybrid (YTH) assay. As shown in Fig. 5B, only the
yeast cells transformed with the vectors pGADT7-FVRIF
and pAbAi containing promoter regions of the target genes
(pAbAi-proFvCHS1, proFvDFR, proFvANS, and proFvUFGT),
but not the negative control, survived on selective medium
containing aureobasidin A (AbA; 100 ng/mL), indicating
that FVRIF interacts with the promoters of FVCHS1, FUDFR,
FVANS, and FVUFGT in yeast.

Furthermore, we performed an electrophoretic mobility shift
assay (EMSA) with purified recombinant FVRIF to confirm that
FVRIF interacts with the promoter fragments of each of these 4
anthocyanin-related genes. We observed a band shift for each
promoter fragment when purified FVRIF was mixed with the
biotin-labeled DNA probe harboring the binding motifs identi-
fied in our DAP-seq analysis (Fig. 5C), suggesting that FvRIF
binds to the biotin-labeled promoter fragments. The shifted
band was effectively competed by the addition of excess un-
labeled DNA probe with intact binding motifs, but not by a
probe with mutated binding motifs (Fig. 5C). These results in-
dicate that FvRIF binds specifically to the promoters of FvCHS1,
FvDFR, FVvANS, and FYUFGT in vitro.
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Figure 4. Identification of direct FvRIF-regulated target genes. A) Venn diagram showing the overlap between FvRIF-bound genes as revealed by
DAP-seq and FvRIF-regulated genes identified by RNA-seq. The numbers of downregulated and upregulated FvRIF direct genes are indicated. B)
Top KEGG-enriched terms for the direct FvRIF-regulated target genes. C) to F) Heatmap showing the expression of direct FvRIF-regulated target
genes related to anthocyanin biosynthesis C), cell-wall degradation D), sugar metabolism E), and aroma compounds generation F). The expression of
these genes revealed by RNA-seq in fruits of the mutant lines (Fvrif-6 and Furif-13) and the wild type (WT) is shown. The detailed information is

shown in Supplemental Data Set S7.

Finally, to assess whether FVRIF directly binds to these se-
lected promoters in vivo, we performed a chromatin immuno-
precipitation (ChlIP) assay. For this purpose, we sonicated the
chromatin to shear the genomic DNA to an average size of
250 to 1,500 bp (Supplemental Fig. S12A), followed by immu-
noprecipitation with affinity-purified anti-FvRIF polyclonal anti-
body, which specifically recognized FVRIF (Supplemental Fig.
S12B), to capture the cross-linked DNA—protein complexes.
The eluted DNA was then purified and subjected to qPCR ana-
lysis using specific primers (Supplemental Table S3) designed to
amplify promoter sequences surrounding the binding motifs
identified in our DAP-seq analysis. As shown in Fig. 5D, we ob-
served specific enrichment for the promoter regions of FVCHST,
FvDFR, FVANS, and FYUFGT in FvRIF-bound chromatin, indicat-
ing that FVRIF binds to the promoter of these genes in vivo.
These results validate the reliability of DAP-seq for identifying
FvRIF-bound genes.

RNA-seq analysis showed that, compared to the wild type,
the expression of FvCHS1, FvDFR, FvANS, and FvUFGT

decreases significantly in fruits of the Furif-6 and Frif-13 mu-
tant lines (Fig. 5E). RT-qPCR analysis confirmed the RNA-seq
results (Fig. 5F), indicating that FVRIF positively regulates the
expression of these structural genes. Collectively, our data
show that FvRIF functions as a critical positive transcriptional
regulator governing anthocyanin biosynthesis in strawberry
fruits.

FvRIF directly modulates core genes involved in fruit
softening

Fruit softening, which is catalyzed by a set of cell-wall degrading
enzymes, represents 1 of the most significant characteristics in
fruit ripening (Wang et al. 2018). Notably, our DAP-seq coupled
with RNA-seq analysis identified 7 genes involved in fruit soft-
ening as direct FvRIF-regulated targets (Fig. 4D; Supplemental
Data Set S8). We selected 4 of these genes for validation: the
PL gene FvPL2, the polygalacturonase (PG) gene FVPG2, the xy-
loglucan endotransglucosylase/hydrolase gene FVXTH, and the
expansin (EXP) gene FVEXP3. All 4 genes displayed enrichment
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Figure 5. FvRIF-mediated direct regulation of genes responsible for anthocyanin biosynthesis in strawberry. A) FvRIF binding peaks (Repeats 1and 2)
and negative control (mock) over the FVCHST, FvDFR, FVANS, and FYUFGT loci as determined by DAP-seq. [0 to 350] represents the scale of binding
intensity as reflected by the height of the peak. UFGT, UDP-glucose flavonoid glucosyl-transferase. B) Y 1H assay revealing the binding of FVRIF to the
indicated promoter fragments. pPGADT7-FVRIF served as the prey and pAbAi-proFvCHS1, proFvDFR, proFvANS, and proFvUFGT were used as the
baits. The empty pGADT7 served as the negative control. The transformants were selected on SD/-Leu medium with AbA. C) EMSA shows
that FVRIF directly binds to sequence motifs in the FYCHS1, FvDFR, FVvANS, and FYUFGT promoters. Recombinant purified FvRIF (0.8 yg) was incu-
bated with biotin-labeled probes (0.02 um) or unlabeled DNA probe with intact (competitor) or mutated (mutant probe) FvRIF binding motifs. D)
ChIP-gPCR assays reveal the direct binding of FvRIF to the promoters of the indicated genes. The promoter structures of the target genes are shown
(left panel). Blue boxes, FVRIF binding motifs as identified by DAP-seq; Green lines, regions used for ChIP-qPCR. The numbers indicate the positions
of these motifs relative to the ATG. Values are the percentage of DNA fragments coimmunoprecipitated with anti-FvRIF antibodies in fruits of wild
type (WT) or the Frif-13 mutant line relative to the input DNAs (right panel). Negative controls (ACTIN and TUBULIN) are included. E) Expression of
the indicated genes in fruits of Furif lines (Fvrif-6 and Furif-13) and WT at 28 DPA by RNA-seq. F) Verification of gene expression by RT-qPCR. ACTIN
was used as an internal control. For D) to F), values are means & SEM from 3 biological replicates. Asterisks indicate significant differences
(**P < 0.01, **P < 0.001; Student’s t-test).
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peaks in their promoter regions in the DAP-seq analysis
(Fig. 6A), suggesting that they appear to be potential direct tar-
gets of FVRIF. Y1H analysis showed that FVRIF interacts with the
promoters of the selected genes (Fig. 6B). Furthermore, EMSA
and ChIP assay confirmed that FvRIF may directly bind to
the promoters of these genes in vitro and in vivo (Fig. 6, C
and D). When we analyzed the expression of these target genes
in the RNA-seq data (Fig. 6E) and by RT-qPCR analysis (Fig. 6F),
FvPL2, FvPG2, and FVEXP3 showed a significant downregulation
in fruits of the Furif-6 and Fvrif-13 mutant lines compared to the
wild type, indicating that FVRIF positively regulates these genes.
By contrast, FUXTH showed the opposite expression pattern
(Fig. 6, E and F), which is consistent with its previously reported
negative correlation with fruit softening (Paniagua et al. 2014).
Together, these results demonstrate that FvRIF acts as a positive
transcriptional regulator in controlling directly genes involved
in strawberry fruit softening.

FvRIF directly regulates TF genes involved in fruit
ripening

TFs are important regulators controlling strawberry fruit ripen-
ing (Sanchez-Gomez et al. 2022). We identified a total of 137
TF-encoding genes as direct targets of FVRIF, as revealed by
our DAP-seq combined with RNA-seq (Supplemental Data
Set S9). Only 4 of these TF genes, FYMYB10, FVSEP3, FUSPT,
and FVARF2, have been previously reported to be involved in
the regulation of strawberry ripening. FvMYB10 acts as a key
positive regulator of anthocyanin biosynthesis (Lin-Wang
et al. 2010; Castillejo et al. 2020), while FVSEP3, a MADS-box
TF, and FvSPT (Spatula), a basic helix—loop—helix (bHLH) TF,
are necessary for the regulation of fruit development and ripen-
ing (Tisza et al. 2010; Pi et al. 2021). By contrast, FvARF2 nega-
tively regulates fruit ripening and quality (Yi et al. 2022).
DAP-seq analysis revealed FVRIF binding peaks in the promoter
regions of these 4 TF genes (Fig. 7A). We detected an inter-
action between FVRIF and the promoters of all 4 genes by
Y1H analysis in yeast (Fig. 7B). We also performed EMSA and
a ChlP assay, which supported the notion that FVRIF binds spe-
cifically to the promoters of these TF genes in vitro and in vivo
(Fig. 7, C and D). Expression analyses by RNA-seq (Fig. 7E) and
RT-qPCR (Fig. 7F) showed that FvMYB10, FUSEP3, and FUSPT ex-
hibit decreased expression levels, whereas FVARF2 display in-
creased expression levels, in fruits of the mutant lines (Furif-6
and Furif-13) relative to the wild type. These results suggest
that FVRIF exerts its role in controlling fruit ripening in part
by regulating the expression of TF genes known to be involved
in ripening.

