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Vivipary, wherein seeds germinate prior to dispersal while still associated with the maternal plant, is an adaptation to extreme
environments. It is normally inhibited by the establishment of dormancy. The genetic framework of vivipary has been well studied;
however, the role of epigenetics in vivipary remains unknown. Here, we report that silencing of METHYLTRANSFERASE1
(SlMET1) promoted precocious seed germination and seedling growth within the tomato (Solanum lycopersicum) epimutant
Colorless non-ripening (Cnr) fruits. This was associated with decreases in abscisic acid concentration and levels of mRNA
encoding 9-cis-epoxycarotenoid-dioxygenase (SlNCED), which is involved in abscisic acid biosynthesis. Differentially
methylated regions were identified in promoters of differentially expressed genes, including SlNCED. SlNCED knockdown
also induced viviparous seedling growth in Cnr fruits. Strikingly, Cnr ripening reversion suppressed vivipary. Moreover,
neither SlMET1/SlNCED-virus-induced gene silencing nor transgenic SlMET1-RNA interference produced vivipary in wild-
type tomatoes; the latter affected leaf architecture, arrested flowering, and repressed seed development. Thus, a dual pathway
in ripening and SlMET1-mediated epigenetics coordinates the blockage of seed vivipary.

Fruits are developmental structures unique to flow-
ering plants. They also play a central role in seed de-
velopment and dispersal (Giovannoni, 2004; Lozano
et al., 2009). In tomato (Solanum lycopersicum), the on-
set of fruit ripening occurs after the cell expansion in the
developing ovary has completed and seed hasmatured.
Ripening is characterized by higher respiration and the
autocatalytic synthesis of ethylene (Lin et al., 2009), and
it leads to fruit softening, alternation in texture and
colors, enrichment of organic acids, nutrients, and pig-
ments, and the development of aroma and flavor (Rose
et al., 2004; Tieman et al., 2006, 2017, Seymour et al., 2008,
2013; Uluisik et al., 2016; Wang and Seymour, 2017; Zhu
et al., 2018). This process is modulated by a complex
genetic network comprising master transcription factors
(TFs), including MADS-RIN (an MADS-box TF RIPEN-
ING INHIBITOR; Vrebalov et al., 2002), HB1 (a class I

homeodomain Leu zipper TF; Lin et al., 2008), TAGL1
(an AGAMOUS clade MADS-box TF; Itkin et al., 2009;
Vrebalov et al., 2009), and anAPETALA2/ERF (ethylene
response factor) SlAP2a TF (Chung et al., 2010). These
TFs appear to be involved in modulation of fruit ripening
through either transcriptional up- or down-regulation of
gene expression for ethylene synthesis and other
ripening-related physiological processes (Zhou et al.,
2012; Karlova et al., 2014; Wang et al., 2020).
Another key player in the regulatory network con-

trolling tomato fruit ripening is the gene that resides at
the Colorless non-ripening (Cnr) locus. Cnr fruit cannot
ripen and remains colorless. Its texture alters due to
loss of cell-to-cell adhesion in fruit tissues (Eriksson
et al., 2004). The CNR gene encodes the SQUAMOSA
promoter-binding protein-box TF SPL-CNR (Manning
et al., 2006). The expression of CNR is developmentally
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controlled, being mainly expressed in ripening fruits, and
is fine-tuned by microRNAs (Manning et al., 2006; Chen
et al., 2015a). However, using the CRISPR/Cas9 (clus-
tered regularly interspaced short palindromic repeats/
CRISPR-associated protein9) gene-editing technique, Gao
et al. (2019) recently produced CNR-knockout (KO) mu-
tants and found that CNR-KO failed to phenocopy non-
ripening as seen in the naturally occurring Cnrmutant or
in KD (knockdown by RNA interference [RNAi] or virus-
induced gene silencing [VIGS]) tomato fruits (Manning
et al., 2006; Chen et al., 2015a, 2015b). Such phenotypic
discrepancies raise an intriguing issue about the precise
functionality of CNR in tomato fruit ripening. However,
CRISPR/Cas9-mediated KO mutants of genes essential
for development do not often show any obvious pheno-
type as in naturally occurring mutants or in silencing/
RNAi-KD lines. This phenomenon could be explained by
noncoding RNA-mediated transcriptional adaptation (i.e.
genetic compensation), reinforcing that CNR and the
other ripening genesNON-RIPENING and FRUITFULL1/
2may play essential roles not only in ripening but also in
other developmental and physiological processes (Lai
et al., 2020; Wang et al., 2020).

Cnr results froma spontaneous epimutation that causes
hypermethylation in the promoter of CNR (Manning
et al., 2006). This epimutation occurs naturally, and dif-
ferential methylation has been found in the region 2.4 kb
upstream from theCNR translational start site (Manning
et al., 2006). The Cnr mutant also possesses a hyper-
methylated epigenome (Zhong et al., 2013; Chen et al.,
2015b, 2018a), most likely due to the lack of induction of
the SlDML2 gene that encodes a DEMETER-like DNA
demethylase governing tomato fruit ripening (Liu et al.,

2015). DOMAINS REARRANGED METHYLTRANS-
FERASE7 (SlDRM7), METHYLTRANSFERASE1
(SlMET1), and CHROMOMETHYLASE2 (SlCMT2)
and SlCMT3, which are essential for RNA-directed
DNA methylation (RdDM) and for methylation
maintenance, are essential to maintain the Cnr epi-
allele; and virus-induced silencing of these genes
causes Cnr fruits to ripen (Chen et al., 2015b). These
recent discoveries reveal that both genetic and epi-
genetic mechanisms are involved in the modulation
of fruit ripening in tomato (Seymour et al., 2013).

