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Abstract

The regulation of ripening in fleshy fruits directly affects the quality and shelf life of such fruit, and
extensive research has aimed to understand this regulation based on its agronomic importance. The
identification of the key regulatory gene R/N in tomato has opened new horizons in our understanding
of fruit ripening. R/N encodes a MADS-box transcription factor that functions as one of the earliest
acting factors in the induction of ripening, and the molecular characterization of RIN has helped to
elucidate the regulation of fruit ripening. Here I will review current advances in our understanding of
the mechanisms that regulate fruit ripening in tomato, including the roles of RIN and other MADS-
box proteins, mainly based on our recent studies. First, examination of the molecular properties of
the RIN protein revealed that RIN has activities similar to SEPALLATA type MADS-box proteins.
Next, identification of the direct transcriptional targets of RIN, via chromatin immunoprecipitation
assays, demonstrated that RIN directly regulates a broad range of ripening-associated genes. Finally,
identification of MADS-box proteins that interact with RIN revealed the functions of these proteins
in ripening regulation. These studies clearly demonstrate the essential roles of MADS-box proteins in

the regulation of tomato fruit ripening.
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Introduction

Fruit ripening is the final step in the developmental
sequence by which many plants disperse their offspring.
In fleshy fruits, ripening involves dramatic, diverse
biochemical and physiological changes in texture, pig-
mentation, sugar and organic acid contents, aroma,
flavor, and nutritional qualities. These changes make
the fruit attractive for consumption by animals; for food
crops, the regulation of fruit ripening is a major agricul-
tural concern for research aiming to improve fruit quality,
nutrition, and shelf life. In climacteric fruits, ripening
requires ethylene, which induces the ripening-associated
changes and also autocatalytic production of additional
ethylene, and ethylene inhibitors can extend the shelf
life of fruits (Barry et al. 2000, Martinez-Romero et al.
2007, Prasanna et al. 2007, Yokotani et al. 2009). Tomato
(Solanum lycopersicum), a climacteric species, has been
used as an advantageous model plant due to its ethylene
responsiveness, available genome information, and many

well-characterized mutations that affect fruit ripening
(Gapper et al. 2013, Giovannoni 2007, Klee & Giovan-
noni 2011). For example, ripening inhibitor (rin; Fig. 1),
non-ripening (nor) and Colorless non-ripening (Cnr)
have been extensively investigated due to their distinctive
effects on ripening-associated changes, as fruits from
these mutants neither accumulate lycopene nor soften.
In addition, these mutations block climacteric ethylene
production and the response to exogenous ethylene,
suggesting that RIN, NOR, and CNR lie upstream of eth-
ylene-dependent regulation. The cloning of the rin, nor,
and Cnr loci showed that they encode transcription fac-
tors of the MADS-box, NAC, and SQUAMOSA promoter
binding protein-like families, respectively (Giovannoni
2004, Manning et al. 2006, Vrebalov et al. 2002).

My research group focuses on MADS-box tran-
scription factors, mainly RIN, and studies the central role
of RIN in the regulation of ripening. Here, I will review
the recent advances in our understanding of the function
of RIN, mainly based on the results by our group.
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Fig. 1. RNAi-mediated suppression of FULI and FUL2
inhibited tomato fruit ripening

RIN functions as a SEPALLATA-type MADS-
box transcription factor

In flowering plants, MADS-box transcription fac-
tors play important roles in the control of plant growth
and development, including vegetative growth, flowering,
floral organ development, seed development, senescence,
fruit ripening, and organ abscission (Smaczniak et al.
2012). Extensive investigation of the determination of
floral organ identity by MADS-box transcription factors
produced the ABC model (Coen & Meyerowitz 1991),
and then the quartet model, which explains that tetramers
with various combinations of four MADS-box proteins
determine the identity of the four whorls of floral or-
gans, sepal, petals, stamens, and carpels (Theissen &
Saedler 2001). In this model, the E-class SEPALLATA
MADS-box proteins (SEPs) form tetramers with other
MADS-box proteins and also confer transcription-ac-
tivating activity to the complex (Honma & Goto 2001,
Immink et al. 2002). RIN is a tomato homolog of SEP;
thus, we characterized the molecular activities of RIN in
comparison with SEPs (Ito et al. 2008).

