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Single-base resolution methylomes of tomato fruit
development reveal epigenome modifications

associated with ripening

Silin Zhong!-?%, Zhangjun Fei>3>, Yun-Ru Chen!, Yi Zheng!, Mingyun Huang!, Julia Vrebalov!, Ryan McQuinn!,
Nigel Gapper!, Bao Liu?, Jenny Xiang*, Ying Shao* & James ] Giovannonil>3

Ripening of tomato fruits is triggered by the plant hormone ethylene, but its effect is restricted by an unknown developmental
cue to mature fruits containing viable seeds. To determine whether this cue involves epigenetic remodeling, we expose tomatoes
to the methyltransferase inhibitor 5-azacytidine and find that they ripen prematurely. We performed whole-genome bisulfite
sequencing on fruit in four stages of development, from immature to ripe. We identified 52,095 differentially methylated
regions (representing 1% of the genome) in the 90% of the genome covered by our analysis. Furthermore, binding sites for RIN,
one of the main ripening transcription factors, are frequently localized in the demethylated regions of the promoters of numerous
ripening genes, and binding occurs in concert with demethylation. Our data show that the epigenome is not static during
development and may have been selected to ensure the fidelity of developmental processes such as ripening. Crop-improvement
strategies could benefit by taking into account not only DNA sequence variation among plant lines, but also the information

encoded in the epigenome.

Naturally occurring epigenetic changes in a single gene locus in plants
can result in heritable morphological variation without alteration of
the underlying DNA sequence!~3. The model plant Arabidopsis, with
its compact genome and rapid life cycle, has proven useful in studies
of plant epigenetics, including the characterization of DNA meth-
yltransferase enzymes, RNA-directed DNA methylation and trans-
generational epigenetic variation during short-term evolution*-®.
Arabidopsis is the first plant for which a whole-genome methylome
map was described”:8. High-quality reference genomes and improving
sequencing technologies have enabled genome analyses of moderate-
sized crop genomes, including the recent discovery of hypomethyla-
tion in the rice endosperm? and the tomato leaf and fruit methylomes
reported here. Here we investigate whether global epigenome repro-
gramming occurs during the economically important process of
tomato fruit ripening.

Tomato (Solanum lycopersicum) is an important vegetable
crop, with a 900-megabase (Mb) genome that has recently been
sequenced!?. It is the primary model plant for studying the develop-
ment of fleshy fruits, which are differentiated floral tissues that have
evolved to aid seed dispersal in angiosperms. Fleshy fruits are unique
because they typically undergo a ripening process after seed matura-
tion that involves irreversible changes in color, texture, sugar content,
aroma and flavor in order to become succulent and appealing to
seed-dispersal vectors (including humans)8. Regulation of this proc-
ess ensures accurate and tissue-specific control of a developmental

transition that would be highly detrimental if it were to occur in the
wrong tissue or at the wrong stage of fruit maturity.

Ethylene controls the onset of tomato fruit ripening, and reduc-
ing its biosynthesis or interfering with its perception inhibits this
process!'!-14. However, ethylene is also involved in numerous other
aspects of plant growth, development and stress responses, and it
cannot induce ripening in immature fruit whose seeds are not via-
ble, which might indicate that additional regulatory constraint(s)
affect the transition to ripening competency and the ability to ripen
in response to ethylene!12. Although the molecular mechanism of
ripening control by ethylene is not fully understood, it is known to be
stringent. Applied ethylene can induce ripening early in many fruits,
including tomato, but only if they have reached sufficient maturity.
In tomato, this stage is associated with the timing of seed maturity—
approximately one week before normal ripening, with some variation
among cultivars'!. It is notable that there are no reported genetically
engineered or natural mutations that successfully bypass this transi-
tion to fruit ethylene-response competence.

RESULTS

Methyltransferase inhibitor induces premature ripening

It has been hypothesized that DNA methylation contributes to
the regulation of fruit ripening, because hypermethylation of the
gene locus Cnr (encoding the transcription factor colorless
nonripening) arrests fruit development!°. To test whether changes
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Figure 1 Application of a methylation inhibitor a
uncouples seed maturation and fruit ripening.

(a) Tomato fruit (cultivar Ailsa Craig) obtain

final size and their seeds become mature at
~39d.p.a., and ripening begins at ~42 d.p.a.