In tomato and other flowering plants, accompanying
fruit development and ripening, seed develops, matures,
and becomes dormant within ripe fruit. However, under
certain physiological conditions, seed can germinate
within fruits, a phenomenon called vivipary (VP). VP has
evolutionary and ecological advantages for some plant
species in surviving extreme environments (Eyster, 1931;
Dintu et al., 2015). However, in the form of preharvest
sprouting, VP can substantially reduce yield and product
quality in vegetables, grain, and fruit crops, thus posing a
threat to global food security (Gubler et al., 2005; Shu
et al., 2016b). The genetics and genes responsible for VP
have been extensively studied in plants, including cereal
and fruit crops such as barley (Hordeum vulgare), maize
(Zea mays), sorghum (Sorghum bicolor), wheat (Triticum
aestivum), rice (Oryza sativa), tomato, and gourd (Lagenaria
siceraria; Robertson, 1952; McCarty et al., 1991; Hable
et al., 1998; Burbidge et al., 1999; Agrawal et al., 2001;
McKibbin et al., 2002; Porch et al., 2006; Suzuki et al., 2006,
2008; Fang et al., 2008; Benech-Arnold and Rodríguez,
2018; Nakamura, 2018; N’Gaza et al., 2019). In particular
inmaize, there are at least 25 independentViviparous (VP)
mutants, and these VP mutants are grouped into three
classes (Durantini et al., 2008). Class 1 includes mutants
such asVP1.MaizeVP1, thefirst characterized viviparous
gene, encodes a TF belonging to the AFL (ABI3/FUS3/
LEC2) subfamily of the B3 TFs (Carbonero et al., 2017).
The Arabidopsis (Arabidopsis thaliana) putative ortholog
gene to VP1 is the ABSCISIC ACID-INSENSITIVE3
(ABI3), and these genes are not impaired in abscisic acid
(ABA) biosynthesis. However, VP mutations in class 2
block early steps prior to the branching point that sepa-
rates ABA and z-carotenoid biosynthesis, resulting in re-
duction of carotenoid accumulation in both endosperm
and vegetative tissues (Singh et al., 2003). Class 3mutants
either affect later steps of ABA biosynthesis (Schwartz
et al., 1997) or regulate the synthesis of the molybde-
num cofactor required for the last step in ABA biosyn-
thesis (Porch et al., 2006; Suzuki et al., 2006). These
mutants are frequently unable to complete seed matura-
tion but lead to precocious germination (Carbonero et al.,
2017). On the other hand, emerging evidence suggests
that there may be an epigenetic layer of controls involved
in VP and the associated processes of seed dormancy and
germination. Dynamic seed-seedling epigenomes have
been reported in Arabidopsis and soybean (Glycine max;
An et al., 2017; Bouyer et al., 2017; Kawakatsu et al., 2017;
Narsai et al., 2017). Cis-acting noncoding antisense RNA,
microRNA, and genes that affect DNA methylation
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(Singh et al., 2013; Yamauchi et al., 2014; Fedak et al., 2016;
Huo et al., 2016; Chen et al., 2017) may affect seed ger-
mination and VP, although the underlying mechanisms
remain unknown.
While our original goal was to reveal how RdDM

and/or DNA methylation maintenance determine the
nonripening epiphenotype in Cnr, we observed, by ser-
endipity, that deficiency in DNA methylation affected
not only fruit ripening but also the growth of viviparous
seedlings within theCnr fruits. These findings suggested
that that epigenetic mechanism may involve seed VP in
tomato. In this article, we exploit further theCnr epiallele
and report that an epigenetic pathway along with the
ripening process controls VP in tomato.

RESULTS

Silencing of SlMET1 Induces VP in Cnr Fruits

The Cnr mutant possesses a hypermethylated epi-
genome (Manning et al., 2006; Chen et al., 2018a), and

several genes such as SlDRM7, SlMET1, SlCMT2, and
SlCMT3 that are essential for RdDM and for methyla-
tion maintenance are required to maintain the Cnr
epiallele (Chen et al., 2015b). KD of these genes, SlCMT3
in particular by Potato virus X (PVX)-VIGS, results in
ripening reversion of Cnr fruits (Chen et al., 2015b).
SlMET1-KD led to a partial reversion of tomato ripen-
ing in approximately 30% of Cnr fruits, while SlCMT4-
KD did not have any effect on the colorless nonripening
phenotype (Fig. 1, A and B). These results were con-
sistent with our previous reports (Chen et al., 2015b).
Reversion of fruit ripening was illustrated by the de-
velopment of red color on the treated Cnr tomato. It is
noteworthy that color alterations represent a valid in-
dicator of ripening, consistent with changes in tomato
physical, physiological, agrochemical, biochemical, and
molecular characteristics, as described in our previous
VIGS studies (Manning et al., 2006; Lin et al., 2008;
Zhou et al., 2012; Kong et al., 2013; Chen et al., 2015a,
2015b, 2018a; Lai et al., 2015; Lai et al., 2020).
Apart from ripening reversion, we observed unex-

pected but predominant VP from almost all seeds in

Figure 1. Induction of tomato vivipary by SlMET1 silencing. A, Schematic of the SlMET1 gene and the PVX/SlMET1 VIGS construct. A
359-bp fragment corresponding to the last exon of SlMET1 was cloned into the PVX vector to generate PVX/SlMET1. The genome
organization of PVX and two cloning sites are indicated. RDRP is viral RNA-dependent RNApolymerase. The triple-gene block encodes
three viralmovement proteins of 25, 12, and 8 kD (K). CP is viral coat protein. B, Summary of VPand ripening reversion inCnr fruits. The
numerator represents the number of Cnr fruits showing either VP or ripening reversion. The denominator represents the total number of
fruits that were inoculatedwith needle injection of PVX/SlMET1, PVX/SlCMT4 (Chen et al., 2015b), or the empty VIGS vector PVX. C to
F, VP within Cnr fruits. Cnr fruits injected with PVX produced mature seeds (C and E). Precocious seed germination and viviparous
seedling growth were present in PVX/SlMET1-injected Cnr fruits (PVX/SlMET1; D and F). G andH, Fruit ripening suppresses VP. A PVX/
SlMET1-injected Cnr fruit (PVX/SlMET1) showed ripening reversion. Seeds matured in the ripening sector of the fruit shown in G, but
seeds in the nonripe sectors became viviparous (H). The dotted boxes in E, F, andHare enlarged, as indicated by the red arrows, to show
closeup images in E-1, F-1, andH-1, respectively. Examples of viviparous seedlings are indicated by asterisks. Fruits were photographed
at 40 DPI (G and H) or 50 DPI (C–F). Bars 5 1 cm. I, Suppression of endogenous SlMET1 expression in Cnr fruits by VIGS. RT-qPCR
assays were performed on three biological duplicate samples collected from control (Cnr1PVX) or VP (Cnr1PVX/SlMET1) fruits at 20,
30, 40, and 50 DPI. Red-highlighted VP and Ripe signify viviparous seeds/seedlings or mature seeds collected from nonripening or
ripening sectors of PVX/SlMET1-injected fruits. Data are shown asmeans6 SD (n5 3). Reduction of SlMET1 expressionwas found to be
statistically different (one-way ANOVA, P, 0.05) in all VP samples compared with the Cnr1PVX control (purple versus yellow bars).
However, the mRNA level was not obviously reduced in the Ripe sectors (G and H), likely due to mixtures of such sectors showing
limited and sporadic ripening reversion with surrounding nonripe tissues for RT-qPCR analyses.

Plant Physiol. Vol. 183, 2020 1885

METHYLTRANSFERASE1 and Ripening in Vivipary



more than 95% of PVX/SlMET1-injected Cnr fruits
(Fig. 1, B–F). Viviparous seedling growth was also
found in about 6% of the PVX/SlCMT4-injected Cnr
fruits (Fig. 1B; Supplemental Fig. S1, A–C). There was
no VP at any developmental stage in control Ailsa Craig
(AC) or Cnr fruits injected with PVX alone or Cnr fruits
infected with PVX/SlDRM7, PVX/SlCMT2, or PVX/
SlCMT3 (Supplemental Fig. S2, A–G). Within the
SlMET1-KD Cnr fruits, VP appeared at around 20 d post
inoculation (DPI), equivalent to 36 DPA, and seedling
growthwas evident at 30, 40, and 50DPI (Fig. 1, D and F;
Supplemental Fig. S3, A–D). We also observed that all
seeds in sectors of PVX/SlMET1-injected Cnr fruits that
showed partial ripening reversion remained dormant,

whereas those seeds in the nonripe sectors of the same
fruits became viviparous (Fig. 1, G and H). Moreover, in
fruits or sectors of fruits where VP was occurring, there
was a marked decrease in abundance of the SlMET1
transcripts in viviparous seeds/seedlings (Fig. 1, G and I;
Supplemental Fig. S4). However, the SlMET1 level in
sectorswith limited and sporadic ripening reversionwas
not significantly reduced (Fig. 1I; Supplemental Fig.
S4A), likely because tomato samples used for such
analyses might have coexisted with normal Cnr fruit
tissues. Nonetheless, a close link of reduction in SlMET1
expression with more pronounced and even ripening
reversion was evident in Cnr fruits that were VIGSed by
PVX/SlMET1 (Supplemental Fig. S4B; Chen et al., 2015b).

