Gene regulation in climacteric fruit ripening
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Abstract

Seed dispersion and consequent plant propagation depend on
the success of fruit ripening. Thus, ripening is a highly regulated
developmental process aiming to maximize fruit organoleptic
traits to attract herbivores. During ripening, the developing fruit
experiences dramatic modifications, including color change,
flavor improvement, and loss of firmness that are remarkably
coordinated. Dynamic interactions between multiple hormones,
transcription factors, and epigenetic modifications establish the
complex regulatory network that controls the expression levels
of ripening-related genes. Tomato, as a climacteric fruit, displays
a burst of respiration once the seeds mature, followed by an
increase in ethylene that regulates ripening. The accepted
paradigm of the ripening transcriptional regulation has been
recently challenged by the generation of true-null mutants of the
previously considered master regulators of ripening. In addition
to hormonal and transcriptional control, epigenetic shifts regu-
late the ripening process. Future research will contribute to
better understanding the factors regulating fruit ripening.
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Introduction

Angiosperm plants produce fruits that fulfill two key
functions: the protection of developing seeds by the
immature fruit and the dispersal improvement of
mature seeds by the ripe fruit. According to these
purposes, fruits experience physiological and meta-
bolic modifications during their development, which
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encompasses three main phases: fruit set, growth, and
ripening. Tomato (Solanum lycopersicum) has become
the major fleshy fruit model to study development
and ripening for several reasons, straightforward
diploid genetics, autogamy, short life cycle, efficient
transformation and greenhouse propagation, accessi-
bility to germplasm resources including mutant lines,
availability of a high-quality reference genome, and
several RNA-seq approaches that have provided gene
expression data at the genome-wide scale during the
entire ripening process with specific tissue resolution
[1-6].

Fruit ripening requires the fine-synchronization of
various independent processes that cause change of
color triggered by chlorophyll degradation and pigments
accumulation, flavor improvement as a result of sugars,
acids, and volatile compounds production, and fruit
softening promoted by cell wall remodeling. Fruit
ripening comprises all these specific processes that are
spatiotemporally regulated and exceptionally organized
by an interacting set of plant hormones, transcriptional
regulators, and epigenomic modifications that ulti-
mately define fruit quality. Control of ripening is a
dynamic process coordinated by the effects of multiple
hormones at many different levels, including chromatin
accessibility, transcription, translation, and post-
translational modifications.

This review summarizes the current understanding of
the most important aspects that regulate fruit
ripening, such as the key impact of ethylene produc-
tion and response, the redefined roles of previously
considered Transcription Factor (TF) master regula-
tors, and the effect of major epigenetic modifications
at the DNA and histone levels.

Hormonal regulation of the fruit ripening
The orchestrated activities of auxin (IAA), gibberellic
acid (GA), and cytokinin (CK) are key to modulate fruit
set [7—9]. Fruit growth is mainly regulated by IAA and
CK [10—13]. Ethylene (ET) plays a central role in
initiating and governing fruit ripening. Additional hor-
mones control particular features of the ripening pro-
cess. Abscisic acid (ABA) is a major fruit ripening and
senescence regulator [14—18]. IAA promotes the
growth-to-ripening shift [19—22]. Methyl-jasmonate
(MeJA) and brassinosteroids (BRs) also contribute to
specific aspects of fruit ripening (Figure 1).
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Hormone effect on fruit transition. At the onset of ripening, the transi-
tion from System 1 to System 2 is promoted by ethylene, abscisic acid,
jasmonate, and brassinosteroids. Conversely auxin, gibberellic acid, and
cytokinin repress the shift. The check mark (green square) denotes pro-
motion of the transition by the hormones present on the right side of the
figure. The cross mark (red square) signifies repression of the transition
by the hormones present on the left side of the figure. Hormones are
denoted by the following color pallet: ABA is light green, BR is blue, CK is
pink, ET is grey, GA is purple, IAA is red, and JA is brown. Black arrow-
head represents positive regulation, and black blunt arrow represents
negative regulation.

In tomato, fruit ripening is tightly regulated by different
hormonal signaling pathways, yet as a climacteric fruit,
tomato requires ET for ripening [20—28]. The levels of
ET synthesis, sensitivity, and response are determined
by the fruit developmental stage. During vegetative
growth and immature stages, the fruit ET production is
limited to low-basal levels and regulated in an auto-
inhibitory manner. During this phase, known as System
1, treatments with exogenous ET have negative effects
on ripening. Fruits experience a burst of respiration
accompanied by a large increase in the fruit endogenous
ET synthesis, exhibiting more than a 100-fold rise in ET
concentration during this transition phase to System 2,
characterized by autocatalytic ET production (Figures 1
and 2) [28—30]. This transition triggers the onset of
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Hormone levels during fruit set, growth, and ripening. GA and CK
levels decline after fruit set. IAA accumulation in the fruit is reduced in
concert with the transition to fruit maturation. Exogenous applications of
GA, CK, or IAA at the immature stage inhibit fruit ripening progression.
The transition to System 2 and the boost of ET biosynthesis are preceded
by the highest ABA contents in the fruit. Similarly, JA exhibits a peak
before the rapid accumulation of ethylene. Together with ABA and ET, the
second JA wave might be associated with the fine-tuning of fruit quality
parameters. Exogenous treatments with ABA, JA, ET, or BR stimulate fruit
ripening. Hormone levels are displayed as relative values and denoted by
the following color pallet: ABA is light green, BR is blue, CK is pink, ET is
grey, GA is purple, IAA is red, and JA is brown.

ripening at the mature green stage, once seed matura-
tion is complete and the locule surrounding the seeds
liquefied. Interestingly, parthenocarpic fruits (with no
seeds) undergo a similar series of events, suggesting that
signals coming from the seeds are not required for the
onset of ripening. The well-established association, at
the physiological level, between the sequential increase
of respiration and ethylene production is the most
important step to initiate the ripening process. How-
ever, at the molecular level, the players controlling the
transition from System 1 to System 2 remain unidenti-
fied. The interaction between IAA and ET is crucial for
this transition [31,32]. Application of exogenous IAA on
immature fruits causes a delay in the transition to the
ET autocatalytic production phase having an obvious
effect on the fruit color changes, preserving high levels
of xanthophylls and chlorophyll, and repressing the
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production of pigment compounds, including caroten-
oids and anthocyanins [33]. At this stage, IAA and ET
display clear antagonistic effects on ripening (Figure 1)
[17,18,34].