(left, normal ripening). In fruit treated with
b-azacytidine at 17 d.p.a., premature ripening
occurred at 30 d.p.a. (center, treatment).

The control fruit (right, mock) was treated

with water. d.p.a., day post anthesis. (b) Seeds Cc
isolated from the 5-azacytidine-treated (right,
treatment) fruit showing ripening sectors are
not viable in the germination assay, whereas
seeds isolated from untreated, 42-d.p.a. fruit
(left, control) germinate. (c) The Cnr promoter
region was demethylated in the red sectors as
determined by Sanger bisulfite sequencing.

Normal ripening
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Numbers indicate the cytosine positions relative to the start of the Cnr open reading frame. Black, frequency that the cytosine at the indicated
position is methylated. (d) Differential expression of known ripening genes between the red and green sectors of 5-azacytidine-treated fruit relative to
the normal ripening Ailsa Craig turning (act) fruit a. Error bars, s.d. *P < 0.01.

in genome methylation might participate in regulation of ripening
(and because no methyltransferase mutants are available in tomato),
we injected 5-azacytidine, a general inhibitor of DNA (cytosine-5)
methyltransferases, into immature tomato fruits and observed early
ripening sectors in treated fruit weeks before normal seed maturation
(Fig. 1a,b). Furthermore, bisulfite Sanger sequencing confirmed that
the region 5" upstream of the Cnr gene was demethylated in ripen-
ing sectors, whereas in green sectors the 5" upstream region of Cnr
remained hypermethylated (Fig. 1c). We found that the mRNA of
hallmark ripening genes—including pg2a (encoding the pectinase
polygalacturonase) and psyI, which encodes phytoene synthase 1, the
rate-limiting enzyme in fruit carotenoid synthesis—could be detected
in early ripening sectors (Fig. 1d). This might indicate that inhibition
of DNA cytosine methylation removes the developmental constraint
that prevents ripening before seeds are mature, resulting in the uncou-
pling of the seed-maturation and fruit-development processes.

Sequencing tomato methylomes during fruit development

To further investigate the role of DNA cytosine methylation during
the developmental transition from unripe to ripe fruit in loci other
than Cnr, we used whole-genome bisulfite sequencing”-8 to profile the
methylomes (through detection of 5-methylcytosine modification) of
wild-type tomato fruits. Four stages of fruit development were selected,
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from immature to fully ripe, in addition to ripening-age fruits from two
ripening-deficient mutants (carrying Cnr and rin (ripening inhibitor))
and wild-type leaf tissues. Each methylome was sequenced to >10-
fold coverage per strand, and >90% of the genomic cytosine positions
were covered (Supplementary Table 1). We also annotated the tomato
genome for transposable elements and used RNA end sequencing to
identify the transcriptional start and termination sites of 17,651 and
18,248 genes, respectively (Supplementary Tables 2 and 3), to facili-
tate more precise characterization of the tomato epigenome. Strand-
specific RNA sequencing was then used to profile whole-genome gene
expression of each sample, with no fewer than two biological replicates
(Supplementary Tables 4 and 5).

Tomato is the largest angiosperm and the only fruit whose methyl-
ome has been reported to date. More than 60% of its genome consists
of heavily methylated transposable elements!® that are concen-
trated in the pericentromeric heterochromatin regions (Fig. 2 and
Supplementary Figs. 1 and 2). The gene-rich euchromatic regions
are located in the chromosome arms and are characterized by reduced
methylcytosine density and reduced methylation rates (Fig. 2b). In
each sample assayed, about half of the genome cytosine positions are
methylated, with the majority in the form of asymmetric CHH sites
(Supplementary Fig. 3 and Supplementary Table 6), though cytosine
methylation context varies locally within genomes and among spe-
cies. For example, CG is the primary DNA
sequence context of cytosine methylation in

mCG
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Figure 2 The tomato epigenome. (a) Density
20 Mb plot of 5-methylcytosine in sequence contexts
(mCG, mCHG, mCHH where mC signifies
30 Mb 5-methylcytosine. H = A, Cor T), transposable
elements, sRNAs and genes. Chromosome name
40 Mb . .
and scale are indicated on the outer rim.
50 Mb (b) Topography of tomato chromosome 1. Horizontal
lines indicate the marker positions in each map.
60 Mb (1) Position of the heterochromatin (black rectangle)
and centromere (empty circle). (2) Genetic map of
70 Mb tomato chromosome 1 derived from the Kazusa
F2-2000 linkage map!0. (3) DNA methylation
80 Mo rate in each sequence context. (4) Methylcytosine
90 Mb density in each sequence context (bin size, 500 kb).
(3) (4) 5mC, 5-methylcytosine; Chr, chromosome; cM,