Figure 2. Influences of SlMET1 silencing onABAbiosynthesis andABA-related gene expression. A,ABAat different fruit developmental
stages. Detectionwas carried out on four biological fruit samples collected atmature green (30DPA), breaker (36DPA on average), and
10 d after breaker (47 DPA on average) stages. Data are shown as means6 SD (n5 4). Red bars represent AC and yellow bars represent
Cnr. FW, Freshweight. B, SlMET1 knocked down by VIGS affects ABA accumulation. ABA assayswere on four different AC orCnr fruits
mock inoculated or injectedwith PVX or PVX/SlMET1 at 30 DPI (equivalent to 47DPA on average). Significant reduction of ABA levels
was seen inviviparous seeds/seedlings from SlMET1-KD (Cnr1PVX/SlMET1)Cnr fruitswhen comparedwithCnr fruits injectedwith PVX
(Cnr1PVX; one-way ANOVA, P , 0.0016, as indicated by asterisks). Data are shown as means 6 SD (n 5 4). C, Identification of
epigenetically regulated differentially expressed genes (epiDEGs) by comparative RNA-seq and comparativeWGBS. Arrows from left to
right indicate four epiDEGs (SlZ-ISO, SlNCED, SlABI5, and SlABI3) in addition to SlMET1, which was knocked down by VIGS. The four
epiDEGs alongwith SlABI4were chosen for further investigation due to their pivotal role in ABA biosynthesis and response. Names and
SOL identifiers for these epiDEGs are detailed in Supplemental Table S2. D to H, Effects of SlMET1-KD on the expression of ABA bi-
osynthesis andABA-responsive genes. The expression of SlNCED (D), SlZ-ISO (E), and SlABI3 (F) was significantly down-regulated (one-
way ANOVA, P, 0.05) at 20, 30, or 40 DPI, while that of SlABI4 (G) and SlABI5 (H) was significantly up-regulated (one-way ANOVA,
P, 0.05) at 30 or 40 DPI in viviparous seeds/seedlings from PVX/SlMET1-injected Cnr fruits, compared with mature seeds from PVX-
injected control Cnr fruits. RT-qPCR assays were performed on three different samples collected at different DPI as indicated. RNA
transcript level was normalized against 18S rRNA. Data are shown as means6 SD (n 5 3).
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In addition, PVX infection alone was shown to have
no influence on SlMET1 expression in seed and sur-
rounding tissues at different stages of Cnr fruit devel-
opment (i.e. at different DPI; Supplemental Fig. S5, A
and B). It should be noted that our VIGS experiments
were performed on fruits at 5 to 20 DPA on the same
trusses or various trusses of Cnr plants. Thus, fruits that
were collected at a definite DPI for molecular analysis
might be at different stages of DPA, but they had un-
dergone the same length of VIGS treatment. Collectively,
these data indicate that suppression of SlMET1 triggers,
but ripening reversion inhibits, VP in Cnr fruits.

Reduction of ABA Biosynthesis in SlMET1-KD Cnr Fruits

Our observation of VP induced by VIGS of SlMET1
or SlCMT4, but not other RdDM and methylation
maintenance genes (Chen et al., 2015b), suggests that

these two genes could be involved in establishing and/
or maintaining dormancy during seed development
within fruits. We investigated the mechanism by which
SlMET1 could influence VP during fruit development
and ripening because of the much stronger effect that
SlMET1-KD had on VP compared with SlCMT4-KD.
ABA is well documented to be required to maintain
seed dormancy and inhibit germination inmany plants,
including tomato (Shu et al., 2016b). Using [2H6](1)-
cis,trans-ABA as an internal standard, we performed
HPLC-electrospray-mass spectrometry to measure
ABA concentrations in mature seeds collected from
wild-type AC and Cnr fruits at three developmental
and ripening stages: mature green (30 DPA), breaker
(36 DPA on average), and 10 d after breaker (47 DPA on
average). These analyses revealed a gradual reduction
in ABA (Fig. 2A), suggesting that ABA synthesis is
developmentally modulated in AC and Cnr. We further
determined ABA accumulation in both viviparous

"837209] Figure 3. Induction of tomato VP by
SlNCED silencing. A, Schematic of VIGS
construct PVX/SlNCED. The genome orga-
nization of PVX and two cloning sites are
indicated. RDRP is the viral RNA-dependent
RNA polymerase. The triple-gene block en-
codes three viral movement proteins of 25,
12, and 8 kD (K). CP is the viral coat protein.
B, Summary of VP and ripening reversion in
Cnr fruits. The numerator represents the
number of viviparous or ripening reversion
fruits. The denominator represents the total
number of fruits that were injectedwith PVX/
SlNCED, PVX/SlZ-ISO, PVX/SlABI3, the
empty VIGS vector PVX, or Tris-EDTA buffer
(Mock). C toG,Mock-treatedCnr fruits (C) or
those injected with PVX alone (D) produced
mature seeds, while precocious seed germi-
nation and viviparous seedling growth were
present in Cnr fruits injected with PVX/
SlNCED (E–G). The enlarged dotted boxes
below each image, as indicated by the red
arrows, clearly showmature seeds (C andD),
germinating seeds (E and F), and viviparous
seedlings (F and G). Fruits were photo-
graphed at 20DPI (E), 30 DPI (F), and 40DPI
(C, D, and G). Bars5 1 cm. H, Suppression
of endogenous SlNCED expression by VIGS.
RT-qPCR assays were performed on three
biological duplicate samples collected from
mock-, Cnr1PVX control (PVX)-, or VP
(Cnr1PVX/SlMET1)-treated fruits at various
DPI as indicated. Data are shown as means
6 SD (n 5 3). Reduction of SlNCED expres-
sion in viviparous seeds/seedlings was found
to be statistically significant compared with
mock or PVX control seeds (one-way
ANOVA, P, 0.05). I, DMRs in the promoter
of the SlNCED gene. The level of DNA