MADS-box transcription factors bind a specific
C-(A/T)-rich-G (CArG) motif (de Folter & Angenent
2006). To identify the DNA sequences bound by RIN,
we conducted a DNA-binding site selection experiment.
From a random, double-stranded oligonucleotide pool,
we selected RIN-binding DNA fragments and deter-
mined the consensus sequence of the selected sequences
as (T/a)(T/a)DCCA(A/T)(A/t)(A/T)ATAGHAA (bold
letters indicate the CArG motif, uppercase and lowercase
letters represent the most frequent and relatively more
frequent nucleotide, respectively, and D and H represent
A/T/G and A/T/C, respectively). The consensus sequence
is a typical CArG sequence with strong similarity to
the consensus DNA binding sites of the SEP proteins
(Huang et al. 1996, Huang et al. 1995). Several MADS-
box proteins, including the SEP proteins, can activate
transcription. RIN also has the transcriptional activation
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activity, which requires the C-terminal domain of the
RIN protein (Ito et al. 2008).

The rin mutants have a genomic deletion that in-
cludes the last exon of R/N and a part of the cis-acting
regulatory region of the neighboring gene, MACRO-
CALYX (MC), which encodes a MADS-box transcription
factor that regulates sepal size and the development of
pedicel abscission zones (Nakano et al. 2012, Vrebalov
et al. 2002). In the rin mutants, transcription of the locus
produces a chimeric RIN-MC mRNA that lacks the last
exon of RIN and the first exon of MC (Giovannoni 2004,
Kitagawa et al. 2005, Vrebalov et al. 2002). The chimeric
mRNAs are translated and the mutant proteins accumu-
late in the fruit cells (Ito et al. 2008, Martel et al. 2011,
Qin et al. 2012). The mutant proteins retain DNA-binding
activity, but lack transcriptional activation activity, which
requires a domain encoded by the last exon of RIN. These
results suggested that RIN is a DNA-binding protein that
confers transcriptional activation activity to a MADS-box
transcription factor complex that functions during ripen-
ing. Also, the rin mutation removes the transcriptional
activation activity from the protein, thereby preventing
the up-regulation of genes required for ripening (Ito et al.
2008).

Ripening-associated genes directly regulated by
RIN

At the onset of ripening, numerous genes for di-
vergent ripening-associated processes become up- or
down-regulated in a highly synchronized manner. Most
of these transcriptional changes do not occur in the rin
mutants, implying that RIN has essential functions in this
massive regulatory shift. However, how RIN regulates
the divergent pathways remains unclear. To specify the
roles of RIN, several groups used chromatin immunopre-
cipitation (ChIP) assays to identify the direct target genes
of RIN. ChIP uses antibodies specific for the protein of
interest to collect target DNA sequences of that protein
as protein-DNA complexes (chromatin), and this assay
has been used to ascertain the interactions of transcrip-
tion factors with DNA in vivo (Hecht & Grunstein 1999).
The ChIP assays for RIN targets first identified LeACS2,
which encodes a 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase (ACS), a rate-limiting enzyme for ethylene
biosynthesis, and is responsible for ripening-associated
ethylene production (Barry et al. 2000, Ito et al. 2008).
The expression of LeACS?2 is strictly up-regulated in a
RIN-dependent manner (Barry et al. 2000). A ChIP assay
on ripening fruits with RIN-specific antibodies detected
RIN binding to CArG motifs in the LeACS2 promoter
(Fujisawa et al. 2011, Ito et al. 2008). The results identify
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LeACS?2 as a direct target of RIN and strongly suggest
that RIN activates LeACS?2 transcription during ripening.
In a similar manner, ChIP assays with RIN-specific
antibodies were conducted to examine RIN binding to
the promoters of genes involved in the major pathways
associated with well-studied ripening phenomena (Fuji-
sawa et al. 2011, Martel et al. 2011). Transcriptome and
proteome approaches were also used to screen candidate
RIN targets, and the candidates expressed in a RIN-de-
pendent manner were examined by ChIP assays (Fujisawa
etal. 2012, Qin et al. 2012). The assays detected the direct
binding of RIN to many candidate genes, such as those
involved in ethylene synthesis and signaling (LeACS2,
LeACS4, ES, and NR), carotenoid biosynthesis (PSY7),
aroma compound generation (TomloxC and ADH?2),
cell wall metabolism (LeEXPI, LeMAN4, PG, Cel2, and
TBG4), and transcription factors (VOR, CNR, TDR4, HB-
1, and RIN), indicating that RIN induces many different
ripening-associated events via direct transcriptional regu-
lation of the multiple genes involved in these events.