FvRIF physically interacts with FvMAPK6

As a classical posttranslational modification, protein phosphor-
ylation regulates the activity of TFs (Zhang et al. 2018). We car-
ried out a prediction analysis for phosphorylation sites in FvRIF
by KinasePhos (http://kinasephos.mbc.nctu.edu.tw/predict.
php). This analysis led to the prediction of Thr-310 as a putative
phosphorylation site, whose cognate kinases appear to be
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MAPKs. Thus, we hypothesized that FVRIF may be subjected
to MAPK-mediated phosphorylation. We performed a yeast
2-hybrid (Y2H) with the 12 MAPK proteins annotated in F. ves-
ca (Zhou et al. 2017) against FVRIF, showing that FVRIF interacts
with FYMAPKG, but not with any other MAPKs (Fig. 8A). We
then performed split luciferase complementation imaging
(LCI) assays, in which we transiently coexpressed FVRIF-nLUC
and cLUC-FVMAPKG in leaves of Nicotiana benthamiana. We de-
tected intense luciferase activity in N. benthamiana leaves coex-
pressing FURIF-nLUC and cLUC-FUMAPKG, but not the negative
controls (Fig. 8B), indicating that FvRIF interacts with FvMAPK6
in planta. We next set out to determine whether FVRIF interacts
with FYMAPKG in vitro by pull-down assay. We incubated re-
combinant glutathione S-transferase (GST)-tagged FYMAPK6
(GST-FYMAPK®6) bound to glutathione Sepharose beads with
maltose-binding protein (MBP)-tagged FvRIF (MBP-FVRIF)
and detected the precipitated products by immunoblot ana-
lysis. As shown in Fig. 8C, MBP-FVRIF, but not MBP alone, could
directly bind to GST-FYMAPKG® in vitro. Finally, to verify the in-
teractions between FvRIF and FvMAPK6, we performed a coim-
munoprecipitation (Co-IP) assay from protein extracts of N.
benthamiana leaves coexpressing HA-tagged FVRIF (HA-FVRIF)
and Flag-tagged FYMAPK6 (FPMAPK6-Flag). Indeed, HA-FVRIF
was immunoprecipitated with FVMAPK6-Flag by anti-Flag
beads, and FVMAPKG-Flag was immunoprecipitated with
HA-FVRIF by anti-HA beads (Fig. 8D). Taken together, these
data reveal that FvRIF interacts with FvMAPKG6.

To examine the intracellular localization of FvMAPK6 and
FVRIF, we individually cloned their coding sequences into a vec-
tor to generate a translational fusion with the red fluorescent
protein mCherry or GFP at their C-terminus, respectively.
Confocal laser scanning microscopy showed a fluorescent signal
throughout the cell for FvMAPK6-mCherry, while we detected
FVRIF-GFP in the nucleus (Fig. 8E). The fluorescent signals of
FVRIF-GFP colocalized with those of FYMAPK6-mCherry in
the nucleus, suggesting the subcellular colocalization of FvRIF
and FYMAPKG, thus supporting their interaction in planta
(Fig. 8E).

FvMAPK6 phosphorylates FVRIF at Thr-310

The observed physical interaction between FvRIF and
FVMAPK®6 proteins prompted us to investigate whether FvRIF
was phosphorylated by FYMAPK6 using Phos-tag SDS—PAGE,
an in vitro phosphorylation assay. We used the kinase
FvMKK4, which was previously reported to function upstream
of FYMAPK3 in strawberry, as a putative activator (Mao et al.
2022). As shown in Fig, 9A, without activation by the constitu-
tively active variant FvMKK4°®, FYMAPK6 was not able to
phosphorylate ~ FvRIF, suggesting the importance of
phosphorylation-induced activation of FYMAPK6 by its up-
stream kinase FvMKK4. Importantly, the presence of
FVMKK4P® resulted in the phosphorylation of FVRIF (pFVRIF),
as evidenced by a mobility shift in Phos-tag gels (Fig. 9A).
Furthermore, the abundance of the phosphorylated form de-
creased in the presence of lambda phosphatase (A-PPase)
(Fig. 9B), confirming that the upper band was indeed
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Figure 6. FVRIF-mediated direct regulation of genes involved in fruit softening. A) FVRIF binding peaks (Repeats 1 and 2) and negative control
(mock) over the FvPL2, FvPG2, FuXTH, and FVEXP3 loci as determined by DAP-seq. [0 to 350] represents the intensity of binding as reflected by
the height of the peak. B) Y1H assay revealing the binding of FvRIF to the indicated promoter fragments. pGADT7-FVRIF served as the prey and
the pAbAi-proFvPL2, proFvPG2, proFvXTH, and proFVEXP3 were used as the baits. Empty pGADT7 served as the negative control. The transformants
were selected on SD/-Leu medium with AbA. C) EMSA shows that FvRIF directly binds to sequence motifs in the FVPL2, FUPG2, FvXTH, and FVEXP3
promoters. Recombinant purified FVRIF (0.8 pyg) was incubated with biotin-labeled probes (0.02 pim) or unlabeled DNA probe with intact (competi-
tor) or mutated (mutant probe) FVRIF binding motifs. D) ChIP-qPCR assays revealing the direct binding of FVRIF to the promoters of the indicated
genes. The promoter structures of the target genes are shown (left panel). Blue boxes, FVRIF binding motifs as identified by DAP-seq; Green lines,
regions used for ChIP-qPCR. The numbers indicate the positions of these motifs relative to the ATG. Values are the percentage of DNA fragments
coimmunoprecipitated with anti-FvRIF antibodies in fruits of wild-type (WT) or the Fvrif-13 mutant line relative to the input DNAs (right panel).
Negative controls (ACTIN and TUBULIN) are included. E) Expression of the indicated genes in fruits of Furif lines (Fvrif-6 and Fvrif-13) and WT at 28
DPA by RNA-seq. F) Verification of gene expression by RT-qPCR. ACTIN was used as an internal control. For D) to F), values are means + SEM from 3
biological replicates. Asterisks indicate significant differences (***P < 0.001; Student’s t-test).
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Figure 7. FvRIF-mediated direct regulation of TF genes involved in fruit ripening. A) FVRIF binding peaks (Repeats 1 and 2) and negative control
(mock) over the FUMYB10, FVSEP3, FvSPT, and FVARF2 loci as determined by DAP-seq. [0 to 350] represents the intensity of binding as reflected
by the heights of the peak. B) Y1H assay revealing the binding of FVRIF to the indicated promoter fragments. pGADT7-FvRIF served as the prey
and pAbAi-proFvMYB10, proFvSEP3, proFvSPT, and proFVARF2 were used as the baits. Empty pGADT?7 served as the negative control. The transfor-
mants were selected on SD/-Leu medium with AbA. C) EMSA shows that FvRIF directly binds to the motifs in the FvMYB10, FVSEP3, FvSPT, and
FVARF2 promoters. Recombinant purified FVRIF (0.8 ug) was incubated with biotin-labeled probes (0.02 pim) or unlabeled DNA probe with intact
(competitor) or mutated (mutant probe) FvRIF binding motifs. D) ChIP-gPCR assays reveal the direct binding of FVRIF to the promoters of the
indicated genes. The promoter structures of the target genes are shown (left panel). Blue boxes, FVRIF binding motifs as identified by DAP-seq;
Green lines, regions used for ChIP-qPCR. The numbers indicate the positions of these motifs relative to the ATG. Values are the percentage of
DNA fragments coimmunoprecipitated with anti-FvRIF antibodies in fruits of wild-type (WT) or the Fvrif-13 mutant line relative to the input
DNAEs (right panel). Negative controls (ACTIN and TUBULIN) are included. E) Expression of the indicated genes in fruits of Fvrif lines (Furif-6 and
Fvrif-13) and WT at 28 DPA by RNA-seq. F) Verification of gene expression by RT-qPCR. ACTIN was used as an internal control. For D) to F), values
are means + SEM from 3 biological replicates. Asterisks indicate significant differences (***P < 0.007; Student’s t-test).
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Figure 8. Interaction between FVvRIF and FvMAPKG. A) Y2H assay revealing the interactions between FvRIF and FvMAPK6. FvMAPKG fused to the BD
of GAL4 (BD-FYMAPK6) and FvRIF fused to the AD of GAL4 (AD-FvRIF) were coexpressed in yeast. The transformants were selected on SD/-Leu/-
Trp (—LW) medium and SD/-Leu/-Trp/-His/—Ade medium (—LWHA). The transformants carrying empty vectors (BD or AD) were used as nega-
tive controls. B) LCl assay revealing the interaction between FvRIF and FYMAPK6. FvMAPKG6 fused to the C-terminus of LUC (cLUC-FvMAPK6) was
coexpressed with FVRIF fused to the N-terminus of LUC (FVRIF-nLUC) in N. benthamiana leaves. Scale bar, 1 cm. C) FvRIF interacts with FvMAPK6 as
determined by pull-down assay. Recombinant GST-FYMAPK6 bound to glutathione Sepharose beads was incubated with MBP-FvRIF. The eluted
proteins were detected by immunoblotting using anti-GST and anti-MBP antibodies, respectively. GST-EV and MBP-EV served as negative control.
D) Co-IP assay revealing the interaction between FVRIF and FYMAPK6. FYMAPK6-Flag and HA-FVRIF were coexpressed in N. benthamiana leaves.
Total proteins were extracted from the infiltrated leaves and immunoprecipitated by anti-Flag or anti-HA magnetic beads. The eluted proteins
were then detected by immunoblotting using anti-Flag and anti-HA antibodies, respectively. E) FVRIF colocalizes with FY"MAPKG in the nucleus.
Agrobacteria carrying 35S:FVRIF-eGFP and 35S:FUMAPK6-mCherry constructs were transiently infiltrated in N. benthamiana leaves. N. benthamiana
protoplasts coexpressing eGFP and mCherry were used as the negative control. H2B-mCherry serves as nucleus marker. Photographs of N. benthami-
ana protoplasts were taken 48-h postinfiltration under confocal microscopy. Scale bars, 10 ym.