methylation in the specificpromoter regionsDMR1andDMR3 (highlighted red) decreased but increased inDMR2 (highlighted gray) of the SlNCED gene in the
SlMET1-silencedCnr viviparous seeds.WGBSdata sets for pericarps of healthyCnr fruits at 42or 52DPA (Zhong et al., 2013) andpericarps of SlCMT3-silenced
Cnr fruits at 30DPI (Chen et al., 2015b) were also included as extra controls for comparative bioinformatics analysis. The gene identifier and its coordinates on
the tomato chromosome are indicated. The 0-to-1 scale bar indicates the level of DNA methylation from 0% to 100% methylated cytosine.
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seeds and nongerminating mature seeds collected from
the AC and Cnr fruits that were injected with PVX/
SlMET1 or PVX at 30 DPI (Fig. 2B). In Cnr, PVX/SlMET1
treatment led to an approximately 63% reduction in ABA
levels (1.89 6 0.5 ng g21 fresh tissue weight) compared
with the PVX control (5.15 6 1.09 ng g21 fresh tissue
weight; Fig. 2B). Interestingly, a nearly 41% reduction in
ABA levels (9.356 4.85 ng g21 fresh tissue weight) in AC-
treated PVX/SlMET1 compared with the PVX-injected
AC control (15.75 6 2.12 ng g21 fresh tissue weight) was
also observed (Fig. 2B), although no VP was induced in
wild-type ripe AC fruits (see below). These findings sug-
gest that SlMET1 may act via ABA synthesis or metabo-
lism to epigenetically regulate VP in Cnr fruits, although
reduction in ABA alone cannot trigger VP in AC fruits.

Influences of SlMET1 on the Expression of
ABA-Related Genes

To elucidate how SlMET1 silencing reduced ABA
levels, we conducted comparative transcriptomic

RNA-sequencing (RNA-seq; Fig. 2C; Supplemental
Fig. S6, A–C) and whole-genome bisulfite sequencing
(WGBS; Supplemental Fig. S7, A and B) on viviparous
seeds/seedlings and nonviviparous seeds from Cnr
or the SlMET1-KD Cnr fruits that were collected at 40
DPI and reverse transcription quantitative PCR (RT-
qPCR; Fig. 2, D–H). We were aware that these com-
parisons were not strict between equivalent materials
(i.e. mature dormant seeds versus fully germinated
seedlings). Indeed, once VP took places, seeds would
become developmentally different from properly
matured seeds no matter whether they were collected
at earlier or later stages of fruit development. On the
other hand, if non-VP mature seeds were collected
from normal and VIGSed Cnr fruits, no differen-
tially expressed genes (DEGs) and/or differentially
methylated regions (DMRs) would be expected to
be identified. Nevertheless, through mining DEGs
along with DMRs in our experiments, we identified
two ABA biosynthesis genes, SlNCED and SlZ-ISO,
that encode 9-cis-epoxycarotenoid dioxygenase
and z-carotene isomerase, respectively, and two

Figure 4. Influence of SlMET1 silencing on
DNA methylation level of the Cnr methyl-
ome and on the expression of SlCMT
and SlDRM genes. A to E, Influence of
SlMET1-KD on global DNA methylation
profiles of the Cnr methylome. WGBS
profiles of 12 tomato chromosomes for
mature seeds or viviparous seeds/seedlings
from Cnr fruits injected with the empty VIGS
vector PVX (A; Cnr1PVX) or PVX/SlMET1 (B;
Cnr1PVX/SlMET1) at 40 DPI are illustrated
in the methylated CG (mCG), mCHG, and
mCHH contexts (where H is A, T, or C) and
methylated cytosine (mC) for genes. DNA
methylation level of the Cnrmethylone in
the CG (C), CHG (D), and CHH (E) con-
texts for the whole genome, repeat, gene,
and RIN-binding sequences are further
indicated. Delta methylation (VIGS – Cnr)
shows the changed methylation levels be-
tween SlMET1-KD Cnr fruits (Cnr1PVX/
SlMET1) and control Cnr fruits (Cnr1PVX).
The overall DNA methylation levels in the
methylome increased in viviparous seeds/
seedlings in the SlMET1-KDCnr fruits. Fand
G, Regulation of SlCMT (F) and SlDRM (G)
gene expression by SlMET1 silencing. RT-
qPCR assays were performed on seed or
viviparous seed/seedling samples collected
fromCnr fruits injectedwith PVX (Cnr1PVX)
or PVX/SlMET1 (Cnr1PVX/SlMET1), respec-
tively, at various DPI as indicated in G. Data
are shown as means6 SD (n5 3). Statistical
analysis of gene expression between the
treatments of Cnr1PVX and Cnr1PVX/
SlMET1 at 40 DPI shows a significant
difference (one-way ANOVA, P , 0.05).
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ABA-responsive genes, ABI3 and ABI5 (Fig. 2C;
Supplemental Fig. S6C). We also included ABI4 for
subsequent analysis. SlNCED is the key enzyme in
ABA biosynthesis and SlZ-ISO is involved in enzy-
matic production of ABA precursors, while ABI3,
ABI4, and ABI5 are known to regulate genes that ei-
ther inhibit dormancy release or suppress seed ger-
mination (Giraudat et al., 1992; Albertos et al., 2015;
Shu et al., 2016a, 2016b). Consistent with seedling
growth, the expression of SlNCED, SlZ-ISO, or
SlABI3 was down-regulated in viviparous tissues of
the SlMET1-KD Cnr fruits at 20, 30, and 40 DPI (Fig. 2,
D–F). However, the levels of SlABI4 and SlABI5
transcripts were found to be reduced at 20 DPI but

increased by 30 and 40 DPI when viviparous seeds/
seedlings became apparent (Fig. 2, G and H).

Silencing of SlNCED Induces VP in Cnr Fruits and
Epigenetic Regulation of SlNCED and ABA-Related
Gene Expression

To determine whether SlNCED, SlZ-ISO, SlABI3, and
other ABA-related genes were indeed involved in the
regulation of VP, we attempted to silence or over-
express them in transgenic Cnr plants, but this was
unsuccessful due to the recalcitrance of this epimutant
to transformation. We thus decided to employ VIGS to

Figure 5. Hydration phenotypes in AC
fruits. A and B, Hydration on AC fruits in-
jected with PVX/SlNCED. C, Hydration on
AC fruits injectedwith PVX/SlMET1. D, AC
fruit injected with PVX. Photographs were
taken at 25 DPI (A, B, and D) or 19 DPI (C).
Bars 5 1 cm. E, Measurement of ABA in
AC fruits. Fruits were injected with PVX,
PVX/SlMET1, or PVX/SlNCED and col-
lected at different stages (DPI) of VIGS
treatment for ABA measurement. Data are
shown as means 6 SD (n 5 3). FW, Fresh
weight.
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silence SlNCED, SlZ-ISO, and SlABI3 and examined
their role in Cnr seed development. To achieve this, we
first cloned a 215-bp fragment of the SlNCED gene into
the PVX vector to produce PVX/SlNCED (Fig. 3A). In
mock- or PVX-injected fruits, seeds developed and
matured normally (Fig. 3, B–D). However, in 92 of the
97 Cnr fruits injected with PVX/SlNCED, all seeds
exhibited VP at about 20 DPI when these fruits
approached the color-turning/breaker stage (Fig. 3E),
and subsequently, viviparous seedling growth was
evident at 30 and 40 DPI (Fig. 3, F and G). Consistent
with this, VIGS knocked down the endogenous SlNCED
expression by approximately 80% compared with ex-
pression in mock or PVX controls (Fig. 3H). No ripening
reversion was observed in any of these SlNCED-VIGS,
SlZ-ISO-VIGS, or SlABI3-VIGS Cnr fruits (Fig. 3B).