ECHG m®mCHH centimorgan; TE, transposable element.
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Figure 3 Tissue and developmental specific
epigenetic variation in tomato. (a,b) Frequency
of cytosine methylation variation between ripe
tomato fruit and leaf (a) and immature fruit

and ripe fruit (b). The x axis represents average
changes in methylation level between two tissues
(bin size, 10 cytosines), and the y axis represents
the percentage of methylation as defined by
cytosine bins showing methylation variation.
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(c) Methylation rate of long terminal repeats (LTRs)
in different tissues (as defined in Online Methods).
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bars, quartiles 1-25% (below) and 75-100%
(above). (d) Change in CG methylation rate in genic
regions (bin size, 100 bp). TSS, transcriptional
start site; PAS, polyadenylation site. (e) Principle
component analysis of tomato methylomes of wild-
type leaf, wild-type fruits at four developmental
stages (17, 39, 42 and 52 d.p.a.) and nonripening
mutant fruits at 42 d.p.a.
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other eukaryotes. The 5" regions of genes in

both the tomato and rice epigenomes have

high levels of CHH methylation associated with miniature inverted
transposable elements and 24-nucleotide (nt) small RNA (sRNA)?, but
the 5" regions of tomato genes have more CG and CHG methylation
than their rice counterparts. Supplementary Figures 4 and 5 show
cytosine methylation context, 24-nt sRNA distribution and repeat
distributions in tomato.

Previous high-performance liquid chromatography analysis had
indicated that the overall cytosine methylation level (~20%) changes
little across wild-type tomato tissues!'®, which was confirmed by our
bisulfite whole-genome sequencing data. However, with the more
precise resolution that is possible using bisulfite sequencing, we
were able to detect distinctions between tissue- and development-
specific methylomes (Fig. 3a,b). For example, CG and CHG meth-
ylation are higher in leaf (85.51% and 56.15%, respectively) than
in fruit (73.97-79.16% and 51.99-53.88%, respectively), but CHH
methylation is higher in fruit (13.52-14.20%) than in leaf (8.63%);
however, overall methylation levels in the two tissues are similar
(22.08-24.66%; Supplementary Table 7). In addition, the changes
in overall genome methylation levels largely reflect changes in
methylation of transposable elements (Fig. 3¢ and Supplementary
Fig. 5), which might indicate that the global epigenetic profile of a
moderate-sized genome such as that of tomato is primarily deter-
mined by the abundance of its transposon sequences. In addition,
we observed that tissues’ DNA methylation patterns can change
throughout development, as exemplified by the decline in CG meth-
ylation as the fruit matures (Fig. 3b and Supplementary Fig. 6).

To characterize epigenetic variation during fruit development, we used a
sliding-window approach (window size, 100 base pairs (bp); step size, 50 bp)
to screen for differentially methylated regions (DMRs) between the four wild-
type fruit stages (example shown in Fig. 4a). A total of 52,095 DMRs were
identified, representing ~1% of the tomato genome, and 42,187 (~0.02%) of
the cytosine positions were identified as differentially methylated cytosines
(DMCs, see Online Methods). We observed enrichment of DMRs and
DMCs in genic regions (Fig. 4b) that is similar to the transgenerational
methylation variation recently reported in Arabidopsis using leaf tissue>®.
However, a key distinction is that in Arabidopsis, many transgenerational
methylation variants were located inside genes, whereas tomato DMRs and
DMC:s are concentrated in regions 5" upstream of genes (Fig. 4c) and are
therefore more likely to be associated with promoter regulatory regions.
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Hypomethylation during fruit development