Of the genes examined in the ChIP assays with the
RIN antibodies as described above, most were identified
as direct targets of RIN. These results suggest that RIN
may target many genes required for ripening-associated
physiological changes. To understand the roles of RIN
during ripening more comprehensively, a large-scale
experiment to identify RIN targets was conducted using
ChIP coupled with DNA microarray analysis (ChIP-chip).
First, RIN-binding DNA fragments from ripening tomato
fruits were recovered by ChIP with the RIN antibodies.
The recovered fragments were hybridized to a DNA
microarray carrying probes designed for putative pro-
moters (2-kb upstream regions from translation initiation
sites) for all of the 35,802 predicted genes in the tomato
genome. This experiment identified more than 1,000
RIN-bound regions throughout the genome (Fujisawa et
al. 2013). Of the genes around the binding sites, those that
were up- or down-regulated in a RIN-dependent manner
were identified as the direct targets of RIN. This analy-
sis identified more than 200 genes as either positive or
negative targets of RIN. The direct targets function in
more than 60 biological pathways, including metabolic
pathways such as ethylene, carotenoids, lipids, sugars,
and amino acids, and various biological activities such as
subcellular localization, chlorophyll degradation, stress
responses, transcriptional regulation, and other activities
(Fujisawa et al. 2013). The direct targets of RIN were also
identified by ChIP followed by sequencing (ChIP-Seq)
(Zhong et al. 2013). These results indicate that RIN func-
tions via direct transcriptional regulation in a wider range
of fruit ripening processes than previously assumed.

MADS-Box Transcription Factors Regulating Tomato Fruit Ripening

FRUITFULL homologs and TAGL1 form com-
plexes with RIN and regulate ripening

As a MADS-box protein, RIN likely interacts with
other MADS-box proteins, which should regulate ripen-
ing in a manner similar to RIN. Indeed, a yeast two-hybrid
screen of a cDNA library from ripening fruits identified
two MADS-box proteins associated with RIN (Shima et
al. 2013). Both proteins showed high sequence similarity
to Arabidopsis thaliana FRUITFULL, which is required
for the proper development of fruits and cauline leaves
(Gu et al. 1998) and functions in development of the pod
dehiscence zone (Ferrandiz et al. 2000). The tomato ho-
mologs (FULI and FUL2) have high sequence similarity
to each other, but showed distinct expression patterns.
Expression of FULI increased strongly at the onset of
ripening and required R/N function; in contrast, FUL2
was expressed in flowers and fruits at the pre-ripening
stage and throughout ripening, but its expression did not
require RIN. These results suggest that the two homologs
are functionally redundant, but may have divergent roles
in specific developmental stages. A yeast two-hybrid
assay and a gel retardation assay demonstrated that both
FUL homologs form heterodimers with RIN (Shima et al.
2013). To test if the FUL homologs also regulate ripening,
three groups conducted RNAi-mediated knockdown of
these genes (Bemer et al. 2012, Shima et al. 2014, Wang
et al. 2014). Knockdown of both homologs negatively
affected ripening, causing phenotypes such as a lower ac-
cumulation of lycopene (Fig. 1), but suppression of either
gene alone only caused a limited effect, demonstrating
the redundant activity of the two FUL homologs. The
three independent studies proved that the FUL homologs
affect ripening, but the different groups showed distinct
effects on ethylene production; for example, the FULI/
FUL?2 knockdown fruits developed in one study produced
ethylene at wild-type levels (Bemer et al. 2012), but the
fruits developed in the two other studies showed severe
repression of ethylene production (Shima et al. 2014,
Wang et al. 2014). These studies have thus far indicated
two distinct models for function of the FULs: FULs regu-
late ripening through ethylene-independent pathways,
or FULs regulate ethylene production during ripening.
A ChIP assay with FUL1- and FUL2-specific antibod-
ies was conducted, and the results revealed that these
FUL homologs bind to the promoter of LeACS2, which
encodes a rate-limiting enzyme for ethylene production
during ripening (Shima et al. 2013), suggesting that the
FUL homologs may affect ripening-associated ethylene
production.

TAGLI, another MADS-box transcription factor gene,
encodes a homolog of Arabidopsis SHATTERPROOF,
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which regulates fruit dehiscence by specifying the identity
of the valve margin cells (Liljegren et al. 2000). Reducing
activity of TAGLI by RNAi or by over-expression of a
repressor domain-fused TAGLI construct resulted in an
incomplete ripening phenotype, and reduced lycopene
and ethylene levels, demonstrating that ripening requires
the activity of TAGLI (Giménez et al. 2010, Itkin et al.
2009, Vrebalov et al. 2009).