To investigate how SlMET1 regulated SlNCED ex-
pression, we identified DMRs in the SlNCED promoter
and found that the levels of DNA methylation were re-
duced inDRM1 andDRM3 but were increased in DMR2
in the SlMET1-KD Cnr fruits (Fig. 3I; Supplemental Figs.
S8–S10). To our surprise, the whole methylome in CG,
CHG, or CHH context, where H is A, T, or C, increased
(Fig. 4, A–E; Supplemental Fig. S7A), likely due to up-
regulation of SlCMT or SlDRM gene expression in the
SlMET1-KD Cnr seed tissues (Fig. 4, F and G).

We then analyzed potential DMRs of SlZ-ISO and
SlABI3 and performed similar VIGS experiments to
silence both genes (Fig. 3B; Supplemental Figs. S11,
A–F, and S12, A–F). In contrast to SlNCED, VIGS
of SlZ-ISO or SlABI3 was unable to induce VP, al-
though DMRswere identified in the promoters of both
genes (Supplemental Figs. S11G and S12G). Seeds of

these silenced lines showed normal development and
maturation (Supplemental Figs. S11, D–F, and S12, D–F).
To test other genes that are directly or indirectly involved
in ABA biosynthesis (Zang et al., 2016), we also ex-
amined the effect of Phytoene Synthase1 (SlPSY1) and
Deetiolated1 (SlDET1) on the induction of VP in Cnr
fruits. Silencing of SlPSY1 or SlDET1 intensified brown
pigmentation in the outer epidermis of Cnr fruits
(Supplemental Figs. S13, A and B, and S14, A and B).
However, seeds matured and did not show VP in these
fruits (Supplemental Figs. S13C and S14C). DRMs were
identified in the SlPSY1 promoter, but only limited
changes in DNA methylation were observed in the
SlDET1 promoter (Supplemental Figs. S13D and S14,
D and E). These results suggest that all the tested genes
are likely to be under SlMET1-mediated epigenetic
modulation, but these genes may have different
functions in other fruit physiological processes rather
than seed VP.

VIGS of SlMET1 or SlNCED Cannot Induce VP in AC fruits

Ripening reversion blocked VP in Cnr fruits (Fig. 1),
suggesting that, in addition to SlMET1-mediated epi-
control of VP, ripening per se may also play a role in the
prevention of seeds from VP in normal fruits. To test
this idea, we performed VIGS on SlMET1 and SlNCED
in wild-type AC fruits. Silencing of both genes occa-
sionally resulted in slight hydration onAC fruits (Fig. 5,
A–D), similar, but to a much lesser extent, to the heavy
hydration observed on SlMET1-KD Cnr fruits (Fig. 1, D
andG). During the time course for each treatment, ABA

Figure 6. Silencing of SlMET1 induces no VP in AC fruits. A, AC fruits with mock treatment or injected with PVX or PVX/SlMET1.
Photographs were taken at 20, 25, 30, or 40 DPI. Bar5 2 cm. B, Ten extra AC fruits injected with PVX/SlMET1 at 40 DPI. Bar5
1 cm. C and D, Suppression of endogenous SlMET1 expression in AC fruits by VIGS. RT-qPCR assays were performed on different
samples collected from threemock AC control fruits or three AC fruits infectedwith the VIGS empty vector PVX or PVX/SlMET1 at
40DPI. Data are shown asmeans6 SD (n5 3). Student’s t test indicated that reduction of SlMET1 gene expression in PVX/SlMET1-
VIGS AC fruits compared with that in PVX-treated fruits was statistically significant. P values are indicated.

1890 Plant Physiol. Vol. 183, 2020

Yao et al.

http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00499/DC1


was also reduced in these fruits (Fig. 5E). However,
neither SlNCED-KD (Fig. 6) nor SlMET1-KD (Fig. 7)
induced viviparous seedling growth within these trea-
ted AC fruits.

Pleiotropic Effects of SlMET1 on Tomato Development and
Seed Production

To further define the role of SlMET1 in tomato fruit
and seed development, we generated two independent
SlMET1-RNAi lines by transforming AC tomato with
pRNAi-SlMET1 (Fig. 8A). RNAi was sufficient to si-
lence endogenous SlMET1 expression in MET1i-1 and
MET1i-2 transgenic lines (Fig. 8B). Both lines produced
various abnormal phenotypes, including changes of
compound leaf architectures (Fig. 8, C–E) and early
abortion of floral development (Fig. 8, F, F-1, G, and G-
1). Nevertheless, these RNAi AC plants still produced
somemorphologically normal but slightly large flowers
(Fig. 8, H–J) that appeared to undergo proper anthesis
and fruit set (Fig. 8, K–M). Compared with wild-type
AC, there were very few fruits that went through

normal development and ripened in the MET1i-1 and
MET1i-2 transgenic plants (Fig. 8, N–P), and the very
few ripe fruits from the MET1i-1 and MET1i-2 trans-
genic plants produced almost no seeds (Fig. 8, N-1, N-2,
O-1, O-2, P-1, and P-2). Consistent with CRISPR/Cas9-
mediated SlMET1-KO (Yang et al., 2019), these findings
demonstrate that RNAi of SlMET1 has pleiotropic ef-
fects on leaf, flower, and seed development in the
transgenic AC tomato lines.

DISCUSSION

In this article, we report that SlMET1 controls VP in
Cnr fruits and can have a profound effect on different
developmental events in AC tomato. In Cnr fruits,
SlMET1 participates in regulating the expression of ABA-
biosynthesis/response genes, likely through changing
methylation levels in their promoter sequences (Fig. 9).
SlNCED is the key enzyme in ABA biosynthesis, and SlZ-
ISO, SlPSY1, and SlPDS are also involved in enzymatic
production of ABA precursors, while SlDET1 plays an
important role in regulating genes that are required for