Ethylene induces the expression of cell wall—modifying
enzymes, pectin methyl esterase, pectate lyase (PL),
and polygalacturonase (PG) that catalyze pectin
depolymerization resulting in gradual fruit softening
[34—36]. ABA also affects various aspects of fruit
ripening. Silencing of the S/NCEDI gene, encoding a
9-cis-epoxycarotenoid dioxygenase involved in ABA
biosynthesis, compromises ABA production causing the
transcriptional downregulation of different ripening-
related cell wall enzymes, including the aforemen-
tioned PL and PG. Low ABA levels slow down softening
and therefore extend fruit shelf-life [37]. The climac-
teric respiration boost and the transition to System 2 of
ET production are preceded by the highest ABA levels
in the fruit. ABA is also able to stimulate ripening by
inducing ethylene biosynthesis [37]. Conversely, exog-
enous application of GA delays ripening [38—41].
Consistently, reduction of endogenous GA levels in the
fruit through overexpression of GA20X1, a gibberellin 2-
oxidase key for GA catabolism, triggers early ripening.
ET biosynthesis is promoted in GA-deficient fruits [28].
As the fruit ripens, endogenous MeJA accumulates [42],
contributing, in collaboration with ET and ABA, to
regulate the production of sugars, acids, pigments, and
volatile organic compounds that define fruit quality
[43]. BRs are also synthesized during ripening
(Figure 2). Overexpression of CYP90B3, a cytochrome
P450 monooxygenase that catalyzes the rate-limiting
step of BRs biosynthesis, promotes BRs accumulation,
which was positively correlated with fruit softening and
elevated levels of soluble sugars, carotenoids, and vola-
tile compounds. BRs seem to work in cooperation with
ethylene to stimulate fruit ripening [44].

Transcriptional regulation of the fruit
ripening

At the onset of ripening, ET triggers major ripening-
associated changes, including extensive modifications
of gene transcription caused by several TFs that pro-
mote fruit softening, production of sugars, acids, pig-
ments, and volatile compounds. Various of these TFs
controlling fruit ripening have been identified to date.
Spontaneous occurring and gene-edited mutations in
some of these TFs, and/or transgenic approaches upre-
gulating or downregulating their expression have
revealed the involvement of particular TFs in the
tomato ripening process. Among the traditional mu-
tants, 7in (ripening-inkibitor), nor (nonripening), and Cnr
(colourless nonripening) have been widely studied because
of their strong phenotypes. These mutants’ fruits are
unable to transition from System 1 to System 2 of ET
production after mature green stage exhibiting a clear
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arrest of the ripening initiation that severely impacts
color, flavor, and texture of the fruit [45—47]. RIN codes
for a member of the SEPALLATA4 (SEP4) group of
MADS-box transcription factor genes. NOR is a member
of the NAC domain transcription factor gene family,
whereas CNR encodes a transcription factor of the
SQUAMOSA PROMOTER BINDING PROTEIN
(SPBP) family. For a long time, these TFs have been
accepted as classic master regulators of the ripening
process [48—50]. However, the activity of these TFs as
master regulators have been reconsidered after the
characterization of recently CRISPR-Cas9-generated
null mutant alleles (CRISPR KO) of these genes and
the comprehensive re-examination of the traditional
spontaneous mutants (7, nor, and Cur), which actually
harbor gain-of-function mutations coding for dominant
repressor TFs. The new RIN and NOR CRISPR KO
mutant lines showed partial induction of ripening,
displaying milder phenotypes than the traditional mu-
tants, including the development of orange fruits rather
than the green fruits borne by the original mutant [51—
53]. The causal mutation on Czr was identified by po-
sitional cloning and mapped to a region in the CNR
promoter that was hypermethylated in the Gz mutant
blocking the transcription of the CNR gene [54]. The
fruits of this traditional Czr mutant exhibited a strong
nonripening phenotype. In contrast, the fruits from the
new CNR CRISPR KO alleles showed a slight delay in
ripening [55], a much lighter effect than the pleiotropic
phenotype displayed by fruits of the original Crnr
(Figure 3).

The traditional mutants exhibited strong nonripening
phenotypes because of the now recognized gain-of-
function mutations harbored by these classic lines. For
example, in the 77z mutant, the spontaneous deletion of
a genomic DNA fragment between R/N and the down-
stream gene MC produced a chimeric TF missing the
RIN activation-domain and acquiring the EAR motif-
like repression-domain from MC (Figure 3). The tradi-
tional chimeric 77z exhibits a dominant-repressor activity
able to inhibit the expression of the R/N paralogs’ (ho-
mologous members of the RIN TF-family) target genes.
Conversely, CRISPR KO mutations on these previously
considered master regulator TFs only partially affected
fruit ripening. For example, in the R/N KO mutant,
RIN-target genes remained expressed due to the ac-
tivity of RIN paralogs that assume some of the RIN roles
in establishing TF-complexes able to recognize RIN
binding motifs. These observations support the concept
of RIN and NOR being required to achieve full ripening
[56], but also suggest that RIN, NOR, and CNR activity
is partially redundant to the activity of their paralogs.
These classic TFs, believed to be master regulators of
the ripening process and absolutely required for the
transition from System 1 into System 2 phase of ET
production, have to be considered members of a robust
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Reevaluation of the role of ripening master regulators. In the spontaneous rin mutant, a chimeric ®(4RIN-4MC) gene is generated by the deletion of
the genomic DNA between these two genes positioned in tandem on the chromosome. The resulting chimeric gene retains the 5’ end of RIN (4RIN),
coding for the first 215 of the total 242 amino acids and the 3’ end of MACROCALYX (4MC), missing the first 62 of the total 219 amino acids. The fruits
from the lines harboring the CRISPR-Cas9 null (4 RIN) mutation exhibit a milder phenotype than the fruits from the traditional rin. Many genes repressed
in the rin mutant presented normal expression levels in the CRISPR-Cas9 null 4RIN. These differences might be caused by the presence of the MC
repressor domain and the absence of the RIN activator domain in the chimeric TF ®(4RIN-4MC). Thus, the spontaneous rin is a gain-of-function mutation
producing a dominant repressor TF instead of a null mutation. The spontaneous nor mutation presents a two base pair (bp) deletion in the coding region,
that causes a frameshift resulting in a premature stop codon. The truncated protein produced by the nor mutant still harbors the DNA-binding domain, but
has lost the activation domain. The fruits of the nor mutant show a more severe phenotype than the fruits from the CRISPR-Cas9 null that codes for a
short peptide missing all DNA-binding domains. As rin, nor is also a gain-of-function mutation coding for a dominant repressor TF that can bind its target
genes but represses their transcription. The spontaneous Cnr mutation is located in a 286 bp hypermethylated region in the CNR promoter. This epiallele
is associated with a reduced expression of CNR that causes a pleiotropic phenotype in the fruit. The fruits of the CRISPR-Cas9 null CNR lines display a
much milder phenotype. As in rin, numerous ripening-related genes differentially expressed in Cnr are not in the CRISPR-Cas9 null 4CNR.

transcriptional regulation network that possesses high
functional redundancy.