We observed that the average methylation level in the 5" ends of genes
gradually declines during wild-type fruit development but remains
high in the fruits of ripening-deficient Cnr and rin mutants (Fig. 3d
and Supplementary Fig. 6). The Cnr allele encodes a loss-of-function
epimutation in a SQUAMOSA promoter binding protein (SBP) tran-
scription factor3, and rin encodes a truncated MADS-box transcrip-
tion factor!?. Cnr blocked fruit development, and its CG methylation
level was the highest and the most similar to that of the wild-type leaf
(Fig. 3d). The CG methylation level of rin fruit at 42 d after anthesis
(d.p.a.; the ‘breaker’ or early ripening stage in the near-isogeneic line)
was between those of the wild-type immature and the mature green
fruit stages. Principle component analysis of fruit and leaf methylome
profiles confirmed that the four wild-type fruit methylomes cluster
together (Fig. 3e), whereas both nonripening mutants, which con-
tain higher CG and non-CG methylation levels, were separated from
those of the wild-type fruit (low CG methylation) and leaf (low non-
CG methylation) tissues. These results support a scenario in which
the DNA methylation profile not only changes between tissues, but
also shows specific and substantial variations in the same tissue (fruit
pericarp) as the fruit progresses through development from unripe
with immature seeds to ripe with viable seeds.

To investigate the role of cytosine methylation in the 5 ends of
genes, we first examined the methylation pattern in the Cnr gene,
which is one of the few clearly defined epi-alleles and whose expres-
sion is substantially reduced by hypermethylation3. From bisulfite
sequencing data for the Cnr mutant fruit, we could locate the site of
the Cnr epi-allele, a hypermethylated region 2.3-2.5 kilobases (kb)
upstream of the Cnr transcriptional start site that is not methylated
in the wild type (Fig. 4a, red arrow). In wild-type fruit, we found two
DMRSs in the 5" end of Cnr at 0.7 kb and 1.9 kb upstream of the tran-
scriptional start site (Fig. 4a, blue arrows). Notably, these two DMRs
become demethylated during ripening, but remain hypermethylated in
fruit of both the Cnr and rin loss-of-function mutants. Similar DMRs
that are demethylated during fruit ripening but not in rin or Cnr fruit
were also detected in the putative promoter regions of other known
ripening-associated genes (Supplementary Tables 8-10), including
pg2a and psyl. These same genes were transcribed in response to the
methyltransferase inhibitor 5-azacytidine in immature fruit (Fig. 1c),
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Figure 4 Demethylation of RIN binding sites during ripening. (a) DMRs and RIN binding sites in
the Cnr locus. The locations of DMRs and the Cnr epi-allele are indicated by blue and red arrows,
respectively. (b,c) Distribution of DMRs, DMCs and 5-methylcytosines across chromosome 1 (b) and
gene regions (c). (d-f) Density of DMRs (d), average methylation rate (e) and 24-nt sRNAs (f) near

RIN binding sites.

sistently methylated in the three fruit methy-
lomes from tissues harboring mature seed
examined from the unripe (mature green) to
fully ripe stages (Fig. 3¢ and Supplementary
Fig. 5). Hypomethylation of tomato transpos-

so the DMRs seem to be associated with transcriptional activation by
ripening-gene promoters during fruit development.

DMRs and RIN binding in promoters of ripening genes

It has been shown that RIN, a MADS-box transcription factor, directly
regulates fruit ripening genes, and its binding is attenuated in the Cnr
mutant!8. Analysis of the bisulfite genome sequencing data revealed
that the regions near the 5" ends of genes are hypermethylated in
the Cnr mutant (Fig. 3d). To assess the associations between DMRs
and the activation of ripening-gene promoters, we sought to more
accurately define functional promoters using chromatin immu-
noprecipitation sequencing (ChIP-seq) with an antibody to RIN.
We found that most of the previously described genes with ripen-
ing functions!! have RIN binding sites (Supplementary Table 9).
On the basis of the presence of RIN binding sites and differential
gene-expression patterns in wild-type fruits and fruits from a nearly
isogenic line homozygous for the recessive rin loss-of-function
mutation (Supplementary Tables 4 and 5), we identified 292 candi-
date genes as RIN targets (Supplementary Table 9), including all 16
ripening-associated genes previously described as being regulated by
RIN!8-20 (Supplementary Figs. 7 and 8). Notably, two fruit-specific
ethylene biosynthetic genes (encoding ACC synthases ACS2 and 4)
are regulated by RIN'421, explaining why rin fruits fail to produce eth-
ylene at the onset of ripening. RIN also regulates diverse phenotypes,
including fruit color, aroma, cell-wall structure and texture activities,
through necessary (and, in some cases, rate-limiting) pathway genes
such as psyl, lox family members (encoding lipoxygenase) and pg2a,
respectively, which also show RIN binding in their promoters.