The similar activities of RIN, FULI1, FUL2, and
TAGLI1 in tomato ripening raise the possibility that these
MADS-box proteins form a higher-order complex, pre-
sumably a tetramer, as suggested by the quartet model
of MADS-box proteins. The possibility was tested by
a yeast three-hybrid assay, which demonstrated that
RIN bridges the interaction between TAGLI1 and FUL1
(synonym: TM4) (Leseberg et al. 2008). Gel retardation
assays using in vitro synthesized proteins also indicated
the formation of RIN/TAGLI/FULI and RIN/TAGLLI/
FUL2 complexes, assumed to be tetramers of two RIN,
one TAGLI and one FUL homolog (Fujisawa et al. 2014).

Comparative analysis of the direct targets of
RIN and the FUL homologs

As described above, a deficiency of either RIN, the
FUL homologs, or TAGLI negatively affected fruit ripen-
ing, and these gene products can form a complex, probably
a tetramer that binds to CArG motifs in ripening-related
genes. To reveal the function of the FUL homologs in co-
ordinate regulation with RIN, large-scale identification
of the direct targets of FULI and FUL2 by ChIP-chip as-
says identified more than 2,000 binding regions for each
transcription factor. A comparison with the direct targets
of RIN revealed that among the RIN-bound regions in the
tomato genome, 97% overlapped with the regions bound
by FULI or FUL2, or both. Consistent with their redun-
dant functions, 78% of FULI-bound regions overlapped
with FUL2-bound regions, and 73% of FUL2-bound
regions overlapped with FULI-bound regions. A tran-
scriptome analysis of the FULI/FULZ2-suppressed plants
identified genes expressed in a FULI/FULZ2-dependent
manner; a comparison with the results of the ChIP-chip
assays revealed 860 and 878 genes as direct targets of
FULLI and FUL2, respectively, with 697 genes in com-
mon. Of the 262 direct targets of RIN, 217 genes were
also direct targets of one or both FUL homologs. These
results suggest that RIN regulates most target genes by
forming complexes with FUL1 or FUL2. The results also
suggest that FULI and FUL2 have redundant activities in
the regulation of many targets, but each have a number
of unique targets. For example, ChIP-PCR assays on two
regions with CArG motifs in the PSY/ promoter, using
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antibodies to RIN, FULI, and FUL2, indicated that FULI1
targeted the region nearer to the translation start site, but
neither RIN nor FUL2 targeted that region. However,
all three transcription factors targeted another region
of the PSYI promoter (Shima et al. 2013). These results
demonstrate that RIN and the two FUL homologs have
unique binding specificities in addition to their coopera-
tion, and thus suggest that formation of the transcription
factor complexes regulating fruit ripening may involve
additional MADS-box proteins.

Conclusion

These recent studies have remarkably enhanced our
understanding of the regulation of fruit ripening. Fig. 2
shows the current model of the regulatory mechanisms
mediating fruit ripening in tomato. The model proposes
that RIN forms complexes with the FUL homologs and
TAGLI, and that these complexes regulate the expression
of genes involved in ripening-related phenomena through
both ethylene-dependent and independent pathways. The
model also suggests that RIN regulates other transcrip-
tion factors involved in fruit ripening, including NOR and
CNR. Ethylene mediates the induction of ripening-asso-
ciated genes under the control of the ripening regulating
transcription factors, and the ethylene signaling pathway
also enhances the expression of RIN, FULI, and NOR in
a positive feedback loop (Fujisawa et al. 2013). Recent
efforts increased our understanding of the regulation of
ripening, but also revealed that this regulation is more
complicated than previously believed and thus requires

Tetramer of MADS-box
transcription factors

regulating fruit rlDﬂnInV_\

Ripening phenomena

Cell wall degradation
AromalFlavor

Fig. 2. Proposed model for the mechanism by which a
MADS-box transcription factor complex regulates
tomato fruit ripening
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further study to be fully understood.

Apart from biological interest in ripening regulation,
breeding programs have targeted the R/N locus because
the RIN/rin heterozyous genotype produces red-ripe
fruits with a remarkably extended shelf life (Kitagawa et
al. 2005). The heterozygous genotype has also been pro-
posed for use in developing tomatoes with low levels of
allergens (Kitagawa et al. 2006). The recent advances in
our understanding of ripening regulation, especially the
crucial role of MADS-box transcription factors, will ex-
pand our ability to control ripening-associated metabolic
characteristics, thereby providing breeding methods for
fruits with better taste, aroma, nutrition, and shelf life.
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