ET not only induces the expression of RIN, but also
other paralogs, members of the MADS-box family of
TFs, including TOMATO AGAMOUS-LIKE 1 (TAGLI),
FRUITFULL 1 (FULI),and FULZ2 [25,57,58], as well as,
members of the APETALAZ2/ethylene response factors
(AP2/ERFs) family that comprise the transcriptional

network regulation of ET-responsive genes harboring
GCC-box motifs where ERFs are able to bind [59].
Although ERFs were initially identified as ET-
responding TFs, some ERFs can also be activated by
IAA, or by both hormones ET and TAA. ABA and BRs can
also act on the ET signal transduction and transcrip-
tional pathways to stimulate fruit ripening progress
[60—63]. As mentioned earlier, ET induces the
expression of RIN that directly targets SAURGY, which
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in turn alters TAA transport and reinforces ET produc-
tion and sensitivity during the fruit shift to the breaker
stages [4,5,32,64]. Both ET and IAA are able to upre-
gulate the expression of ET RESPONSE FACTOR.B3
(S/ERFEB3), a'TF that modulates ET responses and fruit
ripening [65]. S/ERFEB3 integrates ethylene and auxin
signals by directly binding to the promoter and inducing
the expression of S/[AA27 [61].

Expression of RIN and NOR has been recently reported
to be upregulated in fruits of the GRAS4 TF over-
expression lines. GRAS4 is induced during ripening and
is able to directly bind ACO! and ACO3 promoters
to induce their transcription and consequently,
promote ethylene biosynthesis that in turn triggers the
PHYTOENE SYNTHASE 1 (PSYT) upregulation and the
accumulation of carotenoids. GRAS4 also directly tar-
gets the promoter of MADSI, a negative regulator of
tomato fruit ripening, but in this case, GRAS4 represses
the expression of MADSI. Thus, GRAS4 performs
diverse regulatory activities that globally promote
ripening [66]. In addition, NOR can also undergo post-
translational modifications that are pivotal to regulate its
activity. Oxidized NOR possesses low DNA-binding
capacity that compromises its transcriptional regulato-
ry abilities. E4 and MsrB2, two met sulfoxide re-
ductases, are able to reduce the oxidized-NOR
improving its DNA-binding and transcriptional regula-
tory capacities on ripening-related genes [67].

In tomato, 2026 genes are annotated as TFs and 516 of
them are expressed in the ripening fruit [55], suggesting
that the TFregulatory network modulating the ripening
process is more intricate and robust than anticipated.
Thus, fruit ripening regulation represents an intricate
system that integrates diverse hormonal cues on a
complex transcriptional network where the ability of
T'Fs to reach and interact with target DNA regions lastly
determine the expression levels of ripening-related
genes.

Epigenetic regulation of the fruit ripening

As mentioned earlier, in addition to hormonal and
transcriptional control, epigenetic modifications also
regulate ripening progression by modulating chromatin
accessibility and binding of key TFs to DNA. The major
effects are caused by the DNA methylation levels and
histone modifications. A series of findings revealed that
DNA methylation levels were gradually being reduced
as the fruit ripening process advanced. Immature tomato
fruits treated with 5-azacitidine, an inhibitor of cytosine
DNA METHYLTRANSFERASE (MET) activity,
caused a whole-genome hypomethylation affecting the
expression of specific ripening-related genes, such as
key TFs, genes involved in cell wall remodeling, and
ethylene and carotenoid production that triggered pre-
mature ripening [65,68]. The homeostasis of DNA
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methylation is not only modulated by methylation, but
also demethylation [69,70]. In tomato, among the four
DNA DEMETHYLASE (DML.) genes, DMIL.2 is sharply
induced at the onset of ripening [25,69]. Consistently,
the downregulation of DMI.2 affects the methylation
status of key ripening genes resulting in delayed fruit
ripening [25,69]. In wild-type fruits, the promoter of
CNR is demethylated during ripening. In Czr mutant
fruits, however, the promoter region remains methylated
blocking the transcription of C/VR causing the classic
nonripening fruit phenotype of Cnr mutant. The
CHROMOMETHYLASE3 (CMT3) contributes to
maintain high methylation levels on the Crzr mutant
promoter. Knocking down the expression of CMT3
allows Cnr mutant fruits to ripen [71]. In addition to
DNA methylation levels, RNA methylation has been
identified as an important regulator of transcript sta-
bility. During tomato fruit ripening, mRNA Né6-
methyladenosine (m6A) methylation displays similar

Figure 4
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Progression of epigenetic modifications during fruit ripening. DNA
methylation experiences a global decrease. DNA demethylation is
induced with the expression of DML2, a DNA demethylase, drastically
induced at the onset of ripening. Genome-wide DNA hypomethylation
promotes ripening. Before ripening, histone trimethylation H3K27me3, a
repressive epigenetic modification, marks ripening-related genes
suppressing their expression. As the fruit ripens, the H3K27me3 marks
are removed from these genes, linking the loss of H3K27me3 with the
upregulation of these genes and ripening stimulation.
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patterns as the DNA methylation. In tomato, ALKBH2,
a m6A RNA demethylase, controls the ripening-
associated modifications of transcript methylation.
ALKBH? binds and regulates the stability of DML2
mRNAs [72]. This mechanism establishes a dynamic
relationship between mRNA and DNA methylation
levels that ultimately promotes ripening [73].