We examined methylation changes near RIN binding sites
(Fig. 4d) and found that the average methylation level is lower than
in the neighboring regions in all tissues analyzed, including leaf and
immature fruit from which the RIN protein is absent (Fig. 4e). This
observation is in agreement with data from the human methylomes, in
which DNA-protein interaction sites are generally hypomethyated?2.
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able elements occurs only at CG sites between
the immature and mature green fruit stages
and is distinct from the demethylation events at the RIN binding sites,
which occur progressively and take place at both CG and non-CG sites
(Supplementary Fig. 10).

To assess the scale and nature of the epigenome reprogramming that
occurs during ripening, we performed Gene Ontology term enrich-
ment analysis of genes that are associated with differentially methylated
RIN binding sites. Genes involved in ethylene synthesis and signal-
ing (such as ACS, ACO (ACC oxidase) and those encoding ethylene
receptors), in addition to genes responsible for metabolite changes in
ripening (including cell-wall degradation, sugar metabolism and caro-
tenoid, flavonoid and aroma volatile synthesis), were highly enriched
(Supplementary Tables 9 and 11). Genes encoding fruit-specific
transcription factors that regulate fruit development and ripening
were also found to be associated with demethylated RIN binding sites
(Supplementary Table 10 and Supplementary Fig. 9).

Beyond the RIN binding data described here, little has been done
to characterize the promoters of most ripening genes at the molecu-
lar level. However, in the early 1990s, promoter-deletion studies were
used to analyze the ripening genes E8 and pg2a®42>. We found DMRs
and RIN binding sites in the promoters of both genes—specifically, in
regions that disrupt their expression when deleted (Supplementary
Table 10). A previous report showed that RIN failed to bind these sites
in the hypermethylated Cnr mutant!8, supporting the assertion that
epigenetic changes during normal fruit development may contribute to
the regulation of promoter activity. Although we cannot extrapolate on
the basis of these data alone that hypomethylation facilitates regulator
binding (or vice versa), these observations might indicate that at least
some effects on the methylation of necessary ripening genes are influ-
enced directly or indirectly by CNR and RIN activity and that these
effects are preceded by other methylation changes, which probably
reflect the action of additional developmental regulators that facilitate
the epigenome changes heralding later fruit maturation.

On the basis of the observations that (i) ripening-gene promoters
were demethylated during wild-type fruit development and became
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hypermethylated in ripening-deficient mutants (Fig. 3d) and
(ii) methylation inhibitor treatment induced early ripening before
seed maturation (Fig. 1a), and given the lack of RIN binding in the
hypermethylated Cnr mutant!$, we propose that genome methylation
status is one of the key determining factors in the repression of fruit
ripening before seed maturation.

DISCUSSION

It has long been hypothesized that a developmental signal is required
to transition fruit development toward ripening!!12.26. This signal is
clearly not systematic and so differs from those involved in vernali-
zation or the autonomous pathway, as plants can bear fruits ranging
from very immature to fully ripe at the same time. Nor is this sig-
nal likely to be derived from the seed, as parthenocarpic (seedless)
fruits ripen completely and in a normal time frame. Examples include
banana, table grape and naval orange varieties that are widely used in
agriculture, in addition to natural and transgenic tomato partheno-
carpic mutants?’-28. A prevailing model of ripening control, based on
physiological observations and experiments, describes two ‘systems’
of ethylene that determine the competency for ripening initiation:
fruit undergoes a developmental transition from ethylene system I
(ripening repressive) to ethylene system II (ripening promoting) that
enables ripening!12-26, The molecular nature of this two-system
model remains largely unknown. Here, we show with whole-genome
bisulfite sequencing that substantial global epigenome reprogram-
ming occurs throughout fruit development, and that location-specific
epigenetic changes occur in the RIN target promoters during fruit
ripening, which is consistent in timing with the unknown constraint
over fruit ripening control.