phosphorylated FVRIF resulting from the activation by the  chromatography tandem MS (LC-MS/MS) analysis, leading
FvMKK4—-FvMAPK6 module. to the identification of 5 high-confidence phosphorylation

We next aimed to identify the phosphorylation sites in sites, Tyr-271, Ser-283, Ser-294, Ser-299, and Thr-310 (Figs.
FvRIF. For this purpose, we incubated recombinant FVRIF ~ 9C and S13). A site-directed mutagenesis analysis showed
with FvMKK4°® and FYMAPK6 to induce phosphorylation.  that mutation of all 5 phosphorylation sites (FVRIF**) dra-
We then subjected phosphorylated FvRIF to liquid matically reduces FVMAPKG6-dependent pFvRIF (Fig. 9D).
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Figure 9. FvMAPK6-mediated FVvRIF phosphorylation occurs at Thr-310. A) In vitro phosphorylation assay. Recombinant His-FVRIF-HA,
GST-FYMAPKG, and His-FvMKK4P® were incubated in kinase buffer and detected for phosphorylation by Phos-tag SDS-PAGE. Immunoblotting
was conducted using an anti-HA antibody. CBB staining (bottom) indicates uniform sample loading. B) pFvRIF is diminished after treatment
with lambda phosphatase (A-PPase), often used to dephosphorylate substrates. C) Identification of FVRIF sites phosphorylated by FYMAPK6 via
LC-MS/MS. The mass spectrum of peptide with phosphorylation sites at the Thr-310 residue is shown. The b-ions and y-ions and the corresponding
peptide sequence are presented, with phosphorylated threonine (T) residue marked by (p). D) Phosphorylation analysis of FVRIF and its variant
forms FVRIFY?7™, FVRIF>®*A, FVRIFS?A, FVRIF>*?A, FVRIF™'%%, and FVRIF*A. Recombinant His-FvMKK4°®, GST-FVMAPK6, and His-FVRIF-HA or
its variant forms were mixed in kinase reaction buffer and detected for phosphorylation by Phos-tag SDS-PAGE. E) Determination of FVRIF tran-
scriptional activation activity. FyMKK4 PP, FUMAPKG, and FURIF or its variant form FVRIF">"* were used as effector constructs and cotransformed
into LG strawberry fruits with the FUCHSTpro:GUS reporter. Data are the means + SEM from 3 replicates. Data are analyzed using ANOVA. Different
lowercase letters indicate significant differences according to Tukey'’s test (P < 0.05).

Further analysis showed that only FvRIF">"** (substitution of

Thr-310 by alanine [A]) exhibits a significant decrease in
FYMAPK6-induced  FVRIF  phosphorylation,  whereas
FVRIFY?7™, FVRIFP283A, FVRIF?**A and FVRIFP??°* displayed
little effect (Fig. 9D), indicating that Thr-310 serves as the
key site responsible for FvMAPK6-mediated pFvRIF.

Finally, to determine whether the transcriptional activity
of FVRIF is regulated by its phosphorylation status, we con-
ducted a GUS transcriptional activity assay. We thus placed

GUS under the control of the FVCHST promoter, a direct
FvRIF-regulated target, as described in Fig. 5. As shown in
Fig. 9E, FvRIF activated the transcription of GUS.
Remarkably, the FvMAPK6-dependent pFvRIF significantly
increased GUS transcription, whereas the FvRIF>'* variant
completely abolished the trans-activation of the
FvCHS1pro:GUS reporter (Fig. 9E). Together, these data sug-
gest that pFvRIF at Thr-310 by the FvMKK4-FvMAPK6 mod-
ule is essential to positively regulate its activity.
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Figure 10. FVRIF phosphorylation is required for its activation in strawberry. A) Images showing the fruits of the Fvrif-13 mutant transiently expres-
sing 35S:FVRIF-HA, FURIFpro:FURIF-HA, 35S:FURIFT3"*-HA, or empty vector (EV). In each case, 1 representative example is shown from at least 10 in-
filtrated fruits. Scale bars, 0.5 cm. B) Immunoblot assay revealing the efficiency of transient expression. Actin was used as a loading control. C)
Anthocyanin contents in the fruits shown in A). D) Expression levels of FvCHST, FUDFR, FVANS, and FYUFGT in the fruits shown in A) as determined
by RT-qPCR. ACTIN was used as an internal control. For C) and D), values are means + SEM from 3 biological replicates. Data are analyzed using
ANOVA. Different lowercase letters indicate significant differences according to Tukey’s test (P < 0.05). E) A proposed model for the regulation of
fruit ripening by FVRIF in strawberry. Protein phosphorylation mediated by the FvMKK4—-FvMAPK6 module activates the transcriptional activity of
FVRIF, which directly regulates ripening-related genes to control fruit ripening. FVRIF also indirectly regulates ripening-related genes by targeting a
number of TFs (e.g. FvMYB10, FVvSEP3, FVSPT, and FVARF2) or the ABA pathway, which can promote FVRIF expression via a positive feedback loop.

Phosphorylation is indispensable for the activation of
FvRIF in strawberry

To confirm that FvRIF phosphorylation regulates its activity in
vivo, we took advantage of the Furif mutant lines. Accordingly,
we transiently expressed various constructs in fruits of the
Fvrif-13 mutant: intact FVRIF (driven by the cauliflower mosaic
virus [CaMV] 35S promoter or native promoter) or its mutated
variant FVRIF™', in which the key phosphorylation site
(Thr-310) was mutated to A. As shown in Fig. 10A, intact
FVRIF but not its mutated variant FvRIF">'** rescued the ripen-
ing defect of the Furif-13 mutant. Immunoblot analysis con-
firmed the successful accumulation of FVRIF and FvRIF™'%*

(Fig. 10B). The anthocyanin content was significantly enhanced
in fruits of the Fvrif-13 mutant transiently expressing intact
FvRIF (Fig. 10C), concomitant with an increase in expression le-
vels of genes involved in anthocyanin biosynthesis, including
FvCHS1, FvDFR, FVANS, and FYUFGT (Fig. 10D). By contrast,
we observed little change in anthocyanin content or gene ex-
pression in fruits of the Fvrif-13 mutant transiently expressing
the mutant variant FURIF™>"* (Fig. 10, C and D). These findings
suggest that phosphorylation plays a critical role in the regula-
tion of FVRIF activity in strawberry.

Based on our results presented in this study, we propose a
model for FvRIF-mediated transcriptional regulation of fruit
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ripening in strawberry (Fig. 10E). During strawberry fruit ripen-
ing, the protein kinase FWMAPKG acts downstream of FvMKK4
to phosphorylate FVRIF, thereby promoting its transcriptional
activity. Activated FvRIF controls fruit ripening by regulating
ripening-related genes directly or in an ABA-dependent path-
way, which, in turn, modulates FVRIF expression by a positive
feedback loop. FVRIF also functions by targeting numerous TF
genes (i.e. FyMYB10, FUSEP3, FvSPT, and FVARF2), which regulate
fruit ripening via control of ripening-related genes.