Figure 7. Silencing of SlNCED induces
no VP in AC fruits. A, AC fruits with
mock treatment or injectedwith PVX or
PVX/SlNCED. Photographs were taken
at 22, 25, 30, and 40 DPI. Bar 5 1 cm.
B, Twelve extra AC fruits injected with
PVX/SlNCED at 40 DPI. Boxed fruits in
A and B are the same. Bar 5 1 cm. C
and D, Suppression of endogenous
SlNCED expression in AC fruits by
VIGS. RT-qPCR assays were performed
on different samples collected from
three mock AC control fruits or three
AC fruits infected with the VIGS empty
vector PVX or PVX/SlNCED at 40 DPI.
Data are shown as means6 SD (n5 3).
Student’s t test indicated that reduction
of SlNCED gene expression in PVX/
SlNCED-VIGS AC fruits compared with
that in PVX-treated fruits was statisti-
cally significant. P values are indicated.
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ABA precursor biosynthesis (Fig. 9A). All these genes
may be modulated by the SlMET1-mediated epigenetic
mechanism in Cnr. SlMET1 is a facilitator for ABA pro-
duction as well as for SlNCED and SlZ-ISO expres-
sion, since SlMET1-KD leads to reduction of ABA and
down-regulation of SlNCED and SlZ-ISO (Fig. 9A).
Such escalation of SlNCED transcripts is probably via
a transcriptional repressor that may fail its binding to

hypermethylated DMR1 and DMR3 along with an acti-
vator that may bind to hypomethylated DMR2 in the
SlNCED promoter inCnr fruits.Methylation levels in the
three DMRs are directly affected by SlMET1, although
changes in methylation were subtle for some cytosines
(Fig. 3I; Supplemental Figs. S8–S10). This phenomenon
may not be particularly surprising, since slight methyla-
tion alternations have been reported in the Cnr epimutant

Figure 8. Influence of SlMET1 RNAi on tomato development and seed production. A, Schematic of the pRNAi-SlMET1 construct.
B, Detection of the RNAi transgene (top) and RNAi-mediated suppression of endogenous SlMET1 expression (bottom). Transgene
insertion was detected by PCR of genomic DNA in two independent RNAi lines, MET1i-1 and MET1i-2, but not in the wild-type
AC tomato. RT-qPCR analysis shows that expression of endogenous SlMET1was markedly reduced in both RNAi lines compared
with the AC control (one-way ANOVA, P, 0.05). Data are shown as means6 SD (n5 3). C to E, SlMET1 RNAi affects tomato leaf
development. A normal compound leaf from AC (C) and typical abnormal leaves from RNAi lines MET1i-1 (D) and MET1i-2 (E)
are shown. F and G, SlMET1 RNAi influences floral development in the two RNAi lines MET1i-1 (F) and MET1i-2 (G). The dotted
boxes were enlarged to show clearer phenotypes (F-1 and G-1). H to J, Fully developed flowers from AC (H) and the two RNAi
lines MET1i-1 (I) and MET1i-2 (J). K to M, Floral development and fruit setting in AC (K) and the two RNAi lines MET1i-1 (L) and
MET1i-2 (M). N to P, Ripe fruits fromAC (N) and the two RNAi linesMET1i-1 (O) andMET1i-2 (P). Opened fruits are shown inN-1,
O-1, and P-1, respectively. The dotted boxes are enlarged to show closeups of the seed in AC (N-2) and the two RNAi linesMET1i-
1 (O-2) andMET1i-2 (P-2) fruits. Almost no seedwas seen in theMET1i-1 fruit (O,O-1, andO-2), and only three seedswere visible
in the MET1i-2 fruit (P, P-1, and P-2). These surviving seeds matured and showed no VP, although they were able to germinate
after being sown into compost. Bars5 1 cm in C to J, N to P, N-1, N-2, O-1, O-2, P-1, and P-2; bars5 0.5 cm in F-1 and K to M;
and bar 5 0.25 cm in G-1.
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(Manning et al., 2006). There are only 18 differentially
methylated cytosines within the DMR of the CNR gene
promoter, of which only eight were essential for the
nonripening phenotype, and reduction of methylation
levels of the eight cytosines caused Cnr fruits to ripen
(Chen et al., 2015b). Nevertheless, the precise role of the
three DRMs in the regulation of SlNCED expression re-
mains to be elucidated.
Tomato seedsmature in fruitswhen fruits reachmature

green/breaker/ripening stages, normally at 35 to 40 DPA
(Downie et al., 2003). Suppression of SlNCED by direct or
indirect SlMET1-mediated epiregulation reduces ABA
biosynthesis and induces VP in Cnr fruits. These events
may occur during early stages of fruit development at
which seeds have not established or at least reduced
dormancy. This view is supported by the fact that ABI3
silencing had no effect on VP in fruits (Supplemental Fig.

S6) and that ABI3 is known to inhibit dormancy release
(Fig. 9A; Shu et al., 2016b). On the other hand, the increase
ofABI4 orABI5 along with the reduced ABA levels in the
SlMET1-KD Cnr fruits (Fig. 2) appear to contradict their
roles in suppressing seed germination outside fruits or
seed pods (Fig. 9A; Gubler et al., 2005; Shu et al., 2016b).
However, our finding may suggest that when seeds still
reside within fruit tissues, ABI4 and ABI5 might have a
different activity in the blockage of dormancy establish-
ment, thus promoting viviparous seedling growth
(Fig. 9A). We speculate that SlMET1→SlNCED→ABA
(likely along with SlMET1⊣ABI4/ABI5) may affect the
establishment of seed dormancy in the course of early
seed development and/or late maturation during tomato
fruit development and ripening (Fig. 9A).
Strikingly, VP is completely suppressed if ripen-