Epigenetic modifications experienced by histones have
relevant effects on ripening. The trimethylation of
histone H3 at Lys27 (H3K27me3), a repressive
epigenetic mark, plays a key role in different develop-
mental processes [74]. fruitENCODE data have
revealed an association between the loss of the
H3K27me3 mark in particular genes and the progress of
ripening. This association is conserved among the 147
histone modification profiles analyzed [6]. During
vegetative growth and System 1 of ET production,
H3K27me3 was detected on ripening-related TFs and
genes involved in ET production repressing their
expression and thus blocking ripening (Figure 4). As
the fruit ripens, the H3K27me3 marks are progressively
lost, suggesting that the release of key ripening genes
from these repressing epigenetic marks could be
required to promote ripening [6,75]. A wide range of
epigenetic modifications is involved in the expression
regulation of ripening-related genes [73].

Concluding remarks

Large-data approaches examining fruit transcriptomes,
proteomes, and metabolomes together with the char-
acterization of specific molecular mechanisms have
undoubtedly improved our perception of the ripening
process. However, we are only starting to understand
the global regulatory network including hormonal
interactions that coordinate transcriptional and
epigenetic factors that ultimately modulate gene
expression. Ripening is composed of discrete processes
that take place in different tissues with a highly refine
synchronization that is determined by the fruit
ripening stage.

Future efforts on the implementation of new method-
ologies to carefully dissect the ripening process will
certainly provide innovative outcomes. The utilization
of single-cell RNA-seq combined with the available
tissue-specific transcriptomic data can provide high-
resolution information throughout the ripening process
of individual cells’ transcriptomes that can unveil novel
cell/tissue-specific regulatory networks. This high-
resolution transcriptomic data can aid in defining the
primary tissues and genes responsible to trigger the
transition to the fruit ripening phase. Technologies for
studying TFs are on the rise. To understand the robust
and complex TF ripening regulatory network, an in-
crease on TF ChiP-Seq assays performed in ripening

fruit tissues is required to better define TF binding
motifs, generate a comprehensive TF target-genes
database, and identify connections between down-
stream genes being multitargeted by redundant TF
groups. Similarly, optimization of the ribosome foot-
printing technology in ripening fruits complemented
with proteomics data can uncover a totally unexplored
layer of gene expression regulation at the translational
level. The development of new molecular tools to
visualize in real-time sites of hormone synthesis and
response is key to establish with high resolution the
spatiotemporal distribution of hormones that regulate
particular aspects of the ripening process. The ease of
genome editing provided by CRISPR-Cas tools is revo-
lutionizing the use of reverse-genetic approaches in
tomato fruit ripening. Cutting-edge metabolomics
techniques can evaluate the subcellular distribution of
metabolites and clearly determine the metabolic shifts
that take place during ripening. Further research is
needed to ascertain the factors regulating the produc-
tion and accumulation of flavor-related secondary me-
tabolites throughout the ripening process. Additional
work on other climacteric fruit species is required to test
the conservation of the regulatory mechanisms reported
in this review and mostly characterized in tomato.

The identification of additional ‘regulatory pieces’ in
the ‘fruit ripening puzzle’ is required to build a holistic
view of the process and advance toward the objective of
establishing straightforward breeding programs to obtain
elite varieties that boast not only improved traits such as
flavor and quality but also acquired features to cope with
the climate change conditions our planet is facing.

Declaration of competing interest

"The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.

Acknowledgements

I would like to thank Kristina Karrass and the members of the Hormone
Signaling and Plasticity Lab at IBMCP (http://plasticity.ibmep.csic.es) for
useful discussions and suggestions. Research in our group is supported by a
Ramoén y Cajal Fellowship RYC-2019-026537-1.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1. Tomato Genome Consortium: The tomato genome sequence
provides insights into fleshy fruit evolution. Nature 2012, 485:
635. May.

2. Fernandez-Pozo N, Menda N, Edwards JD, Saha S, Tecle lY,
Strickler SR, Bombarely A, Fisher-York T, Pujar A, Foerster H,
Yan A, Mueller LA: The Sol Genomics Network (SGN)—from

Current Opinion in Plant Biology 2021, 63:102042

www.sciencedirect.com


http://plasticity.ibmcp.csic.es
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref1
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref1
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref1
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref2
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref2
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref2
www.sciencedirect.com/science/journal/13695266

genotype to phenotype to breeding. Nucleic Acids Res 2015,
43:D1036—-D1041. Jan 28.

Fernandez-Pozo N, Zheng Y, Snyder Sl, Nicolas P, Shinozaki Y,
Fei Z, Catala C, Giovannoni JJ, Rose JK, Mueller LA: The tomato
expression atlas. Bioinformatics 2017, 33:2397—-2398. Aug 1.

Shinozaki Y, Nicolas P, Fernandez-Pozo N, Ma Q, Evanich DJ,
Shi Y, Xu Y, Zheng Y, Snyder SI, Martin LBB, Ruiz-May E,
Thannhauser TW, Chen K, Domozych DS, Catala C, Fei Z,
Mueller LA, Giovannoni JJ, Rose JKC: High-resolution spatio-
temporal transcriptome mapping of tomato fruit development
and ripening. Nat Commun 2018, 25:1-3. 9.

Spatiotemporally resolved transcriptome of the tomato fruit. Available
database at the Tomato Expression Atlas hitp://tea.solgenomics.net/
Ripening progresses as gradients of gene expression through time
and the organ. Ripening begins in the internal tissues of the fruit and

then
fruit.

5.

radiates outwards, and from the base to the pedicel end of the

Zouine M, Maza E, Djari A, Lauvernier M, Frasse P, Smouni A,
Pirrello J, Bouzayen M: TomExpress, a unified tomato RNA-
Seq platform for visualization of expression data, clustering
and correlation networks. Plant J 2017, 92:727-735.

LG P, Yu S, Zhu N, Chen YR, Zhou B, Pan Y, Tzeng D, Fabi JP,
Argyris J, Garcia-Mas J, Ye N, Zhang J, Grierson D, Xiang J,
Fei Z, Giovannoni J, Zhong S: Genome encode analyses reveal
the basis of convergent evolution of fleshy fruit ripening.
Nature Plants 2018, 4:784—-791. Oct.