Discussion

RIF may act as an evolutionarily conserved regulator
in controlling fruit ripening

As specific TFs in plants, NAC proteins participate in numerous
physiological responses, including embryogenesis (Kunieda et al.
2008), leaf senescence (Liang et al. 2014), starch and protein ac-
cumulation (Zhang et al. 2019), and response to stresses
(Shahnejat-Bushehri et al. 2016). In recent years, NAC TFs
have been reported to play crucial roles in the ripening of cli-
macteric and nonclimacteric fruits. In tomato, a typical climac-
teric fruit, the loss of function of SINOR-like1, a member of the
NAC TF family, dramatically inhibits fruit ripening (Gao et al.
2018). The fruits of plants carrying a mutation in this gene ex-
hibit a significant reduction in ethylene production, a delay in
softening and in the loss of chlorophyll, as well as reduced lyco-
pene accumulation (Gao et al. 2018). The NAC proteins
MaNAC1 and MaNAC2 from banana (Musa acuminata)
(Shan et al. 2012) and PpBL in peach (Prunus persica) (Zhou
et al. 2015), both of which are climacteric fruits, also play essen-
tial roles in fruit ripening. In watermelon (Citrullus lanatus), a
nonclimacteric fruit, knockout of CINAC68, the most highly ex-
pressed NAC TF gene, delays fruit development and decreases
the soluble solid content and sucrose accumulation in fruit flesh
(Wang et al. 2021). Moreover, CmNAC-NOR, a homolog of to-
mato SINAC-NOR, functions as a key regulator of fruit ripening
in melon, which has both climacteric and nonclimacteric fruit
ripening varieties (Wang, Tian, et al. 2022). In the present study,
we showed that FVRIF is essential for the ripening of strawberry,
a typical nonclimacteric fruit. Mutation of FURIF dramatically in-
fluences ripening (Fig. 1), consistent with the phenotypes previ-
ously observed in FaRIF-RNAI fruits (Martin-Pizarro et al. 2021).
Considering that FvRIF exhibits 54.3% identity with SINOR-like1
and 30.9% identity with CINAC68 (Wang et al. 2021), we specu-
late that RIF, similar to MADS-RIN (RIPENING INHIBITOR)
(Vrebalov et al. 2002; Vallarino et al. 2020), acts as a common
regulator in controlling the ripening of both climacteric and
nonclimacteric fruits. RIF holds the potential to serve as a target
for molecular breeding to improve fruit quality or extend fruit
shelf life. The function of genes homologous to FVRIF in other
fruit species remains to be determined.

FvRIF directly regulates multiple aspects of ripening
as a global regulator

The ripening of fleshy fruit is associated with dramatic changes
in color, texture, flavor, and aroma (Giovannoni 2004). In our
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study, fruit firmness and contents of anthocyanin and sugar
were substantially reduced in the Furif lines, suggesting that
FVRIF functions as a global regulator controlling various
ripening-related steps in strawberry fruit. To unravel the me-
chanisms underlying FVRIF-mediated transcriptional regulation
in fruit ripening, we combined DAP-seq with RNA-seq, which
uncovered 2,080 direct FvRIF-regulated target genes, including
those involved in anthocyanin biosynthesis, cell-wall degrad-
ation, and sugar metabolism.

Anthocyanins constitute a group of naturally occurring
pigments present in many flowers and fruits (Grotewold
2006). Besides their physiological roles in plants, such as at-
traction of pollinators and seed dispersers, anthocyanins
are markers of ripening and contribute to the quality of fruits
(Zhang et al. 2014). Anthocyanins are also recognized as
compounds with health-promoting effects (Mattioli et al.
2020). The biosynthesis of anthocyanins is complicated and
consists of a series of steps, although the structural genes re-
sponsible for anthocyanins biosynthesis are well defined. The
regulation of anthocyanin biosynthesis is governed by TFs in-
cluding R2R3 MYB TFs, MYC-like bHLH, and WD40-repeat
proteins, which form a MYB-bHLH-WD40 regulatory com-
plex (Schaart et al. 2013). In strawberry, MYB10 has been re-
vealed as the primary activator of structural genes in the
anthocyanin biosynthetic pathway during fruit ripening
(Lin-Wang et al. 2010; Castillejo et al. 2020), but how
MYB10 is transcriptionally activated by developmental regu-
lators has not been defined. Furthermore, whether the struc-
tural genes in the anthocyanin biosynthetic pathway are
regulated by other transcriptional regulators remains to be
determined. In this study, we identified FVRIF as a ripening
regulator that directly targets several structural genes in
the anthocyanin biosynthetic pathway, i.e. FvCHS1, FVDFR,
FVANS, and FYUFGT, and regulates their expression (Fig. 5, E
and F). Intriguingly, we found that FvRIF binds to the pro-
moter of MYBT0 and activates its transcription (Fig. 7).
These data indicate that FVRIF can modulate anthocyanin
biosynthesis directly by regulating the structural genes or in-
directly by activating MYB10 expression, encoding the specif-
ic regulator for anthocyanin biosynthesis. Our results
uncover a regulatory network controlling anthocyanin bio-
synthesis during strawberry fruit ripening.

Fruit softening, a hallmark of ripening in most fleshy fruits
is a major determinant of shelf life and commercial value
(Wang et al. 2018). Softening of fleshy fruits is the conse-
quence of multiple cellular decisions, including cell-wall dis-
assembly and the depolymerization of cell-wall components
(Wang et al. 2018). A complex set of cell-wall-degrading and
cell-wall-modifying enzymes, such as PGs, PLs, pectin methy-
lesterase (PME), and xyloglucan endotransglucosylase/hydro-
lases (XTHs), and a family of cell-wall proteins known as EXPs,
are involved in the softening of fleshy fruits (Moya-Leon et al.
2019). Of these, PME and XTH display antagonistic effects on
softening (Paniagua et al. 2014). In strawberry, the silencing
of a PL gene (Jimenez-Bermudez et al. 2002), a PG
(Quesada et al. 2009), or a gene encoding a TBG
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(B-galactosidase) (Paniagua et al. 2016), using an antisense
approach, reduced fruit softening. However, the regulation
of these cell-wall-modifying enzymes in strawberry is still
poorly understood. Recently, FaRIF was demonstrated to
be associated with fruit softening in strawberry, and a num-
ber of cell-wall-modifying genes were downregulated in
FaRIF-RNA. fruits (Martin-Pizarro et al. 2021), but the regula-
tory mechanisms remained unclear. In the present study, we
provide several lines of evidence that FvRIF directly binds to
the promoter of 4 genes encoding cell-wall-modifying en-
zymes and proteins (FvPL2, FvPG2, FvXTH, and FVEXP3) and
regulates their expression, suggesting that FVRIF plays a direct
role in the regulation of fruit softening in strawberry.

Besides genes associated with anthocyanin biosynthesis
and cell-wall degradation, we also identified FVPYR2, encod-
ing an ABA receptor, as a FvRIF-regulated direct target
(Supplemental Data Set S8). ABA plays a critical role in con-
trolling the ripening of nonclimacteric fruits, including straw-
berry (Chai et al. 2011; Li et al. 2011; Ji et al. 2012; Li, Grierson,
et al. 2022). Several components in the ABA biosynthesis and
signaling pathways, including the ABA biosynthesis rate-
limiting enzyme NCED, the ABA receptors FaPYR and
FaABAR (ABA-BINDING PROTEIN), the type 2C protein
phosphatase FaABIT (ABA-INSENSITIVE 1), and the
SNF1-related kinase FaSnRK2.6, are indispensable for straw-
berry fruit ripening (Chai et al. 2011; Jia et al. 2011, 2013;
Han et al. 2015; Liao et al. 2018). In a previous study, we de-
monstrated that the transcripts of NCED5 and ABAR undergo
m®A-mediated posttranscriptional regulation, which en-
hances the mRNA stability of NCED5 and promotes the
translation efficiency of ABAR (Zhou et al. 2021), but modu-
lation of these genes at the transcriptional level remains
largely unknown. The identification of FvPYR2 as a direct tar-
get of FVRIF indicates that FvRIF contributes to the regulation
of the ABA signaling pathway during strawberry fruit ripen-
ing. FVRIF may regulate ripening of strawberry fruit partially
by targeting the ABA pathway. Considering that the expres-
sion of FVRIF is induced by ABA (Supplemental Fig. S11), we
propose that ABA induces the expression of FVRIF, which in
turn regulates the ABA pathway via a positive feedback loop
to control strawberry fruit ripening. Notably, although
NCED5 and SnRK2.6 exhibited differential expression in the
Fvrif mutant lines (Supplemental Data Set S7), we did not
identify them as FvRIF-bound genes in the DAP-seq analysis
(Supplemental Data Set S4), suggesting that they appear to
be indirectly regulated by FvRIF.