ing occurred in PVX/SlMET1-treated Cnr fruits (Fig. 1,

Figure 9. Models of the SlMET1-directed epipathway and the ripening-related pathway in VP. A, Epipathway in VP. SlMET1
directs the epiregulation of expression of NCED and Z-ISO genes. A simplified ABA biosynthesis pathway is shown (PDS, phy-
toene desaturase). ABA and SlMET1-directed epiregulation of ABA-responsive genes are involved in VP. Silencing of SlMET1 or
SlNCED, but not SlZ-ISO, SlPSY1, and SlDET1, resulted in VP in tomato fruits, suggesting an SlMET1→SlNCED→ABA⊣VP epi-
pathway to prevent VP (→ and ⊣ indicate positive and negative regulation, respectively). SlMET1-KD-mediated reduction of ABA
may result in a decrease in ABI3 gene expression, which is known to suppress dormancy release. However, ABI3-KD cannot
induce viviparous seeds, suggesting that the SlMET1→SlNCED→ABA⊣VP epipathway is not via the influence of ABI3 on dor-
mancy release. Again, SlMET1-KD-mediated increase of ABI4/ABI5 expression contradicts the well-documented roles of ABI4/
ABI5 in inhibiting germination, suggesting that an extra SlMET1⊣ABAI4/ABI5→VP control to suppress dormancy establishment
may also contribute to the epigenetic modulation of VP in tomato fruits. It should be noted that dormancy in developing fruit or
mature seeds, the latter extracted from fruits and put to germinate, may not have exactly the same regulationmechanism although
both involve ABA. B, Impact of ripening on VP. The genetic andmolecular framework for this pathway remains to be elucidated. It
should be pointed out that any specific ripening-associated genes or ripening hormone ethylene do not necessarily involve tomato
VP and that gene(s) influencing ripening in Cnr would not necessarily lead to the VP effect directly. However, that ripening re-
version suppresses VP supports the existence of a ripening-associated pathway. This idea is also consistent with our finding that
silencing of SlMET1 or SlNCED as well as transgenic SlMET1 RNAi all fail to induce VP in AC fruits. Taken together, we propose
that an epigenetic pathway involved in SlMET1→SlNCED→ABA⊣VP along with SlMET1⊣ABAI4/ABI5→VP may occur in the
course of dormancy establishment during the early seed development (Seed dev) and/or late seed maturation (Seed mat) before
the breaker/tuning stages. In addition to the epipathway (A), a ripening-associated genetic pathwaymay also act independently to
block viviparous seedling growth during tomato development and fruit ripening (B). Such dual reassurances would warranty
proper maturation of robust seeds for growing progeny. This model explains the unanticipated findings reported in this article,
although it does not exclude the involvement of other SlMET1-triggered specific or nonspecific epimodulations in tomato VP. Fruit
dev, Fruit development; IMG, immature green; MG, mature green.
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G and H). This would suggest that the SlMET1→SlN-
CED→ABA pathway is not the exclusive mechanism
responsible for withholding VP in tomato. Consistent
with this hypothesis, ABA production peaks at mature
green stages and is reduced at later stages of fruit de-
velopment and ripening in wild-type AC and Cnr fruits
(Figs. 2, A and B, and 5E; Ji et al., 2014). Most signifi-
cantly, SlMET1-KD or SlNCED-KD by VIGS failed to
induce VP in wild-type AC fruits in which ABA pro-
duction was also reduced (Figs. 2B and 5–7). Moreover,
RNAi of SlMET1 blocks seed production without de-
veloping VP in transgenic tomato (Fig. 8) and other
plants (Hu et al., 2014; Yamauchi et al., 2014; Chen et al.,
2017), likely due to extremely early germination, par-
thenocarpy, or pollen deficiencies that would be lethal
to seed development. Furthermore, overexpression of
SlNCED increases the level of ABA that inhibits seed
germination, while a mutation in SlNCED is the cause
of ABA deficiency without showing a genuine VP
phenotype in tomato (Burbidge et al., 1999; Thompson
et al., 2000). Taken together, our results along with
published data support that ripening de facto contrib-
utes to inhibiting VP in fruits (Fig. 9B). A more thor-
ough analysis of the revertant sectors through gene
expression studies will be needed in order to provide
some insight as to factors that might specially regulate
the observed phenomena (Fig. 1, G and H). Neverthe-
less, there may exist an epigenetic SlMET1→SlNCE-
D→ABA pathway and a ripening-associated genetic
pathway that independently functions to prevent the
occurrence of VP in order to guarantee the production
of mature seeds during tomato development and fruit
ripening. Disruption of either pathwaywould not cause
VP; this explains why VP was only induced in SlMET1-
or SlNCED-KD nonripe Cnr fruits but not in SlMET1-/
SlNCED-KD ripening-reoccurring Cnr or AC fruits
(Fig. 9). This model is further supported by a recent
finding that seeds of a ripening-inhibitor mutant acces-
sion exhibit limited precocious germination and vivip-
arous seedling growth in developing fruits (Wang et al.,
2016).

MATERIALS AND METHODS

Plant Materials and Growth

Wild-type tomato (Solanum lycopersicum) line AC and the Cnr epimutant
(AC background) were grown in insect-free growth rooms or greenhouses at
25°C under a 16-h-light/8-h-dark cycle with a humidity of 60% to 80%. AC
seeds were also sown and grown in growth chambers under conditions as
described by Manning et al. (2006) and Chen et al. (2015a, 2015b) to generate
cotyledons for tomato transformation.

VIGS and RNAi Constructs

VIGS constructs were generated as previously described by vanWezel et al.
(2002) andChen et al. (2015b). Briefly, a nontranslatable 200- to 400-bp fragment
corresponding to the coding region of each gene was PCR amplified and cloned
intoMluI/SalI orClaI/EagI sites of the PVX vector (Bruce et al., 2011) to produce
PVX/SlMET1, PVX/SlCMT4, PVX/SlNCED, PVX/SlZ-ISO, PVX/SlABI3,
PVX/SlPSY1, and PVX/SlDET1. To generate the SlMET1 RNAi construct
pRNAi-SlMET1, a 250-bp SlMET1 fragment was PCR amplified using tomato

cDNA as template and cloned in the sense and antisense orientations into the
pRNAi-LIC vector (Chen et al., 2018b). Primers used for making these con-
structs are listed in Supplemental Table S1. All constructswere verified byDNA
sequencing.

VIGS

PVX-based VIGS in Cnr and AC fruits at various developmental stages on
different trusses on the same plants and on different plants was carried out in
repeated experiments as described by Chen et al. (2015b). In each experiment,
carpopodium of at least 40 fruits at 5 to 20 DPA were mock injected with Tris-
EDTA buffer or injected with recombinant viral RNAs generated by in vitro
transcription from each of the VIGS constructs. Tomato plants were grown and
maintained in growth rooms at 25°Cwith supplementary lighting to give a 16-h
photoperiod. Fruits were examined daily and photographedwith a Coolpix 995
digital camera (Nikon).

ABA Assay

Toanalyze theABAconcentration inviviparous seeds/seedlings andmature
nongerminating seeds, approximately 0.5-g samples were collected from PVX/
SlMET1- or PVX-infected Cnr fruits. After adding the internal standard
[2H6](1)-cis,trans-ABA, organic compounds were extracted and purified from
four biological duplicates of each treatment. The relative amount of ABA was
then quantified using HPLC-electrospray-mass spectrometry and calculated as
described by Dobrev and Kamínek (2002).

RNA Extraction and RT-qPCR

Total RNA was extracted from viviparous seeds/seedlings or mature
nongerminating seeds using the RNeasy Plant Mini Kit (Qiagen). First-strand
cDNAwas synthesized using a FastQuant RT Kit with gDNA Eraser (Tiangen).
Real-time PCR was performed using a CFX96/384 real-time system (Bio-Rad)
with the UltraSYBR Mixture (CoWin Bioscience) and gene-specific primers
(Supplemental Table S1). 18S rRNA or actin mRNA was used as an internal
control, and at least two biological duplicates and four technical duplicates
were used for each repeated experiment. The relative level of specific gene
expression was calculated using the ΔΔCt method as described by Chen
et al. (2015b).

Transcriptome RNA-Seq

For the RNA-seq experiment, viviparous seeds/seedlings or mature
nongerminating seeds were harvested from PVX/SlMET1 or PVX-injected
Cnr fruits, respectively. Five micrograms of pooled RNA extracted from
samples collected from three different fruits was used to construct the li-
brary for RNA-seq using the Illumina Genome Analyzer (Solexa). Library
construction and RNA-seq were done by OneGene. Low-quality reads were
removed from the RNA-seq raw data, and high-quality reads were aligned
to the tomato genome (version SL2.50; https://solgenomics.net). Functional
annotation of sequences, Gene Ontology enrichment analysis, and bioinformatics
analyseswereperformedbyBGI asdescribed byZouari et al. (2014). Furthermore,
qualified reads were aligned to the tomato reference genome using STAR v2.5.3a
(Dobin et al., 2013) with key parameters –runThreadN 10 \–genomeDir
$gnomedir–readFilesIn $nfqR1 $nfqR2 \–outSAMstrandField intronMotif–
limitBAMsortRAM 41000000000 \–outFileNamePrefix $nbam–outSAMtype
BAM SortedByCoordinate \–outBAMsortingThreadN 8–outFilterMultimapNmax
5–winAnchorMultimapNmax 5–alignIntronMax 1000 \–alignEndsType End-
ToEnd. Expression values were computed using Cufflinks v2.2.1.