Functional genomic approach to identify the molecular networks
regulating ripening in multiple plant species. Available database at the
fruitENCODE: an encyclopedia of DNA elements for fruit ripening
http://www.epigenome.cuhk.edu.hk/encode.html Many ripening-related
genes and their epigenetic marks restricting their expression, are
conserved among climacteric, non-climacteric, and even dry fruits.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Dorcey E, Urbez C, Blazquez MA, Carbonell J, Perez-

Amador MA: Fertilization-dependent auxin response in ovules
triggers fruit development through the modulation of
gibberellin metabolism in Arabidopsis. Plant J 2009, 58:
318-332.

Mariotti L, Picciarelli P, Lombardi L, Ceccarelli N: Fruit-set and
early fruit growth in tomato are associated with increases in
indoleacetic acid, cytokinin, and bioactive gibberellin con-
tents. J Plant Growth Regul 2011, 30:405—-415.

Ruan YL, Patrick JW, Bouzayen M, Osorio S, Fernie AR: Mo-
lecular regulation of seed and fruit set. Trends Plant Sci 2012,
1:656—665. 17.

Fenn MA, Giovannoni JJ: Phytohormones in fruit development
and maturation. Plant J 2020, https://doi.org/10.1111/tpj.15112.

de Jong M, Wolters-Arts M, Schimmel BC, Stultiens CL, de
Groot PF, Powers SJ, Tikunov YM, Bovy AG, Mariani C,
Vriezen WH, Rieu |: Solanum lycopersicum AUXIN
RESPONSE FACTOR 9 regulates cell division activity during
early tomato fruit development. J Exp Bot 2015, 66:
3405-3416.

Kumar R, Khurana A, Sharma AK: Role of plant hormones and
their interplay in development and ripening of fleshy fruits.
J Exp Bot 2014, 65:4561—-4575.

Pattison RJ, Catala C: Evaluating auxin distribution in tomato
(Solanum lycopersicum) through an analysis of the PIN and
AUX/LAX gene families. Plant J 2012, 70:585—-598.

Fedoroff NV: Cross-talk in abscisic acid signaling. Sci STKE
2002, 9:2002. re10.

Giovannoni JJ: Genetic regulation of fruit development and
ripening. Plant Cell 2004, 16:170—180.

Setha S: Roles of abscisic acid in fruit ripening. Walailak J Sci
Technol 2012, 9:297-308.

McAtee P, Karim S, Schaffer R, David K: A dynamic interplay
between phytohormones is required for fruit development,
maturation, and ripening. Front Plant Sci 2013, 4:79.

Zuo J, Grierson D, Courtney LT, Wang Y, Gao L, Zhao X, Zhu B,
Luo Y, Wang Q, Giovannoni JJ: Relationships between genome
methylation, levels of non-coding RNAs, mRNAs and me-

tabolites in ripening tomato fruit. Plant J 2020, 103:980—-994.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gene regulation in climacteric fruit ripening Brumos 7

Davey JE, Van Staden J: Endogenous cytokinins in the fruits
of ripening and non-ripening tomatoes. Plant Sci Lett 1978, 11:
359-364.

Sorefan K, Girin T, Liljegren SJ, Ljung K, Robles P, Galvan-
Ampudia CS, Offringa R, Friml J, Yanofsky MF, Ostergaard L:
A regulated auxin minimum is required for seed dispersal in
Arabidopsis. Nature 2009, 459:583—-586.

Devoghalaere F, Doucen T, Guitton B, Keeling J, Payne W,
Ling TJ, Ross JJ, Hallett IC, Gunaseelan K, Dayatilake GA,
Diak R, Breen KC, Tustin DS, Costes E, Chagné D, Schaffer RJ,
David KM: A genomics approach to understanding the role of
auxin in apple (Malus x domestica) fruit size control. BMC
Plant Biol 2012, 12:1-5.

Kumar R, Agarwal P, Tyagi AK, Sharma AK: Genome-wide
investigation and expression analysis suggest diverse roles
of auxin-responsive GH3 genes during development and
response to different stimuli in tomato (Solanum lycopersi-
cum). Mol Genet Genom 2012, 287:221-235.

Osorio S, Scossa F, Fernie A: Molecular regulation of fruit
ripening. Front Plant Sci 2013, 14:198.

Seymour GB, Chapman NH, Chew BL, Rose JK: Regulation of
ripening and opportunities for control in tomato and other
fruits. Plant Biotechnology Journal 2013, 11:269-278.

Liu M, Pirrello J, Chervin C, Roustan JP, Bouzayen M: Ethylene
control of fruit ripening: revisiting the complex network of
transcriptional regulation. Plant Physiology 2015, 169:
2380—-2390.

Borghesi E, Ferrante A, Gordillo B, Rodriguez-Pulido FJ,
Cocetta G, Trivellini A, Mensuali-Sodi A, Malorgio F, Heredia FJ:
Comparative physiology during ripening in tomato rich-
anthocyanins fruits. Plant Growth Regul 2016, 80:207—-214.

Zhang J, Zhang Y, Song S, Su W, Hao Y, Liu H: Supplementary
Red light results in the earlier ripening of tomato fruit
depending on ethylene production. Environ Exp Bot 2020, 175:
104044. Jul 1.

LiH, Wu H, Qi Q, Li H, Li Z, Chen S, Ding Q, Wang Q, Yan Z,
Gai Y, Jiang X, Ding J, Gu T, Hou X, Richard M, Zhao Y, Li Y:
Gibberellins play a role in regulating tomato fruit ripening.
Plant Cell Physiol 2019, 60:1619—-1629. Jul 1.

Karlova R, Chapman N, David K, Angenent GC, Seymour GB, de
Maagd RA: Transcriptional control of fleshy fruit development
and ripening. J Exp Bot 2014, 65:4527—-4541.

Mata Cl, Fabre B, Parsons HT, Hertog ML, Van Raemdonck G,
Baggerman G, Van de Poel B, Lilley KS, Nicolai BM: Ethylene
receptors, CTRs and EIN2 target protein identification and
quantification through parallel reaction monitoring during
tomato fruit ripening. Front Plant Sci 2018, 8:1626.

Li J, Tao X, Bu J, Ying T, Mao L, Luo Z: Global transcriptome
profiling analysis of ethylene-auxin interaction during tomato
fruit ripening. Postharvest Biol Technol 2017, 130:28—-38.