Intriguingly, our DAP-seq coupled with RNA-seq analysis
suggested a total of 137 TF genes, which belong to multiple
TF families (e.g. MYB, MADS-box, bHLH, and ARF), as direct
targets of FvRIF. Besides FUMYB10, another 3 TF genes,
FVSEP3, FySPT, and FVvARF2, have been previously character-
ized as regulators of strawberry fruit ripening. The direct
regulation of these TFs by FvRIF (Fig. 7) suggests that FvRIF
may control fruit ripening partly through modulating their
expression. The roles of the remaining FvRIF target TF genes
in strawberry fruit ripening remain unclear. Functional
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analysis of these TF genes will help to understand more com-
prehensively the ripening regulatory mechanism in
strawberry.

pFVRIF modulates its activity

As an essential pathway for modification via protein phos-
phorylation, MAPK cascades are composed of a 3-kinase
module: a MAPK kinase kinase (MAPKKK, also named
MEKK and MKKK), a MAPK kinase (MAPKK, also named
MEK and MKK), and a MAPK (MPK) (Stanko et al. 2014).
Upon cellular stimulation, the MAPKKKs are activated, lead-
ing to phosphorylation and activation of a subset of down-
stream MAPKKSs, which in turn activate the bottom tier
MAPKs through phosphorylation (Stanko et al. 2014). The
MAPK cascade is responsible for various biological events
in Arabidopsis, including cell differentiation, development,
stress responses, and phytohormone signaling (Nakagami
et al. 2005). Compared to Arabidopsis, the regulatory effects
of the MAPK pathway in horticultural crops have just begun
to be explored.

In banana, the MaMPK6-3-mediated phosphorylation en-
hances the transcriptional activation function of bZIP21, a
basic leucine zipper (bZIP) TF, on a subset of ripening-related
genes, thereby stimulating fruit ripening (Wu et al. 2022). In
apple (Malus domestica), the ethylene response factor
MJERF17 is modulated by MdMPK4-mediated phosphoryl-
ation, which activates the transcriptional activity of
MJERF17 and promotes fruit peel degreening during light/
dark transitions (Wang, Wang, et al. 2022). Recently, it was
reported in strawberry that a FvMKK4-FvMAPK3 module
is responsible for the low-temperature—mediated repression
of anthocyanin accumulation, partially through phosphoryl-
ating the TF FvMYB10 and reducing its transcriptional activ-
ity (Mao et al. 2022). This module implicates the MAPK
pathway in the modulation of ripening in strawberry, al-
though the regulatory networks remain largely unknown.
In this study, we demonstrated that FvRIF interacts with
FVYMAPK6 and is phosphorylated by the FvMKK4-
FYMAPKG module at residue Thr-310, which positively regu-
lates the transcriptional activation function of FVRIF (Figs. 8
to 10). Our results are in accordance with previous observa-
tion that NAC TFs are subject to MAPK-mediated phosphor-
ylation, which exerts an effect on their activity (Liu et al. 2021;
Xiang et al. 2021). Considering that FYMAPK6-mediated
phosphorylation activates FVRIF, which in turn positively reg-
ulates FvMYB10, we speculate that FvMAPK®6 plays a positive
role in controlling FPMYB10 expression. However, whether
FYMAPKG6 directly mediates phosphorylation of FvMYB10
and how it affects FvMYB10 activity remain unclear. Since
FYMAPK3-mediated phosphorylation negatively regulates
FYMYB10 (Mao et al. 2022), it seems likely that FvMAPKG an-
tagonizes FYMAPK3 in the regulation of FvMYB10, illustrat-
ing the complexity and rigorousness of MAPK-mediated
regulation of their substrate proteins. The physiological
role of FYMAPK6 and the interplay between FYMAPK3 and
FYMAPKG deserve further investigation.
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In conclusion, this work unraveled the mechanisms under-
lying FVRIF-mediated transcriptional regulation of strawberry
fruit ripening and identified the direct FvRIF-regulated target
genes at the genome scale. Moreover, this study revealed the
regulation of FVRIF activity by phosphorylation mediated by
the FvMKK4-FvMAPK6 module. These findings provide in-
sights into the regulatory network of FvRIF in controlling
strawberry fruit ripening and highlight the crucial effect of
protein phosphorylation on FvRIF activity during ripening.

Materials and methods

Plant materials and growth conditions

Diploid strawberry plants (F. vesca. cv Ruegen) were grown in
the greenhouse at 22 °C under a 16-h light/8-h dark photo-
period under illumination provided by cool-white fluores-
cent light (with a light intensity of 200 to 300 ymol m™>
s™') with 70% relative humidity. Octoploid strawberry
(F. X ananassa Duch. cv Benihoppe) were cultivated in a plas-
tic greenhouse under standard culture conditions. Fruits of
“Ruegen’ and ‘Benihoppe’ were harvested at the small green
(SG), middle green (MG), large green (LG), turning fruit (TF),
and red fruit (RF) stages mainly based on their size, shape,
weight, and color. For ‘Ruegen’, the fruits at different stages
corresponded approximately to 17, 20, 22, 25, and 26 DPA,
respectively. All fruit samples were stripped of achenes and
maintained at fresh status for analysis or directly frozen
and stored at —80 °C.

Phylogenetic analysis

The amino acid sequence of FvRIF (FvH4_3g20700) in diploid
woodland strawberry was acquired from the Genome
Database for Rosaceae (GDR) database (https:/www.rosaceae.
org/species/fragaria/all). Other FvRIF homologous proteins
from different species were obtained from the National Center
for Biotechnology Information (NCBI) database (http:/www.
ncbi.nlm.nih.gov/). Multiple protein sequence alignments were
carried out using DNAMAN software (version 8) with default
parameters and are given in Supplemental File S1. The phylogen-
etic tree was reconstructed via the neighbor-joining method
using MEGA software (version 10.1.8) with 500 bootstrap repli-
cates (Thompson et al. 1997). The corresponding Newick tree
is given in Supplemental File S2. The protein sequences of
FVRIF and its homologous genes in other plants are provided
in Supplemental File S3.

RNA isolation and RT-qPCR

Total RNA was isolated from 3 biological replicates of fruits using
a FastPure Plant Total RNA Isolation Kit (Polysaccharides &
Polyphenolics-rich) (Vazyme, China). Each biological replicate
consisted of a pool of 3 to 5 fruits collected from 3 plants.
Genomic DNA removal and cDNA synthesis were performed
using HiScript Il Q Select RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, China). gPCR was conducted using ChamQ SYBR
gPCR Master Mix (Vazyme, China) on a StepOnePlus
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Real-Time PCR System (Applied Biosystems, USA) with the fol-
lowing program: 95 °C for 30 s, followed by 40 cycles of 95 °C
for 10 s and 60 °C for 30 s. Relative quantitative gene expression
values were calculated according to the cycle threshold (Ct)
27AAC method. Strawberry ACTIN (FvH4_6g22300) was
used to normalize the expression values. The primers for
RT-qPCR are listed in Supplemental Table S4.

CRISPR/Cas9 and overexpression vector construction
and plant transformation

CRISPR/Cas9 vector construction was performed as de-
scribed (Ma et al. 2015). Briefly, 2 specific sgRNAs targeting
the coding region of FVRIF were designed using the website
CRISPR-P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/). Using a
PCR-based method, the 2 sgRNAs were individually inserted
into an expression cassette driven by the AtU3b or AtU3d
promoter in a sgRNA intermediate plasmid. The 2 resulting
expression cassettes were then incorporated into the
pYLCRISPR/Cas9Pubi-H binary plasmid (Ma et al. 2015) using
Golden Gate ligation. To construct the overexpression vec-
tor, the full-length coding sequence of FVRIF was amplified
from cDNA of the diploid strawberry ‘Ruegen’ fruits and li-
gated into the pCAMBIA1302 plasmid under the CaMV
35S promoter to generate pCAMBIA1302-HA-FVRIF vector.
The sgRNA sequences and primers used in vector construc-
tion are listed in Supplemental Table S5.

For the generation of transgenic strawberry plants, the
above constructs were individually transformed into
Agrobacterium (Agrobacterium tumefaciens) strain GV3101.
Agrobacterium cultures were grown at 28 °C to a final
ODggo of 0.5 and then used to infiltrate the diploid straw-
berry ‘Ruegen’ following a previously described method
(Oosumi et al. 2006). Transgenic strawberry lines were se-
lected based on hygromycin resistance (2 mg L™") and PCR
screening. For CRISPR/Cas9-based knockouts, the transfor-
mants were screened at the targeted sites using PCR ampli-
fication and Sanger sequencing, and homozygous mutant
lines in the second generation with desired editing were
used for analyses. For transgenic overexpression plants, the
presence and identity of the transgenes were confirmed by
PCR genotyping. The primers used for screening the trans-
genic plants are listed in Supplemental Table S5.