Tomato Transformation

AC seeds were surface sterilized and germinated on plates containing one-
quarter-strength Murashige and Skoog medium (pH 5.6–6) in the growth
chamber as described by Gonzalez et al. (2007). After 5 to 7 d, cotyledons of
explants were collected and cocultivated with Agrobacterium tumefaciens strain
GV3101 carrying the binary vector pRNAi-SlMET1 to induce shoots under the
selection of kanamycin resistance as described by Dobrev and Kamínek (2002).
Regenerated shoots with 3 to 4 cm length were cut off from independent calli
and transferred to rooting medium for root development as described by How
Kit et al. (2010). To confirm the stable transformation event, putatively
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transformed plantlets with well-developed roots were subjected to molecular
analyses through PCR and RT-qPCR. When compared with nontransformed
AC, nine independent lines were confirmed to be transformed with the RNAi
construct and transferred to compost, but only two survived to maturity in the
greenhouse. These two lines were named MET1i-1 and MET1i-2 and used in
this study.

DNA Preparation and WGBS

Genomic DNA was isolated from viviparous seeds/seedlings or mature
nongerminating seeds that were harvested from PVX/SlMET1 or PVX-injected
Cnr fruits using the DNeasy Plant Mini Kit (Qiagen). The integrity and purity of
genomic DNA were checked using gel electrophoresis and NanoPhotometer
(Implen). The concentration of genomic DNA was measured using the Qubit
DNA Assay Kit in a Qubit 2.0 Flurometer (Life Technologies). To construct the
WGBS library, genomic DNA was first fragmented by sonication to an average
size of approximately 250 bp, followed by blunting of DNA ends, deoxya-
denosine addition to the 39 end, and adaptor ligation, according to the manu-
facturer’s instructions (Illumina). Ligated DNA fragments were bisulfite
converted using the EZ DNA Methylation-Gold kit (Zymo Research) and fol-
lowed by direct PCR sequencing using HighSeq4000. After collecting the raw
data, data filtering was first done to remove those low-quality reads, and the
clean data sets were mapped to the reference tomato genome (https://
solgenomics.net) by BSMAP. The uniquely mapped reads were used to deter-
mine the genomic DNA methylation status. These initial WGBS and related
standard bioinformatics analysis were performed by BGI. The cytosine methyla-
tion information was used for further in-house bioinformatics analyses (Zhong
et al., 2013; Chen et al., 2015b, 2017). Briefly, the tomato genome fasta and anno-
tation files were obtained from EnsemblePlants (ftp://ftp.ensemblgenomes.org/
pub/plants/release-38/fasta/solanum_lycopersicum/dna/). Raw fastq se-
quencing files were processed by removing the adaptor sequence. After
adaptor trimming, we did quality checking using FastQC analysis (http://
www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). After preprocessing,
clean sequencing reads were aligned to the tomato genomes using the pipleilne
methylpy v0.1.0. Unmethylated chloroplast DNA was used as a control to
calculate the sodium bisulfite reaction nonconversion rate of unmodified cyto-
sines. The reference genome was indexed by methylpy. The reads were aligned
using methylpy with the following key parameters: methylpy paired-end-
pipeline \–merge-by-max-mapq True \–binom-test True \–unmethylated-control
chloroplast \–min_cov 3 \–num-procs 28–sort-mem 45000000000 \–remove-
clonal True \–aligner-options “-p 28” \–trim-read False. Illustrative figures
were created using the R environment (Li et al., 2009; Schultz et al., 2015; R Core
Team, 2017). The genome-wide DNA methylation profile figures were created
using the software package Circos (http://circos.ca/) with key parameters
angle_offset* 5 -82\ chromosomes_units 5 40000.

Identification of epiDEGs

To identify epiDEGsby comparativeRNA-seq andWGBS, readswere aligned to
the tomato genome (Solanum lycopersicum.SL2.50; ftp://ftp.ensemblgenomes.org/
pub/plants/release-37/fasta/solanum_lycopersicum/dna/Solanum_lycopersicum.
SL2.50.dna.toplevel.fa.gz) using softwareMethylpy 1.3 as described by Schultz et al.
(2015). Chloroplast DNA was used as a control to calculate the sodium bisulfite
reaction nonconversion rate of unmodified cytosines. A binomial test was used
to determine the methylation status of cytosines with a minimum coverage of
three reads (Schultz et al., 2015). After finding the DMR, we used the software
bedtools2 (https://bedtools.readthedocs.io/en/latest/) to find the closest up-
stream gene in the GFF file (Solanum_lycopersicum.SL2.50.37) within 1 kb. The
fragments per kilobase of exon model per million reads mapped of genes is
calculated using the cuffnorm from the cufflink suite as described by Trapnell
et al. (2010).

Statistical Analysis

Experiments such as VIGS, tomato transformation, andRT-qPCR andABA
assays were repeated at least twice, and the resulting data are represented as
means 6 SD wherever appropriate. Duncan’s multiple range tests in a one-
way ANOVA procedure or Student’s t test were performed to analyze
whether there were significant differences between different treatments
wherever appropriate.

Accession Numbers

Accession numbers for all relevant sequences are listed in Supplemental
Table S2.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Induction of tomato VP by SlCMT4 silencing.

Supplemental Figure S2. Ripening reversion but no VP in Cnr fruits by
VIGS of SlCMT2, SlCMT3, or SlDRM7.

Supplemental Figure S3. Induction of tomato VP by SlMET1 silencing.

Supplemental Figure S4. Correlation of SlMET1 expression with ripening
reversion and VP in Cnr fruits.

Supplemental Figure S5. No influence of PVX infection on endogenous
SlMET1 expression in Cnr fruits.

Supplemental Figure S6. Differential gene expression in viviparous seeds/
seedlings versus mature seeds.

Supplemental Figure S7. Influence of SlMET1 silencing on DNA methyl-
ation level of the Cnr methylome.

Supplemental Figure S8. Differential DNA methylation in CC, CHG, and
CHH contexts in DMR1 within the SlNCED gene promoter

Supplemental Figure S9. Differential DNA methylation in CC, CHG, and
CHH contexts in DMR2 within the SlNCED gene promoter.

Supplemental Figure S10. Differential DNA methylation in CC, CHG, and
CHH contexts in DMR3 within the SlNCED gene promoter.

Supplemental Figure S11. SlZ-ISO-KD cannot induce VP in Cnr fruits.

Supplemental Figure S12. SlABI3 silencing cannot induce VP in Cnr fruits.

Supplemental Figure S13. SlPSY1 silencing enhances pigmentation but
cannot induce VP in Cnr fruits.

Supplemental Figure S14. SlDET1 silencing enhances pigmentation but
cannot induce VP in Cnr fruits.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Names and SOL identifiers of epiDEGs.
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