Shin JH, Mila I, Liu M, Rodrigues MA, Vernoux T, Pirrello J,
Bouzayen M: The RIN-regulated Small Auxin-Up RNA SAUR
69 is involved in the unripe-to-ripe phase transition of tomato
fruit via enhancement of the sensitivity to ethylene. New
Phytol 2019, 222:820—-836.

The effector triggering the transition from fruit growth to ripening initi-
ation remains elusive. IAA contributes to the unripe-to-ripe transition.
SAUR69, a previously identified RIN target gene, inhibits auxin trans-
port, causing an auxin minima, that promotes ethylene sensitivity.

33.

34.

35.

Su L, Diretto G, Purgatto E, Danoun S, Zouine M, Li Z,

Roustan JP, Bouzayen M, Giuliano G, Chervin C: Carotenoid
accumulation during tomato fruit ripening is modulated by
the auxin-ethylene balance. BMC Plant Biol 2015 Dec, 15:1-2.

Igbal N, Khan NA, Ferrante A, Trivellini A, Francini A, Khan MI:
Ethylene role in plant growth, development and senescence:
interaction with other phytohormones. Front Plant Sci 2017, 8:
475. Apr 4.

Uluisik S, Chapman NH, Smith R, Poole M, Adams G, Gillis RB,
Besong TMD, Sheldon J, Stiegelmeyer S, Perez L, Samsulrizal N,
Wang D, Fisk ID, Yang N, Baxter C, Rickett D, Fray R, Blanco-
Ulate B, Powell ALT, Harding SE, Craigon J, Rose JKC, Fich EA,

www.sciencedirect.com

Current Opinion in Plant Biology 2021, 63:102042


http://refhub.elsevier.com/S1369-5266(21)00042-X/sref2
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref2
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref3
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref3
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref3
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref4
http://tea.solgenomics.net/
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref5
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref5
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref5
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref5
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref6
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref6
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref6
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref6
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref6
http://www.epigenome.cuhk.edu.hk/encode.html
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref7
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref7
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref7
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref7
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref7
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref8
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref8
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref8
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref8
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref9
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref9
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref9
https://doi.org/10.1111/tpj.15112
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref11
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref12
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref12
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref12
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref13
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref13
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref13
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref14
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref14
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref15
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref15
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref16
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref16
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref17
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref17
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref17
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref18
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref18
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref18
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref18
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref19
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref19
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref19
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref20
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref20
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref20
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref20
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref21
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref22
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref22
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref22
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref22
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref22
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref23
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref23
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref24
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref24
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref24
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref25
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref25
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref25
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref25
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref26
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref26
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref26
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref26
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref27
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref27
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref27
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref27
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref28
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref28
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref28
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref28
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref29
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref29
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref29
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref30
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref30
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref30
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref30
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref30
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref31
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref31
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref31
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref32
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref32
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref32
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref32
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref32
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref33
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref33
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref33
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref33
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref34
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref34
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref34
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref34
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
www.sciencedirect.com/science/journal/13695266

8 Cell signaling and gene regulation

Sun L, Domozych DS, Fraser PD, Tucker GA, Grierson D,
Seymour GB: Genetic improvement of tomato by targeted
control of fruit softening. Nature Biotechnol 2016, 34:950—952.

Wang D, Samsulrizal NH, Yan C, Allcock NS, Craigon J, Blanco-
Ulate B, Ortega-Salazar |, Marcus SE, Bagheri HM, Perez Fons L,
Fraser PD, Foster T, Fray R, Knox JP, Seymour GB: Charac-
terization of CRISPR mutants targeting genes modulating
pectin degradation in ripening tomato. Plant Physiology 2019,
179:544-557, https://doi.org/10.1104/pp.18.01187.

Long shelf life is a desirable quality trait for fruits. A wide range of
pecting-degrading enzymes have been suggested to be involved in cell
wall remodeling. The characterization of CRISPR null mutant lines for
key genes, including pectate lyase (PL), polygaracturonase 2a (PG2a),
and (-galactanase (TBG4) have demonstrated that the pectate lyase
gene is the major contributor to fruit softening. Mutations in PG2a and
TBG4 affected fruit color and weight.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

* *

SunL, SunY, Zhang M, Wang L, Ren J, Cui M, Wang Y, Ji K, Li P,
Li Q, Chen P, Dai S, Duan C, Wu Y, Leng P: Suppression of 9-
cis-epoxycarotenoid dioxygenase, which encodes a key
enzyme in abscisic acid biosynthesis, alters fruit texture in
transgenic tomato. Plant physiology 2012, 158:283-298. Jan 1.

Dostal HC, Leopold AC: Gibberellin delays ripening of to-
matoes. Science 1967, 22:1579—-1580. 158.

Martinez-Romero D, Valero D, Serrano M, Burlé F, Carbonell A,
Burgos L, Riquelme F: Exogenous polyamines and gibberellic
acid effects on peach (Prunus persica L.) storability
improvement. J Food Sci 2000, 65:288—294.

Singh R, Singh P, Pathak N, Singh VK, Dwivedi UN: Modulation
of mango ripening by chemicals: physiological and
biochemical aspects. Plant Growth Regul 2007, 53:137—145.

Sudha RR, Amutha S, Muthulaksmi W, Baby R, Indira K,
Mareeswari P: Influence of pre and post-harvest chemical
treatments on physical characteristics of sapota (Achras
sapota L.) var. PKM 1. Journal of Agricultural and Biological
Science 2007, 3:450—-452.

Fan X, Mattheis JP, Fellman JK: A role for jasmonates in
climacteric fruit ripening. Planta 1998, 204:444—-449.

Liu L, Wei J, Zhang M, Zhang L, Li C, Wang Q: Ethylene inde-
pendent induction of lycopene biosynthesis in tomato fruits
by jasmonates. J Exp Bot 2012, 63:5751-5761.

Hu S, Liu L, Li S, Shao Z, Meng F, Liu H, Duan W, Liang D, Zhu C,
Xu T, Wang Q: Regulation of fruit ripening by the brassinos-
teroid biosynthetic gene SICYP90B3 via an ethylene-
dependent pathway in tomato. Horticulture research 2020, 7:
1-3. Oct 1.