Preparation of FvRIF-specific antibody

For FvRIF-specific antibody preparation, a fragment of FVRIF
(FVRIFt) lacking the conserved domain was amplified from
cDNA of the diploid strawberry ‘Ruegen’ fruits and cloned
into the pET-30a vector (Merck KGaA, Germany). The result-
ing construct was produced in Escherichia coli Rosetta com-
petent cells (TransGen Biotech, China) at 37 °C by induction
with 1 mm isopropyl-1-thio-p-p-galactopyranoside (IPTG) for
5 h.Recombinant FvRIFt was isolated from E. coli and purified
using Ni-NTA His Bind Resin (Merck KGaA, Germany) ac-
cording to the manufacturer’s manual. Following further
purification by preparative gel electrophoresis, recombinant
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FVRIFt was used to immunize rabbits by Abmart Co.,, Ltd
(http://www.ab-mart.com.cn). The specific anti-FvRIF poly-
clonal antibody was affinity purified from rabbit antiserum
using AminoLink Plus Coupling Resin according to the puri-
fication protocol (Thermo Scientific, USA). The primers used
in vector construction are listed in Supplemental Table S5.

Extraction of nuclear proteins

Nuclei isolation was performed according to a previously de-
scribed method (Wang et al. 2014). The nuclear proteins
were obtained using phenol extraction as previously de-
scribed (Saravanan and Rose 2004) with some modifications.
In brief, the nuclei were fragmented by sonification on ice in
500 pL of extraction buffer (0.7 m sucrose, 0.1 m KCl, 0.5 m
Tris-HCl pH 7.5, 0.5m EDTA, Tmm PMSF, and 5mm
B-mercaptoethanol), followed by mixing with an equal vol-
ume of Tris-HC| pH 7.5-saturated phenol for 10 min. After
centrifugation at 16,000 X g for 10 min at 4 °C, the phenol
phase was retained, washed, and precipitated by ice-cold sa-
turated ammonium acetate in methanol. The precipitated
proteins were collected by centrifugation at 12,000 X g for
5 min at 4 °C and washed with ice-cold methanol followed
by multiple ice-cold acetone washes. Proteins were air-dried
and stored at —80 °C until use.

Immunoblot analysis

Immunoblot analysis was performed as previously described
(Wang et al. 2014). Proteins were separated by 10% (w/v)
SDS-PAGE and then electro-transferred onto an
Immobilon-P PVDF membrane (Millipore, USA) using a semi-
dry transblotter Trans-Blot Turbo (Bio-Rad, USA). Following
incubation with blocking buffer (5% [w/v] skim milk in TBS
containing 0.05% [v/v] TBST) for 1 h, the PVDF membrane
was incubated with specific antibody for 1 h. After washing
4 times with TBST, the PVDF membrane was incubated
with horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG secondary antibody. The immunoreactive bands were vi-
sualized with a chemiluminescence detection kit (Mei5
Biotechnology Co., Ltd, China) according to the manufac-
turer’s protocol.

Anthocyanin measurement

Anthocyanins were extracted and measured as previously de-
scribed (Cheng et al. 2014) with minor modifications. In brief,
fruits were finely ground to powder with liquid nitrogen, and
approximately 0.5 g of fruit powder was weighed out into
1 mL of 1% (v/v) HCl-methanol solution. Following ultrason-
ic extraction at 600 W for 30 min at 30 °C in the dark, the
homogenates were centrifuged at 12,000 X g for 10 min at
4 °C and then filtered through 0.22-ym Millipore membranes
(Millipore, USA). The resulting supernatants were subjected
to HPLC analysis on an ACQUITY UPLC system (Waters,
USA) equipped with a C18 column according to the manu-
facturer’s recommendations. The experiment was performed
with 3 biological replicates. For each replicate, 5 fruits from 3
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plants were pooled to account for variation among indivi-
duals. Cyanidin-3-glucoside (C3G) was used as standard.

Measurement of fruit firmness

Fruit firmness was tested at the equator of fruits using the
puncture method with a 2-mm diameter probe on a texture
analyzer (Food Technology Corporation, USA). Three bio-
logical replicates were performed, and each replicate con-
tained at least 3 fruits from each sample.

Determination of soluble sugar content

For soluble sugar analysis, strawberry fruit powder (1 g) was
mixed with 5 mL of double distilled water and incubated in a
water bath for 30 min at 100 °C. After centrifugation at
10,000 X g for 10 min at 25 °C, the supernatant was collected.
HPLC analysis was then performed on an LC-10ATVP HPLC
system (Shimadzu, Japan), with a refractive index detector
RID-10A (Shimadzu, Japan). Separation was performed on a
Dikma Polyamino HILIC column (5 ym, 250 mm X 4.6 mm)
with a column temperature of 30 °C and an injection volume
of 10 yL at a flow rate of 1 mL min~". D-(+) glucose, D-(—)
fructose, and sucrose (Sigma-Aldrich, USA) were used as
standards. The entire procedure was performed 3 times.
For each replicate, 5 fruits from 3 plants were pooled to ac-
count for variation among individuals.

DAP-seq and data analysis

DAP-seq was carried out according to the procedure previ-
ously described (O’Malley et al. 2016; Bartlett et al. 2017).
In brief, a ‘Ruegen’ genomic DNA library was prepared using
a NEBNextDNA Library Prep Master Mix Set Kit for lllumina
(NEB, USA). Recombinant FvRIF was produced as a fusion
protein with the HaloTag sequence (Promega, USA) using a
TNT SP6 High-Yield Wheat Germ Protein Expression
System (Promega, USA). Recombinant FvRIF-HaloTag was
purified with HaloTag Beads (Promega, USA), and the
FvRIF-HaloTag beads mixtures or HaloTag beads (input nega-
tive control) were directly used to incubate with the ‘Ruegen’
genomic DNA library in the incubation buffer (1 X
phosphate-buffered saline [PBS], 0.005% [v/v] IGEPAL
CA-630) under slow rotation at 4 °C for 2 h. After washing
5 times with PBS, the DNA fragments were eluted from the
FvRIF-HaloTag beads with elution buffer (50 mm Tris-HCl,
pH 8.5). DAP-seq library was constructed using a KAPA
Library Quantification Kit (KAPA, USA) and then subjected
to high-throughput sequencing analysis on a Nova S4 instru-
ment as 150-b paired-end reads (lllumina, USA).

For DAP-seq data analysis, clean DAP-seq reads were
mapped to the F. vesca reference genome with the 4.0 a1 an-
notation (https://www.rosaceae.org/species/fragaria_vesca/
genome_v4.0.a1). DAP-seq peaks were identified by MACS2
(version 2.1.1) (Zhang et al. 2008) using default parameters
(g <0.05). Only peaks present in both biological replicates
were selected as confident peaks for analysis. The FvRIF bind-
ing regions included promoter (up to 2-kb upstream from
the TSS), intergenic region, intron, exon, 3° UTR, and 5’
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UTR. The gene closest to the FvRIF binding sites were defined
as FvRIF-binding gene when searched with PeakAnnotator
(Kondili et al. 2017). The enriched peaks were visualized
with Integrative Genomics Viewer (IGV, version 2.8.2)
(Robinson et al. 2011). Motifs were discovered using
Homer version 3 (Heinz et al. 2010). GO enrichment analysis
was performed based on the Gene Ontology Resource data-
base (http://geneontology.org/).

RNA-seq and data analysis

Total RNA was isolated from 3 biological replicates of fruits
from wild type and the mutant lines. Each replicate consisted
of a pool of 10 fruits collected from 3 plants. The cDNA li-
braries were prepared and sequenced on an lllumina sequen-
cing platform (lllumina novaseq 6000). Raw RNA-seq reads
were filtered using fastp (Chen et al. 2018) and then mapped
to the F. vesca reference genome 4.0 al (https://www.
rosaceae.org/species/fragaria_vesca/genome_v4.0.a1) using
HISAT2 (Kim et al. 2015). Gene expression was expressed
as fragments per kilobase of exon per million mapped frag-
ments (FPKM) with featureCounts (Liao et al. 2014). DEGs
were analyzed using DESeq2 v1.22.1 (Love et al. 2014) with
the P-value being corrected by the Benjamini-Hochberg
method. Genes with a FDR < 0.05 and Log,(FC)>1 or
Log,(FC) < —1 were considered as DEGs. For KEGG enrich-
ment, a hypergeometric distribution test was performed
with the unit of the pathway using KEGG Compound data-
base (https://www.genome.jp/kegg/compound/). GO enrich-
ment analysis was performed based on the Gene Ontology
Resource database (http://geneontology.org/). All enrich-
ment data were visualized with ImageGP software (http://
www.ehbio.com/ImageGP).