Our observation that RIN binding sites are hypermethylated in the rin
loss-of-function mutant shows notable similarities with recent findings
from the human ENCODE project?® and a study of the mouse epig-
enome®’, which showed that promoter methylation status was altered
by transcription factor binding. Although the correlation between RIN
binding sites and demethylation and the promoter hypermethylation in
the rin mutant are fully consistent with the results of these mammalian
studies, very early ripening with methyltransferase-inhibitor treatment

Transcription ? Epigenetic
factors modifications
Ethylene
—p ACS/ACO
nrietr4

.

Fruit ripening
pg2a: cell wall
psy1: color
LOX: aroma

>

Figure 5 Model of fruit ripening regulation. In nonfruit tissues and immature
fruits without viable seeds, ripening does not occur, and promoters of key
ripening genes are hypermethylated. In maturing wild-type fruits, these
promoters become demethylated by a yet-to-be-identified mechanism that is
influenced by the transcription factors RIN and CNR. Whether transcription-
factor binding facilitates promoter hypomethylation, hypomethylation facilitates
DNA binding or both activities influence the ripening transition remains
unclear. This fact is represented in the figure by the double-ended arrow with a
question mark. However, it is noteworthy that early promoter demethylation by
inhibitor treatment is sufficient to initiate premature ripening. After changes in
promoter methylation and transcription factor activity, ripening is initiated with
a burst of ethylene production through ACS and ACO with signaling through
ethylene receptors nrand etr4 and the activation of downstream ripening
genes, including those regulating cell-wall degradation (pg2a), carotenoid
synthesis (psyI) and aroma volatile production (LOX).

suggests that in the fruit system, chemical-induced demethylation pre-
ceding transcription factor binding is enough to influence a develop-
mental process. These two processes may interact such that transcription
factor binding and the promoter methylation status balance transcrip-
tional activation. On the basis of our results and previous studies, we
propose a three-component model for the control of fruit ripening in
which, through interacting mechanisms that remain unclear, the ripen-
ing hormone ethylene and fruit-specific transcription factors, together
with epigenome reprogramming, transition the fruit into a ripening-
competent state when the seeds become viable (Fig. 5). Angiosperms
seem to use their epigenomic stability as a supplemental regulatory con-
straint over an irreversible developmental transition that could have
severe negative consequences if it were to occur in immature fruit or
in non-fruit tissues.

This study provides insights into the potential role of a dynamic
epigenome in plant development. In addition, previous searches for
the ‘missing developmental cue’ that promotes ripening and is of
significant agricultural value were focused on allelic diversity and
hormone signaling. Indeed, plant-breeding programs depend on
DNA-based molecular markers and might overlook much epigenetic
variation. Hence, our results highlight the importance of establishing
future crop-improvement strategies and technologies that consider
not only genetic variation, but also epigenetic variation, which, at
present, is not part of modern crop breeding and for which simple
and economical assays now need to be developed. In the case of fruit
ripening and quality, the DMRs associated with ripening, shelf-life
and fruit-quality genes described here provide an initial set of targets
for analyses of epigenomic variation across germplasm collections
and for assessment of variations that may form the basis of future
expanded selection strategies. On the basis of our data for tomato,
priority candidates include genes that are already selection targets but
for which there are few sequence-based, functional polymorphism-
limiting breeding outcomes. These genes and additional candidates
with known or suspected roles in fruit biology (and, thus, functional
potential) are listed in Supplementary Table 12. Examples include
rin, nor and pg2a, all of which influence shelf life and quality, and psyI
and pds, which affect mature fruit color. A number of additional genes
whose expression affects shelf life and quality have been defined in
mutant or transgenic plants, with little if any documented functional
sequence variation (for example, Cnr, TAGL1, HBI, nr, etr4, expl and
acs4). These genes have been minimally (if at all) exploited to date
and might also serve as likely candidates for tomato improvement,
should epigenetic variants be discovered.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession code. NCBI Sequence Read Archive (raw sequence data):
SRA046092, SRA046132, SRA046131, SRA053345 and SRA046480.
Analyzed data can be accessed from the tomato epigenome database
(http://ted.bti.cornell.edu/epigenome/).

Note: Supplementary information is available in the online version of the paper.
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