Robinson R, Tomes M: Ripening inhibitor: a gene with multiple
effect on ripening. Tomato Genet. Coop. 1968, 18:36—37.

Giovannoni JJ, Noensie EN, Ruezinsky DM, Lu X, Tracy SL,
Ganal MW, Martin GB, Pillen K, Albert K, Tankslev SD: Molecular
genetic analysis of the ripening-inhibitor and non-ripening
loci of tomato: a first step in genetic map-based cloning of
fruit ripening genes. Mol Gen Genet MGG 1995, 248:195—206.

Thompson AJ, Tor M, Barry CS, Vrebalov J, Orfila C, Jarvis MC,
Giovannoni JJ, Grierson D, Seymour GB: Molecular and genetic
characterization of a novel pleiotropic tomato-ripening
mutant. Plant physiology 1999, 120:383—-390. Jun 1.

Vrebalov J, Ruezinsky D, Padmanabhan V, White R, Medrano D,
Drake R, Schuch W, Giovannoni J: A MADS-box gene neces-
sary for fruit ripening at the tomato ripening-inhibitor (rin)
locus. 296 Science 2002, 2:343—346.

Kitagawa M, Ito H, Shiina T, Nakamura N, Inakuma T, Kasumi T,
Ishiguro Y, Yabe K, Ito Y: Characterization of tomato fruit
ripening and analysis of gene expression in F1 hybrids of the
ripening inhibitor (rin) mutant. Physiol Plantarum 2005, 123:
331-338.

Klee HJ, Giovannoni JJ: Genetics and control of tomato fruit
ripening and quality attributes. Annu Rev Genet 2011, 45:
41-59.

Ito Y, Nishizawa-Yokoi A, Endo M, Mikami M, Shima Y,
Nakamura N, Kotake-Nara E, Kawasaki S, Toki S: Re-evaluation

of the rin mutation and the role of RIN in the induction of
tomato ripening. Nature Plants 2017, 3:866—874.

Whereas RIN is required for full ripening, it is not needed for the in-
duction of ripening. The spontaneous rin mutation is not a null mutation
but a gain-of-function mutation that converts RIN into a dominant
repressor.

52.

* %

Ito Y, Sekiyama Y, Nakayama H, Nishizawa-Yokoi A, Endo M,
Shima Y, Nakamura N, Kotake-Nara E, Kawasaki S, Hirose S,
Toki S: Allelic mutations in the ripening-inhibitor locus
generate extensive variation in tomato ripening. Plant physi-
ology 2020, 183:80—95. May 1.

Wang R, da Rocha Tavano EC, Lammers M, Martinelli AP,
Angenent GC, de Maagd RA: Re-evaluation of transcription
factor function in tomato fruit development and ripening with
CRISPR/Cas9-mutagenesis. 9 Sci Rep 2019, 8. 1-0.

The spontaneous nor mutant shows a stronger nonripening phenotype
than the CRISPR-generated null mutant and similar to the case
mentioned above for rin, the spontaneous mutation is not a null but a
dominant repressor instead.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Manning K, Tér M, Poole M, Hong Y, Thompson AJ, King GJ,

Giovannoni JJ, Seymour GB: A naturally occurring epigenetic
mutation in a gene encoding an SBP-box transcription factor
inhibits tomato fruit ripening. Nat Genet 2006 Aug 38:948—-952.

Gao Y, Zhu N, Zhu X, Wu M, Jiang CZ, Grierson D, Luo Y,
Shen W, Zhong S, Fu DQ, Qu G: Diversity and redundancy of
the ripening regulatory networks revealed by the frui-
tENCODE and the new CRISPR/Cas9 CNR and NOR mutants.
Feb 11 Horticulture Research 2019, 6. 1-0.

Wang R, Angenent GC, Seymour G, de Maagd RA: Revisiting
the role of master regulators in tomato ripening. Trends Plant
Sci 2020, 1:291-301. 25.

An JP, Wang XF, Li YY, Song LQ, Zhao LL, You CX, Hao YJ:
EIN3-LIKE1, MYB1, and ETHYLENE RESPONSE FACTOR3
act in a regulatory loop that synergistically modulates
ethylene biosynthesis and anthocyanin accumulation. Plant
Physiology 2018, 1:808—-823. 178.

McQuinn RP, Gapper NE, Gray AG, Zhong S, Tohge T, Fei Z,
Fernie AR, Giovannoni JJ: Manipulation of ZDS in tomato ex-
poses carotenoid- and ABA-specific effects on fruit devel-
opment and ripening. Plant Biotechnology Journal 2020, 18:
2210-2224.

Gao J, Zhang Y, Li Z, Liu M: Role of ethylene response factors
(ERFs) in fruit ripening. Food Quality and Safety 2020, 4:15—-20.

Mou W, Li D, Bu J, Jiang Y, Khan ZU, Luo Z, Mao L, Ying T:
Comprehensive analysis of ABA effects on ethylene
biosynthesis and signaling during tomato fruit ripening. PloS
One 2016, 11, e0154072.

Liu MC, Chen Y, Chen Y, Shin JH, Mila |, Audran C, Zouine M,

Pirrello J, Bouzayen M: The tomato ethylene response factor

SI-ERF.B3 integrates ethylene and auxin signalling via direct
regulation of SI-Aux/IAA27. New Phytol 2018, 219:631-640.

Wu Q, Tao XY, Ai XZ, Luo ZS, Mao LC, Ying TJ, Li L: Contri-
bution of abscisic acid to aromatic volatiles in cherry tomato
(Solanum lycopersicum L.) fruit during postharvest ripening.
Plant Physiol Biochem 2018, 130:205—-214.

Zhu XF, Yuan P, Zhang C, Li TY, Xuan YH: RAVL1, an upstream
component of brassinosteroid signaling and biosynthesis,
regulates ethylene signaling via activation of EIL1 in rice.
Plant Biotechnology Journal 2018, 16:1399—1401.

Giovannoni J, Nguyen C, Ampofo B, Zhong S, Fei Z: The
epigenome and transcriptional dynamics of fruit ripening.
Annu Rev Plant Biol 2017, 28:61—-84.