Yeast hybrid assays (Y1H and Y2H)

The Y1H assay was performed according to the Matchmaker
Gold Yeast One-Hybrid Library Screening System user man-
ual (Clontech, USA). The coding sequence of FVRIF was amp-
lified from cDNA of the diploid strawberry ‘Ruegen’ fruits and
ligated into the pGADT?7 vector (Clontech, USA) to generate
pGADT7-FvRIF. The specific DNA sequences (200 bp) from
promoters of the target genes were amplified from genomic
DNA of ‘Ruegen’ fruits and individually cloned into the
pAbAi vector (Clontech, USA). The resulting pAbAi vectors,
which contain the target gene sequences, were transformed
into the yeast (S. cerevisiae) strain Y1H Gold and spread onto
synthetic defined (SD)/-Ura medium (Clontech, USA).
Positive colonies were spread onto agar-solidified dextrose
SD/-Ura medium with various concentrations of AbA to
screen for an appropriate concentration and eliminate self-
activation. The pGADT7-FvRIF was then transformed into
the positive colonies and spread onto SD/-Leu medium con-
taining an appropriate AbA concentration. pAbAi-pro53 and
empty pGADT7 were used as positive and negative controls,
respectively. The primers used in vector construction are
listed in Supplemental Table S5.
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The Y2H assay was carried out based with the GAL4-based
Two-Hybrid System according to the manufacturer’s instruc-
tions (Clontech, USA). The coding sequence of FYMAPK6 was
cloned into pGBKT7 to generate pGBKT7-FVMAPK6. The re-
sulting pGBKT7-FUMAPK6 and pGADT7-FvRIF constructs
were cotransformed into yeast strain AH109 and grown on
minimal SD medium lacking Leu and Trp (—LW) or lacking
Leu, Trp, His, and Ade (—LWHA). The transformants carrying
empty vectors (BD or AD) were used as negative controls.
The primers used for vector construction are listed in
Supplemental Table S5.

EMSA

The full-length FvRIF coding sequence was cloned into
pCold-TF-His vector (Takara, Japan) and then transformed
into E. coli BL21 (DE3). To obtain soluble His-FvRIF proteins,
E. coli containing pCold-TF-His-FvRIF was cultured at 16 °C
for 24 h with induction of 1mm IPTG. Recombinant
His-FVvRIF was isolated from E. coli and purified using
Ni-NTA His Bind Resin (Merck KGaA, USA) following the
manufacturer's manual. The 5’ biotin-labeled double-
stranded DNA probes were prepared by annealing 5 biotin-
labeled oligonucleotides to the corresponding complemen-
tary strands. EMSA was performed using a Lightshift
Chemiluminescent EMSA kit (Thermo Scientific,c USA) ac-
cording to the standard protocol with some modifications.
In brief, recombinant His-FvRIF was incubated with labeled
or nonlabeled double-stranded probes at room temperature
for 20 min. The samples were separated by 6% (w/v) native
polyacrylamide gels at 4 °C in the dark for 1 h, and then
the biotin-labeled probes was captured using a Tanon im-
aging system (Tanon, China). The oligonucleotide probes
used in this study are listed in Supplemental Table S6.

ChIP

The ChIP assay was performed as described previously (Wang
et al. 2014) with minor modifications. The fruits (with
achenes stripped) at 24 DPA from wild type and the
Fvrif-13- mutant line were sliced and fixed in 1% (w/v) for-
maldehyde under vacuum for 10 min. The cross-linked fruits
were subjected to nuclear isolation as described above, and
the enriched nuclei were then treated by sonication at 30%
power for 2 min on ice (SONICS Vibra-Cell VCX150, USA)
to shear the chromatin to an average size of 250 to
1,500 bp. A small aliquot of the sonicated chromatin was re-
verse cross-linked and used as the input DNA control.

The remaining sheared chromatin was incubated with
affinity-purified polyclonal anti-FvRIF antibody that was
coated overnight at 4 °C on the Magna ChIP Protein A + G
Magnetic Beads (Millipore, USA) as previously described
(Wang et al. 2014). After incubation for 4 h at 4 °C, the beads
were collected by magnetic rack and washed sequentially for
10 min at 4 °C with low-salt buffer (150 mm NaCl, 0.1% SDS,
1% Triton X-100, 2 mm EDTA, and 20 mm Tris-HCI pH 8.0),
high-salt buffer (500 mm NaCl, 0.1% SDS, 1% Triton X-100,
2 mm EDTA, and 20 mm Tris-HCl pH 8.0), lithium chloride
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buffer (0.25 m LiCl, 0.5% NP-40, 1 mm EDTA, 10 mm Tris-HCI
pH 8.0, and 0.5% sodium deoxycholate), and TE buffer
(10 mm Tris-HCI pH 8.0, and 1 mm EDTA). The DNA-protein
complexes were eluted from the beads by occasional rotation
at 65 °C for 1 h. The cross-linking between immunoprecipi-
tated DNA and FvRIF protein was reversed by adding NaCl
to a final concentration of 0.2 m, and the eluate was incu-
bated overnight at 65 °C. After recovery of the immunocom-
plexes by reverse cross-linking, the immunoprecipitated
DNA was further purified using a TIANquick Mini
Purification Kit (TIANGEN, China). The primers used for
quantitative PCR were designed based on the FvRIF binding
motifs identified by DAP-seq and are listed in Supplemental
Table S3. Each ChIP assay was carried out 3 times, and the en-
riched DNA fragments in each ChIP sample served as 1 bio-
logical replicate for gPCR.

LCl assay

The LCl assay was carried out as previously described (Chen et al.
2008). The coding sequences of FUMAPK6 and FURIF were indi-
vidually amplified from cDNA of the diploid strawberry
‘Ruegen’ fruits and separately ligated into the pCAMBIA1300-
cLUC/nLUC vectors (provided by Prof. Jianmin Zhou from the
Institute of Genetics and Developmental Biology, Chinese
Academy of Sciences), which were then individually introduced
into Agrobacterium strain GV3101. After incubation at 28 °C for
24 h, the Agrobacteria containing the recombinant cLUC con-
structs were mixed with an equal volume of Agrobacteria con-
taining recombinant nLUC constructs and then infiltrated into
N. benthamiana leaves. After being grown for 48 h, the leaves
were sprayed with 1T mm D-luciferin dissolved in ddH,O contain-
ing 0.01% (v/v) Triton X-100 and then kept in the dark for 5 min.
Luminescence images were captured using a chemiluminescence
imaging system (Tanon, China). The N. benthamiana leaves infil-
trated with empty vectors expressing cLUC or nLUC were used as
negative controls. The experiment was performed with at least 3
N. benthamiana leaves. The primers used for the generation of
LCl constructs are listed in Supplemental Table S5.

Pull-down assay

To produce the MBP-FvRIF and GST-FYMAPK6 recombinant
proteins, the coding sequence of FVRIF was amplified and
cloned into the pMAL-c2X-MBP vector (NEB, USA) and
the coding sequence of FUMAPKG6 was inserted into the
pGEX-6P-1-GST (GE Healthcare, USA), respectively. The re-
sulting constructs were introduced into E. coli Rosetta com-
petent cells (TransGen Biotech, China). To obtain soluble
recombinant MBP-FvRIF and GST-FYMAPKG, E. coli colonies
were cultured at 16 °C for 24 h with induction of 1 mm
IPTG. The purification of MBP-FVRIF was conducted as de-
scribed previously (Wang et al. 2020), while the purification
of GST-FYMAPK6 was performed using glutathione
Sepharose beads (GE Healthcare, USA) according to the
manufacturer’s manual. For pull-down assays, GST or
GST-FvMAPK6 bound to glutathione Sepharose beads was
directly incubated with MBP-FVRIF at 4 °C for 2 h in NETN
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buffer (20 mm Tris-HCI, 100 mm NaCl, 0.5 mm EDTA, and
0.5% [v/v] IGEPAL CA-630, pH 8.0). After washing 3 times
with elution buffer (50 mm Tris-HCI, 0.1% [v/v] NP-40, and
200 mm NaCl), the proteins bound to beads were eluted
and subjected to immunoblotting analysis with anti-GST
antibody (1:5,000 dilutions; Abmart, China) and anti-MBP
antibody (1:5,000 dilutions; Abmart, China), respectively.
The primers used for vector construction are listed in
Supplemental Table S5.

Co-IP analysis

The Co-IP assay was carried out as previously described (Wang
et al. 2020). The coding sequence of FPMAPK6 amplified from
cDNA of the diploid strawberry ‘Ruegen’ fruits was cloned
into the pCAMBIA1300-Flag-MCS vector. The resulting
pCAMBIA1300-FvMAPK6-Flag and the pCAMBIA1302-HA-
FVRIF generated as described above were then individually
introduced into Agrobacterium strain GV3101. The empty vec-
tor was used as a negative control. The Agrobacterium strains
each containing FYMAPK6-Flag or HA-FVRIF were coinfiltrated
into N. benthamiana leaves. After incubation at 25 °C for
48 h, total proteins were extracted from the leaves with 1 mL
of extraction buffer (50 mm Tris-HCl, pH 7.5, 100 mm NaCl,
1 mm EDTA, 1% [v/v] Triton X-100, 5% [v/v] glycerol, 1 mm
PMSF, and 1 X protease inhibitor cocktail) and then immuno-
precipitated with anti-HA magnetic beads (LABLEAD, China)
or anti-Flag magnetic beads (MBL Life Science, Japan) at 4 °C
for 2 h. The beads were collected and washed 3 times with ex-
traction buffer. The proteins were eluted from the beads with
1 X SDS loading buffer at 95 °C for 5 min and then subjected
to immunoblotting using anti-HA (Abcam, UK) or anti-Flag
(MBL Life Science, Japan) antibodies, respectively. The primers
used for generation of constructs are listed in Supplemental
Table S5.

Subcellular localization

For localization analysis, the coding sequences of FYMAPK6 and
FvRIF were amplified from cDNA of the diploid strawberry
‘Ruegen’ fruits and inserted into the pCAMBIA2300-mCherry
and pCAMBIA2300-eGFP vector to produce 35S:FUMAPKG-
mCherry and 35S:FURIF-eGFP, respectively. The resulting plas-
mids were separately transformed into Agrobacterium strain
GV3101, which was subsequently infiltrated or coinfiltrated
into N. benthamiana leaves (Sparkes et al. 2006). The N.
benthamiana plants were cultured in the greenhouse for
48 h, and then mesophyll protoplasts were isolated (Lei et al.
2015). GFP and mCherry fluorescence signals were observed
and captured by confocal microscopy (Zeiss, Germany).
H2B-mCherry served as a nuclear marker. The primers used
for vector construction are listed in Supplemental Table S5.

Phosphorylation assay and phosphorylation site
identification

In vitro phosphorylation assays were performed as previously
described (Li, Liu, et al. 2022). The coding sequence of FVRIF
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was cloned into pCold-TF-His vector (Takara, Japan) and
transformed into E. coli BL21 (DE3) to generate recombinant
His-FVRIF-HA. To produce recombinant His-FvMKK4PP, the
T227D/S233D (DD) point mutations were introduced into
FYMKK4 (FvMKK4PP), which was cloned into the
pCold-TF-His vector (Takara, Japan) and produced in E. coli
BL21 (DE3). For phosphorylation assays, recombinant
GST-FYMAPK6 as described above was incubated with
His-FvMKK4P® in a kinase reaction buffer (25 mm Tris-HCl,
pH 7.5, 10 mm MgCl,, 1 mm DTT, and 50 um ATP) at 25 °C
for 30 min. Then, recombinant His-FvRIF-HA or the mutated
variants  (FVRIFP?7™,  FVRIF?®3A, FVRIF?*A, FVRIF?7A,
FVRIF'%4, and FVRIF**) generated by site-directed mutagen-
esis were incubated with activated FYMAPKG in kinase reac-
tion buffer at 25 °C for 30 min. For alkaline phosphatase
treatment, 0, 150, or 500 U of fast alkaline phosphatase
(Thermo Fisher, USA) were added to the above kinase reac-
tion buffer, followed by gentle mixing and incubation at 30 °C
for 30 min. The reaction was terminated by the addition of
1% SDS loading buffer, and the reaction products were
then separated by 6% (w/v) SDS-PAGE gel containing
60 ym Phos-tag acrylamide (Wako, Japan) and 120 um
MnCl,. The immunoblotting analysis was conducted as de-
scribed above using anti-HA antibody (Abcam, UK). The
gels without Phos-tag and MnCl, were stained with
Coomassie brilliant blue (CBB) to indicate uniform sample
loading. The primers used for vector construction are listed
in Supplemental Table S5.

For LC-MS/MS assay, samples were prepared as for the in
vitro phosphorylation assay. The samples were reduced, alky-
lated, and digested with trypsin (Promega, USA) and chymo-
trypsin (Promega, USA), respectively, followed by LC-MS/MS
analysis. Samples were dissolved in solvent A (0.1% [v/v] for-
mic acid in water) and then injected into a manually packed
reverse phase C18 column (25-cm length, 150-ym inner
diameter; C18 resin with 1.9-um particle size; 120-A pore
diameter; Dr. Maisch GmbH Inc,, Germany), which was con-
nected to an Easy nLC-1200 nanolLC system (Thermo Fisher
Scientific, Waltham, MA). The samples were eluted using a
70-min gradient at a flow rate of 600 nL/min (8% to 28% solv-
ent B [0.1% formic acid and 20% water in acetonitrile] for
45 min, 28% to 40% solvent B for 15 min, 40% to 90% solvent
B for 1 min and 90% solvent B for 9 min; all v/v). A Thermo
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, USA) was used for sample analysis using Thermo
Scientific Xcalibur software (4.3) with the following para-
meters: the resolution was set to 120 K for MS1. In MS1,
the scan range was 350 to 1,550 m/z. The automatic gain
control was 4 X 10° and the charge state was 2 to 7. In
MS2, the normalized collision energy was set to 32%. lons
were broken by higher collision dissociation and were then
analyzed by Orbitrap with AGC targets set at 5 x 10°.

Phosphorylation site identification was performed with
Proteome Discoverer (v2.4) software, and the SEQUEST
search engine was used. For the analysis of proteomic data,
precursor mass tolerance was set to 20 ppm with a fragment
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mass tolerance of 0.05 Dalton. The enzyme used was trypsin/
p, and the maximum missed cleavage was set to
2. Carbamidomethyl (C) was set as fixed modification with
variable modifications of phosphorylation (STY), oxidation
(M), and acetyl (Protein N-term) for all software programs.
The rest of the parameters were set to default. F. vesca
v4.0.alfasta.gz was downloaded from the GDR website
(https://www.rosaceae.org).

GUS activity assay

GUS activity assay was performed as previously described
(Mao et al. 2022). The full-length coding sequences of
FVRIF, FYRIF™™A, FUMAPK6, and FyMKK4P® were individually
inserted into pCAMBIA1301 vector under the control of the
35S promoter. The FVCHS1 promoter (2,000-bp upstream of
the ATG) from genomic DNA was ligated into the
pCAMBIA1301 vector for driving the GUS reporter gene.
The resulting constructs were individually transformed into
Agrobacterium strain GV3101. The Agrobacterium cultures
were resuspended in infiltration buffer (10 mm MES pH 5.6,
10 mm MgCl,, and 200 mm acetosyringone) to a final
ODgqq of 0.6 for each construct and then injected into octo-
ploid strawberry fruits at the LG stage according to the meth-
od previously described (Wei et al. 2018). After 4d of
incubation at 25 °C, the agroinfiltrated fruits were collected
and frozen in liquid nitrogen. GUS activity was detected as
described (Wei et al. 2018). The experiment was performed
with 3 independent biological replicates, each consisting of
15 fruits. The primers used for vector construction are listed
in Supplemental Table S5.

Transient gene expression in strawberry fruit

The transient gene expression in fruits of the Fvrif mutant
lines was carried out following the method described previ-
ously (Gao et al. 2020). In brief, the coding sequences of
FVRIF and FVRIF"" were ligated into the pCAMBIA1302
plasmid under the 35S promoter to generate 35S:FVRIF-HA
and 35S:FURIF'"HA constructs. The FVRIF promoter
(2,000-bp upstream of ATG) and the coding region from gen-
omic DNA was cloned into the pPCAMBIA1302 vector to gen-
erate the FvRIFpro:FVRIF-HA construct. The resulting
constructs were separately transformed into Agrobacterium
strain GV3101, which were subsequently injected into the
fruits of the Furif-13 mutant at the LG stage. The empty vec-
tor served as the negative control. More than 10 fruits were
injected for each construct. The injected fruits were left on
the plants to continue growth and fruit coloration appeared
about 1wk after injection.

Accession numbers
Sequence data from this article can be found in
Supplemental File S4.

DAP-seq data sets were deposited at the Gene
Expression Omnibus at NCBI under the accession number
GSE220785. RNA-seq data sets were deposited at the Gene
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Expression Omnibus at NCBI under the accession number
GSE220768.
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