Liu M, Pirrello J, Kesari R, Mila |, Roustan J, Li Z, Latché A,
Pech J, Bouzayen M, Regad F: A dominant repressor version
of the tomato SI-ERF.B3 gene confers ethylene hypersensi-
tivity via feedback regulation of ethylene signaling and
response components. Plant J 2013, 76:406—419.

Liu Y, Shi Y, Su D, Lu W, Li Z: SIGRAS4 accelerates fruit
ripening by regulating ethylene biosynthesis genes and
SIMADS1 in tomato. Horticulture Research 2021, 8:3, https://
doi.org/10.1038/s41438-020-00431-9.

Current Opinion in Plant Biology 2021, 63:102042

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref35
https://doi.org/10.1104/pp.18.01187
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref37
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref37
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref37
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref37
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref37
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref38
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref38
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref39
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref39
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref39
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref39
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref40
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref40
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref40
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref41
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref41
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref41
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref41
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref41
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref42
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref42
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref43
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref43
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref43
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref44
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref44
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref44
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref44
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref44
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref45
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref45
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref46
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref46
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref46
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref46
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref46
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref47
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref47
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref47
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref47
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref48
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref48
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref48
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref48
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref49
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref49
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref49
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref49
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref49
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref50
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref50
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref50
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref51
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref51
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref51
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref51
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref52
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref52
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref52
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref52
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref52
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref53
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref53
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref53
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref53
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref54
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref54
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref54
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref54
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref55
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref55
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref55
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref55
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref55
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref56
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref56
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref56
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref57
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref57
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref57
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref57
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref57
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref58
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref58
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref58
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref58
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref58
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref59
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref59
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref60
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref60
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref60
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref60
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref61
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref61
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref61
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref61
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref62
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref62
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref62
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref62
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref63
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref63
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref63
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref63
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref64
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref64
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref64
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref65
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref65
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref65
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref65
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref65
https://doi.org/10.1038/s41438-020-00431-9
https://doi.org/10.1038/s41438-020-00431-9
www.sciencedirect.com/science/journal/13695266

Jiang G, Zeng J, Li Z, Song Y, Yan H, He J, Jiang Y, Duan X:
Redox regulation of the NOR transcription factor is involved
in the regulation of fruit ripening in tomato. Plant Physiology
2020, 183:671-685. Jun 1.

The activity of a TF can be regulated by sulfoxidation. Met sulfoxide
reductases control the redox-mediated posttranslational modifications
of NOR altering the expression of NOR-target ripening-related genes,
and thus affecting fruit ripening.

68.

69.

70.

Zhong S, Fei Z, Chen YR, Zheng Y, Huang M, Vrebalov J,
McQuinn R, Gapper N, Liu B, Xiang J, Shao Y, Giovannoni JJ:
Single-base resolution methylomes of tomato fruit develop-
ment reveal epigenome modifications associated with
ripening. Nat Biotechnol 2013, 31:154—159.

Lang Z, Wang Y, Tang K, Tang D, Datsenka T, Cheng J, Zhang Y,
Handa AK, Zhu JK: Critical roles of DNA demethylation in the
activation of ripening-induced genes and inhibition of
ripening-repressed genes in tomato fruit. Proceedings of the
National Academy of Sciences, USA 2017, 114:E4511—-E4519.

Yang Y, Tang K, Datsenka TU, Liu W, Lv S, Lang Z, Wang X,
Gao J, Wang W, Nie W, Chu Z, Zhang H, Handa AK, Zhu JK,
Zhang H: Critical function of DNA methyltransferase 1 in
tomato development and regulation of the DNA methylome
and transcriptome. J Integr Plant Biol 2019, 61:1224—1242.

Gene regulation in climacteric fruit ripening Brumos 9

Chen W, Kong J, Qin C, Yu S, Tan J, Chen YR, Wu C, Wang H,
Shi Y, Li C, Li B, Zhang P, Wang Y, Lai T, Yu Z, Zhang X, Shi N,
Wang H, Osman T, Liu Y, Manning K, Jackson S, Rolin D,
Zhong S, Seymour GB, Gallusci P, Hong Y: Requirement of
CHROMOMETHYLASES3 for somatic inheritance of the spon-
taneous tomato epimutation Colourless non-ripening. Sci
Rep 2015, 5:9192.

In coordination with additional methyltransferases, CHROMOMETHY-
LASES is required to maintain the methylation-status of the sponta-
neous epimutation Colourless non-ripening (Cnr) and its severe
nonripening phenotype in tomato.

72.

73.

74.

Zhou LL, Tian SP, Qin GZ: RNA methylomes reveal the m6A-
mediated regulation of DNA demethylase gene SIDML2 in
tomato fruit ripening. Genome Biol 2019, 20:156.

Chen T, Qin G, Tian S: Regulatory network of fruit ripening:
current understanding and future challenges. New Phytol
2020, 228:1219—-1226. Nov.

Foérderer A, Zhou Y, Turck F: The age of multiplexity: recruit-
ment and interactions of Polycomb complexes in plants. Curr
Opin Plant Biol 2016, 29:169—178. Feb 1.

Tang D, Gallusci P, Lang Z: Fruit development and epigenetic
modifications. New Phytol 2020, 228:839—-844.

www.sciencedirect.com

Current Opinion in Plant Biology 2021, 63:102042


http://refhub.elsevier.com/S1369-5266(21)00042-X/sref67
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref67
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref67
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref67
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref68
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref68
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref68
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref68
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref68
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref69
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref69
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref69
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref69
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref69
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref70
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref70
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref70
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref70
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref70
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref71
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref72
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref72
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref72
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref73
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref73
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref73
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref74
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref74
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref74
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref75
http://refhub.elsevier.com/S1369-5266(21)00042-X/sref75
www.sciencedirect.com/science/journal/13695266

	Gene regulation in climacteric fruit ripening
	Introduction
	Hormonal regulation of the fruit ripening
	Transcriptional regulation of the fruit ripening
	Epigenetic regulation of the fruit ripening
	Concluding remarks
	Declaration of competing interest
	Acknowledgements
	References


